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Abstract
Background: Plasmodium vivax is a protozoan parasite with an extensive worldwide distribution, being highly
prevalent in Asia as well as in Mesoamerica and South America. In southern Mexico, P. vivax transmission has been
endemic and recent studies suggest that these parasites have unique biological and genetic features. The msp1
gene has shown high rate of nucleotide substitutions, deletions, insertions, and its mosaic structure reveals frequent
events of recombination, maybe between highly divergent parasite isolates.
Methods: The nucleotide sequence variation in the polymorphic icb5-6 fragment of the msp1 gene of Mexican
and worldwide isolates was analysed. To understand how genotype diversity arises, disperses and persists in
Mexico, the genetic structure and genealogical relationships of local isolates were examined. To identify new
sequence hybrids and their evolutionary relationships with other P. vivax isolates circulating worldwide two
haplotype networks were constructed questioning that two portions of the icb5-6 have different evolutionary history.
Results: Twelve new msp1 icb5-6 haplotypes of P. vivax from Mexico were identified. These nucleotide sequences
show mosaic structure comprising three partially conserved and two variable subfragments and resulted into five different
sequence types. The variable subfragment sV1 has undergone recombination events and resulted in hybrid sequences
and the haplotype network allocated the Mexican haplotypes to three lineages, corresponding to the Sal I and Belem
types, and other more divergent group. In contrast, the network from icb5-6 fragment but not sV1 revealed that the
Mexican haplotypes belong to two separate lineages, none of which are closely related to Sal I or Belem sequences.
Conclusions: These results suggest that the new hybrid haplotypes from southern Mexico were the result of at
least three different recombination events. These rearrangements likely resulted from the recombination
between haplotypes of highly divergent lineages that are frequently distributed in South America and Asia and
diversified rapidly.
Keywords: Plasmodium vivax, Mexico, Malaria, Merozoite surface protein 1, Haplotype network, Population genetic,
Genetic diversity, Recombination analysis

Background
Plasmodium vivax is a parasite with a high prevalence in
several countries around the world [1]. It has been proposed that southeast Asia represents the possible site of
origin for P. vivax [2-4] and a number of individuals
were subsequently dispersed along with human population movements and eventually became established in
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other regions where conditions and resources were very
different [5]. The Mesoamerican region is one of the latest locations where P. vivax was introduced, with time
to most recent common ancestor of 23 ky compared to
South America (309 ky) and other regions outside
southeast Asia [6]. In these regions, although transmission is endemic, it is necessary to progress toward the
elimination of this disease, and population genetics can
be an efficient tool for understanding the origin, dispersion and persistence of parasite genotypes [7].
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The southern border of Mexico, a hypo-endemic area
for P. vivax, may display particular parasite populations
under constant human, vector and ecological pressures
[8-11]. In endemic areas, the presence of multiclonal genotypes greatly increases the probability of recombination
during the sexual cycle in mosquitoes, leading to the generation of sporozoites with unique genotypes [12].
Several molecular markers have been used to study the
evolutionary dynamics and genetic mechanisms that occur
frequently in P. vivax. The merozoite surface protein 1
(MSP1) is important for erythrocyte invasion and is
encoded by a large gene comprised of conserved, partially
conserved and variable regions [13]. Several studies have
shown that different msp1 genes exhibit a mosaic-type
structure due to intense recombination events [14-16].
The inter-species conserved fragment (icb) 5 and 6 shows
high polymorphism due to intra-allelic recombination,
insertions, deletions and further point mutations, generating a wide range of new genotypes [15-22]. This high
gene polymorphism has allowed the identification of
different genetic forms of the parasite, most of which
are unique [23,24] and therefore suitable for molecular
discrimination of relapse episodes [13,25], and useful
for phylogenetic studies [26].
In this study, the msp1 gene icb5-6 fragment of P. vivax
parasites from southern Mexico was analysed to determine parasite diversity and potential hybridization events,
with special emphasis on finding haplotypes that have
contributed to the occurrence of new hybrids in Mexico
and their evolutionary relationships with other isolates circulating worldwide.

Methods
Plasmodium vivax isolates and DNA extraction

Infected blood samples were obtained from symptomatic
patients diagnosed with P. vivax via the examination of
Giemsa-stained blood smears at the Regional Center for
Research in Public Health (CRISP-INSP) in Southern
Chiapas, Mexico during 2002–2003. After informed
written consent was obtained, the patients donated five
ml of venous blood, and all patients received antimalarial treatment following Mexican Treatment
Guidelines (NOM-032-SSA2-2002) [27,28]. Total DNA
was obtained from infected bloods using the QIAamp®
DNA Blood Mini kit, according to the manufacturer’s
instructions. A 100 μl aliquot of infected blood rendered
200 μl of DNA solution, which was stored at −20°C until
use. To screen for mixed genotype infections (vk210 and
vk247), the circumsporozoite gene central repeat genotype
(cspr) was determined by polymerase chain reaction and
restriction fragment length polymorphism (PCR-RFLP) as
described previously [29]. Among the 106 examined samples, 95 presented single-genotype infections (34 were cspr
vk210, and 61 were vk247).
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Polymerase chain reaction and single-strand conformational
polymorphism (PCR-SSCP) of msp1 icb5-6 gene fragment

Only single-cspr genotype infections were examined regarding the msp1 icb5-6 polymorphic fragment by PCRSSCP. Briefly, a nested PCR was carried out. The first
PCR amplification contained a mixture of 2 μl of whole
DNA from P. vivax-infected blood, 4 μl of an oligonucleotide mixture (10 nM), 0.25 μl of each primer (50
pM) Pv200-A5 (5′-tac tac ttg atg gtc ctc- 3′) and Pv200A6 (5′-cct tct ggt aca ggt aca gct caa tg- 3′) [19], 3 μl of
50 mM MgCl2 (Promega), 125 μmol of each deoxynucleotide triphosphate in 1X buffer (100 mM KCl, 20 mM
Tris–HCl, pH 7.5) and 0.625 U of Taq DNA Polymerase,
in a final volume of 24 μl. The following PCR program
was run in a DNA Thermal Cycler (480 PERKIN ELMER,
Applied Biosystem CA 94404 USA): 95°C for 5 min,
followed by 35 cycles of 95°C for 60 sec, 55°C for 60 sec
and 72°C for 60 sec, with a final extension of 72°C for
7 min. The second amplification was performed in a final
volume of 50 μl containing 8 μl of 10 nM dNTPs, 5 μl of
PCR buffer (10X), 3 μl of 50 mM MgCl2, 50 pM oligonucleotides, 0.25 μl of each primer (50 pM) Pv200-1 (5′cca ctg aga agg cca agc c- 3′), 0.25 μl of Pv200-2 (5′-cca
ctg aga aga aca agc c-3′) and 0.5 μl of Pv200-3 (5′-aca
ttg aat agg agg tcc a- 3′) [25,30], 0.25 μl of 5 U/μl Taq
DNA polymerase (Promega Corporation, Madison USA)
and 2 μl of the first-round PCR product. The PCR conditions for the second reaction were the same as above. PCR
products of the expected molecular size (600–700 bp)
were visualized under UV light following 1% agarose gel
electrophoreses and ethidium bromide staining. Then,
50 μl of each PCR product was resolved through electrophoresis in a 1% low melting point agarose gel (Nusieve
GTG agarose Invitrogen, Carlsbad, CA) at 115 V for
30 min. The resultant PCR bands were cut out and purified
using a gel extraction kit following the manufacturer’s
instructions (QIAquick gel extraction kit, QIAGEN,
Germany) to recover 30 μl of final volume.
To perform SSCP, a previously reported protocol was
used [31]. Briefly, 30 μl of the purified PCR product (from a
50 μl PCR amplification) was denatured by adding loading
buffer (1.8 μl of 0.5 M NaOH-10 mM EDTA solution +
1.8 μl of FBB [5% bromophenol blue in formamide] + 1.8 μl
of glycerol), followed by heating at 42°C for 5 min. The
samples were then immediately quenched on ice and
loaded into non-denaturing pre-made polyacrylamide gels
(10-well, 8x8 cm, 1.0 mm, 10% TBE gels; Invitrogen
Carlsbad CA. USA). Additionally, 15 μl of a 123 bp molecular weight marker (Invitrogen life technologies, Carlsbad,
CA, USA) was prepared in glycerol loading buffer (4 μl
marker + 5 μl 6X GLB (0.25% bromophenol blue and 30%
glycerol in DD water) + 3 μl glycerol + 18 μl water) and
loaded into flanking wells. Electrophoresis was performed
in 1X glycerol tolerant buffer (20X, 1.78 M Tris ultrapure,
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Figure 1 Study region of southern Mexico. The site of parasite collection by their csp-msp1 genotypes is indicated.

0.57 M Taurina ultrapure and 0.01 M EDTA-Na2-H2O)
(USB 71949) at 4°C at a constant voltage of 80 V for
24–126 h. The resultant ssDNA bands were visualized
via silver staining [32] and photographed using the
BioDoc-it™ digital photo-documentation system (UVP
Inc, Upland, California, USA).
Msp1 icb5-6 DNA sequencing

Groups of samples showing any of the three observed
SSCP patterns were cloned and sequenced. Firstround PCR products (Pv200-A5 and Pv200-A6) were
cloned using the TOPO TA Cloning® Kit (pCR® 2.1TOPO® vector from Invitrogen Life Technologies,
Carlsbad, CA. USA). Clones of the expected molecular
size (600–700 bp) were purified with the QIAprep
Spin Miniprep Kit (QIAGEN Germany). At least three
different transformed colonies containing the cloned
product from each isolate were sequenced using both
forward and reverse primers in an ABI PRISM® 3100
Genetic Analyser at the National Institute for Public
Health in Cuernavaca, Morelos, Mexico. The electropherogram quality was analysed for each DNA sequence obtained from the Mexican samples using
both Phred-Phrap-Consed [33] and via manual inspection, employing the forward and reverse primers as

reference. Consensus was achieved using BioEdit
(v.4.0), and the nucleotide sequences were deposited
at the GenBank NBCI database under accession numbers [GenBank:JX443532- JX443545].
Data analysis
Nucleotide sequences of the icb5-6 fragment

To determine sequence types, the nucleotide sequences
obtained from the Mexican parasites were aligned with
those corresponding to the Sal I (XM_001614792) [34]
and Belem strains (AF435594) [16]. Most parts of this
fragment align with either of these sequences.
To carry out the genetic diversity, selection and recombination analyses and to depict the genealogical relationships between Mexican and worldwide parasites, nucleotide
sequences with the same gene fragment as those obtained
in this study were extracted from the GenBank: Thailand
(n = 105: AF435595-AF435615, D85246-D85250, D85252,
D85253, D85256-D85259, D85262-D85265, DQ220742,
GQ890884, GQ890886, GQ890898, GQ890914, GQ890919,
GQ890953, GQ890960, GQ890965, GQ890975, GQ890977,
GQ890978 , GQ89098-GQ890998, GQ891000, GQ891003,
GQ891005- GQ891041), Brazil (n = 10: AF435593, AF435622,
AF435623- AF435625, AF435627, AF435629-AF435631 and
Belem strain), India (n = 6: AF435639, AJ250728, AJ494994-
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AJ494997), Bangladesh (n = 5: AF435616- AF435618,
AF435619, AF435620), Turkey (n = 10: AB564562, AB564576,
AB564577, AJ494826- AJ494832), Sri Lanka (AJ494998),
Mozambique (AJ494999), Italy (AJ250729), Vanuatu
(AF435632) and El Salvador (Sal I strain).
Genetic diversity and selection

The number and frequency of all msp1 icb5-6 haplotypes
and the estimation of the nucleotide diversity for each subfragment from both the Mexican and global populations
were determined, including the average nucleotide diversity per site (π) and the expected variation by site under
the assumption of neutral evolution (θ). The departure
from neutrality with the number of synonymous substitutions per synonymous site, and that of synonymous
substitutions per non-synonymous site (dN-dS) were
tested using Nei and Gojobori’s method [35,36] with
MEGA 2.1 [37].
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Results
Msp1 icb5-6 SSCP genotype frequency and
circumsporozoite repeat type

The PCR-SSCP analysis of the msp1 icb5-6 fragments obtained from single-P. vivax genotype infections allowed three
patterns to be distinguished, designated as A, B and C (see
Additional file 1). PCR-SSCP pattern A (n = 20, 21.0%; four
vk210 and 16 vk247); pattern B was the most frequent (n =
43, 45.3%; six vk210 and 37 vk247); and pattern C (n = 30,
32.6%; seven vk247 and 23 vk210) (Figure 1). No SSCP results were obtained for two other samples, one of which was
isolate Mx96 (vk210) from the coastal region, where a much
lower transmission rate is observed than in the foothills.
Sequence types of the msp1 icb5-6 gene fragment

Recombination and genealogical relationships

To determine the degree of recombination within and
between parasite populations, the minimal number of
recombination events (Rm) was estimated by the four
gametes test using DnaSP v5 [38]. Historical patterns
can be inferred using several different approaches, including examination of haplotype networks that connect
each particular haplotype through mutational steps and
enable the assignment of extant haplotypes to an ancestral population, making possible to recognize between
different processes such as hybridization events from ancestral polymorphisms or migration [39-42]. Therefore
to investigate the evolutionary history and relationships
between the haplotypes identified in this study, a minimum spanning haplotype network was constructed
using TCS 1.21 [43,44]. The msp1 gene has a mosaic
structure [16] and each mosaic piece could depict different evolutionary history. Also, sV1 display three main
sequence types, Sal I-like, Belem-like and the hybrid (Sal
I-Belem), this hybrid has been reported for parasites in
different locations studied so far [12,16-18,22,45-47].
Based on this evidence, the sequence of fragment icb5-6
without sV1 and sV1 alone were analysed separately as
the whole fragment would probably show a non-existing
genealogy. The method described by Templeton and
Sing was used to break any loops (ambiguous connections) present within the network [48], employing predictions derived from coalescence theory [49]. For the
construction of two haplotype networks all polymorphic
sites that showed higher recombination signal and the
poly-Q domain were excluded estimating linkage disequilibrium between polymorphic sites using DnaSP v5
[38]. To root the network and allow ancestral haplotypes
to be proposed, the sequence of Plasmodium cynomolgi
(U25743) was included in the analysis.

A total of fourteen sequences ranging from 645 to 729 bp
were obtained from single P. vivax genotype infections,
they comprised codons 678–920 and 683–903 of the Sal I
and Belem sequences. To carry out a detailed nucleotide
analysis, the icb5-6 gene fragment was divided into five
subfragments resulted from the alignment of Mexican, Sal
I and Belem sequences, three partially conserved (5′C, M
and 3′C) flanking two polymorphic ones (sV1 and sV2)
(Figure 2; see Additional file 2). The 5′C end comprises
84 bp; the middle (M) is composed of 69 bp and 3′C end
consists of 24 pb. Subfragments 5′C and M flank the
polymorphic sV1 subfragment; while M and 3′C flank
subfragment sV2 (180 bp) (see Additional file 2).
Common polymorphisms were detected among Mexican
sequences (see Additional file 2). A pair of nonsynonymous changes was detected in the sV2 subfragment
of the Sal I sequence, at codons 879 N (aac) → Lys (aag)
and 881 Thr (act) → Asn (aat). The change at codon 879
was not present in isolate Mx16. Similarly, at the 3′C end,
all of the Mexican parasites exhibited a non-synonymous
nucleotide change at codon 920 Lys (aag) → Arg (agg).
Based on the sV1 subfragment type, icb5-6 fragment has
been clustered into the three basic sequence types: Belem
type (B), Sal I type (S) and the Hybrid (H) (Sal I-Belem)
[16], as was also observed in Mexican parasites (Figure 2).
Further examination of insertions, deletions and nucleotide changes in icb5-6 fragment yielded 12 genotypes (see
Additional file 2).
Sequence type S (sV1-Sal I) was detected in isolates
Mx82 and Mx83 from the 20 isolates showing SSCP pattern A, which consisted of 729 bp and displayed high
similarity to the Sal I sequence. Both isolates showed an
insertion between codons 745–746; caa (Gln) and cca
(Phe), respectively (Figure 2; see Additional file 2). In
addition, subfragment sV1 had a non-synonymous change
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Figure 2 Nucleotide sequence types of the P. vivax msp1 icb5-6 polymorphic fragment of Mexican isolates. Five different sequence
types were constructed according to its homology to the reference strains: gene fragment of Sal I (XM001614792; 2035–2760 nt) and of Belem
(AF435594; 2047–2709 nt) strains. Blank boxes are partially conserved subfragments. Black and grey boxes are polymorphic subfragments.
Eight-linked nucleotide changes within 33 nt were conserved in 5′C end of sequence type B. Belem domains (compared to Sal I sequence,
three and six linked changes within 21 nt each at sV2 in isolates Mx82 and mx83, respectively). Other common nucleotide changes are indicated with
dashes and letters. Based on subfragment sV1, three main sequence types are indicated: B (Belem), S (Sal I) and H (Sal I-Belem). nt, nucleotide.

at codon 798 Ile (att) → Thr (act). The sV2 subfragment
from Mx82 was similar to Sal I, except of seven codons
858–864 that had 6 linked nucleotide changes that aligned
to the Belem sequence. While in Mx83, the first two codons of sV2 were atc-ttc and three-linked nucleotide
changes (portion comprising codons 888–895) aligned to
Belem sequence.
Sequence type B (sV1-Belem) was detected in isolates
(Mx12, Mx14, Mx16, Mx28, Mx30, Mx97 and Mx98)
with SSCP pattern B. All of these sequences comprise
657 nucleotides and have three main characteristics: (1)
Alike Belem and Sal I sequences, had eight linked nucleotide changes scattered within 11 codons at the 5′C end.
According to the Belem sequence, they had four synonymous nucleotide changes at codons 697 gac → gat,
698 ttc → ttt, 700 ccc → cca and 702 atc → att, and four
non-synonymous changes producing three amino acid
substitutions at codons 703 Ser (gag) → Ala (cag), 704 Glu
(agc) → Gln (gcc) and 707 Ala (gcc) → Thr (acc) (see
Additional file 2). (2) The sV1 subfragment contained
17 Gln residues (15 encoded by caa and two encoded by
cag). A non-synonymous nucleotide change was observed
at codon 794 Gly (ggc) → Asp (gac). (3) In contrast, the
sV2 sequence displayed a high similarity to the Sal I strain,
and according to this sequence, had a synonymous change
at codon 855 gta → gtg (see Additional file 2).

There was additional micro-heterogeneity observed in
the nucleotide sequences. The Mx28 isolate showed
three non-synonymous nucleotide changes: one in sV1
at the post-Gln repeat (Ser (agt) → Gly (ggt)) and two in
sV2 (Asn (aac) → His (cac) and Ser (tcc) → Pro (ccc), respectively). In sub-fragment sV2, Mx97 and Mx16 had a
synonymous change (gat → gac), and (acc → aat), respectively. No single nucleotide changes in Mx28 and
Mx16 were revealed by the SSCP analysis.
Isolate Mx96 also had a sequence type B (SSCP not
shown) and comprised 666 nucleotides. Comparing to the
Belem sequence, Mx96 had a non-synonymous change at
codon 694 Lys (aag) → Arg (acg) at the 5′C end. Subfragment sV1 was similar to the corresponding Belem sequence, containing 24 Gln residues (22 encoded by caa
and two by cag). This was the only sequence presenting a
synonymous change in the M subfragment, at codon 817
(gaa → gag). However, next to codons 853 atc-854 ttc of
Belem sequence, subfragments sV2 and 3′C aligned to
the Sal I sequence. Subfragment sV2 displayed a nonsynonymous change Glu (gaa) → Lys (aaa) (codon 885
of the Sal I sequence).
Sequence type H (sV1-hybrid) was detected in four
isolates with SSCP pattern C (Mx9, Mx27, Mx99 and
Mx100) and comprised 645 nucleotides. The initial 37
codons of sV1 aligned to the Sal I sequence, and from
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the poly-Gln domain forward to Belem sequence (with
18 Gln residues 14 encoded by caa and four by cag, until
the first two codons of subfragment sV2 (atc-ttc); most
likely Belem sequence). Further downstream, in sV2,
Mx27 and Mx9 showed synonymous changes at codons
tct → tcc and gaa → gag, respectively.
Genetic structure

The diversity analysis revealed a large number of genotypes, both among the Mexican parasites and at the worldwide level. Table 1 presents different measures of diversity
determined for each gene subfragment. In the 5′C and 3′
C ends, three and four different haplotypes were detected
in the Mexican and worldwide sequences, respectively.
One of the haplotypes for each sequence was exclusive to
Mexico. Subfragment sV2 showed nine and 42 haplotypes
in Mexico and at the worldwide level, respectively, while
sV1 displayed six and 31. Subfragment sV1 presented at
least 10 insertion or deletion events in the Mexican parasites and 29 at the worldwide level. All of the insertion and
deletion events involve the caa triplet in isolate Mx83 and
the aca triplet in Mx96. The dN-dS test analysis of the 155
sequences indicated that the majority of the polymorphic
sites in sV1 are under positive selection and it also suggested that other subfragment sequences might be subjected to purifying selection. For the Mexican isolates, the
observed values were similar to those found worldwide in
sV1 and sV2 subfragments (see Additional file 3).
Recombination signals were found in Mexican and
worldwide clusters, according to different indices. Rm
Table 1 Diversity, recombination and selection
parameters for the P. vivax msp1 icb5-6 fragment of
Mexican and worldwide isolates
Subfragment:

5′C

sV1

M

sV2

3′C

Total

Worldwide
H

3

31

11

45

4

68

Hd

0.187

0.852

0.294

0.865

0.577

0.879

π

0.015

0.087

0.011

0.060

0.027

0.058

ϴ

0.023

0.050

0.029

0.040

0.021

0.039

INDELs

0

29

0

0

0

29

Rm

0

2

1

5

0

11

Mexico
H

3

6

3

9

1

10

Hd

0.604

0.769

0.385

0.912

0

0.923

π

0.054

0.093

0.006

0.019

0

0.055

ϴ

0.034

0.083

0.009

0.026

0

0.050

INDELs

0

10

0

0

0

10

Rm

0

0

0

0

-

2

Mexican and other 155 worldwide sequences are included. H, haplotypes; Hd,
haplotype diversity; π and ϴ, nucleotide diversity; INDELs, insertions/deletions;
Rm, recombination events.

analyses showed two in the Mexican fragments and 11
recombinant sites in the worldwide sequences. Similarly, analysis of linkage disequilibrium detected a high
proportion of non-random associations within and between positions in the sV1 and sV2. In general, these
analyses indicated that the evolutionary dynamics are
not different in these two clusters; in both worldwide
and Mexican samples, subfragment sV1, and possibly
sV2, are under positive selection while 3′C has experienced negative selection.
Genealogical haplotype network of msp1 icb5-6

Fifty-three worldwide haplotypes were obtained for the
icb5-6 fragment. Thailand was the country displaying
the greatest number of haplotypes (n = 25), followed by
Mexico with 12 new haplotypes reported in here. Of the
53 worldwide haplotypes, only six were found in more
than one geographic region or country, and all six of
these haplotypes were isolated in Thailand. The other 47
haplotypes were unique to a single geographic origin.
The haplotype network A, constructed with subfragment icb5-6 but not sV1 (5′C, M, sV2 and 3′C) showed
that the 12 new variants from Mexico were closer to
those from Thailand and Turkey, these diverged from
Sal I and Belem sequences (Figure 3A). In fact, two lineages were resolved: IA (isolates Mx82, 83, Mx96 and
Mx9, 27, 99, 100) and IIA (isolates: Mx12, 14, 16, 28, 30,
97, 98). Parasites of lineage IA were at least 22 and 15
mutational steps from Belem and Sal I, respectively.
While in haplotype network B constructed with sV1, as
expected, the isolates of lineage IA were separated into
three lineages: IB, IIB and IIIB (Figure 3B). Lineage IB
(Mx82, 83) was 5–6 mutational steps from Sal I and 106
from Belem; lineage IIB (Mx96) was 35 steps from Sal I
and 73 from Belem; IIIB was Belem and was 106 steps
from Sal I. In fact, the Belem and isolate Mx96 haplotypes
were found to be the same. Parasites of lineage IIA was at
least 31 and 25 mutational steps from Belem and Sal I and
were all grouped in lineage IIIB with one and 107 mutational steps from Belem and Sal I.
These results show that at least three different hybridization events occurred and moulded the haplotype diversity, and they further indicate that all msp1 icb5-6
sequences of P. vivax are the result of recombination
events and additional diversification.

Discussion
To understand the processes of transmission, pathogenesis and drug resistance in this species, it is necessary to
determine how these parasites originate and disperse. By
using genetic population tools it is possible to determine
that P. vivax presents complex evolutionary dynamics.
The msp1 gene exhibits high genetic variation and complex structuring in a number of geographic regions around
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Figure 3 The haplotype network shows the hybrid nature of the P. vivax from southern Mexico. Two networks were constructed with
155 sequences worldwide, including the 14 Mexican sequences, according to the hypothesis that specific gene fragments based on the icb5-6
sequence correspond to two different parental lineages. The highly recombinant sites were removed to expose the genealogical relationships
of the Mexican isolates. A) Complete icb5-6 fragment except sV1, B) only subfragment sV1. †Belem strain; *Sal I strain. The sizes of the nodes
indicate the frequency of a particular haplotype, and colors represent different countries.

the world [16]. Mutation and frequent recombination
events are the main mechanisms responsible for the high
genetic diversity observed in P. vivax icb5-6 fragment
[16]. The results from this study resolved not only the
icb5-6 nucleotide sequence, which shows a mosaic form
in all isolates from Mexico and others around the world,
but also the genealogy of possible parental kinship groups.
The haplotypes detected in southern Mexican isolates
present unique polymorphisms not reported in any
other regions. The analysis of the nucleotide sequence
of the icb5-6 fragment as well as the relationships of these
sequences using the haplotype network clearly demonstrated the hybrid nature of at least three sequence types of
the Mexican haplotypes. In a preliminary screening using
the PCR-SSCP procedure, at least three different patterns

(A, B, C) were obtained in 93 P. vivax isolates, and with
isolate mx96 comprised 14 nucleotide sequences and five
nucleotide sequence types. Twelve of the 14 sequences examined had unique haplotypes endemic to Mexico [18,50].
On the other hand, Thailand exhibits the greatest number
of reported sequences (approximately 100), but only 14 different haplotypes were observed, the most abundant was
30% of the samples analysed [16,51].
The results of the haplotype networks suggest that sV1
subfragment has different evolutionary history than the
remaining icb5-6 sequence, which agrees with the mosaic structure described in previous works. For lineage
IA, it is very likely that isolates Mx9, Mx27, Mx99 and
Mx100 correspond to a parental variant that hybridized
two or three times with haplotypes from very distant
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lineages. In the sV1-haplotype networks, isolates Mx83
and Mx82 are closely related to the Sal I strain and isolate Mx96 is closely related to the Belem strain. The genealogical relationship of the sV1 subfragment of these
isolates is closer to a lineage similar to Sal I type, and
IIB probably the parental haplotypes genealogically nearest to which recombination events had occurred, while
IIIB is identical to the Belem strain.
It is possible that haplotypes of isolates Mx9, Mx27,
Mx99 and Mx100 diversify rapidly after recombination,
producing an increase in the frequency of this allele in the
local parasite population. Over 30% of the isolates from
Mexico exhibit this sequence type (H). Isolate Mx96 may
also have originated from a parent similar to that of the
sequence H, but accompanied by intra-allelic recombination with a parental lineage related to the Belem strain.
In fact, the sV1 subfragment of isolate Mx96 and the
Belem strain display the same haplotype. In general, lineages IA and IIA seem to be descendants of parasites from
Thailand and Turkey.
Lineage IIA, which is entirely composed of isolates showing sequences sV1-Belem type (Mx12, Mx14, Mx16, Mx28,
Mx30, Mx97 and Mx98), most likely originated through a
single recombination event with lineage IIIB (Belem type).
The presence of additional polymorphisms among these
isolates indicates that rapid diversification occurred, producing new genotypes; this assumption is supported by its
high frequency in the sample (approximately 45.3%), as observed in other related parasites [52,53].
It is important to mention that hypothetical parental
groups were not detected in Mexico, i.e., that of lineage
IIIB, that gave rise to subfragment sV1 (Belem type). Two
possible explanations for this finding are 1) that the frequency of these haplotypes in the population is very low
and 2) that there is a lack of ancestral haplotypes due to
the migration of only descendant-recombinant forms, as
has been detected in some regions, such as Korea [45].
Moreover, the frequent occurrence of recombination and
hybridization events can be explained by the existence of
multi-genotype infections in individuals living in endemic
areas for malaria [7]. One host may exhibits two or more
genetic variants, and recombination events are likely to
occur in a such way that genetic variation at the population level is increased due to these co-infections. The haplotypes found in Mexico seem to have originated in this
manner from two parental lineages that were very distant
phylogenetically. These ancestral haplotypes gave rise to
three or four hybrid groups (also by recombination) that
may persist currently because they are being positively selected [54,55].
In fact, haplotypes found in Mexico display two different histories: we found exclusive clades in this region
appearing to be the result of historical migrations that
diverged and diversified over time, with no evidence that
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P. vivax migrated from Mexico to other sites, while the
recent migration events identified from Southeast Asia
indicate that the probability of finding haplotypes that
originated elsewhere is high [2], from Middle East
(Turkey) and/or Thailand. Accordingly, pvs25 and pvs28
[9], and the csp [56] genes of P. vivax from southern
Mexico were found close related to parasites from Iran
and Eastern Asia and probably much of the gene pool of
Mexico has been provided by genotypes of these countries that have suffered continuously migration, which
needs further investigation.
The twelve novel Mexican haplotypes were likely the result of recombination events which are maintained by
local selective pressures. The relevance of these results lies
in the possibility of depicting and predicting potential
dispersal events and understanding how new epidemic
outbreaks are caused by this parasite. Further extensive
analyses performed in Mexico and Mesoamerica, and the
use of nuclear and mitochondrial markers will help to reveal events of P. vivax migration and dispersal, which
could be relevant for understanding the infectious process
of this species.

Conclusions
The diversification and range expansion observed in the
Mexican haplotypes were consistent with previous reports,
as the genealogy suggests that haplotypes from Central
America, Europe, Africa and other regions of Southeast
Asia derived from one ancestral group from Thailand.
Based on the genealogical analysis of the msp1 gene icb5-6
fragment, it is demonstrated not only the diversification
process of the haplotypes originated in Mexico, but it is
likely that these haplotypes are the emerging product of
recombination events between genealogically separated
lineages found in Thailand and Turkey. Careful analyses
of the evolutionary history of P. vivax can contribute to
design global health policies to treat this parasite. Even
greater sampling efforts are needed to understand this
history, but the information provided in this study will
be useful and will encourage further discussions and
questions. In the future it will be necessary to determine
whether local adaptations are linked to the hosts using
other markers and new tools for data analyses.
Additional files
Additional file 1: P. vivax msp1 icb5-6 gene fragment amplified
by PCR and single-strand conformational polymorphism (SSCP)
analyses. A) Agarose gel (lanes 1–16) showing the molecular size of the
amplified PCR product. Cn, control negative. B) Acrylamide gel showing
the three SSCP patterns observed in the Mexican isolates. SSCP-A (lanes
4, 5 and 7), SSCP-B (lanes 2, and 6), SSCP-C (lanes 1 and 8). M: molecular
size markers of 100 Kb. The SSCP pattern of isolate Mx96 was not
obtained.
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Additional file 2: Nucleotide and amino acid polymorphism of the
msp1 icb5-6 gene fragment of 14 P. vivax isolates from Mexico. The
nucleotide sequences were aligned to the reference sequences of Belem
(AF435594; codons 683–903) and Sal I (XM_001614792; codons 707–920)
strains. This indicates the three partially conserved (5′-end, M and 3′end)
and two variable (sV1 and sV2) nucleotide subfragments. The isolate
codes are provided.
Additional file 3: Neutrality test for P. vivax msp1 icb5-6 gene
fragment. The test is based in the number of synonymous substitutions
per synonymous site, and that of non-synonymous substitutions per
non-synonymous site. Subfragments sV1 and sV2 showed an high
proportion of polymorphic sites under positive selection.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
RC carried out the genetic analysis, organized information in figures and
tables, interpreted data and drafted the manuscript. AW with RC conceived
the genealogy haplotype network analysis. AW also organized information in
figures and tables, interpreted data and drafted the manuscript. LGC
participated in the study design and data analysis, preparation of figures and
interpretation of data, and drafted the manuscript. JN participated in PCRSSCP analysis, PCR amplification and gene cloning, nucleotide sequence
alignment. All authors read and approved the final manuscript.
Acknowledgements
This work was funded by CONACyT-Mexico: projects Salud-2004-01-119 and
CB-2009-01-131247, the funds were given to L. Gonzalez-Ceron. We thank
Frida Santillan Valenzuela for her technical support. Special thanks to Valeria
Alavez for thoughtful comments that improved the manuscript.
Author details
1
Departamento de Medicina Experimental, Facultad de Medicina, Universidad
Nacional Autónoma de México, Apartado postal 70-275, México D.F. 04510,
México. 2Centro Regional de Investigación en Salud Pública, Instituto
Nacional de Salud Pública, Tapachula, Chiapas, México. 3CENID-COMEF,
Instituto Nacional Investigaciones Forestales, Agrícolas y Pecuarias México,
Progreso 5, D.F. 04010, Barrio Santa Catarina, Coyoacán, México.

Page 9 of 10

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
Received: 18 July 2013 Accepted: 22 January 2014
Published: 29 January 2014
21.
References
1. Guerra CA, Howes RE, Patil AP, Gething PW, Van Boeckel TP, Temperley WH,
Kabaria CW, Tatem AJ, Manh BH, Elyazar IR, Baird JK, Snow RW, Hay SI: The
international limits and population at risk of Plasmodium vivax
transmission in 2009. PLoS Negl Trop Dis 2010, 4:e774.
2. Cornejo OE, Escalante AA: The origin and age of Plasmodium vivax.
Trends Parasitol 2006, 22:558–563.
3. Escalante AA, Cornejo OE, Freeland DE, Poe AC, Durrego E, Collins WE,
Lal AA: A monkey’s tale: the origin of Plasmodium vivax as a human
malaria parasite. Proc Natl Acad Sci U S A 2005, 102:1980–1985.
4. Mu J, Joy DA, Duan J, Huang Y, Carlton J, Walker J, Barnwell J, Beerli P,
Charleston MA, Pybus OG, Su XZ: Host switch leads to emergence of
Plasmodium vivax malaria in humans. Mol Biol Evol 2005, 22:1686–1693.
5. Miao M, Yang Z, Patch H, Huang Y, Escalante AA, Cui L: Plasmodium vivax
populations revisited: mitochondrial genomes of temperate strains in
Asia suggest ancient population expansion. BMC Evol Biol 2012, 12:22.
6. Taylor JE, Pacheco MA, Bacon DJ, Beg MA, Dantas Machado RL, Fairhurst
RM, Herrera S, Kim JY, Menard D, Povoa MM, Villegas L, Mulyanto, Snounou
G, Cui L, Zeyrek FY, Escalante AA: The evolutionary history of Plasmodium
vivax as inferred from mitochondrial genomes: parasite genetic diversity
in the Americas. Mol Biol Evol 2013, 30:2050–2064.
7. Arnott A, Barry AE, Reeder JC: Understanding the population genetics of
Plasmodium vivax is essential for malaria control and elimination. Malar J
2012, 11:14.
8. Betanzos AF, Gonzalez-Ceron L, Rodriguez MH, Torres-Monzon JA:
Seroepidemiología del paludismo en un grupo de migrantes en tránsito
(Chiapas, 2008). Salud Publica Mex 2012, 54:523–529.

22.

23.

24.
25.
26.

27.

28.
29.

Gonzalez-Ceron L, Alvarado-Delgado A, Martinez-Barnetche J, Rodriguez MH,
Ovilla-Munoz M, Perez F, Hernandez-Avila JE, Sandoval MA, Rodriguez Mdel C,
Villarreal-Trevino C: Sequence variation of ookinete surface proteins Pvs25
and Pvs28 of Plasmodium vivax isolates from Southern Mexico and their
association to local anophelines infectivity. Infect Genet Evol 2010, 10:645–654.
Joy DA, Gonzalez-Ceron L, Carlton JM, Gueye A, Fay M, McCutchan TF,
Su XZ: Local adaptation and vector-mediated population structure in
Plasmodium vivax malaria. Mol Biol Evol 2008, 25:1245–1252.
Koepfli C, Mueller I, Marfurt J, Goroti M, Sie A, Oa O, Genton B, Beck HP,
Felger I: Evaluation of Plasmodium vivax genotyping markers for
molecular monitoring in clinical trials. J Infect Dis 2009, 199:1074–1080.
Kolakovich KA, Ssengoba A, Wojcik K, Tsuboi T, al-Yaman F, Alpers M,
Adams JH: Plasmodium vivax: favored gene frequencies of the merozoite
surface protein-1 and the multiplicity of infection in a malaria endemic
region. Exp Parasitol 1996, 83:11–19.
Del Portillo HA, Longacre S, Khouri E, David PH: Primary structure of the
merozoite surface antigen 1 of Plasmodium vivax reveals sequences
conserved between different Plasmodium species. Proc Natl Acad Sci U S A
1991, 88:4030–4034.
Ferreira MU, Ribeiro WL, Tonon AP, Kawamoto F, Rich SM: Sequence diversity
and evolution of the malaria vaccine candidate merozoite surface protein-1
(MSP-1) of Plasmodium falciparum. Gene 2003, 304:65–75.
Putaporntip C, Jongwutiwes S, Tanabe K, Thaithong S: Interallelic
recombination in the merozoite surface protein 1 (MSP-1) gene of
Plasmodium vivax from Thai isolates. Mol Biochem Parasitol 1997, 84:49–56.
Putaporntip C, Jongwutiwes S, Sakihama N, Ferreira MU, Kho WG, Kaneko A,
Kanbara H, Hattori T, Tanabe K: Mosaic organization and heterogeneity in
frequency of allelic recombination of the Plasmodium vivax merozoite
surface protein-1 locus. Proc Natl Acad Sci U S A 2002, 99:16348–16353.
Leclerc MC, Gauthier C, Villegas L, Urdaneta L: Genetic diversity of
merozoite surface protein-1 gene of Plasmodium vivax isolates in mining
villages of Venezuela (Bolivar State). Acta Trop 2005, 95:26–32.
Maestre A, Sunil S, Ahmad G, Mohmmed A, Echeverri M, Corredor M, Blair S,
Chauhan VS, Malhotra P: Inter-allelic recombination in the Plasmodium
vivax merozoite surface protein 1 gene among Indian and Colombian
isolates. Malar J 2004, 3:4.
Premawansa S, Snewin VA, Khouri E, Mendis KN, David PH: Plasmodium
vivax:recombination between potential allelic types of the merozoite
surface protein MSP1 in parasites isolated from patients. Exp Parasitol
1993, 76:192–199.
Zakeri S, Mehrizi AA, Mamaghani S, Noorizadeh S, Snounou G, Djadid ND:
Population structure analysis of Plasmodium vivax in areas of iran with
different malaria endemicity. Am J Trop Med Hyg 2006, 74:394–400.
Zakeri S, Raeisi A, Afsharpad M, Kakar Q, Ghasemi F, Atta H, Zamani G,
Memon MS, Salehi M, Djadid ND: Molecular characterization of
Plasmodium vivax clinical isolates in Pakistan and Iran using pvmsp-1,
pvmsp-3alpha and pvcsp genes as molecular markers. Parasitol Int 2010,
59:15–21.
Zakeri S, Safi N, Afsharpad M, Butt W, Ghasemi F, Mehrizi AA, Atta H, Zamani G,
Djadid ND: Genetic structure of Plasmodium vivax isolates from two malaria
endemic areas in Afghanistan. Acta Trop 2010, 113:12–19.
Kim SH, Hwang SY, Shin JH, Moon CS, Kim DW, Kho WG: Molecular genetic
characterization of the merozoite surface protein 1 Gene of Plasmodium
vivax from reemerging Korean isolates. Clin Vaccine Immunol 2009,
16:733–738.
Su XZ, Jiang H, Yi M, Mu J, Stephens RM: Large-scale genotyping and genetic
mapping in Plasmodium parasites. Korean J Parasitol 2009, 47:83–91.
Craig AA, Kain KC: Molecular analysis of strains of Plasmodium vivax from
paired primary and relapse infections. J Infect Dis 1996, 174:373–379.
Tanabe K, Escalante A, Sakihama N, Honda M, Arisue N, Horii T, Culleton R,
Hayakawa T, Hashimoto T, Longacre S, Pathirana S, Handunnetti S, Kishino
H: Recent independent evolution of msp1 polymorphism in Plasmodium
vivax and related simian malaria parasites. Mol Biochem Parasitol 2007,
156:74–79.
Norma Oficial Mexicana NOM-032-SSA2-2010 para la vigilancia epidemiológica
prevención y diagnóstico de enfermedades transmitidas por vector. México;
2010. http://www.salud.gob.mx/unidades/cdi/nom/032ssa202.html.
WHO: Chemotheraphy of malaria. vol. 375. Geneva: WHO Scientific Group; 1967.
Imwong M, Pukrittayakamee S, Gruner AC, Renia L, Letourneur F,
Looareesuwan S, White NJ, Snounou G: Practical PCR genotyping protocols
for Plasmodium vivax using Pvcsp and Pvmsp1. Malar J 2005, 4:20.

Cerritos et al. Malaria Journal 2014, 13:35
http://www.malariajournal.com/content/13/1/35

30. Ruebush TK 2nd, Zegarra J, Cairo J, Andersen EM, Green M, Pillai DR, Marquino W,
Huilca M, Arevalo E, Garcia C, Solary L, Kain KC: Chloroquine-resistant
Plasmodium vivax malaria in Peru. Am J Trop Med Hyg 2003, 69:548–552.
31. Ohrt C, Mirabelli-Primdahl L, Looareesuwan S, Wilairatana P, Walsh D, Kain KC:
Determination of failure of treatment of Plasmodium falciparum infection
by using polymerase chain reaction single-strand conformational
polymorphism fingerprinting. Clin Infect Dis 1999, 28:847–852.
32. Bassam BJ, Caetano-Anolles G, Gresshoff PM: Fast and sensitive silver staining
of DNA in polyacrylamide gels. Anal Biochem 1991, 196:80–83.
33. Ewing B, Hillier L, Wendl MC, Green P: Base-calling of automated
sequencer traces using phred. I. Accuracy assessment. Genome Res 1998,
8:175–185.
34. Carlton JM, Adams JH, Silva JC, Bidwell SL, Lorenzi H, Caler E, Crabtree J,
Angiuoli SV, Merino EF, Amedeo P, Cheng Q, Coulson R, Crabb BS M,
Del Portillo HA, Essien K, Feldblyum TV, Fernandez-Becerra C, Gilson PR,
Gueye AH, Guo X, Kang’a S, Kooij TW, Korsinczky M, Meyer EV, Nene V, Paulsen I,
White O, Ralph SA, Ren Q, Sargeant TJ, et al: Comparative genomics of the
neglected human malaria parasite Plasmodium vivax. Nature 2008,
455:757–763.
35. Nei M, Gojobori T: Simple methods for estimating the numbers of
synonymous and nonsynonymous nucleotide substitutions. Molecular
Biology and Evolution 1986, 3:418–426.
36. Nei M, Kumar S: Molecular Evolution and Phylogenetics. New York: Oxford
University Press; 2000.
37. Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S: MEGA5:
Molecular Evolutionary Genetics Analysis using Maximum Likelihood,
Evolutionary Distance, and Maximum Parsimony Methods. Molecular
Biology and Evolution 2011, 28:2731–2739.
38. Librado P, Rozas J: DnaSP v5: a software for comprehensive analysis of
DNA polymorphism data. Bioinformatics 2009, 25:1451–1452.
39. Paetkau D, Slade R, Burden M, Estoup A: Genetic assignment methods for
the direct, real-time estimation of migration rate: a simulation-based
exploration of accuracy and power. Mol Ecol 2004, 13:55–65.
40. Piry S, Alapetite A, Cornuet JM, Paetkau D, Baudouin L, Estoup A:
GENECLASS2: a software for genetic assignment and first-generation
migrant detection. J Hered 2004, 95:536–539.
41. Rannala B, Mountain JL: Detecting immigration by using multilocus
genotypes. Proc Natl Acad Sci U S A 1997, 94:9197–9201.
42. Wegier A, Pineyro-Nelson A, Alarcon J, Galvez-Mariscal A, Alvarez-Buylla ER,
Pinero D: Recent long-distance transgene flow into wild populations
conforms to historical patterns of gene flow in cotton (Gossypium
hirsutum) at its centre of origin. Mol Ecol 2011, 20:4182–4194.
43. Templeton AR, Routman E, Phillips CA: Separating population structure
from population history: a cladistic analysis of the geographic
distribution of mitochondrial DNA haplotypes in the Tiger Salamander,
Ambystoma tigrinum. Genetics 1995, 140:767–782.
44. Clement M, Posada D, Crandall KA: TCS: a computer program to estimate
gene genealogies. Mol Ecol 2000, 9:1657–1659.
45. Lim CS, Kim SH, Kwon SI, Song JW, Song KJ, Lee KN: Analysis of
Plasmodium vivax merozoite surface protein-1 gene sequences from
resurgent Korean isolates. Am J Trop Med Hyg 2000, 62:261–265.
46. Leclerc MC, Menegon M, Cligny A, Noyer JL, Mammadov S, Aliyev N,
Gasimov E, Majori G, Severini C: Genetic diversity of Plasmodium vivax
isolates from Azerbaijan. Malar J 2004, 9(3):40.
47. Bastos MS, da Silva-Nunes M, Malafronte RS, Hoffmann EH, Wunderlich G,
Moraes SL, Ferreira MU: Antigenic polymorphism and naturally acquired
antibodies to Plasmodium vivax merozoite surface protein 1 in rural
Amazonians. Clin Vaccine Immunol 2007, 14:1249–1259.
48. Templeton AR, Sing CF: A cladistic analysis of phenotypic associations
with haplotypes inferred from restriction endonuclease mapping. IV.
Nested analyses with cladogram uncertainty and recombination.
Genetics 1993, 134:659–669.
49. Rosenberg NA, Nordborg M: Genealogical trees, coalescent theory and
the analysis of genetic polymorphisms. Nat Rev Genet 2002, 3:380–390.
50. Bruce MC, Galinski MR, Barnwell JW, Snounou G, Day KP: Polymorphism at
the merozoite surface protein-3alpha locus of Plasmodium vivax: global
and local diversity. Am J Trop Med Hyg 1999, 61:518–525.
51. Jongwutiwes S, Putaporntip C, Iwasaki T, Ferreira MU, Kanbara H, Hughes AL:
Mitochondrial genome sequences support ancient population expansion
in Plasmodium vivax. Mol Biol Evol 2005, 22:1733–1739.

Page 10 of 10

52. Anderson TJ, Haubold B, Williams JT, Estrada-Franco JG, Richardson L,
Mollinedo R, Bockarie M, Mokili J, Mharakurwa S, French N, Whitworth J,
Velez ID, Brockman AH, Nosten F, Ferreira MU, Day KP: Microsatellite
markers reveal a spectrum of population structures in the malaria
parasite Plasmodium falciparum. Mol Biol Evol 2000, 17:1467–1482.
53. Joy DA, Feng X, Mu J, Furuya T, Chotivanich K, Krettli AU, Ho M, Wang A,
White NJ, Suh E, Beerli P, Su XZ: Early origin and recent expansion of
Plasmodium falciparum. Science 2003, 300:318–321.
54. Conway DJ, Cavanagh DR, Tanabe K, Roper C, Mikes ZS, Sakihama N,
Bojang KA, Oduola AM, Kremsner PG, Arnot DE, Greenwood BM, McBride JS:
A principal target of human immunity to malaria identified by molecular
population genetic and immunological analyses. Nat Med 2000, 6:689–692.
55. Putaporntip C, Jongwutiwes S, Iwasaki T, Kanbara H, Hughes AL: Ancient
common ancestry of the merozoite surface protein 1 of Plasmodium
vivax as inferred from its homologue in Plasmodium knowlesi. Mol
Biochem Parasitol 2006, 146:105–108.
56. González-Cerón L, Martinez-Barnetche J, Montero-Solís C, Santillán F, Soto AM,
Rodríguez MH, Espinosa BJ, Chávez OA: Molecular epidemiology of
Plasmodium vivax in Latin America: polymorphism and evolutionary
relationships of the circumsporozoite gene. Malar J 2013, 12:243.
doi:10.1186/1475-2875-13-35
Cite this article as: Cerritos et al.: Genetic structure of Plasmodium vivax
using the merozoite surface protein 1 icb5-6 fragment reveals new hybrid
haplotypes in southern Mexico. Malaria Journal 2014 13:35.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

