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Analysis of the genetic variability of PvMSP-3a among
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Reliable molecular markers are essential for a better understanding of the molecular epidemiology of Plasmodium
vivax, which is a neglected human malaria parasite. The aim of this study was to analyze the genetic diversity of P.
vivax isolates from the Brazilian Amazon using polymerase chain reaction-restriction fragment length polymorphism
(PCR-RFLP) analysis of the highly polymorphic merozoite surface protein-3alpha (PvMSP-30) gene. To accomplish
this, 60 isolates of P. vivax from different endemic areas in the Brazilian Amazon were collected. The PvMSP-3a gene
was amplified by nested-PCR. Three major types of the PvMSP-3a locus were detected at different frequencies: type A
(68%), B (15%) and C (17%). A single sample showed two PCR fragments, which corresponded to infection with types
A and C. PCR-RFLP analysis using the Hhal restriction enzyme for 52 isolates clearly identified 11 haplotypes, eight
of which were from type A, two from type B and only one from type C. Seven other isolates did not show a clear pat-
tern using PCR-RFLP. This result might be due to multiple clone infections. This study showed a high diversity of the
PvMSP-3a gene among P. vivax isolates from the Brazilian Amazon, but also indicated that the detection performance
of PCR-RFLP of the PvMSP-30. gene may not be sufficient to detect multiple clone infections.
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Malaria is one of the primary global human public health
problems and it is also becoming an emerging disease in
regions in which it has been controlled in the past. Malaria
kills over one million people each year and approximately
3.2 billion people living in more than 100 countries are at
risk for infection (Arez & do Rosario 2008).

Among the five Plasmodium species that cause ma-
laria in humans, Plasmodium falciparum is the most
virulent. However, Plasmodium vivax has the widest
worldwide distribution and therefore contributes to the
global burden of morbidity (Greenwood et al. 2008). P.
vivax causes malaria in approximately 80 million cases
annually. Outside Africa, P. vivax accounts for more
than 50% of all malaria cases, the majority (80-90%) of
which occur in the Middle East, Asia and the Western
Pacific, as well as 10-20% in Central and South Amer-
ica. Malaria caused by P. vivax is usually considered to
be a benign disease. However, there are reports of in-
creasing clinical severity in Southeast Asia and South
America (Mendis et al. 2001, Price et al. 2007, Kochar et
al. 2009, Alexandre et al. 2010). The highly significant
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economic impact of P. vivax malaria demands that more
resources should be directed specifically to research of
this parasite, including studies on population structure,
pathogenesis and drug resistance.

The structure of the malaria parasite population has
a significant impact on gene flow and thus on the rate of
emergence and spread of new mutations, leading to drug
resistance or escape to vaccine-induced immunity. These
studies are important to better understand the role of
parasite diversity in the transmission of malaria, as well
as for designing and evaluating malaria vaccines. Com-
pared to P. falciparum, little is known about the genetic
variability and evolutionary history of P. vivax. The scar-
city of studies for P. vivax is primarily due to its lower
virulence and the absence of an efficient system for con-
tinuous cultivation of this parasite (Golenda et al. 1997).
Different molecular markers, such as microsatellites and
single-base polymorphisms (SNPs) within the surface
antigens, which generally use orthologous genes previ-
ously identified in P. falciparum, have been used to study
the genetic variability and structure of populations of P.
vivax (Leclerc et al. 2004, Imwong et al. 2005, 2006).

One of the most-used molecular makers to study the
variability of P. vivax isolates is the P. vivax merozo-
ite surface protein-3alpha (PvMSP-3a). The PvMSP-3a
gene encodes a MSP with a molecular weight ranging
from 148-150 kDa and it also contains an alanine-rich
central domain that is predicted to form a coiled-coil
tertiary structure (Galinski et al. 1999). PvMSP-3a is
highly polymorphic and its variability has been assessed
using polymerase chain reaction-restriction fragment
length polymorphism (PCR-RFLP)analysisinpopulation
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studies using isolates from diverse geographical origins
(Bruce et al. 1999, Cui et al. 2003, Mascorro et al. 2005,
Ord et al. 2005, Zakeri et al. 2006, Veron et al. 2009).

The product of the PCR amplification of the PvMSP-
3o gene from field isolates demonstrates length polymor-
phism and digestion of the PCR products with restriction
endonucleases indicates the presence of a great number
of alleles (Bruce et al. 1999). Analysis of PvMSP-3a has
been performed using isolates from Papua New Guinea
(PNG) (Bruce et al. 1999, Mueller et al. 2002), Thai-
land (Cui et al. 2003, Mascorro et al. 2005), Myanmar
(Moon et al. 2009), Korea (Han et al. 2004), Pakistan
and Iran (Zakeri et al. 2006, 2010, Khatoon et al. 2010),
Venezuela (Ord et al. 2005), Peru (Sutton et al. 2009),
India (Prajapati et al. 2010) and French Guiana (Veron
et al. 2009). Here, we assess the genetic variability of
geographically distinct P. vivax populations from Brazil
using PCR-RFLP analysis of the PvMSP-3a gene.

SUBJECTS, MATERIALS AND METHODS

Study area and sample collection - Blood was ob-
tained from 60 patients with an acute P. vivax infection
in four different Brazilian Amazon regions: 10 patients
from Cuiab4, state of Mato Grosso (MT), collected from
July 2003-July 2004, 18 patients from Macapa, state of
Amapa (AP), collected in November 2004, 16 patients
from Augusto Corréa, state of Para (PA) collected in
October 2005, and 16 patients from Manaus, state of
Amazonas (AM), collected in May 2003. The incidence
of malaria in Brazil is almost exclusively (99.8% of the
cases) restricted to the Amazon Region. The transmis-
sion within the Amazon Basin Region is not regularly
distributed because 7% of municipalities in this region
account for 80% of the total registered malaria cases.
The rate of transmission in Brazil is measured by the
Annual Parasite Index (API), which reflects the number
of positive blood smears/1,000 inhabitants. According to
the guidelines of the Health Surveillance Secretariat of
the Ministry of Health (SVS 2007), this index was used
to stratify the areas based on the risk of malaria infec-
tion. High risk was defined as an API > 50 (Augusto
Corréa), medium risk as 10 > API < 50 (Manaus) and
low risk as an API < 10 (Macapa), assuming that the API
data are documented at the time of blood collection. Pa-
tients who came to the health centre in Cuiaba reported
many locations of infection with different API. Because
there is no malaria transmission in that locality, the area
was classified as an area of variable risk. An acute P.
vivax infection was confirmed by microscopic examina-
tion of Giemsa-stained blood smears. All patients were
between 16-58 years old (mean 32 years). DNA was ex-
tracted from whole blood samples using the Puregene
DNA isolation kit (Gentra Systems, Minneapolis, MN),
according to the manufacturer’s protocol.

Amplification of PvMSP-30. gene - Nested-PCR am-
plification of the PvMSP-3a gene was conducted in a re-
action volume of 20 puL using 2 pL of DNA in the prima-
ry reaction and 2 pL of the amplicon in the nested round.
Primary and nested oligonucleotide PCR primers were
previously described (Galinski et al. 1999). One unit of
Taq polymerase (Promega) was used per reaction and oli-

gonucleotide primers were used at a final concentration
of 0. mM with 0.15 mM of each dNTP in a reaction buf-
fer (Promega) containing 2.5 mM magnesium chloride.
Cycling conditions were as follows: primary reaction, one
step of 94°C for 3 min and 40 cycles of 94°C for 30 s, 56°C
for 30 s and 68°C for 90 s, and nested reaction, one step
of 94°C for 3 min and 30 cycles of 94°C for 30 s, 57°C for
30 s and 72°C for 2.5 min. Products were visualized by
ultraviolet (UV) illumination after electrophoresis on 1%
agarose gels containing 0.25 pg/mL ethidium bromide.
Sizing of products was performed using a standard curve
drawn from DNA markers run adjacently (1Kb plus DNA
ladder, Invitrogen life technologies).

Restriction of PCR fragments - Nine microliters of
PCR products were digested with five units of Hhal
(Promega) in a 20 pL reaction in a buffer supplied with
the enzyme at 37°C for 3 h. DNA fragments were visu-
alized by UV illumination after electrophoresis on 2%
agarose gels containing 0.25 pg/mL ethidium bromide.

Population genetics analysis - We measured intra-
population diversity using expected heterozygosity (/)
analysis, which is the average probability that two al-
leles randomly obtained for each locus are different. We
performed a Kruskal-Wallis test to verify whether the
differences between the H of each locus for individual
populations were significant. Between-population ge-
netic diversity was quantified using pair wise fixation
index (F,), as implemented in the Arlequin 3.1 software
(Excoffier et al. 2005). We also estimated the correla-
tion between the matrices of pair wise genetic and geo-
graphic distances using the Mantel test (Mantel 1967)
implemented by the Arlequin software.

To determine whether our samples could be grouped
into genetic clusters and to infer the number of clusters
that best fit the data according to allele frequencies,
we used the Structure 2.3.3 software, which employs
a Bayesian clustering method (Pritchard 2000). We as-
sumed the admixture model, which considers that the ge-
nome of each individual parasite may have ancestries in
more than one of the K parental populations, and a model
of correlated allele frequencies, and we did not use prior
information about population origin for each individual
(PopFlag = 0). The log probability of the data was also
considered. A certain value of K [LnP(D|K)] was calcu-
lated and compared across a range of K values to deter-
mine which one provided the best fit to the data. For each
K value considered, we ran the program 10 times, each
one with 100,000 burn-in and 1,000,000 iterations. K val-
ues ranged from 1-10.

The ethical and methodological aspects of this study
were approved by the Ethical Committee of Research on
Human Beings from the René Rachou Research Cen-
ter, Oswaldo Cruz Foundation (Reports 05/2006 and
05/2010), according to the resolution of the Brazilian
Council on Health (CNS 196/96).

RESULTS

PCR amplification of the PvMSP-3a gene - The
PvMSP-3a gene was successfully amplified in all P.
vivax isolates obtained from 60 patients of four differ-
ent geographic regions of the Brazilian Amazon. Based



on the length of PCR products, three different fragment
sizes were found that corresponded to different locus
types: type A (1.8-1.9 Kb), type B (1.5 Kb) and type C
(1.1-1.2 Kb) (Fig. 1A). Type A was predominant in the
four studied regions, with frequencies ranging from 44-
80% (68% mean). The type B allele was detected in 15%
of the total isolates and type C was found in 17% of iso-
lates (Fig. 1B). One patient from AM showed a profile
characteristic of different parasite genotypes with the
presence of two different product sizes (alleles types A
and C), corresponding to multiple infections and was not
included in the results or further analyses.

PCR-RFLP analysis of the PvMSP-3a gene - The di-
gestion of PCR products from single-infected patients
with the Hhal restriction enzyme showed clear patterns
in 52 out of 59 digested samples. Seven samples (14%)
showed a complex and inconsistent pattern of fragments,
possibly due to multiple-clone infections, and were ex-
cluded from the analysis. The PCR-RFLP pattern was
formed by 11 fragments between 190-1,000 bp and re-
vealed 11 different haplotypes: eight type A haplotypes
(A1-A8), two type B (Bl and B2) and a unique type C
(Table I). The three most prevalent haplotypes were A4,
A2 and C, which were present in approximately 60% of
isolates. Only three haplotypes seem to be region-specif-
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Genetic diversity of the PvMSP-3a gene and popula-
tion differentiation - The genetic diversity of PVMSP-3a
was measured based on the //_, which ranged from 0.21-
0.34 in different geographical populations (Table II).
However, these differences were not statistically signifi-
cant (Kruskal-Wallis test, p = 0.7526). Analysis of F val-
ues from geographic populations showed low to moderate
differentiation among the populations, and the PA popu-
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Fig. 1A: major Plasmodium vivax merozoite surface protein-3alpha
(PVMSP-30) alleles identified by a polymerase chain reaction in the P.
vivax population from Brazilian Amazon. PvMSP-3a alleles are distin-
guished by size in three types: A (1.8-1.9 kb), B (1.5 kb) and C (1.2 kb);
B: graphic representation of frequencies of PvMSP-3a types in isolates
from different geographic areas from Brazilian Amazon. AM: Amazo-
nas; AP: Amapa; M: DNA size maker; MT: Mato Grosso; PA: Para.

TABLE I

Haplotype fragment patterns and their frequencies based on polymerase chain reaction-restriction fragment length
polymorphism of Plasmodium vivax merozoite surface protein-3alpha analysis from 52 isolates of P. vivax in the Brazilian Amazon

Fragment size (bp)*

Haplotype 1 2 3 4 5 6 7 8 9 10 11 Freq (%)
Al 190 210 - - - - - - - 500 1,000 8
A2 - 210 230 - - - 410 - - - 1,000 17
A3 - 210 230 - - 360 - - - - 1,000 8
A4 - 210 230 - 320 - - - - - 1,000 23
AS - 210 230 - - - - 460 - - 1,000 2
A6 - 210 230 - 320 - 410 - - - 1,000 6
A7 - 210 230 - - 360 - 460 480 - - 2
A8 - - - - 320 - - - 480 - 1,000 2
Bl - - - 260 320 - - - - - 1,000 12
B2 - - - - - - - - - 500 1,000 4
C 190 - - - - - - - - - 1,000 17

a: fragment size estimated in 2% agarose gel ethidium bromide stained after digestion using Hhal; Freq: allelic frequencies in

the whole isolates.
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lation was the most distinct genetic population (Table II).
No correlation was observed between genetic differentia-
tion and geographical distance (Mantel test, p = 0.4587).

Population structure - We analysed the clustering of
PvMSP-3a haplotypes based on allele frequencies us-ing
the Structure software, which determines whether the
isolates are clustered according to their geographic ori-
gins. The K value which best fit the data was 4, indicating
that our isolates were composed of four ancestral popula-
tions (Fig. 3A). Based on this K value, the clustering of
P. vivax isolates from different areas was observed (Fig.
3B). However, this clustering occurred independently
of the geographic origin of the isolates. Based only on
PvMSP-3a genotyping by PCR-RFLP analysis, 42% of
the isolates from different areas had originated from one
ancestral population (> 70%) and 58% of the isolates had
originated from one main ancestral populations.

DISCUSSION

The diversity of Brazilian isolates has not been previ-
ously studied by PCR-RFLP analysis of the PvMSP-3a
gene. Among 60 Brazilian isolates, we identified three
previously described by fragment sizes. Type A was
the most prevalent, which is consistent with data in the
literature from different parts of world (Supplementary
data). The only exception was the report from Northern
Iran where type C has been the predominant PvMSP-3a
allele (Zakeri et al. 2006). Around the world, the preva-
lence of type A ranged from 52% (India)-96.4% (Colom-
bia), with an average of 76%, excluding the data from
Northern Iran (outlier) (Supplementary data). In the
present study, the prevalence of types B and C ranged
from 6-33% (mean 12%) and from 3-23% (mean 8%),
respectively. The lower prevalence of type B and C (less
than 33%) is in agreement with their reported prevalence
in many different regions, with the exception of North-
ern Iran as discussed above (Zakeri et al. 2006). Rayner
et al. (2002) identified 32.8% of type B P. vivax isolates
while studying Asian and American samples, most of
them monkey-adapted strains. However, when taking
into account only American isolates, this frequency de-
creased to 22%. When comparing the PvMSP-3a gene
variability of Brazilian isolates with isolates solely from
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Fig. 2: graphic representation of frequencies of Plasmodium vivax mero-
zoite surface protein-3alpha haplotypes after Hhal restriction in each
geographical population from Brazilian Amazon. Eight haplotypes were
from type A (A1-A7), two from type B (Bl and B2) and only one from
type C. AM: Amazonas; AP: Amapa; MT: Mato Grosso; PA: Para.

other South America locations (Peru, Venezuela, Co-
lombia and French Guiana), the prevalence of PvMSP-
3o gene types were more similar to those reported in
Venezuela (Ord et al. 2005) and were more distinct from
data collected in Colombia (Cristiano et al. 2008). In two
localities (India and Pakistan), a rare type D allele (0.3-
0.5 kb) was identified. This type occurred only in one
isolate from each locality (Khatoon et al. 2010, Praja-
pati et al. 2010). The low prevalence of parasites with
PvMSP-3a genotypes other than type A identified in our
study and in the large majority of previous studies sup-
ports the hypothesis that this sequence deletion, despite
not being essential, may result in a reduction in parasite
fitness (Cui et al. 2003). However, the explanation for
this hypothesis still needs further confirmation.

In the present study, it was possible to identify 11 hap-
lotypes of PvMSP-3a using PCR-RFLP analysis among
the 52 P. vivax field isolates that were analysed, most of
which were of type A. The total number of haplotypes
was similar in Brazil (n = 11, herein), French Guiana (n =
11) (Veron et al. 2009), Colombia (n = 9) (Cristiano et al.
2008) and Venezuela (n =9) (Ord et al. 2005), but it was

TABLE II

Analysis of genetic diversity and population differentiation of Plasmodium vivax isolates from different Brazilian Amazon re-
gions using polymerase chain reaction-restriction fragment length polymorphism of P. vivax merozoite surface protein-3alpha

FST
Population H, =SD Amazonas Amapa Mato Grosso Para
Amazonas 0.24 +0.19 - - - -
Amapa 0.21 +0.21 -0.04336 - - -
Mato Grosso 0.34+0.16 -0.01840 0.02292 - -
Para 0.28 +£0.20 0.13181¢ 0.13820¢ 0.05788 -
Mean 0.27 +0.19 - - - -

a: p < 0.05; F; fixation index between populations; H_: expected heterozygosity; SD: standard deviation.
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slightly higher in Peru (n = 17) (Sutton et al. 2009). The
haplotype comparison is more difficult because of minor
differences between fragment sizes in each study. How-
ever, we could identify approximately seven haplotypes,
which were previously described, including the C hap-
lotype, which has the same digestion profile in all pre-
vious studies. When comparing the fragment profiles,
the haplotypes similar to those described here were as
follows: one from Colombia (Cristiano et al. 2008), three
from Peru (Sutton et al. 2009), four from PNG (Bruce et
al. 2000) and six from Thailand (Cui et al. 2003). These
findings suggest a global distribution of parasites con-
taining similar PvMSP-3a genotypes. The PCR-RFLP
patterns of all three genotypes included a band (approxi-
mately 1.0 kb) that was slightly polymorphic. Consistent
with Veron et al. (2009), this band was not used to distin-
guish patterns because the size differences were not eas-
ily resolved by agarose gel electrophoresis. Here, for the
first time, we identified a haplotype without this band
(haplotype A7), which was identified in a single isolate.
This fragment pattern was consistent with the presence
of a mutation that generated an additional recognition
site for the restriction enzyme.

As previously demonstrated, high genetic diversity
can be found even in areas of low P. vivax transmission
(Ferreira et al. 2007, Rezende et al. 2010). Consequently,
it was not surprising that the Brazilian isolates described
here were equally diverse as those described in the hy-
perendemic areas of PNG (Bruce et al. 2000). For P. fal-
ciparum, a much clearer correlation between malaria en-
demicity and genetic variability has been demonstrated
(Anderson et al. 2000). The most plausible explanation
seems to be the biological differences between these two
parasites, with P. vivax presenting relapses and early
gametocytogenesis. These factors can favour meiotic re-
combination of different parasite haplotypes within the
mosquito vector (Cui et al. 2003, Mascorro et al. 2005).

In this study, populations of P. vivax from different
geographical areas in Brazil showed some structuring,
with the population of PA being the most divergent. This
result could neither be explained by geographic distance
alone nor by geographic isolation. The only possible ex-
planation is the rate of transmission. Notably, the API
is higher in PA compared to other localities studied
herein. Moreover, using different molecular markers,
such as tandem repeats or microsatellites, some struc-
turing of the populations was observed (Supplementary
data). However, the most divergent population was not
the same in different studies. This finding suggests that
transmission is local and restricted to each geographic
area. Some studies have reported high rates of microsat-
ellite haplotype replacement in a longitudinal analysis
(Ferreira et al. 2007, Van den Eede et al. 2011). Thus, the
variability seen here could be the result of both spatial
and temporal effects because the samples were collected
over an interval of more than two years. However, be-
cause the geographical areas were very far from each
other and the expected gene flow was low (population
structuring), we believe that the temporal variability
seems to be less important in our study and impossible
to be evaluated with our methodological design.

Surprisingly, we found only a single P. vivax isolate
with two PvMSP-3a gene types and seven other iso-
lates from which we could not discern the components
of multiple-clone infections after PCR-RFLP analysis.
Sutton et al. (2009) described the same problem and sug-
gested the presence of multiallele detections, as reported
here. Previous studies from our group using different
molecular markers, such as tandem repeats and micro-
satellites, showed much higher rates of multiple infec-
tions upon analysis of the same isolates (Supplementary
data) (Rezende et al. 2009, 2010). Because PCR-RFLP
analysis detects only polymorphisms in the restriction
sites of the enzyme chosen, its efficiency to identify
multiple-clone infections is low, which leads to an un-
derestimation of this phenomenon. Using this same pro-
tocol, Rayner et al. (2002) found high levels of multiple
infections (40%). However, in Rayner’s study, multiple
infections could be identified only after sequencing the
cloned PCR products. This result suggested that in mul-
tiple infections, the secondary haplotype might be in
very low prevalence. The slightly lower sensitivity of de-
tection observed for PvMSP-3a0 PCR-RFLP analysis in
field samples (approximately 400 parasites/uL of blood)
hampered the detection of rare parasite variants (Bruce
et al. 1999). We believe that the major allelic types could
be assessed using PCR-RFLP analysis because the se-
quencing of this fragment showed few main groups with
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Fig. 3A: log probability plot of the data [LnP(D)] given values for K
of 1-10. Circles represent the mean value of variation of 10 replicate
runs at each K value; B: population structure of Plasmodium vivax
plotted according to geographical origin of each isolate inferred from
polymerase chain reaction-restriction fragment length polymorphism
analysis of P. vivax merozoite surface protein 3-alpha at K = 4. Graphs
of structure results were produced by using the Excel program. Indi-
viduals are represented by a thin vertical line from each geographic
population showed above the graphic: 12 isolates from Amazonas
(AM), 18 isolates from Amapa (AP), eight isolates from Mato Grosso
(MT) and 14 isolates from Para (PA). Each colour represents a genetic
ancestry population.
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some SNPs (Han et al. 2004, Ord et al. 2005). However,
we must keep in mind that the turnover of predominant
and rare genotypes can be quite fast, as has been men-
tioned previously. An identified genotype may depend
on the day of blood retrieval. This effect has been shown
by Bruce et al. (2000) at the species level and by Jafari et
al. (2004) at the clonal level (P. falciparum).

In conclusion, our results indicate that the PvMSP-3a
gene is a suitable marker for analysis of the molecular epi-
demiology of P. vivax field isolates, having in its favour
its simplicity and low cost compared to methods that an-
alyse tandem repeats, microsatellites or SNPs. In addition,
there is no interference when a P. falciparum coinfection
is present. Analyses using this marker may even be en-
hanced when the amplified fragments are cloned and se-
quenced, specifically when the characterization of minor
parasite populations in mixed infections is desired.
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SUPPLEMENTARY DATA

Frequencies of Plasmodium vivax merozoite surface protein 3-alpha gene types
of P. vivax isolates of different genetic population studies around the world

Types*
A B C D Geographical region Reference

58.2 32.8 9 0 Asia and Americas Rayner et al. (2002)

67.8 15.2 17 0 Brazil This study

96.4 1.8 3.6 0 Colombia Cristiano et al. (2008)

85.1 9.6 5.3 0 French Guiana Veron et al. (2009)
S 517 17 276 34 India Prajapati et al. (2010)
g 70/24°  12/6*  18/70° 0 Iran Zakeri et al. (2006)
g 77.3 16.7 4 0 Iran Zakeri et al. (2010)
= 82 6 8 2 Pakistan Khatoon et al. (2010)
E 72.7 16 6.4 0 Pakistan Zakeri et al. (2010)

86.9 10.1 3 0 Peru Sutton et al. (2009)

70.5 6.7 22.8 0 Papua New Guine Bruce et al. (2000)

74.8 6.5 18.7 0 Thailand Cui et al. (2003)

59.3 21.9 18.8 0 Venezuela Ord et al. (2005)

Mean 76 12 8 0.4 - -

a: mean of frequencies types; b: data from Southern and Northern Iran, respectively. In bold the
data from South America P. vivax isolates.

SUPPLEMENTARY DATA

Comparison of genetic population parameters of Brazilian Plasmodium vivax
isolates using different molecular markers

H, +SD MI (%) Fy, Reference
PvMSP-3a (n = 52)¢ 0.24+0.19 2 0.003-0.23 This study
TR (n=44) 0.56 +£0.18 27 0.002-0.24  Rezende et al. (2009)
MS (n = 50) 0.71 £0.18 57 0.07-0.24 Rezende et al. (2010)

a: number of P. vivax infected patients included in each study, being 33 isolates used in all studies;
F: fixation index between populations; H,: expected heterozygosity; MI: multiple-clone infection;
MS: microsatellites; PvMSP-3a: P. vivax merozoite surface protein 3-alpha; SD: standard deviation;
TR: tanden repeats.



