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Auxotrophic Actinobacillus pleurpneumoniae
grows in multispecies biofilms without the
need for nicotinamide-adenine
dinucleotide (NAD) supplementation
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Abstract

Background: Actinobacillus pleuropneumoniae is the etiologic agent of porcine contagious pleuropneumonia,
which causes important worldwide economic losses in the swine industry. Several respiratory tract infections are
associated with biofilm formation, and A. pleuropneumoniae has the ability to form biofilms in vitro. Biofilms are
structured communities of bacterial cells enclosed in a self-produced polymer matrix that are attached to an abiotic
or biotic surface. Virtually all bacteria can grow as a biofilm, and multi-species biofilms are the most common form
of microbial growth in nature. The goal of this study was to determine the ability of A. pleuropneumoniae to form
multi-species biofilms with other bacteria frequently founded in pig farms, in the absence of pyridine compounds
(nicotinamide mononucleotide [NMN], nicotinamide riboside [NR] or nicotinamide adenine dinucleotide [NAD]) that
are essential for the growth of A. pleuropneumoniae.

Results: For the biofilm assay, strain 719, a field isolate of A. pleuropneumoniae serovar 1, was mixed with swine
isolates of Streptococcus suis, Bordetella bronchiseptica, Pasteurella multocida, Staphylococcus aureus or Escherichia coli,
and deposited in 96-well microtiter plates. Based on the CFU results, A. pleuropneumoniae was able to grow with
every species tested in the absence of pyridine compounds in the culture media. Interestingly, A. pleuropneumoniae
was also able to form strong biofilms when mixed with S. suis, B. bronchiseptica or S. aureus. In the presence of E.
coli, A. pleuropneumoniae only formed a weak biofilm. The live and dead populations, and the matrix composition
of multi-species biofilms were also characterized using fluorescent markers and enzyme treatments. The results
indicated that poly-N-acetyl-glucosamine remains the primary component responsible for the biofilm structure.

Conclusions: In conclusion, A. pleuropneumoniae apparently is able to satisfy the requirement of pyridine
compounds through of other swine pathogens by cross-feeding, which enables A. pleuropneumoniae to grow and
form multi-species biofilms.
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Background
Actinobacillus pleuropneumoniae is the etiologic agent
of porcine contagious pleuropneumonia, an infectious
disease of swine, which causes important economic
losses in the pig industry worldwide [1–7]. A. pleurop-
neumoniae is a Gram-negative bacteria belonging to the
Pasteurellaceae family [8–11]. Two biotypes have been
described based on their dependence of nicotinamide
adenine dinucleotide (NAD) and fifteen serovars are rec-
ognized [8, 12].
Many virulence factors have been reported in A. pleur-

opneumoniae [5, 6, 8, 13, 14], which include adhesion
structures, such as type IV pilus [5, 15, 16], Flp pilus [3],
and autotransporter adhesins [5], and biofilms formation
[3, 5, 17]. Other swine pathogens, including Bordetella
bronchiseptica, Escherichia coli, Haemophilus parasuis,
Salmonella typhymurium, Staphylococcus aureus, and
Streptococcus suis, can also form biofilms [9, 18].
Biofilms are structured communities of microorgan-

isms, enclosed in a self-produced extracellular polymer
matrix, attached to biological or non-biological surfaces
[19–21]. Biofilms can be found in every ecosystem in-
cluding natural, engineered and pathogenic settings.
Growth as a biofilm is considered to be a protective
mode that allows for survival in hostile environments
[9]. Multi-species biofilms is likely the most prominent
lifestyle of microorganisms outside the laboratory and
the species composition of these biofilms will vary and
be dependent on the environment [20, 22–25]. In multi-
species biofilms, microorganisms will communicate,
compete or cooperate to improve and ensure their sur-
vival and propagation [22, 24].
The goal of this study was to determine the ability of

the swine respiratory pathogen A. pleuropneumoniae
biotype 1, serovar 1 to form multi-species biofilms with
other swine bacterial pathogens (S. suis, B. bronchisep-
tica, P. multocida, S. aureus or E. coli) that frequently
are present in swine farms, in the absence of pyridine
compounds (nicotinamide mononucleotide [NMN],
nicotinamide riboside [NR] or nicotinamide adenine di-
nucleotide [NAD]). Pyridine compounds are essential for
the growth of A. pleuropneumoniae biotype 1. The live
and dead populations, and the matrix composition of
multi-species biofilms were also characterized using
fluorescent markers and enzyme treatments.

Methods
Bacterial strains
Bacterial strains selected for this study were as follows:
A. pleuropneumoniae biotype 1/ serovar 1 strain 719,
three bacterial species belonging to the porcine respira-
tory disease complex (PRDC; S. suis serovar 2 strain 735,
B. bronchiseptica strain 276, and Pasteurella multocida
D strain 1703), a S. aureus isolated previously from a

healthy pig (strain 154 N) and an enterotoxigenic E. coli
(ETEC) isolated previously from pig (strain ECL17608).
All bacteria were grown on brain heart infusion agar
plates (BHI; Oxoid Ltd, Basingstoke, Hampshire, UK)
with supplementation of 15 μg/mL NAD for A. pleurop-
neumoniae and only BHI for all the other bacteria. Plates
were incubated overnight at 37 ºC with 5 % CO2. A col-
ony was transferred into 5 mL BHI (Oxoid) with 15 μg/
mL NAD or without this supplementation, and incu-
bated at 37 °C overnight with agitation. This overnight
culture was used for the biofilm assays. In this study no
animal was utilized, because all experiments were done
in vitro.

Multi-species biofilm assay
Multi-species biofilm assays were performed as de-
scribed previously Labrie et al. [17] for single-species
with some modifications (Table 1). Briefly, overnight cul-
tures of A. pleuropneumoniae, S. suis, B. bronchiseptica,
P. multocida, E. coli or S. aureus were diluted 1/100 in
BHI with and without supplementation of NAD. Vol-
umes of the dilution were aliquoted by triplicate in wells
of a sterile 96-well microtiter plate (Costar® 3599, Corn-
ing, NY, USA) using the following template as an ex-
ample: 100 μL A. pleuropneumoniae in BHI-NAD +
100 μL S. suis in BHI-NAD, or 100 μL A. pleuropneumo-
niae in BHI + 100 μL S. suis in BHI. The same template
was used for the following combination: A. pleuropneu-
moniae - B. bronchiseptica, A. pleuropneumoniae - P.
multocida, A. pleuropneumoniae - E. coli, and A. pleur-
opneumoniae - S. aureus. For the triple-species biofilms,
50 μL of each species were aliquoted in the wells. The
triple-species combinations were as followed: A. pleurop-
neumoniae - S. suis - B. bronchiseptica, A. pleuropneu-
moniae - S. suis - E. coli; and A. pleuropneumoniae - B.
bronchiseptica - E. coli. For single species controls,
75 μL of a species dilution in BHI-NAD was mixed with
75 μL of BHI-NAD, or 75 μL of a species dilution in
BHI was mixed with 75 μL of BHI. Wells containing
sterile broth were used as negative controls. Following
an incubation of 24 h at 37 °C, the wells were washed by
immersion in water and excess water was removed by
inverting plates onto a paper towel. Biofilms were then
stained with 0.1 % (w/v) crystal violet for 2 min, washed
once with distilled water, dried at 37 °C for 30 min, and
then 100 μL of ethanol (70 %) were added to the wells.
Absorbance was measured at 590 nm using a spectro-
photometer (Powerwave, BioTek Instruments, Winooski,
VT, USA).

Colony Forming Unit (CFU) counts
Colony forming units (CFU) of A. pleuropneumoniae
and the other bacteria from biofilms were counted, using
selective growth media and colony morphology. Briefly,
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multi-species biofilms were prepared as described above,
the biofilms were washed once with sterile MilliQ water
(200 μL) and the biofilms were detached using micropip-
ette [26]. The samples were then serially diluted in NaCl
(0.85 %). Dilutions were plated on the following media:
BHI and BHI-NAD for A. pleuropneumoniae - B.
bronchiseptica and A. pleuropneumoniae - E. coli, blood
agar and blood agar-NAD (15 μg/mL) for A. pleuropneu-
moniae - S. suis and A. pleuropneumoniae - P. multo-
cida, BHI-NAD-crystal violet (1 μg/mL) and mannitol
salt agar for A. pleuropneumoniae - S. aureus (all media
from Oxoid). Plates were incubated overnight at 37 ºC
with 5 % CO2. The colonies grown on these selective
media plates were then identified by colony morphology
and counted, allowing for an estimation of the relative
bacterial composition of multi-species biofilms.

Confocal laser scanning microscopy (CLSM)
To determine the composition of the biofilm matrix,
multi-species biofilms were prepared as described above
and stained with FilmTracer FM 1-43 (Invitrogen, Eu-
gene, OR), FilmTracer LIVE⁄DEAD Biofilm Viability Kit
(Invitrogen), Wheat Germ Agglutinin (WGA-Oregon
Green 488, Molecular Probes; which binds N-acetyl-D-
glucosamine [PGA] and N-acetylneuraminic acid resi-
dues), FilmTracerTM SYPRO® Ruby biofilm matrix stain
(Molecular Probes; binds proteins) or BOBOTM-3 iodide
(Molecular Probes; label extracellular DNA or eDNA) as
prescribed by the manufacturer. After 30 min incubation
at room temperature, the fluorescent marker solution
was removed, and the biofilms were washed with water.
The wells were then filled with 100 μL of water or PBS
for WGA-stained biofilms. The stained biofilms were vi-
sualized by CLSM (FV1000 IX81; Olympus, Markham,
ON, Canada) and images were acquired using Fluoview
software (Olympus).

Enzymatic treatments of multi-species biofilms
Assays were performed in order to determine the stabil-
ity of biofilms to enzymatic degradation. The enzymatic
treatment assays were performed as described previously
Tremblay et al. [27]. Biofilms were prepared as described
above and 50 μL of dispersin B (100 μg/mL in PBS; Kane
Biotech Inc., Winnipeg, MB, Canada), 50 μL of DNase I
(500 μg/mL in 150 mM NaCl, 1 mM CaCl2), or 50 μL of
proteinase K (500 μg/mL in 50 mM Tris-HCl pH 7.5,
1 mM CaCl2) were added directly to the biofilms. Sam-
ples with dispersin B were incubated for 5 min at 37 °C
and samples with proteins K or DNase I were incubated
for 1 h at 37 °C. Control wells were treated with 50 μL
of the buffer without the enzyme. Biofilms were washed
and then stained with crystal violet and the absorbance
was measured at 590 nm.

Fluorescent in situ hybridization (FISH)
In order to confirm the presence of A. pleuropneumo-
niae and determine its distribution and localization in
the biofilms, FISH was performed as described Loera-
Muro et al. [7] and Jensen et al. [28] with modifications.
Single-species biofilms of A. pleuropneumoniae strain
719 was used as a positive control. Single-species bio-
films of S. suis strain 735 was used as a probe-specificity
control, and was grown as described by Wu et al. [18].
Biofilms were formed on glass slides with flexiPERM®

(eight wells; Sarstedt, Nümbrecht, Germany), by placing a
glass slide in a Petri dish. A volume (300 μL) of dilution 1/
100 of A. pleuropneumoniae or S. suis culture were added
to the wells for single-species biofilms and 150 μL dilution
1/100 of A. pleuropneumoniae and 150 μL of S. suis or B.
bronchiseptica culture were added to wells for dual-
species biofilms. The biofilms were incubated for 24 h at
37 °C with 5 % CO2. The slides were then air-dried (1 h at
37 °C) and gently flamed. The biofilms were dehydrated in
100 % alcohol for 30 min before hybridization. The
hybridization was carried out at 45 °C with 40 mL of
hybridization buffer (100 mM Tris-HCl [pH 7.2], 0.9 M
NaCl, 0.1 % sodium dodecyl sulfate) and 200 ng of each
probe (APXIVAN-Forward [GGG GAC GTA ACT CGG
TGA TT] and APXIVAN-Reverse [GCT CAC CAA CGT
TTG CTC] labelled with 633 Alexa Fluor) for 16 h in a
slide rack in the dark. The samples were then washed one
time in prewarmed (45 °C) hybridization buffer for 15 min
and subsequently one time in prewarmed (45 °C) washing
solution (100 mM Tris-HCl [pH 7.2], 0.9 M NaCl). Sam-
ples were then washed with water for 5 min. To localize
every bacterial cells, biofilms were also stained with Film-
TracerTM FM® 1-43 fluorescent marker (Molecular
Probes) according to manufacturer’s instructions after the
hybridization step. To stain with FM 1-43, biofilms were
incubated for 30 min at room temperature in the dark and
then washed with water for 10 min. The samples were
then covered with ProLong Gold antifade reagent (Invitro-
gen). The labeled bacteria were visualized using a CLSM
(FV1000 IX81; Olympus) and images were acquired using
Fluoview software (Olympus).

Statistical analysis
All the statistical significance (p value < 0.05) analyses of
differences in biofilm phenotypes (mean optical density
values) were determined by a paired, one-tailed t-test
using GraphPad Prism version 4.0 (GraphPad Software,
San Diego, CA, USA).

Results
Multi-species biofilms formation with NAD
supplementation
A. pleuropneumoniae serovar 1 strain 719, a field isolate,
was used in a 96-well microtiter plate in multi-species
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biofilms assays. Under favorable growth conditions for
A. pleuropneumoniae biofilm formation, bacteria belong-
ing to PRCD (S. suis, B. bronchiseptica and P. multocida)
did not reduce or inhibited biofilm formation by A.
pleuropneumoniae (Fig. 1b). By contrast, the presence of
E. coli resulted in a decreased biofilm formation (Fig. 1b).
In order to confirm that the other species were present
in these biofilms, CFU of A. pleuropneumoniae and the
other bacteria were determined (Fig. 1d – 1 f) and, in all
cases, A. pleuropneumoniae and the other bacterial spe-
cies were able to grow.

Because E. coli causes a decrease in the biofilm of A.
pleuropneumoniae, a third species was added to the bio-
film (S. suis or B. bronchiseptica) to determine if this
negative effect presented by the E. coli dual-species bio-
film was counteracted by the addition of a third bacteria
species, forming a triple-species biofilm. This was done
because in dual-species biofilm with S. suis and B.
bronchiseptica, A. pleuropneumoniae was still able to
form a strong biofilm (OD 2.505). However, E. coli still
inhibited biofilm formation by A. pleuropneumoniae
(OD 0.717, Fig. 1c) when a third species was added.

Fig. 1 Multi-species biofilms formation by A. pleuropneumoniae with other swine pathogens. A. pleuropneumoniae, S. suis, B. bronchiseptica, P.
multocida, S. aureus and E. coli. The biofilms grown as (a) single, (b) dual or (c) triple-species biofilms in BHI media with or without NAD, they were
stained with crystal violet staining. The colony forming units (CFU) of A. pleuropneumoniae and the other bacteria were enumerated from multi-
species biofilms grown in BHI media with or without NAD grown as (d) single, (e) two or (f) three-species biofilms. App: A. pleuropneumoniae; Ss:
S. suis; Bb: B. bronchiseptica; Pm: P. multocida; Sa: S. aureus; Ec: E. coli
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Furthermore, E. coli prevented the growth of S. suis, as
determined by CFU counts.

Multi-species biofilms matrix composition with NAD
supplementation
To understand if the addition of a second species had
impact on the composition and structure of the extracel-
lular matrix of A. pleuropneumoniae biofilms, the bio-
films were stained with fluorescent markers or treated
with enzymes (Additional file 1:Figure S1). When PGA
was labeling, some structural differences were observed.
In most dual-species biofilms, PGA distribution appears
to be in clusters or filament-like structures, whereas in
A. pleuropneumoniae single-species biofilms, PGA distri-
bution was homogeneous. Dispersin B, an enzyme that
catalyzes the hydrolysis of linear polymers of N-acetyl-
D-glucosamines, was able to disperse every multi-species
biofilms (Fig. 2c). This suggests that PGA was the pri-
mary structural component seen in those multi-species
biofilms. However, some significant increments in the
resistance against the action of this enzyme in some
multi-species biofilms were observed. These increments
were observed in the two-species biofilms with S. aureus
(21 %) and E. coli (24 %), and also in all the three-
species biofilms with E. coli (increased between 20–
68 %) (Fig. 2c).
When eDNA was labeled with BOBOTM-3 iodide, sev-

eral differences were observed. With NAD supplementa-
tion, increases of eDNA were observed in the two-
species biofilms formed with B. bronchiseptica, P. multo-
cida, S. aureus and E. coli; and also in the three-species
biofilms with S. suis and B. bronchiseptica (Additional
file 1: Figure S1). Moreover, proteins not showed signifi-
cant changes in most two-species biofilms, when they
compared with the A. pleuropneumoniae mono-species
biofilms. Only in the biofilms of A. pleuropneumoniae -
S. suis, and in all biofilms with E. coli (two and three-
species) the proteins composition were appreciated
slightly lower. However, when they were treated with
proteinase K and DNAse I, the biofilms remained at-
tached to the surface indicating that proteins and eDNA
do not participate in the integrity of the biofilms (Fig. 2a
and b).
The labeling with FilmTracer FM 1-43, which in-

serts into the surface membrane on all bacteria,
helped to evaluate the morphology of the biofilms.
The morphology of two-species biofilms showed low
changes, compared with the A. pleuropneumoniae
mono-species biofilms. Moreover, in the three-species
biofilms formed by A. pleuropneumoniae, S. suis and
B. bronchiseptica, there was an increase in the occur-
rence of clusters, showed by fluorescence enhance-
ment (Additional file 1: Figure S1).

When the composition of live/dead cells was evaluated
in multispecies biofilms several changes were observed.
Alive cells labeled with Syto9 were increased when bio-
films of A. pleuropneumoniae were performed with B.
bronchiseptica; with S. aureus or with E. coli, the same
changes were observed also in three species biofilms.
These results correlated also with CFU number detected
in these multi-species biofilm when they were compared
with the A. pleuropneumoniae mono-species biofilms.
Finally, dead cells were labeled with propidium iodide,

and two scenarios were founded: the first was an incre-
ment of dead bacteria in biofilms of A. pleuropneumo-
niae - B. bronchiseptica, A. pleuropneumoniae - P.
multocida and in the three-species A. pleuropneumoniae
- B. bronchiseptica - S. suis. The second was the de-
creased amount of dead bacteria in multi-species bio-
films of A. pleuropneumoniae with S. aureus and E. coli.
In the first three cases, this increment can be related to
the amount of eDNA observed, which also increases. In
the last cases, also an increment is observed in the
amount of eDNA. More studies about the specific com-
pounds present in the extracellular matrix of these bio-
films are necessary to understand which changes are
produced for the presence the other species in biofilms
with A. pleuropneumoniae.

Multi-species biofilms formation without NAD
supplementation
For growth in vitro, A. pleuropneumoniae biotype 1 re-
quires the addition of a pyridine source, which includes
NMN, NR or NAD, in the growth media. It is well estab-
lished that A. pleuropneumoniae can growth without
NAD supplementation in presence of S. aureus [29]. To
test if A. pleuropneumoniae could grow and satisfy the
requirements of pyridine compounds through of other
swine pathogen species and also form biofilms, the
multi-species biofilms assays were also performed in the
absence of NAD. Based on OD and CFU results, A.
pleuropneumoniae was able to grow, form multi-species
biofilms and satisfy the requirements of pyridine com-
pounds with every bacterial species tested in this study.
A. pleuropneumoniae was able to form strong biofilms
with the swine respiratory pathogens S. suis (OD 2.762)
and B. bronchiseptica (OD 3.042). A. pleuropneumoniae
formed a biofilm with the nasal isolate, S. aureus that
was similar to the one with NAD supplement; however,
this dual-species biofilm did not reach the same level as
the A. pleuropneumoniae single-species biofilm. A.
pleuropneumoniae - P. multocida dual-species biofilms
were significant weaker (OD 0.987, p < 0.001) than with
NAD supplementation (OD 2.811). As observed before,
A. pleuropneumoniae formed a weak biofilm in the pres-
ence E. coli (OD 0.349).
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Fig. 2 Effect of enzymatic treatment on multi-species biofilms. Dispersion by (a) proteinase K, (b) DNase I, and (c) dispersin B of multi-species
biofilms formed by A. pleuropneumoniae, S. suis, B. bronchiseptica, P. multocida, S. aureus and E. coli grown in BHI media with or without NAD.
App: A. pleuropneumoniae; Ss: S. suis; Bb: B. bronchiseptica; Pm: P. multocida; Sa: S. aureus; Ec: E. coli. * p < 0.05
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Based on the CFU counts, the number of cells and
species ratio did not change in the presence or absence
of NAD (Fig. 1e). Thus, the absence of NAD did not
have a significant impact species composition of the mix
biofilms (Fig. 1e). This suggests that the absence of NAD
was not a limiting factor for A. pleuropneumoniae
growth in the presence of these bacteria species.
The proportions of live/dead bacteria in the multi-

species biofilms were also observed with live/dead stain-
ing and CLSM. In the presence of P. multocida, E. coli
or S. aureus, the dead bacteria population decreased
when compared to the A. pleuropneumoniae control in
BHI-NAD.
Regarding with the triple-species biofilms, again A.

pleuropneumoniae was able to form strong biofilms with
S. suis - B. bronchiseptica (OD 2.737) and weak biofilms
when E. coli was present (OD 0.594, Fig. 1c). Further-
more, the species ratios were similar to the in the triple-
species biofilms formed with NAD supplementation
(Fig. 1f ).

Multi-species biofilms matrix composition without NAD
supplementation
The composition of the extracellular matrix was charac-
terized with fluorescent staining or enzymatic digestion
(Fig. 2 and 3). Every multi-species biofilms were stained
by WGA showing PGA in the biofilm. It was observed
as clusters or with filament-like in some biofilms, PGA
distribution was not homogenous in the multi-species
biofilms. As was described before, all biofilms were sen-
sitive to dispersin B treatment and this support that
PGA is present in the biofilm; however, some biofilms
were more resistant to the treatment. For example, 59 %
and 75 % of the A. pleuropneumoniae-S. aureus biofilm
and the A. pleuropneumoniae - B. bronchiseptica - E. coli
biofilm remained after the treatment. This suggests that
other components are important for the integrity of
those biofilms.
For eDNA, an increase in the amount of stained

eDNA was observed in the A. pleuropneumoniae-B.
bronchiseptica and A. pleuropneumoniae-P. multocida
biofilm (Fig. 3). Furthermore, the biofilm of A.
pleuropneumoniae-P. multocida was sensitive to the
treatment with DNase I and 50 % of the biofilm
remained attached. Every other biofilms were resistant
to DNase I treatment. This shows that eDNA is a struc-
tural component in the A. pleuropneumoniae - P. multo-
cida biofilm but not for the other biofilms. With respect
to proteins, an increase in staining was observed in the
biofilms of A. pleuropneumoniae - P. multocida. How-
ever, the biofilm was resistant to proteinase K treatment
as observed for the other multi-species biofilms.
Concluding, the analysis of the biofilm matrix indi-

cates that PGA remains a major component responsible

for the integrity of the biofilm. However, eDNA also play
a role in the integrity of the A. pleuropneumoniae - P.
multocida biofilm.

Confirmation of the presence of A. pleuropneumoniae in
multi-species biofilms by FISH
To confirm the presence of A. pleuropneumoniae in
these multi-species biofilms, FISH assays were per-
formed for the A. pleuropneumoniae-S suis and A. pleur-
opneumoniae -B. bronchiseptica biofilms. In both cases,
the presence of A. pleuropneumoniae was confirmed in
the biofilms (Fig. 4). However, its distribution in the bio-
films resulted different. For the A. pleuropneumoniae-S.
suis biofilm, A. pleuropneumoniae appears in a layer on
top of the biofilm and S. suis in the bottom of the same
(Fig. 4 and 5a). For the A. pleuropneumoniae-B. bronchi-
septica biofilm, A. pleuropneumoniae was mainly ob-
served at the bottom of the biofilm whereas B.
bronchiseptica was mainly on top of the biofilm (Fig. 4
and 5b).

Discussion
This study demonstrates that A. pleuropneumoniae is
able to form multi-species biofilms with other bacteria
isolated from the swine respiratory tract. Importantly, A.
pleuropneumoniae was able to form strong biofilms with
other respiratory pathogen of swine belonging to PRDC
(S. suis, B. bronchiseptica and P. multocida), and with a
nasal isolate of S. aureus whereas A. pleuropneumoniae
biofilm formation was decrease in the presence of the
intestinal pathogen, E. coli. Furthermore, the key finding
was that A. pleuropneumoniae could satisfy its require-
ments of pyridine compounds from other swine patho-
gens to grow and form biofilms. The fact that A.
pleuropneumoniae was able to get pyridine compounds
(probably NAD, NMN or NR [30, 31]) from other bac-
teria suggest that A. pleuropneumoniae could be using
this strategy to form multi-species biofilms and persist
in its host [8, 17] and/or to survive in the environment
[7, 32].
Knowledge regarding the ability of swine respiratory

pathogens, such as A. pleuropneumoniae, to form multi-
species biofilms is limited and could provide important
clues for processes during infection and persistence in
the host and in the environment [7, 9]. Respiratory dis-
eases in pigs have a polymicrobial nature [11, 33], but it
is not yet established if porcine respiratory diseases
could involve multi-species biofilms. However, it has
been reported that several human and animal pathogens,
such as Pseudomonas aeruginosa, Stenotrophomonas
maltophilia, Legionella pneumophila, Klebsiella pneumo-
niae, Fusobacterium nucleatum, Streptococcus mutans
and E. coli, can form multi-species biofilms, and these
biofilms help them to increase their pathogenicity,
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resistance and their persistence in the environment [22,
24–26, 34–41]. The lower respiratory tract, has a limited
essential nutrients supply for bacterial growth [8]. Al-
though mammalian cells contain significant amounts of
NAD(P)(H), the supply of pyridine nucleotides in extra-
cellular fluids is probably quite low because several types
of mammalian cells possess extrinsic NAD(P) + nucleosi-
dases [30]. In response of this, A. pleuropneumoniae has
developed a number of virulence mechanisms to

overcome this lack, such as cell lysis that allows the re-
lease of nutrients into the surrounding environment [8].
Beside, multi-species biofilm formation by this bacter-
ium with other porcine respiratory pathogens, such as S.
suis, B. bronchiseptica and P. multocida; and other iso-
lated bacteria from the porcine respiratory tract, among
which S. aureus could be important either for chronic
infections development or persistence, where A. pleurop-
neumoniae could be obtained these pyridine compounds

Fig. 3 CLSM of multi-species biofilms of A. pleuropneumoniae with other swine pathogens without NAD supplementation. A. pleuropneumoniae, S.
suis, B. bronchiseptica, P. multocida, S. aureus and E. coli grown as single, dual or triple-species biofilms in BHI media without NAD stained with FM
1-43, SYTO 9, propidium iodide, wheat-germ agglutinin (WGA)-Oregon green, BOBO-3, and SYPRO Ruby (all from Invitrogen, Eugene, OR). PGA:
poly-N-acetylglucosamine; eDNA: extracellular DNA; App: A. pleuropneumoniae; Ss: S. suis; Bb: B. bronchiseptica; Pm: P. multocida; Sa: S. aureus; Ec: E.
coli. Scale bar 30 μm
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from the other bacteria without causing further host
damage; as described in several other diseases [42, 43].
Furthermore, multi-species biofilm formation could be
allowing that A. pleuropneumoniae survive outside the
host in the environment [7, 32]. More studies are needed
to know the exact role of these multi-species communi-
ties and if it could play of role in the case of PRDC.
In A. pleuropneumoniae, biofilms formation over poly-

styrene microtiter plates depends on PGA production [9,
18, 27, 44] but protein and eDNA have also been re-
ported [17]. PGA is the main component responsible for
the multi-species biofilms integrity. However, some bio-
films were less sensitive to dispersin B treatment sug-
gesting that other matrix components are required for

the multi-species biofilms integrity. Moreover, know-
ledge is limited regarding changes in the extracellular
matrix composition when single-species biofilms become
multi-species [45, 46]. Here, variations in the PGA dis-
tribution were observed in most multi-species biofilms
with the presence of clusters or filament-like structures.
Changes in the polysaccharide distribution could be re-
lated with the formation of small clusters by A. pleurop-
neumoniae, or by the production of additional
polysaccharides by the secondary species, as E. coli,
which produces cellulose to form biofilms [9]. Different
polysaccharides production is supported by the fact that
E. coli multi-species biofilms were resistant to the treat-
ments with dispersin B, DNase I and proteinase K.

Fig. 4 Confirmation of the presence of A. pleuropneumoniae in multi-species biofilms. Confirmation of A. pleuropneumoniae in the dual-species
biofilm of A. pleuropneumoniae 719 and S. suis 735 or B. bronchiseptica 276 by FISH with an ApxIVAN-AlexaFluor 633 probe (red). Images of the
X-Z plane of biofilm of single and dual-species biofilms grown in BHI with or without NAD. Bacterial cell in the biofilms were stained with
FilmTracer ™ FM ® 1-43 (Molecular Probes) which are represented in green. Yellow represent the co-localization of both the ApxIVAN probe and
the stain FM 1-43. App: A. pleuropneumoniae; Ss: S. suis; Bb: B. bronchiseptica
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Interestingly, eDNA an important factor in multi-
species biofilms [47, 48] was identified as a matrix com-
ponent for the A. pleuropneumoniae - P. multocida
dual-species when NAD was not supplemented. There
was important increase in the eDNA staining, and the
biofilm were sensitive to DNase I treatment. This was
not observed for A. pleuropneumoniae single-species
biofilms. Hathroubi et al., [49] recently report changes in
the structure composition of the A. pleuropneumoniae
extracellular matrix when exposed to sub-inhibitory con-
centrations (sub-MIC) of penicillin G, noting that eDNA
play a structural role, they concluded that because sub-
MIC of penicillin G induce cell death in a limited popu-
lation, this allows the release of chromosomal DNA,
which in turn could be used by the surviving bacteria to
build the biofilm. Here, was observed a limited number
of dead bacteria This change was only observed in the
biofilm formed by A. pleuropneumoniae with P. multo-
cida without NAD supplementation. More studies are
necessaries to understand the importance of eDNA in
multi-species biofilms.
Additionally, Disperin B was unable to completely seg-

regate the multi-species biofilm formed by both bacteria.
Indicating that P. multocida is actively participating in
the structure of the extracellular matrix components.
Unfortunately, little information exists about the ability
of P. multocida to form biofilms and its extracellular
matrix composition [50–52]. This highlights that fact
multi-species biofilm composition depends directly on
the species involved in the biofilm formation.

Conclusion
In conclusion, our data show that A. pleuropneumoniae
has the ability to form multi-species biofilms with re-
spiratory porcine pathogens, S. suis, B. bronchiseptica,

and P. multocida, and with other bacteria isolated from
pigs. Furthermore, we report for the first time that A.
pleuropneumoniae is able to satisfy the requirement of
pyridine compounds through of other bacteria and this
supported its growth and biofilm formation. Further re-
search is needed to understand the pathway by which A.
pleuropneumoniae can obtain its requirements of pyri-
dine compounds, besides if these multi-species biofilm
interactions are involved in the onset and/or develop-
ment of swine respiratory diseases. Furthermore, the
multi-species biofilm interactions could increase the re-
sistance and/or persistence of A. pleuropneumoniae in
its host, and in the environment.

Additional file

Additional file 1: Figure S1. CLSM of multi-species biofilms of A.
pleuropneumoniae with the other swine pathogens with NAD
supplementation. A. pleuropneumoniae, S. suis, B. bronchiseptica, P. multocida, S.
aureus and E. coli grown in single, dual or triple-species biofilms in BHI media
with NAD stained with FM 1-43, SYTO 9, propidium iodide, wheat-germ
agglutinin (WGA)-Oregon green, BOBO-3, and SYPRO Ruby (all from Invitrogen,
Eugene, OR). PGA: poly-N-acetylglucosamine; eDNA: extracellular DNA; App: A.
pleuropneumoniae; Ss: S. suis; Bb: B. bronchiseptica; Pm: P. multocida; Sa: S.
aureus; Ec: E. coli. Scale bar 30 μm (TIF 37984 kb)
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