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Abstract

Background: Mutations in the Plasmodium falciparum k13 gene are associated with artemisinin (ART) resistance.
However, it is unclear whether the F446] mutation, the most prevalent allele at the China—Myanmar border and north
of Myanmar, is associated with ART resistance. Therefore, the aim of this study was to investigate the role of this muta-
tion in ART resistance by generating transgenic parasites expressing the F446] mutant allele.

Methods: The transgenic parasites carrying the F446l or C580Y mutation in both 3D7 and FCC1/HN isolates were
generated by single crossing-over recombination and verified using PCR and gene sequencing. The ring-stage sur-
vival assay of 0-3 h (RSA,_3},) was used to evaluate ART susceptibility of the transgenic parasites in vitro.

Results: Four transgenic parasite lines named 30746/ mut 3780 mut pCCy /HNF446IMUt 3ng FCCT/HNSBOY MUt yere
successfully generated. These parasite lines showed no changes in the expression level of k713 when compared with
their parent parasite isolates. However, introduction of the F446] mutation in k73 of the 3D7 and FCC1/HN isolates
led to elevated ring survival rates detected using RSA,_; ,, when subjected to both 700 and 20 nM concentrations of
dihydroartemisinin. The survival rates were similar to those detected in the parasite lines with the C580Y mutation.

Conclusions: Insertion of the F446] mutation in k73 led to increased ring survival, suggesting that this mutation may
be associated with ART resistance and could be used as a molecular marker for monitoring ART-resistant parasites.
The results also highlights the importance of surveillance of F4461 mutants for containing the resistant parasite.
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Background

Artemisinin (ART) is a quick, effective anti-malarial
drug that was discovered in China [1, 2]. Since ART-
based combination therapies were recommended by the
World Health Organization (WHO) as a first-line treat-
ment of malaria in 2005, the global malaria burden has
significantly declined [3]. However, in 2008, ART resist-
ance was reported in Plasmodium falciparum para-
sites in western Cambodia; a delay in clearance time
was observed in infected patients who had received the
standard 3-day treatment [4, 5]. The resistance has spread
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across the mainland of Southeast Asia, including Cambo-
dia, Thailand, Vietnam, Myanmar, and China—Myanmar
border areas [6, 7]. The spread of ART resistance, par-
ticularly in Africa, will certainly threaten global malaria
control programmes. Therefore, efficient tools, such as
molecular markers, for the detection and surveillance of
ART-resistant parasites are urgently required to contain
the spread of the resistance.

Currently, tools available for the detection and surveil-
lance of ART-resistant malaria parasites include meas-
urement of in vivo parasite clearance rates and ring-stage
survival assay of 0-3 h (RSA,_;) that is well correlated
with in vivo parasite clearance rates [8]. The K13 propel-
ler gene of P. falciparum (k13; PF3D7_1343700) has been
identified as a molecular marker for monitoring ART-
resistant parasites [9]. A single mutation after position
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440 in k13 is associated with slow parasite clearance rates
in vivo and high parasite survival rates in vitro [7, 10].
The prevalent mutant alleles of kI3 in the Thai—Cam-
bodian/Thai—-Myanmar border areas are C580Y, Y493H,
R539T, and 1543T, while that in the northern Myanmar
and China—Myanmar border areas is F446I [7, 9, 11].
Mutant alleles such as C580Y and R539T have been
confirmed to be correlated to ART resistance charac-
terized by long in vivo parasite clearance half-lives after
ART treatment and high RSA,_; survival rates [9, 12].
In addition, the association of the C580Y mutation with
ART resistance was also confirmed through introduc-
tion of the mutation into k13 [13]. However, F4461 is the
most prevalent mutant allele of k13 at the China—Myan-
mar border and in northern Myanmar. Previous study
reported that of 392 isolates from the China—Myanmar
border, 128 had the F4461 mutation with a prevalence of
32.7% [11]. Two other studies showed the F446] muta-
tion with a prevalence of 36.5 and 27.2% in this area [14,
15]. It is unclear whether this mutation is associated with
ART resistance. Therefore, homology recombinant tech-
nology was used to introduce the F4461 mutation in k13
gene of 2 distinct laboratory strains, 3D7 and FCC1/HN,
of P. falciparum and investigate the impact of the muta-
tion on ART susceptibility.

Methods

Parasite culture

The parasite culture was maintained in vitro in RPMI
1640 (Sigma-Aldrich, USA) with 10 mM HEPES (Invitro-
gen, California), 20 pg/ml hypoxanthine (Sigma-Aldrich,
USA), 50 pg/ml gentamicin (Sigma-Aldrich, USA), 0.17%
NaHCO; (Sigma-Aldrich, USA), and 5 mg/ml Albu-
MAXII (Gibco, USA). Plasmodium falciparum lines were
propagated in human O™ erythrocytes (obtained from
Changhai Hospital) and maintained at 37 °C in 5% CO,
and 90% N,. The parasites were synchronized using 5%
D-sorbitol, as described previously [16]. Briefly, the cul-
tured parasites were pelleted and treated with sorbitol
at room temperature for 15 min and washed with non-
serum RPMI1640 medium and maintained in standard
culture medium.

Construction of the pARL-PfK13F44¢! and pARL-PfK13¢580Y
recombinant plasmids

The pARL-GFP plasmid containing the drug screening
gene hDHFR was used to construct the pARL-PfK13744¢!
and pARL-PfK13“*8%Y recombinant plasmid. The full-
length k13 gene with F4461 mutation and 1563 bp of
the C-terminal of k13 gene was amplified using overlap-
ping PCR. The primers for amplifying fragments with
F4461 were as follows: 1350 bp 5'-terminal fragment was
amplified by primer pair of PARL-F (GCagatctATGGAA
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GGAGAAAAAGTAAAAACAAAAG) and K13-446-R
(TCCACCTATACAAATTACTAATGGG); while 831 bp
3/-terminal fragment was amplified by primer pair of
K13-446-F (CCCATTAGTAATTTGTATAGGTGGA)
and PARL-R (GCggtaccT TATATATTTGCTATTAAAAC
GGAGTG). The two fragments were combined by PCR
through overlapping sequences to generate the full length
k13 gene with F4461 mutation by primer pair of PARL-
F and PARL-R. Similar strategy was used to generate
the1563 fragment of k13 gene with C580Y mutation: the
1128 bp upstream fragment was amplified by primer pair
of PARL-A-F (GCagatctAACGGAATTAAGTGATGC
TAGTG) and K13-580-R (AGCAACATACATAGCTGA
TGA) while the 435 bp downstream fragment by K13-
580-F (GCTATGTATGTTGCTTTTGAT) and PARL-R.
The resulting fragments were cloned into the pARL-GFP
plasmid by using the restriction sites Bg/Il and Kpnl
(Fermentas, USA) to generate recombinant plasmids of
PARL-P/K13F¢! and pARL-PK13“*8%Y, The recombi-
nant plasmids were purified using the Endo Free Plasmid
Maxi Kit (Qiagen, Germany).

Parasite transfection

Synchronous P. falciparum 3D7 and FCC1/HN (isolated
from Hainan Province and established for in vitro con-
tinuous cultivation in 1978) parasites were transfected
with the recombinant plasmids as described previously
[17]. Briefly, P. falciparum parasite culture with a high
synchronous ring stage was prepared at 5% parasitaemia.
270 ul Cytomix buffer (120 mM KCl, 10 mM KH,PO,,
25 mM HEPES, 2 mM EGTA, 0.15 mM CacCl,, and 5 mM
MgCl,) was mixed with 100 pg of the plasmid, and then
with 50% haematocrit of the infected erythrocytes. The
mixture was transferred to a 0.2-cm cuvette (Bio-Rad)
and electroporated using the Bio-Rad MicroPulser with
voltage 310 V and 950 pF. The transfected culture was
selected using 2.5 nM WR99210 (Jacobus Pharmaceu-
ticals) after 48 h until the WR99210-resistant parasites
were obtained. DNA was extracted using QIAmp Mini
kits (Qiagen, Germany) and detected by PCR using
primers hDHFR, P3/P4, P4/P5, and P3/P6. The primers
for identification of transfected parasites were as fol-
lows: hDHFR-F: TTAATGTATTATTCCAATGTGCAT
GAT, hDHFR-R: GTACTTAATGCCTTTCTCCTCCTG;
P3: ACCATGATTACGCCAAGC; P4: AAAACGAAC
ATTAAGCTGCC; P5: AACAAGGCGTAAATAT TCG
TGT; P6: ATAAGAACATTTAAAATTTCTTCATT. The
sequences of the modified k13 gene were confirmed by
DNA sequencing. RNA extracted from the F4461 mutant
parasite was digested by DNasel (Sigma-Aldrich, USA)
for 15 min in room temperature before transcribed to
c¢DNA. The full-length of k13 gene was amplified from
the ¢cDNA of F446] mutant parasite and subcloned to
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pEASY-T1 cloning Vector (purchased from Transgen
Biotech, China). The primers for amplification were as
follows: K13-F: ATGGAAGGAGAAAAAGTAAAAACA
AAAG; K13-R: TTATATATTTGCTATTAAAACGGA
GTG. The RNA of F446] mutant parasite after digestion
was used as template to amplified k13 gene as a no-RT
control. The k13 gene in the pEASY-T1-K13 recombinant
plasmid was sequenced using the primers of M13 as fol-
lows: M13F-GTAAAACGACGGCCAGT; M13R-CAG
GAAACAGCTATGAC.

Antibody and western blot

The antibody against k13 protein was produced by Gen-
Script Corporation (USA). Briefly, a synthetic peptide
(MEGEKVKTKANSISC) was conjugated with keyhole
limpet haemocyanin and formulated with adjuvant. Rab-
bits were immunized for 4 times at 2-week intervals.
The polyclonal antibodies were affinity-purified with
peptides.

Western blot was performed as described previously
[18]. Briefly, the parasite culture was pelleted and resus-
pended with 10 volumes of phosphate-buffered saline
(PBS). Next, 3% saponin was added to lyse the erythro-
cytes at 0.03% final concentration on ice for 15 min, and
the mixture was centrifuged. The pellets were washed 2
times with PBS and resuspended with a suitable volume
of buffer A (20 mM HEPES, 10 mM KCl, 1.5 mM MgCl,,
1 mM EDTA, 1 mM EGTA, 50 mM NaCl, 0.65% NP-40,
1 mM DTT, and 1x protease inhibitor cocktail). The
mixture was incubated for 1 h at 4 °C and centrifuged at
14,000 rpm to obtain the supernatant. The supernatant
was separated by 10% SDS-PAGE gel and detected using
PfK13 polyclonal antibody (1:200). The Actin (Abcam-
ab40854) was used as the loading control (1:1000). The
secondary antibody was IRDye800CW goat anti-rabbit
(LI-COR) diluted at 1:5000.

RSA,_;;, assay

RSA,_; , was performed as described previously [8].
Briefly, P, falciparum parasites were synchronized 2 times
with 5% sorbitol to obtain tightly synchronous early-ring
stage. The initial culture was prepared at 1% parasitae-
mia and 2% haematocrit, and then was exposed to 700 or
20 nM DHA (Sigma-Aldrich, USA) for 6 h. Then, the cul-
ture mixture was washed 3 times with non-serum 1640
culture medium, and cultured again for 66 h. The viable
parasites were counted using a microscope in Giemsa-
stained thin smears. The survival rate was calculated
using Ps/Pc x 100%, where Ps is the parasitaemia in the
DHA treatment group, while Pc is the parasitaemia in the
control group. The counting was performed by two dif-
ferent experienced laboratories. Each assay was repeated
for 3 times independently, with each group setting three
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technical repetitions. Each technical repetition was
counted for 40,000 erythrocytes.

Results

Generation of constructs for transfection of the parasites
To generate the recombinant plasmids for the transfec-
tion, the fragments of k13 gene were produced with either
F4461 or C580Y mutations by using PCR. For construc-
tion of the replacement F4461, 2 DNA fragments cover-
ing the entire k13 gene (2181 bp) were amplified from
the genomic DNA of P. falciparum. The two fragments
were combined using PCR with an overlapping sequence
of 15 bp in which a point mutation of T to A was intro-
duced, resulting in changes to the corresponding amino
acid residue from phenylalanine (F) to isoleucine (I) (des-
ignated as PAK13F46Imut gene). The full-length PAK13F44€!
Mt gene contains the 5’ cleavage site of Kpnl and 3/ cleav-
age site of BglIl, which allowed cloning of the entire gene
into the vector pARL-GFP through corresponding sites
in the vector and generation of the recombinant plasmid
designated as pARL-K13"4¢!, The substitution of T to A
in the PK13F446I mut gene was verified by DNA sequenc-
ing. The overall strategy for the preparation of PfK13F44¢!
™ s outlined in Fig. 1a.

A similar strategy was used for the generation of the
PfK13%80Y mut gene However, in this case, only a trun-
cated k13 gene (1563 bp) was amplified instead of the full
gene. This is because of the position of the C580Y muta-
tion near the C-termini and that only a partial sequence
of the gene is needed for single crossing-over recombina-
tion. Similarly, two fragments covering the truncated k13
gene were amplified and combined using PCR. A point
mutation of G to A at nucleotide position 1739 was intro-
duced through the overlapped neighbouring sequences
of the 2 fragments, resulting in a change from cysteine
(C) to tyrosine (Y) (designated as PfIK13°58%Y gene).

Generation of transgenic parasites
Two distinct laboratory strains of P falciparum, 3D7
(designated as 3D7"") and FCC1/HN (FCC1/HN""), were
used for the transfection. Parasites in the high synchro-
nous ring stage were transfected with individual recom-
binant plasmids by electroporation, as described above
(Fig. 1b). The transfected culture was selected using
2.5 nM WR99210 at 48 h post-electroporation until the
WR99210-resistant parasites were visible. Cloning of the
resistant parasites was performed by limiting dilution.
The resulting clones with the replacement F4461 were
designated as 3D7F46! mut and FCC1/HNFHOI mut Jineg
(Fig. 1c), and the clones with the replacement C580Y, as
3D7P80Y mut gy d FCC1/HNC8Y mut jines (Fig. 1d).

The genomic DNA of each parasite clone was pre-
pared for PCR verification of the integrations and mutant
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a Generation of PfK13 fragment with the mutations
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Fig. 1 Strategy for generation of constructs for parasite transfection. a PCR amplification of k73 gene with F4461 mutation. b Insertion of
PAK1346 MUt into the vector to generate the pARL-K13 4% recombinant plasmid. ¢ Integration of PK1374%' ™t into the target locus of the parasite
chromosome. d Integration of PK13<%8%Y MUtintg the target locus of the parasite chromosome
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allele replacements. The P5 primer is located in 5 UTR
of k13 in the chromosome while the P4 primer in 3'UTR
of Pb DHFR-TS gene that is located in the plasmid. As
shown in Fig. 2a, a 2371-bp fragment was amplified from
the transgenic parasite lines with either F446l or C580Y
mutation by using the P4/P5 primers, indicating that
both PAK13F46I mut and pAC13580Y mut were inserted into
the target locus by single crossing-over recombination.
No fragment was detected from their parent parasites,
3D7"" and FCC1/HN"! strains.

Similarly, the P6 primer is located in 3’ UTR of the gene
in the chromosome, and the P3 primer, in the plasmid.
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Successful amplification of 2195- and 1614-bp fragments
further demonstrated the correct integration into the loci
of PfK13 with F446I and C580Y mutations, respectively
(Fig. 2b). In addition, the fragments amplified by the
primer pair P4/P5 were sequenced, and the correct sub-
stitution of A for T for the F446] mutation and A for G
for the C580Y mutation was confirmed (Fig. 2c).

As shown in Fig. 1c, the transgenic parasite with the
F4461 mutation has two full-length k13 coding sequences,
the mutant and wild-type k13 alleles. To exclude the pos-
sibility that they are both expressed, we generated the
full-length k13 cDNA from the 3D7F446l ™t parasite and

a P5 F446l P5 C580Y
" —> \/
— 5UTR | K13 21dibp spp |—  —5UTR K13| 2181bp 3Pb{—
«— «—
P4 P4
PCR product M 1 234 56 7 809
2371 bp
mmm) 3000bp
b
P3 P3
—>
_7§l— hDHFR K13 2181bp  [3UTR [£/ _7§l— hDHFR K13 1563bp | 3UTR 7§L
«— «—
P6 P6
PCR product
2195 bp
' 3000bp
1614 bp
c F446l: Ttt— Att | C580Y: tGt—> tAt
\ i )
Fig. 2 Verification of the integration of the F446| mutation into the target locus. a PCR amplification using the indicated primers produced the
expected fragments in lanes 4, 5, 7, and 8 for the transgenic parasite lines, whereas no fragments were detected in the other lanes for the parent
parasites. Lanes 1-9: negative control, pARL-K13™4! plasmid, pARL-K13%%% plasmid, FCC1/HN®80Y MUt FCCT/HN46I MUt FCCT/HN W, 3D765807 mut
3D7F446IMUt and 307" b PCR analysis showed that the expected fragments were amplified from the transgenic parasites. Lanes 1-9, as indicated
above. ¢ Sequencing verification of the mutations from T to A for F4461 and G to A for C580Y
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subcloned the fragments into pEASY-T1 cloning vec-
tor for sequencing. As shown in result no k13 gene was
amplified by PCR in the no-RT controls (Fig. 3a, lane
1), indicating no contaminating of genomic DNA in the
sample. 12 clones of the recombinant plasmids contain-
ing the k13 gene were sequenced across the F4461 muta-
tion. Sequencing data showed that all the 12 clones
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showed the F4461 mutant alleles (none of them are wild-
type), indicating that only the mutant allele is expressed.
To investigate whether the integration of the mutant
alleles affected the expression of k13, the k13 expression
of each transgenic parasite clone were determined with
western blot. As shown in Fig. 3b, the expression levels
of k13 in both 3D7¢%80Y mut apd 3D7FHEI mut clones were

a Analysis of k13 allele in transgenic 3D7F446imut
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Fig. 3 Verification of only k13 with the F446] mutation expressed. a Analysis of expression of both the wild-type and mutant k13 alleles from the
3D7F40IMUt parasite. The gel blot shows the K13 gene amplified from the RNA extracted from the transgenic parasite (lane 1, no-RT control) and the
cDNA (lane 2); sequence analysis shows all the 12 clones have the F446] mutant alleles. b Western blot analysis of PfK13 expression in the transgenic
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similar to those in the 3D7"" line. Similar expression lev-
els of k13 were detected in FCC1/HN"' and the trans-
genic parasite lines FCC1/HN80Y mut and FCC1/HNF#46!

mut

Ring-stage survival of the transgenic parasites
with the F446] mutation
RSA,_;, was performed to evaluate the transgenic para-
site lines expressing F446I and C580Y mutants of kI3
for their susceptibility to DHA. First, ring survival rates
of both transgenic parasites and their parent lines were
measured when parasites were exposed to elevated con-
centrations of DHA. As shown in Fig. 4a, at the lowest
concentration of DHA (i.e., 5.5 nM), no significant differ-
ences in the ring survival rates of the 3D7"* and 3D7F44!
mut harasite lines were observed (p >0.05), while at 11, 22,
and 44 nM DHA, the ring survival rates of 3D7F446! mut
were significantly higher than that of 3D7** (p <0.05, 0.01,
and 0.001, respectively). At the concentrations beyond
44 nM, i.e., from 88 to 700 nM, no parasite was observed
in the 3D7"! parasite line, and different ring survival rates
were detected in the 3D7F4*I ™ [ine, A similar result was
obtained for the FCC1/HN46! mut Jine when compared
with its parent parasite strain (Fig. 4b).

Then 2 DHA concentrations (i.e., 20 and 700 nM) from
the above-mentioned experiment were selected to further

A 1007 s O 307w
2 B . Bl 3D7F46Imut
2 S04 *x
E L = *kk
s ST
2
2
5
o 34
o
£
44
o1

N T R CR S
The concentration of DHA (nM)

b 100+
_ =NS ] FCC1/HN"
§ 50- I o B FCC1/HNF4simut
¢ -0 Z =
B
<
a3 41
g
g 2]
o1

° R v o ® RN
The concentration of DHA (nM)

Fig. 4 Ring survival of transgenic and parent parasites exposed to

elevated concentrations of DHA. a Comparison of the survival of

3D7* and 3D7M46/ ™t parasites. b Comparison of the survival of

FCC1/HN"t and FCCT/HNF440I MUt narasites
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measure the ring survival rates of the F4461 and C580Y
mutant parasite lines. No parasite of the wild type strain
of 3D7"* could survive (survival rate: 0) when 700 nM
DHA was used, while the ring survival rates for the trans-
genic parasite lines of both 3D7F446l mut gpnd 3p7¢580Y mut
were similar at 0.73+0.10% and 0.91+0.11%, respec-
tively (Table 1). However, when 20 nM DHA was used,
both 3D7F46l mut and 3D7C580Y mut trapsgenic parasite
lines showed high ring-survival rates at 26.0 £1.48% and
33.08 +1.20%, respectively, whereas the 3D7*" parasites
showed a significantly lower survival rate at 3.15+0.13%
(p<0.05). Similar results were obtained after measuring
the ring survival rates of FCC1/HN F446l mut and FCC1/
HN ©580Y mut Jines when compared with the FCC1/HN™
strain (Table 1). FO8-27 isolate of P falciparum carry-
ing the C580Y mutation collected from China to Myan-
mar border showed high RSA survival rates [11] and is
used as a positive control in this study. The survival rate
of the F08-27 isolate was 8.27+0.63% and 65.8 +4.06%
when the isolate was treated with 700 and 20 nM DHA,
respectively.

For generating transgenic 3D7 parasites with the F446I
mutation, 7 clones were obtained by sub-cloning the
WR99210-resistant parasite by limiting dilution. Then
these clones were sequenced to confirm the presence of
F4461. All the clones showed increased levels of ring sur-
vival from 17.6 to 29.5% at 20 nM DHA when compared
with 3.15% survival of 3D7"" (Fig. 5). Interestingly, the
survival rate of one clone, 3D7F446I mut_p1. expressing the
F4461 mutant allele was 0 at 700 nM DHA, which is the
same as the wild type of the strain. The survival rate was
also lower than that of the other clones (17.6%) at 20 nM
DHA. The sequencing of the PfK13 gene of the 3D7"44¢!
M_F] clone showed an additional mutation at nucleo-
tide position 1156 from G to T, resulting in a change in
amino acid residue from valine to leucine at position 386

Table 1 The survival rates of transgenic parasite lines
with either F446] or C580Y mutation and their parental
strains (mean £+ SD)

Strains/lines RSA, 3,at DHA700nM  RSA( 3,
(%) at DHA 20 nM
(%)

3D7M 0 3154013
3D7C580Ymut 09140.11 33.08+1.20
3pyFeimut 0.734+0.10 2604148
Fcc1/HNM 0 2864044
Fcc1/HNG80Ymut 0.63+0.07 17.540.80
Fcc1/HNF44omut 0534006 1354041
F08-27 8274063 65.8+4.06

Each assay was repeated for three times independently, with each group setting
three technical repetitions
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Fig. 5 Ring survival of individual clones of 3D7F€' ™" transgenic
parasites. The survival rate of 3D7 compared with its different F446!
mutated sub-cloning under 20 and 700 nM DHA

(data not show). It is rare for multisite mutation to occur
in k13 in field isolates. Further investigation is required to
understand whether more than 1 mutation in k13 affects
the ART susceptibility of the parasite.

Discussion

ART resistance is evaluated in vivo by delayed parasite
clearance and in vitro by high ring survival rates with
RSAy_;  [8]. The resistant phenotypes are strongly
associated with a single mutation after amino acid posi-
tion 440 in k13 [7, 10]. Some kI3 mutations, such as
C580Y, R539T, Y493H, and 1543T, have been reported
to be associated with the resistance of parasites to
ART [9], and they are highly prevalent in the border
areas of Thai/Cambodia and Thai/Myanmar but rare
north of Southeast Asia, including north of Myan-
mar and China—Myanmar border region [7, 19, 20].
Interestingly, north of Southeast Asia, the most prev-
alent mutant allele of k13 is F446l. In previous study,
the result showed that the prevalence of this muta-
tion is 32.7% in the China—Myanmar border area and
this mutation was not detected in Thai/Cambodia and
Thai/Myanmar border regions [11]. From 2009 to 2012,
Huang et al. [15] conducted a therapeutic efficacy study
of artesunate in the China—Myanmar border region and
showed that the single mutation of F446I with a prev-
alence of 36.5% was significantly associated with pro-
longed parasite half-life and parasitaemia on day 3 after
treatment. However, several other studies have found
no correlation between this mutation and prolonged
parasite clearance time [7, 21]; however, the reason may
be the small sample sizes. A previous study found that
2 of 3 parasites with this mutation showed a parasite
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clearance time<5 h [22]. A recent study on the thera-
peutic efficacy of artemether—lumefantrine conducted
in the northeast region of India also found no correla-
tion of this mutation with delayed parasite clearance
[23].

In previous study, the ring survival rate of 27 isolates
with F4461 mutation were measured by using RSA;_ ;.
Of them, only 6 had a high ring survival rate (> Py value)
that was defined as the association with delayed parasite
clearance in vivo, and the ring survival rates of the other
isolates were below the Py value. The statistical analy-
sis indicated that the F446] mutant was not associated
with high ring-stage survival. Thus, there is much debate
on whether the F4461 mutation is associated with ART
resistance. In this study, F446I mutation in k13 was intro-
duced to the ART-sensitive 3D7 and FCC1/HN strains,
and the resulting transgenic parasite lines FCC1/HN F44¢!
mut and 3D7 F46I mut showed increased ring survival rates
at both 20 and 700 nM DHA concentrations. Moreover,
the survival rates of the transgenic parasites with the
F4461 mutation were similar to those of the parasites
with the C580Y mutation demonstrated to be correlated
with ART resistance. Thus, the result suggested the F446I
mutation may be associated with ART resistance.

The C580Y mutation in kI3 is a primary marker for
ART resistance and the most prevalent mutation in
western Cambodia where the resistant parasite was first
reported. Several transgenic parasite clones have been
generated in which the C580Y mutation was introduced
into the kI3 gene of various parasite isolates by using
the CRISPR-Cas9 technology or zinc-finger nucleases
[10, 13]. These transgenic clones showed elevated ring-
stage survival when compared with their parent para-
sites; however, the ring survival rates of these transgenic
parasite clones were variable. The 2 transgenic clones
expressing k13 C580Y showed survival rates of 11-15%,
while another transgenic FCB parasite clone express-
ing the C580Y allele showed a survival rate of 1.9% when
compared with the survival rate of 0.3% in the parent
FCB isolate. We generated both FCC1/HN®>8Y mut 5pq
3D7C58Y mut transgenic lines that showed 0.6340.07%
and 0.91£0.11% RSA,_s, survival at 700 nM DHA con-
centration, whereas the survival rates of their parent
parasites were 0%. Interestingly, when the DHA concen-
tration reduced to 20 nM, both transgenic lines showed
17.5+0.80% and 33.08£1.20% survival rates, whereas
their parent parasites showed only 2.86+0.44% and
3.15+0.13% survival rates, respectively. It could be con-
cluded that the introduction of both C580Y and F4461
mutations in kI3 of 2 distinct laboratory parasite strains
resulted in increased ring survival indicating that, similar
to the C580Y substitution, F4461 may play role in parasite
response to ART.
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Conclusions

In summary, the F446I mutation in k13 is the most prev-
alent allele at the China—Myanmar border and north of
Myanmar. In this study, this mutation is associated with
the increased ring survival rates by genetically introduc-
ing the mutation into the k13 gene of distinct ART-sensi-
tive laboratory parasite strains, suggesting that the F446I
mutation be used as a molecular marker for monitoring
ART-resistant parasites and highlighting the importance

of surveillance of F4461 mutants for resistant parasites.

Abbreviations
k13: P falciparum K13 propeller gene; ART: artemisinin; RSA;_3 ,: ring-stage
survival assay of 0-3 h; DHA: dihydroartemisinin.

Authors’ contributions

JW, DZ and WP conceived and designed the experiments. JW, YH, YZ and RY

performed the experiments. JW and WP analysed the data and drafted the
manuscript. All authors read and approved the final manuscript.

Author details

! Department of Tropical Infectious Diseases, Second Military Medical Uni-

versity, Shanghai 200433, China. % Institute for Infectious Diseases and Vac-

cine Development, Tongji University School of Medicine, 1239 Siping Road,
Shanghai 200092, China.

Acknowledgements

This study was supported by the National Natural Science Foundation of
China (81220108019). We thank Yilong Zhang for providing suggestions for
data analysis.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 6 December 2017 Accepted: 22 June 2018
Published online: 05 July 2018

References
1. TuY.The discovery of artemisinin (ginghaosu) and gifts from Chinese
medicine. Nat Med. 2011;17:1217-20.

2. Miller LH, Su X. Artemisinin: discovery from the Chinese herbal garden.

Cell. 2011;146:855-8.

3. WHO. World Malaria Report 2013. Geneva: World Health Organization;
2013. http://www.who.int/malaria/publications/world_malaria_repor
t_2013/report/en/.

4. NoedlH, SeY, Schaecher K, Smith BL, Socheat D, Fukuda MM, et al.

Evidence of artemisinin-resistant malaria in western Cambodia. N Engl J

Med. 2008;359:2619-20.

20.

22.

23.

Page 9 of 9

Dondorp AM, Nosten F, Yi P, Das D, Phyo AP, Tarning J, et al. Arte-

misinin resistance in Plasmodium falciparum malaria. N Engl J Med.
2009;361:455-67.

Tun KM, Imwong M, Lwin KM, Win AA, Hlaing TM, Hlaing T, et al.

Spread of artemisinin-resistant Plasmodium falciparum in Myanmar: a
cross-sectional survey of the K13 molecular marker. Lancet Infect Dis.
2015;15:415-21.

Ashley EA, Dhorda M, Fairhurst RM, Amaratunga C, Lim P, Suon S, et al.
Spread of artemisinin resistance in Plasmodium falciparum malaria. N Engl
J Med. 2014;371:411-23.

Witkowski B, Amaratunga C, Khim N, Sreng S, Chim P, Kim S, et al. Novel
phenotypic assays for the detection of artemisinin-resistant Plasmodium
falciparum malaria in Cambodia: in vitro and ex vivo drug-response stud-
ies. Lancet Infect Dis. 2013;13:1043-9.

Ariey F, Witkowski B, Amaratunga C, Beghain J, Langlois AC, Khim N,

et al. A molecular marker of artemisinin-resistant Plasmodium falciparum
malaria. Nature. 2014;505:50-5.

. Straimer J, Gnadig NF, Witkowski B, Amaratunga C, Duru V, Ramadani AP,

et al. Drug resistance. K13-propeller mutations confer artemisinin resist-
ance in Plasmodium falciparum clinical isolates. Science. 2015;347:428-31.

. Ye R, Hu D, Zhang Y, Huang Y, Sun X, Wang J, et al. Distinctive origin of

artemisinin-resistant Plasmodium falciparum on the China-Myanmar
border. Sci Rep. 2016;6:20100.

. Amaratunga C, Witkowski B, Khim N, Menard D, Fairhurst RM. Artemisinin

resistance in Plasmodium falciparum. Lancet Infect Dis. 2014;14:449-50.

. Ghorbal M, Gorman M, Macpherson CR, Martins RM, Scherf A, Lopez-

Rubio JJ. Genome editing in the human malaria parasite Plasmodium fal-
ciparum using the CRISPR-Cas9 system. Nat Biotechnol. 2014;32:819-21.

. Wang Z,Wang Y, Cabrera M, Zhang Y, Gupta B, Wu Y, et al. Artemisinin

resistance at the China-Myanmar border and association with muta-
tions in the K13 propeller gene. Antimicrob Agents Chemother.
2015;59:6952-9.

. Huang F, Takala-Harrison S, Jacob CG, Liu H, Sun X, Yang H, et al. A single

mutation in K13 predominates in southern China and is associated with
delayed clearance of Plasmodium falciparum following artemisinin treat-
ment. J Infect Dis. 2015;212:1629-35.

. Lambros C, Vanderberg JP. Synchronization of Plasmodium falciparum

erythrocytic stages in culture. J Parasitol. 1979;65:418-20.

. Zhang Q Huang, Zhang Y, Fang X, Claes A, Duchateau M, et al. A critical

role of perinuclear filamentous actin in spatial repositioning and mutually
exclusive expression of virulence genes in malaria parasites. Cell Host
Microbe. 2011;10:451-63.

. Towbin H, Staehelin T, Gordon J. Electrophoretic transfer of proteins

from polyacrylamide gels to nitrocellulose sheets: procedure and some
applications. Proc Natl Acad Sci USA. 1979;76:4350-4.

. Smith Gueye C, Newby G, Hwang J, Phillips AA, Whittaker M, MacArthur

JR, et al. The challenge of artemisinin resistance can only be met by
eliminating Plasmodium falciparum malaria across the Greater Mekong
subregion. Malar J. 2014;13:286.

Kyaw TT, Hlaing T, Thimasarn K, Mon KM, Galappaththy GNL, Plasai V, et al.
Containing artemisinin resistance of Plasmodium falciparum in Myanmar:
achievements, challenges and the way forward. WHO South East Asia J
Public Health. 2014;3:90-4.

. Miotto O, Amato R, Ashley EA, Maclnnis B, Almagro-Garcia J, Amaratunga

C, et al. Genetic architecture of artemisinin-resistant Plasmodium falcipa-
rum. Nat Genet. 2015;47:226-34.

Myint MK, Rasmussen C, Thi A, Bustos D, Ringwald P, Lin K. Therapeutic
efficacy and artemisinin resistance in northern Myanmar: evidence from
in vivo and molecular marker studies. Malar J. 2017;16:143.

Mishra N, Bharti RS, Mallick P, Singh OP, Srivastava B, Rana R, et al. Emerg-
ing polymorphisms in falciparum Kelch 13 gene in Northeastern region
of India. Malar J. 2016;15:583.


http://www.who.int/malaria/publications/world_malaria_report_2013/report/en/
http://www.who.int/malaria/publications/world_malaria_report_2013/report/en/

	Introduction of F446I mutation in the K13 propeller gene leads to increased ring survival rates in Plasmodium falciparum isolates
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Parasite culture
	Construction of the pARL-PfK13F446I and pARL-PfK13C580Y recombinant plasmids
	Parasite transfection
	Antibody and western blot
	RSA0–3 h assay

	Results
	Generation of constructs for transfection of the parasites
	Generation of transgenic parasites
	Ring-stage survival of the transgenic parasites with the F446I mutation

	Discussion
	Conclusions
	Authors’ contributions
	References




