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Abstract The deadliest form of human malaria is pri-

marily caused by the protozoan parasite Plasmodium fal-

ciparum. These parasites establish pathogenicity in the

human host with a very low number of sexual forms or

gametocytes, which are transmitted to the mosquitoes.

Several studies have reported that exposing artemisinin-

sensitive P. falciparum rings to a low concentration of

dihydroartemisinin (DHA) results in dormancy, and the

artemisinin-induced dormant (AID) forms are recovered

into normal growth stages after 5–20 days. In this study,

artemisinin-resistant P. falciparum parasites were tested for

the development of AID forms and their recovery. Inter-

estingly, it was found that exposure of an asynchronous

culture of artemisinin-resistant P. falciparum IPC 5202 to

DHA, a line carrying a mutation in the PfK13 gene that is

linked to artemisinin resistance, also results in dormancy.

Both the ring and some late stages of these AID forms

recovered after 10–15 days. Furthermore, a high proportion

of the recovered dormant forms developed into sexual

forms or gametocytes after 3–4 weeks, which is almost a

7–8 times higher rate of conversion of asexual to sexual

forms (gametocytes) or the malaria transmissible forms. In

contrast, only early ring forms of artemisinin-sensitive

parasites recovered slowly, and additional exposure of

these parasites to artemisinin resulted in complete clear-

ance within a week. This is in contrast to the resistant

parasites exposed to a second dose of artemisinin, which

resulted in a very high rate of dormancy and recovery into

sexual forms or gametocytes.
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Introduction

Among the five species of Plasmodium parasites that cause

human malaria, Plasmodium falciparum is the deadliest

(Organization WHO 2016). Malaria parasite goes through

both asexual and sexual developmental stages to complete

its life cycle. The asexual development occurs in human or

in other primate hosts, while the sexual development

occurs in a mosquito vector. During the asexual develop-

ment of P. falciparum in the human host, a very small

proportion of asexual schizonts are committed to the

development of sexual forms or gametocytes (Talman et al.

2004; Bruce et al. 1990; Eksi et al. 2012; Josling and Linas

2015; Smith et al. 2000; Silvestrini et al. 2000). These

gametocytes are the transmissible forms of malaria para-

sites to mosquito vectors from vertebrate hosts (Drakeley

et al. 2006; Eksi et al. 2012). Currently, there is no malaria

vaccine available, but anti-malarial drugs have been used

to treat and control malaria transmission for the last several

decades (Organization WHO 2016). Antimalarial drug use

has resulted in the development of P. falciparum parasites

resistant to quinolones, folates and recently, artemisinin

derivatives (Bousema et al. 2006; Mockenhaupt et al.

2005a, b; Oesterholt et al. 2009; Organization WHO 2016;

Abdul-Ghani et al. 2015; Straimer et al. 2015). In addition

to conferring resistance to antimalarial drugs, the resistant

parasites have enhanced transmissibility to mosquito vec-

tors (Abdulla et al. 2016; Dondrop et al. 2009;
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Mockenhaupt et al. 2005a, b; La Bras and Durand 2003;

Mendez et al. 2002; Makanga 2014; Mockenhaupt et al.

2005a, b; Abdul-Ghani et al. 2014). The increased trans-

missibility is associated with antimalarial drug-induced

stress on the parasite, which favors increased gametocyte

production, which in turn results in increased transmission

of drug-resistant malaria (Abdulla et al. 2016; Peatey et al.

2009). The antimalarial drug artemisinin was initially very

effective in treating malaria. However, the continued use of

oral artemisinin-based monotherapies contributed to the

development of resistance to artemisinin and its derivatives

(Cheng et al. 2012; Dondrop et al. 2009; Mockenhaupt

et al. 2005a, b; Organization WHO 2016; Teuscher et al.

2010, 2012). Later, artemisinin combination therapy (ACT)

was introduced in which artemisinin was the principle

component (Organization WHO 2016). ACT offered

higher clinical efficacy against P. falciparum, reduced the

pace at which resistance developed, and lowered gameto-

cyte prevalence and density (Adjuik et al. 2004). Very

recently, artemisinin-resistant P. falciparum lines have

been identified in malaria-endemic regions, and mutations

in the P. falciparum k13 gene encoding a Kelch-propeller

(K13-propeller) domain-containing protein have been cor-

related with artemisinin resistance (Ariey et al. 2014;

Straimer et al. 2015; Witkowski et al. 2013).

Importantly, among the antimalarial drugs used to date,

only artemisinin and primaquine have gametocytocidal

properties and activity against most asexual stages of P.

falciparum. Artemisinin has a very short life, which is why

the treatment failures were common when used as

monotherapy. A partner drug was needed to clear the

remaining parasites once artemisinin is out of the system.

Also because artemisinin need free heme/iron for activa-

tion, mature stages which digests large amounts of hemo-

globin are more susceptible to artemisinin as compared to

early ring stages. Because artemisinin has short half-life

and early rings are a bit refractory to it, by extending ring

stages parasites can survive and recrudesce, resulting in

treatment failure. Nevertheless, very early ring forms

(0–3 h old rings) can survive after 6 h of exposure with a

clinically-relevant concentration (700 nM) of artemisinin,

and the measurement of the percentage of rings that survive

after the treatment has become a standard assay system

(known as the Ring-stage Survival Assay or RSA) for the

determination of artemisinin resistance in vitro (Ariey et al.

2014; Witkowski et al. 2013; Xie et al. 2016). Several

studies have shown that these early rings are refractory to

immediate clearance, and they tend to survive longer as

growth-arrested dormant stages (Cheng et al. 2012; Teu-

scher et al. 2012; Teuscher et al. 2012; Tucker et al. 2012).

These dormant parasites recrudesce days after treatment

with artemisinin (Cheng et al. 2012). In clinical settings,

the elimination of these stages may be achieved by ACTs

with other known malarial drugs but there is no clear

evidence to support this conclusion.

However, artemisinin-induced dormancy, and its rele-

vance to the development of resistance and transmissibility

is not clearly understood. In particular, artemisinin-induced

development of dormant forms among resistant parasites

has not been studied. In this report, studies were conducted

on the development of artemisinin-induced dormancy

(AID) by using an artemisinin-resistant (tolerant and not

cleared) P. falciparum parasite with a mutated Pfk13 gene

identified by Straimer et al. 2015. The recovery of AID

forms and their transformation into asexual and sexual

forms (gametocytes) were analyzed, and it was found that a

very high percentage of AID forms resulted in gameto-

cytes. The outcome of this study provides information to

help understand the role of Pfk13 gene mutations in the

development of dormancy among the artemisinin-tolerant

parasites and their further development into gametocytes.

Materials and methods

Materials

The O? human erythrocytes used for the P. falciparum

in vitro culture were obtained from the Interstate Blood

Bank (Interstate Blood Bank, Inc. Memphis, TN Center).

Erythrocytes were separated from leukocytes by using a

Sepacel filter (Baxter Healthcare Corp., Memphis, TN).

A? human serum was also obtained from the Interstate

Blood Bank, pooled and heat-inactivated as described

previously (Cohn et al. 2003). RPMI, glutamine, hypox-

anthine and the antibiotic gentamicin were obtained from

Invitrogen (Invitrogen�). Glycerolyte 57 (57% glycerol,

16 g/L of sodium lactate, 300 mg/L of KCl and 25 mM

sodium phosphate) was purchased from Baxter/Fenwal.

Methods

Preparation of P. falciparum growth medium

Plasmodium falciparum culture medium consisted of

RPMI (Invitrogen, Cat # 21870-084) supplemented with

the following components: 10% pooled and heat-inacti-

vated A? serum, 2 mM L-Glutamine, 0.2% D-glucose,

0.2 mM Hypoxanthine pH 7.5, 25 mM Hepes buffer pH

7.5, 0.02 mg/L Gentamicin and 0.24% sodium bi-carbon-

ate. The reconstituted medium was filtered through an

0.22 lM filter unit (Corning Cat # 530758). The complete

RPMI medium was stored at 4 �C for a maximum of

2 weeks.
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In vitro culture of asexual stages (rings, trophozoites

and schizonts) of P. falciparum

Plasmodium falciparum strain NF54 parasites and P. fal-

ciparum IPC5202 (listed in Table 1) used in this study

were obtained from BEIR (www.bei.org). Asexual stages

of these parasites were cultured as described previously

(Eksi et al. 2012; Cohn et al. 2003; Trager and Jensen

1976).

In vitro culture of P. falciparum gametocytes

In vitro culture of various stages of P. falciparum game-

tocytes was performed as described previously (Eksi et al.

2012).

Determination of gametocytemia

Gametocytemia was monitored by daily microscopic

examination of methanol-fixed blood smears from in vitro

cultures. Smears were stained with 5.0% Giemsa for

40 min, rinsed, and dried prior to viewing. Approximately

1000 red blood cells (RBCs) per experimental slide were

counted and gametocytes, as well as stages present on

examination, were recorded.

Establishment of artemisinin induced dormant

(AID) forms of P. falciparum

In order to establish P. falciparum AID forms in vitro, the

artemisinin-resistant line P. falciparum IPC 5202 was

cultured to 10% asexual stages containing rings, tropho-

zoites and schizonts, and this mixed culture was treated

with various concentrations of DHA. DHA-treated cultures

were recovered by centrifugation, washed and the parasites

were exposed a second time with various concentrations of

DHA. At this point almost all of the parasites reached

pyknotic forms known as Artemisinin Induced Dormant

forms (AID forms). The development of gametocytes was

monitored by maintaining the culture for extended periods

of time with daily media change without the addition of

any new erythrocytes. Gametocytemia was calculated by

manual counting of both asexual stages and gametocytes in

Giemsa-stained thin blood smears.

Results

Almost all antimalarial drugs currently used to control P.

falciparum malaria parasite growth and development target

the asexual-stages, and all available data suggest that most

of these drugs have no effect on gametocytes. The goal of

the elimination of malaria will be achieved only by the

development of antimalarial drugs that not only kill the

asexual parasite but also block transmission by either

reducing gametocytogenesis or gametogenesis. Peatey

et al. (2009) tested 8 different commonly used anti-

malarials against asexual stages of P. falciparum and found

an increased gametocytogenesis in all antimalarial drug-

treated cultures.

Antimalarial drug-resistant P. falciparum mutant

parasites possess a transmission advantage

compared to susceptible parasites

A few other studies also found that the increased gameto-

cytogenesis results in the transmission of antifolate- and

chloroquine-resistant P. falciparum. For example, resis-

tance mutations in the Pfdhps, Pfdhfr and Pfcrt genes result

in a malaria transmission advantage compared to wild-type

parasites under drug pressure (Mayke et al. 2009). Also, in

addition to a transmission advantage of Pfcrt mutant par-

asites in the human host, a higher gametocyte prevalence or

density has also been observed (Mendez et al. 2002; Hallett

et al. 2004). Studies using Atovaquone-resistant parasite

lines also showed an increased gametocytogenesis in the

presence of atovoquine and transmission [MS thesis (Aylor

(2010)]. In the current study, AID form development and

the gametocytogenesis profile of an artemisinin-resistant P.

falciparum IPC 5202 parasite are reported.

Development of AID forms in artemisinin-sensitive

P. falciparum parasites

In contrast to most other anti-malarial drug resistance

mechanism, artemisinin resistance is defined as delayed

parasite clearance following treatment with an artesunate

monotherapy or with an artemisinin-based combination

therapy (ACT). Unlike other antimalarials, in artemisinin-

sensitive parasites such as NF54 treated with 700 nM

artemisinin for 6 h, AID forms result but the treatment of

Table 1 Artemisinin-resistant and -sensitive P. falciparum parasites and the altered amino acid (aa) positions in Pfk13 are provided

Parasite ID # Common name Genetic change Altered aa position Phenotype

MRA-1240 PfIPC5202 AGA-ACA R539T Resistant

MRA-1000 PfNF54 Wild-type No change Sensitive

460 J Parasit Dis (July-Sept 2019) 43(3):458–463

123

http://www.bei.org


these AID forms with another dose of DHA results in

complete clearance of these forms within a few days, and

further development of sexual forms or gametocytes is not

observed in those artemisinin-sensitive parasites. The

development of AID forms in several artemisinin-sensitive

P. vinckei parasites have also been observed previously

(LaCrue et al. 2011). The development of AID forms in

artemisinin-resistant parasites have not been tested

previously.

Development of AID forms in artemisinin-resistant

P. falciparum and upregulation of gametocytogenesis

In this study, the development of AID forms was tested in

an artemisinin-resistant parasite identified in previous

studies by Straimer et al. 2015. The P. falciparum parasites

used in this study are listed in Table 1. P. falciparum IPC

5202 and P. falciparum NF54 were exposed to 700 nM of

DHA for 6 h in an in vitro P. falciparum culture system (P-

700; primary concentration of DHA), after 6 h the drug was

removed by centrifugation and washing with RPMI. AID

forms were analyzed by Giemsa-stained blood smears

(Fig. 1, Panel B). These drug-exposed cultures were

maintained for 5–7 days in drug-free growth medium in the

in vitro culture conditions. On day 5–7, it was observed

that the artemisinin-exposed P. falciparum IPC 5202 par-

asites showed a slow recovery from dormancy (data not

shown). At this time point, the culture was divided into

four equal portions, and parasites were collected by cen-

trifugation. One portion was treated with a second dose of

700 nM (S-700; Secondary concentration of DHA) of

DHA for 6 h (P-700-S-700-6h), a second portion was

treated with a second dose of 700 nM of DHA for 24 h (P-

700-S-700-24h), a third portion was treated with 100 nM

of DHA for 70 h (P-700-S-100-70h), and a fourth portion

was maintained without any secondary treatment of DHA

(P-700). These cultures were incubated at 37 �C for

15–35 days with daily media changes. The gametocyte

development was monitored every other day by blood

smearing and final gametocytemia was calculated when

they reached stage IV or V. As a control, a standard

gametocyte culture was maintained for P. falciparum IPC

5202 without any added DHA (No DHA). As shown in

Fig. 2, the development of sexual forms varied with the

duration and concentration of DHA. In particular, longer

exposure with a low concentration of DHA resulted in an

effective conversion of AID forms into gametocytes in P.

falciparum IPC 5202 and gametocytes were not observed

in P. falciparum NF54 (data not shown).

Conclusions and discussion

These results suggest that artemisinin-resistant parasites

exposed to 700 nM concentration of DHA, which is

equivalent to * 100 times more than the IC50 (7–8 nM)

of artemisinin, resulted in the formation of AID forms. A

second exposure of these AID forms with either the same

or lower concentrations of artemisinin resulted in the AID

forms acquiring a very high rate of conversion to sexual

forms or gametocytes. In particular, longer exposure of the

parasites with a lower concentration of DHA led to a very

Fig. 1 Artemisinin-Induced Dormant (AID) forms of an artemisinin-

resistant P. falciparum line. P. falciparum parasite PfIPC5202 was

cultured in vitro in the absence of (a) or exposure to DHA (b) for 6 h,

washed and allowed to grow for another 16 h in the absence of DHA.

Giemsa-stained blood smears were prepared and photographed using

a phase contrast microscope. a shows various asexual stages such as

rings, trophozoites and schizonts, b depicts the AID forms marked by

a red arrow (color figure online)

Fig. 2 Upregulation of gametocytogenesis in AID forms: P. falci-

parum IPC 5202 was exposed to 700 nM of DHA for 16 h and the

culture was maintained for 5 days. On day 5, the culture was divided

into four equal portions. One portion, Bar #3 (P700-S700-6h), was

treated with a second dose of 700 nM of DHA for 6 h, a second

portion, Bar #4 (P700-S700-24h), was treated with a second dose of

700 nM of DHA for 24 h, a third portion, Bar #5 (P700-S100-70h)

was treated with 100 nM of DHA for 70 h, and a fourth portion, Bar

#2 (P700S0) was maintained without any further treatment of a

second dose of DHA.. These cultures were incubated at 37 �C for

20-40 days with daily media changes. The gametocyte development

was monitored every other day and final gametocytemia was

calculated when they reached stage IV or V. As a control, a standard

gametocyte culture was maintained for P. falciparum IPC 5202

without any added DHA, Bar #1 (no DHA). P-first dose of DHA;

S-second dose of DHA

J Parasit Dis (July-Sept 2019) 43(3):458–463 461

123



high rate of conversion of AID forms into gametocytes. It

is alarming to note that treatment of P. falciparum-infected

patients with infrequent and lower doses of DHA may

result in the upregulation of gametocyte production and the

eventual transmission of artemisinin-resistant P. falci-

parum malaria. This also indicates that caution should be

exercised in administrating an effective dose of artemisinin

for a complete removal of parasites from the blood stream.

Further studies using additional artemisinin-resistant para-

sites are required to identify specific domains in the Pfk13

protein that are involved in the formation of AID forms and

gametocyte development in P. falciparum, and their further

transmission of malaria.
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