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Abstract

Background: The malaria diagnostic tools developed to date require blood to be taken. However, certain groups in the population
are reluctant to take blood samples because of their cultural habits (blood taboo), or because of the fear associated with the
trauma of the injection, especially when the sample is taken repeatedly. Saliva and urine, which are not very invasive to collect,
have not been widely used for malaria diagnosis. The aim of this study is to assess the performance of saliva and urine in
detecting molecular markers of Plasmodium falciparum resistance to antimalarial drugs. Methodology: Blood, urine and saliva
samples were collected in three different localities from 94 patients over 2 years of age with microscopically confirmed
Plasmodium falciparum uncomplicated malaria. P. falciparum genomic DNA (Deoxyribonucleic acid) was then extracted and
amplified using primers specific for the Pfcrt (Plasmodium falciparum Chloroquine Resistance Transporter), Pfdhfr
(Plasmodium falciparum dihydrofolate reductase) and PfK13 propeller (Plasmodium falciparum Kelch13 propeller) genes. The
amplification products were processed by electrophoresis and analyzed against blood, saliva and urine samples. A multivariate
statistical analysis in R programming environment was performed aiming to assess the performance of blood, saliva and urine
samples in detecting molecular markers of P. falciparum resistance. Results: Agarose gel electrophoresis of the amplification
products of each gene detected the Pfcrt genes at 80.85% (76/94), Pfdhfr at 95.74% (90/94) and PfK13 Propeller at 98.93%
(93/94) in blood. In saliva, gene detection levels were 50% (47/94), 69.14% (65/94) and 4.26% (4/94) respectively for the K13
propeller, Pfdhfr and Pfcrt genes. Unlike the Pfcrt gene, which was not detected, 45.74% (43/94) and 38.30% (36/94) of PfK13
Propeller and pfdhfr genes respectively were detected in urine. Taking blood as the reference biological sample, statistical
analysis showed that unlike urine, saliva exhibited a detection performance for molecular markers of antimalarial drug resistance
(pfcrt, pfdhfr, pfK13 propeller) close to that of blood (p < 0.05). The performance of saliva and urine was also assessed on the
basis of the detection of the molecular markers pfdhfr, pfcrt and pfK13 using ROC (receiver operational characteristic) analysis.
The data revealed a high sensitivity of saliva compared with urine in the detection of the pfdhfr, pfcrt and pfk13 propeller genes.
Conclusion: The levels of detection of molecular markers of antimalarial drug resistance studied in saliva are close to those in
blood. Saliva is a high-performance biological product that could potentially be used as an alternative non-invasive sample for
the study of molecular markers of Plasmodium falciparum resistance to antimalarial drugs.
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1. Introduction

Despite international prevention efforts, malaria remains a
global public health problem. According to the World Health
Organization, nearly 249 million cases of malaria were rec-
orded worldwide in 2022, including 608,000 deaths, 95% of
which occurred in Africa [1]. The vast majority of deaths were
among children under five, accounting for 78% of all malaria
deaths [1]. Various interventions such as insecticide-treated nets
(ITNs), indoor residual spraying (IRS), antimalarial drugs,
rapid diagnostic tests (RDTs) and, more recently, vaccines (RTS,
S/ASO1 and R21/Matrix-M), continue to play a crucial role in
the malaria control strategy. However, the positive effects of
these interventions are threatened by the emergence of
drug-resistant parasites and insecticide-resistant mosquitoes.
Early and accurate diagnosis and rapid treatment of cases are
extremely important for malaria control [2, 3]. Thus, the ideal
diagnostic method that would be most beneficial in eliminating
malaria should be rapid, simple to implement, inexpensive,
sensitive, accurate and non-invasive. Currently available diag-
nostic methods for malaria include identification of malaria
parasites or parasite protein in blood by microscopy, rapid di-
agnostic tests (RDTs) and detection of parasite DNA by PCR
(Polymerase Chain Reaction). Despite the differences in their
procedures and performance, microscopy, RDT and PCR for
malaria diagnosis share a common problem, namely the need
for a blood sample. Indeed, the tools developed to date both for
malaria diagnosis and for studies of molecular markers of an-
timalarial drug resistance all require blood to be taken by ca-
pillary puncture (at the fingertip) or venipuncture [4]. Some
groups in the population are reluctant to have their blood sam-
ple taken because of their cultural habits (blood taboo), or be-
cause of the fear associated with the trauma of the injection,
especially when the sample is taken repeatedly [5-7].

Furthermore, in some countries, the willingness of asymp-
tomatic patients to undergo invasive testing for surveillance
purposes may become difficult over time, hence the need for
malaria diagnostic tests using non-invasive samples [8, 9].

To overcome the obstacles associated with the problem of
blood sampling, it is necessary to consider a non-invasive
sampling method that can replace the collection of blood
samples, with comparable performance in terms of the de-
tectability of resistance markers. Previous studies have shown
that Plasmodium DNA can be detected in saliva and urine [10,
11, 4]. In addition, several studies have evaluated the accuracy
of malaria diagnosis using PCR, ELISA (Enzyme-Linked
Immuno-Sorbent Assay) or rapid diagnostic tests (RDTs) on
non-invasively collected human samples, such as saliva, urine,

faeces and hair [12, 13]. The aim of this study is to evaluate
the performance of saliva and urine in detecting molecular
markers of Plasmodium falciparum resistance to antimalarial
drugs (the pfdhfr, pfcrt and pfK13 propeller genes).

2. Materials and Methods

2.1. Study Site

This prospective study took place at the Anonkoua Kouté
health centre and the Port-Boué& and Ayamégeneral hospitals
from February to August 2015. The climate at these sites in the
south of C&e d'lvoire is dominated by annual rainfall in ex-
cess of 1,700 mm, with temperatures varying between 27 and
33<C. Malaria is seasonal, predominating in the rainy season
from June to September, with peaks in prevalence and inci-
dence in October-November. Plasmodium falciparum is the
dominant species, accounting for over 90% of the parasite
formula. The main malaria vectors in this study area (the
forested south of C&e d'lvoire) are members of the An. gam-
biae sl and An. funestus sl complexes [14]. The Anon-
koua-koutéhealth centre and the Ayamégeneral hospital were
selected because of their high annual incidences of malaria. In
addition, these health facilities have been considered for sev-
eral years as the main sites for multicentre clinical efficacy
testing by the Malaria Unit of the Institut Pasteur de C8e
d'Ivoire. The Port Bou& General Hospital was chosen for this
study not only because of its consistently high annual inci-
dence of malaria, but also and above all because of its marshy
environment used for market gardening. Study population and
sample collection.

All patients clinically suspected of having malaria at the
Anonkoua- koutéhealth centre, Port- Bou& and Ayamégen-
eral hospitals during the study period were eligible. However,
after informed consent, blood samples were collected from
patients over 2 years of age with an axillary or rectal temper-
ature greater than 37.5<C and microscopically confirmed
uncomplicated P. falciparum malaria.

2.2. Blood, Saliva and Urine Sampling

1) Blood: From each patient with microscopically con-
firmed malaria, 2-5 mL of venous blood was drawn and
collected in an EDTA (Ethylene Diamine Tetra-Acetic
Acid) tube. Approximately 50 uL of whole blood was
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spotted onto Whatman 3 MM filter paper using a mi-
cropipette with filter cones. The paper containing the
blood spots was dried for 60 to 120 minutes at room
temperature in a dust-free environment.

2) Saliva: Ten to fifteen minutes after rinsing the mouth
with tap water, 5 mL of saliva was collected per patient in
a sterile bottle. Using a micropipette and filter cones, 50
pL of total saliva was deposited on Whatman 3 MM filter
paper. The resulting confetti was dried for approximately
60 to 120 min at room temperature in a dust-free envi-
ronment.

3) Urine: After blood and saliva collection, 5-10 mL of
urine from each patient was collected in a sterile bottle.
Using a micropipette and filter cones, 50 pL of total urine
was deposited on Whatman 3 MM filter paper. The re-
sulting confetti was dried for approximately 60 to 120
min at room temperature in a dust- free environment.

2.3. Extraction of Plasmodium Falciparum
Genomic DNA

Plasmodium DNA was extracted with methanol from blood
confetti [15]. Thin cuts of blood confetti were immersed in 1
mL of wash buffer (950 pL of 1X PBS plus 50 L of 10%
saponin) and incubated at 4 <C overnight. The wash buffer was
removed and washed before adding 150 L of methanol. After
incubation for 20 minutes, the methanol was gently removed
and the samples were dried at room temperature for 2 hours
before adding 300 L of sterile water. The samples were then
heated to 99<C in a thermo-mixer for 30 minutes to elute the
DNA. After removing the confetti debris, the DNA extracts
were aliquoted into a 1.5 ml Eppendorf tube and stored at
-20<C.

Extraction of plasmodial DNA from urine and saliva con-
fetti was performed using the Chelex®100 method [16, 17].
One hundred and eighty microlitres (180 pL) of 5% (w/v)
Chelex-100 solution (Bio-Rad, catalogue no. 1422832) was
placed in a 1.5 ml centrifuge tube and heated to 100<C for 5
minutes. The fine cuttings from each confetti were added to
the boiling solution of Chelex 100 on the heat block. After
centrifugation at 12,0009 for 90 seconds, the supernatant was
collected and centrifuged again under the same conditions as
before. The supernatant obtained is used for PCR.

2.4. Amplification of the pfcrt, pfdhfr and pfk13
Propeller Genes

The pfert, pfdhfr and pfk13 propeller resistance genes were
amplified by nested PCR using a pair of primers specific for
each gene and a commercial DNA polymerase kit called 5X
FIREPoI® Blend Master Mix with mM MgCI2. The compo-
sition of this kit constituted a pre-mix for the reaction mixture.
For the primary PCR, the primer pairs used for the pfk13
propeller, pfdhfr and pfert genes were
K13_PCR_F(5'CGGAGTGACCAAATCTGGGA)/K13_PCR

_R(5'GGGAATCTGGTGGTAAC  AGC) respectively,
dhfr_M1(5'TTTATGATGGAACAAGTCTGC)/dhfr_M7(CT
AGTATATACATCG CTAACA) and 72_97EF(5' GAC CTT
AAC AGATGG CTC AC) / 72_97ER(5' TTT TATATT GGT
AGG TGG AAT AG). Primary PCR of these genes was per-
formed in a 25 pl reaction volume containing: 0.625 pL of
each primer, 3 pL of plasmodial DNA, 5 uL of Tag polymerase
and 15.75 L of milliQ water. The mixture was then placed in
a PTC-100TM thermal cycler (Eppendorf Mastercycler,
PTC-100 Peltier Thermal Cycler), programmed as follows:
Initial denaturation at 95<C for 15 minutes followed by 30
cycles of denaturation at 95<C for 30 seconds, hybridisation at
58<C for 2 minutes and extension at 72<C for 2 minutes. Fi-
nally, a terminal extension at 72<C for 10 minutes.

The second PCR was performed on the amplification products
of the primary PCR in a 50 | reaction volume containing: 1.25
uL of each primer, 5 pL of amplification product (‘amplifiate)
from the first PCR, 5 pL of Taq polymerase and 37.5 i of milliQ
water. The primer pairs used for the secondary PCR were
K13 N1 _F(5'GCCAAGCTGCCATTCATTTG)/K13_N1_R(5'
GCCTTGTTGAAAGAAGCAGA) for the pfk13 propeller
gene, dhfr_M9(5' CTGGAAAAAATACATCACATTCAT-
ATG) / dhfr_M3(5' TGATGGAACAAGTCTGCGACGTT)
for the pfdhfr gene and SeclF(5'
GGTAAATGTGCTCATGTGTTTAAACTTATT)/SeclR(5'TT
ACTTTTGAATTTCCCTTTAT TTCCA). Secondary PCR
was performed using the same thermal cycler used for primary
PCR with the following programme: Initial denaturation at
95<C for 15 minutes followed by 30 cycles of denaturation at
95<C for 30 seconds, hybridisation at 60<C for one minute and
extension at 72T for one minute. Finally, a terminal extension
at 72<C for 10 minutes.

2.5. Detection and Analysis of PCR Products

Amplification products from the pfcrt, pfdhfr and pfK13
propeller genes were loaded into adjacent lanes for each pa-
tient during 1.5% (w/v) agarose gel electrophoresis to high-
light amplification products. This amplification in the differ-
ent biological products (blood, saliva and urine) resulted in
40.22% (n=94) and 27.56% amplification products in saliva
and urine respectively, compared with 91.56% amplification
products in blood (Figure 1). A significant difference (P < 0.05)
was observed between the levels of amplification product in
saliva and blood extracts and also between the levels (ampli-
fication rate) in urine and blood extracts.

The amplification products were migrated onto a 1.5% agarose
gel containing Ethidium Bromide (BET). After migration, the gel
was recovered and observed under a UV lamp using the UV
transluminator (Gel DocTM EZ Imager). The presence or ab-
sence of bands was used to judge PCR efficiency.

2.6. Statistical Analysis of Data

The data was collected using a standard questionnaire that
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had been tested and validated. First, data were analyzed using
GraphPad Prism 5 software. Next, we performed z-score test
in R programming environment [18] with the purpose to
compare amplification products level in each biological sam-
ple and then the levels of amplification of each gene in blood,
saliva and urine biological samples. A statistical difference

and/or association was considered significant if p-value < 0.05.

To perform these analyses, various functions and/or scripts of
the statistical software R; version 3.2.2 [18] and the pipeline
for bio-statistical and bioinformatics analysis developed by
Noel et al. (2019) [19] were used.

3. Results

3.1. Patient Profile and Amplification SUCCESS
Rate According to Biological Product

A total of 94 people infected with Plasmodium falciparum
were included in the study, 58 (61.7%) of them women and 36
(38.3%) men. The patients ranged in age from 2 to 62 years,
with an average age in Anonkoua-kout& Port-bou& and
Ayaméof 16.60, 16.69 and 15.84 years respectively. Atotal of
459 blood, saliva and urine samples were collected from all
three study sites (Table 1).

Table 1. Profile of patients and samples collected.

Sites Collection period Age groups
Anonkoua-kouté  February — March 2015 2 to 53 years
Port - Bou& April - May — June 2015 2 to 62 years
Ayameé June - July — August 2015 2 to 55 years
Total
100
e 80+
8\/
]
S 60
(2]
3
o
S 40+
%]
o
O
& 20-
0= T
Q> >
0 o,
o A
X P

Biological products

Figure 1. PCR success rate as a function of the biological product.

Average Number of Types of Number of sam-
age (years)  patients samples ples collected
Blood 52
16,60 52 Saliva 52
Urine 52
Blood 51
16,69 51 Saliva 51
Urine 51
Blood 50
15,84 50 Saliva 50
Urine 50
153 459

Saliva, urine and blood DNA extracts from these patients
were subjected to nested PCR in separate batches using pri-
mers specific to the pfcrt, pfdhfr and pfK13 propeller genes.
The amplification products of these genes were then loaded
into adjacent lanes for each patient during agarose gel elec-
trophoresis to highlight the amplification products.

The success rate of Plasmodium falciparum genomic DNA
amplification by PCR was 41.13% (116/282) and 28.01%
(79/282) respectively in saliva and urine compared with
91.84% (259/282) in blood (Figure 1). Asignificant difference
(p < 0.05) was observed between the levels of amplification
product in saliva and blood extracts and also between those
(levels of amplification in urine and blood extracts).

3.2. Gene Detection Rate by Biological Product

Saliva, urine and blood extracts were subjected to nested
PCR in separate batches using primers specific to the pfcrt,
dhfr and K13 propeller genes. Agarose gel electrophoresis of
the amplification products of each gene fragment detected
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Pfcrt at 80.85% (76/94), Pfdhfr at 95.74% (90/94) and PfK13
Propeller at 98.93% (93/94) in blood. In saliva, gene detection
levels were 50% (47/94), 69.14% (65/94) and 4.26% (4/94)
respectively for the K13 propeller, Pfdhfr and Pfcrt genes.
Unlike the Pfcrt gene, which was not detected, the PfK13
Propeller and pfdhfr genes were detected in 45.74% (43/94)
and 38.30% (36/94) of the urine respectively (Figure 2).

With regard to the amplification of the PfK13 Propeller
gene, there was no significant difference between the detec-
tion rates of this gene in relation to the biological product.
However, a significant difference (p-value<0.05) was ob-
served between the detection rates of the Pfdhfr gene in the
three biological products (blood, saliva and urine).

Concerning the Pfcrt gene, a significant difference was
observed between the detection rates of this gene in blood and
those (detection rates) in saliva and urine (p-value<0.05).
However, no significant difference was observed between the
detection rates of the pfcrt gene in saliva and those (detection
rates) in urine.

150
pfert

3 pfdhfr
= pfkl3

100

Gene detection rate (%)

- @
9«&‘4 &

Biological products

Figure 2. Detection rate of gene fragments by biological product.

3.3. Evaluation of Blood, Saliva and Urine as
Biological Material for the Molecular
Diagnosis of Malaria

We performed an analysis based on the presence or absence
of Plasmodium falciparum DNA amplification products ex-
tracted from the blood, urine and saliva of patients with un-
complicated malaria. In relation to the population studied, the
detection or non-detection of the pfcrt, pfdhfr and pfK13
propeller genes was assessed in each biological product. By
associating the genes on the basis of their presence or absence
in each biological product, the analysis revealed two trends
suggesting that blood is the best biological sample for the
molecular diagnosis of malaria using the pfcrt, pfdhfr and
pfK13 propeller markers. However, the same analysis showed
a close match between saliva and blood in the detection of the

pfk13 propeller and pfdhfr genes in malaria patients (Figure 3).

Guided by these observations, we performed an analysis of

variance between blood, saliva and urine for the expression of
the pfcrt, pfdhfr and pfK13 propeller genes in patients with
uncomplicated malaria. This analysis identified two groups of
biomarkers; (i) pfK13 propeller, pfdhfr and pfcrt and (i) pfK13
propeller and pfdhfr demonstrated in blood and saliva re-
spectively, while identifying them as satisfactory systems for
discriminating malaria patients (p-value=0.03). Overall, the
analysis suggested that unlike urine, blood and saliva would
be the most appropriate biological samples for the molecular
diagnosis of malaria (p-value <0.05).

Color Key I

.
dhirs
cris
dhirs
(12

Figure 3. Graphical monitoring of the expression of the pfK13 pro-
peller, pfdhfr and pfcrt genes in blood, saliva and urine extracts for
the molecular diagnosis of malaria.

3.4. Comparative Analysis of the Performance of
Saliva, Urine and Blood for the Detection of
Antimalarial Drug Resistance Genes

Comparative analysis of the detectability of the pfK13
propeller, pfdhfr and pfcrt genes in blood, saliva and urine.

Principal component analysis was performed to assess the
detectability relationship between the pfdhfr, pfK13 propeller
and pfcrt genes in the blood, saliva and urine of subjects with
uncomplicated malaria.

Figure 4A shows that there is an apparent correlation be-
tween: (i) the pfdhfr, pfK13 propeller and pfcrt genes in blood
(PCL1 axis (21.6%)); (ii) the pfdhfr and pfK13 propeller genes
in urine (PC1 parameter (21.6%)) and in saliva (PC2 param-
eter (16.3%)); (iii) parasite density (PD) and the pfcrt gene in
blood, the pfdhfr gene and the pfK13 propeller gene in saliva
(parameters PC1 (21.6%) and PC2 (16.3%)).

In assessing the variability in the study population, analysis
of Figure 4B shows the divergence between parasite density
(PD) and urine and indicates that the pfk13 propeller and
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pfdhfr genes in urine may be responsible for the variability
(PC1 and PC2 explaining more than 50% of the variability) in
this study population (p < 0.05).

In addition, Pearson statistical tests (Table 2) showed a
weak correlation between the pfdhfr and pfk13 propeller
genes detected in blood and uring, in contrast to the pfcrt gene
in blood (p = 0.09). Furthermore, these statistical tests ex-
cluded urine as a reliable biological product for the detection

A
o) —
N —
T -
]
g
-
x
=
=
©
>
;fs A
g T
o~
o
a
(\Il_
A
(\’I)_
I T I T | I
-3 -2 -1 0 1 2 3

PC1 (21,6% var. expliquée)

PC2 (23,9% var. expliquée)

of the pfdhfr and pfK13 propeller genes in subjects with un-
complicated malaria (Table 2). However, the analysis con-
firmed that the detection performance of the pfdhfr and pfK13
propeller genes in saliva is close to that in blood. In summary;,
the analysis revealed that the detection of P. falciparum pfk13
propeller and pfdhfr genes in saliva could be a good alterna-
tive to blood for antimalarial drug resistance monitoring
studies (Figure 4).

Pfd hf[_ur

Pfk33_ur

5 0 5 10

PC1 (30,2% var. expliquée)

Figure 4. Comparative analysis of the relationship between the pfk13 propeller, pfdhfr, and pfcrt genes detected in blood, saliva and urine

samples.

The acronyms ur, sl and sg stand for urine, saliva and blood respectively.
The PC1 and PC2 axes represent detectability and parasite density respectively.

Table 2. Pearson correlation between the pfdhfr, pfk13 propeller and pfcrt genes detected in blood, saliva and urine.

k13sg k13sl dhfrsg dhfrsl crtsg DP k13ur dhfrur
k13sg 1
k13sl 0,10 1
dhfrsg 0,40* -0,01 1
dhfrsl -0,07 0,05 0,20*
crtsg 0,20* 0,30* 0,14 0,12 1
DP 0,05 0,17* 0,11 0,06 0,21* 1
k13ur 0,10 -0,04 0,07 0,01 0,12 -0,11 1
dhfrur 0,08 -0,01 0,11 -0,10 0,02 -0,07 -0,0004 1

Significant Pearson correlation value, p < 0.1

The figures in the table refer to the correlation coefficient.

Note: "ur", "sI" and "sg" refer to urine, saliva and blood respectively. "k13ur", "k13sl" and "k13sg" refer to the pfK13propeller gene in urine,
saliva and blood respectively. The same applies to the pfdhfr and pfcrt genes in urine, saliva and blood.
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Evaluation of saliva and urine performance by sensitivity,
specificity, accuracy and positive predictive parameters.

The performance of saliva and urine samples was assessed
for detecting pfdhfr, pfcrt and pfk13 molecular markers by
ROC analysis assuming blood sample as reference [20]. The
data revealed a high sensitivity of saliva compared with urine
in the detection of the pfdhfr, pfcrt and pfK13 genes (Table 3).
Indeed, the pfdhfr gene in the saliva sample (pfdhfr_sl) rec-
orded the highest sensitivity compared with the other genes.
All the P. falciparum genes (pfdhfr, pfcrt and pfK13) detected
in both urine and saliva (with the exception of the pfcrt gene in
the urine sample) appeared to predict malaria infection well

when blood biological sample is taken as the reference (posi-
tive predictive value > 0.80).

In addition, saliva sample showed better relative precision
and specificity parameters assessing the detection perfor-
mance of P. falciparum genes (Table 3). Furthermore, the
ROC analysis confirmed and/or emphasised the detection of
the pfK13 and pfdhfr genes in saliva as an efficient method-
ology that could substitute blood for antimalarial drug re-
sistance surveillance studies. Finally, this analysis indexed the
presence of the pfdhfr gene in saliva as the best parameter
positively predicting malaria infection when blood is consid-
ered as the reference (Table 3).

Table 3. Evaluation of the performance of urine and saliva as biological samples for the study of genetic markers of chemo-resistance.

Parameters Saliva
Pfk13 pfdhfr
Sensitivity 0,46 0,64
Specificity 0,2 0,5
Accuracy 0,43 0,54
Positive Predictive Value (PPV) 0,91 0,98

Urine
pfert Pfk13 pfdhfr Pfcrt
0,05 0,45 0,38 0
05 0,5 0,5 0,01
0,05 0,45 0,38 0,01
0,8 0,95 0,94 0

Comparative analysis of saliva and urine performances assessing malaria genetic biomarker fitting for malaria diagnostic.

density(x = Sensitivity)

density(x = Specificity)

o - o | P -
A w=089 | B ANy
p=0.34 / ! p=0.
o
o / '\
/ \
=1 \ / |
_ \ L 2 / \
£ \ 2 / \
2 \ / \
g \ s .| / \
\ - / \
o \ L \
\ / \
\ w / \
o /s
\
AN
=} o | S
o _| . : - e T T T T T
05 00 05 10 02 00 02 04 06 08
N=6 Bandwidth = 0.1525 N=6 Bandwidth = 0.1056
density(x = Accuracy) density(x = PPV)
c w=0284 .10o /\wzo.sa
o | p=0.13 / p=0.00
.| /
[
= 24 = ’f
£
a & /
51 -] /
/\\\ /rj l\
\
o o // N / \
=
T T T T T T T T T T
04 02 00 02 04 06 08 10 02 00 02 04 06 08 10 12

N=6 Banawidth=0.1405

N=6 Bandwidth=0.05632

Figure 5. Shapiro normality test for assessing the distribution of urine and saliva samples statistical performance parameters.
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Figure 6. Kruskal-Wallis test evaluating statistical parameters variability (A) by comparing saliva and urine performances (B) in malaria

molecular diagnosis procedure in alternative to blood sample.

Herein we compared statistical parameter performances as
well as biological samples fitting well for malaria molecular
diagnosis. Shapiro normality test exhibited normal distribu-
tion of sensibility and accuracy bio-statistical parameters
weighing both saliva and urine biological samples perfor-
mances, tested for substituting blood in malaria molecular
diagnosis procedure (p>0.05) (Figure 5). Positive predictive
values and specificity statistic parameters exhibited asym-

metric distribution in analyzing saliva and urine performances.

Interestingly, Kruskal-Wallis non-parametric statistical test
suggested the positive predictive value parameter as a relative
data variability source (p=0.09) (Figure 6A), making this
parameter suitable for evaluating both saliva and urine bio-
logical samples performances differences. The same statistical
test, by comparing saliva and urine samples statistical per-
formance parameters, suggested a relative high performance
of saliva sample as opposite to urine sample in detecting P.
falciparum malaria biomarkers (p=0.16) (Figure 6B).

Sens, Spec, Accu and PPV acronyms referred to Sensitivity,
Specificity, Accuracy and Positive Predictive Value statistical
performances parameters. SL and UR referred saliva and urine
samples respectively.

4. Discussion

Detection performance of plasmodial DNA in saliva, urine
and blood

The malaria diagnostic tools developed to date all require
blood to be taken. However, certain groups in the population are
reluctant to take blood samples because of their cultural habits
(blood taboo), or because of the fear linked to the trauma of the

sting, especially when blood sampling is repeated. To overcome
the obstacles associated with blood sampling, we need to think
about palliative methods that can be used to meet all the needs
of diagnosis and the study of chemoresistance.

This study involved a comparative analysis of the amplifi-
cation products of urine, saliva and blood DNA extracts with a
view to finding an alternative to blood sampling in the mo-
lecular diagnosis of malaria and the study of genetic markers
of antimalarial drug resistance. Analysis based on the pres-
ence or absence of Plasmodium falciparum DNA amplifica-
tion products extracted from the blood, urine and saliva of
subjects with uncomplicated malaria showed that the genomic
DNA extracted from these biological products can be ampli-
fied to varying extents depending on the biological product. In
fact, despite the low success rates of plasmodial DNA ampli-
fication products in urine (28.01%) and saliva (41.13%)
compared with blood (91.84%), these two biological products
(urine and saliva) appear to have real potential for studying
antimalarial drug resistance genes. These rates although lower
are close to those reported by Zahra et al, [21] in Iran (95.8%,
47% and 29% respectively in blood, saliva and urine) where
the level of transmission is similar. These results are consistent
with those of Mharakurwa et al, [10] in Zambia and Nwak-
anma et al, [11] in Gambia who suggest that the sensitivity of
molecular methods for malaria detection in saliva and urine is
affected by several factors, namely DNA extraction methods,
target gene size, sample fraction and sample preservation [22].
These researchers reported that salivary DNA extraction with
a commercial Qiagen kit had a 2.6-fold higher amplification
success than the Chelex extraction that was used in this study.
The low rates we obtained could therefore be explained by the
method used in this study: the Chelex method for extracting
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plasmodial DNA.

The low amplification rate in saliva and urine may also be
explained by the fact that the plasmodial DNA in these biolog-
ical products is insufficient to provide a useful amplification
model. This is because there is selective permeability for para-
site DNA fragments. Mucosal membranes, such as the buccal
mucosa and the epithelial lining of the oral cavity or bladder, act
as filters that allow certain parasite constituents to pass outside
the whole parasite [23]. In addition, DNA from lysed parasites
may passively enter saliva via serum or macrophage phago-
somes via intra-oral bleeding or cervical gingival fluid [24]. In
addition, an ultrastructural pathological study of the kidney
tissue of patients infected with P. falciparum revealed the
presence of parasitized erythrocytes sequestered in glomerular
and tubulointerstitial vessels [25] and also immune complexes
comprising 1gG, C3 and malarial antigens [26]. The release of
plasmodial DNA into the urine could be a general phenomenon
that occurs during infection. However, since Plasmodium DNA
can be released into urine via a variety of possible routes, the
actual route of entry has not yet been precisely defined [27].
Although Plasmodium falciparum DNA has been successfully
detected in saliva and urine samples, the precise mechanisms by
whitch traces of parasites DNA appear in saliva and urine re-
quire further investigation.

However, whether or not the pfcrt, pfdhfr and pfkK13 propel-
ler genes were detected in each biological product showed that
all three genes were detectable in blood and saliva, while only
two of these genes (pfdhfr and pfK13 propeller) were detectable
in urine. These results suggest that, unlike urine, blood and
saliva are suitable biological samples for the detection of the
pfdhfr and pfK13 propeller genes for antimalarial resistance
surveillance studies. Previous studies using primers specific for
antimalarial resistance genes have shown that the genes de-
tected in saliva or urine samples were identical to those found in
the peripheral blood of the same individual [10, 11, 4]. This
suggests that urine and saliva can be used as biological products
for the molecular diagnosis of malaria.

The results of the multivariate statistical analysis showed that
there was a correlation between the biological products and the
detection of genes in saliva, urine and blood. This analysis
highlighted the groups of genes (i) pfk13 propeller, pfdhfr and
pfert and (ii) pfK13 propeller and pfdhfr detected in blood and
saliva respectively as a satisfactory system for discriminating
the study population. The various principal component analyses
combined with the analysis of table 2 showed urine to be one of
the main sources of variability in the study population (patients
with uncomplicated malaria), unlike saliva and blood. These
results also indicated that the pfK13 propeller and pfdhfr genes
detected in urine were the two factors that explained more than
95% of the variability observed between malaria patients. The
results obtained in this study also suggest that, unlike urine,
saliva has gene amplification rates close to those of blood. In
addition, biplot analysis combining the two principal compo-
nents (PC1 and PC2) indicates that the level of detection of the
pfk13 propeller and pfdhfr genes in saliva is similar to that of

the pfcrt gene in blood. Biplot analysis also suggested that
blood and saliva performed equally well in detecting antima-
larial drug resistance genes. These results were confirmed by
statistical analysis of the Pearson correlation, which at the same
time showed a negative correlation between the components of
urine and those of blood and saliva. All these results show that
saliva could be the best alternative to blood for the detection of
antimalarial drug resistance genes. These results are similar to
those of Kwannan [22] and Danwang [28] who observed that
the molecular detection of plasmodial DNA in malaria subjects
in urine was less sensitive than in saliva [22]. This is thought to
be related to the small amount of DNA template in urine com-
pared to saliva and blood. Quantitative real-time PCR showed
that the average amount of plasmodial DNA in blood was 600
and 2500 times higher than that in saliva and urine respectively
[11].

Parasite density (PD) was then integrated as a control tool in
the detection of molecular markers of antimalarial drug re-
sistance. The analysis showed a low sensitivity of the parasite
density parameter in the molecular diagnosis of malaria based
on gene detection. In addition, the average parasite density of
the different study sites was above 500 parasites/jiL of blood,;
the threshold below whitch the effect of parasite density is
noticeable in the molecular diagnosis of malaria [29]. These
results suggest that detection of the pfkKk13 propeller and pfdhfr
genes in saliva is poorly correlated with parasite density (PD).
However, PD shows the same trends in terms of Pearson cor-
relation with respect to blood and saliva unlike urine. This other
result confirms that saliva can be used as a good alternative to
blood for the detection of molecular markers of P. falciparum
resistance to antimalarial drugs. According to the results of the
ROC (receiver operational characteristic) analysis, in contrast
to urine, saliva had better precision, specificity and positive
prediction parameters, confirming the high performance and/or
tendency of saliva to replace blood in the molecular diagnosis
of malaria (based on the detection of antimalarial drug re-
sistance genes). When blood was taken as the reference, the
three genes pfK13 propeller, pfdhfr and pfcrt detected in saliva
appeared to predict malaria infection well (positive predictive
value > 0.80). In addition, the ROC analysis [20] confirmed the
detection of the pfK13 propeller and pfdhfr genes in saliva as an
effective molecular tool for discriminating malaria patients as
an alternative to blood sampling. Finally, the analysis indexed
the presence of pfdhfr in saliva as the best parameter positively
predicting malaria infection in the study population when the
blood sample was considered as reference.

In addition, to consolidate our analysis, we used the Krus-
kal-Wallis test to compare the performance of statistical pa-
rameters and better assess the suitability of biological samples
for the molecular diagnosis of malaria. This test suggested that
the positive predictive value is a source of relative variability in
the data (p=0.09), making this parameter suitable for assessing
differences in performance between samples. Used subse-
quently to compare the performance of saliva and urine, this test
suggested a relatively high performance of saliva compared to
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urine in the detection of molecular biomarkers of P. falciparum
malaria (p=0.16). Ultimately, the analysis indicated that saliva
was an appropriate biological product for the molecular diag-
nosis of malaria. For this study, the analysis also indexed the
detection of the pfdhfr gene in saliva as the best parameter
positively predicting malaria infection in the population studied
when the blood sample was taken as a reference.

5. Conclusion

Current malaria diagnostic tools all require blood sampling,
which is still not accepted by patients. Given this situation, it
was necessary to explore alternative non-invasive tools such
as saliva and urine for malaria diagnosis. The aim of this study
was to evaluate the performance of saliva and urine in de-
tecting the molecular markers of Plasmodium falciparum
resistance to antimalarial drugs (the pfdhfr, pfcrt and pfk13
propeller genes). Thus, taking blood as the reference biolog-
ical product, our study showed that saliva is a
high-performance biological product that can potentially be
used as an alternative non-invasive sample for the study of
molecular markers of Plasmodium falciparum resistance to
antimalarial drugs. In fact, the levels of detection of molecular
markers of resistance to antimalarial drugs studied in saliva
are close to those in blood.
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Pfcrt Plasmodium Falciparum Chloroquine
Resistance Transporter
Pfdhfr Plasmodium Falciparum Dihydrofolate

Reductase

Pfk13 propeller  Plasmodium Falciparum Kelch13 Propeller

PCR Polymerase Chain Reaction

DNA Deoxyribonucleic Acid

ELISA Enzyme-Linked Immuno-Sorbent Assay
EDTA Ethylene Diamine Tetra-Acetic Acid
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