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Abstract

CRISPR/Cas9 technology is a very powerful genome editing tool and has been used in many insect species for
functional genomics studies through targeted gene mutagenesis. Here, we successfully established CRISPR/
Cas9 research platform in Asian multi-colored ladybird beetle, Harmonia axyridis, an important natural enemy
in biological control. In this study, one pivotal gene dopa decarboxylase (DDC) in melanin synthesis was
targeted by CRISPR/Cas9 to generate mutants in H. axyridis by CRISPR/Cas9 technology. Our results showed
that injection of single guide RNA of the DDC and Cas9 protein into preblastoderm eggs induced one inser-
tion and four deletion (indels) mutant H. axyridis. Mutations of HaDDC gene generated 25% mutant rate with
melanin missing phenotype in larva, pupa,l and adult stage. The predation ability of the fourth instar larvae
has no significant difference between wild (control) and mutant H. axyridis (GO), while these mutant fourth
instar larvae had longer developmental period than that of the wild type. Consequently, the total predation of
the fourth instar larvae was significantly increased in H. axyridis mutants comparing with the wild type.These
results indicated that the success of CRISPR/Cas9 gene editing in H. axyridis. The gene editing platform in H.
axyridis would facilitate the gene function research and promote special strain of predatory ladybird beetle
generation.

Key words: CRISPR/Cas9, Harmonia axyridis, melanin, dopa decarboxylase (DDC)

OXFORD

CRISPR/Cas9 (clustered regularly interspaced short palindromic
repeats) is an effective gene editing technology that originates from an
old bacteria adaptive immune system (Jansen et al. 2002, Cong et al.
2013, Sander and Joung 2014, Taning et al. 2017). This system relies
on a single guide RNA (sgRNA) chimera of mature CRISPR RNA
(crRNA) and #rans-activating crRNA (tracrRNA), combining with
Cas9 to cleave complementary target DNA sequences in the genome.
The guide RNA binds to target sequences, then Cas9 protein follows the
guide RNA to the target DNA sequence and cuts it, thereby generate a
double-strand break. Finally, the DNA repair machineries recognize and
repair the DNA damage through nonhomologous end joining (NHE])
or homology-directed repair (HDR) manner (Knott and Doudna 2018).
CRISPR/Cas technology has been widely applied to functional geno-
mics studies in many species, from microbes (Yin et al. 2019), plant

(Fauser et al. 2014, Jiang et al. 2014), insects to animals (Cong et al.
2013). Currently, CRISPR/Cas9 was also proposed as a therapeutic ap-
proach to treat human life-threatening diseases (Artegiani et al. 2020).

CRISPR/Cas9 is an effective approach to study gene func-
tion of many kinds of insect species (Sun et al. 2017), such as eco-
nomic insect Bombyx mori (Linnaeus) (Lepidoptera: Bombycidae)
(Daimon et al., 2014; Ma et al., 2017), Apis mellifera (Linnaeus)
(Hymenoptera: Apidae) (Kohno et al., 2016); sanitary pest insect
Aedes aegypti (Linnaeus) (Diptera: Culicidae) (Kistler et al., 2015),
Anopheles gambiae (Giles) (Diptera: Culicidae) (Hammond et al.,
2016); agricultural pest insect Helicoverpa armigera (Hubner)
(Lepidoptera: Noctuidae) (Wang et al., 2020b), Plutalla xylostella
(Linnaeus) (Lepidoptera: Plutellidae) (Huang et al., 2016; Wang
et al., 2020a; Zou et al., 2020), Spodoptera litura (Fabricius)
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(Lepidoptera: Noctuidae) (Bi et al., 2016; Zhu et al., 2016), and
natural enemy insect Nasonia vitripennis (Walker) (Hymenoptera:
Pteromalidae) (Li et al., 2017). The successful gene editing was ap-
plied in healthy and economic important Diptera and Lepidoptera
insect species (Sun et al., 2017; Li et al., 2021). In Coleoptera insect,
Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae) was only
species using CRISPR/Cas9 for gene editing research (Gilles et al.
2015, Adrianos et al. 2018).

In this study, CRISPR/Cas9 was first applied in another
Coleoptera insect species, Asian multi-colored ladybird beetle,
Harmonia axyridis (Pallas) (Coleoptera: Coccinellidae). H. axyridis
has the remarkable predation ability to many kinds of insect pests
(Bradley et al. 2003, Koch, 2003) as well as for high variation in
elytra patterns (Niimi and Ando 2021). Currently, most ladybird
beetle species were laboratory culturable for large scale field re-
leasing (Wang et al. 2012). In order to improve field pest control
efficacy of the released predatory ladybirds in the adverse environ-
mental circumstances: such as low, or high temperature, drought etc.
Special strains of ladybird beetles are needed in practical applica-
tion. Thus, it is necessary to apply gene-editing technique in ladybird
beetles to improve the tolerance to unfavorable circumstances.

In basic research application of CRISPR/Cas9, to select the
appropriate target gene is a key issue. An ideal target gene se-
lection should show the visible phenotype change but without
any abnormal impact on insect development. Some studies have
demonstrated that editing of genes involve in pigment synthesis
showed the countable phenotype changes using CRISPR/Cas9
technique in Nilaparvata lugens (Stal) (Homoptera: Delphacidae)
(Xue et al., 2018), N. vitripennis (Li et al., 2017), A. aegypti (Li et
al., 2017), Vanessa cardui (Linnaeus) (Lepidoptera: Nymphalidae)
(Zhang and Reed, 2016; Zhang et al., 2017), Aedes albopictus
(Skuse) (Diptera: Culicidae) (Liu et al., 2019), Drosophila suzukii
(Matsumura) (Diptera: Drosophilidae) (Yan et al., 2020), and T.
castaneum (Adrianos et al., 2018). The Asian multi-colored lady-
bird beetle has various elytra patterns (Ando et al. 2018, Ando
and Niimi 2019, Niimi and Ando 2021) with four common color
elytra patterns: succinea, axyridis, spectabilis, conspicua (Gautier
et al., 2018; Xiao et al., 2020). Therefore, the genes in pigmenta-
tion pathways could be considered as an ideal target gene in gene-
editing system establish in H. axyridis. In addition, studies have
demonstrated that dopa decarboxylase (DDC) gene in dopamine
melanin synthesis that plays a pivotal role in H. axyridis pigmen-
tation. The suppression of DDC expression in the third or fourth
instar larvae of H. axyridis resulted in melanin disappearance in
elytra (Chen et al. 2019, Xiao et al. 2020). In this study, DDC was
used as target gene in H. axyridis to develop an efficient gene editing
protocol by CRISPR/Cas9 technology. This study provided strong

evidences that CRISPR/Cas9 technology can be used as a promising
approach for gene function research and special strain cultivate in
predatory ladybird beetles.

Materials and Methods

Insect Culture

The ladybird beetles (H. axyridis) were collected from wheat ex-
perimental field (GPS location: 39°95 N, 116°28  E) at Beijing
Academy of Agriculture and Forestry Sciences (BAAFS, Beijing,
China) and fed with the cowpea aphid, Aphis craccivora Koch
(Hemiptera: Aphididae) on broad bean leaves (Vicia faba L.
‘LinCan-5’) in the laboratory growth chamber at 25 = 2°C; 65%
RH, and a photoperiod of 16:8 (L:D) h (L-100, Suntech, Beijing,
China). The ladybird adults were reared in customized insect-proof
cages (50 cm x 50 cm x 60 cm) covered by 100-micron nylon-mesh
screen cages with 40 pairs each cage and fed on cowpea aphids
daily.

Guide RNA design and synthesis

sgRNA target sequences were located in exon 6 of the HaDDC
genes through the CHOPCHOP V3.00 website. The DNA template
for in vitro sgRNA synthesis was obtained by fusion PCR with
two oligonucleotides using the High-Fidelity DNA Polymerase
PCR Mix (NEB, Ipswich, MA). One oligonucleotide was used as
the forward primer that encoded the T7 polymerase binding site
and the sgRNA target sequence, and the other common oligonu-
cleotide was served as the reverse primer encoding the remaining
sgRNA sequences (Table 1). The total volume of PCR is 50 pL that
including 0.5 pL of Phusion DNA Polymerase, 1 uL of dNTPs (10
uM), 2.5 pL of forward primer (10 uM), 2.5 pL of reverse primer
(10 uM), and 33.5 pL of nuclease-free H,O. The PCR program was
performed with 3-step amplification protocol that consist of 98°C
for 30 s; 35 cycles of 98°C for 10 s, 60°C for 30 s, and 72°C for
15 s, and a final extension at 72°C for 10 min. The MinElute PCR
Purification Kit was carried out to purify PCR products (Qiagen,
Hilden, Germany). The concentration of the generated DNA tem-
plate was measured using NanoDrop ONE spectrophotometer
(Thermo Fisher Scientific, Waltham, MA). Then, sgRNAs were
in vitro transcribed by T7 MEGAscript Kit (Ambion, Foster City,
CA). The synthesized sgRNAs were purified by the MEGAclear
Transcription Clean-Up Kit (Ambion, Foster City, CA) and injected
to H. axyridis embryos or stored in aliquots at -80°C until use.
In this study, the recombinant Cas9 protein from Streptococcus
pyogenes was obtained commercially (Thermo Fisher Scientific,
Waltham, MA).

Table 1. Sequences and relevant parameters of the PCR primers used for sgRNA synthesis and genotype analysis

Primer name Sequence (5-3) Tm (°C) Product size (bp)

PCR for sgRNA synthesis

sgRNA-F (target GFP) GAAATTAATACGACTCACTATAGGCATCG 56.0 142
ACTTCAAGGAGGAGTTTTAGAGCTAGAAATAGC

sgRNA-F (target DDC) GAAATTAATACGACTCACTATAGAGTACA 55.0 115
GGTATCTGATGAATTTTAGAGCTAGAAATAGC

sgRNA-ComR AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACG 55.0
GACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC

PCR for genotype analysis

HaDDC-F CGCCACCCTGGGAACAAC 59.5 500

HaDDC-R GCCCTTTAGCCTGAAGCACA 57.5
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H. axyridis Egg Collection and Microinjection

Forty pairs of H. axyridis adults in every cage were fed daily with
cowpea aphids, on leaves of broad bean seedlings. Fresh preblastoderm
stage eggs (15 min after egg laying) were collected on the double-sided
sticky tape that attached to a microscopic slide (24 x 50 mm). ddH, 0O,
mixture of sgRNA target GFP (300 ng/uL) and Cas9 (200 ng/uL)
and mixtures of sgRNA target DDC (100, 300, 600 ng/uL), and Cas9
(200 ng/uL) were injected into the posterior pole of each egg within 30
min—45 min after oviposition using a FemtoJet 4i and an InjectMan
4 microinjection system (Eppendorf, Hamburg, Germany). In order
to obtain the higher survival rate after microinjection in H. axyridis
eggs, we have developed the two-needle microinjection system in H.
axyridis. Briefly, eggs were poked with the empty needle firstly to re-
lease egg pressure, then the solution (ddH,O or mixture of sgRNA
and Cas9 protein) was injected at around the location of the first injec-
tion. After microinjection, the eggs were placed in a petri dish at 25°C,
65% RH, and a photoperiod of 16:8 (L:D) h. At 24 h after injection,
flour was sprinkled on the double-sided adhesive microscope slides to
help the newly hatched larvae (GO) move away the slides. The larva
(GO) was fed with A. craccivora in a small round plastic box (diameter
9.0 cm x high 5.0 cm) individually. Approximate 500 eggs were col-
lected and injected at a time.

gDNA Isolation and Mutagenesis Detection

In order to detect the insertion or deletion mutations of the HaDDC
gene induced by the CRISPR/Cas9 genome editing system, genomic
DNA (gDNA) samples were extracted from the third instar larval ex-
uviae of H. axyridis. Trace amounts of gDNA were isolated individ-
ually using the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany).
The DNA fragments of HaDDC (500 bp) were amplified by gene-
specific primer pairs flanking the sgRNA target sites (Table 1).
300 ng of gDNA template were used in 50 pL Premix Taq (Takara,
Dalian, China) reaction system with three-step PCR program: 94°C
for 5 min; 35 cycles of 94°C for 30 s, 56°C for 30 s, and 72°C for
30 s; and a final extension of 72°C for 10 min. The PCR products
were purified using QIAEX II Agarose Gel Extraction Kit (Qiagen,
Hilden, Germany) and subcloned into the pMD18-T cloning vector
(Takara, Dalian, China), then, transformed into DHSa E. coli
(Cwbio, Jiangsu, China). Plasmids were isolated and sequenced for
indel mutation detection (Tsingke biotechnology company, Beijing,
China).

Evaluation of Biological Parameter

To estimate the impact of DDC gene mutation on biological
parameters (developmental time and predation ability) of H.
axyridis, the neonates (GO) after sgRNA and Cas9 injection were
reared in small plastic box individually and each neonate was fed
with 50-120 A. craccivora daily. The survivor and development of

each larva of the control (wild type) and mutant (sgRNA and Cas9
protein injected) were recorded daily. Each treatment consisted of
three replicates with 20 ladybird beetles in each replicate.

To examine the predation capacity, the fourth instar larvae of
mutant and wild type H. axyridis were carried out to record pre-
dation number individually. Meanwhile, in order to avoid feeding
bias of H. axyridis to A. craccivora occur, the other aphid — Megoura
japonica were used in predation capacity assay. The fourth instar
larvae of each treatment group (wild or mutant type) were starved
for 24 h, then, 120 of the second instar nymph of M. japonica were
provided to each larva in a petri dish, individually. The number of
M. japonica total consumptions was recorded after 24 h feeding for
each larva. Each treatment consisted of three replicates with 20 la-
dybird beetles in each replicate.

Image Processing

The phenotypes of all ladybird beetles were recorded by Zeiss
Microscope SteREO Discovery V20 (Carl Zeiss, Oberkochen,
Germany) with the following parameters set: identical magnification
(10x), exposure time (10 s), and intensity of light (26%).

Statistical Analysis

The unpaired Student’s #-test was used to analyze the differences
in developmental time and predation assay between wild and mu-
tant type of H. axyridis by using SPSS software (v. 22, IBM Corp.
Armonk, NY). Means and standard error of development time
and predation ability were calculated by the GraphPad Prism v.8
(GraphPad Software, California).

Results

Rationally Chosen of DDC asTarget to Develop a
CRIPSR/Cas9 Based Gene Editing Technique in H.
axyridis

In order to easily detect successful CRISPR/Cas9 mutagenesis and
establish an efficient genome editing platform for H. axyridis,
we chose to target a conserved dopa decarboxylase (DDC) gene,
encoding a pivotal enzyme involved in dopamine-melanin synthesis.
The length of HaDDC genomic DNA sequence is 18, 364 bp, which
contains 6 exons and 5 introns (Fig. 1). The full-length of open
read frame (ORF) of HaDDC is 1431 bp that encodes a protein
of 476 amino acid residues. As well as studies have indicated that
suppressed the expression level of HaDDC through RNAI technique
resulting in distinct melanin missing phenotypes in H. axyridis (Chen
et al., 2019; Xiao et al., 2020), thereby, HeDDC would be an op-
timal target for the first time CRIPSR/Cas9 gene editing technique
application in H. axyridis.

Fig. 1. Schematic diagram for the organization of DDC gene in H. axyridis. Schematic of sgRNA/Cas9 target sites in exon 6 of the HaDDC gene.The sgRNA target
sequences are highlighted in black; the PAM sequences are marked in red and underlined.
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Mutagenesis Efficiency is sgRNA Dose-dependent

To develop new microinjection technique to reduce the mechanical
damage in H. axyridis eggs is the critical step. Two-needle micro-
injection system was successfully used in silkworm (Kanda and
Tamura 1991) for gene editing research to overcome the thick and
hard egg shell (Tamura et al. 2007). Based on the idea of two-needle
microinjection, we have developed a suitable approach in microin-
jection in H. axyridis eggs that poke with the empty needle firstly
to release egg pressure, then inject the ddH,O (or sgRNA and Cas9
protein mixture) around the first needle injected location. This mod-
ified microinjection method significantly increased the egg survival
rate from 25% to 50% approximately in H. axyridis, demonstrated
that the potential success of CRISPR/Cas9 gene editing in H. axyridis
at first step.

To disrupt the function of DDC gene, we designed the sgRNA
by using the CHOPCHOP V3.00 (Nami et al. 2018) to target the
exon 6 of HaDDC (Fig. 1). To test the relationship between sgRNA
amount and mutagenesis ratio, three concentrations of sgRNA
(100, 300, and 600 ng/uL) with Cas9 protein (200 ng/ul) were
microinjected in preblastoderm stage in H. axyridis. The survival
rate of injected eggs and the mutation rate mediated by CRISPR/
Cas9 were sgRNA dose-dependent (Table 2), with the increased
concentration of sgRNA lead to the increased proportion of mu-
tant individuals, but the survival rate of injected eggs concomi-
tantly decreased (Table 2). Therefore, the combination of 300 ng/
uL sgRNA and 200 ng/uL Cas9 protein was used as the optimal
concentration in the following experiments. After micro-injection,
30% (580 out of 1960) eggs could successfully hatch, and the mu-
tation rate was 25% (145 out of 580).

To confirm the mutant phenotype was induced by the ge-
nomic mutagenesis of the DDC, genomic DNA of H. axyridis was
extracted from exuviae of several mutant larvae (GO), and used as
PCR template to individually amplify the genomic DNA fragment.
The sequencing results were confirmed by the indels (insertion or
deletion) at the target site of mutant individuals (Fig. 2). Five main
mutation models, namely nucleotide deletions (-3, 4, 9, 13 bp) and
insertion (+1bp) occurred in ladybird beetle mutants (GO), and
most of mutants were caused by nucleotide deletions. Among these
nucleotide deletion mutant genotypes, deletion of 3 bp and 13 bp
were the predominant genotypes, approximately 31% and 17%,
respectively.

These successful gene edited ladybirds showed uniform phe-
notype that the melanin was disappeared in the whole body as
compared with the wild type (Fig. 3). In this study, the images of
larvae were taken in the second day of each instar. To our knowl-
edge, the first and second instar larvae of H. axyridis make prep-
aration for molting during the second day of each instar and the
old cuticle may detach from body and become dark through autox-
idation as reported in the silkworm (Futahashi and Fujiwara 2006,
Chen et al. 2015). Thus, it seems that no difference of cuticle melanin

between wild and mutant type in the first and second instar larvae.
In addition, approximately 30% (44 out of 145) mutant ladybird
beetles could emerge as adults, but the old exuvium was attached
to their bodies after eclosion. The eclosion rate of mutant type (GO)
was significantly decreased as compared with wild type of 85% in
H. axyridis. After manually remove of old exuviae from those de-
formed individuals, they moved slowly, lost mating and egg laying
capacity. Around 70% mutant individuals (GO) even died at larval
or pupal stage.

After micro-injection of 300 ng/uL sgRNA and 200 ng/pL Cas9
protein, approximate 70% eggs could not hatch into larval stage.
In order to analyze the reasons of un-hatch eggs caused by mu-
tagenesis in HaDDC, genomic DNA from un-hatched eggs were
used as a template to amplify the sgRNA target region individually.
Our results showed that 25% (7 out of 30) un-hatched eggs have
deletion mutations (-4, -9 bp) that were caused by gene editing in
HaDDC.

DDC Gene Editing Effects on the Development and
Predation Ability of H. axyridis

To investigate whether HaDDC gene editing could influence the
development of H. axyridis fitness, the developmental time of
each larva and pupa was recorded. Firstly, the development du-
ration of each instar larvae and pupal stage of ddH,O injected
individuals were recorded and calculated. Our results showed
no significant difference of development duration of each instar
larvae and pupal stage between ddH,O injected and wild type
ladybirds. Thus, the effect of microinjection injure on develop-
ment was excluded. Our results showed that DDC mutant la-
dybird beetles (GO) have longer larval developmental time than
that of wild type. The average development time of the fourth
instar larva was 7.4 = 1.07 days in mutant H. axyridis which
was significantly longer than that of wild type H. axyridis, with
4.5 +0.503 days (T =-18.519, P < 0.001) (Fig. 4). Moreover, the
development time of some fourth instar mutant larvae was up to
11 d or more, and some of them did not successfully pupate and
died in larval stage.

Predation ability was another important biological trait of H.
axyridis. The predation numbers of H. axyridis to its prey M. ja-
ponica were recorded and the fitness cost of DDC gene editing on
predation ability in H. axyridis was evaluated. The results showed
that there was no significant difference in the fourth instar larvae
predation ability between wild and mutant type (GO) H. axyridis
(wild type and mutants H. axyridis consumed 105 = 12.93 and
96 + 16.20 M. japonica per day, respectively. T = -3.383, P = 0.107).
However, the total predation number of the fourth instar larva was
significantly higher in mutant individuals than that of wild type
individuals due to the prolonged larval developmental period (T =
-105.112, P < 0.01) (Fig. 5).

Table 2. Effect of sgRNA and Cas9 protein concentration on hatching and mutant ratio in H. axyridis

Concentration of Concentration of Number of Number of Hatching Number of Mutant
sgRNA (ng/uL) Cas9 protein (ng/pL) injected eggs hatching eggs ratio mutant larvae ratio
Water (ddH20) 0 0 500 245 49% 0 0
sgRNA target 300 200 500 210 42% 0 0
GFP 100 200 2,000 700 35% 126 18%
sgRNA target 300 200 1,960 580 30% 145 25%
DDC 600 200 2,000 300 15% 90 30%
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Fig. 2. Phenotype of the DDC mutation with abnormal pigmentation induced by sgRNA and Cas9 injection in H. axyridis. (A) Anterior view of the wild type (WT)
and mutant type (MT) at second day of first, second, third, and fourth instar larvae. Bar = 1,000 um. (B) Anterior view of the wild type (WT) and mutant type (MT)
on pre-pupae and the second day of pupae. Bar = 1,000 um. (C) Anterior view of the wild type (WT) and mutant type (MT) at second day of adult (f. conspicua
and f. succinea). Bar = 1,000 um.The mutant ladybird beetles were abnormal that melanin missing in body wall and body length was decreased compared with
control.

Fig. 3. Identification of the mutant genotypes of DDC gene in H. axyridis. Five types of mutation were identified in H. axyridis using the flat end cloning, including
3, 4,9, and 13-base deletion and 1-base insertion.

Development of an CRISPR/Cas9 Embryo (~15 min), 3) aligning fresh eggs on double-sided sticky tape
Microinjection Protocol in H. axyridis (~30 min), 4) micro-injecting eggs with CRISPR/Cas9 components
The whole protocol of CRISPR/Cas9 gene editing in H. axyridis has (inje?ting tWi‘CC_)» 5) incubating injected. eggs at 25 .¢I1°C, with 60%
6 procedures need approximate 25 d (Fig. 6). The protocol includes relative humidity to prevent dehydration of the injected embryos,
1) pairing male and female adults to mate (~1 d), 2) providing and 6) transferring hatched larvae to fresh leaves of broad bean and

fresh leaves of broad bean for females eggs laying and collecting fed with cowpea aphids daily.
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Fig. 4. Effects of HaDDC knockout on developmental time of each instar larvae
and pupa in H. axyridis. The results are presented as the mean and standard
errors of three replicates, with 20 ladybird beetles in each replicate. Asterisk
above the standard error bars indicate significantly differences based on
Student’s t-test (P < 0.05).

Fig. 5. Effects of HaDDC knockout on predation ability of the fourth instar
larvae in H. axyridis. The results are presented as mean and standard errors
of three replicates, with 20 ladybird beetles in each replicate. Asterisk above
the standard error bars indicate significantly differences based on Student’s
t-test (P < 0.05) between wild and mutant type.

Discussion

Since the mechanism of genome-editing (CRISPR-Cas9) was first re-
ported in Archaea and Bacteria about 20 years ago (Jansen et al.
2002), it has rapidly applied as a powerful tool to study gene func-
tion, regulation, and interaction in vitro and in vivo among various
organisms (Reid and O’Brochta et al., 2016, Taning et al., 2017).
The research of insect gene function and molecular mechanism has
made a rapid progress with the aid of CRISPR/Cas9 technique (Sun
et al. 2017, Taning et al. 2017). H. axyridis is an important nat-
ural enemy insect that displays remarkable control ability to many
kinds of pest insects (Koch et al. 2003, Evans 2009), and functional
research in H. axyridis is limited to the RNAI technology with tran-
sient gene suppress effect (Chen et al. 2019, Xiao et al. 2020). In
this study, we developed a complete protocol for permanent gene
knockout by CRISPR/Cas9 in H. axyridis.

Many artificial factors may also affect the efficiency of gene ed-
iting, such as the reduction of egg collection, mechanical damage
caused by microinjection, and the injection time etc. The introduc-
tion of sgRNA and Cas9 at an earlier stage of embryonic develop-
ment can increase the probability of genetic mutations occurring.
Previous studies had demonstrated that the best injection time was
around 30-45 min after eggs laying in D. melanogaster (Kiehart et
al. 2007) and A. gambiae or A. aegypti, respectively (Lobo et al.
2006). In our study, we injected at 45 min after laying eggs in H.
axyridis. However, embryo survival rate is an important factor in
gene-editing research in insect. The egg of H. axyridis is relatively
small (1.26 mm in length and 0.60 mm in width) and the pressure of
egg is relatively high. There were two challenges for egg injection: 1)
the egg shell breaks needles easily, 2) the high pressure inside the egg
causes the needle clog due to cytoplasm sucking back to the needle.
Therefore, it is very difficult to obtain the higher survival rate after
microinjection in H. axyridis eggs. Based on the idea of two-needle
microinjection, we have developed a suitable approach in micro-
injection in H. axyridis eggs. This modified microinjection method
significantly increased the egg survival rate from 25% to 50% in
H. axyridis (ddH,O injection). Previous studies demonstrated that
embryos survival rate after injection is estimated at 3% in N. lugens
(Xue et al., 2018), 15-20% in D. melanogaster (Bassett et al., 2013),
and approximate 10% in A. aegypti (Kistler et al., 2015). Our study
demonstrated that appropriate modify injection procedure could

Fig. 6. Procedures for DDC gene editing in H. axyridis. The whole protocol of gene editing has 6 procedures.
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increase embryos survival rate and improve successful ration of gene
editing in insect.

Not all genes could be successfully knockout or mutated by
CRISPR/Cas9 in insect, e.g., the function of nicotinic acetylcholine
receptor subunit (#ZAChR) study in D. melanogaster showed Da§
gene was not able to generate mutant type after multiple attempts
(Perry et al. 2021). Other studies suggested the target at 5-end CDS
sequence would have satisfactory editing efficiency (Li et al. 2017).
However, our studies demonstrated that target at 3-end CDS also
obtained the satisfactory editing efficiency with visible phenotype
changes in H. axyridis (Fig. 3). It indicated that editing efficiency due
to the PAM site, but not the location of CDS.

Except the target site affects CRISPR/Cas9 editing efficiency,
the injected egg survival rate and cleavage rate are sgRNA dose-
dependent. Injected eggs with the higher concentrations of sgRNA
and Cas9 combinations had the higher mutagenesis rates, but the
lower survival rates. A similar dose-dependent manner was also re-
ported in D. melanogaster (Bassett et al., 2013), N. vitripennis (Li et
al., 2017), N. lugens (Xue et al., 2018), and S. litura (Bi et al., 2016).
Our study indicated that an optimal concentration of 300 ng/uL for
sgRNA accompany with 200 ng/uL for Cas9 could achieve an ac-
ceptable mutation rate while minimize the mortality of H. axyridis
after injection (Table 2).

To examine gene editing efficacy, DNA extraction from sgRNA
and Cas9 injected H. axyridis is a very crucial step for mutant suc-
cessful detection. In our study, the exuviae DNA of third instar
larvae to fourth instar larvae were successfully extracted and used
as PCR template to amplify the targeted genomic region. The results
were consistent with those reported in both H. armigera (Wang et
al., 2016) and P. xylostella (Guo et al., 2019) using exuviae DNA as
template. Thereof, the DNA samples’ extraction from old exuviae
is an ideal approach without any damage or interruption on insect
development.

The target gene involving in pigmentation pathway may generate
obvious phenotype changes after the CRISPR/Cas9 gene editing.
Some studies have demonstrated that DDC plays the pivotal role in
melanin synthesis in H. axyridis by RNAi (Chen et al. 2019, Xiao et
al. 2020). In the present study, DDC was successfully editing using
CRISPR/Cas9 also resulting in melanin disappeared in the whole
body of H. axyridis (Fig. 4). Our results were consistent with other
studies about pigment synthesis pathway in other insect species, like
DDC gene editing in V. cardu (Zhang and Reed, 2016), yellow gene
editing in A. aegypti (Li et al., 2017), and A. albopictus (Liu et al.,
2019). Moreover, the ABC transporter genes that encode eye pig-
ment receptors were also successfully editing and showed visible
phenotype changes in D. melanogaster (Bassett et al., 2013; Kondo
and Ueda, 2013), D. suzukii (Yan et al., 2020), H. armifera (Khan et
al., 2017), N. lugens (Xue et al., 2018), and N. vitripennis (Li et al.,
2017). For CRISPR/Cas9 protocol establishment, the target genes
selection should be considered having the visible phenotype changes
without development disruption.

Unexpected, we found 25% un-hatched eggs were successfully
gene editing. A similar phenomenon also found in abdominal-A
homeotic gene editing in P. xylostella study (Huang et al. 2016).
Previous study reported that dopamine is the product of DDC in
melanin synthesis and dopamine works as neurotransmitter and
plays a crucial role in insect development (Hodgetts and O’Keefe
2006). Therefore, the successful HaDDC editing resulted in absence
of dopamine and further impact the embryogenesis process. Beyond,
our results also suggested that the mutant ratio should carefully con-
sider the mutants of embryos after microinjection, especially, the
un-hatched eggs.

When DDC gene was successfully edited in H. axyridis by
CRISPR/Cas9, the mutant ladybirds (GO) showed fitness cost on
developmental time. The development time of mutant H. axyridis
larval stages was significantly prolonged comparing with the
controls, especially in the fourth instar larvae (Fig. 5). The fourth
instar larvae are the developmental stage to prepare for transfor-
mation from larvae to pupa because of the titer changes in juvenile
hormone, ecdysone, and others. Previous studies had demonstrated
that DDC plays a crucial role in molting because it is closely related
with the regulation of ecdysone in the molting process (Hiruma and
Riddiford 2009, Wang et al. 2013, Sterkel et al 2019). Here, DDC
mutant in H. axyridis might result in the disruption of ecdysone pro-
duction and further affect molting.

H. axyridis was famous for its predation ability on various
sucking mouthpart pest insects, e.g., aphid. Whether DCC mutants
can affect predation ability on H. axyridis, the fourth instar larvae
of H. axyridis in wild and mutant type (GO) were selected to eval-
uate predation ability. Our results demonstrated that the mutants
of the fourth instar ladybird larvae (GO) have equal predation
ability with wild type (Fig. 6). Therefore, we speculate absence of
DDC has no significant effect on predation ability in mutant H.
axyridis (GO).

In summary, we successfully established CRISPR/Cas9 gene
editing platform in Asian-multi colored ladybird H. axyridis. The
HaDDC mutants generated by CRISPR/Cas9 gene editing signifi-
cantly affect metamorphosis from larvae to pupae stage in H. axyridis
and the detailed regulation mechanism should be investigated in fu-
ture research.
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