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Abstract

Background: Polygonum cuspidatum of the Polygonaceae family is a traditional medicinal plant with many
bioactive compounds that play important roles in human health and stress responses. Research has attempted to
identify biosynthesis genes and metabolic pathways in this species, and quantitative real-time PCR (RT-gPCR) has
commonly been used to detect gene expression because of its speed, sensitivity, and specificity. However, no P.
cuspidatum reference genes have been identified, which hinders gene expression studies. Here, we aimed to
identify suitable reference genes for accurate and reliable normalization of P. cuspidatum RT-qPCR data.

Results: Twelve candidate reference genes, including nine common (ACT, TUA, TUB, GAPDH, EF-1y, UBQ, UBC,
60SrRNA, and elf6A) and three novel (SKD1, YLS8, and NDUFA13), were analyzed in different tissues (root, stem, and
leaf) without treatment and in leaves under abiotic stresses (salt, ultraviolet [UV], cold, heat, and drought) and
hormone stimuli (abscisic acid [ABA], ethylene [ETH], gibberellin [GAs], methyl jasmonate [MeJA], and salicylic acid
[SA]). Expression stability in 65 samples was calculated using the 2CT method, geNorm, NormFinder, BestKeeper,
and RefFinder. Two reference genes (NDUFAT3 and EF-Ty) were sufficient to normalize gene expression across all
sample sets. They were also the two most stable genes for abiotic stresses and different tissues, whereas NDUFAT3
and SKDT were the top two choices for hormone stimuli. Considering individual experimental sets, GAPDH was the
top-ranked gene under ABA, ETH, and GA5 treatments, while 60SrRNA showed good stability under MeJA and cold
treatments. ACT, UBC, and TUB were suitable genes for drought, UV, and ABA treatments, respectively. TUA was not
suitable because of its considerable variation in expression under different conditions. The expression patterns of
PcPAL, PcSTS, and PcMYB4 under UV and SA treatments and in different tissues normalized by stable and unstable
reference genes demonstrated the suitability of the optimal reference genes.

Conclusions: We propose NDUFA13 and EF-1y as reference genes to normalize P. cuspidatum expression data. To
our knowledge, this is the first systematic study of reference genes in P. cuspidatum which could help advance
molecular biology research in P. cuspidatum and allied species.
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Background

Polygonum cuspidatum is a perennial herb of the Poly-
gonaceae family that is a well-known traditional Chinese
medicine. Its first medicinal application records date
back over 1800 vyears in Mingyi Bielu [1]. It has long
been used in Chinese folk medicine for the treatment of
abdominal masses, postpartum blood stasis, urethritis,
suppuration, ulcers, sore throats, toothache, chronic
bronchitis, hemorrhoids, and other ailments [1, 2]. More
recently, oral intake or external applications of its proc-
essed products were shown to be effective in hepatitis,
hypertension, hyperlipidemia, diabetes, jaundice, arth-
ritis, skin burns, and scalds [3].

Numerous active compounds have been isolated and
identified from P. cuspidatum to date, such as anthra-
quinones, flavonoids, stilbenes, organic acids, coumarins,
catechins, and lignans [3]. The content of resveratrol, a
stilbene, is higher in P. cuspidatum than in other plants
[4], and several physiological and pharmacological stud-
ies have reported anti-oxidative, anti-cancer, anti-
inflammatory, anti-tumor, anti-depressant, and anti-viral
roles for resveratrol, as well as neuroprotective and
metabolic regulation through interactions with multiple
targets [5]. Other components of P. cuspidatum also
show significant health-promoting effects in cells or ani-
mal models [6, 7]. Interestingly, the vast majority of ac-
tive compounds are secondary metabolites synthesized
during normal plant growth or in response to environ-
mental stresses [8, 9]. However, the mechanism of P.
cuspidatum responses to abiotic stresses and hormone
stimuli as well as in various tissues needs to be thor-
oughly explored to better understand the production of
these active ingredients.

Stilbenes and flavonoids, derivatives of the phenylpro-
panoid pathway, actively participate in the regulation of
resistance to stresses, including pathogens, ultraviolet
(UV) radiation, low/high temperature, drought, heavy
metals, methyl jasmonate (MeJA), and ethylene (ETH)
[8, 9]. Phenylalanine ammonia lyase (PAL) catalyzes the
conversion of L-phenylalanine into cinnamic acid, which
is the first committed step of the phenylpropanoid path-
way. The same substrates 4-coumaroyl-CoA and
malonyl-CoA are used by stilbene synthase (STS) and
chalcone synthase to produce resveratrol and tetrahy-
droxychalcone, respectively, which are branch sites in
the stilbene and flavonoid pathway [10]. Various tran-
scription factors are involved in regulation of the phenyl-
propanoid pathway [11], and MYB4 in Arabidopsis
responds to UV and SA stresses to suppress phenylpro-
panoid pathway gene expression [12, 13].

The analysis of gene expression patterns can provide
insights into complex metabolic processes. Quantitative
real-time PCR (RT-qPCR) is commonly used to detect
gene expression in different species because of its
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simplicity, speed, sensitivity, specificity, and high
throughput [14]. However, despite these advantages,
variability in initial materials, RNA integrity, RT-PCR ef-
ficiency, qPCR efficiency, and inherent technical varia-
tions will inevitably lead to errors, so it is necessary to
use reference genes as internal controls [15]. An appro-
priate reference gene should be constantly expressed
across the samples being investigated [15]. Classic refer-
ence genes for RT-qPCR data normalization, such as
actin, tubulin, ubiquitin, elongation factor, translation
initiation factor, and ribosomal RNA, are usually re-
quired for basic and essential processes in the cell. How-
ever, increasing experimental evidence shows that some
of these genes are not as stable as previously thought
[16]. Therefore, a host of highly stable novel reference
genes have been identified using screening from ge-
nomes and transcriptome datasets [17, 18]. Previously,
reference genes have not always been stable in different
species and tissues, or at different developmental stages
and experimental conditions within a single species [19].
Therefore, it is crucial to assess expression stability
probabilities under specific conditions prior to use. Fur-
thermore, two or more reference genes are desirable to
avoid a biased or mistaken interpretation of the changes
of target gene expression [20].

In this context, the 2CT method [21], geNorm [22],
NormFinder [23], BestKeeper [24], and RefFinder [25]
have been developed to evaluate the stability of genes in
biological samples. They have been successfully
employed to validate reference genes in various medi-
cinal plants, such as Gentiana macrophylla [26], Achyr-
anthes bidentata [27], and Euscaphis konishii [18]. In P.
cuspidatum, PcPKS1 [28], PcPKS2 [29], PcCHS1 [30],
PcSTS [31], PcMYBI1 [32], and PcWRKY33 [33] have
been cloned and studied. However, the lack of P. cuspi-
datum reference genes has become a major hurdle for
gene expression studies in this species. Because of a lack
of sequence and expression information, we performed
transcriptome sequencing of P. cuspidatum vegetative
tissues (root, stem, and leaf) and leaves under different
treatments (UV and MeJA) in our laboratory (unpub-
lished data), providing a wealth of resources for our
current selection of suitable reference genes.

The present study was undertaken to characterize can-
didate reference genes for RT-qPCR data normalization
in P. cuspidatum. Twelve genes (actin [ACT)], tubulin-
alpha [TUA), tubulin-beta [TUB], glyceraldehyde-3
phosphate dehydrogenase [GAPDH], elongation factor 1-
gamma [EF-1yl, ubiquitin domain-containing protein
[UBQ), ubiquitin-conjugating enzyme [UBC], 60S riboso-
mal RNA [60SrRNA], eukaryotic translation initiation
factor 6A [eIF6A], suppressor of K+ transport growth de-
fectl [SKD1I], thioredoxin-like protein [YLS8], and NADH
dehydrogenase [ubiquinone] 1 alpha subcomplex subunit
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13-A [NDUFA13]) were screened out from the P. cuspi-
datum transcriptome, and their expression levels were
detected by RT-qPCR across all samples. These included
three tissues (root, stem, and leaf), 32 abiotic-treated
samples (salt, UV, cold, heat, and drought), and 30
hormone-treated samples (abscisic acid [ABA], ETH,
gibberellin [GA3], MeJA, and salicylic acid [SA]). Expres-
sion stability was calculated using 2CT, geNorm, Norm-
Finder, BestKeeper, and RefFinder. Additionally, the
expression of three target genes (PcPAL, PcSTS, and
PcMYB4) under UV and SA treatments and in different
tissues was normalized separately by the most and least
stable genes to demonstrate the suitability of the recom-
mended reference genes. Our results provide some use-
ful resources for the future quantification of gene
expression in P. cuspidatum and allied species.

Results

Identification of candidate reference genes

In this work, nine classic reference genes (ACT, TUA,
TUB, GAPDH, EF-1y, UBQ, UBC, 60SrRNA, and eIF6A)
and three novel reference genes (SKDI1, YLS8, and
NDUFA13) were identified from the P. cuspidatum tran-
scriptome as candidate reference genes. The full-length
c¢DNAs of these 12 genes, which were used to design
specific qPCR primers, were submitted to NCBI Gen-
Bank (Table 1).

Evaluation of primer specificity and efficiency

PCR products amplifying P. cuspidatum leaf cDNA were
checked by 1% (m/v) agarose gel electrophoresis, which
revealed a single band of expected size for each primer
pair (Additional file 1: Figure S1). Additionally, a single
peak in the melting curve for each gene confirmed pri-
mer specificity (Additional file 1: Figure S2). The qPCR
efficiency (E) varied from 86% (TUB) to 103% (SKDI)
with correlation coefficients (R?) ranging from 0.994 to
0.999 (Additional file 1: Figure S3). Hence each primer
pair was highly efficient and specific to the targeted
region.

Expression profiling of candidate reference genes

The expression levels of the 12 candidate reference
genes (ACT, TUA, TUB, GAPDH, EF-1y, UBQ, UBC,
60SrRNA, eIF6A, SKDI1, YLS8, and NDUFA13) were
evaluated in 65 samples collected from different tissues
without treatments and leaves under abiotic and hor-
mone stimuli using CT values. Raw CT values of the 12
genes across all samples were shown in Additional file 2,
and were plotted directly by Boxplot (Fig. 1). The CT
values exhibited a relatively wide range from 19.84
(GAPDH) to 33.46 (SKD1) across all samples. Because
the gene expression level is negatively correlated with
the CT value, ACT was the highest expressed gene with
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the lowest mean CT value (21.60), whereas SKDI was
the least abundant gene with the highest mean CT value
(27.42) among the 12 genes. The expression variation
among the 65 samples for each gene ranged from 4.12
(eIF6A) to 8.779 (SKD1I). No gene showed an unchanged
expression level under all conditions, so it was necessary
to identify reference genes under specific experimental
conditions in P. cuspidatum.

Expression stability of candidate reference genes

In our study, each reference gene was evaluated in 11
experimental sets which were analyzed individually at
first. To obtain a more comprehensive analysis, the sets
were then divided into four different groups: (1) “Abiotic
stress” (salt, UV, cold, heat, and drought) (2) “Hormone
stimuli” (ABA, ETH, GA3, MeJA, and SA) (3) “Different
tissues” (root, stem, and leaf), and (4) “All” (all experi-
mental sets). More specifically, the stability of the 12
candidate reference genes was analyzed by the 2CT
method, geNorm, NormFinder, BestKeeper, and
RefFinder.

geNorm estimates the optimal number of reference
genes required for accurate and reliable RT-qPCR
normalization. As shown in Fig. 2, V,;; values were
much lower than the cut-off value of 0.15 for all differ-
ent groups, indicating that two reference genes would be
sufficient for accurate and reliable normalization of the
gene expression data.

For “Abiotic stress”, 60SrRNA and EF-1y had the low-
est M value (0.25) followed by NDUFA13 (0.35), indicat-
ing that these were the three most stable genes in
geNorm analysis. NDUFA13 and EF-1y were the two
top-ranking genes in NormFinder and ACT analysis,
while elF6A and 60SrRNA were top in BestKeeper ana-
lysis. According to the calculations performed by RefFin-
der, EF-1y and NDUFA13 were the most appropriate
reference genes under abiotic stress conditions. The
comprehensive ranking order for every specific abiotic
stress was not entirely consistent. EF-1y, NDUFA13, and
60SrRNA were also identified as the three most stable
reference genes under heat treatment, but EF-Iy and
NDUFA13 fell outside the list of the four most stable
genes, though 60SrRNA ranked top under cold condi-
tions. For salt treatment, YLS8 was the top-ranked gene,
followed by EF-1y, TUB, and NDUFAI13. For UV treat-
ment, UBC had the highest stability, while EF-Iy,
NDUFA13, and 60SrRNA also exhibited good stability.
NDUFA13 was the optimal reference gene under
drought treatment, followed by EF-1y and 60SrRNA with
low CVs (Table 2, Additional file 3: Table S1).

For “Hormone stimuli”, the best reference genes were
60SrRNA and EF-1y in geNorm analysis. NDUFA13 and
SKD1 were the two most stable reference genes by both
ACT and NormFinder, but ACT and SKDI were
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Table 1 Details of candidate reference genes and target genes used for RT-qPCR in Polygonum cuspidatum
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Gene Gene description

Primer sequence (5"-3)
Forward/Reverse

Product
(bp)

E
(%)

R

NR
accession

Arabidopsis
Ortholog

ACT actin 7

TUA Tubulin-alpha 6

TUB Tubulin-beta 2

Glyceraldehyde-3 phosphate dehydrogenase

Elongation factor 1-gamma

Ubiquitin domain-containing protein

UBC Ubiquitin-conjugating enzyme

60SrRNA  60S ribosomal RNA

elf6A Eukaryotic translation initiation factor 6A

SKD1 Suppressor of K+ transport growth defect1

YLS8 Thioredoxin-like protein YLS8

NDUFA13  NADH dehydrogenase [ubiquinone] 1 alpha

subcomplex subunit 13-A
Target gene

Transcription repressor MYB4
PcMYB4

PcPAL  Phenylalanine ammonia-lyase

PcSTS  Stilbene synthases

F:GCCGTCTATGATTGGAATGG
RTACCGTACAAGTCC
TTCCTAA

F:CCAGATGCCAAGTG
ACAAAAC
RTTGTCTGTATGTTCCAGTCCT

F:ATCCGACACTGTTGTTGAGC
R.CCAAAGGATGGGGT
TGAAAG

F:CAGTGACTG CGGTTGC
RAGCCTTGTCCTTGTCGGTGA

F:GTCATCCCTGATTGATTACGC
RGTGGGCAATAAAGCCAAG
AC

F:AGTCCTCAACTTCGTGCTATG
RTTCTGGAGGCACAT
TTGGAGT

FATTTGATGGCGTGGAGTTGC
RAGGGGTAAACATTG
GGGTGG

F:ACTGTGATTTCGCAGACGCA
RCCTGGTGCTTGGTGAGACGG

F:CGGATCTTGACAGGGAAACC
RAACGGCACCTGAAGGAGT
GT

F.GGCGATGGTGAGGG
AGATGA
R:ACCCAGCCACATCATTCCAC

F:AGATCAACTGGGCT
CTAAAGG
RAATCACCAGACCTCGACCCT

F:ATGTACCAGGTCGGCGTAGG
RTCCTTCATAATTCTGGCTTCC

FTTGATACCGCTACAACCACA
RCACCCGTCACAACGCTATT

F:AGAACAGGATCAAGGAAT
R:AACAAGGAATCAATCATC

F:CCAGACCTAACAGTTGAGA
RTCGCACCATCAGATTCA

99

154

144

107

12

294

156

124

187

106

92

161

196

158

98

86

86

91

95

89

98

98

94

104

103

98

9%

96

90

0.999

0.998

0.998

0.999

0.998

0.995

0.999

0.999

0.997

0.997

0.998

0.998

0.994

0.997

0.997

MK288156

MK288157

MK288158

MK288159

MK288160

MK288161

MK288162

MK288163

MK288164

MK288165

MK288166

MK288167

MK288154

MK288155

EU647245

AT5G09810

AT4G14960

AT5G23860

AT1G13440

AT1G57720

AT2G17200

AT3G57870

AT5G02610

AT3G55620

AT2G27600

AT5G08290

AT1G04630

AT4G38620

AT2G37040

identified by BestKeeper. In a comprehensive analysis,
NDUFA13 and SKDI1 were the two optimal reference
genes under hormone stimuli conditions. When consid-
ering every hormone treatment, NDUFA13 was one of
the three most stable reference genes for all hormone
treatments except ABA; GAPDH and SKD1 were among
the four most stable genes under ABA, ETH, and GA
conditions (Table 2, Additional file 3: Table S1).

For “Different tissues”, NDUFA13 and EF-1y were the
most stable combination in geNorm analysis. Similar re-
sults were seen by ACT. NDUFAI3 and EF-1y next to
GAPDH were the top-ranking genes in NormFinder ana-
lysis. In BestKeeper analysis, ACT ranked first with the

lowest stability value (0.06), while NDUFA13 and EF-1y
ranked second and fourth, respectively. NDUFA13 and
EF-1y were recommended in different tissues of P. cuspi-
datum by RefFinder (Table 2, Additional file 3: Table
S1).

When all samples were taken into account, 60SrRNA,
EF-1y, and NDUFA13 ranked most highly in geNorm,
oCT, and NormFinder analysis. However, they were low
in the ranking in BestKeeper analysis. RefFinder ranked
the candidate reference genes from the highest to the
lowest stability as follows: NDUFAI3>EF-1y>
60SrRNA > UBQ > eIF6A > ACT > YLS8 > TUB > UBC >
GAPDH > TUA > SKD1 (Table 2). Taken together,
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Fig. 1 Boxplot analysis of cycle threshold (CT) values of 12 candidate reference genes across all samples. The boxes represent the interquartile
range. The line across the box represents the median. The plus sign in the box show the mean values. Hyphens over and under the boxes is
shown as the maximum and minimum, respectively

NDUFA13 and EF-1y were the two most suitable refer-
ence genes across all samples of P. cuspidatum. Add-
itionally, it was clear that TUA was an unstable gene
under all experiment conditions according to all valu-
ation systems (Table 2, Additional file 3: Table S1).

Validation of candidate reference genes

To ensure the accuracy and reliability of our results,
the relative expression patterns of PcPAL, PcSTS,
and PcMYB4 were analyzed under Abiotic stress
(UV), Hormone stimuli (SA), and in different tissues
(leaf, stem, and root). The two most stable reference
genes (NDUFA13 and UBQ for SA, UBC and EF-1y
for UV, NDUFA13 and EF-1y for different tissues)

and one unstable gene (TUA) were selected for nor-
malizing qPCR data.

As shown in Fig. 3a, under UV treatment, PcPAL
was significantly induced at all analyzed stress times.
However, the expression levels at 16 h and 32h with
TUA normalization were much higher than those
with either UBC, EF-1y, or their geometric mean. The
expression of PcMYB4 was inhibited by UV treat-
ment, initially reduced after reaching the lowest level
at 8h, then increased afterwards. However, the ex-
pression levels of PcMYB4 at 16h and 32h were
overestimated with TUA normalization. Similar mis-
judgments occurred in the analysis of PcSTS expres-
sion data. Some divergences in the results were also

__0.16
2 0.14
,E 0.12
< 010
= 0.08
; 0.06
= 0.04 -
000 Different| Abiotic | Hormone
ABA ETH GA MelJA SA Salt Cold Heat Drought tissues stress stimuli All
AIV2/3 0.092 [ 0.064 0.076 0.058 [ 0.092 0.037 | 0.082 [ 0.051 0.104 [ 0.047 0.049 0.123 | 0.107 0.128 |
‘mV3/4 | 0068 | 0055 | 0071 | 0039 | 0072 | 0032 @ 0064 | 0038 | 0097 | 0039 | 0045 | 0.136 | 0092 | 0.134 |
uV4/5 0.052 0.043 0.053 0.036 0.057 0.041 0.051 0.033 0.088 0.032 0.042 0.111 0.065 0.110
uvV5/6 0.044 0.042 0.050 0.039 0.051 0.038 0.060 0.032 0.083 0.032 0.039 0.097 0.055 0.090
nVvo6/7 0.039 0.040 0.052 0.035 0.052 0.034 0.052 0.039 0.084 0.027 0.041 0.078 0.058 0.076
uV7/8 0.035 0.038 0.042 0.032 0.053 0.044 0.058 0.032 0.070 0.024 0.041 0.078 0.056 0.067
|= V8/9 0.041 0.038 0.051 0.029 0.044 0.039 | 0.048 0.029 0.074 | 0.023 0.048 0.070 0.049 0.065 |
=V9/10 | 0.038 0.035 0.049 0.035 0.060 0.036 0.051 0.027 0.083 0.024 0.048 0.067 [ 0.051 0.066
V10/11| 0.033 0.038 0.051 0.036 0.052 0.040 0.058 0.031 0.095 0.025 0.042 0.062 0.049 0.081
mVI1I/12| 0.058 0.043 0.081 0.034 0.086 0.051 0.086 | 0.038 0.088 0.026 0.045 0.117 | 0.071 0.129
Fig. 2 Determination of the optimal numbers of reference genes for normalization in Polygonum cuspidatum
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Groups Ranking  RefFinder aCT BestKeeper Normfinder geNorm
Gene Stability  Gene Stability ~ Gene Stability  Gene Stability  Genes Stability
Abiotic stress 1 EF-Ty 1.86 NDUFA13 064 elF6A 0.89 NDUFA13 0.7 60SrRNA 028
2 NDUFA13 197 EF-1y 0.66 60SrRNA 0.93 EF-ly 0.22 EF-1y 0.28
3 60SIRNA 206 60SIRNA 0.70 EF-1y 0.96 60SrRNA 033 NDUFA13 035
4 elF6A 4.30 ACT 0.75 YLS8 0.97 UBQ 044 UuBQ 047
5 uBQ 4.68 uBQ 0.76 NDUFA13 101 ACT 047 ACT 0.53
6 ACT 532 TUB 0.77 TUB 1.05 TUB 052 TUB 0.58
7 TUB 6.24 elF6A 0.79 uBQ 1.05 elF6A 0.54 elF6A 0.60
8 YLS8 7.52 UBC 083 ACT 1.07 UBC 0.57 YLS8 0.63
9 UBC 9.16 TUA 0.86 TUA 1.07 TUA 0.64 GAPDH 0.66
10 TUA 9.24 YLS8 0.89 UBC 1.09 YLS8 0.72 TUA 0.69
[ GAPDH 1046 GAPDH 0.89 GAPDH 122 GAPDH 072 uBC 0.71
12 SKD1 12.00 SKD1 146 SKD1 141 SKD1 1.39 SKD1 0.83
Hormone stimuli 1 NDUFA13 197 NDUFA13 049 ACT 033 NDUFA13  0.26 60STRNA 034
2 SKD1 263 SKD1 0.50 SKD1 0.36 SKD1 0.26 EF-1y 0.34
3 elF6A 341 elF6A 0.50 NDUFA13 043 elF6A 0.28 elF6A 036
4 EF-Ty 398 YLS8 051 UBC 044 YLS8 031 YLS8 039
5 YLS8 443 EF-1y 0.53 elF6A 044 EF-ly 033 NDUFA13 039
6 60SrRNA 446 60SrRNA 053 YLS8 045 60SrRNA 034 SKD1 040
7 ACT 5.62 UBQ 0.56 UuBQ 047 UBQ 0.39 UBC 042
8 UBC 6.51 UBC 0.58 TUB 0.52 UBC 042 UBQ 045
9 uBQ 7.24 GAPDH 0.59 EF-ly 0.52 GAPDH 043 GAPDH 046
10 GAPDH 874 ACT 0.62 GAPDH 052 ACT 047 ACT 049
1 TUB 10.46 TUB 0.66 60SrRNA 0.56 TUB 0.51 TUB 0.52
12 TUA 12.00 TUA 0.92 TUA 0.79 TUA 0.84 TUA 0.58
Different tissues 1 NDUFA13 157 NDUFA13 031 GAPDH 092 ACT 0.06 NDUFA13 0.0
2 EF-1y 245 EF-1y 032 NDUFA13 103 NDUFA13  0.10 EF-1y 0.10
3 ACT 263 ACT 0.32 EF-ly 1.07 60SrRNA 0.10 60STRNA 0.13
4 60SrRNA 3.13 60SrRNA 032 60SrRNA 1.08 EF-ly 0.13 ACT 0.16
5 GAPDH 443 elF6A 037 TUB 1.1 elF6A 0.22 TUB 0.19
6 TUB 5.69 TUB 038 ACT 1.19 UBQ 0.26 GAPDH 0.21
7 elF6A 6.32 UBQ 0.39 TUA 1.23 TUB 0.27 UBQ 0.24
8 uBQ 717 GAPDH 042 elf6 1.24 GAPDH 032 elF6A 0.27
9 YLS8 924 YLS8 0.46 UBQ 130 YLS8 038 YLS8 0.31
10 TUA 1049 UBC 0.54 YLS8 134 SKD1 047 uBC 035
1 UBC 10.49 SKD1 0.54 UBC 1.40 UBC 0.50 SKD1 0.38
12 SKD1 10.98 TUA 0.57 SKD1 146 TUA 0.54 TUA 041
All 1 NDUFA13  2.28 NDUFA13 068 YLS8 0.78 NDUFA13 021 60SrRNA 031
2 EF-Ty 230 EF-Ty 068 elF6A 0.84 EF-1y 024 EF-Ty 031
3 60SrRNA 3.08 60SIRNA 0.71 ACT 0.90 60SrRNA 031 NDUFA13 038
4 uBQ 4.00 uBQ 0.75 uBQ 091 UBQ 042 UBQ 048
5 elF6A 4.36 ACT 0.77 UBC 0.93 ACT 046 elF6A 0.54
6 ACT 4.79 elF6A 0.78 TUB 1.00 elF6A 0.50 TUB 057
7 YLS8 562 TUB 0.80 EF-ly 1.01 TUB 0.50 ACT 0.59
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Table 2 Gene expression stability under multiple conditions ranked by 2CT, BestKeeper, NormFinder, geNorm and RefFinder

(Continued)
Groups Ranking  RefFinder aCT BestKeeper Normfinder geNorm
Gene Stability  Gene Stability  Gene Stability  Gene Stability  Genes Stability
8 TUB 648 UBC 0.83 GAPDH 1.02 UBC 053 GAPDH 061
9 UBC 733 GAPDH 0.83 60SIRNA 1.04 GAPDH 0.58 UBC 063
10 GAPDH 849 YLS8 094 NDUFA13 104 YLS8 0.77 YLS8 0.66
11 TUA 11.00 TUA 1.05 TUA 1.29 TUA 0.85 TUA 0.72
12 SKD1 12.00 SKD1 1.62 SKD1 1.93 SKD1 1.54 SKD1 0.87

observed under SA treatment (Fig. 3b). The expres-
sion level of PcPAL with NDUFAI13, UBQ, or their
geometric mean achieved the highest after adding
SA for 2h and was higher at 4h than the control,
whereas the opposite results were displayed with
TUA normalization. PcSTS and PcMYB4 responded

quickly to SA, and a low expression level was main-
tained for a long time (2-12h). TUA normalization
similarly led to erroneous interpretation of the rela-
tive expression patterns of PcMYB4. In different tis-
sues (Fig. 3c), the expression patterns of PcPAL,
PcSTS, and PcMYB4 were similar when NDUFAI3,
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EF-1y, and TUA were used for normalization, but
the fold-changes in root and stem were underesti-
mated with normalization by TUA.

Overall, the expression patterns of PcPAL, PcSTS, or
PcMYB4 were nearly the same when using stable refer-
ence genes for normalization, whereas the expression
levels had large variations when TUA was used. Further-
more, the RT-qPCR results normalized by the stable ref-
erence genes under UV treatment and in different
tissues were more consistent with the target gene ex-
pression profiling derived from P. cuspidatum transcrip-
tome data (Additional file 3: Table S2). Thus, the most
suitable reference genes calculated by the above men-
tioned software were applicable under some specific
conditions.

Discussion

RT-qPCR is one of the most commonly used techniques
to obtain gene expression profiles in molecular biology.
A prerequisite of this is the selection of appropriate ref-
erence genes for data normalization to ensure the accur-
acy and reliability of the results [15]. Large-scale gene
segments and gene expression data generated by sequen-
cing provide abundant resources for the identification
and evaluation of reference genes, especially in non-
model species [18, 26].

In this work, we made full use of transcriptome se-
quencing data available in our laboratory to identify can-
didate reference genes for P. cuspidatum. The
expression stability was evaluated by 4CT method, geN-
orm, NormFinder, and BestKeeper, although the results
obtained were not completely consistent. Such discrep-
ancies in stability ranking were also reported in some
previous studies [34]. Interestingly, we found that the
rankings by 2CT, geNorm, and NormFinder, were simi-
lar, especially for individual sets, but different from those
by BestKeeper; similar findings were reported in other
studies [19, 34]. For example, in our work, under ETH,
GAj, and SA treatment, ACT was identified as the most
stable gene by BestKeeper analysis, but performed unsat-
isfactorily in 4CT, NormFinder, and geNorm analysis.
Therefore, comprehensive analysis with RefFinder of
multiple results from different software could help select
a more appropriate reference gene.

ACT, TUA, and TUB, which encode cytoskeletal pro-
teins, are extensively used as reference genes, and their
high stability is reported in many plants [35, 36]. How-
ever, we showed that TUA performed poorly across all
sample sets, ACT performed less well in most cases, and
TUB was more affected by environmental factors such
as SA and cold; this was similar to previous results ob-
tained in Eucommia ulmoides [37]. GAPDH encodes an
abundant glycolytic enzyme present in most cell types,
and has universally been used as a reference gene in RT-
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qPCR. GAPDH showed a good performance in response
to “Hormone stimuli” in parsley and carrot leaves, but
was less stable for most abiotic stresses [36, 38]. The
performance of GAPDH in our study was relatively con-
sistent with those of previous studies, except for re-
sponses to MeJA and drought. Ubiquitin is a small
regulatory protein found in most tissues of eukaryotic
organisms. We showed that UBC was the most stable
gene under UV treatment, in agreement with the find-
ings of Borges [39]. Moreover, UBQ was one of the two
most stable genes under SA treatment, which differed
from the results obtained in Achyranthes bidentata [27]
and carrot [36]. However, UBC and UBQ did not per-
form well across all other sets, which is consistent with
the results seen in parsley [38]. Thus, UBC and UBQ
were not the preferred gene choices in our study.

Eukaryotic translation initiation factor and ribosomal
RNA have been reported as reference genes in many
studies, such as elF4a in Eleusine indica [40], and elF5A
and 60S ribosomal RNA in Panax ginseng [41]. In our
study, the performances of elF6A and 60SrRNA were not
always the best in “Abiotic stress”, “Hormone stimuli”,
and “all” groups, but were within an acceptable range.
Elongation factor 1 (EF-1), composed of the four sub-
units EF-1a, EF-1B, EF-15, and EF-1y, plays a central
role in protein biosynthesis [42]. EF-Ia, encoding a G-
protein, was used for the normalization of qPCR data in
some medicinal plants such as G. macrophylla [26] and
A. bidentata [27]. The main function of EF-1y is to en-
sure the correct scaffolding of different subunits in the
EF-1 complex as well as to direct its intracellular
localization [43]. The expression stability of EF-Iy had
previously been evaluated in P. ginseng [34] and Nilapar-
vata lugens [44]. In our study, EF-1y was one of the two
most suitable reference genes with stable expression
levels under various experimental conditions.

Novel reference genes such as SKDI1, YLS8, and
NDUFA13 have also been selected for gene
normalization by the application of large amounts of
omics data. SKDI, encoding a protein that contributes
to vacuolar trafficking and maintenance of the large cen-
tral vacuole of plant cells [45], was first selected as a ref-
erence gene in pear [46]. In this study, SKDI was
preferable under “Hormone stimuli” conditions, but had
to be discarded under “Abiotic stress” and “Different tis-
sues” conditions because of its low expression and high
variation. YLS8 encodes a protein involved in mitosis,
and performed well under ABA, MeJA, and salt condi-
tions, but poorly in other individual sets and the three
combination groups. These results were not identical to
those obtained previously [46, 47]. Notably, NDUFA13
was remarkably stable in the individual sets (except in
the ABA group) as well as in the combination groups,
suggesting it is an almost ideal reference gene.
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NDUFA13, encoded by the nuclear genome, is an
accessory subunit of the mitochondria respiratory chain
complex I, which transfers electrons from nicotinamide
adenine dinucleotide to ubiquinone [48]. The fact that
mitochondria are known as eukaryotic cell powerhouses
may explain why NDUFAI3 showed stable expression
under various conditions in this study. NDUFAI3 was
previously reported as a reference gene in Apostichopus
Jjaponicus [49], but no studies have investigated its poten-
tial in plants. In this regard, the present study is the first
known report of NDUFA 13 as a reference gene in plants.

PAL, STS, and MYB4 are three important regulating
genes in the phenylpropanoid pathway. When using the
stable reference genes, the relative expression patterns of
PcPAL and PcMYB4 were in agreement with previous
reports; for example, MYB4 was down-regulated by ex-
posure to UV-B light in Arabidopsis thaliana [12] and
Brassica rapa [50], and PAL was induced by exposure to
UV and SA in A. thaliana [51] and Juglans regia [52].
To our knowledge, STS is found in only a few plants,
and not in Arabidopsis or tobacco. Research into STS
expression is currently concentrated in grapes, where it
was shown to be strongly induced by UV-C [53] and SA
[54]. We observed the opposite expression patterns of
STS in response to SA in P. cuspidatum, with rapidly de-
creasing expression lasting for 12h. These differences
may reflect variations in UV wavelengths or species.
Moreover, our results are consistent with P. cuspidatum
transcriptome data. Evidently, there were obvious under-
estimates or overestimates in our results following
normalization by the least stable gene, TUA. Our results
demonstrate the importance of using a stable reference
gene for normalization to obtain accurate results.

Based on the above analysis, we suggest that no single
gene should be used for normalization in all species, tis-
sues, or treatments. Therefore, suitable reference genes
for given species and conditions should be explored.

Conclusions

We evaluated the expression stability of 12 candidate
reference genes in different tissues of P. cuspidatum and
under different treatment conditions. NDUFA13 and EF-
1y were identified as the best two reference genes for
normalizing RT-qPCR gene expression data. Their reli-
ability and effectiveness were verified by PcPAL, PcSTS,
and PcMYB4. To our knowledge, the current work is the
first systematic analysis of suitable reference genes that
will facilitate further research into the molecular biology
of P. cuspidatum and other closely related species.

Methods

Plant material

Seeds of P. cuspidatum were collected from the medi-
cinal plant garden of the Institute of Botany, Chinese
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Academy of Sciences (Beijing, China). Seeds were
surface-sterilized and sown on Murashige and Skoog
(MS) agar medium in a growth chamber at 24 °C with a
16 h/8 h light/dark cycle. After 1 month, similar seed-
lings were submitted to different treatments. For hor-
mone treatment, the seedlings were uniformly sprayed
with 0.5 mM MeJA, 1mM SA, 0.1 mM ABA, 0.5mM
GA; or 0.5 g/L ethrel. For cold and heat treatments, the
seedlings were respectively kept in 4°C and 42°C illu-
mination boxes. For UV irradiation, the seedlings were
placed under a UV-B transilluminator for 20 min. For
salt treatment, the seedlings were transplanted to MS
agar medium containing 100 mM NaCl. Leaf samples
were collected at 0, 2, 4, 8, 16, and 32h after UV and
MeJA treatments, and 0, 2, 4, 8, 12, and 24 h for the
other treatments. For drought treatment, plants grown
for 2 months in plastic pots containing a soil/vermiculite
mixture (1:1) under the same conditions were kept in
dry soil for 1week, then rehydrated and sampled daily
0, 1,2, 3,4, 5,6, 7, and 8 d). Tissue-specific samples
(root, stem, and leaf) were collected from plants grown
for 2 months in the soil. All 65 samples, including three
tissue-specific samples (root, stem, and leaf), 32 stress-
treated samples (salt-, UV-, cold-, heat-, and drought-
treated leaves), and 30 hormone-treated samples (ABA-,
ETH-, GA3-, MeJA-, and SA-treated leaves), were separ-
ately collected in three biological repeats. All samples
were immediately frozen in liquid nitrogen and stored at
—70°C before RNA extraction.

RNA isolation and cDNA synthesis

Total RNA was isolated from samples using the Plant
Total RNA Purification Kit (GeneMark, Taiwan, China)
following the manufacturer’s instructions. The RNA in-
tegrity was checked on a 1% (m/v) agarose gel. The
quantity and quality of the total RNA samples were
assessed by recording absorbances at 260/280 nm and
260/230 nm with the NanoDrop 2000 spectrophotom-
eter (Thermo Fisher Scientific, Waltham, MA, USA).
Only RNA samples 1.8 < ODygp/280 < 2.2 and ODogg/230 >
2.0 were used for subsequent cDNA synthesis. Total
RNA (3pg) was reverse-transcribed into ¢cDNA using
the Hifair™ II 1st Strand cDNA Synthesis SuperMix
(Yeasen, Shanghai, China) with oligo (dT) primers ac-
cording to the manufacturer’s instructions. cDNA was
diluted at 1:20 with the EASY dilution solution (Takara,
Japan), then stored at — 20 °C until required as template
for qPCR.

Selection of candidate reference genes

The expression levels of unigenes are commonly esti-
mated by fragments per kilobase of transcript per mil-
lion mapped reads values [55]. A candidate reference
gene should be moderately expressed with a small
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coefficient of variation (CV) [56]. In this work, the CV
calculation formula was: CV =standard deviation of
reads per kilobase of transcript per million mapped
reads (RPKM)/average RPKM. We downloaded the se-
quences of nine classic reference genes (ACT, TUA,
TUB, GAPDH, EF-1y, UBQ, UBC, 60SrRNA, and eIF6A)
identified in other species, and carried out BLASTn
queries against the P. cuspidatum transcriptome. Then,
the highest ortholog sequences were checked against the
Arabidopsis genome database and recorded in Table 1.
Additionally, three new candidate genes, SKD1, YLSS,
and NDUFA13, were selected based on their low CV and
appropriate RPKM values (Additional file 3: Table S3).
The cDNA and genomic DNA sequences of these candi-
date reference genes were shown in Additional file 4 and
Additional file 5, respectively.

Primer design

Specific primers were designed using Primer 5 software
and synthesized by GENEWIZ Company (Tianjin,
China). Gene characteristics and primer details are
shown in Table 1. The specificity of each primer pair
was assessed by amplification and melting curve analysis.
The correlation coefficient (R”) and amplification effi-
ciency (E) for all primer pairs were evaluated by stand-
ard curves using fourfold dilutions of the pooled cDNA
(1/4, 1/16, 1/64, 1/256, and 1/1024).

RT-qPCR
All qPCR was carried out in 96-well plates using Quant-
Studio™ Real-Time PCR Software (Applied Biosystems,
USA) with the Hieff* qPCR SYBR® Green Master Mix
(Yeasen, Shanghai, China). Each 10 pL reaction included:
50puL of 2x Hieff* qPCR SYBR® Green Master Mix,
0.2 uL. of each primer (10 pM), 1.0 uL. of diluted (1:20)
cDNA template, and 3.6 uL of RNase-free water. The
cycle program for product amplification was: 95 °C for 5
min (hot-start activation) followed by 40 cycles of 95°C
for 10s (denaturation), 58°C for 20s (annealing), and
72°C for 20s (extension). The melting curve was gener-
ated after 40 cycles to test the specificity of each primer
pair across the temperature range of 60-95 °C at a heat-
ing rate of 0.05°C/s. Three technical replicates were
used for each sample.

Data analysis and assessment of candidate reference
genes performance

The CT values represent the expression level of each
candidate reference gene. The amplification efficiency
was calculated by: E (%)= (10 ~slope _ 1) ¥ 100 [57].
The stability of gene expression was evaluated by the
ACT method [21], geNorm [22], NormFinder [23], Best-
Keeper [24], and RefFinder [25].
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The 2CT method was employed to rank the genes by
calculating the average standard deviation (SD) based on
the relative expression of all pairwise combinations of
candidate reference genes. The gene with the lowest SD
was identified as the most stable reference gene [21].
The geNorm calculates the expression stability value
(M-value) for each gene. Genes with the lowest M values
have the most stable expression. geNorm determines the
pairwise variations (V) of one specific gene with all
others. A cut-off value of V., .1 <0.15 means that fur-
ther addition of reference genes no longer makes any
significant contribution to the normalization. For in-
stance, Vj/3<0.15 means that two reference genes are
sufficient for data normalization [22]. NormFinder pro-
vides a stability value (SV) for each gene, which takes in-
tergroup and intragroup relationships into consideration.
A lower SV indicates a higher stability [23]. BestKeeper
calculates three variables based on the CT values of all
genes: the coefficient of correlation (r), standard devi-
ation (SD), and coefficient of variance (CV). A more
stable gene exhibits a lower SD + CV value [24]. RefFin-
der gives a comprehensive ranking for each candidate
reference gene based on the geometric mean of the
weights of all genes calculated by the above four compu-
tational approaches. A lower geometric mean of the
ranking values indicates a more stable expression [25].

Validation of selected candidate reference genes

To validate the selected reference genes, qPCR was per-
formed to analyze target gene expression levels
(PcMYB4, PcPAL, and PcSTS) under UV and SA treat-
ments and in different tissues. The homologous P. cuspi-
datum genes AtMYB4 and AtPALI were cloned and
named PcMYB4 and PcPAL, respectively (Table 1, Add-
itional file 4, Additional file 5). PcSTS (EU647245.1) was
isolated in previous studies from our laboratory [31].
Primer design and detection for these three genes were
performed according to the aforementioned methods.
Relative expression levels were calculated with the 2
~**CT method.
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1186/512870-019-2108-0.

Additional file 1: Figure S1. PCR amplification patterns of the 12
candidate reference genes and 3 target genes. Bands were targeted to
ACT (1), TUA (2), TUB (3), GAPDH (4), EF-1y (5), NDUFA13 (6), UBQ (7), UBC
(8), 60SIRNA (9), SKD1 (10), YLS8 (11), elF6A (12), PcMYB4 (13), PcPAL (14),
PcSTS (15). Figure S2. Melting curves of 12 candidate reference genes
and 3 target genes in Polygonum cuspidatum. Figure S3. Standard curves
of 12 candidate reference genes and 3 target genes in Polygonum
cuspidatum.

Additional file 2: Raw CT values of the 12 candidate reference genes
across all samples of Polygonum cuspidatum.
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BestKeeper, NormFinder, geNorm and RefFinder under individual
condition. Table S2. RPKM values of 3 target genes in Polygonum
cuspidatum transcriptome. Table S3. RPKM values of 3 novel genes
covering 7 transcriptomes data of Polygonum cuspidatum.

Additional file 4. cDNA sequences of 12 candidate reference genes and
3 target genes. Coding sequence (CDS) were marked green.

Additional file 5. Genomic DNA sequences of 12 candidate reference
genes and 3 target genes. The exons were shown in green shading,
gPCR primers were marked yellow.
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