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Foreword
Increasing restrictions on the use of antimicrobials in meat chicken production have resulted in the reemergence of enteric diseases such as coccidiosis and necrotic enteritis, and the emergence of other
less-defined intestinal disturbances that have been linked to shifts in the gut microbiota. Current
practices for monitoring these conditions are usually based on post-mortem evaluation and gut
lesion scoring. However, monitoring chicken gut pathogens and microbiota composition using noninvasive sampling methods could be a low-cost way to detect intestinal disturbances before symptoms
occur.
This report describes easy and practical sampling methods to monitor for organisms that cause
coccidiosis and necrotic enteritis using dust samples or pooled excreta. These methods can be used
as a research or monitoring tool for commercial flocks. The report also recommends which sampling
method and timing is best to gain a better understanding of coccidia load in the flock.
This report was funded by AgriFutures Australia as part of Objective 3 of the AgriFutures Chicken
Meat Program RD&E Plan 2019-2022, ‘Improve chicken meat production through the whole
supply chain’. It is an addition to AgriFutures Australia’s diverse range of research publications and
forms part of our Growing Profitability Arena, which aims to enhance the profitability and
sustainability of our levied rural industries.
Most of AgriFutures Australia’s publications are available for viewing, free download or purchase
online at www.agrifutures.com.au.

John Smith
General Manager, Research
AgriFutures Australia
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Executive summary
What the report is about
Robust and practical biomarkers to assess chicken gut health and important gut pathogens would be
valuable tools for industry and research. This report contains the results of a collaborative research
project investigating the use of poultry house dust samples and pooled excreta to detect important gut
disruptors such as the causative agents of coccidiosis and necrotic enteritis, and microbiota profiles
associated with high and low production performance at flock level.

Who is the report targeted at?
The report contains results from the application of population-level tools for monitoring of gut
pathogens and microbiota on commercial chicken meat farms. As such, it will be of interest to
scientists with an interest in the field application of biomarkers for gut health, nutritionists, industry
veterinarians and technical service managers involved in enteric disease control in their flocks.

Where are the relevant industries located in Australia?
Major meat chicken growing areas are in New South Wales, Victoria and South Australia. The work
in this project was initially carried out in collaboration with industry partners in NSW and SA, and
then expanded to Victoria. This research will be of interest to the Australian chicken meat industry,
with potential applications to the Australian layer industry and poultry industries in other countries.

Background
The increasing restrictions on the use of antimicrobials in meat chicken production have resulted in
the re-emergence of enteric diseases such as coccidiosis and necrotic enteritis, and the emergence of
other less-defined intestinal disturbances that have been linked to shifts in the gut microbiota. Current
practices for monitoring those conditions are usually based on post-mortem evaluation and scoring of
gut lesions, but this method is unable to detect subclinical infections, has no predictive value and
requires skilled personnel as the scoring can be subjective.
The monitoring of markers for enteric pathogens and gut microbiota composition could potentially
facilitate the detection of enteric disturbances prior to the occurrence of clinical signs and inform
management interventions on farm, but there are no practical methods to monitor these conditions in
commercial farms. The assessment of the gut microbiota in particular is usually restricted to research
settings because of the high cost of analysis and bird-to-bird variability within flocks. The use of noninvasive samples that are representative of the chicken flock, such as pooled excreta and dust samples,
offers advantages compared with traditional monitoring methods based on individual birds. These
advantages include ease of collection and the need for fewer samples, and the lower cost associated
with collecting non-invasive samples makes them more suitable as a tool for use in commercial farms.
Such tools have the potential to provide flock-level metrics on microbiota composition and burden of
enteric pathogens.
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Aims/objectives
The broad objective of this project was to evaluate and identify practical and affordable tools to detect
gut pathogens and microbiota in non-invasive flock-level samples. The specific objectives were:
1. Evaluate the usefulness of a molecular-based test to detect different coccidia species (Eimeria
brunetti, E. maxima, E. necatrix, E. acervulina and E. tenella) and the causative agent of
necrotic enteritis, Clostridium perfringens, and associated virulence factor netB plasmid in
dust and pooled excreta, and their association with flock productive performance.
2. Establish the microbiota profiles in pooled excreta and dust, and their association with flock
productive performance.
Methods used
This project was carried out over two phases. In Phase 1, settled poultry house dust and pooled
excreta from the floor were collected weekly at days 7, 14, 21, 28 and 35 of chicken age from 16
flocks off eight farms managed by two Australian integrator companies. In Phase 2, dust samples
were collected at 14 and 35 days of chicken age from 68 flocks off 29 farms managed by three
Australian integrator companies. The farms were ranked as high or low performers by each integrator
according to the production performance of the studied flocks.
The samples collected in Phase 1 were tested for the presence and DNA load of Clostridium
perfringens, netB plasmid and five coccidia species (Eimeria brunetti, E. maxima, E. necatrix, E.
acervulina and E. tenella). The microbial composition of samples from phases 1 and 2 were assessed
using 16S ribosomal RNA gene amplicon sequencing. The results were then correlated with the
production data of each flock.

Results/key findings
The key findings from this project are summarised as follows.
Objective 1. Clostridium perfringens, E. acervulina and E. maxima DNA were detected at all farms,
with no significant differences in DNA load between high and low-performance farms. The lack of
association of pathogen DNA load and farm performance was possibly due to overall low to moderate
pathogen DNA load detected in this study.
Eimeria tenella and necatrix were not detected in any of the eight farms, while E. brunetti was
detected in a low-performance farm and netB was detected in a high-performance farm. Although the
agreement of DNA load for both sample types was excellent for E. acervulina, E. maxima and netB,
there was a surprising lack of agreement for C. perfringens. Compared with pooled excreta, settled
dust was a sensitive method for pathogen DNA screening but it may not accurately reflect the current
detection rates of infected birds in a flock.
Sampling at 21 and 35 days of the production cycle is indicative of patterns of Eimeria spp.
replication in unvaccinated flocks against coccidiosis.
Objective 2. Phase 1 – pilot study. Interestingly, farm performance explained the least variation in
the microbial community structure detected in dust or excreta, while company and bird age explained
most of the variation in the model. Despite that, specific bacterial taxa associated with high and low
performance were found in dust and excreta at farms managed by both companies. Bacterial taxa
found in higher abundance in both dust and excreta of high-performing farms included
Bifidobacterium and Enterococcus, and in low-performing farms Nesterenkonia, Georgina and
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Mycobacterium. Dust and excreta could be useful for investigating bacterial signatures associated
with high and low performance in commercial farms.
Objective 2. Phase 2 – field study. Field studies aimed to verify the reproducibility of Phase 1
findings and included a third company to further investigate the effects of company on the observed
microbial profiles. There was a clear clustering of the dust microbiota between companies and
between high and low-performance farms within companies. Although there were some common
bacterial taxa overrepresented in low-performing farms of all companies (e.g. Raoultella and Erwnia),
common bacterial taxa overrepresented in high-performing farms were more elusive. In addition,
some bacteria taxa associated with low performance during Phase 1 (e.g. Yaniella) were associated
with high performance in Phase 2.

Implications for relevant stakeholders
Monitoring of chicken gut health is considered of utmost importance to ensure bird welfare and to
prevent losses in production; however, no practical and objective markers of gut health that can be
definitively related to production outcomes have been described to date. This project described easy
and practical sampling methods for monitoring of coccidiosis and necrotic enteritis using dust or
pooled excreta that could be used as a research or monitoring tool for commercial flocks, although the
relationship between coccidia detection and production outcomes needs to be further explored in
commercial flocks with a history of clinical coccidiosis and necrotic enteritis.
This project also explored the use of flock-level sampling for the study of microbiota associated with
production outcomes in different companies. Although there were no consistent microbial taxa
associated with high and low production across companies and successive flocks within the same
company, this methodology could be further explored when aiming to detect specific microbial taxa,
e.g. when evaluating the administration of specific probiotic strains in commercial flocks.

Recommendations
•

Molecular-based testing of dust samples or pooled excreta provides reasonable flock-level
measures of coccidia species and should be employed by integrator companies to assess
species load. If samples are collected at 14-21 and 28-35 days of the production cycle, they
can offer a profile of the coccidia early and late shedding in the flock. Pooled excreta seem to
offer a more accurate assessment of coccidia load, especially late in the cycle, compared with
dust samples, but the latter offers a sensitive screening assay and was considered easier to
collect compared with pooled excreta. Dust samples are best collected in settle plates or
funnels as scrapped dust samples may contain oocysts shed from previous flocks. Coccidia
load in dust is not influenced by location of sample collection within the shed.

•

Integrator companies should consider using molecular-based testing of dust samples to screen
for the bacterium that causes necrotic enteritis, Clostridium perfringens, and associated netB
toxin plasmid, although detection of these was not associated with production outcomes in
this study.

•

Work on the development and application of practical research tools for on-farm monitoring
of gut health should receive continued support.
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Introduction
The meat chicken industry has been facing challenges amid increased reports of enteric diseases
following the ban or phased reduction in the use of in-feed antibiotics worldwide (M'Sadeq et al.,
2015). The two major enteric diseases of concern in meat chickens are coccidiosis, caused by Eimeria
species, and necrotic enteritis (NE), caused by pathogenic strains of the bacterium Clostridium
perfringens. The estimated annual control and production costs for both coccidiosis and NE have been
reported in the range of US$9 billion globally, but those figures are largely outdated (Wade and
Keyburn, 2015; Williams, 1999). In addition to these diseases, there has been increased concern
regarding more ill-defined gut disturbances associated with significant shifts in enteric microbiota that
are referred to as ‘dysbiosis’ or ‘dysbacteriosis’. These conditions may accompany intestinal
inflammation and diarrhoea, and decreased production performance (Ducatelle et al., 2018a; Hughes
et al., 2017; Teirlynck et al., 2011). Early detection of enteric diseases and shifts in the gut microbiota
could assist in the implementation of timely management interventions to modulate gut health,
increase bird welfare, and minimise losses in performance.
Although several species of Eimeria (E. acervulina, E. maxima, E. tenella, E. necatrix, E. brunetti, E.
mitis and E. praecox) can cause coccidiosis, E. acervulina, E. maxima and E. tenella are the most
common species that affect meat chickens (Goossens et al., 2018). Coccidiosis is one of the main
predisposing factors for the occurrence of NE as it triggers inflammation and damages the gut
epithelium, resulting in favourable conditions for the proliferation of C. perfringens (Park et al.,
2008). In healthy chickens, C. perfringens is usually detected at low levels that sharply increase
during the manifestation of NE (Craven et al., 2001; Saif et al., 2008). Bacterium strains carrying the
necrotic enteritis toxin B (netB) plasmid have been associated with increased risk of clinical NE
(Keyburn et al., 2008). Monitoring of coccidiosis, NE and dysbiosis on-farm is usually based on postmortem evaluation and scoring of gut lesions, which requires skilled personnel as the scoring can be
subjective and imprecise given these conditions often overlap and subclinical infections may not be
detected.
The modulation of the gut microbiota has been the subject of significant research, and several studies
have linked specific gut microbiota profiles to performance outcomes (Johnson et al., 2018; Singh et
al., 2012; Stanley et al., 2012; Stanley et al., 2013; Stanley et al., 2016). However, the assessment of
the chicken gut microbiota is usually restricted to research settings as it is an expensive and timeconsuming technique that is complicated by the multiple microbiota profiles that have been associated
with low and high performance; the high variability of the microbial composition of individual birds;
and the need for terminal sampling of a large number of birds (Kers et al., 2019; Stanley et al., 2015).
The use of non-invasive and easy-to-collect population-level samples, such as pooled excreta, boot
socks and litter, to identify microbial markers associated with productivity perhaps offers an
alternative to invasive samples, especially on-farm (Kers et al., 2019). Such samples are collected
easily and without the need to euthanise chickens, and fewer samples are required to represent the
flock, therefore reducing costs.
At UNE, researchers have shown that molecular-based testing of poultry house dust offers promise for
monitoring a number of pathogenic bacteria, viruses and protozoa in meat chicken flocks
(Ahaduzzaman et al., 2020a; Ahaduzzaman et al., 2021a; Ahaduzzaman et al., 2020b; Assen et al.,
2020; Assen et al., 2021; Walkden-Brown et al., 2013), and this concept could perhaps be expanded to
studies on microbiota. Relevant to this project, UNE researchers have shown that Eimeria spp., C.
perfringens, and netB plasmid genomic material can be readily measured in poultry dust samples from
facilities in which experimentally infected birds were housed and in end-of-batch dust samples from
commercial meat chicken flocks (Ahaduzzaman et al., 2020b), and may provide an alternative
sampling method for monitoring flock coccidiosis and NE status. In collaboration with RMIT
University, UNE researchers have also shown that dust could potentially be used for microbiota
sequencing studies (Bindari et al., 2021b).
1

The usefulness of population-level sampling approaches to monitor microbiota composition or the
load of specific gut disruptors such as Eimeria species and C. perfringens, and their association with
flock productive performance, is unclear, but identifying this would fill an important gap between the
latest research findings and their application on commercial farms. The current project focused on the
evaluation of tools to bridge this gap.
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Objectives
The broad objective of this project was to evaluate and identify practical and affordable tools to detect
gut pathogens and microbiota in non-invasive flock-level samples. The specific objectives were:
1. Evaluate the usefulness of a molecular-based test to detect different coccidia species (Eimeria
brunetti, E. maxima, E. necatrix, E. acervulina and E. tenella) and the causative agent of
necrotic enteritis, Clostridium perfringens, and associated virulence factor netB plasmid in
dust and pooled excreta, and their association with flock productive performance.
2. Establish the microbiota profiles in pooled excreta and dust, and their association with flock
productive performance.
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Chapter 1. Molecular detection of Eimeria
species and Clostridium perfringens in
poultry dust and pooled excreta of
commercial broiler chicken flocks differing
in productive performance
Summary
This work was the subject of a field study in 16 flocks of chickens at eight farms in NSW and SA, and
was carried out by PhD student Yugal Bindari under the supervision of Dr Priscilla Gerber and
Professor Stephen Walkden-Brown in collaboration with A/Professor Shu-Biao Wu. This work has
been published as a journal paper (Bindari et al., 2021a), which can be found in Appendix 1.
It relates to project objective 1, Evaluate the usefulness of a molecular-based test to detect different
coccidia species (Eimeria brunetti, E. maxima, E. necatrix, E. acervulina and E. tenella) and the
causative agent of necrotic enteritis, Clostridium perfringens, and associated virulence factor netB
plasmid in dust and pooled excreta, and their association with flock productive performance.
Paper abstract
Bindari Y. R., Kheravii S. K., Morton C. L., Wu S.-B., Walkden-Brown S. W., Gerber P. F. 2021.
Molecular detection of Eimeria species and Clostridium perfringens in poultry dust and
pooled excreta of commercial broiler chicken flocks differing in productive performance.
Veterinary Parasitology, 291:109361.
Necrotic enteritis and coccidiosis are the most economically detrimental enteric diseases of broiler
chickens. This study aimed to investigate the association of DNA load of Clostridium perfringens,
netB, and five Eimeria species (E. brunetti, E. maxima, E. necatrix, E. acervulina and E. tenella) in
poultry house dust and pooled excreta with flock productive performance. The dust and pooled
excreta from the floor were collected weekly at days 7, 14, 21, 28 and 35 of chicken age from 16
flocks at eight farms managed by two Australian integrator companies. The farms were ranked as high
or low performers by each integrator according to the production performance of the studied flocks.
Eimeria tenella and necatrix were not detected in any farm while E. brunetti was detected in a lowperformance farm and netB was detected in a high-performance farm. C. perfringens, E. acervulina
and E. maxima DNA were detected on all farms, with no significant differences in DNA load between
high and low-performance farms or companies. The lack of association of pathogen DNA load and
farm performance is possibly due to overall low to moderate pathogen DNA load detected in this
study. Further studies involving a larger number of farms are needed to determine whether these
population-level measurements of key pathogens based on PCR detection of nucleic acids are
correlated with performance variables.

Key results
•

A duplex probe-based PCR for simultaneous detection and quantification of C. perfringens
and netB plasmid was developed.
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•

Probe-based quantitative PCRs were optimised for simultaneous detection of E. tenella, E.
acervulina and E. maxima in a triplex reaction, and E. brunetti and E. necatrix in a duplex
reaction.

•

None of the flocks in this study were vaccinated for Eimeria, and all flocks had in-feed
anticoccidial drugs and/or ionophores.

•

All 406 samples (138 dust, 268 pooled excreta) were negative for E. tenella and E.
necatrix DNA; a low-performance farm was positive for E. brunetti DNA on day 35 and a
single high-performance farm tested positive for netB DNA.

•

All eight farms were positive for E. acervulina, E. maxima and C. perfringens DNA

•

Eimeria spp., C. perfringens and netB DNA load in dust and excreta were not linked to
production performance, possibly because of the moderate to low pathogen levels detected on
all farms.

•

Most flocks in the present study showed a shedding pattern in which E. acervulina and E.
maxima DNA load peaked around days 21-28 and decreased afterwards.

•

Strong positive correlation was found between E. acervulina, E. maxima and netB DNA load
in dust and pooled excreta; however, the trend in decline of Eimeria spp. DNA levels in
pooled excreta on day 35 was not mirrored in dust samples, in which levels remained high.

•

Flocks from the same farm had overall similar DNA load for all pathogens; however, a lag of
one or more weeks was seen between flocks from the same farm.

•

Compared with fully enclosed fan-ventilated houses, curtain-sided fan ventilated houses had
similar Eimeria but higher C. perfringens DNA loads.

Implications
•

Feedback from industry collaborators was that dust sampling was easier and more practical to
implement compared with pooled excreta sampling.

•

Although dust sampling is a sensitive method to screen for enteric pathogen DNA, compared
with pooled excreta it may not accurately reflect the current detection rates of infected birds
in a flock.

•

The sampling approach will depend on the purpose of pathogen detection. Sampling at 21 and
35 days of the production cycle generates data that reflect patterns of Eimeria spp. replication
in unvaccinated flocks.

•

Although there was no obvious association of C. perfringens, netB and Eimeria species DNA
load with production performance in the studied farms, there were indicators that some
management factors, such as free-range access and housing style, may influence disease risk.

Recommendations
•

Wider-scale research on farms with different coccidia control regimens should be undertaken
to determine whether the tools developed in this study correlate with performance variables,
and to investigate other management factors associated with production performance.
5

Chapter 2. Association of dust and excreta
microbiota with productive performance of
commercial meat chicken flocks
Overview
This work was the subject of field studies carried out in NSW, South Australia and Victoria. The work
was divided into two phases. The Phase 1 pilot study used the same samples described in Chapter 1;
the Phase 2 field study was conducted on 68 flocks from 29 commercial meat chicken farms managed
by three Australian integrator companies. The studies were coordinated by Dr Priscilla Gerber in
collaboration with industry partners; the sequencing of samples, assembly and initial analysis was
performed at RMIT University by Professor Robert Moore and Dr Thi Thu Hao Van. Further data
analysis was carried out by PhD student Yugal Bindari at UNE under the supervision of Dr Priscilla
Gerber.
The work from Phase 1 gave rise to a journal paper (Bindari et al., 2021c), which can be found in
Appendix 2. A manuscript reporting the findings of Phase 2 is currently under preparation. The data
analyses for phases 1 and 2 were originally carried out using QIIME, with microbial taxa classified
against the Greengenes database, which uses an operational taxonomic unit (OTU) approach. This
approach has been extensively used and is widely accepted in microbiota studies. However, because
the Greengenes database has not been updated since 2013 and there have been changes in the
classifications of some bacterial genera since then, an amplicon sequence variant (ASV) classification
approach against the SILVA database after data analysis by QIIME2/DADA2 is recommended. An
advantage of using OTU is that nearly all chicken microbiota literature uses this method, so it is easier
to contextualise, interpret and compare the data generated here with previous studies. The
QIIME2/ASV approach, although more computationally expensive, has higher accuracy and better
discrimination among bacterial clades compared with the OTU approach. We have analysed the data
generated in this project using both approaches. In this report, the OTU analysis is provided, while
ASV results can be found in the journal papers derived from this project. The conclusions obtained
using both approaches were similar, although differences in specific bacterial taxa classification were
observed as expected. Differences in nomenclature are highlighted in this report.
The work reported here relates to project objective 2, Establish the microbiota profiles in pooled
excreta and dust, and their association with flock productive performance.

Background and aims
A wide range of tools have been evaluated for their ability to accurately evaluate healthy or diseased
enteric states (Celi et al., 2019; Ducatelle et al., 2018a). But to date, no standardised, reliable and
practical method is available. Currently, the gold standard to measure gut health consists of the
microscopic examination of small intestine sections for evaluation of the villus height and crypt depth
ratio (de Verdal et al., 2010). This method is time-consuming and requires skilled collection of
samples and a specialised laboratory, which is not readily available outside of research settings. In
commercial settings, scoring of different intestinal sections is usually performed when enteric disease
is observed or anticipated. Specific scoring systems have been developed to determine the extent of
gut damage in cases of coccidiosis (Johnson and Reid, 1970), NE (Keyburn et al., 2006) and
dysbacteriosis (De Gussem, 2010). However, this method has some drawbacks as it requires skilled
staff as scoring can be subjective and conditions may overlap in the field.
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To overcome those issues, several biomarkers have been proposed to assess gut health, including the
evaluation of the gut microbiota patterns (Ducatelle et al., 2018b; Stanley et al., 2016). Although
specific microbial taxa could not be conclusively associated to a production outcome, the caecum of
high-performing birds, as measured by feed conversion ratio (FCR) and bird weight, were in general
enriched with bacterial communities known to degrade cellulose and resistant starch, mainly members
of the families Lachnospiraceae (e.g. Clostridium lactatifermentans), Ruminococcaceae (e.g.
Clostridium islandicum, Faecelibacterium prausnitizi) and Erysipelotrichaceae (e.g. Clostridium
spp.), Bacteroides fragalis and Clostridium cellulosi, while caecum bacterial communities negatively
correlated with performance belonged to uncultured members of an unknown class of Firmicutes and
species of clostridium belonging to the family Clostridiaceae (Stanley et al., 2013; Stanley et al.,
2016).
Most studies have focused on the caecum microbiota as it contains the highest microbial density and
the most complex microbial community within the chicken digestive tract, but it requires terminal
sampling of birds and precludes longitudinal studies using the same birds. Litter, boot socks and
caecal droppings could be useful alternatives to caecum sampling for studying intestinal microbiota
composition (Kers et al., 2019; Mancabelli et al., 2016), but the relationship of the microbiota in these
samples and flock performance is not well-understood. The use of non-invasive population-level
samples, such as poultry dust, pooled excreta and litter, has several advantages compared with
individual sampling of birds, such as ease of sample collection and the need for only a small number
of samples to represent a population. Dust samples, in particular, are dry, stable and can be shipped at
room temperature (Tran et al., 2020). Excreta has been shown to form the major component of dust in
poultry houses (Ahaduzzaman et al., 2021b), and it is expected that microbiota in dust would be
similar to that in excreta.
The development of practical and non-invasive tools to monitor microbiota associated with
production would make this approach more suitable for use on commercial meat chicken farms.
Monitoring the microbiota at flock level using samples such as pooled excreta, litter or poultry dust,
which are representative of the whole population, would perhaps be an alternative to individual bird
sampling as a way to reduce the noise generated by the bird variation observed in gut microbiota
studies.
The studies described in this chapter were designed to establish the microbiota profiles in flock-level
samples and their association with flock productive performance.

Phase 1 – pilot study
Paper abstract
Bindari Y. R., Moore R. J., Van, T. T. H., Walkden-Brown S. W., Gerber P. F. 2021. Microbial taxa
in dust and excreta associated with the productive performance of commercial meat chicken
flocks. Animal Microbiome, 3:66. doi: 10.1186/s42523-021-00127-y.
Background: A major focus of research on the gut microbiota of poultry has been to define
signatures of a healthy gut and identify microbiota components that correlate with feed conversion.
However, there is a high variation in individual gut microbiota profiles and their association with
performance. Population-level samples such as dust and pooled excreta could be useful to investigate
bacterial signatures associated with productivity at the flock level. This study was designed to
investigate the bacterial signatures of high and low-performing commercial meat chicken farms in
dust and pooled excreta samples. Poultry house dust and pooled excreta were collected at days 7, 14,
21, 28 and 35 of age from eight farms of two Australian integrator companies, and 389 samples
assessed by 16S ribosomal RNA gene amplicon sequencing. The farms were ranked as low (n = 4) or
high performers (n = 4) based on feed conversion rate corrected by body weight.
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Results: Permutational analysis of variance based on Bray-Curtis dissimilarities using abundance data
for bacterial community structure results showed that sample type explained the highest variation
(R2=0.21, p=0.001) in the bacterial community structure followed by company (R2=0.09, p=0.001)
and bird age (R2=0.08, p=0.001), while farm performance explained the least variation (R2=0.01,
p=0.001). However, specific bacterial taxa were found to be associated with high and low
performance in both dust and excreta in both companies. Bacterial taxa found in higher abundance in
both dust and excreta of high-performing farms included Bifidobacterium and Enterococcus, and in
low-performing farms Nesterenkonia, Georgina and Mycobacterium.
Conclusions: Dust and excreta could be useful for investigating bacterial signatures associated with
high and low performance in commercial poultry farms. Further studies on a larger number of farms
are needed to determine if the bacterial signatures found in this study are reproducible.
Key results
•

Within each sample type, company and age explained most of the variation in the bacterial
community structure, while farm performance explained the least amount of variation.

•

Although a significant difference in bacterial abundance levels was evident between
companies, 98% of the bacterial taxa at genus level were shared between companies A and B
in dust, and 95% in excreta.

•

In dust, Lentibacillus and Sejongia were the only bacterial genera found in company A but
absent in company B. Similarly, Lentibacillus, Mycoplana and Sejongia were exclusively
present in excreta of company A and Sphingomonas in company B.

•

Although some bacterial taxa were associated with high or low performance, those signatures
were highly dependent on the sample type, company, and the age of the bird.

•

Some of the bacterial signatures found in high-performing farms in this study have already
been explored for probiotic application in poultry. These include Streptococcus,
Enterococcus, which are polysaccharide-degrading bacteria; and Bifidobacterium and
Lactobacillus which produce short chain fatty acids.

•

Other bacterial signatures associated with high-performing farms were Alistipes, unclassified
Ruminococcaceae, unclassified Enterobacteriaceae, Eubacterium, Faecalibacterium and
unclassified Clostridiaceae.

•

Bacterial taxa associated with low-performance in this study have not been identified as
pathogenic to poultry except Mycobacterium spp.

•

Janibacter, Yaniella, Nesterenkonia, Nocardiopsis, Dietzia, Georgina, Jeotgalicoccus and
Facklamia, which were present mostly in low-performing farms at higher levels, require
further investigation for their role in causing dysbiosis or subclinical infection in meat
chickens.

•

The bacterial taxa found using the ASV approach was similar to what was observed for the
OTU classification. The bacteria taxa associated with high-performing farms in dust or
excreta were Enterococcus and Candidatus Arthromitus, whereas bacterial taxa associated
with low-performing farms included Nocardia, Lapillococcus, Brachybacterium, Ruania,
Dietzia, Brevibacterium, Jeotgalicoccus, Corynebacterium and Aerococcus.
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Implications
•

Bacterial taxa associated with low-performance or high performance could be identified using
both pooled excreta and dust samples.

•

A sampling time later in the cycle (around day 28-35) seem to provide better differentiation
on the microbiota of low and high performers compared to sampling at beginning of the
production cycle.

Recommendations
•

Wider scale research with additional chicken meat integrator companies, and multiple
production cycles from the same farm to assess the reproducibility of the microbial taxa found
in the pilot study.

•

Validation of the results using PCR assays for specific bacteria

Phase 2 – field study
Background and aim
The Phase 1 pilot study identified that farm productive performance accounted for the least amount of
variation in the observed microbial community structure, while company and bird age accounted for
most of the observed variation within the model. Nonetheless, we were able to identify microbial taxa
associated with high and low performance that were common to flocks from both companies in that
study.
The follow-up study (Phase 2 field study) was designed to test whether the microbial taxa identified in
the pilot study was consistent in later batches of birds from the same companies and to further explore
the effect of company and farms within companies in the observed microbial profiles. Based on the
feedback from industry collaborators, the sampling was simplified and only dust samples were
collected at two time points (days 14 and 35 of the production cycle).
Methods
Farms and dust sample collection
The study was conducted on 68 flocks from 29 commercial meat chicken farms (n = 2-3 flocks/farm)
in a 3 × 2 × 2 factorial arrangement with three Australian integrator companies (A, B, C), two levels
of farm productive performance (high and low), and two sampling times (14 and 35 days of chicken
age). For each company, five farms with consistent high performance and five farms with consistent
low performance based on historical production data were selected by veterinarians from each
company. The productive performance ranking of each farm, which is based on the corrected feed
conversion rate for the whole farm, was then recorded at the end of the production cycle. This
confirmed that the studied flocks ranked high (above the 50th percentile of production) or low (below
the 50th percentile). Twenty-nine of the 30 enrolled farms submitted samples, and from those, 248
samples from 19 farms were processed. Ten farms were excluded because an insufficient number of
samples were collected or because an insufficient sample amount for testing resulted in less than four
testable samples on both sampling days. Details of those farms are shown in Table 2.1.
All farms from company A were located in the outskirts of Sydney, New South Wales, used the Cobb
strain of chickens, and used a range of bedding materials (wood shavings, sawdust, biobedding). All
farms from company B were located in the outskirts of Adelaide, South Australia, used the Ross strain
of chickens, and used straw and/or wood shavings as bedding material. All farms from company C
9

were located in the outskirts of Melbourne, Victoria, used the Ross strain of chickens, and used a
range of bedding materials (straw, wood shavings, sawdust).
Two (companies A and C) or three (company B) poultry houses (flocks) were sampled from each of
the 29 farms by farm staff. For each sampled flock, settled dust samples were collected using four
funnels held in an apparatus suspended at 1.5 m height on the wires in the house that support feeders
and waterers. The funnels, which were put in place on the day of chick placement, captured settling
dust and directed it into a collection vial attached to the funnel that was removed at each sampling and
replaced with a new vial. Samples were collected between 28 August 2020 and 8 January 2021. After
collection, samples were stored on farm at -20 °C until shipment to the University of New England,
where samples were stored at -20 °C until needed.
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Table 2.1. Details of meat chicken farms used in this study. Farms A1 to A5 belong to company A; Farms B1 to B7 belong to Company B; and
Farms C1 to C7 belong to company C.
No. birds
placed/
house

Farm

System type

No.
poultry
houses

A1
A2
A3
A4
A5

Conventional
Conventional
Conventional
Conventional
Conventional

2
5
3
6
6

22,575
48,800
25,250
45,200
36,000

Cobb
Cobb
Cobb
Cobb
Cobb

Artificial
Artificial
Natural
Artificial
Artificial

Curtain-sided
Fully enclosed
Curtain-sided
Fully enclosed
Curtain-sided

Wood shavings
Wood shavings
Wood shavings
Sawdust
Wood shavings

Town
Bore
Town
Bore
Bore

71-80 (high)
91-100 (high)
21-30 (low)
21-30 (low)
21-30 (low)

–
–
–
–
–

B1
B2
B3
B4
B5
B6
B7

Conventional
Conventional
Conventional
Conventional
Conventional
Conventional
Conventional

9
12
12
12
12
13
12

32,666
43,008
45,920
41,440
40,506
39,520
32,320

Ross
Ross
Ross
Ross
Ross
Ross
Ross

Artificial
Artificial
Artificial
Artificial
Artificial
Artificial
Artificial

Fully enclosed
Fully enclosed
Fully enclosed
Fully enclosed
Fully enclosed
Fully enclosed
Fully enclosed

Straw
Wood shavings; straw
Straw
Wood shavings; straw
Straw
Wood shavings; straw
Straw

Surface
Surface
Surface
Surface
Surface
Surface
Town

91-100 (high)
81-90 (high)
71-80 (high)
21-30 (low)
21-30 (low)
1-10 (low)
1-10 (low)

–
“Winter” litter
dysbacteriosis, slow growth
Wet litter
–
–
–

C1
C2
C3
C4
C5
C6
C7

Conventional
Conventional, RSPCA
Conventional, RSPCA
Conventional, RSPCA
Free-range
Conventional
Conventional

4
8
3
4
2
4
8

35,000
45,900
33,200
25,900
27,000
29,000
33,450

Ross
Ross
Ross
Ross
Ross
Ross
Ross

Artificial
Artificial
Natural
Artificial
Artificial
Artificial
Artificial

Fully enclosed
Fully enclosed
Curtain-sided
Curtain-sided
Curtain-sided
Fully enclosed
Curtain-sided

Wood shavings
Wood shavings
Wood shavings
Sawdust
Wood shavings
Wood shavings
Wood shavings

Town
Surface
Town
Town
Town
Surface
Surface

81-90 (high)
51-60 (high)
11-20 (low)
11-20 (low)
11-20 (low)
1-10 (low)
1-10 (low)

Old-season grain
Old-season grain
Old-season grain
Old-season grain
–
Old-season grain
Old-season grain

Breed

Ventilation
type a

Housing type

a Artificial

Bedding material b

Water
source

Percentile
(productive
performance) c

Flock issues/comments d

– tunnel fan-forced ventilation; b All farms used new bedding material except for A1; c Productive performance of the studied batch of birds at the end of the production cycle within
each company. Percentile indicates the farm ranking within the company, 90-100% = performance within the best farms; 1-10% = performance within the bottom farms. d – = no
issue/comment reported
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DNA extraction and sequencing
DNA extraction of dust was performed using the QIAamp® Fast DNA Stool Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions with minor modifications (Bindari et
al., 2021a). Briefly, 0.4 g of 1 mm glass beads were added to 2 ml microtubes containing 1 ml of
InhibitEX and 10 mg of dust and homogenised for five minutes at maximum speed using a Qiagen
Tissue Lyser II (Qiagen, Hilden, Germany). The homogenised suspensions were then heated at 95 °C
for 10 minutes. DNA extraction from excreta was performed using the DNeasy PowerSoil Pro Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions, except that 50 mg of excreta
were homogenised for five minutes with PowerBead at maximum speed using Qiagen Tissue Lyser II
(Qiagen, Hilden, Germany), with subsequent heating of homogenised suspensions at 90 °C for 10
minutes.
Microbiota composition was assessed by sequencing of amplicons across the V3-V4 region of 16S
rRNA genes. Amplicons were produced using custom-designed barcoded primers,
ACTCCTACGGGAGGCAGCAG (forward) and GGACTACHVGGGTWTCTAAT (reverse).
Primers also contained spacer sequences and Illumina sequencing linkers, following the design of
Fadrosh et al. (2014). The amplicons were sequenced on an Illumina MiSeq Sequencer using 2 × 300
bp paired-end reads. The sequence data were processed in QIIME (Caporaso et al., 2010) for quality
control, joining, assessment of chimeras, grouping into operational taxonomic units (OTUs), and
assignment of taxonomy. After quality trimming and removal of rare sequences to leave OTUs that
represented at least 0.01% of the sequences present, the data set consisted of an average of 18,914
sequences per sample.
Results
Dust microbiota profiles in different companies
Company explained 17% of the variation of the microbiota profiles observed at OTU level (Adonis
Bray-Curtis R2 = 0.17, P<0.01). There was a significant difference on the microbiota between
companies (RDA, P<0.01) (Figure 2.1). There was minimum overlap between A and C and no
overlap of those companies with company B.

Company (all farms)

Figure 2.1. Ordination plots showing variation in the bacterial community structure in poultry
house dust samples between three companies (A, B, C) using principal coordinate analysis
plot using Bray-Curtis dissimilarity (PCoA Bray-Curtis OTU) and redundancy analysis (RDA).
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Bacterial taxa associated with high or low performance in different companies
Overall data for all companies. Performance (high or low) accounted for only 4% of the variation in
the microbiota profiles observed when all farms were combined (Adonis OTU Bray-Curtis R2 = 0.04,
P<0.01). There was, however, a significant difference on the microbiota between companies (RDA,
P<0.01), with some overlap between high and low performance microbiota profiles (Figure 2.2).

Performance (all farms)

Figure 2.2. Ordination plots showing variation in the bacterial community structure in poultry
house dust samples of high and low-performing farms of three companies using principal
coordinate analysis plot using Bray-Curtis dissimilarity (PCoA Bray-Curtis OTU) and
redundancy analysis (RDA).

Although the farm performance explained the least variation in the bacteria community structure,
some bacterial taxa were overrepresented in low or high-performing farms, as depicted in Figure 2.3.
Considering the results of all companies together, bacterial taxa at genus level overrepresented in lowperforming farms were Raoutella, Erwinia, Providencia, Luteibacter, Proteus, Lactobacillus,
Gordonia, Coprococcus, Blautia and unclassified bacterial from the taxa Enterobacteriaceae and
Streptophyta, while the dominant bacterial taxa overrepresented in high-performing farms were
Yanella, Salinococcus, Oceanobacillus, Facklamia, Alistipes, Norcadiopsis, Bacillus, Dietzia,
Jeotgalinococcus and unclassified taxa of the genera Staphylococcaceae, Rikenellaceae, and
Gordoniaceae, according to linear discriminant analysis effect size analysis (Figure 2.3).

Bacterial taxa associated with performance. There were different patterns of microbial profiles and
performance within companies. Within Company A, performance accounted for 13% of the observed
variation on microbiota profiles (Adonis P<0.01, RDA P<0.01), within Company B, performance
accounted for 8% of the observed variation on microbiota profiles (Adonis P<0.01, RDA P<0.01), and
within Company C, performance accounted for 5% (Adonis P<0.01, RDA P< 0.01) (Figure 2.4). The
bacterial taxa at genus level overrepresented in low-performing and high-performing farms within
each company is shown in Figure 2.5.
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Figure 2.3. Distinguishing taxa between high and low-performance farms with data from three
companies combined. Linear discriminant analysis effect size was performed on the top 50
most abundant bacterial taxa at genus level.
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Figure 2.4. Ordination plots showing variation in the bacterial community structure in poultry
house dust samples of high and low-performing farms for each of the three companies (A, B,
C) using redundancy analysis (RDA).

At genus level, bacterial taxa overrepresented in low-performing farms of all companies were
Raoultella, and Erwnia and Yaniella in high-performing farms, while several taxa associated with
high performance in a company were associated with low performance in another company (Figure
2.5). Raoultella spp. are Gram-negative aerobic, non-motile rods that belong to the family
Enterobacteriaceae and have been reported to be opportunistic pathogens causing pneumonia,
bacteraemia and biliary infections in humans (Sekowska, 2017), although disease caused by this
bacterium have not been reported in chickens. Interestingly, Erwnia spp. are ubiquitous in the
environment and some species of this genus cause disease in various crops and ornamental plants, and
there are rare reports of this bacterium causing disease in humans after injury with a plant (Bonnet et
al., 2019), but no cases have been reported in chickens. Yaniella spp. are actinobacteria that have been
recently described and there is limited information available on this genus (Dhanjal et al., 2011).
At family level, the bacterial taxa overrepresented in high-performing farms in at least two companies
were Coriobacteriaceae (Companies A and B), Dermacoccaceae (B and C), Micrococcaceae (A and
C), and unclassified Actinomycetales (A and B) and Enterobacteriaceae (A and C), Enterococcaceae
(A and C), Sphingomonadaceae (A and B) and unclassified Sphingonomodales (A and B). Bacterial
taxa were associated with higher performance in one company and lower performance in another
company were Glycomycetaceae and Pseudonocardiaceae (Company A low performance, companies
B and C high performance); Streptomycetaceae and Xanthomonadaceae (Companies A and B low
performance, Company C high performance). Most of those families are actinobacteria or
proteobacteria present in environmental habitats with no reported pathogenicity. Some actinobacteria
such as Streptomycetaceae have the ability to produce a variety of antibiotics (Procopio et al., 2012).
Some members of the firmicutes family Enterococcaceae have been used as probiotics in meat
chicken production (Castaneda et al., 2020).
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Figure 2.5. Distinguishing taxa between companies’ high and low-performing flocks stratified by company (A, B, C). Linear discriminant analysis
effect size was performed on the most abundant bacterial taxa at genus level.
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Comparison of the bacterial taxa detected in high and low-performing farms from companies
A and B on dust samples taken approximately one year apart
Company A. There were some common bacterial taxa identified at both sampling times (Phases 1
and 2) in company A, but in some cases their association with production outcomes were reversed. In
Phase 1, bacterial taxa identified in low-performance farms were Mycobacterium, which was also
identified in low-performing farms in Phase 2, but also Georgenia, Yaniella and unclassified
Gordoniaceae, which were associated with high-performing farms in Phase 2. Georgenia is an
actinobacteria that has been identified as a dominant taxa predictor of bacterial succession in
composting of chicken and pig manure (Xie et al., 2021). Yaniella and unclassified Gordoniaceae are
both actinobacteria that occur in the environment with no known role in the chicken or mammal
microbiota.
Bacterial taxa commonly identified in high-performing farms in both sampling times were
Streptococcus, Alistipes and Jeotgalicoccus. Streptococcus spp. are polysaccharide-degrading bacteria
mainly responsible for degradation of mixed linked β-glucan in the intestine of meat chickens (Shin et
al., 2008). Alistipes spp. has a role in the production of succinic acid and long-chain fatty acids with
potential benefit to the host (Abe et al., 2012), although some studies have linked the
overrepresentation of this genus or specific species within this genus with poorer intestinal health in
meat chickens (Emami et al., 2021; Lan et al., 2021). Although Jeotgalicoccus spp. are commonly
detected in the air of poultry houses (Martin et al., 2010), their role in the microbiota of birds and
mammals is unknown.
Company B. Compared with Company A, there was less overlap on the bacterial similarities of high
and low-performance farms for Company B. The only bacterial taxa associated with highperformance farms in both phases was Faecalibacterium, which was overrepresented in excreta
samples of high-performing farms in Phase 1 and was overrepresented in dust samples in Phase 2.
Bacterial taxa identified in low-performance farms in Phase 1 but overrepresented in highperformance farms in Phase 2 were Yaniella and Kocuria. Some species of Kocuria have been
described as highly keratinolytic and could be applied for digestion of feathers (Laba et al., 2018).
Janibacter and Georgenia were identified in low-performing farms at both sampling times.

Implications
•

Assessment of dust microbiota does not appear to provide consistent productivity markers
across companies and across different sampling times within the same company.

•

Although there were some common bacterial taxa associated with high or low performance in
all three companies, some taxa associated with high performance in a company were
associated with low performance in another company, corroborating previous studies
highlighting the lack of universal microbial markers of productivity.

•

The comparison of markers of productivity in different batches of birds from the same
company also supported previous studies demonstrating a lack of consistency in biomarkers
associated with high or low productive performance.

Recommendations
The assessment of dust microbiota could provide a practical and economical research tool to study onfarm poultry flock microbiota. However, it is unlikely that simple PCR tests based on specific taxa
could be developed to predict flock performance. Further studies should be conducted to investigate
the usefulness of this approach for other applications, such as for the detection of specific probiotic
strains or specific bacteria of interest.
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Appendix 1.
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Molecular detection of Eimeria species and Clostridium perfringens in poultry dust and
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Veterinary Parasitology 291:109361.
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in dust and excreta associated with the productive performance of commercial meat chicken
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