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Cryptosporidium parvum is a zoonotic protozoan parasite that causes cryptosporidiosis, an infectious diarrheal disease primar-
ily affecting humans and neonatal ruminants. Understanding the transmission dynamics of C. parvum, particularly the specific
contributions of zoonotic and anthroponotic transmission, is critical to the control of this pathogen. This study used a popula-
tion genetics approach to better understand the transmission of C. parvum in the Upper Midwest United States. A total of 254 C.
parvum isolates from cases of human cryptosporidiosis in Minnesota and Wisconsin and diarrheic calves in Minnesota, Wiscon-
sin, and North Dakota were genotyped at eight polymorphic loci. Isolates with a complete profile from all eight loci (n � 212)
were used to derive a multilocus genotype (MLT), which was used in population genetic analyses. Among the 94 MLTs identified,
60 were represented by a single isolate. Approximately 20% of isolates belonged to MLT 2, a group that included both human
and cattle isolates. Population analyses revealed a predominantly panmictic population with no apparent geographic or host
substructuring.

Cryptosporidium is a protozoan parasite that causes cryptospo-
ridiosis, a diarrheal disease that can become chronic and life

threatening in immunocompromised persons. Although a num-
ber of species have been reported to cause cryptosporidiosis, C.
hominis and C. parvum are responsible for most human disease
(26, 27). Humans appear to be the only major host for C. hominis,
and consequently transmission is almost exclusively anthro-
ponotic. C. parvum has a broader host range that includes a num-
ber of mammalian species, particularly neonatal ruminants, in
addition to humans (26, 28). Given that an infected calf can shed
107 C. parvum oocysts per gram of feces (2), the potential for
zoonotic transmission is high. Interestingly, it appears that not all
C. parvum subtypes are zoonotic, since human-restricted subtypes
have been identified (14).

Water plays a significant role in the transmission of Cryptospo-
ridium oocysts, and waterborne outbreaks continue to occur
worldwide. Recent data from the U.S. Centers for Disease Control
and Prevention show a 79.9% increase in the number of crypto-
sporidiosis cases throughout the United States during the period
from 2006 to 2008 (30). This increase was attributed in part to a
number of large recreational water outbreaks.

Minnesota and Wisconsin consistently have among the highest
incidences of cryptosporidiosis in the United States (29, 30). Cryp-
tosporidium parvum was identified as the most frequent cause of
cryptosporidiosis in Wisconsin, suggesting that zoonotic trans-
mission may predominate in the area (7). Further supporting zoo-
notic transmission, the GP60 (60-kDA glycoprotein) genotype of
Wisconsin human isolates was previously identified in cattle from
neighboring Michigan and other locations in the United States
(19).

It has been suggested that the C. parvum epidemiology varies
under the influence of regional transmission factors. Cryptospo-
ridium parvum has been variously described as having a clonal,
panmictic, or epidemically clonal population structure (13–15,
17, 24). A global comparison of Cryptosporidium populations in-

dicates that the relative importance of genetic recombination var-
ies according to prevalence, such that in countries where trans-
mission rates are high, the opportunity for recombination
between distinct genotypes is high and linkage equilibrium among
markers is observed (24).

Our goal in this study was to better understand C. parvum
transmission in the Upper Midwest United States. We used a pop-
ulation genetic approach to analyze human isolates from Minne-
sota and Wisconsin and bovine isolates from North Dakota, Min-
nesota, and Wisconsin. Our findings indicate that the C. parvum
population in this region is predominantly panmictic with no ap-
parent geographic or host substructuring.

MATERIALS AND METHODS
Isolate selection. A total of 254 C. parvum isolates of human (n � 199) or
bovine (n � 55) origin were included in this study. Human isolates were
obtained from clinical cryptosporidiosis cases detected by the Minnesota
Department of Health and Wisconsin State Laboratory of Hygiene during
the period 2003 to 2007. Bovine isolates were obtained from clinical cryp-
tosporidiosis cases identified by the North Dakota Veterinary Diagnostic
Laboratory (ND-VDL) during the period 2004 to 2009 and directly from
cattle on farms in Wisconsin in 2009. Cases identified by the ND-VDL
were from North Dakota and Minnesota. Cryptosporidium parvum was
identified using a nested PCR-restriction fragment length polymorphism
(PCR-RFLP) approach targeting an approximately 830-bp fragment of
the small subunit rRNA gene (8).
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Multilocus typing. C. parvum isolates were typed at eight micro- and
minisatellite loci. Details of the amplification primers used and the chro-
mosome on which each locus is found are provided in Table 1. With the
exception of GRH, markers have been described previously (see refer-
ences in Table 1). The GRH locus was identified in the present study using
the software program Tandem Repeats Finder (http://tandem.bu.edu/trf
/trf.html). The locus contains a six-nucleotide repeat (TTCTGA) and is
part of a gene (cgd1_470) on chromosome 1 that encodes a hypothetical
secreted protein. The GRH locus was amplified using a nested PCR ap-
proach. Primary and secondary PCRs were carried out in 50-�l volumes
with 2.5 �l of template DNA, 1.5 mM MgCl2, 200 �M (each) deoxy-
nucleoside triphosphate (dNTP), 25 pmol of each primer, and 1.5 U of
Taq DNA polymerase (Promega, Madison, WI) in 1� PCR buffer. Am-
plification conditions for primary and secondary reactions consisted of an
initial denaturation of 94°C for 2 min, followed by 40 cycles of 94°C for 30
s, 60°C for 45 s, and 72°C for 60 s, with a final extension of 72°C for 7 min.

With the exception of GP60, all loci were typed by fragment size anal-
ysis. Secondary PCR products were 6-carboxyfluorescein (FAM) labeled,
separated by capillary electrophoresis (Prism 3100 DNA analyzer; Applied
Biosystems), and sized relative to carboxy-X-rhodamine (ROX)-labeled

size standards using commercially available fragment-sizing software
(Peak Scanner v1.0; Applied Biosystems). In samples that contained more
than one peak, the highest peak was used to assign the allele.

The GP60 locus (5, 21) was typed by direct sequencing. Electropho-
retically separated secondary PCR products of expected sizes were excised,
purified (Wizard SV; Promega, Madison, WI), and sequenced bidirec-
tionally using secondary PCR primers as sequencing primers. Sequences
were assembled and edited using the software program SeqMan Pro
(DNAStar, Madison, WI). Allele codes proposed by Sulaiman et al. (22)
were adopted.

Data analysis. Linkage analysis was performed using the LIAN soft-
ware program (http://adenine.biz.fh-weihenstephan.de/cgi-bin/lian/lian
.cgi.pl), which tests the null hypothesis of complete panmixia. LIAN cal-
culates the standardized index of association �IA

S � (10, 15), a value that
fluctuates randomly around zero in complete panmixia but moves further
from zero as linkage disequilibrium increases.

Patterns of descent among multilocus types were inferred using the
BURST algorithm and visualized as an eBURST diagram (6). In the
eBURST diagram, MLTs are represented by a solid circle, the diameter of

TABLE 1 Primers used in this study

Name of target locus Chromosome Primera Sequence Reference

TP14 8 For-1 5=-CTAACGTTCACAGCCAACAGTACC 13
Rev–1 5=–GTACAGCTCCTGTTCCTGTTG
For–2 5=–GTTCACAGCCAACAGT
Rev–2 5=–CATTTTGATTTTGGGAGT

CP47 6 For–1 5=–GCTTAGATTCTGATATGGATCTAT 9
Rev–1 5=–AGCTTACTGGTCCTGTATCAGTT
For–2 5=–ACCCCAGAAGGCGGACCAAGGTT
Rev–2 5=–GTATCGTGGCGTTCTGAATTATCAA

MS5 8 For–1 5=–GCTTCCTTACTATCATTTCC 13
Rev-1 5=-GCTTCAGGCTATGACAAA
For-2 5=-ATGTAGTCGTATCCGGAA
Rev-2 5=-GTATGCTGGGTGAATATAG

MS9 5 For-1 5=-GGACTAGAAATAGAGCTTTGGCTGG 14
Rev-1 5=-GTCTGAGACAGAATCTAGGATCTAC
For-2 5=-ACCTGGAGTGTGATTTGG
Rev-2 5=-GTTCTTGTTCAAAGTCA

MSC6-7 6 For-1 5=-ATTGAACAAACGCCGCAAATGTACA 9
Rev-1 5=-CGATTATCTCAATATTGGCTGTTATTGC
For-2 5=-GCTATTTGCTATCGTCTCACATAACT
Rev-2 5=-CTACTGAATCTGATCTTGCATCAAGT

DZ-HRGP 6 For-1 5=-TGGTTGAGGTTGAAGGCCCAT 4
Rev-1 5=-CATTTCAGCTATTTTAGCTCAACC
For-2 5=-CATTAATCTTTTAGCAAGAGTAGCTGA
Rev-2 5=-AATGCGTTAAGCCTTAAAGCTGG

GRH 1 For-1 5=-AGATCTTCAGGTGGCCATCATCCT This study
Rev-1 5=-TTGTCTCCTTTATCGTCACCGCCT
For-2 5=-TCAGGTGGCCATCATCCTCTTGAA
Rev-2 5=-TGTGACGGAAGGTATGGCAGCAAA

GP60 6 For-1 5=-ATAGTCTCCGCTGTATTC 1
Rev-1 5=-GGAAGGAACGATGTATCT
For-2 5=-TCCGCTGTATTCTCAGCC
Rev-2 5=-GAGATA TATCTTGGTGCG

a For all loci, with the exception of GP60, the forward primer in the secondary PCR was fluorescently labeled with 6-carboxyfluorescein (6-FAM) (Integrated DNA Technologies,
Coralville, IA).
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which is proportional to the prevalence of the MLT in the population.
MLTs differing at a single locus (single-locus variants) are connected by a
line. Circles representing MLT frequencies are color coded to proportion-
ally represent the source (human or cattle) and geographic location
(North Dakota, Minnesota, or Wisconsin).

For subpopulation analysis, Nei’s genetic distance and a variation of
Wright’s index (FST) were calculated using the software program GenAlEx
6.2 (18). Nei’s genetic distance measures the genetic relatedness of popu-
lations (16). FST, which is a measure of population subdivision (25), was
calculated using analysis of molecular variance (AMOVA) in the GenAlEx
6.2 program (18) with 999 permutations. An FST of zero indicates no
subdivision and random mating.

Principal coordinate analysis (PCA) was used to visualize the structure
of the C. parvum population based on the 8 markers described above.
Pairwise distances between MLTs were calculated with GenAlEx using the
simple Hamming distance, where the distance between pairs of isolates is
equal to the sum of loci with a different allele. A second measure of dis-
tance, dubbed SSR, was also used. The SSR distance was calculated as the
sum of squared difference between pairs of alleles. The distance matrices
based on the Hamming and SSR distance were used for PCA. The two axes
representing the largest fraction of variation were used for plotting the
MLTs of 212 C. parvum isolates.

Nucleotide sequence accession numbers. GP60 sequences from this
study are available in GenBank under the accession numbers JX575582 to
JX575601.

RESULTS
Multilocus genotyping. A complete eight-locus genotype was ob-
tained from 212 isolates, including 166 isolates from humans and
46 from cattle (Table 2). The greatest number of alleles was de-
tected at the GP60 locus (22 alleles), which is consistent with the
fact that GP60 amplicons were sequenced. In order of number of
detected alleles, GP60 was followed by GRH (9 alleles), MS9 (8
alleles), DZ-HRGP (6 alleles), and TP14, MSC6-7, CP47, and MS5
(3 alleles each). All 22 GP60 alleles were identified in human iso-
lates; however, only two of these alleles (IIaA15G2R1 and
IIaA15G2R2) were present in cattle isolates. MS9 (6 alleles) was
the most variable locus among cattle isolates.

Ninety-four MLTs were identified among the 212 isolates with
a complete profile. Sixty MLTs were represented by a single iso-
late. Nine MLTs were common to humans and cattle, and these
MLTs were identified in 43% (91/212) of isolates. Among cattle
isolates, 70% (32/46) had MLTs that were also found in humans.
MLT 2 was the most prevalent genotype in humans (16%; 27/166)
and cattle (33%; 15/46).

Population analyses. Table 3 presents data from linkage anal-
yses performed on the overall C. parvum population (all 212 iso-
lates from humans and cattle) and populations defined by host
and geographic origin. �IA

S � did not differ from zero (i.e., P value �
0.11 based on Monte Carlo test with 1,000 permutations) for the
overall population, which supports the null hypothesis of pan-
mixia. Similarly, panmixia is supported for cattle, human, and
Wisconsin subpopulations (P values � 0.05; Table 3). However,
evidence for linkage disequilibrium was detected in both Minne-
sota and North Dakota subpopulations.

The extent of geographic and host substructuring was assessed
by estimating Nei’s genetic distance and FST values between dif-
ferent subpopulations (Table 4). Wright proposed that FST values

TABLE 2 Allele sizes and types identified in this study

Locus
Allele sizes (in bp) or GP60 types (allele no.
assigned in this study)

TP14 212 (1), 221 (3), 189 (2)
MS9 192 (1), 186 (2), 198 (3), 180 (4), 174 (5), 189 (6),

204 (7), 222 (8)
CP47 414 (1), 417 (2), 411 (3)
MS5 326 (1), 276 (2), 349 (3)
GRH 342 (1), 353 (2), 359 (3), 348 (4), 336 (5), 412 (6),

418 (7), 424 (8), 388 (9), 420 (10)
DZ-HRGP 572 (1), 566 (2), 597 (3), 579 (4), 501 (5), 591 (6)
MSC6-7 554 (1), 524 (2), 570 (3)
GP60 IIaA15G2R1 (1), IIaA15G2R2 (2), IIaA14G1R2 (3),

IIaA13G1R1 (4), IIaA17G2R1 (5), IIaA16G2R3
(6), IIaA16G3R2 (7), IIaA17G3R1 (8),
IIaA16G1R1 (9), IIaA14G2R1 (10), IIaA17G2R2
(11), IIaA16G2R1 (12), IIaA18G2R1 (13),
IIaA17G4R2 (14), IIaA12G1R2 (15),
IIaA16G3R1 (16), IIaA19G2R1 (17),
IIaA19G4R2 (18), IIaA14G1R1 (19),
IIaA16G2R2 (20), IIaA18G3R2 (21),
IIaA13G2R1 (22)

TABLE 3 Linkage analysis of various human and bovine Cryptosporidium parvum populationsa

Population (nb) IA
S P value VD � L? LE or LD

All (212) 0.010 0.11 No LE
Human (166) 0.006 0.22 No LE
Cattle (46) 0.021 0.11 No LE
Minnesota (116) 0.028 0.01 Yes LD
Minnesota, repeat MLTs counted as one (48) �0.033 0.99 No LE
North Dakota (15) 0.067 0.03 Yes LD
North Dakota, repeat MLTs counted as one (8) �0.003 0.50 No LE
Wisconsin (81) 0.003 0.37 No LE
a The standardized index of association �IA

S � was calculated from populations with complete MLT profiles. When the variance of pairwise differences (VD) is greater than the 95%
critical value for VD (L), then the population is in linkage disequilibrium (LD). Conversely, when VD is less than L, the population is in linkage equilibrium (LE).
b n, no. of isolates.

TABLE 4 Nei’s genetic distance and FST for selected subpopulations

Subpopulations
compared (na) Nei’s distance FST (95% CIb)

Human (166) and cattle (46) 0.026 0.067 (0.009–0.113)
Minnesota (116) and

Wisconsin (81)
0.008 0.024 (0.010–0.037)

Minnesota (116) and North
Dakota (15)

0.049 0.125 (0.019–0.271)

Wisconsin (81) and North
Dakota (15)

0.044 0.086 (0.038–0.116)

a n, no. of isolates.
b CI, confidence interval.

Herges et al.

8098 aem.asm.org Applied and Environmental Microbiology

 on D
ecem

ber 18, 2020 at U
niversity of N

orth T
exas Libraries

http://aem
.asm

.org/
D

ow
nloaded from

 

http://www.ncbi.nlm.nih.gov/nuccore?term=JX575582
http://www.ncbi.nlm.nih.gov/nuccore?term=JX575601
http://aem.asm.org
http://aem.asm.org/


in the ranges 0.0 to 0.05, 0.05 to 0.15, 0.15 to 0.25, and �0.25 are
indicative of little, moderate, great, and very great differentiation,
respectively (25). Using this guideline, there is little differentiation
between the Minnesota and Wisconsin subpopulations (FST �
0.024), and based on a value for Nei’s distance that is close to zero
(0.008), they are genetically very similar. In comparison, moder-
ate differentiation and a relatively greater genetic distance were
detected between the Minnesota and North Dakota (FST � 0.125;
Nei’s distance � 0.049) and Wisconsin and North Dakota (FST �
0.086; Nei’s distance � 0.044) subpopulations. However, the lat-
ter comparisons should be interpreted with care considering the
small size of the data set from North Dakota (n � 15). Overall,
there is little geographic substructuring in the population. Simi-
larly, the relatively low values for FST (0.067) and Nei’s distance
(0.026) between cattle and human subpopulations indicate a lack
of host substructuring.

To further investigate the C. parvum population, PCA was ap-
plied to all isolates for which the 8 markers were successfully
typed. PCA based on the Hamming distance and SSR distance did
not reveal any segregation between C. parvum isolated from hu-
mans and that from cattle (Fig. 1A and B). Consistent with the
large proportion of identical MLTs, PCA of the SSR distance
(which explained more than 80% of the observed variation in SSR
in components one and two) identified a large cluster of MLTs and
eight genotypes that did not cluster with the majority of MLTs
(Fig. 1B). No segregation according to geographic origin was ap-
parent when MLTs were color coded according to state (Fig. 1C).
We also coded MLTs according to farm, such that isolates from
the same farm are displayed with the same symbol and color. As
expected from previous farm-scale studies (23), most isolates

originating at the same farm were identical (Fig. 1D). Interest-
ingly, two Wisconsin farms, DNS and NK, each harbored two
highly divergent MLTs, and all 5 DNS isolates were very distinct
from the majority of MLTs. The origin of these divergent MLTs
was not investigated further.

The eBURST diagram shows that MLT 2 is the predicted
founder, with 100% bootstrap support, while MLTs 1, 4, and 15
are major clonal groups and single-locus variants of MLT 2 (Fig.
2). Confirming the PCA, color coding the eBURST diagram ac-
cording to host and geography confirmed that most abundant
MLTs were found in humans and cattle and in different states.
However, there were geographic differences in the prevalences of
MLT 1 and MLT 2. MLT 1 was the most prevalent genotype
among isolates from North Dakota (40%; 6/15) but was less prev-
alent in the remaining population (4%; 8/197) (�2 � 23.6; P �
0.001). MLT 2 was identified in 50% of isolates from Minnesota
cattle but was absent in isolates from North Dakota and Wiscon-
sin cattle. MLT 2 was also more prevalent in human isolates from
Minnesota (23%; 22/94) than in those from Wisconsin (7%; 5/72)
(P � 0.008). Counting MLT 1 and MLT 2 repeats as a single data
point in the respective subpopulations was sufficient to change the
structures from clonal to panmictic (data not shown).

DISCUSSION

We analyzed the population structure of C. parvum infecting hu-
mans and cattle in North Dakota, Minnesota, and Wisconsin in
order to identify barriers, if any, to gene flow. Our rationale for the
study was that knowledge of population structure would advance
our understanding of transmission dynamics, including the extent
of zoonotic transmission. This aspect of the epidemiology of cryp-

FIG 1 PCA of the C. parvum population. (A) Hamming distance between MLTs defined by host. (B) SSR distance between MLTs defined by host. (C) SSR
distance between MLTs defined by state. (D) SSR distance between MLTs defined by farm.

C. parvum Populations in the United States

November 2012 Volume 78 Number 22 aem.asm.org 8099

 on D
ecem

ber 18, 2020 at U
niversity of N

orth T
exas Libraries

http://aem
.asm

.org/
D

ow
nloaded from

 

http://aem.asm.org
http://aem.asm.org/


tosporidiosis is not well understood, because with few exceptions
(12), most surveys of genetic diversity have examined human or
animal isolates but not both. Through linkage analysis, we found
that IA

S did not differ significantly from zero except for the Minne-
sota and North Dakota subpopulations. In complete panmixia, IA

S

stochastically fluctuates around zero (10). The P values we found
are large and the variance of pairwise differences (VD) is consis-
tently less than the 95% critical value of VD, which are evidence for
panmixia. Panmixia may be the consequence of a high rate of C.
parvum transmission, as was previously shown for Plasmodium
and C. parvum populations (3, 24). Minnesota and Wisconsin
consistently report among the highest incidences of human cryp-
tosporidiosis in the United States (11, 29, 30), and we have shown
previously that C. parvum predominates as a cause of cryptospo-
ridiosis in Wisconsin (7).

Comparisons between different subpopulations revealed
limited host or geographic substructuring, as might be ex-
pected in a predominantly panmictic population. The apparent
absence of barriers to recombination suggests that C. parvum is
transmitted freely between cattle and humans in the region.
The finding that almost three quarters of cattle isolates had
MLTs that were also found in humans further supports zoo-
notic transmission. In contrast, a study in France found little
evidence for C. parvum transmission between cattle and hu-
mans. There was little overlap in MLTs between the hosts, and
the population structures differed (clonal in humans and epi-
demically clonal in cattle) (17). In a series of studies, the C.
parvum population infecting humans and cattle in Scotland

was found to have a complex structure with panmictic, epi-
demic, and clonal subpopulations (13–15). A genetically dis-
tinct subset of C. parvum isolates in Scotland appeared to be
restricted to humans, suggesting either that these isolates are
circulating only in humans (anthroponotic) or that a source
other than cattle was responsible for the infections (13).

Closer inspection of the Minnesota and North Dakota sub-
populations in the present study suggests an epidemic outbreak of
particular C. parvum genotypes passing through the subpopula-
tions. The value for IA

S does not differ from zero (and linkage
equilibrium is detected) when repeat MLTs in each subpopulation
are counted as a single data point in the linkage analysis, which is
indicative of a clonal epidemic (20). Examining the eBURST rep-
resentation of MLT frequencies and relationships, it is apparent
that MLT 1 and MLT 2 are primarily responsible for the epidemic
structure in North Dakota and Minnesota, respectively. However,
given that the overall population is panmictic and lacks substruc-
ture, we are reluctant to conclude that these are truly epidemic
subpopulations. An alternative explanation is that the observed
eBURST topology is due to limited genetic diversity and a small
ND sample.

In summary, data presented in this study support a predomi-
nantly randomly mating C. parvum population in the Upper Mid-
west United States with no apparent host or geographic substruc-
turing. These findings are expected to advance our understanding
of the complex population structures of C. parvum worldwide and
the potential for zoonotic transmission in the region.

FIG 2 eBURST representation of MLT relationships.
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