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Plasmodium falciparum apical membrane antigen 1 (AMAL1) is a prime malaria vaccine candidate. Antigenic
diversity within parasite populations is one of the main factors potentially limiting the efficacy of any
asexual-stage vaccine, including one based on AMA1. The DNA coding for the most variable region of this
antigen, domain I, was sequenced in 168 samples from the Wosera region of Papua New Guinea, including
samples from symptomatic and asymptomatic infections. Neutrality tests applied to these sequences provided
strong evidence of selective pressure operating on the sequence of amal domain I, consistent with AMA1 being
a target of protective immunity. Similarly, a peculiar pattern of geographical diversity and the particular
substitutions found were suggestive of strong constraints acting on the evolution of AMAL1 at the population
level, probably as a result of immune pressure. In addition, a strong imbalance between symptomatic and
asymptomatic infections was detected in the frequency of particular residues at certain polymorphic positions,
pointing to AMAL1 as being one of the determinants of the morbidity associated with a particular strain. The
information yielded by this study has implications for the design and assessment of AMA1l-based vaccines and

provides additional data supporting the importance of AMA1 as a malaria vaccine candidate.

Malaria is a major public health problem, resulting in ap-
proximately 300 to 500 million clinical cases and an estimated
1 to 3 million deaths each year (43). Development of a vaccine
against Plasmodium falciparum, the parasite responsible for
the most severe form of malaria, is an urgent priority, partic-
ularly because resistance to most traditionally used drugs is
widespread. Identification of targets of naturally acquired pro-
tective immunity is an essential component of vaccine devel-
opment.

The apical membrane antigen 1 (AMAL) is an 83-kDa type
I integral membrane protein with an ectodomain organized in
three domains stabilized by eight disulfide bonds (26). AMAL1
is synthesized late during the development of parasite schi-
zonts. Initially located in the merozoite apical organelles, it is
processed to a 66-kDa form that relocates to the surfaces of
mature merozoites (36, 38). The function of AMAL is not well
understood, but its stage specificity and location suggest that
this protein is involved in the process of invasion of host red
blood cells (RBCs). Such a role is also indicated by the finding
that antibodies directed against AMA1 inhibit invasion of
RBCs in vitro (25, 30). In good agreement, expression of P.
chaubadi AMAL1 in P. falciparum leads to more-efficient inva-
sion of murine RBCs by the human parasite (48). Further-
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more, the failure of “knockout” technology to generate para-
sites with the amal gene disrupted suggests that AMAL1 plays
a critical, perhaps essential role for asexual blood-stage growth
(48).

Much evidence points to AMAL as a leading candidate for
inclusion in a vaccine directed against P. falciparum asexual
blood stages. First, antibodies against AMA1 have been de-
tected in populations exposed to malaria (46), and these anti-
bodies have been shown to inhibit merozoite invasion in vitro
(25); thus, they can be expected to be protective. Second, active
immunization of mice and monkeys with AMAI1 confers pro-
tection against rodent and simian malaria parasites, respec-
tively (1, 6, 10, 11, 35).

Additional strong support for the importance of AMAL1 as a
vaccine candidate comes from the characteristics of its se-
quence. In contrast to most other blood-stage antigens, AMALI
is relatively well conserved among various Plasmodium species,
consistent again with an essential role for this protein. AMA1
lacks the sequence repeats and size polymorphisms found in
other malaria vaccine candidates. In P. falciparum and P. vivax,
the limited diversity of this antigen results from point muta-
tions that are concentrated in certain regions of the protein,
most of them within domain I (14, 17, 29, 31, 37, 39, 47), and
it has been suggested that these mutations are the consequence
of diversifying selection by a protective immune response (14,
15, 39, 49).

Antigenic diversity is one of the main mechanisms used by
malaria parasites to evade the host immune system, and it is
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TABLE 1. Demographic description of samples
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No. of sequenced samples (%

Mean age (95% confidence interval) in the

No. of AMAL of total in sample set) in the followin .
Sample set sequences following age group: g age group™:
obtained
<10 yr =10 yr <10 yr =10 yr
North Wosera survey (n = 367) 76 38 (50) 38 (50) 4.71 (3.96-5.46) 30.37 (24.13-36.60)
South Wosera survey (n = 261) 42 18 (42.9) 24 (57.1) 4.44 (3.31-5.58) 22.37 (17.81-26.94)
Total asymptomatic infections 118 56 (47.5) 62 (52.5) 4.62 (4.02-5.23) 27.27 (23.04-31.51)
(North + South) (n = 628)

Symptomatic infections (n = 66) 44 28 (63.6) 16 (36.4) 5.57 (4.62-6.52) 19.5 (12.37-26.63)
Others (n = 26) 6 6 (100) 0 3.5 (1.22-5.78)
Total (n = 720) 168 90 (53.6) 78 (46.4) 4.84 (4.35-5.34) 25.68 (22.01-29.35)

“ Results only for individuals from which an AMA1 sequence was obtained.

believed to be one of the major difficulties confronting the
development of an effective malaria vaccine. In a malaria vac-
cine trial conducted recently in Papua New Guinea, the 3D7-
MSP2 component of the vaccine produced a shift in the par-
asites infecting vaccinated children toward parasites expressing
MSP2 alleles from the alternative allelic family, FC27 (21). In
mice, immunization with a recombinant protein containing the
two epidermal growth factor (EGF)-like domains of MSP1 or
with the AMAL1 ectodomain conferred protection against ho-
mologous but not heterologous sporozoite challenge (10, 40),
suggesting that protective immunity against these proteins has
a high degree of strain specificity. Thus diversity in AMAL,
though limited, could be a major obstacle to the efficacy of this
antigen as a component of a malaria vaccine.

Here, the P. falciparum amal domain I from 168 infected
blood samples was sequenced, and evidence for diversifying
selection acting on this domain has been confirmed. In addi-
tion, differences have been detected between the sequences
from symptomatic and asymptomatic infections, pointing to
AMAL1 as one of the determinants of the morbidity associated
with a particular P. falciparum strain. The existence of other
sets of published amal sequences from other locations allowed
us to also study the geographical patterns of diversity of this
gene.

MATERIALS AND METHODS

Study area. The Wosera region (Eastern Sepik Province, Papua New Guinea)
is an area of year-round high transmission of P. falciparum malaria, and P. vivax
and P. malariae are also common there (19, 20). Transmission occurs mainly
through members of the Anopheles punctulatus complex, and the number of P.
falciparum infective bites per year is around 100 (23, 24).

Blood samples. Finger-prick blood samples for this study were collected from
720 residents of the Wosera (Table 1). To obtain parasites from individuals with
asymptomatic malaria infections, 628 samples were collected in two cross-sec-
tional surveys from all individuals willing to take part in the study. In the first
survey (June 2000), 367 samples were collected from three villages (Kitikum 1,
Kitikum 2, and Numbunge) in North Wosera. In the second survey (November
2000), 261 samples were collected from three villages (Palgere, Wegior, and
Patigo) in South Wosera. The longest distance between any two of the surveyed
villages within North or South Wosera is approximately 3 km, and the longest
distance between one of the villages in the North and one in the South is
approximately 7 km.

Samples from 66 symptomatic (clinical) infections were collected from indi-
viduals attending the Kunjingini (South Wosera) and Kaugia (North Wosera)
health centers during the routine morbidity surveillance conducted as part of the
malaria vaccine development program of the Papua New Guinea Institute of
Medical Research. Samples were collected from individuals with a clinical diag-
nosis of malaria and a high-density P. falciparum infection (>3,000 parasites/p.l

for infants <1 year old and adults >19 years old, or >5,000 parasites/ul for
individuals aged 1 to 19 years [20]). These symptomatic-malaria samples were
collected at the health centers from patients who were residents either of the
villages where the cross-sectional surveys were performed or of neighboring
villages, between 1 month before and 1 month after the survey.

A small number of samples (“Others” in Table 1) collected from patients
attending the health centers did not satisfy the criteria for symptomatic malaria.
The information from these samples was not used in any comparison between
symptomatic and asymptomatic infections.

Detailed epidemiological information for the full set of samples will be pre-
sented elsewhere (A. Cortés, M. Mellombo, A. Benet, and J. C. Reeder, unpub-
lished data). Demographic data for the samples from which amal domain I
sequences were obtained are presented in Table 1. The mean ages of symptom-
atic and asymptomatic individuals did not differ significantly in any age group (P
> 0.05), but in individuals aged =10 years, the mean age was considerably higher
in the asymptomatic group.

Ethical clearance for this study was obtained from the Papua New Guinea
Medical Research Advisory Committee. All study participants or their parents or
guardians gave informed consent.

MSP2 genotyping, amal nested PCR, and amal sequencing. Isocode dipsticks
for DNA isolation (Schleicher & Schuell) were prepared for all samples. In order
to determine the multiplicity of infection, MSP2 genotyping was performed on all
720 samples as previously described (16) but using only Hinfl and Ddel digestion.
MSP2 genotyping results will be presented elsewhere (Cortés et al., unpub-
lished).

Nested PCR was performed on all samples containing single P. falciparum
infections (as determined by MSP2 genotyping) to amplify the region between
nucleotides 325 and 955 of the amal coding sequence (31). The primers used
were AMEXS5 (5'-GAACCCGCACCACAAGAAC-3") and AMEX3 (5'-TTGT
TTAGGTTGATCCGAAGC3') for the primary PCR and AMINTS5 (5'-CCAT
GGACGGAATATATGGC-3") and AMINT3 (5'-TTCCATCGACCCATAAT
CCG-3") for the nested PCR. Both PCRs were carried out for 30 cycles with an
annealing temperature of 55°C in a 50-pl volume with 1.5 mM MgCl,, 1.25 U of
purified Tag polymerase (Gibco BRL), and standard concentrations of other
reagents.

Positive amal PCR products were directly sequenced after purification in a
1.2% agarose gel by using a GFX PCR DNA and Gel Band Purification kit
(Amersham Pharmacia Biotech). Automatic sequencing was carried out at the
Australian Genome Research Facility in Brisbane by using the Big Dye Termi-
nator system (Applied Biosystems) and an Applied Biosystems AB377 automatic
DNA sequencer. All PCR products were sequenced by using primer AMINTS3,
and in all cases where uncertainties were detected, the complementary strand
was sequenced by using primer AMINTS. Although direct sequencing of PCR
products avoids sequence errors observed when an intermediate cloning step is
used, PCR (starting from genomic DNA) and sequencing were repeated for all
sequences containing mutations occurring in only one sample.

Sequences were obtained from direct sequencing of 163 amal PCR products.
In addition, five amal nested PCR products from individuals 0 to 3 years old
containing multiple P. falciparum infections were cloned in Escherichia coli and
sequenced, to compensate for the low number of samples with single infections
available from this age group (data not shown). Cloning was performed using the
pGEM-T Easy vector (Promega), and four independent clones were sequenced
for each of the five samples. Surprisingly, for each of the five samples a single
amal sequence was obtained for all four clones, and these sequences were
analyzed together with those from single infections.
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EE R R E R I NS S 5 1 CERRCRRRRSEEZEENNRREIRERRREEE
WOS 01(x15). TCAAAGATTGGCAACATTTGGTGAGTAAGAGATCCCA NTEKDNLMDQHFDEYMNEYKDKEKISQHK
WOS 02(x4). ......................... G ...... A..G. .................. D ..... K..D.
WOS o3(x16). .T..A ............ A. TAG ......... G. ‘N‘K ....... K. IKD ........ D.
woS 04(x4)' .T..A ............ A.QTAG ......... GG .N.K ....... K.IIKD ........ DE
WOS os(xlo)&- G.TTGA‘ .G ........ A‘.TAG ......... G. GNYE .E. .K..IKD ........ D.
WOS os(xl). P .T..A. TG.T G ....... TAG .c. ..G. ...N.K. X_DR ..... IKD .Q....DK
woS 07(x3). A. .T.GA ............ A. TAG ...... ATGGG K..N.E ....... K. IKD ..... KLEDE
WOS os(xl). ........... G.T.T..G..G TAG .C.AT.. ......... DLL..D IKD .Q.KL..
WOS 09(x7). -G T++*A++-+G-T-T--G-+-G-TAG:++ -+~ ATGG - GN-K--+-DLL--D-IKD--- - - KLED -
WOS 10(x15). ...T..A ............. G TAG ...... AT..G ..N.K ........ D IKD ..... KL..E
WOS 11(x4)_ .AG ...... AAGGTG....A ..... G ...... A..G. .KG... INGD N ..... D ..... K..D.
woS 12(x1). AGQ ..... AAGGTG....A ..... G ...... A‘.G. KGE INGD N ..... D ..... K..D.
WOS 13(x9)- .AG T ..... AGGTG....A ..... G.. .C.A..G. KGN - NGD N ..... D...Q.K..D.
WOS 14 (x6). -AG-T-GA-A-G-TG----A- CAGeee ATG: - KGN-E-I-DD'N----K-E----KLE- -
WOS 15(x1). -AG-T----AAGGTG----A- -A--T----ATGG- KGN---INGD-N----K-N-+-+-KLED-
WOoS 16(x1)#. --G-TT---AAGGTG:----A- “A--T:-C-ATGGG -GNY--INGD-N- -K-N--Q-KLEDE
WOS 17(x9)$. -AG-T----AAGGTG:----A- -A--T--C-ATGGG KGN- - +-INGD-N- “K-N--Q-KLEDE
WOS 18(x13). -AG-T-GA-A-G-TG----A- -Cc-G-T-C----G- KGN-E-I-DD-N- “Q-EY-Q----D-
woSs 19(x1)_ -+-G-T-GA:-AGTTG:- -+ -A- -A-QG---C-A---- *GN-E--NVD-N- "K-E«--Q-K-+: -
wos 20(x4)' ..G ...... A...TG..C.A .......... C.A-.G. ..G....I.HDSN ......... Q.K..D.
wos 21(x2). A...T...C.AGGTG...AA ..... G ...... A..G. K..N. P NGDLN ..... D ..... K..D.
WOS 22(x89). A---T---C-AGGTG:- - -AA-- -+ - Gr-vmn A- -GG K-+N--P-NGDLN- - - - - Devv-- K- +DE
WOS 23 (x4). +++-T+-+--AAGGTG---AA-G--AG--A-C-A--G- -+-N---INGDLN-D--KD-N-Q-K--D-
WOS 24 (x2). -T-GA----GTG----A-G--AG--A-C-ATGGG “N-E---RD-N-D--KD-N-Q-KLEDE
woSs 25(x1)_ - cT e cARA- - - [ IR R R C-A- -GG -N-XKH- SD AN s s e e e e Q-K--DE
wWOS 25(x9)_ A T eGA R e Cooovvvoe A-G---CT---G- K--N-E-I FER R K-E--QI---D-
wos 27(x15). A. .T.GA. .G.T.G ........ A..T.T..A..G. K..N.E. .DR ...... K.N.N..K..D.
Conservative 00010101161110010201101000100
Semiconservative 111202200%3001000102010110011
Radical 00001010232200101010200001000

FIG. 1. Nucleotide and amino acid polymorphisms in 168 AMA1 domain I sequences. Only polymorphic nucleotides (left) and amino acids
(right) are shown. The number of occurrences of each particular haplotype is shown in parentheses after its designation on the left. Nucleotide
or amino acid position numbers (31) are given above each polymorphic site. Asterisks above position numbers indicate trimorphic nucleotide
positions; nucleotide positions that are part of the same codon are bracketed. The number of different amino acids that can be found at a position,
when greater than two, is given in parentheses after the residue number. C1 through C6 indicate the positions of the six Cys residues. Sequences
identical to those found in common laboratory strains are indicated on the left as follows: &, identical to 3D7 (only at the protein level, not at the
DNA level, because of a synonymous substitution); #, identical to KF1916; $, identical to FCR-3. The three nonsynonymous mutations not
reported previously are indicated by boldfaced underlined letters. The T°°° and T7* mutations, which had been reported to occur only in the Papua
New Guinea Highlands and nearby Western Papua, Indonesia, respectively, are indicated by italicized underlined letters. Numbers of conservative,
semiconservative, and radical substitutions that can occur at each position, assigned according to the work of Tangri and collaborators (45), are
given at the bottom. Since we cannot know the directionality of the mutations found, the average of the degree of similarity of each substitution
in both directions was used to assign it to one of these categories.

Nucleotide sequence accession number. Nucleotide sequences described in
this report have been submitted to EMBL under accession no. AJ490528 to
AJ490695.

Sequence analysis, population genetics, and statistical analysis. Sequences
were edited and aligned by using the BioEdit program (http://jwbrown.mbio.ncsu
.edu/BioEdit/bioedit.html) (22). Pairs of sequences with the same haplotype were
identified by using Arlequin software (version 2.0; Genetics and Biometry Lab-
oratory, University of Geneva [http:/anthropologie.unige.ch/arlequin/]) and
were counted by using a text processor. Fixation indexes (Fst) were also deter-
mined by using Arlequin software. Other intrapopulation and interpopulation
diversity indexes, as well as recombination estimations and neutrality tests, were
calculated by using DnaSP software (version 3.53 [http://www.bio.ub.es/~julio/
DnaSP.html]) (42). Complex codons that were ignored by the program for the
McDonald-Kreitman test were analyzed by eye according to the guidelines given
in DnaSP 3.53. Phylogenetic trees were constructed by using BioEdit and MEGA
software (version 1.02; The Pennsylvania State University [http://evolgen.biol
.metro-u.ac.jp/MEGA]).

Stata (version 6.0 [http://www.stata.com]) was used for statistical analysis. The
two-tailed Fisher exact test was used for all comparisons, and Bonferroni’s
correction for multiple testing was applied when appropriate.

RESULTS

Nucleotide and amino acid sequences. The sequence for
nucleotides 345 to 921 of the amal gene was determined for
samples from 168 P. falciparum infections from the Wosera
region of Papua New Guinea. This DNA codes for amino acids
116 to 307, which includes all the AMA1 domain I sequence
(amino acids 149 to 302 [26]). Thirty-seven polymorphic nu-
cleotide positions were found in this segment of the gene, and
all of them fell within the domain I coding sequence. Conse-

The amal sequences from Nigeria that were used in many comparisons were
obtained from blood samples from malaria patients attending a health center in
Ibadam, southwest Nigeria (39).

quently, only domain I was considered for further analysis. The
polymorphic nucleotides generated a total of 27 haplotypes
among the 168 sequences (Fig. 1 left). None of the haplotypes
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TABLE 2. Intrapopulation diversity indexes for AMA1 domain I

Index” value
Sample set
N H M (S) P

North Wosera 76 23 43 (36) 0.02568
South Wosera 42 19 40 (36) 0.02579
Total asymptomatic 118 26 44 (37) 0.02573

infections (North

+ South)
Wosera symptomatic 44 14 37 (34) 0.02634

infections
Total Wosera 168 27 44 (37) 0.02605
Nigeria” 51 35 42 (38) 0.02679

“ N, number of sequences analyzed; H, number of haplotypes; M, number of
mutations; S, number of segregating (polymorphic) sites; m, average pairwise
nucleotide diversity per site.

b Published sequences from Nigeria (39).

can be considered predominant, with frequencies ranging from
0.6 to 9.5%.

Three nonsynonymous mutations not reported previously
were identified (Fig. 1). Two of the new polymorphisms, G>'”
and T°®¢, were found in only one sample each, and C®’* was
found in four samples. G°'7 was the only novel mutation oc-
curring at a position that had not been previously described as
polymorphic, but it produces an amino acid substitution at a
site where substitutions had been described previously. The
two other mutations, T°%¢ and C°’%, extended the previously
described dimorphisms in these positions to trimorphisms. The
mutation C®”? produces the same amino acid substitution
(Met***—I1e***) as a different mutation found in Nigeria, T¢"*
(39).

Two other mutations, T5°° and T7*° (Fig. 1), had been re-
ported to occur only in the Papua New Guinea Highlands (34)
(EMBL accession no. AJ487082 to AJ487086) or nearby West-
ern Papua, Indonesia (12), respectively. T7*° occurred in 13 of
the Wosera samples, all of which had the same haplotype,
WOSI18, as the sample from Western Papua that contains this
mutation. Similarly, the T>° mutation occurred in one sample
from the Wosera, which had the same haplotype (WOS19) as
the sequence from the Papua New Guinea Highlands that
contains this mutation.

Translation of the 27 allelic domain I DNA sequences gen-
erated 27 different amino acid haplotypes containing a total of
29 polymorphic residues (Fig. 1 right). Of the 29 polymorphic
positions, 11 accommodated at least one radical amino acid
substitution and 24 accommodated at least one radical or one
semiconservative substitution (Fig. 1 right).

Intrapopulation diversity analysis reveals lower haplotypic
diversity in Papua New Guinea than in Nigeria. Only the 51
amal domain I sequences from Nigeria (39) were used for
most of the subsequent comparisons, because this is the only
other large set of sequences from a single population without
sequence uncertainties. These sequences from Nigeria were
obtained from malaria patients attending hospitals, and con-
sequently they are comparable to our 44 Wosera symptomatic-
infection sequences.

The finding of 27 haplotypes out of 168 sequences (14 out of
44 sequences from symptomatic infections) indicates less di-
versity in the Wosera amal domain I sequences than in the
Nigeria data set, where 35 domain I haplotypes were found in
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51 sequences (39) (Table 2). In contrast, other measures of
diversity were remarkably similar for the two populations. The
average pairwise nucleotide variability per site () in the
Wosera samples was 0.02605 (average number of pairwise nu-
cleotide differences, 12.04), compared to 0.02679 in the Nige-
rian samples (average number of pairwise nucleotide differ-
ences, 12.38) (Table 2). The w values for sequences from
symptomatic and asymptomatic Wosera infections were also
very similar (Table 2). Furthermore, the numbers of segregat-
ing sites and mutations in the Wosera and the Nigeria samples
were also similar (Table 2). Very similar values were also
obtained for w and for the numbers of segregating sites and
mutations in smaller sets of amal domain I sequences sampled
from other locations (14).

Interpopulation diversity analysis reveals that amal domain
I sequences from different geographical locations have similar
mutations and low Fst values but different haplotype reper-
toires. The percentage of sample pairs with the same haplotype
(out of all the possible sample pairs) was drastically lower for
comparisons between the Nigeria and Wosera samples than
within each population (0.023% versus 1.96 and 5.62%), respec-
tively [Fig. 2A]). This result indicates that the repertoires of
amal domain I haplotypes circulating in the two populations
were very different, with only a slight overlap. On the other
hand, the percentage of same-haplotype pairs was very similar
for comparisons between North and South Wosera sequences
and within each population (Fig. 2A), providing an appropriate
control for the comparison method used.

Despite the different repertoires of haplotypes found in the
Wosera and Nigeria, most of the mutations were shared be-
tween the two populations. Of the 44 mutations detected in the
Wosera region and the 42 detected in Nigeria, 37 were com-
mon to both populations while only 7 were specific to Wosera
and 5 were specific to Nigeria. All mutations occurring in only
one of the two populations had a very low prevalence (data not
shown). Similarly, the vast majority of the mutations found in
smaller sets of sequences from other locations were the same
(12, 14, 29, 31, 37).

The close similarity between Wosera and Nigeria sequences
was also indicated by the finding that average pairwise nucle-
otide diversity levels between and within populations were
almost identical, again in sharp contrast to the differences in
the haplotypes found. The interpopulation average number of
pairwise nucleotide differences, m(xy), for the Wosera and Ni-
geria sequences was 12.37, very similar to the average pairwise
diversity observed within each population (Fig. 2A). Conse-
quently, the Fst value, which gives an estimation of the part of
the diversity that can be attributed to differences between
populations and the part that can be accounted for by diversity
within populations, was very low, though significant (Fig. 2B),
for the Wosera and Nigeria sequences (0.0133). Thus, at the
level of nucleotide pairwise diversity, most of the diversity
between amal alleles occurs within a population, and only a
small part of it (around 1.3%) can be attributed to geograph-
ical differences.

No evidence of clustering of sequences from the same geo-
graphical origin was observed on phylogenetic trees con-
structed with Wosera and Nigeria sequences (data not shown)
by using either distance methods (neighbor joining and un-
weighted pair group method with arithmetic means) or dis-
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Percentage of iden- W
tical haplotypes osera
(and absolute North South Sympto- | All Wosera Nigeria
Average gumben- Wgs%ra Wc:iezra matic (n=168). (n=51)
Pairwise (n=76) (n=42) (n=44)
nucleotide diversity.
5.54%(158)| 5.04%(161)] 5.29%(177) 0.026%(1)
North Wosera.
11.865
5.46%(47)| 6.87%(127) 0.047%(1)
South Wosera.
11.899 11.915
Symptomatic. |15 193 11.928 12.168
5.62%(788)| 0.023%(2)
All Wosera.
12.037
1.96%(25)
Nigeria.
12.343 12.332 12.425 12.369 12.377
B
p. North South Wosera
Wosera Wosera Sympto- All Wosera Nigeria
survey survey matic {n=168) (n=51).
Fst. (n=76) (n=42) (n=44)-
North Wosera .
survey. 0.386 0.074 0.042
South Wosera
survey. 0.00077 0.776 0.066
Wosera
Symptomatic. 0.01462 -0.00953 0.113
All Wosera. 0.033*
Nigeria. 0.01818* 0.01495 0.01220 0.01336*

FIG. 2. Geographical differences in amal domain I sequences. (A) (Upper right section [upper values in shaded cells]) Percentage (and
absolute number in brackets) of sample pairs with the same haplotype (self-pairs not considered). The percentage of pairs with the same haplotype
was calculated as the absolute number divided by the number of possible sample pairs, which was calculated as the product of the number of
samples in the two populations for interpopulation comparisons, and as =7 _,, , (where n is the number of samples in the population) for
intrapopulation comparisons. (Lower left section [lower values in shaded cells]) Average number of pairwise nucleotide differences. Shaded and
unshaded cells contain, respectively, intrapopulation and interpopulation values. (B) (Lower left section) Pairwise Fst estimates determined from
pairwise nucleotide diversity. (Upper right section) Respective P values. Asterisks indicate significant differences (P < 0.05). “Nigeria” refers to

published sequences from Nigeria (39).

crete character methods (maximum parsimony and maximum
likelihood).

Neutrality tests provide evidence of natural selection acting
on AMAL1 sequences. Of the 44 mutations occurring at 37
segregating sites in the Wosera domain I sequences, only one
was a synonymous mutation (Table 3). In contrast, 4 of the 12
fixed differences between the Wosera sequences and the P.
reichenowi AMA1 domain sequence (29) were synonymous.
This difference was highly significant (P < 0.01) by the Mc-
Donald-Kreitman test (32) and indicates selection operating
on the amal domain I sequence.

Analysis of the Wosera sequences by Tajima’s D test of
neutrality (44) gave positive values (Table 3), which might

suggest departure from neutral evolution, but these values did
not reach significance. This test is known to be conservative
when applied to sequences subject to recombination events
(44). Positive values of Tajima’s D test result from the differ-
ential effect of natural selection on the number of segregating
sites and the average number of nucleotide differences.
Stronger evidence of natural selection was obtained from
analyses of the Wosera sequences with Fu and Li’s D and F
tests (18) by using the sequence of P. reichenowi amal (29) as
an outgroup. Neither test reached significance when applied to
sequences from asymptomatic infections, but both gave highly
significant values for sequences from symptomatic infections
(Table 3). When Fu and Li’s tests were applied across domain
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TABLE 3. Neutrality tests on AMA1 domain I

McDonald-Kreitman test®¢

Sample set Tajima’s D® Fu and Li’s D Fu and Li’s F¢ Mutations within species Fixed mutations between
synonymous, species synonymous, P (Fisher’s exact)
replacement replacement
Asymptomatic infections (n = 118) 1.373 1.180 1.523* 1,43 4,8 0.0059%**
Symptomatic infections (n = 44) 1.484 2.084%%* 2.255%%* 1,36 4,9 0.0131%**
Total (n = 168) 1.670 1.122 1.643* 1,43 4,8 0.0059%**
Nigeria® (n = 51) 1.110 1.694%* 1.780%* 3,39 4,8 0.0362**

“ Published sequences from Nigeria (39).

> Tajima’s test was performed by considering all mutations and not only segregating sites.

¢ P. reichenowi AMA1 domain I was used as an outgroup.

@ *_mnonsignificant, 0.10 > P > 0.05; **, 0.05 > P > 0.02; ***, 0.02 > P > 0.005.

I by using the sliding-window method, the highest values in
symptomatic infections were found in the region between nu-
cleotides 500 and 680 (middle points, 550 to 630), which codes
for a region where the most polymorphic amino acid positions
are clustered, whereas in asymptomatic infections this region
had the lowest values (Fig. 3). The profile of the sliding-win-
dow plot for the symptomatic infections from Nigeria was
found to be similar to that for the Wosera clinical infections
(Fig. 3). Positive values of Fu and Li’s D and F tests result from
a deficit of mutations in external branches (identified as mu-
tations occurring in only one haplotype and not present in the
outgroup) and indicate departure from neutrality with the
presence of unusually ancient alleles that are probably main-
tained by balancing selection (18). This test is also known to be
conservative when applied to sequences subject to recombina-
tion events (18).

Particular residues at certain clustered polymorphic posi-
tions are associated with morbidity. At some sites of amino
acid substitutions there were strong imbalances in the fre-
quency of particular residues between symptomatic and
asymptomatic infections (Table 4). The frequencies were com-
pared independently in two different age groups (<10 years
and =10 years). The =10-year group roughly corresponds to
individuals in whom naturally acquired immunity against clin-
ical malaria is well developed, whereas in the <10-year group
protective immunity against a broad range of antigenic variants
is still developing.

Large differences in the frequency of residues in any age
group were found at 12 of the 29 polymorphic positions (Table
4). After Bonferroni’s correction for multiple testing (29 com-
parisons), the difference remained significant in the younger
age group at two of the positions (P < 0.01 at position 187; P
< 0.05 at position 243) and almost reached significance at
position 242 (0.1 > P > 0.05). Most of the residues where
strong imbalances were observed in the younger age group are
clustered in two different regions of domain I, whereas the
positions at which imbalances were observed only in the older
age group are clustered in another region (Fig. 4).

The frequency at which particular substitutions occurred was
compared in asymptomatic infection sequences between the
two age groups. Imbalances occurred at most of the positions
where large differences between symptomatic and asymptom-
atic infections were observed (Table 4), consistent with an
age-dependent selection against AMAI1 variants containing

certain residues. However, these differences did not reach sig-
nificance after correction for multiple testing.

The most significant imbalance was found at position 187.
There were three possible residues at this position: Asn, Lys,
and Glu. In asymptomatic infections, Glu was the most com-
mon residue at this position (42%) in individuals 10 years old
or older but was rather infrequent (14%) in the younger age
group. The imbalance between age groups approached signif-
icance after correction for multiple testing (0.1 > P > 0.05). In
sharp contrast, in individuals below the age of 10 years with
symptomatic infections, Glu was the residue most frequently
found at this position (61%; P < 0.01 after correction). This
result suggests that for young children, parasites containing an
AMA1 form with Glu'®” are associated with high malaria mor-
bidity but that this is not the case for older children or adults.
A similar situation occurred at position 243, where, interest-
ingly, the same three residues as in position 187 were found,
and again the presence of Glu was associated with higher
morbidity only in the younger age group (P < 0.05 after cor-
rection). At both positions 187 and 243, the presence of Glu
was also associated with a higher geometric mean of para-
sitemia in individuals below the age of 10 years with asymp-
tomatic infections (the number of parasites per microliter was
3,742 for Glu'®, 1,233 for Asn'®’, and 1,514 for Lys'®’; it was
5,370 for Glu**?, 2,303 for Asn®**, and 1,389 for Lys***), but
the wide range and large variability of parasitemias observed
prevented the difference from reaching statistical significance.

DISCUSSION

This study of AMAL diversity in a large number of symp-
tomatic and asymptomatic P. falciparum infections from the
Wosera region of Papua New Guinea provides a detailed anal-
ysis of the diversity of this malaria vaccine candidate in a single
population. In order to analyze a large number of samples, we
have restricted our analysis to domain I of AMA1, which is the
most polymorphic region of this antigen (14, 31, 39) and ap-
pears to be a major target of anti-AMA1 protective antibodies
(25). Multiple lines of evidence are presented indicating that
polymorphisms in AMA1 domain I are the result of selective
pressure exerted by protective immune responses. The infer-
ence that polymorphisms are located within the epitopic tar-
gets of protective immunity is fully consistent with previous
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FIG. 3. Sliding-window analysis of Fu and Li’s D and F tests across
AMAI1 domain I by using a window size of 100 nucleotides and a step
size of 10 nucleotides. The analysis was performed by using DnaSP
3.53 software (42). “Nigeria” refers to published sequences from Ni-
geria (39).

reports of strain specificity of anti-AMAI1 protective antibodies
(10, 25, 30).

The results of the population genetics analyses on the
Wosera samples reinforce the existing evidence for natural
selection acting on the sequence of AMA1 domain I, which
had been indicated by others from analyses of smaller numbers
of samples (14, 15, 39, 49). The significance of the large excess
of nonsynonymous versus synonymous substitutions in amal
domain I was tested with the McDonald-Kreitman test, which
would not be affected by the biased codon usage in P. falcipa-
rum because of the use of P. reichenowi as an outgroup (15).
The highly significant values obtained with this test (P < 0.01)
provide clear evidence of natural selection. The other neutral-
ity tests used, Tajima’s and Fu and Li’s tests, indicated depar-
ture from neutrality, but most of the results were not signifi-
cant. However, these tests would have underestimated the
significance of a departure from neutrality because recombi-
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nation in AMA1 was not taken into account (18, 44); it was
difficult to obtain an accurate estimation of the recombination
parameter because of the scarcity of synonymous substitution
sites. Recombination in the amal gene is apparent from the
decay of linkage disequilibrium with distance (39; data not
shown for the sequences presented here), and using even a
relatively low value for the recombination parameter would
have resulted in both tests giving a significant result (39).

In contrast to the results with Tajima’s test, Fu and Li’s tests
gave highly significant evidence of balancing selection acting
on Wosera amal sequences from symptomatic but not asymp-
tomatic infections, even without taking recombination into
consideration. The difference between the two groups of se-
quences was most marked in the region between nucleotides
500 and 680. The relevance of this result, which indicates a
greater deficit of mutations in external branches of the gene-
alogy in this region of the sequence among parasites producing
clinical disease, remains unclear. Nevertheless, it can be spec-
ulated that parasites carrying recent mutations in this region of
AMA1 have compromised growth and as a consequence are
less likely to produce clinical malaria.

Intrapopulation diversity indexes revealed greater haplo-
typic diversity for P. falciparum amal in Nigeria than in Papua
New Guinea. This may reflect the higher transmission intensity
in Africa, associated previously with increased diversity (2, 3,
27), but may also reflect the longer evolutionary time of P.
falciparum in Africa (9) and the relative isolation of Papua
New Guinea from other major malarious areas. More inter-
esting results came from interpopulation diversity compari-
sons, which revealed that the amal domain I haplotype reper-
toires in Wosera and Nigeria overlap only slightly. The finding
that the vast majority of the haplotypes are unique to one or
the other of the populations suggests limited gene flow be-
tween distant populations, in agreement with previous reports
(2, 9). In contrast to the haplotypes, most of the mutations
were shared between Wosera and Nigeria sequences, and the
average number of pairwise nucleotide differences was almost
identical within and between the two populations. Conse-
quently, the Fst value between the two populations was very
low, consistent with other reports of low Fst values in Plasmo-
dium genes under selective pressure (7, 8), and in contrast with
the high Fst values observed in sequences experiencing neutral
evolution (2, 9). It is noteworthy that no difference was ob-
served between interpopulation and intrapopulation parame-
ters for the populations of North and South Wosera, indicating
that there was no heterogeneity in the parasite populations at
this small regional level.

This peculiar geographical structure of diversity is suggestive
of strong constraints acting on the evolution of amal at the
population level. The striking similarity observed in the pair-
wise nucleotide comparison between distant populations with
very different sets of haplotypes is likely to reflect the mainte-
nance of similar balanced frequencies of the individual poly-
morphisms by the selection pressure of a protective immune
response. The similar mutations and pairwise nucleotide dif-
ferences between the two populations are clear imprints of
natural selection. However, the lack of conservation at the
haplotype level indicates that selection operates at the level of
the individual polymorphic position (or small cluster of poly-
morphisms), and not at the level of the full domain.
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TABLE 4. Differences between symptomatic and asymptomatic infections and between age groups at certain polymorphic positions

Age group
<10 yr =10 yr
Position No. of sequences with the No. of sequences with the _P? (asymptomatic
(amino acid) indicated amino acid in: indicated amino acid in: infections of the <10-yr
vs the =10-yr group)
Asymptomatic Symptomatic > Asymptomatic Symptomatic »
infections infections infections infections
(n = 56) (n =28) (n = 62) (n = 16)

187
E 8 17 <0.001%** 26 5 0.383 0.003*
K 20 4 17 3
N 28 7 19 8

196
D 35 25 0.024 50 11 0.321 0.048
N 20 3 12 5
Y 1 0 0 0

197
D 6 11 0.006 20 5 0.838 0.024
E 2 3 5 0
G 19 3 12 5
H 2 0 2 0
Q 26 11 22 6
R 0 0 1 0
\% 1 0 0 0

230
E 22 6 0.022 15 5 0.314 0.004
K 34 19 38 11
Q 0 3 9 0

242
D 39 9 0.002* 34 8 0.784 0.129
Y 17 19 28 8

243
E 2 8 <0.001** 13 4 0.924 0.009
K 47 13 39 10
N 7 7 10 2

244
D 55 25 0.034 50 16 0.276 0.002*
N 1 0 3 0
Y 0 3 9 0

245
K 54 22 0.015 55 16 0.334 0.168
N 2 6 7 0

283
L 18 5 0.202 12 9 0.009 0.140
S 38 23 50 7

285
E 10 3 0.529 8 7 0.010 0.609
Q 46 25 54 9

296
D 41 20 1.000 55 9 0.006 0.036
H 15 8 7 7

300
E 22 3 0.010 12 6 0.181 0.025
K 34 25 50 10

“ Fisher’s exact test value (before correction). P values of <0.05 before correction for multiple testing are boldfaced. *, 0.10 > P > 0.05 after Bonferroni’s correction
for 29 tests; **, 0.05 > P > 0.01 after Bonferroni’s correction; ***, P < (.01 after Bonferroni’s correction.

The conservation of the observed mutations suggests that
these particular substitutions are essential for immune evasion
at the population level. If other mutations could play the same
role in disrupting epitopic targets of effective immunity, differ-
ent mutations would presumably be observed between popu-
lations that have evolved separately (as the different haplotype
repertoires indicate). As many of the substitutions are radical,
it is unlikely that the mutations observed would be the only
mutations allowed by functional constraints.

Some of the amino acid replacements found in AMAI1 do-
main I support this view. The Met—lIle replacement at codon
224 has been found in both Africa and Papua New Guinea but
resulting from different nucleotide substitutions, indicating
convergent evolution between the populations. Also, a rela-
tively rare residue, Tyr, occurs at 5 of the 29 polymorphic
positions and is always found at positions where an alternative
residue is Asp. Tyr-Asp is a radical substitution and may be
common in AMA1 because it can completely disrupt recogni-



1424 CORTES ET AL.

FIG. 4. Schematic diagram of AMA1 domain I indicating the po-
sitions where strong imbalances in the frequencies of particular amino
acids between symptomatic and asymptomatic infections were ob-
served. Positions at which imbalances were observed in the <10-year
and the =10-year age groups are colored green and yellow, respec-
tively. Spotted circles, dimorphic positions; striped circles, positions
with more than two possible residues. Solid circles, cysteine residues;
solid bars, disulfide bonds. This figure was adapted and reprinted from
reference 26 with permission of the publisher.

tion of putative epitopes. Substitutions that involve change
from a positive to a negative charge or vice versa, which have
a drastic effect on recognition by antibodies, also occurred in a
remarkably high number of polymorphic positions (nine) in
AMALI domain L.

Other mutations provide additional insights into the evolu-
tion of the amal gene. The T7*° mutation found in the Wosera
has been reported previously only in nearby Western Papua
(12), and all the samples from both locations that had this
mutation had the same amal domain I haplotype. These data
suggest that this mutation has arisen recently, and although it
has had time to spread among the Papua New Guinea and
Western Papua populations to relatively high frequencies, ap-
parently there has not been time for recombination or point
mutations at other positions to generate new alleles bearing
this mutation. A parallel situation occurs with the T°°° muta-
tion, which has also been detected in the Papua New Guinea
Highlands (34).

Also consistent with AMA1 being a target of protective
immunity was the finding of different AMA1 sequences asso-
ciated with symptomatic and asymptomatic infections. It is not
clear why certain P. falciparum infections cause clinical malaria
while others remain asymptomatic, but there is increasing ev-
idence that parasite factors are involved (33). One parasite
factor appears to be the particular var gene expressed, because
forms of P. falciparum EMP1 (the var gene product) that are
poorly recognized by the infected individuals’ immune systems
are more likely to be associated with symptomatic infections
(5). Although more controversial, there have also been reports
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that particular allelic families of the merozoite antigens MSP1
and MSP?2 are associated with increased morbidity (4, 13, 28,
41). Here we report an association between clinical outcome
and particular amino acid substitutions rather than particular
alleles of AMAL.

A strong imbalance between symptomatic and asymptomatic
infections was found in the distribution of residues at several
clustered polymorphic positions. The most significant imbal-
ances were observed in the younger age group. Residues
Glu'®” and Glu**® were strongly associated with clinical disease
in children below the age of 10 years, but not in older individ-
uals, and a parallel situation was observed at several other
clustered positions. A possible explanation for these imbal-
ances in children is that certain residues decrease the immu-
nogenicity of AMAI1, and consequently, longer exposure is
necessary in order to develop an effective immune response
against these forms of AMAL. In agreement with this expla-
nation, a strong age dependence was observed in asymptomatic
individuals in the distribution of residues at most of the posi-
tions at which imbalances between symptomatic and asymp-
tomatic infections occurred. This finding suggests that there is
an age-dependent selection against parasites with certain res-
idues at particular AMAI positions, consistent with age-de-
pendent strain-specific immunity against these positions being
effective in controlling parasite growth. The higher morbidity
associated with the presence of certain residues in AMAL1
could also be explained by improved parasite fitness, but the
age dependence of the observed imbalances is not easily ex-
plained by changes in fitness, and the weight of the evidence
indicates that these polymorphisms are selected by protective
immune responses.

At this stage, we cannot determine whether the effect of
certain residues on morbidity is a direct effect of these partic-
ular residues or an effect of their combination with other
AMAI1 residues with which they are linked. On the other hand,
it is highly unlikely that the effect on morbidity is due to linkage
with particular alleles at other loci, because the residues asso-
ciated with clinical malaria appear in multiple AMA1 domain
I haplotypes and thus cannot correspond to a few clonally
transmitted parasites. Furthermore, linkage disequilibrium be-
tween different loci is usually low in areas with high malaria
transmission (2).

The data presented here provide an extensive characteriza-
tion of the diversity of the AMAI1 domain I in the Wosera
region of Papua New Guinea, where this antigen may be tested
in phase I/IIb vaccine trials. These data provide a necessary
baseline that will assist in interpretation of the outcome of such
an intervention. Our data suggest that AMA1 domain I is a
major target of naturally acquired protective immunity, in
agreement with previous reports (25, 39), which favors its pri-
macy as a malaria vaccine candidate and its inclusion in a
subunit vaccine. On the other hand, our data strongly reinforce
previous evidence (10, 25, 30, 39) that at least some of the
epitopes for protective immunity in AMAL are strain specific,
which would hamper the efficacy of an AMAIl-based vaccine
containing only one form of the protein. Knowledge of the
sequence diversity will contribute to the rational development
of an AMAIl-based vaccine intended to confer protection
against a broad spectrum of challenging parasites, which is the
final goal of any malaria vaccine. One possible strategy to
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achieve this aim would be to include a large number of forms
of the protein, but such a vaccine would be difficult and costly
to manufacture. A vaccine containing multiple allelic variants
of polymorphic fragments of AMA1 that are considered likely
targets of protective immunity would be less likely to be effec-
tive because important conformational epitopes may be lack-
ing. Because of these considerations, it is likely that the first
field testing of AMA1 will involve a vaccine containing one or,
at the most, two allelic forms of the AMA1 ectodomain. How-
ever, detailed genotyping to determine which of the polymor-
phisms allow evasion of vaccine-induced protective immune
responses, together with the knowledge of the sequences found
in the population, might make possible the development of a
future AMA1-based vaccine that, with a limited number of
antigenic variants, would induce an immune response effective
against most AMALI variants. It will also be important to assess
further the association between morbidity and AMA1 geno-
type, particularly in the context of interventions with vaccines
containing AMAL.
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