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The	CRISPR/Cas system	is	a	bacterial	immune	mechanism	vs “viruses”

CRISPR	=		Clustered	Regularly	Interspaced	Short		Palindromic	Repeats
CAS	=		CRISPR	associated	genes	(nucleases	and	DNA	binding	proteins)

These	regions	of	the	bacterial	genome	are	the	“memory”	of	an	immune	system	that
recognizes	and	destroys	invading	DNA	from	a	bacteriophage/virus.	The	“spacers”
are	pieces	of	phage	DNA	that	direct	a	nuclease	(CAS	protein)	to	invading	DNA	sequences.
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FIGURE 2 | How CRISPR-Cas9 perform genome editing. Cas9 induce double stranded breaks (DSBs) at particular site. The resulting DSB is then repaired by
one of these two general repair pathways, e.g., by Non-homologous end joining (NHEJ) or by Homology directed repair (HDR). (A) The NHEJ repair pathway
frequently results in small nucleotide insertions or deletions (InDels) at the DSB site. This may result in gene knock out or gene insertion. (B) HDR can be used to
generate precise nucleotide modifications (also called gene “edits”) ranging from a single nucleotide change to large insertions.

inclusive of industrially designed plant cells and plants. One
of the chief targets sets for synthetic biology is the wish for
minimal plant cell, e.g., to engineer a cell devoid of non-essential
components and capable of division. This desired minimal cell
can then be exploited as a factory for novel biological systems.
Although this minimal cell is still a dream, the prospective
toolkits and strategies for generating the simplest plant cell
are being operated recurrently (Baltes et al., 2014). Up till
now, genome editing had been restricted to amendments in
enzymatic functions within single animal or plant. Synthetic
biology has already been using bacteria for engineering new
absolute metabolic cycles comprising of both several enzymes
and regulation of corresponding genes expression. CRISPR-Cas9
provide the most reliable and practical platform to engineer
plant genome formultipurpose plant systems (Puchta and Fauser,
2014). Nitrogen fixing cereals project is classical example of goal
fixed for humanity level benefits. The possibilities of genetic
and metabolic engineering have been extended as a result of
techniques developed for facilitating synthetic biology, especially
cloning and genome editing methods (Neumann and Neumann-
staubitz, 2010). At John Innes centre, di�erent pathways have
been characterized for plants capable of fixing nitrogen through
bacteria (Oldroyd et al., 2011; Xie et al., 2012). The researchers
are now attempting to introduce these pathways in wheat for
developing ‘self-fertilizing’ cereal (Cook et al., 2014). By doing so,
there will be clear cut reduction in dependency upon inorganic
fertilizers because plants will be able to fix atmospheric nitrogen.

At this time, there are two possible ways: either transfer the Nod
factor signaling pathway to cereals or relocate the nitrogenase
enzyme from nitrogen fixing bacteria into plant cells. But still
di�erent questions need to be addressed (Temme et al., 2012;
Oldroyd and Dixon, 2014). A potential goal set by plant synthetic
biology is C4 rice development with the help of targeted DNA
insertion. Engineering rice with C4 photosynthesis pathway
appears promising for increasing yield. One line of action to
engineer this pathway in C3 rice is conversion of single-cell
C3 cycle into a two-celled C4 cycle. The initial carbon fixation
is carried out within mesophyll cells. Finally the four-carbon
product is decarboxylatedforCO2 addition to RuBisCO present in
bundle sheath cells. (Baltes et al., 2014). CRISPR-Cas9 has been
more successfully applied to mutagenize host DNA in di�erent
plants (Li et al., 2013; Jiang et al., 2014; Zhou et al., 2014). The
ability to introduce genomic amendments encourage synthetic
biologists not merely remove unwanted DNA, i.e., inhibitory
genes but also improve genic regulatory sequences.

Practicing plant synthetic biology needs control over
nucleotide sequences in plant as well as control over expression
levels of host genes. The DNA binding domain of di�erent
sequence- specific nucleases can be repurposed to help in
modulation of endogenous genes expression. DNA-binding
domains from ZFNs, TALENs, or dCas9 and gRNA are used
to limitize repressor or activator domains in gene of interest.
Uniquely, Cas9 by interfering with RNA polymerase progression
can decrease gene expression (Qi et al., 2013).
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CRISPR-Cas9	can	cause	deletions/insertions	to	knock	out	a	gene	(A)		
OR

can	introduce	a	new	sequence	to	replace	or	mutate	a	gene	(B)
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control/eradicate the spread of deadly diseases by vector 
mosquito species (Figure 1). Multiplexing feature of 
this tool also offers more possibilities to study the genes 
involved in mosquito-parasite interactions.

4. Off-target effects

Off-target mutations and unnecessary chromosomal 
translocations are the biggest issues with the genome 
editing tools. Especially with CRISPR/Cas9, specificity 
of sgRNA caused by off-target binding site mutations and 
co-inheritance caused by off-target mutations still need 
to be addressed to improve the specificity of genome 
editing tools for the successful application in mosquito 
control programmes (55,56). Furthermore, the off-
target impacts of phylogenetic similarity, biogeographic 
overlap, and ecology, ecological resemblance with other 
non-target organisms and behavior of the mutants should 
be addressed in controlled small scale field trials (46). 
 Even though CRISPR/Cas9 is cost effective, the 
initial versions of CRISPR/Cas9 system had key 
issues due to off-target effects (57,58). Cas9 nickase 
(Cas9D10A mutant) was capable of creating single 
strand nicks (59,60), which when paired by targeting 
a site with two sgRNAs, resulted in a DSB which 
helped to overcome off target effects. More recently, 
Kleinstiver et al. developed a high-fidelity version of 
the Cas9 from Streptococcus pyogenes (SpCas9-HF1) 

which was an engineered variant of wild type Cas9 to 
reduce non-specific DNA contacts. This novel enzyme 
has greatly reduced the off-target effects in human cells 
when tested (61). This enzyme could be employed in 
genome editing of vector mosquitoes too in the near 
future to produce more specific gene alterations. Unlike 
ZFN and TALEN, software tools are available to predict 
the off-target effects of CRISPR/Cas9 system for each 
experiment. A software tool in the name of Digenome-
seq was developed by South Korean scientists recently 
(62). This in vitro digest yielded sequence reads 
ZLWK� WKH�VDPH��ƍ�HQGV�DW�FOHDYDJH�VLWHV� WKDW�FRXOG�EH�
computationally identified. The group had validated 
off-target sites at which mutations were induced with 
frequencies below 0.1%, near the detection limit of 
targeted deep sequencing. These recent developments 
on tools to predict the off-target effects will be helpful 
to avoid any undesirable effect of genome editing.

5. Ethical concerns

A great breakthrough was seen in UK recently in 
the era of genome editing. Developmental biologist 
Kathy Niakan of Francis Crick Institute in London has 
received permission from UK authorities to modify 
human embryos using the CRISPR/Cas9 gene-editing 
technology. Niakan applied for permission to use the 
technique to better understand the role of key genes 

Figure 1. CRISPR-Cas9-mediated genetic modifications in mosquitoes. The figure shows two kinds of mutants such as knock-
out and knock-in mutants produced by CRISPR/Cas9-mediated genome editing. It could be crossed with a wild type mosquito in a 
gene drive system to disrupt the particular activity/functions of the vector mosquito and population suppression that leads to disease 
eradication. The altered genes could be preferentially inherited by all offsprings when crossed with a wild type mosquito. A Gene 
drive technology would quickly spread the altered gene in the target mosquito population with nearly 100% chance. Vg - vestigial 
gene.

Using	CRISPRcas9/Gene	Drive	to	wipe	out	malaria
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have strengthened our understanding on creation of anti-
pathogenic mosquito strains (7-10), sterile mosquito 
strains (11,12) and genetically modified strains (13-15). 
Especially the discovery of modern genome editing 
technologies provide many opportunities to edit new 
target genes, to analyze the functions of target genes 
more accurately and to modify the expression levels of 
target genes (upregulation or downregulation). As per 
Criscione et al., 12 different classes of genetic-based 
technologies have been used as functional genomic 
tools for the control of insect vectors (16). Genome 
editing technology is one among them and it has been 
emerging as a powerful tool that can alter the genome 
more precisely.
 Three types of genome editing tools are widely used 
for engineering the genomes of diverse species including 
vector mosquitoes. These are zinc finger nuclease (ZFN), 
transcription activator-like effector nucleases (TALEN) 
and clustered regulatory interspaced short palindromic 
repeats (CRISPR) and CRISPR associated protein 9 
(Cas9). The ZFN based genome editing technique was 
initially applied in Drosophila melanogaster (17,18). 
This approach stimulated diverse ideas to carry out 
modifications in the genome of any insect. Following 
this, researchers have reported the successful application 
of ZFN and TALEN based genome editing technology 
in plants (19-22) and other animals (23,24). However 
after the discovery of CRISPR/Cas9 in 2012 (25), many 
researchers have successfully applied this technique 
to diverse organisms including mosquitoes and cell 
lines for precise genome editing. These genome editing 
technologies enable the alteration of target genes 
in insect pest, particularly useful for the control of 
vector-borne diseases caused by mosquitoes. Although 
excellent reviews are available on mosquito genome 
editing with these techniques (26-32), we present 
the recent application of these techniques in vector 
mosquito gene manipulation for the control mosquito 
borne diseases especially by CRISPR/Cas9, off-target 
effects of these tools, ethical issues and current problems 
in application of genome editing techniques in vector 
mosquitoes.

2. Major genome editing tools

Three major genome editing tools are currently applied 
for target specific alteration of genomes of diverse 
organisms. These are ZFN, TALEN and CRISPR/
Cas9, although other techniques like meganuclease-
mediated genome editing are proposed. ZFNs are one 
of the genome editing tools developed initially which 
was based on the specificity of DNA binding protein 
ZFN. ZFN is a target-specific endonuclease designed 
to bind and cleave DNA at desired positions of the 
genome. ZFN consists of DNA binding domain with 
zinc finger which recognizes the specific sequence on 
the genome and nuclease domain made up of FolkI 

enzyme which cleaves the specific site of DNA. DNA-
binding domains of individual ZFNs typically contain 
three to six individual zinc finger repeats and each 
finger can recognize 3 base pairs. Through this strategy 
it is possible for ZFN to induce double-stranded breaks 
(DSB) at a specific region on the genome and with the 
help of endogenous DNA repair this technique was 
used by several groups to accurately alter the genome 
sequence of higher organisms (33-36). TALEN based 
genome editing is easy to engineer compared to ZFN 
and it is also more specific to target sequence (37). DNA 
binding domain of TALEN contains a highly conserved 
repeat of 33-34 amino acid sequence with difference at 
12th and 13th amino acids. These two positions are highly 
variable and show a strong correlation with specific 
nucleotide recognition in the genome. This relationship 
between amino acid sequence and DNA recognition 
enabled the engineering of specific DNA-binding 
domains. DNA binding domain is fused with the FokI 
nuclease enzyme which confers extreme site specificity 
and has expanded the possibility of specific editing in a 
number of genomes (38,39). 
 CRISPR/Cas9 is a RNA-guided endonuclease 
technology that has been considered as a highly 
versatile tool for making breaks in the genomes of 
bacteria, yeast, plants and animals. CRISPR/Cas9 
is the latest addition in the genome editing tool 
box. Compared to ZFN and TALEN, the creation of 
CRISPR/Cas9 constructs is several times easier and 
it is also more convenient to handle. CRISPR/Cas9 
was found to function as an acquired immune system 
against viruses and phages through CRISPR RNA 
(crRNA)-guided DNA binding and Cas9 nucleases-
mediated DNA breakage in bacteria and archaea (40). 
In genome editing, CRISPR/Cas9 works with the help 
of the single guide RNA (sgRNA) which recognises 
the target sequence (protospacer) in the genome of host 
organism through complementary base pairing (25). 
Then the Cas9 nuclease specifically makes a double-
stranded break (DSB) at a region near to the PAM 
(Protospacer Adjacent Motif) sequence. The invention 
of sgRNAs was the major breakthrough in this field 
which was initially used along with Cas9 to create 
breaks in various DNA sites in vitro (25). Following 
this, several papers have been published utilizing this 
technology for precise genome engineering in cell lines 
and in diverse organisms (reviewed in 41-43).

3. Application of genome editing in vector mosquitoes

The invention and rapid development of tools like 
CRISPR/Cas9 have significantly expanded the scope of 
genome editing research that can be achieved in a broad 
range of organisms including vector mosquitoes. Further, 
the well established procedures are additional advantages 
which increase our ability to work on manipulation of 
mosquito genome. As per Franz et al. genome editing 
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New	modifications	of	CRISPRcas9	broaden	its	uses	in	genetic	regulation



Fig. 1 Timeline of CRISPR-Cas and genome engineering research fields.Key developments in 
both fields are shown. 
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Fig. 2 Biology of the type II-A CRISPR-Cas system.The type II-A system from S. pyogenes is 
shown as an example. 
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Fig. 3 Evolution and structure of Cas9.The structure of S. pyogenes Cas9 in the unliganded 
and RNA-DNA–bound forms [from (77, 81)].
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Fig. 4 CRISPR-Cas9 as a genome engineering tool.(A) Different strategies for introducing 
blunt double-stranded DNA breaks into genomic loci, which become substrates for 

endogenous cellular DNA repair machinery that catalyze nonhomologous end joining (NHEJ) 
or homology-directed repair (HDR). 
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