
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. 

REFERENCES AND NOTES 

1. T. M. Townes et al., EMBO J .  4, 1715 (1985); T. 
M. Townes et al., Mol. Cell. Biol 5, 1977 (1985). 

2. F. Costantini et al., Cold Spring Harbor Symp. Quant. 
Biol. 50, 361 (1985); G. Kollias et al., Cell 46, 89 
(1986); P. Soriano et al., Science 234, 1409 (1986). 

3. R. R. Behringer et ai., Proc. Natl. Acad. Sci. U.S. A .  
84,7056 (1987); G. Kollias, J. Hurst, E. deBoer, F. 
Grosveld, Nucleic Acids Res. 15, 5739 (1987); M. 
Trudel and F. Costantini, Genes Dev. 1,945 (1987). 

4. D. Tuan, W. Soloman, Q. Li, I. London, Proc. Natl. 
Acad. Sci. U.S .A.  82, 6384 (1985); W. Forrester, 
C. Thompson, J. T. Elder, M. Groudine, ibid. 83, 
1359 11986). 

5. F. ~rdsveld'et al . ,  Cell 51, 75 (1987); D. Talbot et 
al., Nature 338, 352 (1989). 

6. W. Forrester et al., Nucleic Acids. Res. 15, 10159 
(1987); A. K. Nandi, R. S. Roginski, R. G. Gregg, 
0. Smithies, A. I. Skoultchi, Proc Natl. Acad. Sci. 
U.S .A.  85,3845 (1988); G. B. van Assendelft, 0 .  
Hanscombe, F. Grosveld, D. R. Greaves, Cell 56, 
969 (1989); W. Forrester, U. Novak, R. Gelinas, 
M. Groudine, Proc. Nad. Acad. Sci. U.S. A.  86, 5439 
(1989); M. C. Driscoll, C. S. Dobkin, B. P. Alter, 
ibid., in press. 

7. T. M. Ryan et al., Genes Dev. 3, 314 (1989). 
8. T. M. Ryan et al . ,  Proc. Natl. Acad. Sci. U.S.A. 86, 

37 (1989). 
9. R. L. Brinster, H .  Y. Chen, M. E. Trumbauer, M. 

K. Yagle, R. D. Palmiter, ibid. 82, 4438 (1985). 
10. Adult animals were made anemic with phenylhydra- 

zine (20) to induce reticulocytosis, anesthetized, 
perfused (1 I), and tissues were removed. Total RNA 
was prepared from frozen tissue [Anal. Biochem. 
162, 156 (1987)l with the following modification. 
The final RNA pellets were resuspended in a solu- 
tion containing 1.0% SDS, proteinase K (100 mgl 
ml), 25 mM NaC1, 1.0 mM EDTA, and 10 mM 
tris-HC1 pH 7.5. After digestion for 3 hours at 
50°C, the samples were extracted with phenolichlo- 
roform, chloroform, and ethanol precipitated. 

11. Animals were perfused by cutting the right atrium 
and injecting phosphate-buffered saline into the left 
ventricle. The lung is not perfused in this procedure 
and, therefore, is contaminated with blood. 

12. Blood cells were washed twice with saline and lysed 
in a volume of water equal to the cell pellet. One- 
fourth volume of carbon tetrachloride was mixed 
with the hemolysate, and cell membranes were 
extracted by brief vortexing and mirocentrifugation. 
The aqueous phase was removed and frozen at 20°C. 
Samples were subsequently thawed, diluted with an 
equal volume of 0.05% KCN, and separated on an 
agarose isoelectric focusing gel (Resolve-Hb, Isolabs 
Inc., Akron, Ohio) according to the manufacturer's 
specifications. After focusing, proteins were fixed in 
the gel with 10% trichloroacetic acid for 10 min. 
The gel was then rinsed for 1 hour with water, dried, 
and hemoglobin bands were visualized without 
staining. 

13. Hemoglobin bands were cut out of the agarose IEF 
gel and eluted in water for 1 hour at room tempera- 
ture. After dialysing against water overnight at room 
temperature, the samples were lyophitized and resus- 
pended in water. Equal volumes of sample (purified 
hemoglobin or whole hemolysate), alkaline-urea 
buffer (6.OM urea, 15 mM boric acid, 0.5 mM 
EDTA, 25 mM tris-HC1,pH 8.6), and P-mercapto- 
ethanol were mixed and an aliquot was loaded onto 
a cellulose acetate strip (Gelman) that had been 
soaked overnight in alkaline-urea buffer. The sam- 
ples were then electrophoresed for 1 hour at 190 V 

in alkaline-urea buffer. Proteins were subsequently 
stained with 0.5% imido black in methano1:acetic 
acid (45:lO). The strips were destained in methanol: 
acetic acid (47.5:5), dried, and photographed. 

14. Although only four hemoglobin bands are observed 
on the IEF gel in Fig. 2B, nine hemoglobins repre- 
senting all possible combinations of mouse and 
human a -  and P-globin polypeptides probably exist 
inside the cell. During electrophoresis oxy-hemoglo- 
bin tetramers (azPz) dissociate into dimers (a lp l )  
that are separated by charge differences. Therefore, 
hemoglobin tetramers composed of dimers of unlike 
charge are not detected (21). 

15. Mouse, human, and hybrid hemoglobins synthe- 
sized by transgenic mice were separated by prepara- 
tive IEF on 4.0% acrylamide gels containing 2.0% 
Pharmalyte pH 5 to 8. Each of the four bands was 
sliced from the gel, homogenized, and the hemoglo- 
bin was eluted in 0.1M potassium phosphate buffer. 
The isolated fractions were concentrated with Ami- 
con filters (YM 10). 

16. Hemoglobins were maintained in the carbon mon- 
oxide (CO) form during separation and concentra- 
tion procedures to avoid auto-oxidation. Prior to 
functional studies the hemoglobins were converted 
to the oxy-state by photolysis and vacuum removal 
of CO. The oxygen equilibrium curve of each hemo- 
globin fraction was determined using a Hemox 
Analyzer (TCS, Southhampton, PA) in 0.1M potas- 
sium phosphate buffer, pH 7.0 at 20°C (22). All 
samples were analyzed four times and the curves 
were drawn in continuous mode. The maximum 
error of measurement of the P5, values is + 1 mmHg 
[ C d .  Care Med. 7, 391 (1979)l. 

17. OEC of whole blood and unfractionated hemoly- 
sates from transgenic mice were also determined and 
compared to mouse and human controls. The curve 
for whole blood of 5393 transgenic progeny is 
virtually identical to the mouse control, while the 

curve for an unfractionated transgenic hemolysate is 
shifted to the left of the mouse hemolysate control. 
The left shift of the transgenic hemolysate OEC can 
be attributed to the presence of high-alKnity hybrid 
and human hemoglobin species. The similarity of 
the whole blood OEC for transgenic and control 
mice may be due to adaptive responses, such as an 
increase in allosteric effectors of oxygen affinity, in 
the transgenic mice. 

18. Quantitative solution hybridizations of blood RNA 
from the seven transgenic lines indicate that mouse 
a- and P-globin mRNA levels (picograms of total 
RNA per microgram) are not decreased in mice 
expressing high levels of human a -  and P-globin 
mRNA. 

19. V. M. Ingram, Nature 178, 792 (1956); ibid. 180, 
326 11957) 

\ - -  - i 
20. ?.kheng, S. K. Polmar, H .  H. Kazazian, Jr., J. 

Biol. Chem. 249, 1781 (1974). 
21. H. F. Bunn and B. G. Forget, Hemoglobin: Molecular, 

Genetic and Clinical Aspect (Saunders, Philadelphia, 
1986), pp. 417-421. 

22. T. Asakura and M. P. Reilly, in Oxygen Transport in 
Red Blood Cells, C. Nicolau, Ed. (Pergamon, New 
York, 1986), pp. 57-75. 

23. We thank N. Martin, J. Askins, and M. Avarbock for 
excellent technical assistance, J. Prchal for providing 
human reticulocyte RNA, K. Hall for instructions 
on electrophoresis of hemoglobins on denaturing 
cellulose acetate strips, and J. Engler for synthesizing 
the human a-, human p-, mouse a-, and mouse p- 
globin oligonucleotides. Supported in part by grants 
HL-35559, HD-09172, HL-38632, and HD- 
23657 from the Nauonal Institutes of Health and 
predoctoral training grant T32 CA-09467 from 
NIH (to T.R.). 

13 April 1989; accepted 26 July 1989 

Circumsporozoite Protein Heterogeneity in the 
Human Malaria Parasite Plasmodium vivax 

Phenotypic heterogeneity in the repetitive portion of a human malaria circumsporo- 
mite (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 sporomites 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 sporomites, 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 I1 of  a nonreactive isolate 
contained a nonapeptide repeat, Ma-Asn-Gly-Ma-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. ~e tero~enei ty-has  been found 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 microsco~icallv determined 

I ,  

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 divus 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. falcipavum 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 th; geographic 
area sampled and our knowledge of the 
clinical course of the infections. 

*To whom correspondence should be addressed. Alter- 
nate mailing address: AFRIMS, APO San Francisco, CA 
96346. 
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An assortment of monoclonal antibodies squirrel monkeys (Saimivi sciuveus boliviensis) 
(MAbs) developed to P,  vivax sporozoites immunized with a recombinant P, vivax 
tested positive for reactive and negative for candidate vaccine consisting of the CS-pro- 
nonreactive sporozoites by indirect fluores- tein repeat (8) also did not bind to the 
cent antibody tests (IFATs) (12). Sera from nonreactive sporozoites in IFATs. These 

Isolate ;egi; I 'JF 
E D : G  A G N Q P 

- - -  GAA GAT GGG GCA GGC AAT CAA CCA GGA GCA AAT GGA GCA GGC 5 7  
GCA GGT GAT AGA GCA GAT GGA CAG CCA GCA GGT GAT AGA GCA GAT 6 0  

A / G D R A D G Q P A G D R A D  

P G A N G A G N Q P  A N G A G N Q P G  
V K 2 4 7  CCA G G A ~ G C A  AAT GGG GCT GGC AAT CAA CCA GCA AAT GGG GCT GGC AAT CAA CCA GGA 1 7 7  
V K 2 1 0  CCA GCAlGGT GAT AFA GCA GAT GGA CAG CCA GGC GAT AGA GCA GCT GGA CAA CCA GCA 1 8 0  

P A I G D R A D G Q P A I G D R A A G Q P A  

I A N G A G N Q P G I A N G A G N Q P  N 
V K 2 4 7  IGCA AAT GGG GCT GGC AAT CAA CCA GGAlGCA AAT GGG GCT GGC AAT CAA CCA GGA GCA AAT 2 3 7  
V K 2 l O  GGT GAT AGA GCA GAT GGA CAG CCA GCAlGGA GAT AGA GCA GCT GGA CAG CCA GCA GGC GAT 2 4 0  ' 1 :  D I G D R A D G Q P A / G D R A A G Q P A  

G A G N Q P G A N G A G N Q P G I A N G A  
V K 2 4 7  GGA GCA GGC AAT CAA CCA GGAlGCA AAT GGG GCA GGC AAT CAA CCA GGAlGCA AAT GGG GCT 2 9 7  
V K 2 l O  AGA GCA GAT GGA CAG CCA GCA GGT GAT AGA GCA GCT GGA CAA CCA GCA GGT GAT AGA GCA 3 0 0  

R A D G Q P A / G D R A A G Q P A I G D R A  

G N Q P G ( A N G A G N Q P G I A N G A G N  
V K 2 4 7  GGC AAT CAA CCA GGA GCA AAT GGA GCA GGC AAT CAA CCA GGA GCA AAT GGG GCT GGC AAT 3 5 7  
V K 2 1 0  GET G W  C A I  CCA GCAlGGT GAT AGA GCA GAT GGA CAG CCA GCA/GGC GAT AGA GCA GCT GGA 3 6 0  

A G Q P A I G D R A D G Q P A I G D R A A G  

Q P G A N G A G N Q P G A N G A G N Q P  
V K 2 4 7  CAA CCA G G A G C A  AAT G W  GCA GGC AAT CAA CCA G G A G C A  AAT GGG GCG GGC AAT C A I  CCA 4 1 7  
V K 2 1 0  CAA CCA GCAlGGT GAT AGA GCA GAT GGA CAA CCA GCAlGGA GAT AGA GCA GCT GGA CAG CCA 4 2 0  

Q P A I G D R A D G Q P A I G D R A A G Q P  

N G A G N  Q P  G I A N  G A G N Q P G [ A N : G  
V K 2 4 7  AAT GGG GCT GGC AAT CAA CCA GGAlGCA AAT GGG GCA GGT AAT CAA CCA GGI\IGCA AAT GGT 5 3 7  
V K 2 1 0  - - -  - - -  - - -  - - -  - - -  - - -  - - -  - - -  - - -  - - -  - - -  - - -  - - -  - - -  - - -  GGA AAT GGT 4 8 6  

- -1-1 G N G 

A G G Q A A G G N A A N K K A G D A G A '  
V K 2 4 7  GCA GGT GGA CAG GCA GCA GGA GGA AAT GCT GCA AAC AAA AAG GCA GGA GAC GCA GGA GCA* 5 9 7  
V K 2 l O  GCA GGT GGA CAG GCC GCA GGA GGA AAC GCA GGA GGA AAC GCA GGA GGA AAC GCA GGA - - -*  5 4 3  

A G G Q A A G G N A G G N A G G N A G - *  

G Q G Q N N E G A N A P N E K S V K E Y  
V K 2 4 7  GGA CAG GGA CAA AAT AAT GAA GGT GCG AAT GCC CCA AAT GAA AAG TCT GTG AAA GAA TAC 6 5 7  
V K 2 1 0  GGA CAG GGA CAA AAT AAT GAA GGT GCG AAT GCC CCA AAT GAA AAG TCT GTG AAA GAA TAC 6 0 3  

G Q G Q N N E G A N A P N E K S V K E Y  

L D K V R A T V G T E V T / P C S V T  
V K 2 4 7  CTA GAT AAA GTT AGA GCT ACC GTT GGC ACC GAA TGG ACT CCA TGC ACT GTA ACC 71 1 
V K Z I O  CTA GAT AAA GTT AGA GCT ACC GTT GGC ACC GAA TGG ACT CCA TGC ACT GTA ACC 1 6 5 7  

L D K V R A T V G T E V T  Ls V J  
egion 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 11. Oligonucleotide primers homologous to regions I and 
I1 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 ( I ) .  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 (A1D)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 11. The region I and 
I1 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; Y, 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 malaviae 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 
MAbs for P,  falcipavum, P. malaviae, 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- 
pavum, P, malaviae, and P. ovale (15); both 
blood samples were positive for P,  vivax 
probes only. 

Polyaaylamide gel electrophoresis (PAGE) 
and Western blotting (16) were performed 
on reactive (VK311) 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 W R  1 on blots 
from the nonreactive sporozoites (1 7). 

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 I1 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 nonarner units were tandemly repeated 
19 times in VK247 and 1 7  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- 

18 19 
~ ~ 2 4 7  ANGAGNQPG I ANGAGNQPG 11 ANGAGGQAA GGNAANKKA-------- GDAGA [GQGQ...] 

16 17 
VK210 GDRAAGQPA~GDRAAGQPA~~GNGAGGQA?~ GGN-------- AGGNAGGNAG- [GQGQ...] 

18 19 20 
sal-1 GDRAAGQPAIGDRAAGQPAIGDSAAGQAAII---------------- GGNAG- [GQGQ...] 

. . .  . . ........ . . . . . . .  . . . . .  ........ . . . . . . .  
18 19 2 0 

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 ( I ) and the end of the terminal repeat unit by ( 11 ); 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 11. 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 
11. This seauence 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 ~ractical im~lications of CS 
repeat heterogeneity. The widespread and 
growing use of the ELISA and other irnmu- 
nological methods (10) for incriminating 
vectors should first be conducted with con- 
comitant mosquito dissections to establish 
the correlation between the two ~rocedures. 
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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Fitness Differences Among Remnant Populations of 
the Endangered Sonoran Topminnow 

Four correlates of fitness were measured in three stocks of the endangered Sonoran 
topminnow, Poeciliopsis occidentalis, fiom Arizona. Survival, growth, early fecundity, 
and developmental stability were greatest in laboratory-reared fish &om the most 
heterozygous natural population studied. Conversely, all four traits were poorest in 
fish fiom 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. 

A SURVEY OF GENETIC DIVERSITY IN remnant populations in Arizona contain low 
the endangered Sonoran topmin- levels of genetic variation (1). A hatchery 
now, Poeciliopsis occidentalis occidentalis stock derived from one of these populations, 

(Atheriniformes: Poeciliidae), revealed that Monkey Spring, was being used in a species 
recovery effort involving reintroductions 

Center for Theoretical and Applied Genetics, Cook the River drainage; however, 
College, Rutgers University, New Brunswick, NJ 08903. these topminnows were not the best choice 
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Flg. 1. Fitness differences among Sonoran topminnow populations. (A) Survival to 12 weeks. (6 )  
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. 
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