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TRANSMISSION OF NEOSPORA CANINUM BETWEEN WILD AND DOMESTIC ANIMALS

L. F. P. Gondim, M. M. McAllister, N. E. Mateus-Pinilla*, W. C. Pittt, L. D. Mecht, and M. E. Nelsont
Department of Veterinary Pathobiology, College of Veterinary Medicine, University of lllinois, 2001 South Lincoln Avenue, Urbana, lllinois

61802. e-mail: pita@ufba.br

ABSTRACT:

To determine whether deer can transmit Neospora caninum, brains of naturally infected white-tailed deer (Odocoileus

virginianus) were fed to 4 dogs; 2 of these dogs shed oocysts. Oocysts from 1 of the dogs were tested by polymerase chain
reaction and found to be positive for N. caninum and negative for Hammondia heydorni. The internal transcribed spacer 1
sequence of the new strain (designated NC-deer1) was identical to N. caninum from domestic animals, indicating that N. caninum
is transmitted between wild and domestic animals, often enough to prevent divergent evolution of isolated populations of the
parasite. NC-deer1 oocysts were administered to a calf that developed a high antibody titer, providing evidence that N. caninum
from wildlife can infect cattle. In addition, N. caninum antibody seroprevalence was detected in 64/164 (39%) free-ranging gray
wolves (Canis lupus), 12/113 (11%) coyotes (Canis latrans), 50/193 (26%) white-tailed deer, and 8/61 (13%) moose (Alces
alces). These data are consistent with a sylvatic transmission cycle of N. caninum between cervids and canids. We speculate that
hunting by humans favors the transmission of N. caninum from deer to canids, because deer carcasses are usually eviscerated in
the field. Infection of canids in turn increases the risk of transmitting the parasite to domestic livestock.

Neospora caninum is a protozoan parasite originally reported
in dogs and calves (Bjerkas et al., 1984; O Toole and Jeffrey,
1987; Parish et a., 1987; Dubey et a., 1988) and commonly
diagnosed in bovine abortions worldwide (Dubey, 1999). The
parasite has been detected in severa mammalian species, i.e,,
sheep, goats, horses, deer (Dubey and Lindsay, 1996), water
buffaloes (Guarino et al., 2000), rhinoceros (Williams et al.,
2002), and foxes (Almeria et al., 2002). Dogs were the first-
discovered definitive host of N. caninum (McAllister et al.,
1998); recently, coyotes (Canis latrans) were also demonstrated
to be definitive hosts of the parasite (Gondim, McAllister et al.,
2004). When investigating N. caninum in canine feces, it is
necessary to avoid confusion with the closely related parasite
Hammondia heydorni, which has oocysts that appear similar to
those of N. caninum (Slapeta et al., 2002). There are few con-
firmed cases of neosporosis in wild animals; however, antibod-
ies against N. caninum have been found in several wild mam-
malian species, suggesting that the parasite may be widely
spread among wildlife (for review, see Dubey, 2003).

Natural cases of neosporosis have been reported in different
species of wild and captive deer (Woods et al., 1994; Dubey et
al., 1996). The seroprevalence of N. caninum in free-ranging
white-tailed deer (Odocoileus virginianus) in some states of the
United States has been shown to be between 40 and 50% (Dub-
ey et al., 1999; Lindsay et al., 2002), suggesting that deer may
play an important role in the epidemiology of neosporosis.

The aims of this study were to investigate whether naturally
infected white-tailed deer tissues can induce dogs to shed N.
caninum oocysts and to determine the prevalence of antibodies
against N. caninum in serum samples from gray wolves (Canis
lupus), coyotes, white-tailed deer, and moose (Alces alces). All
sera were also tested for Toxoplasma gondii antibodies to rule
out potential cross-reactivity between the 2 parasites.

Received 20 February 2004; revised 29 March 2004; accepted 30
March 2004.
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MATERIALS AND METHODS
Collection of deer samples

In December 2001, 30 blood samples were collected from the tho-
racic cavity of hunted white-tailed deer. The samples were selected from
hunter-killed deer at the Vermillion County Illinois Department of Nat-
ural Resources (IDNR) deer check station in lllinois during the state-
wide firearm deer harvest season. The sera were tested for N. caninum
antibodies to estimate the regional seroprevalence. In December 2002,
with permission from IDNR, 12 deer heads with matching blood sam-
ples were collected from hunter-killed white-tailed deer in the same
region. Heads from 4 deer with N. caninum antibody titer =1:800 by
an indirect fluorescent antibody test (IFAT) (described in the Prevalence
of Neospora caninum and Toxoplasma gondii Antibodies Using Wolf,
Coyote, White-Tailed Deer, and Moose Sera) were selected and kept at
4 C for up to 12 hr after collection.

Infection of dogs

Four female mixed-breed hound puppies (A, B, C, and D), 10-14
wk old, purchased from a commercial class A breeder (Covance, Inc.,
Madison, Wisconsin), were housed individually in indoor kennels. The
dogs were fed dry dog food and had never consumed raw meat or meat
products. Each pup tested negatively for antibodies against N. caninum
by IFAT (<1:25) before the experimental challenge.

Fecal samples from each dog were examined for 4 consecutive days
before consuming the infected tissues. Within 12 hr after collection of
the deer heads, each dog was fed 1 whole brain from a seropositive
deer. Fecal samples were examined daily for oocysts, starting on the
third day after infection.

Fecal examinations and processing of oocysts

Dog feces were examined by a standard sucrose flotation technique,
as described previously (Gondim et al., 2002). Fecal specimens con-
taining oocysts were mixed with 5 volumes of 2% H,SO, and aerated
for 3 days to induce sporulation. Sporulated oocysts were stored at 4 C
until used.

DNA extraction from sporulated oocysts

A volume of 140 ml of dog feces diluted in 2% H,SO,, containing
700 oocysts, was filtered through a gauze and distributed in 15-ml cen-
trifuge tubes. The tubes were centrifuged at 800 g for 10 min, the
supernatant was discarded, and the sediment was suspended with su-
crose solution. Coverslips were placed on each tube, and the samples
were centrifuged at 800 g for 10 min. The coverslips were removed and
washed in water to collect the oocysts. The solution containing the
oocysts was centrifuged; the sediment was transferred to a 1.5-ml tube,
treated for 5 min with 2.6% sodium hypochlorite, and washed 5 times
in water. The sediment was mixed with 700 pl of digestion buffer (100
mM NaCl, 10 mM Tris—HCI, pH 8.0, 25 mM ethylenediaminetetraacetic
acid [EDTA], 0.5% sodium dodecy! sulfate) and 5 .l of proteinase K
(20 mg/ml) and added to a 1.5-ml tube containing 500 wl of glass beads
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TasLE |. IFAT for IgG antibodies against Neospora caninum and Toxoplasma gondii in sera from wildlife from several states of the United States.

IFAT positive for

N. caninum IFAT T. gondii IFAT .
both N. caninum
Animal species State Positive Total (%) Positive Total (%) and T. gondii
Wolf Minnesota 64/164 (39.0%) 39.0 47/164 (28.7%) 28.7 23/164 (14%)
Coyote Utah 1/45 (2.2%) 6/45 (13.3%)
Colorado 5/28 (17.9%) 10.6 4/28 (14.3%) 31.0 6/113 (5.3%)
Illinois 6/40 (15.0%) 25/40 (62.5%)
White-tailed deer Minnesota 30/150 (20.0%) 25.9 7/150 (4.6%) 124 6/193 (3.1%)
Illinois 20/43 (46.5%) 17/43 (39.5%)
Moose Minnesota 8/61 (13.1%) 131 1/61 (1.6%) 1.6 0

(0.5 mm in diameter). The suspension was vortexed for 10 min and
incubated at 65 C for 2 hr. DNA was extracted using standard phenol—
chloroform followed by 2-propanol precipitation.

Polymerase chain reaction assays for Neospora caninum and
Hammondia heydorni

DNA extracted from the oocysts was used in polymerase chain re-
action (PCR) assays for N. caninum and H. heydorni. PCR for N. can-
inum was performed using the species-specific primer pair Np21-Np6
(Yamage et al., 1996). PCR conditions comprised 40 cycles at 94 C for
1 min, 54 C for 1 min, and 72 C for 1.5 min, with a final extension
step at 72 C for 2 min. DNA from N. caninum and Vero cells were
used as positive and negative controls, respectively. PCR to detect H.
heydorni was performed using the species-specific primers JS4-JS5 and
PCR conditions described by Slapeta et a. (2002); a positive control
(H. heydorni DNA) and a negative control (Vero cell DNA) were in-
cluded in the test. Each PCR reaction was performed in a 25-p.l volume
containing 30 pmol of each primer, 1.25 U of Tag DNA polymerase,
200 pM of each deoxynucleoside triphosphate, 1 wl of template, 1.5
mM MgCl,, 20 mM Tris—HCI (pH 8.4), 50 mM KClI, and sterile ddH,O
up to 25 pl. PCR products were electrophoresed on 2.0% agarose gel
stained with ethidium bromide in a 0.5x TBE buffer (45 mM Tris base,
45 mM boric acid, 1 mM EDTA, pH 8.0) at 100 V for 1 hr and observed
under ultraviolet (UV) illumination.

Internal transcribed spacer 1 sequencing

Extracted DNA from oocysts was used for amplification and sequenc-
ing of the internal transcribed spacer 1 (ITS1) region of the ribosomal
DNA (rDNA). PCR for the ITS1 was performed using the primers
ITS5-ITS2 (White et a., 1990); PCR conditions consisted of an initial
denaturing step at 94 C for 3 min followed by 30 cycles at 94 C for 1
min, 55 C for 1 min, and 72 C for 2 min, with a final extension step
at 72 C for 7 min. DNA of N. caninum (NC-beef strain) (Gondim, Laski
et al., 2004) and Vero cells were included as positive and negative
controls, respectively, in the PCR assays. The products were electro-
phoresed on 1.5% agarose gel stained with ethidium bromide at 100 V
for 1 hr and gel purified using the QIAquick Gel Extraction Kit (Qiagen
Inc., Vaencia, California). Automated sequence reactions for N. can-
inum ITS1 were performed at the Biotechnology Center at the Univer-
sity of Illinois at Urbana—Champaign, using the internal primers PN1—
PN2 (Holmdahl and Mattsson, 1996).

PCR-amplified ITS1 using 5% polyacrylamide gel electrophoresis

The amplified ITS1 from the recently isolated oocysts and from the
N. caninum strain NC-beef (positive control) were electrophoresed on
5% polyacrylamide gel (BioRad, Ready gel, Hercules, California) at
120V for 2 hr. The gel was stained with ethidium bromide and observed
by UV illumination.

Oral inoculation of a calf with oocysts shed by a dog that
consumed infected deer brain

A newborn dairy bull calf was purchased from the University of
Illinois Dairy. It was housed indoors on a slatted floor, without bedding,
and fed milk replacer. The calf was seronegative for N. caninum anti-

bodies at 1:25 by IFAT. At 5 days of age, the calf received 2,500 spor-
ulated oocysts shed by dog A, through an esophageal feeder. Blood was
collected from the calf 34 days after administration of oocysts, and the
serum was separated and kept at —20 C until examined.

Prevalence of Neospora caninum and Toxoplasma gondii
antibodies using wolf, coyote, white-tailed deer, and moose sera

Sera from 164 gray wolves, 113 coyotes, 193 white-tailed deer, and
61 moose were examined (Table I). Wolf and moose sera were collected
in northeastern Minnesota, coyote sera were collected in Utah, Colo-
rado, and lllinois, and sera from white-tailed deer were collected in
northeastern Minnesota and Illinois. All sera had been collected previ-
ously for use in other investigations. |FATs were used for the detection
of antibodies against N. caninum and T. gondii using tachyzoites of the
strains NC-beef and RH as antigens, respectively. A fluorescein iso-
thiocyanate (FITC)—conjugated anti-dog 1gG (Bethyl, Montgomery,
Texas), diluted at 1:50 in phosphate-buffered saline (PBS), was used as
a secondary antibody for wolf and coyote sera; FITC-conjugated anti-
deer 1gG (Cappel, Durham, North Carolina), diluted at 1:50 in PBS,
was used for white-tailed deer and moose sera. Serareacting at dilutions
=1:50 were considered positive for T. gondii antibodies. For N. can-
inum serology, deer and moose sera were considered positive if they
reacted at dilutions =1:100, and 1:50 was selected as the cutoff for
coyote and wolf sera. The maximum antibody titer was determined for
al N. caninum—positive samples. Maximum titers for T. gondii were
determined only for samples that showed positive reactions for both T.
gondii and N. caninum.

RESULTS
Oocyst shedding and PCR from oocyst DNA

Two of 4 dogs (A and B) that ingested naturally infected
deer brain shed N. caninum-ike oocysts in the feces. Dog A
shed approximately 12,300 oocysts between 7 and 14 days after
infection; dog B shed approximately 500 oocysts on the 11th
and 12th days after infection. Oocysts were shed unsporulated
and measured 10 pm in diameter (dog A, n = 10; dog B, n =
5). Sporulation was induced when oocysts were mixed in 2%
H,SO, and aerated at room temperature for 3 days. The oocysts
shed by dog A tested positively for N. caninum by PCR (Fig.
1); in contrast, PCR for H. heydorni yielded negative results.
DNA could not be extracted from dog B oocysts, which were
in low numbers and diluted in a large volume of feces. The 4
dogs remained seronegative for N. caninum antibodies at 1:50
by IFAT 28 days after consuming deer brain.

ITS1 sequence of the recently isolated oocysts

The ITS1 sequence obtained from the recently isolated N.
caninum oocysts (designated NC-deerl) (GenBank AY508811)
was identical to the ITS1 sequence of the N. caninum strain
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300 bp-

Ficure 1. PCR for Neospora caninum using Np21-Np6 primers
(Yamage et a., 1996). (1) A 100-bp DNA ladder; (2) Vero cell DNA
(negative control); (3) N. caninum DNA (positive control); and (4) a
positive reaction for N. caninum using DNA extracted from oocysts of
the newly described isolate from deer (designated NC-deerl).

NC-lllinois, which had been isolated from a dairy calf in Illi-
nois (Gondim, Laski et al., 2004) (GenBank AY 259041), and
to other N. caninum ITS1 sequences of dogs or cattle (strain/
accession number: NC-2/AF249969, NC-5/AF249970, BPA1/
AF038860, CN1/AF038861, NC-SweB1/AF029702, NC-beef/
AF249968, CZ-4/AF432123). The PCR-amplified product of
the NC-deerl using the primers ITS5-1TS2 yielded a band of
approximately 510 base pairs (bp) on the 1.5% agarose gel (Fig.
2A); this band comprises the reported 1TS1 sequence for N.
caninum (421 bp) and part of the 18S and 5.8S rDNA genes.
The same PCR-amplified ITS1 of the NC-deerl isolate was ob-
served as 2 distinct bands on 5% polyacrylamide gel electro-
phoresis (PAGE), identical to the NC-beef strain that was used
as a positive control (Fig. 2B) and similar to other strains ex-
amined previously (Gondim, Laski et al., 2004).

Serological response of the calf infected with the newly
isolated oocysts

A newborn dairy bull calf developed an antibody titer of 1:
800 to N. caninum 34 days after oral inoculation with 2,500
oocysts of the newly described isolate (NC-deerl).

Serology of wild animals

Antibodies against N. caninum were detected in 39% of
wolves, 11% of coyotes, 26% of white-tailed deer, and 13% of
moose. Antibodies to T. gondii were found in 29% of wolves,
31% of coyotes, 12% of white-tailed deer, and 2% of moose;
positive reactions for both N. caninum and T. gondii were ob-
served in 14% of wolves, 5% of coyotes, 3% of white-tailed
deer, and 0% of moose (Table I). The maximum N. caninum
antibody titer observed in wolf and moose sera was 1:6,400;
titers up to 1:3,200 were found in white-tailed deer, and in coy-
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FIGUrRe 2. PCR amplification of the ITS1 region. (1) A 100-bp DNA
ladder; (2) Vero cell DNA (negative control); (3) Neospora caninum
DNA (positive control); and (4) DNA extracted from the NC-deerl
isolate. (A) On a 1.5% agarose gel, a single band of approximately 510
bp was observed for the NC-deerl isolate and also for the N. caninum
DNA used as positive control. (B) On a 5% polyacrylamide gel, which
has a higher resolution than the 1.5% agarose gel, 2 distinct bands were
observed for each PCR-amplified product.

otes the maximum serum titer against the protozoan was 1:800
(Table I1). In atotal of 133 N. caninum—positive serum samples
observed for al tested animals, 98 sera reacted solely with N.
caninum and 35 sera reacted with both N. caninum and T. gon-
dii (Tablel).

DISCUSSION

Two of the 4 dogs shed N. caninumHike oocysts after in-
gesting brain of naturally infected white-tailed deer. Oocysts
shed by 1 dog (A) were confirmed to be N. caninum using the
specific primers Np21-Np6 and by sequencing the ITS1 region
of the rDNA. PCR for H. heydorni was negative. A calf that
ingested these oocysts developed an N. caninum antibody titer
of 1:800, 34 days after inoculation.

The ITS1 of the rDNA is a region that evolves fast and has
frequently been used for phylogenetic comparisons among dif-
ferent organisms (White et a., 1990). The ITS1 sequence of
the new N. caninum isolate (NC-deerl) is identical to the ITS1
sequence reported for N. caninum strains isolated from domes-
tic animals (Gondim, Laski et al., 2004). The separation of the
amplified ITS1 into 2 distinct bands on 5% PAGE, as recently
reported for 6 different strains of N. caninum (Gondim, Laski
et al., 2004), was also observed for the ITS1 region of NC-

TaBLE Il. Neospora caninum antibody titers in seropositive wolves, coyotes, white-tailed deer, and moose, tested by IFAT.

Serum dilution
Animals 1:50 1:100 1:200 1:400 1:800 1:1,600 1:3,200 1:6,400
Wolves 8 7 9 12 14 10 3 1
Coyotes 3 6 1 1 1 0 0 0
White-tailed deer ND* 9 10 3 15 7 6 0
Moose ND* 2 1 1 2 0 1 1

* ND = not determined.
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Ficure 3. Transmission cycles of the protozoan Neospora caninum between wild and domestic animals. The domestic cycle, transmission
from cattle to coyotes, and transmission from deer to dogs have each been demonstrated. Transmission between coyotes and deer, from coyotes

to cattle, and from dogs to deer are probable but as yet untested.

deerl. These results indicate that N. caninum infections are hor-
izontally transmitted between wild and domestic animals, often
enough to prevent divergent evolution of isolated populations
of the parasite.

In this investigation, wild naturally infected deer transmitted
N. caninum to dogs. In a previous study (Gondim, McAllister
et al., 2004), coyotes were shown to be a definitive host of N.
caninum when they shed oocysts after ingesting tissues from
infected cattle. Based on these findings, a crossover cycle of N.
caninum between wild and domestic animals is proposed and
illustrated in Figure 3.

In this study, deer brain was the only tissue fed to dogs be-
cause we wanted to avoid shedding of Sarcocystis spp. sporo-
cysts in feces, which could have complicated observation and
identification of N. caninum oocysts. Sarcocystis spp. are com-
monly observed in skeletal muscle and heart of wild deer (Em-
nett and Huggins, 1982). In a previous study (Gondim et al.,
2002), the production of N. caninum oocysts in dogs was im-
proved by providing the dogs various tissues from experimen-
tally infected calves, including brain, spinal cord, heart, skeletal
muscle, diaphragm, and kidney. Hence, dogs consuming a mix-
ture of different tissues from deer might have shed a greater
number of oocysts than that observed in this experiment. The

4 deer brains used in this study were collected from N. canin-
um—seropositive deer; however, it is not known whether all the
4 selected brains contained cysts of the parasite.

White-tailed deer are easily adaptable to a variety of envi-
ronmental conditions and are widely distributed in North Amer-
ica. In 1998, the number of white-tailed deer in North America
was estimated to be almost 29 million in the winter; hunters
harvest about 6 million white-tailed deer annually (Créte and
Daigle, 1998). When deer are hunted, carcasses are usually field
dressed and the offal is left behind. Besides the natural preda-
tion of deer by wild canids, during every deer-hunting season
the offal is readily available for consumption by wild canids
and dogs, which could increase the risk of transmission of N.
caninum from canids to livestock.

The prevalence of N. caninum antibodies found in wolves,
coyotes, white-tailed deer, and moose ranged from 11 to 39%.
Antibody titers up to 1:6,400 were observed in wolf and moose,
titers up to 1:3,200 were found in white-tailed deer, and titers
up to 1:800 were found in coyotes; these findings suggest that
awild canid—uminant life cycle of the parasite is common. All
serum samples used in this survey were tested for both N. can-
inum and T. gondii; in 133 samples that tested positive for N.
caninum antibodies, more than 70% of these samples reacted
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solely to N. caninum, indicating that N. caninum titers were not
an artifact of cross-reaction with T. gondii. The high prevalence
(39%) and high titers (up to 1:6,400) of N. caninum antibodies
observed in wolves are probably related to their diet, which is
mostly based on ruminants, including white-tailed deer and
moose; wolves may be exposed to N. caninum-infected tissues
repeatedly throughout their lives. Antibodies to N. caninum
were found in 11% of coyotes; their diet is more diversified
when compared with wolves and they do not primarily rely on
ruminants (Arjo et al., 2002). Nevertheless, the prevalence of
antibodies found in coyotes (11%) is still higher than that re-
ported for dogs in the United States (7%) (Cheadle et al., 1999).

The isolation of N. caninum from wildlife, the serological
evidence of infection in several wild animals, and the demon-
stration that the parasite can cycle between wild and domestic
animals pose new questions about the relative importance of
transmission of N. caninum between wildlife and livestock.
Some reasonable control measures may help to prevent trans-
mission of the parasite to domestic ruminants, such as protec-
tion of feedstuffs from contamination with canine feces and
appropriate disposal of dead livestock to prevent consumption
by a definitive host. The large amount of offal from hunted
deer carcasses that are field dressed and left available for con-
sumption by a variety of carnivores could pose an added risk
of disease transmission each fall.
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