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Abstract

Malaria is a responsible for approximately 600 thousand deaths worldwide every year.
Appropriate and timely treatment of malaria can prevent deaths but is dependent on accu-
rate and rapid diagnosis of the infection. Currently, microscopic examination of the Giemsa
stained blood smears is the method of choice for diagnosing malaria. Although it has limited
sensitivity and specificity in field conditions, it still remains the gold standard for the diagno-
sis of malaria. Here, we report the development of a fluorescence in situ hybridization
(FISH) based method for detecting malaria infection in blood smears and describe the use
of an LED light source that makes the method suitable for use in resource-limited malaria
endemic countries. The Plasmodium Genus (P-Genus) FISH assay has a Plasmodium
genus specific probe that detects all five species of Plasmodium known to cause the dis-
ease in humans. The P. falciparum (PF) FISH assay and P. vivax (PV) FISH assay detect
and differentiate between P. falciparum and P. vivax respectively from other Plasmodium
species. The FISH assays are more sensitive than Giemsa. The sensitivities of P-Genus,
PF and PV FISH assays were found to be 98.2%, 94.5% and 98.3%, respectively compared
t0 89.9%, 83.3% and 87.9% for the detection of Plasmodium, P. falciparum and P. vivax by
Giemsa staining respectively.

Introduction

Human malaria a serious, often fatal, parasitic disease is caused by four Plasmodium species, P.
falciparum, P. vivax. P. malariae and P. ovale that are transmitted from human to human by
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mosquito vectors of the genus Anopheles. The non-human primate malaria parasites P. know-
lesi, P. cynomolgi, P. brasilianum and P. simium can also naturally infect humans to cause seri-
ous disease, and their accurate identification at the species level commonly requires PCR-based
methods [1]. According to the WHO, there were approximately 198 million cases of malaria
and an estimated 584,000 deaths in the world in 2013 [2]. About 3.3 billion people are at risk of
malaria transmission. Africa is the most affected continent with more than 90% of all malaria
deaths. South East Asia and the Eastern Mediterranean Region represent 6% and 3% of all the
malaria death cases, respectively [3].

Microscopic examination of Giemsa stained thick and thin blood smears is the most wide-
spread technique used for malaria diagnosis [4]. An experienced microscopist can detect densi-
ties as low as 5-10 parasites per pl of blood by this method, but the detection capabilities of a
typical microscopist might be more realistically 50-100 parasites per pl of blood [5, 6].
Although Giemsa stained smears can be used to assess the parasite load as well as to monitor
antimalarial treatment, it has several limitations: (1) it takes about 15 minutes to read a Giemsa
stained smear; (2) it is not clearly able to differentiate dying parasites from live parasites; (3) it
normally has limited sensitivity and specificity; and (4) it requires a trained microscopist.

Malaria antigen-based rapid diagnostic tests (RDTs) detect parasite specific antigens or
enzymes by immunochromatography and have some ability to differentiate among the species
of Plasmodium. RDTs offer the advantage of quick diagnosis, but often give false positive or
false negative results [7-10]. They do not eliminate the need for standard Giemsa tests [11],
because RDT's cannot quantify malaria parasites [5]. In US, all RDT results have to be con-
firmed by microscopy. WHO recommends that anti-malarial treatment should only be lim-
ited to confirmed positive cases. However, treatment based on clinical suspicion should be
considered when a parasitological diagnosis is not accessible within two hours of sample col-
lection [3].

PCR is a very sensitive diagnostic method for detection and species identification of malaria
parasites. It can detect as few as 1-5 parasites/pul of blood. Thus, it is useful for diagnosis of
patients with low levels of parasitemia or mixed infections. It has gained acceptance to confirm
malaria cases, monitor treatment and identify drug resistance in resource-rich settings [5].
Currently there are no FDA approved PCR tests and therefore in the US PCR is usually used
for cases where blood film diagnosis is inconclusive or for identification of Plasmodium species
in reference laboratories and health departments [12]. Giemsa stained smear microscopy when
compared with PCR has a sensitivity between 50% [13] and 93% [14]. Despite being more
accurate, PCR is time-consuming and expensive. Therefore it is generally not used in the initial
diagnosis and treatment of patients with malaria [4].

Fluorescence in situ hybridization (FISH) is a cytogenetic technique used to detect and
localize the specific nucleic acid (DNA or RNA) sequences by hybridizing with complementary
sequences labeled with fluorescent probes. In 1989, Delong et al. demonstrated that FISH can
be used to detect a single microbial cell using fluorescent labeled oligodeoxynucleotides com-
plementary to 16S ribosomal RNA (rRNA), and that with appropriate probes labeled with dif-
terent fluorescent dyes, FISH can distinguish closely related organisms [15]. In the last 25 years
there have been several publications describing FISH technology for the detection and differen-
tiation of infectious agents in cultures and clinical samples [15-26]. Shah et al. (1995) demon-
strated that FISH can detect Pneumocystis carinii in patient’s induced sputum sample and
touch-prep tissues, and that multiple probes labeled with different fluorescent dyes can distin-
guish different strains of P. carinii in tissues [17]. Subsequently a Babesia FISH assay for direct
detection of Babesia in a thin blood smear using a fluorescent labeled oligomer probe, targeted
to B. microti 185 rRNA was developed [18]. Several FISH assays using peptide nucleic acid
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(PNA) probes and DNA probes have been described for culture confirmation of pathogens
and for direct detection of M. tuberculosis and M. avium complex in clinical samples [19-25].

Although in resource-rich countries, FISH using PNA probes has been used for culture con-
firmation for some pathogens for several years, Babesia FISH is currently the only FISH test
used for clinical diagnosis. Requirement of a fluorescence microscope with appropriate filters
to read processed FISH smears may have hindered the development of FISH assays for diagno-
sis of infectious diseases such as malaria, in resource-poor countries. Mercury lamp fluores-
cence microscope (powered by white light sources that generate many intense bands for
fluorescence excitation across the UV-visible light spectrum) commonly used for FISH is
expensive to buy and maintain for the following reasons. Mercury bulbs are very expensive.
Mercury lamp intensity deteriorates over time. At around 100+ hours, the microscope images
often begin to skew. At 200+ hours the bulb has to be replaced. Every time the bulb is changed,
bulb alignment is required, since mercury lamp has an uneven illumination across the micro-
scope field of view. In addition, mercury is a health hazard; therefore, the mercury bulbs have
to be disposed as hazardous waste.

Light-emitting diode [LED] is a versatile semiconductor device that possess many advan-
tages over mercury arc lamps. LEDs are efficient enough to be powered by low voltage batteries
or relatively inexpensive switchable power supplies. They have a diverse spectral output, and
thus it is possible to select an individual diode light source to supply the optimum excitation
wavelength band for fluorophores spanning the ultraviolet, visible, and near-infrared regions.
LEDs have the following advantages over mercury lamps: (1) they offer a very distinct excita-
tion peak, (2) they can be individually switched on and off without delay, and do not require a
warm-up and cool down time as in a mercury arc lamp, (3) they have a lifetime of 10,000
+ hours with no decay curve, (4) since there is no mercury bulb involved, focus adjustments is
not necessary and there are no health hazard issues or maintenance cost, (6) The newer high-
power LEDs generate sufficient intensity to provide a useful illumination source for a wide
spectrum of applications in fluorescence microscopy. Therefore we have evaluated the perfor-
mance of a LED light source with appropriate filters attached to a regular light microscope to
read processed FISH smears for potential use in resource-poor malaria-endemic countries.

Here we report the development of a simple and specific FISH assay that can be used to
diagnose and monitor treatment responses in resource-poor malaria endemic countries and
the evaluation of a LED light source with a blue-green filter set that can be attached to a stan-
dard light microscope with 100X objective, to read FISH processed smears.

Ribosomal RNA (rRNA) was used as a target for developing FISH assays for diagnosing
malaria for the following reasons: (1) rRNA is highly abundant in the cell cytoplasm and there-
fore can be visualized using sequence-specific fluorescence probes under a microscope, without
target sequence amplification, and (2) As a consequence of variable nucleotide sequence con-
servation, it is possible to find short nucleotide stretches that are unique to the genus, species,
sub-species or strain [27].

Materials and Methods

FISH Assays

Plasmodium genus FISH (P-Genus FISH) kit, (catalogue# PlasGK04), P. falciparum FISH
(PF-FISH) kit, (catalogue #PfalK04), and P. vivax FISH (PV-FISH) kit, (catalogue# PvivK04),
used for the study were provided by ID-FISH Technology Inc., Palo Alto, CA, USA. All assay
kits contained relevant rRNA-specific probes, Smear Preparation Reagent (SPR), 2.5x Plasmo-
dium Wash Buffer, 10x Plasmodium Rinse Buffer and Plasmodium Counterstain. The assays
were performed according to the manufacturer’s instructions provided with the kits.
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Human blood samples. Only previously collected left-over de-identified blood samples
(that would otherwise be discarded) of patients suspected of malaria or had malaria-like symp-
toms, were used for the study. Samples were collected at four sites, IGeneX Inc., Palo Alto, Cali-
fornia, USA (IGeneX), Walter Reed-KEMRI, Kisumu, Kenya (Walter Reed), Kasturba Medical
College Hospital, Mangalore, India (KMC) and hospitals in Iquitos, Peru (Peru). The study
was reviewed and approved by the ethics committee of Walter Reed, KMC and Universidad
Peruana Cayetano Heredia, and Asociacion Benéfica PRISMA, both in Lima, Peru; by the
Directorate of Health, Iquitos, Peru; and by the Institutional Review Board of Johns Hopkins
Bloomberg School of Public Health Institutional Review Board. In US ethical review board
approval is not necessary for use of de-identified human samples that would otherwise be dis-
carded. Therefore for the use of left-over de-identified blood samples from IGeneX, no ethical
review approval was required. Since only left over de-identified blood samples or unstained
methanol fixed thin smears prepared from capillary blood without anticoagulant were used,
patient consent was not necessary. Each site prepared the smears from EDTA whole blood as
described under smear preparation. In addition, each site provided Giemsa and RDT results.
Bionow (Alere Medical, Gurgaon, India) P. vivax and P. falciparum RDT tests were used in
India and IGeneX, while Paracheck RDT (Orchid Biomedical Systems, Goa, India) tests were
used in Kenya and Peru.

Clinical study was performed on methanol-fixed smears prepared from venous blood of 357
patients (ranging in age from 1 year to 65 years), living in malaria endemic areas, as well as 150
samples from individuals with malaria-like symptoms from the United States (US), a country
not endemic for malaria. Giemsa and RDT results were provided by the collection sites. All
methanol fixed smears from patients were tested blindly by P-Genus, PF and PV FISH assays.
Methanol fixed blood smears prepared from left over de-identified EDTA whole blood samples
from 302 patients from Mangalore, India and surrounding areas were tested at KMC. 28 sam-
ples from Western Kenya, 27 samples from Iquitos, Peru and 150 samples from US were tested
in our laboratory. This included 152 (50 P. falciparum; 101 P. vivax and one mixed infection)
Giemsa positive samples ranging <100 to >10,000 parasites/{l blood (<100 13.8%; >100-
35.5%; >1000-32.9%; and >10,000-17.8%).

FISH Assay Procedure. A set of four smears was prepared from EDTA whole blood.
EDTA whole blood was mixed with SPR, 3 parts blood: 1 part SPR by volume. Each thin smear
was prepared from 4 pl of the mixture, air-dried and fixed with methanol. Each sample was
tested by P-Genus, PF and PV FISH assays. Briefly, after addition of 12 ul of appropriate
hybridization buffer with probe mix to each methanol-fixed smear, the smear was covered with
a plastic cover-slip and placed in a 37°C humid chamber for 30 minutes for hybridization.
After 30 minutes, each smear was washed twice for 2 minutes each with 1x Wash Bulffer at
room temperature, followed by a rinse with 1x Rinse Buffer. After drying the smears in com-
plete darkness, a drop of counterstain was added to each smear. Each smear was then covered
with a glass cover-slip and viewed in a fluorescence microscope at 1000X magnification.

In the P-Genus FISH assay, the Plasmodium specific probe is labeled with an Alexa 488
green fluorescent dye. Therefore, all the Plasmodium parasites would appear green under the
blue filter (Excitation 492 nm; emission 530 nm) when viewed in a fluorescence microscope
(Fig 1). Normal controls and non-malaria parasites will not be visible under the blue filter
(Fig 1).

In the PF-FISH assay, the P. falciparum specific probe is labeled with the Alexa 488 dye and
the Plasmodium genus probe is labeled with Texas Red dye; therefore only P. falciparum would
appear green under the blue filter (Fig 2). Under the green filter (excitation 560; emission
630nm), all Plasmodium parasites, including P. falciparum will appear red (Fig 2). In the
PV-FISH assay, P. vivax specific probe is labeled with the Alexa 488 dye and the Plasmodium
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Fig 1. Blood smears tested with Plasmodium genus FISH assay. Blood smears from different Plasmodium species P. falciparum, P. vivax, P. knowlesi, P.
ovale and P. malariae were analyzed using Plasmodium genus FISH assay. (1) All the processed smears were read with a 100X objective in a fluorescence
microscope. (2) P. falciparum. P. vivax, P. knowlesi and negative control smears were read with a 100X objective on a regular microscope with a LED unit.
Green fluorescence indicates the presence of Plasmodium ribosomal RNA (rRNA). (A) P. falciparum including crescent shaped gametocytes (B) P. vivax; (C)
P. knowlesi; (D) P. ovale; (E) P. malariae; and (N) Negative Control; (A1) P. falciparum;. (B1) P. vivax; (C1) P. knowlesi; and (N1) Negative Control.

doi:10.1371/journal.pone.0136726.9001

genus probe is labeled with the Texas Red dye; therefore, only P. vivax would appear green
under the blue filter (Fig 3). Under the green filter all the Plasmodium species will appear red
(Fig 3). Normal controls and non-malaria parasites will not be visible under the blue filter or
green filter with PF and PV FISH assay Kkits.

Pathogenic organisms used in tests

Borrelia burgdorferi (ATCC B31), Bartonella henselae (ATCC 49882), Leptospira interrogans
(ATCC 23476), Plasmodium falciparum (ATCC 30932), P. vivax (ATCC 30197) and P. know-
lesi (ATCC 30158) cultures were purchased from ATCC (Atlanta, Georgia, USA). Anaplasma
phagocytophilum and Ehrlichia chaffeensis cultures smears were provided by Prof. Stephen J.
Dumler, John Hopkins University (Baltimore, Maryland). Trypanosoma cruzi culture smears
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Fig 2. Blood smears tested with P. falciparum FISH assay. Malaria positive patient blood samples from two collection sites, Peru (A), and Kenya (B) were
analyzed using PF-FISH assay. (A) Patient blood positive for P. falciparum. (B) Patient blood positive for P. malariae [1] and P. falciparum gametocyte [2]. (C)
Patient blood positive for P. ovale. (D) Patient blood positive for P. vivax. Green fluorescence is due to the P. falciparum specific probe and red fluorescence

due to the Plasmodium genus probe.

doi:10.1371/journal.pone.0136726.9002

C

Fig 3. Blood smears tested with P. vivax FISH assay. Malaria positive patient blood samples from two collection sites, Peru (A), India (B) and Kenya (C-E)
were analyzed using PV-FISH assay. (A) Patient blood positive for P. vivax. (B) Patient blood positive for P. vivax. (C) Patient blood positive for P. ovale. (D)
Patient blood positive for P. malariae. (E) Patient blood positive for P. falciparum. Green fluorescence is due to reactivity with the P. vivax specific probe and
red fluorescence is due to reactivity with the Plasmodium genus probe.

doi:10.1371/journal.pone.0136726.9003
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and were provided by Dr. George L. Stewart, University of West Florida (Pensacola, Florida).
Hamster blood infected with Babesia duncani and Babesia microti were purchased from Anti-
body Systems Inc, Texas. The study for infecting hamster blood with B. microti and B. duncani
was approved by the Institutional Animal Care and Use Committee (IACUC) of University of
West Florida, Pensacola, Florida. Leishmania major amastigotes and Leishmania major pro-
mastigotes smears, were provided by Kenya Medical Research Institute, Nairobi, Kenya. P.
malariae positive and P. ovale positive human blood smears were provided by Walter Reed
Project, Kisumu, Kenya.

Evaluation of Light Emitting Diode (LED) light source with custom blue
and green dual-filter for use in resource-poor settings

We also evaluated a LED light source (Fraen Corp, Cusago, Italy) with custom blue and green
filter set that can be attached onto a regular light microscope for reading FISH smears. To eval-
uate the performance of the LED unit to read processed FISH smears, methanol-fixed smears
were prepared from 19 patient blood samples and one P. knowlesi infected monkey blood sam-
ple. This included eight P. falciparum (4 high parasitaemia samples and 4 low parasitaemia
samples); eight P. vivax (4 high parasitaemia and 4 low parasitaemia samples), one P. knowlesi
and two controls. These smears were tested by P-Genus, PF and PV FISH assay kits and read
on a standard mercury lamp fluorescence microscope with custom filters and a regular light
microscope with a LED unit attached to it (Fig 1).

Discrepant analysis by PCR

FISH results were compared with Giemsa results; and any samples that were positive by FISH
but negative by Giemsa were further analyzed by PCR. PCR was performed on purified DNA
with the following 2 primers Mal F2 5’ - CGAAAGTTAAGGGAGTGAAGAC-3’ and Mal R2

5" ~=TCTCGCTTGCGCGAATACTCG-3’ . The amplified DNA were tested by southern dot-blot
with P. falciparum dig-probe, 5’ ~GTCACCTCGAAAGATGACTT-3' and P. vivax dig probe,
5" ~-TAAACTCCGAAGAGAAAATTC-3' . The FISH positive sample was considered a “true
positive” if it tested positive by PCR.

Results

Development of FISH assay for detection and differentiation of P.
falciparum and P. vivax directly from blood smears

P-Genus FISH assay detected all the Plasmodium species tested, P. falciparum, P. vivax, P.
malariae, P. ovale and P. knowlesi (Fig 1). PF-FISH and PV-FISH speciate the P-Genus positive
samples to P. falciparum and P. vivax respectively (Figs 2 and 3). The FISH assays detect all
stages of malaria parasites present in blood including gametocytes (Fig 1A).

Analytical sensitivity of the FISH assays

The analytical sensitivity of the three FISH assays was determined with smears prepared from
P. falciparum (ATCC 30932) and P. vivax (ATCC 30197) positive blood samples. Each parasite
sample was diluted in a negative EDTA venous blood sample and tested using Giemsa stain to
estimate the preliminary parasitemia. The estimated parasitemia by Giemsa in venous blood
for the P. falciparum sample and for the P. vivax sample was 33,505 parasites/pl, and 7,271 par-
asites/pl respectively. After the parasitemia was determined, serial dilutions of the parasite sam-
ple into five uninfected donor venous blood samples were prepared. Methanol fixed smears
were prepared from each diluted blood sample and tested by the three FISH assays. Limit of
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Table 1. Lowest number of parasites detected per pl blood by Giemsa and FISH. N/A—not applicable.

P. falciparum parasites/pl blood (range) P. vivax parasites/ul blood (range)
Giemsa 170 153
P-Genus FISH 62 (25-101) 56 (16-95)
PF-FISH 55 (13-91) N/A
PV- FISH N/A 59 (26-92)

doi:10.1371/journal.pone.0136726.1001

detection was defined as the lowest dilution at which >90% of the 35 smears tested gave a posi-
tive result. The limit of detection for venous blood was: 170 P. falciparum and 153 P. vivax par-
asites/pl of blood respectively, based on Giemsa results (Table 1). The limits of detection
(parasites/ul blood) for FISH assays are summarized in Table 1. Serial dilution studies demon-
strated that the number of parasites detected by FISH assay correlated linearly with parasitemia
(R? of >0.997). Therefore, FISH assays could be expanded to estimate parasites/ul of blood in
clinical samples as a semi-quantitative assay when positive controls are included as calibration
standards.

FISH detects live parasites, since rRNA, the target for FISH, has a short life and is only pres-
ent in high copy numbers in a live organism [28]. In contrast, Giemsa and PCR detect both live
and dead parasites. When blood smears from a patient positive for P. falciparum before, and 24
hours after treatment were tested with P-Genus FISH assay, the signal disappeared 24 hours
after treatment (Fig 4), whereas Giemsa remained positive, further showing that FISH detects
only live parasites.

The FISH assays detect malaria parasites from different parts of the
world

Smears prepared from a set of 26 Plasmodium positive EDTA venous blood samples from dif-
ferent parts of the world ranging between 42-46,600 parasites per pl blood (Giemsa) were
tested by P-Genus, PF and PV FISH assays. This included 25 human samples, 17 from Kenya
[1P. falciparum, 2 P. ovale and 14 P. malariae]; four from India [2 P. falciparum and 2 P.

Fig 4. FISH assay only detects live Plasmodium parasites. Blood smears prepared from P. falciparum positive patient before (0 Hrs) and after 24 hours
(24Hrs) drug treatment were analyzed by Plasmodium Genus FISH assay. The disappearance of the Plasmodium Genus fluorescence signal at 24 hours
suggests that FISH assay only detects live Plasmodium parasites.

doi:10.1371/journal.pone.0136726.g004
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vivax]; four from Peru [2 P. falciparum and 2 P. vivax]) and one P. knowlesi (ATCC 30192),
infected Macaca fascicularis blood sample. All 26 samples were detected by the P-Genus assay.
PF-FISH assay only detected the 5 P. falciparum positive samples; and PV-FISH assay only
detected the four P. vivax positive samples. (Details in S1 Table.) In addition, 14 patients’ left
over methanol fixed thin smears, prepared from capillary blood drop from a finger prick with-
out anticoagulant were tested by P-Genus FISH assay and read on light microscope with LED
unit. This included 10 P. vivax positive samples and four P. falciparum positive samples by
Giemsa. All the samples were positive by P-Genus FISH assay (Fig 5). This data clearly demon-
strates that the Plasmodium FISH assays can detect Plasmodium parasites in patients’ blood
smears and speciate Plasmodium positive samples to P. falciparum and P. vivax, irrespective of
where the infection is acquired.

Specificity of the three FISH assays for malaria parasites

To determine the analytical specificity of FISH assays, 22 pathogens’ smears were tested by all
three FISH assays. This included 4 parasites (Trypanosoma cruzi, Babesia duncani, B. microti
and Leishmania major), 7 bacteria and 11 viruses (listed in S2 Table). There was no cross-reac-
tion to any of the pathogens tested.

Reproducibility of the FISH assays

To test the reproducibility of the FISH assays, coded 54 panels, each consisting of six randomly
selected patient samples, two P. falciparum positive samples, two P. vivax positive samples (1
high parasitaemia sample and 1 low parasitaemia sample of each species) and two negative
samples for Plasmodium species were tested at three laboratories. Each panel was tested by two

Fig 5. P. falciparum positive patient’s finger-prick capillary blood smear tested with Plasmodium genus FISH assay. Smear prepared from finger-
prick capillary blood without anticoagulant. Green fluorescence indicates the presence of Plasmodium ribosomal RNA (rRNA) due to reaction with
Plasmodium genus FISH.

doi:10.1371/journal.pone.0136726.9005
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different operators at each site using three lots of the P-Genus, PF and PV FISH assays over a
period of nine days.

For P-Genus and PV-FISH assays, the results were 100% accurate at all 3 sites. All the nega-
tive control samples tested negative by both assays. All the Plasmodium species positive sam-
ples tested positive by the P-Genus FISH assay and only P. vivax positive samples tested
positive by PV-FISH kits. For the PF-FISH assay, all negative samples and high P. falciparum
positives were tested accurately at all three sites. For the low P. falciparum positives, 4 of the 54
total smears tested negative, two each at two different sites. Overall 7.4% of the low P. falcipa-
rum samples tested negative. This corresponds to 92.6% agreement with the expected results
near cut-off.

Clinical Sensitivity and Specificity of the FISH assays

To further evaluate the FISH assays, we performed a clinical study using methanol-fixed smears
prepared from 357 EDTA venous whole blood patient samples from patients ranging in age
from 1 year to 65 years (302 were from KMC, Mangalore, India, 28 from Western Kenya and
27 from Iquitos, Peru), as well as 150 samples from individuals with malaria-like symptoms
from the United States (USA), a region not endemic for malaria. The collecting sites also pro-
vided Giemsa and RDT results. Clinical study was performed at two sites. All the samples were
tested by P-Genus FISH, PF-FISH and PV-FISH assay kits. Smears prepared from 302 blood
samples collected at KMC were tested blinded at KMC; and the remaining patient smears were
tested in our laboratory. FISH results were compared with Giemsa results and any samples that
were positive by FISH but negative by Giemsa were further analyzed by PCR for discrepant
analysis. The FISH positive sample was considered a “true positive” if it tested positive by PCR.

For the P-Genus FISH Assay, of the 357 samples tested, 152 were positive by Giemsa; 183
by FISH and 145 by RDT (Table 2). Using Giemsa as a reference method, the sensitivities of
P-Genus FISH assay and RDT were 98% and 85.5% (Table 3); and the specificities were 83.4%
and 92.7% respectively (Table 4). Seven out of 12 FISH and RDT positive samples and 10 out
of 22 FISH-only positive samples were also positive for Plasmodium by PCR. These 17 samples
were considered “true positives”. Thus after discrepant analysis, the sensitivities of P-Genus
FISH, Giemsa and RDT were 98.2%, 89.9% and 81.1% (Table 3); and the specificities were
90.9%, 100% and 95.7%, respectively (Table 4).

For the PF-FISH Assay, of the 357 samples tested, 50 were positive by Giemsa; 58 by FISH
and 57 by RDT (Table 2). Using Giemsa as a reference method, the sensitivities of both
PE-FISH assay and RDT were 94% (Table 3); and the specificities were 96.4% and 96.7%
respectively (Table 4). Five out of nine FISH and RDT positive samples were also positive by
Plasmodium PCR. These five samples were considered “true positives”. Thus after discrepant
analysis, the sensitivities of PF-FISH, Giemsa and RDT were 94.5%, 83.3% and 94.5%

(Table 3); and the specificities were 98%, 100% and 98.3%, respectively (Table 4).

For the PV-FISH Assay, of the 357 samples tested, 102 were positive by Giemsa; 130 by
FISH and 87 by RDT (Table 2). Using Giemsa as a reference method, the sensitivities of
PV-FISH assay and RDT were 98% and 79.4% (Table 3); and specificities were 88.2% and

Table 2. Summary of Clinical Study Results. Giemsa negative, PCR and FISH Positive samples a=17; b = 5; ¢ = 14. (Note: 150 samples from US are

excluded)

Giemsa
Positive 152
Negative 205

doi:10.1371/journal.pone.0136726.1002

P-Genus FISH RDT Giemsa PF FISH RDT Giemsa PV FISH RDT
145 50 58° 57 102 130° 87
212 307 299 300 255 227 270
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Table 3. Sensitivity of Plasmodium FISH tests and RDTs as compared to Giemsa. After discrepant anal-
ysis: Including FISH and PCR positive but Giemsa negative samples as true positives.” P-Genus FISH -17;

PF-FISH-5; and PV-FISH- 14. Cl—confidence interval.

Before Discrepant Analysis

After Discrepant Analysis

Test Sensitivity (95% Cl) Sensitivity (95% ClI)

P-Genus FISH 98.0 (93.9-99.5) 98.2 (94.5-99.5)
PF-FISH 94.0 (82.4-98.4) 94.5 (83.9-98.6)
PV-FISH 98.0 (92.4-99.7) 98.3 (93.3-99.7)
P-Genus RDT 85.5 (78.7-90.5) 81.1 (74.2-86.5)
PF RDT 94.4 (82.5-98.4) 94.5 (83.9-98.6)
PV RDT 79.4 (70.0-86.5) 73.3 (64.1-80.9)
P-Genus Giemsa 100 89.9 (84.1—93.9)
PF Giemsa 100 83.3 (71.0-91.3)
PV Giemsa 100 87.9 (80.2-93.0)

doi:10.1371/journal.pone.0136726.t003

97.6% respectively (Table 4). 14 samples, four out of five FISH and RDT positive samples and
10 out of 25 FISH only positive samples were also positive for P. vivax by PCR. These 14 sam-
ples were considered “true positives”. Thus after discrepant analysis, the sensitivities of
PV-FISH, Giemsa and RDT were 98.3%, 87.9% and 73.3% (Table 3); and the specificities were
93.4%, 100% and 99.2% respectively (Table 4).

The specificity was 100% for all 3 FISH tests on 150 venous blood samples tested from US
patients with malaria-like symptoms.

Evaluation of a LED light source with a custom blue and green filter set attached to a
regular light microscope for FISH assays. As described in the methods section, smears pre-
pared from 19 patients’ blood samples (8 P. falciparum positive; 8 P. vivax positive and 3 nega-
tives) and one P. knowlesi infected monkey blood sample were tested by P-Genus, PF and
PV-FISH assay kits and read on mercury fluorescence microscope and a regular light micro-
scope with a LED unit attached to it. There was no difference in the reading between the two
microscopes (Fig 1). All the 17 Plasmodium positive samples were positive by the P-Genus
FISH. The eight P. falciparum positive samples were positive by PF-FISH and negative by
PV-FISH; and the eight P. vivax positive samples were positive by the PV-FISH and negative
by the PE-FISH. P. knowlesi positive blood sample was negative by both PF-FISH and
PV-FISH.

Table 4. Specificity of Plasmodium FISH tests and RDTs as compared to Giemsa. After discrepant anal-
ysis: Including FISH and PCR positive but Giemsa negative samples as true positives”. P-Genus FISH -17;
PF-FISH-5; and PV-FISH- 14. Cl—confidence interval.

Before Discrepant Analysis After Discrepant Analysis

Test Specificity (95% CI) Specificity (95% Cl)

P-Genus FISH 83.4 (77.4-88.0) 90.9 (85.7-94.5)
PF-FISH 96.4 (93.5-98.1) 98.0 (95.5-99.2)
PV-FISH 88.2 (83.5-91.8) 93.4 (89.2-96.0)
P-Genus RDT 92.7 (88.0-95.7) 95.7 (91.4-98.0)
PF RDT 96.7 (93.9-98.3) 98.3 (96.0-99.4)
PV RDT 97.6 (94.7-99.0) 99.2 (96.7-99.9)
P-Genus Giemsa 100 100 (97.5-100)
PF Giemsa 100 100 (98.0—100)
PV Giemsa 100 100 (98.4-100)

doi:10.1371/journal.pone.0136726.t004
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Discussion

In this study, we demonstrated that the Plasmodium FISH assays can be effective diagnostic
tools for the detection of Plasmodium and speciation to P. falciparum and P. vivax in blood
smears. The FISH assays are highly reproducible and specific. The limit of detection for the
FISH assays, based on Giemsa results was between 153-174 parasites/ul blood and between
55-65 parasites/pl blood by FISH. This discrepancy can be attributed to the fact that Giemsa
detects both live and dead parasites, whereas FISH detects only live parasites with intact rRNA
[28]. FISH may be a superior tool for monitoring the efficacy of malaria treatment and avoid-
ing unnecessary treatment, since it detects only live parasites; this in turn will avoid drug resis-
tance. By enabling better clinical practice, the FISH assay could result in both short-term cost
savings from un-indicated treatment and long-term improvements in the treatment of disease.

We have shown that P-Genus FISH assay detects the five species of parasites tested to-date,
known to cause malaria in humans, namely, P. falciparum, P. vivax, P. malariae, P. ovale and P.
knowlesi and the PF-FISH assay and PV-FISH assay detect and differentiate P. falciparum and
P. vivax from other species of Plasmodium, respectively, on any P-Genus screen positive blood
sample. Additionally, we observed that under Texas red filter dead parasites too were detected.
Therefore the Texas Red fluorescent dye cannot be used for labeling species specific probes.
Thus in the present study we performed PF-FISH and PV-FISH on separate smears.

We demonstrated that FISH assays are simple, and can detect all stages of the parasites. In
addition, LED unit with blue-green filter attached to a regular light microscope with 100X
objective can be used to read FISH processed smears instead of a mercury arc lamp fluores-
cence microscope. The assays consist of six steps: smear preparation, fixation, hybridization,
washing, counterstaining and viewing the processed smear under a fluorescence microscope.
The total assay time is approximately 60 minutes. The limit of detection is between 1-2 para-
sites per 300 fields with a 100X objective. This corresponds to 60-80 parasites/pl of blood. The
FISH assays are reproducible and have the required sensitivity and specificity which is superior
to that of the widely used microscopic examination of Giemsa stained blood smears.

FISH assays have other advantages over microscopic examination of Giemsa stained smears
viz. (1) FISH detects specific 18S rRNA fragment in live parasites whereas by microscopy,
Giemsa stained live and dead parasites are detected since parasite detection and speciation is
based on the morphology only. (2) Since rRNA is present in the cytoplasm of the parasite, the
whole cell fluoresces when viewed under the fluorescence microscope. Ribosomal rRNA is a
unique molecule with highly conserved and variable regions. Thus, it is possible to design
genus, species and strain specific probes. This unique property of rRNA, allows FISH assay to
be equivalent in specificity to PCR. Although PCR is also very sensitive, it has limited utility in
malaria endemic areas because of complex methodologies, high cost, and the need for trained
technicians and special facilities. In addition equipment maintenance is also essential so that it
may not be suitable for malaria diagnosis in remote rural areas or even in routine clinical diag-
nostic setting [5]. On the other hand FISH is relatively inexpensive as compared to PCR, since
high maintenance equipment and temperature sensitive reagents are not required.

FISH assays using LED unit with appropriate filters attached to a regular light microscope
instead of a mercury arc lamp fluorescence microscope may be the answer for diagnosis of
malaria in resource-poor countries for the following reasons. (1) They are easy to perform and
read, once the technique is mastered. (2) They are specific and have sensitivity equivalent to
Giemsa smears read by experts. (3) They can differentiate species. (4) They provide morpho-
logical information. (5) They can be very useful for monitoring patients on treatment since
they detect live parasites. (6) The LED unit with appropriate filters is relatively inexpensive and
has following advantages. (i) It can be installed easily onto a regular microscope. (ii) It is very
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easy to use. (iii) It can operate on a rechargeable battery unit, making it possible to use in
remote areas. (iv) There is no maintenance since LED has a lifetime of 10,000+ hours with no
decaying curve. (v) Unlike mercury bulbs, LED light source does not require focus adjustments,
nor post any health hazard.

One drawback of FISH is reading processed smears, since most technicians in malaria
endemic regions currently are used to reading Giemsa smears and have no experience in fluo-
rescent microscopy. Therefore, training programs similar to those for preparing and reading
Giemsa smears would be required for the Plasmodium FISH assays. Despite the shortcoming
noted, the FISH technique has a great potential for bridging the gap between high cost molecu-
lar tests and Giemsa microscopy for accurate diagnosis of malaria. This method can also be
applied for detection of other pathogens present in blood. As such, this effort could represent a
great potential contribution to the field of tropical medicine and infectious disease. The novelty
of this method is not limited to the FISH assay alone, but also the innovative microscopic tech-
nology that is both cost-conscious and still technologically sound. Given the continued social
and public health cost of malaria, these advances merit consideration for use by national and
international health authorities.
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