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Simple Summary: Chickens evolved for millions of years to be hatched in a nest in contact with an
adult hen. However, current commercial production of chickens is based on hatching chicks in a clean
hatchery environment in the absence of adult hens. The ancestors of domestic chickens inhabited a
living environment different from that used for current commercial production. Currently, the lifespan
of broilers is around 5 weeks, the lifespan of egg layers is around one year while chickens can live for
15-20 years. This means that studies on chicken—-microbiota interactions are of specific importance.
The intestinal tract of commercially hatched chicks is gradually colonised from environmental sources
only, however, if the chicks are provided experimentally with microbiota from a hen they can be
colonised by adult-type microbiota from the very first days of life and become resistant to infections
with pathogenic Escherichia coli, Clostridium perfringens, or Salmonella. Because of such specificities
in the interactions of chickens with their gut microbiota, current knowledge in this area is critically
presented in this review.

Abstract: Studies analyzing the composition of gut microbiota are quite common at present, mainly
due to the rapid development of DNA sequencing technologies within the last decade. This is
valid also for chickens and their gut microbiota. However, chickens represent a specific model
for host-microbiota interactions since contact between parents and offspring has been completely
interrupted in domesticated chickens. Nearly all studies describe microbiota of chicks from hatcheries
and these chickens are considered as references and controls. In reality, such chickens represent an
extreme experimental group since control chicks should be, by nature, hatched in nests in contact with
the parent hen. Not properly realising this fact and utilising only 165 rRNA sequencing results means
that many conclusions are of questionable biological relevance. The specifics of chicken-related gut
microbiota are therefore stressed in this review together with current knowledge of the biological role
of selected microbiota members. These microbiota members are then evaluated for their intended use
as a form of next-generation probiotics.
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1. Introduction

Chickens represent one of the most widespread farm animals worldwide. Domestication of
chickens started approximately 5000 years ago and since that time, chicken eggs and meat have become
a common source of animal protein for humans. Before domestication, chickens, as any other species,
were subjected to evolution and natural selection and the domestication of chickens introduced several
changes to their natural behaviour. The ancestors of domestic chickens laid eggs in nests and warmed
them by heat provided by the brooding parent. Incubated eggs were in intimate contact with the adult
hen for 21 days of embryonic development and the same was true for newly hatched chicks—these
were in contact with the adult hen from the very first moments of their life. The ancestors of domestic
chickens also inhabited and were adapted to a living environment different from that used for current
commercial production. Finally, the lifespan of meat types of chickens in commercial production is
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around 5 weeks while chickens reach sexual maturity around week 18 of life. The lifespan of egg
layers in commercial production is around one year while red jungle fowl can live for 15-20 years.
These facts are commonly forgotten and ignored though correct consideration of these facts has broad
consequences for chicken welfare, resistance to enteric diseases and production. Serious consideration
of these facts may also prevent trivial mistakes in experimental studies on chicken microbiota. The aim
of this review was therefore to remind researchers of common facts related to the physiology of chicken
intestinal tract which may influence microbiota composition and to summarise current knowledge on
the composition and function of the main chicken gut microbiota members.

2. Composition of Gut Microbiota in Adult Chickens

Microbiota of young chickens is highly variable [1-3] and the microbiota of adult chickens, i.e., at
least 20 weeks of age, has to be used for the definition of core chicken gut microbiota [4-7]. Proximal
parts of the digestive tract of adult chickens are dominated by Lactobacilli, though other species are
present as well [8,9]. Microbiota composition and complexity considerably increases in distal parts of
the intestinal tract (caecum and colon), though colonic microbiota, due to physiology of the chicken
intestinal tract, is variable and may resemble either ileal or caecal microbiota (Figure 1).
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Figure 1. Microbiota composition along the digestive tract of 3 different adult hens. Proximal parts of
the digestive tract are dominated by Lactobacilli. Microbiota diversity increases considerably in the
caecum. Colonic microbiota can be a mixture of caecal and ileal microbiota, depending on the time
of sampling related to the time of voiding the caecal content into colon. Hens (a,b) were sacrificed
and sampled shortly after voiding the caecal content in the colon while hen (c) was sampled a longer
time after voiding of the caecal content into the colon, at the time when the caecal microbiota was
“washed out” and replaced with digesta originating from the ileum. Data in this figure originate from
Videnska et al. [8] complemented with recent laboratory results.

2.1. Crop Microbiota

Crop microbiota of adult hens is dominated by Lactobacilli. In addition, Gallibacterium (family
Pasteurellaceae, phylum Proteobacteria) is characteristic of the chicken crop.

2.2. Stomach Microbiota

Both the proventriculus and gizzard are colonised by Lactobacilli, likely due to their resistance
to acidic pH [8,9]. Cyanobacteria or chloroplast DNA can be found in the stomach but it is not
clear whether this originates from cyanobacteria themselves or whether this DNA is of plant origin
from ingested feed, the latter hypothesis being more likely than the former. Although the stomach
environment is quite hostile, it is also populated by as yet uncharacterised Proteobacteria species.
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2.3. Small Intestine Microbiota

Absolute counts of microbiota in the small intestine are rather low, around 10° CFU per gram
of digesta. Microbiota of the small intestine is also of quite low diversity and 50% of the total
ileal microbiota can be formed by one to five genera only [10]. Microbiota composition in the
duodenum, jejunum and ileum is similar to each other (Figure 1 and references [8,11]) though more
thorough studies are needed to define bacterial species specifically adapted to different compartments
of small intestine. Ileal microbiota can be sometimes mixed with microbiota of caecal origin [11].
Bacterial genera colonising the small intestine originate mainly from phylum Firmicutes and include
Lactobacillus, Enterococcus, Turicibacter, Clostridium sensu stricto and isolates belonging to Clostridium XI
cluster (family Peptostreptococcaceae, genus Romboutsia). Escherichia coli or Helicobacter from phylum
Proteobacteria can be also found in the small intestine, the latter associated with compromised chicken
performance [10].

2.4. Microbiota in the Caecum

Absolute counts and complexity of gut microbiota considerably increases in the caecum (Figure 1).
Absolute counts of microbiota in the caecum are around 10'° CFU per gram of digesta and the
caecum is populated by approximately 1000 different species. These belong to the two major phyla,
Gram-positive Firmicutes and Gram-negative Bacteroidetes [12,13], followed by two minor phyla;
Actinobacteria (Gram-positive) and Proteobacteria (Gram-negative). Firmicutes and Bacteroidetes are
usually equally represented in the caecal microbiota of healthy adult hens and each form around 45% of
total microbiota. The abundance of Actinobacteria and Proteobacteria is usually around 2-3% of total
microbiota, though the abundance of Actinobacteria might be slightly underestimated in studies using
165 rRNA sequencing since Actinobacteria (Olsenella, Collinsella or Bifidobacterium) contain only between
one and five copies of 165 rRNA genes [14]. Though the above-mentioned microbiota composition can
be understood as a general consensus, there is high individual variation. Individuals with 10% to 90%
Bacteroidetes in their microbiota exist without exhibiting any signs of abnormal behaviour. Similarly,
individual chicks with more than 10% Actinobacteria and Proteobacteria can be recorded. Despite
variations in abundance, representatives of these four phyla are found in the caeca of nearly all adult
chickens. Besides these, there are phyla and genera which may appear in microbiota of adult hens
but are not universally distributed in all individuals. These include Fusobacteria (Fusobacterium sp.),
Elusimicrobia (Elusimicrobium sp.), Synergistetes (Cloacibacillus sp.), Spirochaetes (Treponema sp.) or
Verrucomicrobia (Akkermansia sp.).

2.5. Colonic and Faecal Microbiota

Many studies use faecal samples for the characterisation of chicken microbiota [8,11,15,16].
Experiments, which require repeated samplings from the same bird, have to use faecal material.
However, when collecting faecal samples, one should be aware of the following issues. It is not simple
to force each chicken to void faecal material when needed. Investigators therefore have to collect
faecal material from the floor having no control over whether the dropping was exposed to air for
10 min or 5 h. Since the majority of gut colonisers are strict anaerobes, this may affect final results.
The composition of colonic and faecal microbiota is also considerably affected by the physiology of
chicken digestion. The transition time of digesta from ingestion to excretion in chickens is as short as
2 h [17,18]. Unlike mammals such as pigs or humans, the chicken colon is quite short, only around
10 cm in adult chickens, and not much digesta is retained in the colon. After processing in the stomach,
the majority of digesta passes from the small intestine to the colon and soon after is excreted in faecal
droppings. This happens approximately every 2 h [19]. Only a small amount of digesta passes from
ileum to the caecum where it is fermented for 8-12 h [20,21]. The caecal content is then ejected from
the caecum into the colon which happens usually twice a day [22,23]. Colonic or faecal microbiota
might be identical to the caecal microbiota if material is collected after caecum voiding, it can be a
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mixture of caecal and ileal microbiota if small intestine digesta passes through the colon immediately
after voiding the caecal excretion or it can be identical to ileal microbiota if collected just prior to the
new cycle of caecal contents voiding to the colon. Colonic or faecal microbiota may therefore range in
composition considerably and this is a common source of variation [1,11,15,24].

2.6. Major Bacterial Taxa Colonising Chicken Intestinal Tract

Representatives of four major phyla colonising the chicken intestinal tract are briefly introduced
in the following paragraphs.

Actinobacteria are non-spore forming, non-motile, strictly anaerobic Gram-positive bacteria
characterised by high GC content (around 65%) and those colonising the intestinal tract also have
a small genome size of around 2 Mbp (Figure 2). The most common colonisers belong to family
Coriobacteriaceae with genera Olsenella and Collinsella and family Bifidobacteriaceae with genus
Bifidobacterium.

Proteobacteria are non-spore forming, Gram-negative bacteria (Figure 2). Those commonly
colonising the chicken caecum include both facultative (E. coli) and strict anaerobes (Desulfovibrio,
Sutterrella, Parasutterella, Anaerobiospirillum and Succinatomonas). In addition, Helicobacter and
Campylobacter also belong among common chicken microbiota members. Although E. coli is common
and ubiquitous, it forms at maximum 0.1% of total caecal microbiota in healthy adults. Similarly,
Salmonella in highly positive chickens, such as those after experimental infections, forms around 0.1%
of total microbiota. This is in contrast to Campylobacter or Helicobacter which can form more than 10%
of total microbiota in infected chickens [10,25]. The mode of colonisation of E. coli and Salmonella is
therefore different from that used by Helicobacter and Campylobacter and measures affecting Salmonella
colonisation may not be effective against Campylobacter. Unlike facultative anaerobes, strict anaerobes
like Desulfovibrio, Sutterrella, Parasutterella, Anaerobiospirillum and Succinatomonas are genera typical of
the caecal microbiota of adult hens. Desulfovibrio consumes free hydrogen for the reduction of sulfate
thus contributing to the removal of free hydrogen formed during anaerobic fermentation in the gut
environment. Suterrella and Parasuterella, similar to Campylobacter [26-28] belong to bacteria which do
not utilise carbohydrates, instead, their major source of energy originates from protein, amino acid and
fatty acid metabolism.

The major families from Firmicutes colonising chicken caecum include Lachnospiraceae and
Ruminococcaceae, followed by Lactobacillaceae, Veillonellaceae and Erysipelotrichaceae.

Lachnospiraceae comprise strictly anaerobic, spore forming bacteria with approximately 45%
genomic GC content (Figure 2). These bacteria usually do not exhibit any specific growth and
substrate preferences [29]. Although some Lachnospiraceae, e.g., Eubacterium hallii, Clostridium
lactatifermentans, Clostridium saccharolyticum, Clostridium clostridioforme or Roseburia hominis can produce
butyrate from acetyl-CoA, representatives of this family do represent the most important butyrate
producers [30]. Clostridium saccharolyticum, Clostridium clostridioforme or Roseburia hominis may express
flagella (Figure 2). Blautia species encode and express 5-methyltetrahydrofolate:corrinoid/iron-sulfur
protein methyltransferase, acetyl-CoA synthase corrinoid activation protein and acetyl-CoA synthase
corrinoid iron-sulfur protein [26], which allow them to consume CO, and Hj to form acetate in a process
called reductive acetogenesis. Similar to Desulfovibrio, Blautia is therefore important for scavenging
free hydrogen released by many anaerobes during fermentation [31].
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Figure 2. Major bacterial species colonising the chicken caecum. Genomic GC content and genome sizes
are shown using a colour gradient. Families are highlighted with background colors. Presence or absence
of genes for outer membrane biosynthesis (OM), succinate-methylmaloneta-propinionate pathway
(MMal), spore formation (Spor), flagellar (Fla) motility and butyrate production from acetyl-CoA
(ACoA), lysine (Lys) or succinate (Succ) is shown by full symbols. See Supplementary Figure S1 to zoom
in. Data in this figure originate from Medvecky et al. [30] complemented with recent laboratory results.

Ruminococcaceae (mainly genera Faecalibacterium, Anaerotruncus, Butyricicoccus, Oscillibacter,
Flavonifractor or Pseudoflavinofractor) represent spore forming bacteria, which differ from
Lachnospiraceae by a higher, around 60%, genomic GC content (Figure 2). Of these, the
Faecalibacterium lineage lost the ability to form spores and this might be a reason why this genus
developed alternative ecological adaptations and has the extra potential to consume oxygen at
low concentrations [32]. Ruminococcaceae represent major butyrate producers. The majority of
Ruminococcaceae produce butyrate by carbohydrate fermentation via conversion of two acetyl-CoA
molecules into crotonyl-CoA [30,33-35]. In addition, Flavonifractor and Pseudoflavinofractor can produce
butyrate also by lysine fermentation or by reduction of succinate. A lineage of Pseudoflavinofractor and
Anaerotruncus represent potentially motile gut colonisers. Since vegetative cells of Ruminococcaceae
and Lachnospiraceae are highly sensitive to oxygen, these bacteria are among the first ones to disappear
from gut microbiota during inflammatory diseases due to the production of reactive oxygen species
by macrophages and granulocytes [36,37]. In most cases, the decrease of Ruminococcaceae and
Lachnospiraceae is therefore not the cause of the inflammation but its consequence [30].

Erysipelotrichaceae comprise low GC content (between 30-35% genomic GC content) and small
genome (2-2.5 Mbp in size) bacteria. Spore formation is preserved among Erysipelotrichaceae but
is not as widespread as in Ruminococcaceae or Lachnospiraceae (Figure 2). A lineage comprising
Faecalicoccus, Eubacterium cylindroides and Streptococcus pleomorphus is capable of fermentation of
carbohydrates to butyrate.



Animals 2020, 10, 103 6 of 20

Lactobacillaceae are non-spore forming bacteria characterised by a low GC content and small
genome. GC content of Lactobacilli is usually between 30-35% and genome size is around 2 Mbp in size
(Figure 2). Lactobacilli are efficient carbohydrate fermenters, metabolism of which results in a decrease
in pH and restricts the growth of other bacterial species [29]. Lactobacillus ruminis and Lactobacillus
agilis encode flagellar apparatus.

Veillonellaceae and Acidaminococcaceae belong to class Negativicutes. Although these families
belong among Gram-positive Firmicutes, they acquired genes for the biosynthesis of cell wall similar
to that of Gram-negative bacteria. Veillonellaceae are common microbiota members with a rather
small genome size, around 2.2 Mbp. However, individual genera such as Veillonella, Megamonas and
Megasphaera have quite different biological properties. Megamonas is a genus with low genomic GC
content of around 30%. On the other hand, the GC content in Veillonella and Megasphaera is around 44%
and 53%, respectively. Megamonas hypermegale, but not M. funiformis encodes and expresses metabolic
pathway genes that convert succinate to methylmalonate and propionate. This pathway is absent
in Veillonella and Megasphaera. On the other hand, Megasphaera is a butyrate-producing bacterium
utilising the most common pathway of condensation of two acetyl-CoA residues by ketoacyl thiolase
into crotonyl-CoA (Figure 2).

Family Acidaminococcaceae is represented mainly by genus Phascolarctobacterium.
Phascolarctobacterium belongs to bacterial species with small genomes around 1.8 Mbp in size and
48% GC content. Genes for carbohydrate metabolism are underrepresented in Phascolarctobacterium
while genes for amino acid metabolism are abundant [26]. Phascolarctobacterium is capable of butyrate
production. Phascolarctobacterium should be able also to convert succinate into methylmalonate since
it encodes methylmalonyl mutase and methylmalonyl epimerase. However, as it does not encode
methylmalonyl decarboxylase, the transformation of methylmalonate into propionate is unlikely.

Individual families in phylum Bacteroidetes include Rikenellaceae, Bacteroidaceae, Prevotellaceae
and Porphyromonadaceae. Genomes of Bacteroidetes are bigger in size starting at 3 Mbp and commonly
reaching and exceeding 6 Mbp. Representatives of all these families encode methylmalonyl epimerase,
mutase and decarboxylase enabling them to produce propionate from succinate [26,38—40]. While this
pathway is common to Rikenellaceae, Bacteroidaceae and Porphyromonadaceae, it is present only in
certain lineages in Prevotellaceae.

Family Rikenellaceae and genus Alistipes differ from the remaining Bacteroidetes families by their
high GC content between 58-60%. For yet unknown reasons Alistipes spp. belong among the first
representatives of phylum Bacteroidetes which colonise the caecum of young chickens [4,6].

Porhyromonadaceae represent a rather heterogenous family comprising genera Barnesiella,
Odoribacter, Butyricimonas and Parabacteroides. Odoribacter and Butyricimonas are capable of butyrate
production via lysine fermentation and succinate reduction. Butyricimonas can also produce butyrate
from acetyl-CoA [30].

Chicken isolates belonging to family Prevotellaceae are not characterised in detail. Isolates which
we obtained in pure culture are only loosely related to Prevotella species characterised so far and
their 165 rRNA sequences are usually only 90% similar to the closest entries in the GenBank. This
suggests that chicken Prevotellaceae comprise novel genera different from those found in humans,
mice or pigs. In vitro culturomics indicates that chicken Prevotellaceae are specialised in the digestion
of complex polysaccharides [29], consistent with the fact that in humans Prevotellaceae are enriched
in gut microbiota of humans from rural parts of Africa [41,42]. Prevotellaceae also dominate in the
microbiota of adult pigs in which feed enriched for vegetable fiber is common [43—45].

Bacteroidaceae together with Gram-positive Lachnospiraceae and Ruminococcaceae represent
the most common family characteristic of the chicken caecum. Many different species are recognised
in genus Bacteroides. Interestingly, we recently noticed that there is a host adaptation of particular
Bacteroides species. B. dorei, B. uniformis and B. clarus represented human-adapted species while B.
salanitronis, B. caecigallinarum or B. coprocola are commonly found in chickens. For yet unknown
reasons, the chicken Bacteroides species encode a horizontally acquired KUP gene for a predicted
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potassium transporter. Though in an apparent contradiction, the human-adapted species can colonise
chickens, especially those of younger age [46]. Their presence in the caecum of chickens therefore
indicates close contact between chickens and humans. Chicken colonisation with human-adapted
species is not permanent and in adult chickens, the human-adapted Bacteroides species are replaced by
chicken-adapted species. Genomes of Bacteroidaceae are enriched for genes involved in degradation
of complex polysaccharides and their metabolism produces acetate, propionate or succinate [26,30].
Bacteroides species may acidify nutrient broths in vitro nearly as effectively as Lactobacilli. Thus, the
fermentation and production of organic acid is quite extensive.

2.7. Other Bacteria Colonising the Chicken Intestinal Tract

Common but numerically poorly represented microbiota members belong to genera Treponema,
Fusobacterium, Akkermansia, Mucispirillum, Elusimicrobium or Cloacibacillus, each of them belonging to a
different phylum such as Spirochaetes, Fusobacteria, Verrucomicrobia, Defferibacteres, Elusimicrobia
and Synergistetes, respectively. Treponema species are likely involved in fibre digestion as this is their
function in termite microbiota [47] and enrichment for Treponema has been described also in humans
from rural areas [48,49]. Treponema species are also more common in pigs [50,51], whose feed formula
is rich in plant fibre. An abundance of Fusobacteria higher than 5% is usually an indicator of improper
gut function [10].

Besides the poorly represented species, there might be lineages or particular taxa which are
common but difficult to culture. Occasionally we recorded chickens who had 20% of their microbiota
formed by an uncultured isolate from phylum Saccharibacteria. These bacteria are expected to be
epibiotic parasites proliferating on the surface of other bacteria [52]. In addition, there are at least two
new families of Clostridiales and at least one lineage of Bacteroidetes which are common to chicken
microbiota but require specific, so far unknown, growth conditions [29].

3. How Different Is Chicken Gut Microbiota to Gut Microbiota of Other Warm-Blooded Animals?

The basic composition of gut microbiota is similar across all omnivorous warm-blooded animals,
including humans. This is due to the intestinal tract having a constant temperature between 3742 °C,
continuous nutrient supply and anaerobic environment. This is why Firmicutes and Bacteroidetes
similarly dominate in human, pig and chicken gut microbiota [4,43,45,53-55]. In these warm-blooded
species, the dominant bacterial phyla such as Firmicutes and Bacteroidetes and minority phyla such
as Proteobacteria and Actinobacteria are similarly reported. There are also phyla, which may not be
necessarily present in all individuals (e.g., Spirochaetes, Elusimicrobia, Synergistetes, Fusobacteria or
Verrucomicrobia) and representatives of these phyla are also recorded in human, porcine and chicken
gut microbiota. The composition of gut microbiota is similar down to family level. Major differences
start at genus level and continue down to species level. Whenever Faecalibacterium is reported in
chickens, its 16S rRNA sequence is only 96-97% similar to 165 rRNA of Faecalibacterium prausnitzii
from humans. Similarly, the sequence of 16S rRNA of chicken Megasphaera isolates is 94-95% similar
to human Megasphaera elsdenii and Phascolarctobacterium 16S rRNA sequence is only 94% similar to
Phascolarctobacterium faecium from humans [4,24,53]. In all these examples, chicken-adapted clones
likely represent novel chicken-adapted species belonging to the same genus of the already described
human counterparts. Major metabolic characteristics in host-adapted species of the same genera should
be the same and in agreement, both human and chicken Megasphaera species are efficient butyrate
producers and the same is true for human and chicken Faecalibacterium isolates. Knowledge of the most
likely function of particular microbiota members might therefore be transferred from human to porcine
or chicken species. However, one has to be aware that there must be also some differences which
are responsible for host adaptation. Moreover, there might be genetically minor but phenotypically
significant differences between host-adapted species similar to those differentiating commensal from
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pathogenic E. coli, or antibiotic sensitive from resistant clones of otherwise identical bacterial species
and clones.

4. Development of Chicken Gut Microbiota

4.1. Development of Gut Microbiota in Commercially Hatched Chickens

Development of chicken gut microbiota in commercially hatched chickens has been well
described [4,16,56-58]. The first coloniser is represented by E. coli which dominates in the caecum during
the first week of life. During the second week of life, E. coli is replaced with Gram-positive isolates from
families Lachnospiraceae and Ruminococcaceae, phylum Firmicutes, with Lachnospiraceae usually
appearing earlier than Ruminococcaceae. Subsequently, representatives of phylum Bacteroidetes
and family Veillonellaceae (phylum Firmicutes) appear in the chicken caecum. Alistipes sp. from
family Rikenellaceae is commonly observed as being among the first colonisers from phylum
Bacteroidetes, though later during life, bacterial species from families Bacteroidaceae, Prevotellaceae
and Porphyromonadaceae represent the most common Gram-negative bacteria in the chicken caecum.
The principles of caecal microbiota development have been described independently by many different
groups [6,16,56-59]. This also means that a comparison of gut microbiota in 4-week-old broilers and
40-week-old layers is biologically confounding and the vast majority of differences in microbiota
composition have nothing to do with specifics of broilers and layers, i.e., different genetics, but mainly
with different age. The described pattern of gut microbiota development is valid for chickens hatched
in hatcheries and since nearly all chicks hatch in hatcheries, this mode of development may appear to
be a reference. However, this mode of microbiota development is, in fact, completely artificial and has
nothing in common with chicken biology. This is explained in the following paragraph.

4.2. Gut Microbiota Development in Chicks in Contact with Adult Hens

Chickens evolved for millions of years to be hatched in nests. If the chicks were hatched in nests,
the apparent age-dependent development reported for chicks hatched in hatcheries would disappear
since chicks could achieve adult-type microbiota within the first week of life. This has been described
for chicks inoculated by fresh caecal or faecal extracts [24,60,61]. This has also been described for
chickens fed commercial competitive exclusion products [53] and for chicks raised in the presence
of adult hens [53]. The gradual development of chicken gut microbiota described for chickens from
hatcheries therefore has nothing to do with age and instead, is only a function of time and likelihood
of chicken exposure to a particular microbiota member. Merely because chicks are exposed to new
microbiota sources with increasing age, gradual microbiota development is recorded and mistakenly
associated to age. Since E. coli is a ubiquitously distributed facultative anaerobe, it easily survives in
the environment and the likelihood that E. coli will come into contact with newly hatched chicks is
high. The same stands for aero-tolerant Lactobacilli and their presence in the small intestine from the
first days of life. The aerobic atmosphere of hatcheries, farms and animal houses can contain spores of
Clostridiales, families Lachnospiraceae and Ruminococcaceae. This explains why Lachnospiraceae
and Ruminococcaceae colonise soon after E. coli. The likelihood of a chicken being colonised by strict
anaerobes not forming spores like those from families Veillonellaceae, Acidaminococcaceae (both
Gram-positive Firmicutes), Coriobacteriaceae, Bifidobacteriaceae (both Gram-positive Actinobacteria),
Rikenellaceae, Bacteroidaceae, Prevotellaceae, Porphyromonadaceae (all belonging to Gram-negative
Bacteroidetes) or genera Desulfovibrio, Sutterella, Anaerobiospirillum or Succinatomonas (all belonging to
Gram negative Proteobacteria) is low and therefore a longer time is needed for their appearance in gut
microbiota. On the other hand, when chicks are experimentally raised in contact with an adult hen, no
gradual microbiota development is recorded and chicks can adopt an adult microbiota composition
within the first week of life. This does not exclude the final shaping of microbiota composition later
during the chicken’s life and selection of additional microbiota members different from the parent
hen microbiota but beneficial for the chick due to its diet. The meaning of this final shaping is
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however considerably different from the microbiota development described in commercially hatched
chickens [4,62,63].

When we compared the abundance of genera in chicks raised with or without a contact hen, there
were 45 genera which were more abundant in the caecal microbiota of contact chicks in comparison
to control chicks (Figure 3, Table 1 and Kubasova et al. [53]). These are the genera which are
underrepresented in hatcheries and chicken farms and should be provided to newly hatched chickens
in the form of probiotics. Sixty-eight genera which were similarly abundant in contact and control
chicks are less important for consideration as probiotics since their environmental sources are rich
enough and hens do not contribute further to their transmission to chickens. Finally, three of the
eight microbiota members which were more abundant in microbiota of control chickens included
E. coli, Proteus and Salmonella. These genera are suppressed by 45 genera provided to chicks by hens.
Interestingly, this is well established since the pioneering work of Nurmi and his colleagues published
such findings more than 50 years ago [64].

M Firmicutes M Bacteroidetes M Proteobacteria B Actinobacteria

M Spirochaetes ® Candidatus Saccharibacteria B Cyanobacteria/Chloroplast ® Deferribacteres

i Euryarchaeota M Elusimicrobia M Fusobacteria Lentisphaerae
Synergistetes Tenericutes Verrucomicrobia

Figure 3. Bacterial genera of environmental or parental origin in microbiota of one-week-old chicks.
Forty-five genera were more abundant in microbiota of contact chicks. These genera belonged to
Bacteroidetes, Firmicutes/Veillonellaceae and Proteobacteria different from Enterobacteriaceae (left
pie chart). Genera equally represented in contact and control chicks belonged mainly to Firmicutes
including family Lactobacillaceae. Out of eight genera which were less abundant in contact than in
control chicks, three belonged to family Enterobacteriaceae, phylum Proteobacteria. Data in this figure
originate Kubasova et al. [53] complemented with recent laboratory results.
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Table 1. List of genera which are efficiently transferred from hen to offspring. Data originated from reference [30].

Phylum Order Family Transferred Genera Non-Transferred Genera
Actinobacteri Bifidobacteriales Bifidobacteriaceae Bifidobacterium -
ctnobacteria Coriobacteriales Coriobacteriaceae Olsenella, Collinsella Eggerthella
Bacteroidaceae Bacteroides -
Bacteroidales incertae sedis Phocaeicola -
Bacteroidetes Bacteroidales Parabacteroides, Barnesiella, Odoribacter,
Porphyromonadaceae oy
Butyricimonas, Tannerella

Prevotellaceae Prevotella, Paraprevotella, Hallella -
Rikenellaceae Alistipes, Rikenella -
Ruminococcaceae Faecalibacterium, Subdoligranulum, Gemmiger -

Lachnospiraceae Dorea, Acetitomaculum Clostridium XlVa, thmznqcoccusz,

Anaerostipes, Blautia
Clostridiales Peptococcaceae 1 Peptococcus -
Firmicutes Eubacteriaceae Eubacterium -
v Defluviitaleaceae Defluviitalea -
Clostridiales Incertae Sedis XII Guggenheimella -
Erysipelotrichales Erysipelotrichaceae Erysipelotrichaceae incertae sedis -
Sel dal Acidaminococcaceae Phascolarctobacterium -
clenomonadaies Veillonellaceae Megamonas, Megasphaera, Dialister -
Burkholderiales Sutterellaceae Sutterella, Parasutterella -
Helicobacteraceae Helicobacter -
Campylobacterales
Campylobacteraceae Campylobacter -
Proteobacteria Desulfovibrionales Desulfovibrionaceae Desulfovibrio, Bilophila -
Aeromonadales Succinivibrionaceae Anaerobiospirillum, Succinatimonas, Succinivibrio -
Enterobacteriales Enterobacteriaceae - Escherichia, Proteus, Salmonella
Deferribacteres Deferribacterales Deferribacteraceae Mucispirillum -
Spirochaetes Spirochaetales Spirochaetaceae Treponema, Spirochaeta -
Synergistetes Synergistales Synergistaceae Cloacibacillus -
Tenericutes Anaeroplasmatales Anaeroplasmataceae Asteroleplasma -
Cand?datus . - - Saccharibacteria genera incertae sedis -
Saccharibacteria

Euryarchaeota Methanobacteriales Methanobacteriaceae Methanobrevibacter -

10 of 20
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5. Probiotics and Competitive Exclusion

Results obtained from the experiments with contact hens or chickens inoculated with caecal
extracts clearly show which bacteria are underrepresented in microbiota of commercially hatched
chickens. However, currently used probiotics are mostly based on Lactobacilli, Enterococci or Bacilli.
Lactobacilli seem to be present in the environment in an amount that should fully cover the requirements
of chickens [65-67]. Enterococci and Bacilli are less common microbiota members. Moreover, when these
species are used in pure cultures for the inoculation of newly hatched chicks, they do not colonise [46].
It can be argued that even the mere passage of Lactobacilli may stimulate innate immunity. However, if
live bacteria having a known, positive effect on gut health are used, one would expect their successful
and prolonged colonisation. It should be also considered whether the positive effect of probiotics is
caused directly by these bacteria or whether the positive effect can be caused by feed fermented and
predigested by these bacteria. This would explain the successful use of Lactobacilli-fermented products
like yogurts or fermented vegetables such as cabbage, and the more conflicting experience when using
pure cultures of Lactobacillus spp.

Unlike the sometimes-conflicting results when using probiotics consisting of a single or limited
number of bacterial strains [68-72], there is agreement on the efficacy of commercially available
competitive exclusion products such as Aviguard or Broilact in increasing chicken resistance to
Salmonella [73-77]. These products contain, in addition to Lactobacillales and Clostridiales, different
Bacteroides species, Megamonas, Megasphaera, Dialister, Phascolarctobacterium, Sutterella, Parasutterella,
Bifidobacterium etc. [53], i.e., the same bacteria which are transferred by contact from hens to chicks.
Why complex microbiota is so efficient is not understood in necessary detail. Likely factors include
activation of the host immune system, competition for nutrients, production of organic acids by gut
microbiota which decrease the expression of virulence factors from pathogens like Salmonella [78], the
occupation of receptors and binding sites on epithelial cells and production of antimicrobial peptides.
However, if Salmonella is inoculated in the medium together with caecal samples and this mixture is
anaerobically incubated, Salmonella overgrows. The gut microbiota’s contribution to acidification and
antimicrobial peptide production therefore appears to have little direct effect on Salmonella. We also
observed that if nitrate is added to nutrient broths inoculated with caecal contents, E. coli overgrows [29].
Nitrate likely acts as an electron acceptor for anaerobic respiration of E. coli increasing the effectiveness
of its metabolism. One of the important effects of gut microbiota therefore might be the anaerobisation
of the intestinal tract environment. Bacteria, like Faecalibacterium, may play an important role in
anaerobisation which, though highly sensitive to oxygen exposure from the atmosphere [30], may
consume trace amounts of oxygen [32]. Keeping the strictly anaerobic environment free of alternative
electron acceptors like nitrogen or sulfate would restrict E. coli or Salmonella from utilising the more
effective anaerobic respiratory metabolism and thus prevent their overgrowth. In agreement, the
induction of inflammation by Salmonella associated with an influx of granulocytes and macrophages
to the site of infection and production of reactive oxygen species provides Salmonella with sulfate for
anaerobic respiration [37,79].

The concept of probiotics and competitive exclusion should be revisited. New species should
be tested as probiotics and the efficacy of currently available probiotics should always include the
detection of the strain used for chicken inoculation in experimental but not in control chicks. Finally,
use of novel bacterial species such as those belonging to genera Megamonas, Megasphaera or Bacteroides
would also require modification of current legislation.

6. Common Issues in Experimental Design of Studies on Chicken Gut Microbiota

Mistakes in experimental design are rather common in studies characterising chicken gut
microbiota. All of them stem from ignoring the specifics of chicken development and/or physiology.

First, chickens used in the vast majority of experiments are hatched in hatcheries while chickens
evolved to be hatched in nests in contact with adult hens which act as a source of gut microbiota.
Handling chickens from hatcheries leads to a delayed and highly variable microbiota development.
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In a retrospective manner, we analysed the microbiota composition in the caecum of one-week-old
chickens which were used as controls in 17 completely different experiments (Figure 4).
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Figure 4. Principle Coordinate analysis (PCoA) of caecal microbiota composition in 17 groups of
one-week-old control chickens. Microbiota composition was determined by sequencing of V3/V4
variable region of 165 rRNA genes as described [4]. Each dot represents one 7-day-old chick positioned
in the figure based on its caecal microbiota composition. Each color represents chickens from different
experiments. Both unweighted (a) and weighted (b) PCoA show experiment-dependent development
of caecal microbiota. Data in this figure originate from reference [46] complemented with recent
laboratory results.

These chicks belonged to the same genetic line, originated from the same hatchery, were housed
in the same animal facilities and were given the same feed. Despite this, a clustering depending on the
experiment is obvious. A similar separation was recorded when two chicken groups were housed in
separated rooms [80]. If these two groups were differentially treated, random microbiota fluctuations
could be mistakenly considered as the effect of tested intervention. It is therefore extremely important
to critically analyse obtained results and not to rely on statistical significance only. If Campylobacter or
Phascolarctobacterium increase in chickens fed with high protein diet, the biological importance of such
result increases since genomes of these two species are enriched for genes for amino acid metabolism
(Figure 5) [26-28]. However, if these species increase after diet enrichment for carbohydrates, despite
statistical significance, the conclusion is likely to be biologically incorrect since these bacteria do not
prefer carbohydrates. On the other hand, if Lactobacillus or Faecalibacterium increase in chickens fed
a carbohydrate rich diet, this conclusion might be biologically relevant. But if these genera increase
in animals on high fat or high protein diet, one should be more critical since these genera prefer
carbohydrate fermentation (Figure 5 and Polansky et al. [26]). Statistical analysis of differentially
abundant taxa should be therefore the first step in any experiment. This has to be followed by critical
evaluation taking into consideration the known characteristics of bacteria enriched or suppressed in
control and experimental groups. Repetition of experiments on chicken microbiota with chickens
up to 40 days of age is strongly recommended though even this will not solve the issue completely.
Should a given species be responsive to a tested intervention, e.g., feed enrichment for fat, it will be
correctly identified as such if it was present in the microbiota of tested chickens prior to the experiment.
But if next time this particular species is absent from the microbiota of chickens prior the repeated
experiment, it cannot be detected as responsive to a high fat diet. This may happen in all animal
species but is much more likely in young chickens originating from hatcheries due to their highly
variable microbiota and sensitivity to colonisation [2,3,46,59].
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Figure 5. Enrichment of genomes of selected chicken gut microbiota members by genes belonging
to specific functional categories. Whole genome sequences were automatically annotated by RAST
(Rapid Annotation using Subsystem Technology) and predicted genes were assigned into specific
functional categories. Data in this figure originate from Medvecky et al. [30] complemented with recent
laboratory results.

Additional insufficiency of previously published chicken microbiota studies is administering
probiotics without checking for their presence in the intestinal tract following administration [81-86].
Although it is possible that bacteria may trigger some biological processes even without colonisation,
there should be a distinction between the biological effect of probiotics and their presence in the gut.

The third issue is linked with the use of litter, and faecal or caecal extracts from older chickens for
the inoculation of newly hatched chicks [24,65,66]. In principle, this approach is correct. However,
there are two potential issues. In some studies, faecal or caecal material from 30-day-old broilers
was used. However, microbiota of commercially hatched chickens of this age is still immature and
variable, and does not represent the microbiota of adult hens. Using faecal microbiota from the
chickens before reaching sexual maturity may, therefore, introduce a new uncontrolled parameter—
except, of course, for the studies in which the use of underdeveloped microbiota is the aim of the
study. Next, when preparing caecal or faecal extracts, the extracts are commonly prepared under
aerobic conditions which include resuspension, vortexing, washing and filtration that result in an
efficient and repeated exposure of gut anaerobes to aerobic atmosphere with uncontrolled inactivation
of different species [87,88]. Some studies included freezing aerobically prepared extracts in aliquots for
future experiments [87,89]. Unfortunately, this type of storage is also aerobic. Since it is unknown
how individual microbiota members survive the freezing and thawing itself, this way of handling
and experimental design cannot be recommended at present. Our unpublished experience is that this
type of handling promotes survival of Enterobacteriaceae and Lactobacillaceae while Bacteroidaceae,
Lachnospiraceae and Ruminococcaceae are quickly lost. It can be therefore recommended to shorten
the steps leading to caecal or faecal extract preparation, to use such extracts immediately and not to
store them for future experiments.

An additional error is when investigators consider the age of 35 days in broilers as final, do not
continue the experiments beyond this time point and draw general conclusions from chickens of this
age [9,56,63,66]. Chickens reach sexual maturity around week 18 of life and may live for 15 to 20
years. Though data obtained in broilers are relevant for meat production in the poultry sector, drawing
general conclusions for Gallus gallus when studying 35-day-old broilers is inappropriate. Similarly,
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using faecal microbiota of broilers as a source of gut microbiota for oral inoculation does not model the
microbiota transfer from adult hens to offspring [57,66].

The last issue is associated with the specifics of digestion in chickens described in chapter 2.5.
of this review. Chickens are characterised by a relatively long, bifurcated caecum and short colon
(in comparison to humans or pigs). Digestion and nutrient resorption is continuous in the small
intestine but resembles batch cultivation in the caecum. Faecal droppings can be of ileal or caecal origin,
the former being enriched for Lactobacillaceae while the latter being enriched for Bacteroidaceae,
Lachnospiraceae and Ruminococcaceae. If this is ignored and microbiota is determined in the collected
faeces, or randomly collected faecal material is used for oral inoculation of young chickens, variability
increases and the chickens can be clustered into different groups depending whether faecal droppings
of ileal or caecal origin was collected. Although it is not possible to sacrifice chickens in all experiments,
e.g., in those testing time-dependent excretion in the same animal [8], ileal and caecal digesta should
be collected and analysed at the end of the experiment. Although this may appear unethical, it is
ultimately better to sacrifice a small group of chickens and obtain reliable results than to obtain highly
variable results with questionable meaning when collecting faecal material only.

7. Future Challenges

An interesting topic, which may contribute to a better definition of core chicken gut microbiota, is
to analyse the microbiota of outdoor, backyard or semi-wild chickens, and compare it with microbiota
of commercial hens. There are a few studies of this kind and this topic should deserve greater
attention [15,90,91]. The difference in lifestyle and feed composition between indoor and outdoor
chickens guarantees significant differences in microbiota composition although one must be reminded
that it will not be possible to conclude that microbiota enriched in outdoor chickens will be of probiotic
potential. Microbiota composition is influenced by many factors and some microbiota members from
outdoor chickens may not even colonise commercial chickens on a dry, granulated diet.

There is a lack of studies on the comparison between feed, gut and litter microbiota. What is
the origin of Firmicutes forming gut microbiota of chickens during the first month of life when these
cannot be administered experimentally [46]? Is this feed, drinking water, human personnel or anything
else? Chicken litter is not removed when raising chickens and chickens are permanently exposed to
litter microbiota [65]. There are reports that litter microbiota is rich in Lactobacilli [65-67]. If this is the
case, why are Lactobacilli based probiotics used in chicken production when the chicken’s environment
is rich in Lactobacilli? What other bacteria from the chicken intestinal tract persist in the environment
and for how long? A few studies suggested that Faecalibacterium can be efficiently transmitted by litter
or contact [53,66,92]. These questions, which are simple to address experimentally and which have
practical consequences, remain to be tested.

Though it might be personally biased, perhaps the most important objective is to generate an
extensive collection of pure cultures of chicken gut anaerobes [29,30,93-95]. Even the finest studies on
the chicken metagenome defining new species colonising the chicken intestinal tract do not allow the
experiment to progress without the availability of a pure culture [31]. When pure cultures are available,
whole genome sequencing of prokaryotic genomes is simple to perform and many key functions can be
predicted for each isolate. Knowing the whole genomic sequence allows for identification of sequences
specific to different taxa and one can use them for the design of specific PCRs. The use of strain-specific
PCRs may allow tracing the fate of the tested strain in mixed and unknown populations. In addition,
the isolates can be tested individually or in defined mixtures in chickens, either as potential next
generation probiotics, or as starter cultures followed by testing different feed formula in pre-colonised
chickens under standardised conditions. Defined mixtures can also be used in vitro to test for selective
enrichment of particular taxa in differently supplemented nutrient broths. All of this is needed to
complement mostly observational studies using 16S rRNA sequencing for the comparison of chicken
microbiota exposed to different interventions.
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8. Conclusions

The interactions of chickens and their microbiota is an extremely interesting area mainly due
to the fact that commercial hatching completely separates chicks from contact with adult hens. This
makes newly hatched chicks highly susceptible to different infections. Understanding the principles of
chicken gut colonisation by bacterial microbiota may allow for the construction of a new generation of
probiotics and thus improve gut health, reduce the need for antibiotic therapy and improve chicken
welfare in the broadest possible terms.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/10/1/103/s1,
Figure S1: Major bacterial species colonising the chicken caecum.

Funding: This work has been supported by projects RVO0518 and QK1810462 of the Czech Ministry of Agriculture,
and project CZ.02.1.01/0.0/0.0/16_025/0007404 of the Czech Ministry of Education.

Acknowledgments: The author would like to thank Peter Eggenhuizen for English language corrections.

Conflicts of Interest: The author declares no conflict of interest. The funders had no role in the study design, data
collection and analysis, decision to publish, or preparation of the manuscript.

References

1. Stanley, D.; Geier, M.S.; Chen, H.; Hughes, R.J.; Moore, R.J]. Comparison of fecal and cecal microbiotas reveals
qualitative similarities but quantitative differences. BMC Microbiol. 2015, 15, 51. [CrossRef] [PubMed]

2. Stanley, D.; Hughes, R.J.; Geier, M.S.; Moore, R.J. Bacteria within the Gastrointestinal Tract Microbiota
Correlated with Improved Growth and Feed Conversion: Challenges Presented for the Identification of
Performance Enhancing Probiotic Bacteria. Front. Microbiol. 2016, 7, 187. [CrossRef] [PubMed]

3. Willson, N.L.; Nattrass, G.S.; Hughes, R.J.; Moore, R.]J.; Stanley, D.; Hynd, PI.; Forder, R.E.A. Correlations
between intestinal innate immune genes and cecal microbiota highlight potential for probiotic development
for immune modulation in poultry. Appl. Microbiol. Biotechnol. 2018, 102, 9317-9329. [CrossRef] [PubMed]

4. Videnska, P; Sedlar, K.; Lukac, M.; Faldynova, M.; Gerzova, L.; Cejkova, D.; Sisak, F.; Rychlik, I. Succession
and replacement of bacterial populations in the caecum of egg laying hens over their whole life. PLoS ONE
2014, 9, €115142. [CrossRef] [PubMed]

5. Lee, ].Y,; Kang, S.K.; Heo, YJ.; Shin, D.W,; Park, T.E.; Han, G.G.; Jin, G.D.; Lee, H.B.; Jung, E.; Kim, H.S,; et al.
Influence of Flaxseed Oil on Fecal Microbiota, Egg Quality and Fatty Acid Composition of Egg Yolks in
Laying Hens. Curr. Microbiol. 2016, 72, 259-266. [CrossRef]

6. Qi, Z;Shi, S.; Ty, J.; Li, S. Comparative metagenomic sequencing analysis of cecum microbiotal diversity and
function in broilers and layers. 3 Biotech 2019, 9, 316. [CrossRef]

7. Long, C.; Wang, J.; Zhang, H.].; Wu, S.G.; Qi, G.H. Effects of dietary rapeseed meal supplementation on cecal
microbiota in laying hens with different flavin-containing monooxygenase 3 genotypes. Poult. Sci. 2017, 96,
1748-1758. [CrossRef]

8. Videnska, P; Faldynova, M.; Juricova, H.; Babak, V.; Sisak, F.; Havlickova, H.; Rychlik, I. Chicken faecal
microbiota and disturbances induced by single or repeated therapy with tetracycline and streptomycin. BMC
Vet. Res. 2013, 9, 30. [CrossRef]

9.  Wang,],;Fan, H.; Han, Y.; Wei, ].P.,; Zhao, ].Z.; Zhou, Z.]. Pyrosequencing of the broiler chicken gastrointestinal
tract reveals the regional similarity and dissimilarity of microbial community. Can. J. Anim. Sci. 2017, 97,
302-313. [CrossRef]

10. Kollarcikova, M.; Kubasova, T.; Karasova, D.; Crhanova, M.; Cejkova, D.; Sisak, F.; Rychlik, I. Use of 165
rRNA gene sequencing for prediction of new opportunistic pathogens in chicken ileal and cecal microbiota.
Poult. Sci. 2019, 98, 2347-2353. [CrossRef]

11. Yan, W,; Sun, C.; Zheng, J.; Wen, C.; Ji, C.; Zhang, D.; Chen, Y.; Hou, Z.; Yang, N. Efficacy of Fecal Sampling as
a Gut Proxy in the Study of Chicken Gut Microbiota. Front. Microbiol. 2019, 10, 2126. [CrossRef] [PubMed]

12.  Oakley, B.B.; Lillehoj, H.S.; Kogut, M.H.; Kim, WK.; Maurer, ].J.; Pedroso, A.; Lee, M.D.; Collett, S.R.;
Johnson, TJ.; Cox, N.A. The chicken gastrointestinal microbiome. FEMS Microbiol. Lett. 2014, 360, 100-112.
[CrossRef] [PubMed]


http://www.mdpi.com/2076-2615/10/1/103/s1
http://dx.doi.org/10.1186/s12866-015-0388-6
http://www.ncbi.nlm.nih.gov/pubmed/25887695
http://dx.doi.org/10.3389/fmicb.2016.00187
http://www.ncbi.nlm.nih.gov/pubmed/26925052
http://dx.doi.org/10.1007/s00253-018-9281-1
http://www.ncbi.nlm.nih.gov/pubmed/30151605
http://dx.doi.org/10.1371/journal.pone.0115142
http://www.ncbi.nlm.nih.gov/pubmed/25501990
http://dx.doi.org/10.1007/s00284-015-0946-z
http://dx.doi.org/10.1007/s13205-019-1834-1
http://dx.doi.org/10.3382/ps/pew449
http://dx.doi.org/10.1186/1746-6148-9-30
http://dx.doi.org/10.1139/cjas-2015-0120
http://dx.doi.org/10.3382/ps/pey594
http://dx.doi.org/10.3389/fmicb.2019.02126
http://www.ncbi.nlm.nih.gov/pubmed/31572332
http://dx.doi.org/10.1111/1574-6968.12608
http://www.ncbi.nlm.nih.gov/pubmed/25263745

Animals 2020, 10, 103 16 of 20

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Nordentoft, S.; Molbak, L.; Bjerrum, L.; De Vylder, J.; Van Immerseel, E; Pedersen, K. The influence of the
cage system and colonisation of Salmonella Enteritidis on the microbial gut flora of laying hens studied by
T-RFLP and 454 pyrosequencing. BMC Microbiol. 2011, 11, 187. [CrossRef] [PubMed]

Candela, M.; Vitali, B.; Matteuzzi, D.; Brigidi, P. Evaluation of the rrn operon copy number in Bifidobacterium
using real-time PCR. Lett. Appl. Microbiol. 2004, 38, 229-232. [CrossRef] [PubMed]

Rothrock, M.J., Jr.; Locatelli, A.; Feye, KM.; Caudill, A.J.; Guard, J.; Hiett, K.; Ricke, S.C. A Microbiomic
Analysis of a Pasture-Raised Broiler Flock Elucidates Foodborne Pathogen Ecology Along the Farm-To-Fork
Continuum. Front. Vet. Sci. 2019, 6, 260. [CrossRef]

Gao, P; Ma, C.; Sun, Z.; Wang, L.; Huang, S.; Su, X,; Xu, J.; Zhang, H. Feed-additive probiotics accelerate yet
antibiotics delay intestinal microbiota maturation in broiler chicken. Microbiome 2017, 5, 91. [CrossRef]
Svihus, B.; Hetland, H.; Choct, M.; Sundby, F. Passage rate through the anterior digestive tract of broiler
chickens fed on diets with ground and whole wheat. Br. Poult. Sci. 2002, 43, 662-668. [CrossRef]

Hughes, R.J. Relationship between digesta transit time and apparent metabolisable energy value of wheat in
chickens. Br. Poult. Sci. 2008, 49, 716-720. [CrossRef]

Warriss, P.D.; Wilkins, L.J.; Brown, S.N.; Phillips, A.J.; Allen, V. Defaecation and weight of the gastrointestinal
tract contents after feed and water withdrawal in broilers. Br. Poult. Sci. 2004, 45, 61-66. [CrossRef]
Svihus, B.; Choct, M.; Classen, H.L. Function and nutritional roles of the avian caeca: A review. World Poult.
Sci. ]. 2013, 69, 249-263. [CrossRef]

Hinton, A., Jr.; Buhr, R.J.; Ingram, K.D. Physical, chemical, and microbiological changes in the ceca of broiler
chickens subjected to incremental feed withdrawal. Poult. Sci. 2000, 79, 483-488. [CrossRef] [PubMed]
Duke, G.E. Relationship of cecal and colonic motility to diet, habitat, and cecal anatomy in several avian
species. ]. Exp. Zool. Suppl. 1989, 3, 38—47. [CrossRef] [PubMed]

Duke, G.E.; Eccleston, E.; Kirkwood, S.; Louis, C.E; Bedbury, H.P. Cellulose digestion by domestic turkeys
fed low or high fiber diets. J. Nutr. 1984, 114, 95-102. [CrossRef] [PubMed]

Varmuzova, K.; Kubasova, T.; Davidova-Gerzova, L.; Sisak, F.; Havlickova, H.; Sebkova, A.; Faldynova, M.;
Rychlik, I. Composition of Gut Microbiota Influences Resistance of Newly Hatched Chickens to Salmonella
Enteritidis Infection. Front. Microbiol. 2016, 7, 957. [CrossRef]

Han, Z.; Willer, T.; Pielsticker, C.; Gerzova, L.; Rychlik, I.; Rautenschlein, S. Differences in host breed and diet
influence colonization by Campylobacter jejuni and induction of local immune responses in chicken. Gut
Pathog. 2016, 8, 56. [CrossRef]

Polansky, O.; Sekelova, Z.; Faldynova, M.; Sebkova, A.; Sisak, F.; Rychlik, I. Important Metabolic Pathways
and Biological Processes Expressed by Chicken Cecal Microbiota. Appl. Environ. Microbiol. 2016, 82,
1569-1576. [CrossRef]

Line, J.E.; Hiett, K.L.; Guard-Bouldin, J.; Seal, B.S. Differential carbon source utilization by Campylobacter
jejuni 11168 in response to growth temperature variation. J. Microbiol. Methods 2010, 80, 198-202. [CrossRef]
Mohammed, K.A.; Miles, R.J.; Halablab, M.A. The pattern and kinetics of substrate metabolism of
Campylobacter jejuni and Campylobacter coli. Lett. Appl. Microbiol. 2004, 39, 261-266. [CrossRef]
Crhanova, M.; Karasova, D.; Juricova, H.; Matiasovicova, J.; Jahodarova, E.; Kubasova, T.; Seidlerova, Z.;
Cizek, A.; Rychlik, I. Systematic Culturomics Shows that Half of Chicken Caecal Microbiota Members can be
Grown in Vitro Except for Two Lineages of Clostridiales and a Single Lineage of Bacteroidetes. Microorganisms
2019, 7, 496. [CrossRef]

Medvecky, M.; Cejkova, D.; Polansky, O.; Karasova, D.; Kubasova, T.; Cizek, A.; Rychlik, I. Whole genome
sequencing and function prediction of 133 gut anaerobes isolated from chicken caecum in pure cultures.
BMC Genom. 2018, 19, 561. [CrossRef]

Sergeant, M.].; Constantinidou, C.; Cogan, T.A.; Bedford, M.R.; Penn, C.W.; Pallen, M.]. Extensive microbial
and functional diversity within the chicken cecal microbiome. PLoS ONE 2014, 9, e91941. [CrossRef]
[PubMed]

Khan, M.T.; Duncan, S.H.; Stams, A.].; van Dijl, ] M.; Flint, H.J.; Harmsen, H.]. The gut anaerobe
Faecalibacterium prausnitzii uses an extracellular electron shuttle to grow at oxic-anoxic interphases.
ISME J. 2012, 6, 1578-1585. [CrossRef] [PubMed]


http://dx.doi.org/10.1186/1471-2180-11-187
http://www.ncbi.nlm.nih.gov/pubmed/21859465
http://dx.doi.org/10.1111/j.1472-765X.2003.01475.x
http://www.ncbi.nlm.nih.gov/pubmed/14962045
http://dx.doi.org/10.3389/fvets.2019.00260
http://dx.doi.org/10.1186/s40168-017-0315-1
http://dx.doi.org/10.1080/0007166021000025037
http://dx.doi.org/10.1080/00071660802449145
http://dx.doi.org/10.1080/0007166041668879
http://dx.doi.org/10.1017/S0043933913000287
http://dx.doi.org/10.1093/ps/79.4.483
http://www.ncbi.nlm.nih.gov/pubmed/10780642
http://dx.doi.org/10.1002/jez.1402520507
http://www.ncbi.nlm.nih.gov/pubmed/2575126
http://dx.doi.org/10.1093/jn/114.1.95
http://www.ncbi.nlm.nih.gov/pubmed/6319646
http://dx.doi.org/10.3389/fmicb.2016.00957
http://dx.doi.org/10.1186/s13099-016-0133-1
http://dx.doi.org/10.1128/AEM.03473-15
http://dx.doi.org/10.1016/j.mimet.2009.12.011
http://dx.doi.org/10.1111/j.1472-765X.2004.01574.x
http://dx.doi.org/10.3390/microorganisms7110496
http://dx.doi.org/10.1186/s12864-018-4959-4
http://dx.doi.org/10.1371/journal.pone.0091941
http://www.ncbi.nlm.nih.gov/pubmed/24657972
http://dx.doi.org/10.1038/ismej.2012.5
http://www.ncbi.nlm.nih.gov/pubmed/22357539

Animals 2020, 10, 103 17 of 20

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Eeckhaut, V.; Wang, J.; Van Parys, A.; Haesebrouck, F.; Joossens, M.; Falony, G.; Raes, J.; Ducatelle, R.; Van
Immerseel, F. The Probiotic Butyricicoccus pullicaecorum Reduces Feed Conversion and Protects from
Potentially Harmful Intestinal Microorganisms and Necrotic Enteritis in Broilers. Front. Microbiol. 2016, 7,
1416. [CrossRef] [PubMed]

Esquivel-Elizondo, S.; Ilhan, Z.E.; Garcia-Pena, E.I.; Krajmalnik-Brown, R. Insights into Butyrate Production
in a Controlled Fermentation System via Gene Predictions. mSystems 2017, 2, e€00051-17. [CrossRef]

Vital, M.; Karch, A.; Pieper, D.H. Colonic Butyrate-Producing Communities in Humans: An Overview Using
Omics Data. mSystems 2017, 2, e00130-17. [CrossRef]

Thiennimitr, P.; Winter, S.E.; Winter, M.G.; Xavier, M.N.; Tolstikov, V.; Huseby, D.L.; Sterzenbach, T,;
Tsolis, R.M.; Roth, ]J.R.; Baumler, A.]. Intestinal inflammation allows Salmonella to use ethanolamine to
compete with the microbiota. Proc. Natl. Acad. Sci. USA 2011, 108, 17480-17485. [CrossRef]

Winter, S.E.; Thiennimitr, P.; Winter, M.G.; Butler, B.P.; Huseby, D.L.; Crawford, R.W.; Russell, ].M.; Bevins, C.L.;
Adams, L.G.; Tsolis, R.M.; et al. Gut inflammation provides a respiratory electron acceptor for Salmonella.
Nature 2010, 467, 426-429. [CrossRef]

Adamberg, S.; Tomson, K.; Vija, H.; Puurand, M.; Kabanova, N.; Visnapuu, T.; Jogi, E.; Alamae, T,;
Adamberg, K. Degradation of Fructans and Production of Propionic Acid by Bacteroides thetaiotaomicron
are Enhanced by the Shortage of Amino Acids. Front. Nutr. 2014, 1, 21. [CrossRef]

Isar, J.; Agarwal, L.; Saran, S.; Saxena, R.K. Succinic acid production from Bacteroides fragilis: Process
optimization and scale up in a bioreactor. Anaerobe 2006, 12, 231-237. [CrossRef]

Strobel, H.J. Vitamin B12-dependent propionate production by the ruminal bacterium Prevotella ruminicola
23. Appl. Environ. Microbiol. 1992, 58, 2331-2333. [CrossRef]

Schnorr, S.L.; Candela, M.; Rampelli, S.; Centanni, M.; Consolandi, C.; Basaglia, G.; Turroni, S.; Biagi, E.;
Peano, C.; Severgnini, M.; et al. Gut microbiome of the Hadza hunter-gatherers. Nat. Commun. 2014, 5, 3654.
[CrossRef] [PubMed]

Gorvitovskaia, A.; Holmes, S.P.; Huse, S.M. Interpreting Prevotella and Bacteroides as biomarkers of diet
and lifestyle. Microbiome 2016, 4, 15. [CrossRef] [PubMed]

Gerzova, L.; Babak, V.; Sedlar, K.; Faldynova, M.; Videnska, P.; Cejkova, D.; Jensen, A.N.; Denis, M.;
Kerouanton, A.; Ricci, A.; et al. Characterization of Antibiotic Resistance Gene Abundance and Microbiota
Composition in Feces of Organic and Conventional Pigs from Four EU Countries. PLoS ONE 2015, 10,
e0132892. [CrossRef] [PubMed]

Mulder, LE.; Schmidt, B.; Stokes, C.R.; Lewis, M.; Bailey, M.; Aminov, R.I; Prosser, ].I; Gill, B.P,; Pluske, ].R.;
Mayer, C.D.; et al. Environmentally-acquired bacteria influence microbial diversity and natural innate
immune responses at gut surfaces. BMC Biol. 2009, 7, 79. [CrossRef]

Kubasova, T.; Davidova-Gerzova, L.; Merlot, E.; Medvecky, M.; Polansky, O.; Gardan-Salmon, D.; Quesnel, H.;
Rychlik, I. Housing Systems Influence Gut Microbiota Composition of Sows but Not of Their Piglets. PLoS
ONE 2017, 12, €0170051. [CrossRef]

Kubasova, T.; Kollarcikova, M.; Crhanova, M.; Karasova, D.; Cejkova, D.; Sebkova, A.; Matiasovicova, J.;
Faldynova, M.; Sisak, F; Babak, V.; et al. Gut anaerobes capable of chicken caecum colonisation.
Microorganisms 2019, 7, 597. [CrossRef]

Noda, S.; Shimizu, D.; Yuki, M.; Kitade, O.; Ohkuma, M. Host-Symbiont Cospeciation of Termite-Gut
Cellulolytic Protists of the Genera Teranympha and Eucomonympha and their Treponema Endosymbionts.
Microbes Environ. 2018, 33, 26-33. [CrossRef]

Angelakis, E.; Bachar, D.; Yasir, M.; Musso, D.; Djossou, E.; Gaborit, B.; Brah, S.; Diallo, A.; Ndombe, G.M.;
Mediannikov, O.; et al. Treponema species enrich the gut microbiota of traditional rural populations but are
absent from urban individuals. New Microbes New Infect. 2019, 27, 14-21. [CrossRef]

Obregon-Tito, A.J.; Tito, R.Y.; Metcalf, J.; Sankaranarayanan, K.; Clemente, J.C.; Ursell, L.K.; Zech Xu, Z.; Van
Treuren, W.; Knight, R.; Gaffney, PM.; et al. Subsistence strategies in traditional societies distinguish gut
microbiomes. Nat. Commun. 2015, 6, 6505. [CrossRef]

Niu, Q.; Li, P; Hao, S.; Kim, S.W.; Du, T.; Hua, J.; Huang, R. Characteristics of Gut Microbiota in Sows and
Their Relationship with Apparent Nutrient Digestibility. Int. ]. Mol. Sci. 2019, 20, 870. [CrossRef]
Kubasova, T.; Davidova-Gerzova, L.; Babak, V.; Cejkova, D.; Montagne, L.; Le-Floc’h, N.; Rychlik, I. Effects of
host genetics and environmental conditions on fecal microbiota composition of pigs. PLoS ONE 2018, 13,
€0201901. [CrossRef] [PubMed]


http://dx.doi.org/10.3389/fmicb.2016.01416
http://www.ncbi.nlm.nih.gov/pubmed/27708624
http://dx.doi.org/10.1128/mSystems.00051-17
http://dx.doi.org/10.1128/mSystems.00130-17
http://dx.doi.org/10.1073/pnas.1107857108
http://dx.doi.org/10.1038/nature09415
http://dx.doi.org/10.3389/fnut.2014.00021
http://dx.doi.org/10.1016/j.anaerobe.2006.07.001
http://dx.doi.org/10.1128/AEM.58.7.2331-2333.1992
http://dx.doi.org/10.1038/ncomms4654
http://www.ncbi.nlm.nih.gov/pubmed/24736369
http://dx.doi.org/10.1186/s40168-016-0160-7
http://www.ncbi.nlm.nih.gov/pubmed/27068581
http://dx.doi.org/10.1371/journal.pone.0132892
http://www.ncbi.nlm.nih.gov/pubmed/26218075
http://dx.doi.org/10.1186/1741-7007-7-79
http://dx.doi.org/10.1371/journal.pone.0170051
http://dx.doi.org/10.3390/microorganisms7120597
http://dx.doi.org/10.1264/jsme2.ME17096
http://dx.doi.org/10.1016/j.nmni.2018.10.009
http://dx.doi.org/10.1038/ncomms7505
http://dx.doi.org/10.3390/ijms20040870
http://dx.doi.org/10.1371/journal.pone.0201901
http://www.ncbi.nlm.nih.gov/pubmed/30086169

Animals 2020, 10, 103 18 of 20

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

He, X.; McLean, ].S.; Edlund, A ; Yooseph, S.; Hall, A.P; Liu, S.Y.; Dorrestein, P.C.; Esquenazi, E.; Hunter, R.C.;
Cheng, G.; et al. Cultivation of a human-associated TM7 phylotype reveals a reduced genome and epibiotic
parasitic lifestyle. Proc. Natl. Acad. Sci. USA 2015, 112, 244-249. [CrossRef] [PubMed]

Kubasova, T.; Kollarcikova, M.; Crhanova, M.; Karasova, D.; Cejkova, D.; Sebkova, A.; Matiasovicova, J.;
Faldynova, M.; Pokorna, A.; Cizek, A.; et al. Contact with adult hen affects development of caecal microbiota
in newly hatched chicks. PLoS ONE 2019, 14, e0212446. [CrossRef] [PubMed]

Deng, P; Swanson, K.S. Gut microbiota of humans, dogs and cats: Currentknowledge and future opportunities
and challenges. Br. |. Nutr. 2015, 113, S6-S17. [CrossRef]

Mathur, R.; Barlow, G.M. Obesity and the microbiome. Expert Rev. Gastroenterol. Hepatol. 2015, 9, 1087-1099.
[CrossRef]

Xi, Y.; Shuling, N.; Kunyuan, T.; Qiuyang, Z.; Hewen, D.; ChenCheng, G.; Tianhe, Y.; Liancheng, L.; Xin, F.
Characteristics of the intestinal flora of specific pathogen free chickens with age. Microb. Pathog. 2019, 132,
325-334. [CrossRef]

Siegerstetter, S.C.; Petri, RM.; Magowan, E.; Lawlor, P.G.; Zebeli, Q.; O’Connell, N.E.; Metzler-Zebeli, B.U.
Fecal Microbiota Transplant from Highly Feed-Efficient Donors Shows Little Effect on Age-Related Changes
in Feed-Efficiency-Associated Fecal Microbiota from Chickens. Appl. Environ. Microbiol. 2018, 84, e02330-17.
[CrossRef]

Zou, A.; Sharif, S.; Parkinson, J. Lactobacillus elicits a ‘Marmite effect’ on the chicken cecal microbiome. NPJ
Biofilms Microbiomes 2018, 4, 27. [CrossRef]

Stanley, D.; Geier, M.S.; Hughes, R.J.; Denman, S.E.; Moore, R.]J. Highly variable microbiota development in
the chicken gastrointestinal tract. PLoS ONE 2013, 8, e84290. [CrossRef]

Volf, J.; Polansky, O.; Varmuzova, K.; Gerzova, L.; Sekelova, Z.; Faldynova, M.; Babak, V.; Medvecky, M.;
Smith, A.L.; Kaspers, B.; et al. Transient and Prolonged Response of Chicken Cecum Mucosa to Colonization
with Different Gut Microbiota. PLoS ONE 2016, 11, e0163932. [CrossRef]

Thomas, M.; Wongkuna, S.; Ghimire, S.; Kumar, R.; Antony, L.; Doerner, K.C.; Singery, A.; Nelson, E.;
Woyengo, T.; Chankhamhaengdecha, S.; et al. Gut Microbial Dynamics during Conventionalization of
Germfree Chicken. mSphere 2019, 4, e00035-19. [CrossRef] [PubMed]

Awad, W.A.; Mann, E.; Dzieciol, M.; Hess, C.; Schmitz-Esser, S.; Wagner, M.; Hess, M. Age-Related Differences
in the Luminal and Mucosa-Associated Gut Microbiome of Broiler Chickens and Shifts Associated with
Campylobacter jejuni Infection. Front. Cell. Infect. Microbiol. 2016, 6, 154. [CrossRef] [PubMed]

Ranjitkar, S.; Lawley, B.; Tannock, G.; Engberg, R.M. Bacterial Succession in the Broiler Gastrointestinal Tract.
Appl. Environ. Microbiol. 2016, 82, 2399-2410. [CrossRef] [PubMed]

Rantala, M.; Nurmi, E. Prevention of the growth of Salmonella infantis in chicks by the flora of the alimentary
tract of chickens. Br. Poult. Sci. 1973, 14, 627-630. [CrossRef] [PubMed]

Cressman, M.D.; Yu, Z.; Nelson, M.C.; Moeller, S.J.; Lilburn, M.S.; Zerby, H.N. Interrelations between the
microbiotas in the litter and in the intestines of commercial broiler chickens. Appl. Environ. Microbiol. 2010,
76, 6572—6582. [CrossRef] [PubMed]

Wang, L.; Lilburn, M.; Yu, Z. Intestinal Microbiota of Broiler Chickens as Affected by Litter Management
Regimens. Front. Microbiol. 2016, 7, 593. [CrossRef]

O’Brien, K.M.; Chimenti, M.S.; Farnell, M.; Tabler, T.; Bair, T.; Bray, ].L.; Nonnenmann, M.W. High throughput
genomic sequencing of bioaerosols in broiler chicken production facilities. Microb. Biotechnol. 2016, 9,
782-791. [CrossRef]

Baldwin, S.; Hughes, R.J.; Hao Van, T.T.; Moore, R.J.; Stanley, D. At-hatch administration of probiotic to
chickens can introduce beneficial changes in gut microbiota. PLoS ONE 2018, 13, €0194825. [CrossRef]
Beirao, B.C.B.; Ingberman, M.; Favaro, C., Jr.; Mesa, D.; Bittencourt, L.C.; Fascina, V.B.; Caron, L.F. Effect of
an Enterococcus faecium probiotic on specific IgA following live Salmonella Enteritidis vaccination of layer
chickens. Avian Pathol. 2018, 47, 325-333. [CrossRef]

Mazanko, M.S.; Gorlov, LE; Prazdnova, E.V,; Makarenko, M.S.; Usatov, A.V.; Bren, A.B.; Chistyakov, V.A,;
Tutelyan, A.V.; Komarova, Z.B.; Mosolova, N.I; et al. Bacillus Probiotic Supplementations Improve Laying
Performance, Egg Quality, Hatching of Laying Hens, and Sperm Quality of Roosters. Probiotics Antimicrob.
Proteins 2018, 10, 367-373. [CrossRef]

Weinack, O.M.; Snoeyenbos, G.H.; Soerjadi-Liem, A.S. Further studies on competitive exclusion of Salmonella
typhimurium by lactobacilli in chickens. Avian Dis. 1985, 29, 1273-1276. [CrossRef] [PubMed]


http://dx.doi.org/10.1073/pnas.1419038112
http://www.ncbi.nlm.nih.gov/pubmed/25535390
http://dx.doi.org/10.1371/journal.pone.0212446
http://www.ncbi.nlm.nih.gov/pubmed/30840648
http://dx.doi.org/10.1017/S0007114514002943
http://dx.doi.org/10.1586/17474124.2015.1051029
http://dx.doi.org/10.1016/j.micpath.2019.05.014
http://dx.doi.org/10.1128/AEM.02330-17
http://dx.doi.org/10.1038/s41522-018-0070-5
http://dx.doi.org/10.1371/journal.pone.0084290
http://dx.doi.org/10.1371/journal.pone.0163932
http://dx.doi.org/10.1128/mSphere.00035-19
http://www.ncbi.nlm.nih.gov/pubmed/30918057
http://dx.doi.org/10.3389/fcimb.2016.00154
http://www.ncbi.nlm.nih.gov/pubmed/27921008
http://dx.doi.org/10.1128/AEM.02549-15
http://www.ncbi.nlm.nih.gov/pubmed/26873323
http://dx.doi.org/10.1080/00071667308416073
http://www.ncbi.nlm.nih.gov/pubmed/4759990
http://dx.doi.org/10.1128/AEM.00180-10
http://www.ncbi.nlm.nih.gov/pubmed/20693454
http://dx.doi.org/10.3389/fmicb.2016.00593
http://dx.doi.org/10.1111/1751-7915.12380
http://dx.doi.org/10.1371/journal.pone.0194825
http://dx.doi.org/10.1080/03079457.2018.1450487
http://dx.doi.org/10.1007/s12602-017-9369-4
http://dx.doi.org/10.2307/1590485
http://www.ncbi.nlm.nih.gov/pubmed/3914277

Animals 2020, 10, 103 19 of 20

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Adler, H.E; DaMassa, A J. Effect of ingested Lactobacilli on Salmonella infantis and Escherichia coli and on
intestinal flora, pasted vents, and chick growth. Avian Dis. 1980, 24, 868-878. [CrossRef] [PubMed]
Milbradt, E.L.; Zamae, J.R.; Araujo Junior, J.P.; Mazza, P.; Padovani, C.R.; Carvalho, V.R.; Sanfelice, C.;
Rodrigues, D.M.; Okamoto, A.S.; Andreatti Filho, R.L. Control of Salmonella Enteritidis in turkeys using
organic acids and competitive exclusion product. J. Appl. Microbiol. 2014, 117, 554-563. [CrossRef] [PubMed]
Ferreira, A.].; Ferreira, C.S.; Knobl, T.; Moreno, A.M.; Bacarro, M.R.; Chen, M.; Robach, M.; Mead, G.C.
Comparison of three commercial competitive-exclusion products for controlling Salmonella colonization of
broilers in Brazil. J. Food Prot. 2003, 66, 490-492. [CrossRef]

Nakamura, A.; Ota, Y.; Mizukami, A.; Ito, T.; Ngwai, Y.B.; Adachi, Y. Evaluation of aviguard, a commercial
competitive exclusion product for efficacy and after-effect on the antibody response of chicks to Salmonella.
Poult. Sci. 2002, 81, 1653-1660. [CrossRef]

Palmu, L.; Camelin, I. The use of competitive exclusion in broilers to reduce the level of Salmonella
contamination on the farm and at the processing plant. Poult. Sci. 1997, 76, 1501-1505. [CrossRef]
Methner, U.; Barrow, P.A.; Martin, G.; Meyer, H. Comparative study of the protective effect against Salmonella
colonisation in newly hatched SPF chickens using live, attenuated Salmonella vaccine strains, wild-type
Salmonella strains or a competitive exclusion product. Int. J. Food Microbiol. 1997, 35, 223-230. [CrossRef]
Van Immerseel, E; De Buck, J.; Pasmans, E; Velge, P; Bottreau, E.; Fievez, V.; Haesebrouck, F.; Ducatelle, R.
Invasion of Salmonella enteritidis in avian intestinal epithelial cells in vitro is influenced by short-chain fatty
acids. Int. J. Food Microbiol. 2003, 85, 237-248. [CrossRef]

Winter, S.E.; Baumler, A.J. A breathtaking feat: To compete with the gut microbiota, Salmonella drives its
host to provide a respiratory electron acceptor. Gut Microbes 2011, 2, 58-60. [CrossRef]

Ludvigsen, J.; Svihus, B.; Rudi, K. Rearing Room Affects the Non-dominant Chicken Cecum Microbiota,
While Diet Affects the Dominant Microbiota. Front. Vet. Sci. 2016, 3, 16. [CrossRef]

Zhao, X.; Guo, Y.; Guo, S.; Tan, J. Effects of Clostridium butyricum and Enterococcus faecium on growth
performance, lipid metabolism, and cecal microbiota of broiler chickens. Appl. Microbiol. Biotechnol. 2013, 97,
6477-6488. [CrossRef] [PubMed]

Tayeri, V.; Seidavi, A.; Asadpour, L.; Phillips, C.J.C. A comparison of the effects of antibiotics, probiotics,
synbiotics and prebiotics on the performance and carcass characteristics of broilers. Vet. Res. Commun. 2018,
42,195-207. [CrossRef] [PubMed]

Wu, Y.,; Zhen, W.; Geng, Y.; Wang, Z.; Guo, Y. Pretreatment with probiotic Enterococcus faecium NCIMB
11181 ameliorates necrotic enteritis-induced intestinal barrier injury in broiler chickens. Sci. Rep. 2019, 9,
10256. [CrossRef] [PubMed]

Latorre, ].D.; Hernandez-Velasco, X.; Vicente, ]J.L.; Wolfenden, R.; Hargis, B.M.; Tellez, G. Effects of the
inclusion of a Bacillus direct-fed microbial on performance parameters, bone quality, recovered gut microflora,
and intestinal morphology in broilers consuming a grower diet containing corn distillers dried grains with
solubles. Poult. Sci. 2017, 96, 2728-2735. [CrossRef] [PubMed]

Brisbin, ].T.; Gong, J.; Orouiji, S.; Esufali, J.; Mallick, A.IL; Parvizi, P.; Shewen, P.E.; Sharif, S. Oral treatment
of chickens with lactobacilli influences elicitation of immune responses. Clin. Vaccine Immunol. 2011, 18,
1447-1455. [CrossRef] [PubMed]

Haghighi, H.R.; Gong, J.; Gyles, C.L.; Hayes, M.A.; Zhou, H.; Sanei, B.; Chambers, ].R.; Sharif, S. Probiotics
stimulate production of natural antibodies in chickens. Clin. Vaccine Immunol. 2006, 13, 975-980. [CrossRef]
[PubMed]

Schreuder, J.; Velkers, F.C.; Bouwstra, R.J.; Beerens, N.; Stegeman, J.A.; de Boer, W.F; Elbers, A.R.W.; van
Hooft, P.; Feberwee, A.; Bossers, A.; et al. Limited changes in the fecal microbiome composition of laying
hens after oral inoculation with wild duck feces. Poult. Sci. 2019, 98, 6542—-6551. [CrossRef]

Papanicolas, L.E.; Choo, ].M.; Wang, Y.; Leong, L.E.X.; Costello, S.P.; Gordon, D.L.; Wesselingh, S.L.;
Rogers, G.B. Bacterial viability in faecal transplants: Which bacteria survive? EBioMedicine 2019, 41, 509-516.
[CrossRef]

Donaldson, E.E.; Stanley, D.; Hughes, R.J.; Moore, R.J. The time-course of broiler intestinal microbiota
development after administration of cecal contents to incubating eggs. Peer] 2017, 5, 3587. [CrossRef]
Ferrario, C.; Alessandri, G.; Mancabelli, L.; Gering, E.; Mangifesta, M.; Milani, C.; Lugli, G.A.; Viappiani, A.;
Duranti, S.; Turroni, F; et al. Untangling the cecal microbiota of feral chickens by culturomic and metagenomic
analyses. Environ. Microbiol. 2017, 19, 4771-4783. [CrossRef]


http://dx.doi.org/10.2307/1589962
http://www.ncbi.nlm.nih.gov/pubmed/7023457
http://dx.doi.org/10.1111/jam.12537
http://www.ncbi.nlm.nih.gov/pubmed/24797347
http://dx.doi.org/10.4315/0362-028X-66.3.490
http://dx.doi.org/10.1093/ps/81.11.1653
http://dx.doi.org/10.1093/ps/76.11.1501
http://dx.doi.org/10.1016/S0168-1605(96)01236-6
http://dx.doi.org/10.1016/S0168-1605(02)00542-1
http://dx.doi.org/10.4161/gmic.2.1.14911
http://dx.doi.org/10.3389/fvets.2016.00016
http://dx.doi.org/10.1007/s00253-013-4970-2
http://www.ncbi.nlm.nih.gov/pubmed/23666481
http://dx.doi.org/10.1007/s11259-018-9724-2
http://www.ncbi.nlm.nih.gov/pubmed/29777375
http://dx.doi.org/10.1038/s41598-019-46578-x
http://www.ncbi.nlm.nih.gov/pubmed/31311959
http://dx.doi.org/10.3382/ps/pex082
http://www.ncbi.nlm.nih.gov/pubmed/28419329
http://dx.doi.org/10.1128/CVI.05100-11
http://www.ncbi.nlm.nih.gov/pubmed/21734067
http://dx.doi.org/10.1128/CVI.00161-06
http://www.ncbi.nlm.nih.gov/pubmed/16960107
http://dx.doi.org/10.3382/ps/pez526
http://dx.doi.org/10.1016/j.ebiom.2019.02.023
http://dx.doi.org/10.7717/peerj.3587
http://dx.doi.org/10.1111/1462-2920.13943

Animals 2020, 10, 103 20 of 20

91.

92.

93.

94.

95.

Xu, Y; Yang, H.; Zhang, L.; Su, Y.; Shi, D.; Xiao, H.; Tian, Y. High-throughput sequencing technology to reveal
the composition and function of cecal microbiota in Dagu chicken. BMC Microbiol. 2016, 16, 259. [CrossRef]
[PubMed]

Laursen, M.E,; Laursen, R.P; Larnkjaer, A.; Molgaard, C.; Michaelsen, K.F.; Frokiaer, H.; Bahl, M.L; Licht, T.R.
Faecalibacterium Gut Colonization Is Accelerated by Presence of Older Siblings. mSphere 2017, 2, e00448-17.
[CrossRef] [PubMed]

Lagier, ].C.; Khelaifia, S.; Alou, M.T.; Ndongo, S.; Dione, N.; Hugon, P.; Caputo, A.; Cadoret, F,; Traore, S.I;
Seck, E.H.; et al. Culture of previously uncultured members of the human gut microbiota by culturomics.
Nat. Microbiol. 2016, 1, 16203. [CrossRef] [PubMed]

Lau, J.T.; Whelan, EJ.; Herath, L; Lee, C.H.; Collins, S.M.; Bercik, P; Surette, M.G. Capturing the diversity of
the human gut microbiota through culture-enriched molecular profiling. Genome Med. 2016, 8, 72. [CrossRef]
[PubMed]

Browne, H.P; Forster, S.C.; Anonye, B.O.; Kumar, N.; Neville, B.A.; Stares, M.D.; Goulding, D.; Lawley, T.D.
Culturing of “unculturable” human microbiota reveals novel taxa and extensive sporulation. Nature 2016,
533, 543-546. [CrossRef]

® © 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1186/s12866-016-0877-2
http://www.ncbi.nlm.nih.gov/pubmed/27814685
http://dx.doi.org/10.1128/mSphere.00448-17
http://www.ncbi.nlm.nih.gov/pubmed/29202044
http://dx.doi.org/10.1038/nmicrobiol.2016.203
http://www.ncbi.nlm.nih.gov/pubmed/27819657
http://dx.doi.org/10.1186/s13073-016-0327-7
http://www.ncbi.nlm.nih.gov/pubmed/27363992
http://dx.doi.org/10.1038/nature17645
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Composition of Gut Microbiota in Adult Chickens 
	Crop Microbiota 
	Stomach Microbiota 
	Small Intestine Microbiota 
	Microbiota in the Caecum 
	Colonic and Faecal Microbiota 
	Major Bacterial Taxa Colonising Chicken Intestinal Tract 
	Other Bacteria Colonising the Chicken Intestinal Tract 

	How Different Is Chicken Gut Microbiota to Gut Microbiota of Other Warm-Blooded Animals? 
	Development of Chicken Gut Microbiota 
	Development of Gut Microbiota in Commercially Hatched Chickens 
	Gut Microbiota Development in Chicks in Contact with Adult Hens 

	Probiotics and Competitive Exclusion 
	Common Issues in Experimental Design of Studies on Chicken Gut Microbiota 
	Future Challenges 
	Conclusions 
	References

