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Abstract
Background: Exposure of Plasmodium falciparum to host immune system and antimalarials pressure
leads the parasite to exploit genetic factors such as genome sequence variation (structural variation and
single nucleotide polymorphism) to withstand environmental conditions. Gene copy number variation
(CNVs) is a type of genome sequence polymorphism and it has been shown that CNVs contribute to
parasite adaptation to environmental pressure, acquisition of drug resistance and enable the parasite to
escape from host immune system. In this study, we explored CNVs in P.falciparum three putative genes
related to drug pressure.

Method: Blood samples were obtained from asymptomatic school children collected from December
2016 to October 2018 in Mbita sub-county, western Kenya. Genomic DNA was extracted using ISOLATE II
Genomic DNA kit (Bioline, UK) following the manufacturer’s instructions. Real-time quantitative PCR was
performed and the target genes copy numbers were determined by absolute quanti�cation method.

Results: The �ndings revealed differential level of copy number variation in target genes investigated.
One isolate (KE024/18) was found to contain 5.29 copies of Pfcoronin gene, t(2) = 27.91, P = 0.0013,
95% CI [3.62 - 4.95]. In the Pfcysteine desulfurase gene, similar level of copy ampli�cation was observed
in the OS0149/18, (5.09 copies) t(2) = 7.85, P = 0.0148, 95% CI [1.85 – 6.33]. These two isolates were
found to harbour the highest level of CNVs of the corresponding genes. Pfplasmepsin 2 gene was found
to be less polymorphic, however, three isolates showed high copy ampli�cation, OS062/17 (9.63
copies), t(2) = 80.50, P = 0.0002, 95% CI [8.01 – 9.09]; AL106/16 (9.18 copies), t(2) = 28.61, P = 0.0012,
95% CI [6.95 – 9.41], and KM019/18 (9.41 copies), t(2) = 90.51, P = 0.0001, 95% CI [8.01 – 8.81].

Conclusion: The results show gene copy number variation in the clinical samples we explored. The
�ndings suggest that P.falciparum may be under drug pressure in the study area, therefore, this calls for
close surveillance of drug resistance.

Introduction
Plasmodium falciparum, the most lethal species of human malaria parasites can develop resistance to
antimalarial drugs and escape the host immune system, becoming a challenge to drugs e�cacy. This
ability mostly results from the variation of P.falciparum genome that imparts to the parasite the capacity
to survive under environmental conditions [1, 2]. Changes in the P.falciparum parasite genome include
single nucleotide variation, insertion, deletion which may lead to alteration of chromosomes structure [1].
In addition, gene copy number variation (CNV) largely contribute to genome variability and has forthcome
as one of the common causes of genetic diversity [3, 4]. CNV consists of the ampli�cation or deletion of a
single gene or a cluster of adjacent genes [5], resulting from the processes of rearrangements of the
genome such as translocations, duplications, deletions and inversions leading to diverse types of CNVs,
from tandem ampli�cations to the gains or losses of more complex sequences across the genome, [6].
CNVs are less frequent when compared to single nucleotide polymorphisms (SNPs), but they are more
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likely to in�uence phenotype diversity [7]. The role played copy number variants in addition to genetic
diversity, is that CNVs may directly impact gene expression, impairing gene dosage and may indirectly
modify chromatin environment thus leading to disrupted protein expression [8]. Therefore, CNVs may
exert an in�uence to clinical isolate parasites’ phenotypes as in vitro studies have shown their role in the
gain of parasites’ �tness notably erythrocyte invasion, cytoadherence, transmissibility and drug
resistance [1]. Several in vitro studies have demonstrated the role of P. falciparum CNVs in evolution,
adaptation and diseases in the host organism [9]. Laboratory adapted P.falciparum culture have shown
many copy number variants in the P.falciparum parasite’ genome [10, 11, 12], and the most observed
CNVs in these studies was a deletion on chromosome 9 in a region containing genes involved in
gametocytes formation, and in the transmission to hosts [1, 13], and a deletion on chromosome 2
spanning the knob-associated histidine-rich protein gene (KAHRP) known to mediate the cytoadherence,
thus allowing merozoites to avoid moving through bloodstream toward the spleen where they would be
demolished [14]. Another in vitro study of CNVs has detected duplication of reticulocyte-binding protein-1
gene (rh1) [15, 16], implicated in erythrocyte invasion [15]. Moreover, increased copy numbers of P.
falciparum multiple-drug resistance gene 1 (Pfmdr1) has been shown to result in high levels of Pfmdr1
protein expression and was associated with a decline of MQ and halofantrine susceptibility [17].
Furthermore, ampli�cation of the GTP- cyclohydrolase I (Pfgch1) protein, has been reported to be
associated with antifolate drugs resistance [18]. Ampli�cation of P. falciparum’ vacuole cysteine
proteases falcipain 2 and falcipain 3 genes, both associated with artemisinin resistance [19], and
involved in haemoglobin breakdown have also been reported [20]. Moreover, copy number variations have
been observed in �eld parasite’s isolates. Lumefantrine resistance has been observed in clinical isolates
with increased copy number of multidrug resistance 1 (Pfmdr1) gene [17, 21]. Increased copy number of
plasmepsin 2 (Pfpm2) gene located on chromosome 14, is associated with piperaquine resistance and
has been found in �eld parasites, [22, 23], while high copy number of Pfmdr1 associated with
lumefantrine pressure has been also observed [24, 25]. Together, both in vivo and in vitro reported studies
strongly support that CNVs are involved in parasite adaptation to antimalarial drugs. Indeed, about 0.3–
6% of P.falciparum genome is subjected to copy number variation, a fraction greater than the prevalence
of SNPs [1].

Determination of copy number variation to assess the role they play requires reliable methods of accurate
quanti�cation. Quantitative PCR (qPCR) is highly sensitive and speci�c and is commonly used as an
accurate method where accurate quanti�cation, for instance gene copy number or the level of gene
expression, is required [26]. Absolute and relative quanti�cation are the most routinely used approaches
in gene copy number calculation. Both methods require the use of a calibrator sample that carries the
gene of interest and serves as a normalizer, and the concentration of the calibrator sample must be
determined, [27]. The test sample and the calibrator need to be run in parallel under the same PCR
reactions conditions. Standards samples such as genomic DNA, recombinant plasmid DNA, or synthetic
DNA fragment can be used as calibrator samples for copy number determination when they carry the
target gene [27]. Moreover, relative quanti�cation required a reference gene (housekeeping gene) used to
calculate the fold gene in test samples relative to the reference gene. Conversely, absolute quanti�cation
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uses a standard curve constructed from a serial dilution of the calibrator sample to determine the exact
concentration of the target gene in an unknown concentration sample relative to the CT values generated
during the reaction, [28, 27, 29]. Compared to relative quanti�cation, absolute quanti�cation provides
some advantages such as sensitivity, and high reproducibility of data [30]. In the presen_t study, we
performed absolute quanti�cation to assess copy number variation. This study aimed to determine copy
number variation in three candidate genes: P.falciparum actin-binding coronin protein gene
(PF3D7_1251200), the cysteine desulfurase gene (PF3D7_0727200), and plasmepsin 2 gene
(PF3D7_1408000). Our interest in these genes relies upon their implication in drug resistance, [31, 32, 33,
23]. Artemisinin based-combination therapy (ACT) is in use in Kenya since 2004, [34], therefore, the
assessment of copy number variation of putative genes will help the early detection of ACT drug
pressure. The �ndings will be crucial in the management of malaria and inform the control strategies.

Method

Ethics
Study subjects or parents/legal guardians provided written informed assent prior to participant
enrollment. This study was conducted under the ethical grant of the original study (KEMRI/RES/7/3/1),
obtained from the Kenya Medical Research Institute (KEMRI). Assent to reuse the samples was part of the
original grant form. The experiments were carried out in compliance with experimental guidelines, and
laboratory relevant regulations.

Study area.
This study concerned Mbita sub-county located in western Kenya, on the edge of Lake Victoria [35]. Mbita
sub-county is part of Homa-Bay County, lay from west, north, and south by the Lake Victoria and situated
between latitudes (0° 21′ and 0° 32′ S), and longitudes (34° 04′ to 34° 24′ E) [36]. The district has
super�cies around 163.28 km2, with a population of approximately 115,896, and is about 400 km west of
Nairobi [35]. The area annually experiences an approximated rainfall of 1,300mm, and daily temperatures
are estimated from 26°C to 34°C [37]. Mbita sub-county is characterized as one of the high transmission
settings of malaria in Kenya, with P. falciparum infection estimated at 40% among the residents [38, 39].

Blood sampling
Samples used in the present study were obtained from asymptomatic schools children (5 to 15 years),
collected from December 2016 to October 2018. The inclusion criteria in the study were the range of age,
no malaria symptoms, and written consent. Participants’ parents or guardians provided written consent
before participant enrollment. Blood sample collection was performed at the Thomas Odhiambo Campus
of the International Centre for Insect Physiology & Ecology (ICIPE) in Mbita. Venous blood (4 mL) was
collected in EDTA from each participant. The rapid diagnostic tests (RDTs) (SD Bioline malaria Ag Pf/Pan
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(HRP-II/pLDH), and microscopy observation were used to screen samples for the presence of
Plasmodium parasite. Drops of blood, stained using 10% Giemsa for 10 minutes were prepared for
microscopy analysis. The blood smears were analyzed by the microscopists. Subsequently, Plasmodium-
positive samples con�rmed using RDT and microscopy examination were selected, and conserved at − 
80°C.

DNA preparation
Genomic DNA was isolated from 85 blood samples (200 µl) using ISOLATE II Genomic DNA kit (Bioline,
UK) as per the manufacturer’s guideline. The DNA samples were stored at − 20°C until used.

Quantitative real-time PCR ampli�cation
Three primer pairs (Table 1.) speci�c to the target genes were designed in this study. Quantitative PCR
provides high sensitive ampli�cation when the length of the amplicons are shorter. To this end, primers
were designed such that the size of the amplicons ranged from 233 to 277bp. Plasmodium falciparum
3D7 genome (ID: GCA_000002765), was used as reference for primer designing. For sensitive
ampli�cation, prior primers designing, the templates that were ampli�ed were �rstly assessed for GC%
using Beacons Designer tool (http://www.premierbiosoft.com/qOligo/Oligo.jsp?PID=1). The evaluation of
the GC content and the sequence quality of primers and the target template are important as both primer
and template can affect the ampli�cation e�ciency. Primers were designed using the online Primer3Plus
tool (https://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi). The selected primers
sequences were checked for their quality using the OligoAnalyzer tool, available on the Integrated DNA
Technology (IDT) website (https://www.idtdna.com/pages/tools/oligoanalyzer), where primer GC
content, hairpin formation, secondary structures and heterodimers formation were assessed. The
Oligosequences were subsequently checked for speci�city using the National Center for Biotechnology
Information (NCBI) primer BLAST. Plasmodium falciparum strain 3D7 genomic DNA (ATCC PRA-405D)
obtained from (https://www.atcc.org), was used as calibrator sample. The 3D7 strain harbors single copy
of Pfcoronin, Pfpm2 and Pfcysteine desulfurase IscS genes [31, 22, 40]. The concentration of the
calibrator sample (13.34ng/µL) was determined using NanoDrop 2000C (Thermo Fisher Scienti�c, USA),
this was considered as the stock solution. By using molarity calculation (C1 xV1 = C2 xV2), a working
solution was prepared from the stock which concentration was 1ng/µL in a total volume of 70 µL. Six-
fold serial dilutions of the calibrator sample ranging from 4x103 to 0.04 copies/µL of the target genes
were prepared using the working solution (Fig. 1.), (Table 2.). A standard curve was constructed for each
target gene (Fig. 4), by running the six-fold dilutions in triplicate under the same PCR conditions in parallel
with the test samples. A total of 36 samples (14 for Pfcysteine desulfurase, 13 for Pfpm2 and 9 for
Pfcoronin) were assessed for copy number variation. These samples were selected based on their
sequencing results that were found to harbour signi�cant mutations among which some have been
reported to be associated with ACT drug reduced susceptibility [41]. The ampli�cation was carried out
using Mic qPCR Cycler, v2.8.1 (Biomolecular systems, Australia). The reaction was run in 20 µL
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containing 4 µL of 5X HOT FIREPol EvaGreen qPCR Mix Plus (Solis BioDyne, Estonia), 0.3 µM of forward
and reverse primers (Macrogen, South Korea), 2 µL of DNA sample and 13.4 µL of nuclease-free water.
The run pro�le was set up as follow: hold at 95°C for 15mn, followed by 40 cycles of 95°C for 30s, 56.7°C
for 30s, 72°C for 30s. The same run pro�le was maintained for the three target genes, and all test
samples were run in triplicates in parallel with the calibrator serially diluted samples. PCR negative
control (a non-template sample) and positive control (PC) were included in each run.  

Table 1
Primer used for ampli�cation of target genes

Gene Primer sequences (5'------> 3') Tm Ta Product size

Pfcoronin F: AGGTAAAGGTGATGGTAATTGTCG 61.8°C 56.7°C 277

  R: GTTTGTACTACGTTCAGGATCTCT 61.8°C    

Pfcysteine F: CTGCTGGAAAAGTCCCTATCG 61.3°C 56.7°C 233

  R: AAGAACATACCTTAGCAGCTTCG 61.1°C    

Pfpm2 F: TATGTGTCAGGAACTGTTAGTGG 61.1°C 56.7°C 249

  R: AGGTAAGTAAAAGGTGAAAAGAGCA 60.9°C    

Tm and Ta represent primers melting and annealing temperatures respectively. Forward and reverse
primers are indicated by F and R.

Serial dilution of the calibrator sample
The mass DNA of the calibrator sample needed to construct the standard curves was determined based
on the copy number of interest of the target genes. Single copy of the target genes is present in the
calibrator sample (P.falciparum 3D7 strain) which genome size is 23000000bp [42]. The 23 Mb represent
the haploid genome of P.falciaparum [42], therefore, the target genes have single copy in the haploid
genome of the 3D7 strain. To determine the copy of interest of the target genes needed to construct the
standard curves, the mass of the haploid genome was calculated as described by Tajebe et al., [43] using
the following equation.

m = [n(bp)]
1

6.023x1023molecules/mole
660g
mole = [n] 1.096x10 −21 g

bp

Where m represent the mass, n is the genome size (bp), Avogadro’s number equals 6.023x1023

molecules/mole, and 660g/mole is the average molecular weight of double-stranded DNA.

[ ] [ ] [ ]
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To calculate the mass of the haploid genome, 23000000bp was entered for n-value.

m = 23x106bp 1.096x10 −21 g
bp = 2.5x10 −14g

m = 2.5x10 −14g = 0.000025ng

The mass of the haploid genome of the calibrator sample is 0.000025ng, and this mass contains single
copy of each the target gene. Subsequently, the determination of the mass DNA that is needed for the
copy number of interest ranging from 4x103 to 0.04 copies was calculated. For instance, if single copy of
each the target gene is obtained from 0.000025ng haploid DNA, then 4000 copies can be obtained from
0.1ng. The formula is:

[Copy number of interest] x [mass of haploid genome] = mass of DNA needed.

The above calculation was performed to determine the copy number of interest of the target genes in the
six-fold serial dilution (Fig. 1). The standard curves constructed were run in the range of the calculated
copy of interest. The copy number of interest of each standard dilution is shown in (Table 2.).  

Table 2
Concentrations of the calibrator sample obtained from six-fold serial dilution and the

corresponding copy of interest.
Serial dilution Volume ( µL ) Concentration (ng/µL ) Copy of interest ( µL− 1 )

1 10 0.1 4000

2 10 0.01 400

4 10 0.0001 4

5 10 0.00001 0.4

6 10 0.000001 0.04

Melting Curves Analysis
Melting curves analysis allows the assessment of the speci�city of PCR assay. It con�rms that only the
target templates were ampli�ed. Speci�c PCR ampli�cation generates single melting peak [5]. Conversely,
multiple peaks are interpreted as nonspeci�c ampli�cation or the formation of primer-dimers [44]. This
interpretation, although generally supported, is prone to errors since the multiple peaks pro�les are not
always representative of unspeci�c ampli�cation and or primer-dimers. Indeed, when a double-stranded
DNA melts, the GC-rich regions do not dissociate directly, thus, these stable bases maintain their double-
stranded conformation until the melting temperature (Tm) su�ciently increases to melt the bonds. Such

[ ] [ ]
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cases result in two melting phases and lead to multiple peaks [45]. Factors such as the presence of
secondary cross structure in the amplicons sequence and amplicons sequence misalignment (AT-rich
fragments) can also lead to multiple peaks pro�le [45] Primer-dimers are not desirable but can be
controlled. They mostly occur in the non-template control (NTC) where primers are abundant and there is
no template, although their presence in the NTC tube indicates that they also occur in the template
reactions. A non-template control tube was included in each the reaction to check dimers formation by
comparing the temperature pro�le of the NTC to that of the samples, as the melting temperatures of the
templates are higher than primer-dimers melting temperature due the longer length of the amplicons.

The melting curves generated from the ampli�cation of the Pfcoronin and Pfcysteine genes, showed no
ampli�cation in the NTC tubes and single peaks were observed in the test tubes (Fig. 2. A1 & A2), (Fig. 3.
B1&B2). Although there was no peak in the NTC included in Pfplasmepsin reaction, smaller peaks at
temperature ranging from 75°C to 76.5°C were observed in the melting pro�le of some test tubes of the
Pfplasmepsin gene (Fig. 3. C1&C2), then corresponding to primer-dimers as the Tm of the amplicons were
ranged from 78°C to 79°C. Additional peaks were observed (Tm ranges from 83 to 84), slightly higher
than the Tm of the amplicons. These additional peaks might be a result of the amplicons structures,
mostly due to the GC-rich content of the template sequence.

Ampli�cation e�ciency, and standard curves,
The ampli�cation e�ciency represents the rate at which amplicons are generated. PCR e�ciency
evaluates the performance of the real-time PCR reaction. The e�ciency, E = (10− 1/slope − 1) × 100, is
calculated using the slope of the standard curves, and the e�ciency equals 100% when the slope is -3.32.
More negative slope indicates low e�ciency (< 100%) while more positive slope results from sample
quality or pipetting errors. Poor ampli�cation e�ciency or high difference in e�ciency (≥ 4%) between
replicates strongly affects the copy number calculation [3]. In practice the e�ciency at 100% is
recommended, however, the acceptable PCR e�ciency is ranged from 90–110% [27, 5]. The ampli�cation
e�ciencies for each reaction of the triplicate run of the standards dilutions and the test samples were
automatically calculated by the Mic software after the reactions were completed. The high difference in
the ampli�cation e�ciency observed between the replicates was 3%. The ampli�cation e�ciencies for all
the reactions were in the acceptable range of the PCR e�ciency.

A standard curve was automatically built by the Mic PCR software for each target gene ampli�cation (Fig.
4.). The equation (y = mx + b) on the top of the corresponding graphs represents the formula of the linear
regression line, where m is the slope, x is the DNA quantity and b represents the intercept. The slopes
values and the e�ciencies were − 3.58 (E = 90.23%) and − 3.32 (E = 100%) for Pfcoronin and Pfcysteine
respectively (Fig. 4. A & B), while Pfplasmepsin 2 had slope of -3.36 (E = 99.00%) (Fig. 4. C). The
coe�cient of correlation (R2) determines the linearity of the data and should be > 0.99 50 [46], and for an
assay to be valid, the quantity of the test samples should be within the range of the linear dilution series
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[43]. The coe�cient of correlations were R2 = 0.9966; R2 = 09980, and R2 = 0.9882 for Pfcoronin,
Pfcysteine and Pfplasmesin 2 respectively.

Determination of the target genes copy number variation
The concentration of the ampli�ed target genes was generated automatically for each test sample by the
Mic qPCR software based on the concentration of the standard dilution. The copy numbers of the target
genes in test samples were calculated from the generated concentration (ng/µl) of input DNA as
described by Tajebe et al., [43], using the following formula:

DNACopynumber =

6.023 × 1023copy
mol × DNAamount

g
μl

[Ampliconlength(bp)] ×
660g
mol ×

1
bp

Where Avogadro’s number represents 6.023×1023 copy per mole; 660g per mole per base pair is the
molecular weight of DNA. The amplicons lengths are 277bp, 233bp and 249bp for Pfcoronin, Pfcysteine
and Pfplasmepsin 2 respectively.

The above formula has also been described by Lee et al., [28] and by Kamau et al., [27] for copy number
calculation. To determine copy number variation, the ratio of the target gene copies to the calibrator
copies was calculated. In other words, the copy numbers variation was calculated by dividing the copy
number of the target genes found in the test samples to copy numbers of the target genes in the
calibrator samples. For example, in the Pfcoronin gene, the copy number of the calibrator at 0.1ng/µL
input DNA, and the positive control (PC = 0.133ng/µL, (concentration determined by the PCR software), is
computed as follow:

Calibratorcopynumber =

6.023 × 1023copy
mol × 1x10 −10 g

μl

[277(bp)] ×
660g
mol ×

1
bp

Cal. = 329449732 copies µL− 1

[ ] [ ( ) ]
[ ]

[ ] [ ( ) ]
[ ]
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Positivecontrolcopynumber =

6.023 × 1023copy
mol × 1.33x10 −10 g

μl

[277(bp)] ×
660g
mol ×

1
bp

PC = 438168143.5 copies µL− 1

TheratioPCtoCal =
PC

Cal. =
438168143.5
329449732 = 1.33folddifference

The result obtained from the ratio represents the fold change or copy number variation between the test
samples relative to the calibrator sample. The copy number variation in the test samples was calculated
the same way. The calibrator harbours single copy of the target genes, then if the test samples have more
copies of the target genes than the calibrator, the result of the ratio was > 1. Conversely, the ratio ≤ 1
indicates equal or fewer copy numbers of the target genes in the test samples. The ration (R) was
computed for each replicate, thus, for the three replicates run, three values of (R) were obtained from each
sample. To narrow down the assignment of copy number variation, we de�ned a cutoff value as
described by Leroy et al., [47]: Single copy, and two or multicopy were de�ned as, the ratio (R < 1.5 and R 
≥ 1.5 ) respectively.

Data analysis
The equation of gene copy number calculation mentioned above was computed in Microsoft Excel 2019,
to calculate the target genes copy numbers. The gene copies were calculated per sample from the
replicates concentration generated. Descriptive statistics were applied to the three replicates results to
calculate the average copy number, standard deviation, and standard error of average by using GraphPad
Prism 9.00, software. To evaluate the signi�cance of each test sample copy variation, the one-sample t-
test was performed. The signi�cance cutoff was de�ned as P < 0.05. All the graphics were performed
using GraphPad software.

Results
The 36 samples selected for copy number variation determination were successfully assessed. The
average copy obtained from the three replicate run from each test sample after calculation of the ratio
(test sample copy / Calibrator copy) was de�ned as the copy number variation. In Pfcoronin gene,
signi�cant high CNV (more than 2 copies) were observed in the isolate KE024/18 (5.29 copies), t(2) = 
27.91, P = 0.0013, 95% CI [3.62–4.95]; KI016/17 (4.19 copies), t(2) = 17.56, P = 0.0032, 95% CI [2.41–3.97]
and isolate KI053/17 (3.43 copies), t(2) = 8.54, P = 0.0134, 95% CI [1.20–3.65]. Three isolates

[ ] [ ( ) ]
[ ]
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(KM002A/18, KMSB020/18, and OS062/18) were found to harbour (2.76, 2.70, and 2.76 copies)
respectively (Table 3.). The sample t-test was signi�cant for the three isolates, KM002A/18, t(2) = 8.46, P 
= 0.0137, 95% CI [0.86–2.66]; KMSB020/18, t(2) = 7.31, P = 0.0182, 95% CI [0.70– 2.71]; and OS062/18,,
t(2) = 6.09, P = 0.0259, 95% CI [0.51–3.00]. Single copy of Pfcoronin (copy < 1.5) was found in sample
OS031/16, (1.48 copies), t(2) = 3.08, P = 0.0908, 95% CI [-0.19–1.16]; OS115/18 (1.47copies), t(2) = 4.83,
P = 0.0401, 95% CI [0.05–0.88]; and KE002/17 (1.48 copies), ), t(2) = 2.57 P = 0.1235, 95% CI [-0.32–1.29].

Table 3
Pfcoronin gene copy number variation

Isolate ID Cqa Copy (µL− 1)b Copy number variationC

OS031/16 23,63 ± 0.13 4930 1.48 ± 0.27 (0.15)

KI016/17 23,63 ± 0.12 13839 4.19 ± 0.31 (0,18)

KI053/17 23,96 ± 0.24 11396 3,43 ± 0.48 (0.28)

KE002/17 23,02 ± 0.10 4917 1.48 ± 0.32 (0.18)

KE024/18 23,24 ± 0.08 17449 5.29 ± 0.26 (0.15)

KM002A/18 24,31 ± 0.21 9135 2.76 ± 0.36 (0.20)

KMSB020/18 24,35 ± 0.25 8934 2.70 ± 0.40 (0.23)

OS062/18 24,32 ± 0.29 9116 2.76 ± 0.50 (0.28)

OS115/18 22,52 ± 0.15 4865 1.47 ± 0.16 (0.09)

a Average ± Standard deviation. b Average. C Average ± Standard deviation (Standard error of average)

Cq: PCR cycle number at which samples’ ampli�cation curves reach the threshold.

Among the fourteen samples assessed for Pfcysteine desulfurase gene copy number variation, multicopy
of the gene were determined in 12 samples. Isolates KE002/18, KI016/18, AL054/17, and AL076/18 had
copy number (2.74, 2.89, 2.13 and 2.34 copies) respectively with signi�cant P-value, (KE002/18, t(2) = 
10.67, P = 0.0087, 95% CI [1.04–2.45]; KI016/18, t(2) = 29.77, P = 0.0011, 95% CI [1.62–2.16]; AL054/17,
t(2) = 11.06, P = 0.0081, 95% CI [0.69–1.56]; and AL076/18,t(2) = 5.62, P = 0.0302, 95% CI [0.31–2.37]).
The single copy isolate SA022/17 (1.45 copy) was statistically signi�cant, t(2) = 9.52, P = 0.0108, 95% CI
[0.24–0.65], while,no statistical signi�cance was observed in the single copy isolate GE023/16 (1.06
copy), t(2) = 1.87, P = 0.2016, 95% CI [-0.12–0.30]. Threeisolates were reported to have copy (< 2) but
exceeding the assigned cutoff of single copy (< 1.5), thus were considered as double copies. There
isolates were AL027/18 (1.73 copies), ALR026/18 (1.83 copies), and NY023/17 (1.97 copies). The
reported copy variation was found statistically signi�cant for the three aforementioned isolates, t(2) = 
6.52, P = 0.0227, 95% CI [0.25–1.22] for AL027/18; t(2) = 38.28, P = 0.0007, 95% CI [0.74–0.93] for
ALR026/18, and t(2) = 22.46, P = 0.0220, 95% CI [0.78–1.16] for NY023/17. Two isolates were found to
contain four copies of Pfcysteine, OS103/16 (4.42 copies) and KE022/18 (4.66 copies), both recorded
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copies were signi�cant, t(2) = 7.90, P = 0.0156, 95% CI [1.56–5.29], and t(2) = 20.42, P = 0.0024, 95% CI
[2.88–4.43] for OS103/16 and KE022/18 respectively. KI099/18 and KE023/17 isolates showed three
copies each (3.16 and 3.26 copies) respectively with signi�cant single (for KI099/18, t(2) = 14.19, P = 
0.0049, 95% CI [1.52–2.85], and for KE023/17, t(2) = 12.67, P = 0.0062, 95% CI [1.49–3.03]). The highest
copy variation of Pfcysteine gene was detected in sample OS0149/18 which had 5.09 copies, t(2) = 7.85,
P = 0.0148, 95% CI [1.85–6.33] (Table 4.).

Table 4
Pfcysteine desulfurase gene copy number variation

Isolate ID Cqa Copy (µL− 1)b Copy number variationc

OS103/16 15.52 ± 0.60 1736247 4.42 ± 0.75 (0.43)

NY023/17 23.08 ± 0.04 7760 1.97 ± 0.07 (0.04)

KE023/17 18.82 ± 0.29 128105 3.26 ± 0.30 (0.17)

GE023/16 23.00 ± 0.05 43179 1.09 ± 0.08 (0.04)

AL054/17 22.63 ± 0.52 8367 2.13 ± 0.17 (0.10)

ALR026/18 23.19 ± 0.01 7110 1.83 ± 0.03 (0.02)

AL027/18 23.54 ± 0.51 6826 1.73 ± 0.19 (0.11)

AL076/18 22.80 ± 0.20 9212 2.34 ± 0.41 (0.23)

KI099/18 22.45 ± 0.23 12529 3.19 ± 0.26 (0.15)

KI016/18 22.52 ± 0.05 11358 2.89 ± 0.11 (0.06)

SA022/17 22.36 ± 0.08 57160 1.45 ± 0.08 (0.08)

OS0149/18 24.03 ± 0.29 19964 5.09 ± 0.90 (0.52)

KE022/18 24.16 ± 0.10 18273 4.66 ± 0.31 (0.17)

KE002/18 24.04 ± 0.06 10773 2.74 ± 0.28 (0.16)

a Average ± Standard deviation. b Average. C Average ± Standard deviation (Standard error of average)

Cq: PCR cycle number at which samples’ ampli�cation curves reach the threshold.

Single copy of Plasmepsin II gene was reported in 7 samples over 13 samples assessed for plasmepsin II
copy number variation (Table 5). The following isolates KB002/18, AL090/18, NY021/18, and MI009/16
had copy recorded (1.31, 1.05, 1.45, and 1.38 copy) respectively. The reported copy were not statistically
signi�cant KB002/18, t(2) = 2.21, P = 0.1574, 95% CI [-0.29–0.93]; AL090/18, t(2) = 3.67, P = 0.0669, 95%
CI [-0.01–0.11]; NY021/18, t(2) = 3.43, P = 0.0753, 95% CI [-0.11–1.029], and MI009/16, t(2) = 1.81, P = 
0.2113, 95% CI [-0.53–1.30]. Single copy was also found in isolates GE023/17 (1.35 copy), KI006/18
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(1.04 copy) and NY066/17 (1.05 copy). The copy recorded in GE023/17 was signi�cant t(2) = 6.35, P = 
0.0.02939, 95% CI [0.11–0.58], while copy found in the KI006/18 and in NY066/17 were not, (t(2) = 1.92,
P = 0.1946, 95% CI [-0.04–0.12], and (t(2) = 2.44, P = 0.1348, 95% CI [-0.04–0.14]), for KI006/18, and
NY066/17 respectively. We reported two isolates containing 2 copies of Pfplasmepsin II: KI045/18
(1.87copies), t(2) = 2.88, P = 0.1028, 95% CI [ -0.43–2.17], and KI004/18 (1.96 copies), t(2) = 8.28, P = 
0.0143, 95% CI [0.46–1.46]. One isolate was showed four copies, SA027/17 (4.48 copies), t(2) = 22.26, P 
= 0.0020, 95% CI [2.81–4.15]. Moreover, although Pfplasmepsin II gene was found to be the less
polymorphic gene in copy number variation, three isolates were reported with the most high copy
variation observed in this study: these were, OS062/17 (9.63 copies), AL106/16 (9.18 copies), and
KM019/18 (9.41 copies). The recorded copies were statistically signi�cant, t(2) = 80.50, P = 0.0002, 95%
CI [8.01–9.09] for OS062/17; t(2) = 28.61, P = 0.0012, 95% CI [6.95–9.41] for AL106/16; and t(2) = 90.51,
P = 0.0001, 95% CI [8.01–8.81] for KM019/18, (Table 5.).

Table 5
Pfplasmepsin 2 gene copy number variation

Isolate ID Cqa Copy (µL− 1)b Copy number variationc

KB002/18 22.67 ± 0.26 48578 1.31 ± 0.24 (0.14)

AL090/18 24.22 ± 0.04 38944 1.05 ± 0.02 (0.01)

SA027/17 24.33 ± 0.23 16450 4.48 ± 0.27 (0.15)

KM019/18 24.31 ± 0.02 34502 9.41 ± 0.16 (0.09)

AL106/16 23.19 ± 0.08 33670 9.18 ± 0.49 (0.28)

NY021/18 23.64 ± 0.23 53608 1.45 ± 0.23 (0.13)

MI009/16 22.91 ± 0.29 51154 1.38 ± 0.36 (0.21)

NY066/17 26.37 ± 0.02 3894 1.05 ± 0.03 (0.02)

OS062/17 23.14 ± 0.06 35333 9.63 ± 0.18 (0.10)

KI045/18 25.46 ± 0.30 6882 1.87 ± 0.52 (0.30)

KI004/18 25.43 ± 0.14 7241 1.96 ± 0.20 (0.11)

KI006/18 24.27 ± 0.13 38457 1.04 ± 0.03 (0.02)

GE023/17 22.65 ± 0.10 49815 1.35 ± 0.09 (0.05)

a Average ± Standard deviation. b Average. C Average ± Standard deviation (Standard error of average)

Cq: PCR cycle number at which samples’ ampli�cation curves reach the threshold.

Discussion
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Plasmodium falciparum parasites experience strong pressure from antimalarial drugs treatments and
from exposure to host immune responses. Single nucleotide variation and gene copy number variation
are two alternatives that P.falciparum parasites exploit to circumvent environment pressure. Importantly,
gene copy number variations have shown prominent role in the gaining of antimalarials resistance. The
investigation of gene CNVs in the putative candidate genes related to drug pressure is crucial. In this
study, we explored copy number variation in three putative genes of P.falciparum (Pfcoronin, Pf cysteine
desulfurase and Pf. Plasmepsin 2). Previous studies have shown point mutation in the Pfcoronin and
Pfcysteine desulfurase conferring reduced artemisinin susceptibility, and selection for lumefantrine drug
respectively [31, 32], however, ampli�cation of Pfplasmepsin 2 copy number is commonly known as
piperaquine resistance marker [22, 23]. It should be noted that the current study represents the �rst report
investigating copy number variation in the aforementioned genes in Kenya since we did not �nd a report
that describes CNV in the Pfcoronin and Pfcysteine desulfurase in the literature reviews. Pfplasmepsin
CNVs are widely reported although no report was found to describe Kenya parasites plasmepsin 2 CNVs.
Indeed, most of the studies conducted in P.falciparum copy number variation in Kenya were focused on
the multidrug resistance gene 1 (Pfmdr1) [48]. Therefore the lack of previous data describing CNVs of the
three genes we investigated in this study limits the comparison of our results. Importantly, the �nding of
this report will serve as baseline data for future investigations.

The highest increased copy number detected in the Pfcoronin gene was �ve-fold ampli�cation observed
in one isolate (KE024/18) followed by 4 copies detected in KI016/17 (Fig 5. A), the others isolate (except
two, which had single copy) showed fold changes >2.5 copies and therefore considered as 3 copies. In
total 7 over 9 isolates have been found to increase Pfcoronin copy number. The pro�le of increased
Pfcoronin gene copy number observed in this study leads us to postulate that this increased copy number
may be a result of drugs pressure namely dihydroartemisinin-piperaquine combination which is the
second frontline ACT drug used in Kenya since 2009 [49]. Indeed, Pfcoronin has shown point mutations
(R100K, E107V and G50E) after P.falciparum has been pulsed intermittently with dihydroartemisinin-
piperaquine over 4 year’s periods [31]. The mutant parasites have shown reduced DHA susceptibility
compared to wild type parasites [31]. These �ndings show evidence implicating the Pfcoronin gene in the
response to DHA drug pressure, therefore these �ndings strengthen our hypothesis that the copy number
observed in the Pfcoronin may be a response of drug pressure as CNVs contribute to parasite �tness. 

Moreover, Pfcoronin protein in addition to being involved in drug response plays important role in the
parasite.  The protein is conserved, and is expressed in the merozoite’s periphery and also localized in late
schizogony [50]. The coronin protein contains β-propeller domain like PfKelch13 protein [31] and it
processes WD40 repeats (repetitive residues composed of tryptophan (W) – aspartic acid (D) at the C-
terminus while having glycine (G) – histidine (H) at the N terminus) spanning the β-propeller domain
which serves protein-DNA and protein-protein interaction and is also involved in multiples functions such
as chemical inhibitors pathways, regulation of transcription, signal transduction [51, 52, 41]  Pfcoronin is
also implicated in vesicular transport, cytoskeletal motility F-actin binding and its structural organisation
[31]. These functions highlight the prominent role of Pfcoronin protein in the P.falciparum parasite.
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The isolates explored for Pfcysteine desulfurase gene copy number variation revealed important
ampli�cation. Overall 12 over 14 isolates were found to contain cysteine desulfurase gene copy
polymorphism. The highest copy ampli�cation observed was 5 copies of cysteine gene in the
isolate OS0149/18 and KE022/18 (Fig 5. B), and the rest of the isolates had CNVs ranging from 4 copies
to 1 copy. Only two isolates were detected with single copy. The results show important ampli�cation
pro�les of the cysteine desulfurase gene in the study area. Amambua et, al., [32] reported increased
frequency in the allele K65 in Pfcysteine desulfurase gene in the Gambian clinical isolates, and the
IC50 for lumefantrine drug was signi�cantly higher in isolates that harboured the K65. These �ndings
imply the cysteine desulfurase in response to lumefantrine drug pressure. Since Pfalciparum parasites
use point mutations and gene copy polymorphism to withstand antimalarial drugs pressure, therefore, the
copy number variation observed in the cysteine desulfurase gene in this current study may be attributed
to parasite exposure to arthemeter-lumefantrine drug which is in use as �rst frontline ACT in Kenya since
2004 [34] for the treatment of uncomplicated malaria. Pfcysteine desulfurase protein is a member of
class-V pyridoxal-phosphate-dependent aminotransferase family [53]. The protein is involved in the Iron-
sulphur biosynthesis and its delivery to different metabolic pathways for instance the Fe-S complex
which is modulated in apicomplexans during drug resistance, and stress conditions [32] In P.falciparum,
the iron homeostasis is substantive for blood-stage parasite development and is implied in the
mechanisms of quinolones drug, _ the lumefantrine drug family [32]. Moreover, many important features
were predicted in the cysteine desulfurase protein including  Aminotran_5 domain, disordered regions
covering low complexity motifs [41] those functions include adhesion, signal transduction,  molecular
recognition, interaction with phospholipid bilayers,  protein modi�cation, and modulation of protein
translation [40, 54] 

Pfplasmepsin 2 gene was found to be the less polymorphic gene in copy number variation, in total 6
isolates showed copy number variation. However, the highest CNVs detected in this study was found in
the Pfplasmepsin 2 gene, three isolates (OS062/17, KM019/18, and AL106/16) showed (9.63, 9.41 and
9.18 copies) of plasmepsin 2 gene respectively (Fig 5. C). Pfplasmepsin 2 and plasmepsin 3 genes copy
number variation are widely reported and known as piperaquine resistance markers [23, 55].  Previous
studies investigating the impact of plasmepsin genes CNVs in the resistance to piperaquine drug have
allowed to better understand how a gene copy number polymorphism reduces drug e�cacy and leads to
drug resistance. Indeed, within the host red cells, malaria parasites degrade haemoglobin (Hb) generating
peptides and amino acids which are subsequently used by the parasites as nutrient [56]. Plasmepsin 2
and plasmepsin 3 are food digestive vacuole enzymes and are directly implicated in haemoglobin
degradation [56]. However, haemoglobin degradation generates a byproduct (Heme) which is toxic to the
parasites [57, 56]. To overcome this toxicity, malaria parasites depolymerise the toxic heme to non-toxic
hemozoin [57]. Piperaquine drug targets plasmepsin enzymes and prevent both haemoglobin
degradation and the conversion of the toxic heme to non-toxic hemozoin [57]. Therefore, piperaquine
treatment leads to the accumulation of undigested haemoglobin and toxic heme as well as reduction of
hemozoin production [56] [57]. The lack of haemoglobin degradation starve parasites and �nally, the
toxic heme leads to parasites’ death. However, ampli�cation of plasmepsin 2 gene copy number causes

https://www.uniprot.org/uniprot/?query=family:%22class-V+pyridoxal-phosphate-dependent+aminotransferase+family%22&sort=score
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overexpression of plasmepsin 2 enzyme that overwhelms the inhibitory effect of piperaquine [57], that is,
single copy of plasmepsin 2 is effectively neutralized by piperaquine preventing haemoglobin
degradation, however, when there are multicopy of plasmepsin 2, piperaquine neutralises some copies,
while extra copies of the enzyme maintain hemoglobin degradation (Fig 6.), consequently the parasites
withstand piperaquine inhibitory effect. Trophozoites under piperaquine drug treatment have revealed
large digestive food vacuoles containing undegraded hemoglobin [57]. This supports the inhibitory effect
of piperaquine (the prevention of Hb digestion). Moreover, the mechanism we described here, illustrating
the in�uence of plasmepsin gene ampli�cation on the piperaquine inhibitory effect has been
strengthened by Mukherjee et al., [58] in a study where the author found that inactivation plamepsins
genes in P.falciparum results to hyper sensibility of piperaquine drug, highlighting the role of plasmepsins
in piperaquine susceptibility. In the light of the mechanism described here, we speculate the possibility
that CNVs detected in the Pfcoronin, as well as in the Pfcysteine desulfuferase and in Pfplasmepsin 2
gene may act in a similar mechanism like plasmepsin genes and thus evolve to drug resistance.

Mechanism of DNA copy number formation
P.falciparum genome is highly AT-rich, all of the 23Mb, the overall (AT)-content is estimated at 80.6% and
can reach 95% in the intergenic, and introns regions [42]. The AT-content greatly contributes to copy
number generation. It has been shown that genomic breakpoints frequently occur in AT-rich regions and
in near homopolymeric traits of poly-(A) or poly-(T) bases [18]. The multidrug resistance gene 1 (pfmdr1)
copy amplicon (Chr 5) and the GTP- cyclohydrolase I gene copy (Chr 12) have been commonly detected
in DNA breakage sites within monomeric A/T tracts [59]. Huckaby et al., [60] have conducted an in-depth
analysis of a resistant clone of P.falciparum genome copy number and found that all the resistance-
conferring CNVs had long monomeric A/T tracks on their upstream and downstream boundaries. Indeed,
the most supported mechanism of CNVs formation imply A/T-tracks, and DNA hairpins structure as
essential structure in the initiation and acquisition of new copy formation. The A/T-tracks regions trigger
homology mediated pathways across DNA breaks that are caused by the hairpins structure throughout
the parasite’ genome (Fig 7.). Hairpins trigger DNA breaks likely due to halting of the replication fork
progression, or due to the recognition of hairpin-binding proteins or by enzymatic action and polymerase
pausing impact. [60, 61]. Hairpins structures are known to cause DNA breakage and can lead to many
replication forks collapsing [60]. The DNA breakage is �xed by utilizing the A/T tracks as microhomology-
mediated repair that leads to copy number generation [60, 61].     

In P.falciparum, the copy number of drug-target protein may amplify under drug pressure, and selection,
for example, drug of �tness cost lead the parasite to conserve the bene�cial amplicon during the repairing
processes of DNA breakage [61, 60]. It has been shown CNVs that occur in the �eld parasites under drug
pressure do not always de-amplify to single copy of the target protein, the parasites conserve some
number of copies and these copies will be quickly re-ampli�ed when parasites encounter the same drug-
like before, this allows parasites to rigorously resist to drug pressure [61]. Moreover, it has been reported
that CNVs in�uence both the expression of genes inside and outside CNVs regions [12], highlighting a co-
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regulation of genes in the CNVs vicinity thereby suggesting that CNVs act as substantive elements of
transcriptional regulation. Ampli�cation of gene copy number play important role in P.falciparum
adaptation to its environment, however, deletion of speci�c genes in the parasites’ population may also
render the rapid diagnosis tests inadequate [61], both CNVs ampli�cation and gene deletion strongly
impact the level of gene expression. Moreover, it should be noted that P.falciparum genome is subject to
natural rearrangement of DNA, consequently, gene copy number variations may occur even in the
absence of drug pressure, therefore, CNVs are not always representative of drug resistance. More remains
to be known about the distribution CNVs, their inheritance as well as the rate at which P.falciparum
develops or reverts CNVs to the iniatial state.   

Conclusion
Gene copy number variations are important features in the adaption of P.falciparum parasites to their
environment. CNVs strongly contribute to drug resistance. Here, we investigated CNVs in three candidate
genes of P.falciparum in clinical samples from Mbita isolates, one of the high intensive malaria
transmission settings. The �ndings showed differential levels of copy polymorphism in the three genes
investigated, which may be a result of antimalarial drugs pressure, therefore the �ndings call for
continuous surveillance drug resistance in the study area. Importantly, this report represents the �rst
study exploring CNVs in Mbita �eld isolate parasites. The results will serve as baseline data for future
investigation.
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Figures

Figure 1

Serial dilution of the calibration sample.

Figure 2

https://doi.org/10.1371/journal.ppat.1003375
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Melting curve and normalised �uorescence pro�le of the Pfcoronin gene ampli�cation. A1 = melting curve
A2 = normalised �uorescence. PC* = Positive Control. NC* = Negative Control.

Figure 3

Melting curves and normalised �uorescence pro�les of the Pfcysteine desulfurase gene (B1&B2), and
Pfplasmepsin 2 gene (C1&C2). PC* = Positive Control. NC* = Negative Control.
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Figure 4

Standard curves. A= Pfcoronin. B = Pfcysteine desulfurase, C = Pfplasmepsin 2. The blue PC* = Positive
Control. The blue dots represent the standards dilution, and red dots represent the test samples.
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Figure 5

Copy number variation. A = Pfcoronin. B = PfCysteine desulfurase, and C = Pf.plasmepsin 2. The X axes
represent explored isolates ID.
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Figure 6

Illustration of plasmepsin 2 gene copy ampli�cation in the mechanism of piperaquine resistance.
RESISTANT parasite: (1) extra copy of plasmepsin 2 (multicopy) trigger haemoglobin degradation while
piperaquine neutralizes some copies (2). (3) Hb digestion produces heme which is converted to hemozoin
(4). VULNERABLE parasite: (1) Single copy of plasmepsin 2 is well-neutralised (2), therefore, undigested
Hb and the toxic heme accumulate (3) while non-toxic hemozoin cristal decreases (4).
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Figure 7

Illustration of a model of copy number formation in P.falciparum. STEP 1, DNA hairpin structures cause
double-strand breaks across the genome presumably by the halting of the replication fork progression, by
recognition of hairpin-binding proteins or by enzymatic action and polymerase pausing impact. STEP 2,
A/T-tracks (orange circles) trigger homology mediated pathways across DNA breaks generating CNVs
(green and blue horizontal bars). Red vertical dotted lines represent the copy breakpoints that are
randomly generated throughout the genome. STEP 3, homology-based expansion acts to conserve
bene�cial copies. The regenerated CNVs can harbour bene�cial genes (red bars within the horizontal
bars), under conditions like drug selection, the bene�cial copies are conserved. 


