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Abstract

Plasmodium falciparum parasites obtained from symptomatic patients attending clinics in Bindura
(altitude 1,100 m), Chiredzi (600 m) and Kariba (< 600 m), previously reported to differ in malaria
endemicity were genotyped on the msp-1, msp-2 and glurp loci to examine the extent of parasite
genetic diversity. While the parasites were monomorphic for msp-1 allele RO33 from the three
locations, the K1 allele was overrepresented in Kariba (p=0.02) and Mad20 alleles occurred at a
higher frequency in Bindura. A similar PCR analysis for glurp and the two main allelic families of
msp-2, i.e IC/3D7 and FC-27 revealed minimal differences in the parasite population. A total of 8
msp-1 Block 2 and 11 msp-2 genotypes were identified from the three locations combined. On the
glurp locus, thirteen different genotypes ranging in size from 660 to 1160 bp were detected in
parasites obtained from Bindura and Kariba. To gain further insight into P. falciparum genetic
diversity in the three different geographical locations, parasites were examined for neutral
microsatellite markers (C4M8, C13M30 and TA81). The number of microsatellite alleles ranged
from 8 to 17 and the average expected heterozygosity (HE) for the three areas combined was 0.83
suggesting that the parasite population of Zimbabwe is genetically heterogeneous. These findings
have implications in understanding the impact of genetic variation on immunity and possibly
emergence of drug resistance.

Plasmodium falciparum parasites are highly genetically diverse and studies indicate that at any
given time, humans or mosquitoes can harbor a number of different parasite clones(Babiker et
al., 1991; Branch et al., 2001). The unique genetic characteristics of each parasite may
determine clinical or parasitological outcomes and properties such as cytoadherence, immune
evasion, resistance or susceptibility to drugs as well as infectivity to mosquitoes (Snounou et
al., 1999). Understanding the distribution of genetically diverse P. falciparum parasites is
important in malaria epidemiology as well as in designing vaccines as antigenic diversity
continues to pose a big challenge to vaccine development. Additionally, the performance of
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vaccine candidates employed will need to be monitored by assessing switching of allelic types
resulting from either natural or vaccine induced immune selection.

Msp-1 and msp-2 are highly polymorphic single copy genes and have been employed to
investigate parasite genetic diversity (Anders and Smythe, 1989; Smythe et al., 1990). The
examination of polymorphic genes is also useful in estimating the number of concurrent
infections in a given individual, termed multiplicity of infection (MOI) (Smith et al., 1999).
Evidence from several studies suggests that people who are constantly exposed to malaria
caused by multiple parasite clones may have the advantage of clinical protection from future
malaria attacks (Smith et al., 1999; Branch et al., 2001; Henning et al., 2004). In addition to
genes such as msp-1 or msp-2 which are under extreme immune selection pressure (Cavanagh
et al., 1998), neutral microsatellite markers have also been employed to demonstrate parasite
genetic diversity.. Microsatellite analysis data has been used to estimate the expected
heterozygosisty (HE) index which represents the probability of picking two parasites with
different alleles at a given locus and it ranges in value from greater than 0 to less than 1
(Andersonetal., 1999; Suetal., 1999). Such HE calculations for parasites from South America,
Africa and Asia revealed that the extent of genetic diversity reflected transmission intensity of
the diseases with the highest diversity (HE=0.8) in Africa and the lowest diversity in South
America (HE=0.3) (Anderson et al., 2000).

Zimbabwe lies on the southern border of malaria transmission in Africa and little is known
about the genetic diversity of parasites in different endemic areas of the country. We describe
an analysis of the genetic variation of parasites in three areas of Zimbabwe using glurp,
msp-1, msp-2 and neutral polymorphic microsatellite markers. These areas, Bindura, Chiredzi
and Kariba, were described in a single study two decades ago to be of hypo-, meso- and
hyperendemic transmission, respectively (Taylor and Mutambu, 1986). Transmission is
seasonal in all these areas and the main mosquito vector is Anopheles arabiensis. National
control for malaria at the time of sample collection consisted of chloroquine as first line
treatment and second line treatment comprised of a combination of chloroquine and
sulfadoxine/pyrimethamine. Clinical data for the three catchment areas for the years 1997 to
2003 revealed that the incidence of malaria was 152/1,000, 394/1,000 and 419/1,000 for
Bindura, Chiredzi and Kariba respectively (Ministry of Health, Zimbabwe). Population
characteristics and health center catchment sizes for the three areas has been described
elsewhere (Mlambo et al., 2006).

Dried finger-prick blood on filter papers was obtained and a total of 112 samples from
microscopy positive symptomatic patients from the three different locations were examined.
These samples were collected between March and April of 2003 with ethical permission from
the Medical Research Council of Zimbabwe and approval from Johns Hopkins School of Public
Health IRB.

DNA was extracted from approximately 50 ul blood spotted on filter papers using the chelex
method (Plowe et al., 1995). For PCR analysis of glurp, msp-1 and msp-2, 2.5 pl of DNA was
used as template in a 50 pl total reaction volume mix with 1.25 units of enzyme Taq polymerase,
buffer (50 mM KCI, 10mM Tris-HCI pH 8.3, 1.5 mM MgCl,), 200 uM dNTPs and 0.25 uM
each of reverse and forward primer. The primer sequences in nested PCR amplification and
cycling conditions for each genetic marker have been published elsewhere and modifications
are as indicated, i.e glurp (Ranford-Cartwright et al., 1997), msp-1 (Branch et al., 2001), first
PCR annealing at 50°C, 30 cycles, Mad20 annealing at 55°C) and msp-2 (Snounou et al.,
1999) first PCR annealing at 50°C, 30 cycles, second PCR annealing at 55°C ). In the second
round of PCR, 2 pl from the first PCR amplified products was used as template and the PCR
products were resolved on a 2.5% agarose gel stained with ethidium bromide. The glurp,
msp-1 and msp-2 genotypes were grouped into bins ranging from 20 to 50 bp with the aid of
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Kodak ID analysis image software version 2.0.2 (USA). The term genotype in this paper refers
to the allele bins and not the specific allele size in bp. The mean multiplicity of infection (MOI)
was calculated by adding up all the number of different msp-1 genotypes (i.e allelic types, K1,
RO33 and MAD20 as well as allele bin sizes) present per sample and dividing by the total
number of samples analyzed. Msp-1 genotypes were used to calculate MOI because in our
analysis it revealed more mixed infections compared to msp-2. Expected heterozygosity (HE),
a measure of diversity for msp-1 and msp-2 genotypes was calculated using the formula;

n

Expected Heterozygosity (HE)=1 — Z i
pr

where p is the frequency of the ith genotype and n is the number of genotypes in the sample
population.

DNA samples extracted by the chelex method (above) were used as template to amplify and
examine neutral polymorphic microsatellite markers. The microsatellite markers that were
analyzed are TA81, C4M8 and C13M30 (Gene Bank Acc. Nos. G3886, G37937 and G44421
respectively) and the primer sequences are published elsewhere (Jain et al., 2005). A hemi-
nested PCR approach was employed to amplify microsatellite markers. Briefly, 2 ul of DNA
was amplified in a total reaction volume of 15 pl containing 1.5 pl 10X buffer (50 mM KCl,
10mM Tris-HCI pH 8.3, 1.5 mM MgCly), 0.2 units Taqg polymerase, 0.5 pM reverse and
forward primer and 200 uM of dNTPs. For the second round of PCR, 2 ul from the primary
reaction was used as template with an internal fluorescently labeled primer and the reverse
primer used in the primary PCR. The cycling conditions for the primary PCR and the secondary
PCR steps were as follows; initial denaturation at 94°C for 2 min followed by 25 cycles
consisting of denaturation (94°C for 30 sec), annealing steps (42°C for 30 sec and 40°C for 30
sec), extension (68°C for 30 sec) and a final extension at 68°C for 2 min. PCR products were
analyzed by capillary electrophoresis using the 3100 ABI capillary electrophoresis system in
the presence of ROX500 size standards (Applied Biosystems, USA). Peak heights for each
allele were captured with the aid of ABI GeneScan 3.7 software (Applied Biosystems, USA)
and imported into Genotyper software, version 3.1 for further analysis. Alleles with peak
heights of at least 500 arbitrary fluorescence units and base pair sizes corresponding to the
expected allele sizes based on P. falciparum 3D7 from the PlasmoDB were considered for
analysis. The HE was calculated as above. All the statistical analyses were performed with the
aid of the statistical software package SAS version 9.1 (USA).

We first analyzed parasites from the three locations for polymorphisms at the msp-1 locus for
the presence of 3 possible allele families, RO33, Mad20 and K1 and the allele sizes in base
pairs. As has been reported (Ariey, 1999; Mawili-Mboumba et al., 2003; Legrand et al.,
2005), the RO33 allele was monomorphic (140 bp PCR product) whereas block 2 genotypes
for K1 varied in size from 200 bp to 350 bp and the Mad20 alleles ranged from 160 bp to 220
bp in size. As shown in table 1, more than 50% of samples in all three areas revealed mixed
msp-1 genotypes. The presence of K1 alleles appeared to be influenced by location as there
were statistically significant differences in the proportions between samples from Kariba
(p=0.02) or Chiredzi (p=0.005) and Bindura (Table 1).

The data on msp-1 block 2 genotypes was used to calculate mean MOI for all the samples and
compared among the three areas. Values of MOI were approximately 2 for patients both below
and above 15 years for Chiredzi and Bindura and children less than 15 years in Kariba.
Interestingly, patients above 15 years (Table 1) in Kariba, an area previously reported to
experience high malaria transmission (Taylor and Mutambu, 1986) revealed mean MOI of 1.3.
It is not known why the adult sample population in Kariba had a lower MOI compared to the
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younger age group; and though our data is preliminary, it is possible that MOI in adults might
be regulated by strain specific immunity. Though the mean age of subjects less than 15 years
for the three areas was similar (i.e 11, 8.5 and 10.5 years for Bindura, Chiredzi and Kariba,
respectively), we did not see a similar trend in Bindura and Chiredzi probably because of low
statistical power or likely malaria transmission differences.

Our analysis on msp-1 genotypes and MOI did not reveal major differences in the genotypes
of parasites analyzed from the three areas, therefore samples were pooled for all the subsequent
genotype analysis. Since RO33 has only one allele size, it was excluded in the analysis of
genetic diversity. For the K1 allele, a 250 bp genotype was detected in 50% of the samples
while the 180 bp Mad20 genotype was the predominant genotype in all the three areas analyzed
(Table 2). For msp-2 locus, a 400 bp genotype of the FC-27 type and a 600 bp genotype of IC/
3D7 was common in all the three locations (Table 2). Combining all the three areas, a total of
8 msp-1 and 11 msp-2 genotypes were scored. P. falciparum samples from Kariba and Bindura
were analyzed for polymorphism in the glurp gene and the results revealed a spectrum of 13
genotypes ranging from 660 bp to 1170 bp (Table 2). Based on msp-1 block 2, msp-2 and the
glurp loci, our results revealed considerable genetic variation in parasites in the three locations.

We attempted to further analyze distribution of msp-1 and msp-2 genotypes in patients grouped
below and above 15 years and did not find any significant differences for msp-1 K1, R033 and
msp-2 genotypes. This analysis did reveal that the msp-1 Mad20 allele prevalence was higher
in patients less than 15 years compared to patients above 15 years (data not shown) supporting
a previous suggestion that there could be host factors that help maintain Mad20 genotypes in
children below 15 years (Ntoumi et al., 1997).

After analyzing msp-1, msp-2 and glurp loci which code for immunogenic antigens, we
hypothesized that genetic diversity based on these markers would differ from neutral
microsatellite loci analysis. We therefore employed 3 neutral polymorphic microsatellite
markers to examine parasite samples in a hemi-nested PCR approach to gain insights into the
population structure and genetic diversity. Our results revealed that C4M8 was the most
polymorphic marker which had 17 alleles while C13M30 and TA81 had 14 and 8 alleles,
respectively. These results were then used to calculate HE and the HE was 0.80, 0.80 and 0.90
for TA81, 13M30 and C4M8, respectively. The mean HE for the three locations was 0.83.
After calculating the HE based on microsatellite markers, we went back and calculated the HE
based on msp-1 block 2, msp-2 and glurp genotypes which was 0.70, 0.86 and 0.89 for
msp-1 block 2 locus, msp-2 and glurp, respectively.

Finally, we compared MOI values based on msp-1, msp-2 and microsatellite data. For this
analysis we included only those samples for which we had data for the three markers. The 3
markers revealed similar MOI values for parasites analyzed from the three different locations
(data not shown). One simple interpretation of our data is that the 3 areas at present do not
differ in malaria transmission intensity and a single parameter like MOI alone may not be
sufficient to assess transmission differences. Studies in Tanzania have previously revealed very
similar MOI among areas differing by over 1000 fold in EIR values (Babiker et al., 1997;
Bendixen et al., 2001). Thus our study although revealing high genetic diversity in the three
areas of Zimbabwe will need to be backed up by direct EIR data to evaluate any correlation
between MOI and transmission intensity differences.

The data reported here provides a first comprehensive attempt to define genetic diversity of
malaria parasites in Zimbabwe. Parameters assessed here such as MOI, age biased distribution
of msp-1 Mad20 genotypes, microsatellite markers and the percentage of mixed infections have
been investigated in many other malarious areas and suggest that transmission conditions in
Zimbabwe are comparable with that of other medium to high transmission areas such as
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Tanzania, Papau New Guinea and Senegal (Paul et al., 1995; Babiker et al., 1997; Ntoumi et
al., 1997; Zwetyenga et al., 1998).

In conclusion, our analysis suggest high parasite genetic diversity as assessed by examining
msp-1, msp-2 and glurp loci plus neutral polymorphic microsatellite markers in the 3 areas that
differ in terms of altitude. Although these three areas differed markedly in patterns of
transmission as reported 2 decades ago, this study on genetic diversity neither corroborate nor
dispute this previous report. Furthermore, we do not know whether migration among the three
sites may impact overall parasite genetic diversity. More studies are warranted to examine
whether these areas indeed still differ in transmission and if there are any biological
implications such as development of protective immunity for the differences in the distribution
of genotypes observed in this study.

Acknowledgments

We would like to thank the National Institute of Health Research in Zimbabwe for facilitating sample collection. We
also acknowledge the Fogarty International Center Training Grant (TW001587) for funding and training of Godfree
Mlambo. Research in the Kumar and Sullivan labs is supported by research grants from the NIH.

References

Anders RF, Smythe JA. Polymorphic antigens in Plasmodium falciparum. Blood 1989;74:1865-1875.
[PubMed: 2679909]

Anderson TJC, Haubold B, Williams JT, Estrada-Franco JG, Richardson L, Mollinedo R, Bockarie M,
Mokili J, Mharakurwa S, French N, Whitworth J, Velez ID, Brockman AH, Nosten F, Ferreira MU,
Day KP. Microsatellite markers reveal a spectrum of population structures in the malaria parasite
Plasmodium falciparum. Mol Biol Evol 2000;17:1647-1482. [PubMed: 11070053]

Anderson TJC, Su X, Bockarie Lagog M, Day KP. Twelve microsatellite markers for characterization
of Plamsodium falciparum from finger-prick blood samples. Parasitology 1999;119:113-125.
[PubMed: 10466118]

Avriey F. Plasmodium falciparum parasites in French Guiana: limited genetic diversity and high selfing
rate. Am J Trop Med Hyg 1999;61:978-985. [PubMed: 10674682]

Babiker HA, Creasey AM, Bayoumi RA, Fenton B, Arnot DE, Walliker D. Genetic diversity of
Plasmodium falciparum in a village in eastern Sudan. 1. Diversity of enzymes, 2D-PAGE proteins
and antigens. Trans R Soc Trop Med Hyg 1991;85:572-577. [PubMed: 1780978]

Babiker HA, Lines J, Hill WG, Walliker D. Population structure of Plasmodium falciparum in villages
with different malaria endemicity in East Africa. Am J Trop Med Hyg 1997;56:141-147. [PubMed:
9080871]

Bendixen M, Msangeni HA, Pedersen BV, Shayo D, Bodker R. Diversity of Plasmodium falciparum
populations and complexity of infections in relation to transmission intensity and host age: a study
from the Usambara mountains, Tanzania. Trans R Soc Trop Med Hyg 2001;95:143-148. [PubMed:
11355544]

Branch OH, Takala S, Kariuki S, Nahlen BL, Kolczack M, Hawley W, Lal AA. Plamsodium
falciparum genotypes, low complexity of infection, and resistance to subsequent malaria in participants
in the Asembo Bay cohort project. Infect Immun 2001;69:7783-7792. [PubMed: 11705960]

Cavanagh DR, Elhassan IM, Roper C, Robinson VJ, Giha H, Holder AA, Hviid L, Theander TG, Arnot
DE, McBride JS. A longitudinal study of type-specific antibody responses to Plasmdodium
falciparum merozoite surface protein-1 in an area of unstable malaria in Sudan. J Immunol
1998;161:347-359. [PubMed: 9647243]

Henning L, Schellenberg D, Smith T, Henning D, Alonso P, Tanner M, Mshinda H, Beck HP, Felger I.
A prospective study of Plasmodium falciparum multiplicity of infection and morbidity in children.
Trans R Soc Trop Med Hyg 2004;98:687-694. [PubMed: 15485698]

Jain SK, Persaud D, Perl TM, Pass MA, Murphy KM, Pisciotta JM, Scholl PF, Casella JF, Sullivan DJ.
Nosocomial malaria and saline flush. Emerg Infect Dis 2005;11:1097-1099. [PubMed: 16022788]

Acta Trop. Author manuscript; available in PMC 2009 June 8.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mlambo et al.

Page 6

Legrand E, Volney B, Lavergne A, Tournegros C, Florent L, Accrombessi D, Guillotte M, Mercereau-
Puijalon O, Esterre P. Molecular analysis of two local falciparum malaria outbreaks on the French
Guiana coast confirms the mspl B-K1/varD genotype association with severe malaria. Malaria J
2005:26.

Mawili-Mboumba DP, Borrmann S, Cavanagh DR, McBride JS, Matsiegui PB, Missinou MA, Kremsner
PG, Ntoumi F. Antibody responses to Plasmodium falciparum merozoite surface protein-1 and
efficacy of amodiaquine in Gabonese children with P. falciparum malaria. J Infect Dis
2003;187:1137-1141. [PubMed: 12660928]

Mlambo G, Mutambu SL, Mduluza T, Soko W, Mbedzi J, Chivenga J, Lanar DE, Singh S, Carucci D,
Gemperli A. Antibody responses to Plasmodium falciparum vaccine candidate antigens in three areas
distinct with respect to altitude. Acta Trop 2006;100:70-78. [PubMed: 17113021]

Ntoumi F, Rogier C, Dieye A, Trape JF, Millet P, Mercereau-Puijalon O. Imbalanced distribution of
Plasmodium falciparum MSP-1 genotypes related to sickle cell trait. Mol Med 1997;3:581-592.
[PubMed: 9323709]

Paul RE, Packer MJ, Walmsley M, Lagog M, Ranford-Cartwright LC, Paru R, Day KP. Mating patterns
in malaria parasite populations of Papua New Guinea. Science 1995;269:1709-1711. [PubMed:
7569897]

Plowe CV, Djimde A, Bouare M, Doumbo O, Wellems TE. Pyrimethamine and proguanil resistance-
confering mutations in Plasmodium falciparum dihydrofolate reductase: polymerase chain reaction
methods for surveillance in Africa. Am J Trop Med Hyg 1995;52:565-568. [PubMed: 7611566]

Ranford-Cartwright LC, Taylor J, Umasunthar T, Taylor LH, Babiker HA, Lell B, Schmidt-Ott JR,
Lehman LG, Walliker D, Kremsner PG. Molecular analysis of recrudescent parasites in a
Plasmodium falciparum drug efficacy trial in Gabon. Trans R Soc Trop Med Hyg 1997;91:719-724.
[PubMed: 9509189]

Smith T, Beck HP, Kitua A, Mwankusye S, Felger I, Fraser-Hurt Irion A, Alonso P, Teuscher T, Tanner
M. Epidimiology of multiple Plasmodium falciparum infections 4. Age dependence of the
multiplicity of Plasmodium falciparum infections and of other malariological indices in an area of
high endemicity. Trans R Soc Trop Med Hyg 1999;93:51/15-511/20.

Smythe JA, Peterson MG, Coppel RL, Saul AJ, Kemp DJ, Anders RF. Structural diversity in the 45-
kilodalton merozoite surface antigen of Plasmodium falciparum. Mol Biochem Parasitol
1990;39:227-234. [PubMed: 2181307]

Snounou G, Zhu X, Siripoon N, Jarra W, Thaithong S. Biased MSP-1 and MSP-2 allelic variants in
Plasmodium falciparum populations in Thailand. Trans R Soc Trop Med Hyg 1999;93:369-374.
[PubMed: 10674079]

Su X, Ferdig MT, Huang Y, Huynh CQ, Liu A, You J, Wooton J, Wellems TE. A genetic map and
recombination parameters of the human malaria parasite Plasmdoium falciparum. Science
1999;286:1351-1353. [PubMed: 10558988]

Taylor P, Mutambu SL. A review of the malaria situation in Zimbabwe with special reference to the
period 1972-1981. Trans R Soc Trop Med Hyg 1986;80:12-19. [PubMed: 3523860]

Zwetyenga J, Rogier C, Tall A, Fontenille D, Snounou G, Trape J, Mercereau-Puijalon O. No influence
of age on infection complexity and allelic distribution in Plasmodium falciparum infections in Ndiop,
A Senegalese village with seasonal, mesoendemic malaria. Am J Trop Med Hyg 1998;59:726-735.
[PubMed: 9840589]

Acta Trop. Author manuscript; available in PMC 2009 June 8.



Page 7

Mlambo et al.

‘(35911 Y1 Aq G0°0 > d ) SJeak GT anode asoyl yum pasedwod sieak GT uey ssa| sjusited Joy Jaybiy sem |OIN Ueaw ‘sajdwies eqriey] 104
*¥

(s1eak gT < s108lqns ‘sieak GT > s109lgns = u)

¥

wxVOFET 70%2¢ 4 S 514 8 514 ST 0T (L2 '8T =u) eqUIEY
20F0¢C 20F2C 6¢ 0 GE €T L L 0T (T ‘9T=U) 1ZPBAIYD
T0F8T Z0F6T 1T 0 44 0 0 0 9 (02 "91=U) eanpuIg

s1esh 6T < sieak gT> N/ SIS N/ N/ M S| N
N3S F IO (OEE]\ sJ18)uaD yieaH

"BqLIRY pue 1Zpally) ‘einpulg wody ssjdwes ul (sreak gT< pue GT>) sdnouh abe omi syl ul (JOIN) uonodaul
jo Andridinw pue () 0zpeIN pue (d) €€0d ‘(M) THMJ0 suonodajulgia|fe ajbuls pue paxiwg %90|q T-dSIA jouonnguisip abejusdlad
TalqelL

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Acta Trop. Author manuscript; available in PMC 2009 June 8.



Page 8

Mlambo et al.

"equied| pue einpulg wouy pajood sajdwes 1oy sem sadAioush dunib uo ereq
*

() oLT1
() osot
(2) ocot
(s) 086
(S) 056
(e) og6
(6) 006
(1) 088 (1) 002
(8) o8 (¥) 059 (o1) 00§
(¥) 08L (ov) 009 (S) o5 (9) oze (¥) os€
(e) 052 (1) 055 (971) 0O¥ (6) 002 (1) 00€
(2) 0zL (21) 00§ (6) 05 (52) o8t (t€) 052
(1) 099 (6) 057 (eT) 00€ (1) 091 (1) 002
dyn1o Lag/ol Lg-04 0z PeN ™ adAy aja|1v
,ddno 2-dSIN T-dSN JdIeN

"sisayjua.ed ul payealpul si 9zIs

3|9][e UaAIb e 1o} sajdwes Jo JaquinN 'Suoiredso| 8aayl ayy woly pajood sajdwies ul (dqg) sedAlousb danib pue g-dsw ‘T-dsw jo uonnquisia

NIH-PA Author Manuscript

za|qeL
NIH-PA Author Manuscript

NIH-PA Author Manuscript

Acta Trop. Author manuscript; available in PMC 2009 June 8.



