
Actinobacillus pleuropneumoniae (biotype 1) and Haemophilus
parasuis are important pathogens of swine, the former causing
porcine pleuropneumonia (1,2) and the latter Glässer's disease
(a disseminated infection characterized by polyserositis, polyarthritis,
and meningitis) (3). These bacteria are fastidious in their nutri-
tional requirements and characteristically require culture media
supplemented with specific pyridine nucleotides or their precursors
(V factor). Although V factor is usually provided as nicotinamide
adenine dinucleotide (NAD), this nutritional requirement can be met
by several pyridine compounds, including nicotinamide mononu-
cleotide (NMN) and nicotinamide riboside, but not by nicotinamide
or nicotinic acid (4). This specificity reflects the limited capacities of
these organisms for pyridine compound metabolism (5,6).

Nutrient deprivation is a key environmental factor affecting
bacterial phenotype, including the expression of virulence factors
during the course of infection (7,8); the affected virulence factors may
include antigens that may be useful as vaccine components.
Although A. pleuropneumoniae and H. parasuis possess efficient

mechanisms for the acquisition of pyridine nucleotide precursors,
their growth rates can be limited by the supply of these com-
pounds (4); with the type strains (A. pleuropneumoniae ATCC 27088;
H. parasuis ATCC 19417), growth limitation begins at concentrations
of NAD below 2 �M. Limiting in vitro growth by reducing the
concentration of exogenous NAD or NMN from 5 to 0.1 �M can
result in a change in the outer membrane protein profile of A. pleu-
ropneumoniae (9). Furthermore, with A. pleuropneumoniae, reduc-
ing the initial NAD concentration from about 450 to about 15 �M
would appear to be associated with increased adhesiveness (without
a change in hydrophobicity), thinner and irregular capsule structure,
and, in some strains, increased production of fimbriae and altered
outer membrane protein profiles (10).

Whether in vivo growth is limited by pyridine nucleotide supply
is unknown. Information on the concentrations of pyridine
nucleotides and their precursors in extracellular fluids of mammals
is scant. Serum contains nicotinamide (11), but this precursor is not
utilized by A. pleuropneumoniae or H. parasuis. In addition, although
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A b s t r a c t
During infection, nutrient deprivation can alter bacterial phenotype. This, in turn, may have implications for pathogenesis and
prophylaxis. Actinobacillus pleuropneumoniae (biotype 1) and Haemophilus parasuis, respiratory tract pathogens of swine, are both
V-factor-dependent. The concentrations of V factor in the extracellular fluids of pigs are unknown and may limit the growth
of these bacteria in vivo. The aim of this study was to determine the concentrations of nicotinamide adenine dinucleotide (NAD)
in select porcine body fluids and to compare the availability of NAD in vivo with the affinities of the organisms for this
compound. Levels in plasma, tissue fluids (peritoneal, pleural, synovial, and cerebrospinal), and laryngeal, tracheal, and lung
washings were determined with an enzymatic cycling assay. We concluded that, although the NAD supply in the respiratory
tract is probably not growth-limiting, it may become limiting if the organisms are disseminated.

R é s u m é
Au cours d’une infection, le manque de nutriment peut modifier le phénotype bactérien ce qui peut avoir des implications dans la
pathogénie et la prophylaxie. Actinobacillus pleuropneumoniae (biotype 1) et Haemophilus parasuis sont des pathogènes du système
respiratoire porcin et sont tous deux dépendants du facteur V pour leur croissance. Les concentrations de facteur V dans les liquides extra-
cellulaires porcins sont inconnues et pourraient s’avérer un facteur limitant pour la croissance de ces bactéries in vivo. Le but de cette étude
était de déterminer les concentrations en NAD dans certains liquides corporels porcins sélectionnés et de comparer la disponibilité in vivo
du NAD avec les affinités (Ks) des micro-organismes pour ce composé. Les quantités de NAD dans le plasma, les liquides tissulaires (cérébro-
spinal, pleural, péritonéal et synovial) et un lavage du tractus respiratoire ont été déterminées par une épreuve enzymatique. Bien que la
quantité de NAD ne soit pas un facteur limitant pour la croissance dans le système respiratoire, elle pourrait le devenir si les bactéries
deviennent disséminés dans l’organisme.

(Traduit par Dr Serge Messier)



intracellular NAD(P)(H) concentrations are high [for example, in
human erythrocytes, approximately 30–60 �M for NAD, 10–40 �M
for NADP, 10–30 �M for NADH, and 20–40 �M for NADPH
(12,13)], mammalian cells possess extracellular NAD(P) nucleosidases
that catabolize NAD(P) to nicotinamide (14,15). Although low
concentrations of pyridine nucleotide precursors can support the
growth of A. pleuropneumoniae and H. parasuis (4), given the poten-
tial for NAD-dependent growth limitation to induce phenotypic
changes in these bacteria, their capacity to compete with host tissues
for utilizable NAD(P) precursors may influence the phenotypes of
these bacteria during infection. Therefore, we undertook a study to
determine the NAD contents of porcine body fluids at sites of
bacterial growth during infection. 

During experimental infections to characterize the pathogenicity
of porcine Actinobacillus and Haemophilus organisms (16), samples
of tissue fluids and lavage washings of the respiratory tract were
collected for assay of NAD. Blood was collected in tubes containing
ethylenediaminetetraacetic acid, and the plasma was recovered
after centrifugation. All other samples were collected as rapidly as
possible after euthanasia. Peritoneal, pleural, synovial, and
cerebrospinal fluids were collected by aspiration. Lung lavage
fluid was obtained by the bronchial instillation of 6 mL of phosphate-
buffered saline (PBS), pH 7.4. Sections of larynx and trachea 3 to 4 cm
long and 1.5 cm in diameter were excised and clamped off with the
use of hemostats, then the inner surfaces were rinsed with 3 mL of
PBS. In all cases, fluid recovery was about 50%. Samples were
centrifuged (at 16 000 � g for 5 min) and the supernatants removed
and stored in aliquots at �70°C (or below) until assayed for NAD
content (within 31 d). Thawed samples were centrifuged (at
16 000 � g for 2 min), and 200 �L of each supernatant was added to
200 �L of 0.3 M HCl. Samples were incubated for 10 min at 60°C,
cooled on ice, and neutralized through the dropwise addition of
200 �L of a solution of equal parts of 0.36 M triethanolamine-HCl
(pH 7.4 with KOH) and 0.6 M KOH during continuous vortexing of
the samples. Samples were then centrifuged (at 16 000 � g for
10 min), and 50-�L aliquots of each supernatant were assayed for
NAD content by the method of internal standards (25 pmol NAD)

to correct for possible interference by sample components. The
NAD content was determined by means of an enzymatic cycling
assay, essentially as described by Lilius et al (17) except that Hepes
was the buffer system used and 12.5 units of alcohol dehydrogenase
was used per assay.

The NAD levels in plasma; lavage fluid from tracheal, laryn-
geal, and lung washings; and peritoneal, pleural, synovial, and
cerebrospinal fluids are presented in Table I. Notably, the levels in
these extracellular fluids were considerably lower than those found
in human erythrocytes [approximately 30–60 �M (12,13)] and in rat
tissues [approximately 0.3 �mol/mL in blood and 0.33, 0.93, 0.78,
and 0.75 �mol/g in lung, heart, kidney, and liver, respectively
(18)]. Infection with A. pleuropneumoniae (and "minor-group"
Haemophilus) apparently had little effect on tissue-fluid NAD levels,
although it appeared to increase plasma NAD levels.

Both A. pleuropneumoniae and H. parasuis demonstrate efficient
NAD utilization, with growth rate constants of 0.24 and 0.21 �M,
respectively (4). Growth rates begin to be unrestricted by NAD at
concentrations greater than 2 �M. Although the assays of body fluid
samples (plasma, peritoneal, pleural, synovial, and cerebrospinal)
are likely to yield reliable NAD concentrations, the levels of NAD
in lavage fluids are likely to be underestimates owing to the dilution
effect of the large buffer volume (compounded by loss of buffer
volume, presumably by tissue absorption). If the dilution factor is
greater than 10 (which is highly likely), then the mucosal surfaces
are probably covered by fluids that contain NAD at levels in excess
of those needed for growth rates to be unimpaired by pyridine
nucleotide supply. However, assuming that extracellular V factor
is present primarily as NAD, comparison of tissue-fluid levels
with the growth rate constants suggests that NAD levels are
sufficiently low to at least partially inhibit growth rates after
dissemination of the bacteria from the mucosal surfaces.

Other nutrients (such as, iron) are also either in low concentration
or are sequestered from bacteria colonizing and invading mammals
(7,8). Competition for many nutrients at growth-rate-limiting
concentrations has complex physiological effects on bacteria (19), and
combined stresses can increase virulence profoundly (20).
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Table I. Levels of nicotinamide adenine dinucleotide (NAD) in body fluids from healthy pigs and pigs infected with Actinobacillus
and Haemophilus species

Fluid; NAD concentration (�M)
Infecting Peritoneal Pleural Laryngeal Tracheal Lung Synovial
straina Plasma aspirate aspirate wash wash wash aspirate CSF Gross pathology
None 0.29 0.10 NT 0.17 NT 1.52 NT NT None
None 0.24 0.21 0.18 0.30 0.50 0.37 0.20 0.32 None

Acute hemorrhagic
27088 0.57 NT 0.58 0.29 0.45 0.36 0.23 NT Pleuropneumonia
BC 181 0.53 0.41 0.27 0.34 0.42 0.61 0.30 0.30 Small lung abcesses

Chronic lung lesions
33PN 0.59 0.12 ND 0.95 0.42 0.20 NT 0.08 Pleuritis
33PN 0.51 0.28 0.29 0.46 0.44 0.79 0.44 0.44 Chronic lung lesions
7ATS 0.28 0.07 0.12 0.26 0.31 1.30 0.27 0.31 Chronic lung lesions
7ATS 0.66 0.32 0.20 0.32 0.34 0.25 0.34 0.23 None apparent
a 27088 — A. pleuropneumoniae ATCC 27088
CSF — cerebrospinal fluid; NT — not tested; ND — none detected (� 0.06 nM); BC 181 — A. pleuropneumoniae strain BC 181;
33PN and 7ATS are Haemophilus sp."minor-group" strains (16)



Accordingly, the NAD levels encountered at different body sites may
result in changes in the phenotype of A. pleuropneumoniae, and
possibly H. parasuis, during an infection, and in particular during
spread from the respiratory mucosa (likely not NAD-limiting) to the
deeper tissues (possibly NAD-limiting). Although it is clear that
NAD restriction can modify the phenotype of A. pleuropneumoniae
(9,10), the combined effects of this and other nutrient limitations on
overall pathogenesis clearly merit further attention.
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