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Background. Persons with blood-stage Plasmodium falciparum parasitemia in the absence of symptoms are
considered to be clinically immune. We hypothesized that asymptomatic subjects with P. falciparum parasitemia
would differentially recognize a subset of P. falciparum proteins on a genomic scale.

Methods and Findings. Compared with symptomatic subjects, sera from clinically immune, asymptomatically
infected individuals differentially recognized 51 P. falciparum proteins, including the established vaccine candidate
PfMSP1. Novel, hitherto unstudied hypothetical proteins and other proteins not previously recognized as potential
vaccine candidates were also differentially recognized. Genes encoding the proteins differentially recognized by the
Peruvian clinically immune individuals exhibited a significant enrichment of nonsynonymous nucleotide variation,
an observation consistent with these genes undergoing immune selection.

Conclusions. A limited set of P. falciparum protein antigens was associated with the development of naturally
acquired clinical immunity in the low-transmission setting of the Peruvian Amazon. These results imply that, even in
a low-transmission setting, an asexual blood-stage vaccine designed to reduce clinical malaria symptoms will likely
need to contain large numbers of often-polymorphic proteins, a finding at odds with many current efforts in the
design of vaccines against asexual blood-stage P. falciparum.
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Dogma in the malaria field holds that acquisition of
clinical immunity to Plasmodium falciparum malaria
results from the interaction of 2 factors. Specifically,
the production of antigen-specific antibody [1, 2] and
repeated parasite exposures over many transmission
seasons are required for the onset of clinically protective
immune responses as manifested by asymptomatic par-
asitemia [2], also called premonition [3]. These patterns

have been characteristic of regions with high malaria
transmission, primarily in sub-Saharan Africa [2, 4].
An exception to this was reported among previously
malaria-naive adult transmigrants to Irian Jaya
in the 1980s, who developed clinical immunity to
P. falciparum within 2 years of arrival to this region
of high malaria endemicity [5]. Previous studies
using systems immunology/protein microarray exper-
iments inferred antigen-specific immune responses
by analyzing sera from residents of P. falciparum–

endemic regions of Mali [4]. These data have been in-
terpreted to indicate the concept that the development
of acquired immunity is dependent on age and expo-
sure to multiple infections, insofar as age can be con-
sidered a surrogate of clinical immunity and in areas
where malaria infections are common and intense
during annual rainy seasons [4].

Nonetheless, asymptomatic malarial parasite infec-
tions are common in Brazilian and Peruvian Amazonia,
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where transmission is considered to be hypoendemic and of low
intensity [6–11]. Importantly, these well-established observa-
tions of asymptomatic parasitemia in Amazonia imply that clin-
ical immunity may develop more rapidly in low-transmission
settings [6–8,12–15],which stands in contrast to high-transmission
regions, where acquired immunity is manifested by asymptom-
atic parasitemia that takes years and intense seasonal or contin-
uous transmission to develop [1, 4, 16, 17]. These observations
imply that the immunological mechanisms underlying the
acquisition of clinical immunity in areas with high as opposed to
low transmission must be different and remain an unexplored
yet high-priority area of the malaria field.

In the Amazon region, asymptomatic malaria parasitemia is
common, and cases are not detected by passive case detection
under normal surveillance, which conventionally relies on
symptoms to drive diagnostic testing [8, 9]. Furthermore, clini-
cally immune individuals are likely to be reservoirs of ongoing
malaria transmission, and, perhaps just as important, under-
standing these acquired immune mechanisms may lead toward
the development of new malaria vaccine strategies. In this con-
text, there is evidence that antibody-dependent mechanisms
play an important role in the reduction of parasitemia and
can diminish clinical symptoms in humans, as was demonstrat-
ed by the passive transfer of hyperimmune immunoglobulin G
(IgG) [1].

For this study, we used genome-scale protein microarrays to
analyze the IgG responses to >800 recombinant proteins of
asexual blood-stage P. falciparum in P. falciparum–infected
subjects in the Peruvian Amazon. We hypothesized that asymp-
tomatic subjects with P. falciparum parasitemia would differen-
tially recognize a subset of P. falciparum proteins, compared
with symptomatic patients, implying a contribution of these
proteins to protective immune responses. Our objective was to
compare antibody responses in symptomatic and asymptomatic
individuals. We determined whether differentially recognized
proteins in these 2 groups of malaria-affected subjects had un-
dergone immune selection at a genomic level, to seek indepen-
dent confirmation for a potential role in naturally acquired
clinical immunity. Finally, we sought to identify the most
immunodominant antigens shared by symptomatic and asymp-
tomatic subjects, on a genomic scale, to identify novel candidate
antigens for seroepidemiological surveillance.

METHODS

Ethics Statement
All patients provided written informed consent to be enrolled in
this study, which was approved by the ethics committee of Uni-
versidad Peruana Cayetano Heredia (Lima, Peru) and by the di-
rectorate of health in the Loreto department of Peru. Written
informed consent was obtained from each adult or, for children
aged <18 years, from their parents or guardians.

Study Participants
A total of 38 plasma or serum samples from individuals infected
with P. falciparum were collected during 2008–2012. The field
activities of this study were performed in 17 different commu-
nities from the provinces of Maynas and Requena, Department
of Loreto, Peru (Figure 1). Two groups of study subjects were re-
cruited: (1) 24 individuals with symptomatic P. falciparum infec-
tion (10 females and 14 males; median age, 30 years; range, 9–59
years) and (2) 14 individuals with asymptomatic malaria (3 fe-
males and 11 males; median age, 31 years; range, 12–52 years).

Symptomatic individuals were enrolled by passive case detec-
tion, all patients attended the San Juan Bautista Health Center
in the District of San Juan received a diagnosis of P. falciparum
infection on the basis of light microscopy findings. The micros-
copy-based diagnosis in all individuals enrolled was confirmed
as a single-species (ie, P. falciparum) infection by real-time po-
lymerase chain reaction (PCR) [18].

Most asymptomatic subjects were identified by active case de-
tection after performing a diagnostic malaria survey in Atalaya
and Diamante Azul, small villages located 6–7 km from Iquitos
by motorboat in the district of Alto Nanay (Figure 1); this dis-
trict had a malaria outbreak in March 2010.

The state of being asymptomatic (considered as a marker of
indicate clinical immunity) was defined as the absence of malar-
ia-referable symptoms during the 2 weeks before serum sam-
pling for the study, including lack of fever and headache,
pursuit of normal activities of daily living, and lack of any
symptoms self-perceived to be indicative of malaria. Sera were
obtained at the time when positive results were provided to pa-
tients, which was within 24 hours of performing microscopy of
the blood smear. Any level of malaria parasitemia demonstrated
by light microscopy in Peru mandates treatment, according to
Peruvian Ministry of Health policy. Therefore, subjects with
light microscopy–determined parasitemia were offered treat-
ment when they received positive microscopy results.

Likewise, other asymptomatic individuals were enrolled fol-
lowing an index case-directed follow up strategy: once we iden-
tified a P. falciparum infection in a symptomatic individual
during passive case detection, the index case’s family or neigh-
bors were visited weekly over the subsequent month to identify
additional, asymptomatic cases, assuming a common risk factor
of local malaria transmission. Some asymptomatic subjects had
very low parasitemia that was detected only by real-time PCR,
not by microscopy of a thick smear, of whom none developed
fever or any malaria-related symptoms within 1 day of being
identified as having parasitemia.

Individuals were excluded if they used antimalarial medica-
tion during the 2 weeks before enrollment and sample collec-
tion. No follow-up was done. Blood samples were collected
before all individuals were treated for malaria with meflo-
quine/artesunate, following the National Drug Policy Guide-
lines of the Peruvian Ministry of Health.
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Genome-Level P. falciparum Protein Microarray Analysis
A commercially available P. falciparum protein microarray was
developed by Antigen Discovery (Irvine, California). Specifi-
cally, this study used a down-selected array based on the iden-
tification of seroreactive antigens from prior, larger array studies
[19, 20], including an array of 2320 exon products (or “fea-
tures”) corresponding to 1204 different genes [4, 21] and an
array corresponding to 3126 different genes, or approximately
60% of the P. falciparum proteome (P. Felgner, unpublished
data). The down-selected array in the present study is called
“Pf824” and was designed to have 824 different P. falciparum
features corresponding to 699 different P. falciparum genes
[4]. The data reported here were obtained from probing the ar-
rays and performing the confocal array scanning at the Univer-
sidad Peruana Cayetano Heredia, Lima, Peru; data analysis was
done at the University of California–Irvine. To assess reproduci-
bility, 4 asymptomatic and 12 symptomatic samples were reprobed
at the University of California–Irvine, with comparable results.
Signal detection was based on secondary antibody (biotin-
conjugated goat anti-human IgG Fcy) and tertiary fluorescence

detection (streptavidin-conjugated Alexa Fluor) accompanied by
preblocking in 1% Escherichia coli lysate in blocking buffer. Slides
were read on a GenePix 4200A confocal laser scanner, and spot
intensity was analyzed using Pro ScanArray Express software.

The primary microarray data for this study have been depos-
ited with Plasmodb.org and are available as Supplementary
Table 1.

Data Analysis
Signal values from microarray scans were normalized by the vsn
method and a Bayesian T test was used to identify differentially
reactive antigens. Statistical analysis was performed in the
R environment (http://www.r-project.org). Data were trans-
formed by variance stabilization, using the vsn method
from the Bioconductor suite (http://www.bioconductor.org)
with spotted IgG-positive controls as normalization controls.
Negative controls were based on empty vector transcription/
translation reactions; these mean signal intensities were sub-
tracted from protein detection signal intensities. A Bayesian-
regularized t test adapted from Cyber-T for protein arrays

Figure 1. Map of the communities in the Loreto department of the northeastern Peruvian Amazon, where participants were enrolled. Most asymptomatic
subjects were from the Alto Nanay district, which comprises the areas surrounding the Nanay, Pintuyacu, and Chambira rivers.
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[22] was used to compare the reactivity to the antigens between
asymptomatic and symptomatic groups; the Benjamini–
Hochberg method was used to correct for multiple measure-
ments, estimate the false-discovery rate, and provide corrected
P values. Proteins with transformed signal values of >2 standard
deviations over the mean number of negative control signal
values were considered reactive.

RESULTS

Characteristics of Study Participants
Symptomatic patients and asymptomatic carriers infected with
P. falciparum were comparable by age, sex, and numbers of self-
reported P. falciparum and Plasmodium vivax episodes
(Table 1). All individuals reported at least 1 previous diagnosed
P. falciparum infection (median, 2 infections [range, 1–4 infec-
tions] for symptomatic patients and 3 infections [range, 1–4 in-
fections] for asymptomatic subjects; P = .011; Table 1). Levels of
parasitemia were significantly higher (P < .001) in symptomatic
patients (median, 7325 parasites/mL; range 71–39 778 para-
sites/mL) than in asymptomatic subjects (median, 526 para-
sites/mL; range, 24–12 915 parasites/mL), consistent with a
previous report from the same area [9]. Half of participants
reported working in agriculture; there were 6 minors (students),
5 housewives, 2 loggers, and 1 health promoter. The majority of
studied individuals were men who stayed away from the village
for >7 days because of work.

Differentially Reactive Antigens
Sera from symptomatic and asymptomatic P. falciparum–

infected subjects were used to probe P. falciparum protein
microarrays, using previously described methods [4]. Fifty-

two antigens from 51 proteins (PfMSP1 was divided into 2 seg-
ments) were differently reactive between samples from these 2
different patient groups (P≤ .05, with the Benjamini–Hochberg
correction for false-discovery rate; Figure 2 and Table 2). Of
these antigens, 13 were identified as conserved Plasmodium
proteins of unknown function. PfMSP1 (gene identification,
PFI1475w), an established vaccine candidate, showed the high-
est reactivity among the differentially reactive antigens. Other
vaccine candidates found were EBA175 (MAL7P1.176) and
liver-stage antigen 3 (PFB0915w). Ring erythrocyte surface an-
tigen (PFA0110) was also differentially reactive; this protein has
been reported to be involved in modifying the biophysical prop-
erties of infected erythrocytes, and the effect seems to be en-
hanced by increasing the temperature to fever-associated
levels [23, 24]. Two heat shock proteins, HSP40 (PFE0055ce4)
and HSP70 (MAL7P1.228), were differentially recognized.
Several other differentially recognized proteins are involved in
interactions between infected red blood cells and both uninfect-
ed red blood cells and endothelial cells: REX1, ring exported
protein 1 (PFI1735c) and early transcribed membrane proteins
4510.1 and 14.1 (PFD1120c, PFE1590w, PF10_0019, and
PF14_0016).

Identification of Highly Reactive Antigens
A total of 535 proteins were significantly reactive with both
groups of patient sera (Figure 3 and Table 3): 522 were identi-
fied in sera from asymptomatic subjects, and 471 were identified
in sera from symptomatic patients. The sum of total IgG reac-
tivity in relation to parasitemia was higher in asymptomatic
parasitemic subjects, compared with symptomatic subjects. Al-
though reactivity was higher in asymptomatic individuals, a set
of 5 proteins was highly reactive for both clinical conditions, in-
dicating the potential utility of these proteins in seroepidemio-
logical studies. This set of broadly reactive antigens includes
PF70 (PF10_0025) exo-antigen, unique to P. falciparum; 2 con-
served proteins of unknown function (PF070053 and PFA0410),
merozoite surface protein 10 (MSP10; PFF0995c), and a puta-
tive transcription factor (PF100075) with domains found in the
apicomplexan AP2 family ([25].

Enrichment of Genetic Diversity of Genes Encoding
Differentially Reactive Antigens
The nonsynonymous genetic diversity (π) of genes encoding the
set of differentially recognized P. falciparum antigens was com-
pared with the coding sequences found in the P. falciparum ge-
nome as a whole (Table 4). The genes encoding the set of
differentially recognized antigens had a significantly higher
level of nonsynonymous single-nucleotide polymorphism di-
versity than the rest of the coding genes (mean, 2.6 × 10–3 vs
7.9 × 10–4; Mann–Whitney U test, W = 117 271, P = 8.05 × 10–5)
in a collection of previously sequenced parasites from Senegal
[26]. An analogous comparison of synonymous nucleotide

Table 1. Demographic and Clinical Characteristics of Peruvian
Amazon Subjects With a History of Plasmodium falciparum
Infection

Characteristic
Symptomatic

(n = 24)
Asymptomatic

(n = 14)
P

Valuea

Age, y 27 (9–59) 32 (12–52) .868

Male sex 58 79 .205

Episodes of self-reported malaria episodes, lifetime no.
With any
Plasmodium
parasite

3 (1–8) 4 (2–7) .505

With P. falciparum 2 (1–4) 3 (1–4) .011

With P. vivax 2 (0–5) 1.5 (0–4) .325

Parasitemia,
parasites/µL

7325 (71–39 778) 526 (24–12 915) <.001

Data are median value (range) or % of subjects.
a Continuous and binomial variables were compared between asymptomatic
and symptomatic infection by the Mann–Whitney U test and χ2 test,
respectively. Information for 5 individuals could not be obtained.
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polymorphisms found no significant enrichment of diversity in
the differentially recognized gene set (W = 81 099, P = .29).
These observations suggest positive immune selection for
amino acid polymorphism in these antigens.

DISCUSSION

Using a genome-scale protein microarray to analyze naturally
acquired human antibody responses to P. falciparum asexual
blood-stage proteins, we demonstrate that a simple case defini-
tion of asymptomatic P. falciparum parasitemia robustly pre-
dicted immune responses associated with naturally acquired
clinical immunity to malaria. A key aspect of this study is that

we carefully defined asymptomatic parasitemia (and hence clin-
ical immunity) on an individual basis in our study population,
rather than using age as a proxy for clinical immunity in very
large study populations as previous studies using P. falciparum
protein microarray analysis have done [4]. A potential caveat to
consider from the data presented here is that parasite density as
a predictor of lack of symptoms could be considered as a poten-
tial confounder. It has long been known that low parasite den-
sity is associated with lack of malaria-related fever in the
malaria-holoendemic setting. The data presented here support
the hypothesis that a specific antibody profile produced by the
protein microarray analysis predicts lack of symptoms and
hence a state of clinical immunity. It would be ideal to compare

Figure 2. Plasmodium falciparum antigens found to be differently reactive between asymptomatic and symptomatic subjects. Red, highest signal in-
tensity; green, lowest signal intensity. At right, variance-transformed values for asymptomatic subjects (blue bars) and symptomatic subjects (red bars),
showing quantitatively different signal intensities. Gene identifications are specified in the same order as in Table 2. The heat map was made using Multi-
Experiment Viewer (MEV) 4.8.
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genomic-level antibody responses in symptomatic and asymp-
tomatic patients with higher parasite densities than found in the
patients described here. However, in the Peruvian Amazon re-
gion, asymptomatic P. falciparum–infected individuals with
high parasite densities are not found, so such an analysis is
not currently feasible.

In this study, we found that asymptomatically infected sub-
jects had antibody responses that differentially recognized 51
P. falciparum protein antigens from a panel of 824 proteins pre-
viously determined to be a general set of all P. falciparum asex-
ual stage proteins recognized globally by human IgG immune
responses [4, 19, 27]. The conclusions provided the protein mi-
croarray analysis are strongly supported by the finding that
genes encoding differentially reactive antigens demonstrated ev-
idence of immune selection on a genomic scale, as evidenced by
statistically significant enrichment of the genes encoding differ-
entially reactive proteins as harboring nonsynonymous varia-
tions, compared with the genome as a whole.

Previously identified immunogenic antigens, including vac-
cine candidates such as MSP1 [2], have been found to have
the highest reactivity, as previously found using other approach-
es [28–31]. In addition, new hitherto unstudied proteins not
previously recognized as potential vaccine candidates demon-
strated high differential reactivity (Figure 2 and Table 2), sug-
gesting that protective immunity against malaria parasites
regardless of stage will be complex and likely dependent on si-
multaneous immune responses against large sets of P. falcipa-
rum antigens, as previously described for antisporozoite
protective immunity [21].

In recent years, the recognition that asymptomatic Plasmodi-
um infection is a critical barrier to malaria elimination has
begun to guide new strategies in control strategies. The present
analysis identifies new potential P. falciparum antigens that may
be useful for large-scale seroepidemiological surveys of regions
and microgeographic areas of malaria transmission. Subclinical

parasitemia plays a key role in the maintenance of continuing
malaria transmission and represents an important potential
for regional reintroduction of malaria [32–34]. Hence, the
development of tools to enable rapid, efficient, and accurate de-
tection and estimation of asymptomatic parasitemia in malaria-
endemic populations and at key portals of entry (in relation to
interisland or intraregional human mobility) is a priority for
new malaria policy makers. The study design described here,
combined with data obtained using a genomic-level analytical
tool such as the P. falciparum asexual blood-stage-based protein
microarray, provides a road map to the development of such
seroepidemiological tools. Work is ongoing to determine the ki-
netics and age-stratification of IgG responses to broadly recog-
nized P. falciparum antigens after drug treatment.

This study, in the low-transmission region of the Peruvian
Amazon, is the first to deploy this new high-throughput screen-
ing system. We were able to identify proteins as potential targets
of protective immunity and to identify such proteins as poten-
tial markers for seroepidemiological studies to identify malaria
transmission patterns on a population basis. The data suggest
that naturally occurring clinical immunity—and, by extension,
an efficacious malaria vaccine targeting blood-stage parasites—
should target larger groups of key antigens differentially
recognized by asymptomatic individuals, compared with
symptomatic individuals. By taking advantage of having identi-
fied the most immunodominant proteins recognized by both
symptomatic and asymptomatic patients on a genomic scale,
this approach identifies new markers that can be used to differ-
entiate asymptomatic and symptomatic subjects. It emerges
from these and similar past results that protection to infection
and symptoms comes from reaction to a broad set of proteins, a
fact that may go against current vaccination strategies focused
on single protein subunit vaccines.

Because of some limitations, this study needs to be replicated
in different malaria-endemic regions and with larger sample
sizes. A bigger population sample would likely increase the va-
riety of antigens to which response is involved in developing
clinical immunity. Nonetheless, rigorous statistical analysis
identified a subset of 51 differentially reactive protein antigens
associated with the state of premonition; while a larger subject
population would likely identify more differentially reactive an-
tigens, the groups under study nonetheless yielded robust infor-
mation. Further, the independent finding that the genes
encoding the differentially reactive antigens were significantly
enriched for nonsynonymous mutations, compared with the ge-
nome as a whole, strongly supports our conclusion that the dif-
ferentially reactive antigens collectively indicate protective
immune responses and, hence, immune selection for amino
acid polymorphisms in this set of proteins. Another observation
that remains to be confirmed is the finding that the set of pro-
tein antigens recognized by the asymptomatic subjects appears
to have 2 patterns of seroreactivity (Figure 2), despite statistical

Table 2. Top 10 Differentially Reactive Plasmodium falciparum
Antigens Recognized by Sera of Asymptomatic Versus Symptom-
atic Subjects With Malaria

Name Identifier

Merozoite surface protein 1 PFI1475w

Heat shock protein 70, putative Pf3D7_0831700

Parasite:infected erythrocyte surface protein PFE0060w
Ring:infected erythrocyte surface antigen PFA0110w

Liver-stage antigen 3 PFB0915w

Allantoicase, putative PF14_0384e
Ring:exported protein 1 PFI1735c

Merozoite surface protein 11 PF10_0352

Mature parasite:infected erythrocyte surface
antigen, erythrocyte membrane protein 2

PFE0040c

Ring:infected erythrocyte surface antigen PF11_0509

Genome-Scale Determination of P. falciparum Immunity • JID 2015:211 (15 April) • 1347



analysis demonstrating that all subjects in this group recognized
the same group of 51 differentially reactive protein antigens. It
seems unlikely that these infections were simply early infections

about to become symptomatic, given the case enrollment crite-
ria and previous experience with similar populations in this
region [6, 8, 12]. There were no apparent phenotypic differences

Figure 3. A, Plasmodium falciparum antigens most highly reactive by sera from asymptomatic (blue columns) and symptomatic (red columns) parasitemic
subjects, ranked by signal intensity. These 2 sets of proteins have little overlap (see text). B, Seroepidemiological surveillance candidates, based on shared
high reactivity by both asymptomatic and symptomatic subjects.
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in responses to infection within the asymptomatic patient
group. Finally, one last potential concern is that the protein
microarray comprised recombinant P. falciparum proteins
produced using a cell-free E. coli–based protein expression sys-
tem that may not produce conformationally correct, properly
folded proteins. The antibody reactivity detected in the arrays
reported here resulted in a robust correlation between anti-
body reactivity to proteins expressed in this system and to
the corresponding well-characterized correctly folded recom-
binant proteins spotted on the same array, as previously de-
scribed [4, 21, 27, 35]. Further work is necessary to confirm
the discovery approach used here, using properly folded, re-
combinant top-hit proteins in an enzyme-linked immunosor-
bent assay format. Such analysis will likely be even more
revealing when large-scale protein arrays produced with eu-
karyotic-system-produced recombinant proteins are used.

PfMSP10, a previously unstudied protein, was identified as
highly reactive in symptomatic and asymptomatic parasite-
mic subjects. This protein, which has been suggested to be
undergoing purifying selection in P. vivax [36], has predicted
structural characteristics similar to that of other merozoite

surface proteins (eg, MSP1 and MSP8) in that it is predicted
to have 2 tandemly arrayed epidermal growth factor (EGF)–
like domains at the C terminus. These domains, as with other
EGF domain–containing proteins [37–40], require conforma-
tionally dependent antibodies as targets of protective immunity
[41]. Nonetheless, no previous study has suggested a role in
clinical immunity of PfMSP10 in P. falciparum, nor do the
data here do so, because this protein, while highly reactive
with antibodies from naturally infected humans, is not differen-
tially recognized between symptomatic and clinically immune
individuals. Therefore, data presented here suggest that
PfMSP10 might serve a useful function in seroepidemiology
studies to identify populations in which malaria transmission
is occurring, because the protein microarray analysis indicates
that this protein is strongly recognized by antibodies found in
both asymptomatic and symptomatic individuals. Similar re-
sults have been found when analyzing samples from individuals
infected with P. vivax (R. Chuquiyauri et al, unpublished data).

In the Peruvian Amazon, studies using classic approaches have
shown a robust IgG response against primarily MSP1–19 and
were sufficient to produce a positive anti-MSP1–19 IgG response

Table 3. Top Reactive Antigens Recognized by Both Asymptomatic and Symptomatic Plasmodium falciparum-Infected Subjects
Indicating Potential Use for Seroepidemiological Surveillance

Name Identifier
Asymptomatic Symptomatic
Signal Intensity Signal Intensity

PF70 protein PF10_0025_2o2 59 663 44 981
Conserved Plasmodium protein, unknown function PF07_0053e1s4 52 571 47 710

Conserved Plasmodium protein, unknown function PFA0410w-s3 54 629 45 789

Merozoite surface protein 10 PFF0995c_1o1 57 564 44 053
Transcription factor with AP2 domain(s), putative PF10_0075e1s2 47 813 41 044

Reticulocyte binding protein 2 homologue b MAL13P1.176e1s2 60 450 32 694

Merozoite surface protein 1 PFI1475w-s1 64 353 29 430
Early transcribed membrane protein 10.2 PF10_0323e1s1 61 707 30 961

Rhoptry-associated protein 1 PF14_0102e1s1 60 665 31 447

Liver stage antigen 3 PFB0915w-e2s2 58 657 31 290

Table 4. piN/piS* Ratios of Genes Encoding Differentially Recognized Plasmodium falciparum Proteins

Locus Identifier piN piS piN/piS

PF3D7_0102200 PFA0110w 0.001515608 0.002313864 0.655011615

PF3D7_0202400 PFB0115w 0.00069447 0.000656881 1.057223467

PF3D7_0220000 PFB0915w 0.003143646 0.004420504 0.711150975
PF3D7_0301900 PFC0095c 0.000676163 0.002197125 0.307748959

PF3D7_0302500 PFC0120w 0.007704959 0.027030855 0.285043101

PF3D7_0316500 PFC0720w 4.00E-05 0 NDa

PF3D7_0401900 PFD0085c 0.002711623 0.001314006 2.063630592

PF3D7_0406200 PFD0310w 0.000126178 0 NDa

PF3D7_0423700 PFD1120c 0.00242942 0 NDa

PF3D7_0424800 PFD1180w 0.0004852 0.000379997 1.276850879

a Not determined (ND), because the gene has no synonymous single-nucleotide variants.

* piN/piS indicates ratio of nonsynonymous to synonymous single nucleotide polymorphisms.
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for >5 months [15, 42]. These data were interpreted as indicating
protective immunity. In contrast, a recent report provided
strong evidence that the exposed population present in a low-
transmission setting has a capacity to develop clinical immunity
(as manifested by low-level parasitemia in the absence of malaria-
referable symptoms) that is likely associated, at least in part, with
antibody responses to defined P. falciparum invasion ligands [43].

In contrast to single-antigen-based serological analysis based
on vaccine candidates such as MSP1, genome-based proteome
microarray analysis provides highly granular information with
important potential for unbiased identification of antigenic cor-
relates of protective immunity. To infer such conclusions re-
quires robust technology combined with careful clinical and
parasitological phenotyping. The data reported here implicate
a large but limited set of antibody responses to asexual blood-
stage P. falciparum antigens as contributing key immune
protection in malaria, taking advantage of naturally acquired in-
fection in a low-transmission region of the Peruvian Amazon.
These observations need to be replicated in other comparable set-
tings for external validation, but the approach described here is
robust, with a high potential to lead to novel approaches to ma-
laria vaccine design, as well as seroepidemiological surveillance.
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