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Pig-shed air polluted by α-haemolytic cocci 
and ammonia causes subclinical disease and 
production losses
T. Murphy, C. Cargill, D. Rutley, P. Stott

There is mounting evidence that bacteria originating from pigs degrade the environment of the 
pig shed and adversely affect the health of the animals and the pig-shed workers. α-haemolytic 
cocci (AHC) occur in pig-shed environments, but are regarded as commensals. Ammonia is 
also a component of the pig-shed environment, and is known to damage upper respiratory 
tract epithelia. The aim of this study was to determine whether polluted air in pig sheds 
adversely affected performance indicators in pigs. Modelling revealed a direct effect of AHC on 
voluntary feed intake and hence AHC are not commensal. No direct effect of ammonia on the 
pigs was detected, but the combination of AHC and ammonia stimulated the immune system 
in a progressive manner, and there were direct effects of immune stimulation on food intake 
and growth resulting in poorer feed-conversion efficiency, even though the effects remained 
subclinical. The authors conclude that exposure of the respiratory epithelia of pigs to viable AHC 
in the presence of ammonia redirects nutrients away from production and towards the immune 
system, explaining the impact of poor pig-shed hygiene on production parameters.

GLOBAL economic and agricultural policies have driven agricultural 
enterprises in advanced economies to become larger, more intensive and 
more specialised (Donham 2000), with greater capital investment and 
less labour input. The modern pig industry is a high cost, high technol-
ogy, intensive industry with narrow margins, which must achieve high 
levels of efficiency if adequate profitability is to be maintained (Hope 
1990). Consequently, pig sheds are designed to house pigs as densely as 
possible, but the confined airspace retains airborne pollutants, and there 
are links between surface hygiene, suboptimal air quality and the preva-
lence and severity of disease in pigs, which lead to reduced growth rates 
(Donham 1991, Renaudeau 2009), affecting profit margins. Air-borne 
pollutants include microorganisms, their endotoxic cell-wall fragments 
and ammonia (Banhazi and others 2008).

The link between poor air quality and poor growth rates may 
be mediated through an effect of pollutants on the animals’ immune 
function. Poor sanitary conditions in pig sheds are associated with the 
induction of inflammatory responses (Le Floc’h and others 2009), and 
the inflammatory activation leads to slower growth, partly because 
of reduced voluntary food intake (VFI; Escobar and others 2004, 
Renaudeau 2009), but suppression of food conversion efficiency may 
also occur (Le Floc’h and others 2009), and the immune response itself 
has a nutrient demand (Le Floc’h and others 2004, 2007).

Ammonia is the most important gaseous pollutant in pig sheds 
(Subramanian and others 1996). It is highly water soluble and reacts 
with the moisture on mucosal surfaces to produce an alkaline, corro-
sive and irritating solution of ammonium hydroxide (Brautbar 1998). 
Its solubility means that most of the gas is absorbed in the nasopharynx 
(Urbain and others 1996a) and damages respiratory epithelia at levels 
commonly occurring in pig sheds (Urbain and others 1996b). It induces 
inflammatory responses in the respiratory system (von Borell and oth-
ers 2007), and suppresses the cough reflex (Moreaux and others 2000). 
Even short-term exposure will depress the defences of the respiratory 
tract against inhaled microorganisms (Gustin and others 1991).

The purpose of this study was to examine the impact of the expo-
sure of the upper respiratory system to ammonia gas and to the air-
borne microbes found in pig sheds on growth rate, feed utilisation 
and immune-system parameters. The authors chose α-haemolytic 
cocci (AHC) including viridians-group streptococci (VGS) because 
they occur in the gut or faeces of some species (VGS, Thanantong 
and others 2006, Aerococcus viridians, Guo and others 2007, Budzinska 
and others 2009, Byrne-Bailey and others 2009), they are prevalent 
in piggery airspaces (VGS, Cargill and Skirrow 1997, Done and oth-
ers 2005), they are considered to be generally non pathogenic (VGS, 
Van der Hoeven and Camp 1991, Aerococcus viridians, Park and others 
2002), and they have been found, in some host species, to be upper 
respiratory-tract commensals (VGS, Van der Hoeven and Camp 1991, 
Aerococcus viridians, Silvanose and others 2001). The authors hypoth-
esised that AHC have subclinical pathogenic influences on growth 
rate and feed production and that the effect would be exacerbated by 
exposure to ammonia. Hence, the authors examined impacts on pro-
duction parameters and immune function of pigs exposed to ammo-
nia and/or to a mixed culture of AHC.

Materials and methods
Study site
The study was undertaken at the Roseworthy Campus, The 
University of Adelaide, Australia. Australia is free from transmissible 
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and others 2000). The flow cytometric profiles were acquired using a 
FACSCalibur Flow Cytometer in conjunction with CELLQuest soft-
ware (BD Biosciences). The analysis gate was set around heterophils 
on forward- and side-scatter profiles. The results were expressed as the 
percentage of heterophils that contained fluorescent microspheres.

LPI was based on the incorporation of tritiated-thymidine 
(Amersham Biosciences) into the replicating DNA (Maluish and 
Strong 1986) of peripheral blood mononuclear cells (PBMC). 
Incorporated tritiated-thymidine activity was determined by a 
Microbeta Trilux 1450 beta counter (EG&G Wallac). Tests were per-
formed in triplicate. LPI was expressed as the mean counts of stimu-
lated cultures/mean counts of medium control.

Lymphocyte subsets were identified by measuring cell-surface 
immunofluorescent labelling (Chamorro and others 2000) with fluo-
rescein isothiocyanate (FITC), phycoerythrin (PE), streptavidin perid-
inin chlorophyll protein (PerCP)/streptavidin-Cy-Chromme (CyC) or 
allophycocyanin (APC; BD Biosciences Pharmingen). Three- or four-
colour flow cytometric analysis was performed using an FACSCalibur 
Flow Cytometer in conjunction with CELLQuest software (BD 
Biosciences). The analysis gate was set around lymphocytes on for-
ward- and side-scatter profiles. Dual expression of CD4 and CD8 was 
determined by gating on CD3 CD8 bright lymphocytes. The results 
are expressed as the mean percentage of cells expressing the particu-
lar phenotypic marker. The CD4:CD8 ratio was calculated from the 
available data.

Pathological parameters
The pigs were slaughtered at the end of the trial, and the lungs were 
retrieved and examined for gross pathology. From each pig, a small 
portion of the dorsal diaphragmatic lobe of the right lung, together 
with a section of the trachea just anterior of the bifurcation, was pre-
served in 10 per cent buffered formalin, and sections stained with 
haematoxylin and eosin were prepared. For each animal, 10 sections, 
chosen at random, were examined to assess the state of the epithe-
lial layer, and the number, percentage and type of inflammatory and 
immune cells present.

Statistical analyses
All statistical analyses were undertaken using PASW Statistical 
Software, Version 18.0 (IBM 2009). A general linear model was devel-
oped (Nelder 1994) with the response variable being either voluntary 
feed intake (VFI) or average daily gain (ADG). The explanatory vari-
ables were as follows: (1) factors, -AHC (Yes or No) NH3 (0, 10, 25 or 
50 ppm); (2) covariates, LPI, HPP (per cent), CD21 (per cent), CD4 (per 
cent) and CD8 (per cent), all recorded at day 0 and at day 14; and 3) 
quadratic terms of covariates.

To avoid cross-contamination of the effects of either bacterial or 
ammonia treatment, block was necessarily confounded with treat-
ment and so the block effect was not included in these analyses. The 
effect of block was tested and found to be systematic rather than ran-
dom, supporting the decision to remove the block effect from these 
analyses. This systematic effect of block was expected as it was actu-
ally the treatment effect.

The final statistical model was developed using stepwise back-
wards elimination from the maximum model. Interactions and effects 
were eliminated based on tests of significance (P<0.01) using Type 
III sums of squares while ensuring the marginality requirements of 
Nelder (1994) were maintained. The maximum model included fac-
tors, covariates and quadratic terms as main effects, with all two-way 
interactions and three-way interactions between factors and linear 
terms of covariates. Results are expressed as least squares means ± se.

Results
Airborne α-haemolytic cocci
Twenty-seven isolates of α-haemolytic cocci were characterised. 
Genotyping identified 21 of the isolates as Aerococcus viridians, three 
as Streptococcus alactolyticus, one as S pluranimalium and one as Vagococcus 
lutrae. One phenotypic identification as Aerococcus viridans had an 
unacceptable number of mismatches among the 456 base pairs to all 
GenBank+EMBL+DDBJ+PDB sequences. Aerococcus suis was not 
isolated.

gastroenteritis and porcine reproductive and respiratory syndrome, 
and the piggery is free of helminth parasites, swine dysentery, and 
atrophic rhinitis, and maintains control of mycoplasmal pneumo-
nia, erysipelas, Glasser’s Disease, leptospirosis and clostridial diseases 
through vaccination.

The experiments were conducted in a fully enclosed room con-
taining 20 1.6 m2 individual pens with partially slatted floors. Filtered 
air was supplied under positive pressure, and temperature and relative 
humidity were set at 24°C and 55 per cent, respectively. The pens 
were flushed with potable water three times daily into a slurry pit, 
which in turn was flushed every second day while the pigs were out 
of the room, and allowed to dry before the pigs were returned. Dirty 
pigs were washed and dried before being returned to their pens.

The pigs were weighed daily. They were offered a daily ration of 
3.0 kg of a commercial diet. Uneaten food was collected and weighed. 
Voluntary food intake (VFI, kg/d), average daily weight gain (ADG, kg), 
and food conversion ratio (FCR) were calculated. The daily feed loss 
due to immune challenge was calculated as the product of the mean VFI 
of the challenged animals minus the product of the mean FCR of the 
unchallenged animals and the mean ADG of the challenged animals.

Experimental design
The study was conducted as a 2 x 4 factorial with the main effects of 
bacterial challenge (AHC– or AHC+) and ammonia (NH3 0, 10, 25 or 
50 ppm) in eight blocks (AHC-NH30; AHC-NH310; . . . AHC+NH350). 
In each block, 20 pneumonia-free 16-week-old Large White x Landrace 
female pigs were used. Ammonia at 0, 10, 25 or 50 ppm was supplied 
in nitrogen (BOC gases Australia) into each feed bin during a 15 min-
utes feeding period at a rate of 12 l/minute, based on the United States 
Occupational Safety and Health Administration permissible short-
term exposure limit for ammonia of 35 ppm for 15 minutes (OHSA 
1998). The short-term protocol was chosen because it is regarded as a 
mild to moderate exposure for human beings and presumably there-
fore also for pigs, because the exposure is readily standardised, and 
because there would be a clear association between the exposure to 
ammonia and any subsequent inoculation with AHC.

AHC were obtained from a grower room, a finisher room, and a 
weaner room in adjacent pig sheds using a six-stage Andersen Sampler 
loaded with Columbia Horse Blood Agar plates. Each airspace was 
sampled three times at its central point 0.5 m above the floor for five 
minutes at a flow rate of 1.9 l/minute. α-Haemolytic colonies with 
differing colony morphologies were selected from each group of plates 
for phenotypic identification using API 20 Strep strips in accordance 
with the manufacturer’s instructions (bioMérieux, La Balme les 
Grottes). Organisms yielding unique API profiles were then sequenced 
by 16S rRNA gene sequencing. Sequence matches were sought in 
the GenBank+EMBL+DDBJ+PDB sequences using the program 
BLASTN ver. 2.2.24+ (Altschul and others 1997). The matching was 
performed after the GenBank accession date for Aerococcus suis partial 
16S rRNA gene (type strain 1821/02T; June 29, 2009).

Half of the experimental pigs were exposed to AHC by intranasal 
inoculation of 3 ml of a mixed suspension of 6 x 105 cfu/ml in buffered 
saline with a composition matching the proportions of each organism 
as identified above. The inoculation was undertaken 30 minutes after 
the start of the first exposure to ammonia.

Immunological parameters
Leucocytes were extracted from heparinised jugular blood samples 
obtained at both the start and the end of the trial. Stimulation of the 
immune systems of the pigs was assessed using a lymphocyte pro-
liferation index (LPI), an assessment of the phagocytic potential of 
heterophilic polymorphonuclear leucocytes (HPP), measures of the 
proportions of lymphocytes expressing cluster of differentiation (CD) 
group 4, CD8 or CD21 markers, and the proportion of double-posi-
tive (DP) CD4 and CD8 lymphocytes. The ratio of the CD4 to CD8 
markers was calculated. For each pig, the changes in the markers over 
the duration of the trial were recorded, and the differences in the mark-
ers between the control pigs and the inoculated pigs at the end of the 
trial were calculated.

HPP was measured by the uptake of fluorescent 1 μm diameter 
microspheres (Polysciences) by polymorphonuclear leucocytes (Kato 
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Pathology
At slaughter, no lesions indicative of either pneumonia or pleuri-
sy were observed, though a mild to severe alveolitis dominated by 
mononuclear leucocytes was evident proportional to the concentra-
tion of ammonia. Similar changes were observed in pigs exposed to 
both ammonia and AHC, with the addition of monocytic inflamma-
tory cells at the higher concentrations of ammonia.

Immune responses
Technically but necessarily, the treatment was confounded by block, 
but we were not aware of any differences between blocks other than 
the expected treatment effects.

The authors detected immune-system activation in the pigs in 
response to the challenges with AHC and NH3. The interaction 

between AHC and NH3 accounted for 66 per cent of the increase 
in LPI at day 14 (Table 1). LPI responded in a progressive manner 
with increasing NH3 concentration (Fig 1e). The interaction between 
AHC and LPI at day 0 accounted for 19 per cent of the variation in 
LPI at day 14, while complex interactions between NH3, LPI and 
CD4 and NH3, LPI and CD21, including a quadratic effect of LPI, 
were highly significant, though only explaining a relatively small 
amount (14 per cent) of the variation in LPI at day 14. These com-
plex interactions have not been presented and the final model was 
corrected for the effects at day 0.

As for LPI, the interaction between AHC and NH3 accounted for 
>60 per cent of the variation in HPP; again, the effect was progressive 
with increasing NH3 (Table 2, Fig 1f). At day 14, this immune param-
eter was affected by its level at day 0 interacting with AHC treatment, 
explaining 19 per cent of the variation in HPP. Similarly, complex 
interactions between NH3 and HPP at day 0 explained a small but sig-
nificant amount of variation in HPP at day 14. These complex interac-
tions have not been presented, though the final model was corrected 
for variation at day 0.

Growth rate and feed utilisation
The results, adjusted for immune parameters at day 0 (Fig 1a, b), 
demonstrate that the combination of ammonia and AHC adversely 
impacted VFI and ADG in a dose-dependent manner, resulting in a 
progressive increase in FCR. Adjusting the model for immune effects 
at day 14 showed that there was an effect of AHC explaining part of 
the response in VFI (Table 3) but no significant interactions between 
ammonia and AHC (Fig 1c, d); rather, interactions between each of 
the factors and the covariate measures of immune function affected 

TABLE 1: Between subjects effects on LPI (lymphocyte 
proliferation index)

Source df Mean square P

Corrected model 32 16823.41 <0.001
AHC x NH

3
3 18965.16 <0.001

AHC x LPI day 0 1 16802.79 <0.001
NH

3
 x LPI day 0 x CD21 day 0 3 548.45 0.006

NH
3
 x LPI day 0 x CD4 day 0 3 550.25 0.005

NH
3
 x LPI (quadratic) 3 715.24 0.001

Error 127 124.47

Corrected total 159

Adjusted R2=0.964
AHC α-haemolytic cocci, NH

3
 Ammonia, LPI Lymphocyte proliferation index

FIG 1: (a) Mean (se) VFI (voluntary feed intake), adjusted for immune effects at day 0, for AHC+ pigs (inoculated with α-haemolytic cocci) 
and AHC– pigs exposed to ammonia at different concentrations. (b) Mean (se) ADG (average daily gain), adjusted for immune effects at day 
0, for AHC+ and AHC-pigs exposed to ammonia at different concentrations. (c) Predicted mean (se) VFI (voluntary feed intake) for AHC+ 
and AHC- pigs exposed to ammonia at different concentrations. (d) Predicted mean (se) ADG (average daily gain) for AHC+ and AHC- pigs 
exposed to ammonia at different concentrations. (e) Predicted mean (se) LPI (lymphocyte proliferation index) at day 14 for AHC+ and AHC-
pigs exposed to ammonia at different concentrations. (f) Predicted mean (se) HPP (heterophil phagocytic potential) at day 14 for AHC+ and 
AHC- pigs exposed to ammonia at different concentrations. 
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and Tan 2007). They are also common secondary colonisers in 
the distal airways of people with chronic lung diseases (Cabello and 
others 1997). The factors that make the organisms pathogenic are 
not known (Hwang and Tan 2007), but it is known that VGS rep-
resent a particular risk to human beings with neutropenia (Tunkel 
and Sepkowitz 2002), and that in pigs they readily colonise the 
aortic valve following mechanical damage to the valve, resulting in 
endocarditis (Ramirezronda 1978). A viridans may also colonise heart 
valves, although it is very rare as a cause of clinical disease in human 
beings (Popescu and others 2005). A viridans was first described as a 
common airborne organism in human-occupied places (Williams 
and others 1953) and it has also been found in human faecal slurry 
(Budzinska and others 2009). It is generally considered a saprophyte 
(Park and others 2002). However, A viridans has been isolated in pure 
culture from 11.5 per cent of a sample of pigs with arthritis, 2.2 per 
cent of pigs with meningitis, and 1 per cent of pigs with pneumonia, 
apparently as an opportunistic pathogen (Martin and others 2007). 
Vagococcus species have been isolated from carcases of pigs condemned 
because of pathological changes initially attributed to swine erysipelas 
and also from field cases with a presumptive diagnosis of swine ery-
sipelas (Bender and others 2009) and V fluvialis has been isolated from 
a number of pigs with clinical disease (Pot and others 1994, Teixeira 
and others 1997), but the clinical significance of the Vagococcus species 
have yet to be determined in pigs. Vagococcus elongatus has been isolated 
from a pig effluent pit (Lawson and others 2007).

Subclinical impacts are also recorded. VGS has been previously 
described in human lungs (Hanage and Cohen 2002), evidenced by 
upregulation of adhesion molecules and neutrophil aggregation, and A 
viridans has been isolated from the milk of cows with subclinical mas-
titis (Devriese and others 1999). Subclinical disease has been shown to 
have an impact on the growth rate of calves (Forbes and others 2002), 
and was evident in the pigs in the present study, in which there was 
no clinical disease but feed intake and growth (VFI and ADG) were 
adversely affected. In those pigs exposed to AHC but not ammonia, 
the daily feed loss was 268 g of feed per inoculated pig per day, indicat-
ing that 11.0 per cent of the feed was lost to subclinical disease.

AHC may have affected VFI through central appetite suppres-
sion. VGS are known to stimulate monocytes to rapidly produce very 
large amounts of interleukin (IL)-1β (Hanage and Cohen 2002, Hahn 
and others 2007), which could be expected to impact VFI because 
IL-1β acts directly on the brain to suppress appetite (DeBoer and others 
2009). However, no significant direct impact on ADG was detected.

The responses of lymphocytes and heterophils to exposure to 
the combination of AHC and NH3 demonstrated that the immune 
system was activated by supposedly commensal bacteria, and that 
immune activation was associated with reduced ADG, indicating that 
the impact of AHC on ADG arose because of diversion of nutrients to 
the immune system. The present findings are consistent with those 
of studies that have compared production parameters in unhygienic 
sheds with the same measures of immune stimulation (LPI and CD4, 
Galina-Pantoja and others 2006, CD21, Clapperton and others 2005b, 
2008); the difference with the present study was that the sheds were 
hygienic and the air pollution in the present study was artificial, con-
trolled and applied individually.

Measures of immune markers at day 0 were quite variable, dem-
onstrating different levels of immune-system activation in the pigs at 
the start of the trial. The data revealed a complex suite of interactions 
between the marker covariates at day 0 that accounting for about a 
third of the variation in both LPI and HPP at day 14. In particular, the 
interactions between AHC on the one hand and LPI at day 0 and HPP 
at day 0 on the other each accounted for 19 per cent of the respective 
responses on day 14. However, it was not the purpose of this study to 
dissect these complex relationships, and so the model was adjusted to 
remove the effects of immune status at day 0.

In the pigs, NH3 exacerbated the impact of AHC on immune 
parameters in a substantial and progressive manner. A similar inter-
action was observed by Hamilton and others (1999) who examined 
the impact on the turbinates of pigs exposed to a continuous supply 
of ammonia before inoculation with Pasteurella multocida. There are 
several mechanisms that might explain such synergistic interactions. 
Ammonia could facilitate the impact of a microorganism residing 

TABLE 2: Between subjects effects on HPP (heterophil phagocytic 
potential)

Source df Mean square P

Corrected model 22 3319.50 <0.001
AHC x NH

3
3 1376.61 <0.001

CD8 day 0 1 125.31 0.002
CD21 day 0 x CD8 day 0 1 169.32 <0.001
AHC x HPP day 0 1 1347.56 <0.001
NH

3
 x CD21 day 0 3 49.31 0.009

NH
3
 x HPP (quadratic) 3 92.59 <0.001

Error 137 12.22

Corrected total 159

Adjusted R2=0.974
AHC α-haemolytic cocci, NH

3
 Ammonia, HPP Heterophil phagocytic potential

TABLE 3: Between subjects effects on voluntary food intake (VFI)

Source df Mean square P

Corrected model 8 1.10 <0.001
AHC 1 1.41 <0.001
NH

3
 x CD4 day 14 3 0.18 <0.001

Error 151 0.03

Corrected total 159

Adjusted R2=0.675
AHC α-haemolytic cocci, NH

3
 Ammonia

TABLE 4: Between subjects effects on ADG (average daily gain)

Source Df Mean square P

Corrected model 20 0.17 <0.001
LPI day 14 1 0.10 <0.001
AHC x LPI day 14 1 0.06 0.004
NH

3
 x CD21 day 14 3 0.04 <0.001

NH
3
 x HPP day 14 (quadratic) 3 0.03 0.002

HPP day 0 1 0.05 0.005
CD8 day 0 1 0.07 0.001
Error 139 0.01

Corrected total 159

Adjusted R2=0.754
AHC α-haemolytic cocci, NH

3
 Ammonia, LPI Lymphocyte proliferation index, HPP 

Heterophil phagocytic potential

the response variables (Tables 3 and 4). Hence, the effects on VFI and 
ADG in pigs exposed to AHC and ammonia were primarily due to 
the immune responses between days 0 and 14.

The predicted decrease in VFI due to inoculation with AHC alone 
was 51 per cent of the observed decrease in the pigs inoculated with 
AHC while exposed to 50 ppm of ammonia, and the actual FCR in 
these pigs was 4.58, compared with unexposed controls with FCR of 
3.29. The model predicted that the direct effect of AHC in the pres-
ence of 50 ppm ammonia contributed 44.7 per cent, and the immune 
responses 55.3 per cent, of the difference in FCR.

Discussion
The airborne bacteria in the Roseworthy pig-sheds were not harmless 
commensals in these pigs. Although there was no clinical expression 
of disease, both feed intake and growth rates were reduced as a func-
tion of the immune response elicited by the inoculation of AHC onto 
respiratory epithelia exposed at the time to ammonia.

There is an increasing body of evidence that some species within 
the AHC group may have pathogenic impacts. In human beings, VGS 
usually act as commensals utilising mucin as an energy substrate (Van 
der Hoeven and Camp 1991), but may act as periodontal pathogens 
(Robertson and Smith 2009) and may cause rhinosinusitis (Hwang 
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on the nasal mucosa through its ability to breach protective mucous 
and epithelial barriers (Brautbar 1998), allowing penetration by the 
microorganism into subepithelial tissues, which is consistent with 
the history of VGS as an invader secondary to other agents of epi-
thelial damage (Johnson and Bowie 1992, Cabello and others 1997, 
Hanage and Cohen 2002), leading to immune stimulation. Another 
mechanism could be the affinity of VGS to fibronectin, which selec-
tively promotes the attachment of VGS to oral epithelial cells (Sinner 
and Tunkel 2010); but fibronectin is also secreted by endothelial cells, 
platelets and fibroblasts in response to vascular injury (Sinner and 
Tunkel 2010), and so it may be that ammonia is capable of eliciting a 
fibronectic response by the vascular tissues that in some way enhances 
the presentation of VGS to the immune system. The pathogenesis 
of Aerococcus species is much less well understood, but an aggrega-
tion of platelets and fibrin in response to Aerococcus urinae has been 
noted (Shannon and others 2010). A third explanation for the syner-
gistic effect might be that the relative infective dose of the organisms 
is increased if they are able to exploit ammonia as a source of nitro-
gen, and many Streptococcus species have this capability in vitro, for 
example, S bovis (Atasoglu and Wallace 2002); S thermophilus (Monnet 
and others 2005) and S mutans, (St Martin and Wittenberger 1980). 
An increased effective dose would likely result in greater immune 
stimulation.

The daily feed loss due to the disease process for each pig inoc-
ulated with AHC and exposed to 50 ppm ammonia was 546 g or 
28.1 per cent of the feed intake. This is higher than the 15.4 per cent 
penalty that may be calculated from data presented by Williams and 
others (1997) for 102 kg pigs from an Iowa herd in which the recog-
nised pathogens Actinobacillus pleuropneumoniae, Mycoplasma hyopneumo-
niae, swine influenza virus, and transmissible gastroenteritis virus are 
endemic, but whether the losses in the pigs would have been sustained 
over an equally long time scale, is not known. It has been opined 
(Clapperton and others 2005a) that associations between perform-
ance and immune traits can be attributed to the nutrient demands of 
subclinical diseases, such as subclinical enteric Salmonella infection 
(Galina-Pantoja and others 2006), that divert energy from growth. 
Maintaining an immune response is known to have a high energy 
demand, and is partly attributable to thermogenesis, establishing and 
maintaining fever, that requires a 10 per cent increase in basal meta-
bolic rate for each degree rise in body temperature in human beings 
(Kluger 1991), particularly in species with poor insulation (Hart 1988). 
Energy demand may also be attributed to the energetic costs of cell-
based immunity, although Klasing (2004) maintained that these ener-
getic costs are relatively low. The present study findings disagree with 
that hypothesis; day 14 measures of LPI, HPP and CD21 accounted 
for much of the variation in ADG.

Viridans-group streptococci are present in the faeces of pigs in 
Australia (Skirrow and others 1995), and Aerococcus viridians has 
been found in porcine faecal slurries elsewhere (Guo and others 
2007, Budzinska and others 2009, Byrne-Bailey and others 2009). 
Vagococcus elongatus has also been isolated from a piggery manure stor-
age pit (Lawson and others 2007). With poor hygiene, higher concen-
trations of airborne AHC would be expected, and the authors suggest 
that it is an explanation for the well-documented impact of poor shed 
hygiene on production parameters and economic performance (Le 
Floc’h and others 2009). Ammonia is released from slurries of urine 
and faeces (Groot Koerkamp and others 1998) and so atmospheric 
ammonia is another consequence of poor shed hygiene (Banhazi and 
others 2008).

The authors conclude that air polluted with AHC causes sub-
clinical disease in pig-sheds with poor hygiene, and that the effect is 
exacerbated by the atmospheric ammonia prevalent in these sheds, 
which together activate the pigs’ immune systems. Further, the 
authors conclude that there is a substantial nutrient demand inherent 
in the immune response to organisms such as AHC that are generally 
thought to be commensal.

Acknowledgements
The study was supported by the Pig Research and Development 
Corporation (PRDC), now Australia Pork Limited (APL). For assist-
ance with analyses, the authors thank Andrew Bean, Matthew Bruce 

and Vijaya Janardhana at the Australian Animal Health Laboratory; 
Rachel Pratt and Mary Barton at the University of South Australia and 
Lance Mickan and Alan Goodwin of the South Australian Department 
of Health. The project was approved the Animal Ethics Committee at 
The University of Adelaide (Approval Number W-53–1997).

References
ALTSCHUL, S. F., MADDEN, T. L., SCHÄFFER, A. A., ZHANG, J., ZHANG, Z., 

MILLER, W. & LIPMAN, D. J. (1997) Gapped BLAST and PSI-BLAST: a new genera-
tion of protein database search programs. Nucleic Acids Research 25, 3389–3402

ATASOGLU, C. & WALLACE, R. J. (2002) Influence of ammonia concentration 
on N-15-ammonia incorporation and de novo amino acid synthesis by the 
non-cellulolytic ruminal bacteria, Prevotella bryantii B(1)4, Selenomonas ruminantium 
HD4 and Streptococcus bovis ES1. Turkish Journal of Veterinary & Animal Sciences 26, 
389–395

BANHAZI, T. M., SEEDORF, J., RUTLEY, D. L. & PITCHFORD, W. S. (2008) 
Identification of risk factors for sub-optimal housing conditions in Australian piggeries: 
Part 2. Airborne pollutants. Journal of Agricultural Safety and Health 14, 21–39

BENDER, J. S., KINYON, J. M., KARIYAWASAM, S., HALBUR, P. G. & OPRIESSNIG, 
T. (2009) Comparison of conventional direct and enrichment culture methods for 
Erysipelothrix spp. from experimentally and naturally infected swine. Journal of Veterinary 
Diagnostic Investigation 21, 863–868

BRAUTBAR, N. (1998) Ammonia exposure: a common cause for sinusitis. A case report 
and review of the literature. Toxicology and Industrial Health 14, 891–895

BUDZINSKA, K., JUREK, A., MICHALSKA, M., BERLEC, K. & SZEJNIUK, B. (2009) 
Dynamics of changes in bacterial microflora of stored sewage sludge. Rocznik Ochrona 
Srodowiska 11, 1155–1164

BYRNE-BAILEY, K. G., GAZE, W. H., KAY, P., BOXALL, A. B., HAWKEY, P. M. & 
WELLINGTON, E. M. (2009) Prevalence of sulfonamide resistance genes in bacte-
rial isolates from manured agricultural soils and pig slurry in the United Kingdom. 
Antimicrobial Agents and Chemotherapy 53, 696–702

CABELLO, H., TORRES, A., CELIS, R., EL-EBIARY, M., PUIG DE LA BELLACASA, 
J., XAUBET, A., GONZÁLEZ, J., AGUSTÍ, C. & SOLER, N. (1997) Bacterial coloni-
zation of distal airways in healthy subjects and chronic lung disease: a bronchoscopic 
study. European Respiratory Journal 10, 1137–1144

CARGILL, C. & SKIRROW, S. (1997) Air quality in pig housing facilities. In Pig Production. 
Postgraduate Foundation in Veterinary Science, University of Sydney. pp 85–194

CHAMORRO, S., REVILLA, C., ALVAREZ, B., LÓPEZ-FUERTES, L., EZQUERRA, 
A. & DOMÍNGUEZ, J. (2000) Phenotypic characterization of monocyte subpopula-
tions in the pig. Immunobiology 202, 82–93

CLAPPERTON, M., BISHOP, S. C., CAMERON, N. D. & GLASS, E. J. (2005a) 
Associations of acute phase protein levels with growth performance and with selection 
for growth performance in Large White pigs. Animal Science 81, 213–220

CLAPPERTON, M., BISHOP, S. C., CAMERON, N. D. & GLASS, E. J. (2005b) 
Associations of weight gain and food intake with leukocyte sub-sets in large white 
pigs. Livestock Production Science 96, 249–260

CLAPPERTON, M., GLASS, E. J. & BISHOP, S. C. (2008) Pig peripheral blood mono-
nuclear leucocyte subsets are heritable and genetically correlated with performance. 
Animal 2, 1575–1584

DEBOER, M. D., SCARLETT, J. M., LEVASSEUR, P. R., GRANT, W. F. & MARKS, 
D. L. (2009) Administration of IL-1β to the 4th ventricle causes anorexia that is blocked 
by agouti-related peptide and that coincides with activation of tyrosine-hydroxylase 
neurons in the nucleus of the solitary tract. Peptides 30, 210–218

DEVRIESE, L. A., HOMMEZ, J., LAEVENS, H., POT, B., VANDAMME, P. & 
HAESEBROUCK, F. (1999) Identification of aesculin-hydrolyzing streptococci, lac-
tococci, aerococci and enterococci from subclinical intramammary infections in dairy 
cows. Veterinary Microbiology 70, 87–94

DONE, S. H., CHENNELLS, D. J., GRESHAM, A. C., WILLIAMSON, S., HUNT, B., 
TAYLOR, L. L., BLAND, V., JONES, P., ARMSTRONG, D., WHITE, R. P., DEMMERS, 
T. G., TEER, N. & WATHES, C. M. (2005) Clinical and pathological responses of weaned 
pigs to atmospheric ammonia and dust. Veterinary Record 157, 71–80

DONHAM, K. J. (1991) Association of environmental air contaminants with disease and 
productivity in swine. American Journal of Veterinary Research 52, 1723–1730

DONHAM, K. J. (2000) The concentration of swine production - effects on swine 
health, productivity, human health, and the environment. Veterinary Clinics of North 
America-Food Animal Practice 16, 559–597

ESCOBAR, J., VAN ALSTINE, W. G., BAKER, D. H. & JOHNSON, R. W. (2004) 
Decreased protein accretion in pigs with viral and bacterial pneumonia is associated 
with increased myostatin expression in muscle. Journal of Nutrition 134, 3047–3053

FORBES, A. B., CUTLER, K. L. & RICE, B. J. (2002) Sub-clinical parasitism in spring-
born, beef suckler calves: epidemiology and impact on growth performance during the 
first grazing season. Veterinary Parasitology 104, 339–344

GALINA-PANTOJA, L., MELLENCAMP, M. A., BASTIAANSEN, J., CABRERA, R., 
SOLANO-AGUILAR, G. & LUNNEY, J. K. (2006) Relationship between immune cell 
phenotypes and pig growth in a commercial farm. Animal Biotechnology 17, 81–98

GROOT KOERKAMP, P. W. G., METZ, J. H. M., UENK, G. H., PHILLIPS, V. R., 
HOLDEN, M. R., SNEATH, R. W., SHORT, J. L., WHITE, R. P., HARTUNG, J., 
SEEDORF, J., SCHRÖDER, M., LINKERT, K. H. & OTHERS (1998) Concentrations 
and emissions of ammonia in livestock buildings in northern Europe. Journal of 
Agricultural Engineering Research 70, 79–95

GUO, Y., ZHU, N., ZHU, S. & DENG, C. (2007) Molecular phylogenetic diversity 
of bacteria and its spatial distribution in composts. Journal of Applied Microbiology 103, 
1344–1354

GUSTIN, P., URBAIN, B., ANSAY, M. & NICKS, B. (1991) Effects of air pollution on 
respiratory system. 1. Ammonia. Annales De Medecine Veterinaire 135, 417–422

group.bmj.com on September 15, 2016 - Published by http://veterinaryrecord.bmj.com/Downloaded from 

http://veterinaryrecord.bmj.com/
http://group.bmj.com


6 of 6 | Veterinary Record | 10.1136/vr.100413

Papers

HAHN, C. L., BEST, A. M. & TEW, J. G. (2007) Rapid tissue factor induction by oral 
streptococci and monocyte-IL-1beta. Journal of Dental Research 86, 255–259

HAMILTON, T. D., ROE, J. M., HAYES, C. M., JONES, P., PEARSON, G. R. & 
WEBSTER, A. J. (1999) Contributory and exacerbating roles of gaseous ammonia 
and organic dust in the etiology of atrophic rhinitis. Clinical and Diagnostic Laboratory 
Immunology 6, 199–203

HANAGE, W. P. & COHEN, J. (2002) Stimulation of cytokine release and adhesion molecule 
expression by products of Viridans streptococci. Journal of Infectious Diseases 185, 357–367

HART, B. L. (1988) Biological basis of the behavior of sick animals. Neuroscience and 
Biobehavioral Reviews 12, 123–137

HOPE, G. T. (1990) The Pig and the Australian Pig Industry In Pig Production in 
Australia. Ed L. Lloyd. Butterworths

HWANG, S. Y. & TAN, K. K. (2007) Streptococcus viridans has a leading role in rhinosi-
nusitis complications. Annals of Otology, Rhinology, and Laryngology 116, 381–385

JOHNSON, C. M. & BOWIE, E. J. W. (1992) Pigs with von Willebrand disease may be 
resistant to experimental infective endocarditis. Journal of Laboratory and Clinical Medicine 
120, 553–558

KATO, M., NEIL, T. K., FEARNLEY, D. B., MCLELLAN, A. D., VUCKOVIC, S. & 
HART, D. N. (2000) Expression of multilectin receptors and comparative FITC-dextran 
uptake by human dendritic cells. International Immunology 12, 1511–1519

KLASING, K. C. (2004) The costs of immunity. Acta Zoologica Sinica 50, 961–969
KLUGER, M. J. (1991) Fever: role of pyrogens and cryogens. Physiological Reviews 71, 

93–127
LAWSON, P. A., FALSEN, E., COTTA, M. A. & WHITEHEAD, T. R. (2007) 

Vagococcus elongatus sp. nov., isolated from a swine-manure storage pit. International 
Journal of Systematic and Evolutionary Microbiology 57, 751–754

LE FLOC’H, N., LEBELLEGO, L., MATTE, J. J., MELCHIOR, D. & SÈVE, B. (2009) 
The effect of sanitary status degradation and dietary tryptophan content on growth rate 
and tryptophan metabolism in weaning pigs. Journal of Animal Science 87, 1686–1694

LE FLOC’H, N., MELCHIOR, D. & OBLED, C. (2004) Modifications of protein and 
amino acid metabolism during inflammation and immune system activation. Livestock 
Production Science 87, 37–45

MALUISH, A. E. & STRONG, D. M. (1986) Lymphocyte proliferation. In Manual of 
Clinical Laboratory Immunology. 3rd edn. Eds N. R. Rose, H. Friedman, J. L. Fabey. 
American Society for Microbiology

MARTÍN, V., VELA, A. I., GILBERT, M., CEBOLLA, J., GOYACHE, J., DOMÍNGUEZ, 
L. & FERNÁNDEZ-GARAYZÁBAL, J. F. (2007) Characterization of Aerococcus viridans 
isolates from swine clinical specimens. Journal of Clinical Microbiology 45, 3053–3057

MONNET, C., MORA, D. & CORRIEU, G. (2005) Glutamine synthesis is essential for 
growth of Streptococcus thermophilus in milk and is linked to urea catabolism. Applied 
and Environmental Microbiology 71, 3376–3378

MOREAUX, B., NEMMAR, A., BEERENS, D. & GUSTIN, P. (2000) Inhibiting effect 
of ammonia on citric acid-induced cough in pigs: a possible involvement of substance 
P. Pharmacology & Toxicology 87, 279–285

NELDER, J. A. (1994) The statistics of linear models: back to basics. Statistics and 
Computing 4, 221–234

OHSA (1998) Occupational Safety and Health Administration analytical laboratory 
methods. US Department of Labor, Occupational Safety and Health Administration

HYEONG PARK, J., KIM, Y. S., KIM, M. N. & KIM, J. J. (2002) Superior vena cava 
syndrome caused by Aerococcus viridans para-aortic abscess after heart transplantation. 
Transplantation 74, 1475–1476

POPESCU, G. A., BENEA, E., MITACHE, E., PIPER, C. & HORSTKOTTE, D. (2005) 
An unusual bacterium, Aerococcus viridans, and four cases of infective endocarditis. 
Journal of Heart Valve Disease 14, 317–319

POT, B., DEVRIESE, L. A., HOMMEZ, J., MIRY, C., VANDEMEULEBROECKE, K., 
KERSTERS, K. & HAESEBROUCK, F. (1994) Characterization and identification of 
Vagococcus-fluvialis strains isolated from domestic animals. Journal of Applied Bacteriology 
77, 362–369

RAMIREZRONDA, C. H. (1978) Adherence of glucan-positive and glucan-negative 
streptococcal strains to normal and damaged heart-valves. Journal of Clinical Investigation 
62, 805–814

RENAUDEAU, D. (2009) Effect of housing conditions (clean vs. dirty) on growth per-
formance and feeding behavior in growing pigs in a tropical climate. Tropical Animal 
Health and Production 41, 559–563

ROBERTSON, D. & SMITH, A. J. (2009) The microbiology of the acute dental abscess. 
Journal of Medical Microbiology 58, 155–162

SANDBERG, F. B., EMMANS, G. C. & KYRIAZAKIS, I. (2007) The effects of patho-
gen challenges on the performance of naive and immune animals: the problem of 
prediction. Animal 1, 67–86

SHANNON, O., MÖRGELIN, M. & RASMUSSEN, M. (2010) Platelet activation and 
biofilm formation by Aerococcus urinae, an endocarditis-causing pathogen. Infection and 
Immunity 78, 4268–4275

SILVANOSE, C. D., BAILEY, T. A., NALDO, J. L. & HOWLETT, J. C. (2001) Bacterial 
flora of the conjunctiva and nasal cavity in normal and diseased captive bustards. Avian 
Diseases 45, 447–451

SINNER, S. W. & TUNKEL, A. R. (2010) Viridans Streptococci, Groups C and G 
Streptococci, and Gemella Species. In Mandell, Douglas, and Bennett’s Principles and 
Practice of Infectious Diseases. 7th edn. Eds G. L. Mandell, J. E. Bennett, R. Dolin. 
Churchill Livingstone Elsevier

SKIRROW, S. Z., CARGILL, C., MERCY, A., NICHOLLS, R. R., BANHAZI, T. & 
MASTERMAN, N. (1995) Risk factors for pleurisy in pigs. Final report. Pig Research 
and Development Corporation. pp 3–45

ST MARTIN, E. J. & WITTENBERGER, C. L. (1980) Regulation and function of ammo-
nia-assimilating enzymes in Streptococcus mutans. Infection and Immunity 28, 220–224

SUBRAMANIAN, P., REYNOLDS, S., THORNE, P. S., DONHAM, K., 
STOOKESBERRY, J. & THU, K. (1996) Assessment of airborne ammonia in a 
swine farming environment by the fluorimetric enzyme method. International Journal of 
Environmental Analytical Chemistry 64, 301–312

TEIXEIRA, L. M., CARVALHO, M. G., MERQUIOR, V. L., STEIGERWALT, A. G., 
BRENNER, D. J. & FACKLAM, R. R. (1997) Phenotypic and genotypic characteriza-
tion of Vagococcus fluvialis, including strains isolated from human sources. Journal of 
Clinical Microbiology 35, 2778–2781

THANANTONG, N., EDWARDS, S. & SPARAGANO, O. A. (2006) Characterization 
of lactic acid bacteria and other gut bacteria in pigs by a macroarraying method. Annals 
of the New York Academy of Sciences 1081, 276–279

TUNKEL, A. R. & SEPKOWITZ, K. A. (2002) Infections caused by viridans streptococci 
in patients with neutropenia. Clinical Infectious Diseases 34, 1524–1529

URBAIN, B., GUSTIN, P., CHARLIER, G., COIGNOUL, F., LAMBOTTE, J. L., 
GRIGNON, G., FOLIGUET, B., VIDIC, B., BEERENS, D., PROUVOST, J. F. & 
ANSAY, M. (1996) A morphometric and functional study of the toxicity of atmos-
pheric ammonia in the extrathoracic airways in pigs. Veterinary Research Communications 
20, 381–399

URBAIN, B., PROUVOST, J. F., BEERENS, D., ANSAY, M. & GUSTIN, P. (1996b) 
Acute effects of endotoxin inhalation on the respiratory tract in pigs: interaction with 
ammonia. Inhalation Toxicology 8, 947–968

VAN DER HOEVEN, J. S. & CAMP, P. J. (1991) Synergistic degradation of mucin by 
Streptococcus oralis and Streptococcus sanguis in mixed chemostat cultures. Journal of 
Dental Research 70, 1041–1044

VON BORELL, E., OZPINAR, A., ESLINGER, K. M., SCHNITZ, A. L., ZHAO, Y. & 
MITLOEHNER, E. M. (2007) Acute and prolonged effects of ammonia on hematologi-
cal variables, stress responses, performance, and behavior of nursery pigs. Journal of Swine 
Health and Production 15, 137–145

WILLIAMS, R. E., HIRCH, A. & COWAN, S. T. (1953) Aerococcus, a new bacterial 
genus. Journal of General Microbiology 8, 475–480

group.bmj.com on September 15, 2016 - Published by http://veterinaryrecord.bmj.com/Downloaded from 

http://veterinaryrecord.bmj.com/
http://group.bmj.com


production losses
andand ammonia causes subclinical disease 

-haemolytic cocciαPig-shed air polluted by 

T. Murphy, C. Cargill, D. Rutley and P. Stott

 published online June 15, 2012Veterinary Record 

 http://veterinaryrecord.bmj.com/content/early/2012/06/14/vr.100413
Updated information and services can be found at: 

These include:

References

 #BIBL
http://veterinaryrecord.bmj.com/content/early/2012/06/14/vr.100413
This article cites 58 articles, 19 of which you can access for free at: 

service
Email alerting

box at the top right corner of the online article. 
Receive free email alerts when new articles cite this article. Sign up in the

Notes

http://group.bmj.com/group/rights-licensing/permissions
To request permissions go to:

http://journals.bmj.com/cgi/reprintform
To order reprints go to:

http://group.bmj.com/subscribe/
To subscribe to BMJ go to:

group.bmj.com on September 15, 2016 - Published by http://veterinaryrecord.bmj.com/Downloaded from 

http://veterinaryrecord.bmj.com/content/early/2012/06/14/vr.100413
http://veterinaryrecord.bmj.com/content/early/2012/06/14/vr.100413#BIBL
http://veterinaryrecord.bmj.com/content/early/2012/06/14/vr.100413#BIBL
http://group.bmj.com/group/rights-licensing/permissions
http://journals.bmj.com/cgi/reprintform
http://group.bmj.com/subscribe/
http://veterinaryrecord.bmj.com/
http://group.bmj.com

