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Quantification of Plasmodium
falciparum: validation of
quantitative polymerase chain
reaction assays for detection of
parasites in controlled human
malaria infection studies
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Kelvias Keter1, Agnes Mutiso1, Lydia Nyamako1, Rose Gatheru1,
Adrian V. S. Hill2, Philip Bejon1,3, Katie J. Ewer2

and Melissa C. Kapulu1,3*

1Bioscience Department, Kenya Medical Research Institute (KEMRI)-Wellcome Trust Research
Programme, Kilifi, Kenya, 2The Jenner Institute, University of Oxford, Oxford, United Kingdom,
3Centre for Tropical Medicine and Global Health, New Richards Building, Oxford, United Kingdom
Background: Controlled human malaria infection (CHMI) studies are considered

a powerful tool for assessing the efficacy of malaria vaccines and investigating

immunity against infection. The monitoring of infection has historically been

carried out by microscopy and/or more recently sensitive quantitative

polymerase chain reaction (qPCR) based on the 18S ribosomal RNA (rRNA)

gene. Here we describe the validation of a molecular assay previously

developed to quantify malaria parasites in CHMI.

Methods:We used primers and probes for the 18S rRNA Plasmodium falciparum

gene. The validation of the assay was performed using cultured 3D7 parasites to

generate standards of known quantities of parasites. We determined the

specificity, accuracy, precision, lower limit of detection, linearity, and

robustness. We also evaluated the effect of using different volumes of whole

blood for DNA extraction on the assay performance.

Results: The validation revealed: (1) specificity of 100% (n=5 independent

experiments); (2) linearity with R2 values ≥ 0.98, a slope of −3.8 to −3.1, and

efficiency 89–100%; (3) lower limit of detection of 0.3 parasites/microliter and

lower limit of quantification of 2.6 parasites/microliter; (4) precision with both

inter-assay repeatability and intra-assay reproducibility with coefficients of

variation (CV) values of <10%; and (5) accuracy and good extraction efficiency
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of >90%. The use of large blood volumes for extraction had an adverse effect

on precision.

Conclusion: We show that this qPCR method for P. falciparum parasite

quantification from whole blood is specific, precise, sensitive, accurate, and

robust. However, our whole blood qPCR method is not suitable when DNA

extraction is from large blood volumes, where using a larger extraction volume of

1000 µl has a considerable effect on the robustness, reproducibility, and

repeatability of qPCR, highlighting the importance of standardized protocols in

DNA extraction. Other qPCRmethods should be considered where high volumes

of blood are required.
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Introduction

Malaria remains a significant public health burden in tropical and

subtropical regions, with an estimated 249 million cases occurring

globally in 2022 (WHO, 2023). Recent recommendations and roll out

of malaria vaccines could be complementary tool to existing control

measures to reduce the global burden of malaria (malERA

Consultative Group on Vaccines, 2011; Duffy and Patrick Gorres,

2020). The controlled human malaria infection (CHMI) model is a

well-established, powerful system that assesses the efficacy of anti-

malarial drugs and early-stage vaccines. In this model, healthy

volunteers are infected with malaria parasites either via the bites of

infected mosquitoes or by needle-based administration of a known

amount of cryopreserved sporozoites or infected red blood cells

(Verhage et al., 2005; Epstein et al., 2007; Duncan and Draper,

2012; Billingsley et al., 2014; Mordmüller et al., 2015). The current

gold standard for monitoring infection is by thick blood smears at

regular time points, antimalarial treatment is then administered once

parasites have been detected by microscopy. The detection limit by

blood smear is ∼4–20 parasites/microliter (p/μl) depending on the

number of fields evaluated and the expertise of the microscopist

(Seilie et al., 2019). However, blood smear detection has its challenges,

including the need for expert personnel and poor sensitivity in

detecting low parasite levels. To overcome these challenges, various

nucleic acid tests (NATs) have been developed to detect and quantify

patent blood stage parasitemia as well as provide definite species

identification (Roth et al., 2016). The most common NAT target of

Plasmodium is the 18S (small subunit) ribosomal RNA gene (18S

rRNA) (Kimura et al., 1997; Murphy et al., 2012) that can be detected

by quantitative PCR (qPCR) (Hermsen et al., 2001), nested

polymerase chain reaction (PCR) (Kimura et al., 1997), nucleic acid

sequence-based amplification (NASBA) (Schoone et al., 2000), and

quantitative reverse transcription PCR (qRT-PCR) (Kamau et al.,
02
2011; Kamau et al., 2014). NAT are significantly more sensitive,

specific, and reliable in detecting low levels of parasitemia than

microscopy and work well with large sample sets and larger blood

volumes (i.e. defined as ≥ 200 ml to 2 ml in previous studies) (Imwong

et al., 2014; Hodgson et al., 2015). The objective of this study was to

validate a previously developed quantitative PCR method by

Hermsen et al. (2001) (Ogwang et al., 2015) that was transferred to

Oxford (Andrews et al., 2005; Hodgson et al., 2015) and adapted for

use in Kilifi (Ogwang et al., 2015) for the quantification of malaria

parasite densities from whole blood in CHMI studies. We previously

used this assay in a CHMI study (Kapulu et al., 2021) and here

validate it to be able to analyze samples in further CHMI studies

particularly in the context of intervention testing.
Materials and methods

Parasite culture

The P. falciparum 3D7 parasites were cultured in vitro in human

red blood cell (RBC) suspensions using RPMI 1640 medium (Gibco/

Invitrogen, Germany) supplemented with 2-mM L-glutamine

(Gibco/Invitrogen, Germany), 37.5-mM HEPES (Gibco/Invitrogen,

Germany), 25-μg/ml Gentamicin (Sigma, Germany), 0.2% glucose

(Sigma, Germany) and 50.4-μg/ml Hypoxanthine (Sigma, Germany)

and maintained at 37°C under 5% CO2. The growth of the parasite

was followed by examination of the thin blood smear stained with

Giemsa by microscopy and maintained at >10% parasitemia.

Cultures were synchronized at the ring stage by treating cultured

parasites with 5% sorbitol and subsequently reintroducing them back

into culture. Asexual stage parasite cultures were harvested by

centrifugation and counted by microscopy and flow cytometry. The

parasites were frozen at −80°C until needed.
frontiersin.org

https://doi.org/10.3389/fmala.2025.1497613
https://www.frontiersin.org/journals/malaria
https://www.frontiersin.org


Kibwana et al. 10.3389/fmala.2025.1497613
Quantification of infected red blood cells
using flow cytometry

Five microliters of harvested P. falciparum-infected RBCs were

stained with 1 ml of 1:1000 SYBR green (Molecular Probes, Lithuania)

for 30 min at room temperature, washed twice in 1 ml phosphate

buffered saline (PBS), and resuspended in 1 ml of PBS (Sigma,

Germany) and analyzed by flow cytometry using BD FACS Canto

(BD Biosciences, Germany) with an acquisition of 1,000,000 events per

sample. Initial gating was performed using uninfected red blood cells.
Prepartaion of a standardized parasite
dilution series in whole blood for
assay validation

Donor whole blood from O positive healthy donors was

screened for the presence of P. falciparum as determined by rapid

diagnostic test (RDT) and later confirmed by Taqman 18S rRNA

qPCR. These donor blood samples were then spiked with an in vitro

cultured and counted asexual stage frozen P. falciparum parasites. A

two-fold serial dilution of spiked whole blood was made resulting in

a parasite count range of 0.25 to 2,500 p/ml.
DNA extraction and qPCR

DNA was extracted from whole blood spiked with P. falciparum

using the QIAsymphony machine (Qiagen, Germany) for automated

DNA extraction and purification (Qiagen, Germany) according to the

manufacturer’s instructions. DNA extraction was performed on four

different sample volumes (200 ml, 400 ml, 500 ml and 1000 ml) to
determine whether the sensitivity of the assay would be increased

when using larger blood extraction volumes. Each extraction was also

performed with a known positive and negative control sample. DNA

was eluted in 50 μl (for extraction volumes of 200 μl) and 100 μl of

elution buffer (for 400, 500 and 1000 μl extraction volume). From this

10 μl of eluted DNA was used to amplify the 18S ribosomal RNA

gene by qPCR in a TaqMan assay using primers and probes on an

Applied Biosystems 7500 real-time PCR system by Applied

Biosystems 7500 quantification software (Thermo Fisher Scientific,

USA). Final concentrations of 1× universal PCR Master Mix,

10pmol/μl of each primer, and 10μmol of Non-Florescent

Quencher with Minor Groove Binder moiety (NFQ-MGB) probe

were used in a 50μl reaction. Primers were based on the multicopy

(four to eight per parasite) 18S (small subunit) ribosomal RNA genes

of the Pf malaria parasite (NCBI nucleotide database accession

number: M19173) developed by Hermsen et al. (2001) (Hermsen

et al., 2001). The probes were based on the Oxford qPCR method as

previously described (Sheehy et al., 2012). The primers and probes

were synthesized by Eurofins Genomics (Germany).

18S Pf Forward-5’GTAATTGGAATGATAGGAATTTAC

AAGGT 3’

18S Pf Reverse-5’ TCAACTACGAACGTTTTAACTGCAAC 3’

18S PfMGB -5’ FAM- AACAATTGGAGGGCAAG-NFQ-MGB 3’
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The thermal profile used for qPCR is as follows: 10 min at 95°C; 45

cycles of 15 sec at 95°C; 1 min at 60°C. Included in all qPCR runs were

known cultured parasite standards comprising of seven serial dilutions

of extracted DNA run in triplicates, the unknown samples also in

triplicate, negative control (uninfected red blood cells) in triplicate, and

three replicates of the Non-Template Control [NTC (water)].

To generate the standard curve for relative quantification by

qPCR, highly synchronized 3D7 ring stage parasites were cultured

as previously described, serially diluted in fresh red blood cells

(ranging from 117500 to 2.5 p/μl) and DNA was extracted as above

using the QIAsymphony machine. Samples were run in triplicate in

each qPCR plate. Standard curves were generated by plotting the

mean cycle CT values versus the logarithmic parasite concentration.

The parasite concentration (p/μl) was based on the relative

quantified parasites for each dilution using flow cytometry.

Validation study and criteria acceptance

The assays were validated in accordance with the ICHHarmonized

Tripartite Guideline Part II: Validation of analytical procedures (ICH

Harmonised Tripartite Guideline, 2005). The guidelines for assay

validation define the following parameters that must be investigated

to validate a bioanalytical assay: (1) specificity (2), accuracy (3),

precision (repeatability, intermediate precision, reproducibility) (4),

sensitivity (lower limit of detection and lower limit of quantification)

(5), linearity (6), range, and (7) robustness. The specificity of the qPCR

assay was determined using the WHO external quality assurance

(EQA). The EQA scheme offers an independent means for research

laboratories to verify the quality of their NAT diagnostic assays. This is

achieved by providing well-characterized blinded controls consisting of

mixed positive and negative Plasmodium samples (WHO, 2018). DNA

was extracted from 500 μl of the EQA samples followed by qPCR as

described above. Sensitivity [lower limit of detection (LLOD)] was

defined as the ability of the assay to detect very low parasite densities.

This corresponded to the lowest detected parasite density in a sample

that was consistently detected at a 95% confidence level in all replicate

wells, but not necessarily quantified as an exact value (Almeida-De-

Oliveira et al., 2019). Limit of quantification (LOQ) was defined as the

lowest concentration that can be quantified and has acceptable assay

precision and accuracy and at which the coefficient of variation (CV) is

≤20%. Linearity was used as an indication that the relationship between

parasite concentration and cycle threshold (Ct) values is proportional,

allowing for accurate quantification. Linearity was evaluated by

calculating the coefficient of determination (R2) from the standard

curves. Precision (inter-assay repeatability, intra-assay reproducibility)

was used to determine the repeatability and reproducibility of the assay,

DNA was extracted from 2 to 4 replicates of a high, medium, and low

cultured quantified 3D7 parasite followed by qPCR. The coefficient of

variation (CV) was used as a measure of reproducibility.

Reproducibility (inter-lab comparison) was used to determine how

our assay performed against an independent laboratory. Standard

curve samples were obtained from the Jenner Institute, University of

Oxford, and the qPCR assay was performed. The standards were

extracted Plasmodium DNA from 400 μl of spiked whole blood and

eluted in 100 μl quantified by using previously prepared plasmid DNA
frontiersin.org
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standards of known concentration by qPCR (quantified as 100,000

parasites/ml) (Murphy et al., 2014). We then quantified the Oxford

standard curve samples, and unknown spiked samples made in-house,

as described in the Methods section. In addition, we used the Oxford

standard curve to quantify our standard curve and the same unknown

spiked in-house samples. Accuracy was defined as the degree of

closeness of a measured value to the true value. Precision was

determined by the recovery percentage (( measured   conc :
  spiked   conc : )x100).

Results

Specificity determination of the
EQA samples

No amplification occurred in any of the nontarget Plasmodium

species tested (Figure 1). The amplification reaction did not show any

Ct value in the non-template control or the internal negative controls

(uninfected whole blood), indicating the absence of any non-specific

amplification and/or contamination. Only samples containing

P. falciparum were successfully amplified (100% specificity based

on n=9) (Figure 1). Also included in the run was the internal positive

control (3D7 cultured parasites), which was positively amplified.

Linearity

The standard curve was created by plotting the Ct values against

the logarithm of the DNA concentration, which in this case was

previously determined by flow cytometry. The standard curve is

typically a linear relationship (y = mx + b), with y as the Ct value

and x as the logarithmic transformation of the DNA concentration.

The slope of the standard curve is also used to calculate the

efficiency of PCR using the following equation:

E = 10
−1
slope

− 1

Standard curves were linear, and the correlation coefficients

(R2) were ≥0.994 and efficiency >90% on all days (Figure 2). We
Frontiers in Malaria 04
concluded that the acceptable criteria for linearity for this assay are

the following. R2 ≥ 0.98| slope −3.8 to −3.1| efficiency 89–100%.
LOD and LOQ

LOQ: To determine the LOQ, counted, spiked positive samples

were serially diluted 5-fold, covering a range of 2500 to 0.25 P.

falciparum 3D7 ring-stage parasites/ml and the qPCR ran. The

experimental results determined that the LOQ for this assay was

2.6 p/ml. The experiment was carried out on three different days

with five replicates. With a treatment threshold for the CHMI

studies conducted in our setting at KEMRI-Wellcome Trust

Programme being 500 p/μl (Kapulu et al., 2021), there is thus

confidence that the qPCR assay can readily identify positive samples

above this threshold 100% of the time.

LOD: LOD was determined as the lowest concentration of

cultured parasites that consistently produced a positive result in

95% of the samples tested in all replicate wells (Almeida-De-

Oliveira et al., 2019). The lowest concentration detected was 0.3

p/μl (Standard deviation [SD], 0.1) with an average Ct of 34.52. This

implies that when the assay is performed on the 3D7 parasite strain,

there is a 95% chance of detecting parasites as low as 0.3 p/μl.

Assay accuracy and robustness

Accuracy: Four different concentrations of (1300, 130, 13 and

6.5 p/μl) were obtained by spiking different concentrations of frozen

culture parasites into fresh whole blood. The accuracy was evaluated

by calculating the recovery rate. The average percentage recovery

was 89.8–110.2% (Table 1) with a CV of< 20%. These results also

demonstrate that the DNA extraction method has a good

extraction efficiency.

Robustness: Five confirmed parasite-negative blood samples were

spiked with 250 p/μl and 25 p/μl of cultured 3D7 ring-stage parasites

(n=10). DNA was extracted using the automated QIAsymphony

machine for DNA extraction and purification followed by qPCR.
FIGURE 1

Specificity test. Machine derived qPCR amplification plot for samples run following WHO NAAT distribution of 6th June 2022. Only samples containing
P. falciparum showed an amplification curve (WHO sample 7277, blue line). The positive control was an in-house known positive control (red line).
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Control samples of non-infected blood samples (negative) were

processed along (n=5). All negative control samples were negative

(no amplification), whereas all spiked samples were positive.

Indicating a robustness of >99%.
Precision (inter-assay repeatability, intra-
assay reproducibility)

Repeatability was analyzed among triplicates of an assay (in-

run), while reproducibility (between runs) was determined in three

repeated day assays performed by different operators for the four

different parasite quantities (high, medium, low and LLOD). The

variation in both inter-assay and intra-assay was low with CV<10%

(Tables 2, 3).
Frontiers in Malaria 05
Reproducibility (inter-lab comparison)

The results showed good agreement in quantification,

specificity, reproducibility, and linearity (data shown is an average

of 3 independent experiments). No significant differences were

observed between the observed quantities when using Kilifi or

Oxford standards to quantify spiked samples (Figures 3, 4).
Impact of blood sample extraction volume
on qPCR sensitivity and
assay reproducibility

DNA was extracted from four different sample volumes 200,

400, 500, and 1000μl at different parasite concentrations followed by

qPCR analysis as described above. The results of this experiment are

shown in Figure 5. Using a larger extraction volume of 1000 μl has a

considerable effect on the robustness, reproducibility, and

repeatability of the assay.
Discussion

Assay validation is essential for the monitoring of clinical trials, a

high degree of confidence is needed in the data obtained, and assays

must be fully validated to provide this assurance, particularly when

used to determine vaccine or drug efficacy. In CHMI vaccine studies,

volunteers generally develop submicroscopic parasitemia for several

days before they become thick smear positive (Hermsen et al., 2001;
TABLE 1 Test of the specificity of the qPCR method on relevant
Plasmodium species using blinded samples provided by the UK NEQAS
(tested between 2021 and 2022).

Plasmodium sp. No. of samples Number of
positive results

P. falciparum 9 9

P. vivax 5 0

P. malariae 5 0

P. ovale 6 0

P. knowlesi 1 0
FIGURE 2

Construction of the standard curve for quantifying parasitemia. Serial six-fold dilution of cultured 3D7 parasites (n=3 for each point), ranging from
7000 to 2.5 p/ml, showed a linearity (R2>0.99).
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Andrews et al., 2005). The pre-patency period is crucial for estimating

vaccine efficacy, and early treatment mitigates the clinical risks posed

to the participants. Walk et al. (2016) have further shown that

utilization of the more sensitive qPCR method instead of

microscopy in CHMI, has the potential to decrease pre-patent

period leading the less severe clinical outcomes for volunteers.

Therefore, the use of well validated and qualified qPCR is highly

beneficial for CHMI outcome as a primary diagnostic tool. Validation

of the effectiveness of increasingly sensitive qPCR in clinical care

would require larger sample sizes and clinical samples. Here, we

describe the validation of a qPCR method for the detection and

quantitation of malaria parasites from whole blood. The assay was

highly specific, linear, and precise, and was optimized, using primers
Frontiers in Malaria 06
targeting the P. falciparum 18S RNA gene in a wide range of

parasitemia. The assessment of specificity here was limited (i.e.,

n=9 samples). The LLOD of the qPCR assay was 3 parasites/ml and
the assay has good sensitivity whereas other reported similar qPCR

assays have reported much lower quantities of malaria parasites

(Roestenberg et al., 2012; Kamau et al., 2014). The treatment

diagnostic criteria in a recent CHMI study conducted at the

KEMRI-Wellcome Trust Programme was based on individuals

having a parasite threshold of 500 parasites/ml and/or clinical

symptoms with parasitemia (Kapulu et al., 2021). This assay easily

captures parasitemia above the threshold with high confidence. Thus,

the assay is able capture and detect a range of very high-density

parasites as well as low density parasitemia to a limit lower than 3
TABLE 3 Reproducibility (inter-assay precision) based on qPCR quantity values.

Control Samples
per run

Mean quantity (p/µl) (n = 3). Mean quantity
(n = 3)

CV (%)

Day 1 Day 2 Day 3

High 3 14330.8 15028.9 14525 14628.4 2.5

Medium 3 139.4 134.1 152.3 142.0 6.8

Low 3 5.83 5.34 6.34 5.8 8.6

Negative 3 – – – – –
p/μl, parasites per μl; CV, coefficient of variation; –, no amplification.
FIGURE 3

Linearity of the standard curves (log10 p/ml vs Ct). Standard curve from the Jenner Institute, Oxford, performed at the KEMRI-Wellcome Trust, Kilifi
(left panel). Standard curve used in the Kilifi qPCR assay (right panel). red denotes standard samples from either Oxford (left panel) or Kilifi (right
panel); blue denotes test samples being quantified by the respective standards; green denotes samples at the lower extreme end of detection.
TABLE 2 Intra-assay repeatability based on qPCR CT values.

Control (quantity, p/ml) No. of replicates CT mean Standard deviation CV (%)

High 3 20.0 0.53 2.7

Medium 3 23.7 0.26 1.1

Low 3 26.6 0.09 0.3

LLOD (3) 3 31.4 0.49 1.6

Negative 3 – – –
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parasites/ml. In the spiked recovery experiments (Table 4), the

experimental results of the assay showed that the precision ranged

from 89.8% to 100%. The spiked recovery experiments also

demonstrated the efficiency of the DNA extraction process.

We also conducted an independent comparison to verify our assay

fitness using standard curve samples provided by the Jenner Institute,

Oxford, as used in the Jenner’s assay that had previously been subjected

to a similar validation process for their CHMI studies. Based on
Frontiers in Malaria 07
experimental evidence, the general agreement between the two

standard curves was high, with R2>0.98 and PCR efficiency of >92%

for both curves. No significant differences were observed when using

Kilifi or Oxford standard curves to quantify spiked blood samples. The

assay demonstrated high reproducibility, repeatability, and precision

when different standard curves were used for quantification.

We also investigated the effect of using a larger DNA extraction

volume on the sensitivity of the assay sensitivity. It has been
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demonstrated that increasing the extraction sample volume

accelerated early diagnosis and/or increased sensitivity when using

the qRT-PCR assay (Imwong et al., 2014; Hodgson et al., 2015).

However, these studies used different blood-processing and DNA

extraction methods. The data generated here show that increasing the

DNA extraction volume to 1 ml does not increase the sensitivity of

this assay. In theory, a larger volume would increase the sensitivity of

the assay by extracting more parasite infected blood, but in practice,

the assay becomes less reproducible and therefore less robust at 1 ml

volumes. We did not observe a similar deterioration in reproducibility

when using either 200 μl, 400 μl, or 500 μl as extraction volumes. As

expected at lower parasite dilutions of 0.25p/μl, there is substantial

variability at all extraction volumes (Figure 5), since 0.25p/μl is lower

than the established LLOD.When the sample volume is increased to 1

ml, this qPCR assay is no longer reliable. In this set of experiments, the

use of a 1 ml sample volume had a significant effect on the precision

and consistency of the assay, as demonstrated by the wide spread of

the data shown in Figure 5. We speculate that this is due to PCR

inhibitors. As the volume of the sample increases, so do any PCR

inhibitory substances. Studies have shown that heme, IgG, leukocyte

DNA, and anticoagulants (EDTA and/or heparin) can play a role in

PCR inhibition by either affecting DNA polymerase activity, binding

to genomic DNA, or binding to fluorescent dyes, causing fluorescence

quenching (Al-soud and Radstrom, 2001; Sidstedt et al., 2018). This

could be the reason for the inconsistency observed when using the 1

ml extraction volume. Our assay acceptance criteria were as follows:

linearity of the standard curve of R2 0.98, efficiency 87–100%,

accuracy 90–100%, intra-assay precision<5%, and inter-

assay precision<10%.

In summary, the data presented here demonstrate that this

malaria qPCR assay is suitable for use in clinical studies and/or

other investigations to quantify P. falciparum parasites from human

whole blood from field and clinical CHMI studies.
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TABLE 4 Measurement of accuracy of qPCR assay – tested by
measuring the recovery of spiked red blood cells.

Spiked
concentration

Average
measured

concentration
(p/ml)

CV (%) Average
recovery (%)

1300 1419 2.6 109.2

130 142 6.8 109.3

13 14.3 6.6 110.2

6.5 5.8 8.6 89.8
p/μl, parasites per μl; CV, coefficient of variation.
CV acceptance criteria:<15%; average recovery acceptance criteria >80%. Three independent
experiments were performed over 3 days.
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