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© Yellow River carp is widely cultivated in the world due to its economic value in aquaculture, and the

faster growth of females compared to males. It is believed that microRNAs (miRNA) are involved in
gonadal differentiation and development. qPCR is the most preferred method for miRNA functional
analysis. Reliable reference genes for normalization in qRT-PCR are the key to ensuring the accuracy
of this method. The aim of present research was to evaluate as well as identify the efficacy of reference

. genes for miRNA expression using qRT-PCR in Yellow River carp. Nine ncRNAs (miR-101, miR-23a, let7a,

. miR-26a, miR-146a, miR-451, U6, 55, and 18S) were chosen and tested in four sample sets: (1) different

. tissues in adult carp, (2) different tissues in juvenile carp, (3) different early developmental stages of

© carp, and (4) different developmental stages of carp gonads. The stability and suitability values were
calculated using NormFinder, geNorm, and BestKeeper software. The results showed that 55 was a

. suitable reference gene in different tissues of adult and juvenile carp. The genes 55, 18S, and U6 were

. the most stable reference genes in the early developmental stages of carp. Let-7a and miR-23a were

. considered as the suitable reference genes in the development of gonads. All these reference genes

. were subsequently validated using miR-430. The results showed that genes 5S and 18S were the most

. suitable reference genes to normalize miRNA expression under normal growth conditions in early
different developmental stages. The genes Let-7a, and miR-23a were the most suitable in different
developmental stages. The present study is the first comprehensive study of the stability of miRNA
reference genes in Yellow River carp, providing valuable as well as basic data for investigating more
accurate miRNA expression during gonadal differentiation and development of carp.

. Cyprinus carpio, common carp, is one of the most important cyprinid species, which accounts for 10% of fresh-
- water global aquaculture production’. As a member of them, as species, Yellow River carp has stable traits, fast
. growth, and high economic value.
MicroRNAs (miRNAs) are a class of non-coding small RNA molecules, which is 20-24nt, play important
© regulatory roles in many organisms (e.g., viruses, plants, worms, fish and mammals)?*, and in various biological
. processes (e.g., growth, embryonic development, immune, apoptosis, cell proliferation, and differentiation, cell
. cycle control and stress responses of various organs)>~*. MiRNAs bind to target mRNAs through base paring with
3’ un-translated regions leading to mRNA cleavage, or to translational repression, which depends on the degree
of complementarity of base pairs between miRNA and its target'®!!. Because miRNAs have such important func-
tions, they are being widely studied in various species and in different fields.

: Accurate miRNA expression levels are important to elucidate their roles. Several experimental methods can

: be used for profiling miRNAs (e.g., northern blot'?, microarrays'?, RAKE assays'*, real-time PCR, or quantitative

© RT-PCRP). Quantitative RT-PCR (qRT-PCR) is an accurate and sensitive technique for analyzing miRNA lev-
els®. qRT-PCR is widely used by people detecting miRNA expression in many organisms'’~'°. Normalization of
miRNA levels in this method depends on the stability of the expression of reference genes?. Wong et al. demon-
strated that it is the best way to normalize target RNA levels with reference genes belonging to the same RNA
class?!. Thus, the small non-coding RNA family (ncRNA; for example small nuclear RNA, snRNA; and small
nucleolar RNA) is recommended for miRNA.
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gene Sequence (5’ — 3’ Amplification efficiency

miR-101 TACAGTACTGTGATAACTGAG 0.997

mi-23a CATCACATTGCCAGGGATTTC 0.995

miR-26a CGTTCAGTATCCAGGATAGGCT 0.999

miR-146a CGTGAGACTGATTCCATAGATG 0.998

let-7a CGGTGAGGTAGTAGGTTGTATAGTT 0.990

miR-451 AAACCGTTACCATTACTGAGTT 0.992
GGACACGGAAAGGATTGACAG

188 CGGAGTCTCGTTCGTTATCGGC 0.9%8
GCGTAGAGGAAGCACACCAAT

> TTCCGCAGGAGGTCCCCTACAG 0999
ACAGAGAAGATTAGCATGGCC

ue GACCAATTCTCGATTTGTGCG 0:9%

Table 1. Sequence information for nine selected candidate reference genes.

Several candidate reference RNA genes have been tested under different experimental conditions, and in
different tissues, to identify suitable endogenous reference genes?>*. The most widely-used reference genes for
miRNA quantification are small nuclear RNAs, for example U5 snRNA and U6 snRNA?*, and ribosomal RNAs
like 18S rRNA, 55 rRNA, and 5.8S rRNA®. Protein-coding genes have also been evaluated as reference genes for
miRNA expression analysis by qRT-PCR?*?”. However, studies have shown that there are no genes that do not
vary after changing the experimental conditions in different tissues. Thus, it is necessary to deeply evaluate the
expression of candidate genes for every experimental condition and tissue, before performing experiments.

Only a few studies have analyzed the stability of some miRNAs in human, porcine and rat tissues?®-*’. Several
studies have analyzed suitable reference genes for measuring the level of miRNA expression by qRT-PCR in
plant?*3132 In teleost fish, few reports have explored the stability of miRNAs to be used as reference genes. Xu et
al. investigated the stability of seven miRNAs in different tissues and developmental stages of grass carp through
qRT-PCR?, but there are no reports on this field in common carp.

To identify suitable reference genes in Yellow River carp in a comprehensive way, expression stability of nine
candidate reference genes (which had been investigated as reference genes in partial reports) was explored in
early developmental stages (in which the gonads have not yet differentiated), and in different tissues of juvenile
carp and adult carp. We also analyzed the expression of nine candidate reference genes in gonads of juvenile and
adult carp (in which the gonads had already differentiated), and also in primordial gonads, which is the beginning
of gonadal development and a critical period of sex determination and differentiation.

Results

gRT-PCR amplification validations. All primers were tested for specificity by standard curve analy-
sis, using serial dilutions (100%, 50%, 20%, 10%, 5%, 2%, 1%) of cDNA as templates in Real-Time RT-PCR.
Amplification efficiency was 92-105% (Table 1); melting curves showed a single peak. These results demonstrated
that the PCR reactions are high quality and specificity. Thus, these reference genes were used for the analysis. In
addition, each gene produced a single band of the expected size in 1% agarose gel electrophoresis.

Expression levels and stability of reference genes in different adult carp tissues. Minor changes
in general expression levels and mean Cq values of nine reference genes were found in the RNA level in various
tissues of adult carp. As shown in Fig. 1A the Cq values for the nine reference genes ranged from 5.40 to 45.92.
MiR-101a was the reference gene with the lowest expression (Cq values ranged from 40 to 45.92). The gene 18S
was the most highly expressed reference gene with the lowest Cq value (from 5.40 to 11.13). U6 is a small nuclear
RNA that is frequently used to normalize miRNA data; it also showed a high expression (Cq values ranged from
18.05 to 24.52).

To investigate the suitability of the nine reference genes for miRNA expression normalization, we calculated
their stability values by geNorm, NormFinder, and BestKeeper. The gene 55 showed the highest stability in the
three software programs, and in the different tissues of adult carp. The gene 18 s was the most unstable according
to NormFinder and BestKeeper. while it was ranked third with geNorm. U6 was the most stable gene according
to geNorm. while ranked eighth and fifth with NormFinder and BestKeeper respectively.

The most stable reference gene has the lowest M value, while the least stable one has the highest M value.
Our result showed that all the reference genes had low M values (<1.5) except miR-101 and miR-23a. According
to NormFinder and BestKeeper, 5S was the best candidate gene, followed by miR-23a (Table 2 and Fig. 2A).
Therefore, 5S was recommended as the best candidate gene for analysis of X in adult Yellow River carps.

Expression levels and stability of reference genes in different tissues of juvenile carp. The Cq
values of the nine reference genes ranged from 5.85 to 45.31, across the different tissues examined in juvenile carp.
MiR-451 was the gene with the lowest expression (Cq values ranging from 36.14 to 45.31), followed by Let-7a and
miR-101. The gene 18 s was the most highly expressed reference gene with the lowest Cq value (5.85-11.32). U6
had Cq values ranging from 18.78 to 22.82 (Fig. 1B).
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Figure 1. Expression levels of the nine potential reference genes in Yellow River carps. (A) Different tissues of
adult, (B) different tissues of juvenile, (C) early development stages, (D) development of gonads. Data is shown
as average Cq values £ SD (n=6).

Bestkeeper 58 miR-23a miR-26a miR-101 miR-451 Let7a miR-146a U6 188
Genorm /3 58 188 miR-451 Let7a miR-146a miR-26a miR-23a miR-101
NormPFinder 58 miR-23a miR-26a miR-101 ve Let7a miR-451 miR-146a 18§

Table 2. Rank order of each candidate reference gene in different tissues of adult.

The stability of the nine reference genes was calculated by geNorm, NormFinder, and BestKeeper. The gene 58
was the most stable; 18 s and miR-146a were the least stable in different juvenile carp tissues. GeNorm showed that
all the reference genes had low M values (<1.5), except for miR-101, Let-7a, miR-451, and miR-146a. The gene 5S
was the most stable, according to geNorm, followed by U6 and 18 s. The gene 18 s was third for stability according
to geNorm, but it was the least stable according to NormFinder and BestKeeper. MiR-23a was second in stability
according to BestKeeper, was fourth in stability in geNorm, and third in stability in NormFinder. MiR-26a was
the second in stability in NormFinder, fifth in stability in BestKeeper and geNorm, and NormFinder (Table 3 and
Fig. 2B).

Expression levels and stability of reference genes in early different developmental stages. To
investigate the suitability of the nine reference genes for miRNA expression normalization in different early
developmental stages, samples of morula, gastrula, neurula, caudal bud, hatching, and primordial gonad were
analyzed. As shown in Fig. 3C, the Cq values for the nine reference genes ranged from 47.26 to 27.7. U6 was the
most highly expressed reference gene with the lowest Cq values (27.7 to 28.26). The gene 18 s had Cq values rang-
ing from 29.2 to 29.96. MiR-451 was the gene with the lowest expression (with Cq values ranging from 38.32 to
45.97), followed by miR-146a, and miR-101.

Normfinder, BestKeeper, and geNorm demonstrated that 58 and 18 s had the highest stability, while miR-101
was the most unstable. The 55 and 18 s were the best candidate genes in NormFinder and geNorm, followed by
U6 and Let-7a. GeNorm showed that all the reference genes had low M values (<1.5), except for miR-451 and
miR-101. According to BestKeeper, U6 was the best gene for X, followed by 18 s and Let-7a. The gene 58 was first
in NormFinder and geNorm, and fourth in BestKeeper. Therefore, 55, 18s, and U6 were considered the best ref-
erence genes in different developmental stages of Yellow River carp (Table 4 and Fig. 2C).

Expression levels and stability of reference genes during development of carp gonads.  To ana-
lyze the expression of the nine reference genes during gonadal development of carp, expression was measured in
the gonad at three developmental periods: primordial gonad (undifferentiated period), juvenile carp, and adult
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Figure 2. Average expression stability values (M) calculated by geNorm. (A) Different tissues of adult, (B)
different tissues of juvenile, (C) early development stages, (D) development of gonads.
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Figure 3. Expression profile of miR-430 and validation of selected reference genes in early different
development stages of Yellow River Carp. Error bars represent the mean of three technical replicates £ SD.

Bestkeeper 58 miR-23a miR-101 U6 miR-26a Let7a miR-451 miR-146a 18S
Genorm 58 U6 188 miR-23a miR-26a miR-101 Let7a miR-451 miR-146a
NormFinder 58 miR-26a miR-23a miR-101 9/3 Let7a miR-451 miR-146a 188

Table 3. Rank order of each candidate reference gene in different tissues of juvenile.

Bestkeeper U6 | 18S | Let7a |5S miR-451 miR-146a | miR-23a | miR-26a | miR-101
Genorm 58 | 18§ | U6 Let7a | miR-146a | miR-23a miR-26a | miR-451 | miR-101
NormFinder |5S |18S | U6 Let7a | miR-146a | miR-23a miR-26a | miR-451 | miR-101

Table 4. Rank order of each candidate reference gene in different tissues of early development stages.

carp. As shown in Fig. 4D, the Cq values ranged from 22.12 to 38.81. The gene U6 showed relatively high abun-
dance (Cq values from 23.51 to 29.44), followed by 185 (Cq values from 22.12 to 28.76). The expression level of
U6 and 18 s was lower in the gonad than in other tissues.
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Figure 4. Expression profile of miR-430 and validation of selected reference genes during development of
Yellow River Carp gonads. Error bars represent the mean of three technical replicates £ SD.

Bestkeeper 58 miR-101 188 miR-23a Let7a 9/9 miR-26a miR-146a miR-451
Genorm Let7a miR-23a /3 miR-101 miR-26a 188 miR-146a 58 miR-451
NormFinder miR-23a Let7a miR-101 9/3 188 miR-26a miR-146a MiR-451 58

Table 5. Rank order of each candidate reference gene in development of gonads.

Let-7a was the most stably expressed gene according to geNorm, followed by miR-23a and U6. In geNorm all
the reference genes had high M values (>1.5), which was different from the results of other samples. Normfinder
showed that miR-23a was the most stable gene, followed by Let-7a. The gene 5S was the most stable reference gene
in BestKeeper, followed by miR-10, but it was the second least stable according to geNorm, and the least stable
according to NormFinder. MiR-451 was the least stable gene during the development of carp gonads, according to
both BestKeeper and geNorm. Let-7a and miR-23a were thus considered the best reference genes during gonadal
development of Yellow River carp (Table 5 and Fig. 2D).

Validation of selected reference genes by miR-430 expression analysis. To validate the X of poten-
tial reference genes in common carp, the relative expression of miR-430 (a miRNA potentially involved in sex in
Yellow River carp) was normalized using the most stable reference gene, the multiple best reference genes, and
the least stable reference gene, in different early developmental stages, and in different gonad developmental
stages. Our previous research showed that miR-430 was significantly down-regulated during early developmental
stages. Data normalizations using the most stably expressed reference genes, 55 and 18, as well as stable reference
genes in combination, resulted in consistent miR-430 expression patterns during the early developmental stages.
By contrast, the expression of miR-430 was considerably biased when the least stably expressed reference gene
miR-101 was used for data normalization (Fig. 3). Similar results were observed when miR-430 was compared to
the stable reference genes Let-7a and miR-23a during gonad development, and stable reference genes in combi-
nation. The results normalized using the most unstable reference gene miR-451 showed no significant differences
between primordial gonad and juvenile carp (Fig. 4). The above results indicated that the most stable reference
genes and most suitable combination showed similar levels of miRNA expression, so that they could be used for
normalization of miRNA in Yellow River carp. The least stable reference genes failed to standardize the expression
data effectively.

Materials and Methods

Sample collection. Research was preformed preformed according to the Animal Experimental Guidelines
of the Ethical Committee of The University of China. The Yellow River carp (Cyprinus carpio var.) used in this
study was obtained from Henan academy of fishery science, Zhengzhou (Henan, P. R. China) and maintained
at the Genetic Laboratory (Henan Normal University, Xinxiang, P. R. China) in through-flow water tanks at
25£2°C under natural photoperiod for an initial acclimation period. Fish were fed twice daily during the prepa-
ration of experiment, and no fish died during the experiment. Embryos were obtained by natural spawning and
cultured in embryo medium following standard procedures. Juvenile carp (one year old) and adults (two years
old) were selected randomly.

Eleven tissues including forebrain, hindbrain, muscle, foregut, hindgut, kidney, liver, spleen, heart, gill and fin
were taken from three juvenile carps and from three adults in aseptic conditions. The embryos and early larvae
were sampled at six developmental stages (12 specimens per samples from each stage): morula, gastrula, neurula,
caudal bud, hatching, and primordial gonad (an important period in which the expression of many miRNAs in
the gonads changed significantly according to our previous study; data not shown). Gonads were collected from
juvenile and adult carp(three males and three females). Each stage had three biological replicates. All samples
were immediately frozen in liquid nitrogen and stored at —80 °C for further use.

The Yellow River carp used in this study were obtained from the aquaculture base of Henan Normal University
and cultured in our own laboratory. All fish were anesthetized with 2-phenxyethanol before being euthanized.
Fish were cared for according to the Regulations for the Administration of Affairs Concerning Experimental
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Animals for the Science and Technology Bureau of China. The experimental protocols were approved by the
Animal Management Committee of Henan Provincial Laboratory.

Selection of candidate reference genes and design of primers. Nine candidate reference genes
including miR-101, miR-23a, miR-26a, miR-146a, let7a, miR-451, U6, 58 and 18S were selected as reference genes
for miRNA expression normalization by qRT-PCR, due to their wide use in the literature.

Primers for the nine selected candidate reference genes are listed in Table 1. Primers were designed using
Primer Premier 5.0, according to the rules reported in previous studies®*. Primers for miRNAs were designed
according to the principle of stem-sloop primers®>*®. Forward primers were designed according to miRNA
sequences (sequences from high-throughput sequencing results). The reverse primer was a universal primer
(5’-GTGCAGGGTCCGAGGT-3').

RNA isolation and cDNA synthesis. Total RNA was extracted using TRIzol reagent following the man-
ufacturer’s instructions (Invitrogen, Carlsbad, USA); it was then treated with RNase-free DNasel (Promega,
Wisconsin, USA) to remove contaminating DNA. The RNA concentration and purity was determined using a
Nanodrop 2000 spectrophotometer (Nanodrop Technologies, Wilmington, DE) measuring absorbance at 260 nm
and 280 nm. We also checked the degradation level of RNA samples by gel electrophoresis. RNA samples with
ratio at 0D260/280 over 1.95 and no degradation were used for further experiment. Reverse transcription was
performed using the one-step PrimeScript miRNA ¢cDNA Synthesis Kit (TakaRa). Reverse primers for RT-PCR
and stem-loop primers were used for miRNAs and for non-miRNA ncRNAs, respectively.

QRT-PCR. qRT-PCR was performed in 96-well blocks with a PikoReal Real-time PCR System (Thermo Fisher
Scientific) using the SYBR Premix Ex TaqTM Kit (TaKaRa Biotechnology). Reactions were performed with 2 of
diluted cDNA, 200 nM of each primer (Invitrogen) and 10 pL of 2 x SYBR PCR Master Mix with the following
amplification conditions: 95 °C for 10 min, and 45 cycles of 95°C for 15s and 60 °C for 1 min. All measurements
were performed using three biological replicates. Negative RT control, negative poly (A) polymerase controls, and
non-template controls were also included in each run.

Stability expression and data analysis. The stability of candidate reference genes was assessed with
three programs: geNorm*, NormFinder®, BestKeeper®®. GeNorm (v.3.5) calculates a gene expression stability
value (M) for a control gene, as the average pairwise variation V for that gene with all other reference genes®.
NormFinder (v.20) is an application for determining the optimal normalization gene(s) among various can-
didates. It uses a variance (ANOVA) estimation approach that ranks the reference genes based on intra- and
inter-group variations, and conforms to their expression stability®. BestKeeper (v.1.0) is a program that calculates
standard deviation, percentage of covariance, and coeflicient of correlation from the Cq values, to determine the
expression stability of reference genes.

Reference gene validation. To confirm the reliability of the potential reference genes, miR-430, a putative
sex-involved miRNA, was selected from previous research, because it exhibited high expression during gonad
differentiation and development in Yellow River Carp*. The expression of miR-430, was normalized with both
the most stable genes, and multiple of the most and least stable gene in different early developmental stages
and in different gonad developmental stages. The primers are listed in Table 1. Three biological replicates and
three technical replicates were used for each sample. The conditions of qRT-PCR amplification were same as
those described above for X. The relative expression of all genes was computed based on the 2-AACt method as
described by Livak et al.*%.
In addition, the qPCR efficiency results were stated using the software LinRegPCR.

Ethics approval. The Yellow River carp used in this study were obtained from the aquaculture base of Henan
Normal University and cultured in our own laboratory, and all fish were anesthetized with 2-phenxyethanol
before being euhanized. The fish were cared for according to the Regulations for the Administration of Affairs
Concerning Experimental Animals for the Science and Technology Bureau of China throughout the study,
and the experimental protocols were approved by the Animal Management Committee of Henan Provincial
Laboratory.

Discussion

miRNAs were increasingly reported as regulators in organisms that might play very important roles in many
biological processes*>**. QRT-PCR is the most common method for analyzing the expression profiles of miRNAs.
However, accuracy and reliability of qRT-PCR results depend on the use of suitable reference genes as internal
controls to normalize miRNA expression levels?**,

In teleost, few studies have been conducted to validate reference genes. Johnston et al. were the first to conduct
miRNA expression analysis in a teleost fish**. Xu et al. investigated the stability of seven miRNAs in different tis-
sues and different developmental stages of grass carp*3. Diego et al. conducted a comprehensive evaluation of the
characteristics of reference genes in gonad samples of turbot (Scophthalmus maximus) at different development
times reared at different temperatures*®.

As we known, the determination of suitable reference genes in common carp (Yellow River carp) has not been
reported previously.

In this study we used three common statistical approaches (NormFinder, BestKeeper and geNorm) to assess
the stability of expression of nine candidate reference genes, in order to identify the best reference genes for dif-
ferent tissues, different developmental stages, and different gonads in Yellow River carp. In Xu’s study*’, miR-101a
and miR-451 were also selected to investigate; MiR-101a was the most stable miRNA. Our results indicate that
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5§ is the best reference gene for different tissues of adult and juvenile common carp. Xu’s results showed that the
tissue type is an important variability factor for miRNA expression stability, which is in agreement with our study.

When early developmental stages were considered, the most suitable genes were 58, 18s, and U6, according to
the three statistical approaches; the least stable genes were miR-101 and miR-451. In embryonic developmental
stages of Chinese Perch (Siniperca chuatsi), miR-101a was the most stable reference miRNA*, but was the least
stable gene in the present study. The gene 18s was the least stable in all tissues, while it was the second stale gene
in early developmental stages. In addition, miR-101, and miR-451 were the least stable genes in different tissues
in early developmental stages. In Xu’s study miR-126-3p was the most stable reference miRNA gene during devel-
opmental stages 1-5, while miR-22a was the most stable during developmental stages 6-18°. Together, these
findings are consistent with the fact that the developing carp is changing across developmental time. Pinhal et al.
showed that the complexity of miRNA expression in Nile tilapia increases during development and differentia-
tion*; they compared later developmental stages and adult stages. A limited number of miRNAs was expressed
during early developmental stages; they suggest that increasing complexity of miRNA expression profiles may
trigger development and differentiation of specific cells and tissues. The results of NormFinder, BestKeeper, and
geNorm are almost identical when early developmental stages were considered.

Differences in gender may lead to differences in gene expression stability. In Pinhal’s study, the expression
of miRNA was also influenced by sex*. Our results showed that when the gonad was considered as a whole, the
results are different from those in different tissues and developmental stages. Our results showed that miR-23a
and Let-7a the most stable genes by NormFinder and geNorm. 5S being ranked third analyzed for stability by
BestKeeper, while ranked ninth by NormFinder and eighth by geNorm. These observations are compatible with
the fact that the stability of reference genes can change when factors like sex are considered.

58 and U6, which act as housekeeping ncRNAs, are frequently used in many miRNA studies to normalize
miRNA data. In teleost studies, U6 and 18s are the most common genes used for normalization**->!. The gene
58 was selected as the reference control for normalizing miRNA expression in marine medaka and Paralichthys
olivaceus®**>%, In our study, 5S was the best reference gene in different tissues and in early developmental stages
of common carp. There were only slight differences between the results obtained by the three algorithms. During
gonad development BestKeeper identified 5S as the most stable. These results suggest that 5 is a suitable refer-
ence gene for different tissues in early developmental stages of common carp. U6 has been used as endogenous
control in human solid tissues?, and is stable in somatic embryogenic and adult tissues*’. U6 has been considered
one of the least stable genes in the liver**. In the present study, U6 ranked first or third in the early development of
common carp with slight differences between the results obtained by the three algorithms. While ranked second
and middle in different tissues and third, fourth, and seventh in the gonad with significant differences among the
results determined by the three algorithms, which indicates that U6 may be a suitable reference gene for common
carp in early developmental stages, but may not be suitable for different tissues and gonads. Xu et al. discarded 18
from their study on grass carp because it exhibited altered expression®. The gene 18s was second according to the
three algorithms in early developmental stages, however it was among the least stable reference genes in different
tissue samples and gonad samples.

The genes 185 and U6 were highly expressed in all the samples; they had the highest expression in different
tissues, but relatively low expression in the gonad and in early developmental stages. This may be related to their
function during gonadal development of common carp.

The geNorm program is used to assess reference genes by calculating the gene expression stability value M.
The most stable reference gene has the lowest M value, while the least stable gene has the highest M value, and
the M value should also be lower than 1.5%2. In this study, geNorm stability values in gonad samples were greater
than 1.5, which indicates that sex is an important variability factor that affects the stability of miRNA expression.

Our results demonstrate that the three reference gene determination methods show conflicting outcomes,
especially in samples of developing gonads. For example, 5S was the most stable reference gene in BestKeeper,
while it was the second least stable by geNorm, and the least stable gene by NormFinder analysis. Diego et al.
offered a comprehensive evaluation of the characteristics of reference gene selection methods. They found that
NormFinder had the best approaches for reference gene selection, while geNorm results proved to be unreliable
on the other side*. So, according to our analysis, 5S was the most stable gene in all experimental conditions,
except in gonad samples.

Conclusion

This study tested the suitability of nine ncRNA genes in multi-tissue experiment, early developmental stages,
and gonad of Yellow River carp with three commonly-used programs. The gene 5S is the best option for X in
multi-tissue experiments. The genes 5S and 18 s are suitable reference genes in early developmental stages, and
Let-7a and miR-23a are suitable reference genes during gonad development. These results highlight the impor-
tance of identifying suitable reference genes for normalization of miRNA expression under different experiment
conditions. Our study analyzed the expression stability of several candidate genes deeply and comprehensively
to determine the suitability reference genes in Yellow River carp. These results will be helpful for the accurate
determination of miRNA expression in future common carp studies.

References
1. Genome sequence and genetic diversity of the common carp, Cyprinus carpio. Nat Genet. 46(11), 1212-9 (2014 Nov).
2. Zhao, Y. & Srivastava, D. A developmental view of microRNA function. Trends Biochem Sci. 32, 189e97 (2007).
3. Skalsky, R. L. & Cullen, B. R. Viruses, microRNAs, and host interactions. Annu Rev Microbiol. 64, 123e41 (2010).
4. Wang, Z.]., Huang, J. Q.,, Huang, Y. ], Li, Z. & Zheng, B. S. Discovery and profiling of novel and conserved microRNAs during flower
development in Carya cathayensis via deep sequencing. Planta. 236, 613-621 (2012).

SCIENTIFIC REPORTS |

(2019) 9:8691 | https://doi.org/10.1038/s41598-019-44982-x 7


https://doi.org/10.1038/s41598-019-44982-x

www.nature.com/scientificreports/

12.
13.
14.
15.
. Pritchard, C. C., Cheng, H. H. & Tewari, M. MicroRNA profiling: approaches and considerations. Nat Rev Genet 13, 358-369 (2012).
17.
18.
19.
20.

21.

22,
23.

24.
25.

26.
27.
28.
29.
30.
31.
32.
33.

34.
. Varkonyi-Gasic, E., Wu, R., Wood, M., Walton, E. & Hellens, R. Protocol: a highly sensitive RT-PCR method for detection and

36.

37.

38.

39.

40.
41.
42.
43.
44.

45.

46.

. Brennecke, J., Hipfner, D. R,, Stark, A., Russell, R. B. & Cohen, S. M. Bantam encodes a developmentally regulated microRNA that

controls cell proliferation and regulates the proapoptotic gene hid in Drosophila. Cell. 113, 25-36 (2003).

. Xu, P, Vernooy, S. Y., Guo, M. & Hay, B. A. The Drosophila microRNA mir-14 suppress cell death and is required for normal fat

metabolism. Curr. Biol. 13, 790-795 (2003).

. Hwang, H. W. & Mendell, J. T. MicroRNAs in cell proliferation, cell death, and tumori-genesis. Br. J. Cancer. 94, 776-780 (2006).

. Ro, S. et al. Cloning and expression profiling of small RNAs expressed in the mouse ovary. RNA. 13, 2366-2380 (2007).

. Pedersen, I. M. et al. Interferon modulation of cellular microRNAs as an antiviral mechanism. Nature. 449, 919-922 (2007).

. Krol, J., Loedige, I. & Filipowicz, W. The widespread regulation of microRNA biogenesis, function and decay. Nat Rev Genet. 11,

597-610 (2010).

. van Rooij, E. & Olson, E. N. MicroRNAs: powerful new regulators of heart disease and provocative therapeutic targets. J Clin Invest

117, 2369e76 (2007).

Sempere, L. E. et al. Expression profiling of mammalian microRNAs uncovers a subset of brain-expressed microRNAs with possible
roles in murine and human neuronal differentiation. Genome Biol. 5, R13 (2004).

Sun, Y. et al. Development of a micro-array to detect human and mouse microRNAs and characterization of expression in human
organs. Nucleic Acids Res. 32(22), €188 (2004).

Berezikov, E. et al. Many novel mammalian microRNA candidates identified by extensive cloning and RAKE analysis. Genome Res.
16(10), 1289-98 (2006).

Chen, C. et al. Real-time quantification of microRNAs by stem-loop RT-PCR. Nucleic Acids Res. 33(20), 179 (2005).

Koo, S. C. et al. Control of lateral organ development and flowering time by the Arabidopsis thaliana MADS box Gene AGAMOUS-
LIKES. Plant J. 62, 807-816 (2010).

Wei, C., Salichos, L., Wittgrove, C. M., Rokas, A. & Patton, J. G. Transcriptome-wide analysis of small RNA expression in early
zebrafish development. RNA 18(5), 915-29 (2012).

Cheng, D., Zhang, Z., He, X. & Liang, G. Validation of reference genes in Solenopsis invicta in different developmental stages, castes
and tissues. PloS One 8, €57718 (2013).

Guénin, S. et al. Normalization of QRT-PCR data: the necessity of adopting a systematic, experimental conditions-specific, validation
of references. J. Exp. Bot. 60, 487-493 (2009).

Wong, L. L. K, Lee, K., Russell, I, Chen, C. Endogenous Controls for Real-Time Quantitation of miRNA Using TagMan MicroRNA
Assays. Applied Biosystems Application Note 2010: Publication 127AP11-01. Available from, http://www3.appliedbiosystems.com/
cms/groups/mcb_marketing/documents/generaldocuments/cms_044972.pdf Accessed 2014 Aug 26 (2010).

Davoren, P. A., McNeill, R. E., Lowery, A. J., Kerin, M. J. & Miller, N. Identification of suitable endogenous control genes for
microRNA gene expression analysis in human breast cancer. BMC Mol. Biol 9, 76 (2008).

Peltier, H. J. & Latham, G. J. Normalization of microRNA expression levels in quantitative RT-PCR assays: identification of suitable
reference RNA targets in normal and cancerous human solid tissues. RNA 14, 844-852 (2008).

Yan, B. & Zhao, J. L. miR-1228 prevents cellular apoptosis through targeting of MOAP1 protein. Apoptosis 17, 717¢24 (2012).

Yan, B., Zhao, L. H., Guo, J. T. & Zhao, J. L. miR-429 regulation of osmotic stress transcription factor 1 (OSTF1) in tilapia during
osmotic stress. Biochem Biophys Res Commun 426, 294e8 (2012).

Feng, H. et al. Selection of suitable inner reference genes for relative quantification expression of microRNA in wheat. Plant Physiol.
Biochem. 51, 116-122 (2012).

Lin, Y. L. & Lai, Z. X. Evaluation of suitable reference genes for normalization of microRNA expression by real-time reverse
transcription PCR analysis during longan somatic embryogenesis. Plant Physiol. Biochem. 66, 20-25 (2013b).

Schaefer, A. et al. Suitable reference genes for relative quantification of miRNA expression in prostate cancer. Exp Mol Med 42,
749e58 (2010).

Timoneda, O., Balcells, I., Cordoba, S., Castello, A. & Sanchez, A. Determination of reference microRNAs for relative quantification
in porcine tissues. PloS one 7, 44413 (2012).

Lardizabal, M. N. et al. Reference genes for real-time PCR quantification of microRNAs and messenger RNAs in rat models of
hepatotoxicity. PloS One 7, 36323 (2012).

Kulcheski, E. R., Marcelino-Guimaraes, F. C., Nepomuceno, A. L., Abdelnoor, R. V. & Margis, R. The use of microRNAs as reference
genes for quantitative polymerase chain reaction in soybean. Anal. Biochem. 406, 185-192 (2010).

Kou, S.J. et al. Selection and validation of suitable reference genes for miRNA expression normalization by quantitative RT-PCR in
citrus somatic embryogenic and adult tissues. Plant Cell Rep. 31,2151-2163 (2012).

Xu, X. Y, Shen, Y. B, Fu, J. ], Lu, L. Q. & Li, J. L. Determination of reference microRNAs for relative quantification in grass carp
(Ctenopharyngodon idella). Fish & Shellfish Immunology. 36, 374-382 (2014).

Lalitha, S. Primer premier 5. Biotechnol. Softw. Internet Rep. 1, 270-272 (2000).

quantification of microRNAs. Plant Methods 3, 12 (2007).

Vandesompele, J. et al. Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal
control genes. Genome Biol 3, RESEARCH0034 (2002).

Andersen, C. L., Jensen, J. L. & Orntoft, T. E Normalization of real-time quantitative reverse transcription-PCR data: a model-based
variance estimation approach to identify genes suited for normalization, applied to bladder and colon cancer data sets. Cancer Res.
64, 5245e50 (2004).

Pfaffl, M. W, Tichopad, A., Prgomet, C. & Neuvians, T. P. Determination of stable housekeeping genes, differentially regulated target
genes and sample integrity: BestKeeper-Excel-based tool using pair-wise correlations. Biotechnol Lett 26, 50915 (2004).

Andersen, C. L., Jensen, J. L. & Orntoft, T. F. Normalization of real-time quantitative reverse transcription-PCR data: a model-based
variance estimation approach to identify genes suited for normalization, applied to bladder and colon cancer data sets. Cancer Res
64, 5245-5250 (2004).

Wang, E. et al. Identification and profiling of Cyprinus carpio microRNAs during ovary differentiation by deep sequencing. BMC
Genomics 18, 333 (2017).

Livak, K. J., Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C
(T)). Methods., 25, 402 £ 408, https://doi.org/10.1006/meth.2001.1262 PMID:11846609 (2001).

Baltimore, D., Boldin, M. P., O’Connell, R. M., Rao, D. S. & Taganov, K. D. MicroRNAs: new regulators of immune cell development
and function. Nat Immunol 9, 839e45 (2008).

Xiao, J. et al. Identification and characterization of microRNAs in ovary and testis of Nile tilapia (Oreochromis niloticus) by using
solexa sequencing technology. PLoS One 9(1), e86821 (2014).

Fu, J. X., Wang, Y., Huang, H., Zhang, C. & Dai, S. L. Reference gene selection for RT-qPCR analysis of Chrysanthemum
lavandulifolium during its flowering stages. Mol. Breed. 31, 205-215 (2013).

Johnston, I. A. et al. Embryonic temperature affects muscle fibre recruitment in adult zebrafish: genome-wide changes in gene and
microRNA expression associated with the transition from hyperplastic to hypertrophic growth phenotypes. ] Exp Biol 212, 178193
(2009).

Diego, R. et al. Analysis of qQPCR reference gene stability determination methods and a practical approach for efficiency calculation
on a turbot (Scophthalmus maximus) gonad dataset. MBC Genomics. 15, 648 (2014).

SCIENTIFIC REPORTS |

(2019) 9:8691 | https://doi.org/10.1038/s41598-019-44982-x 8


https://doi.org/10.1038/s41598-019-44982-x
http://www3.appliedbiosystems.com/cms/groups/mcb_marketing/documents/generaldocuments/cms_044972.pdf
http://www3.appliedbiosystems.com/cms/groups/mcb_marketing/documents/generaldocuments/cms_044972.pdf
https://doi.org/10.1006/meth.2001.1262

www.nature.com/scientificreports/

47. Zhu, X. et al. Selection of Reference Genes for MicroRNA Quantitative Expression Analysis in Chinese Perch, Siniperca chuatsi. Int.
J. Mol. Sci. 16, 8310-8323 (2015).

48. Pinhal, D. et al. Genome-wide microRNA screening in Nile tilapia reveals pervasive isomiRs’ transcription, sex-biased arm
switching and increasing complexity of expression throughout development. Scientific Report. 8, 8248 (2018).

49. Zhu, Y. P. et al. Identification of common carp (Cyprinus carpio) microRNAs and microRNA-related SNPs. BMC Genomics. 13,413
(2012).

50. Yan, B. et al. microRNA regulation of skin pigmentation in fish. J Cell Sci 126, 3401e8 (2013).

51. Jenny, M. J., Aluru, N. & Hahn, M. E. Effects of short-term exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin on microRNA
expression in zebrafish embryos. Toxicol Appl Pharmacol 264, 262¢73 (2012).

52. Gu, Y, Zhang, L. & Chen, X. Differential expression analysis of Paralichthys olivaceus microRNAs in adult ovary and testis by deep
sequencing. Gen Comp Endocrinol. 204, 181-4 (2014).

53. Lau, K. et al. Identification and expression profiling of microRNAs in the brain, liver and gonads of marine medaka (Oryzias
melastigma) and in response to hypoxia. PLoS One 9, e110698.49 (2014).

54. Lamba, V., Ghodke-Puranik, Y., Guan, W. H. & Lamba, K. J. Identification of suitable reference genes for hepatic microRNA
quantitation. BMC Research Notes. 7,129 (2014).

Acknowledgements
This work is supported by the National Natural Science Foundation of China (No. U1804116), the Henan
Scientific and Technological Research Projects (No. 172102110098 and No. 142300410164).

Author Contributions

Qianwen Yan and Wenjie Zhao gathered samples, performed data analysis and interpreted results. Qiyan Du
participated in its design. Fang Wang conceived the report and drafted the manuscript. Zhongjie Chang provided
guidance on experimental design and funding.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:8691 | https://doi.org/10.1038/s41598-019-44982-x 9


https://doi.org/10.1038/s41598-019-44982-x
http://creativecommons.org/licenses/by/4.0/

	Selection of suitable candidate genes for miRNA expression normalization in Yellow River Carp (Cyprinus carpio. var)

	Results

	qRT-PCR amplification validations. 
	Expression levels and stability of reference genes in different adult carp tissues. 
	Expression levels and stability of reference genes in different tissues of juvenile carp. 
	Expression levels and stability of reference genes in early different developmental stages. 
	Expression levels and stability of reference genes during development of carp gonads. 
	Validation of selected reference genes by miR-430 expression analysis. 

	Materials and Methods

	Sample collection. 
	Selection of candidate reference genes and design of primers. 
	RNA isolation and cDNA synthesis. 
	QRT-PCR. 
	Stability expression and data analysis. 
	Reference gene validation. 
	Ethics approval. 

	Discussion

	Conclusion

	Acknowledgements

	Figure 1 Expression levels of the nine potential reference genes in Yellow River carps.
	Figure 2 Average expression stability values (M) calculated by geNorm.
	Figure 3 Expression profile of miR-430 and validation of selected reference genes in early different development stages of Yellow River Carp.
	Figure 4 Expression profile of miR-430 and validation of selected reference genes during development of Yellow River Carp gonads.
	Table 1 Sequence information for nine selected candidate reference genes.
	Table 2 Rank order of each candidate reference gene in different tissues of adult.
	Table 3 Rank order of each candidate reference gene in different tissues of juvenile.
	Table 4 Rank order of each candidate reference gene in different tissues of early development stages.
	Table 5 Rank order of each candidate reference gene in development of gonads.




