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Summary

Respiratory infections are among the most important diseases of growing pigs. In order to elucidate the
multifactorial aetiology of porcine respiratory disease complex (PRDC) in Denmark, lungs from 148 finishing
pigs with cranioventral bronchopneumonia (case group) and 60 pigs without lung lesions (control group) were
collected from abattoirs. The pathogens involved in PRDC and their interactions were identified and linked to
the histopathological diagnosis. The lung samples were cultured for bacteria and tested by multiplex polymer-
ase chain reaction for presence of swine influenza virus (type A), porcine reproductive and respiratory
syndrome virus (both European and US type), porcine circovirus type 2 (PCV2), porcine respiratory corona-
virus, porcine cytomegalovirus,Mycoplasma hyopneumoniae andMycoplasma hyorhinis. All cases had cranioventral
lobular bronchopneumonia consistent with PRDC. There was a broad range of microscopical lesions and the
cases were characterized as acute (n¼ 10), subacute (n¼ 24) or chronic (n¼ 114) bronchopneumonia. Five
bacterial species, five viruses and two Mycoplasma spp. were detected in different combinations. PCV2,
M. hyopneumoniae,M. hyorhinis and Pasteurella multocidawere detected most frequently among the PRDC affected
swine and the diversity and number of pathogens were higher in these animals compared with controls. No
clear-cut associations were detected between pathogens and histological lesions or histopathological diagnoses.
PRDC occurs more frequently than enzootic pneumonia among Danish finishing pigs and has complex and
varied histopathology.

� 2010 Elsevier Ltd. All rights reserved.
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Introduction

Respiratory infections constitute some of the most im-
portant diseases of growing pigs and result in substan-
tial economic losses and reduced welfare (Sørensen
et al., 2006). Porcine respiratory disease complex
(PRDC) is a multifactorial disease of finishing pigs
from 14 to 22 weeks of age (Thacker, 2001; Kim
et al., 2003). Morbidity ranges from 10% to 40%
and mortality from 2% to 20% (Harding and Hal-
ondence to: M. S. Hansen (e-mail: mesi@win.dtu.dk).
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bur, 2002; Harms et al., 2002). Lesions are primarily
located in the cranioventral parts of the lung, where
consolidation, discoloration and failure of the lung tis-
sue to collapse may be observed (Harms et al., 2002).
Histopathology may vary according to the pathogens
involved, but bronchopneumonia, sometimes in com-
bination with interstitial pneumonia, is often reported
(Harms et al., 2002; Kim et al., 2003). In the USA, the
most commonly isolated pathogens are porcine repro-
ductive and respiratory syndrome virus (PRRSV),
swine influenza virus (SIV), porcine circovirus type
2 (PCV2), Pasteurella multocida and Mycoplasma
� 2010 Elsevier Ltd. All rights reserved.
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hyopneumoniae. Other important pathogens associated
with PRDC are Streptococcus suis, Actinobacillus pleuro-
pneumoniae and [Haemophilus] parasuis (Thacker,
2001; Harms et al., 2002; Choi et al., 2003). A study
from 1999 showed that 25% of Danish finishing pigs
had cranioventral bronchopneumonia (CBP) at
slaughter (Christensen and Enoe, 1999). Concurrent
abattoir surveys in Switzerland and Belgium showed
a similar prevalence (Grest et al., 1997; Maes et al.,
2001), whereas earlier surveys revealed a higher prev-
alence, from 37% in Canada (Osborne et al., 1981),
45% in Australia (Davies et al., 1992) to 78% in an-
other Canadian study (Wilson et al., 1986). Abattoir
surveys of porcine bronchopneumonia usually focus
on the gross pathology and/or the microbiology,
whereas the histopathology and microbiology are sel-
dom linked. A survey of the pathogens involved in
CBP in Danish pigs has not been performed for de-
cades and since new respiratory viruses (i.e. PCV2,
porcine respiratory coronavirus [PRCV], PRRSV
and new strains of SIV) have been identified in recent
years, a survey of respiratory pathogens in this species
has become relevant.

The aims of the present study were to elucidate the
complexity of pathogens involved in PRDC and their
interactions in finishing pigs, and to associate these
findings with the histopathological diagnosis, in order
to broaden the understanding of the pathogenesis of
porcine pneumonia.
Materials and Methods

Animals

During spring 2006 and winter 2007, lungs, including
tracheobronchial lymph nodes, from 148 finishing
pigs with CBP (cases) and 60 pigs without gross
lung lesions (controls) were collected from twoDanish
abattoirs in Zealand and Jutland. Cases of CBP were
defined as those with lesions affecting a minimum of
three cranioventral lung lobes (i.e. the apical, cardiac
and intermediate lobes; Sørensen et al., 2006). The
gross lesions were of acute and chronic inflammation
and included consolidation, swelling, hyperaemia,
failure to collapse and/or fibrosis. The samples were
cooled and processed (see below) within 5 h of sam-
pling. Tracheobronchial lymph nodes were not ob-
tained from two animals with CBP and five control
animals.
Gross Pathology

Lungs and tracheobronchial lymph nodes were eval-
uated macroscopically and the morphological pat-
tern, type of exudate and estimated duration of the
pulmonary lesions were recorded. A preliminary
diagnosis was made based on these observations.
The bronchopneumonia was of the lobular type as
evidenced by sharp (lobular) delineation between
lesional and non-lesional tissue. Acute lesions were
oedematous, hyperaemic and swollen. Subacute
lesions were those in which swelling and hyperaemia
were no longer present, but in these cases there may
still have been mild oedema and often marked exuda-
tion into the bronchi. Chronic lesions were character-
ized by atelectic, fibrotic and grey-red lung tissue with
dilation of exudate-filled bronchi. Lymph nodes were
scored according to their size as normal (0), moderate
enlargement (1) or marked enlargement (2).
Histopathology

Tissue samples were taken from lung lesions (cases),
lung tissue of normal appearance from the dorsal sur-
face of the right diaphragmatic lobe (all controls) and
from the right apical lobe (20 controls). The samples
were fixed in 10% neutral buffered formalin for 24 h,
embedded in paraffin wax, sectioned (3e5 mm) and
stained with haematoxylin and eosin (HE). Tissue
sections for immunohistochemistry (IHC) were
mounted on SuperFrost�Plus slides (Mensel-gläser,
Braunschweig, Germany). Selected sections were
stained by Masson’s trichrome and phosphotungstic
acid haematoxylin to detect fibrin and collagen.
IHC for cytokeratin (Soerensen et al., 2005) was ap-
plied to confirm the presence of epithelial hyperplasia,
hyperplasia of type II pneumocytes and atelectasis.

Sections were examined systematically by evalua-
tion of the following structures in each section: bron-
chi, bronchioles and bronchus-associated lymphoid
tissue (BALT); alveolar ducts and alveoli, including
alveolar septa; peribronchial, peribronchiolar and in-
terlobular connective tissues; and pleura. BALT hy-
perplasia was graded as follows (Ross, 1999): (0)
absent; (+) mild diffuse infiltration of lymphocytes
in the peribronchial, peribronchiolar and perivascu-
lar tissues including the lamina propria of the airways;
(++) moderate increased diffuse infiltration of lym-
phocytes and/or presence of a few lymphoid nodules;
(+++) marked number of lymphoid nodules; or
(++++) extensive number of lymphoid nodules af-
fecting most of the lung section (Fig. 1aed). Alveolar
exudates were classified according to Bochsler and
Slauson (2002) as suppurative (neutrophils domi-
nated), non-suppurative (mononuclear inflammatory
cells dominated) or mixed (intermediate grades be-
tween suppurative and non-suppurative; Fig. 1eeg).
Hyperplasia of type II pneumocytes was present
when these cells lined more than 3% of the alveolar
surface area (Plopper and Adams, 2006) (Fig. 1h).
Crowding of type II pneumocytes in close proximity



Fig. 1. Porcine lung tissue with different histological lesions found in cases of CBP. (a) Mild BALT hyperplasia (+) showing diffuse
infiltration of lymphocytes (arrows) into the peribronchial, peribronchiolar and perivascular tissues including the lamina propria
of the airways. B, bronchiole; V, blood vessel. HE. Bar, 250 mm. (b)Moderate BALT hyperplasia (++) showing greater diffuse in-
filtration of lymphocytes and/or the presence of a few lymphoid nodules (N). B, bronchiole. HE. Bar, 250 mm. (c) Marked BALT
hyperplasia (+++) showing a considerable number of lymphoid nodules (N). B, bronchiole. HE. Bar, 250 mm. (d) Extensive
BALT hyperplasia (++++) showing an extensive number of lymphoid nodules (N) affecting most of the lung section. A com-
pressed bronchiole (B) can be seen. HE. Bar, 250 mm. (e) Suppurative alveolar exudates showing a cellular infiltrate dominated
by neutrophils in acute suppurative bronchopneumonia (ASBP). HE. Bar, 25 mm. (f) Non-suppurative exudates showing a cellular
infiltrate dominated bymononuclear inflammatory cells in chronic non-suppurative bronchopneumonia (CNBP). HE. Bar, 25 mm.
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Porcine Respiratory Disease Complex 123
to the interlobular connective tissue was not consid-
ered a significant lesion. Acute lesions were defined
as those with neutrophils as the dominant inflamma-
tory cell type, extensive oedema and/or fibrin exuda-
tion and absence of chronic signs. Chronic lesions
were characterized by fibroplasias, BALT hyperpla-
sia (of grade ++ to ++++), hyperplasia of bron-
chial or bronchiolar epithelium, presence of
bronchiolar polyps and alveolar polyp-like structures
with a fibrous core, hypertrophy of the smooth muscle
layer around bronchioles and alveolar ducts, and cel-
lular infiltrates primarily consisting of lymphocytes
and plasma cells. Lesions that were not strictly acute
or chronic (e.g. cellular infiltration dominated by
neutrophils, combined with moderate BALT hyper-
plasia as the only chronic lesion) were regarded as
subacute. Thus, the extent of acute versus chronic
signs determined the duration of the inflammatory re-
sponse. The histopathological diagnosis was regarded
as the definitive diagnosis.

Microbiology

Bacterial Culture. Swabs from lung lesions (cases) and
from macroscopically normal lung tissue of the right
diaphragmatic lobe (controls) were taken under ster-
ile conditions, plated on blood agar plates (blood agar
base CM 55; Oxoid, Basingstoke, UK; with 5% calf
blood) and incubated aerobically in a sealed plastic
bag at 37�C for 18e24 h. All samples were cross-inoc-
ulated with a v-factor producingAcinetobacter calcoaece-
ticus. Bacterial isolates were identified using standard
methods for phenotypic characterization as previously
described (Barrow and Feltham, 1993). Growth of P.
multocidawas evaluated semi-quantitatively according
to the number of bacterial colonies on the primary
plates: (+) weak growth with 1e25 colonies, (++)
dense growth with 25e300 colonies or (+++)
marked growth with >300 colonies. Streptococcus spp.
were differentiated by pulsed-field gel electrophoresis
and strains representing different genotypes were
identified by sequencing 16S rRNA (Chadfield et al.,
2004). All v-factor-dependent cultures were also sub-
jected to 16S rRNA sequencing to obtain a final iden-
tification. Mixed cultures demonstrating less than 25
colonies were regarded as contamination.

Mycoplasma and Virus Detection by Polymerase Chain Reac-

tion. Tissue samples from lung lesions (cases) and
macroscopically normal lung tissue (controls) were
frozen at �20�C and investigated by multiplex poly-
merase chain reaction (PCR; Pulmotest�, Landesla-
(g) Mixed exudates showing cellular infiltrate with both neutro
(SMBP).HE. Bar, 25 mm. (h)Marked hyperplasia of type II pn
pneumocytes. IHC. Bar, 25 mm.
bor Schleswig-Holstein, Food, Veterinary and
Environmental Diagnostic Institute of Schleswig-
Holstein, Neumünster, Germany), according to the
method described by Palzer et al. (2007). Pathogens
detected by the multiplex PCR were: SIV (influenza
A), PRRSV (both European and US type), PCV2,
PRCV, porcine cytomegalovirus (PCMV), M. hyop-

neumoniae and Mycoplasma hyorhinis.
Statistics

Data were analyzed statistically by Chi-square test or
by Fisher’s exact test when a small sample size necessi-
tated this. The analysis of number of pathogens in rela-
tion to lesion duration was carried out as a Poisson
regression. The degree of association was estimated by
Spearman-rho factor. All analyses were done with
SAS version 9.1 (SAS Institute, Inc., Cary, North Car-
olina) with significance of P< 0.05. Statistical analysis
was not carried out on groups that included less than
nine pigs and for this reason the results for PRRSVEu-
ropeanandUS typeswere pooled.When looking for as-
sociations between pathogens or combination of
pathogens and lesion duration, type of exudate or histo-
pathological diagnosis, we tested against the remaining
cases of CBP, excluding the control animals.
Results

Gross Pathology

Thegross lesions of all lungs in the case group (n¼ 148)
were consistent with cranioventral, lobular broncho-
pneumonia (Fig. 2a). Mucopurulent, purulent or
seromucous exudates were found in 7% (11/148)
acute, 18% (26/148) subacute and 75% (111/148)
chronic cases of CBP, respectively. Focal or multifocal
fibrotic pleurisy of the diaphragm lobes, without any
relation to the pneumonic lesions, was present in
36% (54/148) of these animals. Except for 13%
(8/60) of the control pigs, which had chronic focal
pleurisy, none of the controls had gross lesions. No
gross lesions were detected in the lymph nodes in ani-
mals from either group. Lymph node scores for the
cases of CBP were: score 0, 3% (4/146); score 1, 66%
(96/146); and score 2, 32% (46/146) and for the con-
trol pigs: score 0, 62% (34/55); score 1, 35% (19/55);
and score 2, 4% (2/55). A significant association was
present between lymph node enlargement and CBP
(P< 0.001). When the lymph node scores were
compared with the lesion duration (data not shown),
no significant association was found (P¼ 0.16).
phils and mononuclear cells in subacute mixed bronchopneumonia
eumocytes.More than 50%of the alveolar surface is lined by type II



Fig. 2. Porcine lung tissue with different lesions. (a) Gross appearance of chronic CBP. Inset shows lung tissue with a bronchial pattern of
pulmonary consolidation. (b) Suppurative bronchiolitis and concurrent epithelial hyperplasia (E). HE. Bar, 25 mm. (c) Oedem-
atous flooding of alveoli. HE. Bar, 50 mm. (d) Thickening of alveolar septa by collagenous (blue) tissue. Masson’s trichrome. Bar,
50 mm. (e) Alveolar polyp-like structures, P1 with a fibrinous core and P2 with cellular infiltrate. Both are covered by type I and
type II pneumocytes as shown by immunohistochemical labelling for cytokeratin expression. Bar, 25 mm. (f) Alveolar polyp-like
structure (P) with a collagenous core (blue). Masson’s trichrome. Bar, 15 mm. (g) Focal necrotic encapsulated tissue with central
mineralization (M). HE. Bar, 100 mm. (h) Mild thickening of alveolar septa from a pig in the control group. HE. Bar, 50 mm.
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Histopathology

Based on the histopathological examination, the lungs
in the case group (n¼ 148) were divided into acute
(7%, 10/148), subacute (16%, 24/148) or chronic
(77%, 114/148) cases of bronchopneumonia (BP).
The histopathological diagnosis (definitive diagnosis)
for all of the acute cases (n¼ 10) was suppurative BP
(ASBP). The subacute cases (n¼ 24) were subdivided
into suppurative BP (SSBP) (67%, 16/24), mixed BP
(SMBP) (25%, 6/24) or non-suppurative BP (SNBP)
(8%, 2/24), and the chronic cases (n¼ 114) were sub-
divided into suppurative BP (CSBP) (46%, 52/114),
mixed BP (CMBP) (32%, 37/114) or non-suppura-
tive BP (CNBP) (22%, 25/114). The main histopath-
ological findings are summarized in Table 1.

Microscopical lesions were found in the alveoli of
all lungs with CBP. The majority also had lesions af-
fecting bronchioles and/or alveolar ducts, often to-
gether with lesions in the interlobular connective
tissue. Bronchitis and bronchiolitis were mainly sup-
purative, with concurrent epithelial hyperplasia in
the subacute and chronic cases (Fig. 2b). In cases of
bronchiolitis, destruction of the epithelial lining in
the bronchioles was observed in 17% (1/6), 50%
(4/8) and 37% (11/30) of the acute, subacute and
chronic cases of CBP, respectively. The main finding
in the alveoli was infiltration of inflammatory cells
Table

Histopathological findings in the lungs fr

Control

(n¼ 60) Acute (n

n % n

Bronchitis 1 2 3

Bronchiolitis 1 2 6
Bronchiolar polyps 0 e 0

BALT hyperplasia†

0 41 68 4
+ 15 25 6

++ 4 7 0

+++ 0 e 0

++++ 0 e 0

Alveolar oedema 1 2 8

Fibrin exudation into alveoli 0 e 5

Type II pneumocyte hyperplasia 3 5 3
Thickening of alveolar septa 16 27 1

Alveolar polyp-like structures 0 e 2

Smooth-muscle hyperplasia 2 3 1

Interstitial oedema 2 3 7
Interstitial fibroplasia 2 3 1

Necrotic foci 0 e 0

*Cases of CBP were grouped as acute, subacute or chronic based on histol
†Hyperplasia of the BALT was scored as absent (0), mild (+), moderate
(neutrophils, lymphocytes and plasma cells), reflect-
ing the duration of the inflammatory response,
whereas macrophages were identified at all stages.
Oedematous flooding was a common finding in the al-
veoli in acute, subacute and chronic cases of CBP,
with the degree of oedema being more pronounced
in acute stages (Fig. 2c). Varying degrees of thicken-
ing of the alveolar septa, mainly by collagenous tissue,
were seen in 25% (37/148), of cases of CBP (Fig. 2d).
Alveolar polyp-like structures were seen in acute,
subacute and chronic bronchopneumonia, whereas
bronchiolar polyps only occurred in subacute and
chronic lesions. Alveolar polyp-like structures with
a fibrinous core could be observed in both acute and
chronic cases, whereas polyps consisting of collagen
were not present in acute cases (Fig. 2e,f). The major
findings in the interlobular connective tissues were
oedema, diffuse lymphocyte infiltration and/or fibro-
plasia. Other findings included hypertrophy of the
muscles around bronchioles and alveolar ducts and
hyperplasia of type II pneumocytes. Occasional find-
ings were vasculitis, thrombosis and areas of necrosis
with or without mineralization (Fig. 2g).

Not all combinations of these lesions were seen in
the lung sections. The lungs from three animals, diag-
nosed as acute (n¼ 1) or subacute (n¼ 2) according to
gross pathology, were definitely diagnosed as chronic
on the basis of histopathology. Microscopical lung
1

om control animals and cases of CBP

CBP*

¼ 10) Subacute (n¼ 24) Chronic (n¼ 114)

% n % n %

30 3 12 14 12

60 8 33 30 26
e 2 8 21 18

40 2 8 14 12
60 4 17 26 23

e 16 67 52 46

e 0 e 12 11

e 2 8 10 9

80 18 75 67 59

50 7 29 10 9

30 7 29 40 35
10 8 33 28 25

20 9 38 30 26

10 3 13 31 27

70 10 42 34 30
10 5 21 34 30

e 1 4 8 7

ogical evaluation.

(++), marked (+++) or extensive (++++).
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lesionswere seen in 50%(30/60) of the control animals
and no difference was observed between the samples
from the diaphragmatic and the cranioventral lobes.
The findings in these animals mainly included focal
or multifocal thickening of alveolar septa (Fig. 2h)
and/or mild BALT hyperplasia (Table 1).
Microbiology

A total of 12 potential pathogens (five bacterial spe-
cies, five viruses and two Mycoplasma spp.) were de-
tected and these are listed in Table 2. In general,
the frequencies of the pathogens were higher in the
case group compared with controls, except for
PCMV, which was more frequent in the controls
(though not significant). PRCV was not detected in
any of the pigs. Staphylococcus aureus, [H.] parasuis,
Table

Bacterial culture and multiplex PC

Pigs with CBP (n¼

Acute Subacute

ASBP

(n¼ 10)

SSBP

(n¼ 16)

SMBP

(n¼ 6)

SNBP

(n¼ 2)

n % n % n % n %

Bacterial culture

P. multocida†

+ 0 e 2 13 1 17 0 e

++ 2 20 5‡ 31 3‡ 50 1 50

+++ 7 70 8 50 1 17 1 50

S. suis 0x e 4 25 2 33 0 e

S. aureus 0 e 0 e 0 e 1 50

[H.] parasuis 0 e 0 e 0 e 0 e
A. pleuropneumoniae 0 e 0 e 0 e 0 e

Mixed culture 2 20 0 e 0 e 0 e

Sterile 0 e 0 e 0 e 0 e

Multiplex PCR

PCV2 10 100 14 88 6 100 2 100

PRRSV
EU type 1 10 3 19 0 e 0 e

US type 0 e 0 e 0 e 0 e

PCMV 3 30 3 19 1 17 0 e
SIV-A 0 e 0 e 0 e 0 e

M. hyopneumoniae 10 100 15 94 6 100 1 50

M. hyorhinis 9 90 13 81 6 100 2 100

Numbers and percentage of positive animals are listed for the 148 pigs wi

ASBP, acute suppurative bronchopneumonia (BP); SSBP, subacute suppur
BP; CSBP, chronic suppurative BP; CNBP, chronic non-suppurative BP; C

North American type); SIV-A, swine influenza virus type A; NS, not sign

virus.
*P values for differences between cases and controls were calculated by eit
†Growth of P. multocida was graded as weak growth (+), dense growth (+
‡The frequency of each pathogen detected in the diagnosis groupwas tested

test. Significant associations are marked by ‘‡’.
A. pleuropneumoniae and SIV-A were only detected in
one to five animals. S. aureus, [H.] parasuis, A. pleuro-
pneumoniae, PRRSV European and US type were
only found in the cases of CBP. When comparing
cases and controls according to pathogens (Table
2), all grades of P. multocida (P< 0.001eP¼ 0.004),
M. hyopneumoniae (P< 0.001) and M. hyorhinis

(P< 0.001) were found more frequently in the cases
of CBP. Furthermore, the finding of mixed cultures
and sterile samples was more frequent in the control
group than in the case group (P< 0.001). Significant
associations were observed between eight pairs of
pathogens among the diseased animals and between
two pathogens in the control group (Table 3).

A total of 63 different combinations of pathogens
were present, many of which were only found in a sin-
gle animal (n¼ 34; data not shown). Among the cases
2

R for viruses and Mycoplasma

148) Control animals

(n¼ 60)

P value*

Chronic

CSBP

(n¼ 52)

CMBP

(n¼ 37)

CNBP

(n¼ 25)

n % n % n % n %

4 8 4 11 6‡ 24 0 e 0.004

5 10 2 5 3 12 1 2 0.004

31 60 18 49 10 40 1 2 <0.001

7 13 8 22 6 24 6 10 NS

0 e 0 e 0 e 0 e NS

2 4 2 5 1 4 0 e NS
1 2 0 e 0 e 0 e NS

0 e 4 11 0 e 27 45 <0.001

5 10 3 8 4 16 25 42 <0.001

50 96 37 100 24 96 56 93 NS

2 4 1 3 1 4 0 e NS

1 2 0 e 0 e 0 e NS

15 29 7 19 6 24 26 43 NS
0 e 2 5 1 4 1 2 NS

51 98 35 95 24 96 21 37 <0.001

41 79 30 81 17 68 22 35 <0.001

th CBP in relation to diagnosis.

ative BP; SMBP, subacutemixed BP; SNBP, subacute non-suppurative
MBP, chronic mixed BP. PRRSV (EU type, European type; US type,

ificant; PCV2, porcine circovirus type 2; PCMV, porcine cytomegalo-

her the Chi-square or Fischer’s exact test as appropriate.
+) or marked growth (+++).

against the remaining cases of CBP by the Chi-square or Fischer’s exact



Table 3

Significant associations between pairs of pathogens

Associated pathogens P value* Spearman-rho factor

Animals with CBP (n¼ 148)

PCV2 and P. multocida (+)† 0.017 0.067
PCV2 and S. suis 0.021 0.088

PCV2 and M. hyopneumoniae 0.012 �0.038
PCV2 and PRRSV 0.013 0.048

PCV2 and PCMV 0.025 0.104
P. multocida (++) and M. hyorhinis 0.050 0.157

S. suis and M. hyopneumoniae 0.022 0.097

PRRSV and M. hyopneumoniae 0.014 0.052

Control animals (n¼ 60)

PCV2 and S. suis 0.032 0.105

*P values were tested by the Fischer’s exact test and the degree of

association was calculated by the Spearman-rho factor-test.
†Weak growth of P. multocida on the plate (+).
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of CBP and the control animals there were 51 and 23
different combinations of pathogens, respectively.
The 10 most frequent combinations are presented in
Table 4. Some combinations were seen in either dis-
eased or healthy animals. The three most frequent
combinations, only isolated from cases of CBP, were
combinations 1, 6 and 10 (Table 4). Likewise, the
two most frequent combinations, only seen among
the control animals, were mixed culture and PCV2,
and PCV2 as a solitary pathogen.
Table 4

The 10 most frequent combinations of pathogens

among cases of CBP and control animals

Combination number

1 2 3 4 5 6 7 8 9 10

Mixed culture �
P. multocida + �
P. multocida ++ �
P. multocida +++ � � �
S. suis �
PCMV � � �
PCV2 � � � � � � � � � �
M. hyopneumoniae � � � � � � �
M. hyorhinis � � � � � �

Frequency of combination (n¼)*
CBP

Acute 3 e 3† 1 e 1 e e e e

Subacute 4 1 3 3 e e e e e 1
Chronic 33 9 8 6 1 8 e e 3 4

Controls e 4 1 1 8 e 9 7 2 e

Growth of P. multocida defined as weak (+), dense (++) or marked

(+++).
*Number of animals with a given combination of pathogens.
†Significant association.
Associations between Microbiological and Histopathological

Findings

When testing associations of selected histological le-
sions (bronchiolar polyps, BALT hyperplasia, fibrin
exudation into alveoli, hyperplasia of type II pneu-
mocytes, thickening of alveolar septa, alveolar
polyp-like structures, necrotic foci) within the case
group, and subsequently within lesion duration
groups, to pathogens, significant results were ob-
tained for the following: in chronic cases with bron-
chiolar polyps, P. multocida (+++) was isolated
more frequently (P¼ 0.016); BALT hyperplasia
(grade ++ to ++++) was associated with
PCMV in chronic cases (P< 0.001); fibrin exudation
into alveoli was associated with the isolation of P. mul-
tocida (++) (P¼ 0.018); thickening of alveolar septa
was never seen when P. multocida (+) was isolated
(P¼ 0.013). Furthermore, in 78% (7/9) of cases
with necrotic foci, P. multocida (+++) was present,
although with an association of only borderline signif-
icance (P¼ 0.062). No association between histologi-
cal lesions and pathogens was found in the control
group.

Table 2 presents the frequencies of single patho-
gens, divided according to the diagnosis groups.
P. multocida was, as the only pathogen, isolated more
frequently from the following groups: P. multocida

(++) and SSBP (P¼ 0.054); P. multocida (++)
and SMBP (P¼ 0.037); and P. multocida (+) and
CNBP (P¼ 0.043). S. suis was not isolated from any
case of ASBP (P¼ 0.021). Significant associations
were not seen when comparing single pathogens and
type of exudate (suppurative, mixed and non-suppu-
rative) or lesion duration (acute, subacute and
chronic).

In Fig. 3 the number of pathogens detected in each
pig is listed for the lesion duration groups and the con-
trol group. At least one pathogen was detected in all
lung samples (cases and controls).Detection of a single
Fig. 3. The frequency of pathogen count detected in control
animals (n¼ 60) and in animals with CBP of acute
(n¼ 10), subacute (n¼ 24) or chronic (n¼ 114) type.
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pathogen (PCV2) occurred in seven animals, all from
the control group. The majority of pigs in the control
group had a significantly lower number of pathogens,
while cases of CBP had increased counts (P< 0.001).
Between lesion duration groups there was a tendency
to a lower count in the chronic cases compared with
acute and subacute cases; however, this difference
was not significant.

When comparing the 10 most frequent combina-
tions of pathogens and lesion duration groups (Table
4) the only significant association was combination
number 3, which was seen more frequently in the
acute cases (30%, 3/10) (P¼ 0.044) than in the sub-
acute (13%, 3/24) and chronic cases (7%, 8/114).
There were no significant associations when compar-
ing these combinations of pathogens with types of ex-
udate or histopathological diagnosis (data not
shown).
Discussion

Pneumonia can be classified as embolic, broncho-
pneumonia and interstitial or bronchointerstitial
(Caswell and Williams, 2007) based on the morpho-
logical pattern observed in experimental studies
and/or infections with single pathogens. The present
study of naturally occurring pneumonia recorded
a range of pneumonic lesions, but the predominant
pattern was bronchopneumonia associated with
thickening of the alveolar septa. In some animals
chronic lesions were accompanied by acute lesions,
which may represent the healing of acute pneumonic
lesions or the presence of two different disease inci-
dents. These cases of bronchopneumonia were also
characterized microscopically according to the esti-
mated duration of the disease process (i.e. as acute,
subacute or chronic). Few previous studies have fo-
cused on the histopathological findings in porcine
lungs with naturally occurring PRDC (Harms et al.,
2002), whereas many studies describe naturally oc-
curring gross lesions or the histopathology of experi-
mental coinfections. The pigs examined by Harms
et al. (2002) had clinical signs of respiratory disease
and therefore the lesions observed in that study
were more severe than in the pigs of the present
investigation.

The results of the present study show that the histo-
pathology of PRDC is complex, as nearly all pulmo-
nary reaction patterns can co-exist. Thickened
alveolar septa were observed in pigs from both control
and case groups, indicating that this finding is not en-
tirely related to bronchopneumonia. This lesion may
therefore be regarded as a pulmonary response to en-
vironmental factors associated with swine production
(e.g. dust and ammonia). Furthermore, thickening of
alveolar septa was not associated with the presence of
specific pathogens. Type II pneumocyte hyperplasia
occurred more frequently in pigs with CBP compared
with controls; however, the lesion did not appear to be
associated with the duration of disease, since it was
present in all diagnosis groups. In addition to the
bronchiolar polyps in the pigs with pneumonic le-
sions, there were also structures that resembled alveo-
lar polyps, (i.e. they protruded from the epithelial
surface in the alveoli and were covered by epithe-
lium). Three different forms of alveolar polyp-like
structures were identified (fibrinous, cell-infiltrated fi-
brinous and collagenous) and these probably repre-
sented different stages of the same initial lesion.
Alveolar polyp-like structures have not been
described previously in pigs and their significance is
undetermined.

Most authors define PRDC as a multifactorial re-
spiratory disease involving several pathogens (Harms
et al., 2002; Kim et al., 2003; Opriessnig et al., 2007;
Fachinger et al., 2008), whereas Thacker (2006) spec-
ifies PRDC as enzootic pneumonia (i.e. infection with
Mycoplasma spp. and opportunistic bacteria) aggra-
vated by respiratory viruses. Except for 14 animals,
Mycoplasma spp., bacteria and respiratory viruses
were identified in all cases of CBP in the present study.
This pathogen profile, combined with the pathologi-
cal findings, is in accordance with the diagnosis of
PRDC, although it is not possible to determine the or-
der of infection. Based on the pathogen combination,
‘classical’ enzootic pneumonia was only present in five
animals with CBP, which indicates that PRDC is
more prevalent in Danish finishing pigs compared
with enzootic pneumonia. This probably corresponds
to the findings in other countries, where a mixture of
Mycoplasma spp., bacteria and viruses are identified in
the majority of porcine pneumonias (Harms et al.,
2002; Kim et al., 2003; Palzer et al., 2007).

Twelve different pathogens were obtained from the
lungs and the spectrum of pathogens correlated with
observations made in other countries (Chiou et al.,
2004; Palzer et al., 2008). The following potential
pathogens (Thacker, 2001; Liljegren et al., 2003)
were only present in the case group: S. aureus, [H.] par-
asuis, A. pleuropneumonia and PRRSV (European and
US type). Therefore, these agents might represent
more aggressive pathogens in cases of PRDC, al-
though the difference in frequency between cases
and controls was not significant. The diversity and
number of pathogens were higher among the diseased
animals compared with the control group, supporting
the definition of PRDC as a multifactorial disease
(Harms et al., 2002), which should be considered
when diagnosing and treating cases of PRDC and in
prophylactic strategies. The observed tendency
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towards a lower number of pathogens in the chronic
cases of CBP (Fig. 3), compared with the acute and
subacute cases, could be explained by regression of
the infection and elimination of pathogens.

The pathogens detected most frequently from the
PRDC affected swine were PCV2, M. hyopneumoniae,
M. hyorhinis and P. multocida. These pathogens were
also found, but in different proportions, from pigs
with pneumonia in Germany (Palzer et al., 2008),
Taiwan (Chiou et al., 2004) and the USA
(Choi et al., 2003). The divergence in ratio of patho-
gens between these studies depends on the identifica-
tion methods used, differences in health status of the
animals, management factors of the farms and sea-
sonal variation, or it may simply reflect the complex
nature of pneumonia in swine (Sørensen et al., 2006).

In agreement with other studies (Chiou et al., 2004;
Palzer et al., 2008), with the exception of results from
the USA (Choi et al., 2003), PCV2was detected in the
majority of the lung samples in the present study. The
mere identification of PCV2 by PCR is not regarded
as diagnostic for PCV2-associated disease (i.e. porcine
circovirus disease), therefore the animals in the pres-
ent study may have been subclinically infected
(Opriessnig et al., 2007). PCV2 has the potential to re-
duce acquired immunity to other pathogens (Opriess-
nig et al., 2006) and vaccination against PCV2
reduced co-infections by secondary pathogens and
lowered the incidence of pulmonary coinfections
(Fachinger et al., 2008). In recent years it has been
speculated that PCV2 plays a part in PRDC and
this is now widely accepted (Harms et al., 2002;
Thacker, 2006). In the present study, PCV2 was
part of themajority of significant associations between
pairs of pathogens in the cases of CBP (Table 3).
Except forM. hyopneumoniae, PCV2 and the associated
pathogens had a positive influence on each other (i.e.
the presence of one increased the chance of finding the
other). Although PCV2 was also detected in samples
frommost control animals, there was only a single sig-
nificant association between PCV2 and other patho-
gens in this group. These findings indicate that
PCV2 could be involved in PRDC in Danish finishing
pigs, preparing the way for other respiratory patho-
gens or occurring as a secondary invader.

M. hyopneumoniae was significantly more prevalent
in cases of CBP compared with controls. This organ-
ism is an important pathogen in porcine pneumonia,
able to cause disease on its own and in combination
with other pathogens (Sørensen et al., 1997; Thacker,
2004). Co-occurrence was seen between M. hyopneu-

moniae and PRRSV or S. suis, which is in accordance
with other reports on pathogen interaction in respira-
tory disease (Thacker, 2001, 2004). The negative as-
sociation found between M. hyopneumoniae and PCV2
is of unknown significance. Recent studies indicate
that M. hyorhinis is also important in enzootic pneu-
monia and respiratory disease in general (Falk et al.,
1991; Kawashima et al., 1996; Lin et al., 2006). In
the present study, the isolation ofM. hyorhinis in a sig-
nificantly higher frequency from the CBP affected
pigs indicates that this pathogen does have an effect
on the development of PRDC in Danish swine.

Confirming previous results (Gois et al., 1975; Falk
et al., 1991), P. multocida was isolated from approxi-
mately 80% of the cases of CBP, which was signifi-
cantly higher than in the control group.
Furthermore, P. multocida was found with increased
frequency in some subacute (SSBP, SMBP) and
chronic (CNBP) lesions compared with other diagno-
sis groups.P. multocidawas also significantly associated
with histological lesions. This indicates that
P. multocida most likely is a secondary invading path-
ogen and aggravates the disease in cases of CBP,
which is in agreement with the literature (Morrison
et al., 1985; Hoie et al., 1991; Ross, 2006). The finding
of P. multocida in association with necrotic lesions has
also been reported in both naturally and experimen-
tally infected pigs (Berndt et al., 2002; Ono et al.,
2003; Pijoan, 2006). In the present study there was
a significant co-occurrence between P. multocida and
M. hyorhinis in natural cases of CBP, which is in accor-
dance with field studies by Falk et al. (1991).

S. suis is a natural inhabitant of the porcine respira-
tory tract, but is also associated with suppurative
bronchopneumonia; however, whether this organism
is a primary or secondary pathogen is still to be deter-
mined (Thacker, 2001; Higgins and Gottschalk,
2006). Although not significant, S. suis was isolated
from a higher proportion of PRDC affected animals
(45%) than controls (13%), suggesting that S. suis is
involved in PRDC. S. suis was isolated from signifi-
cantly fewer acute cases (ASBP) compared with sub-
acute and chronic cases, suggesting that it is
a secondary invading pathogen. Furthermore, co-oc-
currence was detected between S. suis andM. hyopneu-

moniae or PCV2, which supports the role of S. suis as an
opportunistic pathogen.

PCMV mainly causes rhinitis and pneumonia in
nursery pigs, but it has been associated with respira-
tory disease in pigs of other ages (Orr et al., 1988;
Yoon and Edington, 2006). In the present study,
PCMVwas the only pathogen isolated at a higher fre-
quency from the control animals (43%) compared
with the PRDC affected animals (24%), but a signifi-
cant association between PCMV and PCV2 was only
found in the cases of PRDC. Among the pathogen
combinations, combination number 3 (P. multocida,
PCMV, PCV2, M. hyopneumoniae and M. hyorhinis)
was seen more frequently in acute cases of CBP than
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in subacute and chronic cases. This combination only
differed from combination numbers 1 and 4 by the
presence of PCMV, thus it can be speculated that
presence of PCMV causes exacerbation of the disease.
To our knowledge PCMV has not been associated
with PRDC before, but the role of PCMV in PRDC
is controversial and needs to be elucidated.

In conclusion, PRDC occurs more frequently than
enzootic pneumonia among Danish finishing pigs.
The previously reported pathogen profile and multi-
factorial aetiology of PRDC are confirmed by the re-
sults of the present study. Furthermore, PCV2, S. suis
andM. hyorhinis are associated with PRDC, and S. suis
and P. multocida are likely to be involved as secondary
pathogens. The role of PCMV in PRDC should be
further elucidated. The histopathology of PRDC is
complex and nearly all pulmonary reaction patterns
can be observed in combination.
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