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Abstract

Hatcheries, where eggs from multiple breeder farms are incubated and hatched before being sent to different broiler
farms, represent a nexus point in the commercial production of broilers in the United States. Considering all down-
stream microbial quality and safety aspects of broiler production (live production, processing, consumer use) can

be potentially affected by the hatchery, a better understanding of microbial ecology within commercial hatcheries

is essential. Therefore, a commercial broiler hatchery was biomapped using 165 rRNA amplicon-based microbiome
analyses of four sample type categories (Air, Egg, Water, Facility) across five different places in the pre-hatch, hatch,
and post-hatch areas. While distinct microbiota were found for each sample type category and hatchery area,
microbial community analyses revealed that Egg microbiota trended towards clustering with the facility-related
samples when moving from the prehatch to post-hatch areas, highlighting the potential effect of the hatchery
environment in shaping the pre-harvest broiler-related microbiota. Prevalence analyses revealed 20 ASVs (Core20)
present in the core microbiota of all sample types and areas, with each ASV possessing a unique distribution through-
out the hatchery. Interestingly, three Enterobacteriaceae ASVs were in the Core20, including Salmonella. Subsequent
analyses showed that Salmonella, while a minor prehatch and hatch Core20ASY, dominated the Enterobacteriaceae
niche and total microbiota in the chick pad feces in the post-hatch area of the hatchery, and the presence of this
Salmonella ASV in the post-hatch feces was associated with swabs of breakroom tables. These findings highlight

the complexity of commercial hatchery microbiota, including identifying chick pad feces and breakroom tables

as potentially important sampling or disinfection targets for hatchery managers to focus their Salmonella mitigation
efforts to reduce loads entering live production farms.
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Introduction

The vertically integrated poultry industry in the United
States operates within a production pyramid structure,
with pedigree or elite breeds positioned at the apex and
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microbiota through live production and into the process-
ing environments [2]. For example, previous studies have
shown that core members of the gastrointestinal tract
microbiota of the embryonic chicks in the hatchery can
be identified in the poultry-associated core microbiota at
later stages of development (live production, processing,
final product) [3]. Additionally, a recent meta-analysis of
preharvest poultry effects on the microbial risk of poultry
meat has attributed nearly half (48.5%) of this risk to the
hatchery environment [4].

Around 9.8 billion broiler chickens were hatched,
raised, and processed last year in the United States alone
[5]. Because of the intensive nature of the vertically
integrated poultry production system, hatcheries can
become vulnerable to zoonotic organisms that can come
from various sources and spread to many downstream
farms and processing facilities [1]. Foodborne bacterial
pathogens such as Salmonella, E. coli, and various other
Enterobacteriaceae can be located on or within the egg
surface and on fomites such as egg trays and egg trolleys
[6-8]. Infiltration through the eggshell/membrane into
the egg contents can help these bacterial pathogens evade
the extensive disinfection procedures used within com-
mercial hatcheries [9]. While Salmonella and E.coli can
be lethal to embryos during incubation [10], egg incuba-
tion conditions can allow these foodborne pathogens to
proliferate, and chicks can still hatch from heavily con-
taminated eggs [7]. This leads to an increased risk of hori-
zontal transmission of infectious agents not only between
adjacent trays and other chick processing and storage
equipment within the hatchery (resulting in potential
foodborne pathogen reservoirs within the facility), but
also between newly hatched chicks with relatively naive
native gut microbiota [11].

Traditionally, microbial assessment through culturing
is the gold standard for evaluating the presence and the
control of foodborne bacterial pathogens in the hatchery.
Several studies have investigated the presence of patho-
genic bacteria such as Salmonella, E. coli, and Myco-
plasma by culture-dependent methods; however, these
measurements do not typically provide a comprehensive
picture of the changes in the general microbial popula-
tions and how they may relate to the ecology of these
pathogens [8, 11, 12]. 16S rRNA gene-based sequencing
has emerged as an alternative, offering in-depth explora-
tion of microbial communities within poultry facilities.
Poultry houses and processing plants have been previ-
ously biomapped in various studies [13—15], highlighting
shifting poultry-related microbiota in the different areas
and stages of live production and processing. Addition-
ally, Pseudomonas, Enterobacteriaceae, and Weeksell-
aceae Chryseobacterium have been identified as potential
foodborne pathogen indicator organisms that have been
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isolated from all the samples and sampling locations in
processing facilities [14].

Given its importance in influencing downstream pre-
harvest and post-harvest poultry production, it is vital to
biomap commercial hatchery facilities. This study char-
acterizes the microbial communities found in different
areas and sample types in a commercial broiler hatchery.
Biomapping the different hatchery microbiota can poten-
tially identify the role of hatcheries in shaping the gut
microbiota in newly hatched broilers, as well as identify-
ing areas or sample types within the hatchery for facility
managers to focus foodborne pathogen mitigation strate-
gies to minimize the flow of these pathogens to the live
production farms.

Materials and methods

Facility description

The overall layout of the commercial hatchery facility is
shown in Fig. 1. The facility was divided into 2 halves that
mirror one another (Side I and II). The facility is divided
into 5 main areas:

1. Egg Inventory (El) — Area where the eggs are deliv-
ered from the broiler breeder farms and stacked in
racks for 1 to 3 days at 17 to 20 °C.

2. Pre-in ovo Incubation (Prl) — Area containing incu-
bator rooms where the eggs are maintained at 37 to
38 °C up to 19 days.

3. Post-in ovo Incubation (Pol) — Area containing incu-
bator rooms where eggs are placed after the in ovo
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Fig. 1 Schematic of the commercial hatchery facility sampled
in this study. The facility was split into two mirrored halves (Side
I'and Il), and the arrows represent the movement of the eggs
through the facility
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immunizations and maintained at 37 to 38 °C for 36
to 48 h until hatch.

4. Chick Processing (PR) — Area where hatched chicks
are mechanically separated from the eggshells, placed
in racks, and a commercial live-attenuated Salmo-
nella vaccine is administered.

5. Transport (T) — Area where newly hatched chicks
are placed in stacking trays until being loaded on the
transport trucks to the live production farms.

In this facility, the first three areas (EI, Prl, Pol) are on
separate sides of the facility, but both sides of the facility
use the same PR and T areas. For this study, eggs/chicks
from two separate broiler breeder flocks (30 to 35 weeks
of age) were followed from both halves of the hatchery
areas on two separate production days.

Hatchery sampling and sample processing
For the pre-hatch areas of the facility (EI, Prl, and Pol),
egg, water, and air samples were collected using 3 M
Sponge-Stick swabs pre-soaked with DE neutralizing
buffer (Neogen, Inc., Lansing, MI). For egg samples, 25
eggs were randomly selected, and the entire shell sur-
faces were swabbed with the same sponge-stick. For air
samples, the filter over the air intake (EL; 30 cmx30 cm
area), or multiple fan blades moving the air throughout
the incubator units (Prl, Pol) were swabbed per flock
replicate. For the water samples, the surfaces of the floor
drains located throughout the areas were swabbed with
a single sponge-stick for each area per flock replicate.
While the air and water samples were taken as described
above for the PR area, the egg-related sample consisted of
filling a 1-gallon Ziploc bag with eggshells and fluff that
were mechanically separated from the chicks. Addition-
ally, the conveyor belt that removed the eggshells/fluff
after separation from the chicks was also swabbed, swab-
bing the belt for 10 secs as the processing was occurring.
For the T area, the egg-related samples were represented
by the meconium/fecal samples from the chicks in the
transport trays collected on fresh chick pads placed
under the chicks for 30 min before being loaded onto the
transport truck. The air and water T samples were taken
from the transport truck to the live production farm
prior to loading the chicks. The air samples (fan blades
within the truck) were sampled as described above, and
the water samples came from swabbing a 30 cmx30 cm
area of the underfloor water reservoir areas.
Facility-associated samples (FAC) were also taken.
These included (1) sampling the inlet/outlet areas of
rodent bait boxes (multiple boxes in each area were
swabbed with a single sponge-stick, but new sponge-
sticks were used in each area), (2) sampling the tables
of the worker breakroom area, (3) sampling the
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faucets/sinks of the worker restrooms, and (4) sampling
a 30 cm X 30 cm floor area of the highest foot traffic area
in the facility (as identified by the facility manager). Addi-
tionally, 200 mL samples of (5) the incoming city water
and (6) the outgoing wastewater were also collected in
250 mL Nalgene bottles. The breakdown of sample num-
bers by hatchery area and sample type can be found in
Supplemental Table S1.

Once the samples were taken, the swabs were placed
back into the provided sampling bags, and all samples
(swabs, eggshells/fluff, feces, water) placed on ice until
returned to the laboratory for further processing. The dif-
ferent types of samples were processed as follows:

1. Sponge-stick swabs. To prepare the swab samples for
homogenization, the sponge-swabs were aseptically
placed into filtered stomacher bags (Seward Labo-
ratories Systems, Inc., West Sussex, UK), and 30 mL
of 10 mmol L™! phosphate-buffered saline (PBS) was
added.

2. Eggshell/fluff. The collected sample was weighed,
placed into the filtered stomacher bag, and then
diluted 1:3 with 10 mmol L™" PBS.

3. Chick pad feces. Three chick pads from each repli-
cate were placed in 2-gallon Ziploc bag and 750 mL
of buffered peptone water (BPW) was added. After-
wards, bags were shaken by hand for 2 min and incu-
bated for 1 h at 37 °C. Thereafter, ~200 ml aliquots
of chick pad rinsate were transferred to 250 mL Nal-
gene centrifuge bottles and centrifuged at 4,600X g
for 5 min. After centrifugation, the pelleted rinsate
was resuspended in the residual BPW (~5 mL) in
each bottle.

4. City water. 400 mL water was filtered through a
0.2-micron isopore membrane (Millipore Sigma).
Following filtration, the filter was removed and
placed in a stomacher bag with 10 mL BPW.

5. Wastewater. Two additional filtration steps were per-
formed to remove debris. First, 200 mL wastewater
was passed through two sheets of sterile cheesecloth
and the filtrate was collected. Afterwards, the filtrate
was filtered through a double layer of membrane fil-
ters (upper filter; 1.2- micron cellulose membrane,
bottom filter; 0.2-micron isopore membrane). After
filtration, the “double layered filter” was transferred
to a stomacher bag containing 10 mL BPW. This pro-
cess was completed twice per samples to process a
total of 400 mL of wastewater.

Regardless of sample type, all samples were then
homogenized for 30 s at 230 rpm in a Seward Stomacher
400 (Seward Laboratories Systems, Inc.) and 2x0.5 mL
of the homogenate from each sample was aliquoted into
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Lysing Matrix E tubes (MP Biomedicals, LLC, Solon,
OH) and stored at -80 °C until DNA extraction was per-
formed. For city water/wastewater samples, additional
400 mL was filtered as described above and the filter was
placed in Lysing Matrix E tube (MP Biomedical LLC).

Salmonella isolation

As a pre-enrichment step, the stomached homogenates
remained in the filtered stomacher bags and incubated
overnight at 35 °C. Two different enrichments broths
were used to isolate Salmonella spp. from these envi-
ronmental samples: Tetrathionate (TT; Becton—Dickin-
son, Sparks, MD) broth and Rappaport—Vassiliadis (RV;
Becton Dickinson) media. After overnight incubation at
42 °C in both enrichment broths, one loopful from each
enrichment broth was spread on two different differen-
tial media: Brilliant Green Sulfa with novobiocin (BGS;
Becton Dickinson) agar and xylose lysine tergitol-4 (XLT-
4; Becton Dickinson) agar. These plates were incubated
overnight at 35 °C, and on each plate, three Salmonella—
like colonies per subsample were picked and confirmed
using triple sugar iron agar (TSI; Becton—Dickinson) and
lysine iron agar fermentation (LIA; Becton-Dickinson)
using an incubation period of 18 to 24 h at 35 °C. Final
confirmation of suspect TSI/LIA isolates was performed
using Salmonella polyvalent O antiserum agglutination
(Becton—Dickinson), using manufacturer’s specifications.

DNA extraction and 16S rRNA sequence analysis

Genomic DNA was extracted from all samples accord-
ing to a semi-automated hybrid DNA extraction protocol
previously described [16]. This method was a combina-
tion of a mechanical method using the FastDNA Spin Kit
for Feces (MP Biomedicals) and an enzymatic method
based on the QIAamp DNA Stool Mini Kit (Qiagen,
Valencia, CA). DNA purification was performed using
the DNA Stool — Human Stool — Pathogen Detection
Protocol of the QIAcube Robotic Workstation. After
purification, DNA extracts were quantified using an Inv-
itrogen Qubit 4 Fluorometer and 1XdsDNA High Sen-
sitivity Assay Kit (ThermoFisher Scientific, Waltham,
MA, USA). All 16S rRNA Illumina-tag PCR reactions
were performed on DNA extracts per the Earth Micro-
biome Project’s protocol [17]. Negative controls (PCR
grade nuclease-free water) were processed in parallel
with the samples for PCR amplification. PCR products
were visualized on a 2% agarose E-Gel with ethidium
bromide (Thermo Fisher Scientific) for bands at ~400 bp.
PCR products (including any negatives that showed
amplification) were pooled and gel purified on a 2% aga-
rose gel using the QIAquick Gel Purification Kit (Qia-
gen, Frederick, Maryland, USA). Before sequencing, the
purified pool was quality checked using an Agilent 2100
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BioAnalyzer and Agilent DNA High Sensitivity DNA kit
(Agilent Technologies, Santa Clara, California, USA). The
concentration of all genomic DNA samples was between
1 and 10 ng/uL. The purified pool was stored at —20 °C
and then sequenced by Wright Labs (Huntingdon, PA,
USA) using an Illumina MiSeq v2 chemistry with paired-
end 250 base pair reads. The sequence data is available
under SRA accession number PRJNA1103390.

Raw sequence reads obtained from the Illumina MiSeq
were processed in R v4.3.0 [18] using the DADA?2 pack-
age v1.18 [19]. Only reads with a maximum number of
expected errors lower than or equal to 2 were retained.
In addition, reads were truncated where the phred qual-
ity score dropped below 30. Chimeras were identified and
removed using the consensus method and the remaining
reads were annotated to the SILVA database release 138
with a minimum bootstrap threshold of 50 [20]. Ampli-
con sequence variants (ASVs) with less than 5 sequences
in total and ASVs with ambiguous annotations (Chloro-
plasts, Mitochondria) were removed from the dataset.
Finally, samples with less than 5,000 sequences were
removed. The average sequence depth per sample was
29,289.54, ranging from 6709 to 54,602 sequences. One
sample was removed from the analysis due to lack of
amplification.

In-depth microbial community analysis was performed
in the R environment. Alpha diversity indices were calcu-
lated with a dataset rarefied to the smallest sample size
using the Phyloseq package v1.44 [21]. Values of alpha
diversity indices were checked for normal distribution
by visually assessing qqplots and histograms and by cal-
culating the Shapiro—Wilk normality test (p=0.05). The
groups that were not normally distributed were com-
pared using the Wilcoxon Signed Rank test. A principal
coordinate analysis (PCoA) based on Bray—Curtis dis-
tances was performed with the Ampvis2 package v2.2.8
to calculate changes in microbial beta diversity [22]. In
addition, a permutational multivariate analysis of vari-
ance (PERMANOVA) was performed to assess the influ-
ence of experimental factors on the microbial community
using the vegan package v2.6.4 [23]. Prior to this analysis,
ASV’s with less than 0.1% relative abundance in any sam-
ple have been removed.

ASVs were considered part of the core microbiota with
a relative abundance cutoff above 0.01% and a prevalence
cutoff above 80% of the samples for a given hatchery area
or sample type. The Venn diagram of core ASVs was cre-
ated with VennDiagram package [24]. Differences of
individual ASVs between Salmonella positive and nega-
tive samples and correlations of ASVs and Salmonella-
associated sequences were computed using MaAsLin2
v1.14.1 [25]. Only associations for ASVs with a minimum
prevalence of 10% and a minimum relative abundance



Rothrock et al. Animal Microbiome (2024) 6:46

of 1% were calculated. Benjamini—Hochberg procedure
was applied as a correction method for computing the
g-values. Microbial source tracking was achieved with
the software SourceTracker v1.0.0 and default parameters
[26]. Samples taken from the facility environment were
assigned as sources, whereas egg samples were assigned
as sinks.

Results and discussion

Microbiota diversity metrics

Sample type category and hatchery area both sig-
nificantly impacted the diversity of the microbiota
within this study (Table 1). Microbiota from floor
drain swabs (Water category) had significantly higher

Table 1 Alpha diversity metrics for hatchery microbiota
separated by sample type category and hatchery area

Richness Diversity Evenness

(Observed OTUs) (Shannon) (Equitability)
Sample Type Category'
Air (N=40) 357.828 3458 0.5906%¢
Egg (N=40) 421758 3538 0.5808¢
Water (N=32) 53481% 419" 06700
FAC (N=72) 396.318 3.77"8 0.6344"°
Hatchery Area'?
EI(N=32) 564.25" 426" 067414
Prl (N=32) 497.03"8 4158 067078
Pol (N=24) 312.04%F 3358 0.5848¢
PR(N=32) 305.09F 3448 0.604¢
T(N=24) 412.165¢ 3.238 0.5295¢
FAC (N=40) 388440 3.548 0.6028%¢

' Superscript letters indicate significantly different prevalence values based on
Kruskal-Wallis analyses using the Wilcoxon post-test at a significance level of
p<0.05. Sample Type Category and Hatchery Areas were analyzed separately

2 El=Egg inventory, Prl=Pre-in ovo incubation, Pol =Post-in ovo incubation,
PR = Chick processing, T= Chick transport, FAC=Facility
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richness (p<0.0059), diversity (p<0.0034), and even-
ness (p <0.0084) estimates than the Egg and Air category
microbiota. Generally, the lowest numerical estimates
were found in the Air samples, although they were never
statistically different than the Egg microbiota estimates.
All three a-diversity estimates tended to decrease from
the pre-hatch to post-hatch areas, with the Egg Inventory
(EI) and Pre-in ovo (Prl) areas having significantly higher
richness (p<0.0001), diversity (p <0.0025), and evenness
(»<0.0366) estimates than the Post-in ovo (Pol), Process-
ing (PR), and Transport (T) areas, with the exception of
the richness estimates between the Prl and T areas and
the evenness estimates between the EI and PR areas
(p=0.0960 and 0.0633, respectively).

Like a-diversity, both sample type category and hatch-
ery area significantly impacted the B-diversity of the
recovered microbiota (p=0.0002 and 0.0002, respec-
tively). PCoA plots (Fig. 2) revealed a transition of
microbiota from the EI (Red) to T (Purple) areas of the
hatchery for the Air (Fig. 2A), Egg (Fig. 2B), and Water
(Fig. 2C) category related samples. While the facility-
related samples taken throughout the study (swabs of bait
boxes, processing equipment, floors, sinks, breakroom
tables, as well as filtration of the incoming city water and
outgoing wastewater) displayed significant differences in
the a-diversity metrics compared to the different sample
type categories and hatchery areas (Table 1), these associ-
ations are more clearly demonstrated within these PCoA
plots. The Air and Water category microbiota tended
to shift away from the facility-related microbiota by the
time the transport truck samples were taken (T; Fig. 2A
and C, respectively), although these two types of micro-
biota did cluster with different groups of facility-related
samples in different areas of the hatchery. For example,
the floor drain microbiota (Water; Fig. 2C) clustered with
or near the floor-associated facility samples. Specifically,
the EI, Prl, and T samples clustered near the floor (+)

C Water
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® 02 ® .. Taoles

Floor
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CityWater
WasteWater
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Fig. 2 Beta Diversity PCoA plots for the A Air, B Egg, C Water samples. The different areas of the hatchery are color coded solid circles,
while the open symbols and crosses represent different sample type categories within the facility-related samples
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and bait box ([]J) swabs, while the PR samples (blue dots)
clustered with the wastewater (V) samples. Since wash-
ing of the PR area and equipment largely generated the
wastewater that was collected, this shift in floor drain
microbiota to emulate the wastewater microbiota is not
surprising.

The Egg category microbiota shifted towards the facil-
ity-related microbiota in each successive hatchery area
(Fig. 2B). In fact, the chick pad feces samples from the
T area clustered directly with the facility-related micro-
biota, potentially indicating the influence of the hatchery
facility on shaping the egg-related microbiota by the time
the chicks are transported to the live production farms.
The first few days post-hatch are crucial in the develop-
ment of mature gut microbiota in broiler chicken, indi-
cating that such a stable microbiota is already being
established in the hatchery [27]. There is evidence that
maternal oviduct microbiota influence the gut microbi-
ome of the offspring [28], young chicks also encounter
bacterial communities found on the eggshell and the nest
environment [29]. These findings highlight the potential
influence of the hatchery environment in shaping the gut
microbiota in young hatchlings.

Hatchery microbiota taxa composition

The core microbiotas (ASVs present in at least 80% of all
samples for a given sample type or hatchery area) were
determined, resulting in 1523 total ASVs among the core
microbiota of at least one sample type or hatchery area.
The Venn diagram (Fig. 3A) shows the number of ASVs
present in every sample type. Over half of all core ASVs
were unique to a single sample type category (8%, 5%,
9%, and 37% for Air, Egg, Water, and FAC, respectively),
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although nearly two-thirds were unique to the FAC
samples. This was unsurprising since the FAC category
encompasses several different environmental swabs and
water samples. When looking at the phyla-level distribu-
tion of taxa unique to the three main sample type catego-
ries, ASVs related to Firmicutes and Bacteroidota were
up to two times greater, and the ASVs related to Actino-
bacteriota and Proteobacteria were over two times lower
for the core Egg microbiota compared to the core Air and
Water microbiota (Table 2). Unique Deinococcota ASVs
were only present in the Water samples. There were 152
ASVs (10%) present in the core microbiota of all sam-
ple type categories within the hatchery (Supplemental
Table S2).

When focusing on the area of the hatchery facility,
17.6% of the ASVs (268/1523) did not comprise the core
microbiota of any specific area, but similar to the sam-
ple type category comparisons above, around 50% of the
ASVs were unique to a single area (14%, 18%, 3%, 3%, 9%,
and 7% for the EI, Prl, Pol, PR, T, and FAC areas, respec-
tively; Fig. 3B). The phyla-level distribution of unique
core ASVs (Table 2) showed a reduction in unique Bac-
teroidota and Firmicutes ASVs post-hatch (Pol, PR,
T), with a concomitant increase in unique Proteobac-
teria ASVs (Table 2). Unique Deinococcota ASVs were
enriched in the microbiota from the swabs of the trans-
port trucks (T).

Various studies indicated an appreciable role of egg-
shell microbiota in shaping the microbial communi-
ties in the jejunum and ileum of young broilers [28, 30].
The composition of eggshell microbiota is greatly influ-
enced by factors such as the laying environment (nest or
floor) and the presence of visible dirt and feces on it [30].

“" Illl.....“‘ II-."»' I-...‘/"Il. '

T

Fig. 3 Venn diagrams representing the different combinations of core ASVs present in different sample combinations. A Combinations based
on four different sample type categories containing the number of ASVs with the percentage of total core ASVs in parentheses. B Combinations

based on the six different hatchery areas (El=

Egg inventory, Prl=Pre-in ovo Incubation, Pol=

Post-in ovo incubation, PR= Chick processing,

T=Transport, FAC=General facility). The histogram shows the number of core ASVs for each area combination defined below the x axis (black

circle=included in combination, white circle =excluded from combination)
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Table 2 Phyla-level distribution of unique Core ASVs according to sample type category and hatchery area

Actinobacteriota Bacteroidota Deinococcota Firmicutes Proteobacteria

Sample type category'

Air (124 ASVs) 22 (17.74%) 29 (23.39%) 0 (0.00%) 27 (21.77%) 38 (30.65%)
Egg (79 ASVs) 5(6.33%) 27 (34.18%) 0 (0.00%) 34 (43.04%) 9 (11.39%)
Water (136 ASVs) 28 (20.59%) 22 (16.18%) 13 (9.56%) 30 (22.06%) 35 (25.74%)
Hatchery Area'?

El (215 ASVs) 36 (16.67%) 9(27.31%) 0 (0.00%) 71 (32.87%) 7(17.13%)
Prl (277 ASVs) 41 (14.59%) 6 (19.93%) 8 (2.85%) 58 (20.64%) (34 52%)
Pol (43 ASVs) 3(6.67%) 10 (22.22%) 1(2.22%) 3(6.67%) 27 (60.00%)
PR (47 ASVs) 16 (32.65%) 4 (8.16%) 1(2.04%) 7 (14.28%) (40 82%)
T (133 ASVs) 26 (19.55%) 11 (8.27%) 28 (21.05%) 4(3.01%) 7 (42.86%)

' Value represent the total number of ASVs unique to that phyla for that sample type category or hatchery area, while the number in parentheses represents the
percent of all unique ASVs for that phyla for that sample type category or hatchery area

2 El=Egg inventory, Prl=Pre-in ovo incubation, Pol = Post-in ovo incubation, PR= Chick processing, T= Chick transport

Fertile eggs undergo extensive disinfection to eliminate
pathogenic bacteria, with variations in disinfection pro-
cesses contributing significantly to differences in eggshell
microbial communities across hatcheries [30]. The core
microbiota found on the eggshell on this study aligns
with other studies results as the eggshell microbiota was
mainly dominated with Firmicutes, Proteobacteria, and
Actinobacteriota [2, 30, 32].

The presence of Deinococcus ASVs was unexpected.
Deinococcus are a highly resistant bacteria that can sur-
vive ionizing and ultraviolet radiations. Deinococcocus
spp. have gained considerable interest from industries,
mainly due to their bioremediation capabilities and
potential applications in nuclear waste management [33,
34]. While Deinococcocus do not typically cause human
or animal diseases [35], their presence in the floor drain/
transport truck underfloor reservoir swab samples may
be indicative of their resilience towards the hygiene and
disinfection processes used in the hatchery. Therefore,
if future studies show Deinococcus spp. are prevalent
within commercial hatcheries, they may act as a sentinel
target to assess hatchery disinfection efficacy, as well as
an indicator for other desiccation/disinfection resistant
microbes to survive cleaning processes.

It was observed that 20 ASVs (Core20) were part
of the core microbiota of all sample type categories
and all hatchery areas (Table 3), so given their ubig-
uity throughout the hatchery, they were investigated
further. The Core20 are dominated by y— and a— Pro-
teobacteria (10 and 5 ASVs, respectively), with the
remainder aligned with Actinobacteria (2), Bacteroides
(2), and Bacilli (1). The distribution of the Core20 ASVs
within the hatchery was sample type category and area
dependent (Fig. 4). Two of the four most abundant

ASVs within the hatchery microbiota were Methyl-
otenera (ASV 1 and 4), and they were enriched in the
Air microbiota throughout the facility, specifically in
the pre-hatch/hatch areas. These two ASVs were also
present in the FAC samples, specifically dominating
the Table, Sink, and incoming City Water microbiota.
The Water category microbiota were dominated in the
pre-hatch areas by ASV3 Acinetobacter, representing
21.1% and 22.2% of the EI and PrI Water microbiota.
Unlike the Water category samples, Core20 ASVs in
the Egg microbiota in the pre-hatch areas (EI, Prl, Pol)
were more uniformly distributed, but were dominated
by very few ASVs in the hatch/post-hatch areas. ASV5
Escherichia/Shigella, ASV1 Methylotenera, and ASV16
Enterococcus represented 25%, and 10.7% and 8.8% of
the PR area total eggshell/fluff microbiota, while the
chick pad feces microbiota (T, Egg) were dominated by
ASV2 Salmonella (68.4%).

Bacterial communities found in commercial hatch-
eries are still poorly characterized, despite being the
first bacterial communities encountered by the young
hatchlings. Most data on the microbial communities
in a hatchery stems from culture-based research con-
ducted to track pathogens such as Salmonella and E.
coli [36-38]. In our study, we noted a significant pres-
ence of Methylotenera ASVs (ASV1 and 4) in various
hatchery areas. Methylotenera spp. are Gram-negative
bacteria that use methylamine as their main energy
source [39]. Methylamine, a colorless gas and a deriva-
tive of ammonia, is included in fungicides and active
cleaning agents. The presence of methylamine in the
hatchery resulting from the sanitary procedures might
potentially explain the high abundance of Methyloten-
era throughout the different sample type categories and
areas (Fig. 4).
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Table 3 Taxonomic classification of the 20 ASVs (Core20) present in the core microbiota of all sample type categories and hatchery

areas

ASV  Phylum Class Order Family Genus' Species'

1 Proteobacteria Gammaproteobacteria Burkholderiales Methylophilaceae Methylotenera

2 Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Salmonella

3 Proteobacteria ~ Gammaproteobacteria Pseudomonadales  Moraxellaceae Acinetobacter Iwoffii

4 Proteobacteria ~ Gammaproteobacteria  Burkholderiales Methylophilaceae Methylotenera

5 Proteobacteria ~ Gammaproteobacteria Enterobacterales Enterobacteriaceae  Escherichia/Shigella

7 Proteobacteria  Gammaproteobacteria Pseudomonadales  Moraxellaceae Acinetobacter baumannii/bouvetii/haemolyticus/

Jjohnsonii/
junii/ lwoffii/oleivorans/oryzae/
schindleri

8 Proteobacteria ~ Gammaproteobacteria Pseudomonadales  Moraxellaceae Enhydrobacter

10 Proteobacteria Gammaproteobacteria  Burkholderiales Methylophilaceae

14 Proteobacteria ~ Gammaproteobacteria Enterobacterales Morganellaceae Proteus

16 Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus

17 Proteobacteria  Alphaproteobacteria Rhodobacterales Rhodobacteraceae Paracoccus carotinifaciens/gahaiensis/haeun-
daensis/
hibiscisoli/ marcusii

28  Proteobacteria  Gammaproteobacteria Enterobacterales Enterobacteriaceae  Klebsiella

32 Proteobacteria Alphaproteobacteria Caulobacterales Caulobacteraceae Brevundimonas albigilva/nasdae/vesicularis

35  Actinobacteriota Actinobacteria Micrococcales Intrasporangiaceae  Janibacter

48  Actinobacteriota Actinobacteria Micrococcales Brevibacteriaceae Brevibacterium luteolum

58  Proteobacteria  Alphaproteobacteria ~ Caulobacterales Caulobacteraceae Brevundimonas diminuta/naejangsanensis/van-
canneytii

68  Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae Sphingomonas desiccabilis’hankookensis/leidyi/
panni

83  Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Paracoccus aestuarii/beibuensis/hibisci/
marinus/
rhizosphaerae/ siganidrum/zheji-
angensis

113 Bacteroidota Bacteroidia Flavobacteriales Weeksellaceae Chryseobacterium

120  Bacteroidota Bacteroidia Flavobacteriales Weeksellaceae Chryseobacterium  taihuense

' A blank cell indicates that phylogeny could not be determined on this taxonomic level for this ASV

Ecology of salmonella within hatchery microbiota

Considering Salmonella not only represented one of the
Core20 ASVs, it was the second most abundant ASV
across all microbiota within the entire hatchery data-
set, and its food safety implications, the potential ecol-
ogy of this ASV throughout the facility was further
explored. The Core20 contained three ASVs classified as
Enterobacteriaceae, which potentially fill a similar niche
within the hatchery microbiota: ASV2 Salmonella, ASV5
Escherichia/Shigella, and ASV28 Klebsiella. When con-
sidering the distribution of these ASVs within the differ-
ent hatchery microbiota, in the pre-hatch (EI, Prl, Pol)
and hatch (PR) areas of the hatchery ASV5 Escherichia/
Shigella comprised 45-80%, 88—95%, and 5-65% of the
Core20 Enterobacteriaceae niche of the Air (Fig. 5A), Egg
(Fig. 5B), and Water (Fig. 5C) microbiota, respectively.
ASV28 Klebsiella was a minor constituent (<1% of the
total microbiota) in the Air and Egg microbiota, but they
represented 20-55% Core20 Enterobacteriaceae niche in

these prehatch and hatch areas of the Water microbiota.
ASV2 Salmonella averaged a very small percentage of
the Air, Egg, and Water microbiota in the pre-hatch and
hatch areas (0.34%, 0.10%, and 0.10%, respectively), but
in the Transport area the relative abundance increased
2—tenfold in the Water and Air samples, and 680 fold
in the Egg samples, representing over two-thirds of all
ASVs in the chick pad feces microbiota (Fig. 5B). ASV2
Salmonella also was the dominant ASV in the Core20
Enterobacteriaceae niche for the facility swabs of the high
traffic floor areas, breakroom tables, and bathroom sinks
(Fig. 5D).

Salmonella have been previously isolated from differ-
ent areas and sample types in commercial broiler hatch-
eries [40] with commercial hatcheries being identified as
a major source of Salmonella-related microbial risk of
poultry products [4]. This aligns with a Salmonella ASV
as one of the more prevalent Core20 taxa (Table 3). In
our study, the interplay between three Enterobacteriaceae
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Fig. 4 Relative abundance heatmap of the 20 core ASVs found in all sample type categories and hatchery areas (Core20). Text above the heatmap
defines the different hatchery areas (El=Egg inventory, Prl=Pre-in ovo incubation, Pol=Post-in ovo incubation, PR=Chick processing, T=Transport,
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of the heatmap, and the relative abundances for each ASV are presented within each cell of the heatmap. Any ASVs showing 0% indicates that their
relative abundance is between 0.01 and 0.049%. The higher the relative abundance, the darker red the cell is shaded

ASVs (Salmonella, E. coli/Shigella, Klebsiella) elucidates
the niche competition between bacteria within any envi-
ronment. It has been shown that E. coli can enhance the
gut resistance against Salmonella Typhimurium by com-
peting for the carbon source galacitol [41]. Similarly,
Osbelt et al. (2021) demonstrated how limiting the carbo-
hydrate sources can encourage interspecies competition
for limited resources among the Enterobacteriaceae fam-
ily [42]. Therefore, the proliferation of Salmonella in the
transport area may be partially attributed to the decrease
in the presence of Enterobacteriaceae family, which gave
Salmonella a perfect niche to proliferate.

Since Salmonella was isolated culturally as a separate
part of this study, the differential abundance of ASVs
based on the culturable Salmonella status (+) of each
sample was investigated using MaAsLin2 v1.14.1 (Fig. 6).
Twenty-six percent of all samples were Salmonella posi-
tive (48/184), so it was not surprising that there was no
significant association between culturable Salmonella
status and ASV2 Salmonella (p=0.3724) given that the

Core20 ASVs were present in at least 80% of the sam-
ples. Eleven ASVs were found to be significantly enriched
in Salmonella positive samples (red shading), while
17 ASVs were significantly enriched in the Salmonella
negative samples (blue shading). Proteobacteria ASVs
comprised 8 of the 11 ASVs enriched in the Salmonella
positive samples, including the strongest associated ASV
(ASV1437 Thermomonas). The ASVs enriched in the Sal-
monella negative samples were distributed across five dif-
ferent phyla, although the Firmicutes ASVs (n=7) were
more than double those specific to any other phyla (3
for the Actinobacteria, Bacteroidota, and Proteobacte-
ria). When Salmonella status was based on the presence
of Salmonella ASVs in each sample’s microbiota (not
culture-based), the enrichment of Proteobacteria ASVs
in samples with a positive Salmonella status was evident
(Supplemental Fig. S1). These results indicate that the
conditions that are impacting the prevalence of Salmo-
nella are potentially niche-related, since other Proteo-
bacteria ASVs are concurrently enriched in the positive
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samples. Since the presence of closely related bacterial
species increases the likelihood of a new bacterial spe-
cies entering the same niche [43], certain environmental
conditions may confer a fitness advantage to all members
of a phylogenetic group, which could possibly explain the
enrichment of Proteobacteria ASVs in Salmonella posi-
tive samples.

Since ASV2 Salmonella was 0.25%—4.46% of the
total microbiota of the various facility swab sam-
ples (Fig. 5D), a microbial source tracking algorithm
(SourceTracker v1.0.0) was used to determine the most
likely sources of the most abundant ASVs (ASVs rep-
resenting>1% of all core Egg microbiota) in the Egg
category samples (Fig. 7). While the two sources for the
top core Egg ASVs overall were either air-related sam-
ples or unknown (not attributable to any specific sam-
ple type) (lighter green to greenish-yellow colors), the
strongest association (represented by the bright yellow
shading) was between ASV2 Salmonella and the swabs
from the breakroom tables. These findings do not indi-
cate directionality of Salmonella movement within the
hatchery; it only suggests the breakrooms as a poten-
tial reservoir for Salmonella associated with the chick
pad feces. This potential of the human-related surfaces
as Salmonella reservoirs within the poultry-associated
facilities or food service-related areas have been previ-
ously observed from disinfected surface equipment in
poultry processing plants [44, 45], as well as cutting
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Fig. 7 Identification of potential sources of the dominant core Egg
ASVs within the hatchery facility based on the SourceTracker 1.0.0
algorithm. Dominant (> 1% of total core Egg microbiota) ASVs are
listed along the bottom of the heatmap, while the potential facility
sources are listed to the left. The color shading ranges from dark
green (no association) to yellow (strongest association)
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boards and dish clothes in restaurants [46]. Therefore,
this analysis, in combination with the trend of the Egg
microbiota community structure becoming more simi-
lar to the facility microbiota as the eggs move from the
pre-hatch to post-hatch areas (Fig. 2B), potentially indi-
cate the facility, and possibly the human workers, as
Salmonella reservoirs within the hatchery. These find-
ings highlight prospective critical control points for
mitigation efforts to reduce Salmonella entering the live
production houses that required further investigation.

Conclusion

Within this studies’ commercial hatchery, microbiota
were significantly affected by the type of sample being
analyzed, as well as the area of the hatchery from which
the sample was collected. While each sample type cat-
egory and hatchery area possessed unique ASVs, 20
ASVs were present in the core microbiota of all sam-
ple type categories and hatchery areas (Core20), with
ASVs related to Proteobacteria representing 75% of
the Core20. Three ASVs related to Enterobacteriaceae
(Salmonella, E. coli/Shigella, Klebsiella) were part of
the Core20, and their distributions were sample type
and hatchery area dependent, with Salmonella domi-
nating the microbiota of the Egg samples in the Trans-
port area. Further investigations of the Salmonella
ASV showed an association of this ASV within the Egg
microbiota at Transport with the breakroom tables,
potentially indicating a cross-contamination reser-
voir for Salmonella within the hatchery. These results
highlight the utility of microbiota analyses to better
understand the microbial ecology of the hatchery envi-
ronment, as well as identifying potential sampling tar-
gets (chick pad feces in the transport area) or critical
control points (breakroom tables) within the facility for
hatchery managers to mitigate Salmonella loads from
entering the live production houses.
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