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The tomato leaf miner Tuta absoluta (Meyrick) is one of the world’s most destructive pests
of tomato, and because of its severe economic impacts, as well as the development of
pesticide resistance, the species has been intensively studied, especially in regard to the
identification of targets for T. absoluta control. However, functional genomic studies of T.
absoluta have been constrained by a lack of effective genetic tools. Therefore, the aim of
the present study was to develop a CRISPR/Cas9 zygote microinjection protocol for
generating heritable mutations in T. absoluta, using the ommochrome synthesis gene
cinnabar as an easily evaluated target gene. The injection of fertilised eggs with Cas9
protein and four sgRNAs, which targeted cinnabar exon 3, resulted in a mutagenesis rate
of 31.9% for eggs reaching adulthood, and cinnabarmutagenesis resulted in either red or
mosaic eye colour phenotypes. As such, this study is the first to report a complete and
detailed CRISPR/Cas9 workflow for the efficient genome editing of the globally important
invasive pest T. absoluta. The application of this robust genome-editing tool to T. absoluta
will greatly facilitate the discovery of suitable RNAi control targets and the subsequent
development of novel control strategies.

Keywords: CRISPR/Cas9, cinnabar, genome editing, Tuta absoluta, lepidoptera

1 INTRODUCTION

The tomato leaf miner Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae) is a destructive pest
from Peru (Guillemaud et al., 2015), since the 1950s, has been recognised as one of the worst
pests of tomato in South America (Garcia and Espul, 1982; Desneux et al., 2010). In 2006, T.
absoluta was discovered in Spain, and since then, the species has been reported from over 90
countries and regions, including most of Europe, Africa, the Middle East, and Asia (Desneux
et al., 2011; Guimapi et al., 2016; Biondi et al., 2018; Zhang et al., 2020; Li et al., 2021). In 2017, T.
absoluta was detected in the Xinjiang Province of China (Zhang et al., 2020), which is one of the
world’s main tomato-producing regions, and over the next 2 years, the pest had colonised
~11,635.8 km (48.5%) of China’s roadways (Zhang et al., 2021) and was reported to cause severe
tomato production losses, sometimes up to 100% (Urbaneja et al., 2012; Chen et al., 2021). Thus,
T. absoluta represents a serious threat to global tomato production (Campos et al., 2017; Biondi
et al., 2018; Mansour et al., 2018).
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Because of the severe economic of T. absoluta, as well as the
reported development of pesticide resistance (Roditakis et al.,
2015, 2017; Siqueira et al., 2020; Langa et al., 2021), the species has
been intensively studied, especially in regard to the identification
of RNAi control targets. However, the limited efficacy duration of
RNA interference (RNAi) (Rahmani and Bandani, 2021a, b) was
constrained to use broadly it to do the functional genomic studies
of T. absoluta. Therefore, more effective genetic approaches are
urgently needed.

One potentially valuable strategy is the application of clustered
regularly interspaced short palindromic repeat (CRISPR)/
Cas9 genome-editing technology, which can be used to knock
out genes, thereby overcoming the shortcomings of RNAi for
functional gene studies. Previous applications of this technology
to insect systems have usually used eye colour as a visual marker
to facilitate mutant screening, and this has typically been achieved
through mutagenesis of the cinnabar gene, which encodes an
important enzyme (kynurenine hydroxylase) in the biosynthesis
of ommochrome (Paton and Sullivan 1978; Green et al., 2012; Li
et al., 2017; Xue et al., 2018). For example, cinnabar-targeting
small guide RNA (sgRNA) molecules have been used to produce
red eyes in Nasonia vitripennis (Li et al., 2017) and Nilaparvata
lugens (Xue et al., 2018). However, even though the CRISPR/Cas9
system and cinnabar mutagenesis have been successfully used to
generate and verify heritable mutations in other insects,
respectively (Adrianos et al., 2018; Xue et al., 2018; Wang
et al., 2020; Zhu et al., 2020; Zhan et al., 2021), their
application to T. absoluta have yet not to be reported.

Accordingly, the aim of the present study was to develop a
CRISPR/Cas9 zygote microinjection protocol for generating

heritable mutations in T. absoluta, using the ommochrome
synthesis gene cinnabar as an easily evaluated target gene. The
results of the evaluation indicated that disruption of a cinnabar
homolog in T. absoluta can induce both red and mosaic eye-
colour phenotypes. Furthermore, this study is the first to present a
complete and detailed CRISPR/Cas9 workflow for efficient
genome editing in the economically important pest T.
absoluta. The application of this robust genome-editing tool to
T. absoluta will greatly facilitate the discovery of suitable RNAi
control targets and the subsequent development of novel control
strategies.

2 MATERIALS AND METHODS

2.1 Insect Materials and Rearing
The T. absoluta population used for the present study was
originally collected from Yuxi, Yunnan Province, China, in
August 2018, and then reared on healthy tomato (Lycopersicon
esculentum Mill, Maofen) plants in the laboratory (25–26 °C,
50–60% relative humidity), with a 14-h photoperiod.

2.2 RNA Isolation and cDNA Synthesis
Total RNA was extracted from T. absoluta using TRIzol reagent
(Invitrogen, Carlsbad, CA, United States), according to the
manufacturer’s instructions, and the quality of the resulting
RNA was evaluated using both spectroscopy (Nano
Photometer P330; Implen, Munich, Germany) and agarose gel
electrophoresis. First-strand cDNA was then synthesised from
2 μg isolated RNA using the One-Step gDNARemoval and cDNA
Synthesis Super Mix kit (TransGen, Beijing, China).

2.3 Tacinnabar Cloning and Sequence
Analysis
A putative cinnabar gene of T. absoluta (i.e., Tacinnabar) was
identified in T. absoluta transcriptome datasets (unpublished) by
using blastp and tblastn analysis and a cinnabar homolog from
Bombyx mori (NM_001112665.1) as queries with E-values ≤ 1 ×
−20. Specific PCR primers (Table 1) were then designed, and PCR
amplification of Tacinnabar was performed using FastPfu DNA
Polymerase (TransGen, Beijing, China). The amplified fragments

TABLE 1 | Summary of the cinnabar mutagenesis mediated by four sgRNAs in
Tuta absoluta.

sgRNAs
+ Cas9 Protein

RNase-free Water

Number of eggs injected 591 201
Number of eggs hatched 270 165
Hatching rate 45.7% 82.1%
Number of surviving adults 69 54
Number of mutated adults 22 0
Phenotypic mutation efficiency 31.9% 0.0%

TABLE 2 | Primer sequences used in this study.

Primer Primer Sequence (5´→39)

Primers for Full-Length Gene Amplification
F CGGACTCGTGTTATTTA
R GCACTTACCAATTAGAAA
Primers for screening mutant
F ATTGAGGAATCACCTACTA
R ACATCTAAAACTGTTTACCA

Primers for synthesizing sgRNA
sgRNA1-F GAAATTAATACGACTCACTATAGGAGACAGACCCCTCTTGTCCGgttttagagctagaaatagc
SgRNA2-F GAAATTAATACGACTCACTATAGGAATTTGGCGCTGTCTGTGCGgttttagagctagaaatagc
SgRNA3-F GAAATTAATACGACTCACTATAGGTGCGAGGGAGAATGATACACgttttagagctagaaatagc
SgRNA4-F GAAATTAATACGACTCACTATAGGATGACATACCTTACGACGCGgttttagagctagaaatagc
sgRNA-R AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTgctatttctagctctaaaac
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FIGURE 1 | (A) Full-length cDNA sequence of Tuta absoluta cinnabar and its deduced amino acid sequence. Red boxes represented the three transmembrane
domains. (B) Predicted conserved domains of the Tacinnabar protein. And three transmembrane domains were found in Tacinnabar. (C) Schematic of the exon/intron
structures of the Tacinnabar gene. Solid blocks represented exons, and introns were indicated by full lines. The width of the solid blocks and the length of the black line
were drawn in proportion to the actual length of the coding and non-coding regions, respectively.
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were purified using the AxyPrep DNA Gel Extraction Kit
(Axygen, West Orange, NJ, United States) following the
manufacturer’s instructions, cloned into the pEASY-Blunt
Vector (TransGen, Beijing, China), and then sequenced.

The exon and intron boundaries of Tacinnabar were acquired
from T. absoluta genomic DNA. Open reading frames (ORFs) were
predicted using ORFfinder (http://www.ncbi.nlm.nih.gov/orffinder/
). Meanwhile, both the molecular weight and isoelectric point of the
corresponding protein were predicted using ExPASy (http://web.
expasy.org/protparam/), and conserved functional domains within
the protein sequence were identified using TMHMM 2.0 (http://
www.cbs.dtu.dk/services/TMHMM-2.0/). Multiple amino acid
sequence alignments were constructed using ClustalW, and a
phylogenetic tree was constructed using the maximum likelihood
method based on the Whelan and Goldman (WAG) model in
MEGA7.0, with 1,000 bootstrap replicates.

2.4 sgRNA Design and in Vitro Synthesis
sgRNAs were designed using CHOPCHOP (http://chopchop.
cbu.uib.no) based on the principle of GG (20 N) GG or CC
(20 N) CC, where N is any nucleotide, and simultaneously
evaluated for efficiency and potential off-target effects. Finally,
four sgRNAs were selected in Tacinnabar exon 3 (Table 2).

Synthetic sgRNA templates were generated using PCR and
specific primers (Table 1), verified using agarose gel
electrophoresis, and purified using the AxyPrep DNA Gel
Extraction Kit. The templates were then transcribed in vitro
using the MEGA script T7 High Yield Transcription Kit
(Ambion, Austin, TX, United States), following the
manufacturer’s instructions, and the synthesised sgRNAs
were extracted using phenol/chloroform/isoamyl alcohol,
diluted in RNase-free water, and stored at −80°C until
further use.

2.5 Egg Microinjection
Eggs of mated females, which were collected within 3 h of
oviposition, were quickly arranged on a microscope slide that
was laminated with double-sided adhesive tape, and
experimental eggs (n = 591) were injected with a mixture of
sgRNAs (total 400 ng/μl, 100 ng/μl each sgRNA) and Cas9
protein (400 ng/μl; GenCrispr, Nanjing, China) using a
microinjection system (Eppendorf, Hamburg, Germany),
whereas control eggs (n = 201) were injected with RNase-
free water. All eggs were then transferred to 90-mm Petri
dishes, cultured under standard rearing conditions (as
described above).

FIGURE 2 | Phylogenetic tree based on the known amino acid sequences of cinnabar genes. The phylogenetic tree was constructed using the maximum likelihood
method with 1,000 bootstrap replications in MEGA 7.0 Software. Values at the nodes are bootstrap values based on 1,000 replicates. Lepidoptera was depicted in red,
Coleoptera in sky blue, Diptera in green, Hymenoptera in orchid, Hemiptera in orange, and Neuroptera in doderblue. Helicoverpa armigera (XP_021183543.1),
Spodoptera frugiperda (XP_035436851.1), Spodoptera litura (XP_022820213.1), Maniola hyperantus (XP_034840116.1), Limenitis arthemis astyanax
(QHN70696.1), Amyelois transitella (XP_013190001.1), Bicyclus anynana (XP_023953608.1), Galleria mellonella (XP_026757612.1), Plutella xylostella
(XP_037974028.1), Bombyx mori (NP_001106135.1), Pieris rapae (XP_022118610.1), Chrysoperla carnea (XP_044742432.1), Anopheles stephensi
(XP_035914333.1), Anopheles arabiensis (XP_040175243.1), Anopheles darling (ETN60831.1), Anopheles coluzzii (XP_040219701.1), Anopheles sinensis
(KFB47145.1), Aedes aegypti (XP_001653516.2), Ceratitis capitata (XP_004522555.1), Drosophila willistoni (XP_015034226.1), Bactrocera dorsalis
(XP_011207325.1), Neodiprion lecontei (XP_015524234.1), Athalia rosae (XP_025602652.1), Nasonia vitripennis (XP_001602258.1), Coccinella septempunctata
(XP_044756441.1), Nilaparvata lugens (XP_039290505.1), Tribolium castaneum (NP_001034500.1).
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FIGURE 3 | Sequencing assay on the PCR products in wild-type (A) and injected F0 (B,C). The sequences of F0 mutations showed multiple peaks, indicating the
occurrence of the mutations. The fragments between the red arrows represent the mutated sites.

FIGURE 4 | CRISPR/Cas9 induced mutations at the cinnabar gene in Tuta absoluta F1 individuals. (A) Wild-type eye colour in control T. absoluta. (B) Cinnabar
mutant adults showed red eyes, and (C) mutant adults showed mosaic eye colour.
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2.6 Phenotype and Genotype Evaluation
After hatching (4–5 days), larvae were transferred from the 90-
mm egg dishes to 150-mm Petri dishes that contained fresh
tomato leaves, and pupae were transferred to separate
centrifuge tubes (1.5 ml) for sex differentiation. After
eclosion, mutant female and male were paired in different
cages (25 × 25 × 25 cm) to generate the F1 population.

The phenotypes of F0 adult specimens were evaluated by
observing adult eye colour under a light microscope, and after
mating and oviposition, genetic analysis was performed to
evaluate Tacinnabar mutagenesis. More specifically, genomic
DNA was extracted using the One Step Genotyping Kit
(Vazyme, Nanjing, China) and used as a template for PCR
amplification using gene-specific primers (Table 1). The
amplified products were then sequenced directly, and if the
peak diagram of the sequencing result showed that there were
miscellaneous peaks near the target site, the PCR products
were purified and cloned into the pEASY-Blunt Vector for
monoclonal DNA sequencing. The same method was used to
evaluate the mutant of F1 generation adults.

2.7 Homology Modelling of Mutated Protein
A homology model of the 18 bp-deletion mutant that
generated by CRISPR/Cas9 tool in this study was generated
using Swiss Model (https://swissmodel.expasy.org/
interactive). Because the structure of Tacinnabar had not

yet been solved empirically, a model of the wild-type
Tacinnabar protein was first generated, and the result was
used as a template to model the 18-bp deletion mutant.

3 RESULTS

3.1 Tacinnabar Analysis
The full-length Tacinnabar cDNA was 1,521 bp in length and
contained a 142-bp 5ʹ untranslated region (UTR; positions
1–142), a 29-bp 3ʹ UTR (positions 1,493–1,521), and a 1350-bp
ORF (positions 143–1,492), which encoded a 449-aa
polypeptide with a predicted molecular mass of 51.8 kDa
and isoelectric point of 7.16 (Figure 1A). Exon/intron
structure analysis indicated that Tacinnabar contained 10
exons (Figure 1C), and the Tacinnabar amino acid
sequence had three transmembrane domains (Figure 1B).

We directly compared the Tacinnabar amino acid sequence to
blastp sequences in NCBI, and it was found that the identity with
known cinnabar sequences among 54 species exceeded 56%. In
addition, the phylogenetic tree showed that cinnabar proteins of
insects in each order clustered on a single branch. For example,
phylogenetic analysis grouped the cinnabar proteins of T. absoluta
and other lepidopterans (e.g., Galleria mellonella, Amyelois
transitella, Plutella xylostella, and Pieris rapae) (Figure 2), which
is consistent with the traditional taxonomy.

FIGURE 5 |Mutant alleles and homology modelling of the 18 bp deletion in F1 generation. (A) The wild-type sequence was shown at the top with the target sites
and the PAM (blue letters) was marked with black box. In mutant sequence, deletions were shown as red dashes and point mutation was shown as red letter. (B)
Predicted 3D structure of the wild-type Tuta absoluta cinnabar protein (left) compared to the structure of the 18 bp deletion mutant (right). The deletion is predicted to
cause the loop changes (red arrow).
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FIGURE 6 | Part sequences of wild-type (A) and the garbled exon 3 of Tuta absoluta cinnabar in the F1 generation (B,C). The fragments between the red arrows
represent the garbled bases.
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3.2 Evaluation of CRISPR/Cas9-Mediated
Mutagenesis
Table 1 showed that the 69 eggs (about 12%), from 591 eggs of
microinjected sgRNAs + Cas9 proteins, developed successfully
into adults. And there were 22 (31.9%) of the 69 adults were
successful Tacinnabar mutagenesis (Table 1) and the mutation
adults were verified (Figure 3), resulted in either red or mosaic
eye colour in adults (Figure 4).

Furthermore, monoclonal sequencing of F1 mutants revealed
that one of the adults harboured an 18-bp (GATGCGAGGGAG
AATGAT) deletion in Tacinnabar exon 3 (Figure 5A), which was
predicted by homology modelling to cause loop changes in
Tacinnabar (Figure 5B), and that other adults harboured
altered bases throughout the entire third exon (196 bp) of
Tacinnabar (Figure 6). Taken together, these data represented
the success of the CRISPR/Cas9-mediated gene mutagenesis in
the destructive worldwide pest T. absoluta.

4 DISCUSSION

Recently, an increasing number of studies have focused on T.
absoluta gene functions and the identification of target genes for
RNAi-mediated control strategies (Camargo et al., 2016; Rahmani
and Bandani, 2021a,b). Several studies have also been conducted in
effort to improve RNAi efficiency, mainly by utilizing different
dsRNA delivery methods (Majidiani et al., 2019; Bento et al.,
2020). However, the application of RNAi to T. absoluta remains
relative limitation. Therefore, the aim of the present study was to
evaluate the efficacy of the CRISPR/Cas9 system.

As in other applications of CRISPR/Cas9 to insect systems, the
present study focused on cinnabar, which regulates the synthesis of
insect eye pigmentation, as a target gene, since its use would only
require visual methods for mutagenesis screening (Paton and
Sullivan, 1978). However, the cinnabar homolog in T. absoluta is
unknown. As such, a full-length cDNA sequence of a cinnabar
homolog (Tacinnabar) was identified and characterised in the
present study. The Tacinnabar protein sequence contained three
transmembrane domains and there were two transmembrane

domains in N. vitripennis (NV14284) (Li et al., 2017) and N.
lugens (KP881329) (Xue et al., 2018). However, little is known
about the role of transmembrane domain number in
ommochrome biosynthesis.

Interestingly, previous studies have demonstrated that the
efficiency of CRISPR/Cas9-mediated mutagenesis can vary
dramatically between species, target genes, and even sgRNAs that
target the same gene. In general, mutagenesis rate is positively related
to sgRNA and Cas9 concentrations (Bassett et al., 2013; Bi et al.,
2016; Li et al., 2017), but efficiency can also be improved through the
simultaneous use ofmultiple sgRNAs that target the same exon (Zhu
et al., 2020), as in the present study. Indeed, the use of this strategy in
the present study resulted in a Tacinnabarmutagenesis rate of 31.9%
(22 of 69), which was higher than reported for the attempted
mutagenesis of the cinnabar gene in Nilaparvata lugens (0%)
(Xue et al., 2018).

Previous studies have also reported that cinnabar mutagenesis
results in red-eye phenotypes (Li et al., 2017; Xue et al., 2018).
However, the mutagenesis of Tacinnabar in the present study
resulted in both red and mosaic phenotypes (Figure 6). It is
possible that the injection of single cinnabar-targeting sgRNA
molecules in N. vitripennis and N. lugens, which indued <30-bp
insertions or deletions in cinnabar, only affected eye colour, whereas
the simultaneous injection of four cinnabar-targeting sgRNA
molecules resulted in larger-scale changes, including deletion of
the whole third exon (196 bp), which could have induced different or
more-pronounced effects on eye colour. On the other hand, the
difference in mutant phenotypes could also be a result of differences
in transmembrane domain number, which could mediate
differences in the role of cinnabar in ommochrome synthesis in
different insect species.

The present study demonstrates, for the first time, that the
CRISPR/Cas9 system can be used as an efficient means of gene
editing in the globally important pest T. absoluta and describes a
CRISPR/Cas9 workflow (Figure 7) that provides a more powerful
strategy for reverse genetic studies, when compared to previous
RNAi applications. The application of this robust genome-editing
tool to T. absoluta will greatly facilitate the discovery of suitable
RNAi control targets and the subsequent development of novel
control strategies.

FIGURE 7 | CRISPR/Cas9 workflow for the Tuta absoluta. Five stages: (1) adults laid eggs and collected all the eggs (within 3 h), (2) careful lined up the eggs on
double-sided adhesive tape (with 30 min), (3) microinjection of embryos with a mixture of Cas9 protein and sgRNAs and placing back of injected embryos under rearing
conditions (within 30 min), (4) careful transfer of newly hatched larvae on fresh tomato leaves (within 4–5 days) and (5) screening for the eye mutants after adult
emergence (within 17–18 days).

Frontiers in Genetics | www.frontiersin.org May 2022 | Volume 13 | Article 8656228

Ji et al. CRISPR/Cas9 Tuta Absoluta

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below OM959367.

AUTHOR CONTRIBUTIONS

Data curation, S-XJ, QW and G-FZ; Formal analysis, X-DW and
Y-HT; Investigation, S-XJ and S-YB; Project administration,

Z-CL; Resources, W-XL; Software, QW; Supervision, F-HW;
Writing–original draft, S-XJ; Writing–review and editing, Z-CL.

FUNDING

This research was funded by the National Key Research and
Development Program (2021YFD1400200 and
2021YFC2600400) and the National Natural Science
Foundation of China (32072494 and 31672088).

REFERENCES

Adrianos, S., Lorenzen, M., and Oppert, B. (2018). Metabolic Pathway
Interruption: CRISPR/Cas9-mediated Knockout of Tryptophan 2,3-
dioxygenase in Tribolium castaneum. J. Insect Physiol. 107, 104–109. doi:10.
1016/j.jinsphys.2018.03.004

Bassett, A. R., Tibbit, C., Ponting, C. P., and Liu, J. L. (2013). Highly Efficient
Targeted Mutagenesis of Drosophila with the CRISPR/Cas9 System. Cell Rep 4,
220–228. doi:10.1016/j.celrep.2013.06.020

Bento, F. M., Marques, R. N., Campana, F. B., Demétrio, C. G., Leandro, R. A.,
Parra, J. R. P., et al. (2020). Gene Silencing by RNAi via Oral Delivery of dsRNA
by Bacteria in the South American Tomato Pinworm, Tuta Absoluta. Pest
Manag. Sci. 76 (1), 287–295. doi:10.1002/ps.5513

Bi, H.-L., Xu, J., Tan, A.-J., and Huang, Y.-P. (2016). CRISPR/Cas9-mediated
Targeted Gene Mutagenesis inSpodoptera Litura. Insect Sci. 23 (3), 469–477.
doi:10.1111/1744-7917.12341

Biondi, A., Guedes, R. N. C., Wan, F.-H., and Desneux, N. (2018). Ecology,
Worldwide Spread, and Management of the Invasive South American Tomato
Pinworm, Tuta Absoluta: Past, Present, and Future. Annu. Rev. Entomol. 63,
239–258. doi:10.1146/annurev-ento-031616-034933

Camargo, R. A., Barbosa, G. O., Possignolo, I. P., Peres, L. E. P., Lam, E., Lima, J. E.,
et al. (2016). RNA Interference as a Gene Silencing Tool to controlTuta
Absolutain Tomato (Solanum lycopersicum). Peer J. 4, e2673. doi:10.7717/
peerj.2673

Campos, M. R., Biondi, A., Adiga, A., Guedes, R. N. C., and Desneux, N. (2017).
From the Western Palaearctic Region to beyond: Tuta Absoluta 10 Years after
Invading Europe. J. Pest Sci. 90, 787–796. doi:10.1007/s10340-017-0867-7

Chen, L.-m., Li, X.-w., He, T.-j., Li, P.-j., Liu, Y., Zhou, S.-x., et al. (2021).
Comparative Biochemical and Transcriptome Analyses in Tomato and
Eggplant Reveal Their Differential Responses to Tuta Absoluta Infestation.
Genomics 113, 2108–2121. doi:10.1016/j.ygeno.2021.05.002

Desneux, N., Luna, M. G., Guillemaud, T., and Urbaneja, A. (2011). The Invasive
South American Tomato Pinworm, Tuta Absoluta, Continues to Spread in
Afro-Eurasia and beyond: the New Threat to TomatoWorld Production. J. Pest
Sci. 84, 403–408. doi:10.1007/s10340-011-0398-6

Desneux, N., Wajnberg, E., Wyckhuys, K. A. G., Burgio, G., Arpaia, S., Narváez-
Vasquez, C. A., et al. (2010). Biological Invasion of European Tomato Crops by
Tuta Absoluta: Ecology, Geographic Expansion and Prospects for Biological
Control. J. Pest Sci. 83, 197–215. doi:10.1007/s10340-010-0321-6

Garcia, M. F., and Espul, J. C. (1982). Bioecology of the Tomato Moth
(Scrobipalpula Absoluta) in Mendoza, Argentine Republic. Rev. Investig.
Agrop 17, 135–146. doi:10.1016/0093-691x(82)90134-0

Green, E. W., Campesan, S., Breda, C., Sathyasaikumar, K. V., Muchowski, P. J.,
Schwarcz, R., et al. (2012). Drosophila Eye Color Mutants as Therapeutic Tools
for Huntington Disease. Fly 6 (2), 117–120. doi:10.4161/fly.19999

Guillemaud, T., Blin, A., Le Goff, I., Desneux, N., Reyes, M., Tabone, E., et al.
(2015). The Tomato Borer, Tuta Absoluta, Invading the Mediterranean Basin,
Originates from a Single Introduction from Central Chile. Sci. Rep. 5, 8371.
doi:10.1038/srep08371

Guimapi, R. Y. A., Mohamed, S. A., Okeyo, G. O., Ndjomatchoua, F. T., Ekesi, S., and
Tonnang, H. E. Z. (2016). Modeling the Risk of Invasion and Spread of Tuta
Absoluta in Africa. Ecol. Complexity 28, 77–93. doi:10.1016/j.ecocom.2016.08.001

Langa, T. P., Dantas, K. C. T., Pereira, D. L., de Oliveira, M., Ribeiro, L. M. S., and
Siqueira, H. A. A. (2021). Basis and Monitoring of Methoxyfenozide Resistance
in the South American Tomato Pinworm Tuta Absoluta. J. Pest Sci. 95,
351–364. doi:10.1007/s10340-021-01378-z

Li, M., Au, L. Y. C., Douglah, D., Chong, A., White, B. J., Ferree, P. M., et al. (2017).
Generation of Heritable Germline Mutations in the Jewel Wasp Nasonia
vitripennis Using CRISPR/Cas9. Sci. Rep. 7 (1), 901–907. doi:10.1038/
s41598-017-00990-3

Li, X.-w., Li, D., Zhang, Z.-j., Huang, J., Zhang, J.-m., Hafeez, M., et al. (2021).
Supercooling Capacity and Cold Tolerance of the South American Tomato
Pinworm, Tuta Absoluta, a Newly Invaded Pest in China. J. Pest Sci. 94,
845–858. doi:10.1007/s10340-020-01301-y

Majidiani, S., PourAbad, R. F., Laudani, F., Campolo, O., Zappalà, L., Rahmani, S.,
et al. (2019). RNAi in Tuta AbsolutaManagement: Effects of Injection and Root
Delivery of dsRNAs. J. Pest Sci. 92 (4), 1409–1419. doi:10.1007/s10340-019-
01097-6

Mansour, R., Brévault, T., Chailleux, A., Cherif, A., Grissa-Lebdi, K., Haddi, K.,
et al. (2018). Occurrence, Biology, Natural Enemies and Management of Tuta
Absoluta in Africa. entomologia 38, 83–112. doi:10.1127/entomologia/2018/
0749

Paton, D. R., and Sullivan, D. T. (1978). Mutagenesis at the Cinnabar Locus in
Drosophila melanogaster. Biochem. Genet. 16 (9), 855–865. doi:10.1007/
BF00483738

Rahmani, S., and Bandani, A. R. (2021b). A Gene Silencing of V-ATPase Subunit A
Interferes with Survival and Development of the Tomato Leafminer, Tuta
Absoluta. Arch. Insect Biochem. Physiol. 106 (1), e21753. doi:10.1002/arch.
21753

Rahmani, S., and Bandani, A. R. (2021a). Caspase Gene Silencing Affects the
Growth and Development of Tuta Absoluta. Biocatal. Agric. Biotechnol. 34,
102044. doi:10.1016/j.bcab.2021.102044

Roditakis, E., Steinbach, D., Moritz, G., Vasakis, E., Stavrakaki, M., Ilias, A.,
et al. (2017). Ryanodine Receptor point Mutations Confer Diamide
Insecticide Resistance in Tomato Leafminer, Tuta Absoluta
(Lepidoptera: Gelechiidae). Insect Biochem. Mol. Biol. 80, 11–20. doi:10.
1016/j.ibmb.2016.11.003

Roditakis, E., Vasakis, E., Grispou, M., Stavrakaki, M., Nauen, R., Gravouil, M.,
et al. (2015). First Report of Tuta Absoluta Resistance to Diamide Insecticides.
J. Pest Sci. 88, 9–16. doi:10.1007/s10340-015-0643-5

Siqueira, H. Á. A., Guedes, R. N. C., and Picanço, M. C. (2020). Insecticide
Resistance in Populations of Tuta Absoluta (Lepidoptera: Gelechiidae). Agr For.
Entomol 2, 147–153. doi:10.1046/j.1461-9563.2000.00062.x

Urbaneja, A., González-Cabrera, J., Arnó, J., and Gabarra, R. (2012). Prospects for
the Biological Control of Tuta Absoluta in Tomatoes of the Mediterranean
basin. Pest Manag. Sci. 68, 1215–1222. doi:10.1002/ps.3344

Wang, Y., Gao, B., Zhang, G., Qi, X., Cao, S., Akami, M., et al. (2020).
Mutation of Bdpaired Induces Embryo Lethality in the oriental Fruit Fly,
Bactrocera Dorsalis. Pest Manag. Sci. 76 (3), 944–951. doi:10.1002/ps.
5602

Xue, W.-H., Xu, N., Yuan, X.-B., Chen, H.-H., Zhang, J.-L., Fu, S.-J., et al.
(2018). CRISPR/Cas9-mediated Knockout of Two Eye Pigmentation
Genes in the Brown Planthopper, Nilaparvata Lugens (Hemiptera:
Delphacidae). Insect Biochem. Mol. Biol. 93, 19–26. doi:10.1016/j.ibmb.
2017.12.003

Frontiers in Genetics | www.frontiersin.org May 2022 | Volume 13 | Article 8656229

Ji et al. CRISPR/Cas9 Tuta Absoluta

https://doi.org/10.1016/j.jinsphys.2018.03.004
https://doi.org/10.1016/j.jinsphys.2018.03.004
https://doi.org/10.1016/j.celrep.2013.06.020
https://doi.org/10.1002/ps.5513
https://doi.org/10.1111/1744-7917.12341
https://doi.org/10.1146/annurev-ento-031616-034933
https://doi.org/10.7717/peerj.2673
https://doi.org/10.7717/peerj.2673
https://doi.org/10.1007/s10340-017-0867-7
https://doi.org/10.1016/j.ygeno.2021.05.002
https://doi.org/10.1007/s10340-011-0398-6
https://doi.org/10.1007/s10340-010-0321-6
https://doi.org/10.1016/0093-691x(82)90134-0
https://doi.org/10.4161/fly.19999
https://doi.org/10.1038/srep08371
https://doi.org/10.1016/j.ecocom.2016.08.001
https://doi.org/10.1007/s10340-021-01378-z
https://doi.org/10.1038/s41598-017-00990-3
https://doi.org/10.1038/s41598-017-00990-3
https://doi.org/10.1007/s10340-020-01301-y
https://doi.org/10.1007/s10340-019-01097-6
https://doi.org/10.1007/s10340-019-01097-6
https://doi.org/10.1127/entomologia/2018/0749
https://doi.org/10.1127/entomologia/2018/0749
https://doi.org/10.1007/BF00483738
https://doi.org/10.1007/BF00483738
https://doi.org/10.1002/arch.21753
https://doi.org/10.1002/arch.21753
https://doi.org/10.1016/j.bcab.2021.102044
https://doi.org/10.1016/j.ibmb.2016.11.003
https://doi.org/10.1016/j.ibmb.2016.11.003
https://doi.org/10.1007/s10340-015-0643-5
https://doi.org/10.1046/j.1461-9563.2000.00062.x
https://doi.org/10.1002/ps.3344
https://doi.org/10.1002/ps.5602
https://doi.org/10.1002/ps.5602
https://doi.org/10.1016/j.ibmb.2017.12.003
https://doi.org/10.1016/j.ibmb.2017.12.003
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Zhan, Y., Alonso San Alberto, D., Rusch, C., Riffell, J. A., and Montell, C.
(2021). Elimination of Vision-Guided Target Attraction in Aedes aegypti
Using CRISPR. Curr. Biol. 31 (18), 4180–4187. e6. doi:10.1016/j.cub.2021.
07.003

Zhang, G.-f., Ma, D.-y., Wang, Y.-s., Gao, Y.-h., Liu, W.-x., Zhang, R., et al.
(2020). First Report of the South American Tomato Leafminer, Tuta
Absoluta (Meyrick), in China. J. Integr. Agric. 19, 1912–1917. doi:10.
1016/s2095-3119(20)63165-3

Zhang, G. f., Xian, X. q., Zhang, Y. b., Liu, W. x., Liu, H., Feng, X. d., et al.
(2021). Outbreak of the South American Tomato Leafminer, Tuta Absoluta
, in the Chinese mainland: Geographic and Potential Host Range
Expansion. Pest Manag. Sci. 77 (12), 5475–5488. doi:10.1002/ps.6588

Zhu, G.-H., Chereddy, S. C. R. R., Howell, J. L., and Palli, S. R. (2020). Genome
Editing in the Fall Armyworm, Spodoptera Frugiperda: Multiple sgRNA/
Cas9 Method for Identification of Knockouts in One Generation. Insect
Biochem. Mol. Biol. 122, 103373. doi:10.1016/j.ibmb.2020.103373

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Ji, Bi, Wang, Wu, Tang, Zhang, Wan, Lü and Liu. This is an open-
access article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org May 2022 | Volume 13 | Article 86562210

Ji et al. CRISPR/Cas9 Tuta Absoluta

https://doi.org/10.1016/j.cub.2021.07.003
https://doi.org/10.1016/j.cub.2021.07.003
https://doi.org/10.1016/s2095-3119(20)63165-3
https://doi.org/10.1016/s2095-3119(20)63165-3
https://doi.org/10.1002/ps.6588
https://doi.org/10.1016/j.ibmb.2020.103373
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

	First Report on CRISPR/Cas9-Based Genome Editing in the Destructive Invasive Pest Tuta Absoluta (Meyrick) (Lepidoptera: Gel ...
	1 Introduction
	2 Materials and Methods
	2.1 Insect Materials and Rearing
	2.2 RNA Isolation and cDNA Synthesis
	2.3 Tacinnabar Cloning and Sequence Analysis
	2.4 sgRNA Design and in Vitro Synthesis
	2.5 Egg Microinjection
	2.6 Phenotype and Genotype Evaluation
	2.7 Homology Modelling of Mutated Protein

	3 Results
	3.1 Tacinnabar Analysis
	3.2 Evaluation of CRISPR/Cas9-Mediated Mutagenesis

	4 Discussion
	Data Availability Statement
	Author Contributions
	Funding
	References


