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The microbial composition of the food production environment plays an important role in food safety and
quality. This study employed both 16 S rRNA gene sequencing technology and culture-based techniques to
investigate the bacterial microbiota of an egg production facility comprising of both free-range and conventional
cage housing systems. The study also aimed to detect the presence of Salmonella enterica and determine whether
its presence was positively or negatively associated with other taxa. Our findings revealed that microbiota
profiles of free-range and cage houses differ considerably in relation to the relative abundance and diversity with
a number of taxa unique to each system and to individual sampling sites within sheds. Core to each housing
system were known inhabitants of the poultry gastrointestinal tracts, Romboutsia and Turicibacter, as well as
common spoilage bacteria. Generally, free-range samples contained fewer taxa and were dominated by Staph-
ylococcus equorum, differentiating them from the cage samples. Salmonella enterica was significantly associated
with the presence of a taxa belonging to the Carnobacteriaceae family. The results of this study demonstrate that
the diversity and composition of the microbiota is highly variable across egg layer housing systems, which could
have implications for productivity, food safety and spoilage.

1. Introduction

Eggs are one of the most widely consumed protein sources world-
wide. The market for eggs produced in alternative production systems,
including cage-free housing, has increased in Australia in recent decades
and now makes up a considerable market share with 61% of retail sales
in the 2019-20 financial year (Australian Eggs Limited, 2020). Despite
mitigation efforts, both cage and free-range produced egg products are
reservoirs for Salmonella enterica and are frequently implicated in
salmonellosis outbreaks and sporadic cases (Glass et al., 2016; Sloan--
Gardner et al., 2019; Threlfall et al., 2014). Horizontal transfer via direct
contact between the eggshell surface and contaminated faeces is the
main route of contamination of S. enterica serovar Typhimurium, the
serovar most frequently implicated in egg-related foodborne disease in
Australia (Pande et al., 2016).

The microbiota of the poultry farm environment, including patho-
genic bacteria, play an important role in the microbial colonization and
development of the hen’s gastrointestinal tract during production

(Cressman et al., 2010; Wang et al., 2016). This is especially true in
commercial single-age production systems where chicks do not develop
their microbiota through contact with the adult hen after hatching
(Rychlik, 2020). Bacteria in the environment can also provide a direct
source of contamination of eggs after lay. There is also evidence to
suggest certain mixed-species cultures, particularly within biofilms, can
promote prolonged survival, or exclusion, of pathogens (Indikova et al.,
2015). There are a number of physically and functionally distinct areas
of the poultry house, each providing potential ecological niches for
bacterial life, including cages, nest boxes, feeders and egg collection
machinery. As such, multiple sampling of the various sites throughout
the farm is necessary to comprehensively characterize the farm micro-
biota (Locatelli et al., 2017).

It is believed that less than 2% of bacterial taxa are cultivatable, and
as a consequence, using culture-based methods to characterize a
microbiota may understate the depth of its microbial composition and
diversity present within samples (Wade, 2002). The wuse of
culture-independent methods, including next generation sequencing
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technology, evades the issues associated with traditional culture-based
methods. Using this technology, the fecal microbiota of layer hens in
alternate and conventional production houses have been previously
characterized (Rothrock and Locatelli, 2019; Seidlerova et al., 2020;
Videnska et al., 2014). However, with the exception of the poultry litter
(Torok et al., 2009), and bioaerosol microbiota in broiler houses (Chi-
nivasagam et al., 2010), previous studies that have characterized the
microbial populations of poultry environments have focused on cultur-
able bacteria and human pathogens (McWhorter and Chousalkar, 2019,
2020). To our knowledge, there have been no studies that have inves-
tigated the differences in the environmental microbiota between cage
and free-range housing systems within a single commercial egg pro-
duction farm using 16 S rRNA amplicon sequencing techniques.

The overall aim of this study was to use culture-dependent and
culture-independent techniques to compare the composition and di-
versity of bacteria present across a dual system egg production facility
with a history of S. enterica isolation. We wished to investigate which
taxa, if any, were differentially abundant between cage and free-range
housing systems and across environmental sites (egg conveyer belts,
manure conveyer belts, cages, nest boxes, litter samples and cage floors).
The study also sought to investigate what taxa were associated with the
presence or absence of S. enterica.

2. Materials and methods
2.1. Sample collection

Collection of environmental samples occurred in July 2019 from an
Australian egg production facility that produces free-range and cage
eggs. Samples were collected from single-age housing facilities con-
taining layer hens in mid to late egg production, aged between 34 and 77
weeks. Thirty-five samples were collected from four sites within five
cage houses (n = 20) and from three sites within five free-range houses
(n = 15). Within each cage house, a sample was collected from the
manure conveyer belt, egg conveyer belt, steel cage and concrete floor.
Within each free-range house, a nest box, and egg conveyer belt was
swabbed, and a litter sample was collected. Ambient temperature at the
time of collection was approximately 26 °C. Samples were obtained from
1 m? surfaces using Whirl-Pak® sponges (Nasco) pre-soaked in 25 ml of
Buffered Peptone Water (BPW, Oxoid). Following collection, samples
were transported to the laboratory at 4 °C and processed on the same
day.

2.2. Bacterial enumeration and identification

In order to assess total plate counts of bacteria with different growth
capabilities, four culture conditions were used. Samples were diluted
with 75 ml of BPW and homogenised with a Stomacher for 1 min (Bag
Mixer®, InterScience, Markham, Ontario, Canada). Homogenised sus-
pensions were serially diluted in physiological saline (0.85%). For each
dilution 100 pl aliquots were spread onto three Plate Count Agar (PCA;
Oxoid) plates and one of each plate was incubated either aerobically at
30 °C, aerobically at 20 °C or anaerobically at 30 °C. Dilutions were also
spread on de Man, Rogosa, and Sharpe (MRS; Oxoid) plates and incu-
bated anaerobically at 30 °C. All plates were incubated for 72 h prior to
enumeration.

Eight colonies, two from each of the four culture conditions, were
randomly chosen for each sample for purification on fresh agar and
identification using Sanger sequencing of the 16 S rRNA gene. DNA was
extracted by boiling lysis of cultures grown for 18 h + 2 h in Tryptic Soy
Broth. Amplification of the 16 S rRNA gene by PCR was performed as
previously described (Magnusson et al., 2003). PCR products were
Sanger sequenced by Macrogen (South Korea). Sequence reads were
quality trimmed manually in Geneious 11.1.5 (https://www.geneious.
com) and analysed using the Greengenes database (https://greengene
s.secondgenome.com/). Taxa identified as lactobacilli using the
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Greengenes database were reclassified using the emended nomenclature
of the genus proposed by Zheng et al. (2020).

2.3. Salmonella enterica enrichment and confirmation

The presence of S. enterica in samples was determined using
enrichment methods outlined in ISO 6579:2017 (International Organi-
zation for Standardization, 2017). Presumptive S. enterica colonies were
subsequently confirmed using a Salmonella Latex test kit (Oxoid).
Genomic DNA was isolated from sero-positive isolates using the DNeasy
Blood and Tissue kit following the manufacturer’s instructions (Qiagen,
Hilden, Germany). Whole genome sequencing was performed by the
Public Health Microbiology laboratory at Queensland Health using the
NextSeq 500 platform (Illumina, San Diego, California, USA). Raw
sequence reads were quality and adapter trimmed using Trimmomatic
v0.36.6 prior to assembly into contiguous sequences using SPAdes
v3.12.0 (Bankevich et al., 2012; Bolger et al., 2014). In silico serotyping
was performed using online Salmonella In Silico Typing Resource
(SISTR) (Yoshida et al., 2016).

2.4. Microbiota DNA extraction and 16 S rRNA amplicon sequencing

DNA was extracted from environmental samples using the QIAamp
PowerFecal Pro DNA kit as per the manufacturer’s instructions (Qiagen,
Hilden, Germany). The DNA quantity was determined using the Qubit®
2.1 Fluorometer (Life Technology, Singapore) and then each sample was
standardised to 10 ng/ul. The PCR methodology and duel-index
sequencing strategy developed by Kozich et al. (2013) was used for
amplification and sequencing of the V4 region of the bacterial 16 S ri-
bosomal RNA.

An amplicon library was prepared by pooling 50 ng of PCR product
of each sample and purified by AMpure magnetic beads, as per the
manufacturer’s instructions (Agencourt Bioscience Corporation, Bev-
erly, MA). Purified libraries were quantified using Qubit® 2.1 Fluo-
rometer and sample quality was determined using a Nanophotometer
(IMPLEN 1298, United Kingdom). Sequencing was performed using the
MiSeq v2 platform producing 2 x 250 paired-end reads by the Ram-
aciotti Center for Genomics (University of New South Wales, Australia).

2.5. Bioinformatic analysis

Sequence files were analysed using the QIIME2 v2019.7 pipeline
(Bolyen et al., 2019). The cutadapt (Martin, 2011) and demux plugins
were used to remove adapter sequences and generate sequence read
quality profiles, respectively. Denoising, chimera removal and amplicon
sequence variant (ASVs) table generation was performed using DADA2
(Callahan et al., 2016). ASVs were aligned with mafft (Katoh et al.,
2002) and approximately-maximume-likelihood phylogenetic tree from
the generated representative sequences were generated with fasttree2
(Price et al.,, 2010). Taxonomy was assigned to ASVs using the
feature-classifier plugin (Bokulich et al., 2018) against the Greengenes
gg_13_8 99% database (McDonald et al., 2012).

For alpha diversity analysis of microbial richness and evenness,
sequence reads were rarefied to 11.0 k reads per sample and Chaol,
Shannon-Wiener diversity (H) and the Inverse Simpson indexes were
computed using the phyloseq v1.26.1 package in R v1.2.1335
(McMurdie and Holmes, 2013; Shannon, 1948; Simpson, 1949). A
compositional biplot was created using Principal Component Analysis
(PCA) on centred log-ratio transformed sequence counts with the
zCompositions R package v1.3.4 (Palarea-Albaladejo and Martin--
Fernandez, 2015). The identification of differentially abundant taxa
between hen housing systems (cage and free-range) and S. enterica status
(positive and negative) was performed using ANCOM-II code (Kaul
et al., 2017) implemented in R (R Core Team, 2014).

Raw sequence data were submitted to the National Center for
Biotechnology Information https://www.ncbi.nlm.nih.gov/) under
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BioProject ID PRINA648795.

3. Results

3.1. Enumeration of culturable bacterial microbiota

Bacterial counts were enumerated using four culture conditions
involving PCA plates incubated aerobically at 30 °C, PCA plates incu-
bated aerobically at 20 °C, PCA plates incubated anaerobically at 30 °C
and MRS plates incubated anaerobically at 30 °C (Fig. 1). The highest
mean counts were observed in manure conveyer belt and floor samples
isolated in the cage houses and litter samples isolated in the free-range
system. Significantly lower counts (p > 0.001) were observed in samples
from the cage walls, nest boxes, free-range egg conveyers and cage egg
conveyers. There were no significant differences in CFU/cm? when
comparing the egg conveyer belts found in cage housing to egg conveyer
belts in the free-range housing (p > 0.05). Similarly, there was no sig-
nificant difference observed between swabs taken from free-range nest
boxes and the walls of cages sampled in the cage housing.

3.2. Identification of culturable microbiota

For each sample, two colonies were selected at random for identifi-
cation from each of the enrichment conditions. Purification, DNA
extraction, 16 S rRNA Sanger sequencing and analysis was possible for
240 of the 280 selected colonies (Table 1). Forty-three Gram-positive
taxa dominated the microbial population of both the cage (77 colonies)
and free-range systems (83 colonies). Amongst isolated strains, Staphy-
lococcus equorum (n = 27), Enterococcus faecium (n = 22) and Kurthia
populi (n = 11) were the most prevalent. Only 21 Gram-negative taxa
were identified, primarily of the Proteobacteria phyla. Psychrotrophic
bacteria, including Pseudomonas sp. (n = 17) and Psychrobacter pulmonis
(n = 11), were frequently identified in both housing systems using
culture-based techniques.

There were notable differences in the abundance of taxa between
different layer housing systems. S. equorum was disproportionally more
prevalent in free-range samples with more than three times the number
of isolations compared to cage samples. The opposite was observed with
the prevalence of Gram-negative Proteus vulgaris and Shigella flexneri
which were higher in cage samples. All 11 isolations of the Gram-
positive, spore-forming bacteria K. populi, were from free-range samples.

3.3. Recovery of Salmonella enterica from environmental samples

Of the 35 samples collected, 13 were positive for S. enterica. All five
cage houses had at least one Salmonella-positive sample. Sampling sites
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where S. enterica were detected included the manure belt (5/5), cage
walls (1/5), floor (5/5) and egg conveyer belt (2/5). Despite using the
same sampling and testing methodology, no samples collected from free-
range sites were positive for S. enterica. Whole genome sequencing and
in silico typing determined that S. enterica isolates belonged to one of
three serotypes; Singapore (n = 8), Agona (n = 4) and Liverpool (n = 1).

3.4. Microbial composition of cage and free-range housing systems based
on 16 S rRNA amplicon sequencing

A total of 1.47 million sequence reads was produced with a mean
read count of 40,971 reads per sample prior to processing. Following
amplicon denoising and filtering there were 501 ASVs identified, 181 of
which were shared by all sample types. The cage system manure
conveyer belt samples possessed the most unique ASVs (n = 70), fol-
lowed by other cage house samples (n = 17), free-range litter samples (n
= 3) and other free-range samples (n = 14). As shown in Fig. 2A, the
manure belt samples, other cage house samples and free-range samples
were dominated by three bacterial phyla; Firmicutes (41% + 9, 72% +
10 and 85% = 5, respectively), Proteobacteria (43% + 7, 7.2% + 6 and
6.2% + 4, respectively), and Actinobacteria (6% + 4, 18% + 7 and 6.8%
+ 3, respectively). Other phyla present included Deinococcus-Thermus,
Eremiobacteraeota, Euryarchaeota, Chloroflexi, Cyanobacteria, Syn-
ergistetes, Tenericutes, Fusobacteria and Verrucomicrobia, each occur-
ring at a relative abundance below 1%.

Analysis of the bacterial community by the lowest taxonomical
classification revealed high diversity and variation between sampling
sites (Fig. 2B). Within manure belt samples, the most abundant taxa
were Acinetobacter woffi (7.2%), Arcobacter cryaerophilus (6.8%), Aci-
nenetobacter johnsonii (5.7%), Romboutsia timonensis (2.6%) and Coma-
monas composti (2.4%). A. cryaerophilis and A. johnsonii were present at
less than 0.1% relative abundance across all other cage and free-range
samples. In other cage sample sites, R. timonensis, Turicibacter sp., Jeot-
galicoccus psychrophilis, Corynebacterium stationis and P. pulmonis domi-
nated in addition to A. Iwoffi. These samples also contain a higher
relative abundance of lactobacilli compared to manure samples.

The taxon S. equorum was the most prevalent in litter (33.7%), nest
box (25.1%) and egg conveyer belt (35.0%) samples isolated from the
free-range system. This species was found in low abundance in all cage
house samples with all sampling sites recording a mean relative abun-
dance less than 1.2%. As with cage samples, R. timonensis appears as a
significant feature within free-range samples. A. lwoffi is also present at
high relative abundance in samples collected from the free-range nest
boxes (7.4%) and egg conveyer belts (10.9%) but is found at 0.1%
relative abundance in litter samples. Similarly, A. johnsonii is present in
less than 0.1% relative abundance across all free-range samples.
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Fig. 1. Viable counts of culturable bacteria isolated from 35 samples within cage and free-range housing systems. Litter samples counts are expressed in Log10

CFU/g.
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Table 1
The number of individual isolations of bacterial taxa from cage and free-range houses (n = 240). The relative abundance of a taxon by housing system is given in
brackets.
Gram-positive taxa Cage Free Gram-negative taxa Cage Free-range
Range
Aerococcus urinaequi 3(2.4) - Acinetobacter johnsonii 1(0.8) 6 (5.3)
Aerococcus viridans 3(24) 3(2.8) Acinetobacter lwoffi 3(2.4) 5(4.4)
Bacillus safensis 1(0.8) - Acinetobacter sp. 1(0.8) -
Bacillus sp. 3(2.4) 5(4.4) Brevundimonas sp. 1(0.8) 1 (0.9)
Brachybacterium sp. 1(0.8) - Chryseobacterium sp. - 3(2.6)
Carnobacterium mobile 2(1.6) 211.7) Comamonas sp. 4(3.2) -
Clostridium perfringens 1(0.8) - Empedobacter brevis 1(0.8) -
Corynebacterium glutamicum 2(1.6) - Moraxella osloensis - 1(0.9)
Corynebacterium stationis 3(2.4) - Myroides odoratimimus 1(0.8) -
Desemgzia incerta - 1 (0.9 Pantoea ananatis 3(2.4) -
Enterococcus cassiflavus 1(0.8) 1(0.9) Pantoea gaviniae — 1 (0.9
Enterococcus cecorium 2(1.6) 1(0.9) Pantoea stewartia - 1(0.9)
Enterococcus durans 3(2.4) 211.7) Proteus vulgaris 9(7.1) -
Enterococcus faecalis 1 (0.8) 3(2.6) Pseudomonas fragi 324 —
Enterococcus faecium 7 (5.6) 15 (13.2) Pseudomonas fulva 1(0.8) 1(0.9)
Enterococcus gallinarium 1(0.8) - Pseudomonas putida 5(4.0) 3(2.8)
Enterococcus sp. 6 (4.8) - Pseudomonas stutzeri 1 (0.8) 1(0.9)
Glutamicibacter creatinolyticus 3(24) 2(1.7) Pseudomonas sp. - 2(1.7)
Kocuria palustris 1(0.8) - Psychrobacter pulmonis 7 (6.4) 4 (3.5)
Kurthia gibsonii 1(0.8) - Shigella flexneri 7 (5.6) 2(1.7)
Kurthia populi - 11 (9.6) Sphingobacterium sp. 1(0.8) -
Kurthia zopfii 1(0.8) 1 (0.9 Total Gram-negative 49 (38.9) 31 (27.2)
Ligilactobacillus agilis 2(1.6) 1(0.9)
Lactobacillus crispatus - 1 (0.9
Latilactobacillus curvatus 3(24) 1 (0.9)
Lactobacillus gallinarum 1(0.8) -
Latilactobacillus graminis 1(0.8) -
Lactobacillus johnsonii - 1 (0.9)
Lactobacillus kitasatonis - 1(0.9)
Latilactobacillus sakei 1(0.8) 1 (0.9
Ligilactobacillus salivarius 2(1.6) 3(2.6)
Lactobacillus sp. 3(2.4) -
Lactococcus garvieae 1(0.8) -
Lysinibacillus sp. 1 (0.8) -
Macrococcus caseolyticus - 1(0.9)
Microbacterium sp. 1(0.8) 1 (0.9
Rothia amarae 1 (0.8) -
Sporasarcina aquimarina - 1(0.9)
Staphylococcus equorum 6 (4.8) 21 (18.4)
Staphylococcus saphrophyticus 324 -
Streptococcus sp. — 21.7)
Trichococcus sp. 2(1.6) -
Weissella hellenica 3(2.4) -
Total Gram-positive 77 (61.1) 83 (72.8)

3.5. Alpha and beta diversity metrics

To determine the alpha diversity of samples, the Chaol richness es-
timate, Shannon-Wiener index (H) and Simpson Reciprocal indices (1/
D) were measured. Chaol measured species richness, and the differen-
tially weighted Shannon-Wiener (H) and Simpson Reciprocal (1/D)
indices measured both richness and evenness of the distribution of
species abundances. Considerable variability was observed when
comparing free-range and cage house samples using these three alpha
diversity indices (Fig. 3), with significantly higher Chaol (p < 0.0001),
Shannon-Wiener (p < 0.0005), and the Simpson reciprocal index (p <
0.0001) scores observed in cage shed samples. The observed species
richness in cage samples, which ranged from 172 to 270 taxa, was on
average higher than the free-range system which ranged from 73 to 204
taxa. On a whole, free-range system samples showed lower microbial
richness and evenness than cage samples.

The beta-diversity, a measure of variance in taxa composition be-
tween sampling sites, was visualized by plotting distances between
samples on a PCA biplot (Fig. 4). The first and second plot coordinates
represented 17.1% and 42.2% of the variation in beta-diversity,
respectively. It is clear from the biplot that cage samples distinctly
cluster separately from free-range samples. However, manure belt
samples, which contain a higher number of unique ASVs, did not cluster

directly with other samples isolated from the cage house environment.
Three free-range egg belt samples also varied considerably from other
free-range samples. This variation could be accounted by fewer ASVs
contained within these samples and a mean lower taxa evenness being
observed in these samples.

An ANCOM-II analysis was performed on ASV counts to calculate the
pairwise log ratios between all ASVs and test for significant differences
in ASV ratios between sampling sites. The analysis revealed that 11 ASVs
were differentially abundant between the microbial compositions of
cage and free-range samples (Table 2). Not surprisingly, S. equorum was
found to be significantly more abundant in free-range samples. Three
lactic acid bacteria, Limosilactobacillus pontis, Limosilactobacillus pontis
and Enterococcus faecalis, were also found to be more abundant in free-
range samples (Table 2). Seven taxa were differentially abundant in cage
samples, predominantly aerobic cocci and anaerobic gastrointestinal
bacteria. An ANCOM analysis was also performed comparing Salmo-
nella-positive and Salmonella-negative samples. This analysis revealed
that only one taxa, Isobaculum melis, was differentially more abundant in
samples positive for S. enterica (0.43% + 0.41) compared to Salmonella-
negative samples (0.02% + 0.06). There were no taxa differentially less
abundant in Salmonella-positive samples compared to Salmonella-nega-
tive samples.
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4. Discussion

Various studies have highlighted the importance of the resident
bacteria in food processing environments due to their potential to pro-
mote adhesion, biofilm formation and persistence of pathogens (Fox

et al., 2014; Kostaki et al., 2012; Makovcova et al., 2017). With the
exception of fecal matter (Elokil et al., 2020; Videnska et al., 2014), little
is known about the microbiota of the egg production environment or the
variation in microbial composition and diversity between cage and
free-range housing systems. An understanding of the composition of
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Table 2
Differentially abundant taxa between cage and free-range housing systems as per
ANCOM-II analysis.

Amplicon Sequence Variant Relative abundance (% =+ SD)

Cage Free Range

Corynebacterium humireducens 1.05 + 0.99 0.01 + 0.04
Asaccharospora sp. 0.48 + 0.46 <0.01 = 0.00
Tissierella sp. 0.42 + 0.41 <0.01 + 0.00
Oceanisphaera avium 0.51 + 0.34 0.01 £ 0.03
Isobaculum melis 0.25 + 0.34 0.01 + 0.05
Lysinibacillus saudimassiliensis 0.66 + 0.34 <0.01 + 0.01
Staphylococcus saprophyticus 1.34 + 1.18 0.08 + 0.22
Staphylococcus equorum 0.79 £+ 0.59 30.48 + 13.51
Limosilactobacillus reuteri 0.05 £ 0.11 0.54 + 0.37
Limosilactobacillus pontis 0.02 + 0.03 0.42 + 0.30
Enterococcus faecalis 0.03 + 0.09 0.22 + 0.15

Note: The housing system in which taxa were found to be differentially more
abundant are highlighted in bold text.

resident bacteria in egg production, and of how these bacteria interact
with S. enterica, could lead to a better understanding of the persistence of
this important pathogen. As microbiotas can be highly diverse and
possess highly variable compositions dependent on environmental fac-
tors, nutrient and water availability, it is important to sample multiple
sites across the production environment to accurately characterize the
microbial community structure and composition (Locatelli et al., 2017).

The aim of this study was to understand the variation in microbial
composition and diversity between cage and free-range housing in an
egg production facility. We also investigated the presence of S. enterica
in hen houses in order to determine whether the presence of this path-
ogen was significantly associated with the presence or absence of other
bacterial taxa in the environment. As there are vast differences in
airflow, flock density and flooring between the two housing systems, we
hypothesized that there would be considerable variation in microbial
composition and diversity observed. Indeed, analysis of alpha and beta
diversity metrics demonstrated the bacterial composition and diversity
of cage and free-range environments varied significantly. Comparisons
of phyla and species-level relative abundances were also highly variable,
not only between housing systems, but between different sampling sites
within houses. Amongst core genera, Turicibacter and Romboutsia have
also been previously reported as major constituents of the eggshell

microbiota and have been recognized for their important role as a
regulator of energy metabolism and hormonal regulation of host or-
ganisms (Gao et al., 2019; Maki et al., 2020; Martinez-Guryn et al.,
2018). The findings also suggest that spoilage bacteria including lacto-
bacilli, Acinetobacter, Psychrobacter and Pseudomonas are core to both
housing systems and present in high proportions. These genera have
been associated with spoilage of eggs products (Sparks, 2014). Several
significant differences in microbial composition were detected; namely
the high relative abundance (>25%) of S. equorum in free-range sheds.
Staphylococci are natural inhabitants on the skin and mucous membranes
of warm-blooded animals. S. equorum has previously been isolated from
the skin of horses (Karakulska et al., 2012), and recently in wild house
mice (Belheouane et al., 2020). It is also notable for its role as a starter
culture in fermented sausages food products (Leroy et al., 2010). Using
culture-based techniques, researchers have previously determined that
Staphylococcus is found in high concentrations in the litter and aerosols
of mechanically ventilated broiler sheds in Australia (Chinivasagam
et al., 2010) and in the egg shell microbiota (Suwannarach et al., 2017),
although S. equorum has not been reported as a dominant species in
either study. Further research is required to determine whether this
species is endemic within free-range production facilities. While the
relative abundance of S. equorum in cage samples was low, other aero-
bic, halophilic genera including Jeotgalicoccus and Corynebacterium are
significantly more abundant in these samples than in free-range samples.
These taxa have also been previously detected in bioaerosols of poultry
houses (Chinivasagam et al., 2010; Martin et al., 2010). Further in-
vestigations would be required to determine if these differences in
environmental microbiota between productions systems translates to
variations to egg microbiota, safety and shelf-life profiles.

This study also sought to investigate whether certain taxa were
differentially abundant in cage or free-range houses or among S. enterica
positive or negative samples. We found that S. equorum and
J. psychrophilus were differentially abundant in the free-range and cage
housing, respectively. In addition, three lactic acid bacteria were found
to be differentially more abundant in free-range samples. Lactic acid
bacteria are known for their efficacy as a probiotic in poultry as a pre-
vention against S. enterica (Reuben et al., 2019). Nonetheless, these taxa
were not found to be more abundant in S. enterica negative samples in
this study. According to the ANCOM analysis, only one ASV was
differentially abundant between S. enterica positive and negative sam-
ples. An ASV similar to the relatively uncharacterized lactic-acid
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bacteria, I. melis, was found to be differentially more abundant in
S. enterica positive samples. This bacterium has not been reported in
publications since its discovery in the small intestine of a badger in 2002
(Collins et al., 2002). Previous studies have shown that S. enterica can
form synergistic interactions with bacteria isolated from animal feed
factories, including Staphylococcus and Pseudomonas, through increased
biofilm formation and tolerance to disinfectants (Habimana et al.,
2010). Investigation of the potential interactions between S. enterica and
Isobaculum melis could provide better understanding of the persistence of
S. enterica in egg production.

In the past ten years there has been an increasing shift in the methods
that are used to investigate foodborne pathogens and monitor supply
chains (Kovac et al., 2017). The increased accessibility of next genera-
tion sequencing platforms due to reduced costs have led to the rapid
adoption of 16 S amplicon sequencing as a tool for profiling microbial
populations with the benefit of not requiring colony isolation (Jaga-
deesan et al., 2019). It has been noted however that this methodology
may have a limited ability to assign some enteric pathogens, such as
S. enterica, if they are present at low abundance (Ceuppens et al., 2017;
Haley et al., 2016; Jarvis et al., 2015; Peruzy et al., 2019). In this study,
we detected S. enterica in 13 of the 35 samples tested using enrichment
and culture-based techniques. However, S. enterica was not detected
using the 16 S amplicon sequencing methodology employed, even in
samples determined to be positive using culture-based techniques. This
result suggests that the use of 16 S rRNA amplicon sequencing alone may
be not be suitable for the detection of S. enterica in environmental
samples. Culture-based techniques or alternate molecular based ap-
proaches, such as shotgun metagenomics, may be more appropriate for
the detection of this pathogen (Griitzke et al., 2019). On the other hand,
other potential pathogens of clinical importance, A. Iwoffi, Corynebac-
terium sp., Trichococcus sp., Facklamia sp., and Clostridium perfringens
were detected in this study using 16 S rRNA amplicon sequencing.
Importantly, the taxon A. cryaerophilus, although not detected by the
culture-based techniques used, was found to be a major constituent of
manure belt sample amplicon sequences. A. cryaerophilus is an
emerging pathogen and has previously been implicated in cases of
gastroenteritis and septicemia (Barboza et al., 2017). Previous studies
have found it to contaminate food products including poultry meat, pork
and beef (Zacharow et al., 2015), however this pathogen has not his-
torically been associated with layer hens or been implicated in illness
associated with egg products. Despite its limited ability to detect
S. enterica, this study demonstrates that 16 S amplicon sequencing can
provide a greater understanding of the microbial composition and di-
versity of samples collected from the food production environment than
culture-based techniques. The combined use of both culture-dependent
and -independent techniques can provide a more comprehensive
method for the detection of pathogens and spoilage bacteria than either
method when used alone.

As this research only collected samples once from each sampling site,
the results are a limited representation of the microbiota of the cage and
free-range housing systems at the time of sampling. Further research,
with repeated sampling of the same sites, may provide insights into how
microbial communities shift through production cycles and seasonal
changes. Such information may elucidate the transmission pathways of
key pathogens, such as S. enterica, throughout egg layer systems which
can be used to develop better control and more focused risk manage-
ment strategies. The study of microbial communities found in egg pro-
duction facilities might also provide insights into how microbial
communities influence the presence and persistence of S. enterica which,
in turn, could lead to manipulation of communities to control S. enterica.
Although this wasn’t a topic investigated in this publication, the ap-
proaches and methods used could support such an application.
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