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Abstract

Little information is available on the presence of viable Toxoplasma gondii in tissues of lambs worldwide. The prevalence of 7. gondii
was determined in 383 lambs (<1 year old) from Maryland, Virginia and West Virginia, USA. Hearts of 383 lambs were obtained from a
slaughter house on the day of killing. Blood removed from each heart was tested for antibodies to 7. gondii by using the modified agglu-
tination test (MAT). Sera were first screened using 1:25, 1:50, 1: 100 and 1:200 dilutions, and hearts were selected for bioassay for T.
gondii. Antibodies (MAT, 1:25 or higher) to 7. gondii were found in 104 (27.1%) of 383 lambs. Hearts of 68 seropositive lambs were
used for isolation of viable 7. gondii by bioassay in cats, mice or both. For bioassays in cats, the entire myocardium or 500 g was chopped
and fed to cats, one cat per heart and faeces of the recipient cats were examined for shedding of 7. gondii oocysts. For bioassays in mice,
50 g of the myocardium was digested in an acid pepsin solution and the digest inoculated into mice; the recipient mice were examined for
T. gondii infection. In total, 53 isolates of T. gondii were obtained from 68 seropositive lambs. Genotyping of the 53 T. gondii isolates
using 10 PCR-restriction fragment length polymorphism markers (SAG1, SAG2, SAG3, BTUB, GRAG6, c22-8, c29-2, L358, PK1 and
Apico) revealed 57 strains with 15 genotypes. Four lambs had infections with two 7. gondii genotypes. Twenty-six (45.6%) strains belong
to the clonal Type II lineage (these strains can be further divided into two groups based on alleles at locus Apico). Eight (15.7%) strains
belong to the Type III lineage. The remaining 22 strains were divided into 11 atypical genotypes. These results indicate high parasite
prevalence and high genetic diversity of 7. gondii in lambs, which has important implications in public health. We believe this is the first
in-depth genetic analysis of 7. gondii isolates from sheep in the USA.
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1. Introduction

The protozoan Toxoplasma gondii infects virtually all
warm-blooded animals including humans, livestock and
marine mammals (Dubey and Beattie, 1988; Dubey et al.,
2003). In the USA, various surveys have found that 10—
50% of the adult population has been exposed to this par-
asite (Dubey and Beattie, 1988; Jones et al., 2001, 2003,
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2007). Toxoplasma gondii infection causes mental retarda-
tion, loss of vision and other congenital health problems
in human infants. Toxoplasmosis is an important cause
of morbidity and mortality in immunosuppressed individu-
als, and can cause serious health problems in healthy adults
(Luft et al., 1993; Montoya and Liesenfeld, 2004). Toxo-
plasma gondii is one of three pathogens (along with Salmo-
nella and Listeria) which account for >75% of all deaths
due to food-borne disease in the USA (Mead et al., 1999).

There are two major modes of transmission of 7. gondii.
Infection may occur by ingestion of food or water contam-
inated with oocysts excreted by infected cats or by inges-
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tion of uncooked or undercooked meat containing tissue
cysts of T. gondii. The proportion of the human population
that acquires infection by ingestion of oocysts in the envi-
ronment or by eating contaminated meat is not known
and currently there are no tests available that can deter-
mine the infection source. However, sero-epidemiological
data suggest that ingesting improperly cooked meat con-
taining 7. gondii is a major source of infection for humans
in the USA (Kimball et al., 1974; Dubey and Beattie, 1988).

In the USA poultry, pork and beef are the main meat
types consumed. In a recent nationwide study of the prev-
alence of T. gondii in retail meat, viable 7. gondii was iso-
lated from seven of 2094 pork samples but not from 2094
beef or 2094 chicken meat samples (Dubey et al., 2005b).
Thus, while the scope of human infection resulting from
meat sources remains undetermined, the low prevalence
of T. gondii infection in market pigs alone cannot account
for the seroprevalence in humans in the USA. In the pres-

Table 1

ent study, we determined the prevalence of 7. gondii infec-
tion in lambs slaughtered for human consumption and
genetically characterised the isolates.

2. Materials and methods
2.1. Naturally-infected lambs

Between November 2006 and April 2007 hearts of 383
lambs from a slaughter house in Baltimore, Maryland were
obtained for the present study. The lambs were raised as
small flocks in Maryland, Virginia and West Virginia,
and were between six and 12 months old. No other infor-
mation could be gathered for these animals. The heart of
each lamb was placed in a ziplock bag and kept at ambient
temperature until transport to the Animal Parasitic Dis-
eases Laboratory (APDL), Beltsville, Maryland. Hearts
were obtained in nine batches of 31-47 animals. Blood or

Isolation of T. gondii from hearts of lambs from Maryland, Virginia, and West Virginia

Lamb No MAT titre T. gondii isolation in cats T. gondii isolation in mice® Isolate designation
Cat No. Oocyst fed to mice Sub-passage to mice®

421 100 344 No oocysts Not done 2/2 KO TgShUsl
430 200 312 DK4,DK4 K59,K59 2/2 KO TgShUs2
431 50 333 DKS5,DKS5 K59,K59 0/2 KO TgShUs3
446 400 336 DKS5,DKS5 K59,K59 0/2 KO TgShUs4
458 400 316 DK4,DK4 K59,K59 0/2 KO TgShUs5
425 1600 330 DKS5,DKS5 K59,K59 2/2 KO TgShUs6
471 3200 359 DK4,DK4 K57,K57 1/2 KO TgShUs7
475 3200 356 DK4,DK4 K57,K57 1/2 KO TgShUs8
476 1600 358 DK4,DK4 K57,K57 0/2 KO TgShUs9
478 3200 368 DK4,DK4 K57,K57 0/2 KO TgShUs10
490 3200 350 DKS5,DKS5 K57,K57 0/2 KO TgShUsl1
491 100 361 DK4,DK4 K48,K48 0/2 KO TgShUs12
529 400 371 DK4,DKS5 K59,K59 Not done TgShUs13
531 400 362 DKS5,DKS5 K59,K59 2/2 SW TgShUs14
532 800 364 DK4,DKS5 K59,K59 2/2 SW TgShUs15
566 800 367 DK4,DK4 K359,K59 2/2 SW TgShUsl6
584 800 373 DK4,DK4 K59,K59 2/2 SW TgShUs17
551 400 375 DK4,DK4 K59,K59 0/2 SW TgShUs18
568 800 365 DK4,DK4 K59,K59 0/2 SW TgShUs19
571 1600 370 DK4,DK4 K359,K59 2/2 SW TgShUs20
585 800 369 DK4,DK4 K59,K59 0/2 SW TgShUs21
553 100 377 K52,K52 K36,K36 0/2 SW TgShUs22
596 1600 376 DK4,K47 K44,K44 0/2 SW TgShUs23
592 3200 379 DK4,DK4 K44,K44 2/2 SW TgShUs24
602 1600 372 DK3,DK3 K44,K44 2/2 SW TgShUs25
616 3200 390 DK4,DK4 K44,K44 2/2 SW TgShUs26
593 800 378 DK3,DK3 K44,K44 2/2 SW TgShUs27
642 200 396 DK4,DK4 D11,Dl11 0/2 SW TgShUs28
646 200 380 DK35,DK5 K48,K48 0/2 SW TgShUs29
649 200 382 DK4,DK4 K29,K29 0/2 SW TgShUs30
652 400 388 DK4,DK4 K48,K48 2/2 SW TgShUs31
653 400 395 DK4,DK4 K48,K48 0/2 SW TgShUs32
660 200 391 DK4,DK4 K48,K48 0/2 SW TgShUs33
641 800 398 DK4,DK4 K48,K48 1/2 SW TgShUs34
670 3200 383 DK3,DK3 K42,K42 0/2 SW TgShUs35
687 800 397 DK3,DK3 K35,K35 2/2 SW TgShUs36
694 800 386 No oocysts Not done 1/2 SW TgShUs37

MAT, modified agglutination test; K, killed; D, died; DK, killed when ill; KO, IFNy knockout mice.
% Oocysts were fed to two Swiss Webster (SW) mice and results for both mice are given.
® Number of mice 7. gondii-positive from the number inoculated with lamb heart.
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blood clot from the heart, or fluid in the bag, was removed,
centrifuged and serum was separated.

2.2. Serological examination

Sera of lambs were tested for 7. gondii antibodies with
the modified agglutination test (MAT) as described by
Dubey and Desmonts (1987). Sera were first screened at
dilutions of 1:25, 1:50, 1:100 and 1:200 on the day lambs
were Kkilled. Sera were then stored at —20 °C. Positive sera
were end titrated until a dilution of 1:3200 was reached.

2.3. Bioassay of lambs for T. gondii infection

2.3.1. Seropositive lambs

Hearts of 68 seropositive lambs were bioassayed for 7.
gondii in cats, mice or both (Tables 1 and 2). The number
of lambs selected for bioassay in each of the nine batches
depended on the availability of cats and the number of
seropositive animals in a batch. Hearts from 51 (50 lambs
in the first eight batches and one from batch 9) were bioas-
sayed in cats and mice. Hearts from the remaining 17 sero-
positive lambs in batch 9 were bioassayed in mice only.
After removing fat, auricles and blood, the myocardium
from each heart was chopped and gently ground in a blen-
der without any fluid. The ground heart was removed for
feeding to a cat. It was estimated that 5-10 g of heart tissue
still remained in the blender. Fifty millilitres of aqueous
0.85% NacCl solution (saline) were then poured in the blen-
der and the remaining heart tissue was homogenised for
30 s at top speed. This homogenate was incubated with

Table 2
Isolation of T. gondii in mice inoculated with heart tissue from lambs from
Maryland, Virginia and West Virginia

Lamb No. MAT titre Isolation in mice
No. infected® Isolate designation®

704 800 3 TgShUs38

705 200 2 TgShUs39

707 50 5 TgShUs40a, 40b
710 1600 2 TgShUs41a, 41b
713 50 5 TgShUs42a, 42b
714 1600 8 TgShUs43

716 200 1 TgShUs44

718 200 4 TgShUs45

719 >3200 10 TgShUs46

723 1600 9 TgShUs47

727 800 5 TgShUs48

728 400 2 TgShUs49a, 49b
729 200 1 TgShUs50

730 >3200 10 TgShUs51

734 400 1 TgShUs52

735 1600 9 TgShUs53

MAT, modified agglutination test.

% Out of 10 mice inoculated with lamb heart tissue.

® Isolate designation followed by a or b indicates that two different
genotypes were seen in different groups of mice that were inoculated with
the same tissue digest.

an acid pepsin solution for 1 h at 37 °C, centrifuged and
neutralised (Dubey, 1998). The homogenate was inoculated
s.c. into two IFNy gene knockout (KO) mice (Dubey and
Lindsay, 1998; Dubey et al., 2005a) obtained from Jackson
Laboratories, New York or two outbred female Swiss
Webster (SW) mice (Taconic Farms, Germantown, New
York), as previously described (Dubey et al., 2002).

Hearts from 17 lambs (MAT titres of 1:50 or higher)
from batch 9 were bioassayed only in mice. For this, 50-g
portions of myocardium from each of the 17 lambs were
homogenised in saline, digested in pepsin, centrifuged, neu-
tralised, suspended in antibiotic saline and inoculated s.c.
into 10 SW mice.

For bioassays in cats, approximately 500 g of myocar-
dium from each of the 51 lambs was fed separately to 51
T. gondii-free cats (Dubey et al., 2002). Faeces of cats were
examined daily for shedding of T. gondii oocysts, begin-
ning on day three through day 14 after feeding of lamb
hearts. Faecal floats were incubated in 2% sulphuric acid
for one week at room temperature on a shaker to allow
sporulation of oocysts, and were bioassayed by oral
administration to mice (Dubey and Beattie, 1988). Four
to seven days after feeding of oocysts, mesenteric lymph
nodes of mice that died or were killed were removed
and, after ascertaining the presence of tachyzoites, homog-
enates of lymph nodes were inoculated into new SW mice
to exclude Hammondia hammondi infection (Dubey and
Beattie, 1988).

Inoculated mice were examined for 7. gondii infection.
Tissue imprints of lungs and brains of mice that died were
examined for T. gondii tachyzoites or tissue cysts. Survivors
were bled on day 41 post-inoculation (p.i.) and a 1:25 dilu-
tion of serum from each mouse was tested for 7. gondii
antibodies with the MAT. Mice were killed 43 days p.i.
and brains of all mice were examined for tissue cysts as
described (Dubey and Beattie, 1988). The inoculated mice
were considered infected with 7. gondii when tachyzoites
or tissue cysts were found in tissues.

2.3.2. Seronegative lambs

Hearts of 44 lambs with MAT titres of <1:25 were bio-
assayed in cats. For this, 20-50 g of myocardium from each
of the 44 lambs from batches 8 and 9 were mixed in pools
of 13, 14, 8 and 9, and fed to four cats over a period of
three—six days; in the interim the meat was stored at
4 °C. Faeces of the recipient cats were examined micro-
scopically for T. gondii oocysts up to 11 days after the last
meal of heart meat.

2.4. Mouse virulence of the ovine T. gondii isolates

To compare pathogenicity of tachyzoites with oocysts of
the isolate TgShUs28 (lamb 642), four mice were fed
oocysts and killed four days later. Mesenteric lymph nodes
from these mice were homogenised in saline and the
homogenate was filtered through a 5 um filter (PALL, Gel-
man Laboratories). The filtrate was diluted 10-fold serially
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in saline and aliquots from 1072 to 10~’ dilutions were
inoculated s.c. into four SW mice for each dilution. Oocysts
of this isolate were also end-titrated in mice. Oocysts were
counted and diluted 10-fold from 10~" to 107 to reach an
end point of =21 oocyst. Aliquots (0.5 ml) from each dilu-
tion were orally inoculated in to four mice each.

2.5. Animal ethics approval

All animals (lambs, mice and cats) used in experiments
were handled using procedures approved by Animal Care
Program, US Department of Agriculture.

2.6. Genetic characterisation for T. gondii

Toxoplasma gondii DNA was extracted from the tissues
of infected mice and strain typing was performed using the
10 PCR-restriction fragment length polymorphism
(RFLP) markers SAG1, SAG2, SAG3, BTUB, GRA6
c22-8, ¢29-2, L358, PK1 and Apico (Dubey et al., 2006;
Su et al., 2006; Dubey et al., 2007b, d). For the strains iso-
lated as oocysts, DNA was obtained from the mesenteric
lymph nodes of mice that had died (or were killed) after
being fed oocysts. Phylogenetic network analysis of the

Table 3
Summary of genotyping of 7. gondii isolates from lambs

lamb T. gondii isolates was carried out using SplitsTree4
(Huson, 1998; Huson and Bryant, 2006).

3. Results
3.1. Serological prevalence

Antibodies to 7. gondii were found in 104 (27.1%) of 383
lambs with MAT titres of 1:251n 20, 1: 501in 21, 1: 100 in 10,
1:200 in 10, 1:400 in 12, 1: 800 in 12, 1:1, 600 in nine, and
1:3200 or higher in 10. Seropositivity in lambs varied from
a low of 3.3% in batch 1 to a high of 71.7% in batch 6.

3.2. Isolation of T. gondii

Toxoplasma gondii was isolated from 53 of 68 (77.9%)
seropositive lambs, from three of four lambs with titres
of 1:50, from three of nine lambs with titres of 1:100, from
nine of 10 lambs with titres of 1:200, from nine of 12 lambs
with titres of 1:400, from 11 of 13 lambs with MAT of
1:800, from nine of nine lambs with titres of 1:1600, and
nine of 10 lambs with titres of 1:3200. Toxoplasma gondii
was not isolated from the lamb with a titre of 1:25. In
summary, the parasite was isolated from six of 13

Genotype PCR-RFLP markers Isolate designation
543
SAGl SAG2" SAG2™ SAG3 BTUB GRA6 c22-8  ¢29-2 L1358 PKIl Apico
Type I 1 I 1 1 1 1 1 I I I I RH
Type 11 IlorlI* 1II 11 11 II 11 I 11 I 11 11 PTG
Type I Horlll 1II I I 111 I 111 111 111 111 I CTG
Reference 1 II I I II I I u-1 I u-2 1 TgCgCal (Cougar)
Reference u-1 I 11 11 11 111 u-1 I I 111 | MAS
Reference 1 I11 I11 I11 I11 I11 I I I u-1 I TgCatBr5
Lamb#1  IlorlII 1II I I I I II I I I I TgShUs6, 7, 15, 16, 18, 19, 20, 33, 41a,
42b, 44, 46, 48, 49b, 50, 51, 53

Lamb #2 IlorlII 1II I I I I I I I I I TgShUs4, 9, 10, 12, 14, 23, 24, 25, 26
Lamb #3 IlorllI II I 1I II I 11 11 I 11 1 TgShUs3, 8, 11, 27,29, 30, 31, 34, 38, 45
Lamb #4 IlorlIl 1II I I I 11 II 11 I II 11 TgShUs47, 52
Lamb #5 IlorlII  III I 111 111 I 111 111 111 111 111 TgShUsl3, 17, 21, 36, 40b, 41Db, 42a, 43
Lamb #6 IlorlII  III I 1 1 1 111 111 111 I I TgShUs22, 28
Lamb #7 Ilorlll  III I I 11 1 111 111 11 11 1 TgShUs32
Lamb #8 Ilorlll 1I 11 111 111 111 111 111 111 111 11 TgShUs2
Lamb #9 IlorlII  III I I I I 11 111 11 11 1 TgShUs39
Lamb IorIll 11T I I I I I&IIT I 111 111 I TgShUs35

#10
Lamb 1 111 111 111 111 111 111 111 111 u-2 I TgShUs5

#11
Lamb 1 I 11 il I 11 u-1 111 I 111 1 TgShUs49a

#12
Lamb 1 111 111 111 111 111 111 111 111 111 I TgShUs40a

#l13
Lamb u-1 11 11 11 11 11 I 11 1 II I TgShUs37

#14
Lamb u-1 11 11 111 111 11 11 111 11 II 1 TgShUsl

#15

* SAG2 marker based on 5'- and 3-ends of the gene sequence (Howe et al., 1997).
* A new SAG2 marker based on the 5-end of the gene sequence (Su et al., 2006).
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(46.1%) with MAT titres of 1:50 and 1:100, and from 47 of
54 (87%) with titres of 1:200 or higher. Of the 17 lamb
hearts that were bioassayed in mice, 7. gondii was isolated
from 16 (Table 3).

3.3. Mouse virulence of the ovine T. gondii isolates

Of the 53 isolates of T. gondii, 33 isolates were obtained
primarily by bioassay in cats. Oocysts of 32 of these 33 iso-
lates were pathogenic to mice; mice fed oocysts (number of
oocysts fed was not determined) became ill or died (Table
1). However, mice inoculated with tachyzoites of these 32
isolates became infected but remained asymptomatic.

In the initial trial tachyzoites derived from oocysts from
the isolate TgShUs28 (lamb 642) were pathogenic to mice
(Table 1). Results of oocyst and tachyzoite titrations
revealed that mice in terminal dilutions containing few or
one organism died of acute toxoplasmosis; the last dilution
was not infective as revealed by serological and parasito-
logical examination. Oocyst dilutions 10~ to 10™* were
lethal to all 16 mice. The 10> dilution of oocysts was infec-
tive to one of four mice and the infected mouse died of
acute toxoplasmosis. The 10~ dilution containing one or
no oocyst was not infective to mice. All 12 mice inoculated
with a 1072 to 10* dilution of tachyzoites died of acute
toxoplasmosis between 14 and 19 days p.i. One of the four
mice inoculated with 107> dilution died of toxoplasmosis
on day 24 p.i. Antibodies to T. gondii were not found in
the 1:25 dilution of serum of any mouse that survived more
than one month and tissue cysts were not found in mouse
brains.

For two isolates (TgShUsl, TgShUs37), cats fed lamb
hearts did not shed oocysts but the mice inoculated with
lamb heart became infected with 7. gondii (Table 2). None
of the 16 isolates primarily obtained in mice were patho-
genic to mice (Table 2).

The four cats fed hearts from
(MAT < 1:25) lambs did not shed oocysts.

seronegative

3.4. Genotyping

Genotyping of the 53 T. gondii isolates using the 10
PCR-RFLP markers revealed 57 strains with 15 genotypes
(designated as lamb#1 to #15, Table 3). Genotyping of
DNA samples from mice infected with hearts of lamb
No. 707, 710, 713 and 728 identified mixed 7. gondii infec-
tion, and these samples are designated with “a” or “b” fol-
lowing the isolate designation (Tables 2 and 3).

Lamb#1 had 17 strains with type II alleles at all 10 loci
and these were considered clonal Type II. Lamb#2 had
nine strains that had type II alleles at all loci except a type
I allele at locus Apico; these strains were also considered as
Type 11. Therefore, there were 26 Type II strains, account-
ing for 45.7% of the 57 strains. Lamb#3 had 10 strains with
type II alleles at all loci except type I alleles for loci L358
and Apico. Lamb#4 had two strains that had type II alleles
at all loci except type I allele for locus L358. Lamb#5 had

eight strains that had type III alleles at all loci; these were
considered clonal Type III strains, this lineage accounted
for 15.7% of strains identified in this study. Lamb#6 had
two isolates that had a combination of type I and III alleles
at different loci. Lamb#7 to #15 each had one strain, and
each genotype had a combination of different alleles at dif-
ferent loci, except for Lamb#10 which may have had a
mixed infection. Phylogenetic network analysis of these
lamb genotypes is presented in Fig. 1. Genotype Lamb#10
was excluded due to its mixed infection. The result of phy-
logenetic network analysis showed that genotypes from
Lambs#1, 2, 3, 4 and 14, accounting for 68% (39/57) of
the isolates identified in this study, form a cluster with
the Type II strain PTG, indicating these lamb genotypes
are closely related to the clonal Type II lineage (Fig. 1).

4. Discussion

The MAT has been used extensively to detect IgG anti-
bodies to T. gondii in sera of animals but has only been val-
idated in pigs using the isolation of the parasite as the
reference (Dubey et al., 1995). Recently, T. gondii was iso-
lated from eight of 30 (26.6%) ewes from France with MAT
titres of 1:20 or higher; from none of two sheep with titres
of 1:20, from one of eight with titres of 1:80, and from
seven of 11 ewes with titres of 1:160 or higher (Dumétre
et al., 2006; A Dumétre, personal communication). The dif-
ferences in isolation rates between the French study
(26.6%) and the present investigation (94%, 16 of 17 in
batch 9) may in part be due to the age (lambs versus ewes)
and the number of mice used for bioassay (five versus 10
mice). It is noteworthy that in both studies, 50 g of myocar-
dium was digested using an identical digestion procedure.
Although the present study was not designed as a valida-
tion study, isolation of T. gondii from lambs with a MAT
titre of 1:50 and the lack of oocyst shedding by four cats
fed hearts from 44 lambs with a MAT titre of <1:25 sup-
ports the validity of MAT.

Dubey and Kirkbride (1989a) isolated 7. gondii from
eight of eight naturally-infected lambs from a flock in
South Dakota, USA. The lambs were from a flock that
had aborted due to toxoplasmosis. Toxoplasma gondii
was found histologically in 11 of 30 lambs that were born
dead. Lambs that survived the first week after birth
remained asymptomatic and were bled when three to four
month old; antibodies (MAT 1:1024 or higher) were found
in 67 of 112 lambs. Eight of these lambs with MAT titres of
1:4096 or higher were slaughtered when they were seven
months old. Toxoplasma gondii was isolated from the
hearts of three, tongues of seven, leg of lamb in eight,
and lamb chops of seven; 100 g of each tissue was bioas-
sayed in mice (Dubey and Kirkbride, 1989a).

The MAT titre that should be considered specific for the
detection of antibodies to 7. gondii in sheep has not been
determined. We use a 1:25 serum dilution to screen
sheep sera for detecting 7. gondii antibodies. Although
the present study was not designed as a validation study,
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TgCgCa1
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Fig. 1. Phylogenetic network (NeighborNet) of lamb isolates. RH, PTG, CTG, TgCgCal (Cougar), MAS and TgCatBr5 are reference strains. The

number of isolates belonging to each genotype is indicated in parentheses.

the isolation of viable 7. gondii from three of four lambs
with a MAT titre of 1:50 suggests that one could rely on
this as a screening dilution.

For the present study, heart tissues were selected for bio-
assay for convenience and availability, since matching
serum and tissue from the same animal is difficult in a com-
mercial slaughterhouse because of the speed with which
animals are processed. In the current study blood was
removed from the heart, thus minimising chances of error
in matching tissue and serum. Lamb hearts are edible
and are sold commercially.

In the USA, T. gondii was isolated four decades ago
from two of 50 lamb chops from retail meat stores in Cal-
ifornia (Remington, 1968) and from the diaphragms of
eight of 86 (9.3%) sheep from a slaughterhouse in Balti-
more, Maryland (Jacobs et al., 1960). Dubey and Beattie
(1988) summarised previous worldwide reports of the isola-
tion of T. gondii from sheep. In one survey, indirect hae-
magglutination antibodies to T. gondii were found in 8%
of 1056 lambs in a California slaughterhouse (Riemann
et al., 1977). In another study, MAT antibodies were found
in 65.5% of 1564 ewes from 33 farms in northwest USA
(Dubey and Kirkbride, 1989b). Malik et al. (1990) reported
ELISA antibodies to 7. gondii in 42% of 345 lambs and
80% of adult sheep from five slaughterhouses in northeast-
ern USA. According to US Department of Agriculture reg-
ulations, sheep <1 year old (without permanent teeth) are
classified as lambs and slaughtered for human consump-
tion, while older animals are classified as sheep and their

meat (mutton) is sold for pet food and export. In the
USA lambs and sheep are slaughtered in separate commer-
cial slaughter facilities. Between three and 3.5 million
lambs are slaughtered in the USA for food each year,
and the per capita consumption of lamb meat in the
USA is approximately 0.5 kg per year (NASS Agricultural
Statistics, 2005 http://www.usda.gov/nass/pubs/agr05/
agstats2005.pdf).

Results of the present study and previous surveys indi-
cate the prevalence of 7. gondii in lambs can be high but
the role of ingestion of infected lamb in the epidemiology
of toxoplasmosis in humans remains to be determined.
Cook et al. (2000) identified eating uncooked lamb as a risk
factor for 7. gondii infection in pregnant women in Europe.
We are not aware of a similar risk assessment study in the
USA but in a retrospective study of 131 mothers who had
given birth to children infected with T. gondii, 50% recalled
having eaten uncooked meat (Boyer et al., 2005).

Most T. gondii isolates from human and animal sources
in Northern America and Europe have been grouped into
one of three clonal lineages including Types I, Il and III
(Dardé et al., 1992; Howe and Sibley, 1995; Ajzenberg
et al., 2002a, b). When tachyzoites were used to infect out-
bred mice, Type I strains are uniformly lethal. In contrast,
Type I and III strains are significantly less virulent (Howe
et al., 1996). In the present study, mice infected with tach-
yzoites and bradyzoites of all 32 isolates from lambs were
not virulent for mice, suggesting these isolates are not the
virulent Type I strains. This is confirmed by our genotyping
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result in that no Type I strain was found (Table 3). In this
study, two genetically similar isolates including TgShUs22
and TgShUs28 had different pathogenicity for mice, with
the latter being more virulent (Table 2). This was unex-
pected and further study of multilocus DNA sequencing
is needed to determine if these two strains are genetically
identical or just closely related.

Toxoplasma gondii was considered to be clonal with low
genetic diversity (Howe and Sibley, 1995). However, we
recently found that the isolates of 7. gondii from Brazil
and Colombia are biologically and genetically different
from those in North America and Europe (Dubey et al.,
2002, 2007a, 2007b, 2007c, 2007d; Lehmann et al., 2006).
Toxoplasma gondii isolates from asymptomatic chickens
from Brazil were more pathogenic to mice than isolates
from Europe or North America, irrespective of the geno-
type. Additionally, most isolates from chickens in Brazil
were different from the major clonal lineages in North
America and Europe, and the Type II strain was absent
(Dubey et al., 2007a, 2007c). All these data suggest that
the overall diversity of T. gondii is much higher than was
previously believed.

Little information is available concerning genotypes of
T. gondii circulating in sheep worldwide. Using PCR-
RFLP based on the 5 and 3’ ends of the SAG2 locus,
Howe and Sibley (1995) first reported that the ME49 strain
of T. gondii isolated from diaphragm of a sheep from
Maryland in 1958 was genotype II. They also listed the
M7741 T. gondii strain as Type III; this strain was also
from the diaphragm of a sheep from Baltimore and was
used extensively by Dubey and Frenkel (1972) to describe
the life cycle of T. gondii. Owen and Trees (1999) found
that DNA amplified directly from the placentas of 13
aborted sheep from 10 widely separated farms in the Uni-
ted Kingdom and two isolates from the hearts of lambs
from an undefined location were all Type II, based on
the SAG2 locus. Jungersen et al. (2002) reported that 11
isolates of T. gondii from Denmark (six from aborted
lambs, five from healthy sheep) were Type II. The results
from the United Kingdom and Denmark are of interest
because there was no difference in genotype based on
health (abortion) status of the animals. Recently, Dumetre
et al. (2006) found that all eight 7. gondii isolates from
adult sheep from France were clonal Type II, using the
SAG2 locus and five satellite markers (TUB2, TgM-A,
W35, B17, B18). Using the same markers as reported by
Dumetre et al. (2006), Zia-Ali et al. (2007) found that of
the four isolates of T. gondii from adult sheep in Iran,
two isolates were Type 11 and two were Type II1. In sum-
mary, previously published data indicated that Type 11
are the predominant strains in sheep. Interestingly, no
Type 1 isolates of 7. gondii has been isolated from sheep
so far.

In the present study, 15 genotypes were identified from
57 T. gondii isolates using 10 PCR-RFLP markers, sug-
gesting high genetic diversity of the parasite in lambs from
Maryland, Virginia and West Virginia (Table 3, Fig. 1).

Phylogeneic network analysis indicated that the clonal
Type II lineage and its closely related genotypes (Lamb#1,
2, 3, 4 and 14) accounted for 68% (39/57) of the isolates.
Type III lineage accounted for 14% (8/57) of the strains
and was the second most prevalent genotype. This data is
in agreement with previous finding that the Type II and
III lineages predominate in North America (Howe and Sib-
ley, 1995). With the use of 10 PCR-RFLP markers, the res-
olution of genotyping was significantly improved and we
were able to identify a variety of genotypes from the lamb
isolates. The identification of unique alleles in several loci
including SAG1 for genotypes Lamb#14 and 15, c22-8
for genotype Lamb#12, and PK1 for genotype Lamb#11,
indicates that the genetic makeup of the non-clonal geno-
types are quite diverse. Most of the non-clonal genotypes
have a combination of alleles of Types I, II and III from
different loci. It is not clear if those are simply recombi-
nants from genetic crosses of clonal Type I, II and III
strains, or are diverged lineages. We are in the process of
carrying out multilocus DNA sequencing studies to address
this question. Nevertheless, the high prevalence and high
diversity of T. gondii in lambs are of importance for public
health, as lamb meat can be an important source of 7. gon-
dii infection for humans and there is a potential that more
virulent parasite strains may circulate in animal reservoirs
and subsequently transmit to humans.
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