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Abstract
Peucedanum praeruptorum Dunn is one of the main traditional Chinese medicines produc-

ing coumarins and plenty of literatures are focused on the biosynthesis of coumarins. Quan-

titative real-time reverse transcription PCR (qRT-PCR) is a widely used method in studying

the biosynthesis pathway and the selection of reference genes plays a crucial role in accu-

rate normalization. To facilitate biosynthesis study of coumarins, twelve candidate refer-

ence genes were selected from the transcriptome database of P. praeruptorum according

to previous studies. Then, BestKeeper, geNoFrm and NormFinder were used for selecting

stably expressed reference genes in different tissues and under various stress treatments.

The results indicated that, among the twelve candidate reference genes, the SAND family

protein (SAND), actin 2 (ACT2), ubiquitin-conjugating enzyme 9 (UBC9), protein phospha-

tase 2A gene (PP2A) and polypyrimidine tract-binding protein (PTBP1) were the most sta-

ble reference genes under different experimental treatments, while glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) and tubulin beta-6 (TUB6) were the least stable

genes. In addition, the suitability of SAND, TIP41-like protein (TIP41), UBC9, ACT2, TUB6
and their combination as reference genes were confirmed by normalizing the expression of

1-aminocyclopropane-1-carboxylate oxidase (ACO) in different treatments. This work is the

first survey of the stability of reference genes in P. praeruptorum and provides guidelines to

obtain more accurate qRT-PCR results in P. praeruptorum and other plant species.

Introduction
Plant secondary metabolites have various biological activities and pharmacological importance
to human beings. As important members of plant secondary metabolites, coumarin com-
pounds have received continuous attention, at the same time their chemical structures and
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biological activities have been well investigated [1–3]. Traditionally, harvesting of cultivated
plants or gathering of wild plants and then solvent extraction remains the method of choice to
secure the supply of medical compounds, while it may be a big challenge to surrounding envi-
ronments. In addition, low abundance and season- or region-dependent sourcing also restrict
its widespread use and availability [4,5]. Engineering microorganisms to produce natural com-
pounds has shown great promise in tackling these problems by reassembly plant-specific bio-
synthetic pathways in microbial systems and plenty of efforts have been succeeded [6–8].
However, little is known in their biosynthetic mechanisms although the phenylpropanoid-
derived coumarin compound biosynthetic pathway determined half a century ago with the
help of tracer-feeding experiments. Recently, there are also plenty of literatures focused on the
study of biosynthesis of coumarins in plants [9–14].

As the popular usage of next-generation-sequencing technology (NGS), including Roche/
454 and Illumina HiSeq platforms, comprehensive analysis of gene expression has been suc-
cessfully achieved in plant functional genomics predication or confirmation [15–17]. And,
another technology, qRT-PCR is also widely used for gene expression studies owing to its
quantitative accuracy, high sensitivity and high-throughput capabilities [14,18–20]. However,
the results are inevitably affected by sample amount, RNA integrity, primer design, cDNA
quality, as well as the PCR efficiency [21–23]. To eliminate the discrepancies and ensure the
accuracy and reliability of the experimental results, a suitability internal reference is necessary.
There are also reports suggesting that at least three reference genes need to be merged to nor-
malize the results of qRT-PCR [18,22,24]. In addition, considering the gene expression level
may differ from tissues to tissues, species to species, or even in different experimental condi-
tions [25–27], selection of suitable reference genes specific for a given experimental design or
species seems outmost important.

In recent years, with the progress in NGS and increasing awareness of the importance of
suitable reference genes in normalization, plenty of literatures have been published with focus
on the identification and selection of reference genes, including human [28,29], insects [30],
bacteria [31], animals [32] and plants [33,34]. Besides, several statistical algorithms, namely
NormFinder, BestKeeper, RefFinder, geNorm and deltaCt method, have been developed,
which makes it easily to determine the most stable reference genes [23,24,35–37]. However,
there are no studies concentrated on the selection of suitable reference genes for P. praerup-
torum, in spite of its important medical usage and increasingly studies focusing on the biosyn-
thesis pathway of coumarins [9–13]. Hence, it is useful and urgent for us to identify and select
suitable reference genes for future molecular studies using qRT-PCR.

Traditionally, GAPDH, elongation factor-1α (EF-1α), tubulin β-chain (β-TUB), polyubiqui-
tin (UBQ), 18S ribosomal RNA (18S rRNA), and ACT are selected as reference genes for their
housekeeping roles in basic cellular processes [22,38,39]. However, the stability of these house-
keeping genes restricts in special experimental designs or treatments. And, the different materi-
als tend to have different stable genes. For instance, ACT and TUB are the most stable genes
identified among all sample groups in carrot leaves with abiotic stresses and hormone stimuli,
while GAPDH displays the maximum stability under most kinds of single stresses [40]. EF-1α,
β-TUB, cyclophilin (CYP) and eukaryotic translation initiation factor 4α (eIF-4α) are the most
reliable reference genes in maize but ACT7 and ACT101 are assessed as the most suitable sets
for normalization in Oxytropis ochrocephala Bunge [22,41]. Besides, other studies indicate that
some new reference genes, such as eIF-4α, SAND and TIP41 [40,42–43], can also be selected as
candidate reference genes for normalization. They also display a stably expressed behavior
across different tissues and under various experimental treatments [40,42–43]. Hence, in this
study, TIP41, TUB6, SAND, ACT2, CYP2, GAPDH, nuclear cap binding protein 20 (NCBP20),
eIF-4α, EF-1α, PP2A, UBC9 and PTBP1 were selected from the transcriptome database of P.
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praeruptorum to investigate and choose the suitable reference genes for normalization [14]. To
determine the stability of reference genes, different experimental treatments, including osmotic
stress (polyethylene glycol, PEG), salt stress (NaCl), oxidative stress (H2O2), mental stress
(CuSO4), hormones (methyl jasmonate (MeJA) and salicylic acid (SA)), cold (4°C) and heat
(42°C) stress, and tissue pattern, were conducted to ensure that the reference genes selected in
this study could be used in various experimental treatments designed for qRT-PCR [44,45]. To
analysis the raw data, three kinds of Excel-based software, geNorm [24], NormFinder [23] and
BestKeeper [35] were employed according to the manufacturer’s procedures. The results indi-
cated that SAND, ACT2, UBC9, PP2A and PTBP1 were the most stable reference genes, while
GAPDH and TUB6 were the least stable genes. In addition, geNorm was used to determine the
optimal numbers of the reference genes required for accurate normalization by pairwise varia-
tion (Vn/Vn+1) [24] and the results indicated that under most groups, selection of two refer-
ence genes could be sufficient for normalization. To confirm the suitability of selected
reference genes, SAND, TIP41, UBC9, ACT2, TUB6 and their combination were used as refer-
ence genes to normalize the expression of ACO in different treatments. The results showed a
good correlation with the stability rank revealed by the method of predication used in this
study, which proved that the reference genes identified in this work were desirable. To the best
of our knowledge, this work is the first survey of the stability of reference genes in P. praerup-
torum, which would provide the basis for further research in exploring the metabolism and reg-
ulation mechanism to environment stresses, especially the secondary metabolism involved in
biosynthesis of coumarin compounds [6,9,11].

Materials and Methods

Plant sample preparation and treatment
One-year-old P. praeruptorummaterials were collected from the fields of Ningguo City, Anhui
Province, China (longitude: 118.95E, latitude: 30.62N). The field of P. praeruptorum was a pri-
vate land and the owner of the land had given permission to us for using the plant to conduct
the study. Then the plants were transplanted in plastic basins containing a mixture of vermicu-
lite, perlite, and peat moss at a ratio of 1:1:1. The plants were grown in a greenhouse with a
long photoperiod (16 h light and 8 h dark) at 25°C, 40–65% relative humidity and 3000 lux of
light intensity until use. For drought treatment, plants were subjected to 200 mL of 25% PEG
6000 per day for one week. In salt stress treatment, about 200 mL (600 mM) of NaCl was
applied for seven days. For cold and heat shock treatments, plants were transferred to a green-
house with the temperature of 4°C and 42°C for 48 h, respectively. For hormone treatments,
MeJA (25 mM) and SA (5 mM) were imposed for 6 h according to the method described before
[43]. Heavy metal stress was conducted using 500 mM copper sulfate (CuSO4) for 24 h and oxi-
dative stress was carried out with 50 mMH2O2 for 24 h. All of the treatments were processed
in three biological replicates. The plants without treatments were collected as control and the
harvested samples were washed with MINIQ-filtered water and frozen and stored in liquid
nitrogen prior to RNA isolation.

Selection and validation of candidate reference genes and primer design
According to previous studies [14,22,38–42], twelve candidate genes (ACT2, CYP2, EF-1α, eIF-
4α, GAPDH, NCBP20, PP2A, PTBP1, SAND, TIP41, TUB6 and UBC9) were used to identify
the most stable reference genes of P. praeruptorum in different treatments and their totally
information was listed in Table 1. To meet this goal, the protein sequences of the twelve Arabi-
dopsis genes were selected from TAIR database (http://www.arabidopsis.org) to set as the tem-
plates. And then, a local BLAST was conducted using the tblastn program in Bioedit Sequence
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Alignment Editor. The nucleotide sequences were also downloaded to find the intron for
primer design using Primer 5. The primers listed in Table 1 were optimized for the primer
lengths of 22 bp, GC content of 44% to 60% and amplification lengths from 84 bp to 170 bp.
To validate the reliability of the selected candidate reference genes, the relative expression pro-
files of ACO were measured and normalized with the most and least stable reference genes
under different experimental designs. The samples without treatments were used as control.
The relative expression data was calculated by the 2-ΔΔCT method [46] and presented as relative
expression level. Three biological and technical replicates were used to obtain the qPCR data
and the raw data were listed in S1 Table.

Total RNA, DNA extraction and cDNA synthesis
According to the manufacturer’s recommendations, TransZol Plant reagent (TransGen Bio-
tech, Beijing, China) was used to isolate the total RNA, then Spectramax plus384 enzyme-label-
ing instrument (Molecular Devices, Sunnyvale, USA) and agarose gel electrophoresis were
used to assess the quantity and quality of the RNA. To eliminate DNA contamination, the sam-
ples were treated with DNase I (Takara, Dalian, China) according to the manufacturer’s proto-
col. For qRT-PCR experiments, cDNA was synthesized in a 20 μl reaction volume using a
quantity of 1 μg total RNA (Takara, Dalian, China). Then, the plasmid DNA containing each
gene was diluted 10-fold with nuclease-free water for qPCR analysis and continue diluted
(102×, 103×, 104×, 105×, 106× and 107×dilutions) for determining the amplification efficiency
(E) and correlation coefficient (R2). To achieve the aim of amplification of the genomic DNA

Table 1. Information of candidate reference genes selected for evaluation of expression stability in P. praeruptorum.

Gene
Name

Description Arabidopsis
homolog locus

Primer: forward/reverse(5’-3’) Length
(bp)

PCR
efficiency

TBLASTN
Score

E-value
ID (%)

TIP41 TIP41-like protein At4g34270 F:TTGACTGCACTTGCATCAAAAG R:
CGACACTCCACTATCAGCCAAT

87 97.88 422/1e-119 206/287
(71%)

TUB6 Tubulin beta-6 At5g12250 F:GGTGCTGGTAATAATTGGGCCA R:
CCCATTCCAGATCCAGTTCCAC

158 101.69 870/0.0 418/443
(94%)

SAND SAND family protein At2g28390 F:ACAGAAGAGCCTCATGAATCCC R:
CAAGCAAAGGCGTCATATCAAA

98 97.48 580/1e-166 312/517
(60%)

ACT2 Actin 2 At3g18780 F:TTTCACTATATGCCAGTGGTCG R:
CTTCGTAGATCGGGACAGTGTG

84 92.34 536/1e-153 259/280
(92%)

CYP2 Cyclophilin 2 At4g33060 F:CGTTCAGCTCTGTCTCGAAGGT R:
TAAGGCGGGAATGGAACTCATC

155 92.42 600/1e-172 310/511
(60%)

GAPDH Glyceraldehyde
3-phosphate
dehydrogenase

At1g42970 F:GGTCATGGGAGATGACATGGTC R:
CAGGGTTTGTCTCGCAAAAATC

164 95.82 699/0.0 345/374
(92%)

NCBP20 Nuclear cap binding
protein 20

At5g44200 F:GGCCAGGTACGCGATGAATATC R:
CCCTTTGTGCTTCCAACTCCTT

91 100.38 429/1e-121 200/256
(78%)

eIF-4α Eukaryotic translation
initiation factor 4α-1

At3g13920 F:GCGCAGTCGTGACCACACAGTT R:
TTGCTGCACATCAATACCACGG

145 109.23 767/0.0 383/413
(92%)

EF-1α Elongation factor 1-α At1g07940 F:CAAGCAGATGATCTGTTGCTGC R:
TCATGTTGTCACCCTCGAATCC

170 97.29 856/0.0 419/446
(93%)

PP2A Protein phosphatase 2A
gene

At1g59830 F:CATGGAGGGCTTTCACCATCTC R:
CGGTCGTCTGGATCAGACCATA

119 102.79 591/1e-169 276/293
(94%)

UBC9 Ubiquitin-conjugating
enzyme 9

At4g2796 F:CTCGAAGCGGATCTTGAAGGAG R:
CACCCGCATATGGACTGTCAGG

137 105.68 304/1e-83 142/148
(95%)

PTBP1 Polypyrimidine tract-
binding protein

At3g01150 F:CCAGAACATGTTGGTTCTTGCA R:
TCCCTCAATTGCAGTTGCATTA

135 109.65 590/1e-169 262/440
(59%)

doi:10.1371/journal.pone.0152356.t001
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of target reference genes, EasyPure Plant Genomic DNA Kit (TransGen Biotech, Beijing,
China) was used to isolate the total genomic DNA according to the manufacturer’s protocol.

RT-PCR and qPCR analysis
To verify the specificity of the target genes, PCR was performed using cDNA as a template. To
verify the primer design containing intron, an analogous PCR procedure was conducted using
total genomic DNA as a template. And then, all PCR products were examined by 1% (w/v) aga-
rose gel electrophoresis. To further confirm the PCR products and obtain the nucleotide
sequences of the target genes, the PCR products were inserted into pMD19-T Vector (Takara,
Dalian, China) for sequencing and the results are listed in S2 Table. qRT-PCR analysis was
conducted using LightCycler 480 (Roche Molecular Biochemicals, Mannheim, Germany) and
AceQ qPCR SYBR Green Master Mix (Vazyme, Nangjing, China). Reaction mixtures con-
tained 10 μL AceQ qPCR SYBR Green Master Mix, 2 μL diluted cDNA, 0.4 μM primer and
ddH2O in a total volume of 20 μL. According to the procedures of specification, the following
amplification conditions were applied: 1 cycle of 95°C for 5 min, 40 cycles of 95°C for 10 sec
and then 60°C for 30 sec, followed by 1 cycle of 95°C for 15 sec, 60°C for 60 sec and 95°C for 15
sec. The RNase-free water was used as a control and three technical replicates were contained
in each plate.

Gene expression stability analysis
To analyze the expression stability of candidate reference genes, geNorm [24], NormFinder
[23] and BestKeeper [35] were used according to the experimental design and manufacturer’s
procedures. For geNorm and NormFinder analysis, the raw Cp values under different experi-
mental designs were transformed into relative quantities using the formula 2-ΔCT (ΔCT = each
corresponding Ct value—lowest Ct value and Cp is another name of Ct) and then imported to
geNorm to analyze gene expression stability value (M). Similar to geNorm, NormFinder was
further used to investigate the expression stability values (M) for each gene and the pairwise
variation (V) of that gene with other reference genes. The reference gene with the highest M
value is considered as the most unstable gene while the lowest M value indicated the most sta-
ble gene. BestKeeper analysis was based on the untransformed Cp values and using coefficient
of variance (CV) and the standard deviation (SD) of the Cp to evaluate the stability of reference
genes. It was also used to rank the candidates from the most to least stably expressed genes. By
the combination of the three kinds of Microsoft Excel-based software, we could easily rank the
expression stability of reference genes in different experimental sets.

Statistical analysis
Three biological and technical replicates were used to obtain the qPCR data. Unless the special
comments, all data were presented as mean ± standard error of the mean (SEM). Statistical
analyses were performed using the Student’s t-test. Graphs were generated using OriginPro 8
(OriginLab Corporation, Northampton, MA, USA). Data analysis was performed using geN-
orm [24], NormFinder [23] and BestKeeper [35] according to the manufacturer’s procedures.

Results

Selection of candidate reference genes, amplification specification and
PCR efficiency
According to previous studies [14,22,38–42], the protein sequences of the twelve genes (TIP41,
TUB6, SAND, ACT2, CYP2, GAPDH, BCBP20, eIF-4α, EF-1α, PP2A, UBC9 and PTBP1) of
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Arabidopsis were selected from the TAIR database to identify the candidate reference genes of
P. praeruptorum in different treatments. Then, a local BLAST program was conducted to
obtain the sequences. The gene name, description, Arabidopsis homolog locus, amplification
length combined with TBLASTN score and E-value of the twelve genes were listed in Table 1.
The identity (ID), from 59% to 96%, indicated that they had a good homology to the selected
protein sequences. To prove the specificity of the primers designed in this study, the PCR prod-
ucts were detected with agarose gel electrophoresis and melting curve analysis was also con-
ducted. As shown in S1 and S2 Figs, a single band and peak were observed, indicating that they
had a good specificity. To calculate the amplification efficiency, the standard curve of the can-
didate genes was conducted using a 10-fold serial dilution of plasmid DNA containing given
genes. According to the slope of the standard curve (S3 Fig), the PCR efficiency (E) and the
regression coefficient (R2) were calculated and listed in Table 1 and S3 Fig, respectively. Briefly,
the R2 for all the primers>0.99 and the E ranged from 92.34% to 109.23%.

Expression profile of the reference genes
The cycle threshold values (Cp) reflected the cycle number at which the fluorescence generated
to the level that could be detected and low Cp values corresponded to high expression levels.
Hence, expression profile of the reference genes could easily be seen in the form of Cp values.
As shown in Fig 1, the mean Cp values for the twelve reference genes ranged from 19.73 to
27.74, indicating that they had an obvious difference in expression profile. In peculiar, majority
of the values were distributed between 22 and 25. GAPDH, EF-1α and UBC9 had low mean Cp
values while CYP2, BCBP20, PTBP1 tended to have higher Cp values. Among them, GAPDH
had the lowest mean Cp value of 19.73 ± 2.269 while CYP2 had the highest mean Cp with
27.74 ± 1.61. The figure also included gene expression variation in the selected genes and all
treated samples with box-plot. Significantly, SAND showed low variability with a narrow dis-
tribution range of Cp values from 21.69 to 28.54, indicating that it might have a stable expres-
sion under different treatments and could be chosen as the best reference gene. While, EF-1α,
with the Cp values differing from 16.57 to 26.96, might not be a good choice as a reference
gene. In general, Cp values, combined with box-plot, could not only display the expression pro-
file of the reference genes, but also give us a glimpse in gene stability. However, considering the
complex surroundings of the plants, the stability of reference genes in different treatments
needs to be investigated systematically.

Expression stability of candidate reference genes
In order to further evaluate the stability of candidate reference genes under a given treatment,
the selected twelve reference genes were supposed to different treatments (osmotic stress, salt
stress, oxidative stress, heavy metal stress, hormone and temperature) and tissues, and then,
1188 Cp values (three biological and technical replicates) were collected for data analysis with
three Excel-based programs (geNorm [24], NormFinder [23] and BestKeeper [35]).

geNorm analysis
geNorm analysis uses the reference gene expression stability measurement (M) value which
is calculated as the level of pairwise variation for each reference gene with all other control
genes and as the standard deviation (SD) of the logarithmically transformed expression ratios
to evaluate the gene expression stability and a high M value means a low stability [24]. To col-
lect data for geNorm analysis, the plant was exposed to different treatments and the Cp values
were processed via a linear scale using the ΔCp method [24]. As shown in Fig 2, different ref-
erence genes had different stability. For instance, PTBP1 was a most stable gene in drought
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treatment, while GAPDH had least stability in the same treatment. More interestingly, the
same reference genes seemed to have different stability under different treatments. TIP41
ranked the most stable reference gene in NaCl induced salt stress, while, in the condition of
H2O2 addition, a cold environment and different tissues, it tended to be one of the least stable
reference gene. Another important information we could find was that, H2O2 had a least
effect on the expression of reference genes with a low span of M value (0.35 to 0.65), while,
when it came to NaCl or SA, the span was enlarged to 1. In another word, although CYP2 was
not a good reference gene in H2O2 induced oxidative stress, it might also be used as a refer-
ence gene for its low M value. To be the most important findings, SAND seemed to be a most
stable reference gene under different stresses (5 times to be the most stable genes in 9 stresses
or 10 groups) and could be selected as a good reference gene in different experimental
designs.

Fig 1. The comparison of transcript abundances of the twelve candidate reference genes. Boxes indicate the 25th/75th percentiles, the lines represent
the median, squares represent the means and whiskers represent the maximum and minimum values.

doi:10.1371/journal.pone.0152356.g001
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Fig 2. Expression stability of twelve candidate genes in P. praeruptorum as predicted by geNorm
analysis. Average expression stability (M) in each treatment is calculated. The least stable gene which has a
high M value is on the left, and the most stable gene on the right. The methods of treatment or group
classification are listed in the picture correspondingly.

doi:10.1371/journal.pone.0152356.g002
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NormFinder analysis
NormFinder is an algorithm to identify the optimal normalization gene in a given experimental
design. Similar to geNorm, the data from qRT-PCR run should not be used directly and needs
to be transformed [23]. After data collection and analysis, the results of the gene stability rank-
ing were shown in Table 2. As it was revealed, the rank of stability values gradually increased,
which represented that the stability gradually decreased from top to bottom of the table.
Hence, it could easily be seen that, PTBP1, UBC9, ACT2 and SAND ranked the most stable ref-
erence genes in the treatment of PEG, CuSO4, H2O2 (hot) and NaCl (MeJA, SA, cold), respec-
tively. Among the most stable reference genes, SAND had a lowest value which may be
considered as the most important reference genes. More interestingly, SAND ranked nearly on
the top of all the treatments (6 out of 10 groups) with which similar to the outcomes of geNorm
analysis (Fig 2). However, there are also slightly differences between the results of geNorm and
NormFinder analysis. For instance, PTBP1 and ACT2 were considered as the most stable refer-
ence genes by geNorm (Fig 2), while they ranked second and forth by NormFinder (Table 2),
respectively. Hence, another analysis method needed to be involved.

BestKeeper analysis
BestKeeper is an Excel-based tool using pairwise correlations to determine the stability of
housekeeping genes, differentially regulated target genes and sample integrity [35]. The coeffi-
cient of variance (CV) and the standard deviation (SD) of the candidate reference genes were

Table 2. Expression stability values of twelve reference genes as calculated by the NormFinder in P. praeruptorum.

Rank PEG NaCl CuSO4 H2O2 MeJA SA Cold Hot Tissue Total

1 PTBP1 SAND UBC9 ACT2 SAND SAND SAND ACT2 SAND SAND

0.17 0.061 0.167 0.076 0.215 0.085 0.091 0.242098 0.288 0.463

2 PP2A TIP41 PTBP1 NCBP20 PP2A TUB6 PTBP1 PTBP1 EF-1α ACT2

0.189 0.15 0.193 0.215 0.253 0.18 0.197 0.263187 0.367 0.556

3 NCBP20 ACT2 GAPDH UBC9 UBC9 UBC9 UBC9 TIP41 NCBP20 PTBP1

0.349 0.245 0.221 0.238 0.308 0.243 0.22 0.340158 0.435 0.566

4 CYP2 UBC9 ACT2 PP2A PTBP1 PP2A NCBP20 PP2A eIF-4α CYP2

0.357 0.539 0.234 0.25 0.315 0.275 0.231 0.456 0.44 0.622

5 UBC9 PP2A PP2A PTBP1 NCBP20 EF-1α eIF-4α eIF-4α CYP2 PP2A

0.372 0.61 0.329 0.308 0.35 0.331 0.237 0.472 0.494 0.677

6 SAND GAPDH CYP2 EF-1α eIF-4α CYP2 PP2A CYP2 ACT2 UBC9

0.467 0.681 0.439 0.328 0.363 0.362 0.26 0.479 0.568 0.746

7 EF-1α EF-1α NCBP20 SAND TIP41 ACT2 EF-1α UBC9 UBC9 NCBP20

0.595 0.737 0.502 0.364 0.56 0.375 0.399 0.544 0.611 0.76

8 TIP41 CYP2 TIP41 TUB6 EF-1α NCBP20 CYP2 SAND PTBP1 TIP41

0.643 0.758 0.528 0.368 0.659 0.4 0.409 0.55 0.643 0.785

9 eIF-4α PTBP1 SAND eIF-4α TUB6 PTBP1 ACT2 GAPDH TUB6 EF-1α

0.649 0.837 0.616 0.37 0.7 0.428 0.49 0.668 0.655 0.832

10 TUB6 eIF-4α EF-1α GAPDH ACT2 GAPDH GAPDH EF-1α PP2A eIF-4α

0.725 1.09 0.627 0.383 0.727 0.486 0.595 0.862 0.692 0.873

11 ACT2 NCBP20 TUB6 TIP41 CYP2 TIP41 TIP41 NCBP20 TIP41 TUB6

0.792 1.607 0.742 0.485 0.804 0.512 0.634 1.021 0.907 0.932

12 GAPDH TUB6 eIF-4α CYP2 GAPDH eIF-4α TUB6 TUB6 GAPDH GAPDH

1.234 1.686 0.981 0.578 1.253 1.444 0.857 1.183 1.179 1.18

doi:10.1371/journal.pone.0152356.t002
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used to evaluate the stability of reference genes in each experimental design and the gene with
the lowest CV and SD was considered to be the most stable reference gene [47]. It differs from
the geNorm and NormFinder analysis and could use the raw data of Cp values to analyze. Simi-
lar to the results of NormFinder analysis, the CV ± SD rank of the candidate genes gradually
increased from top to bottom of the table, which represented that the stability gradually
decreased. For instance, CYP2 had a CV ± SD value of 1.83 ± 0.53 and ranked as the most sta-
ble genes in PEG induced osmotic stress, while, GAPDH was listed as the least stable gene for it
had a CV ± SD value of 7.40 ± 1.51 (Table 3). Owing to the fact that SD>1 was considered as
inconsistent and such values should be excluded [41], none of the reference genes could be
used in the group of ‘total’ for the least SD = 1.5. Fortunately, in another 9 groups or experi-
mental designs, nearly all SD values were below 1.5 except the most unstable one. Some refer-
ence genes, namely CYP2, ACT2 and TIP41, had a tendency to be the most stable genes for
they were listed on top 3 of the ranks. On the contrary, TUB6 and EF-1α seemed not to be good
reference genes.

Optimal numbers of reference genes for accurate normalization
Apart from using average pairwise expression ratios (M) to evaluate the gene expression stabil-
ity, geNorm can also determine the optimal numbers of reference genes for normalization by
calculating the pairwise variation (Vn/Vn+1) between the normalization factors (NF) in all
samples of the different experimental sets using 0.15 as the proposed cut-off value [24].
According to this principle, the Vn/Vn+1 value was calculated and listed in Fig 3. As indicated,

Table 3. Expression stability values of twelve reference genes as calculated by the BestKepper in P. praeruptorum.

Rank PEG NaCl CuSO4 H2O2 MeJA SA Cold Hot Tissue Total

1 CYP2 TUB6 PTBP1 TUB6 TIP41 TIP41 PTBP1 PP2A ACT2 eIF-4α

1.83±0.53 1.76±0.39 1.02±0.28 0.86±0.16 2.67±0.67 1.31±0.34 1.15±0.28 1.52±0.40 1.54±0.38 5.85±1.50

2 ACT2 eIF-4α ACT2 PTBP1 GAPDH PTBP1 TIP41 PTBP1 PTBP1 TIP41

1.93±0.46 2.67±0.69 1.05±0.26 0.89±0.21 3.01±0.53 2.19±0.56 1.51±0.39 1.75±0.51 1.98±0.57 6.32±1.67

3 PP2A CYP2 PP2A NCBP20 NCBP20 TUB6 PP2A NCBP20 CYP2 PTBP1

2.10±0.54 3.23±0.92 1.18±0.32 1.39±0.34 3.43±0.89 2.20±0.44 1.60±0.37 1.78±0.52 2.07±0.60 6.42±1.75

4 NCBP20 PTBP1 CYP2 SAND eIF-4α SAND SAND UBC9 eIF-4α UBC9

2.10±0.58 3.38±0.95 1.50±0.44 1.51±0.34 3.78±0.94 2.29±0.52 1.72±0.40 1.87±0.40 2.53±0.68 6.73±1.35

5 SAND TIP41 NCBP20 ACT2 PTBP1 PP2A eIF-4α ACT2 NCBP20 CYP2

2.27±0.56 4.17±1.12 1.59±0.45 1.57±0.31 4.33±1.11 2.32±0.54 1.76±0.44 2.21±0.57 2.67±0.78 6.83±1.88

6 eIF-4α ACT2 UBC9 PP2A SAND CYP2 NCBP20 TIP41 SAND SAND

2.29±0.60 4.51±1.09 1.67±0.35 1.69±0.38 4.56±1.07 2.59±0.65 1.81±0.46 2.53±0.71 2.71±0.70 6.86±1.68

7 PTBP1 SAND SAND UBC9 PP2A UBC9 UBC9 eIF-4α EF-1α NCBP20

2.40±0.67 4.7±1.18 2.14±0.54 1.94±0.35 5.02±1.20 3.05±0.57 2.20±0.40 3.16±0.85 2.93±0.66 7.52±2.05

8 UBC9 PP2A TIP41 TIP41 CYP2 NCBP20 CYP2 SAND PP2A PP2A

3.67±0.77 5.69±1.5 2.23±0.61 1.98±0.47 5.71±1.50 3.08±0.76 2.62±0.69 3.18±0.86 3.12±0.85 7.62±1.92

9 TIP41 EF-1α GAPDH CYP2 UBC9 GAPDH ACT2 TUB6 UBC9 ACT2

3.69±1.01 7.22±1.64 2.30±0.44 2.23±0.58 5.87±1.10 3.15±0.58 3.00±0.65 3.32±0.79 3.35±0.69 8.24±1.91

10 EF-1α GAPDH EF-1α eIF-4α TUB6 ACT2 EF-1α CYP2 TUB6 TUB6

3.72±0.84 7.46±1.46 2.66±0.59 2.43±0.56 7.54±1.55 3.34±0.71 3.19±0.62 3.45±1.01 3.76±0.88 9.52±2.08

11 TUB6 UBC9 eIF-4α EF-1α ACT2 EF-1α TUB6 GAPDH TIP41 EF-1α

4.45±1.05 7.64±1.59 3.05±0.82 2.49±0.43 7.69±1.68 3.73±0.68 3.38±0.65 4.46±0.98 3.79±1.05 9.96±2.10

12 GAPDH NCBP20 TUB6 GAPDH EF-1α eIF-4α GAPDH EF-1α GAPDH GAPDH

7.40±1.51 8.18±2.32 3.14±0.74 2.96±0.49 7.77±1.53 4.41±1.08 4.29±0.76 5.04±1.21 4.68±1.03 10.34±2.0

doi:10.1371/journal.pone.0152356.t003
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the two most stable reference genes were sufficient for reliable normalization under all treat-
ments and there was no need to add a new reference gene in the treatment. However, when the
experimental design related to different tissues, choosing three reference genes were necessary
since V2/3>0.15. The same settlements were also suited for the total samples. Despite the fact
that adding a reference gene might make it credible in qPCR analysis, the proposed 0.15 value
must not be taken as a too strict cut off in most time, simply using the two best reference genes
were reliable enough for normalization [24], and the results of this study also proved this idea.

Reference gene validation
To evaluate the reliability of the selected reference genes, the relative expression level of ACO
was calculated by the selected reference genes. As depicted in Fig 4A, an enhanced expression
level of ACO was observed when normalized with the most stable reference gene, SAND.
While, when it came to TUB6, one of the least reference genes, no obvious change was
observed. To further evaluate the reliability of the selected reference genes, another stimulus
was imposed and the three most stable reference genes were used to analyze the expression
level of ACO at the same time. The results displayed that the expression level of ACO was
enhanced at a same level (no significant difference) and all the three stable reference genes
were reliable for normalization (Fig 4B). However, a significant difference (P<0.001) was
observed when using UBC9, one of the most unstable reference genes. According to the results

Fig 3. Determination of the optimal numbers of reference genes for normalization by pairwise variation using geNorm. Pairwise variation (Vn/n+1)
analysis between the normalization factors (NFn and NFn+1) was performed in all treated samples. Different treatments are included and markerd as square
frame with different colors. The total group refers to all samples. The V (variation) value with which below 0.15 was labeled with asterisk, representing that
addition of a further reference gene does not result in any improvement of normalization.

doi:10.1371/journal.pone.0152356.g003
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of geNorm, the optimal numbers of reference genes used for normalization was also investi-
gated. The results showed that, though UBC9 was not a good reference gene, the outcomes for
normalization became advisable when it was combined with other stable genes (Fig 4C).

Discussion
Considering the high sensitivity and specificity, qPCR is now commonly used in many laborato-
ries for high-throughput analysis of gene transcript level. And, the utilization of suitable reference
genes is necessary to ensure the reliability and accuracy of the data. With the awareness of the
importance of reference genes in normalization and the deviation aroused by selection of the
unstable reference genes, numerous studies have been conducted to investigate the stability of ref-
erence genes under different stresses or experimental designs [22,38,39]. Hence, in this study, the
expression stability of twelve candidate reference genes in P. praeruptorumwas systematically
analyzed by geNorm, NormFinder, and BestKeeper under the treatment of osmotic stress (PEG),
salt stress (NaCl), oxidative stress (H2O2), mental stress (CuSO4), hormones (MeJA and SA), cold
(4°C) and hot (42°C) stress, and different tissue types. The results indicated that different refer-
ence genes needed to be selected under the different stresses since they shared different stabilities.

At the first step of the study, the twelve reference genes were cloned from the cDNA template
and then inserted into T-Vector for sequencing. The correctness of the genes was confirmed by
multiple sequence alignment with our transcriptome data (S3 Table). PCR was also conducted
with the genomic DNA as a template and the products were inserted into T-Vector for sequenc-
ing, which could ensure the rationality of the primer design. As shown in S1 Fig, the signal band
indicated the specificity of the primers while the difference of the band displayed the length of
products with different templates. At the same time, the melting curve analysis was conducted
to confirm the specificity of the primer pairs (S2 Fig). Moreover, the amplification efficiency of
the selected candidate genes was calculated based on the slope of the standard curve. The R2

>0.99 and E-value ranged from 92.34% to 109.23% (Table 1 and S3 Fig), indicating that the
curves showed a good linear relationship and the PCR conditions were acceptable.

Fig 4. Validation of the reference genes. Relative expression level of ACOwas normalized using candidate reference genes under different
treatments. (A) Expression level was normalized using most and least stable reference genes under cold treatment. (B) Expression level was normalized
using different reference genes under NaCl treatment. TIP41, SAND and ACT2 represent the three most stable reference genes andUBC9 is a least stable
gene. (C) Expression level was normalized using different combination. Data are displayed as means ± SEM, and the statistical analyses were performed
using the Student’s t-test to compare those between two reference genes or combination for normalization. *P< 0.05; ***P< 0.001; N.S.: No significant
difference.

doi:10.1371/journal.pone.0152356.g004
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As an important part of reference gene selection, the expression level of the selected genes
was also investigated and the mean Cp values were listed in Fig 1. It can be easily seen that, the
mean average expression level ranged from 19.73 to 27.74, which was consistent with the previ-
ous studies [18,41]. Based on the fact that the moderate expression level (a Cp value of 15 to
30, for instance) could give an accurate normalization [48], the genes selected in this study
were sufficient for experimental needs. According to the fact that, low Cp values corresponded
to high expression levels, some candidate genes selected in this study were abundantly distrib-
uted in P. praeruptorum. For instance, the GAPDH has a mean Cp value about 17 in P. praer-
uptorum, while the same value was up to 27 in carrot [40]. Considering that a narrow
distribution range tends to represent the low variability, the variation of Cp values indicates
that SAND is a best reference gene and EF-1α is the least one. The results were somehow con-
sistent with the outcomes calculated by geNorm and NorFinder (Fig 2 and Table 2). Hence,
considering the difference in the stability and the expression level of the candidate reference
genes, the stability analysis and the expression analysis need to be combined.

In an ongoing effort to be more accurate in analyzing the stability of the candidate genes,
three Excell-based programs were used according to the reports previously [23,24,35,49].
Owing to the fact that different software had its own method to rank the stability of the candi-
date genes and there might be some extent of disunity in the results, it was necessary to choose
at least two methods to analyze the data. In addition, considering the reference genes had dif-
ferent stability under different treatments, osmotic stress, salt stress, oxidative stress, mental
stress, hormones, temperature and different tissue types was imposed. The treatments con-
ducted in the study nearly included all the treatments in similar studies and would present a
systematically assess in gene stability [22,30,40,50].

With the help of the three analysis methods, the stability of the candidate genes was ranked
in their own way of calculation. According to the results of geNorm analysis, SAND and ACT2
were the two most stable reference genes in total samples. The outcomes were consistent with
the results of NormFinder but against the outcomes of BestKeeper, in which eIF-4α and TIP41
were the most stable reference genes with a lower CV. The same event also appeared in the
treatment of PEG, CuSO4, H2O2, MeJA, SA and temperature stress or different tissue patterns.
The results accounted for the fact that, geNorm and NormFinder analysis used the same way
of calculation while BestKeeper using CV ± SD to rank the stability. This phenomenon was
also reported by Zhuang and Tian in their studies [22,40]. However, it tended to be a good con-
sistency when the five most stable reference genes were compared. For instance, under the
treatment of PEG induced osmotic stress, the rank orders in geNorm, NormFinder and Best-
Keeper analysis were PTBP1>PP2A>NCBP20>CYP2>UBC9,
PTBP1>PP2A>NCBP20>CYP2>UBC9 and CYP2>ACT2>PP2A>NCBP20>SAND, respec-
tively. In fact, there were no obvious differences in the order of the top five most stable refer-
ence genes. It also can be seen in Fig 4B, when normalized with TIP41, ACT2, and SAND, there
were no significance differences in the expression level of ACO. Hence, it is sufficient to predict
the stability of the reference genes by combination of the three kinds of software, which is a
good strategy for the selection of reference genes for normalization [51,52]. For example, when
merging the results with the three kinds of software, SAND, ACT2, UBC9 PP2A and PTBP1
were the most stable reference genes identified under different treatments and they could be
easily found on the top list of Fig 2, Tables 2 and 3. One of them could be chosen as the best ref-
erence gene in different stress experiments and the results were consistent with the previous
studies [53–55]. However, the candidate genes with low stability could also be used for normal-
ization. For instance, although GAPDH nearly ranked in the last of the candidate genes, it
could also be used in MeJA induced stress experiment since it had a low CV value and the high-
est expression abundance. There were also numerous studies indicating that, GAPDH was
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among the most stable genes and usually used for measuring gene expression [34,56–59].
Hence, to be mentioned, stress and expression abundance shared equal importance in choosing
a suitable reference gene.

The results above gave us enough information in reference gene selection under different treat-
ments. A suitable reference gene could be chosen in qPCR analysis according to different experi-
mental designs or treatments. However, the question that howmany reference genes needed to
be used in a specific set aroused. To resolve this problem, geNorm was employed according to the
handbook which known as the ‘pairwise variation (V)’ [24]. They also recommended a V score of
0.15 as an ideal cut-off value, below which the inclusion of an additional reference gene was not
required [24]. Based on the guidance, the optimal numbers of reference genes were calculated
and listed in Fig 3. In our experiments, 8 out of 10 groups had a V score of below 0.15, indicating
that there was no need to add an additional reference gene in those 8 groups. The results were
also proved in Fig 4B where there were no visible differences between two or three reference
genes for normalization. The same results were also proved by the study of Gimeno et al, in
which different combination of reference genes was used for normalization of the target genes
[39]. However, when the V score exceeded 0.15, it was desirable to add one more reference gene.
As shown in Fig 4C, whenUBC9, one of least stability reference genes, combined with other stable
genes, the outcomes for normalization seemed to be credible. It also indicated that the proposed
0.15 value must not be taken as a too strict cut-off [24]. This was indeed true for several reports
using a higher V values in some species according to the research purpose [48,60].

Conclusions
qRT-PCR is the most commonly used method for gene expression analysis and a suitable refer-
ence gene is necessary for normalization. In the present study, the stability of twelve candidate
reference genes in P. praeruptorum was investigated to select the most stable reference gene
under different treatments. The stability analysis of gene expression by geNorm, NormFinder
and BestKepper revealed that SAND, ACT2, UBC9, PP2A and PTBP1 were the most stable ref-
erence genes which could be used for normalization. However, GAPDH and TUB6 were the
least stable genes. The optimal numbers of reference genes for normalization were also calcu-
lated by geNorm using the pairwise variation (Vn/Vn+1) and the results indicated that, in
most of the treatments, two most stable reference genes were sufficient for normalization. In
addition, the suitability of the most stable reference genes and their combination were con-
firmed by normalizing the expression of ACO. Apart from updating the first survey of the sta-
bility of reference genes in P. praeruptorum and providing the basis for further research in P.
praeruptorum, the study also provided guidelines to obtain more accurate qRT-PCR results in
other plant species.
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sent TIP41, TUB6, SAND, ACT2, CYP2, GAPDH, NCBP20, eIF-4α, EF-1α, PP2A, UBC9,
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part is the PCR products with gDNA as template.
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S2 Fig. Melt curves of the twelve candidate reference genes.
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S3 Fig. Standard curves of twelve candidate reference genes.
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