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Abstract
Bactrocera zonata, a major fruit pest species, is gradually spreading west from its native
habitat in East Asia. In recent years it has become a major threat to the Mediterranean area,
with the potential of invading Europe, the Americas, and Australia. To prevent its spreading,
monitoring efforts in plantation sites and border controls are carried out. Despite these
efforts, and due to morphological similarities between B. zonata and other pests in relevant
developmental stages, the monitoring process is challenging, time-consuming, and requires
external assistance from professional labs. CRISPR-Cas12a genetic diagnostics has been
rapidly developing in recent years and provides an efficient tool for the genetic identification
of pathogens, viruses, and other genetic targets. Here we design a CRISPR-Cas12a
detection assay that differentially detects two major pest species, B. zonata and Ceratitis
capitata. Our easy-to-use and affordable assay employs a simple DNA extraction technique
together with isothermal amplification, and Cas12a-based detection. We demonstrate the
specificity and high sensitivity of this method, and its relevance for on-site applications. This
method is highly modular, and the presented target design method can be applied to a wide
array of pests.
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Key Massage:

● Distinguishing different pest fruit flies on-site is crucial for prevention of global
spreading but can be difficult

● We present a genetic identification assay for rapid, on-site detection of pest using
CRISPR-Cas12a

● The method is affordable, quick and easy-to-use, and can be applied in border
controls or on-site

● The design process can be easily tailored for any pest, and can greatly benefit
developing countries
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Introduction
In recent years, the peach fruit fly, Bactrocera zonata (Saunders, Diptera: Tephritidae) has
become a major invasive species in Africa and the Arab peninsula. Globally, it is responsible
for annual losses of hundreds of millions of USD (EPPO 2005; Stonehouse, Mumford, and
Mustafa 1998). Bactrocera zonata is an aggressive, highly adaptable invasive species with a
broad range of host plants, covering more than 50 commercial and wild plant species, mainly
fleshy fruits and vegetables (EPPO 2010). This fly is native to East and South-East Asia and
hence well accustomed to tropical and subtropical climates. Nonetheless, it was shown to
establish in colder climates reaching freezing-point, enabling its proliferation in the
Mediterranean climate (Delrio and Cocco 2012). Combined with global warming, this makes
B. zonata a serious threat to West Asia, several European countries as well as parts of
Australia and the Americas (Zingore et al. 2020; Rosace et al. 2019).

B. zonata is listed as an A1 pest in the European and Mediterranean Plant Protection
Organization (EPPO) and is regulated by many EPPO member countries (EPPO 2010). The
ability to accurately detect different insect pests is a vital first step in the combat against the
global spreading of invasive pest species. This effort typically takes place in border controls
and involves the investigation of eggs and larvae found in fruits and vegetables.
Morphological identification in these early life stages is a major tool used to distinguish
between different species, but can be problematic due to high similarities between species,
such as in Israel, with B. zonata and the much more abundant species Ceratitis capitata
(Figure 1a). These similarities require specimens to be reared to adulthood for identification.
Such practices can be hazardous as not all countries possess adequate quarantines.
Moreover, rearing eggs is timely and often unfruitful (Armstrong et al. 1997). Aside from the
risks involved in rearing, during this process, the entire cargo is halted and could go to
waste, leading to considerable losses both to farmers and customers.

Extensive efforts have been made to facilitate faster, more accurate diagnostic techniques.
Molecular methods for the identification of different Bactrocera species have been developed
to aid in the battle against the spread of these harmful pests. Species-specific markers
based on the mitochondrial cytochrome oxidase COII gene (Asokan et al. 2011), restriction
fragment length polymorphism (RFLP) detected in a polymerase chain reaction (PCR),
amplified ribosomal DNA (rDNA)(Armstrong et al. 1997), and high-resolution melt (HRM)
real-time PCR assays (Dhami and Kumarasinghe 2014) have been developed and are
currently being used to distinguish between different pests. These methods have
considerably reduced the quarantine time but still depend on the availability of lab space,
technicians, expensive instruments, and reagents. Such methods are usually performed
off-site, requiring specimen transportation to specialized facilities, thus increasing the
handling time and raising the probability of spreading events.

Recently, CRISPR-Cas-based diagnostic approaches have provided a new set of accurate
detection tools at the molecular level. Specifically, a type V CRISPR-Cas enzyme,
Lachnospiraceae bacterium ND2006 Cas12a (LbCas12a), presents great promise in the
field of in-situ molecular detection of viruses, pathogens or any DNA sequence of interest
(Alon et al. 2021; Wu et al. 2021; T. Zhang et al. 2021; Broughton, Deng, Yu, Fasching,
Singh, et al. 2020). LbCas12a is an RNA-guided enzyme capable of recognizing
double-stranded DNA (dsDNA) targets and performing a protospacer adjacent motif
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(PAM)-distal dsDNA break with staggered ends (Zetsche et al. 2015). Upon detection of a
dsDNA target, the enzyme is activated, and in addition to its target-specific cleavage activity,
it initiates indiscriminate single-stranded DNA (ssDNA) cleavage (Abudayyeh et al. 2016, 2;
East-Seletsky et al. 2016, 2). This attribute was found to be very effective for DNA detection
(Chen et al. 2018; Kellner et al. 2019). LbCas12a-based DNA detection requires a modified
ssDNA reporter, usually containing a fluorophore and a quencher to be added to the
detection reaction. Once activated, the LbCas12 cleaves the ssDNA reporter, releasing the
fluorophore from the quencher, leading to an easily-detectable fluorescence signal (Figure
1b). The detection reaction only requires a short incubation at 37°C, and its components can
be lyophilized to increase stability during storage. With minor variations, detection can be
held using lateral flow strips, thus eliminating the need for a fluorescence-reading device
(Broughton, Deng, Yu, Fasching, Singh, et al. 2020; Curti et al. 2021).

Most DNA detection methods require a DNA amplification step, which might be vital if DNA
material is scarce. Different methods are used to amplify the target sequence prior to
detection. PCR amplification is the gold-standard method for DNA amplification and has
been demonstrated to work well with the Cas12a detection system (Alon et al. 2021; Liu et
al. 2022). Two leading isothermal methods are commonly used for in-situ applications:
loop-mediated isothermal amplification (LAMP) and recombinase polymerase amplification
(RPA). LAMP is based on a strand-displacing polymerase with 4-6 primers, and enables the
amplification of short DNA segments (80-250bp) in ~30 minutes, at 60-65°C (Notomi et al.
2000). RPA is based on an ssDNA binding protein (SSB), a recombinase that leads the
SSB-primer complex to its destination, and a strand-displacing polymerase that initiates an
isothermal amplification reaction. RPA requires only two primers, performs better than PCR
with longer-sized primers, and offers fewer constraints on primer design, allowing higher GC
content (Piepenburg et al. 2006). RPA reactions are 10-20 min. long, are performed at
37-42°C and offer high sensitivity even with minuscule amounts of starting material (Aman et
al. 2020). Amplification of a pool of several specimens is of great benefit since co-infestation
of fruit by different Tephritidae and Drosophilidae families occur regularly (Deus et al. 2016;
Zida et al. 2020; Moquet et al. 2021). Therefore, an amplification method that allows the
pooling of different specimens as well as multiplexed detection of the different targets in the
pool can prove beneficial for simple in-situ detection of pests.

In this work, we present a rapid and simple method to accurately differentiate between two
highly hazardous pest species: B. zonata and C. capitata. We have designed an on-site
assay that utilizes a simple DNA purification technique together with RPA amplification and
LbCas12a detection. Our assay requires only a hot plate, a bench-top centrifuge, and a
hand-held fluorometer, yet it can distinguish between the two pests with high confidence in a
little over an hour. We believe this assay can aid in the battle against invasive species global
spreading, avoiding quarantines and losses for farmers and consumers. Our assay is
modular and can be easily expanded to other species, making it relevant for pests of
concern worldwide. Notably, the affordability and simplicity of this method make it uniquely
suited for pest control in developing countries.
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Results
Protocol outline:
Our protocol consists of three main steps: (a) Sample collection and DNA extraction using
the Chelex 100 resin, (b) an RPA amplification of specific targets, and (c) Cas12a detection.
As illustrated in Figure 1b, the entire protocol takes roughly one hour and a half to complete,
most of which consists of incubation rather than hands-on time. The protocol requires only a
benchtop centrifuge and a hot-plate. In this work, the readout was obtained using a plate
reader for throughput purposes, but alternative methods such as lateral-flow-based assays
or handheld field fluorometers are also applicable (Broughton, Deng, Yu, Fasching,
Servellita, et al. 2020; Kurosaki et al. 2016).

Figure 1. Scheme of proposed assay (a) Comparison of the organs used for larval stage
morphological identification of B. zonata (top) and C. capitata (bottom). (b) A scheme of the detection
assay. After sample collection from the fruit, larvae are homogenized, Chelex 100 resin was added to
the homogenate and boiled for 10 min. Next, 2 μL of the solution is amplified by RPA. In parallel, a
Cas12a-gRNA complex is assembled (or thawed), a reporter and the amplicons are added to the
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solution and incubated for 30 min. Finally, fluorescence is measured to test for the presence of the
target DNA.

Pest-specific identification:
Specific target selection for B. zonata was performed through pairwise sequence alignment
of the mitochondrial genome sequences of B. zonata and C. capitata (Spanos et al. 2000;
Choudhary et al. 2015; Katoh, Rozewicki, and Yamada 2019). We used C. capitata as a
reference genome for a non-target fly since its larvae are morphologically very similar and
cannot be easily differentiated (Figure 1a). We sought variable regions within the
mitochondrial genomes of both insects, and used one such region (VR1 - Figure 2a, Table 1)
to design primers and guide RNAs (gRNAs) specific to B. zonata.

First, we designed several gRNAs using the CRISPOR online platform (Concordet and
Haeussler 2018). To ensure the gRNAs are specific to our target B. zonata only, we
concatenated both variable regions from B. zonata and C. capitata and used the merged
sequence as a template for CRISPOR. We have also added a spacer between the
sequences in order to avoid the selection of gRNAs derived from the stitch between the two
variable regions. We selected the best-scored hits and double-checked the sequences to
verify no cross-reactivity exists. Based on the gRNAs position within VR1, we designed
specific primers for PCR and RPA amplification (Table S1). Next, we used a commercial
DNA extraction protocol (see Methods section) on B. zonata and C. capitata adult flies,
amplified our target with PCR, and tested three different gRNAs (Table 1 and Figure S1).
Only one of the gRNA (Bz1) displayed a specific signal in the presence of B. zonata‘s
genome, and it was used for the follow-up analyses.

Next, we tested the full protocol on samples of both fly species: DNA was extracted from the
samples using Chelex 100 resin. Chelex is a chelating resin with a high affinity for polyvalent
ion metals, enabling simple and cheap DNA extraction. It has been shown to facilitate DNA
extraction from cells at 100°C by chelating metal ions that act as DNase catalysts, thus
preventing DNA degradation (Walsh, Metzger, and Higuchi 1991). With slight modification to
the protocol, Chelex 100 can be used to efficiently extract DNA from insects with as little as
a single egg for starting material (Musapa et al. 2013).

Following extraction, DNA was isothermally amplified using RPA and tested with
Cas12a-gRNA complexes. We began by examining the ability to detect a positive and
specific signal from all developmental stages of B. zonata (Figure 2b). The Chelex 100 DNA
extraction method proved to be highly efficient throughout all developmental stages of the
flies, including single eggs, as demonstrated previously. The RPA efficiently amplified the
Chelex-originated DNA material in only 20 minutes at 37°C. The complexes consisting of the
Cas12 and the gRNAs we designed properly detected their targets and were inactive on the
non-targeted sequences.

Next, we tested the sensitivity of our assay. We combined larvae from both B. zonata and C.
capitata in ratios ranging from a 1:1 ratio and up to 1:50 larvae, respectively (Figure 2c). A
robust signal was observed in all ratios, and no signal was observed in the absence of B.
zonata DNA. These results suggest that pooling larvae from several fruits is feasible without
loss of specificity, allowing to cut down the required time, costs, and labor. We further tested
for cross-reactivity between B. zonata and Drosophila melanogaster as a representative
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fermentation fruit fly. This test is relevant to real-life scenarios since opportunistic species
such as D. melanogaster may lay eggs in damaged fruits after picking and shipment, leading
to larvae in the pooled sample tube. We used the same ratios (1:1 up to 1:50), and no
cross-reactivity was detected (Figure S2).

Figure 2. Pest-specific identification. (a) A scheme of the gRNA design process. Mitochondrial
sequences of relevant pests were aligned and variable regions were identified and concatenated for
gRNA design using CRISPOR. The uniqueness of the gRNA sequences was then validated and
tested experimentally (Figure S1). (b) Cas12a detection of B. zonata in samples of different
developmental stages (orange). DNA was obtained from fresh samples using Chelex 100 (Methods).
Amplification was performed using RPA with specific primers for B. zonata and Bz1 gRNA (Table S1)
was used for detection (Table S1). As a negative control, C. capitata larvae were used with Bz1 gRNA
(green). (c) Sensitivity of Cas12a-Bz gRNA detection in varying ratios of pooled larvae. Samples
containing a single larva of B. zonata with increasing amounts of C. capitata larvae were prepared.
DNA was then extracted and diagnosed as in (b), using B. zonata specific primers and Cas12a-Bz
gRNA complexes. As a negative control, C. capitata DNA was used. All experiments were performed
with three biological repeats and three technical repeats.

Universal amplification assay:
After validating the method using species-specific primers, we expanded the assay to
include C. capitata identification using a universal RPA amplification reaction. By designing
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universal primers that can amplify variable regions in different fly species, we were able to
produce more relevant data from a single pooled tube, while reducing the hands-on time and
simplifying the protocol. We designed universal primers that match both B. zonata and C.
capitata using the VR1 flanking regions (Figure 2a). Next, we picked the highest-ranking
gRNAs for C. capitata from the CRISPOR predictions, and after sequence verification of all
gRNA hits, we decided to proceed with only one gRNA (Cc2), as other hits were not specific
to C. capitata.

The Chelex-extracted DNA from the samples described above was amplified, this time using
the universal primers we designed and tested for the new gRNAs. First, we tested the ability
to detect the targeted organisms in all developmental stages, as described above (Figure
3a). These results established that the universal primers are indeed capable of amplifying
DNA from both species. Next, the sensitivity of the universal detection assay was examined,
and again, we observed positive detection for both species with high confidence even at very
low ratios of 1:50 (Figure 3b,c). We also cross-tested the gRNAs for the opposing RPA
amplification products, and no cross-reactivity was detected. We did observe, however, a
slight drop in the fluorescence signal in both reactions in the higher ratios (1:25 and 1:50)
compared to the specific primers presented in Figure 2c. It is possible the lower signal is
related to the higher amount of amplified DNA, as both insect species were amplified during
RPA universal amplification.
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Figure 3. Universal amplification assay. (a) Cas12a detection of B. zonata (orange) and C. capitata
(green) from different developmental stages. DNA was obtained using Chelex 100 from fresh samples
(Methods). Amplification was performed using RPA with universal primers (Table S1) and detection
was achieved using Bz1 gRNA for B. zonata and Cc2 for C. capitata (Table S1). As a negative control
(NC), C. capitata and B. zonata larvae were used with non-corresponding gRNAs. (b) Detection
sensitivity of Cas12a-Bz1 gRNA in varying ratios of pooled larvae. Samples containing a single larva
of B. zonata with increasing amounts of C. capitata larvae were prepared. DNA was then extracted
using Chelex 100, RPA amplified (using VR for\rev primers, Table S1) and diagnosed using
Cas12a-Bz1 gRNA complexes. As a negative control, C. capitata DNA was used. (c) Detection
sensitivity of Cas12a-Cc2 gRNA for C. capitata in varying ratios of pooled larvae. Samples containing
a single larva of C. capitata with increasing amounts of B. zonata larvae were prepared. DNA was
extracted and amplified as in (b), and diagnosed using Cas12a-Cc2 gRNA complexes. As a negative
control, B. zonata DNA was used. All experiments were performed with three biological repeats and
three technical repeats.

Lastly, we were also interested in assessing the stability of the detection and RPA reactions
in storage. This aspect is important as long storage enables the preparation of bulk amounts
of detection reactions in advance, reducing the amount of processing time per sample. We
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initially tested several conditions including room temperature, 4°C, and -20°C for a period of
over 160 hours (Figure 4). Room temperature samples lost activity after 24 hours, and it
appeared that evaporation took place, which might account for the loss of activity. Samples
kept at 4°C lost activity between 48 and 168 hours and samples kept at -20°C showed no
significant loss of activity within the period tested.

Figure 4. Stability of Cas12a complexes in different conditions. Samples were tested at time 0, after
24hr, 48hr and 167hr at room temperature, 4˚C, and -20˚C. B. zonata larvae RPA amplified samples
were detected using Cas12-Bz1 gRNA complexes, and the same samples were detected with Cas12-
Cc2 gRNA complexes (Table S1) as a negative control. Blank (gray) are detection reactions without
DNA

Discussion
In this work, we demonstrate a fast, reliable, straightforward, and affordable genetic
detection assay for pest species, enabling accurate point-of-care pest control. Our assay
requires only a bench-top centrifuge, a hot-plate, and a hand-held fluorometer, and can
further be adapted for paper-based detection (Broughton, Deng, Yu, Fasching, Servellita, et
al. 2020). The current price estimate per reaction is about 1.6 USD, and reagent prices may
considerably decrease when purchased in bulk (Table S2).

We have demonstrated that the assay can be tailored to detect a specific fruit fly species or
used for several species with the potential for universal amplification, including species that
are highly similar, both morphologically and genetically. Universal reactions reduce hands-on
time and enable the pooling of specimens in a single reaction. The Chelex method for DNA
extraction has proven to be efficient in all developmental stages of the target flies and
together with the robust RPA method, they allow the detection of even minute amounts of
sample. The ability to distinguish a single target larva from a pooled tube containing up to
50X non-targets makes this assay meet and even surpass current gold-standard methods
while also dramatically reducing labor and cost (Koohkanzade et al. 2018).

There are several limitations to our current setup. First, RPA reagents are currently sold by a
single company creating a potential bottleneck in reagent supply. Second, as in all
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genetic-based methods, genomic data of target pests is crucial for gRNA design and target
acquisition. Finally, the use of a plate-reader in our work limits the ability to use this assay in
the field and requires expensive equipment. At the moment, there is no full genomic
sequence of B. zonata, as well as other pests that might have high sequence similarity in the
Bactrocera family. The specificity of Cas12a detection relies on genomic data availability,
which can contribute to the gRNA design process. This problem also exists with other pests,
many of which have no available genomic data or sequence data restricted to the COI gene
(Folmer et al. 1994).

Aside from using lateral-flow-based assays or handheld fluorometers as suggested
previously, other modifications have been described that can dismiss the use of a plate
reader. Moving from the original fluorescence ssDNA reporter (a short ssDNA oligo with a 5’
FAM modification and a 3’ black-hole quencher modification) to more stable and robust
reporters such as the coupling of the reporter to gold nanoparticles, gRNA modifications (Fu
et al. 2021; Nguyen, Smith, and Jain 2020) or colorimetric reporters (Cao et al. 2021; Y.
Zhang et al. 2021). Amplification-free Cas12a methods that utilize complex chemistries to
accomplish detection have also been described and may replace the need for RPA or LAMP
amplification steps (Choi et al. 2021; Yue et al. 2021). Several insect sequencing efforts are
undergoing and hopefully will increase the available genomic data for agriculturally important
insect pests. With this increase in sequence availability. We hope our assay will be widely
adopted and extended to other pests for one-pot amplification and detection assays in the
field and in border controls, enabling rapid, onsite, affordable, and highly specific
identification.

Methods

Sample collection
All experiments were performed on samples received from the Plant Protection and
Inspection Services, Israel.

gRNA design

gRNAs were designed using CRISPOR (Concordet and Haeussler 2018). Both B. zonata
and C. capitata mitochondrial sequences were obtained from NCBI (accessions
NC_027725.1 and NC_000857.1, respectively). Sequences were aligned using the MAFFT
version 7 online tool (Katoh, Rozewicki, and Yamada 2019). To find target hotspots within
the mitochondrial genome sequences of both insects, we looked for variable regions of up to
500 bp flanked by conserved sequences of at least 30 bp to enable universal RPA
amplification. To create unique gRNAs for each insect, both variable regions were
concatenated into a single long sequence, and this sequence was used in the CRISPOR
gRNA search (Figure 2a). Subsequently, gRNAs were ordered from Integrated DNA
Technologies (IDT, gRNA sequences provided in Table S1).
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DNA extraction for gRNA testing

For purification of total DNA from insects, the Qiagen Blood & Tissue kit with the
supplementary insect protocol was used
(https://www.qiagen.com/kr/resources/resourcedetail?id=cabd47a4-cb5a-4327-b10d-d90b85
42421e&lang=en). Specimens were homogenized and then lysed with Proteinase K for 10
min at 56˚C. Next, ethanol was added, and the homogenate was loaded onto DNeasy mini
columns, washed, and eluted.

Chelex 100 genomic extraction

Samples were softened in 20 μL ultrapure water (UPW) and ground using a pestle. Next,
100 μL 1✕PBS 1% saponin (Sigma-Aldrich, Cat # 8047-15-2) were added, the samples
were vortexed, and incubated at RT for 20 min. Lysates were centrifuged for 2 min at 20 G,
the supernatant was removed and 100 μL 1✕PBS was added and centrifuged for 2 min at
20 G. The supernatant was removed and 100 μL 5% Chelex 100 (Bio-Rad, Cat # 1422822)
were added. Lysates were vortexed for 5 sec and boiled for 10 min. Next, samples were
centrifuged for 1 min at 20 G. The DNA remained in the supernatant, which was
subsequently used for RPA amplification.

RPA amplification
RPA was performed using the TwistAmp® Basic kit (Cat # TABAS03KIT) according to the
manufacturer's protocol. A mix of primers, UPW, MgOAc, and 2 μL from the Chelex reaction
were prepared following the protocol concentrations. Next, a lyophilized RPA reaction was
suspended with the primer-free rehydration buffer, and the primer mix was added to the
reaction, followed immediately by a 20min. incubation at 37˚C. 10 μL reactions were similarly
performed by keeping the original protocol ratios. Primer sequences can be found in Table
S1.

LbCas12a cleavage assays

All reactions were prepared on ice. gRNA-LbCas12a (NEB, Cat. # M0653T) complexes were
prepared by mixing 62.5 nM gRNA with 50 nM LbCas12a in 1XNEBuffer 2.1 to a final
volume of 20 μL and incubated in 37˚C for 30 min. Next, 1 μM FAM reporter (Supplementary
Table 1) and 2 μL of the RPA reaction template were added to the complexes together with
80 μL of 1✕ NEBuffer 2.1 and incubated for 10 min at 37˚C.

Samples were transferred to a black 96 well plate and fluorescence was measured using a
Tecan Spark plate-reader with an excitation wavelength of 485 nm and emission was
measured at 535 nm. The gain was calibrated to 90.

The detection in the specific primer amplification experiments was performed with a lower
concentration of LbCas12a (1μM, NEB, Cat. # M0653S). Interestingly, we noticed a slight
improvement in reaction stability using this product.
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Figure S1- gRNA testing for B. zonata

Testing of three different gRNAs based on CRISPOR analysis of the B. zonata variable region. B.
zonata larvae were used, and amplification was performed using PCR with B. zonata specific primers
(Table S1). Negative control was performed on C. capitata larval DNA, amplified with the primers
described above. All experiments were performed with three biological repeats and three technical
repeats.
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Figure S2 - Sensitivity testing for B. zonata specific identification

Detection sensitivity of Cas12a-Bz1 gRNA in varying ratios of pooled larvae. Samples containing a
single larva of B. zonata with increasing amounts of D. melanogaster larvae were prepared. DNA was
then extracted using Chelex 100, RPA amplified using B. zonata specific primers (Table S1), and
diagnosed using Cas12a-Bz1 gRNA complexes. As a negative control, C. capitata DNA was used. All
experiments were performed with three biological repeats and three technical repeats.
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Table S1 - Sequences

Name Sequence Description

Cc2 VR TGTGAACAATTACTTCAATTGTT gRNA

Bz1 VR GGATCAAATCCACATTCGAAGGG gRNA

FAM sensor /56-FAM/TTATTATT/3BHQ_1/ ssDNA probe

VR Bz for AGAGTAGTAATATCACTAGCCTCTATCTT
AT

Bactrocera zonata
specific amplification
primer

VR Bz rev CTACAACCCTAATTTGATCAATTTAGTATC Bactrocera zonata
specific amplification
primer

VR for AGTATATTTGACTTCCAATCATAAGGCCT
AC

Universal
amplification primer

VR rev GAATGCAAATCAAATGTTATAATTAACTAC Universal
amplification primer

B. zonata
variable region

AGTATATTTGACTTCCAATCATAAGGCCT
ACTAATTAGTAGTATAGATAATTTTTTTAAT
CGCTATTATGGCATCAATTCTAATTATCAT
CACAAGAGTAGTAATATCACTAGCCTCTA
TCTTATCAAAAAAAGCATTAACAGATCGT
GAAAAATGTTCCCCCTTCGAATGTGGAT
TTGATCCTAAATCTTCTTCACGCCTACCT
TTTTCCCTTCGATTTTTCTTAATTACAATT
ATTTTCTTGATTTTTGATGTAGAAATTGCT
CTCATTCTACCTATAATCTTAATTATTTCA
ATTTCTAATATTATAATATGAGCCACAACA
AGAATTGTATTCATTATTATCTTAATTATTG
GGTTATACCATGAATGAAATCAAGGGATA
CTAAATTGATCAAATTAGGGTTGTAGTTA
ATTATAACATTTGATTTGCATTCAAAAAGT
ATTGA

Genomic sequence

C. capitata
variable region

AGTATATTTGACTTCCAATCATAAGGCCT
ACTAATTAGTAGTATAGATAATATTTTCAAT
TAGTATCATAATATTTATTTTAATTATTATTA
CAAGAGTTGTAATAGCATTAGCTTCTATT
TTATCAAAAAAATCTTTAACAGACCGAGA
AAAATGTTCTCCATTTGAATGCGGTTTTG
ATCCAAAATCCTCTTCACGTTTACCATTT

Genomic sequence
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TCACTACGATTTTTTTTAATTACAATTATT
TTTTTAATTTTTGATGTAGAAATTGCTTTA
ATTTTACCAATAATTTTAATTATTTCAATTT
CTAATATTTTTATGTGAACAATTACTTCAA
TTGTTTTTATTATTATTTTAATTATTGGACT
ATACCATGAATGAAATCAAGGAATATTAA
ATTGATCAAATTAATTGGGGTTGTAGTTA
ATTATAACATTTGATTTGCATTCAAAAAGT
ATTGAATTTCAATCTACCTTATTATTTTCA
AGAATATGAAGCGATTTATTGCAATTAGT
TTCGACCTAATCTTAGGTTT

Concatenated
variable
regions

AGTATATTTGACTTCCAATCATAAGGCCT
ACTAATTAGTAGTATAGATAATATTTTCAAT
TAGTATCATAATATTTATTTTAATTATTATTA
CAAGAGTTGTAATAGCATTAGCTTCTATT
TTATCAAAAAAATCTTTAACAGACCGAGA
AAAATGTTCTCCATTTGAATGCGGTTTTG
ATCCAAAATCCTCTTCACGTTTACCATTT
TCACTACGATTTTTTTTAATTACAATTATT
TTTTTAATTTTTGATGTAGAAATTGCTTTA
ATTTTACCAATAATTTTAATTATTTCAATTT
CTAATATTTTTATGTGAACAATTACTTCAA
TTGTTTTTATTATTATTTTAATTATTGGACT
ATACCATGAATGAAATCAAGGAATATTAA
ATTGATCAAATTAATTGGGGTTGTAGTTA
ATTATAACATTTGATTTGCATTCAAAAAGT
ATTGAATTTCAATCTACCTTATTATTTTCA
AGAATATGAAGCGATTTATTGCAATTAGT
TTCGACCTAATCTTAGGTTTccccccccccA
GTATATTTGACTTCCAATCATAAGGCCTA
CTAATTAGTAGTATAGATAATTTTTTTAATC
GCTATTATGGCATCAATTCTAATTATCATC
ACAAGAGTAGTAATATCACTAGCCTCTAT
CTTATCAAAAAAAGCATTAACAGATCGTG
AAAAATGTTCCCCCTTCGAATGTGGATTT
GATCCTAAATCTTCTTCACGCCTACCTTT
TTCCCTTCGATTTTTCTTAATTACAATTAT
TTTCTTGATTTTTGATGTAGAAATTGCTC
TCATTCTACCTATAATCTTAATTATTTCAAT
TTCTAATATTATAATATGAGCCACAACAAG
AATTGTATTCATTATTATCTTAATTATTGGG
TTATACCATGAATGAAATCAAGGGATACT
AAATTGATCAAATTAGGGTTGTAGTTAAT
TATAACATTTGATTTGCATTCAAAAAGTAT
TGA
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Table S2 - Reagent Costs

Reactions Cost (USD)

TwistAmp® Basic 480 253

Lb cas12a NEB 426 400

gRNA IDT (10nmol) 1600 140

Cost per reaction ($): 1.6

Bibliography

Abudayyeh, Omar O., Jonathan S. Gootenberg, Silvana Konermann, Julia Joung, Ian M.
Slaymaker, David B. T. Cox, Sergey Shmakov, et al. 2016. “C2c2 Is a
Single-Component Programmable RNA-Guided RNA-Targeting CRISPR Effector.”
Science 353 (6299): aaf5573. https://doi.org/10.1126/science.aaf5573.

Alon, Dan Mark, Hagit Hak, Menachem Bornstein, Gur Pines, and Ziv Spiegelman. 2021.
“Differential Detection of the Tobamoviruses Tomato Mosaic Virus (ToMV) and
Tomato Brown Rugose Fruit Virus (ToBRFV) Using CRISPR-Cas12a.” Plants 10 (6):
1256. https://doi.org/10.3390/plants10061256.

Aman, Rashid, Ahmed Mahas, Tin Marsic, Norhan Hassan, and Magdy M. Mahfouz. 2020.
“Efficient, Rapid, and Sensitive Detection of Plant RNA Viruses With One-Pot
RT-RPA–CRISPR/Cas12a Assay.” Frontiers in Microbiology 11: 3277.
https://doi.org/10.3389/fmicb.2020.610872.

Armstrong, K. F., C. M. Cameron, E. R. Frampton, and D. M. Suckling. 1997. “Aliens at the
Border and Cadavers in the Field: A Molecular Technique for Species Identification.”
Proceedings of the New Zealand Plant Protection Conference 50 (August): 316–21.
https://doi.org/10.30843/nzpp.1997.50.11323.

Asokan, R., K. B. Rebijith, Shakti K. Singh, A. S. Sidhu, S. Siddharthan, Praveen. K.
Karanth, R. Ellango, and V. V. Ramamurthy. 2011. “MOLECULAR IDENTIFICATION
AND PHYLOGENY OF BACTROCERA SPECIES (DIPTERA: TEPHRITIDAE).” The
Florida Entomologist 94 (4): 1026–35.

Broughton, James P., Xianding Deng, Guixia Yu, Clare L. Fasching, Venice Servellita,
Jasmeet Singh, Xin Miao, et al. 2020. “CRISPR–Cas12-Based Detection of
SARS-CoV-2.” Nature Biotechnology 38 (7): 870–74.
https://doi.org/10.1038/s41587-020-0513-4.

Broughton, James P., Xianding Deng, Guixia Yu, Clare L. Fasching, Jasmeet Singh, Jessica
Streithorst, Andrea Granados, et al. 2020. “Rapid Detection of 2019 Novel
Coronavirus SARS-CoV-2 Using a CRISPR-Based DETECTR Lateral Flow Assay.”
MedRxiv, March, 2020.03.06.20032334.
https://doi.org/10.1101/2020.03.06.20032334.

Cao, Yiren, Jinjun Wu, Bo Pang, Hongquan Zhang, and X. Chris Le. 2021.

17

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 22, 2022. ; https://doi.org/10.1101/2022.06.22.497159doi: bioRxiv preprint 

https://www.twistdx.co.uk/product/twistamp-basic/
https://international.neb.com/products/m0653-engen-lba-cas12a-cpf1#Product%20Information
https://eu.idtdna.com/pages/products/crispr-genome-editing/alt-r-crispr-cpf1-genome-editing
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://doi.org/10.1101/2022.06.22.497159


“CRISPR/Cas12a-Mediated Gold Nanoparticle Aggregation for Colorimetric
Detection of SARS-CoV-2.” Chemical Communications 57 (56): 6871–74.
https://doi.org/10.1039/D1CC02546E.

Chen, Janice S., Enbo Ma, Lucas B. Harrington, Maria Da Costa, Xinran Tian, Joel M.
Palefsky, and Jennifer A. Doudna. 2018. “CRISPR-Cas12a Target Binding Unleashes
Indiscriminate Single-Stranded DNase Activity.” Science 360 (6387): 436–39.
https://doi.org/10.1126/science.aar6245.

Choi, Jin-Ha, Joungpyo Lim, Minkyu Shin, Se-Hwan Paek, and Jeong-Woo Choi. 2021.
“CRISPR-Cas12a-Based Nucleic Acid Amplification-Free DNA Biosensor via Au
Nanoparticle-Assisted Metal-Enhanced Fluorescence and Colorimetric Analysis.”
Nano Letters 21 (1): 693–99. https://doi.org/10.1021/acs.nanolett.0c04303.

Choudhary, Jaipal S., Naiyar Naaz, Chandra S. Prabhakar, Mathukumalli Srinivasa Rao, and
Bikash Das. 2015. “The Mitochondrial Genome of the Peach Fruit Fly, Bactrocera
Zonata (Saunders) (Diptera: Tephritidae): Complete DNA Sequence, Genome
Organization, and Phylogenetic Analysis with Other Tephritids Using next Generation
DNA Sequencing.” Gene 569 (2): 191–202.
https://doi.org/10.1016/j.gene.2015.05.066.

Concordet, Jean-Paul, and Maximilian Haeussler. 2018. “CRISPOR: Intuitive Guide
Selection for CRISPR/Cas9 Genome Editing Experiments and Screens.” Nucleic
Acids Research 46 (W1): W242–45. https://doi.org/10.1093/nar/gky354.

Curti, Lucía Ana, Ivana Primost, Sofia Valla, Daiana Ibañez Alegre, Cecilia Olguin Perglione,
Guillermo Daniel Repizo, Julia Lara, et al. 2021. “Evaluation of a Lyophilized
CRISPR-Cas12 Assay for a Sensitive, Specific, and Rapid Detection of
SARS-CoV-2.” Viruses 13 (3): 420. https://doi.org/10.3390/v13030420.

Delrio, G., and A. Cocco. 2012. “Peach Fruit Fly, Bactrocera Zonata: A Major Threat for
Mediterranean Fruit Crops?” Acta Horticulturae. http://www.actahort.org/.

Deus, E. G., W. A. C. Godoy, M. S. M. Sousa, G. N. Lopes, C. R. Jesus-Barros, J. G. Silva,
and R. Adaime. 2016. “Co-Infestation and Spatial Distribution of Bactrocera
Carambolae and Anastrepha Spp. (Diptera: Tephritidae) in Common Guava in the
Eastern Amazon.” Journal of Insect Science 16 (1).
https://doi.org/10.1093/jisesa/iew076.

Dhami, Manpreet K., and Lalith Kumarasinghe. 2014. “A HRM Real-Time PCR Assay for
Rapid and Specific Identification of the Emerging Pest Spotted-Wing Drosophila
(Drosophila Suzukii).” PLOS ONE 9 (6): e98934.
https://doi.org/10.1371/journal.pone.0098934.

East-Seletsky, Alexandra, Mitchell R. O’Connell, Spencer C. Knight, David Burstein, Jamie
H. D. Cate, Robert Tjian, and Jennifer A. Doudna. 2016. “Two Distinct RNase
Activities of CRISPR-C2c2 Enable Guide-RNA Processing and RNA Detection.”
Nature 538 (7624): 270–73. https://doi.org/10.1038/nature19802.

EPPO. 2005. “Bactrocera Zonata.” EPPO Bulletin 35 (3): 371–73.
https://doi.org/10.1111/j.1365-2338.2005.00848.x.

———. 2010. “PM 9/11 (1): Bactrocera Zonata: Procedure for Official Control.” EPPO
Bulletin 40 (3): 390–95. https://doi.org/10.1111/j.1365-2338.2010.02421.x.

Folmer, O., M. Black, W. Hoeh, R. Lutz, and R. Vrijenhoek. 1994. “DNA Primers for
Amplification of Mitochondrial Cytochrome c Oxidase Subunit I from Diverse
Metazoan Invertebrates.” Molecular Marine Biology and Biotechnology 3 (5): 294–99.

Fu, Xiaoyi, Yuyan Shi, Fangqi Peng, Min Zhou, Yao Yin, Yin Tan, Mei Chen, Xia Yin,
Guoliang Ke, and Xiao-Bing Zhang. 2021. “Exploring the Trans-Cleavage Activity of
CRISPR/Cas12a on Gold Nanoparticles for Stable and Sensitive Biosensing.”
Analytical Chemistry 93 (11): 4967–74.
https://doi.org/10.1021/acs.analchem.1c00027.

Katoh, Kazutaka, John Rozewicki, and Kazunori D Yamada. 2019. “MAFFT Online Service:
Multiple Sequence Alignment, Interactive Sequence Choice and Visualization.”
Briefings in Bioinformatics 20 (4): 1160–66. https://doi.org/10.1093/bib/bbx108.

Kellner, Max J., Jeremy G. Koob, Jonathan S. Gootenberg, Omar O. Abudayyeh, and Feng

18

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 22, 2022. ; https://doi.org/10.1101/2022.06.22.497159doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://doi.org/10.1101/2022.06.22.497159


Zhang. 2019. “SHERLOCK: Nucleic Acid Detection with CRISPR Nucleases.” Nature
Protocols 14 (10): 2986–3012. https://doi.org/10.1038/s41596-019-0210-2.

Koohkanzade, Marzieh, Mohammad Zakiaghl, Manpreet K. Dhami, Lida Fekrat, and Hussein
Sadeghi Namaghi. 2018. “Rapid Identification of Bactrocera Zonata (Dip.:
Tephritidae) Using TaqMan Real-Time PCR Assay.” PLOS ONE 13 (10): e0205136.
https://doi.org/10.1371/journal.pone.0205136.

Kurosaki, Yohei, N’Faly Magassouba, Olamide K. Oloniniyi, Mahamoud S. Cherif, Saori
Sakabe, Ayato Takada, Kenji Hirayama, and Jiro Yasuda. 2016. “Development and
Evaluation of Reverse Transcription-Loop-Mediated Isothermal Amplification
(RT-LAMP) Assay Coupled with a Portable Device for Rapid Diagnosis of Ebola Virus
Disease in Guinea.” PLOS Neglected Tropical Diseases 10 (2): e0004472.
https://doi.org/10.1371/journal.pntd.0004472.

Liu, Xueping, Xiaotong Qiu, Shuai Xu, Yanlin Che, Lichao Han, Yutong Kang, Yuan Yue,
Shenglin Chen, Fang Li, and Zhenjun Li. 2022. “A CRISPR-Cas12a-Assisted
Fluorescence Platform for Rapid and Accurate Detection of Nocardia
Cyriacigeorgica.” Frontiers in Cellular and Infection Microbiology 12.
https://www.frontiersin.org/article/10.3389/fcimb.2022.835213.

Moquet, Laura, Jim Payet, Serge Glenac, and Hélène Delatte. 2021. “Niche Shift of Tephritid
Species after the Oriental Fruit Fly (Bactrocera Dorsalis) Invasion in La Réunion.”
Diversity and Distributions 27 (1): 109–29. https://doi.org/10.1111/ddi.13172.

Musapa, Mulenga, Taida Kumwenda, Mtawa Mkulama, Sandra Chishimba, Douglas E.
Norris, Philip E. Thuma, and Sungano Mharakurwa. 2013. “A Simple Chelex Protocol
for DNA Extraction from Anopheles Spp.” Journal of Visualized Experiments : JoVE,
no. 71 (January): 3281. https://doi.org/10.3791/3281.

Nguyen, Long T., Brianna M. Smith, and Piyush K. Jain. 2020. “Enhancement of
Trans-Cleavage Activity of Cas12a with Engineered CrRNA Enables Amplified
Nucleic Acid Detection.” Nature Communications 11 (1): 4906.
https://doi.org/10.1038/s41467-020-18615-1.

Notomi, Tsugunori, Hiroto Okayama, Harumi Masubuchi, Toshihiro Yonekawa, Keiko
Watanabe, Nobuyuki Amino, and Tetsu Hase. 2000. “Loop-Mediated Isothermal
Amplification of DNA.” Nucleic Acids Research 28 (12): e63.
https://doi.org/10.1093/nar/28.12.e63.

Piepenburg, Olaf, Colin H. Williams, Derek L. Stemple, and Niall A. Armes. 2006. “DNA
Detection Using Recombination Proteins.” PLOS Biology 4 (7): e204.
https://doi.org/10.1371/journal.pbio.0040204.

Rosace, Maria Chiara, Stefano Preti, Sara Tramontini, Andrey Gogin, Tomasz Kaluski, and
Riccardo Siligato. 2019. Bactrocera Zonata PestReport EN-1642.
https://doi.org/10.5281/zenodo.2787208.

Spanos, L., G. Koutroumbas, M. Kotsyfakis, and C. Louis. 2000. “The Mitochondrial Genome
of the Mediterranean Fruit Fly, Ceratitis Capitata.” Insect Molecular Biology 9 (2):
139–44. https://doi.org/10.1046/j.1365-2583.2000.00165.x.

Stonehouse, John M., John D. Mumford, and Ghulam Mustafa. 1998. “Economic Losses to
Tephritid Fruit Flies (Diptera: Tephritidae) in Pakistan.” Crop Protection 17 (2):
159–64. https://doi.org/10.1016/S0261-2194(97)00091-4.

Walsh, P. S., D. A. Metzger, and R. Higuchi. 1991. “Chelex 100 as a Medium for Simple
Extraction of DNA for PCR-Based Typing from Forensic Material.” BioTechniques 10
(4): 506–13.

Wu, Yinhuan, Yi Dong, Yachen Shi, Hao Yang, Jiaqi Zhang, Mohammad Rizwan Khan, Sha
Deng, et al. 2021. “CRISPR-Cas12-Based Rapid Authentication of Halal Food.”
Journal of Agricultural and Food Chemistry 69 (35): 10321–28.
https://doi.org/10.1021/acs.jafc.1c03078.

Yue, Huahua, Bowen Shu, Tian Tian, Erhu Xiong, Mengqi Huang, Debin Zhu, Jian Sun, et al.
2021. “Droplet Cas12a Assay Enables DNA Quantification from Unamplified Samples
at the Single-Molecule Level.” Nano Letters 21 (11): 4643–53.
https://doi.org/10.1021/acs.nanolett.1c00715.

19

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 22, 2022. ; https://doi.org/10.1101/2022.06.22.497159doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://doi.org/10.1101/2022.06.22.497159


Zetsche, Bernd, Jonathan S. Gootenberg, Omar O. Abudayyeh, Ian M. Slaymaker, Kira S.
Makarova, Patrick Essletzbichler, Sara E. Volz, et al. 2015. “Cpf1 Is a Single
RNA-Guided Endonuclease of a Class 2 CRISPR-Cas System.” Cell 163 (3):
759–71. https://doi.org/10.1016/j.cell.2015.09.038.

Zhang, Ting, Hai-tao Li, Xuhan Xia, Jun Liu, Yunhao Lu, Mohammad Rizwan Khan, Sha
Deng, et al. 2021. “Direct Detection of Foodborne Pathogens via a Proximal DNA
Probe-Based CRISPR-Cas12 Assay.” Journal of Agricultural and Food Chemistry 69
(43): 12828–36. https://doi.org/10.1021/acs.jafc.1c04663.

Zhang, Yaqin, Minyan Chen, Chengrong Liu, Jiaqi Chen, Xinyi Luo, Yingying Xue, Qiming
Liang, et al. 2021. “Sensitive and Rapid On-Site Detection of SARS-CoV-2 Using a
Gold Nanoparticle-Based High-Throughput Platform Coupled with
CRISPR/Cas12-Assisted RT-LAMP.” Sensors and Actuators B: Chemical 345
(October): 130411. https://doi.org/10.1016/j.snb.2021.130411.

Zida, Issaka, Souleymane Nacro, Remy Dabire, and Irénée Somda. 2020. “Co-Existence of
Bactrocera Dorsalis Hendel (Diptera: Tephritidae) and Ceratitis Cosyra Walker
(Diptera: Tephritidae) in the Mango Orchards in Western Burkina Faso.” Advances in
Entomology 08 (January): 46–55. https://doi.org/10.4236/ae.2020.81004.

Zingore, Kumbirai M., George Sithole, Elfatih M. Abdel-Rahman, Samira A. Mohamed,
Sunday Ekesi, Chrysantus M. Tanga, and Mohammed E. E. Mahmoud. 2020. “Global
Risk of Invasion by Bactrocera Zonata: Implications on Horticultural Crop Production
under Changing Climatic Conditions.” PLOS ONE 15 (12): e0243047.
https://doi.org/10.1371/journal.pone.0243047.

20

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 22, 2022. ; https://doi.org/10.1101/2022.06.22.497159doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://www.zotero.org/google-docs/?g4U0BD
https://doi.org/10.1101/2022.06.22.497159


100°c
10 min. Time:

Temp:

RPAChelex

Cas12a-gRNA
complexing

Sample
prepara�on

Incuba�on

Probe
 addi�on

Sample prepera�on - 25 min. Chelex - 10 min. RPA - 25 min.

Cas12a-gRNA complexing- 45 min.
Detec�on

30 min.

B. zonata

C. capitata

Mandibles Anterior spiracles Posterior spiracles

a.

b.

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 22, 2022. ; https://doi.org/10.1101/2022.06.22.497159doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.22.497159


B. zonata

C. capitata

Sequence alignment

Concatenate

a.

b. c.

500

5000

50000

Egg Larva Pupa Adult Cc gRNA

R
FU

500

5000

50000

0 30 60 90 120

R
FU

Time [min]

1:1
1:25

1:5
1:50

1:10

Cc DNA

Conserved domain Conserved domainVariable domain

ATC CC CG

A A TC C G

A A TC C G

T ACC CG

A AT TG GC A T

A AT T TG C AG

B. zonata Spacer C. capitata

C CC CA AT T TG C AG A AT TG GC A T

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 22, 2022. ; https://doi.org/10.1101/2022.06.22.497159doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.22.497159


500

5000

50000

Bz gRNA

Cc gRNA

Bz DNA Cc DNAEgg Larvae Pupa Adult
NC

R
FU

500

5000

50000

0 30 60 90 120

R
FU

Time [min]

1:1 1:5 1:10
1:25 1:50 Cc DNA

500

5000

50000

0 30 60 90 120

R
FU

Time [min]

1:1 1:5 1:10
1:25 1:50 BzDNA

a.

b. c.

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 22, 2022. ; https://doi.org/10.1101/2022.06.22.497159doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.22.497159


500

5000

50000

0 20 40 60 80 100 120 140 160 180

R
FU

Time [hr]

Bz gRNA, 25c̊

Cc gRNA, 25c̊

Bz gRNA, 4c̊

Cc gRNA, 4c̊

Bz gRNA, -20c̊

Cc gRNA, -20c̊
blank

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 22, 2022. ; https://doi.org/10.1101/2022.06.22.497159doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.22.497159

