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Abstract Fecal specimens were obtained from a total of
413 dairy calves from farms in Vermont, New York,
Pennsylvania, Maryland, Virginia, North Carolina, and
Florida. After removal of fecal debris by sieving and
density gradient centrifugation, specimens were exam-
ined by fluorescence microscopy, polymerase chain
reaction (PCR), and DNA sequencing analysis for the
presence of microsporidia. Microscopic examination
revealed no spores. PCR using generic primers for
microsporidia revealed 70 positive calves. PCR was then
conducted using specific primers for Enterocytozoon
bieneusi, the most frequently found microsporidian in
human infections. These primers revealed 13 positive
calves from six farms in five states. DNA sequencing
analysis of the 13 E. bieneusi-positive specimens con-
firmed the PCR results and indicated 96.8-99.8% simi-
larity with E. bieneusi sequences in GenBank. This is the
first report of E. bieneusi in cattle in North America.

Introduction

Fourteen species of microsporidia have been identified
as opportunistic or emerging pathogens of humans.
Enterocytozoon bieneusi, first identified in a male patient
with acquired immunodeficiency syndrome (Desportes
et al. 1985), is the species of microsporidia reported
most frequently in humans with microsporidiosis (Reetz
et al. 2002). Recent reports suggest that E. bieneusi is
a potential zoonotic pathogen. Several genotypes of
E. bieneusi have been identified in farm and companion
animals in Europe, including pigs, cattle, cats, dogs, a
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llama, and chickens (Deplazes et al. 1996; Breitenmoser
et al. 1999; Mathis et al.1999; Rinder et al. 2000; Dengjel
et al. 2001; Reetz et al. 2002). Several genotypes were
reported from swine at a slaughterhouse in Massachu-
setts (Buckholt et al. 2002). Additional genotypes have
been reported from wildlife including beavers, muskrats,
otters, foxes, and raccoons in the United States (Sulai-
man et al. 2003), and in laboratory rhesus monkeys
(Mansfield et al. 1998). The biological significance of
these numerous genotypes, including any influence on
the range of potential hosts, is unknown. However, be-
cause organisms found in animals and those found in
humans differ by only a few base pairs in gene se-
quences, the potential for transmission from animals to
humans is of concern.

Of 88 cattle examined from herds in Germany,
E. bieneusi has been identified in eight calves (Rinder et al.
2000; Dengjel et al. 2001). Objects resembling micro-
sporidian spores have been observed occasionally during
routine microscopic examinations of feces from calves in
our laboratory for many years, without confirmation or
documentation of the observations. The present study
was undertaken to specifically determine if microspori-
dia were present in calves on several farms in different
geographic areas in North America using molecular
methods to confirm the identity of positive specimens.

Materials and methods

Sources and collection of specimens

Feces were collected between June and October 2002 from a total
of 413 calves. All calves were less than 42 days old, located on three
dairy farms in Vermont and on two dairy farms each in New York,
Pennsylvania, Maryland, Virginia, North Carolina, and Florida
(Table 1). Most calves were purebred or mixed-breed Holstein
stock. Eleven of the 15 farms were selected based on having
approximately 20 or more calves that could be examined during a
single visit. Calves were housed under a wide variety of conditions
including individual hutches distant from adult cattle, individual
wire enclosures within a single large shed, individual solid-wall
stalls within a barn, and large pens with ten or more calves. Feces
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Table 1 The number of

specimens positive for State Farm No. of No. p_ositiye with No. positive with primers s_peciﬁc
Enterocytozoon bieneusi by animals generic primers (%) for Enterocytozoon bieneusi (%)
PCR using generic and specific
primers from each farm Vermont VT-1 6 0 0
examined VT-2 15 0 0
VT-3 17 7 (41.2) 4 (23.5)
New York NY-1 25 2 (8) 0
NY-2 37 10 (27) 3.1
Pennsylvania PA-1 24 7 (29.2) 1 (4.2)
PA-2 25 2 (8) 0
Maryland MD-1 39 8 (20.5) 1(2.6)
MD-2 27 3(11.1) 2(7.4)
Virginia VA-1 22 0 0
VA-2 17 7 (41.2) 0
North Carolina NC-1 38 6 (15.8) 0
NC-2 53 13 (24.5) 2 (3.8)
Florida FL-1 40 0
FL-2 28 5(17.8) 0
Total 413 70 (16.9%) 13 (3.1%)

were collected directly from the rectum of each calf into plastic
specimen cups that were immediately capped, labeled to identify
the source, and placed on ice. Feces were transported to the USDA
laboratory in Beltsville, Maryland on ice in insulated containers,
and processed within 3 days of collection.

Cleaning of specimens from feces

Fifteen grams of feces from each of the 413 calves was suspended
in 35-50 ml of deionized H,O and passed through a number 325-
mesh wire screen. The sieved fecal suspension was further cleaned
of fecal debris by centrifugation in capped 50-ml conical centri-
fuge tubes at 1,800 g for 10 min. Supernatant was decanted and
the pellet resuspended in deionized H,O to 25 ml. The suspen-
sion was thoroughly mixed with an additional 25 ml of cesium
chloride (1.4 g/ml) and centrifuged at 300 g for 20 min. Next,
4 ml of supernatant were aspirated from the top, pipetted into a
15-ml conical centrifuge tube, and deionized H,O was added to
reach a final volume of 15 ml. The suspension was centrifuged at
1,800 g for 10 min, the supernatant decanted, and the pellet
resuspended in 500 ul of deionized H,O to be examined by
microscopic and molecular methods for the presence of micros-
poridia.

Microscopic examination

For microscopic examination of each fecal specimen, 15 ul of the
suspended pellet was aspirated, pipetted onto a glass microscope
slide coated with poly-L-lysine, and dried overnight. The dried
preparation was fixed with methanol, dried, stained with Calcofluor
white reagent (Becton Dickinson, Sparks, Md.), and examined
with the aid of 40x and 100x oil immersion objectives on a Zeiss
Axioskop fluorescence microscope at a wavelength of 470 nm.

DNA extraction

Using a QIAampTissue Kit (Qiagen, Valencia, Calif.) with a
slightly modified protocol, total DNA was extracted from the
suspensions cleaned of fecal debris. The protocol, described below,
utilized reagents provided by the manufacturer and 50 ul of pro-
cessed feces resuspended in 180 ul of ATL buffer thoroughly mixed
by vortexing. To this suspension, 20 ul of proteinase K (20 mg/ml)
was added, and the sample was mixed by vortexing. After incu-
bating the mixture at 55°C overnight, 200 ul of AL buffer was
added. The remaining protocol followed manufacturer’s instruc-
tions with one exception. To increase the final DNA concentration
in the elute, the nucleic acid was eluted in 100 ul of AE buffer.

PCR analysis

PCR analysis of small-subunit rRNA (SSU-rRNA) of E. bieneusi
was performed with generic and specific primers. Generic primers
designed to amplify DNA from all known human microsporidian
species were used to screen all samples. All samples found positive
with generic primers were subjected to a second PCR using
E. bieneusi-specific primers.

The following generic primers Micro F (5-CACCAGGTTG-
ATTCTGCCTGA-3") and Micro R (5-CCTCTCCGGAACCA-
AACCCTG-3") were used to generate an amplicon of 250 bp for
E. bieneusi. These were based on primers previously reported
(Fedorko et al. 1995, 2001; Fournier et al. 2002; Thurston-Enriquez
et al. 2002). The PCR program was as follows: 95°C for 1 min, 40
cycles at 94°C for 45 s, 58°C for 20 s, and 72°C for 40 s, followed
by a final extension at 72°C for 5 min.

Specific primers Eb F (5-GCCTGACGTAGATGCTAGTC-3")
and Eb R (5-ATGGTTCTCCAACTGAAACC-3") were used to
generate an amplified fragment of 1,294 bp (David et al. 1996). The
PCR program was as follows: 94°C for 3 min, 35 cycles at 94°C for
75 s, 55°C for 1 min and 72°C for 2 min. Amplification was con-
ducted using a 50 ul suspension of the following reagents: 10 mM
Tris-HCI (pH 9), 50 mM KCl, 1.5 mM MgCl,, 0.2 mg/ml BSA,
1 uM of each primer, 0.2 mM of each deoxynucleotide triphos-
phate, and 2.5 U of Tag DNA polymerase (Qbiogene, Carlsbad,
Calif.). PCR was performed with the aid of a PTC-200 thermocy-
cler (Pertier Thermal Cycler, MJ Research, Waltham, Mass.). A
negative control, consisting of a reaction mixture without the DNA
template, was included in each experiment. As a positive control,
DNA was extracted from E. bieneusi spores obtained from a hu-
man source. PCR products were analyzed on 1% agarose gel and
visualized by ethidium bromide staining.

Sequence analysis

PCR products were purified using EXO-SAP enzyme (USB,
Cleveland, Ohio). Purified products were sequenced using the same
PCR primers in 10 ul reactions, Big Dye chemistries, and an
ABI3100 sequencer analyzer (Applied Biosystems, Foster City,
Calif.). Both strands of DNA were sequenced for each sample. Se-
quence chromatograms from each strand were aligned and inspected
using Lasergene software (DNASTAR, Madison, Wis.). SSU-
rRNA coding sequences from microsporidia detected in the present
study were compared to SSU-rRNA sequences from GenBank.

Determination of minimum detection levels

Tests were conducted to determine the minimum level of detec-
tion for microsporidian spores in bovine feces by microscopic



examination and PCR. Clean spores suspended in water were
counted ten times in wells of three-well glass microscope slides and
then thoroughly mixed with calf feces at the rate of 100 and 1,000
spores/g of feces. Ten, 15-g samples at each concentration of spores
were cleaned of fecal debris using the same protocol as for farm
derived specimens described above. After staining with Calcofluor
white, each sample was examined by fluorescence microscopy to
determine the number of samples in which spores could be
detected. From two additional batches of 10, 15-g fecal samples
spiked with either 100 or 1,000 spores/g of feces and cleaned of
fecal debris, DNA was extracted and subjected to PCR using
generic primers as described above for farm derived specimens.

Results
Detection levels in spiked specimens

At the spiking concentration of 100 spores/g of feces,
spores were not observed in any of the ten specimens
examined. At the spiking concentration of 1,000 spores/
g, spores were detected in one of the ten specimens
examined. Using generic PCR primers, at an original
concentration of 100 spores/g of feces, none of the ten
specimens was found positive; at 1,000 spores/g six of
ten specimens were positive.

Detection of microsporidia from calves on farms

Of the 413 fecal specimens examined from calves on 15
farms in seven states (Table 1), spores of microsporidia
were not detected by microscopic methods in any spec-
imens after staining with Calcofluor white and exami-
nation by fluorescence microscopy.

Using generic PCR primers, 70 calves from 11 of 15
farms were found positive (Table 1). When specific PCR
primers for E. bieneusi were used to further examine
these 70 positive specimens, 13 calves from six farms
were found positive (Table 1).

All PCR positive specimens were sequenced. The
SSU-rRNA coding sequence of this microsporidian was
compared to other SSU-rRNA sequences from Gen-
Bank. All SSU-rRNA gene sequences from E. bieneusi
from the 13 calves were identical to one another. The
sequence has been submitted to GenBank (accession no.
AY257180). The sequence exhibited 96.8%-99.8% sim-
ilarity with the FE. bieneusi SSU-rRNA sequences re-
ported by Hartskeerl et al. (1993), Zhu et al. (1993),
DaSilva et al. (1996), Mathis et al. (1999), and Chalifoux
et al. (2000) (GenBank L16868, 107123, AF024657,
AF119100, and AF023245, respectively). The E. bieneusi
SSU-rRNA gene from calves in the present study dif-
fered consistently from the human and rhesus monkey
isolates at only two positions within the total 1,069 bp
analyzed. At positions 193 and 388, calf isolates had a T
and G whereas the primate isolates had G and A.

Using DNA sequence analysis for positive samples
with generic primers (but not specific primers for
E. bieneusi) unknown microsporidia species were iden-
tified, which were close to the insect microsporidia
Orthosemella and Endoreticulatus.
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Discussion

The present findings demonstrate for the first time the
presence of microsporidia in cattle in North America.
Over a widely dispersed geographic area from Vermont
to Florida, calves on 11 of 15 farms tested positive with
generic primers for microsporidia by PCR. Positive PCR
specimens resulting from the use of generic primers
represented microsporidia that could be parasites of
invertebrates ingested with food or water. However,
calves on six of these farms also tested positive with
specific primers for E. bieneusi by PCR, and gene
sequence data supported these findings. This reflects
previous findings of E. bieneusi in European cattle
(Rinder et al. 2000; Dengjel et al. 2001). These findings
of E. bieneusi implicate calves as a potential source of
this pathogen.

The sequences obtained in the present study showed
96.8-99.8% similarity with the E. bieneusi SSU-rRNA
reported by Hartskeerl et al. (1993), Zhu et al. (1993),
DaSilva et al. (1996), Mathis et al. (1999) and Chalifoux
et al. (2000). Many genotypes have been reported for
E. bieneusi based on the characterization of the internal
transcribed spacer of the rRNA gene. Isolates from
approximately 79 humans, rhesus monkeys, pigs, cattle,
cats, and a llama resulted in 14 different genotypes
(Dengjel et al. 2001). Phylogenetic analysis of the
sequences indicated no potential transmission barrier
between isolates from humans and cats, pigs, and cattle
(Dengjel et al. 2001). Isolates from 59 fur-bearing
mammals, including beavers, muskrats, otters, foxes,
and raccoons, identified 15 genotypes of E. bieneusi
(Sulaiman et al. 2003). Some isolates from muskrats
and raccoons formed two distinct groups, but others
belonged to a major group consisting of all the previ-
ously described E. bieneusi genotypes from human and
non-human sources. Results of the fur-bearing mammal
study indicated that these animals, usually closely
associated with surface waters, could also serve as
potential sources of human-pathogenic E. bieneusi. But
they could also serve as sources of infection for other
animals, including cattle, either by contamination of
water or by close contact. Nearly 30% of raccoons,
animals frequently found in or near barns and animal
feed storage areas, were found positive for E. bieneusi
(Sulaiman et al. 2003). A similarly high percentage
(30.5%) of infection with E. bieneusi was detected in
apparently healthy pigs shipped from Pennsylvania,
Massachusetts, New Hampshire, and Vermont to a
slaughterhouse in Massachusetts, suggesting that swine
could also be a significant source of environmental
contamination with this pathogen (Buckholt et al. 2002).

Whether feed, water, or bedding were contaminated
with spores from cattle within the herds, from other
animals on the dairy farms, from humans caring for the
calves, from wild animals, from birds, or from insect
vectors, remains unknown. A farm with a high per-
centage of generic PRC positive specimens (NC-2) had a
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noticeably high fly population with many flies found in
drinking water buckets. Of the 13 fecal specimens from
this farm that were PCR positive using the generic prim-
ers, only two demonstrated similarity with E. bieneusi.
The other 11 specimens demonstrated similarity with
sequences in GenBank for microsporidia reported from
insects. Fournier et al. (2002) detected an unknown
microsporidia that was genetically similar to the insect
microsporidian, Endoreticulatus in a swimming pool.

Because microscopic detection of microsporidian
spores in calf feces spiked with 100 and 1,000 spores/g
was only 0 and 10%, respectively, the lack of positive
microscopic identification of spores in fecal specimens
from the 413 calves in the present study suggests that if
any calves from farms in this study were excreting spores
they were likely at a concentration of less than 1,000
spores/g of feces. Utilizing PCR and generic primers, the
detection of spores in calf feces spiked with 100 and
1,000 spores/g was 0 and 60%, respectively. Based on
these findings, at a concentration of 1,000 spores/g of
feces the actual number of positive calves would be
underestimated by 40%. By this reckoning it is likely
that the number of infected calves detected in the present
study is an underestimation of the actual number of
infected calves on the farms examined.

Our findings suggest that cattle could serve as po-
tential reservoir hosts for E. bieneusi. Although the
transmission of this pathogen from cattle or other ani-
mals to humans appears possible, and likely, based on
the genetic identities of isolates from humans and ani-
mals, a specific link has not yet been demonstrated nor
strongly suspected based on epidemiological evidence
associated with any specific case.
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