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The development and succession of the microbiota in ileal mucus and lumen samples

from three breeds of broiler chicken (Cobb 500, n = 36; Hubbard JA87, n = 38; and

Ross 308, n = 36) was observed between 3 and 42 days post hatch (d.p.h). Chicks

were housed in the same room of a climate-controlled, biosecure chicken housing unit.

Between 0 and 14 d.p.h, chicks were kept in three circular brooder pens ensuring

a mixture of breeds in each brooder. From 22 d.p.h, chicks were removed from the

brooders and kept in the same room. DNA was extracted from a pooled sample of ileal

mucus and luminal contents taken from five birds of each breed at 3, 7, 14, 21, 28, and

42 d.p.h. High-throughput Illumina sequencing was performed for the V4 hypervariable

region of the 16S rRNA gene. The initial microbiota in the ileum varied between breeds.

The common features were a low diversity and general dominance by one or two

taxa such as Enterococcus or Escherichia with relatively low numbers of Lactobacillus.

Escherichia became the most abundant genus in samples where Enterococcus was

previously the dominant taxa. The next phase of development wasmarked by an increase

in the abundance of Candidatus Arthromitus in the mucus and Lactobacillus in the lumen.

The high abundance of Candidatus Arthromitus persisted between 7 and 14 d.p.h after

which Lactobacillus became the most abundant genus in both the mucus and lumen.

Dominance of the ileal microbiota by Lactobacillus was a transient feature. By 42 d.p.h,

the relative abundance of Lactobacillus had fallen while a range of other taxa including

Escherichia, Turicibacter, and members of Clostridiales increased. This general pattern

was followed by all breeds, however, the rate at which succession occurred differed as

Ross matured quicker than Cobb with Hubbard as an intermediate.
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1. INTRODUCTION

The intestinal microbiota of an individual chicken may be composed of between 200 and 350
different bacterial species (1) while around 640 bacterial species have so far been identified in the
chicken gastrointestinal tract (2). In recent years it has become apparent that this diverse range of
bacteria are not innocuous bystanders but play a range of roles in the host, from metabolism to
immune maturation (3). Advances in the field have spurred efforts to identify beneficial bacteria
and modulate their abundance to accentuate their effects. In the face of antibiotic resistance and
a need to find new approaches to infectious disease control, the question of how certain bacteria
modulate host immunity is of particular interest to the broiler industry which produces chickens
for meat. While some bacteria have been identified as potential candidates for immunomodulatory
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probiotics there are still gaps in our knowledge regarding the
normal development of the ileal microbiota in chickens. Recent
observational studies of the ileal microbiota are limited. Most
of the initial studies were conducted using techniques such as
denaturing gradient gel electrophoresis and clone libraries which
have been superseded by next generation sequencing (NGS)
technology. More recent studies which have used NGS focus
on differences in microbiota composition between a treatment
group and an untreated control. This study aims to revisit the
topic of normal ileal microbiota development using the increased
resolution of NGS to shed light on microbial succession.

The small intestine is often divided into three anatomical
sections, the duodenum, jejunum, and ileum. The duodenum is
often defined as the first loop of the small intestine adjacent to the
pancreas with the jejunum extending until Meckel’s diverticulum
and the ileum from there to the ileo-caeco-colic junction (4). As
in mammals, digesta is mixed with digestive enzymes and bile
in the duodenum where fat digestion takes place (5). However,
digesta is not detained for long in the duodenum with a relatively
short retention time of ∼5 min (6). The majority of digestion
and absorption occurs in the duodenum (4). Despite its essential
role in digestion and absorption, digesta is only retained in
the jejunum for 40 to 60 min (7, 8). The function of the
ileum is largely water and mineral absorption, however, there is
evidence that the ileum plays a role in starch and fat digestion
in fast-growing broiler chickens (9–11). In terms of amino acid
metabolism, although the ileum does not play a role in absorption
the ileal microbiota plays an important role as an amino acid
sink. Even with an optimal diet some protein will escape host
absorption and enter the distal gastrointestinal system. Free
dietary amino acids in the caecum are liable to be fermented by
commensals, undergoing putrefaction which produces toxic end-
products (12). In this respect, a healthy population of amino acid
absorbing bacteria in the ileum would be beneficial.

Despite their differences in digestive function, there appears
to be little difference in microbiome composition between the
three small intestinal compartments (13), although the density
of the microbiota is lower in the proximal small intestine
compared to the ileum (12). This allows the inclusion of results
from studies where samples from small intestinal compartments
were pooled or the authors did not specify which section was
sampled when discussing current literature regarding the ileal
microbiota. As in the crop and gizzard, the small intestine has
been found to be dominated by Lactobacillus with several studies
identifying between 70 and 90% of sequences as belonging to
this genus (13–17). However, the most abundant species of
Lactobacillus often differs between the crop and small intestine.
For example, Witzig et al. (17) found that L. salivarius was the
most abundant species in the crop with a relative abundance
of > 46% while L. crispatus was the most abundant in the
jejunum (> 81%) and ileum > 77%. Early studies of the small
intestinal microbiome suggested that other taxa were also present
including Enterococcaceae, Streptococcaceae, and Clostridiaceae
(15, 16). With the advent of 16S rRNA gene sequencing
and more complete databases for taxonomic assignment of
taxa, a greater diversity of taxa have been identified in the
small intestine. These have included Peptostreptococcaceae,

Turicibacteraceae, Bifidobacteriaceae, and Erysipelotrichaceae
(18, 19). Candidatus Athromitus is also increasingly identified
within the early ileal microbiome and has been associated with
increased performance although later colonization with this taxa
is associated with poor performance (20). There is also evidence
to suggest that the mucus associated microbiome is different
to the luminal microbiome with a lower relative abundance
of Lactobacillaceae and a more diverse microbiota including
Peptostreptococcaceae, Lachnospiraceae, Burkholderiaceae, and
Ruminococcaceae (16, 21).

The pattern of succession that results in the adult ileal
microbiota is less well-characterized. The microbiota of day-old
chicks has previously been investigated, although care should
be taken when interpreting results as chicks are classified by
hatcheries as “day-old” up to 72 h post-hatch. Studies examining
the microbiota of day old chicks tend to focus on the caecum,
however, since the caecal and ileal microbiota are similar until
around 3 days post hatch (d.p.h), the ileal microbiota can be
inferred from that of the caecum (16, 22). Microbes inhabiting
the gut immediately after hatch are derived from the environment
during incubation, hatching and handling during delivery.
This initial colonization is dependent upon the presence of
environmental bacteria and has been found to differ significantly
between hatcheries (23). This likely explains the wide variety
of results obtained by different groups when examining the
intestinal microbiota in day-old chicks. In general, the initial
microbiome is dominated Enterobacteriaceae or Clostridiaceae,
although there are reports of high abundance other taxa such
as Streptococcaceae and Enterococcaceae (3, 20, 24, 25). At the
genus level, the most commonly isolated Enterobacteriaceae are
Escherichia/Shigella while Clostridiaceae are most often assigned
to Clostridium sensu stricto 1. Both of these genera are known
to contain potential pathogens such as Clostridium perfringens.
These bacteria are likely to be environmental in origin, deriving
either from hatchery equipment or workers. Although the
possibility of maternal microbiota transfer via the reproductive
tract has been claimed the most abundant taxa in embryonic
gut and egg albumin was Psuedomonas with no presence of
Enterobacteriaceae of Clostridiaceae (26).

As previously mentioned, the ileal microbiome remains
similar to the caecal microbiome during the first few days of
life. Wise and Siragusa (27) examined the bacterial community
in the ileum and discovered that Enterobacteriaceae followed
a trend of decline as in the caecum. This decline was
associated with increased abundance of Lactobacillus which
replaced Enterobacteriaceae as the dominant taxa by 14 d.p.h
(27). Schokker et al. (28) described a faster transition to
higher abundance of Lactobacillus. The day-old microbiome
was dominated by Enterococcaceae with a high proportion of
Escherichia sequences and Lactobacillus present but in very low
numbers. By 4 d.p.h, the balance had reversed with Lactobacillus
accounting for up to 88% of sequences associated with a decline
in Enterococcaceae and Escherichia. Aside from Lactobacillus,
there was an increase in microbial diversity with age with
Streptococcus and some Clostridia contributing small numbers
of sequences (28). The succession of Lactobacillus species in the
ileum has not been studied in detail. Johnson et al. (20) reported
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seven species of Lactobacillus in the ileum of chickens between
0 and 42 d.p.h. Only two of these species, L. salivarius and L.
crispatus, were present at 0 d.p.h, with four at 7 d.p.h and all
seven at 21 d.p.h. Candidatus Athromitus colonizes the ileum
between 7 and 14 d.p.h (20, 25) and has been reported as the
prominent taxa in the ileal mucus although Lactobacillus reclaims
dominance at later time points (29). Other slow growing taxa
such as Romboutsia, a member of Peptostreptococcaceae, begin
to colonize the ileum from 10 to 21 d.p.h.

This study aims to revisit the topic of normal ileal microbiota
development in the lumen and mucus using the increased
resolution of next generation sequencing to shed light on
microbial succession. The second objective of this study was to
observe the development of the ileal microbiota in three common
breeds of broiler chicken (Cobb 500, Hubbard JA87, and Ross
308) whilst they are housed together.

2. MATERIALS AND METHODS

2.1. Animals and Housing
One hundred and ten (36 Cobb 500, 38 Hubbard JA87, and
36 Ross 308) “day-old” chicks were obtained from a single
commercial hatchery. Chicks were distributed across three
circular brooder pens (2 m diameter) in the same room of a
climate-controlled, biosecure chicken housing unit. Each brooder
used a wood shaving substrate and contained the same number
of chicks from each breed. Chicks were tagged with colored
wing tags to allow accurate identification of the different breeds.
Water and feed were provided ad libitum by a drinker and feeder
in each brooder. Chicks were fed a pelleted vegetable protein-
based starter diet (Special Diet Services,Witham, Essex, UK) until
14 days post hatch (d.p.h). From 14 d.p.h a pelleted vegetable
protein-based grower diet (Special Diet Services, Witham, Essex,
UK) was provided until the end of the experiment. Nutritional
composition of the starter and grower diets is displayed inTable 1
with a full list of ingredients and additives provided in the
Supplementary Materials. No coccidiostats or antimicrobials
were added to either diet due to the high biosecurity levels
maintained in the housing. At 22 d.p.h the birds no longer
required brooder lamps and, as such, they were removed from
the brooders and housed together in the same room on wood
shavings. Temperature in the birds’ pens wasmaintained between
25 and 30◦C. No mortality was observed during the study.
All experimental protocols were conducted in accordance with
the Animals (Scientific Procedures) Act 1986 under project
license 40/3652 and was approved by the University of Liverpool
Animal Welfare and Ethical Review Body prior to the award of
the license.

2.2. Sample Collection
Five chickens of each breed were euthanized for sample collection
at 3, 7, 14, 21, 28, and 42 d.p.h giving a total of 15 birds sampled
at each time point. After euthanasia by cervical dislocation the
abdomen was sprayed with 70% ethanol. Skin incisions were
made to expose the sternum which was then reflected to give
good access to the coelom. The ileum, identified as the section
of small intestine between Meckel’s diverticulum and the ileo-
caeco-colic junction, was removed. Approximately 5 cm of ileum

TABLE 1 | Composition of starter and grower diets.

Analytical constituents (%) Diet

Starter Grower

Crude fat 2.7 2.4

Crude protein 18.9 15.6

Crude fiber 3.8 4.1

Crude ash 6.6 5.6

Lysine 0.99 0.69

Methionine 0.44 0.27

Calcium 1.05 0.89

Phosphorus 0.7 0.62

Sodium 0.15 0.15

Magnesium 0.17 0.22

Copper 15 mg/kg 16 mg/kg

was cut from the middle of the organ and the contents manually
expressed into a sterile container. Any visible digesta remaining
was manually expressed but the ileal section was not rinsed
before sampling the mucus layer. The ileal section was opened
longitudinally using a sterile scalpel which was then used to
gently scrape off the mucus layer and transfer the mucus to a
sterile container. Mucus samples were taken from 14 d.p.h as
the ileum at earlier time points was too small to yield adequate
mucus for accurate pooling. Samples from 3 d.p.h were weighed
and pooled by breed as some chicks yielded less than 200 mg of
content. For all other time points, 200 mg of ileal content from
each bird was taken and pooled by breed. Mucus samples were
weighed, diluted with 500 µ l of sterile water, pooled by breed
and homogenized. The pooled samples were flash frozen in liquid
nitrogen and stored at –20◦C for 5 weeks before DNA extraction.
Samples from the caecum were also collected with the results
published separately (30).

2.3. DNA Extraction
DNA was extracted from each sample using Zymobiomics
DNA MiniKits (Cambridge Bioscience, UK) according to the
manufacturer’s instructions. DNA was extracted from 200 mg of
luminal content and 250 µ l of homogenized mucus. An initial
bead-beating step was performed using a Qiagen TissueLyser
at 30 Hz for 10 min. DNA was extracted from samples serially
to ensure that storage time was equal for each time point. At
each extraction, two controls were included: a blank extraction
to control for contamination and 75 µl of Zymobiomics
Standard Bacterial Community (Cambridge Bioscience, UK) to
control for variations in DNA extraction efficacy. Extracted
DNA was quantified using a NanoDrop 2000 spectrophotometer
(NanoDrop Technologies) and a Qubit dsDNA HS fluorometric
kit (Invitrogen).

2.4. Illumina MiSeq Sequencing
Extracted DNA was sent for paired-end sequencing of the 16S
rRNA gene at the Centre for Genomic Research (University of
Liverpool) using an Illumina MiSeq run. The V4 hypervariable
region (515F/R806) was amplified to yield an amplicon of
254 base pairs (31). Library preparation was performed using
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a universal tailed tag design with subsequent amplification
performed using a two step PCR with a HiFi Hot Start
polymerase (Kapa) (32). The first round of PCR was performed
using the primers 5’-ACACTCTTTCCCTACACGACGC
TCTTCCGATCTNNNNNGTGCCAGCMGCCGCGGTAA-3’
(forward) and 5’-GTGACTGGAGTTCAGACGTGTGCTCTT
CCGATCTGGACTACHVGGGTWTCTAAT-3’ (32). The raw
Fastq files were trimmed for the presence of Illumina adapter
sequences using Cutadapt version 1.2.1. The reads were further
trimmed using Sickle version 1.200 with a minimum window
quality score of 20. Reads shorter than 10 base pairs after
trimming were removed. Raw sequence reads are available in
the NCBI Sequence Repository Archive under the accession
number SRP158778. A total of 2,670,876 reads were obtained
from 30 experimental samples submitted for sequencing. After
filtering, merging of paired reads and chimera removal, a total
of 1,235,836 reads remained (46% of the original total) giving a
mean of 41,194 reads per sample. The median number of reads
per sample was 40,281.

2.5. Amplicon Sequence Variant
Identification and Taxonomy Assignment
QIIME2 version 2018.4.0 was used for analysis of the Illumina
data (33). Amplicon sequence variant (ASV) assignment was
completed using the dada2 plugin (34) and a ASV table produced
using the feature-table plugin (35). The resulting ASV table was
divided into two tables: one containing all pooled samples to
observe development of the ileal microbiome and one containing
pooled samples from 14 d.p.h onwards to analyse differences
between mucus and lumen microbiota. Taxonomy was assigned
using a pre-trained NaiveBayes classifier based on the SILVA 132
database of the 515F/R806 region of the 16S rRNA gene (36)
available for download at https://docs.qiime2.org/2018.11/data-
resources/ using the q2-feature-classifier plugin (37).

2.6. Data Analysis and Statistics
Alpha and beta diversity analyses were performed at a sampling
depth of 16,000 using the alignment (38), phylogeny (39),
and diversity (https://github.com/qiime2/q2-diversity) plugins.
While this sampling depth excluded the Hubbard mucus sample
at 14 d.p.h, the increased sampling depth was considered less
likely to exclude rarer taxa. Alpha diversity, a metric used to
assess species richness, was measured using Faith’s phylogenetic
diversity (FPD) index (a measure of species richness) and a
Shannon diversity (SD) index (a measure of species evenness)
and compared between samples using a Kruskal Wallis test with
a false discovery rate (FDR) correction. Taxa plots were produced
using the q2-taxa plugin (https://github.com/qiime2/q2-taxa).
Beta diversity, a metric used to compare species diversity and
abundance between samples, was calculated with weighted and
unweighted UniFrac metrics. The beta diversity matrix was
used to draw principal coordinate analysis (PCoA) plots and
an ANOSIM test was used to determine the significance of
differences in beta diversity between groups.

Gneiss analysis was chosen to analyse differential abundance
between groups since it overcomes challenges created by the
compositional nature of microbiota data. Firstly, a dendrogram
of ASVs is prepared using correlation clustering. Each node in

the dendrogram is treated as a “balance” with taxa on one side of
the balance termed numerators and on the other, denominators.
Gneiss analysis examines the log ratio of abundances between
numerator and denominator taxa at each balance. Each log
ratio’s final numerical value is dependent on the balance
between the taxa composing the numerator and those composing
the denominator of the ratio. Differences in the log ratio
of a balance can be compared between sample groups to
determine differences in microbiota composition. A significant
difference between samples allows hypotheses to be formulated
regarding changes in the absolute abundance of numerator and
denominator taxa but gives no further information as to which
hypothesis is correct. For example, if balance y0 is found to be
significantly lower at Time A compared to Time B the following
hypotheses could explain the result: (i) The numerator taxa have
increased between times A and B; (ii) The denominator taxa
have an decreased between times A and B; (iii) A combination
of hypotheses (i) and (ii); (iv) Both numerator and denominator
taxa have increased between times A and B, but numerator taxa
have increased more; (v) Both numerator and denominator taxa
have decreased between times A and B, but denominator taxa
have decreased more. Further investigations, such as quantitative
PCR, are required to discern which hypothesis is correct (40).

Gneiss analysis (40) was run using QIIME2 to identify taxa
which were differentially abundant between time points and area
sampled. Principal balances for use in Gneiss were obtained via
Ward’s hierarchical clustering using the correlation-clustering
command producing a dendrogram with 200 balances (y0–
y199). Isometric log ratios for each balance were calculated
using the ilr-transform command. A multivariate response linear
regressionmodel of log ratios balances was constructed with area,
breed and days post-hatch as covariates using the ols-regression
command. Results were visualized through a regression summary
and dendrogram heatmaps. Balances significantly affected by the
covariates “days post hatch” and “area” were identified as those
with a p-value < 0.05.

2.7. Power Calculations
Statistical power for comparisons between days post-hatch and
area sampled were assessed retrospectively. ASV abundances
were modeled using a Dirichlet-Multinomial model as previously
described (41). Stratification by sample metadata was applied.
Statistical power was calculated under this model using a
Monte Carlo approach with 1,000 replications. A Wilcoxon-
Mann-Whitney test was used to assess the average number
of rejections of the null-hypothesis among the Monte Carlo-
generated datasets to give an indication of statistical power
as previously described (42). Dirichlet-Multinomial distribution
modeling and power calculations were implemented using
the a web interface available at https://fedematt.shinyapps.io/
shinyMB.

3. RESULTS

3.1. Statistical Power
For area sampled, in which there were 12 samples per group,
a Wilcoxon-Mann-Whitney test returned a value of 0.221. A
sample size of 49 samples per group would have been required
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to achieve a power of 0.8. For days post-hatch, in which there
were 6 samples per group, in which there were 6 samples per
group, a Wilcoxon-Mann-Whitney test returned a value of 0.04.
A sample size of 26 samples per group would have been required
to achieve a power of 0.8. These results suggest that the study was
significantly underpowered increasing the probability of a Type II
error. The results presented below should be interpreted in light
of this finding of weak statistical power and could be regarded as
more observational in nature.

3.2. Succession in the Ileal Microbiome
3.2.1. Alpha Diversity and Beta Diversity
Overall, age had a significant effect on alpha diversity when
measured using an FPD (H = 11.4, p = 0.044) and SD index
(H = 12.6, p = 0.027). Although there was an increase in
alpha diversity at 42 d.p.h (Figure 1) there were no significant
differences found using pairwise comparisons of alpha diversity
between time points. Overall, there was no significant effect of
breed on FPD (H = 2.83, p = 0.24) or SD index (H = 2.12,
p= 0.35).

Days post-hatch had a significant effect on beta diversity when
measured with an unweighted and weighted UniFrac metric
(R= 0.30, p= 0.002 and R= 0.25, p= 0.008, respectively). When
observed using an unweighted UniFrac metric, samples from 3
d.p.h formed a distinct cluster away from other samples. From 7
d.p.h, there was no apparent pattern of clustering by time point
with samples from all time points mixing together (Figure 2).
When observed using a weighted UniFrac metric, there was
no clustering pattern by time point. Breed had no significant
effect on beta diversity when measured with an unweighted and
weighted UniFrac metric (R = 0.02, p = 0.6 and R = 0.02,
p= 0.6, respectively).

3.2.2. Taxonomic Composition
The composition of the microbiome at different time points was
observed in a taxa plot (Figure 3). At 3 d.p.h, Enterococcaceae
was the most abundant taxa in Cobb and Hubbard (74.4 and
80.1%, respectively) while Enterobacteriaceae was the most
abundant in Ross (53.7%). Lactobacillaceae was present in all
three breeds (Cobb = 14.7%, Hubbard = 19.0%, Ross = 11.3%).
Small proportions of Bifidobacteriaceae (Cobb = 1.6%,
Hubbard = 0.22%, Ross = 0.18%) and Clostridiaceae 1
(Cobb = 2.8%, Hubbard = 0.13%, Ross = 0.6%), further
classified as Clostridium sensu stricto 1 at the genus level, were
found in all three breeds.

At 7 d.p.h, the relative abundance of Lactobacillaceae
(Cobb = 10.0%, Hubbard = 14.0%, Ross = 12.4%) and
Enterococcaceae (Cobb = 33.1%, Hubbard = 36.1%,
Ross = 40.5%) were similar between breeds. There was a
higher relative abundance of Enterobacteriaceae in Cobb and
Hubbard compared to Ross (Cobb = 46.4%, Hubbard = 43.7%,
Ross = 6.2%) while Clostridiaceae 1, further classified as
Candidatus Arthromitus at the genus level, was more abundant
in Ross (Cobb = 7.6%, Hubbard = 3.6%, Ross = 37.9%).
Peptostreptococcaceae was also present in all three breeds
(Cobb= 2.7%, Hubbard= 0.57%, Ross= 2.2%).

At 14 d.p.h, Lactobacillaceae was the most abundant
taxa in the lumen (Cobb = 40.5%, Hubbard = 48.2%,
Ross = 68.6%). In ileal mucus, the most abundant taxa
was Candidatus Athromitus in Ross (55.7%) and Hubbard
(57.2%) with Enterobacteriaceae the most abundant in Cobb
ileal mucus (66.1%). Peptostreptococcaceae (Cobb = 4.2%,
Hubbard = 3.1%, Ross = 5.3%) and Staphylococcaceae
(Cobb= 0.59%, Hubbard= 2.3%, Ross= 0.77%) were present in
the lumen.

At 21 d.p.h, Ross and Cobb samples had a similar
composition with Lactobacillaceae (Cobb = 14.8%,
Ross = 31.7%), Enterococcaceae (Cobb = 19.7%, Ross = 9.5%),
Enterobacteriaceae (Cobb = 25.7%, Ross = 33.7%), and
Erysipelotrichaceae (Cobb = 9.5%, Ross = 13.3%) the
most abundant taxa in the lumen. Lactobacillaceae was
the most abundant taxa in the Hubbard lumen (86.7%)
with a lower relative abundance of Enterococcaceae
(3.1%), Enterobacteriaceae (1.9%) and Erysipelotrichaceae
(4.2%). The composition of the mucus was similar to
that of the lumen but a higher relative abundance of
Candidatus Arthromitus was present (Cobb = 25.0%,
Hubbard = 12.4%, Ross = 4.1%). Lachnospiraceae
(Cobb = 5.1%, Hubbard = 2.1%, Ross = 3.0%) and
Ruminococcaceae (Cobb = 1.5%, Hubbard= 1.1%, Ross= 1.8%)
were present in the mucus at higher relative abundances than
previously observed.

At 28 d.p.h, Lactobacillaceae was the most abundant taxa in
Cobb and Hubbard lumen samples (79.7 and 82.5%, respectively)
resulting in lower relative abundances of Enterococcaceae
(1.7 and 3.9%, respectively), Enterobacteriaceae (9.5 and
6.1%, respectively), and Erysipelotrichaceae (5.1 and 4.1%,
respectively). Ross lumen samples had a lower relative abundance
of Lactobacillaceae (16.9%) and a higher relative abundance
of Enterococcaceae (17.7%), Enterobacteriaceae (21.7%), and
Erysipelotrichaceae (35.0%). Peptostreptococcaceae was present
in all lumen samples (Cobb = 3.1%, Hubbard = 2.1%,
Ross = 5.3%). The composition of mucus samples was similar
to that of lumen samples.

At 42 d.p.h, there was a similar taxonomic composition
between breeds with Lactobacillaceae (Cobb = 23.5%,
Hubbard = 13.1%, Ross = 10.0%), Enterococcaceae
(Cobb = 9.4%, Hubbard = 11.1%, Ross = 6.5%),
Enterobacteriaceae (Cobb = 39.1%, Hubbard = 37.5%,
Ross = 39.2%), Erysipelotrichaceae (Cobb = 16.1%,
Hubbard = 21.1%, Ross = 29.2%), and Peptostreptococcaceae
(Cobb = 9.4%, Hubbard = 9.2%, Ross = 10.2%) forming the
major taxa in the ileal lumen. The composition of the mucus
microbiome was similar to that of the lumen but higher relative
abundances of Candidatus Arthromitus (Cobb = 3.1%,
Hubbard = 17.4%, Ross = 13.9%), Lachnospiraceae
(Cobb = 3.7%, Hubbard = 3.7%, Ross = 6.6%), and
Ruminococcaceae (Cobb = 2.2%, Hubbard= 3.7%, Ross= 6.6%)
were observed.

3.2.3. Differentially Abundant ASVs
Gneiss analysis revealed differential ASV abundance from 3 to
42 d.p.h in the ileum. The ASV table was filtered to exclude
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FIGURE 1 | Alpha diversity in the ileum from 3 to 42 d.p.h measured by Faith’s phylogenetic diversity (A) and Shannon diversity indices (B).

ASVs with a frequency of less than 29 reducing the number
of ASVs in the analysis from 391 to 201. The overall linear
regression model fit was R2 = 0.59 with covariates “07,” “14,”
“21,” “28,” and “42 d.p.h” accounting for 6.3, 10.7, 10.8, 12.9, and
16.1% of variance, respectively. Log ratio balances y0, y1, y2, y6,
y10, y11, and y18 were significant predictors for one or more
time points.

The log ratio of balance y0 was significantly lower at 14
(β = –10.9, p < 0.001), 21 (β = –16.3, p < 0.001), 28
(β = –19.0, p < 0.001), and 42 (β = –17.3, p < 0.001)

d.p.h showing that y0denominator ASVs were associated with
a later microbiome (Figure 4A). Balance y1, a subdivision of
balance y0denominator ASVs, was significantly higher at 14 d.p.h
(β = 7.2, p < 0.001) (Figure 4B), allowing y0denominator ASVs to
be separated into those that were present at 14 d.p.h (y1numerator)
and those present from 21 d.p.h (y1denominator).

Balance y2 is a subdivision of y0numerator ASVs. The log ratio of
balance y2 was significantly higher at 7 (β = 13.2, p < 0.001), 14
(β = 17.2, p < 0.001), 21 (β = 15.3, p < 0.001), 28 (β = 17.6,
p < 0.001), and 42 (β = 21.1, p < 0.001) d.p.h (Figure 4C).
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FIGURE 2 | Beta diversity measured by unweighted (A) and weighted (B)

UniFrac metrics in the ileum from 3 to 42 d.p.h. Samples from Hubbard (N),

Ross (�), and Cobb (•) chickens are shown with lumen (filled) and mucus (no

fill) samples denoted by color fill.

The dendrogram heatmap (Figure 5) shows that this is due to
an increased log abundance of y2denominator ASVs at 3 d.p.h and
increasing log abundance of y2numerator ASVs at later time points.

Balance y6 is a subdivision of y2numerator ASVs. The log ratio
of balance y6 was significantly lower at 42 d.p.h (β = –12.2,
p = 0.002) with the dendrogram heatmap showing this is due
to an increased log abundance of y6denominator ASVs at this time
point (Figure 4D). Balance y10 is a subdivision of y6denominator
ASVs and had a significantly lower log ratio at 14 (β = –5.4,
p= 0.02), 21 (β = –6.0, p = 0.01), and 28 (β = –6.3,
p = 0.008) d.p.h (Figure 4E). The dendrogram heatmap shows
the lower log ratio was produced by an increased log abundance
of y10denominator ASVs at those time points.

Balance y11 is a subdivision of y6numerator ASVs. The log ratio
of balance y11 was significantly lower at 42 d.p.h (β = –9.4,
p = 0.002) (Figure 4F). The dendrogram heatmap shows that

y11denominator ASVs were more abundant at 42 d.p.h, although
some were also present at earlier time points. Balance y18 is a
subdivision of y11numerator ASVs. The log ratio of balance y18 was
significantly lower at 7 (β = –13.8, p < 0.001), 14 (β = –11.5,
p< 0.001), 21 (β = –12.2, p< 0.001), 28 (β = –9.7, p< 0.001),
and 42 (β = –9.8, p< 0.001) d.p.h (Figure 4G). The dendrogram
heatmap shows that this lower value was caused by a higher
log abundance of y18denominator ASVs. The log abundance of
y18numerator ASVs was sporadic and not related to any time point
in particular.

Taxonomic classification of ASVs in balances is presented
in Table 2. The results of Gneiss analysis mirror what was
described by the taxa plots, however, some more details
can be discerned. ASVs assigned to Lactobacillaceae were
identified as differentially abundant at 3, 14, and 42 d.p.h.
At the species level, Lactobacillaceae ASVs present at 3 d.p.h
were classified as Lactobacillus mucosae whilst those from
later time points were assigned to Lactobacillus vaginalis
or were not assigned further than the genus Lactobacillus.
ASVs assigned to Erysipelotrichaceae were identified as
differentially abundant at 0 d.p.h and 28 and 42 d.p.h. At
lower taxonomic levels, those differentially abundant at 0
d.p.h were assigned to Erysipelatoclostridium while those
at 28 and 42 d.p.h were assigned to Turicibacter. Another
family which was identified as differentially abundant at
multiple time points was Peptostreptococcaceae, with two
ASVs abundant at 7 d.p.h, four at 14 d.p.h and two at 42
d.p.h. As with Lactobacillaceae, greater taxonomic resolution
revealed that Peptostreptococcaceae ASVs colonizing at 7
d.p.h were assigned to the genus Clostridioides while later
colonizers were assigned to Romboutsia. ASVs assigned to
Clostridiaceae 1 at 7 d.p.h were further classified as Candidatus
Arthromitus but those identified as colonizing at 3 and 42
d.p.h were assigned to Clostridium sensu stricto 1 at the
genus level.

3.3. Differences Between the Lumen and
Mucus Microbiomes
Samples taken between 14 and 42 d.p.h were used to analyse
differences between mucus and lumen microbiomes. As before,
sequencing depth was set at 16,000 for diversity analyses
excluding the Hubbard mucus sample at 14 d.p.h.

3.3.1. Alpha Diversity and Beta Diversity
For alpha diversity, samples were grouped by area sampled
and days post-hatch. When measured using a FPD index,
there was a significant of area sampled and days post-hatch
on alpha diversity (H = 17.8, p = 0.01). Although there were
no significant differences in alpha diversity between lumen
and mucus samples at the sample time point, a plot of FPD
alpha diversity shows that mucus samples tended to have a
higher alpha diversity than lumen samples (Figure 1). However,
there was no overall effect of area sampled and days post-
hatch on alpha diversity when measured using a SD index
(H = 11.1, p = 0.13). In this case, alpha diversity plots showed
no differences between mucus and lumen samples at 14 and
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FIGURE 3 | Taxa plot showing the relative abundance of bacterial genera in the ileal mucus (Muc.) and lumen (Lum.) between 3 and 42 d.p.h in Hubbard (H), Cobb

(C), and Ross (R).

21 d.p.h, although mucus samples had a higher average alpha
diversity at 28 and 42 d.p.h (Figure 1). This indicates that the
differences in FPD alpha diversity were largely driven by low
abundance ASVs.

When measured using an unweighted UniFrac metric, there
was a significant impact of area sampled on beta diversity
(R = 0.63, p = 0.001). However, a significant effect of area
sampled was not observed when a weighted UniFrac metric
was used (R = 0.05, p = 0.16). A PCoA plot of unweighted
UniFrac beta diversity show mucus samples cluster apart
from lumen samples (Figure 2) with no clustering pattern
visible in the PCoA plot of weighted UniFrac beta diversity
(Figure 2). These results suggest that while the composition
of the mucus microbiome is different, the relative abundance
of the most common ASVs is similar between the mucus
and lumen.

3.3.2. Differentially Abundant ASVs
Gneiss analysis revealed differential ASV abundance from 3
to 42 d.p.h in the ileum. The ASV table was filtered to
exclude ASVs with a frequency of less than 29 reducing the
number of ASVs in the analysis from 343 to 178. The overall
linear regression model fit was R2 = 0.37 with covariate
“Area” accounting for 14.7% of variance. Log ratio balances
y2 (β = –9.6, p < 0.001), y7 (β = 5.2, p = 0.004),
y8 (β = 4.9, p = 0.03), y26 (β = –3.9, p = 0.04),
and y30 (β = 3.4, p = 0.04) were significant predictors
for “Area.”

The log ratio of balance y0 was not significantly
affected by “Area” allowing the conclusion that
y0denominator ASVs were not differentially abundant
between mucus and lumen samples. Balance y2 is a

subdivision of y0numerator ASVs and was significantly
lower in mucus samples (Figure 6A). The dendrogram
heatmap (Figure 7) shows that this was due to an
increased relative abundance of y2denominator ASVs in
mucus samples.

Balance y4 is a subdivision of y2numerator ASVs but the log
ratio of this balance was not significantly different between
mucus and lumen samples. Balance y7 is a subdivision of
y4denominator ASVs and was significantly lower in lumen samples
(Figure 6B). The dendrogram heatmap shows that this was
due to an increased relative abundance of y7denominator ASVs
in lumen samples while y7numerator ASVs were similarly
abundant in mucus and lumen samples. Balance y8 is
a subdivision of y4numerator ASVs and was significantly
lower in lumen samples (Figure 6C). The dendrogram
heatmap shows that this was due to an increased relative
abundance of y8denominator ASVs in lumen samples while
y8numerator ASVs were similarly abundant in mucus and
lumen samples.

Taxonomic classification of ASVs in balances is presented
in Table 3. Most ASVs showed no preference for colonizing
either the mucus or the lumen. Most ASVs identified as more
abundant in the mucus were classified as Lachnospiraceae and
Ruminococcaceae. Three ASVs assigned to Clostridiaceae 1
were more abundant in mucus. All three of these ASVs were
assigned to Candidatus Arthromitus at the genus level. The
remaining four Clostridiaceae 1 ASVs included in the analysis
were classified as not differentially abundant between mucus and
lumen samples and were all assigned to Clostridium sensu stricto
1 at the genus level. Some taxa which were previously identified
as more abundant in the caecum had a higher relative abundance
in the mucus including Peptococcaceae, Bacteroidaceae,
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FIGURE 4 | Log ratios of balances y0 (A), y1 (B), y2 (C), y6 (D), y10 (E), y11 (F), and y18 (G) which were identified as significantly different between time points

during ileal microbiome development.
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FIGURE 5 | A dendrogram heatmap showing the log abundance of ASVs in ileal lumen and mucus samples grouped by age. Differences in relative abundance

between the time points are visible in balances y0, y1, y2, y6, y10, y11, and y18 identified by Gneiss analysis as containing differentially abundant ASVs.

Burkholderiaceae, Christensenellaceae, and Bacillaceae. Nine
ASVs assigned to Lactobacillaceae were included in the
analysis. Of these, one was assigned to Lactococcus, two to
Lactobacillus mucosae, three to Lactobacillus vaginalis, and
four to Lactobacillus. Both ASVs assigned to Lactobacillus
mucosae were classified as more abundant in the lumen. 12
ASVs assigned to Peptostreptococcaceae were included in the
analysis. Of these, six were assigned to Romboutsia and six to
Clostridioides at the genus level. A total of five ASVs assigned
to Peptostreptococcaceae were classified as more abundant
in the lumen. At the genus level, four of these ASVs were
assigned to Romboutsia with the remaining ASV assigned
to Clostridioides.

4. DISCUSSION

Power calculations conducted retrospectively indicate
that this study was significantly underpowered and the
results presented above must be interpreted in light of
this finding. As a result, findings presented should be
interpreted as observational with poor statistical support.

Despite this caveat of small sample size reducing statistical
power, some patterns within the data merit discussion and
may provide the basis for further research with adequate
sample sizes.

4.1. General Pattern of Succession
The results presented above describe a pattern of succession
in the ileal microbiome undergoing several shifts in taxonomic
composition before a mature community is present. Most studies
observing bacterial succession in the ileum produce differing
results. Early microbiomes are the most variable between studies.
This is likely due to different bacterial exposure between
hatcheries (23). Most agree that this initial community is replaced
by a rise in the abundance of Lactobacillaceae (28, 43, 44)
however, the timing of this rise often differs between studies.
Many factors are likely to contribute to these discrepancies such
as environmental exposure, diet, and differences in methodology.
Stanley et al. (45) showed significant differences in intestinal
microbiota between three trials even though the chickens were
kept under the same conditions and fed the same diet. There is
also no agreement as to whether Lactobacillaceae remains the
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TABLE 2 | Taxonomy of ASVs colonizing the ileum at different time points.

Number of ASVs

Taxonomy Total count 3 d.p.h 7 d.p.h 14 d.p.h 21 d.p.h 28 & 42 d.p.h NDAa

D_4__Lachnospiraceae 54 1 0 0 0 39 14

D_4__Ruminococcaceae 40 0 0 0 0 28 12

D_4__Enterococcaceae 23 13 0 0 0 1 9

D_4__Enterobacteriaceae 16 2 0 0 0 4 10

D_4__Peptostreptococcaceae 12 0 2 4 0 2 4

D_4__Lactobacillaceae 10 2 0 2 0 4 2

D_4__Clostridiaceae 1 9 1 2 0 0 2 4

D_4__Corynebacteriaceae 4 0 0 1 0 0 3

D_4__Staphylococcaceae 4 0 0 2 0 0 2

D_4__Erysipelotrichaceae 3 0 0 0 2 1 0

D_4__Peptococcaceae 3 0 0 0 0 3 0

D_4__Christensenellaceae 2 0 0 0 0 0 2

D_4__Aerococcaceae 2 0 0 0 0 1 1

D_4__Burkholderiaceae 2 0 0 0 0 1 1

D_4__Bacteroidaceae 2 0 0 0 0 2 0

D_4__Streptococcaceae 2 1 0 0 0 1 0

D_4__Bacillaceae 2 1 0 0 0 1 0

D_4__Campylobacteraceae 2 0 0 0 0 1 1

D_4__Dermabacteraceae 2 0 0 0 0 0 2

D_4__Planococcaceae 1 0 0 0 0 1 0

D_4__Pseudomonadaceae 1 0 0 0 0 0 1

D_4__Atopobiaceae 1 0 0 0 0 1 0

D_4__Bifidobacteriaceae 1 0 0 0 0 0 1

D_4__Rhizobiaceae 1 0 0 0 0 0 1

D_4__Coriobacteriaceae 1 0 0 0 0 1 0

D_4__Paenibacillaceae 1 0 0 0 0 1 0

aASVs defined as NDA were not assigned a time point at which colonization was significant. Individual taxonomies of significant Gneiss balances are provided in

Supplementary Figure 1.

dominant taxa within the microbiome. Some have found no
difference in abundance at time points from 8 to 36 d.p.h while
others have observed a decrease in Lactobacillaceae between 4
and 16 d.p.h (28, 46).

A similar pattern of succession to that described in this
study has been proposed by Jurburg et al. (25) after examining
the fecal microbiome of chickens between 1 and 35 d.p.h
although many taxa detected are associated with the caecal
microbiome rather than the ileal microbiome. The first stage
was dominated by rapidly-colonizing taxa such as Streptococcus
and Escherichia/Shigella. Lactobacillus became more prominent
in the fecal microbiome from 3 d.p.h with an increase in relative
abundance at 14 d.p.h. The peak of Candidatus Arthromitus
abundance was noted at 14 and 21 d.p.h. Slower growing
taxa such as Romboutsia and other Peptostreptococcaceae
colonized from 21 d.p.h. The similarities between these results
and those described above support the conclusion that the
ileal microbiome undergoes several shifts in composition
from hatch to 35 and 42 d.p.h. Further evidence that the
ileal microbiome isn’t stable until later time points can be
found in the results of those using techniques other than

next generation sequencing. Lu et al. (16), found that clone
libraries at 3, 7, and 49 d.p.h had a high dissimilarity to
those from 14, 21, and 28 d.p.h with Lactobacillus decreasing
while Clostridia increased over time. Similarly, den Hartog
et al. (47) used T-RFLP reads to demonstrate a temporary
disturbance in ileal microbiome composition between 14
and 42 d.p.h.

I am inclined to conclude that high Lactobacillaceae
abundance is not the hallmark of a mature ileal microbiome
but rather a stage of maturation. Much work has been done to
characterize the bacterial composition of the ileal microbiome
in chickens at fixed time points. Many of these focus on
the microbiome between 21 and 35 d.p.h, presumably under
the impression that the ileal microbiome has matured by
this point. Indeed, Amit-Romach stated in 2004 that “A
typical microflora of adult birds in the small intestine is
established within 2 weeks” (48). This has perhaps led to
the assumption that a mature ileal microbiome is dominated
by Lactobacillaceae.

Although the general pattern of succession followed that
described by previous studies, examination of Lactobacillaceae
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FIGURE 6 | Log ratios of balances y2 (A), y7 (B), and y8 (C) that were identified as significantly different between ileal lumen and mucus samples.

and Peptostreptococcaceae ASVs at the genus and species level
revealed a more detailed pattern of succession. Most importantly,
ASVs assigned to Lactobacillus mucosae colonized the ileum
earlier than those assigned to other species of Lactobacillaceae.
Although the order of succession in the ileal microbiome
may simply be a matter of presence or absence of taxa it is
possible that some strains of bacteria are better adapted to
colonize the early gut whilst others require alterations to the
gut environment produced by early inhabitants before they
are able to colonize. While more detailed studies considering
bacterial succession using identification at higher taxonomic
levels would be required to confirm this hypothesis, it is
worth considering in terms of selection of potential probiotic
species. Currently, probiotics may be selected due to in vitro
activity against pathogens, production of certain metabolites
or suitability to industrial production and administration.
However, the ability of strains to colonize the gut immediately
post-hatch would also influence the functional success of a
probiotic product.

This study should also highlight two groups of ileal bacteria
that have previously been neglected but which may be of
interest. Peptostreptococcaceae is often reported in the ileum
but eclipsed by Lactobacillaceae. Firstly, the ASVs assigned to

Peptostreptococcaceae in this study were further identified as
Clostridioides and Romboutsia with Clostridioides colonizing the
ileum from 7 d.p.h and Romboutsia present from 14 d.p.h. The
human pathogen Clostridium difficile was reclassified in 2016
to the genus Clostridioides (49). The two ASVs assigned to
Clostridioides in this study were not classified to the species level
by comparison against the SILVA database. An search of the
NCBI bacterial 16S rRNA gene database using BLAST revealed
98.13 and 98.51% similarity to sequences from Clostridioides
difficile. The presence of Clostridioides difficile in the chicken
ileum has been reported and discussed with respect to public
health (50) but no studies mention the impact of this species on
poultry health. Genomic and functional analysis of Romboutsia
found in the human gastrointestinal tract reveal that these
Clostridia are highly adapted to life in the small intestine with the
ability to ferment glucose and other simple carbohydrates (51).
Secondly, Erysipelotrichaceae was found in the ileum from 21
d.p.h in this study. These ASVs were classified as Turicibacter
at the genus level. Studies of Turicibacter metabolism and
functional genomics are not yet available, however, the
abundance of Turicibacter in this study should highlight it
as another neglected but important member of the mature
ileal microbiome.
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FIGURE 7 | A dendrogram heatmap showing the log abundance of ASVs in ileal lumen and mucus samples grouped by age. Differences in relative abundance are

visible between the time points in balances y2, y7, y8 identified by Gneiss analysis as containing differentially abundant ASVs.

4.2. Differences in Succession Between
Breeds
When describing differences in succession between breeds
using the results described above, the limitations of sample
size and pooling should be considered. Small sample size
reduces the ability to support observations with statistical
tests. As such, the description of differences in succession
between breeds is purely observational and without statistical
support. Equally, pooling samples masks individual variation
between chickens. It is possible that pooled samples
were more representative of certain constituent samples
than others.

The general pattern of succession described above was
followed by all breeds with the exception that no sudden
rise in Candidatus Arthromitus abundance was observed
in Cobbs. However, the rate of succession differed between
breeds. Ross were the first to demonstrate sequential rises
in Enterobacteriaceae (3 d.p.h), Candidatus Arthromitus (7
d.p.h), Lactobacillaceae (14 d.p.h), and Erysipelotrichaceae
(28 d.p.h). This pattern was followed, first by Hubbard
and then by Cobb. The peak in Candidatus Arthromitus
abundance was visible in Hubbards at 14 d.p.h and

may have occurred in Cobb between 14 and 21 d.p.h.
Lactobacillaceae abundance rose in Hubbard at 21 d.p.h
and Cobb at 28 d.p.h. The dominance of Lactobacillaceae
was more sustained in Hubbard as it was still observable
7 days later at 28 d.p.h. An increase in Enterobacteriaceae
and Erysipelotrichaceae with a concurrent decrease in
Lactobacillaceae was apparent in both Cobb and Hubbard
by 42 d.p.h.

Three previous studies provide direct comparisons between
Ross, Cobb, and Hubbard. They focus on the responses of the
three breeds to necrotic enteritis. In general, they have found that
Cobb are more susceptible to necrotic enteritis than Ross and
Hubbard, exhibiting increased body weight loss and more severe
intestinal lesions (52). Hubbard appear to have an intermediary
susceptibility to necrotic enteritis with Ross emerging as the
most resistant. In one study, Hubbard chicks lost more body
weight than Ross chicks but did not have more severe intestinal
lesions (53). In another, Hubbard chicks showed no significant
loss of body weight compared to Ross chicks and showed an
intermediate severity of intestinal lesions between Ross and Cobb
chicks (52). Ross have been shown to have differential expression
of β-defensin genes during necrotic enteritis infection when
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TABLE 3 | Taxonomy of ASVs identified as differentially abundant between mucus

and lumen samples in the ileum.

Number of ASVs

Taxonomy Total Lumen Mucus NDAa

D_4__Lachnospiraceae 53 0 18 35

D_4__Ruminococcaceae 40 0 23 17

D_4__Enterobacteriaceae 14 2 0 12

D_4__Peptostreptococcaceae 12 5 0 7

D_4__Lactobacillaceae 9 2 1 6

D_4__Enterococcaceae 9 4 0 5

D_4__Clostridiaceae 1 7 0 3 4

D_4__Corynebacteriaceae 4 1 0 3

D_4__Staphylococcaceae 4 2 0 2

D_4__Erysipelotrichaceae 3 0 0 3

D_4__Peptococcaceae 3 0 2 1

D_4__Bacteroidaceae 2 0 2 0

D_4__Burkholderiaceae 2 0 1 1

D_4__Christensenellaceae 2 0 2 0

D_4__Campylobacteraceae 2 0 1 1

D_4__Streptococcaceae 2 0 0 2

D_4__Dermabacteraceae 2 0 0 2

D_4__Aerococcaceae 2 0 0 2

D_4__Paenibacillaceae 1 0 0 1

D_4__Planococcaceae 1 0 0 1

D_4__Atopobiaceae 1 0 0 1

D_4__Bifidobacteriaceae 1 0 0 1

D_4__Coriobacteriaceae 1 0 0 1

D_4__Bacillaceae 1 0 1 0

aASVs defined as NDA were not differentially abundant between ileal mucus and

lumen samples. Individual taxonomies of significant Gneiss balances are provided in

Supplementary Figure 2.

compared to Cobb (54). These results are interesting in light of
the observation above that Ross had an accelerated development
of the ileal microbiome when compared to Cobb, with Hubbard
as an intermediary.

The protocol for inducing necrotic enteritis in all three
experiments was the same. Eimeria maxima oocyts were
administered at 14 d.p.h followed by Clostridium perfringens
at 18 d.p.h (52–54). It follows that any difference in response
to necrotic enteritis should have its roots during the first 2
weeks of life. The most evident difference between the three
breeds during this period was the appearance of Candidatus
Arthromitus. This genus formed a great part of the microbiome
in Ross chicks from 7 to 14 d.p.h and Hubbard at 14 d.p.h,
but was less abundant in Cobb. It is possible that this lack of
early colonization by Candidatus Arthromitus could leave Cobb
chickens more susceptible to infectious disease as the interaction
between Candidatus Arthromitus and host tissue plays a role in
immune maturation.

Stanley et al. (55) used Cobb chickens to investigate changes in
caecal microbiota to dietary fishmeal, Eimeria and C. perfringens
in a model of necrotic enteritis. The abundance of Candidatus
Arthromitus was observed to increase in response to infection
with C. perfringens but was not present in any groups treated
with Eimeria. The authors suggest that Eimeria could remove
Candidatus Arthromitus as a mechanism for modulating host

immunity and thereby increase its own infectivity. However, the
removal of Candidatus Arthromitus leads to an imbalance in
mucosal immunity allowing C. perfringens to grow unchecked
(55). Further weight is added to this argument by the
observation that fumonisin mycotoxins in feed also lower
the abundance of Candidatus Arthromitus and increase the
susceptibility to C. perfringens infection and development of
necrotic enteritis (56).

4.3. Differences Between Mucus and
Lumen Microbiomes
Significant differences between the composition of themucus and
lumen microbiomes were discovered. Candidatus Arthromitus
was identified as significantly more abundant in the mucus. This
finding is likely due to Candidatus Arthromitus’ close association
with the ileal epithelium during its life cycle (57). Other taxa
identified as differentially abundant in the mucus were those
previously classified as associated with the caecal microbiome
such as Lachnospiraceae, Ruminococcaceae, Peptococcaceae, and
Bacteroidaceae. A similar result was obtained by Borda-Molina
et al. (21) who found Lachnospiraceae, Ruminococcaceae, and
Burkholderiaceae to be more prevalent in the crop and ileal
mucosa compared to digesta. Their presence in the ileum may
be due to ingestion of these bacteria from the feces of other birds
or retroperistalsis from the caecum.

Some taxa were identified as differentially abundant in the
ileal lumen including Romboutsia, two Lactobacillaceae, four
Enterococcaceae and two Staphylococcaceae. In the absence of
quantitative data it is not possible to discern whether the increase
in relative abundance of these ASVs in the lumen was due
to an absolute increase in their abundance or a decrease in
the abundance of Candidatus Arthromitus. If a true biological
preference for the lumen were present it would be expected that a
majority, if not all, ASVs assigned to a taxa would be differentially
abundant in that niche as in the case of Candidatus Arthromitus.
This was not observed for Lactobacillaceae, Enterococcaceae, or
Staphylococcaceae. Four of six ASVs assigned to Romboutsia
were differentially abundant in the lumen, presenting a stronger
case for a true biological preference for lumen colonization.
Under laboratory conditions, Romboutsia is unable to grow on
mucin which is likely to due its inability to degrade mucus
derived carbohydrates such as L-fucose and sialic acid (51). This
experimental data supports the finding that Romboutsia was
differentially abundant in the lumen and may have a higher
absolute abundance in the lumen.

4.4. Candidatus Arthromitus: Colonization
and Immune Development
Candidatus Arthromitus is a segmented filamentous bacteria
(SFB), a group of host specific, non-pathogenic bacteria
which are often found associated with the terminal ileum
of animals (58). In recent years the appropriate taxonomy
has been debated. Candidatus Arthromitus was originally
proposed due to the morphological similarity with bacteria
associated with the arthropod intestinal tract discovered by
Leidy (59) and Snel et al. (58). However, 16S rRNA gene
sequencing has revealed that, despite their morphological
similarity, Leidy’s arthropod SFB belong to Lachnospiraceae
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whilst those described in vertebrates belong to Clostridiaceae
(60). In light of this the name Candidatus Savagella has
been proposed although both names are still used in the
literature (60).

The life cycle of SFB is complex and involves extensive
contact with the ileal epithelium but since SFB are unculturable
details must be discerned from microscopy (57). SFB exist in
two morphological forms, a dormant spore and an active
holdfast. Some studies suggest that the holdfasts begin
to grow in the lumen before developing specialized ends
which invade the epithelium (61). Others hypothesize that
holdfasts are initially motile and attach to the epithelium
before more segments begin to grow (62). Each segment
develops two intrasegmental bodies which differentiate
into either spores or holdfasts which are released into the
lumen (62).

Previous studies observing the colonization and distribution
of SFB in the chicken gut have produced similar results to those
presented above. SFB are found principally in the ileal mucus
with some presence in ileal content (63) although there is one
report of SFB in the caecal tonsils (64). SFB appear during
the first week of life, reaching peak abundance between 9 and
14 d.p.h before declining (63, 64). The pattern of colonization
varies greatly among individual birds, especially at an early age.
One possible explanation is the influence of other members
of the microbiome. Earlier SFB colonization was observed in
chickens fed a Lactobacillus delbrueckii probiotic (63). Equally
this variation could be explained by differing levels of maternal
IgA transfer to chicks. The decline of SFB in chicks is linked
to increasing concentrations of intestinal IgA (63, 65). This is
similar to observations in mice in which SFB colonization doesn’t
occur until weaning when maternal IgA is no longer supplied to
the gut and declines once endogenous IgA production reaches
sufficient level (66).

All studies investigating the effect of SFB on host immune
development have used comparisons between gnotobiotic and
germfree mice. Any comparison between mammalian and avian
immune development is likely to produce false assumptions
not only because SFB appear to interact with different
epithelial cells between species (57) but also because the
function of some immune cell subsets in avian immunology
is still unknown. However, it is worth noting that SFB have
been shown to stimulate various parts of the mammalian
immune system and it should be worth pursuing similar
experiments in chickens to discern the role that SFB play
in the development of the avian immune system. SFB have
been linked to such diverse roles as the stimulation of IgA
production (67–69), increasing numbers of αβ— and αα—
intraepithelial T-cells (70, 71), inducing expression of fucosyl
sialo GM1 glycolipids which may inhibit attachment of other
bacteria (71), induction of Th17 cells and decreased regulatory
T cells (57, 70).

5. CONCLUSION

The early ileal microbiome had a low diversity with
Enterobacteriaceae and Enterococcaceae found to be the

most abundant taxa. Lactobacillus mucosae was present at 3
d.p.h but other species of Lactobacillus such as Lactobacillus
vaginalis did not colonize the ileum until later time points. A
pattern of succession followed with Candidatus Arthromitus
and Clostridioides appearing in the ileal microbiome at 7
d.p.h. Candidatus Arthromitus became the most abundant
taxa in the mucus while Lactobacillaceae was the most
abundant in the lumen. The high abundance of Candidatus
Arthromitus was short lived as Lactobacillaceae became the
most abundant genus in both the mucus and lumen. High
abundance of Lactobacillaceae was a transient feature of the ileal
microbiome with Peptostreptococcaceae, Enterobacteriaceae,
Enterococcaceae, and Erysipelotrichaceae increasing in
abundance at later time points. This general pattern of succession
was followed by all breeds, however, the rate at which succession
occurred was different with the intestinal microbiome of Ross
birds advancing through the described pattern of succession
quicker than Hubbard and Cobb. These differences in succession,
especially a disparity in Candidatus Arthromitus abundance,
could explain differences in the susceptibility to infectious
enteric disease previously observed between these three breeds.

Significant differences between the lumen and mucus
microbiomes were observed with Candidatus Arthromitus and
caecal bacteria such as Lachnospiraceae, Ruminococacaeae, and
Burkholderiaceae showing increased abundance in the mucus
and Romboutsia showing increased abundance in the lumen.

DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in
the NCBI Sequence Repository Archive under accession
number SRP158778.

ETHICS STATEMENT

The animal study was reviewed and approved by University of
Liverpool Animal Welfare and Ethical Review Body.

AUTHOR CONTRIBUTIONS

PR-R conducted the sampling, sample processing, 16S rRNA
gene analysis, interpretation of the results, and wrote the
manuscript. MB advised on the design of the experiment and
edited the manuscript. JF advised on experimental design and
data analysis relating to 16S rRNA gene sequencing. PW advised
on experimental design and helped conduct the experiment. All
authors read and approved the final manuscript.

FUNDING

This research was funded by Danisco Animal Nutrition
of DuPont Industrial Biosciences in partnership with the
Biotechnology and Biological Sciences Research Council (BBSRC
Project Reference BB/M011186/1/1843513).

Frontiers in Veterinary Science | www.frontiersin.org 15 January 2020 | Volume 7 | Article 17

https://trace.ncbi.nlm.nih.gov/Traces/sra/?study=SRP158778
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Richards-Rios et al. Ileal Microbiota Development in Broilers

ACKNOWLEDGMENTS

Amplicon generation was performed by Richie Eccles and
amplicon sequencing by Anita Lucaci at the Centre for Genomic
Research (CGR) at The University of Liverpool.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fvets.
2020.00017/full#supplementary-material

REFERENCES

1. Sergeant MJ, Constantinidou C, Cogan TA, Bedford MR, Penn CW,
Pallen MJ. Extensive microbial and functional diversity within the chicken
cecal microbiome. PLoS ONE. (2014) 9:e91941. doi: 10.1371/journal.pone.00
91941

2. Apajalahti J, Kettunen A, Graham H. Characteristics of the
gastrointestinal microbial communities, with special reference to the
chicken. Worlds Poult Sci J. (2004) 60:223–32. doi: 10.1079/WPS200
40017

3. Oakley BB, Buhr R, Ritz CW, Kiepper BH, Berrang ME, Seal BS, et al.
Successional changes in the chicken cecal microbiome during 42 days of
growth are independent of organic acid feed additives. BMC Vet Res. (2014)
10:282. doi: 10.1186/s12917-014-0282-8

4. Svihus B. Function of the digestive system. J Appl Poult Res. (2014) 23:306–14.
doi: 10.3382/japr.2014-00937

5. Sklan D, Hurwitz S, Budowski P, Ascarelli I . Fat digestion and absorption
in chicks fed raw or heated soybean meal. J Nutr. (1975) 105:57–63.
doi: 10.1093/jn/105.1.57

6. Noy Y, Sklan D. Digestion and absorption in the young chick. Poult Sci. (1995)
74:366–73. doi: 10.3382/ps.0740366

7. Rougière N, Carré B. Comparison of gastrointestinal transit times
between chickens from D+ and d genetic lines selected for divergent
digestion efficiency. Animal. (2010) 4:1861–72. doi: 10.1017/S1751731110
001266

8. Weurding RE, Veldman A, Veen WAG, van der Aar PJ, Verstegen
MWA. Starch digestion rate in the small intestine of broiler chickens
differs among feedstuffs. J Nutr. (2001) 131:2329–35. doi: 10.1093/jn/131.
9.2329

9. Zimonja O and Svihus B . Effects of processing of wheat or oats starch
on physical pellet quality and nutritional value for broilers. Anim Feed Sci

Technol. (2009) 149:287–97. doi: 10.1016/j.anifeedsci.2008.06.010
10. Svihus B, Juvik E, Hetland H, Krogdahl Å . Causes for improvement

in nutritive value of broiler chicken diets with whole wheat instead of
ground wheat. Br Poult Sci. (2004) 45:55–60. doi: 10.1080/00071660410001
668860

11. Hurwitz, S, Bar, A, Katz, M, Sklan, D, Budowski, P . Absorption and secretion
of fatty acids and bile acids in the intestine of the laying fowl. J Nutr. (1973)
103:543–7. doi: 10.1093/jn/103.4.543

12. Apajalahti J, Vienola K. Interaction between chicken intestinal microbiota
and protein digestion. Anim Feed Sci Technol. (2016) 221:323–30.
doi: 10.1016/j.anifeedsci.2016.05.004

13. Gong J, Si W, Forster RJ, Huang R, Yu H, Yin Y, et al. 16S
rRNA gene-based analysis of mucosa-associated bacterial community and
phylogeny in the chicken gastrointestinal tracts: from crops to ceca.
FEMS Microbiol Ecol. (2007) 59:147–57. doi: 10.1111/j.1574-6941.2006.
00193.x

14. Choi JH, Kim GB, Cha CJ. Spatial heterogeneity and stability of bacterial
community in the gastrointestinal tracts of broiler chickens. Poult Sci. (2014)
93:1942–50. doi: 10.3382/ps.2014-03974

15. Gong J, Forster RJ, Yu H, Chambers JR, Wheatcroft R, Sabour PM,
et al. Molecular analysis of bacterial populations in the ileum of
broiler chickens and comparison with bacteria in the cecum. FEMS

Microbiol Ecol. (2002) 41:171–9. doi: 10.1111/j.1574-6941.2002.tb
00978.x

16. Lu J, Idris U, Harmon B, Maurer JJ, Lee MD, Hofacre C. Diversity
and succession of the intestinal bacterial community of the
maturing broiler chicken. Appl Environ Microbiol. (2003) 69:6816–24.
doi: 10.1128/AEM.69.11.6816-6824.2003

17. Witzig M, Da Silva AC, Engert RG, Hoelzle K, Zeller E, Seifert J, et al.
Spatial variation of the gut microbiota in broiler chickens as affected by
dietary available phosphorus and assessed by T-RFLP analysis and 454
pyrosequencing. PLoS ONE. (2015) 10:e0143442. doi: 10.1371/journal.pone.0
143442

18. Latorre JD, Adhikari B, Park SH, Teague KD, Graham LE, Mahaffey BD,
et al. Evaluation of the epithelial barrier function and ileal microbiome in an
established necrotic enteritis challenge model in broiler chickens. Front Vet
Sci. (2018) 5:199. doi: 10.3389/fvets.2018.00199

19. Kollarcikova M, Kubasova T, Karasova D, Crhanova M, Cejkova D, Sisak F,
et al. Use of 16S rRNA gene sequencing for prediction of new opportunistic
pathogens in chicken ileal and cecal microbiota. Poult Sci. (2019) 98:2347–53.
doi: 10.3382/ps/pey594

20. Johnson TJ, Youmans BP, Noll S, Cardona C, Evans NP, Karnezos TP, et al. A
consistent and predictable commercial broiler chicken bacterial microbiota
in antibiotic-free production displays strong correlations with performance.
Appl Environ Microbiol. (2018) 84:e00362–18. doi: 10.1128/AEM.0
0362-18

21. Borda-Molina D, Vital M, Sommerfeld V, Rodehutscord M, Camarinha-
Silva A. Insights into broilers’ gut microbiota fed with phosphorus,
calcium, and phytase supplemented diets. Front Microbiol. (2016) 7:2033.
doi: 10.3389/fmicb.2016.02033

22. Van Der Wielen PWJJ, Keuzenkamp DA, Lipman LJA, Van Knapen F,
Biesterveld S. Spatial and temporal variation of the intestinal bacterial
community in commercially raised broiler chickens during growth. Microb

Ecol. (2002) 44:286–93. doi: 10.1007/s00248-002-2015-y
23. Pedroso AA, Menten JFM, Lambais MR. The structure of bacterial

community in the intestines of newly hatched chicks. J Appl Poult Res. (2005)
14:232–7. doi: 10.1093/japr/14.2.232

24. Ballou AL, Ali RA, Mendoza MA, Ellis JC, Hassan HM, Croom WJ,
et al. Development of the chick microbiome: how early exposure influences
future microbial diversity. Front Vet Sci. (2016) 3:2. doi: 10.3389/fvets.2016.
00002

25. Jurburg SD, Brouwer MSM, Ceccarelli D, van der Goot J, Jansman AJM,
Bossers A. Patterns of community assembly in the developing chicken
microbiome reveal rapid primary succession. MicrobiologyOpen. (2019)
8:e00821. doi: 10.1002/mbo3.821

26. Lee S, La TM, Lee HJ, Choi IS, Song CS, Park SY, et al. Characterization
of microbial communities in the chicken oviduct and the origin
of chicken embryo gut microbiota. Sci Rep. (2019) 9:6838.
doi: 10.1038/s41598-019-43280-w

27. Wise MG, Siragusa GR. Quantitative analysis of the intestinal bacterial
community in one- to three-week-old commercially reared broiler
chickens fed conventional or antibiotic-free vegetable-based diets.
J Appl Microbiol. (2007) 102:1138–49. doi: 10.1111/j.1365-2672.2006.
03153.x

28. Schokker D, Veninga G, Vastenhouw SA, Bossers A, de Bree FM, Kaal-
Lansbergen LMTE, et al. Early life microbial colonization of the gut and
intestinal development differ between genetically divergent broiler lines. BMC

Genomics. (2015) 16:418. doi: 10.1186/s12864-015-1646-6
29. Wang W, Li Z, Han Q, Guo Y, Zhang B, D’inca R. Dietary live yeast and

mannan-oligosaccharide supplementation attenuate intestinal inflammation
and barrier dysfunction induced by Escherichia coli in broilers. Br J Nutr.
(2016) 116:1878–88. doi: 10.1017/S0007114516004116

30. Richards P, Fothergill J, Bernardeau M, Wigley P. Development of the
caecal microbiota in three broiler breeds. Front Vet Sci. (2019) 6:201.
doi: 10.3389/fvets.2019.00201

31. Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA,
Turnbaugh PJ, et al. Global patterns of 16S rRNA diversity at a depth of

Frontiers in Veterinary Science | www.frontiersin.org 16 January 2020 | Volume 7 | Article 17

https://www.frontiersin.org/articles/10.3389/fvets.2020.00017/full#supplementary-material
https://doi.org/10.1371/journal.pone.0091941
https://doi.org/10.1079/WPS20040017
https://doi.org/10.1186/s12917-014-0282-8
https://doi.org/10.3382/japr.2014-00937
https://doi.org/10.1093/jn/105.1.57
https://doi.org/10.3382/ps.0740366
https://doi.org/10.1017/S1751731110001266
https://doi.org/10.1093/jn/131.9.2329
https://doi.org/10.1016/j.anifeedsci.2008.06.010
https://doi.org/10.1080/00071660410001668860
https://doi.org/10.1093/jn/103.4.543
https://doi.org/10.1016/j.anifeedsci.2016.05.004
https://doi.org/10.1111/j.1574-6941.2006.00193.x
https://doi.org/10.3382/ps.2014-03974
https://doi.org/10.1111/j.1574-6941.2002.tb00978.x
https://doi.org/10.1128/AEM.69.11.6816-6824.2003
https://doi.org/10.1371/journal.pone.0143442
https://doi.org/10.3389/fvets.2018.00199
https://doi.org/10.3382/ps/pey594
https://doi.org/10.1128/AEM.00362-18
https://doi.org/10.3389/fmicb.2016.02033
https://doi.org/10.1007/s00248-002-2015-y
https://doi.org/10.1093/japr/14.2.232
https://doi.org/10.3389/fvets.2016.00002
https://doi.org/10.1002/mbo3.821
https://doi.org/10.1038/s41598-019-43280-w
https://doi.org/10.1111/j.1365-2672.2006.03153.x
https://doi.org/10.1186/s12864-015-1646-6
https://doi.org/10.1017/S0007114516004116
https://doi.org/10.3389/fvets.2019.00201
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Richards-Rios et al. Ileal Microbiota Development in Broilers

millions of sequences per sample. Proc Natl Acad Sci USA. (2011) 108(Suppl.
1):4516–22. doi: 10.1073/pnas.1000080107

32. D’Amore R, Ijaz UZ, Schirmer M, Kenny JG, Gregory R, Darby AC,
et al. A comprehensive benchmarking study of protocols and sequencing
platforms for 16S rRNA community profiling. BMC Genomics. (2016) 17:55.
doi: 10.1186/s12864-015-2194-9

33. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet C, Al-Ghalith GA,
et al. QIIME 2: reproducible, interactive, scalable, and extensible microbiome
data science. PeerJ. (2018) 6:e27295v2. doi: 10.7287/peerj.preprints.2
7295v2

34. Callahan BJ, McMurdie PJ, Holmes SP. Exact sequence variants should replace
operational taxonomic units in marker-gene data analysis. ISME J. (2017)
11:2639–43. doi: 10.1038/ismej.2017.119

35. Mcdonald D, Clemente JC, Kuczynski J, Rideout JR, Stombaugh J, Wendel
D, et al. The Biological Observation Matrix (BIOM) format or : how I
learned to stop worrying and love the ome-ome. GigaScience. (2012) 1:7.
doi: 10.1186/2047-217X-1-7

36. Yilmaz P, Parfrey LW, Yarza P, Gerken J, Pruesse E, Quast C, et al. The SILVA
and "all-species Living Tree Project (LTP)" taxonomic frameworks. Nucleic
Acids Res. (2014) 42:643–8. doi: 10.1093/nar/gkt1209

37. Bokulich NA, Kaehler BD, Rideout JR, Dillon M, Bolyen E, Knight R, et al.
Optimizing taxonomic classification of marker-gene amplicon sequences
with QIIME 2’s q2-feature-classifier plugin. Microbiome. (2018) 6:1–17.
doi: 10.1186/s40168-018-0470-z

38. Katoh K, Standley DM.MAFFTmultiple sequence alignment software version
7 : improvements in performance and usability.Mol Biol Evol. (2013) 30:772–
80. doi: 10.1093/molbev/mst010

39. Price MN, Dehal PS, Arkin AP. FastTree 2 – Approximately maximum-
likelihood trees for large alignments. PLoS ONE. (2010) 5:e9490.
doi: 10.1371/journal.pone.0009490

40. Morton JT, Sanders J, Quinn RA, McDonald D, Gonzalez A, Vázquez-Caeza
Y, et al. Balance trees reveal microbial niche differentiation. mSystems. (2017)
2:1–11. doi: 10.1128/mSystems.00162-16

41. Rosa PSL, Brooks JP, Deych E, Boone EL, Edwards DJ, Wang Q,
et al. Hypothesis testing and power calculations for taxonomic-
based human microbiome data. PLoS ONE. (2012) 7:e52078.
doi: 10.1371/journal.pone.0052078

42. Mattiello F, Verbist B, Faust K, Raes J, Shannon WD, Bijnens L,
et al. A web application for sample size and power calculation in
case-control microbiome studies. Bioinformatics. (2016) 32:2038–40.
doi: 10.1093/bioinformatics/btw099

43. Park SH, Dowd SE, McReynolds JL, Byrd JA, Nisbet DJ, Ricke SC. Evaluation
of feed grade sodium bisulfate impact on gastrointestinal tract microbiota
ecology in broilers via a pyrosequencing platform. Poult Sci. (2015) 94:3040–7.
doi: 10.3382/ps/pev274

44. Ranjitkar S, Lawley B, Tannock G, Engberg RM. Bacterial succession in the
broiler gastrointestinal tract. Appl Environ Microbiol. (2016) 82:2399–410.
doi: 10.1128/AEM.02549-15

45. Stanley D, Geier MS, Hughes RJ, Denman SE, Moore RJ. Highly variable
microbiota development in the chicken gastrointestinal tract. PLoS ONE.
(2013) 8:e84290. doi: 10.1371/journal.pone.0084290

46. Lumpkins BS, Batal aB, Lee MD. Evaluation of the bacterial community and
intestinal development of different genetic lines of chickens. Poult Sci. (2010)
89:1614–21. doi: 10.3382/ps.2010-00747

47. den Hartog G, de Vries-Reilingh G, Wehrmaker AM, Savelkoul HFJ,
Parmentier HK, Lammers A. Intestinal immune maturation is accompanied
by temporal changes in the composition of the microbiota. Benef. Microbes.
(2016) 7:677–85. doi: 10.3920/BM2016.0047

48. Amit-Romach E, Sklan D, Uni Z. Microflora ecology of the chicken
intestine using 16S ribosomal DNA primers. Poult Sci. (2004) 83:1093–8.
doi: 10.1093/ps/83.7.1093

49. Lawson PA, Citron DM, Tyrrell KL, Finegold SM. Reclassification of
Clostridium difficile as Clostridioides difficile (Hall and O’Toole 1935) Prévot
1938. Anaerobe. (2016) 40:95–9. doi: 10.1016/j.anaerobe.2016.06.008

50. Candel-Pérez C, Ros-Berruezo G, Martínez-Graciá C. A review of
Clostridioides Clostridium difficile occurrence through the food chain. Food
Microbiol. (2019) 77:118–29. doi: 10.1016/j.fm.2018.08.012

51. Gerritsen J, Hornung B, Renckens B, Hijum SAFTV, Martins VAP, Rijkers GT,
et al. Genomic and functional analysis of Romboutsia ilealis CRIB T reveals
adaptation to the small intestine. PeerJ. (2017) 5:1–28. doi: 10.7717/peerj.3698

52. Jang SI, Lillehoj HS, Lee SH, Lee KW, Lillehoj EP, Hong YH, et al.
Relative disease susceptibility and clostridial toxin antibody responses in three
commercial broiler lines coinfected with Clostridium perfringens and Eimeria

maxima using an experimental model of necrotic enteritis. Avian Dis. (2013)
57:684–7. doi: 10.1637/10496-011813-ResNote.1

53. Kim JE, Lillehoj HS, Hong YH, Kim GB, Lee SH, Lillehoj EP, et al. Dietary
Capsicum and Curcuma longa oleoresins increase intestinal microbiome and
necrotic enteritis in three commercial broiler breeds. Res Vet Sci. (2015)
102:150–8. doi: 10.1016/j.rvsc.2015.07.022

54. Hong YH, Song W, Lee SH, Lillehoj HS. Differential gene expression profiles
of β-defensins in the crop, intestine, and spleen using a necrotic enteritis
model in 2 commercial broiler chicken lines. Poult Sci. (2012) 91:1081–8.
doi: 10.3382/ps.2011-01948

55. Stanley D, Wu SB, Rodgers N, Swick RA, Moore RJ. Differential responses
of cecal microbiota to fishmeal, Eimeria and Clostridium perfringens in a
necrotic enteritis challenge model in chickens. PLoS ONE. (2014) 9:e104739.
doi: 10.1371/journal.pone.0104739

56. Antonissen G, Croubels S, Pasmans F, Ducatelle R, Eeckhaut V, Devreese
M, et al. Fumonisins affect the intestinal microbial homeostasis in broiler
chickens, predisposing to necrotic enteritis. Vet Res. (2015) 46:1–11.
doi: 10.1186/s13567-015-0234-8

57. Ericsson AC, Hagan CE, Davis DJ, Franklin CL. Segmented filamentous
bacteria: commensal microbes with potential effects on research. Comp Med.

(2014) 64:90–8.
58. Snel J, Heinen PP, BlokHJ, Carman RJ, Duncan aJ, Allen PC, et al. Comparison

of 16S rRNA sequences of segmented filamentous bacteria isolated from
mice, rats and chickens and proposal of "Candidatus Arthromitus". Int J Syst
Bacteriol. (1995) 45:780–2. doi: 10.1099/00207713-45-4-780

59. Leidy J. On the existence of entophyta in healthy animals, as a natural
condition. Acad Natl Sci Phila. (1849) 4:225–33.

60. Thompson CL, Vier R, Mikaelyan A, Wienemann T, Brune A. ’Candidatus
Arthromitus’ revised: segmented filamentous bacteria in arthropod guts
are members of Lachnospiraceae. Environ Microbiol. (2012) 14:1454–65.
doi: 10.1111/j.1462-2920.2012.02731.x

61. Caselli M, Holton J, Boldrini P, Vaira D, Calò G. Morphology of segmented
filamentous bacteria and their patterns of contact with the follicle-
associated epithelium of the mouse terminal ileum: implications for the
relationship with the immune system. Gut Microbes. (2010) 1:367–72.
doi: 10.4161/gmic.1.6.14390

62. Pamp SJ, Harrington ED, Quake SR, Relman DA, Blainey PC.
Single-cell sequencing provides clues about the host interactions of
segmented filamentous bacteria (SFB). Genome Res. (2012) 22:1107–19.
doi: 10.1101/gr.131482.111

63. Liao N, Yin Y, Sun G, Xiang C, Liu D, Yu HD, et al. Colonization
and distribution of segmented filamentous bacteria (SFB) in chicken
gastrointestinal tract and their relationship with host immunity. FEMS

Microbiol Ecol. (2012) 81:395–406. doi: 10.1111/j.1574-6941.2012.
01362.x

64. Glick B, Holbrook KA, Olah I, Perkins WD, Stinson R. A scanning
electron microscope study of the caecal tonsil: the identification of a
bacterial attachment to the villi of the caecal tonsil and the possible
presence of lymphatics in the caecal tonsil. Poult Sci. (1978) 57:1408–16.
doi: 10.3382/ps.0571408

65. Suzuki K, Meek B, Doi Y, Muramatsu M, Chiba T, Honjo T, et al. Aberrant
expansion of segmented filamentous bacteria in IgA-deficient gut. Proc Natl
Acad Sci USA. (2004) 101:1981–6. doi: 10.1073/pnas.0307317101

66. Jiang HQ, Bos NA, Cebra JJ. Timing, localization, and persistence of
colonization by segmented filamentous bacteria in the neonatal mouse gut
depend on immune status of mothers and pups. Infect Immun. (2001)
69:3611–7. doi: 10.1128/IAI.69.6.3611-3617.2001

67. Klaasen HL, Van der Heijden PJ, Stok W, Poelma FG, Koopman JP, Van
den Brink ME, et al. Apathogenic, intestinal, segmented, filamentous bacteria
stimulate the mucosal immune system of mice. Infect Immun. (1993) 61:303–
6. doi: 10.1128/IAI.61.1.303-306.1993

Frontiers in Veterinary Science | www.frontiersin.org 17 January 2020 | Volume 7 | Article 17

https://doi.org/10.1073/pnas.1000080107
https://doi.org/10.1186/s12864-015-2194-9
https://doi.org/10.7287/peerj.preprints.27295v2
https://doi.org/10.1038/ismej.2017.119
https://doi.org/10.1186/2047-217X-1-7
https://doi.org/10.1093/nar/gkt1209
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1128/mSystems.00162-16
https://doi.org/10.1371/journal.pone.0052078
https://doi.org/10.1093/bioinformatics/btw099
https://doi.org/10.3382/ps/pev274
https://doi.org/10.1128/AEM.02549-15
https://doi.org/10.1371/journal.pone.0084290
https://doi.org/10.3382/ps.2010-00747
https://doi.org/10.3920/BM2016.0047
https://doi.org/10.1093/ps/83.7.1093
https://doi.org/10.1016/j.anaerobe.2016.06.008
https://doi.org/10.1016/j.fm.2018.08.012
https://doi.org/10.7717/peerj.3698
https://doi.org/10.1637/10496-011813-ResNote.1
https://doi.org/10.1016/j.rvsc.2015.07.022
https://doi.org/10.3382/ps.2011-01948
https://doi.org/10.1371/journal.pone.0104739
https://doi.org/10.1186/s13567-015-0234-8
https://doi.org/10.1099/00207713-45-4-780
https://doi.org/10.1111/j.1462-2920.2012.02731.x
https://doi.org/10.4161/gmic.1.6.14390
https://doi.org/10.1101/gr.131482.111
https://doi.org/10.1111/j.1574-6941.2012.01362.x
https://doi.org/10.3382/ps.0571408
https://doi.org/10.1073/pnas.0307317101
https://doi.org/10.1128/IAI.69.6.3611-3617.2001
https://doi.org/10.1128/IAI.61.1.303-306.1993
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Richards-Rios et al. Ileal Microbiota Development in Broilers

68. Talham GL, Jiang HQ, Bos NA, Cebra JJ. Segmented filamentous bacteria are
potent stimuli of a physiologically normal state of the murine gut mucosal
immune system. Infect Immun. (1999) 67:1992–2000.

69. Umesaki Y, Setoyama H, Matsumoto S, Imaoka A. Differential roles
of segmented filamentous bacteria and Clostridia in development
of the intestinal immune system. Infect Immun. (1999) 67:3504–11.
doi: 10.1128/IAI.67.7.3504-3511.1999

70. Ivanov II, Atarashi K,Manel N, Brodie EL, Karaoz U,Wei D, et al. Induction of
intestinal Th17 cells by segmented filamentous bacteria. Cell. (2010) 139:485–
98. doi: 10.1016/j.cell.2009.09.033

71. Umesaki Y, Okada Y, Matsumoto S, Imaoka A, Setoyama H.
Segmented filamentous bacteria are indigenous intestinal bacteria
that activate intraepithelial lymphocytes and induce MHC Class
II molecules and fucosyl Asialo GM1 glycolipids on the small
intestinal epithelial cells in the Ex-Germ-Free mouse. Microbiol

Immunol. (1995) 39:555–62. doi: 10.1111/j.1348-0421.1995.tb
02242.x

Conflict of Interest: The authors declare that this study received funding from
DuPont Industrial Biosciences. The funder advised on the study design and
approved the final manuscript for publication but did not have a role in the data
collection and analysis or decision to publish. MB was employed by DuPont
Industrial Biosciences.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2020 Richards-Rios, Fothergill, Bernardeau and Wigley. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Veterinary Science | www.frontiersin.org 18 January 2020 | Volume 7 | Article 17

https://doi.org/10.1128/IAI.67.7.3504-3511.1999
https://doi.org/10.1016/j.cell.2009.09.033
https://doi.org/10.1111/j.1348-0421.1995.tb02242.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

	Development of the Ileal Microbiota in Three Broiler Breeds
	1. Introduction
	2. Materials and Methods
	2.1. Animals and Housing
	2.2. Sample Collection
	2.3. DNA Extraction
	2.4. Illumina MiSeq Sequencing
	2.5. Amplicon Sequence Variant Identification and Taxonomy Assignment
	2.6. Data Analysis and Statistics
	2.7. Power Calculations

	3. Results
	3.1. Statistical Power
	3.2. Succession in the Ileal Microbiome
	3.2.1. Alpha Diversity and Beta Diversity
	3.2.2. Taxonomic Composition
	3.2.3. Differentially Abundant ASVs

	3.3. Differences Between the Lumen and Mucus Microbiomes
	3.3.1. Alpha Diversity and Beta Diversity
	3.3.2. Differentially Abundant ASVs


	4. Discussion
	4.1. General Pattern of Succession
	4.2. Differences in Succession Between Breeds
	4.3. Differences Between Mucus and Lumen Microbiomes
	4.4. Candidatus Arthromitus: Colonization and Immune Development

	5. Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


