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Suitability of methods for Plasmodium falciparum cultivation  
in atmospheric air
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Universidade de São Paulo, Instituto de Ciências Biomédicas, Departamento de Parasitologia, São Paulo, SP, Brasil

BACKGROUND One of the most controversial factors about malaria parasite culture is the gaseous composition used. The most 
commonly used one consists of a mixture poor in O2 and rich in CO2.

OBJECTIVES The present study aimed to share standard methods from our research group simplifying Plasmodium falciparum 
cultures by employing atmospheric air (ATM) and reusable glass bottles under agitation.

METHODS Here, it was compared the parasite viability, free oxygen in media, and drug sensitivity between different strains and 
isolates maintained for long periods under ATM or classic conditions.

FINDINGS The oxygen concentration in media under ATM was slightly superior to that observed in human blood and the media 
under the classic gaseous mixture. However, ATM or the use of glass bottles did not affect parasitic proliferation after several 
years of culture. Noticeably, the introduction of ATM altered reversibly the efficacy of several antimalarials. This influence was 
different between the strains and isolate.

CONCLUSIONS ATM conditions and shaken flasks could be used as a standard method condition for culture manutention since 
they do not differ greatly from classical 5% O2 gas mixtures in terms of parasite proliferation and do not impose non-reversible 
changes to P. falciparum physiology.

Key words: Plasmodium falciparum - culture - atmospheric air - drugs - parasite viability

Malaria is a prevalent parasitic disease in Africa, 
Southeast Asia, and South America, affecting 241 mil-
lion people in 2019 and has caused approximately 
627,000 deaths mostly due to Plasmodium falciparum in-
fections in Africa.(1) Moreover, malaria control presents 
other challenges including the major issue of resistance 
drug resistance.(1,2) That is why the discovery of new anti-
malarial compounds, knowledge of the parasite’s metab-
olism, and assessment of the drug-resistance spreading 
are required.(1,2) Consequently, interdisciplinary efforts 
are needed to fight against malaria on a global scale.

Central to the study of infectious diseases is the in 
vitro culturing of the etiologic agent. The creation of an 
artificial, continuous intraerythrocytic cycle ex vivo was 
described in 1976 by two groups simultaneously, Trager 
and Jensen(3) and Haynes et al.(4) Nowadays, the Trager 
and Jensen method is largely the most employed in re-
search. Epidemiologic studies focused on adapting iso-
lates to culture employ this method(5) for in vitro drug 
screening, the study of the parasitic metabolism, and for 
studies requiring large amounts of parasites.
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The Trager and Jensen culture methodology was 
based on the use of candle jars or cell flasks containing 
human red blood cells suspended in a culture medium, 
human serum, and a specific gaseous mixture rich in 
CO2 and poor in O2.

(3) These gaseous conditions were ob-
tained by direct gas injection or by candle combustion.
(3) Some authors optimised the initial culture methodol-
ogy: the most important modifications were the substitu-
tion of human plasma for commercial Lipid-Rich Bovine 
serum albumin(6) and the parasitic stage synchronisation 
by the D-sorbitol techniques.(7) Preechapornkul et al. in 
2010, used bioreactors under constant agitation and a 
controlled atmosphere to optimise the P. falciparum cul-
ture.(8) Moreover, Radfar et al. combined new techniques 
and standardised very intricate protocols to scale up the 
culturing for large-scale parasite recovery.(9) Finally, Mo-
loney et al. in 1990 developed culture conditions to en-
able the asexual erythrocytic stage of P. falciparum to 
be grown in deep culture in reusable bottles. Thus, the 
authors published a protocol that made it easier and less 
expensive to cultivate large volumes of parasites in a sin-
gle vessel (up to eight litres).(10)

An important requirement for in vitro culture is the 
ability to mimic physiologic conditions such as tempera-
ture changes, immune responses, and gaseous composi-
tion.(11) Different gaseous mixtures and atmospheric air 
(ATM) were employed across the studies and marginal 
effects on the parasitic viability were observed.(12,13) The 
only related effect of modifying gaseous conditions is an 
increase in the duration of schizogony in parasites ex-
posed to 21% O2.

(13) However, parasites cultured at high 
oxygen tensions showed to possess different susceptibil-
ity to some antimalarial drugs.(13,14) For example, Briolant 
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et al., showed that chloroquine (CQ) IC50 value at 10% O2 
was significantly higher than several isolates maintained 
at 21% O2.

(13) Importantly, ~ 30% of the isolates that were 
in vitro resistant to CQ at 10% O2 by considering an IC50 > 
100 nM, become sensitive at 21% O2 (IC50 < 100 nM). The 
results make the authors suggest a standardised in vitro 
assay protocol to survey malaria drug resistance.

Here we present some standard methods from our 
research group that may provide easier and cheaper 
Plasmodium cultures suitable for small- or large-scale 
use. These methods simplify the classic methodology by 
employing ATM and by maintaining parasites in reus-
able glass bottles under agitation. These techniques are a 
combination of others already described but their use to-
gether had not been reported yet. For that reason, we did 
experiments to assess the impact of the gas and physical 
conditions in culture; specifically, we focused on growth 
rates and drug susceptibility. Moreover, we discuss dif-
ferent culturing methods in the literature regarding their 
applicability to laboratory use and to whether they mim-
ic reasonably the natural environment of the parasite.

MATERIALS AND METHODS

Reagents - Albumax I and RPMI-1640 were pur-
chased from Thermo Fisher Scientific (Waltham, MA). 
A gaseous mixture of 5% CO2, 5% O2, and 90% N2 
was purchased from Air Products Brasil LTDA (São 
Paulo, SP, Brazil). Other reagents include saponin, hy-
poxanthine, gentamycin sulfate, D-sorbitol, glucose, 
4-(2-hydroxyethyl)-1-piperazine ethane sulfonic acid 
(HEPES), atovaquone (AV), and chloroquine (CQ) 
were purchased from Sigma-Aldrich (St. Louis, MO). 
Artesunate (ART) and SYBR Green I® were purchased 
from the Guiling Pharmaceutical Factory (Guiling 
City, 21 Guangxi, China) and Thermo Fisher Scientific 
(Waltham, MA) respectively.

Plasmodium falciparum intraerythrocytic  
stages culture

Basic requirements for Plasmodium culture - 
Throughout this work, we used one malaria parasite 
isolate: NF54 (non-cloned drug sensible isolate obtained 
from one case of malaria imported into the Netherlands)
(15) and two different P. falciparum culture adapted strain 
clones: K1 (isolated in India and reported to be CQ-re-
sistant)(16) and 3D7 (a clone derived from NF54 by limit-
ing dilution).(17) Parasites were cultured at 37ºC in RPMI-
1640 medium dissolved in ultra-pure in Milli-Q water 
(Millipore, Burlington, MA) and supplemented with 25 
mM HEPES, 0.5% Albumax I®, 370 μM hypoxanthine, 
2 g/L glucose, and 25 mg/L gentamicin sulfate.(9) The 
pH of the media was adjusted to 7.4 with a 10% NaHCO3 
sterile solution and then it was filtered in Millipore Ex-
pressTM PLUS 0.22 µm sterile filters.

The reference gaseous mixture was composed of 
5% CO2, 5% O2, and 90% N2,

(9) however, ATM was also 
employed when indicated. To avoid culture contamina-
tion, mycoplasma testing was done regularly and op-
tic microscopy was performed daily.(18) Leukodepleted 
blood (blood type A, Rh-positive) was a gift from Sírio 
Libanês Hospital (São Paulo, SP, Brazil) blood bank.

Trager & Jensen-based culture - The P. falciparum 
intraerythrocytic stages at 2% haematocrit were cul-
tured in vitro at 37ºC according to Trager & Jensen(3) 
with modifications(9) in RPMI-1640 complete culture 
medium in 25 or 75 cm3 sterile cell culture flasks, con-
taining 5 and 20 mL of culture respectively, purchased 
from Corning® (Corning, NY, EUA), filled up as de-
scribed in next item. Culture changes were performed 
as described by Radfar et al.(9) and the reference gaseous 
mixture or ATM was employed when indicated. The cap 
was screwed tightly after infecting the gas mixture or 
allowing ATM into the flasks. The culture medium was 
changed once every two days if parasitaemia < 5% and 
every day if parasitaemia ≥ 5%.

Culture in glass bottles - Parasites were cultured at 
37ºC in 2, 1, 0.5, 0.25, or 0.1 L hermetic and sterile glass 
bottles (Schott Glas, Mainz, Germany). 20% of the bot-
tle’s total volume was filled up with Plasmodium culture. 
The culture was adjusted to a 2% haematocrit culture as 
described. Culture changes were performed as described 
by Radfar et al.(9) and the reference gaseous mixture or 
ATM was employed when indicated. The cultures were 
maintained at 37ºC and under orbital agitation (130 RPM) 
in a MaxQ 6000® shaker model 4353 from Thermo Fisher 
Scientific (Waltham, MA). In this methodology, ATM 
was employed by filling the space of the bottle. The me-
dium was removed from the culture by centrifugation.

Parasitic synchronisation at the ring stage - Cul-
ture synchronisation at the ring stage (6-22 h after the 
invasion) was performed as described by C. Lambros & 
Vanderberg.(7) Briefly, cultures were centrifuged at 200 x 
g for 5 min and synchronisation was performed by incu-
bating the pellet in a 5% D-sorbitol (w/v) approximately 
0.5 mL red blood cells/2.5 mL D-sorbitol solution).

Drug assays - Drug experiments that required the 
measurement of parasite proliferation were performed 
in 96-well plates contained in hermetic boxes for plate 
incubation. The boxes were filled with the indicated gas-
eous mixture or maintained in ATM. All assays started 
at the ring stage (2% parasitaemia, 2% haematocrit) and 
parasite growth was monitored after 48 h by both Giem-
sa-stained smears and DNA staining by SYBRTM Green 
I.(19) The compound concentration which decreases at 
50% of parasitic growth (IC50) at 48 h was calculated 
following the Smilkstein et al. methodology.(19) Briefly, 
1:1 (vol: vol) serial dilution was performed to obtain 19 
decreasing drug concentrations in the 96-well plate. An 
initial concentration of 400 nM for AV and 1000 nM for 
CQ or ART was selected. Comparison with untreated 
controls and a solvent control was always performed.

Parasitic growth monitoring - Growth was moni-
tored after 48 h by Giemsa stained smears by optical 
microscopy or DNA staining for all experiments. For 
DNA staining, we followed procedures described by 
Smilkstein et al.(19) An amount of 100 μL of parasite cul-
ture was incubated in a 96-well cell plate in darkness 
and at room temperature after the addition of 100 μL 
of SYBRTM Green I 2/10.000 (v/v) in lysis buffer [20 
mM Tris, pH 7.5; 5 mM EDTA; 0.008% saponin (w/v); 
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0.08% Triton X-100 (v/v)]. We used uninfected erythro-
cytes as blanks at the same haematocrit and subtracted 
its fluorescence measurements from the readings of the 
samples. Fluorescence was measured using POLARstar 
Omega fluorometer® (BMG Labtech®, Ortenberg, Ger-
many) at the excitation and emission wavelengths of 485 
and 520 nm, respectively.

Oxygraphy - Red blood cells were maintained at 2% 
haematocrit in 25 cm3 sterile cell culture flasks, contain-
ing 5 mL of complete RPMI medium. The flasks were 
incubated with a classic gaseous mixture or ATM for 
24 h at 37ºC. Then, the sample was homogenised and 
the oxygen content in 2 mL was assessed at 37ºC in a 
high-resolution oxygraph (Oxygraph-2k Oroborus In-
struments, Innsbruck, Austria).

Statistical analyses - Parasitic proliferation was 
studied by microscopy of Giemsa-stained smears and 
statistically analysed to compare the parasitic growth/
stages under different culture methodologies or condi-
tions by a one-way ANOVA/Tukey multiple comparison 
test. Parasitic proliferation was studied by microscopy 
of Giemsa-stained smears and statistically analysed to 
compare the parasitic growth/stages under different cul-
ture methodologies or conditions by a one-way ANOVA/
Tukey multiple comparison test.

The IC50 value at 48 h was analysed concerning the 
logarithm of the concentration of the compound us-
ing nonlinear regression (dose-response slope/variable 
sigmoid equation) using GraphPad Prism® software 
(GraphPad Software, San Diego, CA). The R-squared 
value (R2) was also calculated for the dose-response and 
only those assays showing R2 > 0.90 were accepted. Sta-
tistical analyses between the IC50 values here presented 
were performed using a nonparametric Unpaired T-test. 
All experiments were independently repeated three 
times, using plates from different batches. Each experi-
ment contained three parallel technical replicates.

RESULTS

Influence of gas mixtures and cultivation method on 
parasite growth in vitro - The strain 3D7 was cultured 
for one year in ATM before starting the experiments and 
the K1 strain and the NF54 isolate for three months. By 
employing these cultures, the following assays were per-
formed. First, parasites were cultured in cell flasks or 
glass bottles under the classical gas mixture(3) or ATM. 
Then, the parasitaemia of the cultures was monitored for 
at least 5 days (Fig. 1A-D). While starting at a parasitae-
mia of 1% we observed no differences in P. falciparum 
proliferation rate or the proportion of intraerythrocytic 
stages between cultures done in culture flasks with ATM 
or with 5% O2. It wasn’t also observed differences in 
parasite proliferation or the proportion of intraerythro-
cytic stages. Except for panel D, all data in Fig. 1 were 
obtained employing 0.1 L bottles, but similar results were 
obtained using 2, 1, 0.5, 0.25 L bottles (data not shown). 
Noticeably, cultures maintained without agitation in 
glass bottles did not allow parasite proliferation, and 
smaller ratios of parasitic growth were only observed if 
employing initial parasitaemia < 0.5% (data not shown).

Influence of O2 tension on antimalarial drug activity 
in vitro - Free oxygen levels in erythrocytes under ATM 
(~180 µM) were slightly greater than those under 5% O2 
(~147 µM) and consequently we verified if this differ-
ence could influence antimalarial drug activity in vitro. 
For this, parasites maintained in culture flasks under 
ATM conditions were used for in vitro drug screening 
assays. 96-well plates were filled with 200 µL of cul-
ture and were prepared as described and introduced in 
hermetic boxes containing ATM or 5% O2. We observed 
that under ATM there is no statistically significant 
change in CQ IC50 value for 3D7; however, CQ was more 
effective against K1 and NF54 in this condition, where 
the IC50 was significantly lower decreasing 3-fold each 
(Fig. 2). NF54 isolate showed susceptibility to CQ under 
both gaseous conditions; 19.3-fold more sensitive than 
K1, a CQ-resistant strain. In contrast to these results, un-
der 5% O2 conditions, 3D7, K1, and NF54 showed atova-
quone (AV) IC50 values between 0.11–0.37 nM, whereas 
under ATM the IC50 values had an increase (Fig. 2): ap-
proximately 3-fold for 3D7 strain and 9-fold for NF54. 
The apparent increase of the AV effect in K1 was not 
statistically relevant.

Finally, under 5% O2 conditions, ART did not show 
a statistically significant effect between the strains or 
the gaseous conditions, except for K1: it was possible 
to verify an increase in the IC50 value for ART in this 
strain, but just a 1.5-fold increase. Moreover, it was ve-
rified that the most ART-sensitive strain was NF54 fol-
lowed by K1 and 3D7, under both gaseous conditions. 
We summarised the IC50 values in Table. Dose-response 
curves for all conditions are available in Supplementary 
data (Figs 1, 2). Finally, it is important to note that the 
introduction of low oxygen gaseous mixture returned 
the IC50 values of all antimalarial drugs to what was de-
scribed by other authors.(13,20,21)

DISCUSSION

The device of an artificial, continuous intraerythro-
cytic cycle ex vivo as described in 1976 by two groups 
simultaneously: Trager and Jensen(3) and Haynes et al.(4) 
Nowadays the Trager and Jensen methodology is largely 
the most employed in research. The method consists in 
maintaining statically at 37ºC candle jars and/or cell 
flasks containing human red blood cells suspended in 
a culture medium, human serum, and a gaseous mix-
ture rich in CO2 and poor in O2,

(3) commonly 5% O2 and 
5% CO2. Since 1976, several improvements to the initial 
protocol have been published. For example, Moloney et 
al.(10) developed culture conditions to enable the asexual 
erythrocytic stage of P. falciparum to be grown in deep 
culture (several centimetres depth) in reusable bottles 
gassed with 5% oxygen, 5% carbon dioxide, and 90% ni-
trogen. Thus, the authors published a protocol that makes 
it easier and less expensive to cultivate large volumes of 
parasites in a single vessel (up to eight litres).(10) Here, 
we showed a continuous culture of P. falciparum in a 
shaker with reusable-glass bottles but employing ATM 
(approximately 78.09% N2, 20.95% O2, 0.93% CO2, and 
0.04% other residual gases). With this methodology, it is 
also possible to easily cultivate large volumes of highly 
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Fig. 1: parasite proliferation under different culture conditions. Cycle progression of parasites under different gas conditions employing cell 
culture flasks or 0.1 L sterile glass bottles. The Plasmodium falciparum isolates (A) 3D7, (B) K1, and (C) NF54 were pre-cultivated and syn-
chronised. 2% of haematocrit were infected reaching 1% parasitaemia (day 1). Parasitaemia was measured daily using optical microscopy as 
previously described. In (D) the culture parasitaemia of the 3D7 isolate was measured daily using the methodology previously described by 
Smilkstein et al.(19) ATM: atmospheric air, final O2 concentration: 180.54 ± 4.14 µM. 5% O2: low-oxygen gaseous mixture described by Trager 
and Jensen, final O2 concentration: 147.36 ± 0.25 µM. R: ring/young trophozoite forms; M: mature trophozoite/schizont forms. In (E) are pre-
sented representative pictures of P. falciparum cultures of 3D7, K1, and NF54 strains at day 6 post-infection using optical microscopy. ATM 
CF: parasites cultivated using culture flasks under atmospheric air; 5% O2 CF: parasites were cultivated using culture flasks under a classical 
mixture of gas described by Trager and Jensen. ATM GB: parasites cultivated using glass bottles under atmospheric air. Cultures at 2% hema-
tocrit were infected with 1% parasitaemia (day 1). All experiments were independently repeated three times.
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parasited cultures (20 to 30% parasitaemia) and to ob-
tain high parasitic yields, 1x1010 parasites in a few 1-2 L 
bottles (data not shown).

The use of ATM did not affect substantially the pro-
liferation of parasites in comparison to the Trager and 
Jensen low-oxygen gaseous mixtures.(3) Conceptually, 
the use of low-oxygen mixtures (~ 5% O2) was defined 
to be normoxic, regarding the natural gaseous composi-
tion of tissues.(3) Thus, a 5% O2 environment is applied to 
culture vessels and/or incubators. However, the pericel-
lular environment of the red blood cells may not pres-
ent the same gaseous conditions. Before oxygen reaches 
the cells, it must be exchanged at the liquid-gas surface 
and dissolved in the culture medium in a process that is 
dependent on several factors such as pH, cell density, 
pressure, and medium volume and composition.(22) No-
tably, oxygen travels a few millimetres to reach cells in 
culture, whereas it travels approximately 10-30 μm in 
animal tissues.(23) Once the cells are consuming oxygen, 
its diffusion must exceed consumption to avoid hypoxia. 
Considering all this, Branco et al., previously argued 
that it is difficult to reproduce physiologic-like condi-
tions in vitro.(11) The authors mentioned large differences 
between the O2 saturations across human tissues, where 
some tissues can experience 10-13% O2 saturation.

To exactly determine O2 levels in culture, we did oxy-
graphy assays. Considering that arterial oxygen concen-

tration is approximately 130 µM,(22) our results indicate 
that the parasite statically cultured in vitro is exposed to 
slightly hyperoxia by employing both ATM and classic 
5% O2 conditions. It should be noted that we assessed the 
free oxygen content in homogenised uninfected eryth-
rocytes; thus, the actual oxygen concentration reaching 
erythrocytes at the bottom of the flask is probably lower, 
quickly consumed by parasites, or bound to haemoglo-
bin. In fact, in cytotrophoblast cell cultures in vitro, a 
four-fold decrease in O2 concentration at the bottom of 
the flask compared with the gas-liquid interphase has 
been previously reported.(24) Similar to what Branco et 
al., mentioned,(11) here we propose that the use of oxy-
gen-rich mixtures may create a pericellular O2 concen-
tration more similar to the natural environment of cells.

Irrespectively of the O2 levels available for Plasmo-
dium cultured in vitro, it should be noted that ATM only 
decreased parasite viability at very low parasitaemia 
levels (< 0.5%) but did not affect proliferation rates or 
the proportion of the parasitic stages above that limit. 
These low parasitaemia conditions are rarely employed 
in experiments but may limit the use of ATM in drug 
screening assays by (3H) hypoxanthine incorporation or 
DNA staining.(12,19,25) Nevertheless, cultures of P. falci-
parum 3D7 strain have been maintained under ATM in 
our group for years, which showed the suitability of the 
technique for use over extended periods.

Fig. 2: effect of gaseous mixtures on IC50 values for antimalarial agents. Effect of (A) chloroquine (CQ), (B) atovaquone (AV) and (C) artesunate 
(ART) in 3D7 and K1 strains and NF54 isolate. IC50 values were calculated as described and the experiments were repeated three times for each 
strain and antimalarial agent. The IC50 values of each drug under 5% O2 and atmospheric air (ATM) were compared and analysed using the 
Unpaired t-test. ***p < 0.001; **p < 0.01; *p < 0.05.

TABLE
Compilation of IC50 values. The table shows all IC50 values of chloroquine (CQ), atovaquone (AV), and artesunate (ART) calcu-

lated by employing the classic low oxygen mixture and atmospheric air (ATM) in 3D7 and K1 strains and NF54 isolate

IC50 under 5% O2 IC50 under ATM

3D7 K1 NF54 3D7 K1 NF54

CQ 9.22 ± 2.32 nM 231.63 ± 43.65 nM 11.41 ± 0.70 nM 10.04 ± 0.26 nM 77.20 ± 5.64 nM 3.57 ± 0.17 nM
AV 0.37 ± 0.18 nM 0.31 ± 0.30 nM 0.11 ± 0.05 nM 1.08 ± 0.05 nM 0.69 ± 0.07 nM 0.98 ± 0.29 nM
ART 9.40 ± 2.66 nM 4.59 ± 0.53 nM 3.65 ± 1.22 nM 8.91 ± 1.96 nM 7.33 ± 0.80 nM 2.22 ± 0.52 nM
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An important requirement for in vitro culture is the 
ability to mimic physiologic conditions that can allow 
meaningful extrapolations of the biological reality. Nev-
ertheless, there are factors, such as temperature changes 
and immune responses, that are not considered regular-
ly, although in some instances they may induce relevant 
differences between Plasmodium cultures and the hu-
man infection.(11) Probably, the most controversial factor 
reported in the literature about Plasmodium cultures is 
the in vitro gaseous composition employed.(11)

Different gaseous mixtures and ATM were employed 
across the studies and marginal effects on the parasitic 
viability were observed.(12,13,26-32) The major effect report-
ed on growth characteristics derived from modifying 
gaseous conditions is a little effect with an increase in 
the length of schizogony in parasites exposed to ATM.(13) 
However, in in vitro pharmacological studies, parasites 
cultured at high oxygen tensions also showed differ-
ent susceptibility to some antimalarials.(13,14) This made 
some authors suggest the necessity of a standardised in 
vitro assay protocol to survey malaria drug resistance.(13) 
In particular, Briolant et al., showed that CQ IC50 values 
obtained at 10% O2 were significantly higher than those 
found in several isolates maintained at ATM.(13) The au-
thors showed that 30% of the isolates that were in vitro 
resistant to CQ (IC50 > 100 nM) at 10% O2, become sensi-
tive (IC50 < 100 nM) at ATM, our results were consistent 
with this. Also, Duffy & Avery 2017 showed that para-
sites cultured for several months in media supplemented 
with a serum substitute or within hyperoxic conditions 
demonstrate variable responses to artemisinin and lume-

Fig. 3: schematic proposal for Plasmodium falciparum cultivation. The figure shows a schematic proposal for the P. falciparum cultivation as it 
is better described in the text [using images from Servier Medical Art (licensed under a Creative Commons Attribution 3.0 Unported Licence)].

fantrine.(30) Mirovsky in 1989(12) observed a significantly 
lower parasitaemia within the first five days of cultiva-
tion under ATM and failed at cultivating in Petri dishes 
without performing the candle jar technique. However, 
here we further show that cultivation under ATM is suit-
able in cell culture flasks and glass bottles at high parasi-
taemia levels. From a biochemical point of view, Torren-
tino-Madamet et al.,(33) detected transcriptional changes 
in parasites maintained in hyperoxic conditions. Spe-
cifically, the authors detected an up-expression of genes 
involved in antioxidant systems and a down-expression 
of genes involved in the digestive vacuole metabolism 
and the glycolysis in favor of mitochondrial respiration. 
Furthermore, the authors also demonstrated increased 
levels of heat shock proteins and decreased levels of gly-
colytic enzymes in parasites maintained in hyperoxic 
conditions. Torrentino-Madamet et al., explain their re-
sults as a natural and efficient metabolic adaptability to 
varying oxygen pressures in different hosts or localisa-
tions within the human body.(33) According to this, we 
show that variable responses to antimalarial drugs CQ 
and AV due to hyperoxic conditions are reversed in the 
first cycle if parasites are cultured again in low oxygen 
environments. Further, our group has previously em-
ployed non-classical gaseous mixtures (0% or 20% O2) 
for biochemical purposes.(26,27,28) In both cases, we ob-
served parasite viability for at least two-three weeks un-
der different gaseous mixtures.(26,27,28,29) Therefore, ATM 
conditions and shaken flasks could be used as a standard 
method condition for culture manutention, since they 
do not differ greatly from classical 5% O2 gas mixtures 
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or the probable natural conditions in terms of parasite 
proliferation and do not impose non-reversible changes 
to P. falciparum physiology. It remains poorly studied 
why some antimalarials become more or less effective 
in the function of the O2 content. For example, here we 
showed that changes in the oxygen tension can modulate 
AV and CQ effects, but not ART, in different directions 
and proportions across the strains. From a biochemical 
perspective, differences in the antimalarial effects under 
different gaseous conditions can be interesting tools to 
better understand the parasitic metabolism and mecha-
nisms of action of different drugs. Finally, to summarise 
this article, we show a schematic proposal for P. falci-
parum cultivation and its applications (Fig. 3).

ACKNOWLEDGEMENTS

To Professor Agustín Hernández López from Department 
of Genetics and Evolution of the Federal University of São 
Carlos (UFSCar) for reviewing the manuscript. The authors 
would like to thank Prof Dr William Tadeu Lara Festuccia and 
Mr Érique de Castro from the Laboratory of Molecular Physi-
ology and Metabolism of the Institute of Biomedical Sciences 
of the University of São Paulo, for providing the platform and 
helping with oximetry tests and Hospital Sírio-Libanês for 
gifting the erythrocytes for our study.

AUTHORS’ CONTRIBUTION

MC and IBV contributed equally in conceptualisation, 
formal analysis, investigation, methodology, and writing; SFS 
contributed to investigation and methodology; AMK con-
tributed to conceptualisation, data curation, formal analysis, 
funding acquisition, investigation, project administration, 
resources, supervision, and writing - review & editing. The 
authors declare that they have no competing interests.

REFERENCES

1. WHO - World Health Organization. World malaria report 
2021. 2021. Available from: https://www.who.int/publications/i/
item/9789240040496.

2. Menard D, Dondorp A. Antimalarial drug resistance: a threat to ma-
laria elimination. Cold Spring Harb Perspect Med. 2017; 5: a025619.

3. Trager W, Jensen JB. Human malaria parasites in continuous cul-
ture. Science. 1976; 193: 673-5.

4. Haynes JD, Diggs CL, Hines FA, Desjardins RE. Culture of human 
malaria parasites Plasmodium falciparum. Nature. 1976; 263: 767-9.

5. Penh P, Thomas SM, Ndir O, Dieng T, Mboup S, Wypij D, et al. 
In vitro chloroquine susceptibility and PCR analysis of pfcrt and 
pfmdr1 polymorphisms in Plasmodium falciparum isolates from 
Senegal. Am J Trop Med Hyg. 2002; 66: 474-80.

6. Cranmer SL, Magowan C, Liang J, Coppel RL, Cooke BM. An 
alternative to serum for the cultivation of Plasmodium falciparum 
in vitro. Trans R Soc Trop Med Hyg. 1997; 91: 363-5.

7. Lambros C, Vanderberg JP. Synchronization of Plasmodium falci-
parum Erythrocytic Stages in Culture. J Parasitol. 1979; 65: 418-42.

8. Preechapornkul P, Chotivanich K, Imwong M, Dondorp AM, Lee 
SJ, Day NPJ, et al. Optimizing the culture of Plasmodium falci-
parum in hollow fiber bioreactors. Southeast Asian J Trop Med 
Public Health. 2010; 41: 761-9.

9. Radfar A, Méndez D, Moneriz C, Linares M, Marín-García P, 
Puyet A, et al. Synchronous culture of Plasmodium falciparum at 
high parasitemia levels. Nat Protoc. 2009; 4: 1899-915.

10. Moloney MB, Pawluk AR, Ackland NR. Plasmodium falciparum 
growth in deep culture. Trans R Soc Trop Med Hyg. 1990; 84: 516-8.

11. Branco A, Francisco D, Hanscheid T. Is there a “normal” oxygen 
concentration for in vitro Plasmodium Cultures? Trends Parasitol. 
2018; 34: 811-12.

12. Mirovsky P. Continuous culture of Plasmodium falciparum asexu-
al stages in “normal” air atmosphere. Folia Parasitol (Praha). 1989; 
36: 107-12.

13. Briolant S, Parola P, Fusaï T, Madamet-Torrentino M, Baret E, 
Mosnier J, et al. Influence of oxygen on asexual blood cycle and 
susceptibility of Plasmodium falciparum to chloroquine: require-
ment of a standardized in vitro assay. Malar J. 2007; 6: 44.

14. Divo AA, Geary TG, Jensen JB. Oxygen-and time-dependent ef-
fects of antibiotics and selected mitochondrial inhibitors on Plas-
modium falciparum in culture. Antimicrob Agents Chemother. 
1985; 27: 21-7.

15. Ponnudurai T, Leeuwenberg AD, Meuwissen JH. Chloroquine 
sensitivity of isolates of Plasmodium falciparum adapted to in vi-
tro culture. Trop Geogr Med. 1981; 33(1): 50-4.

16. Agarwal P, Anvikar AR, Pillai CR, Srivastava K. In vitro suscep-
tibility of indian Plasmodium falciparum isolates to different anti-
malarial drugs & antibiotics. Indian J Med Res. 2017; 146: 622-8.

17. Walliker D, Quakyi IA, Wellems TE, McCutchan TF, Szarfman 
A, London WT, et al. Genetic analysis of the human malaria para-
site Plasmodium falciparum. Science. 1987; 236: 1661-6.

18. Rowe JA, Scragg IG, Kwiatkowski D, Ferguson DJP, Carucci DJ, 
Newbold CI. Implications of mycoplasma contamination in Plas-
modium falciparum cultures and methods for its detection and 
eradication. Mol Biochem Parasitol. 1998; 92(1): 177-80.

19. Smilkstein M, Sriwilaijaroen N, Kelly JX, Wilairat P, Riscoe M. 
Simple and inexpensive fluorescence-based technique for high-
throughput antimalarial drug screening. Antimicrob Agents Che-
mother. 2004; 48: 1803-6.

20. Zaloumis S, Humberstone A, Charman SA, Price RN, Moehrle 
J, Gamo-Benito J, et al. Assessing the utility of an anti-malarial 
pharmacokinetic-pharmacodynamic model for aiding drug clini-
cal development. Malar J. 2012; 30: 303.

21. Gupta S, Thapar MM, Wernsdorfer WH, Björkman A. In vitro 
interactions of artemisinin with atovaquone, quinine, and meflo-
quine against Plasmodium falciparum. Antimicrob Agents Che-
mother. 2002; 46: 1510-5.

22. Place TL, Domann FE, Case AJ. Limitations of oxygen delivery to 
cells in culture: an underappreciated problem in basic and transla-
tional research. Free Radic Biol Med. 2017; 113: 311-22.

23. Finch CA, Lenfant C. Oxygen transport in man. N Engl J Med. 
1972; 286(8): 407-15.

24. Newby D, Marks L, Lyall F. Dissolved oxygen concentration in cul-
ture medium: assumptions and pitfalls. Placenta. 2005; 26: 353-7.

25. Chulay JD, Haynes JD, Diggs CL. Plasmodium falciparum: as-
sessment of in vitro growth by (3H)hypoxanthine incorporation. 
Exp Parasitol. 1983; 55: 138-46.

26. Sussmann RACC, Angeli CB, Peres VJ, Kimura EA, Katzin AM. 
Intraerythrocytic stages of Plasmodium falciparum biosynthesize 
vitamin E. FEBS Lett. 2011; 585: 3985-91.

27. Tonhosolo R, Gabriel HB, Matsumura MY, Cabral FJ, Yamamo-
to MM, D’Alexandri FL, et al. Intraerythrocytic stages of Plas-
modium falciparum biosynthesize menaquinone. FEBS Lett. 
2010; 584: 4761-8.

28. Tonhosolo R, D’Alexandri FL, de Rosso VV, Gazarini ML, 
Matsumura MY, Peres VJ, et al. Carotenoid biosynthesis in in-
traerythrocytic stages of Plasmodium falciparum. J Biol Chem. 
2009; 284: 9974-85.



Marcell Crispim et al.8|8

29. Verdaguer IB, Zafra CA, Crispim M, Sussmann RAC, Kimura 
EA, Katzin AM. Prenylquinones in human parasitic protozoa: 
Biosynthesis, physiological functions, and potential as chemo-
therapeutic targets. Molecules. 2019; 24: 3721.

30. Duffy S, Avery VM. Plasmodium falciparum in vitro continuous 
culture conditions: a comparison of parasite susceptibility and toler-
ance to anti-malarial drugs throughout the asexual intra-erythrocyt-
ic life cycle. Int J Parasitol Drugs Drug Resist. 2017; 7(3): 295-302.

31. Rogers MD, Weatherly NF, Bowdre JH, Desjardins RE. End-tidal 

exhaled air for the in vitro maintenance of Plasmodium falci-
parum. Trans R Soc Trop Med Hyg. 1983;77(1): 103-5.

32. Scheibel LW, Ashton SH, Trager W. Plasmodium falciparum: mi-
croaerophilic requirements in human red blood cells. Exp Parasi-
tol. 1979; 47(3): 410-8. doi:10.1016/0014-4894(79)90094-8.

33. Torrentino-Madamet M, Alméras L, Desplans J, Le Priol Y, Bel-
ghazi M, Pophillat et al. Global response of Plasmodium falci-
parum to hyperoxia: a combined transcriptomic and proteomic 
approach. Malar J. 2011; 10(1): 1-15.


