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Background

The New Zealand Pork Industry Board (NZPork) is a statutory organisation operating under the Pork Industry Board
Act 1997, which sets out the object, functions, and management of the Board. It is funded by a statutory levy paid on
all pigs slaughtered in licensed premises, reviewed annually. The Act requires NZPork to consult pig farmers and
their representative organisations regularly; the Act is administered by MPI.

NZPork’s statutory objective is to help in the attainment, in the interest of pig farmers, of the best possible net on-
going returns for New Zealand pigs, pork products, and co-products. As an industry good organisation that does not
own product, NZPork’s primary focus is on facilitating policy settings that enable farmers’ right to farm sustainably
and productively in the long term, that promote demand for New Zealand produced pork products, and that promote
a favourable perception of the industry.

We appreciate the opportunity to provide the New Zealand pork producing industry’s perspective on the use of
carbadox as it remains an important tool for use in management of several key diseases in New Zealand and the rest
of the world.

Questions and industry responses

How is carbadox currently used in the industry? How common is its use, how often is it used on those farms that use
it, and what diseases is it used to treat?

. Amongst feed medications, carbadox is one of the more commonly used products on NZ commercial pig
farms. Its use is variable (stage of production, pig genotype, facility type) across the industry but is
routinely used on perhaps 30-40% of NZ's commercial farms.

. Though carbadox has a claim for prevention and control of bacterial enteritis such as that caused by E.
coli in post-weaning age pigs, it is rarely used for management of this disease. Post-weaning
colibacillosis tends not be as significant a problem in NZ in contrast to the situation in North America
likely due to a combination of factors including pig management (minimal co-mingling and transport of
weaners), good quality stockmanship, facility design factors and climate, good nutrition, and a general
lack of infectious co-factors common in other countries. The two main diseases that carbadox is used to
control are ‘ileitis’ (caused by infection with Lawsonia intracellularis) and ‘spirochaetal diarrhoea’ (caused
by infection with various bacterial spirochaetes from the genus Brachyspira in combination with poorly
understood risk factors). Both ileitis and spirochaetal diarrhoea can vary in their clinical presentation
ranging from the fairly mild colitis (usually associated with B. pilosicoli or B. hampsonii infection) to
severe haemorrhagic forms of enteric or colonic dysentery (associated with B. hyodysenteriae or L.
intracellularis infection). Recent diagnostic testing by industry veterinarians has identified an increasing
prevalence of ‘low to moderate virulence’ strains of B. hyodysenteriae on commercial farms.

. Recent reviews of ileitis (Vannucci, F. A., & Gebhart, C. J. (2014). Recent advances in understanding
the pathogenesis of Lawsonia intracellularis infections. Veterinary pathology, 51(2), 465-477) and
spirochaetal diarrhoea (Burrough, E. R. (2017). Swine dysentery: etiopathogenesis and diagnosis of a
reemerging disease. Veterinary pathology, 54(1), 22-31). Though both of these were written by
international authors, their descriptions are very consistent with the NZ experience. These review papers
and the relevant chapters from 2012 edition of Diseases of Swine reference text accompany our
submission for your convenience.

. Spirochaetal diarrhoea, when significant enough to warrant treatment, is often treated by including
carbadox in the diet of pigs from around 4 weeks to 9 weeks of age (50 ppm). On some farms when the
condition persists past this age, ionophores may be included in the diet intermittently from 9 weeks to
slaughter.

. lleitis, when significant enough to warrant treatment, is often controlled by including carbadox in the diet
of pigs in a manner like that described above for spirochaetal diarrhoea. Some of the most severe forms
of this disease occur late in the growing phase (or in replacement gilts selected for return to the breeding
herd) and present as acute, haemorrhagic diarrhoea which can be fatal. The clinical course of this form
can be quite rapid and appear without warning hence the inclusion of carbadox in the diets of younger
pigs in an effort to minimise the level of bacterial colonisation in the intestine and the prevalence of
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infection within a group of pigs. Injectable antibiotics are also used in treatment of acute outbreaks of
ileitis.

Carbadox (and tiamulin) appear to have much lower intracellular MICs than tylosin (another common
antimicrobial used for control of these diseases). This suggests it may be easier to achieve effective
drug levels with carbadox and tiamulin during the critical periods of acute disease (high numbers of
intracellular organisms) as compared to tylosin which is likely only to be effective during the pre-clinical
phases when organisms are mostly extracellular or in the intestinal lumen. Having access to several
antimicrobials that offer different pharmacokinetics, mechanisms of action, and site specificity is
important in control of these diseases. A published paper describing the issue accompanies this
submission (Wattanaphansak, S., Singer, R. S., & Gebhart, C. J. (2009). In vitro antimicrobial activity
against 10 North American and European Lawsonia intracellularis isolates. Veterinary microbiology,
134(3), 305-310).

What alternative treatments are used for those diseases on farms where carbadox is not used?

Vaccines of reasonable efficacy are available to protect pigs from clinical signs of ileitis. However, their
efficacy on any specific farm is highly dependent on the presence of other risk factors, many of which
are difficult to identify. There are no vaccines available for the prevention of spirochaetal diarrhoea.

For spirochaetal diarrhoea, there are few other antimicrobial options available for use. During the weaner
phase (4 to 9 weeks of age), tiamulin is available for use. It is more expensive than carbadox; but of
more concern is the fact that tiamulin has a much broader spectrum of activity than carbadox and
therefore could be used as a treatment for other conditions. Farmers and veterinarians are conscious of
the need to limit tiamulin use to only those occasions when it is absolutely necessary and thus minimise
the risk of resistance development through more routine use in feed. There is also evidence of an
increasing level of L. intracellularis resistance to tiamulin while resistance to carbadox appears to be
very rare.

Spirochaetes in NZ appear to be generally resistant to tylosin as evidenced by clinical response;
diagnostic laboratories in NZ unfortunately are not able to assess this objectively.

Dimetridazole is available for the treatment of ‘swine dysentery and post-weaning scours in pigs’. While
dimetridazole may therefore present as an alternative to carbadox, industry concerns over dimetridazole
use as it relates to potential residues important to importers of NZ porcine casing practically limits its
use. We are not aware of any dimetridazole currently in use in the commercial pig industry.

What impact would you expect there to be on industry if carbadox is no longer available?

The immediate consequence of the loss of carbadox would be substantially increased use of tiamulin to
manage subclinical and acute forms of spirochaetal diarrhoea and ileitis. As noted above, more routine
use of tiamulin may compromise its efficacy in treating other important diseases and have the potential
to encourage more rapid development of resistance to the compound and perhaps to other related
antimicrobials used in livestock and people such as macrolides, triamilides, and lincosamides (Kadlec,
K., Michael, G. B., Sweeney, M. T., Brzuszkiewicz, E., Liesegang, H., Daniel, R., ... & Schwarz, S.
(2011). Molecular basis of macrolide, triamilide, and lincosamide resistance in Pasteurella multocida
from bovine respiratory disease. Antimicrobial agents and chemotherapy, 55(5), 2475-2477). Carbadox,
by contrast, is considered to be a relatively low priority compound with respect to emergence of antibiotic
resistance.

Both of the pig diseases we have discussed at length above have significant clinical effects and
therefore have the potential to significantly compromise pig welfare. This is at odds with the industry’s
commitment to continuously improve welfare outcomes for pigs through implementation of PigCare™, a
welfare assurance programme spanning the commercial industry. The New Zealand pig herd has a
world class health status which is very highly valued by commercial farmers for its contribution to pig
welfare and high productivity. Whenever possible, commercial pig farmers do not favour ‘living with” pig
diseases but unfortunately, there is a lack of complete knowledge around the risk factors that contribute
to many diseases, vaccines are not available that can prevent the occurrence all diseases, nor is simply
providing ‘good management’ able to eliminate all clinical diseases. In the absence of an ability to
eradicate these diseases, carbadox provides a unique and effective means of helping to control ileitis
and spirochaetal diarrhoea.
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Would the lack of availability of dimetridazole have any impact on the pig industry? Would this view be altered if
carbadox was also no longer available?

. If tiamulin ceased to work as an intervention for ileitis and spirochaetal diarrhoea, then the industry
would need to re-consider its position on use of dimetridazole.
. Industry veterinarians that have used dimetridazole in the past have suggested this compound has

additional disadvantages in pigs including a low therapeutic index and poor palatability.
Any other information you think should be taken into account in this matter?

We wish to ensure you are aware of the materials provided by Phibro in response to concerns over the ongoing
availability of carbadox. In particular, if you do not have them already, following are links to this information:

. Phibro Animal Health Corporation Submits Studies Reaffirming Safety of Mecadox® (07/11/2016) -

. Impact & Cost if Mecadox Was Not Available (June 2016) -

. Executive summary of the data, information, and analysis in support of Phibro Animal Health
Corporation’s request for hearing (July 11, 2016) -

Conclusion

Thank you for the opportunity to explain the use and importance of carbadox to the New Zealand pork industry,
including its value in managing animal health and hence welfare on-farm, while also limiting the use of other classes
of antibiotic and the potential for development of antibiotic resistance.

NZPork would be pleased to discuss our submission with MPI directly, and / or provide any more information
required.

Accompanying Papers

. Burrough, E. R. (2017). Swine dysentery: etiopathogenesis and diagnosis of a reemerging disease
(spirochaetal diarrhoea). Veterinary pathology, 54(1), 22-31

. Vannucci, F. A., & Gebhart, C. J. (2014). Recent advances in understanding the pathogenesis of
Lawsonia intracellularis infections. Veterinary pathology, 51(2), 465-477

. Wattanaphansak, S., Singer, R. S., & Gebhart, C. J. (2009). In vitro antimicrobial activity against 10
North American and European Lawsonia intracellularis isolates. Veterinary microbiology, 134(3), 305-
310

. Relevant chapters (2) from 2012 edition of Diseases of Swine text.
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Swine Dysentery: Etiopathogenesis
and Diagnosis of a Reemerging Disease

E. R. Burrough'

Abstract

Swine dysentery is a severe enteric disease in pigs, which is characterized by bloody to mucoid diarrhea and associated with
reduced growth performance and variable mortality. This disease is most often observed in grower—finisher pigs, wherein
susceptible pigs develop a significant mucohemorrhagic typhlocolitis following infection with strongly hemolytic spirochetes of
the genus Brachyspira. While swine dysentery is endemic in many parts of the world, the disease had essentially disappeared in
much of the United States by the mid-1990s as a result of industry consolidation and effective treatment, control, and elim-
ination methods. However, since 2007, there has been a reported increase in laboratory diagnosis of swine dysentery in parts
of North America along with the detection of novel pathogenic Brachyspira spp worldwide. Accordingly, there has been a
renewed interest in swine dysentery and Brachyspira spp infections in pigs, particularly in areas where the disease was previously
eliminated. This review provides an overview of knowledge on the etiology, pathogenesis, and diagnosis of swine dysentery,

with insights into risk factors and control.

Keywords

Brachyspira hyodysenteriae, Brachyspira hampsonii, Brachyspira suanatina, colitis, intestine, porcine, swine dysentery, digestive system

diseases

Brachyspira spp infections in pigs have recently gained
renewed interest in the US swine industry due to a period of
reemergence throughout North America.'? Of particular con-
cern has been an increase in the detection of strongly f-hemo-
lytic Brachyspira spp from pigs with clinical swine dysentery
(SD), given that the disease had been eliminated from most
US production systems since the early 1990s.**°! Swine dys-
entery is most often observed in growing and finishing pigs
(approximately 8-26 weeks of age) and is characterized by
profuse mucohemorrhagic diarrhea and loss of body condition
(Fig. 1).** Field outbreaks were first described in the literature
in 1921, with disease occurring in feeder hogs 5 days to 2
weeks after arrival on the farm.'*® In naive weaned pigs,
morbidity and mortality can approach 90% and 30%, respec-
tively.*? Accordingly, the financial impact on affected farms
can be severe due to a combination of poor feed conversion,
medication costs, and mortality. Swine dysentery occurs
worldwide, yet there is very limited information available
regarding the prevalence of SD in different countries.*?
Sporadic reports of detection rates in field diagnostic and
surveillance samples provide at least an indicator of disease
incidence, and recent reports have been published regarding
detection in multiple countries in North America, Europe, and
Asia 3172137454917 gy ce 2007, there has been an increase
in SD diagnoses at North American veterinary diagnostic
laboratories,' yet the precise factors underlying this reemer-
gence remain unclear.

Etiology

Clinical SD was successfully reproduced experimentally in
the 1920s through the feeding of intestinal contents from dis-
eased pigs,'** yet the precise etiologic agent was not eluci-
dated for many years. In the initial pathologic description,'**
lesions were associated with curved bacterial rods, delicate
spirochetes, and ciliated protozoa, and Campylobacter
(Vibrio) coli was proposed as the causative agent”>®*; how-
ever, other groups failed to experimentally reproduce SD fol-
lowing inoculation with pure cultures of C. coli in both
gnotobiotic and conventional pigs.> In the 1970s, 2 separate
groups reported the reproduction of SD following oral
inoculation of pigs with cultures of spirochetes.*®:1%?
This novel spirochete was originally named Treponema
hyodysenteriae*® and was then briefly reclassified as Ser-
pula'?' and Serpulina''® before its most recent reclassifica-
tion in the genus Brachyspira.®* Brachyspira hyodysenteriae
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Figure I. Swine dysentery, 7-week-old pigs. Pigs are thin and depressed with poor body condition. Watery, mucohemorrhagic feces are easily
observed throughout the pen and around the anus and hind legs of affected pigs. Figures 2—4. Swine dysentery, spiral colon, pig. Figure 2.
There is serosal hyperemia and expansion of the mesocolon by edema. The lumen has been opened to reveal mucosal thickening, congestion,
and hemorrhage with luminal accumulation of thin feces containing mucus, fibrin, and blood. Figure 3. The lamina propria is variably expanded
by infiltrating lymphocytes and neutrophils and there is multifocal superficial hemorrhage. Crypts are distended with mucus and there is
multifocal superficial mucosal necrosis with surface accumulation of mucus and erythrocytes (hematoxylin and eosin [HE]). Figure 4. Myriad
spirochetes are visible within the crypt lumen, goblet cells, epithelial cells, and adjacent lamina propria (fluorescent in situ hybridization,

Hyo1210 probe specific for Brachyspira hyodysenteriae).

is a gram-negative, oxygen-tolerant, anaerobic spirochete
measuring approximately 8—10 pm in length and 0.3-0.4
pm in diameter with 14—18 periplasmic flagella per cell.”
Early experimental reproduction of SD was shown to be lim-
ited to pigs concurrently infected with C. coli and B. hyody-
senteriae and a role for both agents as copathogens was
proposed®’; however, this association was later refuted when
multiple attempts to reproduce the disease in gnotobiotic pigs
following infection with a combination of these 2 agents were
unsuccessful.'""*® Campylobacter spp infections are very
common in pigs with Brachyspira-associated colitis,'” which
may suggest a potential relationship between these bacteria in
the pig gut. Interestingly, multiple groups reported a lack of

clinical disease in gnotobiotic pigs following inoculation with
B. hyodysenteriae alone,*’-*¢ while clinical disease did occur
in gnotobiotes inoculated with colonic scrapings from pigs
with clinical disease®’ or combinations of B. hyodysenteriae
and one or more gram-negative anaerobes presumed to com-
prise part of the normal porcine intestinal microbiota.*’-8%:132
Taken together, these findings suggest that SD can only occur
when susceptible pigs, where susceptibility is at least in part
driven by their intestinal microbiota, are exposed to a virulent
Brachyspira spp.

Coincident with the recent reemergence of SD in US swine
has been the identification of multiple novel Brachyspira spp
recovered from pigs with mucohemorrhagic diarrhea including
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Brachyspira suanatina in Europe®>'® and the proposed

“Brachyspira hampsonii” in North America.** Initial genetic
analysis of “B. hampsonii” isolates revealed 2 distinct clades
(clade I and clade II)**; however, this genetic distinction does
not appear to be clinically significant, as disease consistent
with classic SD has been experimentally reproduced following
inoculation with strains from each clade.'>'¢2%1% Although
“B. hampsonii” was first reported in the USA and Canada, it
has been subsequently detected in pigs and waterfowl in mul-
tiple European countries®**>'%° and in geese in the Canadian
Arctic.''® Recent genetic analysis of global “B. hampsonii”
isolates using multilocus sequence typing (MLST) revealed
4 distinct genetic groups (genetic groups I-1V), which sup-
plants the previous clade designations (the previous clade I and
clade II isolates belong to genetic groups I and 11, respectively)
and supports the inclusion of all 4 genetic groups in a single
species.”’ B. suanatina has a much more limited geographic
range and has thus far not been reported outside Sweden and
Denmark.”*'% The one unifying feature of all 3 Brachyspira
spp recently recovered from pigs with SD is strong B-hemolysis
when cultivated on blood agar, and this feature has been
suggested as an indicator of virulence in clinical isolates from
pigs.'® Indeed, the importance of hemolysins as virulence fac-
tors has been emphasized through experimental infections
where B. hyodysenteriae mutant strains lacking the hemolysin
gene tlyA were associated with reduced lesions in mice and
a lack of SD development in pigs.’ 6.125 Recent publication of
the whole genome of B. hyodysenteriae revealed genes for
7 potential hemolysins’ including 4 that were previously
reported (tlyA, tlyB, tlyC, and hlyA).>*'** The precise role
of each individual hemolysin in the pathogenesis of SD is
unclear; however, it seems reasonable to conclude that the
expression of strong B-hemolysis is an important factor in
disease development. A 36-kb plasmid has also been described
in virulent strains of B. hyodysenteriae that likely contains
genes involved in colonization or disease expression.”’

There are numerous weakly B-hemolytic Brachyspira spp
that commonly colonize the colon of pigs including B. inno-
cens, B. intermedia, B. murdochii, and B. pilosicoli.42 Aside
from B. pilosicoli, which is the etiologic agent of porcine
intestinal spirochetosis,'*® these are generally considered of
low pathogenic potential and are commensal in nature. None
of the currently recognized weakly B-hemolytic Brachyspira
spp have been associated with bloody diarrhea typical of SD.

Pathogenesis

As previously noted, gnotobiotic pigs are variably colonized
by B. hyodysenteriae but do not develop signs of SD,*”-%
whereas gnotobiotes orally inoculated with intestinal scrap-
ings and content from pigs infected with SD readily develop
disease.®” These findings suggest that infection with at
least one other microorganism®® is required for disease
expression, and anaerobes such as Bacteroides vulgatus and
Fusobacterium necrophorum have been shown to success-
fully fulfill this requirement.*’-'3? Natural transmission of

Brachyspira spp occurs primarily via ingestion of infected
feces. The spirochetes must survive the acidic environment of
the stomach and pass through the small intestine until ultimately
reaching, colonizing, and proliferating in the cecum and colon.
Although the precise dose required in natural infections is
unknown, and experimental models and inoculation protocols
vary, an inoculum containing at least 10> colony-forming units
(CFUs) is often required for experimental infection.'®"

Once established in a susceptible pig, B. hyodysenteriae
colonizes the mucus layer and is often found deep within crypts
likely driven at least in part by its strong chemotaxis to porcine
mucins.*®%>%° B hyodysenteriae can metabolize substantial
amounts of oxygen,''® and NADH oxidase activity appears
important in colonization capacity as NADH-oxidase-
negative mutants of B. hyodysenteriae have reduced capacity
to colonize pigs and are also associated with milder clinical
disease.'** Colonization within the mucus layer and crypts
helps further protect the spirochetes from potential oxygen
toxicity at the surface, and flagellar function is important in
mucus penetration. Brachyspira spp often exhibit a corkscrew-
like motility generated by the periplasmic flagella that helps the
organisms penetrate the mucus layer, and the importance of
flagellar activity has been demonstrated for B. hyodysenteriae
where FlaA and FlaB mutants were associated with reduced
colonization in vivo.®’

Once colonized, the spirochetes may appear in the feces of
pigs from 1-4 days prior to the observance of clinical signs.”
In experimental B. hyodysenteriae infections, SD is often first
observed in a few pigs approximately 7—10 days postinocula-
tion, with morbidity approaching 90% or greater within
3 weeks."**'%% In experimental inoculation studies with
“B. hampsonii”, clinical disease has been reported in individ-
ual pigs as early as 4-5 days postinoculation and morbidity is
often less than 90%.'%'>> The spirochete load may also be
important in lesion development as experimental studies sug-
gest at least 10° CFU per gram of B. hyodysenteriae in the
mucosa is associated with the presence of lesions, while lower
loads are asymptomatic and lack lesions at necropsy.'*’

In early stages of B. hyodysenteriae infection, there is a
reduction in mucigen within the goblet cells at the base of
crypts and concurrent dilation of the luminal aspects of crypts
with accumulations of expelled mucin."*® Serial evaluation via
endoscopy through a cecal cannula has demonstrated that
expulsion of mucin in the deeper crypts typically occurs within
the first 3 days of clinical disease and that goblet cell hyper-
plasia begins after the fifth day.”® Histochemical analyses have
shown that reduced expression of sulfated mucins and expres-
sion of sialomucins increases within crypts at the apex of the
spiral colon in pigs with acute SD."**!*® Immunohistochemis-
try has further revealed that there is a specific reduction in
mucin 4 and an increase in mucin SAC (MUCS5AC) in pigs
48 hours after clinical expression of SD associated with either
B. hyodysenteriae or “B. hampsonii”."*® Mucin 2 (MUC2),
which is constitutively expressed in the pig colon, is predomi-
nantly detected within goblet cells of healthy pigs and is to a
large amount expelled into colonic crypts within 72 hours of
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development of clinical SD, whereas MUCS5AC expression is
not normally detected in the pig colon and appears within
goblet cells over the same time frame in pigs with acute
SD."** Mucin production is 5-fold higher in experimentally
infected pigs with SD relative to controls due to the de novo
production of MUCS5AC and an increase in MUC2 produc-
tion.'°! Mucin 5AC production is not upregulated in those pigs
that are inoculated but do not develop SD, and MUCS5AC
expression is significantly correlated with the presence of neu-
trophilic infiltration.'®"'** Not only does mucin production
increase in pigs with experimental SD, but the mucus layer
also becomes disorganized and lacks the striations apparent
in age-matched control pigs.'®" In vitro mucin binding by B.
hyodysenteriae is 7-fold higher in mucus samples from pigs
with dysentery relative to controls, suggesting that the mucus
niche formed during SD may substantially increase the quantity
of mucus binding sites available to the spirochete.'®!

Early microscopic lesions of SD include superficial mucosal
necrosis, concurrent neutrophilic infiltration of the lamina
propria, crypt elongation, hemorrhage, and abundant mucus
secretion (Fig. 3).'*° By transmission electron microscopy,
B. hyodysenteriae cells can be visualized along the colonic
luminal surface and within epithelial cells, goblet cells, muci-
gen droplets, and the lamina propria.>**® Consistent ultrastruc-
tural changes in colonic epithelial cells of infected pigs include
sparse and shortened microvilli, swollen mitochondria, and
reduced numbers of organelles.*® As lesions progress, the
superficial mucosa becomes eroded and there is superficial
hemorrhage and fibrinous exudation.'*® In clinical cases of
SD, ciliated protozoa consistent with Balantidium coli are often
observed along the mucosal surface and extending deeply into
areas of ulceration. The attachment of spirochetes to the epithe-
lium does not appear essential for lesion development as in
vitro studies have not associated cellular attachment with cel-
lular damage or invasion.”’%!4°

Gross lesions are limited to the cecum and colon and typi-
cally include a flaccid to fluid-filled colon with serosal hyper-
emia and variable expansion of the mesocolon by edema.
Lesions can be multifocal and are frequently observed in the
centripetal coils and at the apex of the spiral colon but may
extend through the centrifugal portion to the terminal aspects
with time. Affected segments of colon often have copious
mucus, hemorrhage, and fibrinous exudate along the mucosal
surface, and mucohemorrhagic to watery feces are observed
(Fig. 2). Diarrhea occurs due to colonic malabsorption and this
appears to be the result of impaired sodium and chloride trans-
port.* Increased secretion of colonic mucins in SD, which are
rich in sodium and potassium, may also increase the levels of
these ions in dysenteric contents.'** Additionally, the fecal
microbiota of pigs that develop SD after “B. hampsonii” infec-
tion is significantly altered with reduced bacterial density and a
relative increase in Firmicutes relative to Bacteroidetes when
compared with noninoculated control pigs and inoculated pigs
that do not develop disease.?

Systemically, there is a significant increase in circulating
neutrophils and monocytes during SD,®® with an increase in

the acute-phase proteins serum amyloid A (SAA) and hapto-
globin at the onset of clinical disease”; however, a febrile
response is not typically observed.’®®> The proinflammatory
cytokine interleukin (IL) 1B increases significantly on the first
day of clinical disease, > and SAA levels remain elevated more
than 6 times the baseline during the first 3 days of mucohemor-
rhagic diarrhea.®® During the dysentery period, there is a
decrease in serum concentrations of some nonessential gluco-
neogenic amino acids including alanine, glutamine, and tyro-
sine.°® As the disease progresses, SD is characterized by
dehydration, metabolic acidosis, and hyperkalemia, with mor-
tality in severely affected pigs.*? Following experimental
infection, recovery has been observed around 5 days after the
development of clinical SD, which coincides with a decline in
SAA, haptoglobin, and monocyte levels in the blood.”® During
recovery, IL-10 levels rise and appear to peak around day 7 of
the recovery period.”

A specific humoral immune response to outer membrane
antigens of B. hyodysenteriae is induced following infec-
tion,'*” including antibodies against the membrane-associated
lipoproteins A and B (SmpA and BmpB),**'?® and antibodies
to these proteins have been detected in serum as early as the
first day of the recovery period.®> Clinical SD is associated
with the development of pathogen-specific immunoglobulin
(Ig) G, IgA, and IgM in serum as well as local production of
IgA in mucosal tissues.'” Pigs that survive and recover from
SD have been shown to be protected from reinfection for up to
17 weeks.®

Diagnostic Methods

Historically, diagnosis of SD was based upon appropriate
clinical signs, characteristic gross and microscopic lesions,
and isolation of strongly B-hemolytic spirochetes from colo-
nic tissue or feces. The advent of molecular diagnostic
methods has increased opportunities for antemortem diag-
nosis, and numerous assays have been described for testing
of feces and oral fluid samples including polymerase chain
reaction (PCR) and in situ hybridization (ISH) targeting
known pathogenic Brachyspira spp.>"’®'*® When postmor-
tem samples are available, demonstration of spirochetes
within histologic lesions is often readily accomplished with
the aid of silver staining (Warthin-Starry) or more specifi-
cally with ISH, and characteristic delicate spirochetes can
be observed within goblets cells, epithelial cells, crypt
lumens, and luminal mucus (Fig. 4).

Microbial Culture

Selective culture for Brachyspira spp from clinical samples
provides a high degree of diagnostic sensitivity for SD; how-
ever, the ability to recover spirochetes from clinical samples
depends largely upon sample handling and the sample itself.
Medication will greatly reduce the potential for isolating spir-
ochetes so samples should be obtained from untreated, clini-
cally affected animals, and the samples should be kept moist
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and refrigerated during transit to the laboratory. Brachyspira
spp are typically isolated on selective media,'***"* incubated
anaerobically over 6—10 days, and are broadly characterized
based upon phenotypic assessment of the isolate, which
includes the degree of B-hemolysis on blood agar.**** Brachy-
spira spp recovered from pigs with SD typically induce a
strong degree of B-hemolysis and display a “ring phenom-
enon” around defects or slits in the agar. The presence of these
phenotypic characteristics has been associated with viru-
lence.'® Speciation of Brachyspira from primary cultures is
commonly performed using various biochemical tests,
species-specific PCRs, partial sequencing of the nox gene,
restriction fragment length polymorphism analysis, and
matrix-assisted laser desorption time-of-flight mass spectrome-
try,>-20-32:93.100.108.130.131 gt demiologic studies exploring the
diversity and relatedness of Brachyspira spp using MLST and
multilocus variable number tandem repeat analysis (MLVA)
have also been described.>*77-2091-97

Polymerase Chain Reaction

For many infectious agents, direct PCR from clinical samples is
common and highly effective; however, it should be noted that
for Brachyspira spp, direct PCR on clinical specimens may
lack sensitivity relative to microbial culture.'®!°* Fortunately,
primary cultures of Brachyspira spp can be readily differen-
tiated by PCR, and assays have been described targeting the
nox gene,™*! 16S rRNA gene,”® 23S rDNA,** and the tly4
hemolysin gene.** Although this increased precision has
greatly increased the specificity of diagnosis, dependence upon
these assays may fail to detect novel species or potentially lead
to misclassification. Accordingly, PCR testing of direct clinical
samples with primer sets limited to the detection of B. Ayody-
senteriae and/or B. pilosicoli,’® which is commonplace in
many diagnostic laboratories, will most likely fail to detect
novel potentially pathogenic Brachyspira spp.

In Situ Hybridization

In situ hybridization is an emerging and highly specific assay
for direct detection of infectious agents within tissues. This
assay combines the molecular specificity of PCR and direct
visual confirmation of microscopy into one diagnostic test.
Assays targeting the rRNA of B. hyodysenteriae, B. pilosicoli,
B. murdochii, and B. hampsonii have been described.'%!#61

Serology

Cross-reactivity between pathogenic and nonpathogenic
Brachyspira spp in immunological tests using antisera
developed from whole-cell preparations has historically
been reported and suggests close similarity between at least
some antigens in or on the surface envelope.’>®! Enzyme-
linked immunosorbent assay (ELISA)-based techniques for
the detection of antibodies to lipopolysaccharide antigen are
effective in differentiating B. hyodysenteriae infection from

B. innocens; however, these assays are serotype specific and
therefore not universally applicable.®® Recently, novel
serologic assays have been developed with improved speci-
ficity to detect circulating antibodies against B. hyodysen-
teriae-specific outer membrane lipoproteins and may be
useful for detecting infected pigs’>''*; however, these
assays have not yet found broad application. Recent work
has also suggested that ELISAs run on meat juices at
slaughter may be useful in detecting herds infected with
B. hyodysenteriae."'*

Risk Factors for Infection and Disease
Development

Poor environmental hygiene, overstocking, transportation,
and cold temperatures have been described as predisposing
factors to development of SD in endemically infected farms.*®
Wild rodents are recognized as potential carriers of Brachy-
spira spp and are an important potential source of inter-
farm and intrafarm spread.®®® Mice colonized with
B. hyodysenteriae do not show signs of disease but may shed
the organism for at least 200 days.*® Feral pigs have been
shown to harbor pathogenic Brachyspira spp and may also
serve as a source of interfarm transmission in areas where
feral pigs are common and in proximity to domesticated
pigs.’® Lagoon effluent is another potential source of envi-
ronmental exposure to pathogenic Brachyspira spp,*' partic-
ularly in systems where lagoon water recycling is used to
flush gutters between pens. B. hyodysenteriae has been shown
to survive in lagoon water samples in vitro for up to 17 days
and in pit sludge for up to 21 days with longer survival at
cooler temperatures.''? Similarly, B. hyodysenteriae can sur-
vive in dysenteric pig feces for 48 days when stored at less
than 10°C.?*> Open lagoon systems are frequently visited by
wild birds. The potential importance of waterfowl as a source
of spirochete transmission between farms is supported by the
recent isolation of B. suanatina and B. hyodysenteriae from
the feces of mallard ducks in Sweden,”>'** and “B. hampsonii”
isolation from the feces of migratory birds including lesser
snow geese in Canada and mallard ducks and graylag geese
in Spain.*>''® Experimental inoculation of pigs with mallard-
origin B. suanatina induced colonization, spirochete shedding,
and clinical signs of SD in at least 1 pig.'® Although experi-
mental inoculation with a goose-origin Canadian isolate of
“B. hampsonii” induced colonization and shedding but not
clinical disease in pigs,''® inoculation with a goose isolate of
“B. hampsonii” from Spain resulted in spirochete shedding in
all inoculated pigs, horizontal infection of a sentinel pig, and
development of SD in 1 inoculated pig.! Taken together, these
findings support the potential virulence of avian origin
B. suanatina and “B. hampsonii” isolates to pigs and suggest
the differences observed may be dependent on the laboratory
and animal model. Further investigation into the potential viru-
lence of avian origin, strongly hemolytic Brachyspira spp, is
warranted.
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Clinical expression of SD can be significantly influenced by
dietary factors and the associated impact on the colonic micro-
environment. Although there is some discord in the literature, it
is generally accepted that feeding pigs highly digestible,
cooked rice-based diets is associated with decreased expres-
sion of SD following B. hyodysenteriae infection,””''* while
feeding of sources of certain resistant carbohydrates
and lignins may increase disease expression.'?’ Diets high
in inulin have also been associated with decreased disease
expression following experimental infection with B. hyody-
senteriae,**'*” and it has been postulated that this may be due
to associated alterations in the colonic microbiota.***? Such a
role for the microbiota in the pathogenesis of SD is supported
by previous studies where the presence of various synergistic
bacteria was required for SD development in gnotobiotic
pigs.'*? Diet-associated alterations in the colonic microbial
community may increase or decrease the number of synergis-
tic bacteria®® or alternatively yield an increase in species that
inhibit colonization by pathogenic Brachyspira spp. A recent
study revealed that at least 4 different bacteria isolated from
the porcine gastrointestinal tract can inhibit B. hyodysenteriae
growth in vitro’' and suggested a colonic environment favor-
ing the presence of such bacteria may aid in the prevention of
SD. Interestingly, during the recent period of SD reemergence
in the USA, there has been an increase in availability of
coproducts of biofuel production, such as distillers dried
grains with solubles (DDGS), which are a source of insoluble
dietary fiber and are frequently incorporated into commercial
swine diets. Feeding 30% DDGS to swine results in a signif-
icant shift in the microbiome with a reduction in Lactobacillus
spp and a predominance of Prevotella spp,"” and feeding a
diet containing 30% DDGS was associated with a shorter time
to onset of SD and an increased overall disease incidence
following experimental infection with B. hyodysenteriae rela-
tive to pigs fed no DDGS.'** Additionally, experimental mod-
els using diet modification to include large quantities of
soybean meal have been reported to enhance disease expres-
sion after B. hyodysenteriae infection.”” In total, it is clear that
dietary composition is a major contributing factor for SD
development and may influence time to onset and severity
of disease. Additional studies are warranted to further char-
acterize the impact of specific dietary components on the
colonic microbiota and the potential for practical dietary
manipulation in the management of SD.

Treatment and Control

Pleuromutilins (tiamulin and valnemulin) are among the
most widely used antibiotics to treat SD, given the frequent
occurrence of tylosin and lincomycin resistance.** Resolu-
tion of diarrhea has been reported as early as 24 hours after
0.006% tiamulin water treatment, with viable spirochetes no
longer detectable in the feces within 72 hours of treatment
initiation in pigs experimentally infected with susceptible
isolates of either B. hyodysenteriae or “B. hampsonii”.'>’
Unfortunately, pleuromutilin resistance has been increasingly

reported in porcine B. hyodysenteriae isolates from multiple
countries including Czechoslovakia,''® Germany,'?” Italy,'"!
and Spain.’' Moreover, this resistance appears to increase over
time and on endemically infected farms, suggesting local
selection of resistant clones. A recent analysis of Italian
isolates suggests transnational spread of resistant B. hyody-
senteriae throughout Europe.''' US B. hyodysenteriae iso-
lates are generally susceptible to tiamulin, although a slight
rise in the MICy was observed between values reported in
the 1990s and a more recent report in 2011,%* suggesting
that while tiamulin resistance is not currently widespread, it
may be developing in the USA. Accordingly, the judicious
use of these antimicrobials in the treatment of SD with close
monitoring of MICs is warranted. In countries where avail-
able, carbadox has been shown to be efficacious as a pro-
phylactic measure for SD'®*; however, recent work has
demonstrated that carbadox has the capacity to induce
expression of gene transfer agents in B. hyodysenteriae and
suggests this compound may facilitate lateral transfer of
resistance genes between strains.'?’

Control measures for SD should focus on elimination of
environmental risk factors through cleaning and improved
biosecurity. Moving recently medicated animals to a clean,
segregated environment is often successful in elimination
efforts. Extensive environmental cleanup with removal of all
contaminated fecal material is essential for infected facilities,
and a protocol of pressure washing, disinfection, and applica-
tion of concentrated lime solution to environmental surfaces
has been reported to be effective.'* Improved biosecurity
efforts should include aggressive rodent control, isolation
from waterfowl, and reductions in foot and vehicle traffic.
Infection is often transmitted from infected breeding animals
to nursing pigs, and detection of subclinically infected breed-
ing stock is imperative to reduce downstream contamination;
however, testing strategies for breeding herds should account
for low prevalence rates as a recent report suggests less than
2% of sows in subclinically infected herds may be shedding
viable spirochetes.?’

Development of efficacious vaccines for protection against
SD has been challenging as there is limited cross-protection
against strains of different serogroups of B. hyodysenteriae.**
Although numerous attempts have been made to create effi-
cacious vaccines using both bacterins and attenuated
strains, 2’33436 commercial products are not widely avail-
able at present. Autogenous vaccines are available in some
countries, but data are limited regarding the efficacy of these
products. More recently, vaccine development efforts have
focused on subunit and recombinant vaccines with varying
levels of protection,*®%7® and a reverse vaccinology
approach has been described for selecting potential antigens
of B. hyodysenteriae.''> The emergence of “B. hampsonii”
and B. suanatina has further complicated the vaccination
issue as any marketed SD vaccine would likely need to protect
against at least 2 of these agents depending upon the geo-
graphic market. Given the reemergence of SD in North Amer-
ica, and the emergence of antimicrobial resistance to field
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strains in Europe and elsewhere, there is a growing need for
efficacious SD vaccines globally.

Summary

Although SD has been recognized as a specific disease in
swine for nearly a century, there is still much to be learned
about the precise pathogenesis and the role of diet and the
colonic microbiota in disease development and expression.
Historically, B. hyodysenteriae was thought to be the only
strongly B-hemolytic Brachyspira infecting swine and has
been regarded as the sole etiologic agent of SD. However,
recent identification of the strongly B-hemolytic B. suanatina
and “B. hampsonii” from pigs with mucohemorrhagic colitis
and the experimental reproduction of dysentery-like disease
following infection with these agents suggests that the defi-
nition of SD should be expanded to encompass pigs demon-
strating characteristic clinical signs and lesions along with the
isolation of any strongly hemolytic Brachyspira spp from
tissues or feces. Regardless of the Brachyspira spp involved,
grower—finisher pigs with SD typically develop a mucohe-
morrhagic typhlocolitis and characteristic spirochetes are
often numerous within lesions.

Diagnostic tests for Brachyspira spp detection have evolved
dramatically in recent years with newer assays available that
can improve the specificity of an etiologic diagnosis and fre-
quently reveal interesting epidemiological relationships. How-
ever, this analytical specificity often comes at the cost of
diagnostic sensitivity. Diagnostic approaches for SD should
be broad enough to detect all potentially pathogenic spirochetes
and also with sufficient analytical sensitivity to detect the low
levels of spirochetes likely to be shed from subclinically
infected carrier animals. Until such time that a unified mole-
cular test is available that can identify unique virulence genes
or other specific genetic targets universally present in
SD-associated spirochetes, selective anaerobic culture should
continue to be an integral part of Brachyspira detection and
diagnosis of SD.
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Abstract

Proliferative enteropathy is an infectious disease caused by an obligate intracellular bacterium, Lawsonia intracellularis, and
characterized by thickening of the intestinal epithelium due to enterocyte proliferation. The disease is endemic in swine herds and
has been occasionally reported in various other species. Furthermore, outbreaks among foals began to be reported on breeding
farms worldwide within the past 5 years. Cell proliferation is directly associated with bacterial infection and replication in the
intestinal epithelium. As a result, mild to severe diarrhea is the major clinical sign described in infected animals. The dynamics of
L. intracellularis infection in vitro and in vivo have been well characterized, but little is known about the genetic basis for the
pathogenesis or ecology of this organism. The present review focuses on the recent advances regarding the pathogenesis and

host-pathogen interaction of L. intracellularis infections.

Keywords

proliferative enteropathy, Lawsonia intracellularis, pathogenesis, pigs, horses, obligate intracellular bacterium, equine proliferative

enteropathy (EPE), porcine proliferative enteropathy (PPE)

Lawsonia intracellularis is the sole species in the bacterial
genus Lawsonia and is the etiologic agent of proliferative
enteropathy (PE).°' The disease is characterized macroscopi-
cally by thickening of the intestinal mucosa due to enterocyte
proliferation. As a result, mild to severe diarrhea represents
the major clinical sign described in affected animals.’' Since
the 1990s, PE has been known to be endemic in swine herds
and occasionally reported in various other species.'**® There
have been numerous reports of outbreaks among foals on
breeding farms worldwide in the past 5 years.?>*#* Therefore,
PE is considered an emerging disease of horses.’**° Among the
other species in which PE has been diagnosed are hamsters,*
rabbits,'" ferrets,?! foxes,*’ dogs,12 rats,108 sheep,15 deer,18
emus,”* ostriches,'* nonhuman primates,** and guinea pigs.*
Since L. intracellularis has never been identified as an enteric
disorder in humans, PE is not considered to be a zoonotic dis-
ease.’” Difficulties associated with in vitro cultivation of this
organism, linked with its ubiquitous presence and ability to
cause disease in a variety of animal species, highlight the need
for higher resolution diagnostics to provide a better understand-
ing of the interspecies transmission dynamics and the realistic
importance of the disease in different species.

PE was first reported in 1931 as porcine intestinal ade-
noma.* Afterward, published reports were limited to laboratory
hamsters in which PE was known as “wet-tail disease” based
on the appearance of the perianal region of affected animals.'*>
Bacteria or viruses were speculated to be the causative agents

due to the enzootic characteristic observed in the PE out-
breaks.* In the early 1970s, G. H. K. Lawson’s group in the
United Kingdom investigated field outbreaks of PE in pigs, and
subsequently, the presence of intracellular bacteria within the
proliferative lesions was described in affected pigs.” It was not
until 1993 that this intracellular bacterium was isolated in cell
culture from infected pigs using a rat enterocyte cell line by
Lawson’s group and the disease was reproduced, fulfilling
Koch’s postulates.*** After successful growth and mainte-
nance in vitro, a new genus and species was established and the
organism was named Lawsonia intracellularis in honor of Dr
Lawson.®!

The main phenotypic characteristic of L. intracellularis
infection, cellular proliferation, has not been reproduced in
vitro.’*!!5 As a result, comprehensive studies on the progres-
sion of lesions have been conducted using experimental infec-
tion models primarily in pigs and hamsters but also limited
studies in mice, rabbits, and horses.*>%"+9>96-111 The cell pro-
liferation in the intestinal epithelium, described as enterocyte
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hyperplasia, is directly associated with bacterial infection and
replication in this area.®® However, little is known about the
genetic basis of this bacterium’s pathogenesis or physiological
features. In addition, the molecular mechanisms for infection
and virulence remain undetermined.**

Limited knowledge of the pathogenesis of L. intracellularis
infection suggests that this organism has acquired mechanisms
of survival and pathogenesis that are unique among bacterial
pathogens.”* The present article reviews and discusses the
current knowledge of PE, focusing on recent advances in
understanding the pathogenesis of L. intracellularis infections.

Characteristics of L. intracellularis

After the first report of PE showing the presence of intracellular
bacteria in association with enterocyte proliferation,’? different
designations were attributed to the organism over time (Cam-
pylobacter-like, ileal symbiont intracellularis, and ileobacter
intracellularis).>*®" In 1995, L. intracellularis was classified
as a member of the delta subdivision of Proteobacteria belong-
ing to the Desulfovibrionaceae family.”> Based on the DNA
sequences of the 16S ribosomal gene and the GroE operon,
L. intracellularis was taxonomically distinct from other intra-
cellular pathogens such as Rickettsiae and Chlamydiae.'®®!
A free-living anaerobic human pathogen, Bilophila wadsworthia,
was the closest organism genetically related to L. intracellularis,
exhibiting 92% similarity of the 16S ribosomal DNA sequence.”’
Desulfovibrio desulfuricans, a sulfate-reducing bacterium, was
91% similar to L. intracellularis.*

L. intracellularis is a Gram-negative, non—spore-forming,
microaerophilic, curved-shaped rod and is obligately intracellu-
lar. The bacterium is 1.25 to 1.75 pm in length, is 0.25 to 0.43
pm in width, and exhibits a trilaminar outer envelope.®' A uni-
polar flagellum was demonstrated extracellularly in cultivated
organisms as well as darting motility in vitro upon escape from
infected enterocytes.”' The intracellular bacteria are located in
the apical membrane of infected enterocytes and are commonly
associated with free ribosomes and scattered mitochondria.*?

Since the first reports of cultivation and maintenance of
L. intracellularis in vitro in mammalian cells,’>!% various
cell lines have been reported to support the bacterium’s
growth. To date, growth of the bacterium in axenic (cell-
free) media has not been reported. Regardless of the cell
type, the bacteria require dividing cells in a specific micro-
aerophilic atmosphere for cultivation.”*''> L. intracellularis
has been cultivated in a static adherent monolayer in a humi-
dified tri-gas incubator with 83.2% nitrogen, 8.8% carbon
dioxide, and 8% oxygen at 37°C.'"*%® Alternative chambers
have also supported bacterial growth by providing similar
microaerophilic atmospheres using a cylinder containing 10%
hydrogen, 10% carbon dioxide, and 80% nitrogen gas.'"> Sus-
pension cultures have been used for large-scale cultivation and
production of vaccines.*” These cultures are propagated in
spinner flasks or automatized bioreactors with automatized
agitation and monitoring of temperature and gas mixture. The
peak of the infection, where the majority of cells are heavily
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Figure I. Circular genome map of the porcine Lawsonia intracellularis
isolate PHE/MN1-00 showing | chromosome and 3 plasmids. From
the outside to the center, the first circle represents genes on the
forward strand and the second indicates genes on the reverse strand
(both strands colored by COG categories). RNA genes are shown
in green (tRNA), red (rRNA), and black (other RNAs). The yellow
and pink internal plots indicate G+C content and G+C skew,
respectively.

infected (greater than 30 bacteria in the cytoplasm of each
cell), occurs between 5 and 7 days postinoculation, reaching
80% to 90% of infected cells.**

Clinical and subclinical disease has been previously
reproduced using pure cultures of L. intracellularis at low pas-
sages (4-20) in cell culture.>7-646%109110 [ ¢k of clinical and
pathological changes was demonstrated in pigs experimentally
infected with a porcine isolate passed 40 times in vitro, indicat-
ing that the attenuation process occurs between passages 20 and
40."" The loss of pathophysiological properties of L. intracel-
lularis associated with adaptation to in vitro conditions due to
mutational events at the DNA level has been speculated. How-
ever, standard DNA-based typing techniques, such as variable
number tandem repeat, have shown identical genotypes in
homologous isolates at low and high passages.®*'!°

The whole genome of a porcine L. intracellularis isolate
(PHE/MN1-00) was sequenced using Sanger-based sequencing
and annotated, revealing a total of 1 719 014 base pairs distrib-
uted into 1 small chromosome and 3 plasmids (Fig. 1) (Acces-
sion: PRINA183).?” This information, followed by recent
advances in sequencing technology, has been crucial for studies
focused on the differences in genome composition and gene
expression between isolates at low and high passages.'*®!"?
The identification of a high level of expression of numerous
bacterial genes encoding hypothetical proteins during L. intra-
cellularis infection both in vitro and in vivo suggests that this
organism has adopted heretofore uncharacterized mechanisms
of survival and pathogenesis.''*!"?

Differences Among Host Species

Intestinal hyperplastic lesions are present in every case of PE;
however, there are some differences between clinical and
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pathological presentations among affected species. Pyogranu-
lomatous enteritis has been specifically reported in hamsters
in the late stages of the disease.*®'!" Diarrhea, rapid weight
loss, and dehydration characterize the typical clinical manifes-
tation in affected hamsters.>’” The disease was initially
designated proliferative ileitis due to the inflammatory
features. However, 2 comprehensive studies describing the his-
togenesis and ultrastructural characteristics of the disease
revealed that mucosal hyperplasia precedes ileitis.*®** The dis-
ease in rabbits has been named proliferative or histiocytic
enteritis. Microscopically, mucosal lesions vary from primarily
proliferative, histiocytic, and necrosuppurative. Combinations
of these lesions may also be present depending on the stage
of the disease.'®" In contrast to porcine PE, more severe accu-
mulations of macrophages in the lamina propria were found in
rabbit PE lesions.'®" Although the course and the pathogenesis
of the disease in rabbits have not been deeply explored, a recent
study reproduced proliferative lesions in rabbits experimentally
infected with an equine-derived isolate.”® This finding suggests
that proliferative changes may also be a primary feature of
L. intracellularis infection in rabbits. Rabbits were demon-
strated susceptible to L. intracellularis obtained from a case
of clinical equine proliferative enteropathy, and this suscept-
ibility was used to develop a rabbit model of the equine disease
that simulates natural infection, as typical lesions, immune
responses, and fecal shedding patterns were reproduced.”
Hamsters are a well-published animal model for porcine PE
infection studies, and species specificity has been demonstrated
for pig and horse L. intracellularis isolates.''* This species spe-
cificity for equine or porcine isolates of L. intracellularis
appears to extend to animal models of the disease. Hamsters
challenged with an equine isolate of L. intracellularis do not
develop infection, whereas hamsters challenged with a pig iso-
late do develop disease.”® Conversely, rabbits challenged with
a pig isolate do not develop typical intestinal lesions, whereas
challenge with an equine isolate does induce typical lesions in
rabbits.”®

In pigs, 2 main clinical presentations have been recognized:
porcine intestinal adenomatosis (PIA) and proliferative hemor-
rhagic enteropathy (PHE).®® While PIA is most commonly
observed in postweaned pigs between 6 and 20 weeks of age,
PHE mainly affects young adults 4 to 12 months of age (repre-
sented by finishing pigs, gilts, and boars).®° In severe cases, the
end stage of PIA may result in necrotizing enteritis character-
ized by coagulative necrosis of the adenomatous mucosa.®
This severe adenomatous chronic form of PE has also been
reported in horses, but the clinical presentation is characterized
by rapid deterioration, hypoproteinemia, anorexia, fever,
lethargy, and secondary bacteremia presumably caused by
opportunistic organisms.''*’® In some cases, hypoproteinemia
due to hypoalbuminemia may represent the only clinicopatholo-
gical abnormality of L. intracellularis infections, specifically in
horses without evidence of diarrhea.”? Hypoproteinemia has not
been described in pigs with PE.

In 2008, Murakata et al’* challenged various mice strains
orally with L. intracellularis from either pig-derived or

rabbit-derived intestinal material from PE-affected animals.
Some of the mice developed crypt epithelial hyperplasia and
associated inflammatory reactions. These lesions in mice were
found only in the cecum but resembled the crypt epithelial
hyperplasia of PE in other species. Inflammatory reactions
were also observed and included neutrophil and lymphocyte
infiltration and macrophage accumulation. Use of tissue mate-
rial, rather than pure culture, as the source of inocula may have
affected the characteristics of the lesions, however, by introdu-
cing unrecognized organisms. Nevertheless, in pigs affected by
the PIA form of PE, accumulations of inflammatory cells are
not a common feature;93 however, some inflammatory cell
infiltrate may be observed in the lamina propria of more chroni-
cally affected pigs.’'”® These data indicate that, although
mucosal hyperplasia is characteristic of PE in all animal
species, inflammatory reactions vary and may depend on
host-specific differences (including age of animal and stage
of disease).”*

Despite these host-specific features, no genotypic differ-
ences have been demonstrated based on 16S ribosomal DNA
sequences.'® Experimental infections have demonstrated the
reproduction of typical PE in animals infected with isolates
from homologous animal species.*****” Hamsters experimen-
tally infected with intestinal homogenate from affected ham-
sters showed cannibalism, aggressiveness, dehydration, and
profuse diarrhea.*®*® A cross-species experimental study using
pure culture of L. intracellularis showed marked clinical signs,
longer periods of bacterial shedding, and stronger serologic
immune responses in foals and pigs experimentally infected
with their species-specific isolates.''* This study also showed
a lack of clinical signs, low levels of bacterial shedding, and
low levels or an absence of serologic immune responses in
foals infected with the porcine isolate and pigs infected with the
equine isolate. These results suggest that host susceptibilities to
PE are driven by the origin of the L. intracellularis isolate. In
addition, pigs and foals rarely share the same environment in
modern pig and horse production systems; direct cross-
species transmission in the field between these 2 species is
unlikely.!'* Sampieri et al®® showed that the host adaptation
previously demonstrated in pigs and horses seems to extend
to hamsters and rabbits, respectively, which are used as experi-
mental infection models. Rabbits were more susceptible to
equine-derived isolates than to porcine variants, and hamsters
were more susceptible to porcine-derived isolates than to
equine variants. Taken together, this evidence suggests that
L. intracellularis variants may have evolved to be adapted to
more than 1 host species. However, the genetic and physiologi-
cal characteristics or evolutionary adaptations responsible for
driving host-adapted variants remain to be determined.

There have been few studies about Lawsonia’s fastidious in
vitro cultivation properties that associate the phenotypic obser-
vations described above with genotypic analysis of bacterial
isolates derived from different species. So far, there are
approximately 17 isolates worldwide. A recent study using
fecal polymerase chain reaction (PCR) identified the presence
of a prophage-associated genomic island in the genome of
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pathogenic porcine L. intracellularis isolates and in pigs natu-
rally infected with PE.'® Conversely, neither a pathogenic
equine isolate nor Lawsonia-positive fecal samples from
PE-affected horses and rabbits exhibited the presence of this
genomic island. This region comprises 15 genes downstream
from the prophage DLP12 integrase gene, but it does not appear
to be associated with virulence.'” However, this genetic
element represents the major genomic variation reported
among L. intracellularis isolates to date.*® The genetic diver-
sity characterized by the absence of this chromosomal island
in horse isolates may drive the recognition of novel L. intracel-
lularis subspecies or species-adapted genotypes. Although
there are many challenges to studying the diversity of L. intra-
cellularis isolates, more comprehensive studies are required to
define whether this prophage-associated genomic island is
exclusively harbored by porcine-specific variants.

Diagnosis

The diagnosis of PE has been historically based on clinical and
pathological characteristics of L. intracellularis infection.®
The hemorrhagic form, PHE, is commonly observed in replace-
ment gilts and boars from high health herds that are introduced
into a new farm site.*® PHE-affected pigs show acute, red-
tinged, loose to watery diarrhea and often are found dead, with
no prior clinical signs detected but with perianal staining. Dif-
ferential diagnosis includes swine dysentery (caused by Bra-
chyspira hyodysenteriae, “Brachyspira hampsonii,” and
Brachyspira suanatina), salmonellosis, gastric ulcers, and
hemorrhagic bowel syndrome.

Pigs affected with the chronic form, PIA, predominantly
exhibit diarrhea, anorexia, and poor growth. Subclinical cases
have often been recognized especially in endemic herds by the
intermittent shedding of L. intracellularis in the feces of
infected pigs, which is associated with poor growth.* Signifi-
cant variations in the growth performance among animals of
the same age are commonly the first indicator to pursue the
diagnosis in subclinically affected herds. Although the detec-
tion of bacterial DNA in the feces represents active infection,
a more comprehensive diagnostic investigation is required to
establish the health status of the herd and the association of
L. intracellularis with other enteric diseases that mimic the
clinical presentation of PE, such as brachyspiral colitis,
salmonellosis, colibacillosis, transmissible gastroenteritis
(TGE), diarrhea caused by porcine circovirus 2 (PCV2), and
hypersensitivity to soybeans.®

In horses, PE is referred to as equine proliferative enteropa-
thy (EPE) and is primarily observed in postweaning foals (2—8
months) and occasionally in adult animals.** Clinically
affected horses commonly show lethargy, anorexia, fever, per-
ipheral edema (ventrum, sheath, throatlatch, and distal limbs),
weight loss (Fig. 2), colic, and diarrhea. Other common equine
gastrointestinal disorders considered in the diagnostic inves-
tigation of EPE include parasitism, bacterial infections (Clos-
tridium spp, Salmonella spp, Rhodococcus equi), rotavirus,
coronavirus, stomach ulcers, and intestinal obstructions.*%!

Furthermore, abdominal ultrasonography has been used to
demonstrate increased thickness of the intestinal wall in
affected horses (Fig. 2).'7*° The most consistent finding in
EPE-affected horses is hypoproteinemia due to hypoalbumine-
mia. Total protein is generally less than 5.0 g/dl (normal range,
5.7-7.9 g/dl), and albumin is usually less than 2.0 g/dl (normal
range, 2.5-3.8 g/dl). The mechanisms by which hypoalbumine-
mia develops are not yet known, although it was suggested that
a combination of decreased feed intake, coupled with malab-
sorption and protein-losing enteropathy due to the proliferative
nature of the disease, may represent likely mechanisms by
which low albumin occurs.''® Whether a protein-losing
enteropathy accompanies PE in other species has not been
investigated, although in 1 study,’” serum total protein concen-
trations were measured weekly in rabbits after challenge with
L. intracellularis to investigate if changes in serum total protein
concentration were comparable to the values reported in foals
naturally and experimentally infected with EPE.®’ No signifi-
cant differences were found between challenge and negative
control groups with regard to total protein concentrations in
sera. Contrary to what is found in foals, a clinically significant
hypoproteinemia has not been demonstrated in rabbits, nor was
edema of the limbs or abdomen ever detected, although this
was a small study that terminated at 21 days postinfection, and
these findings would be expected at later time points.'”5%
Regardless of the affected species, the antemortem diagno-
sis of PE is based on the detection of L. intracellularis—specific
IgG by serology and the molecular identification of L. intracel-
Iularis DNA in feces by PCR.?®#5 While positive serology
characterizes exposure to infection rather than disease, the
positive results by PCR indicate shedding of the bacteria and
active infection. Clinically affected horses generally exhibit
at least 4-fold higher serological titers than pigs when tested for
L. intracellularis—specific antibodies by immunoperoxidase
monolayer assay (IPMA).''* Conversely, affected horses shed
bacteria for only 7 to 21 days after infection compared with
pigs, which can shed bacteria up to 12 weeks after infec-
tion.?”%” This host-specific pattern of shedding may represent
one of the reasons the subclinical form has been well described
in pigs but has been challenging to diagnose in horses. In
addition, the association of subclinical cases and chronic
growth retardation or unthriftiness in horses remains unclear.*
The primary lesion observed in all PE-affected species is
cellular proliferation, described as hyperplasia of the intestinal
crypt cells.?* The postmortem diagnosis is based on the indi-
cative gross lesions associated with histological changes char-
acterized by the adenomatous proliferation of enterocytes
predominantly in the crypt.* Macroscopic lesions are typically
found in the aboral portion of the small intestine but also
are observed in the upper and mid-jejunum, cecum, and
proximal colon. The intestine of pigs affected by PHE shows
dilation, thickening, and corrugation of the serosal surfaces.
Blood and fibrin clots are commonly found in the intestinal
lumen (Fig. 2).°! Chronic cases in all susceptible species are
recognized by the thickening of the intestinal mucosa. The
progression of the chronic proliferative lesions can lead to
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Figure 2. Clinical and pathological findings of equine proliferative enteropathy (EPE) and porcine proliferative enteropathy (PPE). (a) Five-
month-old affected foal exhibiting severe weight loss. (b) Small intestine; equine. Ultrasound image showing thickening of the small intestinal
wall in an EPE-affected foal. (c) lleum; equine. Thickened section of an 8-month-old foal affected with EPE. (Photograph courtesy of Dr Nicola
Pusterla). (d) Small intestine; swine. Necrotizing enteritis due to aggravation of a chronic form of Lawsonia intracellularis infection, porcine intest-
inal adenomatosis. (Photograph courtesy of Dr Carlos Pereira) (e) Small intestine; swine. Fibrinous blood clot in the intestinal lumen of a pig
affected by the acute form of L. intracellularis infection, proliferative hemorrhagic enteropathy. (Photograph courtesy of Dr Marie Gramer) (f)
lleum; swine. Diffuse hyperplasia of the intestinal epithelium showing the presence of L. intracellularis—specific antigen in the apical cytoplasm of
the proliferative enterocytes and in the lamina propria. L. intracellularis antigen-specific staining with AEC substrate-chromogen and counter-
stained with Mayer’s hematoxylin.

rapid clinical decline and death due to mucosal destruction.''®
Hypertrophy and thickening of the muscularis layer may occur
at later stages of necrotic enteritis (Fig. 2). A case of natural
infection in 5 rabbits reported histologic lesions of hyperplastic
and degenerated epithelium with infiltration of inflammatory
cells, primarily lymphocytes, and heterophils in the lamina pro-
pria of both the jejunum and ileum.*' Crypt abscesses and a
reduced number of goblet cells were also reported. One rabbit
showed an infiltration of macrophages and multinucleated
giant cells, which gave the mucosa a granulomatous

appearance, similar to the necrotic form of proliferative entero-
pathy described in pigs.”"*’

In 1999, two acutely fatal outbreaks of PE were reported in
rhesus macaques.** Clinically, the disease demonstrated a short
fatal course in young monkeys, pathologically affecting the
terminal ileum and showing many of the features of the acute
form of the disease, PHE, of swine. In contrast to PHE, how-
ever, inflammatory and destructive changes were a marked fea-
ture in these animals. A more recent study of PE in nonhuman
primates reported villous and crypt epithelial proliferation and
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marked inflammation in the lamina propria of the ileum. Crypts
were dilated and filled with neutrophils and cellular debris.*®
The adenomatous aspect of the intestinal mucosa is histolo-
gically characterized by the proliferation of enterocytes in the
intestinal crypts, which are elongated, enlarged, and crowded
with immature epithelial cells.”® A marked reduction of goblet
cells in affected areas is another important component associ-
ated with typical PE lesions. In pigs, infiltration of inflamma-
tory cells is minimal or absent and only evident in later stage
lesions.”” The presence of small, curved-shaped, intracellular
bacteria in the apical cytoplasm of these proliferative entero-
cytes can be demonstrated by Warthin-Starry or other reduced
silver-staining methods. However, the technique identifies
spirochetal bacteria in lesions and not specifically L. intracel-
Iularis organisms (Fig. 2).*' Immunohistochemistry (IHC) using
L. intracellularis—specific antibodies has been applied as the
gold standard for postmortem diagnosis of PE (Fig. 2).2>'1%-!1!

Pathogenesis

Exposure

Comprehensive studies describing the progression of PE
lesions have been well described in hamsters®®!'" and

pigs.>>*® However, limited studies have explored the early
events involved in L. intracellularis infection. Boutrup et al’
showed the presence of intracellular bacteria in mature entero-
cytes at the tips of villi 12 hours after oral inoculation in pigs.
Although the study showed the ability of L. intracellularis to
infect differentiated mature enterocytes, the organism seems
to persist in the crypt cells once heavily infected crypts have
been identified, from days 5 to 28 postinfection.”'°

During the estimated 12 hours until the bacteria reach the
enterocyte following oral inoculation, L. intracellularis must
cope with stressful and competitive microenvironments such
as gastric pH and oral and intestinal microbiota. Functional
analysis of the L. intracellularis genome showed the presence
of 2 systems that play a crucial role in the maintenance of pH
homeostasis, a glutamate decarboxylase (GAD) system and the
FoF,-ATPase operon.'”’ Interestingly, the GAD system has
been primarily identified in bacteria which transit the low pH
of the gastric environment prior to causing food-borne
disease, such as Listeria monocytogenes, Shigella flexneri, and
Escherichia coli."®* The intracellular decarboxylase enzyme in
the bacterial cell uses glutamate to neutralize protons (H™),
producing the neutral compound y-aminobutyrate (GABA).
As a result, intracellular HT is consumed in the reaction, con-
tributing to increased cytoplasmic pH. The F(F;-ATPase
operon is essential for pH homeostasis in bacterial cells by
encoding a transmembrane protein that generates a proton
motive force capable of removing intracellular H" when it
hydrolyzes adenosine triphosphate (ATP) through its cytoplas-
mic domain.”* Although there is no mechanistic evidence
demonstrating the activity of these acid-tolerant systems in
L. intracellularis, their role in responding to acid stress has been
well described in studies of various other enteric pathogens.?

The presence of a single polar flagellum in L. intracellu-
laris, demonstrated in extracellular bacteria present in the
supernatant of infected cells in vitro, also represents an impor-
tant phenotypic component that potentially is involved in the
early stages of infection.'®® Enteric pathogens exhibiting
flagellar activity are able to exist and penetrate the mucous
layer and thus reach the apical membrane of enterocytes. The
whole genome sequence of a porcine L. intracellularis isolate
shows various genes involved in the flagellar assembly.''?
As a result, this element is likely to contribute to survival or
colonization during extracellular stages.

Experimental observations have suggested an important influ-
ence of the intestinal microbiota on the ability of L. intracellularis
to colonize and survive in the intestinal tract and, consequently,
cause proliferative lesions. While germ-free pigs are not suscep-
tible to infection by a pure culture of L. intracellularis,® pigs
exposed to intestinal material from infected animals develop the
disease.®” In addition, the influence of diet on the infection has
been reported in hamsters and pigs.®*” Melbak et al” described
arelative reduction in the amount of L. intracellularis in the total
ileal microbiota of pigs fed a nonpelleted diet. However, the spe-
cific role of either diet or intestinal microbiota in facilitating L.
intracellularis infection remains unclear.

Intracellular Entry

Following the inoculation of L. intracellularis in cultured entero-
cytes, bacteria were found in close association with cell surfaces
after 10 minutes and internalized within membrane-bound
vacuoles after 3 hours.®® Virulence factors associated with adhe-
sion and entry into enterocytes have not been characterized.
While the attachment mechanism appears to require specific
host-bacterium interaction, the process of invasion does not
depend on the viability of the L. intracellularis cells.>*** Lawson
et al>? demonstrated internalization of formalin-killed organisms
and reduced bacterial invasion after blocking the cytoskeleton
rearrangement using cytochalasin D in vitro. This evidence sug-
gests that bacterial entry is dependent on the host cell activity and
actin polymerization.’> Nevertheless, that study also described
intracellular bacteria in cytochalasin D—treated cells, suggesting
that other mechanisms are involved in the entry process.

The analysis of the genome sequence of a porcine L. intra-
cellularis isolate revealed the presence of genes encoding the
entire apparatus of the type 3 secretion system (T3SS) divided
into 2 distinct chromosomal regions. The expression of 3 pro-
teins representing the energizing, core element, and structural
component of the T3SS was demonstrated in 3 other porcine
isolates.! This study indicates that the T3SS element is
conserved among L. intracellularis isolates and potentially
contributes to the pathogenicity during the entry process,
regardless of the host cell activity.

Survival and Replication

Ultrastructural studies in vitro and in vivo have shown that
L. intracellularis is typically found living free within the
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enterocyte cytoplasm during the active stage of the infec-
tion.**%* The dynamics of the infection after internalization has
only been well characterized using an in vitro model.®> Most
intracellular bacteria were observed lying free in the cell cyto-
plasm after 3 hours of exposure, indicating that the breakdown
of the membrane-bound vacuoles occurs shortly after bacterial
entry. A recent study identified high expression of L. intracellu-
laris genes included in an operon genetically related to the Sal-
monella pathogenicity island 2 (SPI2).!'? Since the activation of
all 3 genes comprising this SPI2-related operon was observed to
be expressed by L. intracellularis in the enterocyte cytoplasm in
vivo, this operon appears to play a similar role to the SPI2-
related operon during the intracellular stage of Salmonella infec-
tion.''? The proteins identified in the L. intracellularis SPI2-
related operon are expressed by Salmonella enterica Typhimur-
ium in the cell endosome and translocate virulence factors into
the host cytoplasm.” These secreted proteins interfere with host
intracellular trafficking and have a central role for survival of
Salmonella in infected macrophages.'® In other enteric patho-
gens, such as Shigella, Listeria, and Rickettsia spp, the secretion
of lytic toxins (cytolysins or hemolysis) has been reported as an
important mechanism for escape into the host cytoplasm.3°
Although the expression of a hemolytic protein and the cytolytic
activity of L. intracellularis in vitro have been reported,’® more
recent studies did not identify the expression of the gene encod-
ing hemolysin by intracellular bacteria during infection in vitro
or in vivo.''*!13

Following vacuolar escape, L. intracellularis divides by bin-
ary fission in the apical portion of the cell cytoplasm, beginning
2 to 6 days after infection in vitro.®® Inhibitors of cell growth,
specifically cycloheximide and colchicine, reduce bacterial
multiplication in vitro, suggesting that actively dividing cells
are required for bacterial replication.’® An in vivo ultrastruc-
tural study showed replication of bacteria free in the cytoplasm
of villus and crypt cells at day 5 postinfection, but the
hyperplastic changes characterized by proliferation and elonga-
tion of crypt cells were histologically and macroscopically
observed from 10 to 12 days postinfection, respectively.*®*?
During infection, numerous dividing bacteria are located in the
apical cytoplasm, which is otherwise composed almost entirely
of free ribosomes and scattered mitochondria.*?

Evaluation of the transcriptional profiling of L. intracellu-
laris in vitro and in vivo revealed high levels of expression
of a sophisticated oxidative protection mechanism involving
Cu-Zn superoxide dismutase (sodC), rubrerythrin-rubredoxin
(rubY-rubA) operon, and dioxygenases (Fig. 3)."'*!"® Surpris-
ingly, the gene sodC, which plays a key role in bacteria’s
ability to cope with oxidative stress, is located immediately
upstream of the gene encoding ATP/adenosine diphosphate
(ADP) translocase. This enzyme has been shown to be critical
for metabolism of Lawsonia and 2 other groups of obligate
intracellular bacteria (Chlamydiales and Rickettsiales).”®"'*
In these organisms, ATP/ADP translocase catalyzes the
exchange of bacterial ADP for host ATP and thus allows bac-
teria to exploit their hosts’ energy pools, a process referred to as
energy parasitism. Taken together, this evidence suggests that
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Figure 3. Proposed model for the pathogenesis of Lawsonia intracellu-
laris infection in the intestinal epithelium. Intracellular bacteria in the
apical cytoplasm of infected enterocytes are associated with free ribo-
somes (granular aspect) and scattered mitochondria. Inhibition of
enterocyte differentiation by L. intracellularis is characterized by the
lower expression of apical membrane transporters involved in nutri-
ent acquisition. Excessive presence of nonabsorbed solutes in the
intestinal lumen results in osmotic/malabsorptive diarrhea. The induc-
tion of cell proliferation is based on a potential cyclomodulin produced
by L. intracellularis followed by expression of Rho family proteins,
which act in the progression of the G| phase of the host cell cycle and
in the activation of transcription through the elongation factor E2F.
The scheme shown on the bottom represents an intracellular bacter-
ium and the activation of bacterial genes involved in the oxidative
stress protection system (redox enzymes, sodC, and rubY-rubA
operon). Furthermore, genes of the type Ill secretion system are
shown to be expressed intracellularly, suggesting their role in the
escape of the bacteria from the endosomal vesicles. Infected entero-
cytes release numerous L. intracellularis organisms within balloon-like
protrusions in the host cell cytoplasm. These organisms are capable
of infecting the apical cytoplasm of neighboring enterocytes. Cell-to-
cell movement has also been speculated but not proved so far.

L. intracellularis is able to cope with the oxidative stress while
using the host energy pool.

Persistence and Spread

The consistent presence of L. intracellularis in intestinal crypt
cells observed during the active stage of infection reveals a
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clear tropism of this organism for immature dividing entero-
cytes. In addition, rapidly dividing cells in culture promote the
growth of the bacteria better than differentiated nondividing
cells.®® The continuous proliferation and vertical migration of
crypt cells through the crypt-villus axis mediate the spread of
bacteria in the intestinal epithelium.*® This point highlights the
particular adaptation of L. intracellularis to a specific intracel-
lular microenvironment.

Highly infected enterocytes in vitro release numerous
L. intracellularis organisms within balloon-like protrusions in
the host cell cytoplasm; these released organisms are poten-
tially capable of infecting neighboring enterocytes.®> Cell-to-
cell movement has also been speculated as being responsible
for L. intracellularis spread, the benefit of which would be to
spread without exposing the bacteria to the extracellular
milieu.'®® The propulsion of Shigella and Listeria into adjacent
cells by polymerized actin has been well described. However,
these enteroinvasive bacteria are randomly distributed in the
cell cytoplasm, while L. intracellularis is mostly present in the
apical cytoplasm of infected enterocytes.” Therefore, any
mechanism of actin-based motility by which L. intracellularis
may spread among infected cells may be different from those
used by other intracellular pathogens.

PE lesions are restricted to the intestinal epithelium, and the
dissemination of active infection to other organs has not been
reported. The detection of bacterial antigens in mesenteric
lymph nodes and tonsilar crypt cells has been demonstrated but
attributed to the carriage of L. intracellularis antigens by
infected macrophages.**

The movement of L. intracellularis through the lamina pro-
pria has been recently discussed as an alternative route for
spreading the infection from crypt to crypt in the intestinal
tract.”** Intact and degraded organisms in the cytoplasm of
macrophages present in the lamina propria were first described
by Johnson and Jacoby** using transmission electron micro-
scopy. Recently, indirect evaluation of the bacterial integrity
in the lamina propria was reported based on fluorescence in situ
hybridization (FISH).” The authors demonstrated the presence of
FISH-positive L. intracellularis at early stages of the infection,
suggesting that the bacteria were intact and viable. Although
these studies suggest the viability of L. intracellularis within
phagocytic cells or in the extracellular matrix, it is also possible
that these organisms will soon be degraded by phagocytosis and
then replaced by other viable organisms coming from the
epithelial layer. A chronological study evaluating the ability of
L. intracellularis to persist within the cytoplasm of macrophages
may be crucial to elucidate this route of spreading.

Inducing Enterocyte Proliferation

Intracellular replication of L. intracellularis is directly associ-
ated with enterocyte proliferation,°® but the means by which
the bacterium induces proliferative changes are unknown.
Infections caused by Citrobacter rodentium, the etiologic agent
of transmissible murine colonic hyperplasia, produce morpho-
logical changes in the intestinal epithelium that most resemble

the lesions seen in PE. However, C. rodentium induces cell pro-
liferation when attached to the apical membrane,*® revealing
the potentially unique mechanism adopted by L. intracellularis
to induce proliferation from its intracellular location.

The dynamics of L. intracellularis infections have been well
described in vitro and in vivo.**** While proliferative changes
in vivo follow an increase in the number of intracellular
bacteria, the intracellular organisms are not able to induce
proliferation in the in vitro models of infection.''® This obser-
vation questions whether L. intracellularis expresses its viru-
lence factors in vitro or whether the infected cells in culture
are unable to exhibit the proliferative response due to the lack
of factors present during the infection in vivo. Recent studies
have shown that most of the L. intracellularis genes that are
highly expressed in vitro are also significantly activated in
vivo.!'#!13 These findings suggest that the lack of proliferation
in vitro likely is related to the inability of the host cells to
mimic the proliferative response observed in vivo. Further
studies testing the proliferative responses of different cell types
in vitro, including undifferentiated lineages, would be valuable
to establish an in vitro model displaying the proliferative
phenotype. The chronic course of the disease in experimentally
infected animals is an additional complicating feature in study-
ing the pathogenesis of L. intracellularis infections. A ligated
intestinal loop model was applied to study early stages of PE,
but it is not feasible for investigating the molecular pathogen-
esis involved in the cell proliferation.®

A microarray-based study of fibroblastic-like cells in vitro
identified altered transcription of genes related to cell cycle and
cell differentiation.”® However, the main phenotypic changes
characterized by cell proliferation were not reproduced, and the
results need to be confirmed in vivo. In addition, that study was
based on the response of mesenchymal tissue-derived cells,
which may not sufficiently mimic the response of enterocytes
in affected animals. Another microarray analysis of field cases
of pigs with diarrhea focused more on the host immune
response and demonstrated changes in the expression of genes
related to cell differentiation in pigs affected with the hemor-
rhagic form of PE.>* The authors did not identify any signifi-
cant changes in the expression of cell cycle—associated genes
regardless of the clinical form of PE. Although this study
provided an interesting snapshot in time of the host response,
porcine circovirus type 2 was present in some samples and con-
founded the evaluation of gene expression.*® In addition, this
use of the entire intestinal tissue for microarray analysis limits
the interpretation of any changes in gene expression. The het-
erogeneity of the cell population in the intestine may compro-
mise conclusions regarding the specific host response of
Lawsonia-infected enterocytes.

Recently the host-bacteria interaction was studied in vivo by
integrating laser microdissection and RNA-seq technology.
Lawsonia-infected enterocytes were isolated and the gene
expression profile was characterized.!'? Proliferative, infected
enterocytes showed significant activation of DNA transcrip-
tion, protein biosynthesis, and genes acting on the G; phase
of the host cell cycle (RhoA, RhoB, and Rho GTPase)
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compared with the noninfected enterocytes. While an increase
in protein synthesis and transcription is required during the G
phase for preparing the host cell for subsequent division,”® the
aberrant activation of Rho-genes has been well described in
oncogenesis by causing deregulation of cell cycle progression
and promoting cell proliferation.”® Rho proteins specifically
act on the G-checkpoint when the transition occurs to commit
the cell to the proliferative stage. If the signals responsible for
promoting this transition are not present, then the cells enter
into the nonproliferative phase (Go).”’ Bringing these findings
into the context of bacterial infections, Rho proteins have been
shown to be pathologically activated by bacterial toxins,
known as cyclomodulins.”” Cytotoxic necrotizing factor
(CNF), found in uropathogenic E. coli, Pasteurella multocida
toxin, and dermonecrotic toxin of Bordetella spp act directly
on Rho family proteins, promoting their irreversible activa-
tion.>> Although there is no information regarding the produc-
tion of toxins by L. intracellularis, various genes highly
expressed during the infection in vitro and in vivo encode
hypothetical proteins that have not yet been recognized.''*'"?
It can be speculated that the presence of an unrecognized cyclo-
modulin is encoded by one of these highly expressed genes.
Some bacterial toxins have been shown to specifically activate
Rho GTPase protein.>® In addition to the in vivo study men-
tioned above, an in vitro study showed that a Ras-like protein
(the Rho family of GTPases belong to the superfamily named
“Ras-like” proteins) was highly upregulated during L. intra-
cellularis infection in cell culture, but no proliferative pheno-
type was observed in cultured cells.”® The coactivation of
other Rho-genes (RhoA and RhoB) observed in vivo but not
in vitro might be essential to induce the proliferative signaling
in infected cells. Significant expression of the gene encoding
the insulin-like growth factor binding protein IGFBP-3 was
described in vitro and in field cases of diarrhea; however, the
role of this growth factor in L. intracellularis infection has not
been elucidated.

Uropathogenic E. coli expressing CNF toxin establish a
persistent intracellular infection in the urogenital tract and sup-
press apoptosis by affecting the transcription levels of the Bel-2
family genes.> It is thought that apoptosis inhibition in target
cells may favor bacterial persistence at the epithelium surface,
thereby favoring bacterial replication and spread inside the host
cell.”? A predominant activation of anti-apoptotic-related
genes was observed during L. intracellularis infection in vivo,
but the specific activation of Bcl-2 was not statistically signif-
icant."'? The role of apoptosis in L. intracellularis infections
has been speculated over the years and still needs to be eluci-
dated. Initially, a temporary reduction of apoptosis was thought
to be an important mechanism involved in cell proliferation.®®
Later studies suggested an increase in apoptosis based on the
caspase 3 immunohistochemical staining.* The gene-encoding
caspase 3 was found to activate infected enterocytes in vivo, but
it did not reach the parameters for statistical significance.''?
These inconsistent findings associated with the complexity of
the apoptosis process suggest that the stage of the infection may
directly influence the dynamic of apoptotic events throughout

the course of the infection. A comprehensive study focusing
on the regulatory events specifically related to the apoptotic
networks might elucidate these questions.

Preventing Enterocyte Differentiation

Along with the cell proliferation potentially induced by dereg-
ulation of the G, phase of the host cell cycle, the lack of differ-
entiation in infected enterocytes was demonstrated recently by
the repression of membrane transporters related to digestion
and nutrient acquisition.*>''? The transporters anchored on the
apical membrane of Lawsonia-infected enterocytes that are
most affected are those involved in the absorption of carbohy-
drates (sodium/glucose transporter), amino acids (cationic
amino acid transporter), bile acid (ileal sodium/bile acid
transporter), lipids (lipid phosphate phosphohydrolase), and
vitamin By, (cubilin receptor).'’? This reduction in nutrient
absorption indicates that L. intracellularis is able to prevent the
differentiation of infected enterocytes and promote a malab-
sorptive syndrome resulting in poor performance and growth
of affected animals.>'"!

Another potential component involved in the pathophysio-
logy of the diarrhea in PE-affected animals is an exacerbated
increase of electrolyte secretion due to the large presence of
proliferating crypt cells that physiologically secrete electro-
lytes into the intestinal lumen through a chloride channel.”"'!”
However, the gene encoding this chloride channel was signifi-
cantly downregulated in Lawsonia-infected enterocytes,
suggesting that the inhibition of cell differentiation occurs at
early stages in undifferentiated crypt cells.''* As a result, dis-
ruption of the secretory process does not appear to be involved
in the pathogenesis of PE. Based on this evidence as well as a
study evaluating the intestinal absorption and histomorphome-
try of experimentally infected hamsters, the excessive presence
of nonabsorbed solutes in the intestinal lumen osmotically
retains water, resulting in osmotic/malabsorptive diarrhea
(Fig. 3).""!

Immune Response

The primary observation regarding the immune response in
L. intracellularis infection is the limited inflammatory infiltra-
tion reported in animals during the development of the prolif-
erative lesions.”>"*> The indication of an immunosuppressive
mechanism induced by L. intracellularis has been suggested.
Maclntyre et al’’ demonstrated reduction in the number of T
and B cells in heavily infected pigs. Gene expression studies
in vivo have consistently shown downregulation of genes
related to the immune response, including those acting against
intracellular pathogens (eg, tumor necrosis factors).>>3>!1?
Interestingly, the significant upregulation of the MHC class I
gene in infected enterocytes in vivo indicates that Lawsonia-
derived antigen is presented on the basolateral membrane of
cytotoxic T cells located in the lamina propria.' 12 However, the
same study showed significant downregulation of the signaling
lymphocytic activation molecule SLAM7 (also known as
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CD2), which acts as a coreceptor (accessory molecule) required
for T-cell activation.” We hypothesize that this limited activa-
tion of cytotoxic T cells associated with the reduction in the
overall population of lymphocytes within the infection site
plays a major role in modulating the immune response and
favoring persistence of the bacterial infection.

Humoral immune responses were first detected 2 weeks
after challenge of pigs with pure culture of L. intracellularis
and persisted in some pigs for 13 weeks after exposure.?” This
study also demonstrated a cell-mediated response through
detection of Lawsonia-specific interferon y produced by
peripheral blood mononuclear cells.?” Serological IgG
responses peaked near the end of the third week and then
tended to drop.*’ Naturally infected pigs showed a large
accumulation of IgA in the apical cytoplasm of proliferating
enterocytes.®® Although this study did not evaluate the specifi-
city of this IgA to L. intracellularis, Guedes and Gebhart*®
detected Lawsonia-specific IgA in intestinal lavage of experi-
mentally infected pigs 3 weeks after infection. Pigs recovering
from the clinical disease and exhibiting detectable IgG titers
that were reinoculated with L. intracellularis were protected
from recolonization and clinical disease.' As a result,
naturally infected animals have immunity to a second exposure.

Immunological responses against L. intracellularis during
equine PE infections have been investigated only recently.
Secretory IgA and cell-mediated immune responses are
detected and likely to play a role in the prevention of L. intra-
cellularis infection. The presence of systemic anti—L. intracel-
lularis 1gG following natural infection or oral or intrarectal
vaccine administration may complement and indirectly assists
antigen-specific mucosal immunity.®'** In fact, foals
vaccinated intrarectally with an avirulent live porcine vaccine
against L. intracellularis were shown to be protected against
PE following challenge exposure with a virulent L. intracellu-
laris isolate of equine origin.®* This was determined by lack of
clinical disease, absence of hypoproteinemia, and ultrasono-
graphic abnormalities compatible with EPE in vaccinated foals
compared with nonvaccinated foals. Furthermore, average
daily weight gains for the vaccinated foals over the entire study
period were significantly higher, and fecal shedding was signif-
icantly lower compared with the nonvaccinated foals.

Conclusions

Proliferative enteropathy caused by L. intracellularis has been
well established as an important pathogen in the swine indus-
try. While important advances have contributed to the recogni-
tion and control of the disease in pigs, studies focusing on the
pathogenesis of PE have not been largely explored. Recently,
increasing reports of PE in horses brought new challenges and
opportunities in understanding the pathogenesis and source of
infection. The question of whether porcine L. intracellularis
evolved into a horse-adapted variant or whether the equine
infection was underdiagnosed in the past encourages the devel-
opment of new diagnostic tools to monitor the disease and
potentially find unrecognized host species involved in the

epidemiology of PE. The complete genome sequencing of
L. intracellularis was essential for characterizing the transcrip-
tional landscape of the bacterium in vitro and in vivo and for
comparative genomic analyses. These studies have integrated
genomic properties of L. intracellularis into phenotypic traits
observed in PE-affected animals. Based on the comprehensive
analysis of the bacterial transcriptome, future studies will
be able to focus on specific properties of proteins involved in
the organism’s virulence and their potential usefulness for
diagnosis and control of PE.
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1. Introduction

Proliferative enteropathy (PE) is one of the most

ABSTRACT

The objective of this study was to determine the in vitro minimum inhibitory
concentration (MIC) of antimicrobials against 10 isolates of Lawsonia intracellularis, the
etiological agent of proliferative enteropathy (PE). Antimicrobials tested included
carbadox, chlortetracycline, lincomycin, tiamulin, tylosin and valnemulin. The MIC of
each antimicrobial against L. intracellularis was determined using a tissue culture system
and was identified as the lowest concentration that inhibited 99% of L. intracellularis
growth, as compared to the antimicrobial-free control. Each antimicrobial concentration
was evaluated for both intracellular and extracellular activity against L. intracellularis, an
obligately intracellular bacterium. When tested for intracellular activity, carbadox,
tiamulin, and valnemulin were the most active antimicrobials with MICs of <0.5 pg/ml.
Tylosin (MICs ranging from 0.25 to 32 pg/ml) and chlortetracycline (MICs ranging from
0.125 to 64 pg/ml) showed intermediate activities and lincomycin (MICs ranging from 8 to
>128 pg/ml) showed the least activity. When tested for extracellular activity, valnemulin
(MICs ranging from 0.125 to 4 pg/ml) was the most active against most L. intracellularis
isolates. Chlortetracycline (MICs ranging from 16 to 64 pg/ml), tylosin (MICs ranging from
1 to >128 pg/ml), and tiamulin (MICs ranging from 1 to 32 pg/ml) showed intermediate
activities. Lincomycin (MICs ranging from 32 to >128 g/ml) showed the least activity.
Our in vitro results showed that each L. intracellularis isolate had a different antimicrobial
sensitivity pattern and these data can be utilized as an in vitro guideline for the further
antimicrobial evaluation of field L. intracellularis isolates.

© 2008 Elsevier B.V. All rights reserved.

ities against L. intracellularis infection, the selection of an
appropriate antimicrobial is difficult. The paucity of
information is due to the fact that standard antimicrobial

prevalent enteric bacterial diseases in grower and finisher
pigs. The etiological agent of this disease is an obligate
intracellular, Gram-negative bacterium named Lawsonia
intracellularis. The treatment of a PE outbreak on a pig farm
ofteninvolves antimicrobial therapy. However, since little
information is available on in vitro antimicrobial sensitiv-

* Corresponding author. Tel.: +1 612 624 3444; fax: +1 612 625 5203.
E-mail address: gebha001@umn.edu (C.J. Gebhart).

0378-1135/$ - see front matter © 2008 Elsevier B.V. All rights reserved.

doi:10.1016/j.vetmic.2008.08.007

assays are not applicable to evaluate the antimicrobial
activities of most intracellular organisms since these
bacteria only propagate themselves inside the host cell.
Therefore, most in vitro studies of antimicrobial activities
against obligate intracellular bacteria are undertaken
through a complicated cell culture system (McOrist et al.,
1995b; Gnarpe et al., 1996; Ives et al., 2000; Horowitz
et al., 2001). Furthermore, few strains of L. intracellularis
have been successfully isolated and maintained in vitro. Of
these, only three European isolates have been tested in
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vitro for antimicrobial susceptibilities using a tissue
culture system (McOrist and Gebhart, 1995; McOrist
et al.,, 1995b).

It has been a decade since these antimicrobial activity
studies of L. intracellularis have been reported, and no
further in vitro studies have been published to update or
expand upon the limited data existing for the antibiotic
sensitivity of L. intracellularis. Therefore, the objective of
this study was to determine the in vitro antimicrobial
sensitivities of 10 isolates of L. intracellularis obtained from
both North America and Europe against six antimicrobial
compounds that have been used for the treatment and
control of PE in pigs.

2. Materials and methods
2.1. Source and preparation of antimicrobials

The following antimicrobial agents were purchased as
pure chemicals: carbadox, chlortetracycline hydrochlor-
ide, lincomycin hydrochloride and tylosin tartrate
(Sigma-Aldrich, Missouri, United States). Tiamulin hydro-
gen fumarate and valnemulin hydrochloride were sup-
plied as pure chemicals from Novartis Animal Health
(Basel, Switzerland). The stock solutions of all antimicro-
bial compounds were prepared to a final concentration of
2560 pg/ml. Each antimicrobial solution was sterilized by
filtration using 0.2 pm-pore size filters. The stock solution
of carbadox was first dissolved with 0.1N NaOH and then
was diluted in sterile distilled de-ionized water. The stock
solutions of the other compounds were dissolved directly
in sterile distilled de-ionized water and all were kept at
—20 °C until use. Once the antimicrobials were thawed,
they were used and kept refrigerated for up to 3 days. A
series of two-fold dilutions were made from the stock
solutions, and these were then diluted 1:10 with culture
medium to resultant final concentrations of 0.125, 0.25,
0.5,1,2,4,8,16, 32, 64, and 128 p.g/ml. Each concentra-
tion of antimicrobial was tested in triplicate.

2.2. Bacterial strains and preparation

A total of 10 L. intracellularis field strains collected
between 1983 and 2006 from infected pigs from North
America and Europe were tested. Six L. intracellularis
strains used were from North America: PHE/MN1-00,
VPB4, KKumn04, NWumn05, DBumn06 and 47216-06.
Three L. intracellularis strains used were from the United
Kingdom: LR189/5/83, 963/93 and 916/91; and one L.
intracellularis strain used was from Denmark: D15540. All
strains were stored at —72 °C until use.

All strains of L. intracellularis were grown in murine
fibroblast-like McCoy cells (CRL 1696, American Type
Culture Collection, Virginia, United States) and were
maintained in a cell culture system as described previously
(Guedes and Gebhart, 2003; Wattanaphansak et al., 2005).

2.3. Antimicrobial sensitivity testing

A tissue culture system was modified from a previous
study (McOrist et al., 1995b) to determine the minimum

inhibitory concentration (MIC) of each antimicrobial
against L. intracellularis. Briefly, the frozen bacteria were
thawed and grown in cell culture for at least 3 continuous
passages to achieve 100% infection of the McCoy cell
monolayer. All L. intracellularis isolates were tested twice
and each replicate was prepared independently. Each
strain of L. intracellularis was harvested from the mono-
layer as described earlier (Guedes and Gebhart, 2003;
Wattanaphansak et al., 2005), diluted with 100 ml culture
medium, and 100 wl of this bacterial suspension was
inoculated onto one-day-old McCoy cells in 96-well tissue
culture plates (Nalge Nunc International, New York, United
States).

In this study, the MICs were expressed for both
intracellular and extracellular activities. Intracellular
MIC testing was conducted in order to measure the effect
of antimicrobials on L. intracellularis after the bacteria had
infected the enterocytes. For intracellular testing, a
previously published assay (McOrist et al., 1995b) was
used with minor changes to the cell line and the bacterial
concentration. Briefly, 100 pl of bacterial suspension
containing approximately 10°-107 L. intracellularis organ-
isms/ml, a quantification method described by Guedes and
Gebhart (2003), was inoculated onto one-day-old McCoy
cells 24 h before exposure to the antimicrobials. This
permitted sufficient time for L. intracellularis to penetrate
the host cells prior to antimicrobial treatment. After
incubation, the bacterial suspension was removed and
replaced with 100 .l of fresh culture medium containing
various concentrations of antimicrobials at 1, 2, and 3 days
post inoculation, followed by fresh culture media on day 4
with no antimicrobial as previously described (McOrist
et al., 1995b).

The extracellular MIC testing was designed to mimic
the effect of antimicrobial on L. intracellularis when the
bacterium is free in the gut lumen before infecting the
intestinal cells. For extracellular testing, we followed a
previously described approach (McOrist et al., 1995b) with
minor changes. Briefly, a series of two-fold dilutions of
stock antimicrobials were added to culture medium
containing L. intracellularis. The suspension was incubated
at 37 °C in 8.0% oxygen, 8.8% carbon dioxide, and 83.2%
nitrogen atmosphere for 2 h without mixing, allowing
direct exposure of the bacteria to the antimicrobials. After
incubation, 100 w1 of the bacterial suspension was
transferred to infect one-day-old McCoy cells. The medium
was removed after 24 h incubation and replaced with
100 .l of new culture medium without any antimicrobials
for 3 consecutive days. Following the media removal each
day, the infected plates were exposed to hydrogen gas and
the plates were then kept at 37 °C for 5 days in an incubator
with 8.0% oxygen, 8.8% carbon dioxide and 83.2% nitrogen
as the atmosphere.

After 5 days incubation, supernatant from the infected
plates was removed and the cell culture monolayer was
fixed with 100 .l of cold 50% acetone and 50% methanol
for 1min. To assess the inhibitory effect of each
antimicrobial on L. intracellularis proliferation, the infected
plates were stained using a modified immunoperoxidase
monolayer assay staining method (Guedes et al., 2002)
with primary antibody from a rabbit hyperimmunized





Table 1

Summary of intracellular and extracellular MIC endpoints for six antimicrobial agents against 10 L. intracellularis isolates, six obtained from North America and four from Europe, measured by using tissue culture
system with 5 days of incubation

Strains of LI Country  Year No. of Antimicrobial agents (g/ml)
i il Passage  arbadox Chlortetracycline Tylosin Lincomycin Tiamulin Valnemulin
Intra MIC®  Extra MIC®  Intra MIC ~ Extra MIC  Intra MIC  Extra MIC  Intra MIC  Extra MIC  Intra MIC  Extra MIC  Intra MIC  Extra MIC
PHE/MN1-00 USA 2000 169 0.125 16 8 64 8 64 >128 >128 0.125 4 0.125 0.25
170 0.25 16 4 32 2 64 >128 >128 0.125 8 0.125 0.25
VPB4 USA 1991 165 0.25 32 4 64 8 128 >128 >128 0.125 32 0.125 2
166 0.25 32 16 64 32 128 >128 >128 0.5 8 0.125 0.25
KKumnO04 USA 2004 17 0.125 4 32 32 0.5 1 16 >128 0.125 1 0.125 0.125
18 0.125 4 16 64 0.25 1 16 >128 0.125 1 0.125 0.125
NWumn05 USA 2005 21 0.125 16 64 64 8 >128 >128 >128 0.125 16 0.125 4
22 0.125 8 64 64 4 128 >128 >128 0.125 8 0.125 1
DBumn06 USA 2006 8 0.125 4 0.125 32 4 128 >128 >128 0.125 4 0.125 0.25
9 0.125 4 0.125 32 4 128 >128 >128 0.125 8 0.125 0.25
47216-06 USA 2006 7 0.125 8 64 64 2 64 >128 >128 0.125 8 0.125 0.5
8 0.125 8 64 64 2 64 >128 >128 0.125 4 0.125 0.5
D15540 Den 1998 19 0.125 4 0.25 64 1 4 32 >128 0.125 4 0.125 0.125
20 0.125 4 0.25 32 0.5 2 16 128 0.125 2 0.125 0.125
LR189/5/83 UK 1983 14 0.125 1 0.5 64 1 16 16 >128 0.125 4 0.125 0.125
15 0.125 1 0.5 64 1 16 16 >128 0.125 4 0.125 0.125
963/93 UK 1993 35 0.125 1 16 32 1 4 8 64 0.125 2 0.125 0.25
36 0.125 1 8 32 1 4 8 64 0.125 2 0.125 0.25
916/91 UK 1991 16 0.125 1 8 64 2 4 64 64 0.125 2 0.125 0.125
17 0.125 1 2 16 0.5 2 8 32 0.125 1 0.125 0.125

Each strain of L. intracellularis was tested twice and the bacteria were prepared independently for each replicate. USA: the United States of America; Den: Denmark; UK: United Kingdom.

2 The intracellular MIC.

b Extracellular MIC was defined as the lowest antimicrobial concentration that inhibited 99% of L. intracellularis proliferation, compared to antimicrobial-free control.
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with L. intracellularis antigen. The L. intracellularis pro-
liferation was evaluated by counting the number of heavily
infected cells (HIC) (McOrist et al., 1995b) in each well
using an inverted microscope (Olympus, Tokyo, Japan)
with a 20x objective lens. Cells were considered to be
HIC if the number of intracellular L. intracellularis had
proliferated to greater than 30 bacteria per cell. The
number of HICs in each well was then expressed as a
percentage compared to the average HIC of the control
wells. The intracellular and extracellular MIC endpoints for
each antimicrobial in this study were defined as the lowest
antimicrobial concentration that inhibited 99% of L.
intracellularis proliferation in the McCoy cells after 5 days
of incubation (McOrist et al.,, 1995b). These inhibitions
were indicated by the percentage of HIC of each anti-
microbial concentration as compared to the antimicrobial-
free control.

2.4. Data analysis

The MIC endpoints of each antimicrobial were deter-
mined using the median value from a set of triplicate wells.
MIC assays were performed in duplicate from independent
bacterial preparations, and the duplicate MIC endpoints
were expressed for each antimicrobial for each isolate.
When the percentage of HIC of L. intracellularis in the
antimicrobial-free control was less than 50%, the MIC tests
for that L. intracellularis strain were repeated.

3. Results

The intracellular and extracellular MIC values for
antimicrobials used against the 10 L. intracellularis iso-
lates in the present study are shown in Table 1. The
concentrations of L. intracellularis inocula were between
1.2 x 10% and 3.4 x 107 L. intracellularis organisms/ml,
and each isolate had a range of less than one log between
the two replicates. For L. intracellularis isolates from North
America (n = 6), the intracellular activity results showed
that carbadox, tiamulin, and valnemulin displayed the
highest activity with MICs from <0.5 pg/ml. Chlortetra-
cycline and tylosin showed moderate activity against L.
intracellularis with MIC ranges from 0.125 to 64 g/mland
0.25 to 32 pg/ml, respectively. Lincomycin showed the
lowest activity against most L. intracellularis isolates with
an MIC range from 16 to >128 pg/ml. The extracellular
activity results showed that only valnemulin had high
activity against L. intracellularis with MICs ranging from
0.125 to 4 pg/ml. Antibiotics with moderate activities
against L. intracellularis included carbadox with an MIC
range from 4 to 32 wg/ml, chlortetracycline with an MIC
range from 32 to 64 pg/ml, tiamulin with an MIC range
from 1 to 32 pg/ml, and tylosin with an MIC range from 1
to >128 pg/ml. All L. intracellularis isolates from North
America had the lowest extracellular activity to lincomy-
cin with MICs from >128 pg/ml.

MIC results for the European isolates (n=4) were
similar to the North American isolates in that, for the
intracellular MICs, carbadox, tiamulin, and valnemulin
had the highest activity against L. intracellularis with MICs
of 0.125 pg/ml. Antimicrobials with moderate activities

included chlortetracycline with an MIC range of 0.25-
16 pg/ml, lincomycin with an MIC range of 8-64 pg/ml,
and tylosin with an MIC range of 0.5-2 pg/ml. The
extracellular activity results showed that valnemulin
had the highest activity against L. intracellularis; all isolates
had MICs of <0.25 pg/ml. The antimicrobials that had
moderate activity were carbadox with an MIC range of 1-
4 wg/ml, chlortetracycline with an MIC range of 16-64 g/
ml, tiamulin with an MIC range of 1-4 pg/ml, and tylosin
with an MIC range of 2-16 pg/ml. The antimicrobial that
showed the least activity against L. intracellularis was
lincomycin with MICs of 32->128 pg/ml.

4. Discussion

Although methodologies for determining antimicrobial
sensitivity of intracellular organisms have been developed,
the methods and interpretations of their results have not
been standardized or uniformly accepted. In this study, the
practicality of assessing the in vitro antimicrobial activity
against L. intracellularis was demonstrated using a tissue
culture system, which was modified from a previous study
(McOrist et al., 1995b).

The MIC results in the earlier studies testing various
antimicrobials against L. intracellularis strains used only
three strains from the United Kingdom. This was due to the
limited number of strains available and the difficulty of the
laboratory techniques for maintaining and culturing L.
intracellularis (McOrist and Gebhart, 1995; McOrist et al.,
1995b). One European isolate (916/91 or NCTC 12657) that
was tested in the previous study (McOrist et al., 1995b)
was also retested for antimicrobial activity in this study.
Unfortunately, individual MIC endpoints were not shown
for individual isolates in the previous study. Therefore, a
direct comparison of the MIC endpoints of the current
study to the earlier study is difficult to perform. With the
exception of tylosin and tiamulin (intracellular MIC), the
MIC results of the tested antimicrobials from the earlier
study (McOrist et al., 1995b) were always within the range
of a two-fold dilution compared to our results. In those
studies and this current study, the extracellular and
intracellular MICs for L. intracellularis were determined
in an effort to mimic L. intracellularis infections in which
the bacteria would be exposed to antimicrobials before and
after invasion into intestinal cells. The results of the
intracellular and extracellular MICs obtained from two
different batches of each L. intracellularis strain demon-
strated that the assay was reproducible. The median MIC
from the two replicates was always within a two-fold
dilution, determined by assessing whether any duplicate
was more than a two-fold dilution away from the log 2
mean MIC (Table 1).

Currently there are no antimicrobial MIC breakpoints
for intracellular organisms using a tissue culture system;
therefore, interpretations of the sensitivity data are
complicated. For various reasons, these data should only
be used as a guide to determine which antimicrobials
could be effective in treating L. intracellularis infections in
vivo. First, it is unknown how the in vitro assay compares
toinvivo L. intracellularis infections. Second, it is unknown
what concentration of each antimicrobial can be attained
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at the site of L. intracellularis infection. This concentration
is critical in determining whether a specific isolate is
susceptible or resistant. Finally, it is unknown whether
the antimicrobial would have the greatest effect on L.
intracellularis while the bacteria are extracellular or
intracellular. The data can be used, however, to pre-
dict the utility of the antibiotic. If there is no diversity in
activity levels and yet the MIC is very low, such as
the observed variation in carbadox intracellular MIC
values, then this antibiotic might function very well. If
there is a large range of MICs, such as was observed with
chlortetracycline intracellular MIC levels, then some L.
intracellularis isolates may have less sensitivity to that
antibiotic.

According to our results, extracellular MICs were
higher than the intracellular MICs for all antimicrobials,
while the previous report showed that both of them were
similar (McOrist et al., 1995b). One explanation for this
difference may be the effect of contact time with the
antimicrobials. The extracellular activity assay was
designed to have less contact time than the intracellular
activity assay (i.e., one day compared to three consecutive
days). These differing contact times were performed due
to the fact that L. intracellularis can penetrate the cells
within 24 h (Lawson et al., 1993; McOrist et al., 1995a). By
definition, an extracellular MIC is the effect of the
antimicrobial on L. intracellularis before the bacteria enter
the cells and, therefore, only one day of exposure to the
antimicrobial can be used to determine the extracellular
MIC. A fraction of the L. intracellularis could have survived
the single extracellular treatment and subsequently
returned to active phase upon the disappearance of the
antimicrobials. This could suggest that a single-dose
antimicrobial treatment is insufficient to inhibit the
growth of L. intracellularis. A potential explanation for
the lower intracellular MIC is the accumulation of
antimicrobial inside the cells, making the intracellular
concentration much higher than the extracellular con-
centration. The increased intracellular concentrations
could enhance the chemotherapeutic activity of anti-
microbials againstintracellular bacteria. In contrast to the
macrolides, 3-lactams, aminoglycosides and lincomycin
are poorly accumulated intracellularly (Carryn et al.,
2002, 2003). Although this study did not determine the
antimicrobial concentration inside the cells, the intracel-
lular MIC results seemed to show that most of the
antimicrobials tested can penetrate and bind to inter-
nalized L. intracellularis to exert their chemotherapeutic
action.

Interestingly, one observation from this study was that
the North American L. intracellularis isolates tended to
have higher intracellular and extracellular MICs than the
European L. intracellularis isolates. Additional L. intracel-
lularis isolates from North America and Europe will need
to be tested before drawing any conclusions about
geographic differences and antimicrobial sensitivities
changing over time. This study evaluated most of the L.
intracellularis isolates currently available globally and
obtained from 2 different continents, including new
clinical (low passage) and well-established (high passage)
L. intracellularis isolates. This was important because

intracellular bacteria maintained under a tissue culture
system for an extended period of time have the potential
to develop genomic mutations that could impact their
antimicrobial sensitivities (Drancourt and Raoult, 1993).
Therefore, these results represent the most comprehen-
sive L. intracellularis MIC study to date. Further in vivo
studies should be conducted to confirm the antimicrobial
efficacies.

5. Conclusion

Our in vitro data greatly expand the antimicrobial MIC
information available for L. intracellularis. Based on our in
vitro results, it is clear that L. intracellularis isolates have a
diversity of antimicrobial sensitivity patterns. Because it is
unlikely that L. intracellularis will be isolated and tested
during a PE outbreak, our data can serve as an in vitro
guideline for the range of antimicrobial responses of L.
intracellularis. Based on this guideline, we predict carba-
dox, tiamulin and valnemulin to be the most active
antimicrobials, chlortetracycline and tylosin to be inter-
mediately active, and lincomycin to be the least active
antimicrobial against L. intracellularis.
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Brachyspiral Colitis

David J. Hampson

OVERVIEW OF BRACHYSPIRA SPECIES

The genus Brachyspira contains seven officially named
and several unofficially proposed species of spirochetes,
some of which were previously assigned to the genus
Serpulina. Properties of members of the genus have
been reviewed (Stanton 2006). These gram-negative
anaerobic bacteria are genetically distinct from other
spirochetes, and have adapted to occupy specialized
niches in the large intestines of various birds and
animals, including swine. Six Brachyspira species colo-
nize swine: the two main pathogenic ones are
Brachyspira hyodysenteriae, the agent of swine dysentery
(SD), and Brachyspira pilosicoli, the cause of porcine
intestinal (or colonic) spirochetosis (PIS/PCS). Of the
others, the proposed species “Brachyspira suanatina”
and some strains of Brachyspira murdochii and Brachyspira
intermedia also occasionally may cause colitis in swine,
while Brachyspira innocens is usually regarded as being
a nonpathogenic commensal. Relationships between
the officially named species based on their 16S rRNA
gene sequences are shown in Figure 50.1.

All the Brachyspira species resemble short slender
snakes with several loose coils (Figure 50.2). Those that
colonize swine vary from 5 to 11 um in length and from
0.2 to 0.4um in width. Like other spirochetes, the
Brachyspira species have two sets of periplasmic flagella,
with each set anchored at opposite ends of the spiro-
chete cell. Each set winds around the cell body beneath
the outer envelope, and the free ends overlap the other
set halfway along the cell. These flagella confer a pro-
nounced corkscrew-like motility on the spirochetes,
and this helps them to penetrate and move through
the viscous digesta and mucus overlying the colonic
epithelium.

The DNA of Brachyspira species has a low guanine
and cytosine ratio, in the range 24.6-28%. Genome
sizes for the species vary from ~2.5 to 3.2 million base
pairs (Mbp), each with >2300 protein coding sequences.
Most of the species share close similarities in their 165
rRNA gene sequences, implying that species separation
occurred relatively recently. The genome sequences of
B. hyodysenteriae strain WA1, B. pilosicoli strain 95/1000,
and B. murdochii strain 56-150" have been published
(Bellgard et al. 2009; Pati et al. 2010; Wanchanthuek
et al. 2010). Brachyspira hyodysenteriae contains a
prophage-like gene transfer agent (GTA) that randomly
packages ~7.5kB fragments of host DNA and transfers
it to other B. hyodysenteriae strains (Humphrey et al.
1997; Matson et al. 2005). Other Brachyspira species
harbor similar GTA sequences (Motro et al. 2009;
Stanton et al. 2003), although it is not known whether
they are functional. The GTAs could contribute to the
extensive gene rearrangements that occur within and
between Brachyspira species (Zuerner et al. 2004).

The Brachyspira species are anaerobic, but can toler-
ate brief exposure to oxygen. All species grow slowly,
and can easily be overgrown by other anaerobic
members of the enteric microbiota unless the isolation
medium is made selective by incorporating appropriate
antimicrobials. Typically the species form a low flat
film of growth after 3-5 days at 98.6-108°F (37-42°C),
without forming colonies. Growth on plates contain-
ing 5% defibrinated ovine or bovine blood is sur-
rounded by a zone of beta-hemolysis: this is strong for
B. hyodysenteriae and “B. suanatina” and weak for all the
other Brachyspira species (Figure 50.3).

Descriptions of the metabolic activities of B. hyo-
dysenteriae and other intestinal spirochetes have been
published (Stanton 2006). Metabolic pathways in the
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B. hyodysenteriae B78"
B. intermedia PWS/A”
B. innocens B256"

B. murdochii 56-150"
B. alvinipulli c1’

B. pilosicoli P43/6/78"
B. aalborgii 5137

0.010 0.008 0.006 0.004 0.002 0.000

50.1. Relationships between the seven officially named Brachyspira
species based on the 16S rRNA gene sequences of the type strains.
The five species infecting pigs are marked in bold.

.

|

50.2. Cells of Brachyspira hyodysenteriae as viewed under a
phase contrast microscope.

three sequenced species have been reconstructed (Bell-
gard et al. 2009; Wanchanthuek et al. 2010), and only
minor differences appear to exist between them.
Useful features that can help distinguish between
the species include their strength of beta-hemolysis,
their ability to produce indole, and their enzymic
profile in the commercial API-ZYM kit (bioMérieux,
Marcy l'Etoile, France; Fellstrom et al. 1997). Some
comparative features of the porcine spirochetes are pre-
sented in Table 50.1. None can be completely relied
upon for identification as strains with unusual pheno-
types are occasionally found (Thomson et al. 2001).

BRACHYSPIRA HYODYSENTERIAE: SWINE
DYSENTERY

Relevance

SD was recognized in the 1920s, but the spirochetal
etiology was only demonstrated in the early 1970s
(Glock and Harris 1972; Taylor and Alexander 1971).
The causal agent originally was named Treponema hyo-
dysenteriae (Harris et al. 1972), but this species and the
weakly beta-hemolytic Treponema innocens (Kinyon and
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50.3. Blood agar plate showing zones of weak beta-hemolysis
around B. innocens (left) and strong beta-hemolysis around B.
hyodysenteriae (right).

Harris 1979) were later transferred to the genus Serpula,
then to Serpulina (Stanton 1992), and are now classified
in the genus Brachyspira (Ochiai et al. 1997)—together
with the five other official species.

In infected herds SD causes considerable financial
loss due to mortality, slow growth, poor feed conver-
sion, and cost of treatment. Costs also arise from the
need to implement preventative measures in herds that
do not have SD, and from the disruption to the supply
and movement of pigs when the disease becomes intro-
duced into breeding company herds.

Etiology

Brachyspira hyodysenteriae is a discrete species within
the genus Brachyspira. Analysis of the population
structure using multilocus enzyme electrophoresis
(MLEE) has shown that the species is diverse and con-
tains numerous genetically distinct strains (Lee et al.
1993a). Subsequent analysis of MLEE data was used to
deduce that the species is recombinant, but has an
epidemic population structure with widespread epi-
demic clones (Trott et al. 1997b). Recent studies using
multilocus sequence typing (MLST) (La et al. 2009b;
Réasbdck et al. 2007b) and multiple-locus variable-
number tandem-repeat analysis (MLVA) (Hidalgo et al.
2010a) have confirmed this diversity; however, based
on the index of association values, B. hyodysenteriae
appears to be a nonrecombinant clonal species. The
existence of numerous distinct strains also can be
demonstrated using techniques such as pulsed-field gel
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Table 50.1. Differentiation of six Brachyspira species that infect swine by their hemolyis pattern on Trypticase Soy blood agar,

biochemical reactions, and utilization of sugars

Species Hemolysis Indole Hippurate API-ZYM? D-ribose
B. hyodysenteriae Strong + - 1 -
B. intermedia Weak + - 1 -
B. innocens Weak - - 2 -
B. murdochii Weak - 3 -
B. pilosicoli Weak + < 4 +
“B. suanatina” Strong +° 5 -

‘Indole-negative strains of B. hyodysenteriae and indole-positive strains of B. pilosicoli have been recorded.

"Weakly positive indole

‘Hippurate-negative strains of B. pilosicoli have been recorded.

“Reactions in the commercial API-ZYM test:
1, alpha-glucosidase positive, alpha-galactosidase negative.

2, alpha-glucosidase positive or negative, alpha-galactosidase positive.

3, alpha-glucosidase negative, alpha-galactosidase negative.

4, variable reactions, including positive reactions for both enzymes, beta-glucosidase negative.

5, alpha-galactosidase negative, beta-glucosidase positive.
+, positive reaction; —, negative reaction.

electrophoresis (PFGE) (Atyeo et al. 1999a) and/or
random amplified polymorphic DNA analysis (Hidalgo
et al. 2010b). Isolates also can be differentiated into
serogroups and serovars, which are defined on the basis
of lipooligosaccharides (LOS) extracted from the cell
envelope (Hampson et al. 1997).

Molecular analysis of isolates has shown that new
variants of B. hyodysenteriae may emerge on farms
(Atyeo et al. 1999a; Hidalgo et al. 2010b). Other than
random mutational and recombination events, GTAs
may contribute to this “microevolution” of strains
through transduction of new sequences from other
Brachyspira species or strains. Newly emerged strains
could have altered phenotypic properties, potentially
including altered antimicrobial susceptibility, coloniza-
tion potential, or virulence. Drifts in antigenicity of
surface LOS among isolates recovered from the same
farm over a number of years have been recorded (Combs
et al. 1992).

Brachyspira hyodysenteriae is 6-8.5um long, 0.32-
0.38 um wide and has 7-14 periplasmic flagella inserted
at each cell end. The cell is covered by a loose outer
membrane. Brachyspira hyodysenteriae strain WA1 has a
circular chromosome of ~3.0Mbp and a ~36kilobase
pairs (kbp) circular plasmid (Bellgard et al. 2009). Many
B. hyodysenteriae proteins associated with transport and
metabolism have greater similarity to those in Esche-
richia coli and Clostridium species than to those of other
spirochetes, suggesting that the genes encoding them
gradually have been acquired from other enteric species
by horizontal gene transfer.

A number of outer membrane proteins and lipopro-
teins of B. hyodysenteriae have been described and given
various names; however, they are best described accord-
ing to their molecular size (Hampson et al. 2006). For
example, a 29.7 KDa lipoprotein has been called BmpB

or BlpA, but is now named Bhlp29.7. The gene sequence
encoding Bhlp29.7 is part of a locus encoding four
tandem paralogous genes for lipoproteins of approxi-
mately 30kDa (Cullen et al. 2003). A 39kDa variable
surface protein (Bhp39) encoded by linked gene copies,
which is possibly involved in immune avoidance due
to differential gene expression, has also been described
(McCaman et al. 2003; Witchell et al. 2006).

The B. hyodysenteriae outer envelope contains LOS,
a semirough form of lipopolysaccharide (Halter and
Joens 1988). The rfbBADC genes that encode enzymes
involved in rhamnose biosynthesis, and that are pre-
dicted to be associated with O-antigen assimilation in
LOS, are located on the plasmid in strain WA1 (Bellgard
et al. 2009). Lipopolysaccharide from B. hyodysenteriae
has some of the same biological properties as LOS from
other gram-negative bacteria, and the toxic effects may
act locally to disrupt the colonic epithelial barrier
(Greer and Wannemuehler 1989; Nibbelink et al. 1997;
Nuessen et al. 1983).

Brachyspira hyodysenteriae has many genes involved
in motility and chemotaxis (Bellgard et al. 2009), and
shows both chemotaxis and viscotaxis toward mucin
(Milner and Sellwood 1994; Naresh and Hampson
2010). This vital activity allows B. hyodysenteriae to
associate with the gut mucosa (Kennedy et al. 1988).
Disruptions introduced to B. hyodysenteriae flagella
genes (flaA and flaB) have resulted in both reduced
motility and colonization ability (Kennedy et al. 1997;
Rosey et al. 1996).

The NADH oxidase activity of B. hyodysenteriae may
enhance its ability to colonize the colonic mucosa by
protecting it from oxygen toxicity. Consistent with
this, strains with an inactivated NADH oxidase (nox)
gene show a reduced ability to colonize swine and
cause disease (Stanton et al. 1999).





The hemolytic activity of B. hyodysenteriae is proba-
bly an essential virulence factor. Three genes (tlyA, tlyB,
and tlyC) encoding putative hemolysins of B. hyodysen-
teriae were originally described based on their ability to
induce a hemolytic phenotype in E. coli (ter Huurne
et al. 1994). Another gene (hlyA) has been characterized
that encodes an 8.93KDa acyl carrier protein with
hemolytic activity (Hsu et al. 2001). The tly genes may
be regulatory elements rather than encoding hemoly-
sins; nevertheless, inactivation of tlyA has been shown
to reduce both the hemolytic activity and the virulence
of B. hyodysenteriae (Hyatt et al. 1994). Strongly hemo-
lytic avirulent isolates of B. hyodysenteriae have been
described (Lysons et al. 1982; Thomson et al. 2001),
and a study of these may help to define other B. hyo-
dysenteriae virulence factors.

Brachyspira hyodysenteriae grows in an anaerobic
environment at 98.6-108°F (37-42°C) on Trypticase
Soy agar and similar agar containing 5-10% defibri-
nated blood. After 3-5 days there is a low flat haze of
growth surrounded by a zone of strong beta-hemolysis,
which is enhanced by cutting the agar during inocula-
tion (Olson 1996). Growth of 10°-107 cells per milliliter
of B. hyodysenteriae can be obtained within 2-3 days in
prereduced anaerobic Trypticase Soy broth medium
(Kunkle et al. 1986), and in brain heart infusion broth
containing 10% (v/v) fetal bovine serum (Stanton and
Lebo 1988). Adding 1% O, to the atmosphere enhances
growth.

Public Health
Brachyspira hyodysenteriae does not infect human beings.

Epidemiology

SD has a worldwide distribution. The incidence varies
in different countries and regions, and changes with
time. SD remains a relatively common and important
endemic problem in many countries in the European
Union, South America and Southeast Asia. In the last
20 years a decline in SD incidence has occurred in the
United States following establishment of new high
health status herds in nontraditional swine-rearing
states, and with introduction of larger units, multisite
production, and early weaning systems. Routine medi-
cation with carbadox may have also suppressed the
disease, as the incidence has increased again in states
where carbadox has been withdrawn from use.

Brachyspira hyodysenteriae naturally infects pigs
(including feral pigs) and occasionally some species of
birds (rheas, chickens, ducks, and geese). On infected
farms it has been isolated from mice, rats, dogs, and
feral birds, including seagulls.

On endemically infected swine farms transmission
mainly occurs by ingestion of infected feces. This is
especially likely in single-site, farrow-to-finish herds
with continuous flow and poor farm biosecurity.
Brachyspira hyodysenteriae may be spread in feces by
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animal caretakers who do not change their clothing
or footwear. Transmission between pens may occur
in housing systems where there are open channels
between pens. Lagoon water containing effluent can be
a source of infection (Glock et al. 1975), and should
not be recycled. Feral and other animals on farms are
potential reservoirs that may transmit infection.

New outbreaks of SD usually occur following intro-
duction of asymptomatic carrier pigs that are not quar-
antined and/or treated prophylactically. Outbreaks also
occur in herds following introduction by contaminated
feed or animal trucks, or by visitors who have had
contact with infected pigs. When investigating risk
factors for SD, Robertson et al. (1992) found that allow-
ing visitors onto farms and the presence of rodents
were both associated with disease. On the other hand,
provision of boots and protective clothing for visitors,
the presence of security fencing, the use of home-mixed
feed, and obtaining replacement breeders from the
same source were protective.

Brachyspira hyodysenteriae is shed in feces for variable
periods. Transmission has occurred following exposure
of susceptible pigs to previously infected animals that
had shown no clinical signs for 70 days (Songer and
Harris 1978).

Brachyspira hyodysenteriae is relatively resistant in
moist feces. It survives in feces diluted in water for 48
days from 32 to 50°F (0-10°C), for 7 days at 77°F (25°C),
and less than 24 hours at 98.6°F (37°C) (Chia and
Taylor 1978). In another study, it survived for 10 days
in soil at 50°F (10°C), for 78 days in soil in the presence
of 10% pig feces, and for 112 days in pure pig feces
(Boye et al. 2001). Drying of dysenteric feces rapidly
eliminates B. hyodysenteriae (Chia and Taylor 1978).
Phenolics and sodium hypochlorite are the most effec-
tive disinfectants.

Pathogenesis

Following ingestion in feces, B. hyodysenteriae survives
the acidic environment of the stomach and eventually
reaches the large intestine. Experimentally, an inocu-
lum of 10° colony-forming units (CFU) may produce
SD (Kinyon et al. 1977), although it may be necessary
to use higher doses (e.g., 10CFU). As previously
indicated, spirochetal proliferation and mucosal colo-
nization require specialized features, including the
ability to utilize available substrate, to penetrate and
move through viscous mucus down a chemotactic gra-
dient into the crypts, and to avoid potential oxygen
toxicity at the surface of the colonic mucosa. Clinical
signs and lesions start to develop as cell numbers reach
10%/cm? of mucosa (Hughes et al. 1977; Whipp et al.
1979). Spirochetes appear in the feces 1-4 days before
diarrhea starts (Kinyon et al. 1977), concurrent with a
shift in colonic bacteria from predominantly gram-
positive to mainly gram-negative species (Robinson
et al. 1984).
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Brachyspira hyodysenteriae strains vary in their viru-
lence (Achacha et al. 1996), but the basis of this is
poorly understood. The presence of spirochetes close
to epithelial cells in the lumen and crypts of the cecum
and colon stimulates an outpouring of mucus (Wilcock
and Olander 1979a,b). They attach to epithelial cells in
the crypt, but the significance of this is unclear since
attachment to animal cell cultures does not cause cel-
lular damage or invasion (Bowden et al. 1989; Knoop
et al. 1979).

The mechanisms of tissue destruction in SD have
not been fully elucidated. The hemolysin(s) and LOS
may play a role by acting locally to disrupt the epithe-
lial barrier in the colon, resulting in epithelial slough-
ing. Subsequent submucosal invasion by secondary
bacteria and the protozoan Balantidium coli may con-
tribute to lesion formation.

Diarrhea appears to result from colonic malabsorp-
tion due to a failure of epithelial transport mechanisms
to actively transport sodium and chloride ions from
lumen to blood, and not from the activity of entero-
toxins and/or prostaglandins released from the inflamed
mucosa (Argenzio et al. 1980; Argenzio 1981; Schmall
et al. 1983). Sterile filtrates of B. hyodysenteriae broths
do not cause fluid accumulation in ligated colonic
loops in pigs or in sucking mice and sterile filtrates do
not produce changes in Y-1 adrenal cells (Whipp et al.
1978). Inactivated whole cells and sonicates of B. hyo-
dysenteriae also do not cause lesions or fluid accumula-
tion in ligated colonic loops. Occasional peracute
deaths may arise from endotoxin release.

Diet has a major influence on SD expression. Colo-
nization by B. hyodysenteriae can be inhibited by feeding
diets that are either highly digestible (Pluske et al.
1996) or rich in inulin (Hansen et al. 2010; Thomsen
et al. 2007). The protective mechanism may involve
changes in the colonic microbiota, with increases in
species that inhibit the spirochete (Klose et al. 2010;
Leser et al. 2000; Mglbak et al. 2007). On the other
hand, some other anaerobic bacteria that form part of
the microbiota can facilitate B. hyodysenteriae coloniza-
tion and augment inflammation and lesions (Joens
et al. 1981; Whipp et al. 1979).

Clinical Signs

SD occurs mainly in grower and finisher pigs, and less
frequently in weaners. It is often seen a few weeks after
animals are moved from the nursery, coinciding with
a dietary change and removal of antimicrobials used to
control respiratory and enteric diseases. Older piglets
from gilts that have not been exposed to B. hyodysen-
teriae and piglets in newly infected herds are occasion-
ally affected.

The first evidence of SD is usually soft, yellow to gray
feces. Partial anorexia and increased rectal temperature
of 104-105°F (40-40.5°C) may occur. A few hours to
days after infection, large amounts of mucus and often

flecks of blood are found in the feces. This progresses
to watery stools containing blood, mucus, and shreds
of white mucofibrinous exudate, with concurrent stain-
ing of the perineum. Most pigs recover over several
weeks, but their growth rate remains depressed. Pro-
longed diarrhea leads to dehydration and the animals
become weak and emaciated.

The incubation period for SD is variable, ranging
from 2 days to 3 months, but disease usually occurs
within 10-14 days in naturally exposed pigs. Disease
usually spreads gradually, with new animals becoming
affected daily. The course varies between individual
animals within and between herds. Occasionally pigs
are peracutely affected and die within a few hours.

In outbreaks of SD, morbidity in weaner pigs may
approach 90% and mortality may be 30% if effective
treatment is delayed. Experimentally, mortality in
untreated pigs may reach 50%. In chronically affected
herds, particularly if they are being medicated, the
disease may not be clinically evident.

In experimentally induced SD the occurrence and
severity of disease is dependent upon the amount of
stress on the pig, the quantity of infectious inoculum,
the growth phase of the culture (with active log-phase
inoculum being most infectious), the diet, the group
size, and the weight of the pig (Jacobson et al. 2004).

On endemically infected swine farms clinical signs
often recur cyclically at 3- to 4-week intervals in indi-
vidual pigs and in large groups. Reappearance may
occur after removal of antimicrobials from the water or
feed. Pigs may also develop diarrhea after moving to
new pens, mixing with different animals, weighing, or
a change in feed. Stresses such as overcrowding and
exposure to extreme changes in temperatures may also
precipitate disease. Where antibiotic medication is
routine, any cause of loss of appetite (such as pneumo-
nia) stops the intake of drug and the animal may then
succumb to SD.

Lesions

Typical changes in acute SD include hyperemia and
edema of the large intestinal walls and mesentery. Mes-
enteric lymph nodes may be swollen with small
amounts of clear ascitic fluid present. There may be
white, slightly raised foci on the serosa caused by sub-
mucosal aggregates of mononuclear cells. The mucosa
is usually swollen, with loss of the typical rugose
appearance, and is covered by mucus and fibrin, with
flecks of blood. The colonic contents are soft to watery
and contain exudate.

As the condition progresses the edema in the colon
wall may decrease. Mucosal lesions become more
severe, with increased fibrin exudation and formation
of thick, mucofibrinous pseudomembranes containing
blood. As lesions become chronic the mucosal surface
usually becomes covered by a thin, dense, fibrinous
exudate, resembling superficial necrosis. Lesions can be





found in clinically healthy pigs and appear as discrete
reddened areas of the mucosa, usually covered with
mucus, but with normal colonic contents.

The distribution of lesions within the large intestine
varies. Sometimes the entire organ may be involved,
while at other times only certain segments may be
affected. Lesions tend to become more diffuse in the
later stages of the disease. Hepatic congestion and
hyperemia or congestion of the gastric fundus may
occur; however, such lesions are not specific for SD.

Significant microscopic lesions are only found in the
cecum, colon, and rectum. Typical acute lesions include
a thickened mucosa and submucosa due to vascular
congestion and extravasation of fluids and leukocytes.
Goblet cell hyperplasia is present and the epithelial
cells at the base of the crypts may be elongated and
hyperchromic. There may be spirochetes in goblet cells
in the colonic crypts and penetrating intercellular gaps
in the epithelium. A loss of cohesion between colonic
enterocytes occurs, with necrosis and shedding of the
epithelium. Spirochetes may be found attached to the
lumenal surface and inside disrupted epithelial cells.
There may be increased numbers of leukocytes in the
lamina propria, with accumulation of neutrophils in
and around capillaries near the lumen. Some spiro-
chetes may be seen in the lamina propria, particularly
around blood vessels. Bleeding may occur from small
vessels under areas of eroded epithelium, and this may
be invaded by the colonic microbiota.

Later changes include accumulation of fibrin, mucus,
and cellular debris in mucosal crypts and on the
lumenal surface of the large intestine. Superficial necro-
sis of the mucosa may be extensive, but deep ulceration
is not typical. Increased numbers of neutrophils may
be seen throughout the lamina propria. Spirochetes are
most numerous in the lumen and within crypts in the
acute phase of the disease (Figure 50.4). Chronic
changes are not very specific, with less hyperemia and
edema being present. There is often more advanced
superficial necrosis of the mucosa, which usually has a
thick, fibrinous pseudomembrane.

Early ultrastructural changes include the presence of
large numbers of spirochetes at the lumenal surface and
within crypts. Adjacent epithelial cells show destruc-
tion of microvilli, swelling of the mitochondria and
endoplasmic reticulum, loss of other organelles, and
decreased density. Brachyspira hyodysenteriae may also
be seen inside epithelial cells, goblet cells, and in the
lamina propria (Glock et al. 1974; Taylor and Blake-
more 1971).

Hematological changes include an inconsistent
increase in total leukocyte counts, usually with a
marked left shift. Acute phase proteins may increase
(Jonasson et al. 2006). There may be early transient
increases in erythrocyte sedimentation rates and fibrin-
ogen levels, and total plasma protein may be elevated
with altered blood concentrations of some amino acids,
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50.4. Brachyspira hyodysenteriae in colonic crypt and epithelium
of a pig with SD (Warthin-Starry; x750).

but not glucose or lactate (Jonasson et al. 2007). Levels
of sodium, chloride, and bicarbonate in the blood
decrease. A marked metabolic acidosis and a terminal
hyperkalemia may occur.

Diagnosis

A number of enteric diseases may be confused with SD,
and it often occurs concurrently with other enteric
infections (Mgller et al. 1998; Thomson et al. 1998).
Proliferative enteropathy (PE) caused by Lawsonia intra-
cellularis (Chapter 59) may clinically resemble SD, but
SD does not affect the small intestine. Salmonellosis
(Chapter 60) can have similar clinical signs and lesions;
however, with salmonellosis there may be hemorrhage
or necrosis in parenchymatous organs and lymph
nodes, and mucosal lesions in the small intestine. Deep
ulcerative enteric lesions are also much more typical of
salmonellosis. Trichuriasis (Chapter 66) may be differ-
entiated from SD on the basis of the presence of numer-
ous Trichuris suis in the large intestine. Gastric ulcers
and other hemorrhagic conditions may result in blood
in the feces, but this tends to be “tarry” due to diges-
tion of the blood. PIS/PCS represents the most difficult
differential diagnosis as it can closely resemble mild
cases of SD.

Pigs that have died from SD are often emaciated,
dehydrated, and have a rough hair coat with fecal
staining of the perineum. Characteristically there is
diffuse mucohemorrhagic enteritis confined to the
large intestine, the lesions of which have been described
earlier. To help identify and localize the spirochete,
nucleic acid probes can be used for fluorescent in situ
hybridization (FISH) on fixed colonic tissue (Boye et al.
1998).

Samples for microbiology are best taken from several
acutely affected animals, as they have large numbers
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(10%-10°/g) of B. hyodysenteriae in their colonic mucosa
and feces. Asymptomatic pigs are not suitable as they
may only periodically shed the organism at detectable
levels (>10° cells/mL contents). Medication also may
reduce the number of organisms to below detectable
levels. Colonic contents are optimal samples, but feces
can be used. If disease is mild or subclinical it may be
necessary to examine large numbers of samples to
detect a positive animal. Fellstréom et al. (2001) recom-
mended pooling batches of five rectal swabs to increase
detection rates.

Spirochetes can be seen in smears from the colonic
mucosa or feces, but this does not distinguish between
the different Brachyspira species. In the United Kingdom
an indirect fluorescent antibody test has been used to
detect B. hyodysenteriae in smears (Hunter and Saunders
1977), although false positive reactions can occur.
Monoclonal antibodies (MAbs) should improve speci-
ficity (Lee and Hampson 1996), but when one of these
was bound to magnetic beads to extract B. hyodysente-
riae from feces, this did not increase the sensitivity of
detection (Corona-Barrera et al. 2004b).

A definitive diagnosis of SD requires the demonstra-
tion of B. hyodysenteriae in the colonic mucosa or
feces. Traditionally, this has been done by selective
anaerobic culture and analysis of phenotypic properties
of the isolated organisms. Optimal culture media
and conditions are as described earlier, but the agar
should be made selective with the addition of 400ug/
mL spectinomycin and 25ug/mL each of colistin and
vancomycin to make CVS (colistin, vancomycin, and
spectinomycin) medium (Jenkinson and Wingar 1981).
Alternatively, the more selective B] medium with lower
concentrations of the three antimicrobials, but with
25ug/mL spiramycin and 12.5pg/mL rifampin added,
can be used (Kunkle and Kinyon 1988).

On blood agar, B. hyodysenteriae produces zones of
strong beta-hemolysis around a film of growth in which
colonies are hard to distinguish. Plates without hemo-
lysis should be reincubated and regularly checked for
up to 10 days. False negative results can occur due to
inappropriate handling or storage of samples, such as
exposure to extreme temperatures, drying, or delays
during transport.

Mixed spirochete species can be present on a plate,
and individual isolates must be cloned to purity before
phenotypic characterization (Table 50.1). Antigen-
based methods, including a fluorescent antibody test,
a growth-inhibition test, and a rapid slide agglutination
test have been described for identification of B. hyo-
dysenteriae, but these have largely been superseded by
polymerase chain reaction (PCR) testing.

PCR amplification of specific sequences is widely
used for detection and identification of B. hyodysente-
riaze. The most usual targets are portions of the 23S
rRNA gene (Leser et al. 1997), the nox gene (Atyeo
et al. 1999b) and the tlyA gene (Fellstrom et al. 2001).

PCR is usually conducted on growth from the primary
isolation plate. Results are obtained in 3-5 days and the
isolates are available for antimicrobial sensitivity testing
and/or strain typing.

Another PCR-based methodology involves amplifi-
cation of portions of specific genes, followed by res-
triction enzyme digestion of the products to give
species-specific banding patterns after gel electrophore-
sis (restriction fragment length polymorphism [RFLP]
analysis). Targets include the genes for 16S rRNA
(Stanton et al. 1997), 23S rRNA (Barcellos et al. 2000),
and the nox gene (Rohde et al. 2002). Unfortunately,
isolates of B. hyodysenteriae that fail to amplify in the
23S rDNA PCR have been identified (Thomson et al.
2001).

The original PCR tests have been extended; for
example, as a duplex reaction identifying B. hyodysen-
teriae and B. pilosicoli in DNA extracted directly from
feces (La et al. 2003). Recently, multiplexed real-time
PCRs have been described for Brachyspira species and L.
intracellularis (Song and Hampson 2009; Willems and
Reiner 2010), and these have the added advantage that
they allow quantitation of the bacterial load in clinical
samples.

Several serological tests have been reported for iden-
tifying herds with SD (reviewed by La and Hampson
2001), but they are not currently available as commer-
cial kits, and few laboratories conduct them. Generally
these tests have not been based on species-specific
antigens and so they have had low specificity and/or
sensitivity. An enzyme-linked immunosorbent assay
(ELISA) using LOS as a plate-coating antigen has proved
helpful for identifying infected herds, but not for
detecting individual pigs with SD (Joens et al. 1982).
Lipopolysaccharide-based ELISA systems require knowl-
edge of the serotypes of organisms present in the herds
to be tested so that the appropriate LOS can be used as
a plate-coating antigen. An ELISA using recombinant
Bhlp29.7 as a plate-coating antigen has recently been
described (La et al. 2009a), and other recombinant anti-
gens are being evaluated.

Immunity

Changes occur in antibody levels and in cell-mediated
reactivity in pigs with SD, but their importance are
unclear. Serum immunoglobulin G (IgG) levels to B.
hyodysenteriae correlate with the duration of clinical
signs, while immunoglobulin A (IgA) levels in the
colon reflect recent exposure (Rees et al. 1989b). Neither
is strongly correlated with protection from SD (Joens
et al. 1982; Rees et al. 1989Db).

Pigs recovered from SD may be protected against
subsequent challenge with B. hyodysenteriae for up to
17 weeks (Joens et al. 1979; Olson 1974), although
some animals (7-43%) remain susceptible (Jenkins
1978; Joens et al. 1979; Rees et al. 1989a) and ~10%
may only become protected after two bouts of disease





(Rees et al. 1989a). Immunity is partially serotype spe-
cific, directed against LOS antigens (Joens et al. 1983).

Complement components in conjunction with
immune serum may be involved in clearance of B.
hyodysenteriae from the colon (Joens et al. 1985). Cell-
mediated immunity also may be involved in protection
as inhibition of peripheral blood leukocyte migration,
a delayed hypersensitivity response, and a T-cell prolif-
erative response to B. hyodysenteriae antigens are found
in convalescent pigs (Jenkins et al. 1982). CD8aa. cell
proliferation has been recorded in pigs recovered from
SD (Waters et al. 2000a). By comparing circulating leu-
kocytes and lymphocyte subpopulations in pigs that
did or did not succumb to SD, Jonasson et al. (2004)
deduced that vd T cells and CD8" cells may be associ-
ated with susceptibility to infection, while monocytes
and CD4* CD8" T cells appear to be the major respond-
ing lymphocytes. Increased numbers of neutrophils, yd
T cells, and specific antibodies have been found during
the recovery phase (Jonasson et al. 2006).

Following experimental infection or vaccination
with a bacterin vaccine, there is some protection against
serotypes of B. hyodysenteriae other than those to which
the animals have been exposed (Kennedy et al. 1992;
Parizek et al. 1985). It is not known whether infection
with one Brachyspira species confers any protection
against infection with another species.

As it is uncommon for suckling pigs to develop SD,
some level of protective maternal immunity is likely to
exist.
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Prevention and Control

Methods to Treat Pigs or Control Outbreaks. Only a
few effective antimicrobials are still available for treat-
ment of SD, and resistance to important drugs such as
the pleuromutilins threatens the pig industry. Such
drugs should only be used for specific therapy where
other control measures are not effective, and for eradi-
cation programs. It is important to use either agar or
broth dilution methods to determine the minimum
inhibitory concentration (MIC) of the agents.

Severely affected animals may require intramuscular
antimicrobials for at least 3 days; however, in most
cases water medication for 5-7 days is preferable. If this
is not possible then in-feed medication for 7-10 days
can be used, although affected animals may have a low
feed intake. Pigs should have free access to drinking
water. Oral glucose—electrolyte solutions can be given
to severely affected pigs. Treatment of acute SD may be
followed by in-feed medication at subtherapeutic levels
for 2-4 weeks to prevent reinfection.

The drugs most commonly used to treat SD are the
pleuromutilins tiamulin and valnemulin, as well as
tylosin and lincomycin. Their dose rates and potential
side effects are listed in Table 50.2. Based on pharma-
cokinetic properties and in vitro susceptibility data the
pleuromutilins appear to be the most suitable antimi-
crobials; however, decreased susceptibility to tiamulin
among B. hyodysenteriae isolates has been reported in
several countries. Tiamulin usage selects for clones of
B. hyodysenteriae with decreased tiamulin susceptibility

Table 50.2. Dosage level, duration of administration, and side effects for the four drugs most commonly used for the treatment of

swine dysentery

Drug Dosage and Duration

Side Effects

Tiamulin 10mg/kg BW; im for 1-3 days

8mg/kg BW; po for 5-7 days in drinking water
Or: in-feed medication with 100 ppm for 7-10 days,

followed by 30-40 ppm for 2-4 weeks.

Rare: erythema. Local reactions at the injection site.
Lethal side effects may occur in combination with
ionophores.

Adverse effects including lethargy, depression, erythema,
edema, pyrexia, ataxia, anorexia and deaths have been
reported. Lethal side effects may occur in combination
with ionophores.

Diarrhea, pruritus, erythema, rectal edema and prolapse

Valnemulin In-feed medication 3-4mg/kg BW for 1-4 weeks.
Tylosin 10mg/kg BW; im twice daily for 3-5 days.
Or: 5-10mg/kg BW; po in drinking water for 5-7 days.
Followed by: in-feed medication with 100g/t feed for
3 weeks, followed by in-feed medication 40g/t feed.
Lincomycin 8mg/kg BW; po in drinking water. Not to be used for

more than 10 days and not for use in swine
weighing more than 2501b.

In-feed medication 100g/t feed for 3 weeks or until
signs of disease disappear, followed by 40g/t. Not
for use in swine weighing more than 250 pounds.

have been reported.

Rare

The information in this table is an abbreviated summary of product labeling. For information regarding withdrawal times (which
vary extensively between countries), review national regulations and product labels.
BW, body weight; im, intramuscular; po, per os (oral).
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(Karlsson et al. 2004), so to reduce the risk of emerging
resistance to pleuromutilins, and if herd records or MIC
determinations indicate that other drugs are effective,
these should be used. Resistance to both tylosin and
lincomycin frequently occur in Brachyspira species
(Hommez et al. 1998; Karlsson et al. 2003). Macrolide
and lincosamide resistance is caused by a single point
mutation in the 23S rRNA gene, and tylosin resistance
develops within 2 weeks in vitro (Karlsson et al. 1999).
Multidrug-resistant strains of B. hyodysenteriae are
increasingly being reported (Duinhof et al. 2008).

Acetylisovaleryltylosin (aivlosin) is a modification of
an old drug, and may be useful both to prevent and
treat SD when used in feed. Other antimicrobials
including bacitracin, spiramycin, gentamicin, dime-
tridazole, ronidazole, virginiamycin, olaquindox, and
carbadox have been used for treatment and prevention
of SD. Unfortunately, resistance to several of these has
been reported, and the availability of others is now
much reduced internationally. These drugs usually
have low MICs against B. hyodysenteriae, but their phar-
macokinetic properties result in low concentrations in
the gastrointestinal tract—which makes them only
suitable as a prophylactic (de Graaf et al. 1988). Carba-
dox and metronidazole have both been shown to
induce expression of the B. hyodysenteriae GTA, which
in turn may increase transfer of resistance genes
between strains (Stanton et al. 2008). lonophore growth
promoters such as salinomycin and monensin may
prevent losses; however, toxicity may occur if they are
used with pleuromutilins or drugs that interfere with
hepatic metabolism.

All-in/all-out management with cleaning and disin-
fection between batches reduces the risk of reinfection
of medicated pigs, and limits spread of infection.
Ideally, affected batches of pigs should be moved to
clean buildings after medication to break the cycle of
infection. Careful disposal of infected bedding, the use
of boot scrubbers and disinfectant footbaths, cleaning
and disinfection of equipment used in infected areas,
and changing of protective clothing are all vital mea-
sures. As outbreaks of SD are often associated with
stressful conditions such as pig handling, crowding,
transportation, severe weather conditions, or dietary
changes, it is important to minimize these. Attention
should also be paid to the form and composition of the
diet.

Mice and rats can act as reservoirs of B. hyodysenteriae
in pig herds, so implementing efficient rodent control
is very important. Unfortunately, it is virtually impos-
sible to prevent mechanical transmission of infectious
material by birds and other possible wildlife vectors in
outdoor units.

Bacterin vaccines for SD are available commercially
in some countries, and may provide a degree of protec-
tion (Diego et al. 1995). Unfortunately they tend to be
LOS serogroup specific, which then requires the use of

autogenous or multivalent preparations. Furthermore,
they are relatively difficult and costly to produce on a
large scale because of the fastidious growth require-
ments of the spirochete. One publication reported that
immunization with a B. hyodysenteriae bacterin actually
exacerbated dysentery (Olson et al. 1994). A commer-
cial proteinase-digested bacterin may offer a better level
of protection than conventional bacterins (Waters et al.
2000Db).

Naturally avirulent or low-virulence strains have
been used experimentally as vaccines (Hudson et al.
1976), sometimes in combination with bacterins
(Lysons et al. 1986). Modified live strains have been
produced by inducing mutations in genes affecting
motility (Rosey et al. 1996), hemolysis (Hyatt et al.
1994) and protection from oxygen toxicity (Stanton et
al. 1999); however, such strains may have a reduced
ability to colonize pigs and they produce limited
protection.

The use of a recombinant B. hyodysenteriae 38 kDa
flagellar protein as a vaccine failed to prevent coloniza-
tion in pigs (Gabe et al. 1995), but the immunogenic
Bhlp29.7 outer membrane lipoprotein of B. hyodysente-
riae did provide a 50% reduction in incidence of disease
following experimental infection (La et al. 2004). Other
recombinant proteins have given similar levels of pro-
tection under experimental conditions (Song et al.
2009), and this demonstrates the general validity of
this approach.

Methods to Prevent Introduction or Avoid Outbreaks
of Brachyspira hyodysenteriae. Herds that are closed
or in a closed pyramid should remain free of SD if
they are geographically isolated and precautions are
taken to prevent contamination. Introduction of new
stock is the greatest risk, so a reliable history of the
source herd is essential. Purchased animals should be
quarantined for at least 3 weeks, and treated to elimi-
nate B. hyodysenteriae. Infectious materials may also be
carried into a herd by fomites such as workers’ boots,
farm implements, and feed or animal trucks—and mea-
sures must be implemented to prevent this from
occurring.

Methods to Eliminate Brachyspira hyodysenteriae
from Herds. Depending on the herd structure, the pro-
duction system, and on economical considerations, SD
eradication can be performed in several ways. These
vary from intensive medication of all pigs for a short
period, to introduction of medicated early weaning and
multisite production, through to an ongoing program
performed by emptying and disinfection of each herd
unit in a cycle, and introducing medicated animals to
cleaned and disinfected units. Considerable effort is
needed to plan and organize the eradication, and to
achieve the full understanding and cooperation of all
personnel involved. Generally, eradication becomes





more difficult as herd size increases, and as the company
operation becomes larger and more complex. Wood
and Lysons (1988) suggested that the chances of an
eradication program succeeding were around 80-90%
in carefully selected herds. The cost for eliminating SD
may be recouped in 6-12 months through improved
production and reduced drug usage (Windsor and
Simmons 1981; Wood and Lysons 1988).

Total depopulation, cleanup, disinfection, and
repopulation with SD-free stock is sometimes the
only method available to eliminate B. hyodysenteriae;
however, it should only be instituted after accurate
financial calculations (Wood and Lysons 1988). In this
process the general guidelines described below for elim-
ination without depopulation should be carefully
followed. Evaluations have shown that elimination
without depopulation is financially more attractive
than depopulation/repopulation (Polson et al. 1992),
but the probability of successful eradication should
influence the method chosen.

Attempts to eliminate SD without total depopula-
tion should only be undertaken if an effective antimi-
crobial agent against B. hyodysenteriae isolates from the
unit is available. It is also important to establish a
source of replacement breeding stock that is free from
SD, or to isolate and medicate all replacement stock
before allowing them to enter the herd.

General guidelines for an SD eradication program
include the following. Diagnosis of SD should be con-
firmed by laboratory testing. Several isolates should be
obtained and tested for their MIC to available antibac-
terials. Isolates should also be typed to determine
whether more than one strain is present. Herds with a
continuous production system should try to change to
batch production before the eradication. The program
should be performed during a warm season when envi-
ronmental survival of B. hyodysenteriae is diminished.
The number of animals in the herd should be reduced.
Ideally, all weaners, growers, and finishers should be
removed. Stock replacement should cease during the
program. A rodent and insect control program should
be implemented, and measures taken to stop wild birds
from entering buildings. Dogs and cats should not be
allowed within the herd area. Environmental contami-
nation of all areas where pigs are housed, as well as the
watering and feeding equipment, should be removed
by high-pressure washing with hot water and disinfec-
tion. Slats should be lifted, and slurry tanks emptied,
cleaned, and disinfected. In outdoor production units
shelters should be cleaned, disinfected, and relocated
to fresh sites. Remaining organic material should be
burned, and the ground ploughed and reseeded, or left
empty for several months. All sows, gilts, and boars
should be medicated via drinking water or feed for at
least 14 days, then moved into cleaned and disinfected
buildings that have been empty for at least 2 weeks.
Piglets born during the medication period should be
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weaned, treated parenterally with the same antimicro-
bial, and finished off-site. Piglets born after the sows
have finished their medication can be weaned and
reared on-site.

BRACHYSPIRA PILOSICOLI: PORCINE
INTESTINAL/COLONIC SPIROCHETOSIS

Relevance

Taylor et al. (1980) first described porcine intestinal
spirochetosis (PIS/PCS). In this study pigs that were
orally challenging with weakly beta-hemolytic intesti-
nal spirochete strain P43/6/78" developed mucoid diar-
rhea containing flecks of blood and had lesions of
colitis. This isolate is now the type strain of the species
B. pilosicoli, although previously it has been referred to
as “Anguillina coli” (Lee et al. 1993b), “Serpulina coli”
(Duhamel et al. 1993), a group IV weakly hemolytic
intestinal spirochete (Fellstrém and Gunnarsson 1995),
and Serpulina pilosicoli (Trott et al. 1996a).

Pigs with PIS/PCS show a variable loss of condition.
This leads to increased time to reach market weight,
and disrupts efficient production flow in infected herds
(Duhamel 1998).

Etiology

Studies using MLEE have demonstrated that B. pilosicoli
forms a distinct species, that strains show extensive
diversity, and that the population is recombinant (Lee
and Hampson 1994; Trott et al. 1998). Recombination
and genomic rearrangements may be caused in part by
the activity of GTAs (Zuerner et al. 2004). Currently
PFGE is the most commonly used technique for typing
strains of B. pilosicoli (Atyeo et al. 1996; Fossi et al.
2003).

Brachyspira pilosicoli is 6-10pm long, 0.25-0.30um
wide, characteristically has four to seven periplasmic
flagella attached at each cell end, and pointed ends.
The B. pilosicoli strain 95/1000 has a ~2.59 Mbp circular
chromosome, genes for a GTA, and an integrated
prophage, but does not possess plasmids (Wanchan-
thuek et al. 2010). The B. pilosicoli outer envelope
contains LOS, and this is serologically heterogeneous
among different strains (Lee and Hampson 1999).
Brachyspira pilosicoli lacks the rfbBADC gene cluster
found on the B. hyodysenteriae plasmid, and hence the
species are predicted to have a different LOS structure.
A number of outer membrane proteins and lipopro-
teins of B. pilosicoli have been described (reviewed by
Trott et al. 2001). More work is needed to define their
potential role in disease, including whether they may
be involved in attachment and/or in generating protec-
tive immunity.

Brachyspira pilosicoli is predicted to be more tolerant
of oxidative stress than B. hyodysenteriae. Unlike B. hyo-
dysenteriae, it has genes for a glycine reductase complex
that allows use of glycine while protecting from
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oxidative stress, and for aconitase and related enzymes
in the incomplete tricarboxylic acid (TCA) cycle that
allows glutamate synthesis, and function of the cycle
during oxidative stress (Wanchanthuek et al. 2010).
Brachyspira pilosicoli has substantially fewer methyl-
accepting chemotaxis genes than B. hyodysenteriae, and
hence these species are likely to have different chemo-
tactic responses that may help to explain their different
host range and colonization sites.

Brachyspira pilosicoli is cultured under the same
anaerobic conditions as B. hyodysenteriae. After 3-5 days
on Trypticase Soy blood agar B. pilosicoli forms a thin
spreading surface haze surrounded by a zone of weak
beta-hemolysis. Slicing the agar prior to inoculation
can improve the recovery of B. pilosicoli, but a zone of
enhanced hemolysis is not usually seen. Once isolated,
the spirochete grows readily in various anaerobic liquid
media, as described for B. hyodysenteriae.

Public Health

Brachyspira pilosicoli colonizes human beings who are
usually either immunocompromised or live in develop-
ing communities where hygiene is poor and fecal con-
tamination of water supplies may occur (Margawani
et al. 2004). Infection may be associated with chronic
diarrhea and/or failure to thrive. Strains of B. pilosicoli
from humans can cause disease when inoculated into
pigs and chickens (Duhamel et al. 1995; Muniappa
et al. 1997; Trott et al. 1995, 1996b). The potential for
transmission of B. pilosicoli from animals to humans
cannot be dismissed, although the risk of healthy pig
industry workers developing disease from contact with
pigs is slight.

Epidemiology

PIS/PCS has been reported in most pig-producing coun-
tries. Increased recognition of the condition has resulted
from improved diagnostic methods, the withdrawal of
routine antimicrobial growth promoters, and the fact
that other major intestinal diseases are now better con-
trolled in many countries.

Investigations in different regions have found that a
variable but often high proportion of farms having pigs
with persistent diarrhea problems are infected with B.
pilosicoli, whereas little or no infection occurs in farms
without diarrhea.

A wide range of species may be naturally infected
with B. pilosicoli, and typical clinical signs and lesions
have been recorded in all host species (reviewed by
Duhamel 2001). Isolates from pigs, dogs, birds, and
humans can be closely related genetically (Lee and
Hampson 1994; Trott et al. 1998).

Transmission occurs by the fecal/oral route and
infection may be introduced into naive herds by carrier
pigs. Brachyspira pilosicoli can persist in the environ-
ment, and the disease can recur between batches of pigs

if the premises are not adequately cleaned and disin-
fected. Feral animals and birds may be a source of
infection. On one pig farm, B. pilosicoli was detected in
chickens, effluent pond water, and wild ducks on the
effluent pond (Oxberry and Hampson 2003). An isolate
from the pond belonged to the same genetic type as
one from a pig, a finding consistent with a previous
observation suggesting that feral water birds may con-
taminate water supplies and so represent a potential
source of B. pilosicoli infection for pigs (Oxberry et al.
1998). Rodents appear unlikely to serve as an important
long-term biological reservoir of B. pilosicoli.

The on-farm epidemiology of B. pilosicoli can be
highly variable (Oxberry and Hampson 2003). Some-
times the incidence is low and largely confined to one
age group, while in other herds it may be widespread
and associated with numerous different strains. The
presence of multiple B. pilosicoli strains within certain
farms might explain why PIS/PCS commonly recurs in
convalescent animals, or in those treated with antimi-
crobials. In such cases, reinfection may be with a
different strain, possibly having different antigenic
determinants, antimicrobial susceptibilities, or poten-
tial to colonize and cause disease.

In Finland, most farms had their own distinct geno-
types of B. pilosicoli, while it was rare to find the same
type on different farms (Fossi et al. 2003). The within-
farm genotypes appeared fairly stable, as the same
genotypes were found on three farms that were reex-
amined after 3 years.

Brachyspira pilosicoli is shed via the feces. Shedding
may be intermittent, and continue over many weeks in
some pigs. It is relatively resistant in the environment.
It survives in lake water at 39°F (4°C) for 66 days
(Oxberry et al. 1998) and remains viable at 50°F (10°C)
for 119 days in soil, and for 210 days in soil with 10%
pig feces and in feces (Boye et al. 2001). Brachyspira
pilosicoli is susceptible to many commonly used disin-
fectants, although the efficacy of some of these is
reduced by organic matter such as feces (Corona-Barrera
et al. 2004a).

Pathogenesis

Cells of B. pilosicoli are motile, and strains vary in their
attraction to mucin (Naresh and Hampson 2010). Once
in the large intestine, the spirochete is able to penetrate
the mucus overlying the colonic mucosa. In the initial
stage of infection B. pilosicoli cells can adhere in large
numbers to the luminal surface of cecal and colonic
epithelial cells. Attachment occurs in mature apical
enterocytes between crypt units, but not in immature
cells deeper in the crypts (Trott et al. 1996Db).

Despite the availability of a genome sequence, few
B. pilosicoli attributes that might contribute to disease
have been identified. Progress in this area remains
hampered by a lack of means for genetic manipulation.
Brachyspira pilosicoli proteases have been identified





(Dassanayake et al. 2004); however, their potential role
in disease has not been determined. Cellular attach-
ment by B. pilosicoli strains has been achieved in vitro
using intestinal epithelial cell lines, but putative adhes-
ins or host cell receptors have not been identified
(Muniappa et al. 1998; Naresh et al. 2009). In infected
Caco-2 cell monolayers the cell junctions were the
initial target sites for attachment (Naresh et al. 2009).
Colonized monolayers demonstrated a time-dependent
series of changes, including accumulation of actin at
the cell junctions, a loss of tight junction integrity, and
evidence of apoptosis—although the mechanisms
causing these changes were not identified. The colo-
nized monolayers demonstrated a significant increase
in interleukin-1B (IL-1B) and IL-8 expression. If the
chemokine IL-8 is also released in vivo, it may be
responsible for attracting neutrophils to the infected
colon.

As with SD, B. pilosicoli colonization and/or disease
expression can be influenced by diet. An analysis of risk
factors on farms revealed that reduced prevalence
results from using home-mixed and/or nonpelleted
diets (Stege et al. 2001). Adding carboxymethyl cellu-
lose to an experimental pig diet increased the viscosity
of the intestinal contents and enhanced colonization
with B. pilosicoli (Hopwood et al. 2002). High levels of
soluble nonstarch polysaccharide (“soluble fiber”) in
grains like barley and rye may also increase viscosity,
and therefore enhance B. pilosicoli colonization. Con-
sistent with this, pigs fed diets based on cooked white
rice (highly digestible and low in soluble fiber) have
shown reduced colonization with B. pilosicoli compared
to pigs fed conventional diets (Hampson et al. 2000;
Lindecrona et al. 2004). Feeding a pelleted diet rather
than a meal increased the risk of colonization, but
fermented liquid feed or lactic acid had no influence
on colonization (Lindecrona et al. 2004).

Clinical Signs

PIS/PCS most commonly occurs soon after weaning or
in recently mixed growers placed on a new diet, but it
can occur in finishers and occasionally in pregnant
sows and recently introduced breeding stock. PIS/PCS
may affect groups of pigs in a unit or be present in pigs
of mixed ages. Various manifestations may be seen in
weaners, growers, and finishers on the same farm. Not
all infected animals develop diarrhea; however, sub-
clinical infections may still depress growth rates.

The first clinical signs are the hollowing of the flanks
and the passage of loose, sometimes sticky feces. Fecal
consistency changes to that of wet cement or porridge,
and may glisten. These may be the only signs in finish-
ers, but weaners and growers usually develop watery to
mucoid diarrhea which is green or brown and occasion-
ally contains thick tags of mucus, and sometimes flecks
of blood. Diarrhea is usually self-limiting and lasts 2-14
days, although some animals may relapse.

CHAPTER 50 BRACHYSPIRAL COLITIS 691

Affected pigs appear ill thrifty, have fecal staining of
the perineum, a tucked-up appearance, and sometimes
are febrile, but usually continue to eat. Pigs that develop
loose feces may show significant loss of condition,
decreased feed conversion, and delays in reaching
market weight (Thomson et al. 1997, 1998).

Following experimental inoculation, B. pilosicoli
may be shed in the feces within 2-7 days, although the
incubation period may extend to 20 days. In experi-
mental infections 17-100% of pigs may become
infected, with 17-67% developing diarrhea and 8-100%
having colitis (Duhamel 2001). Mortality is rare in the
field.

Pigs with PIS/PCS may have concurrent sickness that
exacerbates disease, particularly intestinal diseases such
as SD, salmonellosis, and PE, or infection with porcine
circovirus type 2 (PCV2) (Duhamel et al. 1995; Girard
etal. 1995; Moller et al. 1998; Stege et al. 2000; Thomson
et al. 1998, 2001).

Lesions

Gross lesions are limited to the cecum and colon and
may be subtle, particularly in the early stages. Soon
after the onset of clinical signs, the cecum and colon
may be flaccid and fluid- filled with an edematous
serosal surface and enlarged mesenteric and colonic
lymph nodes. The large intestinal contents are usually
abundant, watery, green or yellow, and frothy. Mild
congestion and hyperemia of the mucosal surface may
be present, with some erosions and necrotic foci.
Inflammation in the later stages may result in multifo-
cal erosive, ulcerative, or mucohemorrhagic colitis. The
mucosa becomes thickened and local ecchymotic or
petechial hemorrhages may be seen on the surface. In
chronic cases and in resolving lesions the hemorrhages
may be covered by small tags of adherent fibrin, necrotic
material, and digesta that appear as conical scales
adherent to the mucosa.

Lesions are generally confined to the mucosa and
submucosa, but may extend into the muscularis. The
mucosa is usually thickened, edematous, and occasion-
ally hyperemic, and characterized by dilated, elongated
crypts filled with mucus, cellular debris, and degenerate
inflammatory cells. The presence of B. pilosicoli within
crypts and the lamina propria may be associated with
neutrophilic exocytosis (crypt abscesses) and a mixed
infiltrate of neutrophils and lymphocytes in the lamina
propria (Figure 50.5). In chronic infections the lamina
propria is usually infiltrated with large numbers of
monocytes, lymphocytes, and plasma cells (Duhamel
2001). The crypt cell mitotic rate can be increased, and
immature, cuboidal, or squamous epithelium may be
present on the surface of the mucosa between crypt
units. Columnar epithelium on the surface of the colon
may be covered by a dark fringe of spirochetes attached
by one cell end forming a characteristic “false brush
border” (Girard et al. 1995; Taylor et al. 1980) (Figure
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50.5. Photomicrograph of a section of porcine colon infected with a
Brachyspira pilosicoli strain. Neutrophilic exocytosis (crypt abscess
material) is present in dilated intestinal crypts (arrows). The lamina
propria is diffusely infiltrated with inflammatory cells. Marker

bar = 37 um.

50.6. Light photomicrograph of the colonic epithelium from a pig
with PIS/PCS. Note the dense fringe of spirochetes attached by one
cell end to the colonic epithelium to form a “false brush border”
(arrows). Bar = 16 um.

50.6). This attachment is diagnostic for PIS/PCS,
although it is not observed in every case (Thomson
et al. 1997). Balantidium coli is often seen on the surface
of the colon (Taylor et al. 1980; Trott et al. 1996b).

Brachyspira pilosicoli cells may be observed inside
dilated colonic crypts (Trott et al. 1996b), invading
through tight junctions between colonic enterocytes,
within goblet cells (Thomson et al. 1997), and within
the lamina propria (Duhamel 2001). Invasion has
been observed both concurrent with and independent
of attachment of spirochetes to the epithelium. In
humans, B. pilosicoli has been isolated from the blood-
stream of individuals with severe clinical disease or
impaired immunity (Trott et al. 1997a). Systemic spread
or spirochetemia has not been recorded in pigs, but its
occurrence cannot be excluded.

50.7. Transmission electron photomicrograph of the colonic
epithelium from a pig with PIS/PCS. Note the large numbers of
spirochetes attached by one cell end to the apical membrane of
enterocytes, causing effacement of the microvilli and disruption of
terminal web microfilaments (arrow). Bar = 2pum.

By transmission electron microscopy, polar-attached
spirochetes with four to seven periplasmic flagella may
be seen invaginated into the terminal web cytoplasm,
effacing microvilli and disrupting microfilaments
without penetrating the host cell plasmalemma (Figure
50.7). Scanning electron microscopy may reveal the
adherent spirochetes forming a patchy fringe on the
surface of colonic epithelial cells. Spirochetes may also
be observed invading between epithelial cells in the
extrusion zone between adjacent crypt units (Duhamel
1998).

Epithelial damage followed by local invasion and
subsequent colitis combine to cause an increase in the
water content of the cecal and colonic contents,
together with excess mucus production. Erosion of the
epithelium leads to replacement by immature cells and
reduction of the surface area of the colon for absorp-
tion of water, electrolytes, and volatile fatty acids. This
then leads to reduced feed conversion efficiency and
diminished weight gain (Duhamel 1998; Thomson
et al. 1997).

Diagnosis

Clinical signs of PIS/PCS can be very similar to those
of PE. PIS/PCS may occur together with PE (Chapter
59), salmonellosis (Chapter 60), postweaning colibacil-
losis (Chapter 53), SD, yersiniosis (Chapter 64), PCV2
enteritis (Chapter 26), trichuriasis (Chapter 66), and/or
“nonspecific colitis,” a diet-responsive colitis (Chapter
15; Smith and Nelson 1987; Wood 1991). All these
conditions should be considered in the differential
diagnosis of porcine colitis.

Postmortem examination of several affected pigs
should be undertaken. The body weights (BWs) of
animals from a production batch may be uneven.
Localized areas of mild or occasional severe colitis are





usually observed, and macroscopic and microscopic
lesions are as described earlier. Immunohistochemical
staining with specific antibodies or FISH with specific
oligonucleotide probes (Boye et al. 1998; Jensen et al.
2000) can be used to confirm the presence of B. pilosi-
coli attached to the surface of colonic enterocytes,
within dilated intestinal crypts, and occasionally within
the lamina propria.

A definitive diagnosis of PIS/PCS requires the dem-
onstration of B. pilosicoli, but its isolation from feces
does not always correlate with diarrhea or epithelial
attachment, and the significance needs to be inter-
preted in the context of a complete diagnostic investi-
gation (Thomson et al. 1998). Fecal samples for culture
and/or PCR should be obtained from a cross-section of
affected pigs. Swabs taken from the colonic wall can be
used to prepare wet smears for viewing by phase con-
trast microscopy, or they can be fixed and Gram stained.

CVS medium is preferred for isolating B. pilosicoli,
while B] medium may inhibit B. pilosicoli growth—and
consequently is not recommended (Duhamel and Joens
1994; Trott et al. 1996¢). Pure cultures of spirochetes
isolated from pigs can be differentiated using the simple
biochemical tests outlined in Table 50.1. Generally, B.
pilosicoli can be identified using strength of beta-
hemolysis, hippurate hydrolysis, metabolism of ribose,
and lack of beta-glucosidase activity (Fellstrom and
Gunnarsson 1995; Trott et al. 1996c¢).

Diagnosis is usually supported by the use of specific
PCR tests targeting the genes for 16S rRNA (Fellstrom
et al. 1997), 23S rRNA (Leser et al. 1997), or the nox
gene (Atyeo et al. 1999b). Duplex and multiplex PCRs,
sometimes also detecting other enteric pathogens, have
been described. Real-time PCR assays that allow spiro-
chete quantitation are also becoming available (see the
section on SD).

As with B. hyodysenteriae, RFLP analysis can be used
to identify B. pilosicoli isolates. Indirect fluorescent
antibody tests using MAbs raised against specific outer
membrane proteins of B. pilosicoli have the potential
for diagnostic use on feces (Lee and Hampson 1995),
but a MAb-based immunomagnetic separation of B.
pilosicoli from feces did not improve the sensitivity of
detection compared to culture/PCR (Corona-Barrera
et al. 2004b).

To date, no routine commercial tests are available to
measure species-specific serum antibody to B. pilosicoli.

Immunity

The host immune mechanisms directed against B. pilos-
icoli are poorly understood. In the original study,
agglutinating serum antibodies were recorded in pigs
recovered from experimental infection (Taylor et al.
1980). In another study no significant antibody levels
against whole cell preparations of B. pilosicoli were
found after 18 days in experimentally infected pigs
with mild colitis (Hampson et al. 2000). In other exper-
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iments, pigs developed low levels of serum IgG against
B. pilosicoli whole cell extracts and membrane prepara-
tions 2-7 weeks after challenge (Zhang and Duhamel
2002; Zhang et al. 1999). Little is known about protec-
tive immunity in PIS/PCS. The existence of long-term
colonization suggests that the spirochete may be able
to evade immune mechanisms. Cross-protection is
unlikely as B. pilosicoli strains show considerable vari-
ability in their LOS (Lee and Hampson 1999). Nothing
is known about maternal immunity, although natural
infection has not been recorded in unweaned piglets.

Prevention and Control
Methods to Treat Pigs or Control Outbreaks. Treat-
ment and control of PIS/PCS are largely modeled on
procedures developed for SD, although modifications
can be made because of the milder economic impact of
PIS/PCS. Antimicrobial therapy can be used to reduce
B. pilosicoli infection and maintain productivity while
improving welfare; also, it may be required to prevent
sudden increases in morbidity due to recent introduc-
tion of naive pigs, change of diet, or other stressors.
Affected pigs should be treated by water or feed medica-
tion at similar levels and durations as recommended
for SD. Parenteral treatment may be necessary for
severely ill pigs. Although information on the in vitro
antimicrobial susceptibility of B. pilosicoli is limited, a
number of antimicrobials that are effective against B.
hyodysenteriae, including tiamulin, valnemulin, carba-
dox, dimetridazole, and, to a lesser extent, lincomycin,
have been shown to have low MIC values when tested
against porcine B. pilosicoli isolates (Fossi et al. 2000;
Hommez et al. 1998; Kinyon et al. 2002; Trott et al.
1996¢). Fewer isolates have been found to be suscep-
tible to tylosin, and resistance to several antimicrobials,
including tiamulin, has been recorded. Olaquindox
may be a useful prophylactic as it has MIC values
<1.0pg/mL against B. pilosicoli, and the spirochete
could not be isolated from herds previously receiving
100 ppm olaquindox in feed (Fellstrom et al. 1996).
Management strategies that limit access of pigs to
contaminated environments can reduce the impact
of PIS/PCS. Replacing continuous-flow systems with
all-in/all-out systems reduces the risk of infection (Stege
et al. 2001). Modification to the diet composition and/
or physical form, or adding zinc oxide in the feed at
3kg/t, may be helpful (Love 1996).

Methods to Prevent Introduction or Avoid Outbreaks
of Brachyspira pilosicoli. 1t is difficult to avoid the
introduction of B. pilosicoli into herds because of the
presence of reservoir hosts such as feral birds, although
similar strategies to those described for SD can be fol-
lowed. Unfortunately, no effective vaccines are avail-
able for B. pilosicoli. An autogenous bacterin induced
systemic antibody titers, but the pigs still became
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colonized and developed diarrhea after challenge
(Hampson et al. 2000).

Methods to Eliminate Brachyspira pilosicoli from
Herds. The methods described for the elimination of
SD may also be effective for PIS/PCS, but the economic
impact generally does not warrant such costly proce-
dures. Fossi et al. (2001) reported eradicating B. pilosi-
coli from a 60-sow herd by tiamulin treatment followed
by relocation of the breeding herd, thorough cleaning
and disinfection of the premises, and then returning
the adult animals to the original location. This protocol
would be more difficult to follow in larger herds, and
the existence of reservoir hosts presents an ongoing
threat of reintroduction.

OTHER BRACHYSPIRA SPECIES THAT MAY
CAUSE COLITIS

“Brachyspira suanatina” is a proposed strongly beta-
hemolytic species that was recently identified in Scan-
dinavia, and that has been reported to cause colitis in
pigs (Rasback et al. 2007a). Isolates of the species resem-
ble those found in feral mallards, suggesting that this
may have been their origin. Currently there is uncer-
tainty both about the distribution of “B. suanatina” and
its overall significance to pig health.

Occasionally the other weakly hemolytic Brachyspira
species have been thought to be capable of causing
colitis and contributing to chronic diarrhea in pigs.
Some strains of B. intermedia have been suspected of
having pathogenic potential, and this is not surprising
given the extreme diversity of this group (Phillips et al.
2010). Brachyspira murdochii appears to be the species
most frequently associated with lesions of mild colitis
(Komarek et al. 2009; Weissenbock et al. 2005), and a
recent experimental infection of pigs with a B. murdo-
chii strain confirmed that it was mildly pathogenic
(Jensen et al. 2010). Infections or colonizations with
one or more of the nonpathogenic or mildly patho-
genic Brachyspira species are probably quite common:
arguably their greatest significance is that the presence
of these spirochetes may complicate diagnosis of SD
and/or PIS/PCS—both of which are much more eco-
nomically important diseases, and require implementa-
tion of rigorous control measures.
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Proliferative Enteropathy

Steven McOrist and Connie J. Gebhart

RELEVANCE

Proliferative enteropathy ([PE| also known as ileitis)
forms a commonly occurring group of acute and
chronic conditions of widely differing clinical signs but
with a single underlying pathological change visible at
necropsy: a thickening of the mucosa of the small
intestine and colon. Histologically, the affected tissues
show marked proliferation of immature epithelial cells
of the intestinal crypts, forming a hyperplastic to
adenoma-like mucosa. These proliferating cells always
contain numerous intracytoplasmic Lawsonia intracel-
lularis, an obligate intracellular bacterium.

In growing pigs with uncomplicated proliferation of
the mucosa, the condition is a chronic PE, also known
as porcine intestinal adenomatosis (PIA). Case lesions
and clinical signs can vary from mild and subclinical,
through to clinical diarrhea and weight loss. In more
severe cases, additional changes can be superimposed
on this basic lesion, including a more necrotic enteritis,
or an acute proliferative hemorrhagic enteropathy
(PHE) (Rowland and Lawson 1975). All these forms of
PE remain common and important enteric diseases.
Estimates across the global swine industry show that
around 96% of farm sites are infected, wherein around
30% of weaner-to-finisher pigs have detectable lesions
at some point, causing clear economic losses (McOrist
et al. 2003; Stege et al. 2000).

The lesions of PE were first described in pigs in lowa
in the 1930s (Biester and Schwarte 1931) and were
subsequently found to occur in all other major pig-
raising areas throughout the world. In 1973, Alan
Rowland and Gordon Lawson investigating major U.K.
outbreaks developed a productive research program.
They found that whenever these proliferative changes
in pigs were studied, either ultrastructurally or using

silver stains, intracellular bacteria were consistently
present within the abnormal proliferating cells
(Rowland and Lawson 1974). The identity of these bac-
teria and their etiological role in PE in pigs were later
resolved in 1993 with successful co-culture of the intra-
cellular organism and the reproduction of the disease
in pigs using a pure culture of this agent, fulfilling
Koch'’s postulates (Lawson et al. 1993; McOrist et al.
1993). Also in 1993, its taxonomic position was clari-
fied (Gebhart et al. 1993); its definitive name is L.
intracellularis (McOrist et al. 1995a). The disease has
also been detected in wild Eurasian pigs, Sus scrofa
(Tomanova et al. 2002).

The economic losses due to PE have been estimated
from its negative impacts on slaughter weight, feed con-
version efficiency, space utilization, breeding problems,
and morbidity-mortality effects, totalling at U.S. $1 to
U.S. $5 per affected growing pig, depending on the vari-
able prices for pigs, building spaces, and feed (McOrist
2005; McOrrist et al. 1997b; Veenhuizen et al. 2002).

ETIOLOGY

The cause of PE is the obligately intracellular bacterium
L. intracellularis, which preferentially grows within the
cytoplasm of intestinal epithelial cells. This bacterial
growth is invariably accompanied by localized prolif-
eration of infected immature crypt epithelial cells. It
has not as yet been cultivated in cell-free media, due
to unique metabolic requirements, including a need for
preformed mitochondrial triphosphates (Schmitz-Esser
et al. 2008). Some earlier literature refers to the intra-
cellular bacterium as a Campylobacter-like organism;
however, that designation was only based on its mor-
phological similarity to that genus.
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Lawsonia intracellularis forms vibrioid-shaped (curved
to straight) rods with either tapered or rounded ends
and measure 1.25-1.75um in length by 0.25-0.43 pm
in width. It has a typical gram-negative trilaminar outer
envelope. No fimbriae or spores have been detected. It
has a small, single genome and three plasmids, total-
ling 1.72 million bp and 1324 protein encoding regions.
A monopolar flagellum and darting motility has been
observed in some isolates co-cultured in vitro, but
only when the bacteria are located extracellularly. It
possesses the small genome, low G + C%, and signifi-
cant expression of heat shock proteins commonly
seen in other symbiont intracellular bacteria (Dale
et al. 1998). Lawsonia forms a distinct and single
branch in the Desulfovibrionaceae family of anaerobic
vibrioids, but it has gained cell-dependent respiration
and lost its sulfate reduction capacity (Schmitz-Esser et
al. 2008).

Initial in vitro co-cultures of L. intracellularis used
monolayers of intestinal epithelial cells, in a microaero-
bic atmosphere of 82.2% nitrogen, 8.8% carbon dioxide,
and 8% oxygen at 98.6°F (37°C), which attempted to
mimic the conditions of in vivo growth (Lawson et al.
1993). However, it was subsequently found that L.
intracellularis could be somewhat more easily grown
using co-cultures of McCoy mouse fibroblast cells at
98.6°F (37°C) in low oxygen, hydrogenated atmo-
spheres (Guedes and Gebhart 2003a).

Pathological changes closely resembling porcine PE
and caused by L. intracellularis are now commonly rec-
ognized in young horses and certain laboratory-housed
animals, such as rabbits and hamsters (Cooper and
Gebhart 1998; Pusterla et al. 2009). Case reports have
also described the organism and related pathology in
certain other host species, such as dogs, deer, foxes,
monkeys, and ratite birds (Cooper and Gebhart 1998;
Klein et al. 1999). The common infection among labo-
ratory rabbits complicates simple production of specific
polyclonal antibody (Duhamel et al. 1998). All isolates
of L. intracellularis from pigs and other host species
show a very high degree (>99%) of similarity among
their 16S tDNA sequences and outer membrane pro-
teins. However, the clear variations in infectivity when
cross-species transmission is attempted (Jasni et al.
1994; Murakata et al. 2008), has suggested that there
may be at least two biovars, one strain for pigs and one
other for the other host species. The existence of only
a single strain of L. intracellularis affecting pigs globally
is consistent with it being both a recently evolved bac-
terial species (Schmitz-Esser et al. 2008) and spread by
global movement of breeding pigs, such as commonly
occurred in both the 1880s and 1970s. The differing
clinical expression of PE cases in pigs are therefore due
to dosage and host response differences, not to separate
bacterial strains, as also confirmed by experimental
challenge results using isolates from various clinical
forms (Mapother et al. 1987).

Experimental transmission studies using pure cul-
tures of porcine-origin L. intracellularis as oral-challenge
inocula for conventional pigs and using gnotobiotic
pigs predosed with a minimal bacterial flora of non-
pathogenic enteric species have resulted in reproduc-
tion of the specific and characteristic lesions of PE
(McOrist et al. 1993, 1994). Exposure of pigs to crude
or partially filtered, homogenized diseased mucosa
resulted in reproduction of specific intestinal lesions
and clinical disease in some early challenge trials
(Mapother et al. 1987; McOrist and Lawson 1989;
Roberts et al. 1977). The difficulties in routine culture
of L. intracellularis meant that this strategy was later
revived into the mucosal homogenate challenge expo-
sure model for reproduction of PE in conventional pigs
(Boutrop et al. 2010; Guedes and Gebhart 2003b; Win-
kelman et al. 2002). Intestinal lesions that develop as
a result of artificial exposure to various isolates have
had all the characteristics of the field disease, including
the presence of mucosal proliferation and intracellular
bacteria (Guedes and Gebhart 2003b; McOrist et al.
1993).

PUBLIC HEALTH

Despite obvious infection opportunities, no case of PE
or Lawsonia infection has been detected in humans.
Investigations of Crohn’s disease and other mucosal
inflammatory conditions of humans have consistently
failed to find typical PE lesions or L. intracellularis
(Crohn and Turner 1952; Michalski et al. 2006).

EPIDEMIOLOGY

The disease is worldwide in distribution and occurs
commonly in all pig-raising regions and in all pig farm
management systems, including outdoor ones (McOrist
et al. 2003). The incidence of gross lesions in pigs at
normal slaughter age is generally low at 0.25-2.0% and
therefore unreliable for farm monitoring (Christensen
and Cullinane 1990; Suto et al. 2004). The wide use of
serology and fecal polymerase chain reaction (PCR)
diagnostics has led to a fuller understanding of epide-
miology patterns of PE. As stated above, surveys indi-
cate that around 4% of farm sites show no detectable
infection; usually, these are isolated breeding farms
with closed herds.

There are three basic patterns of farm infection,
which occur in relation to the management system and
antibiotic usage (Figure 59.1). On single-site farms with
a continuous pig flow between different farm areas
(farrow-to-finish systems), infection usually occurs a
few weeks after weaning, presumably when maternal
antibodies fade (pattern 1). The infection can then
amplify via oral-fecal infections over the next few
weeks in groups of weaner-nursery and early grower
pigs (Stege et al. 2004). Where group housing and straw
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59.1. Patterns of exposure and seroconversion to L. intracellularis in different management systems. Pattern 1: Typical pattern seen in
single-site farrow-to-finish farm systems. Pattern 2: Atypical pattern seen in farms with varying antibiotic usages. Pattern 3: Typical pattern seen
in age- and site-separate multisite farm systems. Patterns shown as percentage of pigs seropositive for L. intracellularis at different ages.

bedding are used, seroconversion rates are even higher,
even for breeder pigs at around 70% of a typical group
(Chouet et al. 2003; Stege et al. 2000). A more intermit-
tent pattern of PE infection (pattern 2) occurs in weaner
and grower-finisher pigs on some farms; this is usually
due to varying periods of oral antibiotic usage. On farm
systems with distinct age and site separation of groups
of postweaning and breeding pigs (multisite systems),
L. intracellularis infection occurs rarely in breeding
stock and is usually delayed in grower—finishers until
they are 14- to 20-weeks-old (pattern 3; Bronsvoort et
al. 2001; Marsteller et al. 2003). This pattern is accentu-
ated in the United States, where weaner-nursery pigs
may receive quinoxaline antimicrobials, ensuring lack
of early infections.

It is likely that the environment of most pig farms
contains a sustained level of L. intracellularis infection
“embedded” in the residual fecal material, organic
bedding, fomites, pens, or insects in the buildings. This
may act to reintroduce the infection via oral-fecal route
to many new groups of pigs at various ages. However,
the infection can build up slowly or quickly, with varia-
tions in the time of disease onset on different farms
and importantly on the same farm between different
groups in the same building or pens (Hammer 2004).
Transmission of positive fecal matter from contami-
nated areas to other areas of a farm, such as those
containing breeding animals, would occur more com-
monly on single-site farms. Modes of this transmission
probably include transfer of feces on boots or other
fomites as well as possible transfer via insect stages and
rodents in contact with pig feces (Friedman et al. 2008).

Particular management situations may lead to recur-
ring outbreaks of acute PHE, such as young adults (4-12
months old) within boar and gilt performance testing
stations, gilts within breeding programs that involved
transportation to new units, and the movement and
mixing of boars and gilts into breeding groups (Friend-
ship et al. 2005). These outbreaks have become notice-

ably less common following the wide usage of live
attenuated Lawsonia vaccine for breeding pigs.

Lawsonia intracellularis can remain viable in feces at
5-59°F (15°C) for 2 weeks (Collins et al. 2000). The
infectious dose is relatively low (Guedes et al. 2003;
McOrist et al. 1993), and fecal excretion may be high
in some infected “spreader” pigs (Guedes et al. 2002a;
Smith and McOrist 1997). Studies tracking PE infection
on breeding farms have indicated that infected gilts or
sows do not readily transmit the infection to their
progeny in the farrowing area (Guedes et al. 2002a;
Jacobson et al. 2010).

Improved farm hygiene measures will reliably reduce
levels of PE. Quaternary ammonium-based compounds
have effective anti-Lawsonia disinfectant activity
(Collins et al. 2000; Wattanaphasak et al. 2010), but
isolates appeared somewhat resistant to phenolic- or
iodine-based mixtures. Rigorous washing and cleaning
of feces from all parts of pig pens, facilities, boots, and
equipment on both single-site and multisite farms, as
well as insect and mouse control, is likely to be more
effective at reduction of PE than reliance on slatted
floors and sunken pits for feces removal (Bronsvoort
et al. 2001; Smith et al. 1998).

PATHOGENESIS

PE can be reproduced by exposing susceptible pigs to
L. intracellularis or to diseased mucosa containing these
intracellular bacteria (Guedes and Gebhart 2003a,b;
McOrist and Lawson 1989; McOrist et al. 1993, 1994;
Roberts et al. 1977). In typical oral challenge exposure
studies of naive postweaned pigs with a standard inocu-
lum of 108 L. intracellularis bacteria, numerous intracel-
lular bacteria can be visualized in the developing
proliferative intestines and feces 1-3 weeks following
inoculation with a peak of infection and lesions 3
weeks after challenge. In most of these pigs, intestinal
infection, proliferative lesions, and excretion persists
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for approximately 4 weeks, but in some exposed pigs,
excretion may persist for at least 10 weeks (Guedes et
al. 2002a; Smith and McOrist 1997). At the peak of
infection, 3 weeks after challenge, moderate diarrhea
and histological lesions of PE are usually observed in
about 50% and 100%, respectively, of animals chal-
lenged with this inoculum. Infection and lesions in the
large intestine generally occur a week or two after small
intestinal infection following oral challenge (Guedes
and Gebhart 2003b). Naive pigs of a wide age range
(neonates to grower—finishers) are susceptible to oral
challenge.

Proliferative enteritis develops initially as a progres-
sive proliferation of immature epithelial cells popu-
lated by numerous intracellular bacteria. In most cases,
no significant inflammatory reaction occurs and the
organisms remain in the epithelium at this stage. In
severe cases of PE, L. intracellularis can also be observed
in the mesenteric lymph node and tonsils (Jensen et al.
2000; Roberts et al. 1980), but these appear to be sec-
ondary sites. In vivo and in vitro studies have eluci-
dated some of the early events in bacteria cell interaction
(Boutrop et al. 2010; Lawson et al. 1995; McOrist et al.
1989, 1995b). Bacteria associate with the cell mem-
brane and then quickly enter the enterocyte via an
entry vacuole. Specific adhesins or receptors have not
been identified, but L. intracellularis possesses a type III
secretion system, which facilitates cell entry (Alberdi
et al. 2009). The entry vacuole rapidly breaks down
(within 3 hours) and the bacteria flourish and multiply
free (not membrane bound) within the cytoplasm. The
intriguing mechanism whereby the bacteria cause
infected cells to fail to mature but continue to undergo
mitosis and form the hyperplastic-to-adenomatous
crypts is not fully understood, despite the full Lawsonia
genome being available for study (GenBank AM180252,
AM180253, AM180254, and AM180255). This adeno-
matous effect probably reflects a Lawsonia-specific inhi-
bition of the normal crypt cell differentiation process,
as regulated locally at the neck of the crypts (McOrist
et al. 2006; Oh et al. 2009). Lawsonia intracellularis-
infected intestinal crypts can become enormously elon-
gated and often branched. Loss of body protein and
amino acids into the intestinal lumen and the reduced
nutrient absorption by the intestinal mucosa lacking
mature enterocytes are the likely causes of the reduc-
tion in weight gain and feed conversion efficiency seen
in pigs and hamsters affected with chronic uncompli-
cated PE lesions (Gogolewski et al. 1991; Rowan and
Lawrence 1982; Vanucci et al. 2010).

Degenerative, necrotic, and reparative changes may
be superimposed on the basic enterocyte proliferation.
Acute hemorrhagic PE, also known as PHE, is marked
by severe bleeding into the lumen of the intestine, but
with typical underlying lesions of PE. The hemorrhage
occurs concurrently with the widespread degeneration
and desquamation of many epithelial cells and leakage

from the capillary bed. The pathogenesis of this acute
lesion has not yet been determined fully.

CLINICAL SIGNS

Clinical cases of chronic PE are observed most com-
monly in the postweaned pig between 6 and 20 weeks
of age. In many cases of chronic PE in growing pigs,
the clinical signs are slight to subclinical, and little
more is seen than variation in pig performance with a
failure to sustain growth despite normal feed intake.
Ileal lesions are a consistent feature of these pigs. In
some pigs, there may be a degree of anorexia, character-
ized by curiosity about food but refusal to eat. Thus,
affected animals vary from the clinically unremarkable
to those showing marked dullness and apathy. Diar-
rhea, when present, is generally moderate, with loose,
sloppy to watery stools of normal gray-green color. This
is probably a feature of only a proportion of pigs
affected with chronic PE (Moller et al. 1998). Blood or
mucus is not a feature of chronic PE diarrhea. When
chronic or subclinical PE is suspected in a herd, milder
cases can be relatively common but difficult to detect
(Jacobson et al. 2003). Therefore, such farms should be
inspected for apparent wasting of growing animals
with anorexia and irregular diarrhea and variable sizes
of pigs in a group. Records should be carefully exam-
ined to detect changes in average weight gain and
feed conversion efficiency in the postweaned group
(Gogolewski et al. 1991; Roberts et al. 1979). Those pigs
that develop necrotic enteritis show severe loss of con-
dition and often scour persistently. These severe cases
may occur more often in pigs on straw bedding, which
facilitates oral-fecal intakes and secondary bacteria,
such as salmonellosis.

Unlike chronic PE, cases of acute hemorrhagic PE
occur more commonly in young adults 4-12 months
old, such as breeding gilts, and present a clinical picture
of acute hemorrhagic anemia. Black tarry feces are
often the first visible clinical sign, and these may
become loose. However, some animals die without
fecal abnormality and show only marked pallor. Prob-
ably around half of the animals clinically affected will
die, the remainder recovering over some weeks. Preg-
nant animals that are clinically affected may abort, the
majority within 6 days of the onset of clinical signs,
with some residual reproductive losses possible (McOrist
et al. 1999). Progenies from acutely affected breeding
females are not fully protected from acquiring PE
(Guedes et al. 2002a; Jacobson et al. 2010).

In most cases of uncomplicated PE, recovery occurs
4-10 weeks after the onset of clinical signs with a return
of appetite and growth rate to normal levels. Even
though pigs usually progress to slaughter weight despite
extensive lesions (Suto et al. 2004), average daily weight
gain and feed efficiency will be reduced and more days
to reach market weight will be required, with a conse-





quent cost burden. Average weight gains are reduced
6-20% in affected pigs, and the increase in feed required
per unit gain is 6-25%, compared with normal pigs
(Gogolewski et al. 1991; McOrist et al. 1996b, 1997a).
The costs in increased “variation” in a group of pigs
destined for breeding programs or a specific market
target can also be significant.

LESIONS

Chronic PE in growing pigs occurs most commonly in
the terminal 60 cm of the small intestine and the upper
third of the proximal colon. In severe cases, the lesions
will extend to the jejunum, cecum, and lower large
intestine. The magnitude of the proliferation varies
widely, but in the developed lesions, the wall is visibly
thickened and the overall diameter is increased. In
minor lesions, the area of the terminal ileum that is
10cm proximal from the ileocecal valve should be care-
fully examined as the most likely site of infection. Care
is needed to distinguish minor lesions from contracted
mucosa over Peyer’s patches. Some subserosal and mes-
enteric edema is common, and the normal corrugated
pattern of the serosal surface is emphasized. The
mucosal surface is moist but not mucoid, sometimes
with flecks of inflammatory exudate loosely adherent.
The affected mucosa itself is thrown into deep folds,
longitudinal or transverse (Figure 59.2). Similar changes

59.2. Chronic proliferative enterophathy. Ileum with thickened,
ridged mucosa.
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in the large intestine occur and may result in thick
plaques.

Histologically, the mucosa is composed of enlarged,
branching crypts lined with immature epithelial cells.
Compared with normal crypts, which are 1 cell layer
thick, affected crypts are often 5, 10, or more cells thick
(Figure 59.3). Numerous mitotic figures occurring
throughout the crypt are evident (Lomax and Glock
1982; Rowland and Lawson 1974). Other nuclei of
affected cells may appear as enlarged vesicular struc-
tures or densely staining elongated spindles. Goblet
cells are absent, and their reappearance in deep glands
is an indication of impending resolution. In uncompli-
cated disease, the lamina propria is normal.

Silver staining, specific immunostaining, or electron
microscopy of affected intestinal sections reveals intra-
cellular L. intracellularis, often in considerable numbers,
lying in the apical cytoplasm of the affected epithelial
cells (Figure 59.4). In recovering lesions, the organisms
become aggregated and may be extruded in degenerate
cells into the lumen or be consumed by activated mac-
rophages in the lamina propria. Many cases show little
evidence of inflammatory reaction. The recovering
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59.3. Chronic proliferative enteropathy. High-magnification
micrograph showing marked enlargement of affected intestinal crypts,
5-10 epithelial cells thick, compared with adjacent normal crypt
(hematoxylin and eosin [H&E]; original magnification x400).
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59.4. Chronic proliferative enteropathy. Intestinal epithelial cell of
the ileum. Apical cytoplasm containing several L. intracellularis
organisms lying free in the cytoplasm and undergoing division
(arrow) (uranyl acetate and lead citrate; original magnification
%10,000).

lesions are notable for the resumption of development
of a population of mature epithelium, with goblet cells
in the deep crypts and a rapid disappearance of the
adenomatous cells from the surface (McOrist et al.
1996a).

In more severe cases, a coagulative necrotic enteritis
may occur, with marked inflammatory exudation
superimposed on an established lesion of PE. Yellow-
gray cheesy masses that adhere tightly to the jejunal-
ileal mucosa are present. Histologically, the coagulative
necrosis is clearly defined, with fibrin deposits and
degenerative inflammatory cells. Diagnosis is con-
firmed by the presence of remnants of the Lawsonia-
infected proliferative epithelium in the deep layers.

In acute hemorrhagic PE or PHE, the affected intes-
tine is thickened, dilated, and somewhat turgid with
serosal edema. The lumen of the ileum and colon
usually contains one or more formed blood clots (Figure
59.5), often with no other bloody fluids or feed
contents evident (Lawson et al. 1979; Rowland and
Lawson 1975). The rectum may contain black, tarry
feces of mixed blood and digesta. The mucosal surface
of the affected portion of intestine shows little gross
damage except for the marked hyperplastic thickening.
No bleeding points, ulcers, or erosions are observed.
Histological examination demonstrates extensive

59.5. Acute hemorrhagic proliferative enteropathy. Small intestine
showing thickened mucosa and blood clot in the lumen.

degeneration, congestion, and hemorrhage within the
proliferative epithelium. There is marked accumulation
of bloody cellular debris containing numerous L. intra-
cellularis organisms above the affected mucosa and in
the lumina of affected intestinal crypts.

DIAGNOSIS

The differential diagnosis for clinical cases of PE varies
with the particular form of the disease. Chronic PE
or PIA is most likely to be confused with endemic
forms of coronavirus (Chapter 35) or rotavirus (Chapter
43) infections, milder forms of brachyspiral colitis
(Chapter 50), salmonellosis due to Salmonella typhi-
murium (Chapter 60), porcine circovirus-associated
disease (Chapter 26), and nutritional diarrheas (Chapter
68). Mixed infections of these endemic agents can
often occur. Acute hemorrhagic PE or PHE is most likely
to be confused with esophagogastric ulceration (Chapter
15), or acute swine dysentery (Chapter 50). Acute hem-
orrhagic PE is also considered separate from the “hem-
orrhagic bowel syndrome,” which are blood-filled
intestinal torsion cases (Straw et al. 2002).

The difficulty in routinely culturing L. intracellularis
has led to several alternative methods for PE diagnosis.
Confirmation of a clinical diagnosis of PE may be





obtained by demonstration of L. intracellularis in feces,
usually by a PCR assay using L. intracellularis-specific
primers (Jacobson et al. 2004; Jones et al. 1993), or by
using a specific antibody incorporated into fecal immu-
noassay techniques. Pigs with active lesions are usually
found to be excreting the agent over several weeks
(Guedes et al. 2002b; Jacobson et al. 2010; Knittel et al.
1998). However, fecal analysis is not sufficiently sensi-
tive for the diagnosis of all infections (Jacobson et al.
2004, 2010). The PCR assay can detect 10>~10° organ-
isms per gram of feces, depending on the DNA extrac-
tion method and type of assay used. Animals 6-10
weeks old usually have the highest prevalence rates for
screening of single-site farms. Older animals are usually
only sampled during outbreaks of acute PE. Feces
should be stored at 39°F (4°C) or below for either test.

Methods described for the serological diagnosis of
PE have employed whole bacterial antigen incorpo-
rated into an indirect immunofluorescence assay
(Knittel et al. 1998) or an immunoperoxidase mono-
layer assay (Guedes et al. 2002b). Several enzyme-linked
immunosorbent assays (ELISAs) have been described
incorporating differing antigen extracts (Boesen et al.
2005; Kroll et al. 2005; Watarai et al. 2004). Results
from serological assays suggest that the serum antibody
response in pigs to L. intracellularis is specific and
involves immunoglobulin M (IgM) and immunoglobu-
lin G (IgG). While detectable antibody responses relate
well to the presence of lesions, exposure may not
induce significant seroconversion in all cases. Although
blood collection can be more time-consuming than
feces collection, the serotests are cheaper to perform
and more suitable for initial group testing.

At necropsy, the use of modified Ziehl-Neelsen stain
or the Giminez stain on mucosal smears to demon-
strate the intracellular organisms is a simple presump-
tive technique (Love et al. 1977). Histopathological
examination of affected tissues will reveal the distinc-
tive morphology of the proliferative lesions. Porcine
circovirus infections may produce grossly evident
mucosal thickening of the intestines, but distinctive
systemic lymph node lesions and granulomatous (non-
adenomatous) enteritis differentiate it from PE (Jensen
et al. 2006). Specific identification of L. intracellularis in
PE lesions is best achieved by immunohistochemical
staining of fixed embedded tissues (Guedes and Gebhart
2003a; Ladinig et al. 2009; McOrist et al. 1987). In the
absence of specific immunological reagents, silver-
staining techniques will clearly show the presence of
intracellular bacteria (Figure 59.6). The affected crypts
need to be examined carefully at high magnifications
due to the small size of L. intracellularis. Where electron
microscopic facilities are available, the presence of the
intracellular organism can be confirmed.

Cultivation of the obligately intracellular L. intracel-
lularis requires the establishment of a suitable cell line,
such as IEC-18 rat enterocytes and the addition of puri-

CHAPTER 59 PROLIFERATIVE ENTEROPATHY 817

A ® «
S L
2 £y e
59.6. Chronic proliferative enteropathy. Micrograph of enlarged
mucosal crypt showing numerous intracellular bacteria (arrows) in

the apical cytoplasm of epithelial cells (Warthin-Starry silver stain;
original magnification x2000).

fied L. intracellularis from pig intestines in the presence
of antibiotics to retard the growth of other bacteria
(Lawson et al. 1993; McOrist et al. 1995b). Mainte-
nance and passage of the organism in intestinal cell
co-culture require suitable microaerobic atmospheres
and cell lysis conditions, respectively (Lawson et al.
1993). Most cells in a monolayer are each typically
infected with over 30 cytoplasmic bacteria (Figure
59.7), causing no apparent cytopathic effect, in particu-
lar, no abnormal cell proliferation. Culture attempts
have regularly been more successful from PHE cases
than from chronic PE cases.

IMMUNITY

Early lesions contain few infiltrating inflammatory
cells, not above the normal for pig intestines (McOrist
et al. 1992), indicating the initial epithelial cell nature
of the infection. Affected epithelial cells contain a large
accumulation of intracellular IgA (Lawson et al. 1979;
McOrist et al. 1992), and intestinal lavages contain a
detectable level of Lawsonia-specific IgA (Guedes et al.
2002a). Macrophage ingestion of L. intracellularis in
developing lesions probably leads to a typical Th-1-type
immune cell response in the lamina propria (MacIntyre
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59.7. Immunohistochemistry micrograph of Lawsonia
intracellularis in co-culture within intestinal epithelial cells in
monolayer.

et al. 2003; McOrist et al. 1992). The entry of Lawsonia
into host cells induces a nonspecific host cell “alarm
response” of interferon and related immunity and
apoptosis genes (Oh et al. 2009). Both cell-mediated
and humoral responses occur in the blood of affected
pigs (Guedes and Gebhart 2003a; Knittel et al. 1998;
McOrist and Lawson 1993). These are first detectable 2
weeks after exposure and can persist for some 3 months
in acutely infected pigs (Guedes et al. 2002a). It is
therefore likely that most animals exposed to L. intra-
cellularis show a specific immune response. This
response appears to correlate with long-lasting protec-
tive immunity to reinfection (Kroll et al. 2004).

PREVENTION AND CONTROL

In vitro evaluations via a co-culture approach have
compared the minimum inhibitory concentrations for
antibiotic groups with potential activity against L.
intracellularis (McOrist et al. 1995¢c; Wattanaphasak et
al. 2009). Challenge exposure and controlled field eval-
uations of treatment and prevention measures in com-
mercial pigs over numerous years and sites indicate
that macrolides and pleuromutilins are the most effec-
tive antibiotics, when given at an adequate dosage rate

per kilogram of body weight (McOrist et al. 1996b,
1997a; Schwartz et al. 1999; Walter et al. 2001). In the
United States, some quinoxalines (such as carbadox)
are also available and effective. Acquired resistance to
these active drug groups has not been demonstrated in
L. intracellularis (McOrist 2000). Apparent medication
failures with these drugs are most likely to occur in pigs
with ileitis that are underdosed on a body weight basis,
such as breeding pigs with a low feed intake, or when
pigs are medicated before or too long after actual peaks
of exposure. Antimicrobial drugs now known to be
inherently ineffective against L. intracellularis in clini-
cal cases of PE include the penicillins, bacitracin, ami-
noglycosides such as neomycin, virginiamycin, and the
ionophores. Nonantibiotic therapies such as copper or
zinc compounds or feed acidifiers have also shown no
evidence of efficacy.

Various approaches to medication are possible,
depending on the age of pigs involved. Treatment of
acute PE in breeding herds requires a vigorous approach,
including both the clinically affected and the in-contact
animals (which may be the whole herd). A preferred
treatment would be tiamulin (120ppm) or tylosin
(100ppm) for 14 days, delivered orally via a water-
soluble formulation or an in-feed premix or by intra-
muscular injection of an equivalent dose to affected
and in-contact pigs (McOrist et al. 1999).

Severe chronic clinical disease manifests as wasting
pigs will often appear to be moderated by the use of
tylosin or tiamulin (or carbadox where available). If
sufficient numbers of clinical cases are occurring in
growing pigs, then the removal of affected animals to
separate accommodation, with supportive therapy,
may limit losses. Controlled field trials now suggest
that incorporation of in-feed or water-soluble antibiot-
ics for control achieves best results if given early in the
course of infections. On many single-site farms, this
is around 8-11 weeks of age. Medication of older
pigs, such as breeding stock, is not likely to eliminate
the infection. Therefore, partial depopulation and
medication-based eradication attempts have been
largely unsuccessful. Because PE disease can vary in the
time of onset on different farms and between batches
on the same farm, in-feed antibiotics for treatment
might be added too late to stop damaging clinical signs
and poor performance (Hammer 2004). Alternatively,
if they are added too early, groups of pigs may not get
the chance to develop active immunity and may remain
naive and susceptible to later severe acute PHE cases.

Vaccination is a widely used and effective control
method given the endemic nature, major economic
impact, and variable time of onset of PE. Oral admin-
istration of a single dose of an attenuated live vaccine
(Enterisol® Ileitis, Boehringer Ingelheim, Ingelheim,
Germany) to young pigs provided significant levels of
protective immunity against subsequent challenge
with virulent heterologous L. intracellularis (Kroll et al.





2004). This protection was independent of the route of
oral administration chosen (individual oral drench
or drinking water delivery to a group). Significantly
improved weight gains and reduced fecal shedding of
L. intracellularis were also noted after vaccine adminis-
tration, particularly if given via drinking water. This
vaccine has proven useful and effective in repeated
global usage (Hardge et al. 2004; McOrist and Smits
2007) and has assisted reduction of antibiotic usage on
farms for PE (Bak and Rathkjen 2009). Killed or subunit
vaccine types are not available.

This attenuated vaccine is particularly important for
the introduction of replacement breeding stock into
new premises. Previous use of acclimation and medica-
tion programs in this situation led to many failures
resulting in PE outbreaks. It remains a matter of concern
that acute and chronic PE continue to be serious prob-
lems in high-health-status, minimal-disease herds,
often with early weaning and high-quality commercial
breeding lines in place. It cannot be overemphasized
that in most conventional herds, the absence of clinical
PE, even over a period of years, is no guarantee of
freedom from the infection and disease. Apparently,
clean animals from such herds may be responsible for
the introduction of PE into a hitherto uncontaminated
environment, often followed by an explosive outbreak
of acute hemorrhagic PE and later by a low level of
endemic chronic PE.
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