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Abstract
Rubia cordifolia L. is routinely employed as a traditional Chinese medicinal herb in clinical practice. As research on R. cordifolia advances, the identification of
stable internal reference genes has become essential for gene expression studies. A comprehensive literature search reveals that the screening of internal
reference genes for R. cordifolia has been reported neither domestically nor internationally. This study employed quantitative real-time PCR (RT-qPCR) to
assess the expression stability of several candidate internal reference genes in R. cordifolia. The identification of internal reference genes that are stably
expressed across different tissues and under various stress conditions in R. cordifolia has laid an important foundation for gene expression studies in this
plant. This study profiled the expression stability of 12 candidate internal reference genes in R. cordifolia across various tissues and under multiple abiotic
stresses (NaCl, dehydration, SA, MeJA, ABA), leveraging a suite of algorithms (GeNorm, NormFinder, BestKeeper, ∆Ct, and RefFinder) for comprehensive
evaluation.Analysis of the 12 candidate internal reference genes was performed using RefFinder, a computational tool that calculates a comprehensive
stability ranking based on weighted geometric means. The collective analysis of candidate internal reference genes using geNorm, Normfinder, BestKeeper,
and ΔCt methods identified hnRNP, UBQ, HIS3.3, PP2A, and PTBP2 as the five most stable genes. In contrast, ACT7 and EF-1α were found to be the least
stable. Consistent with the findings from the four individual algorithms, RefFinder also identified hnRNP, HIS3.3, PTBP2, PP2A, and RPL5 as the top five most
stable genes. Moreover,to further validate the reliability of the selected internal reference genes, we examined the expression patterns of the mevalonate
kinase (MVK) gene across a range of tissues and under a variety of treatment conditions, Using an inappropriate internal reference genes as a control can
lead to significant bias in the results. This study systematically evaluated the expression stability of internal reference genes in R. cordifolia, as a fundamental
step toward reliable functional genomics research in this species. The findings pave the way for accurately elucidating the roles of its genes.

1. Introduction
Rubia cordifolia L. is a perennial climbing herb and a member of the Rubia genus in the Rubiaceae family, its primary distribution encompasses regions of
Northeast, North, and Northwest China, as well as northern Sichuan and the Qamdo area of Tibet. It is often found in sparse forests, forest edges,
shrublands, or grasslands[1]. The medicinal material of R. cordifolia is the dried roots and rhizomes, it has the functions of cooling the blood to arrest bleeding
and activating blood circulation to resolve stasis. As a traditional medicinal plant, the dried roots and rhizomes of R. cordifolia are commonly used as
medicinal parts, which possess the effects of cooling blood to stop bleeding and activating blood circulation to remove stasis. Relevant prescriptions have
been widely applied in the clinical treatment of diseases[2–3]. In recent years, with the in-depth development of modern research, the chemical constituents
and pharmacological effects of Rubia cordifolia L. have been gradually clarified, and its main chemical constituents include anthraquinones and their
glycosides, cyclopeptides, polysaccharides, etc[4]. Apart from its medicinal value, Beyond its pharmacological relevance, R. cordifolia has been extensively
exploited in non-pharmaceutical sectors, particularly as a natural pigment for dyes, cosmetics, and food products, therefore, it possesses significant
medicinal and economic value[5].

In the current field of scientific research, Domestic and international scholars have conducted research and discussions on the pharmacological effects and
chemical constituents of the Rubia plant to a certain extent[6]. With the advancement of molecular pharmacognosy, researchers have placed growing
emphasis on exploring the biosynthetic pathways and regulatory mechanisms of the major bioactive constituents in R. cordifolia, with a particular focus on
the functional characterization of its key genes.[6]. In the process of gene expression analysis, selecting stable internal reference genes is particularly crucial,
as the stability of gene expression directly impacts the reliability and accuracy of experimental results[7]. However, up to now, no research on gene screening
in R. cordifolia has been reported. This study aims to conduct an in-depth analysis of the expression stability of internal reference genes in R. cordifolia using
real-time quantitative polymerase chain reaction (RT-qPCR) technology. The objective is to identify internal reference genes that exhibit stable expression
across different tissues of R. cordifolia and under various abiotic stresses.

RT-qPCR has become an essential technique for gene expression quantification research due to its high sensitivity, high specificity, excellent reproducibility,
and high throughput capabilities[8]. However, the reliability of RT-qPCR data is highly dependent on the normalization of target transcripts using stably
expressed internal reference genes[9]. In theory, internal reference genes should maintain constant expression levels across different tissues, treatment
conditions, and developmental stages to ensure the accuracy and comparability of quantitative results. However, extensive research indicates that the
expression stability of internal reference genes exhibits significant species specificity and condition dependence. The most suitable endogenous internal
reference genes vary not only between different plant species but also within the same species under different stress conditions or developmental stages.
The use of unstable internal reference genes can lead to systematic bias in the expression profile of target genes. Therefore, the systematic screening and
validation of optimal internal reference genes, tailored to different tissues and processing conditions within a specific experimental system, is a fundamental
prerequisite for ensuring the accuracy and reproducibility of RT-qPCR results[10].

According to previous reports, the primary computational tools for RT-qPCR data normalization include: ΔCt, geNorm, NormFinder, and BestKeeper. To
systematically evaluate the expression stability of candidate internal reference genes, this study comprehensively employed four commonly used algorithms
—ΔCt, geNorm, NormFinder, and BestKeeper—to quantify the stability values of internal reference genes across all samples. Based on these calculations, the
optimal single gene or gene combination was selected for RT-qPCR data normalization[11].

Plants are rich in structurally diverse secondary metabolites, and their content varies significantly across different tissues and under various stress
conditions. The accumulation of secondary metabolites itself can constitute a stress signal, which further influences the expression of genes involved in
related synthetic pathways within plants[12]. Therefore, analyzing the expression patterns of key genes involved in secondary metabolite synthesis across
different tissues and under various stress treatments is crucial for elucidating their regulatory networks[13]. For R. cordifolia, a medicinal plant rich in
anthraquinones, there is a lack of systematic reports on reliable selection criteria for suitable candidate internal reference genes. This study provides the first
comprehensive assessment of the expression stability of 12 candidate internal reference genes in different tissues (roots, stems, leaves) of R. cordifolia
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under various stress treatments, with the aim of identifying optimal internal reference genes or their combinations for the normalization of RT-qPCR data in R.
cordifolia.[10]. This work not only provides a standardized basis for analyzing the functional gene expression of R. cordifolia, but also lays a methodological
foundation for subsequent in-depth studies on the regulatory mechanisms of secondary metabolic pathways.

2. Materials and Methods

2.1 Processing and Collection of Plant Materials
The R. cordifolia seeds utilised in this experiment were obtained from one-year-old R. cordifolia plants cultivated in the Medicinal Plant Garden of Henan
University of Chinese Medicine. The plants were cultivated for a period of three months within a light-controlled incubator set at 24–26℃ and 70% relative
humidity, under a 16 h/8 h dark photoperiod (120 µmol m⁻² s⁻¹). At the conclusion of this period, the roots, stems and leaves were harvested (hereafter
referred to as the 'DT group'). During the vegetative growth stage, three months after germination, the R. cordifolia seedlings were subjected to various abiotic
stress treatments. For the simulated salt stress treatment, uniformly growing R. cordifolia seedlings were thoroughly irrigated with a 200 mM NaCl solution,
and leaves were harvested at 0, 4, 8 and 12 h post-treatment. For the dehydration stress treatment, R. cordifolia seedlings were cultivated in a controlled
environment and then subjected to a process of dehydration. The seedlings were then desiccated using filter paper and positioned on a laboratory bench.
Leaf samples were collected at 0, 2, 4 and 8h following the commencement of the dehydration process. The two abiotic stress samples were designated as
the ND group. For the salicylic acid (SA), methyl jasmonate (MeJA) and abscisic acid (ABA) treatments (referred to as the 'SMA group'), 200 µmol SA, 200
µmol MeJA and 300 µmol ABA were uniformly sprayed onto the R. cordifolia leaves. Leaves from the various treatment groups were harvested at 0, 4, 8 and
12 h after treatment. All collected samples were immediately frozen in liquid nitrogen and subsequently stored at − 80℃ for subsequent analysis.The plant
material of R. cordifolia was formally identified by Professor Suiqing Chen (Henan University of Chinese Medicine). The voucher specimen was deposited in
the Herbarium of Henan University of Chinese Medicine, Zhengzhou, China.The voucher specimen accession number is HUCM-RC-0401.

2.2 Selection of Candidate internal reference genes, Primer Design and RT-qPCR
Common endogenous genes were selected as internal controls for gene expression in order to identify candidate internal reference genes in R. cordifolia.
Utilising the NCBI Local BLAST tool in BioEdit 7.1.9, a BLASTx search was conducted against the assembled R. cordifolia transcriptome database with an E = 
10− 50. Select 12 candidate internal reference genes (ACT7, TUB8, UBQ, HIS3.3, elF, EF-1α, PP2A, TBP, RPL5, hnRNP, PTBP2, PEPC), investigate the impact of
internal reference genes selection on RT-qPCR normalization. Use the NCBI Primer Design Tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) to design
specific primer pairs for each Candidate internal reference genes.

2.3 Total RNA isolation, cDNA synthesis, RT-qPCR and amplification efficiency
Total RNA was extracted from all samples using the FastPure Universal Plant Total RNA Isolation Kit(Vazyme Biotech Co., Ltd., Nanjing, China), in
accordance with the manufacturer's instructions. The quantity and purity of the RNA were determined using a NanoDrop 2000 spectrophotometer to
measure the optical density ratio OD260/OD280 (1.8–2.2) and the absorption ratio OD260/OD230 (1.7–2.0). The integrity of the total RNA was then assessed on
a 1.0% agarose gel. Following the adjustment of each RNA sample to the same concentration, 800 ng of RNA was prepared for cDNA synthesis. The latter
was performed using the ToloScript All-in-one RT EasyMix for qPCR kit�TOLOBIO, Shanghai, China༉ with random oligomers. In this study, the RT-qPCR
experimental procedures were carried out in accordance with previously published protocols and MIQE guidelines. RT-qPCR amplification was performed
using the 2 × Q3SYBR qPCR Master Mix (Universal) kit�TOLOBIO, Shanghai, China༉. The total reaction volume was 20 µL, containing 100 ng of cDNA as
template, 10 µL of 2 × TransStart Top Green qPCR SuperMix, 0.4 µL of 50 × Passive Control Dye II, 0.4 µL each of specific forward and reverse primers (10
µM), and nuclease-free water. The reaction conditions were as follows: The first stage of the process was an incubation at 94℃ for 30s. This was followed
by 45 cycles of 5s at 94℃ and 30s at 60℃. In order to analyse the efficiency of the PCR, equal volumes of each cDNA sample were utilised. Subsequently, a
standard curve was determined using mixed cDNA templates that had been diluted 2.5-fold, 5-fold, 10-fold and 100-fold. Thereafter, a linear regression model
was established using the following formula: The following equation is to be used: E = -10 (−1/slope). Each experiment comprised three technical replicates.

2.4 Stability Analysis of Candidate internal reference genes
Gene expression stability analysis was performed using QuantStudio 5 software to assess the Ct values of 12 internal reference genes across 23 distinct
samples. Four algorithms were employed to assess the stability of 12 Candidate internal reference genes: ∆Ct[14], NormFinder[15], BestKeeper[16], geNorm[17],
and RefFinder.

2.5 Internal reference genes Stability Validation
In order to validate the reliability of the selected internal reference gene and to determine whether the use of different internal reference genes would affect
the normalisation of target gene expression data, MVKwas selected for validation analysis. MVK is one of the key enzymes in the mevalonate (MVA)
metabolic pathway. It is responsible for catalysing the conversion of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) into mevalonate (MVA). This
pathway is a key metabolic pathway in the biosynthesis of anthraquinone compounds[18]. Consequently, the expression of MVK gene in R. cordifolia across
different tissues and under various stress conditions was analysed. The expression was normalised using the most stable internal reference gene identified
via the RefFinder algorithm, followed by validation analysis. The relative expression levels of MVK were calculated using the 2−ΔΔCt method. For each
biological sample, three technical replicates were performed.

3. Results

3.1 Selection and Amplification Specificity of Candidate Internal Reference Genes
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To evaluate the potential of 12 common candidate internal reference genes, previously reported in the literature (ACT7, TUB8, UBQ, HIS3.3, eIF, EF-1, PP2A,
TBP, RPL5, hnRNP, PTBP2, PEPC), as reliable reference genes for Rubia across different tissue types and abiotic stresses, these candidates were combined
with the R. cordifolia transcriptomic data.The sequences of these 12 candidate reference genes were retrieved from the R. cordifolia transcriptome data, and
their primer sequences and relevant annotations are listed in Table 1.To verify the accuracy and specificity of the primers, we performed agarose gel
electrophoresis. The results revealed a single DNA band within the 70–300 bp range for each primer combination, consistent with the predicted PCR product
sizes (Fig. 1A).Additionally, all 12 amplification reactions targeting candidate internal reference genes produced unimodal RT-qPCR melting curves, with
specific melting temperature ranges from 79.69°C (hnRNP) to 89.55°C (PTBP2) (Fig. 1B).The sequences of 12 candidate reference genes are listed in Table
S1.These two results indicate that the primer pairs used in our study exhibit good specificity. Moreover, the PCR efficiency of the candidate internal reference
genes ranged from 1.7030 to 2.0424, with PEPC exhibiting the lowest amplification efficiency, whereas TBP demonstrated the highest. In summary, the
primers designed in this study are well-suited for RT-qPCR analysis of gene expression under the tested conditions.

Table 1
Gene Description, Primer Sequences, Amplicon Length, and PCR Efficiency of Candidate candidate internal reference genes in R. cordifolia.

Gene Gene annotation Primer sequence of forward
(5′–3′)

primer sequence of reverse
(5′–3′)

Amplicon
length (bp)

Tm
(℃)

PCR
efficiency

ACT7 Actin7 GGGTCAATCCTTGCATCCCT GCATCTCAGCATCCATCTGC 160 80.64 1.7853

TUB8 Tubulin GTTGTGGAAAGGCCGTTTGT TAACGCAACCTGACAAGGCA 245 81.34 1.9968

UBQ Ubiquitin GGCCGTACTCTCGCGGAC CACAGCGACACTCAGAGACC 89 82.03 1.8732

HIS3.3 Histone superfamily protein TGAGGCTTACCTTGTTGGGC CATGATGGTCACACGCTTGG 73 80.5 1.9941

elF eukaryotic translation initiation
factor 3 subunit D-like, partial

CCAAAGTTCAATCCGCGGTG GTCGAGCGGTTGAGGTTGTA 149 89.25 1.8307

TBP TATA binding protein GATCCATTTCGCCTCCCTGT TCTTGGCTCCGGTACAAACC 348 81.2 2.0424

PP2A serine/threonine-protein
phosphatase 2A activator
isoform X2

CCATACAATTTCCACGCGCC GGAAGTTGGCGAGAGTAGGG 88 82.89 1.9552

EF-1α elongation factor 1-alpha TCTTATCGCCTCCCTCTGCT TCACGTTCAGCCTTGAGCTT 247 81.44 1.8727

RPL5 60S ribosomal protein L5 ACTGGTCTGTTACTTGCCCG CTCTGTTGCCGGTAGTGGTT 172 81.23 1.8303

hnRNP Heterogeneous nuclear
ribonucleoprotein

CAGTAAGCCGAATGCCTCCA GGGCTACTGGGCCATTTCTT 141 79.69 1.8101

PTBP2 Polypyrimidine tract-binding
protein homolog 2

TCCGGTAGGATTTGTGGTGC CTCCTCAGTACGTTCCCACG 119 89.55 1.8414

PEPC Phosphoenolpyruvate
carboxykinase

GAAGAAATCGGCTCCGACGA CCGCCGGTGAGAGATTGTAA 278 83.86 1.7030

3.2 Expression Profile Analysis of Candidate Internal Reference Genes in R. cordifolia
The cycle threshold (Ct) values were used to determine the expression levels of 12 candidate internal reference genes across all 23 samples,and were also
displayed as box plots (Fig. 2A).The Ct values are listed in Supplementary Table S2. The results indicate that the UBQ gene exhibited the highest expression
level, with the lowest average Ct value of 20.38. The average Ct values of the other candidate internal reference genes ranged from 21.51 to 28.51, with TUB8
exhibiting the highest Ct value of 28.51, indicating the lowest expression level among all tested samples (Fig. 2) .

3.3 Analysis of Expression Stability of Candidate Internal Reference Genes in Rubia
cordifolia
Four primary computational algorithms were employed in this study to screen for suitable candidate internal reference genes: the comparative ∆Ct method,
BestKeeper, NormFinder, and geNorm.

3.3.1 comparative ∆Ct method
In the comparative ∆Ct method, the stability of candidate internal reference genes was evaluated using the mean standard deviation (STDEV) index.The
candidate internal reference genes exhibited low STDEV values, suggesting that they have stable expression across different samples. According to the
results derived from this method, TUB8 was identified as the most stable internal reference gene, exhibiting the lowest STDEV values across the total sample
set, salicylic acid (SA) treatment, and SMA treatment (Fig. 3A, E, I) .UBQ was identified as the most stable internal reference gene under methyl jasmonate
(MeJA) treatment and in the ND group (a combination of NaCl and dehydration treatments) (Fig. 3F, H) .Meanwhile, PP2A and hnRNP were the most stable
under dehydration and NaCl treatments, respectively (Fig. 3C, D).

3.3.2 Normfinder Analysis
As another algorithm for determining stable internal reference genes, NormFinder evaluates the stability-based variation across total sample
subsets.According to NormFinder results, the stability of candidate internal reference genes increases as the stability value (SV) decreases. Among all R.
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cordifolia and ABA samples, PTBP2 was ranked as the internal reference gene with the lowest SV values, at 0.64 and 0.2, respectively.The genes with the
lowest expression stability were EF-1α and ACT7, which presented the highest stability values (SVs) of 3.08 and 1.35, respectively (Fig. 4A,G). For the
combined SA and SMA sample group, RPL5 exhibited the optimal expression stability and was identified as the most reliable internal reference gene, with
SVs of 0.19 and 0.32, respectively.Conversely, TUB8 showed the lowest expression stability with the highest SV values of 2.67 and 2.53 (Fig. 4E,I). Among the
samples treated with DT, dehydration, NaCl, MeJA, and ND, HIS3.3,EIF,hnRNP,EF-1α and UBQ were ranked as the most stably expressed genes in each
corresponding treatment group (Fig. 4B,C,D,F,H).

3.3.3 BestKeeper Analysis
As an Excel-based algorithm, BestKeeper screens stable internal reference genes across samples and evaluates the standard deviation (SD) and coefficient
of variation (CV) of each candidate gene.A smaller SD and a lower CV indicate greater gene stability. According to BestKeeper analysis, TUB8 was the most
stable internal reference gene across all R. cordifolia, SA, and SMA composite groups (Fig. 5A, E, I).In NaCl and ABA samples, hnRNP was the most stable
internal reference gene (Fig. 5D, G).In DT, dehydrated, MeJA-treated, and ND samples, HIS3.3, PP2A, UBQ, and PTBP2 ranked first and were identified as the
most stable genes (Fig. 4B, C, F, H).Among all R. cordifolia samples, dehydrated samples, NaCl samples, and ND samples, EF-1α was the least stable gene. In
DT samples, MeJA-treated samples, and ABA samples, ACT7 was the least stable gene.

3.3.4 GeNormrAnalysis
The gene expression stability measure M for an internal reference gene is calculated by GeNorm as the average pairwise variation between that gene and
all other measured internal reference genes. According to GeNorm, the two most stable internal reference genes are determined based on their M-values.
The M-value is negatively correlated with the stability of candidate internal reference genes

a smaller M-value indicates higher stability, whereas a larger M-value indicates lower stability.Among all R. cordifolia, ABA, and SMA composite samples, the
most stably expressed genes were hnRNP and PTBP2, with M-values of 0.033, 0.013, and 0.021, respectively. In DT, SA-treated, NaCl, dehydrated, and ND
samples, PP2A, PTBP2, ACT7, TUB8, EIF, and UBQ ranked first and were identified as the most stable genes. In MeJA-treated samples, EF-1α and RPL5 were
identified as the most stable genes (Table 2). GeNorm is also used to determine the optimal number of internal reference genes required for accurate
normalization.The pairwise variation (Vn/n+1) between the normalization factors NFn and NFn+1 was calculated. When Vn/n+1 > 0.15, the number of genes
required for normalization is n + 1. When Vn/n+1 ≤ 0.15, the number of genes required for normalization is n. In this study, all pairwise variation v2/3 values fell
below the 0.15 threshold, thus requiring normalization using only two internal reference genes (Table 3).

3.4 Use RefFinder to comprehensively rank internal reference genes
Considering the differences in stability analysis among the three programs, RefFinder was employed to reanalyze the 12 candidate internal reference genes
using a weighted geometric mean.Integrating the results from GeNorm, NormFinder, BestKeeper, and the ∆Ct method for candidate internal reference genes
revealed that hnRNP, UBQ, HIS3.3, PP2A, and PTBP2 ranked among the top five most stable genes, whereas ACT7 and EF-1α were identified as the least stable
genes.

RefFinder identified the top five most stable genes as hnRNP, HIS3.3, PTBP2, PP2A, and RPL5, whereas the least stable internal reference genes were ACT7
and EF-1α. These results are largely consistent with those obtained from the four aforementioned methods (Table 4).

3.5 Validation of the selected candidate internal reference genes
Analysis of different R. cordifolia samples revealed that hnRNP and HIS3.3 were not the most stably expressed internal reference genes during data
normalization. Therefore, to validate the reliability of the two most stable candidate internal reference genes identified by RefFinder (Table 4), we used them
both individually and in combination as internal controls to analyze the expression patterns of MVK in different Rubia root samples.These results were then
compared with those obtained using hnRNP or HIS3.3 alone for data normalization. As shown in Fig. 6, identical expression patterns were observed when
using combinations of the two or three most stable genes, or when using hnRNP or HIS3.3 as a single internal reference gene to normalize RT-qPCR
data.However, when data were normalized using hnRNP or HIS3.3 alone as internal controls, MVK expression levels differed (Fig. 6).Considering both cost
and experimental feasibility, we recommend using hnRNP alone for gene expression normalization across different tissues, dehydration treatments, and
NaCl-stressed R. cordifolia. samples.For samples treated with SA and ABA, gene expression was normalized using hnRNP or HIS3.3. For samples treated with
MeJA, gene expression was normalized using hnRNP, HIS3.3, or UBQ.
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Table 2
m-values for expression stability of 12 candidate candidate internal reference genes calcu

Stability
rank

Total DT SA MeJA ABA Dehydration

Gene Values Gene Values Gene Values Gene Values Gene Values Gene V

1 hnRNP/PTBP2 0.033 PP2A/TUB8 0.005 ACT7/PP2A 0.022 EF-
1α/RPL5

0.007 hnRNP/PTBP2 0.013 EIF/PTBP2 0

2 PP2A 0.045 UBQ 0.014 EIF 0.030 TUB8 0.017 EF-1α 0.018 RPL5 0

3 EIF 0.050 TBP 0.016 PTBP2 0.033 PTBP2 0.019 HIS3.3 0.020 HIS3.3 0

4 HIS3.3 0.065 HIS3.3 0.017 hnRNP 0.037 PP2A 0.020 UBQ 0.023 PEPC 0

5 RPL5 0.075 PTBP2 0.018 RPL5 0.041 UBQ 0.021 RPL5 0.027 TBP 0

6 ACT7 0.084 hnRNP 0.019 HIS3.3 0.056 HIS3.3 0.022 TUB8 0.030 PP2A 0

7 TUB8 0.093 RPL5 0.025 PEPC 0.063 EIF 0.024 TBP 0.033 UBQ 0

8 PEPC 0.107 PEPC 0.030 TBP 0.069 PEPC 0.026 PP2A 0.036 hnRNP 0

9 UBQ 0.117 EF-1α 0.041 EF-1α 0.082 TBP 0.027 EIF 0.040 EF-1α 0

10 TBP 0.135 EIF 0.050 UBQ 0.092 hnRNP 0.028 PEPC 0.043 ACT7 0

11 EF-1α 0.155 ACT7 0.061 TUB8 0.107 ACT7 0.033 ACT7 0.054 TUB8 0

Table 3
Pairwise variation in geNorm determines the optimal number of internal reference genes

Pairwise
variations

Total
(values)

DT
(values)

SA
(values)

MeJA
(values)

ABA
(values)

Dehydration
(values)

NaCl
(values)

ND
(values)

SMA
(values)

V2/3 0.0162 0.0060 0.0107 0.0072 0.0068 0.0071 0.0265 0.0095 0.0128

V3/4 0.0122 0.0039 0.0084 0.0045 0.0047 0.0087 0.0239 0.0104 0.0115

V4/5 0.0163 0.0030 0.0082 0.0037 0.0050 0.0072 0.0126 0.0090 0.0132

V5/6 0.0143 0.0030 0.0082 0.0032 0.0054 0.0053 0.0082 0.0085 0.0118

V6/7 0.0135 0.0029 0.0133 0.0031 0.0050 0.0061 0.0064 0.0113 0.0123

V7/8 0.0138 0.0053 0.0102 0.0034 0.0047 0.0054 0.0043 0.0098 0.0127

V8/9 0.0158 0.0049 0.0094 0.0032 0.0048 0.0059 0.0046 0.0099 0.0108

V9/10 0.0143 0.0081 0.0130 0.0028 0.0051 0.0070 0.0035 0.0116 0.0125

V10/11 0.0179 0.0083 0.0125 0.0025 0.0050 0.0083 0.0038 0.0184 0.0120

V11/12 0.0203 0.0091 0.0150 0.0046 0.0090 0.0089 0.0047 0.0264 0.0145
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Table 4
Comprehensive Ranking of candidate internal reference genes Using RefFinder

Stability
rank

Total DT SA MeJA ABA Dehydration NaCl N

Gene Values Gene Values Gene Values Gene Values Gene Values Gene Values Gene Values G

1 PTBP2 1.32 PTBP2 1.68 hnRNP 1.86 EF-1α 1.57 PTBP2 1.41 PTBP2 1.57 UBQ 1.86 P

2 hnRNP 2 HIS3.3 1.86 RPL5 1.93 RPL5 2.45 UBQ 2.11 EIF 1.68 PP2A 2 U

3 PP2A 3.66 UBQ 2.45 PTBP2 3.41 PTBP2 3 hnRNP 2.63 RPL5 3.08 PTBP2 2.78 P

4 EIF 3.66 hnRNP 3.13 EIF 4.23 TUB8 4.76 EF-1α 3.83 PP2A 3.31 hnRNP 3.6 h

5 HIS3.3 4.68 PP2A 5.44 ACT7 5.21 UBQ 5.27 HIS3.3 3.98 HIS3.3 5.32 HIS3.3 3.87 E

6 TUB8 5.32 TUB8 6.64 PP2A 5.26 PEPC 5.48 RPL5 5.05 UBQ 5.42 ACT7 4.9 H

7 RPL5 5.96 PEPC 7.09 HIS3.3 5.79 hnRNP 5.66 PP2A 7.24 TBP 7.97 EIF 6.19 A

8 ACT7 7.24 EF-1α 7.21 TUB8 6.45 PP2A 6.19 TBP 8.65 PEPC 8.1 TUB8 7.74 T

9 UBQ 8.49 TBP 7.48 PEPC 7.14 HIS3.3 7.02 PEPC 9.38 hnRNP 8.45 TBP 9.24 R

10 PEPC 9.49 RPL5 9.43 TBP 9.24 EIF 8.05 TUB8 9.46 TUB8 8.49 RPL5 9.74 T

11 TBP 11 EIF 10.74 EF-1α 10.24 TBP 10.74 EIF 9.97 EF-1α 10.47 PEPC 11 P

12 EF-1α 12 ACT7 12 UBQ 11.24 ACT7 12 ACT7 12 ACT7 10.74 EF-1α 12 E

4. Discussion
Real-time quantitative polymerase chain reaction (RT-qPCR) is a precise and sensitive technique for detecting gene expression. To ensure the reliability of RT-
qPCR results, the selection of appropriate internal reference genes is crucial. In recent years, with the in-depth advancement of research on gene expression
in medicinal plants, internal reference gene screening has been carried out in a variety of medicinal plant species. Studies have shown that the expression
stability of internal reference genes may change significantly in different tissues or under different experimental conditions. Therefore, it is necessary to
evaluate the stability of internal reference genes under different experimental conditions to ensure the accuracy of RT-qPCR data normalization.

RT-qPCR has been widely applied in the field of functional gene expression analysis in medicinal plants, and the selection of suitable internal reference genes
for data normalization is a prerequisite for ensuring the reliability of RT-qPCR results [19]. In recent years, with the continuous in-depth study of molecular
biology in medicinal plants, a growing number of studies have confirmed that there is no universal internal reference gene applicable to all species and all
experimental conditions, and its expression stability changes significantly with species differences, tissue types, and external stress conditions [20].

For example, in Isodon rubescens, GAPDH + 18S + eIF was identified as the optimal internal reference gene combination for different tissues; UBQ + Apt + HIS
and Cycl + UBQ + PP2A were the optimal internal reference gene combinations for dehydration and NaCl stress, respectively; and GAPDH + 18S + eIF, eIF + 
UBQ + PP2A, and TUB + Cycl + UBQ were sequentially the optimal internal reference gene combinations for SA, MeJA, and ABA treatments [10]. In Rubia
yunnanensis, hnRNP, TBP, and RPL5 were the optimal internal reference gene combinations for all samples and different tissues; hnRNP + eIF was the optimal
internal reference combination for drought (PEG) treatment; EF-1α + UBCE was the optimal internal reference combination for salt (NaCl) treatment; RPL5 + 
MDH was the optimal internal reference combination for MeJA treatment; TBP + UBCE was the optimal internal reference combination for SA treatment; TBP 
+ RPL5 was the optimal internal reference combination for oxidative and heavy metal treatments; RPL5 + hnRNP was the optimal internal reference
combination for heat stress; and hnRNP + F-box was the optimal internal reference combination for cold stress [11]. This is consistent with the results of a
transcriptome study on Rubia yunnanensis, which also used hnRNP as an internal reference gene for MeJA-treated hairy roots, confirming the stability and
applicability of hnRNP in Rubia yunnanensis under MeJA stress [21]. In Panax ginseng, GAPDH/30S RPS20, CYP/60S RPL13, and CYP/QCR were the optimal
internal reference gene combinations for roots, stems, and leaves, respectively[22]. In Metasequoia glyptostroboides, ACT2, HIS, and TATA showed stable

expression in different tissues, while EF-1α, HIS, and TATA were suitable for abscisic acid-treated samples [23].

However, to date, there have been no reports on the screening of internal reference genes in R. cordifolia.Therefore, the systematic evaluation of the
expression stability of candidate internal reference genes in different tissues and under abiotic stress conditions of R. cordifolia, and the screening of
suitable internal reference genes and standardization protocols, are of great theoretical and practical value for the analysis of functional gene expression, the
study of the synthesis mechanism of medicinal active components, and the research on the stress adaptation mechanism of R. cordifolia. In this study, 12
widely used internal reference genes in the literature were selected as candidates, and these 12 selected internal reference genes have also been widely
applied in other plants. For instance, in the euhalophyte Suaeda altissima, ACT7, PP2A, and EF-1α showed stable expression under long-term salt stress and
salt shock, among which PP2A and EF-1α had the highest stability at different salt concentrations [24]. In Indocalamus tessellatus, PP2A exhibited high
stability under drought (dehydration) stress, while EIF family genes were stably expressed under salt stress [25]. In ramie, UBQ, EF-1α, and TUB were confirmed
to be stable internal reference genes across multiple tissues and abiotic stresses (including hormone treatments), among which EF-1α and TUB were
particularly suitable for root tissue normalization [26].

Five statistical algorithms, namely ΔCt, BestKeeper, NormFinder, GeNorm, and RefFinder, were used to systematically analyze the stability of the 12 selected
internal reference genes in different tissues and under abiotic stresses (NaCl, dehydration, SA, MeJA, and ABA) of R. cordifolia. To avoid the experimental
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complexity caused by too many treatment groups, the samples were further integrated into three groups: different tissue group (DT group), salt stress and
dehydration treatment group (ND group), and SA, MeJA, and ABA treatment group (SMA group), so as to accurately select internal reference genes under
different environmental conditions. In addition, an overall analysis was performed on all samples. The results of the four methods (ΔCt, BestKeeper,
NormFinder, and GeNorm) were integrated by the RefFinder algorithm, and it was found that hnRNP, HIS3.3, and PTBP2 were suitable for the overall sample
analysis; HIS3.3 and PTBP2 were stably expressed in different tissues; while PP2A/EIF/TUB8, HIS3.3/ACT7, TUB8/RPL5/PTBP2, UBQ/EF-1α/RPL5, and
HIS3.3/PTBP2/hnRNP were recommended for dehydration, NaCl, SA, MeJA, and ABA treatments, respectively.

Therefore, to verify the reliability of the two most stable candidate reference genes identified by RefFinder, they were used as internal controls individually
and in combination to analyze the expression pattern of mevalonate kinase (MVK) in different samples of Rubia cordifolia. These results were compared with
those normalized using hnRNP or HIS3.3 alone. When two or three of the most stable gene combinations, or hnRNP or HIS3.3 alone, were used to normalize
RT-qPCR data, the results showed the same expression pattern. However, the expression level of MVK differed when only hnRNP or HIS3.3 was used as the
internal control for data normalization. Considering the cost and operation process comprehensively, we recommend using hnRNP alone for normalizing
gene expression in different tissues, dehydration, and NaCl-treated samples of Rubia cordifolia. For samples under SA and ABA treatments, either hnRNP or
HIS3.3 can be used for normalization. For samples under MeJA treatment, hnRNP, HIS3.3, or UBQ alone should be used for normalization.

Conclusions
In this study, we conducted the first comprehensive analysis of stable reference gene selection for RT-qPCR analysis of target gene expression in different
tissues or under abiotic stresses (NaCl, dehydration, SA, MeJA, ABA) in Rubia. Five algorithms (ΔCt, BestKeeper, NormFinder, GeNorm, RefFinder) were used
to evaluate 12 candidate housekeeping genes, with RefFinder yielding more reliable results.For the pooled sample, hnRNP, HIS3.3 and PTBP2 were
recommended; HIS3.3 and PTBP2 showed stable expression across different tissues. For individual treatments: PP2A/EIF/TUB8 for dehydration, HIS3.3/ACT7
for NaCl, TUB8/RPL5/PTBP2 for SA, UBQ/EF-1α/RPL5 for MeJA, and HIS3.3/PTBP2/hnRNP for ABA. Validation confirmed consistent expression patterns of
the MVK gene when normalized by the most stable reference genes (single or combined), though individual use caused expression level
differences.Considering cost and simplicity, we propose: hnRNP alone for different tissues, dehydration and NaCl treatments; hnRNP or HIS3.3 alone for SA
and ABA treatments; hnRNP, HIS3.3 or UBQ alone for MeJA treatments. These results will improve the accuracy of RT-qPCR-based target gene quantification
in Rubia and support future gene expression studies in this species.
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Figure 1

RT-PCR and RT-qPCR Amplification Specificity. (A) Agarose gel (2.0%) electrophoresis shows that the single PCR amplification products of 12 genes (1-12:
ACT7, TUB8, UBQ, HIS3.3, PP2A, EF-1α, elF, TBP, RPL5, hnRNP, PTBP2, PEPC) match their expected sizes; M denotes the 2000 bp DNA marker. (B-M) Melting
curves for the 12 genes (ACT7, TUB8, UBQ, HIS3.3, elF, TBP, PP2A, EF-1α, RPL5, hnRNP, PTBP2, PEPC) exhibited unimodal profiles.
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Figure 2

Expression stability of the 12 candidate internal reference genes across all 23 samples. (A) Box plots of the Ct values for each candidate internal reference
genes. The plot depicts the mean (hollow square) , median (central line), maximum and minimum values (whiskers, vertical lines) , and the 25th and 75th
percentiles (box).
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Figure 3

Ranking of candidate internal reference genes based on the ∆Ct method. (A) Total：(A) Total sample collection. (B) DT: Collection of samples from different
tissues. (C) Dehydrated samples. (D) NaCl-treated samples. (E) SA-treated samples. (F) MeJA-treated samples. (G) ABA-treated samples. (H) ND: Collection
of samples treated with NaCl and dehydration. (1) SMA: Collection of samples treated with SA, MeJA, and ABA.
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Figure 4

Ranking of candidate internal reference genes using the Normfinder method. (A) Total：(A) Total sample collection. (B) DT: Collection of samples from
different tissues. (C) Dehydrated samples. (D) NaCl-treated samples. (E) SA-treated samples. (F) MeJA-treated samples. (G) ABA-treated samples. (H) ND:
Collection of samples treated with NaCl and dehydration. (1) SMA: Collection of samples treated with SA, MeJA, and ABA.

Figure 5

Ranking of candidate internal reference genes using the BestKeeper method. (A) Total：(A) Total sample collection. (B) DT: Collection of samples from
different tissues. (C) Dehydrated samples. (D) NaCl-treated samples. (E) SA-treated samples. (F) MeJA-treated samples. (G) ABA-treated samples. (H) ND:
Collection of samples treated with NaCl and dehydration. (1) SMA: Collection of samples treated with SA, MeJA, and ABA.
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Figure 6

Relative expression levels of MVK in plants. Expression of MVK in different tissues (A) , under NaCl (B) , dehydration (C) , SA (D) , MeJA (E) , and ABA (F)
treatments. Genes were normalized to hnRNPor HIS3.3, or to a combination of the two or three highest-ranked genes defined by comprehensive analysis. All
values represent means. Different letters on the bar charts indicate significant differences, p < 0.05.
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