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ActinobaciUus pleuropneumoniae serotype reference strains and 204 A. pleuropneumoniae field strains
representing all 12 serotypes and both biovars 1 and 2, obtained from laboratories from various countries
worldwide, were analyzed for the presence of the toxin genes apxIC, apxlA, apxIB, apxID, apxIIC, apxIL4,
apxIIIC, apxIIL4, apxIIIB, and apxIIID by DNA-DNA hybridization with specific gene probes. Expression of the
toxins ApxI, ApxII, and ApxIII was assessed by immunoblot analysis with monoclonal antibodies. The results
show that the patterns ofapx genes and those of the expressed Apx toxins in biovar 1 field strains are the same
as those of the genes and toxins of corresponding serotype reference strain. We found only three strains which
had certain apx genes missing compared with the genes in their serotype reference strains. Analysis of the
expression of the three toxins showed that nearly all strains expressed their apx genes and produced the same
Apx toxins as their serotype reference strain. We found only one strain that did not produce ApxI, although it
contained the apxICABD genes, and one strain which did not express Apxll but which contained apxIICA.
Several field strains which initially showed that their serotype did not correspond to the apx gene profile of the
reference strain and which had an unexpected virulence for the given serotype revealed that their initial
serotyping was erroneous. We show that the apx gene profiles are inherent to a given serotype. The method
cannot differentiate between all 12 serotypes. However, it allowed us to distinguish five groups of toxin gene
patterns which showed pathological, toxicological, and epidemiological significance. None of the biovar 2
strains contained apxIII genes. The apxI and apxII genes in the biovar 2 strains, however, were the same as
those found in the serotype reference strains of biovar 1.

Actinobacillus pleuropneumoniae, the etiological agent of
porcine pleuropneumonia, can be differentiated into two bio-
vars (biovar 1, NAD dependent; biovar 2, NAD independent)
and into 12 serotypes (31). Serotyping is one of the most
important and most frequently used tools in epidemiology and
sanitation programs to control porcine pleuropneumonia (31).
Several different serotyping methods are currently used (33).
They are mainly based on the serologies of the lipopolysaccha-
rides and capsular polysaccharides. A complete analysis of the
chemical compositions of the capsular polysaccharide K anti-
gens and lipopolysaccharide 0 antigens of all 12 serotypes has
recently been accomplished (3, 35). The similarity or identity
ofK and 0 antigens of certain serotypes (3) explains the strong
cross-reactivity among certain groups of serotypes which were
described earlier (17, 27, 29, 32) and which strongly hinder the
typing of field strains and the epidemiological surveillance of
certain serotypes that cause severe outbreaks.
Among the 12 serotypes significant differences in virulence

have been observed. It has frequently been reported that
serotypes 1 and 5, and to some extent also serotypes 9 and 11,
are involved in severe outbreaks with high levels of mortality
and severe pulmonary lesions; the other serotypes are less
virulent, cause lower levels of mortality, but are frequently
found in outbreaks in many countries (4, 11, 26, 31, 36, 38).
Some serotypes, in particular serotype 3, are considered to be
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of very low virulence and of no epidemiological importance in
certain countries but seem to be epidemic in others (4, 9, 30,
31).

It is most likely that the degree of virulence of the different
A. pleuropneumoniae serotypes is for the most part associated
with the exotoxins expressed by the different strains (13, 19).
Three different exotoxins, the strongly hemolytic ApxI, the
weakly hemolytic ApxII, and the nonhemolytic ApxIII, which
all belong to the pore-forming RTX toxins have been identified
(15). Characteristically, it is known that strains belonging to
the strongly hemolytic serotypes 1, 5, 9, and 11, for which it was
shown that their reference strains produce ApxI, are particu-
larly virulent in experimentally infected mice (13, 24).

Genetic analyses have been conducted and the expression of
Apx toxins has been studied so far in A. pleuropneumoniae
serotype reference strains. The genetic determinants for ApxI
or ApxIII are operons consisting of the four genes apxICABD
or apxIIICABD, respectively, as is characteristic for RTX
toxins, where apxlA codes for the structural toxin, apxIC codes
for an activation protein, and apxIB and apxID code for two
proteins involved in the secretion of the toxin. The genetic
determinant for ApxII consists of an operon with the genes
apxIICA but which lacks the typical genes for secretion (Fig. 1)
(6, 15, 18, 25, 39). The complete apxI operon is found in
serotype reference strains 1, Sa, Sb, 9, 10, and 11 (Fig. 1), which
are strongly hemolytic and produce ApxI. The apxII operon
and the expression of ApxII are found in all serotypes except
serotype 10, and the apxIII operon is found in serotypes 2, 3, 4,
6, and 8, which produce ApxIII (Fig. 1) (15). It is, however, not
known whether this is representative for strains isolated from
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FIG. 1. Operons of the three RTX toxins ApxI, ApxII, and ApxIII in A. pleuropneumoniae serotype reference strains. Open boxes represent

genes of the apxI operon, grey boxes represent genes of the apxII operon, and dark grey boxes represent genes of the apxIII operon. Broken boxes
represent 3'-terminal truncated apxLA or 5'-terminal truncated apxIB genes. Solid bars represent the segments of the hybridization probes. Data
for the apx operons were compiled from hybridization experiments in this paper and from previously published data (6-8, 14, 15, 18, 20-23).

the field. In order to get a better view of the impact of the
different Apx toxins in virulence and epidemiological relevance
and to determine whether the production and the gene profiles
of the different Apx toxins can be correlated to a given
serotype of A. pleuropneumoniae, we analyzed the expression
and the genetic bases of ApxI, ApxII, and ApxIII in 204 field
isolates of A. pleuropneumoniae representing all 12 serotypes
and both biovars, which we received from various countries
worldwide. This analysis shows that the apx gene profiles are
stable in strains of a given serotype.

MATERLILS AND METHODS

Bacterial strains and plasmids. A. pleuropneumoniae refer-
ence strains of the following serotypes were used: serotype 1,
4074; serotype 2, S1536; serotype 3, S1421; serotype 4, M62;
serotype 5a, K17; serotype 5b, L20; serotype 6, fem0; serotype
7, WF83; serotype 8, 405; serotype 9, CVI 13261; serotype 10,
13039; serotype 11, 56153; serotype 12, 8329, as described
previously (16). A. pleuropneumoniae field strains were ob-
tained from various countries including Australia, Belgium,
Brazil, Canada, the Czech Republic, Denmark, France, Italy,
Japan, The Netherlands, Norway, Romania, Spain, Sweden,
Switzerland, Taiwan, the United Kingdom, and the United
States. They were retyped by the indirect hemagglutination
test, the agar gel diffusion test (34), and the ring precipitation
test (28).A. pleuropneumoniae strains were grown in Columbia
broth (BBL Microbiology Systems, Cockeysville, Md.) supple-
mented with 0.01% 3-NAD (Sigma Chemicals Co.) and 25
mM CaCl2 at 37°C with shaking. Escherichia coli XL1-Blue,
supE44 hsdR17 recAl endAl gyrA96 thi relAl del[proAB-lac],
F'[proAB lacIq lacZdelM15, TnlO (Tcr)] (5), was used as the
host for recombinant plasmids. E. coli strains were grown in

Luria Bertani broth (2). Culture media were supplemented
with 25 ,ug of ampicillin per ml for the selection for pBlue-
scriptlISK- or 25 ,ug of tetracycline per ml for the cultivation
of strain XL1-Blue. DNA fragments for the use of gene probes
were cloned on vector pBluescriptIlSK- (Stratagene, La Jolla,
Calif.). Plasmid pJFF750 was the source of apxICABD genes
(18).

Hybridization DNA probes and PCR amplification. Hybrid-
ization DNA probes for the A. pleuropneumoniae apxI genes
were isolated from plasmid pJFF750, which originated fromA.
pleuropneumoniae serotype 1 strain 4074 (18). The probe for
apxIC was a 400-bp SspI-XhoI fragment, the probe for apxIB
was a 2.1-kbp BglII-BglII fragment, and the probe for apxID
was a 600-bp EcoRI-EcoRV fragment of pJFF750 (Fig. 1). The
probe for apxlA was generated by PCR amplification of the
3.0-kbp coding sequence of apxlA with the primers HLYIA-L
(5'-TGGCTAACTCTCAGCTCG-3') and HLYIA-R (5'-ATA
GACTAACGGTCCGCC-3'), corresponding to the beginning
and the end of apxLA, respectively, and subsequent digestion
with EcoRV to produce a 2.2-kbp fragment lacking the very
3'-terminal end of apxL4.
The probes for the apxII genes were produced by PCR

amplification by using chromosomal DNA of A. pleuropneu-
moniae serotype 1 strain 4074. The probe for apxILA was a
2.9-kbp PCR product amplified with the primers APP5A-LT
(5'-CCCATATGGATCCGTCAAAAATCACTTTGTCAT
CATT-3') and APP5A-RT (5'-TCCGGAATFCAAGCGGCT
CTAGC'TAATTGA-3') according to the beginning and the
end of the apxILA sequence, respectively (Fig. 1). The probe for
apxIIC was obtained by PCR amplification of the apxIICA
genes by using the primers APP5C-LT (5'-CGCGGATCCG
TTGCCTTGTTTTCCTTCAC-3') and APP5A-RT, corre-
sponding to the beginning apxIIC and the end of the apxIIA
sequence, respectively (7), and subsequent isolation of the
400-bp NdeI fragment containing apxIIC (Fig. 1).
The probes for the apxIII operon were obtained by PCR

amplification of serotype 2 S1536 chromosomal DNA. Primers
APXIIIC-L1 (5'-CGGGATCCGACTAACTATATAAlTAA-
3') and APXIIIA-R1 (5'-CGGGATCCTAGAATAGCCAT
AGG-3'), corresponding to the 5' end of apxIIIC and the 3'
end of apxIIIA, respectively, were used to amplify a 3.8-kbp
fragment containing apxIIICA. It was cloned into the BamHI
site of vector pBluescriptlISK-. The probe for apxIIIC was
obtained as a 570-bp BamHI-Asp700 fragment; the probe
for apxIIIA was obtained as a 3.2-kbp BamHI-Asp700 frag-
ment. The genes apxIIIBD were amplified by using the prim-
ers APXIIIBD1-L (5'-CCCAAACTAACCGTTACC-3') and
APXIIIBD1-R (5'-GCAATAACGCTCATTCCA-3') and di-
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gestion of the PCR product with the restriction enzyme NcoI.
The probe for apxIIIB was the 1.7-kbp fragment, and the probe
for apxIIID was the 1.5-kbp fragment.
As a control for the hybridization of the dot blots we used

the gene encoding 16SrRNA of A. pleuropneumoniae serotype
1 which was amplified by PCR by using the universal primers
UNI16SRNA-L (5'-AGAGlTTIGATCATGGCTCA-3') and
UNI16SRNA-R (5'-GTGTGACGGGCGGTGTGTA-3').
Dot blot hybridizations. For dot blot hybridizations bacterial

cells, at a concentration of about 109 cells per ml, were lysed in
10 mM Tris-HCl (pH 9)-50 mM KCl-0.01% gelatin-1.5 mM
MgCl2-0.1% Triton X-100-0.05 mg of proteinase K per ml-20
mM dithiothreitol-1.5 ,M sodium dodecyl sulfate (SDS) for 1
h at 37°C. Proteinase K was inactivated for 10 min at 95°C. A
total of 20 ,ul of lysate was denatured with 50 RI of 1 M NaOH
for 30 min and neutralized by adding 50 RI of 1 M HCI. Dot
blot hybridization was carried out with a Bio-Rad Bio-Dot
apparatus on Hybond C-extra nitrocellulose filters (Amersham
plc, Little Chalfont, United Kingdom) as described elsewhere
(2).
DNA probes were labelled with [32P]dCTP (3,000 Ci/mmol;

Amersham plc) by random priming (12). Hybridizations were
carried out for 18 h at 37°C in 5x SSC ( x SSC is 0.15 M NaCl
plus 0.015 M trisodium citrate [pH 7.0])-50% formamide-5%
polyethylene glycol 6000-0.5% SDS-100 jig of denatured and
sonicated salmon sperm DNA per ml. Filters were washed in
0.1% SDS-0.1x SSC at 25°C corresponding to the melting
temperature of DNA-DNA duplexes with about 75% sequence
identity. Autoradiography was carried out for 6 h on Fuji RX
films by using an intensifying screen. As a control of the
relative DNA concentrations on the dot blot, filters were
washed two times for 30 min in 0.2 M NaOH, neutralized for
30 min in 0.1 M Tris HCl (pH 7.5) to remove the hybridized
probes, and then rehybridized with the PCR-amplified 16Sr-
RNA gene probe of A. pleuropneumoniae.

Analysis of expression of ApxI, ApxII, and ApxIII. Expres-
sion of the toxins ApxI, ApxII, and ApxIII by the different
strains was assessed by immunoblot analysis with monoclonal
antibodies. Toxins in cell-free 6-h culture supernatants were
concentrated 50 times by 55% saturated ammonium sulfate
precipitation. Aliquots of 50 p1 of concentrated supernatants,
diluted 2:3 in sample buffer, were separated on SDS-9%
polyacrylamide gels and were transblotted to Immobilon P
membranes (Millipore). The membranes were then incubated
with monoclonal antibody Int 40-4-5-1 to detect ApxI, mono-
clonal antibody Int 16-10-1 to detect ApxII, and monoclonal
antibody Int 33-8-1-2 to detect ApxIII. Antibody binding was
visualized by successive incubation with peroxidase-conjugated
goat anti-mouse immunoglobulin G (heavy and light chains;
Kirkegaard & Perry Laboratories, Gaithersburg, Md.), urea
peroxide, and 3,3'-diaminobenzidine-4HCl.

RESULTS

The genotypic and phenotypic analyses of the three Apx
toxins were performed with A. pleuropneumoniae serotype
reference strains and 5 to 34 field isolates of each serotype by
using dot blot hybridization and immunoblotting. The results
are given in Table 1.

Analysis of apx genes in A. pleuropneumoniae strains. Dot
blot hybridization of A. pleuropneumoniae field strains was
carried out by using DNA probes for the individual genes
apxIC, apxL4, apxIB, apxID, apxIIC, apxIL4, apxIIIC, apxIIL4,
apxIIIB, and apxIIID. The probe for the apxL4 gene was
truncated at its 3' end (Fig. 1) in order to avoid hybridization
with the short 3'-end apxLA segment present upstream of the

apxIBD genes of the truncated apxI operons in serotypes 2, 4,
6, 7, 8, and 12 (14, 15, 21). No cross-hybridization between the
individual genes was detected. The gene probe for apxlA did
not distinguish between the two variants of the apxlA gene (14,
21). The apx gene profiles of the serotype reference strains
(Table 1) were as described previously (15, 22) and are shown
in Fig. 1.
Among the 191 biovar 1 field strains analyzed, 188 showed

the same apx genes as their respective serotype reference strain
(Table 1). Three of them had altered gene patterns. Serotype
2 strain 19/79 from the United Kingdom lacked the apxIIIC-
ABD genes. Serotype 6 strain 1166 originating from Denmark
lacked the entire apxII operon and was nonhemolytic when
grown on blood agar plates. Serotype 11 strain S499/92 from
Switzerland lacked genes apxICA and was only weakly hemo-
lytic on blood agar plates. It was difficult to serotype this strain,
which showed cross-reactions with several other serotypes.

Several biovar 1 strains showed a gene pattern which did not
correspond to that of the initially determined serotype. How-
ever, upon retyping of these strains we found that the initial
serotype was erroneous and that the newly determined sero-
type corresponded in most cases to the apx gene pattern of the
corresponding reference strain. In particular we analyzed
strains originating from pleuropneumonia outbreaks, which
initially were typed as serotype 3 strains. These strains had an
apx gene pattern that was atypical for serotype 3 strains
because of the presence of the apxIB and apxID genes (giving
an apx gene profile the same as those for serotypes 2, 4, 6, and
8). The presence of apxIB and apxID in these strains was also
associated with the secretion of the ApxII toxin into the growth
medium at a much higher level than that by serotype 3 strains,
which lack apxIB and apxID (data not shown). Retyping of
these strains revealed that they were serotype 8 strains and
hence had a typical apx gene pattern for this serotype (Fig. 1).
Serotyping of these strains, however, proved to be extremely
difficult because of cross-reactions between serotype 3 and 8
strains. For four field strains from various origins no obvious
serotype could be determined. Their gene profile was the same
as those for serotype 7 and 12 reference strains. However, data
for these strains are not included in Table 1.

Biovar 2 field strains of serotypes 2 and 4 showed an apx
gene profile different from those of biovar 1 strains with these
serotypes. All strains of both serotypes were devoid of apxII-
ICABD. They contained apxIBD and apxIICA genes as their
biovar 1 analogs. The gene profiles of biovar 2 strains of
serotypes 7 and 9 were the same as those for biovar 1 strains
with these serotypes.

Expression of ApxI, ApxII, and ApxIII. The immunoblot
analysis showing the expression of ApxI, ApxII, and ApxIII
toxins by specific monoclonal antibodies in the serotype refer-
ence strains reflected the presence of the corresponding apx
genes in these strains. Four toxin-producing groups can be
distinguished. Group 1, which included serotypes 1, Sa/b, 9,
and 11, produced toxins ApxI and ApxII; group 2, which
included serotypes 2, 3, 4, 6, and 8, produced toxins ApxII and
ApxIII; group 3, which included serotypes 7 and 12, produced
toxin ApxII; and group 4, which included serotype 10, pro-
duced only ApxI.
The 204 field strains of biovars 1 and 2 showed a correlation

between the Apx toxins that they produced and the presence of
the corresponding apx4 gene for the toxins with the exception
of only two strains, indicating that the apx genes are in general
expressed. Serotype 2 strain 618 showed no production of
ApxII (Table 1), despite the presence of the apxIICA genes,
which were present in full length, as verified by PCR analysis
with the primers corresponding to the beginning of apxIIC and
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TABLE 1. apx genotypes and Apx phenotypes of A. pleuropneumoniae reference and field strains

Sero- Bio- Phenotype Genotype
type type Strain no. Origintypetype ~~~~~~~ApxIApxII ApxIII apxIC apxL4 apxIB apxID apxIIC apxIL4 apxIIIC apxIIL4 apxIIIB apxIIID

1 1 4074 Reference strain + + - + + + + +
1 13 field strains Four different countries + + - + + + + +

2 1 S1536 Reference strain - + + - - + + +
1 17 field strains Five different countries - + + - - + + +
1 618 The Netherlandsa - - + - - + + +
1 19/79 United Kingdom' - + - - - + + +

3 1 S1421 Reference strain - + + - - - - +
1 9 field strains Two different countries - + + - - - - +

+ --

+ + + + +
+ + + + +
+ ± + + +
+ --

+ + + + +
+ + + + +

4 1 M62 Reference strain
1 5 field strains Spain

_ + + _ - + + +
_ + + _ - + + +

+ + + + +
+ + + + +

Sa 1 K17 Reference strain + + - + + + + +
5b 1 L20 Reference strain + + - + + + + +
5 1 18 field strains Five different countries + + - + + + + +

6 1 fem4 Reference strain - + + - - + ± +
1 16 field strains Three different countries - + + - - + + +
1 1166 Denmark' - - + - - - +

7 1 WF83 Reference strain - + - - - + + +
1 34 field strains Nine different countries - + - - - + + +

8 1 405 Reference strain - + + - - + + +
1 24 field strains Nine different countries - + + - - + + +

9 1 CV113261 Reference strain + + - + + + + +
1 16 field strains Five different countries + + - + + + + +

10 1 13039 Reference strain + - - + + + +
1 11 field strains Five different countries + - - + + + +
1 269 Norway' - - - + + + +

11 1 56153 Reference strain + + - + + + + +
1 8 field strains Two different countries + + - + + + + +
1 S499/92 Switzerland" - + - - - + + +

12 1 8329 Reference strain - + - - - + + +
1 15 field strains Four different countries - + - - - + + +

+ --
+ --

+ + + + +
+ + + + +
_ + + ± +

+ -
+ -

+ + + + +
+ + + + +

+ --

2 2 4 field strains Switzerland

4 2 1 field strain Italy

7 2 2 field strains Italy

9 2 6 field strains Italy

- + _- - + + +

- + - - + + +

_ + _- - + + +

+ + - + + + + +

Strains with the same Apx gene patterns as the reference strain but with toxin phenotypes different from that of the reference strain.
b Strains with Apx gene patterns and toxin phenotypes different from those of the reference strain.

to the end of apxIL4 (data not shown). Serotype 10 strain 269 in biovar 1 strains originating from very different geographic
expressed no ApxI (Table 1), despite the presence of the full locations worldwide. This indicates that the apx operons are

apxI operon. For this strain we verified the full length of the inherent to their serotypes. The analysis of production of the
apxICA genes by PCR with primers corresponding to the different toxin proteins ApxI, ApxII, and ApxIII revealed that

beginning of apxIC and the end of apxL4 (data not shown). in all except two strains analyzed the structural toxin genes are

These two strains therefore seem to contain punctual muta- . .
s

tions in either the promoters or the coding sequences of lexpressd strains expressing Apx A were hem

apxIICA (strain 618) or apxICA (strain 269). lytic and strains expressing ApxIIA but not ApxIA were weakly

hemolytic, we conclude that not only the structural toxin genes

DISCUSSION apxL4 apxIL4, respectively, genes

DISCUSSION apxlC and apxIIC, respectively, were expressed. The two
Our hybridization results revealed a high degree of correla- strains that did not express ApxI or ApxII but that possessed

tion between the serotypes and the pattern of apx toxin genes apxICA or apxIICA, respectively, are thought to contain punc-

+ --
+ --
+ --

+ --
+ --

+ --

+ --
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tual mutations in the promoter or the coding regions. Such
strains are rare, however, and the presence of the apx toxin
genes can be considered potential indicators of the production
of the corresponding Apx toxins.
At a first glance, we observed much less correlation between

the apx gene profiles and the serotypes which were initially
given to the field strains. However, retyping of the strains
revealed that their initial serotypes were erroneous. After
retyping the strains used in the study, we observed a very high
degree of correlation between the serotype and the apx gene
profiles. Of particular interest were several strains that were
initially believed to be serotype 3 strains and that were known
to be virulent and isolated from A. pleuropneumoniae out-
breaks. These field strains showed an apx profile that was

different from that of the serotype 3 reference strain because of
the presence of the apxIBD genes. In contrast to the serotype
3 reference strain (13), they also strongly secreted ApxII, which
we assumed was due to the apxIBD gene products. Retyping of
these strains revealed that they belonged to serotype 8. In this
respect it must be noted that the serological differentiation
between serotypes 3 and 8 is difficult because of the presence
of the same 03 antigen in both of these serotypes (3, 35).

It is interesting that three strains which showed divergent
apx gene profiles were lacking either apxICA or apxIICA or the
complete apxIII operon, suggesting that deletions might have
occurred at hot spots of recombination or via the action of
insertion sequence-like elements. It has been shown previously
that spontaneous deletions of approximately 8 kbp in length
can occur, removing the apxIICA genes from serotype 7 strains,
which seemed to be induced by insertion sequence-like se-

quences (1). It must also be noted that it was difficult to
attribute unambiguously the serotype to these strains with
atypical apx gene patterns. Unless the chemical structures of K
and 0 antigens of such strains have been determined and their
serological cross-reactions established, it is not clear whether
they could represent an unknown serotype or a subtype. The
same could be the case for four strains, data for which are not
included in Table 1, which gave a toxin gene profile like those
for serotypes 7 and 12 but which could not be serotyped.

It has been speculated before that the different Apx toxins of
A. pleuropneumoniae are involved in virulence, in particular on

the basis of the observation that the reference strains of
serotypes 1, 5, 9, and 11, which are known to be involved in
highly virulent outbreaks, all produced the toxin ApxI (13, 16,
24). The results of the present study support this view, since it
allows direct comparison between virulence, serotype, toxin
genes, and the expression of Apx toxins in field strains. In this
respect it is interesting that several strains which we received
and which were reported to be highly virulent but which
belonged to one of the serotypes generally known for their low
virulence were shown in our study to express ApxI and to
contain the apx gene profile of the group of serotypes 1, 5, 9,
and 11. Retyping of these strains then revealed the true
serotypes to be 1, 5, 9, or 11.

Thirteen strains of biovar 2 belonging to serotypes 2, 4, 7,
and 9 were tested. They showed no genes of the apxIII operon,
leading to a different gene pattern for serotypes 2 and 4
compared with those of biovar 1 strains. With regard to the
apxI and apxII genes, biovar 2 strains have the same patterns as
their corresponding serotypes of biovar 1. The biovar 2 strains
of serotypes 7 and 9 therefore show the same apx gene profiles
as their biovar 1 analogs. It has been described previously (10)
that biovar 2 strains of serotype 2 were less virulent than biovar
1 strains of the same serotype. Although we did not use the
same strains in our study, the difference in virulence that we
observed might be explained by the lack of ApxIII in biovar 2

strains and would support previous findings on the involvement
of the ApxIII toxin in virulence (37).

In conclusion, we showed that the apx genes of A. pleuro-
pneumoniae are inherent to a given serotype and are an
indication of the degree of virulence of a given strain. Typing
of apx genes in A. pleuropneumoniae by means of specific
hybridizations or PCR-based methods to reveal genes apxICA
and apxIICA and the apxIII operon or significant parts of these
genes or the analysis of expression of the different Apx toxins
by specific antibodies therefore represents a valuable tool
complementary to the serotyping of A. pleuropneumoniae in
diagnostics and epidemiology. In addition, the results of the
study will have a large impact in the design of efficient vaccines
for the prevention of porcine pleuropneumonia.
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