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Abstract 

The effectiveness of the innate immune system as a first line of defence against microbes 

depends on its ability to recognise and destroy microbial challenges. This capability is 

heightened in anticipation of microbial exposure, which is driven by the circadian clock – an 

endogenous time-keeping system that harmonises physiological responses to external conditions. 

The circadian clock is regulated at the molecular level by a complex network of clock proteins 

including Period2, that is encoded by a light-inducible gene. However, the immune cell-specific 

roles of circadian clock components and how they are integrated in a broader physiological 

context are not well understood. These questions were addressed by taking advantage of the 

conserved biology, genetic tractability and live imaging potential of the zebrafish model. We 

firstly investigated the role of light – a potent cue that synchronises the circadian rhythm to the 

environmental cycle (entrainment) – as an important factor in modulating innate immunity in 

response to acute bacterial infection in larvae. Infection studies were performed using a light 

entrainment protocol that was established and validated by behavioural and gene expression 

analyses. Under light exposure, infected larvae displayed enhanced bacterial clearance that was 

associated with a greater inflammatory response. This phenotype could be recapitulated in 

CRISPR/Cas9-generated per2-/- mutants that displayed no aberrant circadian rhythmicity. High 

resolution live imaging revealed neutrophils in per2-/- mutant larvae exhibited decreased bacterial 

killing capacity, production of reactive oxygen species, and migrating velocities. These results 

revealed a new role for per2 in regulating neutrophil activity via the alternative complement 

pathway. Genes critical for this pathway were significantly downregulated in infected per2-/- 

mutant larvae, relative to infected wild-type larvae. This may potentially impair the opsonic 

phagocytic activity of neutrophils and the production of chemotactic factors that affect their 
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migration. Furthermore, per2 was implicated in mitochondrial ATP production, which is known 

to initiate neutrophil activation. Taken together, this body of work uncovered novel mechanistic 

insights into the role of per2 in mediating the light enhancing effect on innate immunity. It also 

supports the value of the zebrafish model in elucidating immune cell-specific functions of 

circadian clock components in an intact physiological milieu.   
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RORα   Retinoic acid-related orphan receptor alpha  

RORE   Retinoic acid-related orphan receptor response element 

ROS   Reactive oxygen species 

Sal-GFP  Salmonella enterica expressing green fluorescent protein 

SCN   Suprachiasmatic nucleus 

TLR   Toll-like receptor 

TNF   Tumour necrosis factor  

WMISH  Whole mount in situ hybridisation 

ZT   Zeitgeber time 
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Glossary 

Acrophase The time at which the peak of a rhythm occurs. This refers to the 
peak of a cosine wave.  

Actogram  A graphical display of the activity data over a time series (days). 

Circadian  Occurring or functioning in cycles of ~24 hours. 

Circadian clock An endogenous self-sustaining oscillator with a ~24-hour free-
running period that drives daily biological rhythms. 

Circadian time A time unit based on the free-running period of a rhythm. For 
diurnal animals, the onset of activity defines CT0. For nocturnal 
animals, the onset of activity defines CT12.  

Diel  Of or referring to a 24-hour period. 

Entrainment  Synchronisation of the endogenous clock to an external time cue 
(zeitgeber) 

Free-running period The period (time) of an endogenous rhythm under constant 
conditions. 

Offset The end of the active phase of the circadian cycle. 

Onset The beginning of the active phase of the circadian cycle. 

Period The time to complete one full oscillation or cycle. 

Photic  Of or relating to light. 

Zeitgeber Literally “time giver”. An environmental stimulus that is capable 
of resetting or synchronising a self-sustaining oscillator to the 24-
hour cycle of the external environment (entrainment). 

Zeitgeber time A time unit based on the zeitgeber period. Under a 14-hour 
light/10-hour dark cycle, ZT0 denotes the time of lights on while 
ZT14 denotes the time of lights off.  
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Chapter 1 Introduction 

1.1 Circadian clock background 

Humans, like all other species on earth, have evolved to adapt to the daily changes of the 

environment. In keeping with these recurring daily changes, we have created devices such as 

sundials and clocks to measure time. The circadian rhythm (a term derived from the Latin words 

circa – about and diem – a day), describes the 24-hour cycle of biological processes. The concept 

of circadian rhythm has been reported as early as the time of Alexander the Great in the fourth 

century. French astronomer, Jean-Jacques d’Ortous De Mairan, conducted the first known 

biological rhythm experiment in the early 18th century (De Mairan, 1729). He observed that the 

leaf movement of the heliotrope plant, Mimosa pudica, followed an approximate 24-hour pattern 

under constant dark conditions. Similarly, the circadian rhythm of Neurospora crassa was shown 

to persist in the absence of geophysical time cues during spaceflight (Ferraro, 1987). However, it 

was only within the last century that researchers began to lay down the foundation for the 

chronobiology field. Jürgen Aschoff and Rütger Wever were the first to observe that the sleep-

wake cycle in humans persists with an approximate 24-hour period in the absence of 

environmental cues (Aschoff & Wever, 1976). Pioneering work in Drosophila melanogaster 

(Drosophila from here on) led to the discovery of clock genes that opened the door to further 

research in other genetic models (Konopka & Benzer, 1971; Vatine, Vallone, Gothilf, & Foulkes, 

2011; Wager-Smith & Kay, 2000). Collectively, these studies demonstrated the existence of an 

intrinsic clock, which paved the way for investigating the relationship between the circadian 

clock and physiological processes.  
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The circadian rhythm includes rhythms in physiology, behaviour and biochemistry such as the 

sleep/wake cycle, hormone production, body temperature and immunity (Keller et al., 2009; 

Mohawk, Green, & Takahashi, 2012a). This adaptation has been highly conserved throughout 

evolution and can be seen in plants, fungi, bacteria, algae and animals (Pittendrigh, 1960). The 

evolutionary conservation of this rhythmic behaviour highlights its survival advantages. 

Organisms that are in tune with the light/dark cycle have enhanced fitness in terms of their 

growth, development and longevity (R. M. Green, Tingay, Wang, & Tobin, 2002; Ouyang, 

Andersson, Kondo, Golden, & Johnson, 1998). This is due to the fact that the circadian rhythm 

regulates the ability of organisms to predict and adapt to recurring daily events associated with 

24-hour environmental changes, such as light, temperature, food availability and predation 

(Mohawk et al., 2012a). Additionally, Colin Pittendrigh, regarded as one of the fathers of 

chronobiology, proposed the “escape-from-light” hypothesis, which suggests that circadian 

rhythms originated in unicellular organisms to protect their DNA from harmful UV radiation 

during daytime replication (Pittendrigh, 1993). In multicellular organisms, the circadian rhythm 

is a product of an integrated system that begins at the level of genes and ultimately results in 

physiological and behavioural outputs (Guo, Brewer, Lehman, & Bittman, 2006). This biological 

rhythm is endogenous and oscillates autonomously (Guo et al., 2006). It is the interactions 

between the endogenous circadian system and the environment that synchronises physiological 

outputs with daily environmental changes. 

 

1.1.1 Fundamental characteristics of circadian rhythms 

Although there are many characteristics that define circadian rhythms, emphasis is placed on 

three fundamental properties (Pittendrigh, 1960): 
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1. Rhythmicity repeats approximately every 24 hours with significant precision and is self-

sustained under constant conditions (free-running). The free-running period is species- 

and light-dependent. This is on average slightly greater than 24 for diurnal species that 

are exposed to constant darkness and less than 24 hours for nocturnal species that are 

raised under constant light condition. 

2. Rhythmicity can be synchronised to the local environment through entrainment by 

external stimuli, known as zeitgebers. The most dominant entraining signals are light and 

temperature. Disruption of these signals can shift the phase of a free-running circadian 

rhythm depending on the phase at which it occurs.  

3. Circadian rhythms exhibit temperature compensation whereby the periodicity is 

preserved over a range of physiological temperatures.  

 

1.2 Organisation of the circadian system  

The circadian system in multicellular organisms is organised in a hierarchical and integrated 

manner. Individual molecular clocks are found in virtually every cell of the body and these are 

synchronised at the level of the tissue (Kalsbeek et al., 2012). The relative phase relationships 

between tissues are maintained to provide meaningful clock outputs (Kalsbeek et al., 2012). This 

biological clock can be modelled as a simple oscillator composed of three components (Fig. 1.1) 

(Pittendrigh, 1958). At the cellular level, cells integrate clock inputs from surrounding cells, and 

provide synchronising cues to neighbouring cells (Mohawk et al., 2012a). Similarly, at the 

organism level, external environmental signals are transmitted to, and processed by, the central 
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clock in the brain resulting in the adjustment of physiological activities to suit the time of day 

(Mohawk et al., 2012a).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.2.1 Types of circadian clocks 

In its simplest form, the circadian system is composed of molecular clock networks found in 

individual cells. These networks operate under a common molecular mechanism that is adapted 

Figure 1.1: A conceptual model of the circadian system. 

The circadian system is comprised of three primary components: input pathways, the endogenous oscillator and 

output pathways. The endogenous oscillator possesses a period of ~24 hours and lies at the heart of the circadian 

system. Input pathways relay environmental signals (zeitgebers) to the core oscillator to reset and synchronise its 

rhythm with that of the environment (entrainment). The output pathways of the core oscillator regulate various 

rhythms in behaviour and physiology. The relationship between the components can be bidirectional. For example, 

environmental cues can directly impact the output variables, which in turn, feedback to regulate the endogenous 

oscillator.  
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to the function of the cell. In mammals, the general consensus is that the circadian system is 

divided into two main parts: the central clock, which lies within the suprachiasmatic nucleus 

(SCN) of the brain, and the peripheral clock which is found in tissues outside of the SCN. 

 

1.2.1.1 The central clock 

There is compelling evidence supporting the existence of a central clock which acts as the master 

regulator of all the clocks in the body. In mammals it resides in the SCN in the anteroventral 

hypothalamus of the brain (Ralph, Foster, Davis, & Menaker, 1990). The discovery of this 

internal circadian pacemaker occurred through a series of ablation studies, which narrowed down 

the locus to the hypothalamus of the brain. Since light is a potent zeitgeber, areas in the 

hypothalamus that receive light information were explored. This led to the discovery that the 

SCN receives light input from the retinohypothalamic tract that is formed by the axons of 

intrinsically photosensitive retinal ganglion cells in the retina (R. Y. Moore & Eichler, 1972; 

Stephan & Zucker, 1972). The SCN on each side of the brain is made up of a network of 

thousands of neurons (Mohawk et al., 2012a). Their rhythms are synchronised by the light/dark 

cycle of the external environment in response to light detected by the retina (Golombek & 

Rosenstein, 2010; Welsh, Logothetis, Meister, & Reppert, 1995).  

 

The pacemaker nature of the SCN is well-supported by numerous studies. Action potentials 

recorded from individually cultured SCN neurons showed high spiking rates during the day, 

which decreased at night (D. J. Green & Gillette, 1982). Similarly, this rhythmicity persists 

unperturbed in vivo in the absence of afferent neural input (Inouye & Kawamura, 1979). 

Although SCN neurons and fibroblast cells exhibit an endogenous rhythm in clock gene 
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expression, only SCN neurons can confer and sustain synchronised rhythmicity in metabolic 

activity and clock gene expression in fibroblast cells (G. Allen, Rappe, Earnest, & Cassone, 

2001). This indicates that the rhythmic circadian clock gene expression alone is insufficient to 

generate the pacemaker function. Autonomy of the SCN in regulating the system-wide circadian 

rhythm has also been supported by SCN ablation and transplantation experiments. Following 

SCN ablation, mice with intact vision displayed loss of circadian rhythmicity in hormone 

production and locomotor activity despite exposure to a light/dark cycle (R. Y. Moore & Eichler, 

1972; Stephan & Zucker, 1972). Restoration of circadian rhythmicity in SCN-lesioned rats was 

shown to be possible with transplanted SCN neurons but not mesencephalic or fibroblast cells 

(Earnest, Liang, Ratcliff, & Cassone, 1999). Furthermore, the re-established circadian period 

following SCN transplantation matches that of the donor animal’s, thus strongly supporting the 

circadian pacemaker role of the SCN (Ralph et al., 1990; Sollars, Kimble, & Pickard, 1995).  

 

1.2.1.2 Peripheral clocks 

Peripheral clocks are responsible for driving local rhythms in physiology and behaviour�

(Mavroudis, Scheff, Calvano, & Androulakis, 2013). While the SCN is entrained by light, 

peripheral clocks are regulated in a tissue-dependent manner by hormonal and neural signals 

from the SCN or extra-SCN pacemakers (Guo et al., 2006; Pezuk, Mohawk, Yoshikawa, Sellix, 

& Menaker, 2010). Approximately 2-10% of genes expressed in peripheral tissues are rhythmic 

and a large proportion of these genes are tissue-specific (Storch et al., 2002). The hierarchical 

arrangement of the peripheral clocks under the central clock control enables the establishment of 

synchronised rhythms between all the clocks in the body and the environment (Fig. 1.2). 
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1.2.2 The molecular clock 

Research in Drosophila has played a fundamental role in our understanding of the genetic basis, 

and molecular mechanisms, that underlie the circadian rhythm. In the 1970s, Konopka and 

Benzer generated the first clock mutants by chemical mutagenesis of Drosophila (Konopka & 

Benzer, 1971). Monitoring of pupal eclosion revealed three mutants that displayed aberrantly 

long, short or abolished free-running circadian periods. Genetic mapping revealed that these 

three mutations were located at the same genetic locus on the X chromosome, termed period 

(per). Following this discovery, it was suggested that the daily oscillating level of the PER 

Figure 1.2: Hierarchical organisation of the circadian system. 

The mammalian circadian system consists of a series of oscillators that are organised in a hierarchical manner. The 

central circadian pacemaker (SCN) is at the top of the hierarchy. Its endogenous rhythm is synchronised by 

environmental cues and in turn, it relays timing cues in the form of neural and hormonal signals to synchronise 

downstream oscillators in peripheral tissues that regulate local circadian rhythms. 
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protein was a result of the changes in the level of its mRNA (Hardin, Hall, & Rosbash, 1990). 

Furthermore, per mRNA levels peaked earlier in pershort mutants that had a short circadian period 

and later in perlong mutants with a long circadian period, providing strong evidence that this gene 

is an important component of the circadian clock (Hardin et al., 1990). This landmark study 

inaugurated a new era in circadian research whereby classical genetic analysis techniques were 

used to identify additional molecular components of the circadian clock. Further genetic screens 

in Drosophila isolated other clock genes such as timeless, cryptochrome (cry), circadian 

locomotor output cycles kaput (clock), cycle and doubletime (Allada, White, So, Hall, & 

Rosbash, 1998; Emery, So, Kaneko, Hall, & Rosbash, 1998; Kloss et al., 1998; Myers, Wager-

Smith, Wesley, Young, & Sehgal, 1995; Rutila et al., 1998). Cloning of these genes enabled 

researchers to investigate the integral functional roles of these clock components and begin to 

piece together the molecular clock network. These ground-breaking studies established the 

fundamental molecular mechanisms of the endogenous clock and resulted in the award of the 

2017 Nobel Prize to Jeffrey Hall, Michael Rosbash and Michael Young. In addition, mutagenesis 

screening approaches were undertaken in mice leading to the discovery of the first mammalian 

circadian mutation, Clock, in the early 1990s (King et al., 1997). This was followed by the 

discovery of a number of other mammalian clock genes such as the three Per genes (Per1, Per2 

and Per3), the two Cry genes (Cry1 and Cry2) and brain and muscle arylhydrocarbon receptor 

nuclear translocator-like protein-1 (Bmal1), highlighting the fundamental conservation of the 

clock mechanism throughout evolution (Bunger et al., 2000; L. P. Shearman, Zylka, Weaver, 

Kolakowski, & Reppert, 1997; Tei et al., 1997; Van Der Horst, Gijsbertus TJ et al., 1999; Zylka, 

Shearman, Weaver, & Reppert, 1998). 
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Extensive research that followed Konopka and Benzer’s discovery of the per gene have greatly 

advanced our understanding of the molecular basis of the circadian rhythm. The molecular clock 

is generated by a network composed of at least three overlapping transcriptional-translational 

feedback loops (Fig. 1.3) (Curtis, Bellet, Sassone-Corsi, & O’Neill, 2014; Takahashi, 2017). The 

core loop (loop 1) involves the positive heterodimer, CLOCK:BMAL1, which drives the 

expression of target genes, such as Per, Cry, Rev-erbα, retinoid-related orphan receptor α 

(Rorα) and D-box binding protein (Dbp), via their E-box domain. PER and CRY heterodimerise 

before shuttling back into the nucleus to inhibit CLOCK:BMAL1, thereby repressing their own 

expression (Curtis et al., 2014; Takahashi, 2017). In loop 2, RORα promotes the expression of 

Bmal1 and nuclear factor, interleukin 3 regulated (Nfil3) via their retinoic acid-related orphan 

receptor response element (RORE) domain while REV-ERBα represses their expression. NFIL3 

feeds into loop 3 to inhibit the expression of Per via its D-box domain whereas DBP induces its 

expression (Curtis et al., 2014). Each loop also regulates the expression of clock-controlled genes 

(CCGs) conferring circadian regulation to downstream targets (Curtis et al., 2014; Takahashi, 

2017). These CCGs vary depending on the cell-type and are not involved in regulating the 

molecular clock itself (Curtis et al., 2014; Takahashi, 2017). Resetting of the clock takes place 

by proteosomal degradation of PER and CRY to relieve the inhibition of CLOCK:BMAL1 

(Gallego & Virshup, 2007). It takes approximately 24-hours for this autoregulatory feedback 

network to cycle completely (Curtis et al., 2014; Takahashi, 2017). 
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1.2.2.1 Redundancy in the circadian system 

The roles of clock genes are conserved throughout evolution (King & Takahashi, 2000). While 

invertebrates such as Drosophila only contain one set of core clock genes, higher complex 

organisms such as vertebrates possess multiple sets (Looby & Loudon, 2005). Molecular studies 

indicate the importance of these duplications in generating a robust circadian system (Erzberger, 

Hampp, Granada, Albrecht, & Herzel, 2013). Experiments in mice show that a double knockout 

Figure 1.3: A model of the mammalian molecular clock network. 

There are three major interlocking feedback loops that generate the circadian rhythm at the molecular level. In loop 

1, the core clock proteins, CLOCK:BMAL1 drive the expression of genes that possess an E-box enhancer element. 

This includes their repressor proteins PER and CRY, as well as RORα and REV-ERBα, which respectively activate 

or inhibit Bmal1 and Nfil3 expression in loop 2 via their RORE element. NFIL3 feeds into loop 3 along with DBP 

generated in loop 1 to regulate the expression of genes with a D-box element. Modified from (Curtis et al., 2014). 
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of Cry1 and Cry2 can abolish the free-running locomotor rhythmicity but a single knockout of 

either gene is protected from this effect (Table 1.1). This is similar to the phenotypes seen for 

Per1 and Per2 knockouts in mice (Table 1.1) (B. Zheng et al., 2001).  

 

Table 1.1: Phenotypes of various circadian mutant mice. 

Mouse gene Mutant phenotype Reference 

Bmal1 Arrhythmic (Bunger et al., 2000) 

Clock Lengthened period with dampening of 
rhythmicity under constant conditions 

(Gekakis et al., 1998; Vitaterna et al., 
1994) 

Cry1, Cry2 Cry1 knockout: shortened period 
 
Cry2 knockout: lengthened period 
 
Double knockout: arrhythmic under constant 
conditions  

(Van Der Horst, Gijsbertus TJ et al., 
1999) 

Npas2 Shortened period  (Dudley et al., 2003)   

Per1, Per2 
 

Per1 knockout: shortened period  
 
Per2 knockout: shortened period, arrhythmic in 
constant darkness 
 
Double knockout: complete abolishment of 
rhythm 
  

(B. Zheng et al., 2001) 
 
(B. Zheng et al., 1999) 
 
 
(B. Zheng et al., 2001) 
 

Per3 Shortened period  (L. P. Shearman, Jin, Lee, Reppert, & 
Weaver, 2000). 

 

In addition to protecting the functional integrity of the molecular clock, genetic redundancy has 

also been proposed to maintain the entrained circadian period within a narrow range that is close 

to its endogenous period (Erzberger et al., 2013). Furthermore, deleterious mutations in either 

CLOCK or BMAL1 can result in a functionally defective heterodimer but their phenotypes can 

be partly compensated by their analogues, neuronal PAS domain protein 2 (NPAS2) or BMAL2, 

respectively (Dardente, 2008). Therefore, other combinations of transcriptionally active 

heterodimers exist, such as NPAS2:BMAL1, NPAS2:BMAL2 and CLOCK:BMAL2 (Reick, 
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Garcia, Dudley, & McKnight, 2001; Shi et al., 2010). However, there is a limit to the redundancy 

of the molecular clock. Despite intact rhythmicity in Clock null-mutant mice, expression of a 

truncated form of the CLOCK protein displays an arrhythmic phenotype that can be explained by 

its dominant negative effect (Gekakis et al., 1998; Vitaterna et al., 1994). The truncated CLOCK 

protein is capable of binding to BMAL1 but it renders the heterodimer non-functional (Gekakis 

et al., 1998). Moreover, truncated CLOCK can displace NPAS2 to favourably bind with BMAL1 

(Dardente, Dardente, & Cermakian, 2007).  

 

1.2.2.2 Tissue-specificity of the circadian clock 

It is important to note that the molecular clock mechanism, as described above, is only a general 

overview. Emerging data indicate that tissue-specific variations of the molecular clock network 

exist. In mice for example, NPAS2 is not expressed in the SCN while very low levels of BMAL2 

are expressed (Hogenesch et al., 2000; L. Shearman, Zylka, Reppert, & Weaver, 1999). 

Therefore, dominant-negative Clock mutants or Bmal1 knockouts cannot be functionally rescued 

by NPAS2 or BMAL2 in the SCN (Dardente et al., 2007). The abundance of clock proteins does 

not necessarily correlate with their stoichiometric relationship in the feedback loops. In the case 

of CLOCK and BMAL1, their abundance varies depending on the tissue (Lupolt & Brandauer, 

2015). CLOCK expression is higher in the mouse liver while BMAL1 expression is higher in 

adipose and heart tissues (Lupolt & Brandauer, 2015). Moreover, Clock mRNA level is rhythmic 

in the peripheral cells of mice but it remains constitutively expressed in the SCN (Lowrey & 

Takahashi, 2004). This indicates that clock proteins may have tissue-specific functions in 

addition to their role in the molecular clock network. Per3 plays a significant role in specific 

peripheral tissues such as the liver and colon but it maintains a redundant role in the SCN and 
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skeletal muscles (L. P. Shearman et al., 2000). Intrinsic clock mechanisms are tissue-specific and 

account for the disparity in the circadian phases and period lengths observed between different 

tissues. For example, the free-running period of mouse kidney explants is ~25.5 hours, which is 

4 hours longer compared to that of liver explants (Pendergast, Niswender, & Yamazaki, 2012). 

Although the general molecular clock mechanism applies to all tissues, they each possess their 

own set of core clock proteins that differ in abundance and function. Recent findings 

demonstrate that tissue-specific changes in the molecular clock occur in response to shifts in 

physiological states. During lactation, there is considerable upregulation of CLOCK and 

BMAL1, concomitant with a decrease in abundance of PER2, in the mammary gland but not the 

liver (Casey et al., 2014). This stoichiometric difference is believed to play a major role in 

changes to the mammary transcriptome profile during lactation (Casey et al., 2014).  

 

1.2.3 Synchronising the central and peripheral clocks 

Biological clocks must be synchronised to effectively adjust physiological and behavioural 

processes in response to daily environmental changes. This takes place at several, hierarchically 

organised levels. Central oscillators respond to entrainment cues from the external environment. 

Within the SCN, strong coupling forces maintain synchrony between cells to resist perturbations 

by extreme changes in zeitgebers (A. C. Liu et al., 2007; Maywood, Chesham, O'Brien, & 

Hastings, 2011; Rash et al., 2007; Yamaguchi et al., 2003). In contrast, peripheral oscillators are 

synchronised by neural and hormonal signals from the SCN and by activity-related signals such 

as feeding (Pezuk et al., 2010). Coordinated neural signalling by the autonomic nervous system 

(ANS) delivers timing cues directly to innervated target tissues (Kalsbeek et al., 2006). 

Additionally, a broader range of tissues can be targeted by hormones released from the 
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hypothalamic-pituitary-adrenal axis (HPA) (Kalsbeek et al., 2006). This dual signalling 

mechanism provides the SCN with a dynamic range of control and precision. The diversity of 

outputs generated by the SCN enables tissue-dependent regulation of peripheral rhythms 

(Kalsbeek et al., 2006). The result of this is the establishment of stable phase-relationships 

between the oscillators in the body and therefore, the generation of meaningful clock outputs that 

are adapted to the environmental conditions.  

 

Research in zebrafish cell cultures suggests that peripheral clocks are directly entrained by light, 

giving rise to the notion of a “decentralised” clock system (T. Tamai, Carr, & Whitmore, 2005). 

Similarly, recent in vivo evidence from a mouse study demonstrated that peripheral rhythmicity 

can be maintained under light/dark exposure, even when the SCN is impaired (Husse, Leliavski, 

Tsang, Oster, & Eichele, 2014). This suggests that while the SCN is crucial for synchronising 

peripheral oscillators, as evidently seen during the absence of zeitgebers, light cues can regulate 

peripheral oscillators independent of the SCN. Therefore, it is more likely that the circadian 

system is comprised of multiple oscillators that can be directly entrained by zeitgebers and their 

influence on other oscillators is determined by their order of hierarchy. 

 

1.2.4 Disruption of the circadian rhythm 

Circadian disruption can occur through various circumstances that result in adverse health 

effects. This includes rapid changes to the environmental setting, which can lead to 

desynchronisation between the internal clock and environment resulting in disruptive effects on 

physiological processes (Gangwisch, 2009). Industrialisation and changing lifestyles have altered 

the timing of environmental cues causing misalignment with the internal body clock (Costa, 
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1997). For example, shift workers have to consciously alter their behavioural rhythms despite the 

fact that their biological clock does not fully adjust to their behavioural demands (Folkard, 

2008). This has a similar effect to transmeridian travel whereby the internal body clock is 

misaligned with the new time zone (Sack, 2009). Furthermore, exposure to light at night is 

capable of shifting the circadian rhythm and suppressing the release of melatonin, the “darkness 

hormone” (Zeitzer, Dijk, Kronauer, Brown, & Czeisler, 2000).   

 

1.2.4.1 Physiological consequences of circadian disruption 

The circadian rhythm plays a pivotal role in modulating all physiological and behavioural 

processes for the optimal functioning of the organism. It is therefore not surprising that 

disruption of this inherent rhythm can result in pathologies that are detrimental to the organism’s 

health. There is mounting evidence to suggest that long-term circadian disruption from shift 

work is associated with a higher risk of cancer as well cardiovascular, metabolic and 

psychological problems to name a few (Gangwisch, 2009). For this reason, cancer has been 

labelled as a “modern man-made disease” (Bauer, Briss, Goodman, & Bowman, 2014). Exposure 

to light at night and late-night activities that go against our body’s natural rhythm have been 

linked to higher risks of certain cancers including breast, endometrial and colorectal cancers 

(Schernhammer et al., 2003; Stevens, 2009; Viswanathan, Hankinson, & Schernhammer, 2007). 

The underlying pathogenesis include epigenetic changes to clock genes, which results in 

deregulation of the cell cycle and metabolic pathways implicated in cancer development (Bollati 

et al., 2010; Gery & Koeffler, 2007; Zhu et al., 2011). Circadian-related disruption of metabolic 

pathways is also linked to a wide range of increasingly common metabolic syndromes such as 

obesity and cardiovascular disorders (Antunes, Jornada, Ramalho, & Hidalgo, 2010; Karlsson, 
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Knutsson, & Lindahl, 2001). Feeding outside of regular times and sleep deprivation in shift 

workers are associated with aberrant metabolic changes, including increased circulating free fatty 

acids, insulin resistance and weight gain (Antunes et al., 2010; Broussard et al., 2015). 

Furthermore, sleep deprivation promotes cardiovascular disease symptoms such as increased 

blood pressure, reduced endothelial function and increased expression of the cardiovascular risk 

factor – plasminogen activator inhibitor-1 (K. Oishi & Ohkura, 2013; Su et al., 2008; Tuchsen, 

Hannerz, & Burr, 2006; Wehrens, Hampton, & Skene, 2012). Many of these disorders associated 

with circadian disruption are underscored by uncontrolled or chronic inflammation (Couzin-

Frankel, 2010). This strongly suggests that the immune system represents a common factor for 

circadian-related adverse health effects.  

 

1.3 The innate immune system 

The immune system is composed of a complex array of biological structures and physiological 

processes that protect the organism from diseases and infections. There are two major branches 

of the immune system – innate and adaptive immunity – both of which share many common 

components and functions. The innate immune system is inherent and provides the first line of 

defence against infections (Janeway Jr, Travers, Walport, & Shlomchik, 2001). This is in 

contrast to the adaptive immune system which mediates antigen-specific immune responses, and 

generates immunological memory following initial exposure to a specific pathogen for long-term 

protection (Janeway Jr et al., 2001). These two branches of immunity evolved from the 1908 

Nobel Prize work by Élie Metchnikoff and Paul Ehrlich, who respectively identified the 

importance of cellular and humoural defence in immunity (Metchnikoff, 1893; Strebhardt & 
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Ullrich, 2008). Historically, the innate immune system was considered to be an ancient and 

simplistic arm of immunology where its main purpose was to initiate the adaptive immune 

system, which was considered to be a more sophisticated system that developed in vertebrates. 

As a result, much of the subsequent research was focused on the adaptive immune system. In 

1996, Jules Hoffmann and colleagues discovered that the transmembrane Toll protein in 

Drosophila is important in initiating a critical intracellular signalling pathway as part of the 

innate immune response to fight against fungal infections (Lemaitre, Nicolas, Michaut, 

Reichhart, & Hoffmann, 1996). Consequently, another research group led by Bruce Beutler 

identified a murine receptor, similar to Toll, called toll-like receptor 4 (TLR4) that recognises the 

bacterial product, lipopolysaccharide (LPS) (Poltorak et al., 1998). The work by Hoffmann and 

Beutler was not only awarded the Nobel Prize in 2011, but it also triggered renewed interest in 

innate immunity. This led to significant discoveries in the mechanisms that drive activation and 

regulation of the immune system. In particular, there is greater appreciation for the innate 

immune system’s ability in not only providing nonspecific protection, but new research suggests 

it also possesses immunological memory (termed trained immunity), challenging the original 

paradigm (Netea & van der Meer, 2017).   

 

Despite the broad nature of innate immunity, its protective effects against pathogenic challenges 

are largely the result of its rapid inflammatory response. At the most basic level, physical and 

physiological barriers provide the initial defence against invading pathogens. Physical barriers, 

such as the skin and mucosal membranes, prevent infections from entering the body such as the 

gut-immune and blood-brain barriers (Daneman & Rescigno, 2009; Turvey & Broide, 2010). 

This is synergistically aided by physiological barriers including the body temperature and pH, 
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which inhibit the growth of certain pathogens (Turvey & Broide, 2010). Pathogens that have 

eluded these barriers gain access to the internal sterile environment of the host (Turvey & 

Broide, 2010). Inflammation is triggered upon detection of pathogens and injured cells (Turvey 

& Broide, 2010). This process involves the release of mediators to recruit circulating leukocytes 

to the affected site serving to prevent the spread of pathogens and to promote healing of any 

damaged tissues. In most cases, the innate immune system can adequately resolve acute 

infection. Given that the focus of this thesis is to understand how the circadian clock mediates 

the effect of light on the immune response to acute infection by Salmonella enterica serovar 

Typhimurium (Salmonella from here on), the rest of the thesis will focus on the innate immune 

system.   

 

1.3.1 Innate immune cell receptors 

The innate immune system can be triggered into action by receptors that respond to exogenous 

and endogenous danger signals. There is a limited repertoire of germ-line encoded receptors that 

can recognise evolutionary conserved molecular structures expressed on a wide variety of 

microbes, known as pathogen-associated molecular patterns (PAMPs) (Mogensen, 2009). These 

receptors activate the pathogen-associated inflammatory response of the immune system. While 

PAMPs are exogenous stimuli, there are also host-derived signals known as damage-associated 

molecular patterns (DAMPs). These include the high mobility group box 1 protein (HMGB-1) 

(Bianchi, 2007). DAMP molecules arise from the host’s damaged cells and tissues caused by 

sterile injuries and infections (Bianchi, 2007). Upon stimulation of these receptors, they mediate 

numerous downstream immune responses to rapidly resolve the cause of the immune challenge 

and restore the original internal milieu. 
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1.3.1.1 Toll-like receptors 

TLRs are one of the major pattern recognition receptors (PRRs) expressed by innate immune 

cells that can recognise a diverse range of bacterial and viral PAMPs, located either in the 

extracellular or intracellular environment (Newton & Dixit, 2012). Each TLR can identify a 

limited range of these epitopes. In the case of extracellular TLRs, TLR2 is known to recognise 

features of Gram-positive bacteria, such as lipoteichoic acid and peptidoglycan, while TLR4 and 

TLR5 recognise lipopolysaccharides of the outer membrane of Gram-negative bacteria and 

flagellin, respectively (F. Hayashi et al., 2001; Y. Lu, Yeh, & Ohashi, 2008; Schwandner, 

Dziarski, Wesche, Rothe, & Kirschning, 1999). Additionally, TLR2 and TLR4 detect DAMPs 

released in the vicinity of immune cells (Prince, Whyte, Sabroe, & Parker, 2011). On the other 

hand, intracellular TLRs, which include TLR3 and TLR9, identify PAMPs in endolysosomes 

(Newton & Dixit, 2012). 

 

Activated TLRs trigger intracellular signalling cascades, culminating in the expression and 

release of a wide range of pro-inflammatory and/or antimicrobial molecules to orchestrate the 

host response to immune challenges (Akira & Takeda, 2004). There are three major TLR-

signalling pathways that involve nuclear factor κB (NF-κB), mitogen-activated protein kinases 

(MAPK) or interferon regulatory factors (IRF) (Akira & Takeda, 2004; Kawasaki & Kawai, 

2014). Any given microbe can activate many TLRs and this dictates the specific downstream 

gene expression profile. In the case of TLR3- and TLR4-mediated signalling, cytokines and 

interferons are induced while other TLRs, such as the TLR2 signalling pathway, do not promote 

interferon production (Doyle et al., 2002).  
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1.3.1.2 NOD-like receptors 

Another family of receptors, known as nucleotide oligomerisation domain (NOD)-like receptors 

(NLRs), are cytoplasmic and are responsible for surveying the intracellular milieu (G. Chen, 

Shaw, Kim, & Nuñez, 2009). The mammalian NLR family consists of over 23 members that 

recognise various PAMPs and DAMPs (Benko, Philpott, & Girardin, 2008; Franchi, Eigenbrod, 

Muñoz-Planillo, & Nuñez, 2009). These receptors exhibit numerous functions in innate 

immunity including inflammasome formation, signal transduction, transcription activation and 

autophagy (Y. K. Kim, Shin, & Nahm, 2016). Different NLRs recognise and respond to a 

specific subset of endogenous molecules. For example, NOD1 senses γ-D-glutamyl-meso-

diaminopimelic acid, a particular peptidoglycan moiety found primarily in Gram-negative 

bacteria, while NOD2 senses the muramyl dipeptide motif in peptidoglycan that is found in a 

wide range of Gram-negative and Gram-positive bacteria (Chamaillard et al., 2003; Girardin et 

al., 2003). The NLR family, pyrin domain-containing 3 (NLRP3), is one of the best characterised 

NLRs involved in the formation of the inflammasome following activation by PAMPs, such as 

the muramyl dipeptide motif, bacterial RNA and viral RNA (Kanneganti et al., 2006b; 

Kanneganti et al., 2006a; Martinon, Agostini, Meylan, & Tschopp, 2004). This multimeric 

protein is formed by complexing with the adaptor protein, apoptosis-associated speck-like 

protein containing a CARD (ASC), which subsequently recruits and activates caspase 1 (Franchi 

et al., 2009). Caspase 1 is required to cleave pro-IL-1β and pro-IL-18 precursors to generate their 

respective biologically active forms, IL-1β and IL-18, which enhance the pro-inflammatory 

response (Franchi et al., 2009). 
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1.3.2 Innate immune cells 

The innate immune system contains a repertoire of immune cells that possess specialised roles in 

protecting the host from invading pathogens and resolving tissue damage (Fig. 1.4) (Turvey & 

Broide, 2010). Two important groups of innate immune cells include granulocytes and 

monocytes, including monocyte-derived cells (Spiering, 2015). Granulocytes are cells that 

possess granules in their cytoplasm and these include neutrophils, basophils, eosinophils and 

mast cells. On the other hand, monocytes are the precursor cells for macrophages and dendritic 

cells (Spiering, 2015). Neutrophils and macrophages are the two major innate immune cells that 

provide crucial defence against invading pathogens and are therefore the main innate immune 

cells focused on in this thesis. 
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1.3.2.1 Neutrophils and macrophages 

Élie Metchnikoff, a Russian zoologist, was the first to discover and recognise phagocytosis – the 

process of engulfing and destroying large particles (> 0.5 µm) – as an essential immune defence 

mechanism (Flannagan, Cosío, & Grinstein, 2009; Metchnikoff, 1893). Two major professional 

phagocytes of the innate immune system are neutrophils and macrophages. Together, they 

function synergistically to coordinate the inflammatory response (Fig. 1.5). 

Figure 1.4: Cell lineages of the immune system. 

All mature blood cells are derived from haematopoietic stem cells in the bone marrow.  The common myeloid 

progenitor produces erythrocytes and platelets as well as cells of the innate immune system via the granulocyte-

monocyte progenitor. The common lymphoid lineage gives rise to lymphocytes (B cells and T cells), which are 

critical cells of the adaptive immune system as well as natural killer cells.  
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Figure 1.5: The coordination between neutrophils and macrophages in the initiation and resolution of 
inflammation. 

Monocytes in the blood and tissue-resident macrophages sense nearby PAMPs and/or DAMPs released during an 

infection or tissue injury. They alert the immune system by rapidly secreting messenger proteins called pro-

inflammatory cytokines and chemokines. The chemokine gradient attracts neutrophils to the site. Initially, selectins on 

the surface of neutrophils bind to their respective receptors expressed by endothelial cells, tethering the circulating 

neutrophils to the endothelium. Chemokines activate neutrophils to roll along the endothelium and also induce 

conformational changes in the integrins on neutrophils, enabling them to bind with the endothelial adhesion molecules 

to mediate adhesion and eventually neutrophil arrest. Neutrophils undergo extravasation to migrate into the tissue 

where they release more pro-inflammatory cytokines and chemokines to further attract monocytes and neutrophils to 

the site. Pro- and anti-apoptotic signals, some of which are produced by macrophages, dictate their lifespan. 

Macrophages clear apoptotic neutrophils and both these cells signal to prevent further influx of neutrophils to the 

affected site to restore tissue homeostasis.  
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Neutrophils are the most abundant granulocytes and are typically the first responders to immune 

challenges (Spiering, 2015). Despite the initial definition of neutrophils as being simple suicidal 

killers, they are a key player in coordinating the innate immune response. The main functions of 

neutrophils are to eliminate pathogens and cellular debris, while at the same time, promote the 

recruitment of other innate immune cells to assist the operation (Spiering, 2015). Within the first 

few hours of the inflammatory response, neutrophils circulating in the vasculature are rapidly 

recruited to limit and neutralise the cause of the response (Selders, Fetz, Radic, & Bowlin, 2017). 

Initial recruitment signalling originates from microbial products or factors released from tissue 

damage, such as N-formyl peptides that stimulate chemotactic receptors on neutrophils (de 

Oliveira, Rosowski, & Huttenlocher, 2016).  

 

Macrophages represent a heterogenous population which carries out a myriad of functions 

related to immunity and tissue-specific homeostasis. When macrophages differentiate from 

monocytes, they have the potential to adopt various functional phenotypes depending on the 

environmental stimuli (Ley, Miller, & Hedrick, 2011). For this reason, they were traditionally 

categorised into two classes: the classically activated M1 state and the alternatively activated M2 

state; but this is now recognised as an oversimplification of a spectrum of functional macrophage 

states (Mantovani, Sica, & Locati, 2005). At one end of the spectrum, M1-like macrophages 

promote inflammation, while at the opposite end of the spectrum, M2-like macrophages facilitate 

inflammation resolution and tissue repair (Martinez & Gordon, 2014). Following the initial 

neutrophil response, monocytes migrate from the blood into the affected tissue and differentiate 

into macrophages (Selders et al., 2017; Spiering, 2015). These macrophages serve to resolve 

infections, repair injured tissues and are capable of activating the adaptive immune response. 
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Tissue-resident macrophages exist to fulfil functions that are critical for their specific tissue 

environment but they can also contribute towards the inflammatory response during immune 

challenges (Spiering, 2015). Examples include, osteoclasts which reside in the bone and are 

important for bone remodelling, microglia in the central nervous system that are required for 

regulating synaptic development, and splenic macrophages that phagocytose senescent red blood 

cells (Epelman, Lavine, & Randolph, 2014).   

 

Since neutrophils and macrophages arise from a common myeloid progenitor, they share many 

common functions (Iwasaki & Akashi, 2007). Both cells express PRRs, such as TLRs, to 

recognise PAMPs and DAMPs. Once activated, these cells can kill and remove pathogens and 

cellular debris by phagocytosis (Flannagan et al., 2009). Other modes of action that compliment 

this include the generation of reactive oxygen species (ROS), the release of granules, and in the 

case of neutrophils, the formation of neutrophil extracellular traps (NETs) (Fig. 1.6) 

(Björnsdottir et al., 2015; Perobelli et al., 2015). Activated neutrophils can release CXC-

chemokines to further recruit nearby neutrophils (Selders et al., 2017). Additionally, they release 

factors to stimulate macrophage recruitment such as interferon-γ (IFN-γ), macrophage 

inflammatory protein-1α and macrophage inflammatory protein-1β (Kumar & Sharma, 2010). 

Once believed to be short-lived (7-12 hour half-life), neutrophils that have migrated to sites of 

inflammation can persist up to three days (Selders et al., 2017). This is, in part, the result of 

macrophage-derived factors, such as TNF-α and granulocyte colony-stimulating factor, which 

inhibit apoptosis thus extending their lifespan (Kumar & Sharma, 2010). Furthermore, these 

factors recruit additional neutrophils (Kumar & Sharma, 2010). Despite the similarities between 
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neutrophils and macrophages, they also acquire distinctive features during differentiation in 

terms of their antimicrobial capacity.  

 

 

 

 

 

 

 

 

 

Neutrophils can eliminate pathogens through intracellular and extracellular actions. Their main action is 

phagocytosis which involves internalisation of pathogens into vesicles called phagosomes. Mature phagosomes 

destroy pathogens by producing reactive oxygen species (ROS) and reactive nitrogen species (RNS). Neutrophils 

also possess antimicrobial proteins that are stored in granules. These can be released into the phagosome to kill 

intracellular pathogens or released outside of the cell (degranulation) to destroy pathogens in the extracellular 

environment. Furthermore, degranulated antimicrobial proteins can attach to fibrous net-like structures, formed by 

decondensed chromatin and histones, to trap and kill extracellular pathogens. 

Figure 1.6: Killing mechanisms of neutrophils. 
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1.3.2.2 Intracellular killing by phagocytosis 

Phagocytosis is a stepwise process that internalises and digests particles such as pathogens. Once 

engulfed, they reside in an internalised vesicle called the phagosome (Flannagan et al., 2009). 

Maturation of the phagosome involves acquiring cellular components to kill the internalised 

pathogen via oxygen-dependent and oxygen-independent antimicrobial mechanisms (Flannagan 

et al., 2009). During phagosome maturation, the phagosome fuses with lysosomes that contain 

cellular components, like the nicotinamide adenine dinucleotide phosphate-oxidase (NADPH 

oxidase) complex and antimicrobial peptides (or proteins), that are necessary for destroying 

pathogens (Flannagan et al., 2009). The energy-expensive process of phagocytosis is fuelled by 

increased oxygen consumption, known as respiratory burst (Robinson, 2008). Initiation of this 

series of metabolic events occurs at the phagosomal membrane where the transmembrane 

NADPH oxidase complex catalyses the transfer of electrons from cytoplasmic NADPH to 

phagosomal oxygen, generating superoxide and consequently other highly toxic derivatives that 

are collectively known as ROS (Fig. 1.6) (Robinson, 2008). Most of our knowledge on NADPH 

oxidase-generated ROS has stemmed from studies in neutrophils where this reaction prominently 

takes place. Dismutation of superoxide by superoxide dismutase (SOD) can generate hydrogen 

peroxide (Robinson, 2008). Low levels of hydrogen peroxide have been demonstrated to damage 

DNA in Escherichia coli, while higher levels are capable of targeting other cellular components, 

in particular, proteins (Imlay & Linn, 1986; Tamarit, Cabiscol, & Ros, 1998). In addition, 

myeloperoxidase (MPO) uses hydrogen peroxide to oxidise chloride (McKenna & Davies, 

1988). This generates hypochlorous acid, a potent antimicrobial oxidant that kills bacteria 

through actions that include disrupting the cell membrane, inhibiting protein synthesis and 

degrading proteins (McKenna & Davies, 1988). The significant antimicrobial role of ROS is 
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emphasised in chronic granulomatous disease involving partial or total inactivity of NADPH 

oxidase (Babior, 2004). Similar to the NADPH oxidase complex, inducible nitric oxide synthase 

is responsible for producing nitric oxide radicals, a form of reactive nitrogen species (RNS) 

(Nathan & Shiloh, 2000). Subsequent reactions between nitric oxide radicals and ROS yield a 

range of reactive intermediates like nitrogen dioxide, nitrosothiols or nitroxyl (Nathan & Shiloh, 

2000). Unlike ROS, RNS are more commonly produced in macrophages. They exert their lethal 

effects on microorganisms by inactivating proteins and damaging the integrity of the lipid 

membrane or DNA to impair bacterial growth (Nathan & Shiloh, 2000). The considerable 

overlap in the production and function of ROS and RNS enables the generation of further 

downstream free radicals. For example, macrophages use superoxide and nitric oxide to produce 

peroxynitrite, a long-lived powerful oxidant (Ischiropoulos, Zhu, & Beckman, 1992). 

 

Concomitant with this oxygen-dependent response, antimicrobial enzymes and peptides are 

released from the lysosome into the lumen of the phagosome (Flannagan et al., 2009). Compared 

with macrophages, neutrophils possess a greater antimicrobial capacity due to their large arsenal 

of antimicrobial agents, which are stored in four types of cytoplasmic granules (Fig. 1.6) 

(Faurschou & Borregaard, 2003): 

1. Primary granules – consist primarily of MPO that is fundamental in the production of 

antimicrobial ROS. This is the major antimicrobial mechanism employed by neutrophils. 

Other constituents include lysozyme, defensins, bacterial/permeability-increasing 

proteins (BPI) and serine proteases such as elastase and cathepsin G.  

2. Secondary granules – contain lactoferrin. 

3. Tertiary granules – store metalloproteinases (MMPs) such as MMP2 and MMP9. 
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4. Secretory vesicles – derived from endocytosis, contain albumin and other membrane 

proteins such as alkaline phosphatase. 

 

These antimicrobial agents function specifically to inactivate or degrade pathogens. Proteins 

such as lactoferrin – an iron chelator – can sequester essential nutrients to inhibit bacterial 

growth (Masson, Heremans, & Schonne, 1969). Other proteins extrude essential enzyme 

cofactors, such as Zn2+ and Fe2+, in the phagosomal lumen which render bacteria inactive 

(Cellier, Courville, & Campion, 2007). BPI, defensins and cathelicidins act by permeabilising 

the cell wall or membrane to directly degrade the structural integrity of bacteria (Lehrer, 

Lichtenstein, & Ganz, 1993; Zanetti, 2005). Destabilisation of the cell wall and membrane is 

enhanced by enzymes such as lysozyme and phospholipase A2 (Dartt, Dana, & D'Amore, 2011). 

Another antimicrobial strategy is the degradation of bacterial proteins by proteases. These 

include cysteine, aspartate and serine proteases (Flannagan et al., 2009). Many of these 

bactericidal agents are scarce or absent in macrophages, including MPO, defensins, lactoferrin 

and BPI, which contribute to their lower antimicrobial capacity (Silva, 2010).  

 

Although neutrophils possess a larger collection of antimicrobial molecules, macrophages can 

acquire and utilise them by phagocytosing neutrophils or internalising the granules. This has 

been observed in mice whereby lactoferrin was found in macrophages after infection with 

various Mycobacterium species (Silva, Silva, & Appelberg, 1989). Similarly, human 

macrophages infected with M. tuberculosis can acquire antimicrobial peptides, either by the 

uptake of apoptotic neutrophils or purified granules (B. H. Tan et al., 2006). Importantly, 

colocalisation of antimicrobial granule contents with intracellular bacteria was associated with 
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decreased bacteria viability (B. H. Tan et al., 2006). These data demonstrate the cooperative 

antimicrobial strategy between neutrophils and macrophages. 

 

1.3.2.3 Extracellular killing by antimicrobial agents 

Aside from the phagocytic role of neutrophils, they can also directly kill extracellular microbes. 

Once neutrophils are activated by PAMPs, they release antimicrobial contents from their 

abundant granule stores into the extracellular environment by a process called degranulation 

(Faurschou & Borregaard, 2003). In 2004, Brinkman and colleagues discovered another 

mechanism of killing by neutrophils. It involves the formation of fibrous net-like structures from 

decondensed chromatin and histones that are released during a ROS-dependent type of cell death 

(Brinkmann et al., 2004; Fuchs et al., 2007). These “nets” can trap an array of degranulated 

antimicrobial contents as well as extracellular pathogens to prevent their spread (Brinkmann et 

al., 2004). This concentrates antimicrobial agents, thereby enhancing their potency and it also 

limits their diffusion which minimises collateral tissue damage (Balloy, Sallenave, Crestani, 

Dehoux, & Chignard, 2003).  

 

1.3.3 Cytokines and chemokines 

In addition to the induction of phagocytosis, activated innate immune cells also secrete cytokines 

which are critical for driving the immune response (Dinarello, 2000). These are messenger 

proteins that regulate the initiation, amplification and resolution of inflammation through 

autocrine, paracrine or endocrine signalling (J. M. Zhang & An, 2007) (Fig. 1.5). Their secretion 

initiates the inflammatory process involving the recruitment and activation of immune cells 
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(Newton & Dixit, 2012). Cytokines exert multiple actions on different cell types and often share 

redundant functions (Dinarello, 2000). Due to this nature, the initial secretion of cytokines in 

response to immune challenge instigates a cascade effect whereby stimulation of target cells by a 

cytokine leads to further cytokine secretion (Dinarello, 2000). Many different innate immune 

cells produce cytokines with the largest contributor being macrophages (J. M. Zhang & An, 

2007). Although neutrophils do not produce cytokines at the same capacity as macrophages, they 

are still a significant source due to their greater abundance at inflammatory sites (Nathan, 2006). 

During inflammation, macrophages are induced to shift to the M1-like phenotype characterised 

by enhanced production of ROS and pro-inflammatory cytokines, including TNF-α, IL-1β and 

IL-12 (Sica & Mantovani, 2012). Conversely, M2-like macrophages generate high levels of anti-

inflammatory cytokines, such as IL-10 and transforming growth factor β (TGFβ), to 

downregulate the inflammatory response (Gong et al., 2012; Sica & Mantovani, 2012). As a 

result, the functions of cytokines can be synergistic or antagonistic and a fine balance must be 

achieved to tightly control the inflammatory response to ensure effectiveness in eliminating 

pathogens with minimal host damage.  

 

1.3.3.1 Pro-inflammatory cytokines 

Production of pro-inflammatory cytokines by innate immune cells is a crucial frontline response 

against infection. These signalling molecules enable cells to communicate and coordinate their 

activities to effectively eliminate invading pathogens. Activation of TLR signalling and 

phagocytic receptors, like complement receptors, can stimulate pro-inflammatory cytokine 

production through central signalling pathways involving the transcription factors NF-κB, 

activator protein-1 (AP1) and signal transducer and activator of transcription protein (STAT) 
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(Hanada & Yoshimura, 2002). These transcription factors also upregulate the expression of 

inducible nitric oxide, which is important in phagocytic killing, as well as adhesion molecules 

that are necessary for leukocyte recruitment (Baldwin & Albert, 1996).  

 

The array of inflammatory mediators includes those from families such as TNF, IL and IFN. 

TNF-α is the most studied pro-inflammatory cytokine of the TNF superfamily. It has the ability 

to act on multiple cell types to upregulate the expression of other pro-inflammatory cytokines, 

including chemokines and adhesion molecules, by activating NF-κB and MAPK (Ciesielski, 

Andreakos, Foxwell, & Feldmann, 2002; Luo et al., 2010). Another potent family of cytokines 

are the ILs, which include IL-1β and IL-18 (Franchi et al., 2009). Synergistic with TNF-α, IL-1β 

and IL-18 enhance pro-inflammatory cytokine production by stimulating the NF-κB and MAPK 

pathways. A third family of cytokines are the IFNs, originally discovered for their ability to 

hinder viral replication (Wheelock, 1965). IFN-γ enhances phagocytosis by inducing nitric oxide 

production and boosting the activity of lysozomal enzymes (Foster, Hulme, & Barrow, 2003). 

Furthermore, IFN-γ promotes antigen processing and upregulates MHC for antigen presentation 

in dendritic cells, thereby activating the adaptive response (Giacomini et al., 1988). Another pro-

inflammatory cytokine is granulocyte/macrophage colony-stimulating factor (GM-CSF), which 

increases the antimicrobial activities of neutrophils by stimulating their phagocytic activity and 

pro-inflammatory cytokine production (Fleischmann, Golde, Weisbart, & Gasson, 1986). 

Although pro-inflammatory cytokines are protective against infection, excessive and/or 

chronically elevated levels in the body are associated with a range of inflammatory disorders 

including rheumatoid arthritis and inflammatory bowel disease (Neurath, 2014; Schulze-Koops 

& Kalden, 2001).  
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1.3.3.2 Chemokines 

Chemokines are chemotactic cytokines that attract leukocytes to the site of injury or infection 

(Nomiyama, Osada, & Yoshie, 2013). Although macrophages are the major source of 

chemokines, they are also produced by other immune cells, such as neutrophils, and also non-

immune cells like endothelial cells (Marasco et al., 1984; Scapini et al., 2000; Westra, Kułdo, 

van Rijswijk, Molema, & Limburg, 2005). Heparan sulfate proteoglycans at the cell surface and 

in the extracellular matrix bind chemokines to establish their concentration gradient (Kuschert et 

al., 1999; Massena et al., 2010). Based on the arrangement of the conserved N-terminal cysteine 

residues, they are classified into four groups: CXC, CC, C and CX3X chemokines (Nomiyama et 

al., 2013). Their actions are dictated by the expression pattern of their receptors (Epstein & 

Luster, 1998). For example, CXC receptors are predominantly expressed on neutrophils while 

CC receptors are expressed on monocytes, eosinophils and basophils (Epstein & Luster, 1998). 

The expression of chemokines occurs in two waves (DeVries et al., 2003). CXC chemokines are 

initially released to attract neutrophils, which are the first leukocytes recruited to the 

inflammatory site (DeVries et al., 2003). IL-1β and TNF-α secreted by activated neutrophils 

induce the production of CC and CXC chemokines, such as CCL5, CCL2, CCL3, CXCL9 and 

CXCL10 (DeVries et al., 2003). This drives the second wave of migrating innate immune cells 

that includes neutrophils, monocytes, macrophages, natural killer cells and dendritic cells 

(DeVries et al., 2003).  

 

The chemoattractant mechanism involves regulating each step in leukocyte recruitment: rolling, 

adhesion and transmigration (Fig. 1.5) (Ley, Laudanna, Cybulsky, & Nourshargh, 2007). 

Leukocyte rolling along blood vessels is mediated by L-, P- and E-selectins which provides 
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adherence to endothelial cells (Ley et al., 2007). Chemokine signalling triggers leukocytes to 

switch from the low-affinity selectin-mediated adherence to integrin-mediated adherence which 

provides firmer anchoring to facilitate extravasation into the inflammatory site (Alon & 

Feigelson, 2002). Chemokine receptors are G-protein coupled receptors (GPCRs) (Epstein & 

Luster, 1998). Their activation triggers signal transduction cascades, including the activation of 

phospholipase C to catalyse inositol triphosphate production, which consequently leads to the 

release of intracellular calcium and protein kinase C (PKC) activation (Epstein & Luster, 1998). 

PKC not only activates integrin receptors involved in chemotaxis, but it also mediates 

phagosome maturation and enhances respiratory burst activity (L. H. Allen & Aderem, 1995; 

Laudanna, Mochly-Rosen, Liron, Constantin, & Butcher, 1998; Poolman, Quinn, & Ng, 2013). 

Furthermore, chemokine-mediated activation of the small Rho GTPase family members, Rac1, 

Rac2 and RhoA, is essential in regulating the cytoskeletal scaffold that is responsible for cell 

motility and focal adhesion assembly (W. E. Allen, Jones, Pollard, & Ridley, 1997; Filippi, 

Szczur, Harris, & Berclaz, 2007). Rac is involved in generating cytoskeletal scaffolding for 

lamellipodia extension as well as the assembly of focal adhesions to the extracellular matrix (W. 

E. Allen et al., 1997). On the other hand, Rho regulates actomyosin contraction that is required 

for the cell to propel forward (Worthylake, Lemoine, Watson, & Burridge, 2001). These proteins 

are also implicated in the regulation of the neutrophil respiratory burst (Filina, Safronova, & 

Gabdoulkhakova, 2012).  

 

1.3.3.3 Anti-inflammatory cytokines  

The downside of inflammation is its tissue-damaging effects and this can outweigh its benefits in 

clearing pathogens in the long run. Therefore, the innate immune cell response and cascading 
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pro-inflammatory cytokine activities are tightly regulated by anti-inflammatory cytokines, whose 

role is becoming increasingly appreciated. This includes suppressing the production and function 

of pro-inflammatory cytokines. Likewise, over-activation of the anti-inflammatory response 

results in immune suppression during critical times and can leave the host exposed to the spread 

of infection. The body must therefore strike a balance between the production of synergistic and 

antagonistic cytokines, the density of their respective receptors and tissue sensitivity to cytokines 

in order to effectively clear pathogens with minimal host damage. Major anti-inflammatory 

cytokines include the IL family members, IL-1 receptor antagonist, IL-4, IL-10 and IL-13 (J. M. 

Zhang & An, 2007). IL-10 is a well-characterised potent anti-inflammatory cytokine deployed in 

the immune response (Mosser & Zhang, 2008). The effectiveness of its inhibitory properties is 

attributed to its multilevel actions as it not only inhibits pro-inflammatory cytokines, such as IL-

1, IL-6 and TNF-α, but it also upregulates anti-inflammatory cytokine receptors and 

downregulates pro-inflammatory cytokine receptors (J. M. Zhang & An, 2007). Some cytokines, 

such as IL-6, TGF-β and IFN-α, have dual pro-inflammatory and anti-inflammatory functions 

depending on the context (J. M. Zhang & An, 2007). Receptors for IL-1, IL-18 and TNF-α also 

possess the ability to inhibit the cascading effects of these pro-inflammatory cytokines (J. M. 

Zhang & An, 2007). 

 

1.3.4 Complement system 

The complement system is a potent activator of innate immunity (Sarma & Ward, 2011; Zipfel & 

Skerka, 2009). It consists of more than 30 proteins that form a tightly regulated network (Sarma 

& Ward, 2011). Most of the soluble proteins are synthesised by the liver and circulate in the 

blood as inactive precursors (Merle, Noe, Halbwachs-Mecarelli, Fremeaux-Bacchi, & 
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Roumenina, 2015; Sarma & Ward, 2011). Activation of these complement components occur in 

a cascade-like fashion in the presence of a trigger such as pathogens. There are nine central 

components (C1-C9) that are activated by cleavage, and this sequentially activates further 

downstream components (Merle et al., 2015; Sarma & Ward, 2011; Zipfel & Skerka, 2009). 

Activation of the early complement components can occur via three different pathways: the 

classical, lectin and alternative pathways (Merle et al., 2015; Sarma & Ward, 2011; Zipfel & 

Skerka, 2009). The classical pathway is initiated by the presence of immune complexes formed 

by antibodies bound to pathogens or foreign antigens (Sarma & Ward, 2011; Zipfel & Skerka, 

2009). However, it can also be activated by viruses and Gram-negative bacteria independent of 

antibodies (Zipfel & Skerka, 2009). This is different to the lectin pathway which is activated by 

carbohydrate moieties on the surface of pathogens (Sarma & Ward, 2011; Zipfel & Skerka, 

2009). On the other hand, the alternative pathway, which is the most evolutionarily ancient of the 

three pathways, is activated by the spontaneous hydrolysis of the central complement 

component, C3 (Fig. 1.7) (Sarma & Ward, 2011; Zipfel & Skerka, 2009). It can also be triggered 

by carbohydrates, lipids and proteins on foreign surfaces (Sarma & Ward, 2011; Zipfel & 

Skerka, 2009). These pathways produce homologous variants of a C3 convertase that cleaves C3 

to produce C3a, and C3b which binds to the surface of pathogens (Sarma & Ward, 2011; Zipfel 

& Skerka, 2009). This can be amplified in the alternative pathway involving C3b and Factor B. 

Once these components bind, they can be processed by Factor D to produce C3 convertase, and 

thus generate more C3a and C3b. Complement factor properdin (CFP) promotes the association 

between C3b and Factor B, and also stabilises the C3 convertase. Furthermore, C3b and C3 

convertase can form C5 convertase, which processes C5 to generate C5a and C5b (Sarma & 

Ward, 2011; Zipfel & Skerka, 2009). C5b initiates the terminal pathway of the complement 
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cascade by recruiting C6-C9 for the assembly of the membrane attack complex (Sarma & Ward, 

2011; Zipfel & Skerka, 2009). Despite its name, the alternative pathway is the predominant 

contributor to the overall complement response due to the positive feedback loop that amplifies 

the cleavage of C3 (Harboe & Mollnes, 2008).  

 

 

 

 

 

 

 

The net effect of this innate immune mechanism is associated with three major functions. The 

first function involves anaphylatoxins, such as C3a, C4a and C5a, which exert a range of pro-

inflammatory responses (Fleisher, Shearer, Frew, Schroeder Jr, & Weyand, 2013). This includes 

stimulating granulocytes to degranulate, such as mast cells and basophils, releasing vasoactive 

amines that promote vasodilation (Fleisher et al., 2013). C3a and C5a also act as 

chemoattractants for neutrophils and can induce their respiratory burst activity (Elsner, 

Figure 1.7: The alternative complement pathway.  

The central C3 complement protein undergoes spontaneous hydrolysis to produce C3a and C3b. C3b forms C3 

convertase after binding with Factor B and processing with Factor D. This complex (stabilised by CFP) can trigger 

additional hydrolysis of C3. Distal to this pathway, C3b and C3 convertase can form C5 convertase which generates 

C5b. This is involved in the formation of the membrane attack complex (MAC) at the terminal stage of the 

complement cascade.  
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Oppermann, Czech, & Kapp, 1994; Fleisher et al., 2013). The second function involves 

complement proteins that tag pathogens for identification and phagocytosis (a process known as 

opsonisation) (Sarma & Ward, 2011; Zipfel & Skerka, 2009). Examples of these proteins are 

C3b and C4b (Beltrame, Catarino, Goeldner, Boldt, & de Messias-Reason, 2015). The third 

function is carried out by the membrane attack complex to eliminate pathogens by inducing cell 

lysis (Sarma & Ward, 2011; Zipfel & Skerka, 2009). 

 

1.4 The circadian influence on innate immunity 

The immune system, like all other systems in the body, is under circadian regulation through cell 

autonomous and systemic signalling. The molecular clock has been characterised in various 

immune cells, with macrophages being the most studied cell type (Boivin et al., 2003; Keller et 

al., 2009; Silver, Arjona, Hughes, Nitabach, & Fikrig, 2012). The expression of clock genes in 

macrophages exhibit high amplitudes with a robust rhythm (Keller et al., 2009). Over 8% of the 

macrophage transcriptome oscillates in a circadian manner demonstrating that numerous 

downstream genes are under circadian control (Keller et al., 2009). This has profound effects on 

cellular functions including regulation of pathogen recognition and production and secretion of 

cytokines (Labrecque & Cermakian, 2015). Although each immune tissue possesses an intrinsic 

clock network, certain genes share similar timing of acrophases between the different tissues 

(Keller et al., 2009; Mazzoccoli et al., 2011).  This is the case for Rev-erbα, which peaks prior to 

the active phase in the spleen, thymus, peripheral blood and macrophages in mice (Keller et al., 

2009; Mazzoccoli et al., 2011). Coordination between the tissues is driven by the systemic 

pathways involving the ANS and hormonal signalling (Lorton et al., 2006). During light 
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exposure, acetylcholine and melatonin levels decrease whereas dopamine, serotonin and GABA 

levels increase and can directly act on immune targets (Antle, LeSauter, & Silver, 2005; 

Deshmukh, 2006; Taylor, Fricker, Devi, & Gomes, 2005). By temporally gating the immune 

response, the body is able to anticipate and optimally respond to potentially life-threatening 

immune challenges.  

 

1.4.1 Rhythms in immune cell recruitment 

Numerous immune parameters exhibit a 24-hour variation; this is observed in both vertebrates 

and invertebrates (Curtis et al., 2014; Scheiermann, Kunisaki, & Frenette, 2013; Stone et al., 

2012). Research in mice and humans strongly demonstrate time-of-day changes in the number of 

circulating leukocytes, immune cell activity, expression levels of immune cell surface receptors 

and levels of immune mediators, such as cytokines (Born, Lange, Hansen, Mölle, & Fehm, 1997; 

Niehaus et al., 2002; Scheiermann et al., 2012). Trafficking of leukocytes to peripheral tissues is 

known to peak during the active phase in mice (Scheiermann et al., 2012). The significance of 

this is the enhanced healing of wounds and immunosurveillance during the active phase, a period 

where there is a higher likelihood of injury or exposure to pathogens (Scheiermann et al., 2012). 

There are two contributing factors to this rhythmic migration: the timing of leukocytes released 

from the bone marrow and the expression of pro-migratory factors that promote their recruitment 

to tissues. Leukocyte recruitment requires the establishment of leukocyte-endothelial cell 

adhesion via cell surface molecules, such as endothelial selectins, vascular cell adhesion 

molecule 1 (VCAM1) and intercellular adhesion molecule 1 (ICAM1) on endothelial cells 

(Scheiermann et al., 2012). The rhythmic expression of these adhesion molecules is controlled by 

β-adrenoreceptor signalling (Scheiermann et al., 2012). Furthermore, rhythmical production and 
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secretion of chemokines drive the time-of-day changes in leukocyte recruitment to peripheral 

tissues. In the case of CCL2, its robust circadian rhythm is driven by BMAL1 via the activation 

of NF-κB, however other studies indicate that BMAL1 plays a repressive role (M. Hayashi, 

Shimba, & Tezuka, 2007; Nguyen et al., 2013; Sato et al., 2014). One study demonstrated that 

BMAL1 can directly bind to the E-box present in the Ccl2 gene to inhibit its expression (Nguyen 

et al., 2013). Another study demonstrated that REV-ERBα can directly bind to the RORE 

sequence in the Ccl2 promoter to silence its expression in murine peritoneal macrophages (Sato 

et al., 2014). Since BMAL1 induces Rev-erbα expression, its anti-inflammatory role may be 

partly mediated via this pathway. An alternative clock pathway is the upregulation of IκΒα 

(nuclear factor of kappa light polypeptide gene enhancer in B cells inhibitor, alpha) by RORα, 

which consequently prevents NF-κΒ-mediated transactivation of pro-inflammatory genes in the 

nucleus (Delerive et al., 2001; Stapleton et al., 2005). This highlights the redundancy that exists 

in the regulation of immune cell functions by the autonomous clock machinery. On the contrary, 

rhythmic recruitment of neutrophils to the lungs is dependent on the clock in lung epithelial 

(club) cells rather than their intrinsic molecular clock (J. Gibbs et al., 2014). Club cells produce 

the neutrophil chemokine, CXCL5, in a rhythmic manner that is regulated by glucocorticoid. 

This rhythmic control is conferred by daily oscillations in the systemic level of glucocorticoids 

and by the circadian-regulated expression of glucocorticoid receptors in club cells (J. Gibbs et 

al., 2014). Therefore, the diurnal rhythm of leukocyte recruitment impacts the strength of the 

immune system in defending against daily immune challenges.  
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1.4.2 Rhythms in immune cell activation in response to pathogens 

The rhythmic activation of leukocytes in the presence of pathogens is generated by the daily 

variation in the response of PRRs. For example, the pro-inflammatory cytokine response in mice 

that were administered LPS at the start of their active period was greater compared to the 

response observed following LPS treatment at the start of the rest period (J. E. Gibbs et al., 2012; 

Marpegan et al., 2009). A major contributing factor is the activity of macrophages. Both the 

expression of pro-inflammatory cytokine genes and their secretion by macrophages in vitro show 

a diurnal variation (J. E. Gibbs et al., 2012; Keller et al., 2009). Although the expression of 

TLR4 – the PRR for LPS – on macrophages is not diurnal, the time-of-day response can be 

explained by the circadian regulation of its downstream components involved in the production 

of pro-inflammatory cytokines (Keller et al., 2009). Similarly, the NF-κB response to bacterial 

flagellin shows a circadian pattern despite the fact that the transcript profile of its receptor, 

TLR5, is not rhythmic (Spengler et al., 2012). This discrepancy is explained by the fact that 

CLOCK can directly enhance NF-κB activation and also upregulate the expression of NF-κB 

target genes (Spengler et al., 2012). Conversely, the expression of TLR9, which recognises 

unmethylated CpG dinucleotides that are commonly found in bacterial and viral DNA, exhibits a 

circadian rhythm in macrophages (Silver, Arjona, Walker, & Fikrig, 2012). This is suggested to 

be directly regulated by the CLOCK:BMAL1 complex (Silver et al., 2012). Although these 

studies support the role of a cell autonomous clock in regulating immune cell function, one study 

showed no temporal difference in LPS-induced mortality under constant darkness, suggesting 

that environmental factors play an important modulatory role (Marpegan et al., 2009). 
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Apart from the production of pro-inflammatory cytokines, another immune response that follows 

the activation of PRRs is phagocytosis. To date however, circadian regulation of phagocytosis is 

less well understood compared to other aspects of innate immunity. So far, it is known that 

hormones and the intrinsic clock of phagocytes are important in rhythmically controlling the 

process. It was first discovered that the phagocytic activity of neutrophils peaked at the start of 

the dark phase in guinea pigs, Cavia porcellus (Baciu, Olteanu, Prodan, Baˇiescu, & Vaida, 

1988). This was similarly reported in humans (Bongrand, Bouvenot, Bartolin, Tatossian, & 

Bruguerolle, 1988). On the other hand, phagocytosis activity in mice peaks later on, in the 

second half of the dark phase, when there is a high level of circulating melatonin and maximum 

expression of their receptors on peritoneal macrophages (Hriscu, 2004; Paredes, Sánchez, 

Parvez, Rodríguez, & Barriga, 2007). This indicates that melatonin may play a role in regulating 

phagocytosis. Moreover, it supports an earlier study which showed that lesioning the anterior 

hypothalamus in mice, an area high in melatonin receptors, decreases the basal phagocytic 

activity (Hriscu, 2004). This observation is believed to be related to the decrease in 

glucocorticoid production (Hriscu, 2004). Additionally, it was demonstrated in rats that stress-

induced increase in glucocorticoids enhanced phagocytosis (Paredes et al., 2007). Therefore, 

melatonin and corticosterone are immunomodulatory hormones that provide an additional layer 

of circadian control. More recently, the component of the circadian clock machinery in 

Drosophila, Timeless, was demonstrated to regulate the night-time peak of phagocytosis (Stone 

et al., 2012). Given that the rhythm of phagocytosis does not coincide with leukocyte trafficking 

pattern, it suggests that the timing mechanisms regulating phagocytosis are different compared to 

other inflammatory responses.  
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1.4.3 Rhythms in cytokine production 

Innate immune cells as well as non-immune cells, such as epithelial cells, rhythmically produce 

cytokines in a circadian manner. Experiments have shown that a subset of pro-inflammatory 

cytokines produced by macrophages, TNF-α, IL-6, IL-12, CXCL1, CCL5 and CCL2, exhibit a 

circadian pattern following LPS stimulation (J. E. Gibbs et al., 2012; Keller et al., 2009). This 

rhythm was independent of the daily fluctuation in cortisol levels suggesting that the intrinsic 

clock is likely to be a prominent regulator (Keller et al., 2009). Similarly, human peripheral 

mononuclear blood cells, when induced by LPS, display a circadian rhythm in TNF-α, IL-8 and 

CCL2 production that is endogenously controlled (Rahman et al., 2015). Given that the transcript 

levels of cytokines show a circadian rhythm, the regulation is believed to take place at the level 

of transcription (Keller et al., 2009). This was further supported by evidence that treatment with 

a REV-ERBα agonist inhibited LPS-induction of Il-6 or Ccl2 expression in human macrophages 

(J. E. Gibbs et al., 2012). Results from other clock mutant mouse models further strengthen the 

evidence of a direct link between the intrinsic clock network and cytokine production (Table 

1.2). Other clock components, such as CLOCK and CRY, appear to mediate the inflammatory 

response via NF-κB (Bellet et al., 2013; Narasimamurthy et al., 2012). CLOCK directly 

enhances NF-κB transcription activity, which subsequently upregulates the expression of pro-

inflammatory cytokine genes (Spengler et al., 2012). Conversely, CRY inhibits NF-κB 

phosphorylation, and therefore its activation, by repressing adenylyl cyclase activity 

(Narasimamurthy et al., 2012). In addition, the elevated immune response to pathogens at the 

start of the active phase in mice corresponds to the point in time when Per2 expression peaks in 

peritoneal macrophages (Keller et al., 2009). The antiphasic profile of Per2 and Bmal1 

transcripts indicate the likelihood that the pro-inflammatory action of Per2 is partly attributed to 
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the repression of BMAL1 and REV-ERBα activities (Keller et al., 2009; Preitner et al., 2002). It 

has been shown in humans and mice that this intrinsic regulation of cytokine production can be 

modulated by behavioural and environmental stimuli (Castanon-Cervantes et al., 2010; Rahman 

et al., 2015). Direct disruption of the SCN heightens the LPS-induced IL-6 and TNF-α 

production in rats demonstrating a link between the central circadian pacemaker and the immune 

system (Guerrero-Vargas et al., 2014). However, the precise mechanisms driving the circadian 

rhythm of cytokine production is still unclear. Not surprisingly, these circadian observations in 

immune parameters have significant implications not only in the aetiology of immune-related 

diseases but also in their outcome.  

 

Table 1.2: Effects of clock gene mutations on the host immune response. 

Genes knocked 
out 

Effects on immunity Immune challenger Reference 

Bmal1 Increases susceptibility to LPS-induced 
lethality. 
 

Loss of rhythmic tissue recruitment of 
Ly6Chi monocytes  

Listeria monocytogenes  (Nguyen et al., 2013) 

Increased CXCL5 production and neutrophil 
recruitment 

LPS and Streptococcus 
pneumonia 

(J. Gibbs et al., 2014) 

Clock Abolishes time-of-day changes in bacterial 
colonisation, reduces pro-inflammatory 
cytokine response 

Salmonella (Bellet et al., 2013) 

Cry Upregulates the expression of pro-
inflammatory cytokine genes 

LPS (Narasimamurthy et al., 
2012) 

Per2 Suppresses the pro-inflammatory cytokine 
response and reduces susceptibility to LPS-
induced lethality 

LPS (J. Liu et al., 2006) 

Rev-erbα Suppresses the pro-inflammatory cytokine 
response 

LPS  (J. E. Gibbs et al., 
2012; Sato et al., 2014)  
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1.4.4 The circadian rhythm and infectious disease implications 

The fundamental role of the circadian system is to enable organisms to anticipate and effectively 

respond to daily environmental changes. Organisms are more prone to encountering pathogens or 

injuries at certain times during their sleep-wake cycle. To counteract this, the circadian rhythm of 

the immune system is timed to enable the most potent response during high risk periods. This is 

necessary because although an enhanced immune status i.e. chronic inflammation is effective at 

fighting against pathogens, it is energy-expensive and detrimental to the organism in the long run 

(Labrecque & Cermakian, 2015). This was demonstrated in a pioneering study conducted by 

Halberg and colleagues in the 1960s, whereby intraperitoneal injection of E. coli endotoxin 

displayed enhanced lethality following administration during the rest period in comparison to 

administration during the active period. This pattern of immune response has been consistently 

observed in subsequent studies using LPS (Marpegan et al., 2009; Spengler et al., 2012).  

 

Additional studies have emphasised the importance of this regulation in contributing to the 

development and prognosis of infectious diseases. Mice that were infected intragastrically with 

Salmonella at zeitgeber time 16 (ZT16), during the active period, displayed a greater pro-

inflammatory cytokine response and greater bacterial clearance in comparison to mice that were 

infected at ZT4 (rest period) (Bellet et al., 2013). Conversely, the parasite burden following 

Leishmania major infection in mice is greatest at circadian time 15 (CT15), paralleling the time-

of-day peak in the recruitment of neutrophils and macrophages as well as chemokine expression 

(Kiessling et al., 2017). Results from these two studies demonstrate how the infection outcome is 

not only dependent on their timing but also on the nature of the pathogen. In the case of 

Salmonella, infections that occur during the time when there is a greater basal level of circulating 
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cytokines and immune cells are more efficiently destroyed. On the other hand, L. major is an 

intracellular parasite that leaves the host more vulnerable to infections under the conditions of 

increased innate immune cell trafficking (Kiessling et al., 2017). Similarly, with viral infections, 

circadian variations are also seen in their progression and outcome with greater host 

susceptibility to infections at the start of the resting phase (Edgar et al., 2016; J. E. Gibbs et al., 

2012). In the case of sepsis induced by the caecal ligation and puncture (CLP), recovery and 

survival outcomes are also reliant on the timing of the procedure. Rats subjected to the CLP 

procedure at ZT19 were more prone to fatality compared to animals that underwent this 

procedure at ZT7, presumably due to the body becoming overwhelmed by the increased pro-

inflammatory response (Silver et al., 2012). This is attributed to the rhythmic expression of 

TLR9, which is upregulated at ZT19 by CLOCK:BMAL1 (Silver et al., 2012). Given that the 

endogenous rhythm is heavily influenced by environmental stimuli, alterations in lighting 

conditions have been shown to impact the progress of recovery. It was demonstrated that rats 

raised under the regular 12:12 light/dark cycle were more likely to recover from CLP-induced 

sepsis compared to rats that were raised under constant light or darkness (Carlson & Chiu, 2008). 

This has serious implications in the hospital setting where the lighting conditions can affect the 

outcome of patients, not only from sepsis but potentially other critical illnesses. 

 

Altogether, these studies support the division of the immune system into two basic states: active 

or resting. The circadian control of the immune system has inflammatory disease repercussions 

that are particularly relevant in today’s society. This is because the modern-day lifestyle not only 

promotes circadian dysregulation but it also increases the likelihood of the host facing immune 

challenges outside of its “natural working hours”. As a consequence, the immune system 
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operates at a suboptimal level, leaving the host vulnerable to these attacks and prone to 

developing more serious disease symptoms than otherwise anticipated.  

 

1.4.5 Circadian-based treatment strategies for inflammatory diseases 

Our current understanding of how the immune system is governed by circadian rhythms provides 

the opportunity to develop novel therapeutic strategies to tackle inflammatory disorders. This led 

to the idea of chronopharmacology, where drugs are administered at a particular time of the day 

to maximise their therapeutic index (Dallmann, Brown, & Gachon, 2014; Lemmer & Labrecque, 

1987). Clinical studies have shown that the timing of drug administration is crucial in order to 

strike the perfect balance in maximising the efficacy while minimising the toxicity of 

chemotherapies (M. Kobayashi, Wood, & Hrushesky, 2002; Lévi et al., 2007). In immunology, a 

great example of this is the treatment of rheumatoid arthritis. Compared to treatment during the 

day, administration of anti-inflammatory drugs at night has been proven to be more effective at 

alleviating the exacerbated inflammatory symptoms that are commonly experienced in the 

morning (Kowanko, Pownall, Knapp, Swannell, & Mahoney, 1981; Sackett-Lundeen, 2012). 

Treatment strategies now include night-time administration of slow-releasing prednisone, a 

corticosteroid (Alten, 2012). Since innate immune activation is required for the adaptive immune 

system to mount an effective response, this relationship has been exploited in the circadian 

context to improve the efficiency of vaccinations. It has been found that when TLR9 agonists 

(CpG oligodeoxynucleotides) are administered at ZT19, during enhanced TLR9 expression, the 

vaccination response is significantly enhanced compared to the administration of adjuvants at 

ZT7 (Silver et al., 2012).  
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Although chronomodulated therapies hold promise as effective treatment strategies, they have 

been met with setbacks due to the practicality of the approach. As a result, researchers are 

beginning to explore potential circadian clock targets that can be modulated by new therapeutic 

drugs. A recent pioneering study identified the molecular mechanism that delays the entrainment 

of the circadian clock to a new time zone – the reason behind jet-lag (Jagannath et al., 2013). The 

researchers discovered that following light exposure, the salt inducible kinase 1 (SIK1) 

negatively feeds back to limit the expression of Per1, which is involved in the light resetting 

mechanism of the molecular clock (Jagannath et al., 2013). Knockdown of Sik1 enabled rapid re-

entrainment of the circadian rhythm, which minimised the jet-lag effect. This discovery identifies 

potential novel drug targets to treat disrupted circadian rhythms pertaining to jet-lag or shift-

work, as well as other disorders. The current advancement in our understanding of the molecular 

clock network has enabled researchers to develop a cell-based high-throughput circadian assay to 

identify drugs that modulate the circadian clock (Hirota et al., 2010; Hirota et al., 2012). This 

resulted in the discovery of the chemical “longdaysin”, which lengthens the circadian period by 

preventing proteosomal degradation of PER1 (Hirota et al., 2010). Another drug screen 

identified the chemical “KL001” which is found to protect CRY1 and CRY2 from ubiquitin-

mediated degradation (Hirota et al., 2012). This finding unearthed the first biochemical link 

between the circadian clock and diabetes, as stabilisation of cryptochrome in the liver inhibits 

glucagon-induced gluconeogenesis (Hirota et al., 2012). Therefore, circadian based chemical 

screening not only identifies drugs that can potentially be used to treat circadian-related disorders 

but also helps to further dissect the molecular clock and its link to various diseases. 
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Our increasing understanding of the circadian regulation of the immune system has revealed the 

potential to manipulate this relationship as a therapeutic strategy to treat and prevent 

inflammatory diseases. Many of the core clock components have been demonstrated to play 

important roles in modulating the immune system. These included BMAL1, which appears to 

play a central role on the immune system either directly or indirectly, through CLOCK, REV-

ERBα and RORα. It was only within the last decade that progress has been seen in our 

understanding of the circadian mechanisms underlying the immune response. There are still 

many questions that need to be addressed to fully understand the intimate coupling between the 

circadian and immune systems and how this contributes to diseases. Answering these questions 

involves investigating the functional roles of the clock proteins in immune cells, how the central 

clock and intrinsic cellular clocks are perturbed in certain immune diseases, and how the 

circadian-immune regulation is integrated with other physiological systems. Only by gaining a 

comprehensive understanding of the circadian influence on immune cell function will the true 

potential of clock-based therapies, as a strategy to treat inflammatory diseases, be realised.  

 

1.5 Zebrafish as a model organism 

Commonly used as a vertebrate model in developmental biology, the tropical freshwater fish 

species, zebrafish (Danio rerio), has emerged as a powerful model organism for studying human 

diseases. Zebrafish embryos and early larvae are optically transparent and develop ex utero, 

enabling a non-invasive approach to study, not only developmental processes, but also other 

cellular events in live whole animals (Lieschke & Currie, 2007; Santoriello & Zon, 2012). Adults 

are relatively small and can be raised in high density with lower maintenance costs compared 
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with mammalian models (Lieschke & Currie, 2007; Santoriello & Zon, 2012). Other attributes 

that contribute towards its advantages as an animal model are their rapid maturity and high 

fecundity which facilitate large-scale studies with shorter time frames (Lieschke & Currie, 2007; 

Santoriello & Zon, 2012). Zebrafish are highly amenable to genetic modifications (Suster, 

Kikuta, Urasaki, Asakawa, & Kawakami, 2009). The development of transgenic lines expressing 

fluorescent proteins in specific cell types provides the opportunity to study the in vivo behaviour 

of cells, which is technically challenging in mammalian models (Deng & Huttenlocher, 2012). 

Their genetic tractability also allows researchers to conduct large-scale genetic screens which 

have led to the identification of several genes that were later linked to human disorders. For 

example, ferroportin 1 was identified as a novel iron transporter in zebrafish that was 

subsequently found to be mutated in patients with haemochromatosis, a disorder characterised by 

excessive iron absorption (Donovan et al., 2000; Montosi et al., 2001). Another example is the 

discovery of the role of collagen and calcium-binding EGF domain-containing protein 1 (ccbe1) 

in zebrafish lymphatic development, with mutations of the human gene consequently linked to 

the lymphoedema disease, Hennekam syndrome (Alders et al., 2009; Hogan et al., 2009). Due to 

the success of these genetic screens, many zebrafish models of monogenic human diseases are 

available (Santoriello & Zon, 2012). This also highlights the degree of conservation in basic 

cellular and biological processes between zebrafish and humans (Howe et al., 2013; Lieschke & 

Currie, 2007). Similarly, high-throughput chemical screens for drug discovery and repurposing 

are possible with zebrafish given the ease with which drugs can be administered in the liquid 

medium and the capacity to conduct large-scale assessments of phenotypic outputs (Fleming & 

Alderton, 2013). This has shifted the paradigm of therapeutic screens from cell lines to whole 

animals (Fleming & Alderton, 2013). Therefore, the zebrafish model can recapitulate many 
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human diseases to provide novel insights into their pathogenesis through in vivo live imaging 

studies. For these reasons, the zebrafish model has branched out from its original niche in 

developmental biology and is a well-established vertebrate model for studying other fields such 

as chronobiology and immunology.  

 

1.5.1 Zebrafish in the field of chronobiology 

Zebrafish represent a powerful model for studying the vertebrate circadian system. Following the 

success of forward genetic screens in identifying Drosophila clock genes, attention turned to 

characterising the vertebrate molecular clock. At the time, high costs and limited capacity to 

conduct large-scale genetic analysis in mice led chronobiologists to consider alternative models. 

Zebrafish was seen as an attractive model due to its suitability for high throughput genetic 

screens and the opportunity it provided in investigating circadian clock development during 

embryogenesis. As chronobiologists further explored the zebrafish circadian system, they 

discovered that it offers additional advantages in understanding the organisation and 

coordination of rhythms that are unique to the model.  

 

1.5.1.1 The zebrafish molecular clock 

Despite differences in the organisation of the circadian system between zebrafish and mammals, 

there are many fundamental similarities in the molecular clock structure (Curtis et al., 2014; 

Vatine et al., 2011). Like mammals, the zebrafish molecular clock consists of a series of 

transcription-translation feedback loops with the core consisting of Clock:Bmal heterodimers 

that drive the expression of their repressor proteins, Per and Cry (Fig. 1.8) (Vatine et al., 2011). 
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Figure 1.8: A model of the zebrafish molecular clock. 

Similar to the mammalian clock, the core feedback loop consists of Clock:Bmal heterodimers which bind to E-box 

enhancers to drive the expression of their repressor gene, per, as well as rev-erbα and rorα, which respectively 

represses or induces bmal expression. However, the multiple copies of clock genes in zebrafish add complexity to 

this basic molecular clock network. Most of the clock genes are under the control of the circadian clock. For 

example, per1a, per1b and per3 are regulated by the circadian clock through their E-box domain. This is likewise 

with cry1b, cry2a and cry2b, although the mechanism of their control is uncertain. On the other hand, cry1a and 

per2 are light-inducible via their D-box domain by transcription factors, such as thyrotroph embryonic factor (Tef). 

Downstream signals from the photoreceptors, Teleost Multiple Tissue (TMT) opsin and melanopsin, confer light-

regulation of Tef. Modified from (Vatine et al., 2011). 
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It was found in mice that the vertebrate circadian clock consists of additional copies of the core 

clock genes compared to Drosophila (Looby & Loudon, 2005). For example, Drosophila only 

possess one copy of the cycle gene whereas mammals have two copies of its homologue, Bmal1 

and Bmal2 (Looby & Loudon, 2005). Moreover, Drosophila per and cry genes correspond to 

Per1, Per2, Per3 and Cry1 and Cry2 in mammals (Looby & Loudon, 2005). This matter is 

further complicated in zebrafish where the partial duplication of the teleost genome has resulted 

in extra copies of many clock genes (Table 1.3). While some of these extra copies in zebrafish 

confer redundancy in the clock network, others function differently to that of the original gene. 

Zebrafish have four per genes that display different temporal and spatial expression patterns. 

Only per2 appears to be light-driven whereas the others exhibit a clock-driven phenotype (Cahill, 

2002; Vatine et al., 2011; Ziv & Gothilf, 2006a). Likewise, out of the six zebrafish cry genes, 

only cry1a demonstrates a light-driven expression pattern (T. K. Tamai, Young, & Whitmore, 

2007). Phylogenetic analysis shows that cry1a, cry1b, cry2a and cry2b are the most similar to the 

mammalian Cry1 and Cry2 genes (Y. Kobayashi et al., 2000). Like the mammalian Cry genes, 

they function to repress the transcriptional activity of Clock:Bmal (Y. Kobayashi et al., 2000). 

Differences in their expression pattern suggest their functions are not completely redundant as 

cry1a and cry1b transcripts peak in the morning whereas cry2a and cry2b transcripts peak in the 

evening (Y. Kobayashi et al., 2000). Further functional divergence is reflected in Cry3 and Cry4 

proteins, which do not repress the heterodimer complex as their protein interaction domain 

prevents efficient binding to Clock:Bmal (C. Liu et al., 2015). In addition, zebrafish have three 

clock genes and three bmal genes that form various combinations of heterodimers (Cermakian, 

Whitmore, Foulkes, & Sassone-Corsi, 2000; Ishikawa, Hirayama, Kobayashi, & Todo, 2002; 

Whitmore, Foulkes, Strähle, & Sassone-Corsi, 1998). Due to the different oscillating expression 
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patterns of bmal1 and bmal2 in peripheral tissues, it has been proposed that their pairwise 

association with Clock is dynamic and suggests that they have distinct circadian roles 

(Cermakian et al., 2000). 

 

Table 1.3: Summary of the zebrafish clock genes and their closest homologues. 

Zebrafish clock gene Closest homologue Reference 

bmal1a Bmal1 (mouse) (Cermakian et al., 2000) 

bmal1b   Bmal1 (mouse) (Ishikawa et al., 2002) 

bmal2 Bmal2 (mouse) (Cermakian et al., 2000) 

clock1a Clock (mouse) (Whitmore et al., 1998) 

clock1b Clock (mouse) (Ishikawa et al., 2002) 

clock2 Npas2 (mouse) (Ishikawa et al., 2002) 

cry1a Cry1 (mouse) (Y. Kobayashi et al., 2000) 

cry1b Cry1 (mouse) (Y. Kobayashi et al., 2000) 

cry2a Cry1 (mouse) (Y. Kobayashi et al., 2000) 

cry2b Cry1 (mouse) (Y. Kobayashi et al., 2000) 

cry3 Cry2 (mouse) (C. Liu et al., 2015) 

cry4 cry (Drosophila) (Y. Kobayashi et al., 2000) 

per1a Per1 (mouse) (H. Wang, 2008) 

per1b Per1 (mouse) (H. Wang, 2008) 

per2 Per2 (mouse) (H. Wang, 2008) 

per3 Per3 (mouse) (H. Wang, 2008) 
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1.5.1.2 The zebrafish pineal gland and the decentralised clock concept 

In zebrafish and other non-mammalian vertebrates, light can directly entrain pineal gland 

rhythms (Ziv, Levkovitz, Toyama, Falcon, & Gothilf, 2005). This is unlike mammals where light 

information is relayed to the SCN from the retina. This is because the fish pineal gland contains 

photoreceptor cells that are functionally similar to retinal photoreceptors, which are directly 

entrainable by light (Vatine et al., 2011). A well-characterised circadian output of the pineal 

gland is melatonin production, which rises at night and decreases during the day (Kazimi & 

Cahill, 1999). This rhythm persists even in the absence of the SCN, as shown in the zebrafish 

cyclops mutant (Noche, Lu, Goldstein-Kral, Glasgow, & Liang, 2011). This was demonstrated 

by the rhythmic expression of exo-rhodopsin and arylalkylamine N-acetyltransferase 2 (aanat2), 

which are important for photoreceptor functioning and melatonin synthesis, respectively, in the 

pineal gland (Noche et al., 2011). The rhythmic expression of aanat2 continues under constant 

light or dark conditions, albeit with faster dampening of the amplitude (Noche et al., 2011). This 

suggests that the SCN is not required for generating the circadian rhythm in zebrafish, unlike in 

mammals where the SCN is considered to be the master clock regulator. However, the SCN in 

zebrafish may still play a role in regulating the amplitude of circadian rhythms in the absence of 

environmental cues.  

 

The zebrafish model challenges the dogma of a master clock regulator. Like mammals, zebrafish 

peripheral tissues such as the heart, kidney and spleen exhibit rhythmic levels of clock mRNA, 

indicating that they possess their own clock (Whitmore et al., 1998). Zebrafish peripheral clocks, 

however, can be directly entrained by light which questions the central role of the pineal gland as 

a master regulator (T. Tamai et al., 2005; Whitmore, Foulkes, & Sassone-Corsi, 2000). 
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Interestingly, light-responsive clock genes, such as cry1a, per2 and per3, are only expressed in 

certain areas of the zebrafish brain (H. A. Moore & Whitmore, 2014). Some of these areas, like 

the zebrafish equivalent of the SCN, receive light inputs from the retina, whereas others, like the 

valvula cerebelli, do not (H. A. Moore & Whitmore, 2014). Furthermore, these clock genes are 

not expressed in some areas that receive retinal input, like the central pretectal nuclei (H. A. 

Moore & Whitmore, 2014). This suggests that light entrainment in the brain occurs through a 

combination of light signals from the retina and direct light sensitivity. Importantly, these results 

support the concept of a decentralised organisation of the circadian system. A recent study took 

this one step further by generating a zebrafish transgenic line expressing a dominant negative 

clock protein in melatonin-producing pineal gland cells (Livne et al., 2016). Their results 

revealed that although the rhythms of melatonin production and circadian expression of clock-

controlled genes in the pineal gland were disrupted, the peripheral clocks were unaffected (Livne 

et al., 2016). The circadian locomotor activity of these transgenic zebrafish was also unaffected 

under a light/dark cycle but their amplitudes were significantly reduced under constant light or 

dark conditions (Livne et al., 2016). This strengthens the evidence indicating that there are 

multiple circadian pacemakers in zebrafish that drive the overall circadian rhythmic outputs.  

 

1.5.1.3 Light sensitivity of peripheral cells 

To date, research suggests that the light-sensitivity of non-visual zebrafish cells largely arise 

from two components: photopigments and light sensitive clock genes. Photopigments such as 

melanopsin, teleost multiple tissue (TMT) opsin, neuropsin and va-opsin are found to be widely 

expressed in peripheral tissues (Poletini, Ramos, Moraes, & Castrucci, 2015). However, the 

exact photopigments involved and the downstream photoresponse mechanism leading to clock 
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entrainment are still unclear. Melanopsin is the best characterised photopigment, and has been 

shown to synchronise the circadian rhythm of zebrafish cells in response to blue light (Ramos, 

Moraes, Poletini, Lima, & Castrucci, 2014). It is still uncertain what pathways downstream of 

these photopigments signal to the circadian clock. One potential pathway involved is the MAPK 

signalling pathway which is light-activated in zebrafish cell lines and can induce the downstream 

expression of per2 and cry1a (Cermakian et al., 2002; Hirayama et al., 2009; Ramos et al., 

2014). This also appears to be the case in the mammalian SCN, where light signals relayed from 

the retina induces NMDA receptor-mediated activation of the MAPK pathway (Goldsmith & 

Bell-Pedersen, 2013). Additionally, both per2 and cry1a are directly light-inducible and are 

therefore considered the focal part of the circadian clock network that is involved in light 

entrainment (Vatine et al., 2009). The per2 promoter contains a Light Responsive Module 

(LRM) comprised of D- and E-box elements (Vatine et al., 2009). The D-box element was 

recognised to behave as a light-driven enhancer, while the E-box element confers the circadian 

regulation of per2 expression (Vatine et al., 2009). The D-box regulatory factor, thyrotroph 

embryonic factor (Tef), is light-inducible and activates per2 expression in the presence of light 

(Vatine et al., 2009). This is achieved by interacting with the E-box regulator, Clock:Bmal, to 

drive the circadian-regulated expression of per2 (Vatine et al., 2009). Other D-box regulators 

characterised in zebrafish were shown to be both clock- and light-regulated with enhanced levels 

of expression in the pineal gland, supporting their role in mediating the effect of light on the 

circadian clock (Ben-Moshe et al., 2010). The LRM is strongly conserved in vertebrate per2 

genes, including species that do not possess light-sensitive peripheral clocks, such as humans 

(Vatine et al., 2009). Interestingly, the human LRM sequence confers the same function in 

zebrafish cells highlighting the importance of this regulatory element (Vatine et al., 2009). 
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However, it is uncertain whether the human LRM behaves as a light-regulatory enhancer or 

whether it has evolved to respond to stimuli other than light (Vatine et al., 2009). The D-box 

element alone is sufficient and required to mediate the light-induced expression of cry1a 

(Mracek et al., 2012). This supports earlier data suggesting that the circadian regulation of cry1a 

does not require regulation by Clock:Bmal via the E-box domain (Miyamura et al., 2009). These 

studies emphasise the existence of multiple light signalling pathways that converge onto the 

circadian clock.   

 

Overall, the basic molecular clock mechanisms found in Drosophila and mammals are conserved 

in zebrafish. The unique biological properties of zebrafish offer additional opportunities to 

elucidate the mechanisms that govern clock development, light entrainment and how the intrinsic 

clocks in peripheral cells integrate in the whole organism. These are facilitated by the availability 

of the complete genome sequence along with a range of molecular and genetic techniques for 

dissecting clock gene functions. For these reasons, zebrafish are viewed as an attractive model 

for understanding key aspects of the vertebrate circadian clock.  

 

1.5.2 Zebrafish in the field of immunology  

Blood development (haematopoiesis) in zebrafish is analogous to that in mammals (A. T. Chen 

& Zon, 2009; Ciau-Uitz, Monteiro, Kirmizitas, & Patient, 2014; Kulkeaw & Sugiyama, 2012).  

The haematopoietic niche ultimately resides in the kidney marrow in zebrafish (bone marrow in 

mammals) where haematopoiesis is sustained for the remainder of the host’s life. Although 

zebrafish and mammals differ anatomically, there is a high degree of conservation in the 

haematopoietic niches and progenitor cells involved. As a consequence, zebrafish develop both 
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the innate and adaptive immune systems, possessing the complete repertoire of blood cell 

lineages that are found in mammals (Lieschke & Currie, 2007; Trede, Langenau, Traver, Look, 

& Zon, 2004). Beyond studies on immune cell ontogeny, the zebrafish model has significantly 

contributed to our current knowledge of the innate immune system. A functioning innate immune 

system is present at one day post-fertilisation whereas the adaptive immune system only 

becomes functionally mature after 4-6 weeks post-fertilisation (Lam, Chua, Gong, Lam, & Sin, 

2004). This provides exclusive insights into the vertebrate innate immune response in the 

absence of an adaptive immune system. 

 

1.5.2.1 Zebrafish as a model for innate immunity 

As discussed previously, the transparent nature of zebrafish embryos permits direct visualisation 

of biological processes in vivo. This is facilitated by genetically modifying zebrafish to express 

fluorescent proteins that are targeted to specific immune cells based on the knowledge of their 

genetic markers. The result of this is an extensive and growing toolbox of transgenic reporter 

lines that facilitate live imaging of various immune cell lineages at single-cell resolution (Table 

1.4). This provides the opportunity to study innate immune cell functions in response to immune 

challenges, uncovering significant insights into innate immunity. In particular, in vivo studies in 

zebrafish have led to the fundamental understanding of host-pathogen interactions and how 

innate immune cells contribute to disease pathology.  
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Table 1.4: Selection of reporter lines marking innate immune cells. 

Reporter line Promoter origin Cells marked   Reference 

Tg(lyz:DsRED2)nz101 lyz Neutrophils (Hall, Flores, Storm, Crosier, & 
Crosier, 2007) 

Tg(mpx:GFP)l113 mpx Neutrophils  (Renshaw et al., 2006) 

Tg(CLGY463:YFP) myc enhancer Neutrophils (Meijer et al., 2008) 

Tg(myd88:EGFP)zf163 myd88 Neutrophils and 
macrophages 

(Hall et al., 2009) 
 

Tg(mpeg1:EGFP)gl22 mpeg1 Macrophage-
lineage cells 

(Ellett, Pase, Hayman, 
Andrianopoulos, & Lieschke, 
2011) 

Tg(mfap4:mTurquoise)xt27 mfap4 Macrophages  (Oehlers et al., 2015) 

Tg(irg1:EGFP)nz26 irg1 Activated 
macrophages 

(Sanderson et al., 2015) 

Tg(tnfa:eGFP-F) tnfa Activated 
macrophages 

(Nguyen-Chi et al., 2015). 

Tg(il1b:EGFP) il1b Myeloid cells (Hasegawa et al., 2017) 

Tg(apoeb:LYEGFP)zf147 apoeb Microglia (Peri & Nüsslein-Volhard, 2008) 

 

The two key players in host innate immune defence in zebrafish are neutrophils and 

macrophages. Neutrophils are the most abundant leukocyte that are first recruited to sites of 

tissue injury or infection, and this is followed by the recruitment of macrophages. The migration 

of these cells to wounds and bacterial foci, as well as their phagocytic activity, can be visualised 

in real time through live imaging in zebrafish (Herbomel, Thisse, & Thisse, 1999; Lieschke, 

Oates, Crowhurst, Ward, & Layton, 2001; Renshaw et al., 2006). These observations have not 

only strengthened our existing understanding of the immune system, but they have also shed new 

insights into their underlying mechanisms and functions. In mammals, it has been shown that the 

consumption of neutrophils during infection results in neutropenia (low neutrophil levels) (Ueda, 

Kondo, & Kelsoe, 2005). To prevent the host from becoming overwhelmed by systemic bacterial 

infection, demand-driven production of neutrophils (termed emergency granulopoiesis) occurs at 

the expense of other blood cell lineages (Ueda et al., 2005). Not only does this replenish the lost 
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cells but it also significantly increases the total number of neutrophils available to fight the 

remaining infection (Ueda et al., 2005). This phenomenon was observed for the first time in vivo 

using zebrafish infected with Salmonella, demonstrating the capacity of the model in 

recapitulating the mammalian infection response (Hall et al., 2012). Furthermore, the zebrafish 

infection model identified the CCAAT/enhancer-binding protein β/nitric oxide synthase 2a 

(Cebpβ/Nos2a) pathway as an important driver of emergency granulopoiesis (Hall et al., 2012). 

This reinforces the benefits of the zebrafish model in providing a basis for understanding the 

molecular mechanisms involved in this process.  

 

The zebrafish model has also advanced our knowledge of the innate immune cell response to 

sterile wounds. It was first discovered in zebrafish that the release of H2O2 at sterile wound sites 

acts as an early chemoattractant for neutrophils (Niethammer, Grabher, Look, & Mitchison, 

2009). The detection of H2O2 by neutrophils involves Lyn, a member of the Src-family kinases 

(Tauzin, Starnes, Becker, Lam, & Huttenlocher, 2014). Although neutrophils migrate more 

rapidly than macrophages to the wound site, their numbers begin to diminish within hours 

following injury while macrophages can remain there for up to four days (Mathias et al., 2006). 

Like all inflammatory responses, there are mechanisms in place for returning tissues back to their 

homeostatic state; this includes inhibiting further recruitment of immune cells as well as 

clearance of recruited cells. This can be accomplished by reducing the level of H2O2 (Pase et al., 

2012). Live imaging experiments using an H2O2-sensitive fluorophore demonstrated that 

neutrophil-derived MPO in zebrafish can catalyse the formation of hypochlorous acid from 

H2O2, thus preventing further neutrophil recruitment (Pase et al., 2012). Simultaneously, 

neutrophils that are already present in the inflammatory site can undergo apoptosis and clearance 
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by macrophages as a means to resolve the inflammation (Dockrell & Whyte, 2006; Haslett, 

1999; Tauzin et al., 2014). Live imaging has also shed new light on the fate of recruited 

neutrophils following the unexpected observation that some can reverse migrate away from the 

site of injury (Mathias et al., 2006). This phenomenon was later demonstrated to be conserved in 

mice and in vitro studies using human neutrophils, highlighting the advantages of exploiting the 

zebrafish model to study the vertebrate innate immune system (Hamza & Irimia, 2015; Woodfin 

et al., 2011). Moreover, it was observed in zebrafish that frequent contact between macrophages 

and neutrophils occurred prior to the reverse migration of neutrophils (Tauzin et al., 2014). 

Therefore, the zebrafish model revealed the importance of macrophage-neutrophil interactions to 

promote the resolution of inflammation and suggests that compromising this mechanism may 

lead to chronic inflammatory diseases. 

 

As discussed earlier, it is now widely known that macrophages are functionally heterogeneous, 

with the ability to take on various activation states depending on the environmental cues. Studies 

have shown that macrophages are capable of switching between the M1-like and M2-like 

phenotypes; but a more recent study suggests that different subpopulations of macrophages are 

recruited to the inflammatory site (Porcheray et al., 2005; Shechter et al., 2013). This 

discrepancy underlies the need to trace these subpopulations of macrophages in response to 

inflammatory stimuli in vivo in order to understand their origins and roles. With this in mind, a 

zebrafish transgenic reporter line was generated that marks macrophage activation, using the 

immunoresponsive gene 1 (irg1) promoter to drive the expression of EGFP (Sanderson et al., 

2015). Irg1 encodes a mitochondria-associated enzyme that is specifically expressed in 

macrophages as part of the bactericidal response to Salmonella (Hall et al., 2013; Sanderson et 
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al., 2015). Crossing the Tg(irg1:EGFP)nz26 line with the Tg(mpeg1:mCherry)gl23 line, that 

constitutively marks macrophages, enabled visualisation of macrophage activation to LPS and 

xenografted human cancer cells in real time (Sanderson et al., 2015). A more recent zebrafish 

transgenic reporter line, Tg(mpeg1:mCherryF/tnfa:eGFP-F), was generated marking tnfa-

expressing (M1-like) macrophages (Nguyen-Chi et al., 2015). The ability to fate trace Tnfa-

positive macrophages during the resolution of inflammation revealed the switch in their 

phenotype from the pro-inflammatory M1-like state to the anti-inflammatory M2-like state 

(Nguyen-Chi et al., 2015). Furthermore, Tnfa-positive macrophages and Tnfa-negative 

macrophages expressed mammalian M1-like and M2-like markers, respectively (Nguyen-Chi et 

al., 2015). Therefore, the heterogeneous nature of zebrafish macrophages mirrors that seen in 

mammals, emphasising the benefits of using the zebrafish model to study the dynamic functions 

of macrophages. 

 

1.5.2.2 Significant insights into bacterial infectious diseases 

Studies in zebrafish have led to major advances in our understanding of infectious diseases. To 

date, there are numerous zebrafish bacterial infection models that have been established such as 

Mycobacterium marinum, Salmonella, Pseudomonas aeruginosa, Staphylococcus aureus, 

Listeria monocytogenes and Burkholderia cenocepacia (Clatworthy et al., 2009; Davis et al., 

2002; Hall et al., 2012; J. P. Levraud et al., 2009; Mesureur & Vergunst, 2014; Prajsnar, 

Cunliffe, Foster, & Renshaw, 2008). The choice of the bacterial infection model is important and 

depends on the purpose of the study. For example, M. marinum causes chronic infection that can 

persist for days while Salmonella infection is acute with lethality seen as early as one day post-

infection (Astin et al., 2017; Davis et al., 2002; Du et al., 2017). In addition, the site of infection 
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also needs to be considered as this determines whether the initial infection remains localised or 

spreads systemically (Fig. 1.9) (Benard et al., 2012). One example of a well-established infection 

site for Salmonella is the hindbrain ventricle (Hall et al., 2012; Hall et al., 2013; Hall et al., 

2014). Bacterial microinjections in this site typically results in a localised infection. Furthermore, 

the optical clarity and superficial location of the hindbrain ventricle makes it a particularly 

suitable infection site for live imaging experiments to study the antibacterial response of innate 

immune cells.    

 

 

 

 

 

 

 

 

 

 

 

One particular area that zebrafish have made significant contributions to is the understanding of 

tuberculosis development, which is characterised by necrotic granulomatous lesions (Meijer, 

2016). This is a chronic disease that affects one-third of the world’s population (Meijer, 2016). 

While the cause of tuberculosis in humans is driven by M. tuberculosis infection, this disease can 

be recapitulated in the zebrafish model infected with the natural fish pathogen, M. marinum 

(Davis & Ramakrishnan, 2009; Prouty, Correa, Barker, Jagadeeswaran, & Klose, 2003). Through 

Figure 1.9: Bacterial microinjection sites in zebrafish larva. 

Localised microinjections can be performed in the hindbrain ventricle, otic vesicle, notochord, tail muscle and 

yolk sac. Although these sites initially retain the infection, failure of the immune system to resolve the infection 

can result in its spread to other parts of the body. Alternatively, bacteria can be microinjected directly into the 

blood circulation via the duct of Cuvier or caudal vein.  
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live imaging, it was revealed that the formation of granulomas is initiated by macrophages 

following their interaction with the bacteria (Davis et al., 2002). Although previously regarded as 

a static host defence structure that restricted the spread of bacteria, granulomas were shown to be 

dynamic in nature. While macrophages initially limit the growth of the bacteria, their 

involvement in granuloma formation facilitates mycobacterial growth (Davis & Ramakrishnan, 

2009; Volkman et al., 2010). Furthermore, egressing infected macrophages can also lead to its 

dissemination and seeding of secondary granulomas (Davis & Ramakrishnan, 2009). In vivo 

tracking of M. marinum during secondary infection revealed that the bacteria are transported into 

already-established granulomas (Cosma, Humbert, & Ramakrishnan, 2004). It was found that 

while the infection persisted this was due to the host’s inability to eradicate the bacteria rather 

than the bacteria itself developing mechanisms to evade the host defence (Cosma et al., 2004). 

Through forward genetic screening using zebrafish larvae, the role of leukotriene B4, a 

chemoattractant and pro-inflammatory ecosanoid, was found to be important in modulating the 

susceptibility to mycobacterial infection and this mechanism is also conserved in humans (Tobin 

et al., 2010). M. marinum evades detection by macrophages and their subsequent activation 

through TLR/Myd88 signalling pathway by masking PAMPs on their cell surface with 

phthiocerol dimycocerosate (PDIM) lipids (Cambier et al., 2014). However, mutant M. marinum 

strains lacking PDIM or independent activation of the TLR/Myd88 pathway by other bacterial 

strains can limit the infection (Cambier et al., 2014). Furthermore, efflux of bacteria from 

infected macrophages has been shown to contribute towards the tolerance of tuberculosis drug 

treatments, suggesting that efflux pump inhibitors in combination with antitubercular drugs can 

limit drug tolerance (Adams et al., 2011). These studies highlight the progress in understanding 

the early development of tuberculosis and the mechanisms of immune evasion, uncovering new 
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therapeutic possibilities. While M. marinum is well-established for studying chronic infections, 

the Salmonella model is ideal for studying acute infections. Through this model, it was revealed 

that irg1 is important for facilitating degradation of phagocytosed bacteria (Hall et al., 2013). 

The macrophage-specific Irg1 enzyme mediates fatty acid catabolism through oxidative 

phosphorylation to produce mitochondrial ROS (mtROS), which contributes to the clearance of 

internalised bacteria (Hall et al., 2013). This highlights the critical link between metabolism and 

immunity and identifies Irg1 as potential target of this interface.  

 

Despite the obvious anatomical differences between zebrafish and humans, zebrafish is 

recognised as a valuable model for extending our current knowledge in immunology. The 

transparency of zebrafish larvae and their genetic tractability offer unique insights into the 

behaviour of innate immune cells and their interactions with bacteria in a live intact vertebrate 

model. The extensive molecular tools that are available for studying infectious diseases in 

zebrafish pave the way for further discoveries of mechanisms that drive the immune response to 

infections.   

 

1.5.3 Zebrafish in the field of chrono-immunology  

The zebrafish is a relatively new model for investigating the circadian-immune axis. So far, 

studies in adults have revealed rhythmicity in the phagocytic activity of leukocytes and migration 

of neutrophils (Kaplan, Chrenek, Morash, Ruksznis, & Hannum, 2008; D. L. Ren, Li, Hu, Wang, 

& Hu, 2015). Most recently, clock genes were confirmed to be expressed in a circadian manner 

in isolated adult leukocytes (D. Ren, Zhang, Yang, Wang, Wang, Huang, Tian, & Hu, 2018a). 

Following global knockout of per1b, it was found that the rhythmic migration of neutrophils to 
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wounds in larvae was perturbed but this was not seen in per2 mutants (D. Ren et al., 2018a). This 

suggests that clock genes possess different roles in regulating the inflammatory response in 

zebrafish. Importantly, these results support zebrafish as a promising model for offering further 

mechanistic insights into the circadian clock regulation of the innate immune system. To date 

however, the zebrafish model has not been used to investigate the in vivo interactions between 

host immune cells and bacteria with respect to changes in the circadian clock.  

 

1.6 Genome editing using CRISPR/Cas9 

Precise genome editing is a powerful technique used in biomedical research. It enables the 

opportunity to induce targeted insertion/deletion mutations or introduce new sequences to the 

target site. Three major genetic engineering techniques that have been used to create targeted 

lesions in the zebrafish genome are: zinc finger nucleases (ZFNs), transcription activator-like 

effector nucleases (TALENs) and clustered regularly interspaced short palindromic 

repeats/CRISPR associated system 9 (CRISPR/Cas9) (Bedell & Ekker, 2015). More recently, 

CRISPR/Cas9 has risen in popularity as a relatively simple, efficient and low-cost alternative to 

ZFN and TALENs for targeted mutagenesis. This system is based on the type II CRISPR/Cas9 

system in Streptococcus pyogenes that provides acquired immunity against invading foreign 

DNA such as plasmids and viruses (Hwang et al., 2013; Jao, Wente, & Chen, 2013). This is 

achieved by transcribing foreign DNA segments (called spacers) which have been integrated into 

the CRISPR genome loci to generate CRISPR RNA (crRNA) (Deltcheva et al., 2011). The RNA 

then anneals with a trans-activating crRNA (tracrRNA), forming a complex which guides the 

Cas9 endonuclease to cleave the target site in foreign DNA (Deltcheva et al., 2011). Since the 
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discovery of this system, the crRNA and tracrRNA duplex have been modified to form a single 

guide RNA (gRNA) whilst retaining their original function (Jinek et al., 2012). By modifying the 

genome recognition sequences in the gRNA, this system can be customised to cleave desired 

target sites. The majority of DNA target binding specificity is due to a 20-nucleotide spacer 

sequence of the gRNA (Sternberg, Redding, Jinek, Greene, & Doudna, 2014) (Fig. 1.10A). 

Mismatches in the seed region, which is considered to be 8-12 bases proximal to the PAM motif, 

is less well tolerated (Hsu et al., 2013; Jao et al., 2013; Jinek et al., 2012) (Fig. 1.10A). 

Furthermore, a short DNA sequence called Protospacer Adjacent Motif (PAM) also needs to be 

present downstream of the 20 bp target region for Cas9 binding (Fig. 1.10A) (Sternberg et al., 

2014). In the case of Cas9 derived from S. pyogenes, the PAM motif is 5'-NGG-3' (Jinek et al., 

2012). This provides adequate specificity to target desired DNA sequences that are 5'-N20-NGG-

3' (Fig. 1.10A). 
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Creation of a double strand break (DSB) in the DNA target site is an important step in precise 

genome engineering. This triggers cellular DNA repair mechanisms to rapidly repair the 

damaged DNA. One mechanism is non-homologous end joining (Bedell & Ekker, 2015; Cong et 

Figure 1.10: CRISPR/Cas9-mediated genome editing. 
Cas9 endonuclease is recruited to its DNA target by the guide RNA (gRNA), which directly base-pairs with the 

DNA. A PAM motif downstream of the target sequence is required for Cas9 recognition and cleavage of both 

DNA strands. The double strand break (DSB) is repaired either by the error-prone method, non-homologous end 

joining (NHEJ), or by homology-directed repair (HDR) which integrates a donor DNA template into the DSB 

site (knock-in).  
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al., 2013; Li, Zhao, Page-McCaw, & Chen, 2016). This is an error-prone repair mechanism 

because it introduces small insertions or deletions at the break site (Fig. 1.10B). This usually 

results in a frame-shift mutation which abolishes the gene function. Alternatively, homology 

directed repair takes place involving the integration of an exogenous sequence at the DSB site 

(Figure 1.10B) (Gagnon et al., 2014; Hoshijima, Jurynec, & Grunwald, 2016; Li et al., 2016). 

However, homology directed repair occurs at a lower frequency compared to non-homologous 

end joining which is the typically favoured repair method (Li et al., 2016).  

 

CRISPR/Cas9-mediated genome editing has revolutionised genome engineering in zebrafish. 

Zebrafish knockout lines of single or multiple genes have been successfully generated (Jao et al., 

2013; Li et al., 2016). Additionally, it can modify mutated alleles to restore the wild-type 

sequence (Li et al., 2016). While these applications are used for global genome editing, tissue- 

and/or temporal-specific mutagenesis can also be achieved. This requires generating zebrafish 

transgenic lines that drive the expression of Cas9 under tissue-specific or inducible promoters, 

and gRNAs under the U6 promoter (Yin, Maddison, & Chen, 2016). Given its success, 

CRISPR/Cas9 is now widely implemented as a genome engineering tool in zebrafish.  

 

1.7 Thesis outline 

Currently, research connecting the traditionally distinct fields of chronobiology and immunology 

is attracting increasing attention. Growing data suggest that molecular clock components are 

crucial in the regulation of the immune system. In particular, compelling evidence supports the 

role of BMAL1 and REV-ERBα in controlling leukocyte recruitment and pro-inflammatory 
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cytokine production in response to pathogens in mice. PER and CRY have also been 

demonstrated to modulate inflammation. However, it is unknown how these clock components 

regulate immune cell-specific functions during infection in an intact physiological milieu.  

 

Although zebrafish is a well-established model in chronobiology and immunology, it is still a 

relatively new model for studies concentrating on the circadian-immune axis. Preliminary 

evidence connecting the circadian clock with acute infection in zebrafish emerged from a 

microarray analysis performed previously by our lab (Hall et al., 2014). The results revealed a 

downregulation in the expression of per2 in infected larvae undergoing emergency 

granulopoiesis compared to the PBS control group. Given that per2 is a light-inducible gene, this 

indicates that light may potentially regulate the innate immune system by altering the circadian 

clock. Building on these early results, this PhD study aimed to investigate this hypothesis. 

 

The following is the structural layout of the subsequent chapters.  

• Chapter 2 contains a detailed description of the general materials and methods used in 

this study.  

• Chapters 3 to 6 are comprised of a preface followed by the results and discussion. 

o Chapter 3 establishes and validates the protocols for generating a light-induced 

rhythm in zebrafish larvae. 

o Chapter 4 investigates the effect of light on the innate immune response using the 

zebrafish Salmonella model for acute infection. 

o Chapter 5 describes the generation and validation of the zebrafish per2-/- mutant 

line, which functionally knocks out the per2 gene. 
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o Chapter 6 investigates the innate immune response to Salmonella infection in 

per2-/- mutant larvae. 

• Chapter 7 summarises the overall results of this PhD study. 
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Chapter 2 Materials and methods 

2.1 Materials and reagents 

2.1.1 Primers  

Primers for polymerase chain reaction (PCR), reverse transcription PCR (RT-PCR) and 

quantitative PCR (qPCR) were designed using the NCBI Primer Designing Tool 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) (Tables 2.1 and 2.2). qPCR primers were 

designed to span exons to control for genomic DNA (gDNA) contamination. Primers were 

purchased from Life Technologies or Integrated DNA Technologies (IDT) in the form of 

lyophilised powder stocks. These were resuspended in nuclease-free water to produce a stock 

concentration of 100 µM and stored at -20°C.  

 

The amplification efficiency of each qPCR primer pair (Table 2.3) was calculated using the 

equation, [10(1/−S)−1] × 100, where S is the slope of the linear regression analysis based on 

reactions using 10-fold serially diluted cDNA (Ginzinger, 2002). Validation of qPCR primer 

performance was based on the correlation coefficient value (R2) > 0.99 and the specificity of the 

primers was validated by detection of a single peak using melting curve analysis. 
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Table 2.1: Sequence of primers used for PCR and RT-PCR. 

Gene Use Forward primer sequence (5'-3') Reverse primer sequence (5'-3') 

Antisense per2  Control for per2 
mRNA rescue 

TATGGATCCTCAGGTGTCTGG
ACCGG 

GATCGAATTCGGACCATGTCTA
AAGACCTGGATTCCAA 

bmal1 Riboprobe template ACATGCATTGATCACAGCTGC GATCATGGCAAGGCAAACGG 

clock1a Riboprobe template TCGGAGAAGAAGAGGCGAGA ATCTGGACCACATTGGCCTG 

per2 Riboprobe template AAGACCTGGATTCCAAACCGT CCGCCGCTAATACGACAGAA 

per2 mRNA rescue TATGGATCCGGACCATGTCTA
AAGACCTGGATTCCAA 

GATCGAATTCTCAGGTGTCTGG
ACCGG 

per2 mutant Riboprobe template TTCACCACCACACACACTCC GTCTTTGAAGGCCAGCTCCT 

per2 mutant Genotyping per2 
mutants (external 
primers) 

CCCCACAGACAAGCGAATCT GGAAAAGGGGGTCTTGGGAA 

per2 mutant Genotyping per2 
mutants (internal 
primers) 

TTAATCGGCACACCTGTCCT TGTTGGGATGCAGGTTGAGTAT 
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Table 2.2: Sequence of primers used for qPCR. 

Gene Forward primer sequence (5'-3') Reverse primer sequence (3'-5') References 

aanat2 TCGGTGTCTGGTGAATGTCC GTGTGCTCATAGCCTCCTGTT  

β-actin CGTGCTGTTTTCCCCTCCA TCACCAACGTAGCTGTCTTTCTG  

bmal1a ACAGAGCTTCGCCACAAACC GCCATTAGATCATCCGCACAGA  

bmal1b GTCTCCCAGTTCCACTGAGC GTGTCCATACTGTCCTCAAAAGAA  

bmal2 TGCGGGAAGATCGGAAGATG CTGGACAGCCATTCGTAGCA  

c3.3 CGGTACACAAACACCCCTCT GTCTTCCTCATCGTTCTCTTGTT (Forn-Cuní et al., 2014) 

cfp TCCTCAGCCTGCTCTGTGACTTGTG TTCGGGTTCCCTCCCTGGTTCT (Y. Zhang et al., 2013) 

clock1a CCAGCATAGACCGGGATGAC TCTCGCCTCTTCTTCTCCGA  

cry1a GAGGGCATGAAGGTGTTCGAG AAGCTCACAGGGCAATAGCA  

cry1b AATCACGCTGAGGCTAGCAG ATAGTTGCAAGGAGCCCAAGG  

cry2a TGACATGGCAGGACACTTGCT TTGTGCGAAGTGGAGAGGGA  

cry2b GTGGGTGATGTCGGTGAACTC CTGAAGGAGAAACCTCCAGCGG  

cxcl8a CTTAACCCATGGAGCAGAGG CCAAGCCCACACTGTAAAGA  

ifng-1-1 CGCTTGCAAAGGATTGGGTT GTTGGCTTAGAATTCAGCTGGT  

per1b TACAGGAGGATTCCCGCTCA GCTGCTCTGACTGCTTCTAGT  

per2 TCCGTCTCTGACTCCTCTGG CTTCAATGATCTCTTTCTTGTCTCC  

per3 CCGCTGTCAGAACGGAGATT ATTTAGAGGGCCAGTGCGAA  

tnf-a GTTTATCAGACAACCGTGGCCA GATGTTCTCTGTTGGGTTTCTGAC (Oehlers et al., 2011) 
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Table 2.3: Amplification efficiencies of qPCR primers designed during this project. 

 

2.1.2 Template vectors 

The template vectors for producing riboprobes for whole mount in situ hybridisation (WMISH) 

and mRNA can be found in Tables 2.4 and 2.5. 

 

Table 2.4: Template vectors and enzymes required for synthesis of riboprobes. 

Template vector Restriction enzyme RNA polymerase Riboprobe orientation 

aanat2 pGEM-T Easy NcoI SP6 antisense 
SpeI T7 sense 

bmal1a pGEM-T Easy NcoI SP6 antisense 
SpeI T7 sense 

clock1a pGEM-T Easy NcoI SP6 antisense 
SpeI T7 sense 

per2 pGEM-T Easy NcoI SP6 antisense 
SpeI T7 sense 

 

Primers Regression analysis Amplification efficiency 
R2 Slope y-intercept 

aanat2 0.9952 -3.29 24.0 2.01 
β-actin 0.9988 -3.38 15.4 1.98 
bmal1a 0.9954 -3.13 31.6 2.09 
bmal1b 0.9951 -3.38 27.1 1.98 
bmal2 0.996 -3.55 25.0 1.91 
clock1a 0.9875 -3.36 26.7 1.99 
cry1a 0.9995 -3.62 21.0 1.89 
cry1b 0.9951 -3.70 25.6 1.86 
cry2a 0.9956 -3.30 21.6 2.01 
cry2b 0.9973 -3.52 26.5 1.92 
cxcl8a 0.9931 -3.12 23.5 2.09 
ifng-1 0.9976 -3.93 31.2 1.79 
per1b 0.9996 -3.78 23.5 1.84 
per2 0.9997 -3.85 23.0 1.82 
per3 0.9958 -3.47 22.5 1.94 
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The aanat2 pGEM-T Easy plasmid was a generous gift from Professor Yoav Gothilf from Tel 

Aviv University (Gothilf et al., 1999). 

Table 2.5: Template vectors and enzymes required for synthesis of full-length mRNA. 

Template vector Restriction enzyme RNA polymerase Full length mRNA 

antisense per2 pCS2+ ApaI SP6 antisense of per2 gene 

per2 pCS2+ ApaI SP6 per2 gene 

 

2.1.3 Bacterial strains 

The bacterial strains used in this study are described in Table 2.6.  

Table 2.6: Bacterial strains used in this study. 

Species Strain Source Use 

E. coli DH5α In-house Cloning and plasmid propagation 
work using pGEM-T Easy Vector 

E. coli TOP10 Invitrogen Gateway cloning and plasmid 
propagation work 

GFP-expressing 
Salmonella enterica  
 

Serovar Typhimurium (Hall et al., 2007) Infection 

 

 

 

 

 

 

 



102 
 

2.1.4 Bacterial growth media and supplements  

The composition of bacterial growth media and supplements is described in Table 2.7. 

Table 2.7: Bacterial growth media and supplements used in this study. 

Media Use Composition 

Ampicillin  Selective antibiotic 100 mg/mL in 50% ethanol 

Isoproyl β-D-1-
thiogalactopyranoside 
(IPTG) 

Lac operon inducer for blue/white colony 
selection 

25 mg/mL in sterile water 

Kanamycin Selective antibiotic 50 mg/mL in sterile water 

Luria broth (LB) 
(Life Technologies premix) 

Liquid bacterial growth medium 1% (w/v) Peptone 140  
0.5% (w/v) Yeast extract  
171.11 mM NaCl 

LB Agar 
(Life Technologies premix) 

Solid bacterial growth medium 1% (w/v) Peptone 140  
0.5% (w/v) Yeast extract  
85.56 mM NaCl  
1.2% (w/v) Agar 

Super Optimal Broth (SOB) Liquid bacterial growth medium for 
making in-house chemically competent 
DH5α E.coli 

2% w/v tryptone  
0.5% w/v yeast extract  
10 mM NaCl  
2.5 mM KCl  
pH adjusted to 7.0 

SOB with catabolite 
suppression (SOC) 
(Life Technologies) 

Liquid bacterial growth medium for cell 
transformation  

2% Tryptone  
0.5% Yeast Extract  
10 mM NaCl  
2.5 mM KCl  
10 mM MgCl2  
10 mM MgSO4  
20 mM glucose 

X-Gal Blue/white colony selection 20 mg/mL in dimethylformamide 
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2.1.5 Buffers and solutions 

Details of the buffers and solutions can be found in Table 2.8. 

Table 2.8: Composition of buffers and solutions. 

Name Use Composition 

1 kb Plus DNA ladder Gel electrophoresis 8% (v/v) loading dye and 30% (v/v) Gene Ruler 1 kb 
Plus DNA ladder 75-20,000 bp (Fermentas) in sterile 
water 

1-phenyl-2-thiourea 
(PTU), 100X 

Inhibition of melanocyte 
development 

0.3% (w/v) 1-phenyl-2-thiourea  
1X E3  
Dissolved overnight with heating and cooled to room 
temperature. 

Agarose gel Gel electrophoresis 1% or 2% (w/v) Agarose 
1X TAE buffer 

Alkaline lysis buffer gDNA extraction from 
embryos 

25 mM NaOH 
0.2 mM EDTA 

Blocking solution WMISH 10% (v/v) Western blocking reagent (Roche)  
PBST 

Blocking solution (IB) Whole mount 
immunohistochemistry 

10% (v/v) normal goat serum (NGS) 
1% (v/v) DMSO 
PBTr 

CCMB80 buffer In-house chemically 
competent E. coli 

10 mM KOAc pH 7 
80 mM CaCl2•2H2O 
20 mM MnCl2•4H2O 
10 mM MgCl2•6H2O 
10% (v/v) glycerol 

Cell resuspension solution Flow cytometry 0.9X PBS (pH 7.4) 
5% (v/v) fetal bovine serum  

DEPC-treated water RNase-sensitive applications 0.1% (v/v) diethyl pyrocarbonate 
sterile water 
Autoclaved before use 

DIG labelling mix, 10X 
(Roche) 

WMISH probe synthesis 10 mM ATP  
10 mM CTP  
10 mM GTP  
6.5 mM UTP  
3.5 mM DIG-11-UTP 

Dissociation medium Flow cytometry 1:1 dilution of 0.5% Trypsin-EDTA (Gibco) with 
filtered-sterile PBS (pH 7.4) 

Dissociation stop medium Flow cytometry 1 mM CaCl2 

5% (v/v) fetal bovine serum 
sterile water 
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dNTPs (10 mM) cDNA synthesis/RT-PCR 10 mM dATP 
10 mM dTTP 
10 mM dCTP 
10 mM dGTP 
sterile water 

E3 (1X) Embryo medium 0.33 mM CaCl2 

0.33 mM MgSO4 
0.17 mM KCl  
5 mM NaCl 

Hybridisation buffer 
(HYB+) 

WMISH 50% formamide  
5X SSC  
50 µg/mL heparin  
500 µg/mL tRNA  
0.1% Tween-20  
DEPC-treated water 

Low melting-point agarose 
gel 

Confocal imaging of live and 
fixed larvae 

1% UltraPureTM LMP Agarose (Life Technologies) in 
either 1X E3 (with 2% (v/v) tricaine solution) for live 
imaging or in PBS for fixed larvae. 

Lysis buffer gDNA extraction from fin 
clips 

10 mM Tris 
1 mM EDTA 
0.3% (v/v) Tween 
0.3% (v/v) glycerol 

Neutralisation buffer gDNA extraction 40 mM Tris.HCl 
sterile water 
Adjusted to pH 8 

Paraformaldehyde (PFA) WMISH 4% (w/v) paraformaldehyde 
PBS 

PFA (sweet) Whole mount 
immunohistochemistry 

4% (w/v) PFA 
4% (w/v) sucrose 
PBS 

Phenol Red Injection  0.5% (w/v) phenol red  
200 mM KCl  
sterile water 

Phosphate-buffered saline 
(PBS) 

Solvent for various 
applications 

4 mM KH2PO4  
150 mM NaCl  
10 mM Na2HPO4  
sterile water 

Phosphate-buffered saline 
with Triton-X100 (PBTr) 

Wash solution for whole 
mount immunohistochemistry 

0.65% (v/v) Triton-X100 
PBS 

Phosphate-buffered saline 
with Tween (PBST) 

Wash solution for WMISH 0.1% (v/v) Tween-20 
PBS 

Post-hybridisation buffer 
(HYB-) 

WMISH 50% formamide  
5X SSC  
50 µg/mL heparin  
0.1% Tween-20  
DEPC-treated water 
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Proteinase K WMISH 100 mg/mL Proteinase K 
PBST 

Ringer’s (10X stock) Flow cytometry 20 mM KCl  
15 mM K2HPO4  
10 mM MgSO4  
100 mM HEPES  
1.4 M NaCl 

Ringer’s Solution  Flow cytometry 1X Ringer's  
10 mM D+ Glucose  
2 mM MgCl2  
sterile water 

Saline solution citrate 
(SSC) buffer (20X stock) 

WMISH 3 M NaCl  
300 mM sodium citrate  
sterile water 

Staining buffer WMISH 20 mM Tris pH 9.5  
20 mM MgCl2  
100 mM NaCl  
0.2% Tween-20  
DEPC-treated water 

Staining solution WMISH 0.1% (v/v) nitro-blue tetrazolium chloride (NBT) 
0.35% (v/v) 5-bromo-4-chloro-3'-indolyphosphate p-
toluidine salt (BCIP) 
100 mg/mL polyvinyl alcohol  
Dissolved in staining buffer  

SYBR Safe wash Gel electrophoresis 0.0001% Ethidium Bromide (v/v)  
1X TAE buffer 

TAE buffer Gel electrophoresis 40 mM Tris  
1.14% (v/v) glacial acetic acid  
1 mM EDTA  
sterile water 

Tricaine solution Anaesthetic 2% (w/v) Tricaine  
20 mM Tris-HCl 
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2.1.6 Antibodies 

Antibodies used for WMISH and whole mount immunohistochemistry are listed in Table 2.9. 

 

Table 2.9: Antibodies used for WMISH and immunofluorescence. 

Target Primary antibody Secondary antibody Use 

DIG-labelled 
riboprobes 

Sheep anti-DIG-POD 
(Roche) 

 WMISH 

DsRED Rabbit DsRED polyclonal 
antibody (Clontech) 

Goat anti-rabbit Alexa Fluor 546 
(Invitrogen) 

Immunofluorescence 

mCherry Mouse mCherry 
monoclonal antibody 
(Clontech) 

Goat anti-mouse Alexa Fluor 546 
(Invitrogen) 

Immunofluorescence 

 

2.1.7 Reagent used for live imaging analysis 

ROS production in phagocytosing neutrophils and macrophages were analysed by co-injecting 

Salmonella with the ROS fluorescent probe, CellROX (Invitrogen) (Table 2.10).  

 

Table 2.10: Fluorescent probe used for detection of ROS production. 

Fluorescent probe Concentration Excitation/emission wavelength 
(nm) 

Use 

CellROX Deep Red 
Reagent (Invitrogen) 

50 µM (in 1% 
dimethyl sulphoxide) 

644/665 ROS detection 

 

2.2 Molecular biology methods 

2.2.1 Total RNA extraction 

Total RNA from whole larvae was extracted using TRIzol reagent (Life Technologies). Larvae 

were homogenised in 1 mL of TRIzol with repeated passage through a 22-gauge needle. The 

homogenate was either stored at -20°C for up to two weeks or immediately processed using the 

chloroform-isopropanol precipitation method. The homogenate was incubated at room 
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temperature for 5 minutes before phase separation was carried out by adding 0.2 mL of 

chloroform per mL of TRIzol. This was then vortexed and centrifuged at 12,000 x g for 15 

minutes at 4°C. The upper aqueous phase was transferred into a nuclease-free microfuge tube. 

RNA was precipitated by adding 0.5 mL of 100% isopropanol per mL of TRIzol and incubated 

at room temperature for 10 minutes. RNA was pelleted by centrifugation at 10,000 x g for 10 

minutes at 4°C. The pellet was washed with 0.5 mL of 70% ethanol before centrifugation at 8000 

x g at 4°C. RNA pellet was either stored in 100% ethanol at -80°C or resuspended in UltraPure 

water (Life Technologies) before storage at -80°C.  

 

2.2.2 Reverse transcription 

RNA was reverse transcribed into cDNA using the SuperScript III First-Strand Synthesis System 

for RT-PCR (Life Technologies). Up to 2 µg of total RNA was combined with 1 µL random 

primers (Roche) and UltraPure water to make 12 µL. This was followed by 10 minutes of 

incubation at 70°C before cooling on ice for 1 minute. A cDNA synthesis mastermix containing 

4 µL 5X transcription buffer, 1 µL of dNTPs (10 mM) and 2 µL of DTT (0.1 mM) was incubated 

at room temperature for 5 minutes. This was followed by incubation with 1 µL of SuperScript III 

RT enzyme at 42°C for 90 minutes, then 70°C for 20 minutes. Residual RNA was removed by 

incubation with RNase H at 37°C for 30 minutes. The resulting cDNA was stored at -20°C until 

use.  

 

For low-yield RNA samples, cDNA synthesis was carried out using the iScript cDNA Synthesis 

Kit (Bio-Rad) according to the manufacturer’s protocol. In a total volume of 20 µL, RNA was 

combined with 4 µL of 5X iScript reaction mix, 1 µL of iScript reverse transcriptase and 
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UltraPure water. The reaction was incubated in an Eppendorf Mastercycler Nexus Thermal 

Cycler Eco at 25°C for 5 minutes, 42°C for 50 minutes and 85°C for 5 minutes. The resulting 

cDNA was stored at -20°C until use. 

 

2.2.3 Genomic DNA extraction  

gDNA was extracted from whole larvae using the alkaline lysis method. This was carried out by 

adding alkaline lysis buffer to larvae (10 µL per larvae) and incubating at 95°C for 30 minutes. 

Samples were neutralised by adding 1/10 volume of neutralisation buffer and then centrifuged at 

10,000 x g for 10 minutes. The supernatant was transferred to a nuclease-free microfuge tube and 

stored at 4°C until use.  

 

To extract gDNA from fin clips, individual fin clips were placed into PCR tubes with 50 µL of 

lysis buffer and incubated at 98˚C for 10 minutes. Samples were cooled to RT before the 

addition of 10 µL of proteinase K (10 mg/mL), which was then incubated at 55˚C for 2 hours. 

Samples were heated at 98˚C for 10 minutes to deactivate proteinase K. The supernatant was 

transferred to a nuclease-free microfuge tube and diluted by 100 µL of sterile water. Samples 

were stored at 4°C until use. 

 

2.2.4 Polymerase chain reaction (PCR) 

Routine PCR was carried out using Platinum PCR Supermix (Life Technologies). Primers were 

diluted to 10 µM working stocks. In a total volume of 20 µL, 0.5 µL of each forward and reverse 

primer was mixed with 1 µL of DNA template (10-200 ng/µL) and 18 µL of Supermix. 
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Amplification was carried out in an Eppendorf Mastercycler Nexus Thermal Cycler Eco, with a 

thermal profile of 94°C for 2 minutes, followed by 35 cycles of denaturation at 94°C for 30 

seconds, annealing at the primer-specific temperature for 30 seconds and extension at 72°C for 1 

minute/kb of product. Final extension was performed at 72°C for 5 minutes with an indefinite 

hold at 4°C until storage.  

 

High fidelity PCR amplification required for cloning was carried out using Phusion High-

Fidelity DNA Polymerase (New England BioLabs, NEB from here on) according to the 

manufacturer’s protocol. In a total volume of 20 µL, 4 µL of 5x Phusion HF Buffer, 0.4 µL of 

dNTPs (10 mM), 1 µL of each forward and reverse primers (10 µM), DNA template (50-250 ng) 

and 0.2 µL of enzyme, were combined. The cycling parameters include initial denaturation at 

98°C for 30 seconds followed by 35 cycles of denaturation at 98°C for 10 seconds, annealing at 

the primer-specific temperature for 30 seconds and extension at 72°C for 30 seconds/kb. A final 

extension at 72°C was carried out for 10 minutes with an indefinite hold at 4°C until storage.  

 

Purification of PCR products was performed using the PureLink PCR Purification Kit (Life 

Technologies) according to the manufacturer’s instructions. 

 

2.2.5 Quantitative PCR (qPCR) 

Quantification of transcript levels was carried out using PerfeCTa SYBR Green FastMix with 

ROX (Quanta Biosciences) in a QuantStudio 12K Flex Real-Time PCR System (Thermo Fisher 

Scientific). UltraPure water was used to dilute cDNA (1 in 20), as well as forward and reverse 

primers to produce a final concentration of 1.5 µM. An epMotion 5070 liquid handling robot 
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(Eppendorf) was used to prepare the reactions in a 384-well plate. Each reaction contained 4 µL 

diluted cDNA, 1.5 µL of each primer and 5 µL of the FastMix solution. Four technical replicates 

were carried out per sample for each primer pair. The cycling parameters were initial 

denaturation at 95°C for 2 minutes followed by 40 cycles at 95°C for 15 seconds and 60°C for 30 

seconds. Optimal qPCR primers were selected based on the detection of a single peak using 

melting curve analysis and high efficiency (see subsection 2.1.1). Microsoft Excel was used to 

analyse data using the comparative CT method with β-actin as the reference gene (Schmittgen & 

Livak, 2008). In brief, the variance between CT values of the four technical replicates was 

minimised to < 0.1 by removing any outliers to determine the average CT value. The ΔCT value 

was calculated by subtracting the average CT value of β-actin from the average CT value of the 

target gene. The ΔCT of the calibrator sample was then subtracted from the ΔCT of the sample 

of interest to determine the –ΔΔCT. The relative transcript quantity was calculated by 2(–ΔΔCT).  

 

2.2.6 Nucleic acid quantification 

Concentrations of DNA and RNA were quantified using the Nanodrop ND-1000-UV-Vis 

spectrophotometer (Thermo Scientific) by measuring the absorbance at 260 nm.  The sample 

purity was determined by the A260/280 and A260/230 ratios. 

 

RNA samples intended for RNA-Seq analysis were further quantified using a 4200 TapeStation 

Instrument (Agilent Technologies) following the manufacturer’s instructions. The RNA integrity 

number (RIN) was used to determine the RNA quality.  
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2.2.7 Gel electrophoresis 

Gel electrophoresis was used to separate nucleic acid fragments according to their size. DNA or 

RNA samples were combined with 1X loading dye and loaded into the wells of 1% or 2% 

agarose gel (Life Technologies) submerged in TAE buffer. A reference lane was loaded with the 

1 kb Plus DNA Ladder (Fermentas) for band size determination. The gels were run using a Bio-

rad mini-sub cell GT system at 100 volts. Gels were stained in 1X SYBR Safe (Life 

Technologies) for 30 minutes and the bands were visualised under a blue light transilluminator in 

the Bio-Rad Gel Doc Imager with Bio-Rad Quantity One Software (v4.4.1). 

 

2.2.8 Gel extraction 

Gel extraction was carried out using the QIAquick Gel Extraction Kit (Qiagen) according to the 

manufacturer’s protocol. DNA bands stained with SYBR Safe were visualised under blue light 

and excised using a sterile razor.  

 

2.2.9 Restriction digest 

Restriction enzyme digests were carried out following the manufacturer’s protocol. For each 

reaction, the appropriate amount of buffer and DNA was added with a maximum of 10% (v/v) of 

enzyme. Digest reactions were incubated for one to two hours at 37°C to ensure complete 

digestion.  
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2.2.10 Sanger sequencing  

Sequencing of samples, in the form of either plasmids or PCR products, were performed by the 

School of Biological Sciences, Centre for Genomics and Proteomics (The University of 

Auckland). Sequences were analysed using MacVector v14.0.6.  

 

2.2.11 RNA-Seq  

RNA extraction was carried out using the TRIzol protocol (detailed in subsection 2.2.1). The 

upper aqueous phase was mixed with an equal volume of 70% ethanol and the subsequent 

purification steps were carried out using the RNeasy Mini Kit (Qiagen) according to the 

manufacturer’s protocol. RNA was eluted with UltraPure water and immediately stored at -80°C. 

 

Assessment of the RNA quality was carried out using the Nanodrop ND-1000-UV-Vis 

spectrophotometer (Thermo Scientific) and 4200 TapeStation Instrument (Agilent Technologies) 

(see subsection 2.2.6). The subsequent cDNA library synthesis and sequencing was performed 

by the School of Biological Sciences, Centre for Genomics and Proteomics (The University of 

Auckland). Samples were sequenced in one lane of the Illumina NextSeq 550 System with 

single-end 75 bp reads.  

 

Bioinformatics analysis of the RNA-Seq data was performed by David Wheeler from Genomics 

Service (Massey University). In brief, sequence reads were adapter filtered and quality trimmed 

using BBDuk version 37.75 (Bushnell, 2016). Any reads less than 50 bp post-trimming were 

removed to reduce potential mapping errors. Sample reads were mapped against the zebrafish 



113 
 

reference genome GRCz10 (downloaded from Ensembl) using HISAT2 (version 2.1) (D. Kim, 

Langmead, & Salzberg, 2015). The read counts for each gene were generated by HTSeq (version 

0.9.1) and differential expression analysis was performed using DESeq2 (Anders, Pyl, & Huber, 

2015; Love, Huber, & Anders, 2014).  

 

2.2.11.1 Enrichment analysis 

Gene ontology (GO) and Reactome pathway enrichment analyses was performed using the 

Protein ANnotation THrough Evolutionary Relationship (PANTHER) database (http://www. 

pantherdb.org) (Mi, Poudel, Muruganujan, Casagrande, & Thomas, 2015). Kyoto Encyclopedia 

of Genes and Genomes (KEGG) pathway enrichment analysis was performed using the Database 

for Annotation, Visualisation and Integrated Discovery (DAVID) (https://david.ncifcrf.gov/) 

(Dennis et al., 2003). These analyses were based on differentially expressed genes with a false 

discovery rate (FDR) cut-off of <0.05. GO biological process terms were summarised in a 

treemap format using REVIGO (http://revigo.irb.hr/) (Supek, Bošnjak, Škunca, & Šmuc, 2011). 

 

2.2.11.2 Presentation of RNA-Seq data 

Heatmap was generated using the “pheatmap” package in R (version 3.5.0). Volcano plots were 

created using the “dplyr”, “ggplot2” and “ggrepel” packages in R.  

 



114 
 

2.2.12 Cloning  

Partial or full-length gene amplicons were ligated into pGEM-T Easy Vector (Promega) or 

pCS2+ vector (Table 2.11). The pGEM-T Easy ligation mixture consisted of 5 µL 2x Rapid 

Ligation Buffer (Promega), 3 µL PCR product, 1 µL vector, 1 µL T4 ligase (Promega). The 

ligation mixture was incubated overnight at 4°C. To ligate the full-length gene amplicon into the 

pCS2+ vector, 2 µL of 10X T4 DNA Ligase Buffer (NEB), 50 ng of pCS2+ vector, insert DNA 

at a 3:1 (PCR product:vector) molar ratio, 1 µL of T4 DNA Ligase (NEB) and sterile water were 

mixed to a total volume of 20 µL. This ligation mixture was incubated at 16°C overnight.  

 

Table 2.11 Vectors used for cloning in this study. 

Vector Source Cloning purpose 

pGEM-T Easy  Promega For synthesising riboprobes for WMISH  

pCS2+  Addgene For synthesising mRNA 

 

2.2.13 Transformation 

Heat shock was used to transform chemically competent E. coli with plasmids for the purpose of 

their amplification and/or storage. Bacteria were firstly thawed on ice for 10 minutes before the 

addition of 2 µL of the purified plasmid or ligation mix. This was followed by 20 minutes of 

incubation on ice. Bacteria were then heat shocked at 42°C for 30 seconds and then placed on ice 

for 2 minutes. Transformed bacteria were combined with 250 µL of SOC medium and incubated 

for an hour at 37°C with shaking at 200 rpm. The resulting 300 µL inoculum was divided and 

plated on two agar plates containing the appropriate selective antibiotic. Plates were incubated 
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overnight at 37°C. Ampicillin and blue/white colony selection using IPTG/X-Gal was 

implemented to identify transformed bacteria carrying recombinant pGEM-T Easy Vectors.  

 

2.2.14 Glycerol stocks 

All plasmids generated were stored as glycerol stocks at -80°C. Stocks were made by combining 

500 µL of overnight bacterial culture with 500 µL of filtered-sterile 50% glycerol/50% water in a 

1.6 mL cryotube.  

 

2.2.15 Plasmid purification 

Individual transformed colonies were picked using a sterile pipette tip to inoculate 5 mL LB 

containing the appropriate selective antibiotic. This was grown overnight at 37°C with shaking at 

200 rpm. Depending on the desired yield, plasmid purification was performed either with the 

QIAprep Miniprep Kit (Qiagen) or QIAprep Midiprep Kit (Qiagen) according to the 

manufacturer’s protocol. Plasmid DNA was eluted with UltraPure water and stored at -20°C.  

 

2.2.16 Colony cracking 

In some cases, colony cracking was performed to screen large numbers of colonies prior to 

plasmid purification. Approximately 2 µL of inoculated LB was added to 10 µL of cracking 

buffer (5 µL P1 and 5 µL P2 buffers from the QIAprep Miniprep Kit). Samples were heated at 

100°C for 1 minute before vortexing for 15 seconds. Samples were then combined with gel 
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loading dye and run on a 1% agarose gel to determine plasmid sizes. Only the inoculated LB 

samples containing plasmids of the correct size were purified.  

 

2.2.17 WMISH probe synthesis 

To generate riboprobe template vectors (Table 2.3), RT-PCR primers (Table 2.1) were used to 

amplify a target sequence from cDNA, which was subsequently ligated into pGEM-T Easy 

Vector. The plasmid was sequenced to identify the orientation of the cloned fragment for 

generating antisense and sense probes. Plasmids were linearised at either the 5' or 3' end of the 

insert with a suitable restriction enzyme (Table 2.3) and purified using the PureLinkTM PCR 

purification kit. Digoxigenin (DIG)-labelled riboprobes were produced according to the Roche 

RNA Labelling Kit protocol. In a total volume of 20 µL, 1 µg of linearised DNA, 2 µL of 10X 

DIG-labelled NTP, 4 µL of 5X transcription buffer, 1 µL of RNase inhibitor and 1 µL of RNA 

polymerase (SP6 or T7 depending on the orientation) were combined and incubated at 37°C for 2 

hours. The DNA template was digested for 10 minutes with 2 µL of DNase (Roche). Riboprobes 

were precipitated by the addition of 0.7 µL of EDTA (0.5M), 2.5 µL of LiCl (4M) and 75 µL of 

100% ethanol, incubation at -80˚C for 30 minutes, and centrifugation at 4˚C for 20 minutes. 

Pellets were then washed with 70% ethanol, resuspended in 100 µL UltraPure water and stored at 

-80°C. The size and purity of riboprobes were estimated by running them on a 1% agarose gel.  

 

2.2.18 WMISH 

An adaptation of the high-resolution WMISH protocol (Thisse	&	Thisse,	2008) was used in this 

study. Firstly, larvae were fixed in 4% PFA overnight before gradient dehydration for 5 minutes 
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each with 25%, 50% and 75% methanol in PBST. Samples were stored in 100% methanol in       

-20˚C overnight. Rehydration with 75%, 50% and 25% methanol took place in a stepwise 

manner for 5 minutes each, finishing in 100% PBST. Larvae were treated with proteinase K 

(1:1000 dilution from 10 mg/mL stock) for permeabilisation. An incubation time of 1 hour was 

sufficient for 2-day old larvae. Reaction was stopped by refixing the samples in 4% PFA for 20 

minutes at room temperature. Samples were then washed with PBST five times before pre-

hybridisation with 800 µL of hybridisation buffer (HYB+) for five hours at 65˚C. Riboprobes 

were diluted to 1:100-1:500, depending on the riboprobe band intensity, in HYB+ and denatured 

at 90˚C for 10 minutes. Denatured riboprobe was added to the samples and incubated at 65˚C 

overnight with gentle rocking. Unbound riboprobes were removed in a stepwise manner starting 

with 100% post-hybridisation buffer (HYB-) followed by 25%, 50% and 75% 2X SSC in HYB-, 

finishing with 100% 2X SSC. These washes were carried out at 65˚C for 15 minutes each. The 

samples were then washed twice with 0.2X SCC at 65˚C for 30 minutes before 5-minute room 

temperature washes consisting of 25%, 50% and 75% PBST in 0.2X SSC, and finishing with 

100% PBST. Samples were incubated in blocking buffer for at least 3 hours at room temperature 

before incubation in diluted anti-DIG antibodies (1:7000) overnight at 4˚C with gentle rocking. 

Primary antibody was removed by at least eight washes with PBST at room temperature. This 

was followed by 3X 15-minute washes with staining buffer. The staining solution, which 

consisted of NBT/BCIP (Roche), was added to the samples and incubated in the dark, either at 

room temperature or at 4˚C overnight. The staining time varied depending on the riboprobe and 

this was monitored carefully. To stop the staining reaction, samples were washed with PBST and 

fixed in 4% PFA for 20 minutes at room temperature followed by 3X PBST washes. Samples 

were stored in 100% glycerol at 4˚C.  
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2.2.19 Whole mount immunohistochemistry 

Larvae were fixed in sweet PFA overnight at 4˚C before dehydration with 50% methanol in 

PBTr for 5 minutes followed by 3X 5-minute dehydration with 100% methanol at room 

temperature. Samples were then stored in 100% methanol at -20˚C overnight. On the following 

day, samples were rehydrated firstly with 50% methanol in PBTr for 5 minutes then 3X 5-minute 

washes with PBTr. For two-day old embryos, 1X proteinase K was used to permeabilise the 

tissue for 30 minutes at room temperature. This was followed by 3X 5-minute washes with PBTr 

and post-fixing with 4% PFA for 20 minutes at room temperature. The samples were then 

washed 3X times with PBTr. Prior to the addition of antibodies, samples were blocked for at 

least an hour in IB. Primary antibodies used in this study were monoclonal anti-mCherry 

(Clontech) and polyclonal anti-dsRed (Clontech) (Table 2.9). A 1:500 dilution of the antibodies 

was made using IB and 500 µL were added to each sample. Samples were incubated overnight at 

4˚C on a shaker. The next day, samples were rinsed using PBTr for 30 minutes. This wash step 

was performed at least 6 times before overnight incubation with the secondary antibody (goat 

anti-mouse Alexa Fluor 568 or goat anti-rabbit Alexa Fluor 568) with 1:500 dilution in IB 

(Table 2.9). Samples were washed six times in PBTr for 30 minutes each under dim light. 

Following this final step, samples were either imaged immediately or stored in the dark at 4˚C 

and imaged within a few days.  

 

2.2.20 mRNA template vectors 

To generate mRNA template vectors, the full open reading frame of the per2 gene (including its 

antisense sequence) was amplified with additional restriction sites – BamHI at the 5' end and 
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EcoRI at the 3' end – from cDNA using RT-PCR primers (Table 2.1) and Phusion High-Fidelity 

DNA Polymerase (NEB). A-tailing reaction was performed to add 3' A-overhangs to the blunt-

end PCR products. The reaction mix consisted of ~100 ng of PCR product, 1 µL of 10X PCR 

reaction buffer with MgCl2 (Roche), 0.8 µL of dATP (2.5 mM), 0.5 µL Taq DNA polymerase 

(Roche) and sterile water to produce a total volume of 10 µL. The mix was incubated at 72˚C for 

30 minutes and 2 µL of the A-tailed PCR product was used for the ligation reaction with pGEM-

T Easy. Recombinant clones were purified and double digested with BamHI and EcoRI. The 

insert was then gel extracted and cloned into pCS2+ that was double digested with the same 

restriction enzymes. To generate per2 sense and antisense mRNA, the template vectors were 

linearised with ApaI and transcribed using the mMESSAGE mMACHINE SP6 Transcription Kit 

(Ambion) (Table 2.5).  

 

2.3 Zebrafish husbandry and methods 

2.3.1 Ethics approval 

Zebrafish husbandry and manipulations were carried out in accordance with approvals granted 

by the University of Auckland Animal Ethics Committee (Approval number: 001911).  

 

2.3.2 Stock and maintenance 

Adult zebrafish (Danio rerio) were maintained in a zebrafish facility on an automated 14-hour 

light/10-hour dark (LD) cycle. Water conditions were maintained between 25.5-29.5°C, 250-500 

µS conductivity, and pH 7.2-7.6. Juvenile (> 30 days post-fertilisation, dpf) and adults were fed a 

combination of Artemia cysts (INVE Aquaculture Nutrition), which were hatched and harvested 
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in-house, and thawed brine shrimp (AHT) supplemented with powdered TetraMin Tropical 

Flakes (Tetra). Young fry (< 30 dpf) were fed Hatchfry Encapsulon Grade III (Argent Chemical 

Laboratories). The feeding schedule consisted of three feeds per day during weekdays and once 

daily on weekends.  

 

In this study, we used the wild-type AB zebrafish obtained from the Zebrafish International 

Resource Centre (ZIRC). Additionally, the transgenic lines Tg(lyz:DsRED2)nz50, and 

Tg(mpeg1:Gal4FF)gl25 and Tg(UAS-E1b:nfsB-mCherry)c264 lines (hereafter referred to as 

Tg(mpeg1:nfsB-mCherry)) were also used (Davison et al., 2007; Ellett et al., 2011; Hall et al., 

2007).  

 

2.3.3 Breeding  

Male and female adult fish were paired and separated in breeding tanks in the late afternoon prior 

to the day of spawning. The following morning, within the first hour of the light phase, water in 

the spawning tanks was exchanged for fresh water and the divider was removed to allow 

breeding. The maximum spawning frequency was once every five days for males and once per 

week for females.  

 

2.3.4 Embryo collection and rearing 

Embryos were collected from breeding tanks using a strainer and then transferred to Petri dishes. 

They were raised in E3 medium supplemented with methylene blue at 28˚C. Any dead or 

unfertilised embryos were removed.  
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For experiments that required optically transparent larvae, embryos were transferred into E3 

medium supplemented with 0.003% 1- phenyl-2-thiourea (PTU) (Sigma-Aldrich) at ~24 hpf to 

prevent melanocyte development. Larvae selected for rearing were transferred and raised in 

Tecniplast tanks in the nursery system from 6 dpf to 30 dpf. At 30 dpf, they were transferred to 

the main zebrafish system.  

 

2.3.5 Behavioural recording 

Embryos were collected within one hour of spawning and raised under the LD cycle at 28°C for 

five full cycles (0-4 dpf). Only behavioural activities recorded under LD or constant darkness 

(DD) from 5 to 7 dpf were analysed. The recordings were performed using two different video-

based behavioural tracking systems: Big Brother (Coulbourn) and Zebrabox (Viewpoint).  

 

The Big Brother system was set up in-house. Details of the setup is described in Chapter 3. The 

following were the settings used for detection: animal colour, black; motion threshold, 0.1; the 

brightness threshold was manually set to the lowest value that resulted in no false-positive 

tracking (2 in this case); bin size, 5 minutes. The rest of the parameters were maintained at the 

default settings. Data obtained from the Big Brother system were analysed using ClockLab 

(Actimetrics) to determine the acrophase. Least-squares regression through these acrophases was 

used to calculate the periodicity of the circadian rhythm.  

 

The second system used was the Zebrabox (Viewpoint Life Sciences) and the protocol is as 

follows. Recordings of the total distance travelled (mm) were collected using the quantification 

mode. The parameters were: integration period, 10 minutes; detection threshold, 30; 
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inactivity/small movement, <1 mm/s; small/large threshold, >1 mm/s. A custom-built program 

using the Python package, Matplotlib, was used to process the data and generate graphs. The 

source code is available on https://github.com/nzmattgrant/ZebraFishDataAnalysis. ClockLab 

was used to calculate the periodicity of the circadian rhythm by least-squares regression through 

the acrophases. 

 

2.3.6 Microinjection of zebrafish embryos 

A P-80 micropipette puller (Sutter Instruments) was used to pull borosilicate glass capillaries 

(Warner Instruments) to create microinjection needles. Needles were back-loaded with ~3 µL of 

injection solution and a pair of forceps was used to cut the needle tip. Injection pressure and 

pulse length on an MPPI-2 Pressure Injector (Applied Scientific Instrumentation) was adjusted to 

generate a bolus of 1 nL, which was approximately ~2.5 squares in diameter of the smallest 

gradation on a haemocytometer. The injection mix was injected directly into the cell of embryos 

at the one-cell stage. 

 

2.3.7 Generating zebrafish knockout using CRISPR/Cas9  

The generation of CRISPR/Cas9 gRNA was achieved using both the plasmid-based and non-

plasmid-based methods (Table 2.12) (Gagnon et al., 2014; Jao et al., 2013). Design of the 

gRNAs is covered in detail in Chapter 5. 
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Table 2.12: Sequences of per2 gRNA oligonucleotides. 

 

For generating gRNAs using the plasmid-based approach, gRNA oligonucleotides were annealed 

and cloned into the T7cas9sgRNA2 vector (Jao et al., 2013). The annealing reaction involved 

incubating 2 µL of gRNA oligonucleotide (100 µM) with 1X buffer solution (NEB) at 95˚C for 5 

minutes followed by 50˚C for 10 minutes with a ramp-down rate of 0.1˚C/second. Samples were 

then cooled to 4˚C with a ramp speed of 1˚C/second. T4 DNA ligase (NEB) was used to ligate 

the annealed oligonucleotide into the linearised T7cas9sgRNA2 vector (digested with BsmBI, 

BgIII and SalI) at room temperature for 10 minutes before transformation into TOP10 E. coli. 

The inoculum was plated on agar plate containing ampicillin. Several colonies were chosen for 

sequencing in order to identify the correct clones. The T7cas9sgRNA2 vector containing the 

gRNA sequence was linearised with BamHI and purified. To transcribe the gRNA, the 

MEGAshortscript T7 kit (Ambion) was used with 400 ng of the linearised DNA according to the 

manufacturer’s protocol. 

 

A more efficient gRNA synthesis protocol was later adopted using a non-plasmid-based method 

(Gagnon et al., 2014). This involved annealing two oligonucleotides via the overlap region. The 

forward oligonucleotide contained sequences coding for the SP6 promoter, the 20-base gRNA 

target region and an overlap region. The reverse primer contained the gRNA scaffold sequence 

as well as the reverse compliment sequence of the overlap region in the forward primer. In a total 

Oligonucleotides Forward sequence (5'-3') Forward sequence (5'-3') Method  

per2 gRNA 1 TAGGTGTGCCGATTAAATCCTG AAACCAGGATTTAATCGGCACA Plasmid-based 

per2 gRNA 2 ATTTAGGTGACACTATAGGTCC 
AGCTTCGTCAATCCCGTTTTAG 
AGCTAGAAATAGCAAG 

AAAAGCACCGACTCGGTGCCACT 
TTTTCAAGTTGATAACGGACTAG 
CCTTATTTTAACTTGCTATTTCTA 
GCTCTAAAAC 

Non-plasmid based 
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volume of 10 µL, 1 µL of each oligonucleotide (100 µM) was combined with 8 µL of sterile 

water. The sample was incubated at 95˚C for 5 minutes followed by a ramp-down rate of 

2˚C/second to 85˚C, and then a ramp-down rate of 0.1˚C/second to 4˚C. To extend the 

oligonucleotides, the annealed mixture was combined with 2.5 µL of dNTPs (10 mM), 2 µL of 

10X buffer 2 (NEB), 0.2 µL of 100X BSA (NEB), 0.5 µL of T4 DNA polymerase (NEB) and 4.8 

µL of sterile water. The reaction was incubated at 37˚C for 30 minutes. The sample was then 

purified using PureLink PCR Purification Kit (Life Technologies) and eluted with 30 µL of 

UltraPure water. The quality of the gRNA template was checked on agarose gel.  

 

Transcription of the gRNA template was carried out using the SP6 MEGAscript kit (Ambion). In 

a total volume of 5 µL, 1 µL of template, 1 µL of UltraPure water, 0.5 µL of each ATP, GTP, 

CTP, UTP, 10X buffer and SP6 enzyme mix were combined and incubated for 4 hours in a water 

bath set to 37˚C. The reaction was stopped by 15 minutes of incubation at 37˚C with the addition 

of 14 µL of UltraPure water and 1 µL TURBO DNase. Purification of gRNA transcripts involved 

the ammonium acetate/ethanol method. To each sample, 10 µL of 5 M ammonium acetate and 60 

µL of 100% ethanol were combined and mixed thoroughly. The sample was stored at -80˚C for 

at least 20 minutes. RNA pellet was obtained by centrifuging samples at 13,000 x g for 15 

minutes at 4˚C. The pellet was washed with 1 mL of ethanol and centrifuged at 13,000 x g for a 

further 5 minutes at 4˚C and then resuspended in UltraPure water.  

 

Cas9 mRNA was produced using the pT3TS-nls-zCas9-nls plasmid linearised using XbaI. This 

plasmid codes for a nuclear-targeting Cas9 protein optimised for zebrafish (Jao et al., 2013). A 

total of 1 µg of DNA template was used for mRNA synthesis with the mMESSAGE 
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mMACHINE T3 kit (Ambion) and purified by lithium chloride precipitation according to the 

manufacturer’s protocol.  

 

The injection mix consisted of 150 ng/µL of nls-zCas9-nls RNA and 50 ng/µL of each gRNA as 

the starting point. Approximately 1 nL of the mix was injected directly into the cell of embryos 

at the one-cell stage.  

 

2.3.8 Fin clipping  

Adult zebrafish were anaesthetised in 4% (v/v) Tricaine Solution and a small piece of its tail fin 

was cut using a sterile blade.  

 

2.3.9 mRNA rescue injection 

To make the mRNA injection mix, mRNA was diluted to their optimal dose in UltraPure water 

with 0.2% (w/v) phenol red as an injection marker. The optimal dose was determined based on 

the highest dose that resulted in minimal toxicity (200 pg). Embryos were arrayed on a plastic 

tray and mRNA was injected directly into the cell of embryos at the one-cell stage.  

 

2.3.10 Flow cytometry 

Embryos were manually dechorinated before dissociation. Pooled embryos were rinsed in ice-

cold calcium-free Ringer’s Solution and repeatedly passed through a 200 µL micropipette tip to 

remove the yolk. Ringer’s solution was replaced with 3 mL of dissociation medium. Samples 
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were incubated at 28˚C and manually dissociated with repeated passage through a 1000 µL 

micropipette tip every 10 minutes for an hour. Digestion was stopped by the addition of 1 mL of 

dissociation stop solution. Cells were then pelleted by centrifugation at 3,000 rpm for 5 minutes 

at 4˚C. Pelleted cells were gently resuspended in ice-cold resuspension medium and passed 

through a 40 µm cell strainer (BD Falcon). Cells were stored on ice and ready for immediate 

flow cytometry analysis using a BD LSRII (Becton Dickinson). 

 

2.4 Bacterial infection 

2.4.1 Culturing bacteria for infection 

Salmonella expressing green fluorescent protein (Sal-GFP) was streaked from a frozen glycerol 

stock on LB agar (supplemented with 25 µg/mL kanamycin for Sal-GFP selection) and incubated 

overnight at 28˚C. A single colony was picked to inoculate 4 mL LB broth and grown overnight 

at 28˚C. The overnight culture was diluted with 16 mL of LB broth and 20 mL of Dulbecco’s 

Modified Eagle’s Medium (Invitrogen) and shaken at 37˚C for 45 minutes at 200 rpm. Bacterial 

concentration was calculated according to the optical density of the culture at 600 nm using a 

spectrophotometer. Bacteria were pelleted by centrifugation at 4000 rpm at room temperature for 

10 minutes before resuspension in 100 µL filtered-sterile PBS. To produce the bacterial injection 

mix, the bacterial resuspension was diluted to 600 CFU/nL using filtered-sterile PBS and phenol 

red dye for visualisation.  
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2.4.2 Bacterial injection of embryos 

Dechorinated embryos at 2 dpf were anesthetised with 4% (v/v) Tricaine (Sigma-Aldrich) and 

arrayed in 3% (w/v) methyl cellulose (Sigma). The bacterial injection mix was back-loaded into 

a microinjection needle and 1 nL was injected into the hindbrain ventricle (or otic vesicle), 

avoiding the neural tube as this led to the rapid spread of bacteria along the entire neural tube and 

subsequent death. Calibration of the injection volume was performed as described for mRNA 

microinjection (subsection 2.3.8). Immediately after infection, the bolus was injected into 

filtered-sterile PBS, in duplicate, and plated at 1:10 and 1:100 dilutions on LB agar containing 

kanamycin. Plates were incubated at 28˚C overnight and the colonies were counted to validate 

the bacterial dose. 

 

2.4.3 Calculating bacterial infection load 

To calculate the total amount of bacteria in infected larvae, homogenates of individual larvae 

were serially diluted and plated. Larvae were firstly washed with E3 medium and transferred into 

sterile 1.5 mL microfuge tubes followed by the addition of 100 µL of filtered-sterile PBS 

containing 1% (v/v) Triton X-100. Larvae were manually dissociated by repeated pipetting. The 

homogenate was serially diluted by 100-fold. Three 10 µL droplets of homogenate were spot-

plated on LB agar containing kanamycin and incubated overnight at 28˚C. Sal-GFP colonies 

were visualised using a Nikon SM-Z1500 to aid counting.  
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2.5 Imaging and data analysis 

2.5.1 Microscopy 

For WMISH imaging, larvae were mounted in 80% glycerol and imaged using a Leica MZ16FA 

stereomicroscopes fitted with a DFC490 camera. For epifluorescence live-imaging, larvae were 

anaesthetised in 4% (v/v) Tricaine Solution and mounted in 3% (w/v) methyl cellulose in 1X E3. 

Mounted larvae were imaged using a Nikon SMZ1500 fluorescence stereomicroscope fitted with 

a DS-U2/L2 camera.  

 

2.5.2 Confocal imaging 

Fixed immunofluorescent-labelled larvae were mounted in 1% UltraPure LMP agarose 

(Invitrogen) in PBS and imaged using a Nikon D-Eclipse C1 confocal microscope with a 20X 

water immersion objective lens. Z-stacks of the hindbrain ventricle were taken with a total of 40 

sections at 3 µm step-size intervals. To perform live confocal imaging, live larvae were 

anaesthetised in 4% (v/v) Tricaine Solution before mounting in 0.8% (w/v) UltraPure LMP 

agarose (Life Technologies) made using E3 medium supplemented with 3.15% (v/v) Tricaine 

Solution and 1X PTU. The same E3 medium containing these supplements was used to cover the 

agar. Live confocal imaging was carried out using an Olympus FV1000 confocal microscope 

with a built-in incubator maintained at ~28˚C (Solvent Scientific) and a 20X or 60X water 

immersion lens. All confocal images were analysed using Volocity v6.3 (Perkin Elmer) and 

ImageJ/Fiji software (Schindelin et al., 2012).  
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2.5.3 Bactericidal activity analysis 

The bactericidal activity was assessed at 2 hpi for neutrophils and 3 hpi for macrophages within a 

two-hour timeframe. This was achieved firstly by capturing a Z-series every minute (for 10 

minutes) with a step-size interval of 1.5 µm using a 60X water immersion lens with 1.5X zoom 

and a pixel dimension of 320 x 320. Images were then analysed using Volocity to measure the 

volume of intracellular Sal-GFP. The bactericidal killing rate was calculated by the change in 

volume of intracellular bacteria over time (Δµm3/min): 

Initial volume of intracellular bacteria – Final volume of intracellular bacteria 
Time 

 

Given that the bactericidal killing rate is based on the volume of Sal-GFP fluorescence, the 

imaging parameters (including the laser voltage, gain, offset and scanning speed) were kept 

identical for all experiments. Analysis was only performed on cells that satisfied these criteria: 

• Cells must have phagocytosed bacteria but are not overwhelmed by the intracellular 

bacteria load. 

• Cells must not phagocytose additional bacteria during the duration of the time-lapse. 

• Cells must remain within the imaging Z stacks during the duration of the time-lapse.  

 

2.5.4 ROS analysis 

To measure the ROS production within phagocytosing cells, 2.5 nM of CellROX (Life 

Technologies) was co-injected with Sal-GFP into the hindbrain ventricle. Imaging was 

performed at 2 hpi for neutrophils and 3 hpi for macrophages within a two-hour timeframe. Z-

stack images of phagocytosing neutrophils and macrophages (with visible CellROX 
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fluorescence) were taken with a step-size interval of 1.5 µm. ROS production was measured as 

total fluorescence intensity of intracellular CellROX fluorescence signal. For this reason, the 

same imaging parameters (including the laser voltage, gain, offset and scanning speed) were kept 

identical for all experiments.  

 

2.5.5 Neutrophil recruitment analysis 

Neutrophil recruitment to the otic vesicle following infection with Sal-GFP was analysed. Z-

stacks at a step-size interval of 3 µm were taken every minute for 1.5 hours. Recruitment analysis 

only included neutrophils that migrated from a starting point at least 100 µm away from the end 

point, which was considered to be the border of the otic vesicle. 

 

2.5.6 Statistical analysis  

Statistical analysis and generation of graphs were performed using GraphPad Prism version 6 for 

Mac (GraphPad Software). Statistical analyses were assessed using two-tailed Student’s t-test, 

Mann-Whitney U test, one-way analysis of variance (ANOVA) with Tukey’s or Dunnett’s 

multiple comparisons test, two-way ANOVA using Bonferroni’s method, or three-category chi-

square test. P value <0.05 was considered to be statistically significant. Cosinor analysis was 

performed to evaluate the presence of a 24-hour rhythm using Chronos-Fit 1.06 (Zuther, Gorbey, 

& Lemmer, 2009).   
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Chapter 3 Validating light-induced diel rhythms in zebrafish larvae 

3.1 Preface 

The overarching aim of this PhD study was to elucidate the effects of light on the innate immune 

response to acute infection using the zebrafish model. The first objectives in this investigation 

were to establish and validate protocols for generating light-induced rhythms in zebrafish larvae, 

which are addressed in this chapter. This includes the setup of a light regimen for rearing larvae 

under the standard 14-hour:10-hour LD cycle. The robust light-induced rhythmicity were 

analysed by measuring outputs at the behavioural and genetic levels (Ben-Moshe et al., 2014; 

Livne et al., 2016; M. Wang, Zhong, Zhong, Zhang, & Wang, 2015). Based on the availability of 

resources at the start of this PhD project, behavioural analysis was originally carried out by the 

automated video-based data acquisition system, Big Brother (Coulbourn Instruments). Each 

camera can track the movement of up to 50 animals under white and infrared lights. This enabled 

the activity profile of each animal to recorded over the course of several days for circadian 

analysis. Results obtained from these behavioural recordings were further validated near the end 

of this PhD using the Zebrabox (ViewPoint). This is an automated behaviour tracking system 

that is specifically designed for the analysis of larval zebrafish. 

 

The protocols developed in this chapter served as the foundation for the infection experiments 

detailed in Chapters 4 and 6. These infection experiments were conducted in larvae at 2 dpf 

because this is a robust infection model for studying the activities of neutrophils and 

macrophages as part of the innate immune response (Ellett et al., 2011; Hall et al., 2007; Hall et 

al., 2009). For this reason, characterisation of the light-induced rhythm presented in this chapter 
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was mainly focused on 2 dpf larvae. The following results section contains unpublished data, as 

well as data that was published in the article titled “The innate immune cell response to bacterial 

infection in larval zebrafish is light-regulated”, in the journal Scientific Reports: 

 

Du, L.Y., Darroch, H., Keerthisinghe, P., Ashimbayeva, E., Astin, J. W., Crosier, K. E., Crosier, 

P. S., Warman, G., Cheeseman, J., Hall, C. J. (2017). The innate immune cell response to 

bacterial infection in larval zebrafish is light-regulated. Scientific Reports, 7(1):12657. doi: 

10.1038/s41598-017-12842-1. 

 

3.2 Results 

3.2.1 Light regimen  

To begin, two light box incubators for housing zebrafish embryos were built with assistance 

from the Biomedical Engineering Unit at the Faculty of Medical and Health Sciences, University 

of Auckland (Fig. 1A, B). This permitted experiments to be performed concurrently. The large 

light incubator (Fig. 1A) was used for behavioural recordings as it had sufficient room to 

accommodate the Big Brother cameras. On the other hand, the small light incubator (Fig. 1B), 

was used to conduct all gene expression analysis and infection experiments. The top of both 

incubators was fitted with white LED with an intensity of 200 lux. This was to maintain 

consistent environmental conditions between the two chambers. Furthermore, both incubators 

were set at the optimal temperature of 28°C. 
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(A) Photograph of the large light box incubator used for the Big Brother behavioural recordings. (B) Photograph of 

the small light box incubator used for gene expression analysis and infection experiments.  

 

 

 

Figure 3.1: Light box incubators. 
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3.2.2 Behavioural recording setup using the Big Brother system 

Behavioural analysis is a robust method of detecting circadian rhythmicity. This was performed 

using the Big Brother automated movement tracking system. To set up this system, two Big 

Brother infrared-sensitive cameras were mounted at the top of the large incubator (Fig. 3.2A). 

Each camera recorded the activity of individual larva in a 24 well-plate. Within one hour of 

spawning, embryos were individually transferred into each well containing E3 medium and the 

plates were positioned under the cameras. It was important to ensure uniform illumination of the 

plates because bright and dark areas can lead to false tracking. This was achieved by placing 

white and infrared lights below the plates. For this reason, two additional portable light units 

were made by the Biomedical Engineering Unit. They consisted of white LED lights that were 

constructed below a diffuser made of semi-translucent Perspex (Fig. 3.2A). Additionally, three 

layers of regular A4 white paper were required to ensure sufficient diffusion of white light to 

optimise the tracking of larvae. The cameras were manually adjusted to focus on larvae in the 

wells. In the Big Brother program, a 4x6 grid was used to define the number of wells for each 

camera (Fig. 3.2B).  
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(A) Schematic depicting the Big Brother system setup in the large light box incubator. (B) Screenshot of the Big 

Brother system displaying the tracking of zebrafish larvae (yellow cursor) in a 24-well plate.  

 

 

 

 

Figure 3.2: Behavioural recording setup using the Big Brother system. 
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3.2.3 Validation of light-induced behavioural rhythms in zebrafish larvae  

Following the Big Brother system setup, we validated the optimal time period for conducting the 

behavioural recordings and analysis. Zebrafish larvae hatch around 2-3 dpf (Kimmel, Ballard, 

Kimmel, Ullmann, & Schilling, 1995). During this early larval period, they are unable to feed 

and instead survive on the nutrients absorbed from their yolk sac, which eventually becomes 

depleted around 7 dpf (Wilson, 2012). Larvae that are deprived of external feeding after this 

stage begin to show signs of health issues. However, feeding larvae during the recordings posed 

the risk of introducing additional external (non-photic) entrainment cues. Furthermore, leaving 

food supplements in the E3 medium over the course of the recording diminishes the quality of 

the liquid medium and thus compromises the health of larvae. To confirm this as well as the 

pattern of behavioural activity in larval zebrafish, recordings were conducted from 0-9 dpf (Fig. 

3.3). Larvae were raised under 5 LD cycles followed by 5 consecutive cycles under LD or DD 

(Fig. 3.3). Analysis of individual actograms consistently showed onset of locomotor activity 

during 4 dpf. The activity of larvae appeared most robust from 5 to 7 dpf under both light 

conditions before declining from 8 dpf onwards. Given this result, all subsequent behavioural 

recordings were analysed during these three days (5-7 dpf), which is consistent with previous 

studies (Ben-Moshe et al., 2014; Livne et al., 2016; M. Wang et al., 2015). 
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Actograms representing the daily activity of individual larva that was raised under 5 cycles of light/dark followed by 

5 consecutive days of light/dark (left) or constant darkness (right). Black lines in the actogram represent the activity 

counts per 5 minutes; dpf, days post-fertilisation; background colours represent the lighting condition, white = light, 

grey = dark. 

 

Zebrafish are diurnal and display a free-running period of ~25 hours under the DD condition 

(Hurd, Debruyne, Straume, & Cahill, 1998; M. Wang et al., 2015). To determine whether the 

behavioural activity of larvae using this lighting and recording setup parallel the results 

described in other studies, three independent recordings were performed under LD and DD 

conditions (Fig. 3.4A). Embryos were collected within one hour following spawning and placed 

individually into each well. No further manual manipulation of the embryos took place until the 

end of the recordings. Robust diurnal rhythms of locomotor activity were observed in larvae 

reared under the LD cycle with an estimated mean entrained circadian period of 23.9 + 0.6 hours 

(Fig. 3.4B). This is in contrast to the average free-running period under DD (25.1 + 1.0 hours) 

Figure 3.3: Larval zebrafish activity from 0-9 dpf. 
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(Fig. 3.4B). These results demonstrate that the Big Brother recording setup was sensitive enough 

to detect changes between the light-entrained and endogenous circadian rhythms of locomotor 

activity in zebrafish larvae. 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Zebrafish larval activity under light/dark and constant dark conditions measured using the Big 
Brother system. 

(A) Schematic outlining the light conditions for behavioural recordings measured using the Big Brother system. 

Behavioural analysis was conducted from 5 to 7 dpf. (B) Representative actograms comparing the daily activity 

(counts/5 min) of an individual larva raised in Condition 1 and Condition 2 as shown in (A). (C) Bar graph 

displaying the average period length of larvae under Condition 1 and Condition 2 from 5 to 7 dpf. Coloured bars 

denote the light setting, white bar = light, grey bar = dark; dpf, days post-fertilisation; background colours in 

actograms represent the lighting condition, white = light, grey = dark; red dots mark the peak of activity (acrophase) 

fitted to the biological rhythm; red line is the regression line through the acrophases; data in (C) shown as mean + 

s.d. and represent three biological replicates (n > 6 larvae per experiment); P values were calculated by unpaired 

Student’s t-test; ***P<0.001.  
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Additional behavioural recordings were conducted using the Zebrabox upon its availability 

towards the end of this PhD. This was to validate and extend the behavioural data obtained from 

the Big Brother system. The Zebrabox was used to analyse the total distance travelled in 10-

minute time bins. In accordance with the protocol used for the Big Brother recordings, larvae 

were exposed to five full LD cycles prior to behavioural analysis under LD or DD (Fig. 3.5A). In 

this case however, larvae were first reared in a light incubator under LD at 28°C for 4 LD cycles. 

At the start of 4 dpf, they were individually transferred to a 96-well plate and exposed to the fifth 

LD cycle in the recording chamber of the Zebrabox. Due to the absence of a water flow system 

in this setup, which was required to maintain the recording chamber at 28°C, the behavioural 

recordings took place at a steady ambient temperature of 24.5°C. Identical to the Big Brother 

data, locomotor activities under LD and DD conditions displayed clear diurnal rhythms (Fig. 

3.5B, C). Of note, at the onset of light, there was an immediate increase in locomotor activity 

that gradually decreased during the light phase (Fig. 3.5B). However, the onset of darkness also 

triggered a temporary rise in activity and this was followed by a low level of locomotor activity 

that persisted for the remainder of the dark phase (Fig. 3.5B). This feature was not observed in 

the actograms from the Big Brother recordings (Fig. 3.4B). The sharp rise in locomotor activity 

at the start and end of the light phase was absent under the DD condition (Fig. 3.5C). 

Furthermore, the estimated period length under the DD condition was longer (25.4 + 0.7 hours) 

compared to the LD condition (23.9 + 0.7 hours) (Fig. 3.5D). This suggests that the endogenous 

rhythm is longer than 24 hours, which is consistent with the Big Brother data (Fig. 3.4B). 

Although the circadian rhythm persisted under DD, the average total distance travelled over the 

three days of recording was significantly less (34659 + 11277 mm) compared to the group of 

larvae under LD (64541 + 25300 mm) (Fig. 3.4E). Taken together, behavioural recordings 
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obtained from the Big Brother system and the Zebrabox were consistent with each other and also 

with the results from other studies (Hurd et al., 1998; M. Wang et al., 2015). This supports the 

validity of the light regimen and recording setup used in this study.   
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Figure 3.5: Zebrafish larvae activity under light/dark and constant dark conditions measured using the 
Zebrabox. 

(A) Schematic outlining the light conditions for the behavioural recordings measured using the Zebrabox. 

Behavioural analysis was conducted between 5 and 7 dpf. (B, C) Graphs depicting the average daily activity of larvae 

in terms of distance moved (mm/10 min) under Condition 1 (left) or Condition 2 (right) as shown in (A). (D) Bar 

graph displaying the average period length of larvae under Condition 1 and Condition 2 from 5 to 7 dpf. (E) Bar 

graph displaying the total distance moved by larvae under Condition 1 and Condition 2 from 5 to 7 dpf. Coloured 

bars denote the light setting, white bar = light, grey bar = dark; dpf, days post-fertilisation; data in (B-E) shown as 

mean + s.d. and represent three biological replicates (n > 20 larvae per experiment); red asterisks in (B) indicate the 

rise in activity at the onset and offset of light; P values were calculated by unpaired Student’s t-test; ***P<0.001; 

****P<0.0001. 
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3.2.4 Validation of light-induced transcript rhythm in zebrafish larvae 

While behavioural analysis is a robust method of detecting light-entrained circadian rhythmicity, 

this can only be performed on larvae following their hatching stage (~ 2-3 dpf). As a result, the 

expression of light-responsive genes was analysed to confirm light-induced diel rhythms in 2 dpf 

larvae. The earliest circadian output signal detected in zebrafish is the rhythmic secretion of 

melatonin from the pineal gland (Gothilf et al., 1999; Kazimi & Cahill, 1999). Production of 

melatonin involves the key pineal enzyme, aanat2, which is first detected at 22 hours post-

fertilisation (hpf) (Gothilf et al., 1999). Repression of aanat2 expression by the light-inducible 

transcriptional regulator, Per2, restricts melatonin levels to peak during the dark phase (M. Wang 

et al., 2015). For this reason, we investigated per2 and aanat2 expression by WMISH analysis 

under the following light conditions: LD, constant light (LL), reversed 14-hour light/10-hour 

dark cycle (DL) and DD (Fig. 3.6A). The specific time points, 4 hours after lights on (zeitgeber 

time 4 or ZT4) at 52 hpf and ZT16 at 64 hpf under the LD cycle, were selected for expression 

analysis as they corresponded to periods of high per2 and aanat2 expression, respectively (Ziv et 

al., 2005). Consistent with a previous study, expression of per2 mRNA was detected globally 

with strong expression in the pineal gland during the light phase at ZT4 (52 hpf) but not during 

the dark phase at ZT16 (64 hpf) under the LD condition (Fig. 3.6B) (Ziv et al., 2005). This was 

in contrast to aanat2, which was only expressed in the pineal gland during the dark phase at 

ZT16 (64 hpf) (Fig. 3.6B). By reversing the light condition, embryos exposed to the DL cycle 

expressed per2 and aanat2 in the pineal gland exclusively during the light (ZT4 at 64 hpf) and 

dark (ZT16 at 52 hpf) phases, respectively (Fig. 3.6B). Under constant conditions, only per2 was 

expressed at both time points under LL whereas the opposite was observed for aanat2 under the 

DD condition (Fig. 3.6B).  
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Expression results obtained from WMISH were then validated by analysing the relative 

transcript levels of per2 and aanat2, within whole larvae, over a 28-hour time course from 48 hpf 

to 76 hpf using qPCR. This analysis was expanded by the inclusion of an additional light-

inducible clock gene, cry1a, as well as two other clock genes, per1b and per3, which are known 

to be synchronised by light (Delaunay, Thisse, Marchand, Laudet, & Thisse, 2000; Ramos et al., 

2014; T. K. Tamai et al., 2007; Vatine et al., 2011). Like per2 (Fig. 3.7A), cry1a, per1b and per3 

Figure 3.6: Validation of light-induced rhythmicity based on expression analysis of the clock output genes, 
per2 and aanat2, using WMISH. 

(A) Schematic outlining the light treatments and subsequent experimental manipulations. (B) WMISH detection of 

per2 and aanat2 expression in 52 hpf and 64 hpf larvae under the different light conditions shown in (A). ZT, 

zeitgeber time where ZT0 represents start of the light phase; bars above WMISH images denote the light setting at 

the time of fixation, white bar = light, black bar = dark; numbers represent the number of larvae with the phenotype; 

hpf, hours post-fertilisation; arrowheads indicate the time of expression analysis; scale bar, 100 µm; arrows mark 

per2 or aanat2 expression in the pineal gland. 
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expression levels displayed a similar pattern, peaking during the light phase under LD and DL 

conditions (Fig. 3.7B-D). The diel rhythmicity of these patterns was confirmed by cosinor 

analysis (Fig. 3.8A-D). The relative transcript levels of per2, per1b, per3 and cry1a was much 

higher at 76 hpf (ZT4) compared with 52 hpf (ZT4) under the LD condition (Fig. 3.7A-D). Both 

per2 and cry1a were expressed at lower levels under DD whereas their expression level 

increased over time under the LL condition in an arrhythmic manner, unlike per1b and per3 

(Fig. 3.7A-D). The expression of aanat2 was rhythmic under LD and DL but arrhythmic under 

both constant conditions (Fig. 3.7E and 3.8E). This expression profile was antiphasic to that of 

per2 in both LD and DL conditions (Fig. 3.8A, E). While WMISH results showed that aanat2 

was strictly expressed during the dark phase, this was not evident by qPCR analysis (Fig. 3.6B 

and 3.7E). 

 

The WMISH and qPCR results collectively showed that two full LD or DL cycles were 

sufficient to observe a diel expression pattern of the light-inducible clock genes, per2 and cry1a, 

and the downstream target of Per2, aanat2. This confirms that the different light conditions used 

in this study affected the circadian rhythm at the molecular level in 2 dpf larval zebrafish.  
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Figure 3.7: Clock genes and aanat2 transcripts display a diel rhythm. 

(A-D) qPCR analysis of the clock genes, per2, cry1a, per1b and per3, respectively, from whole larvae under 

light/dark, constant light, dark/light and constant dark conditions from 48 hpf to 76 hpf. (E) qPCR expression 

analysis of aanat2 from whole larvae under light/dark, constant light, dark/light and constant dark conditions from 

48 hpf to 76 hpf. The relative quantity of transcript for each gene, in all conditions, were normalised to the lowest 

value in the constant dark group (48, 64, 64, 64 and 52 hpf time points for per2, cry1a, per1b, per3, and aanat2, 

respectively); data shown as mean + s.d. and represent three biological replicates (n = 20 larvae per time point for 

each experiment); P values were calculated by one-way ANOVA with Dunnett’s multiple comparisons test using 

the lowest data value for each light condition as the reference; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; ZT, 

zeitgeber time where ZT0 represents start of the light phase; hpf, hours post-fertilisation. 
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Figure 3.8: Cosinor analysis of the expression levels of clock genes and aanat2 under different light conditions. 

(A-E) qPCR expression analysis of per2, cry1a, per1b, per3 and aanat2, respectively, from whole larvae under 

light/dark, constant light, dark/light and constant dark conditions from 48 hpf to 76 hpf. Red lines represent a cosinor 

model fitted to the log-transformed data shown as black lines; P represents the P value of the best fit; R represents 

percentage of variation in the data that fits the cosinor model; data shown as mean + s.d. and represent three biological 

replicates (n = 20 larvae per time point for each replicate); ZT, zeitgeber time where ZT0 represents start of the light 

phase; hpf, hours post-fertilisation. 
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3.2.5 Expression pattern of core clock genes in 2 dpf larvae  

The core circadian clock genes, bmal and clock, are expressed rhythmically in adult zebrafish 

tissues (Cermakian et al., 2000; Whitmore et al., 1998). This rhythm, however, has been reported 

to be absent during the early developmental stages and only first appears around 4 dpf, 

coinciding with the onset of rhythmic locomotor activity (Cahill, Hurd, & Batchelor, 1998; 

Dekens & Whitmore, 2008). To validate this in our setup, the relative transcript levels of 

bmal1a, bmal1b, bmal2 and clock1a in whole larvae were also analysed using qPCR (Fig. 3.9). 

Under LD and DL conditions, the expression pattern of these genes did not exhibit an oscillating 

rhythm in 2 dpf larvae. 

Figure 3.9: Expression profiles of bmal and clock genes are not rhythmic in 2 dpf larvae.  

(A) qPCR analysis of bmal1a, bmal1b, bmal2 and clock1a transcripts from whole larvae under light/dark and (B) 

constant darkness from 48 hpf to 76 hpf. The relative quantity of transcript for each gene, in both conditions, were 

normalised to the lowest value in the dark/dark group (52, 48, 72, and 52 hpf time points for bmal1a, bmal1b, bmal2 

and clock1a, respectively); data shown as mean + s.d. and represent three biological replicates (n = 20 larvae per time 

point for each experiment); data cannot be fitted to a cosinor wave as indicated by the red line; P values were 

calculated by one-way ANOVA with Dunnett’s multiple comparisons test using the lowest data value for each light 

condition as the reference; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; ZT, zeitgeber time where ZT0 represents 

start of the light phase; hpf, hours post-fertilisation. 
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3.3 Discussion 

3.3.1 Establishment and validation of light-induced rhythmicity 

In this study, we successfully established and validated light-induced rhythmicity in zebrafish 

larvae by analysing their behaviour and clock gene expression profiles. Light is a strong stimulus 

for entraining circadian rhythms in developing zebrafish embryos (T. Tamai et al., 2005; Ziv et 

al., 2005). We confirmed that our in-house lighting setup can entrain diurnal locomotor activity 

rhythms in larvae. This rhythm can be observed from 4 dpf onwards. In general, larvae exhibited 

high levels of activity during the light phase and lower levels of activity during the dark phase. 

This is consistent with the patterns of locomotor activity in zebrafish larvae and adults as 

reported in other studies (Hurd et al., 1998; Livne et al., 2016; M. Wang et al., 2015). 

Additionally, this diurnal rhythm was also observed in the expression profiles of the clock genes, 

per2, cry1a, per1b and per3. Under the LD and DL conditions, the circadian clock output gene, 

aanat2, was also found to exhibit a diel rhythm in its transcript level. 

 

3.3.2 Locomotor activity of larvae displays a light-induced rhythm 

Diurnal activity patterns were observed in both recordings using the Big Brother system and the 

Zebrabox, which supports the robustness of our experimental setup. While an endogenous 

circadian rhythm was evident in the locomotor activity of zebrafish larvae under DD, their 

overall activity was lower compared to the activity of larvae under LD. This is because their 

locomotor activity increases in response to light (Emran, Rihel, Adolph, & Dowling, 2010). 

Differences in the activity profiles between the Big Brother system and the Zebrabox recordings 

reflect their data presentation. While results from Big Brother were displayed as activity counts/5 
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minutes, the Zebrabox recordings were displayed as the total distance travelled in the 10-minute 

recording time bins. Activity rhythms under LD represent the combination of entrained circadian 

rhythmicity and the visual motor response to light and dark (Hurd et al., 1998; Livne et al., 2016; 

M. Wang et al., 2015). The transient spike in activity at the onset and offset of light (masking 

response) was observed in the Zebrabox recordings. This was however, not evident in the Big 

Brother recordings. During the live recordings, the Big Brother cameras were unable to 

automatically adjust to changes in the light source i.e. from white light to infrared light and vice 

versa. This resulted in a short period of false-negative tracking which corrected itself, albeit to 

the temporary loss of data. Nevertheless, both recordings showed a similar free-running period 

that has been observed in other studies (Hurd et al., 1998; Livne et al., 2016; M. Wang et al., 

2015). 

 

3.3.3 Limitations with the behavioural recording setup 

Although data obtained from the Big Brother system and the Zebrabox replicated the results 

described in the literature, there were limitations to both methods and further improvements 

could be implemented. For the Big Brother system, there was an issue with the infrared-sensitive 

cameras adapting to the onset and offset of the white LED lights. While every effort was made to 

ensure a similar level of brightness from the white and infrared lights was detected, we were 

unable to prevent this issue from occurring. Additionally, positioning of the plates was crucial to 

prevent any false tracking of larvae. The edge wells were particularly susceptible to this and as a 

consequence only results from the centre wells were included in the analysis. Given that there 

was no plate holder to ensure their position remained consistent for each new recording session, 

the recording setup with the Big Brother system was not entirely practical for larval zebrafish 
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behavioural recordings. These issues were eliminated using the Zebrabox system as it is 

specifically designed to record the behaviour of zebrafish larvae and has an in-built recording 

chamber that can hold the plate. Furthermore, changes in the light source (white light and 

infrared light) did not affect the sensitivity of detecting larvae movement. We did however 

encounter false-positive tracking due to the software recognising shadows at the bottom edge of 

the wells. This was likely due to an issue with the plates (Corning brand) and it was 

recommended by ViewPoint to trial plates produced by Greiner. Unfortunately, these plates did 

not arrive in time for the completion of these experiments. For this reason, plates by Corning 

were used in this chapter and also for the behavioural recordings presented in Chapter 5. To 

circumvent the issue of false-positive tracking, the boundary of each well was defined as a 

smaller area to exclude the grey shadows. To minimise the amount of locomotor data that is lost 

outside of this boundary, we used 96-well plates instead of 24-well plates. Additionally, at the 

time of this project, the water flow attachment system (ViewPoint) was unavailable. This was 

required to maintain the recording chamber at 28°C. To prevent fluctuations in the ambient 

temperature, the Zebrabox was placed inside an incubator. Since vibrations of the incubator can 

interfere with the behaviour tracking, it remained switched off resulting in a steady internal 

temperature of 24.5°C. Similar to light, temperature cycles are one of the most potent 

synchronisers that can entrain the circadian rhythm in non-mammals. In certain species, like 

Neurospora and lizards, temperature is a stronger synchroniser than light (Evans, 1966; Y. Liu, 

Merrow, Loros, & Dunlap, 1998). In the absence of other zeitgebers, temperature cycles can 

entrain the zebrafish behavioural activity (López�Olmeda, Madrid, & Sánchez�Vázquez, 

2006). In the presence of light however, zebrafish predominantly become entrained to the light 

cycle, even if the temperature cycle is in antiphase (López�Olmeda et al., 2006). Given that 
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light is a stronger zeitgeber than temperature for zebrafish, this may offset any entrainment 

caused by changes in the environmental temperature. This is supported by the fact that data 

derived from the Zebrabox was consistent with data presented in previous studies (Hurd et al., 

1998; Livne et al., 2016; M. Wang et al., 2015). This demonstrates that while there were issues 

with both recording setups, they were still able to produce valid data.  

 

3.3.4 Methods of estimating the period length 

There are numerous methods to calculate the circadian period length. Traditionally, period 

estimation was performed manually by inspection. The major problem associated with this 

method is that circadian rhythms do not always appear regular due to the presence of noise and 

this can easily lead to bias. As a result, automatic calculations to determine the periodicity of 

biological rhythms are now the preferred method as they are more reliable and objective. These 

include Fourier analysis, Chi-squared periodogram, and Lomb-Scargle periodogram, all of which 

apply different algorithms and assumptions (Herzog, Kiss, & Mazuski, 2015; Refinetti, 2016). 

The choice of appropriate algorithm depends on the data. For example, Chi-squared periodogram 

is widely used for analysing behavioural data but requires at least 10 cycles to reliably determine 

the statistical significance (Refinetti, Cornélissen, & Halberg, 2007). While the methods used to 

analyse zebrafish behavioural activity are not explicitly stated in numerous studies, Fourier 

analysis has been the preferred method of analysis by the Gothilf Laboratory (Ben-Moshe et al., 

2014; Livne et al., 2016; Tovin et al., 2012). However, we found that period estimation using any 

of these methods for three days of data were confounded by the noise of the data. On the other 

hand, period estimation using a regression line through the acrophases (time of peak in the 

rhythm) appeared to give the best prediction that was consistent with the results described in 
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other zebrafish studies (Hurd et al., 1998; M. Wang et al., 2015). Acrophase was selected for this 

calculation rather than the onset or offset of activity due to the temporary loss of data that 

occurred during the times of light change with the Big Brother system.  

 

3.3.5 Evidence of a functional embryonic clock in 2 dpf larvae 

We also confirmed through expression analysis of light-modulated clock genes that our lighting 

protocol can induce diel rhythms in 2 dpf larvae. These include per2, cry1a, per1b and per3 

transcripts, which were highly expressed during the light phase under LD and DL. This pattern 

of expression can be observed even in embryos during the first day of development (Dekens & 

Whitmore, 2008). Rhythms at the molecular level are established by a series of positive-negative 

feedback loops which include Per and Cry proteins feeding back to inhibit their own expression 

by repressing the activity Clock:Bmal (Curtis et al., 2014; Vatine et al., 2011). The absence of 

rhythm in clock1a, bmal1a, bmal1b and bmal2 transcripts suggest that not all clock components 

are rhythmic by 2 dpf. This is in agreement with previous work, which demonstrated that 

rhythms in their transcript levels only appear around 4 days following fertilisation (Dekens & 

Whitmore, 2008). This also marks the period where the retina becomes functional and its 

connections to the zebrafish-equivalent of the SCN are formed (Burrill & Easter, 1994; Easter Jr 

& Nicola, 1996). Furthermore, four days correspond to the length of LD cycles that are required 

to establish circadian clock-regulated rhythms in locomotor activity (Hurd & Cahill, 2002). 

Despite the fact that clock and bmal transcripts are not rhythmic in 2 dpf larvae, they still appear 

to be functional as Clock1a is required to initiate the expression of per1b (Dekens & Whitmore, 

2008). Therefore 2 dpf larvae represent a model of an early embryonic clock. 
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Despite the fact that the molecular clock is in its infancy, a clock-controlled rhythm in zebrafish 

can still be observed towards the end of 1 dpf under light exposure. This is around the time when 

the pineal gland becomes functional and aanat2 is first expressed (Gothilf et al., 1999). It has 

been shown that exposure of embryos to light between the blastula and segmentation stages (2-

16 hpf) or for 1 hour at 24 hpf is sufficient to initiate a rhythm in aanat2 transcripts in 2 dpf 

larvae (Ziv et al., 2005; Ziv & Gothilf, 2006b). The time of light onset during this period also 

influences the phase of the rhythm (Gothilf et al., 1999). Therefore, the expression of aanat2 

appears to be under circadian control. However, knockdown of per2 by morpholino abolishes 

this rhythm indicating that light-induced per2 expression during early development is necessary 

for initiating the circadian rhythm (Ziv & Gothilf, 2006b). We confirmed that aanat2 mRNA 

peaks during the dark phase, mirroring the high rise in melatonin levels in zebrafish larvae 

(Kazimi & Cahill, 1999). Although the difference in aanat2 expression between the light and 

dark phases from WMISH was evident, this was not the case with the qPCR data when 

expression was detected under constant conditions. There are two possible reasons for this 

discrepancy. Firstly, the WMISH samples were stained for a short period of time (~8 hours) to 

maximise the difference between samples collected in the light and dark phases. This was based 

on the protocol by Gothilf et al. (1999). Secondly, aanat2 expression detected by WMISH is 

mainly expressed in the pineal gland, which represents a tiny proportion of the whole larva, and 

is therefore heavily diluted following RNA extraction from whole larvae for qPCR analysis. For 

these reasons, WMISH provided a more sensitive approach to detect fluctuating pineal 

expression levels of aanat2. It is interesting to note that previous studies that have measured the 

rhythmicity of pineal gland aanat2 expression, at a similar developmental stage, have all utilised 

WMISH detection rather than qPCR (Ben-Moshe et al., 2014; Gothilf et al., 1999; Noche et al., 
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2011; Pierce, Noche, Ponomareva, Chang, & Liang, 2008; Storz et al., 2013; Vuilleumier et al., 

2006). 

 

3.3.6 Diel rhythms under constant conditions 

While certain rhythms such as aanat2 expression are synchronised by light during development, 

this process appears to differ for other rhythms. Cosinor analysis of per3, per1b and cry1a 

transcripts revealed a significant circadian rhythm of expression under DD. This was analogous 

to another study that showed per3 was rhythmic under LL conditions (Delaunay et al., 2000). 

This observed rhythm is likely to be driven by an endogenous oscillator other than light 

(Delaunay et al., 2000). A potential source of the driving signal is maternal inheritance of clock 

gene products. In a study that examined the expression pattern of per3 in 1 dpf embryos and in 

unfertilised oocytes under the LD condition, it was shown that their rhythms were similar in 

phase (Delaunay et al., 2000). This suggested that per3 transcripts detected in early stage 

embryos were of maternal origin. Phase inheritance may signify the need for certain rhythms to 

be synchronised during the first 24-hour period of development prior to the establishment of 

functional light detection pathways. Since not all circadian clock genes exhibit rhythmic 

expression under DD, this indicates that maternal phase inheritance is insufficient to drive the 

entire molecular clock (Delaunay et al., 2000).  

 

Apart from per3, other maternally deposited clock gene transcripts include clock1a, bmal1a, 

per1b and per2 (Dekens & Whitmore, 2008). It is unclear why per1b transcripts appeared 

rhythmic under the DD condition. In zebrafish cell lines, per1b expression has been shown to 

increase slightly following exposure to blue light pulses, however it was not as responsive in 
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comparison to per2 and cry1a (Ramos et al., 2014). Since per1b expression oscillated under DD, 

this indicates that its expression is likely to be driven by clock regulation rather than light. A 

potential regulator of per1b rhythm under the DD condition could be other maternally inherited 

clock gene transcripts and/or its own transcripts. It is interesting to note that this contradicts the 

results found by Dekens et al. (2008), which showed that per1b is only rhythmic under LD, but 

not DD. However, this study used an RNase protection assay where the expression level of per1b 

was not quantified. Unlike per3 and per1b, which showed distinct diel rhythms under the DD 

condition, the rhythm of cry1a was very low in amplitude. Given that cry1a is predominantly 

driven by light and its level of expression remained consistently low under DD in comparison to 

LD, LL and DL conditions, the cosinor-based method of detecting a circadian rhythm may not 

truly reflect de novo oscillation of cry1a.  

  

3.3.7 Conclusion 

The data presented in this chapter demonstrates that a diel rhythm in zebrafish larvae can be 

induced by the established light regimen and that this rhythm can be readily assessed by 

behavioural activity and gene expression profiles. Although there were limitations in conducting 

the behavioural analysis using the Big Brother system and the Zebrabox, the data showed a 

consistently robust ~24-hour rhythm in activity from 5 to 7 dpf under the LD condition, and a 

free-running period of ~25 hours under the DD condition. By addressing the limitations with the 

current Zebrabox setup, this behavioural assay has the potential to be scaled up for a variety of 

high-throughput studies that require the assessment of larvae behavioural phenotypes. These 

studies include, but are not limited to, neurobehavioural studies investigating learning, 

sleep/wake behaviours and drug addiction, as well as studies investigating muscular development 
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and function (Emran et al., 2010; Irons, MacPhail, Hunter, & Padilla, 2010; Prober, Rihel, Onah, 

Sung, & Schier, 2006; Sztal, Ruparelia, Williams, & Bryson-Richardson, 2016). Behavioural 

assays are increasingly employed for screening drugs to evaluate their therapeutic potential or 

toxicity, as well as screening or characterising mutations (Ali, Van Mil, & Richardson, 2011; 

Deeti, O'Farrell, & Kennedy, 2014; Dinday & Baraban, 2015; Livne et al., 2016; Rihel & Schier, 

2012; M. Wang et al., 2015). Within the scope of this thesis, establishment of this behavioural 

assay was instrumental for analysing the behavioural activity per2-/- mutant larvae, which will be 

covered in Chapter 5. We also demonstrated that light conditions affected light-induced 

rhythms, as detected by qPCR analysis of light-modulated clock genes and aanat2. This 

provided confidence in using this experimental setup to examine the influence of light on the 

larval innate immune response to bacterial infection (Chapter 4).  
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Chapter 4 The innate immune cell response to bacterial infection in larval 

zebrafish is light-regulated 

4.1 Preface 

In this chapter, we proposed the hypothesis that light influences the innate immune response to 

acute infection in zebrafish larvae. This was based on results from two studies. The first study 

provided evidence to suggest that adult zebrafish possess rhythmicity in their immune system 

activity (Kaplan et al., 2008). Leukocytes isolated from adults at different times throughout the 

24-hour period displayed rhythmic phagocytic activity and ROS production in vitro following 

exposure to E. coli (Kaplan et al., 2008). The percentage of phagocytic cells peaked later in the 

day in contrast to the cellular level of ROS, which peaked before dawn (Kaplan et al., 2008). 

This demonstrates the potential use of the zebrafish model to explore the chrono-immunology 

axis. The second study discovered through microarray analysis that the molecular clock in 

zebrafish larvae may be modulated following infection (Hall et al., 2014). Genes that were 

significantly upregulated in response to infection were found to be associated with promoting the 

immune cell response (Hall et al., 2014). This was opposite to per2, which was notably 

downregulated (Hall et al., 2014). These results were based on RNA extracted from the dissected 

trunk region of larvae two days following infection in 2 dpf larvae (Hall et al., 2014). Given that 

this is a light-inducible clock gene, it suggests that light exposure may influence the outcome of 

infection. It is well-known that light is a potent environmental signal that entrains the circadian 

rhythm, which is crucial for the optimal functioning of organisms in the face of daily 

environmental changes. Although some studies have shown the direct antimicrobial effect of 

light on microbes, it is unclear how it affects the host defence response (Dai et al., 2013; Guffey 



158 
 

& Wilborn, 2006). Many studies suggest that UV-induced synthesis of vitamin D plays a role on 

the immune system (Almerighi et al., 2009; Bhalla, Amento, Clemens, Holick, & Krane, 1983; 

Provvedini, Tsoukas, Deftos, & Manolagas, 1983). However, the results are confounding as 

some support its role in enhancing immunity while others indicate it has immunosuppressive 

effects (Almerighi et al., 2009; P. T. Liu et al., 2006). 

 

Therefore, we set out to establish a zebrafish circadian model for acute infection to better 

understand the mechanistic effects of light on innate immunity. To firstly validate this model, we 

investigated the impact of light on the innate immune response to Salmonella infection in 2 dpf 

zebrafish larvae. At this time point, both neutrophils and macrophages can be analysed by live 

imaging within their respective transgenic reporter lines: Tg(lyz:DsRED2) and 

Tg(mpeg1:nfsB.mCherry). Larvae were infected in the hindbrain ventricle, which is a well-

established infection site (Astin et al., 2017; Hall et al., 2012; Hall et al., 2013; Hall et al., 2014). 

This is because it is a relatively large, optically clear cavity that is located superficially, making 

it ideal for visualising host-microbe interactions. Furthermore, it is devoid of leukocytes in the 

early embryo, which enables the assessment of innate immune cell recruitment. Given that 

Tg(mpeg1:nfsB.mCherry) also marks microglia, which differentiate from macrophages around 

60 hpf, infection experiments at the start of 2 dpf ensures only macrophages are assessed 

(Herbomel, Thisse, & Thisse, 2001). The same lighting conditions described in Chapter 3 were 

applied to conduct the following series of infection experiments.  
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The results section in this chapter contains data from the article titled “The innate immune cell 

response to bacterial infection in larval zebrafish is light-regulated”, which was published in the 

journal Scientific Reports: 

 

Du, L.Y., Darroch, H., Keerthisinghe, P., Ashimbayeva, E., Astin, J. W., Crosier, K. E., Crosier, 

P. S., Warman, G., Cheeseman, J., Hall, C. J. (2017). The innate immune cell response to 

bacterial infection in larval zebrafish is light-regulated. Scientific Reports, 7(1):12657. doi: 

10.1038/s41598-017-12842-1. 

 

4.2 Results 

4.2.1 Light affects the survival of larval zebrafish following bacterial infection 

To firstly investigate whether light influences the innate immune response to acute infection in 

larval zebrafish, larvae raised under the different light conditions (LD, LL, DL and DD) were 

infected with Salmonella that was delivered into the hindbrain ventricle (Fig. 4.1A). Infections 

were performed at 52 hpf which coincided with ZT4 under LD and ZT16 under DL (Fig. 4.1A). 

This time point was chosen as it corresponded to the time period when the expression of per2 is 

elevated under LD but low under DL and DD conditions (Fig. 3.7A). The infection dose of 1000 

CFU was considered optimal as it resulted in ~50% survival under the LD condition (Fig. 4.1B). 

This enabled observation of both lower and higher survival rates under the other light settings, 

relative to the LD treatment. Survival was monitored for five days post-infection. This analysis 

revealed that the majority of mortality occurred within the first two days post-infection in all 

groups (Fig. 4.1C), consistent with previous studies using the larval zebrafish hindbrain infection 
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model (Astin et al., 2017). A similar survival outcome was observed between the two groups of 

larvae that were infected and raised under darkness (DL and DD) (Fig. 4.1C). Likewise, the 

survival rate between larvae raised under LD and LL conditions were comparable. However, 

larvae reared under DL and DD conditions displayed a significantly lower survival rate 

following infection compared with the LD and LL groups (Fig. 4.1C). The discrepancy in 

survival outcome between the groups infected during the light and dark phases demonstrate that 

the innate immune response in larval zebrafish is light-sensitive.  
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4.2.2 Light contributes to enhanced bacterial clearance 

We next examined whether the higher survival rate following infection during light exposure 

was due to greater bacterial clearance. Firstly, Sal-GFP was used to live image the bacterial 

burden within infected larvae (Hall et al., 2007; Hall et al., 2012). Live fluorescence microscopy 

(A) Schematic outlining the light conditions and timing of infection. (B) Survival outcome (% survival) of larvae 

infected with different doses of Salmonella under light/dark conditions. (C) Kaplan-Meier survival graph showing 

the % survival of larvae (infected with 1000 CFU) in the light/dark, constant light, dark/light and constant darkness 

groups from 1 to 5 days post-infection. ZT, zeitgeber time where ZT0 represents start of the light phase; hpf, hours 

post-fertilisation; data in (C) represent three biological replicates. 

Figure 4.1: The survival of zebrafish larvae infected with Salmonella is higher under light exposure. 
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revealed diminished Sal-GFP clearance in the hindbrain in the DL- and DD-infected groups 

compared to the LD- and LL-infected groups (Fig. 4.2A). At 3 hours post-infection (hpi), if 

observable by fluorescence microscopy, Sal-GFP was localised to the hindbrain infection site 

(Fig. 4.2A). Larvae that eventually succumbed to death were unable to contain the infection in 

the hindbrain by 24 hpi, resulting in its spread, typically along the neural tube (Fig. 4.2A). To 

validate these observations, the bacterial burden within individual infected larvae was quantified 

at five time points: 1, 3, 6, 9 and 24 hpi (Fig. 4.2B). This revealed that a difference in bacterial 

burden between the groups was first evident at 1 hpi with the DL and DD groups having a 

substantially higher bacterial burden, which continued to increase over the 24-hour period (Fig. 

4.2B). This difference was also consistently seen throughout the five time points. While the 

bacterial burden during the first 9 hpi remained relatively constant in the LD group, there was a 

slight increase in the LL group, although this was not significant (Fig. 4.2B). Consistent with the 

survival and live imaging data (Fig. 4.1C and Fig. 4.2A), by 24 hpi, only a small proportion of 

larvae in the LD and LL groups were overwhelmed with bacteria while a substantially higher 

proportion of larvae in the DL and DD groups were overwhelmed (Fig. 4.2B). To eliminate the 

possibility that the bacterial clearance within infected larvae was not a reflection of the direct 

effect of light on bacterial growth, we measured the bacterial load in inoculated LB broth under 

the same light conditions. We showed that the growth of Sal-GFP was unaffected by the light 

condition (Fig. 4.2C). The data reveal that the enhanced survival of larvae, when infected during 

the light phase, is the result of elevated clearance of bacteria as a consequence of a host-derived 

immune response. 
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(A) Live imaging of larvae infected with Sal-GFP at 3 and 24 hpi under light/dark, constant light, dark/light and constant 

dark conditions. Insets, magnified views of boxed regions. (B) CFU counts of Sal-GFP within individual infected larvae 

raised under light/dark, constant light, dark/light and constant dark conditions at 1, 3, 6, 9 and 24 hpi. (C) CFU 

measurements of Sal-GFP in LB broth grown under light/dark, constant light, dark/light and constant dark conditions over 

a 24-hour period. Scale bar, 500 µm and 100 µm in inset; hpi, hours post-infection; CFU, colony forming units; each circle 

represents an individual larva in (B); data shown as geometric means + geometric s.d. factor in (B) and mean ± s.d. in (C); 

data in (C) represent three biological replicates; P values were calculated by one-way ANOVA with Tukey’s multiple 

comparisons test; ns, not significant; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. 

Figure 4.2: Larvae infected with Sal-GFP during light exposure demonstrate enhanced bacterial clearance. 
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4.2.3 Light contributes to increased expression of pro-inflammatory cytokines during infection 

To investigate the mechanism behind the effect of light on the innate immune response to 

bacterial infection, the infection-induced expression of pro-inflammatory cytokines was assessed 

under the different light conditions. The production and release of pro-inflammatory cytokines 

by innate immune cells is a critical response to infection (Duque & Descoteaux, 2015; Turner, 

Nedjai, Hurst, & Pennington, 2014). Major pro-inflammatory cytokines, such as TNF-α, IL-8 

and IFN-γ, have been demonstrated to play a crucial role in the inflammatory response to 

infection (Duque & Descoteaux, 2015; Turner et al., 2014). Expression analysis of the zebrafish 

orthologues of these genes, tnf-a (Fig. 4.3A), cxcl8a (Fig. 4.3B) and ifng1-1 (Fig. 4.3C) at 1, 3, 6 

and 9 hpi revealed a peak at 3 hpi with an overall greater expression in the LD and LL groups, 

specifically at 1 and 3 hpi, in comparison to the DD group. However, there was no significant 

difference in the expression level of the pro-inflammatory cytokine genes between the DL- and 

DD-infected groups (Fig. 4.3A-C). Bacterial injections induced a pro-inflammatory cytokine 

response that was at a greater magnitude compared to PBS-injections (Fig. 4.3A-C). Despite 

this, the expression of the pro-inflammatory cytokine genes also peaked at 3 hpi in the PBS-

injected control groups under all four light conditions (Fig. 4.4A-C). Most notably, there was no 

difference between their expression in the LD, LL and DL groups, relative to the DD group, at 

the evaluated time points (Fig. 4.4A-C). This suggests that the greater expression of pro-

inflammatory cytokines in response to infection is mediated by the presence of light and supports 

the notion that light promotes the innate immune response to bacterial infection.  
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(A-C) qPCR analysis of tnf-a (A), cxcl8a (B) and ifng1-1 (C), from whole larvae raised under light/dark, constant 

light and dark/light conditions in comparison to constant darkness, measured at 1, 3, 6 and 9 hours post-injection. 

LD, light/dark; LL, constant light; DL, dark/light; DD, constant darkness; data shown as mean ± s.d. and represent 

three biological replicates (n = 10 larvae per replicate for each time point); P values were calculated by one-way 

ANOVA with Tukey’s multiple comparisons test; **P<0.01; ***P<0.001; ****P<0.0001. 

Figure 4.3: Larvae infected under light exposure demonstrate elevated expression of pro-inflammatory 
cytokines. 
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4.2.4 Light contributes to the enhanced recruitment of innate immune cells during bacterial 

infection 

Pro-inflammatory cytokines play a significant role in the recruitment of innate immune cells to 

the site of infection (Duque & Descoteaux, 2015; Turner et al., 2014). Therefore, we next 

Figure 4.4: Expression profiles of pro-inflammatory cytokine genes following PBS injections in larvae under 
different light conditions. 
(A-C) qPCR analysis of tnf-a (A), cxcl8a (B) and ifng1-1 (C), from whole PBS-injected larvae raised under 

light/dark, constant light and dark/light conditions in comparison to constant darkness, measured at 1, 3, 6 and 9 

hours post-injection. LD, light/dark; LL, constant light; DL, dark/light; DD, constant darkness; data shown as mean 

+ s.d. and represent three biological replicates (n = 10 larvae per replicate for each time point); one-way ANOVA 

with Tukey’s multiple comparisons test revealed no significant difference. 



167 
 

examined whether the increased production of pro-inflammatory cytokines in response to 

infection under light had any impact on the recruitment of neutrophils and macrophages.  

 

Firstly, Tg(lyz:DsRED2) and Tg(mpeg1:nfsB.mCherry) larvae were infected under the four light 

conditions (Fig. 4.1A). Infected larvae were then fixed at 1, 3, 6 and 9 hpi for whole mount 

immunohistochemistry to label neutrophils and macrophages for visualisation (Fig. 4.5A, B). 

The numbers of neutrophils and macrophages in the hindbrain were then quantified and shown to 

consistently peak around 3 hpi under all light conditions (Fig. 4.5C, D). The number of 

neutrophils in the hindbrain was substantially higher in the LD and LL groups in comparison to 

the DL and DD groups at 1 hpi, but this significant difference only persisted for the LD group at 

3 and 6 hpi (Fig. 4.5C). By 9 hpi, the number of neutrophils in all four groups diminished to a 

similar level and this was comparable to the numbers observed in the infected DD group at 1 hpi 

(Fig. 4.5C). In contrast, less variation in the numbers of macrophages was observed between the 

four groups (Fig. 4.5D). Only a slight increase in macrophage numbers was detected for the LD 

group at 3 hpi compared to the DL and DD groups, whereas this difference was only seen 

between the LL and DD groups at 1 hpi (Fig. 4.5D). No significant difference was observed 

between the DL and DD treatments for both neutrophils and macrophages at all the examined 

time points (Fig. 4.5C, D). To assess whether this variation was the result of a direct effect of 

light on the development of these innate immune cells, we investigated whole-larvae numbers of 

neutrophils and macrophages in 2 dpf Tg(lyz:DsRED2) and Tg(mpeg1:nfsB.mCherry) larvae, 

respectively, that were raised under the different light treatments. This analysis showed that there 

was no significant difference in the total numbers of neutrophils or macrophages (Fig. 4.5E, F).  
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These results suggest that greater neutrophil and, to a lesser extent, macrophage recruitment 

occur following infection during the light phase. This is consistent with the expression profile of 

the pro-inflammatory cytokines investigated earlier (Fig. 4.3A-C) and confirms that the innate 

immune response in larval zebrafish is augmented under light exposure.  
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4.3 Discussion 

4.3.1 Light promotes the innate immune response to acute infection 

There is increasing evidence that light can directly regulate the immune system, although this has 

not been explored in detail for host-microbe interactions. This was the first study that validated 

the use of whole-larval zebrafish for investigating the innate immune response to bacteria under 

different light settings. The results support the notion that the immune system can be broadly 

divided into two main states: active and resting (summarised in Fig 4.6). During the active state 

(light exposure), the immune system is primed to elicit an enhanced response to bacterial 

infection, which includes greater pro-inflammatory cytokine expression and neutrophil and 

macrophage recruitment to the infection site. In contrast, when larvae are infected during the 

(A) Immunofluorescence detection of neutrophils at 1, 3, 6 and 9 hpi within the hindbrain region of infected 

Tg(lyz:DsRED2) larvae raised under light/dark, constant light, dark/light and constant dark conditions. (B) 

Immunofluorescence detection of macrophages at 1, 3, 6 and 9 hpi within the hindbrain region of infected 

Tg(mpeg1:nfsB.mCherry) larvae raised under light/dark, constant light, dark/light and constant dark conditions. (C) 

Quantification of neutrophils in the hindbrain region of infected Tg(lyz:DsRED2) larvae, as detected in (A). (D) 

Quantification of macrophages in the hindbrain region of infected Tg(mpeg1:nfsB.mCherry) larvae, as detected in 

(B). (E, F) Flow cytometry quantification of neutrophils and macrophages from Tg(lyz:DsRED2) and 

Tg(mpeg1:nfsB.mCherry) larvae, respectively, at 52 hpf under light/dark, constant light, dark/light and constant 

dark conditions. Scale bar, 50 µm; hpi, hours post-infection; each circle represents an individual larva in (C, D); 

data shown as mean ± s.d.; data in (E, F) represent three biological replicates (n > 50 larvae per experiment); P 

values were calculated by one-way ANOVA with Tukey’s multiple comparisons test; ns, not significant; *P<0.05; 

**P<0.01; *** P<0.001; ****P<0.0001. 

Figure 4.5: Larvae infected under light exposure demonstrate greater recruitment of neutrophils and 
macrophages to the hindbrain ventricle. 
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dark phase (DL and DD conditions), there is reduced bacterial clearance and survival that 

coincides with a reduction in pro-inflammatory cytokine gene expression and leukocyte 

recruitment. The results demonstrate that light provides a protective role against bacterial 

infection by promoting the innate immune response, confirming that innate immunity in larval 

zebrafish is, at least in part, light-regulated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Summary of the innate immune response to bacterial infection in larval zebrafish under 
different light conditions. 
The innate immune response can be divided into two states with enhanced bacterial clearance and survival when 

infection occurs under light exposure in the light/dark and constant light groups. Arrow size indicates the relative 

magnitude of the effect. 
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At the beginning of this PhD project, there were no published studies that investigated the 

influence of light on the innate immune response in zebrafish. However, a study published 

during the time of this PhD project showed that the migration of neutrophils to sterile wounds is 

affected under different light conditions (D. L. Ren et al., 2015). In contrast to our observation, 

greater neutrophil recruitment was detected under the DD condition rather than the LL condition 

(D. L. Ren et al., 2015). Under the LD cycle, neutrophil recruitment was rhythmic and peaked 

during the dark phase, which coincided with higher melatonin levels (D. L. Ren et al., 2015). 

Treatment with melatonin under the LL condition enhanced neutrophil recruitment while 

treatment with Luzindole (melatonin receptor antagonist) under darkness reduced neutrophil 

recruitment (D. L. Ren et al., 2015). This may be due to the fact that melatonin can enhance the 

production of TNF-α and IL-8 (D. L. Ren et al., 2015). However, higher levels of melatonin 

suppress neutrophil recruitment as well as the MAPK pathway, which is important for 

upregulating the inflammatory response (D. L. Ren et al., 2015). These results suggest that basal 

levels of melatonin may play a role in heightening the innate immune response during darkness. 

While this contradicts our findings, it is important to keep in mind that the two studies used 

different models of inflammation to study the innate immune response. Ren et al. (2015) used a 

tail fin transection model which induces sterile inflammation, whereas our model induced an 

infectious inflammatory response. Although sterile tissue injury and infection result in similar 

inflammatory consequences, the initiating pathways and the control of the responses can vary 

(Rock, Latz, Ontiveros, & Kono, 2009). 

 

In another study, it was shown that innate immune markers are enhanced in zebrafish that were 

exposed to blue but not red LED lights (J. Zheng, Yuan, Li, & Wu, 2016). This was indicated by 
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higher protein levels of lysozyme in the liver and ovaries, and alkaline phosphatase in the liver 

(J. Zheng et al., 2016). Taken together, the results suggest that lighting condition can affect 

immune parameters. However, these experiments were carried out in 5-week old fish that were 

exposed to the lighting conditions for 8 weeks. It is therefore unclear whether a shorter duration 

of exposure in younger zebrafish, as seen in our study, would influence the steady state levels of 

immune parameters.  

 

4.3.2  Light promotes greater pro-inflammatory response and innate immune cell recruitment 

The inflammatory response to infection is largely mediated by the release of pro-inflammatory 

cytokines, which are vital signalling molecules important for fighting and preventing the spread 

of infections (Duque & Descoteaux, 2015; Turner et al., 2014). Following infection under light 

exposure, a greater pro-inflammatory response was elicited when compared with the response 

under darkness, as evidenced by higher expression levels of the zebrafish genes: tnf-a, cxcl8a 

and ifng1-1. TNF-α attracts neutrophils, which are the principle phagocytic cells, to the site of 

infection by upregulating chemokines, such as IL-8, and facilitates diapedesis through the 

upregulation of cell adhesion molecules (Osawa et al., 2002; Vieira et al., 2009). Together, TNF-

α and IL-8 stimulate neutrophils to degranulate, releasing antimicrobial contents, and to produce 

ROS as part of the host defence against infection (Duque & Descoteaux, 2015). Further 

potentiation of macrophage activity is induced by IFN-γ during immune activation (Duque & 

Descoteaux, 2015). This helps explain the trend observed between the pro-inflammatory 

cytokine profile and neutrophil recruitment between larvae infected during the light phase (LD 

and LL conditions) versus those infected during the dark phase (DL and DD conditions). It has 

long been recognised that macrophages are a major source of pro-inflammatory cytokines 
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(Duque & Descoteaux, 2015; Turner et al., 2014). Despite the minor increase in macrophage 

recruitment under light, the significantly greater pro-inflammatory response detected may be 

indicative of heightened macrophage activity. 

 

4.3.3 Potential light pathways that regulate innate immunity 

4.3.3.1  Circadian clock components 

The circadian clock plays a crucial role in harmonising physiological responses of organisms to 

the daily changes in environmental conditions. Numerous immune functions and parameters 

display a circadian rhythm, such as host-pathogen interactions, leukocyte recruitment, 

phagocytosis and cytokine production (Curtis et al., 2014; Labrecque & Cermakian, 2015; 

Scheiermann et al., 2013). The cumulative effect of this is the diurnal variation in immune 

response. This has been observed in mice, where their immune system produces an enhanced 

pro-inflammatory response at the start of their active phase, which increases their ability to clear 

bacteria during this time of the day (Bellet et al., 2013). This implies that light entrainment of the 

circadian rhythm is important in regulating the immune system. However, our results suggest 

that it is the presence of light, rather than the circadian rhythm, that promotes the immune 

response. This is due to the fact that larvae from the LL group displayed a greater survival 

advantage compared to larvae that were raised under the DL condition. Furthermore, bmal and 

clock genes were not expressed in a circadian manner in 2 dpf larvae. This indicates that the 

oscillating molecular clock may not be important in regulating the immune response at this age. 

This is in agreement with a previous study that showed diurnal variation in susceptibility to LPS-

induced endotoxic shock in mice was only observed under LD but not under DD (Marpegan et 
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al., 2009). On the contrary, other findings indicate that circadian gating of immune responses 

takes place under DD (J. E. Gibbs et al., 2012). In particular, REV-ERBα has been demonstrated 

as a key link between the circadian clock and immunity (J. E. Gibbs et al., 2012).  

 

Previous studies have shown that PER and CRY regulate inflammation in mice (Curtis et al., 

2014). Given that infection under LD and LL conditions coincided with higher expression levels 

of per2 and cry1a, in comparison to the time-matched levels under DL and DD conditions, it is 

plausible that these clock components may play a role in the innate immune response. The 

expression of mammalian Per2, Cry1 and Cry2 genes are driven by the CLOCK:BMAL1 

heterodimer (Curtis et al., 2014; Mohawk, Green, & Takahashi, 2012b; Scheiermann et al., 

2013). The subsequent repression of CLOCK and BMAL1 by these clock components forms the 

basis of the molecular circadian oscillator, which operates in a similar manner in zebrafish 

(Vatine et al., 2011). So far, studies suggest PER2 may play a role in promoting inflammation as 

knockout of its function provides protection from LPS-induced lethality by limiting TNF-α and 

IL-12 production, and dampens the immune response to pathogens by attenuating TLR9 

expression (J. Liu et al., 2006; Silver et al., 2012). However, the exact mechanism underlying the 

pro-inflammatory effect of PER2 is yet to be elucidated. It has been suggested to occur through 

the repression of BMAL1 activity, which has been shown to be anti-inflammatory (J. E. Gibbs et 

al., 2012). This hypothesis fits with the antiphasic mRNA rhythms of Per2 and Bmal1 in 

macrophages (Keller et al., 2009). Conversely, Cry1 and Cry2 have been suggested to mediate an 

anti-inflammatory effect by inhibiting NF-κВ activation via the inhibition of cAMP-dependent 

protein kinase A signalling (Narasimamurthy et al., 2012). Since the zebrafish per2 and cry1a 

expression was upregulated during infection under LD and LL conditions, it is unclear how the 
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interplay between their antagonistic effects regulates downstream immune targets and remains a 

subject for future research. Taken together, it is likely that these clock components play a role in 

regulating the innate immune response that is independent of the core clock network. 

 

4.3.3.2 Vitamin D 

Additionally, the light-dependent response of the innate immune system could be a consequence 

of other light-directed pathways unrelated to the molecular clock components. In humans, 

exposure to UVB rays result in synthesis of vitamin D in the skin (Wacker & Holick, 2013). 

Vitamin D is then converted into the most active form in the kidneys where it is then transported 

to target tissues (Wacker & Holick, 2013). Its major role is to promote calcium and bone 

homeostasis (Wacker & Holick, 2013). However, it has also been found that immune cells, such 

as macrophages, dendritic cells, T cells and B cells, possess vitamin D receptors and also have 

the capacity to synthesise its active form (Bhalla et al., 1983; Provvedini et al., 1983). Through 

the activation of TLRs in macrophages, active forms of vitamin D are produced and this 

enhances the downstream expression of antimicrobial peptides, such as cathelicidin (P. T. Liu et 

al., 2006). It has also been suggested that vitamin D can boost the production of ROS and 

therefore IL-1β expression (Verway et al., 2013). Moreover, vitamin D has been shown to inhibit 

the growth of M. tuberculosis by promoting the formation of phagolysosomes in macrophages 

(Rook et al., 1986).  This is in contrast to evidence that suggests vitamin D inhibits monocyte 

production of pro-inflammatory cytokines (Almerighi et al., 2009). The vitamin D biosynthetic 

pathway and downstream targets are strongly conserved in zebrafish (Craig, Sommer, Sussman, 

Grande, & Kumar, 2008; Lin, Su, Tseng, Ding, & Hwang, 2012). However, since larvae in our 

experiments were exposed to white LED lights that emit light within the visible spectrum, there 
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would be very little, if any, emission of UV rays (CELMA European Lamp Companies, 2011). 

Therefore, it is unlikely that this UV pathway would play a significant role in regulating the 

innate immune system under the experimental conditions detailed in this thesis. 

 

4.3.3.3 Endocrine system 

Considerable experimental evidence supports the existence of a strong bidirectional relationship 

between the immune and endocrine systems (Bellavance & Rivest, 2014; Roberts, 1995; 

Silverman, Pearce, Biron, & Miller, 2005). Light exposure modulates the endocrine glands of the 

hypothalamus-pituitary-adrenal axis, leading to daily changes in the level of endocrine hormones 

(Roberts, 1995). Melatonin, which is produced during the dark phase, has been described as an 

immunological buffer due to its stimulatory role under immunosuppressive conditions and anti-

inflammatory role during immune challenges, such as acute inflammation (Carrillo-Vico, 

Lardone, Álvarez-Sánchez, Rodríguez-Rodríguez, & Guerrero, 2013). It can reduce 

inflammation by blocking the downstream production of pro-inflammatory cytokines via NF-kB 

and ROS due to its antioxidant properties (Chuang, Mohan, Meltz, & Reiter, 1996). Furthermore, 

melatonin limits leukocyte recruitment by reducing their adhesion and migration along the 

endothelium (Cernysiov, Mauricas, & Girkontaite, 2015; Lotufo, Lopes, Dubocovich, Farsky, & 

Markus, 2001), which possibly explains the dampened innate immune response that was 

observed during the dark phase in this study. Depending on its dose, melatonin can promote or 

inhibit neutrophil migration to wound sites in zebrafish (D. L. Ren et al., 2015). Conversely, 

production of glucocorticoids, such as cortisol, and serotonin increases following light 

stimulation (Roberts, 1995). Like melatonin, glucocortioids are known to have both pro-

inflammatory and anti-inflammatory activities (Bellavance & Rivest, 2014; Cruz-Topete & 
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Cidlowski, 2015). In the context of acute inflammation, glucocorticoids enhance the production 

mature IL-1β by upregulating the expression of inflammasome components in macrophages, as 

well as secretion of TNF-α and IL-6 (Busillo, Azzam, & Cidlowski, 2011). This pro-

inflammatory response can also be augmented by serotonin, which stimulates downstream 

production of glucocorticoids (Roberts, 1995). This is in line with the elevated innate immune 

response in zebrafish larvae during light exposure.  

 

4.3.4 Implications of this work for interpreting other infection studies 

Following the presentation of this work at the Zebrafish Disease Models Society conference in 

2017, it was discovered that the lighting conditions for rearing embryos used in infection 

experiments were not consistent between different research groups. While some research groups 

maintain embryos in incubators with a light source, others rear embryos in complete darkness. 

The influence of light on the immune response to infection in larval zebrafish, as shown in this 

study, emphasises the need to maintain the same conditions for all experiments. It also highlights 

the importance of considering the light setting when reproducing or interpreting experiments that 

are described in the literature.  

 

4.3.5 Conclusion 

Taken together, these data demonstrate that light positively influences the innate immune 

response to bacterial infection in larval zebrafish. This was evidenced by enhanced pro-

inflammatory cytokine production and recruitment of innate immune cells in response to 

infection under light exposure. This study provides a platform to further understand the 
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molecular mechanisms through which light modulates the innate immune cell response during 

infection. There are multiple light-sensitive pathways that converge on the immune system that 

are either independent of, or dependent on, the circadian molecular clock. These can be assessed 

by functionally knocking out important components. For example, photopigments, such as 

opsins, as well as the pineal gland could be targeted to investigate light pathways that do not 

involve circadian clock components. This can be achieved by genetic ablation, and in the case of 

the pineal gland, physical ablation with laser (pinealectomy) (D. L. Ren et al., 2015). Assessment 

of these interventions will provide further clues as to whether these light pathways can affect the 

innate immune response during light exposure. Alternatively, the role of circadian clock 

components in mediating the effect of light on innate immunity can be assessed by selectively 

knocking out light-inducible clock genes.  
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Chapter 5 Generation and characterisation of the per2-/- mutant zebrafish 

line 

5.1 Preface 

Results from Chapter 4 demonstrated that the innate immune response to acute infection in 

larval zebrafish is enhanced under light exposure. While there are multiple light pathways that 

could regulate innate immunity, one potential pathway involves the molecular clock components. 

Two important light-inducible clock genes, per2 and cry1a, were upregulated during infection 

under LD and LL conditions. Given that a greater innate immune response was elicited in larvae 

from these two groups, this suggests that per2 and cry1a may be implicated in immune 

regulation. In this study, we chose to explore the role of per2 in the innate immune response to 

infection.  

 

One way to examine the function of per2 in zebrafish is to genetically knock out the gene using 

CRISPR/Cas9. This relies on the generation of a targeted mutation within the gene. It is therefore 

important to consider the location of functional domains when selecting the target site. Ideal 

target sites should be located upstream or within a functional domain as they increase the 

likelihood of inducing a deleterious frameshift mutation that leads to a non-functional allele 

(Doudna & Sontheimer, 2014). In mice, the major domains of the PER2 protein are the two Per-

Arnt-Sim (PAS) domains (PAS-A and PAS-B) located at the N-terminus, the adjacent 

downstream casein-kinase binding domain, and the CRY-binding domain located at the C-

terminus (R. Chen et al., 2009; Lee, Weaver, & Reppert, 2004; Miyazaki, Mesaki, & Ishida, 

2001). The two PAS domains interact with PAS domains in CLOCK and BMAL1 (R. Chen et 
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al., 2009). However, they are dispensable for PER2-mediated dissociation of CLOCK:BMAL1 

from the promoter (Ye et al., 2014). This is unlike the casein kinase binding domain because 

casein kinase binding is important for effective phosphorylation of PER2 (Lee et al., 2004; Ye et 

al., 2014). This step is critical for its repressive activity and its role in maintaining a functional 

circadian clock (Lee et al., 2004; Ye et al., 2014). Similarly, the C-terminal region, which is the 

site of CRY-binding, is essential for mediating the corepressor activity of PER2 (Ye et al., 2014). 

So far in the literature, it has been reported that zebrafish possess homologous PAS domains near 

the N-terminus and a homologous Cry-binding domain at the C-terminus (Delaunay et al., 2000; 

Hirayama, Fukuda, Ishikawa, Kobayashi, & Todo, 2003). The Cry-binding domain was also 

demonstrated to be necessary for the zebrafish Per2 to carry out its repressive effect on 

Clock:Bmal (Hirayama et al., 2003). For these reasons, the PAS domains have been targeted in 

mice for generating Per2 mutants (Per2brdml and Per2ldc), and also in zebrafish for morpholino-

mediated knockdown of per2 (Bae et al., 2001; B. Zheng et al., 1999; Ziv & Gothilf, 2006b). 

 

In this chapter, we used the CRISPR/Cas9 technique to generate a per2 mutant for the purpose of 

assessing the functional role of per2 in innate immunity. Accordingly, the two main objectives in 

this chapter were to: 

• Establish and optimise the CRISPR/Cas9 technique to generate a per2 mutant zebrafish 

line. 

• Characterise the phenotype of the mutant at the behavioural and genetic level using the 

established protocols described in Chapter 3. 
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5.2 Results 

5.2.1 Identifying gRNA target sequences  

Target sequences within the coding region of the per2 gene (ENSDART00000148788) were 

identified using the online tool CHOPCHOP (https://chopchop.rc.fas.harvard.edu/). This tool 

compares potential 20 bp target sequences in per2 against the rest of the zebrafish genome and 

ranks them based on their location within the gene, efficiency score, number of off-targets and 

mismatches, the number of self-complementarity regions and GC content. The efficiency score 

was determined by the sequence of the guide. For example, the presence of guanine at the -1 and 

-2 positions and cytosine at the -3 position proximal to the PAM sequence contributes to a higher 

cleavage efficiency (Xu et al., 2015). Some studies have shown that mismatches within the seed 

region (8-12 bp proximal to the PAM site) reduces the likelihood of the gRNA binding to off-

target sites whereas mismatches distal to the PAM site are more tolerated (Hsu et al., 2013; Jao 

et al., 2013; Jinek et al., 2012). To confirm the number of off-target sites predicted by 

CHOPCHOP, Cas-OFFinder was used (http://www.rgenome.net/). Ideal target sites in Per2 

include regions upstream of (or within) the PAS domains. From the list of potential target sites 

identified, there were no suitable gRNAs upstream of the PAS domains that had relatively low 

numbers of off-target sites, a high efficiency score and a GC content between 40-70%. The most 

suitable upstream gRNAs were found to target exons 10 and 11 (Table 5.1 and Figure 5.1).  
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Target 
name 

Target sequence (5'-3') Exon # off-
targets 

Off-target sequence Efficiency  

per2 gRNA 1 
 

GGTGTGCCGATTAAATCCTGTGG 
 

10 2 GGTGTGCTGATAGAATCCTGTGG 0.62 

 AGTGTGCCGGTTATATCCTGGGG  

per2 gRNA 2 GGTCCAGCTTCGTCAATCCCTGG 11 1 GGTCCAGCTTCATCAACCCATGG 0.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.1: CRISPR gRNA target sequences, their off-target sites and efficiency score. 

The top two gRNA sequences including the PAM motif (underlined) were identified using CHOPCHOP. per2 

gRNA 1 targets exon 10 while per2 gRNA 2 targets exon 11. Their off-target sequences including the 

mismatches are shown in red. The efficiency score (between 0 and 1) was determined by CHOPCHOP based on 

the parameters described by (Xu et al., 2015). 
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The zebrafish Per2 protein is 1,399 amino acids long. It possesses PAS-A and PAS-B domains (coded by exons 5-11) 

near the N-terminus, and a Cry binding domain (CRYBD) at the C-terminus. Two gRNAs were designed to target 

exons 10 and 11, creating a deletion of ~1,800 bp. Their sequences are shown with the PAM sequence (in red). 

External PCR primers (red arrows) were designed to flank both target sites to detect the presence of a deletion by a 

change in the amplicon size. Internal PCR primers (green arrows) were designed to amplify a region between the 

target sites, to further confirm the presence or absence of a deletion.  

 

Figure 5.1: Double gRNA targeting strategy. 
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5.2.2 Mutation screening of CRISPR/Cas9-injected embryos 

Both gRNAs were injected together with Cas9 RNA to target both exons in per2. This dual 

gRNA approach was estimated to delete the ~1,800 bp interval between the gRNAs. We adopted 

this method to increase the likelihood of mutant recovery and it also provided a practical way of 

screening mutants using PCR (X. Chen et al., 2014; Varshney et al., 2015) (Fig. 5.1). Primers 

were designed to flank the two target sites (external primers), which amplify a 2,367 bp region 

(Fig. 5.1). The presence of a deletion can therefore be detected by a change in amplicon size, 

from 2,367 bp to ~600 bp. To further validate this, an additional pair of primers (internal 

primers) were designed to amplify a 349 bp region within the deletion site (Fig. 5.1).  

 

Since the WT band was expected to be present in the CRISPR/Cas9-injected embryos, PCR was 

carried out using only the external primers using gDNA extracted from pooled embryos (10 

embryos per batch) at 24 hpf. Only embryos that appeared healthy and showed no signs of 

abnormal development or toxicity were selected. Potential deletions were observed in 4 out of 

the 5 batches compared to the wild-type control (Fig. 5.2A). This was indicated by the smaller 

amplicon (~600 bp) detected in batches 2-5, compared to the larger amplicon seen in batch 1 and 

the wild-type sample (2,367 bp) (Fig. 5.2A). This suggested the presence of a ~1800 bp deletion 

which was consistent with the predicted deletion size. We expected to see both the wild-type 

amplicon and the shorter mutant amplicon in the gDNA derived from mutant embryos. However, 

this was not reflected in the gel images as PCR appeared to favour amplification of the small 

mutant amplicon (Fig. 5.2A). 
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(A) gDNA was extracted from pools of 10 embryos at 24 hpf and analysed by PCR using the external primers. A 

total of 5 batches were assessed against a wild-type control. The bands were resolved on a 1% agarose gel and the 

GeneRuler™ 1 kb Plus DNA Ladder was used for size estimation. (B) Sanger sequencing results of five clones 

containing the ~600 bp insert compared to the wild-type control. Four samples showed a 1,769 bp deletion and one 

sample showed a 1,774 bp deletion compared to the wild-type sequence. gRNA sequences are shown in black; PAM 

sequences are shown in red.  

Figure 5.2: Mutation screening of 24 hpf embryos injected with CRISPR/Cas9 using the double gRNA 
targeting strategy. 



186 
 

To validate the targeted deletion at the two gRNA sites, both the 2,367 bp (from wild-type and 

CRISPR/Cas9-injected embryos of batch 1) and ~600 bp bands were gel extracted and cloned 

into pGEM-T Easy for Sanger sequencing. Out of the five clones containing the ~600 bp 

amplicon, four showed a deletion size of 1,769 bp, while one displayed a deletion size of 1,774 

bp, when compared to the wild-type sequence (Fig. 5.2B). Cleavage at the gRNA 1 target site 

was located at the -3 position proximal to the PAM sequence for both 1,769 and 1,774 bp 

deletions. However, at the gRNA 2 target site, cleavage was seen at the -3 position proximal to 

the PAM sequence for the 1,769 bp deletion, but within the PAM sequence for the 1,774 bp 

deletion. The sequencing results confirmed that both gRNAs are capable of directing Cas9 to 

cleave their target sites and this deletion can be successfully screened using PCR. 

 

5.2.3 Germline transmission screening 

After confirming that the double gRNA targeting strategy was successful in cleaving both target 

sites, injected embryos were raised to adulthood (F0). To determine if the mutation in F0 fish can 

be inherited by their offspring, a total of 10 F0 fish were outcrossed with wild-type fish. The 

embryos (F1) from each founder were pooled and screened for deletions by PCR using the 

external primers (Fig. 5.3). Only embryos from F0 fish #4 and #5 exhibited a ~1,800 bp deletion 

based on the presence of the ~600 bp amplicon (Fig. 5.3). This suggested that they were carriers 

and that the deletion was germline transmissible. With this validation, we used the following 

breeding strategy, described in Figure 5.4, to generate homozygote per2-/- mutants. 
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Figure 5.3: Screening F1 embryos for germline transmission of CRISPR/Cas9-induced per2 mutation using 
PCR. 
gDNA was extracted from pools of 10 F1 embryos from each F0 parent at 24 hpf and analysed by PCR using external 

primers. A total of 10 F0 adults were assessed against a wild-type control. The bands were resolved on a 1% agarose 

gel and the GeneRuler™ 1 kb Plus DNA Ladder was used for size estimation. 
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Figure 5.4: Schematic depicting the screening and breeding steps to generate per2-/- homozygote mutants. 

gRNAs and Cas9 RNA were co-injected directly into the cell of single-cell staged embryos. Half of the injected 

embryos were screened to confirm the presence of deletions, and the other half were raised into adulthood (F0 

fish). F1 germline transmission of the deletion was identified by screening F1 embryos. The remaining embryos 

from the identified F0 mutant founder were raised to generate the F1 generation. Individual F1 adult fish were then 

screened by fin clipping and sequencing. Heterozygote F1 mutants with the identical 1,774 bp deletion were 

incrossed to generate homozygote mutants in the F2 generation.  
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Because the F0 adult fish #4 and #5 were identified as mutant carriers, they were outcrossed with 

wild-type fish and the embryos were raised to produce the F1 generation (Fig. 5.4). 

Unfortunately, embryos were only obtained from the F0 fish #4 (male) as the F0 fish #5 (female) 

had trouble spawning. Therefore, the subsequent F1 line was derived from the F0 fish #4 only. 

F1 fish were screened by PCR analysis using gDNA extracted from individual fin clips (Fig. 

5.4). A total of 20 F1 fish were screened. While most of them displayed the large wild-type 

amplicon (2,367 bp), six fish displayed the small ~600 bp amplicon suggesting that they 

inherited one per2 allele with the ~1,800 bp deletion (Fig. 5.5).  

 

 

 

 

 

To determine the exact nature of the deletion in each of the six F1 fish, the ~600 bp band was 

gel-extracted and cloned into pGEM-T Easy for Sanger sequencing. Surprisingly, the results 

revealed an identical 1,774 bp deletion spanning from exon 10 to exon 11 in all six fish (Fig. 

5.6A, B). This mutant allele was predicted to result in a premature stop codon within the PAS B 

domain of the Per2 protein (Fig. 5.6C). By chance, the six F1 carriers were comprised of three 

males and three females. Since each F1 fish inherits only one F0-derived allele, F1 carriers can 

Figure 5.5: Screening for inherited deletions in F1 adult fish using PCR. 
gDNA was extracted from fin clips obtained from 20 F1 adult fish and analysed by PCR using external primers 

and compared against a wild-type control. The bands were resolved on a 1% agarose gel and the GeneRuler™ 1 kb 

Plus DNA Ladder was used for size estimation. 
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only be heterozygous for the mutation. As a result, they were incrossed to generate the F2 line to 

obtain per2-/- mutants. 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: The 1,774 bp deletion that was inherited in all six F1 mutant fish. 

(A) Chromatograms showing the deletion identified in F1 fish compared to the wild-type sequence. Please note, the 

reverse complement of the gRNA 2 target site sequence is shown in the chromatogram marked by the red asterisk. (B) 

The deletion was calculated to be 1,774 bp long and occurred at the -5 position proximal to the PAM motif (red) at 

the first target site and at the +1 position proximal to the PAM motif at the second target site. (C) This deletion results 

in a premature stop codon that is predicted to generate a truncated Per2 protein within its PAS-B domain, abolishing 

the C-terminal Cry binding domain (CRYBD).  
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To identify heterozygote and homozygote mutants in the F2 generation, gDNA was extracted 

from individual fin clips and analysed by PCR (Fig. 5.7). Because PCR reactions with the 

external primers favoured amplification of the smaller mutant allele, even in the presence of the 

wild-type allele, they could not differentiate between heterozygous and homozygous carriers. For 

this reason, internal primers were required to validate the presence or absence of the wild-type 

allele. Results from both PCR reactions were used to determine the genotype of F2 fish (Fig. 

5.7). The ratio between F2 fish that were homozygous and heterozygous for the per2 mutation 

were similar to the expected Mendelian segregation ratio (Fig. 5.7).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7: Genotyping F2 adult fish to identify per2-/- and per2+/- mutants. 

(A) gDNA was extracted from fin clips obtained from F2 adult fish and analysed by PCR using internal primers and 

compared against a wild-type control. The primers amplified a 349 bp region in the deletion site. Presence of the 

band indicates that the fish possesses at least one wild-type per2 allele. (B) PCR on gDNA extracted from fin clips 

using external primers and compared against a wild-type control. The 593 bp amplicon reflects the presence of the 

1,774 bp deletion in at least one per2 allele. (C) Genotypes of the screened F2 fish based on the PCR results from 

(A) and (B). F2 adult fish #2 was heterozygous because the 349 bp, 2,367 bp and 593 bp amplicons were present 

(lanes marked by asterisk). PCR products were resolved on a 1% agarose gel and the GeneRuler™ 1 kb Plus DNA 

Ladder was used for size estimation. 
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To assess whether the genomic deletion was reflected at the transcript level, a pair of primers 

were designed to flank the target regions in the cDNA sequence. cDNA was generated from 

RNA that was extracted from 2 dpf larvae at ZT4. The predicted size of the wild-type amplicon 

was 709 bp while the mutant amplicon was 526 bp. RT-PCR results of per2+/- mutant larvae 

revealed two bands around the sizes predicted for both the wild-type and smaller mutant 

amplicons (Fig. 5.8A). In contrast, RT-PCR results of per2-/- mutant larvae only displayed the 

smaller amplicon (Fig. 5.8A). This was further validated by RNA-Seq analysis of 2 dpf whole 

wild-type and per2-/- mutant larvae at 3 hours post PBS injection under the LD condition (as part 

of an experiment detailed in Chapter 6). Visualisation of the reads mapped against the per2 gene 

in the Integrated Genomics View (IGV) program revealed complete deletion of exons 10 and 11 

in per2-/- mutant larvae but not in wild-type larvae (Fig. 5.8B).  

 

 

 

 

 

 

 

 

 

 

 

 



193 
 

 

 

 

 

 

 

 

 

Figure 5.8: Targeted CRISPR/Cas9 deletion was detected in per2 transcripts. 
(A) cDNA was generated from RNA isolated from 2 dpf per2-/- and per2+/- mutant larvae at ZT4 and used as 

template for RT-PCR. The 1,774 bp deletion at the genomic level resulted in a smaller 526 bp band. Only the 526 bp 

band was present in per2-/- mutants whereas the wild-type (709 bp) band was also detected in per2+/- mutants. PCR 

products were resolved on a 1% agarose gel and the GeneRuler™ 1 kb Plus DNA Ladder was used for size 

estimation. (B) Screenshot of the Integrated Genomics View (IGV) window comparing the RNA-Seq reads of the 

per2 gene between three biological replicates (n = 7 larvae per replicate) of wild-type and per2-/- mutant larvae. The 

alignment track of each read is represented by the grey bar and the coverage track is shown in either green (wild-

type) or purple (per2-/- mutant). 
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5.2.4 Behavioural analysis of per2-/- mutants 

To investigate the functional consequences of the 1,774 bp deletion in per2, we compared the 

behavioural activities of per2-/- mutant larvae with wild-type under LD and DD conditions (Fig. 

5.9A). Behavioural recordings were initially performed using the Big Brother system, as 

described previously in Chapter 3. Under the LD condition, behavioural activities of per2-/- 

mutant larvae between 5 to 7 dpf exhibited a robust diurnal circadian rhythm that was light-

entrained, mirroring the activity seen in wild-type (Fig. 5.9B). This was evidenced by an average 

circadian period length of 24.3 + 0.6 hours, which was similar to wild-type larvae (24.1 + 0.8 

hours) (Fig. 5.9C). Likewise, there was no significant difference in the lengthened free-running 

period of per2-/- mutant larvae (25.3 + 1.0 hours) under DD conditions compared to the wild-type 

group (25.2 + 1.6 hours) (Fig. 5.9D, E). Therefore, data obtained from the Big Brother 

recordings revealed no disrupted circadian rhythmicity in the behavioural activity of per2-/- 

mutants.  
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To confirm these results, we conducted behavioural analysis comparing per2-/- mutant larvae 

with wild-type larvae under the same light conditions using the Zebrabox (Fig. 5.10A). 

Consistent with the Big Brother recordings, a robust diurnal rhythm in the distance moved was 

observed in per2-/- mutants under the LD condition (Fig. 5.10B). While the transient rise in 

distance moved by per2-/- mutant larvae was similar to wild-type larvae at the onset of darkness, 

this transient rise in activity was noticeably lower compared to wild-type larvae at the onset of 

the light phase (Fig. 5.10B). In total, the distance moved over the three days of analysis was 

higher in the wild-type group (58,095 + 15,520 mm) compared to the per2-/- group (30,737 + 

12,379 mm) (Fig. 5.10C). However, locomotor activities in both groups were synchronised to 

the 24-hour LD cycle as the estimated period length in daily activity was 24.0 + 0.7 hours for 

wild-type and 24.2 + 0.7 hours for per2-/- mutant larvae (Fig. 5.10D). Under the DD condition, a 

diurnal rhythm was also observed in both groups with a peak in activity occurring during the 

Figure 5.9: Circadian rhythms in behavioural activity are not disrupted in per2-/- mutant larvae. 

(A) Schematic outlining the light conditions for behavioural recordings measured using the Big Brother system. 

Behavioural analysis was conducted from 5 to 7 dpf. (B) Representative actograms comparing the daily activity 

(counts/5 min) of an individual wild-type (left) and per2-/- (right) larva raised in Condition 1 as shown in (A). (C) 

Bar graph displaying the average period length of larvae under Condition 1 from 5 to 7 dpf. (D) Representative 

actograms comparing the daily activity (counts/5 min) of an individual wild-type (left) and per2-/- (right) larva 

raised in Condition 2 as shown in (A). (E) Bar graph displaying the average period length of larvae under 

Condition 2 from 5 to 7 dpf. Coloured bars denote the light setting, white bar = light, grey bar = dark; dpf, days 

post-fertilisation; background colours in actograms represent the lighting condition, white = light, grey = dark; red 

dots mark the peak of activity (acrophase) fitted to the biological rhythm; red line is the regression line through the 

acrophases; data in (C, E) shown as mean + s.d. and represent three biological replicates (n > 6 larvae per 

experiment); P values were calculated by unpaired Student’s t-test; ns, not significant.   
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subjective day (Fig. 5.10E). Both groups exhibited a decrease in the locomotor activity and this 

was not significantly different (Fig. 5.10F). Likewise, there was no difference in the free-running 

period of per2-/- mutants (25.6 + 0.8 hours) relative to wild-type larvae (25.4 + 0.7 hours) under 

the DD condition (Fig. 5.10G). While the circadian rhythm of per2-/- mutant larvae does not 

appear to be disrupted, their locomotor activity was dampened compared to wild-type larvae. 

This difference was pronounced under the LD condition. Furthermore, per2-/- mutant larvae 

displayed an abnormal behavioural response to the onset of light, but not the onset of darkness.  
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5.2.5 Expression of key circadian clock genes and aanat2 in wild-type and per2-/- mutants are 

rhythmic under the light/dark cycle 

The per2 gene is important for light entrainment of the zebrafish clock (Ramos et al., 2014; 

Vatine et al., 2009). Therefore, it is likely that Per2 possesses functions that are distinct from the 

other Per proteins. Expression analysis by qPCR was performed to investigate whether the key 

circadian clock genes and the circadian clock output gene, aanat2, were differentially expressed 

in the per2-/- mutant larvae compared to wild-type larvae, under the LD condition. We evaluated 

the transcript levels of genes in whole larvae every four hours from 120 to 148 hpf. This age 

range was chosen because the circadian rhythms of core clock genes are well established by this 

time point (M. Wang et al., 2015).  

 

Figure 5.10: Locomotor activity is dampened in per2-/- mutant larvae. 

(A) Schematic outlining the light conditions for the behavioural recordings measured using the Zebrabox. 

Behavioural analysis was conducted between 5 and 7 dpf. (B) Graph depicting the average daily activity of wild-

type and per2-/- mutant larvae in terms of distance moved (mm/10 min) under Condition 1 as shown in (A). (C) Bar 

graph displaying the total distance moved (mm) for wild-type and per2-/- mutant larvae and under Condition 1 from 

5 to 7 dpf. (D) Bar graph displaying the average period length of wild-type and per2-/- mutant larvae activity under 

Condition 1 from 5 to 7 dpf. (E) Graph depicting the average daily activity of wild-type and per2-/- mutant larvae in 

terms of distance moved (mm/10 min) under Condition 2 as shown in (A). (F) Bar graph displaying the total 

distance moved (mm) for wild-type and per2-/- mutant larvae and under Condition 2 from 5 to 7 dpf. (G) Bar graph 

displaying the average period length of wild-type and per2-/- mutant larvae activity under Condition 2 from 5 to 7 

dpf. Coloured bars denote the light setting, white bar = light, grey bar = dark; dpf, days post-fertilisation; data in (B-

G) shown as mean + s.d. and represent three biological replicates (n > 20 larvae per genotype for each experiment); 

red asterisks in (B) indicate the rise in activity at the onset and offset of light; P values were calculated by unpaired 

Student’s t-test; ns, not significant; ****P<0.0001.   
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Cosinor analysis confirmed that both wild-type and per2-/- mutant larvae displayed strong 

circadian rhythmicity in the expression of all the genes analysed, with the exception of per2 (Fig. 

5.11, 5.12). qPCR analysis of per2 was carried out using primers that amplified a region 

downstream of the deletion site. While the expression profile of per2 did not robustly fit the 

cosinor model, it still exhibited a distinct diurnal rhythm (Fig. 5.11, 5.12). In accordance with 

other studies, the expression of per2 increased during the light phase, peaking at ZT4, and 

decreased to a low level during the dark phase in both wild-type and per2-/- mutant larvae (Fig. 

5.11, 5.12) (Vatine et al., 2009; M. Wang et al., 2015; Ziv et al., 2005). Analysis of the other 

genes revealed no change in their transcript profiles in per2-/- mutant larvae (Fig. 5.11, 5.12). 

The expression levels of per1b and per3 also increased during the light phase and decreased in 

the late afternoon just before the dark phase (Fig. 5.11, 5.12). On the other hand, cry1a displayed 

a transcript profile similar to that of per2 peaking at ZT4 and with low levels during the dark 

phase (Fig. 5.11, 5.12). However, unlike per2, its expression increased at the dark-to-light 

transition point (ZT0). Both cry1a and cry1b peaked around the start of the light phase, while 

cry2a and cry2b peaked towards the end of the light phase (Fig. 5.11, 5.12). This was consistent 

with previous observations in adult zebrafish and in larvae of the same age (Y. Kobayashi et al., 

2000; M. Wang et al., 2015). The expression profile of bmal1a, bmal1b, bmal2 and clock1a 

peaked just before or at the start of the dark phase, opposite to the expression profile of per2 

(Fig. 5.11, 5.12). Likewise, aanat2 expression in wild-type larvae was found to peak just before 

the dark phase, while this was shifted to the start of the dark phase in per2-/- mutant larvae (Fig. 

5.11, 5.12).  
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Figure 5.11: Cosinor analysis of the expression levels of clock genes and aanat2 in 5 dpf wild-type larvae 
under the light/dark condition. 

qPCR analysis of the transcript levels of key circadian clock genes (per1b, per2, per3, cry1a, cry1b, cry2a, cry2b, 

bmal1a, bmal1b, bmal2 and clock1a) and the circadian clock-controlled gene, aanat2, in wild-type whole larvae 

over a 28-hour period (120 to 148 hpf) under the light/dark condition. The relative quantity of transcript for each 

gene was normalised to the lowest value; data shown as mean + s.d. and represent three biological replicates (n = 20 

larvae per time point for each replicate); P values were calculated by one-way ANOVA with Dunnett’s multiple 

comparisons test using the lowest data value for each light condition as the reference; *P<0.05; **P<0.01; 

***P<0.001; ****P<0.0001; black lines represent a cosinor model fitted to the log-transformed data shown as green 

lines; P represents the P value of the best fit; R represents percentage of variation in the data that fits the cosinor 

model; ZT, zeitgeber time where ZT0 represents start of the light phase; hpf, hours post-fertilisation. 
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5.2.6 Differences in expression of key circadian clock genes and aanat2 between wild-type and 

per2-/- mutant larvae under the light/dark cycle 

To compare the relative expression levels of each transcript between wild-type and per2-/- mutant 

larvae, two-way ANOVA using Bonferroni’s post-test was carried out on the data shown in Fig. 

5.11 and 5.12. While differences between the two groups were seen for all genes except for 

cry2b and clock1a, the most obvious changes were observed for per2, per3, cry1a, cry1b, cry2a, 

bmal1a, bmal2 and aanat2. RT-PCR showed that per2 transcripts were still generated in per2-/- 

mutants, albeit shorter compared to the wild-type transcript (Fig. 5.8). Despite the fact that the 

expression pattern of per2 in per2-/- mutant larvae remained similar to the expression pattern seen 

in wild-type larvae, there was a significantly lower level of per2 transcripts during the light 

phase (Fig. 5.13). Similarly, but to a lesser extent, the overall expression level of cry1a and 

cry1b in per2-/- mutant larvae were also downregulated compared to wild-type (Fig. 5.13). In 

contrast, cry2a in per2-/- mutant larvae was upregulated and peaked at ZT16 rather than at ZT12 

Figure 5.12: Cosinor analysis of the expression levels of clock genes and aanat2 in 5 dpf per2-/- mutant larvae 
under the light/dark condition. 
qPCR analysis of the transcript levels of key circadian clock genes (per1b, per2, per3, cry1a, cry1b, cry2a, cry2b, 

bmal1a, bmal1b, bmal2 and clock1a) and the circadian clock-controlled gene, aanat2, in per2-/- whole larvae over a 

28-hour period (120 to 148 hpf) under the light/dark condition. The relative quantity of transcript for each gene was 

normalised to the lowest value; data shown as mean + s.d. and represent three biological replicates (n = 20 larvae per 

time point for each replicate); P values were calculated by one-way ANOVA with Dunnett’s multiple comparisons 

test using the lowest data value for each light condition as the reference; *P<0.05; **P<0.01; ***P<0.001; 

****P<0.0001; black lines represent a cosinor model fitted to the log-transformed data shown as purple lines; P 

represents the P value of the best fit; R represents percentage of variation in the data that fits the cosinor model; ZT, 

zeitgeber time where ZT0 represents start of the light phase; hpf, hours post-fertilisation. 
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seen in wild-type (Fig. 5.13). Similarly, bmal1a expression was upregulated at ZT8 and ZT16 in 

per2-/- mutant larvae, while this was only seen at ZT16 for bmal1b and bmal2 (Fig. 5.13). These 

results suggest that although the expression of key clock genes remained rhythmic in per2-/- 

mutant larvae, their expression levels were altered typically around the timing of their acrophase. 

This was also observed in the transcript profile of aanat2 where its expression was significantly 

dampened in per2-/- mutant larvae (Fig. 5.13).  
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Before assessing the immune phenotype of per2-/- mutant larvae at 2 dpf (Chapter 6), we firstly 

analysed their expression of these rhythmic genes at this early time point. Only the light-

modulated clock genes, per2, cry1a, per1b and per3, and the clock-controlled output gene, 

aanat2, were analysed. This was because we previously showed in Chapter 3 that the positive 

clock regulator genes: bmal1a, bmal1b, bmal2 and clock1a, were not expressed in a rhythmic 

manner in 2 dpf larvae. Like wild-type larvae, per2-/- mutant larvae exhibited high levels of per2, 

cry1a, per1b and per3 expression during the light phase and low levels of expression during the 

dark phase (Fig. 5.14). This was in contrast to aanat2, which peaked during the dark phase (Fig. 

5.14). The diel rhythms of these clock genes in per2-/- mutant larvae suggest that they can be 

synchronised to light at this early age. Furthermore, the circadian profile of aanat2 transcripts 

indicates that a clock-controlled rhythm is also established by 2 dpf in these mutants. Similar to 5 

dpf larvae, the relative level of per2 transcripts was significantly lower in the mutants during the 

light, but not the dark, phase (Fig. 5.15). In contrast, there were no significant differences in the 

overall expression level and profile for cry1a, per1b, per3 and aanat2 between wild-type and 

per2-/- mutant larvae, except at ZT4 in 76 hpf larvae for cry1a and per3 (Fig. 5.15). 

Figure 5.13: Comparison of the expression profiles of clock genes and aanat2 between 5 dpf wild-type and 
per2-/- mutant larvae under the light/dark condition. 

qPCR analysis comparing the transcript levels of key circadian clock genes (per1b, per2, per3, cry1a, cry1b, cry2a, 

cry2b, bmal1a, bmal1b, bmal2 and clock1a) and the circadian clock-controlled gene, aanat2, between wild-type and 

per2-/- mutant larvae over a 28-hour period (120 to 148 hpf) under the light/dark condition. The relative quantity of 

transcript for each gene was normalised to the lowest value; data shown as mean + s.d. and represent three 

biological replicates (n = 20 larvae per time point for each replicate); P values were calculated by two-way ANOVA 

using Bonferroni’s post-test; **P<0.01; ***P<0.001; ****P<0.0001; ZT, zeitgeber time where ZT0 represents start of 

the light phase; hpf, hours post-fertilisation. 
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Figure 5.14: Cosinor analysis of the expression levels of clock genes and aanat2 in 2 dpf per2-/- mutant 
larvae under the light/dark condition. 
qPCR analysis of the transcript levels of key circadian clock genes (per2, cry1a, per1b and per3) and the circadian 

clock-controlled gene, aanat2, in per2-/- whole larvae over a 28-hour period (48 to 76 hpf) under the light/dark 

condition. Relative quantity of transcript for each gene was normalised to the lowest value; data shown as mean + s.d. 

and represent three biological replicates (n = 20 larvae per time point for each replicate); P values were calculated by 

one-way ANOVA with Dunnett’s multiple comparisons test using the lowest data value for each gene as a reference 

(*P<0.05, **P<0.01, ***P<0.001); black lines represent a cosinor model fitted to the log-transformed data shown as 

purple lines; P represents the P value of the best fit; R represents percentage of variation in the data that fits the 

cosinor model; ZT, zeitgeber time where ZT0 represents start of the light phase; hpf, hours post-fertilisation.  
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We previously showed in Chapter 3 that qPCR analysis was not sensitive enough to detect any 

differences in the level of aanat2 in 2 dpf larvae. Therefore, WMISH was carried out to 

determine whether there was any difference in aanat2 expression between 2 dpf wild-type and 

per2-/- mutant larvae at ZT16. Results were scored based on the strength of staining (strong, weak 

or no staining) in order to determine the proportion of larvae for each category (Fig. 5.16A). The 

majority of per2-/- mutant larvae exhibited weak staining for aanat2 (~79%) with the remainder 

showing no staining (Fig. 5.16B). No strong staining was observed in per2-/- mutant larvae (Fig. 

5.16A, B). This was in contrast to wild-type larvae where the majority displayed strong staining 

Figure 5.15: Comparison of the expression profile of clock genes and aanat2 expression between wild-type 
and per2-/- mutants from 48 to 76 hpf. 
qPCR analysis comparing the transcript levels of the clock genes (per2, cry1a, per1b and per3) and the circadian 

clock-controlled gene, aanat2, from wild-type and per2-/- mutant whole larvae over a 28-hour period (48 to 76 hpf) 

under the light/dark condition. The relative quantity of transcript for each gene was normalised to the lowest value; 

data shown as mean + s.d. and represent three biological replicates (n = 20 larvae per time point for each replicate); 

P values were calculated by two-way ANOVA using Bonferroni’s post-test; *P<0.05, **P<0.01, ***P<0.001; ZT, 

zeitgeber time where ZT0 represents start of the light phase; hpf, hours post-fertilisation. 
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(82%) and a smaller proportion showed weak (15%) or no staining (3%) (Fig. 5.16B). These 

WMISH results indicate that aanat2 expression is more weakly expressed in 2 dpf larvae, which 

is consistent with the qPCR results of 5 dpf larvae (Fig. 5.13). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.16: The majority of per2-/- mutant larvae exhibit weak aanat2 expression as detected by WMISH. 

(A) Expression analysis of aanat2 at ZT16 as detected by WMISH in 2 dpf larvae raised under light/dark. (B) 

Percentage of 2 dpf wild-type and per2-/- mutant larvae with strong, weak or no aanat2 expression as detected by 

WMISH in (A). Arrows mark aanat2 expression in the pineal gland; scale bar, 100 µm; P value was calculated by a 

three-category Chi-square test; ****P<0.0001.  
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5.3 Discussion 

5.3.1 Generation and characterisation of a per2-/- mutant 

In this chapter the CRISPR/Cas9 methodology was successfully applied to generate a per2-/- 

mutant with a heritable deletion of 1,774 bp. This resulted in a premature stop codon near the 

end of the PAS-B domain leading to a predicted truncated protein of 435 amino acids rather than 

the full-length 1,399 amino acid protein. Behavioural analysis of this mutant revealed diminished 

amplitude of locomotor activity compared to wild-type but with no apparent changes in their 

circadian rhythm. Differences in the expression levels of circadian clock genes were typically 

observed at the acrophase, although no major changes in the overall expression profiles were 

noted. However, the circadian clock output of per2-/- mutant larvae was significantly dampened, 

as evidenced by the expression level of aanat2. To our knowledge, this is the only per2 zebrafish 

mutant that has been generated using CRISPR/Cas9. Although there were no known zebrafish 

per2 mutants reported in the literature at the start of this project, one research group recently 

generated a per2-/- mutant using TALENs (M. Wang et al., 2015). In their study, they targeted 

the second exon of per2 which contains the ATG start site and identified an F0 fish with an 11-

bp deletion (M. Wang et al., 2015). This resulted in a frameshift mutation leading to a predicted 

truncated protein of 160 amino acids, which is shorter in comparison to the predicted protein size 

in our per2-/- mutant larvae.  

 

5.3.2 Behavioural analysis of per2-/- mutant larvae 

Behavioural characterisation of the two per2-/- mutants revealed differences in their level of 

locomotor activity, but not in circadian rhythmicity, compared to wild-type larvae. The overall 
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locomotor activity was dampened in per2-/- mutant larvae under the LD condition. This indicates 

that the per2 gene may be important for regulating locomotor activity in the presence of light. 

This was similarly observed in the per2-/- (-11 bp) mutant larvae, which travelled ~30% less 

distance compared to wild-type larvae from 5 to 7 dpf (M. Wang et al., 2015). However, the 

activity of per2-/- mutant larvae still exhibited a light-entrainable circadian rhythm under the LD 

cycle. Under the DD condition, there was no significant difference in the free-running period of 

per2-/- mutant larvae compared to wild-type larvae suggesting that the endogenous rhythm was 

not disrupted in this mutant. This was unexpected because disruption of this gene in zebrafish, 

mice and humans appears to have a profound effect on the circadian rhythm (Bae et al., 2001; 

Jones et al., 1999; Toh et al., 2001; M. Wang et al., 2015; B. Zheng et al., 1999). In zebrafish, the 

per2-/- (-11 bp) mutant showed a slightly longer free-running period than wild-type larvae (M. 

Wang et al., 2015). In contrast, a 4-hour phase advance is seen in humans with a mutation in the 

casein kinase-binding region of PER2 under LD, a condition known as familial advanced sleep 

phase syndrome (Jones et al., 1999; Toh et al., 2001). On the other hand, mouse mutants that 

lack 87 amino acids in the PAS-B domain (Per2brdml), or are deficient in PER2 (Per2ldc), display 

a shorter free-running period compared to wild-type, and this rhythm is eventually lost under DD 

conditions (Bae et al., 2001; B. Zheng et al., 1999). Collectively, these studies show that the 

mutant phenotype can vary between species. Despite this, mutation of the gene appears to result 

in circadian defects, which were not found in our per2-/- mutant. There are many potential factors 

that may explain this observation. These factors are addressed in the following subsections.  
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5.3.3 Location of the deletion site and the functional domains and diversity of Per2 

It has been shown that three different per mutations in the Drosophila can result in a long, short 

or abolished free-running period (Konopka & Benzer, 1971). Therefore, differences in the 

deletion site, and location of the premature stop codon, could explain the discrepancy in the 

circadian behavioural phenotype between per2-/- mutant and the per2-/- (-11 bp) mutant. The Per2 

protein in our mutant was predicted to be truncated within the PAS-B domain. This is 

downstream to the truncation site in the per2-/- (-11 bp) mutant, which is located upstream of the 

PAS domains (M. Wang et al., 2015). Studies have shown that in zebrafish and mice, the Cry-

binding domain at the C-terminal region of Per2 is critical for its co-repressor activity (Hirayama 

et al., 2003; Ye et al., 2014). Furthermore, studies in mice have shown that the casein kinase 

binding domain of PER2, which is downstream of the PAS domains, also plays a crucial role in 

its functioning (Lee et al., 2004; Ye et al., 2014). In contrast, the PAS domains in mice were 

shown to be dispensable despite their role in binding with CLOCK and BMAL1 (R. Chen et al., 

2009; Ye et al., 2014). Since the truncated Per2 proteins in both zebrafish per2-/- mutants 

eliminated the important functional domains downstream of the PAS domains, it is unclear what 

underlying molecular mechanisms mediate the differences in their behavioural phenotype. It may 

be possible that other crucial functional domains exist in zebrafish Per2, either within the PAS 

domains or in upstream N-terminal regions. This also raises the possibility that the functional 

roles of Per2 may extend further than what is currently known.  

 

Current understanding of PER2 functional domains cannot completely explain the circadian 

defects observed in Per2brdml mutant mice. These mice have a similar circadian phenotype to 

Per2ldc (PER2-deficient) mutant mice (Bae et al., 2001; B. Zheng et al., 1999). However, the 
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PER2brdm1 protein retains the capacity to not only bind CLOCK:BMAL1, but also CRY1 and 

CRY2 due to the presence of the intact C-terminal region (Ye et al., 2014). This highlights the 

fact that the functional domains of PER2 are still not completely understood. So far, knowledge 

of the PER2 functional domains are derived from in vitro studies where regions of the protein are 

systematically deleted (R. Chen et al., 2009; Hirayama et al., 2003; Vielhaber, Eide, Rivers, Gao, 

& Virshup, 2000; Ye et al., 2014). These results may not necessarily recapitulate the protein-to-

protein interactions that take place in vivo.  

 

The general molecular clock model shows PER2 as a negative regulatory element that inhibits 

the activity of CLOCK:BMAL1 (Curtis et al., 2014; Takahashi, 2017). However, this dogma has 

been challenged by results from mice studies that support PER2 as both a positive and negative 

regulator of CLOCK:BMAL1 activity. For example, Per2brdml and Per2ldc mice exhibit lower 

levels of Per1 and Cry1, contradicting its role as a negative regulator of its own expression and 

suggests that it may also play a positive regulatory role (Bae et al., 2001; B. Zheng et al., 1999; 

B. Zheng et al., 2001). A more recent study provided evidence that PER2 not only binds CRY to 

co-repress CLOCK:BMAL1-mediated transcriptional activity, but it can also prevent CRY from 

binding CLOCK:BMAL1 to inhibit CRY-mediated transcriptional repression (Akashi et al., 

2014). Additionally, PER2brdm1 proteins lack the ability to repress CRY2, but not CRY1, which 

may underlie the mutant phenotype in Per2brdm1 mice (Akashi et al., 2014). Therefore, it has been 

proposed that PER2 carries out bimodal roles depending on the circadian phase as a way to 

buffer and maintain the endogenous rhythm (Akashi et al., 2014). The exact functions of PER2 

in the core loop of the molecular clock are therefore more complex than realised. Further 
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elucidation is required to understand how different mutations in PER2 affect its functioning and 

overall effect on the circadian rhythm.  

 

5.3.4 Variation in mutant phenotype 

In addition to DNA lesions, there are other factors that can influence the spectrum of phenotypes 

associated with mutations of a given gene, such as genetic variation (Chandler et al., 2017). 

Studies in mice have shown that phenotypes related to a particular mutation can be modified by 

other gene loci. For example, C57BL/6 mice with only one copy of the multiple intestinal 

neoplasia mutation in the adenomatous polyposis coli (ApcMin+/-) gene develop intestinal 

tumours, while this phenotype is less severe in heterozygotes produced from crosses between 

ApcMin+/- C57BL/6 mice and AKR/J mice (Moser, Dove, Roth, & Gordon, 1992). To fully 

understand how genetic variation can influence the presentation of a mutation, individual 

mutations need to be assessed in a large number of genetic backgrounds. Some studies have 

adopted this approach to identify candidate genes that drive phenotypic variations of specific 

mutations (Chow, Kelsey, Wolfner, & Clark, 2015; Vu et al., 2015). In one study, the 

Drosophila mutant model of retinitis pigmentosa (Rh1G69D) was studied in ~200 wild-type 

strains (Chow et al., 2015). Ten gene modifiers identified from a genome wide association study 

were shown to potentially drive the Rh1G69D phenotype (Chow et al., 2015). In zebrafish, there 

are marked differences in the genetic variation within and between commonly used zebrafish 

strains (Guryev et al., 2006). Therefore, it is possible that genetic heterogeneity between 

zebrafish from different laboratories can result in confounding per2 mutant phenotypes.  
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Additionally, the phenotype of genetic knockouts can also be modified by genetic compensatory 

mechanisms (Rossi et al., 2015). These mechanisms can alter the expression of related genes to 

buffer the deleterious effect of the mutation (Rossi et al., 2015). This has been shown in 

zebrafish where upregulation of several extracellular matrix genes was observed in EGF-like-

domain, multiple 7 (egfl7) mutants (Rossi et al., 2015). These genes share a functional domain 

with Egfl7 and can compensate for its functional loss in the mutant (Rossi et al., 2015). 

Therefore, phenotypic variations seen in the two per2 mutant lines may also depend on the 

degree of functional compensation. Since zebrafish possess four per paralogues (per1a, per1b, 

per2, per3), there could possibly be a certain degree of functional redundancy resulting in the 

absence of a circadian defect in our per2-/- mutants. 

 

Apart from genetic modifiers, environmental factors can also alter the expression of genes 

(phenotypic plasticity) (Pigliucci, Murren, & Schlichting, 2006). These phenotypic changes can 

also be propagated through the germline impacting the offspring. Studies in mice have shown 

that diet can alter the expression of genes involved in metabolic pathways. In the case of high-fat 

diet, genes important in insulin and glucose metabolism were influenced, while low-protein diet 

affected genes involved in lipid biosynthesis (Carone et al., 2010; Ng et al., 2010). Changes in 

the expression of some of these genes were associated with modulation of the DNA methylation 

state of their promotor, and this can be inherited by the offspring (Carone et al., 2010; Ng et al., 

2010). This can partly explain why phenotypic variation can also manifest in individuals with the 

same mutation and genetic background (Hamilton & Benjamin, 2012).  
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Taken together, these studies highlight the fact that multiple combinatorial factors can influence 

the phenotype of a mutation, independent of the DNA lesion itself. This includes genetic 

variations resulting in different levels of background gene expressions, which could alter the 

mutant phenotype. Furthermore, these baseline levels of gene expression can also be modified by 

environmental factors. Since the two zebrafish per2 mutant lines were generated using 

independent wild-type strains that were raised in different laboratories, it is likely that 

differences in their mutant phenotypes could be partly due to modifying factors from their 

respective genetic background and environment. 

 

5.3.5 Nonsense mediated decay of per2 transcripts in per2-/- mutants 

In eukaryotes, the presence of mRNAs with premature stop codons can be targeted for 

degradation by the nonsense mediated decay (NMD) pathway (Hug, Longman, & Cáceres, 

2016). This is an evolutionarily conserved mechanism to safeguard organisms from synthesising 

mutant proteins, therefore protecting them from any potential detrimental effects (Hug et al., 

2016). qPCR analysis revealed a lower per2 transcript level in per2-/- mutant larvae compared to 

wild-type larvae. This implies that the presence of the premature stop codon in the PAS-B 

domain rendered the transcript susceptible to NMD. In contrast, the transcript level of per2 in the 

per2-/- (-11 bp) mutant was not considerably lower in comparison to the level detected in wild-

type (M. Wang et al., 2015). Although the NDM pathway is a surveillance mechanism that aims 

to minimise the deleterious effects of mutant mRNAs, its efficiency is highly variable 

(Anczuków et al., 2008; Hug et al., 2016). Therefore, it is not possible to determine whether the 

1,774 bp deletion in Per2 is a true null mutation as we cannot predict if the truncated protein is 

produced or absent based on the transcript level alone. To detect and quantify the presence of 
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Per2, protein analysis such as immunohistochemistry or western blot should be performed. In the 

case where the protein is present, protein-protein interaction analysis can be performed to assess 

which functions are preserved. This could provide further insight into the relationship between 

the genotype and phenotype of the mutation in the per2-/- mutants.  

 

5.3.6 per2-/- mutants display downstream circadian clock-controlled changes  

Changes in the expression level of key circadian clock genes and aanat2 were observed in both 

per2 mutant lines. The per2-/- (-11 bp) mutant exhibited upregulation of cry2a, cry2b, bmal1a and 

aanat2, but down regulation of per1b, per3 and bmal1b compared to wild-type (M. Wang et al., 

2015). Apart from bmal1a, which was also upregulated in our per2-/- mutant, changes in the 

transcript levels of the other genes followed a different trend. In general, the expression profiles 

of clock genes between the per2-/- mutant and wild-type larvae were similar with differences 

typically seen around the acrophase. Most notably, we showed that aanat2 was significantly 

downregulated in the per2-/- mutant compared to the wild-type. This was opposite to the 

upregulation of aanat2 in the per2-/- (-11 bp) mutant (M. Wang et al., 2015). These differences 

could be a result of the combinatorial effect of modifying factors on the mutation as discussed 

above. Furthermore, these results also suggest the per2 mutation in both mutants have alternative 

downstream effects.  

 

Many studies have demonstrated the suppressive effect of light on aanat2 expression (Gothilf et 

al., 1999; Ziv et al., 2005; Ziv, Tovin, Strasser, & Gothilf, 2007). This may be partly mediated by 

Per2 which has been demonstrated to repress aanat2 expression via its E-box domain (M. Wang 

et al., 2015). Therefore, the loss of this inhibition in the per2 (-11 bp) mutant could explain why 
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aanat2 was upregulated in the per2-/- (-11 bp) mutant (M. Wang et al., 2015). However, light-

induced per2 expression is required for the development of a robust circadian rhythm in aanat2 

transcription. Morpholino knockdown of per2, which deletes 28 amino acids in the PAS 

domains, disrupts aanat2 mRNA rhythm in the pineal gland resulting in a lower level of its 

expression without affecting the development of the pineal gland (Ziv & Gothilf, 2006b). The 

reduced level of aanat2 expression was suggested to be attributed to the lack of synchronicity in 

the pineal gland (Ziv & Gothilf, 2006b). In our case, aanat2 mRNA expression in per2-/- mutant 

larvae at 5 dpf was low but still appeared rhythmic. This was similarly observed in per2-/- 

mutants at 2 dpf. Therefore, the lower level of expression may indicate a weaker circadian 

rhythm in the pineal gland rather than abolishment of the rhythm. The fact that a higher 

abundance of aanat2 transcript was found in the per2 (-11 bp) mutant reinforces the notion that 

different downstream molecular clock effects may exist between the two zebrafish per2 mutants. 

 

5.3.7 Potential underlying mechanisms that dampen locomotor activity 

The distinct diurnal activity in zebrafish larvae reflects their response to light. This visual motor 

response to the onset of light was found to be impaired in the per2-/- (-11 bp) mutants (Huang et 

al., 2018). These larvae also have decreased contrast sensitivity and visual acuity (Huang et al., 

2018). Analysis of the retinal morphology revealed the number of photoreceptor ribbon synapses 

in the retinal ON pathway were reduced in the mutants (Huang et al., 2018). However, they did 

not display abnormality in their locomotor response to the onset of darkness, suggesting that 

their retinal OFF response is normal (Huang et al., 2018). Although we did not specifically 

assess the visual function of our per2-/- mutant line, their locomotor response to the onset of light 

was reduced compared to wild-type. However, the temporary rise in activity at the offset of light 
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was similar to that seen in wild-type larvae, implicating that their response to darkness may be 

normal. Based on their locomotor activity under the LD condition, our per2-/- mutant larvae show 

potential signs of visual impairment.  

 

Light has a strong sleep-suppressant effect that plays a more predominant role than the circadian 

rhythm in modulating the sleep/wake cycle in zebrafish (Hurd et al., 1998). This is indicated by 

the high activity levels of larvae during the light phase. Therefore, it is possible that the lower 

level of activity exhibited by per2-/- mutants indicates that arousal may be affected. An important 

neuropeptide that promotes wakefulness is hypocretin (Prober et al., 2006). Overexpression of 

hypocretin in larvae leads to increased wakefulness while null mutants display sleep 

fragmentation (Prober et al., 2006; Yokogawa et al., 2007). The effect of hypocretin 

overexpression on locomotor activity was found to be regulated by the circadian rhythm (Prober 

et al., 2006). There are some regions in the zebrafish brain that express both the hypocretin 

receptor and light-responsive per3 gene (H. A. Moore & Whitmore, 2014). The overlap of these 

regions could provide insight into the sleep/wake regulatory process. Like mammals, the 

hypocretin circuitry in zebrafish innervates the pineal gland, which importantly secretes 

melatonin during the dark phase to promote sleep (Appelbaum et al., 2009). Hypocretin appears 

to be important for stimulating melatonin production as it can induce cultured zebrafish pineal 

glands to secrete melatonin (Appelbaum et al., 2009). This is also supported by the fact that 

aanat2 is expressed at lower levels in hypocretin null mutants (Appelbaum et al., 2009). 

Therefore, this could potentially explain the link between the dampened activity and lower 

expression of aanat2 in per2-/- mutants. Further examination of their hypocretin levels and 
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behaviour in response to light, including analysis of sleep/wake activity and arousal thresholds, 

is required to test this hypothesis.  

 

5.3.8 Specificity of CRISPR/Cas9-mediated mutation 

Numerous online tools have been developed to identify potential gRNAs for any given gene. 

They rely on algorithms designed to satisfy a set of criteria that predict the efficiency and off-

target effects of gRNAs. However, these algorithms are based on the current growing knowledge 

of gRNA and Cas9 activities. As a consequence, there are limitations in the accuracy of their 

predictions. For example, not all predicted gRNA sequences are amenable to targeting. This 

could be due to the chromatin state which can restrict Cas9 access for binding and cleavage 

(Daer, Cutts, Brafman, & Haynes, 2016; Wu et al., 2014). Despite choosing gRNAs with low 

off-target effects in this project, a systematic approach is required to validate their cleavage 

specificity. Off-target mutations are likely due to partial base pairing of the gRNA with other 

genome regions that share partial sequence similarity with the target site. Therefore, it is possible 

to identify the predicted genomic locations of these sites to analyse their integrity following 

CRISPR/Cas9-targeted mutagenesis (Martin, Sánchez-Hernández, Gutiérrez-Guerrero, Pinedo-

Gomez, & Benabdellah, 2016). Additionally, unbiased methods of detecting off-target cleavage 

provide a more extensive analysis to identify unintended cleavage sites (Martin et al., 2016). It 

has been shown in mice that while off-target cleavage does happen, it is an infrequent event 

(Nakajima et al., 2016; E. Tan, Li, Del Castillo Velasco�Herrera, Yusa, & Bradley, 2015).  

 

There are numerous strategies to increase the specificity of per2-targeting. One method is to 

adopt the double nicking strategy, which uses a mutant form of Cas9 (Cas9 nickase) that has the 
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ability to only cleave one strand of DNA (Ran et al., 2013). Therefore, DSBs can be generated 

by two gRNAs and this has been shown to reduce off-target effects by over a thousand-fold in 

cell lines (Ran et al., 2013). This can be further enhanced by using gRNAs with a truncated 5′- 

region, which is not as important as the seed region and may compensate for off-target 

mismatches (Fu, Sander, Reyon, Cascio, & Joung, 2014). Since each Cas9 nickase can 

independently cleave DNA, this can still potentially induce mutations. This problem can be 

bypassed by fusing inactive Cas9 with FokI endonuclease, which requires dimerisation with 

another FokI endonuclease in order to create a DSB (Guilinger, Thompson, & Liu, 2014; Tsai et 

al., 2014). More recently, enhanced-specificity variants of Cas9 have been engineered to weaken 

its affinity with the target site, which reduces the chance of off-target cleavage (Slaymaker et al., 

2016). In the case of this study design, targeting one location, instead of two, within the per2 

gene can also further reduce potential off-target effects. This however requires a different 

genotyping approach, such as high-resolution melt analysis (HRMA), which is a rapid 

quantitative analysis that is sensitive enough to detect single-base changes to distinguish between 

biallelic and monoallelic mutations (Samarut, Lissouba, & Drapeau, 2016). 

 

5.3.9 Limitations in analysing the locomotor activity of zebrafish larvae 

Robustness of circadian rhythm analysis in behavioural activity correlates with the length of the 

recording period. In both Per2 mutant mouse studies, calculation of the free-running period 

excluded the first few days following DD exposure to allow for equilibration (Bae et al., 2001; 

B. Zheng et al., 1999). Furthermore, the activity of mice was recorded for 30 days or more 

following the onset of DD, which enabled sufficient time to observe drifting of the endogenous 

rhythm and the eventual loss of the rhythm (Bae et al., 2001; B. Zheng et al., 1999). This was not 
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possible in zebrafish larvae studies for two main reasons. Firstly, zebrafish larvae require 

exposure to 4 LD cycles to develop a robust circadian rhythm (Cahill et al., 1998). Secondly, 

there is only a short window of opportunity for behavioural recordings (5-7 dpf). We were 

unable to extend the recordings beyond 7 dpf due to the excessive evaporation of E3 medium 

from wells and the depletion of yolk sac nutrients. Therefore, it is unknown if abnormal changes 

in the behaviour of per2-/- mutant larvae generated in this study may appear under prolonged 

exposure to the DD condition. To overcome this obstacle, behavioural analysis of adult fish 

would be a viable option as they are able to survive without food for 21 days (Hurd et al., 1998). 

This also allows for a longer period of recording which increases the robustness of the assay.  

 

5.3.10 Conclusion  

CRISPR/Cas9 was used to generate a heritable 1,774 bp deletion in the zebrafish per2 gene, 

which resulted in a predicted Per2 protein that is truncated within the PAS-B domain. This 

mutant shared similar and different behavioural and circadian phenotypes with the zebrafish 

per2-/- (-11 bp) mutant, suggesting that the two mutations have different downstream effects. The 

underlying mechanisms that mediate these differences are likely due to a combination of 

modifying factors and the complexity of Per2 functions, which are yet to be fully understood. 

Behavioural and genetic analyses indicate that our per2-/- mutant has an impaired response to 

light. We previously showed in Chapter 4 that light enhances the innate immune response to 

bacterial infection. This coincided with high levels of per2 expression. Therefore, this mutant 

serves as a suitable model for investigating whether per2 is involved in the light pathway that 

regulates innate immunity.  
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Chapter 6 Functional analysis of the innate immune response to acute 

infection in per2-/- mutant larvae 

6.1 Preface 

As shown in Chapter 4, the innate immune response to acute bacterial infection is heightened 

under light exposure in 2 dpf zebrafish larvae. Two well-known genes that can be induced by 

light are per2 and cry1a, both of which play an important role in entraining the zebrafish 

molecular clock. Virtually every cell in the body possesses a molecular clock and this includes 

haematopoietic-lineage cells, such as macrophages (Keller et al., 2009). There is compelling 

evidence to suggest that circadian oscillations of immune parameters have important 

implications in the development and treatment of diseases. As a result, current efforts are 

directed towards investigating the molecular mechanisms underlying the circadian-regulated 

immune response by studying the role of core clock components. More specifically, current 

interests lie in understanding the immune cell-specific role of clock genes in an integrated 

physiological system. To this end, the zebrafish serves as a valuable model for gaining further 

mechanistic insights into the circadian clock regulation of the innate immune system. In 

particular, we can examine the role of molecular clock components on the host immune cell 

interaction with pathogens in vivo. This is a new area that has not been explored to date. Based 

on the results from Chapter 4, we hypothesised that per2 is involved in mediating the immune-

enhancing effect of light. Therefore, the objective of this chapter was to investigate the role of 

per2 in regulating the innate immune response to infection by using the per2-/- mutant generated 

in Chapter 5. Furthermore, we aimed to identify potential downstream mechanisms involved in 

this regulation.  
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6.2 Results 

6.2.1 per2-/- mutant zebrafish have increased susceptibility to Salmonella infection 

We firstly investigated whether the functioning of the innate immune system is affected in per2-/- 

mutant larvae. This was achieved by analysing their survival outcome following infection with 

1000 CFU of Salmonella in the hindbrain ventricle. Under the same infection settings described 

in Chapter 4, larvae were infected at 52 hpf (Fig. 6.1A). This experiment was firstly carried out 

under the LD condition, which compared the survival outcome of infected per2-/- mutant larvae 

with per2+/- mutant and wild-type larvae. As expected, the majority of mortality occurred within 

the first day following infection for all three groups (Fig. 6.1B). However, per2-/- mutant larvae 

displayed a significantly lower survival rate compared to per2+/- mutant and wild-type larvae, 

which shared an almost identical survival curve (Fig. 6.1B). For this reason, subsequent infection 

experiments were carried out on per2-/- mutant and wild-type larvae. Under LL conditions, per2-/- 

mutant larvae also displayed a significantly lower survival rate relative to wild-type larvae (Fig. 

6.1B). Under the DL and DD conditions however, the survival outcome between both wild-type 

and per2-/- mutant larvae were similar (Fig. 6.1B).  

 

Taken together, the innate immune response to infection in per2-/- mutant larvae appears to be 

impaired. The discrepancy in survival outcome between per2-/- mutant larvae compared with 

per2+/- mutant and wild-type larvae under the LD condition suggests that this immune phenotype 

presentation requires biallelic mutation of per2. Furthermore, these results are consistent with the 

notion that low per2 expression is associated with a compromised innate immune system. Based 

on the significant difference in survival outcome between per2-/- mutant and wild-type larvae 
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following infection under LD and LL, we chose to conduct all future infection experiments under 

the LD condition.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1: Survival of per2-/- mutant larvae infected with Salmonella is low compared to wild-type under 
light exposure. 
(A) Schematic outlining the light conditions and timing of infection. (B) Kaplan-Meier survival graph comparing 

the % survival of wild-type, as well as heterozygote and homozygote per2 mutant larvae (infected with 1000 CFU) 

under light/dark, constant light, dark/light and constant darkness conditions from 1 to 5 days post-infection. ZT, 

zeitgeber time where ZT0 represents start of the light phase; data in (B) represent three biological replicates; P 

values were calculated by the Gehan-Breslow-Wilcoxon method; ns, not significant; P<0.001***, P<0.0001****. 

 



225 
 

6.2.2 per2 mRNA can rescue the survival defect of per2-/- mutant larvae 

To confirm whether the immune phenotype of per2-/- mutant larvae is specific to this mutation, 

per2 mRNA rescue experiments were performed (Fig. 6.2A). Under LD, 200 pg of per2 mRNA 

significantly increased the survival rate of infected per2-/- mutant larvae in comparison to the 

control groups (Fig. 6.2B). To further validate the importance of per2, we performed the same 

mRNA rescue experiment on wild-type larvae raised under DD (Fig. 6.1A). As expected, the 

survival outcome of infected wild-type was significantly improved (~51%) following rescue with 

the same dose of per2 mRNA (Fig. 6.2C). This was in comparison to the lower survival rate of 

wild-type larvae injected with antisense-per2 mRNA and uninjected wild-type larvae (~21% and 

22% respectively) (Fig. 6.2C). Furthermore, the survival rate was rescued to a similar level 

compared to wild-type larvae that were infected under LD (~57%) (Fig. 6.1B). These results 

further strengthen the argument that per2 can enhance the innate immune response.  

 

 

 

 

 

 

 

 

 

 

 



226 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2: Survival defect in per2-/- mutant larvae and wild-type larvae with low per2 expression can be 
reversed by per2 mRNA rescue. 
(A) Schematic outlining the light conditions and timing of mRNA injection and infection. (B) Kaplan-Meier survival 

graphs comparing the % survival of per2-/- mutant larvae (infected with 1000 CFU Salmonella under light/dark) that 

were pre-injected with 200 pg of per2 mRNA. The controls were per2-/- mutant larvae that were pre-injected with 

antisense per2 mRNA and uninjected (no mRNA). (C) Kaplan-Meier survival graphs comparing the % survival of 

wild-type larvae (infected with 1000 CFU Salmonella under constant darkness conditions) that were pre-injected 

with 200 pg of per2 mRNA. The controls were wild-type larvae that were pre-injected with antisense per2 mRNA 

and uninjected (no mRNA). ZT, zeitgeber time where ZT0 represents start of the light phase; data in (B, C) 

represent three biological replicates; P values were calculated by the Gehan-Breslow-Wilcoxon method; ns, not 

significant; P<0.05*, P<0.001***, P<0.0001****. 
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6.2.3 per2-/- mutant larvae demonstrate diminished bacterial clearance 

Next, we examined whether the lower survival rate of infected per2-/- mutant larvae was a result 

of reduced bacterial clearance. This was achieved by live imaging the bacterial burden of Sal-

GFP within the hindbrain of infected larvae. Live fluorescence microscopy showed that at 3 hpi, 

Sal-GFP was visible and localised to the hindbrain ventricle in only a few wild-type and per2-/- 

mutant larvae (Fig. 6.3A). By 24 hpi, Sal-GFP had spread along the neural tube in a larger 

proportion of per2-/- mutant larvae compared to wild-type larvae (Fig. 6.3A). These represent 

larvae that were unable to restrict the infection in the hindbrain ventricle. The bacterial burden 

was quantified within individual infected larvae at five time points: 1, 3, 6, 9 and 24 hpi (Fig. 

6.3B). The overall trend shows that the bacterial burden is greater in per2-/- mutant larvae 

compared to wild-type (Fig. 6.3B). This difference in bacterial burden was first evident at 1 hpi. 

Furthermore, the mean bacterial burden in the wild-type group did not increase to the same 

extent as the per2-/- mutant group over the 24-hour period. This is consistent with the live 

imaging data that showed a larger proportion of per2-/- mutant larvae that were overwhelmed by 

the infection (Fig. 6.3A). These data reveal that the lower survival of per2-/- mutant larvae 

following Salmonella infection is the result of reduced bacterial clearance, which again is in 

support of an impaired innate immune response.   
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Get rid of hpi in graphs 

 

6.2.4 Neutrophils in per2-/- mutant zebrafish have diminished bactericidal activity 

Upon infection, the innate immune system deploys professional phagocytes, such as neutrophils 

and macrophages, to engulf and clear the bacterial infection (Flannagan et al., 2009). Since   

per2-/- mutant larvae displayed a weaker ability to clear bacterial infection, we next assessed 

whether their neutrophils and macrophages have a reduced killing capacity. This was achieved 

by live time-lapse confocal imaging of the transgenic lines, Tg(lyz:DsRED2) and 

Tg(mpeg1:nfsB.mCherry), with a wild-type or per2-/- mutant background. Imaging began at 2 hpi 

for neutrophils and 3 hpi for macrophages as these times corresponded to when phagocytosis was 

first observed. Three-dimensional image analysis was performed to measure the change in 

volume of intracellular Sal-GFP in phagocytes over 10 minutes to calculate the killing rate (Fig. 

6.4A, B) (Hall et al., 2013; Yang et al., 2012). Only cells that remained within the z-stack 

boundaries and did not phagocytose additional bacteria during the time-lapse were included in 

the analysis. Neutrophils in per2-/- mutant larvae had a significantly lower killing rate, as 

evidenced by a slower reduction in intracellular Sal-GFP volume over time, in comparison to 

neutrophils in wild-type larvae (Fig. 6.4C). Interestingly, this was associated with a significantly 

lower total volume of phagocytosed bacteria within per2-/- mutant neutrophils, compared to wild-

Figure 6.3: per2-/- mutant larvae infected with Sal-GFP demonstrate reduced bacterial clearance under the  
light/dark condition. 

(A) Live imaging of wild-type and per2-/- mutant larvae infected with Sal-GFP at 3 and 24 hpi under the light/dark 

condition. Inset, magnified view of boxed region. (B) CFU counts of Sal-GFP within individual infected wild-type 

and per2-/- mutant larvae raised under the light/dark condition over a 24-hour period. Scale bar, 500 µm and 100 µm 

in inset; hpi, hours post-infection; Sal-GFP, GFP-expressing Salmonella; each circle represents an individual larva 

in (B); data shown as geometric means + geometric s.d. factor in (B); P values were calculated by unpaired 

Student’s t-test; ns, not significant; P<0.05*, P<0.01**, P<0.001***, P<0.0001****.  
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type neutrophils at t=0 min (Fig. 6.4C). In contrast, there was no difference in the killing rate 

between macrophages in per2-/- mutant and wild-type larvae (Fig. 6.4D). Similarly, no difference 

was observed in the initial volume of phagocytosed bacteria at t=0 min by macrophages between 

per2-/- mutant and wild-type larvae (Fig. 6.4D). These results indicate that the reduced bacterial 

clearance capacity of per2-/- mutant larvae can be partly attributed to the impaired ability of 

neutrophils, but not macrophages, to phagocytose and kill intracellular bacteria. 
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6.2.5 Neutrophils in per2-/- mutant zebrafish have diminished ROS production 

A central mechanism involved in the intracellular killing of pathogens by phagocytes is the 

production of bactericidal ROS. This respiratory burst is mediated by a series of metabolic 

reactions at the phagosomal membrane involving NADPH oxidase, which result in the 

production of a range of ROS (Dupré-Crochet, Erard, & Nüße, 2013). The level of intracellular 

ROS can be measured within infected zebrafish larvae in vivo by co-injecting Sal-GFP with the 

fluorogenic reagent, CellROX. Presence of ROS will convert CellROX from its non-fluorescent 

reduced state to a fluorescent oxidised state which can be observed by live imaging at the 

absorption/emission maxima of 640/665 nm (Fig. 6.5A, C) (Astin et al., 2017). The amount of 

intracellular ROS production was quantified as the total fluorescence intensity of the CellROX 

fluorescent signal. Therefore, the dose of CellROX and all imaging parameters were kept 

consistent for all experiments to permit comparison. As expected, infected neutrophils in wild-

type larvae produced a larger amount of ROS compared to neutrophils in per2-/- mutant larvae 

Figure 6.4: Neutrophils in per2-/- mutant larvae demonstrate decreased bacterial killing rate. 

(A) The bacterial killing rate of each neutrophil and macrophage were calculated by measuring the change in 

bacterial volume over time (Δµm3/min). (B) Representative confocal images of wild-type Tg(lyz:DsRED2) and 

Tg(mpeg1:nfsB.mCherry) taken at 2 hours or 3 hours post-infection, respectively, displaying the volume (µm3) of 

intracellular Sal-GFP within the same cell at t=0 and t=10 minutes. (C) Comparison of the bacterial killing rate and 

volume of intracellular Sal-GFP at t=0 within neutrophils (at 2 hpi) between wild-type and per2-/- mutant 

Tg(lyz:DsRED2) larvae. (D) Comparison of the bacterial killing rate and volume of intracellular Sal-GFP at t=0 

within macrophages (at 3 hpi) between wild-type and per2-/- mutant Tg(mpeg1:nfsB.mCherry) larvae. Scale bar, 20 

µm; hpi, hours post-infection; Sal-GFP, GFP-expressing Salmonella; data in (C, D) represent three biological 

replicates (n> 6 larvae per replicate) and each dot represents an individual cell; data shown as mean + s.d.; P values 

were calculated by Mann-Whitney U test; ns, not significant; P<0.001***, P<0.0001****. 
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(Fig. 6.5B). In contrast, there was no significant difference in the level of ROS production by 

infected macrophages in wild-type and per2-/- mutant larvae (Fig. 6.5D). This suggests that a 

reduction in ROS production in neutrophils may be a contributing factor towards their lower 

bactericidal capacity in per2-/- mutant larvae. It also emphasises that the difference in bacterial 

clearance between wild-type and per2-/- mutant larvae is, at least in part, the result of impaired 

neutrophil function. 
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Figure 6.5: ROS production in neutrophils is lower in infected per2-/- mutant larvae. 

(A) Representative confocal images of neutrophils in the hindbrain ventricle of wild-type and per2-/- mutant 

Tg(lyz:DsRED2) larvae at 2 hours following co-injection of Sal-GFP and CellROX (fluorescent probe for ROS). 

(B) The total fluorescence intensity of CellROX (amount of ROS produced) per neutrophil in wild-type and per2-/- 

mutant Tg(lyz:DsRED2) larvae. (C) Representative confocal images of macrophages in the hindbrain ventricle of 

wild-type and per2-/- mutant Tg(mpeg1:nfsB.mCherry) larvae at 3 hours following co-injection of Sal-GFP and 

CellROX. (D) The total fluorescence intensity of CellROX per macrophage in wild-type and per2-/- mutant 

Tg(mpeg1:nfsB.mCherry) larvae. Scale bar, 10 µm; hpi, hours post-infection; Sal-GFP, GFP-expressing 

Salmonella; ROS, reactive oxygen species; data in (B, D) represent three biological replicates (n> 6 larvae per 

replicate) and each dot represents an individual cell; data shown as mean + s.d.; P values were calculated by 

unpaired Student’s t-test; ns, not significant, P<0.001***. 
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6.2.6 Recruitment of neutrophils are significantly impaired in per2-/- mutant larvae  

We previously showed in Chapter 4 that greater numbers of neutrophils and macrophages were 

associated with increased clearance of bacteria. Therefore, we hypothesised that the attenuated 

innate immune response in per2-/- mutant larvae is also partly due to decreased numbers of 

neutrophils and macrophages recruited to the infection site. To investigate this, we quantified the 

number of neutrophils and macrophages in the hindbrain ventricle of infected wild-type and 

per2-/- mutant Tg(lyz:DsRED2) and Tg(mpeg1:nfsB.mCherry) larvae. Neutrophils and 

macrophages were labelled by whole mount immunohistochemistry of infected larvae that were 

fixed at: 1, 3, 6 and 9 hpi (Fig. 6.6A, B). The number of neutrophils was significantly higher in 

wild-type larvae at 1, 3 and 6 hpi when compared with per2-/- mutant larvae (Fig. 6.6C). This 

difference was seen only at 1 and 3 hpi for macrophages (Fig. 6.6D). The lower number of 

recruited neutrophils and macrophages in per2-/- mutant larvae was not affected by the 

development of the innate immune system. This was evidenced by flow cytometry analysis, 

which showed no changes in the whole-larvae numbers of neutrophils and macrophages between 

wild-type and per2-/- mutant larvae at 52 hpf (Fig. 6.6E, F). Taken together, these results confirm 

that the reduced innate immune response in per2-/- mutant larvae is associated with reduced 

trafficking of neutrophils and, to a lesser extent, macrophages to the infection site.  
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(A) Immunofluorescence detection of neutrophils at 1, 3, 6 and 9 hpi within the hindbrain region of infected wild-

type and per2-/- mutant Tg(lyz:DsRED2) larvae. (B) Immunofluorescence detection of macrophages at 1, 3, 6 and 9 

hpi within the hindbrain region of infected wild-type and per2-/- mutant Tg(mpeg1:nfsB.mCherry) larvae. (C) 

Quantification of neutrophils in the hindbrain region of infected Tg(lyz:DsRED2) larvae, as detected in (A). (D) 

Quantification of macrophages in the hindbrain region of infected Tg(mpeg1:nfsB.mCherry) larvae, as detected in 

(B). (E, F) Flow cytometry quantification of neutrophils and macrophages from wild-type and per2-/- mutant 

Tg(lyz:DsRED2) and Tg(mpeg1:nfsB.mCherry) larvae, respectively, at 52 hpf. Scale bar, 50 µm; hours post-

infection; each circle represents an individual larva in (C, D); data shown as mean ± s.d.; hpi, P values were 

calculated by unpaired Student’s t-test; ns, not significant; P<0.05*, P<0.01**, P<0.001***; data in (E, F) represent 

three biological replicates (n = 50 larvae per replicate). 

Figure 6.6: Infected per2-/- mutant larvae demonstrate reduced recruitment of neutrophils and macrophages 
to the hindbrain ventricle. 
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Since there was a greater decrease in the number of neutrophils recruited compared to 

macrophages in infected per2-/- mutant larvae, we investigated whether their migration was 

affected. Two dpf wild-type and per2-/- mutant Tg(lyz:DsRED2) larvae were infected at 52 hpf 

(ZT4) in the left otic vesicle. Like the hindbrain ventricle, the otic vesicle is a hollow cavity that 

is devoid of leukocytes and is a well-established site for studying localised infections (Benard et 

al., 2012; Harvie, Green, Neely, & Huttenlocher, 2013; J. Levraud, Colucci-Guyon, Redd, 

Lutfalla, & Herbomel, 2008). Given the smaller size of the otic vesicle relative to the hindbrain 

ventricle, it was selected as the infection site for the ease of tracking individual neutrophils. To 

further facilitate tracking, a lower dose of Salmonella (600 CFU) was used to prevent a large 

influx of neutrophils. Time-lapse imaging was performed immediately following infection for 

1.5 hours. Tracking analysis revealed neutrophils migrated with significantly reduced velocities 

in per2-/- mutant larvae compared to wild-type larvae (Fig. 6.7A, B). However, no significant 

differences were observed in the displacement rates and meandering indices (shortest path length 

divided by actual path length) (Fig. 6.7A, B). Therefore, the reduced numbers of recruited 

neutrophils may be a result of the decrease in their migrating velocity. 
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Figure 6.7: Neutrophils in per2-/- mutant larvae migrate with reduced velocities compared to those in wild-
type larvae. 
(A) Representative image of neutrophil tracks towards the otic vesicle infection site (white outline) within infected 

wild-type (left) and per2-/- Tg(lyz:DsRED2) larvae. Each colour represents an individual neutrophil track. (B) 

Graphs showing the track velocities, displacement rates and meandering indicies of individual neutrophils as 

detected in (A) following infection at 52 hpf (ZT4). Scale bar, 100 µm; data shown as mean + s.d. and represent 

three independent experiments (1 larva per experiment); P values were calculated by unpaired Student’s t-test; ns, 

not significant; P<0.05*. 
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6.2.7 Differential expression analysis between infected per2-/- mutant and wild-type larvae 

Data from the functional studies described above show that the compromised innate immune 

activity in per2-/- mutant larvae can be partly explained by impaired neutrophil functioning. To 

investigate the underlying mechanisms that contribute to this phenotype, RNA-Seq analysis was 

performed on whole larvae. The RNA used for sequencing was extracted from 2 dpf wild-type 

and per2-/- mutant larvae at 3 hours following PBS or Salmonella injection under the LD 

condition. Analysis of differentially expressed genes (DEGs) was carried out based on 4 pairwise 

comparisons detailed in Table 6.1. P-adjusted value <0.05 was chosen as the cut-off criteria for 

identifying significant DEGs. Of the ~20,000 expressed genes, 495 were significantly different 

in infected per2-/- mutant larvae compared to infected wild-type larvae (Table 6.1). This was 

double the number of significant DEGs in PBS-injected per2-/- mutant larvae with respect to 

PBS-injected wild-type larvae (Table 6.1). 

 

Table 6.1: Pairwise comparisons of RNA-Seq data. 

Treatment group Reference group Number of DEGs (P-adjusted 
value <0.05) out of ~20,000 
expressed genes 

Infected wild-type larvae PBS-injected wild-type larvae 207 

Infected per2-/- larvae PBS-injected per2-/- larvae 139 

Infected per2-/- larvae Infected wild-type larvae 495 

PBS-injected per2-/- larvae PBS-injected wild-type larvae 248 
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To gain more insights into the changes in the innate immune response of per2-/- mutants, we 

investigated whether there were any biological processes that were affected. This was achieved 

by performing GO enrichment analysis of biological processes using the PANTHER database 

(Mi et al., 2015). Since GO terms are applicable at different hierarchical levels of GO 

classifications, this resulted in redundant terms in some cases. For this reason, we sought to 

simplify these terms using the online tool REVIGO. This tool uses a clustering algorithm to 

combine redundant terms based on their semantic similarity measures (Supek et al., 2011). The 

resulting data were presented in a treemap format for visualisation. It was observed that 

significant DEGs in infected wild-type larvae, compared to PBS-injected wild-type larvae, were 

mainly associated with response to cytokine (Fig. 6.8A). This was similarly seen for infected 

per2-/- mutant larvae compared to their respective PBS control group (Fig. 6.8B). Both infected 

wild-type and per2-/- mutant larvae were also enriched for the GO Biological Process terms: 

propionate metabolism, methyl citrate cycle, multi-organism process and immune system process 

(Fig, 6.8A, B). These results show that the same biological processes were enriched in infected 

wild-type and per2-/- mutant larvae compared to their respective PBS control groups.  
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To investigate the difference in transcriptome profile between infected wild-type and per2-/- 

mutant larvae, pairwise comparison of these two groups was performed with the infected per2-/- 

mutant larvae as the “treatment group” and infected wild-type larvae as the “reference group” 

(Table 6.1). The GO Biological Process terms enriched in infected per2-/- mutant larvae were 

related to carboxylic acid metabolism (Fig. 6.9A). While REVIGO summarises the list of full 

GO Biological Process terms, these terms can also be represented by a subset of GO terms 

(known as GO-slim terms), which can be accessed using the PANTHER database. Given that 

GO-slim terms represent high-level terms and are curated independently of the main GO project, 

this can result in differences in outputs. Therefore, PANTHER GO-slim Biological Process terms 

were examined to identify any additional biological processes that may be enriched. Unlike the 

enriched GO Biological Process terms in infected per2-/- mutant larvae, the enriched GO-slim 

Biological Process terms were related to tRNA aminoacylation for protein translation, skeletal 

muscle development, generation of precursor metabolites and energy, signal transduction and 

cell communication (Fig. 6.9B). In contrast, analysis of GO and GO-slim Biological Process 

terms of significant DEGs in PBS-injected per2-/- mutant larvae relative to PBS-injected wild-

Figure 6.8: REVIGO treemap summarising GO Biological Process terms enriched in infected larvae. 

(A) Summary of GO Biological Process terms enriched in infected wild-type larvae at 3 hpi relative to the PBS-

injected wild-type control group. (B) Summary of GO Biological Process terms enriched in infected per2-/- larvae 

at 3 hpi relative to the PBS-injected per2-/- control group. PANTHER was used to identify significantly enriched 

GO Biological Process terms (FDR <0.05) based on the list of significant DEGs from the wild-type and per2-/- 

larvae groups. Enriched categories were used to generate the treemaps. Each rectangle represents a cluster of 

related GO terms. Clusters that share a common parent term are grouped together with the same colour. The size 

of each rectangle is inversely proportional to the enrichment FDR of each cluster.  
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type larvae yielded no results. Taken together, significantly enriched biological processes based 

on significant DEGs do not appear to involve inflammatory processes. Instead, metabolic 

processes pertaining to protein synthesis were significantly altered between per2-/- mutant larvae 

and wild-type larvae following infection.  
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We previously demonstrated in Chapter 4 that infection-induced expression of tnf-a, cxcl8a and 

ifng1-1 was greater in the LD and LL larvae groups compared to DL and DD groups. This was 

associated with a greater number of recruited neutrophils and macrophages. However, these 

genes were not part of the 495 DEGs in infected per2-/- mutant larvae compared to infected wild-

type larvae (Table 6.1). This was confirmed by performing qPCR on the same RNA samples that 

were used for RNA-Seq (Fig. 6.10A-C). Furthermore, we did not identify any other pro-

inflammatory cytokine genes in this list of DEGs. These results suggest that pro-inflammatory 

cytokines do not play a large role in the differential regulation of the innate immune cell 

response between wild-type and per2-/- mutant larvae.  

 

 

 

 

 

 

Figure 6.9: REVIGO treemap summarising GO and PANTHER GO-slim Biological Process terms enriched 
in infected per2-/- larvae relative to infected wild-type larvae. 
(A) Summary of GO Biological Process terms enriched in infected per2-/- larvae at 3 hpi relative to infected wild-

type larvae. (B) Summary of PANTHER GO-slim Biological Process terms enriched in infected per2-/- larvae at 3 

hpi relative to infected wild-type larvae. PANTHER was used to identify significantly enriched GO Biological 

Process terms (FDR <0.05) based on the list of significant DEGs. Enriched categories were used to generate the 

treemaps. Each rectangle represents a cluster of related GO terms. Clusters that share a common parent term are 

grouped together with the same colour. The size of each rectangle is inversely proportional to the enrichment FDR 

of each cluster. 



245 
 

 

 

 

 

 

6.2.8 Differential expression analysis between infected per2-/- mutant larvae and wild-type 

suggests a potential role of respiratory electron transport chain genes in promoting the 

innate immune response 

To gain additional insight into the essential mechanisms that differ between per2-/- mutant and 

wild-type larvae in response to infection, pathway enrichment analysis was performed using the 

KEGG and Reactome pathway databases. KEGG pathway analysis revealed that only the 

oxidative phosphorylation pathway was significantly enriched (Table 6.2). Similarly, Reactome 

pathway analysis showed that metabolism was significantly enriched, in particular, the 

respiratory electron transport pathway (Table 6.2). Moreover, other Reactome pathways that 

were significantly enriched include: nonsense-mediated decay, GTP hydrolysis and joining of the 

60S ribosomal subunit, eukaryotic translation initiation, Cap-dependent translation initiation and 

rRNA processing (Table 6.2). Taken together, biological pathways at the transcript and 

Figure 6.10: Infection-induced expression of pro-inflammatory cytokine genes in per2-/- mutant is unaffected. 

(A-C) qPCR analysis of tnf-a (A), cxcl8a (B) and infg1-1 (C) in 2 dpf wild-type and per2-/- mutant larvae at 3 hours 

post PBS- and Salmonella-injection under the light/dark condition. Data shown as mean + s.d. and represent three 

biological replicates (n = 7 per replicate); P values were calculated by one-way ANOVA using Tukey’s multiple 

comparisons test; ns, not significant. 



246 
 

translation levels, as well as oxidative phosphorylation, appear to be affected in per2-/- mutant 

larvae following infection. 

 

Table 6.2: Enriched KEGG and Reactome pathways in infected per2-/- mutant larvae relative to infected wild-
type larvae. 

 

To see whether these pathways were affected at the steady state level, pathway enrichment 

analysis was also performed on significant DEGs between per2-/- mutant and wild-type PBS 

control groups. KEGG analysis revealed significant enrichment in protein processing in 

endoplasmic reticulum (Table 6.3). On the other hand, significantly enriched Reactome 

pathways were collagen degradation, activation of matrix metalloproteinases, common pathway 

of fibrin clot formation and extracellular matrix organisation (Table 6.3). These results suggest 

that the basal biological pathways affected in per2-/- mutant larvae mainly involve the 

Infected per2-/- mutant larvae relative to infected wild-type larvae 

Database Pathway  ID FDR 

KEGG Oxidative phosphorylation dre00190 3.80E-02 

Reactome  

Nonsense-mediated decay R-DRE-927802 2.13E-04 

GTP hydrolysis and joining of the 60S ribosomal 
subunit 

R-DRE-72706 2.36E-04 

Eukaryotic translation initiation R-DRE-72613 2.49E-04 

Cap-dependent translation initiation R-DRE-72737 2.61E-04 

rRNA processing R-DRE-72312 2.33E-03 

Metabolism  R-DRE-1430728 2.15E-02 

Respiratory electron transport, ATP synthesis by 
chemiosmotic coupling, and heat production by 
uncoupling proteins 

R-DRE-163200 1.70E-02 



247 
 

extracellular matrix. Therefore, enrichment in the oxidative phosphorylation pathway appears to 

be induced following infection.   

 

Table 6.3: Enriched KEGG and Reactome pathways in PBS-injected per2-/- mutant larvae relative to PBS-
injected wild-type larvae. 

 

 

Approximately half of the significantly differentially expressed metabolic genes were 

downregulated in infected per2-/- mutant larvae relative to infected wild-type larvae (Fig. 6.11). 

Further examination of the oxidative phosphorylation pathway revealed a total of 12 significant 

DEGs that are associated with complexes I, III, IV and V of the respiratory electron transport 

chain (ETC) in the mitochondria (Fig. 6.11). Complexes I, III and IV are involved in generating 

an electrochemical proton gradient across the inner mitochondria membrane (Jastroch, 

Divakaruni, Mookerjee, Treberg, & Brand, 2010). Subsequent flow of protons down this 

gradient through ATP synthase (complex V) results in the production of ATP, which provides 

cellular energy (Jastroch et al., 2010). The DEGs identified include four NADH-ubiquinone 

oxidoreductase chain genes (complex I), cytochrome b (complex III), four cytochrome c oxidase 

genes (complex IV) and three ATP synthase genes (complex V) (Jastroch et al., 2010). Most of 

PBS-injected per2-/- mutant larvae relative to PBS-injected wild-type larvae 

Database Pathway  ID FDR 
KEGG Protein processing in endoplasmic reticulum dre04141 2.60E-02 

Reactome 

Collagen degradation R-DRE-1442490 3.43E-02 

Activation of Matrix Metalloproteinases R-DRE-1592389 3.41E-02 

Common Pathway of Fibrin Clot Formation R-DRE-140875 2.60E-02 

Extracellular matrix organisation R-DRE-1474244 6.40E-03 



248 
 

the genes were downregulated in infected per2-/- mutant larvae relative to infected wild-type 

larvae except for ATP synthase, H+-transporting, mitochondrial Fo complex, subunit C1 

(subunit 9) (atp5mc1) and cytochrome c oxidase subunit VIb polypeptide 2 (cox6b2) (Fig. 6.12). 

Two of the downregulated genes, ATP synthase, H+-transporting, mitochondrial Fo complex, 

subunit B1 (atp5pb) and ATP synthase, H+-transporting, mitochondrial Fo complex, subunit Eb 

(atp5meb) were also downregulated in PBS-injected per2-/- mutant larvae compared to PBS-

injected wild-type larvae (Fig. 6.12). This suggests that the majority of genes involved in 

oxidative phosphorylation were downregulated in per2-/- mutant larvae compared to wild-type 

larvae following injection with Salmonella, but not PBS. 
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Figure 6.11: Transcriptional profile of significant metabolic genes in infected per2-/- mutant larvae 
compared to infected wild-type larvae.  
Heatmap showing the expression profile of significant metabolic genes that were differentially expressed in infected 

per2-/- mutant larvae relative to infected wild-type larvae as determined by DESeq2 (FDR<0.05). Colour scale 

represents the expression level of individual genes compared between samples (row z-score); n = 7 larvae per 

biological replicate; row dendrogram shows the similarity between metabolic genes based on their expression levels; 

column dendrogram shows the similarity between individual samples based on their overall expression of the 

metabolic genes; red asterisks mark genes important in oxidative phosphorylation.  
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Figure 6.12: Genes associated with the respiratory electron transport pathway were differentially expressed 
in infected and PBS-injected per2-/- mutant larvae compared to infected and PBS-injected wild-type larvae. 

Log2 (fold change) of all 12 significant genes associated with the respiratory electron transport pathway (R-DRE-

163200) that were differentially expressed in infected per2-/- larvae compared to infected wild-type larvae at 3 hpi. 

Numbers refer to the P-adjusted value.  
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6.2.9 Genes involved in the complement cascade are significantly downregulated in per2-/- 

mutant larvae 

Despite the fact that no immune-related biological processes or pathways were enriched based on 

the list of significant DEGs between infected per2-/- mutant and wild-type larvae, two significant 

DEGs were identified to be important in the complement cascade. These were the complement 

genes: c3.3 and cfp. These genes are the zebrafish orthologues of the mammalian C3 and Cfp 

genes, respectively. Although both genes were downregulated in PBS-injected per2-/- mutant 

larvae compared to PBS-injected wild-type larvae, this decrease was greater and more significant 

following infection (Fig. 6.13A). As expected, there was a lower level of per2 transcript in per2-/- 

mutant larvae compared to wild-type larvae after PBS and Salmonella injections (Fig. 6.13A). 

These results were further confirmed by qPCR analysis on the same RNA samples (Fig. 6.13B). 

Under steady state conditions, c3.3 and cfp were expressed at a lower level in per2-/- mutant 

larvae compared to wild-type larvae, albeit not significant for c3.3 (Fig. 6.13B). However, both 

genes were significantly downregulated in per2-/- mutant larvae compared to wild-type larvae 

following infection (Fig. 6.13B). Furthermore, c3.3 expression was shown to be infection-

responsive but this was not the case for cfp (Fig. 6.13B). These results suggest that 

downregulation of the complement cascade components in per2-/- mutant larvae may contribute 

towards their compromised innate immune system. 
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6.3 Discussion 

The molecular clock is now being recognised as a critical regulator of innate immune activity 

with important implications in the response to immune challenges. However, the mechanisms 

that govern this are not well understood and remain an active area of research. This chapter 

aimed to elucidate the role of per2 as a potential driver of the innate immune response to 

Salmonella infection. Until now, the zebrafish model has not been utilised to study the immune-

related functions of clock components during infection. The major findings in this study showed 

that the innate immune system in per2-/- mutant larvae is compromised. More specifically, 

neutrophils exhibited reduced capacity to clear bacterial infection. Evidence suggests that 

oxidative phosphorylation and the alternative complement pathway are implicated in per2-

mediated regulation of innate immunity. 

 

6.3.1 The innate immune response is enhanced by per2  

We demonstrated that per2 expression is important for regulating innate immunity. This was 

evidenced by the lower survival rate of per2-/- mutant larvae compared to wild-type larvae 

Figure 6.13: Complement cascade genes c3.3 and cfp are significantly downregulated in infected per2-/- larvae 
compared to infected wild-type larvae. 

(A) Volcano plots showing the expression of c3.3, cfp and per2 in PBS-injected (left) and Salmonella-injected (right) 

per2-/- mutant larvae compared to wild-type larvae. Red dots represent the differentially expressed genes with an FDR 

<0.05. (B) qPCR analysis of c3.3, cfp and per2, of 2 dpf wild-type and per2-/- mutant larvae at 3 hours post PBS- or 

Salmonella-injection under the light/dark condition. Data shown as mean + s.d. and represent three biological 

replicates (n = 7 per replicate); P values in (B) were calculated by one-way ANOVA using Tukey’s multiple 

comparisons test; ns, not significant; P<0.05*, P<0.01**, P<0.0001****. 



254 
 

following infection under LD and LL, but not DL and DD conditions. Heterozygous mutants 

displayed no immune defect in terms of their survival rate. This supports the fact that the 

presence of a single functional per2 allele is sufficient in providing normal protection against 

Salmonella infection. Furthermore, the immune phenotype of per2-/- mutant larvae can be 

rescued following injection of per2 mRNA. This resulted in a survival rate that was comparable 

to that seen in the wild-type group under the LD condition. Interestingly, injection of per2 into 

wild-type larvae raised under DD also increased their survival rate. Taken together, these results 

suggest that per2, rather than light, is more important for enhancing innate immunity.  

 

6.3.2 Neutrophils in per2-/- mutant larvae have reduced bactericidal capacity 

Both neutrophils and macrophages contribute to bacterial clearance in larval zebrafish. 

Neutrophils are the most abundant leukocytes in zebrafish and are the first innate immune cells 

recruited to the infection site (Harvie et al., 2013). Their anti-microbial mechanisms include 

phagocytosis, degranulation and NETosis (Brinkmann et al., 2004; Faurschou & Borregaard, 

2003; Flannagan et al., 2009). Similarly, macrophages also function as professional phagocytes 

(Flannagan et al., 2009). Intracellular bactericidal activities can be monitored at the single cell 

level within the infection site by high-resolution live imaging in intact larvae (Hall et al., 2012). 

This can be determined by measuring the killing rate based on the change in volume of 

phagocytosed bacteria (Hall et al., 2013; Yang et al., 2012). Analysis revealed that during the 

acute phase of infection, neutrophils in per2-/- mutant larvae have a decreased bactericidal 

capacity compared to neutrophils in wild-type larvae. However, no difference was seen in 

macrophages between the two genotypes. Therefore, impaired neutrophil functioning was likely 

to be a contributing factor to the high bacterial burden found in infected per2-/- mutant larvae.  
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To ensure the measurement of bacterial volume was consistent between experiments, confocal 

imaging parameters were kept identical. This included the laser voltage, gain, offset, z-stack 

interval size, scanning speed and resolution. Furthermore, analysis only included cells that 

remained within the imaging frame and did not phagocytose additional bacteria during the time-

lapse. For this reason, the negative killing rates seen in a small proportion of neutrophils and 

macrophages in both wild-type and per2-/- mutant larvae were likely due to increased 

intracellular bacterial volumes over time. This likely represented proliferating Sal-GFP as 

Salmonella are intracellular bacteria that are capable of dividing within the phagosome (García-

del Portillo, 2001). A possible confounding factor was exposure to the confocal laser as changes 

in light intensity can alter the circadian rhythm. This was controlled by ensuring both wild-type 

and per2-/- mutant larvae were exposed to the same experimental conditions. Another potential 

confounding factor was photobleaching given that larvae were exposed to laser light for the 

duration of the time-lapse. To limit this effect, each cell was imaged for a short duration and for 

a similar length of time (just over 10 minutes). Furthermore, it was unlikely that the decrease in 

intracellular bacterial volume was caused by photobleaching because the fluorescence of 

extracellular bacteria within the z-stack did not appear to decrease at the same rate. Therefore, 

we conclude from these results that the discrepancy observed between the wild-type and per2-/- 

mutant larvae are reflective of the intrinsic difference in innate immune function. 

 

6.3.3 Bactericidal capacity is related to ROS production 

One key mechanism used by phagocytes to kill internalised pathogens is the production of ROS 

during the respiratory burst (Robinson, 2008). As a result, the production of ROS was 

investigated as a possible explanation behind the reduced bactericidal activity of neutrophils in 
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per2-/- mutant larvae. This was achieved by measuring the intensity of the ROS fluorescent 

probe, CellROX, within neutrophils and macrophages. The dynamic process of ROS production 

was reflected in the wide range of intracellular CellROX fluorescence intensity that was 

observed. The average level of ROS production in neutrophils was lower in per2-/- mutant larvae 

compared to wild-type larvae, which was consistent with the killing rate observed. This was 

further strengthened by the fact that there was no difference in the fluorescence level of 

CellROX in macrophages between the two genotypes. From these results, it appears that ROS 

production in per2-/- mutant neutrophils is impaired and this was likely to be a driving factor of 

their reduced bactericidal activity.  

 

A major source of ROS production during the respiratory burst response in phagocytes is 

NADPH oxidase. Once bacteria are engulfed, they reside in phagosomes which mature into 

phagolysosomes. The NADPH oxidase transmembrane complex is recruited to the 

phagolysosome to generate superoxide (Robinson, 2008). Superoxide is then converted to 

hydrogen peroxide and subsequently hypochlorous acid, which is the main bactericidal ROS 

(Robinson, 2008). The importance of NADPH oxidase is reflected in the hereditary disease, 

chronic granulomatous disease, which is characterised by failure of the NADPH oxidase system 

to produce ROS. Patients with this disease are susceptible to severe and often fatal infections 

(Dinauer, 2005). Likewise, knockout of the NADPH oxidase subunit, phox, renders mice 

sensitive to Salmonella infections (Vazquez-Torres, Jones-Carson, Mastroeni, Ischiropoulos, & 

Fang, 2000). An activator of NADPH oxidase, phorbol myristate acetate, has been used to 

demonstrate that variations in induced ROS production in zebrafish throughout the day are 

reflective of the daily rhythms in basal ROS production rather than varying capacities of 
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phagocytes to produce ROS (Kaplan et al., 2008). Therefore, it is possible that knocking out the 

per2 gene in zebrafish has a negative impact on the respiratory burst response.  

 

6.3.4 Important role of the mitochondria on bactericidal activity 

Apart from NADPH oxidase, another cellular source of ROS is the mitochondria (Jastroch et al., 

2010). This organelle is known as the powerhouse of the cell as it produces the majority of 

cellular ATP via oxidative phosphorylation (Jastroch et al., 2010). It was initially believed that 

mtROS was an unwanted byproduct of oxidative phosphorylation and played a destructive role 

in cell damage (Pinegin, Vorobjeva, Pashenkov, & Chernyak, 2018). Recently, it was discovered 

that they are essential in the functioning of the immune system (Pinegin et al., 2018). Increasing 

evidence indicates that mtROS function as bactericidal effector molecules and also as signalling 

molecules to regulate the transcriptional activity of NF-kB and NETosis (Pinegin et al., 2018). 

 

Complexes I and III of the ETC are sites where electron leakage occurs during the process of 

ATP production by oxidative phosphorylation (Jastroch et al., 2010). This results in the 

formation of superoxide production leading to downstream ROS production (Jastroch et al., 

2010). Pathway enrichment analysis revealed that oxidative phosphorylation was affected in 

per2-/- mutant larvae. Genes that encode subunits forming complexes I, III, IV and V were 

mainly downregulated in per2-/- mutant larvae relative to wild-type larvae following infection. A 

potential outcome of this is a dampening in the mitochondrial production of ATP and ROS. This 

change is likely to occur at a global level. Since we observed only a difference in neutrophil ROS 

production between infected wild-type and per2-/- mutant larvae, it is possible that the 

predominant cellular ROS detected was not derived from mitochondria. This is consistent with 
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the idea that ROS produced by NADPH oxidase play a bigger bactericidal role compared to 

mtROS (Dupré-Crochet et al., 2013; Rada & Leto, 2008). 

 

Interestingly, ATP is essential for neutrophil activation in response to immune challenges. In one 

study, it was found that neutrophil detection of the bacterial chemotactic factor, formylated 

peptide, increased mitochondrial membrane potential (Bao et al., 2014). This led to an initial 

burst of ATP production, which is required for autocrine purinergic signalling through the P2Y2 

receptors (Bao et al., 2014). This process is necessary for calcium signalling and neutrophil 

activation (Bao et al., 2014). Calcium signalling is important for regulating the contractile 

proteins involved in changing the cytoskeleton, which in turn initiates phagocytosis and 

phagosome maturation (Melendez, 2005). Calcium signalling also activates the respiratory burst 

response and degranulation (Bao et al., 2014). In addition to intracellular ATP, extracellular ATP 

can also stimulate neutrophil activation (Sumi et al., 2014). In macrophages however, ADP was 

found to be more potent than ATP at stimulating their respiratory burst response (Murphy, 

Livingston, Gozal, Torres, & Forman, 1993). Therefore, the decrease in ROS production in  

per2-/- mutant neutrophils, but not macrophages, could be partly attributed by the attenuated ATP 

initiation of purinergic signalling. To validate this, an ATP fluorescent probe, such as Mito-Rh, 

can be co-injected with the mitochondrial tracker, Mito-Tracker Green, to monitor mitochondrial 

ATP levels generated in neutrophils and macrophages in response to infection (K. Tan et al., 

2017).  

 

There is evidence to suggest that the circadian clock has an effect on mitochondrial oxidative 

metabolism (Peek et al., 2013). Loss of the circadian rhythm by knocking out Bmal1 in mice 



259 
 

reduces the activity of mitochondrial respiratory complexes (Kohsaka et al., 2014). Therefore, it 

is plausible that per2 may be involved in regulating the oxidative phosphorylation pathway. At 

this stage however, the impact of per2 on mitochondrial function is uncertain. Further validation 

of the RNA-Seq data by qPCR is required to determine if ETC genes are significantly 

downregulated in infected per2-/- mutant larvae.  

 

6.3.5 Phagocytosis is impaired in per2-/- mutant neutrophils 

Apart from the reduced ROS production, the decrease in bactericidal capacity of per2-/- mutant 

neutrophils may also be a result of their impaired phagocytic activity. Neutrophils, but not 

macrophages, in per2-/- mutant larvae showed a significantly lower volume of intracellular 

bacteria at t=0 min compared to wild-type larvae. This indicates that the process of ingesting 

bacteria was hindered in per2-/- mutant neutrophils. The efficiency of phagocytosis can be 

enhanced by coating the surface of bacteria with molecules (called opsonins) that can be 

recognised by cell surface receptors on phagocytes (Ravetch, Nimmerjahn, & Paul, 2008). This 

process is known as opsonisation (Ravetch et al., 2008). Opsonins include antibodies and 

complement proteins, which activate the Fc receptor-dependent and complement receptor-

dependent pathways of phagocytosis, respectively (Ravetch et al., 2008). Since only the innate 

immune system is active in 2 dpf larvae, opsonisation by complement proteins is the dominant 

mechanism utilised.  

 

In response to infection, plasma proteins in the three complement pathways – classical, 

alternative and lectin pathways – become activated in a cascade-like manner to opsonise 

pathogens and promote inflammatory responses (Sarma & Ward, 2011; Zipfel & Skerka, 2009). 
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This complement system is highly conserved in zebrafish (S. Zhang & Cui, 2014). So far, eight 

c3 genes have been characterised in zebrafish (c3.1 to c3.8), which display differential regulation 

of cytokine production and neutrophil migration upon tissue injury (Forn-Cuní et al., 2014). The 

importance of this functional diversity is believed to be important in the recognition of different 

pathogens (Zarkadis, Sarrias, Sfyroera, Sunyer, & Lambris, 2001). Activation of the complement 

cascade exhibits a diurnal rhythm, implicating circadian control (Y. Kim et al., 1980; Reis et al., 

2011). We provided evidence to suggest that per2 regulates the activity of the alternative 

complement pathway. RNA-Seq and qPCR analyses showed that c3.3 (a central component of 

all three pathways) and cfp (a component of the alternative pathway) expression was 

downregulated in infected per2-/- mutant larvae compared to infected wild-type larvae. This 

difference in c3.3 transcript level was not observed between the PBS control groups, indicating 

that knockout of per2 inhibits its upregulation following bacterial infection. In contrast, the 

difference in cfp transcript levels was observed between PBS-injected wild-type and per2-/- 

mutant larvae. This suggests that per2 may regulate its expression at the basal level. This agrees 

with findings from another study that showed the alternative complement pathway is active in 

zebrafish larvae following hatching (Z. Wang, Zhang, & Wang, 2008). Therefore, it is likely that 

knockout of the per2 gene negatively affects the alternative complement pathway in response to 

bacterial infection.   

 

The alternative complement pathway involves cleavage of C3 by C3 convertase to produces C3a 

(an anaphylatoxin) and C3b (an opsonin) (Sarma & Ward, 2011; Zipfel & Skerka, 2009). C3b-

tagged pathogens can bind to complement receptor type 1 (CR1) on the surface of phagocytes, 

thereby strengthening their interaction which enhances the efficiency of phagocytosis (Zipfel & 
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Skerka, 2009). C3b and factor B can subsequently form more C3 convertase resulting in an 

amplification loop (Sarma & Ward, 2011; Zipfel & Skerka, 2009). This complex is stabilised by 

CFP. In zebrafish, c3.3 is mainly expressed in the spleen and liver while cfp is predominantly 

expressed in neutrophils (Forn-Cuní et al., 2014; Y. Zhang et al., 2013). Human neutrophils can 

be stimulated by TNF or formylated peptide to release CFP, which binds the surface of 

neutrophils (Camous et al., 2011). This activates and amplifies the alternative complement 

pathway on the neutrophil membrane (Camous et al., 2011). Activation of this pathway was also 

associated with increased neutrophil degranulation and respiratory burst (Camous et al., 2011). 

Therefore, it is likely that the lower level of c3.3 and cfp expression in infected per2-/- mutant 

larvae could negatively impact opsonisation and therefore phagocytosis of bacteria by 

neutrophils as well as their ROS production. Furthermore, the alternative complement pathway is 

implicated in neutrophil-mediated diseases (Banda et al., 2006; Xiao, Schreiber, Heeringa, Falk, 

& Jennette, 2007). This could partly explain why we observed impaired functioning in 

neutrophils but not macrophages.  

 

Activation of the alternative complement pathway also facilitates the killing of extracellular 

bacteria. Neutrophils undergoing NETosis can trigger the terminal pathway of the complement 

cascade on their NETs or bacteria via the alternative and non-alternative pathways (Yuen et al., 

2016). Formation of the membrane attack complex during this stage can induce lysis of bacterial 

cells (Sarma & Ward, 2011; Zipfel & Skerka, 2009). Although our study focused on intracellular 

bacteria, it would also be of interest to assess the fate of bacteria located in the extracellular 

environment. 
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6.3.6 Neutrophils are more dependent on opsonised bacteria than macrophages 

Both neutrophils and macrophages can phagocytose unopsonised bacteria, however their 

efficiency depends on the extracellular environment. Despite the fact that neutrophils are able to 

sense and migrate towards bacteria irrespective of the environment, they can only engulf bacteria 

efficiently on tissue surfaces (Colucci-Guyon, Tinevez, Renshaw, & Herbomel, 2011). This 

ability is severely impaired in fluid environments such as the hindbrain ventricle (Colucci-Guyon 

et al., 2011). In stark contrast, macrophages are able to efficiently phagocytose bacteria 

regardless of the environment (Colucci-Guyon et al., 2011). A reason for this difference could be 

the macrophage-specific expression of lectin receptors, which recognise and bind to 

carbohydrates on the surface of bacteria (Colucci-Guyon et al., 2011). As a result, macrophages 

do not rely on opsonised bacteria for phagocytosis. Furthermore, macrophages are able to 

“catch” bacteria in fluid environments by extending and retracting large membrane veils 

(Colucci-Guyon et al., 2011). However, neutrophils do not display this scavenging technique. 

Instead, they phagocytose bacteria in a vacuum-like manner by moving over them on tissue 

surfaces, which is not possible in fluid environments (Colucci-Guyon et al., 2011). Both 

zebrafish and human neutrophils require opsonised bacteria for enhanced phagocytosis whereas 

adherent neutrophils can function normally, independent of opsonisation (Colucci-Guyon et al., 

2011; Gondwe et al., 2010; T. Lu, Porter, Kennedy, Kobayashi, & DeLeo, 2014). Taken 

together, it is likely that reduced complement-based opsonisation of bacteria in infected per2-/- 

mutant larvae contributed to the decreased phagocytic activity of neutrophils. Given that 

phagocytosis triggers the respiratory burst, this could also explain the lower ROS levels detected 

(Dupré-Crochet et al., 2013). To validate this, the phagocytic activity and ROS production of 
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neutrophils in per2-/- mutant larvae can be assessed by performing infections in tissues such as 

the tail muscle (Benard et al., 2012).  

 

6.3.7 The role of complement factors on per2-/- mutant neutrophil migration 

We hypothesised that the infection-induced expression of the pro-inflammatory cytokine genes, 

tnf-a, cxcl8a and ifng1-1, may be downregulated in our per2-/- mutant larvae. This was because 

their expression levels were lower in infected wild-type larvae raised under DL and DD 

conditions compared to LD and LL conditions (Chapter 4). Furthermore, studies in mice 

suggest that PER2 plays a pro-inflammatory role by enhancing the production of pro-

inflammatory cytokines such as TNF-α and IFN-γ (J. Liu et al., 2006; Silver et al., 2012). 

Interestingly, our data revealed no changes in the cytokine response at 3 hpi between wild-type 

and per2-/- mutant larvae.  

 

The anaphylatoxins, C3a and C5a, produced following activation of the alternative complement 

pathway are known to act as pro-inflammatory mediators (Fleisher et al., 2013). Their activities 

include increasing vascular permeability, stimulating smooth muscle contraction and triggering 

degranulation of vasoactive amines from mast cells and basophils (Fleisher et al., 2013). 

Furthermore, C5a also acts as a potent chemoattractant for leukocytes (Fleisher et al., 2013). In 

contrast, C3a has been shown to indirectly promote neutrophil chemotaxis through the activation 

of eosinophils (Daffern, Pfeifer, Ember, & Hugli, 1995). Production of these anaphylatoxins can 

be sustained by positive regulation of the alternative complement pathway by CFP (Sarma & 

Ward, 2011; Zipfel & Skerka, 2009). It is possible that this process is attenuated as a result of the 

lower expression of c3.3 and cfp in infected per2-/- mutant larvae. Additionally, C5a also 



264 
 

regulates leukocyte adhesion (Fleisher et al., 2013). This could explain the reduced migration 

velocities of neutrophils observed in per2-/- mutant larvae. Further analysis of the tracking 

velocities of macrophages is required to assess whether their migratory behaviour is also 

disrupted in the per2-/- mutant larvae. Additionally, the role of c3.3 and cfp in enhancing the 

immune response of per2-/- mutant larvae can be validated by performing mRNA rescue 

experiments of these genes. It would also be of interest to drive cfp expression under a 

neutrophil-specific promoter, such as myeloperoxidase, in per2-/- mutant larvae to assess whether 

it can rescue the immune defect.  

 

6.3.8 Additional future directions 

6.3.8.1 Investigating clock gene expression in zebrafish neutrophils and macrophages 

Previous studies demonstrated that mammalian macrophages and neutrophils express circadian 

clock genes (Ella, Csépányi-Kömi, & Káldi, 2016; Keller et al., 2009). Expression of these genes 

are believed to regulate their cell-specific activities in response to inflammatory stimuli (Curtis et 

al., 2015; Y. Oishi et al., 2017; Sato et al., 2014). To further explore the regulatory effects of 

per2 on innate immune cell activity, it would be of interest to validate the expression of clock 

genes in zebrafish neutrophils and macrophages. Recently, one research group confirmed that 

circadian clock genes in adult zebrafish leukocytes are expressed with a diurnal rhythm (D. Ren, 

Zhang, Yang, Wang, Wang, Huang, Tian, & Hu, 2018b). However, it is uncertain whether this is 

the case in zebrafish larvae. By isolating neutrophils and macrophages from zebrafish larvae at 

different time points throughout the LD cycle, we could assess the expression levels of clock 
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gene components by qPCR. This could shed further light on how per2 expression in neutrophils 

is associated with their immune activities.  

 

6.3.8.2 Investigating the cell intrinsic role of per2 

Our results so far suggest that the functional capacities of neutrophils to migrate towards and 

phagocytose bacteria were significantly impaired in per2-/- mutant larvae. This was in association 

with lower expression levels of c3.3 and cfp in the mutants compared to wild-type larvae 

following infection. Given that cfp is predominantly expressed by neutrophils while c3.3 is 

mainly expressed in the spleen and liver, these results indicate that per2 may regulate the 

functional capacity of neutrophils in a cell intrinsic and systemic manner. To examine whether 

this is the case, neutrophils from per2-/- mutant Tg(lyz:DsRED2) larvae can be isolated via FACS 

and transplanted into the hindbrain ventricle of age-matched wild-type recipients prior to 

infection. This will enable subsequent observation of the bacterial killing rate and ROS 

production in per2-/- mutant neutrophils in an environment with a normal immune response. 

Conversely, neutrophils from wild-type Tg(lyz:DsRED2) larvae can be transplanted into per2-/- 

mutant larvae to investigate whether the presence of the wild-type per2 gene in neutrophils alone 

is sufficient to maintain their bactericidal capacity. This analysis could be alternatively assessed 

by driving the expression of per2 under the myeloperoxidase promoter in the per2-/- mutant line.  

 

6.3.8.3 Investigating the effect of per2 knockout in older larvae 

At the time of these experiments, the role of per2 in regulating zebrafish immunity was 

unknown. Due to the essential role of neutrophils and macrophages in innate immunity, we chose 
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to explore the effect of per2 knockout on both cell types. These experiments were carried out in 

2 dpf larvae to ensure we were specifically analysing macrophages, and not microglia (which 

differentiate from macrophages around 60 hpf), since they are both marked within the 

Tg(mpeg1:nfsB.mCherry) line (Herbomel et al., 2001). However, 2 dpf larvae represent a model 

of an early embryonic clock. At this stage, bmal and clock transcripts are not rhythmic, albeit 

clock1a has been shown to be functional (Dekens & Whitmore, 2008). Therefore, it is unclear 

whether the per2 knockout has a similar impact on the innate immune response at a later time 

point when all circadian clock transcripts are oscillating. Given that neutrophil functions were 

predominantly impaired in 2 dpf per2-/- mutant larvae, their migration and bactericidal activity 

can be assessed in vivo in larvae as old as 5-6 dpf. Data from this analysis will likely be more 

reflective of the role of per2 in adult zebrafish.  

 

6.3.8.4 Investigating downstream Per2 targets 

To date, little is known about the pertinent targets of Per2 that mediate its immune-enhancing 

effects. It has been postulated that PER2 in mice mediates its pro-inflammatory role by inhibiting 

the anti-inflammatory effects of BMAL1 or REV-ERBα, which are DNA-binding proteins 

(Curtis et al., 2014). This is because Per2 and Bmal1 transcript profiles are antiphasic in murine 

macrophages (Keller et al., 2009). However, no studies to date have made the connection 

between circadian clock components and the alternative complement pathway. To further 

analyse this, chromatin immunoprecipitation sequencing (ChIP-seq) can be used to investigate 

whether these proteins bind to DNA sites that are implicated in the regulation of this pathway.  
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Alternatively, it is uncertain whether the zebrafish Per2 binds to protein targets involved in other 

biological pathways that are independent of the molecular clock. One way to elucidate this is to 

screen for unknown protein binding partners that may be implicated in regulating innate 

immunity. This can be achieved using a protein-protein assay such as pull-down or co-

immunoprecipitation. The unknown binding proteins can then be identified by mass 

spectrometry. This screening approach may shed further light on the mechanistic role of Per2 in 

regulating innate immunity.  

 

6.3.8.5 Investigating the effects of Per2 on the alternative complement pathway in mammalian 

systems 

The ultimate goal in understanding how circadian clock mechanisms drive immunity is to 

identify potential therapeutic opportunities for developing antimicrobial therapies. Therefore, 

investigations in mammalian systems are necessary to validate the effect of per2 on the 

alternative complement pathway. This can be investigated by comparing the plasma levels of C3 

and CFP following acute infection in wild-type and Per2 mutant mice. Additionally, the 

expression levels of C3, Cfp and circadian clock genes can be assessed in isolated liver cells or 

neutrophils by qPCR. This will shed more insight on the translatability of this mechanism for 

future applications in therapeutic treatments for optimising the immune response to prevent and 

treat diseases.  
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6.3.9 Conclusion  

In this chapter, we demonstrated that per2 is essential in promoting the innate immune response 

to acute bacterial infection. We identified two novel pathways that potentially link per2 to the 

innate immune cell response. Consistent with studies in mice, this gene in zebrafish also plays a 

pro-inflammatory role as per2-/- mutant larvae displayed a compromised innate immune system, 

which could be rescued by per2 mRNA injection. Furthermore, mRNA rescue ameliorated the 

suppressed innate immune response of wild-type larvae under the DD condition, where they 

express low levels of the per2 transcript. Our model predicts that knockout of this gene 

significantly impacts the bactericidal activity of neutrophils but not macrophages, as well as the 

recruitment of both cell types following infection. These observations are likely to be mediated 

by the alternative complement pathway. Furthermore, our results imply that disruption in the 

production of mitochondrial ATP may be another potential mechanism by which per2 regulates 

neutrophil activation.  
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Chapter 7 Summary 

Numerous studies provide strong evidence that the functioning of the immune system is 

regulated by the circadian rhythm. Although we are beginning to understand the immune-related 

roles of circadian clock components, large gaps in knowledge still remain regarding their 

underlying mechanisms. In particular, interests lie in understanding how these mechanisms are 

integrated in a broader physiological context. To this end, investigating the influence of circadian 

clock genes on innate immune cell functions in an intact animal model could provide additional 

insights into likely downstream clock pathways. In this thesis, we took advantage of the live 

imaging potential and genetic tractability of the zebrafish model to study the role of light, and the 

light-responsive gene, per2, on the innate immune cell response to bacterial infection in vivo. 

This project was broken down into two main objectives: 

• Investigating the impact of light, a potent regulator of the circadian rhythm, on the innate 

immune response to bacterial infection. 

• Generating and characterising a per2 mutant zebrafish line to study the role of this core 

clock gene in regulating innate immunity.  

 

7.1 The importance of light in regulating innate immunity 

We firstly established a light regimen that can induce a diel rhythm in zebrafish larvae. This was 

validated by analysing their locomotor activity and gene expression profiles. Under the LD 

cycle, the light inducible clock genes, per2 and cry1a, were confirmed to be highly expressed 

during the light phase in 2 dpf larvae. Expression of per2, cry1a, per1b and per3, displayed a 

diel rhythm that was synchronised to the light cycle. A diel rhythm was also detected for the 
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clock output gene, aanat2, thereby confirming the presence of a clock-controlled rhythm in 2 dpf 

zebrafish larvae.  

 

This established regimen was used to examine the effect of light on the innate immune response 

to bacterial infection. Under light conditions, zebrafish larvae displayed an enhanced ability to 

clear acute infection. This was associated with a greater inflammatory response as demonstrated 

by the increased recruitment of neutrophils and macrophages to the infection site. A partial 

explanation of this observation is the higher expression of the pro-inflammatory cytokine genes, 

tnf-a, cxcl8a and ifng1-1, that was induced by the infection. These results demonstrated for the 

first time in zebrafish larvae that light has an enhancing effect on their innate immune response 

to bacterial infection. This work also raised a cautionary note as it highlights the importance of 

maintaining consistent environmental conditions between experiments.  

 

7.2 The role of per2 in regulating innate immunity 

We explored the potential role of the light-inducible clock gene, per2, in mediating the immune-

enhancing effect of light. To achieve this, a per2-/- mutant zebrafish line was generated and 

characterised. Unlike the -11 bp per2-/- mutant zebrafish line generated by another research 

group (M. Wang et al., 2015), our mutant did not exhibit changes in their free-running period. 

However, it displayed a dampened circadian output, as indicated by the significantly lower 

expression of aanat2, and locomotor response to light. More importantly, our per2-/- mutant 

model recapitulated most of the observations found in our earlier work on the impact of light on 

innate immunity. This mutant line is susceptible to acute bacterial infection, when compared to 
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wild-type larvae, as a result of their impaired ability to clear infection. This was in part, due to 

the reduced numbers of neutrophils and, to a lesser extent, macrophages that were recruited to 

the site of infection. The importance of per2 in enhancing innate immunity was emphasised in 

the per2 mRNA rescue experiments which saw improvement in their survival rate, even in the 

absence of light. High resolution live imaging revealed unique insights that identified a novel 

role of per2 on the bactericidal activity of neutrophils. Neutrophils, but not macrophages, in 

per2-/- mutant larvae displayed a lower bactericidal killing capacity, when compared to wild-type 

larvae. This was associated with a reduced level of ROS produced in neutrophils, which is a key 

mechanism that contributes to their bactericidal activity (Nauseef & Borregaard, 2014). 

Furthermore, the migrating velocities of neutrophils were reduced in per2-/- mutant larvae. These 

observations are likely to be mediated by differences in the alternative complement pathway 

activity, as evidenced by downregulation in the expression of the complement genes: c3.3 and 

cfp. These factors are important for activation of the alternative complement pathway on the 

surface of neutrophils (Camous et al., 2011). This contributes to the opsonisation of bacteria, for 

which neutrophils are more dependent on than macrophages for phagocytosis in fluid 

environments (Colucci-Guyon et al., 2011; T. Lu et al., 2014; Zipfel & Skerka, 2009). This 

pathway also results in the production of anaphylatoxins, which activate neutrophil bactericidal 

activity and also regulate neutrophil and macrophage migration (Elsner et al., 1994; Fleisher et 

al., 2013; Yuen et al., 2016). Additionally, RNA-Seq data revealed downregulation in the 

expression of genes that encode essential components of the mitochondrial electron transport 

chain in infected per2-/- mutant larvae relative to infected wild-type larvae. Therefore, per2 may 

also be implicated in mitochondrial ATP production, which is important for initiating the 

bactericidal response in neutrophils (Bao et al., 2014).  
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Collectively, the effects of light and per2 on innate immunity are summarised in Figure 7.1. 
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Figure 7.1: Schematic depicting the effect of light on enhancing innate immunity involving the per2 gene.  

(A) In the presence of light, there is upregulation in the light-inducible clock gene, per2. This was associated with an 

enhanced innate immune response in infected zebrafish larvae resulting in greater bacterial clearance. (B) In per2-/-

mutant larvae, there was a lower expression of mitochondrial electron transport chain genes and the complement 

genes: c3.3 and cfp, compared to infected wild-type larvae following infection. These complement factors are 

involved in the alternative complement pathway whereby C3.3 (simplified to C3) is cleaved to produce C3a and C3b 

fragments by C3 convertase, a complex stabilised by Cfp (neutrophil-derived) on the neutrophil membrane (1). C3b 

opsonises bacteria, enhancing the phagocytic ability of neutrophils (and therefore the respiratory burst response) in 

the fluid environment of the hindbrain ventricle (2). C3b is distally involved in processing C5 to produce C5a and 

C5b. C3a and C5a are anaphylatoxins that increase the inflammatory response and this includes promoting the 

chemotactic recruitment of neutrophils and macrophages (3). Furthermore, C5a also has a potent effect on activating 

neutrophils and enhancing their respiratory burst activity (4).  

 

7.3 Conclusion 

In conclusion, this body of work uncovered novel mechanistic insights into the light-mediated 

regulation of innate immunity involving the per2 clock gene. It highlights the value of the 

zebrafish model in elucidating the interplay between the molecular clock and the innate immune 

cell response. Moreover, it provides the foundation for future dissection of the immune cell-

specific roles of the circadian clock in an integrated physiological system. Such insights will 

provide the opportunity to harness the properties of the circadian clock in antimicrobial 

therapies.  
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