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Abstract

The most devastating disease affecting the global citrus industry is Huanglongbing (HLB), caused by the pathogen
Candidatus Liberibacter asiaticus. HLB is primarily spread by the insect vector Diaphorina citri (Asian Citrus Psyllid).
To counteract the rapid spread of HLB by D. citri, traditional vector control strategies such as insecticide sprays, the
release of natural predators, and mass introductions of natural parasitoids are used. However, these methods alone
have not managed to contain the spread of disease. To further expand the available tools for D. citri control through
generating specific modifications of the D. citri genome, we have developed protocols for CRISPR-Cas9-based genetic
modification. Until now, genome editing in D. citri has been challenging due to the general fragility and size of D. citri
eggs. Here we present optimized methods for collecting and preparing eggs to introduce the Cas9 ribonucleoprotein
(RNP) into early embryos and alternative methods of injecting RNP into the hemocoel of adult females for ovarian
transduction. Using these methods, we have generated visible somatic mutations, indicating their suitability for
gene editing in D. citri. These methods represent the first steps toward advancing D. citri research in preparation
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for future genetic-based systems for controlling HLB.

Liviidae), is the vector of the bacteria Candidatus Liberi-
bacter asiaticus (CLas), the etiological agent responsible
for Huanglongbing (HLB) disease in citrus.! HLB is the most de-
structive citrus disease worldwide, causing fruit from infected
trees to become small, misshapen, and discolored with an un-
pleasant bitter and acidic flavor, making them unmarketable.?
The damage caused by HLB is extensive, decreasing fruit pro-
duction by 57% in Florida alone from 2004 to 2019 and causing
an estimated $1.7 billion in production losses between the har-
vest seasons of 2006-2007 and 2010-2011.3
The initial symptoms of the disease do not appear for months
and at first resemble nutrient deficiencies, resulting in HLB infec-
tions remaining undiagnosed for long periods and providing stable
reservoirs for the pathogen.* As an example of its rapid spread, HLB
reached the Western Hemisphere by 2004,> and by 2013, every
grove in Florida was considered infected. Currently, there is no
commercially available cure for trees infected with HLB.”®
HLB is mainly transmitted by the ACP vector, but it can also be
spread from tree to tree through grafting diseased branches.’

T he Asian citrus psyllid (ACP), Diaphorina citri (Hemiptera:

Thus, the main method for reducing the spread of HLB among
commercial groves is a three-pronged system that includes (1)
removing infected trees serving as HLB reservoirs, (2) planting
certified healthy plants, and (3) applying insecticides to control
D. citri vector populations.’® Although this method has seen
moderate success, it does not completely stop CLas, so HLB con-
tinues to spread.

In response, numerous methods for D. citri population control
have been proposed and field tested. These methods range
from new insecticides to the release of natural predators and
parasitoid wasps. These methods still have their issues including
the development of insecticide resistance, the lack of efficacy
and penetration of control, and the expensive costs needed
for continued application.'' ">

To further expand the available methods of D. citri control, we
looked into genetic-based control methods similar to those
used in other insect vectors of disease and agricultural pests,
such as Aedes aegypti and Drosophila suzukii. Gene editing
tools based on CRISPR-Cas9, such as gene drives, pathogen-
resistant effectors, and precise guided sterile insect technique
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(pgSIT),"* " have the possibility to significantly contribute to
the management of HLB. However, implementing these tools
in D. citri has proven challenging mainly due to the complex
methods required for delivering Cas9 or DNA into early em-
bryos. D. citri lay small eggs, 0.3 mm long x0.14 mm diameter,
attached to plant tissues with a basal stalk or pedicel, which fa-
cilitates essential water exchange with the plant.

Clusters of eggs can be laid at the center of, or embedded
within the tightly guarded plant flush."'® These features make
the eggs extremely difficult to reach for collection without af-
fecting their survival. In addition, the delicate nature of the pre-
blastoderm embryo further complicates mass collection, egg
alignment, injection, and transfer, leading to a high fatality
rate by manipulation alone. Thus, previous attempts at genetic
manipulation of D. citri using traditional embryonic microinjec-
tions have shown to be difficult and unsuccessful.?® Therefore,
innovative strategies for embryonic microinjection that reduce
egg manipulation or completely avoid egg removal from the
plants may be critical for the successful delivery of CRISPR-
Cas9 in D. citri.

Alternatives that bypass embryonic microinjection for deliver-
ing CRISPR-Cas9 for germline mutagenesis have been devel-
oped and tested in different arthropod species,>'?® though
they have yet to be adapted and optimized for D. citri. In brief,
Receptor-Mediated Ovary Transduction of Cargo (ReMOT Control)
delivers CRISPR-Cas9 ribonucleoprotein (RNP) into insect ovaries
by fusing the RNP to a peptide ligand derived from yolk proteins.
ReMOT Control has been used to create heritable gene edits in
the germline of several mosquito species, the silverleaf whitefly,
the jewel wasp, the red flour beetle, the brown marmorated
stink bug, and the black legged tick.2'232427-2°

Alternatively, branched amphiphilic peptide capsules (BAPC)
were used recently to improve the delivery of CRISPR compo-
nents into adult ovaries to facilitate heritable gene editing in
D. citri. BAPC-assisted Cas9 RNP delivery caused targeted disrup-
tion of the Thioredoxin-2 gene (trx-2) in the germline of fifth-
instar nymphs and adult female ACP.?° These results encourage
the exploration of additional female injection techniques such
as ReMOT Control in D. citri.

In this study, we demonstrated for the first time successful
CRISPR-Cas9 gene editing in D. citri using embryonic microinjec-
tion and ReMOT Control. To ensure gene modification, we tar-
geted genes with visible mutant phenotypes, white (w) and
kynurenine hydroxylase (kh). We identified the location of these
genes in the D. citri genome to design targeting gRNAs, devel-
oped and tested Cas9-RNP delivery methods into embryos
and females, and validated the phenotypic and genotypic
changes upon gene disruption. The development of these pro-
tocols is crucial to apply the techniques necessary for transgen-
esis of D. citri, and to create genetic control systems for the
reduction of HLB.

Results

Assessment of target sites and sgRNA design
To demonstrate effective genomic DNA targeting, we chose to
target two genes conserved in several insect species known to
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produce visible phenotypic changes in eye color when disrup-
ted, w and kh.3°33 Mutants for either gene typically display a
reduction of pigmentation in their eyes. We identified the
genomic sequences for w and kh by comparing it with the
known protein sequences of the Drosophila melanogaster w
and kh using tBlastn on the latest version of the D. citri genome
available in the citrusgreening.org platform (D. citri version 3.0,
Diaci v3.0; https://citrusgreening.org/tools/blast?db_id=17).
Although we used this assembly for our assessment of target
sites, we recommend future investigations to use the updated,
open-source and widely available genome assembly reported by
Carlson et al. 2022 at https://www.ncbi.nlm.nih.gov/bioproject/
PRINA800468.3* D. melanogaster w aligned to genomic se-
quences found in 6 of the 13 D. citri chromosomal-length scaf-
folds (DC3.0sc01 to DC3.0sc13), and 15 out of 31 hits were
located within scaffold DC3.0sc02 (Supplementary Table S1). We
downloaded this sequence (total of 47,354,213 bp) and anno-
tated the aligned sequences using D. citri mRNA and protein
databases.

The ortholog contained 12 exons and aligned with the mRNA
sequence ID XM_026820729.1 on NCBI (2828 bp), corresponding
to an ABC transporter protein predicted to be the w gene, se-
quence ID XP_026676530.1 (Fig. 1A). The D. citri kh gene was lo-
cated at scaffold DC3.0sc01 between nucleotides 9,672,699 and
9,676,291. The annotated ortholog contained five exons and
aligned with the mRNA sequence ID XM_008469982.3 on NCBI
(1227 bp), corresponding to a kynurenine 3-monooxygenase-
like gene, protein sequence ID XP_008468204.1 (240 amino
acids), which partially aligns to D. melanogaster kh protein se-
quence (465 amino acids) (Fig. 1B).

We blasted XM_008469982.3 against the D. citri proteins in
NCBI and found an additional sequence, ID KAI5750130.1 (527
amino acids), that had higher coverage and aligned better
with D. melanogaster kh protein. We used this protein to anno-
tate the kh gene in the genomic sequence at scaffold DC3.0sc01.
We then identified potential sgRNA target sites marked with
a short protospacer adjacent motif (PAM; 5-NGG-3") across
exons 1 to 6 of the w gene and on exons 7 and 8 of the kh
gene. We designed primers across both genes and validated
the predicted target regions in our D. citri colony (Supplemen-
tary Information, Supplementary Table S2).

We generated sgRNAs for target regions that did not show
significant nucleotide variation and these were tested for
in vitro cleavage using the PCR product of the target gene
(Fig. 1B and Supplementary Figs. S1-S3). The final list of sgRNAs
contained only those with high targeting efficiency and cleav-
age rates, resulting in three sgRNAs targeting sites on exons 2,
3, and 6 of the w gene and two sgRNAs targeting two sites on
exon 7 of the kh gene (Supplementary Table S3).

Development of protocols for D. citri embryonic
microinjection

We found multiple bottlenecks to carry out efficient injections
on D. citri embryos, these included hard-to-reach and remove
eggs, needle clogging, and reduced embryo survival after injec-
tion. To address these challenges, we developed two
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Molecular confirmation of white and kh genes in Diaphorina citri and selection of sgRNAs.

(A) The w and kh genes were located within the D. citri genome using tBLASTn with the Drosophila melanogaster orthologs of both genes.
W was within the DC3.0sc02 scaffold, and kh was in DC3.0sc01. Six sgRNAs were designed to target white. Three sgRNAs were designed to

target kh.

(B) SgRNAs targeted regions in D. citri with conserved and nonconserved nucleotide and amino acid sequences compared with the DNA and
protein sequences resulting from D. melanogaster w and kh genes, respectively.

approaches. Our first approach (Protocol 1) used the standard
embryo injection technique in which eggs are collected, aligned
on a microscope slide, injected, and incubated until eclosion
(Fig. 2A).3>3® We tailored our methods to accommodate D.
citri biology aiming to reduce egg mortality by optimizing
three critical features: a technique for gentle egg collection
and alignment, methods to avoid needle clogging, and postin-
jection conditions for embryo incubation and nymph hatching
(Supplementary Protocol 1, Supplementary Fig. S4).

In brief, we collected embryos from curry plants, Murraya koe-
niigi, using a dissecting teasing needle with a curved bend at the
tip that allowed us to pluck the egg’s pedicel from the plant.
Embryos were aligned and injected on filter paper soaked in

sterile ultrapure water. To address needle clogging, we prepared
10 needles before each session, loading them with 3-4 ul of the
mix when needed, and we adjusted the compensation pressure
parameter (Pc) in the femtoJet (R) to maintain a consistent vol-
ume of solution injected.

Once all eggs were injected, they were transferred to the hatch-
ing medium reported by Santos-Ortega and Killiny®” to provide
nutrients and maintain humidity and isolation from contaminants
in the external environment. Eggs were transferred to fresh plates
every 2 days to reduce mold growth until nymphs hatched, at this
point these were moved to a new plant for feeding (Fig. 2A).

To determine the effects of Protocol 1 on hatching rates,
we evaluated several treatments: unmanipulated embryos that
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FIG. 2. Injection protocols and observed rates for emerging nymphs from injected eggs.
(A). Schematic and timeline of embryonic injections using Protocol 1 and Protocol 2.
(B). Proportion of nymphs emerged under Protocol 1. Eggs were removed from the plant and either not injected or injected with ultrapure

water, RNPY, or RNP.

(C). Proportion of nymphs emerged comparing Protocol 1 (removed from plants) and Protocol 2 injected while remaining on the plant.

(****p<0.0001, unpaired t-test). RNP, ribonucleoprotein.

remained on the plants (N=82), embryos removed from the
plant, aligned and incubated on hatching medium (N=109), em-
bryos aligned, injected with water (N=302), with RNP targeting
the w gene (RNP", N=633) or with RNP targeting the kh gene
(RNPX", N=949) incubated on hatching medium. First, unmanipu-

lated eggs that were left on plants as a control hatched at high
rates (53.6%), though not all progressed to adults (28%) (Table 1).

Removing and manipulating eggs reduced hatching to 33.9%
compared with the hatching rates of embryos that were left on
the plant (t-test=1.2, df=8, p=0.2646). Furthermore, removing
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Table 1. Hatching rates of eggs manipulated for embryonic microinjections using two different protocols

Protocol Injection Mix N eggs N hatching % survival # of GO Adults % GO adults # of GO mutants % of GO mutants
Protocol 1: Eggs removed Non-injected 109 37 33.90% 0 0.00% 0 0%
from the plants and injected Water 302 5 1.70% 0 0.00% 0 0%
RNP™ 633 39 6.20% 0 0.00% 9% 1.40%
RNP*" 949 107 11.30% 0 0.00% 0 0%
Protocol 2: Eggs injected Non-injected 82 44 53.60% 23 28.00% 0 0%
on the plants Water 70 23 32.90% 0 0.00% 0 0%
RNPY 101 34 33.60% 12 11.80% 0 0%

*Mutants are all sequenced eggs and nymphs. Thirty out of 633 injected eggs were chosen for sequencing, from those 9 showed indels in the target site.

eggs and injecting them with ultrapurified water reduced sur-
vival to 1.7% (t=4.142, df=15, p=0.0009). Injecting RNP" and
RNP*" (200 ng/uL Cas9 protein, 100 ng/uL sgRNA) resulted in
6.2% and 11.3% survival, respectively (Fig. 2B).

In addition, 1.4% of embryos and nymphs from injections
with RNP" (sgRNA 2.2) showed altered phenotypes that resemble
expected mosaic mutant phenotypes such as lack of pigmentation
in one of the developing eyes or changes in body color that corre-
lated with sequences consistent with mutations in the target site,
this was not observed on eggs or nymphs hatching from RNP" in-
jections (Table 1 and Supplementary Fig. S5). None of the nymphs
hatched from eggs injected with RNP" reached the adult stage,
and thus, we were not able to set up crosses to demonstrate the
heritability of these modifications (Table 1).

Overall, these results confirm that delivery of RNP" into D. citri
embryos using the developed protocols in this study produces
phenotypes and genotypes consistent with mutations on the w
gene but not on kh gene. However, lower survival rates affected
our chances to demonstrate the heritability of the mutations.
Therefore, aiming to improve survival rates for both nymph and
adult stages, we developed a second protocol (Protocol 2) to inject
D. citri embryos with RNP" while still attached to the flushes of
curry seedlings (Fig. 2, Supplementary Fig. S4, Supplementary Pro-
tocol 2).

Protocol 2 involved using 14 M. koeniigi seedlings for D. citri
females to lay eggs during 1-2 h. At this stage, seedlings were
uprooted, mounted on a glass slide to inject the eggs on the mi-
croscope, and planted back into the soil. We observed 100%
seedling survival and scarce evidence of plant wilting after the
entire process. This method required preliminary observations
of the location of each egg, trimming the leaves that did not
have eggs, and carefully taping the plant to the glass slide
while keeping the eggs exposed in a proper angle for injection
(Fig. 2B).

Successful injections (those in which injected solution entered
the embryo creating a movement of the cytoplasm) typically oc-
curred on eggs located at the axial branches, or on those located
at the extremes of a row, given the physical support and stability
these provide when the needle is pressed against the egg. Using
this protocol, we independently injected groups of embryos with
water (N=70) or RNP" (N=101) resulting in hatching rates of
32.9% and 33.6%, respectively (Table 1 and Fig. 2C). About 12%
of Go nymphs hatched from eggs injected with RNP" reached
the adult stage, but none of them showed altered eye phenotypes

or genotypes. After allowing these Gy adults to cross with each
other, we did not find any altered phenotype in their G; progeny.

Finally, a statistical comparison for RNP" injections showed sig-
nificant differences on hatching rates between Protocol 1 and
Protocol 2 (t=4.781, df=41, p<0.0001, unpaired t-test). These re-
sults showed that hatching rates and survival of injected embryos
to the adult stage can be greatly improved by injecting eggs at-
tached to the plants. Overall, our results from off the plant injec-
tions confirm that delivery of RNP" into D. citri embryos can
produce phenotypes and genotypes consistent with mutations
on the w gene. Although we did not see mutagenesis using Pro-
tocol 2, we are encouraged that with additional injections, to the
scale of those performed using Protocol 1, this method will pro-
vide the greatest chances of generating and maintaining mutant
Go embryos to adulthood.

D. citri mutagenesis through adult female
microinjections

To identify the optimal conditions to deliver active RNP" com-
ponents into D. citri female ovaries, we tested ReMOT Control
and BAPC. First, we injected five D. citri females with the fusion
protein P2C-mCherry and observed intense red fluorescence in
developing oocytes within 24h of injection (Supplementary
Fig. S10), indicating that the ovaries were able to transduce
the fused P2C protein. We injected groups of 7-10 days-old D.
citri females and placed them in a cage containing plants for ovi-
position (Supplementary Fig. S4).

We screened the Gq progeny for changes in eye color and de-
termined the rate of germline mutagenesis by screening the G,
or G, offspring derived from outcrossed Gy mutants. Injecting
P2C-RNP" at concentrations between 1000-2000 ng/uL protein
and 800-2000 ng/uL sgRNA resulted in >50% female survival re-
gardless of the delivery method utilized (Table 2).

We observed a low rate of visible eye mutants with ReMOT
Control (0.5-10% of the total Gy progeny from injected females)
using sgRNAs 2.2, 3.1., and 6.1. Somatic mosaicism was detected
in the eyes of two nymphs, two females, and one male (Fig. 3A,
D). The modified eyes of the G, presented differences in omma-
tidia with loss of pigmentation from most of the eye or in
patches distributed randomly (Fig. 3A, D), consistent with results
for somatic mosaicism in the w gene observed in other insect
species.?’ We collected individuals with mutant phenotypes, iso-
lated their genomic DNA, and sequenced the target region.
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FIG. 3. Generation and confirmation of white gene mutants.

(A) To search for potential mutant phenotypes, emerged nymphs were screened under a stereoscope.

(B) To visualize possible indels, PCR samples were run on a 4% agarose gel.

(C) Sanger sequencing confirmed indels within the target region.

(D) Left. Adult wild-type eye. Center and right. Adult mosaic KO phenotypes, arrows point to patches of white ommatidia.
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Table 2. Survival of females and mutagenesis of G0 after injection with P2C-RNP and BAPC-RNP

Delivery Method # of injected females Female survival 24h # offspring # of modified offspring % modified offspring
P2C- Cas9 26 18 28 1 nymph 3.60%
42 30 10 1 nymph 10%
175 140 325 2 females 0.62%
15 10 49 1 male 1.35%
32 21 0 0.00%
BAPC 70 23 32% 0 0.00%
37 34 3% 0 0.00%
20 16 41%* 0 0.00%
35 22 35% 0 0.00%
Cas9/sgRNA injected 5 4 136 12 nymphs 8.80%
Noninjected 20 18 205 0 0

*Number of first-second instar nymphs counted. Less than 10% of these emerged as adults.

We observed indels within the target region of some individ-
uals, but for others, we observed overlapped secondary peaks
and proceeded to carry out inference of CRISPR edits (ICE)*®
analysis that showed that all the mosaic individuals had muta-
tions on their target site. The two mosaic nymphs died before
molting to the second instar, preventing us from identifying
the heritability of the eye alteration. However, we independently
crossed each of the mosaic Gy females to 10 wild-type males
and the Gy mosaic male to 10 wild-type females and also inter-
crossed their G; progeny. None of the G, or G, progeny from the
mosaic male or females scored phenotypically or genotypically
as a mutant. Interestingly, from ReMOT injections we also
found two adult Gg males displaying nontypical light-orange/
pink-colored bodies and gray eyes. These traits were not ob-
served in any of the noninjected control groups or the labora-
tory colony (Supplementary Fig. S6). Sequences from these
individuals did not show any alteration on the sgRNA target
site and we hypothesized whether these could be off-target mu-
tants. We thus proceeded to cross each of these males indepen-
dently to >10 females, producing eggs that did not develop into
nymphs, which suggests that the males were sterile. Overall, our
data demonstrate that ovarian transduction methods can be
used to produce somatic white gene mutations on D. citri.

In contrast, two out of four of the BAPC experiments experi-
enced massive death of Gy eggs and nymphs (~ 90%), produc-
ing few Gy adults that did not show mutant phenotypes. When
we analyzed a sample of sequences from randomly picked dead
Go, we found altered sequence peaks that expanded around the
target sites. Moreover, control injections consisting of direct
injections of Cas9-RNP" without the transfection reagent (and
without the peptide P2C) resulted in 12 out 136 G, nymphs
showing altered eye phenotypes (8.8% Go).

Seven of these (5.15% of Gg) showed sequences correspond-
ing to indels in the target site for the sgRNAs 2.2 (Table 2). Alto-
gether, commercially available Cas9 RNP delivered through
BAPC produced alterations on the white gene with low pene-
trance. However, removing the BAPC, the P2C ligand, or the
endosomal escape reagents (EERs) from the RNP mix increased
the number of mutants observed per injected female.

Discussion

In this study, we demonstrate targeted somatic mutations in D.
citri using CRISPR-based technologies delivered through embry-
onic and adult female microinjections. Achieving site-directed
mutagenesis in D. citri using traditional embryonic microinjec-
tion methods has been elusive. To accommodate D. citri features
for genetic manipulation using Cas9-RNP, we have developed
two protocols to collect and inject embryos with or without re-
moving the eggs from their plant substrates.

Protocol 1 was based on embryonic injection techniques val-
idated in model organisms such as A. aegypti, but also in non-
model hemipterans such as Nilaparvata lugens, Lygus hesperus,
and Pyrrhocoris apterus.®**°*° Because this protocol has the
eggs removed from the plant, it has multiple advantages such
as facilitating that every egg aligned on the glass slide can be
injected. In addition, the host plants can be immediately reused
to collect additional rounds of eggs within the same injection
session. However, the damage caused by both removing the
eggs from the flush and the subsequent manipulation needed
for alignment and incubation may lead to lower rates of survival
and thus reduces the chance of generating a mutant.

Thus, we proceeded to systematically identify the bottlenecks
of our protocol, and improved the techniques regarding egg
collection, avoidance of needle clogging, and treatment of
eggs postinjection. First, ACP females start laying eggs once
mated around 2-3 days of emerging,*' thus egg collection re-
quired synchronizing the laboratory colony and curry plant rear-
ing to produce a considerable number of gravid females and
flushing plants amenable for oviposition on each injection ses-
sion; we considered the number and age of females and
males for the oviposition cages, the timing of egg collection,
and the size and number of flushes on each plant.

Second, the freshly laid eggs are fragile and sensitive to the
pressure needed to pluck the eggs from the plant substrate
without damaging the pedicel.3” We had to be gentle at egg re-
moval and alignment, making this process very challenging and
time consuming. Thus, we included an intermediate step in
which eggs were transferred from the plants to agarose plates,
agarose is soft and pliable, allowing the embryo pick to pass
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through instead of needing to rotate and potentially break the
egg. We then used a fine paintbrush to gently align the eggs
on the glass slide.

Third, during injection, the dense cytoplasm of D. citri em-
bryos clogged our needles constantly. The cytoplasm would
cover the tip of the needle, and if left to dry it would harden
and create a clog. We found no way to avoid this issue totally,
however, it can be minimized by adjusting the values of Pc on
the Femtojet to levels in which small droplets of solution are
constantly pushed out of the needle, countering the embryo
pressure.

Using our optimized Protocol 1, we demonstrated for the first
time CRISPR-Cas9-induced phenotypes and genotypes after
injecting RNP"/sgRNAs 2.2 into D. citri embryos. However, we
were not able to demonstrate the heritability of these mutated
genotypes because the nymphs that hatched on gelatin me-
dium died a few days after being transferred to host plants.
Santos-Ortega and Killiny®” observed that nymphs hatched on
this medium never molted to the second instar and that trans-
ferring nymphs to Citrus macrophylla plants allowed 56% of
nymphs (n=5) to survive to adulthood.

The authors suggest that nutrients and conditions on the
plant may be required for nymphs to molt to the next instar.
It may be a plausible explanation that the microenvironment
created by curry plants impacts the adjustment of D. citri
nymphs differently. Also, it is likely that the reduced ability of
nymphs to adjust to curry plants might be related to fitness
costs derived from the Cas9-induced w mutations. It was dem-
onstrated recently in the hemipteran Oncopeltus fasciatus that
homozygous mutations on the w gene are lethal *°

Our experiments showed that manipulation of embryos
resulted in 33% of hatching, whereas injecting embryos with
RNP reduced hatching between 6% and 11%; these rates
are comparable with those reported in recently developed
protocols for nonmodel arthropods such as ticks (4-12%) or
hemipteran species such as N. lugens (2.9-3.5%) or L. hesperus
(8.8-27.5%).3339042 We believe that survival rates may be in-
creased with further optimization of factors related to egg ma-
nipulation that affect mortality such as embryo collection or
postinjection treatment of eggs.

However, there is evidence that the connection of the egg
pedicel to the plant is necessary during D. citri embryo develop-
ment, and this may impose constraints on embryo survival rates
for injection methods that require egg removal.'® Therefore, we
worked on finding alternative methods for injecting the eggs
while still attached to the plants using RNP".

Protocol 2 provides the first successful approach reported for
injecting D. citri eggs attached to plants, from which new im-
provements can be built by users. The greatest limitation of
this method is that the final number of injected eggs per
plant is very low, which makes it inefficient compared with
the amount of time and effort required for the removal of
eggs from locations that are difficult to impossible to reach
with the needle. Furthermore, since the eggs had to remain
on the plants, this method only allowed for a single use of the
plant until the injected eggs hatched, requiring a high number
of available seedlings for egg collection in a session.

CHAVERRA-RODRIGUEZ ET AL.

In our case, we used the HLB-resistant M. koeniigi as host
plants for D. citri, we were able to obtain seeds only once a
year at the beginning of the fall, attaining the first cohort of
seedlings suitable for egg laying in December—January and
the last one at the end of February. This short time period con-
strained our chances to test various treatments and optimize
our protocols. Ideally, this may be improved by keeping a
large number of seedlings with amenable flush shoots for ovi-
position during the whole year. Growing seedlings of other
host plants with accessible seeds for the whole year could be
a strategy.

Alternatively, the production of plant shoots from vegetative
or somatic in vitro propagation from these host plant species
could also be explored.**™* In contrast, although Protocol 2
resulted in fewer injected eggs than Protocol 1, it drastically in-
creased the hatching rates of eggs injected with RNP" (6% vs.
34%), as well as the percentage of hatched Gy nymphs that
reached the adult stage (0 vs. 28%). However, none of these
Go adults or their G; progeny showed the phenotypes or geno-
types associated with w mutations observed in Protocol 1.

This may be partially explained by the quality of the injections
on the plant, which were more difficult to complete compared
with injections of the eggs removed and aligned on a slide; as
well as by a reduced efficiency of mutagenesis associated with
fewer eggs injected. Owing to the complex ways eggs are laid
on the plants and the lack of rotational flexibility of the micro-
scope stage used to move the plant piece, injections on the
plants were difficult and time consuming, features that may dis-
courage its use by researchers.

Although the reason for our lack of mutants is not completely
understood, our results confirmed that embryo survival was
greatly improved by injecting eggs located on plants, support-
ing our hypothesis that egg removal from the plant and their
manipulation increase mortality. Further optimization of this
method may facilitate the injection of plasmids for expression
or transgenesis of D. citri.

In addition to embryonic injections, delivery of Cas9 protein
to oocytes has also been achieved through injections into the
adult female hemocoel to encourage transduction into the ova-
ries.2%222% We tested two different strategies: ReMOT Control
and BAPC. For both methods, injections were performed at
the first two sternites in the abdomen with an RNP mix contain-
ing concentrations ~2000ng/uL of P2C-Cas9, 1000 ng/uL of
sgRNA, and 1 mM saponin for ReMOT Control, and 1000 ng/uL
Cas9, 800 ng/uL sgRNA, and 1200 ng/uL of BAPC.

Females tolerated the injections well, however, the number of
Go observed after injection varied drastically compared with
those of the controls injected with Cas9/sgRNA only or those
noninjected. It is likely that components such as saponin or
BAPC may have an impact on D. citri G, development. For all
our experiments we used saponin as an EER, at a concentration
of 1 mM. EERs facilitate the release of the RNP from endosomes
once it is transduced into the oocytes.*’” Saponin has been used
successfully as an EER on A. aegypti, Anopheles stephensi, and
Culex pipiens pallens.?*>72848

However, in Nasonia vitripennis, increased concentrations of
saponin had impacts on the number of females that lay eggs
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and the number of larvae that entered diapause.28 In addition,
saponin was inhibitory for editing during ReMOT Control in
the hemipteran Bemicia tabaci.*> In contrast, the G, nymphs
from the four experiments with BAPC suffered from drastic
mortality in the first week after hatching without apparent rea-
son. Compared with injections reported in N. vitripennis, our
BAPC injection mix contained two to three times the concen-
tration of each component because D. citri females are bigger
than N. vitripennis.

However, it may be possible that these concentrations may
become detrimental to the nymph'’s survival. Also, female and
nymph mortality could be the result of plant quality, tempera-
ture, and humidity conditions rather than injection medium.
To avoid this, plants should be observed daily making sure
that nymphs have the resources necessary for development.
We did not test the effects of EER or different concentrations
of BAPC in the fecundity of injected females or the survival
of Gy nymphs, future study may benefit from carrying out
these experiments.

We observed visible somatic mosaicism for the white gene of
D. citri using ReMOT Control. The recovered adult mosaic mu-
tants did not inherit the altered genotypes to their Gy or G,
progeny because these mutations were not in the germline.
Nevertheless, the gene editing efficiency (percentage of mu-
tant Gg out of the total hatched Gy=1.2%) is comparable
with that obtained for the jewel wasp N. vitripennis (0.75%),
the ticks Ixodes scapularis (4.1%), and mosquitoes such as
Culex quinquefasciatus (0.4%), A. aegypti (1.5%), and An. ste-
phensi (3.7%). For some of these species, ReMOT Control has
been proven useful to produce heritable genetic modifications,
and thus, it may be required to optimize certain components
of the injection protocol to obtain and isolate the germline
mutant5.24'27'28'48

We noticed that the rates of gene editing and mosaic nymph
phenotypes were similar for both ReMOT Control and embry-
onic microinjection with RNP" in Protocol 1. Interestingly,
from the 412 Gq screened for ReMOT Control, we only found
five eye/body color mosaic mutants. We did not observe any
live nymph or adult lacking pigmentation in both eyes. The
DNA sequences derived from subtle mosaic-eye individuals
showed overlapping peaks at the target sites that had to be re-
solved with ICE analysis. The individuals that showed distinct
indels at the target sites did not survive either the embryo or
nymphal stages.

Moreover, although we did not observe visible mutations
in the Gy progeny of BAPC-injected females, we were able
to infer indels in the sequences of Gq individuals that showed
a wild-type phenotype. Altogether, our data suggest that
mutations through embryonic and female injections are not
being expressed in the whole organism. This may be due to
the timing of injections, the suboptimized composition of
the RNP mix, or to operative reasons biasing against the
rearing and screening of mutants with better expressivity.
Modifications to injection mix concentrations, EERs, and
other aspects of ACP rearing may improve the chances to gen-
erate mutations in the germline during early embryogenesis
that can be inherited.

Alternatively, our experiments could neither rule out nor con-
firm the possibility that mutations within the w gene are lethal
for D. citri. Other hemipterans such as milkweed bugs, O. fascia-
tus, have been seen to be sensitive to mutations within their
own w gene. It remains a challenge to demonstrate whether
knocking out the w gene targeted here confers fitness costs
that reduce the chances for survival of such mutants under
our rearing conditions.>® Also, it may be possible to use other
visible target genes such as orthologs of the D. melanogaster
genes scarlet, brown, or vestigial.

We were not able to demonstrate whether the light color
variant males observed after the injections with ReMOT Control
were off-target mutants. A similar result was observed with
N. vitripennis for the gene cinnabar (cin), in which injections
produced eye mutants that did not appear with the typi-
cal cin phenotype and nor they carried indels in the cin
targeted gene.”®

ReMOT Control uses the peptide ligand “P2C" for ovary trans-
duction of Cas9-RNP. This ligand has been tested to deliver
Cas9-RNP in insect species from the orders Hemiptera, Diptera,
Coleoptera, and Hymenoptera, and in ticks (Arthropoda:
Chelicerata).2'#*72842 “p2(C" is a derived peptide from the Yolk
Protein 1 of D. melanogaster that has been shown to enhance
the entrance of fused proteins into the developing oocytes in
the ovaries of mosquitoes.?' There is no homology of P2C to
any vitellogenin or vitellogenic protein in D. citri, and thus it is
surprising that it is functional in this species.

Alternatively, our observations suggest that in certain spe-
cies that do not have the receptors to recognize the P2C ligand,
this peptide is not acting as an enhancer for ovary entrance,
but instead the RNP is able to enter the oocytes by regular en-
docytosis. This is supported by previous study using ReMOT
Control that demonstrated that Cas9-RNP was able to enter
the ovary and produce germline mutagenesis in the oocytes
of A. aegypti and N.vitripennis.?"*® The same was demonstrated
in the mite Tetranychus urticae.?” Similarly, Shirai et al. devel-
oped a method they called “direct parental” CRISPR (DIPA-
CRISPR). These authors demonstrated recently that the ovaries
of Blatella germanica and Tribolium castaneum also take up
Cas9-RNP through endocytosis producing high rates of muta-
genesis.?®

In this study, we also demonstrate that our control injec-
tions (though limited in number) with Cas9/sgRNA-w also pro-
duced successful gene editing in D. citri with a higher efficiency
than using the P2C ligand. Control Cas9 injections were per-
formed without saponin, so it is not possible to directly com-
pare editing efficiency between control injections and
ReMOT injections (which included saponin). It is possible
that, like in B. tabaci, saponin is inhibitory during ReMOT injec-
tions, and it would be interesting to evaluate editing efficiency
using ReMOT without saponin as efficiency may be signifi-
cantly improved.

However, if the rates of germline gene editing using RNP
alone are consistent, this method may be more practical to
test other targets and generate heritable mutations that result
in one or several mutant D. citri lines with different phenotypic
markers useful for future biological and genetic studies.
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ReMOT Control and BAPC are convenient alternatives for
those researchers interested in functional genomics of D. citri
that lack the expertise or the equipment necessary to carry
out embryonic microinjections. However, these methods are
yet to be proven to generate integration of DNA into the D.
citri genome. Therefore, it is still vital to continue the optimiza-
tion of the embryonic microinjection protocols presented here.
Nevertheless, we are aware that the ACP presents particular
challenges such as the lack of genetic markers and its complex-
ity of rearing that can affect mutagenesis experiments more dra-
matically compared with other insects for which artificial diet
systems have been established.

Although these methods have shown that gene editing is
plausible, both methods have their setbacks. Embryonic injec-
tions are time costly; require specialized equipment, skills, and
expertise; and are subject to lower survival rates. In contrast, fe-
male injections are relatively easy to perform and can result in
many affected offspring, however, this method requires addi-
tional complex crossing procedures and has not yet been ap-
plied for transgenesis.

It is also important to progress toward additional steps re-
quired to produce and maintain germ line mutants as well as
transgenic D. citri. First, for both embryo and adult female injec-
tion, it is important to recognize the most convenient timing for
injections. For instance before cellularization in D. citri embryos,
or at the peaks of endocytosis in vitellogenic females. Second,
the production of an artificial diet as well as an artificial surface
for egg lays would make embryo collection much more simple,
efficient, and reliable.

Finally, alternative approaches for injecting eggs located on
the plants to improve the speed and quality of injections
would be immensely beneficial to D. citri mutagenesis. Poten-
tially using an automated robotic system similar to those
reported for Caenorhabditis elegans*® and insect embryos™°
could make efficient injections easier, faster, and more reliable
with an easy-to-use software interface.

Conclusion

In conclusion, we have developed multiple approaches to deliv-
ering CRISPR-Cas9 to D. citri embryos that have successfully gen-
erated somatic mutations. Although this study marks the start of
a new era for genetic-based vector control tools for D. citri, much
work still needs to be done. From our experiments, we found fe-
male injections of Cas9 (either ReMOT or just Cas9 RNP) itself
was the easiest and most reliable way of generating somatic
mutations. However, currently, Cas9 delivery methods based
on female injections have not been able to generate transgenic
organisms due to the lack of ability to encourage the absorption
of donor plasmid into the oocytes.

From our study, it is encouraging to confirm that it is possible
to generate mutations using embryonic injections. Further in-
vestigation into injecting embryos without removing them
from the plants could improve survival and thus greater rates
of mutagenesis. With this method, the next steps for advancing
toward generating genetic-based vector control tools would be
to create a heritable mutation, maintain a stable mutant line,
and develop transgenesis.

CHAVERRA-RODRIGUEZ ET AL.

The Bigger Picture

The development of a genome engineering method is the first
step in creating genetic-based vector control tools. Our study
demonstrates the first method for genetic modification in Dia-
phorina citri through embryonic injections as well as the devel-
opment of an alternative method through adult female
injections. Although more work is needed to fine tune a
method for reliable generation of germ-line mutagenesis and
transgene integration in D. citri, we demonstrated that CRISPR-
Cas9is a functional tool for creating somatic mutants in D. citri.
Our results lay the groundwork and positively reinforce the po-
tential for the development of genetic-based vector control
tools in D. citri that can help reduce or alter their populations
and thus lead to the suppression or even eradication of HLB.

Methods

Insect lines and host plants

HLB-free colonies of D. citri were a generous gift from the Stouthammer
laboratory at the University of California Riverside. Insects were kept at
26°C and 60% relative humidity in a rearing chamber (Caron® model
6025; Caron, Marietta, OH) at the University of California San Diego.
We used 25-cm-tall curry plants (Murraya koenigii) (gifted from the
Stouthammer laboratory and purchased from Exotica Rare Fruit Nursery
[Vista, CA]) and seeds grown into 5-8-cm tall seedlings [DE-Power,
Zhongshan, China] gifted from the Stouthammer laboratory and pur-
chased from David Saim, Long Beach, CA) as an oviposition substrate
as well as a feeding source for adults and nymphs.

Plants and seedlings were reared in a reflective mylar grow tent (fit-
ted with LED grow lights (Sunraise, Guangdong, China). Plants were
watered weekly and fertilized with Osmocote and MiracleGro (Scotts-
MiracleGro, Marysville, OH) according to manufacturer’s instructions
once a month. To perform embryonic microinjections directly on the
plants, we used 4-8-week-old seedlings grown individually in Droso-
phila vials (Genesee Scientific, San Diego, CA).

Target site annotation and sgRNA design

and evaluation

To determine the sequences and location of the white and kh genes
in the most recent version of the D. citri genome (v3.0), we first
ran tBlastn on the website for citrus greening genome resources for
D. citri (https://citrusgreening.org/tools/blast?db_id=17) using as a
query the D. melanogaster proteins NP_476787.1 and NP_523651.4
(encoded by the white and kh genes, NM057439.2 and NM078927.3,
respectively). We downloaded the scaffold sequences containing the
orthologs and manually located and annotated the exons for each
gene using D. mel as a reference for the putative mRNA sequences
found in NCBI.

We used CHOPCHOP®' to identify the top three sgRNAs with the
highest on-target and cleavage efficiency indexes across exons 1-6
of the white gene and exon 7 of the kh gene.>' Then, to validate the in-
tegrity of the predicted sgRNA target sequences in our insect colonies,
we designed primers across both target genes and used them to PCR
amplify each target site (see list of primers in Supplementary Table S1
and the D. citri sequences in Supplementary Information 1A-B and
2A-B). The sgRNAs targets that did not show nucleotide variation
were tested for cleavage in vitro using a plasmid or a PCR product as
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the template. At the time of the analysis, the D. citri genome was not
included in any of the platforms for sgRNA design, so we did not run
an analysis of potential off-targets.

SgRNA synthesis

SgRNAs were transcribed in vitro and purified using Megascript and
MegaClear kits (Thermofisher Scientific, Waltham, MA) following the
manufacturer’s instructions. In brief, a PCR template containing the pri-
mer CRISPR-R and a CRISPR-F (containing the target sequence and a T7
promoter) were self-annealed and amplified using Phusion® (New Eng-
land BioLabs, Ipswich, MA) polymerase with the following conditions:
98°Cx2min, 34 cycles of 98°Cx30s, 56°Cx10s, 72°Cx10s, and a
final extension step of 72°Cx5min. In addition, modified sgRNAs
WhEx2.1 and Kh7.1 and Kh7.2 were ordered from Synthego (Redwood
City, CA).

Protein purification and in vitro cleavage assay

To deliver the RNP into the oocytes of females, we expressed and pu-
rified in-house two different Cas9 derivatives: P2C-mCherry and P2C-
Cas9 as previously reported.?’?* We compared the cleavage activity
of P2C-Cas9 with commercially available Cas9 from PNABio (Thousand
Oaks, CA).

Embryonic microinjection protocols

To collect D. citri eggs for embryonic microinjections, we prepared an
oviposition cage with one or two curry plants with abundant flushes
and introduced 20-30 gravid ACP females aged 7-10 days. Plants
were monitored every 2 h for eggs. When eggs were found, the plant
was cleared of adult D. citri and removed from the cage. We then pre-
pared a surface for alignment using filter paper moistened with ultra-
pure water mounted on a glass slide. A second filter paper was
overlaid onto the first to create a vertical wall along which the eggs
were aligned against.

We prepared quartz needles on a P2000 needle puller (Sutter Instru-
ment, Novato, CA) using the following protocol: Heat: 650, Fil: 4, Vel: 40,
Del: 150, Pul: 170. To optimize embryonic microinjections in D. citri, we
developed two different protocols. Protocol 1, wherein we injected em-
bryos removed from the plants, and Protocol 2, wherein we injected
embryos on the plants (Fig. 2). Females aged 7-10 days were allowed
to lay eggs on large/older plants (Protocol 1) or seedlings (Protocol 2).
For Protocol 1, eggs were carefully removed from the large plants
with a dissecting needle, collected on 1% agarose plates, and trans-
ferred to a paper filter wetted with UltraPure distilled water (Thermo-
fisher Scientific).

Eggs were aligned to facilitate injection at the posterior pole, the
wider region with a distinctive dark yellow color that is opposite to
the narrow tip of the egg. For injections, we used freshly pulled quartz
needles and a FemtoJet 4i (Eppendorf, Hamburg, Germany) at Pc value
of 100. Because the needles often clog, we typically prepare 10 needles
for each session. After injections, the injected eggs were transferred to
1% agarose plates to humidify the developing embryos. Once the
nymphs hatched, nymphs were transferred to large plants for develop-
ment.

For Protocol 2, we allowed the females to lay between 10 and 20 eggs
on young seedlings (2-3 months old) that are planted in vials contain-
ing a mixture of vermiculite and perlite. The seedlings are easily re-
moved from the soil and mounted onto a microscope slide using
tape. The locations of the eggs are identified under a dissecting
scope and tape was used to keep the area accessible to the needles.
Eggs were injected at the nearest point to the posterior pole. Eggs

not accessible to injections were removed from the plant or killed.
After injections, seedlings were transferred to a growth chamber to
allow for the growth of both the plants and nymphs that hatch on
the plant.

Female microinjection protocols

Curry plants containing fourth and fifth instar nymphs were placed into
a large cage. The plants were inspected and cleared of all adults. Every
following day, newly emerged adults were collected and placed into
enclosed cups with seedlings. The adults were then aged until 7-
10 days posteclosion. To prepare for injections, aged adults were anes-
thetized using CO, or ice. Anesthetized adults were sex separated.
Males were placed onto collection tube lids with moistened paper
towels.

They were then placed back into the original seedling cup. Females
were injected with the injection mixture using a pulled microcapillary
needle connected to an aspirator tube. Needles were inserted in a
membranous region between sternites 2 and 3. Injected females were
then placed back into the cup in the same manner as the males.
After injections, collection tube lids were observed for the number of
females that did not survive the injection procedure. Every following
day, the plants were checked for eggs and nymphs. Five days postinjec-
tion, injected adults were collected, counted, and placed into a new
cage with fresh flushing plants, whereas the previous plants with
eggs were transferred to a new cage. Eggs were allowed to develop
and emerge.

Once nymphs were in fourth to fifth instar stages, they were removed
using an embryo pick and recorded for any mutant phenotypes. Iden-
tified mutants were outcrossed and allowed to produce G1 progeny.
All nymphs and adults were placed into PCR tubes with squish buffer
for DNA extraction and sequencing.

Determination and confirmation of mutants

Emerged nymphs were collected and observed under a stereo-
scope for potential mutant phenotypes. Each nymph was collected
and stored in their own 0.2 mL PCR tube and labeled as a potential
mutant or wild-type. Genomic DNA was then extracted from each
nymph. The relevant target sequence was then PCR amplified. The
PCR amplified product was run through a 4% agarose gel to visually
inspect for amplified products of different sizes. The bands were
excised and DNA was extracted from them and sent for sanger se-
quencing.

Sequences were observed for indels or perturbations around the tar-
get site. Further ICE analysis was performed to confirm potential indels.
Nymphs identified as potential mutants were confirmed to have PCR
products that resulted in multiple bands that were confirmed to contain
indels through sanger sequencing and ICE analysis.

Statistical analysis

In all experiments, a minimum of three replicates were used to make
comparisons between means. Unpaired t-tests were performed using
GraphPad Prism version 8.0.0 for Windows, GraphPad Software (San
Diego, CA), (www.graphpad.com).
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