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Rapid visual detection assay

for Bactrocera dorsalis (Hendel)
using recombinase polymerase
amplification and CRISPR/Cas12b
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The oriental fruit fly Bactrocera dorsalis (Hendel) is considered as a quarantine pest in many countries
and regions. Challenges remain in distinguishing this species with morphological similarities,
especially in relevant development stages. In recent years, CRISPR/Cas12b genetic diagnostics has
seen rapid advancements and offers an efficient tool for the identification of pathogens, viruses, and
other genetic targets. Here we developed a new and rapid visual detection assay of B. dorsalis using
recombinase polymerase amplification (RPA) and the CRISPR/Cas12b system. The system can detect
different developmental stages of B. dorsalis within 30-35 min at 43 C and the results are easily
observed by the naked eye based on the color change in the tube during the reaction. The specificity
and high sensitivity of this method was demonstrated, allowing for detection from 3.2 pg L~ of DNA.
With crude DNA, this diagnostic system successfully identified B. dorsalis by holding the reaction tubes
in the hand. Our study demonstrates that RPA-CRISPR/Cas12b visualization system is effective to
detect B. dorsalis rapidly and accurately. This approach can be applied for monitoring and identification
of other pests in border and relevant locations, preventing biological invasions and ensuring pest
control.
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The oriental fruit fly Bactrocera dorsalis (Hendel), originally from tropical and subtropical regions of Asia, is
considered as a quarantine pest in many countries and regions due to its potential to cause significant harm in
fresh fruits'. At present, B. dorsalis is gradually spreading and has been found in 124 regions across 75 countries in
Asia, Africa, and North America?. However, challenges remain in distinguishing this species with morphological
similarities, especially in relevant development stages. As a result, further research and development is required
to obtain highly effective and precise molecular identification techniques of B. dorsalis.

Bactrocera is a type of fruit fly belonging to the family Tephritidae, subfamily Dacinae, and tribe Dacini.
This genus is considered a quarantine pest in China because of its varied feeding habits, high tolerance, strong
fertility, and quick adaptation to new environments. These traits enable the fly to settle and cause significant
damage to the local agricultural economy>*. Bactrocera dorsalis, known as the oriental fruit fly, has spread to
several countries including India, the Philippines, Thailand, the United States, and Australia. The population
of B. dorsalis is increasing in South China, and its range is expanding toward the north®. Therefore, rapid and
effective detection techniques are needed for use at quarantine ports to prevent and control the spread of B.
dorsalis.

When fruits are imported into China, they are inspected on site. Although fly samples are often found during
inspections, they can be difficult to identify because the larval and pupal stages are difficult to distinguish
visually. To accurately identify flies in these stages, they must be raised in a laboratory until they become adults.
Even then, it can be challenging to differentiate between sympatric species with similar adult forms. Molecular
identification techniques have evolved rapidly, resulting in improved detection accuracy and efficiency®. Various
DNA-based detection and identification methods are available, including traditional polymerase chain reaction

(PCR) assay’, reverse transcription-PCR (RT-PCR)?, loop-mediated isothermal amplification (LAMP) assay®-!!,
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and recombinase polymerase amplification (RPA). PCR is highly sensitive but difficult to operate and requires
large equipment, making it unsuitable for on-site detection'?. While the LAMP method is easier to operate than
PCR, the primer design can be more complex”, and the reaction temperature is higher”. Therefore, further
research and development is required to obtain highly effective and precise molecular identification techniques.

The CRISPR/Cas system has gained attention as a diagnostic tool due to its gene-targeting capabilities.
Combining this system with isothermal amplification offers three advantages: increased number of target
sequences, improved assay sensitivity, and reduced assay run time and complexity'>!°. The low by-product
production in CRISPR systems during identification also results in improved specificity!”. Moreover, the simple
reading device makes this technique user friendly and appropriate for point-of-care testing (POCT)*.

RPA detection has gained popularity as an isothermal amplification technique. This method offers advantages
including simple operation, fast amplification, and a mild reaction temperature (37-42 °C)'°, making it highly
suitable for on-site detection. Based on advances in sample treatment, amplification, and result detection systems,
RPA has become increasingly prevalent in molecular diagnosis for insects?’, bacteria®!, fungi??, parasites?’, and
viruses*! including SARS-CoV-2%. The CRISPR/Cas system is made up of two core components: the enzyme
Cas and guide RNA (gRNA). This system can cut target DNA or RNA based on the sequence of the gRNA,
making it attractive for genetic engineering. Some Cas proteins such as Cas12 and Cas13 exhibit trans-cleavage
activity in addition to targeted binding and cleavage. The CRISPR/Cas system performs numerous functions,
including cutting the surrounding single-strand DNA or RNA on Cas-gRNA complexes®. The specific binding
of CRISPR/Cas system allows it to play a role in phytosanitary, animal quarantine and sanitary quarantine.
Casl2b is a dual RNA-guided nuclease that recognizes simple PAM sequences (5-TTN-3’) and contains a
single RuvC structural domain?”%%, Cas12b requires two types of RNA molecules, crRNA and tracrRNA, which
provides Cas12b with a wider range of genomic targets while minimizing the risk of off-target effects?®. Due to
its precision and low risk of error, Cas12b is considered a safe option for therapeutic and clinical applications.
Casl2b is commonly used for genome editing in plants® and mammals®!. Cas12b has also been combined with
LAMP assay to construct detection systems (e.g., HOLMESv232, TB-QUICK*, and STOPCovid** and detect
human infectious diseases®>3®. In addition, Cas12b was combined with reverse transcription-recombinase
aided amplification (RT-RAA) to construct the CDetection.v2 detection system for SARS-CoV-2 detection®’.
However, Cas12b has not yet been used for insect detection.

The aim of this study was to create a rapid and accurate method for identifying B. dorsalis through nucleic
acid detection. This was accomplished by designing and testing B. dorsalis-specific RPA primers along with
gRNA. A reaction system based on RPA-CRISPR/Cas12b was then established. Reagents were used to obtain a
visible color change during the reaction, and the specificity and sensitivity of the system were explored through
cross-reactions with sympatric species of B. dorsalis as well as genome gradient dilution. The system was
designed to meet the needs of rapid on-site identification while protecting the domestic agricultural economy
and facilitating international trade.

Methods

Samples collection

Fruit fly specimens of six fruit fly species were collected from Vietnam and China (Guangdong province,
Guangxi Zhuang Autonomous Region, Yunnan province, Zhejiang province, Hainan province), including 7
geographical strains of B. dorsalis, 2 geographical strains of Zeugodacus scutellata and one geographical strain
each of Bactrocera correcta, Zeugodacus cucurbitae, Zeugodacus tau and Bactrocera rubiginus (Table S1). All
these fly samples were used in specificity test of detection for B. dorsalis based on RPA-CRISPR/Cas12b.

In order to ensure the reliability of RPA/CRISPR visual detection, four insect stages (eggs, larvae, pupae,
and adults) were used in effectiveness test of detection for B. dorsalis. The samples in this study were provided
by Chinese Academy of Inspection and Quarantine. B. dorsalis was collected from Guangzhou, Guangdong
Province and reared for 18 generations in the laboratory (Table S2). The rearing conditions were as follows: a
light-dark period of 14 h light and 10 h dark; temperature =25°C +2°C; and relative humidity = 60-70%.

DNA extraction

Silica spin column-based DNA extraction

The DNA of the experimental fruit flies was extracted using Magen D3129 HiPure Insect DNA Kits (Guangzhou
Magen Biotechnology Co., Ltd.), thereby obtaining high-purity DNA. The larval fly samples were lysed and
digested with Buffer ITL and protease, releasing DNA into the lysate. After adding Buffer IL and ethanol and
transferring the mixture to a filtration column, the DNA was adsorbed onto the membrane of the column; the
unadsorbed proteins were removed by filtration. The column was washed with Buffer GW1 to remove proteins
and other impurities followed by washing with Buffer GW2 to remove salts. Finally, the DNA was eluted using
a low-salt buffer (10 mM Tris, pH 8.5) to obtain the sample genes. The entire process took between 40 min and
1 h for a single sample.

Rapid on-site DNA extraction

Furthermore, DNA rapid extraction kits (Beijing Synsortech Co., Ltd.) and JXMF-06 grinder (Shanghai Jingxin
Industrial Development Co., Ltd.) were used for samples’ on-site DNA extraction, thereby obtaining crude
DNA. The samples were ground in a lysis solution, rinsed in a washing solution, and transferred to an elution
solution to obtain the sample genes. The total time for a single sample was 50-200 s.

RPA primer and gRNA design
The mitochondrial sequence DQ116269 of B. dorsalis was obtained from NCBI (https://www.ncbi.nlm.nih.go
v/). Specificity was determined by comparison using the BLAST available from NCBI (https://blast.ncbi.nlm.n
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ih.gov/Blast.cgi). The gRNA sequences were designed using localized CRISPOR tool*, and RPA primers were
designed using Oligo_v7.65%°(Figure S1). The optimal length of Cas12b-recognized target DNA is 23 bp, with
the TTN PAM sequence positioned upstream. The RPA primers were selected based on the DNA sequences
recognized by the gRNA. The amplified DNA sequences were approximately 100-200 bp in length and required
primers of approximately 30 nt (Fig. S2). They were designed with a GC content of 40-60%, and avoid secondary
structures as much as possible. Five gRNAs, two RPA-Fs, and three RPA-Rs were screened based on their scores
from highest to lowest.

We selected specific mitochondrial COI gene sequences of 10 B. dorsalis sympatric species (Z. cucurbitae,
Trypeta fujianica, Bactrocera proprediaphom, Ceratitis rubivora, Ceratitis rosa, B. correcta, Ceratitis capitata,
Bactrocera incisa, Bactrocera ruiliensis, and Z. tau) from NCBI (Table S3) for preliminary determination of RPA
primer and sgRNA.

Recombinant plasmids containing the mitochondrial COI gene from 10 sympatric species were obtained
from Beijing Tsingke Biotech Co., Ltd. The gRNAs and RPA primers were ordered from GeneScript and Sangon
Biotech, respectively. The specificities of the gRNA and RPA primers were evaluated by qPCR fluorescence
quantification experiments, and the most effective gRNA and RPA primers were selected.

RPA/CRISPR reaction

The RPA/CRISPR reaction system uses a two-step process (Fig. 1). First, the extracted sample DNA is added to
the RPA system to rapidly amplify the DNA. Second, the CRISPR system is added to the amplified system to
observe the reaction, with positive samples becoming green. For negative controls, ddH,O is added to both the
RPA and CRISPR reaction systems, resulting in a pink reaction color.

The RPA system utilizes a DNA/RNA constant-temperature rapid amplification kit (Beijing Synsortech
Co., Ltd.). The RPA system was operated with the following components: 12 pL amplification buffer; 1 uL Mg
(CH,COO),; 2 uL upstream and downstream primers (10 uM); and 1.6 uL nucleic acid template. The reaction
was performed using a slan-96P qPCR instrument (Shanghai Hongshi Medical Technology Co., Ltd.) at 43°C for
20 min. The CRISPR reaction system used an AaCas12b protein kit (Beijing Synsortech Co., Ltd.). The volume
of each CRISPR system was 10 L, and the specific components were as follows: 1 uL AaCas12b (50 ng uL™');
0.5 pL sgRNA (250 ng pL™1); 0.33 uL. FAM-BHQI1 (100 pM); 1 pL 10x AaCas12b Buffer; and 7.17 pL ddH,0.
The reaction was performed in a slan-96P qPCR instrument (Shanghai Hongshi Medical Technology Co., Ltd.)
at 43 °C for 30 min.

Optimization of the RPA/CRISPR visual detection for Oriental fruit fly

Based on the original RPA/CRISPR reaction system, an optimization was performed to visualize the detection in
the test tube. The components of the RPA reaction system remained unchanged, while the probe concentration
in the CRISPR system increased. In this experiment, the high-purity DNA extracted from the larva of B. dorsalis
was used to conduct three replicate experiments (Table S4). The final system consisted of 1 uL AaCas12b (50
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Fig. 1. RPA-CRISPR/Cas12b visual detection protocol of B. dorsalis: (1) extraction of DNA from fly samples
(four stages); (2) RPA reaction of extracted DNA; (3) CRISPR reaction of ssDNA reporter and RPA products in
the Cas12b-gRNA complex; and (4) naked eye observation of color changes in the tubes.
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ng uL~Y), 0.5 uL sgRNA (250 ng pL~1), 1.65 pL. FAM-BHQI1 (100 pM), 1 pL 10x AaCas12b buffer, and 5.85 pL
ddH., 0.
2
To decrease the overall reaction time, we optimized the RPA and CRISPR reactions and conducted control
experiments. The RPA reaction was optimized for 10, 15, and 20 min, while the CRISPR reaction was optimized
for 15, 20, 25, and 30 min.

Specificity and sensitivity of visual detection test for Oriental fruit fly

To evaluate the specificity of the RPA-CRISPR/Cas12b system, we selected five sympatric species of flies (Table
S4) for cross-reactivity (Z. cucurbitae, B. correcta, Z. tau, Z. scutellata, and B. rubiginus), the four insect stages
from three species (Z. cucurbitae, Z. tau, and B. correcta) and ten types of recombinant plasmids with COI gene
inserts from sympatric species (Z. cucurbitae, T. fujianica, B. proprediaphora, C. rubivora, C. rosa, B. correcta, C.
capitata, B. incisa, B. ruiliensis, and Z. tau). For each species of flies, three specimens were selected to conduct
the replicate experiments.

To evaluate the sensitivity of the RPA-CRISPR/Cas12b system, we diluted a 10 ng uL~! B. dorsalis genome
with ddH,O in a 1:5 ratio gradient to determine the lowest detectable concentration of B. dorsalis (Table $4). In
this experiment, the high-purity DNA extracted from the larva of B. dorsalis was used to conduct six replicate
experiments.

Effectiveness test of visual detection for fruit fly in different stages

In this experiment, we validated the ability of the system to detect different geographical strains and different
developmental stages of flies using crude DNA (Table S4). The development process of flies includes four insect
stages: egg, larva, pupa, and adult. Three samples were selected for each geographical strain and each insect stage
to conduct replicate experiments.

Results

Preliminary determination of RPA primers and gRNA

The gRNA sequences were designed using the localized CRISPOR tool, while the RPA primers were designed
using Oligo 7 software. Through qPCR fluorescence quantification experiments, five gRNAs, two RPA-Fs and
three RPA-Rs (Table S5) that were screened by software. They were used to further screen for the most efficient
gRNA and primers, and then specificity tests were carried out on them. As shown in Fig. 2, gRNA3 was the
most effective gRNA (Fig. 2a), and the F1R1 combination was the most effective primers (Fig. 2b). The screened
gRNA and RPA primers successfully detected B. dorsalis, which produced fluorescent signals, whereas the other
sympatric species did not. Moreover, the specificity of the gRNA and RPA primers was confirmed (Fig. 2c). The
final sequences are shown in Table 1.

Optimization of the RPA-CRISPR/Cas12b visual detection system

The concentration of the probe in the CRISPR system was optimized to enable observation of the reaction results
with the naked eye (Fig. 3a). The CRISPR system volume was kept constant at 10 uL, while the volume of the
probe at a concentration of 100 uM was gradually increased to 0.66 uL, 0.99 pL, 1.32 L, and finally 1.65 uL.
The green color of the system deepened as the probe concentration increased. The most significant green color
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Fig. 2. Validation process for gRNA and RPA primers. (a) Fluorescence quantification results for gRNA
screening. (b) Fluorescence quantification results for RPA primer screening. (c) Specificity results for gRNA
and RPA primers.
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Primer name Sequence (5°-3%)
RPA-F TAACAGCTTTATTACTTTTATTATCATTAC
RPA-R TCCTCCTCCGGCAGGGTCAAAAAAGGAAGT

GUCUAAAGGACAGAUUUUCAACGGGUGUG
CCAAUGGCCACUUUCCAGGUGGCAAAGCC
CGUUGAACUUCAAGCGAAGUGGCACCUAA
CAGACCGAAACUUAAA

ssDNA reporter | FAM-TTTTTTT-BHQI1

gRNA

Table 1. Detailed primer sequences for RPA, gRNA, and SsDNA reporter.
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Fig. 3. Optimization and validation of ssDNA reporter volume for visual detection: (a) A, B, and C are three
groups of replicate experiments. 1, 0.66 pL; 2, 0.99 uL; 3, 1.32 uL; 4, 1.65 pL; and 5, negative control. (b)
Fluorescence quantification results for different reporter volumes.

was observed at a probe concentration of 1.65 uL. The negative control appeared pink in color. Fluorescence
quantification results showed that the fluorescence value of the system at a reporter volume of 1.65 uL was 2.9
times greater than that of 1.32 pL, exhibiting a statistically significant difference (p <0.001) (Fig. 3b). Based on
the results, subsequent experiments were carried out using a probe concentration of 1.65 pL.

To reduce the overall reaction time, we optimized the RPA and CRISPR reactions by conducting three sets of
replicate experiments (Fig. 4). By comparing the results of the RPA reaction at 10, 15, and 20 min while keeping
the CRISPR reaction unchanged at 30 min (Fig. 4a), we found that the reaction system became green at 10 min,
and the color did not deepen with further increasing RPA reaction time. However, the negative control remained
pink. Therefore, an RPA reaction time of 10 min was used for subsequent RPA experiments.

While maintaining the RPA reaction time of 10 min, we conducted three replicate experiments with different
CRISPR reaction times of 15, 20, 25, and 30 min (Fig. 4b). We observed a slight color change in the tubes at
15 min, although it was not very noticeable. At 20 min, the green color of the system was pronounced. The
negative control remained pink. The color change became increasingly apparent as time progressed. To ensure
a short reaction time along with a distinct color change, we selected the CRISPR reaction time of 20 min for
subsequent experiments.

Sensitivity test of the RPA-CRISPR/Cas12b detection system

To test the sensitivity of the system, we diluted 10 ng pL™" of the genome of B. dorsalis flies with ddH,O in a
1:5 gradient with concentrations ranging from 10 ng pL."! to 0.64 pg pL~! (Fig. 5a). The colors of the systems at
concentrations of 10 ng uL™!, 2 ng pL~!, 0.4 ng pL~}, 0.08 ng pL=?, 0.016 ng uL~!, and 3.2 pg pL~! were green.
In six replicates of the system with a concentration of 0.64 pg uL™?, only D7 was green, the other five were light
pink. The results indicate that the lowest detectable concentration in the system was 3.2 pg uL~!. Fluorescence
quantification results showed that The fluorescence value of 3.2 pg pL~! was found to be significantly different
from that of the NTC (p < 0.001), while the fluorescence value of 0.64 pg puL™! was not found to be significantly
different from that of the NTC, which was consistent with the results of those in vitro visualizations (Fig. 5b).
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Fig. 4. Optimization of the RPA and CRISPR reaction times for visual detection. (a) Optimization of the
RPA reaction time at a CRISPR reaction time of 30 min: 1-3, 10 min; 5-7, 15 min; 9-11, 20 min; and 4, 8, and
12, negative controls. (b) Optimization of the CRISPR reaction time at an RPA reaction time of 10 min: 1-3,
15 min; 5-7, 20 min; 9-11, 25 min; 13-15, 30 min; and 4, 8, 12, and 16, negative controls.
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Fig. 5. Sensitivity evaluation of the RPA-CRISPR/Cas12b visual detection system: (a) A, B, C, D, E and F are
six groups of replicate experiments. 1, 10 ng uL~% 2, 2 ng puL=%; 3, 0.4 ng uL"%; 4, 0.08 ng uL=% 5, 0.016 ng uL~
6,3.2 pg uL™%; 7, 0.64 pg uL~1; and 8, negative controls. (b) Fluorescence quantification results for different
gene concentration.

Specificity test of visual detection for Oriental fruit fly

The RPA-CRISPR system was used to detect adult B. dorsalis samples collected from various geographic
regions. As shown in Fig. 6a, all B. dorsalis systems appeared green in color, while the negative control was pink.
Fluorescence quantification results were consistent with those of in vitro visualizations (Fig. 6b). The results
demonstrate that geographical differences did not affect the accuracy of B. dorsalis detection.

Scientific Reports|  (2025) 15:17328 | https://doi.org/10.1038/s41598-025-02441-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

a b
1 2 3 4 5 6 7 8 20000+
15000~ .
L 10000 !
<
5000
0 T I T
P OO O P QOO
NI A S &7
rb(\g.e’b o B\(\Q ,b(\q (\)2‘ K\, &
('9\) S 4 & X L
S P P N
§ A

Fig. 6. Cas12b detection of B. dorsalis in samples obtained from various geographic regions: (a) A, B, and

C are three groups of replicate experiments.1, Guangzhou, Guangdong; 2, Nanning, Guangxi; 3, Dongxing,
Guangxi; 4, Jinghong, Yunnan; 5, Hangzhou, Zhejiang; 6, Haikou, Hainan; 7, Vietnam; and 8, negative controls.
(b) Fluorescence quantification results for different geographic regions.

To evaluate the specificity of this system, we detected fly samples of five sympatric species of B. dorsalis
and recombinant plasmids with COI gene inserts of 10 sympatric species using the developed RPA/CRISPR
system (Fig. 7). B. correcta, Z. cucurbitae, and Z. tau were tested in four insect stages: egg, larva, pupa, and adult
(Fig. 7a). Z. cucurbitae, T. fujianica, B. proprediaphora, C. rubivora, C. rosa, B. correcta, C. capitata, B. incisa, B.
ruiliensis, and Z. tau were tested as recombinant plasmids (Fig. 7b). B. correcta, Z. cucurbitae, Z. tau, Z. scutellata
and B. rubiginus were tested as adults (Fig. 7c). The fluorescence quantification results of Fig. 7b showed that
B. dorsalis was significantly different from NTC, which is consistent with the results of in vitro visualization
(Fig. 7d). All reaction systems for the sympatric species and negative control were pink in color, indicating no
cross-reactivity and confirming the system’s specificity.

To evaluate the detectability of the four stages during the development of B. dorsalis, experimental validation
was conducted on eggs, larvae, pupae, and adults (Fig. 8). The DNA concentrations detected were as follows:
eggs (1.55 ng uL™1), larvae (34.4 ng uL™!), pupae (43.2 ng pL~!), and adults’ abdomen (29.25 ng pL~!). Figure 8a
shows the system’s ability to detect all the four insect stages of B. dorsalis. The reaction systems for all insect stages
appeared green, while the negative control appeared pink. Fluorescence quantification results were consistent
with those of in vitro visualization (Fig. 8c). The weight of each egg was measured to be approximately 30 pg,
and DNA was extracted from a single egg at a concentration of 3.22 ng uL~1. As shown in Fig. 8b, the reaction
system derived from the single egg was green in color, while the negative control was pink. The fluorescence
quantification result showed that an egg system differed significantly from NTC (p < 0.05) (Fig. 8d). The results
indicate that the system is sufficiently sensitive to detect a single egg of B. dorsalis.

Discussion

Bactrocera dorsali is a species that is known to seriously harm fruits and vegetables. Larvae and adults can
both result in crop failure and fruit abscission. Through infestation, the polyphagous fruit fly B. dorsalis, which
belongs to the Bactrocera genus, poses a serious threat to more than 250 fruit and vegetable species*’. Imported
fruits at border ports may contain a variety of fruit fly species at varying stages of development (e.g., eggs and
larvae), which can be challenging to classify based on appearance. The widespread spread of fruit flies can be
caused by mistakes and omissions in quarantine, which will ultimately destabilize agricultural economies by
lowering fruit yields and quality. Numerous techniques for the quick identification of flies in the field have
been developed recently. For example, Andrews et al. detected five species of Drosophila simultaneously using a
multiplex PCR assay’. Koohkanzade et al. utilized TaqMan real-time PCR assay to identify Bactrocera zonata'?.
For the isothermal program in this study, a slan-96P qPCR instrument was used because it was more user-friendly
than the PCR instrument. Sabahi et al. combined PCR with LAMP and designed two primer pairs to identify
the Ethiopian fruit fly*!. For detection in this study, only one pair of RPA primers was required. Dermauw et
al. employed LAMP assay, which requires a minimum concentration of 10 pg to detect the Mediterranean fruit
fly*2. In the research, B. dorsalis was detected at a concentration as low as 3.2 pg uL™ L. Blaser et al. successfully
identified Bemisia tabaci, Thrips palmi, and several Drosophila genera, including Bactrocera and Zeugodacus,
using the LAMP method!. The reaction was carried out at 65 °C followed by heating the reaction system to
98 °C and then cooling it to 75 °C. For isothermal system in this study, a reaction temperature of 43 °C was easily
maintained.
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Fig. 7. Specificity evaluation of RPA-CRISPR/Cas12b-based visual detection. (a) present samples: A, B, and
C are three groups of replicate experiments. 1-4, B. correcta; 5-8, Z. cucurbitae; 9-12, Z. tau; 13, negative
control and 14, B. dorsalis. 1, 5 and 9, eggs; 2, 6, 10 and 14, larvae; 3, 7 and 11, pupae; 4, 8 and 12, adults. (b)
Recombinant plasmids: A, B, and C are three groups of replicate experiments. 1, Z. cucurbitae; 2, T. fujianica;
3, B. proprediaphora; 4, C. rubivora; 5, C. rosa; 6, B. correcta; 7, C. capitata; 8, B. incisa; 9, B. ruiliensis; 10, Z.
tau; 11, negative control and 12, B. dorsalis. (c) Present samples: A, B, and C are three groups of replicate
experiments. 1, Z. cucurbitae; 2-3, Z. tau; 4, B. correcta; 5-6, Z. scutellata; 7, B. rubiginus and 8, negative
control. (d) Fluorescence quantification results for Fig. 7b.
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Fig. 8. Cas12b detection of B. dorsalis in samples obtained from different developmental stages. (a) A, B, and
C are three groups of replicate experiments. 1, eggs; 2, larva; 3, pupa; 4, adult and 5, negative controls. (b) 1-3,
a single egg; and 4-6, negative controls. (c-d) Fluorescence quantification results for different developmental
stages and an egg.

To date, a variety of molecular identification techniques for B. dorsalis have been developed, including Random
Amplification of Polymorphic DNA (RAPD)*, Restriction Fragment Length Polymorphism (RFLP)*%5, DNA
barcoding®, and species-specific primer PCR**® In our study, the RPA-CRISPR technology was employed.
Although RPA-CRISPR technology exhibits slightly higher costs (Table S6), its rapid detection capability renders
it particularly suitable for on-site testing. Compared with RAPD, this methodology demonstrates reduced
susceptibility to exogenous DNA contamination and enhanced experimental reproducibility. Relative to RELP
and DNA barcoding approaches, it achieves higher accuracy through precise identification of intra-sequence
variations within DNA. When contrasted with specific primer PCR techniques, RPA-CRISPR offers simplified
thermal regulation of amplification reactions. Furthermore, it presents advantages over LAMP technology
through more straightforward primer design requirements and improved detection sensitivity. RPA has been
used to bind with Cas12a for the detection of insects. Zeng et al., for instance, using RPA-CRISPR/Cas12a, the
Khapra beetle (Trogoderma granarium Everts) was identified in 35 min, exhibiting a systematic discoloration
reaction under blue light 40 and a minimum detectable concentration of 0.1 ng uL~'*°. In contrast, our method
presented in the current study relies on observation with the naked eye, making our system more intuitive.
Shashank et al. detected Keiferia lycopersicella, Phthorimaea absoluta, and Scrobipalpa atriplicella by RPA-
CRISPR/Casl12ain 1 h®°, while Alon et al. detected B. zonata and C. capitata using RPA-CRISPR/Cas12a in 2.25
h?0. These long detection times can be attributed to the lengthy DNA extraction and incubation of RPA and
Casl2a. DNA extraction in our study was accomplished in less than five minutes, and the RPA/CRISPR system
did not require prior incubation, greatly reducing the reaction time. Li et al. detected B. correcta using RPA-
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CRISPR/Casl2a and multienzyme isothermal rapid amplification with lateral flow dipstick (MIRA-LFD) with
a minimum detectable concentration of 0.1 ng pL~; the detection time for RPA-CRISPR/Cas12a was 30 min,
while MIRA-LFD took 10 min®'. Compared to Cas12a, the Cas12b enzyme used in the present study is smaller
and has a wider range of temperature tolerance (31-59 °C)3!. Cas12b also recognizes shorter PAM sequences
and has higher spacer specificity (20 nt) than Cas12a, allowing it to bind to the target DNA under the guidance
of a single-stranded gRNA. After cleaving target sequences, Cas12b can significantly increase the targeting range
of the genome and cut other single-stranded nucleic acids in the system?®2. In addition, Cas12b has minimal
off-target effects and is considered safer than other enzymes. RPA has been used in conjunction with Cas12b to
detect SARS-CoV-2%. Our study is the first time RPA-CRISPR/Cas12b has been used to detect insects.

In summary, we designed RPA primers and gRNAs for B. dorsalis, leading to the development of a detection
platform for this species based on RPA-CRISPR/Cas12b. The stability of the system for detecting B. dorsalis
in various geographical regions was verified by identifying fly samples from Vietnam, Guangdong Province,
Guangxi Zhuang Autonomous Region, Zhejiang Province, Yunnan Province, and Hainan Province. The reported
system was highly specific and did not exhibit cross-reactivity when tested on the recombinant plasmids with
COI gene inserts of 10 sympatric species and fly samples of five sympatric species. The system showed a high
detection sensitivity; a trace concentration of 3.2 pg pL~! was sufficient to detect the four insect stages of B.
dorsalis. The system was designed to achieve a balance between detection time and sensitivity, taking a total of
30 min to detect the presence of B. dorsalis. A 10-min RPA reaction and a 20-min CRISPR reaction are included
in this time. The system is easy to use, and blue light is not necessary to verify the presence of B. dorsalis because
the color shift that occurs during the reaction can be observed with the naked eyes.

In order to quickly identify B. dorsalis for pest monitoring and control, we developed a nucleic acid
identification system for the rapid visual detection based on RPA-CRISPR/Cas12b. With a portable metal bath
device, this system can be used for POCT in quarantine ports, allowing for rapid, on-site and highly specific
identification. Although the visual detection results in our system with naked eyes are easy, we will make the
judgment of the results more convenient in subsequent study by observing the presence or absence of the
detection line using the MIRA-LFD technology’!. In addition, research should continue to refine the technology
for early and rapid identification of other pests in the field and in border controls. Our findings provide an
innovative approach to identifying pests.

Data availability
The datasets generated and analyzed during the current study are available in the National Center for Biotech-
nology Information (NCBI) repository, NCBI accession number is DQ116269.
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