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To assess the host specificity of Enterocytozoon bieneusi and to track the sources of E. bieneusi contamination, we genotyped E.
bieneusi in wildlife and stormwater from the watershed of New York City’s source water, using ribosomal internal transcribed
spacer (ITS)-based PCR and sequence analyses. A total of 255 specimens from 23 species of wild mammals and 67 samples from
stormwater were analyzed. Seventy-four (29.0%) of the wildlife specimens and 39 (58.2%) of the stormwater samples from
streams were PCR positive. Altogether, 20 E. bieneusi genotypes were found, including 8 known genotypes and 12 new ones. Six-
teen and five of the genotypes were seen in animals and stormwater from the watershed, respectively, with WL4 being the most
common genotype in both animals (35 samples) and stormwater (23 samples). The 20 E. bieneusi genotypes belonged to five
genogroups (groups 1, 3, 4, and 7 and an outlier), with only 23/113 (20.4%) E. bieneusi-positive samples belonging to zoonotic
genogroup 1 and 3/20 genotypes ever being detected in humans. The two genogroups previously considered host specific, groups
3 and 4, were both detected in multiple groups of mammals. Thus, with the exception of the type IV, Peru11, and D genotypes,
which were detected in only 7, 5, and 2 animals, respectively, most E. bieneusi strains in most wildlife samples and all stormwater
samples in the watershed had no known public health significance, as these types have not previously been detected in humans.
The role of different species of wild mammals in the contribution of E. bieneusi contamination in stormwater was supported by
determinations of host-adapted Cryptosporidium species/genotypes in the same water samples. Data from this study indicate
that the host specificity of E. bieneusi group 3 is broader than originally thought, and wildlife is the main source of E. bieneusi in
stormwater in the watershed.

Microsporidiosis is a significant cause of diarrhea, especially in
children and immunocompromised persons. Although over

a dozen microsporidian parasites have been found in humans,
Enterocytozoon bieneusi is the species responsible for �90% of
human microsporidian infections (1–3). It is also commonly
found in animals, especially mammals and some birds (4). Al-
though animals have been generally considered a major source of
human E. bieneusi infection, this is based largely on results of
genetic characterizations of parasites from humans and some an-
imals (3, 4).

Water potentially plays an important role in the transmission
of microsporidiosis. Epidemiological and environmental studies
have frequently identified drinking of untreated water as a poten-
tial risk factor for microsporidiosis in humans (5, 6). A putative
waterborne outbreak of intestinal microsporidiosis caused by E.
bieneusi and Encephalitozoon intestinalis was reported in France
(7), although the validity of the claim was disputed (8). Spores of
E. bieneusi have been identified in surface water at high frequen-
cies (9–14).

Sequence analysis of the ribosomal internal transcribed spacer
(ITS) has been used extensively in molecular epidemiologic stud-
ies of E. bieneusi infection in humans and assessment of the hu-
man-infective potential of E. bieneusi in animals (3, 4). Over 100 E.
bieneusi genotypes have been identified, belonging to at least six
phylogenetically distinct genogroups (groups 1 to 5 and the so-
called outlier in dogs) (15–17). Host adaptation is apparent
among E. bieneusi genotypes (18–20), with almost all human iso-
lates and some animal isolates belonging to genotypes in group 1
(3, 4). Other genogroups contain mostly animal-adapted geno-
types, including group 2 genotypes in cattle, group 3 genotypes in

muskrats, group 4 genotypes in raccoons, group 5 genotypes in
primates, and the outlier in dogs (15–17). Sequence characteriza-
tions of other genes support the ITS classification of genogroups,
as PCR primers based on nucleotide sequences of group 1 largely
cannot amplify DNA from other E. bieneusi genogroups (21).
Some additional genogroups, such as groups 6 and 7, have also
been identified recently (22, 23), although the host specificity of
them is less clear.

Determination of host adaptation of E. bieneusi genotypes,
however, was based largely on ITS sequence characterizations of
specimens from only a few domestic and wild animal species (18,
19, 24, 25). Although the bovine-adapted nature of group 2 geno-
types was confirmed in subsequent studies (26–29), the host spec-
ificity of other genogroups remains to be determined. Indeed,
group 4 genotypes, originally shown to be common in raccoons in
the United States (18), have recently been found in wastewater in
Tunisia, where raccoons do not exist, indicating that some other
animals are probably also natural hosts of this group of genotypes
(30). More studies on the distribution of E. bieneusi genotypes in
wildlife are needed before we have a better understanding of host
adaptation in E. bieneusi.

Despite the zoonotic potential of E. bieneusi in wildlife, few
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studies have examined the distribution of E. bieneusi genotypes in
wild mammals in drinking source watersheds. In a study of fecal
specimens from 239 muskrats, 85 beavers, 67 foxes, 55 raccoons,
and 19 otters in watersheds in the Chesapeake Bay area, 17 E.
bieneusi genotypes (WL1 to WL17) were found among 59 PCR-
positive specimens. Three E. bieneusi genogroups were found,
with groups 1, 3, and 4 seen in 43 animals (from 13 beavers, 11
muskrats, 9 foxes, 8 raccoons, and 2 otters), 9 animals (all from
muskrats), and 7 animals (all from raccoons), respectively (18).
Likewise, only a few studies have assessed the public health poten-
tial of E. bieneusi in water by using genotyping tools, which
showed the presence of group 1 genotypes in a small number of
samples genotyped (13, 14).

In this study, E. bieneusi in fecal specimens from wildlife living
in the watershed of the New York City (NYC) water supply system
was detected and genotyped by PCR and sequence analysis of the
ITS. The host range of each genotype was used to assess the extent
of host adaptation in E. bieneusi. Data on the host range of E.
bieneusi genotypes were used to infer the source and potential
public health significance of E. bieneusi in storm runoff within the
watershed. The latter interpretation was also aided by data on the
distribution of host-adapted Cryptosporidium species/genotypes
present in the water samples. Data from this study indicated that
most E. bieneusi isolates in wild animals and all isolates from water
in the watershed had not been found in humans, although the host
range of some of the so-called host-adapted genogroups was
broader than previously believed.

MATERIALS AND METHODS
Animal specimens. Fecal specimens were collected between September
2005 and July 2007 from 255 wild mammals in the New York City Depart-
ment of Environmental Protection (NYCDEP) watershed. They were a
part of a previous study on the distribution of Cryptosporidium species
and genotypes in wildlife (31). The collection areas included reservoir
buffer lands (forest, woodland, transition edge, and mixed meadow/
shrub), areas along stream corridors, and maintained surfaces (lawns and
parks). The collection of animal fecal specimens was described in detail
previously (31). All animals were identified by species (except Peromyscus)
and age, with most animals being adults. Samples were initially collected
by NYCDEP staff and then shipped in coolers to the laboratory at the
Centers for Disease Control and Prevention (CDC) for pathogen detec-
tion by PCR.

Stormwater samples. Sixty-seven stormwater samples were collected
during July 2002 to October 2003 from three sites within the NYCDEP
Kensico watershed in Valhalla, NY, including the E9, Malcolm Brook, and
N5 basins. They were mostly a part of a previous study on the distribution
and public health potential of Cryptosporidium species and genotypes in
stormwater within the New York City drinking source water supply (32).
The N5 stream basin is 298 acres, is located on the west side of the water-
shed, and consists almost entirely of residential lots (91%). The Malcolm
Brook basin is 95 acres, is close to the N5 site, and has large wooded areas
(39% of the total area) and corporate parks (22%), in addition to relatively
high-density suburban residential lots (34%) with public sewer systems.
The E9 stream basin, in contrast, is located on the east side of the water-
shed, is 321 acres, and drains a large wetland area (18.4% of the total area).
In addition, it has large wooded areas (56.5%) and some development
areas (17.6%) (Fig. 1).

Stormwater samples were collected with preset autosamplers (Isco
6700; Isco, Inc., Lincoln, NE), which were set to collect 20-liter composite
samples over a predicted intensity of the storm event. The samples were
filtered through an Envirochek HV filter (Pall Gelman Laboratory, Ann
Arbor, MI) in the NYCDEP laboratory according to procedures described
in U.S. Environmental Protection Agency Method 1623 (33). Material on

the filter was eluted, and a portion of the concentrated pellet from each
sample was transported to the CDC laboratory for molecular analysis. The
Malcolm Brook and N5 basin sites and stormwater sample collection were
described in detail previously (32). All stormwater samples were collected
in stream channels prior to entry into the reservoir; therefore, they were
not yet subjected to reservoir residence time, treatment with chlorine, or
UV disinfection.

DNA extraction. After washing the specimens twice with distilled wa-
ter by centrifugation, genomic DNA was extracted from 0.2 ml of fecal
specimens or 0.5 ml of stormwater concentrates by using the FastDNA
Spin kit for soil (MP Biomedicals, Santa Ana, CA) and eluted in 100 �l of
reagent-grade water, as described previously (34). The extracted DNAs
from both fecal specimens and stormwater samples were used for PCR
detection of E. bieneusi, whereas those from stormwater samples were
further analyzed for Cryptosporidium by PCR. To neutralize residual PCR
inhibitors in the extracted DNA, 400 ng/�l of nonacetylated bovine serum
albumin (Sigma-Aldrich, St. Louis, MO) was used for primary PCR for
both E. bieneusi and Cryptosporidium detection. In a previous study on the
distribution of Cryptosporidium genotypes in these and other stormwater
samples (32), DNA was extracted by using a QIAamp DNA minikit from
immunomagnetic separation-purified oocysts present in a separate por-
tion of the water concentrates.

E. bieneusi detection and genotyping. A nested PCR analysis of a
�392-bp fragment of the rRNA gene containing the entire internal tran-
scribed spacer (ITS) was used to detect E. bieneusi, using a dog-specific E.
bieneusi genotype (PtEbIX) as the positive control (18). The primers used
included AL4037 (5=-GATGGTCATAGGGATGAAGAGCTT-3=) and
AL4039 (5=-ACGGATCCAAGTGATCCTGTATT-3=) for primary PCR
and AL4038 (5=-AGGGATGAAGAGCTTCGGCTCTG-3=) and AL4040
(5=-AGTGATCCTGTATTAGGGATATT-3=) for secondary PCR. Each
animal specimen was analyzed twice by using 2 �l of extracted DNA per
PCR, whereas each stormwater sample was analyzed once by using of 3 �l
of extracted DNA per PCR. Positive PCR products were sequenced to
determine E. bieneusi genotypes. E. bieneusi genotypes were named ac-
cording to an established nomenclature system (35). The genotypes with
ITS sequences identical to those in the GenBank database were considered
known genotypes. In contrast, genotypes that produced ITS sequences
with any single-nucleotide substitutions, deletions, or insertions and were
confirmed by DNA sequencing of at least two PCR products were consid-
ered new genotypes.

Cryptosporidium detection and genotyping. To aid in the interpre-
tation of the source of E. bieneusi genotypes in stormwater samples, we
also genotyped Cryptosporidium present in the same extracted DNAs by
nested PCR amplification of an approximately 830-bp fragment of the
small-subunit (SSU) rRNA gene, as Cryptosporidium spp. are known to
have more strict host specificity. The primers used include AL1687 (5=-T
TCTAGAGCTAATACATGCG-3=) and AL3417 (5=-CCCATTTCCTTCG
AAACAGGA-3=) for primary PCR and AL3032 (5=-GGAAGGGTTGTAT
TTATTAGATAAAG-3=) and AL4871 (5=-CTCATAAGGTGCTGAAGGA
GTA-3=) for secondary PCR (32). DNA of Cryptosporidium serpentis was
used as the positive control. The Cryptosporidium species and genotypes
present were differentiated by restriction fragment length polymorphism
(RFLP) analysis of the secondary PCR products using the restriction en-
zymes SspI and VspI (32). All positive PCR products were sequenced to
confirm the genotype identification. To detect the occurrence of mixed
Cryptosporidium species and genotypes, each water sample was analyzed
six times by the PCR-RFLP technique, using 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0
�l of DNA per PCR.

Sequence analysis. After purification using Montage PCR filters (Mil-
lipore, Bedford, MA), the secondary PCR products were sequenced in
both directions with secondary PCR primers by using the ABI BigDye
Terminator v3.1 cycle sequencing kit (Applied Biosystems, Foster City,
CA) and an ABI3130 genetic analyzer (Applied Biosystems). Nucleotide
sequences obtained were aligned with reference sequences downloaded
from the GenBank database by using ClustalX (http://www.clustal.org/)
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to determine E. bieneusi genotypes and Cryptosporidium species or
genotypes. For ITS sequences of E. bieneusi, to confirm the genogroup
designation and assess the genetic relationship among genotypes, a neigh-
bor-joining tree was constructed by using Mega 5.2 (http://www
.megasoftware.net/), based on genetic distances calculated by the Kimura
two-parameter model. A sequence (GenBank accession no. DQ885585)
from the dog-specific genotype (PtEbIX) was used as the outgroup. The
reliability of various clusters was evaluated by the bootstrap method with
1,000 replicates. The topology of the tree was supported by a maximum
parsimony analysis of the same sequence alignment, with all alignment
sites taken into consideration.

Nucleotide sequence accession numbers. Unique E. bieneusi ITS se-
quences obtained from wildlife and stormwater during the study were
deposited in the GenBank database under accession numbers KF591677
to KF591688.

RESULTS
Prevalence of E. bieneusi in wild mammals. E. bieneusi was de-
tected in 74 (29.0%) of the 255 wild mammals sampled (Table 1).
These animals belonged to 23 species in six orders. Most of the

positive animals (64/74) were rodents and carnivores, while only
10 were other mammals. Rodents, however, accounted for over
one-half (142/255) of the sampled animals and had an E. bieneusi
infection rate (38/142; 26.8%) similar to the average infection
rate. Within rodents, members of the squirrel family had the high-
est infection rate (21/49; 42.9%), while the remaining 17 positive
rodents were all from the Cricetidae (deer mice and voles). Among
two other groups of animals commonly examined, carnivores had
an infection rate (26/42; 61.9%) much higher than the average,
whereas ruminants (white-tailed deer) had an infection rate (6/49;
12.2%) lower than the average. The small numbers of insectivores
(5 animals), lagomorphs (8), and marsupials (9) sampled did not
allow an accurate determination of E. bieneusi infection rates; only
3/8 eastern cottontails and 1/9 Virginia opossums sampled were
positive (Table 1).

E. bieneusi genotypes in wildlife. Altogether, 16 E. bieneusi
genotypes were found among the 74 PCR-positive specimens, in-
cluding 7 known genotypes (D, Peru11, PtEbV, type IV, WL2,

FIG 1 Sampling sites in the Kensico watershed of the New York City Department of Environmental Protection (NYCDEP).
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WL4, and WW6) and 9 new ones (named WL18 to WL26 in this
study). WL4 was the most common genotype (35), followed by
WW6 (10), type IV (7), and Peru11 (5). Other genotypes were
detected in only 1 to 3 animals (Table 1). Seven specimens had
mixed genotypes, as reflected by discordant genotype results in
replicate PCRs (five samples) or underlying signals in sequence
trace files, which prevented determination of genotypes (two sam-
ples).

E. bieneusi genotypes in stormwater samples. Thirty-nine
(58.2%) of the 67 stormwater samples analyzed were PCR positive
for E. bieneusi, including 3 of 4 (75.0%) samples from the E9 basin,
3 of 15 (20.0%) samples from Malcolm Brook, and 33 of 48
(68.8%) samples from the N5 basin. These isolates belonged to
five genotypes, including two known genotypes (WL4 and WL6)
and three new genotypes (called SW1, SW2, and SW3). WL4 was
the most common genotype, being seen in 23 samples. This was
followed by WL6, being seen in five samples. In contrast, the three
new genotypes were each seen in only 1 to 2 samples. Seven sam-
ples had mixed genotypes, as reflected by the underlying signals in
sequence trace files. There were apparent differences in the occur-
rences and genotype distributions of E. bieneusi among the three
sampling sites. The N5 and E9 basins had a higher occurrence of E.
bieneusi than Malcolm Brook, with PCR positivities of 68.8%,

75.0%, and 20.0%, respectively. WL4 was also the dominant E.
bieneusi genotype in the N5 and E9 basins but was absent in Mal-
colm Brook (Table 2).

Phylogenetic relationship of E. bieneusi isolates. Altogether,
20 E. bieneusi genotypes were found in this study. Both the neigh-
bor-joining and maximum parsimony analyses suggested that
these genotypes belonged to five genotype groups or genogroups:
groups 1, 3, 4, and 7 and an outlier (Fig. 2). Four of the five
genogroups, including groups 1, 3, 4, and 7, were seen in 20, 40,
12, and 1 animal, respectively (Table 1). Groups 1 and 3 had a
broad host range; each group was detected in 10 animal species
belonging to the rodent, carnivore, lagomorph, and ruminant
groups. In contrast, group 4 was detected in only four animal
species belonging to the carnivore and rodent groups, with rac-
coons being the major host and members of the squirrel family
being minor hosts. The only detection of group 7 was in a raccoon
(Table 1). Three of the five genogroups were found in stormwater
samples, including groups 1 and 3 and an outlier, with the major-
ity (28/32) of the genotyped samples having group 3 genotypes
(Table 2). An almost identical topology was produced by both
phylogenetic approaches. The only exception was the placement
of the outlier found in one stormwater sample. In the neighbor-
joining analysis, the outlier was placed near the base of the tree but

TABLE 1 Prevalence of Enterocytozoon bieneusi genotypes in wild mammals in the NYCDEP watershed

Animal
No. of
samples

No. of
positive
samples

Infection
rate (%) Genotype(s) (no. of samples positive)

Genogroup(s) (no. of samples
positive)

Rodents 142 38 26.8
Sciuridae 49 21 42.9

Sciurus carolinensis (eastern gray squirrel) 34 11 32.4 Type IV (3), WL4 (5), WW6 (2), PtEbV � WL21 (1) 1 (4), 3 (5), 4 (2)
Sciurus vulgaris (red squirrel) 2 0 0
Glaucomys volans (southern flying squirrel) 1 0 0
Tamias striatus (eastern chipmunk) 7 5 71.4 Type IV (1), WL4 (3), WL23 (1) 1 (1), 3 (4)
Marmota monax (woodchuck) 5 5 100.0 Type IV � WL20 (1), WL4 (2), WL22 (1), WW6 (1) 1 (1), 3 (3), 4 (1)

Castoridae 16 0 0
Castor canadensis (beaver) 16 0 0

Muridae 1 0 0
Rattus norvegicus (Norway rat) 1 0 0

Zapodidae 1 0 0
Napaeozapus insignis (woodland jumping

mouse)
1 0 0

Cricetidae 71 17 23.9
Peromyscus sp. (deer mouse) 55 13 23.6 WL4 (10), WL23 (2), WL25 (1) 3 (13)
Myodes gapperi (boreal red-backed vole) 5 1 20.0 WL20 � WL21(1) 1 (1)
Microtus pennsylvanicus (meadow vole) 10 3 30.0 Peru11 (1), Peru11 � type IV (1), WL21 �

unknown (1)
1 (3)

Ondatrini zibethicus (muskrat) 1 0 0
Erethizontidae 4 0 0

Erethizon dorsatum (porcupine) 4 0 0

Carnivores 42 26 61.9
Mustela vison (mink) 4 0 0
Mustela erminea (ermine) 1 1 100.0 WL4 (1) 3 (1)
Procyon lotor (raccoon) 22 18 81.8 WL4 (8), WW6 (7), Peru11 (1), WL26 (1), WL24 (1) 3 (8), 4 (8), 1 (1), 7 (1)
Ursus americanus (black bear) 5 2 40.0 Type IV (1), WL4 (1) 1 (1), 3 (1)
Lontra canadensis (river otter) 8 5 62.5 D (2), WL4 (2), WL2 (1) 1 (2), 3 (2), 4 (1)
Mephitis mephitis (striped skunk) 2 0 0

Insectivores 5 0 0
Blarina brevicauda (northern short-tailed shrew) 5 0 0

Lagomorpha 8 3 37.5
Sylvilagus floridanus (eastern cottontail) 8 3 37.5 Peru11 (1), Peru11 � WL4 (1), mixed (1) 1 (1), 1 � 3 (1), unknown (1)

Ruminants 49 6 12.2
Odocoileus virginianus (white-tailed deer) 49 6 12.2 WL18 (2), WL19 (2), WL4 (2) 1 (4), 3 (2)

Marsupials 9 1 11.1
Didelphis virginiana (Virginia opossum) 9 1 11.1 Mixed (1) Unknown (1)

Totala 255 74 29.0

a There were 16 total genotypes detected and 4 total genogroups detected.
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was separated from genotype PtEbIX in dogs (Fig. 2). In the max-
imum parsimony analysis, the outlier grouped together with ge-
notype PtEbIX, with 94% bootstrap support.

Cryptosporidium genotypes in stormwater. Forty-four
(65.7%) of the 67 stormwater samples analyzed were PCR positive
for Cryptosporidium spp. in at least one of the six replicate PCR
analyses, including 3 of 4 (75.0%) samples from the E9 basin, 6 of
15 (40.0%) samples from Malcolm Brook, and 35 of 48 (72.9%)
samples from the N5 basin (Table 2). Of the 44 Cryptosporidium-
positive samples, 9, 15, 15, 24, 20, and 25 samples generated the
expected SSU rRNA PCR products when 0.5, 1.0, 1.5, 2.0, 2.5, and
3.0 �l of the 100 �l of extracted DNA were used for PCR, respec-
tively. In general, there were good agreements in the occurrences
of Cryptosporidium and E. bieneusi, although the number of sam-
ples from one of the study sites, the E9 basin, was small. Thus, the
overall prevalence of Cryptosporidium in these water samples was
similar to that of E. bieneusi (72.9% and 68.8%, respectively); sites
with higher E. bieneusi occurrences also had higher Cryptospo-
ridium occurrences, and E. bieneusi-positive water samples were
almost twice as likely to be positive for Cryptosporidium than
were E. bieneusi-negative samples (32/39 [82.1%] versus 12/28
[42.8%]).

Altogether, 13 Cryptosporidium species/genotypes were found
in stormwater, including deer mouse genotype III (W1), C. ubiq-
uitum (W4), the shrew genotype (W5), muskrat genotype I (W7),
opossum genotype II (W8), C. baileyi (W10), the snake genotype
(W11), an unknown genotype (W12), the skunk genotype (W13),
the vole genotype (W15), muskrat genotype II (W16), chipmunk
genotype I (W17), and rat genotype IV (W19). The most common
genotypes included C. ubiquitum, deer mouse genotype III, the
skunk genotype, muskrat genotype I, and C. baileyi, being found
in 33, 15, 14, 12, and 12 PCR replicates, respectively. The remain-
ing genotypes were each found in only 1 to 5 PCR replicates. There
were differences in the distributions of common Cryptosporidium
species/genotypes among study sites. Thus, although C. baileyi
and muskrat genotype I were found at all three sampling sites, deer
mouse genotype III and the skunk genotype were found only in
the N5 basin. Likewise, the most commonly detected Cryptospo-
ridium species in the study, C. ubiquitum, was absent in the E9
basin (Table 2).

DISCUSSION

The results of this study suggest that the host range of group 3 E.
bieneusi genotypes is much broader than previously believed. This
group of genotypes was initially found in muskrats in the Chesa-
peake area. Subsequent ITS sequence analyses of numerous E.
bieneusi isolates from domestic animals and humans have failed to
detect them thus far. In this study, however, one known genotype
and three new genotypes of this phylogenetically unique group
were found in 10 species of mammals of four orders. This is about
the same host range of eight group 1 genotypes in this study, which
are well known to have a broad host range. In fact, one member of
group 3, WL4, was by far the most commonly detected genotype
in this study, being identified in nearly one-half (35/74) of the E.
bieneusi-positive animals. Likewise, group 4 genotypes, which
were previously considered raccoon specific, were also found in
other carnivores in addition to raccoons as well as in several spe-
cies of rodents in the squirrel family. Nevertheless, these geneti-
cally unique genotypes are rarely seen in domestic animals, imply-
ing that they do have some host preference. Indeed, in one of theT
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most sampled animals in this study, deer mice, only group 3 ge-
notypes were found in the 13 E. bieneusi-positive animals.

The dominant E. bieneusi genotype in animals, WL4, was also
the dominant genotype in stormwater samples, suggesting that
wildlife played a significant role in contamination of stormwater
by E. bieneusi in the watershed. This was especially the case in the
N5 basin, which is much larger and less commercially developed

than the neighboring Malcolm Brook. The high usage of lands for
commercial parks and high-density residential lots in the Mal-
colm Brook basin might have reduced the activity of wildlife, thus
resulting in the disappearance of the WL4 genotype at this site.
Interestingly, although the N5 basin consists mostly of large resi-
dential lots and Malcolm Brook has many high-density residential
lots, no group 1 genotypes previously detected in humans were

FIG 2 Phylogenetic relationship among various E. bieneusi genotypes in wildlife in the NYCDEP watershed and known E. bieneusi genotypes, as inferred by a
neighbor-joining analysis of SSU rRNA sequences. Genotypes with open circles are known genotypes found in the NYCDEP watershed, and those with black
circles are new genotypes. A similar tree topology was also produced by maximum parsimony analysis, with the exception that the SW3 genotype grouped
together with genotype PtEbIX, with 94% bootstrap support. Numbers on branches are percent bootstrap values (�50) using 1,000 replicates, with the first
number being generated by neighbor-joining analysis and the second number being generated by maximum parsimony analysis. NS, nonsignificant (bootstrap
value of �50%).
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found in any stormwater samples, indicating that humans and
companion animals were not major contributors to E. bieneusi
contamination in stormwater in the watershed. This is in agree-
ment with the genotyping results for Cryptosporidium oocysts iso-
lated from different aliquots of these samples in a previous study,
which showed that wildlife contributed exclusively to Cryptospo-
ridium spp. in stormwater from the Malcolm Brook and N5 basins
(32).

The lack of strict host specificity makes it difficult to track the
source of contamination of E. bieneusi in stormwater to specific
wildlife species or groups, especially when the dominant geno-
type, WL4, was found in 10 species of mammals of four orders in
the watershed. Because WL4 was most often detected in members
of the squirrel family, deer mice, and raccoons in this study and
was shown to be a common genotype in muskrats, it is likely that
these animals were the main source of E. bieneusi in stormwater.
To facilitate the interpretation of contamination in stormwater,
we analyzed the same DNA from stormwater samples in this study
for Cryptosporidium spp. There was good agreement in the occur-
rences of Cryptosporidium and E. bieneusi in both the overall prev-
alence and sample-specific positivity. There was also good agree-
ment between the nature of dominant E. bieneusi and
Cryptosporidium genotypes at the Malcolm Brook and N5 basins
(only four samples were collected from the E9 basin). Over one-
half of the Cryptosporidium-positive stormwater samples (21/35)
and 33 of 108 PCR-positive replicates had C. ubiquitum (W4),
which was found mostly in members of the squirrel family in the
watershed. This, together with the occurrence of another Crypto-
sporidium genotype of the squirrel family, chipmunk genotype I
(W17), supports the role of these animals in E. bieneusi contami-
nation in the watershed, especially in the N5 basin and Malcolm
Brook. The role of raccoons in E. bieneusi contamination in the N5
basin was also supported by the common finding (in 11 samples
and 14 PCR replicates) of the Cryptosporidium skunk genotype
(commonly found in raccoons) in stormwater samples. Likewise,
the relatively common finding of Cryptosporidium muskrat geno-
types I (W7) and II (W16) and the vole genotype (W15) indicates
that muskrats contributed to E. bieneusi contamination in water in
the N5 and E9 basins. In contrast, Cryptosporidium genotyping
results do not support a significant role of deer mice in E. bieneusi
contamination at all these sampling sites. Although Cryptospo-
ridium deer mouse genotype III (W1) was commonly seen in
stormwater samples (6 samples and 15 PCR replicates), another
common Cryptosporidium genotype in deer mice, deer mouse ge-
notype IV (W3), was absent. As deer mouse genotype III also
occurs in squirrels at a high frequency, members of the squirrel
family could be responsible for the occurrence of deer mouse ge-
notype III in stormwater. Taken together, data from E. bieneusi
and Cryptosporidium genotyping indicate that muskrats were a
major source of pathogen contamination in stormwater in the E9
basin, and squirrel family members were a major source in Mal-
colm Brook, while squirrel family members, raccoons, and musk-
rats were all major sources of pathogens in stormwater in the N5
basin (Table 2). These results are in agreement with the environ-
mental ecology and land use at these sampling sites.

Most of the E. bieneusi isolates found in wildlife and stormwa-
ter samples are not from human-pathogenic genotypes. Among
the 20 E. bieneusi genotypes found in this study, only 3 have ever
been detected in humans: type IV, Peru11, and D, which were
detected in 7, 5, and 2 animals, respectively. None of them have

been found in stormwater. Seven other genotypes in the study also
belong to the potentially human-pathogenic group 1, but alto-
gether, group 1 genotypes were found in only 20 of 255 (7.8%)
wildlife samples and 20 of 74 (27.0%) E. bieneusi-positive animals.
Likewise, only 3 of 67 (4.5%) stormwater samples and 3 of 39
(7.7%) E. bieneusi-positive stormwater samples had group 1 ge-
notypes. Some of the group 1 genotypes in wildlife and stormwa-
ter samples are newly discovered genotypes. Because host adapta-
tion also exists within group 1 genotypes (36), it is likely that not
all group 1 genotypes are human pathogenic. Thus, wildlife may
contribute to E. bieneusi contamination in stormwater but most
likely do not have public health significance because they are gen-
erally infected with non-human-pathogenic genotypes. More-
over, stormwater samples from this study were collected prior to
entry into the reservoir and any treatment with chlorine or UV
disinfection, which may further reduce the public health impact of
E. bieneusi in source water.
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