
INFECTION AND IMMUNITY, Apr. 2003, p. 1856–1863 Vol. 71, No. 4
0019-9567/03/$08.00�0 DOI: 10.1128/IAI.71.4.1856–1863.2003
Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Erythrocyte Invasion Phenotypes of Plasmodium falciparum
in The Gambia

Jake Baum,1* Margaret Pinder,2 and David J. Conway1

Department of Infectious and Tropical Diseases, London School of Hygiene and Tropical Medicine, London
WC1E 7HT, United Kingdom,1 and Medical Research Council Laboratories,

Fajara, Banjul, The Gambia2

Received 16 May 2002/Returned for modification 25 July 2002/Accepted 12 December 2002

In vitro experimentation with Plasmodium falciparum has determined that a number of different receptor-
ligand interactions are involved in the invasion of erythrocytes. Most culture-adapted parasite isolates use a
mechanism of invasion that depends primarily on the erythrocyte sialoglycoprotein glycophorin A (GYPA) and
erythrocyte-binding antigen 175 (EBA-175) of the parasite blood-stage merozoite. However, a minority of
culture-adapted parasites and a majority of Indian field isolates can apparently invade by other means. Here,
erythrocyte invasion phenotypes of P. falciparum field isolates in Africa were studied. For 38 Gambian isolates,
invasion of neuraminidase-treated and trypsin-treated erythrocytes was inhibited, on average, by more than 60
and 85%, respectively, indicating a high level of dependence on sialic acid and trypsin-sensitive proteins on the
erythrocyte surface. These results support the hypothesis that African P. falciparum parasites use GYPA as a
primary receptor for invasion. However, the considerable variation among isolates confirms the idea that
alternative receptors are also used by many parasites. Three amino acid polymorphisms in the GYPA-binding
region of EBA-175 (region II) were not significantly associated with invasion phenotype. There was variation
among isolates in the selectivity index (i.e., a statistical tendency toward aggregation or multiple invasions of
host erythrocytes), but this variation did not correlate with enzyme-determined invasion phenotype or with
eba-175 alleles. Overall, these invasion phenotypes in Africa support a vaccine strategy of inhibiting EBA-175
binding to GYPA but suggest that parasites with alternative phenotypes would be selected for if this strategy
were used alone.

Invasion of the human erythrocyte by the malaria parasite
Plasmodium falciparum involves a number of specific receptor-
ligand interactions between the blood-stage merozoite and the
erythrocyte surface (3). In contrast to erythrocyte invasion by
Plasmodium vivax, which is dependent on the interaction be-
tween the parasite Duffy binding protein (DBP) (5) and the
erythrocyte Duffy antigen (14), P. falciparum is able to use
multiple alternative receptor-ligand interactions to achieve
successful invasion (7, 12, 19, 28, 30). Investigations of the
erythrocyte receptors utilized by the merozoite for invasion
have been carried out with erythrocytes deficient in particular
surface molecules (8, 12, 25), antibodies that bind to these
molecules (13), or enzymes that modify protein and carbohy-
drate domains on these molecules (4, 7, 8, 19, 26). The prin-
cipal enzymes used have been neuraminidase (which cleaves
sialic acid groups from surface glycoproteins and glycolipids)
and trypsin (which cleaves the peptide backbone of a number
of surface proteins).

Together, these studies have indicated that at least five sep-
arate surface receptors are involved in P. falciparum merozoite
invasion of the erythrocyte: glycophorin A (GYPA) (25), which
is neuraminidase and trypsin sensitive; glycophorin B (GYPB)
(7), which is neuraminidase sensitive but trypsin resistant; a
neuraminidase-resistant but trypsin-sensitive receptor, termed

X (7); a neuraminidase-sensitive receptor that may involve
glycophorin C (GYPC) (18); and a trypsin-resistant receptor
that is not GYPB, termed Y (28). Of these surface receptors,
GYPA (the most abundant erythrocyte surface sialoglycopro-
tein [15]) is the best characterized and the only one for which
the parasite ligand is known, namely, erythrocyte-binding an-
tigen 175 (EBA-175) (30). The binding of EBA-175 is depen-
dent on the peptide backbone of GYPA, making binding sen-
sitive to trypsin digestion, and on GYPA’s attached sialic acid
groups (30), which are removed by neuraminidase. The key
binding region of EBA-175, the F2 subdomain (21, 30), is
localized in an N-terminal cysteine-rich sequence, termed re-
gion II (2). This subdomain is the second in a duplicated
DBP-like (DBL) domain with homology to the binding region
in the DBPs of P. vivax and the related malaria parasite of
macaques, Plasmodium knowlesi (2).

A number of other P. falciparum genes that encode homo-
logues of EBA-175 have been found (1), and their character-
ization may define other receptor-ligand interactions between
the erythrocyte surface and the merozoite. Unrelated genes
may also encode proteins involved in the invasion process,
even if they do not have DBL domains. One of these proteins
without a DBL domain, the normocyte binding protein
PfNBP1 (28), interacts with a trypsin-resistant receptor
(termed Y) on the erythrocyte surface. Mutations giving rise to
premature stop codons in Pfnbp1 in two culture-adapted par-
asite isolates lead to truncation of the PfNBP1 protein product
and are associated with a very poor ability to invade trypsin-
treated cells. This is the first reported P. falciparum genotype
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that apparently correlates with invasion phenotype, albeit in a
small number of isolates.

There are major differences in the invasion phenotypes of
culture-adapted isolates of P. falciparum. Previous work (4, 7,
19, 26) characterized the sensitivity of diverse cultured isolates
to neuraminidase- and trypsin-sensitive receptors on the eryth-
rocyte surface. Invasion by most of these parasites was trypsin
sensitive (reducing invasion by �50%), but sensitivity to neur-
aminidase varied more widely (reducing invasion by 20 to
100%) (4). Although these isolates represented a broad col-
lection of culture-adapted isolates, it is not clear how repre-
sentative their invasion phenotypes are of P. falciparum in
human infections. Recent work on a small number of field
isolates from India (23) showed that a majority of the isolates
(12 out of 15) were able to invade and grow quite effectively in
both neuraminidase- and trypsin-treated erythrocytes, calling
into question the primacy of GYPA as a receptor in natural
populations.

P. falciparum merozoites are able to invade a large propor-
tion of the erythrocyte population in a human host, enabling
infections to reach very high levels of parasitemia; in contrast,
P. vivax preferentially invades reticulocytes, the younger eryth-
rocytes (20). However, there is evidence from studies in Thai-
land that the invasion process may not be random in many P.
falciparum infections (6, 31). The degree of aggregation of
parasites in erythrocytes with multiple parasite invasions, the
selectivity index (SI), has been shown to correlate inversely
with the severity of malaria disease (6, 31). The molecular
interactions that underlie this SI are unknown, but culture
assays suggest that they are to some extent parasite determined
(6) and thus are potential virulence determinants. It is likely
that they relate to receptor-ligand interactions involved in in-
vasion and therefore may be related to parasite invasion phe-
notypes assayed by enzyme treatment of erythrocytes.

The parasite ligands necessary for erythrocyte invasion are
potential candidates for malaria vaccines (16, 29). As the ma-
jority of global P. falciparum malaria cases are in sub-Saharan
Africa (11), it is most important to study erythrocyte invasion
by African parasites. Here, invasion phenotypes of field iso-
lates from patients in The Gambia were characterized. In vitro
assays of the first cycle of invasion of normal and neuramini-
dase- and trypsin-treated erythrocytes were performed with
fresh parasite isolates. The results indicated that the majority
of parasites in The Gambia use a neuraminidase- and trypsin-
sensitive invasion pathway, although there is also considerable
use of alternative invasion pathways. Investigation of the par-
asite eba-175 alleles and SI in vivo showed no correlation with
in vitro invasion phenotypes.

MATERIALS AND METHODS

P. falciparum field isolates. A 2-ml heparinized venous blood sample was
obtained from each of 64 malaria patients presenting at the outpatient clinic of
the MRC Hospital in Fajara, The Gambia. All patients or their guardians gave
informed consent, and the study was approved by the Joint Gambian Govern-
ment/MRC Ethics Committee. Samples were collected over a 5-week period
from 22 October to 23 November 2001, during the end of the peak of the annual
malaria transmission season. Peripheral blood parasitemia was calculated for
each patient as an inclusion criterion for allowing informative culture assays to be
performed. Samples were obtained from patients only if their parasitemia levels
were greater than 100 parasites per high-power (�1,000) microscope field in a
thick smear (10), which corresponded to a parasitemia level of about 3% infected

erythrocytes in a thin smear. Patients were excluded if they reported having taken
an antimalaria treatment during the preceding 2 weeks in an interview. A thin
blood smear was prepared to determine the percentage of parasitized erythro-
cytes and the SI, based on the number of multiple parasite invasions per eryth-
rocyte (see below). Twenty microliters of blood was spotted onto glass fiber filter
paper and kept dry at �4°C to be used later for parasite genotyping. The
remaining blood sample was washed three times at 500 � g for 5 min in pre-
warmed RPMI 1640 Invitrogen, Life Technologies, Paisley, United Kingdom) to
remove the leukocytes and plasma. The washed, packed, parasitized erythrocytes
were resuspended in RPMI 1640 complete medium (containing 25 mM HEPES,
40 �g of gentamicin ml�1, and 10% AB-positive serum) at a 10% hematocrit and
added to fluorescein isothiocyanate (FITC)-labeled target erythrocytes for inva-
sion assays (see below).

Enzymatic treatment of erythrocytes. Blood (O positive, Rhesus factor posi-
tive, MN [as determined by agglutination with monoclonal antibodies; see be-
low]) from a single malaria-negative donor who had not taken antimalaria drugs
during the preceding 2 months was washed as described above. A 0.1-ml portion
of the resulting packed erythrocytes (approximately 109 cells) was treated with 20
mU of neuraminidase (Sigma, Grillingham, United Kingdom) or 1 mg of tosyl-
sulfonyl phenylalanyl chloromethyl ketone (TPCK)-treated trypsin (Sigma) ml�1

in a 1-ml final volume of RPMI 1640 as previously described (4, 23). These
mixtures were incubated for 1 h at 37°C with periodic shaking and then were
washed three times in RPMI 1640. Soybean trypsin inhibitor (0.5 mg ml�1)
(Sigma) was added to the trypsin-treated cells, and the mixture was shaken for 10
min at room temperature to inactivate the enzyme. The cells were washed three
times in RPMI 1640. Control (non-enzyme-treated) cells were washed in the
same manner as enzyme-treated cells. The efficiency of the enzyme treatments in
removing GYPA from the erythrocyte surface was assayed by agglutination tests
with monoclonal antibodies directed against the M and N epitopes of GYPA
(Biotest, Solihull, United Kingdom).

Fluorescence labeling of target erythrocytes. In accordance with the method of
Lamont et al. (17), 4 �g of filtered FITC (Sigma)/ml in phosphate-buffered saline
solution at pH 7.4 (Sigma) was added to washed enzyme-treated and untreated
erythrocytes. These mixtures were incubated with shaking for 10 min at room
temperature to label target cells, which were then washed three times in RPMI
1640 to remove all unincorporated FITC. In practice, it was not possible to
completely dissolve all of the FITC in phosphate-buffered saline; thus, the final
concentration in the filtered solution was less than 4 �g/ml. This detail did not
affect the ability to obtain fluorescent cells. Labeled erythrocytes were resus-
pended in RPMI 1640 complete medium at a 10% hematocrit.

In vitro invasion assays. For invasion assays, 10 �l of target cell suspension
(approximately 107 enzyme-treated or untreated control erythrocytes) was added
to 10 �l of parasitized donor cell suspension in each of triplicate wells in
flat-bottom 96-well microtiter plates (BD Falcon). Prewarmed RPMI 1640 com-
plete medium was added to 200 �l, and the plates were cultured at 37°C in a
candle jar with replacement of fresh medium after 24 h. After one invasion cycle,
48 to 54 h in total, a thin smear of a sample from each of the triplicate wells was
fixed in methanol and incubated in 4 �g of ethidium bromide (Sigma) ml�1 for
15 min to stain parasite DNA. Slides were washed, air dried, and examined with
a vertical fluorescence microscope (Leica Microsystems) at a magnification of
�1,000 under oil immersion. The number of parasites in at least 1,000 FITC-
labeled erythrocytes in each of triplicate wells was scored (nonlabeled cells were
not counted), and the mean was calculated for each treatment. Percent inhibition
by enzyme treatment was determined as [1 � (proportion of enzyme-treated cells
invaded/proportion of untreated cells invaded)] � 100 (4).

In vivo parasitemia and SI. Thin smears of samples from each patient were
stained with Giemsa stain and examined at a magnification of �1,000 to deter-
mine parasitemia (the number of parasitized erythrocytes counted among at least
1,000 erythrocytes) and the number of single and multiple infections of erythro-
cytes (counted among at least 300 infected erythrocytes). To avoid potential
biases, all counts were determined for all cells in full microscope fields (thus, the
precise numbers of cells counted were greater than or equal to the minimum
numbers of 1,000 and 300, respectively). Erythrocytes with multiple infections
were defined as those containing two or more individual ring- or trophozoite-
stage parasites. The observed number of erythrocytes with multiple infections
was compared to the number expected if parasites were randomly distributed.
The random probabilities of erythrocytes being infected with single and multiple
parasites were calculated according to a Poisson distribution, (e���x)/x!, where
� is the mean number of parasites per erythrocyte [�ln(1 � parasitemia)] and x
is the number of parasites per erythrocyte; the values obtained were then used to
calculate the expected values for each class of parasitized erythrocytes (i.e., with
1, 2, or �3 parasites per cell). The difference between the observed and the
expected numbers of erythrocytes with single and multiple infections (the pooled
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number of pooled erythrocytes with two or more parasites) was tested by using
the �2 statistic with the Yates correction calculated for each individual. The
degree of deviation of the observed distribution from that randomly expected
was calculated as the SI (observed number of cells with multiple infections/
number expected under a Poisson distribution) (6, 31). SI values of �1 would
indicate aggregation of parasites in erythrocytes with multiple infections,
whereas values of �1 would indicate fewer erythrocytes with multiple infections
than expected.

Sequencing and genotyping of field isolates. DNA from isolates that grew
successfully in the invasion assays was typed for three nonsynonymous (amino
acid-altering) single-nucleotide polymorphisms (SNPs) at nucleotide positions
1731 (codon 577, Lys to Asn), 1750 (codon 584, Lys to Gln or Glu), and 1775
(codon 592, Glu to Ala) of eba-175 (numbering is from the start codon of the
reference eba-175 sequence; GenBank accession number X52524). These poly-
morphic amino acids are located between cysteine residues 4 and 7 of the F2
subdomain, a region homologous to that known to be important for P. vivax and
P. knowlesi DBP binding to the erythrocyte surface (27), and are the only
polymorphisms occurring in a region that overlaps synthetic peptides of EBA-
175 F2 that inhibit human erythrocyte binding and GYPA receptor recognition
(21). A short region near the 3� end of Pfnbp1 in the same isolates was also
sequenced. This region contains a reported frameshift stop codon at position
8300 (codon 2767) in the 3D7 clone of P. falciparum that leads to premature
truncation of the PfNBP1 ligand and that has been associated with a decreased
ability to invade trypsin-treated erythrocytes (28). This position is numbered
from the start codon of the predicted Pfnbp1 gene (28), an open reading frame
in the P. falciparum chromosome 4 contig MAL4_1. This sequence contig was
produced by the P. falciparum Sequencing Group at the Sanger Institute as part
of the Malaria Genome Project with support from the Wellcome Trust and can
be obtained from the following Internet site: http://www.sanger.ac.uk/Projects
/P_falciparum/chr4.

Genomic DNA was used as a template for amplification of an 841-bp fragment
of the F2 domain of eba-175 region II with primers designed from the reference
sequence (GenBank accession number X52524) and a 540-bp fragment encom-
passing a region near the 3� end of Pfnbp1 with primers designed from the
publicly available P. falciparum chromosome 4 contig (MAL4_1): eba-175 F2—
Fwd (5�-GTTGATACAAACACAAAGGTG-3�) and Rev (5�-CCTTTACTTCT
GGACACATCG-3�); and Pfnbp1—Fwd (5�-CAACATCATGCAAAGAATTG-
3�) and Rev (5�-GATTATGAACATGATGTGG-3�). The products provided the
templates with which a subsequent nested PCR was performed for amplification
of a 530-bp fragment of the F2 domain of eba-175 and a 282-bp fragment of
Pfnbp1 with the following primers: eba-175 F2-nested—Fwd (5�GATGTATGT
GTACCTCCGAG-3�) and Rev (5�CAATTGTCATCTTCACAAGG-3�); and
Pfnbp1-nested—Fwd (5�CAATTTGAACACACCTTAG-3�) and Rev (5�GAAT
TGTTATTTGGCTTGG-3�). Amplification reactions were performed with a
total volume of 10 �l containing 0.5 U of BioTaq DNA polymerase (Bioline,
London, United Kingdom), reaction buffer with 1.5 mM MgCl2 (Bioline), 200
�M deoxynucleoside triphosphates, 1 �M each oligonucleotide primer, and 10 to
50 ng of extracted DNA. Temperature cycling was as follows: 94°C (2 min); 94°C
(30 s), 58°C (45 s), and 72°C (1 min) for 30 cycles; and 5 min at 72°C (final
extension). Amplified products from the first round of PCR were diluted 1/10
with water and used as templates for the nested PCR with the same reaction
conditions and cycling temperatures.

Purified PCR products (eluted into 30 �l of water by using a spin column
[Qiagen, Crawley, United Kingdom]) were sequenced with their respective
nested forward primers (eba-175 F2-nested Fwd and Pfnbp1-nested Fwd) by
cycle sequencing with a 3� Big Dye terminator cycle sequencing premixed kit (PE
Applied Biosystems, Warrington, United Kingdom). Purified sequencing prod-
ucts were electrophoresed on a Perkin-Elmer ABI Prism 377 DNA sequencer
(PE Applied Biosystems), and sequences were checked and assembled by using
Sequence Navigator version 1.0.1 (PE Applied Biosystems). All singletons and
visibly ambiguous positions were resequenced from new PCR products to con-
firm their accuracy.

The presence of single or multiple parasite genotypes per isolate was deter-
mined by using a convenient method described previously (9, 32); this method
involves nested PCR typing of the highly polymorphic loci msp-1 block 2 and
msp-2 block 3. The number of clearly visible bands for each polymorphic locus
was scored after electrophoresis on a 2% Metaphor agarose gel (FMC Bio-
products). Isolates with a single msp-1 block 2 band and a single msp-2 block 3
band were scored as “single-clone” infections (although it is recognized that this
typing method cannot completely exclude the possibility that some of these
isolates had more than one clone).

Statistical analyses. Nucleotide polymorphisms in the eba-175 F2 domain and
the existence of a potential frameshift nucleotide insertion or deletion in Pfnbp1

were tested for association with the enzyme-determined invasion phenotype by
using Mann-Whitney U tests (these treat the values of percent inhibition of
invasion in a nonparametric manner). Tests of associations between the multi-
plicity of parasite genotypes within an isolate (1 or �1 genotype present) and
percent inhibition due to enzyme treatment of target erythrocytes were also
performed by using Mann-Whitney U tests.

The geometric mean SI for each parasite isolate in vivo was calculated and
compared to values reported previously in Thailand (6, 31). Differences in the
mean and variance of parasite SI values between isolates with parasitemias of
�5%, 5 to 10%, and �10% were tested by using Mann-Whitney U tests and
single-factor analysis of variance. The correlation between the SI and the in vitro
invasion phenotypes was tested by using the square of Pearson’s correlation
coefficient (R2). All statistical tests were performed by using Microsoft Excel 97
or SPSS version 10.0.

RESULTS

Invasion phenotypes of Gambian field isolates. A total of 64
P. falciparum isolates were cultured, and of these, 38 (59%)

TABLE 1. Invasion by 38 P. falciparum field isolates from The
Gambia, West Africa, of untreated and neuraminidase- and

trypsin-treated cells

Sample

Parasitemiaa
% Inhibitionb in

the following cells:
In

patient

In assays of the following cells:

Control Nm
treated

Tryp
treated

Nm
treated

Tryp
treated

JB04 11.2 5.6 2.2 1.5 61 73
JB05 11.6 4.0 2.4 2.7 39 32
JB08 9.3 4.3 0.8 1.6 83 64
JB12 4.6 3.4 1.5 0.6 56 83
JB13 7.0 2.1 1.0 0.7 52 68
JB14 12.2 4.4 1.4 0.6 69 87
JB15 9.4 2.6 0.6 1.5 79 42
JB16 3.0 2.8 0.9 0.5 66 81
JB17 9.6 3.4 0.9 0.6 75 83
JB19 9.1 5.5 2.6 0.5 52 91
JB20 10.7 3.1 2.2 0.4 30 86
JB23 4.8 1.8 0.8 0.4 58 79
JB24 6.1 1.2 0.9 0.1 23 95
JB25 7.9 6.0 2.6 0.2 56 97
JB28 3.1 3.7 1.4 0.3 64 93
JB29 10.0 5.9 1.6 0.7 74 89
JB30 14.8 3.6 0.5 0.3 87 91
JB32 5.2 4.0 2.0 0.4 52 91
JB34 15.2 6.2 2.6 0.6 57 90
JB37 6.7 4.1 2.0 0.3 52 94
JB41 10.3 4.0 1.7 0.1 56 97
JB42 2.9 2.8 0.4 0.2 86 93
JB44 8.2 3.1 0.8 0.4 74 86
JB46 3.4 2.6 1.0 0.1 62 95
JB47 7.5 8.9 3.3 0.4 63 95
JB48 11.6 2.9 1.0 0.3 65 88
JB50 7.0 4.9 1.7 0.7 65 86
JB51 1.7 3.7 2.0 0.2 48 95
JB52 5.5 2.4 1.9 0.4 21 82
JB53 5.8 2.6 1.4 0.1 46 95
JB54 8.7 3.5 1.1 0.1 69 96
JB56 3.9 1.9 0.6 0.2 68 90
JB61 8.1 3.1 1.8 0.2 43 93
JB62 10.2 3.1 0.7 0.1 78 97
JB65 6.4 3.1 1.5 0.2 51 93
JB67 3.4 2.5 0.7 0.0 73 99
JB68 3.3 2.2 1.1 0.2 50 93
JB69 7.2 4.7 0.9 0.2 81 97

a Calculated as the average number (from triplicate wells) of infected eryth-
rocytes per 1,000 erythrocytes counted. Nm, neuraminidase; Tryp, trypsin.

b Calculated as [1 � (parasitemia in enzyme-treated cells/parasitemia in con-
trol cells)] � 100.
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successfully grew and invaded target erythrocytes in vitro
(above 2% parasitemia postinvasion). That a large number of
the isolates failed to grow was not unexpected and was prob-
ably due to many patients not reporting prior antimalarial
treatment. The 64 isolates were from 31 male and 33 female
patients (1 to 36 years old; average, 5 years). Inhibition of
invasion by treatment of erythrocytes with neuraminidase var-
ied between 21 and 87% for different parasite isolates (Table
1 and Fig. 1a), with a mean percent inhibition of 60%. There
was also variation in inhibition by trypsin treatment of eryth-
rocytes, with a range of 32 to 99% (Fig. 1b), but the mean
percent inhibition was much higher, at 85%. The percent in-
hibition of each isolate caused by each enzyme treatment was
plotted on two axes (Fig. 2) and compared with data for lab-
oratory-maintained isolates from previous studies (4). This
analysis showed that the distribution of sensitivity to both en-
zymes was similar to the distribution characterized for labora-
tory-maintained isolates from diverse geographical origins.
The majority of parasite isolates were sensitive to both enzyme
treatments (�50% inhibition), indicating that they depend
largely on the presence of sialic acid groups and trypsin-sensi-
tive proteins on the erythrocyte surface for successful invasion.

Single- and multiple-clone infections. P. falciparum isolates
frequently contain multiple distinct genotypes, and so it is
possible that invasion phenotypes measured in vitro are often
a composite of different parasite types. The presence of single-
and multiple-clone infections in each blood sample was deter-
mined by PCR amplification of two polymorphic loci, msp-1
block 2 and msp-2 block 3, markers that vary considerably
among parasite isolates and that provide a relatively stringent
way of detecting multiple genotypes within an infected blood
sample (9). Of the 38 blood samples assayed for invasion phe-
notypes, 17 (45%) were determined to have a single detectable
parasite genotype, with the rest having two or more genotypes
(some having evidence of at least four genotypes). Figure 3a
shows the distribution of invasion phenotypes for multiple-

clone (two genotypes or more) and single-clone infections.
There was no difference in the mean percent inhibition by
neuraminidase treatment in single-clone (mean inhibition,
62%) and multiple-clone (mean inhibition, 58%) infections (P
value, 0.56, as determined by a Mann-Whitney U test). Simi-
larly, there was no difference in the mean percent inhibition by
trypsin treatment in single-clone (mean inhibition, 89%) and
multiple-clone (mean inhibition, 84%) infections (P value,
0.42, as determined by a Mann-Whitney U test).

Tests of association between invasion phenotypes and se-
quences of eba-175 and Pfnbp1. Parasite isolates were typed for
three nonsynonymous SNPs at codon positions 577, 584, and

FIG. 1. Histogram of percent inhibition of invasion due to neuraminidase (a) and trypsin (b) treatments of target erythrocytes for 38 P.
falciparum field isolates from The Gambia.

FIG. 2. Comparison of in vitro inhibition of invasion due to neur-
aminidase treatment (x axis) and trypsin treatment (y axis) of target
erythrocytes for 38 P. falciparum field isolates from The Gambia
(closed squares) and 11 laboratory-maintained isolates from broad
geographical origins (open squares) (4). Lines indicate 50% inhibition
by enzyme treatment for visual clarity.
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592 of eba-175 region II. No association was found between
alleles at any of the three SNP loci and invasion phenotypes
(Fig. 3b to d) (P value for all comparisons, �0.05, as deter-
mined by Mann-Whitney U tests). All 38 parasite isolates had
an in-frame sequence of Pfnbp1, i.e., with a C(A10)T sequence
and not a C(A11)T sequence at nucleotide position 8300, which
was reported to result in a frameshift stop codon in clone 3D7
(28); these data precluded any test of association between
Pfnbp1 type and invasion phenotype here.

SI and tests for correlation with invasion phenotype. Of the
thin-film smears of samples from the 64 patients enrolled in the
study, 48 (75%) had counts of erythrocytes with single and
multiple infections compatible with a random (Poisson) distri-
bution of parasites. In 15 other isolates (23% of the total),
significantly more erythrocytes with multiple infections were
observed than expected (P value for each isolate, �0.05, as
determined by chi-square goodness of fit) (Table 2). A single
isolate (JB17) had fewer erythrocytes with multiple infections
than expected (Table 2). Overall, the geometric mean SI
(which determines the magnitude and direction of the ten-
dency toward erythrocytes with multiple infections) was 1.28
(range, 0.39 to 2.74), indicating a fairly moderate tendency in
this direction. The average SI for the 38 isolates that success-
fully grew in vitro was very similar (1.26). Nonrandomness of
invasion did not correlate with parasitemia, as no differences
were found among the mean SI values for infections with

�5%, 5 to 10%, and �10% parasitemia (P value for all com-
parisons, �0.05, as determined by a Mann-Whitney U test) or
in their variance (P value, 0.790, as determined by a single-
factor analysis of variance of the mean SI values for the dif-
ferent levels of parasitemia). The average SI of 1.28 corre-
sponds to the conceptual estimate that about 78% of
circulating erythrocytes (the reciprocal of the SI, i.e., 1/1.28)
are available to parasites for invasion.

There was no significant association between the SI and
percent inhibition of invasion by neuraminidase or trypsin
treatment of target erythrocytes for all 38 Gambian isolates
that were successfully cultured (R2 	 0.002, P 	 0.81, or R2 	
0.004, P 	 0.71, respectively) (Fig. 4). Similarly, there was no
association between the SI and eba-175 region II SNPs at
codons 577, 584, and 592 (P value for all comparisons, �0.05,
as determined by a Mann-Whitney U test). Thus, if the SI is
due to parasite invasion phenotypes, then the receptors re-
sponsible for selectivity on erythrocytes are probably not sen-
sitive to neuraminidase or trypsin treatment, and the parasite
determinants do not appear to involve these polymorphisms in
eba-175.

DISCUSSION

Erythrocyte invasion assays with Gambian P. falciparum field
isolates demonstrated that there is considerable variability in

FIG. 3. Scatter plots of enzyme-determined invasion phenotypes of all 38 Gambian isolates. Data show multiplicity of P. falciparum infection
(a), alleles at codon 577 of eba-175 (b), alleles at codon 584 of eba-175 (c), and alleles at codon 592 of eba-175 (d). Isolates with mixed eba-175
genotypes were omitted.
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the dependence of parasites on the presence of enzyme-sensi-
tive receptors on the erythrocyte surface for invasion. This
variability is as extensive as that characterized for laboratory-
maintained isolates (4) and for field isolates from India (23).

However, the majority of Gambian parasites do depend on
neuraminidase- and trypsin-sensitive receptors, as invasion is
inhibited, on average, by 60 and 85% in neuraminidase- and
trypsin-treated erythrocytes, respectively. These results indi-
cate two features of wild P. falciparum parasites in Africa.
First, they are consistent with the hypothesis that the majority
of parasites do use the GYPA receptor to invade erythrocytes.
These results provide support for the development of a vaccine
that elicits antibodies to EBA-175 (the GYPA-binding ligand),
which could block erythrocyte invasion via this pathway (16).
However, an equally important feature is that none of the
parasite isolates are completely dependent on this route of
invasion, since none showed 100% inhibition by both enzyme
treatments (despite the removal of the GYPA receptor, as
determined by antibody agglutination). These results suggest
that although a vaccine directed against the GYPA invasion
pathway might be partially successful, it could select for para-
sites using alternative receptor-ligand interactions. These re-
sults support the view that an effective vaccine will need to be
a multivalent entity to target more than one parasite vulnera-
bility (29).

A previous attempt to correlate parasite genotype with in-
vasion phenotype did not find a correlation between major
sequence polymorphisms in P. falciparum merozoite antigens
and the ability to invade enzyme-treated erythrocytes (4). Typ-
ing of the 38 field isolates here for three amino acid polymor-
phisms in the putative binding region of the F2 subdomain of
region II in EBA-175 also showed no correlation with parasite
invasion phenotype. This result suggests that amino acid poly-
morphisms in EBA-175 region II might not be functionally
important with respect to binding to GYPA. However, they
could be adaptive if they facilitate evasion of host immune
responses; this scenario might explain the recent finding that
EBA-175 region II shows significant evidence of being under
positive diversifying selection within P. falciparum (3a, 24).

FIG. 4. Test for association between in vivo SI in a peripheral blood smear and percent inhibition by neuraminidase treatment (a) and trypsin
treatment (b) of target erythrocytes in cultures.

TABLE 2. SI for Gambian P. falciparum field isolates showing
significant nonrandom erythrocyte invasion

Sample Parasitemiaa

No. of parasitized erythrocytes
containing the indicated no. of

parasites:
SIc Pd

Observed Expectedb

1 2 3� 1 2 3�

JB03 8.1 290 31 1 309 13 0 2.38 �0.01
JB04 11.2 311 29 0 320 19 1 1.47 0.04
JB08 9.3 299 25 5 313 15 0 1.91 �0.01
JB11 3.7 328 14 0 336 6 0 2.20 �0.01
JB17 9.6 304 7 0 296 15 1 0.45e 0.02
JB19 9.1 305 23 1 313 15 0 1.55 0.04
JB20 0.7 306 30 1 318 18 1 1.66 �0.01
JB32 5.2 298 14 2 306 8 0 1.93 0.01
JB48 11.6 356 34 0 366 23 1 1.44 0.03
JB52 5.5 303 15 3 312 9 0 2.00 �0.01
JB56 3.9 302 14 0 310 6 0 2.26 �0.01
JB61 8.1 304 20 3 313 13 0 1.70 0.01
JB62 10.2 329 27 4 341 18 1 1.63 0.01
JB66 9.9 303 23 3 312 16 1 1.54 0.03
JB69 7.2 310 31 4 332 12 0 2.74 �0.01
JB73 17.9 322 44 4 335 33 2 1.36 0.03

a Calculated by examining at least 1,000 erythrocytes.
b Number of parasitized cells expected in each class if invasion were a purely

random process (according to a Poisson distribution).
c Calculated as the observed number of cells with multiple invasions divided by

the expected number.
d As determined by a chi-square goodness-of-fit test of the observed numbers

of erythrocytes with single and multiple invasions (pooled number of erythro-
cytes with two or more parasites) versus the expected numbers, with the Yates
correction.

e Selectivity was in the opposite direction, showing fewer erythrocytes with
multiple invasions than expected.
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Typing of the 38 isolates for a region of the Pfnbp1 gene
reported to have a stop codon in clone 3D7 (potentially con-
ferring trypsin sensitivity of invasion) (28) showed that Gam-
bian parasites all had a read-through allele. The possibility
remains that PfNBP1 is truncated in some isolates due to an
unidentified stop codon (as in another trypsin-sensitive labo-
ratory isolate, 7G8).

The average SI for all 64 Gambian P. falciparum infections
sampled here was 1.28. If we assume that this index reflects the
selectivity of erythrocyte invasion in human infections, i.e.,
that, on average, 78% (
1/1.28) of circulating erythrocytes are
invaded, then most P. falciparum parasites should be able to
invade the majority of erythrocytes. This SI is similar to SIs
obtained for P. falciparum infections with comparable levels of
parasitemia (�2%) in Thailand (6, 31). The Thai studies re-
ported that the SI was inversely associated with the level of
parasitemia. However, the majority of this trend was due to
lower-parasitemia infections (�2%) that tended to have higher
SI values (geometric mean, 2.44) (6, 31). Further studies of
lower-density infections are needed to confirm whether this
trend is consistent.

The molecular basis of parasite or host determinants of the
SI is as yet unknown. The results reported here show an ab-
sence of any correlation with the sensitivity of invasion to
enzyme treatment of target erythrocytes. These results suggest
that the SI is not simply determined by differences in the
abilities of parasites to utilize sialic acid or trypsin-sensitive
proteins as receptors on the erythrocyte surface. Furthermore,
the SI does not appear to be affected by amino acid polymor-
phisms in the F2 domain of EBA-175 region II. Further inves-
tigations of the molecular basis of SI phenotypes could exam-
ine variations in other merozoite antigens, in particular,
homologues of EBA-175 (1) and PfNBP1 (28).

Gambian field isolates use erythrocyte receptors that are
neuraminidase and trypsin sensitive as the major means of
erythrocyte invasion. Since GYPA is the dominant sialoglyco-
protein on the erythrocyte surface, the data presented here
suggest that it is the primary receptor for erythrocyte invasion
in West African parasites. Thus, antibodies against the eryth-
rocyte-binding ligand EBA-175 may be effective against these
parasites. Antibodies to region II of EBA-175 are common in
children in The Gambia, and high levels of these antibodies
show a weak association with a lower prospective risk of ma-
laria (22). The role of a homologous antigen, EBA-140, in
invasion by wild isolates is also allowed for by these results,
since its putative receptor, GYPC (18), is also sensitive to the
effects of neuraminidase and trypsin. Despite the variability in
the dependence of invasion on neuraminidase- and trypsin-
sensitive receptors in Gambian isolates, no parasite isolate is
completely dependent on their presence. This finding argues
that a vaccine that elicits antibodies against EBA-175 (thereby
blocking invasion via GYPA) or EBA-140 (thereby blocking
invasion via GYPC) might be initially successful, but protective
immune responses to other antigens would also be essential for
long-term success.
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