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Across 8101 individuals in 46 villages, the proportion of
Plasmodium spp. multiple clone infections (0%–53.8%) did not
reflect prevalence by quantitative polymerase chain reaction
(qPCR; 1.9%–38.4%), except for P. vivax in Solomon Islands
(P < .001). Thus this parameter was not informative to identify
transmission foci. In contrast, prevalence by microscopy and
qPCR correlated well.
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Malaria transmission is often focal, with high levels of transmission being restricted to a few villages or even households [1,
2]. Although this offers the possibility for targeted control, in
particular when transmission levels decline, the identification
of such foci of transmission is challenging. Clinical cases identified through passive case detection might give indications of
local outbreaks, but large population-wide surveys using sensitive diagnostics are needed to obtain a more complete picture
by also identifying asymptomatic infections, which are likely to
contribute to transmission.
However, population-wide surveys are time- and labor-intensive. Molecular data, such as the […] multiplicity of infection (MOI) assessed through genotyping of a representative
smaller number of samples, might yield surrogate data on
transmission intensity and asymptomatic prevalence. Multiple
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METHODS

Ethical approval for this study was obtained from the PNG IMR
Institutional Review Board (approvals 1116/1204, 11.21/1206),
the PNG Medical Research Advisory Committee (approvals
05.20, 12.06), the Solomon Islands National Health Research
Ethics Committee (approval 12/022), and the WEHI Human
Research Ethics Committee (approvals 12/01, 12/09). Informed
written consent was obtained from all individuals or their legal
guardians before sample collection.
Plasmodium vivax– and P. falciparum–positive samples from 3
previously described cross-sectional surveys in PNG and Solomon
Islands were genotyped [7, 8]. Samples were collected from individuals aged 6 months to 80 years in 3 catchments (Malala, Mugil,
Utu) in Madang 2010 (n = 2087) and Madang 2014 (n = 2531),
containing 10 and 17 villages, respectively, and from 5 catchments
(North Coast, South Coast, Bay, Anchor, Channel) including 19
villages in Solomon Islands in 2012 (n = 3501). Blood was collected into EDTA tubes using a 200-μL finger prick, and a Giemsastained slide was prepared for light microscopy. Plasmodium spp.
were identified and quantified using qPCR assays with a sensitivity
of 1 copy/μL [7, 8]. Plasmodium vivax– and P. falciparum–positive
samples were genotyped by capillary electrophoresis of size-polymorphic markers: msp2 for P. falciparum, and msp1F3 and MS2 or
MS16 for P. vivax [8].
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clone infections are expected to occur more frequently when
transmission levels are higher, and it has been suggested to
include MOI data to monitor changes in transmission intensity
[3]. Indeed, lower proportions of P. falciparum multiple clone
infections when transmission declined were found at large geographical scales, for example, in West Africa [4, 5] and over a
10-year period in Southeast Asia [6]. It is not known, however,
how far these measures reflect prevalence of infection at small
scales, for example, among villages, and how far they can help
in identifying foci of transmission.
In the Southwest Pacific, transmission levels of P. falciparum
and P. vivax have been high and decreased in recent years, with
increased coverage of effective interventions [7, 8]. A recent country-wide study in Papua New Guinea (PNG) found P. falciparum
prevalence at the provincial level to correlate moderately with
mean MOI, whereas this was not the case for P. vivax [9]. To assess
whether such relationships are stronger at smaller geographical
scales, that is, at the village level, P. falciparum and P. vivax infections from 3 cross-sectional surveys covering 46 villages in PNG
and Solomon Islands were genotyped, and the proportion of multiple clone infections was compared with prevalence. In addition,
the correlation between prevalence by microscopy and quantitative polymerase chain reaction (qPCR) was assessed.

P < .001) (Figure 1F). The relatively lower correlation for
P. vivax was mainly caused by the Madang 2014 survey, where
only 13.7% (68/496) of infections were microscopy-positive. Excluding this survey, correlation was high (R = 0.8075,
P < .001). There were no villages with P. falciparum detected by
qPCR but not by microscopy, whereas this was the case in 6/46
villages for P. vivax.

RESULTS

DISCUSSION

Across the 3 surveys, a total of 8101 individuals in 46 villages
were sampled. By qPCR and microscopy, respectively, P. vivax
prevalence was 12.7% and 7.0% in Madang in 2010, 19.7%
and 2.7% in Madang in 2014, and 13.4% and 3.6% in Solomon
Islands. P. falciparum prevalence was 18.7% and 7.4% in Madang
in 2010, 9.0% and 2.7% in Madang in 2014, and 0.15% and
0.11% in the Solomon Islands [7, 8]. At the village level across
all surveys, P. vivax prevalence by qPCR ranged from 3.0% to
38.5%, and P. falciparum prevalence ranged from 0% to 36.4%.
Eighty-three point six percent (515/616) of P. falciparum and
78.4% (968/1234) of P. vivax infections were successfully genotyped. Diversity of all genotyping markers was high (expected
heterozygosity HE > 0.9), except for P. falciparum in the Solomon
Islands, where all 5 isolates carried the same allele.
The proportion P. vivax multiple clone infections across villages (n = 32, prevalence: 8.2%–38.5%, 11–81 [median = 19]
samples genotyped) ranged from 7.1% to 53.8% and was not
correlated with prevalence by qPCR (P = .342) (Figure 1A).
Likewise, no correlation was observed when data were analyzed
at the catchment level (n = 11, P = .578). When surveys were
assessed individually, no correlation was observed for Madang
2010 (n = 10, P = .476) or Madang 2014 (n = 10, P = .980).
However, very high correlation was observed in Solomon Islands
(n = 12, R2 = 0.876, P < .001). In line with results for the proportion of multiple clone infections, mean MOI (Figure 1C) was
not correlated with prevalence in the entire data set (P = .354),
at the catchment level (P = .766), in Madang 2010 (P = .147),
or in Madang 2014 (P = .920), but it was strongly associated in
Solomon Islands (P = .001).
For P. falciparum, ≥10 genotyped infections were available
from 15 villages in the PNG surveys (prevalence: 5.2%–36.4%,
12–55 [median = 32] samples genotyped). No correlation
between prevalence and the proportion of multiple clone infection was observed for the entire data set (P = .640) (Figure 1B),
the Madang 2010 survey only (n = 10, P = .286), the Madang
2014 survey only (n = 5, P = .205), or at the catchment level
(n = 6, P = .678). Mean MOI (Figure 1D) was not correlated
with prevalence in the entire data set (P = .603), at the catchment level (P = .694), in Madang 2010 (P = .341), or in Madang
2014 (P = .233).
Across villages, prevalence by qPCR and microscopy
was moderately correlated for P. vivax (R = 0.575, P < .001)
(Figure 1E) and highly correlated for P. falciparum (R = 0.941,

Genotyping using length-polymorphic markers is frequently
applied in epidemiological studies to determine MOI as a surrogate marker for transmission intensity. Typing infections diagnosed by qPCR in >8000 individuals in 46 villages in the South
Pacific found no correlation between the proportion of multiple
clone infections or mean MOI and prevalence by qPCR at the
village level in 2 out of 3 surveys for P. vivax, and in both surveys
for P. falciparum. Genotyping was thus not informative to identify villages with a large number of individuals infected, where
control activities should be scaled up. In contrast, prevalence
by light microscopy correlated well with prevalence by qPCR.
The P. vivax results from Solomon Islands were in stark contrast to the results of both species in PNG, with a high correlation between prevalence and the proportion of multiple clone
infections and mean MOI. The difference to PNG is particularly intriguing as P. vivax prevalence was similar in all surveys.
Genotyping a panel of 9 microsatellite markers has shown that
in Solomon Islands, infections within households and villages are closely related [10]. This suggests that transmission
occurring at small scales and higher transmission might result
directly in more people carrying multiple clone infections.
Comparable studies from PNG, that is, assessing relatedness at
the household or village level, are not available. Country-wide
studies that included samples from the Madang area found no
structure of P. vivax populations [11], suggesting transmission
occurring across wider scales.
A number of factors affect the lack of correlation between
MOI and prevalence. Even at low transmission levels, a few
households might be at high risk of infection, and several
clones might be transmitted among them [12]. Thus, despite
very low overall population prevalence, the proportion of multiple clone infections might be high. In the case of P. vivax, 80%
of blood-stage infections in PNG are caused by relapses [13],
and thus are not directly related to recent mosquito-to-human
transmission levels. Even at low transmission levels, genetically
diverse inocula might be frequent, which can result in heterologous relapse during ongoing blood-stage infection, and thus
in multiple clone infection. Importantly, population prevalence
might not directly reflect mosquito-to-human transmission levels. Previous work in PNG has shown that a 10-fold increase
in the entomological inoculation rate (EIR) would only result
in approximately a 10%–30% increase in prevalence [14].
Studies comparing EIR with multiplicity and prevalence will
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Plasmodium vivax multiplicity of infection was defined as the
maximum number of alleles detected by either marker, msp1F3
and MS2/MS16. The proportion of multiple clone infections
and prevalence was compared using linear regression models.
For the analysis at the village level, all villages with at least 10
infections genotyped were included. As frequency distributions
of MOI were skewed, geometric mean MOI was calculated.
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Figure 1.
Correlation between the proportion of multiple clone infections and prevalence by quantitative polymerase chain reaction (qPCR) among 46 villages in the
South Pacific for Plasmodium vivax (A) and Plasmodium falciparum (B), between geometric mean multiplicity of infection and prevalence by qPCR (C, D) and between prevalence by light microscopy and qPCR (E, F). Each dot represents 1 village. In (A, B, C, and D), values for each catchment are given as triangles.

be required to assess whether spatial differences in EIR could
explain differences in MOI among villages. Finally, the genotyping methods used, though widely applied in epidemiological
studies, likely miss low-density clones and thus underestimate
multiplicity [15].
It appears that a detailed understanding of EIR, transmission
levels at even smaller scales, and possibly additional factors are
needed to interpret patterns of multiplicity of infection at the
population level. Given these complexities, assessing multiplicity
is of limited benefit to inform malaria control programs on transmission foci and asymptomatic prevalence at the village level.
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