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     INTRODUCTION 

 Most cases of human malaria are caused by infection with 
the parasitic  Plasmodium  species  Plasmodium falciparum  and 
 Plasmodium vivax , and to a lesser extent with  Plasmodium 
malariae  and  Plasmodium ovale . 1  Recently, a growing num-
ber of human infections with  Plasmodium knowlesi  have been 
reported, 2  a species typically infecting Old World monkeys. 
With the exception of  P. vivax , which is largely absent from 
west and central Africa,  P. falciparum ,  P. vivax , and  P. malar-
iae  infections are globally distributed throughout tropical and 
subtropical regions.  Plasmodium ovale  is present primarily 
in sub-Saharan Africa, India, Southeast Asia, and the west-
ern Pacific. 3,  4   Plasmodium knowlesi  is also found in Southeast 
Asia, 5  and though currently thought to cause mostly zoonotic 
infections in humans, 2  it could emerge as a true fifth human 
malaria parasite. 6  

 The predominant antigen on the parasite surface during 
the erythrocytic phase of infection is merozoite surface pro-
tein 1 (MSP1), 7  which is present in all examined  Plasmodium  
species. Genes encoding the  P. falciparum  and  P. vivax  MSP1 
( Pf  MSP1 and  Pv  MSP1) have been characterized. However, 
no gene sequence information is available for  P. malariae  or 
 P. ovale  MSP1 ( Pm  MSP1 and  Po  MSP1), with the exception of 
a short coding segment near the 5′ end of the  Pm  MSP1 gene. 8  
In general, MSP1 is produced as a large protein (~200 kDa) 
covalently attached by the carboxyl terminus to the cell mem-
brane by a glycophosphatidylinositol (GPI) anchor. 9  Around 
the time of merozoite release from the red blood cell (RBC), 
MSP1 undergoes proteolytic maturation, generating three 
or four fragments, which remain associated as a complex on 
the cell surface by interaction with the anchored C-terminal 
fragment (p42). 10  The free merozoites rapidly attach to, and 
invade, new RBCs. This process involves secondary cleav-
age of the p42 peptide to generate p33, which is shed along 
with the rest of the MSP1 complex, and p19, which remains 
anchored to the parasite membrane as it invades the cell. 11,  12  
The apparent molecular masses of homologs to the p42, p33 
and p19 peptides from  P. falciparum  vary somewhat between 

 Plasmodium  species. 12,  13  However, for the sake of simplicity 
they will be referred to as p42, p33, and p19, regardless of spe-
cies origin. 

 Probably because of its high abundance and prominent dis-
play on the cell surface, MSP1 is a primary target of the host 
immune system, and antibodies recognizing various regions 
of the protein are detected in a large percentage of individu-
als from endemic areas. 14  Epitopes within the p19 peptide are 
primarily conformational, 15  and likely are dependent upon 
proper folding of two universally conserved epidermal growth 
factor (EGF)-like domains maintained by multiple disulfide 
bonds   . Portions of MSP1 have been studied as vaccine can-
didates, 16,  17  and the p19 polypeptide, which exhibits relatively 
high intra-species conservation, has been incorporated into 
malaria antibody immunoassays. 18,  19  

 Because of the divergence of MSP1 amino acid sequence 
across  Plasmodium  species, a pan-specific  Plasmodium  anti-
body test to detect human exposure to the  Plasmodium  para-
site would likely require recombinant MSP1s, not only from 
 P. falciparum  and  P. vivax , but also from  P. malariae  and  
P. ovale . Likewise, a broad-based vaccine would potentially 
incorporate portions of MSP1 from all four species. Thus, iso-
lation of the  Pm  and  Po  MSP1 genes is critical. Cameroon is a 
malaria-endemic region in sub-Saharan Africa, and a potential 
source of specimens from individuals infected with  P. malariae  
and  P. ovale . The incidence of  P. falciparum, P. malariae , and 
 P. ovale  infection, as determined by polymerase chain reaction 
(PCR), in asymptomatic pregnant women from Cameroon 
was reported to be 91.8%, 7.6%, and 2.5%, respectively. 20  In 
the current study, whole blood samples from Cameroon blood 
donors infected with  P. malariae  or  P. ovale  were identified. 
The MSP1 genes from these two species were isolated and 
characterized, and their deduced protein sequences compared 
with those of other  Plasmodium  species. 

   MATERIALS AND METHODS 

  Identification of blood donors infected with  P. malariae  
and  P. ovale .   DNA was extracted from the whole blood of 82 
human immunodeficiency virus (HIV)-negative normal donor 
samples from Cameroon using the QIAamp DNA Blood 
Mini Kit (Qiagen, Valencia, CA) according to the package 
insert. Subsequently, PCR targeting the 18S ribosomal RNA 
(rRNA) gene was used to screen the samples for the presence 
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of  Plasmodium  DNA, and when detected, to make a species 
assignment based on melting curve analysis essentially as 
described. 21  For comparison, four control PCRs containing 
individual plasmid clones of the 18S rRNA genes from 
 P. falciparum, P. vivax ,  P. malariae , or  P. ovale  were used as 
comparators for the donor samples. The plasmid clones were 
obtained through the ATCC/Malaria Research and Reference 
Reagent Resource Center (MRA catalog nos. MRA-177, 
MRA-178, MRA-179, and MRA-180, respectively, deposited 
by P. A. Zimmerman). For specimens identified as potentially 
containing  P. ovale  DNA, the 18S rRNA amplicons were puri-
fied using the Gene Clean Spin Kit (MP Biochemcials, Solon, 
OH) according to the package insert and sequenced. Analysis 
of the sequences was performed to confirm species identity by 
BLAST. 22  All sequences described here were obtained directly 
from amplicons, using an ABI Prism Big Dye Terminator 
Cycle Sequencing Reaction Kit and the ABI Prism 3130xl 
Genetic Analyzer (Applied Biosystems, Foster City, CA). 

   Amplification and sequencing of the MSP1 genes.   The 
initial goal was to establish islands of known sequence near 
the 5′ and 3′ ends of the  P. malariae  and  P. ovale  MSP1 genes. 
Such an island existed only for the 5′ end of the  P. malariae  
gene. 8  Because no other MSP1 sequences were available for 
 P. malariae  or  P. ovale , degenerate primers (described later) 
were used to amplify sequences near the remaining unknown 
termini. Detailed protocols for all methods mentioned herein 
will be made available upon request.  Plasmodium -specific 
degenerate primers As1 and As2 8  were used to amplify a short 
region near the 5′ end of the MSP1 gene from a  P. ovale -infected 
donor, resulting in an amplicon of about 420 bp. This is within 
the predicted size range, based on spacing of the As primer 
pair within MSP1 gene sequences from other  Plasmodium  
species. The amplicon was gel purified, sequenced to confirm 
the presence of an MSP1 coding region, and  P. ovale -specific 
primers PoMSP1-F1 and PoMSP1-F2 were designed.  Table 1  
contains the sequences of all oligonucleotides used herein. 

      To obtain  Plasmodium -specific primers from the 3′ end of 
the MSP1 gene, nucleotide sequences near the 3′ end of the 
MSP1 open reading frame for 14  Plasmodium  species ( Table 2 , 
excluding  P. malariae  and  P. ovale , which were unknown) were 

collected from GenBank. The sequences were aligned and 
degenerate reverse primers MSP1-R1 and MSP1-R2 derived 
from the most conserved region were designed. Amplifications 
using combinations of these degenerate reverse and for-
ward primers specific for  P. malariae  (PmMSP1-F1 8  and 
PmMSP1-F2) or  P. ovale  (PoMSP1-F1 and PoMSP1-F2) were 
performed on DNA extracted from  P. malariae  or  P. ovale  
parasitemic specimens, respectively. When necessary, a sec-
ond round of PCR was performed on the first round products, 
using nested or hemi-nested primer combinations. First or sec-
ond round products, consistent with the predicted size of a 
MSP1 gene amplicon (~5 kb), were gel purified and sequences 
near the 3′ end of the genes were obtained using the MSP1-R1 
or MSP1-R2 primer. Based on these sequences, species-spe-
cific reverse primers near the MSP1 3′ end were designed 
for  P. malariae  (PmMSP1-R2 and PmMSP1-R3), and  P. ovale  
(PoMSP1-R1 and PoMSP1-R2). 

      Extensive sequence could not be obtained from the 5 kb 
 Pm  and  Po  MSP1 amplicons produced using degenerate prim-
ers. Therefore, amplification of the near full-length genes 
was repeated using species-specific forward and reverse 
primer pairs. The resulting amplicons (~5 kb) from each spe-
cies were gel purified and served as templates for sequenc-
ing. Additional species-specific primers were designed from 
the newly acquired sequence for use in the subsequent reac-
tions (primers not shown). This process was continued until 
sequence was obtained across the entirety of each gene except 
for the extreme termini. Specific primers generated during 
the sequencing of  Po  MSP1 gene from the initial  P. ovale  iso-
late enabled rapid determination of a second  Po  MSP1 gene 
sequence derived from a separate blood donor. 

 Adaptor-mediated or inverse PCR was used to generate 
amplicons encompassing the extreme ends of the MSP1 open 
reading frames. 23  Sequence from these amplicons enabled 
final assembly of the complete coding regions for the  Pm  and 
 Po  MSP1 genes using Sequencher (version 4.5; Gene Codes, 
Ann Arbor, MI). 

   Sequence analysis of MSP1.   GenBank was searched for 
protein sequences related to the deduced  Pm  and  Po  MSP1 
amino acid sequences by protein BLAST. 22  Sixteen MSP1 
sequences, representing 14  Plasmodium  species, were included 
in the dataset used for subsequent protein sequence compari-
sons ( Table 2 ). Pairwise alignments for determination of 
percent amino acid sequence identity were generated using the 
GAP program. Alignment of full-length MSP1 sequences from 
16  Plasmodium  species ( Pm  and  Po  included) was performed 
using the PILEUP program. The alignment was then manually 
refined for sequences bordering regions of low similarity 
(gaps) to maximize overall amino acid similarity within those 
regions. An average amino acid similarity score within a 10 
residue sliding window was calculated for each position across 
the manually refined alignment of full-length MSP1 proteins 
using PLOTSIMILARITY and the blosum62.cmp scoring 
matrix, and the resulting values plotted versus alignment posi-
tion. A shorter de-gapped alignment (1,280 positions) was 
generated by deletion of any position of the manually refined 
full-length MSP1 alignment in which a gap occurred. Both full-
length and de-gapped alignments are available upon request. 
GAP, PILEUP, PRETTY, and PLOTSIMILARITY software 
programs are all members of the Wisconsin GCG package. 24  
MEGA4 software 25  was used to align the two  Po  MSP1 DNA 
sequences using CLUSTALW. Alignment positions containing 

  Table  1 
  Oligonucleotide sequences  

Designation Sequence (5′ to 3′)

Degenerate
 As1 TTTTTYRTTATCAAWTGWCAATG

TGWAAC * 
 As2 GCYCTYAAYAAATCATARTR

RAAGTT
 MSP1-R1 GAAGCTGGARGARCTRCAGAA
 MSP1-R2 GAAGAACTRCAGAAAAYWCCMTC
 Plasmodium malariae 
 PmMSP1-F1 AATGAAGATTATGAACAACTYAT

TCAA * 
 PmMSP1-F2 AAGTTGGGAAAACTGGAGGAAC † 
 PmMSP1-R2 GAAGGCTCTTTATCTTCAACAC
 PmMSP1-R3 CAACACATCCTCCATCAMCTAG
 Plasmodium ovale 
 PoMSP1-F1 CAAGTGGTTAGCAAGTTAACAG
 PoMSP1-F2 CGGACATAAGATTCCTTCTATC
 PoMSP1-R1 TTGGTACACATGTTTCTCCAAC
 PoMSP1-R2 ATCTCCATTCTTCTCGTCCATC

  *   As1 and PmMSP1-F1 (aka Mmsp1) sequences are slightly different than the published 
primer sequences. 8   

  †   PmMSP1-F2 was designed based on GenBank sequence AF138881.1.  
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gaps were deleted before performing a codon-based Z-test 
on the de-gapped DNA alignment (5,124 nucleotides after 
gap deletion encoding 1,708 amino acids) using the bootstrap 
method (2,000 replicates, Nei-Gojobori  p -distance model) 26  
to determine the degree of selection operating on this gene. 
The deduced protein sequences from  Pm  and  Po  MSP1 
were analyzed for likely GPI anchor sites and signal peptide 
sequences using Big PI Predictor 27  and SignalP, 28  respectively. 

 Phylogenetic analysis of the manually refined de-gapped 
MSP1 amino acid sequence alignment was performed using 
MEGA4 software. 25  Tree inference was made using neighbor-
joining (NJ) methods. Distances were calculated by using 
the Jones-Taylor-Thornton 29  amino acid substitution matrix 
and assuming uniform rates of substitution among sites. 
Assessment of tree robustness was determined by using the 
bootstrap test (1000 replicates). A bootstrap score of at least 
70% was considered strong support for relatedness. 30  

    RESULTS 

  Identification of parasitemic donors.   Whole blood from 
Cameroon normal blood donors was screened by PCR for 
the presence of the  Plasmodium  18S rRNA gene. Of the 82 
specimens tested 30 (37%) were PCR positive, indicating the 
donors were parasitemic. Based on melting curve analysis of 
the 18S rRNA amplicons (data not shown), three potential 
 P. malariae -infected donors, and four potential  P. ovale -
infected donors were identified. The three  P. malariae -positive 
donors and two of the  P. ovale -positive donors appeared to be 
co-infected with  P. falciparum , as indicated by the presence 
of bimodal T m  profiles. The other two  P. ovale -positive 
donors (OM1A and OM1B) were apparent single infections. 
The remaining 23 donors appeared to be infected only with 
 P. falciparum . 

 Sequences of the 18S ribosomal DNA (rDNA) gene ampl-
icons were determined for  P. ovale  specimens OM1A and 
OM1B to confirm the presence of  P. ovale  in these two donors, 
and to determine if they were derived from the classic- or 

variant-type  P. ovale  stains. 31  BLAST analysis showed 100% 
homology of the amplicon sequences with “classic-type” 
 P. ovale  18S rRNA gene sequences in GenBank (data not 
shown). For specimens identified as co-infected with  P. falci-
parum  and  P. malariae , the 18S rRNA gene sequence chro-
matograms suggested the presence of multiple sequences. 
However, sequence obtained near the 5′ end of the MSP1 
gene from one of these samples (MM1A) (see Materials and 
Methods) was greater than 96% identical to the 387 nucle-
otide  P. malariae  MSP1 sequence in GenBank (AF138881.1), 
confirming the presence of  P. malariae  in this sample. 

   Characteristics of the deduced  Pm  MSP1 and  Po  MSP1 
proteins.   The complete  Pm  MSP1 (isolate MM1A) and  Po  
MSP1 (isolate OM1A) genes encode proteins of 1,751 and 
1,730 amino acids in length, respectively, each beginning with 
a predicted 19 amino acid signal peptide sequence. A nearly 
complete MSP1 gene sequence from a second  P. ovale -infected 
specimen (OM1B) was also determined. Only the extreme 5′ 
end sequence was not obtained, which based on comparison 
to the OM1A  Po  MSP1 gene, corresponds to the first 8 amino 
acids of the signal peptide. The OM1B  Po  MSP1 gene encodes a 
1,726 amino acid protein, assuming the additional 8 amino acids 
at the N-terminus. The two  Po  MSP1 sequences are 98.9% and 
97.4% identical at the DNA and protein levels, respectively. 

   Sequence comparison.   To identify regions of interspecies 
conservation and variability across the entire MSP1 protein, 
an alignment of complete MSP1 amino acid sequences from 
16  Plasmodium  species was performed. This alignment was 
further aligned manually (available upon request). A plot of 
the average amino acid sequence similarity at each position 
within the final alignment is presented in  Figure 1 , revealing 
the presence of multiple interspecies conserved regions. 
These are interspersed with regions of greater divergence that 
encompass imperfect amino acid repeats varying in length 
and sequence. Relative positions of previously reported 
interspecies conserved MSP1 sequence blocks 32  are shown, 
along with the positions of differences observed between the 
two  Po  MSP1 protein sequences (see Discussion). 

  Table  2 
  Merozoite surface protein 1 (MSP1) sequences of  Plasmodium  species from GenBank  

Accession no.

 Plasmodium  species Host Amino acid Nucleotide
 Plasmodium yoelii Rodent ( Thamnonys rutilans ) EAA17822.1 AABL01001865.1
 Plasmodium berghei Rodent ( Grammomys surdaster ) AAF13063.1 AF187232.1
 Plasmodium chabaudi Rodent ( Thamnonys rutilans ) AAA29499.1 L22982.1
 Plasmodium coatneyi Primate ( Macaca fascicularis ) BAF74048.1 AB266180.1
 Plasmodium knowlesi Primate ( Macaca fascicularis ) BAF74052.1 AB266184.1
 Plasmodium fragile Primate ( Macaca sinica ) BAF74049.1 AB266181.1
 Plasmodium cynomolgi Primate ( Macaca sinica ) BAF74063.1 AB266195.1
 Plasmodium simiovale Primate ( Macaca sinica ) BAF74053.1 AB266185.1
 Plasmodium vivax  (Belem) Human ( Homo sapiens ) AAN86208.1 AF435594.1
 Plasmodium vivax  (Sal1) Human ( Homo sapies ) EDL45115.1 AAKM01000007.1
 Plasmodium hylobati Primate ( Hylobati moloch ) BAF74050.1 AB266182.1
 Plasmodium inui Primate ( Cynopithecus niger ) BAF74051.1 AB266183.1
 Plasmodium malariae  * Human ( Homo sapiens ) AAD42067.1 AF138881.1
 Plasmodium malariae  (MM1A) Human ( Homo sapiens ) TBD FJ824669
 Plasmodium ovale  (OM1A) Human ( Homo sapiens ) TBD FJ824670
 Plasmodium ovale  (OM1B) Human ( Homo sapiens ) TBD FJ824671
 Plasmodium falciparum  (K1) Human ( Homo sapiens ) CAA27070.1 X03371.1
 Plasmodium falciparum  (MAD20) Human ( Homo sapiens ) A26868 X05624.2
 Plasmodium reichenowi Chimpanzee ( Pan troglodytes ) CAH10285.1 AJ786604.1
 Plasmodium gallinaceum Bird ( Gallus gallus ) CAH10838.1 AJ809338.1

  *   Only partial sequence available.  
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  Pairwise alignments of complete MSP1 protein sequences 
representing all four major human-infectious  Plasmodium  
species and  P. knowlesi  were performed, and the percent iden-
tity for each pair was determined ( Table 3 ). The  P. falciparum  
protein (K1 strain) shows the highest divergence with percent 
identities ranging from 44.1% to 45.7% versus the other four 
species. Percent identities using  Pf  MSP1 from the MAD20 
strain were slightly lower (data not shown). Interspecies com-
parisons of all the other MSP1s exhibit percent identities in 
the 48.8% to 54.2% range, except for  P. vivax  and  P. knowlesi , 
which are more closely related. Similar relative homologies 
were obtained when comparisons were limited to the more 
highly conserved p19 region. 

      The N-terminal sequences of MSP1 p42 and p19 have been 
experimentally determined for  P. falciparum  (strainT9/94) 
and the rodent parasite  Plasmodium chabaudi  (strain AS). 12,  33  
Alignments of the regions encompassing the p42 and p19 cleav-
age sites for these two strains indicate that the cleavage positions 
are conserved within the context of the limited surrounding 
homology. 10  Based on comparisons with amino acid sequences 
encompassing the  P. falciparum  and  P. chabaudi  cleavage sites, 
probable p42 and p19 cleavage sites for the  Pm  and  Po  MSP1 
proteins were assigned ( Figure 2 , see Discussion). 

  The  Pm  and  Po  MSP1s contain regions near the C-termini 
that are homologous to the p33 and p19 segments of other 

MSP1s. Within the p19 region, the number and relative posi-
tions of cysteine residues is conserved compared with the same 
region of most other  Plasmodium  species ( Figure 3 ). Likewise, 
the highly conserved sequence surrounding the C-terminal 
GPI anchor site of  Plasmodium  MSP1s is present in the 
 P. malariae  and  P. ovale  proteins. 

    Phylogenetic analysis.   To further examine the relatedness 
of the new MSP1 protein sequences to those from other 
 Plasmodium  species, we performed phylogenetic analysis on the 
manually refined de-gapped alignment described previously. 
As shown in  Figure 4 , the taxa from the reference dataset of 
MSP1 sequences (not including  P. malariae  or  P. ovale  MSP1) 
are segregated into four distinct clades encompassing rodents, 
Old World monkeys, birds, and Great Apes. The human parasite 
 P. vivax  is subsumed by the sequences derived from the Old 
World monkey clade. Bootstrap support for these clusters is 
100%. This MSP1 sequence-based topology is consistent with 
that described by others. 32   Plasmodium ovale  and  P. malariae  

  Figure  1.    Interspecies comparison of MSP1 protein sequences. Full-length deduced MSP1 amino acid sequences from 16  Plasmodium  spe-
cies ( Table 2 ) were aligned and an average amino acid similarity score was determined for successive 10 amino acid segments (alignment available 
upon request).  Plasmodium falciparum, P. vivax,  and  P. ovale  were represented by strains K1, Belem, and OM1A, respectively. Shaded boxes indi-
cate locations of reported conserved sequence blocks. 32  Along the top, positions of differences between deduced MSP1 amino acid sequences from  
P. ovale  strains OM1A and OM1B are denoted by vertical lines. Locations of imperfect repeats (horizontal lines) are indicated for  P. malariae  
(upper lines) and  P. ovale  (OM1A isolate, lower lines). Signal peptide (SP), p33 and p19 regions are also shown.    

  Figure  2.    Predicted sites of primary and secondary merozoite 
surface protein 1 (MSP1) cleavage. Sequence alignments encom-
passing the known N-terminal cleavage sites (straight arrows) for 
( A ) MSP1-p42 and ( B ) MSP1-p19 from  Plasmodium falciparum  strain 
T9/94 ( P. fal ) and  Plasmodium chabaudi  strain AS ( P. cha ), and the 
predicted cleavage sites for the homologous regions from  Plasmodium 
malariae  strain MM1A ( P. mal ) and  Plasmodium ovale  strain OM1A 
( P. ova ) are shown. Aligned residues conserved in at least 3 of the 
4 species are shaded, and the P2 and P4 positions are indicated for 
MSP1-p42.    

  Table  3 
  Merozoite surface protein 1 (MSP1) amino acid sequence comparison   

(% identity)

 P. falciparum  P. vivax  P. knowlesi  P. malariae  P. ovale 

 Plasmodium 
falciparum  * 51.7 † 51.1 48.3 52.3

 Plasmodium vivax  * 45.4 † 82.0 55.6 58.4
 Plasmodium knowlesi 45.7 71.1 56.2 56.8
 Plasmodium malariae 44.1 51.4 48.8 52.8
 Plasmodium ovale  * 44.7 54.2 53.5 51.9

  *    P. falciparum  strain (K1),  P. vivax  strain (Belem), and  P. ovale  strain (OM1A).  
  †   Values below the diagonal = complete MSP1 open reading frame; values above the 

diagonal = MSP1-p19 only (ending at glycophosphatidylinositol [GPI] attachment residue).  
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occupy a bifurcating branch with a node deep in the tree but 
with low bootstrap support, and so do not show relatedness to 
a specific clade. The reason for this is unclear but may reflect 
unique sequence features/substitution patterns among MSP1 
sequences from  Po  and  Pm  not observed among members of 
the other clades. 

     DISCUSSION 

 The purpose of this study was to obtain the MSP1 sequences 
from the remaining two human infectious  Plasmodium  species 
responsible for causing malaria in humans, namely,  P. ovale  and 

 P. malariae . MSP1 genes from  Plasmodium  species infecting 
mammals exhibit sizes in the range of about 4,900 to 5,800 bp, 
encoding proteins of 1,630 to 1,929 amino acids (187 kD to 213 
kD). Both  Pm  and  Po  MSP1 genes described in this study fall 
within these ranges. Furthermore, based on the presence of 
single long open reading frames and the lack of any extended 
gaps (outside of the variable regions) in the deduced amino 
acid sequences when aligned with other MSP1 proteins, the 
 Pm  and  Po  MSP1 genes are unlikely to contain introns, con-
sistent with the absence of introns from all  Plasmodium  MSP1 
genes in GenBank. 

 Previously, interspecies conserved blocks (ICBs) were iden-
tified on comparison of MSP1 amino acid sequences from all 
of the  Plasmodium  species listed in  Table 2,  32  with the excep-
tion of  P. malariae  and  P. ovale . As would be expected, all 
these ICBs reside within regions of high interspecies amino 
acid sequence similarity described here ( Figure 1 ). However, 
even within the ICBs (7 and 15 in particular), regions of 
very low similarity exist. A similarity profile based on align-
ment of full-length MSP1 protein sequences from the four 
human-infectious  Plasmodium  species plus  P. knowlesi  was 
very similar to the one in  Figure 1  (data not shown), indi-
cating that the interspecies pattern of conserved and diver-
gent regions between MSP1s is maintained for  P. malariae  
and  P. ovale , and is representative of  Plasmodium  MSP1 
as a whole. 

 A common feature of  Plasmodium  MSP1s is the presence 
of imperfect tandem amino acid repeats of varying sizes, 
sequences, and copy numbers, located within regions of high 
interspecies divergence. 34,  35  The  Pm  and  Po  MSP1s also harbor 
imperfect tandem peptide repeats, ranging in size from 2 to 
19 amino acids, which are present in two regions of low inter-
species similarity flanked between ICBs 7, 9, and 11. An addi-
tional repeat domain is observed further downstream for the 
 Po  MSP1 in a third non-conserved region between ICBs 11 
and 13 ( Figure 1 ). 

 Of the three unique amino acids immediately flanking the 
predicted  Pm  and  Po  MSP1 p42 cleavage sites, all are pres-
ent at analogous positions flanking the  P. falciparum  or  P. cha-
baudi  sites ( Figure 2 ). Furthermore, glycine and threonine 

  Figure  3.    Alignment of C-terminal p19 regions of merozoite surface protein 1 (MSP1). The deduced amino acid sequences encompassing the 
predicted MSP1-p19 C-terminal regions (underlined) of the indicated  Plasmodium  species (denoted by  P.  and the first 3 letters of the species name) 
were aligned.  P. fal A and  P. fal B refer to  Plasmodium falciparum  strains K1 and MAD20, respectively, and  P. viv  refers to the  Plasmodium vivax  
Belem strain. Amino acid differences (lower case letters) vs. the Consensus sequence (upper case letters) are shown. Gaps introduced to maximize 
alignment (dashes), positions identical to the Consensus sequence (dots), and positions within the Consensus lacking a plurality (X) are indicated. 
Positions of conserved cysteine residues are shaded. The predicted GPI anchor site (arrow) and the conserved residues (box) surrounding it are 
indicated.    

  Figure  4.    MSP1 phylogenetic tree. The evolutionary relatedness 
of MSP1 sequences was inferred using the neighbor-joining method. 
Only the amino acid sequences comprising the interspecies conserved 
blocks of MSP1 were examined, all regions containing gaps were not 
considered in the analysis. The evolutionary distances were computed 
using the JTT matrix-based method and are in the units of the num-
ber of amino acid substitutions per site. There were a total of 1,280 
positions in the final dataset. The optimal tree is shown with the per-
centage of replicate trees in which the associated taxa cluster together 
based on the bootstrap test (1,000 replicates) are shown next to the 
branches.    
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residues are present in the P2 and P4 positions, respectively. 
This is consistent with the substrate specificity of the protease 
responsible for primary cleavage of  Pf  MSP1 to produce p42 
(PfSUB1), 36  which has orthologs in all  Plasmodium  species 
examined. 37  Glycine or alanine in the P2 position is required 
for PfSUB1 activity, whereas valine, isoleucine, leucine, or 
threonine is present in the P4 position of all demonstrated 
PfSUB1 cleavage sites. Little is known about the substrate 
specificity of the PfSUB2 protease, which cleaves  Pf  MSP1 p42 
to form p33 and p19. 38  However, in  P. falciparum  and  P. cha-
baudi  this cleavage occurs immediately after a leucine residue 
that, with the exception of  Plasmodium gallinaceum , is con-
served among MSP1 alignments of all examined  Plasmodium  
species, 10  including  P. malariae  and  P. ovale  ( Figure 3 ). 

 Upon invasion of the RBC, the MSP1 complex is shed, except 
for the p19 fragment, which remains covalently attached to 
the parasite membrane through a GPI anchor. 10  A short pep-
tide sequence “FCSSS” near the C terminus of MSP1 appears 
to be involved in the transamidase-mediated cleavage of the 
protein, generating a new carboxyl terminus to which the GPI 
anchor is attached. To date, this MSP1 sequence has been con-
served across all  Plasmodium  species and isolates ( Figure 3 ), 
with the exception of  Plasmodium inui  in which the middle 
serine residue is a tyrosine. Interestingly, both the  Pm  and  Po  
MSP1s are predicted to have glycine substituted at the first 
serine residue. This serine is likely the site of GPI attachment 
for  Pf  MSP1, 39  and presumably for all other  Plasmodium  spe-
cies. Although glycine at this position of MSP1 is unique to 
the  P. malariae  and  P. ovale  proteins, GPI-mediated anchor-
age for other proteins through carboxyl glycine residues is 
not uncommon. 40  Furthermore, software for predicting GPI 
attachment sites (Big-PI Predictor) 27  identifies the glycine at 
this position as the most likely candidate for both the  Pm  and 
 Po  MSP1s. 

 Sequencing of a second  Po  MSP1 gene (OM1B isolate) 
allowed comparison of the two deduced protein sequences, 
revealing 97% sequence identity. However, interesting differ-
ences do exist, consisting of amino acid substitutions from one 
to five residues in length, in addition to deletions/insertions 
( Figure 1 ). These latter differences occur most often within 
the three imperfect repeat regions, and reflect variability in 
the number of repeats within each block. Most differences 
between the two  Po  MSP1s occur in the first three quarters 
of the protein, with only two differences (single amino acid 
substitutions) occurring within p33, and none within p19. 
With one or two exceptions, all of the sequence differences 
lie within regions of low interspecies similarity. There were 
a total of 6 synonymous and 51 non-synonymous mutations 
resulting in values for  d  S  (the number of synonymous sub-
stitutions per synonymous site) and  d  N  (the number of non-
synonymous substitutions per non-synonymous site) of 
0.00539 (std. error 0.00215) and 0.01197 (std. error 0.00164), 
respectively. A codon-based Z-test performed on a de-gapped 
alignment of the two  Po  MSP1 DNA sequences indicates that 
the probability of rejecting the null hypothesis of strict neu-
trality ( d  N  =  d  S ) is high ( P  ≤ 0.01). This, along with the fact that 
 d  N  >  d  S , supports that the observed non-synonymous differ-
ences are caused by positive selection. Positive selection has 
also been reported to be acting upon both  Pf  and  Pv  MSP1 
genes. 32,  41  

 On the basis of analysis of sequences from three different 
 P. ovale  genes, a recent report segregates  P. ovale  into two 

clades, classic and variant, that are as divergent as separate 
species. 31  Analysis of partial 18S rRNA gene sequences from 
the two  P. ovale  isolates described here indicates they are both 
members of the classic clade (data not shown). It would be 
interesting to obtain the MSP1 sequence for a member of the 
 P. ovale  variant clade, and compare it to the sequences pre-
sented here to see if it supports the contention that the two 
clades represent separate species. 

 Phylogenetic analysis of  Po  and  Pm  MSP1 amino acid 
sequences against a reference data set of previously known 
sequences placed  Pm  and  Po  MSP1s on a separate deeply 
rooted bifurcated branch ( Figure 4 ). However, because of 
the low bootstrap values and the long branch lengths, relat-
edness of these sequences with each other or with the refer-
ence clades could not be determined. These observations are 
consistent with  Plasmodium  phylogenies based on sequences 
of other genes, in which no common consensus is evident for 
the placement of  P. malariae  or  P. ovale  within the trees. 42–  45  
The topology of the tree ( Figure 4 ) with regards to the ref-
erence sequence branches leading to the Old World mon-
key MSP1 sequences (which include  P. vivax ), the rodent 
sequences, Great Ape/human, and bird sequences is sup-
ported by high bootstrap values (i.e., 100%), and is in agree-
ment with that shown for MSP1 by Tanabe and others, 32  and 
is in agreement with trees produced from other  Plasmodium  
genes including cytochrome  b , 44,  45  18S rDNA, 42  and mitochon-
drial DNA. 43  The reasons for the inability to clearly establish 
the placement of  Pm  and  Po  MSP1s in the tree is unclear, 
but may be caused by sampling bias as described for inclu-
sion of long branch lengths in a dataset 46  because both  Po  
and  Pm  sequences provide relatively long branch lengths 
as compared with those taxa within a clade defined by high 
bootstrap support. However, these analyses show that the  
P. ovale  and  P. malariae  MSP1 sequences are clearly unique 
and are not variants of  Pf ,  Pv , or any other known  Plasmodium  
isolates. 

 In conclusion, we have provided convincing evidence that 
the MSP1 genes from  P. malariae  and  P. ovale  have now been 
isolated, thus completing the inventory of MSP1 genes for the 
human-infectious  Plasmodium  species. Both deduced proteins 
exhibit sequence patterns typical of the MSP1 family, yet nei-
ther is so closely related to previously known family members, 
or to each other, that they would be considered species vari-
ants. Availability of these two new MSP1 proteins will be of 
considerable benefit for vaccine development and in assembly 
of an immunoassay directed to detect antibodies against the 
four major human-infectious  Plasmodium  species. To this end, 
studies evaluating and comparing recombinant MSP1 proteins 
from all four human-infectious  Plasmodium  species for anti-
body detection are underway. 
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