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Abelmoschus Manihot is an important medicinal and edible plant known for its functional secondary 
metabolites. However, little is known about the key genes involved in production of secondary 
metabolites in A. manihot. This is largely due to the lack of effective gene expression detection systems 
for A. manihot, making the screening of real-time PCR reference genes a prerequisite. In this study, 11 
candidate reference genes were screened and cloned from A. manihot, and their expression stability 
was evaluated in different tissues under different flowering stages using four algorithms: geNorm, 
NormFinder, BestKeeper, and RefFinder. The expression stability of eIF and PP2A1 was the highest, 
while that of tubulin alpha (TUA) was the lowest. The combined use of the two most stable reference 
genes, eIF and PP2A1, met the experimental requirements for normalizing gene expression in A. 
manihot. Furthermore, the gene expression of transcription factors bHLH147 and bHLH148 was further 
validated by data normalization. This study identified potential reference genes in different A. manihot 
tissues, paving the way for functional gene analysis and dissecting metabolite regulation mechanisms 
in A. manihot.

Abelmoschus Manihot is an annual or perennial herbal plant of the Malvaceae family and is widely distributed 
in China, India, Sri Lanka Card, and Australia1. Abelmoschus Manihot has high nutritional and medicinal value 
and is a popular green leafy vegetable in the South Pacific Islands2. Moreover, this plant is listed in the ‘Chinese 
Pharmacopoeia’ because its flowers are traditionally used for medicinal purposes due to their physiological 
capacities to reduce swelling, detoxify, and clear heat and dampness. Consequently, this plant is also consumed 
as functional foods and floral teas. It has been demonstrated that A. manihot contains various bioactive 
compounds, such as flavonoids, polysaccharides, phenolic compounds, vitamin E, organic acids, nucleosides, 
and amino acids3, exhibiting pharmacological activities, such as antitumor4 and neuroprotection activities5. It is 
extensively cultivated as an important medicinal plant for treating inflammation, primary glomerulonephritis6, 
and type 2 diabetic nephropathy7.

Recent research on A. manihot was mainly focused on the isolation, characterization, and pharmacological 
examination of its bioactive components8–10. However, due to a lack of relevant systems and platforms, molecular 
biology studies on A. manihot are scarce, and the regulatory mechanisms of nutritional component synthesis are 
not well understood. Gene expression analysis is one primary method for characterizing regulatory mechanisms 
in plants, and thus establishing a gene expression detection system is of great significance to elucidate the 
molecular mechanisms underlying the biosynthesis of these natural compounds.

Quantitative real-time PCR (qPCR) is one main molecular technique for gene expression analysis and is 
known for its high precision, accuracy, and repeatability11–14. Reference gene selection is essential for reliable 
qRT-PCR results as a suitable reference gene is needed to normalize the expression level of the gene of interest. 
The ideal reference gene should demonstrate consistent expression levels across diverse plant tissues and 
developmental stages15. Housekeeping genes are frequently used as reference genes. However, a growing body of 
evidence has shown that the transcripts of these reference genes are not always equally abundant under different 
experimental conditions16–18. Unstably expressed reference genes are incapable of accurately calibrating the 
expression level of the target gene and may precipitate erroneous interpretations of experimental results19. To 
date, no reference genes are available for transcript normalization in A. manihot.

This study was performed to identify the most suitable reference genes in A. manihot for use with different 
tissues and developmental stages. Eleven candidate reference genes (eIF, GTP, PP2A1, EIF4α, PP2A2, ACT2, 
PP2A3, vps, PHD, YLS, and TUA) were screened from an A. manihot transcriptome20. The basis for the screening 
was to select candidate gene families based on previously reviewed literature on the same genus and to select 
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genes with stable changes in fragments per kilobase of exon model per million mapped fragments (FPKM) values 
between different tissues; these were compared with housekeeping genes using blast. Four statistical algorithms, 
namely, geNorm, NormFinder, BestKeeper, and RefFinder, were used to evaluate the accuracy and stability of 
these candidate internal reference genes for qPCR analysis. These four algorithms have been widely used in 
several internal reference gene screening studies in recent years, and their accuracy has been verified. Expression 
levels of two key genes, bHLH147 and bHLH148, were examined to verify the applicability and feasibility of 
the selected reference genes. The bHLH transcription factor family comprises MBW complexes21 involved in 
the transcriptional regulation of flavonoid metabolism in plants. bHLH147 and bHLH148 are key regulatory 
genes in the flavonoid biosynthetic pathway, and they were identified in a previous joint metabolomics and 
transcriptomics analysis of A. manihot20. The results of this study may serve as a foundation for further research 
on key genes of flavonoid synthesis and related metabolic regulation mechanisms in A. manihot.

Results
Primer specificity and amplification efficiency of reference genes in A. manihot
A total of 11 candidate genes were tested to examine whether they could be used as reference genes. Gene-
specific primers were designed for these candidates (Table 1). The specificity and application efficiency of the 
primers were verified using agarose gel electrophoresis (1.8% w/v) and melt curve analysis. An amplification 
product with the expected molecular weight (92–234  bp) in each primer-specific lane (Fig.  1). Melt curve 
analysis demonstrated that all primers exhibited specific amplification, with only one unique peak on the melting 
curve (Figure S1). Additionally, standard curve analysis showed that the amplification efficiencies (E) of the 11 
candidate genes were greater than 90% (92.4–101.6%), with a regression coefficient (R2) spanning from 0.983 
(eIF) to 0.999 (ACT2 and PP2A3) that met the general criteria for reference genes.

Expression profile of reference genes in A. manihot
The threshold cycle (Ct) value directly reflects the approximate expression of the reference gene. The average Ct 
values of the 11 candidate genes ranged from 19.59 (TUA) to 28.14 (PP2A3), with most values falling between 15 
and 35 (Fig. 2). Ct values were negatively correlated with gene expression, where lower Ct values indicated higher 
gene expression levels. The expression profiles of 11 genes varied significantly among the samples. Among these 
genes, the average Ct values for PP2A1, PP2A2, PHD, and GTP were notably less variable, exhibiting a tendency 
to cluster around 25. The average Ct values for ACT2, EIF4α, and eIF were lower (20.0–23.6), indicating higher 
expression levels. Furthermore, TUA displayed the most considerable variation in average Ct values among the 
tissue samples, with a range from 20.5 in stems to 28.8 in flowers. Among the genes under consideration, ACT2 
exhibited the lowest average Ct, indicative of the greatest expression level, whereas PP2A3 displayed the highest 
average Ct, indicative of the lowest expression in A. manihot.

Gene symbol Unigene annotation Primer sequence (5′-3′) Product (bp) E (%) R2

ACT2 Actin 2
​A​C​A​C​T​G​T​G​C​C​A​A​T​C​T​A​T​G​A​A​G

145 101.6 0.999
​A​C​A​A​T​T​T​C​C​C​G​C​T​C​A​G​C​A​G​T​G

PP2A1 Protein phosphatase 2 A
​G​A​C​A​T​C​A​T​G​T​C​C​A​T​G​T​T​T​G​A​T​G

149 98.8 0.997
​T​G​T​G​A​G​A​A​A​T​T​A​A​C​A​A​T​G​A​C​A​G

PP2A2 Catalytic subunit of protein phosphatase 2 A
​A​T​C​G​G​A​G​G​C​G​G​A​G​G​T​G​A​A​G​A​C

141 92.3 0.996
​C​G​G​A​A​C​A​G​T​T​C​G​A​C​G​A​G​A​T​C​A​T​G​G

YLS Yellow leaf specific
​C​G​A​C​T​G​G​G​A​T​G​A​G​A​C​T​T​G​T

234 98.4 0.993
​C​T​G​T​T​T​G​T​C​C​T​T​G​A​G​A​G​C​C

PP2A3 Protein phosphatase 2 A regulatory subunit
​T​T​G​A​A​G​A​T​T​A​C​T​C​G​G​T​T​T​A​G

116 101.3 0.999
​A​C​G​G​G​A​G​T​G​G​A​T​A​A​G​G​T​A

EIF4α Eukaryotic initiation factor 4 alpha
​A​T​G​C​A​T​A​T​G​G​T​T​T​T​G​A​G​A​A​G​C​C

115 92.4 0.993
​A​A​A​G​T​T​G​C​A​G​T​C​T​T​C​C​C​A​G​T​T​C

TUA Tubulin α
​G​G​T​G​G​T​G​G​A​A​C​T​G​G​C​T​C​T​G

217 95.0 0.989
​G​G​C​A​A​A​T​G​T​C​A​T​A​G​A​T​G​G​C​T​T

eIF Eukaryotic translation initiation factor
​G​G​T​C​C​A​T​C​C​T​C​A​T​A​C​A​T​C

102 92.9 0.983
​G​C​T​A​T​C​A​C​T​T​C​A​C​T​C​C​C​A​C

vps Vacuolar protein sorting-associated protein
​G​A​G​G​T​G​A​T​G​G​G​T​G​A​T​G​C

134 95.5 0.984
​C​C​T​G​A​G​G​G​A​G​C​G​T​T​T​A​C​T

PHD PHD finger protein
​G​G​C​G​T​C​A​G​G​A​T​T​C​C​A​C​A​G

123 98.2 0.992
​A​A​G​C​T​G​C​A​A​G​G​T​A​A​T​G​T​T​C​G

GTP GTP-binding protein
​G​T​T​C​A​A​C​A​C​C​A​G​C​C​A​A​C​T

92 101.3 0.998
​A​T​C​T​G​A​T​G​A​C​C​A​C​C​C​A​A​G

Table 1.  Information on 11 candidate reference genes, primers, and amplification characteristics note: E, 
amplification efficiency; R2, regression coefficient.
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Stability analysis by geNorm
geNorm software was used to analyze the expression stability of candidate genes of A. manihot by calculating 
the average expression stability (M) value. Reference genes with an M value below 1.5 can be employed for 
expression analysis, with lower M values indicating higher expression stability. The average M values of the 11 
reference genes in the composite sample are shown in Fig. 3. The rank of reference genes by geNorm was not 
consistent among different tissues (Tables S1 and S2). In the root, PP2A1 and vps showed the greatest stability 
(M = 0.07), while eIF exhibited the least stability (M = 0.48). In the stem, ACT2 and YLS exhibited the highest 
stability (M = 0.08), whereas PP2A3 exhibited the lowest (M = 0.75). In the leaves, ACT2 and TUA (M = 0.03) 
showed the highest stability, while YLS (M = 0.79) displayed the lowest. In the flower, eIF and PHD (M = 0.11) 
had the highest stability, and YLS (M: 1.01) showed the lowest. In the fruit samples, PP2A2 and vps (M = 0.10) 
were the most stable, while TUA (M = 1.16) was the least stable. Furthermore, in the flower bud samples, ACT2 
and EIF4α (M = 0.09) displayed the greatest stability, while PP2A3 (M: 0.87) exhibited the lowest. In general, 
PP2A1 and PP2A2 (M = 0.58) exhibited the greatest stability, while TUA (M = 1.56) showed the lowest.

Pairwise variation (V) obtained from geNorm analysis (Vn/Vn + 1) was employed to evaluate the minimum 
number of reference genes to obtain reliable normalization in gene expression analysis. In general, a Vn/Vn + 1 
value below 0.15 indicates that the use of n reference genes is sufficient to normalize relative expression levels 
obtained by qRT-PCR data. As shown in Fig. 4, the V2/V3 values observed among tissue samples were below 
0.15, indicating that the combined use of the two most stable candidate genes in each tissue represents an 
optimal practice for gene expression analysis. However, when considering mixed samples, the paired variance 
value was above the threshold of 0.15 for V2/V3 (0.21) and below it for V3/V4 (0.14), suggesting that the use of 
three reference genes for normalization is recommended in mixed tissue samples.

Expression stability analysis by NormFinder
The NormFinder algorithm was used to calculate intra- and inter-group variations and to obtain stability values 
(SV) for the reference genes in different tissue samples. The candidate gene with the smallest SV was likely to 
have the most stable expression. Unlike the geNorm analyses, the stability rankings of PP2A1 and EIF4α were 
both in the top three, indicating their high stability, while YLS and TUA were at the bottom, indicating their 
poor stability.

Expression stability analysis by BestKeeper
BestKeeper analyzes the expression stability of candidate genes by calculating the standard deviation (SD) 
and coefficient of variation (CV). Gene expression stability is negatively correlated with SD and CV values. In 
general, genes with an SD value less than 1 can be used as reference genes. The CV value indicates the degree of 
dispersion of the data. In circumstances where the SD values are relatively similar, a lower CV value indicates 
more reliable data. As shown in Table 2, for the mixed sample group, PP2A1 had an SD of 0.42, indicating that its 
expression was the most stable one, while YLS and TUA, with SD values exceeding 1, were deemed unstable and 

Fig. 1.  Primer specificity of 11 candidate genes and 2 target genes detected by agarose gel electrophoresis (M: 
DNA marker, 1: PP2A2, 2: EIF4α, 3: PP2A1, 4: PP2A3, 5: eIF, 6: vps, 7: TUA, 8: PHD, 9: GTP, 10: YLS, 11: 
ACT2).

 

Scientific Reports |        (2025) 15:11045 3| https://doi.org/10.1038/s41598-025-96110-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


therefore subsequently excluded. Consistent with the NormFinder results, PP2A1, eIF, and EIF4α demonstrated 
relatively good stability, while YLS and TUA had relatively poor stability.

Expression stability analysis by RefFinder
Due to the inherent differences between the algorithms described above, the sorting results were not entirely 
consistent. In most cases, several highly stable genes were at the top but their rankings differed. Therefore, we 
used RefFinder for further analysis. This tool combines several of the algorithms mentioned above to provide 
a more comprehensive analysis and a more credible stability ranking (Table 2, S1, and S2). RefFinder analysis 
indicated that in the mixed sample group, eIF and PP2A1 were ranked at the top, suggesting that they the 
two most suitable reference genes, while YLS and TUA were the least stable reference genes for mixed tissues. 
Based on the fact that the top-ranked genes in terms of stability varied among tissues, and the most appropriate 
combination of reference genes should be selected based on a comprehensive analysis to ensure experimental 
accuracy.

Stability verification
The feasibility of using these reference genes was verified based on geNorm, NormFinder, BestKeeper, and 
RefFinder analyses. We achieved this by examining the expression levels of two target genes (bHLH147 and 
bHLH148) in A. manihot at different flower development stages. Given that both eIF and PP2A1 ranked high 
in the mixed sample rankings of each of the aforementioned software and are ranked second for stability in the 
comprehensive analysis (RefFinder), these two genes were considered to be genes with the highest versatility and 
the best stability in A. manihot. Therefore these two reference genes, as well as their combination (eIF + PP2A1), 
were the optimal choice for use as the normalization factor. This enabled the detection of the relative expression 
patterns of bHLH147 and bHLH148 at different flower development stages. As shown in Fig. 5, qRT-PCR and 
transcriptome analysis showed consistent expression patterns for bHLH147 and bHLH148 in A. manihot flowers 
at four developmental stages (Fig.  6) after normalization with eIF, PP2A1, and eIF + PP2A1. The expression 
levels of bHLH147 and bHLH148 were lowest at the bud stage and continued to increase from the bud to the 

Fig. 2.  Threshold cycle (Ct) values for 11 reference genes of Abelmoschus Manihot. Top and bottom bars 
represent the maximum and minimum values of the data set, respectively. Top and bottom edges of the 
rectangular box represent the 75th and 25th quartiles, respectively. Inner line segment is the median.
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bloom stage, followed by a decreasing trend at the withering stage. Statistical analysis (Tukey’s post hoc test) 
for normalization of the two target genes’ relative expression with different reference genes or combinations is 
shown in Table S3 and Table S4. In addition, correlation analysis was also performed on the expression levels 
of the two target genes at each stage, together with their FPKM values (Fig.  7). The analysis demonstrated 
strong correlations when using the stable reference genes eIF, PP2A1, and eIF + PP2A1 as normalization factors 
(bHLH147: 0.79–0.96; bHLH148: 0.71–0.87), while normalization with the least stable reference gene, TUA, 
resulted in a poor correlation (bHLH147: 0.31; bHLH148: 0.35), which did not exceed 0.5. These results affirmed 
the stability of reference genes evaluated and recommended by algorithms such as RefFinder.

Fig. 4.  Pairwise variation (V) analyses of 11 reference genes in different tissues. Vn/Vn + 1 values indicate the 
stability when using n reference genes.

 

Fig. 3.  Mean expression stability (M) values of 11 reference genes calculated by geNorm.
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Fig. 6.  Abelmoschus Manihot flowers at four different developmental stages. (A), (B), (C), and (D) represent 
buds, pre-bloom, bloom, and withering, respectively.

 

Fig. 5.  qRT-PCR results and transcriptome data (FPKM) of bHLH147 (A) and bHLH148 (B) at four 
developmental stages in Abelmoschus Manihot flowers. Columns indicate the FPKM values of the target genes 
at different stages of flower development, and different colored folds indicate the relative expression of the 
target genes normalized by different reference genes.

 

Rank

geNorm NormFinder BestKeeper RefFinder

Gene Stability Gene Stability Gene SD CV Gene Stability

1 PP2A1 0.58 eIF 0.15 PP2A1 0.42 1.65 eIF 1.86

2 PP2A2 0.58 GTP 0.44 PP2A2 0.44 1.81 PP2A1 1.86

3 EIF4α 0.67 PP2A1 0.49 eIF 0.63 2.75 PP2A2 2.11

4 eIF 0.69 EIF4α 0.49 EIF4α 0.68 3.01 EIF4α 3.46

5 ACT2 0.75 PP2A2 0.51 GTP 0.71 2.85 GTP 4.16

6 GTP 0.78 ACT2 0.62 ACT2 0.72 3.48 ACT2 5.73

7 PHD 0.92 PP2A3 1.11 PP2A3 0.85 3.22 PP2A3 7.45

8 vps 1.03 vps 1.25 PHD 0.88 3.51 PHD 8.21

9 PP2A3 1.11 PHD 1.32 vps 0.99 3.99 vps 8.24

10 YLS 1.23 YLS 1.54 YLS 1.15 4.86 YLS 10.00

11 TUA 1.56 TUA 2.97 TUA 2.49 10.59 TUA 11.00

Table 2.  Stability ranking of candidate genes assessed using GeNorm, NormFinder, bestkeeper, and reffinder 
in mixed tissue samples. SD, standard deviation; CV, coefficient of variation.
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Discussion
As a medicinal and edible plant with a long history of cultivation in China, A. manihot is rich in nutrients and 
popular both in China and internationally. In particular, the abundant flavonoids and polysaccharides in A. 
manihot have been widely used in the treatment of chronic kidney disease22, and they also have antioxidant23 
and anti-inflammatory applications24. In recent years, the discovery of its anti-aging and skincare effects has 
extended its industrial chain. The flavonoids in A. manihot have been widely studied in terms of their extraction 
process25 and pharmacological mechanisms26. In recent years, there is a trending demand for molecular studies 
on A. manihot. For example, Hou et al.27 analyzed the flavonoid synthesis mechanism in flowers through 
transcriptome and metabolome analysis, while Zhou et al.28 explored the changes and biosynthetic mechanisms 
of flavonoids in different plant organs in the Malvaceae family. Gene expression analysis is one key step for 
advancing research on the regulation of plant flavonoids. According to previous studies, flavonoids in Malvaceae 
plants function as nutritional products. Additionally, flavonoids are involved in the regulation of plant growth 
and development, resistance to pests and diseases, and reproductive growth. Some suggest that flavonoids are 
important in the growth cycle of mallow plants and are therefore targets for exploration.

The accuracy and reliability of qRT-PCR, the most widely used technique for gene expression analysis, is 
greatly influenced by the selected reference gene. However, the expression levels of the same reference genes 
vary under different experimental conditions and in different plant species29,30. To our knowledge, no systematic 
studies of qRT-PCR reference genes for A. manihot have been performed to date.

Here we ranked the stability of 11 A. manihot candidate genes (eIF, GTP, PP2A1, EIF4α, PP2A2, ACT2, 
PP2A3, vps, PHD, YLS, and TUA) using the geNorm, NormFinder, BestKeeper, and RefFinder algorithms. We 
found slight differences in the results obtained by these programs. The difference in results is likely because these 
programs used different algorithmic formulas and produced distinct results, which can reflect the stability of the 
reference genes. Also, because of the mutual independence of the algorithms, it was difficult to determine the 
obvious advantages and disadvantages of the algorithms. Therefore, when we analyzed the results, we attempted 
to summarize a reasonable and accurate explanation for reference. Based on these considerations, we used 

Fig. 7.  Pearson correlation coefficient matrix for qRT-PCR and transcriptome data on target genes (A) 
bHLH147 and (B) bHLH148. The cross-region of the x and y axes indicates the correlation coefficient between 
these two genes or their respective correlation coefficients with the FPKM values.
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RefFinder, integrating other calculation algorithms to offset biases, and obtained a more reliable, comprehensive 
ranking of gene expression stability.

Considering all these results, we concluded that eIF and PP2A1 exhibited the highest degree of stability and 
can be sued as reference genes for A. manihot. eIF is stably expressed in different tissues of okra under various 
abiotic stressors31. PP2A1, a protein phosphatase 2 A, also exhibited good stability in the mixed and different 
tissue samples of A. manihot. Previous studies have shown that PP2A can be stably expressed in some species, 
such as tobacco32, Siberian wild rye33, Suaeda glauca34, and Oenanthe javanica (BI.), under abiotic stress35. In 
contrast, although TUA exhibited highly stable expression in different soybean tissues36 and YLS exhibited decent 
expression in Aegilops tauschii (Coss.) under cold stress37, they did not perform well in A. manihot samples.

Based on the screened reference genes, there are many possibilities for future molecular research in A. 
manihot. We can use the screened internal reference genes for qPCR experiments to further clarify the synthesis 
mechanism of various metabolite pathways in A. manihot, such as polysaccharides, polyphenols, and flavonoids, 
which are rich in A. manihot. Flavonoids and polysaccharide compounds are extensively used in medicine and 
in more healthcare products. The development in the beauty industry in recent years has demonstrated that A. 
manihot has great potential in the KangYang (health + old age) market. The current problem of large differences 
in metabolite content under different growing conditions in A. manihot can also be addressed by further mapping 
its mechanism through molecular studies. In addition, based on the phenomenon of the short flowering time of 
Malvaceae plants, molecular mechanisms can also be studied to enhance the ornamental value of marshmallow 
as an ornamental flower and further improve its social benefits. However, although in some parts of the world 
A. manihot is consumed daily, in China, its daily application and popularity are very low. The promotion of 
okra is an example of vegetable factorization of A. manihot, and the understanding of its synthesis mechanism 
of various types of nutrients will also help in its promotion. In China, A. manihot is primarily being cultivated 
in the north. In southern China, water and fertilizer management can hypothetically achieve flowering three to 
four times or more per year. Thus, A. manihot can be combined with low temperature, drought stress, and other 
related experiments for research, which will help factory nursery development.

Conclusions
In summary, this study screened 11 candidate reference genes for A. manihot and normalized the gene relative 
expression data in different tissues at different flowering stages using qRT-PCR. The normalization results were 
analyzed using different algorithms, namely geNorm, NormFinder, BestKeeper, and RefFinder, to identify the 
most appropriate reference genes and combinations. We found that using eIF or PP2A1 alone or a combination of 
these two stable reference genes, depending on the sample, improved the accuracy of qRT-PCR gene expression 
analysis. These findings will facilitate the quantitative expression analysis of key genes involved in flavonoid 
biosynthesis in A. manihot, providing a foundation for elucidating the regulatory mechanisms of the flavonoid 
biosynthesis pathway in plants.

Materials and methods
Plant materials
Healthy mature A. manihot seeds were sown in the experimental field of South China Agricultural University 
(113°37’E, 23°16’N) in Guangzhou, China. The seedlings were grown to maturity during the summer season. 
Different tissue samples, namely, roots, stems, and leaves, were collected from 4-week-old plants, and the flower 
buds and flowers were collected at three developmental stages (pre-bloom, bloom, and withering) (Fig. 6) from 
13–16-week-old plants. All experimental samples were collected from three or more biological replicates. Tissue 
samples were frozen in liquid nitrogen and stored at - 80 ℃ immediately after collection.

RNA extraction and cDNA synthesis
Total RNA was extracted from each tissue sample using a Fast Universal Plant RNA Extraction Kit (Huayueyang, 
Beijing, China) according to the manufacturer’s instructions. RNA samples were treated with RNase-free DNase 
I (Takara Bio Inc., Kyoto, Japan) to remove residual genomic DNA (gDNA). The quality and concentration of the 
extracted RNA were confirmed using a nanophotometer (Implen, Munich, Germany). Integrity was assessed by 
electrophoresis on 1% (w/v) agarose gel. First-strand cDNA was synthesized using the HiScript® III RT SuperMix 
for qPCR Kit (Vazyme, Nanjing, China) following the manufacturer’s instructions. Subsequently, the synthesized 
cDNA was diluted (1:5) for subsequent qRT-PCR analysis.

Reference gene selection and primer design
Eleven reference genes were selected using the coefficient of variation (CV) method38. Gene expression levels 
were quantified as transcripts per million (TPM), with biological replic ates averaged for analysis. Genes with 
low expression (log2(TPM) ≤ 5) were excluded to minimize quantification bias. The CV was calculated as 
CV = standard deviation (SD) of log2(TPM) / average log2(TPM) (mean)39, where SD and mean values were 
computed in Microsoft Excel. Candidate genes were required to meet stability thresholds (SD < 1, CV ≤ 0.2) 
defined as the cutoff for consistency of expression across tissues. Based on these criteria, and in combination 
with a homology-based screening strategy for reference gene families within the same genus as reported in the 
literature, 11 candidate reference genes (eIF, GTP, PP2A1, EIF4α, PP2A2, ACT2, PP2A3, vps, PHD, YLS, and 
TUA) were identified from the transcriptome data. The selection process involved evaluating the stability of 
FPKM (fragments per kilobase of exon model per million mapped reads) values across different tissues and 
validating the conservation of candidate genes against housekeeping genes using BLAST31. All specific primers 
of the candidate genes (Table 1) for qRT-PCR were designed using Primer Premier 5.0 software, in accordance 
with conventional qRT-PCR primer parameters40.
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qRT‑PCR analysis
qRT-PCR was performed using the LightCycler® 480 Real-Time PCR System (Roche, Los Angeles, CA, USA). 
According to the manufacturer’s instructions, the reaction mixture was composed of 1 µL of 5-times diluted 
cDNA, 10 µL of 2×ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China), 0.4 µL of each 10 µM 
forward and reverse primers, and 8.2 µL of ddH2O. The PCR reaction procedure was as follows: 95 ℃ for 30 s; 
40 cycles of 95 ℃ for 3 s, 60 ℃ for 10 s; a final step at 95 ℃ for 15 s; and melting curve analysis. Three biological 
and three technical replicates were carried out for each qRT-PCR reaction. Primer specificity was analyzed using 
the melting curves and agarose gel electrophoresis. The amplification efficiency and correlation coefficient were 
determined through standard curve calculations41.

Analysis of the expression stability of candidate reference genes
Four programs, namely geNorm (https://genorm.cmgg.be/)42, NormFinder ​(​​​h​t​t​p​s​:​/​/​m​o​m​a​.​d​k​/​n​o​r​m​f​i​n​d​e​r​-​s​o​f​t​
w​a​r​e​​​​​)​​​4​3​​​, BestKeeper (https://www.gene-quantification.de/bestkeeper.html)44, and RefFinder ​(​​​h​t​t​p​s​:​/​/​b​l​o​o​g​e​.​c​n​/​
R​e​f​F​i​n​d​e​r​/​?​​​​ type = reference)45, we-re used to evaluate the expression stability of candidate reference genes in 
dif-ferent A. manihot tissue samples.

Both geNorm and NormFinder analysis were employed to evaluate the average Ct values and 2-ΔCt (ΔCt = Ct 
value of each sample − lowest Ct value) to assess the expression stability. In the geNorm algorithm, a lower M 
value signifies greater gene expression stability. In addition, geNorm provides the optimal number of reference 
genes for normalization by calculating the Vn/Vn + 1 value. NormFinder is based on analysis of variance and 
determines the SV of each reference gene by calculating the within- and between-group variance of the data. 
SV is negatively correlated with gene stability. BestKeeper evaluates gene stability by calculating the CV and SD, 
with genes with an SD of more than 1 considered unstable. RefFinder combines many of these algorithms with 
delta-Ct for comprehensive ranking analysis.

Validation of candidate reference genes by qRT-PCR analysis of target genes’ expression
bHLH147 and bHLH148 belong to the MYB-bHLH-WD40 (MBW) family46, which are crucial transcription 
factors that regulate flavonoid biosynthesis in plants. To determine the relative expression of bHLH147 and 
bHLH148, we performed qRT-PCR at four flower development stages in A. manihot. Data were normalized 
using the most and least stable reference genes identified by the four algorithms described above. The results 
were then analyzed using the 2−ΔΔCT method47 for relative quantification and one-way ANOVA followed by 
Tukey’s post-hoc tests (IBM SPSS Statistics 27.0.1) to assess the significance of the results48.

Data availability
The raw sequence data are deposited in the Genome Sequence Archive in the National Genomics Data Center, 
Chinese Academy of Sciences, under accession number CRA023777 which is publicly accessible at ​h​t​t​p​s​:​/​/​n​g​
d​c​.​c​n​c​b​.​a​c​.​c​n​/​g​s​a​/​s​/​G​D​d​A​x​7​s​M​​​​​. The datasets used and analysed during the current study available from the 
corresponding author on reasonable request.
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