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Replication rates and virulence of pathogens are hypothesised to evolve in response to varying intensity
of transmission and competition among genotypes. Under exponential growth conditions in culture, clin-
ical isolates of the malaria parasite Plasmodium falciparum have variable intrinsic multiplication rates, but
comparisons of samples from different areas are needed. To analyse parasites from an area of low
endemicity, Malaysian clinical isolates cryopreserved prior to malaria elimination were studied. The
mean and range of P. falciparum multiplication rates in Malaysian isolates were no less than that seen

5?;"5;/:;‘22: among isolates from more highly endemic populations in Africa, which does not support a hypothesis
Adaptation of adaptation to prevailing levels of infection endemicity. Moreover, the distribution of multiplication
Replication rates was similar between isolates with single parasite genotypes and those containing multiple geno-
Archive types, which does not support a hypothesis of facultative adjustment to competing parasites. Based solely
Control on clinical isolates, the findings indicate that parasites may not evolve lower multiplication rates under

Malaria elimination conditions of reduced transmission, and that the virulence potential is likely to be undiminished in pre-
elimination settings. This encourages efforts to eliminate endemic infection completely, as has been
achieved at the national level in Malaysia.

© 2025 The Authors. Published by Elsevier Ltd on behalf of Australian Society for Parasitology. This is an

open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

It has been considered that pathogens may evolve high multi-
plication rates under conditions of intense transmission where
superinfection is common, due to selection from within-host com-
petition among different genotypes (Mackinnon and Read, 2004;
Acevedo et al., 2019). Determining if this pertains to malaria has
relevance to understanding and controlling the disease, caused
by asexually replicating blood-stage parasites leading to high
infection loads (Dondorp et al., 2005; Georgiadou et al., 2019).
Most malaria cases globally are now caused by Plasmodium falci-
parum within Africa, although this parasite species also continues
to be endemic in parts of Asia and South America, while increasing
numbers of countries have become malaria-free (WHO, 2023). It is
not known whether local parasite populations might evolve altered
multiplication rates during the long process of malaria control
required before elimination from any area.
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Modelling of parasite and host parameters in studies of clinical
malaria cases has suggested significant natural parasite variation
in multiplication potential (Georgiadou et al., 2019), although
intrinsic rates cannot be measured directly in such cases. Data
from experimentally induced malaria infections have indicated
variation in multiplication rates among P. falciparum strains,
although protocol differences cause uncertainty in some compar-
isons (Simpson et al, 2002; Dietz et al, 2006; Friedman-
Klabanoff et al., 2019; Laurens et al., 2019). Parasite strains main-
tained for a long time in laboratories often contain genomic alter-
ations that do not occur in nature (Claessens et al., 2017), so
comparisons of parasites in culture should ideally be performed
within a short time of isolation (Brown and Guler, 2020). Assays
of parasite multiplication in the first ex vivo cycle have indicated
significant variation that may be associated with severity of dis-
ease, although such estimations are subject to variation in the via-
bility of parasites in clinical samples (Chotivanich et al., 2000;
Deans et al., 2006; Ribacke et al., 2013). After establishment of
diverse clinical isolates in continuous culture, more controlled
measurements under exponential growth conditions are possible,
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which have shown a range of P. falciparum multiplication rates
from approximately two-fold to eight-fold per 48 h (Murray
et al., 2017; Stewart et al., 2020).

Significant progress has been made towards elimination of P.
falciparum infection in much of southeastern Asia. Since 2018,
Malaysia has been free from any local transmission of P. falciparum
or other human malaria parasites that used to be endemic, so that
the only risk remains from imported infections or zoonotic malaria
caused by different parasite species with macaque reservoir hosts
(Yap et al., 2021; WHO, 2023). Significant reduction of endemic
malaria in Malaysia occurred from the 1950 s onwards, initially
under the original WHO policy of Malaria Eradication which had
an impact throughout the country, including Sabah state in which
the annual number of cases was reduced from ~250,000 in 1951
to ~10,000 in 1969 (Rahman, 1982). After this period, malaria
eradication was no longer considered achievable, but malaria
became notifiable while it remained continuously endemic, with
incident cases affecting less than 3% of the population in Sabah
by the early 1990s. Subsequent intensification of malaria control
led to further reduction of incidence (William et al., 2013), until
the last indigenous case of P. falciparum or any non-zoonotic
malaria in Malaysia was detected in 2017 (WHO, 2023).

It remains unknown whether reductions in malaria have pre-
dictable effects on parasite evolution. By the turn of the millen-
nium, the P. falciparum population genetic structure in different
areas of Malaysia including Sabah showed evidence of local frag-
mentation, and most P. falciparum infections contained single
genotypes (Anthony et al., 2005). This contrasts with the situation
in most of Africa where the parasite remains more highly endemic,
and where most infections contain multiple genotypes due to
superinfection as well as co-transmission of diverse genotypes
(Zhu et al., 2019; Nkhoma et al., 2020; Wong et al., 2022;
MalariaGen et al., 2023). To investigate parasite multiplication rate
variation here, P. falciparum isolates were cultured from cryopre-
served blood samples archived from cases sampled in Sabah in
the late 1990s when the infection remained endemic. Exponential
multiplication rates of the Malaysian parasites assayed in culture
did not differ significantly between single- and multiple-
genotype isolates, and the overall distribution was similar to that
seen for P. falciparum isolate samples from more highly endemic
populations. These results do not indicate that parasite multiplica-
tion rates are adjusted in response to varying levels of endemicity
or to the immediate presence of competing parasites.

2. Materials and methods
2.1. Parasite sampling from malaria patients

Blood samples were collected from P. falciparum malaria cases
attending government health facilities at three sites in Malaysian
Borneo between December 1996 and December 1997 (Lahad Datu
Hospital, Kunak Health Center, and Tawau General Hospital, in
southern Sabah) (Fig. 1). Patients with P. falciparum infections were
invited to donate 3 ml of peripheral blood to contribute to under-
standing of variation in parasite genotypes and phenotypes includ-
ing drug susceptibility (Cox-Singh et al., 2001). Recruitment of
patients into the original study did not select by age or sex, but
broadly reflected the cases presenting to each hospital including
many adults. Most of the volume of each blood sample was col-
lected into EDTA blood collection tubes, with aliquots being cryop-
reserved in liquid nitrogen as archival samples for laboratory
culture, and patient data were since decoupled from these so that
they were retained as a representative population sample of para-
sites. Cryopreserved blood samples for this study were maintained
in liquid nitrogen in Malaysia until 2021, and then sent on dry ice
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to the London School of Hygiene and Tropical Medicine (LSHTM,
UK) for storage in liquid nitrogen until thawing for parasite culture.
This process was approved by the Medical Research Ethics Com-
mittee of Universiti Malaysia Sarawak and the Ethics Committee
of the London School of Hygiene and Tropical Medicine, in accor-
dance with the International Conference of Harmonization Good
Clinical Practice Guidelines.

2.2. Parasite culture

Blood samples archived from each of 36 Malaysian P. falciparum
malaria cases were thawed from glycerolyte cryopreservation and
P. falciparum parasites were cultured continuously at 37 °C, using
standard methods. Briefly, a 12% NaCl solution was added drop-
wise to each cryopreserved sample while shaking the tube gently,
adding up to half of the original sample volume, left to stand for
5 min, following which 10 times the original volume of 1.6% NaCl
was added dropwise to the sample while shaking the tube gently.
After centrifugation for 5 min at 500 g, the cells were resuspended
in RPMI 1640 medium (Merck, UK) containing 0.5% Albumax™ II
(Thermo Fisher Scientific, Paisley, United Kingdom) and cen-
trifuged again, following which the erythrocyte pellet was resus-
pended and combined with fresh erythrocytes from an
anonymous donor of blood group O for culture at 3% haematocrit
in RPMI 1640 medium supplemented with 0.5% Albumax™ II, under
an atmosphere of 5% O,, 5% CO,, and 90% N,, with orbital shaking
of flasks at 50 revolutions per min. Fresh erythrocytes from anony-
mous donors of blood group O were added when cultures were
diluted 1:5 at least once every week, so original patient erythro-
cytes would have virtually disappeared from cultures after a few
weeks due to replacement caused by dilution. Isolates having par-
asites sustained continuously in culture, with at least 0.2% erythro-
cytes being infected after 20 days, were introduced into
multiplication rate assays under experimental growth conditions
as described in section 2.3.

2.3. Parasite multiplication rate assays

Exponential multiplication rate assays were performed using a
method previously described (Murray et al., 2017). Prior to each
of the assays being initiated after at least 20 days of continuous
culture, fresh blood was collected into EDTA tubes from three
anonymous donors of blood group O, and erythrocytes were stored
at 4 °C for no more than 2 days and washed three times before use.
Each of the assays for each isolate was performed in triplicate, with
erythrocytes from each of the three different donors in separate
flasks. Asynchronous parasite cultures were diluted to approxi-
mately 0.02% parasitaemia within each flask at the start of each
assay which was conducted over 6 days. Every 48 h (day O, 2, 4,
and 6), 200 pl of suspended culture were taken for DNA extraction
and quantitative PCR (qPCR), and culture media were renewed.

Following extraction of DNA from each of the day 0, 2, 4, and 6
timepoints in each of the assay replicates, qPCR to measure
numbers of parasite genome copies was performed using a
previously described protocol targeting a highly conserved locus
in the P. falciparum genome (the Pfs25 gene) (Murray et al.,
2017). Analysis of the parasite genome numbers at days 0, 2, 4
and 6 of each assay was performed by qPCR, and quality control
was performed to exclude any assays with less than 100 parasite
genome copy numbers measured at the end. Quality control also
removed any points where a measurement was either lower or
more than 20-fold higher than that from the same well 2 days
earlier in the assay, and any outlying points among the biological
triplicates that had a greater than two-fold difference from the
other replicates on the same day. Assays were retained in the final
analysis if there were duplicate or triplicate biological replicate
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Fig. 1. Sampling sites in Malaysia and laboratory processing of archived Plasmodium falciparum clinical samples. (A) Map showing locations of three hospital sites in the
southeastern area of Sabah state in Borneo from which samples were cryopreserved (Kunak and Lahad Datu in 1996 and Tawau in 1997). Graphical maps incorporate freely
available images from d-maps.com for the left hand and from map data©2024 Google for the right hand map. (B) Out of 36 isolates thawed and cultured (26 from Tawau, five
from Kunak, and five from Lahad Datu), 29 had sufficient parasites in culture after 20 days to initiate 6-day assays of exponential multiplication rates, and parasite
multiplication rates (PMRs) per 48 h were successfully derived for 24 of those isolates (18 from Tawau, four from Kunak, and two from Lahad Datu).

measurements remaining after the quality control steps, and if
they showed a coefficient of determination of r > 0.90 for the mul-
tiplication rate estimates using all remaining data points. For each
assay, an overall parasite multiplication rate (defined as per 48 h
typical replicative cycle time) was calculated, with 95% confidence
intervals using a standard linear model with GraphPad PRISM. The
long-term laboratory-adapted P. falciparum clone 3D7 was assayed
in parallel as a control in all assays, consistently showing a multi-
plication rate of approximately 8.0 fold per 48 h as described pre-
viously (Murray et al., 2017).

2.4. Parasite genotyping

To test for the presence of single or multiple P. falciparum geno-
types within each of the isolates, genotyping of highly polymorphic
repeat sequence regions within the msp1 and msp2 gene loci was
performed on extracted genomic DNA from cultures sampled
shortly before setting up the exponential multiplication rate
assays. A nested PCR protocol incorporated mspl block 2 and
msp2 dimorphic region allelic family-specific primers, and alleles
were discriminated by scoring of PCR product sizes and allelic fam-
ily types on agarose gels (2% agarose for msp2 allelic products, and
3% agarose for msp1 allelic products) using a method previously
described (Snounou et al., 1999). This method gives usefully sensi-
tive and reproducible detection of mixed-genotype isolates, as pre-
viously compared with other convenient genotyping methods
(Farnert et al., 2001). These two loci are known to have many dif-
ferent alleles within southeastern Asia as well as in Africa (Ferreira
and Hartl, 2007; Aspeling-Jones and Conway, 2018), enabling dis-
crimination of most parasite genotypes. Due to the sensitive nested
PCR and high level of allelic discrimination, the method can also
detect mixed genotype infections not clearly apparent by whole-
genome sequencing of isolates as some genotypes are present in
low minority proportions (Auburn et al., 2012).
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3. Results

3.1. Culture establishment and assay of P. falciparum isolates from
archived Malaysian samples

Thirty-six archived Malaysian P. falciparum clinical blood sam-
ples that had been cryopreserved in 1996-1997 were thawed
and parasites introduced into culture, involving dilution and
replacement into new erythrocytes at culture initiation and peri-
odically to support continuous growth of the parasites. Twenty-
nine (81%) of these isolates had parasites continuously growing
after 20 days of continuous culture, at a density of at least 0.2% ery-
throcytes infected, which was sufficient to allow dilution to very
low parasitaemia for assay of multiplication rates (Fig. 1). Each of
these 29 isolates was tested in a 6-day exponential multiplication
rate assay at a starting parasitaemia of 0.02% in triplicate flasks
with erythrocytes from three different donors, and Table S2 data
for 24 of the isolates passed the quality control criteria for estima-
tion of exponential multiplication rates (Fig. 2, Supplementary
Fig. S1, Supplementary Table S1 and S2). Exponential
multiplication assay data are illustrated for eight isolates in Fig. 2
(similar individual isolate plots for all 24 isolates are shown in
Supplementary Fig. S1).

3.23.2. Multiplication rate variation among Malaysian P. falciparum
isolates

Exponential parasite multiplication rates across the 24 Malay-
sian isolates ranged from 1.6-fold to 6.9-fold (per 48 h correspond-
ing to a typical asexual cycle time) (Fig. 2). For each isolate, there
was generally high consistency in the parasite genome copy num-
bers measured in parallel replicate cultures with different erythro-
cyte donors (Fig. 2, Supplementary Fig. S1 and Supplementary
Fig. S2), so the multiplication rate estimates had tight confidence
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Fig. 2. Variation in Plasmodium falciparum multiplication rates among cultured clinical isolates from Malaysia. (A) Exponential growth assay data illustrated for eight isolates
(plots for all 24 isolates are shown in Supplementary Fig. S1), tested in a 6-day assay conducted in triplicate with erythrocytes from three different donors. Plots show parasite
genome copies (Logio scale) per microlitre of DNA extracted from each culture timepoint. Assays were performed after each isolate had been in continuous culture for least 20
and no more than 23 days (Supplementary Table S1). Estimates of parasite multiplication rates (PMR) per 48 h for each isolate are derived from the 6-day assay data by
logistic regression. (B) Bar chart of multiplication rates per 48 h and 95% confidence intervals of estimates for all 24 individual isolates ranging from the lowest (1.6) to the

highest (6.9). Values are given in Supplementary Table S1.

intervals (Fig. 2 and Supplementary Table S1). Across all isolates
there was an overall mean of 4.4-fold multiplication per 48 h
(Fig. 2). Most of the isolates were from Tawau hospital, but the iso-
lates from the other sites did not show a trend towards having
higher or lower rates (Fig. 2), indicating that the variation is not
due to differences between hospitals sampled (all were within
100 km of each other as shown in Fig. 1).

3.3. Comparison between isolates with single and multiple genotypes

Eight (33%) of the 24 isolates assayed contained multiple P. fal-
ciparum genotypes, as determined by allelic discrimination at the
highly polymorphic msp1 and msp2 loci, while the remaining 16
isolates each had a single parasite genotype detected (Fig. 3 and
Supplementary Table S3). There was no significant difference in
parasite multiplication rates in comparison between the multiple
genotype isolates (mean = 3.9-fold) and single genotype isolates
(mean = 4.6-fold) (Fig. 3).
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A diagnostic assessment of parasitaemia in the peripheral blood
samples of patients had been recorded using a categorical grading
system based on numbers of parasites observed microscopically
per high power field in the health facilities (Supplementary
Table S3). Among the 22 isolates for which such records were avail-
able, there was a weak and non-significant correlation between
parasite density in the patients and the multiplication rates mea-
sured in culture (Spearman’s rho = 0.12, P = 0.6) (Supplementary
Fig. S2).

3.4. Comparison of Malaysian isolates with those from more highly
endemic populations

The overall distribution of multiplication rates of the Malaysian
isolates was compared with data on isolates sampled from West
African populations between 2011 and 2013, that were previously
determined using the same assay methods in the same laboratory
(Murray et al., 2017; Stewart et al., 2020) (Fig. 4). The values for
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Fig. 3. Comparison of multiplication rates in Malaysian Plasmodium falciparum
isolates with single and multiple genotypes detected (Mann-Whitney P = 0.21).
Detection of multiple genotypes was based on discrimination of alleles of msp1 and
msp2 after PCR amplification. Numbers of alleles detected in each isolate for each
locus are shown in Supplementary Table S3.

Malaysian isolates showed a similar distribution to that seen for
isolates sampled from a highly endemic area of northern Ghana
(n = 18, mean of 4.3-fold, Mann-Whitney P = 0.6) (Fig. 4). The
values for the Malaysian isolates were also similar to those from
a more diverse panel of clinical isolates from three other countries
in West Africa (n = 11, mean of 4.2-fold, Mann-Whitney P = 0.4)
(Fig. 4). Both of these comparisons show that Malaysian parasites
did not have intrinsically lower multiplication rates than
P. falciparum isolates from the most highly endemic region in the
world.
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4. Discussion

Understanding parasite multiplication rate variation is
advanced here by analyses of samples collected in Malaysia when
P. falciparum infection was endemic. Together with data on P. falci-
parum isolates from other populations, the results do not support a
simple hypothesis suggesting directional trait adaptation, nor of
facultative adjustment in the presence of competing parasites. It
is clear that the mean and range of Malaysian parasite multiplica-
tion rates was similar to that of parasites from more highly ende-
mic populations. Moreover, the variation in parasite multiplication
rates among the Malaysian parasites did not differ for single geno-
type and multiple genotype isolates.

It is important to note that all of the archived Malaysian sam-
ples available were clinical isolates from patients, whereas it
remains possible that parasites in asymptomatic infections in the
community may have had lower multiplication rates. It is more dif-
ficult to study phenotypes of parasites in isolates of community
infections as they are usually at very low levels in the blood
(Imwong et al.,, 2016) and may be slower replicating (Stewart
et al.,, 2025), but such infections are important to consider as
malaria control proceeds (Bjorkman and Morris, 2020; Whittaker
et al,, 2021). The isolates from Malaysia were archived approxi-
mately 15 years before the previously analysed isolates from
Africa, whereas sampling parasites nearer to the time of eventual
local elimination might possibly show differences due to continu-
ing parasite evolution, although small effective population sizes
would reduce the likelihood of adaptive changes. Where feasible,
it may be worth sampling asymptomatic infections to study para-
site phenotypes elsewhere prior to elimination.

Although parasite multiplication rates appear to have similar
distributions in different endemic populations, the variation
among isolates within each local population may potentially have
adaptive and clinical significance. A significant positive correlation
between multiplication rates in culture and peripheral blood para-
sitaemia levels at time of sampling was seen among isolates from
clinical cases in Ghana (Stewart et al., 2020), and studies of first
cycle ex vivo replication in Thailand and Uganda had shown higher
rates in parasites from severe malaria compared with mild malaria
isolates (Chotivanich et al.,, 2000; Ribacke et al.,, 2013). In the
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Fig. 4. Comparison of multiplication rates of Malaysian Plasmodium falciparum isolates (mean = 4.4, n = 24) with previous data for isolates from Ghana (mean = 4.3, n = 18),
Guinea (mean = 5.1, n = 3), Mali (mean = 3.2, n = 2) and Senegal (mean = 3.6, n = 6) tested under similar assay conditions. Horizontal lines show mean values for each country.
The isolates from Ghana were assayed after 25 days of culture (Stewart et al., 2020), and those from elsewhere in West Africa were assayed after a minimum of 16 days and a
mean of 23 days in culture (Murray et al., 2017). There was no significant difference in the distributions of multiplication rate values for Malaysia compared with Ghana
(Mann-Whitney P = 0.6) or compared with the rest of the West African isolates combined (Mann-Whitney P = 0.4).
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present study on archived Malaysian samples, the test for a corre-
lation between multiplication rates and patient parasitaemia is
limited by the available semi-quantitative estimates of the latter
in health facilities at the time of sampling. Prospective studies
where malaria is still endemic will benefit from more intensive
protocols to estimate densities in peripheral blood, or biomarker
methods to estimate total parasite biomass (Dondorp et al.,
2005; Georgiadou et al., 2019), which will help explore associa-
tions with intrinsic parasite multiplication rates.

The substantial observed variation in multiplication rates of
clinical isolates is not primarily explainable by parasites undergo-
ing sexual commitment. Parasite sexual commitment was not
tested in this study, but previous studies have consistently shown
that normally only a minority of P. falciparum parasites commit to
sexual development, less than 20% per cycle (Stewart et al., 2022).
A study of gene expression has suggested parasites may increase
commitment to developing sexual stages to infect mosquitoes
when overall transmission rates are lower (Abdi et al., 2023),
which could marginally decrease asexual multiplication rates.
The present study does not exclude the possibility of such an effect,
as it would be too slight to be detected here.

Parasites in clinical isolates here were compared after only a
few weeks in culture, giving sufficient time for erythrocytes from
patients to have been diluted out by the time of assay, but not time
for parasite mutants to become common (Claessens et al., 2017,
2023; Stewart et al., 2020). However, any assessment of multiplica-
tion rates performed in culture might not fully reflect the multipli-
cation potential of parasites in the in vivo environment within
patients. A general increase in replication rates over several
months of continuous culture was previously seen for Ghanaian
isolates, which might either reflect phenotype plasticity due to epi-
genetic regulation or effects of genomic changes, the relative
importance of which remains to be determined (Stewart et al.,
2020; Claessens et al., 2023). It is also possible that other variables
may determine differences between parasite multiplication rates
under non-exponential growth conditions, when there would be
significant density-dependent effects (Rovira-Graells et al., 2016;
Gnangnon et al., 2021). For example, significant variation in rela-
tive growth rates of parasite isolates from the Thai-Myanmar bor-
der was seen when a small panel was tested in pairwise
combinations under competitive conditions (Tirrell et al., 2019).
More comparisons of parasite relative growth rates under different
culture conditions may reveal variation that could reflect adaptive
changes.

At the cellular level, it will be important to discover which
phases of the replication and growth cycle contribute most to the
variation of P. falciparum multiplication rates. An initial analysis
of different Ghanaian isolates indicated that the number of mero-
zoites within mature schizonts varies only slightly and was not a
major determinant of the variation in multiplication rates
(Stewart et al., 2020). Other variables to be investigated in terms
of their relative contribution include cell cycle duration (Reilly
Ayala et al,, 2010; Ganter et al., 2017; Gnangnon et al., 2021) and
invasion efficiency of merozoites (Gnangnon et al., 2021), including
the use of alternative erythrocyte receptors for invasion which
shows some variation among populations (Bowyer et al., 2015).
Analysis of parasites from different populations is advisable to
ensure that mechanisms characterised in vitro reflect the basis of
natural phenotypic variation.
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