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Haemophilus parasuis is the agent responsible for causing Glässer’s disease, but little is known about the
pathogenic determinants of this major pig disease. Here we describe, for the pathogenic strain Nagasaki, the
molecular characterization of 13 trimeric autotransporters as assessed by the presence of YadA C-terminal
translocator domains which were classified into three groups. All passenger domains possess motifs and
repeats characteristic of adhesins, hemagglutinins, and invasins with various centrally located copies of
collagen-like repeats. This domain architecture is shared with two trimeric autotransporter proteins of H.
somnus 129Pt. Genomic comparison by microarray hybridization demonstrated homologies among H. parasuis
virulent strains and high divergence with respect to nonvirulent strains. Therefore, these genes were named
vtaA (virulence-associated trimeric autotransporters). The sequencing of 17 homologous vtaA genes of different
invasive strains highlighted an extensive mosaic structure. Based also on the presence of DNA uptake signal
sequences within the vtaA genes, we propose a mechanism of evolution by which gene duplication and the
accumulation of mutations and recombinations, plus the lateral gene transfer of the passenger domain, led to
the diversity of this multigene family. This study provides insights to help understand the tissue colonization
and invasiveness characteristic of H. parasuis pathogenic strains.

Adhesion to host tissues is an important step for bacterial
colonization and survival (23, 39). Structures present at the
surface of bacteria called adhesins mediate interactions with
receptors of host cells. Adhesins can be very different in na-
ture; among them a family of trimeric autotransporters, also
termed AT-2 (21), are present in gram-negative bacteria (12).
AT-2 adhesins have the capacity to bind eukaryotic cells (10,
28) as well as extracellular matrix proteins (45). These proteins
are made up of an N-terminal signal peptide, a passenger
domain, and a C-terminal translocator domain responsible for
the pore-forming capacity in the outer membrane (12). The
passenger domain often contains multiple repeats (Hep_Hag)
and motifs (HIM) characteristic of adhesins and hemaggluti-
nins (4). Although there is considerable amino acid diversity
between the translocator domains of different bacterial spe-
cies, they form a �-barrel through which the passenger domain
transits (22, 55). Their immunogenicity makes them good can-
didates for vaccine development (9, 11). Trimeric autotrans-
porters have been fully or partially characterized in terms of
structure, function, and immunological properties for Hae-
mophilus influenzae, Moraxella catarrhalis, Haemophilus du-
creyi, Neisseria meningitidis, or Yersinia spp. However, not all
studies of pathogenic bacteria benefit from the wealth of in-
formation generated for important human pathogens. This is

the case for Haemophilus parasuis, a gram-negative bacillus
classified in the Pasteurellaceae family, where the molecules
which mediate adhesion to host tissues or virulence factors are
largely unknown.

H. parasuis is commonly found in the upper respiratory tract
of healthy conventional pigs. Some strains can migrate into the
lungs, causing pneumonia (34), and disseminate to produce a
severe systemic disease, characterized by fibrinous polyserosi-
tis, arthritis, and meningitis, known as Glässer’s disease (52).
Fifteen serovars have been described so far, but many strains
cannot be typed with the current sera (25). Although there is
not a strict correlation between the expression of a given sero-
var and the degree of pathogenicity of H. parasuis strains, it is
commonly stated that bacteria exhibiting serovar 5 are highly
virulent, while strains of serovar 3 are not virulent (41). An-
other striking feature of this bacterium is its genetic variability.
When a multilocus typing method was applied to 120 field and
11 reference strains, 109 sequence types were found. Inter-
estingly, two divergent branches were observed, one of them
including most of the virulent strains isolated from systemic
sites of diseased animals (37). Although molecules which
mediate adhesion to host tissues or virulence factors are
largely unknown in H. parasuis, a recent study has shown
that H. parasuis strains of serotypes 5 and 4 (often associ-
ated with virulence) preferentially bind and invade porcine
brain endothelial cells in vitro. Since the invasion was not
abolished by proteinase K treatment, it was concluded that
the putative invasin was not likely to be a protein (54).
However, many of the described bacterial adhesins are pro-
teins (39).

In this report, we describe 13 paralog genes of the highly
pathogenic strain H. parasuis Nagasaki and 17 homologues
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from different invasive strains coding for VtaA proteins, which,
unusually for AT-2, contained collagen triple helix repeats.
The passenger domains were relatively conserved with vtaA
homologues from pathogenic strains but highly divergent with
those of nonpathogenic strains. Furthermore, this multigene
family has likely evolved by the duplication and lateral gene
transfer of at least modules of the passenger domain.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Haemophilus parasuis strains (Table
1) were cultured on chocolate agar plates (BioMérieux, Inc.) at 37°C in a 5%
CO2 atmosphere until they reached confluence. HP and F9 strains were isolated
from necropsied pigs in the diagnostic service of HIPRA S.A. Laboratories
(Spain) and the veterinary school of Autonomous University of Barcelona,
Spain, respectively.

Genomic DNA purification, fragmentation, and construction of genomic li-
braries. Bacteria were resuspended in phosphate-buffered saline (pH 7.3), re-
covered by centrifugation, and washed twice in phosphate-buffered saline.
Genomic DNA from H. parasuis Nagasaki was extracted using commercial kits
(Qiagen) and partially digested with Sau3AI and RsaI (New England Biolabs) or
sonicated. Afterwards, the sonicated DNA fragments were end repaired with T4
DNA polymerase (New England Biolabs). DNA fragments ranging from 450 to
1,500 bp were separated in agarose gels and purified. The genomic libraries were
constructed following standard methods (47). DNA fragments were inserted into
the BamHI or SmaI cloning sites of the dephosphorylated vector pUC19 using
the Quick ligation kit (New England Biolabs), and competent Escherichia coli
cells (Invitrogen) were transformed. The isolation of recombinant plasmid DNA
was carried out using the NucleoSpin 96 flash kit (Macherey-Nagel).

Sequencing, sequence assembly, and gene annotation. Plasmid inserts were
sequenced using BigDye Terminator v3.1 chemistry (Applied Biosystems) with
the M13 universal primers. Sequence assembly into contigs was accomplished
with the programs PHRED (15, 16), PHRAP, and Consed (19). Homology
search and open reading frame determinations were performed using the
programs BlastX, BlastN, and BlastP (1) in the GenBank nonredundant
database (http://www.ncbi.nlm.nih.gov/BLAST/) and GeneMark (http://opal
.biology.gatech.edu/GeneMark/heuristic_hmm2.cgi), respectively, using a
heuristic approach (6). The domain architecture of the translated genes was
studied by searching the Pfam database (4) at the Wellcome Trust Sanger
Institute (http://www.sanger.ac.uk/Software/Pfam/).

DNA microarray construction, hybridization, and analysis. Eighty-five recom-
binant plasmids, containing nonoverlapping or partially overlapping coding se-
quences of the vtaA genes, were selected from the assembled contigs. A fragment
of the 16S rRNA gene, which was 98% identical to all H. parasuis 16S rRNA
genes, was used as a positive control as were 60 DNA fragments corresponding
to single-copy genes well conserved in bacteria (ribosomal proteins, RNA and
DNA polymerases, metabolical enzymes, etc.). A 750-bp polynucleotide coding
for a mammal prion protein was chosen as the negative control. Inserts of the
selected clones were amplified by PCR, using universal M13 sequencing primers,
purified, and spotted in triplicate onto UltraGAPS slides (Corning).

One to 2 �g of genomic DNA was randomly labeled (Bioprime DNA labeling
system; Invitrogen) using a modified procedure (30). DNA from the Nagasaki
strain was labeled with dCTP-Cy3 for use as the hybridization control strain, and
DNAs from the other strains, Nagasaki included, were labeled with dCTP-Cy5
(Amersham). Equal amounts of labeled genomic DNA from the reference strain
(Nagasaki) and one of the test strains were then pooled and placed onto prehy-
bridized slides for hybridization performed in the ArrayBooster AB410 (Adval-
itix). After washing, the slides were scanned with a 4000 microarray scanner
(Perkin Elmer). The fluorescence intensity (FI) signals from Cy5 and Cy3 were
analyzed with the program QuantArray (GSI Lumonics). After subtracting the
local background, channel intensity normalization was performed with signals
obtained from the 16S rRNA gene fragment. The signal intensities for triplicate
spots with threefold increases compared to the negative controls (prion gene)
were considered positives. Ratios (Cy5 test strain/Cy3 reference strain or Cy5
reference strain/Cy3 reference strain) were calculated for each spot and aver-
aged. Ratios below 0.3 or ranging between 0.3 and 0.8 indicated high divergence
or the absence of or moderate variability of the corresponding DNA fragments
in the test strain, respectively, while ratios above 1.5 represented genomic regions
duplicated in the test strain. Identity between the strains was indicated by ratios
ranging between 0.8 and 1.5 (42, 46). Gene divergence was also estimated using
the following formula: (�FI single-copy gene fragments/number of single-copy
gene fragments)/(�FI vtaA passenger domain/number of passenger domain frag-
ments).

DNA amplification of translocator YadA domains. For PCRs, 15 ng of
genomic DNA and 20 pmol of each forward and reverse primer (see Fig. S1B in
the supplemental material) were used. Amplification cycles were preceded by 3
min at 94°C and consisted of 20 cycles of 45 s of denaturing at 94°C, 45 s of
annealing at 68°C, and 1 min and 45 s of extension at 72°C, with a final 5-min
extension at 72°C. The results were analyzed by electrophoresis on a 2% agarose
gel and Sybr gold staining.

DNA amplification of vtaA genes. Amplifications were carried out using Accu-
Prime Taq DNA polymerase high fidelity (Invitrogen), with 150 ng of genomic
DNA, 40 pmol of the forward primer and 20 pmol of the corresponding reverse
primer (see Fig. S1A and B in the supplemental material) with a first denatur-
ation step of 2 min at 94°C, followed by 30 cycles at 94°C for 30 s, annealing at
60°C for 30 s, and extension at 68°C for 15 min. All amplifications were com-
pleted with a further extension period of 15 min at 68°C, followed by an over-
night incubation at 37°C. The PCR products were analyzed by electrophoresis on
a 0.8% agarose gel and stained with Sybr gold (Invitrogen).

Cloning of the vtaA genes. Long PCR products were purified from gels using
the Nucleospin Extract II system (Macherey Nagel) and cloned into the pCR-
Blunt II-TOPO or pCR-XL-TOPO cloning vector (Invitrogen). After transfor-
mation into E. coli, the positive recombinant plasmids were sequenced with a
combination of specific primers designed every 400 to 500 bp in the different
genes.

Sequence analysis, phylogeny, and predictions. Nucleotide and amino acid
sequences were aligned using ClustalW (51). Comparisons of motifs, repeats,
and domains were done using local BLAST (1). SignalP (5) and PSORTb (18)
were used to search for signal peptides. Structure homology modeling was per-
formed with SWISS-MODEL (3). A selection pressure analysis was done using
the SNAP (27) and Data Monkey (40) Web servers. Pasteurellaceae uptake signal

TABLE 1. Haemophilus parasuis strains used for the genomic comparison of the AT-2 genes

Strain
identification

Site of
isolation Pathology Glässer Serovar Source or reference

Nagasaki Brain Septicemia � 5 Reference strain (33)
SW114 Nose Without lesions NDa 3 Reference strain (33)
F9 Nose Without clinical signs ND NTb Veterinary School, Autonomous University

of Barcelona
D74 ND Without lesions ND 9 Reference strain (25)
HP-3123 Nose Enteritis by Escherichia coli � NT HIPRA S.A. Laboratories
HP-1205 Pericardium Pericarditis and pleuritis � 11 HIPRA S.A. Laboratories
HP-1302 Brain Polyserositis � 1 HIPRA S.A. Laboratories
HP-1319 Brain Polyserositis � NT HIPRA S.A. Laboratories
HP-2163 Joint Pneumonia and arthritis � NT HIPRA S.A. Laboratories
HP-2269 Joint Pneumonia and arthritis � NT HIPRA S.A. Laboratories
HP-33 Lung Pneumonia ND 1 HIPRA S.A. Laboratories

a ND, not documented.
b NT, not typeable; �, positive; �, negative.

VOL. 191, 2009 TRIMERIC AUTOTRANSPORTERS OF H. PARASUIS 577



sequence (USS) (37, 43) detection was done using BioEdit (20), as were Kyte and
Doolittle scale mean hydrophobicity profiles. All phylogenetic analyses were
bootstrap consensus trees constructed by neighbor joining (Kimura 2 parameter
distance); maximum parsimony and minimum evolution (maximum composite
likelihood distance) were performed using MEGA4.0 (50). Finally, recombina-
tion was detected using the RDP, GENECONV, Chimaera, MaxChi, BootScan,
SiScan, and 3Seq algorithms included in the RDP2 package (31).

Accession numbers. Sequences reported in this work have been registered in
the GenBank database under the accession numbers EU678322 to EU678351.

RESULTS AND DISCUSSION

Identification and structural characterization of trimeric
autotransporters of H. parasuis. H. parasuis strain Nagasaki is
the reference strain of the highly virulent serovar 5 (41). Ex-
perimental reproduction of the disease has been successfully
accomplished with this strain in several laboratories (2, 35).
For these reasons, this strain was selected for genome sequenc-
ing. The genome of H. parasuis (Nagasaki) was estimated to
have a length of 2.4 Mbp by pulsed-field gel electrophoresis
(data not shown). Ninety-nine percent of the genome was
sequenced using a shotgun strategy, where 33,935 reads were
assembled into 240 contigs. Annotation was performed, and 13
in silico-translated genes had significant homology (an E value
of �e�05) with bacterial proteins belonging to the functional
family of autotransporters, adhesins, and hemagglutinins now
named trimeric autotransporters or the AT-2 family (12, 21).
The architecture of these proteins was determined by compar-
ing them to the Pfam database. All of them were made up of

multiple Hep_Hag repeats (accession number PF05658), HIM
motifs (PF05662), and a unique C-terminal YadA translocator
domain (PF03895). These repeats, motifs, and domains are
characteristic of adhesins and hemagglutinins that can be
found in many bacterial pathogens. All 13 proteins had, in
their central part, a variable number (ranging from 2 to 18)
of collagen triple helix repeats (PF01391) inserted between
the HIM motifs (Fig. 1). From these results, it was clear that
the genes and gene products described above formed a
family which we called vtaA (virulence-associated tri-
meric autotransporters) or VtaA, respectively, and individ-
ual genes were termed vtaA1 to vtaA13. This multigene
family was not clustered but rather spread throughout the
genome since none of the contigs contained more than one
vtaA gene (data not shown). Multiple alignments of the 5�
end of all the genes (see Fig. S1 in the supplemental mate-
rial) showed a good conservation of the first 207 nucleotides,
suggesting a common function for this region, but no signal
peptide was found using bioinformatics. However, a gene
fusion constructed with a genomic fragment of 497 bp, which
included 116 nucleotides upstream of the vtaA4 initiation
codon, followed by 378 bp of coding nucleotides and a pro-
moterless and leaderless phoA (44), demonstrated that an ac-
tive promoter was present and that a signal peptide was en-
coded. Indeed, after the transformation of the plasmid,
alkaline phosphatase activity was restored, indicating the pres-
ence of the fusion protein in the periplasmic space of E. coli

FIG. 1. Protein architecture of in silico-translated vtaA genes as determined by a Pfam database search. Only the 13 paralog molecules of the
Nagasaki strain are represented. They display the same basic structure. Division into three groups is based on the sequence homologies of the
YadA translocator domains. Repeats, motifs, and domains of the same color are 100% identical, and their distribution along VtaA passenger
domains of different groups supports intrachromosomal recombination events. DNA USS identical to those found in H. influenzae (ACCGCA
CTT) and A. pleuropneumoniae (ACAAGCGGT) are represented by arrows. They never occur in sequences coding for repeats or motifs but rather
in connecting regions. This type of sequence is necessary for natural transformation in bacteria and provides support for lateral gene transfer
events.
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DH5�. Furthermore, a closer analysis of the first VtaA
amino acids indicated conservation with an extended signal
peptide characteristic of many gamma- and betaproteobac-
terium autotransporters. Indeed, the motif MNKIF/Y was
fully conserved, and the first 72 amino acids of VtaA con-
tained alternating charged small hydrophilic regions with
more extended hydrophobic regions (13).

Trimeric autotransporter genes and their translated proteins
could be divided into three groups based on the sequence
comparison of the YadA domain (Fig. S1B). It is not known
how these amino acid variations affect the C-terminal region in
terms of function. Structure homology modeling was per-
formed with SWISS-MODEL using the crystal structure of Hia
(Protein Data Bank 2gr7A) as the best matching template. All
VtaA proteins were of very similar structures, with a propen-
sity to form four �-strands at the C terminus (see Fig. S2 in the
supplemental material), as found for Yersinia, Moraxella, and
Haemophilus influenzae homologues (22, 32). Therefore, all
three C-terminal YadA domains can most likely function as
outer membrane anchors, with the characteristic �-barrel

structure of autotransporters fulfilling all requisites for the
AT-2 protein family assignment.

When phylogenetic reconstructions using the conserved 5�
(coding for the signal peptide) and 3� (coding for the YadA
domain) ends were compared, they revealed completely differ-
ent topologies (Fig. 2). For the 3� end, three branches with
good bootstrap values give further support to the existence of
the three groups deduced from the sequence comparison of
the YadA domains. When the 5� end was studied, no branch
was supported by high bootstrap values, although genetic dis-
tances were much shorter. This suggests that the two extremes
of the genes evolve following different patterns. Alternatively,
the existence of recombination events involving parts, if not all,
of the passenger domain could not be excluded.

Functional mapping of the YadA mature protein of Yersinia
enterocolitica revealed that amino acids 21 to 81 and 83 to 103
are involved in binding to neutrophils and the collagen triple
helix, respectively (45). These amino acid positions correspond
to the first Hep_Hag and HIM repeats of the YadA protein. In
H. parasuis, Hep_Hag and HIM variable multiple repeats are

FIG. 2. Phylogenetic analysis and comparison of the 5� extended signal peptide (without the first 27 nucleotides corresponding to the primer
used for gene amplification) and 3� YadA ends (without the terminal nucleotides corresponding to the amplification primers) of all vtaA genes
sequenced in this study. Bootstrap consensus trees were constructed by neighbor joining (Kimura 2 parameter distance) and maximum parsimony
and minimum evolution (maximum composite likelihood distance) using 1,000 bootstraps. Only neighbor-joining trees are shown, although
bootstrap values above 50 are indicated for the tree methodologies used. The sequences of vtaA19 and vtaA29 could not be used in phylogenetic
reconstructions using the 5� end due to a deletion in this area and a lack of amplification with the 5�-end primer for each gene, respectively. The
grouping observed for the 5� end is different from that of the 3� end, indicating different rates of evolution in the extremities of each gene. Bootstrap
values at the 3� end support the subdivision in three groups of the translocator domain.
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found at the N-terminal part of all VtaA proteins, suggesting
similar functionalities. In groups 2 and 3, additional Hep_Hag
repeats are inserted in between two HIM repeats upstream
from the C-terminal YadA domain (Fig. 1). The sequence
variabilities of the Hep_Hag repeats and HIM motifs are
rather high (from 20 to 100% identities), without a strict ho-
mology between paralogs at the same position (Fig. 1), sug-
gesting small intragenomic recombination events in the vtaA
genes. However, the N-terminal regions (from the end of the
signal peptide up to the last HIM motif situated before the first
collagen repeat) of group 1 passenger domains seem to be
more closely related between them than with their paralogs of
groups 2 and 3. This was determined by pairwise comparisons
of the N-terminal regions previously described (see Table S1 in
the supplemental material).

Of the 376 bacterial proteins possessing collagen triple helix
repeats described in the Pfam database, only two are asso-
ciated with YadA C-terminal domains. These (GenBank
accession numbers YP_719837 and YP_718689) belong to a
member of the family Pasteurellaceae, Haemophilus somnus
(strain 129Pt), whose genome has been sequenced (8). The
function of surface bacterial proteins bearing collagen re-
peats has been best described for Firmicutes, where these
proteins have been shown to be involved in adhesion to
human lung fibroblasts via the �2�1 integrin inducing intra-
cellular signaling and cell spreading (24). Therefore, the
presence of collagen domains in AT-2 molecules is rather
exceptional and might confer unique biological properties to

H. somnus and H. parasuis. Moreover, although H. somnus
129Pt is considered a nonpathogenic strain, it colonizes gen-
ital mucosal surfaces, and of the 10 AT-2 genes found in the
genome, two display collagen repeats (8). Thus, the pres-
ence of these collagen repeats in VtaA proteins suggests
again that this protein family is involved in adhesion. The
insertion of multiple collagen repeats in between Hep_Hag
and HIM repeats and motifs that are potential collagen-binding
repeats raises several questions about the structure and func-
tion of this multigene family. As for Hep_Hag or HIM repeats,
the sequences of collagen repeats are highly variable within
and between VtaA proteins.

Given that some H. parasuis strains, including the Nagasaki
strain, can be isolated from multiple systemic sites, together
with the implication of AT-2 in virulence in other bacteria, we
suspected that VtaA proteins could contribute to the adhesive/
invasive capacity of this bacterium. To address this question, a
panel of invasive and noninvasive strains was compared at the
genomic level (Tables 1 and 2).

Genomic comparison of vtaA genes using a microarray: the
passenger domain discriminates invasive and noninvasive
strains. A microarray containing 85 DNA fragments represen-
tative of all 13 vtaA genes was used to compare 11 H. parasuis
strains. The results for one member of each vtaA group are
shown in Table 2; similar hybridization patterns were found in
all other genes (see Table S2 in the supplemental material).
Cy5 Nagasaki strain/Cy3 Nagasaki strain ratios varied between
0.88 and 1.2, indicating that genomic DNA was evenly labeled

TABLE 2. Results of the comparative genomic microarray for one representative of each H. parasuis Nagasaki AT-2 group

Group and
gene size

Position
covereda Domain coveredb

Relative FI ratiosc

Noninvasive tested strains Invasive tested strains

SW114 F9 D74 HP-3123 HP-1205 HP-1302 HP-1319 HP-2163 HP-2269 HP-33 Nagasaki

Group 1, vtaA9
(2,859 bp)

26 to 713 SP � Hep_Hag 1
to 5

0.07 0.06 0.07 0.03 0.70 0.50 0.45 0.70 0.18 0.65 1

415 to 996 Hep_Hag 2 to 7 0.10 0.09 0.06 0.05 0.70 0.60 0.40 0.86 0.17 0.57 0.95
1567 to 2097 Col 1 to 3 0.08 0.11 0.07 0.04 1.10 0.77 0.58 1.35 0.42 1 1.15
1901 to 2568 Col 2 to 3 � HIM

2 to 3
0.16 0.10 0.12 0.05 1 0.83 0.55 1.25 0.42 1 1.14

2437 to 2773 HIM 3 � YadA 0.24 0.28 0.19 0.17 1.20 1.10 0.75 1.22 0.77 1.22 0.96

Group 2, vtaA11
(4,500 bp)

143 to 506 SP � Hep_Hag 1
to 3

0.13 0.13 0.12 0.11 0.38 0.38 0.12 0.12 0.14 0.25 0.99

713 to 1435 Hep_Hag 5 to 9
� HIM 1

0.13 0.16 0.10 0.02 0.70 0.70 0.42 0.70 0.32 0.65 1.03

901 to 1617 Hep_Hag 7 to 9
� HIM 1

0.20 0.26 0.23 0.13 0.70 0.80 0.45 0.70 0.56 0.70 1.06

2100 to 2532 Col 1 to 2 0.23 0.42 0.30 0.20 0.60 0.40 0.30 0.35 0.50 0.61 1.07
2586 to 3301 Col 3 to 4 0.24 0.24 0.20 0.14 0.80 0.80 0.70 1.00 0.75 0.88 1.07
2819 to 3570 Col 4 � HIM 3 0.25 0.19 0.16 0.24 0.90 1.00 0.80 0.95 0.90 0.83 0.88
4125 to 4500 HIM 4 � YadA 0.41 0.65 0.27 0.33 1.10 1.40 0.90 1.00 1.20 1.00 0.97

Group 3, vtaA12
(5,043 bp)

1 to 585 SP � Hep_Hag 1
to 3

0.30 0.42 0.37 0.29 0.90 0.75 0.65 0.60 1.26 0.90 1.02

1484 to 1873 Col 1 to 2 0.19 0.20 0.14 0.15 1.80 1.90 0.50 0.50 1.60 1.70 1.03
1949 to 2400 Col 3 to 5 0.07 0.05 0.05 0.05 1.80 2.10 0.55 0.55 2 1.85 1.04
2483 to 3091 Col 6 to 9 0.12 0.12 0.09 0.06 2.25 1.70 0.55 0.54 2 2.35 1.20
2654 to 2991 Col 7 to 8 0.09 0.08 0.04 0.06 2 2.50 0.40 0.39 1.80 2.70 1.16
2936 to 3291 Col 8 to 10 0.08 0.08 0.07 0.04 2.50 2.40 0.40 0.70 1.70 1.60 1.18
3175 to 3795 Col 10 to 11 �

HIM 2
0.26 0.29 0.26 0.20 1.65 1.90 0.85 1 1.90 1.90 1.02

3996 to 4751 Hep_Hag 6 to 8
� HIM 3

1.10 1.47 0.95 0.96 1.30 1.46 0.08 1.20 1.80 1.28 1.01

4554 to 5030 HIM 3 � YadA 0.90 0.90 0.75 0.65 0.80 1.10 0.32 1.10 1.20 0.90 0.99

a Refers to the nucleotide positions probed in relation to each vtaA gene.
b The numbers indicate repeats. SP, signal peptide; col, collagen.
c Values indicate C	5/C	3 ratios; bold values indicate regions of high divergence or absence in relation to H. parasuis Nagasaki vtaA genes.
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regardless of the dyes used. With the exception of a few DNA
regions, mostly found at the 5� terminus, all vtaA genes in the
invasive strains were conserved or moderately divergent (Cy5/
Cy3 ratios above 0.3) compared to those of the Nagasaki ref-
erence strain. Collagen repeats found in the vtaA12 gene were
duplicated (Cy5/Cy3 ratios above 1.5) in the DNA of invasive
strains HP-1205, HP-1302, HP-2163, and HP-33. Very high
divergence was the main feature observed for noninvasive
strains (Cy5/Cy3 ratios below 0.3). The existence of homolo-
gous vtaA genes of groups 2 and 3 in nonpathogenic strains was
suggested because the 3� ends of genes vtaA11 and vtaA12 and
the two first collagen repeats of vtaA11 were moderately di-
vergent or conserved. However, some of the results observed,
especially for the genes of groups 1 and 2, could be due to
high-copy-number differences between invasive and noninva-
sive strains. For this reason, the fluorescence signals of 60 H.
parasuis (Nagasaki) single-copy gene fragments that were
highly homologous among bacteria were analyzed. First, the
Cy5/Cy3 ratios were between 0.75 and 1.2, independent of the
pathogenic status of the strain, ruling out the possibility that
noninvasive strains belonged to a lineage very different than
that of the Nagasaki strain. Second, the existence of vtaA
homologues coding for passenger domains in noninvasive
strains was supported by the fact that Cy5 fluorescence inten-
sities were in many instances largely superior to values ob-
tained with negative controls. Furthermore, the average Cy5
fluorescence intensities in conserved single-copy genes were
three times higher than those obtained from the vtaA pas-
senger domains. Therefore, AT-2 molecules exist in nonin-
vasive strains, but their passenger domains are drastically di-
vergent compared to those in invasive strains. These
conclusions could be reached because the average length of
conserved single-gene-copy fragments deposited in the mi-
croarray was nearly equal to that of gene fragments represent-
ing the passenger domains of vtaA genes. Overall, most of the
DNA diversity occurs in the 5� Hep_Hag, HIM, and collagen
triple helix repeats.

Moreover, PCR amplifications of the YadA translocator
coding domain were also performed (Fig. 3). The presence of
the YadA domains of groups 1 and 2 was confirmed in virulent
strains but not in nonvirulent strains. The YadA domains of
the group 3 vtaA genes were detected in all the strains. This
validated the microarray results where 3� termini of noninva-
sive AT-2 molecules were highly divergent, divergent, and con-
served for groups 1, 2, and 3, respectively.

These results demonstrate a striking polymorphism among
vtaA genes in H. parasuis strains. There is a clear dichotomy
between pathogenic and nonpathogenic strains, the latter be-
ing very divergent from the vtaA genes of the Nagasaki strain.
These pathogenic strains adhere to lung epithelial cells and
brain endothelial cells; they also grow on serosa and can cross
the blood-brain barrier. These biological properties are not
shared with noninvasive strains, which colonize only the upper
respiratory tract (36, 53, 54).

Therefore, the observation that vtaA genes are relatively
conserved among virulent isolates but highly divergent in non-
invasive strains is of significant importance and strengthens the
hypothesis that these molecules play a role in virulence. How-
ever, it is not known if the AT-2 molecules of noninvasive
strains are functional or pseudogenes. Since the presence of

AT-2 molecules has been reported in all gammaproteobacte-
ria, it is very unlikely that noninvasive strains will not possess a
full set of these proteins. Due to high sequence variability, it
was not possible in this study to better characterize AT-2 pas-
senger domains from nasal H. parasuis isolates. Assessing the
repertoire of AT-2 of noninvasive strains will certainly clarify
some of the molecular mechanisms related to the colonization
and invasion of host tissues.

Sequencing of vtaA genes of H. parasuis invasive strains:
assessing the diversity of the AT-2 repertoire. To gain further
insights into the diversity of the vtaA genes, long PCRs were
performed using a 5�-end primer (PADHF) common to all

FIG. 3. DNA amplification of vtaA translocator domains. The com-
binations of primers YADAF1/PADHR1 (A), YADAF2/PADHR2
(B), and YADAF3/PADHR3B (C) were used to specifically amplify
vtaA YadA coding domains of groups 1, 2, and 3, respectively. PCR
products were run in 2% agarose gels. The molecular sizes, in bp, of
the standard (M) are shown on the left. C�, negative control.
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Nagasaki vtaA genes and one of the 3�-end primers (see Fig. S1
in the supplemental material) specific for each vtaA group
(PADHR1, PADHR2, and PADHR3B, respectively). The
DNA of nonvirulent strains was not amplified. The PCR prod-
ucts obtained from the Nagasaki strain were of the expected
size, and with the exception of the genes of group 3, vtaA
orthologs were found in all virulent strains (Fig. 4). The failure
to detect the PCR products of group 3 in all but two strains
(HP-1302 and HP-1319) was most likely due to small sequence
variations at the 5� ends of orthologs and poor PCR efficiency.

When a primer (C5F) 151 bp downstream of the start codon
was used in combination with the group 3-specific primer
(PADHR3B), the PCR products appeared in all tracks corre-
sponding to virulent strains. No amplification compatible with
the expected size for the vtaA molecules was observed in the
nonvirulent strains (Fig. 3C). Size polymorphisms were de-
tected affecting mostly the genes of group 1. The various num-
bers of bands (ranging from 5 to 9 for group 1, 2 to 4 for group
2, and 1 to 2 for group 3) seen for different isolates showed that
each invasive strain could have a different number of vtaA
genes. All PCR products of the Nagasaki strain were cloned
and sequenced. The sequences of the Nagasaki clones were in
perfect agreement with those of the contigs, demonstrating
correct assembly. A sample of invasive strain homologues was
cloned and sequenced as indicated in Fig. 4, and the full-length
sequence for vtaA30 (from strain HP-1319) was achieved by
directly sequencing the 5� end of the PCR product obtained
with the primer combination PADHF and PADHR3B. All
homologous VtaA proteins displayed the same basic structure
as described previously, with variable numbers of Hep_Hag
and HIM repeats and motifs at the 5� end and multiple colla-
gen repeats located centrally. The peculiar structure observed
in groups 2 and 3 between the last collagen repeat and the
YadA domain—three Hep_Hag repeats inserted in the middle
of two HIM motifs—was also conserved between orthologs
(see Fig. S3 in the supplemental material).

Nucleotide and amino acid global multiple alignments were
difficult to perform with all molecules. For example, a strict
homologue of vtaA11 (group 2, smallest PCR product) could
not be found. In the case of vtaA19, a deletion event was
observed at the 5� end and will be discussed later. However,
global multiple alignments could best be achieved with
orthologs of vtaA10 (group 2, largest PCR product) from strains
HP-1205 (vtaA17), HP-33 (vtaA27), HP-2163 (vtaA23) and
HP-2269 (vtaA25). Overall identities at the nucleotide level
ranged from 96 to 88% and at the protein level from 92 to
86%. Most of the variability was clustered in the regions coding
for collagen, Hep_Hag and HIM repeats and motifs at the 5�
termini of the molecules. Selective pressure on these molecules
was examined using this alignment (Fig. 5A). Globally, the
microevolution of vtaA10 and its orthologs seems to be driven
by positive selection (mean difference between nonsynony-
mous and synonymous changes [dN � dS] of 0.599163), but the
dN � dS values varied between different parts of the molecule.
Thus, positive selection is concentrated in the Hep_Hag re-
peats and HIM motifs at the 5� parts of the molecules. Indeed,
from the end of the signal peptide up to the collagen repeats,
the substitutions were mainly nonsynonymous. The collagen
repeats showed both synonymous and nonsynonymous substi-
tutions together with a higher frequency of insertion-deletion
(indel) positions. This particular evolutionary pattern is prob-
ably caused by the structural requirements of collagen repeats
(GXY amino acid repeats) that conserve the glycine position
and allow others to change, although there is a higher fre-
quency of prolines in the second position. Moreover, this part
of the molecule seems to be an indel hot spot, as shown by the
variable number of collagen repeats. In the region between the
collagen repeats and the YadA domain, there were fewer sub-
stitutions, indicating that the C-terminal part of the molecule is
more conserved; five out of six positions that were statistically

FIG. 4. DNA amplification of vtaA genes. The combinations of
primers PADHF/PADHR1 (A), PADHF/PADHR2 (B), and C5F/
PADHR3B (C) were used to specifically amplify vtaA genes of groups
1, 2, and 3, respectively. PCR products were run in 0.8% agarose gels.
PCR products, vtaA1 to vtaA30, selected for sequencing are indicated
by arrows. The molecular sizes, in Kbp, of the standard (M) are shown
on the left.
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significant under purifying selection (dN � dS) were concen-
trated in this area. There is an apparent contradiction between
the function devoted to the N-terminal end (adhesion to host
molecules), which should require a certain degree of conser-
vation, and its high variability. However, as it is exposed to the
external media, the N-terminal part could be subjected to the
pressure of the host immune response, requiring a faster evo-
lution as described for other bacterial surface molecules (17).

For strains HP-1319 and HP-1302, the sequences of group 2

VtaA21 and VtaA19 (larger PCR products in Fig. 4) showed
good conservation with VtaA10 in the region spanning from
the YadA domain up to all, or part, of the collagen repeats.
From this point, divergence was such that these molecules
could not be considered strict homologues of VtaA10 (high
amino acid substitutions with numerous gaps). The first 421
amino acids of VtaA21 displayed between 81 and 75% identi-
ties with the N termini of VtaA13, VtaA30 (group 3), VtaA18,
and VtaA24 (HP-1205 and HP-2163 group 2 lower PCR prod-

FIG. 5. Selective pressure of vtaA10 orthologs and mosaic structure of VtaA molecules. (A) A multiple alignment of vtaA17, vtaA27, vtaA23,
and vtaA25 was performed for selective pressure determination. The dN � dS for each codon position of the vtaA10 strict homologs is indicated
by the black bars and the frequency of indels by the white bars. The alignment position axis is given in amino acid numbers. For the whole molecule,
the mean dN � dS was 0.599163 with a log likelihood of �10,670.5. Six positions (indicated by asterisks) were detected as negatively selected by
the SLAC codon-based maximum likelihood method (P � 0.05). The protein architecture of VtaA10 is represented at the top of the figure; a
positive selective pressure applies to the part of the gene coding for the N-terminal Hep_Hag and HIM repeats and motifs, respectively. (B) To
illustrate the mosaic structure of a sample of VtaA molecules, modules of the passenger domain were selected and compared using BlastP. Pairwise
amino acid identities are indicated as percentages. Potential recombination breakpoints detected by more than five of the seven algorithms
included in the RDP2 package with statistical significance (P � 0.05) are indicated by stars. Modules and connective regions are not to scale, and
blanks indicate indels.
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uct in Fig. 4), respectively, with an indel of 42 amino acids.
These four N termini (VtaA13, -30, -18, and -24) shared be-
tween 87 and 95% identities between them (see Table S1 in the
supplemental material). VtaA18 and VtaA24 displayed a
nearly perfect alignment between them (96% identity at the
protein level) for the whole molecule and shared nearly the
same collagen repeats and connective region up to the begin-
ning of the translocator domain of VtaA30. However, this
connective region of VtaA13 was more similar to VtaA11
(98% identity at the protein level) than any other gene, includ-
ing its group 3 paralog VtaA12 and ortholog VtaA30. Only the
C-terminal part of the VtaA13 collagen repeats was similar to
those of VtaA18, VtaA24, and VtaA30. Figure 5B illustrates
the mosaic structure of the VtaA molecules, highlighting an
extreme evolutionary complexity. Duplication of an ancestral
vtaA group 2 or 3 gene followed by indel events does not
entirely explain the diversity observed at the N terminus and
the collagen repeats. Indeed, the comparison of the signal
peptide and the translocator domain of these orthologs using
phylogenetic reconstructions yielded incongruent trees not
only between paralogs but also between orthologs (Fig. 2).
Further support for the existence of recombination events was
provided by searching for recombination signals for the vtaA
genes included in Fig. 5B. Nineteen potential breakpoints were
detected by more than five of the seven methods included in
the RDP2 software package with statistical significance (P �
0.05). Interestingly, all of these breakpoints were usually lo-
cated out of the predicted repeats and motifs (Fig. 5B), before
and after the first HIM motif, after the collagen repeats, or
surrounding the three Hep_Hag repeats characteristic of
group 2 and 3 YadA domains. Altogether, this provided evi-
dence for extensive recombination affecting part if not all of
the passenger domain between different strains, evoking fre-
quent lateral gene transfer as already suggested by the phylo-
genetic analysis of AT-2 proteins of gram-negative bacteria
(26).

Although several plasmids have been described in H. para-
suis (29, 48) and the genome of the Nagasaki strain has nu-
merous bacteriophages inserted into it (result not shown), so
far no vtaA genes have been found adjacent to or embedded in
these mobile elements. Alternatively, natural transformation
(7), without the need of a vector, could permit lateral transfer
(43). In that respect, multiple DNA USS of different types have
been detected in the passenger domain of many vtaA genes
(Fig. 1; see also Fig. S3 in the supplemental material). More-
over, it is well known that several strains can coexist in the
same farm, even in the same animal (38), increasing the prob-
ability of lateral gene transfer between them.

Genomic rearrangements in the vicinity of vtaA genes.
Genomic DNA amplification of strain HP-1302 with the group
2-specific primers yielded an unusually large 6,235-bp product
(Fig. 4B). The sequence of this amplicon revealed a 25-bp
repeat in both extremities and in opposite directions corre-
sponding to the translocator group 2 domain primer which
begins with the last codon of this vtaA gene (see Fig. S1B in the
supplemental material). As shown in Fig. 6, although truncated
at the signal peptide, a vtaA gene (vtaA19) was detected in one
extremity with no interruptions (stop codons or frameshifts).
The other extremity was characterized by a pseudogene (a
conserved hypothetical protein) followed by a cation trans-

porter, but no vtaA gene fragment was detected. Primers
were designed along the 6,235-bp amplicon to amplify
genomic DNA to rule out the possibility that we were working
with an artifact. A comparison with the genome of Nagasaki
revealed that the pseudogene and the transporter were highly
conserved in strain HP-1302. However, in the Nagasaki strain,
the conserved hypothetical protein was in frame with a methi-
onine start codon. The menC gene (O-succinylbenzoate syn-
thase) was absent in the HP-1302 amplicon, with only 71 nu-
cleotides remaining, indicating a deletion event rather than an
insertion in the Nagasaki genome in which the next gene was
vtaA12 (group 3). The deletion affected one part of the signal
peptide and one part of its adjacent intergenic space. Interest-
ingly, the first 34 amino acids of VtaA19 were predicted as a
signal peptide with a probability of 0.993. However, the expres-
sion of this gene is questionable since the promoter has likely
been deleted. It is also unknown if the duplication of the last 25
nucleotides of vtaA19 was concomitant with the observed de-
letion. A careful examination of the Nagasaki genome did not
reveal orphan DNA fragments outside their respective vtaA
genes. Nonetheless, this result provides further support for the
extreme plasticity of vtaA genes and their surroundings.

Proposed evolutionary model of the vtaA multigene family.
This report describes for the first time an appreciable sampling
of AT-2 gene sequences within a single bacterial species, al-
lowing us to explore some new aspects of the evolution of these
molecules. First, compared to the Pasteurellaceae genomes se-
quenced to date, a main feature, only shared with H. somnus,
is the high copy number of AT-2 genes. Strikingly, no vtaA
pseudogenes have been found in the genome of the Nagasaki
strain or vtaA orthologs examined, although vtaA19 seems to
have no functional promoter. Also, from the fact that vtaA
genes are very divergent between invasive and noninvasive
strains and that a high positive selective pressure is observed at
the most external part of the mature proteins, a major function
for these molecules in relation to the adaptation of the bacte-
rium to its host can be deduced. However, the repertoire of
passenger domains shows a high variability with a mosaic struc-
ture not compatible with a single mechanism of punctual mu-
tations accompanied by small indel events. Only lateral gene
transfer of the whole or part of the passenger domain together
with intrachromosomal rearrangements can account for the
mosaic structure observed. Three translocator domains
(groups 1 to 3) have been characterized. Apparently only
group 1 is associated with a particular passenger domain rep-
ertoire, but since a limited number of orthologs have been
sequenced in this group, recombination with other transloca-
tors cannot be excluded. In that respect, the nearest homologs
of the N-terminal Hep_Hag and HIM repeats of VtaA11
(group 2) are VtaA5 and VtaA16 (group 1), having a 71%
identity with both. The observation that the N-terminal do-
main architectures of VtaA1 and VtaA29 (group 3) are very
similar (Fig. 1; see also Fig. S3 in the supplemental material),
with a 71% identity, provides further support for the latter
hypothesis. The fact that vtaA genes of group 1 had a signifi-
cantly higher copy number in all invasive strains indicates evo-
lutionary fates different from those for the genes of groups 2
and 3. The mechanism underlying this multiplication is un-
clear, but it results in the spreading of vtaA genes all over the
genome; this has also been noticed for H. somnus (8). How-
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ever, the observation that small terminal DNA fragments of
the group 2 translocator can be found inverted in strain HP-
1302 and the incomplete deletion upstream of vtaA19 is rem-
iniscent of transposition-like activity (14, 49).

The phylogenetic analysis of YadA domains was difficult to
perform due to substitution saturation (56). Phylogenetic re-
constructions were not robust, and bootstrap values were usu-
ally low (see Fig. S4 in the supplemental material). Since the
reliability of the internal branches was low, it was hard to
conclude whether the three YadA domains of H. parasuis were
derived from a common ancestor or if they were acquired
independently. The three groups were not clustered together,
but they were branched with other Pasteurellaceae YadA do-
mains. Furthermore, H. parasuis was the only member of the
family Pasteurellaceae to show three different groups of YadA
domains, although some members (H. somnus, Pasteurella mul-
tocida, Actinobacillus succinogenes, and Actinobacillus pleuro-
pneumoniae) showed two unrelated branches of YadA do-
mains. Curiously, group 3, which is the most conserved among
H. parasuis strains, had only one ortholog in A. succinogenes.
This topology suggests that the YadA domains of H. parasuis
and other Pasteurellaceae could have several origins rather
than a common origin. However, since each group is found in
more than one member of the family Pasteurellaceae, they may
have been acquired before its divergence. Alternatively, YadA

domains could have been expanded by intensive lateral gene
transfer among Pasteurellaceae after being acquired by one of
its members. Interestingly, group 1 Pasteurellaceae are clus-
tered with one Burkholderia ambifaria YadA domain (with a
bootstrap value of 30), suggesting the existence of lateral gene
transfer.

The most intriguing feature is the presence of collagen re-
peats in all VtaA molecules of invasive strains. No collagen
repeats are found in the genome of H. parasuis (Nagasaki)
outside the vtaA genes. They display some common evolution-
ary features such as the upstream Hep_Hag and HIM repeats:
variable number of repeats, accumulation of mutations and
insertions/deletions, and in many instances better homology
between orthologs than paralogs. However, their presence in
only two gram-negative bacterial species (H. parasuis and H.
somnus) suggests that they have been acquired. The presence
of collagen repeats in all vtaA genes sequenced from invasive
strains could be explained by an insertion event into a single
vtaA ancestor, followed by the serial duplication of this gene.
Alternatively, those repeats could have been interchanged by
the recombination of parts of the passenger domain with other
vtaA genes of different groups without collagen repeats. Both
mechanisms would lead to homogeneous vtaA gene pools. The
fact that many caudoviruses possess collagen repeats in some
of their proteins is of interest (see the Pfam database for

FIG. 6. Comparison of the genomic regions upstream of genes vtaA19, vtaA10, and vtaA12. Boxes represent genes. Abbreviations: CHP,
conserved hypothetical protein; TRP, divalent cation transporter; menC, gene encoding O-succinylbenzoate synthase. Light gray shaded areas
correspond to high-homology regions (identities of 90% or more) shared between the different genes or intergenic spaces whose length in bp are
indicated by values below or above the brackets. With the exception of 71 nucleotides, the entire menC gene has been deleted in HP-1302, and
the CHP gene in this strain is a pseudogene with numerous frameshifts. The signal peptide region is magnified to show the exact extent of the
deletion in vtaA19. The arrow indicates the most probable cleavage site of the signal peptide.
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PF01391). In that respect, multiple bacteriophages of the same
species as those harboring collagen repeats are inserted in the
genome of H. parasuis. Because Pasteurellaceae and Streptococ-
caceae share the same host ecological niche (the respiratory
tract), it is tempting to hypothesize that the donor DNA was
from Firmicutes.
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