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Haemophilus parasuis is the cause of Glisser’s disease and other clinical disorders in pigs. It can also be
isolated from the upper respiratory tracts of healthy pigs, and isolates can have significant differences in
virulence. In this work, a partial sequence from the 60-kDa heat shock protein (Hsp60) gene was assessed as
an epidemiological marker. We analyzed partial sequences of sp60 and 16S rRNA genes from 103 strains of
H. parasuis and other related species to obtain a better classification of the strains and examine the correlation
with virulence. The results were compared with those obtained by enterobacterial repetitive intergenic con-
sensus PCR. Our results showed that ksp60 is a reliable marker for epidemiological studies of H. parasuis and
that the analysis of its sequence is a better approach than fingerprinting methods. Furthermore, the analysis
of the hsp60 and 16S rRNA gene sequences revealed the presence of a separate lineage of virulent strains and
indicated the occurrence of lateral gene transfer among H. parasuis and Actinobacillus strains.

Haemophilus parasuis is a gram-negative bacterium of the
family Pasteurellaceae and is the etiologic agent of Glasser’s
disease in pigs, which is characterized by serofibrinous to fi-
brinopurulent polyserositis, arthritis, and meningitis (34). H.
parasuis is also involved in other clinical outcomes, such as
pneumonia and sudden death, and causes high morbidity and
mortality in naive swine populations (39). Modern production
systems based on the early segregation of piglets from the sow
seem to have increased the prevalence of Glasser’s disease. H.
parasuis is frequently isolated from lung tissue, but since the
bacterium can also be isolated from the upper respiratory
tracts of healthy pigs (21, 31), the meninges, pericardium,
pleura, peritoneum, and joints are better samples for clinical
diagnosis.

In 1992, Kielstein and Rapp-Gabrielson defined 15 serovars
of H. parasuis and demonstrated differences in their virulence,
with strains ranging from highly virulent to nonvirulent (24).
Strain variability has also been revealed for other phenotypic
and genotypic features (2, 3, 7, 8, 29, 32, 33, 35, 38). Since the
pig is the only known natural environment for H. parasuis, this
high degree of variation in virulence could be an interesting
characteristic and might represent different adaptations to col-
onize and invade different organs of the animal. In agreement
with these hypotheses, Oliveira et al. reported the association of
serotypes 1,2, 4, 5, 12, 13, and 14 (and nontypeable isolates) with
isolation from systemic sites and of serotype 3 (and nontypeable
isolates) with isolation from the upper respiratory tract (35). Un-
fortunately, there is no clear correlation between serotype and
virulence, and even strains belonging to the same serotype exhibit
different degrees of virulence. Nevertheless, serotyping has
commonly been used to classify H. parasuis strains, although
for epidemiological studies it does not provide enough discrim-
ination of isolates, and more importantly, a significant percent-
age of isolates are nontypeable with this technique. Although
information on the genomic sequence of H. parasuis is limited,
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several groups have attempted to improve the differentiation
of field strains by using different genotyping techniques. One of
the few known sequences of H. parasuis is the 16S rRNA gene.
16S rRNA gene sequencing is appropriate for species identi-
fication and definition (17, 23, 40, 42). This sequence has been
used successfully for the classification of the Pasteurellaceae at
the species level (14, 30), allowing the differentiation of H.
parasuis from other NAD-dependent Pasteurellaceae organ-
isms isolated from swine, mainly Actinobacillus minor, Acti-
nobacillus porcinus, and Actinobacillus indolicus. However, 16S
rRNA gene sequences are usually not suitable for strain dif-
ferentiation due to a lack of variability below the species level.
Recently, PCR-restriction fragment length polymorphism
(PCR-RFLP) analyses using the sequences of thpA (12) and
aroA (13) have been proposed, but the application of these
techniques does not provide sufficient information about the
phylogeny between strains. Another approach to differentiat-
ing field strains is the use of enterobacterial repetitive inter-
genic consensus PCR (ERIC-PCR) (41). For strains of H.
parasuis, ERIC-PCR fingerprints are highly heterogeneous,
and although this method is useful for local epidemiology
studies, in particular for assessing different strains circulating
in a farm (35, 38), it has no practical application for global
studies. In addition, results obtained using ERIC-PCR as well
as those obtained by PCR-RFLP from different laboratories
are difficult to compare. Thus, an improved method for global
studies is needed.

In an attempt to find a more appropriate and reliable epi-
demiological marker for the classification of H. parasuis, we
decided to use partial sequencing of the Asp60 gene (gene
encoding the heat shock protein of 60 kDa, or groEL gene).
We chose this method for several reasons. First, the results
(i.e., the sequences) are easy to compare and reproduce among
laboratories. Second, Asp60 is a ubiquitous gene (18), so it must
be present in all strains. Additionally, Hsp60 has been demon-
strated to play a role in crucial functions of bacteria, such as
the pathogenesis of Legionella pneumophila (11, 22), the im-
mune response to Helicobacter pylori (22), and the mainte-
nance of the proteome of symbiotic bacteria such as Buchnera
spp. (15, 16). Thus, it is possible that the natural selection on
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this gene could be different in strains with diverse virulence,
providing additional information on the virulence of the
strains. Finally, Asp60 of H. parasuis will probably have enough
variability below the species level, as demonstrated with other
human and pig pathogens (9, 18, 19).

Here, we evaluate the use of the Asp60 sequence as a mo-
lecular epidemiological marker for H. parasuis and complete
the study of the variation in field strains by using previously
described methods.

MATERIALS AND METHODS

Bacterial strains and culture conditions. A total of 103 strains, including 13 H.
parasuis reference strains, were used in this study (Table 1). Field strains in-
cluded clinical isolates, both systemic and respiratory, and nasal isolates from
healthy piglets from farms without Glésser’s disease. To obtain the nasal isolates,
four farms in two separate regions of Spain were selected based on their health
status. Eight to 10 nasal swabs were taken from each farm and transported in
Amies medium to the laboratory, where they were plated on chocolate agar to
isolate colonies. After 2 to 3 days at 37°C with 5% CO,, suspected colonies were
selected and subcultured for further analysis. In addition to classical biochemical
tests, final identification was performed by 16S rRNA gene sequencing (see
below). Clinical isolates were kindly provided by the Department of Infectious
Diseases of the Veterinary School of the Universitat Autonoma de Barcelona
(Spain), by E. Rodriguez Ferri (Universidad de Ledn, Spain), by Gustavo C.
Zielinski (Instituto Nacional de Tecnologia Agropecuaria-INTA, Argentina),
and by T. Blaha (Federal Institute for Health Protection of Consumers and
Veterinary Medicine, Germany). Strains of the closely related species 4. minor,
A. indolicus, A. porcinus, Actinobacillus pleuropneumoniae, and Pasteurella mul-
tocida were also included in the study. All of the strains were maintained in 20%
glycerol-brain heart infusion broth at —80°C and routinely cultured in chocolate
agar plates at 37°C with 5% CO,.

DNA extraction, PCRs, and sequencing. For each strain, a bacterial suspension
was made in sterile phosphate-buffered saline and used to extract genomic DNA
with a Nucleospin blood kit (Macherey-Nagel GmbH & Co. KG, Diiren, Ger-
many) following the manufacturer’s instructions.

For identification purposes, the 16S rRNA gene was amplified and sequenced.
16S rRNA gene amplification was carried out using 3 mM MgCl,, a 0.2 mM
concentration of each deoxynucleoside triphosphate, 5 pl of extracted DNA, 0.5
pM forward primer (16S-up [5' AGAGTTTGATCATGGCTCAGA 3']), 0.5
M reverse primer (16S-dn [5" AGTCATGAATCATACCGTGGTA 3']), and
1.5 U EcoTaq polymerase (Ecogen, Madrid, Spain) in a 50-ul reaction mix.

The hsp60 amplicon was obtained with universal degenerate primers for Asp60
by following a previously published protocol (18), with some modifications. The
standard PCR mixture for 4sp60 contained 1.5 mM MgCl,, a 0.2 mM concen-
tration of each deoxynucleoside triphosphate, a 0.5 pM concentration of each
universal primer, 1.5 U EcoTaq polymerase (Ecogen, Madrid, Spain), and 5 .l
of extracted DNA in a 50-pl reaction volume. Amplification was performed for
35 cycles with an annealing temperature of 50°C.

The hsp60 and 16S rRNA gene amplicons were sequenced using a BigDye
Terminator v.3.1 kit and an ABI 3100 DNA sequencer (Applied Biosystems,
Foster City, Calif.) with the same PCR primers and additional internal primers
for the 16S rRNA gene (16SI1 [S" TTGACGTTAGTCACAGAAG 3'], 16SI12 [5'
TTCGGTATTCCTCCACATC 3], 16SI3 [5" TAACGTGATAAATCGACCG
3'], and 16S14 [5" TTCACAACACGAGCTGAC 3']). For identification pur-
poses, sequence database searches were performed using programs based on the
BLAST algorithm (1). Both the NCBI (http:/www.ncbi.nlm.nih.gov/BLAST)
and Ribosomal Database Project (http:/rdp.cme.msu.edu) databases were
searched.

For ERIC-PCR, purified DNA was quantified by spectrometry, and 100 ng was
used as a template. The technique was performed by following a previously
published protocol (35), including an extra final extension step of 20 min. Ali-
quots of 5 pl of PCR product were analyzed by electrophoresis (70 V, 3 h) in a
2% agarose gel. Band patterns were visualized by staining with a 1:10,000 dilu-
tion of SYBR gold (Invitrogen S.A., Barcelona, Spain) in 50 mM Tris and 5 mM
EDTA buffer (pH 7.4) for 30 min. For normalization purposes, outer lanes
contained a Superladder-Mid1 dsDNA marker kit (Eurogentec, Liege, Belgium).
Images of the gel were captured with a Bio-Rad (Barcelona, Spain) transillumi-
nator and stored as TIFF files for further analysis. Bands of 100 to 4,000 bp were
used in the analysis.
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Data analysis. ERIC-PCR fingerprint analysis, sequence editing and analysis,
and similarity matrix calculations were carried out using Fingerprinting II v3.0
software (Bio-Rad). Phylogenetic studies were carried out using the MEGA2
program (27).

ERIC-PCR band patterns were normalized, and Pearson correlation similarity
matrixes were calculated. Cluster analysis of ERIC-PCR fingerprints was per-
formed by the unweighted-pair group method using average linkages (UPGMA)
as previously recommended (37). Maximum parsimony and neighbor-joining
(using the Kimura two-parameter model) consensus trees for Asp60 and 16S
rRNA gene partial sequences were constructed with 1,000 bootstrap values, and
branches supported by bootstrap values of <50% were collapsed (5, 20).

RESULTS

16S rRNA gene sequencing. Partial 16S rRNA gene se-
quences of 1,391 to 1,394 nucleotides in length were obtained
for each of the H. parasuis and Actinobacillus strains (GenBank
accession numbers DQ228974 to DQ229076). The sequences
were aligned with nucleotides 50 to 1448 of the Escherichia coli
K-12 16S rRNA gene sequence (rrsH; GenBank accession
number NC000913). Six insertion-deletion differences were
identified. The aligned sequences showed 251 variable posi-
tions out of 1,397 total positions (18%). A pairwise alignment
similarity matrix was constructed. The pairwise similarities
among the H. parasuis strains ranged from 95.04 to 100%. By
taking every different sequence, even if just one nucleotide was
different, as a sequence type (ST), 30 different STs were de-
fined for H. parasuis (indicated by consecutive letters A to Z
and AA to AF) (Table 1). Interestingly, STs I, J, and Q were
associated with clinical isolates, while STs F, K, and M were
only found in nasal isolates. Notably, ST H was represented
in three virulent reference strains. Maximum parsimony and
neighbor-joining analyses were congruent, and the neighbor-
joining tree is shown in Fig. 1. This analysis showed a mono-
phyletic cluster containing all of the H. parasuis strains sup-
ported by a bootstrap value of 65%. Within the H. parasuis
cluster, several subclusters were detected. Cluster A (Fig. 1)
was supported by a high bootstrap value (99%) and contained
virulent reference strains H367, Nagasaki, 84-22113, and 84-
15995, together with clinical isolates (mainly systemic) and just
one strain isolated from the nose (CA38-4). It is noteworthy
that strain CA38-4 was isolated from a farm with an outbreak
of Gliasser’s disease. Three subclusters showed bootstrap val-
ues of 95% or higher, but they were composed of very closely
related isolates which were mainly collected from the same
farm (clusters B, C, and D) (Fig. 1). Clusters C and D included
strains isolated from diseased animals (112/02 and RW), while
cluster B was composed of nasal isolates. Finally, a main clus-
ter (cluster E) (Fig. 1) contained the rest of the clinical and
nasal isolates and reference strains 4, D74, 174, C5, H465, and
SW114.

hsp60 sequencing. Once the strains were classified to the
species level, we next tested the value of the ssp60 sequence in
genotyping H. parasuis isolates. Thus, partial sequences of
596 nucleotides were obtained from the 103 strains tested
(GenBank accession numbers DQ198861 to DQ198950 and
DQ228961 to DQ228973). The sequences were aligned with
nucleotides 254 to 849 of the groEL gene of E. coli K-12
(GenBank accession number NC000913). All the sequences
were aligned without gaps, and 228 of 596 (38%) positions
were variable, with pairwise similarities ranging from 93.63 to
100%. For the H. parasuis isolates, 36 different STs were iden-
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TABLE 1. Strains used in this study, sites and countries of isolation, and sequence types for 16S rRNA gene and Asp60 partial sequences

Country of

16S rRNA

Strain (virulence) Isolation site isolation gene ST hsp60 ST
H. parasuis reference strains”
SW140 (virulent) Unknown (healthy animal) Japan B 15
C5 (moderately virulent) Unknown Sweden C 5
H465 (nonvirulent) Trachea Germany C 14
D74 (nonvirulent) Unknown Sweden G 27
174 (nonvirulent) Nasal Switzerland G 26
84-15995 (virulent) Lung United States H 15
Nagasaki (highly virulent) Systemic Japan H 15
84-22113 (highly virulent) Systemic United States H 28
SW124 (virulent) Unknown (healthy animal) Japan I 1
ME4 Unknown Unknown z 11
SW114 (nonvirulent) Unknown (healthy animal) Japan AD 4
4 (highly virulent) Unknown (healthy animal) Japan AD 4
H367 (highly virulent) Unknown Germany AF 34
H. parasuis field strains®
SC14-2 Nasal Spain A 20
SC14-7 Nasal Spain A 20
SC18-3 Nasal Spain A 20
CA36-1 Nasal Spain A 18
CA37-1 Nasal Spain A 18
SC18-6 Nasal Spain A 21
SC14-1 Nasal Spain A 16
SC12-1 Nasal Spain A 10
MU26-2 Nasal Spain A 19
03/05 Lung Portugal A 4
279/03 Lung Spain A 5
SC18-4 Nasal Spain B 20
FL8-3 Nasal Spain B 22
N67-1 Nasal Spain B 16
N139/05-4 Nasal Spain B 1
37 Unknown (sick animal) Spain B 10
4959 Unknown (sick animal) Germany B 14
P555/04 Systemic Argentina B 9
2757 Lung Germany C 43
7710 Lung Germany C 14
LHON-4 Nasal Spain C 5
34 Unknown (sick animal) Spain C 7
3023 Lung Germany C 23
CD8-1 Nasal Spain D 4
CD8-2 Nasal Spain D 4
CD9-1 Nasal Spain D 4
CD10-4 Nasal Spain D 4
CD11-4 Nasal Spain D 4
112/02 Systemic Spain D 16
VB4-1 Nasal Spain E 6
32-4 Nasal Spain E 4
CA32-1 Nasal Spain E 24
CA36-2 Nasal Spain E 16
58g Unknown (sick animal) Spain E 16
256/04 Lung Portugal E 7
167/03 Lung Spain E 1
VBS-5 Nasal Spain F 2
VSe6-2 Nasal Spain F 2
VS6-10 Nasal Spain F 2
VS§7-1 Nasal Spain F 2
VS7-6 Nasal Spain F 2
416-1 Nasal Spain F 2
IQ8N-6 Nasal Spain G 25
4590 Lung Germany G 27
CA38-4 Nasal Spain H 15
23/04 Systemic Spain I 1
61/03 Lung Spain | 29
66/04-7 Unknown United Kingdom J 5
2620 Systemic Germany J 13
4857 Systemic Germany J 30
SC19-1 Nasal Spain K 17

Continued on following page
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TABLE 1—Continued

Country of 16S rRNA

Strain (virulence) Isolation site isolation gene ST hsp60 ST
SC19-2 Nasal Spain K 17
SC19-4 Nasal Spain K 17
F9 Nasal Spain L 2
393/03-5 Unknown Germany L 4
CD7-3 Nasal Spain M 4
IQY9N-3 Nasal Spain M 7
FL3-1 Nasal Spain N 31
233/03 Lung Spain N 9
N139/05-2 Nasal Spain O 1
34/03 Systemic Argentina (6] 32
66/04-1 Unknown United Kingdom P 12
66/04-4 Unknown United Kingdom P 12
JA Unknown (sick animal) United Kingdom Q 8
373/03A Systemic Spain Q 15
MU21-2 Nasal Spain R 19
MU25-5 Nasal Spain R 19
FL1-3 Nasal Spain S 1
230/03 Lung Spain T 3
264/99 Systemic Spain U 3
228/04 Lung Spain v 33
P015/96 Lung Argentina X 8
66/04-3 Unknown United Kingdom Y 9
66/04-8 Unknown United Kingdom Z 35
RW Unknown United Kingdom AA 6
4503 Lung Germany AB 13
393/03-4 Unknown (sick animal) Germany AC 36
SC11-4 Nasal Spain AE 16

Other species
A. indolicus 37E3 Unknown Unknown
A. porcinus 245/04 Systemic Spain
A. porcinus 4598 Systemic Germany
A. porcinus Sp62 Unknown Unknown
A. porcinus B-20 Unknown Unknown
A. porcinus 27KC10 Unknown Unknown
A. minor 49 Unknown (sick animal) Spain
A. minor 2134 Unknown (sick animal) Spain
A. pleuropneumoniae 262/04 Lung Spain
A. pleuropneumoniae 38 Unknown (sick animal) Spain
Taxon C CAPM5113 Unknown Unknown
P. multocida 251/04 Lung Spain

“ Virulence was defined as described by Kielstein and Rapp-Gabrielson (24).

b Tsolates from the same farm can be identified by their having the first two letters of their strain names in common.

tified (indicated by consecutive numbers 1 to 36) (Table 1).
Importantly, STs 3, 8, 9, 12, and 13 were associated with clin-
ical isolates, while STs 2, 17, and 19 were only found in nasal
isolates. Further examination of the sequences showed that
variation was primarily limited to the third codon position
(only 24% of amino acid positions were variable), and the
average ratio of nonsynonymous to synonymous substitutions
(w) was 0.05. Figure 2 shows the neighbor-joining consensus
tree for the sequences. Congruence, calculated as the Pearson
product-moment correlation coefficient, between the 16S
rRNA gene and Asp60 neighbor-joining trees was 75%. hsp60
sequences grouped all H. parasuis strains in one monophyletic
cluster supported by a 99% bootstrap value. Unexpectedly, the
following three strains previously classified as Actinobacillus by
16S rRNA gene sequencing were also included in the H. para-
suis cluster: A. indolicus reference strain 37E3 and A. minor
isolates 49 and 2134 (Fig. 1 and 2). Cluster 1 (Fig. 2) included
field isolates, mainly clinical isolates, and virulent reference

strains SW140, Nagasaki, 84-15995, and H367. Cluster 2 (Fig.
2) was structured in seven internal branches and included the
majority of field isolates and reference strains 84-22311,
SW124, C5, H465, D74, 174, 4, and SW114. The second cluster
also contained isolate A. minor 49.

An examination of the hsp60 sequences from Actinobacillus
strains available at the NCBI database showed the presence of
putative DNA-uptake signal sequences (USS). In the Asp60
gene from A. pleuropneumoniae (accession number U55016),
two sequences (AAGTGGCGT at position 226 and AAGTG
GCGA at position 1146) very similar to the USS of Haemophi-
lus influenzae (AAGTGCGGT) (4) could be detected. Also, in
the Actinobacillus ureae hsp60 partial sequence (accession
number AY123720), the sequence AAGTGGCTG was de-
tected. For the H. parasuis and Actinobacillus sequences ob-
tained in this study, the sequence AAGTGGCT/AG was
present at position 562 of the amplicons. The presence of these
putative USS, together with the different topologies of the 16S
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rRNA gene and hsp60 trees, supports the occurrence of lateral
transfer of the Asp60 gene among the Actinobacillus and Hae-
mophilus strains.

ERIC-PCR fingerprints. We further compared our data with
the previously described ERIC-PCR method for H. parasuis.
ERIC-PCR patterns for H. parasuis isolates were highly het-
erogeneous, and sometimes no common band between differ-
ent fingerprints could be found. After curve-based Pearson
correlation similarity matrix calculation, ERIC-PCR finger-
prints led to similarities ranging from 0 to 99.07%. ERIC-PCR
fingerprints were more variable and led to less similarity than
both Asp60 and 16S rRNA gene sequences. After the UPGMA
tree was built, 10 different clusters were defined (I to X)
(Fig. 3). Cluster I contained nasal isolates from three different
farms in Spain and reference strain 4. Cluster II contained
nasal and lung isolates and five reference strains (C5, D74,
SW114, SW140, and 84-15995). Clusters III, IV, and V con-
tained isolates from different origins (Spain, Germany, United
Kingdom, and Argentina) and several isolates from diseased
animals. Reference strain H367 was included in cluster III,
and strain 174 was included in cluster V. Notably, cluster VI
was formed mainly by virulent reference strains Nagasaki,
84-22113, and SW124 and by isolates from diseased animals.
Only the nonvirulent reference strain H465 and nasal isolate
IQ8N-6 were also included in cluster VI. Cluster VII was
formed by four clinical isolates from Spain, the United King-
dom, and Argentina. Clusters IX and X were mainly nasal
isolates from the same farm.

DISCUSSION

In order to improve the epidemiological study of H. parasuis
strains, we employed the hsp60 gene as a marker. This study
represents extensive sequencing work on H. parasuis hsp60 and
16S rRNA genes. Also, hsp60 sequences of H. parasuis, A.
indolicus, A. porcinus, and A. minor are reported here for the
first time. All of the strains tested were sequenced (i.e., typed),
including the Actinobacillus strains.

As we expected, sequencing of the Asp60 fragment gave a
high level of variation among the strains examined in the study,
providing more resolution below the species level than the 16S
rRNA gene. The Asp60 sequences were more variable and had
fewer pairwise similarities than the 16S rRNA gene sequences,
i.e., even though the 16S rRNA gene sequences were longer,
they provided a smaller number of alleles than the partial
hsp60 sequences. In addition, partial sequencing of Asp60 is
less labor-intensive, and in contrast to the case for serotyping,
all strains could be typed. Additionally, sequences are easy to
compare among different laboratories. All of these features
make this method suitable for the unequivocal characterization
of H. parasuis strains for global epidemiology.

As mentioned before, ERIC-PCR patterns were highly het-
erogeneous. ERIC-PCR fingerprints were useful for the dis-
crimination of closely related isolates (i.e., to determine if

FIG. 1. Neighbor-joining consensus tree for H. parasuis 16S TRNA
gene partial sequences (1,000 bootstraps). The numbers in the nodes
indicate the percentages of branching occurrences in 1,000 runs.
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isolates from the same farm or animal were in fact the same
or different strains), but they were too diverse to find relation-
ships between more distant isolates. On the other hand, some
clusters of ERIC-PCR fingerprints grouped strains from dif-
ferent countries. This may indicate either that some strains
have a very ubiquitous distribution or that the genomic rear-
rangements producing the fingerprints are entirely random.
Since the latter explanation seems improbable, we favor the
first one, and it may be explained, at least partially, by global-
ized pig trading.

The study of strains by sequencing the Hsp60 and 16S rRNA
genes yielded a distribution of the strains in several groups.
Phylogenetic analysis of Asp60 and 16S rRNA genes led to
monophyletic clusters for H. parasuis. Although there was not
complete agreement between the gene trees, a clear subcluster
of virulent reference strains and systemic isolates was defined
in both analyses (cluster A in Fig. 1 and cluster 1 in Fig. 2).
This cluster is of particular interest since it could be the first
indication of the presence of a highly pathogenic lineage for H.
parasuis strains. However, there were also some clinical iso-
lates distributed in other clusters, pointing out the difficulties
in reaching a clear conclusion using a monogenic approach.
The study of the H. parasuis strains with hsp60 sequences
showed two separate clusters (clusters 1 and 2 in Fig. 2).
Cluster 1 included several virulent reference strains, and clus-
ter 2 included the majority of H. parasuis strains, showing a
clear structure in seven branches. Some disagreements in the
topologies of the two trees (16S rRNA gene and Asp60 trees)
were detected, involving H. parasuis, A. indolicus, and A. minor
strains. This could be due to recent divergence between H.
parasuis, A. indolicus, and A. minor (14, 25, 30) or could con-
stitute an indication of horizontal transfer of genes between H.
parasuis and Actinobacillus strains. In agreement with the latter
explanation, the sequence of the Asp60 gene from A. minor 49
showed a high level of identity (98.15%) with the correspond-
ing gene from H. parasuis ME4. In addition, there were other
strains that changed positions between the two trees. This was
the case for strains 230/03, 264/99, and 66/04-8, among others.
In fact, one of the reasons for phylogenetic tree topology
disagreements, unexpected similarities, and unusual phyletic
patterns is lateral gene transfer between strains (26). Addi-
tional pieces of information that support the idea of lateral
gene transfer between these strains are that natural transfor-
mation was recently described for H. parasuis (6) and that
putative USS could be detected in Actinobacillus and Hae-
mophilus species. Also, a native plasmid has been isolated from
H. parasuis (28) which is related to a plasmid found in A4.
pleuropneumoniae. Thus, it can be hypothesized that these
plasmids were also transferred laterally between these species.

Taking into account the large number of different ERIC
fingerprints found, the different topologies of the trees, the
presence of possible DNA uptake sequences, and the evidence
of transformation in H. parasuis, genome rearrangements and
lateral gene transfer could be ongoing phenomena in these

FIG. 2. Neighbor-joining consensus tree for H. parasuis hsp60 par-
tial sequences (1,000 bootstraps). The numbers in the nodes indicate
the percentages of branching occurrences in 1,000 runs.
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FIG. 3. UPGMA tree of ERIC-PCR fingerprints for H. parasuis strains.
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strains. The presence of lateral gene transfer is noteworthy
since it could explain why strains belonging to Actinobacillus
species and classified as nonpathogenic commensal biota (10)
are isolated from systemic sites in diseased animals. It is pos-
sible that those species, which are in contact in the respiratory
tract of the pig, share virulence genes.

The large number of strains included in the study and the
use of three different markers provided insight into the
diversity of H. parasuis. The large numbers of 16S rRNA
gene and Asp60 STs found for H. parasuis (30 and 36 STs,
respectively) and the ERIC-PCR patterns indicate that H.
parasuis is a very heterogeneous species, with a high level of
diversity and no clear predominance of a specific ST. The
presence of a high level of heterogeneity within this species
was already suspected since there are many serologically
nontypeable strains and because of the lack of cross-immu-
nization between strains (36).

Although some STs were only found among clinical isolates,
no clear relationship between 16S rRNA gene or Asp60 partial
sequences or ERIC-PCR fingerprints and the site of isolation
(organ or tissue), virulence, or geographical origin was found.

In conclusion, Asp60 sequences can be used as an epidemi-
ological marker for H. parasuis and represent a good alterna-
tive to fingerprinting approaches. The possibility of developing
molecular diagnostic tools with this sequence, as proposed for
other species (18, 19, 43), seems not to be feasible due to the
possibility of lateral gene transfer between H. parasuis and
related species. In addition, although H. parasuis isolates were
clearly monophyletic by their 16S rRNA gene sequences, the
bootstrap values were generally low. Thus, other multigenic
approaches would be needed in order to clarify the taxonomy
of this group of species and to determine the incidence of
lateral gene transfer, if any, between isolates.
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