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Genotypes 1 and 2 of Cryptosporidium parvum are the primary types associated with infections in humans,
with type 1 being by far the predominant genotype. The frequency of mixed infection with both genotypes in
humans is relatively rare, while type 1, which experimentally infects other mammals, has been found to
naturally infect almost exclusively humans. One possible explanation for the absence of type 1 in other
mammals and the low frequency of mixed infections in humans is the inability of type 1 to compete with type
2 in nature when both occur simultaneously. To investigate this, we challenged gnotobiotic piglets with equal
number of oocysts of type 1 and type 2, given either simultaneously or with type 2 given 24 or 48 h after type
1. The genotype of the oocysts excreted in feces and the relative distribution of each of the genotypes throughout
the gut at necropsy were determined. Regardless of the time interval between challenges with the two genotypes,
type 2 invariably displaced type 1. The rate of displacement was rapid when both genotypes were given
simultaneously, after which no traces of type 1 were detected in the feces or in gut sections by PCR. Infection
with type 1 24 or 48 h before challenge with type 2, while permitting type 1 to become established, was still
rapidly eliminated within 3 days after challenge with type 2. These observations have major implications
regarding the relative perpetuation and survival of these two genotypes in mammals.

Cryptosporidium parvum, an enteric protozoan belonging to
the class Apicomplexa, is associated with diarrheal disease in
humans and animals (10, 11, 17, 32). The infection can be
acquired through direct contact with infected humans or ani-
mals or through consumption of food or water contaminated
with feces. Seepage of human and cattle effluents into drink-
ing-water supplies probably constitutes the most important risk
for human infection (7, 12, 16, 17). Cryptosporidiosis in hu-
mans induces a spectrum of disease ranging from asymptom-
atic to self-limiting diarrhea. Symptoms of profound dehydrat-
ing diarrhea, associated with abdominal cramps, headaches,
nausea, anorexia, wasting, and lethargy, have been attributed
to cryptosporidiosis. In individuals with immunodeficiencies,
including AIDS, or children with malnutrition, the infection
can lead to protracted, debilitating, and life-threatening diar-
rhea and wasting (9, 31, 56). It is not clear whether this wide
spectrum of disease is due largely to host factors, parasite
factors, or the nature of the interaction between them. While
host factors, such as the immune status, clearly play a major
role in terms of resolution and reinfection, the role of parasite
factors is unclear (33, 44, 50, 51). Despite its medical signifi-
cance, cryptosporidiosis remains largely untreatable, although
paromomycin, nitazoxanide, and azithromycin have shown
promise as effective drugs (2, 3, 20, 45).

There are at least two major C. parvum genotypes that are
responsible for approximately 98% of the infections of hu-
mans. Type 1 has so far been detected primarily in humans, but
type 1 infections of nonhuman primates (47, 59), lambs (14),
and dugongs (28) have also been reported, while type 2 is

found in most mammals, including humans (4, 23, 26, 37, 48,
58). In recent studies of sporadic and outbreak cases of cryp-
tosporidiosis, one genotype usually predominated. Type 1 was
the predominant genotype in the majority of studies, except for
studies conducted in the United Kingdom, France, and The
Netherlands, in which type 2 was the predominant genotype
(13, 15, 18, 19, 22, 23, 24, 27, 37, 40, 43, 48, 52, 53, 60). Other
Cryptosporidium species found in humans include Cryptospo-
ridium meleagridis (13, 18, 29, 39, 52, 53), Cryptosporidium felis
(18, 29, 38, 42, 52, 60), Cryptosporidium canis (38, 42, 60), Cryp-
tosporidium muris (13, 18, 21, 52), Cryptosporidium pig geno-
type (61), and Cryptosporidium cervine genotype (36).

There have been only a few studies examining whether par-
asite factors contribute to the nature and extent of disease seen
in both animals and humans (8, 24, 33, 41, 51, 60). One such
study involved human volunteers who were exposed to differ-
ent doses of several well-characterized type 2 isolates. The data
clearly demonstrated that, indeed, a different pattern of sus-
ceptibility and different spectrum of illness are induced by
different C. parvum isolates (8, 33, 34, 35, 50, 51). Studies with
the same isolates, repeated in the gamma interferon knockout
mouse model, also demonstrated diversity of response to in-
fection (35; S. Rich, G. Widmer, and S. Tzipori, unpublished
data). Currently, these mouse studies have been limited to only
type 2 isolates, because type 1 isolates do not infect rodents (1,
14, 30, 40, 59).

Recent studies with gnotobiotic piglets from other groups
(30, 41) and preliminary data from our laboratory (D. E. Aki-
yoshi and S. Tzipori, unpublished data) suggest that there are
type-specific parasite factors that are associated with virulence,
efficiency of transmission, and severity of the disease. Pereira
et al. (41) and Morgan-Ryan et al. (30) reported that type
2-infected pigs developed more severe disease and had shorter
prepatent and patent periods than did type 1-infected pigs.
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Our preliminary findings also supported the belief that type 1
infections are less severe than type 2 infections. Examination
of the available data of human patients with cryptosporidiosis
also suggested that there are such factors, because in a number
of studies, the majority of cases were type 1 infections (24, 53,
60). Given the ubiquitous nature of type 2 and the apparent
restricted host range of type 1, the data suggest that type 1 has
developed a very effective method for transmission between
humans. Interestingly, most of these studies reported no or
only an extremely low number of cases where both type 1 and
type 2 were found together in the same host (6, 24, 37, 43, 53).
Preliminary observations from our laboratory suggested that,
when the two types simultaneously infect the same host, type 2
invariably predominates, displacing type 1 within a short pe-
riod of time. This has been observed in infected humans,
calves, and gnotobiotic piglets (Akiyoshi and Tzipori, unpub-
lished).

Using the gnotobiotic piglet model, which unlike the mouse
is susceptible to both types, we have experimentally infected
animals with a mixture of C. parvum type 1 and type 2 to more
rigorously investigate their behavior within a single host. Sev-
eral groups of piglets were inoculated with the type 2 isolate at
different time intervals following challenge with type 1 to de-
termine if this affected the rate of displacement of the type 1
isolate.

(This work was part of the thesis requirement for the degree
of Bachelor of Science [Veterinary] from the University of
Sydney for Siobhan Mor.)

MATERIALS AND METHODS

C. parvum isolates. Type 1 isolate TU502 (1, 53), originally isolated from a
child with diarrhea, and type 2 isolate GCH1 (57), isolated in 1991 from a patient
with chronic diarrhea, were used for these studies.

Infection of gnotobiotic piglets. Five groups of 1-day old piglets, delivered by
cesarean section and maintained in microbiological isolators (54, 57), were orally
inoculated with 100,000 oocysts of type 1 (group 1) or type 2 (group 2) or a
mixture of 50,000 oocysts of each type (groups 3 to 5) (Table 1). As a reference
point, day 0 is defined as the date of inoculation with type 1. For the mixed
infections, the piglets were challenged with type 1 on day 0 and then were
inoculated with type 2 on either day 0 (group 3), day 1 (group 4), or day 2 (group
5). The oocysts used for inoculum were purified from the gut contents of exper-
imentally infected piglets and were confirmed to be the correct genotype. Start-
ing on day 3, fecal samples were collected once or twice daily from the infected

animals and were microscopically examined for oocysts. DNA was extracted from
oocyst-positive fecal samples and PCR-restriction fragment length polymor-
phism (RFLP) analysis was performed to determine the genotype. The piglets
were euthanized on days 4 to 6 postchallenge. Gut sections (n � 12 to 16) from
each animal were taken from the stomach and the small and large intestines for
genotype analysis and histology.

DNA extraction and genotype analysis. Intestinal mucosa were scraped from
sequential gut sections collected from the piglets at necropsy. DNA was extracted
from these intestinal scrapings and from fecal samples as previously described by
Buckholt et al. (5). Genotype was determined by using Cryptosporidium outer
wall protein (COWP) PCR-RFLP analysis as previously described (1).

Histology. Intestinal sections, adjacent to those sections taken for DNA ex-
traction, were also collected, fixed in 10% phosphate-buffered formalin, and
processed for histology by using standard techniques (25, 46). Each section was
examined under a light microscope for pathological changes and was scored
according to the extent of parasites visible on the intestinal villi (see Fig. 3
legend).

Mixed infection in cell culture. Madin-Darby bovine kidney (MDBK) cells
were grown to confluence in 96-well tissue culture plates. For the mixed-infection
wells, oocysts of both types (50,000 each) were added together. As a control,
MDBK cells were infected separately with oocysts (n � 100,000) of either C.
parvum type 1 or type 2. Heat-inactivated oocysts (65°C for 15 min) of type 1 and
type 2 (separately or together) were added to MDBK cells as additional controls.
Cells were harvested 48 h postinfection, and DNA was extracted and genotyped
as described above.

RESULTS

Infection of piglets. In general, the extent of the clinical
signs, including onset, extent of oocyst excretion, and duration
of diarrhea and anorexia, weight loss, and dehydration, ob-
served in piglets infected with type 1 were milder than those in
pigs infected with either type 2 or a mixture of types 1 and 2.
These observations are based on many earlier inoculation ex-
periments with animals that were challenged over the last 6
years with either genotype or with a mixture of both (data not
shown). In the experiments described here animals were chal-
lenged with relatively small doses of oocysts and were eutha-
nized within 4 to 6 days after challenge; therefore, clinical signs
were not fully developed. All animals, however, became in-
fected and showed various degrees of diarrhea that depended
on the inoculum and time of euthanasia. Oocyst excretion in
the feces commenced within 3 or 4 days postinoculation, re-
gardless of the inoculum given. Table 1 describes the groups of
piglets and the number of animals included in each group.

Genotyping of feces. As expected, detection of infection by
COWP PCR-RFLP was more sensitive than that by micros-
copy. This was also true for the detection of parasite forms in
a particular intestinal segment, compared with histological de-
tection of infection on the mucosal surface. Figures 1 to 3
provide genotype analysis of a representative animal from each
group. Piglet 1 was challenged with type 1 only (group 1), while
piglet 2 was challenged with type 2 only (group 2). Piglet 3 was
challenged with both type 1 and type 2 (group 3). These three
animals were euthanized on day 5. Piglets 4 and 5 were chal-
lenged with both types, but type 2 was given 24 h after type 1
(group 4). Piglets 6 and 7 were also challenged with both types,
but type 2 was given 48 h later than type 1 (group 5). Piglets 4
and 6 were euthanized on day 4, and piglets 5 and 7 were
euthanized on day 6.

Figure 1 shows the genotype pattern of oocysts excreted in
feces collected twice daily from piglets that were challenged
with either type 1 only (piglet 1; lanes 4 to 6) or type 2 only
(piglet 2; lanes 7 to 10) or were coinoculated with both types

TABLE 1. Number of piglets used in this study and the challenge
schedule for C. parvum type 1 (TU502), type 2 (GCH1),

or both types

Group no./no.
of piglets Inoculum

Time of
challengea

(day)

Time of
euthanasiab

(day)

Representative
pigletc

1/4 TU502 0 5 Piglet 1
2/4 GCH1 0 5 Piglet 2
3/4 TU502/GCH1 0 5 Piglet 3
4/4 TU502/GCH1 0 and 1d 4 Piglet 4

6 Piglet 5
5/4 TU502/GCH1 0 and 2d 4 Piglet 6

6 Piglet 7

a Where day 0 represents the time of challenge with type 1 (groups 1, 4, and
5), type 2 (group 2), or both genotypes (group 3).

b Time of euthanasia after the first challenge.
c Selected piglets from each group included in the genotype and histology

studies reported in this paper.
d Day of challenge with type 2.
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(piglet 3; lanes 11 to 14). Piglets inoculated with either type 2
or a mixture of the two genotypes started shedding on day 3,
but shedding by the piglet inoculated with type 1 was delayed
a day. The presence of type 1 was undetectable in the feces of
the mixed-infection piglet (piglet 3), even on the first day of

shedding. If type 2 was given 1 day after type 1, it rapidly
displaced type 1 within 2 or 3 days (piglets 4 and 5; lanes 15 to
24). In piglet 5, this displacement was more gradual, with type
1 appearing first on day 3 after challenge and then gradually
becoming displaced by type 2 on days 4 and 5 postchallenge

FIG. 1. Genotype analysis of fecal samples from the gnotobiotic piglets. COWP PCR was performed, and the PCR products were digested with
RsaI for 90 min at 37°C. The RsaI digests were electrophoresed on a 15% Tris-borate-EDTA acrylamide gel and were visualized by ethidium
bromide staining. The samples are as follows: 100-bp ladder (lanes 1 and 31 [Promega Corp.]); type 1 control (lane 2); type 2 control (lane 3); piglet
1 (type 1), day 4 before noon (lane 4), day 4 after noon (lane 5), and day 5 before noon (lane 6); piglet 2 (type 2), day 3 (lane 7), day 4 before
noon (lane 8), day 4 after noon (lane 9), and day 5 before noon (lane 10); piglet 3 (mixed), day 3 before noon (lane 11), day 4 before noon (lane
12), day 4 after noon (lane 13), and day 5 before noon (lane 14); piglet 4 (mixed, type 2 challenge on day 1, euthanized day 4), day 3 before noon
(lane 15), day 3 after noon (lane 16), and day 4 before noon (lane 17); piglet 5 (mixed, type 2 challenge on day 1, euthanized day 6), day 3 before
noon (lane 18), day 3 after noon (lane 19), day 4 before noon (lane 20), day 4 after noon (lane 21), day 5 before noon (lane 22), day 5 after noon
(lane 23), and day 6 before noon (lane 24); piglet 6 (mixed, type 2 challenge on day 2, euthanized day 4), day 3 before noon (lane 25), and day
4 before noon (lane 26); piglet 7 (mixed, type 2 challenge day 2, euthanized day 6), day 3 before noon (lane 27), day 4 after noon (lane 28), day
5 before noon (lane 29), and day 6 before noon (lane 30). Digestion with RsaI yields fragments of 285, 125, 106, and 34 bp for type 1 and 410, 106,
and 34 bp for type 2. Samples showing fragments of 410, 285, 125, 106, and 34 bp are indicative of a mixed infection with both type 1 and type
2 present.

FIG. 2. Genotype analysis of the intestinal sections from infected gnotobiotic piglets by COWP PCR-RFLP. Sections were obtained at necropsy
and extend from the stomach (left) to the distal spiral colon (right). (A) Piglet 1 (type 1; lanes 4 to 18), piglet 2 (type 2; lanes 20 to 32), piglet 3
(mixed; lanes 34 to 49), and 100-bp ladder (lanes 1, 19, 33, and 50). (B) Piglet 4 (mixed, type 2 day 1, euthanized day 4; lanes 4 to 18), piglet 5
(mixed, type 2 day 1, euthanized day 6; lanes 20 to 34), and 100-bp ladder (lanes 1, 19, and 35). (C) Piglet 6 (mixed, type 2 day 2, euthanized day
4; lanes 4 to 14), piglet 7 (mixed, type 2 day 2, euthanized day 6; lanes 16 to 30), and 100-bp ladder (lanes 1, 15, and 31). Type 1 and type 2 controls
are in lanes 2 and 3 of each panel, respectively.
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with type 1 and disappearing entirely by day 6. The degree of
displacement when the time interval between challenge with
types 1 and 2 was increased to 2 days was even greater. No
evidence of type 2 DNA was observed in either piglet (piglets
6 and 7; lanes 25 to 30) on day 3, but type 2 was detected on day
4 in piglet 6. In piglet 7, type 2 was detectable on day 5 and
rapidly displaced type 1 by day 6, when type 1 was no longer
detected.

Genotype analysis and histological observations of gut sec-
tions. Figure 2 shows the distribution of the parasite DNA in
the various gut segments taken at necropsy 4 to 6 days after
challenge with type 1 as determined by COWP PCR-RFLP
analysis. The genotype profiles at necropsy (day 5) of piglets
infected with either type 1 (piglet 1; lanes 4 to 18), type 2
(piglet 2; lanes 20 to 32), or a mixture of both types given
simultaneously (piglet 3; lanes 34 to 49) are shown in Fig. 2A.
Piglets infected with only a single type displayed a profile
specific to that genotype. However, when the two types were

given at the same time, there was no trace of type 1 in any of
the gut segments on day 5 (lanes 20 to 32). While all three
piglets had parasites distributed throughout the entire intesti-
nal tract, the apparent intensity of the banding profiles dif-
fered. The heaviest banding in the type 1 piglet was in the distal
small intestine, compared to findings with the type 2 piglet,
which had the highest intensity in the proximal small intestine.
The mixed-infection piglet (piglet 3) had a fairly uniform dis-
tribution of type 2 throughout the entire intestinal tract. When
the time interval was 1 day between challenges with the two
types (Fig. 2B), the piglet euthanized on day 4 (piglet 4; lanes
4 to 18) had parasite DNA of type 2 throughout the gut, while
type 1 was confined to the proximal gut, suggesting that the
normal progression to the large intestine did not occur once
type 2 became firmly established. The piglet euthanized on day
6 (piglet 5; lanes 20 to 34) showed no traces of type 1 in the first
14 sections and only a faint band in the last section. This
indicated that it took only 5 days for type 2 to completely

FIG. 3. Anatomical site, histology scores, and genotyping results of intestinal samples obtained from piglets at necropsy: piglet 1 (type 1 only);
piglet 2 (type 2 only), piglet 3 (type 1 and type 2 challenge on day 0), piglets 4 and 5 (mixed infection with type 2 challenge on day 1), and piglets
6 and 7 (mixed infections with type 2 challenge on day 2). Piglets 1 through 3 were euthanized on day 5, piglets 4 and 6 were euthanized on day
4, and piglets 5 and 7 were euthanized on day 6. Sections are numbered consecutively from stomach to distal spiral colon (left to right). Histology
scoring is as follows: 0, no parasites detected on intestinal villi; 1, few parasites detected; 2, 25% of villus surface covered by parasites; 3, 50% of
villus surface covered by parasites; 4, 75% of villus surface covered by parasites; and 5, 100% of villus surface covered by parasites. S, stomach;
SI, small intestine; LI, large intestine; o band, intestinal sample positive for type 1 by COWP PCR-RFLP; ■ band, intestinal sample positive for
type 2 by COWP PCR-RFLP; and na, genotyping results not available.
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displace type 1 throughout the entire gut. With a 2-day interval
between challenges with the two types, there were only trace
amounts of type 2 in the distal small intestine and large intes-
tine of piglet 6 (Fig. 2C). However, when the piglet was eu-
thanized on day 6 (piglet 7; lanes 16 to 30), rather than on day
4 (piglet 6; lanes 4 to 14), the situation was different. Type 2
was able to predominate and effectively displaced most of the
type 1 from the proximal small intestine, and only small
amounts of type 1 were present in the mid- and distal intes-
tines.

Intestinal sections, collected from each infected piglet, were
examined histologically, and the extent of infection was scored
as summarized in Fig. 3 for seven piglets representing the five
groups at the time of euthanasia. The number of parasites
observed in a particular section did not necessarily correlate
with the extent of the lesions, because some areas with rela-
tively few parasites had severe pathological changes, while
some highly colonized areas showed relatively insignificant
changes. Several animals had focal lesions in the proximal
small intestine; however, the most-severe lesions were consis-
tently seen in the distal ileum. Lesions in the small intestine
were comprised of villous atrophy and fusion, metaplasia of
epithelial cells from columnar to low cuboidal, and inflamma-
tory cell infiltration. Peyer’s patches were reactive in all ani-
mals, as indicated by many germinal centers, and were associ-
ated with atrophy of overlying villi. In general, the piglets
euthanized on day 4 had mild gut lesions compared to piglets
euthanized on day 6, in whom moderate gut lesions were ob-
served, which tended to be distributed in the mid- to terminal
ileum but occurred more extensively in the large intestine. The
extent of lesions was more severe in animals infected with type
2 or a mixture of types 1 and 2 than in those infected with type
1, reflecting again that type 1 induces less severe mucosal
alterations than type 2, which confirms earlier observations.

Mixed infection in cell culture. Results of the COWP PCR-
RFLP analysis are shown in Fig. 4 for the mixed-infection

experiment in vitro. Wells that contained either type 2 (lanes 3
to 7) or type 1 (lanes 13 to 17) infected the cells within, and the
parasites had the expected genotype. The mixed-infection wells
(lanes 8 to 12) showed both types present, suggesting that type
2 did not prevent infection by type 1 in vitro. However, there
appeared to be a slight reduction in the intensity of the type 1
PCR product, compared to that of the type 2 product, as the
time interval increased. Clearly, the dynamics of mixed infec-
tion in cell culture, which is confined to the asexual phase of
the life cycle, is not reflective of the situation in the host.

DISCUSSION

The present study with gnotobiotic piglets has confirmed our
earlier observations that, when C. parvum type 1 and type 2
concurrently infect the same host, type 2 predominates and
rapidly displaces type 1 in the gastrointestinal tract. This phe-
nomenon has now been observed with several of our laboratory
and field C. parvum type 1 isolates and in several hosts, includ-
ing calves and humans (data not shown). PCR-RFLP analysis
of both fecal samples and mucosal scrapings from the piglets
clearly showed the disappearance of type 1 when given either
concurrently or 1 or 2 days in advance of type 2. Challenging
piglets with type 1, 1 or 2 days before type 2, only marginally
prolonged the survival of type 1 in piglets. This suggests that
type 2, in addition to becoming established more rapidly, may
exhibit some inhibitory effect over the growth of type 1. This
predominance of type 2 in mixed infections of piglets does not
appear to be due to a higher rate of development of the
different parasitic life cycle forms (55). However, the rate of
infection was different, with generally more type 2 than type 1
parasite forms seen in a given villus from an infected piglet. We
can only speculate as to the cause of this phenomenon at this
time. It is also not clear if these properties are shared by a few,
most, or all isolates of type 1. To address this question, addi-
tional studies on isolates obtained from geographically and
genetically diverse sources will be required. However, indirect
evidence suggesting that displacement of type 1 by type 2 is a
general phenomenon can be drawn from clinical observations
in which only a few patients had mixed infections of type 1 and
type 2 (23, 37, 43, 53). The paucity of reported mixed infections
in humans may reflect the low sensitivity of the assays used to
genotype the samples. Evidence from studies in this laboratory
indicates that a miniscule number of type 1 samples are often
found to coexist with type 2 (49), which again may have sig-
nificant epidemiological implications.

The detection of parasite DNA by COWP PCR-RFLP in
feces and gut sections was more sensitive than the detection of
oocysts or endogenous parasite forms by microscopy. The high
degree of sensitivity of PCR-RFLP was reflected in the ampli-
fication of C. parvum DNA when no parasites were detected
histologically. The distribution of parasites and lesions in the
gut followed a similar pattern and depended largely on the
interval between challenge and euthanasia. The distribution
patterns of the parasites in the type 1, type 2, and mixed-
infection piglets on day 4 differed slightly between the type 1
piglets and the other two piglet groups. Although both types
were distributed throughout the gut, the greatest number of
type 1 parasites was in the distal small intestine and large
intestine, while the highest concentration of type 2 parasites

FIG. 4. Cultured MDBK cells were infected with 50,000 oocysts/ml
(type 2, types 1 and 2, or type 1). Cells were harvested as follows: type
2, 6 h (lane 3), 11 h (lane 4), 24 h (lane 5), and 48 h postinfection (lane
6) and heat inactivated (lane 7); types 1 and 2, 6 h (lane 8), 11 h (lane
9), 24 h (lane 10), 48 h (lane 11), and heat inactivated (lane 12); type
1, 6 h (lane 13), 11 h (lane 14), 24 h (lane 15), 48 h (lane 16), and heat
inactivated (lane 17). COWP PCR-RFLP analysis was as previously
described. Type 2 control (lane 2) and 100-bp ladder (Promega Corp.)
(lane 1) are also shown. When both genotypes appear in the mixed-
infection wells, there is a suggestion that type 2 is more predominant
than when either genotype is alone, based on intensity of the PCR
product. The heat-inactivated oocyst samples are representative of the
oocyst populations that were added to the culture, in the absence of
replication.
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was in the proximal small intestine and decreased toward the
large intestine. The observed distribution patterns for types 1
and 2 in piglets infected with a mixture were similar to the
parasite patterns reported by Pereira et al. (41) and Morgan-
Ryan et al. (30) in piglets infected with a single type. We
observed that piglets challenged with type 2 or a mixture of
types 1 and 2 exhibited a greater intensity of infection and
mucosal lesions. Pereira et al. (41) and Morgan-Ryan et al.
(30) similarly reported moderate-to-severe mucosal attenua-
tion in type 2-infected pigs and mild-to-moderate lesions in the
type 1-infected pigs. While type 1 appears to induce milder
symptoms in piglets (30, 41; Akiyoshi and Tzipori, unpub-
lished) and in calves (Akiyoshi and Tzipori, unpublished),
there is clinical evidence that in humans there are no appre-
ciable differences in the manifestation of symptoms or severity
between the two genotypes (53), which may reflect the exis-
tence of isolate variation in terms of infectivity and virulence,
as was shown to be the case in studies with several type 2 C.
parvum isolates in human volunteers (34, 35, 51). This is also
supported by the findings of two studies of sporadic cases of
cryptosporidiosis in which humans infected with type 1 were
reported to have had longer patent periods and shed greater
number of oocysts than did humans infected with type 2 (24,
60).

The growth of the parasites in cell culture, which was limited
to 48 h and to the asexual phase of the life cycle, may be the
reason for the failure to reproduce the predominance of type
2 over type 1 in this system. Further studies with different time
intervals, or different cell lines, may have produced different
results. Scanning and transmission electron microscopy studies
currently in progress in this laboratory suggest that there is an
appreciable delay in the ability of type 1 sporozoites to attach
and become internalized by cells, compared to the ability of
type 2. This delay may be due to differences in efficiency of the
cellular signal transduction, or ligand-cell receptor affinity,
which impact parasite attachment and invasion. The studies
with piglets did not indicate that there were apparent differ-
ences in terms of parasite turnover, again possibly suggesting
differences in efficiency.

Given these results, and the lack of evidence that the reverse
is true for humans (Tzipori and Akiyoshi, unpublished), the
mechanism of transmission and of survival of type 1 among
humans, and other mammals in particular, remains a mystery.
Clearly, type 1 has evolved an adept and clever mechanism of
survival, because it is the predominant type in several studies of
sporadic and outbreak infections in humans in environments
where type 2 is ubiquitous. The predominance of type 2 and
the associated apparent loss of type 1 in mixed infections
among humans, as well as animals, add to the intrigue. The
identification of mixed populations in which type 1 appears to
coexist in miniscule fractions (0.01%) of the total population of
type 2, on the other hand, adds to this complexity (49). Clearly,
additional studies are needed to elucidate the mechanisms of
survival of type 1 as a subpopulation, mode of transmission,
and distribution among various mammalian populations. Only
then can we begin to understand the contribution of both host
and parasite factors to cryptosporidiosis.
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