
Nationwide Surveillance of Pfhrp2 Exon 2 Diversity in Plasmodium falciparum
Circulating in Symptomatic Malaria Patients Living in Ghana

Dorcas G. Bredu,1 George K. Ahadzi,2 Dickson Donu,1 Nana Y. Peprah,3 Alexander Asamoah,3 George A. Asumah,3

Benjamin Abuaku,4 Kwame K. Asare,5 Dorcas Obiri-Yeboah,2,6 Colby T. Ford,8,9 Eugenia Lo,7,9 Keziah L. Malm,3

and Linda E. Amoah1*
1Department of Immunology, Noguchi Memorial Institute for Medical Research, University of Ghana, Accra, Ghana; 2Department of Microbiology
and Immunology, School of Medical Sciences, College of Health and Allied Sciences, University of Cape Coast, Cape Coast, Ghana; 3National

Malaria Control Program, Ghana Health Services, Accra, Ghana; 4Department of Epidemiology, Noguchi Memorial Institute for Medical Research,
University of Ghana, Accra, Ghana; 5Department of Biomedical Science, School of Allied Health Sciences, College of Allied Health Sciences,
University of Cape Coast, Cape Coast, Ghana; 6Directorate of Research, Innovation and Consultancy, University of Cape Coast, Cape Coast,
Ghana; 7Department of Bioinformatics and Genomics, University of North Carolina, Charlotte, North Carolina; 8Department of Biological

Sciences, University of North Carolina, Charlotte, North Carolina; 9School of Data Science, University of North Carolina, Charlotte, North Carolina

Abstract. Reports of increasing false-negative HRP2-based rapid diagnostic test results across Africa require constant
monitoring of factors associated with these false-negative outcomes, as failure of this diagnostic tool will have severe conse-
quences on malaria treatment and control programs. This study characterized the extent of genetic diversity in the Plasmo-
dium falciparum histidine-rich protein 2 (Pfhrp2) gene in P. falciparum isolates from symptomatic malaria patients across the
regions of Ghana. Exon 2 of Pfhrp2 was amplified from gDNA using polymerase chain reaction. All Pfhrp2-negative samples
were subjected to Pf18S rRNA and Pfmsp2 gene amplifications. The amplified Pfhrp2 exon 2 fragments from clonal samples
were sent for commercial Sanger sequencing. The type and number of PfHRP2 repeats, classified based on repeat types pre-
viously reported, were estimated from the sequence data and compared among geographical regions. About 81% (2,333/
2,890) of the original microscopy positive dried blood spot (DBS) samples were available and used in this study. The Pfhrp2
exon 2 amplification was successful in 98.5% (2,297/2,333) of the tested samples, with band size ranging from 400 bp to
1,050 bp. A total of 13 out of the 24 previously reported repeat types were identified among the samples, with three samples
lacking both type 2 and type 7 repeat motifs. This study suggested that the genetic diversity of Pfhrp2 exon 2 identified in P.
falciparum circulating in symptomatic malaria patients in Ghana is unlikely to influence the sensitivity and specificity of HRP2
RDT-based diagnosis.

INTRODUCTION

Malaria remains one of the most important infectious dis-
eases in humans particularly in Africa, causing millions of ill-
nesses and thousands of deaths each year, with most
deaths occurring in young children.1 The ability to reliably
diagnose malaria infections accurately and rapidly is essen-
tial to both the management of individual patients as well as
public health efforts to control and eliminate the disease.2

Microscopy remains the gold standard for malaria diagno-
sis, however, it is not a rapid diagnostic tool and requires
well-trained microscopists to read the blood smears. Thus,
there is a need for rapid diagnostic tools with higher sensitivi-
ties than microscopy that are user friendly.3 Polymerase chain
reaction (PCR) is a highly sensitive molecular tool that can
detect ultra-low parasite densities, but it requires sophisti-
cated and expensive equipment and reagents, highly trained
staff, and a reliable source of power.4 In Africa and most
malaria endemic countries, PCR is used primarily for research
in advanced facilities but not as a point of care diagnostic tool.
Rapid diagnostic tests (RDT) for malaria are user-friendly point
of care devices that do not require electricity and highly skilled
personnel to operate. Although they are not as sensitive as
PCR, RDT are ideal for use in remote areas where accurate
diagnosis by microscopy is not available.4,5

To date, there are many commercially available RDT for
malaria, with the most used ones detecting Plasmodium falcip-
arum histidine-rich protein 2 (PfHRP2), parasite lactate dehy-
drogenase enzyme (LDH), or aldolase.2 Malaria in Ghana and

most parts of the WHO Africa Region is primarily caused by P.
falciparum and as such the most used malaria RDT detects pri-
marily PfHRP2 or in some cases PfLDH antigens, both of which
are specific to detecting P. falciparum. The PfHRP2-based
malaria RDTs are considered the most sensitive for P. falcipa-
rum detection whereas the PfLDH RDTs are most specific.6

Malaria diagnosis by RDT can be affected by the parasite den-
sity of the sample, misinterpretation of test results, and/or
improper handling and storage of test, resulting in false-
negative or false-positive diagnoses.6,7 False-negative results
by PfHRP2-based RDT can also occur due to the deletion of
the Pfhrp2 and Pfhrp3 genes in some parasite isolates, low lev-
els of circulating HRP2 antigens, and the prozone effect.8 An
earlier study conducted in Ghana reported the prevalence of
false-negative PfHRP-2 based RDT results at about 1%, out of
which low parasite density accounted for about 9% and para-
sites with Pfhrp2 exon2 deletions accounting for about 39%.9

The deletion of Pfhrp2/3 genes and Pfhrp2 gene diversity in
P. falciparum infections have been reported to undermine the
accurate RDT diagnosis.4–6,9 Although there have been a few
reports on the prevalence and distribution of P. falciparum par-
asites with Pfhrp2 gene deletions in Ghana, there are very lim-
ited reports on the distribution and extent of diversity in the
Pfhrp2 gene. Therefore, this study investigated the distribution
and extent of Pfhrp2 gene diversity in P. falciparum from
symptomatic malaria patients across all the regions of Ghana.

MATERIALS AND METHODS

Ethical clearance and approval. Ethical approval for
the study was obtained from the Institutional Review Board
of the Noguchi Memorial Institute for Medical Research
(CPN #068/17-18). Participants of all age groups were
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eligible to be enrolled into the study. Written informed con-
sent was obtained from all adults and parental consent was
obtained from the parent/guardian of all children below the
age of 17 years and child assent was obtained from all chil-
dren aged between 12 and 17 years.
Study site and sample collection. The study used sam-

ples from an earlier cross-sectional study that recruited
19,787 suspected malaria patients aged between 1 and
94 years old from 100 health facilities distributed across
Ghana, (Supplemental Table 1), from May to August (during
the peak malaria season) of 2018.9 The original study col-
lected 2 mL of peripheral blood from each study participant
into an ethylenediaminetetraacetic acid (EDTA) Vacutainer
tube. An aliquot of the whole blood was used to spot a com-
monly used malaria RDT supplied by the National Malaria
Control Program (NMCP), the CareStartVR malaria HRP2 RDT
kit (Assess Bio, Inc, USA) according to the manufacturer’s
instructions, and to prepare a thick and thin blood smear
using a standard procedure.10 Four separate 50 mL drops of
whole blood was dropped onto the filter paper strip (labeled
with the same ID as the whole blood sample), which was air
dried and kept individually in a ZiplocVR bag containing a des-
iccant. The Ziploc bags containing the individual blood spots
(DBS) were then stored in a 14�C cold room until used. The
remaining whole blood sample was separated into packed
cells and plasma and independently stored at 220�C until
needed. Each time blood spots were punched out of a filter
paper strip; it was returned to the 14�C cold room
for storage. Samples selected for this study included all
samples that were confirmed in the original study to contain
P. falciparum by microscopy. The Plasmodium parasite den-
sity of each sample was estimated from the thick blood
smears as the number of parasites counted against 200 white
blood cells (WBCs) multiplied by 40, based on the assumption
that 1 mL of blood contains 8,000 WBCs. The demographic
data for all the selected samples, including the microscopy
data was obtained from the original study database.
DNA extraction. Genomic DNA (gDNA) was extracted

from two 3-mm diameter discs of dried blood that was
punched out of the DBS, which had been stored at 14�C for
about 18 months using the Saponin-Chelex method previ-
ously described.9 The supernatant containing the gDNA was
stored in a sterile 0.5-mL microfuge tube and used immedi-
ately or stored at220�C.
Plasmodium species identification. The conserved

regions of the 18S rRNA gene of P. falciparum was PCR
amplified using a protocol previously described by Amoah
et al.9 and others.11,12 Briefly, the 15 mL total reaction volume
of the primary reaction contained 1X PCR buffer, 167 nM
dNTPs, 2.5 mM MgCl2, 80 nM of the genus-specific primer
rPLU1 (forward) and rPLU5 (reverse), 1 U of OneTaq DNA
polymerase, and about 3 mL of DNA template. The secondary
(nested) reaction contained similar composition of reagents
as the primary reaction; however, the species-specific primer
set rFAL1 (forward) and rFAL2 (reverse) and 0.5 mL of the pri-
mary reaction product were used as the template. The nested
PCR products were separated on a 2% agarose gel pre-
stained with ethidium bromide and visualized using a Vilber
gel documentation system (Vilber, France).
Amplification of Pfhrp2 exon 2. Dreamtaq Master Mix

was used to PCR amplify exon 2 of the pfhrp2 gene from 3 mL
of extracted gDNA (DNA template). The 15 mL primary reaction

mixture contained 0.56 mM of forward primer, PfHRP2-F1 and
reverse primer, PfHRP2-R1.9 All samples that failed to yield an
amplicon after the primary PCR reaction were subjected to a
secondary semi-nested PCR using a similar reaction mix and
PCR conditions as stated earlier with the exception that for-
ward primer, PfHRP2-F2 and reverse primer, PfHRP2-R1 were
used. Genomic DNA from the NF54 P. falciparum isolate
(MRA 1000G) was used as a positive control. The sequence
and melting temperature of all primers used in this study are
listed in Supplemental Table 2.
The PfHRP2 exon 2 gene sequencing. Genomic DNA

from all samples that yielded a single band after amplification of
the Pfhrp2 exon 2 from both the primary and semi-nested PCR
were selected for Pfhrp2 exon 2 gene sequencing. Briefly, 3 mL
of extracted gDNA was amplified using Amplitaq GoldVR Fast
PCR Master Mix (2X) (Applied Biosystems, USA) in a 25mL
reaction volume, using primers PfHRP2-F1 and PfHRP2-R1 (for
nest 1 products) or PfHRP2-F2 and PfHRP2-R1 (for nest 2
products). The PCR products were subsequently sent for com-
mercial Sanger sequencing (Macrogen Europe Laboratory, The
Netherlands). Bidirectional sequencing was performed on all
the samples, using PfHRP2-R1 and PfHRP2-F1 for nest 1 prod-
ucts and PfHRP2-R1 and PfHRP2-F2 for nest 2 products. The
amplified PfHRP2 exon 2 from NF54 P. falciparum isolate (MRA
1000G) was used as a positive control for the sequenc-
ing reactions.
Merozoite surface protein 2 genotyping. The polymor-

phic region of merozoite surface protein 2 (msp2) block 3 was
genotyped using a previously described nested PCR10,13,14 to
further confirm the presence or absence of P. falciparum DNA
in samples that remained negative for pfhrp2 after the
semi-nested reaction gDNA from K1 (MRA-155G) and 3D7
(MRA-102G) P. falciparum strains were used as positive con-
trols and nuclease-free water was used as the negative con-
trol (no template control).
Analysis of Pfhrp2 exon 2 gene sequence. The sequence

data (ab1 files) obtained from Sanger sequencing were proc-
essed and cleaned of the noisy and unevenly spaced traces
of nucleotides and analyzed using CodonCode aligner pro-
gram v. 6.0.2 (CodonCode Corporation, Centerville, MA).
The nucleotide sequences were translated into the corre-
sponding amino acid sequence with correct open reading
frame using online software ExPASy Translate Tool (Swiss
Institute of Bioinformatics Resource Portal; www.expasy.
org). The correct reading frame was determined by selecting
the frame that resulted in the most histidine residues and no
stop codons in the continuous sequence (Supplemental
Table 3). The translated amino acid sequences data were
aligned to PfHRP2 exon 2 amino acid sequence from the
Pf3D7 reference strain (PF3D7_0831800) using MAFFT ver-
sion 7 for multiple alignment program for amino acid or
nucleotide sequences.15 The PfHRP2 repeats were classi-
fied based on previously reported repeat types.
Data analysis. Statistical analyses were performed using

IBM SPSS v. 26 (IBM Corp., Armonk, NY) to calculate the
frequency, median, mean, standard error, and other descrip-
tive statistics of the demographic as well as the Pfhrp2
sequence data. The R package was used to locate and
count each of the 24 previously reported repeat types in
each PfHRP2 gene sequence. The data were then combined
with the location and demographic metadata such that the
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occurrence of each motif type was compared regionally and
by gender.

RESULTS

Out of the 2,890 microscopic-positive samples, 2,333 DBS
were identified to contain enough blood sample and selected
for further molecular screening (Figure 1). A total of 20.3%
(465/2,286) of the microscopic-positive samples had low para-
sitemia , 5,000 parasites/mL (mean 6 SD 5 1,789 6 1,378,
range 5 16–4,983 parasites/mL) (Table 1). There were generally
more samples from females (55.4%) than males and samples
from the Greater Accra region were from significantly older
participants than those from the other nine regions (analysis
of variance [ANOVA], P 5 0.037). The highest number of
samples were from the Ashanti region (N 5 364), whereas
the smallest number of samples (N 5 111) were from the
Eastern region (Table 1). Overall, 94.7% (N 5 2,199) of the
samples tested positive by the HRP2 RDT used in the study
(Table 1). A total of 36/2,333 (1.5%) samples were identified
that lacked exon 2 of the Pfhrp2 gene; however, all except 2
tested positive for P. falciparum using theHRP2 RDT. These
samples were distributed in all the regions except for the
Upper East region (Table 2). Of the 36 samples that tested
negative based on the PfHRP2 exon 2 amplification, 29
(80.6%) tested positive for P. falciparum based on amplifica-
tion of the 18S rRNA gene and themsp2 gene.
Pfhrp2 exon 2 gene size diversity. The Pfhrp2 gene frag-

ments among the Pfhrp2-positive samples ranged from
400 bp to 1,050 bp and were categorized into groups vary-
ing by about 50 bp (Figure 2). The Pfhrp2 variants of size
between 650 bp and 1,000 bp were identified in samples
from all the 10 regions. By contrast, variants including the
400 bp, 450 bp, 500 bp, 550 bp, and the 1,050 bp were iden-
tified only in samples from selected regions. For example,
the 400 bp variant was only identified in the Brong Ahafo,
Central, and Upper East regions, whereas the 500 bp variant
was only identified in the Ashanti, Brong Ahafo, Central and
Northern regions. The 550 bp and 1,050 bp variants were
found in six and eight regions, respectively. Four of the five
least common variants were present in samples from the
Central and Volta regions (Figure 2). The Eastern Region had
the lowest number of Pfhrp2 exon 2 size variants.
Genetic diversity in exon 2 of the Pfhrp2 gene. Out of

the 2,295 samples from which Pfhrp2 exon 2 was success-
fully amplified, only 286 yielded a single Pfhrp2 band, and
were thus classified as clonal at the Pfhrp2 locus and
selected for sequencing. Among the sequences obtained,
208 (72%) were of high enough quality to derive consensus
sequences for subsequent analyses. The nucleotide sequen-
ces were translated into amino acid sequences using the
standard translation table, utilizing the reading frame that
produced the most histidine residues. Among the 24 PfHRP2
repeat types,4 13 types were observed in the 208 samples.
Types 2, 4, and 7 were most commonly among all samples
whereas type 14 was only observed in six of the samples
(Supplemental Table 4). The number of repeats was shown
to be the same for some repeat types across all samples.
For example, there were nine repeats of types 1, 2, 3, 5, and
14, three repeats of types 4 and 9, six repeats of types 6, 7,
8, and 13, and five repeats of type 19 found consistently
across the samples (Supplemental Table 4). There were
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110 samples that lacked both repeat type 2 and type 7; 99 of
these tested positive by the HRP2 RDT kit (Supplemental
Table 4).
The total number of repeats, regardless of the type,

ranged from 3 to 91 (Supplemental Table 4). Compared with
the reference 3D7, which has 95 total repeats, one sample
from the Central region and the other from Western region
had the largest number of repeats (N 5 91), giving the lon-
gest Pfhrp2 exon 2. By contrast, two samples (one from
Greater Accra region and the other from Western region) had
the smallest number of repeats and shortest Pfhrp2 exon 2
fragments. The 13 repeat types were found in all 10 regions
of Ghana without clear geographical differences (Figure 3).
Although type 14 was only found in six P. falciparum iso-
lates, these isolates were distributed broadly across Ghana.
In each region, the number of repeat types varied widely,
despite the differences in sample size among regions (Figure
3). Further comparison between genders indicated slight but
non-significant difference in the variation of repeat number
(Supplemental Figure 2).

DISCUSSION

Genetic diversity in the malaria parasites is a major chal-
lenge to malaria control interventions and diagnosis, as
such, continued surveillance activities in expanded settings
could help inform the implementation of appropriate control
interventions. There have been a number of reports on para-
site diversity as a whole in Ghana based on parasite surface
proteins such as MSP1 and MSP2,1 and microsatellite
markers.14 Deletions as well as variations in the Pfhrp2 gene
sequence may interfere with effective malaria diagnosis
using PfHRP2-based RDT.16 The pLDH RDT are not rou-
tinely used for malaria diagnosis in Ghana, mainly because
the combo RDTs have proven in a number of studies to have
much lower sensitivities relative to the HRP2-based RDT.
Despite the advent of parasites with Pfhrp2 exon 2 gene
deletions, the superior sensitivities of PfHRP2-based malaria
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FIGURE 1. Flow chart of sample processing for the samples that
tested negative for exon 2 of the Pfhrp2 gene. The integrity of the
DNA was further evaluated using msp2 genotyping (Supplemental
Figure 1). Out of the total samples, RDT data were not available for 11
samples. msp2 5 merozoite surface protein 2; Neg 5 negative;
Pfhrp25 Plasmodium falciparum histidine-rich protein 2; Pos5 posi-
tive; RDT5 rapid diagnostic test.
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RDT relative to presently available pLDH-based malaria RDT
have prevented the large-scale use of pLDH-based RDT for
routine malaria diagnosis. Challenges with the use of micros-
copy, the gold standard for malaria diagnosis in many rural
settings in Africa, including Ghana where malaria incidence
is high, such as the unstable nature of power supply and the
slow turnaround time, both of which make the use of the
PfHRP2-based malaria RDT still a very attractive diagnostic
tool for diagnosing clinical malaria cases and make the
nationwide surveillance of the efficiency of the PfHRP2 RDT
cost effective.
There are a few reports on Pfhrp2 gene deletions in

Ghana, but so far, only one of them examined the diversity
of the Pfhrp2 gene among parasites from one region (the
Volta region) of the country.6 This study provided compre-
hensive Pfhrp2 gene diversity data from P. falciparum
isolates harbored in suspected malaria patients attending
several health facilities across all the regions of the country.
Extensive diversity was observed in the Pfhrp2 exon 2

gene sequence within and between the different regions of
the country, with the Eastern region having parasites with
the least number of Pfhrp2 exon 2 size variants. Similar
observations have been reported among P. falciparum iso-
lates from Ethiopia, Kenya, Mali, Uganda, and Senegal.17–19

The range of Pfhrp2 exon 2 size variants identified in this
study is similar to that reported in the China–Myanmar
boarder area and Papua New Guinea,6,20–22 but much
greater than previously reported in the Volta region of
Ghana6 as well as in Yemen.23 Such discrepancy is likely
due to the difference in sample size and collection sites. An
earlier report from the Volta region of Ghana identified 11 dif-
ferent PfHRP2 repeat types,6 whereas 13 PfHRP2 repeat
types were identified in this study, with only eight repeat
types identified from the two sequenced samples from the
Volta region. No sample was identified with the Type 11 and
12 repeat. The type 11 repeat seems to be very rare among

P. falciparum isolates from Africa as it was not observed in
Ghana, Ethiopia, Kenya, Mali, Uganda, and Senegal,6,17–19

similar to the current study. Also, the type 11 repeat was
absent among Yemen P. falciparum isolates.24 The fre-
quency of type 12 repeat varies from country to country,
with isolates from Ethiopia harboring 10.4%17 and isolates
from Kenya identified to harbor between 80% and 99%,18

however, no type 12 repeat was detected in samples from
this study.
The type 2 and type 7 have been suggested to be predic-

tive of the sensitivity of PfHRP2 RDT, with a low number of
these two repeats increasing the likelihood of obtaining a
false-negative HRP2 RDT result.15,25 In this study, there
were only three samples that lacked both the type 2 and
type 7 repeats but no sample lacked only one of the two
repeat types, supporting the notion that these two repeat
types may have complementary function in HRP2 antigen
production. However, the absence of the type 2 and type 7
repeats in a sample did not always result in a negative HRP2
RDT result, consistent with previous reports that showed
these two repeat types are unlikely to be responsible for
altering the sensitivity of HRP2 RDT.4

A few msp2-positive samples did not yield amplicons after
the Pfhrp2 exon 2 amplifications, suggesting possible Pfhrp2
gene deletions or mutations in priming sites or a reduced
efficiency of the PCR used. Majority of these samples, how-
ever, tested positive by the HRP2 RDT test. One possible
explanation is that the HRP2 antigen detected by the RDT
was from a recently cleared malaria infection or that the para-
sites in these samples had high levels of PfHRP3, which is rec-
ognized by some PfHRP2 antibodies and can compensate for
the absence of the Pfhrp2 gene in a sample.26 The sensitivity
of PCR is higher than conventional malaria RDTs given that
some samples that tested negative by the HRP2 RDT test
were identified as positive by different types of PCR, including
the Pfhrp2 exon 2 PCR. This could be explained by

FIGURE 2. Regional distribution of Pfhrp2 exon 2 size variants. AS5Ashanti region; BA 5 Brong Ahafo region; C5 Central region; E5 Eastern
region; GAR 5 Greater Accra region; N 5 Northern region; Pfhrp2 5 Plasmodium falciparum histidine-rich protein 2; UE 5 Upper East region;
UW5 Upper West region; V5 Volta region;W5Western region. The data are represented as a percent of the total number of fragments obtained
from each region and the different colors as described by the legend represent varying Pfhrp2 exon 2 variants. This figure appears in color at
www.ajtmh.org.
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low-density P. falciparum infections and consequently, low cir-
culating PfHRP2 antigens in the infections.
Limitations. The analysis and the determination ofPfHRP2

exon 2 diversity in P. falciparum circulating in Ghana require a
large sample set and high-quality sequencing data. Although
the study startedwith large sample size, only 12%of the sam-
ples were clonal at the Pfhrp2 locus and could be sequenced
using Sanger sequencing as mixed clone samples tend to
produce Sanger sequence results with ambiguities. Also, this
study did not perform genetic analysis on the Pfhrp3 gene,
which is known to play a role in the outcome of PfHRP2
RDTs. In addition, the limit of detection for the Pfhrp2 PCR
used in this study was not evaluated, suggesting that some
Pfhrp2 exon 2 fragments could have beenmissed.

CONCLUSION

This study is the first to report genetic diversity in the
Pfhrp2 gene in samples collected from multiple regions of
Ghana and provides baseline information of the prevalence
and distribution of parasites with Pfhrp2 gene variants. The
study shows that diversity in the Pfhrp2 gene among the
Ghanaian P. falciparum isolates used in this study does not
influence the sensitivity and specificity of HRP2 RDT diagno-
sis in Ghana. However, there is still the need to continue to

monitor Pfhrp2 exon 2 gene diversity, especially exon 2
gene deletions as these have the potential to result in the
failure of routine malaria diagnosis in Ghana.
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