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Abstract

The effects of persistent Plasmodium falciparum (Pf) infection and multiclonality on subse-

quent risk of clinical malaria have been reported, but the relationship between these 2

parameters and their relative impacts on the clinical outcome of infection are not under-

stood. A longitudinal cohort study was conducted in a seasonal and high-transmission area

of Mali, in which 500 subjects aged 1–65 years were followed for 1 year. Blood samples

were collected every 2 weeks, and incident malaria cases were diagnosed and treated. Pf

infection in each individual at each time point was assessed by species-specific nested-

PCR, and Pf longitudinal prevalence per person (PfLP, proportion of Pf-positive samples

over 1 year) was calculated. Multiclonality of Pf infection was measured using a 24-SNP

DNA barcoding assay at 4 time-points (two in wet season, and two in dry season) over one

year. PfLP was positively correlated with multiclonality at each time point (all r�0.36; all

P�0.011). When host factors (e.g., age, gender), PfLP, and multiclonality (at the beginning

of the transmission season) were analyzed together, only increasing age and high PfLP

were associated with reduced clinical malaria occurrence or reduced number of malaria epi-

sodes (for both outcomes, P<0.001 for age, and P = 0.005 for PfLP). When age, PfLP and

baseline Pf positivity were analyzed together, the effect of high PfLP remained significant

even after adjusting for the other two factors (P = 0.001 for malaria occurrence and P<0.001

for number of episodes). In addition to host age and baseline Pf positivity, both of which

have been reported as important modifiers of clinical malaria risk, our results demonstrate

that persistent parasite carriage, but not baseline multiclonality, is associated with reduced
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risk of clinical disease in this population. Our study emphasizes the importance of consider-

ing repeated parasite exposure in future studies that evaluate clinical malaria risk.

Introduction

While major gains have been made in the control and elimination of malaria, this disease

remains a major threat to global health with an estimated 438,000 global malaria-related deaths

in 2015 [1]. Achieving further reductions in Plasmodium falciparum (Pf) transmission and

infection burden in endemic areas will be facilitated by a better understanding of the true dis-

tribution of infections, and the host, parasite and vectorial factors that influence transmission

and infection outcome. The application of updated, sensitive diagnostic tools to understanding

how these factors interact and influence infection dynamics in different transmission settings

will be essential for maximizing the impact of malaria control and elimination programs.

Studies investigating the dynamics of Pf prevalence have shown varying degrees of associa-

tion between host factors, such as age, gender and red blood cell (RBC) polymorphisms, and

Pf prevalence and clinical malaria in many epidemiological settings [2–9]. However, the

majority of these studies utilized cross-sectional study designs [3, 5, 7–9] and in many cases

focused on subpopulations in endemic areas based on age (adults or children) or infection out-

come (symptomatic or asymptomatic). Such studies are unable to account for individual-level

dynamics of Pf prevalence in all groups of people within the target population. Longitudinal

analysis of individual-level Pf prevalence would provide more useful information about how

different groups of people contribute to the parasite reservoir in an entire population during a

full year of transmission.

One important feature of Pf infections, especially in areas of high transmission intensity, is

that an individual could be concurrently infected with multiple, genetically-distinct clones of

Pf. Multiclonality has been reported to influence the duration and outcome of infections [10–

13], but these associations have been contradictory among studies. For example, severe malaria

was significantly associated with high complexity of infection (COI) in Uganda [10], while a

reduced risk of clinical malaria was associated with polygenomic P. falciparum infections in

Papua New Guinea [14]. Furthermore, multiple studies have reported that new Pf infections

following the clearance of previous polygenomic infections were less likely to progress to clini-

cal malaria [12, 15, 16]. These studies notwithstanding, it remains unclear whether immunity

to malaria is a consequence of exposure to the wide breadth of antigens simultaneously pre-

sented by a polygenomic infection or the result of extended parasite carriage, both of which

are common features of Pf infections in high-transmission areas [12, 13, 17, 18].

In the present study, we followed a cohort of 500 individuals aged 1–65 years living in

Kenieroba, Mali, where malaria transmission is highly seasonal [19, 20]. Using blood samples

collected every 2 weeks for 1 year, we investigated the relationship between Pf longitudinal

prevalence (PfLP) and multiclonality, and how these factors influence clinical malaria risk.

Our results showed that PfLP, rather than multiclonality at baseline, was a better correlate of

clinical disease in this population.

Materials and methods

Study site and population

This study was conducted in Kenieroba, a village of about 2,000 people located approximately

75 kilometers southwest of Bamako. In this high-transmission area of Mali, the annual rainy
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season occurs from June to December. The study cohort of 500 individuals aged 1–65 years

was selected in proportion to the age distribution of the entire village population based on a

village-wide census conducted in May 2012. Study participants were recruited based on their

age and residency in Kenieroba for the full study year.

Ethical approval

This study was approved by the Institutional Review Board of the National Institute of Allergy

and Infectious Diseases and the Ethics Committee of the Faculty of Medicine, Pharmacy, and

Odontostomatology, University of Bamako, and is registered with Clinicaltrials.gov, number

NCT01829737. Written informed consent was obtained from study participants, or the parents

or guardians of children aged<18 years.

Sample collection and malaria case detection

Finger-prick blood samples, collected every 2 weeks from June 2013 to May 2014, were spotted

on Whatman 3MM filter paper, and then dried and stored at room temperature until used. At

the same time, 100 μL of whole blood were collected in 500 μL RNAprotect1 (Qiagen) and

stored at –80˚C. If participants had malaria symptoms (e.g., axillary temperature�37.5˚C or

history of fever in the past 2 weeks, headache, body aches, or malaise) at the time of a scheduled

visit or self-referral, parasitological malaria diagnosis was performed by experienced study

microscopists, and if confirmed, patients were referred to Kenieroba’s health center for stan-

dard-of-care antimalarial treatment. It should be noted that microscopy was not performed for

the entire study. Parasite detection by Giemsa staining and subsequent microscopic analysis was

only performed for the purpose of diagnosing clinical malaria in participants who presented

with malaria symptoms as listed above, during the study period. The Kenieroba health center is

the only health facility in the entire village and all study participants were encouraged to visit

there when they developed a fever or other malaria symptoms. For the purpose of our analysis,

clinical malaria was defined as axillary temperature�37.5˚C and asexual parasite density

>5000/μL by microscopy [12]. At the time of enrollment, ABO/Rh blood types, hemoglobin

phenotype (e.g., AA, AS, or AC), and glucose-6-phosphate dehydrogenase (G6PD) deficiency

and α-thalassemia genotypes were determined for each participant, as previously described [21].

PCR detection of Plasmodium spp. infections

Molecular diagnostic detection of P. falciparum, P. malariae, P. vivax and P. ovale infections

was performed using species-specific nested-PCR [22], with dried blood spots on filter paper

directly without prior genomic DNA extraction, as described previously [23]. Briefly, for each

sample, a 1mm circular punch of dried blood spot was added directly to the primary reaction

of a nested-PCR targeting the plasmodial 18S rDNA. Species-specific primers were used in

separate secondary reactions for diagnostic detection of the four Plasmodium spp., [22]. The

nested-PCRs and their thermocycler profiles are outlined in S1 and S2 Tables. PCR products

were analyzed by capillary electrophoresis on the LabChip GX HT with a HT DNA 5K Lab-

Chip, according to the manufacturer’s protocol (Caliper Life Sciences).

Single-nucleotide polymorphism DNA barcoding

Pf-positive samples (by nested-PCR) from June 2013 (Jun-V1), November 2013 (Nov-V1),

February 2014 (Feb-V1), and April 2014 (Apr-V1) were selected for DNA barcoding [24]. For

each blood sample stored in RNAprotect1, parasite genomic DNA (gDNA) was extracted as

follows: gDNA samples were eluted from a gDNA eliminator column using the QIAmp 96

Longitudinal prevalence and complexity of P. falciparum infection in Mali
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Blood Kit (Qiagen) protocol, as modified by Wampfler et al [25]. Samples were eluted twice

following 30-minute incubations in pre-warmed (40˚C) TE buffer. Extracted gDNA samples

were stored at –20˚C until used. For single-nucleotide polymorphism (SNP) barcoding,

extracted gDNA samples were subjected to a previously described pre-amplification protocol

[26]. Each pre-amplified gDNA sample was used as template in a bi-allelic 24-SNP barcode

assay. Details of this assay, including primer and probe sequences, have been described [24].

Polymorphic or monomorphic calls for each SNP assay were subsequently used to generate a

molecular barcode for each Pf infection. S3 Table shows the breakdown of the SNP barcode

assay data by the 24 reactions (S3 Table).

Complexity of infection (COI) was determined for each DNA sample using the COIL pro-

gram as described previously [27], with a minor modification. In brief, the program utilizes

binomial distribution to estimate COI from bi-allelic SNP genotyping data based on: 1) the

population minor allele frequency (MAF) for each SNP locus, and 2) the number of polymor-

phic genotypes in each 24-SNP barcode [27]. COIL was run with default settings [28] (i.e., gen-

otyping error rate of 5% and a uniform prior) with the exception of the MAFs, which were

manually calculated at each SNP position. From the 24-SNP barcode, COIL only has the

power to distinguish between COI levels of 1, 2, and�3.

Statistical and data analysis

At each time-point, population-level Pf prevalence was calculated as the proportion (%) of

individuals who were Pf-positive by nested-PCR among the total number of individuals who

provided blood samples, regardless of whether they received antimalarial treatment before

sample collection. P. falciparum longitudinal prevalence (PfLP) was calculated for each indi-

vidual as the proportion (%) of the number of Pf-positive samples among the total number of

samples collected over 1 year. Only data from individuals with available samples from at least

two-thirds of the 22 time-points (i.e.,�15 samples; 430/500 individuals enrolled) were ana-

lyzed. At each of the 4 selected time-points, Polymorphic Proportion (PmP) was calculated for

each Pf-positive individual (sample), as the proportion (%) of polymorphic reactions among

the total number of successful reactions (reactions that yielded monomorphic or polymorphic

nucleotide calls) from the 24 reactions that make up the 24-SNP barcoded assay. Only data

from samples with�13 successful assays (Jun-V1, 96%; Nov-V1, 82%; Feb-V1, 88%; and Apr-

V1, 98%) were analyzed.

Age- and gender-stratified PfLP were analyzed using Kruskal-Wallis test followed by Dunn’s

multiple comparison test and Mann-Whitney test, respectively. COI and PmP distributions

were analyzed between time-points using Chi-squared test and Kruskal-Wallis test, respectively.

Associations between PfLP and PmP were analyzed using Spearman rank correlation test. A

multiple linear regression analysis was performed to evaluate the association between response

and multiple explanatory variables (e.g., effects of host factors on PfLP). For clinical data, a

logistic regression model was used to analyze the risk of experiencing clinical malaria over 1

year, and Poisson and Cox’s proportional hazard regression models were used to analyze the

number of malaria episodes and time to first clinical malaria episode, respectively.

Results

Malaria incidence and cross-sectional prevalence of P. falciparum

infection in Kenieroba

The 500-subject cohort, representing approximately a quarter of the population in Kenieroba,

was drawn to reflect the age distribution of the entire village population. The demographic
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characteristics of the cohort are summarized in Table 1. Fig 1 shows the number of clinical

malaria cases recorded among study participants for the 2-week period preceding each round

of blood sample collection. A total of 469 cases were recorded among 232 participants over 1

year. Eighty-six percent of these cases were recorded in children aged�10 years. Occurrence

and number of malaria episodes in each age category are shown in Table 2. Cross-sectional

prevalence of Pf infection, measured by nested-PCR, was highest in November 2013 (Nov-V2,

Fig 1) and lowest in May 2014 (May-V1). Eighty-five percent (427/500) of individuals had at

Table 1. Demographic characteristics of the cohort.

Age b (years) Gender ABOa Rha Hb Typea G6PD deficiencya α-thalassemiaa

Male Female A AB B O + - AA AC AS CC SC A- A+ A+/- HE HO WT

1–2 22 18 12 5 6 16 38 1 30 4 5 0 0 4 32 3 15 1 22

3–4 21 33 15 11 12 16 53 0 39 7 7 0 1 1 45 7 11 2 40

5–6 19 29 17 1 13 17 42 6 33 6 9 0 0 2 40 6 21 0 27

7–8 33 28 22 5 12 22 58 3 47 5 8 0 0 5 48 6 21 1 37

9–10 31 27 18 4 18 18 55 3 38 7 11 1 1 2 52 4 12 1 45

11–12 24 27 17 3 14 17 46 5 42 5 3 0 1 1 45 4 16 1 34

13–16 33 24 10 4 22 21 53 4 44 3 9 0 1 2 49 6 14 1 41

17–30 9 39 15 2 10 21 47 1 38 3 4 0 1 3 38 4 20 1 23

31–40 5 33 11 3 14 10 38 0 28 3 6 0 0 2 31 4 19 0 18

>40 19 26 12 4 11 18 44 1 38 0 7 0 0 2 33 9 13 3 27

Total 216 284 149 42 132 176 474 24 377 43 69 1 5 24 413 53 162 11 314

a Individuals with no available data were excluded
b Subjects were divided into 10 age groups based on their age and number of subjects so that each group contained around 10% of the cohort.

doi:10.1371/journal.pone.0170948.t001

Fig 1. Cross-sectional prevalence of P. falciparum (Pf) infection and 2-week incidence of clinical

malaria from June 2013 to May 2014. Left y-axis: Pf prevalence measured by nested-PCR; dark gray bars

represent Pf prevalence. Right y-axis: number of clinical malaria cases recorded during each 2-week period

preceding a blood sampling visit; light gray bars represent 2-week incidence. The time of visit is indicated on

the x-axis, with V1 and V2 indicating the first and second blood sampling visits, respectively, for the months

indicated.

doi:10.1371/journal.pone.0170948.g001
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least 1 Pf-positive blood sample over 1 year. The prevalence of other Plasmodium spp. in this

area were also assessed at 2 wet season (Jun-V1 and Nov-V1) and 2 dry season (Feb-V1 and

Apr-V1) time-points using species-specific nested-PCR. No P. ovale or P. vivax infections

were detected while P. malariae infections were observed at all 4 time-points but at low levels

(Jun-V1, 5%; Nov-V1, 2%; Feb-V1, 4%; and Apr-V1, 3% within the entire cohort). Therefore,

further analysis was performed exclusively on P. falciparum infections.

P. falciparum longitudinal prevalence in the cohort correlates with age

and gender

We calculated the PfLP for each individual, and determined how it was affected by age, gender,

and RBC polymorphisms including ABO/Rh types, Hb phenotype (e.g. Hb AA, Hb AS), and

G6PD deficiency and α-thalassemia genotypes. When host factors were evaluated individually,

or together using multiple linear regression analysis (data not shown), only age and gender

were significantly associated with PfLP. PfLP increased with age until 9–16 years, after which it

declined with increasing age (Fig 2A). Individuals aged 9–16 years had significantly higher

PfLP than those aged>17 years or 1–4 years (Dunn’s multiple comparison test; S4 Table).

PfLP was also significantly higher in males than females (Fig 2B; Mann-Whitney test,

P = 0.002), even after adjusting for age (P = 0.010). Thus, host age and gender were signifi-

cantly associated with PfLP in this population.

High proportion of multiclonal P. falciparum infections in the cohort

We measured the multiclonality of Pf infections at the same wet and dry season time-points

at which the prevalence of other Plasmodium spp. were measured (Jun-V1, Nov-V1, Feb-V1

and Apr-V1). For this purpose, we used the 24-SNP DNA barcoding assay developed by

Daniels et al [24]. From the barcode data for each sample, COI was estimated with the COIL

program [27], and PmP was calculated based on the number of polymorphic assays. As

expected, individuals with high COI also had high PmP (S1 Fig). COI estimates revealed

that�70% of Pf infections were polygenomic (COI�2) at all 4 time-points, and there was no

difference in the COI distributions among the 4 time-points (Fig 3A; Chi-squared test,

P = 0.192). Consistent with this analysis, there was no significant difference in the PmP

Table 2. Malaria episodes in each age category.

Age N Occurrence of malariaa Number of malaria episodesb

1–2 40 67.5 1.7 (1.5)

3–4 54 79.6 1.7 (1.5)

5–6 48 83.3 2.1 (1.5)

7–8 61 77.0 1.6 (1.3)

9–10 58 53.4 0.8 (0.9)

11–12 51 45.1 0.8 (1.1)

13–16 57 19.3 0.2 (0.6)

17–30 48 6.3 0.1 (0.3)

31–40 38 10.5 0.1 (0.3)

>40 45 6.7 0.1 (0.4)

Total 500 46.4 0.9 (1.3)

a Proportion (%) of individuals who experienced any malaria episodes
b Arithmetic mean (standard deviation)

doi:10.1371/journal.pone.0170948.t002
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distributions among the 4 time-points (Fig 3B; Kruskal-Wallis test; P = 0.557). In addition,

we examined the geographical distributions of Pf positivity, COI, and PmP within the study

area at all 4 time-points and found no clustering of infections representing significant hot-

spots (data not shown).

Fig 2. P. falciparum longitudinal prevalence (PfLP) stratified by age (A) and gender (B). Subjects were divided into 10 age

groups (A) based on their age and number of subjects so that each group contained around 10% of the cohort (38 to 61

individuals per group, Table 1). Box-and-whisker plots show median, interquartile range (IQR), 1.5x IQR, and outliers

(triangles). Differences between age groups were analyzed by Kruskal-Wallis test followed by Dunn’s multiple comparison test

(see S4 Table for adjusted P values). PfLP differed significantly by gender (P = 0.0024, Mann-Whitney test).

doi:10.1371/journal.pone.0170948.g002

Fig 3. Multiclonality of P. falciparum infection at 4 time-points. (A) Distribution of complexity of infection (COI)

values estimated by COIL. The proportions of individuals with COI = 1 (white), COI = 2 (light gray), and COI�3 (dark

gray) at each time-point are indicated. (B) Distribution of polymorphic proportion (PmP) values calculated from

polymorphic genotypes in the 24-SNP DNA barcode. Box-and-whisker plots show median, interquartile range (IQR),

and 1.5x IQR. There were no significant differences in the COI and PmP distributions among the 4 time-points as

determined by Chi-squared and Kruskal-Wallis tests, respectively.

doi:10.1371/journal.pone.0170948.g003
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Multiclonality and longitudinal prevalence are positively correlated in the

cohort

The relationship between PfLP and multiclonality was analyzed using PmP instead of COI

because PmP yielded a higher resolution of multiclonality than the 3-level COI, which is the

limit of COIL analysis (Fig 4). PmP and PfLP showed significant positive correlations at all 4

time-points although their correlation coefficients were relatively modest (Spearman rank

Fig 4. Correlation between polymorphic proportion (PmP) and P. falciparum longitudinal prevalence

(PfLP). PmP positively correlates with PfLP at all 4 time-points: (A) Jun-V1 (r = 0.47, 95% confidence

interval = 0.30–0.61, P<0.001, Spearman rank correlation test); (B) Nov-V1 (r = 0.36, 0.18–0.52, P<0.001);

(C) Feb-V1 (r = 0.42, 0.15–0.63, P = 0.003); and (D) Apr-V1 (r = 0.39, 0.09–0.63, P = 0.011)

doi:10.1371/journal.pone.0170948.g004

Table 3. Results of multivariate regression analysis of clinical malaria riska.

Explanatory variables Occurrence of malaria Number of malaria episodes Time to first malaria episode

ORb (95% CIc) P IRRd (95% CI) P HRe (95% CI) P

Age 0.81 (0.71–0.90) <0.001 0.61 (0.48–0.76) <0.001 0.96 (0.87–1.02) 0.227

Gender 0.61 (0.23–1.59) 0.317 0.77 (0.34–1.74) 0.526 0.90 (0.49–1.67) 0.735

PfLP75
f 0.24 (0.08–0.65) 0.005 0.28 (0.11–0.68) 0.005 0.68 (0.34–1.37) 0.283

PmP75
g 1.65 (0.55–5.25) 0.377 1.01 (0.37–2.77) 0.983 1.66 (0.67–3.86) 0.269

a Data from 103 individuals were analyzed
b OR, odds ratio
c CI, confidence interval
d IRR, incidence rate ratio
e HR, hazard ratio
f Individuals were divided into two subgroups based on their PfLP levels (more than 75 percentile of whole population or not)
g Individuals were divided into two subgroups based on their PmP levels at Jun-V1 (more than 75 percentile of whole population or not)

doi:10.1371/journal.pone.0170948.t003

Longitudinal prevalence and complexity of P. falciparum infection in Mali

PLOS ONE | DOI:10.1371/journal.pone.0170948 February 3, 2017 8 / 15



correlation coefficients were between 0.36 and 0.47; all P =<0.011). Since there was a signifi-

cant correlation between PmP and PfLP, similar age and gender effects on PmP were also

observed, as expected (data not shown). Furthermore, the associations between PmP and PfLP

remained significant after adjusting for age and gender (all P<0.007). Thus, these results indi-

cate a positive relationship between multiclonality and the frequency of Pf positivity in this

population.

P. falciparum longitudinal prevalence, but not baseline multiclonality,

was correlated with clinical malaria risk

Using the Jun-V1 time-point as a baseline, we analyzed the impact of host factors, PfLP, and

PmP on 3 measures of malaria risk over 1 year: 1) occurrence of malaria, 2) number of malaria

episodes, and 3) time to first malaria episode (Table 3). For this analysis, we included all Pf-

positive individuals (no PmP data for Pf-negative individuals) at baseline who had data for

PmP and PfLP (n = 103), and the individuals were categorized into two subgroups based on

their PfLP or PmP levels (i.e., high = above 75th percentile, and low = below 75th percentile).

Since ABO/Rh types, Hb phenotype, G6PD deficiency, and α-thalassemia showed no signifi-

cant impact on the clinical malaria readouts, those factors were excluded in the final analysis

(data not shown). Logistic regression analysis showed that increasing age (P<0.001) and high

PfLP (P = 0.005) were associated with reduced risk of malaria occurrence. Similarly, Poisson

regression analysis showed that increasing age (P<0.001) and high PfLP (P = 0.005) were asso-

ciated with decreasing number of malaria episodes. PmP and gender were not significantly

associated with malaria occurrence or number of malaria episodes, and none of the factors

were associated with time to first malaria episode. To further evaluate the impact of PfLP on

clinical malaria risk, we included baseline Pf positivity as a covariate in the analysis (Table 4).

This analysis included 463 individuals (124 were Pf-positive) who had data for Pf infection

status at baseline and for PfLP. After adjusting for baseline Pf positivity, high PfLP was still sig-

nificantly associated with malaria occurrence (P = 0.001) and number of malaria episodes

(P<0.001). Thus, in addition to host age, high PfLP was associated with reduced risk of clinical

malaria.

Discussion

In a region of intense seasonal malaria transmission in Mali, our cohort study determined that

P. falciparum longitudinal prevalence was positively correlated with multiclonality (Fig 4).

Table 4. Results of multivariate regression analysis of clinical malaria risk, including baseline Pf positivitya.

Explanatory variables Occurrence of malaria Number of malaria episodes Time to first malaria episode

ORb (95%CIc) P IRRd (95% CI) P HRe (95%CI) P

Age 0.88 (0.86–0.91) <0.001 0.78 (0.73–0.82) <0.001 1.01 (0.99–1.03) 0.410

PfLP75
f 0.35 (0.20–0.60) 0.001 0.37 (0.22–0.61) <0.001 1.07 (0.74–1.53) 0.692

Pf positivityg 0.66 (0.38–1.16) 0.146 0.73 (0.45–1.18) 0.205 0.86 (0.61–1.20) 0.386

a Data from 463 individuals were analyzed
b OR, odds ratio
c CI, confidence interval
d IRR, incidence rate ratio
e HR, hazard ratio
f Individuals were divided into two subgroups based on their PfLP levels (more than 75 percentile of whole population or not)
g Individuals were divided into two subgroups based on their Pf positivity at baseline (Jun-V1)

doi:10.1371/journal.pone.0170948.t004
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Interestingly, we found that longitudinal prevalence (and age), but not multiclonality at base-

line, was associated with reduced risk of clinical malaria over 1 year (Table 3). The effect of

PfLP remained significant even after adjusting for baseline Pf positivity (Table 4). Since PfLP is

a parameter of Pf carriage that measures the number of times an individual is Pf-positive over

a time-period, these results imply that the frequency or duration of exposure to Pf, rather than

the genomic diversity of the infection, may be a better indicator of clinical malaria risk. These

results suggest that individuals with higher PfLP are more likely to have acquired effective pro-

tective immunity against clinical malaria. While several studies have assessed the impacts of

baseline Pf positivity [12, 29, 30] and multiclonality on clinical malaria risk, they have not ana-

lyzed PfLP as an endpoint. Indeed, when the regression analyses were performed without the

PfLP factor, Pf positivity at baseline was significantly associated with malaria occurrence and

number of malaria episodes after adjusting for age (individuals who were Pf positive at baseline

had less chance to experience malaria episodes, data not shown). Since PfLP, PmP and Pf posi-

tivity were all correlated (e.g., individuals with higher PfLP are likely to show higher PmP and

higher chance of Pf positivity at baseline), it is necessary to analyze these multiple factors

together to determine the true correlations. In our analysis, we included data-points regardless

of whether individuals were treated for clinical malaria, since excluding data from individuals

who had received treatment within 2 weeks prior to blood sampling had no impact on the

main conclusions described above. Similarly, using different parasitemia cut-off values (i.e.,

any parasitemia, parasite density above 1000 or 2500/μL, instead of the 5000/μL used in this

manuscript) to define clinical malaria cases did not influence the main conclusions.

The effects of host age on cross-sectional Pf prevalence have been previously reported; in

Senegal [6] and Tanzania [31], for example, Pf prevalence was consistently lower in younger

children and adults relative to the intervening age groups. Consistent with these findings, our

analysis of PfLP revealed a significant effect of host age on PfLP, which peaked in children

aged 9–16 years. Although we did not assess the year-to-year stability of the age-PfLP relation-

ship in our study population, age-associated effects on Pf prevalence have been observed in

several places where decreasing transmission intensity was associated with a shift in peak Pf

prevalence towards older age groups [6, 32, 33]. It will therefore be necessary to re-evaluate

these dynamics as local transmission intensity changes. Furthermore, while our study cannot

explain the higher PfLP in males in this population, it is possible that the observed gender

effect on PfLP results from a combination of socio-cultural and behavioral factors that leads

to differential exposure to mosquito bites. Traditional gender roles and sleeping behaviors,

including disparity in bed net usage, have been considered to partly underlie gender effects on

cross-sectional Pf prevalence in other studies [5, 34, 35]. Gender-based differences in immune

responses to Pf infection have also been proposed as a possible explanation [36] for these

differences.

Genotyping of polymorphic genes, such as MSP1 and MSP2, is a widely-used method to

detect multiclonal Pf infections. Such assays, using markers with a high number of distinguish-

able alleles, have the power to resolve complexity of infections but only at a single or few loci.

For this study we chose to use a 24-SNP DNA barcoding assay since it utilizes 24 independent

markers and is therefore expected to have higher sensitivity to differentiate between monoge-

nomic and polygenomic infections among Pf-positive individuals. Since this barcoding tech-

nique has only been used for monitoring parasite population dynamics thus far [24, 37–39],

this study expands its applications. Our preliminary data showed that SNP barcoding detected

20% more polygenomic infections than MSP2 genotyping at the Nov-V1 time-point (data not

shown). Furthermore, >70% of Pf infections in our cohort at all 4 time-points were found to

be polygenomic, which is about 25% higher than that measured by MSP2 genotyping in Kam-

bila, Mali, where transmission dynamics are similar to those in Kenieroba [12]. In addition to
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the high prevalence of multiclonality, the distributions of COI and PmP were also similar

among the 4 time-points, although there was a clear seasonal effect on Pf prevalence (Fig 1).

These results suggest that the endemicity during the dry season (~10% or more individuals

were Pf positive) might still be too high to lead to change in COI and PmP under these trans-

mission conditions. There are two caveats to the interpretation of these data. The absence of

seasonal effect on COI and PmP at the population level does not necessarily mean that multi-

clonality within individuals is stable throughout the year. In addition, the current study was

not designed to assess the duration of carriage for individual clones of parasites in vivo. There-

fore, we cannot address whether there were any differences in the duration of infection by

individual clones between wet and dry seasons.

Our analysis revealed a significant correlation between PmP and PfLP, highlighting the

importance of multiclonality as an indicator of parasite carriage, particularly in high-transmis-

sion areas where the prevalence of polygenomic infections may exceed 70%. However, the cor-

relation coefficients were�0.47, meaning that one measure can explain�47% of variance in

another measure. As a result, PfLP was significantly associated with the occurrence of clinical

malaria and the number of episodes over 1 year, but PmP at baseline was not. These findings

are consistent with previous reports and support a model of protection against clinical malaria

resulting from persisting or repeated parasite carriage, but not necessarily the number of

clones at any specific time-point [12, 15, 16, 40]. Interestingly, there was no association

between any of the explanatory variables tested and time to first malaria episode, which has

been used as an additional measure of risk in some studies [12, 15, 16, 41]. While time to first

episode is a relevant measure of risk in drug clearance studies, there is no consensus on which

of the three measures (i.e., occurrence, number of episodes, or time to first episode) is the best

indicator of immunity against clinical malaria in non-interventional studies such as the cur-

rent study, especially in areas where asymptomatic infections are common. And since the age

factor also showed no significant correlation, time to first malaria episode might not be a suit-

able indicator in this study setting.

Our study had a number of limitations. We did not measure parasite density as an endpoint

and therefore we are unable to assess correlations between parasite density and host factors as

well as parasite factors such as COI in this population. Moreover, future studies will need to

investigate the impacts of other extrinsic determinants of transmission and parasite carriage

such as rainfall, temperature, and usage of transmission-control tools (e.g., bed nets and

indoor residual spraying which may introduce household-level variations) on PfLP. Our study

was limited to 1 year and will need to be extended to determine the stability of the age and gen-

der effects on PfLP with changing transmission dynamics. More participants may also be

needed to properly evaluate the effects of several underrepresented host factors (e.g., RBC

polymorphisms) on PfLP and clinical malaria risk. In addition, P. malariae which was the only

other Plasmodium spp. detected in our cohort occurred only rarely, and it has been reported

that other less commonly detected species such as P. ovale wallikeri are missed by the detection

method used in this study [42]. Therefore the effect of Plasmodium spp. co-infections on per-

sistent carriage and malaria risk should be evaluated in a different setting with more targeted

methodologies.

In conclusion, our study demonstrates that in the context of high seasonal malaria trans-

mission, multiclonality (PmP) was positively associated with persistent Pf positivity (PfLP),

but only persistent Pf carriage was significantly associated with clinical malaria risk when age

and baseline Pf positivity were adjusted for in this population. Our results suggest that individ-

uals with persistent Pf carriage are likely to have acquired a more effective protective immunity

against clinical malaria. Our study emphasizes the importance of considering repeated parasite
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exposure, in addition to Pf positivity at baseline, in future studies that evaluate clinical malaria

risk.
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