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ABSTRACT

Adherence of 25 isolates of
Pasteurella multocida to porcine
tracheal rings was evaluated. Results
indicated that adherence was not
related to the isolate's origin, capsular
or somatic types, dermonecrotoxin
production or hemagglutination activ-
ity. The effect of a preinfection with
Bordetella bronchiseptica on the col-
onization by P. multocida was then
studied. On rings infected with
P. multocida alone, bacteria initially
adhered to the epithelium, but within
a few hours, the level of colonization
decreased progressively. On rings
preinfected with B. bronchiseptica, or
pretreated with a cell-free B. bron-
chiseptica culture supernate (or
filtrate), a high level of P. multocida
colonization was maintained for at
least 24 hours. Results indicate that
B. bronchiseptica appears to facilitate
upper respiratory tract colonization by
P. multocida by a process which
involves a low molecular weight
(c 1000) heat-stable substance,
possibly the tracheal cytotoxin.

RESUME

Nous avons evalue l'adherence de
25 isolats de Pasteurella multocida 'a
des anneaux de trachee de porcelets.
Les resultats indiquent que le degre
d'adherence ne semble pas relie a l'ori-
gine de l'isolat, ni a son type capsulaire
ou somatique, ou encore a sa capacite
d'hemagglutiner ou de produire une
toxine dermonecrotique. Nous avons

par la suite etudie l'effet d'une pre-
infection par Bordetella bronchiseptica
sur la colonisation de P. multocida.
Les anneaux de trachee infectes uni-
quement avec P. multocida ont mon-
tre une colonisation qui decroissait
progressivement. Par contre, les
anneaux de trachee pre-infectis avec
B. bronchiseptica, ou exposes a un sur-
nageant sterile d'une culture de
B. bronchiseptica, ont permis une
bonne colonisation de P. multocida
durant une periode d'au moins
24 heures. Les resultats indiquent que
B. bronchiseptica semble faciliter la
colonisation des voies respiratoires
superieures par P. multocida en
elaborant une molecule thermostable
de faible poids moleculaire (c 1000)
qui pourrait etre la cytotoxine
tracheale.

Porcine atrophic rhinitis is a
multifactorial disease characterized by
atrophy of the nasal turbinates and
snout, and necrosis in the epithelia of
the upper respiratory tract (1). The
etiological agents involved are
Bordetella bronchiseptica and
Pasteurella multocida (1-3). All
Bordetella species are known to adhere
preferentially to ciliated epithelial cells
and to produce several toxic factors
(4-6). Bordetella bronchiseptica pro-
duces a thermolabile dermonecrotic
toxin which seems to be implicated in
the nasal lesions found in neonatal
piglets (7-9). Bordetella bronchiseptica
also produces a tracheal cytotoxin (10);
this low molecular weight glycopeptide
is ciliostatic and causes extrusion of
ciliated cells from tracheal organ cul-

tures. This cytotoxin, produced by all
species of Bordetella (11), has been
mainly studied in Bordetella pertussis
(10,12,13).
A thermolabile dermonecrotic toxin

is also produced by P. multocida,
although this toxin is serologically dif-
ferent from the one produced by
B. bronchiseptica, they share similar
biological activities (14). The lesions
caused by P. multocida are irreversi-
ble and the turbinate bones do not
regenerate (15). Pasteurella multocida
is encapsulated (16) and may produce
a hemagglutinin (17), but little is
known about the chemical deter-
minants responsible for its coloniza-
tion in pigs (18). Bordetella bron-
chiseptica adheres well to epithelial
cells, whereas P. multocida adheres
poorly and requires predisposing con-
ditions to colonize the mucosa (19-22).
Some studies have demonstrated that
an infection with B. bronchiseptica
permits colonization by toxigenic
P. multocida and leads to more severe
lesions than does infection with
B. bronchiseptica alone (1,22).
Although the mechanism is not

clear, adherence seems to be an impor-
tant first step for successful coloniza-
tion and infection of the porcine nasal
cavity by these two bacteria (1,23).
Tracheal organ culture permits the
study of the pathogenesis of organisms
which damage mucosal cells by attach-
ment and toxin production (24). The
purpose of the present study was to
quantitate the adherence of P. multo-
cida to porcine tracheal rings and to
evaluate the effect of a B. bronchi-
septica preinfection.
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A total of 26 isolates of
P. multocida were used in this study.
Reference strain P. multocida 4-4056
(capsular type D) was provided by
M. de Jong (Veterinary Health
Service, Zwolle, The Netherlands).
All other isolates were retrieved from
the nasal cavities of pigs affected
(18 strains) or not (seven strains) with
atrophic rhinitis. Their phenotypes
have been previously described by
Fortin and Jacques (17). Bordetella
bronchiseptica 276, originally isolated
from a pig with severe atrophic rhinitis
(25), was provided by J.M. Rutter,
Institute for Research on Animal
Diseases, Compton, U.K. Bacteria,
grown overnight on blood agar plates
at 37°C, were resuspended in Eagle's
minimal essential medium (MEM) at
a concentration of 108 CFU/mL. The
suspensions were diluted and 0.1 mL
aliquots were plated on blood agar to
obtain exact inoculum counts.

Tracheal ring cultures prepared
according to Collier (26) were adapted
for newborn piglets (27). Briefly,
tracheae were excised and divided into
rings which were placed in culture
dishes. Rings were incubated for 5 h
at 37°C in a 5% C02-air atmosphere,
with MEM containing amphotericin
B (2.5 tg/mL), ampicillin (0.1 mg/mL),
and gentamicin sulfate (0.5 mg/mL).
Rings were then rinsed three times
with fresh MEM without antibiotics,
incubated overnight, and rinsed a
fourth time just before infection. At
each step of the experiment, the rings
were examined for ciliary activity using
an inverted microscope. Before infec-
tion, only rings with normal vigor, i.e.
those which exhibited a ciliary activity
over more than 80%o of the epithelial
border were used.
The first part of the study was to

quantitate the adherence to tracheal
rings of 25 isolates of P. multocida
of various phenotypes. Experiments
were initially performed to determine
the effects of various parameters,
including the inoculum size and the
incubation time, on adherence of
P. multocida. Tracheal rings were
infected with 1.5 mL of a bacterial
suspension of one of the 25 field
isolates. One hour after infection, rings
were washed in PBS and agitated for
1 min in PBS containing 1%Oo Triton
X-100 (a treatment which did not
affect P. multocida viability) to

dislodge adherent bacteria (28,29);
dilutions were then made and
inoculated onto agar plates. To permit
comparisons of the adherence among
the isolates of P. multocida, an
adherence index (28,29) was calculated
to compensate for slight variations in
concentration of bacterial inocula:
Antilog [(log CFU/ring) - (log
CFU/inoculum) + 5]. Results were
compared for statistical significance
using t-test.

After an incubation period of one
hour, microorganisms adhered to the
epithelium and approximately 105
CFU were recovered per tracheal ring,
which corresponds to an adherence
index of approximately 70. Com-
parisons were made among the isolates
according to phenotype. Eighteen of
the 25 isolates were retrieved from
nasal cavities of pigs from herds with
clinical signs of atrophic rhinitis.
The mean adherence index of these
18 isolates (65 ± 52) was not statisti-
cally different (p > 0.6) from the mean
adherence index of the seven other
isolates originating from herds without
clinical signs of atrophic rhinitis
(79 ± 94). The 25 isolates were then
grouped according to their capsular or
somatic types. The mean adherence
indexes of the ten capsular type A
isolates (77 ± 76) and of the 15 cap-
sular type D isolates (64 ± 58) were
not significantly different (p >0.6).
Furthermore, the mean adherence
indexes of the isolates possessing
somatic antigens (30) 3 and 16, 4 and
7, or other somatic antigens were also
not significantly different (p >0.1).
Adherence of the isolates to porcine

tracheal rings was then compared to
their ability to agglutinate human type
O erythrocytes. The isolates of
P. multocida were tested for their
ability to agglutinate human type 0
erythrocytes, according to Fortin and
Jacques (17). No significant difference
(p > 0.6) was found between the mean
adherence indexes of the hemagglu-
tination-positive (59 ± 31) and
hemagglutination-negative isolates
(74 ± 76). Finally, the isolates were
grouped according to their production
of dermonecrotic toxin. The der-
monecrotic activity of the isolates was
determined by the guinea pig skin test
as described by Lugtenberg et al (31).
Briefly, bacteria-free broth culture
supernates of P. multocida were

injected intracutaneously in volumes of
0.2 mL. The hemorrhagic necrotizing
reactions were judged daily for three
days. Pasteurella multocida 4-4056 was
used as a positive control. The mean
adherence index of the 15 isolates not
producing the toxin (69 ± 65) was not
significantly different (p >0.9) from
the mean adherence index of the ten
toxin-producing isolates (69 ± 67).
Results indicated that adherence was
not related to the isolate's origin, cap-
sular or somatic types, dermonecro-
toxin production or hemagglutination
activity. Our results are in agreement
with those obtained by Vena et al (32)
using tracheal epithelial cells.

In the second part of the study, the
effect of B. bronchiseptica preinfec-
tion on the adherence of P. multocida
was evaluated since in vivo, B. bron-
chiseptica is known to facilitate
P. multocida colonization (15,22). The
adherence of B. bronchiseptica to the
porcine trachea maintained in organ
culture has been described (27). Ref-
erence strain P. multocida 4-4056 was
used for this part of the experiment.
Tracheal rings were first infected with
a suspension of B. bronchiseptica 276
containing 108 CFU/mL. Either at the
same time, 2 h, or 4 h after infection
with B. bronchiseptica, rings were
infected with a suspension of 108
CFU/mL of P. multocida 4-4056.
Control rings were infected with
P. multocida 4-4056 alone. One, 2, 4,
6 and 8 h postinfection with P. multo-
cida, rings were prepared for bacterial
counts as mentioned above. Distinct
colonial morphologies allowed the two
bacteria to be easily counted.

Pasteurella multocida 4-4056
adhered to the trachea maintained in
organ culture, and approximately 105
CFU were recovered per tracheal ring
after an incubation period of 1 h, as
also observed with the field isolates.
Within a few hours, the level of col-
onization decreased progressively to
101-103 CFU per ring (Fig. 1). On
rings simultaneously infected with both
B. bronchiseptica and P. multocida,
the adherence of P. multocida was not
influenced by the presence of B. bron-
chiseptica and bacterial counts
decreased after a few hours (Fig. IA).
On rings preinfected with B. bron-
chiseptica 2 h prior to infection with
P. multocida, adherence of P. multo-
cida was different; approximately
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Fig. 1. Adherence of P. multocida 4-4056 to control tracheal rings (O) or to porcine tracheal rings
infected with B. bronchiseptica 276 (U). Rings were infected with B. bronchiseptica: (A) simulta-
neously; (B) 2 h; or (C) 4 h prior to infection with P. multocida.
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Fig. 2. Adherence of P. multocida 4-4056 to
control porcine tracheal rings (Z) or to porcine
tracheal rings pretreated with B. bronchiseptica
276 (U), a cell-free culture supernate (A), or a
heated cell-free culture supernate (A) of B. bron-
chiseptica 4 h prior to infection with
P. multocida.

105 CFU were recovered per tracheal
ring and the bacterial colonization
was maintained through the 8 h dura-
tion of the experiment (Fig. 1B). The
level of colonization was even higher
on rings preinfected with B. bron-
chiseptica 4 h prior to infection with
P. multocida (Fig. IC). Adherence of
B. bronchiseptica was not influenced
by the presence of P. multocida in
organ culture (data not shown).
The effect of preinfection on the

adherence of field isolates of capsular
types A and D isolates, either produc-
ing or not producing the dermone-
crotic toxin, was then evaluated.
Adherence of the isolates was
enhanced when the tracheal rings were
preinfected with B. bronchiseptica 4 h
prior to their inoculation, as previously
observed with the reference strain (data
not shown).

It is unlikely that the enhancement
of adherence observed might be due to
growth factors provided by B. bron-
chiseptica, since simultaneous infec-
tion with both microorganisms did not
enhance P. multocida adherence. Fur-
thermore, mixed culture of these two
bacteria did not result in an increased
growth of P. multocida (data not
shown). Bordetella bronchiseptica
seemed instead to predispose the
mucosa and allow successful coloniza-
tion by P. multocida capsular types A
and D, either producing or not produc-
ing dermonecrotoxin. In order to study
the relative specificity of the enhance-
ment of bacterial colonization by

B. bronchiseptica, the effect of a
preinfection by this microorganism on
the adherence of another porcine
respiratory pathogen member of the
Pasteurellaceae, Actinobacilluspleuro-
pneumoniae, was evaluated. In this
experiment reference strains K17 and
WF83 of A. pleuropneumoniae were
used. They were grown overnight on
PPLO agar plates at 37°C. Adherence
of A. pleuropneumoniae to porcine
tracheal rings was not influenced by a
preinfection by B. bronchiseptica (data
not shown), suggesting that the pre-
disposing effect of B. bronchiseptica
was relatively specific for P. multocida.
To see if the enhancement of the col-

onization by P. multocida after a
preinfection with B. bronchiseptica
was due to extracellular products,
tracheal rings were pretreated with a
cell-free B. bronchiseptica culture
supernate 4 h prior to infection with
P. multocida instead of being infected
with a live culture. Bordetella bron-
chiseptica 276 was grown overnight in
MEM. Bacterial cells were centrifuged,
and the supernate was filtered through
a 0.22 Am-pore-size membrane filter
unit (Sartorius, Gottingen, Germany).
A similar effect was obtained and a
high level of colonization by
P. multocida 4-4056 was observed for
at least 24 h (Fig. 2). A fraction of the
filtrate was then heated for 30 min at
56°C to destroy the dermonecrotic
activity; the guinea pig skin test con-
firmed the absence of dermonecrotic
activity. This filtrate fraction was then

used to treat the tracheal rings before
the infection with P. multocida.
Heating of the filtrate did not alter its
effect on P. multocida adherence.
Another fraction of the filtrate was
applied to a 1.0 mL volume of
prepacked Detoxi-Gel affinityPak col-
umn (Pierce Chemical Company,
Rockford, Illinois) to remove
endotoxin, and was used to treat the
tracheal rings before infection with
P. multocida. A high level of coloniza-
tion of P. multocida was observed
when the filtrate was used for the
rings' pretreatment after removal of
endotoxin. Finally, a fraction of the
filtrate was ultrafiltered through a
membrane with a 1000 MW cut-off
(Amicon, Danvers, Massachusetts) to
approximate the molecular weight of
the active extracellular product of
B. bronchiseptica. The enhanced
adherence of P. multocida 4-4056 was
also observed when tracheal rings were
pretreated with the ultrafiltrate (i.e.
components of MW c 1000).

Previous studies tended to demon-
strate that the dermonecrotoxin pro-
duced by B. bronchiseptica could play
a major role (9,23). This toxin has a
molecular weight of approximately
145 000 daltons, and is thermolabile,
i.e. its activity is lost upon heating at
56°C (33). Results we obtained with
heated cell-free culture supernate
devoid of dermonecrotic activity, with
an ultrafiltrate (composed of compo-
nents with MW <1000), or with an
endotoxin-free filtrate indicated that
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Fig. 3. Scannuing electron milcrographs of critical point-dnied preparations of porcine tracheal rings.
(A) Control ring; (B) Ring exposed during 4 h to a bacterin-free B. bronchisepdica culture super-
nate; note the accumulation of mucus.

the dermonecrotoxin as well as the
endotoxin (or lipopolysaccharides)
were probably not involved.

Just before infection with
P. multocida, control rings exhibited
a normal ciliary activity. With the rings
pretreated with B. bronchiseptica, or
a cell-free culture supernate, an impor-
tant accumulation of mucus was
observed and ciliary activity was
greatly reduced. Control rings, as well
as rings pretreated with the cell-free
culture supernate of B. bronchiseptica
were retrieved from tracheal cultures
just before infection with P. multo-
cida, and prepared for scanning elec-
tron microscopy, as previously
described (27). The controls showed a
normal mucosa entirely covered by
ciliated cells (Fig. 3A), while pretreated
rings were partially covered by mucus,
sticking cilia together (Fig. 3B). Since

P. multocida has been shown to have
an affinity for porcine respiratory
mucus (34), the ciliostasis and the
mucus accumulation induced by
B. bronchiseptica might explain the
enhanced adherence of P. multocida.
A tracheal cytotoxin (TCT) pro-

duced by all Bordetella spp. was
purified from Bordetella pertussis; and
its primary structure and biological
activities were recently described
(10,12,13). Tracheal cytotoxin is a 921
dalton monomeric disaccharide-
tetrapeptide derived from pepti-
doglycan. It appears to cause ciliostasis
and to destroy specifically ciliated
epithelial cells. Tracheal cytotoxin was
present at 3-6 pmol/mL of B. bron-
chiseptica culture supernate. Analysis
for TCT was accomplished by solid-
phase extraction from filtered culture
supernates, followed by reversed-phase

high-pressure liquid chromatography.
Quantitation was based upon compar-
ison to purified TCT standards (13).
Furthermore, porcine tracheal rings
were first exposed to 3 AM of purified
TCT from B. pertussis (a gift from
William E. Goldman) for 4 h and then
inoculated with P. multocida. A high
level of colonization of P. multocida,
similar to the one obtained with
B. bronchiseptica, was observed.
Our results suggest that low molec-

ular weight, heat-stable, substances
produced by B. bronchiseptica,
possibly TCT alone or in combination
with a cofactor, could act as predispos-
ing factors by inducing a ciliostasis of
the tracheal epithelium with a con-
comitant accumulation of mucus
which allows long-term colonization
by P. multocida.
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