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Introduction

Lawsonia intracellularis is an obligately intracellular
bacterium and causative agent of proliferative enteropa-
thy (PE), or ileitis, in pigs as well as a variety of other
animal species. PE is a serious problem in the swine popu-
lation worldwide and causes considerable economic im-
pact to the swine industry annually.

Proliferative enteropathy in pigs

The two major clinical forms of PE in pigs are acute hem-
orrhagic diarrhea and sudden death of replacement ani-
mals and pigs close to market age—known as prolifera-
tive hemorrhagic enteropathy (PHE)—and chronic mild
diarrhea and reduced performance in growing pigs—
known as porcine intestinal adenomatosis (PIA). Both
forms of the disease occur commonly in all pig-raising
regions and in all pig farm management systems (McOrist
and Gebhart, 1999).

Proliferative enteropathy in other species

PE has been reported in a broad host range, including
pigs, non-human primates, hamsters, rabbits, rats, guinea
pigs, foals, sheep, white-tailed deer, ferrets, arctic foxes,
dogs, and certain birds (Cooper and Gebhart, 1998). L.
intracellularis infection has been established experimen-
tally in mice that are deficient in interferon-γ receptors
and has been reported to occur spontaneously in conven-
tional mice. There are no reports of PE in human beings,
but recent reports of the disease in non-human primates
suggests that, as diagnostic methods improve, the disease
may be detected in humans.

Lawsonia intracellularis

Source of L. intracellularis
The source of L. intracellularis in affected animal spe-
cies has not been determined. It may be endemic in cer-
tain species or it may be present in the environment. Spe-
cies-to-species transmission of L. intracellularis has been
documented. Pig isolates can infect hamsters, mice, and
horses, and a horse isolate can infect hamsters (Cooper
and Gebhart, 1998; AlGhamdi, 2003).

Feces from infected pigs may provide the source of new
infections for susceptible animals (McOrist and Gebhart,
1999) and pig-to-pig contact has been shown to be an
important route of transmission. Other possible mecha-
nisms of transmission of L. intracellularis include me-
chanical vectors, such as rubber boots, and biological
vectors, such as mice, small birds, and insects.

Epidemiology of L. intracellularis
Little is known of the epidemiology of L. intracellularis
because of the lack of strain differentiation techniques.
Isolation and cultivation of L. intracellularis is extremely
difficult due to the obligate intracellular nature of this
organism, making the identification of L. intracellularis
subtypes by traditional methods not feasible.

Final classification of the organism was done by molecu-
lar taxonomic methods; 16S rDNA sequence analysis
showed that sequences obtained from organisms purified,
without cultivation, from the ileal mucosa of PE-affected
pigs were similar to those of Desulfovibrio desulfuricans
(91% similarity). L. intracellularis is taxonomically dis-
tinct from other intracellular pathogens. At present, its
closest genetic relative is Bilophila wadsworthia, (92%
16S rDNA similarity) a free-living anaerobic human
pathogen (Lawson and Gebhart, 2000).

Isolates of intracellular bacteria in PE lesions of a variety
of animal species show >98% 16S rDNA similarity to
pig L. intracellularis isolates (Cooper and Gebhart, 1998).
Phenotypical characterization of outer membrane proteins
and immunoblots of different L. intracellularis isolates
using several antibodies and more sensitive molecular
characterization of the L. intracellularis genome demon-
strate only minor differences among isolates (Guedes,
2002; AlGhamdi, 2003).

Molecular typing of L. intracellularis
Previous subtyping methods utilizing repetitive-poly-
merase chain reaction (Rep-PCR) and amplified fragment
length polymorphism (AFLP) have not proven to provide
enough variability in their results to retain an acceptable
level of discrimination (Alghamdi, 2003). In contrast,
genomic segments containing variable-number tandem
repeats (VNTRs) have shown great variation and, hence,
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potential for strain variation of bacteria in the same spe-
cies (Adair et al., 2000).

VNTR typing of bacteria

Unlike Rep-PCR and AFLP, PCR-based VNTR analysis
does not require pure culture and cultivation of L.
intracellularis isolates, or molecular manipulation tech-
niques beyond PCR. In VNTR analysis, specific genomic
regions containing VNTRs are amplified. The length of
amplified DNA is dependent on the number of repeat se-
quences within the target. The number of repeats is then
calculated for each locus, and a profile is generated.

Variable-number tandem repeats have been found in the
genomes of several bacterial species—including Myco-
bacterium tuberculosis and Salmonella enterica subsp.
enterica typhimurium—and have been used for subspe-
cific differentiation of strains (Wiid et al., 1994). These
studies have shown that PCR-based VNTR analysis is
highly reproducible, and the data generated remain con-
stant over time (Lindstedt et al., 2003).

The objective of our current study was to demonstrate
the utility of multiple locus VNTR profiles of L.
intracellularis as markers for differentiating isolates ob-
tained from different animal species, geographical loca-
tions, clinical forms, and field outbreaks of PE.

VNTR typing of L. intracellularis

Whole genomic sequence analysis
The whole genome of one isolatae of L. intracellularis
(PHE/MN1-00) has recently been determined (Gebhart
et al., 2003). Sequencing took place on ABI3700 sequenc-
ers at the Advanced Genetic Analysis Center, University
of Minnesota. Contigs were assembled using PhredPhrap
and then the genome was annotated with Artemis using
BLAST comparisons with known genes in the GeneBank
database. Cellular pathways were reconstructed using
EcoCyc and KEGG microbial genomic databases.

Determination of VNTR sequences
The genome of L. intracellularis was analyzed for the
presence of tandem repeats using Tandem Repeat Finder
Version 2.02 software (Benson, 1999). This analysis iden-
tified four genomic regions containing putative VNTR
sequences. These regions consisted of two sequences of
ATA

n
 and two sequences of CA

n
 nucleic acid repeats.

Specific primer sequences were then designed upstream
and downstream of these four respective regions (Beckler
et al., 2004). Primers were designed using Primer 3 soft-
ware program (Rozen and Skaletsky, 2000).

Application of VNTR typing
Lawsonia intracellularis isolates of geographic and tem-
poral diversity (Table 1), including PHE/MN1-00, VPB4,
15540D, and 963/93, were used to determine if there was

variability of VNTRs among isolates of L. intracellularis.
For this, genomic DNA was extracted from each indi-
vidual isolate using the Qiagen extraction kit (Qiagen,
Valencia CA). Each DNA sample was then subjected to
amplification of PCR using the four different primer sets.
In brief, 25(l final volume PCR reaction comprised 12.5(l
of Quantitect Master Mix” (Qiagen, Valencia CA) which
contains buffer, MgCl

2
, dNTP, and Taq polymerase,

0.6(Mol of each primer, and 6.5(l of template DNA. The
amplification conditions consisted of an initial denatur-
ation of 95(C for 15 minutes, followed by 35 cycles of
denaturation at 94(C for 30 seconds, annealing at 56(C
for 1 minute, and extension at 72(C for 30 seconds.
Amplicons from the PCR product were then sequenced
with an ABI 3100 automated fluorescent DNA sequencer
(Perkin-Elmer Applied Biosystems). Sequence data was
then used to calculate the number of repeats at each VNTR
locus.

The results of our analysis show that the four pure culture
L. intracellularis isolates examined herein each had unique
VNTR profiles (Table 2). These data demonstrate that
there are genetic differences between L. intracellularis
isolates as reflected by their VNTR profiles (Beckler et
al., 2004).

Stability of VNTR typing
To assess if the VNTR profiles were conserved and stable
in a specific L. intracellularis isolate, we tested an isolate
prior to cultivating in cell culture, after low and high pas-
sage in cell culture, and after serial passage through a pig
in vivo (Guedes and Gebhart, 2003).

Loci PHE/MN1-00 VPB4 15540D 963/93

1 16 15 10 16

2 13 11 10 12

3 19 16 17 16

4 12 9 8 9

Isolate
Year of 
Isolation

Geographic 
Origin PE type 

PHE/MN1-00 2000
United
States PHE

VPB4 1991
United
States PHE

15540D 1998 Denmark PHE

963/93 1993
United

Kingdom PIA

Table 2: VNTR profiles from pure culture isolates of
L. intracellularis

Table 1: Time and geographic origin of pure culture
isolates of L. intracellularis
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The results also show that the VNTR profile of a L.
intracellularis sample obtained directly from a diseased
pig intestine was identical to that obtained after purifica-
tion and inoculation into cell culture, after low passage,
and after serial passage through a pig (Table 3). These
results suggest that the VNTR profiles are relatively stable
during laboratory culture and over a short period of time
(Beckler et al., 2004).

Epidemiologic application of VNTR typing
Fecal samples from four different PE outbreaks were
tested by extraction of genomic DNA from the fecal
sample without prior cultivation. These samples were all
processed in the method described above. The number of
tandem repeats for each locus were calculated, creating a
VNTR profile for each sample.

The results show that samples from epidemiologically
unrelated PE herds and outbreaks had unique VNTR pro-
files. These data are consistent with the hypothesis that
there are well-defined genetic differences at the VNTR
loci in L. intracellularis isolates recovered from clinical
sources. In contrast, the results show that L. intracellularis
isolates from the same outbreak shared identical VNTR
profiles (Table 4), a finding consistent with the notion
that VNTR profiles are stable over short time intervals
and are likely to be of considerable utility in L.
intracellularis isolate differentiation and epidemiologi-
cal analyses of L. intracellularis outbreaks.

Based on the different variety of profiles obtained for L.
intracellularis isolates to date, we expect that the prob-
ability that two unique isolates will have identical pro-
files by chance is less than 1 in 313,600. In addition, we

now have the tools to differentiate isolates of L.
intracellularis without the necessity of cultivation of this
very fastidious obligate intracellular bacterium.

Summary

L. intracellularis is an economically important and ubiq-
uitous pathogen that causes PE in swine and a number of
other animal species. Determination of the molecular epi-
demiology of this organism has been impeded by its obli-
gately intracellular nature, a major obstacle to cultivation
and typing using conventional methods.

Variable-number tandem repeats in the genomes of
prokaryotes are often associated with a high level of poly-
morphism and enable bacterial strain differentiation with
substantial discriminatory power. The results of our re-
cent investigation demonstrate that the analysis of VNTR
profiles is likely to provide a useful tool for distinguish-
ing between isolates of L. intracellularis. This method of
rapidly detecting L. intracellularis, and tracing specific
isolates, may allow rapid identification of the source and
transmission pattern through epidemiological investiga-
tions and help reduce transmission rates of PE through
the implementation of management strategies that will
help break the transmission chain.
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Loci
Prior to 

Cultivation
High

Passage
Low

Passage
In vivo 

Passage

1 16 16 16 16

2 13 13 13 13

3 18 18 19 18

4 12 12 12 12

Outbreak 
# of 

Samples 1 2 3 4

I 24 12 12 17 12

II 24 12 13 21 11

III 30 11 10 15 8

IV 18 13 10 18 8

Table 4: VNTR profiles from field outbreaks of PE

Table 3. VNTR profiles from L. intracellularis isolate
PHE/MN1-00 cultivated under different conditions
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