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elevated levels of temperature and nutrient
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Abstract Quantitative reverse transcriptase PCR has several variables that need to be controlled for to obtain
accurate estimates of gene expression data. The use of a single reference gene is a common method to
normalize mRNA fractions and obtain reliable quantitative expression measures. However no universally
appropriate reference gene exists that is constitutively expressed in all tissue types and all experimental
conditions. One plausible solution for this problem is to use a set of reference genes for normalization that
display minimal variation across all treatments. Past gene expression studies have often employed the use of a
single reference gene. As the number of gene expression studies in reef-building coral is expected to increase, a
set of suitable reference genes is needed for normalization. This study characterized the expression of five
candidate reference genes for the scleractinian coral, Pocillopora meandrina, after chronic elevated nitrogen
followed by increased seawater temperature. Two separate gene ranking assessment software programs were
used to rank candidate genes by expression stability. The Brn1, β-actin, and 18S rRNA genes were the most
stably expressed genes in P. meandrina subjected to long-term elevated nitrogen followed by an acute increase
in temperature.
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Introduction
Quantitative reverse transcriptase polymerase chain
reaction (qRT-PCR) is commonly used in biological
applications for accurate quantification of gene
expression changes between tissues, disease states or
treatments (Bustin and Nolan 2004).
Several
variables between tissues or cells need to be
controlled in qRT-PCR including the amount of
starting material, differences between tissues or cells,
quality of the RNA, and reverse transcription
efficiency (Vandesompele et al. 2002). Various
strategies have been used to control for the previously
stated variations within qRT-PCR including
techniques such as standardization to total RNA or to
an endogenous reference gene.
Standardization to total cellular RNA can pose
problems because it is difficult to quantify small
amounts of RNA, and the variance present in reverse
transcription and PCR efficiency are not considered
(Huggett et al. 2005; Wong and Medrano 2005). In
addition, the process of normalizing to total RNA
assumes that rRNA is directly proportional to mRNA
and does not vary between individuals, tissues, or cell
cultures, or under different experimental conditions
(Bustin and Nolan 2004). Alternatively, variations can
be controlled for by normalization of the target gene
to an endogenous reference gene. This comparison
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allows for a normalized expression value of the target
gene that is independent of the quality and quantity of
starting RNA and the efficiencies of the reverse
transcriptase reactions (Huggett et al. 2005).
The most important criterion of appropriate
reference genes in qRT-PCR is that these genes are
expressed constitutively in cells irrespective of
experimental conditions. In the past it was
recommended that if it was not possible to find a
constitutively expressed reference gene, it is an option
to apply one of several frequently used genes as a
control to normalize expressions of other genes
against (Bustin 2000). In spite of this, there has been
evidence that reference genes can be regulated under
different conditions (Bustin 2000; Vandesompele et
al. 2002). This means that although use of a
referenced “stable” gene can be consistent for one
experiment and one type of tissue, there is no
universally perfect control gene that is perfect for all
tissue types or treatments (Brunner et al. 2004;
Vandesompele et al. 2002; Andersen et al. 2004).
qRT-PCR has been used in only a handful of
anthozoan and hydrozoan gene expression studies
(Yanze et al. 1999; Mitchelmore et al. 2002; Loram et
al. 2007; Rodriguez-Lanetty et al. 2007). Many of
these studies used a single reference gene to
normalize the expression of their target genes. It was

recently reported that experiments that used a single
reference gene to normalize expression of target
genes let to erroneous quantifications (Vandesompele
et al. 2002). Erroneous quantifications occur because
gene expression of the control can result in
unrecognized or unexpected changes (Vandesompele
et al. 2002; Szabo et al. 2004). One probable solution
for this problem is to use a set of reference genes for
normalization that display minimal variation across
the treatments included in the experiment
(Vandesompele et al. 2002). There are several
existing statistical analysis software programs to
analyze the stability of reference genes (Pfaffl et al.
2001; Vandesompele et al. 2002; Andersen et al.
2004) and since their arrival they have been used with
increasing regularity (Etschmann et al. 2006;
Jorgenson et al. 2006; Nailis et al. 2006; Willems et
al. 2006; Maccoux et al. 2007; Tang et al. 2007;
Peltier and Latham 2008). In this study two popular
statistical analysis software programs were used to
identify the most stable candidate reference genes.
The first program, GeNorm, calculates the most stable
genes from a set of candidate reference genes based
on the average pair-wise variation of a single gene
compared to all other reference genes in the set
(Vandesompele et al. 2002). The second program,
NormFinder, evaluates the gene expression variability
of reference genes within treatments compared to
variation among treatments for each gene (Andersen
et al. 2004). Both programs allow the ordering of
candidate reference genes based on relative
expression stabilities, referred to in this paper as
“rank,” through the use of a mathematical evaluation
of expression data.
A recent study by Rodriguez-Lanetty et al. (2007)
used GeNorm analysis to identify β-actin, ribosomal
protein L12 and Poly(a) binding protein as three
control genes determined to be stable from a cDNA
microarray platform constructed from the sea
anemone, Anthopleura elegantissima. However, to
date, there has been no validated set of reference genes
for qRT-PCR described for reef building corals. The
aim of this study presented here was to evaluate a set
of candidate reference genes, using GeNorm and
NormFinder, in reef-building corals exposed to chronic
levels of elevated nitrogen followed by an acute
increase in seawater temperature. These reference
genes can possibly be used to normalize target genes in
future gene expression studies targeting physiological
stress in corals exposed to multiple stressors.
Materials and Methods
Coral collection and exposure to stressor(s)
Coral samples were collected from six randomly
chosen colonies of P. meandrina at an approximate
depth of 5 m from Leleiwi Beach Park in East Hawai`i.
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Colonies were split up into either of the two treatment
tanks or into the control tank. The coral fragments
were maintained in 75 L flow-through aerated aquaria
set at a constant through flow rate of 7.15 ml s-1 and
kept at 25˚ C. The tanks were placed under semipermeable Duraweave material (Cover-all) that
transmits light in the solar spectrum from 2500 -300
nm.
The colonies were allowed to acclimatize under
the above conditions for a period of 3 weeks (Downs
2005). Then, the corals were placed in treatment tanks
(control (C), +2º C sea water temperature (T), and
nutrients and +2º C sea water temperature (NT)).
Corals in the NT treatment were exposed to a constant
addition of 20 μM NH4 seawater for 32 days before
beginning the acute increase in seawater temperature.
After the 32 day exposure period to elevated levels of
nutrients, both the NT and T treatments were subjected
to a temperature increase in seawater over a
continuous 48 h period. The water temperature of the
aquariums was elevated +2° C to 27° C over a 3 h
period and maintained above 27 °C. All treatments (C,
T, NT) were sampled at 30 min, 6 h, 24 h, and 48 h
after 27° C was reached. One coral fragment from each
colony was collected per tank at each sampling time,
wrapped in foil, and frozen immediately by immersion
in liquid nitrogen. Once the tissue was frozen using
liquid nitrogen, samples collected at each time period
was stored for RNA analysis by submersion into RNA
Later (Ambion), placed at 4° C for 24 h to allow the
RNA Later to soak into the tissue, and then stored at 20° C to be used in qRT-PCR.
Selection of candidate reference genes
Five candidate reference genes were selected from the
literature to be tested for their expression stability
using mRNA from P. meandrina. Of the five genes,
three had been frequently used as reference genes in
gene expression studies of cnidarians primarily from
class Anthozoa, and the remaining two were less
frequently used reference genes. The three frequently
used reference genes were: 18S rRNA, β-actin, and
elongation factor (EF1α) (Yanze et al. 1999; Reynolds
et al. 2000; Mitchelmore et al. 2002). The less
frequently used reference genes examined in this study
were senescence associated protein (PS) and Brn1
(Rodriguez-Lanetty et al. 2006; Rodriguez-Lanetty et
al. 2007; Mayfield and Gates unpublished).
RNA isolation
Total RNA was isolated from P. meandrina using the
Totally RNA kit (Ambion) largely following the
manufacturer’s protocol in an RNAse free
environment. A few steps were modified from the
protocol to reduce salt carryover from the RNA Later
and reduce interference by Trizol found in the RNA

extraction kit. The tissue samples were placed directly
on an RNAse free vacuum to remove excess RNA
Later liquid then transferred to a sterile Whirl-pak 60
mL plastic sample bag (Nasco). 800 μL of the
denaturation solution from the Totally RNA kit was
pipetted on top of the coral fragment, and the coral
tissue was air blown at 60 psi from the coral skeleton.
The tissue slurry was added to a 2.0 mL tube filled
with approximately 250 mg of sterile 0.5 mm diameter
Zirconia/Silica beads (BioSpec Products) and
vigorously shaken (Minibeadbeater-8 Cell Disrupter)
for 1 min. The tube containing the tissue slurry was
then centrifuged at 12,000 rpm for 2 min at 4 °C. A ¾
v. DEPC-treated water and an equal volume of
Phenol:Chloroform:IAA (Promega) solution was
added to the lysate and again vigorously vortexed with
beads for 1 min. The remainder of the manufacturer’s
protocol was followed with an overnight precipitation
of RNA, followed by a 30 min centrifugation period.
The RNA pellet was resuspended with 19.5 μL of
DEPC water and 0.5 μL of RNAsin ribonuclease
inhibitor (Promega). RNA concentration in the final
extracts was measured using the nanodrop ND-1000
Spectrophotometer (Nanodrop Technologies). The
RNA was further purified of genomic DNA
contamination by DNAse I digestion, according to the
manufacturer’s protocol (Promega).
Reverse transcription and qPCR
A commercial reverse transcription kit was used
according to the manufacturers instructions to reverse
transcribe 1 μg of DNAse treated RNA in a 20 μL
reaction (iScript cDNA Synthesis Kit, Bio-Rad).
DEPC treated water was added to dilute the 20 μL RT
reaction products to a final volume of 200 μL. The
qPCR assays were performed by using a commercial
2X SYBR-Green master mix buffer (BioRad). qRTPCR assay efficiency was calculated for each gene
using a 6-step, 10-fold cDNA dilution series. Results
were documented as cycle threshold values of
background subtracted qPCR fluorescence kinetics.
Analysis of results
Relative expression quantities were calculated using
the comparative CT method from qPCR results
(Vandesompele et al. 2002). Two gene stability
analysis programs, GeNorm (Vandesompele et al.
2002) and NormFinder (Andersen et al. 2004), were
used to rank reference genes in order of stability.
The GeNorm method, as previously described by
Vandesompele et al. (2002), was used to determine the
reference gene expression stability measures (“Mvalue”). The “M-value” for each gene is calculated as
the arithmetic mean of pairwise variation between a
particular gene and all other control genes. This
program relies on the theory that the expression ratio
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for ideal internal control genes is identical in all
samples, regardless of the experimental condition or
treatment. Genes with low M values have the least
variation in expression ratios with other genes and are
the most stably expressed and vice-versa genes with a
high M value have a large variation in the expression
ratio are less stably expressed.
The second method of analyzing relative
expression stability of candidate reference genes in this
study was NormFinder, which has previously been
described by Andersen et al. (2004). The relative
expression of reference genes were analyzed for
stability by NormFinder using GenEx software (Multid
Analysis, California). NormFinder generates a gene
stability measure using a “model based approach” by
separately ranking a set of candidate reference genes
according to their expression stability in a given
sample set and given experimental design. The
mathematical equation estimates the overall expression
variation of each candidate reference gene in addition
to the variation between sample subgroups of the
sample and generates a “stability value” for each that
is a direct measure for the estimated expression
variation.
Results
Expression of reference genes during exposure to
elevated heat and nitrogen levels
The raw expression levels for the five candidate
reference genes that were analyzed fell into three
categories based on transcript abundance: (1) high
transcript abundance (average CT value below 20):
18S; (2) median transcript abundance (average CT
value 20-25): β-actin, PS; and (3) low transcript
abundance (average CT value <25): EF1-alpha, Brn1.

Figure 1: The correlation (R2=0.9227, P=0.009) of expression
values between reference gene ranking programs, M value
(GeNorm, Vandesompele et al. 2002) and stability value
(NormFinder, Andersen et al. 2004).

Analysis of gene-stability in reference genes
Both gene expression stability programs ranked the
RNA targets similarly from most to least stable, with a
strong correlation in raw stability values (R2= 0.9227,
P = 0.009) (Fig. 1). Results from both programs
showed Brn1 was the most consistently expressed gene

followed by β-actin, and 18S (Fig. 1). Both programs
also produced similar results with EF1α and
senescence- associated protein (PS) exhibiting the least
stable expression (Fig. 1). Because both expression
stability programs had similar results, only GeNorm
values are interpreted and were further used to analyze
expression of P. meandrina samples. To ensure that
the most stable genes were not co-regulated, each of
the highest ranked genes was removed alternately, and
gene stability rank was reassessed. No changes in the
order of reference gene rank stability were observed.
As shown in Fig. 2, the reference genes with the
lowest M values and highest expression stability in P.
meandrina coral tissue were Brn1 and β-actin with M
values of 0.2095 and 0.2775 respectively. 18S was the
third most stably expressed gene with an M value of
0.2963. These genes were designated to have stable
expression because the M<0.4 (Vandesompele et al.
2002).

Figure 2: The M values (indices of gene expression instability) of
candidate reference genes calculated from GeNorm analysis

Discussion
In this study, we sought suitable reference genes that
could be used for future gene expression studies in the
reef-building coral P. meandrina exposed to long term
elevation of nitrogen followed by an acute increase in
seawater temperature. Appropriate reference genes are
necessary in gene expression studies to normalize
sampling differences and identify the true expression
differences in an experiment. In cases where no single
normalization gene can be found it is best to use
multiple genes to normalize data because the variation
in multiple genes is less than the variation of a single
gene (Andersen et al. 2004).
Several studies have compared different statistical
programs to order candidate reference genes and found
a similar ranking of stable reference genes within these
programs (deBrouwer et al. 2006; Willems et al. 2006;
Peltier and Latham 2008). Our study also compared
the statistical programs GeNorm and NormFinder and
found that candidate genes were ranked similarly by
expression stability (Fig. 1).
The study described here shows that reference
genes: Brn1, β-actin and 18S, are the most stably
expressed in the coral, P. meandrina, under a long-
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term exposure to elevated nitrogen and an acute
increase in sea water temperature (Fig. 2). A POU-III
(acronym of Pit, Oct, Unc) class gene, Brn1, derived
from a common eumetazoan ancestor, is expressed in
the geosensory structures of vertebrates, insects and
cnidarians (Erkman et al. 1996; Certel et al. 2000;
Jacobs and Gates 2001; O’Brien and Degnan, 2002;
O’Brien and Degnan 2003). The Brn1 gene is
constitutively expressed at low levels in the cell most
likely because of its conserved role in sensory cell
development (O’Brien and Degnan 2002). The β-actin
gene was the second most stably expressed gene in the
set of reference genes (Fig. 2) and has been used as a
reference gene for multiple cnidarian gene expression
studies (Weis and Reynolds 1999; Reynolds et al.
2000; Rodriguez-Lanetty et al. 2007). β-actin encodes
a ubiquitous cytoskeletal structural protein and is
expressed at moderate levels in the cell. 18S rRNA, is
in the small ribosomal subunit in most eukaryotes, and
has been considered to be an ideal reference gene
because rRNA is less likely to vary than mRNA under
the same conditions (Bustin 2000). 18S rRNA as an
internal control alone can be limiting because it may
not always represent the overall cellular mRNA
population (Suzuki et al. 2000). Although 18S ranked
behind Brn1 and β-actin, this gene has shown to be
constitutively expressed in many studies because
rRNA synthesis is independent of mRNA synthesis
(Franzellitti et al. 2005; Jorgensen et al. 2006; Tang et
al. 2007).
Comparing the results of this study to previous
qRT-PCR
studies
utilizing
reference
genes
demonstrates the increased stability of a “new”
reference gene, Brn1, which can possibly be used for
stress experiments in reef-building corals alongside
more popular reference genes like 18S and β-actin.
Together, these reference genes can be used in future
studies to normalize gene expression analysis of reefbuilding corals exposed to nutrient and temperature
stressors.
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