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Abstract
Scutellaria baicalensis Georgi is a famous medicinal plant with its dried roots having been used as a traditional Chinese 
medicinal for more than 2000 years. Although its genome sequence has previously been published and molecular biology 
methods have been used to study this species, no suitable internal reference genes have been investigated for standardization 
of gene expression via quantitative real-time polymerase chain reaction (qRT-PCR). Here, the stabilities of 10 candidate 
reference genes, ACT11, ACT7, α-TUB, β-TUB, GAPDH, UBC, RPL, SAM, HSP70, and PP2A, were analyzed by four dif-
ferent procedures of GeNorm, NormFinder, BestKeeper, and RefFinder. Their expression stabilities were evaluated under 
various conditions, including different tissue types (root, stem, leaf, and flower), hormone stimuli treatments (methyl jas-
monate, salicylic acid, and abscisic acid), and abiotic stresses (heavy metal, salt, drought, cold, and wounding). The results 
indicated that β-TUB was the most stable gene for all tested samples, while ACT11 was the most unstable. The most stable 
reference gene was not consistent under different conditions. β-TUB exhibited the highest stability for different tissue types 
and abiotic stresses, while for hormone stimuli treatments, ACT7 showed the highest stability. To confirm the applicability 
of suitable reference genes, we selected to SbF6H and SbF8H as target genes to analyze their expression levels in different 
tissues. This study helps to the accurate quantification of the relative expression levels of interest genes in S. baicalensis via 
qRT-PCR analysis.
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Introduction

Scutellaria baicalensis Georgi, belonging to the family 
Lamiaceae, is a well-known medicinal plant that is widely 
cultivated in China and other East Asian countries for its 
significant medicinal value [1]. Its dried root, Scutellariae 

Radix, is a traditional Chinese medicine and has been 
applied to treat inflammation, dysentery, and liver and lung 
problems for thousands of years, which was first recorded 
in “Sheng Nong’s herbal classic” (written between 200 
and 300 AD) [2]. The authoritative book “Compendium of 
Materia Medica”, first published during the Ming Dynasty, 
reported that Scutellariae Radix could be used in the treat-
ment of a wide range of disorders [3]. Recently, numerous 
studies have shown that the main bioactive components in 
Scutellariae Radix are flavonoids, which have a wide range 
of pharmacological activities, including antitumor, hepato-
protective, neuroprotective, antibacterial, and antiviral activ-
ities [4–8]. At the end of 2019, the emergence of severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
disease (COVID-19) has investigated large-scale epidemics 
worldwide and is currently a main public hygiene issue. The 
discovery of drugs against SARS-CoV-2 is the most promis-
ing treatment method for COVID-19. At present, there is no 
cure. Recently, baicalin and baicalein, two types of natural 
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flavonoids derived from Scutellariae Radix, were appraised 
as the first non-covalent, non-peptidomimetic inhibitors of 
SARS-CoV-2 3CLpro (3C-like protease) and revealed pow-
erful anti-virus activity in vitro cell systems [9, 10]. With 
the increasing understanding of the pharmacological activ-
ity, molecular biology methods have been used to study S. 
baicalensis. The genome sequence of this species is avail-
able, and the biosynthetic pathways of some flavonoids and 
related key enzyme genes have been revealed [11–13].

Gene expression levels in plant different tissues along 
with the abiotic stress tolerance are exceedingly meaningful 
for understanding the potential functions of the gene [14]. 
The techniques for detecting gene expression levels were 
include Northern blotting, microarray, RNase protection 
analysis, and qRT-PCR [15]. Amongst these, qRT-PCR is a 
simple and accurate method with strong specificity, repeat-
ability and sensitivity, and has been widely used for evaluat-
ing the transcription level of interest gene [16, 17]. Although 
qRT-PCR is a powerful technology, many factors, such as 
RNA purity, RNA content, PCR amplification efficiency (E) 
and reverse transcription efficiency, can affect the results 
[18]. To eliminate the effects of these factors, one or several 
reliable reference genes should be used for correction. In 
different tissues and under different treatments, the transcrip-
tion levels of ideal reference genes should be unaffected or 
show the minimal amplitude changes [19]. Therefore, for 
accurate quantification, selecting suitable reference genes 
are of great significance and necessity for qRT-PCR analysis.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 
β-actin (ACT​), β-tubulin (TUB), and ubiquitin-conjugat-
ing enzyme E2 (UBC) are traditional housekeeping genes 
and have been often applied as reference genes, which are 
commonly expressed in all species [20]. Nevertheless, the 
transcription levels of some housekeeping genes may be 
unstable under various experimental conditions [21]. When 
inappropriate reference genes are applied for qRT-PCR 
normalization, a serious deviation or opposite conclusion 
in gene expression analysis may occur [22, 23]. Selection 
and verification of suitable reference genes for qRT-PCR 
have been studied in quite a few plant species. The results 
indicate that the most stable reference genes may differ for 
different species, and the relatively stable genes differ under 
different experimental conditions. For example, ACT​, TUB, 
and GAPDH are the optimum reference genes ascertained 
so far in Apium graveolens [24], Petroselinum crispum [25], 
and Codonopsis pilosula [26], respectively. In C. pilosula, 
F-box, CACS, APT1, and GAPDH are the most appropriate 
reference genes for different tissues, different developmental 
phases, NaCl stress, and methyl jasmonate (MeJA) stimuli, 
respectively [26]. Consequently, reference genes appropriate 
for qRT-PCR standardization should be investigated under 
various experimental conditions for specific species. How-
ever, a systematic evaluation of optimum reference genes 

for qRT-PCR standardization in S. baicalensis has not yet 
been undertaken.

In this study, 10 candidate reference genes were chosen 
from the transcriptome sequence of S. baicalensis, and their 
expression profiles were investigated in different tissues 
and under diverse treatments. Four different software tools, 
GeNorm [27], NormFinder [28], BestKeeper [29] and Ref-
Finder [30], were applied to appraise the expression stabili-
ties of them under diverse experimental conditions. Addi-
tionally, two target genes, SbF6H (flavone 6-hydroxylase) 
and SbF8H (flavone 8-hydroxylase), were applied to verify 
the applicability of the recommended reference gene. The 
results of this study will guide the option of appropriate 
internal reference genes under specific experiment condition 
for acurate quantification of the relative transcription levels 
of interest genes in S. baicalensis.

Materials and methods

Plant materials

S. baicalensis seeds were collected from Yangcheng County, 
Shanxi Province, China. They were drenched in running 
water for 12 h to soften the seed coat, and then planted in 
pots (3–5 plants per pot) filled with soil mixture and grown 
in a greenhouse (23 ± 2 °C, Natural light, 60–75% humid-
ity). Three-month-old seedlings received abiotic stress and 
hormone treatments.

For hormone stimuli treatments, the seedlings in uniform 
growth state were spritzed with 100 μM MeJA, 100 μM 
abscisic acid (ABA), or 200 μM salicylic acid (SA), while 
the control seedlings received only water. For heavy metal 
and salt stress, the seedlings were watered with 1 mM CrCL 
(Cr), 200 μM CuSO4 (Cu), or 100 mM NaCl (Na). Wounding 
treatment involved cutting approximately 50% of the stem 
and leaf surfaces with a surgical knife. Seedling samples 
were collected 12 h after hormone, heavy metal, salt, and 
wounding treatments. For drought stress, the seedlings were 
imposed by withholding water for 10 days. For cold shock 
treatment, the seedlings were cultivated in pots at 4 °C for 
24 h. Samples of different tissues were taken from one-year-
old plants at the flowering stage in the experimental field. 
All samples were frozen in liquid nitrogen at once and pre-
served at −80 °C before RNA extraction.

Extraction of total RNA and cDNA synthesis

Total RNA was isolated by the plant rapid RNA isola-
tion kit RP3501 (BioTeke Corporation, Wuxi, China) 
and quantified by a NanoDrop 2000c spectrophotometer 
(Thermo Scientific, USA) to measure absorbance ratios. 
Only RNA samples with A260/A280 of 1.8–2.1 and 260/
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A230 > 1.8 were used for cDNA synthesis. RNA integrity 
was observed on 1% agarose gel. The synthesis of cDNA 
was carried out by taking 1.0 μg of total RNA with a Pri-
meScript RT kit (Takara, Kusatsu, China). All the cDNA 
samples were diluted with enzyme-free ultrapure water 
(1:20) and subjected to qRT-PCR.

Candidate reference gene and primer design

Based on the transcriptome sequences of S. baicalensis 
root, stem, leaf, and flower, 10 internal reference genes 
that are commonly used in other plant species and exten-
sively expressed in different tissues were chosen as can-
didate internal reference genes (Table 1). The candidate 
reference genes were ACT11, ACT7, α-TUB, β-TUB, 
GAPDH, UBC, protein phosphatase 2A (PP2A), ribosomal 
protein L (RPL), S-adenosyl methionine (SAM), and heat 
shock protein 70 (HSP70). To confirm the dependability 
of the proposed reference genes, a BLAST search was con-
ducted for the coding sequences of the 10 candidate genes 
against the TAIR database (http://www.arabi​dopsi​s.org/). 
The sequence with the highest homology with Arabidop-
sis was identified and presented in Table 1. Based on the 
unique sequence (Supplementary Table 1), Primer Pre-
mier software was used to design specific primers for all 
genes, with annealing temperatures (Tm) of the primers 
ranging from 57.9 °C to 61.0 °C, an amplicon length of 
112–299 bp, and a primer length of 18–24 bp. Table 1 lists 
the depiction of candidate reference genes, primer pairs, 
and qRT-PCR amplification effectiveness. In addition, the 
specificity of primers was verified by agarose gel electro-
phoresis and melt-curve analysis.

Conditions and amplification efficiency of qRT‑PCR

qRT-PCR was executed on a Roche Light Cycler 96 sys-
tem (Roche Diagnostics GmbH). Twenty microliters of the 
reaction mixture, consisting of 10 μL Master Mix (SYBR® 
Green PCR Master Mix), 2 μL cDNA diluted to 2.5 ng/μL, 
0.5 μL 10 mM forward, 0.5 μL 10 mM reverse primer, and 
7 μL DNase/RNase-free deionized water, was pipetted into 
a 96-well plate. The amplification was performed as the 
following conditions: initial 95 °C for 30 s, followed by 
40 cycles of 95 °C for 5 s and 60 °C for 30 s, final melt-
curve analysis. From five-fold continuous diluted cDNA 
(50, 5−1, 5−2, 5−3, 5−4, and 5−5) for each gene, we obtained 
the standard curve, correlation coefficient (R2), and slope 
value (S). S was used to calculate the amplification effi-
ciency (E) of PCR in accordance with the following for-
mula: E = (10–1/S − 1) × 100% [31].

Assessment of expression stability

GeNorm, NormFinder, BestKeeper and RefFinder, four 
conventional software tools for evaluating the stability of 
the candidate reference genes, were applied under various 
experimental conditions. The raw Ct values were trans-
formed to relative quantities (Q) applying the following 
method: Q = 2−△Ct, where △Ct = each corresponding 
Ct − minimum Ct [32]. Then, the Q-values were input 
into GeNorm and NormFinder to calculate stability values 
(SV). GeNorm uses the average stability value (M value) to 
evaluate the expression stability, which involves the aver-
age pairwise variation between each reference gene and 
others. Genes with M < 1.5 are generally regarded as sta-
ble. Moreover, the GeNorm pairwise variation (V) values 
(Vn/Vn + 1) were applied to define the most appropriate 
reference gene number. The recommended value is ≤0.15 
when opting for an appropriate number of genes [33]. The 
NormFinder software evaluates expression stability by 
calculating the SV (lower SV indicates higher stability) 
when applying reference genes for standardization [34]. In 
BestKeeper, the most stable reference gene was evaluated 
by the coefficient of variance (CV) and standard deviation 
(SD), with the lower CV and SD values mean higher sta-
bility. The RefFinder tool (https​://www.heart​cure.com.au/
reffi​nder/), integrating the outcomes of BestKeeper, Delta 
Ct,GeNorm and NormFinder analysis, was applied to per-
form the most stable reference genes.

Validation of reference gene stability

SbF6H and SbF8H, two key genes associated with the 
biosynthesis of baicalein and scutellarein in S. baicalen-
sis, were chosen as target genes to verify the applicability 
of the selected reference gene. Their relative transcrip-
tion levels in different tissues were normalized by the top 
two most stable reference genes and their combinations, 
as well as the least stable reference genes. The 2−△△Ct 
method was applied to calculate the relative transcription 
levels [35].

Statistical analysis

All experiments were conducted with at least three biologi-
cal repeats and each qRT-PCR reaction was performed with 
three technical repeats. Statistical analysis was performed 
by SPSS 26.0 software (SPSS Inc., Chicago, IL, USA). The 
relative expression levels of target genes are shown as the 
mean ± standard deviation (SD). One-way ANOVA was used 
to analyze the significant difference between the mean values 
by showing different letters at p < 0.05.

http://www.arabidopsis.org/
https://www.heartcure.com.au/reffinder/?type=reference
https://www.heartcure.com.au/reffinder/?type=reference
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Table 1   Detailed information of candidate reference genes and target genes for qRT-PCR standardization in Scutellaria baicalensis Georgi

Gene sym-
bol

Gene name Accession No. Identity (%) Gourd Base 
homolog locus

Amplicon 
size (bp)

Primer 
sequence 
(5′–3′)

Tm (°C) R2 Efficiency 
(%)

ACT11 Actin11 AT3G12110.1 77.0 evm. 
TU.contig522.635

196 F: GAT​
GGG​GCA​
TAA​GGA​
TTC​GT

58.9 0.9956 117.03

R: GTT​
AAG​TGG​
GGC​TTC​
GGT​GA

60.0

ACT7 Actin7 AT5G09810.1 85.0 evm.TU.contig159.4 126 F: CAG​
GAA​GCA​
GAA​
ACA​GCA​
AAGA​

61.0 0.9901 118.18

R: CAA​
TGA​TGG​
CTG​GAA​
CAA​
CACT​

60.4

α-TUB Alpha 
tubulin

AT4G14960.1 84.0 evm.
TU.contig221.167

149 F: ACC​CTT​
CTC​CTC​
AGG​TTT​
CT

60.5 0.9987 96.98

R: CCT​CTC​
AAT​ATC​
AAG​CGA​
TTT​

60.7

β-TUB Beta tubulin AT5G62700.1 81.0 evm.
TU.contig378.35

226 F: CAT​CGA​
CTC​CAC​
CGG​TCG​
TT

60.8 0.9987 92.52

R: TCC​TTT​
GGC​CCA​
ATT​GTT​
CC

60.1

GAPDH Glyceral-
dehyde-
3-phos-
phate 
dehydro-
genase

AT3G04120.1 82.0 evm.
TU.contig290.13

118 F: GAT​
AAG​GCT​
GCT​GCT​
CAT​TT

59.5 0.9992 99.11

R: TAA​
ACT​CGG​
GCT​TGT​
ATT​CC

58.8

UBC Ubiquitin 
conju-
gating 
enzyme8

AT5G41700.2 81.0 evm.
TU.contig357.142

182 F: CAC​
GGG​GGG​
TGT​ATT​
TTT​AG

58.3 0.9954 94.19

R: TGG​ATA​
GCA​GGA​
CCT​TGG​
AA

57.9
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Table 1   (continued)

Gene sym-
bol

Gene name Accession No. Identity (%) Gourd Base 
homolog locus

Amplicon 
size (bp)

Primer 
sequence 
(5′–3′)

Tm (°C) R2 Efficiency 
(%)

PP2A Protein 
phos-
phatase 2A

AT1G69960.1 79.0 evm.
TU.contig459.156

164 F: CAA​
CCA​TAC​
CAA​CGG​
CCT​C

58.4 0.9889 94.19

R: CCA​TAT​
TCT​CCC​
CAA​TTT​
CAAG​

58.3

RPL Ribosomal 
protein L

XM_011093123.2 88.7 evm.
TU.contig305.97

157 F: TCT​GCC​
TCT​CAG​
GTG​GAC​
TT

59.6 0.9993 98.00

R: CCA​
GCT​TGG​
AGC​CTC​
AAT​AC

59.1

SAM S-Adenosyl 
methio-
nine

AT1G02500 1 81.0 evm.
TU.contig126.69

112 F: CTC​ACA​
AAA​CGA​
CCG​GAG​
GA

60.7 0.9928 113.27

R: GCT​
TGG​TGG​
CAA​GAA​
CAT​GG

61.0

HSP70 Heat Shock 
Protein 70

AT1G16030.1 69.0 evm.
TU.contig432.130

299 F: CTC​ACT​
TCA​CCT​
ACG​CAA​
ACC​

58.5 0.9992 97.15

R: CAC​
CAA​CCT​
ATC​GCC​
ATT​TT

59.7

F6H Flavone 
6-hydroxy-
lase

MF363006.1 99.7 evm.TU.contig8.15 233 F: CCT​CCG​
ACA​AAC​
TTC​CTC​
ACA​

59.5 0.9948 99.01

R: CCA​GTA​
TGG​TCC​
GTA​GGG​
TGA​

61.0

F8H Flavone 
8-hydroxy-
lase

MF363008.1 99.7 evm.
TU.contig127.133

121 F: GAA​
TGA​GGC​
AAA​CTG​
CTA​AAG​
AAT​

58.3 0.9972 103.40

R: ACA​
GAC​AAC​
ATA​ACA​
TCG​ACG​
AAA​

59.4
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Results

Analysis of primer specificity and expression 
profilings of 10 candidate reference genes

Based on the transcriptome sequences of S. baicalensis, 
the expression patterns of candidate reference genes were 
analyzed in diverse experimental conditions, comprising 
six housekeeping genes (ACT11, ACT7, α-TUB, β-TUB, 
GAPDH, and UBC) and four novel candidate reference 
genes (RPL, SAM, HSP70, and PP2A). The results of aga-
rose gel electrophoresis confirmed that all the 10 candi-
dates were specifically amplifed because only one single 
product of the expected size appeared (Supplementary 
Fig. 1). Furthermore, the specificity of primers was also 
verified by the single peak of melting curve (Supplemen-
tary Fig. 2). The melting temperatures of the amplicons 
ranged from 81.6 °C for UBC to 89.2 °C for HSP70 (Sup-
plementary Fig. 2). The E of the primers varied from 
92.52% for β-TUB to 118.18% for ACT7, while the R2 
ranged from 0.9889 for PP2A to 0.9992 for GAPDH and 

HSP70. The expression levels of the 10 candidate refer-
ence genes were determined by the values of the cycle 
threshold (Ct). A smaller Ct value indicated a higher 
expression level. The Ct value of all candidate reference 
genes under different experimental conditions varied from 
21.13 to 32.17 (Supplementary Fig.  3). Among them, 
ACT11 represented the lowermost transcript abundance 
with the uppermost average Ct value, while GAPDH had 
the uppermost transcript abundance with the lowermost 
average Ct value. In addition, among all samples, the SD 
of β-TUB was the smallest (SD = 0.79), whereas ACT11 
showed the maximum variability (SD = 1.44) (Supplemen-
tary Table 2).

Stabilization of candidate internal reference genes

The samples were further divided into three groups accord-
ing to various tissues, hormone treatments (MeJA, SA, and 
ABA), and abiotic stresses (heavy metal, salt, drought, cold, 
and wounding). Based on the M value, GeNorm identified 
β-TUB as the most stable reference gene for all samples, 
while ACT11 was identified as the most unstable (Fig. 1a). 

Fig. 1   The average stability values (M values) and rankings of 10 candidate reference genes according to GeNorm. (a) all samples, (b) different 
tissues, (c) abiotic stress treatments, and (d) hormone treatments. Lower M-value presents more stable expression
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When considering different tissues and abiotic stress treat-
ments, β-TUB was confirmed as the most appropriate gene, 
while α-TUB (Fig. 1b) and ACT11 (Fig. 1c) were confirmed 
as the least stable for different tissues and abiotic stress treat-
ments, respectively. For hormone treatments, ACT7 was 
regarded as the most appropriate reference gene (Fig. 1d).

Additionally, we applied the average pairwise variation 
(Vn/Vn + 1) to determine the number of reference gene 
for normalization of qRT-PCR in S. baicalensis. Among 
our three experimental sets, the V2/3 values were all below 
the cut-off threshold value of 0.15 (Fig. 2), which showed 
that the top two highest-ranked genes were adequate for 
standardization of qRT-PCR in each experimental set. For 
the total samples, V2/3 was 0.158. We ascertained that a 
combination of three genes (β-TUB, UBC, and SAM) was 
necessary for normalization because V3/4 was lower than 
0.15 (Fig. 2).

The results of NormFinder analysis were showed in 
Supplementary Table 3, which indicated that β-TUB was 
the most stable gene for different tissues and abiotic stress 
treatments, and that ACT7 was the most stable for hor-
mone treatments. The most stable genes evaluated by Nor-
mFinder were consistent with those of GeNorm.

BestKeeper analysis (Supplementary Table 4) also indi-
cated that β-TUB was the most stable for different tissues 

and abiotic stress treatments, while UBC was the most 
stable for hormone treatments.

To verify the results of GeNorm, NormFinder and Best-
Keeper software, we also used Reffinder tool to gener-
ate a comprehensive ranking. As shown in Fig. 3, β-TUB 
was the most stable reference gene for all samples, while 
ACT11 was identified as the most unstable (Fig.  3a). 
When considering different tissues and abiotic stress treat-
ments, β-TUB was confirmed as the most appropriate gene 
(Fig. 3b, c) were confirmed as the least stable, respectively. 
For hormone treatments, ACT7 was regarded as the most 
appropriate reference gene (Fig. 3d).

Confirmation of reference gene stability

To confirm the dependability of the selected reference 
genes for standardization, we investigated the expression 
patterns of SbF6H and SbF8H in different tissues. When 
standardized with the top two most appropriate reference 
genes (β-TUB and UBC) and their combination, the expres-
sion levels of SbF6H and SbF8H were highest in the root 
(Fig. 4). These findings are coincident with the expres-
sion profiles of SbF6H and SbF8H previously reported in 
S. baicalensis [11]. However, when normalized with the 

Fig. 2   Pairwise variation (V) calculated by GeNorm indicating the 
reqired number of reference genes for qRT-PCR standardization. The 
mean paired variations Vn/Vn + 1 between NFn and NFn + 1 were 

analyzed to represent the most appropriate number of reference genes 
for diverse samples
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Fig. 3   Comprehensive rankings of candidate reference genes in S. baicalensis assessed by RefFinder. (a) all samples, (b) different tissues, (c) 
abiotic stress treatments, and (d) hormone treatments

Fig. 4   Relative transcription levels of SbF6H (a) and SbF8H (b) in different tissues. Different letters above the columns indicate significant dif-
ference within the panel at p < 0.05 level.
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unstable gene ACT11, the expression patterns of SbF6H 
and SbF8H were quite different from previous report [11], 
and these two genes showed the highest expression level 
in the stem and leaf, respectively (Fig. 4). Therefore, the 
selection of an inappropriate reference gene may cause 
biased results. Here, analysis of the expression profiles 
of SbF6H and SbF8H indicted that the chosen reference 
genes were reliable for qRT-PCR standardization.

Discussion

S. baicalensis, as an important medicinal plant, has 
attracted the attention of many researchers. With the devel-
opment of genome sequencing, whole genome informa-
tion for S. baicalensis is now available [13], providing the 
basis for molecular biology research of the species. An 
appropriate reference gene is the prerequisite for credible 
results of qRT-PCR, which is usually the preferred method 
for gene expression analysis. Nevertheless, the selection 
of suitable reference genes in diverse experimental condi-
tions had not been reported previously.

Here, the expression stabilities of 10 candidate refer-
ence genes were assessed in different tissues (root, stem, 
leaf, and flower), hormone treatments (SA, MeJA, and 
ABA), and abiotic stress treatments (Cr, Cu, salt, drought, 
cold, and wounding) for qRT-PCR normalization. Addi-
tionally, SbF6H and SbF8H, two genes belonging to the 
CYP450 family that are associated with hydroxyl trans-
ferase and are involved in the biosynthesis of baicalein and 
scutellarin [11], were used as targets for verification of the 
selected reference genes.

In the current study, we employed GeNorm, Nor-
mFinder, BestKeeper, and RefFinder to rank the stability 
of candidate reference genes among diverse experimen-
tal groups and in total samples. Even though the stability 
rankings of GeNorm and NormFinder were not completely 
identical, two assessment tools consistently identified 
ACT7 as the most appropriate reference gene for hormone 
treatments and β-TUB as the optimum reference gene in 
different tissue types, abiotic stresses and all tested sam-
ples (Fig. 1 and Supplementary Table 3). The rankings 
generated by BestKeeper differ significantly from those 
provided by geNorm and NormFinder. In particular, the 
results of BestKeeper showed that UBC was the most sta-
ble reference gene for hormone treatments, while ACT7, 
the most stable reference gene recommended by geNorm 
and NormFinder, was only the fourth most stable reference 
gene by BestKeeper (Supplementary Table 4). We previ-
ously found that the results of GeNorm and NormFinder 
were mostly consistent, while the results of BestKeeper 
were quite different to those of GeNorm and NormFinder 

in C. pilosula [26]. Recently, many studies have stated a 
preference for GeNorm and NormFinder for the evalua-
tion of reference genes rather than BestKeeper to evaluate 
appropriate reference genes [14, 18, 36]. To evaluate the 
stability of these genes more reasonably, we utilized Ref-
Finder to obtain the comprehensive ranking of these genes. 
As shown in Fig. 3, the ranking of RefFinder is highly 
consistent with those from GeNorm and NormFinder. All 
three recommender softwares recommend that β-TUB as 
the best reference gene for different tissue types, abiotic 
stresses and all tested samples, while ACT7 is recom-
mended as the most stable gene for hormone treatments.

Although β-TUB is an extremely stable reference gene 
in some species [37–39], it is unstable in species such as 
C. pilosula [26], soybean [40], Vitis vinifera [41], and 
Raphanus sativus [42]. Here, we found that β-TUB was 
the most stable among the 10 candidate reference genes 
in S. baicalensis, followed by UBC and SAM. UBC, which 
encodes a protein-modifying enzyme that arises in a multi-
step reaction, is used as a reference gene in Citrus sinensis 
[43], Arabidopsis thaliana [44], and Cocos nucifera [45]. 
SAM, which encodes a key enzyme for the plant synthesis 
of polyamines, is used as a reference gene in Sinobambusa 
tootsik [46]. Homologous genes, which show similar struc-
tures and functions, are often used as reference genes for 
gene transcription analysis. Take Fortunella crassifolia, 
for example, in which the homologous actin genes (ACT6, 
ACT8, and ACT7) have all been selected as suitable internal 
control genes [29]. The expression of homologous EF1As 
(EF1A2a, EF1A2b, and EF1A1a1) are the most stable in 
Glycine max [47]. Nevertheless, our results indicated that 
the homologous tubulin genes (α-TUB and β-TUB) exhibit 
completely different expression levels and stabilities. For 
hormone treatments, ACT7 was regarded as the most stable 
reference gene, while ACT11 was the least stable (Figs. 1 
and 3 and Supplementary Table 3). Therefore, homologous 
genes with similar sequences, structures, and functions may 
have quite different expression levels and stabilities.

To confirm the dependability of the selected reference 
genes, we used the top two most stable reference genes 
(β-TUB and UBC), a combination of these, and the most 
unstable reference gene (ACT11) to standardize the rela-
tive expression levels of SbF6H and SbF8H in different tis-
sues. The results indicated that the expression profiles of 
SbF6H and SbF8H in different tissues were consistent with 
those reported previously [11] when β-TUB, UBC, or their 
combination were used for normalization. In contrast, their 
expression profiles were obviously different when normal-
ized with ACT11 (Fig. 4). The expression analysis of SbF6H 
and SbF8H indicated that a appropriate reference gene is 
crucial for obtaining accurate qRT-PCR results.
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Conclusion

In summary, four statistical methods, including GeNorm, 
NormFinder, BestKeeper, and the comprehensive tool Ref-
Finder, were applied to assess the expression stabilities of 
10 candidate reference genes in S. baicalensis in diverse 
experimental conditions, including different tissue types 
(root, stem, leaf, and flower), hormone stimuli treatments 
(MeJA, SA, and ABA), and abiotic stresses (heavy metal, 
salt, drought, cold, and wounding). β-TUB is the optimum 
reference gene for different tissues, abiotic stress treatments, 
and all samples, while ACT7 is most stable for hormone 
treatments. In total samples, β-TUB, UBC, and PP2A were 
the top three most stable reference genes, while ACT11 was 
the most unstable gene, followed by GAPDH. The selection 
and confirmation of appropriate reference genes provides a 
basis for the accurate quantification of relative transcription 
levels of genes of interest in S. baicalensis via qRT-PCR 
analysis.
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