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Abstract
Background: Functional analysis of the catfish genome will be useful for the identification of genes
controlling traits of economic importance, especially innate disease resistance. However, this
species lacks a platform for global gene expression profiling, so we designed a first generation highdensity oligonucleotide microarray platform based on channel catfish EST sequences. This platform
was used to profile gene expression in catfish spleens 2 h, 4 h, 8 h and 24 h after injection of
lipopolysaccharide (LPS).
Results: In the spleen samples, 138 genes were significantly induced or repressed greater than 2fold by LPS treatment. Real-time RT-PCR was used to verify the microarray results for nine
selected genes representing different expression levels. The results from real-time RT-PCR were
positively correlated (R2 = 0.87) with the results from the microarray.
Conclusion: The first generation channel catfish microarray provided several candidate genes
useful for further evaluation of immune response mechanisms in this species. This research will help
us to better understand recognition of LPS by host cells and the LPS-signalling pathway in fish.

Background
The channel catfish, Ictalurus punctatus, is native to North
America and is from the order Siluriformes (superorder
Ostariophysi) which is considered more primitive among
teleosts [1,2]. Commercial production of catfish as dietary
protein is the leading industry of North American aquaculture, with more than 600 million pounds of catfish produced annually in the United States [3]. One of the most
significant factors limiting production is loss to disease,
and one of our goals is to improve non-specific immunity
through selective breeding. The channel catfish immune
system is the best characterized for any fish species, and it
is the only fish species where clonal functionally distinct
lymphocyte lines can be readily established [4]. However,

there is a need to better understand the physiological and
immunological pathways controlling host-pathogen
interactions in vivo.
Improvement of disease resistance in catfish populations
depends on an understanding of the genetic control of
immune-related pathways, response to pathogens, and
correlations with other production traits. Recent developments in genomic technology, particularly high-throughput cDNA sequencing and development of expressed
sequence microarrays, have made possible the profiling of
global gene expression in experimental fish tissues.
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Microarray experiments have been utilized to determine
regulation of gene expression during developmental and
adaptive processes in several fish species. Using this technology, groups of coordinately expressed genes were identified in zebrafish embryos during development [5,6].
Microarrays were used to identify changes in gene expression patterns in zebrafish and goby exposed to differing
levels of available oxygen [7,8], in common carp exposed
to cold temperature [9], and in rainbow trout exposed to
handling stress [10].
Recently, expression microarrays have been used to identify genes involved in host-pathogen relationships. Experimental infection of cells in vitro revealed differential gene
expression in flounder kidney cells [11], and in rainbow
trout monocytes and macrophages [12]. Transcriptional
analysis was performed on kidney cells after experimental
in vivo injection of flounder with a DNA vector expressing
the viral hemorrhagic septicemia virus G protein [13], in
Atlantic salmon macrophages and anterior kidney tissues
after injection of fish with P. salmonis [14], on Atlantic
salmon liver, spleen, and anterior kidney tissues after
cohabitation with A. salmonicida-infected fish [15], and
from whole zebrafish after infection with M. marinum
[16]. By measuring changes in gene expression after pathogen challenge, researchers may identify gene expression
fingerprints that provide clues to molecular pathways
involved in pathogen neutralization and/or removal,
identify candidate genes controlling pathogen-specific
immunity, and identify heritable differences in gene
expression levels that correlate with disease resistance/susceptibility. This data would help in the formulation of a
selection index to identify broodstock with superior
genetic potential for resistance to disease.
While microarray-based transcriptional analysis is a useful
tool for functional genomics in fish, to date there has been
no microarray platform available for catfish species. Thus,
we developed a catfish microarray utilizing existing data
from channel catfish expressed sequences obtained in
cDNA cloning experiments from several tissues (reviewed
in [17][18]). These sequences have been clustered and
annotated in the Catfish Gene Index [19]. The catfish
microarray was used to measure differential gene expression in the spleen of lipopolysaccharide-injected and
sham-injected catfish.

Results
A high density oligonucleotide microarray was produced
that contained 18,989 catfish expressed sequences, each
represented by ten perfectly matched and ten mismatched
24-mer oligonucleotides (GEO Database Accession
GSE3261). This microarray contained 8057 sequences
that matched an annotated sequence in GenBank. Discounting 875 that matched transposons or sequences that
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were labelled as unknown, unnamed, or hypothetical,
there were 7182 annotated sequences (38%) on the
microarray. This microarray was used to demonstrate differences in global gene expression in the spleen of LPStreated catfish. Using Significance Analysis of Microarrays
(SAM), we identified 138 sequences that were differentially expressed after LPS treatment [see Additional file 1
and Additional file 2].
There were 64 genes up-regulated by LPS exposure of
which only 26 were annotated based on sequence similarity [see Additional file 1]. Among these were cytokines
and chemokines, such as IL-1β, CCL4, a small CXC/IL 8like chemokine, and chondromodulin II. Transcriptional
factors such as NF-κB p100 subunit and NF-κB inhibitor
alpha-like proteins A and B, interferon regulatory factor I,
and AP-1 were also upregulated at least 2-fold. Expression
of Toll-like receptor 5 was upregulated at 2–4 h post-exposure. Within the experimental timeframe, almost all
induced genes were induced by 4 h post-exposure.
There were 74 genes that were significantly down-regulated in response to LPS, of which only 29 were annotated
based on sequence similarity [see Additional file 2].
Among these genes were the immunoglobulin light and
heavy chains, MHC class II antigens, invariant chain-like
protein 2, an NK lysin-like protein, complement C3,
hemoglobin alpha, and a CXC chemokine receptor.
In the present research, we selected nine expressed
sequences representing varying levels of expression to verify the microarray results using real-time RT-PCR [see
Additional file 3]. Linear regression of log transformed
expression data demonstrated a strong positive correlation (R2 = 0.87) between the two technologies (Fig. 1).
The microarray results for TNFα failed to pass our quality
control criteria, thus no expression ratios were reported
(detailed below).

Discussion
Microarray performance
In our first attempt to monitor the global gene expression
profile after LPS stimulation in channel catfish spleen, we
have constructed a high-density oligonucleotide microarray containing almost 19,000 catfish unique sequences. In
the present research, we used real-time RT-PCR to verify
the microarray results. The analysis revealed a strong positive correlation between the microarray and real-time RTPCR results. The TNFα gene was selected based on its
importance in the LPS pathway and also to represent
genes that did not make the final "hit" list. The TNFα
microarray results failed to pass our quality control criteria, so no ratios were reported. After examination of the
oligo sequences for TNFα on the microarray, we found
only one of the ten probe sets demonstrated a significant
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(the ERK, JNK, and p38 pathways) in fish as in mammals.
Although LPS-responsive cis-elements have been identified in the 5'-flanking region of many mammalian genes
[20], none have been reported in catfish to date. The
present research demonstrated increased expression of the
p100 subunit of NF-κB at 4 h post-LPS exposure, but a
sequence matching NF-κB inhibitor alpha-like proteins A
and B were also significantly induced at 2 h post-LPS
exposure. NF-κB inhibitor gene expression was also
increased in mycobacterium-infected zebrafish [16] and
bacterially infected macrophage cells from Atlantic
salmon and rainbow trout [12,14]. There are instances in
biological systems that a compound can up-regulate both
an enzyme and its inhibitor. For example, the shortchained fatty acid butyrate up-regulated both IGF2 and
IGF binding proteins IGFBP2 and IGFBP3 in bovine kidney epithelial cells (R.L., unpublished). An alternative
explanation to the present observation is that the inhibitor encoded a protein with a function different from that
which was annotated due to sequence similarity.
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Figure 1 and
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Correlation between levels of gene expression measured by microarray and real-time RT-PCR. The correlation (R2 = 0.87) was calculated using log-transformed values
of the fold change obtained for the nine selected genes. Four
fish were used per treatment/time combination.

difference in signal intensity between the perfectly
matched and mismatched oligos. Five of the TNFα probe
sets contained higher signal intensities in the mismatched
than in the perfectly matched oligo. The automated oligo
design software extracted all ten oligo sets from the most
5' end of the 255 bp TNFα cDNA sequence, so the discrepancy between real-time RT-PCR and microarray results for
TNFα was likely due to undesirable oligo design. In fact,
the one "good" oligo pair would have identified up-regulation of TNFα by LPS. This observation highlights the
importance of high quality oligo design software, and that
the ability to identify and eventually remove problematic
oligo probes is critical to the collection of robust microarray data and minimization of discordant gene expression
data from different technologies.
Differential expression of catfish genes
The evolutionary divergence between mammalian and
fish species is considerable, and we do not know if LPS
can induce the IKK-NF-κB pathway and MAPK pathways

Toll-like receptor 5 demonstrated significant levels of
induction at 4 h post-LPS treatment. In mammals, TLR4 is
the extracellular LPS receptor whereas TLR5 recognizes
flagellin [21,22]. The up-regulation of TLR5 by Gram-negative, virulent Edwardsiella ictaluri has been independently
observed in channel catfish [[23]; Li, unpublished]. This
gene was also shown to increase in the liver of Atlantic
salmon exposed to the bacterium A. salmonicida [15], and
in zebrafish exposed to the mycobacterium M. marinum
[24]. Toll-like receptor 3 was also included on the catfish
microarray, but expression was not significantly altered
due to LPS exposure. The present data add evidence to the
hypothesis that, in fish, microbial products may induce
other TLRs than those specific for their own recognition
[24].
Interferon regulatory factor 1 (IRF-1) is one of two DNAbinding transcription factors mediating Type 1 interferon
gene expression. In rainbow trout gonadal cells, IRF-1 is
expressed constitutively and up-regulated by poly I:C but
not by LPS [25]. However, microarray experiments using
Japanese flounder have demonstrated stimulation of IRF1 expression in cultured kidney cells after exposure to LPS
[11] and in kidney tissue after exposure of fish to the viral
hemorrhagic septicemia virus G protein [13].
Apolipoprotein E (ApoE) has been suggested to have a
regulatory role in maintaining a critical balance of various
proinflammatory cytokines in mice [26] in addition to its
key role in lipid metabolism. Expression of ApoE
decreases in CaCo-2 cells 24 h after LPS exposure [27],
and this was consistent with our observations.
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The chemokine receptor CXCR4 gene selected for analysis
by quantitative real-time PCR (IpCG06125) was first upregulated by LPS at 2 h, rapidly down-regulated at 4 h, and
remained down-regulated at 8 h and 24 h [see Additional
file 3]. A CD14-independent model for LPS recognition
has been proposed that includes a LPS activation cluster
complex containing CXCR4, heat shock proteins 70 and
90, and growth differentiation factor 5 [28,29]. In addition, CXCR4 is a functional co-receptor for HIV-1 infection of human macrophages. LPS down-regulates the
expression of CXCR4 on monocyte-derived macrophages
[30], and the present research is consistent with this
observation.
While the majority of the catfish sequences could not be
annotated due to sequence identify, several catfish genes
could be compared with other fish experiments utilizing
microarrays to measure gene expression after experimental infection. The interleukin 1β gene demonstrated the
greatest increase in LPS-induced expression in catfish
spleen, and this gene was highly induced in flounder kidney cells exposed to LPS [11]. Expression of the immune
responsive protein 1 gene increased in catfish spleen, and
bacterially infected salmon kidneys and macrophages
[14]. Catfish MHC class II gene expression decreased after
LPS exposure, and this was also observed in mycobacterium-infected zebrafish [16] and salmon macrophage
cells exposed to LPS [12], but LPS-treated flounder kidney
cells demonstrated no change in MHC class II gene expression [11]. Immunoglobulin gene expression decreased in
catfish spleen after LPS exposure and in bacterially
infected Atlantic salmon macrophage cells [14], but it
increased in zebrafish after mycobacterial infection [16]
and in Atlantic salmon liver and kidney after bacterial
infection [14,15]. Likewise, complement C3 gene expression was decreased in catfish spleen and salmon macrophages [14], but increased in kidneys from infected
salmon [14] and in infected zebrafish [16]. While the
present experiment demonstrated similarities and differences in species-specific gene expression after bacterial or
LPS exposure, the lack of fully annotated sequences on the
catfish microarray hindered a more comprehensive comparative analysis. Evaluation of immune responses across
species would also enhanced by a reference set of microarray probes on each species-specific microarray.
Overall, there was no correlation between genes that were
more abundant in catfish spleen (measured as number of
cDNA transcripts in [31]) and genes that demonstrated
significant changes in level of expression after LPS stimulation in the present research. While a 2-fold difference in
expression is an arbitrary value, there are, undoubtedly,
significant physiological and immunological consequences to differences in gene expression less than 2-fold.
This differential reflects the inability of current microarray
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technology to significantly resolve smaller differences in
levels of gene expression. The present research exposed
difficulties inherent in performing microarray analyses
from tissues in vivo. Differences observed between individuals within each treatment, due to asynchronized sampling and/or genetic variation, led to averaged effects
which could have masked significant responses in some
individuals. Nonetheless, microarrays are powerful tools
that permit the simultaneous screening of thousands of
genes to provide candidates for further study. While the
current catfish microarray is limited by the large number
of "unknown" candidate sequences, both functional
experimentation and comparative genomic analyses
should help improve and identification of the large
number of catfish ESTs currently without annotation.
From the patterns of gene expression in this experiment,
we hypothesize the observed gene expression profiles in
LPS-stimulated catfish spleen result mainly from macrophage activation by LPS. However, contributions from
other cell types in spleen cannot be discounted. Since
macrophages play a key role in a variety of inflammatory
diseases and in host defense such as pathogen phagocytosis, antigen presentation to immunocytes, and production
of numerous inflammatory mediators, our future work
should focus on homogeneous cell populations derived
either from cultured cell lines or from macrophages isolated directly from the tissues with techniques such as
laser-capture microdissection.

Conclusion
The oligonucleotide microarray produced in the present
research contained genes expressed in seventeen juvenile
tissues and all neonatal tissues and provided a platform
for global analysis of catfish gene expression. Levels of
expression measured on the microarray were significantly
correlated with levels measured by quantitative RT-PCR.
Only 38% of the catfish sequences could be presently
annotated, but de novo synthesis of oligonucleotides on
the platform provides flexibility for adding annotated catfish sequences to the microarray as they become available.
The present experiment focused on the identification of
differential gene expression in spleen in response to LPS
injection. The innate immune response to Gram-negative
bacteria is influenced by the ability of the host to respond
to the LPS component, the major virulence factor of these
bacteria. The present research identified 138 differentially
expressed sequences that can provide clues as to the
response of the catfish immune system to LPS from gramnegative bacteria, and contribute to discerning the NF-κB
pathway in teleosts. Dissecting the LPS signal pathway is
important in expanding our knowledge of molecular
interactions between invading bacteria and host cells.
Understanding the difference in the LPS pathway between
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fish and mammalian species will also facilitate understanding of the evolution of innate immune systems.
Knowledge of the catfish immune system will help
researchers identify key pathways in pathogen-induced
diseases in catfish.

Methods
Experimental fish and LPS treatment
Channel catfish (USDA103 strain, average weight ~200 g)
were maintained in a single 160-liter tank at the Catfish
Genetics Research Unit. Fish were fed a commercial diet to
apparent satiation daily until 24 h prior to treatment with
lipopolysaccharide (LPS). Thirty-two fish were anesthetized with tricaine methanesulfonate (MS222, 100 mg/L)
and randomly divided into two groups, control and LPS.
There were four individuals in each of time-matched control and LPS treatment time points. Lipopolysaccharide
derived from E. coli 0127:B8 (Sigma-Aldrich, St. Louis,
MO) was resuspended at 1.0 mg/ml in phosphate buffered saline (PBS, pH 7.0). Fish in the LPS group each
received a 0.5 ml intraperitoneal (IP) injection of LPS at a
dosage of 2.5 mg/kg body weight. Fish in the control
group each received a 0.5 ml IP injection of PBS. Fish were
then killed by anesthesia overdose (300 mg/L) at 2, 4, 8,
or 24 h post-injection and the spleen was dissected and
placed in 1.0 ml Trizol (Invitrogen Corporation, Carlsbad,
CA). Samples were snap-frozen in liquid nitrogen and
stored at -80°C until RNA isolation. Due to expense, only
two fish per treatment/time combination were used for
microarray analysis, but all four fish per treatment/time
combination were used for real-time RT-PCR analysis. All
experimental procedures were conducted in accordance
with the principles and procedures approved by the Institutional Animal Care and Use Committee, USDA-ARS
Catfish Genetics Research Unit.
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transcriptase from 2.5 µg of total RNA using 100 pmoles
of T7 promoter Oligo dT primer. After ds cDNA synthesis,
the cDNA was purified with DNA Clean & Concentrator5 (Zymo Research, Orange, CA), eluted with 8–16 µl of
ddH2O, and concentrated to 3 µl by vacuum centrifugation. Complementary RNA was then synthesized with a
MEGAscript in vitro Transcription kit (Ambion). The 23.0
µl in vitro transcription reaction included the entire 3.0 µl
of ds cDNA, 2.3 µl of 10× Ambion reaction buffer, 2.3 µl
of 10× Ambion T7 enzyme mix, and 15.4 µl of NTP labelling mix (7.5 mM ATP, 7.5 mM GTP, 5.625 mM UTP,
5.625 mM CTP and 1.875 mM biotin-16-UTP and 1.875
mM biotin-11 CTP). The in vitro transcription reaction
was incubated at 37°C for 16 hours in a thermal cycler.
Transcribed cRNA was then purified with an RNeasy Mini
kit. Generally, 40–60 µg of cRNA was obtained from 2.5
µg original RNA. The sample integrity of the cRNA was
verified with an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., Palo Alto, CA). The biotinylated cRNA
products were then fragmented to 50–200 bp prior to
hybridization by heating cRNA in 1× fragmentation buffer
(40 mM Tris-acetate, pH.8.1, 100 mM potassium acetate,
30 mM magnesium acetate) at 95°C for 35 min.

Total RNA purification and generation of biotin-labelled
complementary RNA
Total RNA was extracted using manufacturer's recommendations (Invitrogen), treated with 4–10 units DNase I
(Ambion Inc., Austin, TX) per 100 µg total RNA at 37°C
for 30 min, then further purified using an RNeasy Mini kit
(Qiagen Inc., Valencia, CA). Equal masses of total RNA
were pooled from the eight individuals in the control
group (two fish in each of four time-matched controls).
This pool of RNA was labelled as described below and
served as a control in the microarray hybridization. The
total RNA from the eight LPS-stimulated fish (two in each
of four time points) was not pooled.

Catfish oligonucleotide microarray production,
hybridization, and image acquisition
Published sequences from cDNA libraries were obtained
from the TIGR catfish gene index release 5.0 [19]. These
ESTs were derived from brain, gill, intestine, liver, kidney
(anterior and posterior), macrophage, muscle, olfactory
tissue, ovary, peripheral blood leukocytes, pituitary, skin,
spleen, stomach, taste tissue, and testis. An additional
9,821 novel sequences were obtained by single-pass directional sequencing of normalized cDNA libraries produced
from mRNA obtained from 5 d, 9 d, and 14 d whole fry.
The fry and TIGR gene index sequences were clustered
using CAP3 software [32] and the resulting contigs and
singlets were assigned an IpCG designation (Ictalurus
punctatus Catfish Genetics). Subsequent to the production
of the microarray, the sequence data from the fry cDNA
libraries were submitted to GenBank as accessions
CV987367 – CV997187 and were incorporated into
release 6.0 of the TIGR gene index. The tables were
updated to include the release 6.0 Tentative Consensus
sequence (TC) designation of these sequences where
applicable. The catfish ESTs were compared against the
GenBank non-redundant peptide database using BlastX,
and only those with E value = 0.005 (minimum bit score
= 100) were annotated.

Biotin-labelled complementary RNA (cRNA) was generated using a modified procedure for the Superscript
Choice System (Invitrogen) for double-stranded (ds)
cDNA synthesis followed by in vitro transcription. First
strand cDNA was synthesized by SuperScript II reverse

Microarray production, hybridization, and imaging were
performed by NimbleGen Systems Inc. (Madison, WI). A
total of 18,989 unique catfish ESTs were used to construct
the high-density catfish oligonucleotide DNA microarrays. The microarrays were synthesized in situ using photo
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deprotection chemistry with the Maskless Array Synthesizer system [33]. Twenty 24-mer oligonucleotides (features) were designed to represent each EST; ten were
perfectly matched oligos positioned throughout the
sequence, and these ten were duplicated but with two mismatched bases at positions #13 and #19. The feature size
for the microarray was 16 µM × 16 µM, and there were
382,409 features within the 17 mm × 13 mm array area.
Of these, 379,652 were catfish-specific, and the remaining
2,757 were used for quality control of oligonucleotide
synthesis and hybridization, and for signal normalization.
The microarrays were pre-hybridized with 1X MES hybridization buffer (100 mM MES, 1.0 M Na+, 20 mM EDTA,
0.01% Tween20) plus 40 µg of herring sperm DNA and
200 µg of acetylated BSA at 45°C for 15 min, followed by
hybridization in the same buffer with 10 µg of denatured
and fragmented cRNA per microarray at 45°C for 16–20
h with constant rotation. After hybridization, the microarrays were immediately washed extensively with non-stringent wash buffer (6X SSPE, 0.01% Tween20) at room
temperature, then with stringent wash buffer (100 mM
MES salt and free acid solution, 0.1 M Na+, 0.01%
Tween20) at 45°C. After final rinsing with non-stringent
wash buffer, the microarrays were stained with 1X Stain
buffer (100 mM MES, 1 M Na+, 0.05% Tween20, 50 mg/
ml of BSA, and 1 mg/ml of Cy3-streptavidin) at room
temperature for 25 min. After the stain buffer was
removed, the microarrays were rinsed with non-stringent
wash buffer and immediately dried under argon gas. The
microarrays were scanned with an Axon GenePix 4000B
scanner (Molecular Devices Corp., Union City, CA) at 5
µM resolution. The data were extracted from the raw
images with NimbleScan software (Nimblegen, Inc.). A
total of ten microarrays were used for this project: two replicates for the control pool and one microarray for each of
the eight LPS-stimulated individuals.
Data analysis, statistics, and bioinformatics
Relative signal intensity (log2 transformed) for each feature was generated using the Robust Multi-Array Average
(RMA) algorithm [34]. The signal intensity was background corrected based on the quantile normalization
process [35,36] for all microarrays from the entire experiment (under uniform conditions) using data from only
perfectly matched oligos. Only oligos with a ratio of signal
to global average background greater than 2.0, with a perfectly matched signal 150% of the mismatched signal, and
with a correlation > 0.9 between biological replicates were
included. The normalized data was analyzed using Significance Analysis of Microarrays [37] from the TIGR Multiexperiment Viewer analysis software package [38] with
two-class unpaired design for each time point. The RMA
value from perfectly matched oligos was used to calculate
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fold differences as the average signal intensity of treated
animals divided by the average signal intensity of control
animals. The list of significant genes that changed at least
2-fold was generated with an estimated global false discovery rate <10%. Differentially expressed sequences were
compared to the Ensembl peptide databases derived from
the zebrafish (v.5) and Tetraodon (v.7) genomes [39]
using BlastX (E-value cutoff 0.005, minimum bit score =
100) and annotated accordingly [see Additional file 1 and
Additional file 2].
Real-time RT-PCR
Real-time RT-PCR analysis was carried out with the TaqMan One-Step RT-PCR kit (Applied Biosystems, Foster
City, CA) in a 25 µL reaction volume containing 200 nM
each amplification primer, 100 nM dual-labelled probe
[see Additional file 2], and 200 ng of total RNA. Products
were amplified in an iCycler iQ™ Real Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA) with the
following profile: 48°C for 30 min; 95°C for 10 min; 40
cycles of 95°C for 30s, 60°C for 1 min. Expression levels
of β-actin were used as endogenous controls within each
sample [see Additional file 2]. Relative levels of gene
expression were calculated using the 2∆∆CT method [40].
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