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The genus Ligilactobacillus encompasses species adapted to vertebrate hosts and fermented food. Their genomes
encode adaptations to the host lifestyle. Reports of gut microbiota from chicken and turkey gastrointestinal tract
have shown a high persistence of Ligilactobacillus aviarius along the digestive system compared to other species
found in the same host. However, its adaptations to poultry as a host has not yet been described. In this work, the
pan-genome of Ligilactobacillus aviarius was explored to describe the functional adaptability to the gastrointes-
tinal environment. The core genome is composed of 1179 gene clusters that are present at least in one copy that
codifies to structural, ribosomal and biogenesis proteins. The rest of the identified regions were classified into
three different functional clusters of orthologous groups (clusters) that codify carbohydrate metabolism, enve-
lope biogenesis, viral defence mechanisms, and mobilome inclusions. The pan-genome of Ligilactobacillus aviarius
is a closed pan-genome, frequently found in poultry and highly prevalent across chicken faecal samples. The
genome of L. aviarius codifies different clusters of glycoside hydrolases and glycosyltransferases that mediate
interactions with the host cells. Accessory features, such as antiviral mechanisms and prophage inclusions,
variate amongst strains from different GIT sections. This information provides hints about the interaction of this
species with viral particles and other bacterial species. This work highlights functional adaptability traits present
in L. aviarius that make it a dominant key member of the poultry gut microbiota and enlightens the convergent
ecological relation of this species to the poultry gut environment.

1. Introduction Chicken gastrointestinal colonisation has been described as a sto-
chastic process driven by the contact with environmental microorgan-
isms present in food and water (Diaz Carrasco et al. 2019). It is highly

diverse and changes along the gastrointestinal tract (GIT) (Glendinning

There has been a growing interest on studying host specificity of the
gut microbiome to understand to which extent factors such as diet,

environment, host phylogeny and its evolutionary story impact the
composition of the gut microbiome (Mallott and Amato 2021). Ecology
and evolution play a long-term role shaping microbial dynamics and this
idea has supported the emergence of “phylosymbiotic studies” defined
as the observance of patterns in microbial communities that summarize
and reflects the phylogeny of their host linking the microbiome to the
hosts evolutionary story (Lim and Bordenstein 2020). In some mammals,
the study of phylosymbiosis has related microbial dispersal to their
phylogeny (Amato et al. 2019; Mazel et al. 2018). However, for
non-mammalian vertebrate taxa, including birds and amphibians,
studies still discuss the presence of phylosymbiosis (Capunitan et al.
2020; Song et al. 2020; Trevelline et al. 2020).

etal. 2020; Gong et al. 2007). Yet, previous studies typically convey on a
constant presence of Enterobacteriaceae and Lactobacillaceae, suggesting
that some microorganisms are more persistent to the gastrointestinal
environment and are adpated to the physicochemical changes along
poultry GIT environment, than others. Studies using 16S rRNA amplicon
sequencing and metagenome-assembled genomes showed the domi-
nance of Ligilactobacillus aviarius, Lactobacillus crispatus and Ligilactoba-
cillus salivarius as host-associated commensal lactic acid bacteria in
chickens representing 18% of the faecal clone sequences and present in
over half of the chicken samples (Feng et al. 2021; Gong et al. 2007).
The genus Ligilactobacillus (formerly referred to as Lactobacillus sali-
varius group) encompasses 16 motile, homofermentative rod-shaped
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species with a G+C content of around 32.5 to 43.3 %. Most Ligilacto-
bacillus species are adapted to vertebrate hosts and have been obtained
from mammals, reptiles, and amphibians digestive samples (Zheng et al.
2020). Some other species of Ligilactobacillus are also present in fer-
mented foods, silage, and soil (Tohno et al. 2019). Several strains of
Ligilactobacillus express urease gene clusters dependant on low pH to
mediate the resistance to gastric acids and buffer the environmental
changes (Cotter and Hill 2003). L. aviarius has been reported to encode
an alpha-glucanotransferase that converts amylose starch into iso-
malto-/malto-polysaccharides (IMMP) (Kralj et al. 2002; Meng et al.
2018). These highly branched a-glucans linked through a1-4 and a1-6
bonds are resistant to digestion by the host’s a-amylase and therefore,
represent a supply of soluble dietary fibre (Meng et al. 2018). Such di-
gestibility resistance improves IMMP distribution to the large intestine
and serves as a prebiotic source for the bacterial community to ferment
and produce short-chain fatty acids (SCFAs) (Al-Khalaifa et al. 2019).
Leading to the assumption that the production of IMMP from an active
L. aviarius colonisation in the small intestine of birds, improves digestion
and represents a potential supply of feed for fermentative bacteria in the
lower part of the GIT. Experiments of probiotics co-feeding mixtures of
L. aviarius with L. salivarius and Ligilactobacillus agilis reported an in-
crease of Lactobacilli, a decrease of Escherichia coli on the small intestine
lumen of laying hens and an increase on the egg weight and laying
performance, favoured by the increase of mucosal absorption and
cytokine expression (Hong et al. 2021).

The frequent reports of L. aviarius to poultry highlights its persistence
as a well-adapted coloniser of the avian GIT, and some studies agree on
its presence as an indigenous Ligilactobacillus species along with L. agilis
and L. salivarius (Hong et al. 2021; Lan et al. 2004; Liu et al. 2021).
However, the identification approach must be taken cautiously due to
the intra-species similarity and recent taxonomic re-assignations (Zheng
et al. 2020). Additionally, many works focus on detecting and identi-
fying poultry-associated species, but they lack a functional description
(Qiao et al. 2019). Therefore, this work aims to describe the encoded
functional adaptability of L. aviarius and the features that might make it
host-specific adapted to the poultry gut environment. This is the first
comparative genomic analysis for this species, which describes the
genomic diversity and functional adaptability of Ligilactobacillus aviar-
ius, not explored previously.

2. Materials and methods
2.1. Phylogenomic analysis of the genus Ligilactobacillus

Reference genomes of the genus Ligilactobacillus (Table S1) were
collected from public databases and previous studies. Briefly, 17 refer-
ence genomes were downloaded from the National centre for Biotech-
nology Information (NCBI) database (genomes obtained in August
2022). The genome of Ligilactobacillus hohenheimensis DSM 113,870 was
used from our collection (Supplementary material S2) (Rios-Galicia
et al. 2023). All reference genomes were phylogenetically placed based
on 487 universal markers using Phylophlan 3.0 (Asnicar et al. 2020) and
annotated using iTOL (v6.5.8) (Letunic and Bork 2019). Lig-
uorilactobacillus vini (Rodas et al. 2006; Zheng et al. 2020) was used as an
external group. A codon usage analysis was run in ATGme (http://a
tgme.org/) to detect the presence of less common codons.

2.2. Prevalence and abundance of poultry related Ligilactobacillus in
chickens

To evaluate the prevalence and abundance of species of Ligilactoba-
cillus related to poultry, 603 DNA sequences obtained from poultry
samples were downloaded from the SRArun selector browser of the NCBI
database. Samples of crop where obtained from the project
PRJEB60928, (n= 48) obtained by our research group (internal
communication, not yet public), samples from duodenum, jejunum,
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ileum, caeca and colorectum where obtained from the project
PRJINA417359 (crop=38, duodenum=99, jejunum=98, ileum=97,
caeca=99 and colorectum=98) (Huang et al. 2018). Finally, samples
from faeces where obtained from the project PRJEB22062 “Gut micro-
biomes from 359 European pig and poultry herds” (n=159) (Duarte
et al. 2021; Luiken et al. 2019; Munk et al. 2018). Details of each sam-
ples are listed at the Supplementary material file S1. The collected raw
reads were mapped against the genomes of L. aviarius DSM 20,655
(GCA001436315), L. aviarius JO1 (GCA947381835), L. hohenheimensis
J14 DSM 113,870 (GCA947381805) and L. araffinosus DSM 20,653
(GCA001435375) using CoverM (v0.6.1) (https://github.com/wwoo
d/CoverM).

2.3. Genomes collection and selection of Ligilactobacillus aviarius

Genome assembled sequences (n=21) of L. aviarius available at NCBI
database as of July 2022 were collected from the projects PRJEB56193,
PRJINA222257, PRINA316009 and PRINA377666 (Juricova et al. 2021;
Rios-Galicia et al. 2023; Sun et al. 2015). Metagenome-Assembled Ge-
nomes (MAGs) with more than 90% completeness available at the In-
tegrated Chicken Reference Genomes and Gene catalog (ICRGGC, http
s://nmdc.cn/icrgge/) (n = 12) were collected (Feng et al. 2021). All
genomes were taxonomically analysed, screened and selected according
to the index of completeness (>90%) and no contamination using Anvi’o
v7.1 (Eren et al. 2021), and a pairwise genome comparison to discard
clonal genomes (dereplication cluster >99% ANI) using dRep 3.2.2
(Olm et al. 2017) retaining 26 genomes.

2.4. Pan-genome analysis

The pan-genome of L. aviarius was calculated in Anvi’o v7.1 (Eren
et al. 2021) using the set of 26 genomes. Genomes were pre-treated to
discard contigs shorter than 2.5 kb. Gene prediction was made with
HMMS included in the workflow of Anvi’o. The resulting pan-genome
output was visualised through the interactive interface of Anvi’o. The
core genome calculation was performed considering the presence of
90% of single-copy genes and an index of geometric homogeneity of
0.95, obtaining 1179 genes. The predicted annotation of ORFs of each
genome was used to identify the number of total genes, core genes, and
new genes present in the further pan-genome analysis and the resulting
pan-genome output files were visualised using RStudio v1.1.463. Clus-
ters were assigned following the microbial pangenomics workflow of
anvi'o  (https://merenlab.org/2016/11/08/pangenomics-v2/)  that
considers Euclidean distance of orthologous genes using linkage Ward
method, defined by the gene tree in the centre of the pan-genome. The
core genes shared amongst the 26 strains were concatenated and aligned
using the workflow for homogeneity indices in pan-genomes of Anvi’o.
The tree was visualised with iTOL (Letunic and Bork 2019).

2.5. Phenotype prediction and functional analysis

The annotation file of strains of Ligilactobacillus’ species isolated from
small intestine of chicken (Rios-Galicia et al. 2023): L. aviarius JO1
(GCA947381835), L. hohenheimensis J14 (GCA947381805), L. saerimneri
(GCA947381505) and L. salivarius (GCA947381595) were compared to
observe absence and presence of metabolic pathways encoded within
the genomes to assess genome reduction within species related to
chicken.

Functional analysis and gene absence/presence of the 26 genomes
L. aviarius were performed using gene prediction in Anvi’o, to identify
the protein domains present in each genome. Differences in presence
and absence along the genome were subdivided into four regions
(clusters) according to the protein domains present in that region. The
identified regions were classified into different functional clusters of
orthologous groups (COGs), and the differences amongst each strain
were selected and highlighted in a heatmap.
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Different functional features of the interaction of L. aviarius with the
host were investigated using DRAM annotation (Distilled and Refined
Annotation of Metabolism) (Shaffer et al. 2020). Briefly, DRAM anno-
tates contigs using UniRef90 (Suzek et al. 2015), PFAM (Mistry et al.
2021), dbCAN (Yin et al. 2012), RefSeq viral (Brister et al. 2015),
VOGDB (https://vogdb.org/), and the MEROPS peptidase database
(Rawlings et al. 2018) and curates these annotations into useful func-
tional categories. The results were hand curated to show the positive
presence of metabolic pathways and subunits completion.

2.6. Prophage identification

Prediction of prophage genes and regions insertions in the 26 ge-
nomes of L. aviarius was performed using PHASTER (Arndt et al. 2019)
(www.phaster.ca). The prophage regions were compared against a
bacterial and phage/prophage database available within PHASTER by
October 2022. The insertion was considered complete when the region
contained known phage sequences and when more than >90% of the
proteins in the detected regions were associated with known phage se-
quences. Proteins present within the operon insertion and its distribu-
tion were directly exported from PHASTER’s website.

2.7. Antiviral defence systems detection

Antiviral systems presence was identified utilising Prokaryotic
Antiviral Defence LOCator (PADLOC) (Payne et al. 2022) using
HMM-based homologue searches and gene presence/absence/synteny
criteria. CRISPR-Cas systems were detected using CRISPR-Cas++ 1.1.2
using the genome assemblies as input (Grissa et al. 2007). The occur-
rence of defence systems in strains from different origins was compared.

3. Results and discussion
3.1. Phylogenomic analysis of Ligilactobacillus strains related to poultry

The genus Ligilactobacillus encompasses homofermentative organ-
isms frequently associated with the gut environment of different hosts or
fermented substrates such as silage, food, or soil. The size of genomes
used for the phylogenomic analysis (reference genomes) ranges between
1.4 and 2.3 Mb with a G+C content of 32.5 to 43.3%. The species of
L. aviarius, L. araffinosus and L. hohenheimensis (Fig. 1) have been re-
ported on poultry and show a smaller genome size (1.46 Mb) than the
average of the genus (1.87 Mb).
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Such reduction might indicate a reductive adaptation to the gut
environment of poultry (genome reduction) (Nayfach et al. 2019). Other
species found in poultry like L. saerimneri= 1525,592 bp
(GCA944326145) (Plaza Onate et al. 2022) (assembly not considered in
the phylogenomic analysis) have a relatively similar genome size, while
some other species such as L. agilis = 2168,186 bp (GCA025311455)
(PRJNA880302-no publication related), L. salivarius = 1807,598 bp
(GCA002159345) (Juricova et al. 2021) and L. animalis = 1940,664 bp
(GCA001705475) (PRINA337943 no publication related), also reported
in poultry do not share such size. L. aviarius and L. hohenheimensis lack a
complete operon of repair system genes and peptides transport (Sup-
plementary Fig. S1) compared to other Ligilactobacilli, which might
partly explain the differences in genome size. The loss of repair DNA
genes might be explained by the Proteomic Constraint theory, that
propose that in order to minimize mutations (errors), organisms reduce
its proteome size leading to a reduction of selection pressure (Garcia--
Gonzalez et al. 2012). Amongst the group of poultry-related species,
L. hohenheimensis has a relatively high content of G+C (50.1%)
compared to the rest of Ligilactobacillus species, with an average of 40%.
The particular traits of this species contradict the general understanding
that larger bacterial genomes tend to have higher G+C contents (Alm-
panis et al. 2018). Other factors should be considered to explain the
higher G+C content, such as the organism’s normal optimal tempera-
ture range, a restriction of the genetic code (where encoding certain
amino acids requires at least some usage of A/T or G/C), or the presence
of rare codons in genes. Although some codons resulted less frequent
such as CGG instead of AGA (15.6%o) or CGU (13.2%o), or the stop codon
UAG instead of UAA (2.3%o), the presence of rare codons must be taken
with care since the codon usage table used to compare was based on the
codon usage of L. salivarius available at the databases, a relatively distant
member of the genus Ligilactobacillus (Supplementary material S2).
Moreover, the genomic GC content of L. hohenheimensis (50%) is less
common within the bimodal GC content distribution of bacteria, with
peak values either below 45% or above 60%, and 10% higher than the
average GC content observed in Firmicutes (Teng et al. 2023). Although
all species share the same ancestor and similar fermentation pathways,
the clade of L. salitolerans, L. acidipiscis and L. pobugzihii show a bigger
genome size (~2.3 Mb) and have been reported in associations with
fermented food and mushroom substrates, which is a different lifestyle
from the host associated environment.

G+C content

e st Ligilactobacillus hohenheimensis iejunum of chicken
- Ligilactobacillus aviarius L ] intestineof chicken
.- Ligilactobacillus araffinosus L ] intestine of chicken
fffffffffff Ligilactobacillus ruminis a4 bOVize “}m:”
————————————— Ligilactobacillus apodemi L ] woodmicefaeces
———————————— Ligilactobacillus murinus intestine of rat
————————————— Ligilactobacillus animalis L[] baboon dental plaque
- - Ligilactobacillus saerimneri faeces of pig
99.9 Ligilactobacillus ceti [ 337 lung of whale
fffffffffffff Ligilactobacillus salivarius | 375 human saliva
—————— Ligilactobacillus hayakitensis faeces of horse
- - - - Ligilactobacillus equi faeces of horse
———————————— Ligilactobacillus agilis * municipal sewage
1= | —— e Ligilactobacillus salitolerans mushroom substrates
997 ] ——————— - --~------ Ligilactobacillus pabuli silage
E ——————— Ligilactobacillus acidipiscis fermented fish
——————— Ligilactobacillus pobuzihii ferm. cummingcordia
L T A Liquorilactobacillus vini grape must
0 1 2 20 40

Fig. 1. Phylogeny based on universal marker genes of species belonging to the genus Ligilactobacillus (reference genomes). Reconstruction of a maximum-likelihood
tree based on 497 single-copy core protein concatenated sequences. The tree is rooted in Liquorilactobacillus vini DSM 20,605. Bootstrap percentages (1000 replicates)
are shown at the branch points. Bar depicts 0.1 substitutions per nucleotide position. Bar plots represent genome size and GC% content: The last column represents
the source of isolation of each species described in more detail in table S1 and the asterisks marks a specie that has been reported in chicken.
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3.2. Presence of Ligilactobacillus-related species on poultry

To observe the prevalence and abundance of L. aviarius, L. araffino-
sus, and L. hohenheimensis as relevant community members in the
digestive tract of poultry, its presence was estimated using a large-scale
comparison of the genomes against samples of chicken digesta available
at public databases. Both strains of L. aviarius (GCA947381835 and
GCA001436315) that were detected abundant above 0.1%, depicted a
prevalence of at least 80% on duodenum, jejunum, ileum and faecal
samples. Its abundance ranged between 0.5 to 40% (Fig. 2). In both
cases, our isolate of L. aviarius JO1 and the reference genome DSM
20,655, maintained a prevalence between 20 and 60% in crop, color-
ectum and caeca, where its abundance reduces, suggesting to be a per-
sistant member of the intestinal community with a dominance in small
intestine. The presence of L. araffinosus follows the same pattern as
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L. aviarius along the chicken intestine. However, its presence in crop and
caeca depicts lower percentage of prevalence and abundance than the
rest of the strains considered in the analysis. This recently separated
species from L. aviarius (Zheng et al. 2020) appears to have a bigger
sensitivity to the environmental conditions of crop and caeca, dropping
its abundance to 0.1%, which highlights its individual environmental
adaptations from those of L. aviarius. The lowest prevalence and abun-
dance was detected for L. hohenheimensis DSM 113,870, which presented
the highest prevalence at small intestine (50%) and the lowest (10%) in
crop and caeca, above L. araffinosus. Previous works have reported
similar abundance proportions of L. aviarius and L. hohenheimensis on the
upper GIT sections, crop, and ileum (Rios-Galicia et al. 2023). The high
occurence of L. aviarius in poultry samples (high abundance and domi-
nance along the GIT) and the availability of genomic/metagenomic as-
semblies in the databases further supported the functional analyses to
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Fig. 2. Relative abundance and prevalence of species of Ligilactobacillus related to poultry across chicken samples obtained from public databases. Dots represent the
relative abundance of each sample (crop=38, duodenum=99, jejunum=98, ileum=97, caeca=99 colorectum=98, and faeces=159) obtained from the projects
PRJEB60928, PRINA417359 and PRJEB22062. Boxplots depict the mean relative abundance of each species across all samples. Barplots represent the relative

prevalence of genomes abundant above 0.1%.
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understand the adaptability of this species to the chicken’s gut
environment.

3.3. Pan-genome determination of Ligilactobacillus aviarius

The pan-genome of 26 dereplicated genomes of L. aviarius was
determined, including 17 publicly available genomes from the NCBI
(July 2022) and nine newly sequenced genomes from our bacterial
collection (PRJEB56193). From this dataset, three genomes correspond
to isolates from the ileum of turkeys, and the others originate from the
different intestinal sections of the chicken: six from the jejunum, five
from the ileum, three from caeca, and nine isolated from faeces
(Table S2). The average genome size was 1.52 Mb with a standard de-
viation of + 0.88 considering the size of metagenomic assemblies
(MAGs) and of + 0.48 considering only isolated genomic assemblies.
Such difference was considered in the pan-genome analysis lowering the
core gene threshold and predicting genes in metagenome mode
(included in Anvi’os protocol) to attenuate the loss of precision in the
analysis (Li and Yin 2022). The number of genes detected in each
genome varies by 5.36% (1456 + 78.18) (mean + SD), with no corre-
lation observed between the number of genes and the number of contigs
nor the length of the contigs, showing that the quality of the genome did
not influence the genome annotation and the pan-genome analysis. The
pan-genome of L. aviarius cannot be considered closed since the number
of pan-genome genes represented against the number of genomes does
not reach the plateau. In this analysis, the addition of the last two ge-
nomes decreased the number of total genes, and reduced the standard
deviation (Fig. 3A). Despite the number of new genes did not increase,
and the number of core genes was close to reach a constant with the
addition of genomes (Fig. 3B, C), a future addition of novel genomes will
be necessary to reach a possible plateau and enrich the pan-genome
analysis.

The core genome threshold in this analysis was lowered to a presence
of 90% of single copy genes shared throughout the dataset. 90% of the
genes resulted in 1179 genes (cluster named core90) present at least in
one copy in 23 out of 26 of the genomes (Fig. 4). The analysis of strict
core genes shared amongst 100% of the genomes reduced the number to
857 core genes (cluster named core). The functional annotation dis-
played that most core genes are related to basic biological functions such
as translation, ribosomal structure, replication, cell wall/envelope
biosynthesis, carbohydrate transport, and metabolism, as expected. The
rest of the identified regions were classified into three different func-
tional clusters of orthologous groups (COGS) that varies according to the
type of genome assembly and source of isolation. The first cluster
detected (cluster 1, 58 genes) included genes encoding carbohydrate
metabolism and transporters. Carbohydrate metabolism was repre-
sented by genes for glycoside hydrolases and sugar transporters of
arabinose, lactose, melibiose, maltose, sucrose and starch, together with
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some glycosyltransferases that are predicted to mediate interactions
with the host cell mucosa layer (glucans, dextrins, galactans) and
digestive cell receptors. In addition, genes assigned to peptidases were
detected in core and cluster 1, which might serve as possible indicators
for host-specific bacterial interactions. Further points are discussed in
the paragraph 3.5. The distribution of genes assigned to carbohydrate
metabolism and transport showed that these genes are constitutive and
present in all genomes (core). However, some genes codifying for cel-
lulose and maltodextrin utilization and transportation were exclusively
found in cluster 1, representing an individual adaptation. Within these
two clusters (core and cluster 1), some peptidase genes such as insulin
protease (ptrA2/M16B), bleomycin hydrolase (CO1B) and endothelin
protease (M13), related to the maturation and degradation of peptide
hormones were detected. The presence of these genes might indicate a
host-lifestyle adaptation of L. aviarius whose peptidase activity might
cross-talk the signalisation of the host. However, no evidence has been
demonstrated in chicken. Cluster 2 encompass 41 genes encoding viral
defence and replication mechanisms such as the abortive infection
strategy (Abi), the Cispr/Cas type IIA system, the defence reverse tran-
scriptase (DRTs) mechanism and the restriction-modification (RM) sys-
tems that recognize and cleaves foreign DNA which will be discussed in
detail at the accessory features section. This information hints at the
species’s constant interaction with phages and foreign DNA. Finally,
cluster 3 comprehended 16 genes encoding mainly mobilome inclusions
(prophages/transposons), viral defence mechanisms, and cell wall en-
velope biogenesis/transcriptional genes. In general, the repertoire of
genes included in all clusters might illustrate the importance of such
housekeeping genes to persist in the chicken gut environment.

3.4. Metabolism of L. aviarius

The species of L. aviarius is a heterotrophic bacteria able to obtain
energy and carbon by oxidating glucose and arabinose (pentose) via the
Embden-Meyerhof glycolysis and the pentose phosphate cycle. ATP is
hydrolysed to generate ion gradients across the membranes by the F-
type ATPase unit that couples with H' transport across a membrane to
obtain energy (Fig. 5). Although relevant genes were only partially
found, Entner-Doudoroff pathway (glucose-6-phosphate to pyruvate)
and citrate cycle might be also important to oxidise carbon and reduce
cofactors. Across all genomes, whole clusters of arabinose and chitin
metabolism were detected codified, while genes for carbohydrate active
enzymes (CAZymes) for cellulose and maltodextrin utilisation (bcsZ and
yvdJ) in cluster 1, and mannose, galactose and xylose utilisation
(nucleotide sugar metabolism) in cluster 2 were individually found in
some genomes. Finally, only three genomes of strains isolated from
ileum and one of caeca presented carbohydrate active enzyme genes for
the hydrolysis of the plant polysaccharides galactan and mannan. The
presence of genes related to carbohydrate transport and metabolism,
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Fig. 3. Number of core genes and pan-genome of 26 genomes L. aviarius. (A) The number of genes of the pan-genome increases and flattens as a function of the
number of genomes included in the analysis while (B) the core genome and (C) number of new genes decreases. Bars depict standard deviation.
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exclusively found in some genomes (genes clustered in cluster 1) might
be an indication of an adaptive nutrient utilisation strategy of L. aviarius
within the intestine environment. Their potential expression would
provide the strain a metabolic advantage on the use of these sugars at a
specific GIT section. However, a clear separation regarding carbohy-
drate utilisation amongst strains originated from different GIT sections
was not observed (Figs. 5 and 6).

Genes for acetate production including pta and ackA (Fig. 5) were
also detected, these genes convert acetyl-CoA into acetate forming ATP,
and present a reversible reaction that depends on the environmental
conditions. In nutrient-rich conditions, acetyl-CoA is converted to ace-
tate, while under starving conditions acetyl-CoA is generated allowing
the cell to dump the excess of acetylation potential in exchange for ATP
formation (Campos-Bermudez et al. 2010). These genes were constitu-
tively detected in all genomes. Both, lactate and acetate production can
contribute to the production of butyrate and propionate when coupled
with butyrate cycle via a NAD-independent d-lactate dehydrogenase
(d-iLDH) also present within all genomes of L. aviarius (Idh) (Sheridan
et al. 2022).

A cysteine biosynthesis gene was present in all genomes, meaning
that the species is auxotroph to the rest of amino acids. A dihy-
drolipoamide dehydrogenase gene to hydrolyse leucine, lysin and
methionine was constitutive in all genomes as well as many catalytic
peptidases including aspartic peptidases (A08, A24A), cysteine pepti-
dases (CO1, C10, C26, C40, C56, C59, C60 C69 and C82), metallo-
peptidases (M01, M03, M13, M16, M20, M24, M29, M38, M41, M48,
M50, M60, M78, M79), serine peptidases (SO1, S08, S09, S11, S12, S14,
S15, S16, S24, S26, S33, S54) and threonine peptidase (T01B). The
presence of the majority of these genes within the core cluster reflects
the essential adaptations that L. aviarius gathers to efficiently colonise
and adapt the chicken intestinal environment abundant on organic
matter. The additional genes found individually represent a signature
element of this strain that might help during niche occupation.

3.5. Functional adaptations of Ligilactobacillus aviarius to the host

Intestinal bacteria have been described to hold some adaptations that
help them to survive in the intestine, such as transforming primary bile
salts into secondary bile salts, degrading urea as a survival mechanism in

acidic conditions, or producing large protein domains involved in
extracellular matrix binding (Frese et al. 2011). The pan-genome of
Ligilactobacillus aviarius did not encode an urease cluster, and no biliary
salt dihydroxylation gene was detected. Its strategy to survive the acidic
conditions of the GIT lays on an adaptive presence of an FoF1-type ATP
synthase (atp ABCDEFGH) (Fig. 6) present in the core cluster, generating
a constant gradient between extracellular and cytoplasmic pH due to
protons exclusion. These adaptations have been described on the
homofermentative species of Lacticaseibacillus rhamnosus, a well-known
human probiotic (Corcoran et al. 2005). Across the pan-genome,
different genes related to surface structures that interact with the host
epithelia were detected, such as the pilus assembly protein pulE and the
ATPase pilB protein domains that provide motility to the cell and might
mediate interaction and adherence to the chicken gut epithelia (Caste-
lain et al. 2016). Glycosyltransferases genes related to EPS (galM) and
glucan binding domain (yg repeat) (Fig. 6) were detected in all genomic
assembled genomes and partially in the metagenomic assemblies,
meaning that completeness has to be taken into account in downstream
analysis (T. Li and Yin 2022). Expression of genes of mucin hydrolase
(peptidase M60) that targets complex host glycoproteins, such as mucins
(Bardoel et al. 2012), or peptidase M24 related to collagen recycling,
might play a role in the host cross-talk interaction between bacteria and
the glycolipids of the host cell surface.

Some of the key genes detected along the genomes that might
mediate the interaction of L. aviarius were detected at the core cluster
and cluster 1 and encode peptidases that can interact with host mole-
cules such as endothelins (neprilysin/neutral endopeptidases, pepO),
insulin (insulinase, ptrA2), collagen (Xaa-Pro-aminopeptidase), mucin
(enhancing-like peptidase), anti-inflammatory glycopeptides (bleomy-
cin hydrolases), and peptide hormones maturation (prolyl oligopepti-
dase) (Fig. 7), enzymes described to be involved in the maturation and
degradation of peptide hormones and neuropeptides such as alpha-
melanocyte-stimulating hormone, luteinizing hormone-releasing hor-
mone (LH-RH) or insulin (Wei et al. 2020; H. Zhang et al. 2016).
Although the sole presence of those genes do not ensure an interaction, a
possible expression might be related to a host lifestyle adaptation where
the formed molecules, if absorbed, can interact with the host signalling.
Being present along all the genomes, these possible interactions would
affect the host’s biological response and might be the key to the
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aviarius originating

successful colonisation of L. aviarius across the intestine of poultry.

The potential to hydrolyse and assimilate carbohydrates with
different chemical natures suggests a dynamic and planktonic lifestyle
even in distal regions where absorption and competence would limit
carbon intake. Additionally, the dominance and presence across the gut
epithelium require fast multiplication rates that seem to be supported by
the number of genes involved in replication, envelope biogenesis, and
transcription, which represent 30% of total genes.

Studies on the pan-genome of L. salivarius have shown two ways of
adaptation within the intestinal environment, either by gaining adhe-
sion abilities or by developing efficient utilization of nutrients (Lee et al.
2017). In the case of L. aviarius, the homogeneous presence of genes for
carbon utilisation, enzymes that potentially interact with the host, and
its persistence along the whole GIT indicate that despite its narrow
genome size, the gene repertoire of L. aviarius provides the necessary
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tools for efficiently colonise and adapt to the chicken intestinal envi-
ronment. However, studies of gene expression and interaction are still
needed.

3.6. Accessory features of Ligilactobacillus aviarius

The detected accessory genes differed from genome to genome and
were mainly found in clusters 2 and 3 of orthologous genes. amongst
these inclusions, several genes encoded antiviral defence, such as the
abortive system (Abi) that prevents phage maturation by autolyzing the
infected cell. In this case, the genes for abiD and abil. were more abun-
dant amongst most of the genomes. Both proteins provide resistance by
avoiding the phage’s replication cycle completion and interfering with
the phage endonuclease (Lopatina et al. 2020). Additional to a suicidal
strategy, two enzymatic mechanisms that involve the detection and
modification of foreign DNA were detected: the restriction-modification
system (RM) that signals endonucleases to degrade double-strand DNA,
and the defence reverse transcriptase system (DRTs) that signal retro
transcriptase enzymes that suppress the expression of phage genes.
Some of these mechanisms have a non-specific activity against specific
phages, and might be active against a broad range of foreign DNA at an
early stage of the infection after the intrusion of foreign DNA into the
cell, before transcription (Gao et al. 2020).

Genes for the adaptive immune system CRISPR CAS type II and the
ATPases/protease were detected amongst all strains while antiviral
system GAO 19 was found codified only at strains obtained from
jejunum and ileum. In this case, the defence locus herA-SIR2 of the
protease-helicase system GAO 19 (Gao et al. 2020), might play a pro-
tective role on strains that colonise jejunum and ileum (Fig. 8). In gen-
eral, the diversity of antiviral systems detected in this single species
present across the GIT, emphasizes the adaptation plasticity of L. aviarius
and the importance of counting on multiple defence mechanisms to
succeed within this environment.

Finally, four genomes were detected to carry complete prophage
inclusions (tail, head, capsid, protease, portal, and terminase). All the
detected inclusions are detailed in Table S3. Despite the taxonomic
distance, these prophages have been found in genomes of Ligilactoba-
cillus equi (Li et al. 2022), a member of the genus Ligilactobacillus that
colonises the intestine of horses. Previous studies have shown that the
number of prophages (phages in a lysogenic state) might be larger in a
healthy gut, which allows for inferring the physiological state of the host
by observing the composition and number of prophages (Bakhshinejad
and Ghiasvand 2017). Moreover, studies on humans have reported that
people with similar diets converge to a similar viral community (Minot
et al. 2011). In this sense, the presence of similar prophages in different
species of the same genus might result from the availability of similar
nutrients and an adaptation of the genus Ligilactobacillus to the intestinal
environment. Such inclusions play a key role in the exchange of genetic
material and serve as a repository of mobile elements to maintain bal-
ance in the GIT.

This work highlights functional adaptability traits in L. aviarius
making it a persistent key member of the poultry gut microbiota. The
metabolic potential predicted on L. aviarius genomes reflect a constitu-
tive utilization of glucose, arabinose, chitin, acetate and lactate, with the
potential to hydrolyse additional plant polysaccharides and nucleotide
sugars. The description of some genome signature elements of L. aviarius
can improve the optimization of diets for the host, fermentation condi-
tions, implementation of health biomarkers or enhance the production
of specific metabolites, specially for a persistent specie along the
digestive tract.

The comparison of genomes and identification of orthologous genes
of commensal organisms such as L. aviarius, improves search and
description of genes and pathways at unexplored microbial communities
with similar environmental conditions. This approach facilitates the
discovery of novel enzymes, biosynthetic gene clusters, or metabolic
capabilities. Additionally, these genes can be used as markers to infer the
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Fig. 8. Distribution of antiviral systems across all input genomes of L. aviarius
originating from four different origins along the chicken GIT. Tiles are coloured
to indicate the antiviral system to which the protein belongs.

relatedness of species and their evolutionary divergence, especially to
understand dynamics of colonisation at a highly domesticated animal
like chicken. Finally, a deep characterisation of proteins that interact
with the host such as peptidases that potentially interact with hormone
peptides can be utilized in various biotechnological applications,
including bioregulation of communities or heterologous expression in
other species of interest. In addition, the study and characterization of
accessory genes provide information on the environmental dynamics
and evidence the adaptation plasticity of L. aviarius to the GIT of poultry.
Such characterization and functional descriptions broaden the under-
standing of the close host-interactions and provide information for
further biotechnological applications.
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