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Abstract

Background Rapid diagnostic tests (RDTs) provide quick, easy, and convenient early diagnosis of malaria ensuring
better case management particularly in resource-constrained settings. Nevertheless, the efficiency of HRP2-based
RDT can be compromised by Plasmodium falciparum histidine-rich protein 2/3 gene deletion and genetic diversity.
This study explored the genetic diversity of PfHRP2/3 in uncomplicated malaria cases from Ethiopia.

Methods A cross-sectional study was conducted from June 2022 to March 2023 at Metehara, Zenzelema

and Kolla Shele health centres, Ethiopia. Finger-prick blood samples were collected for RDT testing and microscopic
examination. For molecular analysis, parasite genomic DNA was extracted from venous blood. Plasmodium falciparum
was confirmed using VarATS real time PCR. Additionally, PfHRP2/3 was amplified, and DNA amplicons were sequenced
using Oxford Nanopore technology.

Results PfHRP2/3 sequences revealed small variations in the frequency and number of amino acid repeat

types per isolate across the three health centres. Twelve and eight types of amino acid repeats were identified

for PfHRP2 and PfHRP3, respectively, which had been previously characterized. Repeat type 1,4 and 7 were present
in both PfHRP2 and PfHRP3 amino acid sequences. Type 2 and 7 repeats were commonly dispersed in PfHRP2,

while repeat types 16 and 17 were found only in PfHRP3. A novel 17V repeat type variant, which has never been
reported in Ethiopia, was identified in six PfHRP3 amino acid sequences. The majority of the isolates, as determined
by the Baker’s logistic regression model, belonged to group C, of which 86% of them were sensitive to PfHRP2-based
RDT. Likewise, PfHRP2-based RDT detected 100% of the isolates in group A (product of type 2 X type 7 repeats > 100)
and 85.7% in group B (product of types 2 X type 7 repeats 50-99) at a parasitaemia level > 250 parasite/pl.

Conclusion This study highlights the significant diversity observed in PfHRP2 and PfHRP3 among clinical isolates
of Plasmodium falciparum in Ethiopia. This emphasizes the necessity for monitoring of PfHRP2- based RDT efficacy
and their repeat type distribution using a large sample size and isolates from various ecological settings.
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Background

Although there has been a declining trend in malaria
prevalence in the last two decades, recent data shows
an alarming increase in both malaria-related morbidity
and mortality worldwide. In 2022, approximately 249
million cases and 608,000 cases were reported globally
[1]. The impact of this preventable disease is particularly
pronounced in Africa, where over 94% global cases and
fatalities occur [1]. Climate change, the emergence of
anti-malaria drug resistant parasites and insecticide-
resistant vectors, the COVID-19 pandemic, and
population displacement due to drought and civil stress
are among the key factors fueling the recent upsurge
in global malaria cases [1, 2]. Malaria is a major public
health problem in Ethiopia, where around 60% of the
population resides in malaria-prone areas [3, 4]. Ethiopia
reported 2.4 million cases of malaria in 2022, [1], with
evidence of resurgences in some parts of the country [5].

Malaria control relies on the use of test and treat
strategies, with a focus on precise diagnosis before
treatment recommendations are made [1, 6]. Globally,
microscopic examination of blood film is considered as
the gold standard diagnostic tool in numerous health
settings, including Ethiopia [3, 6]. Nevertheless, its
utilization in resource-limited areas is hindered by
challenges such as in adequate infrastructure, shortage
of qualified personnel, unstable electric supply, and lack
of high-quality reagents [7, 8]. Conversely, malaria rapid
diagnostic tests (RDTs) have overcome the limitations
of microscopy and offer a convenient, easy, and quick
way for early diagnosis in resource-constrained settings
[8, 9]. RDTs have improved case management across
Ethiopia since its introduction in late 2004, particularly
at peripheral health settings or health posts [3], where
there is no electricity and hence microscopic diagnosis
is impractical. Approximately 10 million RDTs are used
annually in the country, with 70% of health facilities that
provide malaria diagnosis utilizing RDTs [10].

Rapid  diagnostics tests utilize nitrocellulose
membrane-impregnated monoclonal antibodies to
identify Plasmodium antigens [11]. Of the many antigens
available malaria RDTs that target histidine rich protein
2 (HRP2), specific to P falciparum have been widely
used, due to its high sensitivity and heat stability [9,
12]. According to the 2023 World Malaria Report of the
World Health Organization (WHO), for instance, the use
of RDTs has increased with roughly 415 million RDTs
based on HRP2 sold globally in 2022 [1].

PfHRP2 is synthesized during the asexual and early
sexual stages of the life cycle of P falciparum [13, 14],
and shares structural similarities with PfHRP3, allowing
antibodies directed against HRP2 to cross-react with
HRP3 [14-17]. The PfHRP2 and PfHRP3 genes are
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located in the sub telomeric regions of chromosomes 8
and 13, respectively [18, 19]. They are characterized by
variable tandem repeats, which are named as types based
on the repeated motif [15, 20]. Each gene comprises two
exons: exon 2 containing the main encoding sequence,
and exons 1-2 which house signal and cleavage
sequences [18].

HRP2-based RDTs have shown promise in improving
malaria diagnosis in Ethiopia, even though the lower
sensitivity reported recently from various endemic
sites highlights the need for diagnostic performance
monitoring [21, 22]. According to available reports, the
extensive spread of P falciparum that had deletion of
PfHRP2 and PfHRP3 genes poses a threat to the use of
HRP2-based RDTs in Ethiopia [21, 23-25]. Besides,
the genetic diversity of parasites may play a role in the
variation in these test kits performance [26-28]. The
impact of genetic diversity in the PfHRP2 gene on the
diagnostic performance of HRP2-based RDTs is still
not well understood. Studies conducted elsewhere have
demonstrated that variability does not substantially
influence the performance of RDTs [16, 29-31]. On
the other hand, there are studies that have reported the
effects of PfHRP2’s genetic diversity on RDT sensitivity,
resulting in false negatives, especially at very low parasite
densities (less than 200 parasites/pl) [32, 33].

Thus, monitoring the genetic diversity of PfHRP2
is crucial as it has the potential to compromise the
diagnostic performances of RDT-based malaria diagnosis,
thereby promoting timely and appropriate treatment of
suspected patients. Limited data exist regarding PfHRP2
genetic variations and their effects on RDT performance,
with only two studies having examined PfHRP2 diversity
in samples from restricted geographic areas of Ethiopia
in the past [19, 34].

The present study aimed to investigate the genetic
diversity of PfHRP2 and its homologue PfHRP3 in
uncomplicated malaria cases from three malaria-
endemic sites in Ethiopia.

Methods

Study site and design

A cross-sectional health facility-based study was
conducted between June 2022 and March 2023 at the
Metehara, Zenzelema and Kolla Shelle health centres
situated in malaria endemic sites in Ethiopia (Fig. 1).
The study areas were selected to ensure geographical
representation and to reflect the distribution of
malaria transmission across three different ecological
zones in Ethiopia. The Metehara Health Centre is in
Metehara town, central Ethiopia, about 188 kms (Km)
east of Addis Ababa, while the Zenzelema Health
Centre is located 588 km northwest of Addis Ababa.
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Fig. 1 Map of study sites in Ethiopia (generated using Quantum GIS version 3.36.0 software)

The Kolla-Shelle Health Centre is situated in the Arba
Minch Zuria district, 532 kms southwest of Addis
Ababa and roughly 27 kms from Arba Minch town.
The towns of Metehara and Zenzelema experience
year-round malaria transmission, with September
to December being the peak month for transmission
and April to May being the least [5, 35]. In contrast,
the Kolla Shelle district experiences highly seasonal
and unstable malaria transmission [36]. At each of
the three study sites, P falciparum was the most
common parasite species, with prevalence rates of
17% in Metehara, 12.8% in Zenzelema, and 22.8% in
Kolla Shelle [5, 35, 36]. Moreover, the study sites are
all surrounded by water sources, which create ideal
conditions for Anopheles mosquitoes to lay their eggs.
The entomological inoculation rate (EIR) in Kolla
Shelle is 17.1 infectious bites per person per year [37].
Unfortunately, the EIR for Metehara and Zenzelema
has not been documented.

Study population and sample collection

The study populations were malaria-suspected patients,
aged 5 years and older, who attended the selected health
centres during the study period. Patients who had
headaches, chills, sweating, and were febrile at the time
of enrollment, or who had a history of a fever episode
within the preceding 48 h, were screened. Participants
with microscopically confirmed P. falciparum infections
were purposely selected for enrollment. A written
consent or assent was obtained before recruitment in the
study. Patients with severe symptoms of malaria, such as
seizures and decreased consciousness, were not included
in the study.

Samples were obtained following demographic data
collection and prior to initiation of anti-malarial therapy.
Capillary blood samples from finger-pricks were taken
from each study participant for microscopic examination
and PfHRP2 based RDT testing. In addition, three ml of
venous blood was aseptically drawn from each consented
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participant, dispensed into EDTA tubes and stored at
— 20 °C for molecular assays. The general workflow of the
study is described and shown in Fig. 2.

Microscopy and malaria RDT

Thick and thin blood smears were stained with 10%
Giemsa working solution for 10 min and examined under
light microscopy. While thick smears were used to detect
the presence of malaria infection and parasite density,
thin smears were used to identify the species and stages
of maturation of the parasites. A trained laboratory
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technician determined each microscopic examination in
accordance with WHO guidelines [6]. Briefly, slides were
examined by two independent microscopists, blinded
each other across 200 high-power fields, assuming an
average WBC count of 8,000/pl. In cases of discrepancy, a
third independent blinded reading was conducted. Final
parasitaemia values were determined using the Obare
Method Calculator [38].

SD Bioline™ Malaria RDTs (Pf/Pv HRP2/PvLDH) with
product code 05FK80 was used to detect P falciparum
infections. All RDT tests were performed and interpreted

Malaria confirmed patients enrolled from each site
Kolla Shelle, N=100, Zenzelema, N=120, Metehara, N=180

b

Blood samples collection (N=400)

l l

l
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DNA extraction
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l

N=283, -ve, N=117
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!
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'

PfHRP2/3 exon2 PCR, N=263
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PfHRP2/3 exon2 PCR
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PfHRP2/3 exon2 PCR
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31 excluded due to low quality band
(Faint band=23, double band=8)

PfHRP2/3 Amplicon sequencing, N=65

|

l
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exon2 sequences used for

Fig. 2 Study flow chart that shows the overall study procedures for PfHRP2 and 3 genetic diversity analysis, Ethiopia. VarATS: var gene acidic

terminal sequence PCR, — Ve: negative, +Ve: Positive, N: number of samples
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by trained laboratory personnel from the selected health
centres following the manufacturer’s instructions.

Genomic DNA extraction and P. falciparum confirmation
Parasite DNA was extracted from 200 pl of whole blood
samples using a G-spin" total DNA extraction mini
kit according to the manufacturer’s instructions. The
extracted DNA was subsequently eluted in 50 pl elution
buffer, stored at -20°C and transported to The Medical
Research Council Unit the Gambia at London School
of Hygiene and Tropical Medicine (MRCG@LSHTM)
for molecular analysis. P falciparum identification was
confirmed by var gene acidic terminal sequence (varATS)
real-time PCR using the Bio-Rad CFX96 real-time PCR
machine as previously described [39]. A cutoff threshold
(Ct) value of 40 was used to distinguish positive and
negative samples.

Pfhrp2 and pfhrp3 genes amplicon sequencing

All PCR confirmed P falciparum positive samples
were included for pfhrp2/3 amplicon sequencing.
Amplifications of pfhirp2 and pfhrp3 exon2 genes were
performed using primers described by Baker et al. [28].
Briefly, 5 pl of DNA template was added into a master
mix containing 1XThermoPol reaction buffer (New
England BioLab, USA), 0.2 mM dNTP (New England
BioLab, USA), 0.1U/ul of Taq DNA polymerase (New
England BioLab, USA), and 0.2 uM of each primer
(Forward 1(F1) and Reverse 2 (R2) as shown in Table 1)
in a total PCR reaction volume of 25 pl. Genomic DNA of
three P, falciparum strains were used as controls, namely
3D7 (pfhrp2+ and pfhrp3+), DA2 (pfhrp2 —and pfhrp3+)
and Hb3 (pfhrp2+and pfhrp3—). The amplifications
were performed under the following PCR conditions:
5 min at 95 °C initial denaturation, followed by 39 cycles
of 95 °C denaturation for 45 s, 50 °C annealing for 1 min,
68 °C extension for 1 min, and a final extension at 70 °C
for 5 min. The PCR products of pfhrp2 exon2 and pfhrp3
exon2 were visualized on a 2% agarose gel electrophoresis
using a 100 bp DNA ladder to identify the DNA bands
and confirm the expected amplicon size of 600—-650 bp.
Low-quality bands that appeared faint or as double bands
were excluded from further analysis.

Table 1 Primer assays and sequences used to amplify pfhrp2/3
exon2 genes

Primer name Target gene  Sequence (5’-3)

Pfhrp-2 exon2 F1 Pfhrp-2 exon2  CAA AAG GAC TTA ATT TAAATA

AGA G
Pfhrp-2 exon2 R2  Pfhrp-2 exon2  AAT AAATTT AAT GGC GTA GGC A
Pfhrp-3exon2 F1 Pfhrp-3 exon2  AAT GCA AAA GGA CTT AAT TC
Pfrp-3exon 2R2  Pfhrp-3exon2  TGGTGT AAG TGATGC GTA GT
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The generated amplicons were pooled, and sequencing
libraries were prepared using the SQK-109 with
EXP-NBD196 ligation sequencing kits from Oxford
Nanopore Technologies, following the manufacturer’s
instructions. The sequencing was conducted on the
GridION using the FLO-MIN114 Flow cell. The entire
process lasted 72 h, yielded 64.04 GB of data, 4.81 Gb
of bases, 8.15 M reads, and 3.67 Gb pass bases. For Base
calling and demultiplexing, minimum barcoding quality
was set to 60, minimum read quality score was set to 9,
and no minimum read length filter was set. Base-calling
and barcoding was performed by guppy v. 7.0.9 within
MinKNOW v23.07.5.

Consensus sequence generation

Briefly, following quality control analysis and barcode
trimming, sequence reads were aligned to the reference
genomic sequences for each gene; HRP2 (NC_004329.3)
and HRP3 (NC_004331.3) target using minimap2(version
2.21-r1071. Samtools (version 1.8) was used to sort and
convert the output to binary alignment map (BAM) file.
In addition, sequence reads were also mapped to the full
3D7 reference genome (PlasmoDB PF3D7_0831800 and
PlasmoDB PF3D7_1372200) and manually inspected
using the Integrative Genomics Viewer (IGV) (version
2.3.94) tool, to confirm the presence of reads at expected
gene coding location on chromosomes. The FASTQ
files that successfully aligned to target genes were used
as input for de novo assembly. Consensus sequences
were produced using Canu, Geneious contigs (version
2023.2.1) and Amplicon sorter, a tool for building
reference-free consensus sequences using ONT-
sequenced amplicons based on read similarity and
length. The Canu, Amplicon sorter and Geneious contigs
were all converted to consensus sequences, visually
explored, and manually edited to fit in the correct
translation frame. Up to ten contig consensus sequences
per sample were curated based on their having > 10 reads
and few low-quality bases. Therefore, consensus was
generated following majority calls. To align the PfHRP2/3
gene sequences to their respective reference genomes,
the minimap2 tool with the “map-ont” option was used.
The nanopore reads covered 75% of the 1064 bp HRP2
(PF3D7_0831800) and the 977 bp HRP3 F3D7_1372200
reference genomes at a 100% mapping rate. Finally,
consensus sequences were successfully generated for
HRP2 in 60/65 isolates and HRP3 in 52/65 isolates. The
nucleotide sequences were then translated to amino acid
sequences and exported to FASTA file format. Amino
acid repeat type counts were calculated and annotated
using Geneious as described previously [16, 28].
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Data analysis

Descriptive statistics were employed using Stata software
version 14 (Stata Corporation, TX, USA) to determine
the frequency, occurrence, and structural organization
of amino acid repeat type. PfHRP2 and PfHRP3 genetic
diversity was described using numerically coded repeat
types 1 to 24 as reported by Baker et al. [16, 28]. The Chi-
square and Fisher’s exact tests were used to determine
if there was a statistically significant relationship in the
distributions of PfHRP2 type repeats among the study
sites, with P<0.05 considered significant. Plasmodium
falciparum isolates were categorized into four groups
according to Baker et al. [16, 28] model, based on the
product of the number of PfHRP2 repeat types 2 and 7
(type 2Xtype 7). These groups were A (very sensitive),
B (sensitive), I (borderline), and C (non-sensitive) when
the number of type 2Xtype 7 was above 100, ranged
from 50 to 100, ranged from 44 to 49, and less than 43,
respectively.

Results

Out of the 263 P falciparum PCR-confirmed clinical
samples, 96 successfully generated amplicons for
exon2 of PfHRP2 and PfHRP3. Thirty one out of the
96 amplicons showed poor bands on the agarose gel
electrophoresis, which excluded them from further
analysis. Amplicons of 65 PfHRP2 and PfHRP3 were
selected, library prepared and sequenced using Oxford
Nanopore technology (ONT) to assess their genetic
diversity. The PfHRP2/3 nucleotides generated by this
study were uploaded to the NCBI Genebank (accession
numbers: PP662729-PP662788 for PfHRP2 and
PP662789-PP662840 for PTHRP3).

Pfhrp2 genetic diversity

A total of 60 (92.3%) samples with PfHRP2 exon 2
amplicons produced quality read sequences and were
used for consensus generations and downstream analysis.
Sequencing analysis showed that the amplified PfHRP2
exon 2 fragments ranging from 495 to 792 base pair and
composed of amino acids residues ranging from 186 to
289. A total of 12 previously reported PfHRP2 amino acid
repeat types were identified in the P. falciparum isolates
(Table 2). However, these amino acid repeat types varied
in composition, number, and order, resulting in wide
variations in the size of PCR fragments. For each sample,
PfHRP2 had a range of 20 to 32 distinct types of amino
acid repeats.

The patterns of amino-acid repeat organization in the
sequences were similar, albeit with minor differences. The
sequence patterns found in the study were categorized
into patterns (I-IX) as illustrated in Fig. 3. No single
sequence pattern type was found to be unique, with each
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type occurring more than once. Every sequence had a
type 1 repeat type (AHHAHHVAD) at the start and a
type 12 repeat type (AHHAAAHHEAATH) at the end
(Fig. 3). The most common repeats among isolates were
types 2 and 7, which were widely dispersed among all
the PfHRP2 amino acid sequences. Furthermore, types 1,
8, 10, and 12 repeats were present in every isolate with
moderate frequencies ranging from 1 to 5 times per
isolate, whereas repeat types 3, 4, 5, and 6 were identified
in 60% to 85% of Pthrp2 amino acid sequences. Repeat
types 13 and 14 were infrequent, appearing in only two
isolates, accounting for 3.3% of the total (Table 2). Further
sequence analysis did not identify any novel amino acid
repeats in any of the PfHRP2 sequences.

The frequency distributions of PfHRP2 type repeats
within the study sites indicate that there is no significant
variation in the occurrence of different repeat types
across the three study sites (P>0.005) (Table 3). Apart
from repeat types 13 and 14, which were only detected
in isolates collected from Zenzelema Health Centre,
the majority of PfHRP2 repeat types had comparable
occurrences both within and between study sites. The
occurrences of PfHRP2 repeat types in the study sites are
displayed in (Table 3).

PfHRP3 genetic diversity

A total of 52 (80%) sequences for PfHRP3 exon2
amplicons yielded quality data was used for further
analysis. The length of Pfhrp3 exon 2 varied from 515 to
695 base pairs, corresponding to a protein composed of
171 to 231 amino acids. Additionally, the total number
of amino acid repeat types per isolate ranged between 23
and 30 types. Eight previously documented amino acid
repeat types were found among the 52 isolates (Table 2).
PfHRP3 had a more diverse structural organization of
repeat type than PfHRP2. Twelve different patterns of
PfHRP3 were identified in more than one isolate (Fig. 4).
Type 1 repeats (AHHAHHVAD) were located at the
start of every sequence, and 92.3% of them ended with
a type 4 repeat (AHH), with the remaining 7.7% ending
with repeat type 17. More importantly, a non-repeat
(ANHGFHF--NLHDNNSHT) sequence that falls
between the type 7 and type 20 amino acid repeat type
was present in all isolates (Fig. 4).

Repeat types 1, 4, and 7, which were identified in
PfHRP2, were also found in PfHRP3 but at lower
frequencies per isolate compared to PfHRP2. The
PfHRP3 sequence lacks the type 9, 11, and 19 repeat
types, like the PfHRP2 sequence (Table 2). Moreover, in
the present study, repeat types 21, 22, 23, and 24 were not
found in either of the amino acid sequences.

All PfHRP3 sequences contained repeat type 16, with
the most repeated type occurring 11-18 times per
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Table 2 Distribution of PfHRP2 and PfHRP3 Amino acids repeat in P falciparum isolates from malaria endemic area, Ethiopia

Repeat Amino acid repeat sequence* PfHRP2 (no=60) PfHRP3 (no=52)

type No (%) Min to Max number No (%) Min to
Max
number

1 AHHAHHVAD 60 (100) 1-5 52 (100) 1-4

2 AHHAHHAAD 60 (100) 4-13 0(0) 0

3 AHHAHHAAY 52 (86) 0-2 0(0) 0

4 AHH 41 (68) 0-2 51(98) 0-1

5 AHHAHHASD 50(83) 0-2 0(0) 0

6 AHHATD 36 (60) 0-5 0(0) 0

7 AHHAAD 60 (100) 3-11 50 (96) 0-1

8 AHHAAY 60 (100) 1-2 0(0) 0

9 AAY 0(0) 0 0(0) 0

10 AHHAAAHHATD 60 (100) 1-2 0(0) 0

11 AHN 0(0) 0 0(0) 0

12 AHHAAAHHEAATH 60 (100) 1 0(0) 0

13 AHHASD 2(33) 0-1 0(0) 0

14 AHHAHHATD 2(33) 0-1 0(0) 0

15 AHHAHHAAN 0(0) 0 34 (65) 0-1

16 AHHAAN 0(0) 0 52 (100) 11-18

17 AHHDG 0(0) 0 52 (100) 4-8

18 AHHDG 0(0) 0 52 (100) 2-4

19 AHHAA 0(0) 0 0(0) 0

20 SHHDD 0(0) 0 52 (100) 1

21 AHHAHHATY 0(0) 0 0(0) 0

22 AHHAHHAGD 0(0) 0 0(0) 0

23 ARHAAD 0(0) 0 0(0) 0

24 AHHTHHAAD 0(0) 0 0(0) 0

N: total number of PfHRP2 and PfHRP3 amino acid sequence in P. falciparum isolates, Min: minimum number of amino acid repeat, Max: maximum number of amino
acid repeat

Asterisk (¥) indicate amino acid repeat type of PfHRP2 and PfHRP3 as described [16, 28]

Vil
Vil

4, AHH 5. AHHAHHASD

13, AHHASD |14 AHHAHHATD

Fig. 3 Patterns of PfHRP2 sequences of P, falciparum isolates from malaria endemic site, Ethiopia. PfHRP2 sequence patterns | to IX were identified
in the current study. Colours distinguish the twelve PfHRP2 amino acid repeat type found in this study. Amino acid repeat types were identified
as previously described Baker et al. [16, 28]

2, AHHAHHAAD
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Table 3 Comparison of the occurrence of individual PfHRP2 repeat types within the three health centres in Ethiopia

Type of repeat Amino acid repeat sequence Zenzelema (22) Metehara (23) Kola Shelle (15) P.value

No (%) No (%) No (%)

1 AHHAHHVAD 22 (100) 23 (100) 15 (100) ns

2 AHHAHHAAD 22 (100) 23 (100) 15 (100) ns

3 AHHAHHAAY 20(91) 19 (82.6) 13 (86.6) ns

4 AHH 15 (68) 16 (69.5) 10 (66.6) ns

5 AHHAHHASD 18 (81.8) 20 (86.9) 12 (80) ns

6 AHHATD 14 (63.6) 11 (47) 11(73.3) ns

7 AHHAAD 22 (100) 23 (100) 15 (100) ns

8 AHHAAY 22 (100) 23 (100) 15 (100) ns

10 AHHAAAHHATD 22 (100) 23 (100) 15 (100) ns

12 AHHAAAHHEAATH 22 (100) 23 (100) 15 (100) ns

13 AHHASD 2(9) 0(0) 0(0) ns

14 AHHAHHATD 209 0(0) 0(0) ns

Statistically significant difference (p <0.05)

ns: non-significant

15. AHHAHHAAN |16. AHHAAN
18. AHHDG

Fig. 4 PfHRP3 structural organization from malaria endemic site Ethiopia. Thirteen (I-XIl) PfHRP3 patterns identified in more than one isolates.
Colours distinguish the eight PfHRP3 amino acid repeat type found in this study. Amino acid repeat types were identified as previously described

Baker et al. [16, 28]

isolate. Likewise, all samples contained repeat types 1, 17,
18, and 20 in PfHRP3, but these repeat types exhibited
significantly fewer repeats per sequence. Repeat type 15
occurs less frequently than other repeat types in only 65%
of the isolates. Furthermore, in six isolates (11.5%), the
study found a novel variant repeat type 17 V (SHHDG)
that has never been documented (reported) in Ethiopia.

Prediction of the sensitivity of PfFHRP2-based RDTs using
Bakers’ logistic regression model

The relationship between number and combination of
major repeat types 2 and 7 was investigated to assess the

impact of PfHRP2 genetic diversity on RDTs diagnostic
performances. Based on PfHRP2 diversity, the study
categorized P. falciparum isolates into groups A, B, I,
and C by multiplying the number of repeats of type 2 and
type 7 (type 2Xtype 7). The analysis showed that most
of the isolates contained group C (51.6%) followed by
group B (38.3%). Group A and I were the least frequent,
accounted for 5% of the HRP2 sequences sequenced
(Table 4). Interestingly, PfHRP2-based RDT detected
100% (3/3) of the isolates in group A and 85.7% (18/21)
in group B at a parasitaemia level>250 parasite per
microlitre of blood. Nonetheless, for isolates categorized
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Table 4 Frequency of PfHRP2 sequence groups based on the
Baker’s model and PfHRP2 based RDT results

Group Frequency PfHRP2 RDT Microscopy
(N=60) Positivity > 250 parasite/pl
No (%) No (%) No (%)

Group A 3(5) 3(100) 3(100)

Group B 23(383) 18 (85.7) 21(91.3)

Group | 3(5) 2 (66.6) 3(100)

Group C 31(51.6) 26 (86) 28(90.3)

PfHRP2 sequence isolates were categorized into four groups based on the
frequency of types 2 X type 7 repeats: group A (> 100, highly sensitive), group B
(50-99, sensitive), group C (<43, non-sensitive), and group | (44-49, borderline)

under group C, no association was found between the
length of these two type repeats and the PfHRP2-based
RDTs’ sensitivity. As illustrated in Table 4, 26 of the 28
group C sequences that the Baker model classified as
non-sensitive were found to be sensitive to PFHRP2 RDT.

Discussion

Successful malaria control relies on an efficient diagnostic
tool to identify cases before initiating anti-malarial
treatment in accordance with WHO guidelines [40].
Malaria RDTs were introduced in Ethiopia in 2004 and
have become widely valued diagnostic tools for resource
limited settings, where a large burden of malaria occurs
[3, 10]. In Ethiopia, RDT targeting PfHRP2 are extensively
used, but the spread of isolates that do not express
PfHRP2/3 genes [23-25] is a threat to their efficacy and
continued use. Besides, the impact of PfHRP2 genetic
diversity on PfHRP2 based RDT performance is not
well understood in the country. Analysing the PfHRP2/3
genetic diversity is crucial for public health, as it enables
the monitoring of RDT effectiveness.

The current study provides significant insights into the
genetic variations of PfHRP2 and PfHRP3 across three
health centres in malaria-endemic areas in Ethiopia.
The structural organization of PfHRP2/3 showed minor
variations in the frequency and number of amino acid
repeat types per isolate across the three health centres.
Comparable findings have been found in earlier studies
carried out in Western Ethiopia [34], the Brazilian
Amazon [41] and Kenya [42], with PfHRP2 and 3 repeat
types being present at consistent frequencies throughout
malaria-endemic areas. Conversely, wide variations were
found in the number and frequency of repeat types in
the PfHRP2 and 3 amino acid sequences of clinical P,
Jalciparum isolates collected from various regions of
India [30].

Twelve different amino acid repeat types were identified
in the PfHRP2 sequences of isolates and these findings
are consistent with what has also been reported for
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Yemen [29]. Two previous studies conducted in Ethiopia
have documented PfHRP2 amino acid repeat types of
eleven and fifteen, respectively [19, 34]. According to the
study’s findings, every P, falciparum isolate examined had
PfHRP2 amino acid sequences that started with a type
1 repeat and ended with a type 12 repeat. The results of
this study align with earlier research that showed that
most PfHRP?2 repeats start with type 1 and conclude with
type 12 repeats [29, 30, 42]. In contrast, discrepancies
were reported against earlier studies done in Ethiopia,
where the majority of PfHRP2 sequences ended with a
type 10 repeat and only 10% terminated with a type 12
repeat [34]. It could be possible that over time the type
12 isolates have been selected for and became dominant.

The current study also reveals repeat types 2 and 7 were
consistently found in all PPHRP2 amino acid sequences,
while repeat types 9 and 11 were entirely absent in every
isolate, which is consistent with other research [29, 34,
42-44]. However, repeat type 9 were reported recently in
a small proportion of infections from northern Ethiopia
[19] and Senegal [20], and repeat type 11 were reported
from Madagascar P falciparum clinical isolates [31].
Types 1, 8, 10, and 12 were the most common repeats
in PfHRP2, while types 13 and 14 were rare repeats that
accounted for 3.3% of all amino acid sequences. These
findings align with earlier studies [28, 30, 44]. Type 4
repeats were found in 40% of the isolates, which is also
comparable to the findings of the earlier study from
western Ethiopia [34]. The wide variation of PfHRP2
amino acid repeat types observed across the studies
might be due to extensive deletion of the HRP2 gene
reported globally [45, 46], which was followed by clonal
expansion and diversification [14, 47].

The present study showed that the sequenced isolates
from PfHRP3 displayed low genetic variation in terms
of the number and frequency of amino acid repeat
type when compared to PfHRP2 as has been previously
reported [19, 34, 42]. The eight identified amino acid
sequences in the current study were repeat types 1,
4,7, 15, 16, 17, 18, and 20 and these are like previously
reported from global isolates [25] and western Ethiopia
[34]. Apart from the eight amino acid repeat types
identified in the current study, repeat type 19, with a
lower frequency of 1.25%, was reported from Northern
Ethiopia [19].

Interestingly, 100% of PfHRP3 sequences begin with
type 1 repeat, either one or more copies, and the majority
ended with type 4 repeat, which is consistent with other
studies reports [30, 34, 42]. Moreover, every isolate of the
PfHRP3 amino acid sequence contained a non-repeating
sequence that falls between the type 7 and type 20 amino
acid repeat type, as shown before [28, 34, 42]. In line
with previous findings from Ethiopia [34] and Kenya
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[42], type 16 amino acid repeat was the most prevalent
and frequently identified type in this investigation.
The widespread presence of these repeat type might
contribute to increased antigenicity and imply that it
might be useful for RDT detection [19]. Furthermore,
strong correlation was reported between the numbers of
PfHRP3 repeats 16 and 17 and the sensitivity of PfHRP2-
based RDT [34].

The present study showed that PFHRP2 doesn’t contain
any novel repeat type; but 11.5% of PfHRP3 sequences
had novel repeat types 17 V, not previously reported
in Ethiopia. These had however been seen in isolates
from India [30], Kenya [42] and the China-Myanmar
border [44]. A larger nation-wide study may determine
if they are common in the country or occurred recently
de novo or by importation. Novel PfHRP2 and PfHRP3
repeat types are as a result of substitutions of a single
or multiple amino acid in the repeat types [30, 43]. The
rare occurrences of novel repeat types in the current
study, when compared to two earlier studies [19] and
[34], which were carried out, respectively, in northern
and western parts of Ethiopia, suggest that geographic
differences may be important in the diversity of PfHRP2
and PfHRP3 genes.

The study found that repeat types 1, 4, and 7, were
detected in both PfHRP2 and PfHRP3 amino acid
sequences consistent with another finding [34]. Besides,
these amino acid repeat, type 2 repeat was identified
in both PfHRP2 and PfHRP3 amino acid sequences of
isolate from Indian [30] and Kenyan [42]. The structural
similarity between the two amino acid repeat type is
responsible for the cross-reactivity of the monoclonal
antibodies specific for PfHRP2 against PfHRP3 [15,
48, 49]. PfHRP3 may be helpful in reducing the effects
of PfHRP2 antigenic polymorphism and may be
contributing to the diagnosis of malaria using PfHRP2-
based rapid diagnostic tests, according to earlier research
[15, 48].

The impact of genetic variations on the diagnostic
performance of PfHRP2 based RDTs, is not well
understood. Baker et al. [28] used a logistic regression
model to demonstrate how the product of repeat types
2 and 7 affects the sensitivity of PfHRP2-based RDTs,
by using samples from culture-adapted P falciparum.
According to the model, at parasite densities of less than
250 parasites/pl, a combined product of repeat types
2 and 7 (type 2Xtype 7) is classified as group A (very
sensitive), 50 to 100 as group B (sensitive), 44 to 49 as
group I (borderline), and less than 43 as group C (non-
sensitive) [28]. Later, Baker et al. disproved this finding
by utilizing P. falciparum clinical isolates collected from
various geographic areas and failing to correlate repeat
length polymorphism to HRP2-based RDT sensitivity
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[16]. Likewise, studies in other malaria endemic regions
have shown that genetic variability has no appreciable
effect on RDT performance [30, 31, 50]. Conversely, few
studies concur with Baker’s regression model, especially
group C (type 2 X type 7; ranges <43), was associated with
RDT lower detection and false negativity [32, 33].

In the current study, most P, falciparum clinical isolates
were classified in group C, whereas previous studies
conducted in African countries including Ethiopia
found that the majority of isolates were in group B
[20, 31, 34, 42]. The relationship between number and
combination of major repeat types 2 and 7 on PfHRP2-
based RDT sensitivity was examined in this study and
found that most of the isolates belong to groups A and
B were predicated to be detected by PfHRP2 RDT at
parasitaemia level>250 parasite/ul. The finding is in
line with study done in Ethiopia [34], Senegal [20],
Madagascar [31]. Additionally, PfHRP2 RDT also
detected most P falciparum isolates in group C at a
parasitaemia level of>250 parasites/ul, in agreement
with earlier findings [30, 34]. The study finding contradict
with the Baker’ model et al. [16], which states that
PfHRP2-based RDT is not sensitive if the length of repeat
types 2 and 7 is less than 43 (group C).

Limitation of the study

Despite having surveyed representative samples from
each study site, limited number of samples underwent
successful PfHRP2 and PfHRP3 amplification as a result
of widespread gene deletion in Ethiopia. This limited
number hinders further generalization, as this may have
also limited the amount of diversity captured. Moreover,
Nanopore sequencing technology offers great advantages
through its capability to sequence long stretches of repeat
regions of PfHRP2/3. However, it has a higher base-level
error rate, which impacts downstream analyses such
as de novo assembly. Besides, the effect of polyclonal
infections on the accuracy of reads is still not known and
will require further assessment.

Conclusion

The current study showed, PfHRP2 and 3 are highly
diverse among the Ethiopian Plasmodium falciparum
clinical isolates, as evidenced by the variety of amino
acid repeat types and their structural arrangement. A
novel repeat that had never been reported in Ethiopia
was found in the amino acid sequences of PfHRP3. In
addition, the study also highlighted that most isolates in
the present investigation are categorized as belonging
to group C in accordance with the Baker model and
they are sensitive for PPHRP2-based RDTs. Continuous
monitoring of the effectiveness of PfHRP2-based
RDTs and diversity of the repeat type in PfHRP2/3
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across different malaria endemic ecological settings is
necessary for malaria elimination.
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