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A B S T R A C T   

Malaria as vector-borne disease remains important health concern with over 200 million cases globally. Novel 
antimalarial medicines and more effective vaccines must be developed to eliminate and eradicate malaria. 
Appraisal of preceding genome editing approaches confirmed the CRISPR/Cas nuclease system as a novel pro-
ficient genome editing system and a tool for species-specific diagnosis, and drug resistance researches for Plas-
modium species, and gene drive to control Anopheles population. CRISPR/Cas technology, as a handy tool for 
genome editing can be justified for the production of transgenic malaria parasites like Plasmodium transgenic 
lines expressing Cas9, chimeric Plasmodium transgenic lines, knockdown and knockout transgenic parasites, and 
transgenic parasites expressing alternative alleles, and also mutant strains of Anopheles such as only male 
mosquito populations, generation of wingless mosquitoes, and creation of knock-out/ knock-in mutants. Though, 
the incorporation of traditional methods and novel molecular techniques could noticeably enhance the quality of 
results. The striking development of a CRISPR/Cas-based diagnostic kit that can specifically diagnose the Plas-
modium species or drug resistance markers is highly required in malaria settings with affordable cost and high- 
speed detection. Furthermore, the advancement of genome modifications by CRISPR/Cas technologies resolves 
contemporary restrictions to culturing, maintaining, and analyzing these parasites, and the aptitude to investi-
gate parasite genome functions opens up new vistas in the better understanding of pathogenesis.   

1. Introduction 

1.1. CRISPR-Cas strategy and previous gene editing methods 

Plasmodium parasites cause malaria, and P. falciparum and P. vivax 
being the most clinically significant species. According to the WHO 
report published in December 2022, there have been estimated 247 
million malaria cases and 619000 deaths in 84 malaria-endemic coun-
tries, in 2021. Due to having progress in determining interference 
aiming Plasmodium and Anopheles during past decades, an outstanding 
decline has happened in the malaria infection rate worldwide. Never-
theless, to eliminate and control malaria, new antimalarial medicines 
and more effective vaccines and interventions to block transmission in 
vectors to human must be developed to reduce the infection reservoirs 
and prevents antimalarial resistance (Olliaro and Wells, 2009; Rosenthal 
et al., 2019). One of these new technologies is the CRISPR/Cas system 

for the engineering of Plasmodium and Anopheles vector, and for detec-
tion of drug-resistant strains, vaccine development, more accurate 
diagnosis, and vector control. 

The novel implement based on Streptococcus pyogenes clustered 
regularly interspaced short palindromic repeats-related protein-9 
nuclease (CRISPR/Cas9) has revolutionized gene editing strategies in 
clinical and biological sciences in 2012 (Jinek et al., 2012). CRISPR/ 
Cas9 can be effectively viewed as a three-component system due to 
Plasmodium species’ homology-directed repair pathways (Behera et al., 
2021). The most important difference between CRISPR, ZFP, and TALEN 
is the application of a short-length RNA aiding as the specificity-defining 
factor for double strand breaks. Furthermore, this new technique needs 
only the single guide RNA (gRNA) without requiring the expensive 
engineered site-specific nuclease. In this regard, the CRISPR nuclease 
Cas9 showed the capability to be recognized by a gRNA that charac-
teristically resembles phage sequences and then establish natural 
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immune machinery for CRISPR antiviral protection (Hsu et al., 2014). 
Using CRISPR/Cas9, the targeting DNA is identified and cleaved via 
Cas9/gRNA complex. Subsequently, the alteration of genome modifi-
cation is accomplished by Watson-Crick base pairing. Whatever 
approach is used, the Cas9 nuclease, guide RNA(s), and a donor template 
are needed and must be delivered into the parasite (Ju et al., 2018). 

Genome editing investigations in earlier times have relied on the 
application of site-specific nucleases to generate a double-strand break 
in the genome, comprising meganucleases, bacterial transportable ge-
netic elements (Smith et al., 2006), zinc finger proteins (ZFP) estab-
lished on eukaryotic transcription factors (Miller et al., 2007), and 
transcription activator-like effector nucleases (TALENs) recovered from 
Xanthomonas bacteria (Miller et al., 2011; Song et al., 2016). Some 
methods like Meganuclease, ZFP, and TALEN proteins can identify 
specific DNA sequences related to protein-DNA interactions in which 
ZFPs were efficacious to manipulate the malaria genome. In preceding 
research, the plasmids harboring the sequence homologous to the target 
sequence have been utilized for genome editing of Plasmodium parasites 
which this editing system has been performed by single or double 
crossover recombination (Wu et al., 1995). Until the mid-1990s, malaria 
parasites had not been successfully transfected. The first transfection of 
Plasmodium falciparum was reported in 1995 (Wu et al., 1995). Despite 
various improvements to make it specific and instantaneous, these early 
transfection and genome editing methods were relatively inefficient 
(Janse et al., 2006). Nevertheless, due to technical challenges and dif-
ficulties in introducing a plasmid vector through multiple layers of 
membrane, genetic modification of the malaria parasite remains 

challenging. Zinc finger nuclease proteins have been extensively applied 
to generate knockouts and allele replacements in the Plasmodium para-
site (Straimer et al., 2012). Due to some restrictions in the association of 
functional ZFPs with the targeted DNA-binding proteins, new recogni-
tion methods would extensively facilitate the development of nucleases. 

1.2. CRISPR-Cas strategy for malaria researches 

The advancement of CRISPR/Cas9 for genome modifications in 
P. falciparum and P. yoelii has prominently improved the practical in-
vestigations in these parasites by augmenting the accuracy of editing 
and decreasing duration of experiments to fewer weeks (Zhang et al., 
2017). By developing and applying new technologies and methods (such 
as high-throughput genome sequencing, genome editing, genome-wide 
linkage, and association analyses), progress has been made in the un-
derstanding parasite molecular biology, and mechanisms of disease 
pathology (de Koning-Ward et al., 2015; Su et al., 2007; Volkman et al., 
2012). In this regard, the contemporary restrictions to culturing, 
maintaining, and analyzing these pathogenic parasites will be resolved 
and the aptitude to investigate parasite genome functions vigorously 
shed light on a better understanding of pathogenesis. Some recent in-
vestigations have confirmed the breakthroughs for genome editing of 
malaria parasites by using CRISPR/Cas9 (Ghorbal et al., 2014; Qian 
et al., 2018; Shinzawa et al., 2020; Wagner et al., 2014; Zhang et al., 
2014). New antimalarial medicines and more effective vaccines must be 
developed to eliminate and eradicate malaria. Appraisal of preceding 
genome editing approaches confirmed the CRISPR/Cas9 nuclease 

Fig. 1. The application of CRISPR-Cas systems in malaria and vector research. 1) Generation of transgenic lines such as knock out, knock in, conditional mutations, 
and point mutation lines can be facilitated by CRISPR/Cas9. Afterwards, these transgenic lines can be utilized for understanding parasite genome functions and 
pathogenesis which may facilitate drug and vaccine development research for Plasmodium species. Furthermore, CRISPR/Cas9 is a tool for genome editing for the 
creation of gene drive mosquitoes (a) or only male population (b). 2) Cas12a and Cas13a technologies enable the detection of parasites from different clinical 
specimens of whole blood, and sera to filter-papers and also for diagnosis of drug resistance variants in future. 
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system as a novel proficient genome editing system for producing 
transgenic lines, and also as a tool for species-specific diagnosis and drug 
resistance researches for Plasmodium species, and gene drive strategy to 
control Anopheles population (Fig. 1). In the present review, we high-
lighted the application of CRISPR-Cas strategy in malaria researches 
which opens up new vistas in the better understanding of Plasmodium 
and Anopheles to develop new strategies for malaria control and 
elimination. 

In genome editing technologies, created double-strand breaks (DSBs) 
in DNA can be fixed through homologous recombination with donor 
DNA or nonhomologous end-joining (NHEJ) that can lead to mutations 
at the target genome. DNA repair investigations have been immensely 
developed by application of methods inducing site-specific DNA breaks 
in which endonuclease-based strategy that have been used before 
CRISPR development, demonstrated some benefits and drawbacks 
(Berzsenyi et al., 2021). Although, homing endonucleases can make 
restricted number of DSBs that are not sufficient for comprehensive 
experiments, faster generation of transgenic parasites due to a forced site 
specific integration rather than waiting for the parasites to integrate 
DNA on their own is of their advantage. Due to the deficiency of the 
canonical NHEJ (cNHEJ) pathway in Plasmodium parasites, the repair-
ing cleavage is performed by homology-directed repair (HDR) in the 
attendance of the donor template. The lack of a cNHEJ pathway in 
malaria parasites leads to a break in the genome and results in fewer 
unintended mutations or off-target effects (Kirkman et al., 2014). 
However, to repair a double-strand break, Plasmodium can form 
microhomology-mediated end joining that uses tiny homology regions 
near the double-strand break to repair the lesion, creating potential 
indels; however it is not a very common process (Kirkman et al., 2014; 
Singer et al., 2015). Therefore, despite an alternative NHEJ being 
described in P. falciparum, homologous recombination is the only 
pathway observed when homologous sequences are present in 
P. falciparum (Kirkman et al., 2014). 

CRISPR/Cas9 editing of P. falciparum is dependent on either one- or 
two-plasmids to supply the Cas9 nuclease, gRNA, and DNA repair tem-
plate (Ju et al., 2018) while this system in rodent parasite P. yoelii, 
accomplished with one plasmid (Zhang et al., 2014). There have been 
many Cas proteins identified through bioinformatics analysis and ex-
periments, but the most widely used in the genome editing of Plasmo-
dium parasites was Cas9 and its variants from Streptococcus pyogenes 
(SpCas9) (Lee et al., 2019). The higher percentage of Adenine-Thymine 
(AT-rich) in the P. falciparum genome makes it difficult to recognize the 
gRNA binding site nearby the PAM sequence of SpCas9 (-NGG) and the 
cloning of repair templates. Accordingly, alternative Cas-nucleases with 
different PAM sequences, will resolve this challenge. One example is 
using Cas12a (originally called Cpf1) alongside the (TTTN-) PAM 
sequence. Other investigations have introduced other variants of Cas12a 
nuclease (e.g. LbCas12a and AsCas12a) as the appropriate system for 
P. falciparum (Chen et al., 2018; Zetsche et al., 2015). The dihydrofolate 
reductase (DHFR, a drug-selectable marker), the most commonly used 
marker utilized in P. yoelii and P. berghei parasites to select the modified 
parasites in CRISPR/Cas9 system. (Ghorbal et al., 2014; Knuepfer et al., 
2017; Lu et al., 2016; Mogollon et al., 2016a). However, there are 
limited Plasmodium-specific drug-selectable markers are available to 
perform multiple modifications. 

To synthetize gRNA, the application of RNA polymerase III U6 pro-
moter, which transcribes the RNAs with certain 5’ and 3’ ends, is an 
indispensable factor required for the expression of gRNAs in the 
CRISPR/Cas9 system (Ghorbal et al., 2014; Zhang et al., 2014). There-
fore, transcription is driven by RNA polymerase III in nearly all CRISPR 
systems (Di Cristina and Carruthers, 2018; Walker and Lindner, 2019). 
In another approach, the T7 phage snRNA promoters co-expressed with 
the T7 RNA polymerase to produce gRNAs with defined start (5’) and 
end (3’) in P. falciparum due to the use of appropriate promoter and 
terminator sequences (Lim et al., 2016; Spillman et al., 2017). However, 
the restrictions for utilization of the U6 promoter led to development of 

a novel technique of gRNA by using RNA polymerase II in which the 
final transcript took self-catalyzed cleavage to produce the target gRNA 
(Wagner et al., 2014). A recent study demonstrated that the RNA po-
lymerase II promoters can be used to generate the CRISPR-RGR system 
(ribozyme-guide-ribozyme system) in P. yoelii with high efficiency for 
gene deletions or insertions (Walker and Lindner, 2019). To diminish the 
possibility of unintended genomic base mutations, the DNA repair 
template should be linear and then two gRNAs create two cut positions 
in the locus of interest or use a Cas9 cut position flanking the DNA repair 
template on the plasmid. It should be considered that the unanticipated 
concern of CRISPR/Cas9 genome manipulation in subtelomeric loca-
tions leads to removing DNA between the Cas9 cut position and the 
chromosome termination [25]. Whole-genome DNA sequencing will 
confirm the accuracy of the gene editing process. Although most 
research on Plasmodium genome editing has extensively used plasmids 
for Cas9 delivery, gRNA, and donor components, Cas9-gRNA ribonu-
cleoproteins (RNPs) have also been applied due to its superior efficiency, 
limited off-target damage, and no need to selectable markers (Crawford 
et al., 2017; Nateghi Rostami, 2020). 

1.3. CRISPR/Cas strategy for Anopheles mosquitos’ researches 

CRISPR/Cas9 technology, as a handy tool for genome editing can be 
justified for the production of mutant strains such as only male mosquito 
populations, generation of wingless mosquitoes, and creation of knock- 
out/ knock-in mutants of mosquitoes in near future approaches. 
Furthermore, transgenic lines of mosquitoes have been developed to 
arrest malaria transmission, overexpressing anti-Plasmodial effector 
genes or blocking activity of parasite host factor genes [reviewed in 
(Dong et al., 2022)]. CRISPR/Cas9 is a powerful genome editing tool 
targeting the mosquito vector to interrupt malaria transmission. Modi-
fication strategies to arrest the mosquito’s capability to transmit ma-
laria, by driving a genetic element into the mosquito population, will 
affect Plasmodium development but the host is unaffected. Modification 
drives can be applied for transgenic host factor gene inactivation, 
manipulation of miRNAs and lncRNAs, and expression of anti-parasitic 
effector genes in the aiming populations (Nolan, 2021). Then, these 
genetically modified mosquitoes can suppress or replace the population 
and/or disrupt malaria parasite transmission. Population suppression 
aims to drive mosquito populations toward local extinction and strategy 
uses nudging to target an essential gene or chromosome and disrupt its 
function (Bier, 2022; Nolan, 2021). The discovery of the bacterial 
CRISPR/Cas9 defense systems and the improvemnet of a simplified two- 
component system consisting of the Cas9 endonuclease (CRISPR-asso-
ciated protein) and programmable guide RNA that binds Cas9, and di-
rects the cleavage of DNA at desired sites, has resulted in the swift 
development of various insect gene drive strategies (Bier, 2022). 

2. Engineering of transgenic lines of Plasmodium by CRISPR/ 
Cas9 system 

Transgenic lines of Plasmodium are used for many investigations, 
studying the function of genes, specifically to aid drug discovery or 
vaccine development against malaria. Some human malaria parasites, 
P. falciparum and P. knowlesi, have the capability of growth under in vitro 
continuous cultures, are used for genome editing and producing trans-
genic lines (Boltryk et al., 2021; Ghorbal et al., 2014; Mohring et al., 
2020). Owing to the unavailability of animal models for human malaria 
parasites investigations, in vivo studies are performed using rodent ma-
laria parasites, especially P. yoelli and P. berghei. Although many of the 
genes in rodent and human malaria parasites are orthologous, their 
encoded proteins are different in sequence and structure (Carlton et al., 
2002; Kooij et al., 2006). Therefore, the establishment of new transgenic 
rodent malaria parasites enables the expression of the human malaria 
target proteins, which is necessary to design an exact in vivo experiment 
(Mlambo and Kumar, 2008; Qian et al., 2018; Salman et al., 2015; 
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Tewari et al., 2014). 
Generation of transgenic lines of Plasmodium has been traditionally 

performed by using single or double crossover recombination without 
any targeted double strand break (Duraisingh et al., 2002; Wu et al., 
1996). Later two techniques, zinc finger nuclease proteins (ZFP)-medi-
ated technology (McNamara et al., 2013; Straimer et al., 2012) and 
Transcription activator-like effector nuclease (TALEN) which have the 
ability to identify specific points of DNA, were developed (Boch et al., 
2009; Moscou and Bogdanove, 2009). Due to some restrictions such as 
limited choices of target sites useful for recognition by zinc finger, and 
some changes needed to distinguish the target site by the TALEN 
method, which has not been successfully adapted for gene editing in 
Plasmodium parasites, other novel methods were developed to address 
these restrictions. With the advances of the CRISPR/Cas9 system, gene 
editing in Plasmodium parasites was accelerated with a low cost and 
more efficient system than traditional techniques. Consequently, many 
transgenic malaria parasites were created with this new system as 
transgenic lines expressing reporter genes (Miyazaki et al., 2020a; 
Miyazaki et al., 2020b; Mogollon et al., 2016b; Zhang et al., 2014), 
Plasmodium transgenic lines expressing Cas9 (Nishi et al., 2021; Qian 
et al., 2018; Shinzawa et al., 2020), chimeric Plasmodium transgenic 
lines (Marin-Mogollon et al., 2018; Mizutani et al., 2016; Salman et al., 
2017), knockdown and knockout transgenic parasites (Kudyba et al., 
2018; Nasamu et al., 2021), and transgenic parasites expressing alter-
native alleles (Thiam et al., 2022; Uwimana et al., 2020). 

2.1. Plasmodium transgenic line expressing reporter genes 

CRISPR-based transgenic lines of Plasmodium which are able to ex-
press reporter genes like green fluorescent protein (GFP) or luciferase, 
applied for discovering malaria parasites by different growth inhibition 
methods throughout their life span (Dube et al., 2009; Prudêncio et al., 
2011; Siciliano and Alano, 2015; Swann et al., 2016). The assays eval-
uate antimalarial drugs or vaccine efficacies in different stages of life- 
cycle. For the first time, the CRISPR/Cas9 system was used to create 
P. yoelii transgenic lines in 2014 via the insertion of GFP coding region in 
py03652 locus in the genome of parasite and the results indicated the 
successful production of a transgenic line, and the subcellular localiza-
tion of the tagged protein to GFP as punctate dots in the periphery of 
parasite (Zhang et al., 2014). In the mentioned system, a single pYC 
plasmid containing the cassettes of gRNA expression, Cas9 and hdhfr 
expression under regulation of Pbeef1αa promoter, and GFP as donor 
sequence was used (Zhang et al., 2014). 

Some of the challenges in the application of CRISPR/Cas9 system for 
Plasmodium are the limited number of existing selectable markers and 
also the size of plasmid that limits the donor DNA size. The development 
of a marker-free system using reporter genes has addressed the issue (Lu 
et al., 2016; Mogollon et al., 2016a). Mogollan et al. showed that by 
using CRISPR/Cas9 system, the transgenic lines of P. falciparum can be 
produced using reporter genes under stage-specific promoters like 
calmodulin, gapdh, and hsp70 promoters that have high transcription in 
blood stage (Mogollon et al., 2016a). The mentioned study confirmed 
the use of reporter genes instead of drug-resistant markers for generating 
the transgenic lines. Another study used two suicide/rescue plasmids for 
constructing P. falciparum transgenic lines in which the suicide vector 
expressing Cas9 nuclease and gRNA carries a Plasmodium specific 
selectable marker while the second plasmid (rescue) carries only donor 
DNA. Instead, the donor DNA is tagged to a reporter gene to identify the 
presence and expression of the target protein in the obtained transgenic 
Plasmodium (Lu et al., 2016). This system requires fewer selectable 
markers and exhibits potential for large gene cassette knockins (Lu et al., 
2016). In 2020, transgenic lines of P. falciparum expressing mCherry- 
luciferase and GFP under housekeeping promoters ef1α, sui1, and 40s 
were manufactured by the CRISPR/Cas9 system that are considered an 
appropriate method for investigation of parasites in different stages 
(Miyazaki et al., 2020a). The mentioned investigation revealed that sui1 

and 40s have strong expression of reporter proteins throughout the 
complete P. falciparum life cycle. While, 40s promoter showed the 
strongest expression in liver stage. Besides they found that the p47 gene 
locus is an appropriate losus for gene insertion in P. falciparum without 
any effect on the parasite fitness (Miyazaki et al., 2020a). 

Several transgenic lines of Plasmodium expressing reporter genes 
have been developed to investigate the sexual stage of the parasite. To 
evaluate the ookinete motility-related genes (pyctrp and pycdpk3) in the 
development of oocyst within the mosquito mid-gut, a transgenic line of 
P. yoelii expressing mCherry in sexual stage (Pyp28- mCherry) was 
produced. The procedure was followed by knocking out of pyctrp and 
pycdpk3 genes. The outcomes revealed the blockage of oocyst develop-
ment which highlights the application of a transgenic line expressing the 
reporter gene in specific-stage examinations (Zhang et al., 2017). In 
other investigation, construction of a transgenic line of P. falciparum 
(NF54 strain) expressing a fusion of mCherry and luciferase under the 
Pfetramp10.3 gene promoter, led to high expression of mCherry as well 
as luciferase in gametocytes, sporozoites, and liver-stages (Miyazaki 
et al., 2020a). These transgenic lines are recommended for investigating 
the transmission blocking assays and studies related to gametocyte and 
sporozoite biology (Miyazaki et al., 2020a). Due to the prominence of 
investigating the transmission of Plasmodium, transgenic line studies can 
also reveal valuable information about the conversion of the parasite to 
sexual form in the culture. To address this matter, recently, a transgenic 
line of P. falciparum was developed to accelerate fluorescent reporter 
tdTomato (tdTom) expression under gexp02 promoter in the parasites’ 
sexual stage (Portugaliza et al., 2019). Besides, one of the main chal-
lenges in sexual stage-related studies of Plasmodium is the difficulty to 
obtain the large number of gametocytes needed for investigations of 
gametocyte biology and transmission. To obtain large production of 
synchronous gametocytes, an inducible gametocyte producer (iGP) 
transgenic line of P. falciparum was engineered which manifested the 
sexual commitment rates of 75%. To create an iGP transgenic line, the 
essential nucleoprotein for sexual conversion, gametocyte development 
1 (GDV1) in fusion with GFP was knocked in under an inducible pro-
moter into a non-essentialcg6 locus. Consequently, the resultant iGP line 
of NF54 could produce a large number of gametocytes that can be traced 
by the GFP reporter protein (Boltryk et al., 2021). 

2.2. Plasmodium transgenic lines expressing SpCas9 continuously 

The large size of SpCas9 used in all CRISPR/Cas9-mediated gene 
editing of Plasmodium has increased the plasmid size which negatively 
influences the construction of required plasmids and confines donor 
DNA size, and consequently decreases investigation efficiency (Jinek 
et al., 2012). Therefore, constitutive Cas9 expressing transgenic lines of 
P. yoelii (Qian et al., 2018), P. berghei (Shinzawa et al., 2020), and 
P. falciparum (Nishi et al., 2021) were developed. The produced trans-
genic parasites accomplished the entire life cycle and expressed the Cas9 
protein during asexual blood stages (Qian et al., 2018; Shinzawa et al., 
2020). Applying CRISPR experiments in the Cas9-expressing parasites 
leads to immediate cleavage of the target sequence after introducing the 
gRNA to the cell. Due to the continuous expression of Cas9 in these 
transgenic lines, a linear donor DNA can also be introduced to the cell to 
make the experiment easier, and also reduces the possibility of incorrect 
recombination (Shinzawa et al., 2020). 

2.3. Chimeric Plasmodium transgenic lines 

Chimeric Plasmodium parasites that express an orthologous gene 
from another species can serve to assess the in vivo studies of drug or 
vaccine protein targets of Plasmodium (Blume et al., 2011; Cockburn, 
2013; Mlambo and Kumar, 2008; Salman et al., 2015; Tewari et al., 
2014). In this regard, for vaccine investigations, mice were immunized 
with the target antigen(s) and then challenged with chimeric rodent 
parasites expressing the target antigen from P. vivax or P. falciparum. 
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Subsequently, the immunological responses and protection were 
measured in these mice that can be used before proceeding to clinical 
studies (Mlambo and Kumar, 2008). Additionally, chimeric P. falciparum 
parasites expressing P. vivax target genes can be utilized to define the 
efficiency of target antigens. The establishment of two chimeric 
P. berghei parasites expressing PvCSP-VK210 and PvCSP-VK247 antigens 
indicated the capability of the producing salivary gland sporozoites in 
An. stephensi, and the possibility to infect rodent hosts (Mizutani et al., 
2016; Salman et al., 2017). However, P. falciparum chimeric parasites 
has been produced for replacing pvcsp alleles (VK210/VK247) with pfcsp 
gene, in vitro production of sporozoite in An. stephensi was unsuccessful. 
This failure strengthens the species-specific characteristics of CSP for full 
maturation and development of sporozoites in An. stephensi (Marin- 
Mogollon et al., 2018). Concerning the problem, P. falciparum chimeric 
parasites expressing PvCSP antigen of both VK210 and VK247 variants 
was introduced into the Pfp47 locus of the P. falciparum NF54 strain as 
an insertion so that the parasite could express PfCSP as well as both 
variants of PvCSP. The obtained transgenic parasite could produce 
viable sporozoites expressing both PfCSP and PvCSP antigens. The 
sporozoites could infect the human hepatocytes and induce antibodies 
against both antigens, which can be used in clinical Controlled Human 
Malaria Infection (CHMI) studies for PvCSP-based vaccines, and even as 
attenuated sporozoite vaccine to stimulate cross-protective immune 
responses against both human Plasmodium species (Miyazaki et al., 
2020a). In another research, CRISPR/Cas9 genome editing in a 
P. knowlesi strain was established to generate a transgenic line 
expressing P. vivax Duffy binding protein (PvDBP). The results demon-
strated the probable ability of produced antibodies to constrain prolif-
eration of the strain but the inability of PvDBP in reticulocyte restriction 
(Mohring et al., 2019). The transgenic parasites, P. falciparum and 
P. yoelii, were also generated based on CRISPR-RGR, a SpCas9-based 
gene editing system. Their outcomes provide new information on well- 
organized genetic characterizations in Plasmodium species infecting 
both human and rodent (Walker and Lindner, 2019). 

2.4. Knockdown and knockout transgenic parasites 

In order to evaluate the function of genome, knockout or knockdown 
parasites are created. In this regard, CRISPR/Cas9 system has facilitated 
generating the knockout or knockdown parasites. For instance, in a 
research study, NF54::pCRISPRINT line (with SpCas9 and T7 RNA po-
lymerase integrated at cg6 locus) was transfected with a DSM-1 select-
able ydhodh expression cassette harboring 3’ and 5’ sequence of eba175 
gene in two ends in order to knockout eba175 gene and transgenic line 
with deletion in eba175 gene was successfully achieved (Nasamu et al., 
2021). 

In an attempt to create a conditional knockdown P. falciparum 
transgenic line, a plasmid containing glmS (Glucosmine-6-phosphate 
synthetase) coding sequence and hemagglutinin (HA) tag flanked to the 
PfHsp70 sequence and also plasmids for expressing gRNA and Cas9 were 
used. The obtained transgenic line could conditionally knockdown the 
level of HSP70 protein in the presence of glocusamine (Kudyba et al., 
2018). In another study conducted by Liu et al., 2020, conditional gene 
knockdown of actin-related protein nuclear 4 (Arp4) was generated by 
CRISPR/Cas9 system via introducing glmS into the 3’ UTR of Arp4. They 
found that conditional knockdown of PfArp4 in P. falciparum can inhibit 
blood stage development by impairing the cell cycle (Liu et al., 2020). 

2.5. Transgenic parasites expressing alternative alleles 

Genetic diversity and the presence of single nucleotide poly-
morphisms can impair vaccine development or creating drug-resistant 
parasites leading to challenges in malaria elimination and eradication. 
In this regard, the functional evaluation of the gene diversity and SNPs 
can assessed by creating transgenic lines expressing alternative SNPs or 
alleles of target genes (Thiam et al., 2022). For the first time, Zhang 

et al., 2014 showed a successful allelic replacement in P. yoelii (Zhang 
et al., 2014). Concerning the evaluation of SNPs in artemisinin drug 
resistant, various alleles of PfKelch13 with different SNPs (R561H, 
P574L) were replaced with laboratory Dd2 strain of P. falciparum using 
CRISPR/Cas9 system and the results showed increasing the survival rate 
of the transgenic parasite in the presence of drug (Uwimana et al., 2020). 
Crawford et al. (2017) proposed a new approach of CRISPR technology 
without the use of plasmids (transfection of Cas9-guide RNA ribonu-
cleoprotein complex and a single-stranded oligodeoxynucleotide repair 
template) to introduce edits into pfatp4 (a plasma membrane P-type 
ATPase). They confirmed that mutations in pfatp4 are determinants of 
resistance to SJ733 (Crawford et al., 2017). 

All in all, these transgenic Plasmodium lines can be utilized later in 
various areas like drug and vaccine development, analyzing the func-
tionality of genome in Plasmodium life cycle, as well as in generating 
high copies of parasites in the desired stages. Although the creation of 
the transgenic lines were difficult and time-consuming in earlier times, 
the development of CRISPER/Cas9 system facilitates the procedures, 
and many transgenic Plasmodium lines have been produced or will be 
created in the future. 

3. Malaria vaccine development using CRISPR/Cas9 system 

For malaria control, developing a vaccine is one of the most cost- 
effective and promising strategies (Rappuoli et al., 2002). The ideal 
vaccine can be produced in large amounts suitable for the immunization 
of 3 billion people living in endemic areas. The establishment of effi-
cacious malaria vaccines has been challenging, though there have also 
been significant achievements (Crompton et al., 2010; Cunningham 
et al., 2016). There are generally two types of vaccines; those containing 
attenuated or killed pathogens/microorganisms and those containing 
recombinant protein or conjugates (Hill, 2011); however, the routine 
approach for vaccine development is achieved subunit vaccines. 
Nevertheless, the immunogenicity of this type of vaccine is not as potent 
as whole vaccines, accordingly different strategies like the application of 
adjuvants (Mehrizi et al., 2018a; Mehrizi et al., 2018b; Nazeri et al., 
2018; Pirahmadi et al., 2021a; Pirahmadi et al., 2021b; Pirahmadi et al., 
2019; Shabani et al., 2019), various expression platforms (Pirahmadi 
et al., 2021a), nano delivery of target antigens such as SAPNs (Kaba 
et al., 2018; Seth et al., 2017; Zahedi et al., 2022), multi-species vaccines 
(Mehrizi et al., 2011), viral vector-based prime-boost immunization 
(reviewed in (Pirahmadi et al., 2021a)) (Ogwang et al., 2015; Sheehy 
et al., 2011; Tiono et al., 2018), and transmission blocking vaccines 
(Gholizadeh et al., 2010; Gholizadeh et al., 2009) are examined to 
achieve better immunogenicity. Moreover, another difficulty of the 
recombinant-antigens-based vaccine is the genetic diversity of candidate 
antigens which leads to the weak immunogenicity of target antigens 
versus different parasite strains. Hence to circumvent these challenges, 
the whole organisms’ vaccine could be alternative cardinal strategy for 
malaria vaccine advancements. 

The first evidence of sterile immunity by whole organism vaccination 
was done in the 1960s (Ivins and Welkos, 1988; Katz et al., 1960). To 
have a whole organism vaccine for malaria, implementing genetically 
attenuated parasites (GAPs) are mostly produced by deletions of 
essential genes leading to the arrest of parasites during the liver stage or 
the subsequent blood stage. The next generation of GAPs relies on the 
addition of genetic information that causes the parasites to seizure or 
dies in the defined time of the life cycle (Nagel et al., 2013; Singer et al., 
2015). The lethal gene must be able to be expressed under a specific 
promoter at the desired stage of the parasite’ life cycle. To this end, 
directed genetic engineering of P. falciparum has been accomplished via 
the application of the flippase (FLP) and Cre-loxP recombinases. These 
enzymes can omit the human dhfr selectable marker in GAPs by assisting 
drug recycling and guaranteeing the progression of these kinds of vac-
cine candidates in clinical experiments (Goswami et al., 2020; Miko-
lajczak et al., 2014; O’Neill et al., 2011; Vaughan and Kappe, 2017). 
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Such GAPs have been generated by introducing recombinases such as 
the flippase (FLP)/FLP recognition target system (Combe et al., 2009). 
FLP recognition site in the flanking regions of the msp1 as the target gene 
has been used under the expression of the sporozoite-specific promoter. 
Hence, the msp1 gene is inverted within the liver stage by FLP, there-
upon, no msp1 expression occurred in the blood stage (Combe et al., 
2009). As an alternative, nucleases such as ZFNs can be used for this 
purpose (Singer et al., 2015). 

The identification of additional target genes that can be knocked out 
to generate GAPs, that are homogeneously attenuated, more broadly 
immunogenic, and an appropriate choice for field application (Kappe 
et al., 2010), may lead to the generation of better vaccine candidates in 
the future (Gantz et al., 2015; Lee et al., 2019). Although a CRISPR/ 
Cas9-based approach to produce GAPs has never been reported for 
malaria vaccination (Ramakrishnan et al., 2019), Miyazaki et al., 2020a 
introduced a chimeric Pvcsp gene into the Pfp47 locus of the 
P. falciparum NF54 genome by using CRISPR/Cas9. Their results showed 
that the Pf-PvCSP chimeric P. falciparum parasites (as a multi-species 
vaccine) produced viable, motile sporozoites expressed PfCSP and 
chimeric PvCSP on the sporozoite surface and were infectious to primary 
human hepatocytes. After immunization with these sporozoites, mice 
developed antibodies against the repeats of both PfCSP and chimeric 
PvCSP. The whole organism vaccine against malaria is the most 
worthwhile vaccine that has ever been delivered. Despite the challenges 
for the Plasmodium whole organism vaccine manufacturing and 
providing immunity against various strains, it can only be used for the 
cultivable species of malaria in endemic areas. Until now, most efforts 
toward developing this vaccine have used the preceding genome editing 
technologies. Now, the CRISPR system makes this path undemanding 
and this sort of vaccine will successfully be developed to prevent para-
site growth at the end of the pre-erythrocytic stage. 

4. Diagnosis of Plasmodium species-specific 

Precise and accurate diagnosis of Plasmodium species is indispensable 
for malaria control and elimination, specifically in resource-limited 
settings. The absence of specific, sensitive, and reliable diagnostics 
leads to the insufficient prognosis of species and hindered treatment, 
which are the obstructions to achieving malaria elimination. Having the 
microscopy diagnosis as a gold standard method (Moody, 2002; Turki 
et al., 2012), the other techniques based on molecular detection or 
nucleic acid amplification; PCR (real-time, nested PCR, ultrasensitive 
PCR) (Nourani et al., 2022; Wang et al., 2014; Zakeri et al., 2002), loop- 
mediated isothermal amplification (LAMP) (Lucchi et al., 2016; Pöschl 
et al., 2010), recombinase polymerase amplification (RPA) (Kersting 
et al., 2014), next generation sequencing (NGS) (Lalremruata et al., 
2017), and clustered regularly interspaced short palindromic repeats 
(CRISPR) (Cunningham et al., 2021; Lee et al., 2020), immunoassays; 
rapid diagnostic tests (RDTs) (Choi et al., 2019; Cunningham et al., 
2019), ELISA (Noedl et al., 2006), Microarray (Yatsushiro et al., 2010), 
spectroscopy; Raman, NMR, Mass spectrometry (Kumar et al., 2020; 
Peng, 2021; Ray et al., 2017; Venkatesh et al., 2020) have also displayed 
hopeful outcomes. Besides, novel technologies such as smartphone- 
based diagnosis (Guo et al., 2021), biosensors/nanosensors (Cruz 
et al., 2021; Ragavan et al., 2018), soft computing applications (Toha 
and Ngah, 2007), and machine learning (Fuhad et al., 2020) revealed 
triumph in the detection of Plasmodium species. Considering the ad-
vantages and drawbacks of contemporary technologies, costs, 
simplicity, availability, and skilled technician interpretation as well as 
sensitivity and specificity are of main factors that influence their 
application for malaria treatment and disease management. 

Morphological detection of malaria infections through light micro-
scopy provides rapid diagnosis, as a labor-intensive method is depen-
dent on trained personnel for staining and careful diagnosis. The 
conventional RDTs (PfHRP2 or pLDH, and aldolase) supply field 
portable detection instruments (Choi et al., 2019; Cunningham et al., 

2019) which unable to discover low parasitemia of infections (specif-
ically for non-falciparum species, Table 1) and are not stable in warmer 
places, as well as the longevity of histidine-rich protein 2 (pfHRP2) 
antigenemia in patient’s blood stream leading to the false positive 
consequences (Mouatcho and Goldring, 2013) and gene deletion in 
pfhrp2 and pfhrp3 showing false negative results (Houzé et al., 2011). To 
overcome these limitations, molecular detection techniques like PCR, 
RPA, and LAMP presented reliable sensitive and specific outcomes for 
the identification of malaria pathogens. The adaptability, strength, and 
sensitivity of PCR have made nucleic acid-based detection of Plasmodium 
species DNA as a gold-standard method of molecular diagnostics. 
However, extensively adoption of isothermal amplification technology 
requires expensive reagents and skilled technicians to avoid lower 
detection specificity (Wang et al., 2014; Zakeri et al., 2002). RPA, 
another isothermal amplification approach to discover DNA and RNA 
targets, uses two targets, explicit primers to stick to the template with 
the cooperation of a recombinase through strand-displacement DNA 
synthesis (Kersting et al., 2014). The LAMP method, based on nucleic 
acid identification and target assortment, showed comparable sensitive 
and specific results to other molecular field-applicable diagnostics 
(Lucchi et al., 2016; Pöschl et al., 2010). “Ultrasensitive PCR” as a highly 
sensitive novel method, improved the detection standards to 0.02 
parasite/μl. However, the expensive needed infrastructure, thermo-
cyclers, and reagents restricted the general application of molecular 
detectors in deprived rural settings (Cunningham et al., 2021; Cun-
ningham et al., 2019). CRISPR as a promising technology, have the 
potential to accompaniment the objective of prior methods for the 
precise point-of-care (POC) detection in routine clinical tests (Lee et al., 
2020). 

Despite the extensive application of Cas9/gRNA in gene editing of 
Plasmodium species, this method is infrequently administrated for dis-
tinguishing nucleic acids of malaria. Nevertheless, the specific DNA 
cleavage proficiency of other Cas proteins (Cas-12a and Cas13a) has 
made it more suitable for the detection of Plasmodium-infected speci-
mens. Different range of clinical samples, laboratory strains, and pools 
of Anopheles mosquitoes from Thailand, Uganda, and Congo were 
analyzed by CRISPR-based SHERLOCK (Specific High Sensitivity Enzy-
matic Reporter UnLOCKing) assays which are introduced as the sensitive 
and specific molecular method for detection of five human pathogenic 
malaria species (Cunningham et al., 2021). The coupled RPA reaction is 
associated with the amplification of dsDNA by the T7 promoter and 
conserved region of 18SrRNA gene primers. The collateral stimulation of 
LwCas13a RNase activity cleaves RNA reporter molecules which pro-
duce a target signal. Generated signals are detectable by lateral flow 
strips or colorimetric read-outs. Cas13a-based SHERLOCK assay with 
diagnosis capability of parasites DNA or RNA at attomolar concentra-
tions compared with other molecular approaches for detection of 
P. falciparum species, amplicon-based deep sequencing and real-time 
PCR has shown 73% and 94% sensitivity, and 94% and 100% speci-
ficity, respectively (Cunningham et al., 2021). Lately, novel CRISPR- 
based SHERLOCK platform has revolutionized rapid point-of-care di-
agnostics of malaria species. The detection capability of two parasites 
per microliter of blood samples with 100% sensitivity and specificity for 
P. falciparum and P. vivax asymptomatic and symptomatic carriers 
significantly upgraded the standard of malaria field-deployable diag-
nosis. This isothermal, one-pot assay enables the detection of parasites 
from clinical specimens of whole blood, and sera to filter-paper dried 
samples through 10 minutes of specific extraction followed by a one- 
hour SHERLOCK assay. Stimulation of programmed Cas12a activity by 
identification of double-stranded target DNA is united with amplifica-
tion of a reverse-transcriptase recombinase polymerase to upsurge the 
detection of the target fragment to reveal the endpoint results by using 
either handheld fluorescent or lateral flow strip (Lee et al., 2020). 

Due to the objective of malaria elimination and a significant decline 
of 90% in morbidity and mortality in endemic countries, comprehensive 
surveillance and diagnosis systems are principles to achieve this goal by 
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2030. Though, the incorporation of traditional methods and novel mo-
lecular techniques could noticeably enhance the quality of results. The 
striking development of a CRISPR/Cas-based diagnostic kit that can 
specifically diagnose the Plasmodium species (especially in submicro-
scopic carriers) or drug resistance markers is highly required in malaria 
settings with affordable cost and high-speed detection. Further im-
provements in CRISPR/Cas-SHERLOCK assay will expand our knowl-
edge on Plasmodium genomic variety and progress the detection of 
simultaneous parasites and drug resistance single variations in one-pot 
reaction and lower parasitemia (Cunningham et al., 2021; Lee et al., 
2020). 

5. CRISPR/Cas9 technology in drug resistance research 

The absence of an effective licensed vaccine against malaria high-
lights the importance of developing effective antimalarial chemother-
apies. However, the occurrence of Plasmodium resistance to commonly 
used drugs poses a significant challenge to malaria control. The current 
therapeutics for most malaria cases caused by P. falciparum, P. vivax, P. 
ovale, and P. malariae infections are an Artemisinin derivate and a long- 
lasting partner drug (WHO guidelines for malaria, 2022). A molecular 
understanding of drug resistance mechanisms and identifying the ge-
netic determinants of resistance enables surveillance of resistance 
markers and an understanding of the action of antimalarial drugs. The 
advent of CRISPR/Cas9 technology has provided many opportunities to 
manipulate the Plasmodium genome. In the case of P. falciparum, 
different mutations were introduced in pfcronin (P. falciparum coronin- 
like protein) (Demas et al., 2018) and pfk13 (kelch13 propeller 
domain) genes (Stokes et al., 2021; Uwimana et al., 2020) using 
CRISPR/Cas9 based genome editing and the role of target mutations in 
artemisinin resistance phenotype in vitro was confirmed. It is worth 
mentioning that a complex process involves artemisinin resistance with 
the contribution of different proteins and pathways as well as the genetic 
background of the parasite. These findings illustrate the power of 
CRISPR/Cas9 genome editing to identify and validate artemisinin 
resistance mechanisms. 

With the emergence of resistance to artemisinin-based combination 
therapy, drug discovery efforts are underway to explore new compounds 
with antimalarial potential. Recently, different classes of drugs were 
developed with potent activity against different stages of P. falciparum. 
However, the exact mechanisms of action of these compounds remain 
poorly understood (Flannery et al., 2013; Kuhen et al., 2014; Leong 
et al., 2014; Meister et al., 2011). CRISPR technology could create in-
sights into the mechanisms of actions of new antimalarial compounds by 

detection and confirmation of their resistance mechanisms that in some 
instances correspond to their actual mechanisms of action. By using in 
vitro drug resistance selections, individual mutations is identified by 
whole genome sequencing and their role in drug resistance is confirmed 
by introducing those mutations into parental lines using CRISPR system. 
Using this approach, is followed by the CRISPR/Cas9 tool, and different 
studies have confirmed the role of mutations in pfcarl (cyclic amine 
resistance locus) (LaMonte et al., 2016), pfugt (UDP-galactose trans-
porter), pfact (acetyl-CoA transporter) (Lim et al., 2016) and pfmdr1 
(multidrug resistance-1) (Ng et al., 2016) in resistance against 
piperazine-containing compounds. Additionally, CRISPR-based intro-
duction of mutations in pfpare (prodrug activation and resistance 
esterase), puba2 (SUMO-activating enzyme subunit 2) (Sindhe et al., 
2020), and cpsf3 (a homologue of mammalian cleavage and poly-
adenylation specificity factor subunit 3) (Sonoiki et al., 2017) genes 
confer resistance to benzoxaboroles and mutations in pfmdr1gene 
confirmed parasite resistance to hexahydroquinolines (Vanaerschot 
et al., 2017). These findings can be used to explore the potential targets 
of these compounds and offer insight into their mechanisms of action 
and/or resistance. 

Many of the essential genes for parasite invasion and growth during 
its life cycle represent potential targets for drug development. However, 
these essential genes are refractory to genetic manipulation and gene 
deletion. This proposes a challenge for identifying the mechanisms of 
action of new drugs targets. Conditional genome editing is a promising 
approach necessary for genetic manipulation resulted in knockdown of 
essential genes (Briquet et al., 2022). In this context, CRISPR system 
enables to create efficient conditional knockdown parasite lines to 
explore candidate targets of new antimalarial compounds targeting 
essential genes. In an effort to identify the main targets of MMV030084, 
a molecule with potent activity against liver, sexual and asexual blood 
stages of P. falciparum, Vanaerschot et al created knockdown parasite 
lines by using CRISPR system. They identified cGMP-dependent protein 
kinase (PKG) as the primary target of MMV030084 (Vanaerschot et al., 
2020). Furthermore, CRISPR-based assays proposed a new generation of 
molecular tools for the detection of markers associated with drug 
resistance. FLASH-NGS (finding low abundance sequences by 
hybridization-next-generation sequencing) is a next-generation 
CRISPR/Cas9 diagnostic tool with a high multiplexing capacity. It 
demonstrated high efficiency in the detection of P. falciparum resistance 
genes (Quan et al., 2019). SHERLOCK is another CRISPR-based assay 
that demonstrates high potential for the detection of the A581G variant 
in the pfdhps (dihydropteroate synthase) gene for surveillance of 
P. falciparum resistance to sulfadoxine (Cunningham et al., 2021). 

Table 1 
The comparative features of diagnostic methods for Plasmodium parasites.  

Diagnostic 
methods 

Detection 
(parasite/μl) 

Accuracy 
(reliability) 

Speed Cost Expertise Strength/Advantages Weakness/Disadvantage 

Microscopy 4-50 moderate moderate low high Easy and quick detection based on 
morphology and staining 

Unable to differentiate strains, 
Expertise for detection and confirmation 

Nested PCR 0.022–0.1 high slow high high Able to differentiate strains 
Infrastructure setting is needed, very 
time-intensive 

RDT 100-500 low fast low low Field-applicable 
Not reliable results (due to gene 
deletion), not capable for species-specific 
distinguishing 

NGS 7-40 high slow moderate high 

Information at SNP level, reliable and stable 
results, 
Used for better understanding of malaria 
transmission pattern, parasites movement, 
recognizing drug resistance genes 

False negative results due to some 
mutations 

LAMP 1-10 high moderate high high 
No need to thermocycler, need small 
amounts of blood on filter papers, detect 
sub -microscopic parasitemia 

lacks sufficient accuracy, need cold 
storage for the reagent in field, complex 
sample preparation 

CRISPR 0.36 high fast low low 

Rapid, reasonable and ultrasensitive, Field- 
applicable, capable for species-specific 
detection, used for blood, serum and dried 
blood samples 

lack multiple detection competences of 
CRISPR/Cas12- and Cas13, need to 
optimization of detection assays (time 
and proficiency)  
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In the case of P. vivax, most of the potential molecular markers 
associated with drug resistance have been identified through genome- 
wide population genetic analysis. However, the lack of a well- 
established in vitro continuous culture system highlights the need to 
develop new techniques for experimentally studying potential molecu-
lar markers of drug resistance. CRISPR/Cas9 system has provided 
promising clues to this challenge. Verzier et al. (2019) used a model 
system to replace putative resistance genes to test their role in drug 
resistance using P. knowlesi adapted to in vitro culture in human eryth-
rocytes. Despite, the candidate genes were not associated with drug 
resistance phenotypes, they established a promising model for P. vivax 
drug resistance studies (Verzier et al., 2019). CRISPR/Cas9 genome 
editing tool also makes it possible to use a rodent model of P. berghei 
infection to characterize resistance mechanisms to different antimalar-
ials. To test artemisinin resistance-associated mutations in k13 and ubp-1 
(ubiquitin hydrolase) genes in P. berghei sensitive lines, CRISPR could 
serve as an efficient genetic tool that provides experimental evidence on 
the role of target mutations in modulating sensitivity to artemisinin in 
vivo (Simwela et al., 2020a; Simwela et al., 2020b). In another study, the 
piperaquine resistance parasite was isolated from PbMut (P. berghei 
mutator) under drug pressure. Whole genome sequencing of mutant 
clones revealed a mutation in the pbcrt (chloroquine resistance trans-
porter) gene that CRISPR-based introduction of the mutation confirmed 
its contribution to piperaquine resistance (Ikeda et al., 2021). 

The discovery of molecular markers associated with antimalarial 
drug resistance has greatly aided in the surveillance of the emergence 
and spread of resistance, such information is necessary for guiding 
malaria control strategies (Pirahmadi et al., 2014; Pirahmadi et al., 
2013). To elucidate genetic determinant of antimalarial drug resistance, 
highly efficient Plasmodium genome editing tools are of particular 
importance. Traditionally, conventional allelic exchange strategies were 
used to confirm the role of drug resistance mediators shown by pre-
ceding studies (Reed et al., 2000; Sidhu et al., 2002; Triglia et al., 1998; 
Wu et al., 1996). However, the inherent inefficiency of this approach has 
inhibited any large-scale gene editing in Plasmodium. The advent of 
CRISPR/Cas9 gene editing tools enhances the feasibility of manipulating 
the parasite genome to identify molecular determinants of drug resis-
tance and elucidate novel antimalarial targets. The continued advance 
and refinement of CRISPR/Cas9 technology for genome editing in 
Plasmodium can be a powerful approach for ongoing research into the 
antimalarial drug. As antimalarial drug resistance manifests the evolu-
tionary selective pressure on the Plasmodium parasite, which is trans-
mitted via the Anopheles vector to human hosts, subsequently the 
suppressive effect of these chemical drugs is shown in humans. Due to 
the possibility of resistance to ACTs as the most prescribed drugs for 
patients, novel techniques should be applied for symptomatic and 
asymptomatic infections treatment and prohibit the spread of resistance 
globally (Marshall et al., 2019). Nevertheless, due to the evolving 
resistance to drugs, as the natural characteristic of the parasite to sur-
vive, the combination of therapies may diminish the evolutionary 
impediment to the development of resistance. CRISPR/Cas9 technology 
may provide new drugs with reduced evolutionary pressure on parasites 
and vectors. 

6. CRISPR/Cas9 mediated transgenic lines and gene drives in 
malaria vector 

Vector control is essential in malaria elimination programs. The idea 
of controlling vector-borne diseases through the genetic manipulation of 
mosquitoes was proposed several decades ago (Wilson et al., 2020). 
Vector control is an indispensable measure being used with different 
methods of long-lasting insecticidal nets and indoor residual spraying, 
which resulted in the swift progress of insecticide-resistant mosquito 
populations (Caragata et al., 2020; Soma et al., 2021). However, tech-
nical hurdles, including the need for efficient germline transformation 
systems and effective pathogen transmission-blocking effectors, 

originally curbed progress in mosquito transgenesis. Therefore, other 
control methodologies such as spreading sterile mosquitoes and bio-
logical engagement has been utilized as alternative environmentally 
techniques (Benelli et al., 2016; Ickowicz et al., 2021). CRISPR/Cas9 
strategy opened new avenues for effortlessly genome editing of 
mosquitoes, sexually reproducing organisms to spread genetic charac-
teristics through non-Mendelian inheritance. Genetic engineering tech-
nologies using CRISPR-based gene drives have been used to create 
transgenic mosquitoes carrying anti-pathogen effector genes against 
human malaria parasites that disable vector populations from trans-
mitting disease. Moreover, generating gene-drive systems is designed to 
negatively introduce specific genes throughout wild vector populations 
in order to disrupt an essential gene associated with viability or fertility, 
which eventually eliminates that population (Raban et al., 2020). Gene 
drive based on CRISPR strategy uses Cas9 endonuclease and guide RNAs 
to produce site-specific double-strand DNA breaks. Afterwards, non- 
homologous end-joining (NHEJ) or HDR can repair the DSB sites 
(Gantz and Akbari, 2018). NHEJ alleles mostly produce at zygotic phase, 
before germline allocation. If they do not have a detrimental fitness cost 
to the insect, at the time of allelic conversion in females, expansion of 
gene-drive system will be blocked. Due to the importance of Cas9 
endonuclease expression/activity and efficacy of gene drive, more un-
derstanding about the mechanisms underlying the performance of 
copying versus producing of resistant alleles is required for the safe and 
successful distribution of gene-drive strategy (Terradas et al., 2022). 

There are some similarities and differences in applying CRISPR/Cas9 
methodology for malaria parasites and their invertebrate vector. 
CRISPR/Cas9 has been applied for insertion, deletion, and substitution 
of a gene of interest, and insertion or deletion in Anopheles species. The 
repair DNA mechanisms in Plasmodium and its vector do not follow 
similar procedures. The repair mechanisms are accomplished by HDR in 
the parasite, and HDR or NHEJ in mosquitoes. The repair template ho-
mology arm applicable for Plasmodium (~100-400 bp) is shorter than 
Anopheles (~1000-2000 bp). U6 snRNA is the gRNA promoter in Plas-
modium and its vector, though the T7 RNAP can be utilized specifically 
for Plasmodium. There are various markers can be used for the selection 
of a transgenic line of P. falciparum including human dihydrofolate 
reductase, Blasticidin S deaminase, Neomycin phosphotransferase II (G- 
418), Puromycin-N-acetyltransferase (puromycin), yeast dihydroorotate 
dehydrogenase while the marker for Anopheles is a fluorescent protein 
(Bryant et al., 2019). Furthermore, the duration of experiments to ach-
ieve a transgenic line in the parasite is about 4 to 6 weeks when the 
microinjection of the embryo generates transgenic adult mosquitoes is 
short (Bryant et al., 2019). Due to the fact that Plasmodium parasite and 
its mosquitoes vector, Anopheles are haploid and diploid organisms, 
respectively, so the application of CRISPR-based gene editing to 
generate transgenic lines are different from each other. Although, the 
complexity of diploid multicellular organism makes the process more 
challenging, there is some restrictions for malarial parasites like being 
AT-rich that makes it difficult to identify the gRNA binding site nearby 
the PAM sequence and the lack of a cNHEJ pathway leads to eliminate 
off-target effects (Kirkman et al., 2014). Although, the inheritance be-
tween haplodiploids and diploid insects varies, this may influence the 
result of gene drive by using CRISPR strategy in wild populations (Li 
et al., 2020). The wild-type/driver allele heterozygotes transforming to 
driver allele homozygotes can happen in diploids. Furthermore, the 
recessive alleles in haploids can be target of selection while these alleles 
are protected in heterozygous diploids (Crowder and Carrière, 2009). 
Therefore, it has been hypothesized that deleterious alleles for CRISPR 
gene drive suppress harmful species populations resulting in less 
expansion haplodiploids than diploids (Rode et al., 2019). On the other 
hand, for CRISPR gene drive favorable alleles increase or improve 
valued species populations which leading to more extending of hap-
lodiploids than diploids (Rode et al., 2019). 

To the best of our knowledge, two methodological gene drives have 
been developed for Anopheles population manipulation. One of this 
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species is An. gambiae, the prominent malarial vector in Africa (Car-
ballar-Lejarazú et al., 2020) and An. stephensi, (Adolfi et al., 2020). Their 
experiments in laboratory cage trials were victorious by substitution of 
gene drive insects with the reference populations. There are various 
molecular mechanisms to support the efficiency of gene drive systems. 
In the case of An. gambiae (Carballar-Lejarazú et al., 2020), the gene 
drive AgNosCd-1 was placed in the cardinal (cd) site to expresses the 
SpCas9 endonuclease along with nanos promoter. Their result demon-
strated a high quality drive spread in both genders which extended into 
populations (Carballar-Lejarazú et al., 2020). The other species was An. 
stephensi which inserted into the kynurenine hydroxylase site to ex-
presses Cas9 via vasa promoter. This gene drive produced a remarkable 
number NHEJ-induced drive-resistant when transmitted to male 
mosquitoes (Adolfi et al., 2020; Pham et al., 2019). These NHEJ alleles 
survive in male generation without function but the capability of being 
reproductive fitness costs in female mosquitoes (Pham et al., 2019). 
These investigations confirmed the unique drive properties which rec-
ommended that related variations in promoter-driven Cas9 expression 
patterns might be linked to the differential efficacy of these drives 
during oogenesis (Terradas et al., 2022). 

Scientists have already acquired CRISPR/Cas9 for generating trans-
genic lines like sterile female phenotypes with interrupted genes or 
inactivating some part of the genome. For instance, this method was 
utilized to manipulate the genome of Anopheles gambiae with disrupted 
three genes (AGAP005958, AGAP011377, and AGAP007280) that 
confer a recessive female-sterility phenotype upon insertion of CRISPR/ 
Cas9 gene drive constructs designed to target and edit each gene in the 
malaria mosquito vector. The results showed strong suppression at the 
molecular level in experiments in the cage as well as for further popu-
lation modeling (Hammond et al., 2016). Hammond et al. developed a 
gene drive based on CRISPR nuclease to disrupt essential genes associ-
ated with the female fertility of malaria mosquito. Self-replication of 
these genes and inheritance of the following genetic changes from one 
homologous chromosome to another will cause long-lasting and sus-
tainable population suppression. The long-term monitoring of the fre-
quency of the gene drive in the subsequent 25 generations revealed a 
gradual decrease in frequency accompanied by the spread of small, 
nuclease-induced mutations at the target gene (Hammond et al., 2017). 
A modified CRISPR/Cas9 gene editing procedure for the malaria vector 
An. gambiae was established which inactivated the fibrinogen-related 
protein 1 (FREP1) gene. This experiment led to the suppression Plas-
modium infection and significant detention at the oocyst and sporozoite 
stages (Dong et al., 2018). Another gene disruption was studied to 
generate an An. stephensi Leucine-Rich protein (LRIM1) knockout line 
enables inhibition of Plasmodium sporozoite development inside the 
mosquitoes. The line supporting melanization and phagocytosis of 
ookinetes using CRISPR/Cas9 mutant mosquitoes showed the decreased 
reproductive capacity in oviposition, fecundity, male fertility, and 
reduction of sperm transfer by males (Inbar et al., 2021). 

Scientists also considered inserting some effective genes into the 
genome by direct or indirection of Cas9 proteins. CRISPR/Cas9 medi-
ated knock-in An. sinensis were generated by direct injections of Cas9 
protein, double-stranded DNA donor, and Orco-gRNA to the most widely 
distributed species and the primary transmitter of P. vivax malaria in 
China. A similar success rate of the mutation rate of 3.77%, was gained 
(Wang et al., 2022). In other investigation, utilizing the non-injecting 
embryos approach targeted and heritable mutations of malaria vector 
An. stephensi were generated via delivering Cas9 ribonucleoprotein 
complex to adult mosquito ovaries using the ReMOT Control (Receptor- 
mediated Ovary Transduction of Cargo) technique, as efficient as stan-
dard embryo injection methods in laboratories not equipped with the 
required infrastructure (Macias et al., 2020). The study on the genera-
tion of indels in the germline and somatic cells in female gene-drive 
lineages using a series of selective crosses between a gene-drive line, 
AgNosCd-1, and wild-type mosquitoes, revealed the potential drive- 
resistant mutant alleles responsible for the increasing rates during 

embryonic development (Carballar-Lejarazú et al., 2022). Moreover, 
scientists have used some effective genes to modulate mosquito’s fitness 
by CRISPR/Cas9 mediated knock-out. Inactivation of the fibrinogen- 
related protein 1 (FREP1) gene by application of CRISPR/Cas9 
genome editing, demonstrated remarkable consequences on the 
mosquito’s susceptibility to Plasmodium and also mosquito fitness. 
FREP1 mutants were inhibited transmission of rodent and human Plas-
modium parasites and vectors lost blood feeding capability (Dong et al., 
2018). In another investigation, gamma-interferon–inducible lysosomal 
thiol reductase (mosGILT) was knocked out in An. gambiae by CRISPR 
associated Cas9. The outcomes demonstrated that female mosaic mos-
GILT mutant mosquito’s infection by P. berghei or P. falciparum had 
reduced number of oocyst (Yang et al., 2019). The generation of An. 
stephensi Leucin-Rich protein (LRIM1) knockout line (Δaslrim1) by 
CRISPR system, outstandingly improved bacterial load and microbiome 
composition in their mid-gut. These changes will lead to mosquito 
mortality and a decline in sporogony. The reproductive ability, ovipo-
sition, and fertility of male mosquitoes will decrease in (LRIM1) 
knockout mutants (Inbar et al., 2021). In other experiments, manipu-
lation of mosquitoes’ sex was the objective by using CRISPR/Cas9 
strategy. Targeting male determining factors (M factors) and other 
intermediary genes in the sex determination pathway provide new ways 
resulting in female-to-male conversion or female killing, enabling effi-
cient sex separation and effective reduction of target mosquito pop-
ulations. CRISPR/Cas9 gene drive technology was used to target the 
gene doublesex (Agdsx) encoding two alternatively spliced transcripts, 
dsx-female (AgdsxF) and dsx-male (AgdsxM). The transcribed genes 
involved in controlling sex differentiation in An. gambiae. Female 
mosquitoes were homozygous for the disrupted allele and showed an 
intersex phenotype and complete sterility. Doublesex (Agdsx) spreads 
rapidly in caged mosquitoes, reaching 100% prevalence within 7-11 
generations while progressively reducing egg production happened in 
mosquitoes population (Kyrou et al., 2018). Another research related to 
knockout of a male determining (Nix) gene has resulted in feminized 
genetic males with the successful application of the CRISPR/Cas9- 
mediated gene editing system. The ectopic expression of the Nix gene 
in females confirmed the Nix importance to initiate male development 
and converting female mosquitoes into harmless males (Hall et al., 
2015). 

By engineering some targeted genes, they will be spread inside the 
wild vector populations that could influence the viability or fertility of 
individuals or eradicate that population. Gantz et al. provided evidence 
from a highly efficient gene-drive system manifested a successful func-
tion of targeting anti-malarial genes, m1C3 and m2A10, contributing to 
binding the human malaria parasite Plasmodium falciparum ookinete 
protein Chitinase 1 and the circumsporozoite protein (CSP) in An. ste-
phensi population. The inhibitory function of spreading gene drives for 
producing P. falciparum sporozoites confirmed the capability of this 
technique for the using in malaria vector control programs (Hammond 
et al., 2017). Hammond et al. challenged the suppressive activity of the 
gene drive in An. gambiae populations in large indoor cages that permit 
complex feeding and reproductive behaviors to bridge the gap between 
field and laboratory. The gene-drive construct spreads rapidly through 
the population fully suppresses them within one year, and with no se-
lection for resistance to the gene drive (Hammond et al., 2021). Taxi-
archi et al. have performed an inactivation process for CRISPR-based 
gene drives in which they restored inheritance to Mendelian rates in 
the malaria vector An. gambiae using the anti-CRISPR protein (AcrIIA4). 
They also predicted that a single release of male mosquitoes carrying the 
AcrIIA4 protein could block the spread of a highly effective suppressive 
gene drive preventing population collapse of caged malaria mosquitoes 
in a cage (Taxiarchi et al., 2021). In an investigation the induced X- 
chromosome-shredding I-PpoI nuclease inserted into a conserved 
sequence of the doublesex (dsx) gene by CRISPR-based gene drive sys-
tem. The induced gene derive led to a male-only population by starting 
allelic frequency of 2.5% in 10-14 generations (Simoni et al., 2020). The 
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suppression potential of a drive allele with high fitness costs, can be 
enhanced by genome engineering tool (North et al., 2020). The collected 
data by suppression modeling these malaria vectors will be useful for 
field challenges such as highly seasonal regions. 

Since eradication of mosquito populations is tremendously chal-
lenging and leads to some severe effects on ecosystem, the safety of 
CRISPR-based products and the probability of threatening the ecology 
are other steps that should be taken. To test their robustness and efficacy 
in larger population sizes under more realistic ecological settings, more 
investigation is also required to determine the target profile of each gene 
drive to meet specific performance and safety requirements. It is also 
needed to update guidance documents related to research, development, 
and testing of genetically engineered insects and arthropods (Adelman 
and Tu, 2016; Carballar-Lejarazú et al., 2022). Designing a release 
strategy is necessary for the deployment of gene drive mosquitoes and 
considerations of ecological confinement, and also the hazard of the 
establishment. Other measures should be taken to evaluate the possi-
bility of accidental release of the gene drive construct anywhere in the 
environment months to years later. Regardless of the magnificent as-
sistances of CRISPR as a novel genome editing and manipulation tech-
nology, the detrimental impressions on living organisms (especially non- 
aiming hosts), public health, environmental issues, and the social- 
economic assemblies should be highly considered. The likelihood of 
active gene fusion, the possibility of occurrence of mutations in non- 
target species, releasing transgenic or genetically modified creatures 
(e.g., mosquitoes) with the capability of inheritance through generations 
and disturbing effects on the ecosystem stability are major concerns 
related to ethics and application of CRISPR in the real world (Djekoun, 
2021; Oye et al., 2014; Rodriguez, 2016). CRISPR is not immune to risks, 
like any other technology. Modified organisms may cause off-target ef-
fects that require careful evaluation. Tools in bioinformatics can be used 
to predict or minimize/avoid them. The concern, however, is horizontal 
gene transfer and the potential harm caused by cross-pollination to 
humans and the environment. In addition to the presence of functional 
nucleases, CRISPR does not appear to have the potential to cause un-
intended harm: gRNAs must match DNA target sites adjacent to proto-
spacer motifs, RNAs degrade easily which cannot be used and targeted 
sequences may not match across species/organisms. Nevertheless, 
CRISPR is a new technology that is still not thoroughly understood, so 
objective scientific studies are needed to assess risks and harms. A better 
understanding of CRISPR persistence in organisms and the environment 
would also assist in risk assessment. A recall approach [46] or the use of 
controllable CRISPR nucleases in GDs and other applications would 
simplify their removal/stoppage (Gantz and Akbari, 2018). 

7. Conclusion 

Undoubtedly the advancements in revolutionizing genome engi-
neering strategies will improve biomedical research through trial-and- 
error developments, especially for deadly diseases like malaria. 
Genome editing employing the Cas9 endonuclease facilitates applying 
targeted double-strand break for deletion, insertion, replacement, or 
mutation in the gene of interest without genetic scarring. Rising new 
drugs for treatment strategies versus protozoan parasites will be greatly 
influenced by the CRISPR system (Grzybek et al., 2018) and also to 
create immunogenic and non-pathogenic parasites mediated by 
CRISPR/Cas9 as upcoming vaccinations (Hollingdale and Sedegah, 
2017). The remarkable advancements of CRISPR/Cas-oriented prog-
nosis for specific-species identification and drug resistance markers will 
accelerate detection progress via single reaction and lower parasitemia. 
The gene-drive Anopheles strains could inhibit the wild population 
generation and spread out antimalarial genes. However, no larger-scale 
experiments have stated the achievements for malaria elimination. 
Likewise, CRISPR-based gene edited organisms will supply sustainable, 
efficacious, and profitable system, even combined with other methods 
for massive control of malaria. 
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Houzé, S., Hubert, V., Le Pessec, G., Le Bras, J., Clain, J., 2011. Combined deletions of 
pfhrp2 and pfhrp3 genes result in Plasmodium falciparum malaria false-negative rapid 
diagnostic test. Journal of clinical microbiology 49, 2694–2696. 

Hsu, P.D., Lander, E.S., Zhang, F., 2014. Development and applications of CRISPR-Cas9 
for genome engineering. Cell 157, 1262–1278. 

Ickowicz, A., Foster, S.D., Hosack, G.R., Hayes, K.R., 2021. Predicting the spread and 
persistence of genetically modified dominant sterile male mosquitoes. Parasites & 
Vectors 14, 1–14. 

Ikeda, M., Hirai, M., Tachibana, S.I., Mori, T., Mita, T., 2021. Isolation of mutants with 
reduced susceptibility to piperaquine from a mutator of the rodent malaria parasite 
Plasmodium berghei. Frontiers in cellular and infection microbiology 11, 672691. 

Inbar, E., Eappen, A.G., Alford, R.T., Reid, W., Harrell, R.A., Hosseini, M., 
Chakravarty, S., Li, T., Sim, B.K.L., Billingsley, P.F., 2021. Knockout of Anopheles 
stephensi immune gene LRIM1 by CRISPR-Cas9 reveals its unexpected role in 
reproduction and vector competence. PLoS Pathogens 17, e1009770. 

Ivins, B.E., Welkos, S.L., 1988. Recent advances in the development of an improved, 
human anthrax vaccine. European journal of epidemiology 4, 12–19. 

Janse, C.J., Franke-Fayard, B., Mair, G.R., Ramesar, J., Thiel, C., Engelmann, S., 
Matuschewski, K., van Gemert, G.J., Sauerwein, R.W., Waters, A.P., 2006. High 
efficiency transfection of Plasmodium berghei facilitates novel selection procedures. 
Molecular and biochemical parasitology 145, 60–70. 

Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J.A., Charpentier, E., 2012. 
A programmable dual-RNA-guided DNA endonuclease in adaptive bacterial 
immunity. Science 337, 816–821. 

Ju, X.D., Xu, J., Sun, Z.S., 2018. CRISPR editing in biological and biomedical 
investigation. Journal of cellular biochemistry 119, 52–61. 

Kaba, S.A., Karch, C.P., Seth, L., Ferlez, K.M.B., Storme, C.K., Pesavento, D.M., 
Laughlin, P.Y., Bergmann-Leitner, E.S., Burkhard, P., Lanar, D.E., 2018. Self- 
assembling protein nanoparticles with built-in flagellin domains increases protective 
efficacy of a Plasmodium falciparum based vaccine. Vaccine 36, 906–914. 

Kappe, S.H., Vaughan, A.M., Boddey, J.A., Cowman, A.F., 2010. That was then but this is 
now: malaria research in the time of an eradication agenda. Science 328, 862–866. 

Katz, S.L., Kempe, C.H., Black, F.L., Lepow, M.L., Krugman, S., Haggerty, R.J., Enders, J. 
F., 1960. Studies on an attenuated measles-virus vaccine: VIII. General summary and 
evaluation of the results of vaccination. American journal of diseases of children 
100, 942–946. 

Kersting, S., Rausch, V., Bier, F.F., von Nickisch-Rosenegk, M., 2014. Rapid detection of 
Plasmodium falciparum with isothermal recombinase polymerase amplification and 
lateral flow analysis. Malaria journal 13, 1–9. 

Kirkman, L.A., Lawrence, E.A., Deitsch, K.W., 2014. Malaria parasites utilize both 
homologous recombination and alternative end joining pathways to maintain 
genome integrity. Nucleic acids research 42, 370–379. 

Knuepfer, E., Napiorkowska, M., Van Ooij, C., Holder, A.A., 2017. Generating conditional 
gene knockouts in Plasmodium–a toolkit to produce stable DiCre recombinase- 
expressing parasite lines using CRISPR/Cas9. Scientific reports 7, 1–12. 

Kooij, T.W., Janse, C.J., Waters, A.P., 2006. Plasmodium post-genomics: better the bug 
you know? Nature reviews. Microbiology 4, 344–357. 

Kudyba, H.M., Cobb, D.W., Florentin, A., Krakowiak, M., Muralidharan, V., 2018. 
CRISPR/Cas9 gene editing to make conditional mutants of human malaria parasite 
P. falciparum. JoVE (Journal of Visualized Experiments) 139, e57747. 

Kuhen, K.L., Chatterjee, A.K., Rottmann, M., Gagaring, K., Borboa, R., Buenviaje, J., 
Chen, Z., Francek, C., Wu, T., Nagle, A., Barnes, S.W., Plouffe, D., Lee, M.C., 
Fidock, D.A., Graumans, W., van de Vegte-Bolmer, M., van Gemert, G.J., 
Wirjanata, G., Sebayang, B., Marfurt, J., Russell, B., Suwanarusk, R., Price, R.N., 
Nosten, F., Tungtaeng, A., Gettayacamin, M., Sattabongkot, J., Taylor, J., Walker, J. 
R., Tully, D., Patra, K.P., Flannery, E.L., Vinetz, J.M., Renia, L., Sauerwein, R.W., 
Winzeler, E.A., Glynne, R.J., Diagana, T.T., 2014. KAF156 is an antimalarial clinical 
candidate with potential for use in prophylaxis, treatment, and prevention of disease 
transmission. Antimicrobial agents and chemotherapy 58, 5060–5067. 

Kumar, V., Ray, S., Aggarwal, S., Biswas, D., Jadhav, M., Yadav, R., Sabnis, S.V., 
Banerjee, S., Talukdar, A., Kochar, S.K., 2020. Multiplexed quantitative proteomics 
provides mechanistic cues for malaria severity and complexity. Communications 
biology 3, 1–19. 

Kyrou, K., Hammond, A.M., Galizi, R., Kranjc, N., Burt, A., Beaghton, A.K., Nolan, T., 
Crisanti, A., 2018. A CRISPR–Cas9 gene drive targeting doublesex causes complete 

L. Nourani et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0080
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0080
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0080
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0085
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0085
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0085
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0090
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0090
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0095
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0095
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0095
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0100
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0100
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0100
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0100
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0105
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0105
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0110
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0110
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0110
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0115
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0115
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0115
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0120
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0120
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0120
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0125
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0125
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0125
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0125
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0130
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0130
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0130
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0130
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0130
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0135
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0135
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0140
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0140
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0140
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0140
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0145
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0145
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0150
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0150
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0155
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0155
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0155
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0160
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0160
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0165
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0165
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0170
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0170
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0170
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0175
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0175
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0175
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0180
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0180
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0180
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0185
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0185
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0190
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0190
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0190
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0190
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0195
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0195
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0195
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0200
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0200
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0200
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0205
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0205
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0205
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0210
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0210
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0210
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0210
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0215
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0215
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0215
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0220
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0220
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0220
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0220
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0225
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0225
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0225
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0230
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0230
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0230
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0230
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0235
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0235
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0235
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0235
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0240
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0240
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0240
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0240
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0245
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0245
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0250
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0250
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0255
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0255
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0255
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0260
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0260
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0265
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0265
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0265
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0270
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0270
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0270
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0275
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0275
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0275
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0275
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0280
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0280
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0285
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0285
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0285
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0285
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0290
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0290
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0290
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0295
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0295
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0300
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0300
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0300
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0300
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0305
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0305
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0310
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0310
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0310
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0310
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0315
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0315
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0315
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0320
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0320
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0320
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0325
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0325
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0325
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0330
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0330
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0335
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0335
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0335
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0340
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0340
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0340
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0340
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0340
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0340
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0340
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0340
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0340
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0345
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0345
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0345
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0345
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0350
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0350


Infection, Genetics and Evolution 109 (2023) 105419

12

population suppression in caged Anopheles gambiae mosquitoes. Nature 
biotechnology 36, 1062–1066. 

Lalremruata, A., Jeyaraj, S., Engleitner, T., Joanny, F., Lang, A., Bélard, S., Mombo- 
Ngoma, G., Ramharter, M., Kremsner, P.G., Mordmüller, B., 2017. Species and 
genotype diversity of Plasmodium in malaria patients from Gabon analysed by next 
generation sequencing. Malaria journal 16, 1–11. 

LaMonte, G., Lim, M.Y., Wree, M., Reimer, C., Nachon, M., Corey, V., Gedeck, P., 
Plouffe, D., Du, A., Figueroa, N., Yeung, B., Bifani, P., Winzeler, E.A., 2016. 
Mutations in the Plasmodium falciparum Cyclic Amine Resistance Locus (PfCARL) 
confer multidrug resistance. mBio 7. 

Lee, M.C., Lindner, S.E., Lopez-Rubio, J.-J., Llinás, M., 2019. Cutting back malaria: 
CRISPR/Cas9 genome editing of Plasmodium. Briefings in functional genomics 18, 
281–289. 

Lee, R.A., Puig, H.D., Nguyen, P.Q., Angenent-Mari, N.M., Donghia, N.M., McGee, J.P., 
Dvorin, J.D., Klapperich, C.M., Pollock, N.R., Collins, J.J., 2020. Ultrasensitive 
CRISPR-based diagnostic for field-applicable detection of Plasmodium species in 
symptomatic and asymptomatic malaria. Proceedings of the National Academy of 
Sciences 117, 25722–25731. 

Leong, F.J., Zhao, R., Zeng, S., Magnusson, B., Diagana, T.T., Pertel, P., 2014. A first-in- 
human randomized, double-blind, placebo-controlled, single- and multiple- 
ascending oral dose study of novel Imidazolopiperazine KAF156 to assess its safety, 
tolerability, and pharmacokinetics in healthy adult volunteers. Antimicrobial agents 
and chemotherapy 58, 6437–6443. 

Li, J., Aidlin Harari, O., Doss, A.L., Walling, L.L., Atkinson, P.W., Morin, S., Tabashnik, B. 
E., 2020. Can CRISPR gene drive work in pest and beneficial haplodiploid species? 
Evolutionary applications 13, 2392–2403. 

Lim, M.Y.-X., LaMonte, G., Lee, M., Reimer, C., Tan, B.H., Corey, V., Tjahjadi, B.F., 
Chua, A., Nachon, M., Wintjens, R., 2016. UDP-galactose and acetyl-CoA 
transporters as Plasmodium multidrug resistance genes. Nature microbiology 1, 1–12. 

Liu, H., Cui, X.-Y., Xu, D.-D., Wang, F., Meng, L.-W., Zhao, Y.-M., Liu, M., Shen, S.-J., 
He, X.-H., Fang, Q., 2020. Actin-related protein Arp4 regulates euchromatic gene 
expression and development through H2A. Z deposition in blood-stage Plasmodium 
falciparum. Parasites & Vectors 13, 1–15. 

Lu, J., Tong, Y., Pan, J., Yang, Y., Liu, Q., Tan, X., Zhao, S., Qin, L., Chen, X., 2016. 
A redesigned CRISPR/Cas9 system for marker-free genome editing in Plasmodium 
falciparum. Parasites & vectors 9, 198. 

Lucchi, N.W., Gaye, M., Diallo, M.A., Goldman, I.F., Ljolje, D., Deme, A.B., Badiane, A., 
Ndiaye, Y.D., Barnwell, J.W., Udhayakumar, V., 2016. Evaluation of the illumigene 
malaria LAMP: a robust molecular diagnostic tool for malaria parasites. Scientific 
reports 6, 1–8. 

Macias, V.M., McKeand, S., Chaverra-Rodriguez, D., Hughes, G.L., Fazekas, A., 
Pujhari, S., Jasinskiene, N., James, A.A., Rasgon, J.L., 2020. Cas9-mediated gene- 
editing in the malaria mosquito Anopheles stephensi by ReMOT control. G3: Genes 
Genomes, Genetics 10, 1353–1360. 

Marin-Mogollon, C., van Pul, F.J., Miyazaki, S., Imai, T., Ramesar, J., Salman, A.M., 
Winkel, B.M., Othman, A.S., Kroeze, H., Chevalley-Maurel, S., 2018. Chimeric 
Plasmodium falciparum parasites expressing Plasmodium vivax circumsporozoite 
protein fail to produce salivary gland sporozoites. Malaria journal 17, 1–16. 

Marshall, J.M., Raban, R.R., Kandul, N.P., Edula, J.R., León, T.M., Akbari, O.S., 2019. 
Winning the tug-of-war between effector gene design and pathogen evolution in 
vector population replacement strategies. Frontiers in Genetics 10, 1072. 

McNamara, C.W., Lee, M.C., Lim, C.S., Lim, S.H., Roland, J., Simon, O., Yeung, B.K., 
Chatterjee, A.K., McCormack, S.L., Manary, M.J., Zeeman, A.M., Dechering, K.J., 
Kumar, T.S., Henrich, P.P., Gagaring, K., Ibanez, M., Kato, N., Kuhen, K.L., 
Fischli, C., Nagle, A., Rottmann, M., Plouffe, D.M., Bursulaya, B., Meister, S., 
Rameh, L., Trappe, J., Haasen, D., Timmerman, M., Sauerwein, R.W., 
Suwanarusk, R., Russell, B., Renia, L., Nosten, F., Tully, D.C., Kocken, C.H., 
Glynne, R.J., Bodenreider, C., Fidock, D.A., Diagana, T.T., Winzeler, E.A., 2013. 
Targeting Plasmodium PI(4)K to eliminate malaria. Nature 504, 248–253. 

Mehrizi, A.A., Zakeri, S., Rafati, S., Salmanian, A.H., Djadid, N.D., 2011. Immune 
responses elicited by co-immunization of Plasmodium vivax and P. falciparum MSP-1 
using prime-boost immunization strategies. Parasite immunology 33, 594–608. 

Mehrizi, A.A., Ameri Torzani, M., Zakeri, S., Jafary Zadeh, A., Babaeekhou, L., 2018a. 
Th1 immune response to Plasmodium falciparum recombinant thrombospondin- 
related adhesive protein (TRAP) antigen is enhanced by TLR3-specific adjuvant, poly 
(I:C) in BALB/c mice. Parasite immunology 40, e12538. 

Mehrizi, A.A., Rezvani, N., Zakeri, S., Gholami, A., Babaeekhou, L., 2018b. Poly(I:C) 
adjuvant strongly enhances parasite-inhibitory antibodies and Th1 response against 
Plasmodium falciparum merozoite surface protein-1 (42-kDa fragment) in BALB/c 
mice. Medical microbiology and immunology 207, 151–166. 

Meister, S., Plouffe, D.M., Kuhen, K.L., Bonamy, G.M., Wu, T., Barnes, S.W., Bopp, S.E., 
Borboa, R., Bright, A.T., Che, J., Cohen, S., Dharia, N.V., Gagaring, K., 
Gettayacamin, M., Gordon, P., Groessl, T., Kato, N., Lee, M.C., McNamara, C.W., 
Fidock, D.A., Nagle, A., Nam, T.G., Richmond, W., Roland, J., Rottmann, M., 
Zhou, B., Froissard, P., Glynne, R.J., Mazier, D., Sattabongkot, J., Schultz, P.G., 
Tuntland, T., Walker, J.R., Zhou, Y., Chatterjee, A., Diagana, T.T., Winzeler, E.A., 
2011. Imaging of Plasmodium liver stages to drive next-generation antimalarial drug 
discovery. Science 334, 1372–1377. 

Mikolajczak, S.A., Lakshmanan, V., Fishbaugher, M., Camargo, N., Harupa, A., 
Kaushansky, A., Douglass, A.N., Baldwin, M., Healer, J., O’Neill, M., Phuong, T., 
Cowman, A., Kappe, S.H., 2014. A next-generation genetically attenuated 
Plasmodium falciparum parasite created by triple gene deletion. Molecular therapy: 
the journal of the American Society of Gene Therapy 22, 1707–1715. 

Miller, J.C., Holmes, M.C., Wang, J., Guschin, D.Y., Lee, Y.-L., Rupniewski, I., 
Beausejour, C.M., Waite, A.J., Wang, N.S., Kim, K.A., 2007. An improved zinc-finger 

nuclease architecture for highly specific genome editing. Nature biotechnology 25, 
778–785. 

Miller, J.C., Tan, S., Qiao, G., Barlow, K.A., Wang, J., Xia, D.F., Meng, X., Paschon, D.E., 
Leung, E., Hinkley, S.J., 2011. A TALE nuclease architecture for efficient genome 
editing. Nature biotechnology 29, 143–148. 

Miyazaki, S., Yang, A.S.P., Geurten, F.J.A., Marin-Mogollon, C., Miyazaki, Y., Imai, T., 
Kolli, S.K., Ramesar, J., Chevalley-Maurel, S., Salman, A.M., van Gemert, G.A., van 
Waardenburg, Y.M., Franke-Fayard, B., Hill, A.V.S., Sauerwein, R.W., Janse, C.J., 
Khan, S.M., 2020a. Generation of novel plasmodium falciparum NF135 and NF54 lines 
expressing fluorescent reporter proteins under the control of strong and constitutive 
promoters. Frontiers in cellular and infection microbiology 10, 270. 

Miyazaki, Y., Marin-Mogollon, C., Imai, T., Mendes, A.M., van der Laak, R., Sturm, A., 
Geurten, F.J.A., Miyazaki, S., Chevalley-Maurel, S., Ramesar, J., Kolli, S.K., 
Kroeze, H., van Schuijlenburg, R., Salman, A.M., Wilder, B.K., Reyes-Sandoval, A., 
Dechering, K.J., Prudêncio, M., Janse, C.J., Khan, S.M., Franke-Fayard, B., 2020b. 
Generation of a genetically modified chimeric Plasmodium falciparum parasite 
expressing Plasmodium vivax circumsporozoite protein for malaria vaccine 
development. Front Cell Infect Microbiol 10, 591046. 

Mizutani, M., Fukumoto, S., Soubeiga, A.P., Soga, A., Iyori, M., Yoshida, S., 2016. 
Development of a Plasmodium berghei transgenic parasite expressing the full-length 
Plasmodium vivax circumsporozoite VK247 protein for testing vaccine efficacy in a 
murine model. Malaria journal 15, 1–8. 

Mlambo, G., Kumar, N., 2008. Transgenic rodent Plasmodium berghei parasites as tools 
for assessment of functional immunogenicity and optimization of human malaria 
vaccines. Eukaryotic cell 7, 1875–1879. 

Mogollon, C.M., Van Pul, F.J., Imai, T., Ramesar, J., Chevalley-Maurel, S., De Roo, G.M., 
Veld, S.A., Kroeze, H., Franke-Fayard, B.M., Janse, C.J., 2016a. Rapid generation of 
marker-free P. falciparum fluorescent reporter lines using modified CRISPR/Cas9 
constructs and selection protocol. PLoS One 11, e0168362. 

Mogollon, C.M., van Pul, F.J., Imai, T., Ramesar, J., Chevalley-Maurel, S., de Roo, G.M., 
Veld, S.A., Kroeze, H., Franke-Fayard, B.M., Janse, C.J., Khan, S.M., 2016b. Rapid 
generation of marker-free P. falciparum fluorescent reporter lines using modified 
CRISPR/Cas9 constructs and selection protocol. PLoS One 11, e0168362. 

Mohring, F., Hart, M.N., Rawlinson, T.A., Henrici, R., Charleston, J.A., Benavente, E.D., 
Patel, A., Hall, J., Almond, N., Campino, S., 2019. Rapid and iterative genome 
editing in the zoonotic malaria parasite Plasmodium knowlesi: New tools for P. vivax 
research. BioRxiv 590976. 

Mohring, F., Hart, M.N., Patel, A., Baker, D.A., Moon, R.W., 2020. CRISPR-Cas9 genome 
editing of Plasmodium knowlesi. Bio-protocol 10, e3522. 

Moody, A., 2002. Rapid diagnostic tests for malaria parasites. Clinical microbiology 
reviews 15, 66–78. 

Moscou, M.J., Bogdanove, A.J., 2009. A simple cipher governs DNA recognition by TAL 
effectors. Science (New York, N.Y.), 326, 1501.  

Mouatcho, J.C., Goldring, J.D., 2013. Malaria rapid diagnostic tests: challenges and 
prospects. Journal of medical microbiology 62, 1491–1505. 

Nagel, A., Prado, M., Heitmann, A., Tartz, S., Jacobs, T., Deschermeier, C., Helm, S., 
Stanway, R., Heussler, V., 2013. A new approach to generate a safe double- 
attenuated Plasmodium liver stage vaccine. Int J Parasitol 43, 503–514. 

Nasamu, A.S., Falla, A., Pasaje, C.F.A., Wall, B.A., Wagner, J.C., Ganesan, S.M., 
Goldfless, S.J., Niles, J.C., 2021. An integrated platform for genome engineering and 
gene expression perturbation in Plasmodium falciparum. Scientific reports 11, 1–15. 

Nateghi Rostami, M., 2020. CRISPR/Cas9 gene drive technology to control transmission 
of vector-borne parasitic infections. Parasite Immunology 42, e12762. 

Nazeri, S., Zakeri, S., Mehrizi, A.A., Djadid, N.D., Snounou, G., Andolina, C., Nosten, F., 
2018. Vaccine adjuvants CpG (oligodeoxynucleotides ODNs), MPL (3-O-deacylated 
monophosphoryl lipid A) and naloxone-enhanced Th1 immune response to the 
Plasmodium vivax recombinant thrombospondin-related adhesive protein (TRAP) in 
mice. Medical microbiology and immunology 207, 271–286. 

Ng, C.L., Siciliano, G., Lee, M.C., de Almeida, M.J., Corey, V.C., Bopp, S.E., Bertuccini, L., 
Wittlin, S., Kasdin, R.G., Le Bihan, A., Clozel, M., Winzeler, E.A., Alano, P., 
Fidock, D.A., 2016. CRISPR-Cas9-modified pfmdr1 protects Plasmodium falciparum 
asexual blood stages and gametocytes against a class of piperazine-containing 
compounds but potentiates artemisinin-based combination therapy partner drugs. 
Molecular microbiology 101, 381–393. 

Nishi, T., Shinzawa, N., Yuda, M., Iwanaga, S., 2021. Highly efficient CRISPR/Cas9 
system in Plasmodium falciparum using Cas9-expressing parasites and a linear donor 
template. Scientific reports 11, 18501. 

Noedl, H., Yingyuen, K., Laoboonchai, A., Fukuda, M., Sirichaisinthop, J., Miller, R.S., 
2006. Sensitivity and specificity of an antigen detection ELISA for malaria diagnosis. 
The American journal of tropical medicine and hygiene 75, 1205–1208. 

Nolan, T., 2021. Control of malaria-transmitting mosquitoes using gene drives. 
Philosophical Transactions of the Royal Society B 376, 20190803. 

North, A.R., Burt, A., Godfray, H.C.J., 2020. Modelling the suppression of a malaria 
vector using a CRISPR-Cas9 gene drive to reduce female fertility. BMC biology 18, 
1–14. 

Nourani, L., Abouie Mehrizi, A., Zakeri, S., Djadid, N.D., 2022. Untangling population 
structure and genetic diversity of reticulocyte binding protein 2b (PvRBP2b) 
erythrocytic stage vaccine candidate in worldwide Plasmodium vivax isolates. Plos 
one 17, e0266067. 

Ogwang, C., Kimani, D., Edwards, N.J., Roberts, R., Mwacharo, J., Bowyer, G., Bliss, C., 
Hodgson, S.H., Njuguna, P., Viebig, N.K., Nicosia, A., Gitau, E., Douglas, S., 
Illingworth, J., Marsh, K., Lawrie, A., Imoukhuede, E.B., Ewer, K., Urban, B.C., 
Hill, A.V.S., Bejon, P., 2015. Prime-boost vaccination with chimpanzee adenovirus 
and modified vaccinia Ankara encoding TRAP provides partial protection against 
Plasmodium falciparum infection in Kenyan adults. Science translational medicine 7, 
286re285. 

L. Nourani et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0350
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0350
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0355
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0355
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0355
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0355
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0360
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0360
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0360
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0360
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0365
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0365
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0365
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0370
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0370
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0370
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0370
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0370
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0375
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0375
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0375
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0375
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0375
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0380
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0380
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0380
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0385
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0385
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0385
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0390
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0390
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0390
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0390
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0395
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0395
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0395
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0400
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0400
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0400
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0400
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0405
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0405
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0405
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0405
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0410
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0410
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0410
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0410
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0415
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0415
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0415
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0420
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0420
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0420
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0420
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0420
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0420
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0420
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0420
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0425
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0425
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0425
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0430
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0430
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0430
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0430
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0435
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0435
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0435
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0435
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0440
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0440
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0440
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0440
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0440
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0440
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0440
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0440
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0445
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0445
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0445
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0445
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0445
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0450
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0450
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0450
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0450
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0455
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0455
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0455
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0460
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0460
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0460
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0460
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0460
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0460
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0465
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0465
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0465
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0465
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0465
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0465
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0465
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0470
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0470
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0470
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0470
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0475
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0475
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0475
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0480
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0480
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0480
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0480
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0485
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0485
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0485
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0485
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0490
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0490
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0490
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0490
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0495
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0495
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0500
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0500
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0505
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0505
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0510
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0510
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0515
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0515
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0515
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0520
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0520
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0520
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0525
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0525
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0530
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0530
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0530
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0530
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0530
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0535
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0535
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0535
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0535
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0535
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0535
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0540
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0540
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0540
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0545
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0545
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0545
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0550
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0550
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0555
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0555
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0555
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0560
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0560
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0560
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0560
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0565
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0565
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0565
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0565
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0565
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0565
http://refhub.elsevier.com/S1567-1348(23)00017-5/rf0565


Infection, Genetics and Evolution 109 (2023) 105419

13

Olliaro, P., Wells, T., 2009. The global portfolio of new antimalarial medicines under 
development. Clinical Pharmacology & Therapeutics 85, 584–595. 

O’Neill, M.T., Phuong, T., Healer, J., Richard, D., Cowman, A.F., 2011. Gene deletion 
from Plasmodium falciparum using FLP and Cre recombinases: implications for 
applied site-specific recombination. International journal for parasitology 41, 
117–123. 

Oye, K.A., Esvelt, K., Appleton, E., Catteruccia, F., Church, G., Kuiken, T., Lightfoot, S.B.- 
Y., McNamara, J., Smidler, A., Collins, J.P., 2014. Regulating gene drives. Science 
345, 626–628. 

Peng, W.K., 2021. Clustering Nuclear Magnetic Resonance: Machine learning assistive 
rapid two-dimensional relaxometry mapping. Engineering Reports 3, e12383. 

Pham, T.B., Phong, C.H., Bennett, J.B., Hwang, K., Jasinskiene, N., Parker, K., 
Stillinger, D., Marshall, J.M., Carballar-Lejarazú, R., James, A.A., 2019. 
Experimental population modification of the malaria vector mosquito, Anopheles 
stephensi. PLoS genetics 15, e1008440. 

Pirahmadi, S., Zakeri, S., Afsharpad, M., Djadid, N.D., 2013. Mutation analysis in pfmdr1 
and pfmrp1 as potential candidate genes for artemisinin resistance in Plasmodium 
falciparum clinical isolates 4years after implementation of artemisinin combination 
therapy in Iran. Infection, genetics and evolution : journal of molecular 
epidemiology and evolutionary genetics in infectious diseases 14, 327–334. 

Pirahmadi, S., Talha, B.A., Nour, B.Y., Zakeri, S., 2014. Prevalence of mutations in the 
antifolates resistance-associated genes (dhfr and dhps) in Plasmodium vivax parasites 
from Eastern and Central Sudan. Infection, genetics and evolution : journal of 
molecular epidemiology and evolutionary genetics in infectious diseases 26, 
153–159. 

Pirahmadi, S., Zakeri, S., Mehrizi, A.A., Djadid, N.D., Raz, A.A., Sani, J.J., 2019. 
Combining Monophosphoryl Lipid A (MPL), CpG Oligodeoxynucleotide (ODN), and 
QS-21 Adjuvants Induces Strong and Persistent Functional Antibodies and T Cell 
Responses against Cell-Traversal Protein for Ookinetes and Sporozoites (CelTOS) of 
Plasmodium falciparum in BALB/c Mice. Infection and immunity 87. 

Pirahmadi, S., Afzali, S., Zargar, M., Zakeri, S., Mehrizi, A.A., 2021a. How can we 
develop an effective subunit vaccine to achieve successful malaria eradication? 
Microbial pathogenesis 160, 105203. 

Pirahmadi, S., Zakeri, S., Djadid, N.D., Mehrizi, A.A., 2021b. A review of combination 
adjuvants for malaria vaccines: a promising approach for vaccine development. 
International journal for parasitology 51, 699–717. 
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Pöschl, B., Waneesorn, J., Thekisoe, O., Chutipongvivate, S., Panagiotis, K., 2010. 
Comparative diagnosis of malaria infections by microscopy, nested PCR, and LAMP 
in northern Thailand. The American journal of tropical medicine and hygiene 83, 56. 
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