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Abstract

Background

Despite the importance of microbiota at mucosal surfaces of the gut and
their different composition in comparison to those colonising the gut
lumen, only a few papers specifically addressed this topic. In this study,
we therefore defined mucosa-associated and lumen-associated microbiota
from the chicken caecum.

Results

To identify mucosa-adapted microbiota members, caeca from adult hens
instead of chicks should be analysed. Mucosa-adapted microbiota
included Treponema-like species, Brachyspira innocens, Mucispirillum
sp., Helicobacter pullorum, Desulfovibrio sp. and Anaerobiospirillum sp.
On the other hand, representatives of Bacteroidota were enriched in the
caecal lumen. Reduced colonization of the mucosal surface in one-week-
old chicks was a consequence of the lack of appropriate microbiota
source in chicks obtained from hatcheries since when the chicks were
raised in the presence of adult hens, they were efficiently colonised by
mucosa-adapted microbiota within the first week of life. The identified
mucosa-associated bacteria were of helical shape, chemotactic and
motile, and expressed type VI secretion system in vivo. Brachyspira
Innocens and Anaerobiospirillum fermented carbohydrates while
Moucispirillum sp. and Helicobacter pullorum preferred amino-acid
fermentation.

Conclusions



Here, we defined mucosal microbiota of chicken caecum, microbiota
which are in closer contact with chicken host than the luminal microbiota

and may therefore considerably affect the behaviour of chickens.
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Background

Microbial communities inhabiting the intestinal tract of warm-blooded
animals have a profound effect on gut health and the overall performance
of their hosts [1,2]. Gut microbiota of warm-blooded omnivorous species
consists of representatives of two major phyla; Bacteriodota (previously
Bacteroidetes) and Bacillota (previously Firmicutes), two minor phyla;
Pseudomonadota (previously Proteobacteria) and Actinomycetota
(previously Actinobacteria), and additional rare phyla present only in
some host species or individuals. However, the designation of some phyla
as rare in the gut microbiota might be misleading as this can be affected
by their specific function or location within intestinal iract. Some taxa
might be present either only at a particular time during the host’s life or
in a particular part of the intestinal tract. Concerning the former, age-
dependent development of gut microbiota is most pronounced in
mammals as considerably different microbiota colonise individuals before
and after weaning, e.g. genus Bacteroides, though common in nursed
piglets, is underrepresented in gut microbiota of adult pigs [3]. Age-
dependent development of gut microbiota has been described also in
chickens but in this case it is a consequence of the fact that most of the
studies start with chicks from hatcheries free from any contact with adult
chickens [4]. Concerning spatial distribution, gut microbiota composition
extensively differs in the small and large intestine [5]. Besides well-
established changes in gut microbiota along the intestinal tract, there

might be differences in gut microbiota composition also along the



transverse axis of the gut, i.e. microbiota in the gut lumen may differ

from microbiota at mucosal surfaces.

There are papers stressing the importance of microbiota at mucosal
surfaces of the gut and their different composition in comparison to those
colonising the gut lumen [6]. Luminal microbiota can interact with their
host mostly by soluble by-products of their metabolism since a two-staged
mucus layer at the surface of epithelial cells almost excludes any direct
interaction [7]. On the other hand, mucosa-adapted microbiota may come
into much closer contact with epithelial cells including direct physical
contact. Despite this, only a few original papers specifically addressed
this topic. Mucosa-associated microbial comrmunities have been
characterised in mouse, rat, pig, macague and humans [8,9] but little is
known about those of the chicken although there might be differences
due to different physiology of digestion. The majority of digesta in
chickens passes fromi the small intestine directly to the colon. Besides
this, a small amount of digesta is diverted from ileum to the caecum
usually twice a day, the caecum is then closed and digesta is fermented
for 8-12 hours before being ejected from the caecum into the colon. The
discontinuous nature of digestion in the chicken caecum thus creates a
specific ecological niche with the potential for mucosal microbiota

development.

There are reports on chicken mucosal microbiota but these were

performed in chickens within the first few weeks of life [10,11]. Since



these chickens were obtained from hatcheries, i.e. with interrupted
transfer of microbiota from parents to offspring [12], the recorded results
need not characterise real chicken-adapted mucosal microbiota
characteristic for adult birds. In this study, we therefore focused on the
characterisation of mucosa-associated microbiota in caeca from adult
hens. The tested hypotheses included whether; i) there are any bacterial
species adapted to such an ecological niche; ii) these bacteria may
colonise all age categories of chickens and iii) whether colonisation of the
mucosa requires any specific adaptations. We concluded that there are
several bacterial species highly specialised for mucosa colonisation, and
helical shape, motility and expression of type VI secietion system are
common characteristics that facilitated their persistence in such an

environment.

Methods

Chicken samples

Sixteen one-week-old male ISA Brown chicks and 19 completely different
adult egg-laying hens (30 to 50 weeks of age) from local commercial egg
producing farms, reproductive flocks or even private small-scale
producers were included in this study. Chickens were humanely
euthanized by carbon dioxide inhalation followed by cervical dislocation
and the whole caecum was collected during post mortem analysis.
Luminal content was squeezed from the caecum. Approx. 1 cm of the
caecum was then opened longitudinally and washed 3 times always with

fresh 5 ml of sterile PBS in 10ml plastic tubes on rotatory shaker. After a



final washing step, the mucosal samples were scraped from the inner side
of the caecum with plastic scalpel. Caecal contents and mucosal

scrapings were stored at -20 °C prior to DNA purification.

Transfer of mucosal microbiota by contact

Two groups of newly hatched male ISA Brown chicks were used. Chicks
in the experimental group were reared in a cage together with an adult
hen for the first 24 hours of life of chicks and then the donor hen was
removed from the cage. Control group of chicks was reared in a separate
room without any contact with the hen. Since the microbiota composition
of the contact hen could influence the output of thie whole experiment,
four independent experiments with 4 different donor hens were
conducted with 9, 4, 10 and 22 contact chicks, and 3, 5, 10 and 22 chicks
in control groups, respectively. Microbiota of chicks was characterised by
16S rRNA sequencing on day 8 of life in all experiments. Additional time
points were included in experiment 3 (day 11) and 4 (day 11, 25 and 42).
Since these experiments were part of other projects running in
laboratory, only the caecal content samples of the donor hens and all

chicks were analysed.

DNA purification and 16S rRNA sequencing

Each sample was homogenised using a MagnaLyser (Roche) and the
homogenate was subjected to DNA purification using QIAmp DNA Stool
kit (Qiagen). Purified DNA was stored at -20 °C. The 16S rRNA

sequencing was performed following the protocol described previously



[13]. Briefly, DNA samples were used as a template in polymerase chain
reaction (PCR) with forward primer 5-TCG TCG GCA GCG TCA GAT GTG
TAT AAG AGA CAG-MID-GTC CTA CGG GNG GCW GCA G-3’ and reverse
primer 5-GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA G-MID-
GTG ACT ACH VGG GTA TCT AAT CC-3'. PCR amplification was
performed using a HotStarTaq Plus Master Mix kit (Qiagen) and the
resulting PCR products were purified using AMPure beads (Beckman
Coulter). In the next step, groups of PCR products with different MID
sequences were indexed with the same indices using a Nextera XT Index
Kit (Illumina). Sequencing was performed using a MiSeq Reagent Kit v3

and MiSeq apparatus (Illumina).

Microbiota analysis was performed with QIIME 2 [14]. Raw sequence
data were demultiplexed, quality filtered, and sequencing primers were
removed using Je [15] and fastp [16]. Resulting sequences were denoised
with DADAZ2 [17]. Taxonomy was assigned to amplicon sequence variants
(ASVs) using the g2-feature-classifier [18] and classify-sklearn naive
Bayes taxonomy classifier against the Silva 138 database [19]. ASVs were
further clustered by CD-HIT at 98.6% sequence similarity to operational
taxonomic units (OTUs) representing individual species [20]. Since the
size of amplified part of 16S rRNA genes ranged from 400 to 427 bp
depending on bacterial species, used 98.6% sequence similarity resulted
in clustering of sequences differing in 5 or less nucleotides. This
threshold was adopted to sum up ASVs originating either from closely

related strains of the same species or from multiple copies of 16S rRNA



gene present in the genome of the same bacterium but differing in
individual nucleotides. All the software tools were used with default

settings.

Metaproteome analysis of caecal samples

Data from the samples collected previously [21] were used to determine
protein expression of the mucosa-associated bacterial species. The
original mass spectra were newly searched against protein databases of
H. pullorum (accession number GCF 000155495.1), B. innocens
(SAMN36685032), Mucispirillum sp. (SAMN36685125) and

Anaerobiospirillum sp. (SAMN36685126).

Scanning Electron Microscopy

Bacterial cultures isolated during our continuous projects focused on
culture of gut anaerobes were grown in vitro on blood agar in anaerobic
cabinet [13, 22]. Bacterial mass collected from blood agar was
resuspended and fixed in 3% glutaraldehyde in Millonig’s phosphate-
buffered solution, post-fixed in 2% osmium tetroxide in Millonig’s
phosphate-buffered solution, dehydrated in 50, 70, 90, and 100% acetone
and dried in hexamethyldisilazane. Then the samples were placed on the
carbon tabs attached to the aluminium holder and coated with
platinum/palladium (Cressington sputter coater 208 HR). The samples
were observed under a scanning electron microscope Hitachi SU 8010

(Hitachi High Technologies).



Statistical analysis

All OTUs classified as mitochondria or assigned to domains other than
bacteria were removed. Since the aim of this study was to identify
common mucosa colonisers and not all possible OTUs distributed among
all the samples, only the OTUs present in at least 4 chicken or 4 adult hen
samples and forming more than 1 % of total microbiota in at least one
sample were selected for downstream analyses. Wilcoxon matched-pairs
signed-ranks test was used to determine differently abundant OTUs in
mucosal and luminal samples from the same chickens. Differences were
considered as significant when p<0.05. The test was performed
separately on chick and hen samples. Linear discriminant analysis Effect
Size (LEfSe) was used to determine taxa which most likely explained the
differences between mucosal and luminal microbiota [23]. Because of
used protocols, mucosa or lumen associated microbiota members are
defined like this only based on their differential abundance in caecal
mucosa or caece! digesta. Experimental design of the whole study is

summarised in Fig. 1.

Results

Microbiota composition and diversity

Altogether 1,680,962 reads were obtained by 16S rRNA sequencing of 16
luminal and 16 mucosal samples from the caecum of 1-week-old chicks
and 19 luminal and 19 mucosal samples from the caecum of adult hens
with an average of 24,014 = 14,317 reads per sample. Obtained reads

were classified to 1,613 OTUs but only 176 OTUs (43 in chicks and 142 in



adult hens, partially overlapping) formed more than 1 % of total
microbiota in at least one of the chickens and were present at least in 4
chicks or 4 adult hens. These passed through selection thresholds and
were used in subsequent statistical analyses. Such OTUs formed around
99 % of total microbiota in the samples of one-week-old chicks and
around 80 % of total microbiota in the samples from adult hens (Fig. 2A
and Supplementary Table 1). When considering B diversity using PCoA
analysis and weighted Unifrac distances, luminal and mucosal samples of
one-week-old chicks overlapped while luminal and mucosal samples from

adult hens formed visually separated clusters (Fig. 2B).

Luminal and mucosal microbiota in the caecun: of one-week-old chicks

In one-week-old chicks, Bacillota (previously Firmicutes) (57.4 £ 17.3 %)
(mean *= SD) and Pseudomonadota (previously Proteobacteria) (40.1 =
17.1 %) dominated in lumina! microbiota at the phylum level. Individual
chicks were colonised also with representatives of Bacteroidota
(previously Bacteroidetes). The composition of mucosal microbiota in one-
week-old chicks was similar to luminal microbiota with Bacillota forming
64.4 £ 17.0 % and Pseudomonadota forming 29.6 = 16.4 % of total

mucosal microbiota.

At the OTU level, three OTUs were significantly enriched in mucosal
samples of one-week-old chicks. These included B. plebeius, B. caecicola
and Janthinobacterium forming 0.52 = 1.30 %, 0.77 %= 2.69% and 0.40 =

0.73 % of total mucosal microbiota, respectively. On the other hand, £.



coli comprising 36.12 * 14.37 % of total luminal microbiota and 26.72 *+
16.33 % of mucosal microbiota was the only OTU significantly more
associated with luminal samples than with mucosal samples in one-week-

old chicks (Supplementary Table 1).

Luminal and mucosal microbiota in the caecum of adult hens

In adult hens, microbiota in the caecal lumen consisted of Bacteriodota
(51.4 =+ 10.9 %), Bacillota (9.9 + 3.7 %), Verrucomicrobiota (4.85 + 6.5
%), Fusobacteriota (3.9 £ 6.1 %), Spirochaetota (3.1 = 4.0 %),
Desulfobacterota (2.1 = 2.6 %) Pseudomonadota (1.4 = 1.2 %) and
Defferibacterota (1.1 = 1.1 %). Synergistota, Campyliobacterota, WPS-2
and Actinomycetota (previously Actinobacteria) each formed less than 1
% of total microbiota across all samples. On the other hand, microbiota
from the caecal mucosa consisted of Bacteriodota (30.3 = 11.5 %),
Bacillota (12.4 = 4.7 %), Spirochaetota (10.6 = 13.2 %), Deferribacterota
(10.3 = 8.9 %), Desuifobacterota (5.5 + 2.8 %), Fusobacteriota (4.3 = 5.4
%), Campylobacterota (3.7 = 3.2 %), Pseudomonadota (2.8 = 2.9%) and
Verrucomicrobiota (1.3 £ 1.6 %). Significant differences between luminal
and mucosal microbiota at the phylum level were recorded for
Deferribacterota, Spirochaetota, Desulfobacterota and Campylobacterota,
all being more abundant in the mucosa than in the lumen, and

Bacteriodota dominating in the caecal lumen (Fig. 3A).

Seventeen OTUs were significantly enriched in the mucosal layer of adult

hens compared to in the caecal lumen. The top 10 OTUs according to



abundance included 7reponema sp., three members of genus
Moucispirillum, Helicobacter pullorum, two members of genus
Desulfovibrio, unclassified Lachnospiraceae, Brachyspira innocens
(partial 16S rRNA sequence showed 100 % identity to Brachyspira
Iinnocens and Brachyspira murdochii but this OTU will be called as B.
innocens in the rest of this study) and Anaerobiospirillum sp. The highest
enrichments in the mucosa compared to lumen abundance were observed
for Mucispirillum, Desulfovibrio, Brachyspira and Helicobacter. Lower
levels of enrichment were recorded for 7reponema and
Anaerobiospirillum (Tab. 1, Fig 3B). All these OTUs were highly prevalent
in adult hens being present in 79 to 100 % of samples (Tab. 1) and
altogether mucosa-specific bacterial species formed between 10 and 60 %

of total mucosal microbiota (Fig. 3C).

There were also 56 OTUs significantly enriched in luminal samples
compared to the mucosal ones. This group consisted almost exclusively of
members of phylum Bacteriodota (53 OTUs) and the remaining three

OTUs belonged to Bacillota.

INSERT TABLE 1 HERE.

Identification of mucosal and luminal microbiota by LEfSe analysis
Independently performed LEfSe analysis confirmed conclusions based on
Wilcoxon matched-pairs signed-ranks test, i.e. that representatives of

phyla Deferribacterota, Spirochaetota, Desulfobacterota and



Campylobacterota were associated with the mucosa while representatives

of Bacteriodota belonged among lumen colonisers (Fig. 4).

Transfer of mucosa-associated microbiota by contact with adult hens
Since mucosa-associated microbiota was absent or lowly abundant in one-
week-old chicks, in the next experiment we tested whether mucosa-
adapted bacteria can colonise newly hatched chicks. To address this
hypothesis, newly hatched chicks were placed in contact with adult hens.
Mucispirillum, Desulfovibrio and Helicobacter were efficiently
transferred since contact with adult hens resulted in transfer in 25, 38
and 41 chicks out of 45 chicks used in all 4 experiments, respectively
(Fig. 5A). In contrast, Anaerobiospirillum was transmitted to 5 chicks out
of 23 chicks in three experiments in which the donor hens were positive
for Anaerobiospirillum and Treponema was transmitted to 3 chicks out of
35 chicks in three experiments in which the donor hens were positive for
Treponema. Only in a single experiment the donor hen was colonised by
Brachyspira and not a single contact chick became Brachyspira positive.
All control chickens in all the experiments kept without any contact with
donor hens remained free of Mucispirillum, Helicobacter, Brachyspira or
Treponema. Desulfovibrio and Anaerobiospirillum were recorded in 3 and

1 chicks out of 40 controls, respectively (Fig. 5B, Supplementary Table 2).

Characteristics of mucosal microbiota
Given certain bacteria are adapted to a specific ecological niche, finally

we determined the characteristics of selected mucosal microbiota. First,



morphology of Brachyspira innocens, Mucispirillum sp. and Helicobacter
pullorum was determined by scanning electron microscopy. All three

strains exhibited a helical cell shape when grown in vitro (Fig. 6).

Next, we determined in vivo protein expression of mucosal bacterial
species by reanalysis of earlier collected protein mass spectra against
databases consisting of all predicted H. pullorum, B. innocens,
Moucispirillum and Anaerobiospiril/lum proteins. Because of retrospective
analysis, the protein expression of mucosa-associated bacteria was
determined in less appropriate samples of caecal digesta. When we
attempted to determine their expression directly in inucosal scrapings,
minimal number of non-chicken proteins was detected. Altogether 164,
136, 51 and 229 proteins from H. pu/lorum, Mucispirillum, Brachyspira
and Anaerobiospirillum were detected as expressed in vivo, respectively
(Supplementary Table 3). Classification of expressed proteins into COG
categories differentiated these species into carbohydrate dependent and
independent. Brachyspira innocens and Anaerobiospirillum fermented
carbohydrates since approximately 15 % of detected proteins were
assigned to the category of carbohydrate metabolism and transport. On
the other hand, Helicobacter and Mucispirillum exhibited carbohydrate
independent metabolism since only 2.2 and 1.2 % of all expressed
proteins were assigned to carbohydrate metabolism (Fig. 6). All mucosa
colonisers also expressed flagellar and chemotactic proteins and
Helicobacter, Mucispirillum and Anaerobiospirillum expressed proteins of

type VI secretion system (T6SS).



Additional expressed proteins were specific for individual species.
Mucispirillum expressed dimethyl sulfoxide reductase, which indicates
that it used dimethyl sulfoxide as an electron acceptor in anaerobic
respiration. Sulphur metabolism in Mucispirillum was associated with the
expression of sulphide dehydrogenase consuming free H,S, and
rhodanase inactivating toxic cyanides by their conversion to
isothiocyanate. Another part of Mucispiri//lum metabolism included amino
acid fermentation. Amino acids were transported to the cytoplasm by L-
cystine-binding ABC transporter protein, branched-chain amino acid ABC
transporter and amino acid ABC transporter. Propiocnyl-CoA resulting
from fermentation of branched amino acids was converted to succinyl-
CoA and succinate by the activity of methylmalonyl-CoA mutase.
Moucispiril/lum could capture free hydrogen due to the expression of two

different subunits of [Ni-Fel hydrogenase.

Helicobacter pullorum produced ATP by ATP synthases, subunits of which
belonged among the highly expressed proteins. H. pullorum could
produce ammonia in vivo since ammonia could be released in 4 enzymatic
reactions catalysed by highly expressed asparaginase, aspartate ammonia
lyase, glutamate dehydrogenase and cytochrome c nitrite reductase. H.
pullorum also likely captured free hydrogen by expressed [Ni-Fe]
hydrogenase. Fumarate was used as an electron acceptor due to the

expression of fumarate reductase.



The metabolism of Anaerobiospirillum was dominated by metabolism of
carbohydrates since 45 proteins out 229 expressed participated in mono-
and oligo- saccharide transport, glycolysis, pentose-phosphate pathway,
gluconeogenesis and glycogen synthesis. Anaerobiospirillum was highly
dependent on anaerobic respiration of fumarate since fumarate reductase
flavoprotein subunit FrdA and fumarate reductase iron-sulfur subunit

FrdB were expressed as the 274 and 16t most abundant proteins.

Brachyspira innocens expressed glycolytic enzymes such as
phosphoglucomutase (3274 most abundant protein), glucose-6-P
isomerase (14th), fructose-bisphosphate aldolase (4*") and transaldolase
(17th) from the pentose cycle. Saccharide degradation was further
supported by the expression 4 moncsaccharide and oligosaccharide
transporters. However, the expression of glycolytic enzymes downstream
from fructose-bisphosphate aldolase was not recorded. B. innocens also
metabolised fatty acids or branched amino acids since EtfA and EtfB
subunits of electron bifurcating butyryl-CoA dehydrogenase, and AcaD
and FadE acyl-CoA dehydrogenase were highly expressed. B. innocens
also expressed two subunits of glycine reductase converting glycine to

acetyl phosphate and ammonia.

Discussion
In this study, we defined Helicobacter pullorum, Mucispirillum sp.,
Brachyspira innocens Anaerobiospirillum sp., Desulfovibrio sp. and

Treponema sp. as bacteria highly adapted to the mucosal surface of the



chicken caecum, despite the fact that their association with caecal
mucosa was based only on their differential abundance in mucosa and
digesta determined by DNA sequencing, i.e. we did not confirm their
presence in caecal mucus by alternative protocols, e.g. light microscopy.
Such bacteria have been reported as members of chicken gut microbiota.
However, they were always classified as minority gut microbiota
members. Such a conclusion was observationally correct because faecal
or caecal material was analysed [24-26] and a small amount of mucus
together with its microbiota must be continuously shed off to gut lumen.
Interestingly, here we show that such conclusions were biologically
incomplete since if mucosal scrapings were taken, niinority species
become important majority ones. Out of the cominon gut microbiota
members. i.e. phyla Bacillota and Bacteroidota, most representatives of
Bacillota were equally distributed in caecal lumen and mucosa. On the
other hand, Bacteriodota were enriched in luminal samples, which
indicates that members of Bacteriodota do not colonise mucosal surface
in chicken caecum. A similar distribution of Bacteriodota was reported in

humans and pigs [27,28].

Mucosal microbiota attracts attention for its likely intimate relationship
with its host [8,9]. Despite this, mucosal microbiota has not been
analysed extensively. Samples from healthy humans cannot be obtained
and those collected from individuals subjected to surgery are biased by
the health issue which was the reason for surgery. Despite this,

Helicobacter but not Mucispirillum or Spirochaetae, was reported as



associated with mucosal surfaces in the human gut [29]. Mucispirillum
was described as a mucosa-associated bacterial species in mice [29,30]
and Helicobacter species were isolated from mucosal scrapings or colon
tissue in mice [31,32] but without any mention of Spirochaeta. Data on
mucosal microbiota in pigs are more confounding since neither
Helicobacter nor Mucispirillum were detected at their mucosal surfaces
and Treponema dominated in the gut lumen [27,33]. There are several
reports on mucosal microbiota in chickens but these were performed in
broilers with underdeveloped microbiota [8,11,34,35] and as we show in
this study, testing for mucosal microbiota in chicks 1-4 weeks of age may
provide confounding data. Helicobacter was recorded in caecal mucosa of

adult hens but without comparison with its presence in caecal lumen [36].

Absence of mucosal microbiota in chickens of broiler age is not a
consequence of chick imimaturity. Chicks can be colonised by mucosal
microbiota within the first week of their life and Mucispirillum,
Helicobacter, Desulfovibrio and Anaerobiospirillum were transmitted to
newly hatched chickens by contact with donor hens (Fig. 5). The fact that
bacterial species from mucosal microbiota appear mostly in adult egg
layers or chickens with access to the outdoors [37-39] indicates that
there is a lack of sources of mucosal microbiota in hatcheries and farms
in the early days of production and that these anaerobic species do not
survive efficiently in the external aerobic environment. Their mode of
colonisation, 7e. long term colonisation after a single dose administration,

is therefore the same as we have shown for strict anaerobes like



Bacteroides, Megamonas or Sutterella colonising the caecal lumen
[13,40] . This is in complete agreement with a report on the co-
appearance of Helicobacter with Bacteroides, Alistipes, Faecalibacterium,
Sutterella, Megamonas and Barnesiella in broilers [41], suggesting the
likelihood of being colonised by Bacteroides, Sutterella or Barnesiella is
similar to being colonised by Helicobacter, Mucispirillum or Brachyspira,
since all are influenced by their inability to survive in the external

environment [42,43].

Except for their helical cell shape facilitating swimming in the viscous
mucosal environment [44], there were two other characteristics common
for chicken mucosa-colonising microbiota revealed by proteomics from
caecal samples, namely motility and expression of T6SS. Motility is not
common among gut anaerobes and flagellar operons were recorded only
in Anaerotruncus and some Flavonifractorisolates [45]. The minimal
presence of motility-related proteins and flagella is likely influenced by
the immunogenicity of flagellin and its recognition by TLR5 receptor [46],
as well as the fact that active movement is negligible in comparison to the
movements caused by peristaltic mixing in the caecal lumen. However,
the structure of Helicobacter flagellin can evade TLR5 recognition [47]
and Spirochaeta express flagella located in the periplasm, i.e. not
exposed to the outside [48]. In addition, the mucosal layer is less
influenced by peristalsis and all of this selects allow for the expression of

flagella in mucosa-colonising species [49].



Helicobacter, Mucispirillum and Anaerobiospirillum expressed T6SS
proteins. The T6SS is a contact-dependent structure that injects cytotoxic
proteins directly to the target cells [50,51]. It was shown that the target
of the machinery could be either other bacteria or the host cells [52].
T6SS is expressed also by Bacteroides that colonise the gut lumen [50]
and the presence of these systems enables Bacteroides to outcompete
similar species in vitro and in vivo [53,54]. Although the target of T6SS is
not clearly identified, the high prevalence of this secretion system among
mucosal microbiota could imply their role in mucosal colonisation [55].
Elimination of excessive microbiota from mucosal surfaces by T6SS from
a few mucosa-adapted microbiota may be beneficial for the host in

keeping mucosal surfaces free of extensive microbial colonisation.

Brachyspira and Anaerobiospiiilium utilised saccharides as their main
source of carbon and energy. It is quite unlikely that saccharides
originating from feed may reach the caecal mucosa, so these
carbohydrates likely originated from glycosylated host proteins.
Helicobacter and Mucispirillum exhibited metabolism independent of
saccharide fermentation, which may enable a non-competitive co-
existence with carbohydrate fermenters in the mucosa. Both
Moucispirillum and Helicobacter expressed Ni-Fe hydrogenase and
therefore consumed free hydrogen [56]. Since Desulfovibrio also uses
hydrogen for reduction of sulphates [25], mucosal microbiota may protect
the chicken epithelial cells from excess hydrogen. One of the end

products of Desulfovibrio metabolism is H,S, which can be both



stimulatory and toxic to eukaryotic cells [57,58]. Metabolism of H,S is
also one of the most characteristic features of the chicken caecum [59].
Maintaining a balance in mucosal H,S concentration is important for the
host, and Mucispirillum expressing sulphide dehydrogenase oxidising
sulphide may counteract H,S production by Desulfovibrio, thus
maintaining an equilibrium tolerated by the host. The potentially
protective function of mucosal microbiota can be seen also in the
expression of rhodanase by Mucispirillum, which converts highly toxic

cyanide into non-toxic thiocyanates.

Conclusions

In this study, we have shown that there is a limited number of bacterial
species adapted for the colonisation of mucosal surfaces in the chicken
caecum. These bacteria are usually absent from microbiota of one-week-
old chicks, but this is caused only by their inability to survive in aerobic
conditions. When the chicks are raised in contact with adult hens, the
chicks can be colonised by mucosal microbiota within the first week of
their life. Efficient colonisation of the mucosa seems to be associated with
a helical cell shape, motility and the ability to express type VI secretion
system, which may help the host to keep mucosal surfaces free from

extensive microbial colonisation.
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Figure legends

Figure 1. Experimental design of the study. Mucosal and luminal
microbiota in the caecum of one-week-old chicks and adult hens was
analysed first. Next, ability of mucosa-adapted microbiota to colonise
newly hatched chicks was tested in experiments with contact donor hen.
Finally, protein expression, i.e. likely metabolism, of selected mucosa-
adapted bacterial species was determined by protein mass spectrometry

in caecal samples.

Figure 2. Microbiota diversity in mucosal and luminal contents of one-
week-old chicks and adult hens. Panel A - Relative abundance at phylum
level. Panel B - PCoA clustering using weighied Unifrac matrix distances.
Microbiota composition of one-week-oid chicks (green colour) differed
from microbiota of adult hens (oirange colour). The mucosal samples
(open symbols) of adult hens clustered separately from luminal samples

(closed symbols), in contrast to the samples of one-week-old chicks.

Figure 3. Microbiota in luminal and mucosal samples of one-week-old
chicks and adult hens. Panel A - the ratio of mucosal and luminal
abundances of the most abundant mucosa-associated phyla in individual
hens. Panel B - the ratio of mucosal and luminal abundances of 10 the
most abundant mucosa-associated microbiota OTUs in individual hens.
The line represents the median value. Panel C - Abundance of all mucosa-

adapted genera out of total mucosal microbiota.



Figure 4. LEfSe analysis of mucosal and luminal microbiota from the
caecum of adult hens. Bacteroidota at different taxonomic levels were
preferentially associated with the caecal lumen (LUM, red background).
On the other hand, Helicobacter, Mucispirillum, Desulfovibrio and

Brachyspira dominated in the caecal mucosa (MUC, green background).

Figure 5. Transfer of mucosa-associated microbiota from adult hens to
newly hatched chicks by contact alone. Panel A, qualitative view. Pie
charts indicate qualitative positivity of the donor hens for mucosal
microbiota since in the absence of hen colonisation, the absence of the
same bacterium in the contact chicks is of no relevant meaning. The
number of tested chicks at each experiment and sampling time point is
shown. Panel B, quantitative visualisation including colonisation of

control chicks.

Figure 6. Scanning electron microscopy of bacterial species colonising
chicken caecal mucosa. Brachyspira innocens ET903 (A), Mucispirillum
sp. ET911 (B) and Helicobacter pullorum (C) were grown in vitro on blood
agar and bacterial culture was subjected to electron microscopy. Bar = 2
pm. Panel D - COG classification of in vivo expressed proteins. Only

categories exceeding 5 % in any bacteria are described.



Table

Table 1. Top 10 mucosa-associated microbiota OTUs identified in adult

hens.
One-week-old
Adult hen chicks
Mucosa- MEAN MAX MAX
Prevalen
associated OTU abundan abundan Prevalen MUC/LU LEfS abundan
ce ce ce (%) M ratio e ° ce
(%)
(%) (%) (%)
Treponema OTU1 8.79 36.54 78.9 5.72 12.5 0.02
Mucispirillum MUC
OTU3 4.80 20.21 94.7 42.38 * 0 0
Mucispirillum
OTU8 3.58 12.04 100 4.06 MUC 0 0
Helicobacter
OTU10 3.08 11.14 100 12.11  MUC 0 0
Desulfovibrio
OTU30 2.27 5.53 100 17.31 MUC 0 0
Anaerobiospirillum
0TU24 2.1 5.56 63.2 1.36 6.3 0.02
Brachyspira OTU28 1.86 5.61 78.9 16.68 MUC 0 0
Desulfovibrio
OTU32 1.84 5.22 100 5.20 MUC 6.3 0.01
Mucispirillum
OTU20 1.74 7.42 31.6 67.31 0 0
Lachnospiraceae
OTUS50 1.36 3.74 100 2.33 81.3 32.67

* MUC - OTU identified as significantly associated with mucosal samples

by LEfSe
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