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Abstract

Background: The rumen is an ecosystem with a complex microbial microflora in which microbes initiate biofilm
formation by attaching to plant surfaces for plant degradation and are capable of converting feed to nutrients and
energy via microbial processes. Quorum sensing (QS) is a cell-to-cell communication mechanism that allows microbes
to synchronize the expression of multiple genes in the group to perform social behaviors such as chemotaxis and
biofilm formation using self-synthesized QS signaling molecules. Whereas QS has been extensively studied in model
microorganisms under pure culture conditions, QS mechanisms are poorly understood in complex bacterial commu-
nities, such as the rumen microflora, in which cell-to-cell communication may be common.

Results: Here, we analyzed 981 rumens bacterial and archaeal genomes from the Joint Genome Institute (JGI) and
GenBank databases and identified 15 types of known QS signaling molecule-related genes. The analysis of the preva-
lence and abundance of genes involved in QS showed that 767 microbial genomes appeared to possess QS-related
genes, including 680 bacterial genomes containing autoinducer-2 (Al-2) synthase- or receptor-encoding genes.
Prevotella, Butyivibrio, Ruminococcus, Oribacterium, Selenomonas, and Treponema, known abundant bacterial genera

in the rumen, possessed the greatest numbers of Al-2-related genes; these genes were highly expressed within the
metatranscriptome dataset, suggesting that intra- and interspecies communication mediated by Al-2 among rumen
microbes was universal in the rumen. The QS processes mediated by the dCache_1-containing Al-2 receptors (CahRs)
with various functional modules may be essential for degrading plants, digesting food, and providing energy and
nutrients to the host. Additionally, a universal natural network based on QS revealed how rumen microbes coordinate
social behaviors via the Al-2-mediated QS system, most of which may potentially function via Al-2 binding to the
extracellular sensor dCache_1 domain to activate corresponding receptors involved in different signal transduction
pathways, such as methyl-accepting chemotaxis proteins, histidine kinases, serine phosphatases, c-di-GMP synthases
and phosphodiesterases, and serine/threonine kinases in the rumen.
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Conclusions: The exploration of Al-2-related genes, especially CahR-type Al-2 receptors, greatly increased our insight
into Al-2 as a potentially “universal” signal mediating social behaviors and will help us better understand microbial
communication networks and the function of QS in plant-microbe interactions in complex microecosystems.
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Background

The rumen represents a bioreactor of the natural envi-
ronment and converts the energy stored in plants that are
indigestible by humans into digestible food products [1].
It contains a highly specialized, complex microbial com-
munity with a high-cell density (10’-108 cells per kilo-
gram) composed of bacteria, archaea, fungi, and viruses.
These microbes usually attach to solid feed particles and
form biofilms to achieve the degradation of various kinds
of feed particles, thereby providing the host with energy
and nutrients [2, 3]. However, progress in understanding
rumen microbial communications has been slow due to
the complexity of the ecosystem in the rumen. In-depth
explorations of rumen microbial communication must be
meaningful to increase the efficacy of plant degradation
and ruminant production in the rumen microecological
environment.

Quorum sensing (QS) is a cell-to-cell communication
process mediated by autoinducers (Als) that enables bac-
terial populations to coordinate their behaviors in a cell
density-dependent manner [4, 5]. Als are specific QS
signaling molecules synthesized by microbial species and
are widespread in prokaryotic cells [6]. When microbial
community size becomes sufficiently large and the con-
centration of Als reaches the threshold level required
for detection, the Als are bound by the corresponding
receptors to trigger a signal transduction cascade for reg-
ulating the expression of target genes, causing a variety
of bacterial behaviors, such as motility, biofilm forma-
tion, virulence factor expression, extracellular protease
production, and antibiotic resistance [7, 8]. The known
Als that regulate physiological functions based on QS
include N-acyl homoserine lactones (AHLs), autoinduc-
ing peptides (AIPs), autoinducer-2 (Al-2), diffusible sig-
nal factors (DSFs)/Burkholderia cenocepacia diffusible
signal factors (BDSFs), indoles [9], autoinducter-3 (AI-3),
cholerae autoinducer-1 (CAI-1) [10], diketopiperazines
(DKPs) [11], Pseudomonas quinolone signal (PQS)/2-
heptyl-4-quinolone (HHQ), 2-(2-hydroxyphenyl)-thi-
azole-4-carbaldehyde (IQS) [12], pyrones (PPYs) [13],
dialkylresorcinols (DARs)/cyclohexanediones (CHDs),
competence stimulating peptide (CSP) [14], 3,5-dimeth-
ylpyrazin-2-ol (DPO) [15], and 3-hydroxypalmitic acid
methyl ester (3-OH-PAME)/Methyl 3-hydroxymyristate
(3-OH-MAME). Three of these Als have been described
as major signaling molecules in the rumen thus far. In

2002, AHLs were detected in rumen fluid [16], providing
evidence that AHLs may function in cell-to-cell commu-
nication in the rumen ecosystem. Subsequently, histidine
kinase sensors identified as AIP-related protein compo-
nents were also detected in bovine rumen contents [17].
In addition, AI-2 activity was observed in rumen con-
tents and monospecies cultures of rumen bacteria such
as Butyrivibrio fibrisolvens, Eubacterium ruminantium,
Ruminococcus flavefaciens, and Succinimonas amylolyt-
ica [18, 19]. The AI-2 synthetase-encoding gene luxS was
annotated in transcriptome data [20] and genome data
[21] from rumen microbes, suggesting important roles
of Al-2-based QS in the rumen. Recently, it has become
increasingly difficult to ignore the functions of QS in
complex microbial communities. However, the mecha-
nisms of QS and functional QS genes involved in the
rumen microbiota are still largely elusive. There remains
a gap in the knowledge of how microbes use QS signaling
molecules to communicate with each other and modify
the social activities of the rumen microbiota, despite the
advances in “omic” technologies, and this topic warrants
further investigation.

The AI-2 family is a group of 4,5-dihydroxy-2,3-pen-
tanedione (DPD) derivatives that are generally biosyn-
thesized from S-ribosylhomocysteine (SRH) by the
enzyme LuxS and serve as signaling molecules dedi-
cated to intra- and interspecies communications among
prokaryotic species [22]. To date, three types of AI-2
receptors have been found, including periplasmic bind-
ing proteins homologous to LuxP and LsrB and the
recently reported dCache_1 domain-containing trans-
membrane AI-2 Receptor (hereafter referred to as CahR)
[5, 22]. In general, LuxP is present only in Vibrio spp.,
and AI-2 binds to LuxP to trigger a signal transduction
cascade [4], whereas LsrB directly binds AI-2 and deliv-
ers AI-2 into cells via the membrane members of the
ATP-binding cassette transporter system Lsr to regu-
late density-dependent gene expression [23]. CahR-type
AI-2 receptors potentially perform as extracytoplasmic
sensors of transmembrane signal transduction proteins
such as methyl-accepting chemotaxis proteins (MCPs),
histidine kinases (HKs), c-di-GMP synthases and phos-
phodiesterases (GCDs), serine/threonine kinases (STKs),
serine phosphatases (SPs), and adenylate- or guanylate
cyclases (ACs/GCs) to induce the expression of down-
stream genes. For example, AI-2 binds to the dCache_1



Liu et al. Microbiome (2022) 10:167

of P aeruginosa chemoreceptors PctA and TIlpQ to
induce biofilm formation and chemotaxis [22]. However,
there are no studies related to AI-2 receptors based on
QS in rumen microbes.

Here, we sought to analyze the lacunae in the knowl-
edge of QS in rumen microbes to achieve a better under-
standing of different communication patterns that exist
in nature. We systematically analyzed rumen microbial
genomes and metatranscriptomes for genes/proteins
involved in cell-to-cell communications, and 8 types
of QS signaling molecules were observed in the rumen,
suggesting the significance of the QS system in the
rumen and indicating that AI-2 may mediate the diverse
interspecies communications among rumen microbes.
The diversity of AI-2 receptor functional modules and
their high expression within the largest available rumen
metatranscriptome datasets suggests that these sensors
are widely distributed and function in rumen bacteria,
thus expanding our understanding of the role of QS in
modulating the functions of natural microbial commu-
nities. In addition, we determined the natural network
of the microbes involved in cell-to-cell communication
coordinating social behaviors in the rumen.

Methods

Microbial genomes

The rumen microbial genomes employed in this study
were obtained from Shi et al. (501), Gharechahi et al.
(538), and GenBank (https://www.ncbi.nlm.nih.gov/
genome) (December 2020) (20) [24, 25]. The genomes
in GenBank were searched with the keywords (“rumen
and archaea” or “rumen and bacteria”), and duplicate
genomes were removed. The remaining data were used
for subsequent analysis. A total of 2809 metagenome-
assembled genomes (MAGs) from the rumen ecosys-
tem including cattle, sheep, moose, deer, and bison [26]
and 6339 MAGs from the pig gut ecosystem [27] were
obtained from publicly available datasets as the control
group. Genome completeness and contamination were
assessed using CheckM with the default settings [28].

Rumen microbial QS-related proteins

The genomes were reannotated using PROKKA with the
default settings, and the predicted proteins were searched
by using semantic approaches and hmmsearch [29, 30]. To
search for AHLs, AIPs, indoles, DSFs/BDSFs, AI-3, CAI-
1, DKPs, PQS/HHQ, IQS, PPYs, DARs/CHDs, CSP, DPO,
and 3-OH-PAME/3-OH-MAME-related proteins, the
predicted related protein names were searched by seman-
tic approaches (Table S1). To search for Al-2-related pro-
teins, we performed a comparison of protein sequence
and profile HMMs (S-Ribosylhomocysteinase LuxS
(http://pfam.xfam.org/family/PF02664), the Autoinducer
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2-binding protein LsrB/Autoinducer 2-binding periplas-
mic protein LuxP (http://pfam.xfam.org/family/PF13407),
and the dCache_1 domain (http://pfam.xfam.org/family/
PF02743)) with hmmsearch and searched the following
related protein names: S-ribosylhomocysteine, S-ribosyl-
homocysteine lyase, LuxS, LsrB, and LuxP. All predicted
dCache_1 domain sequences were aligned with reference
sequences (PctA-LBD of P. aeruginosa) using hmmsearch.
The dCache_1 domains with the five conserved amino
acid residues R126, W128, Y144, D146, and D173 in PctA-
LBD served as putative dCache_1 domain-containing
AI-2 receptors [22, 31], and the predicted protein names
were corrected based on the annotation of their protein
domains (Pfam: Home page (xfam.org)) [32].

Al-2 binding assays in vitro

To express and purify His,-tagged recombinant proteins,
pET-28a derivatives carrying the dCache_1 domain DNA
fragments were transformed into Escherichia coli BL21
(DE3) or its luxS gene deletion mutant strain. Bacteria
were grown in LB medium at 37 °C for 10 h and reinoc-
ulated with a ratio of 1:100 into fresh LB at 37 °C to an
ODy, of 0.8. Cultures were further grown at 20°C for 7
h with 0.25 mM IPTG at a speed setting of 150 rpm in
a rotary shaker. Cells were collected, resuspended, and
disrupted by sonification and then purified with the
His-Bind Ni-NTA resin according to the manufacturer’s
instructions (Novagen, Madison, WI). The purified pro-
teins were eluted using a solution (300 mM NaCl, 50 mM
NaH,PO,, and 250 mM imidazole) and then swapped
into a solution (300 mM NaCl, 50 mM NaH,PO,, and 1
mM dithiothreitol). The proteins were further verified
by SDS-PAGE analysis, concentrated to ~10 mg ml™*
and then denatured by heating for 10 min at 70 °C. For
accessing AI-2 activity, Vibrio harveyi MM32 (LuxN-,
LuxS") of overnight culture was diluted 5000 times with
AB fresh medium and 90 pL of MM32 diluted bacteria
and10 pL of AI-2 supernatant from denatured proteins
were mixed at 30 °C for 8 h in dark to measure the bio-
luminescence (counts per second) at a wavelength of
490 nm via microplate reader Victor X3 (PerkinElmer,
Waltham, MA, USA). A buffer control was used as a neg-
ative control [22].

Visualization of conserved amino acid residues

All putative dCache_1 domain sequences with five con-
served amino acid residues in the rumen microbial
genomes were aligned by ClustalW embedded in MEGA
X software. Aligned columns which were absent in the
dCache_1 domain of PctA were removed, and sequence
logos were created using the WebLogo 3 online soft-
ware (http://weblogo.threeplusone.com). The number of
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amino acids was based on the sequence of PctA-LBD of
P, aeruginosa.

The domain architecture

The domains of all putative CahR-type AI-2 receptor pro-
teins were identified by multiple sequence alignment and
profile hidden Markov models (HMMs) in a database of
protein domain families (Pfam Database) with signifi-
cant Pfam-A Matches (Pfam: Home page (xfam.org), May
2021).

The construction of a phylogenetic tree

The putative dCache_1 domains from the CahR-type
AI-2 receptors determined from the rumen bacteria
were aligned with four references (Pseudomonas aerugi-
nosa PAO1 PctA, Bacillus subtilis sensor histidine kinase
KinD, Rhodopseudomonas palustris diguanylate cyclase
rpHK1S-Z16, Pseudomonas aeruginosa chemoreceptor
TlpQ) with ClustalW embedded in MEGA X. The phylo-
genetic tree was built using the maximum likelihood sta-
tistical method with 1000 bootstrap replications and 95%
credible intervals [31] and visualized using iTOL [33].

Al-2-related gene expression within a rumen microbial
metatranscriptome

Meta-transcriptomic data was downloaded from the
SRA database of the National Center for Biotechnology
Information using the accession number SRA075938,
which contains 20 different samples [24]. All sam-
ples were sequenced paired-end using the HiSeq2000
sequencer with a read length of 150 bp [24]. The raw
data is trimmed to 110 bp by removing both the leading
and trailing 20 bp ends of each read with Trimmomatic
v0.39 [34] after quality checked with fastqc v0.11.9 [35]
and multigc v1.9 [36] toolsets. After trimming, reads
were aligned to rumen bacterial genomes by bowtie2
v2.3.5.1 [37], and generated SAM formatted alignment
files were converted to BAM format using SAMtools
v1.10 [38] in order to be counted by FeatureCounts
v2.0.0 [39]. Finally, these counts are calculated to form a
table of RPKM values where statistics of genes of interest
were extracted.

Microbial social network based on quorum sensing

in the rumen

We integrated the AI-2 signaling molecule and its associ-
ated microbes to construct the microbial social networks
based on QS, which were visualized using Cytoscape
software [40]. Specifically, the potential microbes con-
taining AI-2 synthetase and/or receptors were arranged
into microbial points, the predicted distinct types of
AI-2 receptors were arranged into groups, which were
made into Excel spreadsheets. These Excel spreadsheets
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were imported into Cytoscape software to construct
a microbes-signal molecule-action pathways network
based on the AI-2 signaling pathways. The network con-
tains microbes, signal molecules, and action pathways.
The edge associations represent the possible relation-
ship [41]. The major microbial phyla and QS-related pro-
teins were labeled in the network of the rumen microbial
ecosystem.

Results

Prevalence of quorum sensing-related genes in rumen
microbes

Ruminal microorganisms are critical for the feed con-
version efficiency and energetic efficiency of rumi-
nants [42, 43]. To study the communication of rumen
microbes based on QS in these microbial processes, 1045
rumen microbial genomes were obtained from the Joint
Genome Institute (JGI) database and National Center
for Biotechnology Information (NCBI) database, and 981
bacterial and archaeal genomes were retained based on
the criteria of >80% completeness and <10% contamina-
tion according to CheckM, among which 948 were bacte-
rial genomes and 33 were archaeal genomes (Table S2).
We searched for homologs of all 15 types of known QS
signaling molecule-related genes and domains and found
8 homologs distributed in 767 (out of 981, 78.19%) of
the rumen microbial genomes, including 761 bacterial
and 6 archaeal genomes. Specifically, only 13 (1.33%) of
the 981 microbial genomes analyzed possessed dimodu-
lar nonribosomal peptide synthases (DKP-related pro-
teins) that can produce pyrazinone metabolites [44]; 15
(1.53%) species contained the autoinducer sensor kinase/
phosphatase CqsS, which is membrane-bound protein
that can sense CAI-1 [45]; 48 (4.89%) and 96 (9.79%) spe-
cies contained genes encoding the QseB/QseC (AI-3)
and RpfC/RpfG (DSFs) two-component systems, respec-
tively, which may be involved in signal perception and
transduction [15, 46]; 103 bacterial species employed
indoles, among which 79 species contained ¢tnaA, encod-
ing a tryptophanase that generates indole, and 30 spe-
cies contained genes encoding sensor kinases (BaeS and
CpxA) and the transcriptional regulator GadX [9, 47];
199 (20.29%) species contained agrA/agrB genes, which
may participate in regulating a two-component tran-
scriptional quorum-sensing system by sensing AIPs; 58
bacterial species appeared to contain AHL degradation
genes and/or AHL regulator genes, two of which also
exhibited AHL synthase genes, and 6 archaeal species
only exhibited AHL degradation genes encoding N-acyl
homoserine lactonase; and 680 (69.32%) species con-
tained genes encoding /uxS synthases and [uxP, IsrB, and
cahR receptor genes and might utilize AI-2 in the rumen
(Fig. 1a and Table S2). Among these taxa, the largest
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numbers of AI-3- and AHL-related genes were observed
in the phylum Proteobacteria, DSFs/BDSFs were mainly
found in the class Negativicutes, and almost all of the
AlIP-related genes were found in the phylum Firmicutes.
Indole-related genes were largely detected in the phylum
Bacteroidetes, while AI-2-related genes were widespread
throughout the rumen bacteria (Fig. 1b and Table S2). To
further assess the prevalence of QS signaling molecules
in rumen microbes, we analyzed the presence of their
related genes in other rumen ecosystems (including those
of cattle, sheep, moose, deer, and bison) and the pig gut
ecosystem. Similar types of QS signaling molecules were
observed in the rumen and pig gut, but they were more
numerous in the rumen than in the pig gut. Specifically,
78.19% (Table S2 and Fig. 1a) and 67.64% (Table S3 and
Figure Sla) of the rumen microbial genomes in the two
rumen databases from different sources were observed
to contain QS signaling molecules, whereas only 53.01%
of the genomes from pig intestines contained signal-
ing molecules (Table S4 and Figure S1b). These results
demonstrated the prevalence of quorum sensing-related
genes in rumen microbial genomes, suggesting that the
QS system may be very important for rumen microbial
communication.

Occurrence of Al-2 synthases and receptors in rumen
bacteria

AI-2 could be used as an important type of “bacterial
Esperanto” for interspecies communication, which has
been recognized as a major determinant of bacterial
group behaviors. We performed further detailed analyses
of the key genes involved in the LuxS/AI-2 QS-related
pathway of rumen microbes. The /uxS gene is responsible
for the biosynthesis of AI-2. A total of 609 LuxS proteins
were identified in 558 genomes (Fig. 2a and Table S2).
The known receptors LuxP and LsrB, which can respond
to AI-2 to modulate the expression of multiple genes in
the bacterial kingdom [4, 22, 48], were observed in 0 and
44 rumen bacterial genomes, respectively (Fig. 2a and
Table S2). The dCACHE domain acts as an extracyto-
plasmic sensor of various signal transduction proteins in
prokaryotes, and the dCache_1 domain subfamily is the
largest subfamily of the dCACHE family [32, 49]. Our
previous work revealed that novel CahR type AI-2 recep-
tors containing dCache_1 with five conserved amino acid
residues, corresponding to R126, W128, Y144, D146, and
D173 in the active pocket of PctA-LBD (ligand-binding
domain) of P aeruginosa, mediate communication in
prokaryotes [22]. We thus identified 4041 dCache_1
domains in 656 genomes from both bacteria and archaea,
including 638 CahR-type receptors in 292 bacterial
genomes (Fig. 2a). To evaluate the ability of these CahR
receptors to bind extracellular AI-2 in vitro, we randomly
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selected 12 CahR-type receptor sequences and examined
the bioluminescence of V. harveyi strain MM32 (LuxN’,
LuxS’) based on AI-2 released from purified recombi-
nant proteins from the uxS* E. coli strain. AI-2 binding
activity was observed in all 12 proteins (Fig. 2b). Thus,
the dCache_1 domains with the five conserved amino
acid residues as novel AI-2 receptors are subjected to
analyses hereafter (Fig. 2c). We reviewed the overall dis-
tribution of AI-2-related proteins in the rumen bacterial
genomes and observed that LuxS synthases and CahR
receptors were present in 59% and 31% of the rumen bac-
terial genomes, respectively; these proteins were highly
abundant in Prevotella, Ruminococcus, Treponerna, and
the family Lachnospiraceae (accounting for 23.85% of
the total microbial genomes). Streptococcus contained
only LuxS synthases, and Selenomonas contained CahR
receptors (Fig. 3 and Figure S2). Most of these genera are
well known to be dominant among rumen microbes and
to play important roles in rumen homeostasis [50-52].
Furthermore, to gain insight into the AI-2 signaling mol-
ecules of rumen bacteria, we compared the abundance of
the corresponding synthases and receptors in different
ecosystems. We found that in the two rumen microbial
genomic databases from different sources, 69.32% (Table
S2 and Fig. 2a) and 57.03% (Table S3 and Figure S3a) of
the genomes, respectively, contained AlI-2 signaling mol-
ecules, whereas only 39.50% of the genomes from pig
intestines contained these molecules (Table S4 and Fig-
ure S3b). Additionally, the number of AI-2 receptors in
rumen microbial genomes was greater than that in pig
gut genomes. A total of 32.93% (Table S2 and Fig. 2a) and
17.59% (Table S3 and Figure S3a) of the rumen micro-
bial genomes in the two rumen databases contained AI-2
receptors, whereas only 6.53% (Table S4 and Figure S3b)
of the pig gut genomes contained these receptors. These
results suggest that most rumen bacteria likely employ
AI-2 for QS functions and indicate the importance of the
LuxS/AI-2-based QS system in this ecosystem.

Diversity of CahR-type Al-2 receptors detected in rumen
bacterial genomes

Compared with two known AI-2 receptors, LuxP and
LsrB, CahR-type receptors are both more numerous and
more widely distributed in rumen bacteria. Thus, the puta-
tive functional modules of CahR-type AI-2 receptors were
explored. Among 589 putative CahR receptor proteins,
580 could potentially function as extracytoplasmic sensors
of transmembrane signal transduction proteins such as
MCPs (49.92%), HKs (35.48%), SPs (4.41%), GCDs (8.49%),
and STKs (0.17%) (Fig. 4a and Table S5). MCPs and HKs
were two of the dominant types of signal transduction pro-
teins acting as AI-2 receptors in the rumen bacteria (Fig. 4a
and Figure S4). Therefore, different QS signaling pathways
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retaining Al-2. ¢ Model of the conservation of the dCache_1 domain. Sequence logo of a multiple sequence alignment of 638 putative dCache_1
domain sequences of CahR-type Al-2 receptors with the five conserved positions (R126, W128,Y144, D146, and D173) of P aeruginosa PctA in rumen
microbes. Multiple alignment analysis was performed with ClustalW in MEGA X. The logo was visualized with WeblLogo 3

180

may be activated following AI-2 binding to different recep-  the clustering of multiple dCache_1 domains can occur
tors to regulate social phenotypes. Additionally, a phyloge-  within the same type of proteins. dCache_1 domains from
netic tree including 638 dCache_1 domain sequences from  methyl-accepting chemotaxis proteins formed at least five
the 589 putative CahR-type receptor proteins and four phylogenetically distinct clusters (Fig. 4b), which may indi-
reference sequences was built, and their evolutionary rela-  cate the diversity of CahR-type receptors allowing adapta-
tionships were visualized. According to this phylogenetic  tion to diverse environmental conditions in rumen. These
tree, the CahR-type receptors within the cultured bacte-  results revealed the diversity and complexity of CahR-type
rial genomes (blue branch) clustered similarly into eight receptors as potential “listen” signals and indicate the
separate clades in accord with rumen metagenomics data-  importance of CahR-type AI-2 receptors for mediating
sets (red branch). Most dCache_1 domains from the same  downstream signaling pathways in this QS system in the
type of proteins generally clustered together, although rumen.
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Expression of the identified Al-2 synthases and receptors

in rumen metatranscriptome datasets

To probe the actual expression levels of AI-2 synthases
and receptors within rumen bacterial genomes in vivo,
we investigated their expression levels in the metatran-
scriptome datasets of rumen microbes (105 GB sequenc-
ing data) [24]. A total of 523 (out of 680, 77%) genomes
expressed AI-2-related genes in these datasets. Spe-
cifically, 380 (out of 558, 68%) genomes expressed the
AI-2 synthase gene [uxS (Figure S5a), which was mainly
distributed in the phyla Bacteroidetes and Firmicutes
(Figure S5b), 26 (out of 44, 59%) genomes expressed
the known receptor gene IsrB (Figure S5a), and 256
genomes (out of 292, 88%) expressed CahR-type recep-
tor gene (Figure S5a), which were largely located in the
phyla Firmicutes and Spirochaetes (Figure S5d). We fur-
ther evaluated the average expression levels of metran-
scriptomic sequences (n = 20) at the metagenome level.
High expression of AI-2 synthases and receptors was
observed in Prevotella, Oribacterium, Butyivibrio, Rumi-
nococcus, and Treponema, which contributed not only
to the accumulation of extracellular AI-2 but also to the
uptake of AI-2 and thus modulated bacterial communi-
cations, as observed in Prevotella sp. isolate RUG248 and

Oribacterium sp. NK2B42. Selenomonas expressed only
CahR-type receptors mediating the uptake of AI-2 from
the extracellular environment; for example, high expres-
sion levels were observed for CahR-type receptors origi-
nally detected within Selenomonas ruminantium ATCC
12561 and Selenomonas ruminantium 114 (Fig. 5 and
Table S6). In general, expression levels may differ under
different microecological conditions, as metatranscrip-
tomic datasets record only a transient snapshot at a sin-
gle point in time under certain environmental conditions,
which means that the expression of originally identified
genes that were not observed within the metatranscrip-
tome datasets may be detected in different microecologi-
cal environments. Overall, the high expression levels of
AI-2 synthases and receptors identified within the rumen
microbes confirmed that rumen bacteria mainly talked
with each other through AI-2 signaling molecules.

Al-2-based quorum sensing mediates widespread
interspecies communications within rumen bacterial
communities

To better understand the communications across rumen
microbes, we focused on the sophisticated QS networks
between AI-2 signaling molecules and bacterial species
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containing AI-2 synthases and/or receptors based on QS
signaling pathways. The nodes in the network represent
rumen microbes and AI-2 signaling molecules, and the
edges represent possible communications (green edges
represent that the bacterial species containing /uxS syn-
thases produce AI-2, blue edges represent AI-2 binds to
the corresponding receptors in bacteria, purple edges
indicate that the bacterial species possessing both LuxS
synthases and receptors can produce and sense AI-2).
Most communications were universal in the bacteria con-
taining AI-2 synthase LuxS and/or CahR receptors. A total
of 357 bacterial species containing only AI-2 synthases
were responsible for the production of the AI-2 signal-
ing molecules; 122 containing only receptors (including 3
possess the known receptors LsrB, 114 possess the CahR
receptors, and 5 possess both LsrB and CahR receptors)
sensed AI-2 to reprogram the expression of multiple
genes; 201 containing both synthetases and receptors not
only produced AI-2 but also sensed AI-2 in the environ-
ment to activate proteins such as MCPs, HKs, SPs, GCPs,
and STKSs to perform social functions (Fig. 6 and Figure
S6). MCPs, as dominant AI-2 receptor proteins, mainly
function in Firmicutes, Spirochaetes, and Proteobacteria
(Figure S7a), and HKs function in Firmicutes, Bacteroi-
detes, and Proteobacteria (Figure S7b). In total, 204 bac-
teria contained AI-2 receptor MCPs, and 133 contained
HKs. Sixty-eight bacterial species contained more than
two types of receptor proteins, such as Succinivibrion-
aceae bacterium isolate RUG84, which contained not only
MCPs but also HKs, GCDs, and HPs. Lachnospiraceae
bacterium isolate RUG371 contained HKs, SPs, and
GCDs (Fig. 6 and Table S7). As the contribution of each
QS pathway to total gene expression may be distinct, it is
essential to understand that the microbes regulate group
behaviors via the QS network in the rumen. The com-
plex signaling network with multiple input points likely
plays a pivotal role in regulating microbial group behavior
and may be conducive to revealing the key relationships
between microbes and AI-2 signaling molecules. These
results highlight the importance of AI-2 in QS networks
and indicate that AI-2 cross-talk with global regulatory
networks mediates widespread interspecies communica-
tion within rumen bacterial communities.
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Discussion

Quorum sensing is a microbial cell-cell communica-
tion process that allows microbes to function as a col-
lective group. However, due to the complexities of the
rumen ecosystem, how these microbes interact and
work together to degrade plant feed in the rumen is still
unclear. Here, we explore a novel way to solve this prob-
lem by building a communication network between QS
signaling molecules and microbes in the rumen. In this
network, AI-2 signaling molecules are produced and
secreted into the environment by AI-2-producing bacte-
ria, and these signaling molecules can be sensed by AI-2
receptor-containing bacteria to modify group behaviors
by activating corresponding genes, such as those encod-
ing MCPs, HKs, SPs, GCDs, and STKs, which have
diverse functions and are involved in different signaling
pathways. Our analysis contributes to understanding
complex microbial communication networks in the con-
text of QS and how AI-2 functions as a signal for bacte-
rial communication in rumen ecosystems despite some
inherent limitations of large-scale network analysis [53].

Most current research is focused on cell communica-
tions with a nonruminant origin and communications in
monospecies cultures of species such as E. coli, P. aerugi-
nosa, V. harveyi, Streptococcus gordonii, and Staphylococ-
cus aureus [54—58]. With the development of genomic
and microbiological technologies, it has become possible
to assess the impacts of QS signaling molecules on com-
plex microbial communities in the rumen ecosystem. In
our study, we explored the distribution and abundance
of genes related to 15 types of QS signaling molecules
in rumen microbial genomes collected from the Hun-
gate collection [24] and GenBank [25], which represent
many of the available rumen microorganisms and rumen
microbial metagenomes. Our results suggest that most
rumen microbes may employ AI-2 as a QS signaling mol-
ecule to regulate social behaviors in this ecosystem.

AI-2 is a universal QS signal and is therefore likely to
be an important signal in microbiomes or natural con-
sortia [59]. The [uxS gene is responsible for the biosyn-
thesis of AI-2 and is widespread throughout the bacterial
kingdom [48]. Most studies of QS in microecosystems
have focused on the distribution and abundance of the

(See figure on next page.)

respectively

Fig.4 The diversity of all putative CahR-type receptors detected within 292 rumen bacterial genomes. a The domain architecture of 589 CahR-type
receptor proteins. Domains are defined by the Pfam models with significant Pfam-A Matches and shown in colors. b The phylogenetic tree of

638 dCache_1 domains from 589 CahR-type receptor proteins. The tree was built based on the multiple sequence alignments with ClustalW
embedded in MEGA X and visualized with iTOL. Four standards (Pseudomonas aeruginosa PAO1 PctA, Bacillus subtilis sensor histidine kinase KinD,
Rhodopseudomonas palustris diguanylate cyclase rpHK1S-216, Pseudomonas aeruginosa chemoreceptor TlpQ) were used for comparison with

other dCache_1 domains. Six groups were highlighted with colors (methyl-accepting chemotaxis protein, histidine kinase, serine phosphatases,
C-di-GMP-cyclases and diesterases, serine/threonine-protein kinase, and hypothetical protein). The corresponding color range of labels represents
protein types. Three colors of branches show that sequences are from the Gharechahi et al,, Seshadri et al/NCBI database, and reference sequences,
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luxS gene and its homologs [18-21, 60, 61]. However, investigated the receptors required for QS. The inabil-
QS requires not only a synthase to send a signal but ity to identify AI-2 sensors in AI-2-responsive microbes
also a receptor to sense the signal, and few studies have  has greatly hampered our understanding of the role of
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AI-2 as a universal QS signaling molecule participating
in intra- and interspecies communications. Therefore,
this study was conducted not only to investigate the luxS
gene but also to perform an in-depth analysis of the cor-
responding receptors. Approximately 59% of our refer-
ence rumen bacterial genomes contained [uxS genes,
which were mainly distributed in bacterial genomes and
were widespread. Two previously identified receptors,
LuxP and LsrB, are members of the periplasmic bind-
ing protein (PBP) family that contain periplasmic sen-
sory domains that can transmit AI-2 signals into cells by
employing the corresponding transmembrane signaling
pathways [62, 63], but they were only present in a small
number of genomes (4.5%). Previous studies have pro-
vided evidence that LuxP is only present in Vibrionales
and that LsrB occurs in members of the Rhizobiaceae and
Bacillaceae families, and other enteric bacteria [23, 63,
64]. Few of these taxa were included in our rumen micro-
bial genomic database, which led us to focus on explor-
ing new receptors. Cache domain proteins are the most
abundant extracellular sensors in prokaryotes [32] and
appear to respond to a range of different types of ligands
[22, 65]. The discovery of dCache_1-containing proteins
and their role in AI-2 sensing has expanded our knowl-
edge of AI-2 receptors. These CahR-type AI-2 receptors
are transmembrane proteins with dCache_1 domains
[22] and are present in 31% of the rumen microbial

genomes. Therefore, our results not only confirm that the
LuxS proteins may be employed by bacteria as previously
suggested [21, 48, 66] but also reveal the new finding that
many bacteria can sense AI-2 signals via receptor pro-
teins harboring dCache_1 domain sensors in the rumen.
dCache_1 domains are present in all major trans-
membrane signal transduction proteins in prokaryotes,
including MCPs (MCP signal), HKs (HisKA, HisKA_2,
HisKA_3, HWE_HK, HATPase ¢, HATPase_c_2,
HATPase_c_3, HATPase c_5), GCDs (GGDEF, EAL,
HD-GYP), SPs (SpolIE, PP2C, PP2C_2), ACs/GCs (gua-
nylate_cyc), and STKs (Pkinase) [32]. In our study, we
observed that MCPs and HKs were the dominant types
of signal transduction proteins among all AI-2 recep-
tors of rumen bacteria. Therefore, they may serve as
core signal transduction proteins in the rumen ecosys-
tem. MCPs are the most common chemotaxis receptors
in prokaryotes [67], and they can sense chemical cues
and transmit signals to cytoplasmic pathways that are
responsible for chemotaxis behaviors [68]. For example,
in E. coli, this type of signaling inhibits the change in the
rotational direction of flagella from counterclockwise
to clockwise to maintain smooth swimming, leading to
chemotaxis [67]. Multiple studies have demonstrated
that chemotaxis strongly affects the cell adhesion of E.
coli, which might in turn affect the initial colonization
of a abiotic surface [69] during biofilm formation [70].
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These cellular activities have also been observed in other
bacteria [71-73]. In our research, we speculated that
the dCache_1 domains included MCPs can sense envi-
ronmental AI-2 and then transfer the AI-2 signal to the
cytoplasmic signaling domain, which may modulate
chemotaxis toward AI-2 released by other microbes,
thus underlying the ability of bacteria to colonize plant
feed and promote biofilm formation. Within biofilms, a
consortium of microbes is encased in a self-produced
extracellular capsule, and digestive enzymes are concen-
trated in proximity to the substrate, an arrangement that
enables the effective hydrolysis of plant feedstuffs within
the rumen [2].

HKs, which are another dominant type of signal-
ing protein associated with dCache_1, are also crucial
in rumen bacterial activities. HKs comprise a broad
range of proteins with a wide variety of functions, and
some of these functions are very similar to those of

MCPs. For example, previous studies have suggested
that the histidine kinase CheA is the core chemotactic
signaling and phosphorylation modulator in the rota-
tion of flagella to reorient the cell swimming direc-
tion [69, 74]. Additionally, another kind of HK, RcsC,
serves as the initiating kinase in some phosphoryla-
tion cascades and is essential in Rcs phosphorelay [75]
signaling to regulate swarming behavior and extracel-
lular matrix production in E. coli [76]. HKs can also
participate in some important biological processes
other than chemotaxis; for example, KinD is involved
in sporulation and biofilm formation in Bacillus sub-
tilis [77]. More importantly, HKs can regulate citrate
and malate metabolism in the rumen microbial eco-
system by responding to C4-dicarboxylates or citrate,
which stimulate fermentation in the rumen [17]. Over-
all, dCache_1-containing HKs may play a role in events
including chemotaxis toward AI-2 released by other
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microbes, adhesion, and the colonization of the plant
feed surface to form biofilms via capsule production,
ultimately contributing to rumen fermentation to pro-
vide energy and nutrients to the host. In this model,
the dCache_1 domains of the HKs sense environmen-
tal AI-2 and transmit the provided information to the
cytoplasmic kinase domain to trigger the phospho-
rylation cascade in downstream signaling events [78].
Therefore, we conclude that the QS processes medi-
ated by CahR-type AI-2 receptors may be essential for
degrading plant material, digesting food, and provid-
ing energy and nutrients to the host.

Previous studies that investigated the presence of
luxS genes and their homologs in rumen genetic mate-
rials suggested that Prevotella, Butyrivibrio, Streptococ-
cus, Ruminococcus, Treponema, and Pseudobutyrivibrio
are the dominant genera in the rumen ecosystem and
may possess Al-2 QS signaling ability [18, 20, 60]. In our
study, we illustrated that most of these bacteria, includ-
ing Prevotella, Butyrivibrio, Ruminococcus, Clostridium,
Selenomonas, Treponema, and Pseudobutyrivibrio, were
dominant and occupied crucial ecological niches in the
rumen [79, 80], probably owing to AI-2 receptors such as
MCP and HKs that contribute to the successful attach-
ment and colonization of the dominant bacteria. Most of
the AI-2 synthases and receptors showing high expres-
sion in the rumen metatranscriptome datasets support
the idea that QS is widespread among rumen microbes
and that most rumen bacteria have the capacity to medi-
ate both intraspecies and interspecies communications
via AI-2-based QS. In addition, 178 of the 558 identified
luxS genes, 18 of the 44 identified /srB genes, and 36 of
the 292 identified the CahR receptor genes showed no
detectable expression in the metatranscriptome data-
sets; however, Al-2-binding activity was observed in 12
proteins in vitro, including three proteins that were not
expressed in these datasets. The reason for the lack of
expression in the rumen was unclear, but it was presum-
ably a result of gene silencing and transient gene expres-
sion under specific conditions.

Conclusion

We identified AI-2 synthases and multiple types of recep-
tors in rumen microbes via the major genomic resources
available and constructed a QS regulatory network of
AI-2 signaling, in which AI-2 was produced and bound
to receptors to regulate microbial group functions. We
have in-depth knowledge about how bacteria utilize AI-
2-based QS to communicate with each other and coor-
dinate social behaviors in the rumen. To our knowledge,
this is the first study to report the distribution, abun-
dance, evolutionary relationships, and potential func-
tions of the dCache_1 domain as an AI-2 receptor in the
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microecosystem. The current study thus further expands
the understanding of unknown components of the QS
system in the microenvironment. Further studies should
be focused on the possible synergistic interaction mecha-
nisms and implications of rumen microorganism-based
QS in plant degradation, energy utilization, and disease
control.
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ment, which primarily functioned in Firmicutes.

Additional file 13: Figure S7. Widespread occurrence of MCPs and HKs
as dominant Al-2 receptors in communication networks.

Additional file 14: Table S7. The network among the rumen bacterial
taxa and Al-2.

Acknowledgements
Not applicable.

Authors’ contributions

LZ and XS conceived the ideas and designed the study. Unless otherwise
specified, XL performed all of the computational analyses. QL performed
protein expression, purification, and Al-2 binding assays in vitro. SS and HS,
YW performed the computational analysis of transcriptome. XL, XS, and LZ
wrote and revised the manuscript. The authors read and approved the final
manuscript.

Funding
This work was supported by grants from the National Natural Science Founda-
tion of China (32170048 to L.Z. and 31725003 to X.S).

Availability of data and materials

The 538 and 2809 rumen microbial metagenome assemblies analyzed in

this study are available at the NCBI BioProject with the accession number
PRINA631951 and https://doi.org/10.6084/m9.figshare.12164250, respec-
tively. The 6339 pig gut microbial metagenome assemblies are available

at the China National GeneBank DataBase (CNGBdb) with the accession
number CNP0000824. Other microbial genomes are available at the IMG
portal (https://imgjgi.doe.gov/) and the NCBI (https://www.ncbi.nlm.nih.gov/
genome/), including 410 genomes are available (https://genome.jgi.doe.gov/
portal/HungateCollection/HungateCollection.info.html).

Twenty publicly available meta-transcriptomic datasets were downloaded
from the SRA database of the NCBI using accession number SRA075938.

Page 14 of 16

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

"Department of Microbiology and Bioengineering, College of Life Sciences,
Northwest A&F University, Yangling 712100, Shaanxi, China. 2State Key Labora-
tory of Crop Stress Biology for Arid Areas, Shaanxi Key Laboratory of Agricul-
tural and Environmental Microbiology, College of Life Sciences, Northwest A&F
University, Yangling 712100, Shaanxi, China. *Department of Biotechnology,
College of Life Sciences, Northwest A&F University, Yangling 712100, Shaanxi,
China.

Received: 6 February 2022 Accepted: 2 September 2022
Published online: 07 October 2022

References

1. Ajmone-Marsan P, Garcia JF, Lenstra JA. On the origin of cattle how
aurochs became cattle and colonized the world. Evol Anthropol.
2010;19:148-57.

2. Huws SA, Creevey C, Oyama LB, Mizrahi I, Denman SE, Popova M, et al.
Addressing global ruminant agricultural challenges through understand-
ing the rumen microbiome: past, present and future. Front Microbiol.
2018;9:2161.

3. Stewart CS, Flint HJ, Bryant MP. The rumen microbial ecosystem. London:
Blackie Academic and Professional; 1997. p. 10-72.

4. Neiditch MB, Federle MJ, Miller ST, Bassler BL, Hughson FM. Regulation of
LuxPQ receptor activity by the quorum-sensing signal autoinducer-2. Mol
Cell. 2005;18(5):507-18.

5. Papenfort K, Bassler BL. Quorum sensing signal-response systems in
Gram-negative bacteria. Nat Rev Microbiol. 2016;14(9):576-88.

6. YiL, LiJP Liu BB,Wang Y. Advances in research on signal molecules regu-
lating biofilms. World J Microbiol Biotechnol. 2019;35(8):130.

7. Sharma A, Singh P, Sarmah BK, Nandi SP. Quorum sensing: its role in
microbial social networking. Res Microbiol. 2020;171(5-6):159-64.

8. KaliaVC, Patel SKS, Kang YC, Lee JK. Quorum sensing inhibitors
as antipathogens: biotechnological applications. Biotechnol Adv.
2018;37:68-90.

9. Lee JH,Wood TK, Lee J. Roles of indole as an interspecies and interking-
dom signaling molecule. Trends Microbiol. 2015;23(11):707-18.

10. Kelly RC, Bolitho ME, Higgins DA, Lu W, Ng WL, Jeffrey PD, et al. The Vibrio
cholerae quorum-sensing autoinducer CAI-1: analysis of the biosynthetic
enzyme CqsA. Nat Chem Biol. 2009;5(12):891-5.

11. Brameyer S, Kresovic D, Bode HB, Heermann R. Dialkylresorcinols as bac-
terial signaling molecules. Proc Natl Acad Sci U S A. 2015;112(2):572-7.

12. Zhang JJ, Feng T, Wang JY, Wang Y, Zhang XH. The mechanisms and appli-
cations of quorum sensing (QS) and quorum quenching (QQ). J Ocean
Univ China. 2019;18(6):1427-42.

13. Brachmann AO, Brameyer S, Kresovic D, Hitkova |, Kopp Y, Manske C, et al.
Pyrones as bacterial signaling molecules. Nat Chem Biol. 2013;9(9):573-8.

14. Yang, Gan YT. Exploring the competence stimulating peptide (CSP)
N-terminal requirements for effective ComD receptor activation in
group Streptococcus pneumoniae. Bioorg Chem. 2019;89:102987.

15. Tobias NJ, Brehm J, Kresovic D, Brameyer S, Bode HB, Heermann
R. New vocabulary for bacterial communication. Chembiochem.
2020;21(6):759-68.

16. Erickson DL, Nsereko VL, Morgavi DP, Selinger LB, Rode LM, Beauchemin
KA. Evidence of quorum sensing in the rumen ecosystem: detection
of N-acyl homoserine lactone autoinducers in ruminal contents. Can J
Microbiol. 2002;48:374-8.


https://doi.org/10.6084/m9.figshare.12164250
https://img.jgi.doe.gov/
https://www.ncbi.nlm.nih.gov/genome/
https://www.ncbi.nlm.nih.gov/genome/
https://genome.jgi.doe.gov/portal/HungateCollection/HungateCollection.info.html
https://genome.jgi.doe.gov/portal/HungateCollection/HungateCollection.info.html

Liu et al. Microbiome

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

(2022) 10:167

Sun W, Mitsumori M, Takenaka A. The detection of possible sensor
histidine kinases regulating citrate/malate metabolism from the bovine
rumen microbial ecosystem. Lett Appl Microbiol. 2008;47(5):462-6.
Mitsumori M, Xu LM, Kajikawa H, Kurihara M, Tajima K, Hai J, et al. Pos-
sible quorum sensing in the rumen microbial community: detection of
quorum-sensing signal molecules from rumen bacteria. FEMS Microbiol
Lett. 2003;219(1):47-52.

RanT, Zhou CS, Xu LW, Geng MM, Tan ZL, Tang SX, et al. Initial detection
of the quorum sensing autoinducer activity in the rumen of goats in vivo
and in vitro. J Integr Agric. 2016;15:2343-52.

Ghali I, Shinkai T, Mitsumori M. Mining of luxS genes from rumen micro-
bial consortia by metagenomic and metatranscriptomic approaches.
Anim Sci J. 2016;87(5):666-73.

Won MY, Oyama LB, Courtney SJ, Creevey CJ, Huws SA. Can rumen bacte-
ria communicate to each other? Microbiome. 2020;8(1):23.

Zhang L, Li SY, Liu XZ, Wang Z, Jiang M, Wang RY, et al. Sensing of autoin-
ducer-2 by functionally distinct receptors in prokaryotes. Nat Commun.
2020;11(1):5371.

Pereira CS, de Regt AK, Brito PH, Miller ST, Xavier KB. Identification of func-

tional LsrB-like autoinducer-2 receptors. J Bacteriol. 2009;191(22):6975-87.

ShiW, Moon CD, Leahy SC, Kang D, Froula J, Kittelmann S, et al. Methane
yield phenotypes linked to differential gene expression in the sheep
rumen microbiome. Genome Res. 2014;24(9):1517-25.

Gharechahi J, Vahidi MF, Bahram M, Han JL, Ding XZ, Salekdeh GH.
Metagenomic analysis reveals a dynamic microbiome with diversified
adaptive functions to utilize high lignocellulosic forages in the cattle
rumen. ISME J. 2020;15:1108-20.

Anderson CL, Fernando SC. Insights into rumen microbial biosynthetic
gene cluster diversity through genome-resolved metagenomics. Com-
mun Biol. 2021;4(1):818.

Chen CY, Zhou YY, Fu H, Xiong XW, Fang SM, Jiang H, et al. Expanded
catalog of microbial genes and metagenome-assembled genomes from
the pig gut microbiome. Nat Commun. 2021;12(1):1106.

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(7):1043-55.
SeemannT. Prokka: rapid prokaryotic genome annotation. Bioinformatics.
2014,30(14):2068-9.

Sun YN, Buhler J. Designing patterns for profile HMM search. Bioinformat-
ics. 2007;23(2):e36-43.

Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: Molecular evo-
lutionary genetics analysis across Computing Platforms. Mol Biol Evol.
2018;35(6):1547-9.

Upadhyay AA, Fleetwood AD, Adebali O, Finn RD, Zhulin IB. Cache
domains that are homologous to, but different from PAS domains com-
prise the largest superfamily of extracellular sensors in prokaryotes. PLoS
Comp Biol. 2016;12(4):21004862.

Letunic |, 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.

Bolger AM, MarcLohse UB. Trimmomatic: a flexible trimmer for lllumina
sequence data. Bioinformatics. 2014;30(15):2114-20.

Andrews S. FastQC: A quality control tool for high throughput sequence
data. 2014: https://www.bioinformatics.babraham.ac.uk/projects/fastqc/.
Ewels P, Magnusson M, Lundin S, Kaller M. MultiQC: summarize analysis
results for multiple tools and samples in a single report. Bioinformatics.
2016;32(19):3047-8.

Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat
Methods. 2012;9(4):357-9.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The
sequence alignment/map format and SAMtools. Bioinformatics.
2009;25(16):2078-9.

Liao'Y, Smyth GK, Shi W. FeatureCounts: an efficient general purpose
program for assigning sequence reads to genomic features. Bioinformat-
ics. 2013;30:923-30.

Cline MS, Smoot M, Cerami E, Kuchinsky A, Landys N, Workman C, et al.
Integration of biological networks and gene expression data using
Cytoscape. Nat Protoc. 2007,2(10):2366-82.

Zhang YJ,Wu YS, Fu YB, Lin LN, Lin YY, Zhang YH, et al. Anti-Alzheimer’s
disease molecular mechanism of Acori Tatarinowii Rhizoma based on
network pharmacology. Med Sci Monit Basic Res. 2020;26:2924203.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

Page 150f 16

Shabat SK, Sasson G, Doron-Faigenboim A, Durman T, Yaacoby S, Berg
Miller ME, et al. Specific microbiome-dependent mechanisms underlie
the energy harvest efficiency of ruminants. ISME J. 2016;10(12):2958-72.
Li F, Hitch TCA, Chen'Y, Creevey CJ, Guan LL. Comparative metagenomic
and metatranscriptomic analyses reveal the breed effect on the rumen
microbiome and its associations with feed efficiency in beef cattle. Micro-
biome. 2019;7(1):6.

Wilson DJ, Shi C, Teitelbaum AM, Gulick AM, Aldrich CC. Characteriza-
tion of AusA: a dimodular nonribosomal peptide synthetase respon-
sible for the production of aureusimine pyrazinones. Biochemistry.
2013;52(5):926-37.

Ng WL, Bassler BL. Bacterial quorum-sensing network architectures. Annu
Rev Genet. 2009;43:197-222.

Deng YY, Schmid N, Wang C, Wang JH, Pessi G, Wu DH, et al. Cis-2-dode-
cenoic acid receptor RpfR links quorum-sensing signal perception with
regulation of virulence through cyclic dimeric guanosine monophos-
phate turnover. Proc Natl Acad Sci U S A. 2012;109(38):15479-84.

Lee JH, Lee J. Indole as an intercellular signal in microbial communities.
FEMS Microbiol Rev. 2010;34(4):426-44.

Pereira CS, Thompson JA, Xavier KB. Al-2-mediated signalling in bacteria.
FEMS Microbiol Rev. 2013;37(2):156-81.

Corral-Lugo A, Matilla MA, Martin-Mora D, Silva Jimenez H, Mesa Torres N,
Kato J, et al. High-affinity chemotaxis to histamine mediated by the TIpQ
chemoreceptor of the human pathogen Pseudomonas aeruginosa. mBio.
2018;9(6):¢01894-18.

Xue MY, Sun HZ, Wu XH, Liu JX, Guan LL. Multi-omics reveals that the
rumen microbiome and its metabolome together with the host metabo-
lome contribute to individualized dairy cow performance. Microbiome.
2020;8(1):64.

Lathrop JI, Lutz JH, Lutz RR, Potter HD, Riley MR. Population-induced
phase transitions and the verification of chemical reaction networks. Nat
Comput. 2020;5:1-17.

Kamke J, Kittelmann S, Soni P, Li Y, Tavendale M, Ganesh S, et al. Rumen
metagenome and metatranscriptome analyses of low methane yield
sheep reveals a Sharpea-enriched microbiome characterised by lactic
acid formation and utilisation. Microbiome. 2016;4(1):56.

Freilich MA, Wieters E, Broitman BR, Marquet PA, Navarrete SA. Species
co-occurrence networks Can they reveal trophic and non-trophic interac-
tions in ecological communities. Ecology. 2018;99:690-9.

Feltner JB, Wolter DJ, Pope CE, Groleau MC, Smalley NE, Greenberg EP,

et al. LasR variant cystic fibrosis isolates reveal an adaptable quorum-
sensing hierarchy in Pseudomonas aeruginosa. mBio. 2016;7(5):e01513-6.
Laganenka L, Colin R, Sourjik V. Chemotaxis towards autoinducer 2 medi-
ates autoaggregation in Escherichia coli. Nat Commun. 2016;7:12984.
Whiteley M, Diggle SP, Greenberg EP. Progress in and promise of bacterial
quorum sensing research. Nature. 2017;551(7680):313-20.

Wang X, Li XL, Ling JQ. Streptococcus gordonii LuxS/autoinducer-2
quorum-sensing system modulates the dual-species biofilm formation
with Streptococcus mutans. J Basic Microbiol. 2017;57(7).605-16.

Wang B, Muir TW. Regulation of virulence in Staphylococcus aureus: Molec-
ular mechanisms and remaining puzzles. Cell Chem Biol. 2016;23(2):214-24.
Thompson JA, Oliveira RA, Djukovic A, Ubeda C, Xavier KB. Manipula-
tion of the quorum sensing signal Al-2 affects the antibiotic-treated gut
microbiota. Cell Rep. 2015;10(11):1861-71.

Lukas F, Gorenc G, Kopecny J. Detection of possible Al-2-mediated
quorum sensing system in commensal intestinal bacteria. Folia Microbiol.
2008;53:221-4.

. Niazy AA. LuxS quorum sensing system and biofilm formation of oral

microflora: a short review article. Saudi Med J. 2021;33(3):116-23.

Chen X, Schauder S, Potier N, Dorsselaer AV, Pelczer |, Bassler BL, et al.
Structural identification of a bacterial quorum-sensing signal containing
boron. Nature. 2002;415:545-9.

Miller ST, Xavier KB, Campagna SR, Taga ME, Semmelhack MF, Bassler BL,
et al. Salmonella typhimurium recognizes a chemically distinct form of
the bacterial quorum-sensing signal Al-2. Mol Cell. 2004;15(5):677-87.
Torcato IM, Kasal MR, Brito PH, Miller ST, Xavier KB. Identification of novel
autoinducer-2 receptors in Clostridia reveals plasticity in the binding site
of the LsrB receptor family. J Biol Chem. 2019;294(12):4450-63.

Rahman H, King RM, Shewell LK, Semchenko EA, Hartley-Tassell LE, Wilson
JC, et al. Characterisation of a multi-ligand binding chemoreceptor CcmL
(TIp3) of Campylobacter jejuni. PLoS Path. 2014;10(1):e1003822.


https://www.bioinformatics.babraham.ac.uk/projects/fastqc/

Liu et al. Microbiome

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

(2022) 10:167

Xavier KB, Bassler BL. LuxS quorum sensing: more than just a numbers
game. Curr Opin Microbiol. 2003;6(2):191-7.

Salah Ud-Din AIM, Roujeinikova A. Methyl-accepting chemotaxis proteins:

a core sensing element in prokaryotes and archaea. Cell Mol Life Sci.
2017;74(18):3293-303.

Bi SY, Lai LH. Bacterial chemoreceptors and chemoeffectors. Cell Mol Life
Sci. 2015;72(4):691-708.

Suchanek VM, Esteban-Lopez M, Colin R, Besharova O, Fritz K, Sourjik V.
Chemotaxis and cyclic-di-GMP signalling control surface attachment of
Escherichia coli. Nat Microbiol. 2020;113(4):728-39.

Rossi E, Paroni M, Landini P. Biofilm and motility in response to environ-
mental and host-related signals in Gram negative opportunistic patho-
gens. J Appl Microbiol. 2018;125:1587-602.

Berleman JE, Bauer CE. Involvement of a Che-like signal transduction cas-
cade in regulating cyst cell development in Rhodospirillum centenum.
Mol Microbiol. 2010;56(6):1457-66.

Ottemann KM, Lowenthal AC. Helicobacter pylori uses motility for
initial colonization and to attain robust infection. Infect Immun.
2002;70(4):1984-90.

Hickman JW, Tifrea DF, Harwood CS. A chemosensory system that regu-
lates biofilm formation through modulation of cyclic diguanylate levels.
Proc Natl Acad Sci U S A. 2005;102(40):14422-7.

Nikolskaya AN, Galperin MY. A novel type of conserved DNA-binding
domain in the transcriptional regulators of the AlgR/AgrA/LytR family.
Nucleic Acids Res. 2002;30(11):2453-9.

Clarke DJ, Joyce SA, Toutain CM, Jacq A, Holland IB. Genetic analy-

sis of the RcsC sensor kinase from Escherichia coli K-12. J Bacteriol.
2002;184(4):1204-8.

Takeda S, Fujisawa Y, Matsubara M, Aiba H, Mizuno T. A novel feature of
the multistep phosphorelay in Escherichia coli: a revised model of the
RcsC— YojN—RcsB signalling pathway implicated in capsular synthesis
and swarming behaviour. Mol Microbiol. 2001;40:440-50.

Wu R, Gu M, Wilton R, Babnigg G, Kim Y, Pokkuluri PR, et al. Insight into
the sporulation phosphorelay: crystal structure of the sensor domain of
Bacillus subdtilis histidine kinase, KinD. Protein Sci. 2013;22(5):564-76.
Ishii E, Eguchi Y. Diversity in sensing and signaling of bacterial sensor
histidine kinases. Biomolecules. 2021;11(10):1524.

Malmuthuge N, Liang G, Guan LL. Regulation of rumen development in
neonatal ruminants through microbial metagenomes and host transcrip-
tomes. Genome Biol. 2019;20(1):172.

Seshadri R, Leahy SC, Attwood GT, Teh KH, Lambie SC, Cookson AL, et al.
Cultivation and sequencing of rumen microbiome members from the
Hungate 1000 Collection. Nat Biotechnol. 2018;36(4):359-67.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 16 of 16

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Exploring AI-2-mediated interspecies communications within rumen microbial communities
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Microbial genomes
	Rumen microbial QS-related proteins
	AI-2 binding assays in vitro
	Visualization of conserved amino acid residues
	The domain architecture
	The construction of a phylogenetic tree
	AI-2-related gene expression within a rumen microbial metatranscriptome
	Microbial social network based on quorum sensing in the rumen

	Results
	Prevalence of quorum sensing-related genes in rumen microbes
	Occurrence of AI-2 synthases and receptors in rumen bacteria
	Diversity of CahR-type AI-2 receptors detected in rumen bacterial genomes
	Expression of the identified AI-2 synthases and receptors in rumen metatranscriptome datasets
	AI-2-based quorum sensing mediates widespread interspecies communications within rumen bacterial communities

	Discussion
	Conclusion
	Acknowledgements
	References


