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Abstract The development of serotyping-based diag-
nostic methods and multivalent vaccines has been signifi-
cantly hampered due to the limited information available
on the genetic differences among the 15 currently known
serotypes of Actinobacillus pleuropneumoniae. In this
study, using the GenomeComp informatics software, dif-
ferential genes were screened and identified between the
complete genome sequences of the serotypes 5b (L20
strain, highly virulent) and 3 (JLO3 strain, weakly virulent),
84 presented uniquely in strain L20, while 57 were only
found in JLO3 strain. Of these, 75 encode putative proteins
and 66 encode hypothetical proteins, including phage-
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related proteins, Apx toxin, capsular polysaccharide bio-
synthesis proteins, ATP-binding cassette (ABC) transport-
ers, Clp-like proteases, fimbrial protein (Flp), various
glycosyltransferases, methylases, integrases, and other
proteins related to virulence. To confirm and further
characterize the differential genes, we carefully selected 34
proven or putative virulence genes which were extremely
useful on researching into detection and vaccine of A.
pleuropneumoniae, and investigated the distribution and
transcription of these genes among the 15 serotypes
through polymerase chain reaction, reverse transcriptase-
polymerase chain reaction and sequencing, and different
distribution and transcription patterns of the differential
genes in each serotype were first found and described.
These information of these differential genes among the 15
serotypes of A. pleuropneumoniae may greatly serve as an
indicator for future research on the pathogenic mechanisms
of different serotypes, serotyping-based diagnostic meth-
ods, and multivalent vaccines.
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Introduction

Porcine contagious pleuropneumonia is caused by Actino-
bacillus pleuropneumoniae [7]. This disease, which has
been described worldwide, affects swine of all the ages and
has a major impact on economy, ecology, and animal
welfare in the pig-rearing industry. On the basis of the
antigenic properties of capsular polysaccharides and the
cell wall lipopolysaccharides, A. pleuropneumoniae has
been divided into 15 serotypes [1]. Compared with the low
virulence serotypes 3 and 6, serotypes 1, 5, 9, and 11 are
the most virulent, causing high mortality and severe pul-
monary pathologic changes [12]. Current A. pleuropneu-
moniae vaccines targeting a specific serotype do not confer
protection from infection by the other serotypes [9]. Owing
to the limited information on the genetic differences among
the serotypes, studies on the immunity mechanisms of
different serotypes, typing-based diagnosis, and multi-
valent genetically engineered vaccines have been signifi-
cantly hampered. Therefore, the genomic differences
among the principal serotypes should be identified and
suitably exploited.

To date, the complete genome sequences of A. pleuro-
pneumoniae strains L20 (serotype 5b; accession no.
CP000569), A. pleuropneumoniae JLO3 (serotype 3;
accession no. CP000687), and A. pleuropneumoniae AP76
(an isolate of serotype 7; CP001091) have been deter-
mined. In this study, we first used GenomeComp infor-
matics software (genome sequence alignment software) to
compare the complete genome sequences of A. pleuro-
pneumoniae serotypes 5b (highly virulent) and 3 (weakly
virulent) in order to screen all the differential genes from
each strain. And then, to confirm and further characterize
the differential genes, we also selected primary proven or
putative virulence genes [2] and investigated the distribu-
tion and transcription of these genes among the 15 sero-
types of A. pleuropneumoniae through PCR, RT-PCR, and
sequencing.

Materials and Methods
Bacterial Strains and Growth Conditions

The 15 serotypes of the reference strains of A. pleuro-
pneumoniae used in this study are listed in Table 1. Acti-
nobacillus pleuropneumoniae reference strains of serotype
1-10 were purchased from the China Institute of Veteri-
nary Drug Control (Beijing, China) and cultured in brain
heart infusion (BHI; Difco Laboratories, Detroit, MI)
supplemented with nicotinamide adenine dinucleotide
(NAD) (10 pg/ml; Sigma) at 37°C for 6 h, while shaking at
150 rpm. The chromosomal DNA of the reference strains
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Table 1 Actinobacillus. pleuropneumoniae reference strains used in
this study

Strain Serotype
4074 1
1536 2
1421 3
JLO3 3
M62 4
K17 Sa
L20 5b
Fem®

WEF83

405 8
13261

13039 10
56153 11
8329 12
N-273 13
3606 14
HS143 15

of serotype 11-15 were kindly provided by Dr. Shuqing Li
(Shanghai Entry-Exit Inspection and Quarantine Bureau,
Shanghai, P.R. China). The A. pleuropneumoniae strain
JLO3 (serotype 3) was provided by Dr. Bin Wu (Huazhong
Agricultural University, Wuhan, P.R. China).

DNA sequences

The complete genome sequences of both A. pleuropneu-
moniae strain L20 (serotype 5; accession no. CP000569)
and A. pleuropneumoniae strain JLO3 (serotype 3; acces-
sion no. CP000687) were obtained from the NCBI Gen-
bank database (http://www.ncbi.nlm.nih.gov/).

Genomic differences analysis

GenomeComp, which provides a graphic user interface
(GUI), is a software for DNA sequence comparisons [14].
First, we used this software to compare the two sequences
(CP000569 and CP000687) and to identify their differential
genes. Then, in order to confirm these results, we used the
programs BlastN, BlastP, and BlastX (http://www.ncbi.
nlm.nih.gov/) to locate the sequence similarities in the
nucleotide and protein databases.

Identification of the differential genes by polymerase
chain reaction

To confirm and further characterize the differential genes,
we selected the 34 proven and putative virulence genes (18
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differential genes of strain L20, 16 differential genes of
JLO3 strain) which were extremely helpful on researching
into detection and vaccine of APP, and designed specific
primers using the Primer 5.0 software (listed in Supple-
mentary Table 1). The genomic DNA of reference strain
L20 (serotype 5b) and strain JLO3 (serotype 3) was
extracted using an AxyPrep Bacterial Genomic DNA
Miniprep kit (Axygen). The following temperature pro-
gram was used for polymerase chain reaction (PCR): 95°C
for 2 min, followed by 30 cycles of 94°C for 40 s, 52°C for
30 s, and 72°C for 1 min, with a final extension at 72°C for
5 min.

Analysis of the Distribution of the 34 Selected
Differential Genes in 15 Serotypes

To further clarify the distribution of the 34 selected differ-
ential genes among the 15 serotypes of A. pleuropneumoniae,
we extracted the genomic DNA of 17 reference strains using
the AxyPrep Bacterial Genomic DNA Miniprep kit (Axy-
gen). The extracted DNA was then used for the PCR-based
identification of the differential genes in 15 serotypes.

Analysis of Transcription of the 34 Selected
Differential Genes by Reverse Transcriptase-
Polymerase Chain Reaction

To further characterize the expression of the 34 selected
differential genes among the 15 serotypes of A. pleuro-
pneumoniae, we extracted and purified the total RNA of 17
reference strains using the E.Z.N.A.® Bacterial RNA Kit
(OMEGA) for reverse transcriptase-polymerase chain
reaction (RT-PCR) as manufacturer described. 1 pg of total
RNA was employed to generate cDNA with a RevertAid
First Strand cDNA Synthesis kit (Fermentas life sciences),
according to the manufacturer’s instructions. Then, 1 pl of
synthesized cDNA was used for analysis of the expression
of the 34 selected differential genes by PCR as previously
described.

Results
Genetic Differences Analysis

The complete genome sequences of serotypes 3 (JLO3 strain)
and 5b (L20 strain) were compared using the GenomeComp
software. We identified a total of 84 differential genes from
strain .20, and 57 differential genes from JLO3 strain.

The nucleotide similarities of these genes were deter-
mined using the GenBank database. Compared with the
JLO3 strain, the L20 strain has 84 differential genes, which
encode 41 hypothetical proteins and 43 putative proteins,

including phage-related proteins, various methylases, end-
olysins, Clp-like proteases, fimbrial protein (Flp), ABC
transporters, UDP-galactopyranose mutases, various gly-
cosyltransferases, capsular polysaccharide biosynthesis
proteins, Apx I toxin, and other genes related to virulence.
The sequences and encoding proteins are shown in Sup-
plementary Table 2. We identified 57 differential genes in
the JLO3 strain, which encode 25 hypothetical proteins and
32 putative proteins, including RacX proteins, DNA-
binding proteins, integrases, Wzz-like proteins, various
glycosyltransferases, oligosaccharide repeat unit polymer-
ases, the Wzx flippase, UDP-galactopyranose mutases,
polysaccharide biosynthesis proteins, teichoic acid bio-
synthesis proteins, Abi-like proteins, Apx III toxin, and
other genes related to virulence. The sequences and
encoding proteins are shown in Supplementary Table 3.

Confirmation of the 34 Differential Genes by PCR
with Special Primers

After screening of differential between APP serotype 5b
and serotype 3, 34 proven or putative virulence genes
which were extremely useful on researching into typing
detection and vaccine of APP were selected carefully and
further confirmed by PCR with special primers. Genomic
DNA from the reference strain L20 (serotype 5b) and JLO3
(serotype 3) was used as a template for the PCR-based
identification of these differential genes. The electropho-
resis results showed that all of the selected differential
genes (18) found in strain L20 were absent in JLO3 strain,
while all the selected differential genes (16) present in the
A. pleuropneumoniae JLO3 strain were absent in strain L20.

Analysis of the Distribution of the 34 Selected
Differential Genes in 15 Serotypes

Before the application of these important differential genes
fully in the future, it was very necessary to further char-
acterize the distribution of the differential genes among the
15 serotypes of A. pleuropneumoniae. Therefore, the
genomic DNA of 15 serotype reference strains were used
as templates for PCR-based identification. The electro-
phoresis results showed that the 34 differential genes were
differently distributed among the 15 serotypes (Supple-
mentary Table 4). These data displayed clearly difference
in genomes among the 15 serotypes, and they were very
helpful to establish serotyping detection in gene level.

Analysis of the Expression of the 34 Selected
Differential Genes by RT-PCR

To determine whether the differential genes were expres-
sed, expression study of the 34 selected differential genes
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was performed among the 15 serotypes of A. pleuropneu-
moniae by RT-PCR. The results showed that the tran-
scription of the 34 differential genes was partially
discordant with their distribution in genomes among the 15
serotypes, and some genes present in the genome did not
transcribe. Only ten out of 34 differential genes were
transcribed in all the strains which contained these related
genes in their genomes among 15 serotypes, while 24 of 34
differential genes were only transcribed in some serotypes.
11 of 18 differential genes from serotype 5b did not tran-
scribe in some serotypes containing these genes in genome
and non-transcription times is 19, while 13 of 16 differ-
ential genes from serotype 3 did not transcribe and the
times in total is 36. The genes and their transcription were
showed in Supplementary Table 4.

Discussion

Currently, there are no commercial vaccines available that
can provide cross-protection against the 15 serotypes of A.
pleuropneumoniae. Comparison of the genomes of two
closely related strains and identification of functional genes
are effective approaches for elucidating bacterial patho-
genic mechanisms and developing multivalent vaccines
[5]. Although the complete genome sequences of the A.
pleuropneumoniae strains L20 (serotype 5b) and JLO3
(serotype 3) have been determined, the genomic differ-
ences between them have still not been elucidated in detail.

In this study, we used genome sequence alignment
software to systematically compare the complete genome
sequences of A. pleuropneumoniae serotype Sb and sero-
type 3 for screening of useful differential genes between
them. The differential genes of these two strains encode
different proteins, including various methylases, integrases,
glycosyltransferases, lipopolysaccharide biosynthesis gly-
cosyltransferases, Clp-like proteases, UDP-galactopyra-
nose mutases, arabinose-5-phosphate isomerases, flp
operon protein B, ABC transporters, capsular polysaccha-
ride biosynthesis proteins, phage-related proteins, RacX
protein, DNA-binding proteins, Abi-like proteins, Apx
toxins, other proteins related to virulence factors, and so
on. Although the reference strains and selected Canadian
field isolates have been compared with the A. leuropneu-
moniae L20 strain (serotype 5b) by performing microarray
analysis [3], the genomic differences between serotypes Sb
and 3 have still not been elucidated. We only found six
genes (3-29, 3-30, 3-31, 3-34, 3-36, and 3-37, listed in
Supplementary Table 3) in our 141 genes had also been
described as differential genes between A. pleuropneumo-
niae serotypes 1 and 3 [13], which could be associated with
serotype strains, and others were first reported as differ-
ential genes from APP strains.

@ Springer

Phages play an important role in the horizontal transfer
of virulence genes, and they are also important precursors
during expression of the bacterial virulence process. They
encode toxins as well as special proteins, thereby changing
the bacterial resistance to host defense mechanisms. In
addition, the interaction between phages and bacteria also
allows bacteria to constantly acquire new virulence genes,
leading to the emergence of new pathogenic strains [11].
Our results revealed that 9 phage-related genes (5-2, 5-22,
5-23, 5-27, 5-33, 5-35, 5-36, 5-37, and 5-38) were present
in strain L20, but absent in JLO3 strain (Supplementary
Table 2). This may explain the high virulence potential of
A. pleuropneumoniae serotype 5b. We also found that the
distribution of the phage-related genes 5-2, 5-23, and 5-27
among the 15 serotypes was complex, but that all three
genes were present in the most virulent serotypes (1, 5, 9,
and 11). The different virulence potential in different ser-
otypes may be the result of the horizontal transfer of vir-
ulence genes, which has significance for future studies.

The distribution of the gene encoding DNA methylase
(5-15) shows significant differences among serotypes of A.
pleuropneumoniae and is present in the highly virulent
serotypes 1, 5b, 9, 10, and 11. A growing number of reports
describe the role for DNA methylation in regulating the
expression of various bacterial genes related to virulence in
various pathogens, suggesting that DNA methylation may
be a widespread and versatile regulator of the expression of
virulence genes [4, 6]. Therefore, we reckon that this gene
may be associated with highly virulent serotypes of
A. pleuropneumoniae. However, this hypothesis needs to
be studied further.

Notably, we discovered that a gene encoding the tei-
choic acid biosynthesis protein (3-44) is only present in
serotype 3. We speculate that this gene could be used for
the specific diagnosis of serotype 3 and may contribute
to the development of serotyping-based methods for
A. pleuropneumoniae. In addition, the distribution of some
differential genes in A. pleuropneumoniae serotype Sa is
not exactly the same as that in serotype 5b. Genes 5-9,
5-15, 5-23, 5-24, and 5-27 (listed in Supplementary
Table 2) are present in A. pleuropneumoniae serotype 5b,
but absent in 5a. While genes 3-19, 3-46, 3-49, and 3-50
(listed in Supplementary Table 3) are present in A. pleu-
ropneumoniae serotype S5a, but absent in 5b. These dif-
ferential genes may provide the basis for typing-based
diagnostic methods to distinguish between the A. pleuro-
pneumoniae serotypes 5a and 5b. Serological cross-reac-
tivity between serotypes 1 and 9 [10] and serotypes 3, 6,
and 8 [15] has been reported. Previous studies suggest that
these cross-reactions can be primarily attributed to shared
species-specific antigens, such as lipopolysaccharides or
membrane proteins [8]. In our study, distribution analysis
indicated that many differential genes of serotype 3 were
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present in serotypes 3, 6, 8, and 15, including genes 3-19,
3-27, 3-33, 3-35, 3-49, 3-50, 3-56, and so on (listed in
Supplementary Table 3). These differential genes (the
encoded proteins are listed in Supplementary Tables 2 and
3) may be related to immune-protective antigens that are
shared by some serotypes. Thus, these genes may serve as
potential vaccine candidates for a multivalent vaccine that
can provide cross-protection against multiple serotypes of
A. pleuropneumoniae.

Whether the differential genes were expressed really
was crucial for their functional research. So RT-PCR with
special primers was used to test the transcripts of the 34
selected differential genes among the 15 serotypes of
A. pleuropneumoniae. We list the transcription of 34 dif-
ferential genes among 15 serotypes in Supplementary
Table 4. For instance, Cps2A presented in serotypes 2, 3, 4,
7, 8, 9, 13; but mRNAs of Cps2A were only detected
positively in serotype 4 and 13 by RT-PCR. These data
showed that certain genes could be transcribed and might
possess function among 15 different serotypes. These
genes may also beproviding some novel targets that could
be exploited in vaccine development and pathogenesis
study.

With the development of bioinformatics, the genomes of
an increasing number of microorganisms have been
sequenced. In most cases, however, the differential genes
among microorganisms should be identified to provide a
basis for the research on pathogenic mechanisms in dif-
ferent serotypes of pathogenic bacteria as well as to
develop serotyping-based diagnostic methods and new
types of multivalent vaccines. In this study, we carried out
a preliminary comparative analysis of differential genes in
the genomes of A. pleuropneumoniae strains using infor-
matics software, which provides much information for
further research on microbial biological functions. Our
results also established a platform for research on multi-
valent genetic vaccines for different pathogenic serotypes,
thereby providing a new technique and method, and the
foundation for the structural and functional research on
multivalent genetic vaccines in the future.
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