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ABSTRACT 

 

Many species from fruit flies to humans exhibit sexual dimorphism. Much of this 

phenotypic variation can be attributed to differential expression of genes between males 

and females, also known as sex-bias gene expression. The salmonid family, which 

includes salmon, trout, and charr, are known to exhibit a high degree of sexual 

dimorphism in many phenotypes. However, previous sex-bias gene expression studies 

have been limited to either gonadal tissues, or whole embryos at early stages of 

development. This project aims to expand our knowledge of sex-bias gene expression by 

identifying and quantifying gene expression within the brain tissue of two-year old brook 

trout (Salvelinius fontinalis). A special emphasis was placed on the sdY gene, a possible 

master sex-determining gene in salmonids. Expression of sdY has been characterized in 

the gonads of developing salmonids, but its involvement in processes other than sex 

determination is unknown. This project looked for similar patterns of expression between 

sdY and other genes to try and reveal the role of sdY in brain tissue. Using RNA-seq data 

and qRT-PCR validation, 12 genes were measured for sex-bias gene expression. Of these 

genes, only sdY showed a significant difference in expression between male and female 

brook trout (p =< 0.05). Two other genes (sox9, ar-alpha) were upregulated in male 

brook trout although this difference in expression was not significant (p>0.05). These 

results indicate that sdY is being expressed in the brains of mature male brook trout far 

past the point of sex determination and that the upregulation of sdY in males could be 

connected to androgen receptivity and chondrogenesis pathways.         
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INTRODUCTION 

Many species, from fruit flies to humans, exhibit phenotypic differences between 

the sexes (sexual dimorphism: Cheng and Kirkpatrick, 2016). These differences have 

fascinated biologists since Darwin first discussed them in 1871 (Darwin, 1871). Since 

then, theories explaining the underlying reason for sexual dimorphism, such as sexual 

selection, have been well documented and studied (Lande, 1980; Korkman, 1957). Sexual 

selection (the process of natural selection arising through certain physical traits that may 

grant the possessors of these traits greater success in obtaining mates) is believed to be a 

driving force behind the evolution of sexually dimorphic traits. Sexual selection can give 

rise to sexual dimorphism through two separate mechanisms: intrasexual competition for 

mates (members of the same sex competing with each other in order to mate with the 

opposite sex) and intersexual mating preferences (one sex choosing members of the 

opposite sex to mate with) (Darwin, 1871). Despite the large degree of phenotypic 

difference between males and females of many species, the genome of males and females 

are essentially identical (apart from the protein coding genes located on the heterogametic 

sex chromosome). Therefore, many differences in phenotype must be due to alternative 

expression of genes on the autosomes (Rinn and Snyder, 2005; Ranz et al., 2003). This 

alternative expression is often referred to as sex-bias gene expression (Grath and Parsch, 

2016). Discovering and measuring both the identity of genes exhibiting sex-bias gene 

expression, and the level of sex-bias gene expression can help explain phenotypic 

differences between males and females. 
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Although sex-bias gene expression is well documented in mammals and birds, 

there is limited information about sex-bias gene expression in fish (Naurin et al., 2011; 

Itoh et al.,2010; Rinn and Snyder, 2005; Brawand et al., 2011). However, fish also 

exhibit many differences in phenotypes between the sexes. These phenotypic differences 

represent a potential product of sex-bias gene expression and provide a wide range of 

targets for gene expression studies. For example, male and female guppies exhibit drastic 

differences in coloration, with the males having a wide variety of bright colors and 

patterns while the females are much less colorful (Endler 1978). These differences 

eventually led to the discovery of genes involved in pigmentation pathways that have 

high levels of sex-bias gene expression (Endler, 1978; Sharma et al., 2014). 

 

The salmonids (salmon, trout, and charr) are known to exhibit sexual dimorphism 

in many morphological and behavioral traits, such as color, nose and jaw shape, adipose 

fin size, and aggression (Kazyak et al., 2013; Beacham and Murray, 1986; Johnsson and 

Akerman, 1998). 

 Fig 1. Male and female coaster brook trout 
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These differences strongly suggest the occurrence of sex-bias in gene expression. 

However, most gene expression studies on salmonid fish have focused on well-known 

commercial species such as rainbow trout (Oncorhynchus mykiss) and Atlantic salmon 

(Salmo salar) (Hale et al., 2011; Lubieniecki et al., 2015; Baron et al., 2005; Cavileer et 

al., 2009). In addition, most previous studies have also been limited to measuring sex-

bias gene expression in gonadal tissues during embryonic or juvenile life stages (Hale et 

al., 2011; Lubieniecki et al., 2015; Baron et al., 2005; Cavileer et al., 2009). Sex-bias in 

gene expression is known to be tissue specific; and therefore, patterns of gene expression 

in the gonads are unlikely to be typical of other organs.  

 

All salmon, trout, and charr have a male heterogametic sex determining system, 

where males have a XY sex karyotype, and females have a XX karyotype (Baron et al., 

2005). The gene sdY is believed to be (or be linked to) the master sex-determining gene. 

Male specific amplification has been found in 15 salmonid species and it is found on the 

Y-chromosome (Yano et al., 2013). The discovery of sdY in 15 different species suggests 

that sex determination is conserved between these different salmon and trout (Yano et al., 

2013). It is known that sdY is highly expressed in the testis of male fish during testicular 

differentiation (Yano et al., 2012; Lubieniecki et al., 2015). However, patterns of 

expression for sdY are otherwise unknown. Given its identity as a male-specific master 

sex-determining gene, it is possible that sdY is similar in function to SRY, the master sex-

determining gene in mammals (Yano et al., 2012; Kashimada and Koopman, 2010). In 

humans, SRY has been shown to play a role in multiple pathways including the regulation 
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of catecholamine synthesis and metabolism in mature male brains (Czech et al., 2012). 

Whether sdY is similarly involved in other pathways is unknown, as far as we know. 

 

The goal of this project is to identify and quantify sex-bias gene expression within 

the brains of mature, two-year-old brook trout with a special emphasis on the sdY gene 

and other candidate genes possibly related to sdY expression in the brain. Using RNA-seq 

data and qRT-PCR validation, genes that exhibit sex-bias gene expression can be 

identified (Marioni et al., 2008; Fang and Cui, 2011). These genes can then be annotated 

and searched for genes with functions related to catecholamine synthesis/metabolism or 

other pathways/functions hypothesized to be related to sdY. If these candidate genes are 

identified and found to have similar patterns of expression as sdY, it could help reveal the 

role of sdY in tissues other than the gonads after sexual maturation. 

 

MATERIALS AND METHODS 

Samples 

 Samples for this study were selected from 32 two-year old brook trout from Tobin 

Harbor, Michigan. Samples used to collect data came from two different lines of brook 

trout — one produced by crossing two resident trout and one produced by crossing two 

migratory coaster trout. The coaster trout is a potamodromous ecotype that migrates from 

small streams to Lake Superior for up to three years before returning to their natal 

streams to spawn (Huckins et al., 2008). Fish were euthanized with a lethal dose of 

MS222 and measured and weighed. The whole brain was extracted and placed in 500 ul 
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of RNAlater® for preservation. Samples were kept at -80 °C until RNA extraction which 

followed standard Trizol procedure.  

 

Gene expression and candidate gene selection 

RNA-seq data were collected previously from the 32 samples. These data were 

first trimmed to remove primers and poor quality sequence and then assembled into 

contigs using Trimmomatic and Trinity respectively (Bolger et al.,  2014; Grabherr et al., 

2011). Annotation of the assembly was performed using BLAST methods against the 

zebrafish transcriptome (Altschul et al., 1990). RSEM was used to align raw reads back 

to the assembly for estimating gene expression. Gene expression analyses were 

performed to look for sex-bias genes within resident and coaster lines. Each differential 

gene expression analysis was performed on these read-count data using edgeR (Robinson 

et al., 2009). A cutoff of 1 count per million in at least three samples was applied and any 

gene that did not meet this requirement was removed from the analysis. A trimmed mean 

of m-values (TMM) normalization was then applied to account for library differences 

(Robinson and Oshlack, 2010). Likelihood ratio tests were used to identify differentially 

expressed genes between the sexes. A false discovery rate correction of 0.05 was set to 

account for multiple comparisons (Benjamini and Hochberg, 1995). These genes were 

annotated using blastx (Altschul et al., 1990). Four total genes were selected for 

validation by qRT-PCR (sdY, POMC, somatolactin, FSH). These candidate genes were 

selected based on RNA-seq data and annotations that suggested important functions 

within brain tissue. Eight more genes were analyzed using qRT-PCR based on their 

hypothesized participation in pathways involving sdY (cyp19b, AR-, AR-, sox9, Th, 
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MAO A, amh, D2R). These genes were either involved in pathways connected to male vs 

female brain development in mammals (Th, MAO A, D2R) or involved in sexual 

determination and differentiation in salmonids (cyp19b, AR-, AR-, sox9, amh).  

 

cDNA production 

Extracted RNA was converted to DNA using the Invitrogen SuperScript III First-

Strand Synthesis System for RT-PCR. The manufacturer’s procedure for First-Strand 

cDNA synthesis was followed, using random hexamers as the primer. For each sample, 2 

µL of RNA was denatured at 65 °C for 5 minutes with 6 µL water, 1 µL of 50 ng/µL 

random hexamers, and 1 µL of 10 mM dNTP mix. Following denaturation, 10 µL of the 

cDNA Synthesis Mix described by kit was added to each sample. These mixtures were 

incubated for 10 min at 25 °C followed by 60 min at 50 °C. The reactions were 

terminated at 85 °C for 5 min. Samples were diluted with 30 µL of nuclease-free water 

and stored in a -20 °C freezer.  

 

Primer synthesis and optimization 

All primers were designed using transcriptome data from either rainbow trout 

(Oncorhynchus mykiss) or Atlantic salmon (Salmo salar). For the four genes selected for 

validation (sdY, POMC, somatolactin, FSH), the sequence data that were used came from 

the EST (expressed sequence tag) that produced the strongest hit in BLAST based on e-

value and bit score. For the eight genes hypothesized to be involved in sdY-related 

pathways, sequence data were obtained from NCBI’s GenBank.  Two or three primer 

pairs per candidate gene were designed in Primer3 (Untergasser et al., 2012). PCR 
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amplification and gel electrophoresis were used to determine the optimal primer pair for 

each candidate gene. PCR reactions consisted of 0.2 mM of the forward primer, 0.2 mM 

of the reverse primer, 5.0 L of GoTaq polymerase, 3.6 L of water, and 1 L of cDNA 

for a total of 10 L. PCR products were run out using gel electrophoresis and viewed 

under UV light. Multiple primer pairs were compared and the optimal pair was selected 

through comparison of gels.  

 

Gene Reference 

Genome 

Forward Primer Sequence Reverse Primer Sequence 

sdY Salmo salar TGCGAAGAGGAGGTGCTTAT 

 

GCTTTGGGAGAGAGATGACG 

 

POMC Salmo salar TCCCCTCCACTGTTTACTGG 

 

TTTTTCCAAGTTAAGGCTTCC 

 

Somatolactin Salmo salar CAGGAGAGCCTGACTGTTCC 

 

TTTTGCCATGTCCTATGTGTG 

 

FSH Oncorhynchus 
mykiss 

ACACCGACTGTGATCGCATA 

 

GCACATCAACAATGGAAACG 

 

cyp19b Oncorhynchus 
mykiss 

GAACCCTGAGGTGGAGATGA 

 

CAGGATGGAACCTCATGGAC 

 

AR- Oncorhynchus 
mykiss 

CTGGAGCTGGAGAAAACGTC 

 

GCTGTATGGTCGCCACTTTT 

 

AR- Oncorhynchus 
mykiss 

CACGCTCTGCATCTTGTCAT 

 

CACAGACATGAGCTGGGATG 

 

Sox9 Oncorhynchus 
mykiss 

CGAGTTCAAGAAGGCTGACC 

 

CTTGACATGGGGCTTGTTTT 

 

Th Salmo salar GTCCCACTCTGTGCCAATTT 

 

GTCGCCACTTAGCAAACACA 

 

MAO A Salmo salar TGTGGTGGTGGGTGAGACTA 

 

TTCTGACGGCACTGTATGACTT 

 

AMH Salmo salar ACCTCAAGGTGGTGGAGTTG 

 

ATCCACACTCCTTGGACACC 

 

D2R Salmo salar AAAACGGGTGAACACAAAGC TTGACAGGAAAGCTCCCATT 

Table 1. Optimal primer pairs used in qRT-PCR 
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EF1-* Oncorhynchus 
mykiss 

ACTCCAATGGGGTGACTCTG GCCCACAGGTACAGTTCCAA 

60S* Oncorhynchus 
mykiss 

ATTGGCATCTCGGTTGACTC 

 

TGAGCTTGGAGCGGTACTCT 

 

Bactin* Oncorhynchus 
mykiss 

ACTGGGACGACATGGAGAAG GGGGTGTTGAAGGTCTCAAA 

 

qRT-PCR 

Initially, eight samples were run for each candidate gene: five males and three 

females from the coaster group. Eight additional samples, three males and five females, 

were run for several of the more promising candidate genes, including sdY. These 

samples were also taken from the coaster group. For each gene, every sample was run in 

triplicate along with a negative control well that lacked candidate gene cDNA. Each qRT-

PCR reaction consisted of 5 L of SYBR Green, 0.36 mM of the forward primer, 0.36 

mM of the reverse primer, 2.28 L of water, and 2 L of candidate gene cDNA for a total 

of 10 L. All qRT-PCR plates were run using the StepOnePlus machine. qRT-PCR data 

was also collected for three housekeeping genes: beta-actin, 60S rRNA, and EF1-alpha. 

Only beta-actin was used in the final cT calculations because the other two genes did 

not show equal expression between males and females (p < 0.05). The thermal cycling 

protocol for each genes was as follows: a holding stage of 95 C for 10 min, a cycling 

stage of 40 cycles composed of 95 C for 15 sec followed by the annealing stage for 1 

min (temperature varied between 56-62 C depending on the gene), and a melt curve 

stage composed 95 C for 15 sec, 60 C for 1 min, and then a step and hold increase to 95 

*Housekeeping/reference gene used to normalize expression of candidate genes 
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C in increments of +0.3 C. The melt curve stage was used to ensure that no non-

specific products or primer dimers were being amplified. A fluorescence threshold of 2.5 

relative fluorescent units (RFU) was applied at the end of each run to provide consistency 

in cT scores across multiple plates. To account for PCR efficiency, serial dilutions were 

performed for each candidate and housekeeping gene (Lalam, 2006). Five L of cDNA 

for each sample was pooled and then four 1:5 dilutions were performed. For all genes, 

each dilution was run in triplicate with a negative control that lacked cDNA. Each qRT-

PCR reaction consisted of 5 L of SYBR Green, 0.36 mM of the forward primer, 0.36 

mM of the reverse primer, 3.28 L of water, and 1 L of diluted stock. The thermal 

cycling protocol was identical to the original qRT-PCR reactions.  

 

cT analysis 

PCR efficiency (E) for each gene was determined using the serial dilutions explained 

above (Lalam, 2006). These efficiencies can be used in an improved cT method to 

provide more accurate estimates of gene expression than the traditional method that 

assumes all efficiencies are 2 (Rao et al., 2013). E was calculated for both the candidate 

genes and the house-keeping genes. The average cT score for each dilution was plotted 

on the y-axis and the log10 of the arbitrary 5-fold dilution number was plotted on the x-

axis. The slope of this line was used to help calculate E through this equation (Pfaffl, 

2001): 

Eq. 1 

𝐸 = 10
(−

1
𝑠𝑙𝑜𝑝𝑒

)
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Using E for both the candidate gene and the house-keeping gene, the ratio of the 

expression of the candidate gene in male brook trout versus female brook trout in 

comparison to the house-keeping gene could be determined. The mathematical model to 

determine this relative expression ratio or relative quantification is shown in equation 2 

(Pfaffl, 2001): 

Eq. 2 

𝑟𝑎𝑡𝑖𝑜 𝑜𝑟 𝑅𝑄 =
(𝐸𝑡𝑎𝑟𝑔𝑒𝑡)∆𝐶𝑃𝑡𝑎𝑟𝑔𝑒𝑡(𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝑠𝑎𝑚𝑝𝑙𝑒)

(𝐸𝑟𝑒𝑓)∆𝐶𝑃𝑟𝑒𝑓(𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝑠𝑎𝑚𝑝𝑙𝑒)
 

In equation 2, Etarget refers to the PCR efficiency of the candidate gene and Eref to the 

PCR efficiency of the house-keeping gene. ΔCPtarget represents the difference between the 

cT score of the female control sample for the candidate gene – the cT score of the sample 

in question for the candidate gene. ΔCPref represents the difference between the cT score 

of the female control sample – the cT score of the sample in question for the house-

keeping gene. For each candidate gene, ratios were calculated for each sample. A log 

transformation was applied and then an ANOVA was used to test for statistical 

significance between the expression of male and female brook trout. 

 

RESULTS 

After expression analysis of the 12 candidate genes, only one gene, sdY, exhibited 

significant differential expression (p<0.05) between the brain tissue of male and female 

brook trout (Fig 2A). It was shown to be upregulated in males with a fold change of 

greater than 2600 compared to female brook trout. Out of the 11 other genes that were 

examined, six exhibited upregulation (sdY, ar-beta, sox9, ar-alpha, D2R, Th, MAO) and 

five exhibited downregulation (cyp19b, POMC, amh, FSH, somatolactin) in male brook 
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trout compared to female. However, the differences in expression for the majority of 

these genes was minimal and none showed statistically significant differential expression 

between males and females (p≥0.05). Nine out of these 11 genes exhibited a fold change 

of <1.5 between the brain tissue of males and females (ar-beta, D2R, Th, MAO, cyp19b, 

POMC, amh, FSH, somatolactin). MAO was one of these genes and offers a good visual 

representation of the relative expression of these nine genes between males and females 

(Fig 2B). Two genes, sox9 and ar-alpha, showed upregulation in males compared to 

females with fold changes 1.55 and 2.02 respectively (Fig 2C-D).  
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DISCUSSION 

The main finding of this study was the expression of sdY in the brain tissue of 

male brook trout. This shows that expression of sdY is not limited to the gonads and the 

processes of sexual determination and differentiation. Previous studies concerning the 

expression of sdY confine it solely to the gonads (Yano et al., 2012; Lubieniecki et al., 

2015). One potential reason for the lack of differential expression in tissues other than the 

gonads in these previous studies is the age of the samples. They focused on early post 

hatch stages whereas this study looked at two year old fish at the point of sexual 

maturation. The results of this study reveal that, much like SRY, sdY has a role to play 

other than sexual determination and differentiation. With that known, the question then 

becomes what exactly is the function of sdY in the brain tissue of mature, male brook 

trout? 

 

The ability to measure the expression of many genes in a relatively short period of 

time for a low cost using qRT-PCR offers one avenue to determine the function of a 

gene. This is possible through the principle of co-expression, which involves developing 

hypotheses for gene function based on similarities in expression patterns between the 

gene in question and genes of known function (Uygun et al., 2016). sdY exhibits male-

specific expression so finding other genes that are upregulated in male brook trout could 

provide some clue to what the function of sdY is in the brain. 

 

Two genes from this study, ar-alpha and sox9, were shown to be upregulated in 

males with fold changes >1.5. Previous gene expression studies have shown that a fold 
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change of 1.5 or greater is a reliable predictor of differentially expressed genes (Peart et 

al., 2005; Raouf et al., 2008; Bhargava et al., 2013). So despite the lack of statistically 

significant differential expression of these two genes between male and female brook 

trout, these fold changes indicate that they still could be playing a role biologically. 

 

Based on the similar patterns of expression between these two genes and sdY, two 

biological pathways were selected that could possibly be linked to sdY expression in the 

brain tissue of male brook trout. The first of these pathways is androgen receptivity. This 

selection was based on the male-specific upregulation of ar-alpha, which codes for an 

androgen receptor. In a previous study looking at Arctic charr, it was shown that more 

aggressive males tend to have higher levels of circulating androgens (Elofsson et al., 

2000). Aggression is also a sexual dimorphic trait in salmonids with the males being 

more aggressive in order to compete with other males for the rights to spawning grounds 

(Johnsson, 2001; Johnsson and Akerman 1998). Therefore, it is possible that sdY is 

helping contribute to these patterns of sexually dimorphic aggression. One possible 

pathway is that the expression of sdY in the brain tissue of male brook trout and other 

salmonids leads to the male-specific enhancement of ar-alpha, which in turn contributes 

to the male-specific aggression that has already been observed in many salmonid species.  

 

The second hypothesized pathway is chondrogenesis or the production of 

cartilage and chondroid bone. This pathway was selected based on the male-specific 

upregulation of sox9. Sox9 is a transcription factor that plays a role in many different 

biological processes with one of those roles being the master regulator of chondrogenesis 
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(Hino et al., 2014). Chondrogenesis is important in male brook trout and other male 

salmonids because it is required for the development of the kype (Witten et al., 2003). A 

kype is a hook that develops on the lower jaw of many male salmonids before spawning 

season. It is a secondary sexual characteristic that the male fish use to fight off other 

males for the rights to spawning grounds (Witten et al., 2003). Coaster brook trout tend to 

spawn around 2-3 years of age, meaning that kype development will also take place 

around this same age (Huckins et al., 2008). The samples used in this study were all 

around two years of age. Therefore, it is possible that expression of sdY is helping 

promote the male-specific production of cartilage and chondroid bone needed for kype 

formation. One possible pathway is that the expression of sdY leads to male-specific 

enhancement of sox9, which in turns leads to the activation of chondrogenesis needed for 

kype formation.  

 

It is worth mentioning that these pathways are simply hypothesized pathways 

based on similar patterns of gene expression. Determining the function of a gene is 

difficult, especially in non-model organisms. In an ideal world, some sort of gene 

modification is the most direct and effective method (Alberts et al., 2002). This allows 

for observation of the downstream effects on different cellular processes that the gene 

modification produces and helps provide physical evidence for the function of the gene. 

Techniques of this nature include gene knockouts, RNA interference, and gene 

expression modifications using bacterial plasmids (Alberts et al., 2002). However, most 

of these are time and resource intensive. For example, it takes about a year and over 

$12,000 to create a single knockout mouse (Hall et al., 2009). RNA interference has 
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become a popular technique in recent years, but still requires cell transfection, which is 

both costly and labor intensive (Mocellin and Provenzano, 2004). Gene expression 

studies offer a cost and time-effective alternative to these methods. 

 

While gene expression studies are very helpful in providing possible functions of 

a gene, ultimately some sort of gene expression modification is necessary to confirm 

function definitively. However, there are steps that can be taken to improve this study’s 

ability to detect sex-bias gene expression and therefore its ability to reveal the function of 

sdY. One such step would be to use samples of individual brain structures rather than 

whole brain samples. The use of whole brain samples in this study could have served to 

mask expression profiles of individual regions of the brain (Yang et al., 2006). The brain 

is not a homogenous organ. It contains many different regions that perform different 

functions and therefore could be expressing genes differently. By looking at the 

expression of sdY and other possible sex-biased genes in multiple structures of the brain, 

one could achieve a much clearer picture of what the role of sdY is.   

 

Similarly, it would be helpful to look at the expression profile of sdY in tissues 

other than the brain. Doing so could reveal if the expression of sdY past the point of 

sexual determination and differentiation is confined to the brain or if it has a role to play 

throughout multiple tissue types in mature male brook trout. In addition, different 

salmonid species could be observed for expression of sdY. This would be important in 

determining if this brain-specific expression is unique to brook trout or if it is involved in 

pathways shared throughout the salmonid family. Finally, the function of sdY could be 
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narrowed down even further by looking at its expression during different developmental 

time points. The samples used in this study were mature adults, but it is possible that 

expression of sdY could be important much earlier, such as in setting up the sexual 

differentiation of the brain seen in many vertebrates, including salmonids (Vizziano-

Cantonnet et al., 2011). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



    xx 

BIBLIOGRAPHY 

 

Alberts, Bruce, Alexander Johnson, Julian Lewis, Martin Raff, Keith Roberts, and Peter Walter. 2002. 

Molecular Biology of the Cell. 4th Edition, New York. 

Altschul, S F, W Gish, W Miller, E W Myers, and D J Lipman. 1990. “Basic Local Alignment Search 

Tool.” Journal of Molecular Biology 215 (3): 403–10. doi:10.1016/S0022-2836(05)80360-2. 

Baron, Daniel, Remi Houlgatte, Alexis Fostier, and Yann Guiguen. 2005. “Large-Scale Temporal Gene 

Expression Profiling during Gonadal Differentiation and Early Gametogenesis in Rainbow Trout.” 

Biology of Reproduction 73 (5): 959–66. doi:10.1095/biolreprod.105.041830. 

Beacham, Terry D., and Clyde B. Murray. 1986. “Sexual Dimorphism in Length of Upper Jaw and Adipose 

Fin of Immature and Maturing Pacific Salmon (Oncorhynchus).” Aquaculture 58 (3–4): 269–76. 

doi:10.1016/0044-8486(86)90092-X. 

Benjamini, Yoav, and Yosef Hochberg. 1995. “Controlling the False Discovery Rate: A Practical and 

Powerful Approach to Multiple Testing.” Journal of the Royal Statistical Society B 57 (1): 289–300. 

doi:10.2307/2346101. 

Bhargava, Apurva, Ivory Clabaugh, Jenn P To, Bridey B Maxwell, Yi-Hsuan Chiang, G Eric Schaller, Ann 

Loraine, and Joseph J Kieber. 2013. “Identification of Cytokinin-Responsive Genes Using 

Microarray Meta-Analysis and RNA-Seq in Arabidopsis.” Plant Physiology 162 (1): 272–94. 

doi:10.1104/pp.113.217026. 

Bolger, Anthony M., Marc Lohse, and Bjoern Usadel. 2014. “Trimmomatic: A Flexible Trimmer for 

Illumina Sequence Data.” Bioinformatics 30 (15): 2114–20. doi:10.1093/bioinformatics/btu170. 

Brawand, David, Magali Soumillon, Anamaria Necsulea, Philippe Julien, Gábor Csárdi, Patrick Harrigan, 

Manuela Weier, et al. 2011. “The Evolution of Gene Expression Levels in Mammalian Organs.” 

Nature 478 (7369): 343–48. doi:10.1038/nature10532. 

Cavileer, T, S Hunter, T Okutsu, G Yoshizaki, and J J Nagler. 2009. “Identification of Novel Genes 

Associated with Molecular Sex Differentiation in the Embryonic Gonads of Rainbow Trout 

(Oncorhynchus Mykiss).” Sexual Development : Genetics, Molecular Biology, Evolution, 

Endocrinology, Embryology, and Pathology of Sex Determination and Differentiation 3 (4): 214–24. 



    xxi 

doi:10.1159/000228722. 

Cheng, Changde, and Mark Kirkpatrick. 2016. “Sex-Specific Selection and Sex-Biased Gene Expression in 

Humans and Flies.” PLoS Genetics 12 (9): 1–18. doi:10.1371/journal.pgen.1006170. 

Czech, Daniel P., Joohyung Lee, Helena Sim, Clare L. Parish, Eric Vilain, and Vincent R. Harley. 2012. 

“The Human Testis-Determining Factor SRY Localizes in Midbrain Dopamine Neurons and 

Regulates Multiple Components of Catecholamine Synthesis and Metabolism.” Journal of 

Neurochemistry 122 (2): 260–71. doi:10.1111/j.1471-4159.2012.07782.x. 

Darwin, Charles. 1871. “The Descent of Man and Selection in Relation to Sex, in Charles Darwin, The 

Origin of Species and The Descent of Man (Combined Volume).” Journal of Anatomy and 

Physiology 5 (Pt 2): 363–72. doi:10.1017/CBO9780511703829. 

Elofsson, U O, I Mayer, B Damsgård, and S Winberg. 2000. “Intermale Competition in Sexually Mature 

Arctic Charr: Effects on Brain Monoamines, Endocrine Stress Responses, Sex Hormone Levels, and 

Behavior.” General and Comparative Endocrinology 118 (3): 450–60. doi:10.1006/gcen.2000.7487. 

Endler, John. 1978. “A Predator’s View of Animal Colour Patterns.” Evolutionary Biology. 

Fang, Zhide, and Xiangqin Cui. 2011. “Design and Validation Issues in RNA-Seq Experiments.” Briefings 

in Bioinformatics 12 (3): 280–87. doi:10.1093/bib/bbr004. 

Grabherr, Manfred G, Brian J Haas, Moran Yassour, Joshua Z Levin, Dawn A Thompson, Ido Amit, Xian 

Adiconis, et al. 2011. “Full-Length Transcriptome Assembly from RNA-Seq Data without a 

Reference Genome.” Nature Biotechnology 29 (7): 644–52. doi:10.1038/nbt.1883. 

Grath, Sonja, and John Parsch. 2016. “Sex-Biased Gene Expression.” Annual Review of Genetics 50 (1): 

annurev-genet-120215-035429. doi:10.1146/annurev-genet-120215-035429. 

Hale, M C, P Xu, J Scardina, P A Wheeler, G H Thorgaard, and K M Nichols. 2011. “Differential Gene 

Expression in Male and Female Rainbow Trout Embryos prior to the Onset of Gross Morphological 

Differentiation of the Gonads.” BMC Genomics 12 (1): 404. doi:10.1186/1471-2164-12-404. 

Hall, Bradford, Advait Limaye, and Ashok B. Kulkarni. 2009. “Overview: Generation of Gene Knockout 

Mice.” Current Protocols in Cell Biology. doi:10.1002/0471143030.cb1912s44. 

Hino, Kenta, Atsushi Saito, Miori Kido, Soshi Kanemoto, Rie Asada, Tomoko Takai, Min Cui, Xiang Cui, 

and Kazunori Imaizumi. 2014. “Master Regulator for Chondrogenesis, Sox9, Regulates 



    xxii 

Transcriptional Activation of the Endoplasmic Reticulum Stress Transducer BBF2H7/CREB3L2 in 

Chondrocytes.” Journal of Biological Chemistry 289 (20): 13810–20. doi:10.1074/jbc.M113.543322. 

Huckins, Casey J., Edward a. Baker, Kurt D. Fausch, and Jill B. K. Leonard. 2008. “Ecology and Life 

History of Coaster Brook Trout and Potential Bottlenecks in Their Rehabilitation.” North American 

Journal of Fisheries Management 28 (4): 1321–42. doi:10.1577/M05-191.1. 

Itoh, Yuichiro, Kirstin Replogle, Yong Hwan Kim, Juli Wade, David F. Clayton, and Arthur P. Arnold. 

2010. “Sex Bias and Dosage Compensation in the Zebra Finch versus Chicken Genomes: General 

and Specialized Patterns among Birds.” Genome Research 20 (4): 512–18. 

doi:10.1101/gr.102343.109. 

Johnsson, J??rgen I., Emma Sernland, and Marco Blixt. 2001. “Sex-Specific Aggression and Antipredator 

Behaviour in Young Brown Trout.” Ethology 107 (7): 587–99. doi:10.1046/j.1439-

0310.2001.00682.x. 

Johnsson, J I, and a Akerman. 1998. “Intersexual Differences in Aggression in Juvenile Rainbow Trout.” 

Journal of Fish Biology 52 (6): 1292–94. doi:10.1006/jfbi.1998.0657. 

Kashimada, Kenichi, and Peter Koopman. 2010. “Sry: The Master Switch in Mammalian Sex 

Determination.” Development (Cambridge, England) 137 (23): 3921–30. doi:10.1242/dev.048983. 

Kazyak, David C., Robert H. Hilderbrand, and Amanda E. Holloway. 2013. “Rapid Visual Assessment to 

Determine Sex in Brook Trout.” North American Journal of Fisheries Management 33 (January 

2015): 665–68. doi:10.1080/02755947.2013.785998. 

Korkman, Nils. 1957. “Selection With Regard To the Sex Difference of Body Weight in Mice.” Hereditas 

43 (3–4): 665–78. doi:10.1111/j.1601-5223.1957.tb03467.x. 

Lalam, Nadia. 2006. “Estimation of the Reaction Efficiency in Polymerase Chain Reaction.” Journal of 

Theoretical Biology 242 (4): 947–53. doi:10.1016/j.jtbi.2006.06.001. 

Lande, Russell. 1980. “Sexual Dimorphism, Sexual Selection, and Adaptation in Polygenic Characters.” 

Evolution 34 (2): 292–305. doi:10.2307/2407393. 

Lubieniecki, Krzysztof P, Natasha A Botwright, Richard S Taylor, Brad S Evans, Mathew T Cook, and 

William S Davidson. 2015. “Expression Analysis of Sex-Determining Pathway Genes during 

Development in Male and Female Atlantic Salmon (Salmo Salar).” Physiological Genomics, no. 



    xxiii 

September: 581–87. doi:10.1152/physiolgenomics.00013.2015. 

Marioni, John C., Christopher E. Mason, Shrikant M. Mane, Matthew Stephens, and Yoav Gilad. 2008. 

“RNA-Seq: An Assessment of Technical Reproducibility and Comparison with Gene Expression 

Arrays.” Genome Research 18 (9): 1509–17. doi:10.1101/gr.079558.108. 

Mocellin, Simone, and Maurizio Provenzano. 2004. “RNA Interference: Learning Gene Knock-down from 

Cell Physiology.” Journal of Translational Medicine 2 (1): 39. doi:10.1186/1479-5876-2-39. 

Naurin, S., B. Hansson, D. Hasselquist, Y.-H. Kim, and S. Bensch. 2011. “The Sex-Biased Brain: Sexual 

Dimorphism in Gene Expression in Two Species of Songbirds.” BMC Genomics 12 (1): 37. 

doi:10.1186/1471-2164-12-37. 

Peart, Melissa J, Gordon K Smyth, Ryan K van Laar, David D Bowtell, Victoria M Richon, Paul a Marks, 

Andrew J Holloway, and Ricky W Johnstone. 2005. “Identification and Functional Significance of 

Genes Regulated by Structurally Different Histone Deacetylase Inhibitors.” Proceedings of the 

National Academy of Sciences of the United States of America 102 (10): 3697–3702. 

doi:10.1073/pnas.0500369102. 

Pfaffl, M W. 2001. “A New Mathematical Model for Relative Quantification in Real-Time RT-PCR.” 

Nucleic Acids Research 29 (9): e45. doi:10.1093/nar/29.9.e45. 

Ranz, M, Cristian I Castillo-Davis, Colin D Meiklejohn, and Daniel L Hartl. 2003. “Sex-Dependent Gene 

Expression and Evolution of the Drosophila Transcriptome.” Science 300 (June): 1742–45. 

doi:10.1126/science.1085881. 

Rao, Xiayu, Xuelin Huang, Zhicheng Zhou, and Xin Lin. 2013. “An Improvement of the 2ˆ(-Delta Delta 

CT) Method for Quantitative Real-Time Polymerase Chain Reaction Data Analysis.” Biostatistics, 

Bioinformatics and Biomathematics 3 (3): 71–85. doi:10.1016/j.biotechadv.2011.08.021.Secreted. 

Raouf, Afshin, Yun Zhao, Karen To, John Stingl, Allen Delaney, Mary Barbara, Norman Iscove, et al. 

2008. “Transcriptome Analysis of the Normal Human Mammary Cell Commitment and 

Differentiation Process.” Cell Stem Cell 3 (1): 109–18. doi:10.1016/j.stem.2008.05.018. 

Rinn, J L, and M Snyder. 2005. “Sexual Dimorphism in Mammalian Gene Expression.” Trends Genet 21 

(5): 298–305. doi:S0168-9525(05)00081-8 [pii]\r10.1016/j.tig.2005.03.005. 

Robinson, Mark D., Davis J. McCarthy, and Gordon K. Smyth. 2009. “edgeR: A Bioconductor Package for 



    xxiv 

Differential Expression Analysis of Digital Gene Expression Data.” Bioinformatics 26 (1): 139–40. 

doi:10.1093/bioinformatics/btp616. 

Robinson, Mark D., and Alicia Oshlack. 2010. “A Scaling Normalization Method for Differential 

Expression Analysis of RNA-Seq Data.” Genome Biology 11: R25. doi:10.1186/gb-2010-11-3-r25. 

Sharma, Eshita, Axel Künstner, Bonnie A Fraser, Gideon Zipprich, Verena A Kottler, Stefan R Henz, 

Detlef Weigel, and Christine Dreyer. 2014. “Transcriptome Assemblies for Studying Sex-Biased 

Gene Expression in the Guppy, Poecilia Reticulata.” BMC Genomics 15 (1): 400. doi:10.1186/1471-

2164-15-400. 

Untergasser, Andreas, Ioana Cutcutache, Triinu Koressaar, Jian Ye, Brant C. Faircloth, Maido Remm, and 

Steven G. Rozen. 2012. “Primer3-New Capabilities and Interfaces.” Nucleic Acids Research 40 (15). 

doi:10.1093/nar/gks596. 

Uygun, Sahra, Cheng Peng, Melissa D. Lehti-Shiu, Robert L. Last, and Shin-Han Shiu. 2016. “Utility and 

Limitations of Using Gene Expression Data to Identify Functional Associations.” PLOS 

Computational Biology 12 (12): e1005244. doi:10.1371/journal.pcbi.1005244. 

Vizziano-Cantonnet, Denise, Isabelle Anglade, Elisabeth Pellegrini, Marie Madeleine Gueguen, Alexis 

Fostier, Yann Guiguen, and Olivier Kah. 2011. “Sexual Dimorphism in the Brain Aromatase 

Expression and Activity, and in the Central Expression of Other Steroidogenic Enzymes during the 

Period of Sex Differentiation in Monosex Rainbow Trout Populations.” General and Comparative 

Endocrinology 170 (2). Elsevier Inc.: 346–55. doi:10.1016/j.ygcen.2010.10.009. 

Witten, P Eckhard, P Eckhard Witten, Brian K Hall, and Brian K Hall. 2003. “Seasonal Changes in the 

Lower Jaw Skeleton in Male Atlantic Salmon (.” Society, 435–50. 

Yang, Xia, Eric E. Schadt, Susanna Wang, Hui Wang, Arthur P. Arnold, Leslie Ingram-Drake, Thomas A. 

Drake, and Aldons J. Lusis. 2006. “Tissue-Specific Expression and Regulation of Sexually 

Dimorphic Genes in Mice.” Genome Research 16 (8): 995–1004. doi:10.1101/gr.5217506. 

Yano, Ayaka, René Guyomard, Barbara Nicol, Elodie Jouanno, Edwige Quillet, Christophe Klopp, Cédric 

Cabau, Olivier Bouchez, Alexis Fostier, and Yann Guiguen. 2012. “An Immune-Related Gene 

Evolved into the Master Sex-Determining Gene in Rainbow Trout, Oncorhynchus Mykiss.” Current 

Biology 22 (15): 1423–28. doi:10.1016/j.cub.2012.05.045. 



    xxv 

Yano, Ayaka, Barbara Nicol, Elodie Jouanno, Edwige Quillet, Alexis Fostier, René Guyomard, and Yann 

Guiguen. 2013. “The Sexually Dimorphic on the Y-Chromosome Gene (sdY) Is a Conserved Male-

Specific Y-Chromosome Sequence in Many Salmonids.” Evolutionary Applications 6 (3): 486–96. 

doi:10.1111/eva.12032. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 


