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ABSTRACT. Few studies have examined the molecular epidemiology of cryptosporidiosis in developing countries. In this study, DNA of 69 
microscopy-positive human fecal samples collected from Malawi were examined by multilocus genetic analyses. From 43, 27 and 28 of the samples, 
the SSU rRNA, 70 kDa heat shock protein (HSP70) and 60 kDa glycoprotein (GP60) genes, respectively, were successfully PCR-amplified. Restriction 
analysis of the SSU PCR products showed that 41 of the 43 PCR-positive samples had C. horninis and 2 had C. purvum. Sequence analysis of the 
HSP70 and GP60 gene contirmed the species identitication by SSU rRNA PCR-RFLP analysis, but also revealed high intraspecific variations. 
Altogether, six HSP70 subtypes and six GP60 subtypes (belonging to lour subtype alleles) of C. horninis were found. Linkage diseyuilibrum analysis of 
the two genetic loci showed possible intraspecitic recombination. Thus, cryptosporidiosis in thz study area was largely caused by anthroponotic 
transmission. The high intraspecitic variation and existence of genetic recombination were probably results of high transmission of cryptosporidiosis in 
this area 

INTRODUCTION 
Molecular epidemiologic studies of cryptosporidiosis are still in 

their infancy, but significant progress has been made toward better 
understanding of the transmission of cryptosporidiosis in humans and 
the public health significance of Cryptosporidium parasites from farm 
animals, companion animals, and birds. Thus far, five Cryptosporid- 
ium spp., C. hominis, C. parvum, C. meleagridis, C. ,felis, and C. 
canis, have been shown to be responsible for most human infections, 
with the former two being most common 1151. Because these five 
parasites have different host specificities, the identification of 
Cryptosporidium to species level is needed to characterize the 
transmission dynamics and to infer infection sources. Recently, 
several subtyping tools have been developed, which allows inves- 
tigators to address these issues in greater depth [ l ,  5 ,  8, 9, 11-131. 

Between 1997 and 1999, 69 Cryptosporidium positive samples 
were collected from Malawian children, and analyzed using both 
genotyping and subtyping tools. Genotyping and subtyping results 
were analyzed with clinical and demographic data. Even though there 
was no association between genotype or subtypes and any of the 
clinical and demographic profiles analyzed, the predominance of C. 
hominis in the study population suggested that anthroponotic trans- 
mission was probably the major transmission route in Malawi. 

MATERIALS AND METHODS 
Origin and preparation of parasites. Sixty-nine stool samples 

were collected from children who visited the Queen Elizabeth Central 
Hospital (QECH)in Blantyre between August 1997 and March 1999. 
These children were diagnosed as positive for Cryptosporidium by 
microscopic examinations of acid-fast stained fecal smears. Forty-five 
of the children were hospitalized patients, whereas the rest were 
outpatients. Thirteen of the patients were seropositive for HIV-1 and 
45 were HIV-seronegative; the HIV infection statuses for the 
remaining L 1 patients were not known. Same of the patients were 
enrolled in a previously published study [4]. Samples were stored at 
-20°C before DNA extraction. 

Molecular analysis. DNA was extracted from all samples by an 
established method [14]. All samples were initially genotyped by 
a small subunit (SSU) rRNA-based PCR-RFLP technique [14]. 
Samples that were positive for Cryptosporidium spp. by the SSU 
rRNA PCR were further subtyped by DNA sequencing of the PCR 
products of the 70-kilodalton heat shock protein (HSP70; - 1,800 bp) 
and the 60-kilodalton glycoprotein (GP60; -900 bp) 11,131. For 
phylogenetic analysis, a neighbor-joining tree was constructed using 
the program TreeCon (http://www.psb.rug.ac.be/bioinformatics/psb/ 
Userman/treeconw.html) based on genetic distances calculated with 
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the Kimura 2-parater model. The HSP70 tree was rooted using 
a sequence from C. parvum (AM), whereas the GP60 tree was rooted 
using a sequence from C. meleagridis (GenBank AF401499). 
Nucleotide sequences reported in this study were deposited in the 
GenBank database under accession numbers AY380458-AY380459 
and AY 382668-AY 382675. 

RESULTS AND DISCUSSION 
Distribution of cryptosporidiosis cases by age and season. All 

samples used in this study were collected from children between the 
ages of 1 to 30 months in the city of Blantyre, Malawi between 1997 
and 1999. Most of the cases occurred in children younger than 1.5 
years, with a median age of 10 months (Fig. 1A). The distribution of 
the cases peaked between October and March of each of the two years 
(Fig. 1B). These months approximately corresponded to the rainy 
season in this region. Conversely, during the dry season months, 
the number of cases dropped. During January of each year in the 
collection period, the number of cases decreased. This could be the 
result of the mandatory civil holiday from December 15 to January 5. 

The early occurrence of Cryptctsporidium infection i n  Malawian 
children suggests that there is intensive Cryptosporidium transmission 
in Malawi. The study children had a peak occurrence of cryptospo- 
ridiosis at 10 months of age, which is similar to the results of study in 
Mexico [7] but much earlier than those reported in other areas [2,3,10]. 
It remains to be determined whether the differences were due to small 
sample size in this study. The seasonal transmission of Cryptospo- 
ridium infection and its association with rainfall have been previously 
reported [3,6,7]. 

Cryptosporidium genotypes. Out of the 69 isolates analyzed, 43 
samples were amplified by PCR using the SSU rRNA primers. The 
samples were frozen and thawed several times during their transfer. 
This could have resulted in some DNA degradation, and made it 
impossible to remove the PCR inhibitors from the samples by washing 
before DNA extraction. Thus, only 43 of the 69 samples could be 
amplified by the SSU rRNA PCR. Surprisingly, repeated PCR 
analyses of multiple extractions of the same samples and the use of 
bovine serum albumin (a PCR facilitator in samples with inhibitors) 
failed to produce more SSU rRNA PCR amplification in PCR negative 
samples. 

RFLP analyses of SSU rRNA PCR products with restriction 
enzymes Ssp I and Vsp I showed that the C. hominis was the 
predominant parasites; 41 of 43 the patients were infected with 
C. hominis and 2 of 43 the patients were infected with C. parvum. All 
of the six PCR-positive samples from HIV-1 positive children had 
C. hominis. Several other common species such as C. meleagridis, 
C. felis and C. canis were not detected. Thus, results of the study 
indicated that anthroponotic transmission played a major role in the 
epidemiology of cryptosporidiosis in children in Malawi. This is in 
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Fig. 1. Age (a) and seasonal (b) distribution of Cryptosporidium cases in Malawian children. Precipitation data were from the Malawi Meteorology Center in 
Chileka Airport, Blantyre. 

agreement with observations made in the United States, Australia, 
Kenya, Thailand and South Africa where anthroponotic parasites are 
also responsible for the majority of cases of cryptosporidiosis. In 
contrast, in European countries (United Kingdom, Switzerland, 
France, and Portugal), C. parvurn are responsible for more infections 
than C. horninis [lS]. 

HSP70 Subtypes. Twenty-six of the 41 C. honzinis-positive 
samples and 1 of the 2 C. parvurn-positive samples were amplified 
by HSP70 PCR. DNA sequencing of the PCR products showed the 
presence of six C. horninis subtypes (subtypes A, C, D, E, G, and H), 
which differed from each other at seven polymorphic sites in the 
second half of the gene. There was no difference in the number of the 
12-bp repeats among the six subtypes, as previously shown among 
some C. h0rnini.r subtypes [13J Four of the subtypes were previously 
reported before [I3], but G and H were new HSP70 subtypes. Two 
subtypes previously detected in North and South America 1131, B and 
F, were not found in Malawi. Most of the isolates found in this study 
belonged to subtypes C and E, which each had nine samples (Fig. 2A). 
Other subtypes had only 1-3 samples. There was no age or season 
associated predominance of HSP70 subtypes. There was also no 
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Fig. 2. The presence of multiple C. hominis subtypes in Malawian children 
as revealed by neighbor-joining analyses of the sequences of HSP70 (a) and 
GP60 (b). HSP70 subtypes are labeled as A to H. Ia, Ib, Id and Ie are C. 
hominis GP60 allele families; Ic and IIe are C. purvum GP60 allele families. 

association between HSP70 subtypes and clinical presentations (HIV 
infection status, hospitalization, intravenous rehydration, etc.). 

Few data are available on the distribution of C. hominis HSP70 
subtypes. However, the single nucleotide polymorphisms in the 
HSP70 gene identified in this study are similar to those we identified 
in a previous study with samples from the United States and some 
other areas [13], indicating that these HSP70 subtypes are probably 
also widely distributed. Indeed, the two most common HSP70 
subtypes in Malawi, C and E, were previously found in the United 
States, Guatemala, and Australia [13]. 

GP60 Subtypes. Twenty-six of the 41 C. horninis-positive samples 
and both of the C. parvum-positive samples were amplified by GP60 
PCR. DNA sequencing of the PCR products showed the presence of 
six subtype allele families: allele families of la, Ib, Id and Ie of C. 
horninis and Ic and IIe of C. parvum (Fig. 2B). With the exception of 
allele family Id, which had three subtypes, all other allele families had 
only one subtype sequence. The C. horninis allele families (la, Ib, Id, 
and Ie) all had multiple isolates (4, 5, I I ,  and 6 isolates, respectively). 
There was no age or season associated predominance of GP60 
subtypes. There was also no association between GP60 subtypes 
and clinical presentations. The C. horninis GP60 subtype families 
identified in this study are common in humans and have been reported 
in many other parts of the world, such as the United States, United 
Kingdom, Peru, Portugal and South Africa [1,5,8,11-13]. 

PCR analyses of the HSP70 and GP60 genes are known to have 
much lower sensitivities than the SSU rRNA PCR due to the single 
copy nature of the HSP70 and GP60 genes, larger amplicons, and 
possible primer mismatches 11,131. Thus, only 27 or 28 SSU rRNA- 
positive samples were amplified in subtyping analysis. 

Linkage between HSP70 and GP60 subtypes. Concordant 
genotyping results were obtained at the SSU rRNA, HSP70 and 
GP60 genes for all isolates that could be amplified by locus-specific 
PCR. However, linkage disequilibrium analysis revealed the existence 
of discordance in subtyping results of C. horninis between HSP70 and 
GP60 loci. Eighteen C. hominis samples were subtyped at both HSP70 
and GP60 loci. HSP60 subtype E isolates had two GP60 subtypes (Id 
and Ie), but one of the GP60 subtype (Id) was also found in isolates 
with HSP70 subtype C. Likewise, GP60 subtype Ia was found in three 
HSP70 subtypes (D, G, and H) (Table I ) .  

Unlike in a previous study where a strong linkage disequilibrium 
between HSP70 and GP60 subtypes was observed 1131, a high 
discordance in subtyping results between HSP70 and GP60 loci was 
observed in this study. This difference is probably due to the nature of 
samples used in these two studies. In the previous study. samples were 
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Table 1. Discordance between subtyping results of C. hominis isolates 
between the HSP70 and GP60 loci. 

Sample HSP70 subtype GP60 subtype 

AS8 A Ie 
A30 C Id 
A33 C Id 
A35 C Id 
A37 C Ib 
A48 C lb 
A22 D Ia 
A2 E Id 
A10 E Ie 
A4 1 E Ie 
AS I E Ie 
AS2 E Id 
A63 E Ie 
A68 E Id 
AS G Ia 

AS9 G Ib 
A29 H la 

A26 G Id 

largely from outbreaks in the United States, which probably have 
a more clonal population structure. The lack of linkage in C. hominis 
between HSP70 and GP60 subtyping in Malawi is probably an 
indication for genetic recombination. A recent study in the United 
Kingdom has also shown a lack of linkage disequilibrium in both 
C. parvum and C. hominis among multiple genetic loci [9]. Thus, 
intraspecific recombination in Cryptosporidium is probably more 
common than previously believed. The high genetic heterogeneity and 
genetic recombination in C. hominis are probably indictors of high 
transmission of cryptosporidiosis in the study area. 

Implications. Despite the limited number of samples and failures 
in amplifying some samples by PCR, results of this study showed the 
presence of extensive genetic heterogeneity in Cryptosporidium spp. 
in Malawi, especially at the subtype level. This plus the existence of 
genetic recombination in C. hominis and the early occurrence of cryp- 
tosporidiosis in children suggest there is intensive transmission of 
Cryptosporidium infections in Malawi. Nevertheless, the predomi- 
nance of C. hominis in study children indicates that anthroponotic 
route plays a major role in Cryptosporidium transmission in Blantyre, 
Malawi. 
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