
Identification of reliable reference genes for quantitative
real-time PCR analysis of the Rhus chinensis Mill. leaf
response to temperature changes
Yanchao Chen1,2 , Biao Luo1,2, Chuwei Liu1,2, Zhengfeng Zhang1, Chi Zhou1,2, Ting Zhou1,2,
Guoping Peng1,2, Xujun Wang3, Waichin Li4, Chuan Wu4,5, Liqun Rao1,2 and Qiming Wang1,2

1 College of Bioscience and Biotechnology, Hunan Agricultural University, Changsha, China

2 Hunan Engineering Laboratory for Good Agricultural Practice and Comprehensive Utilization of Famous-Region Medicinal Plants,

Changsha, China

3 Hunan Academy of Forestry, Changsha, China

4 Department of Science and Environmental Studies, The Education University of Hong Kong, Tai Po, China

5 School of Metallurgy and Environment, Central South University, Changsha, China

Keywords

RNA-seq; reference gene; Rhus chinensis

Mill.; qRT-PCR; stable expression;

temperature stress

Correspondence

Q. Wang, College of Bioscience and

Biotechnology, Hunan Agricultural

University, Changsha 410128, Hunan

Province, China

Tel: +86 13574826401

E-mail: wqmqmx21@126.com

(Received 25 March 2021, revised 25 July

2021, accepted 16 August 2021)

doi:10.1002/2211-5463.13275

Rhus chinensis Mill. (RCM) is the host plant of Galla chinensis, which is

valued in traditional medicine. Environmental temperature directly deter-

mines the probability of gallnut formation and RCM growth. At present,

there is no experiment to systematically analyse the stability of internal ref-

erence gene (RG) expression in RCM. In this experiment, leaves that did

not form gallnuts were used as the control group, while leaves that formed

gallnuts were used as the experimental group. First, we conducted tran-

scriptome experiments on RCM leaves to obtain 45 103 differential genes

and functional enrichment annotations between the two groups. On this

basis, this experiment established a transcriptional gene change model of

leaves in the process of gallnut formation after being bitten by aphids, and

RCM reference candidate genes were screened from RNA sequencing

(RNA-seq) data. This study is based on RCM transcriptome data and eval-

uates the stability of 11 potential reference genes under cold stress (4 °C)
and heat stress (34 °C), using three statistical algorithms (geNorm,

NormFinder, and BestKeeper). The results show that GAPDH1 + PP2A2/

UBQ are stable reference genes under heat stress, while GAPDH1 + ACT

are the most stable under cold stress. This study is the first to screen candi-

date reference genes in RCM and could help guide future molecular studies

in this genus.

Quantitative real-time PCR (qRT-PCR) is one of the

most accurate and commonly used methods to detect

mRNA abundance and gene expression and is charac-

terized by high technical sensitivity and precision. The

introduction of RT-PCR technology has greatly

improved and simplified the quantification of nucleic

acids and has become a valuable tool for many differ-

ent disciplines [1]. Reference gene selection and sample

preparation are the key issues that define the reliability

of obtained qRT-PCR data [2]. According to existing

research, many reference genes (RGs) show unstable

expression in different experimental organisms,
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experimental materials, tissues, and organs, following

stress treatment, or at different stages of growth and

development [3,4]. Therefore, it is necessary to experi-

mentally test genes that are traditionally thought to be

stably expressed under different conditions and experi-

mental treatments.

Rhus chinensis Mill. (RCM), also known as sumac,

belongs to the Anacardiaceae family and has a long

history of culinary use and as a traditional medicine.

Asian practitioners of folk medicine have been using

sumac bark for a long time, in addition to its leaves,

roots, stems, fruit, and especially the galls on the

leaves. Studies have shown that sumac tree compounds

have strong antiviral, antibacterial, anticancer,

antidiarrhoea, and antioxidant activities [5]. Galla chi-

nensis is a gall formed by the parasitic aphid Schlecht-

endalia chinensis on RCM leaves, that stimulates the

proliferation and expansion of leaf tissue cells.

Galla chinensis is considered to have preventive and

therapeutic effects against diseases such as diarrhoea,

dysentery, rectal and bowel cancer, diabetes, septi-

caemia, and oral diseases. Galls on RCM leaves are

rich in gallotannin (50–70%), a type of hydrolysable

tannin. The global annual demand for tannins in dif-

ferent industrial areas, including leather processing,

textile printing, and mineral separation, exceeds 15 000

tons. The total annual value of tannin related indus-

tries is approximately $30 billion [6]. Gallnut forma-

tion involves changes in the expression of many genes,

which lead to major changes in hormone signalling

pathways and secondary metabolite accumulation that

result in the accumulation of tannins [7,8]. Gallnut is

an insect gall on RCM leaves, that is mainly para-

sitized by Melaphis chinensis, and the specific mecha-

nism and influence of temperature on its formation

have not been published. However, fruit growers in

the artificial planting and harvesting base in Cili

County have made long-term observations on the

effect of temperature on the formation rate of gallnuts,

and this information can be shared with us. We can

confirm that temperature has an important effect on

gallnut formation, and temperature also affects gene

expression and ultimately affects plant-insect interac-

tions and product formation. In addition to the inter-

action between aphids and RCM, temperature has an

important effect on gene expression [9,10]; however,

evaluation of the stability of RCM RG expression at

different temperatures has not been reported, which

hampers research on the changes in gene expression

related to gallnut formation and tannin accumulation.

Therefore, in view of the important role of tempera-

ture in gallnut formation, the value of gallnut as a tra-

ditional medicine and the value of tannins, which are

the main components of gallnut, in industry, and other

fields, it is extremely important to research the prod-

ucts formed by the interaction between plants and

insects. The optimum selection of stable RGs under

temperature stress is necessary for follow up qRT-

PCR experiments. In this study, we screened the

expression of 11 candidate RGs: (Ubiquitin (UBQ),

Tubulin1 (TUB1), TUB2, Tap interacting protein of

41 kDa (TIP41), proteins phosphatase 2A subnit A1

(PP2A1), PP2A2, glyceraldehyde-3-phosphate dehy-

drogenase 1 (GAPDH1), GAPDH2, actin (ACT), act-

in1 (ACT1), and E3 ubiquitin-protein ligase UPL7

(UPL7) [11,12] for stability under temperature stress.

Materials and methods

Materials

RCM saplings as the materials are from the Gallnut Breed-

ing Base in Cili County in China. Thirty saplings were

transplanted from the field to pots and cultured at 24 °C
and 60% humidity for 30 days. After growing more than 5

true leaves, 9 saplings with the same growth trend were

selected and subjected to stress treatment using an artificial

climate box. The plants were treated with the following

stresses: (a) cold treatment, placed in a light incubator at

4 °C long-days (16 h light, 8 h darkness); (b) heat stress,

placed in a light incubator at 34 °C for long-days (16 h of

light, 8 h of darkness); and (c) the control group was

grown for long-days (16 h light, 8 h darkness) in a culture

chamber at 24 °C. Leaves were harvested from control

plants and plants treated under each stress condition for 3,

6 or 24 h. The leaves of three saplings from each treatment

were blended as biological replicates, and three samples

were taken altogether (Fig. S3). The samples were quickly

frozen in liquid nitrogen and stored at �80 °C for RNA

extraction and subsequent experiments.

Methods

Total RNA extraction and cDNA synthesis

Total RNA was extracted from all samples using the Tian-

gen RNA prep Pure Plant Plus Kit plant (Tiangen, China)

according to the manufacturer’s instructions, The RNA

concentration was measured using a NanoDrop 2000, and

the RNA integrity was assayed by agarose gel electrophore-

sis (Fig. S4). Only RNA samples with an OD260/280 ratio

between 1.8 and 2.2 and an OD260/230 ratio greater than

2.0 that showed three discrete bands of 28S, 18S, and 5S

were used for cDNA synthesis. Synthesis of cDNA was

performed using the NovoScript Plus All-in-one First-

Strand cDNA Synthesis SuperMix (Novoprotein, China).

According to the manufacturer’s instructions, genomic

DNA was directly removed by adding gDNA Purge.

2764 FEBS Open Bio 11 (2021) 2763–2773 ª 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

GAPDH1 and the R. chinensis leaf temperature response Y. Chen et al.



The reverse transcription system of each sample was as fol-

lows: RNA template (1 lg), gDNA Purge (1 lL), Supermix

(10 lL) and RNase Free Water (up to 20 lL) at 50 °C for

30 min and 75 °C for 5 min.

Primer design and qPCR

The primer sequences for ACT1 were the same as those

used previously [8]; the primers for all other reference genes

(RGs) were designed according to transcriptome sequencing

data from our group (unpublished data). First, based on

the transcriptome data, common RGs such as GAPDH

were searched, and then, the genes with the highest read

count and FPKM (the highest expression) and lowest abso-

lute value of the log2FC (the highest stability) were com-

pared with Arabidopsis thaliana to determine the homology

and identified as RCM reference bases. The sequences of

these RGs are shown in Table S1. The annotations for

these genes were compared with those in the TAIR Ara-

bidopsis thaliana and NCBI databases. Specific primers

were designed by SnapGene, and the specificity was anal-

ysed by NCBI primer blast. The primers were synthesized

by Qingke (Beijing, China). The details of the genes and

primers are shown in Table 1. The specificity of each pri-

mer pair was evaluated by amplification and dissolution

curve analysis. The correlation coefficient (R2) and amplifi-

cation efficiency (E) of the primer pairs were evaluated

using standard curves for mixed cDNAs that were diluted

fivefold (1/5, 1/25, 1/125, 1/625 and 1/3,125).

The qPCR instrument (Roche LightCycler 480) used 384

well blocks. Each 20 lL reaction included 10.0 lL
29NovoStart SYBR qPCR SuperMix Plus (Novoprotein,

China), 0.6 lL of each primer (10 lM), 2.0 lL diluted

(1 : 10) cDNA template, and 6.8 lL RNase free water. The

programme for product amplification was 94 °C for 3 min

followed by 45 cycles of 94 °C for 15 s and 60 °C for 35 s.

The melting curve was generated after 45 cycles. Three

technical replicates were performed for each sample. The

steps of the melting curve were set at 95 °C for 5 s (ramp

rate: 4.80) and 65 °C for 1 min (ramp rate: 2.50).

Data analysis

The amplification efficiency was calculated by E = 10 (�1/k)-1,

where K is the slope of the standard curve [13]. The 2 �ΔΔCt

method was applied to calculate the relative expression level

of the target gene, and significant difference analysis was con-

ducted with the SPSS statistical software v23.0.

MIQE checklist in Table S4.

Algorithm to perform

geNorm was used to screen RGs, and eventually, 2 or more

combinations of RGs were selected from the results

Table 1. Primer and related information for the 11 candidate RGs for quantitative qRT-PCR analysis.

Gene

Symbol Description

Arabidopsis

thaliana

homology Primer Sequence (5’–3‘)

Product

length

PCR

efficiency R2

ACT ACT AT5G09810.1 F: TGTTCCCTGGTATTGCCGAC

R: TGGACCAGACTCGTCGTACT

188 1.125 0.997

ACT1 RCM actin AT5G09810.1 F: CATCACTCATCGGTATGGAAGC

R: AGTGATTTCCTTGCTCATACGGT

164 1.008 0.999

GAPDH1 Glyceraldehyde-3-phosphate AT3G04120.1 F: CGTGTTCCTACCGTCGATGT

R: TCCTTGATGGCGGCTTTGAT

92 0.971 0.999

GAPDH2 Glyceraldehyde-3-phosphate AT1G12900.5 F: TCCCCCTTGGATGTCATTGC

R: GCGGTCAGAGACAACCTTGA

165 1.034 0.999

PP2A1 Pp2aa2 AT3G25800.3 F: GTCTTCTCCACCACCGACTG

R: TCTGCTTGCCCCTGTTATGG

159 0.864 0.997

PP2A2 Protein phosphatase 2A-4 AT3G58500.1 F: CCCTGTGACAATTTGTGGCG

R: TAAGGGCCACTAACAGCGTG

161 1.101 0.999

TUB1 Tubulin beta-1 AT5G23860.2 F: ACACCGAAGGAGCTGAGTTG

R: CACCTCCCAAAGAGTGGCAT

108 1.106 0.993

TUB2 Tubulin alpha AT1G50010.1 F: CCAACAGTGCATTTGAGCCC

R: TGGGCACCAGTCAACAAACT

170 1.037 0.995

TIP41 Tip41 AT4G34270.1 F: ATAGGGTTTCCACTGCCACC

R: GTCATGCCAAGTGGTTGGTTC

116 1.108 0.995

UPL7 Ubiquitin-protein ligase 7 AT3G53090.2 F: AGCAGGTGTGAATAGGTGGC

R: GTCACAGGCAGGGGTTAGTT

177 0.920 0.972

UBQ Ubiquitin 11 AT4G05050.2 F: GGGTCCTCCCATCCTCAAGT

R: AACTCTCCACCTCGTCCTCC

200 0.959 0.999
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computed [14]. The M value determines the stability of

each RG. The smaller the M value, the higher the stability.

First, DCp (ΔCp ≥ 0) was calculated by subtracting the

smallest Cp of all the samples from the Cp values of the

other samples. Then, the 2�ΔCp was calculated and used as

input data to obtain the M and V values.

The data input required by NormFinder is the same as

that required by geNorm [15], which was processed to

obtain the 2�ΔCp value for the RGs. The stability value of

candidate genes was obtained, and it was determined that a

candidate gene with a smaller stability value was more suit-

able to be used as an RG.

In BestKeeper, the Cp value is directly input into the

algorithm, and the correlation coefficient (R), standard

deviation (SD), and coefficient of variation (CV) are

obtained after the algorithm is used [16].

The stability of gene expression was evaluated with geN-

orm, NormFinder, and BestKeeper.

Results

Specificity evaluation and PCR efficiency analysis

of primer amplification

In this study, 11 candidate RGs were identified based

on RCM transcriptome data. The candidates were

screened by analysing the genome data and gene anno-

tation of the related species Camelina sativa, and align-

ment analysis of the Arabidopsis thaliana genes from

TAIR (http://www.arabidopsis.org). Table 1 lists infor-

mation for the genes, including the correlation descrip-

tion, primer sequence, gene number of the Arabidopsis

homologue, amplicon length, PCR amplification effi-

ciency, and correlation coefficient (R2). The amplicons

generated by qRT-PCR ranged from 92–200 bp. The

specificity of the primers was confirmed by the pres-

ence of a single peak in the dissolution curve. The

qRT-PCR dissolution curve peaks for the 11 RGs are

shown in Fig. S1.

Fig. 1 shows the crossing point (Cp) values for all

samples (n = 33). The candidate gene with the highest

abundance among all RGs was GAPDH2, which had

the lowest mean Cp value of 13.34 � 1.55

(mean � SD) and thus the highest expression. In con-

trast, UPL7 (20.7 � 0.971) had the highest mean Cp

value (lowest expression). In addition, PP2A2 showed

low variability and the lowest SD value (SD = 0.567)

and might therefore be the most stably expressed RG

in all samples, but further algorithms are required to

support this hypothesis. Although the expression level

of GAPDH2 (SD = 1.55) showed the most variability,

and the SD was greater than 1, its unstable expression

as an RG could reduce the accuracy of the results.

Fig. S2 provides the separate Cp results of these genes

for the control, heat, and cold treatments with respect

to the time points (3, 6 and 24 h). To further evaluate

the stability of the expression of the 11 genes in differ-

ent samples exposed to different stresses, different

algorithms were used to analyse the data.

Expression stability analysis of candidate

reference genes

To further evaluate the stability of the expression of

different RGs in response to different temperature

stresses using other tools, the qRT-PCR data Cp val-

ues were corrected and preprocessed into appropriate

Fig. 1. Distribution of the Cp values of the 11 candidate RGs across all samples in qRT-PCR analysis. Boxplot analysis of crossing point (Cp)

values of all samples. The boxes represent the interquartile range. The line across the box represents the median. Hyphens over and under

the boxes are respectively shown as the maximum and minimum.
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forms that could be recognized and analysed by three

different algorithms (geNorm, NormFinder and Best-

Keeper). The use of geNorm and NormFinder for

analysis necessitated conversion of the Cp values

obtained by qRT-PCR into the relative gene expres-

sion. For this, the lowest Cp value in all samples was

identified and then subtracted from the Cp values of

the other samples. As a result, the ΔCp value was ≥ 0.

The ΔCp value of each gene in each sample was

obtained. The ΔCp value of 2�Δcp of the corresponding

genes in the corresponding sample was calculated,

which represents the relative quantitative data for each

candidate RG, and comprises the data used for analy-

sis by geNorm and NormFinder. BestKeeper does not

require conversion of the Cp value obtained by RT-

PCR, but can use the Cp value directly [17].

geNorm analysis

The whole dataset was divided into the following four

groups: all samples group, cold stress sample group,

heat stress sample group, and untreated control sample

group. The results showed that the stability of the 11

RGs differed among these groups (Fig. 2). For

example, GAPDH2 and UPL7 showed poor stability

under various treatments and controls. ACT, ACT1,

and PP2A2 were more stably expressed than other

RGs in the control group (Fig. 2B) and in the heat

stressed group (Fig. 2D). In the cold treated group,

TUB2, GAPDH1, and PP2A1 showed highly stable

expression (Fig. 2C). According to a Vn/Vn + 1 cut-

off value of 0.15 for pairwise variations, the first num-

ber of n RGs is sufficient for accurate normalization

[16]. In this article, the V2/3 values of the samples

under cold and heat stress and the control group were

less than 0.15 (Fig. 3), which indicates that the two

RGs are sufficient for accurate normalization of all the

samples. The Vn/n + 1 values of all samples were less

than 0.15, except for V2/3 of the all-sample group and

V10/11 of the heat stress group (Table S3), indicating

that accurate normalization and reliable results can be

obtained by using the n value corresponding to the

number of RGs.

NormFinder analysis

Based on the results of the NormFinder analysis,

Table 2 shows the expression stability and ranking of

Fig. 2. Average expression stability values (M) of 11 candidate RGs by geNorm analyse: (A) all samples; (B) control group untreated; (C)

under cold stress; (D) under heat stress.
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all of the candidate RGs. For the all-sample group,

GAPDH1 was the most stably expressed gene and in

the control, low- and high-temperature groups, the sta-

bility of GAPDH1 was similar to that obtained by

geNorm analysis. GAPDH1 (0.134), ACT (0.188), and

TIP41 (0.185) were highly stable in the control group

(Table 2); GAPDH1 (0.069), PP2A2 (0.094), and UBQ

(0.229) were stable in the heat-treated group; and

GAPDH1 (0.159), TUB2 (0.185), and PP2A1 (0.248)

were stable in the cold treated group. Notably,

GAPDH2 showed the lowest expression stability in

all the treatment groups, indicating that it is not a

stable RG.

BestKeeper analysis

Based on the results of the BestKeeper analysis, in the

cold treated group, ACT (2.91 � 0.44), ACT1

(2.93 � 0.42), and GAPDH1 (3.11 � 0.54) were the

top RGs (Table 3). In the heat-treated group, UBQ

(1.1 � 0.15), PIP2 (1.41 � 0.28), and TIP41

(1.57 � 0.31) were the top RGs. In addition,

GAPDH1 and TIP41 were highly stable in the cold

and heat-treated groups. In contrast, the SD value of

GAPDH2 was greater than 1 in the heat-treated group,

and the stability ranking in the other groups was also

low, indicating that its stability was clearly the worst.

The BestKeeper analysis suggested that the unstable

expression of an RG is indicated by SD greater than 1

[16]. Although only two RGs, TUB1 under cold stress

and GAPDH2 under heat stress, showed SD values

greater than 1 in our analysis, half of the 11 candidate

genes had CV values lower than 4.

Comprehensive stability ranking

The geometric means of different RG rankings are

used to determine the most stably expressed RGs

Fig. 3. Determination of best RGs number by geNorm pairwise variation (Vn/Vn+1). (Total) all samples; (NTC) control group untreated; (CS)

under cold stress; (HS) under heat stress.

Table 2. Stability analysis of candidate RGs, as assayed with NormFinder software. NTC represents the no-treatment control group. CS

represents under cold stress. HS represents under heat stress.

Rank Total Stability value NTC Stability value Hs Stability value Cs Stability value

1 GAPDH1 0.133 GAPDH1 0.134 GAPDH1 0.069 GAPDH1 0.159

2 ACT 0.286 TIP41 0.185 PP2A2 0.094 TUB2 0.185

3 ACT1 0.329 ACT 0.188 UBQ 0.229 PP2A1 0.248

4 UBQ 0.347 TUB1 0.249 ACT1 0.329 ACT 0.313

5 PP2A1 0.361 ACT1 0.251 PP2A1 0.363 UBQ 0.314

6 TUB1 0.444 PP2A2 0.266 ACT 0.369 ACT1 0.377

7 TIP41 0.462 UPL7 0.296 TUB1 0.380 TUB1 0.405

8 TUB2 0.463 PP2A1 0.299 TIP41 0.521 PP2A2 0.477

9 PP2A2 0.488 UBQ 0.377 TUB2 0.668 UPL7 0.504

10 UPL7 0.530 TUB2 0.394 UPL7 0.718 TIP41 0.593

11 GAPDH2 0.912 GAPDH2 0.430 GAPDH2 1.347 GAPDH2 0.609
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under different conditions [18]. Comprehensive stabil-

ity ranking results and the most stable RGs are shown

in Table 4. GAPDH1 (3.00), PP2A2 (3.33), and UBQ

(3.33) ranked the top three in the heat stress group,

while GAPDH1(2.33) and ACT (3.00) ranked among

the top two in the cold stress group. The results from

all the treatment groups indicate that GAPDH1 (3.00)

and ACT (3.00) were the most reliable RGs among the

11 candidate genes. In the control (no-treatment)

group, TIP41 (2.67) and GAPDH1 (2.33) were the

most reliable RGs among the 11 candidate genes.

GAPDH2 showed poor stability in all the treatment

groups and was therefore unsuitable for use as an RG.

It has good stability of GAPDH1 that the ranking in

each result was ≤ 3.0. So GAPDH1 + PP2A2/UBQ

were recommended for use in the heat stress group,

and GAPDH1 + ACT were recommended for use in

the cold stress group.

Validation of the selected reference genes

To validate the stability of the potential RGs selected

using different algorithms and evaluation methods, the

relative expression levels of OST1-1 and OST1-2 under

temperature stress were verified, these are temperature-

related genes of interest in the RCM transcriptome

[19], and changes in the stability of candidate RGs

under 3, 6, and 24 h of cold and heat stress were anal-

ysed based on their relative expression levels (Fig. 4).

Under cold stress, ACT and GAPDH1 ranked as the

most stable in the comprehensive evaluation and were

used to verify OST after normalization by the two

Table 3. Expression stability values of the 11 candidate RGs calculated using BestKeeper. NTC represents the no-treatment control group.

CS represents under cold stress. HS represents under heat stress. SD represents standard deviation. CV represents coefficient of variation.

Rank Total CV � SD NTC CV � SD Cs CV � SD Hs CV � SD

1 PP2A2 2.42 � 0.42 GAPDH1 0.74 � 0.12 ACT 2.91 � 0.44 UBQ 1.10 � 0.15

2 TIP41 2.74 � 0.53 TIP41 1.47 � 0.28 ACT1 2.93 � 0.42 TIP41 1.57 � 0.31

3 PP2A1 2.74 � 0.47 TUB1 1.49 � 0.26 GAPDH1 3.11 � 0.54 GAPDH1 1.74 � 0.29

4 GAPDH1 2.88 � 0.49 ACT 1.62 � 0.24 TIP41 3.25 � 0.65 PP2A1 2.49 � 0.41

5 ACT1 3.40 � 0.48 UPL7 1.74 � 0.35 PP2A2 3.34 � 0.58 PP2A2 2.61 � 0.47

6 ACT 3.49 � 0.52 PP2A1 1.76 � 0.30 PP2A1 3.46 � 0.60 UPL7 3.52 � 0.71

7 UPL7 3.59 � 0.74 PP2A2 1.84 � 0.32 UPL7 3.90 � 0.83 ACT1 4.78 � 0.67

8 UBQ 4.16 � 0.57 ACT1 2.31 � 0.32 TUB2 4.73 � 0.70 ACT 4.92 � 0.73

9 TUB1 4.69 � 0.85 UBQ 2.91 � 0.39 TUB1 5.63 � 1.06 TUB1 5.18 � 0.91

10 TUB2 4.90 � 0.70 TUB2 3.71 � 0.5 GAPDH2 6.05 � 0.85 TUB2 5.33 � 0.77

11 GAPDH2 9.64 � 1.29 GAPDH2 3.91 � 0.48 UBQ 6.49 � 0.90 GAPDH2 12.79 � 1.80

Table 4. Statistics on the ranking of 11 RGs in all statistical algorithms. NTC represents the no-treatment control group. CS represents

under cold stress. HS represents under heat stress.

Statistical

algorithms group ACT1 ACT PP2A1 PP2A2 GAPDH1 GAPDH2 TIP41 UPL7 TUB1 TUB2 UBQ

geNorm Total Rank 2 1 3 6 4 11 8 10 7 9 5

NormFinder 3 2 5 9 1 11 7 10 6 8 4

BestKeeper 5 6 3 1 4 11 2 7 9 10 8

Average 3.33 3.00 3.67 5.33 3.00 11.00 5.67 9.00 7.33 9.00 5.67

geNorm NTC Rank 3 2 6 1 5 10 4 7 8 11 9

NormFinder 5 3 8 6 1 11 2 7 4 10 9

BestKeeper 8 4 6 7 1 11 2 5 3 10 9

Average 5.33 3.00 6.67 4.67 2.33 10.67 2.67 6.33 5.00 10.33 9.00

geNorm HS Rank 1 2 4 3 5 11 8 10 7 9 6

NormFinder 4 6 5 2 1 11 8 10 7 9 3

BestKeeper 7 8 4 5 3 11 2 6 9 10 1

Average 4.00 5.33 4.33 3.33 3.00 11.00 6.00 8.67 7.67 9.33 3.33

geNorm CS Rank 5 4 2 8 3 11 10 9 7 1 6

NormFinder 6 4 3 8 1 11 10 9 7 2 5

BestKeeper 2 1 6 5 3 10 4 7 9 8 11

Average 4.33 3.00 3.67 7.00 2.33 10.67 8.00 8.33 7.67 3.67 7.33
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RGs. In Fig. 4A, the relative expression of OST1-1

was upregulated at 6 h compared with 3 h and was

significantly upregulated at 24 h by approximately

11-fold. The expression of OST1-2 was upregulated at

6 h compared with 3 h and was significantly upregu-

lated at 24 h by approximately 13-fold (Fig. 4B).

Under heat stress, GAPDH1 and UBQ were selected

as RGs with stable expression for verification.

Although the average comprehensive ranking of UBQ

and PP2A2 was the same under heat stress, the highest

ranking of UBQ in the three algorithms was higher

than that of PP2A2, so two pairs of RGs, UBQ and

GAPDH1, were selected for verification. The expres-

sion levels of OST1-1 were upregulated by approxi-

mately 40 times and 80 times at 6 h and 24 h

(Fig. 4C), respectively. The expression levels of OST1-

2 were upregulated approximately 4- and 6-fold at 6 h

and 24 h (Fig. 4D), respectively. When GAPDH2 with

the lowest stability ranking was used as an RG to

verify the relative expression level of the OST, the

results obtained were completely opposite to the rela-

tive expression level of other candidate genes as an

RG at 6 h, which was precisely caused by the instabil-

ity of GAPDH2 itself. This result confirms the impor-

tance of the stability of RGs for experimental

expression measurements under different conditions.

Discussion

Although the RCM genome has not been sequenced,

RCM plants possess important medicinal and indus-

trial value, which is mainly due to their high tannin

contents [7,20,21]. Environmental temperature is a crit-

ical factor for RCM growth and gallnut formation.

Gallnuts are usually collected from RCMs planted on

the shady side of mountains. The main goal of identi-

fying stably expressed RGs in response to temperature

in RCM is to reveal the basis of gallnut formation in

Fig. 4. The relative expression level of target gene OST1-1 and OST1-2 in different experimental conditions and RGs. (A) (B) under cold

stress(C) (D) under heat stress. Error bars indicate standard deviation. Data are mean � SD and analysed by one-way ANOVA. Different

letters above the bars represent significant differences (P < 0.05).
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relation to temperature. Previous research has not

addressed the stability of RG expression. Several clas-

sic and commonly used RGs are often selected for the

relative quantification of gene expression by qRT-PCR

in plant or animal materials under various experimen-

tal conditions [22]. In recent years, in addition to the

study of stable RG expression in many different

plants, model plants have also been used to evaluate

RGs under certain conditions [23,24]. It is increasingly

important to systematically select and evaluate the sta-

bility of RGs [25], which will contribute to more accu-

rate quantification of gene expression under different

experimental conditions and for different research

purposes.

The stability of internal RGs according to geNorm

analysis is indicated by the size of the M value; how-

ever, this value does not give an accurate threshold

above which the internal RGs are unstable. The most

stable RGs can only be selected as those with the low-

est M value. Here, the M value for 11 candidate RGs

was less than 0.8 under cold stress and less than 1.1

under heat stress, but the difference between the most

stable and most unstable M value was 0.80 for heat

stress treatments and only 0.39 for cold stress treat-

ments. This suggests that the M value of the most

unstable RG under cold stress was twice as high as

that of the most stable RG, whereas that under heat

stress was approximately 4-fold higher. A similar result

was obtained from analysis using NormFinder, which

also did not provide an accurate threshold with which

to estimate the cut-off between candidate gene stability

and instability.

In our study, among the 11 candidate RGs, 4 pairs

of RGs (ACT1/ACT2, GAPDH1/GAPDH2, PP2A1/

PP2A2, and TUB1/TUB2) belonged to the same gene

families but showed great differences in stability. As

an example, the two candidate genes with the same

name as GAPDH showed relatively large stability dif-

ferences, which was also found in other studies [26].

Whether these differences are caused by the genes

themselves or the differences caused by the specific

amplified fragments that affect the amplification exper-

iment is worth further study.

According to a survey, 20 plant species have been

used to study RGs in recent years, and these studies

involve the 11 candidate genes identified in this paper

(Table S2). The 43 internal RGs in the summary

table ( Table S2 [3,4,11,12,27–42]) are reported to be

highly stably expressed under various stress condi-

tions and sampling tissues, and the four RGs with the

highest frequency of occurrence are EF1a, ACT,

GAPDH, and PP2A. However, under abnormal tem-

perature conditions, the 43 RGs showed similar

behaviours in 19 plant species, for example, EF1a,
TUB, PP2A, and GAPDH were highly stable in

response to cold stress, and notably, under heat

stress. Thus, the stability of homologous genes in dif-

ferent species is not consistent.

Conclusions

In this study, the recommended RGs under heat and

cold stresses were similar to those recommended for 19

plant species. It is generally recommended to use mul-

tiple RGs to normalize expression data for most plant

materials to improve accuracy. Because it is difficult to

select appropriate RGs for each individual study, the

statistics for different RGs here provide a good

resource for gene expression analysis. Because differ-

ences in the expression of key genes are subtle, it is

extremely important that RG expression stably

responds to treatment. Therefore, this research pro-

vides information that is useful for the verification of

gene expression in RCM under temperature stress and

is useful for future research on gallnut formation. The

screening and evaluation of the stability of the expres-

sion of 11 candidate RGs in RCM under temperature

stress identified GAPDH1+ PP2A2/UBQ as the most

suitable RG under heat stress, while GAPDH1+ACT
are the most suitable under cold stress. In the

untreated group, GAPDH1+TIP41, which are RGs,

are recommended in general. In all treatment groups,

GAPDH1+ACT were the recommended RGs. The

results provide key technical guidance for the further

study of RCMs under different temperature stresses

and may also suggest candidate RGs for studies with

other plant species.

Acknowledgments

We thank all participants for their contributions to

this study. This work was supported by grants from

the National Science and Technology Major Project of

China [2018ZX08011-01B], the National Natural

Science Foundation of China [31301081] and Dean’s

Research Fund 2020/21 (Project code: 04626) of the

Education University of Hong Kong.

Conflict of interest

The authors declare no conflict of interest.

Data accessibility

All the data are available from the corresponding

author upon request.

2771FEBS Open Bio 11 (2021) 2763–2773 ª 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

Y. Chen et al. GAPDH1 and the R. chinensis leaf temperature response



Author contribution

QW and LR analysed the results and conceived the

project. YC and QW designed the experiments and

wrote the paper. YC performed the experiment. XW

provided the plant material. ZZ, CL and CZ carried

out the experiments and analysed the data. TZ, BL

prepared the expematerials. GP, WL and CW dis-

cussed the results, commented on the manuscript, and

reviewed the article. All authors have read and

approved the final manuscript.

References

1 Bustin S and Nolan T (2017) Talking the talk, but not

walking the walk: RT-qPCR as a paradigm for the lack

of reproducibility in molecular research. Eur J Clin

Invest 47, 756–774. https://doi.org/10.1111/eci.12801.
2 Klein D (2002) Quantification using real-time PCR

technology: applications and limitations. Trends Mol

Med 8, 257–260. https://doi.org/10.1016/s1471-4914(02)
02355-9

3 Fei X (2018) Expression Stabilities of Ten Candidate

Reference Genes for RT-qPCR in Zanthoxylum

bungeanum Maxim. Molecules 23, 802

4 Wang Z (2019) Selection and validation of appropriate

reference genes for real-time quantitative PCR analysis

in Momordica charantia. Phytochemistry 164, 1–11.
5 Djakpo O and Yao W (2010) Rhus chinensis and Galla

Chinensis - folklore to modern evidence: review. Phytother

Res 24, 1739–1747. https://doi.org/10.1002/ptr.3215
6 Heirangkhongjam MD, Ngaseppam IS (2018)

Traditional medicinal uses and pharmacological

properties of Rhus chinensis Mill.: a systematic review.

European J Integ Med 21, 43–49. https://doi.org/10.
1016/j.eujim.2018.06.011

7 Wang C and Li W (2017) Optimization technology of

the LHS-1 strain for degrading gallnut water extract

and appraisal of benzene ring derivatives from

fermented gallnut water extract pyrolysis by Py-GC/

MS. Molecules 22, 2253.

8 Chen H, Liu J, Cui K, Lu Q, Wang C, Wu H, Yang Z,

Ding W, Shao S, Wang H et al. (2018) Molecular

mechanisms of tannin accumulation in Rhus galls and

genes involved in plant-insect interactions. Sci Rep 8, 9841.

9 Diego G-T, Jos�e C-SF, Carlo P (2021) Dryocosmus

kuriphilus Climate as a possible driver of gall

morphology in the chestnut pest across Spanish invaded

areas. Bull Entomol Res 111, 160–173.
10 Bonsignore CP, Vizzari G, Vono G and Bernardo U

(2020) Dryocosmus kuriphilus short-term cold stress

affects parasitism on the asian chestnut gall wasp.

Insects 11, 90.

11 Liu Y, Liu J, Xu L, Lai H, Chen Y, Yang Z and

Huang B (2017) Identification and validation of

reference genes for seashore paspalum response to

abiotic stresses. Intern J Mol Sci 18, 1322.

12 Wu Z, Bao W, Hu H, Chen M, Chai T and Wang H

(2019) Identification and evaluation of reference genes

for quantitative real-time PCR analysis in Polygonum

cuspidatum based on transcriptome data. BMC Plant

Biol 19, 498.

13 Ransbotyn V and Reusch TBH (2006) Housekeeping

gene selection for quantitative real-time PCR assays in

the seagrass Zostera marina subjected to heat stress.

Limnol Oceanogr Methods 4, 367–373. https://doi.org/
10.4319/lom.2006.4.367

14 Andersen CL, Jensen JL and Ørntoft TF (2004)

Normalization of real-time quantitative reverse

transcription-pcr data: a model-based variance

estimation approach to identify genes suited for

normalization, applied to bladder and colon cancer

data sets. Can Res 64, 5245–5250.
15 Pfaffl MW, Tichopad A, Prgomet C and Neuvians TP

(2004) Determination of stable housekeeping genes,

differentially regulated target genes and sample

integrity: BestKeeper-Excel-Based tool using pair-wise

correlations. Biotechnol Lett 26, 509–515.
16 Vandesompele J (2002) Accurate normalization of real-

time quantitative RT-PCR data by geometric averaging

of multiple internal control genes. Genome Biol 3, 34.

17 Ruijter JM (2009) Amplification efficiency: linking

baseline and bias in the analysis of quantitative PCR

data. Nucleic Acids Res 37, e45.

18 Tang X, Zhang N, Si H and Calder�on-Urrea A (2017)

Selection and validation of reference genes for RT-

qPCR analysis in potato under abiotic stress. Plant

Methods 13, 85.

19 Ding Y, Shi Y and Yang S (2020) Molecular regulation

of plant responses to environmental temperatures.

Molecular Plant 13, 544–564.
20 Degano I (2019) A mass spectrometric study on tannin

degradation within dyed woolen yarns.Molecules 24, 2318.

21 Zhu X (2019) Chitosan/gallnut tannins composite fiber

with improved tensile, antibacterial and fluorescence

properties. CarbohydrPolym 226, 115311.

22 She X (2009) Definition, conservation and epigenetics

of housekeeping and tissue-enriched genes. BMC

Genom 10, 269.

23 Hirschburger D, M€uller M, Voegele R and Link T

(2015) Reference genes in the pathosystem phakopsora

pachyrhizi/soybean suitable for normalization in

transcript profiling. Int J Mol Sci 16, 23057–23075.
24 Luo X (2019) Stable reference gene selection for RT-

qPCR analysis in Synechococcus elongatus PCC 7942

under Abiotic stresses. Biomed Res Int 2019, 7630601.

25 Taylor SC, Nadeau K, Abbasi M, Lachance C, Nguyen

M and Fenrich J (2019) The ultimate qPCR

experiment: producing publication quality, reproducible

data the first time. Trends Biotechnol 37, 761–774.

2772 FEBS Open Bio 11 (2021) 2763–2773 ª 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

GAPDH1 and the R. chinensis leaf temperature response Y. Chen et al.

https://doi.org/10.1111/eci.12801
https://doi.org/10.1016/s1471-4914(02)02355-9
https://doi.org/10.1016/s1471-4914(02)02355-9
https://doi.org/10.1002/ptr.3215
https://doi.org/10.1016/j.eujim.2018.06.011
https://doi.org/10.1016/j.eujim.2018.06.011
https://doi.org/10.4319/lom.2006.4.367
https://doi.org/10.4319/lom.2006.4.367


26 Xiao-Shuang L, Hong-Lan Y, Dao-Yuan Z, Yuan-

Ming Z and Wood Andrew J (2012) Reference gene

selection in the desert plant Eremosparton songoricum.

Int J Mol Sci 13, 6944–6963.
27 Lee JM (2010) Validation of reference genes for quantitative

RT-PCR studies of gene expression in perennial ryegrass

(Lolium perenne L.). BMCMol Biol 11, 8.

28 Chen Y (2015) Selection and validation of reference

genes for target gene analysis with quantitative RT-

PCR in leaves and roots of bermudagrass under four

different abiotic stresses. Physiol Plant 155, 138–148.
29 Chen Y, Hu B, Tan Z, Liu J, Yang Z, Li Z and Huang

B (2015) Selection of reference genes for quantitative

real-time PCR normalization in creeping bentgrass

involved in four abiotic stresses. Plant Cell Rep 34,

1825–1834.
30 Zhang J, Xie W, Yu X, Zhang Z, Zhao Y, Wang N

and Wang Y (2019) Selection of suitable reference genes

for RT-qPCR gene expression analysis in siberian wild

rye (Elymus sibiricus) under different experimental

conditions. Genes (Basel) 10, 6.

31 Zhao Z, Zhang Z, Ding Z, Meng H, Shen R, Tang H,

Liu Y-G and Chen L (2020) Public-transcriptome-

database-assisted selection and validation of reliable

reference genes for qRT-PCR in rice. Sci China Life Sci

63, 92–101.
32 Xu W (2020) Identification and evaluation of reliable

reference genes for quantitative real-time PCR analysis

in tea plants under differential biotic stresses. Sci Rep

10, 2429.

33 Dai F, Zhao X, Tang C, Wang Z, Kuang Z, Li Z,

Huang J and Luo G (2018) Identification and

validation of reference genes for qRT-PCR analysis in

mulberry (Morus alba L.). PLoS One 13, e0194129.

34 Ambroise V, Legay S, Guerriero G, Hausman J-F,

Cuypers A and Sergeant K (2019) Selection of appropriate

reference genes for gene expression analysis under abiotic

stresses in Salix viminalis. Int J Mol Sci 20, 4210.

35 Tang F (2019) Selection and validation of reference

genes for quantitative expression analysis of miRNAs

and mRNAs in Poplar. Plant Methods 15, 35.

36 Li XS, Yang H-L, Zhang D-Y, Zhang Y-M and Wood

AJ (2012) Reference gene selection in the desert plant

Eremosparton songoricum. Int J Mol Sci 13, 6944–6963.
37 Wang B (2018) Validation of reference genes for accurate

normalization of gene expression with quantitative real-

time PCR in Haloxylon ammodendron under different

abiotic stresses. Physiol Mol Biol Plants 24, 455–463.
38 Nong Q (2019) RNA-seq-based selection of reference

genes for RT-qPCR analysis of pitaya. FEBS Open Bio

9, 1403–1412.
39 Feng K, Liu J, Xing G-M, Sun S, Li S, Duan A-Q,

Wang F, Li M-Y, Xu Z-S and Xiong A-S (2019)

Selection of appropriate reference genes for RT-qPCR

analysis under abiotic stress and hormone treatment in

celery. PeerJ 7, e7925.

40 Gao S, Wang G, Huang Z, Lei X, Bian Y, Liu Y and

Huang W (2018) Selection of reference genes for qRT-

PCR analysis in Lentinula edodes after Hot-Air Drying.

Molecules 24, 136.

41 Zhang Z, Li C, Zhang J, Chen F, Gong Y, Li Y, Su Y,

Wei Yand Zhao Y (2020) Selection of the reference

gene for expression normalization in Papaver

somniferum L. under abiotic stress and hormone

treatment. Genes (Basel) 11, 124.

42 Xiao X (2014) Validation of suitable reference genes for

gene expression analysis in the halophyte Salicornia

europaea by real-time quantitative PCR. Front Plant

Sci 5, 788.

Supporting information

Additional supporting information may be found

online in the Supporting Information section at the end

of the article.
Fig. S1. Distribution of the Cp values of the 11 candi-

date RGs across all samples in qRT-PCR analysis.

Boxplot analysis of crossing point (Cp) values of all

samples. The boxes represent the interquartile range.

The line across the box represents the median.

Hyphens over and under the boxes are respectively

shown as the maximum and minimum.

Fig. S2. Average expression stability values (M) of 11

candidate RGs by geNorm analyse: (A) all samples;

(B) control group untreated; (C) under cold stress; (D)

under heat stress.

Fig. S3. Determination of best RGs number by geN-

orm pairwise variation (Vn/Vn+1). (Total) all samples;

(NTC) control group untreated; (CS) under cold stress;

(HS) under heat stress.

Fig. S4. The relative expression level of target gene

OST1-1 and OST1-2 in different experimental condi-

tions and RGs. (A) (B) under cold stress(C) (D) under

heat stress. Error bars indicate standard deviation.

Data are mean � SD and analysed by one-way

ANOVA. Different letters above the bars represent

significant differences (P < 0.05).

Table S1. Sequence of RGs.

Table S3. Determination of best RG number calcu-

lated by geNorm pairwise variation (Vn/Vn + 1): Keep

the value to three decimal places

Table S4. MIQE checklist.

Table S2. Summary and statistical table of related

research on various plant materials in recent years.
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