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ABSTRACT:  The objective of this study was to
determine whether Lawsonia intracellularis
was present in the feces of free-living animals
collected on two equine premises with docu-
mented occurrence of equine proliferative
enteropathy (EPE). Fresh feces from black-
tailed jackrabbits (Lepus californicus, n=100),
striped skunks (Mephitis mephitis, n=22), feral
cats (Felis catus, n=14), Brewer’s Blackbirds
(Euphagus cyanocephalus, n=10), Virginian
opossums (Didelphis virginiana, n=9), rac-
coons (Procyon lotor, n=4), California ground
squirrels (Spermophilus beecheyi, n=3), and
coyotes (Canis latrans, n=2) were collected
from August 2006 to January 2007 either from
the ground while walking the premises or after
trapping the animals using live traps. Nucleic
acid purified from feces was directly processed
for polymerase chain reaction (PCR) analysis
using a real-time PCR assay targeting the
aspartate ammonia lyase gene of L. intracellu-
laris. Purified DNA samples were also precip-
itated, preamplified for L. intracellularis, and
analyzed using the same real-time PCR assay,
to increase the detection limit to one L.
intracellularis organism per extracted sample.
Feces from jackrabbits, striped skunks, Virgi-
nian opossums, and coyotes tested PCR posi-
tive for L. intracellularis, whereas all feces from
feral cats, Brewer’s Blackbirds, raccoons, and
ground squirrels tested PCR negative for L.
intracellularis. PCR testing on DNA extracted
directly from feces was positive for L. intra-
cellularis in six of 164 fecal samples. When
DNA purification from feces was followed by a
precipitation and preamplification step, five
additional fecal samples tested PCR positive for
L. intracellularis (11/164). The largest number
of PCR positive L. intracellularis fecal samples
was observed in striped skunks, followed by
Virginian opossums, jackrabbits, and coyotes.
This is the first description of L. intracellularis
in these four species. Because the fecal samples
were collected at equine farms with confirmed
cases of EPE, striped skunks, Virginian opos-
sums, jackrabbits, and coyotes may act as

992

potential sources of infection to susceptible
weanlings.

Key words: Equine proliferative enterop-
athy, feces, free-living animals, Lawsonia
intracellularis, PCR, real-time polymerase
chain reaction.

Lawsonia intracellularis is an obligate
intracellular bacterium that causes prolif-
erative enteropathy in a variety of domes-
tic and wild animals (Lawson and Geb-
hart, 2000). In horses, the second most
commonly affected domestic animal after
pigs, the disease is known as equine
proliferative enteropathy (EPE; Lavoie
and Drolet, 2007). Equine cases of EPE
have been reported from North America
(United States and Canada), Europe
(Great Britain, Belgium, and Switzerland),
and Australia. The occurrence of EPE is
often sporadic, and the age of affected
foals is generally 4 to 7 mo. Affected
weanlings commonly show rapid weight
loss, lethargy, fever, subcutaneous edema
due to hypoproteinemia, diarrhea, and
colic (Lavoie and Drolet, 2007). The
epidemiology of EPE has remained poorly
investigated, and the transmission of
infection in foals may occur through the
ingestion of feed or water contaminated
with L. intracellularis-infected feces from
feral or domestic animals.

Due to the inability to culture L.
intracellularis from fecal material, docu-
mentation of infection or exposure to L.
intracellularis in a susceptible animal
relies on the detection of L. intracellu-
laris-specific antibodies in peripheral
blood or on the detection of L. intracellu-
laris DNA in feces (Lawson and Gebhart,
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2000). The latest approach has been
successfully used for the epidemiologic
study of fecal shedding of L. intracellularis
in domestic and wild pigs, calves, dogs,
mice, wolves, foxes, red deer, fallow deer,
white-tailed deer, and hedgehogs (Drolet
et al., 1996; Herbst et al., 2003; Tomanova
et al., 2003; Stege et al., 2004; van der
Heijden et al., 2004; Bednar, 2006;
Dezorzova-Tomanova et al., 2006; Feary
et al., 2006). To determine the potential
source of infection in foals, we evaluated
feces collected from free-living animals for
the detection of L. intracellularis by real-
time polymerase chain reaction (PCR).

Study material was collected from two
equine premises located in California. The
premises were selected based on docu-
mented clinical cases of EPE (presence of
clinical and clinicopathologic findings
compatible with EPE, positive antibody
titer against L. intracellularis by immuno-
peroxidase monolayer antigen assay, and
molecular detection of L. intracellularis in
feces by real-time PCR). The first premis-
es (farm 1: 38°9’'N, 121°41'W), a Perche-
ron breeding farm with 190 resident
horses housed on 8.1 ha, was visited
several times over a period of 6 mo
(August 2006 to January 2007) following
the diagnosis of one weanling with EPE.
The second premises (farm 2: 34°36'N,
120°4’'W), a thoroughbred breeding farm
with 300 resident horses housed on
16.2 ha, was visited twice (October and
December 2006) after the diagnosis of six
weanlings with EPE. The objective of
each visit was to collect fecal samples from
feral animals for the detection of L.
intracellularis.

Fresh feces from {ree-living animals
were collected either on the ground while
walking the premises or after trapping the
animals using live traps (Tomahawk Live
Traps, Tomahawk, Wisconsin, USA). The
traps were baited with dried fruits and left
open overnight for 12 hr (from 6:00 pum to
6:00 am). The trapping protocol was in
compliance with the regulation for scien-
tific trapping from the California Depart-
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ment of Fish and Game. After determin-
ing its species, the trapped animals were
released unharmed, and feces dropped in
the cage during the confinement period
were collected. Specific characteristics
such as size, weight, color, and markings
were recorded to individually characterize
captured animals (i.e., document single or
multiple samples from the same animal).
Additional fresh feces from free-living
animals were collected from paddocks
and pastures where horses were kept,
and the species was determined according
to the characteristic appearance of the
feces. To increase individual fecal samples
for a specific species and avoid sampling
the same animal, collected feces had to be
at least 46 m apart. All fecal samples were
collected in separate cups, with the
exception of bird samples, which were
pooled to 10 single droppings per collec-
tion site. To prevent potential Cross-
contamination between fecal samples,
separate disposable gloves were worn for
each collected sample. In total, 164
samples (Table 1) were collected from
farms 1 and 2, including 100 samples
from black-tailed jackrabbits (Lepus cali-
fornicus), 22 samples from striped skunks
(Mephitis mephitis), 14 samples from feral
cats (Felis catus), 10 pooled samples from
Brewer’s Blackbirds (Euphagus cyanoce-
phalus), nine samples from Virginian
opossums (Didelphis virginiana), four
samples from raccoons (Procyon lotor),
three samples from California ground
squirrels (Spermophilus beecheyi), and
two samples from coyotes (Canis latrans).

Fecal samples collected in the field
were kept refrigerated at 4 C until
processed for nucleic acid purification
within 48 hr of collection. Two milliliters
of phosphate-buffered saline (PBS) were
added to 1 g of feces in a conical tube.
Thereafter, each sample was vortexed for
10 sec and centrifuged at 13,000 X G for
1 min. To minimize contamination, all
pipetting steps were performed in a
laminar flow cabinet. Nucleic acid purifi-
cation from 180 pl of supernatant fluid
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TasLE 1.
occurrence of equine proliferative enteropathy.

Fecal samples collected from free-living animals from two

JOURNAL OF WILDLIFE DISEASES, VOL. 44, NO. 4, OCTOBER 2008

equine premises with sporadic

Animal species

Collection method No. of samples farm 1/farm 2

Black-tailed jackrabbit (Lepus californicus)
Striped skunk (Mephitis mephitis)

Feral cat (Felis catus)

Brewer’s Blackbird (Euphagus cyanocephalus)
Virginian opossum (Didelphis virginiana)
Raccoon (Procyon lotor)

Ground squirrel (Spermophilus beecheyi)
Coyote (Canis latrans)

Total

Ground collection 100/0
Trapping 22/0
Ground collection 14/0
Ground collection 0/10*
Trapping 9/0
Trapping 4/0
Ground collection 0/3
Ground collection 1/1

150/14

* Each sample represents a pool of 10 bird droppings.

was performed using an automated nu-
cleic acid extraction system (CAS-1820 X-
tractor Gene, Corbett Life Science, Syd-
ney, Australia) according to the manufac-
turer’s recommendations.

To detect as few as one L. intracellularis
organism from the processed fecal sam-
ples, each purified DNA sample under-
went an additional precipitation and PCR
preamplification step. DNA was precipi-
tated using 100 pl of purified sample, 6 pl
of 5M NaCl (Applied Biosystems/Am-
bion, Foster City, California, USA), 10 pl
of 5 mg/ml glycogen (MBI Fermentas
Inc., Glen Burnie, Maryland, USA), and
300 ul of absolute ethanol (Glod Shield
Chemical Co., Hayward, California, USA)
as described previously (Baumgarth et al.,
2004). The mixture was inverted in a 1.5-
ml microcentrifuge tube several times and
stored at —20 C overnight. The tubes
were then centrifuged at 4 C at 16,000 X
G for 15 min. The supernatant was
removed, and 200 pl of 70% ethanol was
added to the pellet and resuspended. The
last step was repeated, followed by drying
the pellet at room temperature for 5-
10 min. Finally, the pellet was resus-
pended in 20 pl of water and stored at
—20 C until analysis. Precautions taken
to minimize contamination during the
precipitation and preamplification steps
included performing all pipetting steps in
a laminar flow cabinet and including
positive (DNA from cell grown L. intra-

cellularis) and negative (L. intracellularis-
free DNA from fecal samples) DNA
controls. Furthermore, swabs were taken
from centrifuges, laminar flow cabinets,
and countertops and assayed for the
aspartate ammonia lyase gene of L.
intracellularis by real-time PCR to assess
potential contamination.

Preamplification was done using the
Advantage 2 Polymerase Mix (Clontech
Laboratories, Inc., Mountain View, Cali-
fornia, USA) containing the target primers
(forward primer AATTTGTTGTGGATT-
GTATTCAAGGA and reverse primer CT-
TTCTCATGTCCCATAAGCTCAA) for
the L. intracellularis aspartate ammonia
lyase gene in a 50-pl total volume as
follows: each reaction contained 5 ul of
10X buffer, 1 pl of 10 mM dNTPs, 1 pl of
Advantage 2 Polymerase, 1 pl of target
primers at 10 pmol, 20 pl of DNA, and
21 pl of water. The primer mix was
amplified in a DNA Engine Dyad thermo-
cycler (Peltier Thermal Cycler, Bio-Rad
Laboratories, Hercules, California, USA),
with the following conditions: 1 min at 94
C, 25 cycles of 15 sec at 94 C, 15 sec at 55
C and 40 sec at 70 C, followed by 5 min at
70 C.

All samples (primary DNA extraction
and precipitated and preamplified DNA)
were assayed for the presence of the
aspartate ammonia lyase gene of L.
intracellularis by real-time TagMan PCR.
Briefly, the real-time TagMan PCR assay
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used is based on the detection of a specific
104-base pair product of the aspartate
ammonia lyase gene of L. intracellularis
(GenBank accession no. AM180252; oli-
gonucleotides: forward primer AATTTG-
TTGTGGATTGTATTCAAGGA, reverse
primer CTTTCTCATGTCCCATAAGCT-
CAA, and probe 6FAM-CAGGGACAAG-
TACAAATATGAATGCTAATGAAGCAA).
The samples were amplified in a combined
thermocycler/fluorometer (7900 HTA, Ap-
plied Biosystems), with the following stan-
dard thermal cycling protocol: 2 min at 50
C, 10 min at 95 C, and 40 cycles of 15 sec at
95 and 60 sec at 60 C. Amplification
efficiency of the aspartate ammonia lyase
gene gene assay was calculated from the
slope of a standard curve generated on 10-
fold diluted L. intracellularis-positive DNA
sample. High-amplification efficiency for
the target gene of 95% indicated a high
analytical sensitivity. Detection limit of the
assay was determined by using 10-fold
dilutions of L. intracellularis derived from
cell culture in McCoy cells (mouse fibro-
blast cells) added to PBS or to L. intracellu-
laris-free equine feces, respectively. Bacte-
rial numbers were assessed by direct
counting microscopically after indirect im-
munoperoxidase staining using L. intracel-
lularis-specific antibody. The samples were
then prepared as described previously.
Extraction and amplification of the dilutions
were run in triplicate. The detection limit
for the assay was four and 40 L. intracellu-
laris organisms, when the dilution samples
were purified from PBS and feces, respec-
tively. Analytical sensitivity was one L.
intracellularis organism after DNA precip-
itation and PCR preamplification indepen-
dently of the substrate used (PBS versus
feces). Analytical specificity was verified by
sequencing TagMan PCR products for the
target gene and using positive (DNA from
cell grown L. intracellularis) and negative
controls (L. intracellularis-free DNA from
fecal samples) with each run. Prevalence of
L. intracellularis PCR-positive feces was
determined after both PCR protocols. Exact
prevalence was determined for animal
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species with individual animal identification
or when only one fecal sample tested PCR
positive, whereas prevalence range was
determined for feces collected from animal
species with no individual animal identifica-
tion.

Feces from jackrabbits, striped skunks,
Virginian opossums, and coyotes tested
PCR positive for L. intracellularis, where-
as all feces collected from feral cats,
Brewer’s Blackbirds, raccoons, and
ground squirrels tested PCR negative for
L. intracellularis (Table 2). The PCR
testing on DNA extracted directly from
feces was positive for L. intracellularis in
six of 164 fecal samples. When DNA
purification from feces was followed by a
precipitation and preamplification step,
five additional fecal samples tested PCR
positive for L. intracellularis (11/164). The
largest number of PCR positive L. in-
tracellularis fecal samples was observed in
striped skunks, followed by Virginian
opossums, jackrabbits, and coyotes. With
the exception of the PCR-positive coyote,
all other PCR-positive animals originated
from farm 1. The exact prevalence was
50% for coyote and 22% for Virginian
opossums, whereas the prevalence for
striped skunks and jackrabbits ranged
from 4.5% to 22% and from 1% to 2%,
respectively. Prevalence range for the last
two animal species was determined based
on the inability to identify individual
animals.

Epidemiologic studies determining the
exposure rate of free-living animals to L.
intracellularis are hampered by the lack of
established and validated serologic assays.
As an alternative method, molecular assays
have been established with the goal to
document the presence of L. intracellu-
laris nucleic acid in feces. Although PCR
is one of the most sensitive nucleic acid
detection assays, the use of fecal material
for molecular diagnostics has been associ-
ated with false negative results due to the
presence of inhibitory substances that can
interfere with nucleic acid purification or
amplification (Machiels et al., 2000; Ja-
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TaBLE 2.
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Polymerase chain reaction results for the detection of Lawsonia intracellularis from fecal samples

collected from free-living animals from two equine premises with documented occurrence of equine

proliferative enteropathy.

PCR protocol (no. of samples/PCR-positive samples)

Real-time Real-time PCR with Prevalence

Animal species PCR preamplification (%)
Black-tailed jackrabbit (Lepus californicus) 1/100 2/100 1-2
Striped skunk (Mephitis mephitis) 3/22 6/22 4.5-97
Feral cat (Felis catus) 0/14 0/14 0
Brewer’s Blackbird (Euphagus cyanocephalus) 0/10° 0/10" 0
Virginian opossum (Didelphis virginiana) 2/9 2/9 22
Raccoon (Procyon lotor) 0/4 0/4 0
California ground squirrel (Spermophilus beecheyi) 0/3 0/3 0
Coyote (Canis latrans) 0/2 1/2 50

* Results are expressed as minimal and maximal prevalence when individual animals were not identified.

P Each sample represents a pool of 10 bird droppings.

cobson et al., 2003). However, develop-
ment and use of specific extraction proto-
cols has improved the yield of nucleic acid
from feces (Li et al., 2003). The inhibitory
effect of feces on the molecular detection
of L. intracellularis was documented in
the present study by the 10-fold difference
in analytical sensitivity between L. intra-
cellularis extracted from a noninhibitory
substrate (PBS) and L. intracellularis
extracted from feces. Several PCR assays
have been established and used to docu-
ment L. intracellularis shedding in pigs
and other animals, with a reported analyt-
ical sensitivity ranging from 1 to 1,000
target molecules per reaction tube (Jones
et al., 1993; Lindecrona et al., 2002;
Herbst et al., 2003; Jacobson et al.,
2004). Although the detection limit of
these assays may be sensitive enough to
document fecal shedding in affected
animals, the sensitivity may not be high
enough to document low fecal shedding in
reservoir hosts or animals with intermit-
tent shedding. Therefore, to increase the
analytical sensitivity of the fecal samples
tested, the present study also used a two-
step PCR process. This process has been
successfully used for the study of gene
expression from very small tissue samples
(Baumgarth et al., 2004). This approach
allowed us to increase the analytical
sensitivity from 40 target molecules per

reaction tube to one single target molecule
per total volume of purified fecal material.
This represents a 4,000-fold increase in
sensitivity, thereby increasing the propor-
tion of fecal samples positive for L.
intracellularis from six to 11 out of 164
tested samples. One must, however, bear
in mind that the molecular detection of L.
intracellularis in the feces of animals does
not allow any conclusion to be drawn
regarding the biologic state of the organ-
isms or its origin. The direct link between
wild animals and EPE has still to be
proven by either characterization of the
detected bacterial isolates or by experi-
mental challenges using isolates from free-
living hosts. Traditionally, genomic and
proteomic analyses of L. intracellularis of
porcine origin have shown great homoge-
neity between strains, making a differen-
tiation between field and vaccine isolates
very difficult (McOrist et al., 1995).
However, recent work using multiple-
locus variable number tandem repeat
analysis has shown promise in differenti-
ating L. intracellularis isolates (Gebhart,
pers. comm.). Such an approach could be
used to characterize the isolates from free-
living animals in addition to the detection
of L. intracellularis from their gastrointes-
tinal tract.

The largest number of PCR-positive L.
intracellularis fecal samples was observed
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in striped skunks (six), followed by Virgi-
nian opossums (two), jackrabbits (two),
and coyote (one). Based on individual
identification or the detection of only one
positive animal for a specific species, exact
prevalence of 50 and 20% was determined
for coyote and Virginian opossum, respec-
tively. The high prevalence determined for
coyote was influenced by the small sample
size, and additional samples are needed to
assign a more accurate prevalence. In
comparison with our results, a recent
study performed in the Slovak carpathians
reported 7 and 9% of fecal samples from
red foxes and wolves, respectively, testing
PCR positive for L. intracellularis (Toma-
nova et al., 2003). Due to the inability to
identify feces from individual jackrabbits
collected from the field and from striped
skunks trapped in cages, the proportion of
fecal samples positive for L. intracellularis
was expressed as a range defined by all
positive samples originating from either
one single animal or from all different
animals. Interestingly, none of the fecal
samples from feral cats, raccoons, Brew-
er’s Blackbirds, and ground squirrels had
detectable L. intracellularis. The lack of
molecular pathogen detection in these
species may be related to the small sample
size, a potential intermittent mode of
pathogen shedding, or the inability of L.
intracellularis to infect these species. One
of the potential limitations of the study
was the inability to analysis feces from a
similar cohort of animal species from each
farm. Differences in habitat and number
of trapping events between the two farms
were at the origin of this discrepancy.
However, the results highlight the variety
of animal species potentially involved in
the shedding of L. intracellularis on farms
with documented cases of EPE.

The mode of transmission of L. intra-
cellularis to susceptible weanlings has
remained speculative. However, it is likely
that foals become exposed to L. intracel-
lularis after the ingestion of feed or water
contaminated by L. intracellularis contain-
ing feces from domestic or free-living

SHORT COMMUNICATIONS 997

animals. In addition, the role of clinically
and subclinically infected foals in the feco-
oral transmission of L. intracellularis
needs to be further investigated. From
the different free-living animals tested in
the present study, the potential reservoir
host must fulfill several criteria to serve as
the source of infection for L. intracellu-
laris, knowing that up to 45% of the
resident weanlings tested seropositive for
L. intracellularis (data not shown). Poten-
tial reservoir hosts must be abundant on
the premises, must have unlimited access
to feeding and drinking areas of the
susceptible weanlings, and must be able
to maintain the agent indefinitely in their
populations. From the study results, jack-
rabbits, Virginian opossums, and striped
skunks would be considered prime reser-
voir host candidates. It is possible that
additional domestic or free-living animals
may play a role in the transmission of L.
intracellularis on the two study premises.

This project was supported by the
Center for Equine Health with funds
provided by Marcia MacDonald Rivas
Endowment, School of Veterinary Medi-
cine, University of California, Davis, with
additional contributions from public and
private donors.
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