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ABSTRACT

CRISPR/Cas9 has been successfully adapted for gene editing in malaria parasites including Plasmodium
falciparum and Plasmodium yoelii. However, the reported methods were limited to editing one gene at a
time. In practice, it is often desired to modify multiple genetic loci in a parasite genome. Here we describe
a CRISPR/Cas9 mediated genome editing method that allows successive modification of more than one
gene in the genome of P. yoelii using an improved single-vector system (pYCm) we developed previ-
ously. Drug resistant genes encoding human dihydrofolate reductase (hDHFR) and a yeast bifunctional
protein (yFCU), with cytosine deaminase (CD) and uridyl phosphoribosyl transferase (UPRT) activities
in the plasmid, allowed sequential positive (pyrimethamine, Pyr) and negative (5-fluorocytosine, 5FC)
selections and generation of transgenic parasites free of the episomal plasmid after genetic modification.
Using this system, we were able to efficiently tag a gene of interest (Pyp28) and subsequently disrupted
two genes (Pyctrp and Pycdpk3) that are individually critical for ookinete motility. Disruption of the genes
either eliminated (Pyctrp) or greatly reduced (Pycdpk3) ookinete forward motility in matrigel in vitro and
completely blocked oocyst development in mosquito midgut. The method will greatly facilitate studies

of parasite gene function, development, and disease pathogenesis.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Malaria remains one of the most serious infectious diseases
worldwide, although great progress has been made in studying par-
asite molecular biology, development, and mechanisms of disease
pathology through development and application of new technolo-
gies and methods such as high-throughput genome sequencing,
genome-wide linkage and association analyses, and genome edit-
ing [1-3]. However, genetic modification of a malaria parasite
genome remains challenging because of difficulties introducing a
plasmid vector through multiple layers of membrane, and other
technical issues [3]. Indeed, successful transfections of malaria par-
asites were not reported until the mid-1990s [4-6]. The efficiencies
of these early transfection methods are relatively low, although
various modifications to improve transfection efficiency have been
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reported [7,8]. More recently, methods using zinc-finger nucle-
ases (ZFNs) and CRISPR/Cas9 (clustered regularly interspaced short
palindromic repeats/CRISPR-associated protein 9) were success-
fully introduced to edit genomes of malaria parasites [9-13]. These
methods appear to improve the efficiency of gene editing in both
human Plasmodium falciparum and rodent Plasmodium yoelii para-
sites [11-15], although the efficiencies of traditional gene editing
methods for rodent malaria parasites are generally higher than
those of human malaria parasite P. falciparum [11-13].

For a typical CRISPR/Cas9-mediated editing experiment in
malaria parasites, the Cas9/sgRNA complex first introduces a
double-strand break (DSB) at a specific locus in the genome. The
DSB is then repaired by homologous recombination (HR) using
exogenous DNA donor template because the error-prone nonho-
mologous end joining (NHE]) pathway is absent in Plasmodium [16].
For editing the genome of P. falciparum, the Cas9/sgRNA expression
cassette and donor DNA template were delivered into parasites in
two separate vectors with each plasmid carrying a different drug
resistant gene (selection marker)[11,13-15]. After electroporation,
parasites transfected with the vectors were enriched by selection
of two drugs simultaneously [11,13,14]. For the rodent malaria
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parasite P. yoelii, a single vector system was used because limited
independent selection markers were available for the parasites. In
the one-vector plasmid (pYC) design, all components, including the
genes encoding the Cas9 protein, the human dihydrofolate reduc-
tase (hDHFR) for positive selection with pyrimethamine (Pyr), the
sgRNA, and the donor template DNA were included in the plas-
mid vector [12]. After electroporation, pYC-transfected parasites
were enriched by Pyr selection. DSB at specific locus introduced
by Cas9/sgRNA complex required only transient expression of Cas9
and sgRNA from pYC plasmid. Gene modification at the targeted
locus could be generated by HR between genomic DNA and exoge-
nous pre-designed donor DNA. The pYC has been successfully
applied for gene deletion, gene tagging, and nucleotide replace-
ment in the genome of P. yoelii [12].

In the resulting engineered parasites of P. yoelii, the hdhfr marker
was maintained episomally instead of being integrated into the
parasite genome. After first-round gene editing, complete removal
of the episomal plasmid containing hdhfr marker is a prerequisite
for the sequential modification in the same parasite. Although the
number of episomal plasmid gradually decreases in the absence of
a selection drug, it generally takes several weeks or even months to
completely remove the episome in the parasite population because
of uneven partition of plasmids into the daughter cells during para-
site asexual proliferation [17].In our hands, the episomal DNA could
still be detected in transgenic parasites >50 days after the selection
drug was removed. To overcome this drawback, here we added a
selection marker, yFCU, into the pYC plasmid and performed neg-
ative selection to kill any parasite that carried the pYC plasmid
(expressing the yfcu gene). We applied this updated plasmid pYCm
system to tag a gene and then to delete two genes separately. We
showed that negative selection using 5-formylcytosine (5FC) could
efficiently remove the episomal vector in pYCm transfected par-
asites completely after tagging the endogenous Pyp28 gene with
mCherry. We then demonstrated that this episome-free modified
parasite could be subsequently modified again by deleting two
genes (Pyctrp and Pycdpk3, respectively). These improvements of
the CRISPR/Cas9 plasmid provide a new alternative for multiple
genetic modifications in the rodent malaria parasite P. yoelii.

2. Materials and methods
2.1. Plasmid construction

To replace the positive selection marker hdhfr with the com-
bined positive-negative selection marker hdhfr-yfcu in the original
pYC plasmid [12], we amplified partial coding fragment of hdhfi-
yfcu from plasmid GOMO that contains an hdhfr-yfcu fusion gene
[18] using PCR primers p22/p23 (seen in Fig. S1A). Replacement
of hdhfr in pYC plasmid with hdhfr-yfcu was performed using
LIC method as described previously [19], generating a new plas-
mid pYCm. The procedure for generating construct for targeting
gene tagging and gene deletion was as described previously [12].
To generate the pYCm vector for tagging gene PyP28 (Gene ID
PY17X_0515900 in PlasmoDB) with mCherry, we amplified the C-
terminal 621 bp coding region of p28 as the left arm, and 639 bp
from the 3’UTR region following translation stop codon as the
right arm, using primers listed in Table S1. DNA fragment encoding
mCherry was inserted between the left and right arms in coding
frame (Fig. S1B). One sgRNA was designed to target a site close to
the C-terminal of the coding region of PyP28 (Fig. S1B). To gener-
ate pYCm vector to interrupt the Pyctrp (Gene ID PY17X_0415800)
gene, we amplified 495bp 5’ flanking genomic regions as the left
homologous arm and a 493 bp coding region as right arms using
PCR primers listed in Table S1. The left and right arms were con-
nected by linker sequence in the pYCm plasmid (Fig. S1C). One

sgRNA was designed to target the site in the coding region to be
deleted (Fig. S1C). The deletion of the N-terminal partial coding
region also caused frame-shift mutation of the coding region and,
thus, gene inactivation. A construct for deletion of Pycdpk3 (Gene
ID PY17X_0410700) was similarly constructed (Fig. S1D).

2.2. Malaria parasite and parasite transfection

All transfections were performed on the P. yoelii 17XNL strain.
The parasite was propagated in ICR mice (female, 5-6 weeks old)
purchased from the Animal Care Center, Xiamen University. All
mouse experiments were performed in accordance with approved
protocols (XMULAC20140004) by the Committee for the Care and
Use of Laboratory Animals at the School of Life Sciences, Xiamen
University. The procedures for parasite transfection, Pyr selection,
and cloning were as described previously [12]. Briefly, parasites
were electroporated with purified circular plasmid DNA. Trans-
fected parasites were immediately intravenously injected into a
new mouse and placed under Pyr pressure (provided in drink-
ing water at concentration 7 mg/L) from day 2 post-transfection. A
small amount of blood sample was taken daily through tail clip and
Giemsa-stained for infected red blood cells (iRBCs). Pyr resistant
parasites usually appear 5-6 days during drug selection.

2.3. Negative selection with 5FC

The procedures for negative selection with 5FC were as
described by Orr et al. [20]| with minor modifications. Briefly, 5FC
(Sigma, USA) was prepared in water at a final concentration of
2.0 mg/ml and was provided to the animals in a dark drinking bot-
tle. A naive mouse receiving parasites with residual plasmid from
previous Pyr selection was subjected to 5FC pressure for 8 days,
with a change of drug at day 4.

2.4. DNA preparation and confirmation of genetic modifications

Blood samples from infected mice were collected from the
orbital sinus, and RBCs were lysed using 1% saponin in PBS. Para-
site genomic DNAs were isolated using DNeasy Blood kits (Qiagen)
after washing off hemoglobin and were used in PCR amplifica-
tions. For gene deletion and gene tagging, targeted modification
was confirmed by PCR using two pairs of primer to detect 5’ and 3’
integrations (seen in Fig. S1). To estimate the amount of pYC and
pYCm plasmid in the parasite populations, we used two indepen-
dent primer pairs from the plasmid backbone to amplify the DNAs.
All PCR primers used are listed in Table S1.

2.5. Ookinete culture in vitro

Ookinetes were prepared according to the procedure described
previously [21]. Briefly, infected blood was injected intraperito-
neously into mice that were made anemic by phenyl-hydrazine
treatment over a three-day period. Approximately three days after
infection, 200 .l of infected blood containing gametocytes was
obtained from the orbital sinus and mixed immediately with 1 ml
ookinete culture medium. The mixture was incubated at 22 °C for
20-24h to allow gametogenesis, fertilization, and ookinete differ-
entiation. Ookinetes formation was monitored by Giemsa staining
of smears of the cultured cells. Cultured ookinetes were pelleted
for 2min at 5000 rpm, washed twice with PBS, and fixed with
4% paraformaldehyde/0.0075% glutaraldehyde on poly-L-lysine
coated glass slides for 30 min. After 3 washes with PBS, cells were
stained with 2 pg/ml (in PBS) Hoechst33342 to visualize nuclei. All
images were captured and processed using identical settings in the
Zeiss LSM 780 laser scanning confocal microscope with a 63x/1.49
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Fig. 1. Negative selection with 5FC removes pYCm plasmid episome in Plasmodium yoelii. A. Schematic of construction of pYCm plasmid vector expressing selection mark-
ers/genes encoding human dihydrofolate reductase (hdhfr) and a yeast gene encoding a bifunctional protein (yFCU) with cytosine deaminase (CD) and uridyl phosphoribosyl
transferase (UPRT) activities driven by Pbeeflaa promoter. B. pYC and pYCm episome detection using PCR after sequential Pyr and 5FC selection. Primers (p) used are shown
in (A) and listed in Table S1. C. Parasites completely lost pYCm episome via 5FC selection and become sensitive to Pyr selection again. Scale bar=10 wm. D. Asexual growth
of pYC and pYCm transfected parasites after sequential Pyr and 5FC selection. Parasitemia was counted daily for 13 days after infection. The data points were means from

three mice in each group.

NA oil objective. Results were obtained from three independent
experiments.

2.6. Mosquito infection and observation of parasites in
mosquitoes

For mosquito infection, 50 female Anopheles stephensi
mosquitoes were allowed to feed on anaesthetized infected
mice that carried comparable numbers of gametocytes as deter-
mined by Giemsa staining for 20 min. Mosquito midguts were
dissected days 1 and 4 post-infection. Midguts were washed
twice with PBS and then fixed with 4% paraformaldehyde/0.0075%
glutaraldehyde on slides for 30 min. After 3 washes in PBS, cells
were stained with Hoechst33342. Ookinetes expressing mCherry,
Hoechst33342-labeled parasite nuclei, and midgut epithelium
cells are observed using a Zeiss LSM 780 laser confocal micro-
scope. Twenty mosquitos were dissected day 7 post-infection,
and oocysts in the midguts were counted. Salivary glands were
isolated from 20 to 25 dissected mosquitos 14 days post-infection,
and sporozoites were counted under a microscope.

2.7. Ookinete motility assay

Ookinete motility was evaluated as previously described
[21,22]. All operations were carried out in a temperature-controlled
room (22°C). Twenty microliters of the ookinete cultures were
added to an equal volume of Matrigel (Corning, USA) on ice, mixed
thoroughly, applied to a slide, and sealed with nail varnish after
addition of a coverslip. The slide was then allowed to set at 22°C
for 30 min. After identifying a field containing ookinetes, time-
lapse videos (1 frame every 20 s, for 20 min) were taken to monitor
ookinete movement using a 40x objective lens on a Nikon ECLIPSE
E100 microscope fitted with an ISH500 digital camera controlled

by the ISCapture v3.6.9.3_N software (Tucsen, Fuzhou, Fujian, P.R.
China). Time-lapse movies were analyzed with Fiji and the Manual
Tracking plugin. Speed of motility was calculated by dividing the
distance the individual ookinete covered by the total tracking time.
Results were obtained from three independent experiments.

3. Results
3.1. Construction of pYCm plasmid and double drug selections

To facilitate removal of episomal plasmid from parasites after
the first round of gene editing, we constructed a plasmid (pYCm)
with positive and negative drug selection markers hdhfr-yfcu
(Fig. 1A). We tested the feasibility of removing the pYCm episomal
plasmid by sequential drug selections after electroporation of P.
yoelii 177XNL with pYCm and pYC (as control) plasmids, separately.
Pyr-resistant parasites emerged in both YC and pYCm transfected
groups 5-6days after injection of parasites into mice, indicating
proper introduction and replication of plasmids inside the parasite
cells. Pyr was then replaced with 5FC to kill parasites with episo-
mal plasmid pYCm expressing the yfcu gene. After 5FC treatment
for 8 days, the episomal plasmid could not be detected in the pYCm-
transfected parasites (Fig. 1B), which suggests complete removal of
the pYCm plasmid. In contrast, the pYC plasmid containing no yfcu
gene could be easily detected 22 days after 5FC treatment (Fig. 1B).

We next treated the 5FC-selected parasite with Pyr to function-
ally confirm the loss of episomal pYCm in the parasite population.
Indeed, the double-selected pYCm parasites were again sensitive
to Pyr pressure and were completely killed at day 2 (Fig. 1C), indi-
cating no pYCm intracellularly. The pYC parasites grew normally
under Pyr pressure, indicating the existance of episomes confer-
ring drug resistance (Fig. 1C). We also compared the growth rates
of both pYCm and pYC parasites after sequential Pyr and 5FC selec-
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Fig. 2. Tagging of endogenous PyP28 gene with mCherry gene in Plasmodium yoelii. A. pYCm plasmid construct for tagging PyP28 with mCherry. The plasmid contains donor
template for homologous recombination repair after double-strand break (DSB, thunderbolt) targeting PyP28-terminal was induced by Cas9/sgRNA complex. p indicates the
positions of PCR primers used. B. PCR products detecting genomic integration of mCherry into genomes of the parasites transfected with pYC and pYCm, respectively. C. PCR
detection of mCherry integration in cloned parasites. Primer p9/p6 pairs were used for monitoring the existence of episome plasmid. D. Detection of episome plasmid in
parasite clones pYC-sc1 and pYCm-sc1 during 5FC selection. No plasmid was detected in the pYCm-sc1 clone day 8 post-selection. E. Blood smears of mice infected with
parasites transfected with pYC-sc1 or pYCm-sc1, respectively, and selected with 5FC. Clone pYCm-sc1 completely lost the episomal plasmid after 5FC selection and became

Pyr sensitive (no parasite detected day 2). Scale bar=10 pm.

tion. We found comparable growth rates between the two parasite
populations (Fig. 1D), suggesting that additional 5FC selection did
not affect parasite growth in the mice.

3.2. Tagging endogenous P28 gene with mCherry

To apply the pYCm plasmid for genome editing, we first tagged
the P. yoelii gene (PyP28) encoding a 28 kDa ookinete surface protein
with mCherry gene encoding a red fluorescence protein. Plas-
modium P28 protein is expressed abundantly in activated female
gamete, zygote, ookinete, and young oocyst [23,24]. Antibody-
based immuno-detection of P28 protein expression was widely
used in studies of parasite gametocyte activation and ookinete
formation [25]. To tag the endogenous PyP28 gene with red flu-
orescence protein mCherry gene, we made two constructs based
on the pYC and pYCm plasmids, respectively. The constructs con-

tained a 621 bp C-terminal region of the PyP28 gene followed by
mCherry gene and a 639 bp 3’-untranslated region (3-UTR) of PyP28
gene (Fig. 2A). After electroporation of P. yoelii 17XNL with the
plasmids separately and injection of the transfected parasites into
mice, we treated the mice with Pyr in drinking water for 6 days.
In both pYC and pYCm transfected parasites, independent genomic
recombinations with both left and right homologous arms were
detected using PCR analysis (Fig. 2B). We then obtained two par-
asite clones from each transfection (pYC-sc1, pYC-sc2, pYCm-sc1,
and pYCm-sc2) after limiting dilution cloning. All four clones had
the expected replacement of endogenous PyP28 locus with donor
template (Fig. 2C), indicating successful C-terminal tagging of the
PyP28 gene with mCherry.

To remove the intracellular episomes containing hdhfr marker,
5FC selection was applied to parasite clones pYC-sc1 and pYCm-
sc1. Amplification of DNAs showed reduction of plasmid DNA in the
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pYCm-sc1 parasites on day 4 post-selection and absence of the plas-
mid on day 8 and day 22, but not the pYC-sc1 parasites (Fig. 2D). To
confirm the complete loss of the plasmid, we treated 5FC-selected
pYCm-sc1 parasites with Pyr again and showed that the parasites
were sensitive to Pyr. Indeed, no live 5FC-selected pYCm-sc1 par-
asite was found day 2 post-Pyr treatment (Fig. 2E). In the pYC-sc1
group, parasites containing the pYC plasmid proliferated normally
under Pyr pressure (Fig. 2E). These results demonstrate that pYCm
can be used to remove parasites with episomal plasmid carrying
drug selection marker for further genetic modifications.

3.3. P28::mCherry parasite develop normally throughout the
Plasmodium life cycle

We next evaluated the development of the parasite having
mCherry-tagged P28 in mice and in mosquito. Both asexual and sex-
ual stages of the parasite appeared to develop normally and were
comparable to those of wild type 17XNL parasite (Fig. S2A and B).
Furthermore, the numbers of midgut oocysts at day 7, and sali-

vary sporozoites at day 14, were similar between the 17XNL wild
type and P28::mCherry parasites (Fig. S2C and D). We also obtained
P28::mCherry blood stage parasites after mosquito biting (data not
shown). All these data indicate that the engineered P. yoelii 17XNL
P28::mCherry parasite develops normally throughout the life cycle.

We next investigated the stage-specific expression of mCherry
reporter and detected no mCherry signal in asexual stages and
gametocytes (Fig. 3A). After gametocyte activation, strong mCherry
expression was observed in the cytoplasm in the female gametes,
fertilized zygotes, and in the retort and mature ookinetes (Fig. 3A).
Furthermore, we analyzed the mCherry expression in ookinetes in
midguts of infected mosquito. Crescent-shaped mCherry-positive
ookinetes were observed on the monolayer midgut epithelium,
locating either in the lumen or basal side of the midgut at day 1
post-blood feeding (Fig. 3B). However, mCherry expression was
completely lost in the oocysts at day 4 post-infection. These results
showed that P28:mCherry protein was expressed normally in this
engineered parasite and is consistent with those observed using
anti-P28 antibody staining [23-25].
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Fig. 4. Genetic deletion of Pyctrp or Pycdpk3 caused defects in ookinete motility. A. pYCm construct for deleting the Pyctrp gene. B. pYCm construct for deleting Pycdpk3 gene.
The plasmid contains donor template for homologous recombination repair after double-strand break (DSB, thunderbolt) was induced by Cas9/sgRNA complex. p indicates
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and 3’ homologous integration in P28::mCherry parasite transfected with Pycdpk3-deleting plasmid. E. PCR analysis of clonal parasites with targeted Pyctrp deletion. SC1-SC3
are three individual parasite clones. F. PCR analysis of clonal parasites with Pycdpk3 deletion. SC1-SC4 are four individual parasite clones. G. Ookinetes gliding speeds of
parental P28::mCherry, APyctrp and APycdpk3 parasites detected using Matrigel Motility assay. Speed of at least 20 individual cultured ookinetes was measured over a 20 min
period. Living ookinete gliding was recorded as time-lapse videos (Videos S1-S3). H. Midgut oocyst counts 7 days after mosquito feeding with parasite-infected mice. Results

are representative of two independent experiments.

3.4. Sequential gene deletion in P28::mCherry parasite

To test whether the P28::mCherry clone could be used for addi-
tional genome editing, we attempted to delete two genes (Pyctrp
and Pycdpk3) in the genome of parasites, separately. Pbctrp and
Pbcdpk3 genes in Plasmodium berghei were previously disrupted,
leading to complete loss or severe defect in ookinete motility,
respectively, and absence of oocysts in the midgut [26-29]. We con-
structed two plasmids based on pYCm to disrupt the endogenous
Pyctrp and Pycdpk3 gene in the P28::mCherry parasite, respectively
(Fig. 4A and B). For both constructs, Pyr-resistant parasites emerged

6-7 days post-transfection. Targeted integrations of left and right
homologous arms were detected from both transfected parasites
after PCR analysis (Fig. 4C and D). We obtained three cloned para-
sites with disrupted Pyctrp and three clones with disrupted Pycdpk3
gene after limiting dilution cloning (Fig. 4E and F).

To confirm the functional role of Pyctrp and Pycdpk3 in ookinete
motility, ookinete gliding motility of the Pyctrp and Pycdpk3
mutants (APyctrp and APycdpk3) were investigated using Matrigel
motility assay as previously reported [21]. Cultured ookinetes from
17XNL P28::mCherry parasite had a gliding speed of 5-13 um/min
(Fig. 4G and Video S1), which is similar to those of P. berghei
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ookinetes [21]. However, the ookinetes with disrupted Pyctrp dis-
played a complete defect in forward gliding motility (Fig. 4A and
Video S2), although ookinete bending was still observed (Video S2).
Similarly, ookinetes without Pycdpk3 had a dramatically reduced
forward gliding motility (Fig. 4A and Video S3). Furthermore, no
midgut oocyst was observed in Anopheles stephensi mosquitos
infected with APyctrp and APycdpk3 mutants 7 days after feeding
(Fig. 4H). These results confirm functional disruption of the genes
and support an essential role of CTRP and CDPK3 in ookinete motil-
ity in both rodent malaria parasites P. berghei and P. yoelii. The
experiments also demonstrate successful modification of parasite
genes after removal of a drug selection marker from prior gene
editing.

4. Discussion

Functional investigations of malaria parasites often require mul-
tiple rounds of gene editing or editing of more than one gene. For
example, it may be necessary to delete or to tag more than one
copy of a multi-gene family. To confirm a specific gene function,
it is often necessary to delete a gene first and then re-introduce
the original or a modified gene back into the genome to partially
or completely reinstall a gene function. However, successive mod-
ifications in the genome of the same parasite line are frequently
hampered by limited availability of independent drug-selectable
markers, particularly for rodent malaria parasites. Six selectable
markers are now available for genome modification in P. falci-
parum [3]. For rodent malaria parasites, there are only three related
selectable markers/genes available, including Toxoplasma DHFR-
thymidylate synthase (tgDHFR-TS), P. berghei DHFR-thymidylate
synthase (pbDHFR-TS), and hDHFR, all of which confer resistance to
Pyr. hDHFR also confers resistance to WR99210. Thus, for sequential
editing in rodent malaria parasites, either tgDHFR-TS or pbDHFR-
TS must be used first, and transgenic parasites are selected with
Pyr. The parasites are then selected with WR99210 after intro-
duction of the hDHFR marker. Development of methods to edit
a parasite genome multiple times by re-using a selectable drug
marker will greatly facilitate the investigation of gene functions.
Our study developed and tested a CRISPR/Cas9-based re-useable
selection system for two rounds of gene editing for rodent malaria
parasite P. yoelii, which can also be modified and applied for other
malaria parasites, including P. falciparum.

In our previous study, we developed a CRISPR/Cas9-based vec-
tor pYC to successfully modify P. yoelii genome, including gene
deletion, gene tagging, and nucleotide replacement [12]. In this
system, homologous repair of DSB introduced by CRISPR/Cas9 com-
plex requires transient expression of Cas9/sgRNA and hDHFR from
the pYC vector without integration of the drug resistance gene
(hdhfr) into the parasite genome. In theory, the lack of integration
of drug resistance gene into parasite genome will allow removal of
the episomal plasmid after removal of drug pressure. In practice,
we consistently detected episomal plasmid in transgenic parasites
weeks or even months after removal of Pyr pressure, which is con-
sistent with the results from a previous report on P. berghei parasite
[17]. The results suggest that episomal plasmids may remain within
aparasite population for along time in the absence of drug pressure.
To overcome the problem, we introduced into pYC plasmid a sec-
ond negative selection marker (yfcu/5FC) that has been widely used
for recycling of selection marker and for successive modification of
a parasite genome [20,30]. We showed that negative selection by
5FC could completely remove episomal plasmid from transfected
parasites within a few days. Because the CRISPR/Cas9 system does
not lead to integration of a drug marker into the genome, it is more
efficient to obtain a parasite that is totally free of drug marker than

the traditional methods that often result in vector integration into
the genome.

We applied our plasmid vector to successfully tag Pyp28 with
mCherry gene, removed the plasmid with hdhfr gene after 5FC selec-
tion, and then used the same plasmid backbone to disrupt Pyctrp or
Pycdpk3 gene. We also evaluated the expressions of the genes and
the functional effects of the genes. Our results also show that both
the Pyctrp or Pycdpk3 genes are critical for ookinete motility and
oocyst development in mosquito midgut, supporting the observa-
tions in P. berghei. These results advance our understanding of P.
yoelii development in mosquito and may facilitate identification of
reagents to block parasite transmission.
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