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Simple Summary: Scientists often need to make gene expression analysis results accurate,
and a key part of this is choosing the right reference genes. In this research, the focus was
on the pest insect Bactrocera tau. Ten candidate reference genes were selected and analyzed
based on the transcriptome sequencing data of B. tau. To figure out which ones were the
best, three software methods, called Delta CT, NormFinder, and BestKeeper, were used
along with an online tool named RefFinder. We studied how these genes were expressed at
different life stages of B. tau and in various body parts. After careful analysis, the genes
were ranked according to their stability. The top two most stable genes were the ones
that code for α-tubulin and G6PDH. This discovery is important because it will help other
scientists conduct more accurate gene expression studies on B. tau. This, in turn, can aid
in better understanding and controlling this pest, which benefits society by potentially
reducing crop damage and economic losses related to the pest.

Abstract: The selection of appropriate reference genes is critical for standardizing quanti-
tative real-time reverse transcription polymerase chain reaction (RT-qPCR) data, thereby
ensuring accurate and reliable results of gene expression analysis. In this study, we identi-
fied 10 candidate reference genes (encoding α-tubulin, G6PDH, Rab1, RT, RPS13, β-tubulin,
DPH1, HSP90, GAPDH, and CP) and evaluated their suitability for use as reference genes
in the pest insect, Bactrocera tau. Analysis was conducted using three software-based
methods—Delta CT, NormFinder, and BestKeeper—alongside the online tool RefFinder.
Expression levels of these genes were analyzed across various B. tau developmental stages
and body parts. The overall ranking of reference gene stability scores was as follows:
α-tubulin > G6PDH > CP > β-tubulin > RT > HSP90 > GAPDH > DPH1 > RPS13 > Rab1.
Ultimately, α-tubulin and G6PDH were identified as the most stable reference genes for
B. tau.

Keywords: reference genes; RT-qPCR; Bactrocera tau; different stages; different body parts

1. Introduction
Bactrocera tau (Walker) is a globally significant agricultural pest insect, prevalent in

South and Southeast Asia, and particularly in southern regions of China [1,2]. B. tau is
characterized by a prolonged life cycle and has a capacity for multiple ovipositions. It
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exhibits a wide range of feeding habits that contribute to the decay of fruits and vegetables,
resulting in substantial economic losses [3]. Furthermore, B. tau is an invasive species
that poses a considerable threat to crops in numerous countries, including Pakistan, Japan,
Indonesia, and the United States [4]. Currently, chemical methods predominate among
methods used for population management of B. tau, and involve strategies including
male attraction via phenylbutanoids and Cue-lure (4-(4-acetoxyphenyl)-2-butanone) [5,6];
however, control of B. tau remains challenging because of the ability of females to lay eggs
multiple times after a single mating, coupled with their high population densities.

With the completion of chromosome assembly, Iso-Seq, and RNA-seq analyses of B.
tau [2,7], there has been a growing interest in elucidating the functions of genes in this
species. For example, Zhang et al. employed quantitative real-time reverse transcription
polymerase chain reaction (RT-qPCR) and RNA interference technologies to investigate the
role of the phenoloxidase (PO) gene in melanin biosynthesis during insect development
post-sequencing [8]. RT-qPCR is an indispensable tool in gene research, widely used
to characterize gene expression across different tissue and cell types, and during various
developmental processes [9,10]. Two primary quantification methods, absolute and relative,
are used to measure gene expression by RT-qPCR. Among them, the latter approach is
predominant [11]. Use of suitable reference genes in RT-qPCR data analysis is essential for
minimizing the impact of errors and enhancing the accuracy and reliability of experimental
results [12,13]. Moreover, in scenarios involving numerous samples or significant biological
variation, comprehensive assessment, using the geometric mean of multiple reference
genes, is necessary to ensure analytical precision [14,15].

Reference genes are defined as genes that demonstrate stable transcription across
various cells or physiological states [16]. During selection of reference genes, it is crucial
to ensure their expression remains stable under diverse conditions; however, empirical
analyses have revealed a general dearth of universally stable reference genes. Expression
levels can fluctuate due to variations in species, developmental stage, and cell type, among
other factors [4,17–21]. Furthermore, even genes frequently regarded as reference genes
may yield inconsistent results under varying experimental conditions [22].

Consequently, to guarantee the accuracy of experimental outcomes, it is imperative to
assess the expression stability of each candidate reference gene under defined experimental
conditions. Common reference genes, such as β-Actin and EF-α, have been selected to
evaluate the expression levels of prophenoloxidase-1 and PO throughout the B. tau life cycle,
as reported by Liu et al. [7]; however, no prior studies have documented the stability of β-
Actin and EF-α expression from larvae to pupae in B. tau, nor have there been investigations
using high-throughput sequencing methods to screen reference genes across different B.
tau developmental stages and body parts.

In this study, based on indicators such as the coefficient of variation in genes and the
Fragments Per Kilobase of exon per Million reads mapped (FPKM) values, and referring to
the commonly used and widely recognized types of reference genes in relevant research, we
screened a total of 10 candidate reference genes from the transcriptome sequencing data of
the testes and accessory glands of male B. tau (Zhai et al., unpublished); specifically, genes
encoding α-tubulin, G6PDH, Rab1, RT, RPS13, β-tubulin, DPH1, HSP90, GAPDH and CP
were analyzed. A series of RT-qPCR experiments were conducted to evaluate the stability of
these genes across various developmental stages and body parts. Candidate reference gene
stability was assessed using three computational methods—Delta (∆) Ct, BestKeeper, and
NormFinder—in conjunction with the online tool, RefFinder. The two most stable genes
are proposed as reliable reference genes for investigating gene expression across different
developmental stages and body parts of B. tau. The findings of this study provide valuable
data regarding reference genes for use in B. tau gene expression analysis and establish
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a theoretical foundation from which to explore gene functions. By employing validated
reference genes, researchers can enhance their understanding of differential gene expression
throughout various life cycle stages and body parts, facilitating improved insights into the
biological characteristics of B. tau and enabling more effective control measures.

2. Materials and Method
2.1. Biological Samples

B. tau larvae were collected from the Luohan orchard in Xinglong Village, Longjiang
Township, Yongfu County, Guilin City, Guangxi, and subsequently housed in the insect
rearing facility of the Plant Protection Institute, Guangxi Academy of Agricultural Sciences,
where they were raised on Siraitia grosvenorii. On maturation, larvae were individually
transferred into glass bottles containing sand for pupation. Following eclosion, adults were
relocated to rearing cages, measuring 35 cm in length, width, and height, and fed a diet
consisting of equal parts yeast powder and sucrose.

A total of 14 experimental samples were collected, including eggs, first to third instar
larvae, 1-day-old pupae, 7-day-old pupae, newly emerged males and females, and fully
mature (13-day-old) males and females, as well as adult head, thorax, male abdomen, and
female abdomen specimens, with 3 biological replicates for each sample. After collection,
samples were rinsed with pre-cooled 0.1% PBS, and body parts were dissected in 0.1% PBS
solution, followed by extensive washing in the same solution, before transfer to 1.5 mL
sterile centrifuge tubes. Samples were then rapidly frozen in liquid nitrogen and stored
at −80 ◦C. Experiments comprised three biological replicates, and sampling data for each
replicate are presented in Table 1.

Table 1. Bactrocera tau samples collected.

Samples Quantity

Development stages before eclosion

Eggs 15
1st instar larvae 15
2nd instar larvae 7
3rd instar larvae 3

1-day pupae 3
7-day pupae 3

Adults

Newly eclosed females 2
Newly eclosed males 2

13-day females 2
13-day males 2

Body parts

13-day adult heads 5
13-day adult thoraxes 3

13-day female abdomens 3
13-day male abdomens 3

2.2. Total RNA Extraction and cDNA Synthesis

Total RNA samples were extracted using Shanghai Bioengineering RNA Simple Iso-
lation Extraction Reagent. Extracted total RNA quality and concentration were assessed
using a micro-volume ultraviolet spectrophotometer (NanoDrop-2000c, Thermo Fisher
Scientific (Waltham, MA, USA)), with RNA purity confirmed by calculating the 260/280 nm
absorbance ratio, which should ideally be approximately 2.0. RNA integrity was evaluated
by denaturing agarose gel (1%) electrophoresis. Aliquots of qualified RNA samples (1 µg)
were used as template for first-strand cDNA synthesis with a TransScript® All-in-One First-
Strand cDNA Synthesis SuperMix for qPCR (One-Step gDNA Removal) reverse transcrip-
tion kit. All procedures were conducted in accordance with the manufacturer’s instructions.
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2.3. Primer Design and Sequence Accuracy Validation

Reference gene sequences corresponding to various biological processes were selected
from the B. tau transcriptome database, including genes encoding Rab1, RT, RPS13, β-
tubulin, DPH1, CP, HSP90, GAPDH, α-tubulin, and G6PDH. The sequences were amplified
by RT-PCR. The PCR products were sent to Shanghai Sangon Biotech Co., Ltd (Shanghai,
China). for sequencing to verify the accuracy of each candidate reference gene sequence.
The RT-PCR reaction conditions were as follows: an initial denaturation at 95 ◦C for 3 min,
followed by 35 cycles of denaturation at 95 ◦C for 30 s, annealing at 58 ◦C for 30 s, and
extension at 72 ◦C for 1 min, with a final extension at 72 ◦C for 10 min. Primers used for
RT-PCR and RT-qPCR during the study were designed using Primer 5.0 software.

2.4. RT-qPCR and Amplification Efficiency Testing

RT-qPCR assays were conducted in a total volume of 20 µL, comprising 10 µL 2×
ChamQ Universal SYBR qPCR Master Mix, 0.4 µL each of forward (F) and reverse (R)
primers (10 µM), 2 µL cDNA template, and 7.2 µL sterile double-distilled water. Reaction
conditions were implemented according to the instructions provided with the fluores-
cence quantitative PCR reagent. Following reaction completion, melting curve analysis
was performed to assess primer specificity based on melting curve peak profiles. cDNA
template samples were serially diluted by a factor of 2, yielding concentrations of 20, 2−1,
2−2, 2−3, 2−4, and 2−5 ng/µL, followed by qPCR. The resulting data were processed, and
logarithmic values obtained by setting the logarithm of the cDNA template concentration
(log) as the horizontal coordinate and cycle threshold (Ct) values as the vertical coordi-
nate. Data were subjected to regression analysis using SPSS 24 software, to determine the
linear equation, along with the correlation coefficient (R2) and slope variables. Amplifi-
cation efficiency (E) was subsequently calculated using the specific expression formula:
E = (10(−1/slope) − 1) × 100. Each reaction was performed in triplicate.

2.5. Verification of the Stability of Reference Genes

To verify the stability of reference genes, second-instar larvae of B. tau with uniform
growth status and size were selected. Larvae were placed in sterilized Petri dishes contain-
ing Siraitia grosvenorii and incubated at constant temperatures (0, 10, 20, 30, 40 ◦C) for 1 h in
a temperature-controlled incubator, with seven larvae per sample and three biological repli-
cates. Samples were immediately frozen in liquid nitrogen for subsequent analysis. The
most stable genes, which were screened through comprehensive software-based analysis,
were utilized as reference genes. The RT-qPCR method was consistent with that described
in Section 2.4.

2.6. Statistical Analysis

Candidate genes were amplified under optimal conditions using an RT-qPCR instru-
ment and average Ct values were calculated from three biological replicates. Ct values
obtained by RT-qPCR were subjected to variance analysis using SPSS 24 software. Data
were then analyzed using Delta(∆) Ct, NormFinder [23], and BestKeeper [14] methods to
evaluate the stability of the ten candidate reference genes under varying conditions. Ct
values were converted to relative expression levels using the 2−∆Ct method, where ∆Ct
represents the difference between the Ct values of all samples under identical conditions
and the smallest Ct value. The ∆Ct method is predicated on the principle that gene sta-
bility is inversely proportional to the standard deviation (SD) of ∆Ct values, with gene
expression stability ranked by comparison of the SD values of candidate gene ∆Ct values.
Subsequently, 2−∆Ct values were calculated for analysis using NormFinder, which assesses
the stability value (SV) of genes by comparing within- and between-sample variation, and
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ranking genes based on SV values, to evaluate gene stability; this software is distinguished
by its capacity to compute variations between samples and select the most suitable reference
gene. BestKeeper facilitates the comparison of expression levels across up to ten reference
genes and ten target genes, automatically calculating SD and p values from Ct value inputs,
to ascertain reference gene stability; a smaller SD indicated greater stability and if p > 0.05,
the result was deemed statistically insignificant. This software was used to analyze the
expression levels of target genes. The RefFinder online tool was applied for the synthesis
and comparison of results and the ultimate selection of the most stably expressed genes
under each condition as final reference genes. Charts were generated using OriginPro
2021b SR1 v9.8.5.204 x64.

3. Results
3.1. Selection of Candidate Reference Genes

The ten candidate reference genes were amplified by RT-PCR using the primers de-
tailed in Table 2. Sequencing results of the PCR products showed 100% consistency with
transcriptome sequencing data, confirming the accuracy of the selected gene sequences and
ensuring reliability of subsequent experimental results. The usability of designed qPCR
primers was validated through RT-qPCR. As shown in Figure 1, each candidate reference
gene produced a single peak in the melting curve analysis, demonstrating excellent speci-
ficity of the selected primers. Amplification efficiency (E) and regression coefficient (R2)
values were calculated based on the slopes of standard curves generated for each primer
pair. E-values ranged from 93.286% (DPH1) to 108.880% (α-tubulin), all falling within the
acceptable range of 80.0–120.0% (Table 3).

Table 2. Primers to amplify ten candidate reference genes for RT-PCR.

Gene Primers (5′–3′) Amplicon Length (bp)

RPS13
F: CTGTAAAGATGGGTCG

931R: CTGCCACAAATTAACAAC

G6PDH
F: TGCCACTTGTAAGACCC

1458R: ACACTTCGATTCCCATG

GAPDH
F: TAAGTAACCGGAGGCT

1636R: GAAGGTCGTATCTAATGC

α-tubulin
F: ACGCTGCCAACAACTAT

1074R: TTCATTTCGCCGTTTA

β-tubulin F: CGATTTCGCCGTTAC
1053R: GACTCTGTGCTCGATGTT

HSP90
F: TGGTACAAAGGCATTCA

1823R: AAGCATCCTCGGTGTC

CP
F: CTTCTATGCCTGGTATGAC

1124R: AATCCTCTTCCGTTGG

DPH1
F: TGCCAATGACGATGA

1021R: GCCAGTGCCTCCTAT

Rab1
F: TGCGTGGAAGTGAGA

1039R: TATTCAGCAGCAACCT

RT
F: GTGCGTAGGGTTTGGG

1428R: GCAGGTCGGAGAAGTGTT
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Figure 1. Melting curve analyses of ten candidate Bactrocera tau reference genes of for use in RT-
qPCR: (a) α-tubulin; (b) β-tubulin; (c) CP; (d) RT; (e) G6PDH; (f) GAPDH; (g) DPH1; (h) Rab1; (i) 
RPS13; (j) HSP90. 

Figure 1. Melting curve analyses of ten candidate Bactrocera tau reference genes of for use in RT-qPCR:
(a) α-tubulin; (b) β-tubulin; (c) CP; (d) RT; (e) G6PDH; (f) GAPDH; (g) DPH1; (h) Rab1; (i) RPS13;
(j) HSP90.
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Table 3. Primers for ten candidate reference genes used in RT-qPCR.

Gene Primers
(5′–3′)

Amplicon
Length

(bp)
Slope

Correlation
Coefficient

(R2)

Amplification
Efficiency (E)

(%)

α-tubulin
F: ACGCCTGCTGGGAATTGTACTG

90 −3.126 0.991 108.880R: AATCATCACCACCGCCGACAG

β-tubulin F: GTGGAATATCGCAAACGGCAGTC
120 −3.157 0.997 107.375R: GTGGTCGCATGTCAATGAAGGAAG

CP
F: TGAATGGCACCGCTGAGAAT

140 −3.035 0.991 113.545R: ACGCTTTTCACCGATCACCT

RT
F: AGGCTGACATCACCGCAATCC

123 −3.042 0.994 113.173R: CCACGAATCCCACACCGAATTTG

G6PDH
F: GCAAAGGTGGGCGTATTGGAATC

127 −3.245 0.987 103.314R: CAGCACTCACATTGGACGACATG

GAPDH
F: ATAACCTTGCCAACGGCCTTA

93 −3.151 0.998 107.659R: TCCCTCCGGCAAACTGT

DPH1
F: CGGCGGTCCAGGAGAACATG

102 −3.494 0.985 93.286R: CCAAACGGATCTGACGAACCAAAG

Rab1
F: TGACGATGGCTGCCGAGATAAAG

118 −3.195 0.994 105.581R: CAGCAACCTGATTTGGTGTTCTCC

RPS13
F: TTTGAAACCCGACATCCCAGAGG

141 −3.179 0.988 106.331R: GCCAAACGGTGGATTCTTGACTC

HSP90
F: TCTTGCGTTACCACACCTCAGC

121 −3.155 0.988 107.471R: ACTTGTTCCTTCGACTCACCAGTG

3.2. Variation in Expression of the Ten Reference Genes

The expression levels of the ten candidate reference genes were also analyzed by
RT-qPCR, with the resulting Ct values reflecting gene expression levels under various con-
ditions. Results showed that during the pre-eclosion developmental stages, α-tubulin and
β-tubulin exhibited smaller Ct-value variations and higher expression stability (Figure 2a).
In the adult stage, RT and DPH1 exhibited smaller Ct-value variations and higher expres-
sion stability, but DPH1 had larger Ct values, indicating lower gene-expression levels
(Figure 2b). In different body parts, α-tubulin, RT, and RPS13 exhibited smaller Ct-value
variations and higher expression stability (Figure 2c). The range of mean Ct values was
20.01 (GAPDH) to 25.02 (DPH1) across all samples, with α-tubulin and DPH1 exhibiting the
least variation in expression, while greater variability was observed in the levels of CP and
Rab1 (Figure 2d).
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date reference genes across different B. tau developmental stages and body parts, using 
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3d). Consequently, we recommend use of α-tubulin and G6PDH as the optimal combina-
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Figure 2. Range of all Ct values for ten candidate Bactrocera tau reference genes in different samples:
(a) development stages before eclosion; (b) adults; (c) body parts; (d) all samples.

3.3. Stability of Expression of the Ten Reference Genes in Various Samples

Candidate reference gene stability was assessed using the ∆Ct, BestKeeper, and
NormFinder methods, as well as the RefFinder online tool. Based on ∆Ct analysis, α-
tubulin, β-tubulin, and G6PDH were the most stable reference genes across various B. tau
developmental stages and body parts, with gene SD values all <15,000. In contrast, Rab1
emerged as the most unstable reference gene, with SD values as high as 51,769.88 (Figure 3a).
According to BestKeeper analysis, CP was the most stable reference gene (SV < 300), while
Rab1 remained the most unstable reference gene (Figure 3b). NormFinder analysis further
corroborated these findings, revealing that α-tubulin, β-tubulin, and G6PDH demonstrated
robust stability, with SV all <8000, while Rab1 continued to rank as the least stable reference
gene (Figure 3c). Comprehensive scoring of the stability of the ten candidate reference genes
across different B. tau developmental stages and body parts, using the RefFinder online
tool, yielded the following ranking from highest to lowest stability: α-tubulin> G6PDH >
CP > β-tubulin > RT > HSP90 > GAPDH > DPH1 > RPS13 > Rab1 (Figure 3d). Consequently,
we recommend use of α-tubulin and G6PDH as the optimal combination of reference genes
for quantifying target gene expression across various developmental stages and body parts
in B. tau.
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3.4. Empirical Verification of Reference Gene Stability

We selected α-tubulin and G6PDH, which exhibit high expression stability, and con-
ducted verification using second-instar larvae of B. tau treated at different temperatures
as samples. Under the treatment at 0–40 ◦C, the Ct values of the α-tubulin gene ranged
from 19.91 to 21.84 (Figure 4a), while those of the G6PDH gene ranged from 25.02 to 26.55
(Figure 4b). In different temperature treatment groups, the differences in the transcriptional
level expressions of α-tubulin and G6PDH were generally small, and all the difference
values were within 2. These results demonstrate that the gene expressions of α-tubulin and
G6PDH remain stable under environmental stress, qualifying them as suitable reference
genes for gene expression studies in B. tau.
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4. Discussion
Selection of appropriate reference genes is essential for the analysis of target gene

expression levels; however, reference genes may vary within the same species based on
environmental factors, developmental stage, and tissue type, and identifying universally
applicable reference genes remains a significant challenge [20,24–26]. In this study, we em-
ployed the ∆Ct, BestKeeper, and NormFinder methods, in conjunction with the RefFinder
online tool, to conduct a comprehensive analysis of the stability of ten candidate reference
genes across distinct developmental stages and various male and female adult body parts
of B. tau.

We first carried out a group-based study on the stability of reference genes at different
stages. The candidate reference genes with stable expression varied among different groups,
and it is speculated that this is related to the different life activities of B. tau at various
growth stages. Since the development stages before eclosion are periods when the insect
experiences drastic changes in morphology and physiological activities, accompanied by
frequent cellular activities, in order to ensure the smooth progress of the development
process, genes involved in the construction of the cytoskeleton, such as α-tubulin and
β-tubulin, are stably expressed. In the adult stage, RT and DPH1 exhibited high expression
stability. The physiological activities and functions of insects in the adult stage differ
significantly from those in the larval stage, such as reproduction, feeding, and flying. RT
and DPH1 may be involved in the physiological processes specific to adults, and their
stable expression is crucial for maintaining the normal operation of these physiological
functions. Among different body parts, α-tubulin, RT, and RPS13 showed high expression
stability. Different body parts have distinct tissue compositions and physiological functions.
It is likely that these three genes are involved in some basic cellular processes that are
widely present in various tissues, such as protein synthesis (RT, RPS13) and cytoskeleton
maintenance (α-tubulin). In the future, more detailed and in-depth research on the selection
of reference genes at different stages can be carried out according to specific needs. In
the subsequent part of this study, the reference genes throughout the entire life cycle and
in different tissues of B. tau will be mainly analyzed using the Delta CT, NormFinder,
BestKeeper, and RefFinder methods.

The results from ∆Ct, BestKeeper, and NormFinder were not entirely consistent. The
findings generated using the ∆Ct and NormFinder methods were very similar, with both
identifying α-tubulin, β-tubulin, and G6PDH as the top three most stable reference genes,
whereas BestKeeper ranked CP, RT, and G6PDH as the top three. These discrepancies arise
from the unique algorithms employed by each method. To address the limitations inherent
to any single method, the RefFinder online tool was applied to calculate the geometric
mean of the stability rankings obtained from the three analytical approaches, leading to a
comprehensive ranking. The top two genes identified were α-tubulin and G6PDH.

Both α-and β-tubulin exist in cells as dimers and serve as fundamental components
of microtubules [27], which are integral to intracellular transport, cell division, and cell
motility, among other essential functions [28]. G6PDH is a highly conserved enzyme with
a pivotal role in glucose homeostasis and the pentose phosphate pathway, which also
influences redox metabolism and significantly affects cell growth [29]. Given their critical
roles in cell activities, these genes are frequently used as reference genes in various species.
For example, T. Liu et al. (2021) identified α-tubulin as the most stable gene under cold
treatment and G6PDH as the most stable gene under heat treatment in Bactrocera dorsalis [30];
however, these genes are not universally suitable as reference genes across all species. Shen
et al. (2022) demonstrated that α-tubulin and G6PDH were not optimal reference genes
under three different experimental conditions (developmental stages, tissues/organs and
temperatures) in Phthorimaea operculella [22]. Similarly, Silveira et al. (2021) found that,



Insects 2025, 16, 445 11 of 14

among 25 candidate reference genes in Schistosoma mansoni, α-tubulin and G6PDH ranked
as the least stable [11]. Hence, the expression stability of the same genes can fluctuate
significantly according to species, tissue, and treatment, underscoring the importance of
exploring B. tau reference genes for use in research studies in various developmental stages
and body parts.

Ribosomal proteins are essential for ribosome assembly and protein translation and
participate in diverse physiological and pathological processes [31]. Lü et al. summarized
trends in reference gene selection for insect gene expression studies from 2008 to 2017 and
noted that ribosomal protein genes were the most commonly chosen reference genes in
insect gene expression research [32]. In this study, we found that RPS13 was unsuitable as
a reference gene in B. tau, due to its inadequate stability across the three analytical methods
used and low ranking on assessment using RefFinder, indicating that it is among the most
unstable genes in various B. tau developmental stages and body parts. Consistent with our
findings, Shen et al. (2023) found that RPS13 was not a suitable reference gene in Aphidoletes
aphidimyza [33].

Rab1 proteins are crucial regulators of intracellular membrane transport, involved in
the formation and transport of secretory proteins [34,35], which also has a role in mitosis
and meiosis in Drosophila melanogaster [36]. In this study, Rab1 consistently ranked lowest
across all three analytical methods and received the lowest comprehensive score, indicating
it is the most unstable gene across different B. tau developmental stages and body parts.
RT-qPCR data revealed that Rab1 gene expression was highest during the larval to pupal
transition and lowest at the end of pupation, exhibiting significant fluctuations at other
stages and in various body parts. We hypothesize that Rab1 is highly expressed during
the larval to pupal stages, when B. tau undergoes considerable morphological changes
and active cell division occurs. At the conclusion of pupation, when metabolic activity
is minimal and extensive cell proliferation is unnecessary, Rab1 expression diminishes.
Consequently, this gene is unsuitable as a reference for use in B. tau gene expression studies.
Similarly, during the process of screening reference genes for Varroa mites, Lee J also found
that Rab1 showed the least stable expression patterns both after acaricide treatments and
across different tissues [37].

This study shows that α-tubulin and G6PDH are the most stable reference genes for
B. tau under non-environmental stress conditions. However, there are certain limitations in
their application. In order to verify the stability of α-tubulin and G6PDH under environ-
mental stress conditions, we conducted qRT-PCR using the second-instar larvae of B. tau
treated with different temperatures. All the difference values were within 2, which indi-
cates that α-tubulin and G6PDH can also serve as reliable reference genes for B. tau under
stress induction [38]. Ponton F et al. found in their study of reference genes in Drosophila
melanogaster under conditions such as injury, heat stress, or feeding with different diets that
EF1, Actin, Rpl32, and Tubulin are the reference genes with the most stable expression in
Drosophila melanogaster [24]. The study by Lü et al. showed that G6PDH and RpL32 are the
reference genes with the most stable expression in Bactrocera (Tetradacus) minax at different
developmental stages and under conditions of temperature stress and γ-ray radiation
stress [39]. Tubulin and G6PDH can be used as reference genes for Drosophila melanogaster
and Bactrocera (Tetradacus) minax under different stress inductions, respectively. These
results suggest that α-tubulin and G6PDH may have a certain degree of universality in the
screening of reference genes for pests of the Tephritidae family, and can be regarded as one
of the reliable reference gene choices for gene expression studies in this group of pests.

Although RefFinder integrates multiple methods and enhances the reliability of the
evaluation of the stability of reference genes, this method still has certain limitations. The
weight assignment of different algorithms can affect the results. For example, ∆Ct is based
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on relative expression levels, while NormFinder is based on variance, and these differences
may lead to deviations in the final screening results. In addition, RefFinder relies on the
individual analysis results of each method and cannot completely eliminate the influence
of the inherent limitations of each method on the final results. To overcome the above-
mentioned issues and improve the accuracy and reliability of the research, future studies
may consider combining the absolute quantitative digital PCR technology to validate the
screened reference genes. Digital PCR can achieve nucleic acid quantification at the single-
molecule level, and compared with traditional PCR technology, it has higher sensitivity
and accuracy. By using digital PCR to absolutely quantify the expression levels of reference
genes in different samples, their stability can be evaluated more accurately, which can make
up for the deficiencies of RefFinder in terms of algorithms and technology, thus providing
a more reliable basis for the screening of reference genes in B. tau.

In conclusion, our findings indicate that α-tubulin and G6PDH represent the most
stably expressed genes across different B. tau developmental stages and body parts, sug-
gesting their suitability as reference genes for quantifying target gene expression. This
is the first study to analyze and select candidate reference genes based on exploration
of B. tau transcriptome sequencing data from various developmental stages and body
parts. Our results provide a foundation for molecular research on B. tau. By using the two
selected internal reference genes, it is possible to explore the expression levels of genes
related to male seminal proteins during the mating process of B. tau, or genes related
to immunity in response to chemical and biological pesticide applications. Additionally,
through RNA interference technology, highly expressed genes can be silenced to control
the B. tau population and increase its mortality rate. However, this study has certain
limitations. The applicability of α-tubulin and G6PDH as reference genes in B. tau under
different temperature stress conditions, distinct developmental stages, and diverse host
plant feeding conditions, as well as other physiological states or experimental conditions,
warrants further investigation. Moreover, this study can facilitate the selection of internal
reference genes under these conditions. In future research, additional candidate reference
genes can be identified based on this study.
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RPS13 40s ribosomal protein s13
β-tubulin Beta-tubulin 1 chain
DPH1 DnaJ protein homolog 1
HSP90 HSP90A
GAPDH Glyceraldehyde-3-phosphate dehydrogenase 2
CP Cysteine proteinase
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