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SHORT ABSTRACT:
Successful germline transformation in the fall armyworm, Spodoptera frugiperda, was achieved using mRNA of hyperactive piggyBac transposase.

LONG ABSTRACT:
Stable insertion of genetic cargo into insect genomes using transposable elements is a powerful tool for functional genomic studies and developing genetic pest management strategies. The most used transposable element in insect transformation is piggyBac, and piggyBac-based germline transformation has been successfully conducted in model insects. However, it is still challenging to employ this technology in non-model insects that include agricultural pests. This paper reports the germline transformation of a global agricultural pest, the fall armyworm (FAW), Spodoptera frugiperda, using the hyperactive piggyBac transposase (hyPBase). 

In this work, the hyPBase mRNA was produced and used instead of helper plasmid in embryo microinjections. This change led to the successful generation of transgenic FAW. Furthermore, the procedures of screening transgenic animals, PCR-based rapid detection of transgene insertion, and thermal asymmetric interlaced PCR (TAIL-PCR)-based determination of the integration site are also described. Thus, this paper presents a protocol to produce transgenic FAW, which will facilitate piggyBac-based transgenesis in FAW and other lepidopteran insects.

INTRODUCTION:
The fall armyworm (FAW), Spodoptera frugiperda, native to tropical and subtropical regions of America, has been a devastating insect herbivore in more than 100 countries worldwide1. FAW larvae feed on more than 350 host plants, including some important staple food crops2. The strong migration ability of FAW adults contributes to its recent rapid spread from the Americas to other places1,2. As a result, this insect is now threatening food security internationally. Applying new technologies may facilitate advanced studies in FAW and provide novel strategies to manage this pest.

Insect germline transformation has been used to study gene function and generate transgenic insects for use in genetic control3,4. Among the various methods used to achieve genetic transformation in insects, the piggyBac element-based method is the most used method5. However, due to the low rate of transposition, it is still challenging to conduct transgenesis in non-model insects. Recently, a hyperactive version of piggyBac transposase (hyPBase) was developed6,7. Germline transformation was achieved in FAW recently8, which is the first report of using hyPBase in Lepidopteran insects. In this report, detailed information on employing hyPBase mRNA in generating transgenic FAW is described. The method described here could be applied to achieve the transformation of other lepidopteran insects.

PROTOCOL:

1.	In vitro synthesis of hyPBase mRNA

NOTE: The complete coding sequence of the hyPBase sequence was synthesized and inserted into a pTD1-Cas9 vector (see the Table of Materials) to produce the pTD1-hyPBase construct, which contains a hyPBase-expressing cassette, T7 promoter: polyhedrin-5' UTR: hyPBase: polyhedrin-3' UTR: poly (A). The full sequence of the pTD1-hyPBase construct is provided in the Supplementary Material.

1.1.	Preparation of the template for in vitro synthesis

1.1.1.	Perform a PCR reaction to amplify the hyPBase-expressing cassette using a forward primer, 5'- atgcggtgtgaaataccgcacagatgcg-3', and a reverse primer 5'- tagaggccccaaggggttatgctag-3', high-fidelity polymerase, and pTD1-hyPBase plasmid as a template. 

NOTE: The PCR reaction (final volume of 50 &#181;L) contains 5.0 &#181;L of 10x Reaction buffer, 4.0 &#181;L of 10 mM deoxynucleoside triphosphate (dNTP), 1.0 &#181;L of plasmid (50 &#181;g/&#181;L), 1.0 &#181;L of high-fidelity polymerase, 1.0 &#181;L each of 10 &#181;M forward and reverse primers, and 33 &#181;L of nuclease-free water. The settings were as follows: an initial incubation of 95 &#176;C for 3 min, followed by 35 cycles of 98 &#176;C for 10 s, 60 &#176;C for 15 s, and 68 &#176;C for 2 min. 

1.1.2.	Check the PCR product on a 1% agarose gel at 120 V in fresh Tris-acetate-ethylenediamine tetraacetic acid (TAE) buffer for 30 min and purify the product with the gel extraction kit. 

NOTE: Do not use the PCR product purification kit. Even a trace amount of the pTD1-hyPBase plasmid significantly decreases the efficiency of in vitro synthesis. 

1.2. In vitro synthesis of hyPBase mRNA using a commercial kit

1.2.1. Completely thaw the frozen reagents, keep the enzyme and 2x NTP/CAP solution on ice, and leave the thawed 10x Reaction buffer at room temperature.

1.2.2. Assemble the reaction at room temperature by adding the following components: 2x NTP/CAP solution: 10 &#181;L; 10x Reaction buffer: 2 &#181;L; Template DNA: 0.1–0.2 &#181;g; Enzyme mix: 2 &#181;L; Nuclease-free water to 20 &#181;L.

1.2.3. Mix the reagents thoroughly by gently pipetting the mixture up and down and incubate at 37 &#176;C for 2-4 h.

1.3. Recovery of synthesized mRNA by lithium chloride precipitation

1.3.1. Add 30 &#181;L of LiCl Precipitation Solution, mix thoroughly by flicking the tube, and then keep at -20 &#176;C for ≥ 30 min.

1.3.2. Centrifuge at 4 &#176;C for 15 min at the maximum speed, and carefully remove the supernatant.

1.3.3. Wash the pellet once with 1 mL of 70% ethanol, re-centrifuge, and remove the supernatant carefully.

1.3.4. Dry the pellet at room temperature for 1–2 min, and then resuspend the pellet with 20–40 &#181;L of nuclease-free water.

1.3.5. Dilute 1 &#181;L of mRNA solution with 9 &#181;L of nuclease-free water. Take 2 &#181;L to determine the mRNA concentration and use 8 &#181;L to check the mRNA quality on a 1% agarose gel at 100 V in fresh TAE buffer for 40 min.

1.3.6. Aliquot the mRNA solution and store frozen at -70 &#176;C for up to one year.

NOTE: Do not completely dry the mRNA pellet; it may be harder to dissolve it in water.

2.	Microinjection

2.1.	Egg collection

2.1.1.	Place 12 male pupae and 12 female pupae in a 15 cm x 15 cm x 10 cm box. Cover the box with a paper towel. Place a 10% sucrose solution in the box for feeding adults.

2.1.2.	On day 2 post eclosion, expose the adults to intense light overnight. 

2.1.3.	On day 3 post eclosion, transfer the adults from step 2.1.2 to a dark place. Collect the embryos within 2 h after oviposition.

2.1.4.	Add drops of water to the piece of a paper towel with fresh eggs kept in a Petri dish on ice. Transfer the eggs gently to a glass slide with a fine brush and align them one by one on a glass slide. Keep the glass slides with the aligned eggs on ice before microinjection.

2.2. Microinjection setup

2.2.1. Inject a mixture of a transgenic enhanced green fluorescent protein (EGFP)-expressing plasmid (200 ng/&#181;L), pBac: hr5ie1-EGFP-SV40, hyPBase mRNA (200 ng/&#181;L), and sterile distilled water into the eggs, using the compensation pressure of the automated microinjector (see the Table of Materials).

2.2.2. Keep the injected eggs at 27 &plusmn; 1 &#176;C, 60 &plusmn; 10% relative humidity until hatching. 

2.2.3. Feed the hatched larvae on an artificial diet, and transfer each larva to one small cup at the early 3rd instar stage (~6 mm in length, and body-color turns black).

3.	Fluorescence screening and genetic crossing

3.1.	Collect the pupae and place ~150 female pupae and ~150 male pupae in a 35 cm x 35 cm x 35 cm cage. Hang several pieces of paper towels (~30 cm x 15 cm) in the cage to collect the eggs.

3.2.	Collect the paper towels with eggs daily, and keep the eggs at 27 &plusmn; 1 &#176;C, 60 &plusmn; 10% relative humidity until hatching. 

3.3.	Keep the neonate larvae at 4 &#176;C for 5 min to immobilize them, and then transfer them onto an ice-cold plate.

3.4.	Screen the immobilized neonate larvae under a fluorescence stereomicroscope. Select the EGFP-positive neonates, raise them to the pupal stage in ~2 weeks at 27 &plusmn; 1 &#176;C, and separate them by sex according to the phenotype differences at the ventral abdomen segments.

NOTE: The female pupa has a slit-like genital opening on the eighth abdominal segment and the cephalic margins of the ninth and tenth segments curving  toward the genital opening. The genital opening of the male pupa has a slight elevation on the ninth abdominal segment.

3.5. Place the EGFP-positive pupae and the wild-type pupae of the opposite sex in a male: female ratio of 1:1 in a cage. Sib-cross the EGFP-expressing adults to produce the following generations.

4.	PCR detection of transgenic insertion 

4.1.	Extract genomic DNA from the wild-type and EGFP-positive individual larvae using any commercial genomic DNA extraction kit following the manufacturer's instructions.

4.2.	Perform a PCR reaction using the genomic DNA as a template; a forward primer, 5'- acgtacgctcctcgtgttccgttc-3' located in the ie1 promoter region; and a reverse primer, 5'- aagcactgcacgccgtaggtcag-3' located in the EGFP region of the transformation vector. 

4.3.	Set up each PCR reaction (final volume of 40 &#181;L) to contain 20 &#181;L of the polymerase mixture, 1.0 &#181;L of genomic DNA (40 &#181;g/&#181;L), 1.0 &#181;L each of 10 &#181;M forward and reverse primers, and 17 &#181;L of nuclease-free water. Use the following settings: an initial incubation of 95 &#176;C for 3 min, followed by 35 cycles of 95 &#176;C for 20 s, 56 &#176;C for 20 s, and 68 &#176;C for 40 s settings.

4.4.	Check the PCR products on a 1% agarose gel at 120 V for 30 min.

5.	Determination of the transgenic insertion site

5.1.	Perform high-efficiency TAIL-PCR using genomic DNA as a template to determine the integration site of transgene insertion in the EGFP-positive insects. 

5.1.1.	Perform the PCR reactions following the steps described elsewhere9. 

5.1.1.1.	Use three primers, P1: 5'-atcagtgacacttaccgcattgacaagcacgcc-3', P2: 5'-tcacgggagctccaagcggcgactg-3', and P3: 5'-atgtcctaaatgcacagcgacggattcgcgct-3', which are specific to the piggyBac vector, in the 3 rounds of PCR reaction, respectively. 

5.2.	Sequence the final PCR products to determine the integration site. 

REPRESENTATIVE RESULTS: 
A construct for the expression of hyPBase-containing T7 promoter: polyhedrin-5'UTR: hyPBase: polyhedrin-3'UTR: poly (A) signal was generated (Figure 1A) and amplified as a ~2.2 kb PCR fragment to synthesize hyPBase mRNA in vitro (Figure 1B). Then, the hyPBase mRNA was produced and subjected to agarose gel electrophoresis. The mRNA of the expected size (~1.1 kb band) was detected on a 1% agarose gel (Figure 1C).

Then, a piggyBac-based EGFP expression construct was prepared (Figure 2A). A mixture of this plasmid and hyPBase mRNA, or PBS solution, was injected into embryos within 2 h after oviposition. At 24 h after injection, a transient signal of EGFP expression was observed in the injected embryos. The PBS-injected embryos did not show EGFP signal (Figure 2B), whereas the EGFP-expressing plasmid and hyPBase mRNA-injected embryos showed EGFP fluorescence (Figure 2C), indicating that the piggyBac construction was successful. Thus, the hr5ie1 promoter can function at the early development stage.

Approximately 2,000 eggs were injected, and ~700 of them developed into pupae. The G0 adults were self-crossed, and eggs were collected. The G1 larvae hatched from these eggs were examined for the EGFP signal under a fluorescence stereomicroscope. As shown in Figure 3A, the transgenic larvae showed a strong EGFP signal. To test the insertion of the EGFP expression cassette into the genomes of EGFP-positive insects, a fragment containing the promoter and EGFP fragment was amplified using the genomic DNA isolated from the EGFP-positive larvae as a template (Figure 3B). This fragment was not detected when genomic DNA was isolated from the wild-type larvae as the template (Figure 3B). By conducting high-efficiency TAIL-PCR and sequencing of the PCR products, the integration site of transgene insertion was determined. As shown in Figure 4, the transgene integration site lies in the 81st intron of the Twinchin-like gene in chromosome 26.

Figure 1: Production of hyPBase mRNA. (A) The hyPBase-expressing cassette containing the T7 promoter: polyhedrin-5'UTR: hyPBase: polyhedrin-3'UTR: poly (A) signal was constructed. (B) The ~2.2 kb DNA template for synthesizing hyPBase mRNA was amplified from the hyPBase construct. (C) A ~1.1 kb hyPBase mRNA was synthesized from the amplified DNA template.

Figure 2: Expression of EGFP in injected embryos. (A) Schematic diagram of the piggyBac vector used in this study. (B) No EGFP signal was detected in embryos injected with 1x PBS. (C) EGFP signal was detected in embryos injected with the piggyBac vector and hyPBase mRNA. Scale bars = 50 &#181;m. Abbreviations: EGFP = enhanced green fluorescent protein; PBS = phosphate-buffered saline.

Figure 3: Characterization of transgenic FAW. (A) EGFP expression in transgenic but not in wild-type FAW larvae. Scale bars = 0.5 mm. (B) PCR analysis of genomic insertion of the transgenes. A pair of primers targeting the promoter and EGFP regions were used to amplify a ~0.5 kb fragment using the genomic DNA isolated from transgenic or wild-type FAW larvae as a template. Abbreviations: EGFP = enhanced green fluorescent protein; FAW = Fall armyworm.

Figure 4: Genomic insertion of piggyBac construct. Genomic insertion of the piggyBac construct in transgenic FAW was determined by TAIL-PCR and sequencing. Chromosome localization and partial genomic DNA sequences flanking the boundaries of the piggyBac construct are shown. Abbreviations: FAW = Fall armyworm; TAIL-PCR = thermal asymmetric interlaced PCR.

DISCUSSION:
The low rate of transposition and difficulty of delivering transgenic components into fresh embryos limit the success of germline transformation in many non-model insects, especially those from order, Lepidopteran. To increase the germline transformation rate, a hyperactive version of the most widely used piggyBac transposase (hyPBase) was developed7,10. To date, successful germline transformation in Lepidopteran insects is mainly reported in the model insect silkworm, Bombyx mori11. However, conducting transgenesis work in other Lepidopteran insects, including some major agriculture pests, is still challenging. 

The major limitations and the key steps of establishing a transgenic FAW line using this protocol are synthesizing high-quality hyPBase mRNA and delivering piggyBac transposition components into the early embryos. The two core components of the traditional piggyBac system are a donor plasmid containing the cargo to be inserted into the genome and a helper plasmid providing the transposase12. To increase the transformation efficiency, highly active promoters are used in the helper plasmid to drive the expression of transposase13,14. As these promoters are usually obtained from model insects, their activity in other insects may not be high as in the species from which the promoter was identified. Thus, transposase mRNA is more effective than the helper plasmid, which may improve germline transformation in most non-model insects. 

In this protocol, hyPBase mRNA was prepared in vitro by constructing a plasmid containing the hyPBase-expressing cassette (T7 promoter: polyhedrin-5'UTR: hyPBase: polyhedrin-3'UTR: poly (A) signal). The T7 promoter allows in vitro synthesis of mRNA using commercially available mRNA synthesis kits. Both polyhedrin-5'UTR and polyhedrin-3'UTR could help in improving transcription of hyPBase mRNA in vitro and translation of hyPBase protein in vivo. The presence of the poly (A) signal helps enhance the stability of hyPBase mRNA in vivo15. Additionally, injection of the piggyBac components into the very early embryos with a limited number of dividing cells is also critical to improve the chances of delivering piggyBac system component progenitors of germline cells. The transposition events occurring in the germline cells could be inherited. In this protocol, FAW embryos less than 2 hours old were collected and kept on ice to slow down their development before injection. For most insects, collecting embryos as early as possible and finding a way to slow down their development could also help in successful germline transformation.  

Using fluorescent proteins in insect transgenesis helps in the identification of transgenic animals. In this protocol, the IE1 promoter, which has been reported to be an efficient and ubiquitous promoter in Lepidopteran insects11, derived from the Autographa california multicapsid nuclear polyhedrosis virus (AcNPV) immediate early gene, was fused with the hr5 enhancer to drive the expression of EGFP. In transgenic individuals in which EGFP was inserted into the FAW genome, the EGFP signal could be observed at all stages (data not shown). Molecular confirmation of piggyBac-mediated insertion was usually performed by southern blot or inverse PCR and sequencing. In this protocol, PCR amplification of a fragment in the transgenic cargo was used to confirm the transgenic insertion rapidly. In addition, a PCR-based high-efficiency TAIL-PCR method was employed to identify the integration site of transgenic insertion9, which is easy to manipulate compared with the widely used inverse PCR method. The high-efficiency TAIL-PCR method was developed to identifying the transgenic integration sites in plants. In this study, this method is used for the first time in insects. The presented protocol provides an effective way to generate transgenic FAW and could also be further applied to many other model and non-model insects. 
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