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ABSTRACT 

Over the past decade physiological and psychological effects of artificial 

fluorescent lighting on humans has been shown to be significant and quantifiable. Both 

the amount and composition of lighting are important parameters associated with human 

and animal health. Published reports suggest human physiological responses to “full 

spectrum” vs. “cool white” lamps include differences in oxygen intake, heart rate, 

absorption of vitamins and minerals, etc.  Despite many behavioral and physiological 

studies indicating artificial light sources may be important to health there exists a paucity 

of data regarding specific molecular genetic responses occurring in tissues of intact 

animals upon exposure to varying types of artificial lighting.       

Tropical fishes, such as Xiphophorus, may be expected to represent vertebrate 

experimental models that are both very sensitive and responsive to varying light 

conditions. In the wild, fishes utilize light conditions for warmth, predation, predator 

avoidance, and to coordinate breeding cycles. Recently, our laboratory has been 

employing Xiphophorus fishes and RNA-Seq methods to investigate global changes in 

skin gene expression after exposure of the intact animal to various types of lighting and 

wavelengths. This was initiated as a means to identify genetic patterns that may hallmark 

a predisposition to melanoma induction, but comparison of data indicated fluorescent 

light exposure resulted in a molecular genetic response nearly as great in amplitude as 

observed for ultraviolet B (UVB) exposure. Given the current widespread use of 

fluorescent lighting in human and animal facilities, we sought to examine the extent other 



 xv 

light sources may influence molecular genetic regulation in fish skin. Herein, we present 

results showing exposure to full spectrum fluorescent light (10,000 K) affects different 

biological processes in Xiphophorus skin.  

Biological replicates of Xiphophorus males Jp 163 B were exposed to varying 

doses of 10,000 K light. Functional pathway analyses revealed an overall shared 

suppression of expressed genes associated with cell cycle phase transition, mitotic spindle 

assembly, chromosome segregation and DNA replication, while shared genes increased 

in expression were associated with the circadian-rhythmic process and cell structure. 

Unique responses were observed at individual exposures, the majority of which were 

represented by genes exhibiting an increase in expression. These unique responses were 

associated with lipid and cholesterol catabolism, phosphorylation and epidermis 

structure. Our results suggest exposure to full spectrum fluorescent light largely results in 

stalling of mitotic progression, induces catabolic processes and implicates inflammatory 

response in skin. Overall, these results characterize the genetic responses induced by 

10,000 K light in X. maculatus Jp 163 B skin. 
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CHAPTER I 

INTRODUCTION 

Fish Models in Research 

Teleost fish (i.e., ray-finned fishes) models have contributed to the understanding 

of a variety of biomedical and biological topics spanning subjects such as developmental 

biology, toxicology, physiology, comparative genetics and tumorigenesis (Walter and 

Kazianis, 2001; Bofellii et al, 2004; Patton et al, 2010). Fish experimental models have 

proven useful in research due to their extreme biological diversity, documented genetic 

synteny, high fecundity, and relatively low cost that allows investigations to achieve 

statistical power (Patton et al., 2010). However, the true power of teleost models for 

biomedical applications is derived from their phylogenetic status as vertebrates. Despite 

an estimated divergence time of about 360-450 million years ago (Volf, 2005), teleosts 

and land vertebrates are similar in their comparative anatomy (Diogo et al, 2008), 

embryonic development (Gilbert, 2000) and genomics (Aparicio et al, 2002; Woolfe et 

al, 2005).  Teleosts share approximately the same functional set of genes as mammals, 

but generally have a fraction of the genome size (Hedges and Kumar, 2002). Sequenced 

teleost genomes have been useful in identifying functional regions of genes in their 

mammalian counterparts (Aparicio et al, 2002; Boffelli et al, 2004; Woolfe et al, 2005). 

Herein we utilize Xiphophorus, a new world order of live bearing teleost fishes.  

Xiphophorus fishes have been used as a vertebrate model to study genetic inheritance 

underlying tumorigenesis for over 85 years (Gordon, 1931; Schartl et al, 1995; Nairn et 

al, 1996; Weis and Schartl, 1998; Mitchell et al, 2010; Schartl et al, 2013). 
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Xiphophorus Fishes 

The Xiphophorus genus encompasses 26 species of viviparous (i.e., live-bearing) 

tropical freshwater fishes whose natural range includes Mexico and southward to Belize 

and Honduras in Central America (Kallman and Kazianis, 2006). Pedigreed lines of 

Xiphophorus are maintained at the Xiphophorus Genetic Stock Center in San Marcos, 

TX, USA (www.xiphophorus.org) and these are made available to researchers 

worldwide. Of the current pedigreed species, there are lines in their 113th (X. maculatus 

Jp 163 A) and 106th (X. maculatus Jp 163 B) generation of sister-brother inbreeding. 

Such inbreeding is expected to maintain the fish line in an essentially homozygous state 

(Russell, 1941; Poiley, 1975). The complete genome for one such pedigreed fish, X. 

maculatus Jp 163 A, has been sequenced, assembled, and is publically available (Schartl 

et al, 2013; http://www.ensembl.org/Xiphophorus_maculatus/Info/Index). This genome 

and its annotations have been useful in profiling global genetic expression (i.e. RNA-seq) 

in various tissues when employing Xiphophorus in a variety of research investigations. 

Xiphophorus as a Model to Study Inherited Tumorigenesis  

The most well studied Xiphophorus interspecies hybrid cross (Gordon, 1931) is 

between Xiphophorus maculatus Jp 163 A (a Southern platyfish) and X. helleri (a 

swordtail) with the F1 hybrid backcrossed to the swordtail parental line (Fig. 1-1). In this 

cross, termed the Gordon-Kosswig (or G-K) model, the X. maculatus Jp 163 A carries the 

spot dorsal (Sd) pigment pattern (i.e., black pigmentation; Anders, 1967) on the dorsal fin 

while the X. hellerii parent does not. This phenotype is derived from melanin expression 

in special types of skin cells termed macromelanophores (Gordon, 1927; Vielkind and 

Vielkind, 1982). First generation G-K interspecies hybrids (F1 hybrids) exhibit an 
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enhanced pigmentation pattern of the dorsal fin, compared to either parent. This 

enhancement is thought to be due to loss of a one copy of the autosomal locus Diff, that 

serves to keep expansion of the Sd pigment pattern in check within the X. maculatus 

parent (Vielkind, 1976). Thus, the Diff locus (also known as R, for regulator; 

Meierjohann and Schartl, 2006) is thought to functionally control differentiation of X. 

maculatus macromelanophores (Anders, 1967; Vielkind et al, 1989). 

In the G-K cross, backcross of the F1 offspring to the X. helleri parental species 

produce progeny (BC1) that exhibit a 1:1 genotypic distribution of both the Sd and Diff 

loci (Anders, 1967; Vielkind et al, 1976). Thus, 50% of the BC1 progeny inherit the X. 

maculatus Sd pigment pattern. Of these pigmented animals 50% (25% of the total BC1 

offspring) express enhanced pigmentation in the dorsal fin resembling the F1 hybrids, 

while, 50% express very heavy pigmentation in the dorsal fin that expands as the fish 

ages along the dorsal flanks and posterior of the animal. The pigment expansion in the 

BC1 fish with heavy pigmentation is melanoma, (i.e. uncontrolled proliferation of 

melanin containing cells) derived from macromelanophores, that invade the musculature 

and result in necrosis of the dorsal fin and surrounding tissue base, eventually resulting in 

mortality (Walter and Kazianis, 2001). Formation of melanoma is due to a gene (Tu) that 

is linked to the Sd pigment pattern locus on the X chromosome (Nairn et al, 1996). Tu is 

an oncogene (i.e. a gene that promotes rapid and uncontrolled proliferation of cells) 

regulated by presence of the theoretical Diff tumor suppressor locus in X. maculatus 

(Adam et al, 1993; Kazianis et al, 1998, Meierjohann and Schartl, 2006).  
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Fig. 1-1: The Gordon-Kosswig model in Xiphophorus  hybrids. X. maculatus Jp 163 
A is a homozygous carrier of Sd . X. maculatus  is crossed with X. helleri  to produce 
F1 hybrids that exhibit enhanced dorsal fin pigmentation, believed to be due to loss 
of a Sd regulator, Diff . F1 hybrids backcrossed to the X. helleri  parent produce 
offspring with ranging in degree of pigmentation. 

Source: http://www.xiphophorus.txstate.edu/stockcenter/galleries/hybrid.html  

Xiphophorus interspecies crosses have also been developed that do not lead 

directly to tumor formation in BC1 hybrids, but produce animals exhibiting tumor 

inducibility after exposure to DNA damaging agents (Kazianis et al, 2001a,b).  For 

example, the cross of X. maculatus Jp 163 B, carrying the spot side (Sp) pigment pattern, 

with X. couchianus leads to F1 animals exhibiting enhanced pigmentation on the flanks 

from pectoral to the tail fin (Kazianis et al, 2001a). These F1 hybrids, when backcrossed 

to the X. couchianus parental line, show a range of pigmentation, as in the G-K cross, 

from non-pigmented (50%), to mottled full body pigmentation like the F1 (25%) to very 

heavy pigmentation being nearly black from head to tail (25%). However, in this cross 

melanoma tumors develop if the pigmented BC1 offspring are exposed to N-nitroso-N-

methylurea (MNU; 6 weeks post-birth) or ultraviolet-B light (UVB; 6 days post birth; 
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Kazianis et al, 2001a,b, Walter and Kazianis, 2001). These induced melanomas occur as 

nodular lesions that expand with time and can become quite large.  

 

Fig. 1-2: Xiphophorus  inducible melanoma cross. X. maculatus  (Jp 163 B) is 
crossed with X. couchianus . The F1, and 50% of the BC1 hybrids of this cross have 
enhanced pigmentation along their side flanks, derived from partial regulation of 
Tu.   

Source: Angelica Riojas  

Contribution of Ultraviolet Radiation to Formation of Melanoma in Xiphophorus 

As discussed above, ultraviolet (UV) light can be used to induce melanoma in 

certain Xiphophorus hybrids. In humans, increased incidence of skin cancers, including 

melanoma, is associated with extended exposure to sunlight. This is widely believed to be 

due to the UV wavelengths present in sunlight (Armstrong et al, 1997; Jemal et al, 2006). 

UV light is comprised of wavelengths that range from 280-400 nm (Wenk et al, 2001). 

There are three classes of UV light: UVA (320-400 nm), UVB (280-320 nm), and UVC 

(240-280 nm) (Wenk et al, 2001). UVC and the majority of UVB waves are prevented 

from reaching the Earth’s surface due to atmospheric filtration by ozone (Maverakis et al, 
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2010). Thus, UVA waves make up the majority (~95%) of UV light that reaches the 

Earth’s surface (Maverakis et al, 2010). Xiphophorus hybrids that exhibit UV inducible 

tumor development have been useful in trying to characterize the precise UV 

wavelengths that lead to melanoma induction. 

UVA has primarily been thought to contribute to melanoma formation through 

oxidation of melanin in melanocytes (Wood et al, 2006). Exposure of melanin to UVA 

results in a generation of surplus radical oxygen species (ROS) (e.g. superoxide anion, 

(O•
-2), hydroxyl radicals (OH•), singlet oxygen (1O2), and hydrogen peroxide (H2O2)). 

ROS are common by-products of cellular metabolic processes (Loschen and Flohe, 1992; 

Boveris and Chance, 1973) that have the ability to modify DNA bases, lipids and proteins 

through oxidative reactions (Aruoma, 1999; Mitchell et al, 2007). Normally, cellular 

levels of ROS are regulated by a variety of antioxidant radical scavenging molecules or 

enzymes, such as superoxide dismutase or glutathione-S-transferase, (Wenk et al, 2001). 

However, in cells directly exposed to UVA the balance of ROS to antioxidants is shifted 

towards a surplus of ROS, resulting in oxidative stress and an increase in oxidative 

damage to DNA bases (Zhang et al, 1997a,b). Setlow et al. (1993) characterized the 

action spectrum for melanoma tumor induction in Xiphophorus backcross hybrids. In this 

study hybrids exposed to UVA wavelengths of 365 or 405 nm (UVA region) exhibited 

tumors four months after exposure (Setlow et al, 1993). Wood et al. (2006) characterized 

the action spectrum of ROS generation in Xiphophorus exposed to light in the 300-440 

nm range. The rate at which UV induced generation of ROS (i.e. action spectrum) 

coincided with that of melanoma induction, supporting the idea that ROS contribute 

significantly to melanoma formation (Wood et al, 2006).  
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Whereas UVA exposure cause cellular damage indirectly via oxidative reactions 

via cellular photosensitizers (i.e., melanin), UVB can directly damage DNA (Rastogi et 

al, 2010). This is due to strong absorption of UVB by pyrimidine bases (i.e. cytosine or 

thymine) that, if adjacent to another pyrimidine, can result in the formation of 

cyclobutane pyrimidine dimers (CPDs), 6-4 photoproducts (6-4 PPs), or their Dewar 

isomers (Rastogi et al, 2010). Pyrimidine dimers have also been associated with tumor 

formation in UVB exposed Poecilia formosa (Hart et al., 1977) and in melanoma 

formation of Xiphophorus hybrids (Mitchell et al, 2001, 2007). While it is evident both 

UVA and UVB cause damage to melanin containing cells, the amount of photodamage is 

not only dependent on the amount of UV a cell receives, but also the ability of an 

organism to repair UV induced damage (Maverakis et al, 2010).  

Photoreactivation 

In vertebrates, including humans, CPDs and 6-4 PPs are removed from DNA by 

nucleotide excision repair (NER) (Mitchell and Nairn, 1989; Li et al, 2010). Most 

vertebrates (Hart et al, 1977; Ley, 1985; Ahmed and Setlow, 1993; Uchida et al, 1997; 

Meador et al, 2000; Mitchell et al, 2001; Armstrong et al, 2002), prokaryotic organisms 

(Kelner, 1948) and plants (Chaves et al, 2011) also have the ability to utilize visible light 

to restore UV induced CPDs and 6-4 PPs to monomer bases via a process termed 

photoreactivation. Essential to photoreactivation are DNA repair enzymes termed 

photolyases (CPD and 6-4 photolyase) that use light from the visible light range (320-500 

nm) to break apart UV induced dimerization (Sancar, 2003).  

The mechanism for CPD photolyase is currently better defined than that of 6-4 

photolyase. CPD photolyases have two distinct light sensitive moieties, a chromophore 
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that absorbs photons from light in the visible light spectrum (350-450 nm) (Sancar, 

2003), and a second chromophore that uses a tunneling pathway to channel energy from 

captured photons to split the cyclobutane bonds, thus restoring the dimerized bases to 

their monomer states (Liu et al, 2011; reviewed by Walter et al., 2014). Comparatively, 

the 6-4 photolyase is thought to repair 6-4 photoproducts via a mechanism that utilizes 

cyclic proton transfer between the enzyme and the 6-4 photoproduct (Li et al, 2010). 

Photolyases have been shown to be active in cultured cells of C. auratus (goldfish) 

(Uchida et al, 1997), Xenopus (clawed frog) (Griggs and Bender, 1972), P. tridactylis 

(rat-kangaroo) (Krishan and Painter, 1973), as well as intact vertebrates such as M. 

domestica (a short-tailed opossum) (Ley, 1985), P. formosa (Amazon molly) (Hart et al, 

1977), O. latipes (medaka) (Armstrong et al, 2002), and Xiphophorus fishes (Ahmed and 

Setlow, 1993; Meador et al, 2000; Mitchell et al, 2001; Walter et al., 2014). 

Evidence for a Specific Response to Fluorescent Light 

In a laboratory setting, photoreactivation can be induced with “white” fluorescent 

light (Setlow et al, 1989 Uchida et al, 1997; Meador et al, 2000). White light is generally 

used to describe the color of light created from a combination of other colors (Sheehan, 

2009). Fluorescent light, common in many businesses, buildings, and homes is produced 

when a small amount of mercury within a vacuum lamp tube is vaporized by electric 

energy (Meyer et al, 1939). The vaporization of mercury requires absorption of energy, in 

this instance heat, which causes the mercury atoms to transition to a higher energy state 

(Srivastave and Ronda, 2004). Mercury vapor atoms emit ultraviolet light of ~250 nm 

(Srivastave and Ronda, 2004), which is converted to visible light through interaction with 

fluorescent materials (i.e. phosphors) (Smets, 1987) that coat the inside of the lamp. The 
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precise wavelengths of light produced by fluorescent lamps is dependent on the 

combination of phosphors used and varies in perceived color (Srivastave and Ronda, 

2004).  

“Cool white”, “daylight” and “full spectrum” are terms that have been loosely 

used to describe different types of fluorescent lights (Bielski et al, 1992). Cool white is 

generally associated with fluorescent lights that have a large region of wavelengths in the 

blue-green (495 nm) and yellow (575 nm) regions (Thronton, 1971; Bielski et al, 1992), 

while, full spectrum has been used to describe light that simulates the full spectrum of the 

sun (Bielski et al, 1992) (Fig. 1-3). The colors emitted by different types of fluorescent 

lights are defined by a Kelvin correlated value (Lucero-Vera et al., 2009). These values 

are established by heating a theoretical black body radiator to a color matching that of the 

fluorescent light. The temperature, measured in Kelvin, is assigned to that particular 

fluorescent light color (Lucero-Vera et al., 2009).  

Human health reports have suggested there may be differences between “cool 

white” versus “full spectrum” fluorescent light (McColl and Veitch, 2001) that could 

differentially affect human heart rate (Chance, 1983), oxygen intake (Chance, 1983), and 

hormone levels (Kuller and Lindsten, 1992).  
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Fig. 1-3: A side by side visual comparison of “cool white” (left) and “full 
spectrum” lights (right).  

Source: Dr. Ronald Walter 

Xiphophorus fishes provide an excellent biological model in which to study the 

effects of light on the intact vertebrate organism. As discussed earlier, Setlow et al. 

(1989) reported tumor induction in Xiphophorus backcross hybrids exposed to UV light. 

However, in the same study subsequent exposure to cool white fluorescent light after the 

UV treatment reduced tumor prevalence in the backcross hybrids most susceptible to 

melanoma formation (Setlow et al., 1989). The observed reduction in tumor prevalence 

after the additional fluorescent light exposure suggests fluorescent light may induce a 

photoreactivation response in Xiphorphous antagonistic to the effects of UV.    

Separate RNA-Seq studies investigating the molecular genetic response to 

different light sources (i.e. UVB and cool white fluorescent) have been performed using 

Xiphophorus. Yang et al. (2014) observed a dose dependent expression of genes involved 

in protein activation, inflammation, and the immune response within fish skin exposed to 

UVB (311 nm). In unpublished work within our laboratory, RNA-Seq studies of X. 
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maculatus males exposed to varying doses of cool white fluorescent (4,100 K) light have 

revealed altered expression in sets of genes associated with cell cycle progression, 

mitosis, DNA repair, and DNA replication in skin (Walter, R.B., unpublished). 

Collectively, these studies indicate there are unique molecular genetic responses that 

occur in the skin of intact Xiphophorus upon exposure to varying sources of light. Thus, 

characterization of global genetic responses to various light sources may assist our 

understanding of genes and pathways involved in induced melanoma development, and 

further, may identify primary genetic effects that different light sources may induce in 

vertebrates, perhaps including humans.  

The current study was focused on investigation of the global genetic changes 

brought about in Xiphophorus maculatus Jp 163 B skin after exposure to full spectrum 

fluorescent (10,000 K) light. We employed RNA-Seq methodology combined with 

bioinformatic data-mining to identify shifts in gene expression after 10,000 K light 

exposure. We present results of gene expression profiling in skin after various doses of 

10,000 K light, report clusters of shared genes and functions and show a molecular 

genetic response of shared response among increasing doses of 10,000 K exposure. The 

findings of this study increase our understanding of the molecular genetic response to 

specific sources of light in the skin of intact male X. maculatus, provide comparative data 

for other light sources, and forward our knowledge of the dynamic nature of organismal 

adaption to external stimuli.  
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CHAPTER II 

METHODS & MATERIALS 

Research Animals 

 All Xiphophorus maculatus Jp 163 B utilized in this study were maintained in 5 to 

20 gallon freshwater aquaria and fed twice daily, either newly hatched brine shrimp 

(Artemia) nauplii and beef liver paste (Gordon, 1943b). The pedigreed fish used in this 

study were all mature adult males, 12 months in age, obtained from the Xiphophorus 

Genetic Stock Center (Texas State University, San Marcos, TX; 

http://www.xiphophorus.txstate.edu/).  

X. maculatus Jp 163 B (pedigree 104 D) (Fig. 2-1) were derived from one single 

field-inseminated female fish in 1939 from the Rio Jamapa (Veracruz, Mexico). The 

offspring were split after approximately nine generations of sibling-sibling inbreeding to 

generate the pedigrees Jp 163 A and Jp 163 B.  X. maculatus Jp 163 B used in this study 

are of the 104th generation.  

 

     

 

 

 

X. maculatus  Jp 163 B 104d 

Fig. 2-1: Image of X. maculatus Jp 163 B used in this study.  

Source: Kaela Caballero 
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Light Sources and Exposures 

Full spectrum light (10,000 K) exposures were carried out in a specially designed 

wooden box (77 cm in length, 41 cm in height, and 36 cm in depth), with a hinged 

wooden lid capable of sealing the interior of the box from external light (Fig. 2-2).  On 

the bottom of each of the two sides (41 cm x 36 cm) were 15.5 cm diameter high-speed 

fans that maintained interior temperatures of the closed box at less than 24°C.  For full 

spectrum exposures single fish were placed into UV transparent (UVT) plastic cuvettes (9 

cm x 7.5 cm x 1.5 cm) in about 95 mL of filtered aquarium water. The cuvettes were 

suspended in a rack centered between and about 10 cm between four Coralite T8 17W 

10,000K “daylight” (full spectrum; herein termed CO) lamps, configured with two lamps 

mounted on each side of the interior of the exposure chamber. Fluence (i.e., radiant 

power) was measured on each side of the chamber using a Newport Power Meter 

(International Light, Newburyport, MA, model 1918-R). The average fluence for the 

10,000 K full spectrum lamps was 14.2 J/ m2. The spectral distribution was measured 

with an Ocean Optics Spectrometer (Fig. 2-3; Spectrecology, Jasper, GA, model 

USB4000-FL)   

All animals were placed in the dark at 6:00 pm the day before experimental 

exposures, individually in 125 mL flasks filled with 100 mL of filtered aquaria water. 

After CO exposure the following morning, fish were maintained in the dark for 6 hrs to 

allow time for gene expression prior to sacrifice and tissue dissection. At dissection fish 

were sacrificed by cranial pith after anesthesia in an ice water bath. Skin, as well as other 

organs, were dissected directly into RNAlater (Ambion Inc., Austin, TX, AM7021), 

frozen, and stored at -80°C.   



14 
	
  

 

Fig. 2-2:  Images of the exterior (top) and interior (bottom) of the exposure box 
used for light exposures. Two fish at a time were exposed in individual 9 cm 
(length) x 7.5 cm (height) x 1.5 cm (width) UV-transparent chambers suspended 
between two banks of Coralite T8 17W 10,000 K “daylight” (bottom panel) lamps 
mounted horizontally on each side of the chamber.  

Source: Kaela Caballero 
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Fig. 2-3:  Spectral distribution of the four Coralite T8 17W 10,000K “daylight” 
(full spectrum; CO) lamps. Distribution was measured     

Source: William Boswell 

 

 

 

 

 

Fig. 2-4:  Timeline depicting hours fish are normally exposed to light, hours of 
experimental exposure to CO and dissection times. Fish were placed in the dark at 
6 PM the night before experimental exposures were conducted. 

 

 



16 
	
  

RNA Isolation 

After dissection flash frozen skin samples were macerated manually in a total of 

0.6 mL of TRI reagent (Sigma-Aldrich, St. Louis, MO, Product #: 93289), followed by 

mechanical disruption with a pestle and Dremel tool (http://www.dremel.com). Following 

homogenization, samples were incubated at room temperature for 5 min followed by the 

addition of 0.12 mL chloroform. Samples were vigorously shaken then centrifuged at 

12,000 x g for 5 min at 4°C. A second TRI reagent-chloroform extraction was performed 

on the extracted aqueous phase with the addition of 0.3 mL TRI reagent and 0.06 mL of 

chloroform. 

Nucleic acids were precipitated from the extracted aqueous phase with addition of 

one volume of 70% ethanol. RNA was further purified using an RNeasy minispin RNA 

isolation kit (Qiagen, Valencia, CA).  Any residual DNA was eliminated by performing a 

DNase digestion at 37°C (15 min) on the minispin column. RNA was quantified using a 

Qubit 2.0 fluorometer (Life Technologies, Grand Island, NY, USA).  Prior to High-

Throughput Illumina sequencing the integrity and concentration of RNA was assessed 

employing a BioAnalyzer (Agilent, Santa Clara, CA). The BioAnalyzer generates an 

RNA Integrity Number (RIN) based on integrity of an RNA sample. Samples with RIN 

scores below 8 were not used for Illumina sequencing.  
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RNA Sequencing 

X. maculatus Jp 163 B skin biological replicate RNAs were independently 

sequenced using the Illumina High-Seq platform (75 bps, paired-end (PE) reads) at the 

MD Anderson Cancer Research Facility (Austin, TX). About 53-98 million raw 75 bp PE 

reads were generated for each sample. Raw reads were filtered and trimmed based on 

quality scores using a custom filtration algorithm that removed low-scoring sections of 

each read and preserved the longest remaining fragment (Garcia et al., 2012). All raw 

reads were subsequently truncated by similarity to library adaptor sequences using a 

custom Perl script. Overlapping PE reads were merged using FLASH (Magoc and 

Salzberg, 2011). Detailed statistics on raw and filtered reads are shown in Table 2-1. 

Table 2-1: Table showing read statistics for each skin sample. Biological 
duplicates are differentiated by ‘A’ and ‘B’. X = average number of times each 
nucleotide is expected to be sequenced given a certain number of reads of a given 
length and the assumption that reads are randomly distributed across an idealized 
genome (Landers et al., 2001).  

Exposure 
(min) 

Reads 
Mapped 

(M) 

Reads 
Unmapped 

(M) 

% 
Mapped 

Average 
Coverage 

(X) 

0-A 30 23 57.4 66 
0-B 41 30 57.7 67 

20-A 57 41 58.7 93 
20-B 45 31 58.8 73 
40-A 47 36 56.4 76 
40-B 52 37 58.6 85 
60-A 41 29 58.2 67 
60-B 45 32 58.5 74 
80-A 49 35 58.0 79 
80-B 47 32 58.9 76 
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Filtration and Read Mapping 

All filtered reads were mapped to the X. maculatus reference transcriptome 

(Ensembl v78) using the Genomic Short-read Nucleotide Alignment Program (GSNAP) 

(Wu and Nacu, 2010). Read mapping statistics were calculated using the script Samtools 

flagstat. The percentage of mapped reads was calculated by dividing the number of 

mapped reads by the number of filtered reads, then multiplying by 100. Nucleotide 

coverage was determined by multiplying the number of reads mapped by the length of a 

read (75 bp) and dividing by the length of the transcriptome (45,942,023 bases).  

The DESeq package (v1.18.0, Bioconductor v 2.6, R v2.11) is specifically 

tailored for work with short-read RNA-Seq data. DESeq was utilized to determine 

differential gene expression from the mapped transcriptome data (Anders and Huber, 

2010). DESeq uses a negative binomial distribution to determine the significance of 

modulation in gene expression. Genes were considered significant if: genes met a p-adj ≤ 

0.05 (used in the establishment of control genes in the unexposed samples) or a level of 

p-adj ≤ 0.01 (used for all exposed samples), and if they met a cutoff of ±2 of the fold 

change, which was calculated based on comparison of the number of normalized reads 

within the unexposed skin samples relative to each exposed sample. 

 Functional Analysis 

Interacting genes may be expected to show nonrandom patterns in cell 

localization, molecular function, and/or biological process thus, bioinformatics analysis 

on exposure data was performed using DAVID Gene Ontology (Huang et al., 2008). 

Significant differentially expressed genes (p-adj. < 0.01, ±2 fold change) in each gene set 

were clustered into gene ontologies using DAVID Gene Ontology 



19 
	
  

(http://david.abcc.ncifcrf.gov, Huang et al., 2009). DAVID provides gene-annotation 

enrichment analysis in addition to functional annotation clustering of large gene sets. 

Gene ontologies (GOs) with an enriched p-value greater than 0.01 were not considered. 

Redundant GOs were consolidated using REViGO (http://revigo.irb.hr/, Supek et al., 

2011), a program which summarizes extensive GO lists. Remaining GOs were further 

consolidated if all genes within the category were found within a larger ontology.  

The remaining unique genes were then used to visualize interactions and 

associations in GeneMania (www.genemania.org, Warde-Farley et al., 2010). GeneMania 

is a gene networking software that was used to visualize physical interactions of protein 

products, genetic interactions and shared protein domains through a series of lines 

connecting nodes. Nodes are differentially colored to designate between queried (black) 

and predicted (grey) genes. Both nodes and lines have a thickness and length that is 

primarily based on how well connected genes are with each other as reported in publicly 

available databases. Thicker lines indicate stronger associations. 

Quantitative Real Time PCR 

Total RNA was isolated from two independent biological replicates of highly 

inbred X. maculatus Jp 163 B males. Isolated RNA was used in cDNA synthesis 

employing a High Capacity cDNA reverse transcription kit (Applied Bioscience, 

Carlsbad, CA). Reverse transcription was performed by adding 1.5 µg RNA, 100 mM 

dNTPs, 10X RT random primers, RNase inhibitor, and MultiScribe Reverse 

Transcriptase (50u/µL) in a 20 µL reaction employing standard thermocycler conditions 

(25°C for 10 min, 37°C for 120 min and 85°C for 5 min). Negative controls were 

synthesized without the reverse transcriptase. Each sample was diluted to a final volume 
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of 500 µL with 0.1 % DEPC treated water. Expression of select genes was analyzed via 

qRT-PCR utilizing SYBR Green-based detection on an Applied Biosystems 7500Fast 

system (Applied Bioscience, Carlsbad, CA).  

PCR primers were designed using Geneious (Biomatters Ltd, Auckland, New 

Zealand) bioinformatic software.  All primers were designed with Tm between 60 and 

62°C in 3.0 mM K+, 50 mM Na+, and 0.8 mM dNTPs with a maximum difference of 1°C 

between Tms for each primer in a set. Primer lengths were limited to 18-26 bp in length 

with 40-60% GC content. Additionally, all amplicons were limited to 70-150 bp in length 

and were designed to cross at least one exon junction. Primers meeting these criteria and 

specific for the Xiphophorus genes validated are given in Table 2-2. Initially, the 

efficiency of each set of designed primers was tested in triplicate in a 20 µL reaction 

consisting of a standard serial dilution series of 100, 10, 1, 0.1 ng cDNA, 0.5 µM of each 

primer, and 10 µL SYBR Green ready mix (Applied Bioscience, Carlsbad CA). Each 

reaction was subjected to 40 cycles each at 95oC for 20 sec, 95oC for 15 sec, and 60oC for 

30 sec, before being subjected to melting curve analysis.  

The 18S RNA was selected as the transcript for normalization of all samples. 

Only primers with efficiencies between 70 and 120% were selected for further use. Once 

the efficiency and specificity were established, the primers were used to test relative 

expression of each gene from cDNAs (12 ng) produced from each skin sample.  

The threshold cycle (CT) for each test target and 18S rRNA control was 

determined by the 7500 Fast System SDS 2.0.6. The average 18S control CT was 

subtracted from the average target CT for each biological replicate independently over 2 

biological replicates to give a ΔCT value. Expression was then determined relative to the 
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18S rRNA endogenous control by applying 2-ΔCT.  This represents the mRNA expression 

level for each target tested relative to the 18S rRNA control. Fold changes for samples 

exposed to CO were determined relative to each respective basal level tissue (ΔΔCT) 

(Schmittgen and Livak, 2008). Standard deviations were calculated for the average of 4 

technical replicates from each biological replicate. 

Table 2-2:  Primer sequences for select genes used in quantitative-real time PCR 
validation of a select subset of significant DE genes. 

Gene 
Name Ensembl ID 

Forward Primer 
Sequence (5'-3') 

Reverse Primer 
Sequence  (3'-5') 

cenp-f ENSXMAT00000015178  
GCGTCTGAAAA 
GAGCCCTG 

CCTCCTCCTCA 
TTGATCATCTCC 

cpd ENSXMAT00000004764 
CTCTCAGCCAG 
CTCTCCC 

ACCAGCTCCTC 
GATGAAGG 

igf1ra ENSXMAT00000003758 
CAAAGCCCGTC 
ATGCCTAAC 

GCATAAGTGTG 
TGTCGCATCAG 

per1b ENSXMAT00000015376 
TGCTCTCAAAT 
ACGCCCTGC 

CAGCCATGACA 
CTCCTCCAC 

pold2 ENSXMAT00000015408 
GGTCTCCAATC 
CATACGAAGCC 

GGCTGTCCATG 
CTGCTGTAC 

sptbn4 ENSXMAT00000006073 
TCACGCTCGGC 
CTTATCTG 

CAGCAGGTGGT 
GAAGTTCTG 

 

NanoString 

 X. maculatus Jp 163 B skin samples were used in a microarray analysis at the 

Baylor College of Medicine Microarray Core Facility (Houston, TX). RNA isolated from 

X. maculatus skin was used as nCounter input (500 ng RNA). Hybridization protocols 

were strictly followed according to manufacturer’s instructions (Geiss et al., 2008) with 7 

µL of RNA solution (71.4 ng/ µL). Hybridized samples were incubated overnight at 65°C 

with a custom set of probes in the NanoString Prep Station and immediately evaluated 

with the NanoString nCounter based on color code signals. Data analysis was performed 

by lane normalization using a set of standard NanoString probes followed by sample 

normalization using a set of 10 housekeeping genes. Counts were generated by nCounter 
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Digital Analyzer. Fold changes were calculated on normalized counts and plotted using 

Microsoft Excel. Two biological samples previously used in RNA-Seq analysis were 

selected for NanoString. 

Table 2-3: NanoString custom designed probe set for 19 test targets and 10 
housekeeping controls. Asterisked genes represent housekeeping genes.  

Gene 
Name Ensembl ID Target Sequence (5’-3’) 

klhl38b ENSXMAT00000008690 TTTTGAGACACTTATTGGTTGGATCCGTCATGAT
CCCGTCTCCAGGCGGGGGACCATAAGCAGCCTT
TTCAAAAAGGTCCGTCTTCGACATTTACACCCT 

clock ENSXMAT00000017010 CCCAGCAGGGCCAGACTCAGACCATCAGCATTT
CTCAGCAGCAGGAGCAGCAGCAGCAGATTCAG
GTGCAGAACCAGGTTTCCGCGCTGCAGGCAGGT
CA 

cry2a ENSXMAT00000009327 CCTGCAGCTGTCTCTTACATCACCTCTGAAACTC
TTTACCTCCACCTCTCCCACCTACACTCACCATT
CACCAGCTTTGAATGCCTCAGCAGTCTGTTTA 

ppp1r27 ENSXMAT00000018069 AGGTCCCTTGAGAATCACAGTCGTCCGAAAGCC
GCTGCAAGTTCTTCGGCGGTGAACGGAGAAAGC
CGCATCAGTCCAGGTTCCTGGTTTTTGAGCTGCC 

ccnf ENSXMAT00000004757 AGCTCAGGATACTCATCTGTCCAGAGTGTTAGC
CCATCATCTACATGCTCCTCGTCCTCCCTCGTGA
CCCACACGTTCAGGACCTTTACCACATCACTTG 

spc25 ENSXMAT00000011885 TTTAAAAGGAAGGCCAAAGAAATGTGGACTAA
CTGTATGCTAATGATCTCAAATAGTGATGCTGG
CCTTAAGAAGTAATTGATACTCTGGTCTGTAAC
CG 

fggy ENSXMAT00000018361 AAAGCCGCTCACTTTTTTGACCTGCCGGACTTCC
TGTCCTGGAAAGCTACAGGCTCCACAACGAGGT
CTTTATGTACTCTAGTGTGTAAGTGGACATACT 

raver1 ENSXMAT00000000218 CAGCACAAGGAGTATCGATGCTAGGGGATCTTC
CTAAAGAGATGAACCTTCCTCAGAGCGCCTTTC
TCAATGCCAATGTTTATCCTTCAGCGAGCAGCA
G 

kifc1 ENSXMAT00000016886 GAGTCTCATACGGGTAAAACGGCCGACACACAG
AAGAATTATCACTTCAGTTTCGACCGGGTGTTC
GGGCCTCTGGCTTCACAGCAGGAGATCTTTGAT
G 

arhgap19 ENSXMAT00000014517 GCTCCCTCCAGCCGCCAGTAAGAAGCATCCTCG
TTCCCGCTCCTTTGGTGGCTTTATCAAGCGAAAA
GCTCGAGGCGAGCAGATGAGAGAGAGGCACAT
C 
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Table 2-3-Continued: NanoString custom designed probe set for 19 test targets 
and 10 housekeeping controls. Asterisked genes represent housekeeping genes.  

Gene 
Name Ensembl ID Target Sequence (5’-3’) 

numa1 ENSXMAT00000011193 AATCAATCTCTCCAGTCTGCAACAGACCAAGT
CTTGGCTAAAGAAAACCTGCTAGCTCAGAAG
GACACTGAAATTTCCCAGCAAAACGATTCACT
TCAAA 

cdk1 ENSXMAT00000014787 AAGGGACCTATGGGGTGGTGTATAAGGGCAG
ACATAAGTCCACAGGACAAGTTGTGGCTATGA
AGAAAATCCGTCTGGAGAGCGAGGAGGAGGG
AGTTCC 

mad2l1 ENSXMAT00000017587 TGAGATCCGCTCTGTCATCAGGCAGATAACAG
CCACGGTTACCTTCCTCCCTCTGCTGGAGACG
CCGTGTGCCTTTGATCTCCTGGTCTACACTGAT
AAA 

bhlhe40  ENSXMAT00000002257 CAGAGTGGCATGCAAATCGAGCAACCCACTG
TTAGCCAGGAGAAGTCAGAGGAGATGTTTCG
CTCTGGTTTCCACATGTGTGCCAAGGAGATTC
TCCAGT 

parpbp ENSXMAT00000017412 AAACAACAAAAGAGCTAAAAGAGAGGATTGT
CCAGCTTCACCAGACCCAGAAACAAGCTGCTA
ATGTGGATGGGACGGGTATAAGTCCTGCTAGG
CCAAA 

kpna2 ENSXMAT00000008371 AGGTGTTGGCCGACGCGTGCTGGGCCGTTTCC
TACCTTACGGACGGACCCAACGACCGCATTGA
CGTGGTGGTCAAAACCGGCGTGATTCCTCGCC
TGGT 

pif1 ENSXMAT00000003968 TCTTCACTGGAAGTGCTGGTACGGGGAAATCC
TTCCTGCTGAAGAGAATCCTGGGATCTCTCCC
ACCGAAGAGCACCTTTGCTACGGCCAGCACA
GGAGT 

cdca7a ENSXMAT00000005334 CTAAGACTGTAAGCTATAACTGAGCAAAAAA
TTGCCCAGTACACCATCCGCAGTCTTACCTGT
GATGAAATGCAATAGTCCTGTGATGTTAGCAT
TGCCT 

TPM4*  ENSXMAT00000000653 ATCCTGAATGACAGACTCAAGGAGGCGGAAA
CCCGTGCAGAATTTGCAGAAAGGACGGTGTC
AAAGCTTGAAAAGACCATAGACGACCTAGAA
GAGAACC 

fam102bb* ENSXMAT00000000552 GTGATGAAGCATTAGCGCTGCGATGACAGGA
TGACCTTGATCACACTTTAAACAAATGGTTTG
CGTTGGTTTCTCAATTCCCACAGCAAACACAA
CGCCC 
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CHAPTER III 

CO-INDUCED MODULATION OF GENE EXPRESSION IN XIPHOPHORUS 

MACULATUS JP 163 B SKIN 

Introduction 

  Messenger RNA (mRNA) is synthesized in the nucleus of a cell from a 

complementary DNA strand, exported to the cytoplasm to the ribosomes where it is used 

to synthesize proteins. Advancements in genetic sequencing technology and 

bioinformatic tools have allowed scientists to observe each transcript synthesized from 

each gene in a mapped genome for a given tissue sample. The mRNA transcripts 

synthesized reflect the needs of a cell (e.g. interleukins synthesized to cope with an 

inflammatory response; Erchler and Keller, 2000). Thus, the total number of transcripts 

in a tissue can reflect the initial state, or a genetic response, of that tissue to an external 

stimulus, such as full spectrum (i.e. CO) light.   

 To understand global gene expression in response to varying CO doses the 

number of genes in skin that significantly changed in expression (i.e. modulated) after 

each exposure was evaluated by comparison with RNA from the skin of unexposed fish. 

The number of genes shared (up and down-modulated) between various exposure sets 

may implicate a shared response, while the number of unique genes may implicate a 

response that is novel to a particular exposure. This evaluation was used to assess the 

response shared by all doses. 
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Results 

A. Differential Gene Expression in Response to CO Exposure  

An overview of the number of genes differentially expressed (DE) in 10,000 K (CO) 

light exposed skin at various times, compared to skin from unexposed from sibling X. 

maculatus Jp 163 B males, based on RNA-Seq analysis (i.e. transcript presence 

modulated up or down) is shown in Fig 3-1. The total number of genes DE after 20 min. 

was 380 (139 up/241 down); after 40 min., 340 (104 up/240 down); after 60 min., 327 

(100 up/227 down); and after 80 min., 141 (54 up/87 down). All exposures exhibit and 

overall differential expression patterns of more down-modulated genes than up-

modulated genes. 

 

Fig. 3-1: Differentially expressed (DE) genes (±2 fold change, p-adj. ≤ 0.01) 
in the skin of male X. maculatus Jp 163 B in response to CO exposure. 
Numbers of DE genes total (grey), up-modulated (blue) and down-modulated 
(orange) following CO dosage are shown. Data are derived from RNA 
obtained from two individual animals after live fish exposure to CO light. 
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B. Genetic Responses Among CO Exposures 

Gene sets were compared between increasing doses to assess what fraction of 

genes were shared as CO dosage increased. A comparison of the 20 and 40 min. gene sets 

revealed a both doses had a total of 217 DE genes (64%) in common (i.e. shared) (39 

up/178 down, 38% up/ 74% down) between 20 and 40 min. A 40 vs. 60 min. gene set 

comparison revealed a total of 206 DE genes (63%) were shared (32 up/174 down, 32% 

up/ 77% down) between 40 and 60 min. Comparison of the 60 and 80 min. gene sets 

revealed a total of 94 DE genes (67%) were shared (14 up/80 down, 26% up/ 92% down) 

between the 60 and 80 min. exposures.  

Six DE up-modulated genes and seventy-three DE down-modulated genes (79 

total) were shared (21%, 23%, 24% and 56%) between all four exposures (20, 40, 60 and 

80 min., respectively). Given the reduction in DE genes at 80 min. and the similarity in 

the number at 20, 40 and 60 min., the 20, 40 and 60 min. gene sets were evaluated for the 

fraction of shared genes. One hundred-eighty one DE genes (20 up-modulated and 161 

down-modulated) were shared by the 20, 40 and 60 min. gene sets. All 79 genes that are 

shared with all four of the time points are found within the 181 genes shared among 20, 

40 and 60 min. All comparisons exhibit differential expression patterns sharing more 

down-modulated genes than up-modulated genes. 

Table 3-2 shows the unique responses among comparison of 20 and 40 min., 164 

DE genes (43%) were unique to the 20 min. exposure (100 up/64 down, 72% up/ 27% 

down), while 89 DE genes (26%) were unique to the 40 min. exposure (63 up/26 down, 

61% up/ 11% down). Among the 40 and 60 min. comparison, 138 DE genes (41%) were 

unique to the 40 min. exposure (72 up/66 down, 69% up/ 28% down), while 121 DE 
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genes (37%) were unique to the 60 min. exposure (68 up/53 down, 68% up/ 23% down). 

Among the 60 and 80 min. comparison, 233 DE genes (71%) were unique to the 60 min. 

exposure (86 up/ 147 down, 86% up/ 65% down), while 47 DE genes (33%) were unique 

to the 80 min. exposure (40 up/7 down, 74% up/ 8% down).  

An additional comparison of each individual exposure to the 20 up-modulated and 

161 down-modulated genes shared by 20, 40 and 60 min. was used to assess the unique 

response of each exposure (Table 3-3). One hundred ninety- nine DE unique genes 

(52%) were revealed (119 up/ 80 down, 86% up/ 33% down) after 20 min. of exposure. 

One hundred sixty-three DE unique genes (48%) were revealed (84 up/79 down, 81% up/ 

33% down) after 40 min. of exposure. One hundred forty-six DE unique genes (45%) 

were revealed (80 up/66 down, 80% up/ 29% down) after 60 min. of exposure. Sixty-two 

DE unique genes (44%) were revealed (48 up/14 down, 89% up/ 16% down) after 80 

min. of exposure. 
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Fig. 3-2: Venn diagram representing the number of shared and unique up 
(panel A) and down (panel B) DE genes (±2 fold change, p-adj < 0.01) 
between CO exposures. Genes differentially expressed after 20 min. are 
located in the blue oval, after 40 min. in the yellow oval, after 60 min. in the 
green oval and after 80 min. in the red oval. Genes shared by all four 
exposures (6 up/ 73 down) are located in the center of each diagram (dark 
yellow). Genes shared by 20, 40 and 60 min. exposures are located on the left 
(14 and 6 up/ 88 and 73 down). Unique genes are comparison dependent.  
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Table 3-1: Table showing the fractions of DE up and down-modulated shared 
genes (p-adj < 0.01, ±2 fold change) for comparisons of the 20, 40 and 60 
min. gene sets. 

Comparison 
(min) 

# 
Shared 
Genes-

Up  

# 
Shared 
Genes-
Down  

Total # 
Genes 
Shared 

% 
Shared 
Genes-

Up  

% 
Shared 
Genes-
Down  

% 
Genes 
Shared 

20 vs. 40 39 178 217 38% 74% 64% 
40 vs. 60 32 174 206 32% 77% 63% 
60 vs. 80 14 80 94 26% 92% 67% 

 

Table 3-2: Table showing the fractions of DE up and down-modulated unique 
genes (p-adj < 0.01, ±2 fold change) for various comparisons of the 20, 40, 
60 and 80 min. gene sets. Bolded time points indicate the exposure for which 
the unique gene statistics are given.  

Comparison 
(min) 

# 
Unique 
Genes-

Up 

# 
Unique 
Genes-
Down 

Total # 
Unique 
Genes 

% 
Unique 
Genes-

Up  

% 
Unique 
Genes-
Down  

% 
Unique 
Genes  

20 vs. 40 100 64 164 72% 27% 43% 
20 vs. 40 63 26 89 61% 11% 26% 
40 vs. 60 72 66 138 69% 28% 41% 
40 vs. 60 68 53 121 68% 23% 37% 
60 vs. 80 86 147 233 86% 65% 71% 
60 vs. 80 40 7 47 74% 8% 33% 

 

Table 3-3: Table showing the fractions of unique DE up and down-modulated 
genes (p-adj < 0.01, ±2 fold change) for 20, 40, 60 and 80 min. when 
compared to the 181 overall shared gene set.  

Comparison 
(min. vs 

shared # of 
genes) 

# 
Unique 
Genes-

Up  

# 
Unique 
Genes-
Down  

Total # 
Unique 
Genes  

% 
Unique 
Genes-

Up  

% 
Unique 
Genes-
Down  

%  
Unique 
Genes  

20 vs. 181 119 80 199 86% 33% 52% 
40 vs. 181 84 79 163 81% 33% 48% 
60 vs. 181 80 66 146 80% 29% 45% 
80 vs. 181 48 14 62 89% 16% 44% 
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Discussion  

The total number of DE genes that met the statistical cut-off is similar after 20, 

40, and 60 min. of exposure, but declines approximately 2.5 fold in response to 80 min. 

of CO, compared to any of the other three doses. The 80 min. experimental samples 

exhibit similar read count statistics to other samples used in this experiment (Table 2-1), 

thus observed difference in number of DE genes are not attributed to abnormalities in 

read data. The reduction could be attributed to adaptation of the epithelial cells to CO 

exposure. In general, cells respond to abrupt changes in their environment by adjusting 

their physiology and metabolism (López-Maury et al., 2008). This generally requires 

synthesis of additional or new proteins and thus a change in gene expression. Modulated 

gene expression levels, in a general eukaryotic cell, return to or nearly basal expression 

levels if a cell can adapt to the external stimulus (López-Maury et al., 2008).  

Comparisons of various exposures exhibit a similar percentage of shared DE up 

and down-modulated genes. In these data the large number of shared DE down-

modulated genes in all comparisons reflect a shared response, while the DE up-

modulated genes exhibit a greater unique response for each exposure time, sharing only 

38%, 32% and 26% of DE genes, respectively (Table 3-1). While UV-light is known to 

cause suppression of certain biological functions in humans (Maverakis et al., 2010), the 

impact of visible light, or full spectrum light have not been characterized as thoroughly. 

Exposure to visible light is known to suppress expression of some genes (Czeisler, et al. 

1995; Myers et al. 1996), however large scale suppression by light has not been described 

in the literature. Suppression of gene expression is a regulatory feature of genetic 

pathways that can impact both the expression of genes downstream of those suppressed 
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and influence a biological function (e.g. tumor growth; Sebolt-Leopold et al., 1999). This 

possibility will be addressed in chapter 4, where we report and discusses the biological 

functions of the DE gene sets presented here.  

Among the various comparisons of DE gene sets, all sets of DE up-modulated 

genes are 60% unique (i.e. not shared). Comparions of each exposure set to the overall 

181 shared gene set exhibit a more unique response in the up-modulated genes, all 

exhibiting an 80%, or greater, percentage of unique DE up-modulated genes. These data 

combined suggest each exposure point has a response that is novel from both the overall 

shared response and from the other exposures.     
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CHAPTER IV 

CHARACTERIZATION OF BIOLOGICAL FUNCTIONS MODULATED BY FULL 

SPECTRUM FLUORESCENT LIGHT EXPOSURE IN XIPHOPHORUS MACULATUS 

JP 163 B SKIN 

Introduction 

We have presented shared and unique DE gene fractions in the skin of X. 

maculatus for several timed exposures to full spectrum fluorescent light (CO; see Chapter 

3). Within the gene set of each individual exposure and within the gene set of the overall 

shared response over half of the significant DE genes exhibited down-modulation of 

expression. Down-modulation of nearly 200 genes could possibly result from suppression 

of a single genetic pathway but, given that genes can be involved in more than one 

functional process, it is more likely the fraction of down-modulated genes represents 

suppression of several pathways or cellular functions. Additionally, each dose appeared 

to generate a novel response when compared to either other exposures or to the overall 

shared response. This indicates up-modulation of some pathways or functions is 

dependent on the exposure dose. Examples of this dose specific pathway induction have 

been previously characterized in Xiphophorus with increasing doses of UV-B light (Yang 

et al., 2014). 

To better understand what functions are modulated by CO, both overall and in 

response to each exposure time, we used bioinformatic software available in the public 

domain (i.e., DAVID Gene Ontology; http://david.abcc.ncifcrf.gov/ and GeneMania; 

www.genemania.org). In these analyses we analyzed 181 genes (20 up-modulated/ 161 

down-modulated) shared between 20, 40 and 60 min. to assess the overall shared 
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response to CO. Following analysis of the overall shared response, the 181 shared gene 

set was eliminated from the 20, 40 and 60 min. sets to asses any novel response elicited 

by these individual doses. Previously, we had shown 79 DE genes were shared between 

all four exposures (Fig. 3-2; including the 80 min exposure). These 79 DE genes are a 

subset of the 181 shared gene set derived from the 20, 40, and 60 min. exposures (Table 

4-a & Table 4-b). These genes were considered to be part of the overall shared response 

and thus not discussed separately. 

Results 

A. Functional Clusters of the Shared Genetic Response 

1) Up-regulated Genes in the Shared Gene Set. 

 As previously stated, 181 significant DE genes were shared overall between the 

20, 40 and 60 min. gene sets. Twenty of these genes were up-modulated, thus composed 

the overall up-modulated response. DAVID bioinformatic analysis of the overall up-

modulated gene set resulted in the generation of 2 functional clusters. Six genes were 

clustered by “rhythmic process”, while two genes were clustered by “cytoskeletal 

anchoring at plasma membrane” (Table 4-2). Network visualization of these 8 genes 

revealed physical interactions and shared protein domains with queried and predicted 

genes, but not genetic interactions1.  

2) Down-regulated Genes in the Shared Gene Set. 

DAVID bioinformatic analysis of the overall down-modulated gene set (161 

genes) resulted in the generation of 13 functional clusters with enriched p-values < 0.01. 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
1 Genemania describes a genetic interaction as a modification in expression for one gene that is caused by 
modification in expression for another gene (Warde-Farley et al., 2010). 
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One hundred twenty-one unique genes were clustered among “cell cycle”, “DNA 

metabolic processes”, “microtubule-based process”, “chromosome segregation”, 

“response to DNA damage stimulus”, “phosphoinositide-mediated signaling”, “DNA 

packaging”, “cell proliferation”, “protein-DNA complex assembly”, “negative regulation 

of cell component organization”, “L-serine metabolic process”, “cellular macromolecular 

complex subunit organization”, and “protein amino acid phosphorylation” (Table 4-3). 

Sixty-nine genes from the cell cycle cluster, the largest cluster, also appeared in at least 

one of the other 12 functional clusters. Thus, this list was used for closer evaluation of 

shared domains. Six clusters of genes related by shared protein domain were identified 

via a gene network (cyclins, helicases, kinases, kinesins, minichromosome maintenance 

and transcription factors) (Fig. 4-3). 

Table 4-1: Eight of the nineteen overall up-modulated genes clustered into 2 
separate GO clusters.  

GO ID Description p-Value 
# 

Genes Genes 

GO:0048511 
rhythmic 
process 1.95E-07 6 

ARNTL, ARNTL2, CLOCK, CRY2, 
NFIL3, NPAS2 

GO:0007016 

cytoskeletal 
anchoring at 
plasma 
membrane 8.84E-03 2 SPTBN4, TLN2 
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Fig. 4-1: Gene network (www.genemania.org) derived from 8 of the 19 DE 
up-modulated genes identified from DAVID (http://david.abcc.ncifcrf.gov/) 
that are shared overall between 20, 40 and 60 min. CO exposures. Queried 
genes are presented as black nodes. Predicted Genemania genes are presented 
as grey nodes. Yellow lines indicate gene products share a protein domain. 
Red lines indicate a physical interaction between gene products. DAVID 
derived GO clusters are differentiated by labels.   

Table 4-2: One hundred twenty-one of one hundred-sixty one overall down-
modulated genes clustered into 13 GO categories that met the cut off for 
functional clusters (p-value < 0.01, list not repeated). Proteins that share a 
protein domain in the cell cycle category are colored by family. Purple 
indicates kinases, green indicates cyclins, blue indicates transcription factors, 
red indicates helicases, pink indicates kinesin families, while orange 
indicates minichromosome maintenance (MCM) complex.    

GO ID Description p-Value 
# 

Genes Genes 

GO:0007049 cell cycle 1.28E-57 72 

ANLN, AURKA, AURKB, BUB1, BUB1B, 
CCNA2, CCNB1, CCNB3, CDC20, CDC6, 
CDC7, CDCA8, CDK1, CDK2, CENPF, 
CENPJ, CHAF1A, CHEK1, CHTF8, 
CLSPN, DLGAP5, DSCC1, DSN1, E2F7, 
E2F8, ERCC6L, ESCO2, ESPL1, GTSE1, 
HAUS1, HAUS2, HAUS5, HAUS8, 
HELLS, INCENP, KIF15, KIF18A, 
KIF22, KIF23, KIF2C, KIFC1, KPNA2, 
MAD2L1, MCM2, MCM6, MIS12, MKI67, 
MTBP, NCAPH, NDC80, NUMA1, 
NUSAP1, PBK, PHGDH, PKMYT1, 
PLK1, POLE, PRC1, PTTG1, RACGAP1, 
RAD52, RBBP8, RPA1, SASS6, SGOL1, 
SMC2, SPC24, TACC3, TPX2, TTK, 
UBE2C, ZWILCH 
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Table 4-2-Continued: One hundred twenty-one of one hundred-sixty one 
overall down-modulated genes clustered into 13 GO categories that met the 
cut off for functional clusters (p-value < 0.01, list not repeated). Proteins that 
share a protein domain in the cell cycle category are colored by family. 
Purple indicates kinases, green indicates cyclins, blue indicates transcription 
factors, red indicates helicases, pink indicates kinesin families, while orange 
indicates minichromosome maintenance (MCM) complex.    

GO ID Description p-Value 
# 

Genes Genes 

GO:0006259 
DNA metabolic 
process 5.87E-29 42 

CDC6, CDC7, CDK2, CENPF, CHAF1A, 
CHEK1, CHTF8, CLSPN, DSCC1, DTL, 
EME1, ESCO2, FEN1, GINS2, GINS3, 
GINS4, HELLS, HMGB1, HMGB2, 
KIF22, KPNA2, MCM10, MCM2, 
MCM5, MCM6, NUDT1, PCNA, POLA2, 
POLD2, POLE, POLE2, PRIM2, PTTG1, 
RAD52, RBBP8, RNASEH2A, RPA1, 
RPA2, RRM1, RRM2, TOP2A, TYMS 

GO:0007017 
microtubule-based 
process 1.89E-18 25 

AURKA, BUB1B, CENPJ, ESPL1, 
GTSE1, HAUS1, HAUS2, HAUS5, 
HAUS8, KIF15, KIF18A, KIF20A, KIF22, 
KIF23, KIF2C, KIF4A, KIFC1, KPNA2, 
NDC80, NUSAP1, PRC1, SASS6, 
TACC3, TTK, UBE2C 

GO:0007059 
chromosome 
segregation 9.21E-18 17 

CENPF, DLGAP5, DSCC1, DSN1, 
ESPL1, INCENP, KIF18A, KIFC1, 
MAD2L1, MIS12, NCAPH, NDC80, 
NUSAP1, PTTG1, SGOL1, SMC2, 
TOP2A 

GO:0006974 
response to DNA 
damage stimulus 1.42E-14 25 

CCNA2, CDK1, CHAF1A, CHEK1, 
CLSPN, DTL, EME1, ESCO2, FEN1, 
GTSE1, HMGB1, HMGB2, KIF22, 
NUDT1, PCNA, POLD2, POLE, POLE2, 
PTTG1, RAD52, RBBP8, RPA1, RPA2, 
TOP2A, TYMS 

GO:0048015 
phosphoinositide-
mediated signaling 1.01E-06 9 

AURKA, BUB1B, FEN1, HMGB2, 
NDC80, PCNA, TOP2A, TYMS, UBE2C 

GO:0006323 DNA packaging 7.62E-05 8 
CHAF1A, HELLS, HMGB2, MCM2, 
NCAPH, NUSAP1, SMC2, TOP2A 

GO:0008283 cell proliferation 1.19E-04 14 

BUB1, BUB1B, CENPF, DLGAP5, E2F8, 
HELLS, KIF15, KIF2C, MKI67, PCNA, 
PLK1, RACGAP1, TACC3, TPX2 

GO:0065004 
protein-DNA 
complex assembly 1.23E-03 6 

CENPF, CHAF1A, HELLS, HMGB2, 
MCM2, MIS12 

GO:0051129 

negative regulation 
of cellular 
component 
organization 1.58E-03 7 

BUB1, CENPF, ESPL1, HMGB1, 
MAD2L1, MID1IP1, TTK 

GO:0006563 
L-serine metabolic 
process 2.08E-03 3 PHGDH, PSAT1, SHMT1 
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Table 4-2-Continued: One hundred twenty-one of one hundred-sixty one 
overall down-modulated genes clustered into 13 GO categories that met the 
cut off for functional clusters (p-value < 0.01, list not repeated). Proteins that 
share a protein domain in the cell cycle category are colored by family. 
Purple indicates kinases, green indicates cyclins, blue indicates transcription 
factors, red indicates helicases, pink indicates kinesin families, while orange 
indicates minichromosome maintenance (MCM) complex.  

GO ID Description p-Value 
# 

Genes Genes 

GO:0034621 

cellular 
macromolecular 
complex subunit 
organization 4.25E-03 10 

ANLN, CENPF, CENPJ, CHAF1A, 
HELLS, HMGB2, KIF18A, KIF2C, 
MCM2, MIS12 

GO:0006468 

protein amino 
acid 
phosphorylation 5.77E-03 14 

AURKA, AURKB, BUB1, CDC7, 
CDK1, CDK2, CHEK1, MELK, PASK, 
PBK, PKMYT1, PLK1, PLK4, TTK 
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Fig. 4-2: Gene network derived from GeneMania (www.genemania.org) 
representing 72 DE shared down-modulated cell cycle genes derived from 
DAVID bioinformatic analysis of the shared between 20, 40 and 60 min. of 
exposure. Queried genes are presented as black nodes. Predicted genes are 
presented as grey nodes. Yellow lines indicate gene products share a protein 
domain. Red lines indicate a physical interaction between gene products. 
DAVID derived shared domain clusters are differentiated by labels.   
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Table 4-a: Table exhibiting gene name, Ensembl transcript ID, fold change, 
p-adj, and read counts of 6 significant DE 80 min. up-modulated genes that 
were found in common with the overall shared response. Where genes have 
been duplicated in Xiphophorus, information for both copies are presented.  

Gene ID Ensembl id p-adj.  
Fold 

Change 

Avg. 
Read 

Counts 
ucp2 ENSXMAT00000011982 7.3E-09 4.2 667.3 
npas2 ENSXMAT00000012307 9.4E-03 3.3 157.4 
cdkn1d ENSXMAT00000004312 1.3E-05 3.1 3466.4 
pfkfb2b ENSXMAT00000017816 3.0E-03 2.6 308.1 
arntl2 (1 of 2) ENSXMAT00000001499 2.5E-04 2.6 1998.8 
nfil3-2 ENSXMAT00000019605 9.5E-03 2.5 226.1 

 

Table 4-b: Table exhibiting gene name, Ensembl transcript ID, fold change, 
p-adj, and read counts of 73 significant DE 80 min. down-modulated genes 
that were found in common with the overall shared response. Where genes 
have been duplicated in Xiphophorus, information for both copies are 
presented.  

Gene ID Ensembl id p-adj.  
Fold 

Change 

Avg. 
Read 

Counts 
ccna2 ENSXMAT00000002065 8.1E-03 -2.3 901.7 
abhd2a ENSXMAT00000002347 1.0E-02 -2.3 2992.9 
hmgb1a ENSXMAT00000008441 7.5E-03 -2.3 14085.0 
rrm2 ENSXMAT00000009953 5.3E-03 -2.3 4165.4 
rrm1 (2 of 2) ENSXMAT00000010434 8.6E-03 -2.3 790.4 
ercc6l ENSXMAT00000000938 6.1E-03 -2.5 365.1 
espl1 ENSXMAT00000002159 5.3E-03 -2.5 656.2 
tyms ENSXMAT00000002247 6.8E-03 -2.5 530.8 
tdh ENSXMAT00000004246 4.1E-03 -2.5 1121.7 
fen1 ENSXMAT00000006142 3.5E-03 -2.5 529.3 
tacc3 ENSXMAT00000013574 3.1E-03 -2.5 800.0 
mad2l1 ENSXMAT00000017587 6.6E-03 -2.5 408.1 
shcbp1 ENSXMAT00000001162 6.1E-03 -2.6 287.0 
gins2 ENSXMAT00000003130 4.0E-03 -2.6 369.0 
kif23 ENSXMAT00000003706 2.3E-03 -2.6 580.3 
smc2 ENSXMAT00000004597 1.2E-03 -2.6 1775.2 
chtf8 ENSXMAT00000006190 6.1E-03 -2.6 268.4 
pbk ENSXMAT00000006368 3.1E-03 -2.6 283.8 
kiaa0101 ENSXMAT00000006710 3.5E-03 -2.6 362.5 
ttk ENSXMAT00000007097 9.3E-04 -2.6 884.3 
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Table 4-b-Continued: Table exhibiting gene name, Ensembl transcript ID, 
fold change, p-adj, and read counts of 73 significant DE 80 min. down-
modulated genes that were found in common with the overall shared 
response. Where genes have been duplicated in Xiphophorus, information for 
both copies are presented.  

Gene ID Ensembl id p-adj.  
Fold 

Change 

Avg. 
Read 

Counts 
acrc ENSXMAT00000009551 3.6E-03 -2.6 396.5 
fam64a ENSXMAT00000010766 3.1E-03 -2.6 543.7 
top2a ENSXMAT00000011402 4.9E-04 -2.6 1821.7 
chaf1a ENSXMAT00000011902 2.6E-03 -2.6 498.5 
ticrr ENSXMAT00000013162 5.3E-03 -2.6 230.7 
mki67 ENSXMAT00000014672 6.4E-04 -2.6 3460.0 
kif2c ENSXMAT00000015773 2.2E-03 -2.6 659.0 
cdk1 ENSXMAT00000014787 1.2E-04 -2.8 2062.7 
cenpk ENSXMAT00000000137 2.3E-03 -2.8 258.4 
incenp ENSXMAT00000003900 2.7E-04 -2.8 1542.7 
tpx2 ENSXMAT00000004496 2.1E-04 -2.8 1283.8 
kif4a ENSXMAT00000005069 4.0E-04 -2.8 1019.5 
bub1bb ENSXMAT00000006585 6.7E-04 -2.8 334.8 
ncaph ENSXMAT00000010239 5.1E-04 -2.8 720.9 
racgap1 (1 of 2) ENSXMAT00000012026 5.1E-04 -2.8 705.7 
plk4 ENSXMAT00000013616 1.7E-03 -2.8 429.5 
dlgap5 ENSXMAT00000014915 4.3E-04 -2.8 1008.7 
net1 (2 of 2) ENSXMAT00000016979 1.7E-03 -2.8 399.9 
kif22 ENSXMAT00000018645 2.1E-04 -2.8 666.5 
cdca7b ENSXMAT00000000581 5.9E-03 -3.0 129.6 
numa1 ENSXMAT00000011193 2.1E-04 -3.0 496.1 
adm2a ENSXMAT00000005147 3.4E-03 -3.0 154.9 
anln ENSXMAT00000007460 2.6E-05 -3.0 2635.9 
knstrn ENSXMAT00000007687 1.7E-03 -3.0 235.9 
hmmr ENSXMAT00000010557 5.1E-04 -3.0 315.2 
ube2c ENSXMAT00000012443 2.6E-04 -3.0 903.7 
plk1 ENSXMAT00000012882 6.0E-05 -3.0 1301.3 
kif20a ENSXMAT00000012995 1.9E-04 -3.0 784.5 
arhgap19 ENSXMAT00000014517 4.3E-03 -3.0 130.7 
cenpf ENSXMAT00000015178 7.1E-05 -3.0 968.0 
prc1b ENSXMAT00000018132 4.5E-04 -3.0 329.1 
per1b ENSXMAT00000015376 7.7E-06 -3.2 2994.7 
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Table 4-b-Continued: Table exhibiting gene name, Ensembl transcript ID, 
fold change, p-adj, and read counts of 73 significant DE 80 min. down-
modulated genes that were found in common with the overall shared 
response. Where genes have been duplicated in Xiphophorus, information for 
both copies are presented.  

Gene ID Ensembl id p-adj.  
Fold 

Change 

Avg. 
Read 

Counts 
dck ENSXMAT00000005437 1.5E-04 -3.2 308.2 
aurka ENSXMAT00000006097 2.1E-04 -3.2 518.0 
prc1a ENSXMAT00000006913 3.4E-05 -3.2 726.1 
melk ENSXMAT00000012713 7.6E-05 -3.2 440.4 
ccnb3 ENSXMAT00000015109 7.2E-05 -3.2 531.3 
depdc1a ENSXMAT00000000722 6.3E-04 -3.5 139.1 
dscc1 ENSXMAT00000010893 1.0E-03 -3.5 125.7 
parpbp ENSXMAT00000017412 3.7E-04 -3.5 183.1 
raver1 ENSXMAT00000000218 7.1E-05 -3.7 186.9 
per3 ENSXMAT00000004015 1.7E-07 -3.7 5003.1 
seph ENSXMAT00000007664 2.8E-05 -3.7 313.6 
kpna2 ENSXMAT00000008371 8.4E-08 -3.7 2832.3 
ccnb1 ENSXMAT00000008618 3.0E-07 -3.7 1330.7 
si:ch211-69g19.2 ENSXMAT00000011167 3.0E-06 -3.7 592.6 
dtl ENSXMAT00000017561 5.1E-04 -3.7 168.5 
cdc20 ENSXMAT00000016054 4.0E-07 -4.0 628.6 
cdc6 ENSXMAT00000014215 1.5E-05 -4.3 186.6 
uncharacterized ENSXMAT00000005927 1.8E-09 -4.6 3401.1 
cdca7a ENSXMAT00000005334 1.8E-09 -4.6 1234.9 
phgdh ENSXMAT00000014406 2.1E-09 -5.3 460.1 
psat1 ENSXMAT00000002807 4.3E-10 -6.5 273.7 

 

B. Functional Clusters After 20 min. Exposure  

One hundred nineteen DE up-modulated 20 min. genes were unique from the 

overall DE up-modulated response. DAVID bioinformatic analysis of this gene set 

resulted in the clustering of 20 unique genes into 3 gene ontologies: “phosphorylation”, 

“transmembrane receptor protein tyrosine kinase signaling pathway” and “rhythmic 

process” (Table 4-5). Eighty DE down-modulated 20 min. genes were unique from the 

overall DE down-modulated response. Bioinformatic analysis of this gene set resulted in 
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the clustering of 32 unique genes into 4 gene ontologies: “cell cycle”, “DNA metabolic 

processes”, “response to DNA damage stimulus” and “chromosome organization” (Table 

4-7).  

Table 4-3: Twenty of the one hundred-nineteen up-modulated genes novel to 
the 20 min. exposure clustered into 3 unique GO clusters (p-value < 0.01, list 
not repeated).  

GO ID Description p-Value 
# 

Genes Genes 

GO:0016310 phosphorylation 6.89E-05 15 

ABL2, ACVR1C, ATP6AP1, 
BCKDK, CAMKK1, EEF2K, EGFR, 
GHR, IGF1R, IPMK, KALRN, 
MKNK2, PIM1, TTBK2, UHMK1 

GO:0007169 

transmembrane 
receptor protein 
tyrosine kinase 
signaling 
pathway 6.78E-03 6 

ATP6AP1, EGFR, EREG, GHR, 
IGF1R, TXNIP 

GO:0048511 
rhythmic 
process 4.79E-03 5 EGFR, EREG, HLF, NFIL3, PRF1 

 

Table 4-4: Table showing gene name, Ensembl transcript ID, fold change, p-
adj, and read counts of the DAVID clustered up-modulated genes novel to the 
20 min. exposure. Where genes have been duplicated in Xiphophorus, 
information for both copies are presented.  

Gene 
Name Ensembl ID p-adj. 

Fold 
Change 

Avg. Read 
Count 

camkk1 ENSXMAT00000012015 8.6E-03 5.1 31.1 
bckdk ENSXMAT00000008840 1.0E-03 4.1 11985.3 
hlfa ENSXMAT00000016999 3.2E-03 3.7 691.0 
nfil3-5 ENSXMAT00000005145 5.0E-03 3.7 6321.3 
mknk2a ENSXMAT00000002683 2.4E-07 3.4 1178.7 
igf1ra ENSXMAT00000003758 8.1E-05 3.3 371.2 
ipmkb ENSXMAT00000014591 5.3E-03 3.3 1196.2 
eef2k ENSXMAT00000015830 1.4E-04 3.0 7246.0 
PRF1 ENSXMAT00000017941 1.6E-03 2.9 335.7 
ttbk2 ENSXMAT00000014455 4.4E-03 2.9 12402.0 
acvr1c ENSXMAT00000011347 5.5E-03 2.7 220.6 
uhmk1 ENSXMAT00000016113 5.2E-03 2.7 709.7 
abl2 ENSXMAT00000003220 1.1E-03 2.5 3349.9 
ghrb ENSXMAT00000016579 1.4E-04 2.4 231.8 
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Table 4-4-Continued: Table showing gene name, Ensembl transcript ID, fold 
change, p-adj, and read counts of the DAVID clustered up-modulated genes 
novel to the 20 min. exposure. Where genes have been duplicated in 
Xiphophorus, information for both copies are presented.  

Gene 
Name Ensembl ID p-adj. 

Fold 
Change 

Avg. Read 
Count 

kalrnb ENSXMAT00000000949 1.3E-05 2.4 9374.7 
pim1 ENSXMAT00000016450 1.8E-03 2.3 194.6 
txnipa ENSXMAT00000003279 9.4E-03 2.3 221.8 
x-egfrb ENSXMAT00000008852 6.2E-03 2.2 734.8 
ereg ENSXMAT00000010312 5.5E-03 2.2 875.1 
atp6ap1a ENSXMAT00000000286 6.1E-03 2.1 5264.7 

 

Table 4-5: Thirty-two of the eighty down-modulated genes novel to 20 min. 
clustered into 4 unique GO clusters (p-value < 0.01, list not repeated).  

GO ID Description p-Value 
# 

Genes Genes  

GO:0007049 cell cycle 1.29E-11 21 

ASPM, CCNF, CDT1, CEP135, 
DBF4, DTYMK, E2F2, E2F3, GSG2, 
LIG1, MAP2K6, MCM3, MDC1, 
MSH6, PIN1, POLD1, RAD51, 
RAD54L, SKP2, SUV39H1, 
TIMELESS 

GO:0006259 
DNA metabolic 
process 1.21E-10 17 

ALKBH2, C10ORF2, CDT1, CRY1, 
DBF4, DNMT1, LIG1, MCM3, 
MDC1, MSH6, NEIL3, POLD1, 
POLD3, RAD51, RAD54L, RECQL4, 
UNG 

GO:0006974 

response to 
DNA damage 
stimulus 2.79E-09 14 

ALKBH2, CRY1, LIG1, MAP2K6, 
MDC1, MSH6, NEIL3, POLD1, 
POLD3, RAD51, RAD54L, RECQL4, 
TIMELESS, UNG 

GO:0051276 
chromosome 
organization 3.70E-03 8 

BRD8, DNMT1, GSG2, HP1BP3, 
RAD54L, SMYD1, SUV39H1, MSH6 

 

Table 4-6: Table exhibiting gene name, Ensembl transcript ID, fold change, 
p-adj, and read counts of the DAVID clustered 20 min. down-modulated 
genes. Where genes have been duplicated in Xiphophorus, information for 
both copies are presented.  

Gene Name Ensembl ID p-adj. 
Fold 

Change 
Avg. Read 

Count 
cry1b ENSXMAT00000001763 6.8E-03 -2.3 1204.3 
dtymk ENSXMAT00000003774 8.7E-03 -2.3 561.7 
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Table 4-6-Continued: Table exhibiting gene name, Ensembl transcript ID, 
fold change, p-adj, and read counts of the DAVID clustered 20 min. down-
modulated genes. Where genes have been duplicated in Xiphophorus, 
information for both copies are presented.  

Gene Name Ensembl ID p-adj. Fold Change 
Avg. Read 

Count 
pin1 ENSXMAT00000015604 4.4E-03 -2.3 1327.0 
pold3 ENSXMAT00000006072 8.7E-03 -2.3 663.3 
aspm ENSXMAT00000000723 4.3E-03 -2.5 852.0 
brd8 (1 of 2) ENSXMAT00000011210 2.7E-03 -2.5 379.1 
cep135 ENSXMAT00000016953 8.3E-03 -2.5 225.0 
dnmt1 ENSXMAT00000018188 1.7E-03 -2.5 1931.2 
map2k6 ENSXMAT00000012723 2.0E-03 -2.5 1221.6 
MDC1 ENSXMAT00000011013 5.2E-03 -2.5 706.5 
hp1bp3 ENSXMAT00000017782 8.2E-04 -2.6 1001.0 
lig1 ENSXMAT00000005885 9.7E-03 -2.6 725.3 
msh6 ENSXMAT00000011028 6.8E-04 -2.6 1268.1 
pold1 ENSXMAT00000011809 1.7E-03 -2.6 685.5 
timeless ENSXMAT00000003313 1.6E-03 -2.6 433.0 
ccnf ENSXMAT00000004757 6.3E-03 -2.8 389.2 
neil3 ENSXMAT00000002242 9.9E-03 -2.8 98.0 
rad51 ENSXMAT00000000594 1.3E-03 -2.8 267.9 
rad54l (2 of 2) ENSXMAT00000006102 7.3E-03 -2.8 126.8 
unga ENSXMAT00000018321 7.2E-03 -2.8 189.8 
C10orf2 ENSXMAT00000017712 6.9E-04 -3.0 217.8 
dbf4 ENSXMAT00000006893 1.3E-03 -3.0 214.8 
e2f3 ENSXMAT00000009710 2.4E-03 -3.0 155.7 
rad54l (1 of 2) ENSXMAT00000000633 1.7E-03 -3.0 162.7 
skp2 ENSXMAT00000013779 7.7E-03 -3.0 92.0 
cdt1 ENSXMAT00000015029 1.2E-03 -3.2 161.0 
smyd1b ENSXMAT00000016123 1.1E-04 -3.5 179.1 
gsg2 ENSXMAT00000009873 9.3E-03 -3.7 53.1 
mcm3 ENSXMAT00000007822 3.9E-03 -3.7 1657.9 
suv39h1a ENSXMAT00000012911 3.8E-03 -3.7 330.8 
e2f2 ENSXMAT00000012609 1.4E-04 -4.0 128.5 
alkbh2 ENSXMAT00000018313 4.6E-04 -9.2 35.5 
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C) Functional Clusters After 40 min. Exposure   

One hundred-four DE up-modulated 40 min. genes were unique from the overall 

up-modulated response. DAVID bioinformatic analysis resulted in the clustering of 14 

unique genes into 2 gene ontologies: “phosphate metabolic process and “muscle organ 

development” (Table 4-9). 

Seventy-nine DE down-modulated 40 min. genes were unique from the overall 

down-modulated response. DAVID bioinformatic analysis resulted in the clustering of 47 

unique genes into 6 gene ontologies: “cell cycle”, “chromosome segregation”, “DNA 

packaging”, “DNA metabolic process”, “microtubule-based process”, “macromolecular 

complex assembly” (Table 4-11). 

Table 4-7: Fourteen of the 104 up-modulated genes novel to the 40 min. 
exposure clustered into 2 unique GO clusters (p-value < 0.01, list not 
repeated).  

GO ID Description p-Value 
# 

Genes Genes 

GO:0006796 

phosphate 
metabolic 
process 2.59E-03 11 

ATP6AP1, BRAF, EEF2K, FGF23, 
IGF1R, MTMR3, PTPRN, TGFBR3, 
THBS1, TTBK2, TTN 

GO:0007517 
muscle organ 
development 7.56E-03 5 

CPT1B, MEF2D, SVIL, TGFBR3, 
TTN 
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Fig. 4-3: GeneMania network representing 14 DAVID derived up-modulated 
genes novel to the 40 min. exposure. Queried genes are presented as black 
nodes. Predicted genes are presented as grey nodes. Yellow lines indicate 
gene products share a protein domain. Green lines indicate a modulation in 
expression of one gene affects another (i.e. genetic interaction). DAVID 
derived GO clusters are differentiated by labels. 

Table 4-8: Table exhibiting gene name, Ensembl transcript ID, fold change, 
p-adj, and read counts of the DAVID clustered 40 min. up-modulated genes. 
Where genes have been duplicated in Xiphophorus, information for both 
copies are presented.  

Gene Name Ensembl ID p-adj. 
Fold 

Change 
Avg. Read 

Count 
fgf23 ENSXMAT00000004303 7.0E-03 12.7 16.1 
ttn ENSXMAT00000007472 4.5E-06 5.0 1470.5 
cpt1b ENSXMAT00000004684 2.3E-06 4.0 359.5 
ttbk2 ENSXMAT00000014455 1.6E-04 3.3 389.8 
braf ENSXMAT00000008604 4.8E-03 3.2 126.3 
tgfbr3 ENSXMAT00000011580 5.4E-04 3.0 630.0 
svilb ENSXMAT00000006021 5.4E-04 2.9 457.8 
mef2d (2 of 2) ENSXMAT00000015127 3.9E-03 2.8 343.2 
igf1ra ENSXMAT00000003758 7.0E-03 2.7 617.9 
thbs1b ENSXMAT00000007817 1.8E-03 2.7 1279.9 
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Table 4-8-Continued: Table exhibiting gene name, Ensembl transcript ID, 
fold change, p-adj, and read counts of the DAVID clustered 40 min. up-
modulated genes. Where genes have been duplicated in Xiphophorus, 
information for both copies are presented.  

Gene Name Ensembl ID p-adj. 
Fold 

Change 
Avg. Read 

Count 
ptprna ENSXMAT00000015992 9.6E-03 2.6 288.5 
mtmr3 ENSXMAT00000004133 4.0E-03 2.5 860.0 
eef2k ENSXMAT00000015830 7.7E-03 2.4 6457.9 
atp6ap1a ENSXMAT00000000286 2.6E-03 2.2 5746.5 

 

Table 4-9: Forty-seven of seventy-nine down-modulated genes novel to the 
40 min. exposure clustered into 3 unique GO clusters (p-value < 0.01, list not 
repeated).  

GO ID Description p-Value 
# 

Genes Genes 

GO:0007049 cell cycle 4.25E-30 38 

ASPM, CCNB2, CCNF, CDC45, 
CENPE, CEP55, CHAF1B, CIT, 
DDX11, E2F2, E2F3, EXO1, 
FAM83D, FANCD2, FANCI, 
FBXO5, FOXM1, GSG2, HAUS3, 
HAUS7, KIF20B, KNTC1, NCAPD2, 
NCAPD3, NCAPG, NCAPG2, 
NDE1, NUF2, POLD1, PSMA5, 
RACGAP1, RAD51, RAD54B, 
RAD54L, SKA1, SMC4, SPAG5, 
SPC25 

GO:0007059 
chromosome 
segregation 1.14E-10 10 

CENPE, CENPO, DDX11, NCAPD2, 
NCAPD3, NCAPG, NUF2, SKA1, 
SMC4, SPC25 

GO:0006323 DNA packaging 6.41E-08 9 

CHAF1B, H2AFV, H2AFZ, 
HP1BP3, NCAPD2, NCAPD3, 
NCAPG, NCAPG2, SMC4 

GO:0006259 
DNA metabolic 
process 4.54E-07 14 

BRIP1, CDC45, CHAF1B, EXO1, 
FANCD2, FANCI, HAUS7, POLD1, 
POLQ, RAD51, RAD54B, RAD54L, 
TK1, UNG 

GO:0007017 
microtubule-
based process 2.13E-05 9 

CENPE, FBXO5, HAUS3, HAUS7, 
KIF20B, NDE1,  SPAG5, SPC25, 
TUBA1B 

GO:0065003 

macromolecular 
complex 
assembly 9.28E-04 11 

CENPE, CHAF1B, E2F2, E2F3, 
FBXO5, H2AFV, H2AFZ, HP1BP3, 
KNTC1, RAD51, TUBA1B 
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Table 4-10: Table exhibiting gene name, Ensembl transcript ID, fold change, 
p-adj, and read counts of the DAVID clustered down-modulated genes novel 
to the 40 min. exposure. Where genes have been duplicated in Xiphophorus, 
information for both copies are presented.  

Gene Name Ensembl ID p-adj. 
Fold 

Change 
Avg. Read 

Count 
psma5 ENSXMAT00000004034 5.9E-03 -2.2 2382.1 
hp1bp3 ENSXMAT00000017782 8.4E-03 -2.3 1094.8 
h2afz ENSXMAT00000007688 3.9E-03 -2.3 2436.9 
tuba1b ENSXMAT00000003940 3.1E-03 -2.4 3854.5 
brip1 ENSXMAT00000005761 9.6E-03 -2.4 328.9 
pold1 ENSXMAT00000011809 6.5E-03 -2.4 734.5 
smc4 ENSXMAT00000018392 9.0E-04 -2.6 3283.4 
ncapd3 ENSXMAT00000005736 1.3E-03 -2.6 1486.2 
unga ENSXMAT00000018321 5.7E-03 -2.6 201.6 
fam83d ENSXMAT00000009629 1.8E-03 -2.6 608.0 
ddx11 ENSXMAT00000003969 3.2E-03 -2.6 366.8 
cenpo ENSXMAT00000015198 5.6E-03 -2.6 219.8 
nde1 ENSXMAT00000013035 9.5E-03 -2.7 137.3 
fanci ENSXMAT00000000980 6.1E-04 -2.8 521.5 
ncapd2 ENSXMAT00000011518 2.4E-04 -2.8 2368.4 
kntc1 ENSXMAT00000017710 2.3E-04 -2.9 484.2 
e2f3 ENSXMAT00000009710 3.2E-03 -2.9 164.2 
rad54l (2 of 2) ENSXMAT00000006102 3.1E-03 -2.9 130.5 
ncapg2 ENSXMAT00000002411 3.7E-04 -3.0 621.0 
nuf2 ENSXMAT00000006891 2.3E-04 -3.0 384.4 
tk1 ENSXMAT00000000255 2.7E-04 -3.0 343.3 
cdc45 ENSXMAT00000014828 2.7E-03 -3.0 854.9 
cit (2 of 2) ENSXMAT00000018396 8.9E-05 -3.1 365.1 
kif20ba ENSXMAT00000004879 2.3E-05 -3.2 558.5 
cenpe ENSXMAT00000010065 1.3E-05 -3.3 547.2 
h2afvb ENSXMAT00000016868 5.1E-03 -3.4 2608.5 
foxm1 ENSXMAT00000017715 7.8E-03 -3.5 98.9 
rad54b ENSXMAT00000013190 1.4E-05 -3.5 445.5 
fancd2 ENSXMAT00000001648 7.3E-04 -3.7 343.1 
spag5 ENSXMAT00000010119 2.1E-06 -3.8 677.5 
ncapg ENSXMAT00000009865 2.2E-06 -3.8 554.1 
e2f2 ENSXMAT00000012609 1.4E-04 -3.8 134.6 
rad51 ENSXMAT00000000594 1.0E-05 -3.9 262.7 
haus3 ENSXMAT00000001754 7.0E-03 -3.9 321.5 
haus7 ENSXMAT00000004671 7.9E-04 -3.9 97.3 
aspm ENSXMAT00000000723 5.4E-06 -4.1 791.5 
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Table 4-10-Continued: Table exhibiting gene name, Ensembl transcript ID, 
fold change, p-adj, and read counts of the DAVID clustered down-modulated 
genes novel to the 40 min. exposure. Where genes have been duplicated in 
Xiphophorus, information for both copies are presented.  

Gene Name Ensembl ID p-adj. 
Fold 

Change 
Avg. Read 

Count 
polq ENSXMAT00000012655 1.0E-02 -4.2 237.7 
fbxo5 ENSXMAT00000017232 3.6E-04 -4.2 83.7 
racgap1 (2 of 2) ENSXMAT00000018543 5.1E-04 -4.2 233.7 
chaf1b ENSXMAT00000004119 4.6E-03 -4.2 464.6 
exo1 ENSXMAT00000010548 7.0E-03 -4.8 76.2 
ccnf ENSXMAT00000004757 3.2E-07 -4.8 362.1 
ska1 ENSXMAT00000016127 3.0E-07 -5.2 175.9 
cep55l ENSXMAT00000008035 1.2E-04 -5.3 184.6 
gsg2 ENSXMAT00000009873 2.8E-04 -5.6 51.8 
ccnb2 ENSXMAT00000014334 3.9E-03 -6.1 154.6 
spc25 ENSXMAT00000011885 3.2E-07 -34.6 39.0 

 

D) Functional Clusters After 60 min. Exposure   

Eighty DE up-modulated 40 min. genes were unique from the overall up-

modulated response. Bioinformatic analysis of these genes resulted in the clustering of 14 

unique genes into 2 gene ontologies: “epidermis development” and “carboxylic acid 

catabolic process” (Table 4-13). 

Sixty-six DE down-modulated 40 min. genes were unique from the overall down-

modulated response. Bioinformatic analysis of these genes resulted in the clustering of 19 

unique genes into 4 gene ontologies: “response to DNA damage stimulus”, “cell cycle”, 

“DNA metabolic process” and “actomyosin structure organization” (Table 4-15). 

 

 

 



	
  

50 
	
  

Table 4-11: Fourteen of the eighty up-modulated genes novel to the 60 min. 
exposure clustered into 2 unique GO clusters (p-value < 0.01, list not 
repeated).  

GO ID Description p-Value 
# 

Genes Genes  

GO:0008544 
epidermis 
development 4.68E-06 8 

DSP, EVPL, FOXQ1, JAG1, 
LAMC2, PPL, SCEL, TGM1 

GO:0046395 
carboxylic acid 
catabolic process 5.36E-05 6 

AKR1D1, BCKDK, GLDC, HGD, 
HPD, PAH 

 

 

Fig. 4-4: GeneMania network representing 14 DAVID derived 60 min. up-
modulated genes unique from the shared up-modulated response to CO. 
Queried genes are presented as black nodes. Predicted genes are presented as 
grey nodes. Yellow lines indicate gene products share a protein domain. Red 
lines indicate a physical interaction between gene products.  Green lines 
indicate a modulation in expression of one gene affects another (i.e. genetic 
interaction). DAVID derived GO clusters are differentiated by labels. 
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Table 4-12: Table exhibiting gene name, Ensembl transcript ID, fold change, 
p-adj, and read counts of the DAVID clustered up-modulated genes novel to 
the 60 min. exposure Where genes have been duplicated in Xiphophorus, 
information for both copies are presented.  

Gene Name Ensembl ID p-adj. 
Fold 

Change 
Avg. Read 

Count 
gldc ENSXMAT00000003064 1.4E-04 2.7 13104.7 
akr1d1 (1 of 2) ENSXMAT00000004428 1.9E-03 2.6 195.9 
foxq1a ENSXMAT00000019885 1.2E-03 2.6 716.8 
bckdk ENSXMAT00000008840 1.7E-03 2.5 8045.8 
lamc2 ENSXMAT00000011334 5.9E-04 2.5 7084.1 
evpla (2 of 2) ENSXMAT00000006115 8.3E-04 2.5 13814.1 
ppl ENSXMAT00000015036 8.7E-04 2.4 19287.4 
scel ENSXMAT00000011194 1.9E-03 2.4 2493.7 
tgm1 ENSXMAT00000012731 1.2E-03 2.3 1024.8 
hgd ENSXMAT00000019083 7.9E-04 2.3 1622.9 
hpdb ENSXMAT00000015288 5.4E-03 2.2 3239.5 
evplb ENSXMAT00000008332 3.0E-03 2.2 14102.9 
dspa ENSXMAT00000016895 1.9E-03 2.2 32805.7 
jag1b ENSXMAT00000006401 1.7E-03 2.1 10498.6 
pah ENSXMAT00000017348 1.9E-03 2.1 4381.7 

 

Table 4-13: Nineteen of the sixty-six down-modulated genes novel to the 60 
min. exposure clustered into 4 unique GO clusters (p-value < 0.01, list not 
repeated).  

GO ID Description p-Value 
# 

Genes Genes 

GO:0006974 
response to DNA 
damage stimulus 1.9E-05 9 

ALKBH2, ATM, BARD1, CRY1, 
MDC1, MSH6, NEIL3, RECQL4, 
TIMELESS 

GO:0007049 cell cycle 2.1E-05 12 

ATM, BARD1, CENPE, FBXO5, 
MDC1, MSH6, NUF2, RACGAP1, 
SKA1, SPC25, SUV39H1, 
TIMELESS 

GO:0006259 
DNA metabolic 
process 1.6E-04 9 

ALKBH2, ATM, BARD1, CRY1, 
IGFBP4, MDC1, MSH6, NEIL3, 
RECQL4 

GO:0031032 

actomyosin 
structure 
organization 3.5E-03 3 RACGAP1, TMOD1, TNNT2 
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Table 4-14: Table exhibiting gene name, Ensembl transcript ID, fold change, 
p-adj, and read counts of the DAVID clustered 60 min. down-modulated 
genes. Where genes have been duplicated in Xiphophorus, information for 
both copies are presented.  

Gene Name Ensembl ID p-adj. 
Fold 

Change 
Avg. Read 

Count 
igfbp4 ENSXMAT00000018240 4.5E-03 -2.1 1427.2 
mdc1 ENSXMAT00000011013 9.0E-03 -2.1 724.7 
msh6 ENSXMAT00000011028 5.8E-03 -2.1 1306.6 
cry1b ENSXMAT00000001763 1.1E-03 -2.3 1153.6 
nuf2 ENSXMAT00000006891 6.8E-03 -2.3 387.8 
timeless ENSXMAT00000003313 5.7E-03 -2.3 439.9 
tnnt2d (1 of 2) ENSXMAT00000008992 2.0E-03 -2.3 1041.5 
tnnt2d (2 of 2) ENSXMAT00000017101 3.7E-03 -2.3 2727.7 
cenpe ENSXMAT00000010065 4.3E-04 -2.5 543.8 
recql4 ENSXMAT00000015382 6.0E-03 -2.5 222.6 
ska1 ENSXMAT00000016127 8.0E-03 -2.5 192.4 
bard1 ENSXMAT00000016055 9.1E-03 -2.6 104.5 
amt ENSXMAT00000019396 5.8E-04 -2.8 216.6 
neil3 ENSXMAT00000002242 6.6E-03 -2.8 95.3 
tmod1 ENSXMAT00000006124 3.4E-03 -2.8 143.4 
fbxo5 ENSXMAT00000017232 5.7E-03 -3.0 82.8 
racgap1 (2 of 2) ENSXMAT00000018543 6.8E-03 -3.0 232.6 
suv39h1a ENSXMAT00000012911 6.7E-03 -3.2 332.7 
alkbh2 ENSXMAT00000018313 6.9E-03 -4.9 37.6 
spc25 ENSXMAT00000011885 5.0E-03 -6.1 41.1 

 

E) Functional Clusters After 80 min. Exposure   

Eighty DE up-modulated 80 min. genes were unique from the overall up-

modulated response. Bioinformatic analysis of this gene set resulted in the clustering of 7 

unique genes into 2 gene ontologies: “carboxylic acid catabolic process” and “lipid 

catabolic process” (Table 4-17). These seven genes did not show associations to each 

other by either shared protein domains, physical interactions or genetic interactions. 

Fourteen down-modulated 80 min. genes were unique from the overall down-modulated 

response (Table 4-19). These 14 genes did not cluster through DAVID bioinformatic 
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analysis, nor did they show associations to each other by either shared protein domains, 

physical interactions or genetic interactions using GeneMania.   

Table 4-15: Eight of the nineteen up-modulated genes novel to the 80 min. 
exposure clustered into 2 unique GO clusters (p-value < 0.01, list not 
repeated).  

GO ID Description p-Value 
# 

Genes Genes 

GO:0046395 
carboxylic acid 
catabolic process 1.22E-03 4 BCKDK, CPT1B, HGD, HPD 

GO:0016042 
lipid catabolic 
process 4.30E-03 4 CPT1B, NCEH1, PLCD4,LPL 

 

Table 4-16: Table exhibiting the up-modulated genes novel to the 80 min. 
exposure, ensembl transcript ID, fold change, p-adj, and read counts of the 80 
min. up-modulated genes.  

Gene Name Ensembl ID p-adj. 
Fold 

Change 
Avg. Read 

Count 
plcd4a ENSXMAT00000018873 3.1E-04 17.7 91.0 
cpt1b ENSXMAT00000004684 3.5E-07 4.4 382.4 
lpl ENSXMAT00000003462 2.0E-08 4.3 6643.7 
nceh1b ENSXMAT00000004610 1.1E-05 3.6 760.7 
bckdk ENSXMAT00000008840 3.6E-04 2.8 9192.5 
hpdb ENSXMAT00000015288 9.6E-04 2.4 3612.4 
hgd ENSXMAT00000019083 2.4E-03 2.3 1745.8 
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Table 4-17: Table exhibiting gene name, Ensembl transcript ID, fold change, 
p-adj, and read counts of the 14 down-modulated genes novel to the 80 min. 
exposure. Where genes have been duplicated in Xiphophorus, information for 
both copies are presented.  

Gene Name Ensembl ID Description p-adj. 
Fold 

Change 

Avg. 
Read 
Count 

fkbp7 ENSXMAT00000005901 
FK506 binding 

protein 7 
5.6E-

03 -2.3 958.5 

cenpe ENSXMAT00000010065 
centromere 
protein E  

3.6E-
03 -2.5 573.6 

rhcga ENSXMAT00000014051 

Rhesus blood 
group, C 

glycoprotein a  
5.3E-

03 -2.5 1774.0 

wars ENSXMAT00000007754 
tryptophanyl-

tRNA synthetase  
4.7E-

03 -2.5 1105.1 

uncharacterized ENSXMAT00000004025 
Uncharacterized 

protein  
1.2E-

03 -2.6 576.4 

uncharacterized ENSXMAT00000004562 
Uncharacterized 

protein  
1.3E-

03 -2.6 541.1 

cdt1 ENSXMAT00000015029 

chromatin 
licensing and 

DNA replication 
factor 1  

7.0E-
03 -2.8 169.8 

dot1l ENSXMAT00000012900 

DOT1-like, 
histone H3 

methyltransferase 
(S. cerevisiae)  

2.2E-
03 -2.8 1780.5 

pcsk9 ENSXMAT00000011154 

proprotein 
convertase 

subtilisin/kexin 
type 9  

7.9E-
03 -2.8 196.2 

asns ENSXMAT00000016921 
asparagine 
synthetase  

3.7E-
04 -3.0 914.3 

aspm ENSXMAT00000000723 

asp (abnormal 
spindle)-like, 
microcephaly 

associated 
(Drosophila)  

2.0E-
04 -3.0 818.3 

znf367 ENSXMAT00000016047 
zinc finger 
protein 367  

3.1E-
03 -3.0 138.2 

uncharacterized ENSXMAT00000005291 
Uncharacterized 

protein  
9.5E-

04 -3.2 154.0 

alkbh2 ENSXMAT00000018313 

alkB, alkylation 
repair homolog 2 

(E. coli) 
7.5E-

03 -4.9 39.3 
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Discussion 

Within the shared up-modulated response, all 6 genes associated with circadian 

rhythm process (Table 4-1) are reported to help establish and maintain rhythmic 

expression of cellular processes that occur in vertebrates over an approximate 24 hr cycle 

(i.e. circadian rhythm) (Wilsbacher and Takahashi, 1998; Reppert and Weaver, 2002). 

The products of tln2 and sptbn4 are involved in maintenance of cell-cell junctions 

(Bennet, 1990; Praekelt et al. 2012). GeneMania visualization of the overall up-

modulated gene set revealed shared protein domains and various physical interactions 

among the rhythmic process associated genes and among the cytoskeletal anchoring 

associated genes. There were no network associated genes between these two clusters.   

Up-modulation of circadian-rhythm associated genes, in particular cry2, and 

phosphorylation indicate light dependent responses were induced in Xiphophorus skin. 

Exposure to light is well known to induce transcriptional activity of some cry genes 

(Oliveri et al., 2014). Cry proteins are both a product and transcriptional repressor of the 

circadian rhythm associated heterodimer clock/arntl (also known as bmal1) (Reppert and 

Weaver, 2002; Oliveri et al., 2014). Activity of the clock/arntl heterodimer, and per and 

cry gene expression are associated with various non-circadian processes such as cell 

cycle regulation and metabolism (Fontaine et al., 2003; Takahashi et al., 2008). 

Phosphorylation of circadian-rhythmic genes aids in resetting the molecular circadian 

clock (Doi et al., 2004; Virshup et al., 2007). 

Cell-cell adhesion is important in maintenance of tissue organization and structure 

over an extracellular matrix (ECM) (e.g. collagen, elastic fibers and the basement 

membrane) (Uitto et al., 1989; Baker and Garrod, 1993; Vasioukhin et al., 2000). The 



	
  

56 
	
  

actin cytoskeleton of cells cooperates with adhesive forces (e.g. focal adhesion, a type of 

adhesion cells make with the ECM) to maintain either cell-cell adhesions or cell-ECM 

adhesions (Gumbiner, 1996). Disruption of cell-ECM interactions has been shown to 

induce apoptosis in cultured cell lines (Frisch and Francis, 1994; Grossman, 2002). 

Therefore up-regulation of genes involved in cell-cell adhesion could indicate exposure 

to CO promotes either cell-cell adhesion/cell-ECM adhesion in fish skin. Cell-cell 

adhesion is reportedly involved in the cellular inflammatory response elicited by tissue 

injury (Eming et al., 2007). In this response, cell-cell adhesion is utilized in white blood 

cell migration to the site of injury (Eming et al., 2007). Inflammation induced by visible 

light exposure (400-700 nm) in vivo and in cultured skin cells (Dupont et al., 2013). It is 

plausible exposure to CO at the various doses elicits a similar inflammatory response in 

Xiphophorus skin.   

Within the set of overall shared down-modulated genes the largest cluster is 

associated with cell cycle progression. Sixty-nine genes within the cell cycle cluster 

overlapped with 12 other functional clusters. Twenty-eight genes from this subset were 

related to one or more cell cycle genes by shared protein domain, possibly implicating a 

shared function. The products of these 28 genes are reported to contribute to proper 

progression of different phases of the cell cycle and were represented within 6 down-

modulated functional categories:  

Chromosome segregation/microtubule-based process: Aurora kinase a and b 

(aurka/aurkb), polo-like kinase 1 (plk1) and tyrosine kinase ttk help to maintain proper 

spindle formation and chromosome segregation during mitosis (Golsteyn et al., 1995; 

Andrews et al., 2003; Malumbres & Barbacid, 2007). The product of bub1b is reported to 
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assist in chromatid adhesion via centromeres during mitosis (Tange et al., 2004), while 

bub1 protein is required for the cell to detect spindle damage and mitotic progression 

(Taylor and McKeon, 1997; Davenport et al., 1998). Transcription factors E2F7 and 

E2F8 are suspected to prevent abnormal nuclear division (i.e. karyokinesis) during 

mitosis (Lammens et al., 2009).  

DNA metabolic process/protein-DNA complex associated mcm2 and mcm6 are 

subunits of the mcm-complex, which has a role in the initiation of DNA synthesis (Lei 

and Tye, 2001). The cdc7 product phosphorylates this mcm-complex (Cho et al., 2006). 

Additional DNA metabolic associated genes include rpa1, hells and ercc6l which each 

have varying roles in DNA repair and replication (Troelstra et al., 1993; reviewed by 

Geiman et al., 1998; Haring et al., 2008).  

Cyclin proteins (ccna2, ccnb1, ccnb3) and cyclin dependent kinases (cdk1, cdk2) 

are associated with the phosphoinositide kinase-mediated signaling/protein amino 

acid phosphorylation clusters. Cyclins form active complexes with cyclin dependent 

kinases to initiate phosphorylation activity of the cdks (Doree and Galas, 1994). These 

complexes aid in progression of the cell cycle phase transitions (Sherr, 1993; Hartwell 

and Kastan, 1994, Walker, 2001). Pbk, pkmyt1 are kinase genes involved in cell cycle 

progression via regulation of cell cycle regulator cdc2 and the tumor suppressor gene 

pten (Gaudet et al., 2000; Dephoure et al., 2008). Kinesin superfamily proteins (KIF2C, 

C1, 15, 18A, 22 and 23) are associated with the microtubule-based processes cluster. 

These proteins aid in transport of membranous organelles, protein complexes and mRNA 

transcripts (Hirokawa and Takemura, 2004).  
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Forty-two of the remaining cell cycle associated genes did not share a protein 

domain, however did appear in at least one of ten other clusters of down-modulated 

genes. Only one of the clusters can be specifically associated with the M-phase of the cell 

cycle (chromosome segregation), while the other functions can be associated with either 

the M or the S-phase (DNA metabolic process, DNA packaging, microtubule based 

process, phosphoinositide-mediated signaling, protein-DNA complex assembly, negative 

regulation of cellular component organization and cellular macromolecular complex 

subunit organization).  

Two clusters (“cell proliferation” and “DNA damage stimulus”) were not 

associated specifically with either the M or the S-phase of the cell cycle. Genes within the 

cell proliferation cluster that did not share a protein domain with another gene included 

mki67, dlgap5, racgap1, tacc3 and tpx2. The products of these genes have been reported 

to aid in progression of each phase (G0 withstanding) of the cell cycle (Schlozen and 

Gerdes, 2000), aid in proper mitotic spindle and kinetochore assembly (Hirose et al., 

2001; Bayliss et al., 2003; Wilde, 2006) and in proper chromosome alignment during 

mitosis (Schneider et al, 2007). Given that proliferation of a cell includes both growth 

and cell division, it is understandable that genes within this category would be associated 

with specific phases of the cell cycle, in this case the M-phase.  

Genes within the DNA damage stimulus cluster that did not share a protein 

domain with another cell cycle associated gene included chaf1a, clspn, gtse1, pttg and 

rad52. While extensive exposure (20 hrs) of transformed mouse cultured cells to cool 

white fluorescent light has been reported to induce DNA damage (Gantt et al., 1978), a 

literature search reveals there are not many, if any, studies regarding the possible DNA 
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damaging effects of CO light. These particular genes are reportedly involved in 

regulation of cell proliferation and differentiation (Zhang et al., 1999; Barbieri et al., 

2013), regulation of cell migration via microtubule assembly (Scloz et al., 2000), 

regulation of the cell cycle regulator, chek1 (Liu et al., 2012) and homologous 

recombination and repair (Lisby et al., 2001). All of these functions can be associated 

with general cell cycle progression, thus it is understandable why they are shared between 

the cell cycle cluster and the DNA damage stimulus cluster. While down-modulation of 

genes related to DNA repair may implicate CO does not induce DNA damage, it is more 

indicative of the S-phase suppression, during which DNA repair occurs (Bartek et al., 

2004). 

Physical interactions and association of shared protein domains among the various 

cell cycle associated genes have been visualized via gene networking. Eight of the cell 

cycle genes (i.e. anln, cdca3, esco2, mtbp, nusap1, pole, rbbp8, sass6, zwilch) do not 

associate with other cell cycle genes by either protein-protein interaction (i.e. physical 

interaction) or via shared protein domains. Down-modulation of these and the previously 

discussed genes related to either mitosis (M-phase) or DNA replication (S-phase) indicate 

exposure to CO either does not induce or promote cell division or DNA replication, or it 

actively suppresses these phases.  

Tamai et al. (2012) report a similar suppressive response in cultured zebrafish 

cells after constant exposure to general fluorescent light. In this experiment several lines 

of cultured zebrafish fibroblasts were exposed to either a light:dark (LD) cycle of 12:12 

hrs, or a cycle where the cells were exposed to constant light (LL), for 6-7 days. Cells 

kept under the LL cycle exhibited arrhythmic cell division and suppressed cell 
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proliferation. Tamai et al. (2012) attributed this result, in part, to overexpression of 

zebrafish cry1a activity by the constant fluorescent light exposure. A previous 

experiment from these researchers showed zebrafish cry1a protein disrupts activity of the 

clock/arntl heterodimer, therefore preventing proper expression of per and cry genes 

(Tamai et al., 2007). Tamai et al. (2012) supported clock-dependent mitosis by showing 

double negative clock mutant zebrafish cells exhibited reduced activity of cyclin B1, 

cyclin B2 and cdc2, genes associated with progression of mitosis.  

Though our data presented show mitosis associated genes exhibit down-

modulation and clock as up-modulated in response to CO exposure, this may be attributed 

to a duplication of genes within zebrafish. All teleost have undergone a genome 

duplication within the course of their evolutionary timeline (Glasauer and Neuhauss, 

2013). Thus, a number of genes have multiple copies that vary in functionality (e.g. cry; 

Kobayashi et al., 2000). Kobayashi et al. (2000) describes the range in functionality of 6 

different zebrafish cry genes, some of which have not retained transcriptional repression 

activity of the clock/arntl heterodimer. Thus, the copy of clock (clock1a) Tamai et al. 

(2012) identified as influencing mitotic progression may be may be influenced by the 

copy of cry that is down-modulated in our data (cry1b), rather than the copy that is up-

modulated (cry2a). Zebrafish also have multiple copies of the clock gene (Vatine et al., 

2011) thus, it is also plausible the copy of clock from the Tamai et al. (2012) study may 

be a different copy in Xiphophorus. Alternatively, clock expression in vivo is 

concomitantly regulated by an additional biological mechanism that is likely to differ in 

the intact whole animal compared to transformed cultured cells.  
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Once the overall up and down-modulated shared response was functionally 

assessed, the genes at each exposure that were not found in the overall shared set (i.e. 

novel) were then functionally assessed. Four novel up-modulated 20 min. genes exhibited 

clustering specifically with “rhythmic process”. The genes within this 20 min. cluster are 

unique from the circadian-rhythmic process associated genes in the overall shared set. 

Only nfil3 (also known as rev-erbα) has been reported to help establish the circadian 

rhythm of a process (Mertelot et al., 2009). Instead of directly contributing to 

establishment of the molecular circadian cycle these genes have been reported to show 

rhythmic activity in human cultured cells (Arjona et al., 2004) and in rodent tissues 

(Falvey et al. 1995; Sekiguchi et al. 2004; Lauriola et al., 2014).  

Novel 20 min. up-modulated “phosphorylation” and “transmembrane receptor 

protein tyrosine kinase signaling pathway” clusters are primarily composed of genes 

encoding for kinases. There is a considerable amount of literature showing involvement 

of these genes in cellular signaling pathways not associated with the M-phase kinases 

discussed in the overall down-modulated gene set (Tavakkol et al., 1992; Schlessinger, 

2000; Shirakata et al., 2000; Machius et al., 2001; Song et al., 2004; Tsuchida et al., 

2004; reviewed by Kitano-Takahashi et al. 2007; Hui et al., 2008; Bradley and Koleske, 

2009; Cahill et al., 2009; Rose et al., 2009; Blind et al., 2012; Yang et al. 2012). Up-

modulation of these genes may act as signaling precursors for novel clusters found in 

gene sets of our later exposures. 

Novel 20 min. down-modulated genes clustered into many of the same functional 

sets as observed in the overall down-modulated shared set. The genes within these 

clusters also exhibited overlap between clusters. “Chromosome organization” was a 
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novel function not found among the list of functional clusters from the shared response, 

but chromosome organization could be attributed with preparation of chromatin for the 

mitotic phase. Novel down-modulated 40 and 60 min. genes all clustered into cell cycle, 

mitosis or DNA synthesis associated functions. Down-modulation of genes involved in 

these processes in both the overall shared response and at individual exposures suggests 

any of these doses may serve to suppress cell cycle and related functions in Xiphophorus 

male skin.  

The lack of clustering among the novel DE down-modulated 80 min. genes can be 

attributed to the small fraction (16%) of unique genes at that exposure (Table 3-3). Four 

(cenpe, cdt1, alkbh2, aspm) of the novel fourteen down-modulated 80 min. genes appear 

in clusters of various other exposures and are involved in chromosome alignment 

(Ditchfield et al., 2003), DNA replication (Nishitani et al., 1999), repair of alkylated 

DNA bases (Nay et al., 2012) and mitotic spindle formation (Fish et al., 2006). Down-

modulation of these genes suggests suppression of the M and S-phase persists after 

prolonged exposure. The remaining 8 genes have been characterized in other vertebrates 

and are reportedly involved in various processes such as ammonia secretion (Weiner and 

Verlander, 2014), invasive cell migration (Jain et al., 2014), cholesterol homeostasis 

(Abifadel et al., 2003), amino acid and protein synthesis (Doublié, et al., 1995; Siu et al. 

2002), and transcriptional regulation (Park et al., 1992; Steger et al., 2008).  

Down-modulation of significant DE 80 min. genes, as discussed in chapter 3, 

could be reflective of an adaptation of the skin to the CO exposure after its dark cycle. 

Down-modulation of genes associated with amino acid/ protein synthesis and 

transcriptional regulation could support this speculation. Once the tissue has adapted to a 
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new stimuli, the need for extraneous proteins dwindles. Thus, transcription must be 

negatively regulated for expression to level. If the speculation that Xiphophorus skin has 

adapted to CO exposure after 80 min. is assumed, down-modulation of rhcga, a gene 

involved in ammonia secretion (Wright and Wood, 2009), could reflect adaptation of the 

tissue to CO exposure as ammonia secretion is a normal function in fish skin (Randall 

and Wright, 1987).           

Znf367 is reported to contribute to the invasive migration when overexpressed in 

endocrine linked cancers (Jain et al., 2014). Normal activity of this gene could involve 

regulation of hormone levels. However, studies of this gene and its product are limited in 

the literature so this speculation is not well supported. In regard to the down-modulation 

of a gene involved in cholesterol homeostasis, one 80 min. up-modulated genes (nceh1) 

is also involved in cholesterol homeostasis. Whereas nceh1 has shown specific 

involvement in cholesterol transporting macrophages (Vainio and Ikonen, 2003; Sekiya 

et al., 2011), dysregulation of proper pcsk9 activity affects production of narc1 (Abifadel 

et al., 2003) that is associated with hypercholesterolemia, a disease where excessive 

levels of cholesterol are retained in the bloodstream. Given this information and data 

exhibiting opposite modulations, it is possible nceh1 and pcsk9 play opposing roles in the 

cholesterol transport system. 

Novel up-modulated 40 min. genes exhibited clustering related to 

phosphorylation, similar to the overall shared response. The “muscle development” 

cluster is unique and may be attributed to muscle RNA contamination during the 

dissection of the skin. These genes are reported to have roles in striated muscle cells of 

land vertebrates involving fatty acid oxidation (Bruce et al., 2008), T-Cell receptor 
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mediated signal transduction (Swanson et al., 1998), reorganization of the actin 

cytoskeleton (reviewed by Crowley et al., 2009), morphogenesis (Lidral et al., 1998), and 

attachment of filaments (Bang et al., 2001). Gene network interactions exhibit more 

genetic interactions between queried genes than physical interactions. This could be 

attributed to the phosphorylation related genes, which act in a variety of signaling 

pathways, as discussed in the novel 20 min. clusters.   

Novel up-modulated 60 min. genes were segregated into 2 unique clusters: 

“epidermis development” and “carboxylic acid metabolic process”. Genes within the 

epidermis development cluster are involved in developmental processes such as epithelial 

cell-cell adhesion (Bornslaeger et al., 1996; Vasioukhin et al., 2001), skin cell 

morphology and maturation (Nickoloff et al., 2002; Eckert et al., 2005; Feuerborn et al., 

2011), maintenance of the basement membrane, a membrane which separates epithelial 

cells from mesenchyme cells (Fleischmajer et al., 1998) and development of precursory 

skin cells (Champliaud et al., 2000). Genes within the carboxylic acid metabolic process 

cluster are reported to be involved in bile acid synthesis (Lee et al., 2009), catabolism of 

branched chain amino acids and amino acids containing aromatic rings (reviewed by 

Machius et al., 2001; Moran, 2005; Phornphutkul et al., 2011; Flydal and Martinez, 

2013) and NADH production (Kikuchi et al., 2008). That these novel up-modulated 

clusters are observed at 60 min. of exposure, but not 20, 40 or 80 min. suggest this dose 

of CO is optimal for tissue development and organization. Increased expression of genes 

involved in catabolic processes might reflect an increased need for energy in the tissue.      

Novel up-modulated 80 min. genes were clustered into two functional categories 

that were unique from the shared response. The “carboxylic acid catabolic process” 
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cluster contained genes shared with the same cluster exhibited at 60 min. implicating it is 

possibly a response shared with the 60 min. exposure. The “lipid catabolic process” 

cluster was a novel cluster. Lipid catabolic clustered genes have shown functions in 

cholesterol transport (Sekiya et al., 2011), lipid catabolism (Eckel, 1989) and fatty acid 

oxidation (Bruce et al., 2008) and second messenger signaling (Rhee, 2001) when 

expressed. In mammals, fatty acids are incorporated into and used by epithelial cells for 

energy, lipid bilayer formation and signaling (Lin and Khnykin, 2014). The presence of 

genes associated with cholesterol, lipid and fatty acid catabolism could be a persisting 

response of the up-modulated expression of skin development genes observed at the 60 

min. exposure.  

Validations. 

qRT-PCR 

Quantitative real time-PCR was used to verify bioinformatic calculated fold 

changes in gene expression of a subset of 5 CO modulated genes, 3 of which exhibited ± 

2 fold change. The genes chosen for this analysis include the M-phase associated gene 

cenp-f, the circadian-rhythmic process associated gene per1b, and the light inducible 

gene cpd photolyase. In CO exposed skin, the expression of cenp-f was significantly 

down-modulated (-2 fold, p-adj < 0.01) in all exposures in RNA-Seq derived data, but 

only significantly down-modulated at 40 and 80 min. of exposure in qRT-PCR 

verification (Fig. 5-1). Per1b expression was significantly down-modulated (-2 fold, p-

adj < 0.01) in all exposures by RNA-Seq derived data, and in all exposures of in qRT-

PCR verification (Fig. 5-2). Cpd expression in response to cool white fluorescent light 

has been previously characterized in Xiphophorus skin (Walter et al., 2014), thus it was 
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used to validate a light-inducible response. Cpd expression was up-modulated 1.58 fold 

or greater in RNA-Seq derived data, and 1.73 or greater in qRT-PCR verification (Fig. 5-

3). Cpd was expressed with a p-adj. value ≤ 0.25, 0.02, 0.02, 0.02 at 20, 40, 60 and 80 

min. of exposure, respectively. 

 

 

Fig. 5-1: Table exhibiting comparisons of qRT-PCR quantified fold change 
(grey) versus RNA-Seq quantified data (blue) for the cenpf transcript at 
various CO doses. 
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Fig. 5-2: Table exhibiting comparisons of qRT-PCR quantified fold change 
(grey) versus RNA-Seq quantified data (blue) for the per1b transcript at 
various CO doses. 

 

 

 
Fig. 5-3: Table exhibiting comparisons of qRT-PCR quantified fold change 
(grey) versus RNA-Seq quantified data (blue) for the light-inducible CPD 
transcript at various CO doses.
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NanoString 

 NanoString technology was used to independently verify bioinformatic calculated 

fold change in gene expression of a subset of CO modulated genes. Fourteen of nineteen 

probes tested in NanoString were significantly modulated (± 2 fold change, p-adj < 0.01) 

in the overall shared RNA-Seq derived data set (grey gene name, Table 5-1). The 

remaining were significantly modulated (± 2 fold change, p-adj < 0.01) at individually 

designated exposures (blue text, Table 5-1). 

Table 5-1: Table exhibiting gene name, Ensembl transcript ID and fold 
change associated with 19 gene probes used in NanoString analysis compared 
to data generated by bioinformatic analysis of the RNA-Seq data. Fourteen of 
the nineteen probes match to the gene set of the overall shared response (grey 
gene name, white text). The remaining 5 gene probes were significant (± 2 
fold change, p-adj < 0.01) in an individual exposures (blue text). Asterisked 
exposure indicates a single biological sample was sent for analysis.  

  
NanoString RNA-Seq 

Gene Name Ensembl ID 
20 

min. 
60 

min.* 
80 

min 
20 

min. 
60 

min. 
80 

min 

klhl38b ENSXMAT00000008690 2.07 1.96 3.86 17.02 11.65 35.02 
clock ENSXMAT00000017010 2.22 2.30 1.72 3.37 3.02 2.17 

dnah7 ENSXMAT00000007381 1.06 1.56 1.13 3.35 3.16 2.72 

cry2a ENSXMAT00000009327 1.43 1.38 1.30 2.89 2.94 2.08 

ppp1r27 ENSXMAT00000018069 -2.72 -5.42 -1.71 -2.69 1.12 1.09 
ccnf ENSXMAT00000004757 -1.00 1.11 1.21 -2.81 -2.53 -2.42 

spc25 ENSXMAT00000011885 -1.12 1.11 -1.41 -3.16 -6.03 -2.63 

fggy ENSXMAT00000018361 -1.19 1.00 1.10 -3.23 -2.68 -2.28 
raver1 ENSXMAT00000000218 -1.09 -1.11 1.05 -3.34 -4.88 -3.74 

kifc1 ENSXMAT00000016886 1.11 1.31 1.26 -3.49 -3.11 -3.00 

arhgap19 ENSXMAT00000014517 -1.07 -1.06 1.06 -3.50 -2.59 -3.05 

numa1 ENSXMAT00000011193 1.01 1.07 1.12 -3.58 -3.21 -2.99 
cdk1 ENSXMAT00000014787 1.04 1.23 1.19 -3.67 -3.19 -2.92 

mad2l1 ENSXMAT00000017587 -1.01 1.11 1.13 -3.68 -3.08 -2.53 
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Table 5-1-Continued: Table exhibiting gene name, Ensembl transcript ID 
and fold change associated with 19 gene probes used in NanoString analysis 
compared to data generated by bioinformatic analysis of the RNA-Seq data. 
Fourteen of the nineteen probes match to the gene set of the overall shared 
response (grey gene name, white text). The remaining 5 gene probes were 
significant (± 2 fold change, p-adj < 0.01) in an individual exposures (blue 
text). Asterisked exposure indicates a single biological sample was sent for 
analysis.  

  
 

NanoString 
 

RNA-Seq 

Gene Name Ensembl ID 
20 

min. 
60 

min.* 
80 

min 
20 

min. 
60 

min. 
80 

min 

bhlhe40 (1 of 2) ENSXMAT00000002257 -3.24 -2.72 -2.02 -3.99 -3.68 -2.28 
parpbp ENSXMAT00000017412 1.41 1.32 1.37 -4.13 -3.76 -3.56 

kpna2 ENSXMAT00000008371 1.16 1.25 1.31 -4.19 -4.48 -3.82 

pif1 ENSXMAT00000003968 -1.20 1.00 -1.04 -4.46 -4.25 -3.23 

cdca7a ENSXMAT00000005334 -2.10 -1.29 -1.24 -8.53 -4.74 -4.58 
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CHAPTER V 

SUMMARY & CONCLUSIONS 

 Previous experiments and health reports regarding the possible impact of “cool 

white” fluorescent lights (4,100 K) on biological functions and overall health of an 

organism led us to question whether exposure to full spectrum fluorescent light (10,000 

K), advertised to mimic the full spectrum of sunlight, might elicit a different response at 

the molecular genetic level. Thus, we utilized a classic vertebrate model Xiphphorus 

maculatus Jp 163 B to investigate this possibility. Exposure of this model organism to 

full spectrum fluorescent light and subsequent analysis of RNA-Seq data from their 

exposed skin revealed DE down-modulation of over half the significantly modulated 

genes in the gene set for each dose.  

Various comparisons among the DE gene sets from various exposure times, 

revealed the majority of these down-modulated genes were shared among the exposures. 

While the number of up-modulated DE genes were limited in each exposure set, these 

genes exhibited higher fractions of unique genes indicating each of the various exposures 

prompted a novel up-modulated response. Functional clustering of the overall genetic 

response (i.e. genes shared between 20, 40, 60 min. and with the 80 min. exposure) and 

of genes from each exposure set that were unique from this overall shared set has given 

an insight into the shared response to CO and the unique genetic response for individual 

CO exposures.  

Six genes clustered by circadian rhythm process in the overall shared up-

modulated genes. Up-modulation of two of these genes has been described as a light-

responsive expression pattern. This suggests a light dependent response was induced by 
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CO exposures in Xiphophorus skin. Up-modulated clusters associated with signaling 

(phosphorylation) and cell-cell adhesion in epithelial cells also suggest exposure to CO 

helps perpetuate normal maintenance of cellular processes and structural integrity of the 

tissue in vivo. The overall shared down-modulated response was primarily composed of 

genes that were associated with stalling mitosis and DNA-synthesis. 

Up-modulation of genes involved in maintenance of skin structure and the 

persistent down-modulation of genes involved in cell cycle processes, specifically those 

associated with mitosis and DNA synthesis, suggests exposure to CO either induces stalls 

mitosis and alters the G1-S checkpoint. While not necessarily the determining factor, one 

clue pointing to G1 phase effects are proliferation markers, such as mki-67. The mki-67 

protein is generally used as a proliferation marker (Schlozen and Gerdes, 2000). In cells 

progressing through the cell cycle, presence of mki-67 protein is observed at all but the 

G0 phase (Schlozen and Gerdes, 2000).          

Skin fibroblasts are generally arrested in the G0 phase unless stimulated to enter 

the cell cycle (Cooper, 2000). In general, once entering into G1 phase, nutrient and 

protein requirements are necessary for the cell to progress to the S-phase. To support the 

speculation that CO exposure induces stalling of mitotic progression in the G1 phase, 

various growth factors in skin cells (i.e. ereg, ghr, igf1r, tgfbr3 and fgf23) are up-

modulated at 20, 40 and 60 min. of CO exposure. Tgf-β genes and igf1 genes are known 

to be involved in nutrient signaling (Foster et al., 2011); cells must meet proper nutrient 

requirements before proceeding into the S-phase of the cell cycle. Ghr and ereg have 

exhibited involvement in growth signaling in human skin cells (Tavvakol et al., 1992; 

Shirakata et al., 2000), while fgf23 has shown involvement in vitamin-D production, the 
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lack of which has been shown to contribute to poor epidermal cell differentiation in mice 

(Xie et al., 2002).  

The time for a complete round of the cell cycle varies depending on the cell type, 

several studies evaluating the duration of the cell cycle in both primary explants and 

transformed human epidermal cells have reported each phase of the epithelial cell cycle 

can take a number of hours (Flaxman and Chopra, 1972; van Erp et al., 1996). All layers 

of fish skin, unlike human skin, are living and metabolically active that must be able to 

deal with the challenges of an aquatic environment (e.g. aquatic bacteria, thermal 

regulation, osmosis) (Esteban, 2012). A relatively rapid proliferation rate would allow 

fish skin to reduce the time an open wound is exposed to the environment. Thus, it is 

plausible the duration for which these exposures were performed provide insight to the 

beginning of the G1 phase versus cells waiting in a dormant phase. The reduction in 

number of both DE up and down-modulated genes at 80 min. of exposure might reflect 

the shift from G1 into the subsequent S-phase.   

Among the novel responses of individual exposures, exhibition of up-modulated 

genes associated with tissue structure and catabolic processes suggest higher doses of CO 

(i.e. ≥ 60 min.) may help to maintain the integrity of fish skin and promote energy 

producing processes. Given the information taken from these data sets, current and future 

experiments may include an analysis of female X. maculatus Jp 163 B RNA-Seq data to 

determine if this responses in this study are sex specific, an RNA-Seq study in mice to 

determine if this response is species specific, and comparison of CO data to “cool white” 

fluorescent data. 
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