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a  b  s  t  r  a  c  t

Plasmodium  malariae  is a protozoan  parasite  that causes  malaria  in  humans  and  is  genetically  indistin-
guishable  from  Plasmodium  brasilianum,  a parasite  infecting  New  World  monkeys  in  Central  and  South
America.  P.  malariae  has  a  wide  and  patchy  global  distribution  in  tropical  and  subtropical  regions,  being
found  in  South  America,  Asia,  and  Africa.  However,  little  is known  regarding  the  genetics  of  these  parasites
and the  similarity  between  them  could  be because  until  now  there  are  only  a very  few  genomic  sequences
available  from  simian  Plasmodium  species.  This  study  presents  the  first  molecular  epidemiological  data
for P.  malariae  and  P. brasilianum  from  Brazil  obtained  from  different  hosts  and  uses  them  to explore
the  genetic  diversity  in  relation  to geographical  origin  and  hosts.  By using  microsatellite  genotyping,  we
discovered  that of  the  14  human  samples  obtained  from  areas  of  the  Atlantic  forest,  5  different  multilocus
genotypes  were  recorded,  while  in  a sample  from  an  infected  mosquito  from  the  same  region  a different
haplotype  was  found.  We  also  analyzed  the  longitudinal  change  of  circulating  plasmodial  genetic  profile
in two  untreated  non-symptomatic  patients  during  a  12-months  interval.  The circulating  genotypes  in
the two  samples  from  the  same  patient  presented  nearly  identical  multilocus  haplotypes  (differing  by
a  single  locus).  The  more  frequent  haplotype  persisted  for almost  3  years  in  the  human  population.  The

allele Pm09-299  described  previously  as  a genetic  marker  for South  American  P. malariae  was  not  found
in our  samples.  Of the  3 non-human  primate  samples  from  the Amazon  Region,  3  different  multilocus
genotypes  were  recorded  indicating  a greater  diversity  among  isolates  of  P.  brasilianum  compared  to  P.
malariae and  thus,  P.  malariae  might  in  fact  derive  from  P. brasilianum  as  has  been  proposed  in  recent
studies.  Taken  together,  our data  show  that  based  on  the microsatellite  data  there is  a  relatively  restricted

riae  p
 

polymorphism  of  P. mala

. Introduction

The protozoan parasite Plasmodium malariae causes malaria
n humans and is genetically indistinguishable from Plasmodium
rasilianum which infects New World monkeys from South and

entral America. This points to a recent host transfer between
umans and monkeys (Escalante et al., 1995, 1998; Qari et al., 1996).
. malariae is widely distributed in a patchy pattern and is found

∗ Corresponding author. Tel.: +55 11 3081 8039; fax: +55 11 3081 8039.
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arasites  as  opposed  to other  geographic  locations.
© 2012 Elsevier B.V. 

throughout tropical regions in Africa, Asia and South America. Little
is known about the genetics of these parasites, since studies focus-
ing P. malariae and P. brasilianum are still scarce and the currently
observed similarity between the two  species may be simply due to
the fact that there are only a very few genomic sequences available
from simian Plasmodium species. Recently, six polymorphic genetic
markers were described for P. malariae and the first molecular epi-
demiological data for this parasite in naturally acquired human
infections from Africa and Asia were presented (Bruce et al., 2007,

Open access under the Elsevier OA license.
2011).
In Brazil, P. malariae and P. brasilianum are encountered

in the Amazon Region and also in the Extra Amazon Region
(Atlantic forest regions), but in the latter malaria transmission
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s considered hypoendemic and controlled (Oliveira-Ferreira
t al., 2010; Deane, 1992). The state of São Paulo is the sec-
nd state that holds large remaining areas of Atlantic forest
http://mapas.sosma.org.br/dados/). This forest has many bromeli-
ds that are an ideal environment for Anopheles mosquitoes of
he subgenus Kerteszia, mainly An. (K.) cruzii, that use the axils of
hese plants as larval habitat (Forattini et al., 1996). In São Paulo
tate, one of the counties with higher reported incidence of human
alaria cases is Juquitiba, which annually records sporadic cases

f autochthonous malaria (CVE, 2008). Despite the small number
f clinical cases of malaria, a significant part of the population
hows serologic evidence of recent exposure to different variants
f Plasmodium vivax or P. malariae (Curado et al., 1997), suggesting
hat asymptomatic infections with either species may  be frequent.
hese infections apparently are often overseen because the control
rograms are based on passive and active search of symptomatic
ases.

Our study presents the first molecular epidemiologic data for
. malariae and P. brasilianum from Brazil obtained from different
osts and uses them to explore the genetic diversity in relation to
eographic origin and hosts. For this, we used microsatellite mark-
rs and analyzed infected field samples from three different host
roups, namely humans, monkeys and mosquito. It is important
o keep in mind that our work was not designed to show that P.
alariae and P. brasilianum are close relatives, because this fact has

lready been documented in previous studies, but to shed a light on
he genetic diversity between both species. Considering the recent
xpansion of P. malariae in human populations, the host switch
etween humans and monkeys might have occurred through a
ingle transfer associated with a bottleneck, after the European
olonization of the Americas in the 16th century (Escalante et al.,
995). Therefore, the direction of the host transfer can then be
uggested by comparing the genetic diversity of the human and
rimate parasites (Tazi and Ayala, 2011). Our results indicated a
reater diversity among isolates of P. brasilianum compared to P.
alariae and thus, P. malariae might derive from P. brasilianum as
as been proposed in recent studies.

. Materials and methods

.1. Samples

Twenty samples of P. malariae/P. brasilianum genomic DNA

ere used in this study (Fig. 1, Tables 1 and 2). Among these,

wo samples were obtained from patients involved in a case of
ransfusion malaria: one sample (1) was obtained from a splenec-
omized patient (58/04) who was infected by blood transfusion and

ig. 1. Origins of Brazilian P. malariae/P. brasilianum samples used in the study.
A)  From São Paulo state: human samples from a splenectomized patient who was
nfected by blood transfusion (1), Juquitiba (2–11) and Iporanga (12); mosquito sam-
le  from Itanhaém (M95). (B) From the Brazilian Amazon Region: human sample
rom  Acre (13) and samples from simian hosts captured in Rondônia (P169) and
mazonas (P177 and P182).

odified from Google5 Earth and Wikimedia Commons.
pica 124 (2012) 27– 32

another (2) from her blood donor, an asymptomatic carrier (72/04),
which probably acquired the infection in the location of Palestina,
Juquitiba (Di Santi et al., 2005). From a previous project, eleven sam-
ples (two of which were collected from the same patient at different
dates) were used in our study (3–11, Fig. 1A). Other available P.
malariae/P. brasilianum samples were also analyzed (Fig. 1A and B):
a P. malariae sample (12) obtained from a patient (I11) infected in
Iporanga (Atlantic forest region); a P. malariae sample (13) obtained
from a patient (RBR714) infected in Rio Branco (AC) (Brazilian Ama-
zon Region); a P. malariae/P. brasilianum sample (M95) obtained
from a pool of three Anopheles Kerteszia cruzii mosquitoes col-
lected in Itanhaém (Atlantic forest region) and three P. brasilianum
samples obtained from simian hosts captured in Abunã, approx-
imately 200 km from Porto Velho (RO) (Callicebus dubius,  sample
P169) and Igapó-Aç ú, approximately 300 km from Manaus (AM)
(Callicebus caligatus, samples P177 and P182), both located in the
Brazilian Amazon. Additionally, a P. brasilianum strain from Peru
(Peruvian III) was  used as a control. In all samples, the presence of
P. malariae/P. brasilianum was  confirmed by two PCR protocols and
sequencing: (i) a nested PCR based on the amplification of small
subunit ribosomal RNA (ssrRNA) using a modification of the tech-
nique originally described by Snounou et al. (Snounou et al., 1993;
Singh et al., 1999), where the first amplification reaction was  mod-
ified in order to increase the sensitivity, considering samples with
low parasitemia (dos Santos et al., 2009); and (ii) a nested PCR based
on the amplification of the mitochondrial cytochrome b gene (cytb)
(Perkins and Schall, 2002).

2.2. Whole-genome amplification and microsatellite typing

In order to perform a multilocus microsatellite analysis, recov-
ered parasite material was first submitted to WGA  (whole-genome
amplification), a procedure that increases DNA  in a nonspecific
way, thus allowing analysis of natural infections with limited
sample volumes. For this, 5 �l of the original sample (gDNA)
was amplified using REPLI-g Mini Kits (Qiagen, Valencia, CA)
according to manufacturer’s instructions, yielding 50 �l of tem-
plate from each reaction. To assess the extent of polymorphism
we amplified four microsatellites and two  minisatellites using a
semi-nested PCR reaction (Bruce et al., 2007). PCR products were
separated on a 310 capillary sequencer (Applied Biosystems) with-
out dilution (except of Peruvian III and 1 samples, which were
diluted 1/10). Allele sizes were measured by comparison with size
standard Gene Scan 500 (Applied Biosystems). The lengths and
relative abundance of peak heights in electropherograms were
determined using the open-access STRand software (available at:
http://www.vgl.ucdavis.edu/informatics/strand.php). In this study,
the minimal detectable peak height was  set to 100 arbitrary fluo-
rescence units (FU) (Van den Eede et al., 2010), to ensure allele
recognition in view of very low parasitemias found in P. malariae
infections, especially in low transmission areas. However, our sam-
ples were analyzed in duplicate in independent experiments and
the reactions showed neglectable background noise (below 10 FU).

2.3. Data analysis

Arlequin 3.0 software was used to haplotype identification and
analysis of molecular variance (AMOVA) (Excoffier et al., 2005). The
genetic diversity of the human and non-human parasite popula-
tions was  examined by calculating the virtual heterozygosity (HE)
of each group, defined as HE = [n/(n − 1)][1 − �p2i], where n is the

number of isolates analyzed and pi is the frequency of the ith allele
in the population. Virtual heterozygosity may  be defined, in this
context, as the average probability that a pair of alleles randomly
obtained from the population is different. Virtual heterozygosity

http://mapas.sosma.org.br/dados/
http://www.vgl.ucdavis.edu/informatics/strand.php
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Table  1
Human samples used in this study.

Sample Collection date (dd/mm/yyyy) Source Origin

1 22/09/2004 Patient 58/04 São Paulo, SP (Blood transfusion from Patient 72/04)
2 08/12/2004 Patient 72/04 Juquitiba, SP, Atlantic Forest, BR
3 19/08/2005 Patient PPP23 Juquitiba, SP, Atlantic Forest, BR
4  17/02/2006 Patient PPP16 Juquitiba, SP, Atlantic Forest, BR

5a  23/06/2005 Patient
PPP62

Juquitiba, SP, Atlantic Forest, BR
5b  30/03/2006 Juquitiba, SP, Atlantic Forest, BR

6a  19/04/2006 Patient
PPP190

Juquitiba, SP, Atlantic Forest, BR
6b 24/05/2007 Juquitiba, SP, Atlantic Forest, BR
7 10/08/2006 Patient PPP68 Juquitiba, SP, Atlantic Forest, BR
8  24/05/2007 Patient PPP194 Juquitiba, SP, Atlantic Forest, BR
9  27/06/2007 Patient PPP222 Juquitiba, SP, Atlantic Forest, BR
10  30/08/2007 Patient PPP157 Juquitiba, SP, Atlantic Forest, BR
11  19/04/2007 Patient PPP328 Juquitiba, SP, Atlantic Forest, BR
12  xx/01/2002 Patient I11 Iporanga, SP, Atlantic Forest, BR
13 09/07/2004 Patient RBR714 Rio Branco, AC, Amazon Region, BR

SP = São Paulo state; AC = Acre state; BR = Brazil.

Table 2
Non-human samples used in this study.

Sample Collection date (dd/mm/yyyy) Source Origin

M95  26/05/2010 Anopheles (K.) cruzii Itanhaém, SP, Atlantic Forest, BR
P169  31/03/2010 Callicebus dubius Porto Velho, RO, Amazon Region, BR
P177  06/02/2011 Callicebus caligatus Manaus, AM,  Amazon Region, BR
P182  07/02/2011 Callicebus caligatus Manaus, AM,  Amazon Region, BR
Peru  III xx/xx/1987 Saimiri sciureus peruviensis Iquitos, Peru
Peru  Ia xx/xx/1983 Aotus vociferans Iquitos, Peru
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P = São Paulo state; RO = Rondônia state; AM = Amazonas state; BR = Brazil.
a from Bruce et al., 2007.

anges between 0 and 1, with high values (i.e. those close to 1)
eflecting high genetic diversity levels of that population.

The standardized index of association (IS
A) was  used to test for

vidence of overall multilocus linkage disequilibrium in each para-
ite population (human and non-human). Data were analyzed with
IAN 3.0 software (Haubold and Hudson, 2000).

We applied the Bayesian clustering model implemented in the
TRUCTURE 2.1 software to test whether microsatellite haplo-
ypes clustered according to the host of collection of the isolates
Pritchard et al., 2000). We  run the program with seven different

 values (from 2 to 8) and computed the posterior probability for
ach K (Evanno et al., 2005). Here we show the clustering patterns
btained with K value = 2 (human and non-human group) associ-
ted with the strongest statistical support.

We  used BOTTLENECK 1.2.02 software (Luikart and Cornuet,
998) to verify whether the population had suffered a population
eduction, such as a bottleneck or a founder effect.

.4. Ethical considerations

Approval of the study protocol was obtained from the Ethical
eview Board of the Institute of Biomedical Sciences of the Uni-
ersity of São Paulo, Brazil (CEPSH 749/2006 and 065/2008). All
rocedures adopted in this work were approved in a full compli-
nce with specific federal permits issued by the Brazilian Ministry
f Environment (SISBIO, process numbers 18861-3 and 24319-3).

. Results and discussion

In order to standardize the P. malariae microsatellite character-
zation in our laboratory, we initially analyzed the sample 1 which
as from a splenectomized patient with higher parasitemia. The
esults obtained after PCR amplification of the 6 markers are shown
n Table 3. In this work, we include the results of samples for which
ll 6 loci were available (except for samples 6b and 13, where one
and three markers were not amplified, respectively). In addition to
the samples shown in Table 1 and 2, many other P. malariae samples
were also tested but gave negative results in the PCR amplification
of the microsatellite markers. These samples, although P. malariae
positive by nested PCR of the ssrRNA (which is repetitive), prob-
ably had too small amounts of target DNA, considering that these
microsatellite markers are single copy loci. It is important to note
that the WGA  technique was useful only for samples with higher
parasitemias (1 and Peruvian III). Therefore, it was not possible to
amplify all 6 loci in some samples without using the original gDNA
sample to complete the analysis. Nevertheless, the definition of
the haplotype in some samples was  incomplete and unfortunately,
these experiments could not be repeated due to insufficient sample
amounts. Amplification of some loci and not others from the same
sample is not an unusual result since differences in the efficiency
of performance of primers used in the analysis is possible. Impor-
tantly, the PCR sensitivity threshold has to be taken in account.
This limit has been maximized by concentrating the sample prior
to DNA extraction (by a saponin lysis), using a nested PCR protocol
and detecting the product by capillary electrophoresis with fluo-
rophores. Therefore, we assume that mixed clone infections were
not missed. Moreover, these samples have been studied previously
for other targets such as ribosomal and mitochondrial genes and
we found only unique sequences for each locus (data not shown).

From the 14 Brazilian human samples from the Atlantic
forest (1–12), 5 different multilocus genotypes were recorded
(Table 3): haplotype 1 (185/342/288/107/220/331) was  found in
four samples; haplotype 2 (185/342/277/107/220/331) in three
samples; haplotype 3 (185/342/277/107/222/331) in two  samples;
haplotype 4 (185/342/288/107/222/331) in four samples; hap-
lotype 5 (185/342/288/107/Nd/331) in one sample. Haplotype 6

(185/Nd/277/107/Nd/Nd) was  found in the Amazon Region sam-
ple (13). Haplotype 7 (181/325/277/107/222/331) was  found only
in the mosquito sample (M95). From the 4 samples obtained
from simian hosts, 4 different multilocus genotypes were recorded
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Table  3
Microsatellite markers from the samples shown in Table 1.

Group Sample Pm02 Pm09 Pm11 Pm25 Pm34 Pm47 Haplotype

Human 1 185 342 288 107 220 331 1
2 185 342 288 107 220 331 1
3 185 342 277 107 220 331 2
4  185 342 288 107 220 331 1
5a  185 342 277 107 222 331 3
5b  185 342 288 107 222 331 4
6a  185 342 288 107 222 331 4
6b 185 342 288 107 Nda 331 5
7 185 342 277 107 222 331 3
8 185 342 288 107 222 331 4
9  185 342 288 107 222 331 4
10  185 342 277 107 220 331 2
11  185 342 288 107 220 331 1
12 185 342 277 107 220 331 2
13  185 Nda 277 107 Nda Nda 6

Non-human M95  181 325 277 107 222 331 7
P169 185 325 288 107 222 331 8
P177 177 325 288 100 220 331 9
P182 185 325 277 107 210 331 10
Peruvian III 185 265 277 107 220 331 11
Peruvian Ib 181 299 288 107 220 331 12
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a Nd means that no readable signal was obtained after at least two repetitions.
b From Bruce et al., 2007.

Table 3): haplotype 8 (185/325/288/107/222/331), haplotype
 (177/325/288/100/220/331), haplotype 10 (185/325/277/107/
10/331) and haplotype 11 (185/265/277/107/220/331). Multiple
lleles were not detected in our samples.

When we tested a mosquito sample, we expected that a recent
enetic recombination may  have occurred (zygote formation and
ubsequent meiosis and onset of sporogony). However, only one
llele per locus was detected even in this sample, indicating that
he examined loci are relatively stable although obviously gen-
ral data for the stability of loci in P. malariae/brasilianum are
acking. On the other hand, the chance for seeing mixed-clone
nfections in mosquitoes is low even for highly endemic regions
Razakandrainibe et al., 2005). In this sense, the observation of an
pparently single clone infection in the mosquito sample may  be
xpected.

Using geographic information system to locate the human sam-
les in the region of Juquitiba, we found that there are clearly two
roups (data not shown), which are distant about 3 km.  However,
he five haplotypes obtained in this population were randomly dis-
ributed in both groups. This lack of population sub-structuring has
lso been demonstrated in villages separated by much larger dis-
ances (Bruce et al., 2011). Considering that the flying range of An.
Ker.) cruzii is about 1 km (Ferreira et al., 1969), in our case, the
dmixture is likely to be attributable to human movement.

The two samples of P. malariae obtained from a blood donor
2) and her recipient (1) involved in a previously reported case of
ransfusion malaria (Di Santi et al., 2005), showed the same haplo-
ype. This provides further evidence that both were infected with
he same strain, as would be expected. Assuming that an absence
n polymorphisms in microsatellites reflects stability also in other
oci, it seems that the same P. malariae haplotype can persist for
lmost 3 years in a population (see samples 2 and 11). We  also
nalyzed the longitudinal change of circulating plasmodial genetic
rofile in two untreated non-symptomatic patients (5 and 6) dur-

ng a long time interval (12 months). The circulating genotypes in
he two samples from the same patient present nearly identical

ultilocus haplotypes (differing by a single locus).

The allele Pm09-299 described by other authors as a genetic

arker for South American P. malariae (Bruce et al., 2007) was
ot found in our samples. Another interesting finding is that the
m09 marker was described with sizes ranging from 281 to 351 bp
(Bruce et al., 2011), however, this marker showed a novel allele
size of 265 bp in the Peruvian III strain. To confirm this result, this
new allele was cloned and sequenced (GenBank HQ677907). This
sequence showed two  deleted repeat units when compared to the
original P. brasilianum microsatellite Pm09 sequence (Colombian
I/NYU strain) (GenBank DQ787849) (Bruce et al., 2007). The strain
of P. brasilianum designed Peruvian III was also compared to Peru-
vian I, already analyzed by other authors (Bruce et al., 2007). Three
markers were found in different sizes compared to those described
(Table 3). In addition to Pm09, we  obtained differences in markers
Pm02 and Pm11. Although the two strains had been isolated from
monkeys of Iquitos, Peruvian I was obtained in 1983 from Aotus
vociferans (Collins et al., 1985), while Peruvian III was obtained from
Saimiri sciureus peruviensis in 1987 (Collins et al., 1990).

It is important to note that Pm34 is a dinucleotide microsatel-
lite marker [(CA)n] and therefore the estimates of allele frequency
for this locus are often confounded by overlapping “shadow” bands
(Murray et al., 1993). In this case, in addition to the main PCR prod-
uct band, shadow bands can be seen 2 bp below the main band.
The presence of these shadow bands is especially troublesome if
the alleles differ by 2 bp. Thus, the alleles Pm34-220 and Pm34-222
could be considered the same allele. Also, it has been suggested that
microsatellite diversity correlates positively repeat array length, as
the rate of strand-slippage events that create diversity increases
exponentially with repeat array lengths (Imwong et al., 2006). In
fact in our work the only marker monomorphic for all samples was
Pm47, which was described as a (CAATT)7 (Bruce et al., 2007), repre-
senting very few repeats and would not be expected to be variable.
However, the other five markers presented from two to four alle-
les per locus in our limited population and could be considered
good genotyping markers to study the genetic diversity of these
parasites.

Allele frequencies were calculated as a proportion of the total
number of alleles detected for each locus using Brazilian P. malariae
human samples showed in Table 1 and were compared with those
found in a previous study where samples from Malawi, Gambia and
Thailand were analyzed (Bruce et al., 2007). Although the number of

samples has been lower in our study (15 versus 52), allelic diversity
was more restricted in the Brazilian samples. Different genotypes
were recorded in 39 of 52 samples from Malawi/Thailand/Gambia
(Bruce et al., 2007) and 6 of 15 human samples from Brazil (this
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Fig. 2. Population structure of Plasmodium malariae/Plasmodium brasilianum plot-
ted  in a single line according to host (Human or Non-human) inferred from
L.O. Guimarães et al. / A

tudy). The proportion of different genotypes was  significantly
igher in non-Brazilian samples compared to Brazilian samples
x2 = 6.47, P < 0.05). Pm02-185 was the only allele found in this locus
n our human samples while Pm02-181 was found in the mosquito
ample, but these were also the most frequent alleles in Asian and
frican samples. Similarly, Pm09-342 was the only allele found in

his locus in our human samples while Pm09-325 was found in the
osquito sample. Although absent in our human population, the

atter was found in more than 80% of the Asian and African sam-
les and in all the Brazilian simian samples (this study). Pm11-288
as found more frequently and Pm11-277 was the second most

requent, but these are also the most frequent alleles in Asian and
frican samples in an inverse proportion. Pm34-220 and Pm34-222
ere found in the same frequencies in Brazilian isolates and are

he second and third most frequent in Asian and African samples.
m25-107 and Pm47-331, monomorphic in our human popula-
ion, were the most frequent and the third most frequent in Asian
nd African samples. This distribution remained unchanged in the
ecent study carried out only with samples from Malawi (Bruce
t al., 2011).

When AMOVA was performed, we found 54.89% of the diver-
ity within groups (human and non-human) and 45.11% among
roups. However, diversity indexes in the studied populations
ange from 0.2218 ± 0.0668 (human group) to 0.4095 ± 0.0447
non-human group) (0.3211 ± 0.0518 mean HE). In human sam-
les, other authors have obtained values between 0.236 and 0.811
Bruce et al., 2007) or 0.192 and 0.849 (Bruce et al., 2011), depend-
ng on the P. malariae microsatellite locus. Interestingly, we found
igher heterozygosity at locus Pm09, which was the one with low-
st heterozygosity values in the other two studies (Bruce et al.,
007, 2011).

Significant multilocus linkage disequilibrium (LD) was  found in
he isolates from human (IS

A = 0.2005, P < 0.05) and non-human ori-
in (IS

A = 0.0375, P < 0.05), with a mean of IS
A = 0.1336, (P < 0.05).

he higher LD value obtained for the human group may have
ome explanations. The parasites from this population may  have
xpanded more recently than the parasites from the non-human
opulation and few mutations could arise and accumulate dur-

ng this shorter time frame, although a bottleneck effect was not
etected in human and non-human groups. This hypothesis agrees
ith the view that P. malariae has derived from P. brasilianum

Tazi and Ayala, 2011). Furthermore, the lower transmission rate of
he Atlantic forest samples compared to the Amazon Region sam-
les may  also explain the higher LD value found in the human
roup, since the chances of recombination in this area are cer-
ainly low. Lastly, this difference of LD values between human
nd non-human parasite populations can be related to the vector.
lthough An. cruzii is the principal vector for human and non-
uman populations in the Atlantic forest (Deane et al., 1970), in
he Amazon Region, An. darlingi is the major vector for human par-
sites (Oliveira-Ferreira et al., 2010) but is unlikely to be involved
n the transmission of P. brasilianum (Lourenç o-de-Oliveira & Luz,
996). In P. vivax, different parasite variants were better adapted
o a specific vector than others (Joy et al., 2008), but unfortunately,
here is no similar study for P. malariae or P. brasilianum. Moreover,
he chromosomal position of the P. malariae markers is not known

aking it not possible to compare physical distance and linkage
isequilibrium.

The population structure was evaluated using the Bayesian
odel-based approach implemented in STRUCTURE software, with

he most likely K = 2. Fig. 2 shows the clustering patterns obtained of
. malariae/P. brasilianum isolates into human and non-human ori-

ins. We  represent in the bars the proportion of these two inferred
enetic subpopulations (represented by colors) for each of the host
opulations. Each host population showed heterogeneity with one
istinct predominant genetic subpopulation.
microsatellite typing of 21 isolates at K = 2. Isolates are numbered as described in
Tables 1 and 2.

The high genetic identity found between P. malariae from
humans and P. brasilianum from primates suggests the occurrence
of recent transfers between hosts (Escalante et al., 1995, 1998;
Qari et al., 1996), but there is no evidence of the transfer direc-
tion human/monkey. Although studies that focus on these species
are rare, a recent study indicate that P. brasilianum strains seem to
be more divergent than P. malariae and thus, P. malariae might in
fact derive from P. brasilianum (Tazi and Ayala, 2011). Here we also
found a greater diversity among isolates of P. brasilianum, how-
ever, one of the markers was monomorphic and the number of
samples was  limited. Moreover, this hypothesis of transfer of the
parasite from New World monkeys to humans may not be plausi-
ble, since the characteristic symptoms of P. malariae malaria, like
quartan fever, were specifically recorded in Greece by Hippocrates
in the 4th century B.C. and were also known in Roman times in Italy
(Boyd, 1949; Russell, 1955), this is, before any migration of humans
from the Old World to the New World. Thus, P. brasilianum would
have naturally adapted to grow in monkeys following human set-
tlement of South America within the last 500 years (Collins and
Jeffery, 2007). By all terms, it is impossible to differentiate infec-
tions of P. malariae from infections of P. brasilianum because they
may, in fact, be one and the same exhibiting “host polymorphism”
(Escalante and Ayala, 1994).

It may  be assumed that diversity and multiplicity of P. falciparum
infection increase as transmission frequency increases (reviewed
by Babiker and Walliker, 1997). We  detected low allelic diversity
in the Brazilian isolates that reflects a very low transmission rate.
It is known that P. malariae has a reduced growth rate (Gilles and
Warrell, 1993) and the low parasitemias are possibly caused by its
preference for mature erythrocytes (Garnham, 1966). P. malariae
is also known to produce infections which are frequently non-
symptomatic and long-lasting (up to 40 years in the absence of
re-infection) (Vinetz et al., 1998). It is also possible that the infec-
tion with exclusively P. malariae explains the very low transmission
rates found in the study area. In other locations where P. malariae
occurs in co-infections mainly with P. falciparum,  P. malariae devel-
oped means of increased transmission efficiency in the presence of
a co-infecting parasite of another species (Bruce et al., 2011).

In summary, P. malariae was found practically conserved in
human samples varying only in two  loci for all samples analyzed
independently of their geographical origin. The data may  have been
partial given that only one sample from the Amazon Region was
available. On the other hand, in relation to the hosts, different hap-
lotypes were found in the samples from the three different host
groups. However, the lack of evidence of geographical clustering of
haplotypes may  be due to the available small sample number. The
further analysis of Brazilian samples from different geographical
origin will be important to characterize the epidemiology of Brazil-
ian P. malariae isolates. It will be interesting to compare human and

simian isolates of P. malariae and P. brasilianum in areas of Atlantic
forest where humans and simians are subject to infection trans-
mitted by the same anopheline vectors. This circumstance possibly
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