cell disease. Although sickle cell anemia was
the first disease to be understood at the
molecular level (19), there is still no cure or
adequate treatment. If a transgenic mouse
model can be developed, new drug therapies
and even gene therapies could be tested.
Once perfected in model systems, protocols
that are safe and effective for humans could
be developed.
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Circumsporozoite Protein Heterogeneity in the
Human Malaria Parasite Plasmodium vivax

RONALD ROSENBERG,* ROBERT A. WIRTZ, DAVID E. LANAR,
JETSUMON SATTABONGKOT, TED HALL, ANDREW P. WATERS,

CHUSAK PRASITTISUK

Phenotypic heterogeneity in the repetitive portion of a human malaria circamsporo-
zoite (CS) protein, a major target of candidate vaccines, has been found. Over 14% of
clinical cases of uncomplicated Plasmodium vivax malaria at two sites in western
Thailand produced sporozoites immunologically distinct from previously character-
ized examples of the species. Monoclonal antibodies to the CS protein of other P. vivax
isolates and to other species of human and simian malarias did not bind to these
nonreactive sporozoites, nor did antibodies from monkeys immunized with a candi-
date vaccine made from the repeat portion of a New World CS protein. The section of
the CS protein gene between the conserved regions I and II of a nonreactive isolate
contained a nonapeptide repeat, Ala-Asn-Gly-Ala-Gly-Asn-Gln-Pro-Gly, identical at
only three amino acid positions with published nonapeptide sequences. This heteroge-
neity implies that a P. vivax vaccine based on the CS protein repeat of one isolate will

not be universally protective.

ALARIA, A DISEASE CAUSED BY A
mosquito-borne protozoan para-
site of red blood cells, is so wide-
spread and causes disability so severe that
many strategies to control it have been
devised. Recently much effort has been fo-
cused on the construction of vaccines de-
signed to elicit a host immune response to
sporozoites, the parasite stage injected into

humans by mosquitoes. The predominant
surface, or circumsporozoite (CS), proteins
of sporozoites are characterized by tandemly
repeated peptide units that occupy about
one-third of each molecule and are immuno-
genic (1-3). In Plasmodium vivax, one of four
Plasmodium species naturally infecting hu-
mans, the unit has been found to be a
nonapeptide repeated about 20 times (2, 3).
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For a vaccine based on the repeat region
to be feasible, the repeats must, at a mini-
mum, be substantially conserved among iso-
lates. Heterogeneity has been found in the
repeat units of two monkey malarias, P.
cynomolgi (4) and P. knowlesi (5), which are
related to P. vivax (6), but no significant CS
protein heterogeneity has been thought to
occur in P. vivax (7). We report here that
over 14% of the microscopically determined
P. vivax cases in a western province of
Thailand produced sporozoites that were
not recognized by antibodies either to P.
vivax sporozoites from different geographic
areas or to a recombinant CS protein being
tested as a potential vaccine (8). The reason
for this nonreactivity is a different repeating
nonapeptide.

Sporozoites were produced by feeding
laboratory-reared Anopheles dirus mosqui-
toes on men (9) who visited either of two
malaria clinics in Kanchanaburi Province
and were found, on examination of a thick
blood film, to have an uncomplicated P.
vivax infection that included gametocytes,
the stage infective to mosquitoes. Sporozo-
ites were harvested from salivary glands of
infected mosquitoes 14 days after feeding.
Enzyme-linked ~ immunosorbent  assays
(ELISAs) were used to screen for P. vivax
and P. falciparum CS proteins (10); cohorts
positive for P. falciparum indicated a subpa-
tent mixed infection and were discarded.

Between November 1987 and November
1988, sporozoites were tested from mos-
quitoes fed on 162 men infected with an
intraerythrocyte parasite morphologically
identified as P. vivax (11). Twenty-three
cases (14.2%) produced sporozoites that
did not react in the P. vivax ELISA (10).
Both the nonreactive and reactive cases oc-
cured predominately at the beginning of the
annual rainy season, April to June, and
appear from clinical histories to have been
contracted at loci from eastern Burma to
south-central Thailand. Our dependence on
walk-in patients limited both the geographic
area sampled and our knowledge of the
clinical course of the infections.
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An assortment of monoclonal antibodies
(MAbs) developed to P. vivax sporozoites
tested positive for reactive and negative for
nonreactive sporozoites by indirect fluores-
cent antibody tests (IFATs) (12). Sera from

squirrel monkeys (Saimiri sciureus boliviensis)
immunized with a recombinant P. vivax
candidate vaccine consisting of the CS-pro-
tein repeat (§) also did not bind to the
nonreactive sporozoites in IFATs. These

Isolate Region 1 bp
K L K a P E D:G A G N Q@ P G|A N G A G
VK247 |AAG CTG AAA CAA CCA|--- GAA GAT GGG GCA GGC AAT CAA CCA GGA|GCA AAT GGA GCA GGC 57
VK210 |AAG CTG AAA CAA CCA|GCA|GGT GAT AGA GCA GAT GGA CAG CCA GCA|GGT GAT AGA GCA GAT 60
K L K a P|A l G D R A D G Q@ P A|G D R A D
L
N @ P G|A N G A G N @ P G|A N G A G N Q
VK247  AAT CAA CCA GGA|GCA AAT GGG GCA GGC AAT CAA CCA GGA|GCA AAT GGG GCA GGC AAT CAA 117
VK210 GGA CAG CCA GCA|GGT GAT AGA GCA GAT GGA CAA CCA GCA|GGT GAT AGA GCA GCT GGA CAA 120
G @ P A|G D R A D G @ P A|[G D R A A G Q
P G|A N G A G N Q@ P G|A N G A G N @ P G
VK247  CCA GGA!GCA AAT GGG GCT GGC AAT CAA CCA GGA|GCA AAT GGG GCT GGC AAT CAA CCA GGA 177
VK210 CCA GCA|GGT GAT AGA GCA GAT ‘GGA CAG CCA GCA|GGC GAT AGA GCA GCT GGA CAA CCA GCA 180
P A|G D R A D G Q@ P A|G D R A A G @ P A
|A N G A G N @ P G|A N G A G N @ P G|A N
VK247 |GCA AAT GGG GCT GGC AAT CAA CCA GGA|GCA AAT GGG GCT GGC AAT CAA CCA GGA|GCA AAT 237
VK210 |GGT GAT AGA GCA GAT GGA CAG CCA GCA|GGA GAT AGA GCA GCT GGA CAG CCA GCA|GGC GAT 240
| G D R A D G @ P A|G D R A A G @ P A|G D
G A G N @ P G|A N G A G N Q@ P G|A N G A
VK247  GGA GCA GGC AAT CAA CCA GGA|GCA AAT GGG GCA GGC AAT CAA CCA GGA|GCA AAT GGG GCT 297
VK210  AGA GCA GAT GGA CAG CCA GCA|GGT GAT AGA GCA GCT GGA CAA CCA GCA|GGT GAT AGA GCA 300
R A D G Q P A l G D R A A G Q@ P A | G D R A
G N @ P G|A N G A G N Q@ P G|A N G A G N
VK247  GGC AAT CAA CCA GGA|GCA AAT GGA GCA GGC AAT CAA CCA GGA|GCA AAT GGG GCT GGC AAT 357
VK210 GCT GGA CAA CCA GCAIGGT GAT AGA GCA GAT GGA CAG CCA GCA|GGC GAT AGA GCA GCT GGA 360
A G @ P A|G D R A D G @ P A|G D R A A G
@ P G|A N G A G N @ P G|A N G A G N @ P
VK247  CAA CCA GGAIGCA AAT GGA GCA GGC AAT CAA CCA GGAIGCA AAT GGG GCG GGC AAT CAA CCA 417
VK210 CAA CCA GCA|GGT GAT AGA GCA GAT GGA CAA CCA GCA|GGA GAT AGA GCA GCT GGA CAG CCA 420
@ P A|G D R A D G Q@ P A|[G D R A A G Q@ P
G|A N G A G N @ P G|A N G A G N Q@ P G|A
VK247 GGAIGCA AAT GGG GCC GGC AAT CAA CCA GGA|GCA AAT GGG GCA GGC AAT CAA CCA GGA|GCA 477
VK210  GCA|GGA GAT AGA GCA GCT GGA CAG CCA GCA|GGA GAT AGA GCA GCT GGA CAG CCA GCA|--- 477
A|G D R A A G Q@ P A I G D R A A G Q@ P A I -
N G A G N @ P G|A N G A G N @ P GJA nN: @
VK247  AAT GGG GCT GGC AAT CAA CCA GGA|GCA AAT GGG GCA GGT AAT CAA CCA GGAJGCA AAT GGT 537
VK210 === === === --- me- ce- eon meofien oe ceo eo- oo- oo o-- --- ---]GGA AAT GGT 486
L l S T SR T S I G N G
A G G @ A A G G N A A N K K A G D A G A*
VK247  GCA GGT GGA CAG GCA GCA GGA GGA AAT GCT GCA AAC AAA AAG GCA GGA GAC GCA GGA GCA* 597
VK210  GCA GGT GGA CAG GCC GCA GGA GGA AAC GCA GGA GGA AAC GCA GGA GGA AAC GCA GGA ---* 543
A G G @ A A G G N A G G N A G G N A G -*
G @ G @ N N E G A N A P N E K S V K E Y
VK247  GGA CAG GGA CAA AAT AAT GAA GGT GCG AAT GCC CCA AAT GAA AAG TCT GTG AAA GAA TAC 657
VK210  GGA CAG GGA CAA AAT AAT GAA GGT GCG AAT GCC CCA AAT GAA AAG TCT GTG AAA GAA TAC 603
G @ G @ N N E G A N A P N E K S V K E Y
L b K V R A T V 6 T E W T|P C s V T
VK247  CTA GAT AAA GTT AGA GCT ACC GTT GGC ACC GAA TGG ACT|CCA TGC AGT GTA ACC 4l
VK210  CTA GAT AAA GTT AGA GCT ACC GTT GGC ACC GAA TGG ACT|CCA TGC AGT GTA ACC 657
L b K V R A T V 6 T E W T|P C s V T

Region I1

Fig. 1. The sequences of the genes encoding the circumsporozoite proteins of P. vivax isolates VK247
and VK210 bounded by region I and region II. Oligonucleotide primers homologous to regions I and
II were used in a PCR reaction (18) to synthesize this segment of the genes from total genomic DNA.
The sequences are aligned to best fit complete nonapeptide tandem repeat units at the nucleic acid level;
each repeat is bordered by (|). There are 18 complete and one partial repeat of ANGAGNQPG in the
VK247 sequence. However, 19 complete repeats can be seen, bounded by (:), starting the repeat unit at
the first G downstream of region I and ending two AA after the terminal repeat. There are 17 repeating
GDRA (A/D)GQPA peptide units in the VK210 isolate. The 3’ post-repeat variable region is between
(I) and (*); the 3’ post-repeat conserved region starts at (*) and continues to region II. The region I and
II sequences shown here are assumed to be correct for these isolates because the primers used in the
PCR reactions were of adequate homology to hybridize and prime the extension with the polymerase.
The underlined sequence in the VK247 isolate, base pairs 613 to 632, indicates the compliment of the
sequencing primer Pv3 (18). Abbreviations for the amino acid residues are A, Ala; C, Cys; D, Asp; E,
Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T,
Thr; V, Val; W, Trp; and Y, Tyr.
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results implied that the CS protein repeat
region of the nonreactive sporozoites dif-
fered significantly from those already se-
quenced (2, 3).

It was possible, despite microscopic evi-
dence, that the nonreactive sporozoites rep-
resented malaria species other than P. vivax.
Plasmodium malariae and P. ovale are human
parasites sometimes encountered in Thai-
land, and P. knowlesi and P. cynomolgi are
Asian monkey malarias transmissible to man
(13). All nonreactive sporozoites tested
were, however, negative in IFATs with
MADs for P. falciparum, P. malariae, P. ovale,
P. knowlesi, P. cynomolgi, and other sporozo-
ites (12). Blood-stage parasites from patients
who infected mosquitoes with reactive
(VK244) (14) and nonreactive (VK247)
sporozoites were tested with ribosomal
DNA probes specific for P. vivax, P. falci-
parum, P. malariae, and P. ovale (15); both
blood samples were positive for P. vivax
probes only.

Polyacrylamide gel electrophoresis (PAGE)
and Western blotting (16) were performed
on reactive (VK31l) and nonreactive
(VK247) sporozoites. Both MAbs NSV3
and WR1, which recognize different epi-
topes on the CS protein (12), bound to a
triplet of proteins (38, 40, and 46 kD) on
blots from the reactive sporozoites. No
binding was detected in this molecular size
range with either NSV3 or WR 1 on blots
from the nonreactive sporozoites (17).

The composition of the CS protein of one
reactive (VK210) and one nonreactive
(VK247) case were deduced by cloning and
sequencing the CS gene portion flanked by
regions I and II with the polymerase chain
reaction (PCR) method (18). The deduced
amino acid (AA) sequence of the reactive
clone contained the same nonapeptide re-
peat, GDRA(D/A)GQPA, published for
other P. vivax isolates (2, 3) (Fig. 1). The
repeat unit of VK247 was also a nonapep-
tide, ANGAGNQPG, but differed from the
reactive repeat at six of nine AA positions.
Nucleotide variations in VK247 sometimes
occurred at codon positions 3, 4, and 5, but
all changes were synonymous. The respec-
tive nonamer units were tandemly repeated
19 times in VK247 and 17 times in VK210
(Fig. 1). The DNA from a second isolate of
nonreactive sporozoites, VK293, was se-
quenced and found to be identical to
VK247. The repeat units of VK247 and
VK293 could not have resulted from simple
frame shifts, deletions, or gene conversions
during meiotic recombination of GDRA(D/
A)GQPA and must have evolved separately.

Immediately following the 3’ terminal
repeat units of isolates VK247 and VK210
are nearly identical repeat-related nonamers
(ANGAGGQAA and GNGAGGQAA, re-
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18 19
VK247 ANGAGNQPG | ANGAGNQPG | ANGAGGQAA GGNAANKKA—==———=—— GDAGA [GQGQ...]
18 19 20
NK GDRAAGQPA | GDRAAGQAA | GNGAGGQAA || GGNAANKKAEDAGGNAGGNAG- [GQGQ. . . )
16 17
VK210 GDRAAGQPA | GDRAAGQPA || GNGAGGQAA GGN======—~ AGGNAGGNAG- [GQGQ...]
18 19 20
Sal-1  GDRAAGQPA|GDRAAGQPA|GDSAAGQAA| ~——===—==—meeeem GGNAG- [GQGQ...)
, 18 19 20
Belem GDRAAGQPA|GDRAAGQAA|GNGAGGQAA[ ---========= GGNAG- [GQGQ...]

Fig. 2. A comparison of AA homologies for terminal nonapeptide repeat units and post-repeat variable
regions of VK247, NK, VK210, Belem, and Sal-1 P. vivax CS proteins (2, 3). The end of a repeat unit
is represented by ( | ) and the end of the terminal repeat unit by ( || ); the numbers indicate the number
of the unit repeat. The post-repeat variable sequences have been shifted to positions of maximum
homology with VK247, represented by (:). The post-repeat constant regions are identical in all five CS

proteins and are not shown beyond GQGQ.

spectively) that also appear as repeat termi-
nals in the North Korean [(NK) the only
other Old World P. vivax sequenced (3)]
and Belem isolates; these are similar to the
terminal nonamer of Sal-1 (Fig. 2) (2, 3). In
all five P. vivax isolates there are short
variable sequences between these terminal
or post-repeat nonamers and the beginning
of the 33 AA constant region that precedes
region II. The 15 AA post-repeat variable
region of VK247 and the 13 AA’s of
VK210 have more homology with portions
of the 21 AA variable region of NK than
with each other or with the American iso-
lates (Fig. 2). This post-repeat variation may
result from meiotic crossovers that occurred
during the brief diploid phase that malaria
undergoes during each mosquito passage.

Further evidence that VK247 is not a P.
cynomolgi or P. knowlesi isolate comes from
the 33 AA post-repeat conserved region that
starts with GQGQ and continues to region
II. This sequence is 100% conserved in all
five P. vivax isolates, even at the nucleotide
level, but has less than 80% AA homology
with P. cynomolgi and P. knowlesi (3-5).

The phylogenetic correspondence within
P. vivax as well as between P. vivax and the
Asian monkey malarias is complex, and the
status of CS protein polymorphism in Thai-
land will require careful study of parasite
morphology, distribution, clinical course,
and genome. The dangers of representing
large geographical areas with single isolates
are obvious (19), but often ignored.

There are two practical implications of CS
repeat heterogeneity. The widespread and
growing use of the ELISA and other immu-
nological methods (10) for incriminating
vectors should first be conducted with con-
comitant mosquito dissections to establish
the correlation between the two procedures.
Second, as we have shown, monkey anti-
body to a candidate P. vivax CS repeat

vaccine (8) did not bind to nonreactive
sporozoites, and it is unlikely that antibodies
to another similar vaccine (8, 20) will be any
more efficacious. Heterogeneity in the P.
vivax CS protein repeat implies that a vivax
vaccine based on this repeat will not be
universally protective.
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Medical Sciences microscopist. Ten coded slides,
five each from blood-producing reactor and nonre-
actor sporozoites, were examined by malariologists
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12.

13.

14.

15.

16.

17.
18.

19.

20.
21.

976

at the Malaria Branch, Centers for Disease Control,
Atlanta, GA. All were identified as P. vivax; blood-
stage parasites producing reactor and nonreactor
sporozoites could not be distinguished morphologi-
cally.

The IFATs (10) were done with nonreactive sporo-
zoites and anti~P. vivax MAbs: Navy Medical Re-
search Institute (NMRI) NSV3 and NSV4; New
York University (NYU) 2F2 (1, 7); Centers for
Disease Control (CDC) CDCl1; and Walter Reed
Army Institute of Research WR1, 3, 7, 9, 21, and
28. These MAbs recognize at least three CS protein
epitopes (R. A. Wirtz et al., unpublished data).
MADs to other sporozoite species were also used: P.
malarige 109-179.4 and P. ovale 110-54.3 from
CDC; P. cynomolgi Ceylon Cy6A4.E1l, NIH-
13E.11C9, Gombak GB1G11.Gl, and P. knowlesi
2G3 from NYU; and P. berghei (3.28, 3.116, 3.135,
3.213), P. yoelli, and P. inui from NMRI. Not all
MAbs were tested against nonreactive sporozoites
from the same patient mosquito feed. Some MAbs
were tested in pools. MAbs were protein A purified
(10) and tested at 2.5 or 5 wg/ml and were IFAT
positive with the homologous sporozoite.

G. R. Coatney, W. E. Collins, M. Warren, P. G.
Contacos, The Primate Malarias (Government Print-
ing Office, Washington, DC, 1971).

Designator VK244 indicates P. vivax (V) from
Kanchanaburi (K) Province, mosquito feed number
244.

Species-specific regions of the small subunit rRNA
were detected as described by A. P. Waters and T. F.
McCutchan, Lancet, in press. The oligonucleotides
have been described (15) with the exception of the
diagnostic for P. vivax, which is designated 165R
and has the sequence: 5'-AAATCA(A/T)CC(G/
A)(G/A)ATTCAGTCCCACGT-3'. The probe used
to diagnose vivax would distinguish between P.
cynomolgi and P. vivax.

PAGE and Western blotting were performed as
described (7) with the following modifications. The
nitrocellulose paper was treated with 0.3% Tween
20, and strips were incubated overnight with the
specific antibody diluted in 10 mM tris, pH 8,
containing 0.05% Tween 20, they were washed, and
then incubated with alkaline phosphatase—conjugat-
ed antibody to mouse antigen (Promega). The paper
was washed and developed with nitro blue tetrazoli-
um (Promega).

R. A. Wirtz et al., unpublished data.
Oligonucleotide primers PyRI (5'-GTCGGAATT
CAATAAGCTGAAACAACCA-3’ and PvRII (5'-
CAGCGGATCCACAGGTTACACTGGTGG-3")
corresponding to regions I and II, respectively, of
the published P. vivax sequence (2, 3) were synthe-
sized. In order to facilitate unidirectional subclon-
ing, primers were designed to contain either an Eco
RI (PvRI) or Bam HI (PvRII) site starting five
bases proximal to their 5’ ends. DNA was phenol-
chloroform extracted from 2.6 X 10° sporozoites, in
the presence of 20 pg of carrier yeast transfer RNA,
and amplified by PCR 5 min at 94°C, then amplified
through 25 cycles [incubated (1.5 min at 94°C, 2
min at 45°C, and 4 min at 72°C), followed by 5 min
at 72°C] (GeneAmp Kit, Perkin-Elmer). DNA was
precipitated, resuspended, and digested with Eco RI
and Bam HI. Amplified DNA was agarose-purified
by electrophoresis, excised (GeneClean, Bio 101),
and ligated into Bluescript plasmid SK*. A single
insert-containing clone was selected and sequenced
(Sequenase, U.S. Biochemical). Sequencing primers
were M13 and T3, which flanked the insert site in
the SK* vector and an oligomer, Pv3 (5'-
GGGGCATTCGCACCTTCATTA-3'), the reverse
complement of bases 613 to 632 in the conserved
post-repeat region of isolate VK247. To check for
sequencing errors, PCR was repeated on VK247
genomic DNA. The sequences were identical. Se-
quences have been deposited in the GenBank
database  (IntelliGenetics) (accession numbers
M25759 and M25760 for VK210 and VK247,
respectively).

A.J. Lysenko, A. E. Beljaev, V. M. Rybalka, Bull.
WHO 55, 541 (1977).

P.J. Barretal., J. Exp. Med. 165, 1160 (1987).
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Fitness Differences Among Remnant Populations of
the Endangered Sonoran Topminnow

J. M. QUATTRO AND R. C. VRIJENHOEK

Four correlates of fitness were measured in three stocks of the endangered Sonoran
topminnow, Poeciliopsis occidentalis, from Arizona. Survival, growth, early fecundity,
and developmental stability were greatest in laboratory-reared fish from the most
heterozygous natural population studied. Conversely, all four traits were poorest in
fish from a population with no electrophoretically detectable genetic variation. These
results emphasize the need for genetic as well as demographic information for the
development of comprehensive species recovery programs.

SURVEY OF GENETIC DIVERSITY IN
the endangered Sonoran topmin-
now, Poeciliopsis occidentalis occidentalis
(Atheriniformes: Poeciliidae), revealed that

remnant populations in Arizona contain low
levels of genetic variation (1). A hatchery
stock derived from one of these populations,
Monkey Spring, was being used in a species
recovery effort involving reintroductions
within the Gila River drainage; however,
these topminnows were not the best choice

Center for Theoretical and Applied Genetics, Cook
College, Rutgers University, New Brunswick, NJ 08903.
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Fig. 1. Fitess differences among Sonoran topminnow populations. (A) Survival to 12 wecks. (B)
Growth (mean standard length). (C) Fecundity at 12 weeks of age (least-squares means adjusted for
standard length). (D) Mean egg diameter. Error bars represent 95% confidence intervals of the means.
Sample sizes are shown.

SCIENCE, VOL. 245





