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ABSTRACT With the majority of conventional cage
(CC) laying facilities transitioning into cage-free (CF)
systems in the near future, it is important to characterize
biologicalmarkers of health in layers housed in commercial
housings for sustainable production. The objectives of this
study were to compare i) blood markers, that is hetero-
phil:lymphocyte (H:L) ratios and susceptibility to avian
pathogenicEscherichia coli (APEC) and ii) lung and ceca
microbiome between hens at different maturity stages in
commercial CC and CF farms. Laying hens at 3 maturity
stages were randomly sampled (N5 20 per maturity and
per farm). Blood was tested for H:L ratios and APEC
killing ability using microscopy and in vitro assay,
respectively. Microbiomes were assessed using 16S rRNA
sequencing and QIIME2 analysis. Data show H:L ratios
did not differ between maturities in both farms. Avian
pathogenic Escherichia coli killing was only different in
CC hens, where c7122 level was higher (P, 0.05) in peak
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compared with early lay. In both farms, microbiome di-
versity was consistently different (P , 0.05) in both ceca
and lung of early lay compared with peak and late lay. In
the ceca and lung, relative abundances of the 3 predomi-
nant phyla (Bacteroidetes, Firmicutes, and Proteobac-
teria) did not significantly change with maturity in both
farms. Potential pathogens Campylobacter and Staphy-
lococcus reached greater (P , 0.05) abundances in CC
lungs in early lay and in CF lungs in late lay, respectively.
Overall, this study showed no differences in the stress
marker H:L but identified some differences in resistance to
APEC and microbiome composition across maturity
stages in CC and CF. The lung and gut microbiomes were
highly similar, with both serving as potential reservoirs for
Campylobacter and Staphylococcus. Future studies on
controllable environments for CF and CC are needed to
develop adequate strategies for eachhousing andmaturity
stage to reduce pathogens and optimize disease-resistance.
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INTRODUCTION

In the United States., approximately 81.6% of egg-
laying chickens are housed in conventional cages (CC),
whereas Only 13.3% of egg-laying chickens are housed
in cage-free (CF) aviaries (USDA, 2019). However,
because several retailers and restaurants have pledged
to source only CF eggs in the near future (e.g., 2025),
over half of U.S. hen housing is expected to switch to
CF systems (Starmer, 2017). Compared with CC, CF
system faces some challenges such as increased bacterial
infections, poor air quality, and reduced production per-
formance (Reviewed by Lay et al., 2011)
Exposure to stressors reduces performance in food pro-

ducing animals (Gebregeziabhear and Ameha, 2015).
Additionally, the host microbiota at mucosal surfaces
have a major impact on health and performance in
poultry (Shang et al., 2018). The chicken gut and lungs
are 2 of the primary barriers between pathogens and
the host (Bingula et al., 2017). Factors such as age may
influence the composition of these commensal commu-
nities (Awad et al., 2016; Kers et al., 2018; Ngunjiri
et al.,2019). The overgrowth of pathogenic bacteria in
these sites is detrimental to both chicken health and
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consumers. Thus, identifying critical laying stages more
susceptible to increased abundances of potentially
virulent bacteria is imperative.
The egg-laying cycle of hens in poultry production can

be categorized by 3 different maturity stages, that is,
early lay (w18 wk-old), peak lay (w25 wk-old), and
late lay (65–75wk-old). Oneway to increase food produc-
tion is to understand and improve animal welfare by
developing management strategies targeted for specific
maturity stages of the animals. To our knowledge, differ-
ences in biological markers for stress and health and
microbiome at multiple points during egg production
have not yet been investigated. The objectives of this
study were to characterize a biological stress marker, po-
tential resistance to avian pathogenic Escherichia coli
(APEC), and the gut and lung microbiome of laying
hens across laying stages, for example early, peak, and
late lay in CC and CF farms.
MATERIALS AND METHODS

Ethics Statement

All animal handling and treatment methods used in
this study were approved by the Iowa State University
Institutional Animal Care and Use Committee number
4-17-8502-G. Efforts were made by investigators to mini-
mize suffering in laying hens during sample collection.
Animals

Chickens from2 commercial farms (CCandCF) in Iowa
were sampled betweenMay and September of 2017 across
6 sampling trips total (3 CC, 3 CF) (Table 1). Conven-
tional cage facility had a nominal capacity of 200,000
hens, 6 to 8 hens per cage at a stocking density of 67 to
80 in2/hen. Manure was collected on a belt below each
cage tier and was removed twice per wk. Conversely, the
CF aviary house had a nominal capacity of 50,000 hens,
where hens had free access to litter (mix of some bedding
material, mostly feces) floor with multitier colonies for
Table 1. Flock production information of laying hens in conventional

Production stage Sampling dates1 # Of hens2 Age3 Weekly mortality4 Cu

CC Early lay 5/17 & 9/17 20 17–21 0.03 6 2.98E-05a

CC Peak lay 5/17 & 6/17 20 25–39 0.11 6 5.71E-05b

CC Late lay 5/17 20 64–74 0.16 6 1.20E-04c

CF Early lay 6/17 & 8/17 20 17–23 0.06 6 8.64E-05a

CF Peak lay 6/17 & 9/17 20 28–34 0.09 6 6.56E-05b

CF Late lay 6/17, 8/17 & 9/17 20 65–88 0.28 6 2.06E-04c

a-cSignificant differences were only assessed between maturity stages within e
between production stages were calculated using Student t test with different

1Dates the commercial hens were sampled in month/year. Barn temperatu
respectively.

2Total number of hens sampled within each production stage.
3Weeks of age.
4Percentage of deaths the week before sampling.
5Percentage of cumulative deaths to date.
6Percentage of hens laying �1 egg per day.
7Weight in kilograms of 30 dozen eggs.
8Weight in kilograms of hens.
feeding, drinking, perching, and laying eggs. All hens
were given feed and water ad libitum and were raised to
up 90 wk (i.e., single cycle) before depopulation. Both
farms provided data on flock productivity, including
body weight, weekly average rate of lay, and mortality
(Table 1). Samples were collected from the 3 laying stages:
i) early lay (17–23wk), ii) peak lay (25–39wk), and iii) late
lay (64–88wk) fromtheCCandCFcommercial farms.We
randomly sampled 20 animals for each maturity group
(N5 20! 3 maturities ! 2 farms; N 5 120 total).
Heterophil to Lymphocyte Ratio

The heterophil:lymphocyte (H:L) ratio is a well-
established stress marker used in poultry (Gross and
Siegel, 1983). To calculate these ratios, blood was collected
from the wing vein using heparinized needles and syringes.
Approximately 3 mL of fresh blood were aliquoted onto a
standard microscope slide (one slide per hen, N 5 120),
briefly air dried, fixed, and stained using a Neat Stain
Hematology Staining Kit (25,034, Polysciences, Inc.,War-
rington, PA). For each slide, approximately 100 leukocytes
(lymphocytes, monocytes, heterophils, basophils, or eosin-
ophils) were enumerated via light microscopy based on
phenotypic characteristics (De Macchi et al., 2013). The
H:L ratio was then calculated by averaging heterophils
and lymphocytes identified in slides from each laying stage.
Blood Bactericidal Ability Assay

Heparinizedblood fromthewingveinwas pooled (N5 5
hens, 4 pools per maturity group from each farm) into
CO2-independent media (18045088, Gibco, Waltham,
MA) at a 1:20 ratio. Avian pathogenic Escherichia coli
strains, including APEC-O1 (Johnson et al.,2007),
APEC-O2 (Johnson et al., 2005), and c7122 (O78:K80)
(Mellata et al., 2010) were mixed into fresh blood medium
(20 mL bacterial inoculum containing 102 CFU: 200 mL
blood) and co-incubated at 37�C for 30 min, diluted in
PBS, and plated for enumeration on MacConkey agar
(212123, BD Difco, Franklin Lake, NJ). A nonpathogenic
cage (CC) and cage-free (CF) farms.

mulative mortality5 Rate of egg production6 Case weight7 Body weight8

0.04 6 8.94E-05a 3.17 6 0.03a 14.69 6 0.01a 1.25 6 0.04a

1.18 6 1.36E-03b 93.33 6 0.01b 20.61 6 0.33b 1.48 6 0.01b

5.78 6 2.73E-03c 77.10 6 0.02c 23.24 6 0.08c 1.50 6 0.01b

0.45 6 1.05E-03a 2.99 6 0.01a 16.33 6 0.44a 1.37 6 0.10a

2.23 6 9.11E-04b 90.70 6 0.02b 21.60 6 0.28b 1.60 6 0.01b

9.74 6 1.42E-03c 42.00 6 0.20c 23.01 6 0.13c 1.54 6 0.03b

ach environment. Data represented as mean6 SEM. Statistical differences
letters indicating significant (P , 0.05) differences.
res for 6/17, 8/17, and 9/17 were recorded at 25.8�C, 26.7�C, and 26.1�C,
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E. coli strain (MG1655)was used as a serum-sensitive con-
trol (Barbieri et al., 2013)
Microbiome Sample Collection and DNA
Isolation

Middle lung tissue and right and left ceca contents
(pooled within hen) were aseptically collected from indi-
vidual hens, immediately placed and transported on dry
ice, and stored at 280�C. Total DNA was isolated using
the DNeasy PowerSoil Kit (12,888, Qiagen, German-
town, MD) using the following modifications: 0.25 g
ceca contents and 0.025 g lung tissue used as input,
and samples were homogenized for 20 min using bead-
containing tubes. A NanoDrop 2,000 spectrophotometer
was used to assess DNA quality postextraction (260–
280 nm ratios). Concentrations were determined using
a Qubit fluorometer (double-stranded DNA broad range
kit, Q32850, Thermo Fisher Scientific, Waltham, MA),
adjusted to 50 ng/mL in nuclease-free water and shipped
on dry ice to GeneSeek Neogen, Inc. (Lincoln,
Nebraska).
Microbiome 16S rRNA Sequencing

For 16S rRNA sequencing of 120 (N 5 20 ! 3 laying
stages! 2 farms) lung and 120 ceca samples, DNA libraries
were prepared using theMiSeqV3kit (Cat#MS-102-3003,
Illumina, San Diego, CA) following all manufacturer’s in-
structions with 300 ! 300 paired-end sequencing with
600 cycles (Illumina). Samples were individually barcoded
for multiplexing and sequenced for V4 of the 16S rRNA
gene (515F: GTGYCAGCMGCCGCGGTAA, 806R:
GGACTACHVGGGTWTCTAAT) as previously re-
ported (Caporaso et al., 2011) with all samples multiplexed
on a single run. Both primers were previously used for
chickens (Zhao et al., 2013) and produce diversitymeasures
comparable to full-length 16S rRNA sequences (Youssef
et al.,2009).
Figure 1. Heterophil to lymphocyte (H:L) ratios. The H:L ratios in whole
and (B) cage-free (CF) hens during early (white), peak (light gray), and late (
ing 100 immune cells per hen. Bars represent mean6 SEM from 20 hens. Stat
test for multiple comparisons between laying stages.
Microbiome Diversity and Abundances
Analyses

Raw FastQ files were obtained from GeneSeek, and
16S rRNA analyses were performed using Quantitative
Insights into Microbial Ecology (QIIME2, version
2017.12; Caporaso et al., 2010). More specifically,
paired-end sequences were merged using the join
paired-end function using default parameters. The split
libraries command was used to sparse apart individual
samples with the criteria that 97% of sequences have
Phred .25, and all other default parameters were
used. Sequences from samples were assigned to taxon-
omy using the pick open sourced reference operational
taxonomic units using default parameters in QIIME,
which utilizes uclust and GreenGenes (versions 13.8)
reference database (DeSantis et al., 2006; Edgar et al.,
2010). Alpha (Chao1, Simpson, and Shannon) and
beta diversity (Bray–Curtis Distance) were calculated
using the core diversity analyses command with
default parameters QIIME algorithm (Lozupone and
Knight, 2005).
Statistical Analyses

All statistical analyses were performed in GraphPad
Prism software (San Diego, CA). Comparisons be-
tween H:L ratios, blood bactericidal ability, microbiota
alpha and beta diversity, phyla relative abundances,
and bacterial abundances were performed using an
ANOVA followed by Tukey’s test for multiple means
comparison between laying stages. A P value � 0.05
was considered statistically significant. Because we
did not set up the CC and CF environments and
sampled commercial farms from different locations,
no pairwise comparisons were made between CC and
CF hens given the range of variable factors (diet,
vaccination, environment, etc.; reviewed in Kers
et al., 2018), which could confound any statistical con-
clusions on the environment effect.
blood were calculated from (A) conventional cage (CC, dashed column)
dark gray) laying stages of production. Ratios were calculated by count-
istical comparisons were calculated using one-way ANOVA and Tukey’s
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RESULTS

Flock Production Information

Dataonflockproductivity includedweeklyand cumula-
tive mortality, rate of egg production, case weight, and
body weight (Table 1). In both CF and CC, weekly mor-
tality, cumulative mortality, and case weight significantly
(P, 0.05) increased over laying stages. Additionally, egg
productionwas significantly (P, 0.05) higher at peak lay,
with 90.70% (CF) and 93.33% (CC) of hens laying � 1
egg/D during this stage. Although body weight signifi-
cantly (P, 0.05) increased from early to peak lay, no dif-
ferences were identified between peak and late lay in both
farms.
Figure 2. Whole blood bactericidal assay. Heparinized whole blood was c
A–D) and cage-free (CF; E–H) environment at early (white), peak (light gray
independent media. The strains APECO1 (A and E), APECO2 (B and F), c
solution. Values represent the average of data from 4 independent pools, as
ANOVA and Tukey’s test for multiple comparisons between maturity stage
Maturity Stage Did Not Impact Heterophil to
Lymphocyte Ratio

The H:L ratio was assessed as a marker for stress. In
Figure 1, no significant differences were detected in
H:L ratio between different laying stages of hens in
both CC (Figure 1A) and CF (Figure 1B) farms.
Maturity Stage Impacts Blood Bactericidal
Ability in CC But Not in CF Hens

Data from in vitro APEC blood killing ability are sum-
marized in Figure 2. In CC group, although killing of
APEC O1 (Figure 2A) and APEC O2 (Figure 2B)
ollected from the wing vein of hens in conventional (CC, dashed column;
), and late (dark gray) lay and pooled (n5 5 hens) within barn into CO2
7122 (C andG), andMG1655 (D andH) weremixed with the whole blood
sayed in triplicate. Statistical differences were calculated using one-way
s. *, P , 0.05. APEC, avian pathogenic Escherichia coli.
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were not different in blood between laying stages, c7122
(Figure 2C) was most effectively killed by blood from
early lay compared with peak lay hens (P, 0.05). How-
ever, no significant differences in bactericidal responses
were identified between laying stages of CF hens
(Figures 2E–2G). The killing ability of the nonpatho-
genic control E. coli MG1655 was the same between
laying groups in both CC (Figure 2D) and CF
(Figure 2H).
Figure 3. Microbiome diversity in CC hens. Diversity was measured as Ch
cage (CC, dashed column) environment at early (white), peak (light gray), an
Shannon in the ceca, (D) Shannon in the lung, (E) Simpson in the ceca, (F) S
and (H) Bray–Curtis distance beta diversity in the lung. Bars represent the in
was determined using a one-way ANOVA with Tukey’s method for multiple
Microbiome Diversity Analysis Identified
Differences in Evenness in the Ceca and
Lung

The 16S rRNA analyses were completed for the micro-
biome from ceca and lung of hens in CC and CF farms
from early, peak, and late lay stages. The 16S rRNA
data set is available in the NCBI Sequence Read Archive
repository with accession BioProject ID PRJNA447997.
ao1, Shannon, and Simpson in the ceca and lung of hens in a conventional
d late (dark gray) lay. (A) Chao1 in the ceca, (B) Chao1 in the lung, (C)
impson in the lung, (G) Brey–Curtis distance beta diversity in the ceca,
terquartile range from 20 hens/group. Statistical significance (P, 0.05)
testing correction. *, P , 0.05; **, P , 0.01; ***, P , 0.0001.
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Alpha diversity was measured as richness (Chao1) and
diversity (Simpson and Shannon) and are found in
Figure 3. In CC, richness in the ceca microbiome was
lowest (P , 0.001) in early lay compared with the other
laying stages (Figure 3A), and this relationship was the
opposite in the lung (Figure 3B) with early lay having
higher (P , 0.05) richness compared with the other
laying stages. Using the Shannon index (i.e., greater
weight to more-prevalent taxa), diversity was lowest in
the ceca (Figure 3C, P , 0.001) and lung (Figure 3D,
Figure 4. Microbiome diversity in CF hens. Diversity was measured as C
(CF) environment at early (white), peak (light gray), and late (dark gray) lay
(D) Shannon in the lung, (E) Simpson in the ceca, (F) Simpson in the lung, (
distance beta diversity in the lung. Bars represent the interquartile range from
a one-way ANOVA with Tukey’s method for multiple testing correction. *,
P , 0.05) of early lay hens compared with peak and
late laying stages. However, according to the Simpson in-
dex (i.e., all taxa are assumed to be represented equally),
only the lung microbiome exhibited significant differ-
ences, with early lay hens having less diversity
(Figure 3F, P , 0.01) vs. peak and late laying stages.
In the ceca, beta diversity was higher (Figure 3G,
P , 0.05) during early lay compared with peak and
late laying stages, indicating more unique species were
identified. In CF, diversity of the ceca and lung
hao1, Shannon, and Simpson in the ceca and lung of hens in a cage-free
. (A) Chao1 in the ceca, (B) Chao1 in the lung, (C) Shannon in the ceca,
G) Brey–Curtis distance beta diversity in the ceca, and (H) Brey–Curtis
20 hens/group. Statistical significance (P, 0.05) was determined using
P , 0.05; **, P , 0.01; ***, P , 0.001.
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microbiomes did not differ significantly in most cases.
However, Shannon diversity index was significantly
lower (P , 0.05) in the lung during early lay compared
with peak lay (Figure 4D). Simpson diversity index
was significantly lower in the ceca during early lay
compared with both other groups (Figure 4E). Bray–
Curtis distance (beta diversity) was higher (P , 0.05)
in hens during early lay compared with late lay in the
ceca (Figure 4G).
Abundances of Bacterial Taxa Detected

Abundances of bacterial phyla in CC and CF hens are
described in Figures 5 and 6, respectively. The 3 major
phyla in both ceca and lung across laying stageswereBac-
teroidetes, Firmicutes, andProteobacteria. Across laying
stages, the ceca microbiome had higher relative abun-
dances of Bacteroidetes and lower relative abundances
of Firmicutes, compared with the lung. In the CC ceca,
the relative abundance increases in Fusobacteria from
1, 5, and 6% in early, peak, and late lays, respectively,
and was statistically lower (P , 0.05) during early lay
compared with peak and late laying stages (Figure 5).
Additionally, the relative abundance of unassigned se-
quences increased from 4 to 10% from early to peak and
late laying stages, respectively, and was statistically
lower (P , 0.05) during early lay compared with peak
Figure 5. Pie charts of relative microbial abundances in the ceca and lung
based on 16S rRNA sequencing of ceca (top) and lung (bottom) in hens from a
of production. Each color represents a particular phylum. Each pie chart rep
and late laying stages. In the CC lung, Verrucomicrobia
relative abundance was higher in early lay (3%)
compared with lower abundances at peak and late laying
stages (,0.05%; P, 0.05). Otherwise, no significant dif-
ferences were seen in the CC lung across laying stages.
In the CF ceca (Figure 6), the relative abundance of

Verrucomicrobia increased from early (3%) to peak
(8%) lay, though abundance of this taxon decreased at
late (2%) lay (P , 0.05). There was a significant
(P , 0.05) decrease in Firmicutes from early (19%) to
peak and late (both 12%) laying stages. Additionally,
the relative abundance of Fusobacteria increased signif-
icantly (P , 0.05) from 1 to 4% from early and peak to
late lay, respectively. In the CF lung (Figure 6), relative
abundances for Bacteroidetes were significantly higher
(P , 0.05) at peak lay (47%) compared with both early
and late laying stages (both 42%). However, the inverse
was seen for Firmicutes as levels were significantly lower
(P , 0.05) at peak lay (25%) vs. both early (31%) and
late lay (29%).
Looking specifically at potential-foodborne pathogens

(i.e., Campylobacter, Enterobacteriaceae, and Staphylo-
coccus), Campylobacter was highest during early lay
(P , 0.05) in the lung compared with peak and late
laying stages in CC hens (Figure 7B). Conversely, Staph-
ylococcus levels were significantly (P , 0.05) greater in
the lung at late lay compared with other laying stages
across production stages in CC hens. Relative microbial abundances were
conventional cage (CC) environment during early, peak, and late stages
resents the average (n 5 20) relative abundances of phyla.



Figure 6. Pie charts of relative microbial abundances in the ceca and lung across production stages in CF hens. Relative microbial abundances were
based on 16S rRNA sequencing of ceca (top) and lung (bottom) in hens from a cage-free (CF) environment during early, peak, and late stages of pro-
duction. Each color represents a particular phylum. Each pie chart represents the average (n 5 20) relative abundances of phyla.
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in CF hens (Figure 8F). No other differences between
laying stages were seen with Campylobacter, Enterobac-
teriaceae, nor Staphylococcus in either CC (Figure 7) or
CF (Figure 8) layer hens.
DISCUSSION

In this study,we compared different characteristics, for
example, H:L ratio, resistance to APEC, ceca, and lung
microbiomes, between laying stages of hens from CC
and CF commercial farms. Previous studies have shown
that early exposures of chickens to stress (i.e., in commer-
cial hatcheries) have prolonged effects later in life and
that chickens negatively respond to stress at differentma-
turities (Ericsson et al., 2016; Hedlund et al., 2019).
Likewise, age and body site drive major shifts in the
chicken gut and lung microbiota (Awad et al., 2016;
Ngunjiri et al., 2019). However, changes in biological
markers of stress and disease susceptibility as well as
shifts in the mature hen microbiome between early,
peak, and late laying stages have not been previously
investigated. Expression of natural behavior, which
maximizes mobility and opportunities for social
interactions, has largely factored into the shift from CC
toCF settings (Brambell, 1965).ModernCF aviary hous-
es have large hen capacities, as there were 50,000 hens in
each barn in the current study. However, mortality in CF
environments is a concern, supported by data in the cur-
rent study showing the flock had a cumulative mortality
of approximately 10% by late lay. This mortality rate is
similar to that reported for CF flocks in Great Britain
at 8.55% mortality (Weeks et al.,2012). Notably, this is
about 1.7 times higher than that of CC birds (6%)
(Table 1). Modern CC production typically consists of
6 to 8 hens/battery cage in a multilevel design where
eggs and manure are collected continuously via conveyer
belts. This design improves egg production rates, sup-
ported by this study where .93% of CC hens laid �1
egg per day. In our study, the weekly mortality rate
increased with age of the bird, which could be partially
attibuted to bone fractures, considered a major cause of
mortality of laying hens in caged environments (McCoy
et al., 1996). However, in our study, we were not given in-
formation on specific causes ofmortality from the farm re-
cords to confirm such speculations.

More frequent social encounters can exacerbate nega-
tive, stress-induced behaviors such as cannibalism and
feather-pecking (Newberry, 2004) in high-density envi-
ronments (Cloutier et al.,2002). In chickens, stress can
have a profound and lasting effect on behavior, especially
when experienced at puberty and early life (Ericsson et al.
2016). However, how stress levels and its consequences
vary during different stages of egg production in the CC
and CF farms have not been investigated. In this study,



Figure 7. Relative abundances ofCampylobacter,Enterobacteriaceae, and Staphylococcus in the ceca and lungmicrobiomes of CChens. Bars repre-
sent the mean6 SEM relative abundance of sequences from 20 hens in a conventional cage (CC, dashed column) environment at early (white), peak
(light gray), and late (dark gray) lay. Data for the ceca is displayed on the left side and lung on the right side. The relative abundances are shown for (A)
Campylobacter in the ceca and (B) lung, (C) Enterobacteriaceae in the ceca and (D) lung, (E) Staphylococcus in the ceca and (F) lung. Statistical sig-
nificance was determined using a one-way ANOVA with Tukey for multiple testing correction. **, P , 0.01.
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we did not identify any significant difference in stress
levels as measured by H:L ratio betweenmaturity stages,
and all H:L ratios were in the range of 0.2 (CC) and 0.5
(CF), which are both below that characteristic of high de-
gree of stress (�0.8) (Gross and Siegel, 1993). These data
suggest that maturity stage did not affect stress levels in
either farms, or management practices in these farms are
efficient in controlling the changes between laying stages.
Other biological marker of stress, such as circulating glu-
cocorticoids, were not investigated in this study; howev-
er, because these markers, for example corticosterone
levels, were positively correlated with H:L ratios
(Maxwell, 1993), H:L ratios are still a good indicator of
stress in chickens. Future studies should still use addi-
tional means of quantifying biological stress to more ho-
listically study stress in layer hens (Scanes, 2016).

Susceptibility to infection by APEC and other mi-
crobes is commonly observed during conditions of high
stress (Collingwood et al., 2014). Avian pathogenic E.
coli is a diverse group of opportunistic E. coli pathogens
(most commonly O1, O2, and O78), which often cause le-
thal respiratory and systemic diseases in the commercial
farms. This diversity makes it difficult to broadly immu-
nize against APEC (Schouler et al., 2012; Mellata, 2013),
although recent attempts using prophylactics have
shown preliminary success (Van Goor et al., 2016;
Redweik et al., 2020). Because a correlation between
blood phagocyte immune response in vitro with in vivo
disease susceptibility was reported in humans (Guirado
et al., 2015), we used blood killing ability against 3
APEC serotypes (O1, O2, O78) to evaluate whether sus-
ceptibility of chickens to APEC infections would be
different depending on laying stages. In the current
study, we only found differences between laying stages
in CC hens, where c7122 killing had worse survival in
peak lay vs. early lay whole blood. Because we observed
no differences in H:L ratios between laying stages in CC
nor CF hens, the difference in c7122 killing is indepen-
dent of this stress biomarker. Thus, other factors not
accounted for in this study could had influenced the blood



Figure 8. Relative abundances of Campylobacter, Enterobacteriaceae, and Staphylococcus in the ceca and lung microbiomes of CF hens. Bars
represent the mean 6 SEM relative abundance of sequences from 20 hens in a cage free (CF) environment at early (white), peak (light gray), and
late (dark gray) lay. Data for the ceca is displayed on the left side and lung on the right side. The relative abundances are shown for (A)Campylobacter
in the ceca and (B) lung, (C) Enterobacteriaceae in the ceca and (D) lung, (E) Staphylococcus in the ceca and (F) lung. Statistical significance was
determined using a one-way ANOVA with Tukey for multiple testing correction. **, P , 0.01. ***, P , 0.001.
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killing ability. Future studies using in vivo challenge to
incorporate all facets of host immunity are needed to
verify the sensitivity to APEC.
Infectious diseases are a concern for hens raised in high

stocking density environment, especially in the CF envi-
ronment. Increased opportunities for social interactions
combined with a constant exposure to litter mainly
composed of feces in CF houses result in an increased
risk for disease and mortality (Fossum et al., 2009).
Furthermore, loss of microbial diversity at mucosal sur-
faces is linked to infectious and noninfectious disease sus-
ceptibility (Mosca et al., 2016). Previous studies on
other animals have shown an impact of age on both lung
(Glendinning et al.,2017) and gut (Lourenco et al., 2019)
in sheep and calves, respectively. In chickens, a strong cor-
relation between age and composition of the gut micro-
biome was determined when tested from hatch to 28 D
of age (Ballou et al., 2016). Here, we characterized the
gut and lung microbiomes of CC and CF hens at early,
peak, and late laying stages to identify differences in
composition based on niche site (i.e., ceca vs. lung) and
maturity.

A recent study, identifiedapossible interaction between
gut and lungmicrobiota, including potential pathogens in
chickens (Ngunjiri et al., 2019). In our study, the composi-
tion of the microbiota at the phyla level, Bacteroidetes,
Firmicutes, and Proteobacteria comprised at least 74%
relative abundance in both the ceca and lung of both CC
and CF hens. However, we found few differences at the
phyla level between the gut and lung. The similarity of
the microbial relative abundances between the lung and
ceca microbiomes may be because of the population den-
sity in both CC (200,000) and CF (50,000) chickens/
barn, allowing extensive inhalation of fecal material
within the poultry environment (Radon et al., 2002). In
CF, relative abundances of Verrucomicrobia were partic-
ularly high in the ceca during peak lay. Verrucomicrobia
is commonly found in soil and has been suggested as a
marker for a healthy gut microbiome (Janssen et al.,
2002; Belzer et al., 2012). Additionally, different relative
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abundances of Bacteroidetes and Firmicutes were
observed in the CF lung between maturities with
significantly higher Bacteroidetes and lower Firmicutes
during peak lay compared with both early and late lay.
This change of diversity observed between maturity
stages in CF hens has been implicated as a signature of
gut health and shifts with age (Ley et al., 2006). However,
these differences between laying stageswere not as distinct
in CC, suggesting that CC hens may be less susceptible to
microbiome changes across laying stages than CC hens,
but this needs to be confirmed by experiments with
controlled factors, which may have affected microbiota
of hens raised in CC and CF farms.

Maturity stage has an impact on the colonization and
shedding of particular pathogens; in a longitudinal study,
prevalence of hens shedding Salmonella was highest dur-
ing onset of lay (Gole et al., 2014). Thus, we investigated
the differences of common foodborne pathogens in both
the gut and lungmicrobiomes.We identified higher levels
of Staphylococcus in the lung of CF hens during late lay
compared with other laying stages. Although late lay
hens also experienced highest mortality rates compared
with early and peak lay hens, we do not have data from
the CF farm to suggest Staphylococcus abundance is
related to these mortalities. Outbreaks of Staphylo-
coccus, a Gram-positive foodborne pathogen, were found
by the Foodborne Disease Outbreak Surveillance System
to be commonly associated with meat and poultry dishes
(Bennett et al., 2013). Additionally, Campylobacter is a
major foodborne pathogen for humans primarily trans-
mitted via consumption of contaminated poultry prod-
ucts (Skarp et al., 2016). Interestingly, in CC hens at
early lay, microbiome richness was inversely associated
with Campylobacter abundance in the lungs. This sug-
gests certain microbes that could reduce Campylobacter
abundance may have been missing. Certain probiotic
taxa like lactobacilli are posited to reduceCampylobacter
colonization (Ding et al., 2005; Bereswill et al., 2011;
Kaakoush et al., 2014). Conversely, Campylobacter
could be supported by other microbes, as our study and
others (Sofka et al., 2015; Sakaridis et al., 2018) found
Proteobacteria to be positively associated with
Campylobacter colonization, though only our study
shows this phenomenon occurs in the lung. Altogether,
these differences in Staphylococcus and Campylobacter
lung abundances between laying stages in CF and CC
hens, respectively, have implications for foodborne
disease. Lung colonization of foodborne bacterial
pathogens in chickens may be of concern to consumers.
During evisceration, the lungs are removed, but
aerosolization of bacteria during this process could
consequently serve as a source for human foodborne
pathogens. Importantly, this study sampled layer birds,
which are not used for meat production. Future studies
should investigate these trends in broiler breeds to
determine pathogen abundance in the lungs. Although
no significant differences in Enterobacteriaceae levels
were found between maturities in both CC and CF, 16S
is not able to distinguish between Enterobacteriaceae
species because of the high genetic similarities within
the Enterobactericeae family (Saputra et al., 2015).
Complementary methods should be used to verify differ-
ences in the level ofEnterobacteriaceae species such asE.
coli and Salmonella (Ngunjiri et al., 2019).
While this study provides important data on the gut

and lung microbiota and potential susceptibility to
APEC at different laying stages in hens from CC and
CF commercial farms, it has limitations that must be
acknowledged. Cage-free and CC farms of this study
are located in separate locations in Iowa and managed
by different teams. Additionally, details regarding vacci-
nation record, diet, antimicrobials, and other factors,
which all can affect the chicken microbiome and health
(Kers, et al., 2018), were proprietary. Thus, statistical
comparison between CC and CF birds and speculation
on the environment effect were omitted.
CONCLUSIONS

Overall, this study identified no differences in stress
marker across stages of production in either CC or CF
hens. Additionally, only laying stage-related differences
in resistance against one APEC strain were seen in CC
hens, suggesting CF management systems established
are more consistent in minimizing variability in APEC
resistance between laying stages. In addition, this was
the first to compare the lung and gut microbiome of
chickens in different stages of production. Surprisingly,
the gut and lung microbiome appear to be relatively
similar in composition, which may be because of the
frequent interaction with fecal material in the commer-
cial farming environment. Finally, environment and
laying stage influenced the abundance of Campylobacter
(CC) and Staphylococcus (CF) in the lungs, which may
be a source of poultry product contamination. Future
studies will seek to experimentally study specific host
and environmental factors to enable comparisons be-
tween CC and CF hens.
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