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SUMMARY

Despite their capacity to acquire and pass on an array of debilitating pathogens,
research on ticks has lagged behind other arthropod vectors, such as mosquitoes,
largely because of challenges in applying available genetic and molecular tools.
CRISPR-Cas9 is transforming non-model organism research; however, successful
gene editing has not yet been reported in ticks. Technical challenges for injecting
tick embryos to attempt gene editing have further slowed research progress.
Currently, no embryo injection protocol exists for any chelicerate species,
including ticks. Herein, we report a successful embryo injection protocol for the
black-legged tick, Ixodes scapularis, and the use of this protocol for genome edit-
ing with CRISPR-Cas9. We also demonstrate that the ReMOT Control technique
could be successfully used to generate genomemutations outside Insecta. Our re-
sults provide innovative tools to the tick research community that are essential
for advancing our understanding of the molecular mechanisms governing path-
ogen transmission by tick vectors and the underlying biology of host-vector-path-
ogen interactions.
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INTRODUCTION

Ticks are obligate hematophagous ectoparasites and are important vectors of a wide variety of pathogens

to humans, wildlife, and domestic animals. The black-legged tick, Ixodes scapularis, is the most important

vector of public health importance in the United States because it can transmit multiple pathogens,

including bacteria, viruses, and protozoa (Hinckley et al., 2014). Lyme disease (LD), caused by the spiro-

chete Borrelia burgdorferi and transmitted by Ixodes ticks, is the most prevalent vector-borne disease in

the United States. Over 42,000 human LD cases were reported by the Centers for Disease Control and Pre-

vention (Centers for Disease control and Prevention, 2015) in 2015. However, actual cases predicted by se-

roprevalence are estimated to be over 300,000 annually due to unrecorded cases (Rodino et al., 2020). In

2016, a 2.1 Gbp I. scapularis genome was published, the first genome for a tick species (Gulia-Nuss et al.,

2016). The availability of a genome has opened the avenue for further molecular research in this species to

understand critical vector-pathogen-host interactions. Despite this advance, our knowledge of the biology

of ticks on a molecular level is still limited. This is in contrast to insects such as mosquitoes for which

numerous tools for transgenic development and genome editing are now available. Advances in tick ge-

nomics and genetics have mainly been stymied by challenges in applying available molecular tools to

the unique biology of ticks to carry out reverse genetics that can directly validate gene functions and corre-

late with phenotypes of interest. Progress in this area is critical for the advancement of research to solve the

growing problem of tick-borne diseases.

RNAi (RNAi) is currently the only technique available for functional genomics studies in ticks. However, this

technique has significant limitations and has provided only a brief insight into our understanding of these

organisms (Nuss et al., 2021; Karim and Adamson, 2012; de la Fuente et al., 2007). The clustered regularly

interspaced short palindromic repeats (CRISPR), CRISPR-associated protein 9 (Cas9), has revolutionized

functional genetics research in many organisms (Zhang and Reed, 2017). Successful CRISPR-Cas9-medi-

ated gene manipulation has been reported for a steadily increasing number of organisms in the arthropod
iScience 25, 103781, March 18, 2022 ª 2022 The Authors.
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subphyla Crustacea (Gui et al., 2016; Martin et al., 2016; Nakanishi et al., 2014) and Hexapoda, including

Diptera (Bassett et al., 2013; Kistler et al., 2015; Macias et al., 2020; Paulo et al., 2019), Hymenoptera (Hu

et al., 2019), Hemiptera (Kotwica-Rolinska et al., 2019; Zhao et al., 2019), Coleoptera (Awata et al., 2015;

Gilles et al., 2015), Orthoptera (Li et al., 2017b), and diverse Lepidoptera (Sun et al., 2017).While CRISPR-

Cas9-based gene-editing techniques have improved studies in mosquitoes and other arthropod disease

vectors (Chaverra-Rodriguez et al., 2020; Dermauw et al., 2020; Sun et al., 2017), this technique has not

yet been developed for tick vectors.

There are two components of the CRISPR-Cas9 technique: the single guide RNA (sgRNA) with a targeting

sequence complementary to the sequence of the gene of interest, and a bacterial nuclease (Cas9). The

Cas9 introduces double-stranded breaks in DNA at a complementary site specific to the sgRNA. In a eu-

karyotic cell, these double-stranded breaks (DSB) are then repaired by DSB repair mechanisms of the

cell. Two major mechanisms: non-homologous end-joining (NHEJ) and homology-directed repair (HDR)

have been well studied in eukaryotes. However, the alternativemechanisms, such asmicrohomology-medi-

ated end joining (MMEJ) and single-strand annealing have also been shown to play a major role in DSB

repair (Lieber, 2010; van Overbeek et al., 2016). To facilitate efficient genome editing in whole organisms,

Cas9 and sgRNA need to be delivered to the nucleus of the oocytes (Gantz and Akbari, 2018). Therefore,

most current approaches for genome editing in multicellular eukaryotes rely upon delivering the Cas9 ribo-

nucleoprotein (RNP) complex (Cas9 protein + sgRNA) by embryonic microinjection. However, within the

chelicerates, successful embryo injection has not yet been accomplished (Dermauw et al., 2020).

Tick embryos are extremely difficult to inject (Santos et al., 2013) due to multiple factors: high intra-ovular

pressure, a hard chorion, and a wax layer outside the embryo that must be removed before injection. Fe-

male ticks coat their eggs with a tough wax layer using a specialized wax organ known as the Gené’s organ.

The Gené’s organ is a complex dermal gland that develops in synchrony with oogenesis and oviposition.

The external appendage, the horns, is an eversible balloon-like cuticular sac that manipulates the eggs and

coats them in wax (Booth, 1989). This wax layer makes injection of the embryo very difficult due to the

inability of a glass needle to pierce the hardened wax. Therefore, development of a successful embryo in-

jection protocol is of critical importance. Recently, an alternative method that avoids the requirement to

inject embryos has been developed, termed Receptor-Mediated Ovary Transduction of Cargo (ReMOT

Control) which delivers the Cas9 RNP complex directly to the developing arthropod germline from the he-

mocoel, allowing targeted and heritable mutations to be generated by adult injection instead of embryo

microinjection. This approach has already proven successful in several insects (Chaverra-Rodriguez et al.,

2018,2020; Heu et al., 2020; Macias et al., 2020; Shirai and Daimon, 2020; Li et al., 2021), but has not yet been

tested in arthropods outside Insecta.

Typically, projects involved in developing new CRISPR protocols target genes with evident phenotypes,

permitting rapid screening of successful genome editing (Bassett et al., 2013; Li et al., 2017a,2020; Paulo

et al., 2019). Some, such as the ortholog of the Drosophila white or scarlet genes (Bai et al., 2019; Ismail

et al., 2018; Khan et al., 2017; Xue et al., 2018), or similar eye pigment genes, have been used as

CRISPR-Cas9 targets for establishing proof-of-principle in other arthropods (Dermauw et al., 2020), but

the absence of eyes in I. scapularis renders these genes useless for screening (Pham et al., 2021). Therefore,

appendage genes, such as Proboscipedia (ProbP), that produced phenotypes in Drosophila melanogaster

genome, may provide more appropriate morphological phenotypes for screening in I. scapularis. Addi-

tionally, the enzyme chitinase is without a clear screening phenotype yet is of research interest for its

chitin-hydrolyzing capability and potential roles in cuticle remodeling and regulating chitin content in

the peritrophic matrix lining of the midgut after a blood meal (You et al., 2003).

Here, we report a successful tick embryo injection protocol and targeted gene disruption with CRISPR-Cas9

using two methods: embryo injection and ReMOT Control. Our data show the feasibility of tick embryo in-

jection and genetic manipulation in ticks by both methods. Our work also suggests that ticks might not effi-

ciently use NHEJ for DSB repair, and in future work, we will focus on understanding the repair mechanisms

in ticks. We expect that the availability of the I. scapularis genome along with tools that we developed here

will open new research avenues that will dramatically accelerate our understanding of the molecular

biology of this and related tick species. Targeted disruption of genes in tick vectors of human pathogens

is a powerful method to uncover the underlying biology of tick-pathogen-host interactions that can inform

the development and application of new approaches to tick-borne disease control.
2 iScience 25, 103781, March 18, 2022



Table 1. Summary of gene editing by embryo injection and ReMOT Control in Ixodes scapularis

Construct

Cas9/sgRNA

concentration (ng/ul)

Total

injections

Hatched larvae

(% of total)

No. of larvae sequenced

(% larvae sequenced)

No. edited larvae

(% editing efficiency)

Proboscipedia

ISCW021086

300/120a 865 35 (4.0%) 35 (100%) 0

150/60 600 61 (10.2%) 57 (93.4%) 0

300/120 950 113 (11.9%) 112 (99.1%) 2 (1.8%)

600/240 240 24 (10%) 24 (100%) 0

800/500 480 36 (7.5%) 35 (97.2%) 0

Chitinase

ISCW003950

300/120 2460 139 (5.6%) 60 (43.1%) 40 (66.6%)

ReMOT Control Saponin concentration (mM) Total Eggs Hatched larvae

(% of total)

No. of larvae sequenced

(% larvae sequenced)

No. edited larvae

(% editing efficiency)

bProboscipedia

ISCW021086

24 176 (N = 1) 168 (95.4%) 168 (100%) 7 (4.2%)

cProboscipedia

ISCW021086

36 773 (N = 4) 230 (30%) 230 (100%) 4 (1.7%)

Edited larvae were detected by ICE analysis and confirmed by manual analysis of sequences.
aSynthetic modified sgRNA; N = number of females used for ReMOT Control.
bAbdomen injections.
cSpiracle injections.
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RESULTS

Ixodes scapularis embryo injection protocol

To eliminate the deposition of wax on eggs, the Gené’s organ of gravid I. scapularis was ablated prior to

oviposition. Ablation of the Gené’s organ prevented wax deposition on the eggs but did not negatively

impact tick survival or oviposition. Ticks resumed oviposition within 24 h after Gené’s organ removal.

Approximately 14- to 18-h-old eggs were collected for injections. This time point was selected based on

our calculations of early embryology events. In insects, the first 10% of embryo development time is well

suited for injections (1–2 h in insects that hatch around 24 h post oviposition). Embryo development and

larval hatching take �30 days in the I. scapularis reared under our laboratory conditions; therefore, 48–

72 h post egg-laying was estimated to be an ideal window. The un/partially waxed eggs were treated

with benzalkonium chloride and NaCl for removal of chorion and egg desiccation to decrease the intraoval

pressure (Figures S1 and S2A). We designed a slide platform by adhering two microscope slides in a way

that created a backstop to keep the spherical eggs from rolling off during injection (Figure S2B). We first

used food color or dye for embryo injection. The dye injections demonstrated successful needle penetra-

tion and also ensured that no reflux occurred (dye can be easily seen in the embryo) (Figures S2C and S2D).

Expression of dsRed from the injected CMV/CAAGS-dsRed promoter (Kurtti et al., 2008) plasmid construct

was determined by fluorescence under a TRITC filter (Figure S2E) which further supported successful em-

bryo injection. On average, �7% of the injected embryos hatched (Table 1). Treated but un-injected em-

bryos had better survival (�60%–70% hatching), suggesting that further refinement in the injection protocol

might increase hatch rates.
sgRNA-Cas9 embryo injections and transformation

The gene Proboscipedia (ProbP)was selected because of its expression in the legs in the spiderCupiennius

salei (Schwager et al., 2007) and high sequence similarity in ticks. In D. melanogaster, ProbP mutants had

either completely transformed proboscises to legs or severely shortened maxillary palps (Tayyab et al.,

2004). Considering that ProbP is one of the Hox genes that is not required for embryonic development

in other organisms, we predicted that mutation in IsProbP would not be embryonic lethal and might

lead to a phenotype similar to D. melanogaster. Another gene, Chitinase, was selected due to its impor-

tance during molting and porosity of the peritrophic membrane in Haemaphysalis longicornis making it

a potential candidate for tick control (You et al., 2003). Isolation of mutant tick lines was not attempted

in this study because the generation time for ticks is up to 7 months or longer in the laboratory (Kocan

et al., 2015). G0 larvae sequenced using the Sanger sequencing platform was first analyzed by Synthego
iScience 25, 103781, March 18, 2022 3



Figure 1. Gene editing by embryo injections

(A) Gene maps showing exons (gray boxes) and introns (wavy lines) and designed sgRNAs targeting the first exon for Proboscipedia (ISCW021086), and the

third exon for Chitinase (ISCW003950) genes used for embryo injections in I. scapularis.

(B) Workflow schematic for embryo injections against target genes.
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Inference of CRISPR Edits (ICE) analysis (Hsiau et al., 2018). Although useful for detecting small edits, no

large deletions were determined by ICE, and poor sequence quality was frequently flagged as mutations.

Manual annotation was required to detect large deletions and confirm mutated individuals (Table 1).

ProbP editing

Four sgRNAs (sgRNA 1–4) were synthesized by in vitro transcription (IVT) in our laboratory at UNR, and

three modified sgRNAs were synthesized commercially by Integrated DNA Technologies (IDT; sgRNAs

5–7) (Figure 1A and Table S1).

Approximately 2,300 embryos from multiple tick cohorts were injected with Cas9 and multiplexed IVT

sgRNAs with varying concentrations of Cas9/sgRNA (Figure1B). Out of these, 7%–12% of eggs hatched.

Two larvae (1.8%) were edited at concentrations 300/120 ng/mL of Cas9 and sgRNA; however, no other con-

centration resulted in clear editing (Table 1). Modified sgRNAs (IDT) were multiplexed and used at a single

concentration of 300/120 ng/mL of Cas9 and sgRNA. Out of 865 total injections with IDT modified sgRNAs,

4% of injected embryos hatched, and none were edited (Table 1).

The edited larvae had long deletions [Larva 1(L1) and L2] corresponding to cuts with sgRNAs 1, 2, and 4

(Figure 2A). L1 is heterozygous with a deletion of indefinite length. The L1 sequence alignment in NCBI
4 iScience 25, 103781, March 18, 2022



Figure 2. Sequences of Proboscipedia G0 larvae edited by embryo injection aligned to wildtype (WT)

(A) Sequences and chromatograms of wildtype (WT), heterozygous deletion (L1), and homozygous deletion (L2). GC-rich regions flanking the homozygous

deletions are underlined in blue. Black squiggly lines represent an additional deleted sequence in that region.

(B) Control and mutant larva (L1) showing extended hypostome phenotype.

(C) Illustration of tick mouthparts and measurements (top), a graph showing hypostome length in wildtype (control) and injected larvae (bottom).Data are

presented as mean GSEM. An unpaired Student’s t test was used to calculate significance * = p> 0.05

ll
OPEN ACCESS

iScience
Article
BLAST suggests an inversion near sgRNA 2 (Figure S3). When we BLAST searched the Sanger sequence of

L1, it matched 1–353 bp with the IsProbP sequence on plus/plus orientation while another match was sug-

gested from 353 to 562 bp on the plus/minus strand of ProbP (Figures S3A–S3C). Another larva with long

deletion (L2) had a homozygous in-frame deletion (Figure 2A) and the deleted sequence was flanked by a

short GC-rich sequence (Figure 2A). A significantly longer hypostome was observed in five larvae (all from

the same cohort and injected with 300/120 ng/mL of Cas9 and sgRNA) (Figures 2B and2C). Out of these,

only L1 had confirmed edits (Figures 2A and 2B). A separate biological cohort was injected with sgRNA

1–4 at 300/120 ng/mL, and one-week post injections eggs were used for Illumina Miseq, resulting in <1%

editing (Figures S4 and Table S3). We did not see editing corresponding to sgRNA3 in our Sanger

sequencing data; however, pooled deep sequencing data suggested some editing by sgRNA3. This

discrepancy could be due to sequencing embryos one week after injection (deep sequencing) versus larvae

hatched from the injected eggs. It is also possible that all sgRNA activity was not captured due to technical

issues such as DNA quality, sequencing quality, or mortality of eggs before hatching.

Chitinase editing

Two sgRNAs were designed targeting the third exon of Chitinase and were synthesized by IVT (sgRNA 1–2)

(Figure 3A). Out of 2,460 injected eggs, 5.6% of eggs hatched. 48 larvae were Sanger sequenced and 66.6%

had deletions 40 bp from the predicted cut site for sgRNA 1 in the intron region 30 from the third exon

(Table 1, Figures 3A–3C, and Table S4). The remaining hatched larvae were analyzed using Illumina Miseq,

which confirmed the Sanger sequencing data. The percentage of indels in deep sequencing samples was
iScience 25, 103781, March 18, 2022 5



Figure 3. Sequences of Chitinase G0 larvae edited by embryo injection aligned to wildtype (WT)

(A) Summary of deep sequencing data of animals injected with sgRNA 1. Indel percentage is on the Y axis. The X axis depicts predicted Cas9 cut site (position

0) and sequences up- and downstream of the cut site.

(B) Representative sequences containing deletions corresponding to sgRNA 1. The predicted cut site is shown by a black arrow and dotted line. PAM site is

indicated by a red rectangle outline. Alignments were generated using Snapgene.

(C) Forward (F) and Reverse (R) chromatograms of WT, CH5, and CH6 larvae. Additional sequences, chromatograms, and indel/substitution percentages

calculated by deep sequencing are shown in Figure S5 and Table S4.
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approximately 80% for sgRNA 1 (Figure 3A) and less than 1% for sgRNA 2 (see Table S4). Both Sanger and

deep sequencing showed that the sgRNA 1 was active (see Table S4 and original sequencing data on Men-

deley). There were base substitutions near the cut sites for sgRNA 1 and sgRNA 2; however, these substi-

tutions are possibly single nucleotide polymorphism (SNP) because two of these matched in our updated

genome (Nuss et al., 2018). These include a G to T SNP 2 bp from the predicted cut site for sgRNA 1 and

immediately 3 bp from the start of sgRNA 1 (G to A) that results in a change from aspartic acid to glycine.

The intron deletions 40 bp from the predicted cut site are not present in the VectorBase sequence

(ISCW003950), our wild-type Sanger sequencing, and our updated genome, providing a solid reason to

believe that these are due to CRISPR edits.
Delivery of protein cargo into tick oocytes by ReMOT Control

Ixodes scapularis IsVg8 (predicted I. scapularis vitellogenin receptor binding peptide, NFTKTKNY)-tagged

mCherry,D.melanogasterP2C(yolkprotein-peptide2C)-taggedEGFP,orP2C-Cas9proteinwereused for inject-

ing engorged ticks in the preliminary ReMOTControl experiments. Both IsVg8 and P2C-tagged fluorescent pro-

tein injections had similar fluorescence intensity suggesting that tickswere able to take upboth ligands (Data not

shown). Therefore, we used P2C-tagged EGFP or Cas9 in subsequent experiments as it has been successfully

used inmultiple distantly related insect species (Chaverra-Rodriguez et al., 2018, 2020; Macias et al., 2020; Shirai

andDaimon, 2020; Li et al., 2021).Weused saponin as an endosomal reagentbecause of the higher gene-editing

efficiency in mosquitoes with saponin (Macias et al., 2020). Saponin was used at 24, 36, or 48 mM concentrations.

P2C-EGFP uptake was confirmed by visualizing eggs from injected females within 24 h of egg-laying (Figure 4A).

An increase in saponin concentration had a direct correlation with increased fluorescence intensity (Figure 4A).

Control females were injected with vehicle buffer and 36-mM saponin (vehicle control), and the same injection

schedule was followed. Injections of the ReMOTControl components in the lower quadrant of the engorged fe-

males causedmortality in both controls and P2C-Cas9-injected females. 48-mMsaponinwas toxic and resulted in

100% mortality. However, no mortality was recorded when the females were injected near the spiracle with

sgRNA + Cas9+saponin (24 or 36 mM). The first injection was carried out 2 days after detaching from the host,

a second injection followed once the female started laying eggs (6–7 days post detachment), and subsequent

injections were performed every two days until the female stopped laying eggs (�21 days). Injection timing

was based on hemolymph vitellogenin levels reported in I. scapularis (James and Oliver, 1996), and our
6 iScience 25, 103781, March 18, 2022



Figure 4. Delivery of injection components to ovaries via ReMOT Control

(A) Visualization of delivery of injection components to ovaries via fluorescent imaging following injection of P2C-GFP.

(B) Workflow schematic of blood-fed adult female injections with P2C-Cas9 protein, saponin, and pooled sgRNAs.

(C) Measurements of survival: egg-laying and larval hatching following injections with varying concentrations of saponin and sgRNAs. Vehicle control =

dialysis buffer + saponin (36 mM). Data are presented as mean GSEM.
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observations that EGFP fluorescence decreased by 50% in eggs 2 days post injection. The injections with P2C-

Cas9, sgRNA, and 24-mM saponin were carried out at the lower right quadrant (Kocan et al., 2011)); however,

due to high mortality by injections at this site, we injected the remaining females at the spiracle (Nijhof et al.,

2007). Consequently, all subsequent injections with 36-mM saponin were carried out at the right spiracle (ventral

side; Figure 4B). Multiple injections during oviposition significantly decreased fecundity. The vehicle control-in-

jected females deposited an average of 330 eggs whereas un-injected ticks deposited�1,100 eggs (Figure4C).
Verification of gene editing by ReMOT control

ProbP (also used in embryo injections above) was used to test the potential of ReMOTControl for tick gene-

editing (Figure 1A).

ProbP editing

The sgRNA 1–4 for ProbPwere the same as mentioned above in the embryo injections section. A total of 11

mutants [ReMOT (R); R1-R11] were confirmed. 24-mM saponin resulted in 4.2% overall editing efficiency

compared to 1.7% with 36-mM saponin (Table 1). 24-mM saponin was better tolerated by ticks as evident

from higher larval hatch rate [168/176 (N = 1) to 230/773 (N = 4 females)] in comparison to that of 36 mM (Ta-

ble1). The mutations were characterized by long deletions (R4-R6, R8-R11). We observed large (>100bp)
iScience 25, 103781, March 18, 2022 7



Figure 5. Sequences of Proboscipedia G0 larvae CRISPR edited by ReMOT Control aligned to wildtype (WT)

(A) Map depicting aligned homozygous and heterozygous deletions.

(B) Representative chromatogram alignment of WT and two homozygous mutants (R4 and R6). GC-rich flanking regions are underlined in blue. PAM sites are

indicated by a red rectangle. The approximate cut sites are shown by black arrows and dotted lines. PAM sites are indicated by a red rectangle. The

approximate cut sites are shown by black arrows. Alignments were generated using Snapgene.
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homozygous deletions in seven larvae: three with 24-mM saponin (R4-R6) and four with 36-mM saponin (R8-

R11) (Figure 5A). These homozygous deletion mutants had GC-rich sequences flanking the deletions (Fig-

ure 5A). R4-R6 and R11 had in-frame deletions of the predicted amino acid sequence (Figure S5A). R7, R9,

and R10 deletions resulted in frameshift mutations with premature stop codons (R10: Figure S5B).
DISCUSSION

In this study, we have developed a tick embryo injection protocol and describe CRISPR-Cas9-directed

mutagenesis protocols in I. scapularis using embryo injection and an alternative approach, ReMOT Con-

trol. This is the first demonstration of embryo injections in any chelicerate species and the first guided

CRISPR/Cas9 mutagenesis in ticks. We also demonstrate that ReMOT Control can induce mutations in a

non-insect arthropod, and both embryo injections and ReMOT Control had comparable editing efficiency

for the gene tested. Our data hints toward a DSB repair mechanism different from NHEJ in ticks because of

the long deletions and less common edits distal to the cut site; however, more work is needed to under-

stand the DSB repair mechanisms in ticks.

Our embryo injection protocol was able to successfully deliver plasmid and Cas9 RNPs for gene expression

and gene editing, respectively. Manipulation of the Gene’s organ was a simple and effective method to

obtain un- or partially waxed eggs for injections. Benzalkonium chloride was used to degrade the chorion

and also provided controlled desiccation, necessary for needle penetration (Zhang and Reed, 2016, 2017).

The fungicidal properties of benzalkonium chloridemay additionally have helped prevent fungal growth on

embryos (Bundgaard-Nielsen and Nielsen, 1996). A survival rate of �10% of injected embryos is compara-

ble to the well-established insect models, Aedes aegypti (18.6% at 500 ng/mL Cas9) (Kistler et al., 2015) and

Anopheles gambiae (10%) (Dong et al., 2018). Other researchers have reported a much lower survival rate

for Ae. aegypti (Dong et al., 2015) ranging from 4.5% to 11.7%.

Editing efficiency varied among different sgRNA/Cas9 concentrations and target genes. Of the two genes

targeted for embryo injections, Chitinase sgRNA injections led to the higher editing efficiency (up to 80%),

compared to ProbP (1.8%). However, deep sequencing of ProbP-injected eggs showed less than 1%
8 iScience 25, 103781, March 18, 2022
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editing efficiency. Several possibilities could lead to differences in editing efficiency, such as 1) ProbPmight

be essential for tick survival, and therefore most edited eggs die before hatching, 2) the sgRNA sequence

of Chitinase might have been more efficient than the sgRNA sequences of ProbP, 3) presence of SNPs in

our wild-type control larvae such as one 6 bp from the PAM sequence in sgRNA4 might have affected edit-

ing efficiency, or 4) edits in an intron region for Chitinase may not affect protein expression. More work with

additional gene knockout (KO) will help understand these differences.

For ReMOT Control, injections near the spiracle into engorged adult females were well tolerated (100%

survival of injected ticks), likely due to decreased tissue reflux and hemolymph loss than the injections in

the lower right quadrant. Co-injection with 36-mM saponin significantly increased EGFP fluorescence

and the overall percentage of homozygous mutants compared to 24-mM saponin and had similar editing

efficiency to 24-mM saponin. The G0 gene-editing efficiency in ticks with ReMOT Control (1.7%–4.1%) is

comparable to mosquitoes such as Ae. aegypti (�1.5% with chloroquine) (Chaverra-Rodriguez et al.,

2018) and An. stephensi (3.7% with saponin concentrations 11–20 mM) (Macias et al., 2020). The ability to

edit genes by injecting gravid females instead of embryos that require sophisticated infrastructure and

expertise makes ReMOT Control convenient for many labs interested in gene KO studies in ticks. However,

gene knockin is currently not possible with ReMOT; therefore, any knockin experiments would still require

embryo injections.

Gene-editing frequency was higher for ProbP in ReMOT Control (1.7%–4.1%) compared to embryo injec-

tions for the same gene. The higher efficiency is possibly due to the age of embryos because the injected

embryos were older when edited than the developing embryos within ovaries targeted by ReMOT Control.

The timing of cellularization in tick embryos remains unclear, but our preliminary work and work in other

Ixodid ticks (Wagner, 1894; Pressesky, 1952) suggest that the nuclear division occurs between 18 and

24 h post egg-laying (Pham et al., 2021). Therefore, our choice of an early time point (14–18 h) might

have resulted in embryos with a single nucleus or very few nuclei resulting in homozygous deletion in a

few injected embryos.

The transformation efficiency of ProbP by embryo injection in ticks is lower than the mosquito, Ae.aegypti,

where G0mutation rate has been shown to vary and range from 5.5% (Dong et al., 2015) to 24.8% (Kistler

et al., 2015). Although the editing efficiency of 80% in Chitinase is higher than most reports, similar editing

efficiencies have been shown inD.melanogaster (88%) (Bassett et al., 2013) and primary human cells (>90%)

(Martufi et al., 2019). In future experiments, it will be worthwhile to compare the efficiency of Chitinase

sgRNA in embryo injection with ReMOT Control injections. The higher transformation efficiency for Chiti-

nase was 40 bp away from the predicted cut site and raises questions about active DSB repair mechanisms,

which will be explored in future work.

The presence of long deletions (>100 bp) and short indels distal to the cut site in the tick genome was un-

expected, although similar observations have been made in other systems. DNA breaks introduced by

sgRNA/Cas9 were resolved into deletions extending over many kilobases and complex genomic rear-

rangements at the targeted sites in mouse embryonic stem cells, mouse hematopoietic progenitors,

and human differentiated cell lines (Kosicki et al., 2018). Furthermore, lesions distal to the cut site were

also identified (Kosicki et al., 2018). A single sgRNA has also been shown to cause deletions that partially

alter splicing or unexpected larger deletions that remove exons in lung adenocarcinoma cell lines (Mou

et al., 2017). Based on the pattern of deletions in our data, the mechanism of DSB repair appears to be

different in ticks compared to well-studied models such as mosquitoes. Our data show the presence of

long deletions and deletions distal from the cut site. In most cases, the deletions in our data were flanked

by GC-rich short segments that have some degree of homology between the 50 and 30 ends. We hypoth-

esize that these long deletions are caused by MMEJ, a less understood mechanism of DSB repair. In this

repair mechanism, ends are resected until there are small microhomologies, ranging from 1 to 16 bp,

dependent on the organism (Sfeir and Symington, 2015). Reduction in GC content or additional mis-

matches at the ends impedes MMEJ success in yeast (Sfeir and Symington, 2015).While NHEJ rapidly

ligates compatible ends, ends that need further processing eventually undergo resection and become

available for MMEJ or HDR (Truong et al., 2013). MMEJ has been suggested to contribute to the stability

of repetitive DNA (Sfeir and Symington, 2015) and might be a preferred mechanism for DSB repair in tick

embryos because approximately 50% of the 2.1 Gbp I. scapularis genome is comprised of repetitive ele-

ments (terminal repeats, tandem repeats, and transposable elements) (Gulia-Nuss et al., 2016; Nuss
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et al., 2018). Interestingly, recent data in human cells suggest that many repair outcomes, if not the majority

of those attributed to NHEJ, are due to MMEJ (Yeh et al., 2019). However, the precise mechanism will be

hard to distinguish unless inhibition assays are employed. Therefore, more work is needed to understand

the mechanism of DSB repair in ticks. Additionally, genome editing occurs in the context of chromatin

which is heterogeneous across the genome. Mutagenesis in mouse embryonic stem cells was impeded

by up to 7-fold when Cas9 exposure was brief and when intracellular Cas9 expression was low in imprinted

genes with identical DNA sequences situated in the same nucleus but differ in epigenetic mechanisms. In

contrast, the outcome of mutagenic DNA repair was unaffected for HDR (Kallimasioti-Pazi et al., 2018).

Therefore, we will compare HDR efficiency in tick genome manipulation in future experiments. If our hy-

pothesis that the tick genome frequently uses MMEJ for DSB repair is correct, this will allow us to use short

(micro) homologies to insert sequences in the genome and compare the MMEJ and HDR-based insertions.

An extended hypostome phenotype was observed in ProbP knockout and four additional larvae from

ProbP injected embryos that did not show a clear editing. We have screened several thousand larvae

and this phenotype was never present in wildtype or any other gene knockout, strongly suggesting that

this is an actual phenotype due to CRISPR editing.

Here, we show the embryo injection protocol for a chelicerate species and tools for tick genome editing to

expand the I. scapularismolecular toolbox. The ease of injections into adults with ReMOT Control makes it

an excellent tool for KO studies, but currently, only embryo injection is suitable for future knockin experi-

ments (Pham et al., 2021). Our work also suggests that ticks may not preferentially use NHEJ as a DSB repair

mechanism, and future studies will help understand the ideal repair mechanism. This work provides the

foundation for future studies on the generation of tick mutant lines and the HDR or MMEJ-mediated inte-

gration of donor constructs. These tools will open new avenues for tick biology and tick-pathogen-host

studies.
Limitations of the study

In this study, we have developed an embryo injection protocol for ticks that we used to demonstrate suc-

cessful gene editing by CRISPR/Cas 9. In addition, we showed successful gene KO by ReMOT Control, a

less labor-intensive method of gene editing in arthropods. While these tools will accelerate tick genetic

research, improvements are needed in embryo injection protocol for better survival and larval hatching

and KO efficiencies. One of the significant limitations of this study is potential somatic editing because

we did not attempt to generate heritable mutant lines due to the long lifecycle of ticks. Another limitation

is the fewer genes used for KO in this study. More work is needed to understand the active mechanisms of

DSB repair during the early embryogenesis in ticks for better experimental design for KO and possibly

knockins.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

BL21 E. coli New England Biolabs, City, MA Cat # C2530H

Biological samples

Tick eggs UNR colony, Oklahoma State University N/A

Ticks UNR colony, Oklahoma State University N/A

Chemicals, peptides, and recombinant proteins

Benzalkonium Chloride SIGMA Aldrich Cat # 63449-41-2

Sodium Chloride SIGMA Aldrich Cat # S3014

Tris Fluka Cat # 93362

KCl SIGMA Aldrich Cat # P9541

EDTA SIGMA Aldrich Cat # E5134

PMSF SIGMA Aldrich Cat # P20270

DTT SIGMA Aldrich Cat # D9779

Saponin EMD Millipore Cat # 558255, 9.65% Ash

SlowFade� Gold Antifade Mountant Invitrogen Cat # S36973

Chelex� 100 sodium form Sigma-Aldrich Cat # C7901

Recombinant Streptococcus pyogenes Cas9 PNA Bio, CA, USA Cat # CP01

pET28a-IsVg8-EGFP Rasgon lab, Penn State

pET28a-P2C-Cas9 Rasgon lab, Penn State Chaverra-Rodriguez et al. (2018)

pRSET-P2C-EGFP Rasgon lab, Penn State Chaverra-Rodriguez et al. (2018)

Critical commercial assays

GeneArt� Precision gRNA Synthesis Kit Invitrogen Cat # A29377

QIAseq 1-Step amplicon library kit Qiagen Cat # 180412

GeneRead Adapter I Set B 12-plex Qiagen Cat # 180986

Deposited data

Raw and Analyzed data This paper; Mendeley Data https://doi.org/10.17632/wzj67n7gz6.2

Experimental models: Organisms/strains

Ticks: Ixodes scapularis UNR, Oklahoma State University N/A

Oligonucleotides

Primers for sequencing This paper, Integrated DNA Technology N/A

sgRNA for Proboscipedia and Chitinase This paper, Integrated DNA Technology N/A

Modified sgRNA This Paper, Integrated DNA Technology N/A

Recombinant DNA

pCis CAGGS LifeAct cherry promoter Kurtti lab, University of Minnesota Oliver et al. (2015)

Software and algorithms

CRISPOR Haeussler et al. (2016) http://crispor.tefor.net

ChopChop Labun et al. (2019) https://chopchop.rc.fas.harvard.edu

ICE analysis Hsiau et al. (2018) https://ice.synthego.com/

Deep Sequencing Data Analysis Kistler et al. (2015) https://github.com/bnmtthws/crispr_indel

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Other

3M Tegaderm� film EZ Med, Amazon Inc., USA Ref#1628

Aluminosilicate needles Sutter instruments; CA, USA AF100-64-10

MSP, 15�, 5.0 mm depth Beaver-Visitec International, Inc. Cat# 377515
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RESOURCE AVAILABILITY

Lead contact

Further information about the protocols and requests for resources and reagents should be directed to and

will be fulfilled by the lead contact, Monika Gulia-Nuss (mgulianuss@unr.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Original sequencing data for figures in the paper are available at Mendeley data (https://data.mendeley.

com/datasets/wzj67n7gz6/2). This paper does not report original code. Any additional information

required to reanalyze the data reported in this paper is available from the LEAD Contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ticks

Ixodes scapularis adults were either purchased from Oklahoma State University (OSU) or reared at the

University of Nevada, Reno (UNR) (IACUC protocol #21-001-1118). Ticks were reared at 27�C, 95% relative

humidity (RH), and 12h light: 12h dark in an environmental chamber. Larvae and nymphs were blood-fed on

mice (Nuss et al., 2017), and adults were fed on a rabbit until engorgement (Reyes et al., 2020). Both male

and female vertebrate animals were used for tick feeding. Once replete, a batch of females was kept indi-

vidually at 4�C until ready for egg-laying.

METHOD DETAILS

Preparation of embryos for microinjection

Engorged females were recovered from 4�C and kept at 27�C for egg-laying. At this temperature, females

start laying eggs in approximately 4–5 days and keep depositing for 21–28 days. Once females start laying

eggs (first day of egg-laying), the Gene’s organ (the wax gland) was either dissected using fine Tungsten

needles or emptied of wax so that little or no wax was deposited on the eggs (Schöl et al., 2001) (Fig-

ure S2A). In the latter condition, the Gene’s organ was emptied of wax every 3–4 days to ensure un/partially

waxed eggs. Freshly deposited eggs were collected within <24 h (�14–18 h) for injections. To remove the

chorion, embryos were submerged in 5% benzalkonium chloride for 5 min followed by two washes with de-

ionized (DI) H2O. The washed eggs were then treated with 5%NaCl for 3–5 min, washed twice with DI water,

and kept in 1% NaCl until injected (Figure S1).

Food color and plasmid injection mix preparation

Liquid green food dye was purchased from a local grocery store and diluted 1:100 with DNAse/RNAse free

water. The diluted dye was filtered through a 0.45 mm filter prior to injection. A plasmid encoding red fluo-

rescent protein (RFP) controlled by the CAGGS promoter (Oliver et al., 2015) (a gift from Dr. Timothy Kurtti,

University of Minnesota, USA) was injected into the embryos at a concentration of 1 mg/mL. 24–36 h post

injections, RFP expression was detected in embryos with an Olympus MVX 10 macro zoom fluorescence

microscope system (Olympus, USA) at 586 nm wavelength.

Single guide RNA (sgRNA) design and construction

Two genes were selected for sgRNA design: Proboscipedia (ProbP, ISCW021086, XM_002406373.1) and

Chitinase (CHI, ISCW003950, XM_002399485.1). The gene sequences were obtained from VectorBase

and further confirmed with our assembly (Nuss et al., 2018). The sgRNAs were designed by manually
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searching genomic regions for the presence of protospacer-adjacent motifs (PAMs) with the sequence

NGG, where N is any nucleotide. Sequences of sgRNA were required to be 18–20 bp in length, excluding

the PAM, and contain one or two 50 terminal guanines to facilitate transcription by T7 RNA polymerase.

sgRNA sequences were checked for potential off-target binding using the following two web tools:

CRISPOR (http://crispor.tefor.net/) (Haeussler et al., 2016), and ChopChop (https://chopchop.rc.fas.

harvard.edu/) (Labun et al., 2019). 3-4 prospective sgRNA sequences were identified with PAM regions

from the first exon of ProbP and third exon of Chitinase (Table S1). Both sgRNAs were designed from

the Exon 3. sgRNAs were prepared using a PCR template amplified by CRISPR_F primers designed for

each target gene and CRISPR_R primers. Two methods were used for sgRNAs synthesis: 1) short primer

design and in vitro transcription (IVT) in the laboratory using the PCR template and GeneArt� Precision

gRNA Synthesis Kit (Thermo Fisher) per the manufacturer’s instructions and 2) modified synthetic sgRNA

(Integrated DNA Technology, Coralville, IA, USA).

CRISPR-Cas9 mix

The synthesized sgRNAs were mixed with injection-ready Cas9 protein in the injection buffer. Recombinant

Streptococcus pyogenes Cas9 protein was obtained commercially (CP01, PNA Bio, CA, USA). The injection

mix comprised of different concentrations of sgRNAs and Cas9 was used to identify the best concentration

for editing efficiency and survival.

All sgRNAs were individually mixed with Cas9 RNP and then multiplexed in equal ratios before injections.

Most injections were carried out using an injection mix consisting of 100 ng/mL sgRNA (multiplexed three

sgRNAs to make the final concentration) and 300 ng/mL Cas9.

Embryo microinjections

Treated eggs were aligned on a glass slide platform. To make this platform, two glass slides were adhered

with double-sided tape, leaving a gap of about 0.5cmat the edge. In the gap, a piece of 3M Tegaderm�
film (EZ Med, Amazon Inc.,USA) was inserted to mount the eggs (Figure S2B).

Once eggs were ready for injection, 10–15 embryos were aligned on the Tegaderm of the slide platform

using a single-hair paint brush under a dissecting scope. Since tick eggs are spherical and have no visible

anterior/posterior poles, embryos were aligned so that the widest part of the embryo (middle) touched the

slide base. This orientation was well tolerated by the embryos and helpedminimize embryo bursting during

the injection. Aluminosilicate needles (Sutter instruments; CA, USA; AF100-64-10) were pulled using a Sut-

ter P1000 needle puller (Heat = 575, Pull = 20, Velocity = 50, Time = 200 and Pressure = 700) and used with

an injector (Shutter injector MPC-200) and Sutter micromanipulator (ROE-200). Needles were filled with the

injection mix using a needle filler (Eppendorf #930001007) and opened by rubbing it slightly against the

embryo using high-pressure settings on the microinjector (>5000 hPa). Depending on the opening of

the needle, the pressure of the injector was reduced (2000–3500 hPa), and embryos were injected.

Following injection, the embryo slides were kept temporarily in a Petri dish (180 mm) lined with wet filter

paper inside an airtight box lined with damp paper towels to maintain high humidity. After 3–4 h (enough

time to seal off the injection wound), a small drop of water was placed on the Tegaderm� to transfer the

injected embryos to another Petri dish (100 mm). Embryos were submerged in water and kept in an incu-

bator at 27�C and >90% RH. Ixodes larvae in our lab can survive submerged for over three weeks; however,

we collected larvae using a paintbrush to a dry filter paper soon after hatching (within 24 h) and kept them in

scintillation vials with a fine screen adhered to the cap. The larvae (generation 0, G0) were screened for

phenotype and used for DNA extraction for Sanger sequencing. Control embryos were treated similarly

but were not injected.

Adult injection mix preparation

The I. scapularis vitellogenin targeting peptide sequence (IsVg8) is NFTKTKNY. IsVg8-EGFP, P2C-Cas9,

and P2C-EGFP proteins were expressed from pET28a-IsVg8-EGFP, pET28a-P2C-Cas9, and pRSET-P2C-

EGFP, respectively, by recombinant BL21 E. coli (New England Biolabs, City, MA) and purified as described

in detail elsewhere (Chaverra-Rodriguez et al., 2018). The selected sgRNAs were generated using the

GeneArt� Precision gRNA Synthesis Kit, as described above. Two to four volumes of the in vitro transcrip-

tion reaction were set up with a 4 h reaction time to achieve the high quantities of sgRNA required for adult

injections. In addition to P2C-Cas9 and sgRNAs, saponin (EMD Millipore 558255, 9.65% Ash) was included
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as an endosomal escape reagent in injection mixes. Saponin dilutions were prepared fresh prior to each

injection. We used different concentrations (24, 36, and 48 mM, adjusted for ash content) of saponin in

each injection. Each sgRNA was individually complexed with P2C-Cas9 then mixed to produce solutions

of 2.2 mg/mL P2C-Cas9 and 1.2 mg/mL of total sgRNAs to achieve a 1:3 M ratio. Protein dialysis buffer (vehicle

buffer: 50 mM Tris-HCL pH 8, 300 mM KCl, 0.1 mM EDTA, 0.5 mM PMSF +0.1 mM DTT +24 or 36 mM

saponin) was used as a vehicle control for injections.
Adult injections

Fully engorged adult females were either raised at UNR or purchased from the tick rearing facility at OSU.

When purchased from OSU, females were shipped to UNR as soon as they dropped off the host. Females

were either stored at 4�C or held at 20�C for immediate use. Egg-laying initiated within 6–7 days post host

detachment (at 20�C) or 4–5 days after ticks were moved from 4�C to the 27�C incubator. The injection site

was cleaned with a small paintbrush dipped in a 3% hydrogen peroxide solution prior to injection.

For injection, a sterilized insulin needle (30G 1cc 1/2") was first used to pre-puncture the injection site. A

Hamilton syringe (Hamilton Inc, Reno, NV) containing 2 mL of injection material was then inserted into

the injection site, and the mix was injected after the needle opening was completely inside the tick. Nee-

dles and syringes were cleaned between injections by rinsing first in sterile water (3x), then 3% hydrogen

peroxide (Aaron Industries, Inc., CA, USA), then with nuclease-free or DEPC water. The first injection was

carried out 2 days after detaching from the host, a second injection followed once the female started laying

eggs (6–7 days post detachment), and subsequent injections were performed every two days until the

female stopped laying eggs (�21 days). Injection timing was based on hemolymph vitellogenin levels re-

ported in a previous study in I. scapularis (James and Oliver, 1996), and our observations that EGFP fluo-

rescence decreased by 50% in eggs 2 days post-injection. 24 mM saponin injections were carried out at

the lower right quadrant previously used to inject unfed ticks. Due to high mortality in injections at the

lower quadrant, 36 mM injections were done at the spiracle. All subsequent injections were carried out

at the right spiracle (ventral side). Control females were injected with the buffer alone, and un-injected fe-

males were also kept from the same cohort to test the effect of injections on tick survival. Injected ticks were

then placed in small plastic deli cups with clear perforated lids and allowed to recover for 5–10 min.

These deli cups were rinsed with hydrogen peroxide and nuclease-free water prior to tick placement. Indi-

vidual cups were kept inside a humid box within an incubator for egg-laying. Larvae hatched from eggs

within 3–4 weeks and were observed for phenotype or used to extract genomic DNA (gDNA) for PCR

and Sanger sequencing.

To test the receptor-mediated uptake of the IsVg8-Cas9-mCherry mix by the developing oocytes in the

ovaries, we dissected ovaries 72 h post-blood meal (drop off from host), mounted on a slide in SlowFade�
Gold AntifadeMountant (Invitrogen) and covered by the plastic coverslip. The coverslip was sealed in place

using nail polish on the edges of the slip, and ovaries were visualized on an Olympus (BX41 epifluorescent)

microscope. To detect whether P2C tagged ligands could be directed to the developing eggs, P2C-EGFP

(1 mg/mL) was injected along with either 24 or 36 mM saponin into blood-fed adult females. The eggs were

collected within 24 h after deposition and visualized on a glass slide or petri dish using a Keyence BZX700

fluorescent microscope (Keyence America). The green fluorescent was observed in the eggs to test uptake

efficiencies. Eggs from (Vehicle/Buffer) injected females were used as a negative control.
Larval screening and imaging

G0 larvae were immobilized by pressing them slightly on double-sided tape. Larvae were kept close to a

moist filter paper to avoid desiccation during screening under a Leica dissecting scope or a Keyence

(BZX700 fluorescent) microscope. Larval images were taken on a Leica M125 stereo microscope at 0.6x.
Measurement of palps and hypostome length

The ProbP mutants with a phenotype were further analyzed using a Leica M125 stereo microscope equip-

ped with a digital camera. The gnathosoma of all mutants and 10 control individuals were examined under

the microscope and the distance between the tips and the base at the basis capituli of palps and hypo-

stome was measured using Leica Application Suite software version 3.4.0 (Build:272). The basis capituli

connects the mouth parts (hypostome and palps) to the body. Unpaired t-test (95% confidence interval)

for mean length of control and ProbP injected larvae were used to calculate the statistical significance.
iScience 25, 103781, March 18, 2022 17
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Molecular analysis of mutant individuals

Putative mutant G0 larvae were collected individually from both embryo injections and adult injections,

frozen, and stored at �20�C. Genomic DNA was extracted from individual larvae hatched either from in-

jected embryos or from eggs from the injected adult females (ReMOT Control). For gDNA isolation, a

10% aqueous solution of Chelex� 100 sodium form (Sigma-Aldrich, St. Louis, MO, USA) (Richlen and

Barber, 2005) was used. For Chelex, the larvae were cut into halves using a sterile surgical blade (MSP,

15�, 5.0 mm depth) and were transferred into 0.2 mL PCR tubes containing 200 mL of Chelex solution. Tubes

were vortexed and spun for 20 s before incubating in a Thermocycler for 20minat 95�C and the resulting

supernatant was used directly as a template for PCR (1–5 mL in 20 mL PCR reaction).

A nested PCR protocol was used to amplify regions surrounding the putative CRISPR-Cas9 cut site from

gDNA of G0 larvae using primers in Table S2. PCR products were sent for PCR clean up and high-volume

Sanger sequencing at the University of Arizona Genomics Core facility. The sequences from injected

individuals were aligned to the wild-type reference sequence and examined for the presence of insertions,

deletions, or other polymorphisms. ICE analyses (https://www.synthego.com/products/bioinformatics/

crispr-analysis) were also used to determine gene-editing.
Amplicon library preparation and analysis

The larvae hatched from embryo injections of Chitinase and ProbP CRISPR construct were pooled together

and genomic DNA was extracted. The PCR amplicons surrounding predicted cut sites were generated us-

ing primers (Table S2). The deep sequencing library was prepared using QIAseq 1-Step amplicon library kit

(Qiagen, 180412) following the manufacturer’s recommended protocol and purified amplicons were

sequenced on Illumina MiSeq (Novogene Inc, Davis, CA).Data were analyzed using a published script

(Kistler et al., 2015) available at https://github.com/bnmtthws/crispr_indel.
QUANTIFICATION AND STATISTICAL ANALYSIS

Graph Pad (version 8.0) was used for all graphs. Unpaired t-test (95% confidence interval) for mean length of

control and ProbP injected larvae were used to calculate the statistical significance (Figure 2C).
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