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Abstract

Accurate diagnosis of malaria infections continues to be challenging and elusive, especially
in the detection of submicroscopic infections. Developing new malaria diagnostic tools that
are sensitive enough to detect low-level infections, user friendly, cost effective and capable
of performing large scale diagnosis, remains critical. We have designed novel self-quench-
ing photo-induced electron transfer (PET) fluorogenic primers for the detection of P. ovale
by real-time PCR. In our study, a total of 173 clinical samples, consisting of different malaria
species, were utilized to test this novel PET-PCR primer. The sensitivity and specificity were
calculated using nested-PCR as the reference test. The novel primer set demonstrated a
sensitivity of 97.5% and a specificity of 99.2% (95% Cl 85.2-99.8% and 95.2-99.9% respec-
tively). Furthermore, the limit of detection for P. ovale was found to be 1 parasite/ul. The
PET-PCR assay is a new molecular diagnostic tool with comparable performance to other
commonly used PCR methods. It is relatively easy to perform, and amiable to large scale
malaria surveillance studies and malaria control and elimination programs. Further field vali-
dation of this novel primer will be helpful to ascertain the utility for large scale malaria screen-
ing programs.

Introduction

Malaria is caused by protozoan parasites of the genus Plasmodium that infect humans through
the bite of an infective female Anopheles mosquito. There are five different species of Plasmo-
dium parasites that commonly cause human disease: P. falciparum, P. malaria, P. ovale, P.
vivax, and P. knowlesi (zoonotic). P. falciparum is the most lethal human malaria parasite and
is the most prevalent in sub-Saharan Africa [1]. P. vivax is the most widely distributed geo-
graphically and best adapted to survive in temperate climates.

Both P. ovale and P. malariae mainly occur in certain areas of sub-Saharan Africa, with P.
ovale occurring mainly in West Africa. P. ovale was one of the last human malaria parasites to
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be described. The natural distribution of P. ovale was initially thought to be restricted to sub-
Saharan Africa and the islands of the western Pacific [2, 3], but recent studies have noted P.
ovale to also circulate in India, Bangladesh, Vietnam, and Myanmar [4-7] Malaria caused by
P. ovale infection has been considered a low-prevalence disease with limited geographic distri-
bution, benign clinical course, and easy treatment; therefore, little attention has been paid to it
[8] Diagnosis of P. ovale has usually been made through microscopy. However, this can be
challenging due to the fact that many P. ovale infections present with low levels of parasitemia,
and therefore, highly sensitive tools may be required to detect it. In addition, mixed infections
with other Plasmodium species, especially P. falciparum, might compromise the detection of P.
ovale. There are no rapid diagnostic tests (RDTs) specific for P. ovale; detection of non-falcipa-
rum Plasmodium infections by RDT is limited to the use of a Pan (all Plasmodium) test. This
does not allow for the discrimination of the non-falciparum infections.

Interestingly, this neglected Plasmodium species has two distinct subspecies that are essen-
tially morphologically and clinically indistinguishable, but are separated by subtle genetic
dimorphisms [9, 10]: P. ovale curtisi (classic form) and P. ovale wallikeri (variant form) [11].
These two subspecies circulate simultaneously in sub-Saharan Africa [11] and in Asia [4-7]
and therefore, it is important to have a clinical diagnostic test that can accurately detect both of
these subspecies.

Based on the recent success in global efforts to reduce the number of malaria cases and
deaths [1], there is momentum to control and eliminate malaria. In this vain, there is a clear
need for accurate diagnostic tools to detect the species of infecting parasites, to identify the
transmission foci and malaria reservoirs (which may comprise asymptomatic patients with
submicroscopic infections) and to monitor the success of malaria control and elimination
programs.

Malaria elimination and control programs utilize three major diagnostic tools: antigen/anti-
body based RDT's, microscopy, and molecular tools (nucleic acid based tools). Microscopy
remains the gold standard for diagnosis of malaria in many malaria-endemic countries. While
microscopy is inexpensive, can quantify parasite burden, and can differentiate parasite species,
it has several limitations. Preparation of blood smears is laborious, difficult to standardize, and
the diagnosis of low parasite density is challenging and requires seasoned microscopists. Inter-
user variability (a two to three-fold discrepancy) can occur in parasite quantification especially
when routine training and quality management procedures are not practiced [12].

RDTs also have a role in case management and control programs. Some RDTs are Plasmo-
dium-specific (pan), detecting the genus-specific aldolase and lactate dehydrogenase enzymes.
The vast majority of available RDTs (90%) are specific for P. falciparum histidine-rich protein
2 (PfHRP-2), and are therefore limited as they cannot detect other human Plasmodium spe-
cies. Additionally most of these RDTs have a relatively high threshold for detecting P. ovale,
around 100 parasites/pl [13, 14]. Lastly, RDTs are also limited in that they cannot quantify and
delineate parasite densities.

Given the limitations of RDTs and microscopy there is a clear need for sensitive, cost effec-
tive, and user friendly tools that can complement the current malaria diagnostics. Molecular
diagnostic tools are far more sensitive for detecting malaria infections with low parasite bur-
den while offering accurate Plasmodium speciation [15, 16]. These tools include, conventional
PCR-based assays, real-time PCR assays, and isothermal amplification assays [17].

The real-time PCR platform is advantageous for large scale screening and recently, we have
shown that the photo-induced electron transfer (PET)-PCR is a convenient tool for limited
resource settings due the ease of use [18, 19]. This PET-PCR assay does not require internal
dual-labelled probes or non-specific intercalating dyes. Previously, we described a genus-spe-
cific and P. falciparum multiplex PET-PCR assay [18, 19]. In this study we aimed to design
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sensitive and specific PET-PCR primers for the detection of both subspecies of P. ovale in one
assay. We evaluated the utility of this assay using 173 clinical samples of different malaria spe-
cies infections, and using well quantified P. ovale samples to estimate the limits of detection.

Methods and materials
Ethics statement

Clinical samples used in this study were anonymized samples obtained from malaria specimens
routinely submitted to CDC reference diagnostic laboratory in the Division of Parasitic Dis-
eases and Malaria for malaria diagnosis. The submission of laboratory specimens are deemed a
routine surveillance activity and not a human subjects’ research activity by the CDC IRB. The
authors did not have access to any identifying patient information. No human tissues were used
in this study. The non-falciparum specimens (P. vivax, P. malariae and P. ovale) were obtained
from CDC’s collections previously obtained from a contractor who used American Association
for the Accreditation and Assessment of Laboratory Animal Care (AAALAC) approved proto-
col for collection of these specimens from non-human primates (chimpanzee or monkeys).

PET-PCR primers

In this study, P. ovale specific primers were adapted to the PET-PCR platform based on Miller
et al [20]. These primers target the P. ovale reticulocyte binding protein 2 (rbp2) gene. In silico
testing, using Geneious 9.1.4 software (http://www.geneious.com) was performed first before
primers were synthesized. A BLAST search was performed to ascertain that our selected region
of interest on the RBP-2 gene was specific to both P. ovale curtisi and P. ovale wallikeri (Fig 1).

In addition to designing P. ovale primers, we also designed an internal control primer set
based on the human RNase-P gene. We adapted the RNase-P gene sequence described by Luo
etal [21]. In both cases, the 5" end of the forward primers were modified with the PET tag and
labeled with FAM (P. ovale) and HEX (RNase-P gene) fluorophores. The PET tag sequence and
all other oligonucleotide primers for P. ovale and RNase-P gene are shown in Table 1.

Consensus \AAAGCAATAAAACHAT GECACAGATAAGAAGTECTCAAGTACGATATTAATGAATTGETAAGEGATATCANTTGCAAACAAAAGTGECTCCAATGAAACY I TATAATAATATGATTAAC
identty -« — —— — —  § W ]

PoRBP2FWD _ PoRBP2REV. |

rpr ene

1.P. ovale curtsi \AAACTAT GCCACAGATAAGAAG GTACGATATTAATGAATTGCTAAGCGATATCAATTGCAAACAAAAGTGCTCCAATGAAACTTATAATAATATGATTAAC
T ol \AAACCAATAAAACGAT CCCACACATAAGAAGTETCAAGTACCATATTAAT CAATT GCTAACE GAT ATCATTT CCAAACAAAACT CETCCAAT CAAACCTATAATAATATCATTAAC

PoRBP2FWD T PoRBPREV. |

Fig 1. P. ovalereticulocyte binding protein 2 (rbp-2) sequence alignment. Both P. ovale curtisiand P. ovale wallikeri sequences were
aligned using Geneious software program in order to select a conserved region for the two P. ovale subspecies. Cytosine is labelled purple,
adenine pink, guanine yellow and thymine green. The forward (PoRBP2FWD) and reverse (PoORBP2REV) primers are denoted in dark and
light green boxes, respectively.

https://doi.org/10.1371/journal.pone.0179178.9001

Table 1. Oligonucleotide primer sequences used in this study.

Names of Primer Direction Sequence (5°-3’) Tm (°C)

PoRBP2FWD Forward FAM-agg cgc ata gcg cctggCCACAGATAAGAAGTCTCAAGTACGATATT 60.9
PoRBP2REV Reverse TTGGAGCACTTTTGTTTGCAA 57.7
RNase-PFWD Forward HEX-agg cgc ata gcg cct ggAGATTTGGACCTGCGAGC 57.3
RNase-PREV Reverse GAGCGGCTGTCTCCACA 57.8

The PET tag (lower case: agg cgc ata gcg cct gg) was added to the 5’ end of the P. ovale and the RNase-P forward primers.

https://doi.org/10.1371/journal.pone.0179178.t001
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Plasmodium parasites and clinical samples

Different Plasmodium species acquired from archived whole blood or parasites culture (for P.
falciparum strains) at the CDC were used in this study: 2 strains of P. falciparum (Dd2, Hb3), 1
P. vivax (Sal 1), 1 P. malariae (CDC Uganda I), 4 strains of P. knowlesi (Malayan, Philippines,
Nuri, Hackeri), and separate blood samples of P. ovale (CDC Nigeria I strain) obtained from
three different chimpanzees. The non-falciparum specimens were obtained from CDC’s
collections that were obtained from a contractor who used American Association for the
Accreditation and Assessment of Laboratory Animal Care (AAALAC) approved protocol for
collection of these specimens from Chimpanzee or monkeys. In addition, well characterized P.
ovale curtisi and P. ovale wallikeri DNA samples were kindly provided by Dr. Colin Suther-
land’s lab at the London School of Hygiene and Tropical Medicine.

A total of 173 anonymized clinical whole blood samples were obtained from the CDC
molecular diagnostic parasitology reference laboratory (40 non-malaria samples, 41 P. falcipa-
rum, 36 P. vivax, 14 P. malariae, 40 P. ovale and 2 unidentified Plasmodium spp).

DNA extraction

DNA was isolated from all the samples using the commercially available QIAamp DNA Mini
Kit (QIAGEN, Valencia, CA, USA). The DNA was aliquoted and stored at -20°C until used in
the experiments.

PET-PCR method

All clinical samples were initially tested using a multiplex Plasmodium genus (FAM-labeled)/
human RNase-P (HEX-labeled) assay. This initial step detected the presence or absence of
Plasmodium DNA in each sample and confirmed the successful DNA isolation from the
samples. All the samples were subsequently tested using the singleplex P. ovale assay (FAM
-labeled). This last step detected the presence or absence of both subspecies of P. ovale.

All the PET-PCR assays were performed in a 20 pl reaction mix containing 2X TaqMan
Environmental Master Mix 2.0 (Applied BioSystems), 250 nM of each forward and reverse
primer, and 5 pl of DNA template. The reactions were performed under the following cycling
parameters: initial hot-start at 95°C for 15 minutes, followed by 45 cycles of denaturation at
95°C for 10 seconds, annealing at 62°C (for P. ovale) and 60°C (Plasmodium/RNase-P).

The correct fluorescence channel was selected for each primer set and the cycle threshold
(CT) values recorded at the end of annealing step. A cut-off CT value of 40.0 or below was
used to indicate a positive result.

Test for specificity

P. falciparum, P. vivax, P. malariae, P. ovale curtisi, P. ovale wallikeri and P. knowlesi samples
were utilized for P. ovale primer specificity testing. The specificity of the P. ovale primers was
evaluated by their ability to only amplify P. ovale curtisi and P. ovale wallikeri.

Analytical sensitivity

To determine the limits of detection of the P. ovale PET-PCR assay, two-fold serial dilutions of
three different blood samples of P. ovale (CDC Nigeria I strain) obtained from three different
chimps were prepared using malaria negative whole blood starting from a parasite density of
2000 parasites/pl to 0.98 parasites/pl. The DNA was then extracted from each dilution, ali-
quoted, and stored until used in the experiments.
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Clinical sensitivity and specificity

The clinical sensitivity and specificity for the P. ovale PET-PCR assay was determined using
173 previously diagnosed clinical samples. The study primary investigator was blinded during
experiments with these clinical samples. Samples were labelled 1-173, and only the supervising
investigator was privy to master-key.

For calculating sensitivity and specificity, the following equations were utilized: Sensitivity
= # of true positives / (# of true positives + # of false negatives). Specificity = # of true negatives
/ (# of true negatives + # of false positives).

Results
Primer design

A total of sixteen primer sets were initially designed from selected target candidates: twelve
novel primers were designed based on the 18s ribosomal RNA gene (SSU) and four primers
were adapted from Miller et al [20], based on the tryptophan-rich antigen (tra) gene, and the
reticulocyte binding protein 2 (rbp2) gene.

Each primer set was first tested with all known human infecting Plasmodium species. Prim-
ers pairs that correctly amplified P. ovale and no other species were then evaluated for their
ability to amplify both the subspecies of P. ovale. Using these criteria, one primer set based on
the rbp2 gene (Fig 1) was selected for further evaluation. The others primers did not meet the
set criteria, and were not validated further. This rbp2-based primers were then evaluated for
their analytical sensitivity using 3 well quantified P. ovale specimens and for their sensitivity
and specificity using clinical samples.

Limits of detection of PET-PCR assay

Using a Ct value of 40 as the cut off, the P. ovale PET-PCR assay detected as low as 0.98 parasite
per pl (1 parasite per pl) for all the three different P. ovale preparations with a mean Ct values
of 39.47, 39.98, and 39.45.

Specificity for PET-PCR assay

Our goal was to develop primers that could successfully detected both P. ovale curtisi and P.
ovale wallikeri, without amplifying any other human Plasmodium species. P. falciparum, P.
vivax, P. malariae, P. knowlesi, P. ovale curtisi, and P. ovale wallikeri were utilized for primer
specificity testing. Only the positive control (a known P. ovale sample), P. ovale curtisi, and P.
ovale wallikeri were amplified (Ct values of 25.57, 33.38 and 35.2 respectively), Fig 2. No ampli-
fication was noted with P. falciparum, P. vivax, P. malariae, P. knowlesi, and the negative con-
trol (no template control).

Clinical sensitivity and specificity of the P. ovale PET-PCR assay

A total of 173 clinical samples, consisting of different malaria species (no mixed infections)
and non-malaria samples, were used to test the clinical sensitivity and specificity of the P. ovale
PET-PCR primers. Of the 173 clinical samples tested, the assay identified 39 of the 40 P. ovale
samples. The novel P. ovale assay identified an additional P. ovale (Ct of 34.15) sample that was
identified as a P. falciparum by our reference tests. The remaining non- P. ovale clinical sam-
ples did not amplify using our P. ovale specific primers. The sensitivity and specificity of our
assay was calculated using a combination of a real-time PCR and nested-PCR as a reference
test. Table 2, shows the calculated sensitivity and specificity to be 97.5% and 99.2% (95% CI
85.2-99.8% and 95.2-99.9% respectively).
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Fig 2. Novel P. ovale primers only amplify P. ovale and not the other human-infecting species. P. falciparum,
P. vivax, P. malariae, P. knowlesi, P. ovale curtisi, P. ovale wallikeriDNA samples were utilized for primer specificity
testing. Only the positive control (a known P. ovale sample), P. ovale curtisiand P. ovale wallikeriwere amplified
using our primers (amplification plots with Ct values of 25.57, 33.38 and 35.2 respectively). No amplification (flat
lines) was noted for the other species and the no template control (NTC).

https://doi.org/10.1371/journal.pone.0179178.9002

Discussion

P. ovale malaria does not get as much attention as other species of Plasmodium that cause
malaria in humans because of lower morbidity and mortality associated with it. Indeed, it is
considered by some to be “the benign malaria,” with less complicated course (4). However
there have been many well documented case reports of severe complications associated with P.
ovale such as acute respiratory distress syndrome (ARDS), acute renal failure (ARF) and
splenic infarction [22-24]. Globalization, international travel, and migration have increased
the incidence of imported malaria in industrialized countries. For example, P. ovale infections
represent up to 8% of imported malaria cases in Italy (mainly from West Africa) [25]. There
have been cases of P. ovale infections imported to the US, Spain, Singapore, and Malaysia from
endemic regions [26-29].

Table 2. The calculated sensitivity and specificity, of the P. ovale PET-PCR assay.

PET-PCR Reference PCR

Positive Negative
Positive 39 1
Negative 1 132
Total 40 133

The sensitivity was calculated as the # of true positives / (# of true positives + # of false negatives). The
specificity was calculated as the # of true negatives / (# of true negatives + # of false positives). Sensitivity
was calculated to be 97.5% (95% Cl 85.2—99.8%) and the specificity was calculated to be 99.2%. (95% CI
95.2-99.9%).

https://doi.org/10.1371/journal.pone.0179178.t1002

PLOS ONE | https://doi.org/10.1371/journal.pone.0179178  June 22, 2017 6/10


https://doi.org/10.1371/journal.pone.0179178.g002
https://doi.org/10.1371/journal.pone.0179178.t002
https://doi.org/10.1371/journal.pone.0179178

@° PLOS | ONE

Sensitive detection of P. ovale

P. ovale infections often time have low parasite burdens [28]. Therefore diagnostic tools for
P. ovale need to be able to detect low parasite densities. In our study, we successfully designed
PET-PCR primers for the detection of both subspecies of P. ovale with good clinical sensitivity
(97.5%) and specificity (99.2%). These primers also had good limits of detection, detecting up
to 1 parasites per pl. This limit of detection is within the recommended WHO requirements
for a nucleic acid tests (2 parasites/pl). The limit of detection of our assay is better than what
has been described for microscopy and RDT's [30] being 50 times and 100 times more com-
pared to microscopy and RDTs, respectively. Both microscopy and RDT's are not capable of
detecting such low parasite densities and therefore, many P. ovale infections might go unde-
tected [31]. Our assay identified 1 P. falciparum sample (by our reference tests) as P. ovale (Ct
of 34.15). It is possible that this is a true P. ovale sample mixed with P. falciparum and that our
novel primers picked it up correctly or that it was a false positive result. Unfortunately, we
were not able to retest this sample as we ran out of DNA from that particular clinical sample.
With the success of global malaria elimination initiatives, infections with the more common
human malaria parasites (P. falciparum and P. vivax) have decreased significantly [1]. It is
therefore plausible to anticipate that infections with the less common parasites (P. ovale and P.
malariae) may increase. Williams et al, demonstrated changing malaria epidemiology, with
increasing P. knowlesi incidence following the control of P. falciparum and P. vivax in Sabah,
Malaysia [32]. In regions where P. ovale circulates, effective malaria control strategies may
cause a similar phenomenon leading to increasing P. ovale infection rates. Therefore, the suc-
cess of any malaria control program requires that effective diagnostic tools are readily available
for the detection of any human Plasmodium species, and especially when presented at low par-
asite densities to allow their accurate detection and prompt treatment. The described P. ovale
PET-PCR assay will contribute towards this program.

There are some limitations to our study. Firstly, we performed retrospective analysis of
archived samples available to us from our CDC reference laboratory. It would have been ideal
to perform a similar study prospectively. Secondly, the limitation of the achieved samples, all
of mono-infections, did not allow us to test the sensitivity and specificity of our primers in
mixed infections know to occasionally occur. Finally, we did not further classify the P. ovale
samples identified in this study into P. ovale curtisi or P. ovale wallikeri either by sequencing or
by using primers specific to these subspecies. However, our primer design was aimed at devel-
oping primers capable of detecting the two subspecies in the same assay. We were able to dem-
onstrate that the novel primers we developed detect both P. ovale curtisi and P. ovale wallikeri
using the known P. ovale curtisi and P. ovale wallikeri DNA kindly provided to us by Dr. Colin
Sutherland.

In summary, we have designed specific and sensitive PET-PCR primers that are capable of
detecting submicroscopic levels of both the subspecies of P. ovale. It would be helpful to con-
duct further evaluation in the field to further validate this assay for large scale future field use.
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