
ABSTRACT 

PHILLIPS, MARSHALL C.  Patterns of Gene Expression throughout the Spawning Cycle of the 

Bluehead Wrasse (Thalassoma bifasciatum). (Under the direction of Dr. John Godwin). 

 The reproductive physiology of teleost fishes, and in particular the neuroendocrine 

mediation of the seasonal and lunar-related spawning in fishes, are well studied. These studies 

have indicated the importance of the hypothalamic-pituitary-gonadal (HPG) axis and its related 

peptides: gonadotropin-releasing hormone (GnRH), kisspeptins, and gonadotropin-inhibiting 

hormone (GnIH). Less research information is available, however, for daily spawning fish. The 

bluehead wrasse, Thalassoma bifasciatum, provides an unusual model for studying these systems 

as it spawns daily along with the high tide, creating an interaction between a daily rhythm and a 

tidal rhythm. The purpose of this study was to determine whether the time of day or the tidal 

cycle plays more of a role in the expression of key reproductive genes in the bluehead wrasse 

spawning cycle. To do this, quantitative real-time PCR was used to quantify the expression of 

four genes of interest: kiss1 (kisspeptin 1), gnih (gonadotropin-inhibitory hormone), gnrh1 

(gonadotropin-releasing hormone 1), and cyp19a1b (brain aromatase). Samples were taken at 

three points in the tidal cycle, characterized by the time of day and proximity to the spawning 

period: (1) evening and far from spawning, (2) evening and close to spawning, and (3) morning 

and far from spawning. Results showed that kiss1 and gnih expression were significantly 

elevated close to the spawning period. Cyp19a1b expression seemed to increase in males close to 

spawning, but not in females. Gnrh showed no statistically significant patterns through the 

spawning period. Together, these results imply that there is a greater effect of tide than of time of 

day on the expression of these reproductive genes in the bluehead wrasse. 
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CHAPTER 1 

Introduction 

Reproductive physiology in teleost fish is well studied, partly because of the economic 

importance of fishing and aquaculture. Understanding this physiology allows us to more 

efficiently monitor and utilize fish populations or to propagate them in captivity. One particularly 

important area of research is aimed at understanding the mechanics of the spawning cycles of 

teleost fishes. 

Previous studies indicate that the main regulator of reproduction in vertebrates is the 

hypothalamic-pituitary-gonadal axis (HPG axis; reviewed by Foran and Bass, 1999; Maruska 

and Fernald, 2011) and mediated primarily by gonadotropin-releasing hormone (GnRH) (Patino 

and Sullivan, 2002; Ando et al., 2005; Kah et al., 2007; Zohar et al., 2010), with input from the 

kisspeptin and the gonadotropin-inhibitory hormone (GnIH) systems (Tsutsui, et al. 2009; 

reviewed by Tsutsui et al., 2010a). 

GnRH, produced by the hypothalamus, is responsible for stimulating the release of the 

gonadotropins follicle-stimulating hormone (FSH) and luteinizing hormone (LH) from the 

pituitary. These gonadotropins regulate steroidogenesis and gametogenesis in the gonads 

(reviewed by Devlin and Nagahama, 2002; Zohar et al., 2010), making gnrh1 a gene that may 

potentially play a role in spawning-related behavior in teleost fish. 

The kisspeptin system and the gonadotropin-inhibitory system are upstream regulators of 

the HPG axis in many vertebrates. In fishes, previous studies indicate that kisspeptin and GnIH 

peptides may be either stimulatory or inhibitory, depending on a variety of factors, including the 

species, the reproductive state of individuals, and the form of kisspeptin or GnIH that was 

administered (e.g., Amano et al., 2006; Zhang et al., 2010; Pasquier et al., 2011; Shahjahan et al., 
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2011; Moussavi et al., 2012; Zmora et al., 2012; Qi et al., 2013; Biran et al., 2014; Zmora et al., 

2014). 

Notably, however, most of the studies of gene expression during the spawning cycle of 

fishes has been performed with seasonally-spawning fish such as the grass puffer (Takifugu 

nobles; Shahjahan et al., 2010; Ando et al., 2013) and common snook (Centropomus 

undecimalis; Rhody et al., 2015). These studies implicate the HPG axis, and in particular GnRH, 

GnIH, and kisspeptins as related to the maintenance of the spawning cycle. Reviews of the 

neuroendocrine basis of seasonally-spawning fish can be found in Migaud et al. (2010) and Ando 

et al. (2013). Less has been done to look into gene expression during the cycle of daily-spawning 

fish. 

The bluehead wrasse (Thalassoma bifasciatum) provides a convenient model for patterns 

of endocrine control of spawning behavior because of its year-round daily spawning and because 

of its well-studied behavior and neuroendocrinology. The bluehead wrasse is a species of coral 

reef fish found abundantly in tropical regions of the Atlantic Ocean, particularly the Caribbean. It 

is well studied because it is a protogynous sequential hermaphrodite where sex change is under 

social control (Warner et al., 1975; Warner and Swearer, 1991; reviewed by Godwin, 2009; 

Lamm et al., 2015). There are three sexual phenotypes in bluehead wrasses: females, initial 

phase (IP) males, and terminal phase (TP) males (Feddern, 1965; Warner et al., 1975; Semsar 

and Godwin, 2004). Females and IP males are nearly indistinguishable visibly, particularly on a 

reef; both are small and yellow. The name “bluehead wrasse” comes from the brightly colored 

terminal phase (TP) male, which has a blue head and green body separated by and a series of 

three bold stripes (black, white, black). 
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The daily spawning behavior of the bluehead wrasse is also well documented (Feddern, 

1965). During most of the day, both IP and TP fish will gather in feeding schools at the up-

current side of the reef to feed on plankton. During a daily spawning period lasting 

approximately two hours, larger TP males will each become aggressive and territorial, defending 

a spawning territory on the down-current side of the reef from other TP and IP males. During this 

spawning period, the females will swim to the spawning territories. When they arrive and initiate 

spawning with the TP male, the male and female fish will both rush up into the water column 

together and release their gametes. The presumed benefit of having spawning territories on the 

down-current side of the reef is that these gametes will drift away from the reef, and away from 

the reef-based planktivorous fishes that would otherwise consume them. Females typically 

spawn every day, while each TP male will attempt to spawn with every female to arrive at his 

spawning territory. This means that a TP male can spawn dozens of times a day, depending on 

the number of females on the reef and relative quality of his spawning territory. 

Observations in the Florida Keys and elsewhere have shown that the bluehead wrasse 

spawning period correlates with the daytime high tide (Godwin, unpublished data). Each day, 

beginning approximately an hour before high tide, the Terminal Phase (TP) male begins its 

display of territoriality and aggression towards other males. As high tide approaches, the females 

begin to make their way to the spawning territory. Over the course of approximately two hours, 

all gravid female fish on the reef will have spawned. 

Bluehead wrasse habitats in Florida and the Caribbean are characterized by semi-diurnal 

tide cycles where the timing of each tide advances approximately 50 minutes later each day in 

the tidal cycle. Because of this shift, the bluehead wrasse spawning period occurs approximately 

50 minutes later each day as well. However, bluehead wrasses will only spawn between 
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approximately 10 AM and 7 PM in the upper Florida Keys. When the high tide that the fish are 

“following” with their spawning period occurs too late in the day, the fish will shift and begin 

“following” the earlier high tide for the timing of spawning (Figure 1). 

 

 

 

Figure 1: Bluehead wrasse spawn corresponding to the daytime high tide, and adjust their 

spawning time as the time of high tide changes. Image courtesy of M. Lamm. 

 

The bluehead wrasse provides an unusual opportunity to examine a reproductive cycle in 

which there is an interaction of both a daily rhythm and a tidal rhythm. The purpose of this study 

was to determine whether there were differences in expression of key reproductive genes in 

bluehead wrasse brains at different points in their daily spawning cycle, in particular to 

determine whether those changes in gene expression are more related to the time day or the 

tide.   

To do this, I used quantitative real-time PCR (qRT-PCR) to quantify the expression of 

four genes in bluehead wrasse females and TP males at four different points in their spawning 
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cycle. The genes chosen for this experiment were kiss1 (kisspeptin), gnih (gonadotropin- 

inhibitory hormone), and gnrh1 (gonadotropin releasing hormone) due to their implications in 

the reproductive cycles of teleost fish, as previously mentioned. The gene encoding the brain 

form of aromatase, cyp19a1b, was also examined due to being previously indicated as important 

to behavioral sex change in the bluehead wrasse (Marsh et al., 2006; Marsh-Hunkin et al., 2013). 

Aromatase is the hormone responsible for the conversion of testosterone to estradiol in the 

vertebrate brain (Callard et al., 1978). I predict that the expression of all four genes will be more 

influenced by proximity to spawning (tide) than by the time of day. 

Once qRT-PCR was performed on all brain samples, results were analyzed to determine 

whether gene expression varied between fish at different times of day or different proximities to 

the spawning time. 

 

Materials and Methods 

Animals 

Sexually mature bluehead wrasse females and terminal phase (TP) males were collected 

from reefs in the Florida Keys National Marine Sanctuary off the coast of Key Largo, Florida 

(approx. 25°12'N 80°14'W) in June 2016, under NOAA permit FKNMS-2015-051. Morning 

collection times ranged from 9:00 to 11:00. Evening collection times ranged from 16:00 to 

20:00. The days of collection were chosen so that the fish would be at two different phases in 

their spawning cycle: either “close” to spawning (the fish are about to spawn or are currently 

spawning) or “far” from spawning (either collected in the morning when the fish will not spawn 

until evening, or collected in the evening when the fish already spawned in the morning). 
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This essentially creates 4 collection categories: (1) “evening far” (fish collected in the 

evening far from their spawning time), (2) “evening close” (fish collected in the evening when 

they are close to their spawning time), (3) “morning far” (fish collected in the morning when 

they are far from their spawning time) and (4) “morning close” (fish collected in the morning 

when they are close to their spawning time). Unfortunately, due to inclement weather we were 

not able to collect fish for the “morning close” category. This paper will focus on the other three 

collection categories. A total of 54 fish (34 females and 20 TP males) were collected for this 

experiment. 

Fish were captured using a baited lift net (0.9 m diameter, 0.7 m walls). Initial phase (IP) 

fish were sexed by examining the dimorphic genital papilla or by expressing gametes with gentle 

abdominal pressure. IP Males were returned to the reef. IP Females and TP males were 

immediately euthanized in an overdose of ethyl 3-aminobenzoate methanesulfonate (Tricaine 

Methanesulfonate or MS-222, Western Chemical Inc., Ferndale, WA) in sea water. Brains were 

dissected out on a waiting boat within a few minutes of capture and preserved in RNAlater 

(Ambion, Austin, TX [Part of Thermo Fisher Scientific]) and stored at -20°C until dissection and 

RNA extraction. All study procedures were approved by the Institutional Animal Care and Use 

Committee at North Carolina State University (IACUC approved protocol number 15-092-01). 

Dissection and Homogenization of Brain Tissue 

Once transported to the lab, sample brains were removed from RNAlater for dissection. 

Excess RNALater was blotted off with KimWipes. Under RNase-free conditions and using a 

dissecting scope, the hindbrain and cerebellum were removed and replaced in RNAlater and 

stored at -20°C for possible future analysis. The remaining whole forebrain/midbrain was placed 

in a microcentrifuge tube with 100-200 μL 0.5 mm zirconium oxide beads for homogenization. 1 
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mL of TriReagent (Invitrogen, Carlsbad, CA  [Part of Thermo Fisher Scientific]) was added to 

each tube of beads and brain tissue. Samples were homogenized for 5 minutes at speed 9 in a 

Bullet Blender (Next Advance, Averill Park, NY). 

RNA Extraction 

The homogenate was phase-separated by adding 100 uL 1-Bromo-3-chloropropane 

(BCP) to each tube containing the TriReagent and homogenized brain tissue solution. After 

being allowed to sit 5-10 minutes, samples were centrifuged at 12,000 x g for 15 minutes. The 

top aqueous layer containing the RNA was carefully collected with a pipette. A portion of this 

aqueous layer, 325 uL, was added to 325 uL RNase-free 70% ethanol for further purification. 

The extra aqueous layer was preserved at -80°C as a backup. 

The RNA was then purified according the protocol of Norgen Total RNA Purification Kit 

(Norgen Biotek Corp., Ontario, Canada). RNA quality was confirmed using agarose gel 

electrophoresis and a NanoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientific), which 

also reports an RNA concentration for the sample. Each sample was diluted to the same 

concentration in ng/uL to correct for differing sizes of brain tissue samples. Samples were then 

stored at -80°C until cDNA synthesis. 

cDNA Synthesis 

First strand cDNA was synthesized from the extracted RNA samples according to the 

protocol of Superscript III First Strand Synthesis System for RT-PCR (Invitrogen). 

A pool of RNA was made consisting of a few μL of purified RNA from 14 randomly selected 

fish, ensuring that at least one fish from each phenotypic group and collection time was 

represented in the pool. This pool was converted to cDNA with the same protocol for use in 

creating a standard curve for qPCR. 
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A “No Amplicon Control” (NAC) was created by using DEPC-treated water instead of 

RNA and completing the rest of the cDNA synthesis according to the protocol. This should test 

for the presence of other signals that could influence the results of qPCR such as primer dimers 

and genomic DNA contamination. A “No Transcriptase Control” (NTC) was created by using 

RNA from the combined pool and completing the cDNA synthesis protocol using DEPC-treated 

water instead of reverse transcriptase, ensuring that the RNA was not converted to cDNA. This 

should test for the presence of genomic DNA contamination in the RNA samples. 

qRT-PCR and Standard Curve 

Primers for bluehead wrasse kiss1, gnih, gnrh1, and cyp19a1b, as well as reference genes 

ef1a and rpl9 were previously designed using PrimerBLAST (NCBI) by Lema et al. (ef1a; 2012) 

and Lamm (kiss1, gnih, gnrh1, cyp19a1b, rpl9; 2017). Primers were designed to span at least one 

putative exon-exon boundary. Primers were created by Integrated DNA Technology (Coralville, 

IA). Primers were tested on bluehead wrasse brain cDNA and amplicons were Sanger-sequenced 

(Genomic Sciences Laboratory, North Carolina State University, Raleigh, NC) to confirm gene 

identities. 

Quantitative real-time PCR, (qRT-PCR) was performed using 2X SSOAdvanced 

Universal SYBR Green Supermix (Bio-Rad, Hercules, CA). A master mix was created from 

SYBR Green and the forward and reverse primers for each gene, then reverse-pipetted into a 

384-well qPCR plate, 8 μL per well. cDNA samples and standard curves were all run in 

triplicate, 2 μL per well.  Each well then contained 5 µl SYBR Green, 1.5 µl each primer (300 

nM final), and 2 µl sample. 

A standard curve was created by first serially diluting the stock cDNA pool (50 ng/μL) 

into solutions of 10 ng/μL, 5 ng/μL, 1 ng/μL, 0.5 ng/μL, 0.1 ng/μL, 0.05 ng/μL, and 0.01 ng/μL 
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with RNase/DNase-Free water. qPCR was performed on these samples of known concentration 

on each qPCR plate in order to create a standard curve, a linear equation for the relationship 

between the cycle threshold (Ct) value and the cDNA concentration of the sample (in ng/μL). 

This was used to calculate the concentration of cDNA in the unknown samples from their Ct 

value. 

The plates were covered with an optical heat seal and run on a BioRad CFX384 Real-

Time PCR machine with the following parameters: 1 cycle of 95°C for 30 seconds, 40 cycles of 

95°C for 15 seconds and 60°C for 30 seconds. Melting curves were also analyzed to ensure the 

presence of only one qPCR product. Wells were deleted in cases of unusual melting curves or if 

an individual Ct value was greater than 0.5 Ct from the triplicate mean. 

Concentration of cDNA for each gene was calculated using the equations generated by 

the standard curves. These values were normalized to (divided by) the geometric mean of the 

reference genes ef1a and rpl9 to control for input RNA concentration, integrity, and technical 

errors. These reference genes were chosen because they have been validated previously in the 

brains of adult bluehead wrasses (Lema et al., 2012; Lamm 2017). 

Statistics 

All statistical analyses were conducted in IBM SPSS Statistics for Windows, Version 

25.0 (IBM Corp.; Armonk, NY). 

First, a Pearson’s chi-squared test was performed to determine whether there was 

association between phenotype and collection category that might influence the outcome of the 

data. That test returned a non-significant p-value of 0.448, indicating no statistically significant 

association between the two categorical variables. 
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Next, a test of skewness and kurtosis was performed to determine whether a normal 

distribution could be assumed for the data in order to use ANOVA (Table 3). A normal 

distribution has a skewness and kurtosis statistic of 0, but values of ±2 are considered acceptable 

in order to not violate the assumption of normal univariate distribution. Kiss1, cyp19a1b, and 

gnrh1 all had statistics within this range, indicating that they have an approximately normal 

distribution. Gnih, on the other hand, had high values for both skewness (3.536) and kurtosis 

(16.373). For this reason, a non-parametric test (Kruskal-Wallis test) was used to confirm the 

results of parametric testing (ANOVA) on the gnih data, as non-parametric tests do not require 

the assumption of a normal distribution. All data was tested with two-way between-subjects 

ANOVA. Pairwise comparisons included Bonferroni adjustment for multiple comparisons. 

 

Results 

Samples were categorized based on their phenotype (male or female) and collection 

category (time of day and proximity to spawning time). For the purposes of this paper, the 

collection categories will be labeled: 

(1) “evening far” (fish collected in the evening far from their spawning time),  

(2) “evening close” (fish collected in the evening close to their spawning time), and 

(3) “morning far” (fish collected in the morning far from their spawning time). 

In total, 54 fish (20 TP males and 34 females) were collected. Table 1 is a frequency table 

showing the sample size of each collection category and phenotype. Table 2 lists the average 

expression of the four genes examined (after correction by dividing by the geometric mean of the 

two housekeeping genes, ef1α and rpl9).  
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Table 1: Frequency table representing sample size for each collection category and phenotype. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Collection Category   
  Evening Close Evening Far Morning Far Total: 

Male 

Count 6 4 10 20 

% within Phenotype 30.0 20.0 50.0 100.0 

% within Category 27.3 40.0 45.5 37.0 

% of total 11.1 7.4 18.5 37.0 

Female 

Count 16 6 12 34 

% within Phenotype 47.1 17.6 35.3 100.0 

% within Category 72.7 60.0 54.5 63.0 

% of total 29.6 11.1 22.2 63.0 

Total 

Count 22 10 22 54 

% within Phenotype 40.0 18.5 40.7 100.0 

% within Category 100.0 100.0 100.0 100.0 

% of total 40.7 18.5 40.7 100.0 



12 

Table 2: Average expression in ng/µL of each gene for each phenotype and collection category, 

presented as mean ± standard error. Values are corrected by dividing by the geometric mean of 

the expression of two reference genes, rpl9 and ef1α.  

  Average expression ± Standard Error (ng/µL) 

Collection 

Category Phenotype 
kiss1 gnih gnrh1 cyp19a1b  

Evening 

Close 

Male 1.6436 ± 0.3070 1.3148 ± 0.5049 1.1604 ± 0.1816 5.5138 ± 0.8951  

Female 1.2886 ± 0.2187 0.9780 ± 0.1186 1.1204 ± 0.1244 10.5724 ± 1.0102  

Evening 

Far 

Male 0.8240 ± 0.0744 0.5627 ± 0.0428 0.8003 ± 0.1442 3.4240 ± 1.1862  

Female 0.6763 ± 0.0665 0.5353 ± 0.0469 1.4329 ± 0.1662 10.9683 ± 0.8920  

Morning 

Far 

Male 1.1341 ± 0.2953 0.6477 ± 0.1174 1.2235 ± 0.1563 3.6431 ± 0.3488  

Female 0.8418 ± 0.1351 0.5756 ± 0.0386 0.9795 ± 0.1346 7.6368 ± 0.9625  

 

To test for differences in gene expression, two-way between-subjects ANOVA was used 

first. These results are summarized in Table 4. The main effect of the collection category was 

significant for kiss1 (p = 0.03) and gnih (p = 0.003). In both transcripts, expression is increased 

in groups close to spawning compared to those far from spawning. This effect was not significant 

for cyp19a1b (p = 0.05) or gnrh1 (p = 0.97). Only cyp19a1b showed a significant effect of 

phenotype (p < 0.001), with increased expression in females compared to males. None of the 

transcripts measured showed a significant interaction between collection category and 

phenotype. Table 5 shows the results of the pairwise comparisons obtained from the two-way 

between-subjects ANOVA. Figures 2 through 5 graphically display the average expression of 

each gene. 
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Table 3: Results obtained from two-way between-subjects ANOVA. Asterisks represent 

statistically significant results (p < 0.05). 

 
 Effect 

 Collection Category Phenotype 
Collection Category × 

Phenotype 

kiss1 F(2,48) = 3.67, p = 0.03* F(1,48) = 1.48, p = 0.23 F(2,48) = 0.07, p = 0.94 

gnih F(2,48) = 6.64, p = 0.003* F(1,48) = 0.88, p = 0.35 F(2,48) = 0.422, p = 0.66 

gnrh1 F(2,48) = 0.034, p = 0.97 F(1,48) = 0.68, p = 0.41 F(2,48) = 2.990, p = 0.06 

cyp19a1b F(2,48) = 3.13, p = 0.05 F(1,48) = 36.00, p < 0.001* F(2,48) = 1.138, p = 0.33 

 

 

 

 

 

Table 4: Results (p-values) obtained from pairwise comparisons via two-way between-subjects 

ANOVA with Bonferroni adjustment for multiple comparisons. Italicized values represent 

statistically significant results (< 0.05). 

 

Pairwise Comparison kiss1 gnih gnrh1 cyp19a1b 

Evening Close / Evening Far 0.050 0.016 1.000 1.000 

Evening Close / Morning Far 0.131 0.006 1.000 0.052 

Evening Far / Morning Far 1.000 1.000 1.000 0.577 
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Figure 2: Average expression of kiss1 for each phenotype and collection category. Error bars 

represent standard error of the mean. Two-way between subjects ANOVA shows a significant 

effect of collection category (F(2,48) = 3.67, p = 0.03). Pairwise comparisons indicate no 

significant difference between Evening Close and Evening Far (p = 0.05), Evening Close and 

Morning Far (p = 0.13), or Evening Far and Morning Far (p = 1.00).  
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Figure 3: Average expression of gnih for each phenotype and collection category. Error bars 

represent standard error of the mean. Two-way between subjects ANOVA shows a significant 

effect of collection category (F(2,48) = 6.63, p = 0.003). The non-parametric Kruskal-Wallis test 

confirmed a significant effect of collection category (p = 0.001). Pairwise comparisons indicate a 

significant difference between Evening Close and Evening Far (p = 0.02) and between Evening 

Close and Morning Far (p = 0.006), but not between Evening Far and Morning Far (p = 1.00). 
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Figure 4: Average expression of gnrh1 for each phenotype and collection category. Error bars 

represent standard error of the mean. Two-way between subjects ANOVA shows no significant 

effect of collection category (F(2,48) = 0.03, p = 0.97). Pairwise comparisons of all samples 

considered together indicate no significant difference between Evening Close and Evening Far (p 

= 1.00), Evening Close and Morning Far (p = 1.00), or Evening Far and Morning Far (p = 1.00). 

There is an appearance of a spike in gnrh1 expression in females in the Evening Far category, 

but pairwise comparisons of female fish only indicate no significant difference between Evening 

Close and Evening Far (p = 0.53), Evening Close and Morning Far (p = 1.00), or Evening Far 

and Morning Far (p = 0.19). 
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Figure 5: Average expression of cyp19a1b for each phenotype and collection category. Error 

bars represent standard error of the mean. Two-way between subjects ANOVA shows a 

significant effect of phenotype (F(1,48) = 36.0, p < 0.001), but no significant effect of collection 

category (F(2,48) = 3.13, p = 0.05). Pairwise comparisons of all samples considered together 

indicate no significant difference between Evening Close and Evening Far (p = 1.00), Evening 

Close and Morning Far (p = 0.05), or Evening Far and Morning Far (p = 0.58). Pairwise 

comparisons for males only indicate no significant difference between Evening Close and 

Evening Far (p = 0.24), Evening Close and Morning Far (p = 0.16), or Evening Far and Morning 

Far (p = 1.00). Similarly, pairwise comparisons for females only indicate no significant 

difference between Evening Close and Evening Far (p = 1.00), Evening Close and Morning Far 

(p = 0.12), or Evening Far and Morning Far (p = 0.21). 
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Discussion 

While gene expression across a lunar spawning cycle has been studied in seasonally 

spawning fish such as the grass puffer (Ando et al. 2013, Shahjahan et al. 2010) and common 

snook (Rhody et al. 2015), less is known about fish that spawn daily, such as the bluehead 

wrasse. The purpose of this study was to determine whether there were differences in gene 

expression in bluehead wrasse brains at different points in their daily spawning cycle; close to 

spawning or far from spawning and in the morning and the evening. In particular, I wanted to 

determine whether time of day or tide had a greater effect on the expression of key reproductive 

genes. 

There was a significant effect of collection category on the expression of both kiss1 and 

gnih. In both TP males and females, kiss1 appears to be elevated close to the spawning period 

compared to far from the spawning period. The expression of gnih follows the same pattern: 

elevated close to the spawning period compared to far from the spawning period. By contrast, 

there was no indication of an effect of time of day for either transcript. These results are 

consistent with the expression of both genes being more heavily influenced by tide than by time 

of day. 

This pattern is also consistent with previous gene expression findings in the grass puffer 

(Takifugu nobles), where researchers found increased expression of both kisspeptin genes and 

GnIH genes while the fish were spawning (Ando et al., 2013). In that study, kisspeptin was 

highly elevated (especially in females) spanning from the pre-spawning phase to the post-

spawning phase, and peaking in expression during spawning itself. Interestingly, in my study, 

there was a trend towards kiss1 expression being actually slightly higher in males across all 

collection categories, although that difference was not significant. 
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In the Ando et al. study (2013), expression of gnih gradually increased leading up to 

spawning and decreased after spawning. In males, expression of gnih peaked during the 

spawning period while in females, expression actually peaked during the pre-spawning period. It 

should be noted that as a daily-spawning fish, the spawning cycle of the bluehead wrasse is 

compressed compared to that of grass puffers, making it more difficult to distinguish between the 

pre-spawning and spawning periods defined by Ando et al. (2013). However, my study also 

found increased expression of GnIH in both males and females close to spawning compared to 

far from spawning, perhaps implicating GnIH as another instigating factor for spawning 

behavior. This result is consistent with that of previous studies in which GnIH was implicated in 

influences sexual behavior in other species, particularly birds, but also in mammals (Bentley et 

al., 2006; Perfito et al., 2011; Piekarski et al., 2013; reviewed in Bentley et al., 2010; Tsutsui et 

al., 2010b). In most of these cases, GnIH is inhibitory towards reproductive behavior. However, 

it has been previously documented in fish that the effect of GnIH can be inhibitory or excitatory 

to sexual behavior based on species, type of spawning rhythm, and many other factors (e.g., 

Amano et al., 2006; Zhang et al., 2010; Pasquier et al., 2011; Shahjahan et al., 2011; Moussavi et 

al., 2012; Zmora et al., 2012; Qi et al., 2013; Biran et al., 2014; Zmora et al., 2014). 

Expression of gnrh1 showed no significant changes across different collection categories. 

This is surprising given that in most vertebrate species, gonadotropin releasing hormone is a key 

mediator of the hypothalamic-pituitary-gonadal (HPG) axis that regulates reproduction (Ando et 

al., 2005; Kah et al., 2007; Zohar et al., 2010, Ando et al., 2013). Indeed, Ando et al. (2013) 

found that gnrh1 increases dramatically during spawning in the grass puffer (compared to both 

pre-spawning and post-spawning measurements). However, as noted previously, the grass puffer 

is a seasonally-spawning fish that aggregates for spawning in semi-lunar cycles during the 
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summer. It is possible that the role of GnRH in modulation of reproduction is different in fishes 

that spawn daily, or in species that are sequential hermaphrodites. Additionally, it is possible that 

other factors regulate the HPG axis more than the simply the abundance of gnrh1. For example, 

the expression of the GnRH receptors on the pituitary may change with the spawning cycle and 

thereby modulate GnRH action. 

It is also possible that our collection times were too broad; in Ando et al., 2013, GnRH 

spikes sharply only during spawning and returns to normal in pre-spawning and post-spawning 

samples. Perhaps if the bluehead wrasses were collected only during the spawning period rather 

than simply near it, a clearer pattern of expression would have emerged. Alternatively, it is 

unknown how long the bluehead wrasse females take to reach ovarian maturation during the 

daily spawning cycle, so it is possible that a peak in GnRH such as that observed by Ando et al. 

could actually occur in bluehead wrasses hours before the collection times in this study. 

Cyp19a1b (aromatase) showed a significant difference in expression between males and 

females, consistent with previous reports from bluehead wrasses and other teleosts, including sex 

changing species (Marsh-Hunkin et al., 2013; Black et al., 2005; see Callard et al., 2001 and Le 

Page et al., 2010 for reviews of aromatase in fishes). Interestingly, there was a strong trend 

towards a difference for collection category for cyp19a1b as well, those this was not statistically 

significant (p = 0.05). It appears that in males, the expression of aromatase may be increased 

close to spawning compared to far from spawning, while in females there appears to be an 

increased expression in the evening compared to the morning. This indicates that perhaps 

aromatase expression is correlated with tide and spawning behavior in males, but does not appear 

to be in females. One limitation of the approach here is that we examined cyp19a1b expression 

in whole forebrain samples. It would be valuable to examine these patterns in selected regions of 
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the forebrain such as the preoptic area of the hypothalamus, a key integrative region for male-

typical sexual behavior that exhibits sexual dimorphisms in gene expression in bluehead wrasses 

including for cyp19a1b (e.g., Semsar and Godwin, 2003; Marsh-Hunkin et al., 2013). 

Additionally, measurements of estradiol levels in brain tissue would be valuable as Ubuka et al. 

(2014) found substantial variation in brain estradiol in the Japanese quail that correlated with 

male-typical aggressive behavior and other studies in sex changing fishes have documented 

decreases in aromatase activity with female-to-male sex change (Black et al., 2005).  

It is important to note that the results presented here show a quantification of the amount 

of mRNA in the brain for each of these genes. While mRNA levels make for a good estimator of 

increased synthesis of those proteins, determining whether the mRNA expression levels correlate 

with the amount of protein synthesized is more involved and there can be a lack of 

correspondence between mRNA levels and levels of the corresponding protein (e.g. Gygi et al., 

1999). Similarly, the expression of cyp19a1b may not correlate directly with the amount of 

estrogen present. It would be interesting in the future to measure steroid hormone levels directly 

at different phases of the spawning cycle. 

         In conclusion, kisspeptin and gonadotropin-inhibitory hormone (GnIH) vary in relation to 

the spawning period in bluehead wrasses, suggesting they are involved in regulating the daily 

spawning cycle in this species. Gonadotropin-releasing hormone 1 (GnRH1) did not appear to 

show any particular pattern in measurements here across the spawning cycle, though this may be 

due to several factors, discussed previously. Aromatase may play a role in regulating the 

spawning cycle in males, but not females, although this effect was not statistically significant. 

The results presented above could be improved in the future by including the “morning close” 

category that was unfortunately excluded in this study due to weather constraints. Having that 
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collection category would enable greater statistical power in testing the lack of a time-of-day 

effect. In the future, the expression of more genes should be analyzed to produce a more 

complete characterization of transcriptional changes across the spawning cycle in this species. 

For example, melatonin has been identified in several studies as a regulator of the spawning 

cycle of teleost fish by entraining a biological rhythm based on light and dark (Park et al., 2006; 

Ikegami et al., 2009; Oliveira et al., 2011; Ando et al., 2013; reviewed in Migaud et al., 2010; 

Takemura et al., 2010). Additionally, direct measurements of protein abundance or steroid 

hormone abundance, as opposed to measuring expression of mRNA, would extend the 

conclusions drawn here based on transcript abundance. 
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