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Abstract

Background: The real-time quantitative reverse transcription PCR (RT-gPCR) is widely used for gene expression analysis, owing to its advantages of high
specificity, sensitivity and repeatability. A suitable reference gene is an absolute prerequisite for accurate normalization, nevertheless, the frequently-used
reference gene was reported unstable under different experimental conditions and causes failure to correctly analyze the expression of the interested
gene. Therefore, it is vital to systematically evaluate the expression stability of these candidate reference genes before performing RT-qPCR.

Results: In this study, two computational statistical methods were used, including geNorm and NormFinder, in order to determine the expression stability
of 12 frequently-used reference genes in Dianthus caryophyllus across different experimental conditions. The results show that the expression stability of
candidate genes varies greatly in different sample pools, which again proves the instability of these common housekeeping gene expressions. In general,
the expression of UBQ10 (ubiquitin10), EF1a (elongation factor 1A) and TIP41 (TIP41-like family protein) were relatively stable under different
experimental conditions, while the expression stability of 18S (18S Ribosome RNA), TIF5A (translation initiation factor 5A) and PP2A (protein
phosphatase 2A) were relatively poor.

Conclusion: EF1a, TIP41 and UBQ10 were considered the most appropriate reference genes when all samples were put together, while UBQ10 was most
stable in exogenous hormone treatments. TUB and UBQ10 can be used as reliable internal control genes under stress, while CYP and TUA can act as
reliable internal controls in different tissues. This is the first systematic study of selection of reference genes in Carnation, and will benefit future
expression studies in this crop.

Background

Real-time quantitative reverse transcription PCR (RT-qPCR) is a method developed from traditional PCR technology that has strong specificity, sensitivity
and high throughput for the quantification of nucleic acids [2, 8]. It has been widely used in molecular biology, medicine and other basic research fields,
especially in gene function studies, strain identification, and the inspection and quarantine of animal- and plant-derived pests and diseases[21, 25, 27].
Due to its high sensitivity, many factors could affect the accuracy of RT-qPCR. Incorrect sampling, loss in RNA extraction, RNA quality, and PCR
amplification efficiency are all possible causes for serious errors in gene expression analysis results. Therefore, introducing the appropriate reference gene
is the most important prerequisite for accurate analysis of RT-qPCR results[1, 32].

An ideal internal reference gene should have the following characteristics: (1) stable expression in different tissues and developmental stages, and not
affected by experimental treatment; (2) cannot be a pseudogenes; (3) The expression level should be in a suitable range (15 < Cq < 30), not too low or too
high[22, 29]. ACTIN, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), elongation factor 1-alpha (EF1a), and ubiquitin-conjugating enzyme (UBC) are
commonly used internal reference genes in plant gene expression analysis experiments [17].

In recent years, there have been reports involving expression stability evaluations of housekeeping genes in plants with high economic value, such as rice,
radish, tomato, pear, and kumquat([3, 7, 16, 31]. For example, Li found that elF-4a and ACT1 were most stably expressed in rice[18], while in sweet potato,
the two genes had unstable expression and the suitable reference genes were ADP-ribosylation factor (ARF), ubiquitin extension protein (UBI) and
cytochrome ¢ oxidase subunit Vc (COX) [23]. These reports once again demonstrated that the stability of the internal reference genes varied across
different plants, different experimental conditions, and different developmental stages.

Carnations (Dianthus caryophyllus), one of the world's top 4 cut flowers, belongs to the genus Dianthus of Caryophyllaceae, with high ornamental and
economic value [19]. Up to now, the evaluation of housekeeping gene expression stability in carnations has not been reported. Therefore, in this
experiment, we systematically evaluated the stability of 12 commonly used internal reference genes under different experimental conditions, which will
help us to obtain accurate RT-qPCR results in carnations.

Materials And Methods
Plant materials

D. caryophyllus ‘Hongniang’ served as the plant material. The seeds were provided by Jiangxi Key Laboratory of Plant Resources, sowed in pots, covered
with about 2 cm of soil, and germinated in an artificial climate chamber at 25 °C. One week after germination, the culture conditions were 28 °C with 14
hours of light and 22 °C with 10 hours of darkness. The seedlings were further cultivated to flowering, and the roots, leaves, sepal, petals, stamens, pistils
and flower buds of different periods were taken, frozen via liquid nitrogen, and stored in a -70 °C refrigerator for future use.

Abiotic stress treatment mainly includes drought, salt, extreme temperatures and heavy metal treatments. Hormone treatment included naphthaleneacetic
acid (NAA), 6-benzylaminopurine (6-BA), gibberellic acid (GA) and abscisic acid (ABA) processing. A cold and heat stress was implemented by exposing
the carnation to 4 or 42 °C for 24 hours. For other treatments, such as salt, drought, heavy metals, and hormone treatment, the seedlings are placed in
NaCl, mannitol, CuS04, CrCI3, ABA, NAA, 6-BA, and GA solution for 24 hours, after that, roots and leaves were sampled, and the solution concentration is
100 mM [26].

Primer Design
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12 candidate internal control genes, including TIF5A (translation initiation factor 5A), UBQ10, TIP41 (TIP41-like family protein ), CYP, glyceraldehyde-3-
phosphate dehydrogenase gene (GAPDH), elongation factor 1 alpha (EF1a), actin gene (ACT), 18S Ribosome RNA (18S), a tubulin and B-tubulin gene
(TUA, TUB), adenosylmethionine decarboxylase gene (SamDC), and protein phosphatase 2A (PP2A) were selected to determine possible reference genes
that exhibited stable expression patterns. These 12 genes were selected because they were commonly used internal housekeeping genes, and their
sequences were available in NCBI. The sequence was downloaded from NCBI and primers for RT-qPCR were selected using Primer3 software (v0.4.0) with
annealing temperatures of 57 to 68 °C, primer lengths of 18-20 bp, and approximately 50% GC content. A 60—200 bp amplicon length is used to ensure
sufficient amplification efficiency and reduce the impact of RNA integrity on the quantitation process. The primer sequences, amplicon sizes and melting

points of all PCR products are shown in Table 1.

Table 1
RT-gPCR primer sequences and the characteristics of the resulting amplicons obtained from Carnation.
Name  Accession Forward primer (5'-3’) Reverse primer(5'-3’) Primer Product Product Efficiency R?2
No. TM(°C) Size(bp) TM(°C)

EF1a FY400608.1  ACCCCGACAAGATCCCATTT TGGTCAAGGGCCTCAAGTAG  59/59 115 85 1.992 0.994
TIP41 FY397769.1 GACACTCGTATGCATTGCGT CTCGAACTGATGACGCTTGG  59/59 152 84 1.987 0.996
TUB FY383542.1 GAGCGTTTGTGACATACCCC  GCCTTACGCCTGAACATAGC 59/59 126 83 2.021 0.997
uBQ10 FY401337.1 CCATTTGGTGTTGCGTCTCA  TCGCTGCTCTCCACTTCC 59/59 90 82 1.998 0.998
CYP FY390976.1 TCTACGGCGCGAAATTCAAG TCACGACGTCCAATCCTTCA  59/59 186 83.5 2.014 0.999
TUA FY387136.1 TCTACGGCGCGAAATTCAAG TCACGACGTCCAATCCTTCA  59/59 186 82.5 1.984 0.998
GAPDH  FY396181.1 GGTTTGGCATTGTTGAGGGT TGCTGCTGGGAATGATGTTG  58/58 132 81 2.028 0.996
SamDC FY400181.1 AAACCAACTACGACGACCCT ACGATGCCTTCTCCTTGTCA  59/59 72 84.5 2.022 0.998
PP2A FY383979.1 TCGAGCAGTTGATGGAGTGT  ACTCTTCAACCAAAACCGCC 59.03/58.97 87 83 1.988 0.995
ACT FY386099.1 GGACTCTGGTGATGGTGTCA CAATGTACGCCAGCTTCTCC 59.02/58.99 200 83.5 2.018 0.994
TIFSA AF296081.1 GGCGGGGAAAGACTTGATTC AGCTTCTACTTGCCACCACT 58.90/58.94 93 82.5 1.995 0.993
18S FY386615.1 TACAAAGGGCAGGGACGTAG  AGGCCCGGGTAATCTTTGAA  59.10/59.00 126 83.5 2.009 0.994

Total RNA Extraction And cDNA Synthesis

According to the manufacturer's protocol, the total RNA was isolated in samples using the Eastep® Super Total RNA Extraction Kit (TaKaRa, Japan), and
the genomic DNA was removed by RNase-free DNase | (TaKaRa, Japan). The purity and integrity of RNA were determined by spectrophotometry and
agarose electrophoresis, respectively. cDNA synthesis was carried out according to the PrimeScriptTM RT Reagent Kit with gDNA Eraser [TaKaRa]
operating instructions, in the presence of 500 ng RNA, 2.5 M oligo-(dT).

Real-time PCR

RT-gPCR was performed using an CFX Connect™ Real-Time PCR Detection System and a TB Green® Premix Ex TaqTM Il Kit. The RT-qPCR reaction was
carried out in a 20 uL reaction, including 1.6 pl of cDNA, 0.8 pl of each primer (10 pM), and 10.0 pl of 2 x TB Green Premix Ex Taq Il (Tli RNaseH Plus). In
addition, reactions without templates or primers serverd as a negative control to exclude possible contamination. The thermal cycle program was set as
the initial polymerase activation step, which was carried out for 30 seconds at 95 °C, and then 40 cycles, including 15 seconds at 94 °C for template
denaturation, 15 seconds at 55-65 °C for annealing, and 45 seconds at 72 °C for extension and fluorescence detection. All samples were amplified in
triplicate. The specificity of RT-qPCR was confirmed by agarose electrophoresis and dissociation curve analysis. The cycle threshold for each reaction (Cq,
the first cycle of the signal over the background) was automatically determined, by default parameters of the CFX Connect™ Real-Time PCR Detection
System device.

Data Analysis

Based on the original fluorescence data obtained from Applied Biosystems 7300 Real-Time PCR System equipment, the Lin-RegPCR program was used to
calculate the RT-gPCR efficiency and the correlation coefficients for each gene. The Cq value [20] used in the analysis represents the average of 6 values
(3 biological repetition and 3 technical repetition) and a comparative Cq method was used to transform these values to relative quantities, according to
the instructions of geNorm v3.5 and NormFinder v0.953 (www.gene-quantifification.info) [29].

Results
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Expression profiles of reference genes

The Cq value was negatively correlated with the initial template quantity of RT-qPCR [11]. The higher the Cq value, the less the gene content. As shown in
Fig. 1, the gene with the highest expression level was 18S (the average Cq value of the gene was the lowest), while the lowest expressed gene was ACT.
Although the amount of RNA initially added in the RT-gPCR reaction was the same, the Cq value of each gene varied considerably across different
experimental conditions, indicating that there were no genes with absolutely stable expression pattern (Fig. 1). Among all the genes, the largest change in
Cq value was ACT, which seemed to suggest that the gene expression was the least stable. TIP41 had the smallest change in Cq value, indicating that the
expression of this gene may be relatively stable. However, the stability of gene expression ultimately required further evaluation, and reliable reference
genes were evaluated according to the specific situation.

geNorm Analysis

geNorm software is a commonly used tool for evaluating the stability of internal reference genes. It is a VBA macro program that is mainly based on the
Microsoft Excel platform. The algorithm performs analyses by introducing the stability value M of the internal reference gene expression, and the
magnitude of the M value is negatively correlated with the stability of the gene; the smaller the M value, the more stable the gene [12]. As shown in

Table 2, when looking at the expression data set as a whole, EF1a and TIP41 showed the lowest M values therefore, the two genes could be reliable
internal control genes in this sample pool, while across different tissues, TUA and CYP exhibited the most stable expression pattern. Under the hormone
treatment of NAA, 6-BA and GA, the most stable genes in leaves were TIP41 and TUA, while in roots the available internal housekeeping genes were EF1a
and 18S. When carnations encountered abiotic stress, the expression of UBQ10 and EF1a were the most stable in leaves, while TUB and TIP41 were
stable in roots.

Table 2
Ranking of the 12 carnation reference genes as calculated by geNorm.

Rank All samples Different tissues Leaves treated Roots treated with Leaves treated with Roots treated with
with phytohormone stress stress
phytohormone

Gene M Gene M Gene M Gene M value Gene M value Gene M value
value value value

1 EF1a 0.539 TUA 0.187 TUA 0.105 EF1a 0.043 UBQ10 0.173 TUB 0.178

2 TIP41 0.539 CYP 0.187 TIP41 0.105 18S 0.043 EF1a 0.173 TIP41 0.178

3 TUB 0.560 TIP41 0.365 EF1a 0.175 uBQ10 0.077 TIP41 0.198 UBQ10 0.478

4 uBQ10 0.575 TUB 0.462 uBQ10 0.195 TIFS5A 0.178 TUB 0.237 TUA 0.630

5 CYP 0.649 EF1a 0.525 SamDC 0.260 TIP41 0.236 ACT 0.290 CYP 0.699

6 TUA 0.676 GAPDH  0.579 TIF5A 0.293 ACT 0.290 GAPDH 0.348 TIF5A 0.754

7 GAPDH  0.890 uBQ10 0.642 TUB 0.342 TUA 0.350 TIF5A 0.433 GAPDH 0.816

8 SamDC 1.017 ACT 0.733 PP2A 0.434 GAPDH 0.401 PP2A 0.498 EF1a 0.865

9 PP2A 1.106 SamDC 0.828 GAPDH  0.498 TUB 0.454 18S 0.565 ACT 0.956

10 ACT 1.176 18S 0.941 CYP 0.572 SamDC 0.510 SamDC 0.623 PP2A 1.056

11 TIF5A 1.244 TIF5A 1.069 ACT 0.655 CYP 0.565 CYP 0.679 SamDC 1.126

12 18S 1.303 PP2A 1.200 18S 0.753 PP2A 0.634 TUA 0.738 18S 1.299

Genes ranked from the most stable to the least stable, and the geNorm program identifies stable reference genes from the data set by calculating the

average gene expression stability value (M).

Generally speaking, when performing RT-gPCR analyses, increasing the number of internal reference genes may improve the accuracy of the experiment.
In order to determine the appropriate number of internal reference genes under certain experimental conditions, geNorm software was used to analyze the
variation of pairs of internal reference genes to calculate the appropriate number of genes. Researchers typically chose 0.15 as the critical value for
selecting the best internal parameter genes [29]. For example, in all samples, the value of V,,3 is higher than 0.15, indicating that the first two reference
genes are not enough to accurately quantify the results, while V3,4 is lower than 0.15, indicating that the first three reference genes can be used as internal
reference genes to obtain more accurate results. In addition, V4,5 was higher than 0.15, and if you added the fourth-ranked gene as an internal reference
gene, it would not only increased the cost of the test, but would also negatively affect the accuracy of the results (Fig. 2). Certainly, 0.15 was not an
absolute critical value. When selecting a critical value, many factors needto be considered such as sample size and the variation range [10, 29]. In
addition, the number of internal reference genes should also consider the test cost and the required test accuracy. As shown in Fig. 2, in different tissues
(hormone-treated roots, hormone-treated leaves and stressed leaves) the first two internal reference genes was sufficient to obtain accurate results of
gene expression analysis. In stress-treated roots, four internal reference genes need to be used to correct the fluorescence quantitative data.
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NormFinder Analysis

NormFinder Analysis is a alternative tool that is commonly used to screen stable internal reference genes that, similar to geNorm, is a VBA macro program
written on the Microsoft Excel platform. By comparing the expression variation of each gene, the expression stability coefficient (expression values) of
each gene under certain experimental conditions was calculated, and this coefficient was also negatively correlated with the stability of gene expression
[4,9, 13]. In addition, the software can group samples over a wide range of samples in order to obtain more accurate results. In this trial, when analyzing
all the samples, the 33 samples were divided into two groups: untreated and treated. According to the analysis of Normfinder software [15] (Table 3),
UBQ10 and EF1a exhibited the most stable expression pattern, whether grouped or not, although the order of other genes is slightly different. GAPDH and
TUB expressed stable across different tissues, followed by EF1a and UBQ10. Under hormone treatment, SamDC and UBQ10 were the most stable genes in
leaves, while UBQ10 and 18S were the suitable reference genes in roots. For abiotically stressed leaves the reliable housekeeping genes were UBQ10 and
EF1aq, while those in stressed roots, UBQ10 and ACT, expressed more stable.

Table 3
Ranking of the 12 carnation reference genes as calculated by NormFinder.
Rank  All samples Different tissues Leaves treated with Roots treated with Leaves treated Roots treated
phytohormone phytohormone with stress with stress
No.of subgroups 2 subgroups
1 UBQ10 UBQ10 GAPDH SamDC uBQ10 UBQ10 UBQ10
2 EF1a EF1a TUB uBQ10 18S EF1a ACT
3 TIP41 TIP41 EF1a TIP41 TIP41 PP2A TUB
4 TUB TUB UBQ10 CYP EF1a TUB TIP41
5 TUA TUA TIP41 TUA TUA ACT CYP
6 CYP CYP CYP PP2A TUB GAPDH TIF5A
7 GAPDH GAPDH TUA TUB TIF5A TIP41 TUA
8 SamDC SamDC ACT GAPDH CYP TUA PP2A
9 ACT ACT TIF5A EF1a ACT CYP EF1a
10 PP2A PP2A 18S TIF5A PP2A 18S GAPDH
11 TIF5A TIF5A SamDC ACT GAPDH SamDC 18S
12 18S 18S PP2A 18S SamDC TIF5A SamDC
NormFinder estimates the intra- and inter-group variations which are ranked from the most stable to the least stable for each candidate reference
gene.

Discussion

Because of its high specificity, sensitivity and high throughput, RT-qPCR has been widely used to analyze gene expression, animal and plant viruses, and
much more [5, 28, 33]. However, if the unstable internal reference gene was selected in the experiment, it will seriously affect the accuracy of the
experimental results, and even possibly lead to the completely opposite results. An absolutely stable internal reference gene does not exist; even if it is the
same gene, its expression stability will change in different species, different growth stages and different treatments. For example, act11 has been proved
to be a stably expressed gene in Soybeans [14]. However, the expression stability of act11 in rice is not reliable [16], while in ryegrass, its stability is the
lowest [6], similar to the results of this experiment.

Many different softwares were used to evaluate the stability of gene expression [24], and the softwares were based on distinct principles. Which software
was authoritative has not been determined. Therefore, in this experiment, the two most commonly used softwares, geNorm and NormFinder, were selected
evaluate the gene expression stability. It was shown that under most experimental conditions, the output of these two softwares was generally consistent.
However, in different tissues and treated roots, gene stability was quite different. The difference in results may be due to the difference in algorithms
between the two tools, or the existence of co-regulation between genes, because the results of geNorm would be interfered by gene co-regulation, while the
results from NormFinder will not [30]. In order to test whether there was co-regulation in these genes, one of the 12 candidate genes was removed one by
one, and then the data was introduced into the geNorm software for calculation. This was done in order to see whether there was significant changes in
the rank of other genes. The results showed that when removing any gene, there was no significant change in the remaining gene sequence. Therefore,
the results of the two tools were different only because of their different algorithms [7, 13, 28].

As shown in Tables 2 & 3, the order of stability of candidate reference gene expression was not consistent under different experimental conditions in
Carnations. For example, EF1a was the most stable internal control gene when looking at the expression data set as a whole, while under stress
treatments, other genes exhibited more stable expression patterns, which proved again that the stability of genes was different depending on the
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treatments or tissues being used. Before selecting the internal control genes, we should consider the development stages, tissues and treatment methods
of plants because the stability of gene expression was related to the experimental conditions.

Conclusion

To the best of our knowledge, this study is the first to analyze gPCR reference genes of carnation under different conditions. Based on the analysis results
of geNorm and NormFinder, when looking at the expression data set as a whole, three internal reference genes are needed to get more accurate analysis
results. They were EF1a, TIP41 and UBQ10, while in in stressed roots, the combination of TUB, TIP41 and UBQ10 could get more practical results. In
stressed leaves, UBQ10 and EF1a was sufficient to normalize RT-qPCR data. Across different tissues, the expression stability CYP and TUA ranked well. In
hormone-treated roots, 18S and UBQ10 showed stable gene expression patterns, while UBQ10 and EF1a were stable in hormone-treated leaves (Table 4).

Table 4
Comprehensive evaluation of the expression stability of candidate reference genes.
Rank Allsamples Differenttissues Leaves treated with  Roots treated with  Leaves treated  Roots treated
phytohormone phytohormone with stress with stress
1 EF1a CYP TIP41 18S UBQ10 TUB
2 TIP41 TUA UBQ10 uBQ10 EF1a TIP41
3 uBQ10 TUB SamDC EF1a TUB uBQ10
4 TUB TIP41 TUA TIP41 TIP41 CYP
5 TUA GAPDH EF1a TIF5A ACT TUA
6 CYP EF1a TUB ACT GAPDH ACT
7 GAPDH UBQ10 TIFSA TUA PP2A TIF5A
8 SamDC ACT PP2A TUB 18S EF1a
9 PP2A SamDC CYP GAPDH CYP PP2A
10 ACT 18S GAPDH CYP TUA GAPDH
11 TIF5A TIFSA ACT PP2A TIF5A SamDC
12 18S PP2A 18S SamDC SamDC 18S
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Figure 1

Cq values obtained for each of the twelve reference genes. The line crossing the box indicates the median value. The box defines the 25 and 75
percentiles. Whiskers indicate the maximum and minimum values.
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Figure 2

Pairwise variation analysis of the candidate reference genes, as calculated by geNorm
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