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Abstract

mechanisms of sex differentiation in the tung tree.

Tung oil, obtained from the seeds of the tung tree (Vernicia fordii), holds significant economic value. Nevertheless,
the low proportion of female flowers in tung trees limits tung oil yield. Studying the expression of genes involved
in sex differentiation provides a promising strategy for increasing the female flower ratio through molecular
breeding. Accurate normalization is critical for stable gene expression quantification in gRT-PCR. This study
identified stable reference genes for sex differentiation research in the tung tree. Using transcriptome data from
diverse floral samples of tung tree, we identified 10 candidate genes and subsequently assessed their expression
stability across various tissues using multiple algorithms. Among them, ERF3A and OLAT exhibited the highest
stability in floral tissues. Validation experiments demonstrated that using these stable genes for normalization
yielded consistent expression patterns for target genes AP3 and SEP2-2, whereas unstable references led to
significant misinterpretation. Thus, ERF3A and OLAT are proposed for use as reference genes in gRT-PCR when
investigating sex differentiation in the tung tree. This study lays a solid foundation for elucidating the molecular
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Introduction

Studying gene expression is essential for deciphering the
complex regulatory networks governing gene expression
in animals, plants, and microorganisms. It also facilitates
the discovery and functional prediction of novel genes.
Gene expression can be quantified by several established
techniques, such as quantitative real-time PCR (qRT-
PCR), northern blotting, and microarrays [1]. Among
these, qRT-PCR has become widely adopted because of
its high reproducibility, accuracy, and throughput [2].
However, reliable application of qRT-PCR requires strict
quality control. This includes assessment of RNA integ-
rity, primer validation, verification of cDNA quality and
initial concentration, as well as the choice of reference
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genes [3]. The selection of appropriate reference genes
is fundamental to reliable qRT-PCR, since it governs the
normalization and interpretation of gene expression data.

Reference genes, also termed housekeeping genes, are
stably expressed across tissues and organs under defined
conditions, with minimal influence from internal or
external factors. Among the most commonly employed
reference genes in plant research are elongation factor 1
alpha (EFla), actin (ACT), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), and a/B-tubulin (TUA/TUB)
[4—6]. Although traditionally assumed to show consis-
tent expression across diverse cell types and physiologi-
cal states, accumulating evidence indicates that these
genes are not universally stable and can exhibit consid-
erable plasticity in response to experimental variables.
Consequently, commonly used reference genes may dis-
play substantial variability in certain contexts, driving
the search for more stable alternatives [7]. For instance,
ubiquitin-conjugating enzyme 18 (UBC18) shows high
expression stability across various tissues of Brachy-
podium distachyon, yet its stability decreases under
auxin treatment or stress [8]. Similarly, ACT expression
remains relatively consistent throughout developmental
stages in Litchi chinensis, but becomes variable across
tissues under shading conditions [9]. These examples
highlight the absence of a single reference gene that per-
forms optimally under all experimental settings. Using
transcriptome databases from Camellia oleifera, Chang
et al. screened for stable reference genes for pollen tubes
[10]. When compared to traditional reference genes, the
newly identified candidates demonstrated superior sta-
bility, proving more suitable for data normalization in C.
oleifera pollen tubes. This underscores the critical need
for reference genes specific to species, tissues, and exper-
imental contexts of interest. In conclusion, the identifica-
tion and validation of suitable reference genes are critical
for accurate expression profiling. Proper normalization
using validated reference genes under controlled condi-
tions ensures reliable and reproducible results, thereby
advancing our understanding of gene regulatory net-
works in plant research.

The tung tree (Vernicia fordii) and mu oil tree (V.
montana) are two representative deciduous tree species
within the genus Vernicia (Euphorbiaceae), both culti-
vated as economically important woody oil crops [11].
Relative to V. montana kernels, those of V. fordii exhibit
a remarkably high oil content (up to 60%). This charac-
teristic makes it a valuable source of tung oil, which is
utilized in manufacturing a range of industrial products,
from paints and coatings to biodiesel [12-13]. Addition-
ally, its distinct flower morphology and vibrant colors
confer significant ornamental value to this species [14].
Recent studies of V. fordii have focused on two key areas:
(I)namely the biological characteristics and molecular
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mechanisms underlying female flower development, and
(2) the biosynthetic pathways of tung oil. For example,
Liu et al. performed transcriptomic analyses to elucidate
the regulatory mechanisms of female flower development
[15]. In a follow-up study, Liu et al. characterized a HAD
(haloacid dehalogenase) gene involved in determining
the specific fatty acid composition of V. fordii oil [16].
Furthermore, Zhang et al. conducted a genome-wide
analysis to uncover the genetic basis for the exception-
ally high seed oil content in this species [17]. However,
the productivity of V. fordii is often constrained by an
imbalance of female to male flowers, resulting in sub-
optimal fruit set. Therefore, a deeper understanding of
the mechanisms controlling sex differentiation is crucial
for enhancing yield [15]. As studies on sex differentia-
tion in V. fordii progress, gene expression analysis will be
increasingly important for deciphering the associated
regulatory networks. A major challenge in this endeavor
is the current lack of validated reference genes suited for
studying sex differentiation in V. fordii. The identification
and evaluation of such condition-specific reference genes
are thus essential for ensuring data integrity in gene
expression studies on this species.

To select candidate reference genes, we analyzed tran-
scriptomic data from V. fordii under three experimen-
tal conditions: (i) 6-BA-treated male flowers [18], (ii)
AgNO;-treated mixed male and female flower buds [18],
and (iii) male and female flowers under normal growth
conditions [15]. We selected 10 candidate reference
genes with high and stable expression (OLA1, PNRI2,
EFly, ARD2BL, ERF3A, CWCI15H, PAIP7, SKD1, PD2,
and P24f3), and subsequently analyzed their expres-
sion levels across 10 distinct tissue types of V. fordii via
qRT-PCR. Using five algorithms (Delta-Ct, BestKeeper,
geNorm, NormFinder, and RefFinder), we evaluated the
candidate genes for stability across floral and non-floral
organs and generated a comprehensive ranking by inte-
grating the results. We aimed to establish a set of robust
reference genes appropriate for studying sex differen-
tiation in V. fordii, thereby providing a reliable basis for
future research on gene regulatory mechanisms involved
in this biologically and economically important trait.

Materials and methods

Plant materials and treatments

All plant materials were obtained from 13-year-old
V. fordii ‘Putaotong’ trees grown at the National Tung
Tree Germplasm Conservation Repository in Yongshun
County, Hunan Province. Sampled tissues comprised
roots, stems, leaves, fruits, and female and male flow-
ers collected at 20 days before anthesis under standard
growth conditions. Also included were male flower buds
treated with either water or 640 mg/L 6-BA for 120 days,
as well as mixed male and female flower buds treated
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with water or AgNO; for 55 days (Table 1). For qRT-PCR
analysis, three individual 13-year-old V. fordii ‘Putaotong’
trees were sampled as biological replicates for each tis-
sue or treatment condition. Total RNA was extracted
separately from each tree and analyzed independently.
Following collection, samples were rinsed, snap-frozen in
liquid nitrogen, and stored at —80 °C until RNA extrac-
tion to ensure preservation of RNA integrity and suitabil-
ity for subsequent molecular analyses.

Establishment of the RNA-seq database

Transcriptome data were derived from three sources (see
Supplementary Table 1 for detailed sample and sequenc-
ing information): (1) 6-BA-treated male flowers of V.
fordii; (2) male and female flowers under normal growth
conditions; (3) AgNO;-treated mixed male and female
flower buds. The three datasets (accession numbers:
SRX3843588, SRS3089151, SRS3089154, SRS3089148,
SRS3089147, SRS3089150, and PRJNA1263041) were
downloaded from the Sequence Read Archive (SRA)
database of the National Center for Biotechnology
Information (NCBI) (https://www.ncbi.nlm.nih.gov/sr
a). The reference genome used was the V. fordii genome
assembly version 2.0 (accessible at NCBI, BioProject:
PRJNA503685, PRJNA445350, and PRJNA483508).
All data were subjected to quality control using Fastp
[19]. Raw reads were preprocessed by removing adapter
sequences and low-quality bases (Q < 20) using Trim-
momatic v0.39. Clean reads were aligned to the reference
genome using HISAT2 v2.2.1 with default parameters
[20]. Gene expression levels were quantified as frag-
ments per kilobase of transcript per million mapped
reads (FPKM) using StringTie v2.1.5 [21], which was also
employed for novel transcript prediction. This analytical

Table 1 Information of samples from 10 treatments

Sample type Samples names  Notes
Flowers female Normal growth of female flow-
ers 20 days before flowering
Male Normal growth of Male flowers
20 days before flowering
AgNO5-Mixed Mixed male and female flowers
after 55 d of AgNO; treatment
H,0O-Mixed Mixed male and female flowers
after 55 d of H,O treatment
6-BA-male Male flowers after 120 d of
6-BA treatment
H,O-male Male flowers after 120 d of H,O
treatment
Non-flowers Roots
Stems
Leaves
Fruits
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workflow enabled consistent and reproducible transcrip-
tome profiling for downstream analyses.

Selection of candidate reference genes and primer design
Based on transcriptomic data from normal and chemi-
cally treated floral tissues of V. fordii, we constructed
three independent datasets by selecting genes with stable
expression according to criteria adapted from a previ-
ous study [10]: the FPKM ratio between any two samples
within the same transcriptome ranged from 0.75 to 1.33,
and the gene was present in at least two transcriptomes
with an FPKM value greater than 50. To elucidate their
functional relevance, these stably expressed genes were
subjected to Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis. Gene function was further
annotated using the Swiss-Prot database. Through this
integrated approach, we identified 10 candidate reference
genes linked to sex differentiation in V. fordii (Table 2).
These candidates provide a valuable resource for future
studies aimed at characterizing gene function during sex
differentiation in this species.

Total RNA extraction and cDNA synthesis

Frozen V. fordii tissue samples (approximately 100 mg)
were ground to a powder in a liquid nitrogen-chilled
mortar. Total RNA was extracted with the RNA-
prep Pure Plant Plus Kit (TTANGEN, Beijing, China)
according to the manufacturer’s protocol. RNA integ-
rity, purity and concentration were evaluated. Integrity
was verified by 1% agarose gel electrophoresis, while
purity and concentration were assessed using a Nano-
drop ND2000 spectrophotometer (Thermo, Waltham,
USA) based on standard absorbance ratios (Ajso/Aszso
and A,eo/Aszs). For cDNA synthesis, 1 pg total RNA
was reverse-transcribed with the HiScript® II 1st
Strand ¢cDNA Synthesis Kit (Vazyme, Nanjing, China),
and the resulting cDNA was stored at - 80 °C.

qRT-PCR assay

qPCR was carried out with ChamQ Universal SYBR
qPCR Master Mix (Vazyme, Nanjing, China) on a
CEFX96™ Real-Time PCR Detection System (Bio-Rad,
Hercules, USA). The PCR protocol was set as follows:
95 °C for 3 min, followed by 39 cycles of 95 °C for 10 s
and 60 °C for 30 s. A melting curve analysis was then
run using a temperature gradient (65-90 °C, 5 s per
step) to verify amplification specificity. All reactions
were run in accordance with standard qPCR guidelines
to ensure reproducibility.

Evaluation and validation of reference gene stability
Following qRT-PCR amplification, candidate genes
were assessed for expression stability during sex
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Table 2 Primer sequences of ten candidate reference genes used for gRT-PCR
Gene name Gene ID (V. fordii Description Primer (5°-3") Product
genome) length (bp)
OLA1 VF10G1658 Obg-like ATPase 1 F: GTTATTGGTGCTGAGTTACGCC 167 bp
R: CCTAGGCGGACATCTTTTCCAT
PNR12 VF01G1092 26 S proteasome non-ATPase regulatory  F: AAGAAGAAGCCCAAGGAAGG 155 bp
subunit 12 homolog A R: ATGGCCTTGTAGCAACGAC
EF1y Vf03G0504 Elongation factor 1-gamma F: TGGGTGAAATCAAGCAGACTG 171 bp
R: TTGGTGCTTCTTCCTCTTCCTC
ARD2BL Vf00G1767 Ankyrin repeat domain-containing F: ACTGTGCTAGTGTTGGTGATGT 169 bp
protein 2B-like R: ACAAGGACTTGAGCACACTTC
ERF3A Vf08G0100 Eukaryotic peptide chain release factor F: GGTAAGTCTACAACTGGAGGCC 156 bp
GTP-binding subunit ERF3A R: ACCCTTAACCCTCTCCTCTTC
CWC15H Vf11G1193 Protein CWC15 homolog F: GAGGAGGATGACACAGAAGCTC 189 bp
R: GTCATCCCACCTCCTTTTCAC
PAIP7 Vf08G1399 Polyadenylate-binding protein-interact- ~ F: TTCTTCCATCCCGTCTAGAGGT 183 bp
ing protein 7 R: TAAATGCCTCTCCCATTCCCAC
SKD1 Vf02G0089 Suppressor of K(+) Transport Growth F: AGACGGAACTTCTTGTGCAGAT 155bp
Defect 1 R: CCGAGCCTTCAAATCTGGTAG
PD2 VfOOG1765 Programmed cell death protein 2 F: TTCATGTGCCCCTCAATGTCAT 154 bp
R: CTCCATCATGTCTAGGTGGCTC
P2433 VF11G1531 Transmembrane emp24 domain-contain- F: GGACGCATATCTTCTCTCTCCG 164 bp
ing protein p24beta3 R: GCAGGAGATGTCACAGTGAGAT
AP3 Vf05G0040 APETALA3 F: AGCCCTACAACAACGACAAAG 155 bp
R: CCCATCCTCTGCCTTATGTCTC
SEP2-2 Vf05G1262 SEPALLATA2-2 F: TTTGTAGCACCTCCAGCATGAT 178 bp

R: AAATCTTCCCCAAGGAGGTTCC

Gene symbols (e.g., OLAT, PNR12) are assigned based on sequence homology to their respective orthologs in Arabidopsis thaliana or other well-annotated species

differentiation in V. fordii using four algorithms: Delta-
CT [22], BestKeeper [23], geNorm [24], and Norm-
Finder [25]. To integrate the outcomes from these
methods, RefFinder [26, 27] was employed to compile
a composite ranking, identifying the most stable refer-
ence genes for sex differentiation studies in V. fordii.
Values represent the geometric mean of rankings from
Delta-CT, geNorm, NormFinder, and BestKeeper, as
calculated by RefFinder. Lower values indicate greater
expression stability. Shapiro-Wilk normality tests were
performed on the Ct values of each candidate gene
in the floral and non-floral samples, with a = 0.05
as the significance threshold for determining deviation
from normality. The analysis was carried out using
SPSS software (version 26.0, IBM Corp., Armonk,
NY, USA).

Using the identified reference genes for normaliza-
tion, expression of two focal genes, VfAP3 and VfSEP2-
2, was quantitatively analyzed across various stages of
sex differentiation in V. fordii. The three biological
replicates employed for qPCR validation were distinct
from the samples used for transcriptome sequencing
and reference gene stability evaluation. Quantifica-
tion of target gene expression was based on the 2742¢T
method, with each sample analyzed in triplicate to
ensure reproducibility and statistical robustness.

Results

Screening of candidate reference genes using V. fordii
transcriptome data

To identify reference genes specific to sex differentiation
in V. fordii, we assembled transcriptome data from three
floral samples sequenced by our research group and com-
puted their FPKM values. Gene selection was performed
using stringent criteria: the FPKM fold change between
any two sample groups was required to be between 0.75
and 1.33, and the genes needed to be present in least
two transcriptomes with an FPKM value greater than
50. After rigorous filtering to remove genes with unsta-
ble or low expression across the three transcriptomes,
we retained 95, 155, and 130 genes from the respective
datasets (Fig. 1a). KEGG enrichment analysis performed
on each gene set showed a high degree of overlap, with
most significantly enriched pathways shared among the
three groups. In particular, genes associated with five
key pathways (Proteasome, Endoplasmic Reticulum Pro-
tein Processing, Phagosome, Oxidative Phosphorylation,
and Fatty Acid Metabolism) were maintained across all
groups (Fig. 1b—d).

Through the selection of genes common to at least
two of the three sample groups, we identified a total of
47 candidate genes, including one gene (VF12102) that
was shared across all three groups (Fig. 1a). Hierarchical
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Fig. 1 Relationship and functional information of stable expression genes in male and female V. fordii flowers. a Venn diagram showing the relationships
among the three stable expression gene datasets. (b—d) KEGG pathway enrichment analysis of stably expressed genes in untreated male and female
floral tissues (b), AQNOs-treated and water-treated mixed male and female floral tissues (c), and 6-BA-treated and water-treated male flower samples (d)

clustering based on the expression of these 47 genes
identified a cluster of 11 genes exhibiting higher and
more stable expression. Following further assessment
of expression stability, VF18742 was excluded due to its
comparatively low stability, ultimately yielding 10 candi-
date genes for subsequent tissue-specific expression anal-
ysis in V. fordii (Fig. 2). These 10 genes were subsequently
confirmed as reliable reference genes in studies on sex
differentiation in V. fordii.

Expression profile of candidate reference genes

Primers for 10 candidate genes were designed (Table 2)
and employed in qRT-PCR with cDNA from ten different
V. fordii samples to accurately quantify their expression
levels. The specificity and reproducibility of amplifica-
tion were confirmed by single-peak melt profiles for each
gene and consistent results across replicates, indicating

no non-specific products or primer-dimers (Supplemen-
tary Fig. 1). These results support the suitability of the
primers for subsequent qRT-PCR assays.

Expression stability of the 10 candidate genes was
evaluated across non-floral tissues (roots, stems, leaves,
and fruits) and floral tissues (female flowers, male flow-
ers, AgNO;-treated mixed flower buds, water-treated
mixed flower buds, 6-BA-treated male flowers, and water-
treated male flowers) by analyzing cycle threshold (Ct)
values. Mean Ct values ranged from 23.33 to 25.55 in non-
floral samples, with coefficients of variation (CV) between
0.82% and 3.25%. In floral samples, mean Ct values ranged
from 23.14 to 24.96, with CVs between 1.19% and 3.32%
(Fig. 3). Together, these findings indicate the consistent
expression of the candidate reference genes across diverse
tissue types, supporting their suitability as reliable inter-
nal controls for transcriptional analyses in V. fordii.
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Fig. 2 Hierarchical clustering analysis of stable expression reference genes in male and female V. fordii flowers. In the figure, higher values represented by

different colors indicate higher expression levels
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Expression stability of candidate genes

The stability of expression for the 10 candidate reference
genes was evaluated across non-floral samples, floral
samples, and a combined dataset using multiple algo-
rithms: Delta-CT, BestKeeper, NormFinder, geNorm, and
RefFinder (Table 3; Fig. 4).

In non-floral samples, Delta-CT and NormFinder
identified CWC15H, OLA1, and SKDI as the most sta-
ble reference genes. These results were corroborated by
geNorm, which also highlighted ERF3A, CWCI15H, and
SKD1I as highly stable. In contrast, BestKeeper ranked
OLAI, PD2, and EFly as the most stable, revealing a
discrepancy with the other methods. Nevertheless, all
four tools consistently identified ARD2BL and PNRI2
as the least stable genes. To integrate these outcomes,
we employed RefFinder, a comprehensive platform syn-
thesizing results from all four algorithms. It ranked
CWCI15H and OLAI as the most stable, followed by
SKDI1, while ARD2BL and PNR12 were confirmed as the
least stable, providing a consolidated stability ranking for
non-floral tissues.

In floral samples, Delta-CT, NormFinder, and geNorm
identified ERF3A, OLAI, and EFly as the most stable
reference genes, whereas SKDI and PNRI2 showed
lower stability. BestKeeper, however, identified P24433,
CWCI5H, and OLAI as the most stable, and PAIP7 and
SKD1 as the least stable, again highlighting method-
ological discrepancies. The RefFinder-integrated ranking
resolved these variations, identifying ERF3A and OLAI
as the most stable, followed by EFIy, with SKDI1 and
PNRI2 as the least stable, thus offering a reliable consen-
sus for floral tissue studies.

In the combined dataset, Delta-CT and NormFinder
identified OLA1, ERF3A, and PD2 as the most stable
genes. Similarly, geNorm highlighted OLAI, ERF3A, and
CWCI5H, showing minimal divergence from the for-
mer methods. BestKeeper also aligned closely, ranking
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OLA1, CWCI15H, and PD2 as the most reliable. In con-
trast, Delta-CT, NormFinder, and geNorm consistently
indicated PAIP7 and PNRI2 as the least stable, while
BestKeeper identified EFI1y and PNRI2 as such, indicat-
ing only minor discrepancies. Collectively, these analy-
ses consistently identified OLAI and ERF3A as stably
expressed, whereas PNRI2 exhibited relatively unstable
expression across sample types. To assess whether the
Ct values of candidate reference genes met the normal-
ity assumption required by BestKeeper, we performed
Shapiro-Wilk tests on the Ct values of ten candidate ref-
erence genes across floral and non-floral sample subsets.
As shown in Supplementary Table 2, significant devia-
tions from normality (p<0.05) were observed for mul-
tiple genes in both sample types.

Correlation between RNA-seq and qRT-PCR data for gene
expression

We assessed the relationship between transcript abun-
dance, represented by FPKM values derived from
transcriptome data, and expression levels measured
via qRT-PCR Ct values for a set of ten candidate refer-
ence genes [28]. Transcript abundance, indicated by
Log,FPKM values (6-8), and expression levels, measured
by qRT-PCR Ct values (21-27), showed distinct ranges
that together indicate a broad distribution across samples
(Fig. 5). A statistically significant inverse correlation was
observed between Log,(FPKM) and Ct values (p < 0.01),
consistent with the theoretical expectation that higher
transcript abundance tends to require fewer amplification
cycles for detection. However, the coefficient of deter-
mination (R*=0.0035) was extremely low, indicating that
FPKM explains only a negligible fraction of the variance
in Ct values. Thus, while a simple linear model (Ct =
- 0.2075xlog,(FPKM) + 25.466) can be fitted, its predictive
power is very limited, and it should not be relied upon
for accurately estimating Ct values from transcriptomic

Table 3 The expression stability of candidate reference genes was determined and ranked by RefFinder

Rank Non-flower Flower Total

Gene Stability Gene Stability (RefFinder) Gene Stability (RefFinder)

(RefFinder)

1 CWC15H 141 ERF3A 141 OLA1 1.00
2 OLA1 245 OLA1 2.06 ERF3A 2.00
3 SKD1 322 EFly 322 CWC15H 3.31
4 ERF3A 3.98 P2433 3.34 PD2 341
5 PAIP7 447 PD2 4.23 P2433 447
6 EFly 4.79 CWC15H 492 ARD2BL 6.24
7 PD2 5.66 ARD2BL 648 SKD1 7.2
8 P2433 6.29 PAIP7 8.24 EF1y 797
9 ARD2BL 9.00 SKD1 9.24 PAIP7 845
10 PNR12 10.00 PNR12 9.46 PNR12 10.00

Values represent the geometric mean of rankings from Delta CT, geNorm, NormFinder, and BestKeeper, as calculated by RefFinder. Lower values indicate greater

expression stability
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data. This weak correlation likely reflects inherent techni-
cal differences between RNA-seq and qRT-PCR, as well
as gene-specific factors affecting amplification efficiency.
Therefore, the empirical formula is presented merely as
a descriptive observation rather than a practical pre-
dictive tool for reducing dependency on experimental
validation.

Validation of reference genes

Based on the RefFinder stability ranking (Table 3), we
selected ERF3A and OLA1, the most reliable reference
genes in floral samples, as well as SKDI1 and PNRI12,
which exhibited the lowest stability, to normalize the
expression of target genes (Fig. 6). Using AP3 and
SEP2-2, known regulators of floral sex differentiation,
as target genes, we compared their expression pat-
terns in HM (water-treated male flowers) and BM
(6-BA-treated male flowers). When ERF3A or OLAI
was employed as reference, the expression patterns of
AP3 and SEP2-2 were consistent across HM and BM
samples. Conversely, employing the unstable reference
genes SKDI and PNRI2 resulted in a marked under-
estimation of AP3 and SEP2-2 transcript levels in
both sample types. These results highlight the crucial
impact of reference gene selection on normalization
accuracy and demonstrate that the use of unstable ref-
erence genes can significantly distort the interpreta-
tion of gene expression data.

Discussion

The accuracy of qRT-PCR normalization relies on stable
reference genes, yet commonly used housekeeping genes
(e.g., ACT, GAPDH, EFla) often exhibit variable expres-
sion across different tissues, developmental stages, or
treatments [29-36], highlighting the need for condition-
specific validation [37]. Transcriptome-wide approaches
have proven effective for identifying stable reference
genes in various plant species [38—40]. Although V. fordii
has been extensively studied in genomics and floral devel-
opment [15, 17, 41], systematic evaluation of reference
genes, particularly across specialized tissues, remains
limited [42, 43]. In this study, we leveraged transcriptome
data from diverse floral samples to identify and validate
optimal reference genes for non-floral and floral tissues,
providing a reliable normalization basis for future gene
expression studies in this species.

The advancement of multi-omics research has led to a
substantial increase in transcriptomic data for V. fordii,
providing a valuable resource for systematically analyz-
ing gene expression under a range of tissue-specific and
treatment conditions. In this study, we leveraged tran-
scriptome datasets previously generated by our group,
which included normal female and male flowers [15],
6-BA-treated male flowers [18], and exogenous AgNO;-
treated mixed floral samples [18]. By applying stringent
screening criteria to these three floral transcriptome
datasets, we identified three distinct gene sets. KEGG
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enrichment analysis revealed that pathways such as the
Proteasome, Protein Processing in Endoplasmic Reticu-
lum, Phagosome, Oxidative Phosphorylation, and Fatty
Acid Metabolism were consistently enriched across all
datasets (Fig. 1b—d). These findings converge with those
reported in maize [44] and moso bamboo [45], suggest-
ing that these pathways potentially underpin key pro-
cesses in V. fordii, including the development of male and
female flowers, responses to external stimuli, and floral
morphogenesis. The persistent enrichment underscores
the importance of these pathways in the biological pro-
cesses and regulatory mechanisms that drive floral devel-
opment and differentiation in V. fordii.

Substantial discrepancies were observed in the iden-
tification of the most stable genes by BestKeeper com-
pared to the other three methods in non-floral and floral
samples. However, in total samples, BestKeeper results
aligned more closely with those from Delta-CT, Norm-
Finder, and geNorm. This divergence can be explained
by the fact that BestKeeper employs Pearson correla-
tion analysis, which assumes normal distribution and
homoscedasticity of the data [46]. In non-floral and

floral samples, the expression data of highly stable genes
exhibited uneven distribution and variance, leading to
divergent BestKeeper outcomes. In total samples, the
expression distribution of stable genes was more uni-
form, resulting in greater consensus across tools. For low
stability genes, which generally showed poor expression
characteristics, results from BestKeeper were largely con-
sistent with those from the other algorithms. This align-
ment can be attributed to the fact that both Delta-CT
and NormFinder are primarily based on the analysis of Ct
values [22, 25]. In non-floral and total samples, geNorm
produced similar but not identical rankings for the most
stable genes compared to Delta-CT and NormFinder,
while consistently identifying the same least stable genes.
The similarity in results arises because geNorm’s statisti-
cal output is derived from relative expression quantities
[24], which are themselves calculated from Ct values.
Consequently, its analytical results show consistency
with those of Delta-CT and NormFinder, both of which
directly utilize Ct values. The inconsistency between
BestKeeper and the other algorithms can be attributed
to their different statistical foundations. BestKeeper is a
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parametric tool assuming normal distribution of input
data. However, our Shapiro-Wilk test revealed significant
deviation from normality (p < 0.05) in several sample sets
(Supplementary Table S2), which likely biased the Best-
Keeper output. Conversely, geNorm and NormFinder,
which are based on rank correlations or linear mixed
models, are less sensitive to such distribution violations,
providing more reliable rankings for this dataset. More-
over, BestKeeper is highly sensitive to outliers because
Pearson correlation and SD can be easily distorted by
extreme values [46]. Delta-CT and NormFinder are com-
paratively robust, and NormFinder’s grouping structure
further helps reduce the influence of outliers [22, 24, 25].

To integrate the results from different algorithms, this
study employed RefFinder to comprehensively synthesize
the gene stability rankings from all four methods, thereby
providing a more robust stability evaluation. According
to RefFinder’s integrated assessment, CWCI5H exhibited
the highest stability in non-floral samples. CWC15 func-
tions as a spliceosome-associated protein that ensures
efficient mRNA splicing, a critical pre-translational step
for protein biosynthesis; it also positively regulates pri-
miRNA transcription [47]. Although CWCI5 is function-
ally important and evolutionarily conserved in plants, its
expression patterns differ markedly between female and
male gametophytes [48], which may be associated with
its high stability in non-floral tissues and relatively lower
stability in floral samples. In floral samples, ERF3A was
identified as the most stable gene. Previous studies have
shown that MIR159 and ERF3A interact to regulate the
development of floral organs such as anthers and carpels
[49]. This flower-specific functional relevance may con-
tribute to the high stability of ERF3A in floral tissues. In
the total sample set, OLA1 exhibited the highest stability
and remained consistently stabe across all sample types.
OLA1I is involved in regulating the signaling hub in plas-
tid nucleoids for DNA replication and ribosome biogen-
esis during chloroplast development [50, 51], which may
partially explain its relatively stable expression across
diverse tissues and developmental stages.

A negative correlation was observed between Log,FPKM
and Ct values in this study, with a very low R? (0.0035). This
can be attributed to three factors: (1) the narrow expres-
sion range resulting from the selection of stably expressed
genes (FPKM ratio 0.75-1.33); (2) inherent technical dis-
crepancies between RNA-seq and qRT-PCR platforms; and
(3) biological heterogeneity across different sample types.
Thus, the identification of suitable reference genes does not
depend on a predictive relationship between FPKM and Ct
values. Accordingly, while we caution against using this
weak correlation for cross-platform prediction, we do not
consider it evidence of fundamental data incomparability.

An assessment of reference gene stability was per-
formed by profiling the expression of two functional
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genes (AP3 and SEP2-2) across normalizations with each
of the four candidate genes. The results revealed that the
expression patterns of these target genes were highly
dependent on the choice of reference gene for normaliza-
tion. AP3 and SEP2-2 encode MADS-box transcription
factors that play central regulatory roles in floral organ
formation, particularly in promoting stamen develop-
ment [52, 53]. Application of 6-BA has been reported to
promote pistil development while suppressing stamen
development [54, 55]. Consistent with these findings,
our research shows that exogenous 6-BA inhibits sta-
men development and promotes pistil development in V.
fordii [18]. When ERF3A and OLA1 were employed for
normalization, both AP3 and SEP2-2 showed a decrease
in expression levels after 6-BA treatment of male flower
buds, aligning with our transcriptome data. In contrast,
normalization with SKDI or PNRI2 led to underestima-
tion of AP3 and SEP2-2 expression levels. These obser-
vations highlight the necessity of employing suitable
reference genes for the accurate quantification of gene
expression. Based on these results, ERF3A and OLAI are
recommended as the most reliable and specific reference
genes for studying sex differentiation in V. fordii, thereby
ensuring the validity and reproducibility of qRT-PCR
data in related research.

Conclusion

Based on transcriptome data and qRT-PCR validation,
this study systematically evaluated ten candidate refer-
ence genes for sex differentiation research in V. fordii.
The results clearly demonstrate that no single reference
gene is uniformly stable and applicable across all tissue
types. Instead, the most suitable reference gene depends
on the specific experimental samples. CWCI15H ranked
as the most stable gene in non-floral tissues (roots, stems,
leaves, and fruits), while ERF3A and OLA1 showed the
highest stability in floral tissues. For studies involving all
sample types, OLAI exhibited the best overall stability.
In contrast, PNRI12 was consistently ranked as the least
stable candidate. The critical importance of this selection
was validated by normalizing the expression of two target
genes (AP3 and SEP2-2) involved in floral development;
using unstable reference genes (SKDI, PNRI2) led to
significant underestimation and distortion of expression
patterns compared to using stable ones (ERF3A, OLAI).
In conclusion, this work provides the first set of vali-
dated, condition-specific reference genes for V. fordii. We
recommend using CWCI5H for non-floral organ studies,
and ERF3A or OLAI for research on floral tissues and sex
differentiation. This foundation is critical for obtaining
precise gene expression data via qRT-PCR in subsequent
studies elucidating the regulatory mechanisms of plant
sex differentiation.
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