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ABSTRACT The digestive and respiratory tracts of chickens are colonized by bacte-
ria that are believed to play important roles in the overall health and performance
of the birds. Most of the current research on the commensal bacteria (microbiota) of
chickens has focused on broilers and gut microbiota, and less attention has been
given to layers and respiratory microbiota. This research bias has left significant gaps
in our knowledge of the layer microbiome. This study was conducted to define the
core microbiota colonizing the upper respiratory tract (URT) and lower intestinal
tract (LIT) in commercial layers under field conditions. One hundred eighty-one
chickens were sampled from a flock of �80,000 birds at nine times to collect sam-
ples for 16S rRNA gene-based bacterial metabarcoding. Generally, the body site and
age/farm stage had very dominant effects on the quantity, taxonomic composition,
and dynamics of core bacteria. Remarkably, ileal and URT microbiota were composi-
tionally more related to each other than to that from the cecum. Unique taxa domi-
nated in each body site yet some taxa overlapped between URT and LIT sites, dem-
onstrating a common core. The overlapping bacteria also contained various levels of
several genera with well-recognized avian pathogens. Our findings suggest that sig-
nificant interaction exists between gut and respiratory microbiota, including poten-
tial pathogens, in all stages of the farm sequence. The baseline data generated in
this study can be useful for the development of effective microbiome-based inter-
ventions to enhance production performance and to prevent and control disease in
commercial chicken layers.

IMPORTANCE The poultry industry is faced with numerous challenges associated
with infectious diseases and suboptimal performance of flocks. As microbiome re-
search continues to grow, it is becoming clear that poultry health and production
performance are partly influenced by nonpathogenic symbionts that occupy differ-
ent habitats within the bird. This study has defined the baseline composition and
overlaps between respiratory and gut bacteria in healthy, optimally performing
chicken layers across all stages of the commercial farm sequence. Consequently, the
study has set the groundwork for the development of interventions that seek to en-
hance production performance and to prevent and control infectious diseases
through the modulation of gut and respiratory bacteria.
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The digestive and respiratory tracts of chickens are colonized by complex microbial
communities, which are believed to play important roles in the overall health and

performance of the birds (1–6). The bacterial composition of the chicken gut has been
extensively studied, mainly because of its association with performance (6–10). Studies
of commensal and pathogenic bacteria in the chicken gut have mainly focused on
broilers (7, 11–14), likely due to their short life cycle and direct economic importance.
Within the gut, the cecum has attracted the most attention because of its high
microbial densities and health-related functions, such as urea recycling, carbohydrate
fermentation, and water regulation (15). Most studies of the chicken gut microbiota
have focused on one segment at a time; fewer studies have compared multiple
segments from the same set of birds (15–18). On this basis, we previously undertook a
large comprehensive study of 37 different commercial flocks of Cobb 500 broilers
within a vertically integrated broiler system and defined the core microbiota in the
ileum and cecum using 16S rRNA gene amplicon sequencing (7). However, broilers and
layers are different in their compositional dynamics of microbiota, mainly due to
differences in the length of life cycles, flock management protocols such as caged
housing, and sex of birds. With that said, few studies of the layer’s gut have been
published (14, 19–22), the majority of which explored the cecum of young layers aged
0 to 8 weeks under experimental conditions. The microbiota of young layers are likely
not reflective of what is found in older birds. For example, the microbiota of older layers
are constantly exposed to numerous stressors associated with management and phys-
iological changes as the birds mature and enter the laying period. Additionally, data are
not available for other gut segments such as the ileum, which harbors microbiota that
can predict production performance, as we demonstrated in broilers (7).

Unlike the gut microbiota, the respiratory microbiota of both broilers and layers are
understudied (7, 23–25). The respiratory microbiota of layers have been reported in
only two studies, which showed variable results, possibly due to the effects of inade-
quate sample sizes and sampling time points, differences in sampling sites and tech-
niques, layer breeds, and the use of management systems which are not widely applied
in commercial settings (23, 25). In broilers, a 16S rRNA-based microbiota analysis
revealed wide differences between tracheal and cecal microbiota in 42-day-old birds
(24). In a previous paper, we defined the broiler trachea microbiota and found rela-
tionships to microbiota in the gut (cecum and ileum) and environment (litter) over
several life cycles (7). While bacterial microbiota in the respiratory and gut ecosystems
differed substantially in composition and dynamics across age groups, remarkable
overlaps in taxonomic memberships were observed between these ecosystems (7).
Some of the overlapping taxa were associated with depressed weight gain and have
been consequently considered to be potential pathogens (7). Such comprehensive
comparisons of gut and respiratory microbiota are lacking for layer chickens.

The current study was performed to comprehensively define the baseline upper
respiratory tract (URT) and lower intestinal tract (LIT) bacterial microbiota in Hy-Line
W-36 layers maintained in commercial settings under a standard management protocol
(26). Potential interactions between URT and LIT microbiota were investigated through-
out the lifetime of these layers, focusing on taxonomic compositions, dynamics of core
bacteria as the chicken ages, and distribution and persistence of genera with known
avian pathogens.

RESULTS
Flock performance. During acclimation at the first 2 weeks of the rearing period,

flock mortality was higher than the average expectation for Hy-Line W-36 chickens (Fig.
1A). Thereafter, the rate of cumulative mortality was slightly lower than expected for
the rest of the rearing period and during the laying period (Fig. 1A). Flock performance
was also monitored in terms of weekly rate of lay and average egg case weight, and no
major differences were observed between data generated in this study and the
expected performance based on Hy-Line W-36 genetic potential (Fig. 1B). In addition,
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the average body weights of sampled birds were similar to the expected values
throughout the study (Fig. 1A).

URT and LIT microbial communities are distinct, yet URT and ileum communi-
ties have some compositional similarities. The compositions of URT (trachea and
nasal cavity) and LIT (cecum and ileum) bacterial communities were explored through
principal-coordinate (PCO) plots constructed using UniFrac distance metrics. As seen
through three main planes of the microbial community space, the samples tended to
cluster by the body site they were derived from (Fig. 2; see also Fig. S1 in the
supplemental material). The analysis of similarity (ANOSIM) statistical test was per-
formed using weighted UniFrac distance metrics to determine the extent of ecological
differences observed on PCO plots. ANOSIM generates R values, which show the levels
of variation between the communities being compared, with values closer to zero
indicating no variation between communities and those close to �1 indicating high
variation (27). Not surprisingly, and in accordance with the PCO plots (Fig. 2 and S1),
microbiota from each body site were found to be compositionally distinct from those
found in other body sites (ANOSIM, P � 0.001, R � 0.696). Variation was highest be-
tween cecum and nasal cavity (R � 0.877) and lowest between ileum and trachea
(R � 0.400). Nevertheless, communities were less variable between respiratory sites
(trachea versus nasal cavity, R � 0.522) than between gut sites (cecum versus ileum,
R � 0.730). Furthermore, the community in the ileum was compositionally closer to URT

FIG 1 Comparison of observed flock mortality and egg production with the expected performance based on the
genetic potential of Hy-Line W-36 layers. (A) Cumulative flock mortality and average body weights (of sampled
birds) during the rearing and laying periods. (B) Weekly rate of egg lay and egg case weights.
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communities (R � 0.400 for ileum versus trachea and R � 0.669 for ileum versus nasal
cavity) than to the cecal community (R � 0.730 for ileum versus cecum).

Bacterial community compositions are affected by age. Patterns of bacterial
community composition in each body site were examined by performing beta diversity
analyses using bird age as the exploratory variable. Body site-specific PCO plots
demonstrated that bird age had a tremendous influence on bacterial beta diversity (Fig.
3 and S2). Statistical comparisons using ANOSIM revealed that the effects of age were

FIG 2 Relationship between bacterial communities sampled from respiratory and gut sites. Principal coordinate (PCO) plots show sample distribution in
microbial community space. Plots were drawn using an unweighted UniFrac distance matrix generated between samples with OTU communities rarefied to
a depth of 5,000 sequences per sample. The percent variances explained by each principal coordinate are shown inside the plots. Nasal, nasal cavity.

FIG 3 Shifts of bacterial community structure with age. (A to D) Principal coordinate (PCO) plots. All four plots were drawn from the same
unweighted UniFrac distance matrix. Nasal, nasal cavity.
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more prominent in the cecum (P � 0.0001, R � 0.834) and nasal cavity (P � 0.001,
R � 0.580) and less prominent in ileum (P � 0.001, R � 0.363) and trachea (P � 0.001,
R � 0.348). The tracheal community composition shifted very gradually as the chicken
aged, without clear separation between brooding (0 to 5 weeks), growing (6 to
16 weeks), and laying (17 weeks onward) stages of the farm sequence (Fig. 3A and S2A).
Nasal and ileal communities shifted gradually during the brooding and grow-out stages
but more drastically after the birds transitioned to the laying stage (16 to 25 weeks) (Fig.
3B and C and S2B and C). Age had a dramatic effect on the cecal communities, in which
samples formed three distinct clusters. The cecal community shifted drastically after the
first week of life (1 to 3 weeks) and after transitioning to the laying stage (16 to
25 weeks) (Fig. 3D and S2D).

URT and LIT possess a putative core microbiota. A total of 8,369 operational
taxonomic units (OTUs) were clustered at 97% identity with the Uclust algorithm
implemented in QIIME (28). Using the SILVA database (release 132 for QIIME), these
OTUs were classified to all seven levels where possible. Since 16S rRNA gene-based
classification below the genus level is generally considered not reliable, all OTUs
referred to by species are named as approximations only. A Venn diagram was
constructed to reveal bacterial OTUs that were unique or shared (core) between
different body sites. Of 8,369 OTUs, 66.6% (5,573/8,369) were not present in more than
one anatomical site (Fig. 4). These unique OTUs were distributed as follows: 86.6%
(4,828/5,573) in cecum, 10.9% (609/5,573) in the nasal cavity, 1.8% (103/5,573) in the
trachea, and 0.06% (33/5,573) in the ileum. The remaining OTUs (2,796) formed a
putative core that was shared variably between sets of body sites. Of the 2,796 shared
OTUs, 343 (12.2%) were uniquely shared between the URT sites (trachea versus nasal
cavity), with the top 6 most abundant OTUs representing 3 orders (Burkholderiales,
Enterobacterales, and Actinomycetales). The LIT had 387 OTUs (�13.8%) that were
uniquely shared between cecum and ileum, with the top 6 most abundant OTUs being
derived from 6 orders (Spirochaetales, Deferribacterales, Bacteroidales, Clostridiales, Elusi-
microbiales, and Desulfovibrionales). Nonetheless, the majority of the shared OTUs
(28.9%) were present in all body sites and were dominated by members belonging to
3 orders (Lactobacillales, Clostridiales, and Enterobacterales) (Fig. 4; see also Data Set S1).

Dynamics of core OTUs across age groups vary depending on the body site.
Core microbiota in a body site were defined as those bacteria that occurred in �75%
of the birds sampled from a given age group and had a mean relative abundance of
�3.5% in at least one age group during the study timeline. These parameters are within
the range of values used to validly define core in other studies (29) and further reduce
the core to a manageable few prevalent OTUs. As such, in most body sites, the core
microbiota occupied a majority of the total available niche space. The core microbiota
observed during the first week of life consistently occupied more than 50% of the total
niche space in the ileum, nasal cavity, and trachea but barely surpassed 30% of the
space in the cecum (Fig. 5 and 6). After the initial colonization of the core in the cecum,
the relative abundance of those bacteria dropped off substantially and continued to
decline gradually with age while still maintaining a substantial presence. In contrast,
the initial colonizers of the ileum, nasal cavity, and trachea maintained a substantial
presence for the duration of the brood and grow-out periods, but many noticeably
declined during the laying period (25 weeks and older) (Fig. 5 and 6).

OTUs representing three species of Lactobacillus (L. reuteri, L. gasseri, and L. crispatus)
were initial colonizers commonly found in URT and LIT cores for the entire duration of
the study. No other core OTUs were shared between the LIT sites. Ruminococcus and
Faecalitalea were common to the cores of the nasal cavity and cecum during the
rearing (brood and grow-out) and layer stages, respectively (Fig. 5A and 6B). Lactoba-
cillus vaginalis, Lactobacillus salivarius, and Enterococcus were shared between the cores
of the URT (Fig. 5A and B).

Except for Faecalitalea in nasal cavity and cecum, no other overlap of late-emerging
core OTUs was observed between the body sites. The late colonizers (OTUs that
became core after the first week of life) were distributed as follows: Deinococcus,
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Olsenella, Microbacteriaceae, Faecalitalea, Thermomicrobiales, and Bacteroides caecigal-
linarum in nasal cavity; Rothia, Avibacterium, Gallibacterium, and Mycoplasma in trachea;
Lactobacillus aviarius, “Candidatus Arthromitus,” and Fusobacterium in ileum; and Ru-
minococcaceae, Christensenellaceae, Butyricicoccus, Subdoligranulum, Tyzzerella, Lachno-
spiraceae, Parabacteroides, Megamonas, and Faecalitalea in cecum. The dynamics and
relative abundances of the emerging late core OTUs differed depending on the body
site. However, the general trend was a decline of the total abundance of the initial core
over time, but the total abundance was restored by the newly emerging core OTUs (Fig.
5 and 6). Interestingly, three genera with potential to cause disease in chickens
(Avibacterium, Gallibacterium, and Mycoplasma) were identified as late core OTUs in
trachea. Especially interesting is Mycoplasma, which emerged in the middle of the
laying stage and persisted in a high relative abundance until the end of study timeline
(Fig. 5 and 6).

Ecological relationships between body sites were also visualized further through a
heat map of all core OTUs. The OTU phylotypes clustered as expected based on known
genetic relationships between the represented bacteria. However, major ecological
relationships were revealed by the hierarchical clustering of the samples in that the
respiratory sites were more related to each other than to either of the gut sites. Yet, the
cecum was compositionally distinct from the other three body sites. Subtle ecological

FIG 4 Venn diagram depicting the number of OTUs that were shared between body sites or unique to a given body site. The OTUs listed are the top 6 most
abundant OTUs in that group; full lists of OTUs are provided in Data Set S1 in the supplemental material. The taxonomy given is of the lowest level assigned
by SILVA database. Nasal, nasal cavity.
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relationships were observed in each body site with regard to the three stages of the
layer farm sequence, but the samples smoothly grouped according to consecutive age
groups (see Fig. S3).

Lactobacillus was ubiquitously present in all body sites, but it occupied signif-
icant proportions of the niche spaces in the ileum, nasal cavity, and trachea. As
mentioned previously, the genus Lactobacillus was commonly found in all body sites
sampled in this study. Of those OTUs classified to species level by the SILVA database,
five species appear to maintain an identifiable presence in each of the sites: L. crispatus,
L. gasseri, L. reuteri, L. salivarius, and L. vaginalis. Of these, L. salivarius emerged to
prominence after the initial colonization (week 3) and was common in the gut sites
until week 25 and common in the respiratory sites through week 51 (although at a
reduced abundance after week 16) (Fig. 7). Lactobacillus (otu1647) was also included for
comparison, given its prominent presence in the ileal core. This OTU was identified by

FIG 5 Dynamics of core respiratory microbiota across age groups. OTUs were identified as core based on �75% occurrence in chickens sampled within a given
age, 100% occurrence across all subsequent ages, and at least 3.5% relative abundance in one of the ages. 1W¡51W, etc. within the chart indicates the time
point at which an OTU emerged as core and its persistence over time. Note that some OTUs emerged earlier and persisted below core abundance levels but
became core at the indicated time points. Nasal, nasal cavity.
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the NCBI 16S rRNA sequence database as Lactobacillus aviarius (Fig. 7), which we
previously found to exist at high levels in broiler ileum (7).

Many of the other OTUs identified to the species level were shared among the body
sites but at a very low relative abundance. Lactobacillus mucosae was one such species,
which had OTUs shared among the four body sites, but its distribution among the sites
was sporadic. It was prominent only in the respiratory system at weeks 12, 25, and 36.
Another species was Lactobacillus pontis, which was more commonly distributed in the
nasal cavity than in other sites. Lactobacillus sakei and Lactobacillus fermentum were
composed of one OTU each, and both were found ubiquitously (Fig. 7).

The presence of lactobacilli in the cecum was suppressed after the initial coloniza-
tion during the first week of life from approximately 25% to below 10% for the
remainder of study timeline. In contrast, lactobacilli variably occupied significant pro-
portions of the niche spaces in the ileum, nasal cavity, and trachea. In the ileum and
nasal cavity, these bacteria variably occupied 30% to 80% and 20% to 40% of the total
niche space, respectively, until week 36, when their levels dropped. In the trachea,

FIG 6 Dynamics of core gut microbiota across age groups. OTUs were identified as core based on �75% occurrence in chickens sampled within a given age,
100% occurrence across all subsequent ages, and at least 3.5% relative abundance in one of the ages. 1W¡51W, etc. within the chart indicates the time point
at which an OTU emerged as core and its persistence over time. Note that some OTUs emerged earlier and persisted below core abundance levels but became
core at the indicated time points.
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lactobacilli consistently occupied approximately 20% of total niche space except at 3,
12, 16, and 25 weeks, where their levels jumped to approximately 60% (Fig. 7).

Genera with known poultry pathogens were shared between URT and LIT
ecosystems. Bacteria associated with several poultry diseases belong to several genera,
including, but not limited to, Clostridium (30), Staphylococcus, Streptococcus, Enterococ-
cus (31), Avibacterium, Haemophilus, Gallibacterium, Ornithobacterium (32, 33), Myco-
plasma (34), and Escherichia-Shigella (35). Figure 8 and S4 illustrate that OTUs belonging
to these genera were shared between the URT and LIT sites and display their dynamics
across age groups. The 28 OTUs shared among the four sites were subsumed in seven
genera: Clostridium, Enterococcus, Escherichia-Shigella, Gallibacterium, Ornithobacterium,
Staphylococcus, and Streptococcus. They accounted for large proportions of the niche
spaces available in those sites (up to 11% in cecum, 35% in nasal cavity, 12% in ileum,
and 25% in trachea). In the cecum and nasal cavity, the initial proportions of these OTUs
were high but declined with age. However, their proportions in the ileum and trachea
were much more variable throughout life. Escherichia-Shigella OTUs dominated in the
cecum, while Staphylococcus OTUs were dominant in the nasal cavity. In the ileum, the
dominant OTUs were split between Clostridium, Enterococcus, Escherichia-Shigella, and
Streptococcus at various points of life. In the trachea, the relative abundances of
Enterococcus, Escherichia-Shigella, Streptococcus, Ornithobacterium, and Gallibacterium
moved to prominence during different points in life (Fig. 8).

Other OTUs were variously shared among the body sites in different combinations.
Examples include some Ornithobacterium OTUs that were either unique to nasal cavity,
shared between nasal cavity and trachea, or shared among all four sites. Clostridium
OTUs were common in LIT sites and nasal cavity but not shared between the LIT and

FIG 7 Ecology of Lactobacillus in URT and LIT sites. Bar charts show changes in relative abundances of
genus-level bacterial taxa (vertical axis) with chicken layer age (horizontal axis). 01W, 03W, etc. indicate
ages of birds in weeks. Nasal, nasal cavity.
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the trachea unless they were shared between all four sites. One Mycoplasma OTU
identified as Mycoplasma gallisepticum by blasting the NCBI 16S database was shared
between nasal cavity and trachea but was most common in the trachea at 12 weeks.
The other Mycoplasma OTU (identified as M. synoviae by the NCBI 16S database) was
shared between the nasal cavity and trachea in weeks 36 and 51 but was also present
in the cecum at week 16. Enterococcus OTUs were shared variably between gut and
respiratory sites. Streptococcus OTUs were shared variably between the ileum and
respiratory sites, whereas only OTUs shared among all four sites were ever found in the
cecum. Staphylococcus OTUs were found and shared between the respiratory sites
except those that were shared among the four sites. Some Escherichia-Shigella OTUs

FIG 8 Age- and farm stage-related changes in the compositions of ten genera with known pathogens of poultry. Bar charts show changes in relative
abundances of genus-level bacterial taxa (vertical axis) with chicken layer age (horizontal axis). 01W, 03W, etc. indicate ages of birds in weeks. The missing bar
charts are shown in Fig. S4 in the supplemental material. Nasal, nasal cavity.
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were shared uniquely between the cecum and URT sites, while others were present in
all four sites. For Avibacterium-Haemophilus OTUs to be found in LIT sites, they had to
be present in the nasal cavity or trachea (Fig. 8).

Four bacterial poultry pathogens were reliably identified to the species level using
additional methods. The presence of Mycoplasma synoviae was confirmed by searching
the NCBI 16S rRNA database (confirmed at 100% identity) and serological evidence of
IgG antibodies (see Fig. S5). The other 3 pathogens were confirmed through species-
specific PCR and Sanger sequencing of the 16S rRNA gene and cpa5 gene fragments for
Ornithobacterium rhinotracheale and Clostridium perfringens, respectively (36, 37) and
iroN, hylF, ompT, iss, and iutA genes for avian pathogenic Escherichia coli (38). In addition
to bacterial pathogens, antibody evidence indicated that the flock was exposed to
avian reovirus (Fig. S5). Although the pathogenicity of the reovirus indicated by these
antibodies was not determined, reoviruses of unknown pathogenicity are detected in
almost all commercial poultry farms (39, 40).

DISCUSSION

The bacterial microbiota of the chicken gut has been studied extensively, mainly
because of its association with weight gain in broilers (7, 8, 10, 41, 42) and egg
production in layers (2–4, 43). However, chicken respiratory bacterial microbiota studies
are scarce (7, 23–25), and chicken layers have been reported in only two studies (23, 25).
The two studies on layers have provided much-needed data on respiratory microbiota,
but they were limited in terms of sample sizes, sampling time points, and use of
management systems that are not widely applied in commercial settings (23, 25). In the
present study, we report the dynamics of the URT microbiota of healthy layers raised
in commercial farm settings according to a standard management protocol (26).
Furthermore, a side-by-side comparison of the URT and LIT microbiota demonstrates
that the developing URT and LIT microbiota are distinct, yet they have an overlapping
core that changes over time. This strongly indicates the existence of microbiota
interactions between the gut and respiratory systems, possibly through aerosolization
of fecal bacteria. Remarkably, microbiota in the ileum and URT were compositionally
more related to each other than to that in the cecum, suggesting the existence of some
environmental similarities between ileum and respiratory ecosystems, despite anatom-
ical and physiological differences.

The body site and bird’s age play prominent roles in the development of bacterial
microbiota in different breeds of layer and broiler chickens (7, 19, 23). It is therefore not
surprising that a substantial amount of variation in microbially diverse populations
across samples was attributable to body site and bird’s age (Fig. 2 and 3; see also Fig.
S1 and S2 in the supplemental material). Interestingly, the layer stage separated
noticeably from the previous stages in all four sites, more so in cecum than in other
body sites (Fig. 3 and S2). Factors associated with flock transfer to the laying house at
16 weeks of age and nutritional change from developer to layer diets (26) are deemed
likely to have contributed to the remarkable shift in bacterial beta diversity observed in
the laying stage. The rapid community change could also be due to BMD50 (bacitracin
methylene disalicylate) antibiotic supplementation during the first 4 weeks of the
laying stage (17 to 22 weeks of age) to prevent necrotic enteritis caused or complicated
by Gram-positive bacteria such as Clostridium spp. (see Fig. S6). It is unclear which of the
three factors (new environment, nutritional change, or antibiotic treatment) had the
greatest systemic effect on core composition. Nonetheless, pairwise comparison of
bacterial community variation between different body sites indicated that, while URT
communities were distantly related to the cecal community, they were relatively close
to the ileal community. Interestingly, the least variation was observed between trachea
and ileal communities (ANOSIM, R � 0.4) despite the anatomical disparities between
these body sites. The ileum thus appears to have played a pivotal role in the devel-
opment of microbiota communities in both URT and LIT ecosystems and could be a
target for microbiota-based performance enhancement intervention strategies to mod-
ulate microbiota in both URT and LIT.
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A side-by-side comparison between OTUs inhabiting the URT and LIT ecosystems
has allowed the core microbiota to be defined based on their overlaps between body
sites, emergence and persistence as the chicken aged and passed through the farm
sequence stages, relative abundance in individual birds, and distribution between birds.
Using this definition, we have illuminated previously unappreciated striking similarities
between URT and ileal cores with regard to the amount of the ecological niche they
occupied (�50% at all stages) and persistence over the layer’s lifetime (Fig. 5 and 6A).
The URT and ileal core bacteria acquired during the first week of age were present at
high levels (�20%) during the rearing period (brood and grow-out stages) and per-
sisted at detectable levels during the laying stage (Fig. 5 and 6A). The effects of the
initial colonizers on the production performance of layers could not be inferred from
this study. However, several broiler studies have shown that bacteria acquired imme-
diately after hatch are crucial for optimal performance (21, 44–47). Such studies are yet
to be performed in layer breeds, although the modulation of gut microbiota with direct
fed microbials (probiotics) in older birds (7 to 59 weeks) was associated with improved
egg quality and laying performance (2–5).

Host-related factors such as age, sex, and breed as well as environmental factors
such as biosecurity level, housing, litter, feed access, and climate are implicated in the
establishment of chicken microbiota after hatching (19). Therefore, the core microbiota
reported here for Hy-Line W-36 layers may not generally apply to other layer breeds or
management settings. Glendinning et al. (23) have recently reported the URT micro-
biota of Novogen Brown layers sampled at 2 days, 3 weeks, and 30 months of age in the
United Kingdom. Nasal and buccal bacterial communities commonly contained high
levels of Staphylococcus, Enterobacteriaceae, unclassified Lactobacillus, and Lactobacillus
reuteri (23). Other dominant URT microbiota included Faecalibacterium prausnitzii and
Staphylococcus equorum in the nasal cavity, and L. vaginalis and L. salivarius in the
buccal cavity (23). A somewhat similar set of taxa were observed in the Hy-Line W-36
layer URT cores (Fig. 5), with the exception of Enterobacteriaceae and Faecalibacterium,
which existed at levels below the core microbiota threshold defined in this study.
However, high levels of previously unreported taxa such as Deinococcus and Burkhold-
eriaceae were present in the Hy-Line W-36 URT cores (Fig. 5), which may reflect the
effects of layer breed, flock management, or sampling techniques between the two
studies. The subtle variations between the study on Novogen Brown layers and the data
presented here underscore the need to provide comprehensive metadata, including
management practice, sampling, and analysis techniques to enable reasonable evalu-
ation of the effects of core bacterial taxa on the performance of different layer breeds.

The cecal microbiota characterized in different breeds of layers under different
management conditions are similar at higher levels of taxonomic classification (family,
order, and phylum) (19–22). The high-resolution core cecal microbiota data presented
here forms an excellent basis for comparison with future studies, especially for Hy-Line
W-36 layers. Our efforts to find ileal microbiota reports on chicken layers were not
successful, which led us to believe that these microbiota had not been characterized
before the present study was conducted. The ileum core occupied a larger ecological
niche space (�50% at all stages) than the cecum core (�10% to 35%). However, the
ileal core had comparatively fewer members (Fig. 6). We speculate that the ileal core is
better at competitive exclusion of other bacteria, including potential pathogens, than
the cecal core. In addition, the presence of three species of Lactobacillus (L. reuteri, L.
gasseri, and L. crispatus) in the cores of all four sites studied emphasizes the importance
of taking a more holistic approach in studying poultry microbiota.

A notable result from this study was that the ecologies of Lactobacillus were more
similar between ileum and the URT than between cecum and other body sites. The
effects of Lactobacillus and other microbiota could not be deduced, because body
weights were very even between birds of the same age and eggs laid by individual
birds were not tracked due to the placement of multiple birds in each cage. With that
said, we and others have previously found consistent negative correlations between
genus Lactobacillus abundance and Cobb 500 broiler performance (7, 48). In Dekalb XL
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single comb white leghorn layers, directly fed Lactobacillus (unspecified species) was
reported to improve the feed conversion of growing birds (7 to 19 weeks old) and,
paradoxically, worsen the feed conversion of laying birds (20 to 59 weeks old) (2).
Further investigation is needed to determine whether these negative associations are
causal or coincidental. Nonetheless, performance-enhancing benefits of several Lacto-
bacillus species have been demonstrated in chickens (49–52). Notably, species such as
L. crispatus and L. salivarius, which had concordant temporal dynamics and abundance
in the URT and ileum (Fig. 5 and 6), can competitively exclude the colonization of some
intestinal pathogens (51, 53, 54).

Interactions between URT and LIT microbiota were evident because of the several
overlapping bacterial taxa observed at core or subcore levels. Such interactions can
promote the enrichment and transfer of pathogenic bacteria between the URT and LIT
as indicated by the cooccurrence of several putative pathogenic genera in these body
sites. For examples, among the potential pathogens commonly found in URT and LIT
ecosystems, Avibacterium, Ornithobacterium, and Mycoplasma were dominant in URT,
and Staphylococcus was dominant in the nasal cavity, while Clostridium and Escherichia-
Shigella were mainly found in the gut. M. synoviae, O. rhinotracheale, Clostridium
perfringens, and avian pathogenic E. coli were identified to species thorough Sanger
sequencing of non-16S marker genes and/or serologically. In addition, Campylobacter
coli, a known human pathogen (55), was identified from cecal samples by sequencing
a fragment of the ceuE gene (56). It was not possible to determine which OTUs
corresponded with these pathogens, because numerous OTUs identified to the same
genus by the SILVA database were often present in the same samples and those
present rarely found matches of �99% identity within the NCBI 16S database. The
persistence of bacterial pathogens at subclinical levels is common in commercial
chicken flocks (7, 15, 24, 57); this deserves further study, since these pathogens have the
potential to exacerbate the effects of superinfecting transkingdom pathogens such as
respiratory and enteric viruses (58–60). Furthermore, nonbacterial domains (archaea,
protists, fungi, and viruses) should be considered if the roles of microbiota in chicken
health and performance were to be fully understood.

This study reveals the comparative dynamics of URT and LIT microbiota of chicken
layers during the rearing (brooding and grow-out) and laying phases in commercial
farm settings. Comprehensive metadata were collected throughout the study to check
the immune status, clinical health, and production performance of the birds. Still, several
inherent limitations of uncontrolled field conditions made it impossible to make meaning-
ful correlations between production performance and antibody titers induced by vaccina-
tion or reovirus infection. Likewise, the effects of live vaccines on microbiota were con-
founded by overlapping vaccination timelines and could not be elucidated in this study.
However, under experimental conditions, live vaccines have been associated with signifi-
cant changes in microbiota compositions (61, 62). Such changes may have long-term
effects on immunity to unrelated pathogens and production performance (6, 63). Under-
standing how live vaccines affect microbiota, egg production, and susceptibility to non-
target pathogens will be an important step toward improving management practices and
maximizing productivity. Other limitations that need to be addressed in future studies
include, but are not limited to, a side-by-side comparison of breeds and management
systems as well as sampling across different seasons and flock cycles (7, 18).

Conclusion. The baseline microbiota of chicken layers across all stages of the
commercial farm sequence was until now largely undefined, and the relationships
between respiratory and gut microbiota are unknown. The high-resolution data gen-
erated in this study can be used as a baseline for comparison with other breeds of
layers. It has demonstrated that overlap, and possibly interaction, between gut and
respiratory microbiota, including pathogens, is common in all stages of the commercial
farm sequence. Therefore, these data can be used as a starting point for the develop-
ment of effective microbiota-based interventions to enhance production performance
and to prevent and control disease in commercial chicken layers.
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MATERIALS AND METHODS
Experimental design. A flock of �80,000 Hy-Line W-36 commercial layers was prospectively

sampled for 1 year (November 2015 to November 2016) during the brood (�5 weeks or younger),
grow-out (6 to 16 weeks), and laying (�17 weeks) stages of the commercial farm sequence. A total of 181
birds were sampled at 9 time points as follows: 20 birds at 1, 3, 8, and 51 weeks of age (WOA), 21 birds
at 5 WOA, 16 birds at 12, 16, and 25 WOA, and 32 birds at 36 WOA. A detailed sampling timeline is shown
in Fig. S6 in the supplemental material. The birds were transported from the commercial farm to a necropsy
facility at the Ohio Agricultural Research and Development Center (OARDC) for euthanasia and tissue
collection (within 3 h of sampling). Relevant flock metadata, including vaccination history, antibiotic treat-
ment, nutritional changes, body weights, livability, and egg production, were collected to support interpre-
tation of the data reported herein and to support future meta-analysis of similarly conducted studies. Flock
management, including bird placement in cages, performance monitoring, vaccination, and nutritional
changes at different stages/phases of the farm sequence, were followed generally as described in the Hy-Line
W-36 commercial chicken management guide (26). The flock was vaccinated against Newcastle disease virus
(NDV), infectious bronchitis virus (IBV), infectious bursal disease virus (IBDV), avian encephalomyelitis virus
(AEV), fowl pox, and Mycoplasma gallisepticum as recommended in the management guide (Fig. S5) (26). In
addition to the recommended vaccines, the flock was vaccinated against infectious laryngotracheitis virus and
Salmonella enterica serovar Typhimurium (Fig. S5).

Euthanasia and tissue collection. At each sampling age, blood was taken from live birds via the
brachial wing vein before euthanasia to measure serum antibody responses against selected vaccines
and to gather antibody evidence of exposure to Mycoplasma synoviae and reovirus of unknown
pathogenicity that is ubiquitously present in commercial farms (Fig. S5) (2, 3). The birds were humanely
euthanized in accordance with protocol number 2015A00000056-R1 approved by The Ohio State
University Institutional Animal Care and Use Committee (IACUC). This protocol complies with the U.S.
Animal Welfare Act, Guide for Care and Use of Laboratory Animals, and Public Health Service Policy on
Humane Care and Use of Laboratory Animals. The Ohio State University is accredited by the Association
for the Assessment and Accreditation of Laboratory Animal Care International (AAALAC). In brief, the
animals were exposed to carbon dioxide (CO2) in a euthanasia chamber (1 to 3 birds). The CO2 flow was
maintained at 10% to 30% displacement of chamber volume/minute until euthanasia was complete.
Euthanasia was confirmed by the absence of breathing and lack of a heartbeat. After euthanasia, bird
weight and tissue samples were collected.

Sample processing and sequencing. Tracheas were aseptically excised in a biosafety cabinet and
washed by flushing through 2 to 5 ml of sterile phosphate-buffered saline (PBS) several times using a
pipette. Afterwards, the outer nares were thoroughly wiped with a cotton ball saturated with 100%
ethanol. Approximately 100 to 500 �l of sterile PBS was drawn with a pipette. The PBS was flushed and
retrieved through the nares (above the fold at the opening of the nostril); this process was repeated
several times for both nares. On average, approximatyely 0.5 to 2 ml of nasal wash was collected from
each bird depending on the sampling age. The samples were kept on ice until further processing.
Bacteria in trachea and nasal washes were pelleted by centrifugation (10,000 � g) at 4°C for 10 min. The
supernatants were discarded, and the bacterial pellets were resuspended in 200 �l of PBS and stored at
�80°C until use for DNA extraction. DNA was extracted from the bacterial pellets using Qiagen DNeasy
Blood and Tissue kit (Qiagen Sciences Inc., Germantown, MD) according to the manufacturer’s protocol
except that the volume of buffers AW1 and AW2 was increased from 500 �l to 730 �l.

Full ileum (from the ileocecal junction to the Meckel’s diverticulum) and cecum (both pouches) were
excised, placed in sterile tubes, and snap-frozen in liquid nitrogen. They were then stored in a �80°C
freezer until the time of homogenization. Frozen ilea and ceca (including tissues and digesta) were
homogenized by grinding with a mortar and pestle to achieve a powdery consistence. Homogenization
was performed in a biosafety cabinet, and liquid nitrogen was used to keep the samples frozen while
being homogenized. Portions of the tissue homogenates (0.3 g) were placed inside sterile 2.0-ml
screw-cap tubes for DNA extraction. DNA was extracted from the tissue homogenates using a DNeasy
PowerSoil kit (Qiagen Sciences Inc., Germantown, MD) according to the manufacturer’s protocol with a
few modifications in vortexing and centrifugation times in some steps as follows: step 4, vortex for
20 min; step 5, centrifuge for 2 min; steps 8 and 11, centrifuge for 2 min.

DNA was quantified using a NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific, Waltham,
MA). The DNA samples (containing 1 to 100 ng/�l; volume, 20 �l/sample) were sequenced at the
University of Minnesota Genomics Center (Minneapolis, MN). Amplification of the 16S rRNA gene was
performed using KAPA HiFidelity Hot Start polymerase (Kapa Biosystems, Inc., Wilmington, MA) for two
rounds of PCR. For the first round, the 515F (5=-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGCCA
GCMGCCGCGGTAA-3=) and 806R (5=-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGACTACHVGGGT
WTCTAAT-3=) Nextera primers (64) (Integrated DNA Technologies, Coralville, IA) were used to amplify the
V4 hypervariable region using the following cycling parameters: one cycle of 95°C for 5 min, followed by
25 cycles of 98°C for 20 s, 55°C for 15 s, and 72°C for 1 min. The products were then diluted 1:100, and
5 �l was used in a second round of PCR using forward (5=-AATGATACGGCGACCACCGAGATCTACAC[i5]
TCGTCGGCAGCGTC-3=) and reverse (5=-CAAGCAGAAGACGGCATACGAGAT[i7]GTCTCGTGGGCTCGG-3=) in-
dexing primers (Integrated DNA Technologies). The second PCR used the following cycling parameters:
1 cycle at 95°C for 5 min, followed by 10 cycles of 98°C for 20 s, 55°C for 15 s, and 72°C for 1 min. Pooled
size-selected samples were denatured with NaOH, diluted to 8 pM in Illumina’s HT1 buffer, spiked with
20% PhiX, and heat denatured at 96°C for 2 min immediately prior to loading. A MiSeq 600 (2 � 300 bp)
cycle v3 kit (Illumina, San Diego, CA) was used to sequence the samples. This protocol represents an
optimization of the Earth Microbiome Project protocol (65), reported elsewhere (66).
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High-throughput data processing. Sequence reads were sorted by barcode to generate fastq files
for each sample. Proximal and distal primers and adapters were trimmed from the reads using BBDuk,
and paired-end reads were merged using BBMerge, both from the BBTools (v35) suite of DNA/RNA
analysis software provided freely by the Joint Genome Institute (67). 16S rRNA amplicon primers were
removed using Cutadapt package (v1.4.2) (68). All sequences were joined in QIIME (v1.9.0) (28) to
generate a fasta file. Sequences of lengths less than 245 and greater than 260 bp were filtered using
Mothur (v1.35) (69). Chimeras were removed in Mothur using Uchime (v4.2.40) (70). Open reference OTU
picking was performed using Uclust in QIIME (v1.9.0), with the clustering radius set at 97% similarity. The
SILVA (release 132) reference database (71) was used for taxonomic classification. After filtering the
operational taxonomic units (OTUs) not classified as bacteria and those classified as Cyanobacteria (which
likely represented chloroplast DNA from plant material in feed) and the removal of OTUs with counts less
than 10 and rarefaction to 5,000 reads per sample in QIIME (v1.9.0), 8,369 OTUs were retained. All further
analyses were conducted in R (72) using the packages GUniFrac (73), biomformat (74), dplyr (75), vegan
(76), pairwiseAdonis (77), ape (78), dendextend (79), phytools (80), VennDiagram (81), and ggplot2 (82).

DNA sequence analysis. Alpha and beta diversity were assessed in R using the vegan package. An
unweighted UniFrac distance matrix was generated for analyses of beta diversity, including PCO analysis.
Statistical comparisons of Shannon’s diversity index, species richness, evenness, and dissimilarity disper-
sion per age group were conducted using a pairwise Wilcoxon rank sum test with Bonferroni’s correction.
Multivariate analysis of variance for comparisons between groups was performed using permutational
multivariate analysis of variance (PERMANOVA) in R package pairwiseAdonis. ANOSIM comparisons were
performed in QIIME. The selection of core microbiota was performed independently for each body site,
using a serial filtering scheme. The first filter pulled OTUs that were present in more than 75% of samples
within an age group. The second filter chose OTUs that were common among the filtered lists of all age
groups. The third filter chose only those OTUs that were present at a mean relative abundance of more
than 3.5% in at least one age group.

Data availability. Raw data files and metadata are publicly available in the NCBI BioSample database
under accession numbers SAMN10590833 through SAMN10591480 (https://www.ncbi.nlm.nih.gov/
Traces/study/?acc�PRJNA509940). Raw data files are also available through Sequence Read Archive
(SRA) (https://www.ncbi.nlm.nih.gov/sra/PRJNA509940). Pipe scripts for sequence processing and gen-
eration of OTU table are publicly available at https://github.com/kjmtaylor22/cwl-cats/blob/master/
CWL85_Suppl%20Text%20File%201_QiimePipeline.txt. R scripts are publicly available at https://github
.com/kjmtaylor22/cwl-cats.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AEM

.03137-18.
SUPPLEMENTAL FILE 1, PDF file, 4.4 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.1 MB.
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