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Abstract
Dynamic interspecific interactions and environmental factors deeply impact the composition of microbiotic 
communities in the gut. These factors intertwined with the host’s genetic background and social habits cooperate 
synergistically as a hidden force modulating the host’s physiological and health determinants, with certain 
bacterial species being maintained from generation to generation. Firmicutes, one of the dominant bacterial phyla 
present across vertebrate classes, exhibits a wide range of functional capabilities and colonization strategies. While 
ecological scenarios involving microbial specialization and metabolic functions have been hypothesized, the 
specific mechanisms that sustain the persistence of its microbial taxa in a high diversity of hosts remain elusive. 
This study fills this gap by investigating the Firmicutes metabolic mechanisms contributing to their prevalence and 
heritability in the host gut on metagenomes-assembled bacterial genomes collected from 351 vertebrate samples, 
covering 18 food-producing animals and humans, specific breeds and closely-related species. We observed that 
taxa belonging to Acetivibrionaceae, Clostridiaceae, Lachnospiraceae, Ruminococcaceae, and the not well understood 
CAG-74 family were evolutionarily shared across all hosts. These prevalent taxa exhibit metabolic pathways 
significantly correlated with extra-host survival mechanisms, cell adhesion, colonization and host transmission, 
highlighted by sporulation, glycan biosynthesis, bile acid metabolism, and short-chain fatty acid encoded genes. 
Our findings provide a deeper understanding of the ecological foundations governing distinct transmission modes, 
effective colonization establishment, and maintenance of Firmicutes, offering new perspectives on both well-known 
and poorly characterized species.
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Background
The intricate relationship between vertebrates and their 
gut microbiota is pivotal for maintaining physiological 
homeostasis. Serving as a reservoir of diverse microbial 
life, the gut microbiota is indispensable to the host for 
food nutrient absorption, modulation and consumption 
of energy biosynthesis, fortifying the immune system 
and safeguarding against harmful pathogens [1, 2]. Its 
efficient functional role depends on the establishment 
of a resilient and diverse community built through inter-
species and species-environment interactions [3]. This 
complex dynamic is further shaped by several factors, 
including host’s social interactions and environmental 
exposures, which influence the ever-changing landscape 
of microbial population, with taxa exhibiting varying 
degrees of stability and persistence [4, 5].

In the vertebrate gut, microbiota propagation and 
establishment are driven by multifactorial features such 
as the host’s evolutionary history and morphology, life-
style (social and environmental exposures), alimentary 
guild, geographic location and bacterial dispersal mecha-
nisms [6, 7]. The microbial metacommunities present in 
the host’s environment can affect the inherent microbiota 
acquisition through vertical transmission [8], modulating 
the shape of the vertebrate gut microbiota [5, 9]. More-
over, horizontal transmission through social interactions 
has a fundamental role in the dispersal of the intesti-
nal microbiota, important in ecological and evolution-
ary contexts [4, 5, 8]. Studies dealing with interactions 
between food-producing animals, for example, reveal 
that the environment acts continually in the transmis-
sion of vertebrate gut microbiota [9–12]. This microbiota 
shaped under social and environmental influences, inter-
twined with genetic relationships, acts synergistically as 
a hidden force in the evolution of health determinants, 
with some species persisting from one generation to the 
other [4, 5, 8, 9, 11, 13]. The success of microbial trans-
mission and host colonization depends on the microbe’s 
potential to overcome obstacles such as achieving ade-
quate abundance for shedding and surviving against 
environmental challenges, endogenous microbiota com-
petition and the host’s immune responses [14].

While research on the transmission of parasites and 
pathogens is extensive, the significance of the trans-
mission of commensal and beneficial microbes has 
only recently gained recognition [12], and the specific 
mechanisms facilitating the persistence of microbial 
taxa remain unclear. Lloyd-Price, Abu-Ali, and Hutten-
hower (2016) [15] speculate that microbial taxa persis-
tence in the gut ecosystem may be tied to housekeeping 
functions essential to all microbial life, microbial trans-
mission capabilities, host-specific interactions, and spe-
cialized survival pathways crucial for ecosystem stability. 
The last one includes specific physiological mechanisms 

implicated for interspecies interactions, functional spe-
cialization, and the maintenance of ecosystem stability, 
such as resistance to bile’s bactericidal action, facilitating 
microbe colonization [16]; host glycans biodegradation, 
providing access to a more stable nutrient reservoir while 
promoting microbial adhesion and host interaction [17]; 
short-chain fatty acids production by complex dietary 
utilization, acting as chemical signals linked to host-
microbe interaction and cross-feeding [18]; specific lipo-
polysaccharides enrichment; and synthesis of vitamins 
and essential amino acids, which contribute to microbial 
interactions and cross-feeding [15]. Interestingly, core 
phylotypes (i.e., microorganisms grouped by their phe-
netic relatedness) have also evolved to provide ecological 
functions that profoundly shape the co-association and 
outcome of microbial interactions, including butyrate 
production and protection against pathogens [19–21].

The resilience and persistence of certain microbes 
within microbial communities are underlined by adap-
tive traits such as sporulation, allowing them to survive 
and transmit through spatio-temporal distances, while 
also allowing recurrent co-association with hosts [2, 5, 7]. 
In humans, at least 50–60% of the bacterial genera from 
the intestinal microbiota of a healthy individual produce 
resilient spores, specialized for host-to-host transmission 
[22]. Firmicutes (also known as Bacillota) is a dominant 
phylum within the intestinal microbiota and their preva-
lence in humans is an evolutionary trade-off between 
transmission range and colonization abundance medi-
ated by sporulation [14]. Despite its less extensive inter-
action with the host when compared to Bacteroidetes, 
another gut dominant phylum, Firmicutes exhibit dis-
tinct strategies for gut colonization, contributing to the 
microbial and functional diversity within the intestinal 
tract [23–25]. There is increasing evidence that some 
producing-spore Firmicutes members can germinate in 
the gastrointestinal tract and complete their life cycles 
in both chicken and pigs [26–29], exhibiting their poten-
tially metabolically active forms primarily associated 
with the breakdown of glycans [25] and the synthesis of 
butyrate [23], respectively. Dominant Firmicutes in cattle 
are frequently endospore-forming, which enhances their 
resistance and tolerance to environmental stress and 
nutrient limitation [30]. This is achieved through their 
efficient ability to escape low pH and host secretions via 
spore formation, while in vegetative form can offer vital 
vitamins and host bile acid metabolism, in addition to 
their major involvement in carbohydrate breakdown and 
nutrition absorption [31, 32].

To date, studies that explore vertebrate-related metage-
nomics primarily aim to clarify microbial diversity 
and their role in potential disorders and animal health 
assessment, in improving feed efficiency, or in optimiz-
ing livestock growth potential [12, 33–36]. Notably, 
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metagenome-assembled genomes (MAGs) have aided 
the taxonomic and functional characterization of bacte-
ria that are difficult to cultivate in vitro due to challenges 
in mimicking the native gut environment [37–39]. How-
ever, there has been very little microbiome research that 
considers the interplay of transmission, inheritance, and 
metabolic functions that could support the intestinal sta-
bility of uncultured bacteria, primarily associated with 
Firmicutes prevalence in multiple hosts. In this study, we 
explored the fecal MAGs of humans and livestock ani-
mals to investigate the influence of host phylogeny on gut 
microbial composition, as well as the metabolic mecha-
nisms involved in Firmicutes transmission and micro-
bial colonization success among hosts sharing a similar 
genetic background. Our study aims to contribute to a 
better understanding of the interaction between verte-
brates and common prevalent Firmicutes taxa, examining 
traits that are likely informative for transmission mode 
and successful colonization establishment.

Results
Diversity and host microbial characterization
The Firmicutes transmission and colonization were 
investigated under metagenomes-assembled genomes 
from the Brazilian One Health metagenomics study. 
We recovered 2,915 MAGs, with 1,273 high-quality 
(≥ 90% completeness and ≤ 5% contamination) and 1,642 
medium-quality (≥ 50% completeness and ≤ 10% con-
tamination) MAGs. Considering the additional datasets 
employed (i.e. conspecific hosts from different countries, 
different breeds of the farmed hosts and closely-related 
species) (“Sheet 1” in Additional file 1: Table S1), 1,393 
non-redundant MAGs were assembled, being 387 of 
high-quality and 1,006 of medium-quality. In total, 4,308 
MAGs from 18 species were analyzed. The evolutionary 
relationship among the hosts inferred by phylogenomic 

inference showed each host clustered in well-defined 
monophyletic groups, with related-species in an ances-
tral node, as expected (Fig. 1).

The microbial composition of humans, cattle, swine, 
and poultry predominantly comprised MAGs from Fir-
micutes (46.7%), Bacteroidetes (19.4%), Proteobacte-
ria (14.9%), and Actinobacteria (7.7%) phyla (Fig.  2 and 
“Sheets 1–3” in Additional file 2: Table S3). Across these 
hosts, we identified 612 unique bacterial species, rang-
ing from 6 in swine breeds to 330 in humans (“Sheet 4” 
in Additional file 2: Table S3). Firmicutes, mostly repre-
sented by Ruminiclostridium, were the most abundant 
phylum across conspecific, swine breeds and phyloge-
netically-close species of swine and poultry, while Bac-
teroidetes were notable in cattle, poultry breeds and 
phylogenetically closest cattle hosts, who exclusively 
had abundant Verrucomicrobiota (Fig. 2). Firmicutes and 
Bacteroidetes dominance emphasizes the anciently inte-
grated microbiome members that evolved with vertebrate 
evolution, leading to conserved gut microbial communi-
ties within certain host species [40–42]. Furthermore, 
the remarkable prevalence of Verrucomicrobiota dem-
onstrates their evolutionary adaptation to non-human 
intestinal environments, which supports emerging evi-
dence that specific microbial pressures have fueled their 
persistence and adaptability in agricultural animals such 
as poultry and cattle [40, 43–49].

The gut microbiota richness (Chao estimator), diver-
sity (Shannon index), and evenness (Simpson index) var-
ied significantly among target hosts and breeds, as well 
as between the targets and their related-species (Fig.  3, 
Additional file 3: Table S4). Post-hoc Shannon index 
analyses revealed no significant diversity differences 
among members belonging to the same group (except for 
related-swine species that diverged from related-cattle) 
(Additional file 3: Table S4). Despite the dominance of a 

Fig. 1  Time tree of all host species (n = 17) based on mitochondrial genomes. The evolutionary history was inferred through maximum likelihood infer-
ence considering Danio rerio as the outgroup taxon and using GTR + G + I substitution model. Branch lengths are annotated in million years. Mitochondrial 
DNA from B. taurus Luing was unavailable on the NCBI database and thus could not be included in phylogenomic inference
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few bacterial genus, evenness remained consistent across 
all host groups, with conspecific food-producing ani-
mals exhibiting notably similar diversity (Fig. 3b). Over-
all, conspecific hosts showed more similar diversity than 
related ones, suggesting that domestication and inbreed-
ing may be important factors modulating the microbial 
composition of the gut.

The interhost analysis of the microbial diversity by 
Principal Component Analysis (PCA) demonstrated that 
members of the target group and their conspecifics had 
congruent bacterial composition (Fig. 4), except for some 
human representatives. Furthermore, among non-human 
groups, pigs and birds exhibited greater beta diversity 
among themselves than other non-human groups. Host 
species explained 32.76% of the data variation. Although 
all host groups clusters overlapped, non-brazilian con-
specific hosts showed slightly higher dissimilarities in 
species composition.

Given the multivariate nature of microbiome data, 
PERMANOVA analyses were used to investigate the 
potential effects of ecological (geographic region) and 
host taxonomy (class, order, and genus) factors on 
intestinal communities in food-producing animals and 
humans along with specific breeds and closely-related 
species. Target and their conspecific species had effect 
on the bacterial community structure, distinctly of those 
observed considering all groups (target, conspecifics, 
breeds and related species) (Additional file 4: Fig. S1). 

Although conspecific hosts showed a congruent intraspe-
cific microbiota diversity, a consistent variation in bacte-
rial community structure between hosts is predicted only 
by host phylogeny (R² = 0.14960, p = 0.001; Betadisper: 
F = 1.0721, p > 0.05) (Additional file 5: Table S5). This find-
ing emphasizes that anthropogenic pressures (domestica-
tion and inbreeding) may have an impact on interspecific 
microbiota variance, whereas greater genetic related-
ness between hosts can lead to more effective microbial 
colonization.

Conserved clades of gut Firmicutes associated with the 
vertebrate evolution
Modulation of microbial community structure is not a 
one-dimensional process under host control, but rather 
a complex interplay of host and microbial control with 
microbial interspecies competition. To establish the 
mechanisms related to bacterial transmission and colo-
nization in their host lineages, we first identified micro-
bial monophyletic clades shared between the target and 
conspecific vertebrate groups. We obtained 4,237 mono-
phyletic hierarchical clades, some representing bacterial 
eco-phylogenetic groups conserved throughout host phy-
logeny (“Sheet 1” in Additional file 8: Table S6). The host 
groups shared 659 clades, while exclusive clades varied 
between 85 in swine and 478 in humans (Additional file 
6: Fig. S2). Of the shared clades, 533 showed taxa with 
prevalence of ≥ 50% per host group. Within the prevalent 

Fig. 2  Relative abundance of bacterial phyla in the microbial compositions of the sampled hosts. The hosts are distributed among conspecifics, breeds, 
and phylogenetically closest host groups
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Fig. 3  Alpha-diversity comparison of bacterial genus compositions in poultry, cattle, swine, and humans. (a) All host groups from different geographic 
regions are presented, with conspecies represented by filled points; (b) Only conspecies are shown. Brazilian hosts are shown as filled dots. The boxes 
show the interquartile ranges (IQRs) between the first and third quartiles (25th and 75th percentiles, respectively), while the line within represents the 
median. Whiskers represent the lowest and greatest values within a 1.5-fold range and the IQRs for the first and third quartiles. Boxes that do not share 
any letters represent statistically significant comparisons
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clades, 70 belonged to Firmicutes phylum, harboring 
1,186 MAGs (“Sheet 2” in Additional file 8: Table S6). 
Around 8.57% and 7.14% of these belong to the Clostridia 
and Bacilli class, distributed in the Lachnospiraceae 
(17.14%), Acetivibrionaceae (8.57%), Clostridiaceae (10%) 
and Ruminococcaceae families (4.28%) with representa-
tives of Hungatella and Herbinix genera (2.86%) (“Sheet 
4” in Additional file 8: Table S6). From the 70 clades, 16 
statistically significant nodes from pigs and humans were 
composed of 313 MAGs, mainly belonging to Lachnospi-
raceae (“Sheets 3 and 5” in Additional file 8: Table S6). 
To resolve clades that may be related to critical features 
underlying their predominance, we sought to identify 
newly formed clades that are prevalent in all hosts (≥ 50% 
of individuals per host group) (Fig. 5; Table 1). Although 
some descendant nodes were variably conserved across 
host groups, prevalent newly formed clades gave rise to 
nested clades that were conserved across all investigated 
host populations (Fig.  5; Table  1). These findings sug-
gest that closely related microorganisms, evolved from a 
common ancestor, may share critical characteristics that 
explain their prevalence across hosts.

Table  1. Common nodes discovered at the family, 
genus, and species levels in all host groups belonging 
to the Firmicutes phylum with a prevalence equal to or 
more than 50% as detected by ClaaTU.

Mechanisms associated with the transmission of Firmicutes 
in their host lineages
Considering the potential metabolic influence of Fir-
micutes on their host maintenance and evolution, we per-
formed a PCoA analysis of KEGG metabolic profiles for 
prevalent cladal MAGs. PERMANOVA analysis revealed 
that host explained approximately 60.5% of the variation 
in metabolic profiles (R² = 0.0435, F = 6.5259, p = 0.001), 
whereas bacterial family explained approximately 4.3% 
(R² = 0.6051, F = 131.4456, p = 0.001). However, multivari-
ate homogeneity analysis considering family as a predic-
tor indicated that the significant PERMANOVA arises 
from non-homogeneous intra-group dispersion (FHOST = 
1.1662, p = 0.317; FFAMILY = 21.305, p = 0.001). Ellipses in 
the PCoA are grouped by different monophyletic MAGs 
from the same family (Fig.  6a) and distinct vertebrates 
(Fig.  6b) (explaining 74.7% of the variance), reinforc-
ing that MAGs from various monophyletic clades may 
exhibit functional redundancy regardless of the host.

Since ecologic traits shared by monophyletic clades can 
drive their apparent ubiquity across hosts, we explored 
the potential cross-association among prevalent bacte-
rial families and KEGG metabolic pathways that could 
indicate functional redundancy to multiple species. We 
observed 211 statistically significant correlations (Fig. 7), 
consistent with our PCoA analyses. An exception is 
Ruminococcaceae, whose metabolic capabilities were 

Fig. 4  PCA of Euclidean distances between the gut microbiomes of target hosts and their conspecifics. Each point represents a co-assembled sample 
based on host species and geographic location, with the shape indicating the geographic region. Euclidean distances were calculated using CLR-trans-
formed abundances of MAGs at the genus level. Principal components one and two explained 22.81% and 9.95% of the variance in gut microbial com-
munity structure, respectively

 



Page 7 of 22Dias et al. Animal Microbiome            (2025) 7:20 

more heterogeneous. Bacterial families shared among 
vertebrates, particularly those in non-human hosts, dis-
played a similar functional profile.

We observed a distinct bacterial taxa cooperation 
in multiple KEGG pathways within each host (Fig.  7). 
Briefly, Acetivibrionaceae showed two main functional 
clusters: one containing MAGs commonly found in swine 
and poultry, associated with host-specific microbiome 
functions (such as implicated for interaction and nutri-
ent scavenging, for example signaling and cellular pro-
cesses and membrane transport - see pathways strongly 
correlated in “Sheet 1” in Additional file 9: Table S7); and 
another with heterogeneous MAGs dispersed in distinct 
hosts and exclusive representatives (as Ruminiclostridium 

papyrosolvens, found in food-producing animals) (“Sheet 
1” in Additional file 9: Table S7). In this last cluster, the 
vertebrate-shared Acetivibrionaceae had a similar metab-
olism profile to Pseudobacteroides found in cattle, while 
Ruminiclostridium and UBA1305 genera showed similar 
metabolic traits, specially related to cellular communi-
cation, metabolism and genetic processes. The CAG-74 
family also showed two diverse metabolic profiles: one 
including less-characterized UMGS1603 and UBA1038, 
found in cattle and swine, involved in microbial interac-
tion and metabolite biosynthesis; and another containing 
MAGs exclusive to humans linked to survival, anabolism 
and catabolism processes (such as cell growth and death 
and genetic processes, metabolism of glycan, cofactors 

Fig. 5  ClaaTU cladogram showing the common prevalent Firmicutes clades among vertebrates. Monophyletic clades at the family level (found in ≥ 50% 
of individuals per host group) are represented by magenta squares. The taxonomy assignments of these clades, listed in clockwise order in the caption, 
are associated with branch colors. Lemon squares highlight prevalent nested nodes at the genus level. All prevalent clades shown are conserved across 
hosts, but their descendants are differentially conserved across host groups, as indicated by pie charts. Collapsed nodes (represented in the triangle 
aesthetic) correspond to MAGs belonging to the same finer taxonomy level. Oscillospiraceae, Acutalibacteraceae and Lachnospiraceae (ID996) did not 
comprise vertebrate-shared MAGs with prevalence levels exceeding the predicted threshold (50%)
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and vitamins, nucleotide and xenobiotics compounds) 
(“Sheet 2” in Additional file 9: Table S7).

Clostridiaceae subgroups also have homogeneous met-
abolic characteristics. Clostridium, present in all hosts, 
exhibited a metabolic profile comparable to C. beijer-
inckii, found in swine, and Clostridium sp000435835, 
found in humans, swine and poultry. Both taxa are 
grouped with MAGs characterized by housekeeping 
functions (such as cell growth and death, amino acid, 
energy and lipid metabolism and genetic information 
processing along with signaling and cellular processes 
also relevant to microbial and host interactions) (“Sheet 
3” in Additional file 9: Table S7). Another Clostridiaceae 
major group comprises MAGs exclusive to humans and 

cattle, linked to microbial interactions functions (such as 
cellular motility and community).

Lachnospiraceae (ID755) showed three heterogeneous 
metabolic profile groups: two linked to essential micro-
bial and gut functions (including Anaerocolumna mem-
bers, human MAGs and those found in humans and 
animals; Herbinix and food-producing animals exclusive 
MAGs) and one comprising MAGs from cattle, associ-
ated with motility, microbial signaling and interaction 
(“Sheet 4” in Additional file 9: Table S7). Microbial sig-
naling and interaction were also highlighted in Lachno-
spiraceae (ID854). This group contains the Hungatella 
celerecrescens found in all vertebrate hosts, clustered with 
MAGs exclusive to poultry. Additionally, another sub-
group in Lachnospiraceae (ID854) primarily comprises 

Table 1  Common nodes found at the family, genus, and species levels in hosts with ≥ 50% prevalence.a node IDs with similar 
prevalence values are grouped together, and the prevalence and FDR values are described for each one based on the host group 
where they are found. b hosts from target group and their conspecifics are identified by their first initials (C = cattle, P = poultry, 
S = swine, H = human)
NodeIDª Node classification Node prevalence a FDR b

608,615–619 Acetivibrionaceae 0.83 (C)*, 0.67 (P)*, 0.83 (S)*, 0.5 (H)* 1 (C), 1 (P), 0.98 (S), 1 (H)
623 Ruminiclostridium_A 0.83 (C)*, 0.67 (P)*, 0.83 (S)*, 0.5 (H)* 1 (C), 0.99 (P), 0.98 (S), 1 (H)
755 Lachnospiraceae 1 (C)*, 0.83 (P)*, 1 (S)*, 0.83 (H)* 1 (C), 0.99 (P), 0.98 (S), 1 (H)
758,766,768 Lachnospiraceae 0.83 (C)*, 0.83 (P)*, 1 (S)*, 0.83 (H)* 1 (C), 0.99 (P), 0.98 (S), 1 (H)
769 Lachnospiraceae 0.83 (C)*, 0.83 (P)*, 0.83 (S)*, 0.67 (H)* 1 (C), 0.99 (P), 0.98 (S), 1 (H)
791,799 Herbinix 0.83 (C)*, 0.83 (P)*, 0.67 (S)*, 0.5 (H)* 1 (C), 0.99 (P), 0.98 (S), 1 (H)
854 Lachnospiraceae 0.83 (C)*, 0.83 (P)*, 0.5 (S)*, 1 (H)* 1 (C), 0.99 (P), 0.98 (S), 0.77 (H)
858 Lachnospiraceae 0.83 (C)*, 0.83 (P)*, 0.5 (S)*, 1 (H)* 1 (C), 0.99 (P), 0.98 (S), 0.72 (H)
859 Lachnospiraceae 0.83 (C)*, 0.83 (P)*, 0.5 (S)*, 1 (H)* 1 (C), 0.99 (P), 0.98 (S), 0.65 (H)
860 Lachnospiraceae 0.67 (C)*, 0.83 (P)*, 0.5 (S)*, 0.83 (H)* 1 (C), 0.98 (P), 0.98 (S), 1 (H)
864 Hungatella 0.67 (C)*, 0.83 (P)*, 0.5 (S)*, 0.83 (H)* 1 (C), 0.96 (P), 0.98 (S), 0.99 (H)
865 Hungatella 0.67 (C)*, 0.83 (P)*, 0.5 (S)*, 0.5 (H)* 1 (C), 0.96 (P), 0.98 (S), 1 (H)
996 Lachnospiraceae 0.5 (C)*, 0.67 (P)*, 0.5 (S)*, 1 (H)* 1 (C), 1 (P), 1 (S), 0.89 (H)
997,998 Lachnospiraceae 0.5 (C)*, 0.5 (P)*, 0.5 (S)*, 0.67 (H)* 1 (C), 0.99 (P), 0.98 (S), 1 (H)
1067 Clostridiaceae 1 (C)*, 1 (P)*, 0.83 (S)*, 1 (H)* 1 (C), 0.96 (P), 0.98 (S), 0.82 (H)
1068 Clostridiaceae 1 (C)*, 0.83 (P)*, 0.83 (S)*, 1 (H)* 1 (C), 0.99 (P), 0.98 (S), 0.81 (H)
1069 Clostridiaceae 1 (C)*, 0.83 (P)*, 0.83 (S)*, 1 (H)* 1 (C), 0.99 (P), 0.98 (S), 0.8 (H)
1070 Clostridiaceae 1 (C)*, 0.83 (P)*, 0.83 (S)*, 1 (H)* 1 (C), 0.99 (P), 0.98 (S), 0.79 (H)
1071 Clostridiaceae 1 (C)*, 0.83 (P)*, 0.83 (S)*, 0.83 (H)* 1 (C), 0.99 (P), 0.98 (S), 1 (H)
1083 Clostridiaceae 0.83 (C)*, 0.83 (P)*, 0.67 (S)*, 0.83 (H)* 1 (C), 0.99 (P), 0.98 (S), 1 (H)
1088 Clostridiaceae 0.67 (C)*, 0.67 (P)*, 0.67 (S)*, 0.83 (H)* 1 (C), 0.99 (P), 0.98 (S), 0.98 (H)
1089 Clostridium 0.67 (C)*, 0.67 (P)*, 0.67 (S)*, 0.83 (H)* 1 (C), 0.99 (P), 0.98 (S), 0.93 (H)
1264 Ruminococcaceae 1 (C)*, 0.83 (P)*, 0.67 (S)*, 1 (H)* 1 (C), 0.99 (P), 1 (S), 1 (H)
1265 Ruminococcaceae 0.5 (C)*, 0.5 (P)*, 0.67 (S)*, 1 (H)* 1 (C), 1 (P), 0.98 (S), 0.75 (H)
1309 Ruminococcaceae 0.83 (C)*, 0.67 (P)*, 0.5 (S)*, 1 (H)* 1 (C), 0.99 (P), 0.98 (S), 0.78 (H)
1415 Acutalibacteraceae 0.67 (C)*, 0.67 (P)*, 0.5 (S)*, 1 (H)* 1 (C), 1 (P), 1 (S), 0.89 (H)
1418 Acutalibacteraceae 0.67 (C)*, 0.67 (P)*, 0.5 (S)*, 1 (H)* 1 (C), 0.99 (P), 1 (S), 0.89 (H)
1492 Oscillospiraceae 0.67 (C)*, 0.83 (P)*, 0.5 (S)*, 1 (H)* 1 (C), 1 (P), 1 (S), 1 (H)
1527 Oscillospiraceae 0.5 (C)*, 0.83 (P)*, 0.5 (S)*, 1 (H)* 1 (C), 0.99 (P), 1 (S), 1 (H)
1541 Oscillospiraceae 0.5 (C)*, 0.67 (P)*, 0.5 (S)*, 1 (H)* 1 (C), 1 (P), 1 (S), 0.91 (H)
1542 Oscillospiraceae 0.5 (C)*, 0.67 (P)*, 0.5 (S)*, 1 (H)* 1 (C), 0.99 (P), 0.99 (S), 0.89 (H)
1543 Oscillospiraceae 0.5 (C)*, 0.5 (P)*, 0.5 (S)*, 1 (H)* 1 (C), 1 (P), 0.98 (S), 0.86 (H)
1572 Oscillospiraceae 0.5 (C)*, 0.5 (P)*, 0.5 (S)*, 1 (H)* 1 (C), 0.99 (P), 0.98 (S), 0.32 (H)
1644 CAG-74 0.83 (C)*, 0.5 (P)*, 0.67 (S)*, 1 (H)* 1 (C), 1 (P), 0.98 (S), 0.89 (H)
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Fig. 6  PCoA of KEGG metabolic profiles from prevalent MAG clades in hosts using Bray-Curtis dissimilarity. Each point represents a metabolic profile 
from a different MAG, and the shape identifies the host in which it was identified. The impact of (a) bacterial family and (b) host on the metabolic profile 
of MAGs from prevalent clades is visually explored by clusters. Principal components one and two accounted for 53.48% and 22.23% of the variation in 
metabolic profiles among prevalent clades, respectively
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Fig. 7  Correlation between MAGs from prevalent clades and KEGG metabolic pathways (at the hierarchy level 2). Spearman’s rank correlations were 
performed with the MAGs’ finer taxonomic levels from each prevalent bacterial family to investigate crucial traits for their transmission and colonization 
among vertebrate guts. Two monophyletic nodes of Lachnospiraceae (ID755 and ID854) are described. The red represents positive correlations; the blue 
block means negative correlation. “*” indicates a significant association (|r|> 0.5, p < 0.05)
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MAGs associated with humans, focusing on metabolite 
production and microbial interaction (“Sheet 5” in Addi-
tional file 9: Table S7).

Furthermore, within Ruminococcaceae, despite two 
diverse metabolic groups, the shared taxon Ruthenibac-
terium lactatiformans clustered with MAGs exclusively 
found in humans and correlated to essential microbial 
and gut-specific functions (“Sheet 6” in Additional file 9: 
Table S7). Additionally, a group comprising MAGs found 
in humans displayed functions related to microbial inter-
action and habitat specificity (as metabolism of cofactors 
and vitamins, energy metabolism and cellular commu-
nity, along with strong correlations with xenobiotics bio-
degradation and metabolism) (“Sheet 6” in Additional file 
9: Table S7).

Whitin significant correlations, few taxa show a possi-
ble niche-specific specialization consistent with the host 
associated. An example is the metabolism of cofactors 
and vitamins exclusively found in humans and associated 
with MAGs from CAG-74 family (OEMS01), Lachnospi-
raceae (Clostridium M, Node ID854), and Ruminococca-
ceae (Negativibacillus sp000435195 and Faecalibacterium 
prausnitzii). Also, carbohydrate metabolism is exclu-
sively positively correlated in poultry and associated 
with MAGs from the Clostridiaceae family (Clostridium 
butyricum and C. nigeriense).

The strong and positively correlated metabolic catego-
ries with sharing vertebrate taxa (Additional file 7: Fig. 
S3) were cellular community; glycan biosynthesis and 
metabolism; cellular growth and death; protein families 
related to metabolism and genetic information process-
ing; lipid and nucleotide metabolism; and biosynthesis of 
other secondary metabolites. In addition to the typical 
functions necessary for microbial survival, these catego-
ries encompass processes that influence the outcome of 
host-microbe interactions, including host-to-host trans-
mission strategies, resistance to acidic environments, 
adhesion to host cell surfaces, breakdown of complex 
dietary and structural carbon sources, and production 
of compounds involved in host-microbe associations. All 
genes associated with colonization strategies identified in 
prevalent vertebrate-shared Firmicutes species are shown 
per bacterial family in “Sheets 1–6” in Additional file 10: 
Table S8. Our results accentuate the complexity and rel-
evance of microbial adaptability in host intestines, and 
mainly point out the metabolic pathways involvement in 
the maintaining Firmicutes species’ function and persis-
tence across multiple vertebrate hosts.

Discussion
Firmicutes is one of the predominant bacterial phyla col-
onizing the healthy vertebrate gut, with certain species 
being transmitted across host generations. Accumulating 
evidence suggests that the intrinsic relationship between 

vertebrates and Firmicutes is orchestrated by dynamic 
microbial interactions that are intertwined with the host’s 
genetic background, as well as social and environmental 
factors. However, the specific mechanisms sustaining the 
persistence of its microbial taxa among multiple verte-
brates remain elusive.

In this study, the bacterial microbiota of humans, cattle, 
swine, and poultry were primarily composed of MAGs 
from Firmicutes, Bacteroidetes, Proteobacteria, and Acti-
nobacteria, consistent with previous meta-analyses [50, 
51]. Despite morphological, physiological, and ecological 
differences, these warm-blooded animals shared a similar 
gut microbiota composition, with Firmicutes as the most 
prevalent phylum, favored by stable intestinal conditions 
such as constant temperature, continuous nutrient sup-
ply, and anaerobic environments [52]. Interestingly, stud-
ies have demonstrated Firmicutes to be heritable using 
SNP-based heritability estimates determined by host 
genotype [53, 54], with the observed variation possibly 
related to the host phylogenetic similarity effect [53–58].

The intraspecific microbiota variance in tandem with 
the reduced bacterial richness observed in breeding 
animals agrees with findings in purebred cattle [59] and 
highlights how captive animal inbreeding often leads to 
genetic homogeneity and reduced microbiome diversity 
[60]. Furthermore, animals in captivity exhibit heteroge-
neous alpha diversity when compared to wild vertebrates 
[5, 60–64]. In our study, captive animals and humans liv-
ing close to rural properties showed similar alpha diver-
sity. The physical proximity between hosts and also the 
direct (social) or indirect (abiotic environmental sub-
strates) contact within groups may be contributing to the 
spread of these microbial members among those verte-
brates [5, 61, 64]. Notably, alpha diversity patterns among 
Brazilian food-producing animals indicate that Brazil-
ian rearing approach supports microbial exchange [5], 
echoing previous findings of shared bacterial taxa across 
humans, cattle, and semi-captive chimpanzees in shared 
environments [65].

We identified that the host phylogeny significantly 
explained interspecies variation in bacterial community 
composition, which can be attributed to molecular, ana-
tomical, and physiological changes in captive animals 
caused by domestication in human-constructed environ-
ments such as zoos and farms [59, 66–68], as well as dis-
ruptions in microbial colonization preferences influenced 
by inbreeding mechanisms [69]. Consequently, including 
these vertebrates in phylogenomic inferences increases 
microbial community complexity and potentially leads to 
randomization of compositional changes [7, 70, 71]. Our 
findings suggest that greater host relatedness may facili-
tate effective microbial colonization due to a more similar 
genetic background [5], whereas less closely related hosts 
may impose physiological filters hindering colonization 
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efficiency. In this context, convergent physiological adap-
tations and anatomical specializations shared by phy-
logenetically related vertebrate hosts can create a gut 
ecosystem with comparable selection pressures, poten-
tially leading to similar microbial diversity [72, 73].

Furthermore, in this study we found no significant evi-
dence supporting geographical location as a predictor of 
microbial community variation (Fig. S1). Although Bra-
zilian samples are overrepresented compared to other 
countries, this finding emphasizes that vertebrates with 
convergent ecological niches tend to harbor gut micro-
biota influenced more by shared evolutionary, behavioral, 
and physiological traits than by geographical factors. 
While geographical proximity may facilitate microbial 
dispersal among cohabiting vertebrates, increasing the 
similarity of gut microbiota composition in different 
hosts with overlapping habitats [5, 61, 64], region-spe-
cific dietary variation, food composition, and availability 
from livestock management—both within and between 
countries—shaped by socio-economic and environmen-
tal factors such as climate, soil geochemistry, and plant 
communities, appears to further reinforce the dominant 
role of host phylogeny [30, 74–77]. As a result, the prom-
inent role of host phylogeny can obscure the influence of 
geographical locations, consistent with previous research 
indicating that evolutionary and physiological traits 
within phylogenetically related host species are impor-
tant factors shaping microbial communities [75, 78].

Altogether, our findings suggest that rearing practices 
on food-producing farms may alter gut microbiome com-
munities by increasing microbiota similarity. However, 
host phylogeny may be the primary factor shaping bac-
terial microbiome structure across multiple vertebrate 
clades [6, 70, 72, 79, 80]. Recent research links host-spe-
cific patterns to non-mutually exclusive hypotheses: one 
suggesting host filtering of microbial taxa due to differ-
ences in the intestinal environment, and another consid-
ering limitations imposed by transmission barriers (i.e., 
vertical versus horizontal transmission and specific dis-
persal characteristics) [2, 80–82]. Successful microbial 
establishment in the gut may also be facilitated by other 
factors, such as bacteria performing functions critical to 
host fitness [41]. Moreover, the microbiome-host phylog-
eny relationship underscores the triangular interaction 
among host genotype, gut bacteria, and host traits, a con-
nection reinforced by evidence linking host genetics and 
intestinal physiology to the prevalence of phylogeneti-
cally related microbial taxa [53, 56].

Our findings align with these concepts, identifying 
shared microbial monophyletic clades across target and 
conspecific vertebrate groups. These phylogenetic pat-
terns suggest that closely related microbial taxa possess 
inherited traits that facilitate their transmission, coloni-
zation, and persistence in specific environments [41, 83, 

84]. Such traits may promote a microbial clade conser-
vation through exaptation, environmental filtering, or 
improved dispersal [41, 83].

The potential pathways for bacterial transmission and 
establishment in microbial monophyletic clades shared 
between the target and conspecific vertebrate groups, 
included descendant clades from ancestral nodes differ-
ently conserved within a community, as pointed out by 
Gaulke and colleagues [41]. Moreover, we observed cladal 
microorganisms of lower abundance but with functional 
and ecological importance [85]. Compared to ancient 
clades (orders and classes), newly formed clades (fami-
lies) may occur in more hosts than would be expected 
by chance. They are likely to possess derived traits criti-
cal to the microbes’ ability to disperse to new hosts and 
succeed within the gastrointestinal tract [41, 54]. Despite 
recently formed clades with low abundance sharing core 
genes with abundant clades, promoting functional redun-
dancy, they may also disproportionately contribute to 
specialized functions that can be triggered under specific 
environmental conditions, such as pollution degradation 
and geochemical cycling [86, 87]. Due to their dual roles 
as a genetic resource reservoir and as a major driver of 
ecological and functional processes, they are crucial for 
maintaining host fitness, resilience, and survival [86, 87].

While our findings suggest potential microbial inheri-
tance mediated by host phylogenomics, host social and 
environmental interactions—particularly livestock ani-
mal care practices, stocking density, stress, antibiotics, 
and nutritional resources [77]—as well as microbial traits 
such as niche construction, intermicrobial competition, 
environmental stressor resistance, transmission mecha-
nisms, and influences on host behavior and metabo-
lism, are likely to contribute to microbial distribution 
[5]. These factors likely work synergistically to establish 
acquired symbiotic microbes across vertebrates. For 
example, within the Firmicutes phylum, Clostridia taxa 
have been reported as key species in microbial consor-
tia assembly in the chicken caecum [88], human gut [6], 
swine intestine [6, 89] and bovine rumen [90]. Although 
these hosts have distinct morphological and physiologi-
cal gut structures, Clostridia commensals possess char-
acteristics that allow interhost or host-environment high 
migration rates, such as being obligate anaerobic bacteria 
able to produce resistant spores [91, 92]. These features 
can contribute to establishing and maintaining preva-
lence patterns of Firmicutes, with biological functions 
relevant to host fitness (e.g., reproductive years survival, 
and fertility) underlying these ecological associations [41, 
54].

Many spore-forming genera with facilitated interhost 
propagation and an influential role in the gastrointesti-
nal tract colonization are described for Firmicutes [93]. 
They comprise taxa fundamental to a healthy intestinal 
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microbiome across vertebrates, including Oscillospira-
ceae representatives (Clostridium leptum, C. scindens, 
C. innocuum, Clostridium XI and XIVa) [22, 94, 95]; 
members of Ruminococcaceae (Flavonifractor plautii 
and Ruminococcus bromii) [22, 96]; and Lachnospiraceae 
(Eubacterium rectale and E. elegans) [22, 97, 98]. The 
sporulation process creates a source-sink dynamic in gut 
environments, maintaining ephemeral spore populations 
replenished through migration between hosts and abiotic 
substrates [6]. In the gut of birds, pigs and humans, it has 
been demonstrated that endospore-forming Firmicutes 
are capable of carrying out a complete life cycle in both 
vegetative cell and spore form [98]. Moreover, a reduced 
genome and specialized metabolic resources due to the 
sporulation loss in intestinal Firmicutes have favored 
their successful transmission, with multiple events of col-
onization and host adaptation, contributing to their evo-
lutionary conservation [14].

Our results demonstrated that host phylogeny 
explained the KEGG metabolic profile variation in prev-
alent MAG clades better than the bacterial families. 
Besides, multivariate homogeneity analysis consider-
ing the family as a predictor indicated that the influence 
over metabolic profile arises from a nonhomogeneous 
intra-group dispersion. These observations emphasize 
that bacterial families exploring different host ecosystems 
possibly have redundancy for some metabolic capacities 
[99].

Few studies of bacterial dispersal integrate bacte-
rial traits and their transmission mode among hosts [7]. 
Recent findings show that microbial vertical transmission 
correlates positively with host specificity: Oxygen-toler-
ant, spore-forming, and pH-tolerant bacteria tend to be 
generalists, while those strict anaerobes lacking disper-
sal traits like spore-forming are more likely to inhabit a 
single host species [2]. Furthermore, bacterial persis-
tence across hosts is attributable to their ability to resist 
the host’s immune system, evade mechanisms of resident 
microbiota, and the host’s overall ability to establish a 
commensal relationship [100, 101]. Nevertheless, specific 
microbial functions that favor high occupancy of persis-
tent taxa in various vertebrates remain unclear [9].

In this study, the MAGs from prevalent bacterial genus 
and species revealed overlap and differences in metabo-
lism. Indeed, a few host-specific microbial taxa linked 
with a single or small set of metabolic functions suggest 
prominent adaptations imposed by the host’s intestinal 
environment [2], whereas cross-associations between 
prevalent bacterial families and KEGG metabolic path-
ways point to functional redundancy across certain spe-
cies, which may contribute to their ubiquity across hosts 
[41]. Beyond the usual functions required for microbial 
survival, the metabolic categories most strong and posi-
tively correlated with sharing vertebrate taxa contain 

crucial mechanisms influencing the outcome of host-
microbe interactions [15, 102]. These include host-to-
host transmission strategies [103], ecosystem-specific 
capabilities involved in resistance to highly acidic envi-
ronments [35], adhesion to host cell surfaces [15, 102], 
breakdown of complex dietary and host structural carbon 
sources [4, 17, 19], and the production of compounds 
implicated in host-microbe association [23, 104, 105].

Despite morphological and physiological variations 
in vertebrate intestines, bacterial communities exhibit 
generalist characteristics under continuous competition 
and collaborative efforts [17]. In this complex microbial 
ecological network, we identify mechanisms of the cellu-
lar community, particularly quorum sensing and biofilm 
formation strategies, that can aid bacterial attachment to 
the intestinal surface [105, 106]. Sporulation-associated 
genes, including the main regulator protein for sporula-
tion starting (Spo0A) and signaling protein families, were 
found across all shared taxa. In addition to facilitating 
microbial spread from host-to-host, sporulation provides 
a stress resistance mechanism [16]. The glutamate decar-
boxylase gene (found in cellular community category), 
important for bacterial resistance to extremely acidic 
environments [35], was found exclusively in Anaero-
columna, Herbinix (both from Lachnospiraceae) and 
Ruminiclostridium (Acetivibrionaceae). Moreover, we 
identified fibronectin/fibrinogen-binding proteins (Pro-
tein families: genetic information processing category) in 
all prevalent vertebrate-shared taxa. These proteins facili-
tate the bacterial aggregation to different gut microbiota 
members, preferentially those from Firmicutes, which 
may contribute to their successful colonization, predomi-
nance and cross-feeding interactions [23].

Enzymes involved in the degradation of host-derived 
glycans in mucus layers provide a source of nutrients 
and aiding bacterial cell adhesion and colonization [17]. 
These glycans, namely glycosaminoglycans (GAGs), are 
essential components of mammalian extracellular matrix, 
comprising substances like heparin, chondroitin sulfate, 
collagen, or hyaluronan [35]. Shared Firmicutes here 
identified had enzymes capable of breaking down GAGs, 
or at least their disaccharide components. Herbinix has 
the major genes for complete GAGs degradation, except 
for heparinase, which was only detected in MAGs from 
the CAG-74 family. Unlike prior reports, the majority 
of MAGs here described have hemagglutinin. The pres-
ence of hemagglutinin in symbiotic bacteria highlights 
their underappreciated role in host cell adherence and 
colonization, generally linked with cell lysis in pathogenic 
bacteria [35]. Proteins related to mucin degradation, 
providing carbon sources and amino acids for bacterial 
from mucus layer growth [107], are found in all prevalent 
shared taxa except for H. celerecrescens (Lachnospiraceae 
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ID854), Clostridium and Lachnospiraceae MAGs, where 
sialidase is likely absent.

Genes in the cellular growth and death category have 
multiple roles in oxidative stress response and cell regu-
lation, which is critical for linking antioxidant response, 
redox signaling, and cell cycle based on the environmen-
tal context [108]. Lipid metabolism influences microbial 
physiology, membrane dynamics, and microbe-microbe 
interactions and inhibits bacterial growth through toxic 
effects [109, 110]. All vertebrate-shared taxa showed 
genes associated with resistance to the adverse envi-
ronment, such as bile acid metabolism assigned to lipid 
metabolism. Bile acids inhibit microbial colonization by 
bactericidal action and stimulate germination in spore-
forming bacteria [16]. Bacterial capacity of modifying 
bile acids was reported in Lachnospiraceae, Clostridia-
ceae and Ruminococcaceae members [16, 111].

Secondary metabolite biosynthesis promotes rapid 
microbial response in a competitive environment con-
text, leading to collaborative acquisition of metabolic 
benefits that cannot be acquired individually, promoting 
the growth and survival of multiple species [104]. This 
preceding category also includes proteins involved in 
short-chain fatty acid (SCFA) generation by fermenting 
dietary and host-derived fibers, supporting the prolifera-
tion of fiber-degrading bacteria [112]. Here, the presence 
of essential enzymes reported for nonstarch polysaccha-
rides digestion [113–117] suggest that Ruminiclostridium 
A, CAG-74, Clostridium, and Herbinix celerecrescens may 
degrade cellulose and hemicellulose [117]. Together with 
Acetivibrionaceae, Anaerocolumna and Herbinix, these 
taxa are potential cooperative pectin degraders [118]. 
Prevalent taxa also contain members (such as Rumi-
niclostridium, Acetivibrionaceae, Clostridium, Anare-
columna and Herbinix) specialized in the digestion of 
granules or solubilized starch fragments [113, 115, 119, 
120]. Finally, SCFA and other metabolites (e.g., vitamins, 
lipids, primary bile acid) not only feed other microbial 
taxa (known as “cross-feeding”), but they also serve as 
chemical signals to different microbial species and to the 
host [18].

Altogether, the shared metabolic pathways among 
prevalent vertebrate-associated Firmicutes are crucial 
for their ability to colonize diverse hosts. These pathways 
facilitate adaptation to distinct intestinal environments by 
enabling microbe dispersal between hosts and across gut 
biogeography via sporulation [16, 121]. They also support 
the production of key metabolites (e.g., SCFAs and sec-
ondary metabolites) that promote both host health and 
microbial growth, fostering host-microbiome communi-
cation [18, 104, 112]. Additionally, mechanisms such as 
quorum sensing, bile acid metabolism, and GAG degra-
dation enhance resistance to pathogenic invasion [23, 35, 
122]. Strategies like fibronectin/fibrinogen-binding, and 

biofilm formation in combination with quorum sensing 
and GAG degradation, promote microbial attachment 
and persistence within the host’s intestinal ecosystem 
[17, 105, 106]. Collectively, these adaptations enable Fir-
micutes to thrive across different vertebrate hosts, ensur-
ing ecological stability and contributing to the functional 
integrity of the gut microbiome.

On the opposite side of this balanced symbiosis with 
the host, spore formation in humans, for example, pro-
motes the development of gut-associated lymphoid tis-
sue, which enhances gut immunity by stimulating B cell 
maturation and IgA secretion, thus improving bacte-
rial tolerance and preventing epithelial leakage [98]. In 
livestock, spore-forming probiotics have been shown to 
boost intestinal immunity, inhibit harmful bacteria, and 
support beneficial microbes, improving growth perfor-
mance and microbiological status in piglets [123], cattle 
[124, 125] and chickens [126, 127]. Fibronectin/fibrin-
ogen-binding proteins facilitate bacterial adherence to 
intestinal niches, optimizing community composition 
and supporting metabolic interactions, such as butyrate 
and acetate production in chickens [23, 122].

Additionally, glycosaminoglycan-degrading taxa out-
compete pathogens, preventing their colonization in 
human gut [128] and likely in livestock as well. Genes 
linked to bile acid metabolism across vertebrate taxa reg-
ulate host energy homeostasis, modulate glucose, amino 
acid and lipid metabolism, and enhance animal carcass 
quality while reducing susceptibility to infections in 
both humans and livestock animals [129–132]. Further-
more, taxa capable of degrading cellulose, hemicellulose, 
and pectin contribute to fiber breakdown, improving 
feed efficiency and energy harvesting in humans [133], 
followed by improved growth performance, enhanced 
health and production in animals [134–136].

In this manner, bacteria in the gastrointestinal tract 
supply several biological functions that the host lacks. 
These include increasing nutrient uptake, energy harvest, 
and carbohydrate metabolism, especially when digesting 
complex and otherwise inaccessible biological polymers, 
enhancing digestion and absorption efficiency for the 
host [137]. They also allow the host to exploit alimentary 
niches previously intolerable through detoxifying dietary 
components and preventing oxidative stress [1, 18].

Our study highlighted metabolic mechanisms impor-
tant to gaining maximal advantage in a competitive 
environment, along with those essential for Firmicutes 
propagation and survival, as potential key candidates for 
the maintenance of vertebrate-microbial associations.

Conclusions
Unraveling the potential mechanisms underlying the 
persistence of specific Firmicutes in the vertebrate gut, 
especially those dominant in a competitive environment, 
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provides a significant step toward uncovering the mecha-
nisms driving Firmicutes-vertebrate and interbacterial 
associations. Here, we describe bacterial taxa that are 
evolutionarily shared between food-producing animals 
and humans. These taxa belong to the bacterial families 
Acetivibrionaceae, CAG-74, Clostridiaceae, Lachnospi-
raceae and Ruminococcaceae. The high prevalence of 
Firmicutes phylum, along with the identified metabolic 
pathways, supports extrahost survival mechanisms, its 
transmission to physically or temporally distant hosts, 
while allowing the recurrent co-association of these 
taxa and their hosts. Crucial ecosystem functions such 
as detoxification, resistance to acidic environments, and 
binding to host cell surfaces are also discussed. Addi-
tionally, we analyzed functional categories involved in a 
network of microbial interactions such as cross-feeding 
of macro- and micronutrients, production of secondary 
metabolites and survival to competing microorganisms. 
Our data contribute to a better understanding of the 
metabolic mechanisms related to transmission modes, 
successful colonization, maintenance, and Firmicutes-
host interactions in known bacterial families and gut 
microbial members that are poorly characterized.

Methods
Sample collection and animal grouping
This study considered 2,915 metagenome-assembled 
genomes (MAGs) derived from a Brazilian One-Health-
metagenomics study [138], which comprises gut micro-
biomes samples from 107 healthy individuals, including 
humans (Homo sapiens) (n = 32), cattle (Bos taurus) 
(n = 30), swines (Sus scrofa) (n = 15) and poultry (Gal-
lus gallus) (n = 30). Samples were collected from the five 
Brazilian geographical regions in triplicates, totaling 321 
individual samplings.

The potential effects on the natural intestinal commu-
nities caused by domestication and inbreeding processes 
were investigated using 28 vertebrate gut metagenomic 
datasets from public databases. This selection aimed 
to cover a broad spectrum of gut microbiota present 
in farmed animals and humans, and included: (1) con-
specific hosts from different countries (Canada, China, 
England, Japan, Korea, Netherlands, Scotland and Swe-
den); (2) different breeds of the farmed hosts; (3) closely-
related species [139–145]. The dataset includes 351 
samples from 18 species from public studies (“Sheet 1” in 
Additional file 1: Table S1).

We performed the bioinformatics analyses accord-
ing to Lemos and colleagues (2022) for the entire data-
set to avoid biases in the bioinformatics analysis [138]. 
We applied a co-assembly strategy according to indi-
vidual host and geographic location, which included 
data from public research, using Megahit software with 
specified parameters [138]. MAGs were reconstructed 

via Metabat2 with default settings [146]. For subsequent 
steps, we considered genomes with completeness ≥ 50.0% 
and contamination ≤ 10.0%, in line with Minimum Infor-
mation about MAG standards for bacteria and archaea 
[147] using CheckM software (lineage workflow) [93]. 
MAGs’ taxonomy was assigned using GTDB-Tk v. 1.3.0 
(classify_wf workflow) [148]. Downstream analyses were 
conducted considering four host groups: (i) target (hosts 
from the Brazilian One Health metagenomics study, such 
as the farmed animals B. taurus, G. gallu, S. scrofa, and 
H. sapiens) [138], (ii) conspecifics hosts of target group, 
which are individuals of each target host species from 
different countries; (iii) breeds specific to each target host 
and (iv) related species phylogenetically close to each 
target host, comprising species from the closest phylo-
genetic vertebrate group with metagenomic studies of its 
gut microbiota available (detailed below and in “Sheet 1” 
in Additional file 1: Table S1).

Host phylogenomics
Host evolutionary tree was constructed using complete 
mitochondrial genome sequences downloaded from the 
NCBI (“Sheet 2” in Additional file 1: Table S1). mtDNA 
was chosen due to its little intraspecific variability but 
sufficient interspecific variation that allows an estimation 
of degrees of relatedness and divergence times [149]. The 
Luing breed of Bos taurus is not included in this tree due 
to the absence of its mtDNA in NCBI GenBank.

The mtDNA were aligned with MAFFT v7.123b [150]. 
A Maximum Likelihood phylogenetic tree was inferred 
with IQ-TREE v. 2.0.3 [151] using the GTR + G + I nucleo-
tide substitution model with discrete gamma distribution 
(five categories), selected by the ModelTest algorithm 
built in IQ-TREE [152]. To root the phylogeny, we used 
the mtDNA of Danio rerio as an outgroup. Branch sup-
port was calculated using 1,000 replicate trees generated 
by ultrafast bootstrap approximation, implemented in 
IQ-TREE [153]. Divergence time estimates were gener-
ated using RelTime in MEGA 11 [154], of which some rel-
ative molecular dating among host genus were calibrated 
as follows: Sus/Potamochoerus: min 9.7 - max 21.5 MYA; 
Sus/Bos: uniform, min 52.0 - max 63.9 MYA; Sus/Homo: 
uniform, min 91.5 - max 97.4 MYA; Homo/Pan: lognor-
mal, mean 1,78, sd 0.085; Callithrix/Homo: unform, min 
40.0 - max 44.2 MYA; Homo/Gallus: uniform, min 316.0 
- max 322.4 MYA; Meleagris/Gallus: uniform, min 27.9 
- max 42.4 MYA. The host phylogenomic tree was visual-
ized with the iTOL web interface [155].

Microbial community analysis
Host gut vertebrate composition was analyzed using taxa 
with relative abundances > 0.001% to minimize false posi-
tives [156]. Unless noted otherwise, the analyses were 
conducted at the genus bacterial level for its relevance in 
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conserving microbial traits underscoring growth in the 
gut environment [157]. The bacterial genus composition 
diversity within host species was accessed by alpha diver-
sity and richness metrics—Shannon, Chao estimator, and 
Simpson indices— computed on unfiltered data using the 
vegan v. 2.6-4 R package [158]. Statistical significance of 
diversity indices was determined using the Krukal-Wal-
lis test (kruskal.test function in R Stats v. 4.3.2 package 
[159], followed by Dunn’s post hoc test (dunnTest func-
tion in FSA v. 0.9.5 R package [160] or ANOVA (p < 0.05; 
aov function in R Stats v. 4.3.2 package [159] with Tukey’s 
post hoc test (TukeyHSD function in agricolae R pack-
age v. 1.3.0 [161], based on Shapiro-Wilk normality tests 
(shapiro.test function in R Stats v. 4.3.2 package [159]. 
Stacked barplots of microbial abundance distributions 
and box plots of alpha diversity metrics were generated 
using ggplot2 v. 3.5.1 R package [162] with the ggplot 
function.

A centered log-ratio (clr) transformation using clr_lite 
function (with “unif ” method) in the Microbiome Ori-
ented Compositional Data Toolkit [163] was employed 
to normalize the microbial abundance data among the 
hosts [164]. To determine if host taxonomy influences the 
microbiota beta-diversity, we conducted a multivariate 
Principal Components Analysis (PCA) using Euclidean 
distances of CLR-transformed abundances in R Stats v. 
4.3.2 [159]. The significance of compositional differences 
on among-sample Euclidean distances was assessed using 
permutational multivariate analysis (PERMANOVA) 
using 999 permutations. The intragroup dispersion 
homogeneity was checked using adonis2 and betadis-
per functions from the vegan v. 2.6-4 R package [158, 
165]. Factors influencing microbial composition vari-
ances may differ across bacterial and host phylogenetic 
scales [166], so we conducted this analysis with hosts’ 
taxonomy agglomerated into successively higher taxo-
nomic ranks from genus to order and bacterial taxa at the 
genus and phylum levels. Considering the varied number 
of samples per host and the asymmetric distribution of 
microbial species among host groups, we developed an 
in-house script to perform random subsampling to avoid 
bias in statistics and correlation values​​. We also evalu-
ated the robustness of intraspecies variability [6] by gen-
erating 100 permutation subsamples, with one randomly 
selected sample for each host and used a 5% significance 
level to the hypothesis test.

Ecophylogenetic discovery of prevalent clades
As Linnaean taxonomic classifications may not fully 
reflect intermediate-level variations in gut microbial 
communities, bacterial taxa distribution across target 
and conspecific hosts was analyzed using MAGs abun-
dance and cladal taxonomic units defined by ClaaTU v. 
0.1 using default parameters [41, 167]. We used ClaaTU 

to identify prevalent Firmicutes clades among verte-
brates, considering a threshold ≥ 50% [85] of individu-
als per host group. We focused on prevalent known and 
poorly described bacterial families to discover metabolic 
traits that support their dominance in vertebrates [41]. 
To identify significant hereditary clades, we adjusted 
p-values for multiple comparisons using a reasonably 
permissive false-discovery rate (q ≤ 0.2) [41, 167] with 
qvalue v. 2.34.0 R package (using qvalue function) [168, 
169]. A Venn diagram generated with the ggvenn v. 0.1.9 
R program [170] provided an overview of shared and 
exclusive monophyletic nodes across vertebrates. The 
ClaaTU microbial dendrogram was visualized and anno-
tated with the iTOL web interface [155].

Relationships between prevalent Firmicutes species and 
metabolic profile
To investigate Firmicutes’ metabolic influence on their 
prevalence in hosts, MAGs’ open reading frames were 
predicted using Prodigal v.2.6.3 program (applying the 
-g 1 -p single options) [171] and ORFs longer than 50 
amino acids were functionally annotated using eggNOG-
mapper v. 2.0.8 (applying e-value ≤ 1e-5, identity > 60%, 
and query/subject coverage > 60%) [172] and the Kyoto 
Encyclopedia of Genes and Genome Orthology (KEGG) 
database [173]. The metabolic profiles of prevalent taxa 
were assessed based on the proportion of genes mapped 
to KEGG hierarchy level 2, which provides an overview 
of the MAG role in gut microbiome while remaining 
functionally specific [174]. The metabolic profile was fil-
tered to functions relevant to the nutritional ecology of 
mammals and birds [10]. Principal Coordinates Analy-
sis (PCoA) using Bray–Curtis dissimilarity matrices was 
employed to explore the KEGG metabolic profiles across 
target and conspecific hosts, using vegdist and cmdscale 
functions from the vegan v. 2.6-4 R package [158]. To 
understand whether host or bacterial taxonomy affects 
the metabolic profile of prevalent MAGs, we conducted 
a PERMANOVA analysis on among-sample Bray–Curtis 
dissimilarity indices using the adonis2 function in vegan 
v. 2.6-4 R package [158] with 999 permutations.

To explore the association between prevalent bacte-
rial taxa and their metabolic profiles within target and 
conspecific hosts, we conducted a Spearman correlation 
between clr-transformed bacterial abundances and the 
relative abundances of KEGG metabolism-related genes 
using the corr.test function (with use parameter as “com-
plete” to Spearman method, considering a Benjamini-
Hochberg correction with 5% of significance) [168] in 
psych v. 2.4.3 R program [175]. Spearman’s rank corre-
lation coefficients were visualized in a heatmap format 
using the pheatmap function in ComplexHeatmap v. 2.18 
R package [176]. Significant correlation coefficients were 
defined as|r|> 0.50 and p < 0.05 [177].



Page 17 of 22Dias et al. Animal Microbiome            (2025) 7:20 

KEGG orthology genes were selected to interpret sta-
tistically significant correlations by assuming that preva-
lent monophyletic clades can manifest associations with 
ecologic traits that drive their apparent ubiquity across 
hosts. These microbial genes were selected based on their 
functions associated with different microbiome-host 
interaction mechanisms [178]. The genes were chosen 
based on literature evidence that bacteria carrying such 
genes might interact with the host and influence coloni-
zation outcomes of bacterial taxa (detailed gene descrip-
tions in Additional file 11: Table S2).

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​1​8​6​​/​s​​4​2​5​2​3​-​0​2​5​-​0​0​3​7​9​-​y.

Supplementary Material 1: Table S1 (xlsx). Detailed information about the 
data collections. Sheet 1: Number of microbial MAGs (medium and high 
quality) identified in each host species and grouped according to their 
respective host phenotype in conspecifics, related and breed hosts. Sheet 
2: Hosts mitochondrial genome accession numbers used to construct the 
estimated phylogenomic tree

Supplementary Material 2: Table S3 (xlsx). Intestinal bacterial community 
across hosts characterization. Sheet 1: General overview of phyla frequen-
cies (%) across vertebrate hosts. Sheet 2: Frequency (%) of all phyla in 
vertebrate hosts in each group. Sheet 3: Frequency (%) of phyla in verte-
brate hosts from each geographic region. Sheet 4: The exclusively bacterial 
species found across vertebrate hosts

Supplementary Material 3: Table S4 (xlsx). Pairwise comparisons of alpha-
diversity calculated to bacterial communities from host groups (Conspecif-
ics, breed and related-animals), measured by the Chao1, Shannon and 
Simpson indices

Supplementary Material 4: Fig. S1 (docx). PERMANOVA findings distribu-
tion after random subsampling for beta-diversity analysis: (a) microbial 
community-predictor correlation and (b) adjusted p-value for covariates 
(host taxonomy and geographic location) explaining variation in bacterial 
community structure

Supplementary Material 5: Table S5 (xlsx). PERMANOVA analyses for mul-
tiple testing factors explaining variation in microbial community structure 
considering bacterial (a) genus and (b) phylum

Supplementary Material 6: Fig. S2 (docx). Overview of common and exclu-
sive monophyletic nodes among target and conspecific hosts and their 
conspecifics identified by ClaaTU

Supplementary Material 7: Fig. S3 (docx). Correlation between MAGs from 
sharing vertebrate clades and KEGG metabolic pathways (at the hierarchy 
level 2). Spearman’s rank correlations were performed with the MAGs’ finer 
taxonomic levels from each prevalent bacterial family to investigate crucial 
traits for their transmission and colonization among vertebrate guts

Supplementary Material 8: Table S6 (xlsx). Description of monophyletic 
nodes identified by ClaaTU and their prevalence among hosts. Sheet 1: 
Node prevalence distribution among host groups established by ClaaTU. 
Sheet 2: Detailed description of common nodes discovered at the family, 
genus, and species levels in all host groups belonging to the Firmicutes 
phylum with a prevalence equal to or more than 50% as detected by 
ClaaTU. Sheet 3: MAGs associated to target hosts and their conspecifics 
considered to ClaaTU analysis. Sheet 4: Detailed quantity of Firmicutes 
prevalent nodes found and their taxonomic classification. Sheet 5: MAGs 
associated to conserved descendant nodes (FDR [q value] < 0.2) belong-
ing to the Firmicutes phylum with prevalence equal or bigger than 50% 
identified by ClaaTU

Supplementary Material 9: Table S7 (xlsx). Spearman’s rank correlations 
between prevalent bacterial species and KEGG metabolic pathways. Sheet 

1: The Spearman’s rank correlations between Acetivibrionaceae MAGs’ finer 
taxonomic levels and KEGG metabolic pathways (at the hierarchy level 2). 
Sheet 2: The Spearman’s rank correlations between CAG-74 MAGs’ finer 
taxonomic levels and KEGG metabolic pathways (at the hierarchy level 2). 
Sheet 3: The Spearman’s rank correlations between Clostridiaceae MAGs’ 
finer taxonomic levels and KEGG metabolic pathways (at the hierarchy 
level 2). Sheet 4: The Spearman’s rank correlations between Lachnospira-
ceae (ID 755) MAGs’ finer taxonomic levels and KEGG metabolic pathways 
(at the hierarchy level 2). Sheet 5: The Spearman’s rank correlations 
between Lachnospiraceae (ID 854) MAGs’ finer taxonomic levels and KEGG 
metabolic pathways (at the hierarchy level 2). Sheet 6: The Spearman’s rank 
correlations between Ruminococcaceae MAGs’ finer taxonomic levels and 
KEGG metabolic pathways (at the hierarchy level 2)

Supplementary Material 10: Table S8 (xlsx). Quantification of KEGG orthol-
ogy genes involved in host interaction in prevalent shared Firmicutes taxa. 
Sheet 1: Total number of KEGG orthology genes related to interaction with 
the host per bacterial taxa found in at least one Acetivibrionaceae MAG. 
Sheet 2: Total number of KEGG orthology genes related to interaction with 
the host per bacterial taxa found in at least one CAG-74 MAG. Sheet 3: To-
tal number of KEGG orthology genes related to interaction with the host 
per bacterial taxa found in at least one Clostridiaceae MAG. Sheet 4: Total 
number of KEGG orthology genes related to interaction with the host per 
bacterial taxa found in at least one Lachnospiraceae (ID 755) MAG. Sheet 5: 
Total number of KEGG orthology genes related to interaction with the host 
per bacterial taxa found in at least one Lachnospiraceae (ID 854) MAG. 
Sheet 6: Total number of KEGG orthology genes related to interaction with 
the host per bacterial taxa found in at least one Ruminococcaceae MAG

Supplementary Material 11: Table S2 (xlsx). List of KO genes associated 
with different microbiome-host interaction mechanisms that affect bacte-
rial colonization outcome

Acknowledgements
We thank the researchers participating in the GUARANI (Grupo Brasileiro de 
Saúde Única) One Health Network for their dedicated work: Universidade 
Federal de São Paulo (UNIFESP) - Ana Cristina Gales and Rodrigo Cayô; 
Regional University of Blumenau (FURB) - Alessandro Conrado de Oliveira 
Silveira and Eleine Kuroki Anzai; Instituto Evandro Chagas (IEC) - Cintya de 
Oliveira Souza, Danielle Murici Brasiliense, Márcia de Nazaré Miranda Bahia, 
William Alencar de Oliveira Lima; Federal University of Ceará (UFC) - Débora 
de Souza Collares Maia Castelo-Branco and Glaucia Morgana de Melo 
Guedes; University São Francisco (USF) - Lúcio Fábio Caldas Ferraz and Walter 
Aparecido Pimentel Monteiro; Universidade Federal de São Paulo (UNIFESP) 
- Carlos Roberto Vieira Kiffer, Fernanda Fernandes Santos, Francisco Ozório 
Bessa-Neto, Tiago Barcelos Valiatti, Raissa Fidelis Baeta Neves, Ramon Giovani 
Brandão da Silva, Ruanita Veiga Queiroz Apolinário.

Author contributions
B.C.D. formulated the overarching research goals and aims, investigated, 
analyzed and interpreted the data, and wrote the original manuscript. 
A.P.L. and V.P.K. contributed to the methodology. D.T.M. contributed to the 
conceptualization of ideas and the investigation process. Both F.M.C. and 
A.T.R.V. coordinated and supervised the research activity planning and 
execution, and helped with data interpretation. A.T.R.V. obtained the financial 
support for the project leading to this publication. All authors reviewed and 
edited the manuscript, and approved the final manuscript.

Funding
This study was developed in the framework of the Thematic project from 
Carlos Chagas Filho Foundation for Research Support of the State of Rio de 
Janeiro (FAPERJ) (E-26/210.012/2020). B.C.D. was supported by Coordenação 
de Aperfeiçoamento de Pessoal de Nível Superior (CAPES) (Process number: 
88887.508687/2020-00). A.P.L was supported by Fundação Carlos Chagas 
Filho de Amparo à Pesquisa do Estado do Rio de Janeiro (FAPERJ, Process 
number: E-26/200.200/2024). D.T.M. was supported by Coordenação de 
Aperfeiçoamento de Pessoal de Nível Superior (CAPES) (Process number: 
88887.677436/2022-00). F.M.C. was supported by the CNPq (Process number: 
302023/2024-0). A.T.R.V. was supported by grants from the CNPq (Process 
number: 307145/2021-2) and from FAPERJ (E-26/201.046/2022).

https://doi.org/10.1186/s42523-025-00379-y
https://doi.org/10.1186/s42523-025-00379-y


Page 18 of 22Dias et al. Animal Microbiome            (2025) 7:20 

Data availability
All metagenome-assembled genomes investigated in our study derived from 
studies publicly available at SRA-NCBI database (​h​t​t​p​​:​/​/​​w​w​w​.​​n​c​​b​i​.​​n​l​m​​.​n​i​h​​.​g​​o​
v​/​s​r​a). BioProject IDs accessions are presented in “Sheet 1” in Additional file 1: 
Table S1.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 31 July 2024 / Accepted: 21 January 2025

References
1.	 Lindsay EC, Metcalfe NB, Llewellyn MS. The potential role of the gut 

microbiota in shaping host energetics and metabolic rate. J Anim Ecol. 
2020;89:2415–26. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​1​​3​6​5​-​2​6​5​6​.​1​3​3​2​7.

2.	 Mazel F, Guisan A, Parfrey LW. Transmission mode and dispersal traits 
correlate with host specificity in mammalian gut microbes. Mol Ecol. 
2024;33:e16862. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​m​​e​c​.​1​6​8​6​2.

3.	 Aranda-Díaz A, Willis L, Nguyen TH, Ho P-Y, Vila J, Thomsen T et al. Assembly 
of gut-derived bacterial communities follows early-bird resource utilization 
dynamics. bioRxiv. 2023; Available from: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​0​1​​/​2​​0​2​3​.​0​1​.​1​3​.​5​
2​3​9​9​6

4.	 Rakoff-Nahoum S, Coyne MJ, Comstock LE. An ecological network of polysac-
charide utilization among human intestinal symbionts. Curr Biol. 2014;24:40–
9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​u​b​.​2​0​1​3​.​1​0​.​0​7​7.

5.	 Sarkar A, Harty S, Johnson KV-A, Moeller AH, Archie EA, Schell LD, et al. Micro-
bial transmission in animal social networks and the social microbiome. Nat 
Ecol Evol. 2020;4:1020–35. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​5​9​-​0​2​0​-​1​2​2​0​-​8.

6.	 Youngblut ND, Reischer GH, Walters W, Schuster N, Walzer C, Stalder G, et al. 
Host diet and evolutionary history explain different aspects of gut microbi-
ome diversity among vertebrate clades. Nat Commun. 2019;10:2200. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​4​6​7​-​0​1​9​-​1​0​1​9​1​-​3.

7.	 Mallott EK. Disentangling the mechanisms underlying phylosymbiosis in 
mammals. Mol Ecol. 2024;33:e17193. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​m​​e​c​.​1​7​1​9​3.

8.	 David I, Canario L, Combes S, Demars J. Intergenerational Transmission of 
Characters through Genetics, Epigenetics, Microbiota, and learning in Live-
stock. Front Genet. 2019;10:1058. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​g​e​n​e​.​2​0​1​9​.​0​1​0​5​8.

9.	 Kuthyar S, Reese AT. Variation in Microbial exposure at the human-animal 
interface and the implications for microbiome-mediated Health Outcome. 
mSystems. 2021;6:e0056721. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​m​​S​y​s​t​e​m​s​.​0​0​5​6​7​-​2​1.

10.	 Dearing MD, Kohl KD. Beyond fermentation: other important services pro-
vided to endothermic herbivores by their gut microbiota. Integr Comp Biol. 
2017;57:723–31. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​i​​c​b​/​i​c​x​0​2​0.

11.	 Sun J, Liao X-P, D’Souza AW, Boolchandani M, Li S-H, Cheng K, et al. Environ-
mental remodeling of human gut microbiota and antibiotic resistome in 
livestock farms. Nat Commun. 2020;11:1427. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​4​6​
7​-​0​2​0​-​1​5​2​2​2​-​y.

12.	 Tan SC, Chong CW, Yap IKS, Thong KL, Teh CSJ. Comparative assessment 
of faecal microbial composition and metabonome of swine, farmers and 
human control. Sci Rep. 2020;10:8997. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​9​8​-​0​2​0​-​6​5​
8​9​1​-​4.

13.	 Lee S, Fan P, Liu T, Yang A, Boughton RK, Pepin KM, et al. Transmission of anti-
biotic resistance at the wildlife-livestock interface. Commun Biol. 2022;5:585. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​2​0​0​3​-​0​2​2​-​0​3​5​2​0​-​8.

14.	 Browne HP, Almeida A, Kumar N, Vervier K, Adoum AT, Viciani E, et al. Host 
adaptation in gut. is Assoc Sporulation loss Altered Transmission Cycle 
Genome Biol. 2021;22:204. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​3​0​5​9​-​0​2​1​-​0​2​4​2​8​-​6.

15.	 Lloyd-Price J, Abu-Ali G, Huttenhower C. The healthy human microbiome. 
Genome Med. 2016;8:51. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​3​0​7​3​-​0​1​6​-​0​3​0​7​-​y.

16.	 Tanaka M, Onizuka S, Mishima R, Nakayama J. Cultural isolation of spore-
forming bacteria in human feces using bile acids. Sci Rep. 2020;10:15041. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​9​8​-​0​2​0​-​7​1​8​8​3​-​1.

17.	 Kostopoulos I, Aalvink S, Kovatcheva-Datchary P, Nijsse B, Bäckhed F, Knol J, et 
al. A continuous battle for host-derived glycans between a mucus specialist 
and a glycan generalist and. Front Microbiol. 2021;12:632454. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​​3​3​8​9​​/​f​​m​i​c​b​.​2​0​2​1​.​6​3​2​4​5​4.

18.	 Estrela S, Whiteley M, Brown SP. The demographic determinants of human 
microbiome health. Trends Microbiol. 2015;23:134–41. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​
6​​/​j​​.​t​i​m​.​2​0​1​4​.​1​1​.​0​0​5.

19.	 Shetty SA, Hugenholtz F, Lahti L, Smidt H, de Vos WM. Intestinal microbiome 
landscaping: insight in community assemblage and implications for micro-
bial modulation strategies. FEMS Microbiol Rev. 2017;41:182–99. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​​1​0​9​3​​/​f​​e​m​s​r​e​/​f​u​w​0​4​5.

20.	 Lee SM, Donaldson GP, Mikulski Z, Boyajian S, Ley K, Mazmanian SK. Bacterial 
colonization factors control specificity and stability of the gut microbiota. 
Nature. 2013;501:426–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​n​​a​t​u​r​e​1​2​4​4​7.

21.	 Watson AR, Füssel J, Veseli I, DeLongchamp JZ, Silva M, Trigodet F, et al. Meta-
bolic independence drives gut microbial colonization and resilience in health 
and disease. Genome Biol. 2023;24:78. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​3​0​5​9​-​0​2​3​-​0​2​
9​2​4​-​x.

22.	 Browne HP, Forster SC, Anonye BO, Kumar N, Neville BA, Stares MD, et al. 
Culturing of unculturable human microbiota reveals novel taxa and extensive 
sporulation. Nature. 2016;533:543–6. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​n​​a​t​u​r​e​1​7​6​4​5.

23.	 Medvecky M, Cejkova D, Polansky O, Karasova D, Kubasova T, Cizek A, et al. 
Whole genome sequencing and function prediction of 133 gut anaerobes 
isolated from chicken caecum in pure cultures. BMC Genomics. 2018;19:561. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​8​6​4​-​0​1​8​-​4​9​5​9​-​4.

24.	 Wang W, Hu H, Zijlstra RT, Zheng J, Gänzle MG. Metagenomic reconstructions 
of gut microbial metabolism in weanling pigs. Microbiome. 2019;7:48. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​4​0​1​6​8​-​0​1​9​-​0​6​6​2​-​1.

25.	 Cerqueira FM, Photenhauer AL, Pollet RM, Brown HA, Koropatkin NM. 
Starch digestion by gut Bacteria: crowdsourcing for carbs. Trends Microbiol. 
2020;28:95–108. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​t​i​m​.​2​0​1​9​.​0​9​.​0​0​4.

26.	 Bernardeau M, Lehtinen MJ, Forssten SD, Nurminen P. Importance of the gas-
trointestinal life cycle of Bacillus for probiotic functionality. J Food Sci Technol. 
2017;54:2570–84. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​1​3​1​9​7​-​0​1​7​-​2​6​8​8​-​3.

27.	 Hong HA, Duc LH, Cutting SM. The use of bacterial spore formers as probiot-
ics. FEMS Microbiol Rev. 2005;29:813–35. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​f​e​​m​s​r​​e​.​2​0​​0​
4​​.​1​2​.​0​0​1.

28.	 Saggese A, Baccigalupi L, Ricca E. Spore formers as beneficial microbes for 
humans and animals. Applied Microbiology. 2021;1:498–509. Available from: ​
h​t​t​p​​s​:​/​​/​w​w​w​​.​m​​d​p​i​​.​c​o​​m​/​2​6​​7​3​​-​8​0​0​7​/​1​/​3​/​3​2

29.	 Bahaddad SA, Almalki MHK, Alghamdi OA, Sohrab SS, Yasir M, Azhar EI, et al. 
Bacillus Species as direct-Fed Microbial Antibiotic Alternatives for Monogas-
tric Production. Probiotics Antimicrob Proteins. 2023;15:1–16. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​​1​0​0​7​​/​s​​1​2​6​0​2​-​0​2​2​-​0​9​9​0​9​-​5

30.	 Lin L, Lai Z, Zhang J, Zhu W, Mao S. The gastrointestinal microbiome in dairy 
cattle is constrained by the deterministic driver of the region and the modi-
fied effect of diet. Microbiome. 2023;11:10. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​4​0​1​6​8​-​0​
2​2​-​0​1​4​5​3​-​2.

31.	 Zhu Y, Wang Z, Hu R, Wang X, Li F, Zhang X, et al. Comparative study of the 
bacterial communities throughout the gastrointestinal tract in two beef 
cattle breeds. Appl Microbiol Biotechnol. 2021;105:313–25. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​
1​0​0​7​​/​s​​0​0​2​5​3​-​0​2​0​-​1​1​0​1​9​-​7.

32.	 Hummel GL, Austin K, Cunningham-Hollinger HC. Comparing the 
maternal-fetal microbiome of humans and cattle: a translational assess-
ment of the reproductive, placental, and fetal gut microbiomes. Biol Reprod. 
2022;107:371–81. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​b​​i​o​l​r​e​/​i​o​a​c​0​6​7.

33.	 Shah TM, Patel JG, Gohil TP, Blake DP, Joshi CG. Host transcriptome and micro-
biome interaction modulates physiology of full-sibs broilers with divergent 
feed conversion ratio. NPJ Biofilms Microbiomes. 2019;5:24. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​​1​0​3​8​​/​s​​4​1​5​2​2​-​0​1​9​-​0​0​9​6​-​3.

34.	 Patra AK, Kar I. Heat stress on microbiota composition, barrier integrity, and 
nutrient transport in gut, production performance, and its amelioration in 
farm animals. Hanguk Tongmul Chawon Kwahakhoe Chi. 2021;63:211–47. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​5​1​8​7​​/​j​​a​s​t​.​2​0​2​1​.​e​4​8.

35.	 Segura-Wang M, Grabner N, Koestelbauer A, Klose V, Ghanbari M. Genome-
resolved metagenomics of the Chicken gut Microbiome. Front Microbiol. 
2021;12:726923. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​m​i​c​b​.​2​0​2​1​.​7​2​6​9​2​3.

36.	 Fregulia P, Campos MM, Dias RJP, Liu J, Guo W, Pereira LGR, et al. Taxonomic 
and predicted functional signatures reveal linkages between the rumen 

http://www.ncbi.nlm.nih.gov/sra
http://www.ncbi.nlm.nih.gov/sra
https://doi.org/10.1111/1365-2656.13327
https://doi.org/10.1111/mec.16862
https://doi.org/10.1101/2023.01.13.523996
https://doi.org/10.1101/2023.01.13.523996
https://doi.org/10.1016/j.cub.2013.10.077
https://doi.org/10.1038/s41559-020-1220-8
https://doi.org/10.1038/s41467-019-10191-3
https://doi.org/10.1038/s41467-019-10191-3
https://doi.org/10.1111/mec.17193
https://doi.org/10.3389/fgene.2019.01058
https://doi.org/10.1128/mSystems.00567-21
https://doi.org/10.1093/icb/icx020
https://doi.org/10.1038/s41467-020-15222-y
https://doi.org/10.1038/s41467-020-15222-y
https://doi.org/10.1038/s41598-020-65891-4
https://doi.org/10.1038/s41598-020-65891-4
https://doi.org/10.1038/s42003-022-03520-8
https://doi.org/10.1038/s42003-022-03520-8
https://doi.org/10.1186/s13059-021-02428-6
https://doi.org/10.1186/s13073-016-0307-y
https://doi.org/10.1038/s41598-020-71883-1
https://doi.org/10.1038/s41598-020-71883-1
https://doi.org/10.3389/fmicb.2021.632454
https://doi.org/10.3389/fmicb.2021.632454
https://doi.org/10.1016/j.tim.2014.11.005
https://doi.org/10.1016/j.tim.2014.11.005
https://doi.org/10.1093/femsre/fuw045
https://doi.org/10.1093/femsre/fuw045
https://doi.org/10.1038/nature12447
https://doi.org/10.1186/s13059-023-02924-x
https://doi.org/10.1186/s13059-023-02924-x
https://doi.org/10.1038/nature17645
https://doi.org/10.1186/s12864-018-4959-4
https://doi.org/10.1186/s12864-018-4959-4
https://doi.org/10.1186/s40168-019-0662-1
https://doi.org/10.1186/s40168-019-0662-1
https://doi.org/10.1016/j.tim.2019.09.004
https://doi.org/10.1007/s13197-017-2688-3
https://doi.org/10.1016/j.femsre.2004.12.001
https://doi.org/10.1016/j.femsre.2004.12.001
https://www.mdpi.com/2673-8007/1/3/32
https://www.mdpi.com/2673-8007/1/3/32
https://doi.org/10.1007/s12602-022-09909-5
https://doi.org/10.1007/s12602-022-09909-5
https://doi.org/10.1186/s40168-022-01453-2
https://doi.org/10.1186/s40168-022-01453-2
https://doi.org/10.1007/s00253-020-11019-7
https://doi.org/10.1007/s00253-020-11019-7
https://doi.org/10.1093/biolre/ioac067
https://doi.org/10.1038/s41522-019-0096-3
https://doi.org/10.1038/s41522-019-0096-3
https://doi.org/10.5187/jast.2021.e48
https://doi.org/10.5187/jast.2021.e48
https://doi.org/10.3389/fmicb.2021.726923


Page 19 of 22Dias et al. Animal Microbiome            (2025) 7:20 

microbiota and feed efficiency in dairy cattle raised in tropical areas. Front 
Microbiol. 2022;13:1025173. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​m​i​c​b​.​2​0​2​2​.​1​0​2​5​1​7​3.

37.	 Stewart EJ. Growing unculturable bacteria. J Bacteriol. 2012;194:4151–60. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​J​​B​.​0​0​3​4​5​-​1​2.

38.	 Rovida C, Vanniasinkam T. Strategies for isolating microbiota from faecal 
samples: are all gut microorganisms potentially cultivable? Australian J Med 
Sci. 2024;45:24–62. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​1​6​​/​i​​n​f​o​​r​m​i​​t​.​T​2​​0​2​​4​0​3​​2​5​0​​0​0​1​2​​5​9​​1​7​1​8​
2​7​6​7​1​8.

39.	 Marcos S, Odriozola I, Eisenhofer R, Aizpurua O, Tarradas J, Martin G et al. 
Reduced metabolic capacity of the gut microbiota associates with host 
growth in broiler chickens. Research Square. 2023. Available from: ​h​t​t​p​​s​:​/​​/​w​w​
w​​.​r​​e​s​e​​a​r​c​​h​s​q​u​​a​r​​e​.​c​​o​m​/​​a​r​t​i​​c​l​​e​/​r​s​-​2​8​8​5​8​0​8​/​v​1

40.	 Moran NA, Ochman H, Hammer TJ. Evolutionary and ecological con-
sequences of gut microbial communities. Annu Rev Ecol Evol Syst. 
2019;50:451–75. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​4​6​​/​a​​n​n​u​​r​e​v​​-​e​c​o​​l​s​​y​s​-​1​1​0​6​1​7​-​0​6​2​4​5​3.

41.	 Gaulke CA, Arnold HK, Humphreys IR, Kembel SW, O’Dwyer JP, Sharpton TJ. 
Ecophylogenetics Clarifies the Evolutionary Association between mammals 
and their gut microbiota. mBio. 2018;9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​m​​B​i​o​.​0​1​3​4​8​-​1​
8.

42.	 Ryu EP, Davenport ER. Host genetic determinants of the Microbiome Across 
animals: from to cattle. Annu Rev Anim Biosci. 2022;10:203–26. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​​1​1​4​6​​/​a​​n​n​u​​r​e​v​​-​a​n​i​​m​a​​l​-​0​2​0​4​2​0​-​0​3​2​0​5​4.

43.	 Williamson JR, Callaway TR, Lourenco JM, Ryman VE. Characterization of 
rumen, fecal, and milk microbiota in lactating dairy cows. Front Microbiol. 
2022;13:984119. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​m​i​c​b​.​2​0​2​2​.​9​8​4​1​1​9.

44.	 Luo Z, Du Z, Huang Y, Zhou T, Wu D, Yao X, et al. Alterations in the gut 
microbiota and its metabolites contribute to metabolic maladaptation 
in dairy cows during the development of hyperketonemia. mSystems. 
2024;9:e0002324. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​m​​s​y​s​t​e​m​s​.​0​0​0​2​3​-​2​4.

45.	 González D, Morales-Olavarria M, Vidal-Veuthey B, Cárdenas JP. Insights into 
early evolutionary adaptations of the genus to the vertebrate gut. Front 
Microbiol. 2023;14:1238580. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​m​i​c​b​.​2​0​2​3​.​1​2​3​8​5​8​0.

46.	 Fujio-Vejar S, Vasquez Y, Morales P, Magne F, Vera-Wolf P, Ugalde JA, et al. The 
gut microbiota of healthy Chilean subjects reveals a high abundance of the 
Phylum Verrucomicrobia. Front Microbiol. 2017;8:1221. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​
9​​/​f​​m​i​c​b​.​2​0​1​7​.​0​1​2​2​1.

47.	 Aricha H, Simujide H, Wang C, Zhang J, Lv W, Jimisi X, et al. Comparative 
analysis of fecal microbiota of grazing Mongolian cattle from different 
regions in Inner Mongolia, China. Anim (Basel). 2021;11. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​
9​0​​/​a​​n​i​1​1​0​7​1​9​3​8.

48.	 Zhang X, Cui K, Wen X, Li L, Yu X, Li B, et al. The Association between Gut 
Microbiome Diversity and Composition and heat tolerance in cattle. Microor-
ganisms. 2022;10. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​m​​i​c​r​​o​o​r​​g​a​n​i​​s​m​​s​1​0​0​8​1​6​7​2.

49.	 Shen Y, Laue HE, Shrubsole MJ, Wu H, Bloomquist TR, Larouche A, et al. 
Associations of Childhood and Perinatal Blood metals with Children’s gut 
microbiomes in a Canadian Gestation Cohort. Environ Health Perspect. 
2022;130:17007. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​2​8​9​​/​E​​H​P​9​6​7​4.

50.	 Ochman H, Worobey M, Kuo C-H, Ndjango J-BN, Peeters M, Hahn BH, et al. 
Evolutionary relationships of wild hominids recapitulated by gut microbial 
communities. PLoS Biol. 2010;8:e1000546. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​3​7​1​​/​j​​o​u​r​​n​a​l​​.​p​b​i​​
o​.​​1​0​0​0​5​4​6.

51.	 Aruwa CE, Pillay C, Nyaga MM, Sabiu S. Poultry gut health - microbiome func-
tions, environmental impacts, microbiome engineering and advancements 
in characterization technologies. J Anim Sci Biotechnol. 2021;12:119. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​4​0​1​0​4​-​0​2​1​-​0​0​6​4​0​-​9.

52.	 Rychlik I. Composition and function of Chicken gut microbiota. Anim (Basel). 
2020;10. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​a​​n​i​1​0​0​1​0​1​0​3.

53.	 Sasson G, Kruger Ben-Shabat S, Seroussi E, Doron-Faigenboim A, Shterzer N, 
Yaacoby S, et al. Heritable bovine rumen Bacteria are phylogenetically related 
and correlated with the cow’s capacity to Harvest Energy from its feed. mBio. 
2017;8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​m​​B​i​o​.​0​0​7​0​3​-​1​7.

54.	 Bergamaschi M, Maltecca C, Schillebeeckx C, McNulty NP, Schwab C, Shull 
C, et al. Heritability and genome-wide association of swine gut microbiome 
features with growth and fatness parameters. Sci Rep. 2020;10:10134. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​9​8​-​0​2​0​-​6​6​7​9​1​-​3.

55.	 Goodrich JK, Waters JL, Poole AC, Sutter JL, Koren O, Blekhman R et al. Human 
genetics shape the gut microbiome. Cell. 2014;159:789–99. Available from: ​h​t​
t​p​​s​:​/​​/​l​i​n​​k​i​​n​g​h​​u​b​.​​e​l​s​e​​v​i​​e​r​.​​c​o​m​​/​r​e​t​​r​i​​e​v​e​​/​p​i​​i​/​S​0​​0​9​​2​8​6​7​4​1​4​0​1​2​4​1​0

56.	 O’Connor A, Quizon PM, Albright JE, Lin FT, Bennett BJ. Responsiveness of 
cardiometabolic-related microbiota to diet is influenced by host genetics. 
Mamm Genome. 2014;25:583–99. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​3​3​5​-​0​1​4​-​9​5​4​
0​-​0.

57.	 Camarinha-Silva A, Maushammer M, Wellmann R, Vital M, Preuss S, Bennewitz 
J. Host genome influence on Gut Microbial Composition and Microbial 
Prediction of Complex traits in pigs. Genetics. 2017;206:1637–44. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​​1​5​3​4​​/​g​​e​n​e​​t​i​c​​s​.​1​1​​7​.​​2​0​0​7​8​2.

58.	 Wen C, Yan W, Sun C, Ji C, Zhou Q, Zhang D, et al. The gut microbiota is largely 
independent of host genetics in regulating fat deposition in chickens. ISME J. 
2019;13:1422–36. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​3​9​6​-​0​1​9​-​0​3​6​7​-​2.

59.	 Li F, Li C, Chen Y, Liu J, Zhang C, Irving B, et al. Host genetics influence the 
rumen microbiota and heritable rumen microbial features associate with 
feed efficiency in cattle. Microbiome. 2019;7:92. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​4​0​1​
6​8​-​0​1​9​-​0​6​9​9​-​1.

60.	 Worsley SF, Davies CS, Mannarelli M-E, Hutchings MI, Komdeur J, Burke T, et al. 
Gut microbiome composition, not alpha diversity, is associated with survival 
in a natural vertebrate population. Anim Microbiome. 2021;3:84. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​​1​1​8​6​​/​s​​4​2​5​2​3​-​0​2​1​-​0​0​1​4​9​-​6.

61.	 Alberdi A, Martin Bideguren G, Aizpurua O. Diversity and compositional 
changes in the gut microbiota of wild and captive vertebrates: a meta-analy-
sis. Sci Rep. 2021;11:22660. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​9​8​-​0​2​1​-​0​2​0​1​5​-​6.

62.	 Clayton JB, Vangay P, Huang H, Ward T, Hillmann BM, Al-Ghalith GA, et al. 
Captivity humanizes the primate microbiome. Proc Natl Acad Sci U S A. 
2016;113:10376–81. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​7​3​​/​p​​n​a​s​.​1​5​2​1​8​3​5​1​1​3.

63.	 Huang G, Qu Q, Wang M, Huang M, Zhou W, Wei F. Global landscape of gut 
microbiome diversity and antibiotic resistomes across vertebrates. Sci Total 
Environ. 2022;838:156178. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​s​c​​i​t​o​​t​e​n​v​​.​2​​0​2​2​.​1​5​6​1​7​8.

64.	 McKenzie VJ, Song SJ, Delsuc F, Prest TL, Oliverio AM, Korpita TM, et al. The 
effects of Captivity on the. Gut Microbiome Integr Comp Biol. 2017;57:690–
704. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​i​​c​b​/​i​c​x​0​9​0.

65.	 Ellis RJ, Bruce KD, Jenkins C, Stothard JR, Ajarova L, Mugisha L, et al. Compari-
son of the distal gut microbiota from people and animals in Africa. PLoS ONE. 
2013;8:e54783. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​3​7​1​​/​j​​o​u​r​​n​a​l​​.​p​o​n​​e​.​​0​0​5​4​7​8​3.

66.	 Zheng Z, Wang X, Li M, Li Y, Yang Z, Wang X, et al. The origin of domestication 
genes in goats. Sci Adv. 2020;6:eaaz5216. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​6​​/​s​​c​i​a​d​v​.​a​a​z​5​
2​1​6.

67.	 Peixoto RS, Harkins DM, Nelson KE. Advances in Microbiome Research for 
Animal Health. Annu Rev Anim Biosci. 2021;9:289–311. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​4​
6​​/​a​​n​n​u​​r​e​v​​-​a​n​i​​m​a​​l​-​0​9​1​0​2​0​-​0​7​5​9​0​7.

68.	 Cho Y, Kim JY, Kim N. Comparative genomics and selection analysis of 
Yeonsan Ogye black chicken with whole-genome sequencing. Genomics. 
2022;114:110298. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​y​g​​e​n​o​​.​2​0​2​​2​.​​1​1​0​2​9​8

69.	 Lim SJ, Bordenstein SR. An introduction to phylosymbiosis. Proc Biol Sci. 
2020;287:20192900. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​8​​/​r​​s​p​b​.​2​0​1​9​.​2​9​0​0.

70.	 Groussin M, Mazel F, Sanders JG, Smillie CS, Lavergne S, Thuiller W, et al. 
Unraveling the processes shaping mammalian gut microbiomes over evolu-
tionary time. Nat Commun. 2017;8:14319. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​n​​c​o​m​m​s​1​
4​3​1​9.

71.	 Alessandri G, Rizzo SM, Ossiprandi MC, van Sinderen D, Ventura M. Creating 
an atlas to visualize the biodiversity of the mammalian gut microbiota. Curr 
Opin Biotechnol. 2022;73:28–33. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​o​​p​b​i​​o​.​2​0​​2​1​​.​0​6​.​0​2​
8.

72.	 Amato KR, Mallott EK, McDonald D, Dominy NJ, Goldberg T, Lambert JE, et 
al. Convergence of human and old World monkey gut microbiomes dem-
onstrates the importance of human ecology over phylogeny. Genome Biol. 
2019;20:201. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​3​0​5​9​-​0​1​9​-​1​8​0​7​-​z.

73.	 Nishida AH, Ochman H. Rates of gut microbiome divergence in mammals. 
Mol Ecol. 2018;27:1884–97. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​m​​e​c​.​1​4​4​7​3.

74.	 Senghor B, Sokhna C, Ruimy R, Lagier J-C. Gut microbiota diversity accord-
ing to dietary habits and geographical provenance. Hum Microbiome J. 
2018;7–8:1–9. Available from: ​h​t​t​p​​s​:​/​​/​l​i​n​​k​i​​n​g​h​​u​b​.​​e​l​s​e​​v​i​​e​r​.​​c​o​m​​/​r​e​t​​r​i​​e​v​e​​/​p​i​​i​/​S​2​​4​
5​​2​2​3​1​7​1​7​3​0​0​1​4​3

75.	 Rojas CA, Ramírez-Barahona S, Holekamp KE, Theis KR. Host phylogeny and 
host ecology structure the mammalian gut microbiota at different taxonomic 
scales. Anim Microbiome. 2021;3:33. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​4​2​5​2​3​-​0​2​1​-​0​0​0​
9​4​-​4.

76.	 Pin Viso N, Redondo E, Díaz Carrasco JM, Redondo L, Sabio Y, Garcia J, 
Fernández Miyakawa M, et al. Geography as non-genetic modulation factor 
of chicken cecal microbiota. PLoS ONE. 2021;16:e0244724. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​
1​3​7​1​​/​j​​o​u​r​​n​a​l​​.​p​o​n​​e​.​​0​2​4​4​7​2​4.

77.	 Wessels AG. Influence of the gut microbiome on feed intake of farm animals. 
Microorganisms. 2022;10. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​m​​i​c​r​​o​o​r​​g​a​n​i​​s​m​​s​1​0​0​7​1​3​0​5.

78.	 Amato KR, Sanders G, Song J, Nute SJ, Metcalf M, Thompson JL. Evolutionary 
trends in host physiology outweigh dietary niche in structuring primate gut 

https://doi.org/10.3389/fmicb.2022.1025173
https://doi.org/10.1128/JB.00345-12
https://doi.org/10.1128/JB.00345-12
https://doi.org/10.3316/informit.T2024032500012591718276718
https://doi.org/10.3316/informit.T2024032500012591718276718
https://www.researchsquare.com/article/rs-2885808/v1
https://www.researchsquare.com/article/rs-2885808/v1
https://doi.org/10.1146/annurev-ecolsys-110617-062453
https://doi.org/10.1128/mBio.01348-18
https://doi.org/10.1128/mBio.01348-18
https://doi.org/10.1146/annurev-animal-020420-032054
https://doi.org/10.1146/annurev-animal-020420-032054
https://doi.org/10.3389/fmicb.2022.984119
https://doi.org/10.1128/msystems.00023-24
https://doi.org/10.3389/fmicb.2023.1238580
https://doi.org/10.3389/fmicb.2017.01221
https://doi.org/10.3389/fmicb.2017.01221
https://doi.org/10.3390/ani11071938
https://doi.org/10.3390/ani11071938
https://doi.org/10.3390/microorganisms10081672
https://doi.org/10.1289/EHP9674
https://doi.org/10.1371/journal.pbio.1000546
https://doi.org/10.1371/journal.pbio.1000546
https://doi.org/10.1186/s40104-021-00640-9
https://doi.org/10.1186/s40104-021-00640-9
https://doi.org/10.3390/ani10010103
https://doi.org/10.1128/mBio.00703-17
https://doi.org/10.1038/s41598-020-66791-3
https://doi.org/10.1038/s41598-020-66791-3
https://linkinghub.elsevier.com/retrieve/pii/S0092867414012410
https://linkinghub.elsevier.com/retrieve/pii/S0092867414012410
https://doi.org/10.1007/s00335-014-9540-0
https://doi.org/10.1007/s00335-014-9540-0
https://doi.org/10.1534/genetics.117.200782
https://doi.org/10.1534/genetics.117.200782
https://doi.org/10.1038/s41396-019-0367-2
https://doi.org/10.1186/s40168-019-0699-1
https://doi.org/10.1186/s40168-019-0699-1
https://doi.org/10.1186/s42523-021-00149-6
https://doi.org/10.1186/s42523-021-00149-6
https://doi.org/10.1038/s41598-021-02015-6
https://doi.org/10.1073/pnas.1521835113
https://doi.org/10.1016/j.scitotenv.2022.156178
https://doi.org/10.1093/icb/icx090
https://doi.org/10.1371/journal.pone.0054783
https://doi.org/10.1126/sciadv.aaz5216
https://doi.org/10.1126/sciadv.aaz5216
https://doi.org/10.1146/annurev-animal-091020-075907
https://doi.org/10.1146/annurev-animal-091020-075907
https://doi.org/10.1016/j.ygeno.2022.110298
https://doi.org/10.1098/rspb.2019.2900
https://doi.org/10.1038/ncomms14319
https://doi.org/10.1038/ncomms14319
https://doi.org/10.1016/j.copbio.2021.06.028
https://doi.org/10.1016/j.copbio.2021.06.028
https://doi.org/10.1186/s13059-019-1807-z
https://doi.org/10.1111/mec.14473
https://linkinghub.elsevier.com/retrieve/pii/S2452231717300143
https://linkinghub.elsevier.com/retrieve/pii/S2452231717300143
https://doi.org/10.1186/s42523-021-00094-4
https://doi.org/10.1186/s42523-021-00094-4
https://doi.org/10.1371/journal.pone.0244724
https://doi.org/10.1371/journal.pone.0244724
https://doi.org/10.3390/microorganisms10071305


Page 20 of 22Dias et al. Animal Microbiome            (2025) 7:20 

microbiomes. ISME J. 2019;13:576–87. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​3​9​6​-​0​1​8​-​0​1​
7​5​-​0.

79.	 Brooks AW, Kohl KD, Brucker RM, van Opstal EJ, Bordenstein SR. Phylosymbio-
sis: relationships and Functional effects of Microbial communities across host 
evolutionary history. PLoS Biol. 2016;14:e2000225. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​3​7​1​​/​j​​o​
u​r​​n​a​l​​.​p​b​i​​o​.​​2​0​0​0​2​2​5.

80.	 Mazel F, Davis KM, Loudon A, Kwong WK, Groussin M, Parfrey LW. Is host 
filtering the main driver of phylosymbiosis across the Tree of Life? mSystems. 
2018;3. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​m​​S​y​s​t​e​m​s​.​0​0​0​9​7​-​1​8.

81.	 Kohl KD. Ecological and evolutionary mechanisms underlying patterns of 
phylosymbiosis in host-associated microbial communities. Philos Trans R Soc 
Lond B Biol Sci. 2020;375:20190251. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​8​​/​r​​s​t​b​.​2​0​1​9​.​0​2​5​1.

82.	 Mallott EK, Amato KR. Host specificity of the gut microbiome. Nat Rev Micro-
biol. 2021;19:639–53. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​7​9​-​0​2​1​-​0​0​5​6​2​-​3.

83.	 Horner-Devine MC, Bohannan BJM. Phylogenetic clustering and 
overdispersion in bacterial communities. Ecology. 2006;87:S100–8. 
doi:10.1890/0012-9658(2006)87[100:pcaoib]2.0.co;2.

84.	 Webb CO, Ackerly DD, McPeek MA, Donoghue MJ. Phylogenies and com-
munity ecology. Annu Rev Ecol Syst. 2002;33:475–505. Available from: ​h​t​t​p​​s​:​/​​/​
w​w​w​​.​a​​n​n​u​​a​l​r​​e​v​i​e​​w​s​​.​o​r​​g​/​d​​o​i​/​​​h​t​t​​p​s​:​​/​/​d​o​​i​.​​o​r​g​​/​1​0​​.​1​1​4​​6​/​​a​n​n​​u​r​e​​v​.​e​c​​o​l​​s​y​s​.​3​3​.​0​1​0​8​
0​2​.​1​5​0​4​4​8

85.	 Neu AT, Allen EE, Roy K. Defining and quantifying the core microbiome: chal-
lenges and prospects. Proc Natl Acad Sci U S A. 2021;118. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​
0​7​3​​/​p​​n​a​s​.​2​1​0​4​4​2​9​1​1​8.

86.	 Lynch MDJ, Neufeld JD. Ecology and exploration of the rare biosphere. Nat 
Rev Microbiol. 2015;13:217–29. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​n​​r​m​i​c​r​o​3​4​0​0.

87.	 Jousset A, Bienhold C, Chatzinotas A, Gallien L, Gobet A, Kurm V, et al. Where 
less may be more: how the rare biosphere pulls ecosystems strings. ISME J. 
2017;11:853–62. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​i​​s​m​e​j​.​2​0​1​6​.​1​7​4.

88.	 Glendinning L, Stewart RD, Pallen MJ, Watson KA, Watson M. Assembly of 
hundreds of novel bacterial genomes from the chicken caecum. Genome 
Biol. 2020;21:34. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​3​0​5​9​-​0​2​0​-​1​9​4​7​-​1.

89.	 Zhang S, Zhang H, Zhang C, Wang G, Shi C, Li Z et al. Composition and evo-
lutionary characterization of the gut microbiota in pigs. Int Microbiol. 2023; 
Available from: ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​1​0​1​2​3​-​0​2​3​-​0​0​4​4​9​-​8

90.	 Stewart RD, Auffret MD, Warr A, Wiser AH, Press MO, Langford KW, et al. 
Assembly of 913 microbial genomes from metagenomic sequencing of the 
cow rumen. Nat Commun. 2018;9:870. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​4​6​7​-​0​1​8​-​0​
3​3​1​7​-​6.

91.	 Franchitti E, Pedullà M, Madsen AM, Traversi D. Effect of anaerobic digestion 
on pathogens and antimicrobial resistance in the sewage sludge. Environ Int. 
2024;191:108998. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​e​n​​v​i​n​​t​.​2​0​​2​4​​.​1​0​8​9​9​8.

92.	 Machado DT, Dias B do, Cayô C, Gales R, Marques de Carvalho AC, Vascon-
celos F. Uncovering new species in vertebrate hosts through metagenome-
assembled genomes with potential for sporulation. Microbiol Spectr. 
2024;12:e0211324. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​s​​p​e​c​t​r​u​m​.​0​2​1​1​3​-​2​4.

93.	 Parks DH, Imelfort M, Skennerton CT, Hugenholtz P, Tyson GW. CheckM: 
assessing the quality of microbial genomes recovered from isolates, single 
cells, and metagenomes. Genome Res. 2015;25:1043–55. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​
1​0​1​​/​g​​r​.​1​8​6​0​7​2​.​1​1​4.

94.	 Yutin N, Galperin MY. A genomic update on clostridial phylogeny: Gram-
negative spore formers and other misplaced clostridia. Environ Microbiol. 
2013;15:2631–41. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​1​​4​6​2​-​2​9​2​0​.​1​2​1​7​3.

95.	 Egan M, Dempsey E, Ryan CA, Ross RP, Stanton C. The sporobiota of the 
human gut. Gut Microbes. 2021;13:1–17. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​8​0​​/​1​​9​4​9​​0​9​7​​6​.​2​
0​​2​0​​.​1​8​6​3​1​3​4.

96.	 Mukhopadhya I, Moraïs S, Laverde-Gomez J, Sheridan PO, Walker AW, Kelly 
W, et al. Sporulation capability and amylosome conservation among diverse 
human colonic and rumen isolates of the keystone starch-degrader. Environ 
Microbiol. 2018;20:324–36. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​1​​4​6​2​-​2​9​2​0​.​1​4​0​0​0.

97.	 Yung PT, Kempf MJ, Ponce A, A Rapid Single Spore Enumeration Assay. 2006 
IEEE Aerospace Conference. IEEE; 2006. Available from: ​h​t​t​p​​:​/​/​​i​e​e​e​​x​p​​l​o​r​​e​.​i​​e​e​e​.​​
o​r​​g​/​d​​o​c​u​​m​e​n​t​​/​1​​6​5​5​7​8​8​/

98.	 Koopman N, Remijas L, Seppen J, Setlow P, Brul S. Mechanisms and applica-
tions of bacterial sporulation and germination in the intestine. Int J Mol Sci. 
2022;23. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​i​​j​m​s​2​3​0​6​3​4​0​5.

99.	 Ley RE, Peterson DA, Gordon JI. Ecological and evolutionary forces shaping 
microbial diversity in the human intestine. Cell. 2006;124:837–48. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​e​l​l​.​2​0​0​6​.​0​2​.​0​1​7.

100.	 Browne HP, Neville BA, Forster SC, Lawley TD. Transmission of the gut micro-
biota: spreading of health. Nat Rev Microbiol. 2017;15:531–43. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​​1​0​3​8​​/​n​​r​m​i​c​r​o​.​2​0​1​7​.​5​0.

101.	 Kokou F, Sasson G, Friedman J, Eyal S, Ovadia O, Harpaz S, et al. Core gut 
microbial communities are maintained by beneficial interactions and strain 
variability in fish. Nat Microbiol. 2019;4:2456–65. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​
6​4​-​0​1​9​-​0​5​6​0​-​0.

102.	 Kawai K, Kamochi R, Oiki S, Murata K, Hashimoto W. Probiotics in human gut 
microbiota can degrade host glycosaminoglycans. Sci Rep. 2018;8:10674. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​9​8​-​0​1​8​-​2​8​8​8​6​-​w.

103.	 Leftwich PT, Edgington MP, Chapman T. Transmission efficiency drives host-
microbe associations. Proc Biol Sci. 2020;287:20200820. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​
8​​/​r​​s​p​b​.​2​0​2​0​.​0​8​2​0.

104.	 Wang R, Seyedsayamdost MR, Opinion. Hijacking exogenous signals to 
generate new secondary metabolites during symbiotic interactions. Nat Rev 
Chem. 2017;1. Available from: ​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​a​t​u​​r​e​.​​c​o​m​/​​a​r​​t​i​c​​l​e​s​​/​s​4​1​​5​7​​0​-​0​1​7​-​0​
0​2​1

105.	 McKenney EA, Koelle K, Dunn RR, Yoder AD. The ecosystem services of animal 
microbiomes. Mol Ecol. 2018;27:2164–72. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​m​​e​c​.​1​4​5​3​2.

106.	 Cheng Y-H, Horng Y-B, Chen W-J, Hua K-F, Dybus A, Yu Y-H. Effect of 
Fermented products produced by on the growth performance and Cecal 
Microbial Community of Broilers under Coccidial Challenge. Anim (Basel). 
2021;11. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​a​​n​i​1​1​0​5​1​2​4​5.

107.	 Bell A, Juge N. Mucosal glycan degradation of the host by the gut microbiota. 
Glycobiology. 2021;31:691–6. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​g​​l​y​c​o​b​/​c​w​a​a​0​9​7.

108.	 Chorley BN, Campbell MR, Wang X, Karaca M, Sambandan D, Bangura F, et 
al. Identification of novel NRF2-regulated genes by ChIP-Seq: influence on 
retinoid X receptor alpha. Nucleic Acids Res. 2012;40:7416–29. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​​1​0​9​3​​/​n​​a​r​/​g​k​s​4​0​9.

109.	 Schoeler M, Caesar R. Dietary lipids, gut microbiota and lipid metabolism. Rev 
Endocr Metab Disord. 2019;20:461–72. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​1​1​1​5​4​-​0​1​9​-​0​
9​5​1​2​-​0.

110.	 Brown EM, Clardy J, Xavier RJ. Gut microbiome lipid metabolism and its 
impact on host physiology. Cell Host Microbe. 2023;31:173–86. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​h​o​m​.​2​0​2​3​.​0​1​.​0​0​9.

111.	 Krishnan S, Alden N, Lee K. Pathways and functions of gut microbiota metab-
olism impacting host physiology. Curr Opin Biotechnol. 2015;36:137–45. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​o​​p​b​i​​o​.​2​0​​1​5​​.​0​8​.​0​1​5.

112.	 Labarthe S, Plancade S, Raguideau S, Plaza Oñate F, Le Chatelier E, Leclerc M, 
et al. Four functional profiles for fibre and mucin metabolism in the human 
gut microbiome. Microbiome. 2023;11:231. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​4​0​1​6​8​-​0​
2​3​-​0​1​6​6​7​-​y.

113.	 El Kaoutari A, Armougom F, Gordon JI, Raoult D, Henrissat B. The abundance 
and variety of carbohydrate-active enzymes in the human gut microbiota. 
Nat Rev Microbiol. 2013;11:497–504. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​n​​r​m​i​c​r​o​3​0​5​0.

114.	 Raguideau S, Plancade S, Pons N, Leclerc M, Laroche B. Inferring aggregated 
functional traits from Metagenomic Data using constrained non-negative 
Matrix factorization: application to Fiber degradation in the human gut 
microbiota. PLoS Comput Biol. 2016;12:e1005252. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​3​7​1​​/​j​​o​u​
r​​n​a​l​​.​p​c​b​​i​.​​1​0​0​5​2​5​2.

115.	 Vital M, Howe A, Bergeron N, Krauss RM, Jansson JK, Tiedje JM. Metagenomic 
insights into the degradation of resistant starch by human gut microbiota. 
Appl Environ Microbiol. 2018;84. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​A​​E​M​.​0​1​5​6​2​-​1​8.

116.	 Kontogiorgos V, Pectin. Technological and Physiological Properties. Springer 
Nature; 2020. Available from: ​h​t​t​p​​s​:​/​​/​p​l​a​​y​.​​g​o​o​​g​l​e​​.​c​o​m​​/​s​​t​o​r​​e​/​b​​o​o​k​s​​/​d​​e​t​a​​i​l​s​​?​i​d​
=​​j​Z​​E​A​E​A​A​A​Q​B​A​J

117.	 Chen C, Chen S, Wang B. A glance at the gut microbiota and the functional 
roles of the microbes based on marmot fecal samples. Front Microbiol. 
2023;14:1035944. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​m​i​c​b​.​2​0​2​3​.​1​0​3​5​9​4​4.

118.	 Calvete-Torre I, Sabater C, Margolles A, Ruiz L. Fecal microbiota cooperative 
metabolism of pectins derived from apple pomace: A functional metage-
nomic study. Lebenson Wiss Technol. 2023;187:115362. Available from: ​h​t​t​p​​s​:​/​​
/​l​i​n​​k​i​​n​g​h​​u​b​.​​e​l​s​e​​v​i​​e​r​.​​c​o​m​​/​r​e​t​​r​i​​e​v​e​​/​p​i​​i​/​S​0​​0​2​​3​6​4​3​8​2​3​0​0​9​4​1​6

119.	 O Sheridan P, Martin JC, Lawley TD, Browne HP, Harris HMB, Bernalier-
Donadille A, et al. Polysaccharide utilization loci and nutritional specialization 
in a dominant group of butyrate-producing human colonic. Microb Genom. 
2016;2:e000043. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​9​​/​m​​g​e​n​.​0​.​0​0​0​0​4​3.

120.	 Tian Y, Wang Y, Zhong Y, Møller MS, Westh P, Svensson B, et al. Interfacial 
catalysis during amylolytic degradation of Starch granules: current under-
standing and kinetic approaches. Molecules. 2023;28. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​
/​m​​o​l​e​c​u​l​e​s​2​8​0​9​3​7​9​9.

121.	 Clarke G, Sandhu KV, Griffin BT, Dinan TG, Cryan JF, Hyland NP. Gut reac-
tions: breaking Down Xenobiotic-Microbiome interactions. Pharmacol Rev. 
2019;71:198–224. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​4​​/​p​​r​.​1​1​8​.​0​1​5​7​6​8.

https://doi.org/10.1038/s41396-018-0175-0
https://doi.org/10.1038/s41396-018-0175-0
https://doi.org/10.1371/journal.pbio.2000225
https://doi.org/10.1371/journal.pbio.2000225
https://doi.org/10.1128/mSystems.00097-18
https://doi.org/10.1098/rstb.2019.0251
https://doi.org/10.1038/s41579-021-00562-3
https://www.annualreviews.org/doi/
https://www.annualreviews.org/doi/
https://doi.org/10.1146/annurev.ecolsys.33.010802.150448
https://doi.org/10.1146/annurev.ecolsys.33.010802.150448
https://doi.org/10.1073/pnas.2104429118
https://doi.org/10.1073/pnas.2104429118
https://doi.org/10.1038/nrmicro3400
https://doi.org/10.1038/ismej.2016.174
https://doi.org/10.1186/s13059-020-1947-1
https://doi.org/10.1007/s10123-023-00449-8
https://doi.org/10.1038/s41467-018-03317-6
https://doi.org/10.1038/s41467-018-03317-6
https://doi.org/10.1016/j.envint.2024.108998
https://doi.org/10.1128/spectrum.02113-24
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1111/1462-2920.12173
https://doi.org/10.1080/19490976.2020.1863134
https://doi.org/10.1080/19490976.2020.1863134
https://doi.org/10.1111/1462-2920.14000
http://ieeexplore.ieee.org/document/1655788/
http://ieeexplore.ieee.org/document/1655788/
https://doi.org/10.3390/ijms23063405
https://doi.org/10.1016/j.cell.2006.02.017
https://doi.org/10.1016/j.cell.2006.02.017
https://doi.org/10.1038/nrmicro.2017.50
https://doi.org/10.1038/nrmicro.2017.50
https://doi.org/10.1038/s41564-019-0560-0
https://doi.org/10.1038/s41564-019-0560-0
https://doi.org/10.1038/s41598-018-28886-w
https://doi.org/10.1038/s41598-018-28886-w
https://doi.org/10.1098/rspb.2020.0820
https://doi.org/10.1098/rspb.2020.0820
https://www.nature.com/articles/s41570-017-0021
https://www.nature.com/articles/s41570-017-0021
https://doi.org/10.1111/mec.14532
https://doi.org/10.3390/ani11051245
https://doi.org/10.1093/glycob/cwaa097
https://doi.org/10.1093/nar/gks409
https://doi.org/10.1093/nar/gks409
https://doi.org/10.1007/s11154-019-09512-0
https://doi.org/10.1007/s11154-019-09512-0
https://doi.org/10.1016/j.chom.2023.01.009
https://doi.org/10.1016/j.chom.2023.01.009
https://doi.org/10.1016/j.copbio.2015.08.015
https://doi.org/10.1016/j.copbio.2015.08.015
https://doi.org/10.1186/s40168-023-01667-y
https://doi.org/10.1186/s40168-023-01667-y
https://doi.org/10.1038/nrmicro3050
https://doi.org/10.1371/journal.pcbi.1005252
https://doi.org/10.1371/journal.pcbi.1005252
https://doi.org/10.1128/AEM.01562-18
https://play.google.com/store/books/details?id=jZEAEAAAQBAJ
https://play.google.com/store/books/details?id=jZEAEAAAQBAJ
https://doi.org/10.3389/fmicb.2023.1035944
https://linkinghub.elsevier.com/retrieve/pii/S0023643823009416
https://linkinghub.elsevier.com/retrieve/pii/S0023643823009416
https://doi.org/10.1099/mgen.0.000043
https://doi.org/10.3390/molecules28093799
https://doi.org/10.3390/molecules28093799
https://doi.org/10.1124/pr.118.015768


Page 21 of 22Dias et al. Animal Microbiome            (2025) 7:20 

122.	 Hymes JP, Klaenhammer TR. Stuck in the Middle: fibronectin-binding proteins 
in Gram-positive Bacteria. Front Microbiol. 2016;7:1504. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​
9​​/​f​​m​i​c​b​.​2​0​1​6​.​0​1​5​0​4.

123.	 Hu J, Kim I-H. Effect of C-3102 spores as a probiotic feed supplement on 
growth performance, nutrient digestibility, Diarrhea score, intestinal micro-
biota, and excreta odor contents in Weanling piglets. Anim (Basel). 2022;12. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​a​​n​i​1​2​0​3​0​3​1​6.

124.	 Sun P, Wang JQ, Zhang HT. Effects of Bacillus subtilis natto perform immune 
function preweaning calves. J Dairy Sci. 2010;93:5851–5. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​1​
6​8​​/​j​​d​s​.​2​0​1​0​-​3​2​6​3.

125.	 Souza VL, Lopes NM, Zacaroni OF, Silveira VA, Pereira RAN, Freitas JA, et al. 
Lactation performance and diet digestibility of dairy cows in response to the 
supplementation of. Spores Livest Sci. 2017;200:35–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​
/​j​​.​l​i​​v​s​c​​i​.​2​0​​1​7​​.​0​3​.​0​2​3.

126.	 Popov IV, Algburi A, Prazdnova EV, Mazanko MS, Elisashvili V, Bren AB, et al. A 
review of the effects and production of spore-forming probiotics for Poultry. 
Anim (Basel). 2021;11. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​a​​n​i​1​1​0​7​1​9​4​1.

127.	 Khalid A, Khalid F, Mahreen N, Hussain SM, Shahzad MM, Khan S, et al. Effect 
of spore-forming probiotics on the Poultry production: a review. Food Sci 
Anim Resour. 2022;42:968–80. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​5​8​5​1​​/​k​​o​s​f​a​.​2​0​2​2​.​e​4​1.

128.	 Rawat PS, Seyed Hameed AS, Meng X, Liu W. Utilization of glycosamino-
glycans by the human gut microbiota: participating bacteria and their 
enzymatic machineries. Gut Microbes. 2022;14:2068367. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​
8​0​​/​1​​9​4​9​​0​9​7​​6​.​2​0​​2​2​​.​2​0​6​8​3​6​7.

129.	 Ramírez-Pérez O, Cruz-Ramón V, Chinchilla-López P, Méndez-Sánchez N. The 
role of the gut Microbiota in bile acid metabolism. Ann Hepatol. 2017;16 
Suppl 1:S21–6. Available from: ​h​t​t​p​​s​:​/​​/​l​i​n​​k​i​​n​g​h​​u​b​.​​e​l​s​e​​v​i​​e​r​.​​c​o​m​​/​r​e​t​​r​i​​e​v​e​​/​p​i​​i​/​S​1​​
6​6​​5​2​6​8​1​1​9​3​1​0​4​0​3

130.	 Zhang B, Jiang X, Yu Y, Cui Y, Wang W, Luo H, et al. Rumen microbiome-driven 
insight into bile acid metabolism and host metabolic regulation. ISME J. 
2024;18. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​i​​s​m​e​j​o​/​w​r​a​e​0​9​8.

131.	 Vasquez R, Oh JK, Song JH, Kang D-K. Gut microbiome-produced metabolites 
in pigs: a review on their biological functions and the influence of probiotics. 
J Anim Sci Technol. 2022;64:671–95. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​5​1​8​7​​/​j​​a​s​t​.​2​0​2​2​.​e​5​8.

132.	 Jia H, Dong N. Effects of bile acid metabolism on intestinal health of livestock 
and poultry. J Anim Physiol Anim Nutr (Berl). 2024;108:1258–69. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​1​1​1​​/​j​​p​n​.​1​3​9​6​9.

133.	 Fu J, Zheng Y, Gao Y, Xu W. Dietary Fiber intake and gut microbiota in Human 
Health. Microorganisms. 2022;10. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​m​​i​c​r​​o​o​r​​g​a​n​i​​s​m​​s​1​0​
1​2​2​5​0​7.

134.	 Xu Q, Qiao Q, Gao Y, Hou J, Hu M, Du Y, et al. Gut microbiota and their role in 
Health and metabolic disease of dairy cow. Front Nutr. 2021;8:701511. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​n​u​t​.​2​0​2​1​.​7​0​1​5​1​1.

135.	 Singh AK, Kim WK. Effects of Dietary Fiber on nutrients utilization and Gut 
Health of Poultry: A Review of challenges and opportunities. Anim (Basel). 
2021;11. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​a​​n​i​1​1​0​1​0​1​8​1.

136.	 Tang X, Zhang L, Wang L, Ren S, Zhang J, Ma Y, et al. Multi-omics Analysis 
reveals Dietary Fiber’s impact on growth, Slaughter Performance, and gut 
microbiome in Durco × Bamei crossbred pig. Microorganisms. 2024;12. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​m​​i​c​r​​o​o​r​​g​a​n​i​​s​m​​s​1​2​0​8​1​6​7​4.

137.	 Yang H, Huang X, Fang S, He M, Zhao Y, Wu Z, et al. Unraveling the fecal 
microbiota and Metagenomic Functional Capacity Associated with feed 
efficiency in pigs. Front Microbiol. 2017;8:1555. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​m​i​c​b​.​
2​0​1​7​.​0​1​5​5​5.

138.	 Lemos LN, de Carvalho FM, Santos FF, Valiatti TB, Corsi DC, de Oliveira Silveira 
AC, et al. Sci Data. 2022;9:366. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​9​7​-​0​2​2​-​0​1​4​6​5​-​5. 
Large Scale Genome-Centric Metagenomic Data from the Gut Microbiome 
of Food-Producing Animals and Humans.

139.	 Hiendleder S, Lewalski H, Janke A. Complete mitochondrial genomes of. Bos 
indicus Provide new Insights into intra-species Variation Taxonomy Domesti-
cation Cytogenet Genome Res. 2008;120:150–6. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​9​​/​0​​0​0​1​
1​8​7​5​6.

140.	 Herrera MB, Kraitsek S, Alcalde JA, Quiroz D, Revelo H, Alvarez LA, et al. 
European and Asian contribution to the genetic diversity of mainland south 
American chickens. R Soc Open Sci. 2020;7:191558. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​8​​/​r​​s​
o​s​.​1​9​1​5​5​8.

141.	 Wang N, Kimball RT, Braun EL, Liang B, Zhang Z. Assessing phylogenetic rela-
tionships among galliformes: a multigene phylogeny with expanded taxon 
sampling in phasianidae. PLoS One. 2013;8:e64312. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​3​7​1​​/​j​​o​
u​r​​n​a​l​​.​p​o​n​​e​.​​0​0​6​4​3​1​2

142.	 Li C, Wang X, Cai H, Fu Y, Luan Y, Wang W, et al. Molecular microevolu-
tion and epigenetic patterns of the long non-coding gene H19 show its 

potential function in pig domestication and breed divergence. BMC Evol Biol. 
2016;16:87. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​8​6​2​-​0​1​6​-​0​6​5​7​-​5.

143.	 Lee C, Day J, Goodman SM, Pedrono M, Besnard G, Frantz L, et al. Genetic 
origins and diversity of bushpigs from Madagascar (Potamochoerus larvatus, 
Family Suidae) Sci Rep. 2020;10:20629. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​9​8​-​0​2​0​-​7​7​
2​7​9​-​5.

144.	 Springer MS, Meredith RW, Gatesy J, Emerling CA, Park J, Rabosky DL, et al. 
Macroevolutionary dynamics and historical biogeography of primate diversi-
fication inferred from a species supermatrix. PLoS ONE. 2012;7:e49521. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​3​7​1​​/​j​​o​u​r​​n​a​l​​.​p​o​n​​e​.​​0​0​4​9​5​2​1.

145.	 Wildman DE, Goodman M. Humankind’s place in a phylogenetic classifica-
tion of living Primates. Evolutionary theory and processes: Modern Horizons. 
Dordrecht: Springer Netherlands; 2004. pp. 293–311.

146.	 Kang DD, Li F, Kirton E, Thomas A, Egan R, An H, et al. MetaBAT 2: an adaptive 
binning algorithm for robust and efficient genome reconstruction from 
metagenome assemblies. PeerJ. 2019;7:e7359. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​7​7​1​7​​/​p​​e​e​r​j​.​
7​3​5​9.

147.	 Bowers RM, Kyrpides NC, Stepanauskas R, Harmon-Smith M, Doud D, Reddy 
TBK, et al. Minimum information about a single amplified genome (MISAG) 
and a metagenome-assembled genome (MIMAG) of bacteria and archaea. 
Nat Biotechnol. 2017;35:725–31. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​n​​b​t​.​3​8​9​3.

148.	 Chaumeil P-A, Mussig AJ, Hugenholtz P, Parks DH. GTDB-Tk: a toolkit to 
classify genomes with the genome taxonomy database. Bioinformatics. 
2019;36:1925–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​b​​i​o​i​​n​f​o​​r​m​a​t​​i​c​​s​/​b​t​z​8​4​8.

149.	 Tobe SS, Kitchener AC, Linacre AMT. Reconstructing mammalian phylogenies: 
a detailed comparison of the cytochrome B and cytochrome oxidase subunit 
I mitochondrial genes. PLoS ONE. 2010;5:e14156. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​3​7​1​​/​j​​o​u​r​​
n​a​l​​.​p​o​n​​e​.​​0​0​1​4​1​5​6.

150.	 Katoh K, Standley DM. MAFFT multiple sequence alignment software version 
7: improvements in performance and usability. Mol Biol Evol. 2013;30:772–80. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​m​​o​l​b​e​v​/​m​s​t​0​1​0.

151.	 Nguyen L-T, Schmidt HA, von Haeseler A, Minh BQ. IQ-TREE: a fast and effec-
tive stochastic algorithm for estimating maximum-likelihood phylogenies. 
Mol Biol Evol. 2015;32:268–74. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​m​​o​l​b​e​v​/​m​s​u​3​0​0.

152.	 Kalyaanamoorthy S, Minh BQ, Wong TKF, von Haeseler A, Jermiin LS. 
ModelFinder: fast model selection for accurate phylogenetic estimates. Nat 
Methods. 2017;14:587–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​n​​m​e​t​h​.​4​2​8​5.

153.	 Hoang DT, Chernomor O, von Haeseler A, Minh BQ, Vinh LS. UFBoot2: improv-
ing the Ultrafast bootstrap approximation. Mol Biol Evol. 2018;35:518–22. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​m​​o​l​b​e​v​/​m​s​x​2​8​1.

154.	 Tamura K, Battistuzzi FU, Billing-Ross P, Murillo O, Filipski A, Kumar S. Estimat-
ing divergence times in large molecular phylogenies. Proc Natl Acad Sci U S 
A. 2012;109:19333–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​7​3​​/​p​​n​a​s​.​1​2​1​3​1​9​9​1​0​9.

155.	 Letunic I, Bork P. Interactive tree of life (iTOL) v3: an online tool for the 
display and annotation of phylogenetic and other trees. Nucleic Acids Res. 
2016;44:W242–5. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​n​​a​r​/​g​k​w​2​9​0.

156.	 Ye SH, Siddle KJ, Park DJ, Sabeti PC. Benchmarking Metagenomics Tools for 
taxonomic classification. Cell. 2019;178:779–94. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​e​l​l​.​
2​0​1​9​.​0​7​.​0​1​0.

157.	 Martiny JBH, Jones SE, Lennon JT, Martiny AC. Microbiomes in light of traits: a 
phylogenetic perspective. Science. 2015;350:aac9323. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​6​​
/​s​​c​i​e​n​c​e​.​a​a​c​9​3​2​3.

158.	 Oksanen JF, Blanchet Fg, Friendly M, Kindt R, Legendre P, McGlinn D, Minchin 
PR, Hara O RB, Simpson GL, Solymas P, Stevens MHH, Szoecs E, Wagner H. 
Vegan: Community Ecology Package. R Dev Core Team. 2019;25:7.

159.	 R Core Team. R: a language and environment for statistical computing. R 
Foundation for Statistical Computing; 2019.

160.	 Derek HO, Jason CD, Wheeler AP, Dinno A. FSA: simple fisheries stock 
assessment methods. 2023. Available from: https://CRANR-projectorg/
package=FSA

161.	 de Mendiburu F. agricolae: statistical procedures for agricultural research. 
2019. ​h​t​t​p​​s​:​/​​/​C​R​A​​N​.​​R​-​p​​r​o​j​​e​c​t​.​​o​r​​g​/​p​​a​c​k​​a​g​e​=​​a​g​​r​i​c​o​l​a​e

162.	 Wickham H. ggplot2: Elegant Graphics for Data Analysis. Springer Science & 
Business Media; 2009. Available from: ​h​t​t​p​​s​:​/​​/​p​l​a​​y​.​​g​o​o​​g​l​e​​.​c​o​m​​/​s​​t​o​r​​e​/​b​​o​o​k​s​​/​d​​
e​t​a​​i​l​s​​?​i​d​=​​b​e​​s​-​A​A​A​A​Q​B​A​J

163.	 Bastiaanssen TFS, Quinn TP, Loughman A. Bugs as features (part 1): concepts 
and foundations for the compositional data analysis of the microbiome–gut–
brain axis. Nature Mental Health. 2023 [cited 2024 Jun 10];1:930–8. Available 
from: ​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​a​t​u​​r​e​.​​c​o​m​/​​a​r​​t​i​c​​l​e​s​​/​s​4​4​​2​2​​0​-​0​2​3​-​0​0​1​4​8​-​3

164.	 Gloor GB, Macklaim JM, Pawlowsky-Glahn V, Egozcue JJ. Microbiome datasets 
are compositional: and this is not optional. Front Microbiol. 2017;8:2224. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​m​i​c​b​.​2​0​1​7​.​0​2​2​2​4.

https://doi.org/10.3389/fmicb.2016.01504
https://doi.org/10.3389/fmicb.2016.01504
https://doi.org/10.3390/ani12030316
https://doi.org/10.3390/ani12030316
https://doi.org/10.3168/jds.2010-3263
https://doi.org/10.3168/jds.2010-3263
https://doi.org/10.1016/j.livsci.2017.03.023
https://doi.org/10.1016/j.livsci.2017.03.023
https://doi.org/10.3390/ani11071941
https://doi.org/10.5851/kosfa.2022.e41
https://doi.org/10.1080/19490976.2022.2068367
https://doi.org/10.1080/19490976.2022.2068367
https://linkinghub.elsevier.com/retrieve/pii/S1665268119310403
https://linkinghub.elsevier.com/retrieve/pii/S1665268119310403
https://doi.org/10.1093/ismejo/wrae098
https://doi.org/10.5187/jast.2022.e58
https://doi.org/10.1111/jpn.13969
https://doi.org/10.1111/jpn.13969
https://doi.org/10.3390/microorganisms10122507
https://doi.org/10.3390/microorganisms10122507
https://doi.org/10.3389/fnut.2021.701511
https://doi.org/10.3389/fnut.2021.701511
https://doi.org/10.3390/ani11010181
https://doi.org/10.3390/microorganisms12081674
https://doi.org/10.3390/microorganisms12081674
https://doi.org/10.3389/fmicb.2017.01555
https://doi.org/10.3389/fmicb.2017.01555
https://doi.org/10.1038/s41597-022-01465-5
https://doi.org/10.1159/000118756
https://doi.org/10.1159/000118756
https://doi.org/10.1098/rsos.191558
https://doi.org/10.1098/rsos.191558
https://doi.org/10.1371/journal.pone.0064312
https://doi.org/10.1371/journal.pone.0064312
https://doi.org/10.1186/s12862-016-0657-5
https://doi.org/10.1038/s41598-020-77279-5
https://doi.org/10.1038/s41598-020-77279-5
https://doi.org/10.1371/journal.pone.0049521
https://doi.org/10.1371/journal.pone.0049521
https://doi.org/10.7717/peerj.7359
https://doi.org/10.7717/peerj.7359
https://doi.org/10.1038/nbt.3893
https://doi.org/10.1093/bioinformatics/btz848
https://doi.org/10.1371/journal.pone.0014156
https://doi.org/10.1371/journal.pone.0014156
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.1073/pnas.1213199109
https://doi.org/10.1093/nar/gkw290
https://doi.org/10.1016/j.cell.2019.07.010
https://doi.org/10.1016/j.cell.2019.07.010
https://doi.org/10.1126/science.aac9323
https://doi.org/10.1126/science.aac9323
https://CRAN.R-project.org/package=agricolae
https://play.google.com/store/books/details?id=bes-AAAAQBAJ
https://play.google.com/store/books/details?id=bes-AAAAQBAJ
https://www.nature.com/articles/s44220-023-00148-3
https://doi.org/10.3389/fmicb.2017.02224
https://doi.org/10.3389/fmicb.2017.02224


Page 22 of 22Dias et al. Animal Microbiome            (2025) 7:20 

165.	 Oja H. Multivariate Nonparametric Methods with R: An approach based on 
spatial signs and ranks. Springer; 2010. Available from: ​h​t​t​p​​s​:​/​​/​b​o​o​​k​s​​.​g​o​​o​g​l​​e​.​c​
o​​m​/​​b​o​o​​k​s​/​​a​b​o​u​​t​/​​M​u​l​​t​i​v​​a​r​i​a​​t​e​​_​N​o​​n​p​a​​r​a​m​e​​t​r​​i​c​_​​M​e​t​​h​o​d​s​​_​w​​i​t​h​​.​h​t​​m​l​?​h​​l​=​​%​2​6​i​
d​=​u​W​w​A​k​A​E​A​C​A​A​J

166.	 Rausch P, Rühlemann M, Hermes BM, Doms S, Dagan T, Dierking K, et al. 
Comparative analysis of amplicon and metagenomic sequencing methods 
reveals key features in the evolution of animal metaorganisms. Microbiome. 
2019;7:133. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​4​0​1​6​8​-​0​1​9​-​0​7​4​3​-​1.

167.	 Trevelline BK, Sosa J, Hartup BK, Kohl KD. A bird’s-eye view of phylosymbiosis: 
weak signatures of phylosymbiosis among all 15 species of cranes. Proc Biol 
Sci. 2020;287:20192988. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​8​​/​r​​s​p​b​.​2​0​1​9​.​2​9​8​8.

168.	 Benjamini Y, Hochberg Y. Controlling the false discovery rate: A practical and 
powerful approach to multiple testing. J R Stat Soc Series B Stat Methodol. 
1995;57:289–300. Available from: ​h​t​t​p​​s​:​/​​/​a​c​a​​d​e​​m​i​c​​.​o​u​​p​.​c​o​​m​/​​j​r​s​​s​s​b​​/​a​r​t​​i​c​​l​e​/​5​7​
/​1​/​2​8​9​/​7​0​3​5​8​5​5

169.	 Storey JD, Tibshirani R. Statistical significance for genomewide studies. Proc 
Natl Acad Sci U S A. 2003;100:9440–5. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​7​3​​/​p​​n​a​s​.​1​5​3​0​5​0​9​1​
0​0.

170.	 Yan Lggvenn. Draw Venn Diagram by ‘ggplot2’. 2021. Available online: ​h​t​t​p​​s​:​/​​/​
c​r​a​​n​.​​r​-​p​​r​o​j​​e​c​t​.​​o​r​​g​/​w​​e​b​/​​p​a​c​k​​a​g​​e​s​/​​g​g​v​​e​n​n​/​​g​g​​v​e​n​n​.​p​d​f

171.	 Hyatt D, Chen G-L, Locascio PF, Land ML, Larimer FW, Hauser LJ. Prodigal: 
prokaryotic gene recognition and translation initiation site identification. 
BMC Bioinformatics. 2010;11:119. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​1​​4​7​1​-​2​1​0​5​-​1​1​-​1​1​9.

172.	 Huerta-Cepas J, Forslund K, Coelho LP, Szklarczyk D, Jensen LJ, von Mer-
ing C, et al. Fast genome-wide functional annotation through Orthology 

assignment by eggNOG-Mapper. Mol Biol Evol. 2017;34:2115–22. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​​1​0​9​3​​/​m​​o​l​b​e​v​/​m​s​x​1​4​8.

173.	 Website. Available from: http://www.genome.jp/keeg/, v. 94.2.
174.	 Zeller M, Huson DH. Comparison of functional classification systems. NAR 

Genom Bioinform. 2022;4:lqac090. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​n​​a​r​g​a​b​/​l​q​a​c​0​9​0.
175.	 Revelle W. psych: Procedures for Personality and Psychological Research. Dep 

Psychol Northwest. R package version 2.4.3. 2017.
176.	 Gu Z, Eils R, Schlesner M. Complex heatmaps reveal patterns and correlations 

in multidimensional genomic data. Bioinformatics. 2016;32:2847–9. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​b​​i​o​i​​n​f​o​​r​m​a​t​​i​c​​s​/​b​t​w​3​1​3.

177.	 Li Y, Mao K, Zang Y, Lu G, Qiu Q, Ouyang K, et al. Revealing the developmental 
characterization of rumen microbiome and its host in newly received cattle 
during receiving period contributes to formulating precise nutritional strate-
gies. Microbiome. 2023;11:238. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​4​0​1​6​8​-​0​2​3​-​0​1​6​8​2​-​z.

178.	 Auffret MD, Stewart RD, Dewhurst RJ, Duthie C-A, Watson M, Roehe R. Iden-
tification of Microbial Genetic capacities and potential mechanisms within 
the Rumen Microbiome explaining differences in beef cattle feed efficiency. 
Front Microbiol. 2020;11:1229. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​g​​/​​1​0​​.​3​3​​​8​9​​/​f​m​​i​c​b​.​2​​0​2​0​.​0​1​2​2​9.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://books.google.com/books/about/Multivariate_Nonparametric_Methods_with.html?hl=%26id=uWwAkAEACAAJ
https://books.google.com/books/about/Multivariate_Nonparametric_Methods_with.html?hl=%26id=uWwAkAEACAAJ
https://books.google.com/books/about/Multivariate_Nonparametric_Methods_with.html?hl=%26id=uWwAkAEACAAJ
https://doi.org/10.1186/s40168-019-0743-1
https://doi.org/10.1098/rspb.2019.2988
https://academic.oup.com/jrsssb/article/57/1/289/7035855
https://academic.oup.com/jrsssb/article/57/1/289/7035855
https://doi.org/10.1073/pnas.1530509100
https://doi.org/10.1073/pnas.1530509100
https://cran.r-project.org/web/packages/ggvenn/ggvenn.pdf
https://cran.r-project.org/web/packages/ggvenn/ggvenn.pdf
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1093/molbev/msx148
https://doi.org/10.1093/molbev/msx148
http://www.genome.jp/keeg/
https://doi.org/10.1093/nargab/lqac090
https://doi.org/10.1093/bioinformatics/btw313
https://doi.org/10.1093/bioinformatics/btw313
https://doi.org/10.1186/s40168-023-01682-z
https://doi.org/10.3389/fmicb.2020.01229

	﻿Metabolic pathways associated with ﻿Firmicutes﻿ prevalence in the gut of multiple livestock animals and humans
	﻿﻿Abstract
	﻿Background
	﻿Results
	﻿Diversity and host microbial characterization
	﻿Conserved clades of gut ﻿Firmicutes﻿ associated with the vertebrate evolution
	﻿Mechanisms associated with the transmission of ﻿Firmicutes﻿ in their host lineages

	﻿Discussion
	﻿Conclusions
	﻿Methods
	﻿Sample collection and animal grouping
	﻿Host phylogenomics
	﻿Microbial community analysis
	﻿Ecophylogenetic discovery of prevalent clades
	﻿Relationships between prevalent ﻿Firmicutes﻿ species and metabolic profile

	﻿References


