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Abstract

Normalization of reference genes through the selection of appropriate housekeeping genes is
important for the reliable quantification of mRNA analyzed using real-time polymerase chain
reaction (qQRT-PCR). The suitability of various housekeeping genes (HKGs), were valuated
as internal references to verify the levels of the contaminant bisphenol A (BPA, 2,2-bis
(4-hydroxyphenyl) propane) by determining the level of gene expression of cytochrome P450 4
(cyp4) within the digestive gland of green mussels (Perna viridis)—a species used for biomonitoring
environmental levels. Additionally, the effect was explored of mussel gender and maturity status
(juvenile or mature) on the stability of the expression of the reference genes. Three candidate HKGs
were examined, namely 78S rRNA, 28S rRNA and f-actin. The expression stability was calculated
using three statistical approaches—NormFinder, BestKeeper and a comparative threshold cycle
(Ct) method. The study found that of the three candidate reference genes, 28S rRNA and 18S rRNA
were the most stable with no significant differences when maturity, gender and exposure to BPA
were considered. It was noted that when these genes (/8S rRNA, 28S rRNA, p-actin) were used
for normalization using animals exposed to 10 ng BPA and the gqRT-PCR method, different levels
of cyp4 expression were observed. However, BPA significantly decreased the expression levels
of cyp4 compared to the control (animals not exposed to BPA), only when /8S ¥rRNA was used as
an internal reference. These results highlighted the importance of selecting appropriate reference
genes as the endogenous control in qRT-PCR in biomonitoring programs of BPA.

Introduction

polycarbonate-based plastic waste produced by human activity.
For example, the Map Ta Phut Industrial Estate situated in Rayong

The recent increase in industrial activity in the eastern region province, where many polycarbonate plants are located, is the

of Thailand, especially along the coastal provinces of the Gulf  largest hub of producers in Thailand. Among these, one of the main

of Thailand, has resulted in a marked increase in the amount of =~ manufacturers (name withheld) produces approximately 290,000 t
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of polycarbonate-based plastic each year. The primary monomer raw
material involved in the production is bisphenol A (BPA) or 2,2-bis
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(4-hydroxyphenyl) propane. BPA is an organic compound used in
the production of polycarbonates and epoxy resin that are two major
components in plastic applications such as in the inner lining of water
containers (Salgueiro-Gonzalez et al., 2012). BPA has been known
to leak into the environment from industrial and municipal sites and
when present in high concentrations, it can cause adverse effects on
marine organisms (Oehlmann et al., 2006; Flint et al., 2012; Canesi
and Fabbri, 2015; Mathieu-Denoncourt et al., 2015; Xue and Kannan,
2016) and aquatic ecosystems. BPA is a xenoestrogen with properties
able to mimic natural estrogen; its impacts on human health have
been studied extensively but opinion is still very much divided as
to the levels that exert adverse effects (Chouhan et al., 2014). Thus,
in evaluating the effects of BPA contamination on various aquatic
organisms, biomarkers have proved to be very useful (Schettino et
al., 2012). The molecular processes occurring within an organism
following pollutant exposure can provide a highly sensitive, early
warning system of toxicological effects within individual populations.
Green mussels (Perna viridis), which are cultured extensively
throughout the Gulf of Thailand and Southeast Asia, as a sentinel
organism that can bioaccumulate BPA, serve as an appropriate species
to assess the potential effects of various toxicants (Ruangwises and
Ruangwises, 1998; Boonyatumanond et al., 2002; Monirith et al.,
2003; Fung et al., 2004; Isobe et al., 2007).

In eco-toxicological studies, quantitative real-time polymerase
chain reaction (QRT-PCR) is considered a highly sensitive tool for the
quantification of mRNA transcripts of select genes used as biomarkers
in species affected by environmental contamination (Bustin, 2002;
Dermitzakis, 2008; Maier et al., 2009). To obtain accurate and reliable
mRNA transcript results of the sensitive qPCR method, proper
normalization of internal reference genes is essential. Typically, one
or more housekeeping genes are selected to be referenced against
a target gene of interest because they normally display minute
variations in expression levels across various different development
phases, tissue types and environmental conditions (Wong and
Medrano, 2005). Among these, the ribosomal RNA genes (/8S rRNA
and 285 rRNA) and a cytoskeleton actin gene (S-actin) are commonly
used as endogenous references in the QRT-PCR method. However, the
selection of unsuitable reference genes for normalization can increase
the error in the analysis of the test results (Wong and Medrano, 2005).
Hence, accurate screening for suitable reference genes can result in
minimizing the overall analytical costs.

Therefore, the aim of the current study was to determine the utility
of three potential reference genes (/8S rRNA, 28S rRNA, B-actin)
for qRT-PCR using green mussels as a bio-indicator of bisphenol
A contamination. Additionally, the influence was investigated of
the different sexes and developmental stages (juvenile and mature)
of these marine bivalves on the expression stability. The relative
expression was quantified of the cytochrome P450 4 (cyp4) gene
encoding the cytochrome P450 (CYP4) enzyme participating in
the xenobiotic transformation by normalization with the candidate
reference genes. Therefore, the aim of the study was to identify an
appropriate reference gene for qRT-PCR use in programs applied for
biomonitoring the levels of BPA.

Materials and Methods

Sample collection and maintenance

Juvenile (2 + 0.4 cm shell length; n = 60) and mature (5 = 0.5 cm
shell length, approximately 1 g dry shucked weight; n = 90) green
mussels were obtained from a mussel farm (details not disclosed)
in Trat province, Thailand in January 2017 and transported within
6 hr to the hatchery of the Department of Aquatic Science, Faculty
of Science, Burapha University. This site had served as the reference
site in a previous study (Ocharoen et al., 2018) where the levels of
BPA contamination within the Gulf of Thailand were found to be
low (1.21 + 0.01 ng/L BPA in seawater). The mussels were then
conditioned in a 160 L glass tank with artificial seawater (30 parts per
trillion, 120 L) and gently aerated using four evenly spaced 3.8 cm?
air stones. The animals were fed twice daily (0900 hours and 1500
hours) with the diatom Chaetoceros sp. for 1 wk before starting the
experiment. The number of mussels subsequently used for study is
summarized in Fig. 1.

Experiment 1: Assessment of reference genes and maturity status
of green mussels

The shells of 50 mature and 50 juvenile mussels were opened
and the mussels were sexed. Three males and three females of each
maturity status were then combined as one pool (n = 6). Triplicate
samples of six mussels were prepared for each maturity stage (Fig. 1).

Experiment 2: Assessment of reference genes and mussel gender

From the mussels that were sexed for the first experiment, three
triplicate pools each containing six males were processed alongside
three triplicate pools of six females (Fig. 1).

Experiment 3: Assessment of reference genes on exposure to
bisphenol 4

The remaining 40 mature mussels were divided into four pools
of 10 mussels, with two pools serving as the treatment groups and
the remaining two pools as their corresponding controls (Fig. 1).
The control group was given a 100 pL injection of 0.03% dimethyl
sulfoxide (DMSO) in artificial seawater, while the treatment group was
injected with 100 pL containing 0.03% DMSO+10 ng BPA in artificial
seawater. A 1 mL sterile 27Gx}2” U-100 insulin syringe (NIPRO;
Thailand) was used to inject each individual mussel in the adductor
muscle. One control pool and one treatment pool of mussels were
then dissected to give a time zero sample (T,). The digestive gland
from each mussel was removed and sub-sampled to produce three
pseudo-replicated samples each consisting of material excised from
six mussels. The samples were then submitted for RNA extraction
and qRT-PCR analysis. The remaining two groups of mussels were
stocked into separate glass aquaria (20 cm x 32 cm x 20 c¢cm) and
maintained for 12 hr before they were processed in the same manner
as the T, sample.
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Fig. 1 Summary of experimental design used, where DMSO = dimethyl sulfoxide, BPA = 2,2-bis (4-hydroxyphenyl) propane
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Total RNA extraction and cDNA synthesis

The total RNA was extracted from the digestive glands of each
individual mussel (0.2 g/sample) using TRIzol reagent (Invitrogen;
USA) and then further treated with RNase-free DNase I (Thermo
Fisher Scientific; USA) to remove any genomic DNA contamination,
following the manufacturer’s protocols. The quantity and quality
of the RNA were then determined using Nanodrop® 2000 (Thermo
Fisher Scientific; USA) at absorbances of 260 nm and 280 nm.
The samples with A260/280 values > 2.0 were then selected for
further analysis. One microgram of RNA from each sample was then
converted into complementary DNA (cDNA) using a RevertAid
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific; USA)
as per the kit instructions. The cDNA was typically diluted 10-fold
(except for the real-time PCR amplification efficiency test where 1 pL
was used directly) with nuclease-free distilled water; 1 uL was then
submitted for qRT-PCR analysis in a final volume of 15 pL.

Selection of candidate reference genes and primer design

A comparison was conducted between three common housekeeping
genes—(cytoskeletal S-actin (f-actin) and two ribosomal RNA genes
(18S and 28S). The specific oligonucleotide primers of those genes for
PCR amplification were designed from sequences deposited within
the GenBank database (https://www.ncbi.nlm.nih.gov/) and the right
amplicons were confirmed by cloning, sequencing and homology
searches against entries within the database using standard nucleotide
BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Each pair of
primers used in the qRT-PCR reaction, was designed using Primer3
(http://bioinfo.ut.ee/primer3-0.4.0/) by taking into consideration the
length of each primer (18-20 bp), melting temperature (55-60 °C),
C+G contents (40-66%) and target size (100-210 bp). Then, qRT-PCR
was performed on the same RNA samples. The amplification efficiency
(E) of each individual gene was calculated according to the Equation 1
provided by Brankatschk et al. (2012):

namely E = [10¢1sp9) -1] ()

A standard curve was used to calculate the qRT-PCR amplification
efficiency. A series of five-fold dilutions, prepared in triplicate,
(200, 100, 50, 25 and 20 ng relative to the original concentration of
RNA to the cDNA sample). The correlation coefficient (R?) value of
the slope was used to calculate efficiency. All PCR reactions were
conducted in 96-well plates using a StepOnePlus™ Real-Time PCR
System (Applied Biosystems; USA). Each gene reaction contained 1x
SYBR® master mix (Thermo Fisher Scientific, USA), 0.3 uM of the
primers and 1 uL. cDNA and used the following qRT-PCR conditions:
pre-denaturation at 95°C for 10 min, followed by 40 cycles of
amplification of 95°C for 15 secs, 60°C for 45 secs and then finishing
with melting curve analysis (95°C for 1 min followed by 60°C and
95°C for 30 secs) to confirm the specific gene products. The threshold
cycle (Ct) value for each reaction was exported and analyzed using
the StepOne™ software (Applied Biosystems; USA). The qRT-PCR
condition of each gene was optimized and then chosen for determining
gene expression stability.

Data of gene expression stability analysis

The Ct data obtained from the real-time PCR of each sample
were analyzed using three different Microsoft Excel-based software
applications: NormFinder (Andersen et al., 2004), Best Keeper (Pfaffl
et al., 2004) and a comparative Ct method (Silver et al., 2006).

NormFinder is a statistical modeling approach for evaluating
stable reference genes by calculating both the intra- and intergroup
variations which are then combined into a stable value (Q) (Andersen
etal., 2004). Candidate reference genes with the lowest intragroup and
intergroup variations, consequently with the lowest stability values,
are the most stable reference genes for use using Equation 2:

Q = (1+Eff)*“; ACt = lowest Ct value of all samples of
this gene-Ct value of sample 2)

BestKeeper analyzes the descriptive statistics of the cycle
threshold values (Ct) of each gene. The BestKeeper index is calculated
as the mean of the candidate reference gene Ct values (Pfaffl et al.,
2004). This software ranks stable genes based on a high coefficient
of correlation (r) of Ct values to the BestKeeper index. Standard
deviations (SD) of the Ct values are also important because genes with
a high SD for their Ct values are considered unstable and therefore, not
appropriate for use.

The comparative Ct method as detailed by Silver et al. (2006),
estimates the stability of gene expression by comparing the relative
expression of each sample. This method was used to compare the
Ct values between the different groups. The candidate gene with the
smallest SD to the ACt values was considered the most stable for use.

Relative cyp4 expression using quantitative real-time polymerase
chain reaction

The mRNA transcripts of c¢yp4 in the digestive glands of green
mussels were analyzed to demonstrate the effect of reference gene
selection on the interpretation of target gene expression data. Each
reaction was performed in triplicate and in a 15 pL final volume
as detailed above. The derived threshold cycle (Ct) value for each
reaction was then exported and analyzed using the StepOne™
software. The relative expression levels were normalized with the
three candidate reference genes using the 2 method (Livak and
Schmittgen, 2001). The data were subjected to one-way analysis of
variance followed by Tukey’s honest significant difference test. Values
of p <0.05 were considered significant.

Ethics statement
This study was approved by the Research Ethics Committee

for the Graduate School, Faculty of Science, Burapha University
(Approval ID # 15/2558).
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Results and Discussion

Amplification specificity and efficiency of the candidate reference

genes

Three traditional HKGs (/8S rRNA, 28S rRNA, [-actin) were
chosen for this study to evaluate their stability by considering three
separate experimental factors (the maturity stage and gender of the
green mussel, P. viridis, and their response when exposed to BPA).
In addition to these, cyp4 was used as the target gene in qRT-PCR for
determining the suitable normalization between each reference gene.
Cyp4 was selected to serve as a biomarker of BPA adulteration in the
coastal environment. A summary of the genes, the newly designed
primers and their characteristics are provided in Table 1. The specific
primers for each gene successfully amplified their respective targets
with a single, distinct peak of the melting curve with a T, (melting
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temperature) ranging from 77.5°C to 82.3°C, confirming gene-specific
amplification (Fig. 2A). A single PCR product of those genes of the
expected size (116, 157, 213, 207 bp, respectively) was supported by
gel electrophoresis (Fig. 2B). The correlation coefficient (R?) and the
PCR amplification efficiency (E) of each gene within the digestive
glands of each pool of mussels were calculated. The results (R?= 0.99
for all genes; E = 100, 97, 94 and 100% for /8S rRNA, 28S rRNA,
f-actin and cyp4, respectively) as seen in Table 1, met the standard
mentioned in Ramarkers et al. (2003) (R?>>0.99, 90 < E% < 110).

In this study, the Ct-values in qRT-PCR provided an overview
of the gene expression levels, which were measured with each
cycle as it approached the necessary exponential phase of the PCR.
The higher the Ct value, the lower the level of expression. Among
the genes that were tested for the three different conditions, the
ribosomal RNA genes (/85 and 28S) showed high expression with
low Ct values (average Ct values of 15.95 and 10.09, respectively),
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Fig. 2 Confirmation of gene specificity and size of amplicons from green mussel (Perna viridis): (A) melting curve analysis of three candidate reference genes and
target cyp4 gene; (B) agarose gel electrophoresis of three amplified candidate reference genes and target cyp4 gene

Table 1 Characteristics of genes and their primers used for quantitative real-time polymerase reaction in Perna viridis.

Gene GenBank Primer sequences Amplicon Melting T, . Correlation
Gene . . Efficiency (%) .
description accession no. (5°-3’) forward/reverse length (bp) (°C) coefficient (R?)
18S rRNA 18S ribosomal ~ KY081328  AAGGGCACCACCAGGAGT/ 157 80 97 0.99
RNA AACCAGACARATCRCTCCAC
28S rRNA 288 ribosomal JQ622201 CGAAGCCAGAGGAAAATCTG/ 116 823 100 0.99
RNA GAAACTTCGGAGGGAACCA
p-actin p-actin EU381234 AGATCTTGCAGGACGTGACC/ 213 78 94 0.99
GTGATTACTTGCCCGTCAGG
cyp4 Cytochrome EU429566 GACCAGTGCAATGACTTGGA/ 207 71.5 100 0.99
P450 4 GACGCCTGTCTACCGATGAT
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whereas a cytoskeleton f-actin showed low expression (average Ct
value of 30.78; Fig. 3). Typically, Ct values between 18 and 30 are
considered appropriate and effective levels (Jiang et al., 2014) and
all the Ct values obtained in this study were within these guideline
values. Since the average Ct value of the /8S rRNA was closer to
the standard range than the others, it was regarded to likely be more
appropriate. In addition to this, the Ct values of the ribosomal RNA
genes (/8S and 28S) showed less variation than S-actin (Fig. 3A-C)
which was particularly influenced by the difference in developmental
status (juvenile and mature stages) as shown in Fig. 3A. However, the
abundance of mRNA transcripts with lower Ct values of the ribosomal
RNA genes were not surprising as these genes are repeated with 100
to 10,000 copies in cells (Woolford, Jr., 2003).

Stability of candidate reference genes under different conditions

To identify the most suitable reference gene within the digestive
glands of green mussels for qRT-PCR analysis considering the three
different experimental factors (maturity status, gender, BPA exposure),
three software methods were used (BestKeeper, NormFinder and

657

a comparative Ct method) to individually analyze the expression
stability of those genes. The software calculated the stability of gene
expression and then ranked them, based upon their SD values. The
candidate HKGs with Ct values with a small SD identified genes that
were more stable. The data from the analysis using the three programs
is summarized in Table 2.

NormFinder calculated all the genes tested with SD values lower
than 1. This mathematical algorithm ranked the genes in the order
288 rRNA, 18S rRNA, f-actin, respectively, as the best reference
gene considering the maturity of green mussel (SD values of 0.188,
0.212, 0.331, respectively; see Fig. 4A) and in the same order
considering the gender of green mussel (SD values of 0.234, 0.244,
0.296, respectively; see Fig. 4B), albeit with little difference between
the two most stable genes. However, when the exposure to BPA
was considered, the rank order of the genes was not the same; /8S
7RNA had the lowest SD value (0.181) among the tested genes. The
SD value for 28S rRNA was 0.196 (Fig. 4C), while that for f-actin
was the largest (SD of 0.198) and therefore was considered the least
appropriate here. However, there was no significant difference among
the three genes.

Maturity status (A) Gender (B) BPA exposure ©)
D 40 1 o 40 ;340 -
&) [&] o
> > >
304 == S04 === T304 ==
S S S
2 20 A 'z 20 1 2 20 1
= [ = —— = |——]
= = =
% 10 - iy % 10 4 e % 10 + =5
& & &
0 0 0
188 288 p-actin 18S 288 p-actin 18S 288 p-actin

Fig. 3 Quantification cycle threshold value of three candidate reference genes in Perna viridis compared by: A) maturity status (juvenile and mature stages); B)

gender (' and Q); C) exposure to BPA (0 ng and 10 ng BPA), where the lower and upper boundaries of each box indicate the 25" and 75" percentile, respectively,

the horizontal line within the box indicates the median value and fractions above and below the box indicate the 90™ and 10™ percentile, respectively

Table 2 Gene expression stability ranked using BestKeeper, NormFinder and a comparative threshold cycle (Ct) method

BestKeeper NormFinder Comparative Ct
Factor Rank o
Gene SD Gene Stability Gene SD

Maturity 1 28S rRNA 0.843 28S rRNA 0.188 288 rRNA 1.943

2 18S rRNA 0.903 18S rRNA 0.212 18S rRNA 1.984

3 p-actin 1.745 p-actin 0.331 p-actin 2.333
Gender 1 288 rRNA 0.647 288 rRNA 0.234 28S rRNA 0.338

2 18S rRNA 0.832 18S rRNA 0.244 185 rRNA 0.346

3 [f-actin 1.072 p-actin 0.296 p-actin 0.450
BPA exposure 1 288 rRNA 0.832 18S rRNA 0.181 28S rRNA 0.392

2 18S rRNA 0.845 288 rRNA 0.196 18S rRNA 0.425

3 p-actin 1.117 [-actin 0.198 f-actin 0.463
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Fig. 4 Stability of candidate reference genes using NormFinder (from least stable to more stable) compared by: A) maturity status (juvenile and mature stages); B)
gender (& and 9); C) exposure to BPA (0 ng and 10 ng BPA), where gene stability is determined by its threshold cycle value, for which a gene with a small SD is

more stable

The results from the application of BestKeeper agreed with
the comparative Ct method in that the 28S rRNA gene was the best
performer under each of the tested conditions, followed by the /85
rRNA gene and the f-actin gene was the least suitable. Box-and-
whisker plots with SD value ranges for each are presented in Fig. 5
(BestKeeper) and Fig. 6 (comparative Ct method). However, no
significant difference was observed among the three genes under
each individually tested condition. It was noted that SD values of
the BPA exposed groups within the first two conditions were very
similar (0.832/0.845 from the BestKeeper and 0.392/0.425 from the
comparative Ct method). Therefore, it appeared that when using qRT-
PCR to analyze green mussels of differing maturity stages or gender
or both, the ribosomal RNA genes are more appropriate to be used

as an endogenous control than cytoskeletal f-actin. A similar pattern
of results has been reported for many mollusc species, including
P, viridis, M. edulis and Bellamya aeruginosa (see the various works
of Lui and Kueh, 2005; Cubero-Leon et al., 2011; Cubero-Leon et
al., 2012; Miao et al., 2014; Lui et al., 2016), as well as in various
vertebrate species, such as Catla catla, Oryzias latipes, Taeniopygia
guttata, Gallus gallus f. dom. (see the studies of Zhang and Hu, 2007,
Olias et al., 2014; Faheem et al., 2018). In addition to this and in
support of the findings in this study, Feng et al. (2013) reported that
[-actin was the least stable gene to use when analyzing the larvae and
adults of the Yesso scallop, Patinopecten yessoensis, when exposed to
phenanthrene at different salinities.

Maturity status (A) Gender B BPA exposure ©)
2.00 1.745 1.50 1.50
1117 1.072
1.50 0503 1.00 O~ 0845 0.832 1.00 0.832
- 0.843 0647
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0.00 + r T ) 0.00 - : ) 0.00 - T
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Fig. 5 Stability of the candidate reference genes using BestKeeper (from least stable to most stable) compared by: A) maturity status (juvenile and mature stages);
B) gender (4 and Q); and, C) exposure to BPA (0 ng and 10 ng BPA). A gene’s stability is determined by its threshold cycle value, for which a gene with a small

SD is more stable
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Fig. 6 Stability of the candidate reference genes using a comparative threshold cycle (Ct) method (from least stable to most stable) compared by: A) maturity status
(juvenile and mature stages); B) gender (& and ?); and, C) exposure to BPA (0 ng and 10 ng BPA). A gene’s stability is determined by its Ct value, where a gene

with a small SD is more stable
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Relative expression levels of cytochrome P450 4 (cyp4) using
quantitative real-time polymerase chain

For gRT-PCR to be accurate for the biomonitoring of harmful BPA
contamination, appropriate internal reference genes for normalization
must be determined. Generally, the expression of the reference gene
should be minimally changed, while the target gene should vary over
the course of the experiment. The expression levels of the target
gene should also vary between different tissues and environmental
conditions. Therefore, in the current study, the cytochrome P450 4
gene or cyp4 was selected as a potential biomarker to evaluate changes
in expression in the digestive glands of green mussels when exposed
to BPA.

In bivalves, the digestive gland plays a central role like that of the
liver in vertebrates, in the metabolism and detoxification of xenobiotic
agents (Cocci et al., 2017; Rodrigo and Costa, 2017). Cyp4, the
target gene in this study, encodes the CYP4 enzyme which is mainly
involved in xenobiotic metabolisms (Hardwick, 2008; Lewis and
Ito, 2008). Cyp4 has been seen in several bivalves, such as P. viridis,
Modiolus modiolu, Mytilus edulis and M. galloprovincialis (Jonsson et
al., 2006; Veldhoen et al., 2009; Ravli¢ et al., 2015), and also in marine
invertebrates such as the polychaete Perinereis aibuhitensis, which
responds to many pollutants (Chen et al., 2012; Leung et al., 2014).
The CYP4 gene in humans has also been reported to be involved in
xenobiotic and pharmaceutical metabolism (Kalsotra and Strobel,
2006).

In the current study, the results for the three candidate reference
genes that were individually normalized for the cyp4 mRNA
transcripts, showed similar relative expression. All the expressions
were down-regulated in green mussels when exposed to 10 ng BPA for
12 hr and compared to the unexposed control group, as seen in Fig. 7.
The decreasing levels of cyp4 expression differed between the internal
reference genes used (0.549, 0.112 and 0.456-fold changes for /8S
RNA, 288 rRNA and f-actin, respectively) were also noted. However,
BPA significantly decreased the expression levels of cyp4 only when
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Fig. 7 cyp4 expression levels (mean + SD) of mature Perna viridis injected
with 10 ng BPA exposed for 0 hr and 12 hr, where changes in expression
levels were analyzed using quantitative real-time polymerase chain reaction
with normalization against different housekeeping genes, , different lowercase
letters above bars indicate significant difference (p < 0.05).

18S rRNA was normalized. This result was in accordance with the
findings reported by Jonsson et al. (2006), who exposed larvae of
Chironomus riparius to 0.5 mgL' BPA and observed a subsequent
down-regulation in cyp4 expression. The results of the current study
indicated that the /8S rRNA, a commonly used housekeeping gene,
was the most appropriate reference gene for use in qRT-PCR with
the green mussel (P. viridis) independent of their maturity or gender
status and serves as an appropriate monitoring method for BPA
contamination.

In the current study, the stability was explored of three traditionally
used housekeeping genes (/8S rRNA, 28S rRNA, f-actin) in green
mussels under different experimental conditions and analyzed using
qRT-PCR analysis. Although the gene expression profiles were
variable, the most suitable reference gene was carefully selected and
tested for normalization for use within a sensitive quantitative real-
time PCR assay. Of the genes tested, /8S ¥rRNA within the digestive
gland of P, viridis was the most appropriate reference gene for use. Its
selection was derived from its expression stability following analyses
exploring mussel gender, maturity stage and under conditions of
BPA exposure. However, fS-actin was the least appropriate reference
gene for use in this situation. From the experimental data and notably
the derived mRNA transcripts, P. viridis appeared to represent an
appropriate species for the biomonitoring of BPA exposure in marine
waters.
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