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Effects of bisphenol A and light conditions on the circadian 
rhythm of the goldfish Carassius auratus

Ji Yong Choi, Jong Ryeol Choe, Tae Ho Lee and Cheol Young Choi

Division of marine Bioscience, Korea maritime and ocean University, Busan, Republic of Korea

ABSTRACT
We investigated how exposure to bisphenol A (BPA) under different 
photoperiodic conditions affected the expression of clock genes in the 
brain and liver of the goldfish, Carassius auratus. Three photoperiodic 
conditions were used: control, LD; continuous light, LL; and continuous 
dark, DD; the fish were exposed to three concentrations of BPA, 
namely 0, 10, or 100 μg/L. We measured changes in the expression 
of cryptochrome 1 (Cry1), period 2 (Per2), and melatonin receptor 1 
(MT-R1). The levels of Cry1, Per2, and MT-R1 mRNAs decreased with 
increasing BPA concentration and with increasing exposure time. 
Expression of Cry1 and Per2 increased more in the LL group than in 
the LD and DD groups. However, for MT-R1, the DD group showed 
increased expression compared to the LL and LD groups. Our analysis 
shows that circadian rhythms in goldfish can be disrupted by exposure 
to BPA and that the response can be modified by regulating the 
photoperiod.

1. Introduction

As a consequence of the worldwide increase in the use of plastics, there is a growing interest 
in the possible toxicity on the aquatic environment of compounds used in the manufacture 
of plastics and generated by their disposal (Vermeirssen et al. 2017). One of the environ-
mental toxicants associated with plastic generation and disposal is bisphenol A (BPA; CAS 
85-05-7), a raw material for epoxy resin and plastic production, which has been reported to 
be toxic and induce oxidative stress in fish (Wu et al. 2013). In particular, BPA has estrogenic 
properties that can adversely affect the reproductive capacity of fish and can result in fem-
inization of males (Wozniak and Murias 2008). BPA is also an endocrine disrupting chemical 
that can interfere with the function of fish endocrine systems to reduce immunity and growth 
rates (Segner et al. 2003; Wu et al. 2011).

In addition to toxins such as BPA, many environmental factors can influence the function 
of the endocrine system (Pierce et al. 2008; Jin et al. 2009). In particular, the duration and 
intensity of exposure to light affects fish endocrine systems (Bromage et al. 2001). Thus, light 
is an important environmental factor that controls the fish biological cycle, as it can not only 
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induce or suppress physiological changes, but can also affect reproduction, growth, and 
behavior (Pierce et al. 2008; Shin et al. 2012).

In vivo, biological rhythms “circadian clocks” maintain physiological and behavioral home-
ostasis and regulate physiological changes due to environmental factors such as light (King 
and Takahashi 2000; Wu et al. 2016). A number of clock genes, termed “pace-makers”, have 
been identified (Sugama et al. 2008; Nanako et al. 2012; Choi et al. 2016). Two representative 
clock genes that regulate the circadian rhythm are period2 (Per2) and cryptochrome1 (Cry1), 
which are rapidly induced when stimulated by light (Cermakian et al. 2002; Besharse et al. 
2004). These genes show high levels of expression during daytime and low levels at night 
(Kim et al. 2012). In addition, they are found in most organisms and are known to be 
expressed in almost all tissues including the brain (Lin and Todo 2005; Albrecht et al. 2007).

Melatonin is also known to have an important role in the regulation of circadian rhythms. 
It is mainly produced in the pineal gland and retina (Jung et al. 2016) where it is synthesized 
from 5-hydroxytryptamine by the enzyme arylalkylamine N-acetyltransferase-1 whose activ-
ity is inhibited by light; the amount of melatonin secreted into plasma at night is increased 
compared to daytime (Klein et al. 2002). Melatonin functions by binding to melatonin recep-
tors (MTs), which belong to the G-protein-coupled receptor superfamily, present in the 
membranes of target tissues; overall, MTs are preferentially distributed in the central nervous 
system and ganglia of vertebrate species, and play a role in controlling melatonin to perform 
physiological functions in these tissues (Park et al. 2013). Dubocovich et al. (2000) reported 
the presence of three MT subtypes, named MT1, MT2, and MT3. Of these, MT1 has a role in 
recognizing seasonal and environmental changes in the brain, particularly in the hypophysial 
pars tuberalis and hypothalamic suprachiasmatic nucleus (SCN), and controlling biological 
rhythms (Reppert et al. 1996).

Here, we investigated the effects of BPA and diurnal variations in light on biological 
rhythms in goldfish by exposing the fish to BPA and to different diurnal cycles and compared 
changes in the expression of Cry1, Per2, and MT-R1 in brain and liver tissues.

2. Materials and methods

2.1. Experimental fish and conditions

For this experiment, common goldfish (N = 540, length, 6.4 ± 0.18 cm; mass, 12.4 ± 1.6 g) 
were purchased from a commercial aquarium (Choryang, Busan, Korea) and were allowed 
to acclimate for 2 weeks in nine 300-L circulation filter tanks, consisting of four mini tanks, 
in the laboratory. Each filter tank (experimental group) contained 60 fish; each mini-tank 
contained 15 fish. Five fish were randomly selected from each mini-tank at each sampling 
interval. The goldfish were reared using an automatic temperature regulation system 
(JS-WBP-170RP; Johnsam Co., Seoul, Korea). Water temperature was maintained at 22 °C.

We established a control group, which was not exposed to BPA, and two experimental 
groups, which were exposed to 10 or 100 μg/L BPA (C15H16O2, Sigma, USA). No fish died as 
a result of the BPA exposure. Following BPA exposure, the control and experimental groups 
were exposed to light from a white fluorescent bulb placed 40 cm above the surface of water; 
for 2 days in 4 h intervals. Fish were first sampled 2 h after the beginning of BPA treatment; 
the sampling schedule was 2, 6, 10, 14, 18, 22, 26, 30, 34, 38, 42, and 46 h. The experiment 
started at 07:00. Photoperiods of 12 h L:12 h D (12L:12D), 24 h light (LL), and 24 h dark (DD) 
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were established. The 12L:12D treatment (lights on at 07:00 and lights off 19:00) is similar to 
a natural photoperiod.

For all experiments, the fish were given commercial feed daily until the day prior to sam-
pling. The fish were anesthetized with 2-phenoxyethanol (Sigma, St. Louis, MO, USA) to 
minimize stress prior to collection of blood and brain and liver tissues. Blood was collected 
from the caudal vein using a 1-mL syringe coated with heparin. Plasma samples were sep-
arated by centrifugation (4 °C, 1000 × g, for 15 min) and stored at −80 °C until analysis. The 
tissues were removed from the fish, immediately frozen in liquid nitrogen, and stored at 
−80 °C until analysis.

2.2. Total RNA extraction and cDNA synthesis

Total RNA was extracted from each sample using a TRIzol kit according to the manufacturer’s 
instruction (Gibco/BRL, Gaithersburg, MD, USA). The concentration and purity of the RNA 
samples were determined by UV spectroscopy at 260 and 280 nm. Total RNA (2 μg) was 
reverse transcribed in a total volume of 20 μL, using an oligo-d(T)15 anchor and M-MLV 
reverse transcriptase (Bioneer, Korea) according to the manufacturer’s protocol. The resulting 
cDNA was diluted and stored at −20 °C for use in polymerase chain reaction (PCR) 
experiments.

2.3. Real-time quantitative PCR (RT-qPCR)

In this study, we followed the recommended guidelines for minimum information for pub-
lication of RT-qPCR experiments (Bustin et al. 2009). Total RNA was synthesized to cDNA by 
reverse transcription using M-MLV reverse transcriptase (Promega, USA) according to the 
manufacturer’s instructions. RT-qPCR was performed using cDNA. RT-qPCR was conducted 
to determine the relative levels of Cry1 (GenBank accession no. EF690700), Per2 (EF690697), 
and MT-R1 (AB481372) mRNA in the brain and liver. The primers used for the qPCR are pre-
sented in Table 1. These primers were designed for each gene using the Beacon Designer 
software (Bio-Rad, Hercules, CA, USA). Primer alignments were performed with the BLAST 
database, to ensure the specificity of primers. The PCR amplification was conducted using 
a BIO-RAD iCycler iQ Multicolor Real-time PCR Detection System (Bio-Rad, USA) and iQ™ 
SYBR Green Supermix (Bio-Rad, USA) following the manufacturer’s instructions. The RT-qPCR 
was performed as follows: 95 °C for 5 min, followed by 50 cycles each of 95 °C for 20 s and 
55 °C for 20 s. As an internal control, experiments were similarly performed to amplify β-actin, 
and all quantitative data are expressed relative to the corresponding β-actin (AB039726) 

Table 1. Primers used for qPcR amplification.

Genes (accession no.) Primer Sequence
cry1 (eF690700) Forward 5′-cgg aga cct gtg gat cag-3′

Reverse 5′-gtg gaa gaa ttg ctg gaa-3′
Per2 (eF690697) Forward 5′- ctg gag ccg caa agt ttc-3′

Reverse 5′- ctg gat gtc tga gtc taa-3
mt-R1 (aB481372) Forward 5′-ggt tgg cag tag cga ttt-3′

Reverse 5′-ctc acg acg gaa gtt ctg-3′
β-actin (aB039726) Forward 5′- ttc cag cca tcc ttc cta −3′

Reverse 5′- tac ctc cag aca gca cag −3′
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calculated threshold cycle (ΔCt) levels. The calibrated ΔCt value (ΔΔCt) for each sample and 
internal controls (β-actin) was calculated using the 2-ΔΔCt method [ΔΔCt = 2^–(ΔCtsample 
– ΔCtinternal control)].

2.4. Statistical analysis

All data were analyzed using the SPSS statistical package (version 19.0; SPSS Inc., USA). A 
one-way ANOVA followed by Tukey’s post-hoc test was used to compare differences in the 
data (p < 0.05). The values are expressed as means ± standard error (SE).

3. Results

The relative levels of three biorhythm associated genes, Per2, Cry1, and MT-R1, were 
screened in the brains and livers of fish given different BPA and light treatments (Figures 
1–6). The patterns of response of all three genes were similar in the brain and liver tissues 
and among different BPA treatments, although not for responses to light treatment. Per2, 
Cry1, and MT-R1 mRNAs in fish exposed to BPA did not differ between the two tissues. Also, 
regardless of the concentration of BPA, the levels of Per2 and Cry1 expression were signif-
icantly higher in fish of the LL group, while the DD group had the lowest levels. By contrast, 
MT-R1 expression was highest in the DD group. When compared to the BPA-untreated 
experimental group, the mRNA expression level of each of the three genes was not signif-
icantly different at 10 μg/L of BPA, but it was significantly decreased when exposed to 
100 μg/L of BPA.

4. Discussion

BPA is an endocrine disrupting compound that acts in vivo by inducing toxic stress to 
decrease immunity and reproductive capacity, and disturbing biorhythms. However, the 
concentration of an endocrine disrupting compound required to induce an effect varies 
among target species (Rhee et al. 2014). Rhee et al. (2014) reported that expression of clock 
genes was disturbed when mangrove killifish, Kryptolebias marmoratus, were exposed to 
environmental toxins including BPA. Recent studies have used changes in expression of 
clock genes as an indicator of alteration of the circadian rhythm (Kim et al. 1996; Rhee et al. 
2014). Therefore, in this study, we investigated the effect of BPA treatment on biorhythm 
changes in goldfish under various photoperiod conditions by comparing clock gene and 
melatonin gene expression patterns.

The relative levels of Cry1 and Per2 mRNAs in brain and liver of goldfish exposed to BPA 
showed no significant differences between the tissues. Regardless of the concentration of 
BPA, the mRNA level of each gene was significantly higher in the LL group and lowest in the 
DD group. Compared with the control group, no significant change in mRNA levels was seen 
after 10 μg/L BPA, but a significant decrease was seen after 100 μg/L BPA. The oscillation of 
expression was significantly reduced at each time.

In a similar study, Rhee et al. (2014) reported that the circadian pattern of clock gene 
mRNA expression decreased with time in mangrove killifish (K. marmoratus) and Japanese 
killifish (Oryzias latipes) exposed to 600 μg/L BPA, suggesting that the chemical directly inhib-
ited expression of clock genes and induced asynchrony in expression of the gene. On the 
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other hand, Swearingen (2016) reported that exposure to high-concentration BPA leads to 
oxidative stress, and that this stress in tissues of the peripheral nervous system can induce 

Figure 1. changes in the levels of Cry1 mRNa in the brain of goldfish exposed to BPa for different intervals 
under different photoperiods: (a) lD = 12 h light:12 h dark, (control); (b) ll = 24 h light; (c) DD = 24 h 
dark. Results are expressed as normalized fold expression levels with respect to the β-actin levels in the 
same sample.
Notes: the white bar represents the photophase and the black bar represents the scotophase; the three columns represent 
the different photoperiods in each group. the numbers indicate significantly different levels of mRNa within the same 
BPa concentration and photoperiod (p  <  0.05). the lowercase letters indicate significant differences between each BPa 
concentration within the same photoperiod and time of BPa treatment (p < 0.05). all values are means ± se (n = 5).
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or inhibit clock gene expression, resulting in disturbance of circadian rhythm through the 
action of glucocorticoid hormones.

We suggest that BPA acts directly on cells that express clock genes, not only by inhibiting 
mRNA synthesis, but also by directly or indirectly inducing the production of substances 

Figure 2. changes in the levels of Cry1 mRNa in the liver of goldfish exposed to BPa for different intervals 
under different photoperiods: (a) lD = 12 h light:12 h dark, (control); (b) ll = 24 h light; (c) DD = 24 h 
dark. Results are expressed as normalized fold expression levels with respect to the β-actin levels in the 
same sample.
Notes: the white bar represents the photophase and the black bar represents the scotophase. the numbers indicate 
significantly different levels of mRNa within the same BPa concentration and photoperiod (p < 0.05). the lowercase letters 
indicate significant differences between each BPa concentration within the same photoperiod and time of BPa treatment 
(p < 0.05). all values are means ± se (n = 5).
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that inhibit the expression of clock genes, resulting in a significantly lower level of 
expression.

In the present study, consistent with previous studies, the levels of Cry1 and Per2 mRNAs 
in goldfish exposed to 10 μg/L BPA were not significantly different, but the expression levels 

Figure 3. changes in the levels of Per2 mRNa in the brain of goldfish exposed to BPa for different intervals 
under different photoperiods: (a) lD = 12 h light:12 h dark, (control); (b) ll = 24 h light; (c) DD = 24 h 
dark. Results are expressed as normalized fold expression levels with respect to the β-actin levels in the 
same sample.
Notes: the white bar represents the photophase and the black bar represents the scotophase; the three columns represent 
different photoperiods in each group. the numbers indicate significantly different levels of mRNa within the same BPa 
concentration and photoperiod (p  <  0.05). the lowercase letters indicate significant differences between each BPa 
concentration within the same photoperiod and time of BPa treatment (p < 0.05). all values are means ± se (n = 5).
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in fish exposed to 100 μg/L BPA were significantly decreased. In other words, BPA acted as 
an inhibitory factor in the biological rhythm of goldfish. Additionally, exposure to light 
seemed to be an important factor in the changes to biological rhythm regardless of BPA 

Figure 4. changes in the levels of Per2 mRNa in the liver of goldfish exposed to BPa for different intervals 
under different photoperiods: (a) lD = 12 h light:12 h dark, (control); (b) ll = 24 h light; (c) DD = 24 h 
dark. Results are expressed as normalized fold expression levels with respect to the β-actin levels in the 
same sample.
Notes: the white bar represents the photophase and the black bar represents the scotophase. the numbers indicate 
significantly different levels of mRNa within the same BPa concentration and photoperiod (p < 0.05). the lowercase letters 
indicate significant differences between each BPa concentration within the same photoperiod and time of BPa treatment 
(p < 0.05). all values are means ± se (n = 5).
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concentration. However, BPA can directly inhibit expression of biorhythm genes and also 
act as a toxic substance to induce oxidative stress in vivo, thereby suppressing expression 
of the clock gene and negatively affecting the biological rhythm.

Figure 5. changes in the levels of MT-R1 mRNa in the brain of goldfish exposed to BPa for different 
intervals under different photoperiods: (a) lD = 12 h light:12 h dark, (control); (b) ll = 24 h light; (c) 
DD = 24 h dark. Results are expressed as normalized fold expression levels with respect to the β-actin 
levels in the same sample.
Notes: the white bar represents the photophase and the black bar represents the scotophase. the numbers indicate 
significantly different levels of mRNa within the same BPa concentration and photoperiod (p < 0.05). the lowercase letters 
indicate significant differences between each BPa concentration within the same photoperiods and time of BPa treatment 
(p < 0.05). all values are means ± se (n = 5).
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We also examined the effect of BPA treatments on expression of the melatonin gene MT-
R1, which is an indicator for biological rhythms in fish. Melatonin plays a diverse role in vivo 
and is inhibited by light. It also functions to reduce oxidative stress caused by the external 

Figure 6. changes in the levels of MT-R1 mRNa in the liver of goldfish exposed to BPa for different intervals 
under different photoperiods: (a) lD = 12 h light:12 h dark, (control); (b) ll = 24 h light; (c) DD = 24 h 
dark. Results are expressed as normalized fold expression levels with respect to the β-actin levels in the 
same sample.
Notes: the white bar represents the photophase and the black bar represents the scotophase. the numbers indicate 
significantly different levels of mRNa within the same BPa concentration and photoperiod (p < 0.05). the lowercase letters 
indicate significant differences between each BPa concentration within the same photoperiod and time of BPa treatment 
(p < 0.05). all values are means ± se (n = 5).
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environment and is important substance in terms of immunology and toxicology (Wu et al. 
2013). We found here that the higher level of BPA significantly decreased the MT-R1 mRNA 
level; we also found that the level of MT-R1 mRNA decreased significantly with time. The 
level of MT-R1 mRNA was significantly greater in the DD group than in the LD and LL groups.

Shin et al. (2011) reported that the nighttime circadian pattern of MT-R expression in the 
pineal gland of olive flounder, Paralichthys olivaceus, after exposure to LD or DD for 28 h was 
significantly higher than daytime expression. Melatonin concentrations in the plasma of 
rock bream, Oplegnathus fasciatus, are significantly decreased with increasing BPA concen-
tration and exposure time (Choi et al. 2016).

Similar to previous studies, we found that MT-R1 expression was significantly decreased 
with increasing BPA concentration in goldfish. MT-R1 was mainly expressed at nighttime 
and significantly increased in the DD photoperiod group compared to the LD and LL groups. 
Therefore, we suggest that BPA acts as a toxic substance to goldfish and interferes with the 
circadian rhythm in vivo.

In conclusion, the results of this study suggest that (1) BPA acts directly on exposed tissue 
cells to inhibit the expression of clock genes and increase the disturbance of circadian rhythm 
and (2) the expression of circadian genes in daytime and nighttime time is reduced by the 
toxic effects of a high concentration (100 μg/L) of BPA, indicating that the biological rhythms 
of the goldfish were disturbed.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This research was supported by the project titled “Development and commercialization of high density 
low temperature plasma based seawater sterilization pulification system”, and “Long-term change of 
structure and function in marine ecosystems of Korea,” funded by the Ministry of Oceans and Fisheries, 
Korea.

References

Albrecht U, Bordon A, Schmutz I, Ripperger J. 2007. The multiple facts of Per2. Cold Spring Harb Symp 
Quant Biol. 72:95–104.

Besharse JC, Zhuang M, Freeman K, Fogerty J. 2004. Regulation of photoreceptor Per1 and Per2 by 
light, dopamine and a circadian clock. Eur J Neurosci. 20:167–174.

Bromage N, Porter M, Randall C. 2001. The environmental regulation of maturation in farmed finfish 
with special reference to the role of photoperiod and melatonin. Aquaculture. 197:63–98.

Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, Kubista M, Mueller R, Nolan T, Pfaffl MW, Shipley 
GL, et al. 2009. The MIQE guidelines: minimum information for publication of quantitative real-time 
PCR experiments. Clin Chem. 55:611–622.

Cermakian N, Pando MP, Thompson CL, Pinchak AB, Selby CP, Gutierrez L, Wells DE, Cahill GM, Sancar A, 
Sassone CP. 2002. Light induction of a vertebrate clock gene involves signaling through blue-light 
receptors and MAP kinases. Curr Biol. 12:844–848.

Choi JY, Kim TH, Choi YJ, Kim NN, Oh SY, Choi CY. 2016. Effects of various LED light spectra on antioxidant 
and immune response in juvenile rock bream, Oplegnathus fasciatus exposed to bisphenol A. Environ 
Toxicol Pharmacol. 45:140–149.



BIOLOGICAL RHYTHM RESEARCH   513

Choi JY, Kim NN, Choi YJ, Park MS, Choi CY. 2016. Differential daily rhythms of melatonin in the pineal 
gland and gut of goldfish Carassius auratus in response to light. Biol Rhythm Res. 47:145–161.

Dubocovich ML, Cardinali DP, Delagrange PRM, Krause DN, Strosberg D, Sugden D, Yocca FD. 2000. 
Melatonin receptors. In: Girdlestone D, editor. The IUPHAR compendium of receptor characterization 
and classification. London: IUPHAR Media; p. 270–277.

Jin YX, Chen RJ, Sun LW, Liu WP, Fu ZG. 2009. Photoperiod and temperature influence endocrine 
disruptive chemical-mediated effects in male adult zebrafish. Aquat Toxicol. 92:38–43.

Jung SJ, Choi YJ, Kim NN, Choi JY, Kim B-S, Choi CY. 2016. Effects of melatonin injection or green-
wavelength LED light on the antioxidant system in goldfish (Carassius auratus) during thermal stress. 
Fish Shellfish Immunol. 52:157–166.

Kim WS, Jeon JK, Lee SH, Huh HT. 1996. Effects of pentachlorophenol (PCP) on the oxygen consumption 
rate of the river puffer fish, Takifugu obscurus. Mar Ecol Prog Ser. 143:9–14.

Kim NN, Shin HS, Lee JH, Choi CY. 2012. Diurnal gene expression of Period2, Cryptochrome1, and 
arylalkylamine N-acetyltransferase-2 in olive flounder, Paralichthys olivaceu. Anim Cells Syst. 16:27–
33.

King DP, Takahashi JS. 2000. Molecular genetics of circadian rhythms in mammals. Annu Rev Neurosci. 
23:713–742.

Klein DC, Ganguly S, Coon S, Weller JL, Obsil T, Hickman A, Dyda F. 2002. 14-3-3 proteins and 
photoneuroendocrine transduction: role in controlling the daily rhythm in melatonin. Biochem 
Soc Trans. 30:365–373.

Lin C, Todo T. 2005. The cryptochromes. Genome Biol. 6:220.
Nanako W, Kae I, Makoto M, Yuichiro F, Daisuke S, Hiroshi H, Susumu U, Hayato Y, Tohru S. 2012. Circadian 

pacemaker in the suprachiasmatic nuclei of teleost fish revealed by rhythmic period2 expression. 
Gen Comp Endocr. 178:400–407.

Park MS, Shin HS, Kim NN, Lee JH, Kil G-S, Choi CY. 2013. Effects of LED spectral sensitivity on circadian 
rhythm-related genes in the yellowtail clownfish, Amphiprion clarkii. Anim Cells Syst. 17:99–105.

Pierce LX, Noche RR, Ponomareva O, Chang C, Liang JO. 2008. Novel functions for period 3 and exo-
rhodopsin in rhythmic transcription and melatonin biosynthesis within the zebrafish pineal organ. 
Brain Res. 1223:11–24.

Reppert SM, Weaver DR, Godson C. 1996. Melatonin receptors step into the light: cloning and 
classification of subtypes. Trends Pharmacol Sci. 17:100–102.

Rhee JS, Kim BM, Lee BY, Hwang UK, Lee YS, Lee JS. 2014. Cloning of circadian rhythmic pathway 
genes and perturbation of oscillation patterns in endocrine disrupting chemicals (EDCs)-exposed 
mangrove killifish, Kryptolebias marmoratus. Comp Biochem Physiol C. 164:11–20.

Segner H, Caroll K, Fenske M, Janssen CR, Maack G, Pascoe D, Wenzel A. 2003. Identification of endocrine-
disrupting effects in aquatic vertebrates and invertebrates: report from the European IDEA project. 
Ecotoxicol Environ Saf. 54:302–314.

Shin HS, Kim NN, Lee J, Kil G-S, Choi CY. 2011. Diurnal and circadian regulations by three melatonin 
receptors in the brain and retina of olive flounder, Paralichthys olivaceus: profiles following exogenous 
melatonin. Mar Freshw Behav Physiol. 44:223–238.

Shin HS, Lee JH, Choi CY. 2012. Effects of LED light spectra on the growth of the yellowtail clownfish, 
Amphiprion clarkii. Fish Sci. 78:549–556.

Sugama N, Park JG, Park YJ, Takeuchi Y, Kim SJ, Takemura A. 2008. Moonlight affects nocturnal Period 
2 transcript levels in the pineal gland of the reef fish, Siganus guttatus. J Pineal Res. 45:133–141.

Swearingen B. 2016. Effects of corticosterone and stress on cry1 expression in the prefrontal cortex of 
male rats, and sex differences in stress-induced cry1 expression in the hypothalamic suprachiasmatic 
and paraventricular nuclei of male and female rats [undergraduate honors theses].  University of 
Colorado. Boulder. Paper 1152.

Vermeirssen EL, Dietschweiler C, Werner I, Burkhardt M. 2017. Corrosion protection products as a source 
of bisphenol A and toxicity to the aquatic environment. Water Res. 123:586–593.

Wozniak M, Murias M. 2008. Xenoestrogens: endocrine disrupting compounds. Ginekol Pol. 79:785–790.
Wu M, Xu H, Shen Y, Qiu W, Yang M. 2011. Oxidative stress in zebrafish embryos induced by short term 

exposure to bisphenol A, nonylphenol, and their mixture. Environ Toxicol Chem. 30:2335–2341.



514   J. Y. CHOI ET AL.

Wu HJ, Liu C, Duan WX, Xu SC, He MD, Chen CH, Wang Y, Zhou Z, Yu ZP, Zhang L, et al. 2013. Melatonin 
ameliorates bisphenol A-induced DNA damage in the germ cells of adult male rats. Mutat Res Genet 
Toxicol Environ Mutagen. 752:57–67.

Wu P, Li YL, Cheng J, Chen L, Zhu X, Feng ZG, Chu WY. 2016. Daily rhythmicity of clock gene transcript 
levels in fast and slow muscle fibers from Chinese perch, Siniperca chuatsi. BMC Genomics 17:1008.


	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Experimental fish and conditions
	2.2. Total RNA extraction and cDNA synthesis
	2.3. Real-time quantitative PCR (RT-qPCR)
	2.4. Statistical analysis

	3. Results
	4. Discussion
	Disclosure statement
	Funding
	References



