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The precursor to the major merozoite surface antigens of Plasmodium falciparum appears to be encoded by
two distinctly different (dimorphic) alleles able to undergo limited recombination. We analyzed 18 previously
uncharacterized P. falciparum isolates to test the dimorphic model. All but one, a Thailand isolate, conformed
to the dimorphic model, and this isolate conformed to the dimorphic model in all but variable block 2. Sequence
analysis revealed that block 2 of isolate CSL2 was a third form. Hence, the dimorphic model is not strictly
correct. Recombination between alleles was found only within two conserved blocks near the 5' end of the gene.

The precursor to the major merozoite surface antigens
(PMMSA; also known as the 195-kilodalton protein [3], the
polymorphic schizont antigen [6], p190 [2], or the 200-
kilodalton protein [7]) of Plasmodium falciparum varies
antigenically between isolates (3, 6). DNA sequence analysis
of the PMMSA gene from a number of isolates (4, 5, 7a, 9,
11) has revealed that the PMMSA sequence can be divided
into blocks, some of which are conserved and others of
which vary between isolates (7a, 9). The variable blocks
studied so far occur in either of two distinctly different
forms, so the antigen displays dimorphism (Fig. 1). Variable
block 2 near the N terminus of the PMMSA contains a region
of tandemly repeated amino acids which show a degree of
polymorphism. In different isolates of P. falciparum a num-
ber of different combinations of these blocks exist as a result
of meiotic recombination across the conserved blocks. Thus,
the dimorphic nature of the PMMSA along with recombina-
tional reassembling of the variable blocks and the polymor-
phic nature of the repeats can account for much of the
antigenic variation in this molecule. As the PMMSA is an
important candidate molecule \for a malaria vaccine, we
tested whether the dimorphic-allele model is true for a large
number of isolates and determined the extent of recombina-
tion between dimorphic forms. We used oligonucleotide
probes specific for each of the two forms of the seven
variable blocks along the PMMSA to analyze the genotypes
of 18 previously uncharacterized isolates of P. falciparum.
Although the dimorphic model adequately describes 17 of
these, a third distinct sequence occurs for block 2 of isolate
CSL2. Hence, the diversity of this gene is greater than
previously suspected.

Parasites. The origins of P. falciparum FC27, ItG2, 7G8,
Vl, NF7, Kl, XP9, 1785, 1787, FCI1, MAD71, IMR143,
IMR144, and IMR147 have all been described elsewhere (7a,
8). Isolates 3D7, HB3, and X5 were obtained from D.
Walliker, Edinburgh, Scotland. Isolate PaloAlto was ob-
tained from 0. Mercereau Puijalon, Pasteur Institute, Paris,
France. Isolates CSL2 and CSL3 were recently isolated
from patients who had visited Thailand (CSL2) and Papua
New Guinea (CSL3).

Preparation of DNA and oligonucleotide probes. Approxi-
mately 1 ,ug of DNA was prepared, denatured, and dotted
onto nitrocellulose as described elsewhere (7a). Oligonucle-
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otide probes (48-mers) were synthesized by annealing par-
tially complementary 30-mers and were radiolabeled by
filling in the overhanging ends as described elsewhere (7a).
FC27-type variable-block probes were made corresponding
to the following regions of the FC27 sequence (7a): block 2,
nucleotides 280 to 327; block 4, nucleotides 1062 to 1109;
block 6, nucleotides 1264 to 1311; block 8, nucleotides 2215
to 2262; block 10, nucleotides 2921 to 2968; block 14,
nucleotides 3861 to 3908; and block 16, nucleotides 4768 to
4815. Kl-type variable-block probes were made correspond-
ing to the following regions of the Kl sequence (5): block 2,
nucleotides 151 to 198; block 4, nucleotides 933 to 980; block
6, nucleotides 1120 to 1167; block 8, nucleotides 2059 to
2106; block 10, nucleotides 2681 to 2728; block 14, nucleo-
tides 3582 to 3629; and block 16, nucleotides 4414 to 4461.
Hybridization and washing conditions were as described
elsewhere (7a). Autoradiography was performed at -70°C
with two intensifying screens for 16 h.

Distinguishing alleles by use of dot blots. The variable
blocks of the PMMSA differ to such an extent that oligonu-
cleotides corresponding to one dimorphic form will not
hybridize to the other and can therefore be used to type each
of the variable blocks. The FC27 and Kl PMMSA DNA
sequences, which differ at all seven variable blocks and thus
can be considered the two parental types, were aligned, and
regions of minimal homology within each variable block
were selected. Oligonucleotides for each variable block were
used to probe DNAs from 20 different isolates of P. falcipa-
rum. These probes proved to be very specific, as can be seen
in the 11 examples shown in Fig. 2A to H. The nonreactive
controls in Fig. 2A to H were P. ovale (spot 12), P. berghei
(spot 13), and P. vivax (spot 14). The isolates of known
structure (FC27, Kl, and NF7) yielded the expected results.
Recombination within the PMMSA. For any pair of probes

(FC27 type or Kl type) only one was observed to hybridize
with a given isolate (e.g., Fig. 2A and B or Fig. 2C and D).
In the examples shown in Fig. 2A to D, all of the isolates
tested were either FC27-like (A and C) or Kl-like (B and D)
for both blocks 6 (A and B) and 16 (C and D), i.e., no
recombinants were observed between these two blocks.
Probing the same set of filters with oligonucleotides corre-
sponding to blocks 2 and 14 identified a number of recombi-
nation events between these blocks (Fig. 2E to H). For
example, the PaloAlto, X5, HB3, and ItG2 isolates were
FC27-like in block 2 (Fig. 2E) and Kl-like in block 14 (Fig.
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FIG. 1. Schematic of the amino acid sequences of 23 PMMSA molecules (the CAMP sequence is incomplete), using the convention of
Tanabe et al. (9). The structures of the MAD20, CAMP. and Wellcome isolates were derived from their previously published sequences (9,
11, 14). All other variable boxes, represented either by filled boxes (FC27-like) or lightly shaded boxes (Kl-like), were determined by using
oligonucleotide probes. Conserved regions (open boxes) and semi conserved regions (boxes with horizontal and diagonal lines) were inferred
from the dimorphic model (7a, 9). The sequences of isolates marked with an asterisk have been partially or completely determined.

2H), whereas the MAD71, IMR147, and IMR143 isolates
were Kl-like in block 2 (Fig. 2F) and FC27-like in block 14
(Fig. 2G).
With this analysis it was possible to unambiguously assign

all seven variable blocks of all 20 isolates as either FC27-like
or Kl-like with one notable exception: CSL2 did not hybrid-
ize with either the FC27 or the Kl block-2 probe. The
parents and two of the progeny of a genetic cross experiment
(10) were included in this analysis. The parents, 3D7 and
HB3, differed at all variable blocks except block 4 (Fig. 1),
so a single recombination event within conserved block 3 or
5 could potentially be identified. Of the two progeny ana-
lyzed, X5 and XP9, both had the same genotype as HB3.

The results of the dot hybridizations are shown diagram-
matically in Fig. 1 along with the structures deduced from
the complete sequences of Wellcome, Kl, and MAD20 and
the partial sequences of NF7 and CAMP. (Kl and NF7 were
also analyzed by dot blots.) There were clearly no recombi-
nation events between variable blocks 6 and 16 even though
there was a conserved block (block 12) at which homologous
pairing and recombination could potentially occur. Recom-
bination events within blocks 3 and 5 were apparent (Fig. 1).
If the FC27 and Kl sequences were considered to be the
parental types, then a single recombination event within
block 3 would result in progeny of the NF7 and Wellcome
types. CAMP and 3D7 appeared to be progeny resulting
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FIG. 2. DNA dot blot analysis of Plasmodium isolates. Proce-
dures are described in Materials and Methods. Dots: 1, PaloAlto; 2,
MAD71; 3, X5; 4, IMR147; 5, IMR144; 6, IMR143; 7, FC27; 8, ItG2
(1984); 9, ItG2 (1985); 10, CSL2; 11, CSL3; 12, P. ovale; 13, P.
bergei; 14, P. vivax. Probes were as follows; A, FC27 block 2; B, Kl
block 2; C, FC27 block 16; D, Kl block 16; E, FC27 block 2; F, Kl
block 2: G, FC27 block 14; H, Kl block 14.

from a single recombination event between FC27 and Kl
within block 5.

Sequence of a third form of the PMMSA. The failure of the
block-2 probes to hybridize to isolate CSL2 was the single
exception to the dimorphic-allele model for the PMMSA. To
examine the molecular basis of this discordant result, we
isolated and sequenced the EcoRI fragment containing the 5'
region of the PMMSA gene in CSL2 (Fig. 3). The CSL2
sequence has a structure similar to those of the FC27 and Kl
sequences in this region, having conserved blocks 1 and 3 (5'
to the first asterisk and 3' to the second asterisk in Fig. 3,
respectively) and a block 2 which contains a stretch of
repetitive DNA (arrows in Fig. 3). The CSL2 repeat is
loosely based on a tripeptide repeat of Gly-X-Y or Ser-X-Y,
where X is often Ala, but no two copies of the repeat in the
CSL2 sequence are identical at either the DNA or the
protein level. A comparison of the CSL2, FC27, and Kl

sequences across the region of block 2 corresponding to the
oligonucleotide probes used for this region (underlined in
Fig. 3A) shows why neither of the probes hybridized to
CSL2. The CSL2 sequence differs markedly from both the
FC27 and Kl sequences in this region, sharing identity with
the latter two sequences at only 27 of the 48 nucleotides
contained in the block-2 probe.

Conclusions. We used oligonucleotide probes to test the
dimorphic model of the PMMSA of P. falciparum proposed
by Tanabe et al. (9) and supported by our recent observation
(7a). Of the 23 isolates characterized by either DNA se-
quence analysis or hybridization with oligonucleotide
probes, all except isolate CSL2 conform to the dimorphic-
allele hypothesis. CSL2, isolated from a patient who had
toured Thailand, has a region in block 2, the region of the
PMMSA that includes the repetitive sequence, that does not
hybridize to the probes. The probes do not correspond to the
repeats but to the variable region just 5' to the repeats. The
DNA sequence revealed that the lack of hybridization to
block 2 of CSL2 is due to a third type of block 2, not a
deletion. Hence, the dimorphic model is not strictly correct:
while it adequately describes all the other blocks, the exis-
tence of a third form of block 2 raises the possibility that
many other forms may exist in nature.
A previous comparison of the DNA sequences of the

PMMSAs from six isolates of P. falciparum indicated that
recombination had occurred within conserved blocks 3 and 5
but not block 12 (7a, 9). Here we carried out a more
extensive study of recombination within the PMMSA. No
recombinants were observed between blocks 6 and 16 in 22
of the 23 isolates which are shown in Fig. 1 and for which
sequence or hybridization data are available. This result
suggests that such recombinants are selected against, pre-
sumably because they are nonfunctional. Of the 12 possible
combinations resulting from single recombination events
within blocks 3 and 5, 6 are observed among the 23 isolates
shown in Fig. 1. These are represented by FC27, NF7,
CSL2, 3D7, Wellcome, and KI.
We examined eight isolates arising from a localized geo-

graphical region, namely, the area surrounding Madang in
the northern coast of Papua New Guinea. We detected three

A 133

FC27 T A A G GGAAC C A CTAG A CC G TC GG TC GT A TC GG GG T
CSL2 TTATTTCAAAAGGAAAAAATGGTATTAAAGGATGGAGCAAATACTCAAG AAAGCCTGCAGGTGCTGTAAGTACTCAAAGTGCTAAAAATCCTC
Kl T A C T A A A T AC AAA G ...........................AGTCA .......-- GG AC G C G GG A

FC27
CSL2
Kl

T T TG T G T G GG TC GCTC GTTG T G T GGTAATTCAAGACGTACA A
CAGGTGCTACAGTACCTTCAGGTACTGCAAGTACTAAAGGTGCTATAAGATCTCCAGGTGCTGCA..................AATCCTTCAGATGATTC

A G C AGTGG C A GG A C ATC TC CG TC ............ C T CC CG

FC27.AA A A
CSL2A:.:AGTGATTCAGATGCTAAATCTTACGCTGATTTAAAACATAGAGTTCAAAATTACTTGTTCACT
Kl AATACTTCATCTGGTGCAAGCCCTCCAGCTGATGCA C C A G A

B 45
FC27 NE TSGTA TTSTPGS GSVTSGGSV S A VASGGS GSVAS GSGNSRRT N .... ........ NT T
CSL2 LFQKEKMVLKDGANTQVVAKPAGAVSTQSAKNPPGATVPSGTASTKGAIRSPGAA ......NPSDDS.. .. SDSDAKSYADLKHRVQNYLFT
Kl H I NEEEI TKG SAQ .. SG SGTSGTS PSG SPSSRS............. TLPR NTSSGASPPADA R L

FIG. 3. DNA (A) and polypeptide (B) sequence comparisons of the homologous regions of the FC27, CSL2, and Kl PMMSA molecules.
The DNA sequence alignment starts 133 base pairs downstream of the translational start, and the polypeptide sequence alignment starts at
amino acid 45. The asterisks denote the boundaries of block 2, and the arrows denote the boundaries of the repeats (7a, 9).
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distinct genotypes, as exemplified by FC27, MAD71, and
IMR144. Thus, distinct genotypes of the PMMSA coexist in
one small area. Conversely, the same genotypes of the
PMMSA can be found in widely separated locations, e.g.,

Wellcome from West Africa, Vl from Vietnam, and ItG2
from Brazil are all of the same genotype. The hybridization
approach used here provides an alternative that extends and
complements the use of monoclonal antibodies (6). It is clear
from both approaches that multiple forms can occur in a

localized area and that individual forms can have a world-
wide distribution. After submission of this manuscript, Certa
et al. (1) reported a partial sequence of the PMMSA from a
Ghanan isolate (RO-33), which contains a degenerate tripep-
tide repeat region almost identical to that of CSL2. How-
ever, RO-33 is not the same as CSL2, as it differs in having
an FC27-type block 4 and thus extends the combinations of
blocks found to 7.
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