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Abstract
Background: The quantitative real-time reverse transcription PCR (qRT-PCR) is a widely used technique
that relies on the reference gene for gene expression normalization. Selecting a suitable reference gene is
a crucial step to obtain an accurate result in qRT-PCR. However, most previous studies of fishes adopted
reference genes that were commonly used in mammals without validation.
Results: In this study, we utilized 89 transcriptome datasets covering early developmental stages and
adult tissues, and carried out transcriptome-wide identification and validation of reference genes in
Sebastes schlegelii. Finally, 121 candidate reference genes were identified based on four criteria. Eight
candidates (METAP2, BTF3L4, EIF5A1, TCTP, UBC, PAIRB, RAB10, and DLD) and four commonly used
reference genes (TUBA, ACTB, GAPDH, RPL17) in mammals were selected for validation via qRT- PCR and
four statistical methods (delta-Ct, BestKeeper, geNorm, and NormFinder). The results revealed that the
candidate reference genes we recommended are more stable than traditionally used ones.
Conclusions: This is the first study to conduct transcriptome-wide identification and validation of
reference genes for quantitative RT-PCR in the black rockfish, and lay an important foundation for gene
expression analysis in teleost.

Introduction
The quantitative real-time reverse transcription PCR (qRT-PCR) is a popularized technique for
quantification of relative mRNA levels due to the advantage of its low cost, specificity, sensitivity and
large dynamic range [1, 2]. In qRT-PCR, the expression levels of target genes of interest are usually
normalized to the endogenous controls, also called reference genes. The purpose of reference genes is to
remove or reduce the variations in the quantity and quality of RNA among samples, thus making it
possible for accurate comparison of transcript abundance of a gene of interest among various samples
[2, 3]. Selecting an ideal reference gene that showing constant expression across all samples is an
essential step for normalization and quantitative analysis in RT-qPCR. Despite the significance of a
suitable reference gene has been widely confirmed, many studies are using commonly used reference
genes without validation in qRT-PCR assays. Some commonly used reference genes were confirmed to be
unsuitable in different conditions [3]. For example, GAPDH, a widely used reference gene in human, has
been reported to be an unsuitable reference gene in some species [4, 5], and so is many other traditionally
reference genes, such as 18sRNA and ACTB [6].
However, there are many emerging studies to identify and validate reliable reference genes with various
methods with the development of biotechnology. For example, serial analysis of gene expression,
microarray analysis, and expressed tag sequences have been widely used for reference genes
identification in human and other mammals [3, 7, 8], but there are few similar studies conducted in other
species. In recent years, RNA-seq has been becoming a useful experimental tool and the genes with
stable expression patterns calculated from the transcriptome datasets could be a reliable source for
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reference genes selection. There are many studies carried out utilizing RNA-seq for reference genes
selection not only in model organisms, but also in many non-model organisms, like kiwi, seaweed, and
scallop [9–11].
The black rockfish (S.schlegelii, hereafter denoted ‘rockfish’) evolving live birth, is a good model of teleost
to study the adaption to viviparity [12]. Some studies have been carried out focusing on the genes related
to development, growth, immunity, and reproduction in this group of fish [13–15]. 18sRNA, ACTB, and
GADPH, are usually adopted as the endogenous control of qRT-PCR in rockfish studies. A previous study
of our group compared the stabilities of several commonly used reference genes (18S RNA, ACTB,
GAPDH, TUBA, RPL17, EF1A, HPRT, and B2M) and defined RPL17, EF1A and ACTB as the most reliable
three of them [16]. However, some inconsistent results are still observed even we used the“most stable”
reference gene in rockfish studies. These can be explained that the “most stable reference gene” is
selected by “expression keeps stable in adult tissues” criteria but it is not confirmed if it is still stable
during early developmental stages. It is the best way to combine as most samples as possible to select
the reference genes. Our group sequenced the genome of rockfish and created a large set of
transcriptomes. These provides valuable resources to conduct the transcriptome-wide analysis of
suitable reference genes selection.
In this study, we analyzed 89 transcriptome datasets, and 121 candidate reference genes were identified
based on four criteria. The expression stabilities of eight candidates and four commonly used genes were
validated by qRT-PCR and four statistical methods. The results revealed that candidates we
recommended are more stable than traditionally used reference genes. This will benefit further gene
quantification analysis of the rockfish and other teleost species.

Results

1. Selection of the reference genes in Rockfish from the
transcriptome data
We identified rockfish candidate reference genes among 24094 transcripts from 89 RNA-seq datasets.
Firstly, we obtained 8357(34.7%), 439(2%), 242(1%) genes respectively, according to the first three criteria
(Fig. 1). Then, we figured out the median Log2(TPM) value among genes that met the first three criteria
was approximately six. Finally, the fourth criteria were applied to screen genes with an average
Log2(TPM) > 6, resulting in 121 candidate reference genes for all tissues and developmental stages in
rockfish (Fig. 1). As shown in Table 2, the 15 most stable genes have mean Log2(TPM) values ranging
from 6.33 to 11.00, and the lowest CV values varying from 0.069 to 0.093. Then, we performed functional
enrichment analysis of candidate reference genes. As shown in Fig. 2, GO enrichment analysis revealed
that candidate reference genes are highly associated with metabolic process, cellular metabolic process
and primary metabolic process. Some of these genes are also associated with protein process and
protein complex.
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2. RNA-seq analysis of candidate and commonly used
reference genes expression level
To validate the candidate reference genes we identified, eight genes chosen from the top 15 candidates
and four commonly used were selected to compare their expression profiles. The eight candidates include
METAP2, EIF5A1, BTF3L4, TPT1, UBC, RAB10, DLD and PAIRB, the four commonly used reference genes
include TUBA, ACTB, RPL17 and GAPDH (Table 3).
Concerning Log2TPM values, candidate reference genes have lower variances than commonly used
reference genes, as shown in Fig. 3. For example, GAPDH, a widely used reference genes in mammals, in
which Log2TPM values (ranging from 2 to 14) exhibit high variances in rockfish tissues and
developmental stages. Besides, RPL17 and ACTB, also show relatively high variances. In contrast to
these commonly used reference genes, candidates identified from the transcriptome datasets have
smaller variances in Log2TPM values among different tissues and developmental stages. As METAP2,
which expression level is relatively stable with the Log2TPM values ranging from 7.1 to 10.2. Our
transcriptome datasets suggest the candidate reference genes identified are more stable than commonly
used reference genes in rockfish tissues and developmental stages.

3. qRT-PCR validation of candidates and commonly used
reference genes
To validate the results from our transcriptome datasets, we conducted the RT-qPCR of twelve genes and
four methods (comparative delta-Ct, geNorm, Bestkeeper, and NormFinder) were used for further
expression stability evaluation. We used the Pearson coefficient to determine the correlation between Ct
values and Log2(TPM) values, and there is a negative correlation between two values (R= -0.636, P <
0.01).
As shown in Fig. 4, the Ct values of each gene in different tissues and developmental stages were
determined. Among commonly used genes, GAPDH displays the highest variation of Ct values (from 17
to 32), and RPL17 (Ct 21–29) also expresses variable in different tissues and developmental stages.
TUBA and ACTB, two of commonly used reference genes, have relative stable Ct values. In contrast to
commonly used genes, most candidates have smaller variances than commonly used reference genes.
For example, METAP2 (Ct 22–25), RAB10 (25–27), EIF5A1 (24–27) display very low expression
variations. The results that preliminary comparison of Ct values showed most candidates are relatively
more stable than commonly used reference genes, in consistent with our transcriptome data.

4. Stability analysis between candidates and commonly
used reference genes
Page 4/17

After having summarized the RT-qPCR results, it’s necessary to compare the expression stability between
the candidates and commonly used reference genes by the statistical methods, for determining the
optimal reference genes in further normalization. Here, we applied the four statistical methods for
stability analysis: delta-Ct, BestKeeper, geNorm and NormFinder.
According to the delta-Ct method, RAB10 was identified as the most stable reference gene with the
highest ranking value. And UBC, METAP2, TPT1/PAIRB were most stable genes by the BestKeeper,
NormFinder, geNorm methods respectively. In consistent with our observation of CV values and Ct Values,
GAPDH and RPL17 are most unable with the lowest ranking values among twelve genes by four
methods. Although the stability rankings are variable of these genes by different methods, the candidates
selected from transcriptome data tend to have higher ranking values compared to the commonly used
reference genes. The result of stability analysis by statistical methods further confirmed the reliability of
candidates selected based on transcriptome data.

Discussion
The inappropriate choice of reference genes for normalizing transcript levels of test genes before the
comparative analysis of different biological samples will cause systematic errors in the application of
methods for qRT-PCR analysis, which can compromise the interpretation of results. As a crucial step,
selecting optimal reference genes is vital important for getting an accurate result in gene quantitative
analysis under different experimental conditions. But the same reference genes in different species could
have dramatic expression levels, especially between mammals and lower vertebrates like fish. For
example, GAPDH has been widely identified and used as a housekeeping genes in daily experiments with
high stabilities in mammals [17, 18], but it has a significant expression variation in Atlantic halibut and
zebrafish [19, 20]. Even so, most reference genes for qRT-PCR in fish species are selected from commonly
used reference genes in mammals, which would lead to unnecessary errors in gene quantitative analysis.
With the wide application of omics in molecular biology, transcriptomic data has been becoming a
reliable source for the selection of optimal reference genes for gene quantitative analysis [10, 21, 22].
In this study, we used a modified method, developed by the study of Eisenberg and Levanon, to select
suitable reference genes in rockfish. The reasonability and advantage of the method we used was
detailed described in a previous work [11]. We aimed to screen reference genes with high stability among
different tissues and early developmental stages, so we integrated the transcriptome data of different
adult tissues and developmental stages. By four criteria, only 121 genes with CV values < 1 were selected
from all 24094 genes, suggesting the method we used is very stringent. Besides, we have analyzed the
transcriptome data of tissues and early developmental stages respectively by four criteria. Interestingly,
there were 375 and 752 genes that were obtained, suggesting a significant difference in gene expression
patterns between tissues and developmental stages, which is similar to some other studies [23–25]. After
comparing two gene sets obtained from tissues and developmental stages, we obtained a core set of
genes (122 genes), most genes are overlapped with the candidate reference genes from 121 gene sets,
confirming the stringency and reliability of the methods we applied.
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Top 15 candidate reference genes with the lowest CV values are all annotated proteins, and most of them
have been widely studied in model organisms. For example, UBC has been identified as a reliable
reference gene in some organisms [26–28]. By GO enrichment analysis of all candidate reference genes,
as expected, candidates are highly enriched in biological process associated with metabolic process,
cellular metabolic process, and protein metabolic process, suggesting they may play an essential part in
maintenance of basal cellular functions, as described in other organisms of human, mouse, maize, and
scallop [29–31].
The results of RNA-seq analysis were validated by RT-qPCR of eight from the top 15 candidates and four
commonly used reference genes, and four statistical methods were used to evaluate their expression
stabilities. To be honest, the samples used for qRT- PCR differ from the samples used for RNA-seq, but the
stability ranking values of most reference genes obtained from Log2(TPM) values and Ct values are still
consistent. Further, candidates, selected in this study usually have higher stabilities than these commonly
used reference genes. ACTB and GAPDH are the least stable genes among twelve genes, which is
consistent with a previous study comparing some commonly used reference genes in rockfish, and they
have been widely described to be unsuitable reference genes for gene quantitative analysis in some
species [25, 32, 33].
Intriguingly, TUBA gets a medium ranking value by qRT-PCR, showing it is more stable than the other three
commonly used reference genes. But TUBA is not in our candidate reference genes list. In the process of
screening reference genes based on four criteria, TUBA was filtered out during the second step for
screening genes with low dispersion degree over all tissues and developmental stages [Log2(TPM)] < 1
(The standard deviation value < 1). The CV of TUBA is 0.131. Combining these two results, we don’t think
TUBA is a perfect reference gene in rockfish, since it is not like the candidates we recommended like
RAB10, EIF5A1, PAIRB and BTF3L4, with the high stability ranking values evaluated both from RNA-seq
and qRT-PCR. Based on our analysis and validation, the candidate reference genes we screened are the
most stable.
In non-model organisms, especially in teleost, the reference genes used for normalization in qRT-PCR
experiments usually come from mammals, like GAPDH, ACTB and TUBA. Their unstable expression under
different conditions may cause misleading results during normalization. By combining RNA-seq and qRTPCR analysis, we efficiently identify the most stable reference genes, which could be widely applied in
teleost studies.

Conclusions
In this study, 89 transcriptome datasets of rockfish were utilized to identify reference genes, and 121
candidate reference genes were selected from the transcriptomes based on four criteria. Combing RNAseq and qRT-PCR assays, the expression stabilities of candidates we identified were validated to be higher
than commonly used reference genes. Our studies provide valuable resources for further gene expression
analysis in teleost.
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Material And Methods

1. Sample collection
All adult rockfish used for our study were obtained from the fish hatchery of Qingdao Beibao Aquatic Co.,
Ltd, Shandong, China. They were transported to our laboratory and maintained in aerated seawater for
acclimation. Then, they were sacrificed and the following tissues were dissected: heart, liver, spleen,
kidney, brain, gill, intestine, testis and ovary. All samples were frozen in liquid nitrogen and stored at -80℃
for further RNA extraction. Each tissue was collected in triplicate or more.
Embryos at six different stages (1-cell, 32-cell, blastula, gastrula, somite and pre-hatching) were collected
as described in our previous study [12]. Then, they were stored at -80℃ for further use.

2. RNA-seq datasets
In total, 89 RNA-libraries including 63 from different tissues, and 26 from six developmental stages (1-cell,
32-cell, blastula, gastrula, somite and pre-hatching) with three biological replicates or more were
sequenced 100 bp from each end using BGI-500 platform. Then, the transcriptome data were processed
and the raw counts were converted into TPM values using the RNA-seq by Expectation Maximization
software package [34].

3. Identification of reference genes using transcriptome
data
Modified methods as described in [11], referring to Eisenberg and Levanon [8] were used to select
reference genes among all tissues and different developmental stages of rockfish. Briefly, four criteria
utilized to screen reference genes were as follows: expression could be detected in all tissues and
developmental stages of embryo, low dispersion degree over all tissues and developmental stages
[Log2(TPM)] < 1, no Log2(TPM) differed from the mean Log2(TPM) by two or more in each tissue and
developmental stage regarding expression level, and Log2(TPM) > 6, the median of all Log2(TPM) values
over all tissues and developmental stages. As described in [11], the stability of reference genes was
further evaluated according to the CV value (stdev/mean). Based on the criteria mentioned above, mean
Log2(TPM) > 6, and dispersion degree [Log2(TPM)] < 1, so the CV values of reference genes we identified
are always less than 0.17.

4. RNA extraction and cDNA synthesis
Total RNA was extracted using Trizol reagents(Invitrogen) according to the manufacturer’s protocol. After
RNA purification, the integrity and concentration of RNA extracted was assessed via 1.5% agarose gel
electrophoresis and determined by a Nano photometer. cDNA was synthesized by Reverse Transcriptase
M-MLV kit(Takara) and final volume was 20 ul, the cDNA products were stored at -20℃ for further use.

5. Primer design and RT-PCR
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In total, we selected ten candidate reference genes from transcriptome data, and four commonly used
reference genes for further RT-PCR validation. Primers of these genes were designed by Primer 5.0
software. The criteria of primer design were as follows: amplicon lengths of 80–200 bp, annealing
temperature of 60–63℃, primer lengths of 18–25 bp, and GC content of 40–60%. The information of
primers is listed in Table S1. All primers amplification efficiencies were determined by the standard curve
generated from two-fold dilution series of cDNA concentration (0.625 ng/ul-20 ng/ul).
RT-PCR was conducted in a 384-well plate using a Light Cycler 480 RT-PCR system (Roche Molecular
Biochemical, Mannheim, Germany). Each reaction contained 2 ul cDNA(5 ng/ul), 10 ul Light Cycler 480
SYBR Green I Master, 0.5 ul of each primer and 7 ul ddH2O. Three biological replicates were required for
each sample, and three technical replicates were performed for each biological replicate. RT-PCR cycling
conditions were 95℃ for 5 minutes, followed by 45 cycles at 95℃(15 s), and 61℃(45 s). The specificity
of each primer was determined by melting curve and gel picture.

6. RT-PCR data analysis
The stabilities of reference genes determined in our study were evaluated by ReFinder
(https://www.heartcure.com.au/reffinder/) [23], which integrates four commonly used statistical
approaches: geNorm, NormFinder, Bestkeeper, and comparative delt-Ct method [35–37]. Then the
geometric mean was calculated to guarantee a comprehensive analysis [38].
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Tables
Due to technical limitations, the tables are only available as a download in the supplemental files section.
Page 12/17

Table 1: The top 15 candidate reference genes identified from the 89 transcriptome datasets of
S.schlegeli.
Table 2: Detailed information on the 8 selected candidate reference genes and the 4 commonly used
reference genes.

Figures

Figure 1
The number of genes that met our fourth criteria are shown. (I) TPM > 0; (II) standard-deviation
[log2(TPM)] < 1; (III) no log2(TPM) differed from the mean log2(TPM) by two or more; (IV) mean
[log2(TPM)] >6.
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Figure 2
Functional distribution of GO annotation of candidate reference genes. The solid circle represents the
number of genes. The x-axis represents the q-value. The y-axis represents the Gene Ontology functional
category.
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Figure 3
Evaluation of the reference gene candidates and commonly used reference genes based on RNA-seq
analysis. A boxplot showing the log2(TPM) values of the 8 candidate reference genes and 4 commonly
used reference genes among tissues and developmental stages.
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Figure 4
Evaluation of the reference gene candidates and commonly used reference genes based on RT-qPCR
analysis. A boxplot showing the Ct values of the 8 candidate reference genes and 4 commonly used
reference genes among tissues and developmental stages.
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Figure 5
Expression stability of the twelve genes based on RT-qPCR experiments. The stability was evaluated
based on geNorm, NormFinder and comparative delta-Ct analyses of the RT-qPCR data.
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