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Pharmaceutical monotherapies against human malaria have proven
effective, although ephemeral, owing to the inevitable evolution of
resistant parasites. Resistance to two or more drugs delivered in
combination will evolve more slowly; hence combination therapies
have become the preferred norm in the fight against malaria. At the
forefront of these efforts has been the promotion of Artemisinin
Combination Therapy, but despite these efforts, resistance to
artemisinin has begun to emerge. In 2012, we demonstrated the
efficacy of the whole plant (WP)—not a tea, not an infusion—as
a malaria therapy and found it to be more effective than a compa-
rable dose of pure artemisinin in a rodent malaria model. Here we
show that WP overcomes existing resistance to pure artemisinin in
the rodent malaria Plasmodium yoelii. Moreover, in a long-term
artificial selection for resistance in Plasmodium chabaudi, we tested
resilience of WP against drug resistance in comparison with pure
artemisinin (AN). Stable resistance to WP was achieved three times
more slowly than stable resistance to AN. WP treatment proved
even more resilient than the double dose of AN. The resilience
of WP may be attributable to the evolutionary refinement of
the plant’s secondary metabolic products into a redundant, multi-
component defense system. Efficacy and resilience of WP treat-
ment against rodent malaria provides compelling reasons to
further explore the role of nonpharmaceutical forms of AN to treat
human malaria.
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The fight against malaria predates the discovery of its causative
agent, and for centuries malaria-associated fever was treated

using herbal remedies. In the West, quinine (Cinchona bark ex-
tract) was the only affordable treatment against malaria until Paul
Ehrlich’s magic bullet concept was adopted and thousands of
synthetic compounds were tested against malaria parasites. Very
few of these compounds were effective and/or safe for human use,
but in the 1930s chloroquine rose to ascendancy as a miracle cure
for malaria (1). In the late 1950s, chloroquine was the main
weapon used by the World Health Organization (WHO) in its
Global Malaria Eradication Program (GMEP). Sadly, development
of drug-resistant parasites and concomitant failure of chloroquine as
the drug of choice led to the eventual demise of GMEP by the close
of the 1960s. Following chloroquine’s failure, various antimalarial
compounds were serially deployed, and each in its turn failed as
parasites evolved resistance, thus leaving millions of malaria
patients without affordable treatment.
In the 1970s, artemisinin was discovered as a pure drug

extracted from the plant Artemisia annua. In wide-scale clinical
trials, pure artemisinin showed poor pharmacokinetic properties
but nonetheless demonstrated potent antimalarial activity with
a high safety profile (2). It was determined that artemisinin when
modified to artesunate or artemether improved bioavailability
and was more effective when used in combination with other
antimalarial drugs, mainly mefloquine, which became known as
Artemisinin Combination Therapy (ACT) (3). It was hoped that

use of ACTs would minimize risk of drug resistance. However, in
2005 the earliest evidence of P. falciparum resistance to ACTs
arose in Southeast Asia (4–8). The fight against malaria became
critical once again when it became apparent that ACT might be
following chloroquine’s path toward obsolescence with no af-
fordable replacement in sight.
We demonstrated the efficacy of the whole A. annua plant as

a malaria therapy and found it to be more effective than a com-
parable dose of pure artemisinin in a rodent malaria model (9).
WHO has cautioned against use of nonpharmaceutical sources of
artemisinin because of the risk of delivering subtherapeutic doses
that could exacerbate the resistance problem (10). This warning
is valid given the low artemisinin content of juice extractions,
teas, and infusion preparations of plant material used for most
nonpharmaceutical plant-based therapies. However, the Whole
Plant (WP) A. annua therapy that we have tested is not an ex-
traction, a tea, or an infusion, but is based on oral consumption
of the dried leaves of the whole plant. Based on our proof of
principle in a rodent model, we postulate that with further de-
velopment WP might provide a more abundant and affordable
source of artemisinin-based therapy by eliminating the need for
artemisinin extraction during manufacture.
WP may be more effective than monotherapeutic artemisinin

because WP may constitute a naturally occurring combination
therapy that augments artemisinin delivery and synergizes the
drug’s activity. This plant Artemisinin Combination Therapy
(pACT) is the result of evolutionary refinement of the plant’s
secondary metabolic products into a resilient and multicom-
ponent defense system. As was demonstrated for other com-
bination therapies, we hypothesized that a WP-based pACT
would (i) overcome existing resistance to monotherapeutic pure
artemisinin and (ii) increase the longevity of this therapy by
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delaying the onset of parasite resistance among wild types. Here,
we tested these two hypotheses in two mouse malaria models,
artemisinin-resistant Plasmodium yoelii (strain: ART) and arte-
misinin-sensitive Plasmodium chabaudi (strain: ASS).

Results and Discussion
Previously, we found that dried leaves of whole-plant A. annua
killed P. chabaudi malaria parasites more effectively than a
comparable dose of pure artemisinin (AN) (9). In that experi-
ment, malaria-infected mice received one of two doses of oral
artemisinin—low (LO) (24 mg/kg) or high (HI) (120 mg/kg)—by
one of two delivery modes—AN (pure artemisinin) or WP (whole
plant). Thus, the factorial arrangement of four treatment groups
was created: ANHI, ANLO, WPHI, and WPLO. Control group
(CON) mice received only mouse chow. Here we used a similar
experimental design to show that dried whole-plant A. annua
effectively kills rodent malaria parasites that are resistant to
artemisinin. Mice given a high, single dose (WPHI) showed signifi-
cantly greater reduction in parasitemia than those in the ANHI

group for each measurement point from 16 to 48 h posttreatment
(Fig. 1). Parasitemias of mice treated with ANLO did not differ from
control at any point, whereas treatment with WPLO (24 mg AN/kg)
was as effective as ANHI, despite the fact the ANHI dose contained
five times more AN/kg (Fig. 1). In these single-dose studies, all
parasite populations recrudesced around day 5 posttreatment,
which is typical of this self-limiting parasite model.
To test whether WP could completely clear infection with re-

peated dosing, WPHI (120 mg/kg/day) was administered daily for
9 consecutive days. This multidose treatment reduced P. yoelii
(ART) parasitemia below 2% for 7 days post-infection (p.i.) and
to less than 1% from day 8 until complete clearance of para-
sitemia on day 14 p.i. Mice from WP treatment groups appeared
normal and showed no signs of sickness. Infected groups of mice
treated with comparable multiple doses of pure ANHI (120 mg mg/
kg/day) for 9 days had mean parasitemia of 6% through day 7. As
expected, ANHI showed little effectiveness against these resistant
parasites that followed the normal course of self-limiting infection
and eventual clearance 18 d p.i. (Fig. 2). Cured mice in WP and AN
groups were monitored by Giemsa-stained thin blood smears taken
every 72 h from day 24 until mice were euthanized on day 42, and
no recrudescence was observed.
Having demonstrated that WP is effective against artemisinin-

resistant rodent parasites, we conducted an artificial evolution
experiment to compare rates at which resistance to these two
treatment modalities arises among wild-type parasite lines. The
long-term selection of drug resistance in Plasmodium chabaudi
parasites was achieved by the 2%-relapse technique developed
and used by Peters et al. to select for parasites that are resistant
to a variety of antimalarials (11–13). The parameter 2% delay
time (2%DT) measures treatment efficacy as the difference (in
hours) required for treated and untreated hosts to reach para-
sitemia of 2% infected red blood cells. Parasites susceptible to
treatment proliferate slowly (or not at all) and thus take longer
to reach 2% parasitemia (i.e., high 2%DT), whereas resistant
parasites reach 2% parasitemia at the same rate that untreated
parasites do (i.e., 2%DT = 0). As reported by Peters et al.,
fluctuations in 2%DT are a general feature of the 2%-relapse
technique (11–13). The initial delay times relative to control
were 2%DT = 65 h and 2%DT = 122 h for AN and WP, re-
spectively, with the starting dose of 100 mg/kg. Stable resistance
to that dose of AN was achieved at passage 16, which was the
third consecutive passage with 2%DT < 1 h. On passage number
17, the AN dose was increased to 200 mg/kg. Parasites acquired
tolerance to this double dose after 40 passages with consistent
2%DT < 4 h, with the exception of passage number 45 when 2%
DT spiked to 18 h and then returned to <4 (Fig. 3). The com-
parable dose of WP (100 mg/kg) was far more resilient, and

although efficacy waned to 2%DT < 1 h after 45 passages,
complete resistance to WP was never achieved (Fig. 3). Thus, WP
treatment of 100 mg/kg was more resilient than the doubled dose
of pure AN (200 mg/kg). P. chabaudi generally develops resistance
to antimalarial drugs faster than other rodent malaria species, so
these results are probably conservative (13). Our results are con-
sistent with another selection study using a combination therapy
of artesunate 30 mg/kg/day + mefloquine 5 mg/kg/day given over
3 days, wherein resistance was achieved in P. chabaudi after
27 passages (14). Just as ACT treatment is more resilient than
pure AN alone (15), WP treatment is also more resilient than pure
AN because WP treatment contains multiple and complementary
compounds effective in killing malaria parasites, including those
parasites resistant to pure AN.
Emergence of artemisinin-resistant malaria parasites raises

the urgent need for alternative treatment that is affordable, re-
silient, and effective against resistant parasites. In our previous
study, we reported that antimalarial activity of whole-plant
A. annua was at least five times more effective than an equivalent
dose of pure AN (9). Here we also show that dried whole-plant

A

B

Fig. 1. AN-resistant P. yoelii (ART) single-dose WP and AN treatments. Arrow
indicates time of treatment. (A) Mean parasitemia (±SD) for (light green)
WPHI-treated and (dark blue) ANHI-treated mice; both treatments correspond
to a total artemisinin dose of 120 mg/kg, but WPHI is delivered as whole dried
plant as opposed to ANHI, which is delivered as pure drug. (B) Mean para-
sitemia (±SD) for (light green) WPLO-treated and (light blue) ANLO-treated
mice receiving the equivalent of 24 mg/kg of artemisinin. Placebo control
(red) received only mouse chow. All treatements and control were run si-
multaneously, but the plots are presented separately by dosage to show
comparisons between delivery methods.
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material of A. annua is more effective in killing malaria parasites
resistant to artemisinin and that WP is more resilient than pure
AN and may actually delay the onset of resistance. Although the
exact mechanisms still need to be identified, the antimalarial
activity of WP against artemisinin-resistant parasites can be
explained by increased bioavailability of artemisinin, synergism
among artemisinin and other A. annua constituents, and/or the
presence of other compounds in A. annua that may have anti-
malarial activity independent from artemisinin. The efficacy and
resilience of A. annua-based WP treatment against rodent
malaria provides compelling reasons to further evaluate the role
of more holistic and nonpharmaceutical forms of artemisinin to
treat human malaria.
A. annua has found a number of different practical uses in

agriculture and public health. These include repellency against
beetles (16), larvicidal activity against Anopheles stephensi (17),
insecticidal activity against elm leaf beetle (18), and use as an
acaricide (19). Moreover, AN and its derivatives have effects on
a number of viruses (20), a variety of human cancer cell lines (20,
21), and several neglected tropical parasitic diseases including
schistosomiasis (22), leishmaniasis (23, 24), New- and Old-World
trypanosomiases (25), and some livestock diseases (26).
To better understand the reasons behind the efficacy of a plant

in killing mammalian parasites, we must consider carefully plant
biology and evolution. Similar to animals, plants have an adap-
tive and inducible defense system; however, instead of antibody
production, plants will release or produce a plethora of small
toxic molecules to repel or kill natural enemies including viruses,
bacteria, fungus, parasites, insects, and animals. These small
molecules may include terpenoids, alkaloids, and flavonoids
(27). Evolutionarily successful plant species such as A. annua
possess large arrays of bioactive compounds providing robust
protection against micro and macro threats (28, 29). Many of the
bioactive secondary metabolites of A. annua are synthesized and
stored in glandular trichomes, which are small cusps of epider-
mal origin consisting of differentiated basal, stalk, and apical
cells. The glandular trichomes of A. annua are specialized to
synthesize, store, and secrete large amounts of phytochemicals
including artemisinin, other terpenoids, and flavonoids (29–31).

The A. annua chemical defense system also includes allelo-
pathic factors that may inhibit neighboring plants from germi-
nating or growing. Artemisinin has potent herbicidal activity (32,
33) in the electron transport in chloroplast thylakoid membranes
(30). That these defenses are also effective at killing a mamma-
lian blood-borne parasite seems at first coincidental; however,
there is a plausible evolutionary explanation for this cross-species
protection. Malaria parasite cells contain apicoplasts, which were
derived initially from the same ancestral cyanobacterial endosym-
biont that gave rise to chloroplasts in plants (34), so it is reasonable
that both are targets of artemisinin.
It is well known that the bacterial origin of the apicoplast

renders malaria parasites susceptible to antibiotics such as
fosmidomycin and doxycycline. Fosmidomycin inhibits deoxy-
xylulose 5-phosphate reductoisomerase, the second enzyme of
the nonmevalonate isoprenoid biosynthetic pathway located in
the plastids of plants and the apicoplast of Plasmodium sp (27,
35, 36). Doxycycline inhibits transcription and translation of
prokaryotes by blocking its replication and malaria parasite cell
death (34, 35). The presence of plant-like organelles and path-
ways in parasites that are absent in the human host present
intriguing prospects for co-opting herbicidal compounds as
medicaments (37). Various plant-extracted herbicides already
have been found to have specific parasite-killing activity against
apicomplexan parasites including P. falciparum, Cryptosporidium
parvum, and Toxoplasma gondii (38). These herbicides may be
synthetic or, as with the WP therapy discussed here, derived from
natural products.
Among the phytochemical repertoire that is synthesized and

located in the glandular trichomes are the terpenoids, the es-
sential oil constituents of A. annua that give the plant its fra-
grance (39). Terpenoids are composed of 5-C isoprene units
and/or their dimethylallyl isomers and may include extensive
branching and cyclization. Plasmodium spp. possess their own
terpenoid pathway within the apicoplast that is essential for the
growth and replication of intra- and extraerythrocytic stages (35,
36). Some plant-derived terpenoids have been shown to disrupt

Fig. 2. AN-resistant P. yoelii (ART) curative treatment. Mice were infected
with AN-resistant P. yoelii (ART) and treated with either ANHI or WPHI daily
for 9 consecutive days starting on day 2 postinfection. Blue line indicates
mean parasitemia of ANHI-treated mice (n = 6) and green line represents
means parasitemia of WPHI with error bars representing SD. Days with sig-
nificant difference in mean parasitemia are indicated with “**” (P < 0.01).

Fig. 3. Experimental evolution of drug resistance in P. chabaudi (ASS) fol-
lowing the 2% relapse technique. Selection for resistance in P. chabaudi
required more passages in mice administered WP (green) than in mice re-
ceiving AN (blue). Drug efficacy (y axis) is measured as the difference in time
to reach 2% infected red blood cells between treated and untreated ani-
mals. Consistent with evolution of resistance, drug efficacy (2%DT) waned
over time for all groups. However, AN ceased impairing parasite replication
by passage 16, whereas the equivalent dose of WP never resulted in total
loss of efficacy. When 2%DT for “AN (100 mg/kg)” reached zero, the dose of
AN was doubled (200 mg/kg), but this only temporarily restored drug effi-
cacy as stable resistance to that dose was achieved by passage 46.
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apicoplast function, resulting in parasite death (40). For example,
nerolidol inhibits biosynthesis of the isoprenic chain (41), and
limonene inhibits protein isoprenylation in the erythrocytic stages
of P. falciparum (42). The IC50 of nerolidol, linalool, limonene,
and farnesol against P. falciparum are 760 nM, 0.28 mM, 1.22 mM,
and 64 μM, respectively (43). Monoterpenes isolated from euca-
lyptus oil (80% 1,8-cineole) inhibit chloroquine-resistant and
chloroquine-sensitive P. falciparum by mechanisms thought related
to membrane disruption (44). Moreover, several other mono- and
sesquiterpenes in A. annua have shown activity against malaria
parasites (45, 46). The ability of plants to produce a virtually un-
limited diversity of terpenoids by elongations, cyclizations, and
secondary chemical transformations increases the potential for
redundant and robust parasite-killing activity (27, 47).
As in the challenge experiments against malaria parasites, al-

lelopathic activity is higher for the whole plant than a compa-
rable dose of pure artemisinin when incorporated into soil (48).
The higher allelopathic activity of whole-plant A. annua versus
its pure extracted artemisinin is attributable to the synergism
among A. annua constituents (48) and/or the presence of other
constituents of A. annua that have potent herbicidal activity
(49). This same synergism between A. annua constituents has
been reported to potentiate the antimalarial activity against
P. falciparum (9, 45, 50–52).
The improved antimalarial activity of WP over pure AN may

possibly be explained by enhanced bioavailability of artemisinin
due to inhibitory effects of some A. annua flavonoids on the
hepatic and intestinal cytochrome P450 enzymes that metabolize
artemisinin (53, 54). Plant material enhanced by >40-fold the
amount of artemisinin that entered the blood stream (55). The
presence of plant material even from mouse chow also signifi-
cantly increased the amount of artemisinin that appeared in the
serum (54).
Whole-plant A. annua may also have increased activity against

malaria parasites due to the synergism among some key fla-
vonoids and artemisinin (9, 50–52) or by the antimalarial activity
of other A. annua constituents independent from artemisinin.
A. annua flavonoids including artemetin, casticin, chrysosplenetin,
chrysosplenol-D, cirsilineol, eupatorin, isovitexin, kaempferol,
luteolin, myricetin, quercetin, and rutin showed antimalarial activity
against chloroquine-sensitive (HB3 and 3D7) and chloroquine-
insensitive (Dd2, 7G8, K1, and FCR3) strains of P. falciparum in the
absence of artemisinin (45, 46, 56–58). Their IC50 values ranged
from about 2.9 to 72.5 μM. There was no significant change in the
IC50 based on chloroquine sensitivity for the tested flavonoids,
suggesting that the flavonoids are acting on targets distinct from
those of chloroquine.
The likelihood of developing resistance is greater for a single

antimalarial compound than for a combination of compounds.
Increased resilience of WP relative to a comparable dose of pure
AN is consistent with this notion. Resilience of WP may be
explained by the presence of a large phytochemical repertoire of
small molecules that target many active enzymatic sites essential
for malaria parasite survival and growth, making it more difficult
for parasites to accumulate necessary resistance mutations in
the ensemble of genes responsible for encoding those essential
target sites.
The 19th-century conceptualization of “magic bullets” led to

the serial use of monotherapies that inevitably selected for re-
sistant micro- and macro-organisms throughout the 20th century.
The benefits realized in roughly the first half of that period in
medicine and agriculture were undone in the latter half by pro-
liferation of resistance to antibiotics, antimalarials, insecticides,
and herbicides. A renewed appreciation for evolution and the
adaptive potential of the targeted organisms has led to more
sustainable approaches using combinations of control agents. The
success of the combinatorial approach is evidenced throughout
nature, and A. annua is a prime example with its repertoire of

several hundred compounds composing that plant’s defense sys-
tem. If plants had followed the pharmaceutical model of serial
production of single-component protection against its enemy, they
would have become extinct long ago (52). The WP antimalarial
therapy serves as a case study of how those resilient naturally oc-
curring systems might be co-opted for use against animal patho-
gens. Although much work remains, the clear evidence of the
efficacy of WP as a naturally occurring combination therapy pACT
against rodent malaria models warrants its further consideration to
explore how we might develop inexpensive, abundant, and resilient
malaria therapies from a nonpharmaceutical product.

Materials and Methods
Rodent Malaria Parasites. All experiments were performed using an appro-
priate rodent malaria model, obtained through the Malaria Research and
Reference Reagent Resource Center (MR4) as a part of the BEI Resources
Repository, National Institute of Allergy and Infectious Diseases, National
Institutes of Health. For long-term selection experiments, we chose P. chabaudi
(ASS; MRA-429) because of its known susceptibility to WP and artemisinin
treatment. P. yoelii (ART; MRA-421) was chosen because it is an artemisinin-
resistant strain (ART).

P. chabaudi (ASS). Tubes of blood collected from infected mice were removed
from liquid nitrogen storage and left at room temperature for 30 min. To
activate parasite stocks, two C57BL/6 mice were injected intraperitoneally
(i.p.) with 200 μL of infected blood. Percentage of parasitemia was de-
termined in Giemsa-stained thin blood smears on days 3–7 p.i. Seven days
after infection, one mouse was euthanized, and cardiac puncture was used
to collect blood into lithium heparin tubes. Infected blood was volumetri-
cally adjusted by dilution into Dulbecco’s PBS (DPBS) to create a 200-μL ali-
quot of 105 infected erythrocytes for infection into two additional mice for
a second round of activation. The activated parasites were used in sub-
sequent drug selection and resilience tests.

P. yoelii (ART). To activate the parasite after long-term storage in liquid ni-
trogen, two C57BL/6 mice were injected i.p. with 200 μL of infected blood.
Seven days after infection to build up parasitemia, one mouse was eutha-
nized, and cardiac puncture was used to collect blood into lithium heparin
tubes. Infected blood was volumetrically adjusted by dilution in DPBS to
create a 200-μL aliquot of 107 infected erythrocytes for infection into four
additional mice. Two mice were immediately treated with a dose of 150 mg
AN/kg recommended by the provider to activate and maintain resistant
phenotype, and the other two mice were left untreated as controls. Seven
days postinoculation, the infected blood of one mouse that first reached 2%
parasitemia from each group was used in the next passage. Activation for
AN-resistant phenotype was repeated for 10 passages until the treated and
untreated mice reached 2% parasitemia at the same time. The activated
parasites were used in the subsequent challenge.

Antimalarial Treatments. A. annua L. (SAM cultivar; voucher MASS 00317314)
containing 1.48 ± 0.06% AN (dry weight) was used in this study. Detailed
information about plant material and AN analysis was reported in our
previous work (9, 54). To test dose-dependent effects, we used two doses of
each treatment such that the amount of artemisinin was equivalent in the
two low (WPLO and ANLO) and the two high (WPHI and ANHI) treatment
groups. Artemisinin was obtained from Sigma-Aldrich Chemical.

Mouse Feeding and Drug Delivery Details. All treatments were given in two
dosages, LO and HI. Each mouse in the WPLO andWPHI groups received either
40 or 200 mg dried A. annua plant powder corresponding to 24 or 120 mg
AN/kg live body weight, respectively. Plant powder was mixed with water
to final volumes of 0.5 mL (WPLO) or 0.75 mL (WPHI). Each mouse in the
artemisinin ANLO and ANHI groups received either 600 or 3,000 μg AN cor-
responding to 24 or 120 mg AN/kg, respectively, which was freshly dissolved
in 60 μL DMSO mixed with water and 40 or 200 mg of powdered sieved
mouse chow to final volumes of 0.5 mL (ANLO) or 0.75 mL (ANHI), re-
spectively. Placebo control consisted of 60 μL DMSO mixed with water and
40 mg powdered sieved mouse chow to a final volume of 0.5 mL. Delivery of
the appropriate treatment/control was performed immediately after dose
preparation by oral-gastric gavage into each mouse using a feeding needle
(18 G, curved, 2 in, and 2.25 pall diameter). Individual mice were identified
by tail markings using a permanent marker. Percentage parasitemia was
determined in Giemsa-stained thin blood smears from a drop of peripheral
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blood obtained from the tail. Mice were observed twice daily for signs of
disease or stress.

Artemisinin-Resistant P. yoelii Single Dose–Response. An aliquot of 106

P. yoelii (ART)-infected erythrocytes was inoculated i.p. into each of 30
C57BL6, 12-wk-old male mice weighing an average of 25 g; mice were
randomly divided into five groups (WPHI, ANHI, WPLO, ANLO, and CON) with
six mice per group. Food and water were provided ad libitum for the first
4 days. On day 4, food was withheld for 24 h, but water was freely available.
Mice were treated on day 5 p.i. Percentage parasitemia was determined
every 24 h in Giemsa-stained thin blood smears for the first 4 days p.i. and
then every 8 h for 48 h postgavage and again in 24-h intervals for days 8–13
p.i. All mice were euthanized on day 13 p.i. via asphyxiation in a CO2

chamber followed by cervical dislocation.

Artemisinin-Resistant P. yoelii Curative Treatment. An aliquot of 107 P. yoelii
(ART)-infected erythrocytes was inoculated i.p. into each of 12 DBA/2, 12-wk-
old male mice, which were randomly divided into two groups (WPHI, ANHI)
with six mice per group. Beginning 2 days p.i., each mouse in the WPHI and
ANHI groups received nine daily doses of 200 mg of plant material (corre-
sponding to 120 mg AN/kg) or 3,000 μg pure AN (corresponding to 120 mg
AN/kg), respectively. Percent parasitemia was determined every 24 h in
Giemsa-stained thin blood smears from days 1–24 p.i. and then every 72 h
for days 27–42 p.i. All mice were euthanized on day 42 p.i. via asphyxiation
in a CO2 chamber followed by cervical dislocation.

Selection for Drug Resistance and Resilience Test. Parasites were selected for
resistance following the 2% relapse technique (11–13) in which a single
treatment dose was given immediately after parasite infection of each
mouse in a treatment group, and a control group was inoculated and left
untreated. The degree of resistance to treatment is measured as the time
differential to reach 2% parasitemia in the treated group compared with
the control group. This critical parameter is the 2%DT (11, 13). In each se-
lection passage, three groups of two mice were inoculated i.p. with 107 red
blood cells infected with AN-sensitive P. chabaudi (ASS).

Resistance was selected at two doses corresponding to artemisinin con-
tent of 100 and 200mg/kg. For AN resistance selection, mice received a single
dose of 2,500 or 5,000 μg AN. For WP resistance selection, mice received
167 mg of dried whole-plant material (also corresponding to a comparable
dose of 100 mg/kg of artemisinin but in this case delivered via the whole
plant). Selection for the higher dose of WP was not done. Mice used as
controls received placebo (mouse chow), and gavaged materials were pre-
pared as previously mentioned.

Passage of infection was performed on day 7 or after all groups achieved
>2% parasitemia. In early passages when parasites were highly susceptible

to drug, it took as many as 9 d to achieve parasitemia sufficient for the next
passage. Parasites from the first mouse to reach 2% parasitemia from each
group were used in the subsequent parasite passage. Parasitemia was
measured every 24 h during each passage in Giemsa-stained thin blood
smears. The parasitemia estimate in each passage was the mean of two mice
in each group. Time at which parasites reached 2% parasitemia was calcu-
lated by extrapolation of the hourly rate of change between the two par-
asitemia counts, i.e., on the first day parasitemia was >2% and the day
immediately prior. The difference in time to reach 2% parasitemia in the
treated group compared with the control group is the 2%DT. The AN-
treated group reached 2%DT < 1 h for three successive passages on the 16th
passage, after which the AN dose was doubled and selection continued for
that double dose. Selection for WP resistance ended on passage number 49;
selection for AN resistance at 100 and 200 mg/kg ended on passages 16 and
49, respectively.

Ethics Statement. This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health. All efforts were made tominimize suffering
of animals during experimental procedures.

Statistical Analysis. We fit linear mixed models to estimate and compare the
average parasitemia for each treatment group at each measured time point.
Including a random intercept for individual mice allowed us to adjust for
repeated observations on the samemouse. Single-dose analysis compared the
CON, WPLO, WPHI, ANLO, and ANHI treatment groups at all measured
time points.

For each model, 10,000 Markov chain Monte Carlo (MCMC) samples were
drawn from the posterior distributions of the average parasitemia levels for
each treatment group at each time point. Then, 95% confidence interval
endpoints for a particular parasitemia level were established at the 2.5 and
97.5 quantiles of the MCMC samples for that parameter. An estimated dif-
ference between two groups was declared “significant” if the 95% confi-
dence interval for the difference did not cover zero. Analyses were conducted
using the statistical software R v2.15 (59). Fig. 1 was produced using the ggplot2
package (60).
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