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Abstract 

 
The origin of novel structures and the genes that regulate their formation is a challenging 

question that has been difficult to address. One such novel structure is the yolk syncytial layer 

(YSL) in teleost fishes like zebrafish. I studied the genetic pathways operating in the YSL using 

the betty boop (bbp) mutant. betty boop encodes mitogen activated protein kinase activated 

protein kinase 2a (mapkapk2a), also known as mk2a. One of the downstream targets of MK2a is 

an RNA binding protein Tristetraprolin (TTP). bbp mutants lose the expression of YSL specific 

genes mxtx1 and mxtx2. Here, we show that these genes are regulated through their 3’-

untranslated region (UTR) by MK2a/TTP pathway required in the YSL during early zebrafish 

development to limit their expression to the YSL. I developed an in vivo reporter assay to detect 

spatial regulation of mRNA stability by the MK2/TTP pathway in early zebrafish embryos which 

can also be used to test other potential TTP targets. 

 

MK2a is the zebrafish homolog of mammalian MK2. In mammals, MK2 is not active during 

early development but rather is required to regulate genes that are responsible for inflammatory 

response. I show that MK2/TTP reporters are not regulated in early Xenopus embryo either, 

implying that the early requirement for MK2 arose after the division of tetrapod and teleost 

lineages. The role of mk2a and its gene duplicate mk2b in regulating immune response has not 

been previously studied in zebrafish. I developed zebrafish as a model infection system for 

infection by multiple species of Candida, an opportunistic pathogen and cause of an increasing 

number of hospital acquired infections. I developed novel transgenic zebrafish lines that allow 

inducible ablation of different phagocyte classes and identified different inflammatory responses 

to different Candida species. Preliminary results using these tools show that mk2b-/- mutants 
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show a higher susceptibility to Candida hyphal infection, demonstrating that mk2b plays a role in 

innate immunity. Whether that role is the same that MK2 plays in mammals in regulating 

inflammatory cytokines still need to be determined. Taken together, all these findings suggest a 

model in which the ancestral MK2/TTP pathway was co-opted in teleosts to restrict expression 

of the mxtx genes to the yolk cell, but also retains its function in innate immune response. 
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Chapter 1 - Introduction 

 
 

1.1 Zebrafish as a model organism 

 

1.1.A History and uses of the zebrafish model 

Zebrafish, Danio rerio, has become one of the most widely used model organisms for 

understanding the basic genetics, cell biology and physiology of vertebrate development and 

human diseases (Howe et al., 2017). The reasons for its popularity are both practical and 

technical. A zebrafish facility is easy and inexpensive to maintain, as compared to a more 

complex system like mice (Lawrence, 2007). Technically, their transparency and rapid 

development allow easy observation of morphological changes. Since the embryos develop 

outside the mother, all the early stages of development can be directly observed. In addition, with 

microinjection of DNA or RNA into zebrafish embryos, activities of many genes can be 

manipulated. Zygotic and maternal effect screens have isolated mutants in zebrafish that show 

abnormal morphogenesis and embryonic development, helping us to identify the proteins and 

pathways involved in the process (Amsterdam et al., 1999; Dosch et al., 2004; Driever et al., 

1996; Wagner et al., 2004). The high fecundity of zebrafish and their short generation time also 

aid in genetic analyses.  

 

Zebrafish are an excellent model for many human diseases (Dooley and Zon, 2000). They can be 

used to study the pathophysiology and genetics behind diseases. 70% of human genes and 84% 

of genes associated with human diseases have a zebrafish counterpart (Howe et al., 2013; 

Kettleborough et al., 2013; Langheinrich, 2003). Their transparency allows for in vivo 

visualization of dynamic host pathogen interactions in thew case of bacterial, viral or fungal 
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diseases. Some diseases that have been successfully modeled in zebrafish include Duchene 

muscular dystrophy (Berger and Currie, 2012) and melanoma (Ceol et al., 2011). One of the 

reasons we use model organisms like zebrafish is that we can use them to study pathways that 

are conserved with humans and extrapolate our observations to understand how our body 

functions normally or what happens in specific human pathologies. Mitogen-activated protein 

kinases (MAPKs) are a highly conserved pathways in vertebrates like zebrafish and humans 

(Krens et al., 2006; Li et al., 2011b). This project focuses on a particular pathway downstream of 

p38 called the MK2/TTP pathway that is essential for yolk cell gene regulation and also has a 

possible role in regulating innate immunity in zebrafish. 

 

1.1.B Evolutionary relationships 

between zebrafish and other 

vertebrates 

Zebrafish belong to the teleost 

clade. Teleost fishes include 

more than 20,000 species that 

account for approximately half 

of the existing vertebrates 

(Postlethwait et al., 2004). This 

clade rose from a radiation that 

took place approximately 250 

million years ago within the 

actinopterygians or the ray 

Figure 1. Evolution of teleost fish. Jawed vertebrates can 

be divided into bony fish and cartilaginous fish. Bony fish 

further split into lobe finned fish (sarcopterygians) and ray 

finned fish (actinopterygians). Teleosts, like zebrafish, 

belong to the group of ray finned fish.  It is thought that 

two whole genome duplication (WGD) events anteceded 

the evolution of vertebrates. A third round of WGD 

preceded the teleost clade radiation. 
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finned fishes (Gardiner and Schaffeer, 1989) (Figure 1). The actinopterygians and the 

sarcopterygians (lobe-finned fishes) share a common vertebrate ancestor that existed 420 million 

years ago (Janvier, 2002). The lobe-finned fishes constitute a group that includes tetrapods, like 

mammals and amphibians, as well as lung fish and coelacanths. Analysis of the genomes of 

different species has shown that two whole genome duplication events anteceded the evolution 

of vertebrates (Meyer and Van de Peer, 2005). A third round of whole genome duplication is 

thought to antecede the teleost clade radiation 

(Postlethwait et al., 2000; Taylor et al., 2003). 

Whole genome duplication events generate 

duplicate genes, which, through diverse fates, give 

rise to novel gene expression patterns and possibly 

novel protein functions. These genetic innovations 

may have contributed to the morphological 

diversity that allowed for the expansion of the 

teleost clade (Prince and Pickett, 2002). 

 

Among features that are unique to the teleosts is a 

large yolk cell. The teleost yolk cell arose in the 

actinopterygian fishes after the divergence from 

the sarcopterygian fishes (Figure 2). Within the 

actinopterygian fishes, sturgeon and bichir show 

subdivided vegetal yolk similar to amphibian embryos indicating that the last common ancestor 

of these two groups had a fully subdivided yolk. Amia and gar are intermediate between sturgeon 

 
Figure 2.  Morphology of yolk cell varies 

among the Actinopterygian fishes. Early 

actinopterygians, like sturgeon, show a 

fully subdivided vegetal yolk cell similar 

to amphibians, like Xenopus. But the more 

advanced non-teleosts, like gar, and 

teleosts, like zebrafish and medaka, show 

an undivided yolk cell. 
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and the teleosts and display few cleavage furrows in the developing yolk cell and in the gar these 

furrows regress leaving an undivided yolk (Ballard, 1986; Long and Ballard, 2001). The teleost 

fishes have a large uncleaved multinucleate yolk cell. 

 

1.1.C Zebrafish early development 

After fertilization, the zebrafish embryo undergoes a series of incomplete cleavages (meroblastic 

cleavages) that result in a mound of cells called blastomeres sitting on top of a large undivided 

yolk cell with the cells adjacent to the yolk maintaining cytoplasmic bridges with the undivided 

yolk cell  (Kimmel et al., 1995). Cleavages continue in a synchronous manner until the mid-

blastula transition (MBT) occurs after 9 divisions, around 3 hours post fertilization (hpf).  At 

MBT, the blastomeres that have a cytoplasmic connection to the yolk sink into the yolk 

generating a syncytium of nuclei known as the yolk syncytial layer (YSL) (Figure 3D) (Carvalho 

and Heisenberg, 2010). The YSL nuclei divide 4 to 5 times and then stop karyokinesis and 

continue replicating DNA by endoreduplication for some time afterward. The YSL is a unique 

extraembryonic cell layer, found only in teleost fishes like zebrafish (Jesuthasan and Stähle, 

1997; Solnica-Krezel and Driever, 1994). Its structure is very different from the other cell layers 

and the genes that are expressed in it are very important for the early developmental processes 

(Chen and Kimelman, 2000; Ho et al., 1999). In the main blastoderm, a thin monolayer of 

epithelial cells forms from the external blastomeres, known as the enveloping layer (EVL) 

(Figure 3D). This layer later forms the periderm of the larval epidermis. Most of the blastoderm 

consists of the group of cells called deep cell layer (DEL) that eventually form most of the 

embryo (Figure 3D) (Kimmel et al., 1990; Krens et al., 2011). 
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The first morphogenetic movement of the zebrafish embryo is called epiboly (Kimmel and Law, 

1985). It involves thinning and spreading of the blastoderm to completely engulf the yolk cell. 

Stages of zebrafish development after MBT are identified as percentage of epiboly, 

 

 
Figure 3. Different layers of the early zebrafish embryo undergo epiboly. The zebrafish 

embryo blastoderm thins and engulfs the yolk cell during early development, a movement 

known as epiboly. The stages of development are specified according to how much of the of 

the yolk has been surrounded, for example, 30% epiboly (A), 50% epiboly (B) and 90% 

epiboly (C). (D) 3 hours post fertilization (hpf), the zebrafish embryo is composed of 3 cell 

layers: an epithelial monolayer atop the animal pole known as enveloping layer (EVL), deep 

cell layer (DEL) which forms most of the embryo proper and yolk syncytial layer (YSL) at 

the boundary of DEL and the yolk, which is divided into the internal YSL and external YSL. 
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depending on how much of the yolk has been surrounded (Figure 3A-C). Epiboly is driven by 

the activity of microtubules in the YSL, making the YSL necessary for that movement (Solnica-

Krezel and Driever, 1994; Wilkins et al., 2008). Gastrulation proceeds with involution of the 

blastoderm and convergent extension, leading to the bud stage of the embryo, around 10 hpf 

(Warga and Kimmel, 1990). 

 

1.1.D Zebrafish immune system 

Vertebrates have evolved a complex immune system to fight off pathogens. Their immune 

system consists of two main types of cell based immunity: innate immune system that provides a 

generalized response against common pathogens and adaptive immune system that offers a more 

specialized defense against infections that it has seen before (Boehm, 2012). While the adaptive 

immune system requires some time before it reacts to invading pathogens, the innate immune 

system mostly consists of defenses that are activated immediately upon infection. A robust 

immune response is vital for survival, but it is also necessary to maintain a strict control over this 

response to ensure that the host itself is not damaged in the process. Diseases associated with 

overactive immunity, like chronic inflammatory diseases, asthma, etc., are becoming 

increasingly common (Straub and Schradin, 2016). There is therefore an urgent need to 

understand the molecular processes of host-pathogen interactions and immune system regulation. 

Zebrafish, aside from being an excellent model for vertebrates in general, has some additional 

qualities that make it an attractive candidate for studying innate immunity. It expresses similar 

cytokines as humans. Most, if not all, cells of the mammalian immune system have been 

recognized in zebrafish, including macrophages, neutrophils, dendritic cells, mast cells, B cells 

and T cells (Novoa and Figueras, 2012; Trede et al., 2004). The B and T cells which are 
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responsible for forming the adaptive immunity mature 4-6 weeks post fertilization, so the 

embryos can be used to study the innate immune response in isolation. The amenability of 

zebrafish to forward and reverse genetic techniques, high throughput screening and live imaging 

all allow powerful studies of host-pathogen interactions in the zebrafish (Renshaw and Trede, 

2012). 

 

Macrophages and neutrophils are the main phagocytic cells of the innate immune system. 

Zebrafish neutrophils and macrophages are capable of phagocytosis by 28–30 hpf (Le Guyader 

et al., 2008; Herbomel et al., 1999). Neutrophils and macrophages originate in vertebrates, 

including the zebrafish embryo, in 2 waves of hematopoiesis: primitive and definitive. During 

the primitive wave, myeloid precursors arise in the intermediate cell mass (ICM) anterior lateral 

mesoderm (ALM) and migrate over the yolk sac (Figure 4), where they differentiate into 

primitive macrophages by 22 hpf (Gore et al., 2018). This cell lineage gives rise to neutrophil 

granulocytes. By 2 days post fertilization (dpf), these neutrophils become the most abundant 

leukocyte in the zebrafish embryo. Definitive hematopoiesis begins as early as 24 hpf when 

some erythromyeloid progenitor cells differentiate within the caudal hematopoietic tissue (CHT). 

 
Figure 4. Different sites of hematopoiesis in zebrafish embryo. Neutrophils and 

macrophages originate in zebrafish in 2 waves: primitive and definite. The primitive occurs in 

the intermediate cell mass (ICM) and anterior lateral mesoderm (ALM) and gives rise to 

primitive macrophages and primitive erythrocytes. The definitive wave starts in the aorta 

gonad mesonephros (AGM) and caudal hematopoietic tissue (CHT) and later moves on to the 

kidney. (Figure adapted from Satchura, 2016) 
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The kidney marrow begins to mature around 4 dpf and will become the site of definitive 

hematopoiesis in adult fish. The use of transgenic lines that fluorescently label neutrophils and 

macrophages have made all these observations possible in zebrafish (Renshaw and Trede, 2012).  

 

Neutrophils and macrophages are key cellular effectors of inflammation. One of the main 

functions of inflammation is to deliver them to the affected site by chemotactic gradient, which is 

formed from the contents of damaged cells, bacterial products and chemokines produced by the 

host in response to injurious stimuli (Ley et al., 2007; Nourshargh and Alon, 2014). Immediately 

after infection, acute inflammation is dominated by neutrophils. Later, macrophages are the 

dominant leucocyte. Upon recognition of pathogens, these phagocytic cells release their 

antimicrobial granules into phagosomes or the extracellular environment (Mócsai, 2013). After 

completion of their function, neutrophils can either undergo apoptosis (Walker et al., 2005) or a 

reverse migration away from the site of inflammation (Mathias et al., 2006). Neutrophils are 

often phagocytosed by macrophages themselves (Silva, 2011). 

 

1.2 p38/MK2/TTP pathway 

 

The focus of this project is a mitogen activated protein kinase (MAPK) pathway that is 

conserved in vertebrates like zebrafish and humans. The p38 pathway is one of the three MAPK 

pathways and is known to mediate stress response (Cuenda and Rousseau, 2007; ZARUBIN and 

HAN, 2005). It can be activated by stimuli like heat shock, osmotic shock, exposure to UV light, 

growth factors, lipopolysaccharides, cytokines, etc (Cuadrado and Nebreda, 2010). The 

downstream targets of the p38 pathway are involved in a many important cellular processes, like 
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inflammation (Clark et al., 2009), growth and proliferation of cells (Weber et al., 2005), actin 

reorganization (Gamell et al., 2011), etc. 

The behavior of the p38 pathway has been studied in detail in mammals. In mammals, activation 

of the p38 pathway by proinflammatory cytokines such as IL and TNF involves binding of the 

cytokine to its receptor, resulting in conformational changes in the receptor’s intracellular 

domain (Zhang and An, 2007) (Figure 5). This results in recruitment of activator proteins such as 

TRAF2 which causes a series of phosphorylation events from MAP3K (Mitogen -activated 

protein kinase kinase kinase), to p38 MAP kinase. There are different isoforms of p38 and one of 

its targets is the protein Mitogen-activated protein kinase-activated protein kinase 2 

(MAPKAPK2), also known as MK2 (Shiryaev and Moens, 2010). One of the downstream targets 

 
Figure 5. The mammalian p38 MAPK pathway. (A) The p38 pathway is a stress response 

pathway that is activated by growth factors, stress and cytokines. The different downstream 

effectors of the pathway, like protein kinases and transcription factors, are shown here. A 

simplified version of the pathway for the purposes of this document is shown in (B). When 

the pathway is active, p38 MAPK phosphorylates MAPK-activated protein kinase 2 (MK2) 

which phosphorylates an RNA binding protein called tristetraprolin (TTP). 
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of MK2 is an RNA binding protein called Tristetraprolin (TTP) (Tiedje et al., 2012). TTP 

regulates the expression of its downstream targets at both a post-transcriptional and a 

translational level (Figure 6). Post transcriptional regulation by TTP is a process of mediating 

mRNA degradation (Figure 6A). In its unphosphorylated state, TTP binds to AU-rich elements 

(AREs) in the 3’ untranslated regions (UTRs) of mRNAs (Brook et al., 2006). It has been shown 

to bind to a minimal motif AUUUA with a preferred motif of UUAUUUAUU (Blackshear et al., 

2003). The C-terminal domain of TTP interacts with deadenylase subunit, NotI (Sandler et al., 

2011)((Fabian et al., 2013). NotI recruits Ccr4 and Caf1, and the Ccr4/Caf1/NotI deadenylase 

complex shortens the polyA tail of the mRNA (Marchese et al., 2010). After deadenylation, the 

mRNA transcript can be degraded by the 5’-3’ exonuclease pathway (Kedersha and Anderson, 

2002) or the 3’-5’ exosome pathway (Chen et al., 2001). When phosphorylated by MK2, TTP is 

bound by a set of regulatory proteins known as 14-3-3 proteins (Stoecklin et al., 2004). This 

inhibits its binding to the AREs and recruitment of the deadenylation complex, resulting in stable 

mRNAs that are translated into proteins. 

 

In addition to post-transcriptional regulation, TTP may also regulate the translation of these 

ARE-containing mRNAs (Figure 6B), demonstrated by the fact that in murine macrophages, 

TTP knockdown led to an increased level of TNFα protein, but the TNFα mRNA levels 

remained constant (Qi et al., 2011). Although the mechanism of this translational regulation is 

not completely known, TTP’s interaction with several other proteins that are involved in the 

process of translation could be responsible for this. TTP interacts with translational repressor 

p54/RCK, leading to translational repression of the mRNA when TTP is bound to it in its 

unphosphorylated state (Qi et al., 2011). Also, TTP interacts directly with another protein called 
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Poly A Binding Protein 1 (PABP1) (Marchese et al., 2010). This protein interacts with the 

eukaryotic initiation factor (eIF) 4e, an interaction that is responsible for mRNA circularization 

 
Figure 6. Figure 2. Tristetraprolin (TTP) mediates mRNA degradation and translational 

repression when p38 pathway is not active. (A) In its unphosphorylated, TTP binds to AU-

rich elements (AREs) in 3’ untranslated regions (UTRs) of mRNAs and recruits a 

NotI/Ccr4/Caf1 deadenylation complex to chew the polyA tail of the mRNA, thus directing it 

for degradation. When the p38 pathway is active, MK2 phosphorylates TTP, which is then bound 

by 14-3-3 proteins. This makes TTP unable to bind to AREs, resulting in high mRNA stability. 

(B) Mechanisms of translational control by TTP depend on its interaction with other proteins. 

TTP interacts with the RNA helicase/translational repressor p54/RCK, which could explain the 

translational arrest of the ARE-containing mRNA. The interaction between TTP and poly(A)-

binding protein 1 (PABP1) may interfere with productive mRNA circularization which is 

necessary for translational initiation. These interactions are inhibited when an active p38 

pathway phosphorylates TTP, thus promoting translation. Phosphorylated TTP also has a lower 

affinity for AREs so it can be substituted by human antigen R (HuR), which is a translational 

activator.  
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and translation initiation. TTP-PABP1 interaction can interfere with this process, leading to 

translational repression. Also, as described above, TTP recruits the deadenylation complex 

Ccr4/Caf1/Not1 complex that shortens the polyA tail of the mRNA (Marchese et al., 2010). 

Since the poly-A tail not only determines mRNA stability but might also affect translational 

efficiency, this could also be a mechanism for translational regulation by TTP. A recent paper 

also suggests that another ARE-binding protein, Human antigen R (HuR), is also involved in 

ARE-mediated translational regulation (Tiedje et al., 2012), HuR activates cap-dependent 

translation and knocking down HuR completely inhibits MK2-dependent translational activation 

of TNFα mRNA. In vitro studies in macrophages 

showed that HuR was able to displace TTP from an 

ARE-containing RNA probe when TTP was 

phosphorylated by MK2. So, when phosphorylated, 

TTP is unable to bind to the ARE and HuR binds to it 

and promotes translation, which can also explain 

translational regulation of ARE-containing mRNAs 

by TTP. 

 

When a pathogen enters the host cells, the pathogen-

associated molecular patterns (PAMPs) are 

recognized by  pattern-recognition receptors 

(PRRs)(Kumar et al., 2011) (Figure 7). PRRs are 

present on neutrophils, macrophages and epidermal 

cells. They sense the presence of microbial products 

 
Figure 7. MK2/TTP pathway is 

involved in regulating innate 

immunity. Pathogen-associated 

molecular patterns (PAMPs) are 

recognized by pattern-recognition 

receptors (PRRs) on immune cells, 

which initiate production of cytokines 

via the p38 pathway to recruit more 

phagocytes and cause other 

physiological effects, like fever, 

somnolence, etc. to fight the infection. 

 



 24 

and initiate production of cytokines, like Tumor Necrosis Factor-α (TNFα) and Interleukin-1β 

(Il-1β), to cause vasodilation and increased vascular permeability and recruit more phagocytes to 

the site of infection, resulting in inflammation (Newton and Dixit, 2012). MK2, downstream of 

p38 MAPK, is a key regulator of these pro-inflammatory cytokines biosynthesis at 

transcriptional and translational levels (Arango Duque and Descoteaux, 2014; Curfs et al., 1997). 

This makes different components of this pathway potential targets for the treatment of 

autoimmune and inflammatory diseases. The role of MK2 has been studied for 

lipopolysaccharide (LPS) induced expression of inflammatory factors. Studies done in mice have 

shown that MK2-deficient mice are resistant to LPS-induced cytotoxic shock due to impaired 

production of inflammatory cytokines like TNFa (Kotlyarov et al., 1999). Since mammalian 

TNFa is a canonical TTP target, this also implicated TTP in chronic inflammation. Experiments 

showed that mice lacking TTP develop symptoms of extreme inflammation, like dermatitis, 

cachexia, arthritis, etc (Taylor et al., 1996). Since one-third of the adults in the U.S. suffer from 

chronic inflammatory disorders, there is an urgent need to understand the molecular processes of 

immune system dysregulation that result in chronic inflammation. 

 

1.3 MK2 and TTP function during early zebrafish development 

 

The role of the p38 pathway in early development of zebrafish embryos is most evident through 

the novel lysis phenotype of the betty boop (bbp) mutant (Holloway et al., 2009). Betty boop 

encodes MAPK-activated protein kinase 2a (mapkapk2a), also known as mk2a. mk2a is a 

zebrafish ortholog of mammalian MK2. MK2 is a downstream target of p38 MAPK. The 

bbpp35mfa mutation has a premature stop codon that leads to a truncated form of the protein, 

which is a null mutation due to deletion of an essential p38 interaction domain (Holloway et al., 
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2009). bbp mutant embryos display a maternal effect phenotype (Figure 8) in which embryos 

from a homozygous mutant mother lyse during epiboly as opposed to wild type embryos where 

the three cell layers, DEL, EVL and YSL, engulf the undivided yolk cell. We sought to 

determine the molecular basis 

for the bbp mutant phenotype 

by examining the functions of 

the many described targets of 

MK2 phosphorylation and TTP 

(Chrestensen et al., 2004). 

Analysis showed that bbp 

mutants lose the expression of 

many genes specific to the YSL, 

like mxtx1, mxtx2, nrz, slc26a1 

(Unpublished data, Canny, S.) 

(Figure 9A,B). mxtx1 and mxtx2 are related to mix/bix sub-family of paired-like homeobox genes 

(Hirata et al., 2000). Members of this family are involved in endoderm and mesoderm 

specification in Xenopus and mouse (Pereira et al., 2012) and are important regulators of yolk 

cell phenotype in teleosts. mxtx2 is initially expressed in the marginal mesendodermal cells but 

later becomes restricted to the YSL, while mxtx1 is expressed exclusively in the YSL during 

blastula and gastrula stages (Hirata et al., 2000, Bruce et al., 2005). Experiments showed that 

while injecting mRNA encoding a wild-type MK2a into the zebrafish embryo at the 1-cell stage 

rescues the bbp phenotype and loss of expression of YSL-specific genes, as was predicted, 

injecting it solely into the YSL also achieved the same effect (Figure 9C), indicating that MK2a 

 
Figure 8. Betty boop mutants show a novel lysis 

phenotype during epiboly. (A) A wild type embryo starts 

epiboly by thinning and spreading of the blastoderm and 

YSL around the yolk cell. (B) Betty boop (bbp) mutant 

embryos do not complete gastrulation as the blastoderm 

constricts the yolk cell at 50% epiboly, resulting in lysis of 

the whole embryo. 
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was only required in the YSL. Another set of experiments showed that injecting the RNA 

binding domain (RBD) of the zebrafish homolog of TTP into embryo also recovers the 

 
Figure 9. Betty boop mutants lose expression of certain YSL-specific genes, which can be 

rescued by injecting active MK2 into YSL or the RNA binding domain (RBD) of TTP. 

(A) Whole mount in situ hybridization shows that mxtx1, mxtx2, nrz/bcl2l10, slc26a1 are 

YSL-specific genes that are expressed in wild-type embryos. (B) Betty boop embryos lose the 

expression of these YSL-specific genes. (C) The expression of these genes is recovered when 

a phosphomimetic (PM) mk2a, in which 2 threonine residues are mutated to glutamic acid 

(T202E, T315E) to make it constitutively active, is injected into the YSL bbp mutant 

embryos. (D) The expression of mxtx1 and mxtx2 is also recovered when the RBD of TTP is 

injected into the bbp mutant embry, but the expression of nrz/bcl2l10 and slc26a1 is not 

(Unpublished data, Canny, S.) 
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expression of mxtx1 and mxtx2 (Figure 9D). We hypothesize that MK2a negatively regulates 

TTP, which in turn negatively regulates mxtx1 and mxtx2, genes that might be involved in the 

novel yolk cell phenotype found in teleosts. In the next chapters, I will detail experiments and 

results needed to verify this regulation of mxtx1 and mxtx2 by TTP and analyze how this 

interaction works in other species besides zebrafish.  
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Chapter 2 - Regulation of mxtx1 and mxtx2 by MK2a and 

TTP in the early zebrafish embryo 
 

The phenotype of the betty boop embryo, which has a mutant form of MK2a and lyses at 50% 

epiboly, shows the important role that the p38 pathway plays in early development in zebrafish 

(Figure 8). Preliminary experiments done with betty boop embryos showed that it loses the 

expression of YSL specific genes mxtx1 and mxtx2. This loss is rescued by injection of active 

MK2a or RNA binding domain of TTP into the YSL of the embryo, showing that these proteins 

are involved in the regulation of mxtx1 and mxtx2 (Figure 9). Since MK2 and TTP regulate gene 

expression through the 3’UTR, we decided to focus on the 3’UTR of mxtx1 and mxtx2 and see 

how it interacts with MK2a and TTP during early development. 

 

2.1 Mk2a and TTP regulate expression of constructs containing 3’UTR of mxtx1 and mxtx2 

 

To visualize how these 3’UTRs regulate gene expression of their respective genes, the UTRs 

were inserted in the pCS2 vector after a nuclearly localized mCherry that was degron tagged to 

make it unstable. The degron tag was added after some concerns in previous experiments that the 

expression of mCherry might be too stable for us to visualize any temporal changes that might 

occur during development. A control plasmid containing the nuclear red marker and degron tag 

but no UTR sequence was used as a negative control. In vitro transcribed RNA from these 

plasmids was injected into embryos at 1-cell stage and the embryos were analyzed at 50% 

epiboly (6hpf). Results show that while the mCherry from the control plasmid is expressed 

everywhere in the blastoderm and YSL, mCherry linked to 3’UTR of mxtx1 and mxtx2 is only 

expressed in the YSL (Figure10A,B,C). This fits in with our hypothesis as we’ve seen from 

previous experiments that MK2a is active in the YSL in the early zebrafish embryo. This 



 29 

 

active MK2 can stop 

TTP from initiating 

mRNA degradation or 

translation repression of 

mxtx1 and mxtx2 in the 

YSL, as we see in this 

experiment.  

Since TTP can 

participate in both post-

transcriptional and 

translational regulation, 

and we are looking at 

the expression of the 

final mCherry protein, it 

was not possible to say 

if TTP was regulating 

the mRNA or the 

protein. To look more 

closely at that, the same 

experiment was 

repeated, and embryos 

were fixed 7hpf for 

whole mount in situ 

 
Figure 10. MK2a and TTP regulate 3’UTRs of mxtx1 and mxtx2 

in early zebrafish embryo. Embryos in A, D, G were injected with 

mCherry RNA, embryos in B, E, H were injected with mCherry-

mxtx1UTR RNA and embryos in C, F, I were injected with mCherry-

mxtx2UTR RNA. In addition, embryos in D, E, F were co-injected 

with a constitutively active form of MK2a (MK2a*) and embryos in 

G, H, I were co-injected with a non-phophorylatable mutant TTP 

(TTP*). The embryos were imaged laterally at 7hpf. mCherry-RNA 

is expressed everywhere in the blastoderm and YSL (A), while 

mCherry-mxtx1UTR (B) and mCherry-mxtx2UTR (C) are only 

expressed in the YSL. 32 out of 49 injected embryos showed this 

fluorescence pattern for mxtx1 (B) and 35 out of 48 for mxtx2 (C). Co-

injection with MK2a* does not change the expression of mCherry 

RNA (D) but leads to expression of mCherry-mxtx1UTR (E) and 

mCherry-mxtx2UTR (F) in the YSL and the blastoderm. Co-injection 

with TTP* leads to no change in the expression of mCherry RNA (G) 

but leads to no expression in the blastoderm or the YSL for mCHerry-

mxtx1UTR (H) or mCherry-mxtx2UTR (I). 35 out of 42 injected 

embryos showed the pattern shown in E and 33 out of 43 injected 

embryos showed the same pattern as F. All embryos injected with 

TTP* showed the same pattern as displayed for G, H and I. 
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hybridization with an anti-sense probe for mCherry. Results showed that the mCherry RNA that 

was linked to UTRs of mxtx1 or mxtx2 was localized to the YSL, whereas the no UTR control 

was present both in the blastoderm and YSL (Figure 11). This shows that the regulation of the 

UTR is post-transcriptional (although there could still be translational regulation in addition to 

mRNA regulation). 

To further test the hypothesis that there is a MK2a-dependent regulation of TTP leading to 

regulation of mxtx-1 and mxtx-2, we selectively activated MK2a and TTP to see the effect on 

mCherry expression that is linked to their 3’UTRs. 

1) We constructed a constitutively active form of Mk2a (Mk2a*) by replacing conserved targets 

of phosphorylation by p38 MAPK with phosphomimetic glutamic acid residues. These 

conserved residues correspond to sites in the activation loop (T203) and in the hinge between the 

catalytic domain and the C-terminal regulatory domain (T315). This double substitution 

(T203E/T315E) has been shown to be constitutively active. Phosphorylation by MK2 inhibits 

TTP from triggering mRNA degradation. A constitutively active form of MK2 would stop 

mRNA degradation by TTP altogether, leading to expression of gene that are targeted by TTP. 

 
Figure 11. mCherry RNA linked to 3’-UTRs of mxtx1 and mxtx2 is localized to the YSL. 

Embryos were injected with mCherry, mCherry-mxtx1UTR and mCherry-mxtx2UTR. In situ 

hybridization was performed on embryos fixed 7hpf using an anti-sense probe that detects 

mCherry RNA and embryos were imaged from the animal pole. Results show that mCherry 

RNA is present in the blastoderm and YSL (A), whereas the mCherry that is linked to 3’-

UTRs of mxtx1(B) and mxtx2 (C) is localized only to YSL. 
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2) We created a non-phosphorylatable mutant TTP (TTP*) by substituting the conserved residues 

subject to Mk2a phosphorylation for alanine (S95A/S231A-TTP). Phosphorylation by MK2 

deactivates TTP. A non-phophorylatable mutant TTP that cannot be acted upon by MK2 would 

lead to constitutive activation of TTP, which would degrade mRNAs of genes that are TTP 

targets. 

 

To see how these activated MK2a and TTP affect expression of mCherry through the 3’UTRs of 

mxtx1 and mxtx2, the UTR constructs from previous experiments were injected along with 

MK2a* and TTP*. Results from these experiments are shown in Figure 10. In case 1) expression 

of mCherry was seen all through the blastoderm and YSL (Figure 10D,E,F) and for case 2) 

expression of mCherry was not seen in the blastoderm or the YSL (Figure 10G,H,I). Previous 

experiments showed that mCherry tagged with 3’UTR is expressed in the YSL, but not in the 

blastoderm. 1) Co-injection of MK2a* led to deactivation of TTP by phosphorylation, leading to 

expression of mCherry even in the blastoderm. 2) A non-phophorylatable mutant TTP 

constitutively degraded mRNAs of its targets genes, leading to no expression of mCherry even in 

the YSL. Thus, both of these results corroborate our hypothesis that MK2a negatively regulates 

TTP, which negatively regulates mxtx-1 and mxtx-2. 

 

2.2 The 3’UTRs of mxtx1 and mxtx2 contains regulatory elements for TTP and several 

other proteins 

 

An analysis of the 3’UTRs of mxtx-1 and mxtx-2 using a compendium of RNA binding motifs 

(http://rbpdb.ccbr.utoronto.ca/) (Cook et al., 2011) revealed a group of 12 common proteins that 

recognize motifs in the UTRs of mxtx1 and mxtx2, as well as the 3’UTR of human tnfa, which is 

a canonical TTP target.  These proteins are listed in Table 1.  

http://rbpdb.ccbr.utoronto.ca/
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Table 1. List of common RNA binding protein for Human-tnfa, mxtx1 and mxtx2 3’-UTRs 

Protein Description 

ELAVL2 ELAV (embryonic lethal, abnormal vision, Drosophila)-like 2 (Hu antigen B) 

ZFP36 TTP 

PABPC1 Poly A binding protein, cyptoplasmic 

FUS Fused in sarcoma 

Pum2 Pumilio 2 

MBNL1 Muscle-bind like 

ACO1 Aconitase 1, soluble 

YTHDC1 YTH domain containing 1 

EIF4B Eukaryotic translation initiation factor 4B 

KHDRBS3 KH domain containing, RNA binding, signal transduction associated 3 

SFRS1 Splicing factor, arginine/serine-rich 1 

ELAVL1 ELAV (embryonic lethal, abnormal vision, Drosophila)-like 1 

 

Although TTP is one of the proteins with binding sites in all 3 UTRs, there are 11 others too. I 

also analyzed the 3’UTRs with AREScore application (http://arescore.dkfz.de/arescore.pl). 

AREScore searches input sequences for features typically found in type II AREs. It calculates a 

score based on the number of AUUUA pentamers, the distance between these pentamers, and 

whether they are located within a region of high AU content, a so-called AU-block. ARE scores 

calculated using AREScore for these 3 genes as well as 2 other YSL specific genes in zebrafish, 

slc26a1 and nrz/bcl2l10, are shown in Table 2.  

Table 2. UTR lengths and AREscore scores for selected zebrafish genes and human-TNFa 
 

Description 3’UTR 

length 

AREscore score 

Hu-TNFa Tumor Necrosis Factor 791 14.9 

mxtx1 Mix-type homeobox 1 691 12.5 

mxtx2 Mix-type homeobox 2 305 10.8 

slc26a1 Solute carrier family 26 3299 6.7 

nrz/bcl2l10 B cell lymphoma -2-like-10 769 10.8 

http://arescore.dkfz.de/arescore.pl
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Mxtx1 and mxtx2 have high ARE scores, though not as high as human TNFa. There are other 

YSL-specific genes that have a lower (slc26a1) and similar (nrz/bcl2l10) ARE score than mxtx-1 

and mxtx-2 (Table 2) but are not rescued upon injection of RBD-ttp (Unpublished data, S. 

Canny) (Figure 9D). Since there are other regulatory proteins that have binding sites in the 3’-

UTR, there may be additional pathways that regulate mxtx1 and mxtx2 expression independent of 

TTP. The lower quality of annotation of the 3’-UTR as compared to the coding regions and the 

lack of a strict consensus sequence for AREs make in silico prediction of TTP targets difficult.  

Also, since AREscore prediction of a high ARE content does not translate to the same results in 

in vivo experiments, a general prediction of ARE score is not the best metric to predict TTP 

targets. Therefore, we need additional experiments to confirm that the regulation of 3’UTR of 

mxtx1 and mxtx2 that we see in the previous experiments is due to MK2a acting through TTP and 

not any of these other RNA binding proteins. 

2.3 TTP binding domains in 3’UTRs of mxtx1 and mxtx2 are necessary for regulation by 

MK2/TTP pathway 

 

I did PCR to remove TTP binding sites from the 3’UTRs of mxtx1 and mxtx2 and inserted these 

3’UTRs into pCS2 plasmid with a nuclearly localized mCherry that was degron tagged as before. 

RNA injections with these constructs showed mCherry expression throughout the blastoderm 

(Figure 12A,B). No difference in expression was seen with co-injection of MK2a and TTP 

(Figure 12C,D,E,F). While expression of mCherry was restricted to the YSL for constructs 

containing UTRs of mxtx1 and mxtx2, removal of the TTP binding domains led to a loss of 

regulation by the MK2/TTP pathway and resulted in mCherry expression in the entire 

blastoderm, like the expression of the control plasmid in Figure 10. Active MK2a and TTP show 

no effect on the expression of mCherry since their site of action is missing in these Constructs. 
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This supports our hypothesis and validates the results 

shown in Figure 6 – that the MK2a/TTP pathway is 

necessary for the regulation of 3’UTRs of mxtx1 and 

mxtx2.  

 

2.4 TTP binding domains in 3’UTR of mxtx1 and 

mxtx2 are sufficient for regulation by MK2/TTP 

pathway 

 

To show that these TTP binding sites are sufficient for 

regulation of the 3’UTR, constructs that had only the 

3’UTR regions that included the TTP binding sites 

(Figure 13A) were made and transcribed in vitro. RNA 

injections with these constructs showed mCherry 

expression only in the YSL (Figure 13B-C). 

Constructs that contained TTP binding sites preserved 

the expression pattern that was seen for the complete 

3’UTR of mxtx1 and mxtx2, which shows that these 

regions are sufficient for the regulation of the 3’UTR. 

These regions contain all the TTP binding sites in the 

3’UTR of mxtx1 and mxtx2, but they also include and 

KHDRBS3 sites resulted in loss of regulation, we can 

say that the regulation of 3’UTR of mxtx1 and mxtx2 

seen in the early zebrafish embryo is carried out by 

TTP. 

 
Figure 12. Deletion of TTP binding 

sites causes loss of regulation of 

3’UTR of mxtx1 and mxtx2. Embryos 

in A, C, E were injected with mCherry-

mxtx1UTR RNA with TTP sites deleted 

(mxtx1UTRdel) and embryos in B, D, F 

were injected with mCherry-mxtx2UTR 

RNA with TTP sites deleted 

(mxtx2UTRdel). In addition, embryos in 

C, D were injected with MK2a* and 

embryos in E, F were injected with 

TTP*. While mCherry-mxtx1UTR and 

mCherry-mxtx2UTR RNA were 

previously expressed in the YSL (Figure 

10), deletion of TTP sites leads to loss of 

this regulation of so they are expressed 

in the whole blastoderm and YSL (A,B). 

34/42 embryos showed the expression 

pattern in A and 35/42 embryos showed 

the pattern in B. Co-injection with 

MK2a* (C,D) or TTP* (E,F) leads to no 

change in the expression pattern due to 

loss of TTP binding sites. 48/55, 36/40, 

41/47and 38/44 embryos showed the 

expression pattern in C, D, E and F, 

respectively 

mxtx2UTRdelmxtx1UTRdel

mxtx2UTRdel+MK2a*mxtx1UTRdel+MK2a*

mxtx1UTRdel+TTP* mxtx2UTRdel+TTP*

A

E

DC

B

F
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2.5 Conclusions 

 

The critical role of p38 

pathway in early 

development of zebrafish 

embryo is most evident 

through the betty boop (bbp) 

mutant which fails to 

complete epiboly and lyses 

at 50% epiboly stage. The 

Betty boop mutant has a 

mutant form of the gene 

mk2a. This mutant loses the 

expression of some YSL 

specific genes like mxtx1 and 

mxtx2. To assess if the 3’UTRs of these genes are being regulated by MK2a/TTP pathway in the 

early zebrafish embryo, I made constructs where the 3’UTRs of these genes are linked to a 

fluorescent mCherry tag. In vitro transcribed mRNA from these constructs injected into the 

embryo showed that these mRNAs are only expressed in the YSL, where MK2a is active. 

Further experiments showed that when a constitutively active MK2a or TTP is injected along 

with these constructs, the expression pattern changes to whole blastoderm and YSL or no 

expression at all, respectively. These experiments show that the 3’UTRs of mxtx1 and mxtx2 are 

being regulated by MK2a/TTP pathway. Removing TTP sites from the 3’UTR of these genes 

leads to no regulation while getting rid of everything except the TTP binding sites from the 

 
Figure 13. Region with TTP binding sites is sufficient for 

regulation of 3’UTR of mxtx1 and mxtx2. (A) PCR to only 

keep the region of the 3’UTR of mxtx1 and mxtx2 that has the 

TTP binding sites also retains a few sites for ELAVl1 and 

KHDRBS3. mCherry linked to these TTP sites-only 3’UTRs of 

mxtx1 (mxtx1-3’UTRTTPonly) and mxtx2 (mxtx2-3’UTRTTPonly) 

showed mCherry expression only in the YSL for both mxtx1 

(B) and mxtx2 (C), showing that this region is sufficient for the 

regulation of whole 3’UTRs seen in Figure 10. 36/41 and 38/44 

embryos showed the expression pattern in B and C, 

respectively 
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3’UTR still leads to the same regulation, showing that these TTP sites are necessary and 

sufficient for the regulation of these 3’UTRs. 
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Chapter 3 - Evolution of the yolk cell and TTP regulation of 

mxtx genes 
 

 

We hypothesize that the large syncytial yolk cell found in teleost fishes arose from a combination 

of evolution of a novel transcription factor and a post-transcriptional regulatory mechanism to 

restrict expression of this factor to the yolk cell. The teleost yolk cell is an evolutionary novelty 

that arose in the actinopterygian fishes after the divergence from the sarcopterygian fishes. From 

the results detailed in Chapter 1, we have seen that the MK2/TTP pathway regulates mRNA 

stability in the early embryo to restrict expression of mxtx1 and mxtx2 to the yolk cell. In mammals, 

this MK2/TTP pathway regulates cytokine production in innate immunity and is not required 

during early development. We hypothesize that during the evolution of the yolk cell this regulatory 

mechanism was coopted to regulate a set of transcription factors whose ancestors were expressed 

more broadly and to restrict expression to the yolk cell. We will determine if this regulatory 

mechanism is conserved among teleost fishes and gar. Since the teleost yolk cell is a novel 

structure that arose in the actinopterygian fishes after the divergence from the sarcopterygian 

fishes, I will study sarcopterygians, like Xenopus, actinopterygians, like gar, and other teleosts, 

like medaka, for the MK2/TTP regulatory mechanism to see if it’s involved in early development 

by using the tools developed in the previous chapter. 

 
3.1 Xenopus embryos do not show regulation of 3’UTR of mxtx1 and mxtx2 

 

Xenopus laevis belong to the sarcopterygian, or lobe-finned fishes, clade. It has a completely 

subdivided vegetal yolk (Figure 2). According to our hypothesis, the MK2/TTP pathway should 

not be active in the early Xenopus embryo. The reporter UTR constructs made in Chapter 1, that 

contain a fluorescent cherry tag linked to UTRs of mxtx1 and mxtx2, were injected into the early 
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Xenopus embryo. From the Xenopus gene database (http://www.xenbase.org/entry/), a homolog 

of zebrafish TTP, zfp36l1a, was found in Xenopus. RNA extracted from Xenopus embryos 6-

9hpf was used to isolate the gene and cloned into pCS2+ vector. In vitro transcribed zfp36l1a 

RNA was injected into zebrafish embryos along with the reporter UTR constructs at 1-cell stage. 

In the Xenopus embryo, expression of mCherry for the control RNA or the mxtx1 and mxtx2 

 
Figure 14. 3’UTRs of mxtx1 and mxtx2 are not regulated in early Xenopus embryo. 

Xenopus embryos were injected with mCherry RNA (A,B), mCherry-mxtx1UTR RNA (C,D) 

and mCherry-mxtx2UTR RNA (E,F). Injections were done at 1-cell stage and pictures were 

taken at 9 hpf. A,C,E show brightfield images of the embryos and B,D,F show expression of 

fluorescent protein in the same embryo. Expression of RNA containing 3’UTRs of mxtx1 (C,D) 

and mxtx2 (E,F) was not restricted at late gastrula and is observed both animal and vegetal 

blastomeres on either side of the involution furrow, similar to the control mCherry RNA (A,B). 

G-L show zebrafish embryos that were injected with mCherry RNA (G,H), mCherry-mxtx1UTR 

RNA (I,J) and mCherry-mxtx2UTR RNA (K,L). In addition, embryos in H, J, L were also 

injected with Xenopus zfp36l1a RNA. The control mCherry RNA is expressed in both the 

blastoderm and YSL (G), while mCherry-mxtx1UTR (I) and mCherry-mxtx2UTR (K) are 

expressed only in the YSL. With co-injection of zfp36l1a, there is no change in the expression 

of control plasmid (H), but leads to no expression for the mxtx1-UTR (J) and mxtx2-UTR (L) 

constructs. 

http://www.xenbase.org/entry/
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3’UTR RNA is not restricted and is present in both the animal and vegetal blastomeres (Figure 

14 A-F). Injections of UTR constructs along with zfp36l1a RNA showed no change for the 

control RNA (Figure 14 G-H) but showed no expression of mCherry for mxtx1 and mxtx2 RNA 

(Figure 14 I-L). The control RNA and UTR RNAs show the same expression in early Xenopus 

embryo. Since there is no restriction of mCherry to the vegetal cells, we can conclude that the 

UTR constructs are not differentially regulated as they are the early zebrafish embryo. So, 

Xenopus TTP is not acting on these constructs. The co-injection of non phosphorylatable 

zfp36l1a RNA with the UTR constructs into zebrafish embryos shows no expression of mCherry, 

demonstrating that the Xenopus TTP can act on these constructs to degrade them, but is not 

active in the early Xenopus embryo. This agrees with our hypothesis that the MK2/TTP pathway 

is not active in the early Xenopus embryo. 

 

3.2 A homolog of mxtx1 exists in gar and is expressed in the early embryo 

 

Gar is intermediate between sturgeon and the teleosts and displays a few cleavage furrows in the 

developing yolk cell that regress leaving an undivided yolk. If mxtx genes have conserved function, 

then they should share sequence homology and be expressed in the yolk cell of gar embryo. 

BLAST was used to search NCBI and ENSEMBL databases for putative mxtx1 homologs in the 

published gar genome. RNA was extracted from early gastrula stage gar embryos and used to 

isolate the mxtx1 homolog. An anti-sense probe was designed for mxtx1 for in situ hybridization. 

A homolog of mxtx1, GENSCAN00000020581, was identified in the gar genome. Whole mount 

in situ hybridization with mxtx1 probe showed its expression in a cell layer above the yolk cell 
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(Figure  15). Since there’s not much work done on the early gar embryo, it’s hard to identify with 

certainty the different cell layers in the embryo. This is only preliminary data, but it looks 

promising as mxtx1 is expressed in the blastomeres adjacent to the yolk cell, consistent with our 

hypothesis that the mxtx transcription factors are regulated to restrict their expression to the yolk 

cell. 

 

3.3 3’RACE can be used to sequence the 3’UTR of gar mxtx1 

 

The annotated sequences of UTRs are not always accurate, so we used Rapid Amplification of 

cDNA Ends (RACE) to clone the 3’UTR of gar mxtx1 to ensure accurate annotation and scan it 

for TTP binding sites. The cloned 3’UTR is shorter than the annotated 3’UTR and appears to be 

missing a part of the annotated sequence (Figure 16B). It is possible that the bigger fragment 

wasn’t cloned into the plasmid (Figure 16A) and the 3’UTR is bigger than what we cloned, but 

multiple cloning experiments revealed the same result. This UTR does not appear to have any TTP 

 
Figure 15. Expression of the gar homolog of mxtx1 in the early gar embryo. A homolog 

of the zebrafish mxtx1 was found in the gar genome (A) using BLAST search of the NCBI and 

ENSEMBLE data bases. In situ hybridization with an anti-sense probe for gar mxtx1 showed 

expression of the gene in blastomeres adjacent to the yolk cell (B) as indicated by the arrow.  
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binding sites and has a very low ARE score (1.3), but as we’ve seen before, that is not the best 

criterion for evaluating if the UTR is regulated by TTP. 

 

 

3.4 Future directions 

 

We’ve seen from previous experiments that the 3’ UTR of zebrafish mxtx1 and mxtx2 are 

sufficient to regulate expression of a reporter construct in zebrafish embryos (Figure 10). Now 

we have to determine if the gar and medaka mxtx1 3’ UTRs also regulate spatial expression of 

the reporter. To do this, we will make the same reporter as before, a plasmid encoding a 

destabilized nuclear mCherry followed by the 3’UTR of interest, transcribe it in vitro to make 

mRNA and then inject these into 1-cell stage zebrafish embryo to test their ability to restrict 

expression of the reporter. According to our hypothesis, the medaka 3’UTR should direct 

restricted expression in zebrafish embryos indicating conserved regulation among teleosts. The 

gar 3’UTR may confer regulation, or the regulation may be a teleost novelty and explain 

differences between gar and zebrafish yolk morphology. The gar and medaka UTRs may not 

restrict expression to the yolk cell in zebrafish. We will also test these constructs in medaka to 

determine if another regulatory mechanism may be responsible. Microinjection of the medaka 

 
Figure 16. 3’UTR of gar homolog of mxtx1 isolated from 3’RACE is shorter than the 

annotated UTR gar genome. (A) PCR to isolate 3’UTR of the gar homolog of mxtx1 from 

3’RACE from shows no band in the negative control and different sized bands for early gar 

embryo DNA. These bands were cloned into pCR4 vector using TOPO cloning. (B) 

Sequencing the cloned plasmid from both ends shows a much shorter 3’UTR than the 

annotated sequence. 
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embryo is similar to that of the zebrafish but with lower throughput (Porazinski et al., 2010). If 

the medaka UTR is regulated in medaka but not zebrafish this would indicate a common 

requirement for post transcriptional regulation but show that the specific nature of this regulation 

can vary. 

 

3.5 Conclusions 

 

The teleost yolk cell is an evolutionary novelty that arose in the actinopterygian fishes after the 

divergence from the sarcopterygian fishes. In mammals, the MK2/TTP pathway is not active 

during early development, while I’ve shown that it is active during early zebrafish development. 

To see if this pathway is active in sarcopterygians like Xenopus, I injected constructs containing 

the 3’UTRs of mxtx1 and mxtx2 linked to a fluorescent mCherry reporter into the early Xenopus 

embryo and saw no regulation of these UTR constructs. A homolog of zebrafish TTP was found 

in Xenopus and co-injected with the UTR constructs into 1-cell zebrafish embryo. There was no 

expression of the UTS constructs, showing that the Xenopus TTP can act on them but is not 

active during early xenopus development. I also looked at gar, another actinopterygian, and 

found a homolog of the zebrafish mxtx1 in its genome. This homolog is expressed in the early 

gar embryo at a cell layer above the yolk cell, which might be a putative YSL in gar. Further 

experiments that determine if the gar and medaka mxtx1 3’UTRs are regulated in the same way 

as the zebrafish mxtx1 3’UTR are needed to asses if this MK2/TTP regulatory mechanism is a 

teleost novelty or not. 
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Chapter 4 - Candida infection in zebrafish embryos 
 

 
The ancestral role of the MK2/TTP pathway is in regulating innate immune response. It is not 

active during early development in mammals. From the experiments described so far, we can see 

that this pathway is active in zebrafish early development, but we don’t know if it is involved in 

regulating innate immune response in zebrafish. To study immunity, there needs to be a pathogen 

that triggers immune response. For that, I will use the fungus Candida in zebrafish embryos and 

assay the role of MK2 in regulating innate immunity. Using an active infection will allow us to 

view the defenses mounted by the host and the dynamic host-pathogen interaction at different 

stages of infection. 

 

The fungus Candida is an opportunistic pathogen which is the most common cause of fungal 

infections in patients. While C. albicans is still the most common cause of candidiasis, implicated 

in 38% of the cases, C. parapsilosis and C. glabrata are also increasing in frequency, with 17% 

and 29% of cases ascribed to these species, respectively (Guinea, 2014). Here we propose to use a 

Candida hindbrain infection model in the transparent zebrafish embryo to better assess and 

compare the response of these Candida species and innate immune system cells to each other in 

candidemia. 

 

4.1 Hindbrain injection of C. albicans leads to infection in zebrafish 

 

Injection of Candida into a 1-cell zebrafish embryo will result in death since the embryo has no 

immune system to fight Candida at that point. Since primitive hematopoiesis starts in the embryo 

around 12 hpf, we wanted an injection timepoint of 18-30 hpf. At this point, the hindbrain ventricle 
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is the best site of injection in the zebrafish embryo. Neon-labeled C. albicans was injected into the 

hindbrain of 1dpf embryos. Albicans CFUs per infected embryo increase dramatically in the first 

24 hours post inoculation and then decrease just as rapidly in the next 24 hours (Figure 17C). Some 

embryos were infected with yeast form (Figure 17A) and some with the hyphal form (Figure 17B) 

of C. albicans. About 100 embryos were injected in each experiment, ~5% of which succumbed 

to the infection 2 days post infection (dpi). No further mortalities were observed after 2dpi. The 

dead embryos were not included in this assay, to avoid complexities of post mortem growth of 

Candida and death due to injection alone. Candida proliferates rapidly in the first 24 hours post 

injection (hpi) and then decreases significantly 2dpi, presumably due to the action of innate 

immune functions in the embryo, indicating that 24-48 hpi are crucial in deciding the fate of the 

infected embryos. The surviving embryos are able to fight off the infection and get rid of almost 

all the fungal load, whereas about ~5% of the embryos succumb to the infection. 

 

4.2 C. parapsilosis and C. glabrata follow the same temporal profile as C. albicans 

 

To test if C. parapsilosis and C. glabrata follow the same trend, neon-labeled parapsilosis and 

glabrata cultures at the same absorbance as C. albicans culture were injected in the hindbrains of 

1 dpf zebrafish embryos. A graph for the number of CFUs per embryo for the different Candida 

 
Figure 17. C. albicans infects zebrafish in yeast and hyphal forms, that proliferate rapidly 

in the first 24 hpi. Neon-labeled Candida was injected into hindbrain of zebrafish embryos 30 

hpf. 10 surviving embryos were ground each day and plated on YEPD plates and CFUs were 

counted. The number of CFUs per embryo increases drastically 1 day post injection (dpi) and 

decreases to very minimal values for the following days (C). Some embryos remain minimally 

infected with yeast form of C. albicans (A, pointed in arrows) while some are heavily infected as 

Candida shifts into its hyphal form (B, pointed in arrows). Images were taken 24 hpi. 
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species is shown in Figure 18. All species show a significant increase in the number of CFUs in 

the first 36 hours, which declines equally rapidly in the next 12 hours. Albicans shows the highest 

number of CFUs at 24hpi, followed by parapsilosis and then by glabrata. The 3 Candida species 

show the same infection profile but different number of CFUs at different time points. So, their 

proliferation inside the zebrafish embryo has the same pattern but their ability to proliferate is 

different. Since glabrata is unable to form hyphae, it is possible that it is not able to infect the host 

as effectively as albicans. C. parapsilosis does not form true hyphae but can generate 

pseudohyphae in vitro. These infection characteristics of different Candida are explored more in 

the next section. 

 

 
Figure 18. Infection peaks at 36 hpi for all 3 Candida species. Neon-labeled Candida 

albicans, Candida glabrata and Candida parapsilosis cultures at the same absorbance were 

injected into the hindbrain of zebrafish embryos 30 hpf. 10 surviving embryos were 

homogenized each day and plated on YEPD plates and CFUs were counted. All species show a 

significant increase in the number of CFUs in the first 36 hpi, which declines equally rapidly in 

the next 12 hours. Albicans shows the highest number of CFUs at 24hpi, followed by 

parapsilosis and then by glabrata. 
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4.3 Different Candida species show different infection characteristics in zebrafish 

 

Neon-labeled C. albicans, C. parapsilosis and C. glabrata were injected into the hindbrain of 

embryos 1dpf. The embryos were screened for dead vs alive, the presence of green fluorescent 

fungus, yeast or hyphae, and a localized hindbrain infection vs disseminated infection 24 hpi. The 

 
Figure 19. Different Candida species show different infection characteristics in zebrafish. 

An embryo infected with C. albicans (A), C. parapsilosis (B), C. glabrata (C) and disseminated 

form of C. glabrata (D) 24 hours post injection. (E) The number of embryos that show the 

presence of Candida are shown in E as “infected”, with the highest number for parapsilosis 

(54%), followed by albicans (40%) and glabrata (21%). (F) No hyphal formation is seen for 

parapsilosis or glabrata, while 62.5% of embryos infected with C. albicans show hyphae. (G) 

Embryos infected with albicans and parapsilosis mostly show a localized infection in the 

hindbrain, 94% and 75% respectively, but embryos infected with C. glabrata show a more 

disseminated infection (62.5%). 
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results are shown in Figure 19. Representative pictures of embryos infected with each Candida 

species are shown in Figure 19A-C. Image of an embryo with a disseminated glabrata infection 

in shown in Figure 19D. The percentage of embryos that die from the infection is almost the same 

for all 3, 5-7% (Figure 19E). The embryos that show the presence of green fungus are classified 

as “infected” and the ones that don’t are classified as “uninfected” or “inoculated”. The percentage 

of embryos that show infection is highest for parapsilosis at 54%, followed by albicans at 40%  

albicans or parapsilosis mostly show a localized infection, 94% and 75% respectively, while 

62.5% embryos infected with glabrata show a more disseminated infection (Figure 19G). The 

ability of C. albicans to form hyphae is crucial for its virulence, giving it the ability to pierce both 

the epithelium and to kill phagocytes (Larone, 2011). While parapsilosis does show infection in a 

greater percentage of embryos, the lack of hyphal formation might explain why the number of 

CFUs is higher for albicans than parapsilosis. The yeast form of the fungus is shown to be required 

for dissemination during systemic infections (Seman et al., 2018), which may be why we see more 

disseminated infection for glabrata and parapsilosis as compared to albicans, whose chief form 

of infection is through hyphal formation. 

 

4.4: Zebrafish upregulates expression of cytokines and other inflammatory genes in 

response to hyphae, not yeast 

 

To characterize Candida infection in zebrafish at a molecular level, we decided to look at the 

response of certain genes that are differentially regulated during an infection and associated with 

inflammatory response. Based on a review of zebrafish infection literature, four genes that play a 

role in fighting against infections and might be involved in inflammatory response were 

shortlisted, as described in Table 3. 
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Table 3. List of genes for in situ hybridization of embryos infected with Candida 

Gene 

Name 

Full Name Function 

tnfa Tumor necrosis 

factor a 

Proinflammatory cytokine, involved in cell proliferation, 

differentiation, apoptosis, lipid metabolism, and coagulation 

il1b Interleukin 1b Proinflammatory cytokine, important mediator of 

inflammatory response, activates PTGS in CNS 

mmp9 Matrix 

metallopeptidase 9 

Involved in breakdown of ECM in embryonic development, 

reproduction, tissue remodeling, disease processes 

ptgs2b Prostaglandin-

endoperoxide 

synthase 2b 

Key enzyme in prostaglandin biosynthesis, speculated 

involvement in inflammation and mitogenesis 

 

 
Figure 20. Expression of inflammatory genes is upregulated in case of hyphal infection, not 

yeast infection. Whole mount in situ hybridization of anti-sense probes for inflammatory genes 

tnfa, il1b, mmp9 and ptgs2b shows no expression in uninjected embryos (A-D). Localized 

cellular expression can be seen in infections caused by C. parapsilosis (I-L) and C. glabrata (M-

P). Infection caused by C. albicans shows highly upregulated localized hindbrain expression for 

il1b (F) and ptgs2b (H) and expression in epidermal cells all over the embryo for mmp9 (G). The 

images are representative of the expression pattern that was observed for majority of the 

embryos. The numbers on bottom right of each image is the number of embryos that displayed 

this expression pattern.  
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The expression pattern observed for 

the different probes for these 

inflammatory genes is shown in 

Figure 20. Probe trapping can occur 

in zebrafish embryo ear which can 

lead to some background but should 

not be confused with true signal, 

which is bright purple. No 

expression is seen in the uninjected 

embryos for any of the probes. 

Embryos were also injected with 

PBS and heat killed C. albicans as 

controls (data not shown). These 

controls also showed no expression 

of the inflammatory genes, 

demonstrating that the injection 

process is not leading to the 

expression of these inflammatory genes at the designated time point. The embryos that are infected 

with the C. parapsilosis (Figure 20I-L) and C. glabrata (Figure 20M-P) show some localized 

cellular expression of il1b, mmp9 and ptgs2b. Embryos that are infected by C. albicans show a 

much more drastic increase in the expression of these inflammatory genes. There is a very high 

hindbrain expression of il1b (Figure 20F) and ptgs2b (Figure 20H) and a whole embryo epidermal 

expression of mmp9 (Figure 20G). Since most embryos infected with C. albicans show hyphae, 

 
Figure 21. Yeast-locked form of C. albicans does not 

show highly upregulated expression of 

inflammatory genes. Whole mount in situ 

hybridization of embryos infected with yeast locked 

edt1 mutant of C. albicans (E-H) show only minimal 

cellular expression of inflammatory genes as opposed 

to highly upregulated expression seen for WT C. 

albicans (A-D). The numbers on bottom right of each 

image is the number of embryos that displayed this 

expression pattern. 
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we use a mutant yeast-locked C. albicans edt1 to see if the response seen here is species specific 

or form specific. Infection by edt1 mutant C. albicans shows only minimal localized expression 

of il1b, mmp9 and ptgs2b (Figure 21), similar to what was seen for C. parapsilosis and C. glabrata 

in Figure 20. 

 

In a healthy, uninfected embryo, cytokines and inflammatory proteins are produced at a minimal 

level, which explains the lack of detectable expression in wild type embryos, embryos injected 

with PBS or embryos injected with heat killed Candida. The embryos infected with yeast for all 3 

Candida show no upregulation for tnfa or ptgs2b and only minimal expression of il1b and mmp9. 

This could mean that the virulence of the yeast form is very low, so the immune system is not 

upregulating the inflammatory genes to fight it.  The hyphal form has been shown to be the cause 

of tissue invasion and death (Seman et al., 2018). The embryos infected with the hyphal form of 

C. albicans show very high expression of cytokines in epidermal cells close to the site of infection, 

where the infection is usually highest. Cytokines like TNFa, Il1b and PTGS2b are involved in 

signaling to the immune cells where their activity is required. And central to the recruitment of 

immune cells is the ECM-degrading activity of MMP9, which allows them to move from blood 

vessels to the tissue. So the difference in response of the embryo to the different types of Candida 

is not species specific, but form specific. 

 

4.5 Neutrophils are recruited by zebrafish in response to hyphae, not yeast 

 

Neutrophils and macrophages are the main phagocytic cells of the innate immune system. I made 

transgenic zebrafish lines that fluorescently label neutrophils and macrophages with a red 

mCherry fluorophore. The transgene also contains E. coli nitroreductase (NTR, Figure 22) which 

allows cell type specific ablation of macrophages and neutrophils. Treatment with 10mM 
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metronidazole results in 

ablation of neutrophils and 

macrophages as shown in 

Figure 22A-D. Whole mount 

in situ hybridization done with 

anti-sense probes for 

neutrophil and macrophage 

marker genes show that these 

transgenic lines show the same 

expression pattern for 

neutrophils and macrophages 

as wild type embryos (Figure 

22E-L). Embryos from the 

Tg(mpx:mCherry-NTR) line 

were injected with neon 

labeled C. albicans, C. 

parapsilosis and C. glabrata 

and imaged using time lapse 

microscopy 24-36hpi. 

Snapshots from a time-lapse 

movie of neutrophils in PBS-

injected and infected embryos 

are shown in Figure 23. The 

 
Figure 22. Mtz treatment leads to ablation of neutrophils 

and macrophages in transgenic lines. Embryos from 

Tg(mpx:mCherry-NTR) fluorescently label neutrophils (A) 

and embryos from Tg(mpeg:H2A-mCherry-NTR) line 

fluorescently label macrophages (C). Treatment of these lines 

with Mtz in E3 results in significant ablation of both 

neutrophils (B,J) and macrophages (D,L). In situ 

hybridization of wild type embryos with antisense mpx amd 

mpeg probe shows that neutrophils (E-F) and macrophages 

(G-H) in wild type embryos are not affected by Mtz treatment. 

All embryos displayed similar expression for both probes used 

here. 
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control embryos injected with PBS show a random and minimal movement of neutrophils in the 

 
Figure 23. Neutrophils are recruited to the site of infection for hyphae, not yeast. 

Tg(mpx:mCherry-NTR) line which fluorescently labels neutrophils with mCherry is injected with 

PBS and neon-labeled C. albicans, C. parapsilosis and C. glabrata. Embryos from each group 

are embedded in agarose and imaged using time-lapse microscopy 24-36 hours post injection. 

Embryos in the PBS injected group (A1-A5) show minimal number of neutrophils in the 

hindbrain region, similar to what is observed for yeast form of C. albicans (B1-B5), C. 

parapsilosis (D1-D5) and C. glabrata (E1-E5). This is quantified in (H), with number of 

neutrophils in 150um within the locus of infection. Only the hyphal form of C. albicans (C1-C5) 

shows heavy concentration of neutrophils at the site of infection. Neutrophils show co-

localization with both hyphae (F) and yeast (G). Ca(Y) – Yeast form of C. albicans, Ca(H) – 

Hyphal form of C. albicans, Cp – C. parapsilosis, Cg – C. glabrata. 
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control embryos injected with PBS show a random and minimal movement of neutrophils in the 

hindbrain. In the embryos infected with hyphal from C. albicans, the neutrophils can be seen as 

clustered around the Candida (Figure 23C1-C5). We can also see co-localization of some 

neutrophils with hyphae (Figure 12F), presumably in their capacity as phagocytic ce neut 

neutrophils with hyphae (Figure 23F). In embryos infected with yeast cells, neutrophils do not 

cluster around the yeast cells (Figure 23B1-B5, D1-D5, E1-E5), although we can see them co-

localize with the yeast cells (Figure 23G).  Quantification of the number of neutrophils shows a 

marked difference in the number of neutrophils within 150um of hyphae vs yeast cell. (Figure 

23H). As stated previously, the hyphal form is more virulent and responsible for tissue invasion 

and death. As seen in Figure 20, the cells turn on cytokine expression to direct migration of 

leukocytes to the site of infection during hyphal growth, so we see neutrophils clustered around 

 
Figure 24. Ablation of neutrophils causes increased expression of inflammatory genes. 

Tg(mpx:mCherry-NTR) line is infected with C. albicans (A-H), C. parapsilosis (I-P) and C. 

glabrata (Q-X) and treated with Mtz to ablate neutrophils. In situ hybridization with 

inflammatory genes shows that embryos with ablated neutrophils (right column) show higher 

expression of these inflammatory genes than the wild type embryos treated with Mtz and 

infected with the same dose (left column). The numbers on bottom right of each image is the 

number of embryos that displayed this expression pattern. 
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the hyphae. The cytokine expression is 

not markedly increased for yeast cells, 

which might be the reason why we don’t 

see a lot of neutrophils surrounding yeast 

cells.  

 

4.6 Ablation of neutrophils results in 

increased expression of inflammatory 

genes for all 3 Candida species, but not 

increased CFUs 

 

As described in Figure 22, the 

Tg(mpx:mCherry-NTR) line can be used 

for ablation of neutrophils. Embryos 

from this line were infected with C. 

albicans, C. parapsilosis and C. glabrata 

and treated with 10mM Metronidazole 

(Mtz) post injection to ablate 

neutrophils. CFUs and inflammatory 

gene expression were analyzed as before. 

CFUs counted over time were higher in 

neutrophil ablated embryos infected with 

C. albicans, but not C. parapsilosis or C. 

glabrata (Figure 25). Inflammatory gene 

expression was higher in embryos which 

had ablated neutrophils for all 3 species 

 
Figure 25. Ablation of neutrophils increases 

CFUs for C. albicans, not C. parapsilosis or C. 

glabrata. Tg(mpx:mCherry-NTR) line is infected 

with C. albicans, C. parapsilosis and C. glabrata 

and treated with Mtz to ablate neutrophils. CFUs 

counted over time show that embryos infected with 

C. albicans (A) show higher peak CFU level when 

the neutrophils are ablated, but embryos infected 

with C. parapsilosis (B) or C. glabrata (C) show 

lower peak CFU levels when neutrophils are 

ablated. P-values for the difference between these 

distributions are: (A) p=0.0343 (B) p=0.0381 (C) 

p=0.058. 
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(Figure 24). Neutrophils are the first cells at the site of infection and their migration is directed 

by intrinsic and extrinsic chemoattractant gradient. Ablation of neutrophils resulting in increased 

inflammatory gene expression could be the embryo’s way of increasing the signal to get 

neutrophils at the site of infection. But the fact that we don’t see increased CFUs for C. glabrata 

or C. parapsilosis infection could mean that neutrophils are not effective at killing yeast cells. 

Since the dominant form of infection for C. albicans is hyphae, ablating neutrophils increases the 

CFUs only for C. albicans infection.  

 

4.7 Macrophages phagocytose both yeast and hyphae 

 

To look at the behavior of macrophages in response to Candida infection, embryos from 

Tg(mpeg:H2A-mCherry-NTR) line which fluorescently labels macrophages with mCherry are 

injected with neon-labeled C. albicans, C.  parapsilosis and C. glabrata. Images from a time lapse 

movie are shown in Figure 26. The control embryos injected with PBS show a random and minimal 

movement of macrophages (Figure 26A1-A5). The hyphal form of C. albicans shows a lot of 

macrophages concentrated in the infected region (Figure 26C1-C5). We can also observe 

colocalization of macrophages with the hyphal filaments (Figur26). Although not all yeast 

infections show the same high concentration of macrophages, it is seen for some yeast infections 

(Figure 26B1-B5). In addition, even without being clustered around yeast cells, macrophages show 

a high degree of colocalization and phagocytosis of yeast, something that wasn’t seen for 

neutrophils (Figure 26B1-B5, D1-D5, E1-E5). Lack of high concentration of macrophages around 

most yeast infection could be due to the same reason as stated before – lack of cytokine production 

in case of yeast infection. Macrophages have been shown to sense and migrate toward C. albicans 

in vitro, in absence of any cytokines (Lewis et al., 2012). But as we can see macrophages 
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phagocytosing and clearing both yeast and hyphal infection, which was not seen for neutrophils, 

 
Figure 26. Macrophages phagocytose both hyphae and yeast for all Candida species. 

Tg(mpeg:H2a-mCherry-NTR) line which fluorescently labels macrophages with mCherry is 

injected with PBS and neon-labeled C. albicans, C. parapsilosis and C. glabrata. Embryos 

from each group are embedded in agarose and imaged using time-lapse microscopy 24-36 

hours post injection. Embryos in the PBS injected group (A1-A5) show minimal number of 

macrophages in the hindbrain region. The hyphal form of C. albicans (C1-C5) shows a heavy 

concentration of macrophages at the site of infection. Macrophages show co-localization with 

both hyphae (F) and yeast (G). They also show phagocytosis of yeast infection for all C. 

albicans (B1-B5), C parapsilosis (D1-D5) and C. glabrata (E1-E5). Ca(Y) – Yeast form of C. 

albicans, Ca(H) – Hyphal form of C. albicans, Cp – C. parapsilosis, Cg – C. glabrata. 
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phagocytosing and clearing both yeast and hyphal infection, which was not seen for neutrophils, 

this could mean that they play a greater role in getting rid of Candida infection than neutrophils. 

 

4.8 Ablation of macrophages does not change the inflammatory gene response or CFU 

number  

 

To evaluate what happens to Candida infection in the absence of macrophages, embryos from 

Tg(mpeg:H2A-mcherry-NTR) line were infected with C. albicans, C. parapsilosis and C. 

glabrata and treated with 15mM Mtz post injection to ablate macrophages. CFUs and 

inflammatory gene expression were analyzed as before. CFUs counted over time were slightly 

higher in macrophage ablated embryos infected with C. albicans and C. glabrata and lower for 

C. parapsilosis (Figure 28), but not significantly. Inflammatory gene expression was also the 

same in embryos which had ablated macrophages for all 3 species (Figure 27). These results pose 

a riddle since macrophages are seen to interact with both yeast and hyphal forms of Candida 

 
Figure 27. Ablation of macrophages does not change the expression of inflammatory 

genes. Tg(mpeg:H2A-mCherry-NTR) line is infected with C. albicans (A-H), C. parapsilosis 

(I-P) and C. glabrata (Q-X) and treated with Mtz to ablate macrophages. In situ hybridization 

for inflammatory genes shows that embryos with ablated macrophages (right column) show 

the same expression of inflammatory genes as the wild type embryos treated with Mtz and 

infected with the same dose (left column). The numbers on bottom right of each image is the 

number of embryos that displayed this expression pattern. 
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infection (Figure 26). Some studies done 

in zebrafish with Candida albicans have 

shown that while both neutrophils and 

macrophages engulf Candida cells, 

neutrophils have greater capacity to kill 

Candida cells (Brothers et al., 2011). 

Candida cells do not undergo yeast to 

hyphal transition inside macrophages as 

suggested by in vitro data, but there does 

occur an impasse inside the macrophages 

where macrophages inhibit germination 

of Candida albicans but do not kill the 

fungus (Brothers et al., 2013). Our data 

shows that while macrophages do 

interact with both yeast and hyphae, their 

absence does not lead to more infection 

or more inflammatory response, showing 

that there might be some compensatory 

mechanism operating in their absence. 

 

 

 

 

 

 

 

 
Figure 28. Ablation of macrophages does not lead 

to any significant change in CFU number for any 

Candida species. Tg(mpeg:H2A-mCherry-NTR) 

line is infected with C. albicans (A), C. parapsilosis 

(B) and C. glabrata (C) and treated with Mtz to 

ablate macrophages. CFUs counted over time show 

there is no significant difference between WT 

embryos and macrophage ablated embryos for all 3 

Candida species. P-values for the difference 

between these distributions are: (A) p=0.0512 (B) 

p=0.0681 (C) p=0.092. 
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4.9 Conclusions 

 

To establish zebrafish as a model system to study infection, I used Candida as a pathogen and 

studied the host and fungal responses. Hindbrain injection of Candida cultures in 30hpf embryos 

causes infection as evidenced by presence of green-labeled Candida inside the embryos. The 

fungal load inside the embryos increases rapidly in the first 24-36 hours post injection and then 

goes down just as rapidly in the next 12 hours. All Candida species tested here – albicans, 

parapsilosis and glabrata – show the same infection profile but their ability to proliferate inside 

the embryo differs, with albicans showing the highest number of CFUs, followed by parapsilosis 

and then glabrata. Only C. albicans forms hyphae inside the embryo, the other two only infect 

with yeast cells. A very drastic increase in the expression of inflammatory genes – tnfa, il1b, mmp9 

and ptgs2b – is seen for hyphal infection, but not for yeast infection by any species. Infection of 

zebrafish transgenic lines which fluorescently label neutrophils and macrophages shows that 

neutrophils are recruited by the embryo in response to a hyphal infection, not a yeast infection, 

whereas macrophages attack both yeast and hyphae. Ablation of either macrophages or neutrophils 

does not show a huge increase in the fungal load infection by any species, showing that there might 

be some compensatory mechanism in play for absence of a particular type of immune cell.  

 

 

 

 

 
 
 
 

 

 



 60 

Chapter 5 - MK2 regulation of innate immunity in zebrafish 
 

 

MK2 regulation of yolk specific gene expression is unexpected since that role is not known in 

mammals. I wanted to test an additional role of MK2 to determine if the role for MK2 in 

mammals was conserved in fish using the Candida infection model. The role of MK2 in immune 

response has been investigated in mice. MK2-deficient mice have an impaired inflammatory 

response. Unlike wild type mice, MK2-deficient mice do not undergo the endotoxic shock when 

challenged with bacterial lipopolysaccharide (LPS) (Kotlyarov et al., 1999). This 

hypoinflammatory phenotype is mediated by the inability of MK2-deficient mice to produce wild 

type levels of the pro-inflammatory cytokine TNF-α (Kotlyarov et al. 1999). Moreover, other 

murine models have shown that MK2 can exert a protective role during inflammatory conditions. 

Some of these models include MK2-deficient mice that show less severe neuroinflammation and 

neuronal degeneration (Thomas et al., 2008), the hypercholesterolemic mice model for 

atherosclerosis in which MK2-deficient have reduced atherosclerosis (Jagavelu et al., 2007), the 

collagen-induced model of arthritis in which MK2-deficient mice have less severe lesions 

(Hegen et al., 2006), the spinal cord injury model in which MK2-deficient mice have reduced 

secondary tissue damage and improved recovery of locomotor control (Ghasemlou et al., 2010). 

The protective role of MK2 during inflammatory processes underscores the importance of 

investigating the function of MK2 and its downstream effectors to improve the specificity of 

anti-inflammatory therapies. This role of MK2 has not been investigated in zebrafish and this 

chapter will focus on doing that. 
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5.1 MK2b is the paralog of MK2a in zebrafish 

 

A phylogenetic tree of MK2a and MK2b with the other vertebrate MK2 orthologs show that 

zebrafish Mk2b forms a separate branch from the cluster that groups zebrafish Mk2a, human 

 
Figure 29. Phylogenetic analysis of structurally related MK family of proteins in 

vertebrates. Phylogenetic tree was constructed using the protein sequences of zebrafish 

Mk2a (Dr Mapkapk2a), Mk2b (Dr Mapkapk2), Mk3 (Dr Mapkapk3) and Mk5 (Dr 

Mapkapk5); mouse MK2 (Mm MAPKAPK2), MK3 (Mm MAPKAPK3) and MK5 (Mm 

MAPKAPK5); chicken MK2 (Gg MAPKAPK2), MK3 (Gg MAPKAPK3) and MK5 (Gg 

MAPKAPK5); Xenopus tropicalis Mk2 (Xt Mapkapk2), Mk3 (Xt Mapkapk3) and Mk5 (Xt 

Mapkapk5); Xenopus laevis Mk2 (Xl Mapkapk2) and Mk3 (Xl Mapkapk3); and Human 

MK2 (Hs MAPKAPK2), MK3 (Hs MAPKAPK3) and MK5 (Hs MAPKAPK5). The 

Drosophila melanogaster Mk2 (Dm Mapkapk2) was used as an outgroup. 
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MK2, murine MK2 and Xenopus Mk2 (Figure 29) (Unpublished data, Canny, S.) mk2a is 

located in the zebrafish chromosome 11 while mk2b is located in the zebrafish chromosome 8. 

These results show that mk2a and mk2b are gene duplicates of an ancestral MK2. Previous 

experiments done in the lab have shown that mk2a and mk2b have non-overlapping gene 

expression in the early zebrafish embryo (Figure 30) (Unpublished data, Canny, S.). mk2a is 

strongly expressed in the ovary 

and oocytes of female fish, 

consistent with the identification 

of this gene as a maternal factor 

required for early development 

in the zebrafish. mk2a is also 

expressed throughout 

embryogenesis, from sphere 

stage to 5dpf. In contrast, mk2b 

expression was detected starting 

at 3dpf and onwards. We know 

that MK2 is not expressed in the 

early mammalian embryo. These 

results raise the possibility of the 

sub-functionalization of mk2a and mk2b, or the neo-functionalization of either mk2a or mk2b, 

with respect to the ancestral mk2. 

 

 

 
Figure 30. Temporal expression pattern of mk2a and 

mk2b. Stage-specific RT-PCR showing the expression 

pattern of mk2a and mk2b in the ovary and oocytes of 

female fish and in embryos and larvae at the following 

stages of development: sphere stage, 30% epiboly, shield, 

bud, 10-somites, 20- somites, 1, 2, 3, 4 and 5dpf. Ornithine 

decarboxylase 1 (odc1) was used as a loading control. 
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5.2 Mk2b mutants show increased infection by hyphae  

 

To investigate if mk2b plays a role in innate immune response, we infected wild type and mk2b-

/- embryos with Candida albicans as before and looked at the resulting infection. The results are 

quantified in Figure 29. While the percentage of infected embryos is more in the mk2b mutant 

embryos as compared to the wild types, the percentage of embryos that are infected with the 

yeast form is significantly less and most of the embryos are infected with the hyphal form of C. 

albicans. This trend was seen over multiple experiments, which shows that the mk2b mutants 

show a differential response to Candida infection as compared to the wild type embryos. The 

yeast to hyphal transition by C. albicans is an important aspect of its virulence (Lo et al., 1997; 

Murad et al., 2001; Zheng et al., 2004). This transition is regulated by internal regulatory 

networks which are activated by 

external environmental cues. These 

external environmental cues include 

factors like serum or amino acids in 

vitro (Maidan et al., 2005; 

Simonetti et al., 1974) and 

interaction with innate immune 

cells like neutrophils and 

macrophages in vivo  (Lorenz et al., 

2004). An increased yeast to hyphal 

transition rate seen in the mk2b 

mutant embryos points to a difference in the microenvironment of these mutant embryos, i.e., a 

difference in the cytokine production/regulation or behavior of neutrophils and macrophages. 

 
Figure 31. Mk2b-/- embryos show increased 

percentage of hyphae-infected embryos. Hindbrain 

infection of wild type and mk2b mutant embryos with 

Neon-labeled C. albicans shows increased percentage 

of uninfected and yeast-infected embryos in the wild 

types and increased percentage of hyphae-infected 

embryos in the mk2b mutants. 
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MAPK response has been shown to be an important factor in the host recognition of yeast vs 

hyphae (Moyes et al., 2010) . Mk2b, which is a downstream effector of p38 MAPK, might be an 

important factor in the recognition and response of zebrafish embryos to Candida infection, 

leading to these embryos showing an increased susceptibility to hyphal formation.  

 

5.3 MK2b mutants don’t show any difference in the expression of inflammatory genes 

 

To compare inflammatory gene expression 

between wild type embryos and mk2b-/- 

embryos, we repeated the infection as before 

and performed whole mount in situ 

hybridization with probes for inflammatory 

genes tnfa, il1b, mmp9 and ptgs2b. The 

embryos were separated into uninfected, 

yeast-infected and hyphae-infected. The 

yeast-infected and hyphae-infected embryos 

show the same gene expression for wild type 

and mk2b-/- embryos (Figure 30), implying 

that the mk2b-/- embryos show the same 

bimodal cytokine response to the two kinds 

of infection. From Figure 29, we can see 

that the yeast to hyphal transition happens in 

a greater percentage of mk2b-/- embryos as 

 
Figure 32. Mk2b-/- embryos show the same 

inflammatory gene response as wild types. 

Whole mount in situ hybridization of WT 

(A,C,E,G) and mk2b-/- (B,D,F,H) embryos 

infected with of C. albicans using probes for 

inflammatory genes tnfa (A,B), il1b (C,D), 

mmp9 (E,F) and ptgs2b (G,H) shows mutant 

embryos have the same expression for these 

inflammatory genes as wild types. The 

numbers on bottom right of each image is the 

number of embryos that displayed this 

expression pattern. 
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compared to wild type, but this result shows that once that transition happens, the response of the 

embryo is the same.  

 

5.4 Regulation of 3’UTRs of proinflammatory genes in the early embryo 

 

In silico predictions of TTP targets are not always accurate because of poor annotated sequence 

for 3’UTRs and lack of a strict consensus sequence for AREs. As detailed in Chapter 2, we have 

developed an assay to see if the 3’UTR of genes is being regulated in the early embryo by 

MK2/TTP pathway. So far, we have looked at the 3’UTR of early development genes mxtx1 and 

mxtx2. But this assay can also be generalized for genes that are not expressed during early 

development since we know that MK2/TTP pathway is active in the YSL in the early embryo. 

Previous studies have shown that TTP is a key mediator of regulation of inflammatory factors 

like TNFa, CXCL1 and CXCL2 as well as anti-inflammatory cytokine IL-10 in vitro and in mice 

(Datta et al., 2008; Gaba et al., 2012; Qiu et al., 2015). We have selected inflammatory genes 

tnfa, il1b, mmp9 and ptgs2b to look at for their differential expression during Candida infection. 

We used the same assay to see if the 3’UTRs of these genes are being regulated by MK2/TTP 

pathway. In vitro transcribed mCherry mRNA which had the 3’UTR of tnfa, il1b, mmp9 and 

ptgs2b was injected into zebrafish embryos at 1 cell stage and analyzed at 6 and 24hpf. 

Fluorescent mCherry expression showed that the 3’UTRs of il-1b and ptgs2b are being regulated 

since mCherry linked to their 3’UTR is only expressed in the YSL whereas mCherry linked to 

3’UTRs of tnfa and mmp9 is expressed everywhere in the blastoderm as well as the YSL (Figure 

30C-J). Il-1b 3’UTR has a very high AREscore (Figure 30B) and 5 TTP binding sites (Figure 

30A) which makes it a good candidate for regulation by MK2/TTP pathway, but the other 3 have 
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very low AREscore (Figure 30B) and only 1 TTP site in their 3’UTRs (Figure 30A). Even so, we 

do observe regulation of the 3’UTR of ptgs2b in the YSL, which shows again that in silico 

predictions of TTP targets don’t always give an accurate idea for in vivo activity of the 

 
Figure 33. 3’UTRs of il1b and ptgs2b are regulated in the early zebrafish embryo. (A) A 

snapshot of TTP sites in the 3’UTRs of tnfa, il1b, mmp9 and ptgs2b as analyzed by the 

database of RNA-binding protein specificities (http://rbpdb.ccbr.utoronto.ca/). (B) ARE score 

calculated for 3’UTRs of tnfa, il1b, mmp9 and ptgs2b using AREscore application 

(http://arescore.dkfz.de/arescore.pl). In vitro transcribed mRNA of mCherry linked to the 

3’UTRs of tnfa (C,G), il1b (D,H), mmp9 (E,I) and ptgs2b (F,J) was injected into 1-cell 

zebrafish embryo and imaged at 6hpf (C-F) and 24 hpf (G-J). For il1b (D,H) and ptgs2b (F,J), 

mCherry expression was seen only in the YSL whereas for tnfa (C,G) and mmp9 (E,I), the 

expression was seen in the whole embryo. 32/41, 44/45, 24/31, 34/48 embryos had the 

expression pattern as shown in C, D, E and F, respectively. 

http://rbpdb.ccbr.utoronto.ca/
http://arescore.dkfz.de/arescore.pl
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MK2/TTP pathway and also poses the question: why do we see regulation for ptgs2b 3’UTR and 

not for tnfa or mmp9 3’UTR? Further experiments will need to be done to answer if the TTP 

binding is not strong enough for regulation\ or if there are other elements in the 3’UTR that are 

preventing the binding. 

 

5.5 Future directions 

 

So far, we’ve seen that a mutant form of mk2b makes zebrafish embryos more susceptible to 

hyphal infection by C. albicans but does not lead to a change in the inflammatory gene response 

of the embryo. We have also seen that the same regulation that we see for mxtx1 and mxtx2 by 

the MK2/TTP pathway is seen for cytokines Il-1b and PTGS2b. To further elucidate how this 

regulation of cytokines is affecting the zebrafish embryo’s immune response to Candida 

infection, we will need to cross the mk2b-/- line to the fluorescent neutrophil and macrophage 

transgenic line so that we can observe if and how the behavior of neutrophils and macrophages is 

affected by the loss of mk2b. To ensure that there is no redundancy in the function of mk2a and 

mk2b, we will also need to make a mk2a/2b double mutant line which has a complete loss of 

MK2 and repeat these experiments to see if it’s immune response to infection is the same as the 

single mutant lines. 

 

5.6 Conclusions 

 

MK2 has two paralogs in zebrafish – MK2a and MK2b. MK2a is the homolog of the mammalian 

MK2. MK2 has been shown to regulate expression of inflammatory genes but is not active 

during early development in mammals, like mice. We’ve seen that MK2a is critical for early 

development in zebrafish through the lysis phenotype of bbp mutant, but its role in innate 
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immune response has not been studied in zebrafish. I made constructs that had the 3’UTR of 

inflammatory genes tnfa, il1b, mmp9 and ptgs2b linked to a fluorescent mCherry reporter and 

injected them into the zebrafish embryo to test if the 3’UTR of these genes is regulated by the 

MK2/TTP pathway using the assay developed in Chapter 2. Il1b and ptgs2b do show regulation 

but mmp9 and tnfa do not. Mk2b-/- mutant embryos show a greater infection by hyphal form of 

C. albicans but their inflammatory gene response to the infection is the same, showing the mk2b 

is playing some role in the ability of the embryo to contain the Candida infection. Further 

experiments need to be done to determine if mk2b is affecting the neutrophil and macrophage 

behavior in the embryo and making it more susceptible to Candida infection. 
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Chapter 6 - Conclusions and Future Directions 
 

6.1 Co-option of ancestral MK2/TTP pathway in teleosts to regulate early development 

 

“How does newness come into the world? How is it born? Of what fusions, translations, 

conjoinings is it made? How does it survive, extreme and dangerous as it is? What comprises, 

what deals, what betrayals of its secret nature must it make to stave off the wrecking crew, the 

exterminating angel, the guillotine?” – Salman Rushdie (1988). With this project, we attempt the 

answer the question of where do the regulatory networks that lead to the evolution of novel 

tissues come from? Do they arise from existing pathways that are combined in new ways or do 

they require new genes? The teleost fishes have a large multinucleate yolk cell without cleavage. 

The transition in division of the yolk cell must have also been accompanied by a change in gene 

regulation. The whole genome duplication that occurred at the base of the teleost radiation is 

credited with providing genetic flexibility for the evolution of novel morphology and physiology. 

However, in this case we have the appearance of a novel cell type prior to this duplication. mxtx1 

and mxtx2, transcription factors expressed in the yolk cell, have been identified in the zebrafish 

as strong candidates for important regulators in this novel cell type. A single ortholog of 

zebrafish mxtx1 can be identified in the gar and medaka and no mxtx2 ortholog in either 

indicating that mxtx1 arose prior to the teleost whole genome duplication and that mxtx2 is a 

duplicate retained in zebrafish but lost in medaka. If experiments from gar and medaka embryos 

detailed in Chapter 3 support this hypothesis, then we can demonstrate how novel morphologies 

can arise not only by changing protein sequence and transcriptional regulation but also by 

adopting post transcriptional regulation to shape expression patterns. 
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As discussed in Chapter 2, our findings fit a model in which a conserved p38a/Mk2a/TTP 

signaling pathway is activated only in the YSL and is likely a mechanism to achieve cell layer-

specific mRNA expression. Previous work done in our lab has shown that expression of mxtx2 

outside of the YSL is toxic for development (Unpublished data, Canny, S.), thus that mxtx2 must 

be spatially restricted to the YSL. These results show that the conserved p38a/Mk2a-dependent 

regulation of TTP is a mechanism for YSL-specific expression of mxtx1 and mxtx2. MXTX2 

activates a large portion of YSL specific genes at a transcriptional level (Xu et al., 2012). 

Previous work done in our lab has shown that expression of mxtx2 in the YSL of bbp mutant 

embryos can recover the expression of mxtx1 and other YSL specific genes like slc26a1, and 

nrz/bcl2l10 in the YSL (Unpublished data, Canny, S.). Taken together, these findings suggest a 

model in which MK2 inhibits TTP function in the YSL to allow for expression of mxtx2 and 

mxtx2-dependent or independent expression of mxtx1.  

 

6.2 Using zebrafish embryos to develop an in vivo assay for TTP target prediction 

 

The AU-rich element (ARE) is a common instability element that was first identified in 

3’untranslated regions (UTRs) of mRNAs of cytokines (Caput et al., 1986) . It is a loosely 

defined sequence, with the general characteristic of being U rich with interspersed A’s. Caput et 

al. first identified a putative consensus sequence for AREs as UUAUUUAU. Subsequent 

experiments done with granulocyte-macrophage colony stimulating factor (GM-CSF) mRNA 

showed that disrupting the AUUUA sequence in the 3’UTR of mRNA disrupted the destabilizing 

effect of the ARE. However, further work done by Lagnado et al. showed that while AUUUA 

was an important characteristic of an ARE, it could not fully explain its destabilizing properties 

and that it was the nonamer UUAUUUAUU that was the minimal sequence element that could 
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function as a destabilizing element (Lagnado et al., 1994). Removal of one uridine residue from 

either end of the nonamer (UUAUUUAU or UAUUUAUU) results in a decrease of potency of 

the element, while removal of a uridine residue from both ends of the nonamer (UAUUUAU) 

eliminates detectable destabilizing activity. The inclusion of an additional uridine residue at both 

ends of the nonamer (UUUAUUUAUUU) does not further increase the efficacy of the element. 

Additional ARE potency is achieved by combining multiple copies of this nonamer in a single 

mRNA 3’UTR. Based on the number and the distribution of AUUUA pentamers, AREs have 

been grouped into three classes (Chen and Shyu, 1995). TTP is known to bind to Class II AREs, 

which includes motifs like (AUUU)5A for GM-CSF (Lai et al., 2003) and TNFα (Lai et al., 

1999),  A(A/U) for Cox-2 (Sawaoka et al., 2003), IL-2 (Ogilvie et al., 2005) etc. After TNFα was 

established as a TTP target in mice, the binding of TTP and TNFα was analyzed by gel shift 

mobility assay (Blackshear et al., 2003) and RNA SELEX studies (Worthington et al., 2002) to 

arrive at the same nonameric sequence as the minimal sequence for TTP binding.  

 

However, there is more to TTP target identification than just the simple consensus sequence. 

Quantitative analysis of TTP-ARE interaction was later performed using fluorescence anisotropy 

to quantitate the binding constants for different types of sequences (Brewer et al., 2004). The 

previously determined optimal binding sequence, UUAUUUAUU, bound to TTP with a Kd of 

3.0–3.2 nM at room temperature, lowest for all other tested sequences. However, one point that 

remains the topic of ongoing research is the physiological importance of the number of U 

residues between the two As. Increasing this number to four increases the Kd to 6.4 nM, and to 

five increases the Kd to 17 nM. Conversely, decreasing the number of Us to two increases the 

Kd to 18 nM, while decreasing it to one increases it to 160 nM. Since some of these Kds are still 
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quite low, it is possible that they are physiologically significant binding sites in some 

circumstances, which is one of the interesting aspects of new target identification (Brewer et al., 

2004). In structural studies done using NMR, an important observation made by Hudson et al. 

was that in the TTP-ARE binding region, the RNA is completely without a secondary structure 

raising the possibility that a secondary structure might interfere with the binding (Hudson et al., 

2004). These, among many others, could be reasons for a significant question that remains in this 

field: why do some apparently “perfect” target transcripts not bind to TTP and other less ideal 

ones do? Other possible causes could be a difference in the intracellular localization of the 

mRNA and TTP at specific times or prior occupancy of the ARE sites by other proteins.  

 

These observations highlight the importance of the fact that mere computational prediction does 

not go the whole way in TTP target identification and there are other factors that determine 

which transcripts are regulated by TTP and which are not. A review by Brooks and Blackshear 

(2013) compiled a list of the mRNA molecules that have been reported in literature as targets of 

TTP degradation. Most of these studies were performed in mouse macrophages and dendritic 

cells, or in cancer cells. Here, with the study of the role of zebrafish TTP in the YSL, we have 

developed a novel in vivo assay to investigate the function of TTP in mRNA degradation. To 

speed up this process, in vitro transcribed mRNA can also be microinjected exclusively in the 

YSL. We have seen some unexpected results in Chapter 2 and Chapter 5 when 3’UTRs that have 

a high AREscore and TTP sites might not show regulation but others with a lower score are 

regulated by the MK2/TTP pathway. As explained before, MK2 and TTP are shown to regulate 

inflammatory genes in mice and in vitro. This assay can be a more accurate way to identify TTP 
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targets which can then be used for potential therapeutic strategies for chronic inflammatory 

diseases.  

 

6.3 Developing zebrafish as a model to study the growing Candida menace 

 

A major stumbling block in effectively tackling the serious medical problem of disseminated 

fungal infections is the limited vision, and thus understanding, of the internal back-and-forth 

combat between fungal cells and innate immune system cells. Because it’s hard to see inside 

mice, a common model system for studying fungal infections, the transparent zebrafish provides 

a good alternative model. Our focus here is Candida, the most common fungal infection in 

patients. Three species account for most cases: C. albicans (38%), C. glabrata (29%), and C. 

parapsilosis (17%) (Guinea, 2014). Although C. albicans infections are heavily studied in mouse 

and even zebrafish systems, little is known about infections by the latter two species. These three 

Candida appear to have different mechanisms of infectivity from each other, but the dynamics of 

candidiasis caused by these species has been difficult to directly compare in a single model host. 

We have developed powerful tools for observation and manipulation of the zebrafish embryo 

system including inducible ablation of different phagocyte classes, probes for inflammatory 

genes and highly fluorescent Candida strains. Using in situ hybridization, we can compare the 

local and systemic response of the innate immune system to Candida albicans, Candida 

glabrata, or Candida parapsilosis, which has not been done before. Our results show that yeast 

infection only results in minimal local expression of cytokines IL-1b and PTGS2b and ECM 

degrading peptidase MMP9 while hyphal infection causes a highly upregulated expression of IL-

1b, PTGS2b and TNFa in the hindbrain and a systemic epidermal expression of MMP9. This 

bimodal response of the zebrafish embryo to different types of Candida infection that does not 
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depend on species but rather on the infection morphology has not been seen before and helps to 

establish a molecular signature of Candida infection. Apart from these three Candida species 

compared here, these results can also be extrapolated to other Candida species like Candida 

auris, an emerging fungus that presents a serious global health crisis because of its multidrug 

resistance. 

 

The innate immune system – especially neutrophils and macrophages - helps limit Candida 

infection in both mice and humans. In vitro studies with incubation of Candida with different 

phagocytic cells have shown that neutrophils have a lower overall phagocytic capacity than 

macrophages despite engulfing Candida cells at a higher rate. This is in contrast to some later 

studies done in zebrafish that have shown that while both neutrophils and macrophages engulf 

Candida cells, neutrophils have greater capacity to kill Candida cells. With our fluorescent 

neutrophil and macrophage transgenic lines, we have seen that while neutrophils and 

macrophages both attack hyphae, only macrophages phagocytose and get rid of yeast infections. 

With experiments that ablate neutrophils or macrophages selectively, we do not see a huge 

difference in the CFU count over time for any species, which might point to a redundancy in the 

function of these phagocytic cells: although macrophages might be more importance in getting 

rid of yeast infection, in their absence, neutrophils might take over their function and help limit 

the infection. 

 

The hindbrain infection model of zebrafish and the other powerful tools we have developed can 

now be used to increase our understanding of the internal back-and-forth combat between fungal 
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cells and innate immune system cells and also examine the gene expression patterns of host and 

fungal pathogen during infection, thus better connecting genes to pathology. 
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Chapter 7 - Materials and Methods 

 
7.1 Zebrafish care and maintenance 

 

Zebrafish embryos were maintained at 28.5 °C as described in (Westerfield, 2000). Embryos 

were collected and staged according to established methods (Kimmel et al., 1995). All work 

involving the use of animals was performed with approval from the Rice University Institutional 

Animal Care and Use Committee (IACUC). Wild type controls were primarily from the AB 

mapping reference strain. For genotyping, adults were anesthetized in E3 containing 3% w/v 

tricaine (ethyl 3-aminobenzoate; Sigma-Aldrich). PTU treatment, used for some embryos to 

prevent pigment formation, was done by putting embryos in 0.2 mM N-phenylthiourea (Sigma-

Aldrich) 1 dpf. 

 

7.2 Gar embryos 

 

Spotted gar (Lepisosteus oculatus) embryos were obtained through collaboration with Dr. 

Christopher Green at the LSU AgCenter. 

 

7.3 Cloning and plasmid construction 

 

3’-UTR of mxtx1 and mxtx2 were moved into pCS2-mCherry-degron plasmid using FastCloning 

(Li et al., 2011a). The CL1 degron tag is a sequence of 16 amino acids 

(ACKNWFSSLSHFVIHL) that acts as a C-terminal degradation signal (Gilon et al., 1998). It 

was introduced into the plasmids due to concerns in the previous experiments that the mCherry 

signal might be too stable to observe temporal changes. Constitutively active mutant forms of 

ppCS2-TTP and pCS2-MK2a were made using QuickChange II XL kit (Agilent Technologies). 

RNA was transcribed in vitro using mMESSAGE mMACHINE SP6 Kit (Ambion).  
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7.4 Transgenic zebrafish lines 

 

Tol2-mpx-mCherry was a gift from Anna Huttenlocher (Addgene plasmid # 29585) (Yoo et al., 

2010). Triple mutant nitroreductase (Mathias et al., 2014) was inserted into the plasmid with 

restriction enzyme cloning by introducing BamHI and XhoI restriction sites. Mpeg promoter was 

isolated from genomic DNA and cloned into Tol2 plasmid using FastCloning. Tol2-

mpx:mCherry-NTR and Tol2-mpeg:H2A-mCherry-NTR plasmids were injected into embryos at 

one cell stage along with transposase RNA. Embryos positive for transgenesis were selected 2dpf 

by presence of mosaic mCherry expression. Adults from these founder populations were 

outcrossed to wildtype fish, and larvae positive for fluorescence were retained as F1 populations. 

 

7.5 Microinjections in one cell embryo and hindbrain 

 

For yolk or one cell injections, embryos were collected right after fertilization and injected with 

in vitro transcribed RNA. mRNA dilutions of the transcription reaction were made in 0.1M KCl 

to achieve the desired concentrations for injection. For hindbrain injections, 30 hpf embryos 

were dechorionated using Pronase (Roche), anesthetized and mounted in 1.2% Low-Melt 

Agarose (GenPure) in E3 and injected with 4nl Candida suspension (prepared as described in 

“Candida strains, growth conditions and culturing” below) in the hindbrain ventricle. 100ul of 

0.4% Tricaine was also added to each 1ml aliquot of 1.2% Low-Melt Agarose to anesthetize the 

embryos. Embryos were kept in methylene blue-free E3. 

 

7.6 Whole mount in situ hybridization 

 

Anti-sense RNA probes used for in situ hybridization were made by insertion of the whole or 

part of the coding region of respective genes in pCR4 plasmid using TOPO cloning (Invitrogen). 
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The pCR4 plasmid with the gene was then linearized and transcribed using digoxigenin-11-UTP 

(Roche) labeled dNTPs and T3 (Promega) or T7 (Promega) polymerase, depending on the 

orientation of the PCR product. Whole mount in situ hybridization were carried out as described 

(Sagerström et al., 1996). Following staining, the embryos were cleared in BABB (2:1 

benzylbenzoate:benzylalcohol) and mounted in GMM (10% methyl salicylate in Canada balsam 

(Sigma Aldrich))  for imaging. 

 

7.7 Candida strains, growth conditions and culturing 

 

Candida strains were grown on yeast-peptone-dextrose (YEPD) agar plates (Difco; 20 g/liter 

peptone, 10 g/liter yeast extract, 20 g/liter glucose, 2% agar). For infections, liquid cultures of 

Candida were grown overnight in YPD at 30°C. Overnight cultures were washed twice in 1X 

phosphate buffer saline (PBS) and adjusted to 1x107 cells/ml. 

 

7.8 Ablation of neutrophils and macrophages 

 

Embryos injected with Candida in the hindbrain were treated with Metronidazole (Acros 

Organics) 2 hours post injection for ablation of neutrophils or macrophages. Mtz was used at a 

10mM concentration for ablation of neutrophils and 15mM concentration for ablation of 

macrophages. 

 

7.9 Microscopy 

 

Still images of zebrafish embryos were acquired using a black and white AxioCam (Zeiss) or 

color AxioCam MRc5 camera (Zeiss) on a Zeiss Axiovert 200M. For time lapse microscopy, 
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embryos were mounted in 1.2% Low-Melt Agarose with Tricaine and imaged with FluoView 

FV1000 Olympus confocal microscope. Images were processed with ImageJ. 
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