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Abstract Actinobacillus pleuropneumoniae is the
cause of porcine contagious pleuropneumonia, which
is one of the most important respiratory diseases in
swine and causes huge economic losses in the swine
industry. PotD, a polyamine-binding protein, has been
well characterised in many pathogens of humans and
animals. In this study, a A4potD2 mutant of A.
pleuropneumoniae strain MS71 (serovar 1) was con-
structed successfully by homologous recombination.
Growth curves of different strains showed that the
growth of the ApotD2 mutant was affected greatly in
the logarithmic phase compared with that of parental
strain. In vitro stress assays revealed that the viability
of ApotD2 mutant strain was significantly impaired
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under multiple environmental stresses, including high
temperature, oxidation and hyperosmosis. Addition-
ally, the AdpotD2 mutant caused significantly
decreased mortality in a mouse model. Taken together,
the findings in this study suggest an important role of
PotD?2 in the growth, stress tolerance and virulence of
A. pleuropneumoniae.

Keywords Actinobacillus pleuropneumoniae -
potD2 gene - Stress tolerance - Virulence

Introduction

Actinobacillus pleuropneumoniae is the causative agent
of porcine contagious pleuropneumonia, which often
causes serious fibrino-hemorrhagic necrotizing pneu-
moniae and fibrinous pleurisy in swine (Bossé et al.
2002). To date, A. pleuropneumoniae has been divided
into 15 serotypes on the basis of the antigenic properties
of the capsular polysaccharides and lipopolysaccharides
and 2 biotypes according to the dependence on nicoti-
namide adenine dinucleotide (NAD) (Blackall et al.
2002; Zhang et al. 2016a). Although many studies have
concentrated on A. pleuropneumoniae, porcine conta-
gious pleuropneumonia is still one of the most serious
disease in the swine industry worldwide (Chiers et al.
2010; Hillen et al. 2014).

Polyamines are a group of small polycationic
compounds with a hydrocarbon backbone and
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multiple amino groups, including putrescine, sper-
midine, spermine, and cadaverine (Nasrallah et al.
2014). Since they have the fully protonated
state in physiological conditions, polyamines are pos-
itively charged and usually interact with intracellular
negatively charged compounds, such as nucleic acids,
ATP and phospholipids (Miyamoto et al. 1993; Childs
et al. 2003). Because of their interactions with other
compounds, polyamines have affected many aspects
of cellular physiology, and play an important role in
cell growth, stabilising biological membrane struc-
ture, stress tolerance and signaling (Igarashi and
Kashiwagi 2010). Moreover, many studies have
shown that polyamines are involved in the expression
of virulence factors (Durand and Bjork 2003), immune
evasion (Bussiére et al. 2005; Chaturvedi et al. 2010),
biofilm formation (Karatan et al. 2005; Patel et al.
2006) and oxidative stress resistance in several
pathogens (Chattopadhyay et al. 2003).

Polyamines can be obtained by autosynthesis or
uptake from the extracellular environment in most
bacteria. Currently, polyamine transport systems are
widely studied in several human pathogens, which covers
five types of uptake pathway. Spermidine-preferential
uptake system PotABCD and putrescine-specific trans-
port systems PotFGHI are typical ATP-binding cassette
(ABC) transporters, in which ATP are needed to provide
energy. In addition, two antiporter systems, the PotE-
mediated putrescine-ornithine antiporter and CadB-me-
diated cadaverine-lysine antiporter, and a putrescine-
specific uniporter PuuP, have also been identified in
Escherichia coli (Kashiwagi et al. 1992; Soksawat-
maekhin et al. 2004; Kurihara et al. 2005, 2009). Among
these, the PotABCD system is the most widely dis-
tributed polyamine transport system, in which PotA is a
cytoplasmic protein with an ATP-binding motif that
couples ATP hydrolysis to provide energy for translo-
cating polyamines. Two polypeptides PotB and PotC
form a transmembrane channel through which extracel-
lular polyamines are transported. PotD is a periplasmic
substrate-binding protein that binds extracellular poly-
amine (Kashiwagi et al. 1990; Pistocchi et al. 1993;
Igarashi et al. 2001; Shah and Swiatlo 2008).

It has been identified that a putative polyamine-
binding protein PotD2 is present in all 15 serovars of
A. pleuropneumoniae (Liao et al. 2009; Chung et al.
2012). However, it is still unknown what influence the
biological characteristics of PotD2 may exert in A.
pleuropneumoniae. In this study, an unmarked
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ApotD2 mutant as well as the corresponding geneti-
cally complemented strain C-ApotD2 were con-
structed to investigate the possible biological
functions of PotD2 in A. pleuropneumoniae.

Materials and methods
Bacterial strains, plasmids and growth conditions

The bacterial strains and plasmids used in this study
are described in Table 1. Wild-type A. pleuropneu-
moniae strain MS71 (serovar 1), an isolate from a
diseased pig in Sichuan, China, was used as the
parental strain. MS71 and its derivatives were
grown in Tryptic Soy Broth (TSB, BD, USA) or
on Tryptic Soy Agar (TSA, BD, USA) supple-
mented with 5% bovine serum (Invitrogen, USA)
and 0.01% NAD. When necessary, the media were
supplemented with 50 pg/ml kanamycin or 5 pg/ml
chloramphenicol (Cm). Escherichia coli strains were
grown on Luria-Bertani (LB, Difco Laboratories,
Detroit, USA) agar or in broth. When required, the
media were supplemented with 25 pg/ml chloram-
phenicol and 1 mM diaminopimelic acid (Sigma-
Aldrich, St. Louis, MO, USA). All strains were
grown at 37 °C.

Bioinformatic analysis

The amino acid sequence of the putative protein PotD2
of A. pleuropneumoniae serovar 1 str.4074 was obtained
from the NCBI (Protein ID = WP005596365.1). Prot-
Param (http://www.expasy.org/) was used to compute
the pI/Mw value. The signal peptide domain, secondary
structure, hydrophobicity, and subcellular location were
predicted by the programs LipoP (http://www.cbs.dtu.
dk/services/LipoP/), Pred-Lipo (http://www.compgen.
org/tools/PRED-LIPO), Psipred (http://bioinf.cs.ucl.
ac.uk/psipred/),  ProtScale (http://web.expasy.org/
protscale/) and Psort (http://psortl.hgc.jp/form.html),
respectively.

Construction of the ApotD2 mutant in A.
pleuropneumoniae

The primers used for amplification are listed in
Table 2. The ApotD2 mutant was constructed as
described previously (Li et al. 2016). Briefly,
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Table 1 Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s) Source
Strain
MS71 APP serovar 1 clinical isolate Collection
ApotD2 Unmarked potD2-negative deletion mutant of MS71 This study
C-ApotD2 MS71 complemented ApotD2 strain This study
E. coli DH5a Cloning host for maintaining the recombinant plasmids Takara
E. coli BL21 (DE3) Expressing host for maintaining the recombinant plasmids Takara
E. coli 2155 thrB1004 pro thi hsdS lacZAM15 (F* lacZAM15 lacl? traD36 Baltes et al. (2003)
proA™ proB*) Adap::erm (Erm")
Plasmid
pEMOC2 Transconjugation vector based on pBluescript SK with mobRP4, a Baltes et al. (2003)
polycloning site, Cm", and transcriptional fusion of the omlA
promotor with the sacB gene
pLS88 Broad-host-range shuttle vector from Haemophilus ducreyi; Str" Willson et al. (1989)
Kan"
pET32a(+) Expression vector, Amp" Takara
pLR15 Upstream and downstream homologous fragment of potD2 cloned This study
into pPEMOC2
pCP Containing potD2 gene in pLS88, Kan" This study

approximately 1 kb upstream and downstream homol-
ogous arms of potD2 were amplified using the strain
MS71 genome as template by primers potD2-Up-F/R
and potD2-Down-F/R, respectively. The two PCR
fragments were integrated by overlap extension PCR
using primers potD2-Up-F and potD2-Down-R. The
resulting PCR product was digested by Sall and
Notl,and subsequently inserted into the suicide plas-
mid pEMOC?2 which was also digested by Sall and
NotI to generate the recombinant suicide plasmid
pLR15. The resulting pLR15 was conjugated into
strain MS71 using the E. coli strain 2155. After two

homologous recombination steps, the ApotD2 mutant
was identified by PCR and sequencing assays (Fig. 1).

Construction of the complemented strain
C-A4potD?2

For creation of the genetically complemented strain,
the entire open reading frame as well as the promoter
region of potD2 was cloned into the shuttle vector
pLS88 to generate the expression plasmid pCP by
homologous recombinant cloning. The resulting pCP
was electroporated into the ApotD2 mutant and the

Table 2 Sequences of PCR
oligonucleotide primers

Primers

Sequence (5'-3)*

potD2-UpF-Sal 1
potD2-UpR
potD2-DownF
potD2-DownR-Not I
potD2-F-BamH I

# Restriction sites are potD2-R-HindIII

underlined. The extended

. C-ApotD2-F
sequence required for
overlap PCR and C-ApotD2-R
homologous recombinant ApxIV-F
cloning are indicated in ApxIV-R

minuscule

CAAGTCGAC AAGTGAGTAAATGAGGGAGC
actttgcagggcttcccaaccttacTTAAGTTTTCTCCGTTAAAG
actctggggttcgaaatgaccgaccATTCGTTAGCCTAACGGATA
TGCGGCCGC GTGCCGCCTGATGACTTG

CGGGATCC GAAGAAAAGCCAAAAGCGG

CCCAAGCTT TTATTTCGCCGCTTTTAAC
tgaaagaaaccgcaagaattcTAATATAGCGTTAAATTTGCTGATTTCA
gtecacgctctecagegagctcCGTGAGTTTAAATAGTTTACGTGTGTT
GCCATCGACTCAACCAT

TGGCACTGACGTGATGA

@ Springer



1650

Antonie van Leeuwenhoek (2017) 110:1647-1657

MST1genome /o

Two-step homologous
recombination

C-ApotD2

Fig. 1 Schematic representation of the construction of the A. pleuropneumoniae ApotD2 mutant and the corresponding genetically

complemented strain C-ApotD2

transformants were selected on TSA containing
kanamycin (Fig. 1).

Expression of recombinant PotD2 and generation
of mouse antisera

Recombinant PotD2 protein was generated using an
E. coli expression system. Briefly, PCR fragments
containing potD2 gene minus its signal peptide sequence
was amplified from MS71 genomic DNA using primers
potD2-F/R. The resulting PCR products was then
inserted into the BamHI and HindIII sites of pET32a to
generate recombinant plasmid pET32a-PotD2. The
resulting plasmids were transformed into E. coli
BL21(DE3) and induced to express by the addition of
1 mM isopropyl-beta-p-thiogalactopyranoside. Recom-
binant proteins were purified by Ni affinity chromatog-
raphy using Mini IMAC Ni-Charged column (Bio-Rad)
as described previously (Zhang et al. 2016b).

To prepare the PotD2 antiserum, five female
specific pathogen free mice (18-22 g) were immu-
nised subcutaneously with 50 pg recombinant PotD2
protein emulsified in 100 pL complete Freund’s

@ Springer

adjuvant. 2 weeks following the initial immunisation,
the mice were given a booster shot of the same dose of
PotD2 protein and incomplete Freund’s adjuvant.
Serum samples were collected 2 weeks after booster
immunisation and stored at —80 °C.

Western blotting

For western blotting analysis, the whole cell extract of
strains MS71, ApotD2 mutant and C-ApotD2 com-
plemented strain were analysed by 12% SDS-PAGE
and electrotransferred to a polyvinylidene fluoride
membrane. After being blocked with 5% skimmed
milk in TBST (Tris—HCI buffered saline containing
0.05% Tween 20) at room temperature for 1 h, the
membrane was incubated at room temperature for 2 h
with mice antiserum against recombinant PotD2
protein as the primary antibody. Horseradish peroxi-
dase-conjugated goat anti-mouse IgG (Bioss, China)
were used as the secondary antibody. The membrane
was developed with an Immun-Star Western C Kit
(Bio-Rad, USA) according to the manufacturer’s
instructions.
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Genetic stability and in vitro growth assays

The ApotD2 mutant was cultured and passaged for 10
times continuously in TSB. The corresponding frag-
ments were amplified by PCR to identify the genetic
stability of each generation of the mutant strains. The
single colonies of MS71, ApotD2 mutant and C-
ApotD2 were picked respectively and inoculated in
TSB with shaking overnight. The next day, the
bacterial suspensions were inoculated into fresh TSB
at a dilution of 1:100. The bacterial cells were
incubated in TSB at 37 °C with 200 rpm/min. The
optical density at 600 nm (A600) was measured at 1 h
intervals. All experiments were performed in
triplicate.

Stress tolerance assays

In vitro stress assays were conducted with minor
modifications as described previously using the MS71
strain, ApotD2 mutant and C-ApotD2 strain (Fang
et al. 2013). At an OD600 value of approximately 0.6,
cells from 1 ml cultures were centrifuged at
5000x g for 5 min. For the oxidative tolerance assay,
the cells were resuspended in 1 ml of TSB supple-
mented with 0.8 mM hydrogen peroxide for 30 min.
For the heat-shock assay, cells were resuspended in
TSB and placed in a 50 °C water bath for 20 min. The
control samples of each strain were resuspended in
1 ml TSB without any treatment. Then, the cultures
from each stress resistance assay were serially diluted
in TSB, and spread on TSA plates for CFU counting.
For the osmotic tolerance assay, 1 ml cultures of each
strain were diluted in TSB and then spread on TSA
plates supplemented with or without 0.3 M NaCl or
KCl for overnight incubation. Stress resistance was
calculated as [(stressed sample CFU mlfl)/(control
sample CFU ml™")] x 100. The experiments were
carried out in triplicate.

Virulence assays

To assess the virulence of strains MS71, ApotD2
mutant and C-ApotD2, the Bliss method was used to
measure the LD50 of each strain, respectively. For
each strain, seventy 6-week-old specific pathogen free
mice (Sichuan Province Dossy Experimental Animal
Centre, Chengdu, China) were allocated to seven
groups, each group containing ten mice, half of male

and female. According to the pre-experiment mea-
sured LDO and LD100 values, the mice were injected
intraperitoneally with a group dose of geometrically
diluted MS71, ApotD2 and C-ApotD?2 strains, respec-
tively. All surviving mice were euthanized 7 days post
infection.

Statistical analysis

The statistical significance of the data was determined
using Student’s ¢ test with SPSS19.0. For all data, a
value of p < 0.05 was considered as significance.

Results

Bioinformatics analysis of PotD2 protein in A.
pleuropneumoniae

To provide some insights into the understanding of the
biological functions of PotD2 protein in A. pleurop-
neumoniae, multiple bioinformatics tools were
employed to analyse the structure and physicochem-
ical properties of the PotD2 protein. Intriguingly,
PotD2 has a type II signal peptide containing an
LTAC,N ‘lipobox’ motif and is thus predicted to be a
lipoprotein. As N,; would act as a Lol avoidance
signal (Hara et al. 2003), we predict PotD2 to be an
inner membrane lipoprotein interacting with the PotB/
PotC permease complex. The GRAVY value of PotD2
calculated by ProtParam got —0.334, which suggested
PotD2 a hydrophilic protein. Secondary structure
analysis by Predict Protein and Psipred showed that
the alpha helix, extended strand and random coil
occupied 41, 12 and 47% of the sequence,
respectively.

Generation of a 4potD2 mutant and its
complemented strain C-ApotD2

The upstream and downstream homologous arms were
successfully amplified (Fig. 2a) and integrated
(Fig. 2b). The ApotD2 mutant was preliminary con-
firmed by PCR: the potD2 fragment (1083 bp) was
amplified from both MS71 and C-ApotD2 strains
using primers potD2-F/R, but not in the ApotD2
mutant (Fig. 2c). The 3151 bp fragment (upstream-
potD2-downstream) was amplified from the MS71
strain while both ApotD2 mutant and C-ApotD?2 strain
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«Fig. 2 aThe PCR amplification of homologous arms. Lanel-2

Upstream homologous arms, Lane3—4 Downstream homolo-
gous arms; Lane M shows DNA molecular marker. b The
upstream and downstream homologous arms were integrated by
overlap extension PCR (Lane 1-5). ¢ PCR identification of the
potD2 deletion and complementation. Primers potD2-F/R were
used to amplify the potD2 gene fragment from MS71 strain
(Lane 2), ApotD?2 strain (Lane 5) and C-ApotD?2 strain (Lane 8);
primers potD2-UD-F/R were used to amplify potD2 upstream to
downstream from MS71 strain (Lane 3), ApotD2 strain (Lane 6)
and C-4potD?2 strain (Lane 9); primers ApxIV-F/R were used to
amplify the ApxIV gene fragment from MS71 strain (Lane 1),
ApotD2 strain (Lane 4) and C-ApotD2 strain (Lane 9).
d Western blotting analysis of the MS71 strain, ApotD2 strain
and C-4potD?2 strain. The lysates of the MS71, ApotD2 and
C-ApotD?2 strains were detected using anti-PotD2 antibodies.
The C-ApotD2 strain displayed the similar band as that of the
parent strain MS71, while ApotD?2 strain did not. Lane 1 MS71
strain, Lane 2 ApotD2 strain, Lane 3 C-ApotD2 strain, Lane 4
positive control (PotD2 protein)

yielded a 2068 bp fragment (upstream—downstream)
using the primers potD2-UD-F/R (Fig. 2c). Addition-
ally, western blotting assays further showed that the
PotD2 protein was detected in the lysates of strains
MS71 and C-4potD2 but not in lysate of the ApotD2
strain (Fig. 2d). Together, these results indicated the
successful generation of a potD2 gene deletion mutant
and its complemented strain.

Growth characteristics of the ApotD2 mutant

Compared with the parent strain MS71, the growth
curve of the ApotD2 mutant showed a decrease in the
logarithmic phase. However, both MS71 and ApotD2
mutant could achieve the same growth level after entry
into the stationary phase. The growth ability of the C-
ApotD2 and MS71 strains remained at a comparable
level (Fig. 3). The results showed that the deletion of
potD2 gene led to growth defects in the logarithmic
phase, while this delay effect was overcome by
stationary phase.

PotD?2 is required for the stress tolerance of A.
pleuropneumoniae

The parental strain MS71, ApotD2 mutant and com-
plemented strain C-ApotD2 were exposed to various
stress conditions. When the cells were treated with
0.8 mM hydrogen peroxide for 30 min, the survival
rate of ApotD2 mutant was 9%, which was signif-
icantly lower than that of the MS71 (74%) and C-
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Fig. 3 Growth curves of the parent strain MS71, ApotD2
mutant and genetically complemented strain C-ApotD2 in TSB
broth

ApotD?2 strains (67%; Fig. 4a). This result suggested
that the PotD2 protein plays an important role in the
tolerance of oxidative stress in A. pleuropneumoniae.
Similar results were obtained in the heat shock assay.
After incubation at 50 °C water for 20 min, the
parental strain MS71 exhibited an 91% survival rate,
whereas only 49% of the ApotD2 mutant cells
survived. The survival ability of the complemented
strain C-ApotD2 was comparable with the MS71 strain
(83%) (Fig. 4b). These results indicated that the
deletion of potD2 impaired the ability of A. pleurop-
neumoniae to respond to heat shock. In the osmotic
tolerance assay, after exposure to 0.3 M NaCl or KCl,
the survival rate of ApotD2 mutant cells (66%/62%)
was significantly lower than that of the MS71 (87/
85%) and C-ApotD2 (83%/81%) strains (Fig. 4c),
indicating that the PotD2 is also important for the
response of A. pleuropneumoniae to osmotic stress.
Taken together, these results indicate that the PotD2
protein is involved in the tolerance of oxidative, heat
and osmotic stresses in A. pleuropneumoniae.

Attenuation of the ApotD2 mutant in mice

The LD50 values of strains MS71, ApotD2 and C-
ApotD2 are listed in Table 3. Compared with the
LD50 of the parent strain MS71, the ApotD2 mutant
showed an approximately 1.5-fold decrease, while the
complemented strain exhibited a comparable

1001
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e
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ol E e e
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Fig. 4 Impaired stress tolerance of the ApotD2 mutant.
Overnight cultures were inoculated into fresh medium and
grown to an OD600 value of approximately 0.6. Cells were then
treated with a 0.8 mM H,0, for 30 min, *p < 0.001, b 50 °C
heat shock for 20 min, *p < 0.01, ¢ 0.3 M NaCl or KClI,
*p < 0.01. Asterisk denotes p values (t test) for comparison to
ApotD?2
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virulence. The results showed that the deletion of
potD2 gene led to an significant attenuation of A.
pleuropneumoniae.

Discussion

PotABCD is a conserved extracellular polyamine
transport system that is present in many bacteria and
the periplasmic PotD protein is responsible for binding
polyamines prior to transportation. A putative potD2
homologue is present in all 15 serotypes of A.
pleuropneumoniae: in this study, we successfully
constructed an unmarked ApotD2 mutant and corre-
sponding genetically complemented strain, aiming to
investigate the role of PotD2 in A. pleuropneumoniae.

To date, the specific structure and function of the
PotD2 protein in A. pleuropneumoniae is still unclear.
Therefore, bioinformatics tools were employed to
predict and analyse the structure of PotD2 protein of
A. pleuropneumoniae. Surprisingly a lipoprotein signal
peptide was detected in the PotD2 with a cleavage site
between position A19 and C20, along with an N21 Lol
avoidance signal, suggesting that the protein is

transported as a precursor protein through the cell
membrane, lipid modified and retained at the inner
membrane. The proportion of hydrophilic amino acids
was higher than hydrophobic amino acids in PotD2
protein. This implied that overall this protein was more
likely to be hydrophilic, which is consistent with the
GRAVY value of PotD2 calculated by ProtParam.
PotD2 exhibits 54% (175/322) amino acid identity with
the PotD protein of E. coli which has been structurally
characterised (PDB 1POY; Sugiyama et al. 1996a, b).

Based on the result of growth curves of the parent
strain and the ApotD2 mutant, we found that PotD2
may play a role in the logarithmic growth phase but
does not affect the overall growth of A. pleuropneu-
moniae. Previous studies (Nasrallah et al. 2014,
Yodsang et al. 2014) have shown that the deletion of
potD gene did not affect the growth of several bacterial
species under normal conditions. We conclude that the
deletion of the potD2 gene may lead to the defects of
extracellular polyamine transportation in the early
period of growth, resulting in a reduced polyamine
concentration in A. pleuropneumoniae that is eventu-
ally overcome, presumably due to a redundancy of
polyamine transport systems.

Table 3 Virulence of the

MS71 ¢ AnotD2 Strains Challenge dose” (CFU) Dead/total Death rate (%) Values of LDEO
strains, Apot
mutants and C-ApotD2 MS71 1.2 x 10 10/10 100 LD50 = 4.6 x 10°
strains in mice 8.4 x 10° 8/10 30
5.4 x 10° 6/10 60
3.6 x 10° 4/10 40
2.4 x 10° 1/10 10
1.6 x 10° 0/10 0
PBS control 0/10 0
ApotD2 22 x 107 10/10 100 LD50 = 6.9 x 10°
1.4 x 107 9/10 90
9.0 x 10° 7110 70
5.8 x 10° 3/10 30
3.7 x 10° 2/10 20
a Qroups of seven SPF 24 x 10° 0/10 0
mice were injected
intraperitoneal with 200 pL PBS control 0/10 0
of bacterial suspension C-ApotD2 1.4 x 107 10/10 100 LD50 = 5.0 x 10°
containing various 93 x 10° 8/10 80
quantities of MS71, ApotD2 6
and C-ApotD2, 6.1 x 106 6/10 60
respectively. The number of 4.0 x 10 410 40
survivors was recorded until 2.7 x 10° 2/10 20
Zdays 1.8 x 10° 0/10 0
LD50 calculated by the PBS control 0/10 0

method of Bliss
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To assess the role of PotD2 in resistance to various
hostile environments in vitro, the survival rate of the
ApotD2 mutant was determined. The results showed
that the ApotD2 mutant exhibited significantly
reduced tolerance of heat shock, hyperosmosis, and
especially oxidation. As previous studies showed that
polyamines play a role in directly removing intracel-
lular reactive oxygen species (Rider et al. 2007), we
suggest that a reduced polyamine concentration in the
ApotD2 mutant lowered the ability to remove reactive
oxygen species, which ultimately caused damage to
the bacterial cells. In addition, studies in E. coli
showed that the concentration of polyamines was
associated with the expression of OxyR that regulates
the expression of superoxide dismutase and hydrogen
peroxidase, both of which can protect E. coli from
oxidation (Tkachenko and Nesterova 2003; Chiang
and Schellhorn 2012). We speculate that the expres-
sion of APL_RS07810, a homologous gene of OxyR in
A. pleuropneumoniae, may be suppressed in the
ApotD2 mutant, leading to a downregulation in the
expression of superoxide dismutase and hydrogen
peroxidase. In the heat-shock assays, the results
showed that the ApotD2 mutant was defective in the
tolerance of high temperature. This result is in
accordance with previous studies in Streptococcus
pneumoniae, in which the transcriptional level of the
potD gene was higher both in lower and higher
temperature conditions than in normal culture condi-
tions (Shah et al. 2008). In the osmotic assays, the
ApotD2 mutant exhibited greater sensitivity to osmo-
tic stress than the parental strain, indicating that PotD2
aids tolerance to osmotic stress in A. pleuropneumo-
niae. Previous studies suggested two feasible mech-
anisms by which polyamines may contribute to the
osmotic resistance. Firstly, polyamines are involved in
the regulation of extracellular and intracellular
osmotic pressure as osmolytes (Schiller et al. 2000).
Secondly, in combination with some bacterial porins,
such as OmpC and OmpF, polyamines can act as
endogenous regulators of outer membrane permeabil-
ity. As a result, polyamines play a role in the
suppression of channel opening and the enhancement
of channel closure, as well as the promotion of blocked
or inactivated states (Vega and Delcour 1996; Iyer and
Delcour 1997).

In the virulence studies, we observed that the
ApotD2 mutant was attenuated compared with the
parental strain MS71 and complemented strain C-

ApotD2 in mice, suggesting that PotD2 may be
involved in the virulence of A. pleuropneumoniae.
However, as mouse models cannot reflect the exact
infection process of A. pleuropneumoniae in the
natural host, further studies should be performed to
evaluate the virulence of these strains using porcine
model.

Overall, our findings in this study demonstrated that
PotD2 plays a demonstrable role in tolerance of
multiple stresses, particularly oxidation stress. We
found that the PotD2 is required for optimal growth of
A. pleuropneumoniae in the logarithmic phase. More-
over, we showed that PotD2 contributes to the full
virulence of A. pleuropneumoniae infection in mice.
Further studies are needed to determine the underlying
mechanisms of PotD2 activity and its significance in
stress tolerance of A. pleuropneumoniae.
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