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Abstract: The gut microbiota of warm-blooded vertebrates consists of bacterial species belonging
to two main phyla; Firmicutes and Bacteroidetes. However, does it mean that the same bacterial
species are found in humans and chickens? Here we show that the ability to survive in an aerobic
environment is central for host species adaptation. Known bacterial species commonly found in
humans, pigs, chickens and Antarctic gentoo penguins are those capable of extended survival
under aerobic conditions, i.e., either spore-forming, aerotolerant or facultatively anaerobic bacteria.
Such bacteria are ubiquitously distributed in the environment, which acts as the source of infection
with similar probability in humans, pigs, chickens, penguins and likely any other warm-blooded
omnivorous hosts. On the other hand, gut anaerobes with no specific adaptation for survival in
an aerobic environment exhibit host adaptation. This is associated with their vertical transmission
from mothers to offspring and long-term colonisation after administration of a single dose. This
knowledge influences the design of next-generation probiotics. The origin of aerotolerant or sporeforming probiotic strains may not be that important. On the other hand, if Bacteroidetes and other
host-adapted species are used as future probiotics, host preference should be considered.
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1. Introduction
Interactions between animal hosts and their gut microbiota considerably affect host
performance and not surprisingly, composition, function, transfer and subsequent development and shaping of gut microbiota attract considerable attention. Consequently, questions
on the origin of gut microbiota in newborns or the spread of gut microbiota members in
human or animal communities are being addressed. Microbiota of different compositions
is present in the gut of piglets before and after weaning [1]. Different neonatal microbiota
is present in human infants delivered vaginally or by caesarean section [2,3]. Different
microbiota colonises one-week-old chicks raised with or without contact with an adult
hen [4]. Interestingly, both in humans and chickens, following initial colonisation with
ubiquitously distributed E. coli [5,6], mothers act as important donors of Bacteroidetes
but a less important source of Firmicutes, and both in humans and in chickens, this has
been associated with endospore formation in Clostridia and corresponding environmental
survival [7–10].
The vast majority of gut microbiota members are obligate anaerobes, which are rapidly
inactivated upon exposure to air. To increase environmental survival and the likelihood of
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transmission, different strategies have evolved in different groups of gut microbiota [11].
The most striking adaptation is the ability of Clostridia to form endospores. Other bacteria such as Lactobacillus species developed aerotolerance while others, e.g., E. coli, are
facultative anaerobes. Nevertheless, there is a long list of gut microbiota members, which
are common to the intestinal tract but do not express any form of long-term resistance to
aerobic conditions. These microbiota members belong to phyla Bacteroidetes, Verrucomicrobia (genus Akkermansia), Synergistetes (Cloacibacillus), Proteobacteria (genera Sutterella,
Parasuterella, Succinivibrio, Succinatimonas, Anaerobiospirillum, etc.) or Firmicutes (order
Selenomonadales). These represent strict anaerobes surviving under aerobic conditions for
mere hours [12,13].
Accumulating evidence shows that there are biological consequences of different
modes of environmental survival. Anaerobic spore-forming bacteria usually exhibit a high
prevalence in their hosts which is, however, associated with low abundance [14–16]. If these
bacteria are used for reconstitution of the gut microbiota as probiotics, then they have to
be supplied continuously [17,18], which is likely to mimic their continuous environmental
supply [8]. On the other hand, bacteria that do not express any specific form of extended
environmental survival, e.g., Bacteroides caecicola or Megamonas hypermegale in chickens, and
Bacteroides vulgatus or Parabacteroides distasonis are those which are efficiently transferred
from parents to offspring [4,19]. Such bacteria, therefore, compensate for the reduced
survival by mechanisms allowing them to efficiently colonise the host at the first possible
occasion. Moreover, upon colonisation, these bacterial species exhibit high abundance [7,14]
thus increasing their release into the environment and the likelihood of colonising the
next host.
We have shown recently that different species of the genus Bacteroides are adapted
to either chickens or humans [20]. This may indicate that bacterial species which do not
efficiently survive in the environment may exhibit host species adaptation (hereafter host
adaptation). If such a prediction is correct, host adaptation might be less widespread among
spore-forming gut anaerobes since these can repeatedly colonise distantly related hosts
from environmental sources. If this is the case, different hosts should be provided probiotics
consisting of host-adapted species in which there is a decreased likelihood of colonisation
from the environment. Conversely, there would be a lesser need to provide probiotic
bacteria from among those bacterial species which are easily accessible in the environment.
Therefore, in this study, we compared human, pig and chicken microbiota to identify
broadly distributed operational taxonomic units (OTUs) and those adapted to a single host.
We show that host adaptation is characteristic for Bacteroidetes while half of the OTUs
belonging to Firmicutes can be found in more than one of these hosts. These findings are
of utmost practical importance. If probiotics from Firmicutes are used, there might be
lower demands on their origin [21] as is the case of aerotolerant Lactobacilli [12] common
in fermented dairy products but beneficial for humans. On other hand, to respect their
ecology, these have to be continuously provided to cause any effect. Additionally, when
selecting probiotics from phylum Bacteroidetes, their host adaptation should be considered,
and a single dose administration would be likely enough to result in colonisation and a
biological effect.
2. Materials and Methods
2.1. Samples
Microbiota composition in 140 samples was compared in this study. We selected
human and pig samples representing omnivorous mammalian species and compared them
with chickens, an avian omnivorous representative, and Antarctic gentoo penguins as
another avian species of specific and different feeding preferences. Of these, 37 originated from adult hens 30–60 weeks of age (caecal contents) [22], 50 from pigs at least one
month after weaning, i.e., 2 months to 3 years of age (rectal swabs) [23,24] and 44 faecal
samples originated from healthy humans 20 to 55 years of age. Nine faecal droppings
from gentoo penguins (Pygoscelis papua) were collected at the Antarctic polar station of
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Masaryk’s University in the coastal area of James Ross Island in 2020. Human samples
were collected only from Czech citizens based on the informed consent of each person
who provided the sample. Chicken and pig samples were deliberately selected from our
previous studies to contain samples from different countries across the EU, thus avoiding
regional bias. All these samples originated from healthy adults so as not to include samples
with underdeveloped microbiota from young individuals.
In addition to microbiota from adult individuals, we determined the caecal microbiota
composition of one-week-old chicks. Specifically, 81 caecal samples were collected from
control chicks from 17 different experiments presented in our recent papers [7,25], and an
additional 20 caecal samples were collected from one-week-old broilers from 4 different
commercial farms. These samples were not included in the comparative analysis and,
instead, were used to support our hypothesis on the environmental origin of anaerobic
spore-forming bacterial species in the chickens during their first week of life.
Different types of samples were compared starting from faecal samples in penguins
and humans, rectal swabs in pigs and caecal contents in adult hens. Comparing samples
from distal parts of the intestinal tract of humans and pigs, whether fresh faeces or rectal
swabs collected during post-mortem analysis should represent very similar material. Faecal
material from penguins was forced by the rules on any human activities in Antarctica which
prohibit any interference or even contact with wildlife. Caecal samples collected from hen,
though different from any other type of sample, is indeed the only sample of hens that, due
to chicken physiology of digestion, contains strict anaerobes and is thus comparable with
the samples from humans and pigs.
2.2. Analysis
DNA purification and sequencing of the PCR products comprising V3/V4 variable
regions of 16S rRNA gene using MiSeq sequencing platform (Illumina) was performed in a
single lab, by the same personnel using the same protocol and the same DNA purification
kit as described previously [4,7]. Two independent calculations were performed. In the
first analysis, samples originating only from humans, pigs and chickens (adult hens) were
processed. In the second analysis, samples originating from humans, pigs, chickens and
penguins were processed altogether. The same workflow was adopted in both analyses as
follows. Quality trimming of the raw reads was performed using TrimmomaticPE v0.32
with the sliding window at 4 bp and a quality read score equal to or higher than 20 [26]. The
minimal read length must have been at least 200 bp. The fastq files generated after quality
trimming were uploaded into QIIME software [27], forward and reverse reads were joined,
and chimeric sequences were excluded by the slayer algorithm. The resulting sequences
were classified by RDP Seqmatch using the Ribosomal Database Project database with an
OTU (operational taxonomic unit) discrimination level set to 97%. Principal coordinate
analysis (PCoA) implemented in QIIME was used for data visualisation. Downstream
analyses at the OTU level were performed only with OTUs which were present in more
than half of the samples in at least one host AND such OTUs must have formed more than
0.5% of total microbiota in at least one sample. In the case of Gallus gallus, only samples
from adult hens were included in the comparative analysis. Such selection was adopted to
exclude rare taxa and to compare common and representative taxa for each of the hosts
and the full OTU table is provided as Table S1. Multiple alignment was performed using
Clustal Omega at https://www.ebi.ac.uk/Tools/msa/clustalo/ (accessed on 11 January
2022) with default settings. Obtained phylogenetic tree file was finally edited in iTol
(https://itol.embl.de/ (accessed on 15 January 2022)).
2.3. Presence or Absence Classification of Host-Adapted and Non-Adapted OTUs
Since microbiota composition differed among the hosts, considering abundances in
samples of overall different compositions may lead to inappropriate conclusions. Next
we therefore analysed the same OTU tables using only the presence or absence of each
OTU in human, pig or chicken samples as the only criterion. OTUs classified as human-
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adapted must have been present in more human samples than in the sum of all pig and
chicken samples, i.e., the difference between occurrence in human samples—(occurrence in
pig + occurrence in chickens) > 0. The same was applied to define pig and chicken specific
OTUs and the OTUs which always resulted in negative values in all 3 combinations, i.e.,
the number of occurrences in any of the two hosts was higher than in the remaining host
were considered as host non-adapted.
2.4. Recovery of Microbiota from Wilkins Chalgren Agar after Culture under Anaerobic or
Microaerophilic Conditions
The whole caecum from a donor hen 50 weeks of age from a local egg-producing
farm was transferred to an anaerobic cabinet within 10 min after collection. The caecum
was opened in the cabinet, caecal contents were serially diluted in pre-reduced PRAS
(0.1 g magnesium sulphate heptahydrate, 0.2 g monobasic potassium phosphate, 0.2 g
potassium chloride, 1.15 g dibasic sodium phosphate, 3.0 g sodium chloride, 1.0 g sodium
thioglycolate, 0.5 g L-cysteine, 1000 mL distilled water; final pH 7.5 at 25 ◦ C) and plated
onto two sets of Wilkins Chalgren agar plates. One set of the plates was incubated in an
anaerobic atmosphere consisting of 85% N2 , 10% CO2 and 5% H2 . The second set was
transferred to incubation jars filled with Oxoid CampyGen System gaseous atmosphere for
the growth of microaerophilic organisms. After two days of incubation at 37 ◦ C, the total
bacterial mass was washed from the 3rd and 4th dilution plates incubated either under
anaerobic or microaerophilic conditions and the microbiota composition was determined
by 16S rRNA sequencing, as described above.
2.5. Data Analysis and Statistics
Zero values in the OTU table were replaced with values 1/number of reads available
for each sample and a non-parametric Kruskal–Wallis test was used to identify differently
abundant taxa. Differences with p < 0.01 were considered significant. Host adaptation was
defined as follows. The abundance of chicken-specific OTU must have been significantly
higher than in human or pig microbiota, irrespective of significant or insignificant difference
in abundance of such OTU in human or pig microbiota. OTUs characteristic for chickens
and pigs must have been significantly more abundant in chickens than in humans AND in
pigs than in humans AND with an insignificant difference in abundance in chickens and
pigs. OTUs with no host preference included those of insignificantly different abundance in
any of the hosts but also those present in abundance order of human > chicken > pig where
there was a significant difference between the two extremes, i.e., humans and pigs, but
with insignificant differences between the two extremes and the middle one, i.e., human
and chickens, and chickens and pigs. The same criteria were used for the definition of
human or pig adapted microbiota members, or microbiota members shared by humans
and chickens, or humans and pigs, as appropriate.
3. Results
3.1. Microbiota Composition in Chickens, Pigs and Humans
Firmicutes and Bacteroidetes, with Proteobacteria as a minority phylum were recorded
in the gut microbiota of humans, pigs and adult hens. Despite this, there were hostdependent differences at all taxonomic levels. The microbiota of chickens was enriched for
Bacteroidetes at the expense of Firmicutes, while Firmicutes were more abundant in both
mammalian species, at the expense of Bacteroidetes. The majority of Firmicutes were classified to order Clostridiales, and families Ruminococcaceae and Lachnospiraceae in humans
and pigs. In chickens, Firmicutes was split between Clostridiales and Selenomonadales, the
latter being represented by families Veillonellaceae and Acidaminococcaceae. Further differences were detected at the family level. Prevotellaceae and Bacteroidaceae were common
in chicken microbiota. However, Prevotellaceae were of low abundance in humans and
Bacteroidaceae had low representation in pig microbiota. All these differences between host
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3.3. Are the Principles for Host Adaptation the Same in Each of the Hosts?
Host adaptation was further evaluated for each host separately. In chickens, 36 OTUs
belonging to phylum Firmicutes were found also in the microbiota of humans or pigs
whilst 32 OTUs were chicken adapted. On the other hand, only 7 chicken OTUs belonging
to phylum Bacteroidetes were found also in the microbiota of humans or pigs while 94
Bacteroidetes OTUs were chicken specific. The ratio of numbers of host-adapted to broadly
distributed OTUs in Firmicutes was below a value of 1 (from 0.8 in humans to 0.93 in pigs)
in all 3 hosts while the same ratio for OTUs from the phylum Bacteroidetes was 2.75, 5.14
and 13.42 for humans, pigs and chickens, respectively (Figure 2c).
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prausnitzii was common in chickens. Two different OTUs within the genus Cloacibacillus
were adapted to either chickens or pigs. Two different OTUs were found also within the
genus Akkermansia and each of them was adapted either to chickens or humans. Genus
Phascolarctobacterium was represented by 3 different OTUs and each of them was adapted
to one of the hosts, i.e., humans, pigs and chickens (Figure 3). Neither host-adapted nor
broadly distributed OTUs were therefore associated with particular taxa and instead, their
characteristics corresponded with the ability to survive in an aerobic environment.
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black—all other phyla. Host non-adapted OTUs were randomly distributed mainly among Firmicutes
and Proteobacteria. To zoom in, see Figure S1. Panel (b), numbers of OTUs belonging to particular
taxa and their classification as host-adapted or non-adapted. Numbers next to taxon description
show how many OTUs belonged to a given taxon. Non-adapted OTUs were common in taxa
belonging to aerotolerant Proteobacteria or Firmicutes (see yellow colour e.g., in Campylobacterales,
Pasteurellaceae or Lactobacillales), or anaerobic spore-forming Firmicutes (e.g., Lachnospiraceae,
Ruminococcaceae, Peptostreptococcaceae or Clostridiaceae1). Panel (c), average abundance of the
same taxa as in panel B in microbiota of seven-day-old broilers in commercial production. Panel (d),
average abundance of the same taxa as in panel (b) in microbiota of seven-day-old chicks raised in
contained facilities of VRI Brno. Only taxa with two or more OTUs are shown in panels (b,c).
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3.5. Microbiota of Commercially Hatched Chicks Is Enriched for Broadly Distributed Gut
Anaerobes of Environmental Origin
If the species with relaxed host specificity originate from the environment, then chicks
from commercial production hatched without contact with an adult hen should act as an
ideal model for the identification of bacterial species of environmental origin. OTUs present
in the microbiota of one-week-old broilers from commercial production belonged mainly
to Lachnospiraceae, Ruminococcaceae, unclassified Clostridiales, Erysipelotrichaceae, Lactobacilli and Escherichia (Figure 3c). One-week-old commercial broilers were colonised also
by 15 OTUs belonging to Bacteroidaceae but when their 16S rRNA sequences were BLAST
compared with GenBank entries, these OTUs represented Bacteroides species which are
common to humans [20]. When the same analysis was performed with the microbiota of
chicks kept at contained animal houses of VRI, their microbiota was dominated by Lachnospiraceae, Ruminococcaceae and Enterobacteriaceae (E. coli) (Figure 3d), i.e., families
comprising anaerobic spore-forming bacteria or facultative anaerobes. Lachnospiraceae, Ruminococcaceae, unclassified Clostridiales, Erysipelotrichaceae, Lactobacilli and Escherichia
in chickens, therefore, represent microbiota of environmental origin.
3.6. Presence or Absence Classification of Host-Adapted and Non-Adapted OTUs
Next, we analysed the same dataset using the presence or absence of each OTU in
human, pig or adult hen samples as the only criterion. Using such a qualitative approach,
74, 192 and 175 OTUs were classified as human, pig and chicken adapted, respectively
(Figure 4a). The remaining 120 OTUs were distributed among all hosts with no preference.
Within the host-adapted OTUs, some were highly adapted, e.g., present in 38 out of 44 tested
human samples while this OTU was present only in 2 pig samples and a single chicken
sample, and those the least adapted to humans were present in 43, 34 and 7 human, pig
and chicken samples (the difference between 43 − (34 + 7) = 1, i.e., >0). When we arranged
OTUs according to the extent of their host adaptation, those highly host-adapted originated
from Bacteroidetes in each of the three hosts. With decreasing host preference within each
host, the ratio between Bacteroidetes to Firmicutes decreased and Firmicutes dominated
among the host non-adapted OTUs (Figure 4b). When the OTUs were classified according
to their adaptation to air exposure, anaerobic spore formers were enriched among hostnon-adapted OTUs or among the OTUs classified as host-adapted but with relaxed host
preference in each host (Figure 4c).
3.7. Verification of Spore Formation and Host Distribution Using an Outgroup of Microbiota
Composition in Antarctic Gentoo Penguins
To verify that survival in an aerobic environment and spore-formation affect microbiota
host adaptation, we collected outgroup samples from Antarctic gentoo penguins Pygoscelis
papua. Faecal microbiota of penguins differed from human, pig and chicken microbiota
as high as at the phylum level (Figure 5a). Therefore, we compared OTUs present in
humans, pigs and chickens with penguin microbiota only using the presence or absence
criterion (Table S4). The non-adapted species were defined as those present in more than
half of human AND more than half of pig AND more than half of chicken AND more
than half of penguin samples. There were nine OTUs fulfilling such criteria and these
included Blautia luti (99.32% similarity over V3/V4 loop of 16S rRNA to the closest GenBank
entry), Blautia caecimuris (99.55%), Kineothrix alysoides (97.5%), Kineothrix alysoides (95.91%),
[Ruminococcus] torques (97.72%), Terrisporobacter petrolearius (99.09%), Flintibacter butyricus
(97.52%), Flavonifractor plautii (99.77%) and Escherichia coli (99.78%). E. coli represents
the facultative anaerobe and the remaining OTUs belong to anaerobic spore-forming
Ruminococcaceae, Lachnospiraceae and Peptostreptococcaceae (Figure 5b,c).
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3.7. Verification of Spore Formation and Host Distribution Using an Outgroup of Microbiota
Composition in Antarctic Gentoo Penguins

To verify that survival in an aerobic environment and spore-formation affect microbiota host adaptation, we collected outgroup samples from Antarctic gentoo penguins Pygoscelis papua. Faecal microbiota of penguins differed from human, pig and chicken microbiota as high as at the phylum level (Figure 5a). Therefore, we compared OTUs present
in humans, pigs and chickens with penguin microbiota only using the presence or absence
criterion (Table S4). The non-adapted species were defined as those present in more than
half of human AND more than half of pig AND more than half of chicken AND more than
half of penguin samples. There were nine OTUs fulfilling such criteria and these included
Blautia luti (99.32% similarity over V3/V4 loop of 16S rRNA to the closest GenBank entry),
Blautia caecimuris (99.55%), Kineothrix alysoides (97.5%), Kineothrix alysoides (95.91%), [Ruminococcus] torques (97.72%), Terrisporobacter petrolearius (99.09%), Flintibacter butyricus
(97.52%), Flavonifractor plautii (99.77%) and Escherichia coli (99.78%). E. coli represents the
facultative anaerobe and the remaining OTUs belong to anaerobic spore-forming Ruminococcaceae, Lachnospiraceae and Peptostreptococcaceae (Figure 5b,c).
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3.8. Is the Distribution of Anaerobic Spore-Forming OTUs Indeed Dependent on Spores?
If the spread of gut spore-forming microbiota members is dependent on endospores,
this might have weakened demands on the environmental survival of their vegetative
cells. To test this hypothesis, serial dilutions of chicken caecal contents were plated onto
Wilkins Chalgren agar and half of the plates were incubated in an anaerobic cabinet and
the second half of the plates were incubated under microaerophilic conditions. Analysis
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3.8. Is the Distribution of Anaerobic Spore-Forming OTUs Indeed Dependent on Spores?
If the spread of gut spore-forming microbiota members is dependent on endospores,
this might have weakened demands on the environmental survival of their vegetative
cells. To test this hypothesis, serial dilutions of chicken caecal contents were plated onto
Wilkins Chalgren agar and half of the plates were incubated in an anaerobic cabinet and
the second half of the plates were incubated under microaerophilic conditions. Analysis of
the bacterial mass washed from the plates by 16S rRNA sequencing showed that different
genera of order Clostridiales grew only under strictly anaerobic conditions. Representatives of order Lactobacillales grew better under microaerophilic than strictly anaerobic
conditions and representatives of order Bacteroidales, though considered strict anaerobes,
formed similar biomass on agar plates incubated both under anaerobic and microaerophilic
conditions (Figure 6). The vegetative cells of spore-forming Clostridiales were, therefore,
more sensitive to low traces of oxygen than Bacteroidales and their spread among different hosts must be dependent on endospore formation. Bacteroidales not forming spores
evolved mechanisms that allow them to survive at least temporarily under microaerophilic
conditions thus increasing the time and likelihood of colonising a new host (Figure 6). This
Microorganisms 2021, 10, x FOR PEER REVIEW
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“metabolic” resistance can be further increased by bacterial clumps formed by bacteria, and
biotic and abiotic substances that create a quasi-anaerobic environment [28].
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different hosts was rather moderate and though we attempted as random sample selection
as possible, we could not cover all age categories evenly while age is known to affect microbiota composition. The sex of sample donors was ignored in penguins, humans and
pigs while adult hen samples originated exclusively from females. If selecting shotgun
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different hosts was rather moderate and though we attempted as random sample selection
as possible, we could not cover all age categories evenly while age is known to affect
microbiota composition. The sex of sample donors was ignored in penguins, humans and
pigs while adult hen samples originated exclusively from females. If selecting shotgun
sequencing, it is possible that different clones colonising different hosts will be recorded
also among anaerobic spore-forming or aerotolerant gut colonisers [19]. However, we also
remind that all these points should act towards increasing variability and background noise.
Despite this, we recorded several less expected results.
The comparison of chicken, pig, human and penguin gut microbiota showed that bacterial species commonly found in different hosts were those capable of extended survival
under aerobic conditions, i.e., either spore-forming, aerotolerant or facultatively anaerobic
bacteria. The appearance of the same OTUs of spore-forming bacteria in the microbiota
of a distantly related host does not mean that exactly the same clones are present in these
hosts. It is likely that at the lowest taxonomic levels, different subspecies and clones will
be adapted for human, pig or chicken gut [31]. Despite this, the distribution of anaerobic
spore-forming bacteria among these hosts was in sharp contrast with host adaptation in
bacteria not expressing any specific form of aerobic resistance. Similar conclusions on
strain distribution as a function of survival in the external environment were proposed
earlier [10,16,19]. Additional studies showed a low level of sharing of ethanol resistant,
i.e., mostly spore-forming, OTUs between mothers and their children stressing the environmental origin of spore-forming species [8]. A significantly increased variability in
the proportion of spore-forming bacteria compared with non-spore-forming bacteria was
recorded earlier [15]. Since the spores mostly do not interact with an environment, these
may enter many new environments, in which their vegetative cells may be subjected to
allopatric speciation or clonalisation [31], thus increasing biodiversity. Finally, papers presenting spore-forming Lachnospiraceae or Ruminococcaceae in chicken gut microbiota in
one or two-week-old chickens [6] in fact prove exclusively the environmental origin of these
families since there is no contact between adult hens and chicks. Spore-forming Clostridiales are also enriched in the microbiota of commercial chickens compared to free-range
chickens because their closed environment enables efficient reinfection with spores [22].
Anaerobic spore-forming bacterial species are therefore ubiquitously distributed in the
environment from where they infect humans, pigs, chickens, penguins and likely any other
warm-blooded omnivorous hosts with similar probability. Due to their broad distribution
and importance in gut ecology, a new term “sporobiota” for their general description has
been recently introduced [32].
Gut anaerobes with no adaptation for prolonged survival in an aerobic environment
such as those from phylum Bacteroidetes, but also non-spore-forming Firmicutes from order
Selenomonadales, Sutterella, Parasutterella or Desulfovibrio from Proteobacteria, or Akkermansia (Verrucomicrobia) exhibit a different profile of transmission between different hosts.
Bacteroides are among genera that colonise the human host after faecal transplantation [33].
The specific role of non-spore-forming Bacteroides within the human gastrointestinal tract
differing them from the broadly and highly variably distributed spore-forming bacteria
was also recorded recently [14]. Bacteroides vulgatus but not spore-forming Blautia wexlerae
was vertically transmitted from mothers to infants [19]. Different representatives from
Bacteroidetes, Selenomonadales and anaerobic Proteobacteria are transferred from hens to
chicks [4] and the same species efficiently colonise newly hatched chicks [7].
When all these results are combined, different ecological adaptations of gut anaerobes
can be proposed. The distribution of the same microbiota species among unrelated host
species, high variability within individuals of the same host species or the absence of
vertical transmission, all point to the environmental origin of anaerobic spore-forming or
aerotolerant gut microbiota members. The spore-dependent environmental origin also explains why their vegetative cells are more sensitive to aerobic exposure than vegetative cells
of non-spore-forming species [12]. Vegetative cells of anaerobic spore-forming anaerobes
may remain extremely sensitive to the aerobic environment since these bacteria use spores
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for transmission between two hosts. Their environmental origin means also a continuous
supply of gut anaerobes. This results in a decreased need for permanent colonisation
after a single dose administration and explains the low efficacy of probiotics consisting
of aerotolerant Lactobacilli or Bifidobacteria [18]. The recommended continuous supply
of such types of probiotics [17] is then nothing else but mimicking the natural ecology of
such bacteria.
On the other hand, non-spore-forming gut anaerobes had to evolve at least a residual
resistance of vegetative cells to microaerophilic conditions to increase the probability of
reaching a new host [34,35]. The short time period available for their transmission also
explains why such bacteria are host-adapted since transmission over greater distances to
different hosts is highly reduced. This is why non-spore formers are vertically transferred
both in humans and chickens. Since the likelihood of transmission of non-spore formers via
an aerobic environment is reduced, non-spore-forming bacteria evolved yet not-well understood mechanisms allowing them to colonise permanently after a single inoculation [7,36].
Our results have many more consequences.
5. Conclusions
In this study, we tested to what extent the gut microbiota of humans, pigs and chickens
are similar. We found out that the same OTUs of facultative anaerobes, aerotolerant or
spore-forming bacteria can be found in the gut microbiota of humans, pigs, chickens and
even Antarctic penguins. On the other hand, bacterial species not expressing any form of
aerobic resistance exhibit strong host adaptation. These conclusions should be taken into
consideration when selecting new types of probiotics.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/microorganisms10061085/s1, Figure S1: Distribution of host-adapted and broadly distributed
OTUs to particular taxa, Table S1: OTU table of all human, pig, chicken and penguin samples analysed
in this study. Table S2: Composition of human, pig and chicken gut microbiota at phylum, order
and family levels, Table S3: Host and environmental survival adaptation, Table S4: Human, pig,
chicken and penguin host adaptation and environmental survival adaptation, Table S5: OTU table of
bacterial population washed from WCHA agar incubated either under microaerophilic and strictly
anaerobic conditions.
Author Contributions: D.K. and I.R. designed the study. I.R. and V.B. analysed the data. M.F., J.M.,
A.S., M.Z. and P.R. collected the samples. M.C., T.K., H.J., J.R. and L.V. performed DNA sequencing
and downstream analysis. Z.S., H.P. and J.V. performed in vitro experiments. I.R. wrote the first draft
of the manuscript. All authors have read and agreed to the published version of the manuscript.
Funding: This work has been supported by project RVO0518 of the Czech Ministry of Agriculture,
and projects CZ.02.1.01/0.0/0.0/16_025/0007404 and LM2015078 the Ministry of Education, Youth
and Sports of the Czech Republic.
Institutional Review Board Statement: Authors declare that not a single animal has been sacrificed
specifically for the purpose of this study and DNA purified from all chicken and pig samples
originated from previous studies of the authors. In these previous experiments, all methods were
carried out in accordance with relevant guidelines and regulations. The handling of animals was
performed in accordance with current Czech legislation (Animal Protection and Welfare Act No.
246/1992 Coll. of the Government of the Czech Republic). The specific experiments were approved
by the Ethics Committee of the Veterinary Research Institute followed by the Committee for Animal
Welfare of the Ministry of Agriculture of the Czech Republic (permit number MZe1922). Penguin
faecal droppings were collected in a strictly contactless mode, with a permission from the Instituto
Antarctico Chileno.
Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: The raw sequence reads have been deposited in the NCBI Short Read
Archive under accession number PRJNA714547. All the remaining data supporting the findings of
this study are available within the article and/or Supplementary Materials.

Microorganisms 2022, 10, 1085

13 of 14

Acknowledgments: The authors wish to thank the scientific infrastructure of the J. G. Mendel Czech
Antarctic Station, part of the Czech Polar Research Infrastructure (CzechPolar2), and its crew for
their assistance, and the Czech Antarctic Foundation for their support. Authors also thank Peter
Eggenhuizen for English language corrections.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1.

2.

3.

4.

5.

6.
7.
8.

9.
10.

11.
12.

13.

14.

15.
16.

17.
18.

Karasova, D.; Crhanova, M.; Babak, V.; Jerabek, M.; Brzobohaty, L.; Matesova, Z.; Rychlik, I. Development of piglet gut microbiota
at the time of weaning influences development of postweaning diarrhea—A field study. Res. Vet. Sci. 2020, 135, 59–65. [CrossRef]
[PubMed]
Dominguez-Bello, M.G.; Costello, E.K.; Contreras, M.; Magris, M.; Hidalgo, G.; Fierer, N.; Knight, R. Delivery mode shapes the
acquisition and structure of the initial microbiota across multiple body habitats in newborns. Proc. Natl. Acad. Sci. USA 2010, 107,
11971–11975. [CrossRef] [PubMed]
Jakobsson, H.E.; Abrahamsson, T.R.; Jenmalm, M.C.; Harris, K.; Quince, C.; Jernberg, C.; Bjorksten, B.; Engstrand, L.; Andersson,
A.F. Decreased gut microbiota diversity, delayed Bacteroidetes colonisation and reduced Th1 responses in infants delivered by
caesarean section. Gut 2014, 63, 559–566. [CrossRef]
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]
Nowrouzian, F.; Hesselmar, B.; Saalman, R.; Strannegard, I.L.; Aberg, N.; Wold, A.E.; Adlerberth, I. Escherichia coli in infants’
intestinal microflora: Colonization rate, strain turnover, and virulence gene carriage. Pediatr. Res. 2003, 54, 8–14. [CrossRef]
[PubMed]
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, e115142. [CrossRef] [PubMed]
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]
Avershina, E.; Larsen, M.G.; Aspholm, M.; Lindback, T.; Storro, O.; Oien, T.; Johnsen, R.; Rudi, K. Culture dependent and
independent analyses suggest a low level of sharing of endospore-forming species between mothers and their children. Sci. Rep.
2020, 10, 1832. [CrossRef]
Rothschild, D.; Weissbrod, O.; Barkan, E.; Kurilshikov, A.; Korem, T.; Zeevi, D.; Costea, P.I.; Godneva, A.; Kalka, I.N.; Bar, N.; et al.
Environment dominates over host genetics in shaping human gut microbiota. Nature 2018, 555, 210–215. [CrossRef]
Kearney, S.M.; Gibbons, S.M.; Poyet, M.; Gurry, T.; Bullock, K.; Allegretti, J.R.; Clish, C.B.; Alm, E.J. Endospores and other
lysis-resistant bacteria comprise a widely shared core community within the human microbiota. ISME J. 2018, 12, 2403–2416.
[CrossRef]
Kubasova, T.; Seidlerova, Z.; Rychlik, I. Ecological adaptations of gut microbiota members and their consequences for use as a
new generation of probiotics. Int. J. Mol. Sci. 2021, 22, 5471. [CrossRef] [PubMed]
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]
[PubMed]
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] [PubMed]
Forster, S.C.; Kumar, N.; Anonye, B.O.; Almeida, A.; Viciani, E.; Stares, M.D.; Dunn, M.; Mkandawire, T.T.; Zhu, A.; Shao, Y.; et al.
A human gut bacterial genome and culture collection for improved metagenomic analyses. Nat. Biotechnol. 2019, 37, 186–192.
[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]
Browne, H.P.; Almeida, A.; Kumar, N.; Vervier, K.; Adoum, A.T.; Viciani, E.; Dawson, N.J.R.; Forster, S.C.; Cormie, C.; Goulding,
D.; et al. Host adaptation in gut Firmicutes is associated with sporulation loss and altered colonisation patterns. Genome Biol.
2021, 22, 204. [CrossRef]
Browne, H.P.; Neville, B.A.; Forster, S.C.; Lawley, T.D. Transmission of the gut microbiota: Spreading of health. Nat. Rev. Microbiol.
2017, 15, 531–543. [CrossRef]
Reid, G.; Gaudier, E.; Guarner, F.; Huffnagle, G.B.; Macklaim, J.M.; Munoz, A.M.; Martini, M.; Ringel-Kulka, T.; Sartor, B.; Unal, R.;
et al. Responders and non-responders to probiotic interventions: How can we improve the odds? Gut Microbes 2010, 1, 200–204.
[CrossRef]

Microorganisms 2022, 10, 1085

19.
20.
21.
22.

23.
24.
25.
26.
27.

28.
29.
30.

31.
32.
33.

34.
35.

36.

14 of 14

Nayfach, S.; Rodriguez-Mueller, B.; Garud, N.; Pollard, K.S. An integrated metagenomics pipeline for strain profiling reveals
novel patterns of bacterial transmission and biogeography. Genome Res. 2016, 26, 1612–1625. [CrossRef]
Kollarcikova, M.; Faldynova, M.; Matiasovicova, J.; Jahodarova, E.; Kubasova, T.; Seidlerova, Z.; Babak, V.; Videnska, P.; Cizek, A.;
Rychlik, I. Different Bacteroides species colonise human and chicken intestinal tract. Microorganisms 2020, 8, 1483. [CrossRef]
O’Toole, P.W.; Marchesi, J.R.; Hill, C. Next-generation probiotics: The spectrum from probiotics to live biotherapeutics. Nat.
Microbiol. 2017, 2, 17057. [CrossRef] [PubMed]
Seidlerova, Z.; Kubasova, T.; Faldynova, M.; Crhanova, M.; Karasova, D.; Babak, V.; Rychlik, I. Environmental impact on
differential composition of gut microbiota in indoor chickens in commercial production and outdoor, backyard chickens.
Microorganisms 2020, 8, 767. [CrossRef] [PubMed]
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, e0170051. [CrossRef] [PubMed]
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, e0201901. [CrossRef]
Rychlik, I. Composition and function of chicken gut microbiota. Animals 2020, 10, 103. [CrossRef]
MM, O.D.; Harris, H.M.B.; Ross, R.P.; O’Toole, P.W. Core fecal microbiota of domesticated herbivorous ruminant, hindgut
fermenters, and monogastric animals. Microbiologyopen 2017, 6, e00509. [CrossRef]
Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K.; Fierer, N.; Pena, A.G.; Goodrich, J.K.;
Gordon, J.I.; et al. QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 2010, 7, 335–336.
[CrossRef]
Dione, N.; Khelaifia, S.; La Scola, B.; Lagier, J.C.; Raoult, D. A quasi-universal medium to break the aerobic/anaerobic bacterial
culture dichotomy in clinical microbiology. Clin. Microbiol. Infect. 2016, 22, 53–58. [CrossRef]
Li, S.S.; Zhu, A.; Benes, V.; Costea, P.I.; Hercog, R.; Hildebrand, F.; Huerta-Cepas, J.; Nieuwdorp, M.; Salojarvi, J.; Voigt, A.Y.; et al.
Durable coexistence of donor and recipient strains after fecal microbiota transplantation. Science 2016, 352, 586–589. [CrossRef]
Li, X.; Liang, S.; Xia, Z.; Qu, J.; Liu, H.; Liu, C.; Yang, H.; Wang, J.; Madsen, L.; Hou, Y.; et al. Establishment of a Macaca fascicularis
gut microbiome gene catalog and comparison with the human, pig, and mouse gut microbiomes. Gigascience 2018, 7, giy100.
[CrossRef]
Baquero, F.; Coque, T.M.; Galan, J.C.; Martinez, J.L. The origin of niches and species in the bacterial world. Front. Microbiol. 2021,
12, 657986. [CrossRef] [PubMed]
Tetz, G.; Tetz, V. Introducing the sporobiota and sporobiome. Gut Pathog. 2017, 9, 38. [CrossRef] [PubMed]
van Nood, E.; Vrieze, A.; Nieuwdorp, M.; Fuentes, S.; Zoetendal, E.G.; de Vos, W.M.; Visser, C.E.; Kuijper, E.J.; Bartelsman, J.F.;
Tijssen, J.G.; et al. Duodenal infusion of donor feces for recurrent Clostridium difficile. N. Engl. J. Med. 2013, 368, 407–415.
[CrossRef] [PubMed]
Khan, M.T.; Duncan, S.H.; Stams, A.J.; van Dijl, J.M.; Flint, H.J.; Harmsen, H.J. The gut anaerobe Faecalibacterium prausnitzii uses
an extracellular electron shuttle to grow at oxic-anoxic interphases. ISME J. 2012, 6, 1578–1585. [CrossRef]
Tang, Y.P.; Dallas, M.M.; Malamy, M.H. Characterization of the Batl (Bacteroides aerotolerance) operon in Bacteroides fragilis:
Isolation of a B. fragilis mutant with reduced aerotolerance and impaired growth in in vivo model systems. Mol. Microbiol. 1999,
32, 139–149. [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]

