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It is important to understand intrinsic variation in asexual blood stage multiplication rates of the most
virulent human malaria parasite, Plasmodium falciparum. Here, multiplication rates of long-term
laboratory adapted parasite clones and new clinical isolates were measured, using a newly standardised
assay of growth from low starting density in replicate parallel cultures with erythrocytes from multiple
different donors, across multiple cycles. Multiplication rates of long-term established clones were
between 7.6 and 10.5 fold per 48 hours, with clone Dd2 having a higher rate than others (clones 3D7,
HB3 and D10). Parasite clone-specific growth was then analysed in co-culture assays with all possible
heterologous pairwise combinations. This showed that co-culture of different parasites did not affect
their replication rates, indicating that there were no suppressive interactions operating between
parasites. Multiplication rates of eleven new clinical isolates were measured after a few weeks of
culture, and showed a spectrum of replication rates between 2.3 and 6.0 fold per 48 hours, the entire
range being lower than for the long-term laboratory adapted clones. Multiplication rate estimates
remained stable over time for several isolates tested repeatedly up to three months after culture
initiation, indicating considerable persistence of this important trait variation.

The malaria parasite Plasmodium falciparum is responsible for up to half a million human deaths each year!, but
there are basic features of its biology that remain poorly understood. As the density of parasites is a primary deter-
minant of disease, identifying if there is intrinsic variation in parasite multiplication rates in the blood is impor-
tant from a clinical as well as evolutionary perspective?. Although very high parasite densities are associated
with severe disease?, a larger number of infections are clinically mild, and sensitive detection methods reveal

. most infections to be asymptomatic with very low parasite densities*. Analyses of in vivo growth rate of P. falci-

: parum, using historical data from induced-malaria treatments of neurosyphillis cases, indicated some variation
in multiplication rates among three parasite strains, with an overall average estimate of approximately 8 fold per
48hour period®, although under alternative modelling parameters this could be slightly higher®. Recent studies of
controlled human infections with P. falciparum clone 3D7 used in vaccine challenge studies also indicate a similar
multiplication rate’. Although virulence may not be experimentally analysed in human infections, studies using
rodent malaria parasites indicate that strain-dependent variation in parasite multiplication rate is associated with
disease in mice®.

Separate studies of P. falciparum clinical samples cultured through the first cycle ex vivo have indicated vari-
ation in multiplication rates, although these are generally lower than expected on the basis of the in vivo studies.
Median multiplication rates of parasites from uncomplicated clinical malaria cases are reported as being 2.9-fold
in a study in Thailand, 3.1-fold in Mali, 2.3-fold in Kenya, and approximately 3.3-fold in Uganda®'!. Parasites
from severe malaria cases in Mali and Kenya had similar multiplication rates as those from uncomplicated cases',
whereas parasites from severe malaria cases in Thailand and Uganda were reported to have higher multiplication
rates on average® . A limitation of these studies is that they were based on only a single measurement per isolate,
so they lack technical or biological replication. Additionally, assessment of parasite multiplication phenotypes
in the first cycle ex vivo may be confounded by heterogeneous parasite viability or erythrocyte condition among
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Figure 1. Measurement of exponential multiplication rates of laboratory adapted clones of P. falciparum.

(A) 6-day growth assays for four laboratory clones, showing parasite density as numbers of genome copies

per microlitre (on a log,, scale). Six biological replicates were performed using different donor erythrocytes.
Estimation of parasite copy numbers by quantitative PCR was confirmed to be highly correlated with counts of
parasites by microscopy of Giemsa-stained slides (Supplementary Figure S1). ‘3D7” here refers to the genetically
modified clone 3D7-HT-GFP* whereas the other clones were not genetically modified. (B) General linear
model estimates of the replication rates per 48 hours over the 6-day assays for each of the four laboratory clones
(point estimates with 95% confidence intervals).

individual patients at the time of sampling, due to variable processing and storage of samples, or to physiological
states including anaemia'?.

Parasite multiplication rates have been assessed for only a few laboratory adapted clones of P. falciparum®?,
and from genetic cross progeny of two clones', but these may not be representative of natural parasite popu-
lations. Many parasites that have been in culture for a long time are loss-of-function mutants, with particular
genes having acquired premature stop codons'®, or having been lost in subtelomeric deletions'®. Determining the
true range of variation in asexual multiplication rate of P. falciparum would be an important step in being able
to identify determinants of growth and virulence factors. A feature of malaria infections in endemic regions is
the presence of multiple distinct parasite clones within a proportion of individual hosts'” 8. Studies on rodent
malaria models have given contrasting conclusions as to whether competitive suppression occurs between dif-
ferent co-infecting genotypes'® %, and co-culture studies on P. falciparum have not yielded consistent findings on
interactions between different clones?'-?. It remains unknown how malaria parasites would be able to detect the
presence of other clones within a multi-clone infection, or within heterologous co-cultures, although potential
intercellular communication mechanisms are suggested®*2°.

A reliable assay is here described for quantifying P. falciparum asexual blood stage multiplication rates in a
standardised manner over multiple cycles, using biological triplicate measurements in different erythrocytes. This
is applied to measure the multiplication rate variation among unrelated laboratory clones cultured separately, and
in mixed co-cultured combinations, as well as the multiplication rates of a panel of clinical isolates from three
endemic countries.

Results

Quantifying multiplication rates of P. falciparum laboratory clones. Multiplication rates of four
unrelated laboratory clones (Dd2, D10, HB3 and 3D7-HT-GFP) were measured, by analysing a six-day period
of exponential growth from a starting inoculum density of 0.02% infected erythrocytes. Assays were conducted
on each clone in parallel using six biological replications, with different donor erythrocytes in separate flasks.
Parasite density in each flask on days 0, 2, 4 and 6 was quantified by gPCR measurement of parasite genome num-
bers per microlitre in sampled aliquots, and plotted on a log,, scale (Fig. 1A). This showed strong correlation with
parasite numbers estimated by microscopy count data (Pearson’s r =0.93, p-value < 1 x 107'% Supplementary
Fig. S1A), with marginally higher sensitivity achieved by qPCR (Supplementary Fig. S1B) as seen in a previous
comparison®. Generalized linear modelling, with high coefficients of determination across all the biological rep-
licates for each clone (r? > 0.95), yielded estimated multiplication rates per 48 hour period over the 6 day assay
(Fig. 1B). Clone Dd2 had a higher multiplication rate (10.53 fold, 95% CI 6.79-13.07) than HB3 (7.59 fold, 95%
CI 6.40-9.00), D10 (7.83 fold, 95% CI 6.52-9.41) and 3D7-HT-GFP (8.09 fold, 95% CI 6.79-9.64).
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Figure 2. Quantitation of parasite multiplication rates for four laboratory clones across three intraerythrocytic
cycles for all pairwise co-cultured combinations. (A) Allele-specificity of qPCR assays for clone-specific
parasite density measurement. Three different allele-specific sets of assays were used to analyse all pairwise
combinations of four P. falciparum laboratory clones. Each assay was first evaluated in a comparison of observed
versus expected ratios for a pair of heterologous clones. The assay shown here is described in this paper, and
discriminates msp6 alleles to accurately quantify Dd2 and D10 DNA mixed at different ratios from 1:99 to 99:1.
Two different assays to discriminate msp1 alleles, used to quantify parasite DNA in other heterologous mixtures
(Supplementary Figure S2), have been previously described?":?2. (B) Comparison of ratios of different parasite
clones in mixtures assayed by fluorescence microscopy and allele-specific qPCR. There is a high correlation
between the independent measurements (> =0.984) across a range of ratios from 1:20 to 20:1 for the Dd2-

GFP and D10-mKate2 clonal mixtures. (C) P. falciparum clone-specific parasite multiplication rates (with 95%
confidence intervals) are similar in monoculture and pairwise co-cultured combinations. 3D7’ here refers to
the genetically modified clone 3D7-HT-GFP?. The allele-specific qPCR assays of parasite densities (at days 0, 2,
4 and 6) yield estimates of clone-specific growth per 48 hour period by general linear modelling of exponential
growth over six days (values are listed in Supplementary Table S1).

Clone-specific multiplication rates in heterologous P. falciparum co-cultures. To test for potential
interactions between different P. falciparum clones during co-culture, assays were performed for all six pair-
wise combinations of the four laboratory clones. Each of three allele-specific PCR assays required for measuring
clone-specific growth in the co-cultures was first carefully validated. The proportions of genome copies measured
for each parasite clone was highly concordant with the known proportions throughout the range of heterologous
DNA mixed ratios from 1:99 0 99:1 (r* values > 0.99 for each pairwise combination, Fig. 2A and Supplementary
Fig. S2). To confirm that clone-specific proportions were faithfully measured from DNA extracted, a spectrum
of ratios from 1:20 to 20:1 of two fluorescent parasite clones (Dd2-GFP and D10-mKate2) were measured using
the quantitative allele-specific PCR assays and compared to direct live imaging fluorescent microscopy counting,
confirming a high level of concordance between the methods (r* values > 0.98, Fig. 2B).

All possible heterologous co-culture pairwise combinations at 1:1 ratios (each clone at a starting density of
0.01% infected erythrocytes) were tested for multiplication rates in triplicate flasks with different donor erythro-
cytes. Allele-specific measurement of parasite genome copy numbers was performed on samples from the cultures
at days 0, 2, 4 and 6, and multiplication rates per 48 hours derived by generalized linear modelling (Fig. 2C). For
each of the clones, this allele-specific analysis of P. falciparum multiplication rates for the monoculture controls
yielded similar estimates to those obtained in the independent experiments reported above using qPCR assays
based on conserved sequences. Under all conditions, clone Dd2 had a higher multiplication rate than any of the
other three clones. In comparison with monoculture controls, there was no reduction in multiplication rates seen
in any parasite clone in any of the co-culture mixtures (Fig. 2C and Supplementary Table S1), indicating that there
was no suppression due to heterologous interactions.
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Figure 3. Parasite multiplication rates (with 95% confidence intervals) of new P. falciparum clinical isolates,
sampled from patients in three West African countries (GUI, Guinea; SEN, Senegal, MAL, Mali). (A) Eleven
isolates were analysed after growth in culture for at least two weeks (between 16 and 32 days) prior to assay.
Exponential growth was measured over 4 days using a general linear model approach. All assays were
conducted with biological triplicates in separate flasks with different donor erythrocytes, except for SEN232
which was assayed in duplicate. Six of the isolates (SEN232, GUI246, MAL247, GUI249, MAL250, SEN251)
were assayed in medium supplemented by Albumax and serum, whereas the other five were assayed by medium
with Albumax alone as noted in the Materials and Methods (results were similar for the two groups, Mann-
Whitney test P=0.90). As a control, the laboratory adapted clone 3D7-HT-GFP (here labelled 3D7’) was
tested in parallel in each assay, yielding a consistent multiplication rate of approximately 8 fold per 48 hours. (B)
Four of the clinical isolates cultured for longer periods were assayed at three different time points after culture
initiation (up to 76 or 100 days for each isolate). These showed no significant changes in multiplication rate over
time in culture. Assays were conducted with biological triplicates, except for the last cultured time point for
which the assay was conducted in duplicate.

Multiplication rates of P. falciparum clinical isolates. Multiplication rate assays were performed on
eleven new P, falciparum clinical isolates, following at least two weeks of culture after isolation so that parasites
were growing in erythrocytes from anonymous heterologous donors. Microsatellite genotype profiling of four
loci confirmed that all isolates were genotypically distinct except for two of the Senegalese isolates (SEN215
and SEN232, cultured at separate times, Supplementary Table S2). Three isolates (GUI246, MAL250, and
SEN251) clearly contained multiple genotypes while each of the others contained a single predominant geno-
type (Supplementary Table S2). Parasite multiplication was determined from a starting density of 0.02% infected
erythrocytes, after diluting into triplicate flasks with different donor erythrocytes under the same protocol as used
for laboratory adapted clones. Analysis of parasite densities over a six-day period yielded lower coeflicients of
determination for multiplication rates of these clinical isolates (mean r*=0.89, range from 0.76 to 0.99) than had
been seen with assays of the laboratory adapted clones reported above, and inspection of the data showed this was
due to a lower multiplication rate after day 4 of the assay in several of the isolates (Supplementary Fig. S3). As the
coefficient of determination values for the first 4 days of the assay were significantly higher (mean r» =0.94, range
from 0.88 to 0.99), these data were used to estimate the multiplication rates per 48 hours.

The multiplication rates of the clinical isolates ranged from 2.26 to 6.00-fold, with a mean of 3.92-fold
(Fig. 3A). In contrast, parasite clone 3D7-HT-GFP which was tested in parallel on all occasions had a consistently
higher multiplication rate close to 8.0-fold, similar to that seen in all previous assays. Variation in multiplication
rates of clinical isolates did not depend on whether they had single or multiple detected genotypes (means of 3.94
and 3.86 fold respectively; Mann-Whitney test, P=0.92). The multiplication rate variation also did not associate
with use of alternative media supplements (mean of 3.71 fold for isolates grown with Albumax supplementation,
and mean of 4.17 fold for isolates grown with Albumax and serum; Mann-Whitney test, P =0.90).

As all eleven clinical isolates had lower multiplication rates than all four laboratory clones tested (Mann
Whitney test, P < 0.001), it was considered that faster multiplication may be a trait selected during the process
of culture adaptation. Although the length of time in culture of the eleven isolates prior to initial assay (between
16 and 37 days) was not correlated with multiplication rate (Spearman’s p=10.03, P=0.92), to test for changes
over a longer period four of the isolates were cultured for up to a few months and assayed at two additional time
points. No significant changes in multiplication rate were detected over the periods investigated (Fig. 3B). The
four isolates had a mean 48 hour multiplication rate of 5.11-fold at the first time point (16 or 18 days after culture
initiation) and 5.25-fold at the last time point (76 or 100 days after culture initiation).

Discussion

Substantial intrinsic variation in P, falciparum multiplication rates is revealed, with long-term laboratory adapted
lines multiplying between 7.6 and 10.5 fold every 48 hours and clinical isolates that have been cultured for only
a few weeks multiplying between 2.3 and 6.0 fold every 48 hours. Previously reported multiplication rates for
clinical malaria isolates involved single ex vivo assay measurements during the first cycle ex vivo® !}, and yielded
slightly lower average multiplication rate estimates compared with those measured for the clinical isolates here.
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Lack of biological replicates and variable viability of parasites in initial clinical samples are concerns for first cycle
assays,, whereas the assays described here involved quantitation over multiple cycles and assay replicates using
unrelated donor erythrocytes, to enable more robust comparisons of parasite multiplication rate phenotypes.

There were no significant short-term modifications in the multiplication rate of any parasite clone caused by
co-culture with heterologous clones, under the assay conditions allowing exponential growth from a low starting
density. Although inter-clonal suppressive effects might occur at higher densities in culture, previous attempts to
investigate this have yielded variable results. One study suggested competitive suppression of clone HB3 by clone
Dd2, based on endpoint density measurements after a short period of co-culture?!, while another showed Dd2
to have a more consistent average growth rate only slightly higher than that of HB3 in longer-term co-culture®.
Another study indicated the general difficulty in separating any genotype-specific effects from those determined
by total parasite density®?. A recent study comparing two different clones has indicated differences in their density
dependence when cultured separately?’, a heterogeneity which would complicate the interpretation of co-culture
at high densities.

Several different components of the parasite developmental cycle may potentially influence multiplication
rates, including intraerythrocytic cycle duration, numbers of merozoites per schizont, and erythrocyte inva-
sion efficiency® %%, A previous comparison of laboratory clones Dd2 and HB3 estimated that Dd2 had a shorter
mean cycle time, a higher mean number of merozoites per schizont, and higher merozoite invasion efficiency".
Therefore, each of the measured parameters could contribute to the higher replication rate for Dd2 compared
to HB3 that has been confirmed here. The potential contribution of these different parameters has yet to be
determined for other laboratory clones or clinical isolates. The possible effects of host erythrocyte variation have
been minimised in the current study by assaying each of the parasite lines in erythrocytes from multiple different
anonymous donors as biological replicates. As erythrocyte variation can potentially affect parasite multiplication,
it would be particularly interesting to test the relative multiplication rates of different parasite isolates in eryth-
rocyte types associated with protection from severe malaria in African populations, including locally selected
glycophorin and haemoglobin variants®-*.

Although multiplication rates were measured at multiple time points for several of the clinical isolates that
were continued in culture for a few months, no significant changes were seen. It is likely that culture adaptation
occurs over longer time scales, requiring sufficient numbers of generations to allow emerging adaptive mutants
to go to high frequencies™. It may be expected that epigenetic regulation of clonally variable transcriptional vari-
ation could allow phenotypic change to occur more rapidly®’, but expression profiles have not been characterised
in clinical isolates during the process of culture adaptation, aside from analyses of candidate genes such as the
highly transcriptionally variable var genes** and merozoite invasion ligand genes* in a small number of isolates.

Multiplication rate measurements are more robust when conducted over more than a single cycle, thereby
requiring a minimum of four days to cover at least two of the 48 hour periods corresponding to an average rep-
lication cycle of this parasite species. Although laboratory adapted parasite clones showed consistent multipli-
cation rates throughout a six day growth assay, whether in monoculture or in mixed heterologous co-cultures,
the clinical isolates showed more consistent growth during the first four days. As several of the clinical isolates
showed slower growth later in the assay, which would have artificially lowered the multiplication rate estimates,
analysis of multiplication over four days was more accurate, with higher coeflicient of determination. Although
data with lower measurement coeflicients have previously been included for logistic multiplication rate estima-
tion in induced infections®, and culture assays®, a high threshold for inclusion such as applied here enables focus
of analysis on more precise data. Study of heterogeneous samples can thereby be prospectively conducted with
similarly tight assay replication, which would enable future comparisons of parasites from very low parasitaemia
asymptomatic infections, or from high parasitaemia severe infections.

Materials and Methods

P. falciparum laboratory adapted clones and new clinical isolates. For monoculture and compet-
itive growth studies, four different P. falciparum laboratory adapted clones were studied that had been origi-
nally derived from clinical infections many years ago: Dd2 (from the area of Southeast Asia formerly known as
‘Indochina’), HB3 (from Honduras), D10 (from Papua New Guinea), and 3D7 (from a case of ‘airport malaria’
in the Netherlands with a parasite type having genetic similarities to African P. falciparum isolates). For 3D7, a
genetically modified sub-clone was used that had been previously engineered to express the green fluorescent
protein (3D7-HT-GFP kindly provided by Professor Bob Sinden)?”. This clone was used throughout as a control
in the multiplication rate assays. These four laboratory-adapted lines were each cultured from pre-existing stocks
and were not re-cloned prior to this study.

P, falciparum clinical isolates were sampled from patients who tested positive for malaria by immunochro-
matic rapid diagnostic testing and who had reported not taking antimalarial drugs during the preceding 3 days.
Patients presented at local health facilities at three different sites in West Africa (Faranah in the Republic of
Guinea in 2012, the Pikine area of Dakar in Senegal in 2013, and Nioro du Sahel in Mali in 2014), and written
informed consent for blood sampling for the study was obtained from patients or their parents or guardians.
Prior to antimalarial treatment, venous blood samples of up to 5ml in volume were collected into anticoagulant
tubes and centrifuged, following which plasma and leukocyte bufty coats were removed, and erythrocytes were
cryopreserved in glycerolyte at —80°C or in liquid nitrogen until shipment on dry ice to the London School of
Hygiene and Tropical Medicine where culture was performed. Eighteen isolates (five from Guinea, nine from
Senegal, and four from Mali) were selected for testing in this study after they had been cultured for at least two
weeks, by which time the majority of erythrocytes had been replaced by those from non-patient donors. Isolates
were given laboratory codes within a single series, so that laboratory workers were blinded to the origin of each
isolate and the assays were conducted on parasites from different populations over the same period, as generally
recommended for assays of clinical isolate phenotypes®. High quality assay data with sufficient biological and
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technical replication were achieved for eleven of the isolates (three from Guinea, six from Senegal and two from
Mali) following all the procedures described below. Approval of the study was granted by the Ethics Committee of
the London School of Hygiene and Tropical Medicine, the National Ethics Committee for Health Research in the
Republic of Guinea, the Ethics Committee of the Ministry of Health in Senegal, and the Ethics Committee of the
Ministry of Health in Mali. Under approval of the Ethical Committees, all methods were performed in accordance
with the relevant guidelines and regulations of the participating research institutes.

Parasite culture and multiplication rate assays. Parasites were cultured at 37 °C in anonymous
adult donor erythrocytes at 3% haematocrit in RPMI 1640 medium supplemented with 0.5% Albumax II (Life
Technologies, Paisley, United Kingdom), or in particular assays with 0.3% Albumax II and 2% human AB serum
(GE Healthcare, Amersham, United Kingdom), under an atmosphere of 5% O,, 5% CO,, and 90% N,. Multiplication
rate assays were conducted with up to six biological replicates, using parallel culture flasks with each flask containing
10mL culture using erythrocytes from a different anonymous adult donor of unknown blood group. Blood from
multiple different donors, all adult volunteers living in the UK and working at LSHTM, was collected the day prior
to the start of each multiplication rate assay, and erythrocytes were washed in RPMI 1640 incomplete medium and
stored at 4°C at 50% haematocrit. Parasite cultures were asynchronous prior to starting the assay, and each replicate
was initiated at a parasitaemia of 0.02% by dilution of an initial culture of at least 0.2% parasitaemia into fresh donor
erythrocytes (dilutions were a minimum of 10 fold so that at least 90% of erythrocytes within each replicate of the
assay were from different anonymous donors). During the 6-day assay, every 48 hours (day 0, 2, 4, and 6) a 300 uL
sample of resuspended culture medium was taken, from which 100 uL was pelleted and used to make a slide for
giemsa staining and microscopy, with the remaining 200 pL frozen at —20°C for DNA extraction and qPCR. Fresh
complete RPMI medium change was performed on days 2, 4, and 5. Of the eleven clinical isolates for which high
quality assay data were obtained for analysis, six isolates (SEN232, GUI246, MAL247, GUI249, MAL250, SEN251)
were grown and assayed in RPMI medium with 0.5% Albumax I as for the laboratory adapted isolates, while the
remaining five isolates were assayed in RPMI medium with 0.3% Albumax IT and 2% human serum.

DNA from each culture was extracted using a DNA Blood Mini kit (Qiagen), eluted in 40 pL and stored at
—20°C. Genomic DNA standard controls were run in technical triplicates for each qPCR run, with a concentration
range from 1 million down to 10 copies pL ™!, and DNA extracted from each biological replicate at each timepoint
was also assayed in technical triplicate and alongside negative template control samples. Primers targeting the highly
conserved Pfs25locus® were used at 300 nM final concentration with SYBR select master mix (Applied Biosystems)
in a total reaction volume of 10 pL, for qPCR assays run on a Rotor-Gene 3000 machine (Corbett Life Sciences and
Qiagen), with cycling conditions of 50 °C for 2 minutes, 95 °C for 2 minutes, 40 cycles of 95°C for 15 seconds and
60°C for 1 minute. Following each machine run, a melt curve was performed, to confirm specificity of the gPCR
amplicons. Quality control filtering of the raw data involved removal of measurements that were >0.5log genome
copies different from other replicates for that individual clone. To ensure focus on high quality data, an isolate was
dropped from analysis if there was more than one missing biological replicate data point at any time point, or if the
final time point measurement did not have a mean of at least 500 genome copies measured in each replicate. This
filtering enabled analysis of eleven (61%) of the eighteen clinical isolates for which the assay was initially attempted.

Design and validation of allele-specific qPCR assays. For allele-specific primer design, DNA
sequences for several polymorphic candidate genes of four laboratory clones (Dd2, HB3, D10 and 3D7) were
visualised in Jalview 2.8.1%%. Two previously described allele-specific quantitative PCR assays which targeted the
mspl gene®!3* were suitable to provide discrimination of five out of the six different pairs of the four clones, so
an additional allele-specific assay was designed to distinguish between the remaining pair (clones Dd2 and D10).
This new assay targeted the msp6 gene (PF3D7_1035500), with one pair of primers specific for the Dd2 allele
(5’-AAGAGCCAACATCGGAGGAATATC-3’ and 5'-CGGTTTTGAGTATTTGGTCTGGT-3' giving an ampli-
con size of 116 bp) and another specific for the D10 allele (5'-ATCAATATACTGGTACATCTATATCAGGTAT-
3’ and 5'-CAGAGAAGTTGTAGTACTATTACTATGAGA-3’ giving an amplicon size of 148 bp). The same ther-
mocycling conditions, and validation of melt curves of products, were performed for each of these allele-specific
qPCR assays as for the qPCR using the conserved primers described above. To validate allele-specific quantitation
accuracy, mixtures of extracted parasite DNA with allelic match and mismatch were assayed in triplicate in the
ratios 99:1, 90:10, 50:50, 10:90, 1:99.

P, falciparum clones expressing different fluorescent markers were used for microscopically counting the ratios
of different parasites in mixtures, as validation tests for the accuracy of allele-specific qPCR assays for independ-
ent counting of different parasite genotypes in co-cultures. In addition to constitutively-expressed GFP fluores-
cent P, falciparum™, genetically modified lines were constructed to express GFP in clone Dd2 (Dd2-GFP), and
the red fluorescent protein mKate2*’ in clone D10 (D10-mKate2). For counting of ratios of fluorescent parasites
within controlled mixtures, parasite images were made on live parasites within a droplet of approximately 30%
haematocrit culture under a coverslip on a glass microscope slide. These were subsequently imaged under the 40x
lens of an EVOS FL Cell Imaging System, and proportions of each genotype were calculated by counting 200 para-
sites. For comparison of in vitro mixtures, ring-stage parasites were synchronised using a 5% sorbitol solution and
allowed to develop into early stage trophozoite stages. Parasitaemia of the parent flask was calculated from a 1000
red blood cell count to confirm the absence of multi-nucleate schizont stages and five artificial pairwise mixed
scenarios were produced consisting of 20:1, 10:1, 1:1, 1:10 and 1:20 mixtures of the two differentially fluorescent
laboratory clones. Microscopic counts were performed on the two parasites expressing the different fluorophores
using the alternate EVOS Texas Red and GFP Light cubes, for distinction between red and green fluorescent
parasites respectively. Images of these mixtures were taken and proportions of each genotype were calculated by
counting at least 200 parasites.
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Microsatellite genotyping of ex vivo clinical isolates.  For clinical isolates, DNA underwent microsat-
ellite genotyping at four highly polymorphic loci (TA1, Polya, PfPK2 and TAA109), using a hemi-nested PCR
protocol?!, inner primers being labelled with particular fluorescent dyes as previously described*?. PCR products
were analysed by capillary electrophoresis using an ABI Genetic Analyzer 3730, with allele sizes discriminated
using GENEMAPPER version 4.0 software, and minor alleles within an infection being scored if their peak height
was at least 25% the size of the predominant allele.

References

1

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34,

. Gething, P. W. et al. Mapping Plasmodium falciparum Mortality in Africa between 1990 and 2015. N Engl ] Med 375, 2435-2445,

doi:10.1056/NEJMoal606701 (2016).
Mackinnon, M. J. & Read, A. E. Virulence in malaria: an evolutionary viewpoint. Philos Trans R Soc Lond B Biol Sci 359, 965-986
(2004).

. Dondorp, A. M. et al. Estimation of the total parasite biomass in acute falciparum malaria from plasma PfHRP2. PLoS Med 2, 204
(2005).
. Imwong, M. et al. Numerical Distributions of Parasite Densities During Asymptomatic Malaria. J Infect Dis 213, 1322-1329,

doi:10.1093/infdis/jiv596 (2016).

. Simpson, J. A., Aarons, L., Collins, W. E., Jeffery, G. M. & White, N. J. Population dynamics of untreated Plasmodium falciparum

malaria within the adult human host during the expansion phase of the infection. Parasitology 124, 247-263 (2002).

. Dietz, K, Raddatz, G. & Molineaux, L. Mathematical model of the first wave of Plasmodium falciparum asexual parasitemia in non-

immune and vaccinated individuals. Am ] Trop Med Hyg 75, 46-55 (2006).

. Douglas, A. D. et al. Comparison of modeling methods to determine liver-to-blood inocula and parasite multiplication rates during

controlled human malaria infection. J Infect Dis 208, 340-345, doi:10.1093/infdis/jit156 (2013).

. MacKinnon, M. J. & Read, A. F. Genetic relationships between parasite virulence and transmission in the rodent malaria

Plasmodium chabaudi. Evolution; international journal of organic evolution 53, 689-703 (1999).

. Chotivanich, K. et al. Parasite multiplication potential and the severity of falciparum malaria. Journal of Infectious Diseases 181,

1206-1209 (2000).

Deans, A. M. et al. Low multiplication rates of African Plasmodium falciparum isolates and lack of association of multiplication rate
and red blood cell selectivity with malaria virulence. Am J Trop Med Hyg 74, 554-563 (2006).

Ribacke, U. et al. Improved in vitro culture of Plasmodium falciparum permits establishment of clinical isolates with preserved
multiplication, invasion and rosetting phenotypes. PLoS One 8, €69781, doi:10.1371/journal.pone.0069781 (2013).

Goheen, M. M. et al. Anemia offers stronger protection than sickle cell trait against the erythrocytic stage of falciparum malaria and
this protection is reversed by iron supplementation. EBioMedicine 14, 123-130, doi:10.1016/j.ebiom.2016.11.011 (2016).

Reilly, H. B., Wang, H., Steuter, J. A., Marx, A. M. & Ferdig, M. T. Quantitative dissection of clone-specific growth rates in cultured
malaria parasites. Int ] Parasitol 37, 1599-1607 (2007).

Reilly Ayala, H. B., Wacker, M. A., Siwo, G. & Ferdig, M. T. Quantitative trait loci mapping reveals candidate pathways regulating cell
cycle duration in Plasmodium falciparum. BMC Genomics 11, 577, doi:10.1186/1471-2164-11-577 (2010).

Claessens, A., Affara, M., Assefa, S. A., Kwiatkowski, D. P. & Conway, D. J. Culture adaptation of malaria parasites selects for
convergent loss-of-function mutants. Scientific reports 7, 41303, doi:10.1038/srep41303 (2017).

Scherf, A. & Mattei, D. Cloning and characterization of chromosome breakpoints of Plasmodium falciparum: breakage and new
telomere formation occurs frequently and randomly in subtelomeric genes. Nucleic acids research 20, 1491-1496 (1992).

Manske, M. et al. Analysis of Plasmodium falciparum diversity in natural infections by deep sequencing. Nature 487, 375-379,
doi:nature11174 [pii] 10.1038/nature11174 (2012).

Murray, L. et al. Microsatellite genotyping and genome-wide single nucleotide polymorphism-based indices of Plasmodium
falciparum diversity within clinical infections. Malar J 15, 275, doi:10.1186/s12936-016-1324-4 (2016).

Abkallo, H. M. et al. Within-host competition does not select for virulence in malaria parasites; studies with Plasmodium yoelii. PLoS
Pathog 11, €1004628, doi:10.1371/journal.ppat.1004628 (2015).

de Roode, J. C. et al. Virulence and competitive ability in genetically diverse malaria infections. Proc Natl Acad Sci USA 102,
7624-7628 (2005).

Wacker, M. A., Turnbull, L. B., Walker, L. A., Mount, M. C. & Ferdig, M. T. Quantification of multiple infections of Plasmodium
falciparum in vitro. Malar ] 11, 180, doi:10.1186/1475-2875-11-180 (2012).

Zervos, T. M., Hernandez, J. N., Sutton, P. L. & Branch, O. H. Quantification of Plasmodium falciparum malaria from complex
infections in the Peruvian Amazon using quantitative PCR of the merozoite surface protein 1, block 2 (PfMSP1-B2): in vitro
dynamics reveal density-dependent interactions. Parasitology 139, 701-708, doi:10.1017/50031182011002393 (2012).

Petersen, I. et al. Balancing drug resistance and growth rates via compensatory mutations in the Plasmodium falciparum chloroquine
resistance transporter. Mol Microbiol 97, 381-395, d0i:10.1111/mmi.13035 (2015).

Mantel, P. Y. et al. Malaria-infected erythrocyte-derived microvesicles mediate cellular communication within the parasite
population and with the host immune system. Cell Host Microbe 13, 521-534, doi:S1931-3128(13)00151-0 [pii] 10.1016/j.
chom.2013.04.009 (2013)

Regev-Rudzki, N. et al. Cell-cell communication between malaria-infected red blood cells via exosome-like vesicles. Cell 153,
1120-1133, doi:50092-8674(13)00504-7 [pii] 10.1016/j.cell.2013.04.029 (2013).

Nwakanma, D. C. et al. Quantitative detection of Plasmodium falciparum DNA in saliva, blood, and urine. J Infect Dis 199,
1567-1574 (2009).

Rovira-Graells, N., Aguilera-Simon, S., Tinto-Font, E. & Cortes, A. New assays to characterise growth-related phenotypes of
Plasmodium falciparum reveal variation in density-dependent growth inhibition between parasite lines. PLoS One 11, e0165358,
doi:10.1371/journal.pone.0165358 (2016).

Ganter, M. et al. Plasmodium falciparum CRK4 directs continuous rounds of DNA replication during schizogony. Nature
microbiology 2, 17017, doi:10.1038/nmicrobiol.2017.17 (2017).

Leffler, E. M. et al. Resistance to malaria through structural variation of red blood cell invasion receptors. Science, doi:10.1126/
science.aam6393 (2017).

Jallow, M. et al. Genome-wide and fine-resolution association analysis of malaria in West Africa. Nat Genet 41, 657-665 (2009).
Rovira-Graells, N. et al. Transcriptional variation in the malaria parasite Plasmodium falciparum. Genome Res 22, 925-938,
doi:gr.129692.111 [pii] 10.1101/gr.129692.111 (2012).

Zhang, Q. et al. From in vivo to in vitro: dynamic analysis of Plasmodium falciparum var gene expression patterns of patient isolates
during adaptation to culture. PLoS One 6, 20591, doi:10.1371/journal.pone.0020591 (2011).

Gomez-Escobar, N. et al. Erythrocyte invasion and merozoite ligand gene expression in severe and mild Plasmodium falciparum
malaria. J Infect Dis 201, 444-452 (2010).

Bejon, P. et al. Calculation of liver-to-blood inocula, parasite growth rates, and preerythrocytic vaccine efficacy, from serial
quantitative polymerase chain reaction studies of volunteers challenged with malaria sporozoites. ] Infect Dis 191, 619-626 (2005).

SCIENTIFICREPORTS | 7: XXX | DOI:10.1038/541598-017-06295-9 7


http://dx.doi.org/10.1056/NEJMoa1606701
http://dx.doi.org/10.1093/infdis/jiv596
http://dx.doi.org/10.1093/infdis/jit156
http://dx.doi.org/10.1371/journal.pone.0069781
http://dx.doi.org/10.1016/j.ebiom.2016.11.011
http://dx.doi.org/10.1186/1471-2164-11-577
http://dx.doi.org/10.1038/srep41303
http://dx.doi.org/10.1038/nature11174
http://dx.doi.org/10.1186/s12936-016-1324-4
http://dx.doi.org/10.1371/journal.ppat.1004628
http://dx.doi.org/10.1186/1475-2875-11-180
http://dx.doi.org/10.1017/S0031182011002393
http://dx.doi.org/10.1111/mmi.13035
http://dx.doi.org/10.1016/j.chom.2013.04.009
http://dx.doi.org/10.1016/j.chom.2013.04.009
http://dx.doi.org/10.1016/j.cell.2013.04.029
http://dx.doi.org/10.1371/journal.pone.0165358
http://dx.doi.org/10.1038/nmicrobiol.2017.17
http://dx.doi.org/10.1126/science.aam6393
http://dx.doi.org/10.1126/science.aam6393
http://dx.doi.org/10.1101/gr.129692.111
http://dx.doi.org/10.1371/journal.pone.0020591

www.nature.com/scientificreports/

35. Talman, A. M., Blagborough, A. M. & Sinden, R. E. A Plasmodium falciparum strain expressing GFP throughout the parasite’s life-
cycle. PLoS One 5, €9156, doi:10.1371/journal.pone.0009156 (2010).

36. Bowyer, P. W. et al. Variation in Plasmodium falciparum erythrocyte invasion phenotypes and merozoite ligand gene expression
across different populations in areas of malaria endemicity. Infect Immun 83, 2575-2582, doi:10.1128/IA1.03009-14 (2015).

37. Schneider, P. et al. Quantification of female and male Plasmodium falciparum gametocytes by reverse transcriptase quantitative PCR.
Mol Biochem Parasitol 199, 29-33, doi:10.1016/j.molbiopara.2015.03.006 (2015).

38. Waterhouse, A. M., Procter, J. B., Martin, D. M., Clamp, M. & Barton, G. J. Jalview Version 2—-a multiple sequence alignment editor
and analysis workbench. Bioinformatics 25, 1189-1191, doi:10.1093/bioinformatics/btp033 (2009).

39. Chen, K. et al. Competition between Plasmodium falciparum strains in clinical infections during in vitro culture adaptation. Infect
Genet Evol 24, 105-110, doi:10.1016/j.meegid.2014.03.012 (2014).

40. Shcherbo, D. et al. Far-red fluorescent tags for protein imaging in living tissues. The Biochemical journal 418, 567-574, doi:10.1042/
BJ20081949 (2009).

41. Anderson, T.]. C,, Su, X.-Z., Bockaire, M., Lagog, M. & Day, K. P. Twelve microsatellite markers for characterisation of Plasmodium
falciparum from finger prick blood samples. Parasitology 119, 113-125 (1999).

42. Mobegi, V. A. et al. Population genetic structure of Plasmodium falciparum across a region of diverse endemicity in West Africa.
Malar J 11, 223, doi:1475-2875-11-223 [pii] 10.1186/1475-2875-11-223 (2012).

Acknowledgements

We thank the malaria patients and their families who consented to provide blood samples for parasite
culture analysis, and clinical staff at the health facilities. The research was supported by funding from the UK
Biotechnology and Biological Sciences Research Council (PhD studentship support for L.M. under the BBSRC
London Interdisciplinary Doctoral Programme), and the European Research Council (AdG-2011-294428).

Author Contributions

L.M., L.B.S. and D.J.C. conceived the study; L.M. and L.B.S. performed the experimental work; S.].T. supervised
construction of genetically modified fluorescent parasites and advised on experimental analyses; A.D.A., M.D.
and A.A.-N. supervised collection and selection of samples for analysis, and advised on analyses; L.M. and L.B.S.
performed the data analyses; L.M., L.B.S. and D.].C. wrote the manuscript; all authors advised on drafts and
approved the final version of the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-06295-9

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

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS | 7:XXXX | DOI:10.1038/s41598-017-06295-9 8


http://dx.doi.org/10.1371/journal.pone.0009156
http://dx.doi.org/10.1128/IAI.03009-14
http://dx.doi.org/10.1016/j.molbiopara.2015.03.006
http://dx.doi.org/10.1093/bioinformatics/btp033
http://dx.doi.org/10.1016/j.meegid.2014.03.012
http://dx.doi.org/10.1042/BJ20081949
http://dx.doi.org/10.1042/BJ20081949
http://dx.doi.org/10.1186/1475-2875-11-223
http://dx.doi.org/10.1038/s41598-017-06295-9
http://creativecommons.org/licenses/by/4.0/

