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The United States has experienced a substantial increase in the reported incidence of cryptosporidiosis since 2005. Accompanying this is the emergence of a new subtype of Cryptosporidium hominis based on variation at the 60-kDa glycoprotein (gp60)
locus, IaA28R4, which has become a frequently identified subtype in both sporadic and outbreak-related cases. In this study,
using multilocus sequence typing (MLST) at eight genetic loci, we characterized 62 specimens of IaA28R4 and 33 specimens of
three other gp60 subtypes of C. hominis from four U.S. states with increased cryptosporidiosis incidences during the summer of
2008. Extensive genetic heterogeneity was seen within the gp60 subtype IaA28R4, but specimens from Ohio and southwestern
states formed two distinct subpopulations, suggesting that there were at least two origins of IaA28R4 within the United States.
Discordance in typing results was observed between gp60 and other genetic markers, especially DZ-HRGP, and this discordance
was largely the result of genetic recombination within the gp60 subtype IaA28R4. The results of population genetic analyses supported the presence of two subpopulations of IaA28R4 and the occurrence of genetic recombination within this gp60 subtype.
Thus, the IaA28R4 subtype at gp60 is likely a fitness marker for C. hominis, and genetic recombination is potentially a driving
force in the emergence of the virulent IaA28R4 subtype in the United States. A rapid evolution of IaA28R4 was indicated by the
observation of multiple MLST subtypes of IaA28R4 within two large outbreaks that lasted for extended periods and involved
multiple swimming pools.

C

ryptosporidiosis is one of the most important causes of moderate to severe diarrhea and diarrhea-associated deaths among
children in developing countries (1) and a major cause of waterborne outbreaks of human illness in industrialized nations (2, 3).
In addition, it was a major cause of chronic diarrhea and deaths
among immunocompromised persons such as HIV/AIDS patients prior to the introduction of highly active antiretroviral therapy (4). In the United States, the number of annually reported
cases of cryptosporidiosis has more than doubled since 2005 (5–
8). Cryptosporidiosis incidence has a very seasonal distribution,
with peak transmission occurring during summer months, largely
as a result of outbreaks associated with recreational water use (9).
Currently, it is estimated that ⬃750,000 cases of cryptosporidiosis
occur in the United States each year (3).
Genotyping and subtyping tools have been used widely to investigate Cryptosporidium transmission patterns. The results of
these studies have shown that, among the many established Cryptosporidium species and genotypes, Cryptosporidium hominis is responsible for most human cryptosporidiosis cases in most countries. This species is largely human specific and thus is transmitted
anthroponotically (10). Within C. hominis, nucleotide sequence
analysis of the 60-kDa glycoprotein (gp60) gene has identified
many subtype families, such as Ia, Ib, Id, and Ie. Among them,
subtype IbA10G2 is a dominant subtype responsible for C. hominis-associated outbreaks of cryptosporidiosis in the United States,
Europe, and Australia (10–15). Since 2005, a new subtype within
the Ia subtype family, IaA28R4, has become a frequently identified
subtype for waterborne outbreaks of cryptosporidiosis in the
United States. It was first detected during an investigation of a
swimming pool-associated outbreak in Ohio in 2005 but has since
been detected in Pennsylvania, Missouri, South Carolina, Texas,
New Mexico, Colorado, Utah, and Idaho (16–20). It is unclear
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whether the increased cryptosporidiosis incidence in the United
States is partially attributable to the emergence of this new subtype
of C. hominis. In this study, we conducted multilocus sequence
typing (MLST) of IaA28R4 and multiple other C. hominis subtypes circulating in four states in the United States, where cryptosporidiosis incidence increased during the summer of 2008.
MATERIALS AND METHODS
Specimens and subtype determination. Ninety-five C. hominis specimens from humans were used in this study. They were from outbreakrelated and sporadic cases that occurred in three southwestern states
(Texas, New Mexico, and Arizona) and Ohio in 2008, except for two
specimens from an outbreak in Ohio in 2005 (Table 1). The Texas specimens included 16 specimens from sporadic cases and 36 from a prolonged
cryptosporidiosis outbreak in two neighboring counties. The outbreak
affected ⬎2,000 persons, was associated with a man-made chlorinated
lake (17) and multiple other recreational water venues (e.g., swimming
pools and interactive fountains), and probably spread via poor swimmer
hygiene (e.g., swimming when ill with diarrhea and swallowing the water)
(7). The 13 New Mexico specimens were from 11 sporadic cases and 1 day
care-associated outbreak. The three Arizona specimens were from a
swimming pool-associated outbreak. The 27 Ohio specimens were from
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TABLE 1 Sources and gp60 subtype identities of 95 Cryptosporidium
hominis specimens used in this study
Specimen

Yr

Sample
size

Texas 1a
Texas 2a
Texas 3
New Mexico

2008
2008
2008
2008
2008
2008
2005
2008

18
18
16
11
2
3
2
25

Arizona
Ohio

Sample
nature
Outbreak
Outbreak
Sporadic
Sporadic
Outbreak
Outbreak
Outbreak
Outbreak

Total

No. with gp60 subtype of:
IaA28R4

IaA15R3

IdA15G1

IgA27

9
11
8
4
0
3
2
25

5
3
3
3
2
0
0
0

2
4
4
4
0
0
0
0

2
0
1
0
0
0
0
0

62

16

14

3

a

Texas 1 and Texas 2 are specimens from the same outbreak in two neighboring
counties.

two outbreaks associated with swimming pools in 2005 (2 specimens) and
2008 (25 specimens).
DNA was extracted from 200 l of Cryptosporidium-positive specimens using the FastDNA SPIN kit for soil (MP Biomedicals, Irvine, CA).
Cryptosporidium hominis in the specimens was subtyped by DNA sequence analysis of the gp60 gene (21). The 95 C. hominis specimens used
belonged to four subtypes based on variation at the gp60 locus, i.e.,
IaA28R4 (n ⫽ 62), IaA15R3 (n ⫽ 16), IdA15G1 (n ⫽ 14), and IgA27 (n ⫽
3) (Table 1).
MLST analysis. In addition to gp60, each specimen was analyzed at
seven other polymorphic loci, including 47-kDa protein (CP47), 56-kDa
transmembrane protein (CP56), hydroxyproline-rich glycoprotein (DZHRGP), 70-kDa heat shock protein (HSP70), serine repeat antigen
(MSC6-7), mucin protein (Mucin1), and retinitis pigmentosa GTPase
regulator (RPGR), using PCR primers and conditions described previously (20, 22–24). All PCR analyses were done in duplicate, using 1 l of
extracted DNA per PCR and 400 ng/l of nonacetylated bovine serum
albumin (Sigma-Aldrich, St. Louis, MO) in the primary PCR. The secondary PCR products were sequenced in both directions using the ABI BigDye
Terminator v3.1 cycle sequencing kit (Applied Biosystems, Foster City,
CA) and an ABI3130 genetic analyzer (Applied Biosystems). The nucleotide sequences obtained were aligned with reference sequences downloaded from GenBank by using ClustalX (http://www.clustal.org).
Population genetic analysis. Because gp60 had far more segregation
(single-nucleotide polymorphism [SNP]) sites than other genetic loci,
multilocus analyses were mostly conducted with allelic data. Multilocus linkage disequilibrium (LD) in allelic data with and without gp60
was assessed by calculating the standardized index of association (ISA)
using LIAN 3.5 (http://pubmlst.org/cgi-bin/mlstanalyse/mlstanalyse.pl
?site⫽pubmlst&page⫽lian&referer⫽pubmlst.og). LD would be indicated by a positive value and linkage equilibrium (LE) by 0 or a negative
value. In addition, the variance of pairwise differences (VD) and the 95%
critical value (L) for VD were calculated to assess the population structure.
If the VD is less than L, then the population is in LE, with a panmictic
population structure; otherwise, the population is nonpanmictic and a
degree of LD exists. To determine whether there was population differentiation within C. hominis and subtype IaA28R4, we used the Bayesian tool
Structure v2.3 (http://pritchardlab.stanford.edu/structure.html) to analyze the allelic data. Several analyses of the data were performed using K
values (likely populations) ranging from 2 to 6, with 50,000 iterations after
a burn-in of 50,000 iterations. The output at a K value of 5 provided the
best fit to the MLST data and thus was used in further analyses. The
population substructure was further supported by eBURST analysis (http:
//eburst.mlst.net) of the MLST data. To assess the robustness of the substructuring, Wright’s fixation index (FST) was calculated between subpopulations using Arlequin (http://cmpg.unibe.ch/software/arlequin35).
LD and recombination rates also were compared across subpopulations.
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Multilocus LD (as indicated by ⱍD=ⱍ[LD where y is the LD value and x is the
nucleotide distance in kb]) and recombination analyses were further conducted on concatenated sequences excluding gp60 by using DnaSP 5.10.1
(http://www.ub.es/dnasp).
Nucleotide sequence accession numbers. Unique nucleotide sequences obtained during the study were deposited in the GenBank database under accession numbers KF682371 to KF682391.

RESULTS

Sequence polymorphisms at MLST loci. All specimens were successfully subtyped at the CP47, CP56, DZ-HRGP, HSP70,
Mucin1, MSC6-7, and RPGR loci. The Mucin1 and RPGR loci
were monomorphic, while most other loci had 2 or 3 subtypes,
except for CP47, which had 5 subtypes (data not shown). Genetic
heterogeneity was seen in each of the four gp60 subtypes at other
loci. Although there was general agreement in subtyping results
between g60 and CP47, DZ-HRGP and MSC6-7 showed discordant typing results. Altogether, 24 MLST types were seen among
the 95 C. hominis specimens. Most of the sequence polymorphisms in these loci were variations in the numbers of insertions
and deletions in the microsatellite and minisatellite regions. CP56,
MSC6-7, and HSP70, however, each had 1 or 2 SNPs, far fewer
than the values seen for the three subtype families (Ia, Id, and Ig)
based on variation at the gp60 locus. As a result, most of the multilocus analyses were performed with allelic data, including all loci
or concatenated sequences except gp60.
Overall population genetic structure. Initially, multilocus LD
was assessed by calculating ISA between alleles for all pairwise combinations of all loci including gp60, using LIAN. In the analysis
of allelic data from 95 specimens, the value of ISA (0.1005) was
positive and the VD (1.7013) was more than L (1.0951). A
Monte Carlo analysis was further used to test the significance of
LD, leading to the generation of a significant P value of ⬍0.001
(Table 2). Thus, results of the analysis indicated an overall
nonpanmictic population structure with a high level of LD. The
LD was maintained when the interlocus ISA and variance analyses treated each group of specimens with the same multilocus
genotype (MLG) as one individual (Table 2). As gp60 contributed more genetic heterogeneity than other loci, an interlocus
LD analysis was also conducted on allelic data excluding gp60,
but similar observations of LD were obtained (Table 3). Furthermore, a strong but incomplete LD (ⱍD=ⱍ of y ⫽ 0.6618 ⫹
0.0464x) was detected in the analysis of concatenated nucleotide sequences excluding gp60 by DnaSP (Table 4). Thus, recombination might exist because of the incomplete LD. This
was confirmed by an intergenic recombination test, which
identified three potential recombination events (Table 4).
Two subpopulations of IaA28R4. The genetic relationship between IaA28R4 and other C. hominis subtypes was inferred with
Bayesian Structure analysis. At all K values used in the analysis,
there was a clear separation of the 62 specimens of IaA28R4
from the 33 specimens of other C. hominis subtypes, including
IaA15R3, which belongs to the same gp60 subtype family as
IaA28R4 (Fig. 1). The best separation of gp60 subtype groups was
seen at a K value of 5, with which all four C. hominis subtypes
formed their own clusters. Pairwise FST analysis of these groups
revealed the presence of highly significant population differentiation (FST ⫽ 0.172 to 0.300; P ⬍ 0.00001 for all comparisons)
(Table 5). No genetic heterogeneity was seen in non-IaA28R4 subtypes at any of the K values (2 to 6) used. Admixed colors, how-
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TABLE 2 Multilocus linkage disequilibrium analysis of allelic data at eight MLST loci (including gp60)
Population

No. of
specimens

Ha

ISA

PMC

VD

L

VD ⬎ L

LD or LE

Separate specimens
All
IaA15R3
IaA28R4
Ohio
Non-Ohio
IdA15G1
IgA27

95
16
62
27
35
14
3

0.2895 ⫾ 0.1075
0.0917 ⫾ 0.0754
0.1639 ⫾ 0.0919
0.1275 ⫾ 0.0757
0.0983 ⫾ 0.0757
0.1470 ⫾ 0.0875
0.1250 ⫾ 0.1250

0.1005

⬍0.001

0.0065

0.151
0.639
0.426

1.7013
0.3148
0.6514
0.5396
0.3736
0.4576
0.0000

1.0951
0.4325
0.6810
0.7110
0.4476
0.7687
0.0000

Y
N
N
N
N
N

LD
LE
LE
LE
LE
LE

MLG groupsb
All
IaA15R3
IaA28R4
Ohio
Non-Ohio
IdA15G1
IgA27

24
4
11
8
5
6
3

0.3981 ⫾ 0.1152
0.1667 ⫾ 0.1136
0.2432 ⫾ 0.1065
0.2187 ⫾ 0.1104
0.2000 ⫾ 0.1069
0.2000 ⫾ 0.1047
0.1250 ⫾ 0.1250

0.0738

⬍0.001

1.7803
0.2667
0.6822
0.4907
0.4889
0.4000
0.0000

1.3948
0.6667
1.1266
0.9352
1.1556
1.1143
0.0000

Y
N
N
N
N
N

LD
LE
LE
LE
LE
LE

0.938

a
H, mean genetic diversity; ISA, standardized index of association; PMC, significance of obtaining this value in 1,000 Monte Carlo simulations; VD, variance of pairwise differences;
L, 95% critical value for VD; VD ⬎ L indicates linkage disequilibrium; Y, yes; N, no.
b
Considering each group of specimens with the same multilocus genotype (MLG) as one individual.

ever, were seen in IaA28R4 at K values of 4 to 6, and IaA28R4
specimens from Ohio showed a color pattern that was clearly different from that of IaA28R4 specimens from other areas, especially at a K value of 5 (Fig. 1). The admixed elements in IaA28R4
were not seen in any other gp60 subtypes. In eBURST analysis,
there was also clear separation of IaA28R4 specimens from Ohio
and IaA28R4 specimens from the southwestern states, with the
IaA28R4 MLST subtypes from Ohio descending from the
IaA28R4 MLST subtypes from the southwestern states (Fig. 2).
The results of the FST analysis supported the presence of significant population differentiation between the IaA28R4 specimens
from Ohio and the IaA28R4 specimens from other areas (FST ⫽
0.271, P ⬍ 0.00001). The two IaA28R4 subpopulations had different sequences mostly at the CP47 locus.

Genetic recombination within IaA28R4. We analyzed the
gp60 subtype-specific population structure. In multilocus LD
analyses of allelic data including and excluding gp60, we observed
less LD within each of the gp60 subtypes than in C. hominis as a
whole. In most cases, no ISA values were obtained, the MonteCarlo P value was ⬎0.05, and the VD was less than L regardless of
whether the analysis included all allelic data (Table 2) or data
from each unique multilocus subtype (considering each group
of specimens with the same multilocus subtype as one individual) (Table 3). In multilocus LD analysis of concatenated nucleotide sequences excluding gp60, however, we obtained complete LD for IaA15R3 and incomplete LD for IaA28R4. The
numbers of segregation sites in the sequences for IdA15G1 and IgA27
were too few for LD analysis. The negative slopes in the LD equations

TABLE 3 Multilocus linkage disequilibrium analysis of allelic data at seven MLST loci (excluding gp60)
Population

No. of specimens

Ha

ISA

PMC

VD

L

VD ⬎ L

LD or LE

Separate specimens
All
IaA15R3
IaA28R4
Ohio
Non-Ohio
IdA15G1
IgA27

95
16
62
27
35
14
3

0.2553 ⫾ 0.1177
0.1048 ⫾ 0.0858
0.1873 ⫾ 0.1026
0.1457 ⫾ 0.0849
0.1124 ⫾ 0.0859
0.1680 ⫾ 0.0980
0.1429 ⫾ 0.1429

0.0481

⬍0.001

0.0076

0.118
0.628
0.454

0.9659
0.3148
0.6514
0.5396
0.3736
0.4576
0.0000

0.8208
0.4325
0.6736
0.7110
0.4476
0.7687
0.0000

Y
N
N
N
N
N

LD
LE
LE
LE
LE
LE

MLG groupsb
All
IaA15R3
IaA28R4
Ohio
Non-Ohio
IdA15G1
IgA27

24
4
11
8
5
6
3

0.3530 ⫾ 0.1224
0.1905 ⫾ 0.1282
0.2779 ⫾ 0.1163
0.2500 ⫾ 0.1222
0.2286 ⫾ 0.1190
0.2286 ⫾ 0.1163
0.1429 ⫾ 0.1429

0.0375

0.041

1.1882
0.2667
0.6822
0.4907
0.4889
0.4000
0.0000

1.1737
0.6667
1.1266
1.0093
1.1556
1.1143
0.0000

Y
N
N
N
N
N

LD
LE
LE
LE
LE
LE

0.935

a
H, mean genetic diversity; ISA, standardized index of association; PMC, significance of obtaining this value in 1,000 Monte Carlo simulations; VD, variance of pairwise differences;
L, 95% critical value for VD; VD ⬎ L indicates linkage disequilibrium; Y, yes; N, no.
b
Considering each group of specimens with the same multilocus genotype (MLG) as one individual.
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TABLE 4 Multilocus linkage disequilibrium analysis of concatenated sequences at seven MLST loci (excluding gp60)

Population

No. of
specimens

No. of
segregating
sites

No. of
pairwise
comparisons

No. of
significant
comparisons

No. of significant
comparisons
after Bonferroni
correction

ZnSa

|D=|

LD

All
IaA15R3
IaA28R4
Ohio
Non-Ohio
IdA15G1
IgA27

95
16
62
27
35
14
3

8
3
4
4
3
2
2

28
3
6
6
3
1
1

11
3
3
1
1
0
0

11
3
1
1
0
0
0

0.3684
0.7229
0.0985
0.1004
0.0982
0.4000
0.2500

y ⫽ 0.6618 ⫹ 0.0464x
y ⫽ 1.0000 ⫹ 0.0000x
y ⫽ 0.9397 ⫺ 0.1182x
y ⫽ 1.0147 ⫺ 0.1959x
y ⫽ 0.5827 ⫹ 0.1516x

Incomplete
Complete
Incomplete
Incomplete
Incomplete

a

Minimum no. of
recombination
events
3
0
2
1
1
0
0

ZnS, interlocus genetic association; |D=|, LD where y is the LD value and x is the nucleotide distance (in kb).

for all IaA28R4 specimens and the IaA28R4 specimens from Ohio
indicated decreased linkage with increased nucleotide distance
(Table 4), evidence of the occurrence of some genetic recombination. A recombination test revealed a minimum of 2 potential
recombination events within IaA28R4. This genetic recombination was seen in both Ohio and non-Ohio IaA28R4 specimens
(Table 4).

DISCUSSION

Data from this study clearly show that, despite the genetic identity
of the IaA28R4 subtype at the gp60 locus, specimens of this subtype differed from each other at other genetic loci, especially DZHRGP, which showed discordant subtyping results with respect to
gp60. Although CP47 generally produced concordant subtyping
results with respect to the nearby gp60 locus, it did further divide

FIG 1 Population substructure of 95 specimens of C. hominis from Ohio, Texas, New Mexico, and Arizona in the United States by Bayesian analyses of the MLST
allelic data. Subpopulation patterns are shown for K values of 2 to 6 used in the analysis. Colored regions indicate major ancestral contributions. Mixed subtypes
are indicated by the pattern of color combinations. Subtype identities of the specimens at the gp60 locus are shown above the color patterns, and the geographic
origins of the specimens are shown below the color patterns. T1 and T2, specimens from an outbreak in two neighboring northeastern counties in Texas; T3,
specimens from sporadic cases in a central Texas city; NM, specimens from sporadic cases (except for two IaA15R3 specimens) from New Mexico; AZ, specimens
from an outbreak in Arizona; OH1 and OH2, specimens from two outbreaks in central Ohio. All specimens are from 2008, except for OH1, which represents two
specimens from 2005.
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TABLE 5 Population differentiation among gp60 subtypes of C. hominis
in pairwise FST analysis
Parameter and
subtype

IaA15R3

IaA28R4

IdA15G1

Population pairwise
FST
IaA28R4
IdA15G1
IgA27

0.21403
0.24477
0.30047

0.17231
0.20569

0.22100

FST P values
IaA28R4
IdA15G1
IgA27

0.00000 ⫾ 0.0000
0.00000 ⫾ 0.0000
0.00000 ⫾ 0.0000

0.00000 ⫾ 0.0000
0.00000 ⫾ 0.0000

0.00000 ⫾ 0.0000

IaA28R4 into two geographic subpopulations of IaA28R4, i.e.,
Ohio and southwestern states. This separation was supported by
the results of Structure, eBURST, and FST analyses. Because all
three DZ-HRGP subtypes were found within each subpopulation,
each subpopulation had multiple MLST subtypes. In fact, the
three DZ-HRGP subtypes were also found in the three other gp60
subtypes in the MLST analysis, even though only a small number
of specimens with these gp60 subtypes were used in the study.
Because the two IaA28R4 subpopulations had sequences as divergent at other genetic loci as other gp60 subtypes, IaA28R4 at gp60
apparently represents a fitness marker for C. hominis; the widespread distribution of this gp60 subtype in the United States in
recent years is independent of the sequence characteristics at other

genetic loci examined in this study. The common detection of this
subtype in the United States, where cryptosporidiosis is severely
underdiagnosed (3), and its propensity to cause statewide outbreaks (18) suggest its high virulence in humans. Recently, in an
outbreak investigation in China, it was shown that the gp60
subtype IaA14R4, a subtype almost identical to IaA28R4 at the
gp60 locus, was significantly more virulent than the IdA19 subtype (25).
There are at least two origins of IaA28R4 in the United States.
Although this gp60 subtype was first identified in a cryptosporidiosis outbreak in Ohio in 2005 and was the cause of another outbreak in the same area in 2008, Structure analysis clearly indicated
that IaA28R4 circulating in Ohio was genetically different from
IaA28R4 in southwestern states in the 2008 outbreak season. The
results of eBURST analysis further suggested that the Ohio
IaA28R4 subpopulation was actually a descendant of IaA28R4 in
southwestern states. Therefore, IaA28R4 was probably present in
the United States before 2005. Both Structure and eBURST analyses have failed to provide any clue regarding the initial source of
IaA28R4 in the United States.
Regardless of the initial source of IaA28R4, it appears that genetic recombination has played a major role in the emergence and
transmission of this gp60 subtype in the United States. Although
the overall population of C. hominis specimens had a clonal population structure, genetic recombination was seen in IaA28R4 and
probably played an important role in the emergence of the dominant IaA28R4 subtype at the gp60 locus. The occurrence of ge-

FIG 2 Patterns of evolutionary descent among multilocus sequence typing (MLST) types of Cryptosporidium hominis, as revealed by eBURST analysis of allelic
data. The numbers for each MLST type represent the sequence type at each of the eight MLST loci, in the following order: gp60, CP47, Mucin1, CP56, RPGR,
MSC6-7, DZ-HRGP, and HSP70. Blue dot, primary founder; yellow dots, subgroup founders. The size of each dot is proportional to the number of specimens
of the sequence type. The three MLST types of the gp60 IgA27 subtype did not cluster in this diagram. See Fig. 1 legend for the origins of the specimens.
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netic recombination was identified by LD analysis of both allelic
data and concatenated multilocus sequences and by Bayesian
Structure analysis. The gp60 locus appears to be the site of genetic
recombination, as many MLST subtypes differed from each other
only at gp60 and the neighboring CP47, adding support for the
theory that genetic recombination is a driving force in the emergence of the gp60 IaA28R4 subtype. Genetic exchange within an
overall clonal population of Cryptosporidium parvum has been
reported in Italy recently (26), and genetic recombination has
been identified as a driving force in the emergence of the virulent
epidemic C. hominis gp60 subtype IbA10G2 and the C. parvum
subtype IIaA15G2R1 (27, 28). Comparative genomic studies are
needed to confirm the role of genetic recombination in the evolution of hyperinfectious or virulent Cryptosporidium subtypes.
Results of this study have been useful for understanding the
transmission of Cryptosporidium in the United States. Texas, New
Mexico, Arizona, and Ohio all experienced increased cryptosporidiosis incidence in the summer of 2008 (7), and the increases in
Texas and Ohio were largely due to two large prolonged outbreaks
of cryptosporidiosis in major metropolitan areas, each associated
with multiple recreational water venues. Although IaA28R4 was
the dominant gp60 subtype in the two outbreaks, MLST analysis
clearly indicated that the outbreaks were not related to each other.
In fact, each outbreak was caused by multiple MLST subtypes,
although they all belonged to the IaA28R4 subtype at the gp60
locus. As these two outbreaks were each associated with multiple
recreational water venues, the MLST subtype results point to the
complicated nature of these outbreaks and the complex epidemiology of IaA28R4 in the United States. Further studies are needed
to understand the evolution and transmission of this virulent parasite and its role in the recent increase in the reported incidence of
cryptosporidiosis in the United States.
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