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Genetic polymorphisms in the glutamate-rich protein of Plasmodium
falciparum field isolates from a malaria-endemic area of Brazil
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The genetic diversity displayed by Plasmodium falciparum, the most deadly Plasmodium species, is a significant
obstacle for effective malaria vaccine development. In this study, we identified genetic polymorphisms in P. falcipar-
um glutamate-rich protein (GLURP), which is currently being tested in clinical trials as a malaria vaccine candidate,
from isolates found circulating in the Brazilian Amazon at variable transmission levels. The study was performed
using samples collected in 1993 and 2008 from rural villages situated near Porto Velho, in the state of Rondonia.
DNA was extracted from 126 P. falciparum-positive thick blood smears using the phenol-chloroform method and sub-
Jected to a nested polymerase chain reaction protocol with specific primers against two immunodominant regions of
GLURP, RO and R2. Only one RO fragment and four variants of the R2 fragment were detected. No differences were
observed between the two time points with regard to the frequencies of the fragment variants. Mixed infections were
uncommon. Our results demonstrate conservation of GLURP-R0 and limited polymorphic variation of GLURP-R2
in P. falciparum isolates from individuals living in Porto Velho. This is an important finding, as genetic polymor-
phisms in B and T-cell epitopes could have implications for the immunological properties of the antigen.
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In low-income countries, less than 20% of residents
live to the age of 70 and more than a third of all deaths
occur in children under 15. These individuals predomi-
nantly die from infectious diseases, with malaria as a
top 10 cause of death worldwide (WHO 2011a). Malaria
is endemic to 99 countries and, according to the WHO,
there were approximately 216 million cases of malaria
and an estimated 655,000 deaths due to this disease in
2010. Most malarial deaths occur in children living in
Africa, where every minute a child dies from the dis-
ease. Six countries (Nigeria, Democratic Republic of the
Congo, Burkina Faso, Mozambique, Cote d’Ivoire and
Mali) account for 60%, or 390,000, of malarial deaths
annually (WHO 2011b).

In Brazil, malaria is hypo to mesoendemic. It is pres-
ent throughout the year with clear seasonal fluctuations
and is frequently associated with the migratory move-
ments of non-immune individuals to areas where malaria
is endemic (Oliveira-Ferreira et al. 2010). Malaria remains
a major public health concern in Brazil, where approxi-
mately 263,000 cases were registered in 2011, 99.8% of
which were in the Amazon Region (SVS/MS 2012).
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Among the more than 100 parasites in the genus
Plasmodium, only five species affect humans (Plasmo-
dium falciparum, Plasmodium vivax, Plasmodium ovale,
Plasmodium malariae and Plasmodium knowlesi). Dis-
ease due to P. falciparum, the most deadly species, is
responsible for approximately 90% of malaria cases
worldwide and approximately 15% of malaria cases in
Brazil (WHO 2011b). Taking into account the fact that
P. falciparum is a major cause of human morbidity and
mortality and because of the increased resistance of P.
falciparum to antimalarial drugs, efforts have been un-
dertaken to combat this particular parasite through the
development of malaria vaccines. However, the effec-
tiveness of a vaccine can potentially be compromised by
the genetic diversity of the target antigen.

The P. falciparum glutamate-rich protein (GLURP)
is a vaccine candidate that has been evaluated in Phase
I trials (WHO 2011c). GLURP is expressed during both
the pre-erythrocytic and erythrocytic stages of the para-
site life-cycle, including on the surface of newly released
merozoites (Borre et al. 1991). Immunoepidemiological
studies performed in both high and low malaria transmis-
sion areas have revealed a high prevalence of GLURP
antibodies in adults (Dziegiel et al. 1991, 1993, Boudin
et al. 1993, Pratt-Riccio et al. 2005), as well as a signifi-
cant association between high GLURP-specific antibody
levels, low parasite densities (Hogh et al. 1992, 1993) and
protection against clinical malaria (Dziegiel et al. 1993,
Dodoo et al. 2000, Oeuvray et al. 2000, Soe et al. 2004).
Additionally, a recent study of controlled experimental P.
falciparum infections demonstrated that non-immune in-
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dividuals acquire GLURP antibodies following a single,
brief low-density P. falciparum infection (Turner et al.
2011). Moreover, it was recently shown that the antibodies
produced in response to GLURP in naturally exposed in-
dividuals can inhibit the in vitro growth of P. falciparum
with or without cooperation from monocytes, suggesting
that GLURP could play an important role in controlling
parasitaemia (Pratt-Riccio et al. 2011).

GLURP contains an N-terminal non-repeat region
(RO), a central repeat region (R1) and an immunodomi-
nant C-terminal repeat region (R2). GLURP is highly
antigenic and there are few polymorphisms in the gene
encoding GLURP in P. falciparum isolates from differ-
ent geographic regions (Theisen et al. 1995, Stricker et al.
2000). GLURP polymorphisms mainly involve variations
in the numbers of repeats of certain genomic sequences
that therefore affect the size of the gene and its protein
product. Given that a single variant of the gene is found
during the blood stages of the parasite, the presence of
more than one allele represents a multiclonal infection.

Reports on the genetic variation of P. falciparum
have demonstrated that the differences in the number of
alleles for each gene positively correlate with the degree
of endemicity of the area. Previous studies of GLURP
in low malaria endemicity areas have reported two al-
leles in Honduras (Haddad et al. 1999), three alleles in
French Guyana (Ariey et al. 1999) and four alleles in
Colombia (Montoya et al. 2003). In the high endemicity
areas of Africa and Asia, anywhere from eight GLURP
alleles in India to 20 alleles in Sudan have been reported
(Snounou et al. 1999, Ranjit et al. 2005, A-Elbasit et al.
2007, Mlambo et al. 2007, Mwingira et al. 2011).

Because malarial parasites present in Brazil may
have different genetic characteristics compared with
parasites in other endemic countries, understanding the
genetic variability of the P. falciparum variants that are
circulating at variable levels of transmission in the Bra-
zilian Amazon Region is critical for the development of
vaccination strategies.

The study described here was performed using
samples from rural villages situated near Porto Velho,
the capital of the state of Rondénia (RO), and a malaria
endemic region in the Brazilian Amazon (63°54°13”W
8°45°43”S). The population of Porto Velho sampled in
this study is composed of natives and migrants from sev-
eral non-endemic areas of Brazil that have lived in the
region for 10 years or more. All individuals presented
malarial symptoms at the time of blood sampling and
were positive for P. falciparum in thick blood smears.
Blood samples were collected at two time points: the
first sample set was collected in 1993 (time point-1, n
= 77) and the second set was collected 15 years later in
2008 (time point-2, n = 49). The average annual parasite
incidence (API) in these villages was 549 in 1993 and 85
in 2008. As a reference, the Brazilian Ministry of Health
considers areas with API > 50 to be high-risk areas.

Written informed consent was obtained from all do-
nors and venous blood samples were taken from 126 P.
falciparum-infected individuals. All P. falciparum ma-
laria patients who were enrolled in this study met the
following criteria: (i) they presented symptoms, (ii) their

thick blood smears contained only P. falciparum, (iii)
they did not use chemoprophylaxis and had not taken an-
ti-malarial drugs (self-treatment), (iv) they were over 12
years old, (v) if female, they were neither pregnant nor
breastfeeding and (vi) their blood was collected on the
day of diagnosis before initiation of malaria treatment.
On average, the patients sought healthcare at Brazilian
health services 3.6 + 1.8 days after the onset of their
symptoms. After the collection of the blood samples, the
patients were immediately treated according to Brazil-
ian Ministry of Health standards for malaria therapy.
The study was reviewed and approved by the Oswaldo
Cruz Foundation Ethical Committee (258/04).

The fresh blood samples were washed three times with
0.15 M phosphate-buffered saline and the pellets containing
packed red blood cells were mixed with equal volumes of
cryopreservation solution (0.9% NaCl/4.2% sorbitol/20%
glycerol) and stored in liquid nitrogen until use.

The isolation of DNA from blood was carried out us-
ing the phenol/chloroform method previously described
(Wilson et al. 1993). The N-terminal non-repeat RO and
the C-terminal repeat R2 regions of the gene encoding
GLURP were amplified using a nested polymerase chain
reaction (PCR) method. To amplify the gene segment en-
coding the RO region, 2 uL. of DNA were added to a 50-pL
reaction containing 3 mM MgCl,, 15 nmol of each de-
oxynucleotide triphosphate (ANTP) (Promega, Madison,
WI), 100 pmoles of each primer (Invitrogen, USA), 5 U of
AmpliTaq® DNA Polymerase (Applied Biosystems, Fos-
ter City, CA) and 5 pL of 10X buffer (Promega, Madison,
WI). Both single and nested PCR reactions were carried
out using the GeneAmp® PCR System 9700 (Applied Bio-
system, Foster City, CA) for 35 cycles (I min at 94°C, 1
min at 48°C, 2 min at 72°C). To amplify the gene seg-
ment encoding the R2 region, 2 pL. of DNA were added
to a 50-uL reaction containing 2 mM MgCl,, 10 nmol
of each dNTP (Promega, Madison, WI), 100 pmoles of
each primer (Invitrogen, USA), 2.5 U of AmpliTaq® DNA
Polymerase (Applied Biosystems, Foster City, CA) and 5
uL of 10X buffer (2.0 mM, Promega, Madison, WI). Both
single and nested PCR reactions were performed using
the GeneAmp® PCR System 9700 (Applied Biosystem,
Foster City, CA) for 35 cycles (1 min at 94°C, 1 min at
55°C, 2 min at 72°C). Ten microlitres of each PCR reac-
tion were loaded onto a 2.5% agarose gel (Sigma, Mis-
souri, USA) in 1X TAE buffer (0.04 M TRIS-acetate, 1
mM ethylenediamine tetraacetic acid) in the presence of
ethidium bromide (0.5 pg/mL).

The data were stored in the Fox-plus® (Borland In-
ternational, Inc, Perrysburg, OH) data bank software.
Statistica (Microsoft, Inc, Redmond, WA) and Epi-Info
6 (Centers for Disease Control and Prevention, Atlanta,
GA) statistical software programs were used for data
analysis. The chi-square test was used to analyse the dif-
ferences in allelic frequencies.

The gender composition of the two groups was
similar. The patients were predominantly male, as men
comprised 75% and 80% of the patients in the first and
second time points, respectively. The average age of the
individuals was similar between time point-1 (31 £ 12
years old) and time point-2 (29 + 11 years old). The mean
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time of residence in the endemic region was 17 + 12
years for time point-1 and 20 £ 12 time point-2. The vast
majority of subjects, 97% and 96% at time point-1 and
time point-2, respectively, claimed to have experienced
at least one previous malaria episode. All individuals
presented symptoms at the time of blood sampling and
all were positive for P. falciparum, as assessed by thick
blood films. The mean parasitaemia levels at the time of
blood collection were 11,065 + 11,306 and 2,962 + 2,808
parasites/uL blood for time point-1 and time point-2,
respectively; thus, the mean parasitaemia levels were
higher in patient samples from time point-1 than time
point-2 (p <0.0001).

In all of the samples analysed, only one fragment
size was detected for the RO region (1,400 bp). Four
different R2 fragment sizes were detected among the
samples: R2a (750 bp), R2b (800 bp), R2c (950 bp) and
R2d (1,100 bp) (Figure). For many antigens, including
plasmodial antigens, the polymorphisms are present as
variations in the number of tandem repeat sequences
and are often found in immunodominant regions of the
molecule (Smythe et al. 1990). However, point mutations
have been described in several antigens with or without
repetitive sequences (Bolad & Berzins 2000). Our re-
sults showed that the RO region is conserved with respect
to the size of the amplified fragment. The conserved na-
ture of the gene segment encoding RO suggests an im-
portant role for the corresponding protein region in the
development and/or viability of the parasite. In addition,
our results showed limited polymorphic variation for

GLURP-RO
M mC- C+ ROa M

Various glutamate-rich protein (GLURP) fragments amplified by
nested polymerase chain reaction from Plasmodium falciparum
isolates from Porto Velho, state of Rondonia (RO), Brazil. C-: with-
out DNA; C+: with DNA extracted from a culture of P. falciparum
(FCR3); M: 200-bp marker; R0a: 1,400 bp; R2a: 750 bp; R2b: 800 bp;
R2c¢: 950 bp; R2d: 1,100 bp.

the R2 region of GLURP in P. falciparum isolates from
individuals living in a Brazilian malaria endemic area.
Similar results were obtained by Stricker et al. (2000),
who reported that five GLURP alleles were present in
P. falciparum isolates circulating in a Brazilian endemic
area (Ariquemes, RO). Similarly, studies conducted in
low endemicity areas of Honduras, French Guyana and
Colombia detected the presence of two, three and five
GLURP alleles, respectively (Ariey et al. 1999, Haddad
et al. 1999, Montoya et al. 2003, Barrera et al. 2010).
Conversely, our observations differ from those made in
high endemic areas of Asia and, more strikingly, Afri-
ca, where several groups have observed the presence of
eight-20 different alleles (Snounou et al. 1999, Ranjit et
al. 2005, A-Elbasit et al. 2007, Mlambo et al. 2007, Mwin-
gira et al. 2011). The limited polymorphic variation that
we observed in the gene encoding GLURP may reflect
the low endemicity of the area we studied. P. falciparum
populations from areas of low transmission, such as the
Amazon Basin, often display low effective recombina-
tion rates and significant linkage disequilibrium. Thus,
the P. falciparum populations from such areas exhibit
low genetic diversity (Anderson et al. 2000, Urdaneta et
al. 2001, Machado et al. 2004). An alternative explana-
tion that is not mutually exclusive is that P. falciparum
most likely originated in Africa (Escalante et al. 1998).
Thus, the derivative populations found in Southeast Asia
and the Americas may exhibit less genetic diversity as
the result of bottlenecks during the colonisation process
(Escalante et al. 2002).

One hundred and twenty-eight PCR fragments corre-
sponding to 126 P. falciparum isolates from Porto Velho
were obtained by amplifying the N-terminal R2 region
of GLURP. Overall, the frequencies of R2a, R2b, R2¢c
and R2d among the wild P. falciparum isolates were,
respectively, 31.2%, 29%, 11.7% and 28.1%. The R2c¢
fragment was less prevalent than the R2a, R2b and R2d
fragments (p = 0.0001, R2c vs. R2a, p = 0.0006, R2c vs.
R2b, p = 0.001, R2c vs. R2d) (Table). As seen in Table,
the isolates collected at time point-1 contained a lower
frequency of the R2c fragment (7.6%) compared with
the R2a, R2b and R2d fragments (p < 0.0001, R2c vs.
R2a, p =0.004, R2c vs. R2b, p < 0.0001, R2¢ vs. R2d).
At time point-2, we observed that the frequency of the
R2c fragment was lower than that of the R2b fragment
(p = 0.04). There were no differences among the indi-
vidual frequencies of fragments a-d when comparing the
two time points. The R2c¢ allele was detected at low fre-
quency at both time points. The lower frequency of the
R2c allele could result from the immunological selec-
tion of R2c-containing Plasmodium populations in the
infected subjects that we studied (Daubersies et al. 1994)
and/or from the influence of host genetic factors, such as
human leukocyte antigen (HLA) subtype. A study con-
ducted by Gilbert et al. (1998) reported that the cp26 and
cp29 allelic epitopes of the P. falciparum CSP variable
region were more common in children with HLA-B35,
providing evidence that HLA subtypes can influence the
distribution of parasite variants. It can also be speculated
that random selection differences seen for GLURP-R2
allele distribution among different geographical regions
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could be explained by random shifts in parasite allelic
frequencies due to genetic drift in genetically-isolated
populations. Thus, allelic frequencies are predicted to
change over time. Another hypothesis is that differences
in the genetic backgrounds of the studied populations
may result in selection of different allelic forms. In this
scenario, allelic frequencies are predicted to remain
stable over time. Here, we analysed the distribution of
GLURP-R2 allelic forms in the samples obtained at the
two time points separated by 15 years. Similar allelic
frequencies were observed at the two time points, sug-
gesting that the distribution of GLURP-R2 allelic forms
is stable over time. This result supports the hypothesis
that host genetic background can influence this distri-
bution. Similar results were obtained from two stud-
ies conducted in the same area of Brazil that evaluated
the distribution of the P126 and EBA-175 allelic forms
(Pratt-Riccio et al. 2008, Perce-da-Silva et al. 2011).

It is well recognised that the complexity of infections
may vary considerably under different epidemiological
scenarios according to the age, gender and immune status
of the affected individuals (Bendixen et al. 2001, A-Elb-
asit et al. 2007). In the present work, no relationship was
established between infection patterns and age, gender or
time of residence in a particular malaria endemic area.

Considering that multiclonal infection can increase
the crossing between gametes of different clones during
mosquito transmission to generate novel genotypes by
meiotic recombination (Walliker et al. 2005), we evalu-
ated the complexity of P. falciparum infection in isolates
collected in Porto Velho at the two time points. Single
infection (only one R2 fragment) was observed in 98.4%
of the isolates, while mixed infection (more than one
R2 fragment) was observed in only 1.6% of the P. fal-
ciparum isolates collected from the studied area. Mixed
infection was only observed at time point-1, as one iso-

TABLE

Distribution of RO and R2 fragments of glutamate-rich
protein of various sizes amplified by nested polymerase chain
reaction from Plasmodium falciparum isolates collected in
Porto Velho, state of Rondonia, at two time points

Amplified Time point-1 ~ Time point-2 Fragments
fragments np/n (%) np/n (%) np/n (%)
RO region
ROa 77/77 (100) 49/49 (100) 126/126 (100)
R2 region
R2a 28/79 (35.4) 12/49 (24.5)  40/128 (31.2)
R2b 19/79 (24) 18/49 (36.7) 37/128 (29)
R2c 6/79 (7.6)° 9/49 (18.4) 15/128 (11.7)¢
R2d 26/79 (33) 10/49 (20.4)  36/128 (28.1)

a:p<0.0001, R2¢ vs. R2a, p=0.004, R2c vs. R2b, p <0.0001,
R2c vs. R2d; b: p = 0.04, R2b vs. R2¢; ¢: p = 0.0001, R2c vs.
R2a, p = 0.0006, R2¢ vs. R2bp, p = 0.001, R2¢ vs. R2d; np:
number of amplified fragments.

late contained the R2a/R2d fragments and another iso-
late contained the R2a/R2b fragments. A low frequency
of mixed infections was observed in Brazilian isolates
from the same area in two different studies evaluating
the genetic polymorphisms of the P. falciparum P126 and
EBA antigens (Pratt-Riccio et al. 2008, Perce-da Silva
et al. 2011). The low level of mixed infection may also
reflect the low endemicity of the studied area because the
frequency of mixed-clone infections has been correlated
with the intensity of transmission. Higher levels of trans-
mission increase the proportion of infections with mixed
genotypes; thus, outbreeding predominates in high-
transmission areas and inbreeding in low-transmission
areas (Anderson et al. 2000, Machado et al. 2004).

Our results demonstrate the conservation of the RO
region and the limited genetic polymorphisms in the R2
region of GLURP in P. falciparum isolates from individ-
uals living in RO. Furthermore, our comparative analy-
sis of the GLURP-R2 allelic forms at the two time points
showed that the distribution of R2 allelic forms is stable
over time. This is an important finding, given that genet-
ic polymorphisms in B and T-cell epitopes could influ-
ence the immunological properties of the antigen. Our
results suggest that more detailed studies are required
before a GLURP-based vaccine can be designed.
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