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Abstract

Background: The genetic variation in the Plasmodium falciparum histidine-rich protein 2 (pfhrp2) gene that may
compromise the use of pfhrp2-based rapid diagnostic tests (RDTs) for the diagnosis of malaria was assessed in
P. falciparum isolates from Yemen.

Methods: This study was conducted in Hodeidah and Al-Mahwit governorates, Yemen. A total of 622 individuals
with fever were examined for malaria by CareStart™ malaria HRP2-RDT and Giemsa-stained thin and thick blood
films. The Pfhrp2 gene was amplified and sequenced from 180 isolates, and subjected to amino acid repeat types
analysis.

Results: A total of 188 (30.2 %) participants were found positive for P. falciparum by the RDT. Overall, 12 different
amino acid repeat types were identified in Yemeni isolates. Six repeat types were detected in all the isolates (100 %)
namely types 1, 2, 6, 7, 10 and 12 while types 9 and 11 were not detected in any of the isolates. Moreover, the
sensitivity and specificity of the used PfHRP2-based RDTs were high (90.5 % and 96.1 %, respectively).

Conclusion: The present study provides data on the genetic variation within the pfhrp2 gene, and its potential
impact on the PfHRP2-based RDTs commonly used in Yemen. CareStart™ Malaria HRP2-based RDT showed high
sensitivity and specificity in endemic areas of Yemen.

Keywords: Malaria, Plasmodium falciparum, Rapid diagnostic test, Plasmodium falciparum histidine-rich protein 2,
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Background
Malaria is still a major public health problem in Yemen,
with almost 66 % of the population living in areas that
suffer from stable malaria transmission [1]. Plasmodium
falciparum is the predominant species and was respon-
sible for almost 99 % of malaria cases in Yemen during
2012, a large number of which consisted of drug-resistant
P. falciparum parasites [2, 3]. Among 17 countries with
malaria-endemic areas in the Middle East and Eurasia
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region; Pakistan, Afghanistan and Yemen account for
more than 99 % of the 56,000 regional deaths due to
malaria [4].
The national malaria control programme in Yemen

(NMCP) has achieved substantial success in controlling
local cases of malaria, achieving a significant reduction
in the number of malaria cases, dropping from 900,000
cases in the early 2000s to around 150,000 cases by 2013
[1]. However, Yemen is still classified among areas of
high malaria transmission, making it the only country in
the Arabian Peninsula and greater Middle Eastern region
that is still plagued with malaria to the extent that resi-
dents still suffer from considerably high mortality and
morbidity rates [2]. Imported malaria cases are still
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reported in neighbouring countries, threatening the mal-
aria control and elimination programmes in the region.
For instance, 2788 malaria cases were diagnosed in
southern Saudi Arabia between 2011 and 2012, with
about 97 % of the cases having been identified as origin-
ating outside the country, particularly from the Tehama
region, a Yemen bordered area [5].
Early and accurate diagnosis of malaria, along with

prompt treatment, are essential to reduce the burden of
the disease worldwide. Rapid diagnostic tests (RDTs)
have been widely used for the diagnosis of malaria and be-
come an indispensable tool for malaria case-management,
control and elimination worldwide, especially in rural en-
demic areas without laboratory access [6, 7]. Besides the
affordability and shorter turnover time of RDT-based
diagnosis, significant reductions in the over-prescription
of antimalarials have been reported when RDTs are in-
troduced in presumptive treatment settings, especially
with the new policy of using the expensive artemisinin-
combination therapy (ACT) as the first line treatment
for uncomplicated falciparum malaria infection [8].
However, recent studies revealed that the sensitivity of
RDTs could be compromised due to genetic poly-
morphism of the parasite PfHRP2 antigens, particularly
with regards to certain amino acid repeat types, causing
false-negative results when using the HRP2-based RDT
to diagnose P. falciparum malaria [9–11].
In Yemen, PfHRP2-based RDTs have been imple-

mented by the NMCP in 2009, and are being used exclu-
sively for malaria active case detection (ACD) targeting
only falciparum malaria infections [12]. However, data
on the genetic variation of the pfhrp2 are not available.
Hence, the present study aims to investigate the genetic
variations of the pfhrp2 gene in malaria isolates from the
Hodeidah and Al-Mahwit governorates, Yemen (areas
with high malaria endemicity) and the possible impact of
this variation on the efficacy of the currently used
pfhrp2-based RDTs. The present study is the first to pro-
vide data on the genetic variation of PfHRP2 in Yemen,
and therefore has the potential to impact on control
strategies and efforts to eradicate malaria from Yemen
and the Arabian Peninsula.

Methods
Study area
An active case detection survey targeting individuals
with fever suspected of having a malaria infection was
carried out in some malaria endemic districts of the
Tehama region in both the Hodeidah and Al-Mahwit
governorates, Yemen. The survey was carried out from
March to May 2014, during the malaria transmission
season. Districts with high malaria endemicity; namely
AdDahi, Al-Marawiah, and Bajil from Hodeidah, and
Khamis Bani Saad from Al-Mahwit, were selected based
on the national malaria records of 2010–2013 provided
by NMCP.
The Hodeidah governorate (14.46° North, 43.15° East) is

located in the Tehama region in the western part of
Yemen, about 226 km from Sana’a, the capital of Yemen.
It is a coastal area located along the Red Sea, covering a
total area of 117,145 km2 with a total population of 2.16
million [13]. Al-Mahwit governorate (16.25° N, 44.717° E)
is located between Hodeidah and Sana’a (about 111 km
west of Sana’a), covering a total area of 2858 km2 with a
total population of 597,000 people [13]. The climate of the
selected districts is a combination of tropical monsoon
with occasional rains in the summer and dry weather in
winter, with a mean rainfall of 200 mm/year. The mean
temperature is 37.5 °C in summer and 24 °C in winter,
with humidity ranging between 70 and 90 %. Malaria is
highly prevalent in Tehama region with high transmission
peaking between January and March each year. Figure 1
shows the study area and the distribution of malaria bur-
den in Yemen in 2012.

Plasmodium falciparum isolates
A total of 622 individuals with fever were recruited to
this study and examined for malaria. Finger prick blood
samples were collected from participants and tested
using the RDT (CareStart™ Malaria HRP2, Cat no.
G0141, Access Bio, Inc, USA), and for preparing both
thick and thin blood films. Filter paper blood spots were
also collected from each participant on 3MM Whatman®
filter paper (Whatman International Ltd., Maidstone,
England), and kept in clean, dry, well-sealed aluminum
pouches with desiccated silicon bags for molecular ana-
lysis. Blood films were stained with 5 % of buffer-diluted
Giemsa stain for 30 min and were examined microscop-
ically for the presence of malaria parasites. All RDT tests
were performed and interpreted by trained and skilled
laboratory personnel from the NMCP following the
manufacturer’s instructions. Briefly, one purple line in
the control line position interpreted negative for falcip-
arum malaria and two purple lines at the test line
position along with the control line were to be defined
as positive. In case the control line did not appear, the
result was considered invalid and the test was repeated.
For positive slides, parasite species and stages were

reported and parasitaemia (parasite density) was deter-
mined by counting only the asexual stages against 300
white blood cells (WBC) and then multiplied by 25;
assuming the average of total WBC count of individuals
equal to 7500 cells per μl of blood. The level of parasit-
aemia was graded as low (<1000 parasites/μl of blood),
moderate (1000–9999 parasites/μl of blood) and severe
(≥10,000 parasites/μl of blood). A double check for
malaria microscopy was performed by two senior mal-
aria microscopists; slides were examined twice and the



Fig. 1 A geographic map showing study area (Hodeidah and Al-Mahwit governorates) and the distribution of malaria in Yemen according to
incidence in 2012
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average parasitemia per microlitre of blood was re-
corded for every microscopy positive slide. Genomic
DNA was extracted from the filter paper blood spots
and subjected to pfhrp2 amplification using conven-
tional single-run PCR.
The protocol used in this study was approved by the

Ethics Committee of the University of Malaya Medical
Centre, Malaysia (Ref. 974.19). The protocol was also ap-
proved by the Ministry of Health and Population, in con-
junction with the National Malaria Control Programme in
Yemen. Written and signed or thumb-printed informed
consents were taken from adult participants and parents
or guardians on behalf of their children before starting the
sample collection; these procedures were also approved by
the ethics committees. RDT-positive participants were
treated with artemisinin combination therapy (artemisinin
+ sulfadoxine/pyrimethamine) according to the national
malaria treatment policy, Ministry of Health and Popula-
tion, Yemen.
DNA extraction
One or two discs (6 mm diameter) of 3MM Whatman’s
filter paper blood spot (cut by flamed-sterile punch)
were used for DNA extraction using a Qiagen blood and
tissue kit (QIAGEN, DNeasy® Blood & Tissue Kit, Cat.
no. 69506, Germany) according to the manufacturer’s in-
struction. DNA was eluted using 50 μl AE (10 mM Tris-
Cl; 0.5 mM EDTA; pH 9.0) elution buffer (included in
the kit) and kept at −20 °C until used.
Evaluation of HRP2-RDT performance
A malaria-positive blood sample, with a known parasite
density (8500 asexual stage/μl) of P. falciparum mono-
infection, was chosen to evaluate the CareStart™ Malaria
HRP2-RDT. The blood sample was also checked not to
have any sexual stage (gametocytes). Duplicate thick and
thin blood films were prepared and stained with Giemsa
stain as previously mentioned, and then examined micro-
scopically by two senior malaria microscopists; the average
of parasitaemia was recorded. The sample was then
diluted in a ratio of 2:3 serial dilutions with healthy human
O positive blood group. A total of 12 serial dilutions (la-
belled 1–12) were prepared in duplicates and the results
of asexual-stage parasites density were recorded for each
tube [14]. Each tube dilution was then tested for PfHRP2-
RDT according to manufacturer instructions.
Molecular identification and pfhrp2 sequencing
All DNA from malaria positive samples were confirmed
by PCR [15], with P. falciparum samples then being
considered for pfhrp2 molecular characterization. Amp-
lification of hrp2 was carried out in a single-run PCR
using a specifically designed oligonucleotide primer
pair flanking the region of exon-2 of pfhrp2 gene [16].
A 50 μL reaction mixture was made up containing
10 μM of each forward (PfHRP2-F 5′-TGTGTAGCAA
AAATGCAAAAGG-3′) and reverse primer (PfHRP2-R
5′ TTAATGGCGTAGGCAATGTG-3′), along with 20 μL
ExPrime Taq Premix ready-mix PCR reagent (Genet Bio,



Table 1 The sensitivity and specificity of PfHRP2-based RDT
against the reference technique (microscopy) using samples
collected from Hodeidah and Al-Mahwit, Yemen (n = 622)

RDT Microscopy

Negative Positive Total

Negative 416 18 434

Positive 17 171 188

Total 433 189 622

Sensitivity: true positive = 171/189 = 90.5 %; false negative error rate = 18/189 =
9.5 %. Specificity: true negative = 416/433 = 96.1 %; false positive error rate = 17/
433 = 3.9 %. PPV: 171/188 = 91.0 %; NPV: 416/434 = 95.9 %
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Korea) and 2 μL of the DNA extract. The amplification
thermal conditions were initiated with DNA denaturation
at 95 °C for 5 min, followed by 40 cycles of (95 °C/ 30 s,
57 °C/ 40 s and 72 °C/ 90 s) and a single extension step at
72 °C for 10 min. All PCR amplification reactions were
amplified using thermal cycler (MyCycler- BioRad,
Hercules, USA). Genomic DNA of P. falciparum lines
3D7 (MRA-102G), Dd2 (MRA-150G) and HB3 (MRA-
155G) provided by Malaria Research and Reference Re-
agent Resource Centre (MR4), ATCC®, Manassas, VA,
USA were used as positive and negative controls for PCR
amplification of HRP2 and HRP3. 3D7 was used as a posi-
tive control for both HRP2 and HRP3, and Dd2 (a labora-
tory line known to lack pfhrp2) and HB3 (a laboratory line
known to lack pfhrp3) were used as negative controls for
HRP2 and HRP3 respectively [17, 18].
The PCR products were then analysed using agarose-

gel electrophoresis. Ten microliters of each amplicon
was loaded into a 1.5 % agarose gel and run in a TAE
buffer (Tris acetate EDTA), stained with SYBR® safe
DNA gel stain (Invitrogen, USA). The fragments size
was visualized under UV compared to 100 bp DNA
ladder.
The amplicons were sent for purification and sequen-

cing, each amplicon was subjected to sequencing using
the same forward and reverse primers as were used dur-
ing PCR amplification. Both forward and reverse se-
quences were aligned using BioEdit Sequence Alignment
Editor Software (version 7.1.9) and then translated into
corresponding amino acids. Each sequence of amino
acid repeats was identified and given a code from Type
1 to Type 14 based on the motif being repeated [19].

Data analysis
The performance of RDT was calculated based on the
following indicators: sensitivity, specificity, positive pre-
dictive value (PPV) and negative predictive values (NPV)
which were calculated with their corresponding 95 %
confidence intervals (CI) using Medcalc® online calcula-
tor. Moreover, Kappa statistics were used to assess the
agreement between RDT and microscopy. This was
calculated in IBM SPSS Statistics, version 18.0 (IBM
Corporation, NY, USA) by creating a 2 × 2 contingency
table. A P-value of < 0.05 was considered significant.

Results
Of the 622 screened individuals, 188 (30.2 %) were
positive for malaria by the CareStart™ Malaria HRP2-
RDT. Of these 188 RDT-positive, only 171 (91.0 %)
were confirmed microscopically by detecting either
asexual or sexual stages or both. On the other hand, 18
(2.9 %) microscopy-positive individuals were found to
be negative with RDT. Similarly, 17 (2.7 %) RDT-positive
cases were found to be negative with microscopy. Based
on microscopy, the detection rate was the highest in
Khamis Bani Saad (39.4 %) followed by Bajil (23.5 %),
while Al-Marawiah has the lowest (5.3 %). The level of
asexual P. falciparum parasitaemia in positive cases
ranged from 40 to 55,555 parasites/μl of blood with a
geometric mean of 5261 parasites/μl. High parasitaemic
individuals (parasite count ≥ 10,000 parasites/μl of blood)
represented 17.9 %, while 41.9 % and 40.2 % of the
malaria-positive individuals had moderate and low parasit-
aemia respectively.
The overall sensitivity and specificity of the used

CareStart™ malaria HRP2-RDT was rated as 90.5 %
(95 % CI = 85.4, 94.3) and 96.1 % (95 % CI = 93.8, 97.7),
respectively (Table 1). The PPV and NPV were 91.0 %
(95 % CI = 85.9, 94.6) and 95.9 % (95 % CI = 93.5, 97.5),
respectively. The agreement between the microscopy
and HRP2-RDT was statistically significant by Kappa
(K = 0.867; P < 0.001). In the same vein, HRP2-RDT was
examined against serial dilutions of a blood sample
with known P. falciparum parasite density. The test re-
vealed a high detection rate of CareStart™ malaria
HRP2-RDT for falciparum malaria isolates; 10 out of
the 12 tubes with parasitaemia levels ranged from 8500
to 147 asexual stage/μl were found positive (visible
clear band), with a faint band appearing for tube no.11
(98 parasites/μl). The last tube, no. 12, with parasit-
aemia of 65 parasites/μl was found negative by HRP2-
RDT (Table 2 and Additional file 1). With our Yemeni
isolates, it was found that performance of RDT in-
creased with parasitaemia level, with the lowest detec-
tion rate (44.4 %) reported with parasitaemia levels of
1–100 parasites/μl while it was ≥ 97.0 % with parasit-
aemia levels of ≥ 1000 parasites/μl. Although most of
the negative RDT results were found in samples with
low parasitaemia, but negative RDT results were also
reported with two samples with moderate and high
parasitaemia levels.
Overall, 180/189 cases were successfully amplified for

pfhrp2 and yielded good and quality sequences, and
were therefore subjected to amino acid repeat type ana-
lysis. The sequence lengths of the isolates were found to



Table 2 Evaluation of CareStart™ PfHRP2-based RDT against
serial dilutions of P. falciparum parasitaemia

Tube
No.

Blood Volume Diluent
(O+ Blood)

Parasite Density RDT Result

0 Whole Blood 0 8500 Positive

1 200 μl of Tube No. 0 100 μl 5666 Positive

2 200 μl of Tube No. 1 100 μl 3777 Positive

3 200 μl of Tube No. 2 100 μl 2518 Positive

4 200 μl of Tube No. 3 100 μl 1679 Positive

5 200 μl of Tube No. 4 100 μl 1119 Positive

6 200 μl of Tube No. 5 100 μl 746 Positive

7 200 μl of Tube No. 6 100 μl 497 Positive

8 200 μl of Tube No. 7 100 μl 331 Positive

9 200 μl of Tube No. 8 100 μl 221 Positive

10 200 μl of Tube No. 9 100 μl 147 Positive

11 200 μl of Tube No. 10 100 μl 98 Positive

12 200 μl of Tube No. 11 100 μl 65 Negative

Table 3 Frequency of PfHRP-2 repeat types from P. falciparum
isolates from Hodeidah and Al-Mahwit, Yemen

Type Amino acids
sequence

No. of repeats Meana Frequency

minimum maximum n %

1 AHHAHHVAD 1 5 3.01 180 100

2 AHHAHHAAD 6 18 9.85 180 100

3 AHHAHHAAY 0 2 1.23 177 98.3

4 AHH 0 2 0.19 28 15.6

5 AHHAHHASD 0 2 0.49 85 47.2

6 AHHATD 2 8 4.11 180 100

7 AHHAAD 3 10 4.97 180 100

8 AHHAAY 0 2 0.52 89 49.4

9 AAY 0 0 0.00 0 0

10 AHHAAAHHATD 1 2 1.25 180 100

11 AHN 0 0 0.00 0 0

12 AHHAAAHHEAATH 1 1 1.00 180 100

13 AHHASD 0 1 0.05 10 5.6

14 AHHAHHATD 0 1 0.03 5 2.8
aAverage number of amino acid repeat types in the relevant isolates (n)
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vary, ranging from 477 to 879 bp (giving proteins of
159–293 amino acids), with a sequence of 540 bp (180
amino acids) being the most frequent genotype (43.9 %).
All isolates sequences were found to be similar in that
they started with either a single or multiple Type 1
(AHHAHHVAD), and ended with a single Type 12 repeat
(AHHAAAHHEAATH). Overall, Type 1 (AHHAHH-
VAD), Type 2 (AHHAHHAAD), Type 6 (AHHATD),
Type 7 (AHHAAD), Type 10 (AHHAAAHHATD) and
Type 12 (AHHAAAHHEAATH) were found in all se-
quenced isolates. On the other hand, type 9 (AAY) and
Type 11 (AHN) were totally absent in all isolates collected
from both governorates.
Other amino acid repeat types were varied in their

frequencies. Type 8 (AHHAAY), Type 5 (AHHAHHASD)
and Type 4 (AHH) ranged between moderate and low,
with percentages of 49.4 %, 47.2 % and 15.6 % respectively.
Moreover, Type 13 (AHHASD) and Type 14 (AHHAH-
HATD) were rarely reported in the present study (5.6 %
and 2.8 %, respectively). Further, the mean numbers for 2
and 7 repeat types in pfhrp2 were the highest among the
12 types detected by this study (mean = 9.85 and 4.97,
respectively). No association was found between HRP2
repeats and age, sex and districts of participants as well as
parasitaemia level. The frequency and mean number of
PfHRP2 repeat types from P. falciparum isolates from
Hodeidah and Al-Mahwit, Yemen are shown in Table 3.
Interestingly, one isolate with low parasitaemia (184

parasites/μl) was found to be positive by both CareStart™
malaria HRP2-RDT and microscopy but it was PCR-
negative for pfhrp2 gene. DNA of this isolate was
processed for further PCR confirmation using three
PCR protocols that aimed at amplifying P. falciparum
18SrRNA [15], pfhrp2 and pfhrp3 genes [16]. The DNA
was successfully amplified for 18SrRNA and pfhrp3
genes while it was confirmed negative for pfhrp2 gene.

Discussion
Many rapid diagnostic tests (RDTs) are available to
detect different malaria-specific antigens. Most RDTs
detect P. falciparum specific proteins; either histidine-
rich protein 2 (PfHRP2) or P. falciparum lactate de-
hydrogenase (PfLDH), while others can recognize both
P. falciparum-specific and pan-specific antigens (aldol-
ase (pALD) and pan-species (pLDH) [20]. Previous
studies have reported genetic variation in PfHRP2 (gen-
etic deletions, frame shift mutations or alterations in
protein expression), which can affect the sensitivity of
HRP2-based RDTs, while no variability was observed
for pAldolase or pLDH [21, 22]. The HRP2 of P. falcip-
arum is a 2-exons gene connected with an intron,
located on chromosome 7 (98671–99734 bp) [23]. The
amino acid repeats of pfhrp2 have been characterized
into 14 types, based on amino acid motifs being re-
peated, with Type 2 and Type 7 having been described
as possible epitopes targeted by the monoclonal anti-
bodies used to detect hrp2 [10, 19, 21, 24]
The present study investigated the genetic variation of

PfHRP2 among isolates from Yemen, with a possible
predicting effect on the performance of the PfHRP2-
based RDTs (CareStart® one-step HRP2 RDT; Access Bio
Inc., New Jersey, USA) that are used solely for active
case detection (ACD) by the national malaria control
programme in Yemen (NMCP). A total of 180 isolates
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were successfully amplified and sequenced for PfHRP2.
The sequence lengths of the sequenced isolates varied
from 477 to 879 bp (giving proteins of 159 to 293 amino
acids). The variations in the number of total amino acids
for pfhrp2 for the Yemeni isolates were found to be
lower than the global variation (187 to 306 amino acids),
as reported for isolates from 19 countries in Africa,
South America, the Pacific region and Southeast Asia
[19]. On the other hand, similar variations were reported
in Madagascar (145 to 309 amino acids), while a higher
number of variations (157 to 333 amino acids) were
reported in isolates collected from six different geo-
graphical areas in India [16, 25).
Overall, 12 different amino acid repeat types were

identified in Yemeni isolates examined by the present
study. Of these, six repeat types (types 1, 2, 6, 7, 10 and
12) were found to be present in all isolates, while type 3
was found in 98.3 % of the isolates. These findings are in
agreement with isolates from different countries in
Africa, Asia and America [21]. In India, six (types 1, 2, 3,
6, 7 and 11) out of 13 identified types of amino acid re-
peats were detected in all the examined P. falciparum
isolates [25]. On the other hand, only four types were
found in over 98 % of the Senegalese isolates from Dakar
[10, 11]. Our study further showed that repeat types 9
(AAY) and 11 (AHN) were totally absent, a result which
has been previously reported in isolates obtained from
Senegal, Mali, Uganda and Madagascar [10, 11, 16].
We found that all of the amplified isolates (100 %)

started with a type 1 repeat (AHHAHHVAD), with ei-
ther a single or multiple of 2 to 5 copies, before ending
with a single Type 12 repeat (AHHAAAHHEAATH).
Many previous studies in Africa and Asia showed that
all pfhrp2 sequences begin with a type 1 repeat and
concluded with a type 12 repeat [11, 16, 19, 25]. How-
ever, a previous study from Dakar, Senegal on 122
sequenced P. falciparum isolates had detected three isolates
for which pfhrp2 protein sequences did not begin with a
type 1 repeat, and only one isolate found in that study
possessed a sequence ending in a type 12 repeat [10].
The present study also showed that the existence of

other repeat types in Yemeni isolates varied from mod-
erate (types 8; 49.4 % and 5; 47.2 %) to low (type 4;
15.6 %). Moreover, other types were found only rarely
(types 13; 5.6 % and 14; 2.8 %). Our findings are consist-
ent with a previous report on Senegalese P. falciparum
isolates [10]. By contrast, repeat types 11 and 14 were
not detected in isolates from Senegal, Mali and Uganda,
while type 4 repeats were detected in all of the isolates
[11]. Furthermore, Ugandan isolates were found to be
different in that they all contained type 8 (100 %), and
lacked type 5 repeats [11]. Moreover, the number of
each motif and the total number of repeats within
pfhrp2 vary considerably between countries and within
the same country [16, 19]. Yemeni isolates showed high
to moderate numbers of the repeat types 2, 7, 6 and 1
within pfhrp2 (means: 9.85, 4.97, 4.11 and 3.01, respect-
ively) which is higher than what it has been reported in
Thailand, the Philippines, Madagascar, Papua New
Guinea and South America [16, 19, 26].
Our findings revealed that the HRP2-based RDT pos-

sessed good sensitivity; a low parasitaemia level of 139
asexual stages/μl was strongly detectable by RDT. On
the other hand, parasitaemia levels below 100 parasites/
μl were found either weakly detectable (98 parasites/μl)
or totally not detected (65 parasites/μl). These results
correspond to RDT results on the Yemeni isolates as we
found that detection rate increased with parasitaemia
level. However, low detection rate (44.4 %) was reported
with samples of very low parasitaemia (i.e., < 100 para-
sites/μl), as well as two samples (positive with microscopy
and pfhrp2-PCR) with moderate and high parasitaemia
were found negative. These are in agreement with previ-
ous studies which revealed that most of the RDT show ex-
cellent detection rates for P. falciparum at a parasitaemia
greater than 500 parasites/μl, with most of the variation
reported at relatively low-level parasitaemia [7, 10, 21].
Moreover, RDT negative results were reported with sam-
ples of high-level parasitaemia [27, 28]. This variation
could be attributed to either RDT device-related factors
such as poor manufacture and deterioration of the device
or parasite-related factors such as the level of parasitemia,
variability in the target epitopes of the parasite antigen, or
quantity of parasite antigen produced by the parasite or
present in the peripheral blood, or malaria transmission
season [7, 19, 29].
Overall, the present study showed that the sensitivity

and specificity of the used HRP2-based RDT were high
(90.5 % and 96.1 %, respectively). This was supported by
a very good level of agreement between the results of
microscopy and RDT tests (Kappa = 0.867). The sensitiv-
ity of PfHRP2-based RDT from other reports varied
worldwide, ranging from > 90 % (high) to 43.7 % (low)
compared to the gold standard microscopy and/or PCR
[30–34]. Within the same context, a previous study
conducted at the eastern part of Yemen during a malaria
outbreak aimed to evaluate the accuracy of PfHRP2-
based RDT among 25 falciparum malaria patients,
revealed a sensitivity, specificity and positive predictive
value of 74 %, 94 % and 68 % respectively when com-
pared to the microscopy [35]. However, the small sample
size used in the above study, as well as the potential
genetic variation in isolates from the eastern part of
Yemen collected during an outbreak when compared to
the isolates in this study from malaria endemic areas in
western Yemen should be taken into consideration.
In the present study, one sample was found positive

for falciparum malaria by microscopy and HRP2-RDT
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while it was negative by PfHRP2-PCR. The DNA quality
was confirmed by successful PCR amplification of both
falciparum 18S rRNA and pfhrp3 genes. Moreover, the
HRP2 PCR protocol was tested against falciparum malaria
DNA samples with the same and lower parasite densities
which all yielded successful amplification for HRP2 gene
suggesting PfHRP2 gene deletion. Due to pfhrp3 and
pfhrp2 structural homology, pfhrp3 can cross-react with
HRP2-coated antibodies in the RDT [36], and this may
explain the false positive PfHRP2-RDT result by our study.
On the other hand, pfhrp2 gene deletion was reported
worldwide and more extensively from South America. It
was first reported among Peruvian isolates; 41 % of the
malaria-microscopically positive isolates have been found
negative by RDT, and failed to amplify the PfHRP2 gene by
PCR [17]. Later, studies from Brazil and Peru [22, 37, 38],
Mali in Africa [9], and from India in Asia have
reported false negative RDT results due to a pfhrp2
gene deletion [25].

Conclusions
The findings of this study provide insights into the gen-
etic diversity of pfhrp2 in P. falciparum isolates from
Yemen, and reveal that pfhrp2 is highly polymorphic in
these isolates. CareStart™ one-step HRP2-based RDT
showed high performance especially for those cases with
parasitaemia of >100 parasites/μl. The isolates used by
this study were from endemic areas of the Tehama re-
gion only. Therefore, population-based studies from
other endemic areas throughout Yemen are recom-
mended in order to genetically analyze the P. falciparum
isolates based on PfHRP2, and to accurately determine
the prevalence of parasites that cannot be detected using
the PfHRP2 RDT.
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Additional file 1: Performance of CareStart™ malaria HRP2-RDT
against serial dilutions of parasite densities.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
Conceived and designed the experiments: WMA HMA JS LYL. Sampling and
perform the lab. experiments: WMA HS AKA NAN SD AMA. Analyzed the
data and wrote the paper: WMA HMA. Provided logistic support for data
collection and field work: AA. Revised the manuscript critically for
important intellectual content: HMA JS II LYL FMY. All authors read and
approved the final manuscript.

Acknowledgments
We gratefully acknowledge the National Malaria Control Programme (NMCP)
staff for their generous cooperation during this study. The authors are very
grateful to Mr. Khaled Al-Mansab of the NMCP for providing the map of the
malaria distribution in Yemen in 2012. The authors are also very thankful to
Bajil malaria team represented by Dr. Yehea A. Aamer, Fathya S. Bukair and
Fatima Y. Hasan for their fruitful help in samples collection and malaria cases
management. We thank Malaria Research and Reference Reagent Resource
Centre (MR4), ATCC®, Manassas, VA, USA for providing us with Plasmodium
falciparum parasite lines 3D7 (MRA-102G), HB3 (MRA-155G) and Dd2 (MRA-
150G) deposited by MR4. The work presented in this paper was funded by
University of Malaya High Impact Research Grant UM-MOHE (UM.C/625/1/
HIR/MOHE/MED/18) from the Ministry of Higher Education Malaysia.

Author details
1Department of Parasitology, Faculty of Medicine, University of Malaya, 50603
Kuala Lumpur, Malaysia. 2Department of Microbiology and Parasitology,
Faculty of Medicine and Health Sciences University of Aden, Aden, Yemen.
3Azal National Research Centre, Azal University for Human Development, 447
Sana’a, Yemen. 4Department of Parasitology, Faculty of Medicine and Health
Sciences, Sana’a University, 1247 Sana’a, Yemen. 5National Malaria Control
programme, Ministry of Public Health and Population, Sana’a, Yemen.

Received: 13 May 2015 Accepted: 13 July 2015
References
1. World Health Organization. World Malaria Report 2014. Geneva: WHO; 2014.
2. Al-Mekhlafi AM, Mahdy MA, Al-Mekhlafi HM, Azazy AA, Fong MY. High

frequency of Plasmodium falciparum chloroquine resistance marker (pfcrt
T76 mutation) in Yemen: an urgent need to re-examine malaria drug policy.
Parasit Vectors. 2011;4:94. doi:10.1186/1756-3305-4-94.

3. Abdul-Ghani R, Farag HF, Allam AF, Shawky SM. Prevailing Plasmodium
falciparum dihydrofolate reductase 108-asparagine in Hodeidah, Yemen: A
questionable sulfadoxine-pyrimethamine partner within the artemisinin-
based combination therapy. Acta Trop. 2014;132:39–44. doi:10.1016/
j.actatropica.2013.12.022.

4. Partnership RBM. The Global Malaria Action Plan for a Malaria Free World.
Geneva: RBMP; 2008.

5. Malaria in Saudi Arabia. Middle East Health. 2013. http://
www.middleeasthealthmag.com/jul2013/meupdate.htm. Accessed 13
Oct 2014.

6. Murray CK, Bennett JW. Rapid diagnosis of malaria. Interdiscip Perspect
Infect Dis. 2009;415953. doi:10.1155/2009/415953.

7. World Health Organization. Malaria rapid diagnostic test performance results
of WHO product testing of malaria RDTs: round 3 (2010–2011). Geneva:
WHO; 2011.

8. Bastiaens GJH, Bousema T, Leslie T. Scale-up of malaria rapid diagnostic
tests and artemisinin- based combination therapy: challenges and
perspectives in sub-Saharan Africa. PLoS Med. 2014;11(1):e1001590.
doi:10.1371/journal.pmed.1001590.

9. Koita O, Doumbo OK, Ouattara A, Tall LK, Konaré A, Diakité M, et al. False-
negative rapid diagnostic tests for malaria and deletion of the histidine-rich
repeat region of the hrp2 gene. Am J Trop Med Hyg. 2012;86(2):194–8.
doi:10.4269/ajtmh.2012.10-0665.

10. Wurtz N, Fall B, Bui K, Pascual A, Fall M, Camara C, et al. Pfhrp2 and pfhrp3
polymorphisms in Plasmodium falciparum isolates from Dakar, Senegal:
impact on rapid malaria diagnostic tests. Malar J. 2013;12:34. doi:10.1186/
1475-2875-12-34.

11. Deme A, Park DJ, Bei AK, Sarr O, Badiane AS, Gueye Pel H, et al. Analysis of
pfhrp2 genetic diversity in Senegal and implications for use of rapid
diagnostic tests. Malar J. 2014;13:34. doi:10.1186/1475-2875-13-34.

12. World Health Organization. Report on the regional workshop on
strengthening quality management systems for parasitological diagnosis of
malaria. Geneva: WHO; 2011.

13. National Information Centre, Yemen. http://www.yemen-nic.info/sectors/
popul. Accessed 18 Mar 2015.

14. Avila PE, Kirchgatter K, Brunialti KC, Oliveira AM, Siciliano RF, Di Santi SM.
Evaluation of a rapid dipstick test, Malar-CheckÔ, for the diagnosis of
Plasmodium falciparum malaria in Brazil. Rev Inst Med Trop Sao Paulo.
2002;44(5):293–6.

15. Singh B, Bobogare A, Cox-Singh J, Snounou G, Abdullah MS, Rahman HA. A
genus- and species-specific nested polymerase chain reaction malaria
detection assay for epidemiological studies. Am J Trop Med Hyg.
1999;60(4):687–92.

16. Mariette N, Barnadas C, Bouchier C, Tichit M, Menard D. Country-wide
assessment of the genetic polymorphism in Plasmodium falciparum and

http://www.parasitesandvectors.com/content/supplementary/s13071-015-1008-x-s1.tif
http://dx.doi.org/10.1186/1756-3305-4-94
http://dx.doi.org/10.1016/j.actatropica.2013.12.022
http://dx.doi.org/10.1016/j.actatropica.2013.12.022
http://www.middleeasthealthmag.com/jul2013/meupdate.htm
http://www.middleeasthealthmag.com/jul2013/meupdate.htm
http://dx.doi.org/10.1371/journal.pmed.1001590
http://dx.doi.org/10.4269/ajtmh.2012.10-0665
http://dx.doi.org/10.1186/1475-2875-12-34
http://dx.doi.org/10.1186/1475-2875-12-34
http://dx.doi.org/10.1186/1475-2875-13-34
http://www.yemen-nic.info/sectors/popul
http://www.yemen-nic.info/sectors/popul


Atroosh et al. Parasites & Vectors  (2015) 8:388 Page 8 of 8
Plasmodium vivax antigens detected with rapid diagnostic tests for malaria.
Malar J. 2008;7:219. doi:10.1186/1475-2875-7-219.

17. Gamboa D, Ho MF, Bendezu J, Torres K, Chiodini PL, Barnwell JW, et al. A
large proportion of P. falciparum isolates in the Amazon region of Peru lack
pfhrp2 and pfhrp3: implications for malaria rapid diagnostic tests. PLoS One.
2010;5(1):e8091. doi:10.1371/journal.pone.0008091.

18. Cheng Q, Gatton ML, Barnwell J, Chiodini P, McCarthy J, Bell D, et al.
Plasmodium falciparum parasites lacking histidine-rich protein 2 and 3: a
review and recommendations for accurate reporting. Malar J. 2014;13:283.
doi:10.1186/1475-2875-13-283.

19. Baker J, McCarthy J, Gatton M, Kyle DE, Belizario V, Luchavez J, et al. Genetic
diversity of Plasmodium falciparum histidine-rich protein 2 (PfHRP2) and its
effect on the performance of PfHRP2-based rapid diagnostic tests. J Infect
Dis. 2005;192(5):870–7.

20. World Health Organization. Malaria rapid diagnostic test performance results
of WHO product testing of malaria RDTs: round 3 (2010–2011). Geneva:
WHO; 2011.

21. Baker J, Ho MF, Pelecanos A, Gatton M, Chen N, Abdullah S, et al. Global
sequence variation in the histidine-rich proteins 2 and 3 of Plasmodium
falciparum: implications for the performance of malaria rapid diagnostic
tests. Malar J. 2010;9:129. doi:10.1186/1475-2875-9-129.

22. Akinyi S, Hayden T, Gamboa D, Torres K, Bendezu J, Abdallah J, et al.
Multiple genetic origins of histidine-rich protein 2 gene deletion in
Plasmodium falciparum parasites from Peru. Sci Rep. 2013;3:2797.
doi:10.1038/srep02797.

23. National Centre of Biotechnology Information. www.ncbi.nlm.nih.gov/gene/
9221889. Accessed 18 Mar 2015.

24. Lee N, Gatton ML, Pelecanos A, Bubb M, Gonzalez I, Bell D, et al.
Identification of optimal epitopes for Plasmodium falciparum rapid
diagnostic tests that target histidine-rich proteins 2 and 3. J Clin Microbiol.
2012;50(4):1397–405. doi:10.1128/JCM.06533-11.

25. Kumar N, Singh JP, Pande V, Mishra N, Srivastava B, Kapoor R, et al. Genetic
variation in histidine rich proteins among Indian Plasmodium falciparum
population: possible cause of variable sensitivity of malaria rapid diagnostic
tests. Malar J. 2012;11:298. doi:10.1186/1475-2875-11-298.

26. Rock EP, Marsh K, Saul AJ, Wellems TE, Taylor DW, Maloy WL, et al.
Comparative analysis of the Plasmodium falciparum histidine-rich proteins
HRP-I, HRP-II and HRP-III in malaria parasites of diverse origin. Parasitology.
1987;95:209–27.

27. Playford EG, Walker J. Evaluation of the ICT malaria P.f/P.v and the OptiMal
rapid diagnostic tests for malaria in febrile returned travellers. J Clin
Microbiol. 2002;40(11):4166–71.

28. Iqbal J, Hira PR, Sher A, Al Enezi AA. Diagnosis of imported malaria by
Plasmodium lactate dehydrogenase (pLDH) and histidine-rich protein 2
(PfHRP-2)-based immunocapture assays. Am J Trop Med Hyg. 2001;64(1–2):20–3.

29. Diarra A, Nébié I, Tiono A, Sanon S, Soulama I, Ouédraogo A, et al. Seasonal
performance of a malaria rapid diagnosis test at community health clinics in
a malaria-hyperendemic region of Burkina Faso. Parasit Vectors. 2012;5:103.
doi:10.1186/1756-3305-5-103.

30. McMorrow ML, Masanja MI, Kahigwa E, Abdulla SM, Kachur SP. Quality
assurance of rapid diagnostic tests for malaria in routine patient care in
rural Tanzania. Am J Trop Med Hyg. 2010;82(1):151–5. doi:10.4269/
ajtmh.2010.09-0440.

31. Bell D, Wilson D, Martin L. False-positive results of a Plasmodium falciparum
histidine-rich protein 2–detecting malaria rapid diagnostic test due to high
sensitivity in a community with fluctuating low parasite density. Am J Trop
Med Hyg. 2005;73(1):199–203.

32. Tahar R, Sayang C, Ngane Foumane V, Soula G, Moyou-Somo R, Delmont J,
et al. Field evaluation of rapid diagnostic tests for malaria in Yaounde,
Cameroon. Acta Trop. 2013;125(2):214–9. doi:10.1016/
j.actatropica.2012.10.002.

33. McMorrow ML, Masanja MI, Abdulla SMK, Kahigwa E, Kachur SP. Challenges
in routine implementation and quality control of rapid diagnostic tests for
malaria–Rufiji district, Tanzania. Am J Trop Med Hyg. 2008;79(3):385–90.

34. Fancony C, Sebastiao Y, Pires J, Gamboa D, Nery S. Performance of
microscopy and RDTs in the context of a malaria prevalence survey in
Angola: A comparison using PCR as the gold standard. Malar J. 2013;12:284.
doi:10.1186/1475-2875-12-284.

35. Ghouth A, Nasseb F, Al-Kaldy K. The accuracy of the first response histidine-rich
protein2 rapid diagnostic test compared with malaria microscopy for guiding
field treatment in an outbreak of falciparum malaria. Trop Parasitol.
2012;2(1):35–7. doi:10.4103/2229-5070.97237.

36. Wellems T, Howard R. Homologous genes encode two distinct histidine-rich
proteins in a cloned isolate of Plasmodium falciparum. Proc Natl Acad Sci U
S A. 1986;83(16):6065–9.

37. Houzé S, Hubert V, Le Pessec G, Le Bras J, Clain J. Combined deletions of
pfhrp2 and pfhrp3 genes results in Plasmodium falciparum malaria false
negative rapid diagnostic test. J Clin Microbiol. 2011;49(7):2694–6.
doi:10.1128/JCM.00281-11.

38. Maltha J, Gamboa D, Bendezu J, Sanchez L, Cnops L, Gillet P, et al. Rapid
diagnostic tests for malaria diagnosis in the Peruvian Amazon: impact of
pfhrp2 gene deletions and cross-reactions. PLoS One. 2012;7(8):43094.
doi:10.1371/journal.pone.0043094.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

http://dx.doi.org/10.1186/1475-2875-7-219
http://dx.doi.org/10.1371/journal.pone.0008091
http://dx.doi.org/10.1186/1475-2875-13-283
http://dx.doi.org/10.1186/1475-2875-9-129
http://dx.doi.org/10.1038/srep02797
http://www.ncbi.nlm.nih.gov/gene/9221889
http://www.ncbi.nlm.nih.gov/gene/9221889
http://dx.doi.org/10.1128/JCM.06533-11
http://dx.doi.org/10.1186/1475-2875-11-298
http://dx.doi.org/10.1186/1756-3305-5-103
http://dx.doi.org/10.4269/ajtmh.2010.09-0440
http://dx.doi.org/10.4269/ajtmh.2010.09-0440
http://dx.doi.org/10.1016/j.actatropica.2012.10.002
http://dx.doi.org/10.1016/j.actatropica.2012.10.002
http://dx.doi.org/10.1186/1475-2875-12-284
http://dx.doi.org/10.4103/2229-5070.97237
http://dx.doi.org/10.1128/JCM.00281-11
http://dx.doi.org/10.1371/journal.pone.0043094

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Study area
	Plasmodium falciparum isolates

	DNA extraction
	Evaluation of HRP2-RDT performance
	Molecular identification and pfhrp2 sequencing
	Data analysis

	Results
	Discussion
	Conclusions
	Additional file
	Competing interests
	Authors’ contributions
	Acknowledgments
	Author details
	References



