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Drug-resistant malaria parasites pose a threat to global malaria control efforts, and it is important to know the extent of these
drug-resistant mutations in each region to determine appropriate control measures. Chloroquine (CQ) was widely used in
Cameroon for decades, but its declining clinical efficacy due to resistance prompted health authorities in 2004 to resort to
artemisinin-based combination therapy (ACT) as the first-line treatment for uncomplicated malaria. Despite numerous efforts to
control malaria, it persists, and the emergence and spread of resistance to ACTs make the development of new drugs or the
possible reintroduction of discontinued drugs increasingly urgent. Malaria-positive blood samples were collected from 798
patients on Whatman filter paper to determine the status of resistance to CQ. DNA was extracted by boiling in Chelex and analysis
of Plasmodium species. Four hundred P. falciparum monoinfected samples, 100 per study area, were amplified by nested PCR, and
allele-specific restriction analysis of Pfmdrl gene molecular markers was performed. Fragments were analyzed using a 3%
ethidium bromide-stained agarose gel. P. falciparum was the most abundant Plasmodium species, accounting for 87.21% of
P. falciparum monoinfections only. No infection with P. vivax was detected. The majority of samples contained the wild type for all
3 SNPs evaluated on the Pfmdrl gene with N86, Y184, and D1246 accounting for 45.50%, 40.00%, and 70.00%, respectively. The
most abundant haplotype observed was the Y184D1246 double wild type at 43.70%. The results suggest that P. falciparum is the
major infecting species and that P. falciparum species with the susceptible genotype are gradually recapturing the parasite
population.

Cameroon, there were almost 6.67 million cases and over

1. Introduction

Malaria remains a widespread public health threat in sub-
Saharan Africa, which accounts for 95% of global malaria
morbidity and mortality [1]. Infants, children under 5,
pregnant women, HIV-positive patients, and unimmunized
migrants from nonmalarious communities are most affected
[2, 3]. In 2022, there were 247 million estimated malaria
cases and 619,000 malaria-related deaths worldwide [4]. In

14,000 deaths [4]. Unfortunately, there is no malaria-free
zone in Cameroon, and almost 20 million people live in areas
with high malaria transmission, 41% of whom are expected
to have at least one episode per year [5]. Chemotherapy is
currently one of the mainstays of malaria control. However,
the constant emergence of resistant strains of malaria par-
asites poses a threat to global malaria control efforts.
Chloroquine (CQ) was the drug of choice for the treatment
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of uncomplicated malaria in Cameroon until 2002 when the
national malaria control banned the importation and use of
the drug [6]. It accumulates in the parasite’s food vacuole
and causes the accumulation of heme, a toxic by-product of
haemoglobin breakdown, and subsequent death of the
parasite [7-9]. The characteristic of resistance is a decrease in
the amount of chloroquine that accumulates in the food
vacuole, as a consequence of mutations in two important
transport protein genes: chloroquine resistance transporter
(CRT), the main transporter of CQ, and multidrug re-
sistance protein 1 (MDR1), which plays a modulatory role in
CQ transport, but an important role in transporting other
aminoquinolines such as AQ [10, 11]. Although no clear
consensus has been reached on the mechanism of chloro-
quine resistance, there is ample evidence of a positive
correlation with mutations in the chloroquine resistance
transporter gene (Pfcrt). This gene encodes a vacuolar
transmembrane protein responsible for transporting the
drug into the parasite’s food vacuole [12, 13]. All
chloroquine-resistant parasite lines, as well as resistant
clinical isolates, carry lysine to threonine mutation at codon
76 (K76T mutation), and this has therefore been used as
a surrogate marker to monitor chloroquine resistance in
field studies [14]. Aminoquinoline drug sensitivity is further
modulated by mutations in P. falciparum multidrug re-
sistance gene 1 (Pfmdrl). The SNPs involved include N86Y,
Y184F, S1034C, N1042D, and D1246Y [15, 16]. Plasmodium
resistance to CQ was first reported in Africa in the 1970s
[17, 18] and 1985 in Cameroon [19]; a series of clinical trials
revealed a general ineffectiveness of CQ throughout the
country, leading to the gradual withdrawal of CQ and the use
of amodiaquine (AQ) from 2002 to 2004, which was quickly
replaced by artesunate-amodiaquine, with artemether-
lumefantrine as an alternative ACT since 2006 [20, 21].
The introduction of ACTs drastically reduced worldwide
malaria deaths by over 35% (approximately 329,000 deaths)
from 2006 to 2019 [22, 23]. Even if we disregard the 10%
increase in malaria-related deaths since 2019 [4] which has
been attributed to the COVID-19 pandemic, recent success
in global malaria control is threatened by the emergence of
resistance to ACTs and fears of further spread of the disease
in vulnerable areas, particularly in sub-Saharan Africa,
where malaria transmission rates are very high. In addition,
malaria morbidity and mortality in Cameroon have declined
steadily since 2006 but have experienced a sudden increase
in the last three years, albeit by less than 7% [24]. This
necessitates the development of new therapeutics or the
possible reintroduction of old drugs, ideally in combination
therapy [1, 25]. The re-emergence of the wild type N86,
Y184, and D1246 alleles of the Pfmdrl gene and strains
susceptible to CQ has been documented in some localities
across the continent [26, 27]. Several studies have shown
a decline in the mutant population. A nationwide study
representing the different ecological and transmission set-
tings of Cameroon has not been performed. Resistance of
P. falciparum to CQ has long denied healthcare end users’
access to cheap and effective antimalarials.

In this study, we attempt to determine the status of
aminoquinoline resistance in several key Cameroonian
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localities, including the western plateau strata (Bafoussam),
the southern equatorial strata (Bafia), and the coastal strata
(Mount Cameroon Area (MCA) and Douala) adjacent to the
two aforementioned strata to the north and east, respectively.
Known as malaria epidemiological strata, these geographically
distinct ecological zones within the national territory tend to
have different malaria vector, parasitology, and transmission
patterns, as previously described [28, 29]. The three carboxyl
terminal mutations (§1034C, N1042D, and D1246Y) are more
common in South American isolates than the amino terminal
mutations (N86Y and Y184F), which are more common in
Asian and African parasites. However, D1246Y is present in
approximately 3% of the 1,502 African genomes recently
sequenced by MalariaGEN [30]. Although the Cameroonian
government banned the import and use of CQ in 2002,
thereby removing the pressure on the population from CQ
drugs, it still adopted AQ in combination with artesunate as
well as artemether-lumefantrine (AL) for the treatment of
uncomplicated falciparum malaria in Cameroon. The pres-
ence of AQ, another 4-aminoquinoline, equally maintained
the drug pressure. Despite increasing resistance to CQ, the in
vivo efficacy of AQ combination therapy in Cameroon has
shown to be good [31]. Across Africa, it has been established
that the K76T mutation in the Pfcrt gene is present in all CQ-
resistant strains and that mutations in the Pfmdrl gene
contribute to the modulation of this resistance [14]. Muta-
tions in the Pfmdr1 gene appear to be an essential component
of resistance to the structurally related drug quinine. In
Cameroon, quinine is still maintained as the drug of choice
for the treatment of severe falciparum malaria. A strong
association between possession of the wild-type form of
Pfmdrl, amplification of Pfmdrl, and resistance to hydro-
phobic drugs, such as arylamino alcohol mefloquine and
endoperoxide artemisinin derivatives in field isolates, has
been observed [15, 16]. Using ACTs selected for the wild-type
Pfmdrl genotype, monitoring changes in the prevalence of
Pfmdrl SNPs could provide an early warning of the emer-
gence of resistance to ACT. Therefore, the aim of the current
investigation is to understand the impact of stopping CQ
20 years ago and using ASAQ as first-line therapy on recovery
of CQ-sensitive Pfmdr1 gene variations. We therefore worked
on the hypothesis that P. falciparum species with CQ-sensitive
variants of Pfmdrl recolonized the parasite population in
Cameroon. Based on previously established molecular
markers of P. falciparum resistant to CQ and related ami-
noquinolines, we determined the prevalence of 86Y, 184F,
and 1246Y mutants and the corresponding wild-type markers
(N86, Y184, and D1246) of the Pfmdrl gene. Finally, hap-
lotype construction was performed to determine the most
prevalent combination of markers in the population.

2. Methodology

This study followed a logical sequence of methodology:
patient recruitment and sample collection, characterization
of Plasmodium species, and PCR and allele-specific re-
striction analysis of molecular markers on the Pfmdrl gene
of P. falciparum, followed by data analysis and haplotype
construction.
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2.1. Patient Recruitment and Sample Collection

2.1.1. Study Area. This study was conducted at Douala
(4.050°N and 9.683°E) in the equatorial forest zone,
Bafoussam (5.4808°N and 10.4284°E) in the Guinea savanna
zone, Bafia (4.450°N and 11.140°E) in the forest-savanna
transition zone, and the Mount Cameroon Area (MCA),
defined as Mutengene, Limbe, and Buea (4,010°N and
9,140°E) in the tropical rainforest zone [32, 33] (Figure 1).
All have high and perennial malaria transmission [34, 35].

2.1.2. Ethical Consideration. The ethical authorisation was
obtained from the Ethical Review Board of the Faculty of
Health Sciences, University of Buea, with the following trial
registration number: Ref N°: 2019/1018-08/UB/SG/IRB/FHS
(supplementary material S1), and administrative approval
was obtained from the Ministry of Public Health through the
various Regional Delegations of Public Health (R11/MIN-
SANTE/SWR/RDPH/PS/268/784). In addition, permission
was obtained from the director of various hospitals where
samples were collected, and participants or guardians signed
an informed consent form before sample collection.

2.1.3. Sample Collection. Patients presenting at the outpatient
department with signs and symptoms suggestive of malaria, at
“Hopital Regional” and “Hopital de District de la Mifi, Famla”
in Bafoussam, “Hopital de District de Bonasssama” and
“Hopital Laquintinie d’Akwa” in Douala, “Hépital de District
de Bafia” and nonsecour private health centre in Bafia, Buea
Regional Hospital, Baptist Hospital Mutengene, and Limbe
Regional Hospital at the MCA, had their informed consent
obtained, after which demographic and basic clinical data were
recorded on individual clinical case report forms. Children less
than 5 month old, pregnant women, and individuals with signs
and symptoms suggestive of severe malaria were excluded from
the study. Blood smears and dried blood spots (DBS) were
prepared from capillary blood obtained by fingerprick on
sterile, glass slides and labelled filter paper (Whatman® No.3,
Sigma-Aldrich, Germany) and air drying. Potential participants
were screened for malaria by light microscopy using Giemsa
staining. For each blood smear preparation, parasite density
was determined by counting parasites against at least 200 white
blood cells (WBCs) and assuming an average of 8000 WBCs/L.
Each DBS was stored separately in labelled opaque envelopes
alongside desiccant and kept away from light and humidity and
transported to the molecular and cell biology laboratory of the
Biotechnology Unit of the University of Buea, where parasite
DNA was extracted from the DBS using the Chelex®-100 (Bio-
Rad, Berkeley California, USA) saponin method, as previously
described [36]. The extracted DNA was stored at —20°C till use.

2.2.  Characterization of P.  falciparum  Species.
Species-specific primers (Ingaba Biotec, Pretoria, South
Africa) targeting the small subunit 185 rRNA Plasmodium
gene were used to amplify and characterize Plasmodium
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FIGURE 1: Map showing the location of all four study sites.

species by nested PCR, as previously described [37]. The
resulting amplicons were separated on a 2% agarose gel
stained with ethidium bromide and visualised using a gel
documentation system (Molecular Imager® Gel DocTM
XR + System with Image LabTM Software, Bio-Rad, Ber-
keley, California, USA). PCR was repeated for all negative
samples. Samples that were negative after two PCRs, samples
with mixed infections of P. falciparum and other species, and
monoinfections with species other than P. falciparum were
removed from the study. Only samples with P. falciparum
monoinfection were used for subsequent experiments.

2.3. Nested PCR and Allele-Specific Restriction Analysis of
P. falciparum Monoinfected Samples. Portions of the
Pfmdrl gene comprising codons 86, 184, and 1246 were
amplified by nested PCR as previously described [38], using
sequence-specific primers purchased from Ingaba Biotech
(Pretoria, South Africa) for 400 randomly selected samples,
100 per study site; randomisation was performed with the
aid of a computer-generated list. The amplicons were
analyzed by restriction fragment length polymorphism
(RFLP) using the restriction endonucleases Apol, Dral, and
Bglll, as previously described [38]. The restrictive frag-
ments were resolved on a 3% agarose gel stained with
ethidium bromide and later visualised in a gel documen-
tation system (Molecular Imager® Gel DocTM XR + Sys-
tem with Image LabTM Software, Bio-Rad, Berkeley,
California, USA).

2.4. Data Analysis and Haplotype Construction. The baseline
demographic and clinical data of study participants were
analyzed using descriptive statistics, whereas the Pearson
correlation coefficient was used to evaluate the relationship



between clinical and demographic parameters. The preva-
lence of each marker polymorphism and haplotype was
compared using the chi-square test. Statistical significance
was assumed at p <0.05. All analysis was performed using
the R statistical package. Finally, to ease data analysis during
the analysis of SNPs, mixed infections with both a sensitive
strain and a resistant strain were considered resistant, and in
haplotype analysis, mixed infections were discarded.

3. Results

As shown in Table 1, a total of 798 microscopically positive
malaria  samples  were  collected  (Douala=209,
Bafoussam =200, Bafia=174, and MCA =215). The mean
age of participants was 24 + 18 years and ranged from 1 to
80 years. A total of 58.27% (465/798) participants were fe-
male. The geometric mean parasite density (GMPD) was
3347 asexual parasites/ul.

PCR determination of species diversity was performed
on all 798 microscopically positive samples. P. falciparum
was most common at 96.62% (771/798) and was either
monoinfection or mixed infection with other species.
Monoinfection with P. falciparum alone accounted for
87.22% (696/798). P. malariae monoinfection was 2.88%
(23/798). There was no monoinfection with P. vivax and
P. ovale species; however, there was a 5.64% (45/798) mixed
infection with P. falciparum and P. malariae and 3.26% (26/
798) mixed infections with P. falciparum and P. ovale. A
0.50% (04/798) mixed infection with P. malariae and P. ovale
was noted, while a 0.50% (04/798) triple infection with
P. falciparum, P. malariae, and P. ovale was also observed
(Table 2).

Allele-specific restriction analysis of the Pfmdrl gene
was performed only for samples monoinfected with
P. falciparum. PCR amplification of all fragments was
successful for 400 randomly selected samples, 100 per study
site. Table 3 shows the distribution of alleles obtained for the
different drug-resistant markers on the Pfmdrl gene in all
study sites.

In calculating the prevalence of SNPs, samples con-
taining a mixture of CQ-sensitive and resistant variants of an
SNP were considered mutants for that SNP. Therefore, the
sensitive genotypes N86, Y184, and D1246 of the Pfmdrl
gene were detected in 45.50% (182/400), 40.00% (160/400),
and 70.00% (280/400) of the field isolates, respectively
(Table 3). The distribution of the various marker genotypes
in the different study sites is presented in Figure 2.

The haplotype analysis revealed double or triple mutant
haplotypes as most of the mutants were observed as mixed
infections and were not included in the haplotype analysis.
This is also a very strong indicator of competition between
wild and mutant parasite populations. NYD represents
samples with only a triple wild type at codons 86, 184, and
1246; NY= represents samples with a double wild type at
codons 86 and 184; NxD represents samples with a double
wild type at codons 86 and 1246; and *YD represents
samples with a double wild type at codons 184 and 1246. The
most abundant haplotype observed was the *YD double wild
type seen in 43.70% (104/240) of the samples closely followed
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by N*D 32.77% (78/240) and NY 21.85% (52/240) double
wild-type haplotypes; triple wild-type haplotype NYD was
also observed in a very tiny fraction 1.68% (04/240) of
samples (Figure 3). The distribution of the various haplo-
types in the different study sites is summarized in Table 4.

4. Discussion

For decades before the emergence and spread of CQ-
resistant parasite strains, CQ was a very cheap, safe, and
effective drug for the treatment of uncomplicated falciparum
malaria in Cameroon [20]. Mutations at positions N86Y,
Y184F, S1034, N1042D, and DI1246Y of P. falciparum
multidrug resistance protein 1 (Pfmdrl) have been reported
to modulate sensitivity and resistance to CQ and other
aminoquinolones [16, 39-41]. The establishment of re-
sistance to ACTs in Rwanda and fears of further spread in
sub-Saharan Africa, where malaria transmission rates are
very high, combined with the recent global increase of more
than 4,000 deaths between 2018 and 2020, raise concerns and
call for intervention. 4-aminoquinoline AQ is still used in
Cameroon to treat uncomplicated malaria in combination
with artesunate. Therefore, to extend the therapeutic life of
this ACT, an in-depth analysis of the Pfmdr1 gene is needed.

In this study, we investigated the impact of the with-
drawal of CQ from malaria treatment in Cameroon on
molecular markers of aminoquinoline resistance on the
Pfmdrl gene and the different polymorphisms of this gene
currently spreading in the population in four regions of
Cameroon, covering three different Malaria epidemiological
strata, to draw a clear current picture of the response of these
marker genes in different ecological environments of
Cameroon.

Molecular speciation of the study participants’ samples
by PCR revealed that P. falciparum was most prevalent either
as a monoinfection or as a mixed infection with other species
at 96.62%, which is in agreement with Kwenti et al. [42] and
Russo et al. [43]. An 87.21% monoinfection with
P. falciparum was also observed, which is consistent with
83.50% reported by [44, 45]. No cases of P. vivax were
detected, which contradicts studies reporting a prevalence of
P. vivax ranging from 4% to 14.9% in Cameroon [5, 46]. This
may be because symptomatic patients were examined in this
study, whereas both symptomatic and asymptomatic cases
were examined in the other study. Coinfection of
P. falciparum and P. ovale was found in 3.26% of cases,
which is consistent with Payne et al. in 2007 [17]. Coin-
tection with P. falciparum and P. malariae was observed in
5.64% of samples. Coinfection with these Plasmodium
species significantly alters the manifestation dynamics [47]
which can lead to a nephrotic syndrome that is unresponsive
to treatment and has a high mortality rate [48]. The non-
negligible incidence of P. ovale infections suggests that the
country’s current treatment policy, which primarily targets
P. falciparum infections, should be revised to include pri-
maquine treatment which will carter for hypnozoites
resulting from P. ovale infection preceded by G6PD testing.

Chloroquine was removed from most stores in Came-
roon after it was banned and replaced by ASAQ in 2002.
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TaBLE 1: Demographics and baseline clinical data.

Subitems Results for each study site
Items Localities Douala MCA Bafia Bafoussam Total
n= 209 215 174 200 798
Gender Male 88 94 63 88 333 (41.73%)
Female 121 121 111 112 465 (58.27%)
Age (years) Mean age + std dev 25+20 20+ 15 31+22 18+18 24+18
ge ly Age range 1-80 2-65 1-80 1-78 1-80
Parasite density (asexual parasites/ul) Geo-mean parasitaemia 5031 2804 603 4951 3347
Y P H Parasitaemia range 80-232000  91-90620 45-3433 160-80000 80-232000
Haemoglobin (Hgb) (g/dl) Hgb conc. + std dev 11.9+22 124+1.8 11426 123+1.9 11.9+22.0
TaBLE 2: Distribution of parasite species among study sites.
Douala Bafoussam Bafia MCA Total
P. falciparum 163/209 163/200 164/174 206/215 696
P. malariae 14/209 03/200 00/174 06/215 23
P. falciparum + P. malariae 20/209 17/200 05/174 03/215 45
P. falciparum + P. ovale 12/209 09/200 05/174 00/215 26
P. malariae + P. ovale 00/209 04/200 00/174 00/215 4
P. falciparum + P. malariae + P. ovale 00/209 04/200 00/174 00/215 4
Total 209 200 174 215 798

Proportions represent the number of field isolates with parasite species divided by the total number of samples analyzed for the species. When comparing the
results between the four study sites, it was found that there was no significant difference between the proportions of falciparum parasites at the different study
sites (P> 0.05).

TaBLE 3: Distribution of SNPs in the Pfmdrl gene in all study sites.

Pfmdrl (1246)

Wild type 45.50 (182/400) 40.00 (160/400) 70.00 (280/400)
Mutant 54.50 (218/400) 60.00 (240/400) 30.00 (120/400)

A sample is considered wild type for an SNP if it has the CQ-sensitive variant; mutants have the resistant variant and the mixed variants if they contain both.
The numbers represent percentages, while the numbers in parentheses indicate the number of samples with each genotype in relation to the total number of
samples successfully amplified.

Pfmdr1 (86) Pfmdr1 (184)

100
b
90 86% 849

80 .
68%

70 a
58%

ab 60%
60 52%

50% 48%

50

40 36% a
20 28%

Percentage

32%
a
22%

20
10

Y184 D1246

Wild-type SNP

N86

MCA
B Douala

B Bafoussam
B Bafia

F1GURE 2: Distribution of SNPs in the Pfmdr1 gene per study site. At P < 0.05, the results of the chi-square test showed a significant difference
in the prevalence of SNP variations in all areas. Furthermore, the main causes of these significant differences were identified by the post hoc
analysis using Bonferroni correction to exclude type 1 errors. Similar superscript letters indicate values that are significantly different from
each other when present. In addition, values with double superscript letters are significantly different from any value with at least one of the
associated letters, but values with different or no superscript letters show no statistically significant difference. The modified P val-
ue=0.00625 was used to compare post hoc P values.
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FI1GURE 3: Prevalence of Pfmdrl haplotypes in percentages in all study sites.
TaBLE 4: Distribution of haplotypes per study site.
Haplotype analysis per study site
N86Y184 N86D1246 Y184D1246 N86Y184D1246
Douala 23.08 (12/52) 53.85 (28/52) 15.38 (12/52) 00.00 (00/52)
Bafoussam 00.00 (00/44) 31.82 (14/44) 68.18 (30/44) 00.00 (00/44)
Bafia 16.67 (12/72) 30.56 (22/72) 52.78 (38/72) 00.00 (00/72)
MCA 40.00 (28/70) 20.00 (14/70) 34.29 (24/70) 05.71 (04/70)
Total 21.85 (52/238) 32.77 (78/238) 43.70 (104/238) 01.68 (04/238)

Numbers represent percentages, while proportions in parentheses indicate the number of field isolates with haplotypes divided by the total number of samples

analyzed.

Amodiaquine exerts the same drug pressure as chloroquine, as
both are aminoquinolines. Among samples amplified by nested
PCR followed by allele-specific restriction analysis without
a prior study in Bafoussam and Bafia, the prevalence of Pfmdrl
mutants was 64.0%, and 50.0% for 86Y; 78.0%, and 68.0% for
184F; and 14.0%, and 16.0% for 1246Y. The results from
Douala showed a large difference between 72.0%, 42.0%, and
40.0% in this study and 87.2%, 89.6%, and 100% in codons 86,
184, and 1246, respectively, as reported by Moyeh et al. [45].
This may be because their study combined samples from Buea
and Douala, the discrepancies in sample sizes, and the fact that
the samples for the current study were a hospital-based sample
survey which may have affected the likelihood of encountering
patients who were already unable to control their disease by
self-medication, given the high prevalence of self-medication
with antimalarials already reported in the region [49]. In the
MCA, results showed a massive decrease in the prevalence of
the mutation at codon 86 from 73.8% in 2010 [31] to 32.0%,
from 72.0% in 2017 [50] to 52.0% at codon 184, except for an
increase from 3.1% in 2018 [51] to 48.0% at codon 1246; al-
though this discrepancy may be because our sample size in-
cluded samples from three different locations (Limbe, Buea,
and Mutengene) within the MCA, Moyeh et al. [51] only
obtained samples from Mutengene. The most frequently ob-
served haplotype was the * YD double wild type, which oc-
curred in 43.70% of samples, followed by N+D 32.77% and
NY=* 21.85% double wild-type haplotypes. Triple wild-type
haplotype NYD was also observed in a very small proportion of
01.68% of the samples. The fact that the Pfmdrl haplotypes

observed were the triple and double wild-type NYD, *YD,
N=D, and NY *, and the fact that no mutant haplotypes were
observed is an important indication that P. falciparum strains
with the wild-type SNPs are dormant in the parasite pop-
ulation, suggesting a slow recovery to the CQ susceptible
parasite strains. A trend of steady decrease was observed with
the *YD haplotype from the savanna (Bafoussam) at 68.18%,
while in the forest-savanna transition zone (Bafia), it was
52.78%; in the forest-highland zone (MCA), it was 34.29%, and
in the forest-lowland zone, it was 15.38%; this illuminates the
reality that the different climatic conditions in these ecological
environments influence the occurrence and spread of re-
sistance [52-54], highlighting that drug resistance and eco-
logical climate variability interact through the effects of warmer
temperatures on transmission intensity, raising the possibility
of synergistic interactions between warmer temperatures and
drug resistance. The results generally suggest a slower recovery
in susceptibility when compared with the chloroquine-
resistant genotype in Malawi, which declined from 85% to
13% in 8years between 1992 and 2000 [26]. Slower recovery
could be considered an indicator of low susceptibility of
P. falciparum isolates to amodiaquine [55], a compound of the
current first-line treatment artesunate-amodiaquine.

5. Conclusion

The study revealed that P. falciparum parasites with the
chloroquine-resistant genotype are gradually recolonizing
the parasite population in our study sites but at a slower pace
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than reports from other countries within the sub-Saharan
region have suggested. The much slower-paced recovery
could be considered an indicator of the low susceptibility of
P. falciparum isolates to amodiaquine, an important partner
drug molecule of the current first-line treatment, artesunate-
amodiaquine.

6. Limitations and Recommendations

This study was limited to four of the six malaria epidemi-
ological regions of Cameroon, and further analysis of the
current situation using data from other regions of the
country may provide a better picture of the development
dynamics and continued surveillance for markers of drug-
resistant mutants of CQ in Cameroon. In addition, the
government should consider a small switch from artesunate-
amodiaquine to artemether-lumefantrine. This could re-
cover a very important drug molecule that could be used as
an emergency drug or as a partner drug in a new combi-
nation therapy in the event of a massive spread of ACT-
resistant malaria in the country.

Data Availability

The publication contains all the information required to
support the study's conclusions, and the authors are re-
sponsible for the outcomes reported. The references used for
the data are appropriately credited.

Conflicts of Interest

The authors declare that there are no conflicts of interest
concerning the publication of this paper.

Authors’ Contributions

DDSF conceived and designed the work, oversaw the lab-
oratory work, and edited the manuscript. FNA, MEE, and
GDTK conducted the bench work, including data and
sample collection. DDSF, MNM, TOA, and FNA were re-
sponsible for data management and analysis. MNM, TOA,
and SMG participated in the supervision of bench and
critically reviewed the manuscript. FNA interpreted the
results and wrote the first draft of the manuscript. All the
authors approved the last version of the work and its
submission to the journal.

Acknowledgments

The authors are thankful to all participants who took part in
the study. The authors are equally grateful to the authorities
and heads of hospitals and health facilities at the various sites
where data and sample were collected for their support and
cooperation. Finally, the authors are immensely grateful to
Dr Stephen Mbigha Ghogomu, Head of the Molecular and
Cell Biology Laboratory of the Biotechnology Unit of the
University of Buea, for providing lab working space and
facilities. This work was supported by the RMA from the
Cameroon Ministry of Higher Education (MINESUP) to
DDSS and MNM.

Supplementary Materials

S1: notice for ethical approval. (Supplementary Materials)

References

[1] World Health Organization, “World Malaria Report: 20 Years
of Global Progress and Challenges,” 2020, https://apps.who.
int/iris/handle/10665/337660.

[2] World Health Organization, “Susceptibility of Plasmodium
falciparum to antimalarial drugs,” pp. 12-16, 2004, https://
apps.who.int/iris/handle/10665/43302.

[3] C.S. Angelo Jada, W. Bei, and W. Lina, “The comparison on
the Malaria infection between children 0-5 and more than
5 years old in South Sudan, between 2009- May 2015,” Current
Research: Integrative Medicine, vol. 2, no. 3, 2017.

[4] WHO, World Malaria Report 2022, WHO, Geneva, Swit-
zerland, 2022.

[5] H. G. N. Mbenda, G. Awasthi, P. K. Singh, I. Gouado, and
A. Das, “Does malaria epidemiology project Cameroon as
‘Africa in miniature,” Journal of Bioscience, vol. 39, no. 4,
pp. 727-738, 2014.

[6] C. Sayang, M. Gausseres, N. Vernazza-Licht, D. Malvy,
D. Bley, and P. Millet, “Treatment of malaria from mono-
therapy to artemisinin-based combination therapy by health
professionals in urban health facilities in Yaoundé, central
province, Cameroon,” Malaria Journal, vol. 8, no. 1,
pp. 176-6, 2009.

[7] A.U. Orjih, H. S. Banyal, R. Chevli, and C. D. Fitch, “Hemin
lyses malaria parasites,” Science, vol. 214, no. 4521, pp. 667-
669, 1981.

[8] A. U. Orjih, J. S. Ryerse, and C. D. Fitch, “Hemoglobin ca-

tabolism and the killing of intraerythrocytic Plasmodium

falciparum by chloroquine,” Experientia, vol. 50, no. 1,

pp. 34-39, 1994.

C. Fitch, R. Chevli, P. Kanjananggulpan, P. Dutta, K. Chevli,

and A. Chou, “Intracellular ferriprotoporphyrin IX is a lytic

agent,” Blood, vol. 62, no. 6, pp. 1165-1168, 1983.

[10] M. Foley and L. Tilley, “Quinoline antimalarials: mechanisms
of action and resistance and prospects for new agents,”
Pharmacology and Therapeutics, vol. 79, no. 1, pp. 55-87,
1998.

[11] T. E. Wellems and C. V. Plowe, “Chloroquine-resistant
malaria,” The Journal of Infectious Diseases, vol. 184, no. 6,
pp. 770776, 2001.

[12] C. V. Tran and M. H. Saier, “The principal chloroquine re-
sistance protein of Plasmodium falciparum is a member of the
drug/metabolite transporter superfamily,” Microbiology
(Reading), vol. 150, no. 1, pp. 1-3, 2004.

[13] M. Chinappi, A. Via, P. Marcatili, and A. Tramontano, “On
the mechanism of chloroquine resistance in Plasmodium
falciparum,” PLoS One, vol. 5, no. 11, Article ID 14064, 2010.

[14] A. Djimdé, O. K. Doumbo, J. F. Cortese et al., “A molecular
marker for chloroquine-resistant falciparum malaria,” New
England Journal of Medicine, vol. 344, no. 4, pp. 257-263, 2001.

[15] S.Das, S. Roy, A. K. Hati, and S. P. Chakraborty, “Association
between prevalence of chloroquine resistance and unusual
mutation in pfmdr-I and pfcrt genes in India,” The American
Journal of Tropical Medicine and Hygiene, vol. 88, no. 5,
pp. 828-834, 2013.

[16] M. B. Reed, K. J. Saliba, S. R. Caruana, K. Kirk, and
A. F. Cowman, “Pghl modulates sensitivity and resistance to
multiple antimalarials in Plasmodium falciparum,” Nature,
vol. 403, pp. 906-909, 2000.

[9


https://downloads.hindawi.com/journals/jtm/2023/6688380.f1.pdf
https://apps.who.int/iris/handle/10665/337660
https://apps.who.int/iris/handle/10665/337660
https://apps.who.int/iris/handle/10665/43302
https://apps.who.int/iris/handle/10665/43302

[17] D. Payne, “Spread of chloroquine resistance in Plasmodium
falciparum,” Parasitology Today, vol. 3, no. 8, pp. 241-246,
1987.

[18] R. E. Howells, “Chemotherapy and Drug Resistance in
Malaria, 2nd Edn.2 volumes. By W. Peters. 1100 pages plus
references and annexes. ISBN 0 12 552721 7 (Vol. 1), 0 12
5527225 (Vol. 2). Academic Press, London, 1987. £55.00 (Vol.
1), £70.00 (Vol. 2),” Parasitology, vol. 97, no. 3, p. 503, 1988.

[19] P.]J. Sansonetti, C. Lebras, F. Verdier, G. Charmot, B. Dupont,
and C. Lapresle, “CHLOROQUINE-RESISTANT plasmodium
falciparum in Cameroon,” The Lancet, vol. 325, no. 8438,
pp. 1154-1155, 1985.

[20] L. K. Basco, M. Ndounga, A. Same-Ekobo et al., “Molecular
epidemiology of malaria in Cameroon. XXI. Baseline thera-
peutic efficacy of chloroquine, amodiaquine, and sulfadoxine-
pyrimethamine monotherapies in children before national
drug policy change,” The American Journal of Tropical
Medicine and Hygiene, vol. 75, no. 3, pp. 388-395, 2006.

[21] S. Y. Whegang, R. Tahar, V. N. Foumane et al., “Efficacy of
non-artemisinin- and artemisinin-based combination thera-
pies for uncomplicated falciparum malaria in Cameroon,”
Malaria Journal, vol. 9, no. 1, pp. 56-10, 2010.

[22] R. E. Cibulskis, P. Alonso, J. Aponte et al., “Malaria: global
progress 2000-2015 and future challenges,” Infectious Diseases
of Poverty, vol. 5, no. 1, pp. 61-68, 2016.

[23] W. H. Organization, WHO | The World malaria report 2018,
Vol. 22, WHO, Geneva, Switzerland, 2018.

[24] Who, “World Malaria Report 2021-World,” ReliefWeb, 2021,
https://reliefweb.int/report/world/world-malaria-report-2021?
gclid=CjwKCAiAO0JKfBhBIEiwAPhZXD3ifiSHOTv-WDrMsxk
NuA5lY70qhGJUlvYtx7cGIMUJ5m860qzIMqBoC3twQAvVD_
BwE.

[25] Who Global, World Malaria Report 2019, WHO, Geneva,
Switzerland, 2019.

[26] J. G. Kublin, J. Cortese, E. Njunju et al., “Reemergence of
chloroquine-sensitive Plasmodium falciparum malaria after
cessation of chloroquine use in Malawi,” The Journal of In-
fectious Diseases, vol. 187, no. 12, pp. 1870-1875, 2003.

[27] L. N. Wangai, F. T. Kimani, S. A. Omar, S. M. Karanja, and
G. Magoma, “Chloroquine resistance status a decade after: Re-
emergence of sensitive Plasmodium falciparum strains in
malaria endemic and epidemic areas in Kenya,” Journal of
Protozoology Research, vol. 21, pp. 20-29, 2011.

[28] T. E. Kwenti, T. D. B. Kwenti, A. Latz, L. A. Njunda, and

T. Nkuo-Akenji, “Epidemiological and clinical profile of

paediatric malaria: a cross sectional study performed on fe-

brile children in five epidemiological strata of malaria in

Cameroon,” BMC Infectious Diseases, vol. 17, no. 1,

pp. 499-513, 2017.

J. N. Wonghi and P. O. Zogo, “Brief On Scaling Up Malaria

Control Interventions In Cameroon,” 2011, http://www.cdbph.

org/documents/PolicyBrief_ScalingupMCI_Cameroon_

Keymessages.pdf.

[30] M. I. Veiga, S. K. Dhingra, P. P. Henrich et al., “Globally
prevalent PEMDR1 mutations modulate Plasmodium falci-
parum susceptibility to artemisinin-based combination
therapies,” Nature Communications, vol. 7, no. 1, Article ID
11553, 2016.

[31] W.F. Mbacham, M. S. B. Evehe, P. M. Netongo et al., “Efficacy
of amodiaquine, sulphadoxine-pyrimethamine and their
combination for the treatment of uncomplicated Plasmodium
falciparum malaria in children in Cameroon at the time of
policy change to artemisinin-based combination therapy,”
Malaria Journal, vol. 9, no. 1, pp. 34-38, 2010.

[29

Journal of Tropical Medicine

[32] Worldometer, “Cameroon Demographics 2020 (Population,
Age, Sex, Trends),”  https://www.worldometers.info/
demographics/cameroon-demographics/ accessed Feb. 09,
2023.

[33] Cameroon-Google My Maps, https://www.google.com/maps/
d/u/0/viewer?mid=1gF_WbXO0vKfWx9YBgPUxD9cXUlrg&
hl=en&l1=7.538125863869394%2C13.06274400000001 &z=6/,
2023.

[34] J. Atangana, J. D. Bigoga, S. Patchoké et al., “Anopheline fauna
and malaria transmission in four ecologically distinct zones in
Cameroon,” Acta Tropica, vol. 115, no. 1-2, pp. 131-136, 2010.

[35] C. Antonio-Nkondjio, “Review of malaria situation in
Cameroon: technical viewpoint on challenges and prospects
for disease elimination,” Parasites and Vectors, BioMed
Central, vol. 12, no. 1, pp. 1-23, 2019.

[36] C. V. Plowe, A. Djimde, M. Bouare, O. Doumbo, and
T. E. Wellems, “Pyrimethamine and proguanil resistance-
conferring mutations in Plasmodium falciparum dihy-
drofolate reductase: polymerase chain reaction methods for
surveillance in Africa,” The American Journal of Tropical
Medicine and Hygiene, vol. 52, no. 6, pp. 565-568, 1995.

[37] G. Snounou, S. Viriyakosol, W. Jarra, S. Thaithong, and
K. N. Brown, “Identification of the four human malaria
parasite species in field samples by the polymerase chain
reaction and detection of a high prevalence of mixed in-
fections,” Molecular and Biochemical Parasitology, vol. 58,
no. 2, pp. 283-292, 1993.

[38] D. C. Warhurst, “A molecular marker for chloroquine-
resistant falciparum malaria,” New England Journal of Med-
icine, vol. 344, no. 4, pp. 299-302, 2001.

[39] A. B.S. Sidhu, S. G. Valderramos, and D. A. Fidock, “pfmdrl
mutations contribute to quinine resistance and enhance
mefloquine and artemisinin sensitivity in Plasmodium falci-
parum,” Molecular Microbiology, vol. 57, no. 4, pp. 913-926,
2005.

[40] C. Sisowath, “Vivo selection of Plasmodium falciparum
pfmdrl 86N coding alleles by Artemether-Lumefantrine
(Coartem),” Journal of Infectious Diseases, GIF, vol. 191,
no. 6, pp. 1014-1017, 2005.

[41] M. D. Young, J. W. Willar, P. G. Contacos, and J. E. Stitcher,
“Drug resistance in Plasmodium falciparum from Thailand,”
The American Journal of Tropical Medicine and Hygiene,
vol. 12, no. 3, pp. 305-314, 1963.

[42] T.E.Kwenti, F. A. Nkume, A. T. Tanjeko, and T. D. B. Kwenti,
“The effect of intestinal parasitic infection on the clinical
outcome of malaria in coinfected children in Cameroon,”
PLoS Neglected Tropical Diseases, vol. 10, no. 4, Article ID
€0004673, 2016.

[43] G. Russo, G. Faggioni, G. M. Paganotti et al., “Molecular
evidence of Plasmodium vivax infection in Dufty negative
symptomatic individuals from Dschang, West Cameroon,”
Malaria Journal, vol. 16, no. 1, pp. 74-79, 2017.

[44] J. D. Bigoga, L. Manga, V. P. K. Titanji, M. Coetzee, and
R. G. F. Leke, “Malaria vectors and transmission dynamics in
coastal south-western Cameroon,” Malaria Journal, vol. 6,
no. 1, pp. 5-12, 2007.

[45] M. N. Moyeh, S. N. Fankem, I. M. Ali et al., “Current status of
4-aminoquinoline resistance markers 18 years after cessation
of chloroquine use for the treatment of uncomplicated fal-
ciparum malaria in the littoral coastline region of Cameroon,”
Pathogens and Global Health, vol. 116, no. 8, pp. 509-514,
2022.

[46] J. Fru-Cho, V. V. Bumah, I. Safeukui, T. Nkuo-Akenji,
V. P. K. Titanji, and K. Haldar, “Molecular typing reveals


https://reliefweb.int/report/world/world-malaria-report-2021?gclid=CjwKCAiA0JKfBhBIEiwAPhZXD3ifiSH0Tv-WDrMsxkNuA5lY7OqhGJUlvYtx7cGlMUJ5m86OqzlMqBoC3twQAvD_BwE
https://reliefweb.int/report/world/world-malaria-report-2021?gclid=CjwKCAiA0JKfBhBIEiwAPhZXD3ifiSH0Tv-WDrMsxkNuA5lY7OqhGJUlvYtx7cGlMUJ5m86OqzlMqBoC3twQAvD_BwE
https://reliefweb.int/report/world/world-malaria-report-2021?gclid=CjwKCAiA0JKfBhBIEiwAPhZXD3ifiSH0Tv-WDrMsxkNuA5lY7OqhGJUlvYtx7cGlMUJ5m86OqzlMqBoC3twQAvD_BwE
https://reliefweb.int/report/world/world-malaria-report-2021?gclid=CjwKCAiA0JKfBhBIEiwAPhZXD3ifiSH0Tv-WDrMsxkNuA5lY7OqhGJUlvYtx7cGlMUJ5m86OqzlMqBoC3twQAvD_BwE
http://www.cdbph.org/documents/PolicyBrief_ScalingupMCI_Cameroon_Keymessages.pdf
http://www.cdbph.org/documents/PolicyBrief_ScalingupMCI_Cameroon_Keymessages.pdf
http://www.cdbph.org/documents/PolicyBrief_ScalingupMCI_Cameroon_Keymessages.pdf
https://www.worldometers.info/demographics/cameroon-demographics/
https://www.worldometers.info/demographics/cameroon-demographics/
https://www.google.com/maps/d/u/0/viewer?mid=1gF_WbX0vKfWx9YBgPUxD9cXUlrg&amp;hl=en&amp;ll=7.538125863869394%2C13.06274400000001&amp;z=6/
https://www.google.com/maps/d/u/0/viewer?mid=1gF_WbX0vKfWx9YBgPUxD9cXUlrg&amp;hl=en&amp;ll=7.538125863869394%2C13.06274400000001&amp;z=6/
https://www.google.com/maps/d/u/0/viewer?mid=1gF_WbX0vKfWx9YBgPUxD9cXUlrg&amp;hl=en&amp;ll=7.538125863869394%2C13.06274400000001&amp;z=6/

Journal of Tropical Medicine

(47]

(48]

[49]

(50]

(51]

[52

[53

[54

(55]

substantial Plasmodium vivax infection in asymptomatic
adults in a rural area of Cameroon,” Malaria Journal, vol. 13,
no. 1, p. 170, 2014.

D. P. Mason, F. E. McKenzie, and W. H. Bossert, “The blood-
stage dynamics of mixed Plasmodium malariae-Plasmodium
falciparum infections,” Journal of Theoretical Biology, vol. 198,
no. 4, pp. 549-566, 1999.

S. Eiam-Ong, “Malarial nephropathy,’
phrology, vol. 23, no. 1, pp. 21-33, 2003.
C. Mbohou Nchetnkou, L. P. Kojom Foko, and L. G. Lehman,
“Knowledge, attitude, and practices towards malaria among
employees from enterprises in the town of Douala, Came-
roon,” BioMed Research International, vol. 2020, Article ID
8652084, 11 pages, 2020.

T. O. Apinjoh, R. N. Mugri, O. Miotto et al., “Molecular
markers for artemisinin and partner drug resistance in natural
Plasmodium falciparum populations following increased in-
secticide treated net coverage along the slope of mount
Cameroon: cross-sectional study,” Infect Dis Poverty, vol. 6,
no. 1, pp. 136-210, 2017.

M. N. Moyeh, D. L. Njimoh, M. S. Evehe et al., “Effects of drug
policy changes on evolution of molecular markers of Plas-
modium falciparum resistance to chloroquine, amodiaquine,
and sulphadoxine-pyrimethamine in the south west region of
Cameroon,” Malaria Research and Treatment, vol. 2018,
Article ID 7071383, 7 pages, 2018.

M. Pascual, J. A. Ahumada, L. F. Chaves, X. Rodo, and
M. Bouma, “Malaria resurgence in the East African highlands:
temperature trends revisited,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 103,
no. 15, pp. 5829-5834, 2006.

M. Pascual, A. P. Dobson, and M. J. Bouma, “Underestimating
malaria risk under variable temperatures,” Proceedings of the
National Academy of Sciences of the United States of America,
National Academy of Sciences, vol. 106, no. 33, Article ID 13645,
13646 pages, 2009.

Y. Artzy-Randrup, D. Alonso, and M. Pascual, “Transmission
intensity and drug resistance in malaria population dynamics:
implications for climate change,” PLoS One, vol. 5, no. 10,
Article ID 13588, 2010.

W. M. Atroosh, H. M. Al-Mekhlafi, M. A. K. Mahdy, and
J. Surin, “The detection of pfcrt and pfmdrl point mutations
as molecular markers of chloroquine drug resistance, Pahang,
Malaysia,” Malaria Journal, vol. 11, no. 1, pp. 251-257, 2012.

>

Seminars in Ne-





