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ABSTRACT

Insects compose more than half of all living
organisms on earth, playing essential roles in global
ecosystems and forming complex relationships with
humans. Insect research has significant biological
and practical importance. However, the application
of genetic manipulation technology has long been
restricted to several model insects only, such as
gene knockout in Drosophila, which has severely
restrained the development of insect biology
research. Recently, with the increase in the release
of insect genome data and the introduction of the
CRISPR/Cas9 system for efficient genetic
modification, it has been possible to conduct
meaningful functional studies in a broad array of
insect species. Here, we summarize the advances in
CRISPR/Cas9 in different insect species, discuss
methods for its promotion, and consider its
application in future insect studies. This review
provides detailed information about the application of
the CRISPR/Cas9 system in insect research and
presents possible ways to improve its use in
functional studies and insect pest control.
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INTRODUCTION

Insects compose more than half of all living organisms on
earth and play essential roles in the world’s ecosystems.
They serve as pollinators, herbivores, and predators, and
have the capacity to alter the rate and direction of energy
and matter fluxes in ways that potentially affect global
processes. Insects also exhibit complex relationships with
humans. Agricultural pests, such as the diamondback moth
and cotton bollworm, feed on plants and damage crops, with
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an estimated 10%-16% of global crop production lost to
insect pests (Chakraborty & Newton, 2011). Furthermore,
insects can be carriers of human disease. For example,
Anopheles mosquitoes are vectors of malaria, an infectious
and deadly disease threatening nearly half of the world’s
population according to the World Health Organization (World
Health Organization, 2014). Conversely, insects such as
silkworm and honey bees are economically and agriculturally
important to human society, while social insects are ideal
models for researching social behavior. Considering the
important roles of insects in ecology and human life, insect
research has great biological and practical significance.

Nowadays, high-throughput genome sequencing technology
has been used to decipher the genomes of many insects.
Published genomes have gone far beyond model organisms
such as Drosophila, now covering moths, butterflies, beetles
and Hymenoptera social insects. These data not only provide
the raw materials for further comparative and evolutionary
genomic studies, but also bring about efficient gene function
identification through newly emerged genome editing
technologies, resulting in breakthroughs in the genetic
manipulation of non-model organisms.

Traditional gene knock-in in insects was initially limited to
transposon-based transgenic technologies, while the application of
gene knockout was restricted to Drosophila species. Nowadays,
however, newly emerged genome editing approaches, i.e., ZFN,
TALEN and especially CRISPR/Cas9, have allowed for the
efficient extension of genetic modification of non-model
organisms and functional testing of candidate domesticated
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genes, as well as candidate genes in life-environment interactions
(Chen et al., 2014). Accompanied by high-throughput
sequencing platforms, CRISPR/Cas9 has promising impact on
evolutionary and ecological research, as well as on elucidating
the gap between DNA sequences and phenotypes. Here, we
briefly introduce the development of insect genetic manipulation

technology, with a focus on the CRISPR/Cas9 system in insects.

We first summarize the advances of CRISPR/Cas9 in different
insect species, and then discuss methods for its promotion and
prospective application in future insect studies.

DEVELOPMENT OF GENETIC MANIPULATION IN INSECTS

Genetic manipulation technologies in insects have been
developed over the last 30 years. Combined with recent
progress, these technologies can be classified into three stages
of development based on their function mechanism, efficiency,
and accuracy. The first stage was transposon-based
transgenesis. The first successful attempt to transfer
exogenous genes into insects was conducted in Drosophila
melanogaster by P-element transposon (Rubin & Spradling,
1982). Unfortunately, the P-element was not applicable in non-
drosophilid insects because of host-specific co-factor
requirements (Rio & Rubin, 1988). Since then, however, four
other transposons (mariner, Minos, Hermes and piggyBac)
have been explored for the genetic transformation of non-
drosophilid insects. Among them, universal vector piggyBac
has been widely and successfully applied in the transgenesis of
several insect species such as Bombyx mori (Tamura et al.,
2000), butterfly (Marcus et al., 2004), and diamondback moth
(Martins et al.,, 2012). Based on such studies, upgraded
transgenesis technologies were developed, combined with the
GAL4/UAS system as well as site-specific recombinases and
integrases like Cre, FLP, and ®C31 (Venken & Bellen, 2007).
Nevertheless, transposons have remained limited in their utility,
primarily due to integration randomness, low transformation
frequency, integrated sequence instability, and limited carrying

capacity. The second development stage of gene editing
technologies such as ZFN (Zinc Finger Nuclease) and TALEN
(Transcription Activator-Like Effector Nuclease), which are both
composed of a specific DNA recognition protein (ZF or TALE)
and DNA excision protein (Fokl/) (Bibikova et al., 2003;
Bogdanove & Voytas, 2011) expanded genetic modifications
beyond model organisms. Compared with transposon-based
technologies, ZFN and TALEN improved the efficiency and
precision of targeted genetic manipulations, and have been
successfully applied in Drosophila (Gratz et al., 2013), B. mori
(Wang et al.,, 2013), and mosquitoes (Dong et al., 2015).
However, certain intrinsic drawbacks have restricted their wide
utility. ZFN has limited target sites due to the three-nucleotide
recognition model, and is expensive and difficult to assemble,
whereas TALEN involves cumbersome procedures and a large
protein that can be difficult to efficiently deliver into all cells. The
third and most promising stage of advancement has been the
CRISPR/Cas9 system (Clustered Regularly Interspaced Short
Palindromic Repeats). The CRISPR/Cas9 system acts via a
ribonucleoprotein complex, where the target recognition lobe of
Cas9 directs specific binding to target DNA through interacting
with homologous sgRNA and the excision lobe cuts the DNA
(Nishimasu et al., 2014). It is considered a revolutionary
technology with high efficiency and accuracy and applicable for
a wide range of species. Many studies have reported on the
application, evaluation, and improvement of the CRISPR/Cas9
system (Gaj et al., 2013; Hsu et al., 2014; Shalem et al., 2015).
Here, we emphasize the application and potential of the
CRISPR/Cas9 system in insects.

CURRENT APPLICATION OF THE CRISPR/CAS9 SYSTEM
IN INSECTS

To date, the CRISPR/Cas9 system has been successfully applied
in several insect species, including Drosophila, silkworm,
mosquito, and butterfly (Table 1). Here, we summarize the
advances of this technology in these insects, respectively.

Table 1 Collections of published papers on the CRISPR/Cas9 system in insects

Gene Mutation Delivery References
Drosophila white, yellow Knockout mRNA Bassett et al., 2013
melanogaster Dredd, wingless Knock-in Plasmid Baena-Lopez et al., 2013
Rosy, yellow Knockout, Knock-in mRNA Gratz et al., 2013

ast, capa, Ccap, Crz, Eh, Mip, npf, Knockout Cas9-transgene Kondo & Ueda, 2013
mir-219, mir-315, white

white Knockout Cas9-transgene, Plasmid Ren et al., 2013
yellow Knockout mRNA Yuetal, 2013
phosphoglycerate kinase Knockout Plasmid Bottcher et al., 2014

ebony, yellow, white

sosy, DSH3PX1

ebony, yellow, wingless, wnt
white, piwi

eGFP/RFP

ms(3)k81, white, yellow

Knockout, Knock-in
Knockout, Knock-in
Knockout, Knock-in
Knockout, Knock-in
Knockout

Knockout, Knock-in

Cas9-transgene, Plasmid Gokcezade et al., 2014
Plasmid, Cas9-transgene Gratz et al., 2014

Port et al., 2014
Cas9-transgene, Plasmid Ren et al., 2014

Cas9-transgene

Cas9-transgene, Plasmid Sebo et al., 2014
Cas9-transgene, Plasmid Xue et al., 2014
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Continued

Gene Mutation Delivery References
Drosophila salm Knock-in Cas9-transgene Zhang et al., 2014
melanogaster yellow Knock-in Cas9-transgene Gratz et al., 2015
white Knockout, Knock-in Cas9-transgene Port et al., 2015
snail, twist, wingless Transcription activation ~ dCas9-transgene Lin et al., 2015
yellow Gene drive Plasmid Grantz & Bier, 2015
roX Transcription repression dCas9 mRNA Ghosh et al., 2016
Bombyx mori BmBLOS2 Knockout mRNA Wang et al., 2013
BmBLOS?2, th, re, fl, yellow-e, kynu, ebony  Knockout Plasmid Liu et al., 2014
BmKu70, Bm702 Knockout, Knock-in Plasmid Ma et al., 2014
Bm-ok, BmKMQO, BmTH, Bmtan Knockout mRNA Wei et al., 2014
Bmawd, Bmifng Knockout mRNA Ling et al., 2015
BmEO Knockout Cas9 transgene Li et al., 2015b
Bmsage Knockout mRNA Xin et al., 2015
Bm-Whnt1 Knockout mRNA Zhang et al., 2015
Ku70, Ku80, Lig IV, XRCC4, XLF Knockout, Knock-in Plasmid Zhu et al., 2015
BmBLOS2 Knockout Cas9-transgene Zeng et al., 2016
Aedes aegypti Ku70, lig4 Knockout, Knock-in mRNA, protein Basu et al., 2015
ECGP Knockout Plasmid, mRNA Dong et al., 2015
Nix Knockout mRNA Hall et al., 2015

Anopheles stephensi

Anopheles gambiae

Papilio xuthus

Tribolium castaneum

Spodoptera litura

Gryllus bimaculatus

Aa-wirw, AAEL000528, AAEL010779,
AAEL004091, AAEL014228,
AAEL000926, AAEL002575,
AAEL013647

kh

AGAP005958, AGAP011377,
AGAP007280

Abd-B, ebony, fz
cry2, dik

EGFP

abd-A

SIitPBP3

Dop1

Knockout, Knock-in

Gene drive

Gene drive

Knockout
Knockout
Knockout, Knock-in
Knockout
Knockout

Knockout

Plasmid, mRNA, protein

Plasmid

Plasmid

mRNA
mRNA
Plasmid, mRNA
mRNA
mRNA
mRNA

Kistler et al., 2015

Grantz et al., 2015
Hammond et al., 2016

Li et al., 2015a
Markert et al., 2016
Gilles et al., 2015
Bietal., 2016

Zhu et al., 2016
Awata et al., 2015

Drosophila

The first reported knockout application of CRISPR/Cas9 in
insects was carried out in Drosophila melanogaster, in which
mutations were introduced to the yellow gene (Gratz et al,,
2013). Subsequently, significant research has been conducted
on the development of the CRISPR/Cas9 system in Drosophila.
Generally, there are four strategies to establish CRISPR/Cas9
system in Drosophila, depending on the Cas9 and sgRNA
delivery methods. Firstly, Cas9 and sgRNA are both
constructed into plasmids. In a pilot study, Gratz et al. (2013)
constructed two plasmids expressing the Cas9 protein driven
by the Hsp70 promoter and sgRNA driven by a U6 promoter,
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respectively. However, the efficiency of mutagenesis was
relatively low (5.9%) due to inefficient error-prone nonhomologous
end-joining (NHEJ) effects. Additionally, Cas9 and sgRNA could
be merged into one single vector, which resulted in a
mutagenesis rate>10% (Gokcezade et al., 2014). The second
strategy was adopted by two research groups independently in
which transcribed Cas9 mRNA and sgRNA were co-injected
into early stage embryos in vitro (Bassett et al., 2013; Yu et al.,
2013). More than 80% of injected flies presented mosaic
expression of the yellow gene and another six genes showed
36%-80% mutagenesis, implying high efficiency. However, the
high mutation rate relied on high concentrations of Cas9/sgRNA,
resulting in an adult survival rate of <3% (Bassett et al., 2013).



Conversely, reducing the concentration of Cas9/sgRNA mRNA
resulted in the dramatic reduction in the proportion of mosaic
adults from 86% to 10% (Bassett et al., 2013). The third
strategy was established by crossing two stable transgenic fly
strains: one specifically expressing the Cas9 protein in germline
cells, the other ubiquitously expressing sgRNA. Expression of
Cas9 driven by the nanos promoter and expression of sgRNA
under the U6 promoter obtained highly efficient (average of
57%, reaching 90%) mutagenesis by crossing these two
transgenic strains (Kondo & Ueda, 2013). This robust strategy
generated much higher mutagenesis rate than the previous
transient expression of Cas9 and sgRNAs, but was limited by
the time spent establishing sgRNA transgenic fly stocks. The
last strategy involved the injection of sgRNA expressing vectors
into early stage embryos of germline-expressed Cas9
transgenic strains. This strategy reduced the complexity of the
two-component injection scheme to one component. Previous
studies constructed Cas9 transgenic strains by expressing the
Cas9 protein driven by vasa (Sebo et al., 2014) or nanos (Ren
et al., 2013) promoters. Sebo et al. (2014) observed a high ratio
(up to 71%) of injected flies harboring gene mutations, although
a significant portion (up to 68%) was infertile. Ren et al. (2013)
achieved a higher rate of mutagenesis (93.3%) and fertility
(81%) in GO flies. As to promoter selection, different U6
promoters have been used to drive sgRNA, with U6: 3
demonstrated to have the strongest ability of generating
mutagenesis in both somatic cells and germlines (Port et al.,
2014). A new CR7T promoter was developed to efficiently drive
sgRNA, and gave rise to high mutagenesis rates (Xue et al.,
2014).

In addition to knockout technology, efficient and specific
CRISPR/Cas9-mediated knock-in procedures have greatly
expanded the application of CRISPR by facilitating complex
genome modifications. Precise incorporation of exogenous
DNA can be achieved through homology-directed repair (HR)
by providing donor DNA templates. Previous studies have
successfully injected donor DNA into embryos transgenic
containing both Cas9 and sgRNA cascade (Port et al., 2014),
donor DNA with sgRNA-encoding plasmids into transgenic
Cas9 embryos (Gratz et al., 2014; Ren et al., 2013; Xue et al.,
2014; Zhang et al., 2014), and donor plasmids together with a
plasmid-encoding Cas9 and sgRNA into non-transgenic
embryos (Gokcezade et al., 2014).

Silkworm

The first successful application of the CRISPR/Cas9 system
was reported for B. mori using the BmBLOS2 gene as a target
(Wang et al., 2013). Two 23 bp gRNAs were designed to direct
the Cas9 endonuclease specifically to two sites separated by
3.48 kb of BmBLOS2, with a high mutagenesis rate obtained for
each site (94% and 95.6%) and large deletions achieved by
injection of in vitro transcribed Cas9 mRNA and sgRNAs (Wang
et al., 2013). Similarly, four more genes (Bm-ok, BmKMO,
BmTH and Bmtan) were altered at specific sites by the direct
microinjection of specific sSgRNA and Cas9 mRNA into embryos,
with mutation frequencies of 16.7%-35.0% observed in the
injected generation (Wei et al., 2014). Ma et al. (2014)

established a system of two expression vectors for Cas9 and
sgRNA separately, generating the heritable site-directed edition
of Bmku70 in B. mori. This same system was also used to
induce multiplex genome editing of six genes in BmNSs cell lines
simultaneously (Liu et al., 2014). In addition to knockout, HR
introduced knock-in has also been reported. Ma et al. (2014)
found that HR frequency increased in Bmku70 knocked-out B.
mori. Additionally, Zhu et al. (2015) knocked out the factors
Ku70, Ku80, Lig IV, XRCC4 and XLF in NHEJ using the
CRISPR/Cas9 system, which increased the activities of HR up
to 7-fold in silkworm cells. Further efforts have also been made
to improve the CRISPR/Cas9 system in recent years. A U6
promoter from B. mori was shown to effectively drive sgRNA
initiated with nucleotide bases (N20NGG) and induce mutations
in vitro and in vivo (Zeng et al., 2016).

The highly efficient CRISPR/Cas9 system has also been
applied in gene functional analysis of the miR-2 cluster by
knockout of miR-2 targeted Bmawd and Bmifng genes in
silkworm (Ling et al., 2015). Furthermore, functional analysis of
the BmWnt1 gene using the CRISPR/Cas9 system generated a
large deletion of 18 kb, resulting in severe developmental
defects during embryogenesis, comparable to previously
reported RNAI studies (Zhang et al., 2015). The transgenic
CRISPR/Cas9 system also somatically mutated BmEO and
extended the duration of the final instar larval stage of silkworm
(Li et al., 2015b). Combined with Gal4/UAS overexpression and
RNA-seq analysis, CRISPR/Cas9 provided insights into BmEO
ecdysone regulation of tissue degeneration  during
metamorphosis (Li et al., 2015b). Germline mutation of Bmsage
was introduced using the Cas9/sgRNA system, leading to
poorly developed silk glands and absent middle and posterior
silk glands (MSG and PSG) (Xin et al., 2015), implying that the
Bmsage gene participates in the development of these glands
at the embryonic stage.

Mosquito

Aedes aegypti is the principal vector for important arboviruses
such as yellow fever, dengue, and chikungunya viruses, which
cause significant impacts on human health. The CRISPR/Cas9
system has been used in in vivo gene disruptions of ECFP in
ECFP transgenic A. aegypti lines (Dong et al., 2015). Injection
of in vitro transcribed Cas9 mRNA and sgRNA into embryos
introduced mutations with 5.5% knockout efficiency (Dong et al.,
2015). Kistler et al. (2015) increased the CRISPR/Cas9
mutation rate up to 24% by identifying active sgRNAs and
proper Cas9 mRNA concentrations in five A. aegypti genes.
Basu et al. (2015) promoted the effectiveness of editing in A.
aegypti up to 90%, in which a large cohort of sgRNAs were
evaluated in early embryos, with only highly ranked candidates
going forward to germline-based experiments. It should be
noted that injection of plasmids encoding Cas9 and sgRNA did
not increase observed mutations, which might result from the
weak promoters used to drive Cas9 and sgRNAs or intrinsically
low efficiency of the CRISP/Cas9 system in A. aegypti (Dong et
al., 2015; Kistler et al.,, 2015). HR-based integration of a
transgene in A. aegypti was also obtained using the
CRISPR/Cas9 system, with a transformation rate of 2.1%

Zoological Research 37(4): 220-228, 2016 223



obtained (Basu et al., 2015). The CRISPR/Cas9 system has
also been applied in the functional study of Nix, the first insect
M factor. Knockout of Nix resulted in largely feminized genetic
males, providing an opportunity to characterize the remaining
genes and interactions in the A. aegypti sex-determination
pathway (Hall et al., 2015).

Butterfly

Recent application of CRISPR/Cas9 was found to induce
somatic mutations of the Abd-B gene with high efficiency
(92.5%) in swallowtail butterfly, Papilio xuthus (Li et al., 2015a).
Furthermore, a highly efficient, heritable gene knockout at two
clock gene loci, cry2 and clk, was reported in the monarch
butterfly, Danaus plexippus (Markert et al., 2016), in which 50%
of larvae presented indels at rates ranging from 3%-28%. The
knockout for clk helped define its critical function in encoding a
transcriptional activator of the circadian clock used by
monarchs during migration.

Other insects

The CRISPR/Cas9 system has shown great potential in the
genetic editing of non-model species. Gilles et al. (2015)
demonstrated that CRISPR technology effectively generated
targeted knockouts, knock-ins, and deletions in Tribolium
castaneum. Furthermore, CRISPR/Cas9 also induced efficient
gene mutagenesis of the typically deficient phenotype of abd-A
in Spodoptera litura, a serious agricultural pest worldwide, by
direct injection of Cas9 mRNA and sgRNA into S. litura
embryos (Bi et al., 2016). CRISPR/Cas9 has also been used in
functional characterization of the SlitPBP3 gene in S. litura (Zhu
et al., 2016). Furthermore, the Dop? gene was knocked out in
non-model Gryllus bimaculatus using the CRISPR/Cas9 system,
resulting in mutants that were defective in aversive learning with
sodium chloride punishment, but not appetitive learning with
water or sucrose reward (Awata et al., 2015).

IMPROVEMENT OF THE CRISPR/CAS9 SYSTEMS IN
INSECTS

Efficiency

Cas9 can efficiently generate knockout in insects via NHEJ, but
the efficiency of precise sequence replacement via HR is
substantially lower. Ma et al. (2014) attempted to promote
knock-in efficiency by targeting BmKu70, which is involved in
the NHEJ pathway. Several methods have been developed to
increase knock-in efficiency in vivo, which might provide new
methods for application in insects. Precise knock-in is usually
accomplished by stimulating HR in the presence of a single-
stranded oligodeoxynucleotide (ssODN) template, with ssSODN-
mediated knock-in achieved in Drosophila (Gratz et al., 2013;
Liu et al., 2014), silkworm (Ma et al., 2014; Zhu et al., 2015),
and mosquito (Kistler et al., 2015). Recently, the rational design
of ssDNA donors to match first released DNA strands by the
Cas9 protein increased the rate of HR by 60% (Richardson et
al., 2016). In addition, the two-hit two-oligo (2H20P) method
composed of Cas9 and two sgRNAs generated knock-in of 200
kb sequences into a genome through HR (Yoshimi et al., 2016).
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However, HR is not the only pathway leading to precise knock-
ins. The CRISPR/Cas9 system can also mediate knock-in of
exogenous DNA based on the NHEJ repair pathway. In
zebrafish, for example, the mutation rate was promoted up to
66%, much higher than the 1.5% mutation rate by HR (Auer et
al., 2014a, b). Microhomology-mediated end-joining (MMEJ),
another non-homologous DSB repair mechanism, uses micro-
homologous sequences (5-25 bp) for error-prone end-joining.
Based on the CRISPR/Cas9 system, Nakade et al. (2014)
developed precise integration into the target chromosome
(CRIS-PITCh) system, which enabled the efficient integration of
exogenous DNA in vivo. TALEN-mediated PITCh has also been
shown to be quite effective in silkworm (Nakade et al., 2014).

Accuracy

The Cas9/sgRNA system has been successfully applied in both
model and non-model insects to induce indel mutations through
NHEJ or sequence-specific mutations through HR. However,
potential off-target effects might result in unexpected indel
mutations, especially when relying on NHEJ, thus increasing
the complexity of analyzing mutants of interest (Cho et al., 2014;
Fu et al., 2013; Hsu et al., 2013). Several methods can reduce
off-target effects and promote targeting specificities. Firstly,
introduction of a D10A or H840A mutation into the RuvC1- or
HNH-like nuclease domains in Cas9 can generate a variant
protein with single-stranded DNA cleavage (nickase) activity
(Gasiunas et al., 2012; Jinek et al., 2012). Cas9 nickase (dCas9)
with paired gRNAs properly positioned on the target DNA
exhibits low off-target mutagenesis compared with wild-type
Cas9 (Cho et al., 2014; Mali et al., 2013; Ran et al., 2013). In
Drosophila, the application of Cas9 nickase and sgRNA pairs
almost eliminated off-target effects when generating indel
mutants (Ren et al., 2014). However, Cas9D10A was not as
effective as Cas9 in replacing the entire coding sequence of
piwi with two sgRNAs (Ren et al., 2014). Previous studies have
also used sgRNA-guided dCas9 fused to Fokl nuclease where
two fused dCas9-Fokl bind target sites at a defined distance
apart, inducing DNA double-strand break after dimerization of
the two monomers (Guilinger et al., 2014; Tsai et al., 2014).
Furthermore, truncated sgRNAs (17-18 nt long) were found to
decrease undesired mutagenesis at some off-target sites by 5,
000-fold or more while maintaining on-target activities (Fu et al.,
2014). However, this method is not robust and might not work
on some targets, thus reducing the number of target sites in the
genome. The architecture of the Cas9 protein can also be
modified to reduce off-target effects. Kleinstiver et al. (2015)
screened a D1135E mutation in the PAM-interacting domains
by bacterial selection, which improved the specificity for off-
target sites without decreasing on-target activity. In addition,
some studies decreased the energetics of interaction between
the Cas9-sgRNA complex and target DNA, so that
CRISPR/Cas9 might retain robust on-target activity, but have a
diminished ability to cleave mismatched off-target sites. Three
amino acids of SpCas9 (K848A/K1003A/R1060A) were
engineered, which decreased off-target indel formation by at
least 10-fold, without scarifying on-target activity (Slaymaker et
al., 2016). In another study, four SpCas9 residues (N497A,



R661A, Q695A, Q926A) were reformed to generate a SpCas9-
HF1 protein, which reduced all or nearly all genome-wide off-
target effects to undetectable levels (Kleinstiver et al., 2016).

PROSPECTIVE APPLICATION IN INSECTS

The application of CRISPR/Cas9 in insects is still in the early
stages. It has been intensely reformed for different applications
in model animals, which might clarify prospective applications in
insects.

Gene drive

Gene drive refers to the increase in the frequency of particular
genes by bias inheritance. Based on the CRISPR/Cas9
genome editing system, a mutagenic chain reaction (MCR)
method was developed to conduct gene drive in Drosophila
(Gantz & Bier, 2015), in which MCR converted heterozygous
mutations to homozygosity at the yellow locus in germlines with
96% homing efficiency by copying themselves onto the
homologous  chromosome through HR. This study
demonstrated that MCR technology was highly efficient in
Drosophila and could be applied in other insect species.
Recently, MCR technology was also established in Anopheles
stephensi, where eye color gene kh was targeted with 99.5%
efficiency (Gantz et al., 2015). Similarly, in Anopheles gambiae,
three female-sterility genes (AGAP005958, AGAP011377 and
AGAPO007280) were identified and triggered expected
phenotypes with 91.4% to 99.6% efficiencies (Hammond et al.,
2016). The reduction in female fertility has the potential to
substantially reduce mosquito populations. These pilot
experiments verify that the CRISPR-Cas9 gene drive system is
a robust and valuable gene editing tool for functional genetic
research in insects and in disease control by suppressing
mosquito populations.

Regulation

The CRISPR/Cas9 system has the potential to activate or
repress gene expression in vivo. CRISPR inference (CRISPRI)
is a modified CRISPR/Cas9 system in which dCas9 paired with
sgRNA can sterically hinder transcription at the sgRNA base-
pairing genomic locus (Qi et al, 2013). The CRISPRI
framework has been used for systematic phenotypic analysis of
essential genes in bacteria (Peters et al., 2016). Additionally,
CRISPRI regulation can be used to achieve activation or
repression by fusing dCas9 to activator or repressor modules
(Gilbert et al., 2013; Gilles et al., 2015; Mali et al., 2013).
However, modest levels of gene activation have limited
potential application. An improved transcriptional regulator was
obtained through the rational design of a tripartite activator,
VP64-p65-rta (VPr) (Chavez et al., 2015). In another study,
different Cas9 activator systems and their ability to induce
robust gene expression were examined in human, mouse, and
fly cell lines, with VPR, SAM, and Suntag activators found to be
superior to VP64 (Chavez et al., 2016). Nevertheless, the direct
fusing of dCas9 with effector proteins is constrained to only one
direction of regulation. Zalatan et al. (2015) converted sgRNA to
scaffold RNA (scRNA) by extending the sgRNA sequence with

modular RNA domains (MS2, PP7 and com), thus enabling
flexible and parallel programmable locus-specific regulation.
Multiple genes can be regulated in different directions
(activation or repression) simultaneously. Using CRISPRI, the
coexpression of dCas9 and guide RNAs targeted the
endogenous roX locus (long non-coding RNAs) in Drosophila
cells, resulting in robust and specific knockdown of roX7 and
roX2 RNAs (Ghosh et al., 2016).

DNA or RNA tracking

Live imaging systems for visualization of genome loci are
essential for studying chromatin dynamics and nuclear
localization, which is important for understanding cellar
processes. The CRISPR/Cas9 system can be reformed as a
live imaging system by tagging dCas9 proteins with enhanced
green fluorescent protein (EGFP) (Chen et al., 2013). An
essential feature of any live imaging system is the ability to
visualize more than one locus at a time. By using dCas9 from
three bacterial orthologues fused with different fluorescent
proteins, dCas9 and sgRNAs were found to efficiently label
several target loci in live human cells (Chen et al., 2016; Ma et
al., 2015). Another more flexible method is extending sgRNAs
with RNA domains (MS2 and PP7), which when co-expressed
with a dCas9 can recruit fluorescently tagged RNA-binding
proteins (MCP and PCP) to specific genomic sites (Fu et al.,
2016). This allows for rapid, stable dual-color labelling. RNAs
can also be tracked dynamically. Targeting RNAs with dCas9 is
possible by providing PAM as part of an oligonucleotide
(PAMmer) that hybridizes to the target RNA (O'Connell et al.,
2014). Based on such a system, RNA-targeting Cas9 (RCas9)
was generated with dCas9 fused with fluorescent protein (e.g.
GFP), sgRNA and PAMmer, which recognized mRNAs in live
cells while avoiding encoding DNA (Nelles et al., 2016).

CONCLUSIONS

The CRISPR/Cas9 system is a revolutionary tool for both
prokaryotic and eukaryotic genetics. It has been preliminarily
established and developed in model and non-model insects.
Highly efficient knockout and knock-in experiments have been
successfully conducted in model insects such as Drosophila
and silkworm, and in non-model insects such as butterfly,
mosquito, and beetle. Based on CRISPR/Cas9, several well-
designed systems have been developed, including gene drive
and regulation and DNA/RNA tracking systems, which will have
significant impact on functional studies and pest control.
Researchers have improved the CRISPR/Cas9 system in
insects, resulting in easier and more effective design and use.
Successful modifications of CRISPR/Cas9 have been made in
cells and model animals, implying that CRISPR/Cas9 has the
potential for broad application and development in insects.
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