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Amplified fragment length polymorphism (AFLP) was evaluated as a method for genotypic characterization
and subtyping within the bacterial species Actinobacillus pleuropneumoniae. A total of 155 isolates of A.
pleuropneumoniae, representing the serotypic variation described to occur within this species, were analyzed. In
order to elucidate the species boundaries, six strains of the phylogenetically closely related species Actinoba-
cillus lignieresii were also included. Furthermore, the ability of AFLP to subtype was studied using 42 isolates
of serovar 2 and the performance compared to that obtained by pulsed-field gel electrophoresis (PFGE). AFLP
analysis provided a clear separation of A. lignieresii and A. pleuropneumoniae and divided the isolates of A.
pleuropneumoniae into 20 clusters. Most of the serovars of A. pleuropneumoniae were represented by single and
quite homogeneous clusters. The exceptions were serovars 10, K2:O7, and K1:O7, which were represented by
two clusters each. In the cases where the serovars were represented by more than one cluster, the existence of
these clusters was supported by additional phenotypic or genotypic properties. Furthermore, AFLP typing was
able to allocate serologically nontypeable isolates to appropriate genetic groups within the species. Further
investigations are needed to determine whether some of the clusters revealed through AFLP analysis represent
additional serovars. When evaluated as a method for subtyping within serovar 2 of A. pleuropneumoniae, AFLP
was found to achieve a degree of separation among isolates superior to that obtained by PFGE. However, a
higher degree of separation between serovar 2 isolates was obtained by a combination of the two methods.

Actinobacillus pleuropneumoniae is a gram-negative, encap-
sulated respiratory pathogen of swine and the causative agent
of porcine pleuropneumonia (14). The disease occurs world-
wide and has resulted in large economic losses to the swine
industry. At present, 15 different serovars and two biotypes
have been described (4). Serovar specificity is predominately
due to structural differences in the capsular polysaccharides
and for most serovars also differences in lipopolysaccharides
(37). In some strains, an unusual pattern of surface antigens
can occur, e.g., in strains having a capsular polysaccharide
similar to that of serovar 2 and a lipopolysaccharide structure
similar to that of serovar 7, which are designated K2:O7 (34).
Virulence studies indicate considerable differences in virulence
between serovars (7, 20, 40).

Serotyping has been the most commonly used technique for
epidemiological monitoring of the disease in swine herds and
for subsequent decisions on herd health status, prevention,
therapy, and eradication. Many countries have long-term pro-
grams for targeting specific serovars of A. pleuropneumoniae
(19). In Denmark, serological monitoring is a central part of
the health classification in the specific-pathogen-free (SPF)
system (26). In a geographically restricted area, usually a few
serovars dominate. In North America, serovars 1, 5, and 7 are
the most commonly isolated, whereas in Germany, serovars 2,
7, and 9 are the most prevalent (14). In Korea, serovars 2, 5,
and 6 predominate (30), whereas in the United Kingdom,
serovars 2, 3, and 8 are the most common (29). In Denmark,

serovars 2, 5, and 6 account for approximately 94% of the
strains isolated from swine with clinical diseases (22). How-
ever, due to the restricted numbers of serovars that tend to
dominate in different regions, serotyping often fails to provide
substantial epidemiological information.

Previous studies have shown that strains within a given ser-
ovar of A. pleuropneumoniae are genetically very similar, un-
derlining that A. pleuropneumoniae seems to have a clonal
population structure (32). Limited discrimination within a ser-
ovar was obtained using multilocus enzyme electrophoresis
(MLEE) (31) and ribotyping (11). A higher level of discrimi-
nation within a serovar was obtained by pulsed-field gel elec-
trophoresis (PFGE), which could subdivide 12 strains belong-
ing to the same ribotype into seven distinct types (9).

A. pleuropneumoniae is genetically closely affiliated with
Actinobacillus lignieresii (6, 25), a bacterium commonly found
in the mucosal membranes of cattle and the cause of chronic
infections in the tongue and jaw (tree tongue). These species
can phenotypically be separated only on account of A. pleuro-
pneumoniae being NAD dependent and hemolytic on blood
agar (25). However, some strains of A. pleuropneumoniae are
NAD independent (biovar 2) (39), and some strains of A.
pleuropneumoniae are only weakly hemolytic. The animal spe-
cies of isolation can be used as a supportive criterion for
species identification; however, there exist a few reports on the
isolation of A. lignieresii from swine as well (14). The 16S
rRNA gene sequences of these two species differ by only 2
nucleotides (10), so their genotypic separation has been based
on other genes, such as, for instance, omlA and apxIV (15, 41).
So far, the genotypic relationship between these two species
has not been thoroughly investigated.

Amplified fragment length polymorphism (AFLP) (46) is a
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highly versatile DNA fingerprinting method that is based on
selective amplification of restriction fragments. AFLP has been
widely used for identification of molecular markers in both
eucaryotes and procaryotes for the purpose of genetic mapping
(3, 28), differentiation of closely related organisms at the spe-
cies and strain levels (27), detection of DNA polymorphisms in
genome evolution studies (23), bacterial taxonomy (21), out-
break investigations (24, 44), and genome-wide expression
analysis (2, 43). Until now, AFLP has not been evaluated for
any species belonging to the genus Actinobacillus. In the
present investigation, the method was used for analysis of A.
pleuropneumoniae and A. lignieresii strains in order to elucidate
the genotypic relationship between these two species as well as
to investigate the intraspecies diversity of A. pleuropneumo-
niae. Furthermore, the utility of AFLP and PFGE for typing of
A. pleuropneumoniae isolates belonging to serovar 2 was also
evaluated.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The Actinobacillus strains used for
this study are listed in Table 1. In addition to 16 reference strains representing
serovars 1 to 15 (including serovars 5A and 5B), 93 Danish field isolates of A.
pleuropneumoniae, all originating from different herds, were included in the
study. These isolates represent serovars 1 (n � 6), 2 (n � 33), 5 (n � 10), 6 (n � 9),
7 (n � 7), 8 (n � 3), 10 (n � 4), 12 (n � 8), K1:O7 (n � 6), and K2:O7 (n � 5)
and serologically nontypeable isolates (n � 2). In addition, one isolate of serovar
8 from the United Kingdom and two Canadian isolates of serovar K1:O7 were
included. Out of the 33 isolates representing serovar 2, 20 isolates originated
from nine cases of putative transmission of disease between Danish SPF herds.
Six of these cases of transmission have earlier been investigated by ribotyping
(11). In addition, eight serovar 2 strains from Canada, Hungary, Norway, Swit-
zerland, and The Netherlands, which were earlier investigated by PFGE (9),
were also included. To investigate the stability of the AFLP fingerprints, 26
additional isolates of serovar 10 and 9 serologically nontypeable isolates, all
collected during a 3-month period from the same herd (45), were included. All
together, a total of 155 isolates of A. pleuropneumoniae were included in the
study. In order to evaluate the species boundaries, six strains of the phylogeneti-
cally closely related species A. lignieresii were analyzed. These included the
reference strain ATCC 49236T as well as five field isolates from Belgium, Den-
mark, Scotland, the United States, and Zimbabwe (Table 1).

All isolates of A. pleuropneumoniae were grown on PPLO agar (Difco),
whereas all isolates of A. lignieresii were grown on Columbia agar supplemented
with 5% bovine blood. All strains were incubated at 37°C overnight in atmo-
spheric air.

Serotyping and PCR typing of A. pleuropneumoniae. All the Danish field
isolates of A. pleuropneumoniae were serotyped by a latex agglutination test (12).
Each isolate was tested with latex particles coated with polyclonal antibodies
produced against whole cells of reference strains of A. pleuropneumoniae repre-
senting serovars 1 through 15. When the latex agglutination test showed a
cross-reaction between different serovars, the isolates were also tested by immu-
nodiffusion or indirect hemagglutination to determine the serovar (33).

Characterization of strains by serovar-specific PCR tests and by PCR typing
based on the apx and omlA genes was performed, following methods published
earlier (16, 22, 42). Typing of strains belonging to serovars 1 and 7 was performed
using a cps-based PCR test developed by Angen et al. (1) (the primer sequences
and PCR procedure are available on request).

AFLP analysis. Bacterial genomic DNA was extracted by using an EasyDNA
kit (Invitrogen) according to the manufacturer’s instructions. Five microliters of
DNA samples, containing approximately 300 to 500 ng of genomic DNA, was
digested with 10 U each of the EcoRI and BspDI restriction enzymes (New
England Biolabs) in a restriction buffer containing 10 mM Tris-acetate (pH 7.5),
10 mM Mg-acetate, 50 mM K-acetate, 5 mM dithiothreitol, and 50 ng of bovine
serum albumin per ml (46). The total reaction volume was 20 �l. Digestion was
carried out in a water bath at 37°C for 2 h. Subsequently, 5 �l of digested
genomic DNA was mixed with 15 �l of a ligation mixture containing 2 pmol of
a double-stranded EcoRI adapter consisting of oligonucleotide sequences 5�-A
ATTGCAAGAGCTCTCCAGTAC-3� and 5�-TAGTACTGGAGAGCTCTTG
C-3�, 20 pmol of a double-stranded BspDI adapter consisting of oligonucleotide

sequences 5�-CGGACTAGAGTACACTGTC-3� and 5�-GATCGACAGTGTA
CTCTAGTC-3�, 1 U of T4 DNA ligase (Amersham), 2 �l of 10� ligase buffer
(supplied with the enzyme), and 8 �l of the restriction buffer. Ligation was
carried out overnight at room temperature.

Modified genomic restriction fragments were amplified by using nonselective
EcoRI (5�-GGAGAGCTCTTGCAATTG-3�) and BspDI (5�-GTGTACTCTAG
TCCGAT-3�) primers. The EcoRI primer was labeled at the 5� end with 6-car-
boxyfluorescein dye. The amplification was performed with a final volume of 50
�l. The reaction mixture contained 2 �l of a 10-fold-diluted ligation product, 200
�M of each of the four deoxyribonucleoside triphosphates, 2.5 mM MgCl2, 20
pmol EcoRI primer, 20 pmol BspDI primer, 1.5 U of AmpliTaq DNA polymer-
ase (Applied Biosystems), 500 mM KCl, and 100 mM Tris-HCl (pH 8.3). The
amplification was performed with a programmable thermal cycler by using an
initial denaturation step at 94°C for 3 min followed by 30 cycles consisting of
denaturation at 94°C for 60 s, annealing at 54°C for 60 s, and extension at 72°C
for 90 s. The final cycle included a 10-min extension step at 72°C.

Amplification products were detected with an ABI 377 automated sequencer
(Perkin Elmer) according to the manufacturer’s instructions. Data collection,
preprocessing, fragment sizing, and pattern analysis were done by using Gene-
Scan 3.1 software (Applied Biosystems). Numerical analysis was performed using
BioNumerics 4.1 software (Applied Maths). Levels of similarity between finger-
prints were calculated by using the Dice similarity coefficient (SD). Clustering of
fingerprints was performed with the unweighted-pair group method using aver-
age linkages (UPGMA).

PFGE. The preparation of bacterial DNA for PFGE was performed as de-
scribed by Olsen et al. (35). DNA embedded in agarose plugs was digested with
the restriction enzyme SpeI (New England Biolabs) for 4 h according to the
manufacturer’s instructions. Electrophoresis was performed for 24 h at 14°C
using the CHEF Bio-Rad DRIII electrophoresis system at 12 V cm�1. The
program used a pulse time starting with 1 s and increasing to 10 s after 24 h. Gels
were stained in ethidium bromide solution and photographed under UV light.
Gel photographs were subsequently scanned and analyzed with BioNumerics 4.1
(Applied Maths). The band patterns in the range of 20 to 200 kb were compared
using SD and UPGMA clustering.

The discriminatory powers of both AFLP and PFGE were calculated by using
Simpson’s index of diversity (18).

RESULTS

General features and reproducibility of the AFLP finger-
prints. Amplification of EcoRI-BspDI DNA templates with
AFLP primers yielded banding patterns consisting of approx-
imately 90 fragments in the size range of 50 to 500 bp. In order
to assess the reproducibility of the obtained profiles, 10 ran-
domly selected samples were analyzed in duplicates. The re-
peated analysis was performed with fresh subcultures of the
selected strains and included all steps of the AFLP assay. For
all strains tested, identical banding patterns were obtained in
the two runs, and only slight variations in band intensities were
observed.

Relationship between A. lignieresii and A. pleuropneumoniae
strains. In this study, AFLP was used for characterization of
161 A. lignieresii and A. pleuropneumoniae strains. Numerical
analysis of AFLP data revealed two clearly distinguishable,
species-specific clusters, with an overall similarity of 61.8%
(Fig. 1B). The six analyzed A. lignieresii strains showed six
different AFLP patterns, forming a cluster at a linkage level of
80.3%. The 155 analyzed A. pleuropneumoniae strains revealed
71 different AFLP profiles, with an overall similarity of 80.6%.
The discriminatory index for A. pleuropneumoniae was 0.96.

The A. pleuropneumoniae cluster was divided into two sub-
groups, A and B, which were formed at linkage levels of 82%
and 86%, respectively (Fig. 1A and B). Strains of A. pleuro-
pneumoniae were further divided into 20 clusters or branches
(c1 to c20 in Fig. 1A and B). With a threshold of 93%, each
cluster essentially corresponded to the serovar of the isolates.
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TABLE 1. Actinobacillus pleuropneumoniae and Actinobacillus lignieresii strains analyzed in this study

Strain designation(s)a Serovarb Origin Note

A. pleuropneumoniae
Shope 4074T 1 Argentina Reference strain
1536 2 Switzerland Reference strain
S 1421 3 Switzerland Reference strain
M 62 4 United States Reference strain
K 17 5A United States Reference strain
L 20 5B United States Reference strain
Femø 6 Denmark Reference strain
WF 83 7 Canada Reference strain
405 8 Irland Reference strain
13261 9 The Netherlands Reference strain
D 13039 10 Denmark Reference strain
56153 11 The Netherlands Reference strain
8329 12 Denmark Reference strain
N-273 13 Hungary Reference strain
3906 14 Denmark Reference strain
HS 143 15 Australia Reference strain

4475; 5689; 10356/94; 3162/93; 608/94; 4987/93 1 Denmark Field isolates

4226; 1198/93; 671-6; 427; BS5125; BS5199; 11302; 15332; 12798-1; 14476; 15427; 16257;
7503826

2 Denmark Field isolates

30011-2; 30009-1 2 Denmark Field isolatesc

1010-20; 830-9 2 Denmark Field isolatesc

KB 47; GSP 27 2 Denmark Field isolatesc

752-1; 751-22 2 Denmark Field isolatesc

31661; 31738 2 Denmark Field isolatesc

30680; 21802-1; 21822-1 2 Denmark Field isolatesc

12783/98; 13843/98; 15609/98 2 Denmark Field isolatesc

7403410; 7503209 2 Denmark Field isolatesc

7504039; 7504439 2 Denmark Field isolatesc

1141-2; 2993-2 2 Canada Fussing (9)
Hg84 2 Norway Fussing (9)
4257 2 Switzerland Fussing (9)
1604; 3619 2 The Netherlands Fussing (9)
U21; U35 2 Hungary Fussing (9)

375-93; 724-93; 30564; 1315-93; BS5351; 4226; 5532-1; 16847; 3692-1; 30886-1 5 Denmark Field isolates

2410-93; 770-1; 10270; BS5282; BS5297; BS5347; 6151; 5181; 5431 6 Denmark Field isolates

14277; 5390-A; 4114/91; 14273/98; 4420-1; 11666-7; 14805-1/98 7 Denmark Field isolates

17102-18; 10654; 5166 8 Denmark Field isolates
6396 8 United Kingdom Field isolate

300-91; 2863/93; 2091-2/94; 16755/96 10 Denmark Field isolates
15994-1; 16287-5; 17102-3; 17102-5; 17102-13; 17102-14; 17102-15; 17102-17; 10226-2;

10226-3; 10226-13; 10226-14; 10226-15; 10226-16; 10907-3; 10907-4; 10907-5; 10907-7;
10907-15; 10907-16; 11469-2; 11469-9; 11469-13; 11614-8; 11614-10; 16827-8A

10 Denmark Field isolatesd

1096; 30078-93; 30009-4; 10198; BS5201; BS5231; BS5313-1; BS5587 12 Denmark Field isolates

7303739; 30901-3; 17233/97; 5254/88; 3054/98; 15053-6 K1:O7 Denmark Field isolates
91-781H-27E; 91-781J-1B K1:O7 Canada Field isolates

7317; 10278; 2534; 15360/96; 12323/98 K2:O7 Denmark Field isolates

17102-10; 17102-11; 10907-1; 10907-11; 10907-13; 11990-6; 11990-7; 11614-6; 16287-1 NT Denmark Field isolatesd

5779/98; 5692 NT Denmark Field isolates

A. lignieresii
ATCC 49236T United States Bovine isolate
P 671 Denmark Human isolate
Ac 3 Zimbabwe Bovine isolate
B 96/11 Belgium Bovine isolate
NCTC 4191 United States Bovine isolate
CCUG 22227 Scotland Ovine isolate

a All but underlined strains of serovar 2 were analyzed by PFGE.
b NT, serologically nontypeable isolates.
c Serovar 2 isolates from SPF herds (bold type) and neighboring conventional herds from nine cases of putative transmission of the disease.
d Isolates obtained from a single herd during a 3-month period (45).
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The only exception was cluster c18, which contained strains of
serovar 1 as well as the reference strains of serovars 9 and 11.
Subgroup A (Fig. 1A) included strains belonging to serovars 5,
6, 7, 8, 10, 12, K1:O7, K2:O7, and 10 of the serologically
nontypeable isolates. This subgroup also included serovars 3, 4,
13, 14, and 15, which were represented by a single reference
strain. Subgroup B (Fig. 1B) included strains belonging to
serovars 1 and 2 as well as two single representatives of sero-
vars 9 and 11. This subgroup included also a single strain
having serovar K1:O7 (branch c19) and a single strain that was
serologically untypeable (cluster c20).

Each of the reference strains of serovars 1, 2, 3, 4, 6, 8, 9, 10,

11, 13, 14, and 15 showed a unique AFLP fingerprint, while the
reference strains for serovars 5A, 5B, 7, and 12 shared common
AFLP profiles, with four, one, four, and seven field isolates,
respectively. Different degrees of genomic diversity were de-
tected within different A. pleuropneumoniae serovars. The low-
est levels of genomic diversity were found among strains be-
longing to serovars 1, 5, 6, 7, and 12, whose overall AFLP
profile similarities were 97.5%, 98%, 97.5%, 98.3%, and
98.1%, respectively. Moderately higher levels of diversity were
detected among the strains belonging to serovars 2, 8, and 10,
which showed overall AFLP profile similarities of 92.1%, 93%,
and 92.3%, respectively. The highest levels of genomic diver-

FIG. 1. Relatedness between A. pleuropneumoniae and A. lignieresii isolates as inferred from their AFLP profiles. Similarity was calculated by
using SD, and the dendrogram was produced by using UPGMA. c1 to c20, distinct clusters and branches obtained by comparison of AFLP data;
A to E, PFGE types detected earlier and defined by Fussing (9); PF-1 to PF-11, PFGE types detected in this study; a to i, serovar 2 isolates from
SPF herds and neighboring conventional herds from nine cases of putative transmission of the disease.
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sity were observed within serovars K2:O7 and K1:O7, which
had overall AFLP profile similarities of 83.6% and 86%, re-
spectively. All strains of a given serovar were found in the same
cluster, except for serotypes 10, K2:O7, and K1:O7, which were
represented by two clusters each.

Comparison of the AFLP profiles of 11 serologically non-
typeable isolates revealed their affiliations to different serovars.
Two of these isolates, 5779/98 and 5692, showed AFLP profiles
that were identical to the profiles of five serovar 2 and seven
serovar 6 isolates, respectively. The allocations of these two
strains to their respective serovars were confirmed using a
serovar-specific PCR test (22). The nine remaining serologi-
cally nontypeable isolates were isolated from the same herd
during a 3-month period. Seven of these isolates showed in-
distinguishable AFLP profiles (cluster c17) (Fig. 1A). One
serologically untypeable isolate was closely related (99%
AFLP profile similarity) to a group of 26 AFLP-indistinguish-
able serovar 10 strains, which were also isolated from the same
herd during a 3-month period (cluster c1) (Fig. 1A), while 1
isolate showed an AFLP profile that was most similar (92.2%
similarity) to serovar 7 strains (branch c10) (Fig. 1A).

Discriminatory power of AFLP within A. pleuropneumoniae
serovar 2. Among the 43 analyzed serovar 2 strains, including
the nontypeable serovar-2-like isolate 5779/98, 26 unique
AFLP profiles were detected. The discriminatory index for
serovar 2 was 0.95. Numerical analysis of AFLP data showed
four discrete groups, at linkage levels of 97.5%, 98.3%, 95.7%,
and 92.1% (cluster c20) (Fig. 1B). The grouping did not cor-
relate with the spatial or temporal origins of the strains, i.e.,
strains isolated from neighboring herds over a short period of
time showed different AFLP profiles, while strains isolated
several years apart at distant geographical localities showed
identical AFLP fingerprints. Strains U35 (Hungary), 1141-2
(Canada), 4257 (Switzerland), and 2993-2 (Canada), having
PFGE types C, D, E, and G, respectively (9), showed different
AFLP profiles. Strains U21 (Hungary) and 1604 (The Nether-
lands), having PFGE type B, showed indistinguishable AFLP
profiles, which were, however, different from the AFLP profile
of strain Hg84 (Norway), which had PFGE type B as well (9).
Distinct AFLP profiles were also obtained from reference
strain 1536 (Switzerland) and strain 3619 (The Netherlands),
both having PFGE type A.

Twenty serovar 2 isolates originated from nine cases of pu-
tative transmission of disease between Danish SPF herds and
neighboring conventional herds (Table 1). Thirteen of these
isolates were earlier analyzed by ribotyping (11). In only two
cases did an isolate obtained from an infected SPF herd show
an AFLP profile identical to the profile of an isolate obtained
from a corresponding neighboring herd. In a single case, the
isolates obtained from an SPF herd and a corresponding neigh-
boring herd had highly similar (99% similarity) AFLP profiles
(cluster c20) (Fig. 1B). In six cases, the AFLP profile of an
isolate derived from an SPF herd was different (92.3 to 97.3%
similarity) from the profile obtained from an isolate obtained
from a neighboring herd. However, the analysis also showed
that three epidemiologically unrelated isolates (30011-2, 752-1,
and 31661) obtained from different SPF herds had identical
AFLP profiles. Two other isolates (1010-20 and 30680), which
also originated from different SPF herds, had AFLP profiles

identical to those of the epidemiologically unrelated strains
U35 (from Hungary) and Hg84 (from Norway), respectively.

PFGE separation within A. pleuropneumoniae serovar 2.
Among 37 serovar 2 isolates that were analyzed by PFGE in this

FIG. 2. Relatedness among serovar 2 isolates as inferred from
PFGE profiles produced after digestion with the SpeI restriction en-
zyme. A to E, PFGE types detected earlier and defined by Fussing (9);
PF-1 to PF-11, PFGE types detected in this study; a to i, serovar 2
isolates from SPF herds and neighboring conventional herds from nine
cases of putative transmission of the disease.
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study (Table 1), 17 different pulsed-field (PF) types, having an
overall similarity of 75%, were detected (Fig. 2). The discrimina-
tory index of PFGE was 0.81. Eight isolates earlier investigated by
PFGE using the same restriction enzyme were allocated to PF
types as reported by Fussing (9). Fifteen Danish isolates and
strain 4257 from Switzerland shared a common PF type that was
earlier designated type E (9). Danish field isolates 30680 and
13843/98 also shared a common PF type (PF-3), as did isolates
KB47, 752-1, and 751-22 (PF-7) (Fig. 2). Strains U21 (Hungary)
and 1604 (The Netherlands) and five Danish field isolates, which
all shared a common AFLP profile, showed four distinct PF types
(B, E, PF-6, and PF-7) (Fig. 1B and 2). Isolates Hg84 (Norway),
7503209, 30680, and 751-22 (Denmark), having identical AFLP
profiles, showed PF types B, E, PF-3, and PF-7, respectively.
Isolates 14476/96 (PF type E) and 15427/96 (PF-2) also shared a
common AFLP profile, as did isolates 12789-1/97 and 7503826,
having PF-11 and PF type E, respectively.

DISCUSSION

The AFLP method used in this study possesses several prop-
erties that are desirable for an efficient typing method, i.e.,
universal typeability, high reproducibility, and high discrimina-
tory power. All strains investigated were found to be typeable,
and a sufficient number of bands were obtained to give a high
discriminatory index. The reproducibility of the method was
also found to be high despite the minor variation observed
upon analysis of identical samples. These variations consisted
exclusively of differences in band intensities (i.e., the heights of
the peaks), which presumably occurred due to slight variations
in amplification efficiency and/or variances in loading of sam-
ples in the detection step, but they were insufficient to alter the
conclusion made regarding the interstrain relationships.

The stability of the typing method was assessed using two
groups of isolates (clusters c1 and c17) (Fig. 1A) collected from
the same herd, from six sows and their piglets, during a
3-month period (45). Cluster c17 comprised seven serologically
nontypeable strains, all showing indistinguishable AFLP pro-
files, while cluster c1 comprised 27 isolates from this herd, of
which all but 1 (11907-13) were found to be typeable as serovar
10. Among these 27 isolates, all but 2 (11907-13 and 16287-8A)
had identical AFLP patterns. The AFLP profiles of isolates
11907-13 and 16287-8A differed from the AFLP profile that
was common for the remaining isolates of the clusters at 1 and
10 positions, respectively. The rather close genetic relatedness
of isolate 11907-13 and the other serovar 10 strains in cluster
c1 indicates that they likely present the same clonal line in spite
of small differences in their AFLP profiles. This seems not to
be the case with isolate 16287-8A, whose more pronounced
AFLP polymorphism could not likely be explained by alter-
ation in genetic composition in a short time frame. The two
different clones of serovar 10 were probably introduced to this
herd by the sows. Interestingly, cluster c1 comprised also iso-
late 16755/96, which was obtained from a different herd several
months earlier than the remaining strains of the cluster. This
indicates that the AFLP pattern remains stable in a clonal line
of A. pleuropneumoniae replicating in a host animal.

A clear separation between the strains of A. pleuropneumo-
niae and A. lignieresii was found. This provides additional evi-
dence that these two species represent distinct genetic entities,

in spite of their high phenotypic similarity and close phyloge-
netic relationship as evaluated by 16S rRNA gene sequencing
(6, 10), and is in concordance with previous observations con-
cerning the ability of AFLP to distinguish isolates within a
given genus to the level of a species (27, 36).

Earlier investigations of A. pleuropneumoniae by MLEE
have shown that the species has a predominantly clonal pop-
ulation structure (31, 32). A similar conclusion could be de-
duced from the results of the present investigation, where most
of the serovars were represented by single and relatively ho-
mogeneous clusters. In this study, genetic homogeneity was
particularly high among isolates of serovars 1, 5, 6, 7, and 12.
Chatellier et al. (5) have also reported substantial genetic ho-
mogeneity among Canadian isolates of serovar 5 collected over
a 14-year period that could not be differentiated by means of
random amplified polymorphic DNA analysis and showed only
minor variations in their PFGE profiles, while genetic homo-
geneity among isolates of serovar 6 were demonstrated by
Møller et al. (31). However, Chatellier et al. (5) found a more
pronounced diversity within serovar 1, while in the study of
Møller et al. (31), isolates of serovars 7 and 12 showed more
genetic diversity than those of the remaining serovars. Hamp-
son et al. (17) also found limited diversity among isolates of
serovars 3 and 7 by using MLEE. The low levels of diversity
within serovars 1, 7, and 12 found by AFLP analysis in this
study are probably due to the limited number of isolates ana-
lyzed as well as the fact that the isolates were derived from a
restricted geographic region. Analysis of isolates derived from
distant geographical regions and obtained over larger time
frames may reveal a better overview of genetic diversity within
these serovars.

The AFLP analysis revealed a more pronounced genetic
diversification within serovars 10, K2:O7, and K1:O7. Genetic
diversity within serovar 10 has not been reported earlier.
Strains of this serovar were found in two clusters: c1, repre-
senting isolates from two different Danish herds, and c3, in-
cluding the serovar reference strains as well as three Danish
field isolates from different herds. All isolates of both clusters
were found to have identical apx and omlA profiles when in-
vestigated by the PCR typing method described by Gram et al.
(16). However, most of the isolates of cluster c1 have earlier
been reported to show serological cross-reactions to serovar 3
(45). Further investigations are needed in order to determine
whether the isolates found in cluster c1 represent a new sero-
logical variety within A. pleuropneumoniae.

Strains representing serovar K2:O7 (34) were found in clus-
ters c8 and c11 (Fig. 1A). The genetic heterogeneity among
these strains was confirmed by testing these strains with PCR
tests targeting the cps genes. The three strains of cluster c8
gave rise to amplicons similar in size to those from serovar 2
(22) and serovar 8 (42), whereas the two strains of cluster c11
gave rise to the species-specific omlA amplicon only (22).

Genetic heterogeneity was also found within serovar K1:O7
(13), represented by cluster c12 and branch c19. The seven
strains of cluster c10 all produced amplicons of the same size
as those from serovar 1 when the cps-based PCR test described
by Angen et al. (1) was used, whereas the single strain on
branch c19 produced an amplicon of the same size as that from
serovar 7 in the same PCR assay. Furthermore, the apx genes
of the two clusters also differed, i.e., the single strain on branch
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c19 had an apx profile similar to that of serovar 10, whereas the
strains of cluster c12 had apx profiles similar to those of sero-
vars 7 and 12.

Eleven serologically nontypeable isolates were also included
in the investigation. Seven of these isolates showing indistin-
guishable AFLP profiles (c17) (Fig. 1A) were isolated from the
same herd (45) and likely represent a single clone. The genetic
compositions of these isolates are apparently quite different
from those of any other known serovar, which exemplifies that
diversity within the species exceeds the genetic boundaries
associated with the known serovar. One serologically nontype-
able isolate (5779/98) was found in cluster c20, together with
all isolates representing serovar 2, and another (5692) was
found in cluster c7, representing serovar 6. Interestingly, both
isolates were typeable as serovars 2 and 6, respectively, when
the cps-based PCR test of Jessing et al. (22) was used, indicat-
ing that they represent capsuleless varieties of the organism.
One nontypeable isolate (11907-13) was found in cluster c1,
together with isolates of serovar 10. The nontypeable isolate
originated from the same herd as 26 other isolates of this
cluster. The last nontypeable isolate (11614-6) was located as a
single strain on branch c10, most closely related to serovar 7
strains. This isolates differed, however, from the serovar 7
isolates of cluster c9 by not producing any serovar 7-specific
amplicon in the cps-based PCR test of Angen et al. (1).

At the arbitrarily chosen level of 93% similarity, which was
used as threshold for cluster definition in this study, only one
cluster was heterogeneous regarding the serovars of the
strains, i.e., cluster c18, containing strains of serovar 1 as well
as the reference strains of serovars 9 and 11. This finding is in
accordance with previous investigations where a close relation-
ship with regard to apx toxins (8), omlA types (16), and surface
antigens (37) has been shown between these three serovars.

In summary, we have found that all the clusters revealed
through analysis of the AFLP patterns represent subpopula-
tions within the species A. pleuropneumoniae corresponding
generally to the serovars of the isolates. In the cases where the
serovars are represented by more than one cluster, the exis-
tence of these clusters is supported by additional phenotypic or
genotypic properties. Furthermore, AFLP typing was able to
allocate serologically nontypeable isolates to appropriate ge-
netic groups within the species. Further investigations are
needed to determine whether some of the clusters revealed
through the AFLP analysis represent additional serovars
within the species.

In Denmark, serovar 2 accounts for approximately 60% of
the strains isolated from swine with clinical disease. Conse-
quently, a high degree of separation between isolates of this
serovar is of great importance for epidemiological purposes.
Møller et al. (31) analyzed 250 isolates, 212 of these originating
from Denmark, by MLEE, dividing the isolates into 35 distinct
electrophoretic types (ETs). The 110 isolates belonging to ser-
ovar 2 were divided into four different ETs, with one of the
ETs representing 106 of the isolates, resulting in a low level of
discrimination by MLEE within serovar 2. Fussing et al. (11)
evaluated ribotyping in an epidemiological study of Danish
isolates of A. pleuropneumoniae. The 220 isolates were divided
into 26 distinct ribotypes. However, also here the discrimina-
tory power within one serovar was rather low. Within serovar
2, there were found eight ribotypes among 105 isolates, with

the two dominating ribotypes representing 91% of the isolates.
A higher level of discrimination within a serovar was obtained
by PFGE, which could subdivide 12 isolates belonging to the
same ribotype into seven distinct PF types (9). Eight of these
isolates, representing six of the PF types, were also available
for this study. All of these isolates showed different AFLP
profiles (Fig. 1B). Furthermore, AFLP provided additional
separation among three isolates sharing PF type B and two
isolates belonging to PF type A.

To further evaluate the performance of the two methods, we
have comparatively analyzed 37 of the serovar 2 isolates. The
discriminatory index for AFLP (0.95) was found to be higher
than that for PFGE (0.83). However, on several occasions
strains that could not be differentiated by AFLP showed slight
differences in their PFGE profiles and vice versa. AFLP anal-
ysis of serovar 2 strains originating from cases of putative
transmission of the disease between SPF and neighboring
herds indicated possible transmission in three of nine cases. In
one of these three cases, the corresponding strains also had
identical PFGE profiles, while in two cases, the corresponding
strains showed slight differences in their PFGE profiles. Fur-
thermore, common AFLP profiles were also observed between
isolates from Denmark, the United Kingdom, and Hungary.
The existence of such widespread clones makes firm epidemi-
ological conclusions difficult. This underlines the importance
of a thorough investigation of the genetic variation within a
bacterial population before conclusions about epidemiological
relationships can be determined. These observations also indi-
cate the high clonality within this serovar of A. pleuropneumo-
niae, which poses a great challenge for the development of an
efficient subtyping system. Therefore, for the time, a combina-
tion of the two methods, supplemented with thorough epide-
miological information, seems necessary for investigations of
transmission of a disease caused by serovar 2.

In conclusion, the present investigation has shown that
AFLP represents a valuable tool for typing of A. pleuropneu-
moniae isolates, regardless of the taxonomic level that it was
applied to. A clear separation between the two affiliated
species A. lignieresii and A. pleuropneumoniae was demon-
strated. AFLP was found to separate the isolates into well-
defined groups, generally corresponding to the serovars.
AFLP could further be used for description of genotypic
variation within some of the serovars and for successful
classification of nontypeable isolates within the population
of A. pleuropneumoniae.

ACKNOWLEDGMENTS

We thank Jannie Jensen and Katja Kristensen for excellent technical
assistance.

This investigation was partly financed by a grant from Danish
Slaughterhouses’ Basic Research Fund II.

REFERENCES

1. Angen, Ø., S. G. Jessing, P. Ahrens, and T. Inzana. 2005. Identification of
Actinobacillus pleuropneumoniae serotypes 1, 7, and 12 by multiplex PCR
based on the genes involved in encapsulation, p. 34. In Pasteurellaceae 2005.
Proceedings of ASM Conference on Pasteurellaceae. American Society for
Microbiology, Washington, DC.

2. Bachem, C. W. B., R. S. van der Hoeven, S. M. deBruijn, D. Vreugdenhil, M.
Zabeau, and R. G. F. Visser. 1996. Visualization of differential gene expres-
sion using a novel method of RNA fingerprinting based on AFLP: analysis of
gene expression during potato tuber development. Plant J. 9:745–753.

3. Becker, J., P. Vos, M. Kuiper, F. Salamini, and M. Heun. 1995. Combined

3928 KOKOTOVIC AND ANGEN J. CLIN. MICROBIOL.



mapping of AFLP and RFLP markers in barley. Mol. Gen. Genet. 249:
65–73.

4. Blackall, P. J., H. L. Klaasen, H. Van Den Bosch, P. Kuhnert, and J. Frey.
2002. Proposal of a new serovar of Actinobacillus pleuropneumoniae: serovar
15. Vet. Microbiol. 84:47–52.

5. Chatellier, S., J. Harel, D. Dugourd, B. Chevallier, M. Kobisch, and M.
Gottschalk. 1999. Genomic relatedness among Actinobacillus pleuropneumo-
niae field strains of serotypes 1 and 5 isolated from healthy and diseased pigs.
Can. J. Vet. Res. 63:170–176.

6. Dewhirst, F. E., B. J. Paster, I. Olsen, and G. J. Fraser. 1992. Phylogeny of
the Pasteurellaceae determined by comparison of 16S ribosomal nucleic acid
sequences. J. Bacteriol. 174:2002–2013.

7. Dom, P., and F. Haesebrouck. 1992. Comparative virulence of NAD-depen-
dent and NAD-independent Actinobacillus pleuropneumoniae strains.
Zentbl. Vet. Med. Ser. B 39:303–306.

8. Frey, J. 1995. Virulence in Actinobacillus pleuropneumoniae and RTX toxins.
Trends Microbiol. 3:257–261.

9. Fussing, V. 1998. Genomic relationships of Actinobacillus pleuropneumoniae
serotype 2 strains evaluated by ribotyping, sequence analysis of ribosomal
intergenic regions and pulsed-field gel electrophoresis. Lett. Appl. Micro-
biol. 27:211–215.

10. Fussing, V., B. J. Paster, F. E. Dewhirst, and L. K. Poulsen. 1998. Differ-
entiation of Actinobacillus pleuropneumoniae strains by sequence analysis of
16S rDNA ribosomal intergenic regions, and development of a species spe-
cific oligonucleotide for in situ detection. Syst. Appl. Microbiol. 21:408–418.

11. Fussing, V., K. Barfod, R. Nielsen, K. Møller, J. P. Nielsen, H. Wegener, and
M. Bisgaard. 1998. Evaluation and application of ribotyping for epidemio-
logical studies of Actinobacillus pleuropneumoniae in Denmark. Vet. Micro-
biol. 62:145–162.

12. Giese, S. B., E. Stenbaek, and R. Nielsen. 1993. Identification of Actinoba-
cillus pleuropneumoniae serotype 2 by monoclonal or polyclonal antibodies in
latex agglutination tests. Acta Vet. Scand. 34:223–225.

13. Gottschalk, M., A. Lebrun, S. Lacoture, J. Harel, C. Forget, and K. R.
Mittal. 2000. Atypical Actinobacillus pleuropneumoniae isolates that share
antigenetic determinants with both serotypes 1 and 7. J. Vet. Diagn. Investig.
12:444–449.

14. Gottschalk, M., and D. J. Taylor. 2006. Actinobacillus pleuropneumoniae, p.
563–576. In B. E. Straw, J. J. Zimmerman, S. D’Allaire, and D. J. Taylor
(ed.), Diseases of swine. Iowa University Press, Ames, IA.

15. Gram, T., and P. Ahrens. 1998. Improved diagnostic PCR assay for Acti-
nobacillus pleuropneumoniae based on the nucleotide sequence of an outer
membrane lipoprotein. J. Clin. Microbiol. 36:443–448.

16. Gram, T., P. Ahrens, M. Andreasen, and J. P. Nielsen. 2000. An Actinoba-
cillus pleuropneumoniae PCR typing system based on the apx and omlA
genes—evaluation of isolates from lungs and tonsils of pigs. Vet. Microbiol.
75:43–57.

17. Hampson, D. J., P. J. Blackall, J. M. Woodward, and A. J. Lymbery. 1993.
Genetic analysis of Actinobacillus pleuropneumoniae and comparison with
Haemophilus spp. taxon “minor group” and taxon C. Zentralbl. Bakteriol.
279:83–91.

18. Hunter, P. R., and M. A. Gaston. 1988. Numerical index of the discrimina-
tory ability of typing systems: an application of Simpson’s index of diversity.
J. Clin. Microbiol. 26:2465–2466.

19. Hussy, D., Y. Schlatter, R. Miserez, T. Inzana, and J. Frey. 2004. PCR-based
identification of serotype 2 isolates of Actinobacillus pleuropneumoniae bio-
vars I and II. Vet. Microbiol. 99:307–310.

20. Jacobsen, M. J., J. P. Nielsen, and R. Nielsen. 1996. Comparison of virulence
of different Actinobacillus pleuropneumoniae serotypes and biotypes using an
aerosol infection model. Vet. Microbiol. 49:159–168.

21. Janssen, P., R. Coopman, G. Huys, J. Swings, M. Bleeker, P. Vos, M.
Zabeau, and K. Kersters. 1996. Evaluation of the DNA fingerprinting
method AFLP as a new tool in bacterial taxonomy. Microbiology 142:1881–
1893.

22. Jessing, S. G., Ø. Angen, and T. Inzana. 2003. Evaluation of a multiplex PCR
for simultaneous identification and serotyping of Actinobacillus pleuropneu-
moniae serotypes 2, 5, and 6. J. Clin. Microbiol. 41:4095–4100.

23. Keim, P., A. Kalif, J. Schupp, K. Hill, S. E. Travis, K. Richmond, D. M.
Adair, M. Hugh-Jones, C. R. Kuske, and P. Jackson. 1997. Molecular evo-
lution and diversity in Bacillus anthracis as detected by amplified fragment
length polymorphism markers. J. Bacteriol. 179:818–824.

24. Kidd, S. E., F. Hagen, R. L. Tscharke, M. Huynh, K. H. Bartlett, M. Fyfe, L.
Macdougall, T. Boekhout, K. J. Kwon-Chung, and W. Meyer. 2004. A rare
genotype of Cryptococcus gattii caused the cryptococcosis outbreak on

Vancouver Island (British Columbia, Canada). Proc. Natl. Acad. Sci.
USA 101:17258–17263.

25. Kilian, M., J. Nicolet, and B. L. Biberstein. 1978. Biochemical and serological
characterization of Haemophilus pleuropneumoniae (Matthews and Pattison
1961) Shope 1964 and a proposal of a neotype strain. Int. J. Syst. Bacteriol.
28:20–26.

26. Klausen, J., L. O. Andresen, K. Barfod, and V. Sørensen. 2002. Evaluation
of an enzyme-linked immunosorbent assay for serological surveillance of
infection with Actinobacillus pleuropneumoniae serotype 5 in pig herds. Vet.
Microbiol. 88:223–232.

27. Kokotovic, B., N. F. Friis, J. S. Jensen, and P. Ahrens. 1999. Amplified
fragment length polymorphism fingerprinting of Mycoplasma species. J. Clin.
Microbiol. 37:3300–3307.

28. Kuiper, M. T. 1998. Building a high-density genetic map using the AFLP
technology. Methods Mol. Biol. 82:157–171.

29. McDowell, S. W., and H. J. Ball. 1994. Serotypes of Actinobacillus pleuro-
pneumoniae isolated in the British Isles. Vet. Rec. 134:522–523.

30. Min, K., and C. Chae. 1999. Serotype and apx genotype profiles of Actinoba-
cillus pleuropneumoniae field isolates in Korea. Vet. Rec. 145:251–254.

31. Møller, K., R. Nielsen, L. V. Andersen, and M. Kilian. 1992. Clonal analysis
of the Actinobacillus pleuropneumoniae population in a geographically re-
stricted area by multilocus enzyme electrophoresis. J. Clin. Microbiol. 30:
623–627.

32. Musser, J. M., V. J. Rapp, and R. K. Selander. 1987. Clonal diversity in
Haemophilus pleuropneumoniae. Infect. Immun. 55:1207–1215.

33. Nielsen, R., and P. J. O’Connor. 1984. Serological characterization of 8
Haemophilus pleuropneumoniae strains and proposal of a new serotype:
serotype 8. Acta Vet. Scand. 25:96–106.

34. Nielsen, R., L. O. Andresen, and T. Plambeck. 1996. Serological character-
ization of Actinobacillus pleuropneumoniae biotype 1 strains antigenetically
related to both serotypes 2 and 7. Acta Vet. Scand. 37:327–336.

35. Olsen, J. E., M. N. Skov, E. J. Threlfall, and D. J. Brown. 1994. Clonal lines
of Salmonella enterica serotype Enteritidis documented by IS200-, ribo-,
pulsed-field electrophoresis and RFLP typing. J. Med. Microbiol. 40:15–22.

36. On, S. L., and C. S. Harrington. 2000. Identification of taxonomic and
epidemiological relationships among Campylobacter species by numerical
analysis of AFLP profiles. FEMS Microbiol. Lett. 193:161–169.

37. Perry, M. B., E. Altman, J.-R. Brisson, L. M. Beynon, and J. C. Richards.
1990. Structural characteristics of the antigenic capsular polysaccharides and
lipopolysaccharides involved in the serological classification of Actinobacillus
(Haemophilus) pleuropneumoniae. Serodiagn. Immunother. Infect. Dis.
4:299–308.

38. Reference deleted.
39. Pohl, S., H. U. Bertschinger, W. Frederiksen, and W. Mannheim. 1983.

Transfer of Haemophilus pleuropneumoniae and the Pasteurella haemolytica-
like organism causing porcine necrotic pleuropneumonia to the genus Acti-
nobacillus (Actinobacillus pleuropneumoniae comb. nov.) on the basis of
phenotypic and deoxyribonucleic acid relatedness. Int. J. Syst. Bacteriol.
33:510–514.

40. Rosendal, S., D. A. Boyd, and K. A. Gilbride. 1985. Comparative virulence of
porcine Haemophilus bacteria. Can. J. Comp. Med. 49:68–74.

41. Schaller, A., S. P. Djordjevic, G. J. Eamens, W. A. Forbes, R. Kuhn, P.
Kuhnert, M. Gottschalk, J. Nicolet, and J. Frey. 2001. Identification and
detection of Actinobacillus pleuropneumoniae by PCR based on the gene
apxIVA. Vet. Microbiol. 79:47–62.

42. Schuchert, J. A., T. Inzana, Ø. Angen, and S. Jessing. 2004. Detection and
identification of Actinobacillus pleuropneumoniae serotypes 1, 2, and 8 by
multiplex PCR. J. Clin. Microbiol. 42:4344–4348.

43. Valverde, A., Y. Okon, and S. Burdman. 2006. cDNA-AFLP reveals differ-
entially expressed genes related to cell aggregation of Azospirillum brasilense.
FEMS Microbiol. Lett. 265:186–194.

44. Van Der Zwet, W. C., G. A. Parlevliet, P. H. Savelkoul, J. Stoof, A. M. Kaiser,
A. M. Van Furth, and C. M. Vandenbroucke-Grauls. 2000. Outbreak of
Bacillus cereus infections in a neonatal intensive care unit traced to balloons
used in manual ventilation. J. Clin. Microbiol. 38:4131–4136.

45. Vigre, H., Ø. Angen, K. Barfod, D. T. Lavritsen, and V. Sørensen. 2002.
Transmission of Actinobacillus pleuropneumoniae in pigs under field-like
conditions: emphasis on tonsillar colonization and passively acquired
colostrial antibodies. Vet. Microbiol. 89:151–159.

46. Vos, P., R. Hogers, M. Bleeker, M. Reijans, T. van de Lee, M. Hornes, A.
Frijters, J. Pot, J. Peleman, M. Kuiper, and M. Zabeau. 1995. AFLP: a new
technique for DNA fingerprinting. Nucleic Acids Res. 23:4407–4414.

VOL. 45, 2007 AFLP TYPING OF ACTINOBACILLUS PLEUROPNEUMONIAE 3929


