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ABSTRACT Defining the baseline bacterial microbiome is critical to understanding its
relationship with health and disease. In broiler chickens, the core microbiome and its
possible relationships with health and disease have been difficult to define, due to high
variability between birds and flocks. Presented here are data from a large, comprehen-
sive microbiota-based study in commercial broilers. The primary goals of this study in-
cluded understanding what constitutes the core bacterial microbiota in the broiler gas-
trointestinal, respiratory, and barn environments; how these core players change across
age, geography, and time; and which bacterial taxa correlate with enhanced bird perfor-
mance in antibiotic-free flocks. Using 2,309 samples from 37 different commercial flocks
within a vertically integrated broiler system and metadata from these and an additional
512 flocks within that system, the baseline bacterial microbiota was defined using 16S
rRNA gene sequencing. The effects of age, sample type, flock, and successive flock cy-
cles were compared, and results indicate a consistent, predictable, age-dependent bacte-
rial microbiota, irrespective of flock. The tracheal bacterial microbiota of broilers was
comprehensively defined, and Lactobacillus was the dominant bacterial taxon in the tra-
chea. Numerous bacterial taxa were identified, which were strongly correlated with
broiler chicken performance across multiple tissues. While many positively correlated
taxa were identified, negatively associated potential pathogens were also identified in
the absence of clinical disease, indicating that subclinical dynamics occur that impact
performance. Overall, this work provides necessary baseline data for the development of
effective antibiotic alternatives, such as probiotics, for sustainable poultry production.

IMPORTANCE Multidrug-resistant bacterial pathogens are perhaps the greatest medical
challenge we will face in the 21st century and beyond. Antibiotics are necessary in ani-
mal production to treat disease. As such, animal production is a contributor to the prob-
lem of antibiotic resistance. Efforts are underway to reduce antibiotic use in animal pro-
duction. However, we are also challenged to feed the world’s increasing population, and
sustainable meat production is paramount to providing a safe and quality protein
source for human consumption. In the absence of antibiotics, alternative approaches are
needed to maintain health and prevent disease, and probiotics have great promise as
one such approach. This work paves the way for the development of alternative ap-
proaches to raising poultry by increasing our understandings of what defines the poul-
try microbiome and of how it can potentially be modulated to improve animal health
and performance.
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Microbiome science holds great promise for the future of biological therapeutics in
animal production, yet many challenges exist in the development of these

products. One of the primary challenges thus far has been defining the baseline
microbiome of the animal and how this baseline may be modulated. A number of
recent studies on the bacterial microbiota of broiler chickens have primarily focused on
poultry pathogens and their effects on the host. Not surprisingly, such infectious
microorganisms have been shown to exert a potentially negative impact on the broiler
microbiome (1–3). Beyond virulent pathogens themselves, vaccines against these
pathogens can also exert a detrimental effect on broiler microbiota (4). Feed additives
or changes in feed composition have also been shown to confer considerable effects on
the gastrointestinal microbiota of poultry and are associated with enhancements in
performance parameters (5–9). Furthermore, antibiotic supplementation has long been
known to confer beneficial effects on bird performance and health, but this practice
also has an impact on the avian microbiota and the emergence of drug-resistant
bacteria (10–13). This point has resulted in the reduction or elimination of antibiotic use
in commercial poultry worldwide. In the absence or reduction of antibiotic use, there
is a pressing need to more comprehensively understand the role of the broiler
microbiome in both positive and negative aspects of overall health. This includes
understanding its baseline succession and core microbial players. There has been some
focus on the successional changes in the broiler microbiome over time and how these
are impacted by intervention strategies (14–16). Correlations between broiler weight
and microbiota composition have been explored, but generally the scope of these
studies has been relatively small (17).

While the gastrointestinal broiler microbiome has been studied in detail, the respi-
ratory broiler microbiota has only been characterized in small studies conducted in
Pakistan (n � 14) (18, 19) and the United Kingdom (n � 15) (20). Also, most studies thus
far have focused on either the cecum or ileum in the gastrointestinal tract, but not on
both (21). Similarly, the litter environment has been fairly well studied, but fewer
studies have included comparisons to tissues from the bird itself (22, 23). In this study,
we sought to take a more holistic approach to defining the associations between the
poultry bacterial microbiota and performance, using multiple sample types from both
the bird and its environment across ages, from multiple concurrent and successive
flocks, and within a vertically integrated and antibiotic-free broiler system.

RESULTS

Flocks from four commercial barns on different farms within the same vertically inte-
grated broiler chicken company were followed longitudinally and concurrently in this study
(Fig. 1). Each barn housed three successive flocks, resulting in 12 flocks that were followed
weekly from days 0 to 42 of age. From these flocks, sampling was performed to collect
cecum, ileum, trachea, cloacal swabs, and litter from the barn environment. Additionally,
cross-sectional sampling of 25 flocks of different ages was performed at a single time point
to gain representation of additional flocks. From 2,309 total samples processed and
sequenced using the 16S rRNA gene’s V4 hypervariable region, 2,159 samples were
retained following removal of samples due to low sequencing output. After filtering of
operational taxonomic units (OTUs) not classified as bacteria and those classified as
Cyanobacteria (which likely represented chloroplast DNA from plant material in feed),
removal of OTUs with counts less than 10 and rarefaction to 5,000 reads per sample, 5,937
OTUs were retained for downstream analyses.

Sample type exerts the greatest effect on the bacterial microbiota. Sample type
(cecum, ileum, litter, or trachea) exerted the most significant effect on the bacterial
microbiota in this study (Table 1; P � 0.001 and R � 0.636). When examining sample
type using principal-coordinate analysis (PCoA) with unweighted UniFrac metrics,
trachea/litter samples separated from ileum/cecum samples on principal coordinates
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PCoA1 and PCoA2 (Fig. 2). In analysis of coordinate PCoA1 versus coordinate PCoA3,
ileum and cecum samples separated (Fig. 2). Litter and trachea samples somewhat
resembled one another but were clearly distinct from gut samples. Also, cloacal swab
samples somewhat resembled ileum samples, but were distinct from cecum samples.

Predictable core bacterial microbiota exist within each sample type and are
mainly driven by bird age and temporal effects. All sample types examined (ileum,
cecum, trachea, and litter) exhibited clear and significant shifts in microbiota profile by
age (P � 0.05 using analysis of similarity [ANOSIM]; Table 1). Similar patterns of
microbiota succession by age were observed in all flocks and flock cycles studied (see
Fig. S1 in the supplemental material). Inclusion of cecum and ileum samples from 150
birds from 25 additional flocks confirmed that patterns of age succession are highly
consistent and predictable across farms and time (see Fig. S2 in the supplemental

FIG 1 Sampling strategy. A total of 29 barns carrying 37 flocks were sampled, and each icon represents a
barn within a farm. A total of 12 flocks were sampled by following four barns longitudinally for three
grow-out cycles, and 10 birds per flock and per time point were sampled (left). A total of 25 random flocks
of different ages were sampled in a cross-sectional fashion using six birds per flock (right). Each flock
sampled came from a geographically distinct farm within a single vertically integrated broiler company.

TABLE 1 Comparative effects of flock, flock cycle, sample type, and age on the bacterial
microbiota

Variable
Age
(day no.)

Sample typea

Cecum Ileum Trachea Litterb

P R P R P R P R

Flock 7 �0.001 0.053 0.02 0.037 0.002 0.105
14 �0.001 0.066 0.175 0.013 �0.001 0.265
21 �0.001 0.134 0.19 0.011 �0.001 0.108
28 �0.001 0.095 0.05 0.027 �0.001 0.12
35 0.004 0.078 0.004 0.094 �0.001 0.124
42 �0.001 0.298 �0.001 0.118 0.004 0.057

Flock cycle 7 �0.001 0.493 �0.001 0.582 �0.001 0.625
14 �0.001 0.373 �0.001 0.635 �0.001 0.447
21 �0.001 0.39 �0.001 0.567 �0.001 0.431
28 �0.001 0.279 �0.001 0.443 �0.001 0.202
35 �0.001 0.446 �0.001 0.522 �0.001 0.299
42 �0.001 0.254 �0.001 0.429 �0.001 0.24

All ages �0.001 0.307 �0.001 0.086 �0.001 0.252 �0.001 0.488
aFor all sample types together, P � 0.001 and R � 0.636.
bNote that litter samples were excluded from flock and cycle analyses due to smaller sample sizes.
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material). A predictable core microbiota, which was defined as the OTUs present in at
least 90% of the samples for each age and sample type examined, was observed in all
sample types; this core microbiota was successive by age (Fig. 3). In general, all sample
types contained OTUs classified as Lactobacillus as a member of their core microbiota.
These included OTUs classified as Lactobacillus salivarius, Lactobacillus crispatus/aci-
dophilus/gallinarum (multiple species were included because the resolution of the 16S
V4 rRNA amplicon did not distinguish between these species), Lactobacillus johnsonii/
gasseri, Lactobacillus aviarius, and Lactobacillus reuteri. These taxa were core at most
time points in the ileum, litter, and tracheal samples, whereas they were not core to the
cecal samples until 28 days of age. Also, OTUs classified as L. johnsonii/gasseri and L.
aviarius were core only after 7 and 14 days of age, respectively, similar to patterns we
previously observed in the turkey ileum (24). Note that the absence of an OTU as core
does not indicate that it was absent from samples or disappeared at these time points;
it simply means that �90% of the samples for that time point did not possess the OTU.

In addition to lactobacilli, the core cecum microbiota also included OTUs classified
as Bacteroides, Dorea, Erysipelotrichaceae, Escherichia/Shigella, Faecalibacterium, Lachno-
spiraceae, Oscillospira, Rikenella, Ruminococcus, and Streptococcus at multiple ages. The
trachea included OTUs classified as Corynebacterium, Enterococcus, Ruminococcus,
Staphylococcus, Streptococcus, and Xanthomonas as core members at multiple ages. The
litter samples included numerous additional OTUs as core members (Fig. 3). Linear
discriminant analysis effect size (LefSe) analysis was performed on the top 50 OTUs to
identify taxa that distinguish each sample type (across all ages), and heat map analysis
of the top 500 OTUs supported these findings (see Fig. S3 and S4 in the supplemental
material). Additionally, this analysis showed that cloacal swab samples contained OTUs
classified as Enterococcus cecorum and unclassified Enterobacteriaceae. among others,
as distinguishing features, and that an OTU classified as division “Candidatus Arthro-
mitus” was a distinguishing feature of ileum samples.

Flock cycle effects outweighed individual flock effects. Samples were compared
by flock, representing four different flocks grown at the same time in different locations,
and by flock cycle, representing successive flocks grown in the same barn across time.
When comparing flocks, significant differences (P � 0.05 using ANOSIM; Table 1) were
observed between flocks at all bird ages in the cecum and ileum, and between all ages
except days 14 to 28 in the ileum. However, the strength of this effect was compara-
tively small (R values of 0.011 to 0.298), and distinct clustering by flocks was not evident
in PCoA plots of unweighted UniFrac values (see Fig. S5 in the supplemental material).
In contrast, the effect of flock cycle was much stronger, with all sample types and ages
differing significantly (P � 0.001) by flock cycle, with a strong (R values of 0.202 to
0.635) and visible effect in PCoA (Fig. 4). When comparing each sample type across

FIG 2 Principal-coordinate analysis of samples using unweighted UniFrac measures of beta diversity.
Samples are colored by sample type.
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individual flock cycles, all cycles displayed similar successional changes by bird age.
However, in the ileum samples, day 28 samples “fell out” of clustering in cycle 2, and
day 35 samples did so in cycle 3. These samples coincided with documented mortality
due to Escherichia coli infection during these time points within these flocks.

Broiler microbiota is highly correlated with bird performance. Correlations were
sought between bacterial taxa at the genus level and bird weight at the time of
sampling. This analysis only included flock cycles 1 and 2, due to sampling constraints,
but included all four different flocks from each flock cycle. In all tissues, significant

FIG 3 Core OTUs of the broiler microbiota. Classification of OTUs identified as core (present in �90% of samples) was performed by sample type and bird age.
Gold indicates core taxa, and maroon indicates noncore taxa. Names listed more than once (e.g., L. aviarius) represent multiple OTUs classified as that taxon.
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correlations were observed at the bacterial community level of all sample types
examined (cecum, ileum, and trachea), using weighted UniFrac beta diversity as a
measure, with samples categorized by individual bird weight to account for taxonomic
abundance correlated with performance (Fig. 5; see also Fig. S6 and S7 in the supple-
mental material). These correlations were observed at early time points in the growth
cycles, mainly at days 7 and 14 of age (P � 0.001 at days 7 and 14 in all sample types,
using ANOSIM). Correlations were not driven by flock, since the four flocks intermixed
in the PCoA examining correlations with weight (Fig. 5; see also Fig. S6 and S7 in the
supplemental material). However, the correlations were in part driven by flock cycle 1
and cycle 2 (see Fig. S8 in the supplemental material). This is supported by weight data
collected at the flock level at time of processing (Table 2) and by individual bird weight
data collected at sampling (Fig. 6). Both comparisons indicate that bird weights and
overall flock weights were higher for cycle 1 flocks than for cycle 2 flocks (P � 0.001 for
both comparisons). This effect was observed across the four flocks studied. While
performance differed between flock cycles, livability (percentage of flock surviving
through processing; Table 3) and plant condemnations (percentage of bird condem-
nations at processing; Table 4) were not significantly different between flock cycles.

Numerous genus-level taxa were identified in the gastrointestinal tract that were
significantly correlated, both positively and negatively, with performance (Fig. 7). As
with beta diversity measurements, the greatest correlations were identified at earlier
ages. In the cecum, the taxa most positively correlated with bird weight included
Bacteroides (day 7), Bilophila (days 21 and 28), Butyricimonas (days 14 to 28), division
“Candidatus Arthromitus” (day 7), Eggerthella (day 7), and Faecalibacterium (day 7). The
taxa most negatively correlated with bird weight included Anaerotruncus (days 7 to 12),

FIG 4 Effects of successive flock cycles on the broiler microbiota. Principal-coordinate analysis of samples was
performed using unweighted UniFrac measures of beta diversity. Samples are colored by flock cycle (C).
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Bacteroides (day 14), Blautia (day 21), division “Candidatus Arthromitus” (day 28),
Clostridium (day 21), Coprobacillus (day 7), Coprococcus (day 7), Eggerthella (days 14 and
21), Enterococcus (days 7 and 21), Lactobacillus (days 7, 14, and 21), Oscillospira (day 7),
Staphylococcus (day 28), Ruminococcus (days 7 and 21), Streptococcus (days 7 and 35),
and unclassified Enterobacteriaceae (days 7 to 21). Similar correlations were observed in
the ileum.

In the trachea, an even greater number of statistically significant correlations
between genus-level taxa and broiler weight were observed (Fig. 8). Again, the majority
of these associations were observed at early ages. Included among the most positively
correlated taxa were Anaerococcus (days 7 to 21), Bifidobacterium (days 7 and 14),
Blautia (days 7 and 14), division “Candidatus Arthromitus” (day 7), Corynebacterium
(days 7 and 14), Dietzia (days 7 to 35), Dorea (day 7), Eggerthella (day 7), Facklamia (days
7 to 21), Gordonia (days 14 and 28), Leucobacter (days 7 to 21 and 35), Peptonophilus
(days 7 to 21), Rhodococcus (days 7 and 14), Staphylococcus (days 7 and 14), and
Weissella (days 7 and 14). Bacterial taxa negatively correlated with broiler weight in the
trachea included Achromobacter (day 7 and 21 to 35), Avibacterium (days 7 to 21),

FIG 5 Correlations between broiler weight and its cecal microbiota. Principal-coordinate analysis of cecum samples from flock cycles 1 and 2 was performed.
Samples are colored by total body weight and scaled to minimum and maximum weights for each sampling age. Sample shapes represent the four different
flocks (F) sampled during each flock cycle.

TABLE 2 Total flock weights by flock cycle

Cycle

Total flock wt (lbs) for:

Flock

All flocksa (n � 183)1 2 3 4

1 60,675 58,145 56,942 59,743 57,887 � 7,801
2 51,419 47,225 49,088 48,005 51,679 � 5,135
5 54,882 50,592 51,917 49,791 49,851 � 4,434
aIncludes all available data from 183 flocks for the respective flock cycle within the vertically integrated
system.
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Bacillus (day 7), Brevibacillus (days 7 to 28), Delftia (days 7 and 21), Erysipelothrix (days
7 and 28), Gallibacterium (day 7), Moraxella (day 7), Ornithobacterium (days 7 to 28),
Paenibacillus (day 7), Ralstonia (days 7 to 21), Sediminibacterium (days 7 to 21), and
Streptococcus (days 7 and 21).

Because of the large number of correlations between bacterial genera and weight,
we further explored if such correlations were driven more by flock cycle differences, or
if such correlations represented true gradients in genus abundance, irrespective of flock
cycle. We observed that many of the negative correlations with performance involving
potential pathogens were driven by flock cycle, where they were abundant at early
ages in birds from flock cycle 2 (lower weights) and absent at early ages in birds from
flock cycle 1 (higher weights) (Fig. 9). Included among bacterial taxa displaying this
pattern were Escherichia/Shigella, Ornithobacterium, Avibacterium, and Gallibacterium.
We confirmed that dominant OTUs within these genera were indeed bacterial species
pathogenic to poultry (e.g., Ornithobacterium rhinotracheale, Avibacterium paragallina-
rum, and Gallibacterium anatis). Other genera displayed gradients of relative abundance
across flock cycles, indicating that these taxa may be broader indicators of bacterial
taxa correlated with bird performance (see Fig. S9 and S10 in the supplemental
material).

The broiler tracheal microbiota is dominated by Lactobacillus. Since few studies
have examined the broiler tracheal bacterial microbiota, this was further examined
using the dominant taxa identified across tracheal samples (Fig. 10). The 10 most
dominant genus-level tracheal taxa identified in this study, representing �75% of the
total tracheal bacterial sequences, were classified as Lactobacillus, Escherichia/Shigella,
Staphylococcus, Corynebacterium, unclassified Moraxellaceae, unclassified Ruminococ-
caceae, unclassified Clostridiales, Ruminococcus, Psychrobacter, and Blautia. Because the

FIG 6 Individual bird weights in flock cycles 1 and 2 by age. Weights are displayed in grams. Error bars
depict standard deviations.

TABLE 3 Flock livability (percentage of total original flock alive at processing) by flock
cycle

Cycle

Flock livability (%) for:

Flock

All flocksa (n � 183)1 2 3 4

1 92.4 86.5 87.3 88.8 89.5
2 94.6 85.2 86 86.9 90.3
5 94.1 87.8 92.8 91.6 90.1
aIncludes all available data from 183 flocks for the respective flock cycle within the vertically integrated
system.
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occurrence of Lactobacillus in the trachea was of interest, we further examined the
relative proportion of OTUs classified as Lactobacillus in the trachea versus that found
in the ileum (Fig. 11). The relative abundances of the dominant Lactobacillus species
were significantly different between the two tissues (P � 0.05). Specifically, an OTU
classified as L. aviarius was of lower relative abundance in the trachea, while OTUs
classified as L. reuteri and L. crispatus/acidophilus/gallinarum were of higher relative
abundance.

DISCUSSION

The purpose of this study was to perform comprehensive sampling within a
vertically integrated, antibiotic-free broiler system. This was done in a manner to better
define the broiler microbiome, and to define what factors have the greatest impact on
the broiler microbiome. Finally, this study was performed with a design aimed at
identifying bacterial taxa associated with broiler performance in a natural commercial
flock setting.

Not surprisingly, sample type had the greatest impact on microbiota. This has been
reported in several previous studies (13, 15, 24). A notable result from this study was
that cloacal swab microbiota is not directly reflective of those of either cecum or ileum
samples, and actually most closely represents that of litter samples. This suggests that
fecal/cloacal swabs are not a good sample choice when tissues proximal to the cloaca
are of interest. This is supported by a recent study in ostriches that also found cloacal
swabs to be similar to fecal samples and dissimilar to ileum or cecum samples (25) and
by a previous study comparing cecal content and fecal swabs that identified significant
differences in alpha and beta diversity between the two sample types (26).

This study examined flocks from four barns from geographically distinct farms.
These barns were followed concurrently for three successive flock cycles. Our results
indicate a significant flock-to-flock effect within the same flock cycle and a significant
flock cycle effect. However, the effect of flock cycle greatly outweighed the within-cycle
flock-to-flock effect. In fact, the flock-to-flock effect was the smallest of all effects
examined, including those of sample type, age, flock cycle, and flock itself. Also
interesting was that flock performances in these randomly selected barns mimicked
one another across successive grow outs, and that these patterns were extended across
the entire system. Differences in performance between flock cycles occurred in the
absence of differences in mortality or disease. This points to one of several possible
factors impacting broiler performance within a vertically integrated system that could
have system-wide effects. One possibility is that environmental factors differed be-
tween flock cycles due to climate. Another possibility is that systematic changes, such
as changes in nutrition or management, had an impact across the barns within the
system. A third possibility is that the hatchery supplying these barns had an impact on
the incoming chicks that impacted their resulting microbiota through vertical trans-
mission of microbes, stress to the chicks during the hatching process, or transfer stress.
We cannot rule out any of these possibilities, except to say that diet and intervention
strategies were generally consistent during this study. No antibiotics were used on any
of the flocks examined, and no major disease outbreaks occurred during the sampling
period. Therefore, the most likely contributors to flock cycle variation were the climate

TABLE 4 Plant condemnations (percentage of total flock) by flock cycle

Cycle

Plant condemnations (%) for:

Flock

All flocksa (n � 183)1 2 3 4

1 0.08 0.15 0.2 0.28 0.71
2 0.07 0.1 0.27 0.09 0.34
5 0.06 0.15 0.29 0.24 0.36
aIncludes all available data from 183 flocks for the respective flock cycle within the vertically integrated
system.
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and the hatchery. Seasonal differences could also impact feed and environmental
pathogen prevalence, so these cannot be ruled out. Additional sampling would be
required to determine which factors contributed to these observed differences.

The core broiler microbiota defined here is similar to that of previous studies,

FIG 7 Genus-level taxa in the ileum and cecum correlated with broiler weight. Positively associated taxa (P � 0.05) are
colored shades of yellow-green, with numbers indicating Spearman’s correlation, while negatively associated taxa are
colored shades of orange-red. Gray indicates a nonsignificant value.
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including those that have defined the core microbiota of feces and litter (27). Prior to
this study, sampling of respiratory tissues in broilers has been limited (18–20). PCoA and
core microbiota analysis suggest that the tracheal microbiota is distinct from those of
gut and litter samples, but seems to be partially reflective of both. This differs from
what one would expect from mammals and likely reflects the barn environment, where
birds are constantly exposed to litter dust and the microbes contained within. Of
course, it is also dependent on what bacteria will actually colonize in the trachea. The
data from this study indicate that the tracheal microbiota is not simply a reflection of
exposure to the litter environment; rather, it results from a combination of exposure to

FIG 8 Genus-level taxa in the trachea correlated with broiler weight. Positively associated taxa (P � 0.05) are colored shades of yellow-green with
a number indicating Spearman’s correlation, while negatively associated taxa are colored shades of orange-red. Gray indicates a nonsignificant
value.
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the litter environment and preferential selection for microbes from that environment
with the capacity to colonize. This is perhaps best exemplified by L. aviarius, which is
abundant in the litter and ileum and significantly less abundant in the trachea. L.
aviarius is one of the few lactobacilli that are strict anaerobes (24, 28, 29). Therefore, one
would not expect L. aviarius to colonize the trachea. This also enables possible
discernment between colonizing and transient tracheal bacteria based upon relative
abundance. Since we find lower levels of L. aviarius in the trachea, this represents what
are very likely to be transient levels of the bacteria and could also represent a potential
cutoff between transient and colonizing species.

There were very strong correlations between genus-level bacterial taxa and bird
weight as a measure of performance. This study establishes such correlations across
multiple sample types. Notably, a number of potential pathogens were negatively
associated with performance in the young broiler. In the gut, these included Clostrid-
ium, Enterococcus, and unclassified Enterobacteriaceae, the last of which in our experi-
ence typically signifies E. coli or associated Enterobacteriaceae. There are bacterial
species within each of these groups that cause important broiler diseases, including
Clostridium perfringens (necrotic enteritis and clostridial dermatitis) (30), Enterococcus
cecorum (kinky back disease) (31), and avian pathogenic E. coli (colibacillosis) (32).
However, the resolution of methods used in this study cannot necessarily discriminate
between pathogenic species and those that could be beneficial (for example, species
of Clostridium), so we cannot say for certain if these OTUs represent specific pathogens.
With that said, we did explore the dominant OTUs for each potentially pathogenic
genus, using BLAST searches against NCBI’s 16S rRNA reference database. This con-
firmed that the dominant OTU from genus Clostridium displayed the greatest similarity
with C. perfringens, the dominant OTU from genus Enterococcus was classified as E.
cecorum, and the dominant OTU from unclassified Enterobacteriaceae displayed great-
est similarity with Escherichia. This lends support to the idea that these could represent
pathogenic bacterial species, accounting for negative correlations with performance.

Similarly, a number of potential respiratory pathogens in the trachea were found to
be negatively correlated with performance, including Avibacterium, Erysipelothrix, Gal-
libacterium, and Ornithobacterium. Again, bacterial species within these groups cause
significant diseases of poultry, including Avibacterium paragallinarum (infectious co-

FIG 9 Cooccurring potential pathogens in the trachea of 7-day-old broilers. Each stacked bar depicts an individual bird, and bars are
ordered by total bird weight.
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ryza) (33), Erysipelothrix rhusiopathiae (erysipelas) (34), Gallibacterium anatis (peritonitis)
(35), and Ornithobacterium rhinotracheale (Ornithobacterium rhinotracheale respiratory
disease) (36). OTU-based analysis again supported that pathogenic species may be
the dominant OTUs in our data set for each genus mentioned above. Interestingly,

FIG 10 Dominant bacterial taxa in the broiler chicken trachea. The top 50 most abundant genus-level taxa across all tracheal samples (top to bottom) are
displayed in a log2-normalized heat map. Classifications are displayed to the right, with colors indicating a bacterial class that occurs more than once. Gray
indicates a bacterial class that occurs only once.
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no birds at the time of sampling displayed any lesions or other signs of clinical
disease, and mortalities and plant condemnations did not differ between flock
cycles. This underscores the potential importance of these pathogens lurking in the
barn environment, causing subclinical stress or disease/dysbiosis, and subsequently
impacting broiler performance. Another interesting finding was the consistently
negative correlation between Lactobacillus abundance and bird weights. This has
been previously reported (37), and it deserves further study, since many probiotic
applications in poultry are Lactobacillus-based.

Other potentially interesting taxa were correlated with performance. For example,
Achromobacter in the trachea was negatively correlated with performance across
multiple time points. Achromobacter is very closely related to Bordetella avium, an
important respiratory pathogen of poultry (38). Brevibacillus was among the taxa in the
trachea most negatively correlated with performance. A species of Brevibacillus is
commonly used as a feed additive in poultry because it is pathogenic toward house
flies (39). While these could be entirely different bacterial species, it is worth noting that
we should consider not only known pathogens, but also bacteria that have not been
traditionally considered pathogens.

On a positive note, there may be hidden gems in these data that provide oppor-
tunity for further study. Several bacterial taxa were either highly positively correlated
with performance in young birds or consistently correlated with performance over
time. These include Bacteroides, Butyricimonas, division “Candidatus Arthromitus,”
Faecalibacterium, Parabacteroides, and Sutterella in the gut, and Bifidobacterium, divi-
sion “Candidatus Arthromitus,” Corynebacterium, Dietzia, Facklamia, Leucobacter, Staph-
ylococcus, and Weissella in the trachea. Most of these organisms have not been explored
for probiotic application in poultry. However, some have previously been correlated
with performance. For example, another study identified Faecalibacterium as being

FIG 11 Ecology of lactobacilli differs in the broiler chicken ileum and trachea. Proportions of normalized counts of the top seven OTUs classified as Lactobacillus
are displayed across day of age (D) and flock cycle (C).
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correlated with enhanced feed conversion rates in chickens (37). Butyricimonas and
Bacteroides have been reported as core components of the poultry microbiota in other
studies (15, 21, 40, 41), and perhaps deserve attention for their possible probiotic
capabilities. Division “Candidatus Arthromitus” is well known for its immunomodulatory
capabilities and has previously been identified as a strong biomarker of performance in
commercial turkeys (24). Interestingly, some taxa, such as division “Candidatus Arthro-
mitus,” display positive correlations at early ages with weight and negative correlations
at later ages. This would be expected for bacterial taxa that fluctuate in relative
abundance over time. That is, early emergence of the taxa may be positively correlated
with weight, while the same taxa may emerge later in lower-performing birds and thus
would then be negatively correlated with weight.

Some limitations to this study exist. First, it was limited to a single poultry company
and a single genetic line of broiler chickens. Also, while the study examined multiple
flocks across successive grow-out cycles, it was limited to a specific time frame between
2015 and 2016. Extending the time frame of sampling might have yielded additional
observations related to the cycle-specific effects, and examining additional companies
and genetic lines of birds would have helped to determine how the results translate to
poultry production worldwide. We were only able to assess bird weights, and were not
able to monitor average daily weight gain or feed consumption. Bird weights may be
an imperfect measure of performance. Nevertheless, this represents the most compre-
hensive efforts to date to define the broiler chicken microbiota. This work provides
baseline knowledge of the poultry microbiome that will contribute to the future
development of antibiotic alternatives, reducing the need for antibiotic use in com-
mercial poultry and contributing to sustainable poultry production.

MATERIALS AND METHODS
All work in this study was reviewed and approved by the University of Minnesota Institutional Animal

Care and Use Committee, and it was determined that no formal approval was needed.
Experimental design. A total of 720 commercial Cobb 500 broiler chickens from 12 total flocks and

three times of year were sampled from a single vertically integrated broiler operation in Minnesota (Fig.
1). Flocks were sampled weekly from days 7 through 42 of grow out, and 10 birds per flock were
randomly selected. Additionally, pooled intestinal tissues from 10 random birds were sampled at day of
placement for each flock, and composite litter samples consisting of random grabs throughout the barn
were collected weekly. Flocks were sampled from four different barns (designated throughout as “farm”).
These four farms were sampled at three independent times (designated throughout as “cycles”). Cycles
were labeled cycle 1, cycle 2, and cycle 5, representing two successive flocks for each farm (cycles 1 and
2) and a fifth successive cycle (cycle 5). All flocks within each cycle were placed at the same time, within
1 to 2 days. Cycle 1 occurred during February to March 2016. Cycle 2 occurred during March to May 2016.
Cycle 5 occurred during October to November 2016.

To examine the overall consistency and predictability of the successional (age) effects on the broiler
bacterial microbiota, additional samples were collected from three monthly posting sessions conducted
by the company participating in this study. Samplings took place from January through March 2016. At
these postings, a total of 296 ileum and cecum samples were collected from 10 to 12 different farms and
at ages ranging from 7 to 35 days.

Sample collection. Immediately following humane euthanasia of birds using cervical dislocation,
digesta from the ceca and the distal 10 cm of the ileum for all birds (n � 855) were aseptically collected
by squeezing content of the section into a sterile tube. Trachea were also collected aseptically from some
birds (n � 474) and placed in a Whirl-Pak bag. All samples were kept on ice from the collection until
being stored at �20°C. Litter samples (n � 75) were collected at the same time by taking 10 composite
grabs across each barn and placing in a single Whirl-Pak bag. Cloacal swabs were also collected from
farm 1, flock cycle 5 (n � 50; Puritan HydraFlock, Guilford, ME). The same sampling procedures were used
for all sampling points, resulting in a total of 2,309 samples collected in this study.

Sample processing and sequencing. An equal amount of phosphate-buffered saline (PBS; vol:vol)
was added to each litter sample and vortexed for 1 min, and then the liquid was aliquoted and stored
at �80°C prior to DNA extraction. A total of 250 mg of cecal digesta, ileal digesta, and litter wash was
added to MoBio PowerSoil Power Bead plates. Cloacal swabs were clipped directly above the swab and
placed into Power Bead plates. From each sample, DNA was extracted with bead beating, using a MoBio
PowerSoil-htp 96 Well DNA extraction kit (Mo Bio Laboratories, Carlsbad, CA) according to the manu-
facturer’s directions. Trachea samples were washed by pipetting 1 ml cold PBS through the trachea five
times. The wash was centrifuged for 5 min and 10,000 � g, and each pellet was washed twice with 1 ml
fresh PBS. DNA was extracted from tracheal washes, using the Qiagen DNeasy blood and tissue kit
(Qiagen, Germantown, MA) according to the manufacturer’s protocol.

DNA was quantified using PicoGreen (Invitrogen). Amplification of the 16S rRNA gene was performed
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using KAPA HiFidelity Hot Start polymerase (Kapa Biosystems, Inc., Wilmington, MA) for two rounds of
PCR at the University of Minnesota Genomics Center (Minneapolis, MN). For the first round, the 515F
(5=-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGCCAGCMGCCGCGGTAA-3=) and 806R (5=-GTCTCG
TGGGCTCGGAGATGTGTATAAGAGACAGGGACTACHVGGGTWTCTAAT-3=) Nextera primers (42) (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 20 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=-CAAGCA
GAAGACGGCATACGAGAT[i7]GTCTCGTGGGCTCGG-3=) indexing 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. Equally pooled, size-selected samples were denatured
with NaOH, diluted to 8 pM in Illumina’s HT1 buffer, spiked with 15% 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 (43) that was reported elsewhere (44). Negative water blanks and negative extraction
controls were included with each sequencing run. A total of 380 samples plus controls and blanks were
included in each of seven sequencing runs.

Data collection: growth performance. Total body weights in grams were collected from all birds in
flock cycles 1 and 2 at the time of euthanasia. Spearman’s correlation analysis was used to determine
correlation of body weight (in grams) and bacteria taxa at the genus level for each tissue (ileum, cecum,
and trachea) at each time point (days 7, 14, 21, 28, 35, and 42). The cutoff for significance was P � 0.05
and Bonferroni’s adjusted P � 0.05.

DNA sequence analyses. Following sequencing, sequence reads were sorted by barcode to gen-
erate fastq files for each sample. Proximal and distal primers were trimmed from the sequence reads.
Paired-end reads were joined using SeqPrep in the Quantitative Insights Into Microbial Ecology (QIIME)
pipeline, with default quality filtering. Open referenced operational taxonomic unit (OTU) picking was
performed in QIIME version 1.8.0 (45), using uclust (46) with clustering at 97% similarity and Greengenes
13_8 as the reference database. Potential chimeras were removed using ChimeraSlayer (47). OTUs of
chloroplast origin and OTUs present in negative-control amplifications were also removed prior to
subsequent analysis, and OTUs with read counts of less than 10 were removed. Samples were rarefied
to 5,000 high quality reads per sample.

QIIME was used for assessments of alpha diversity, beta diversity using unweighted and weighted
UniFrac (48), phylogenetic classifications using the Greengenes database (49), and core bacterial com-
munity structure. Statistical differences in overall community structure were performed in RStudio
version 1.0 (with R statistical package version 3.3.1), using distance matrices analyzed via the ANOSIM
command in QIIME (for beta diversity) and a nonparametric two-sample t test (for alpha diversity).
Calypso was used for statistical comparisons of weight to microbiota, using Spearman’s correlation with
body weight as a continuous variable (50). For these analyses, the input biological observation matrix
(BIOM) table from QIIME was used and subjected to further filtering and normalization. Taxa present in
less than 50% of samples were removed. Taxa with less than 0.01% relative abundance across samples
were removed. Data were normalized using total-sum normalization, followed by cumulative-sum scaling
and log2 transformation. Statistical comparisons of temporal samples were performed using DESeq2 (51)
at the genus level, using the top 300 most abundant taxa. Visualizations of data were performed using
ggplot2 (52), heatmap, and beeswarm functions in R.

Data availability. All raw data and associated metadata from this project are freely available through the
University of Minnesota Digital Conservancy’s Data Repository for the U of M (DRUM; https://doi.org/10
.13020/D63T10).
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