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Abstract. To detect pre-patent parasitemia, we developed a real-time quantitative reverse transcription-polymerase
chain reaction (qRT-PCR) for the asexual 18S ribosomal RNA (rRNAs) of Plasmodium falciparum. Total nucleic acids
extracted from whole blood were combined with control RNA and tested by qRT-PCR. The assay quantified > 98.7%
of parasite-containing samples to ±0.5 log10 parasites/mL of the nominal value without false positives. The analytical
sensitivity was ³ 20 parasites/mL. The coefficient of variation was 0.6% and 1.8% within runs and 1.6% and 4.0%
between runs for high and low parasitemia specimens, respectively. Using this assay, we determined that A-type 18S
rRNAs are stably expressed at 1 ´ 104 copies per ring-stage parasite. When used to monitor experimental P. falciparum
infection of human volunteers, the assay detected blood-stage infections 3.7 days earlier on average than thick blood
smears. This validated, internally controlled qRT-PCR method also uses a small (50 µL) sample volume requiring mini-
mal pre-analytical handling, making it useful for clinical trials.

INTRODUCTION

Infection by Plasmodium falciparum results in nearly one
million deaths annually, mostly in children in sub-Saharan
Africa. The effort to eradicate this parasite is based on inter-
rupting its lifecycle using vaccines, anti-malarial drugs, bed
nets, and insecticides. Currently, microscopic examination of
thick blood smears is the gold standard for detection of para-
sites because of its availability, low cost, and ability to provide
species identification and rudimentary quantification. With
expert microscopists, thick blood smears detect 2–20 asexual
parasites/µL of whole blood (2,000–20,000/mL). However,
even at this parasite density, infected patients with sub-patent
parasitemia may receive false negative diagnoses.1,2 Rapid
diagnostic tests for malarial antigens can sometimes out-
perform blood smears in developed world settings,3 but they
are less specific in regions of high prevalence and following
drug treatment.4

A variety of molecular methods of malaria parasite detec-
tion were developed in the past 20 years and include single-
step and nested polymerase chain reaction (PCR) with gel
detection, RNA-specific nucleic acid-based sequence ampli-
fication (NASBA), and probe-based real-time PCR and
reverse transcription (RT)-PCR (using various combinations
of genus- or species-specific primers and TaqMan probes or
molecular beacons).5–23 Species identification can be achieved
by SYBR Green melting curve analysis,20 by real-time PCR
with species-specific probes,5,6 or most sensitively using labor-
intensive species-specific nested PCR.24,25 In addition to
diagnosing clinical cases with low parasite densities, some
species-specific methods can detect pre-patent parasitemia
in samples from field studies and from malaria human chal-
lenge trials.26 Although the most common primary endpoint
for blood-stage infection in human challenge trials is detection
of ring-stage parasites on thick blood smears, both PCR- and

nucleic acid sequence-based amplification (NASBA)-based
methods have been used in concert with blood smears in sev-
eral studies to detect sub-patent parasitemia, confirm diagno-
sis, and model parasite dynamics.27–29 With test sensitivities
approaching 20 parasites/mL, P. falciparum parasites have
been detected by molecular methods in the blood of human
volunteers 2–4 days earlier than corresponding thick blood
smears.30–32 Quantification by molecular methods allows the
determination of asexual parasite growth kinetics before drug
treatment, which may help to prioritize partially effective
vaccine candidates.
Most molecular approaches are based on detection of con-

served regions of parasite DNA encoding the 18S ribosomal
RNA (rDNA) or the 18S rRNA itself. In P. falciparum, there
are four 18S (or small subunit) rRNA genes differentially
expressed during the lifecycle.33,34 Asexual or “A”-type rRNAs
encoded on chromosomes 5 (MAL5_18S) and 7 (MAL7_18Sa)
are found in the blood-stage of infection and persist into the
mosquito blood meal, whereas “S” type rRNAs encoded on
chromosomes 1 (MAL1_18S) and 11 (MAL11_rRNA) are
found during oocyst maturation through sporozoite formation;
in some non-P. falciparum species, a second sexual-type 18S
rRNA (type “O”) is present as well.34

We sought to develop a highly sensitive, precise, and repro-
ducible internally controlled P. falciparum-specific quantita-
tive assay on a small volume of whole blood with minimal
pre-analytical processing to support clinical care and malaria
vaccine research. Here, we describe the development and
evaluation of a real-time qRT-PCR assay that fulfills these
criteria and its application to monitor infections in a recent
human challenge trial.

METHODS

Reagents. Unless otherwise specified, all chemicals were
reagent-grade from Fisher Scientific (Pittsburgh, PA).
Target sequence selection. The PL1473/PL1679 primers

were reported to detect all Plasmodium spp. known to infect
humans and primer sequence numbering was originally based
on GenBank accession no. M19173 for 18S rRNAs not present
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in asexual stage parasites. Thus, the primer names are listed
here as initially reported.20 The primers match the asexual-stage
18S rRNA P. falciparum genes (MAL5_18S, MAL7_18Sa) and
the P1679 primer lacks the 2-bp insertion present in both sexual-
type 18S rRNA transcripts (Figure 1).
Primers and probes. Primers (PL1473F18: 5¢-TAACGAAC-

GAGATCTTAA-3¢; PL1679R18: 5¢-GTTCCTCTAAGAAG-
CTTT-3¢) were stored in sterile RNase-/DNase-free water as
10 µM stock solutions at –20°C. Control primers were human
b-globin (bg1: 5¢-GGGCTGGGCATAAAAGTCA-3¢; bg2:
5¢-AATAGACCAATAGGCAGA-3¢) and human acidic
ribosomal protein RPLP2 (NM_001004; forward primer:
TCTTGCGTCGGCGCCTTC; reverse primer: CACGCT-
GTCCAAGATCTTC). All primers were from Invitrogen
(Carlsbad, CA).
HPLC-grade dual hybridization fluorescence resonance

energy transfer (FRET) probes from TIB Molbiol (Adelphia,
NJ) were diluted in HPLC-grade water and stored as 10 µM
stock solutions at –80°Cprotected from light. TheP. falciparum-
specific probes (donor probe PFALF: 5¢-TTGAAATTG-
AACATAGGTAACTATA-[3¢ fluorescein]; acceptor probe
PFALR: [5¢ LightCycler Red 610]-ATTTATTCAGTAAT-

CAAATTAGGAT-[3¢ phosphate]) match the P. falciparum

A-type 18S rRNAs, but have multiple mismatches to S-type
transcripts (Figure 1). A competitor RNA acceptor probe was
also obtained ([5¢ LightCycler Red 705]-TAGTGTTATCAG-
TATAAGAACTCAT-[3¢ phosphate]); the competitor RNA
is described below. The 18S rRNA target and the competi-
tive control RNA were differentiated on the basis of different
acceptor hybridization probes (Figure 2).
DNA-based PCR. Extractions for species-identification

PCR on whole blood were performed as described20 on archi-
val de-identified blood samples collected from 2004 to 2009
and previously speciated by the Clinical Microbiology service
of the Department of Laboratory Medicine at the University
of Washington Medical Center and Harborview Medical
Center (Seattle, WA). Samples consisted of either the origi-
nal EDTA-anticoagulated whole blood frozen at –20 °C or
Giemsa-stained thin blood smears stored at room tempera-
ture in segregated slide trays. Some EDTA-anticoagulated
blood samples collected within 2 weeks of testing were stored
at 4°C without freezing. Blood smears were scraped into a
microfuge tube with a clean razor blade before extraction.
De-identified clinical histories and results of thick and thin

Figure 1. Alignment of Plasmodium falciparum 18S sexual- and asexual-type rRNAs and assay reagents. CLUSTAL-W alignments of the
assay reagents to the four 18S ribosomal RNA (rRNA) genes of P. falciparum 3D7. Asterisks denote homology between assay reagents and all
S- and A-type genes. The assay reagents are completely matched to the A-type 18S rRNAs (MAL5_18S and MAL7_18Sa). PF1473F18 and
PL1679R18 (Rev. Comp.) refer to the forward primer and the reverse complement of the reverse primer; PFALF and PFALR refer to the donor
and acceptor probes, respectively.
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blood smears and/or BinaxNOW point-of-care malaria immu-
noassays were evaluated, if available. Samples with an initial
microscopic diagnosis of “unspecified Plasmodium” were
not included in the overall P. falciparum sensitivity and specific-
ity analyses. The SYBR Green PCR was performed using the
FastStart DNAMaster SYBRGreen I kit (Roche, Indianapolis,
IN); probe-based PCR was performed using a LightCycler
FastStart DNA Master Hybridization Probe kit (Roche). Both
assays used 2 µL of extracted DNA template. Thermal cycling
on a LightCycler 2.0 consisted of 95°C (10 min) followed by
45 PCR cycles (95°C [20 sec], 50 °C [20 sec], 72 °C [20 sec])
with melting curve analysis (35–95°C). Control b-globin PCR
consisted of 95°C (10 min) followed by 35 PCR cycles (95 °C
[10 sec], 55°C [15 sec], 72 °C [15 sec]) and melting curve analy-
sis (40–95 °C).
RNA calibration standards and competitive RNA control.

Plasmodium falciparum RNA standards and competitive
control RNA were prepared using a modification of
published methods.35 The P. falciparum A-type 18S rRNA
sequence (nucleotides 1392–1722 of MAL5_18S:rRNA) and
a corresponding competitor RNA differing only at the accep-
tor probe binding site were selected and the upstream (nucle-
otides 1392–1421) and downstream (nucleotides 1636–1772)
sequences were modified to encode > 35% overall G/C con-
tent to optimize synthesis (See Supplementary Data for
sequences and competitor RNA design). The DNA was syn-
thesized and cloned into pIDT-Blue (Integrated DNA Tech-
nologies, Coralville, IA), transformed into Escherichia coli,
purified, and sequenced. Positive-sense RNA transcripts
were produced using the T7 MEGAshortscript High Yield
Transcription kit (Ambion, Austin, TX) from linearized,
RNase-treated (Ambion) plasmid DNA. The RNA was
treated with two rounds of DNA-free DNase (Ambion) in
the presence of RNase inhibitors, purified, analyzed for size
and purity (Bioanalyzer 2100, Agilent, Santa Clara, CA), and
quantified (260 nm). Transcripts showing no contaminating
DNA by real-time PCR were diluted to 1 ´ 108 copies/µL
in 10 mM Tris (pH 7) containing 10 µg/mL carrier tRNA
(Sigma, St. Louis, MO), aliquoted, frozen on dry ice, and

stored at –80°C. The RNA from the plasmid encoding the
18S rRNA fragment were used as RNA calibration stan-
dards, whereas RNA from the competitor RNA plasmid was
used as a competitive control, as described below.
Parasite culture. Plasmodium falciparum 3D7 strain was

cultured in type O human erythrocytes using a modification
of the Trager and Jensen method.36 The RPMI 1640 con-
taining 2 mM L-glutamine and 25 mM HEPES was sup-
plemented with 0.5% Albumax II (GIBCO, San Diego, CA),
26.8 mM NaHCO3, 11 mM dextrose, 360 µM hypoxanthine,
5% human type AB sera, and 11 µg/L gentamicin. Cultures
were placed in a Modular Incubator Chamber (Billups-
Rothenberg, Inc., Del Mar, CA), gassed with 5% O2 and
5% CO2 (in N2) and incubated at 37°C. Late-stage trophozoites
and schizonts were enriched using LS columns (Miltenyi
Biotech, Bergisch Gladbach, Germany) with a MidiMACS
magnet to exclude remaining ring stages and enrich for
a synchronous population of late-stage trophozoites and schiz-
onts.37 Resulting mature parasites were washed in serum-free
medium, resuspended in growth medium, and allowed to
invade fresh erythrocytes at 1–5% hematocrit.
For time course studies, MACS-purified mature parasites

were cultured with fresh erythrocytes for 1 hr before cultures
were treated with 5%D-sorbitol for 15 min at 37°C to destroy
remaining mature stages.38 Sorbitol-treated samples were
washed three times in serum-free media, resuspended to
0.5% Hct in growth medium, and incubated as 1 mL cultures
in 24-well plates under standard conditions. Wells were
harvested in triplicate at various times post-invasion by
centrifugation (600 ´ g for 1 min). For some samples, media
was removed and the resulting 5 µL cell pellet was lysed in
1 mL EasyMAG lysis buffer (hereafter referred to simply
as “lysis buffer,” bioMérieux, Marcy l’Etoile, France) and
frozen at –80°C; some samples were used to make a Giemsa-
stained thin blood smears at each time point to confirm
culture synchrony. Before extraction, time course samples
were combined with 1.05 mL lysis buffer containing 50 µL
malaria-free whole blood to ensure a comparable whole
blood matrix.

Figure 2. Plasmodium falciparum real-time quantitative reverse transcription-polymerase chain reaction (qRT-PCR) reagents. The full-length
P. falciparum A-type 18S rRNA and in vitro transcribed (IVT) synthetic RNAs corresponding to the 18S ribosomal RNA (rRNA) amplicon and a
competitor RNA with a mutated internal region can all be amplified with the same common PCR primers and all hybridize to the same FITC-
labeled donor probe. An LC610-labeled acceptor probe binds to the native 18S rRNA sequence present in the full-length sequence and IVT RNA
sequence, whereas a unique LC705-labeled acceptor probe for the competitor RNA is used to bind the mutated region. In this way, competitive
amplification is achieved with minimal multiplexing.
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Parasite standards. To produce large-scale cultures for
controls and standard curves, synchronized, slide-confirmed
ring-stage parasites were harvested at 12 hrs post-invasion.
Parasites were serially diluted in freshly collected EDTA-
treated whole blood (4 × 109 red blood cell/mL determined
by Coulter counting [Beckman Coulter, Inc., Miami, FL])
from 10% to 0.000001% parasitemia; additional standards
were prepared at 0.0002% and 0.000002% parasitemia.
The parasitemia of diluted samples was reconfirmed by
Giemsa staining blood smears from dilutions 10% through
0.01% parasitemia.
Stabilization of whole blood samples. Fifty µL of freshly-

collected whole blood (with or without parasites) were added
to 2 mL of room temperature lysis buffer, vortexed, and
stored at –80°C until processing. Sometimes, samples were
stored in 1 mL lysis buffer, with the addition of an additional
1 mL lysis buffer immediately before extraction. Lysed frozen
samples were always transported to the central processing
laboratory on dry ice.
qRT-PCR. Before extraction, a single-use aliquot of com-

petitor RNA was defrosted and diluted to 1 ´ 104 copies/µL
in lysis buffer. Competitor RNA (5 ´ 104 copies) was added to
every sample and samples were extracted for total nucleic acids
using the Specific Protocol B (off-board lysis) using 70 µL
silica beads and 40 µL elution volume on a silica-based
EasyMAG (bioMérieux). All instrument runs included a high
parasitemia control (4 ´ 105 parasites/mL) and a malaria-
negative control. Eluates were processed by qRT-PCR on
the same day as extraction. Fifty µL qRT-PCR reactions were
performed using 5 µL eluate with the QuantiTect Multiplex
RT-PCR NR Kit (Qiagen, Valencia, CA) using a LightCycler
2.0; cycling conditions consisted of 50°C (20 min), 95°C
(15 min), 45 cycles of PCR (95°C [20 sec], 50°C [20 sec], 72°C
[20 sec]; ramp speed 20°C/sec) with a final melting curve
(37–80°C at 0.1°C/sec). After color compensation, data were
analyzed at 610/530 nm and 705/530 nm. Quantification was
reported for clinical samples with cycle thresholds (CT) £
36.8 cycles (determined to be equivalent to one parasite in the
starting 50 µL extraction volume; see Results). In the pres-
ence of a large amount of P. falciparum target, the competitor
RNA does not amplify, whereas in the presence of little or no
P. falciparum target, the competitor reproducibly amplifies
within a controlled range.
An RNA standard curve was made by diluting the in vitro

transcribed (IVT) RNA calibrators (1 ´ 103–1 ´ 108 RNA
copies/reaction) into total nucleic acids previously extracted
from uninfected whole blood (containing the usual amount
of competitor RNA). This RNA standard curve was used to
determine the log10 RNA copies per RT-PCR reaction. To
calculate log10 RNA copies/mL of whole blood, the result
is multiplied by 160 to account for both the 5 µL RT-PCR
template (12.5% of the extraction eluate) and the initial 50 µL
blood sampling volume (160 = [100%/12.5%] ´ [1000 uL/
50 uL]). The absolute parasite density (parasites/mL) was
further calculated by dividing the log10 RNA copies/mL by
the log10 copy number of RNAs per parasite. This conversion
factor (4 log10 copies/ring-stage parasite) was experimentally
determined in this study by comparing the RNA stan-
dards against whole blood samples with known parasite
density; see Results).
For some control reactions, human RPLP2 mRNA was

amplified using the iScript One-Step RT-PCR Kit with SYBR

Green kit (Biorad, Hercules, CA) with cycling conditions of
50°C (10 min), 95°C (5 min), 45 cycles of PCR (95°C [10 sec],
55°C [30 sec], 72°C [20 sec]; ramp speed 20°C/sec), and melt-
ing curve analysis (50–80°C at 0.5°C/sec).
Clinical trial. Six adult human volunteers were experimen-

tally infected with wild-type strain NF54 P. falciparum spo-
rozoites by the bite of five infected Anopheles stephensi

mosquitoes under controlled containment conditions; after
feeding, mosquitoes were dissected to confirm that salivary
glands were sufficiently infected according to standard pro-
cedures.39 Informed consent was obtained under a clinical
protocol (study no. NCT01058226) approved by the West-
ern Institutional Review Board (WIRB). Subjects were
treated upon first evidence of microscopic parasitemia or
at Day 18 if they remained blood smear negative; treatment
consisted of a standard oral regimen of chloroquine under
direct observation. Blood samples for qRT-PCR were col-
lected twice daily from Day 5 post-challenge until the day
of positive blood smear diagnosis and treatment, and then
daily until blood smears were negative and once again on
Day 28 post-challenge. Whole blood was collected in spray-
dried K2-EDTA Vacutainer tubes (Becton Dickinson,
Franklin Lakes, NJ) by clinical staff, mixed, and transported
to the laboratory within 4 hrs of collection. Fifty µL of
blood were added to 2 mL lysis buffer, and samples were
frozen at –80°C.
The qRT-PCR processing technologists were blinded to the

volunteer number, collection date, or visit number. In paral-
lel with qRT-PCR, thick blood smears were prepared and
interpreted using standardized methods. Volunteers were
treated when two unequivocal parasites were observed by
an expert microscopist on a thick blood smear. The qRT-
PCR was performed in batches at the conclusion of the trial
and was not used to make treatment decisions.

RESULTS

Assay development. A number of factors were evaluated
before validating an optimized qRT-PCR assay. The reproduc-
ibility of extraction of 50 µL of whole blood in 2 mL lysis buffer
was assessed by testing 11 individually extracted samples
of whole human blood from the same individual by SYBR
Green real-time RT-PCR for the human acidic ribosomal
protein RPLP2 mRNA. The RPLP2 CT of all extractions was
19.6 cycles (95% confidence interval [CI] = 18.5–20.8, %CV
3.0%). Thus, extraction was reproducible.
Singleplex reactions using the malaria reagents only (no

competitor RNA) were optimized by varying primer and
probe concentrations and annealing/extension times and
temperatures. Singleplex qRT-PCR on the malaria RNA
standards alone or the competitor RNA alone showed linear
kinetics (malaria RNA standards: r 2 = 0.993, slope = –3.32,
efficiency = 100%; Competitor RNA: r 2 = 0.990, slope = –3.38,
efficiency 98%) with analytical sensitivities of 500 copies
per reaction by CT analysis and 100 copies by melting curve
analysis (data not shown).
Multiplexed qRT-PCR was performed for the 18S rRNA

and the competitor RNA in a single tube. We tested a range
of competitor RNA inputs (2.5 ´ 104–1 ´ 107 copies per
extraction). Above ³ 1 ´ 105 copies per extraction, detection
of low parasitemia samples was reduced (data not shown).
With 5 ´ 104 copies of competitor RNA per extraction, the
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malaria RNA standards were detectable to 1 × 103 RNA cop-
ies per reaction (Figure 3A and B) and parasite-containing
malaria standards to 40 parasites/mL (0.000001% parasitemia)
(Figure 3C and D). The competitor RNA was reliably
extracted from negative controls that were supplemented with
5 ´ 104 competitor RNA copies before extraction (mean CT

35.4 cycles: SD 1.4 cycles; %CV 4.0%).
The malaria RNA standard curve described in the Methods

(1 ´ 103–1 ´ 108 copies per reaction) was tested daily for
4 days. All standards ³ 1 ´ 103 RNA copies per reaction were
detected, whereas samples at 5 ´ 102 RNA copies per reaction
were positive in only 25% of assays. Samples containing
1 ´ 103 RNA copies per reaction were repeatedly positive with
³ 95% confidence (19 of 19 samples). Thus, the limit of quanti-
fication for malaria RNA was 1 ´ 103 copies per reaction and
the standard curve was only interpreted at ³ 1 ´ 103 RNA
copies per reaction. The malaria RNA standard curve in the
presence of competitor RNA showed linear and sensitive char-
acteristics: r 2 = 0.987, slope = –3.44 (95% CI = –3.33 to –3.54),
y-intercept = 47.44 (95%CI = 46.4–48.5), overall efficiency 95%.

Plasmodium falciparum specificity. The species specificity
of the qRT-PCR assay could not be directly determined from
archival samples because the RNA in the samples was likely
degraded. Instead, PCR using the same primers, probes, and
reaction conditions without RT was performed, along with a
SYBR Green-based pan-Plasmodium species identification
assay, on 67 archival EDTA-treated whole blood clinical spec-
imens, including 41 samples with malaria-positive blood
smears (Table 1). All samples previously reported as blood
smear positive were positive by pan-Plasmodium SYBR
Green-based PCR (41/41) and 25/26 slide-negative samples
were pan-Plasmodium PCR-negative. Melting curve analyses
of the SYBR Green pan-Plasmodium PCR products speciated
all archival specimens in accordance with their original micro-
scopic diagnoses (data not shown), consistent with the expe-
rience of other centers.20 Our probe-based P. falciparum PCR
was positive in 13 of 13 smear-positive P. falciparum cases,
negative in 25 of 25 smear-positive non-P. falciparum cases, and
negative in 25 of 26 smear-negative cases. One slide-negative,
PCR-positive sample tested positive by pan-Plasmodium PCR

Figure 3. Sensitivity of multiplexed quantitative reverse transcription-polymerase chain reaction (qRT-PCR) for Plasmodium falciparum
A-type 18S ribosomal RNA (rRNA). Dilution series of samples containing a known concentration of IVT RNA in nucleic acids from whole blood
(A and B) or a known concentration of whole parasites in whole blood (C andD). Analytical sensitivity was 1 ´ 103 copies (dark green curves) of
IVT target RNA per reaction (A, representative CT analysis of IVT standards; B, representative melting curve analysis of IVT standards). Lower
concentrations of IVT standards were detectable by melting curve analysis (purple curve, 5 ´ 102 copies/reaction), but are not quantitatively
reportable. Using parasite-containing standards, samples containing 40 parasites/mL (pink/purple curve) were routinely detected (C, representa-
tive CT analysis of parasite-containing standards; C, representative melting curve analysis of parasite-containing standards). Numbers refer to
RNA copies/reaction (A and B) or parasites/mL (C and D).
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and P. falciparum-specific PCR; limited information indicated
that this case was clinically consistent with malaria and that
the patient had received anti-malaria therapy despite the neg-
ative microscopic findings. Thus, using microscopy as the gold
standard, the P. falciparum-specific probe-based PCR was
100% sensitive and at least 98% specific.
18S rRNA copy number per 12-hr ring-stage parasite. To

convert 18S RNA copies/mL to parasites/mL, a conver-
sion factor (18S RNA copies per parasite) was required.
The qRT-PCR was performed on synchronized 12-hr blood-
stage P. falciparum parasites diluted from 1% to 0.000002%
parasitemia in whole human blood (N = 51 samples). Parasite
samples were compared with the RNA standard curve, and
3.98 log10 copies (~1 ´ 104) of the 18S rRNA were measured
per 12-hr ring-stage parasite (Figure 4A). This conversion
factor was also confirmed for two smaller sets of P. falciparum
parasite samples obtained from separate in vitro cultures
(data not shown).
Target expression throughout intraerythrocytic lifecycle.

To determine if the 18S rRNA copy number in 12-hr ring-
stage parasites varied during development, cultured parasites
were synchronized to within 1 hr using MACS and sorbitol
treatments, sampled at 2, 4, 8, 12, 24, 36, and 46 hrs of the
lifecycle and tested by qRT-PCR (Figure 4B). The A-type 18S
rRNA copy number was stable during the ring stage of the
lifecycle (variation < 0.5 log10 parasites/mL during 2–24 hrs),

whereas the copy number increased during 24–48 hrs. Thus,
the 12-hr 18S rRNA copy number was used as a conversion
factor to calculate parasite/mL from RNA copies/mL for
0–24-hr ring-stage P. falciparum parasites.
qRT-PCR assay performance. The assay was evaluated for

accuracy, correlation, agreement, precision, analytical sensi-
tivity, analytical specificity (interferences), reportable range,
and carryover.40,41 Sixty-eight parasite-containing whole
blood samples prepared by dilution from a 10% parasitemia
culture (parasitemia independently confirmed by three
trained microscopists) were used to evaluate accuracy, corre-
lation, agreement, precision, analytical sensitivity, analytical
specificity (interferences), reportable range, and carryover.
The malaria RNA standards (5 ´ 102–1 ´ 1011 copies per
reaction) diluted in extracted whole blood with competitor
RNA were additionally used to evaluate the reportable range
and carryover.
To assess accuracy, high, medium, and low parasite-

containing specimens (4 ´ 105, 8 ´ 103 and 80 nominal
parasites/mL, respectively) and negative control specimens
were tested in duplicate over 4–5 days. Some additional
samples with higher or lower parasitemias were also tested.
All parasite-containing specimens were qRT-PCR-positive
across a wide range of parasitemias, and all negative controls
were negative (100% sensitive, 100% specific). Nominal and
observed data showed excellent correlation across a wide
range of parasitemia (Figure 5; r 2 = 0.9826, N = 63).
Agreement between observed and nominal results (i.e.,

recovery) was evaluated by comparing average log10 results
using a Bland-Altman difference plot (Figure 5; 95% limits
of agreement: +0.50 to –0.43 log10 RNA copies/mL, N = 63).
Of 63 samples tested, only one showed a difference in recov-
ery > 0.5 log10 RNA copies/mL from the nominal value; this
single outlier occurred at the very lowest tested parasite
density. Differences in recovery were not concentration
dependent (r 2 = 0.0165; P = 0.2548). The average log10 dif-
ference (i.e., bias) noted in all samples was 0.034 log10
RNA copies/mL.

Figure 4. Copy number and expression of the A-type 18S ribosomal RNA (rRNA) in cultured Plasmodium falciparum 3D7. (A) Box plot
showing an average of 10,000 copies of the A-type 18S rRNA per 12-hr ring-stage parasite (mean 3.98 log10 copies each). Parasites were cultured
and synchronized by magnetic activated cell sorting (MACS) and sorbitol treatments, added to whole blood and quantified by quantitative reverse
transcription-polymerase chain reaction (qRT-PCR) (n = 51 samples ranging from 1% to 0.000002% parasitemia). (B) Expression of the A-type
18S rRNA by qRT-PCR in highly synchronized P. falciparum cultures sampled at the indicated time points after the invasion time point. RNA
copies per parasite were normalized to the starting parasitemia determined at the 2-hr time point. Black boxes show mean log10 RNA copies/
parasite (n = 2, error bars 95% CI; representative experiment shown) and the dashed line shows the percentage change relative to the 2-hr time
point throughout the lifecycle.

Table 1

Plasmodium genus and P. falciparum-specific polymerase chain reac-
tion (PCR) on clinical specimens

Microscopic diagnosis Pan-Plasmodium PCR P. falciparum PCR

P. falciparum (N = 12) 12/12 12/12
P. falciparum/P. ovale (N = 1) 1/1 1/1
P. ovale (N = 11) 11/11 0/11
P. vivax (N = 14) 14/14 0/14
Unspecified Plasmodium (N = 3) 3/3 2/3
No parasites (N = 26) 1/26* 1/26*

*One case was compatible with clinical malaria, and the patient was treated with
anti-malarial drugs.
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Within-run (repeatability) and within-laboratory (between-
run) precision was determined by testing 2–3 replicates
of high, medium, low, and negative samples daily for 3–5 days.
Intra- and inter-assay percent coefficients of variation
(imprecision = SD/mean) were calculated (Table 2). For dif-
ferent parasitemia samples, the within- and between-run assay
imprecision was 0.60% and 1.63% (high parasitemia), 1.11%
and 1.88% (medium parasitemia), and 1.79% and 4.05% (low
parasitemia), respectively. Thus, the assay was more precise
than quantitative NASBA, especially at low parasitemias.22

Because the assay controls are monitored using Levey-
Jennings plots, we also evaluated 20 batched runs (performed
over several months) and determined that the %CV for the
high malaria control and low competitor RNA control were
2.4% and 4.0%, respectively. There were also no false posi-
tives for the malaria-negative control during this time.
When we tested whole blood samples containing 40 (N = 8),

80 (N = 15), 100 (N = 2), and 400 (N = 3) parasites/mL,
all extracted samples were positive by qRT-PCR. The ana-
lytical sensitivity of the qRT-PCR reaction was previously
determined to be 1 ´ 103 RNA copies per reaction, sufficient
to detect a single parasite in the 50 µL starting volume of
whole blood.
Analytical specificity caused by common laboratory interfer-

ences was evaluated by adding the standard quantity of com-
petitor RNA to malaria-negative clinical samples that showed
lipemia (triglycerides ~800 mg/dL; N = 3 samples), hemolysis
(N = 3 samples), hyperbilirubinemia (total bilirubin > 15 mg/dL;
N = 2 samples), or leukocytosis (> 30,000/µL, N = 1 sample).
The competitor RNA CT was < 2 SD different from the nor-

mal control for all samples, except for the leukocytosis sample
and one hyperbilirubinemic sample, both of which differed
by < 3 SD. All samples were within the acceptable Levey-
Jennings range for the competitor RNA control.
The reportable range of the assay was determined by

testing samples over a wide range of parasitemia. Testing
low- and mid-range parasitemia specimens was described
previously. Extremely high parasitemia specimens (1% par-
asitemia or ~2.5 ´ 109 RNA copies per reaction) and high
concentration RNA standards (1 ´ 109 and 1 ´ 1011 RNA
copies per reaction, equivalent to 0.4% and 40% parasitemia,
respectively) were tested to evaluate assay linearity. Differ-
ence of log10 transformed values from nominal values were
calculated and compared with log10 nominal value (data not
shown). The average difference for all samples (0.000001–
40% parasitemia) was –0.38 log10 RNA copies/mL. Aside
from the one low parasitemia outlier described previously,
only the very highest samples (1 ´ 1011 copies per reaction,
equivalent to 40% parasitemia) showed a log10 difference
> 0.5 log10 units from the nominal values. On the basis of this
information, we decided to report CT values from 12.0 to
36.8 cycles, whereas samples with CT < 12 cycles needed
to be diluted and re-tested for accurate quantification. In
practice, this would be an extremely rare occurrence because
even florid hyperparasitemia usually does not reach > 10%
in humans.
Carryover was assessed by placing the high parasitemia

samples (4 ´ 107 parasites/mL) adjacent to negative samples
within all runs. There were no false positive samples in any of
these experiments.

Figure 5. Assay correlation and difference assessment. Correlation (left) of nominal (expected) and observed (measured) values (log10 RNA
copies/mL) showed strong correlation across samples with wide ranging parasitemias (r 2 = 0.9826, n = 63); the line of identity is also shown. A
Bland-Altman difference plot (right) showed strong agreement between nominal and observed measurements [95% limits of agreement (UL,
upper limit; LL, lower limit; dashed lines): + 0.50075 to –0.43184 log10 RNA copies/mL, n = 63], with only one outlier. The overall assay bias was
–0.0344 log10 RNA copies/mL. Recovery was not concentration dependent (r 2 = 0.0165; p = 0.2548).

Table 2

Precision characteristics of assay

Control Samples per run Total runs Nominal parasites/mL Nominal RNA log10 copies/mL

Intra-assay (within run) Inter-assay (within laboratory)

SD %CV SD %CV

High 3 5 4 ´ 105 9.60 0.057 0.60 0.154 1.63
Mid 2 3 8 ´ 103 7.90 0.084 1.11 0.142 1.88
Low 3 5 80 5.90 0.106 1.79 0.241 4.05
Negative 2 5 0 None detected – – – –
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Sample stability was tested by delaying the addition of
lysis buffer to freshly collected EDTA-treated whole blood
obtained from known positive samples. There was no signif-
icant change in the qRT-PCR results when processing of
clinical samples was delayed up to 12 hr (data not shown).
However, if aliquots of whole blood were directly frozen
before storage and thawed without lysis buffer, the RNA
was degraded as indicated by a CT difference in the pres-
ence or absence of RT of only 5–7 cycles as compared with
a CT difference of > 12.5 cycles with and without RT when
using guanidinium-preserved samples (data not shown).
Experimental P. falciparum infection of human volunteers.

Six human volunteers were challenged with P. falciparum

sporozoites by the bites of five infected mosquitoes in an
IRB-approved clinical trial conducted at the Seattle BioMed
Malaria Clinical Trials Center (MCTC). One-hundred four
EDTA-treated whole blood samples were processed into
lysis buffer, frozen, and later extracted and tested by qRT-
PCR. In 44 samples, no malaria target was detected. Fifty-
four samples were qRT-PCR-positive at or above the limit
of quantification (³ 20 parasites/mL), and six additional
samples were positive by melting curve analysis (below
quantifiable limits).
In quantifiable samples, parasitemias ranged from 20 to

120,000 parasites/mL, consistent with ranges observed at
other human challenge centers.30,32,42 The parasite burden
rose in ~44–46 hr increments, with decreased parasitemia in
the latter half of this period, consistent with sequestration by
P. falciparum. Participants 1–5 were qRT-PCR positive on
Day 7 post-challenge (Figure 6). Participant 5 was thick blood
smear-positive at Day 9, whereas participants 1–4 were posi-
tive on Day 11 (Table 3). Parasites were detected in volunteer
6 by qRT-PCR on Day 10 and by blood smear on Day 14.
Thus, qRT-PCR detected parasites an average of 3.7 days
earlier than thick blood smears (Figure 7A, 95% CI 2.8–
4.5 days) and 6 days before the onset of fever (range 3–9 days;
only three volunteers developed fevers). Symptomatic volun-
teers were treated with standard treatment doses of chloro-
quine when a positive thick smear was identified. Within
3 days of treatment, all blood smears were negative, and
18S rRNA was undetectable by qRT-PCR in two partici-
pants (Figure 7B). By 5 days post-treatment, the qRT-PCR
target was undetectable in three participants and reduced by
> 2 log10 parasites/mL in the remaining three participants.
At the follow-up visit 28 days post-challenge, parasites were
not detected in any participant by thick blood smear or
qRT-PCR. Samples were not obtained in the intervening
period, however, two participants who were positive for
parasite 18S rRNA after 5 days of therapy had a low posi-
tive result (< 20 parasites/mL) and the third participant had
only 50 parasites/mL. This result was not surprising because
highly sensitive molecular tests for other organisms like
pathogenic Neisseria and Chlamydia can sometimes detect
nucleic acids from nonviable organisms for days to weeks
after effective treatment.43,44

We analyzed the clinical trial data using two published
models to estimate the number of infected hepatocytes
and average parasite burden in challenged non-immune
volunteers.42,45 These models are applicable to our trial
because our study and the initial modeling studies used infec-
tion by five mosquitoes and achieved comparable times to
both 18S rRNA and thick blood smear positivity. The

Hermsen model used a cycle-to-cycle multiplication factor
of 7.5, whereas our present study showed a mean multiplica-
tion factor of 16.2 (median 13.9), closer to that used in the
Bejon models.42 Five of six individuals experienced three
cycles of parasite growth before drug treatment in our trial,
and the cycle-to-cycle multiplication factor was more con-
served within individuals than between individuals, as
observed previously.42 From our data, the Hermsen and
Bejon models predicted an average of 28 (range 8–58) and
60 (range 27–111) infected hepatocytes per volunteer, respec-
tively. Both models closely mimicked the rising parasitemia
in participants 1–5, but did not adequately model participant 6,
in whom the onset of detectable parasitemia was delayed
by ~3 days.

DISCUSSION

Giemsa-stained thick and thin blood smears are the gold
standard diagnostic method for malaria. Where microscopy
may miss very low density parasitemia infections, molecular
assays with sensitivities of 20–50 parasites/mL allow detection
of pre-patent infections in humans experimentally infected
with malaria parasites.29,32,42,46 Detection of pre-patent
parasitemia and determination of the parasite growth rate can
help to determine whether vaccine candidates affect liver- and/
or erythrocyte-stage parasite growth.42 There are many factors
to consider when choosing from the diverse molecular meth-
ods reported for malaria.5–23 First, pre-analytical handling
steps (such as leukocyte filtering reported in some assays)
should be minimized or highly controlled to reduce the risk of
contamination. Second, as the sample volume decreases, the
limit of detection increases. For instance, if 200 µL of blood is
extracted, the lowest possible limit of detection is 5 parasites/mL
because there can be at a minimum only 1 parasite/200 µL,
whereas for 50 µL samples, the lowest limit of detection is
20 parasites/mL (or 1 parasite/50 µL). The actual limit of
detection is further affected by the blood sample volume, the
extracted nucleic acid volume, the volume added to the (RT)-
PCR assay and the Poisson distribution. Low parasitemia
samples can be difficult to detect using single-step DNA PCR
approaches,14 although reports vary.8 Some RNA assays have
improved sensitivities at low parasite densities because of the
increased copy number relative to coding DNA.22 Third, many
assays do not include a multiplexed internal control, which is
critical for ruling out PCR inhibitors in every sample.
To overcome these limitations, we developed a high sensi-

tivity, internally controlled real-time RT-PCR assay for
absolute P. falciparum quantification and demonstrated its
use in a clinical trial. The high sensitivity of qRT-PCR from
a 50 µL blood sample is possible because 18S rRNAs are
abundant within individual parasites (1 ´ 104 copies/ring
form). Thus, we obtain three pieces of evidence to support
the test result: the malaria CT, the malaria PCR product Tm,
and a reciprocal decrease in total competitor amplification.

We include a competitive internal control RNA in every
multiplexed reaction to detect target extraction/amplification
failures caused by inhibitors, laboratory errors, and/or other

Plasmodium infections.
Using a combination of purified RNA calibrators, synchro-

nized (12-hr) ring-stage parasite standards in whole blood,
and synchronous parasite cultures sampled throughout the
48-hr lifecycle, we measured 10,000 copies of the 18S rRNA
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per ring-stage parasite, in agreement with the conversion fac-

tor used for NASBA assays.7 Although RT-PCR on aliquots
of frozen whole blood were recently reported to yield £ 1-log

increase in parasite detection compared with PCR alone,23 we

find a nearly 4-log increase in detection, probably because 18S

rRNA are better preserved when lysed in guanidinium-based
buffer before and stored at –80°C. To generate a standard

curve for absolute quantification, we used RNA standards of

Figure 6. Early detection of pre-patent parasitemia in six volunteers experimentally infected with Plasmodium falciparum. Sporozoites
kinetics of parasite load determined by real-time quantitative reverse transcription-polymerase chain reaction (qRT-PCR) during challenge of
six human volunteers with P. falciparum 3D7 sporozoites. For qRT-PCR, venous blood was collected twice daily starting on Day 5. The first qRT-
PCR positive sample in each participant is denoted with a black arrow listing the day post-challenge. Thick blood smears were positive starting on
Day 9 (participant 5), 11 (participants 1–4) and 14 (participant 6), as denoted with circles. Chloroquine treatment was initiated on the first
detection of a positive thick smear. The limit of quantification (20 parasites/mL) is indicated with a horizontal line. Samples from subjects 1 and 2
that were positive by melting curve analysis but were below the limit of quantification were plotted at the “+” level on the parasitemia axis.
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known quantity added to extracted nucleic acids from whole
blood of known erythrocyte density. As noted previously, we

can convert log10 RNA copies to parasite density, allowing for
absolute quantification of P. falciparum from whole blood.
With this system, we validated the qRT-PCR for clinical

trial use and used it in a demonstration human challenge trial
of six volunteers. The assay was highly sensitive and specific
across a wide range of parasitemia and performed favorably
in accuracy, correlation, precision, analytical sensitivity, ana-
lytical specificity, and carryover evaluations. This assay
detected sub-patent parasitemia 3.7 days on average before
blood smears were positive, similar to that seen in other trials
using other techniques.42,45 Although it must be remembered
that Poisson statistics affect the confidence limits for positive
detection at parasite densities < 60 parasites/mL, we routinely
detect samples containing as few as one parasite per 50 µL
of whole blood (i.e., 20 parasites/mL). However, we did not
test samples at a nominal concentration of 20 parasites/mL
because parasites would be statistically absent from 37% of
such samples. Because our RNA standards can be detected
> 95% of the time at copy numbers below that expected for
a single parasite in 50 µL of blood, we can quantita-
tively report parasite densities down to 20 parasites/mL, rec-
ognizing again that the Poisson distribution influences the
actual outcome.
In P. falciparum, the expression of the A-type 18S rRNA

target during ring-stage development was critical for the
interpretation of our assay. Here, we report that the A-type
18S rRNA is stably expressed throughout the ring stage of
the P. falciparum lifecycle. The 18S rRNA has not been
previously profiled by quantitative molecular methods in

P. falciparum, but our data is generally consistent with ear-
lier Northern blotting of murine P. berghei, which showed
that A-type 18S rRNA expression was maximal in the grow-
ing trophozoite stage and lower in the transcriptionally quies-
cent ring stage.47 In P. falciparum infections, only ring-stage
parasites are detected in peripheral blood during the first
24 hrs after erythrocyte invasion. Although mature trophozo-
ite and schizont forms are easily cultured in vitro, such mature
forms are not usually present in peripheral blood in vivo

because of cytoadherence during the latter half of the
lifecycle.48 Mature forms are only observed in the periph-
eral blood in cases of severe hyperparasitemia. For non-
P. falciparum species, sequestration does not occur and all
lifecycle forms are present in peripheral blood, making quan-
tification of other species more complicated. Thus, for the
relevant ring-stage P. falciparum parasites, the 18S rRNA
signal is stably expressed in vitro. Indirect evidence for stable
ring-stage expression of the target in vivo comes from the
clinical trial data, which showed rising cyclical parasitemia in
participants by qRT-PCR that was consistent with data from
other centers using DNA-based quantification. Such agree-
ment would be unlikely if the RNA target varied dramatically
during in vivo infections. Whether stable expression typifies
in vivo infections in the presence of sub-therapeutic anti-
malarial drugs or in infections with mixed strains is unknown.
RNA-based assays for malaria allow for high sensitivity

detection and quantification of parasites from a small sample.
To reap the benefits of the high copy number 18S rRNA as a
target, samples must be adequately preserved at the time of
collection, which is easily accomplished using guanidinium-
based lysis buffer and, possibly, even dried blood spots.49–51

Figure 7. Kaplan-Meier curves for time to detection and clearance of parasites by thick blood smears and quantitative reverse transcription-
polymerase chain reaction (qRT-PCR). Kaplan-Meier curves for the time to detection (A) and post-treatment clearance (B) of parasites for thick
blood smears (BS) and qRT-PCR. *No qRT-PCR testing was performed during this interval 6 –15 days following treatment.

Table 3

Human volunteer infection data*

Parameter

Volunteer

1 2 3 4 5 6

First positive qRT-PCR (day†) 7 7 7 7 7 10
Parasites/mL by qRT-PCR 30 30 120 40 100 70
Patency period - 1st positive BS (day†)‡ 11 11 11 11 9 14
Parasites/mL by qRT-PCR at patency 9,460 50,170 120,680 5,350 3,730 12,880
Fever > 38.0 °C (day) N/A 13 N/A N/A 10 15

*qRT-PCR = quantitative reverse transcription-polymerase chain reaction.
†Days are days post-challenge.
‡Blood smears (BS) were evaluated for 360 high-powered fields (hpf) if asymptomatic or treated, or, 1080 hpf if symptomatic.
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Given the need for reliable, controlled assays to support
malaria clinical trials and eradication efforts, we recommend
the use of multiplexed internal control targets and in vitro

transcribed RNA standards for absolute quantification in all
RNA- or total nucleic acid-based assays. Furthermore, a net-
work for inter-laboratory exchange of well-characterized
malaria comparator samples would be useful to help labora-
tories establish and maintain assay performance. Such quality
control programs for malaria molecular diagnostics would
benefit research and clinical efforts alike.
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