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Abstract

In epidemiological surveys and surveillance the application of molecular tools is essential in
detecting submicroscopic malaria. A genus-specific conventional cytochrome b (cytb) PCR
has shown high sensitivity in field studies, detecting 70% submicroscopic malaria. The main
objective of this study was to assess the conversion from conventional to real-time PCR
testing both SYBR and probe protocols, and including quantitative (q) PCR. The protocols
were assessed applying well-defined clinical patient material consisting of 33 positive and
80 negative samples. Sequencing of positive PCR products was performed. In addition, a
sensitivity comparison of real-time PCR methods was done by including five relevant assays
investigating the effect of amplification target and platform. Sensitivity was further examined
using field material consisting of 111 P.falciparum positive samples from Tanzanian children
(< 5years), as well as using related patient data to assess the application of g-PCR with
focus on low-level parasitaemia. Both the cytb SYBR and probe PCR protocols showed as
high sensitivity and specificity as their conventional counterpart, except missing one P.
malariae sample. The SYBR protocol was more sensitive and specific than using probe.
Overall, choice of amplification target applied is relevant for achieving ultra-sensitivity, and
using intercalating fluorescence dye rather than labelled hydrolysis probes is favourable.
Application of g-PCR analysis in field projects is important for the awareness and under-
standing of low-level parasitaemia. For use in clinical diagnosis and epidemiological studies
the highly sensitive and user-friendly cytb SYBR g-PCR method is a relevant tool. The
genus-specific method has the advantage that species identification by sequencing can be
performed as an alternative to species-specific PCR.

Introduction

Malaria is a major threat to global health with half the world’s population being at risk of get-
ting infected. In 2016 there were 216 million malaria cases causing almost half a million deaths,

PLOS ONE | https://doi.org/10.1371/journal.pone.0218982 July 5, 2019

1/15


http://orcid.org/0000-0002-3214-4952
https://doi.org/10.1371/journal.pone.0218982
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0218982&domain=pdf&date_stamp=2019-07-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0218982&domain=pdf&date_stamp=2019-07-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0218982&domain=pdf&date_stamp=2019-07-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0218982&domain=pdf&date_stamp=2019-07-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0218982&domain=pdf&date_stamp=2019-07-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0218982&domain=pdf&date_stamp=2019-07-05
https://doi.org/10.1371/journal.pone.0218982
https://doi.org/10.1371/journal.pone.0218982
http://creativecommons.org/licenses/by/4.0/

@ PLOS|ONE

Malaria real-time PCR with focus on low parasitaemia

particularly among children in Sub-Saharan Africa and India [1]. The World Health Organisa-
tion has identified 21 countries that may be able to eliminate malaria by 2020 [1]. Healthy,
asymptomatic humans carrying malaria parasites in the blood represent a reservoir for trans-
mission [2], and are a key challenge to the elimination of malaria [3, 4]. Polymerase chain reac-
tion (PCR) methods have gained a strong foothold in research and epidemiology during the
last two decades. PCR has shown to be superior in sensitivity and specificity compared to
microscopy and rapid diagnostic tests (RDT) [5-8]. However, there is still need to further
improve the performance of malaria PCR techniques and to develop quantitative methods for
field studies, to address the issue of asymptomatic carriage of malaria, and to increase our
understanding of malaria epidemiology which may help improve control and elimination
strategies [4, 6].

Visualizing conventional PCR products by gel electrophoresis is time-consuming and
resource-demanding, and increases the risk of contamination. With real-time PCR the detec-
tion step is incorporated into the amplification; for each cycle, target DNA is directly detected,
usually by either intercalating SYBR green, or fluorescence labelled hydrolysis probes [9, 10].
The direct detection allows for quantitative results (q-PCR), presented either by standard cycle
threshold (C,) values, which is inversely proportional to the amount of target DNA in the sam-
ple, or even more exact quantitation by applying a known dilution series of target DNA (for
example customized plasmid) which serves as a standard curve to determine the number of
target copies per volume in the sample. Thus, g-PCR could be a highly valuable tool to study
low-level malaria parasitaemia [10, 11].

During the last decade, there has been a focus on the use of amplification targets with a
high copy number in the malaria genome to increase the sensitivity of the PCR. Examples of
these multi-targets are chromosomal small subunit ribosomal RNA 18S locus, cytochrome b
gene (cytb) on the mitochondrial genome, the chromosomal subtelomeric targets telomere-
associated repetitive element 2 (TARE-2) and var gene acidic terminal sequence (varATS).
The first malaria PCR methods were based on the 18S target, which typically exists in five to
eight copies in P. falciparum [12]. Subsequently, mitochondrial targets, such as cytb, emerged
since the genome is conserved and exists in about 20-160 copies depending on the develop-
ment stage [13, 14]. In 2015 two new multi-targets were reported; TARE-2, which exists in
about 250-280 copies due to 10 to 12 repeat units presented at 24 of 28 subtelomeric
sequences, and varATS which exists in about 59 copies and is encoding the P. falciparum
erythrocyte membrane protein 1 [15].

A genus-specific cytb conventional PCR [16] has proved to be highly sensitive and specific
in field studies [5, 17]. The main objective of the present study was to develop a robust screen-
ing tool by converting the conventional PCR to a real-time PCR, evaluate two different fluores-
cent dyes SYBR green and TagMan probe, and to assess the assays using well-defined patient
materials from clinical and field collections [5, 16, 18]. Secondary objectives were to compare
relevant real-time methods in order to investigate the effect the choice of platform (SYBR ver-
sus probe) and amplification target has on sensitivity, and to implement q-PCR analysis on
patient data from field material with focus on low-level parasitaemia.

Materials and methods
Samples

All sample material applied in this study was stored DNA (-20/80°C), which had been
extracted either from whole blood using QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Ger-
many) according to the manufacturer’s instructions, or from filter paper applying Chelex-100
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Molecular Biology Grade Resin (Bio-Rad Laboratories, Hercules, CA, USA) as previously
described [19].

The clinical patient material, used to assess the sensitivity and specificity of the designed
cytb SYBR/TagMan real-time assays, was a defined collection of 33 confirmed positive (18 P.
falciparum, eight P. vivax, three P. ovale, two P. malariae, and two P. falciparum + P. malariae),
and 80 confirmed negative samples, from 113 fever patients with potential malaria collected
between 2006 and 2013 at Haukeland University Hospital, Bergen, Norway [16]. The consen-
sus on which samples were positive or negative was based on results from previously per-
formed analyses by routine microscopy, the PCR reference method described by Singh et al.
[20], a genus-specific cytb PCR, a species-specific 18S PCR (all conventional), and sequencing
[16].

The field material, used to investigate sensitivity and to perform q-PCR, was a defined col-
lection of 111 positive P.falciparum DNA samples (74 patients), where 74 were extracted from
200 ul EDTA whole blood, and 37 from filter papers. The DNA was obtained from 304 chil-
dren who were hospitalized due to febrile illness between January and June 2009 at the general
pediatric wards at Muhimbili National Hospital, Dar es Salaam, Tanzania [5, 18]. The samples
were confirmed positive by the same genus-specific cytb, and species-specific 18S conventional
PCR assays (or sequencing) as the Norwegian cohort [16]. Clinical and demographic data,
such as age, gender, travel outside Dar es Salaam the last four weeks, referral from other hospi-
tals, any use of antibiotics or antimalarial drugs the last four weeks, length of sickness, other
clinical diagnoses, and outcome, were included in the analysis of potential correlation with
level of parasitaemia by q-PCR. Details regarding the study population and clinical findings in
the Tanzanian field study have been reported previously [5].

Reference material

To compare the sensitivity of seven different real-time PCR methods a reference strain of P.
falciparum (US 03 F FC27/A3), containing exclusively ring stage parasites in a concentration
of 2000 parasite/ul (p/ul), was diluted in RNase-free water (Qiagen) into the following dilu-
tions: 5 p/pl, 1 p/pl, 0.5 p/pl, 0.1 p/pl, and 0.05 p/pl, run in 12 parallels. In addition, a 10-fold
dilution series run in triplicates, 2000-0.2 p/pl, was included to assess the amplification effi-
ciency (E) of the real-time assays.

Customized plasmid for q-PCR

To serve as a standard curve for q-PCR, a custom designed EcoRI linearized q-PCR template,
with a pUCminusMCS vector backbone and this study’s cytb amplification target (220 bp) as
insert (OriGene Technologies, Rockville, MD, USA), was applied in a 10-fold dilution series,
range 2.7 x 10%-2.7 copies of target DNA/reaction (rxn), run in duplicates.

PCR methods

A conventional single-step genus-specific cytb PCR [16] was converted to one SYBR and one
TagMan real-time PCR protocol using the same primers.

To investigate sensitivity differences/trends, and effects the number of copies of the amplifi-
cation targets may have, five relevant and comparable real-time PCR methods were included.
Table 1 shows the characteristics of the real-time PCR assays.

Otherwise, the protocols for the five included real-time PCR methods were carefully fol-
lowed as previously described [15, 21-23].

For the cytb SYBR/TagMan real-time PCR protocols designed and optimized in this study
the following primers were applied: PgMt19 F3 forward (5’-tcg ctt cta acg gtg aac) and PgMt19
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Table 1. Characteristics of real-time PCR methods.

Methods Specificity Target Target gene No. copy of gene Product size Species identification by sequencing
genome in P.f

This study Pan Mito cytb ~20-160" 220 bp Yes

Lefterova et al. 2015 [21] Pan Chrom 18S rRNA ~5-8° 317 bp Yes

Xu et al. 2015 [22] Pan Mito cytb ~20-160" 430 bp No®

Farrugia et al. 2011 [23] Pan Mito cytb ~20-160" 203 bp No

Hofmann et al. 2015 [15] Pf Chrom TARE-2 ~250-280° 93 bp -

Hofmann et al. 2015 [15] Pf Chrom varATS ~594 65 bp -

Abbreviations: P.f, Plasmodium falciparum; Mito, mitochondrial; Chrom, chromosomal; cytb, cytochrome b gene; telomere-associated repetitive element 2, TARE-2;
var gene acidic terminal sequence, varATS.

* Depending on which stage of the parasite cycle; About 20 copies in early ring stage, and about 80-120 copies in mature gametocytes [13, 14].

b Depending on the strain [12].

© TARE-2, specific to P. falciparum, consists of 10 to 12 repeat units presented at 24 of 28 subtelomeric sequences [15].

4 The var gene family is located primarily in the subtelomeric sequences, and encode the P. falciparum erythrocyte membrane protein 1 [15].

¢ Species identification can be performed using restriction fragment length polymorphism analysis of the real-time PCR amplified product [22].

To optimize their comparability, all the real-time assays applied 2 ul DNA template, and 12,5 ul SYBR Select Master Mix/ TagMan Universal Master Mix II, with UNG
(Applied Biosystems, Carlsbad, CA, USA), at a total volume of 25 pl. The amplifications were performed using ABI Prism 7900HT Sequence Detection System (Applied
Biosystems), the threshold was automatically set, and for the SYBR assays melting curve analysis was included given by the program SDS 2.3 (Applied Biosystems).

https://doi.org/10.1371/journal.pone.0218982.t001

B3 reverse (5’-aat tga tag tat cag cta tcc ata g), previously published for a loop-mediated iso-
thermal amplification method [24]. The primer concentration was 600 nM of each primer,
and 200 nM of the TagMan probe PgMt(28)-Probe 6-FAM-ctt cta aca ttc cac ttg ctt ata act g-
BHQ-1 (Eurogentec, Seraing, Belgium). In addition, the reaction mix contained 1 mM MgCl,
(New England BioLabs, Ipswich, MA, USA). Both protocols used the following cycling param-
eters; step 1, 50°C for 2 min; step 2, 95°C for 10 min; step 3, denaturation at 95°C for 15 sec;
step 4, annealing at 59°C for 50 sec; and step 5, amplification at 72°C for 10 sec, steps 3-5
repeated 45 times.

To investigate the quality of the stored DNA, samples of extremely low parasitaemia were
reanalysed with the cytb conventional PCR (primers PgMt19 F3&B3), run in triplicates, as pre-
viously described by Haanshuus et al. [16], but with a primer concentration of 1 uM (incorrect
concentration given in the publication [16]).

To ensure that real-time PCR products showed the same high quality sequences for species
identification as for the cytb conventional PCR [16], all positive products amplified by the cytb
SYBR real-time PCR from the Norwegian material, were sequenced in one direction applying
primer PgMt19 F3 as previously described [16].

Statistical analyses

Statistical univariate analysis was performed applying IBM SPSS Statistics version 24 (SPSS
Inc., IBM Company). The data were organized into categorical variables for 2x2 cross-tabula-
tion analysis, and assessed with effect estimates (odds ratio) with corresponding confidence
intervals, as well as Chi-squared test, or Fisher’s exact test if few observations. A correlation
was regarded as statistically significant if p-value was < 0.05.

Multivariate logistic regression analysis was also performed applying SPSS. The p-values were
calculated by using the Likelihood ratio test, where in addition to SPSS the program QuickCalcs
(GraphPad Software) was applied for this purpose. All variables with p-value <0.1 from the uni-
variate analysis, excluding variables with extensive numbers of missing values, were included in
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the multivariate regression model. The confirmation that the model fitted the data was evaluated

by the Hosmer and Lemeshow Test, and by residuals and Cook distances analysis.

Ethical approval

The study was approved by the Regional Committee for Ethics in Medical Research in Western

Norway (N0.2015/886 and 2016/584).

Results

All raw data, including threshold, C;- and quantification values, are given in supporting infor-
mation S1 Dataset. The clinical and field DNA samples were always run in triplicates, and a

positive result was defined as minimum two detections out of three.

Assessment, comparability, and sensitivity of real-time PCR methods

The sensitivity and specificity of the designed and optimized genus-specific cytb SYBR and
TagMan PCR protocols were assessed applying the Norwegian clinical material. The real-time
assays showed as high sensitivity and specificity as their conventional PCR counterpart [16],

except missing one P. malariae sample (S1 Table).

Applying P. falciparum reference material, the study’s two protocols and five relevant real-
time PCR methods (characteristics presented in Table 1) were compared to investigate how
the choice of platform and amplification target affects the sensitivity (Tables 2 and S2).

Among the five included assays the varATS TagMan PCR method [15] showed a high sen-
sitivity, and was therefore chosen for further assessment together with the designed cytb
SYBR/TaqMan PCR protocols, applying P.falciparum positive Tanzanian field material
(Table 3). Furthermore, the sensitivity of applying whole blood versus that of using filter paper
as field material was compared, and the difference in C, trends for the cytb SYBR real-time
PCR results are shown in Fig 1. Among the field samples extracted from whole blood, previ-
ously obtained research microscopy and RDT results were correlated with positive C; values of

the cytb SYBR PCR as presented in Fig 2.

Through the analysis of both the Norwegian and Tanzanian material, several of the previ-
ously positive DNA samples turned out negative by the real-time PCR methods. Therefore, the
quality of the stored DNA was tested by reanalysing, with the cytb conventional PCR |5, 16,
18], all samples which were negative or had a C; value above 30 by the cytb SYBR real-time
method. Fig 3 shows a comparison between the conventional and the real-time PCR methods.

Table 2. Sensitivity comparison of real-time PCR methods applying five different dilutions of P.falciparum reference material. *.

Platform 5 p/ul 1p/ul 0.5 p/ul 0.1 p/ul
(C) (<) (C) (C)

This study_cytb SYBR 12 (30) 12 (33) 12 (34) 9 (36)
This study_cytb TagMan 12 (30) 12 (32) 12 (33) 8 (35)
Lefterova_18S SYBR 12 (28) 12 (32) 11 (34) 4(36)
Xu_cyth SYBR 12 (28) 12 (32) 12 (33) 10 (35)
Farrugia_cytb TagMan 12 (34) 12 (37) 12 (38) 3 (41)
Hofmann_TARE-2 SYBR 12 (33) 12 (37) 12 (38) 7 (40)
Hofmann_varATS TagMan 12 (34) 12 (36) 12 (37) 11 (40)

0.05 p/ul
(C)

9 (38)
5(37)
0
6 (35)
1(42)
3 (39)
8 (41)

* The threshold was automatically set for each assay run, and the C, values correspond to the threshold. The results are given as the number of positives out of 12

parallels.

https://doi.org/10.1371/journal.pone.0218982.t002
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Table 3. Sensitivity assessment of real-time PCR methods applying positive P. falciparum Tanzanian field DNA samples (N = 111). *.

This study This study Hofmann et al.
Pan_cytb_SYBR Pan_cytb_TaqMan P.f varATS_TaqMan
Samples Positives C, < 20 25 20 19
b

EDTA Positives C, 20-30 16 19 18
(N=74) .

Positives C; 31-40 13 15 24

Positives C, > 40 0 0 0

Positives total 54 54 61

Negatives 20 20 13

Samples Positives C; < 20 0 0 0

Filter® Positives C, 20-30 27 23 26
(N=37) .

Positives C; 31-40 10 11 8

Positives C,; > 40 0 0 1

Positives total 37 34 35

Negatives 0 3 2

Abbreviations: P.f, Plasmodium falciparum

? Predefined samples by genus-specific cytb conventional PCR, and species-specific 18S PCR (or sequencing) [5, 18]. Data on concluding positivity is given in S1
Dataset.

® DNA extracted from 200 ul EDTA whole blood by a spin-column method.

“ DNA extracted from filter paper (~50 pl blood) by a Chelex-100 method.

https://doi.org/10.1371/journal.pone.0218982.t003

The designed cytb SYBR PCR assay showed better results than using TagMan probe (Tables
2 and 3 and S1 and S2). Therefore this method was chosen for the q-PCR analysis of the Tanza-
nian field material, and to test the quality of sequencing as species identification method. The
sequencing confirmed high-quality sequences of full length, and gave correct species identifi-
cation, except for only detecting the dominating P. falciparum parasitaemia in two double
infections. This result was equal to that of applying the conventional PCR version, and the
polymorphisms distinguishing the species were previously described [16].

45 -
40 -
35 -
30 -
25 -
20 - = (Cytb SYBR EDTA

Ct values

15 - Cytb SYBR Filter
10 -

1357 91113151719212325272931333537
Samples sorted low-high Ct EDTA

Fig 1. C, value comparisons of DNA samples extracted from 200 ul EDTA whole blood versus filter paper 50 ul
blood (N = 37). Positive P.falciparum material from 37 patients had been collected and extracted by two different
methods resulting in DNA from whole blood purified by spin-column, and DNA from filter paper purified by Chelex-
100 [5, 18]. The two C, trends showed a constant difference of 4-9 cycles, and for 31 out of 37 samples the difference
was 7-9 cycles.

https://doi.org/10.1371/journal.pone.0218982.g001
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Ct value by cytb SYBR PCR

Ct value by cytb SYBR PCR

1500 1500

% .

1000+ 1000

Microscopy RDT
Fig 2. Boxplots showing how research microscopy and RDT results correlate to positive C; values among
Tanzanian field samples. (A) A boxplot showing how research microscopy results negative/positive correlate to
positive cytb SYBR real-time PCR results (N = 54). (B) A boxplot showing how rapid diagnostic test (RDT) results
negative/positive correlates to positive cytb SYBR real-time PCR results (N = 47).

https://doi.org/10.1371/journal.pone.0218982.9002

Application and assessment of quantitative PCR field data

To present an alternative and relevant application of q-PCR data in epidemiological studies,
the association between low-level parasitaemia identified by the cytb SYBR q-PCR results and
clinical and demographic factors (among the 74 field samples extracted from whole blood),

CytB_SYBR CytB_TaqMan

CytB_Conventional varATS TagMan

N=42 Negatives 8

Fig 3. Sensitivity analysis and method comparison of PCR methods applying positive P.falciparum field DNA
samples with extreme low parasitaemia (N = 42). Extreme low parasitaemia samples that counted negative or C;
value above 30 by cytb SYBR real-time PCR were further analyzed. This was done to investigate if the stored DNA had
been degraded over time, as well as compare the performance of the four PCR methods. The varATS TaqMan real-
time PCR had a higher detection rate for low parasitaemia. However, for all of the methods eight of the previously
positive P. falciparum samples were now negative. A positive sample was defined by at least two out of three parallels
detected, and only one of the eight negatives had no positive detections of parallels by any of the methods. For several
of the samples it was a randomly/non-consistently detection trend, depending on the actual amount of amplification
target in the template. Detailed data are given in S1 Dataset.

https://doi.org/10.1371/journal.pone.0218982.9003
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were evaluated applying cross tabulation and multiple logistic regression analysis. Based on an
evaluation of C, results, frequency data, and what was of low density parasitaemia (S1 and S2
Datasets), the q-PCR values were categorized into the two categories <1000 copies/rxn

(N =37, range 0-953, corresponds to C; value >27) defined as low parasitaemia, and > 1000
copies/rxn (N = 37, range 3769-1.6x10’, corresponds to C, value <24) defined as high parasi-
taemia. The median value was 2361 copies/rxn. When applying 2 ul template, 1000 copies of
the cytb target/rxn, corresponds to 3-25 P. falciparum p/ul depending on the parasite stage
(Table 1). Microscopy had the most sensitive detection at C, value 23 and 15314 copies/rxn,
which corresponds to ~50-380 p/pl. In comparison, according to Hinscheid et al. 1% parasi-
taemia is measured to be ~50.000 p/ul [25].

In the univariate analysis (Table 4), low-level parasitaemia was associated with age <12
months, illness of >5 days duration, and death while in hospital. Patients with low-level parasi-
taemia were more likely to have received antibiotics the last four weeks, but less likely to have
been diagnosed with malaria, and less likely to have received antimalarial treatment in hospital.
In the multivariate analysis (S3 Table), low level parasitaemia was associated with age <12
months, length of illness >5 days, no history of travel outside Dar es Salaam the last four weeks,
and not being diagnosed with malaria. The variables antibiotic and antimalarial treatment in
hospital were omitted from the regression model due to a high number of missing values.

Discussion

Several studies report that PCR techniques are superior to microscopy, especially in detecting
low density parasitaemia [26-28]. A review of studies comparing PCR and microscopy, found
that PCR detects on average twice as many malaria infections as microscopy [29]. The genus-
specific cytb conventional PCR [16], has previously been applied in studies from Tanzania and
India, where the PCR detected as much as 72% (55/76, N = 304) and 71% (162/228, N = 1168)
submicroscopic malaria respectively [5, 17]. The conversion and optimization from conven-
tional to real-time PCR, using either SYBR green or TagMan probe, resulted in similar sensi-
tivity and specificity (S1 Table and Fig 3 and S1 Dataset).

Applying SYBR is less expensive than using probes. Though the specificity of SYBR assays
is debated; while probes bind specifically to target DNA as an third oligo, the specificity of
SYBR relies on a high efficiency and concentration of specific amplified DNA outshining the
unspecific binding of SYBR [30]. Short amplicons give higher efficiencies. In contrast to
probes, which release only a single fluorophore for each amplicon, SYBR will with longer
amplicons generate a stronger signal increasing the sensitivity as more dye is incorporated
[31]. This is in agreement with the observed higher sensitivity of the study’s SYBR assay com-
pared to using probe (Tables 2 and 3 and S1 and S1 Datasets). Using SYBR showed 100% spec-
ificity, while the TagMan assay had one unspecific binding at C, value 41 (S1 Table). The
SYBR protocol in this study is recommended compared to using TagMan probe.

Comparing different real-time PCR methods showed that the assays are remarkably similar
in sensitivity (Table 2). The 185 SYBR PCR (Lefterova et al. [21]) had the lowest sensitivity, as
might be expected since the target gene is in only a few copies (Table 1). Surprisingly, the
method using the target in most copies, TARE-2 SYBR PCR (Hofmann et al. [15]), was not the
most sensitive one. However, this agrees with the authors’ report of lower sensitivity than
expected, likely due to the degenerate sequence of the TARE-2 repeat units or by the clustered
distribution of the repeats at chromosome ends. The three most sensitive assays were the var-
ATS TagMan (Hofmann et al. [15]), the cytb SYBR (Xu et al. [22]), and this study’s cytb SYBR
PCR. The cytb SYBR assay from Xu et al. showed the lowest amplification efficiency (S1
Table), which is in agreement with the authors’ report on a secondary structure of the main
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Table 4. Univariate cross tabulation analysis of factors associated with low parasitaemia (<1000 copies/rxn).

Low High OR (95% CI) p-value
parasitaemia parasitaemia
< 1000 copies/rxn (%) > 1000 copies/rxn (%)
Age (N=73)
< 12 months 17 (47.2) 5(13.5) 5.73 (1.82-18.04) 0.002*
> 12 months 19 (52.8) 32 (86.5)
Sex (N =74)
Male 22 (59.5) 19 (51.4) 1.39 (0.55-3.49) 0.483
Female 15 (40.5) 18 (48.6)
Travel outside Dar last 4 weeks (N = 63)
No 19 (65.5) 15 (44.1) 2.41 (0.87-6.69) 0.089
Yes 10 (34.5) 19 (55.9)
Referral from other hospital (N =71)
No 24 (68.6) 29 (80.6) 0.53 (0.18-1.57) 0.246
Yes 11 (19.4) 7 (19.4)
Antibiotics the last 4 weeks (N = 66)
No 5(14.3) 15 (48.4) 0.18 (0.06-0.58) 0.003*
Yes 30 (85.7) 16 (51.6)
Antimalarials the last 4 weeks (N = 68)
No 15 (44.1) 11 (32.4) 1.65 (0.62-4.43) 0.318
Yes 19 (55.9) 23 (67.6)
Length of sickness (N = 72)
<5 days 16 (43.2) 29 (82.9) 0.16 (0.05-0.47) 0.001*
> 5 days 21 (56.8) 6(17.1)
Antibiotic treatment in hospital (N = 74)
No 2 (5.4) 4(10.8) 0.47 (0.08-2.75) 0.219
Yes 35 (94.6) 33 (89.2)
Antimalarial treatment in hospital (N = 74)
No 8(21.6) 1(2.7) 9.93 (1.17-84.04) 0.008*
Yes 29 (78.4) 36 (97.3)
Given diagnosis malaria (N = 74)
No 22 (59.5) 10 (27.0) 3.96 (1.49-10.53) 0.005*
Yes 15 (40.5) 27 (73.0)
Given diagnosis septicaemia (N = 74)
No 24 (67.6) 32 (86.5) 0.33 (0.10-1.05) 0.053
Yes 12 (32.4) 5(13.5)
Length of admission (N = 74)
< 5 days 24 (64.9) 20 (54.1) 1.57 (0.62-4.00) 0.343
> 5 days 13 (35.1) 17 (45.9)
Outcome (N = 74)
Dead 11 (29.7) 4(10.8) 3.49 (1.00-12.24) 0.043*
Alive 26 (70.3) 33(89.2)

Abbreviation: OR Odds ratio, 95%CI 95% Confidence Interval, Dar Dar es Salaam.

*Significant results (p-value < 0.005).

https://doi.org/10.1371/journal.pone.0218982.1004

amplicon that likely contributes to a competing binding-site for the primers, and can affect
optimal sensitivity. This study’s assays, the 18S SYBR (Lefterova et al.), and the cytb SYBR (Xu
et al.), are genus-specific PCR methods which have the advantage of species identification by
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either sequencing or restriction fragment length polymorphism analysis. The TARE-2 and var-
ATS methods are restricted to P.falciparum. In clinical use any of these PCR assays will be sen-
sitive enough; however, in detecting low-level parasitaemia the small differences in sensitivity
might be relevant. Furthermore, amplification in late cycles of PCR programs can be due to
unspecific binding or primer-dimers. However, it was in this study decided to not set a cut-off
for positivity as also low-level parasitaemia has late amplifications (Table 2). Hence the SYBR
methods were more beneficial to apply than TagMan probes focusing in detecting low-level
parasitaemia, since SYBR melting curve analysis (MCA) can be performed revealing if late
cycle amplifications are unspecific binding or primer-dimers rather than true positives [32].

PCR detects very low densities of target DNA in the blood (S1 and S2 Datasets), and com-
pared to microscopy and RDT, the technique has a superior sensitivity in detecting low-level
parasitaemia (Fig 2). Asymptomatic malaria among PCR positives should always be consid-
ered [17, 33]. To achieve a low detection limit, the type of material is important. Filter papers
are increasingly used in field studies, as the material is easier to collect, store, and transport
than EDTA whole blood, but result in lower test sensitivity due to the smaller blood volume
obtained, ~50 versus 200 pl (Fig 1) [18]. Target DNA extracted from filter papers had in this
study a detection limit of 25 copies/rxn, while DNA from EDTA had 1 copy/rxn. Therefore,
applying filter papers gives a high sensitivity, but a substantial portion of the low-level parasi-
taemia will be missed which might be relevant in surveillance and epidemiological studies.

The P. falciparum positive field material extracted from whole blood (N = 74), showed a
broad variation in level of parasitaemia (Table 3). There is a great complexity of reasons why
malaria DNA detected only by PCR is obtained in the blood stream. Low density of malaria
DNA may derive from early (primary or recurrent) infection, non-falciparum infection (as indi-
cated in S1 Table where a clinical P. malariae infection showed a high C, value), premunition,
or remains of parasites and denatured DNA after infection clearance by the immune system
and antimalarial treatment. Also some antibiotics may reduce the parasite level in the blood
without fully clearing the infection [34]. Sexual stage parasites (gametocytes) are less affected by
antimalarial drugs and the immune system, and thus circulate in the blood for weeks after para-
site life cycles are ended awaiting transmission [35, 36]. Untreated chronic low-level parasitae-
mia might persist for months as parasite clones can circulate for ~200 days [37].

Due to potentially reduced quality of the stored DNA, and low reproducibility for samples
with extremely low parasitaemia (Fig 3), the field material (N = 111) was also used for sensitiv-
ity assessment of the the designed cytb SYBR/TaqMan and the varATS TagMan PCR methods.
Compared to DNA extracted from whole blood, the DNA from filter paper showed high stabil-
ity with only a few previously positive samples testing negative (Table 3), which may be caused
by the ion-exchange resin Chelex solution inhibiting DNA degradation by chelating metal
ions that otherwise can catalyze breakdown of DNA [38]. Table 3 also showed that the varATS
assay detected five more positive samples than the cytb SYBR method. With regards to the two
different amplification targets cytb versus varATS, cytb PCR assays should in theory be twice
as sensitive as varATS PCR in detecting gametocytes, while varATS targets should be about
three times as sensitive as cytb in detecting ring stage parasites (Table 1). Therefore, it can be
speculated if a substantial proportion the field samples with low-level parasitaemia are malaria
infections dominated by asexual blood stage parasites, rather than gametocytes.

By applying a customized plasmid, quantitation analysis was performed, and the association
between degree of parasitaemia defined by q-PCR values (N = 74) and clinical and demo-
graphic features was assessed (Tables 3 and S3). The study population was children <5 years.
Children have a less developed immune system than adults, though antibodies from their
mother and in breastmilk give some protection in their first months of life [39, 40]. Both the
univariate and multivariate analysis found a significant correlation between age <12 months

PLOS ONE | https://doi.org/10.1371/journal.pone.0218982 July 5, 2019 10/15


https://doi.org/10.1371/journal.pone.0218982

@ PLOS|ONE

Malaria real-time PCR with focus on low parasitaemia

and low parasitaemia, which could be due to immunity and asymptomatic malaria in this
group. Among children age <12 months, 37% (7/19) had received antimalarials within four
weeks of admission, versus 71% (34/48) among children age >12 months (S2 Dataset). Fur-
thermore, in the univariate analysis, low parasitaemia was significantly associated with death
in hospital (Table 3), though not significant in the multivariate analysis (S3 Table). The associ-
ation is counter-intuitive, as high parasitaemia is known to be a risk factor for death. However,
low parasitaemia malaria may be wrongly interpreted as clinical malaria obscuring the diagno-
sis of other severe blood stream infections. In a previous study from the same hospital, blood-
stream-infections caused by multi-resistant Gram-negative bacteria carried case-fatality rates
(>70%) more than three-fold that of malaria (=20%) [41]. The finding that patients with low-
level parasitaemia less frequently had been given a diagnosis of malaria, and less frequently
had received antimalarial treatment, support that other infections may have been the cause of
disease and mortality in these children, or might indicate missed opportunity for treatment of
early malaria infection. The DNA detected by PCR can stem from a recent malaria episode for
which the patient had already received treatment and recovered from. Indeed, children who
have recently been hospitalized with malaria and anemia have substantially increased risk of
death in the subsequent months [42, 43]. Among the children 81% (51/63) had received either
antibiotics 70% (46/66), antimalarials 62% (42/68), or both 46% (29/63), within four weeks
prior to admission (S2 Dataset). A limitation to the q-PCR assessment is the small sample size
and the limit age-interval (children <5 years), as well as few clinical parameters. The samples
used in the assessment had been collected in order to perform malaria PCR, but for a different
purpose and application (Strem et al. investigating challenges in diagnosing paediatric malaria
[5]). Therefore, to assess predictors of clinical outcome in low-parasitaemia, this alternative q-
PCR approach should be applied in larger, prospective studies employing comprehensive diag-
nostics for the major relevant differential diagnoses of acute undifferentiated febrile illness,
including blood culture and serology for rickettsia and viral infections. Furthermore, since an
unknown portion of the low parasitaemias probably is due to gametocytes, methods detecting
mRNA specifically produced by gametocytes could be relevant to include increasing knowl-
edge around transmission dynamics [44].

Stored DNA is commonly used in PCR assessments and analysis, since extracted DNA is
regarded as a fairly stable material if kept in a freezer [45]. It has been debated if freezing and
thawing of samples can have a denaturing effect on the DNA [46]. The quality of the stored
DNA in this study was tested by reanalyzing the samples with the cytb conventional PCR used in
the first analyses of the Tanzanian field material [5]. The results indicated that the DNA might
have been degraded over time (Fig 3 and S1 Dataset), which, is a possible bias to the correlations
shown in Fig 2 and Table 4. However, Fig 1 demonstrates the accuracy and consistency of PCR,
and shows no indication of denatured DNA in samples with high parasitaemia. For samples with
extremely low parasitaemia, reproducibility by PCR is challenging (Fig 3 and S1 Dataset). The
number of times each sample was defrosted varied due to testing, therefore some samples might
have been more prone to degradation than others (S1 Dataset). Since all the 74 samples assessed
with q-PCR were previously confirmed positive by PCR (data on concluding positivity is given
in S1 Dataset), it was decided in regards to the patient data that also q-PCR results with value
zero should be included in the definition of low parasitaemia (<1000 copies/rxn).

Conclusions

Choice of amplification target applied in real-time malaria PCR is relevant for achieving high
sensitivity, especially in detecting low-level parasitaemia. Furthermore, it is advantageous to
use an intercalating fluorescence dye suitable for MCA rather than labelled hydrolysis probes.
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Application of g-PCR analysis should be included in epidemiological studies, and may increase
awareness and understanding of low-level parasitaemia. The highly sensitive, specific, and
user-friendly cytb SYBR q-PCR developed in this study can be useful in both epidemiological
and clinical malaria studies. The method is genus-specific, which is an advantage in large
screening projects. Among ambiguous samples, and in settings where species-specific PCR
fails to detect low parasitaemia, confirmation and species identification by sequencing of the
genus-specific real-time PCR products can be used as a contingency.

Supporting information

S1 Dataset. Raw PCR data.
(XLSX)

$2 Dataset. Patient and q-PCR data.
(SAV)

S1 Table. Sensitivity and specificity assessment of designed real-time PCR protocols apply-
ing Norwegian clinical DNA samples (N = 113).
(DOCX)

$2 Table. Amplification efficiencies for real-time PCR methods applying a 10-fold dilution
series of reference material.
(DOCX)

S3 Table. Multivariate logistic regression analysis of factors associated with low parasitae-
mia (<1000 copies/rxn).
(DOCX)

Acknowledgments

We want to acknowledge the kind donation of reference material of P. falciparum, US 03 F
FC27/A3, from the World Health Organization (WHO) Malaria Specimen Bank, hosted by
the Centre for Disease Control and Prevention (CDC, Atlanta, USA) with support from the
Foundation for Innovative New Diagnostics (FIND).

Author Contributions

Conceptualization: Christel Gill Haanshuus, Kristine Morch, Bjorn Blomberg, Gro Elizabeth
Ann Strem, Nina Langeland, Kurt Hanevik, Stein Christian Mohn.

Formal analysis: Christel Gill Haanshuus.

Investigation: Christel Gill Haanshuus.

Methodology: Christel Gill Haanshuus.

Project administration: Christel Gill Haanshuus, Kristine Merch, Stein Christian Mohn.

Resources: Kristine Merch, Bjorn Blomberg, Gro Elizabeth Ann Strem, Nina Langeland, Kurt
Hanevik.

Supervision: Kristine Merch, Stein Christian Mohn.
Writing - original draft: Christel Gill Haanshuus.

Writing - review & editing: Christel Gill Haanshuus, Kristine Morch, Bjern Blomberg, Gro
Elizabeth Ann Strem, Nina Langeland, Kurt Hanevik, Stein Christian Mohn.

PLOS ONE | https://doi.org/10.1371/journal.pone.0218982 July 5, 2019 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218982.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218982.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218982.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218982.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218982.s005
https://doi.org/10.1371/journal.pone.0218982

@ PLOS|ONE

Malaria real-time PCR with focus on low parasitaemia

References

10.

11.

12.

13.

14.

15.

16.

17.

WHO. World malaria report 2018. 2018.

Abdel-Wahab A, Abdel-Muhsin AM, Ali E, Suleiman S, Ahmed S, Walliker D, et al. Dynamics of gameto-
cytes among Plasmodium falciparum clones in natural infections in an area of highly seasonal transmis-
sion. The Journal of infectious diseases. 2002; 185(12):1838-42. https://doi.org/10.1086/340638

PMID: 12085337.

Harris |, Sharrock WW, Bain LM, Gray KA, Bobogare A, Boaz L, et al. A large proportion of asymptom-
atic Plasmodium infections with low and sub-microscopic parasite densities in the low transmission set-
ting of Temotu Province, Solomon Islands: challenges for malaria diagnostics in an elimination setting.
Malaria journal. 2010; 9:254. https://doi.org/10.1186/1475-2875-9-254 PMID: 20822506; PubMed Cen-
tral PMCID: PMC2944341.

Okell LC, Bousema T, Griffin JT, Ouedraogo AL, Ghani AC, Drakeley CJ. Factors determining the
occurrence of submicroscopic malaria infections and their relevance for control. Nature communica-
tions. 2012; 3:1237. https://doi.org/10.1038/ncomms2241 PMID: 23212366; PubMed Central PMCID:
PMC3535331.

Strom GE, Haanshuus CG, Fataki M, Langeland N, Blomberg B. Challenges in diagnosing paediatric
malaria in Dar es Salaam, Tanzania. Malaria journal. 2013; 12:228. https://doi.org/10.1186/1475-2875-
12-228 PMID: 23822515; PubMed Central PMCID: PMC3703277.

Wu L, van den Hoogen LL, Slater H, Walker PG, Ghani AC, Drakeley CJ, et al. Comparison of diagnos-
tics for the detection of asymptomatic Plasmodium falciparum infections to inform control and elimina-
tion strategies. Nature. 2015; 528(7580):S86—-93. https://doi.org/10.1038/nature 16039 PMID:
26633770.

Amir A, Cheong FW, De Silva JR, Lau YL. Diagnostic tools in childhood malaria. Parasites & vectors.
2018; 11(1):53. https://doi.org/10.1186/s13071-018-2617-y PMID: 29361963; PubMed Central PMCID:
PMC5781272.

Tadesse FG, Pett H, Baidjoe A, Lanke K, Grignard L, Sutherland C, et al. Submicroscopic carriage of
Plasmodium falciparum and Plasmodium vivax in a low endemic area in Ethiopia where no parasitaemia
was detected by microscopy or rapid diagnostic test. Malaria journal. 2015; 14:303. https://doi.org/10.
1186/s12936-015-0821-1 PMID: 26242243; PubMed Central PMCID: PMC4524028.

Tajebe A, Magoma G, Aemero M, Kimani F. Detection of mixed infection level of Plasmodium falcipa-
rum and Plasmodium vivax by SYBR Green I-based real-time PCR in North Gondar, north-west Ethio-
pia. Malaria journal. 2014; 13:411. https://doi.org/10.1186/1475-2875-13-411 PMID: 25326079;
PubMed Central PMCID: PMC4210478.

Rockett RJ, Tozer SJ, Peatey C, Bialasiewicz S, Whiley DM, Nissen MD, et al. A real-time, quantitative
PCR method using hydrolysis probes for the monitoring of Plasmodium falciparum load in experimen-
tally infected human volunteers. Malaria journal. 2011; 10:48. https://doi.org/10.1186/1475-2875-10-48
PMID: 21352599; PubMed Central PMCID: PMC3055851.

Murphy SC, Prentice JL, Williamson K, Wallis CK, Fang FC, Fried M, et al. Real-time quantitative
reverse transcription PCR for monitoring of blood-stage Plasmodium falciparum infections in malaria
human challenge trials. The American journal of tropical medicine and hygiene. 2012; 86(3):383-94.
https://doi.org/10.4269/ajtmh.2012.10-0658 PMID: 22403305; PubMed Central PMCID: PMC3284350.

Mercereau-Puijalon O, Barale JC, Bischoff E. Three multigene families in Plasmodium parasites: facts
and questions. International journal for parasitology. 2002; 32(11):1323—44. PMID: 12350369.

Preiser PR, Wilson RJ, Moore PW, McCready S, Hajibagheri MA, Blight KJ, et al. Recombination asso-
ciated with replication of malarial mitochondrial DNA. The EMBO journal. 1996; 15(3):684—93. PMID:
8599952; PubMed Central PMCID: PMC449987.

Krungkrai J. The multiple roles of the mitochondrion of the malarial parasite. Parasitology. 2004; 129(Pt
5):511-24. PMID: 15552397.

Hofmann N, Mwingira F, Shekalaghe S, Robinson LJ, Mueller |, Felger I. Ultra-sensitive detection of
Plasmodium falciparum by amplification of multi-copy subtelomeric targets. PLoS medicine. 2015; 12
(3):1001788. https://doi.org/10.1371/journal.pmed.1001788 PMID: 25734259; PubMed Central
PMCID: PMC4348198.

Haanshuus CG, Mohn SC, Morch K, Langeland N, Blomberg B, Hanevik K. A novel, single-amplification
PCR targeting mitochondrial genome highly sensitive and specific in diagnosing malaria among
returned travellers in Bergen, Norway. Malaria journal. 2013; 12:26. https://doi.org/10.1186/1475-2875-
12-26 PMID: 23336125; PubMed Central PMCID: PMC3556099.

Haanshuus CG, Chandy S, Manoharan A, Vivek R, Mathai D, Xena D, et al. A High Malaria Prevalence
Identified by PCR among Patients with Acute Undifferentiated Fever in India. PloS one. 2016; 11(7):
e€0158816. https://doi.org/10.1371/journal.pone.0158816 PMID: 27389396; PubMed Central PMCID:
PMC4936667.

PLOS ONE | https://doi.org/10.1371/journal.pone.0218982 July 5, 2019 13/15


https://doi.org/10.1086/340638
http://www.ncbi.nlm.nih.gov/pubmed/12085337
https://doi.org/10.1186/1475-2875-9-254
http://www.ncbi.nlm.nih.gov/pubmed/20822506
https://doi.org/10.1038/ncomms2241
http://www.ncbi.nlm.nih.gov/pubmed/23212366
https://doi.org/10.1186/1475-2875-12-228
https://doi.org/10.1186/1475-2875-12-228
http://www.ncbi.nlm.nih.gov/pubmed/23822515
https://doi.org/10.1038/nature16039
http://www.ncbi.nlm.nih.gov/pubmed/26633770
https://doi.org/10.1186/s13071-018-2617-y
http://www.ncbi.nlm.nih.gov/pubmed/29361963
https://doi.org/10.1186/s12936-015-0821-1
https://doi.org/10.1186/s12936-015-0821-1
http://www.ncbi.nlm.nih.gov/pubmed/26242243
https://doi.org/10.1186/1475-2875-13-411
http://www.ncbi.nlm.nih.gov/pubmed/25326079
https://doi.org/10.1186/1475-2875-10-48
http://www.ncbi.nlm.nih.gov/pubmed/21352599
https://doi.org/10.4269/ajtmh.2012.10-0658
http://www.ncbi.nlm.nih.gov/pubmed/22403305
http://www.ncbi.nlm.nih.gov/pubmed/12350369
http://www.ncbi.nlm.nih.gov/pubmed/8599952
http://www.ncbi.nlm.nih.gov/pubmed/15552397
https://doi.org/10.1371/journal.pmed.1001788
http://www.ncbi.nlm.nih.gov/pubmed/25734259
https://doi.org/10.1186/1475-2875-12-26
https://doi.org/10.1186/1475-2875-12-26
http://www.ncbi.nlm.nih.gov/pubmed/23336125
https://doi.org/10.1371/journal.pone.0158816
http://www.ncbi.nlm.nih.gov/pubmed/27389396
https://doi.org/10.1371/journal.pone.0218982

@ PLOS|ONE

Malaria real-time PCR with focus on low parasitaemia

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Strom GE, Moyo S, Fataki M, Langeland N, Blomberg B. PCR targeting Plasmodium mitochondrial
genome of DNA extracted from dried blood on filter paper compared to whole blood. Malaria journal.
2014; 13:137. https://doi.org/10.1186/1475-2875-13-137 PMID: 24708551; PubMed Central PMCID:
PMC3983671.

Strom GE, Tellevik MG, Hanevik K, Langeland N, Blomberg B. Comparison of four methods for extract-
ing DNA from dried blood on filter paper for PCR targeting the mitochondrial Plasmodium genome.
Transactions of the Royal Society of Tropical Medicine and Hygiene. 2014; 108(8):488—94. https://doi.
org/10.1093/trstmh/tru084 PMID: 24907711; PubMed Central PMCID: PMC4096016.

Singh B, Bobogare A, Cox-Singh J, Snounou G, Abdullah MS, Rahman HA. A genus- and species-spe-
cific nested polymerase chain reaction malaria detection assay for epidemiologic studies. The American
journal of tropical medicine and hygiene. 1999; 60(4):687-92. https://doi.org/10.4269/ajtmh.1999.60.
687 PMID: 10348249.

Lefterova MI, Budvytiene |, Sandlund J, Farnert A, Banaei N. Simple Real-Time PCR and Amplicon
Sequencing Method for Identification of Plasmodium Species in Human Whole Blood. Journal of clinical
microbiology. 2015; 53(7):2251-7. https://doi.org/10.1128/JCM.00542-15 PMID: 25972416; PubMed
Central PMCID: PMC4473218.

Xu W, Morris U, Aydin-Schmidt B, Msellem MI, Shakely D, Petzold M, et al. SYBR Green real-time
PCR-RFLP assay targeting the plasmodium cytochrome B gene—a highly sensitive molecular tool for
malaria parasite detection and species determination. PloS one. 2015; 10(3):e0120210. https://doi.org/
10.1371/journal.pone.0120210 PMID: 25774805; PubMed Central PMCID: PMC4361616.

Farrugia C, Cabaret O, Botterel F, Bories C, Foulet F, Costa JM, et al. Cytochrome b gene quantitative
PCR for diagnosing Plasmodium falciparum infection in travelers. Journal of clinical microbiology. 2011;
49(6):2191-5. https://doi.org/10.1128/JCM.02156-10 PMID: 21508150; PubMed Central PMCID:
PMC3122771.

Polley SD, Mori Y, Watson J, Perkins MD, Gonzalez IJ, Notomi T, et al. Mitochondrial DNA targets
increase sensitivity of malaria detection using loop-mediated isothermal amplification. Journal of clinical
microbiology. 2010; 48(8):2866—71. https://doi.org/10.1128/JCM.00355-10 PMID: 20554824; PubMed
Central PMCID: PMC2916605.

Hanscheid T. Diagnosis of malaria: a review of alternatives to conventional microscopy. Clinical and lab-
oratory haematology. 1999; 21(4):235—-45. PMID: 10583325.

Wang B, Han SS, Cho C, Han JH, Cheng Y, Lee SK, et al. Comparison of microscopy, nested-PCR,
and Real-Time-PCR assays using high-throughput screening of pooled samples for diagnosis of
malaria in asymptomatic carriers from areas of endemicity in Myanmar. Journal of clinical microbiology.
2014; 52(6):1838-45. https://doi.org/10.1128/JCM.03615-13 PMID: 24648557; PubMed Central
PMCID: PMC4042795.

Rantala AM, Taylor SM, Trottman PA, Luntamo M, Mbewe B, Maleta K, et al. Comparison of real-time
PCR and microscopy for malaria parasite detection in Malawian pregnant women. Malaria journal.
2010; 9:269. https://doi.org/10.1186/1475-2875-9-269 PMID: 20925928; PubMed Central PMCID:
PMC2984567.

Naeem MA, Ahmed S, Khan SA. Detection of asymptomatic carriers of malaria in Kohat district of Paki-
stan. Malaria journal. 2018; 17(1):44. https://doi.org/10.1186/s12936-018-2191-y PMID: 29357890;
PubMed Central PMCID: PMC5778661.

Okell LC, Ghani AC, Lyons E, Drakeley CJ. Submicroscopic infection in Plasmodium falciparum-
endemic populations: a systematic review and meta-analysis. The Journal of infectious diseases. 2009;
200(10):1509-17. https://doi.org/10.1086/644781 PMID: 19848588.

Wittwer CT, Herrmann MG, Moss AA, Rasmussen RP. Continuous fluorescence monitoring of rapid
cycle DNA amplification. BioTechniques. 1997; 22(1):130-1, 4-8. https://doi.org/10.2144/97221bi01
PMID: 8994660.

Mouillesseaux KP, Klimpel KR, Dhar AK. Improvement in the specificity and sensitivity of detection for
the Taura syndrome virus and yellow head virus of penaeid shrimp by increasing the amplicon size in
SYBR Green real-time RT-PCR. Journal of virological methods. 2003; 111(2):121-7. PMID: 12880927.

Ririe KM, Rasmussen RP, Wittwer CT. Product Differentiation by Analysis of DNA Melting Curves dur-
ing the Polymerase Chain Reaction. Analytical biochemistry. 1997; 245(2):154—60. https://doi.org/10.
1006/abio.1996.9916 PMID: 9056205

Roucher C, Rogier C, Dieye-Ba F, Sokhna C, Tall A, Trape JF. Changing malaria epidemiology and
diagnostic criteria for Plasmodium falciparum clinical malaria. PloS one. 2012; 7(9):e46188. https://doi.
org/10.1371/journal.pone.0046188 PMID: 23029433; PubMed Central PMCID: PMC3460864.

Gaillard T, Madamet M, Tsombeng FF, Dormoi J, Pradines B. Antibiotics in malaria therapy: which anti-
biotics except tetracyclines and macrolides may be used against malaria? Malaria journal. 2016; 15

PLOS ONE | https://doi.org/10.1371/journal.pone.0218982 July 5, 2019 14/15


https://doi.org/10.1186/1475-2875-13-137
http://www.ncbi.nlm.nih.gov/pubmed/24708551
https://doi.org/10.1093/trstmh/tru084
https://doi.org/10.1093/trstmh/tru084
http://www.ncbi.nlm.nih.gov/pubmed/24907711
https://doi.org/10.4269/ajtmh.1999.60.687
https://doi.org/10.4269/ajtmh.1999.60.687
http://www.ncbi.nlm.nih.gov/pubmed/10348249
https://doi.org/10.1128/JCM.00542-15
http://www.ncbi.nlm.nih.gov/pubmed/25972416
https://doi.org/10.1371/journal.pone.0120210
https://doi.org/10.1371/journal.pone.0120210
http://www.ncbi.nlm.nih.gov/pubmed/25774805
https://doi.org/10.1128/JCM.02156-10
http://www.ncbi.nlm.nih.gov/pubmed/21508150
https://doi.org/10.1128/JCM.00355-10
http://www.ncbi.nlm.nih.gov/pubmed/20554824
http://www.ncbi.nlm.nih.gov/pubmed/10583325
https://doi.org/10.1128/JCM.03615-13
http://www.ncbi.nlm.nih.gov/pubmed/24648557
https://doi.org/10.1186/1475-2875-9-269
http://www.ncbi.nlm.nih.gov/pubmed/20925928
https://doi.org/10.1186/s12936-018-2191-y
http://www.ncbi.nlm.nih.gov/pubmed/29357890
https://doi.org/10.1086/644781
http://www.ncbi.nlm.nih.gov/pubmed/19848588
https://doi.org/10.2144/97221bi01
http://www.ncbi.nlm.nih.gov/pubmed/8994660
http://www.ncbi.nlm.nih.gov/pubmed/12880927
https://doi.org/10.1006/abio.1996.9916
https://doi.org/10.1006/abio.1996.9916
http://www.ncbi.nlm.nih.gov/pubmed/9056205
https://doi.org/10.1371/journal.pone.0046188
https://doi.org/10.1371/journal.pone.0046188
http://www.ncbi.nlm.nih.gov/pubmed/23029433
https://doi.org/10.1371/journal.pone.0218982

@ PLOS|ONE

Malaria real-time PCR with focus on low parasitaemia

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

(1):556. https://doi.org/10.1186/s12936-016-1613-y PMID: 27846898; PubMed Central PMCID:
PMC5109779.

Bousema T, Okell L, Shekalaghe S, Griffin JT, Omar S, Sawa P, et al. Revisiting the circulation time of
Plasmodium falciparum gametocytes: molecular detection methods to estimate the duration of gameto-
cyte carriage and the effect of gametocytocidal drugs. Malaria journal. 2010; 9:136. https://doi.org/10.
1186/1475-2875-9-136 PMID: 20497536; PubMed Central PMCID: PMC2881938.

Beshir KB, Sutherland CJ, Sawa P, Drakeley CJ, Okell L, Mweresa CK, et al. Residual Plasmodium fal-
ciparum parasitemia in Kenyan children after artemisinin-combination therapy is associated with
increased transmission to mosquitoes and parasite recurrence. The Journal of infectious diseases.
2013; 208(12):2017—-24. https://doi.org/10.1093/infdis/jit431 PMID: 23945376; PubMed Central
PMCID: PMC3836468.

Felger I, Maire M, Bretscher MT, Falk N, Tiaden A, Sama W, et al. The dynamics of natural Plasmodium
falciparum infections. PloS one. 2012; 7(9):e45542. https://doi.org/10.1371/journal.pone.0045542
PMID: 23029082; PubMed Central PMCID: PMC3445515.

Bing DH, Bieber FR, Holland MM, Huffine EF. Isolation of DNA from forensic evidence. Current proto-
cols in human genetics. 2001;Chapter 14:Unit 14 3. https://doi.org/10.1002/0471142905.hg1403s26
PMID: 18428260.

Snow RW, Nahlen B, Palmer A, Donnelly CA, Gupta S, Marsh K. Risk of severe malaria among African
infants: direct evidence of clinical protection during early infancy. The Journal of infectious diseases.
1998; 177(3):819-22. https://doi.org/10.1086/517818 PMID: 9498474.

Hviid L, Staalsoe T. Malaria immunity in infants: a special case of a general phenomenon? Trends in
parasitology. 2004; 20(2):66—72. PMID: 14747019.

Blomberg B, Manji KP, Urassa WK, Tamim BS, Mwakagile DS, Jureen R, et al. Antimicrobial resistance
predicts death in Tanzanian children with bloodstream infections: a prospective cohort study. BMC
infectious diseases. 2007; 7:43. https://doi.org/10.1186/1471-2334-7-43 PMID: 1751901 1; PubMed
Central PMCID: PMC1891109.

Phiri KS, Calis JC, Faragher B, Nkhoma E, Ng’'oma K, Mangochi B, et al. Long term outcome of severe
anaemia in Malawian children. PloS one. 2008; 3(8):2903. https://doi.org/10.1371/journal.pone.
0002903 PMID: 18682797; PubMed Central PMCID: PMC2488370.

Wiens MO, Pawluk S, Kissoon N, Kumbakumba E, Ansermino JM, Singer J, et al. Pediatric post-dis-
charge mortality in resource poor countries: a systematic review. PloS one. 2013; 8(6):€66698. https:/
doi.org/10.1371/journal.pone.0066698 PMID: 23825556; PubMed Central PMCID: PMC3692523.

Wampfler R, Mwingira F, Javati S, Robinson L, Betuela |, Siba P, et al. Strategies for detection of Plas-
modium species gametocytes. PloS one. 2013; 8(9):e76316. https://doi.org/10.1371/journal.pone.
0076316 PMID: 24312682; PubMed Central PMCID: PMC3848260.

Jerome KR, Huang ML, Wald A, Selke S, Corey L. Quantitative stability of DNA after extended storage
of clinical specimens as determined by real-time PCR. Journal of clinical microbiology. 2002; 40
(7):2609-11. https://doi.org/10.1128/JCM.40.7.2609-2611.2002 PMID: 12089286; PubMed Central
PMCID: PMC120597.

Bellete B, Flori P, Hafid J, Raberin H, Tran Manh Sung R. Influence of the quantity of nonspecific DNA
and repeated freezing and thawing of samples on the quantification of DNA by the Light Cycler. Journal
of microbiological methods. 2003; 55(1):213-9. PMID: 14500012.

PLOS ONE | https://doi.org/10.1371/journal.pone.0218982 July 5, 2019 15/15


https://doi.org/10.1186/s12936-016-1613-y
http://www.ncbi.nlm.nih.gov/pubmed/27846898
https://doi.org/10.1186/1475-2875-9-136
https://doi.org/10.1186/1475-2875-9-136
http://www.ncbi.nlm.nih.gov/pubmed/20497536
https://doi.org/10.1093/infdis/jit431
http://www.ncbi.nlm.nih.gov/pubmed/23945376
https://doi.org/10.1371/journal.pone.0045542
http://www.ncbi.nlm.nih.gov/pubmed/23029082
https://doi.org/10.1002/0471142905.hg1403s26
http://www.ncbi.nlm.nih.gov/pubmed/18428260
https://doi.org/10.1086/517818
http://www.ncbi.nlm.nih.gov/pubmed/9498474
http://www.ncbi.nlm.nih.gov/pubmed/14747019
https://doi.org/10.1186/1471-2334-7-43
http://www.ncbi.nlm.nih.gov/pubmed/17519011
https://doi.org/10.1371/journal.pone.0002903
https://doi.org/10.1371/journal.pone.0002903
http://www.ncbi.nlm.nih.gov/pubmed/18682797
https://doi.org/10.1371/journal.pone.0066698
https://doi.org/10.1371/journal.pone.0066698
http://www.ncbi.nlm.nih.gov/pubmed/23825556
https://doi.org/10.1371/journal.pone.0076316
https://doi.org/10.1371/journal.pone.0076316
http://www.ncbi.nlm.nih.gov/pubmed/24312682
https://doi.org/10.1128/JCM.40.7.2609-2611.2002
http://www.ncbi.nlm.nih.gov/pubmed/12089286
http://www.ncbi.nlm.nih.gov/pubmed/14500012
https://doi.org/10.1371/journal.pone.0218982

