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Complex molecules-mediated interactions, which are based on the bidirectional information exchange
between microbes and human cells, enable the defense against diseases and health maintenance.
Recently, diverse single-direction interactions based on active metabolites, immunity factors, and
quorum sensing signals have largely been summarized separately. In this review, according to a simplified
timeline, we proposed the framework of Molecules-mediated Bidirectional Interactions (MBI) between
microbe and humans to decipher and understand their intricate interactions systematically. About the
microbe-derived interactions, we summarized various molecules, such as short-chain fatty acids, bile
acids, tryptophan catabolites, and quorum sensing molecules, and their corresponding human receptors.
Concerning the human-derived interactions, we reviewed the effect of human molecules, including
hormones, cytokines, and other circulatory metabolites on microbial characteristics and phenotypes.
Finally, we discussed the challenges and trends for developing and deciphering molecule-mediated
bidirectional interactions and their potential applications in the guard of human health.

The human microbiome consists of trillions of microorganisms, including a
variety of viruses, bacteria, and fungi. They play a vital role in developing the
immune system, maintaining cellular immune homeostasis, and guarding
human health'”. Microbes can influence the human physiology through
active metabolic molecules, quorum sensing (QS), and other effectors®™ and
active metabolic molecules. Human cells in turn provide food and shelter for
microbes and affect their growth and virulence through hormones, cyto-
kine, and signaling metabolites’ . Thus, microbe-human interactions
include a high degree of crosstalk among different signaling pathways, such
as QS systems'“"”.

QS is the basis of the microbial sophisticated regulatory or signaling
functions, such as competence, conjugation, biofilm development, and
virulence'®"”. Increasing evidence suggests that QS molecules are not only
used for communications among microbes, but also for microbe-host
interactions'~*'. For example, Moura-Alves et al.”> showed that the con-
centration of acyl-homoserine lactones (AHLSs), quinolones, and phena-
zines from Pseudomonas aeruginosa could be monitored by the aryl
hydrocarbon receptor (AhR) of the host cells (zebrafish, mice, and human
cells) to tune the corresponding immune responses dynamically. Recently,
diffusible signal factors (DSFs) have also been reviewed to mediate the inter-

kingdom communication among microbes, fungi (such as Candida albi-
cans), plants, insects, and zebrafish” . Zhu et al.”” demonstrate that the
anti-inflammatory effect of the DSF might be through Toll-like receptor
signaling to attenuate the expression of inflammatory factors and lysosome-
mediated apoptosis. The eavesdropping microbe-host communications by
promiscuous receptors are very important for microbial interactions’**.
Typically, there is communication between autoinducer 3 (AI-3) and
human hormones (epinephrine and norepinephrine)”” which can partici-
pate in the expression of microbial virulence factors and the regulation of the
human immune system*. Furthermore, dynorphin and ethanolamine, two
common metabolites in the mammalian gut, can also activate the QS-related
quinolone signaling molecules of P. aeruginosa and Vibrio cholerae™, thus
enhancing the microbial virulence and the colonization. Furthermore,
Urbano et al.’ also noted that host-derived nitric oxide would disrupt
microbial communication by targeting on the cysteine residue of AgrA in
Staphylococcus aureus. Jugder et al.” demonstrated that the QS regulator
HapR of V. cholerae could stimulate the production of host-derived ser-
otonin, thus activating gut immunity to promote host survival.

Certainly, to decipher the complex microbe-human interactions, some
good reviews have already linked human cells with the microbiota by
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comprehensive consideration of active molecules™™, immunity
diseases'****, and QS systems******’. However, most research only sum-
marized molecules derived from microbiota regulating the human pheno-
type in a single-direction, and few studies focused on human-derived
molecules reversely shaping the microbiota. Even though some lectures
have summarized the interactions based on human-derived molecules,
most of them focus more on microbial effects on health and diseases, but the
mechanisms and receptors involved are often overlooked.

To sum up, in this review, combining the microbial and human-
derived molecules, we proposed the framework of the Molecules-mediated
Bidirectional Interactions (MBI) between microbes and human cells, to
systematically understand their intricate interactions. Note that there are
lots of molecules involved in microbe-human interactions. It is impossible to
give a full description of every molecule, we instead give a summary of the
updated cases, and then propose a frame to enhance the understanding of
MBI. Therefore, we mainly focused on molecules that participate in bidir-
ectional interactions and possess known or potential inter-kingdom
receptors. With regard to the interaction between microbes to human
cells, we summarized different microbe-derived molecules and offered
further insights into how the microbes affect the biological activities of
different human cells. With respect to the interactions from human cells to
microbes, we reviewed the effect of human-derived molecules on the
characteristics and phenotypes of diverse microbes.

A timeline of microbe-human interactions

To better understand the interactions between microbes and human cells,
we have provided a timeline to summarize the selective highlights for the
development of microbe-human interactions since the 21st century (more
details in Fig. 1)***,

On the one hand, microbes communicated with human cells through
various molecules'*****, such as short-chain fatty acids (SCFAs)”, trypto-
phan catabolites’** secondary bile acids (BAs)””” and QS molecules**.
Most molecules affected human physiology by targeting different human
receptors”’, such as peroxisome proliferator-activated receptor (PPAR), G
protein-coupled receptor (GPCR)*¥, AhRY, and T cell receptor (TCR)
(more details in the left panel of the Fig. 1). On the other hand, some human-
derived molecules participated in regulating microbial growth, virulence, or
other physiologic functions”. These molecules contained hormones (such as
dynorphin” and catecholamines), cytokines (such as interferon y, tumor
necrosis factor a, and interleukin-1)%, and some circulatory metabolites (such
as itaconate”” and succinate™). Among them, epinephrine, norepinephrine™,
ethanolamine™, and serotonin™ could be recognized and bonded by different
microbial QS receptors (more details in the right panel of Fig. 1)”.

The proposed timeline comprehensively summarized the development
of the bidirectional interactions between microbes and human cells. As
indicated in Fig. 1, the bidirectional promiscuous receptors of different
molecules are receiving increasing attention and discovery, which will be
beneficial for accurately and profoundly understanding the complex
microbe-human interactions. In the following two parts, we will introduce
the details of bidirectional interactions between microbes and human cells
based on diverse molecules.

The interactions mediated by microbe-derived
molecules

The interactions between microbes to human cells are mainly mediated by
various microbial molecules. In this section, to give a broad illustration of
different molecules and mechanisms, we would like to mainly summarize
the interactions mediated by microbe-derived molecules, including short-
chain fatty acids (SCFAs), bile acids (BAs), tryptophan catabolites, QS
molecules, and others.

Short-chain fatty acids (SCFAs) -mediated interactions

Specifically, SCFAs are the most well-studied gut microbe-derived mole-
cules with fewer than six carbons in the aliphatic tail”*. The major SCFAs
formed by the gut microbes are acetate (C2), propionate (C3), and butyrate

(C4), which account for approximately 80% of all SCFAs, and the molar
ratio of acetate, propionate, and butyrate in the colon is approximately 3:1:1,
respectively’*>”*. SCFAs are known to affect human cells via the activation
of several host receptors”. Currently, there are some well-characterized
human SCFA-sensing G-protein-coupled receptors (GPCRs)* which
express on intestinal enterocytes and other cells of organs and tissues such as
the liver, muscle, enteric neurons, and immune cells-indicating the breadth
of their potential interactions throughout the human body. Among them,
GPCR43 (also named as FFAR3) recognizes all three major SCFAs, but the
affinities for GPCR41 (also named as FFAR2) are in the order of propionate,
butyrate, and acetate, whereas GPCR109A (also named as HCAR2,
NIACR1) interacts only with butyrate**’®. Apart from the three best-studied
SCFA receptors, odorant receptors (ORs) belong to GPCRs, and OR51E2
residents in lung cells and also show ligand selectivity and sensitivity to the
acetate and propionate”’. Moreover, olfactory receptor 78 (Olft78) is acti-
vated by acetate and propionate but not by butyrate, the EC5, values are
2.35mM and 920 pM, respectively. The binding of gut microbiota-derived
SCFAs to Olfr 78 induces the release of renin, which is involved in the
modulation of blood pressure™. More details about the human receptors
activated by SCFAs are listed in Table 1. The aforementioned findings
suggest that SCFAs can affect the metabolism and immunity of human cells
through different mechanisms with diverse receptors.

Bile acids (BAs) -mediated interactions

Bile acids (BAs) are amphipathic cholesterol metabolites’”’. The BA pool
consists of primary BAs and secondary BAs. Primary BAs are synthesized
from cholesterol in the liver, then the gut microbiota metabolize BAs
secreted into the duodenum into secondary BAs. Besides the digestive
functions, BAs exert diverse actions on the metabolism and immunity
through human BAs receptors™. The Farnesoid X receptor (FXR)” and the
Takeda G protein-coupled receptor 5'” (TGR5; also known as G protein-
coupled bile acid receptor 1, GPBARI) are the two most studied bile acid
receptors. Other receptors can also be directly or indirectly activated by bile
acids, including the Shingosine-1-phosphate receptor 2 (S1PR2)”, the
pregnane X receptor (PXR)'*"'”, the constitutive androstane receptor
(CAR)'®, the vitamin D receptor (VDR)'", and the retinoic acid-related
orphan receptor yt (RORyt)'”.

Tryptophan catabolites-mediated interactions

The microbial tryptophan catabolites play potential roles in mediating
microbe-human interactions'”. The microbial metabolites of tryptophan
include indole and its derivatives, as well as tryptamine, all of which are aryl
hydrocarbon receptor (AhR) ligands®. Indole is able to modulate the
secretion of glucagon-like peptide-1 (GLP-1), which plays a critical role in
stimulating insulin secretion'””. Indole-based interactions can enhance gut
epithelial barriers, elicit proinflammatory effects, and influence the immune
response' . Specifically, Kumar et al.'” found that indoles from the com-
mensal microbiota bind with AhR and tune the cellular composition of the
colonic epithelium during aging. Indole-3-propionic acid (IPA) serve as an
endogenous ligand for PXR, which strengthens the gut barrier through toll-
like receptor 4 (TLR4) signaling or by inducing epithelial IL-10 receptor 1.
Moreover, both of indole and its derivatives enhance IL-10 expression
through AhR, which is linked with barrier function™. Tryptamine was found
to accelerate transit time in vivo through the 5-HT4 receptor (5-HT4R), it is
a GPCR uniquely expressed in the colonic epithelium™. Therefore, trypto-
phan catabolites may modulate the enteroendocrine system, metabolic

homeostasis, and immunity of human cells'”.

QS-mediated communication

QS, a vital microbial cell-to-cell communication system, is maintained by
different signaling molecules that control phenotypic traits, virulence fac-
tors, biofilm formation, and dispersion'”'"". QS was initially described in
various microbes'®, more emerging evidence indicated that pathogens
applied QS systems to crosstalk human hormones, immunity factors™, and
metabolites as cues to survival in the human environment™.
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Human-derived communications

e High-affinity GABA binding receptor in bacteria.**

o Specific binding of IL-1/ to the surface of S. aureus
significantly increased growth of S. aureus.®®

o TNF-alpha sensitizes HT-29 colonic epithelial cells
to intestinal Lactobacilli.*®

o The epinephrine and the luxS/AI-3 system of EHEC
occure potential cross-communication.”’

e Toll-like receptor 4 signaling by intestinal microbes
influences susceptibility to food allergy.*®

¢ IFN-y bind to an outer membrane protein OprF of P.
aeruginosa. ¢

o The bind between epinephrine/norepinephrine and
bacterial receptor QseC served as a starting point in
understanding bacterial-host hormone signaling.

e Dynorphin can be directly integrated into QS
circuitry of P. aeruginosa.®
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eBacterial 30C12-HSL specific effect the NF-xB- 2008

e Norepinephrine increases P. aeruginosa virulence
through the /as QS pathway.”"

e Modulation of the interaction of enteric bacteria Wi;[b
intestinal mucosa by stress-related catecholamines.”

eHuman CNP increases the kill capacity of the P.
aeruginosa relayed by Vfr and PtxR activation.”

e Book for summary of the regulation in response to
host-derived signaling molecules.”

e Bacterial interleukin receptor I (BilRI) was found.”

eReviewed relationships among the gut microbiota,
bacterial metabolites and colorectal cancer.”
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e Commensal bacteria produced human GPR119

e Mammalian epithelia produce an AI-2 mimic and
activate bacterial QS system.””

agonists mimic.™

¢ A investigation about regulatory role of DPD and its
precursor on human gingival epithelial cells.

o Pseudomonas aeruginosa can be sensed by the AHR
of host according to the level of threat.
¢ Gram-positive QSMs bind with mouse receptors

Mrgprb2 and its human homolog MRGPRX2.*

o M. tuberculosis can catabolize itaconate.”

e Bile acids (BAs) metabolites modulate RORy+ Treg
cells through the BAR VDR.”

e Jonas et al firstly proved gut microbiota dlrectly
modulate the human immune cell dynamics.”

e Ethanolamine specifically interacts with CqsR of V.
cholerae.”

e Host-derived immunometabolite itaconate help P.
aeruginosa maintain infection.

o Outer membrane components and metabolic products
effects the host physiology.

e Succinate in macrophages can be sensed by
intracellular S. Typhimurium.*

¢ PRESTO-Salsa: screen microbial GPCR agomstséand

generate atlas of microbiome-GPCR interactions.
o Lactate from probiotic suppresses T cell
autoimmunity through activating dendritic cells.®

o [FN-y can be sensed by Mycobacterium tuberculosis
via the MmpL 10 protein.®'

® B. thetaiotaomicron propionate promotes cell

differentiation and gene expression by GPR41.*
¢ A exploration of the relationship between Bacteria

e Human-derived L-malate can be sensed by DcuS/
DcuR of EHEC 0157:H7.%

and different T cell receptors (TCR) .

Fig. 1| A timeline of select highlights in the development of microbe-human interactions. The left panel shows the dialogue initiated by microbial molecules coupled with
human receptors; the right panel shows the dialogue initiated by human molecules coupled with microbial receptors.

Indeed, some QS molecules were detected by humans and provoked  lymphocyte proliferation, TNF, and IL-12"". Specifically, Jahoor et al.**
specific immune responses. For example, AHLs, a classical type of QS  found that the transcriptional activity of PPARy was inhibited by oxo-C12-
molecules (QSMs), have been demonstrated to have immunomodulatory ~ HSL, while the activity of PPARB/S was increased. Moura-Alves et al.””
activities through boosting the production of IL-8 and inhibiting of reported that several classes of P. aeruginosa QSMs, including HSLs
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(e.g, N-3-oxo-dodecanoyl-homoserine lactone), quinolones (e.g., 4-
hydroxy-2-heptylquinoline), and phenazines (e.g., pyocyanin) can be
detected by the AhR of zebrafish, mice, and human cells in a qualitative and
quantified way. Pundir et al”® found that human mast-cell-specific G-
protein-coupled receptor MRGPRX2 and its mouse homolog Mrgprb2 are
receptors for a part of Gram-positive QSMs (competence-stimulating
peptide, CSP-1), triggering mast cell degranulation, which inhibited
microbial growth and prevented biofilm formation. Legionella automatic
inducer-1 (LAI-1, 3-hydroxypentadecane-4-one), a QS molecule of
opportunistic pathogenic bacterium Legionella pneumophila, was employed
for pathogen-human interaction™. For example, LAI-1 could modulate
the migration of eukaryotic cells through a signaling pathway involving
the scaffold protein IQGAPI, the small GTPase Cdc42 and the Cdc42-
specific guanine nucleotide exchange factor ARHGEF9.

To sum up, diverse QS signals involve the mechanisms of crosstalk
between the microbes and human cells’’, such as the crosstalk among the
microbial autoinducer-3 (AI-3) and human-derived epinephrine and
norepinephrine’’.

Other molecules-mediated interactions

Except for the aforementioned typical molecules, many other microbial
molecules also have the capacity to communicate with human cells, such as
the second messengers and some other active metabolites.

Some other active metabolites could affect the immune responses and
characteristics changes of human cells. Specifically, Chen et al.'"” identified
that human gut microbes can secrete active small molecules (such as his-
tamine, phenylethylamine, and amphetamine), which regulate human
physiological and pathological activities by activating the corresponding
GPCRs (such as histamine receptors, dopamine receptors, GPR56/AGRG1
and GPR97/AGRG3). Recently, Chen etal.*’ developed a highly multiplexed
screening technology (PRESTO-Salsa) to screen the microbial GPCR ago-
nists. They found that microbial culture supernatants tended to activate
human receptors coupled with epinephrine, dopamine, formylpeptide,
histamine and succinic acid.

Microbial second messengers cyclic diadenylate monophosphate (c-di-
AMP) and cyclic diguanylate monophosphate (c-di-GMP) are ubiquitously
expressed in microbial species but absent in higher eukaryotes. The c-di-
AMP and c-di-GMP can influence microbial cell survival, differentiation,
colonization, biofilm formation, virulence, and microbe-host
interactions'". Recent studies demonstrated that microbial c-di-GMP or c-
di-AMP in macrophages could activate type I IFN production. A stimulator
of interferon genes (STING) was shown to directly bind ¢c-di-GMP, and to
elicit strong interferon responses. Therefore, the second messenger-based
interactions have provided remarkable examples of pathogen-host inter-
actions in which a unique microbial molecule directly engages the innate
immune system'".

The human fungal landscape is less populated in the body, but can
greatly affect the immune system recognition and memory, combating
pathogenic microorganisms, while being involved in important physiolo-
gical processes, including metabolic functions. There are over 101 species
belonging to 85 fungal genera in the oral cavity of healthy people, whereas
there are 66-247 genera present in the gut. Aspergillus, Candida, Clados-
porium, Cryptococcus, Galactomyces, Malassezia, Saccharomyces, and Tri-
chosporon are in the lower gastrointestinal tract. Among them, Malassezia
spp. are prevalent on the skin, while Candida, Aspergillus, and Cladosporium
spp. are the gut harbors. Recognition of Candida albicans is mediated by
several classes of pattern-recognition receptors localized on the surface of
myeloid cells, including C-type lectin receptors and Toll like receptors.
C-type lectin receptors recognize pathogen-associated molecular patterns
(PAMPs) such as mannans and p-glucans on the fungal cell wall, resultingly
in triggering an intracellular “proinflammatory storm” to curtail fungal
invasion'”. Reported in the signal peptide CPL1 of the human pathogen
Cryptococcus neoformans interacts with Toll-like receptor4 to enhance
macrophage polarization, trigger allergic inflammation, and promote fungal

infection''®.

The last but not least, viral infections and their role in disease provide
global insight into their possible significance. The human virome is vast and
complex, including approximately 10" particles in humans with great
heterogeneity. Gut viruses could be involved in numerous ways with the
maturation of the human immune system, either indirectly or directly'".
The latter has been observed especially mediated by''® many extracellular
vesicles”” and cytosolic nucleic acid sensors detecting viral genomic mate-
rials. Note that the TLR9 has been singled out to be a key receptor for the
recognition of viral DNA. The pattern recognition receptors (PRRs)
have been shown to recognize viral components. Otherwise, the RIG-I-like
receptors (RLRs), and NOD-like receptors (NLRs) also participate in
the process. It is suggested that a direct interaction is widespread between the

virus and the human immune system, independent of the host bacteria'®.

The interactions mediated by human-derived
molecules

Accumulating evidence showed that the highly mutualistic relationships
between microbiota and human cells destined for the occurrence of bidir-
ectional information exchange'""*. Although there are numerous studies on
microbe-derived interactions, of which corresponding mechanisms and
receptors have been recognized (Table 1), the specific signaling pathways
and mechanisms for human-derived interactions are still limited and
separate. Therefore, in this section, to have a better understanding of
human-derived interactions, thus refining the MBI framework, we will give
an introduction for more details of each interaction from human cells to
microbes, which are mainly mediated by hormones, immunity factors, and
circulatory metabolites, etc.

Hormone-mediated interactions

Much evidence proves the strong interconnections between hormones and
microbiome’’. Microbial endocrinology is a transdisciplinary discipline
used to study the crosstalk mechanisms of microbes and human cells based
on the hormones**'*". In fact, the human microbiota, a second endocrine
organ'”, have the ability to produce hormone-like molecules”’. The pre-
valence of neuroendocrine hormones and their respective receptors in both
human cells and microbes suggests the wide existence of the bidirectional
interactions'” (more details in Fig. 2).

Specifically, dynorphin’, a hormone belonging to the family of
opioids, was reported to mediate interkingdom interactions. Dynorphin
interfered with QS circuitry of P. aeruginosa and enhanced microbial
virulence”. Dynorphin induced the expression of multiple virulence
factor regulator (MvfR)-pqsABCDE and directly increased the pro-
duction of three QS signals of P. aeruginosa, including 2-heptyl-4-
hydroxyquinoline N-oxide (HQNO), 4-hydroxy-2-heptylquinoline
(HHQ), and Pseudomonas quinolone signal (3,4-dihydroxy-2-heptyl-
quino-line, PQS). A reasonable hypothesis is dynorphin have an ability
to bind intra-microbial opioid receptor-like molecules. However, until
now, the cytoplasmic target of dynorphin in microbes has not been
identified'”’. Additional opioid hormones, B-endorphin, and met-
enkephalin, which were also involved in the stress response, also sig-
nificantly increased the growth of E. coli in vitro'*.

Natriuretic hormones possess a structure similar to cationic anti-
microbial peptides and can be sensed by microbes™. This family contains
three structurally related peptides, atrial natriuretic peptide (ANP), brain
natriuretic peptide (BNP), and C-type natriuretic peptide (CNP)*. Among
them, BNP and CNP can increase the cytotoxicity and modify the lipopo-
lysaccharide (LPS) of P. aeruginosa and P. fluorescens. Furthermore, both
BNP and CNP significantly enhanced microbial production of the AHLs, as
well as increasing the transcriptional level of AlgC that refers to its
virulence”. Additionally, it was reported that serotonin activated the LasR
QS pathway of P. aeruginosa at uM concentrations, then, it stimulated the
production of microbial virulence factors and increased biofilm formation™.
Serotonin could also be recognized and combined with QS regulator HapR
of V. cholerae, which in turn activated host intestinal innate immunity to
promote host survival.
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Catecholamines contain epinephrine, norepinephrine, and dopamine,
which are a type of typical human hormones™. Epinephrine and nor-
epinephrine are the first human neurohormones affecting the QS system of
microbe”. Dopamine, the immediate precursor of norepinephrine, is a kind
of neurohormone within the gastrointestinal tract and stomach™'”. The

identification of catecholamines receptor'” in enterohaemorrhagic
Escherichia coli (EHEC) O157:H7 helps us further understand the human-
microbe interaction”. QseC’”’, the receptor of autoinducer AI-3 in EHEC
O157:H7, can also detect the human epinephrine, norepinephrine, and
dopamine'”. When these hormones bound with QseC, the phosphate
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moiety transferred from QseC to QseB, and then activated the transcription
of the flagellar regulon. As a result, the microbial growth, motility, biofilm
formation, adhesins and Shiga toxins in EHEC O157:H7 were increased™,
which was a common feature of catecholamine hormones”. In addition, the
opportunistic oral pathogen Aggregatibacter actinomycetemcomitans also
employed QseC sensor kinase to interact with epinephrine from human
neutrophils, resulting in the promotion of microbial growth and survival'*".
During the P. aeruginosa exposure to norepinephrine, the genes involved in
the regulation of the virulence determinants pyocyanin, elastase, and the
PQS were upregulated. Then, the virulence factor production, invasion of
HCT-8 epithelial cells, and swimming motility were promoted in a
concentration-dependent manner along with the increase of the tran-
scriptional activation of LasR”". Furthermore, In Vibrio species, epinephrine,
norepinephrine, and dopamine were found to promote the growth of Vibrio
parahaemolyticus and Vibrio mimicu. The growth of Vibrio vulnificus was
stimulated with high concentrations of epinephrine, indicating that the
specificity and magnitude of the response of catecholamines varies among
Vibrio species. As for Bifidobacterium angulatum GT102'7, histidine kinase
HK10 belongs to the family of kinases, which also serve as microbial epi-
nephrine receptors’”.

Gastrin, a peptide hormone secreted by stomach cells, stimulated the
release of gastric acid and increased the growth rate of Helicobacter pylor”.
Although the sensor for gastrin in H. pylori has not yet been identified, the
fact that this response can be blocked by gastrin analogs suggests the pre-
sence of a microbial receptor for this hormone. It is also noteworthy that this
response is restricted to human gastrin, and this may explain the specificity
of H. pylori to humans. Another gastric peptide hormone, somatostatin,
which inhibited the secretion of gastric acid, suppressed H. pylori growth.
Somatostatin can directly bind to microbe, and this binding can be blocked
by an anti somatostatin antibody, again suggesting that H. pylori harbored
an as-yet-unidentified receptor for this peptide’”. Moreover, H. pylori
infection also increased and decreased the levels of gastrin and somatostatin,
respectively. Insulin can bind and increase the growth and virulence of
Burkholderia pseudomallei and the related species Burkholderia cepacia by
reducing the activity of phospholipase C and acid phosphatase. However,
the microbial insulin receptor remains unknown™.

Gut microbiota is also involved in maintaining the balance of estrogen
metabolism. Note that the estrogen can indirectly regulate the gut micro-
biota composition and diversity'*. More and more evidence has also found
the effects of estradiol on the regulation of QS-related phenotypes'”. For
example, estradiol increased the attached biofilm mass and remodeled the
biofilm ultrastructure of P. aeruginosa through the enhancement of cov-
erage with extracellular polymeric substance and average surface roughness,
respectively. QS activity measurements performed in biofilm supernatants
via AHL reporter further showed that estradiol treatment modulates
microbial QS systems indeed.

To sum up, human hormones, including neurohormones, digestive
hormones, catecholamines, and estrogen, will indeed affect microbial
characteristics and phenotypes, which provides a compelling explanation
for their important role in the guard of human health. Most of the human
hormones mentioned above have positive effects on the microbial growth or
virulence, which indicates that the human body may be more susceptible to
infection with pathogens in cases of endocrine disorders. Although some QS
receptors have been recognized, the corresponding receptors of the reg-
ulatory mechanisms remain vague (represented by the question mark in the
Fig. 2), which needs more attention and future research.

Cytokines-mediated interactions

The immunity system is the main battlefield for negotiations between
human cells and microbes based on cytokines™ """, which are effective
mediums for humans in response to microbial attacks’. Although human
cells are known to express different receptors that bind microbes for the
purpose of activating the immune system, it must be considered that
microbes themselves might possess specialized receptors that in turn
recognize and respond to human immune (more details in Fig. 3)*. For

example, B. angulatum GT102 not only possessed microbial epinephrine
receptor as mentioned above, but also equipped a fibronectin type III
domain-containing protein having cytokine receptor motifs, which was
possibly capable of interacting with human cytokines'”. A number of stu-
dies have also reported the ability of cytokines to bind to microbes, and this
was frequently associated with altering microbial phenotypes, such as cell
growth and biofilm. In this section, we will provide a summary of human-
derived interactions based on some typical cytokines, such as different
interleukins, tumor necrosis factor (TNFs), and interferon-y (IFN-y).

Specifically, interleukin-I (IL-1) is a polypeptide cytokine that mediates
different infection and inflammation. The positive effect of IL-1p on
microbial growth occurred in S. aureus. In addition, the opportunistic oral
pathogen A. actinomycetemcomitans employs several specific strategies for
enhancing its survival in the host: it can secrete a leukotoxin that directly
targets human phagocyte cells, monocytes, and macrophages, and the
cytolethal-distending toxin indirectly modulates periodontal bone resorp-
tion as well as periodontal keratinocyte and fibroblast proliferation”. It is
possibly promoted the formation of biofilm and adjusted the virulence
properties after sensing inflammation-related environmental factors
through a specific receptor binding with IL-1p. Thus, the discovery of the
microbial outer membrane IL-1 receptor was crucial for explaining the role
of sensory cascade in the virulence of this opportunistic pathogen”. Simi-
larly, Porat et al.'” found human IL-1f bound with virulent Escherichia coli
in a specific and saturable fashion and then enhanced the growth of virulent
E. coli, which was inhibited by IL-1 receptor antagonist. Thus, IL-1p may
recognize a functional IL-1-like receptor structure in virulent E. coli and
serve as a virulence factor for microbial pathogenicity'*. The IL-18 triggered
the growth of gut microbiota, it could bind with the lipopolysaccharide
(LPS) of A. actinomycetemcomitans'. IL-8 increased E. coli adhesion and
transmigration in the lung by binding with the Tsr receptor, a major methyl-
accepting protein'”.

TNFs are another typical cytokine, which primarily maintains the
survival and balance of immune cells and usually includes tumor necrosis
factor-alpha (TNF-a) and tumor necrosis factor beta (TNF-f). Tumor
necrosis factor-a (TNF-a) plays an important role in innate immunity.
Some in vitro studies have shown that TNF-a may serve as a growth factor
for some microbes. The human-restricted pathogen Neisseria meningitidis,
amajor cause of microbial meningitis and sepsis worldwide, could bind with
TNE-a or IL-8 through pilus assembly proteins (i.e. PilQ and PilE proteins),
thus increasing its virulence'””. Jin-Hwa Lee et al.'** found that recombinant
mouse TNF-a increased in vitro proliferation of E. coli in a concentration-
dependent manner, and this effect was attenuated by anti-TNF-a anti-
bodies. The same E. coli growth-promoting effect was not observed with P.
aeruginosa, which raised the possibility that E. coli may express an as yet
unidentified receptor for TNF-a. Furthermore, Luo et al.'”” have also
reported that TNF-a can bind to E. coli, S. typhimurium, and Shigella flex-
neri. Particularly, they found that S. flexneri had 276 receptors for TNF-a
with a Ky of 2.5 nM, and the invasion ability was enhanced after binding
with them. Just like other gram-negative pathogen, S. flexneri has some
receptors for TNF-a.

Interferon-y (IFN-y), another typical cytokine, could also con-
tribute to the control and regulation of human-derived interactions. For
instance, Wu et al.® demonstrated a link between the QS system and
interferon-y (IFN-y) in P. aeruginosa. Specifically, IFN-y bound with an
outer membrane protein OprF, resulting in the rhll gene expression and
increased production of C4-homoserine lactone (C4-HSL) as well as a
QS dependent virulence determinant, the type I P. aeruginosa lectin'*’.
When IEN-y activated the QS system, it also enhanced the production
of virulence factor pyocyanin, which most likely was required for the
full virulence of P. aeruginosa in lung infections. Another pathogen
Mpycobacterium tuberculosis also had the ability to sense IFN-y via the
MmpL10 protein, leading to transcriptional changes that may enhance
its virulence and accelerate growth®. The prediction result of the
Alphafold model suggested a potential binding pose in the membrane-
proximal area of the second MmpL10 extracellular region, which was
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exert antimicrobial effects by targeting microbial receptors. However, not all of
binding can effectively combat pathogens, the virulence and growth of the pathogen
may be activated by human cytokines. Arrow indicates the promotion of microbial
phenotypes, such as the growth and virulence, while the blunt arrow represents the
inhibitions. The diagram was created by Figdraw (www.figdraw.com/).

consistent with the fact that IFN-y binds the microbial cell surface.
Furthermore, H. pylori -infected gastric mucosa was characterized by
high levels of IFN-y, but whether IFN-y regulated the virulence of H.
pylori was unclear. Afterward, Zhao et al."*' characterized the binding
response of H. pylori to IFN-y, which altered the expression of 14
proteins, including the virulence factor. The transcription and trans-
lation of cytotoxin-associated gene A (CagA) were downregulated
coupled with the decreased degree of cell damage when co-cultured the
human cell line AGS with H. pylori exposed to IFN-y. Thus, IFN-y

contributed to control H. pylori infection indirectly through the effect
on virulence factor CagA.

Note that only IFN-y helps to inhibit the pathogen H.pylori, on the
contrary, many other cytokines mentioned above encourage the growth or
virulence of pathogens. This unexpected phenomenon reminds us that the
protection of human cytokines from being stolen and utilized by pathogens
is necessary when developing antimicrobial drugs. Many cytokines were
reported to regulate the composition of gut microbiota, such as IFN-p, IL-
33, IL-21, and TGF-fB, while the corresponding microbial receptor

npj Biofilms and Microbiomes| (2025)11:38


http://www.figdraw.com/
www.nature.com/npjbiofilms

https://doi.org/10.1038/s41522-025-00657-2

Review

( N N

N. meningitidis P. aeruginosa

BE.. S
L e
N. gonorrhoeae P. putia

CqsR

KT

(™)
I Aldolase
BlG

S. aureus V. cholerae
CycAM‘//IQQuS%DcuR

=
<V

S. &pht;h;urium

a-ketoglutarate

—

Fumarate
Malate l ‘ ; 7
Glutamate

Lactate ][ Cis-Aconitate |—>|’Ttaac0nate

Ethanolamine

TCA Cycle

N\

Glucose/Lipid —> Pyravate —> Acetyle-CoA

Citrate

Fig. 4 | Human cells communicate with microbes through diverse circulatory
metabolites. The colored hemisphere represents small molecule active metabolites
in the human body. The labeling principles for microbial receptors follow Fig. 2. The
red line represents the metabolic process centered around the TCA cycle, which

(— Promote

= Inhibit

Virulence
@ Growth
Biofilm

Sparte <—— Protein

converts the three major components of food (glucose, lipid, and protein) into small
molecules. A part of molecules plays a signal role by binding to known/unknown
microbial receptors. Arrow indicates the promotion of microbial growth or viru-
lence. The diagram was created by Figdraw (www.figdraw.com/).

information had not been reported™. Certainly, more specific mechanisms
between the cytokines and microbial receptors are needed to identify to
reveal the important role of cytokine sensing in the control of microbial
physiological activities, such as biofilm'* and virulence'*. In the future, we
should focus on the identification of compounds structurally similar to
cytokines that could modulate the expression of microbial virulence genes
and reprogram the microbial behavior towards less pathogenic and more
commensal states. This knowledge could be directed towards the study of
drugs and existing inhibitors to assess their suitability as novel therapeutic
agents. By exploiting knowledge of their modes and sites of action to combat
microbial infections, it is possible to develop powerful novel arsenals against

the serious problem of antibiotic resistance'”.

Active metabolites-mediated interactions
In theory, cells are equipped with machinery for metabolite sensing, which
enables them to synchronize metabolic processes with cell signaling and
gene expression. Thus, a part of human-derived metabolites are important
not only as nutrient intermediate but also as signaling molecules'. In this
section, we will focus on the summary of signaling metabolites-mediated
interactions based on the components in the tricarboxylic acid cycle (TCA)
and other active bioactive molecules, such as ethanolamine, D-serine, and
gamma-aminobutyric acid (GABA) (Fig. 4).

Specifically, some researchers have reported that the human-derived
lactate played an essential role in the interactions between human cells and
microbes, such as N. meningitidis'*’, The human pathogen N. meningitidis is
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the leading cause of pyogenic meningitis. The pathogenicity of N. menin-
gitidis is related to the spread of microbial colonies. It was demonstrated that
direct contact with host cells is not required for microcolony dispersal,
instead of accumulation of a host-derived lactate. Interestingly, this
mechanism occurs independently of metabolic utilization of the lactate by
the microbes, suggesting that lactate possibly plays a role as a signaling
molecule although the microbial receptor of lactate has not been found.
Similarly, Neisseria gonorrhoeae microcolony dispersal could also be
induced by lactate. These findings reveal the role of host-secreted lactate in
microcolony dispersal and virulence of pathogenic Neisseria'*’. These
findings will assist in better understanding the transition from asympto-
matic carriage to invasive disease.

Itaconate is one of the most abundant metabolites produced by mye-
loid cells in response to infection and a major activator of the host anti-
oxidant response. Recently, it has gradually been regarded as one of the
important human-derived metabolites for the host-microbe interactions'*.
For example, Wang et al.”® discovered that the M. tuberculosis resisted the
itaconate from macrophages by an essential bifunctional enzyme Rv2498c.
Sebastian A. Riquelme et al. found that the itaconate-dominated immune
metabolic response can lead the pathogen P. aeruginosa’” and S. aureus'* to
change their metabolism to downregulate LPS and upregulate extracellular
polysaccharides (EPS), thus promoting biofilm formation'*’. More specifi-
cally, P. aeruginosa induces the production of host-derived itaconate. The
release of itaconate subjects P. aeruginosa to a major selective pressure.
Meanwhile, itaconate selects metabolically adapted P. aeruginosa strains
through the alteration of microbial metabolic activity and the increase of
extracellular polysaccharides (EPS), thus increasing microbial resistance to
oxidant stress. EPS not only protects the microbes from oxidants, but
triggers myeloid cell metabolic reprogramming, both locally and in circu-
lating monocytes, to induce even greater itaconate release”. Following a
similar approach, using protein extracts, Sebastian A. Riquelme et al.'*
further confirmed itaconate inhibited the aldolase activity of S. aureus in a
dose-dependent manner. This glycolytic inhibition limited S. aureus
planktonic growth, which indicated that itaconate induces metabolic stress
in S. aureus by targeting glycolysis.

C4-dicarboxylates (aspartate, fumarate, malate, and succinate) are
derived from the carbohydrates, proteins, and fats through the TCA cycle or
some steps metabolic strategy of the reverse TCA cycle™. C4-dicarboxylates
both serve as a nutrient source and as active metabolites for enteric
microbes. Thus, they play a major and specific role in the interaction of the
mammalian host with the pathogen. E. coli and S. typhimurium which are
mainly use the two-component system DcuS/DcuR and the chemotaxis
receptor Tar to perceive the C4-dicarboxylates. Specifically, L-Aspartate was
important for the gut colonization of E. coli and S. typhimurium due to its
role in fumarate respiration, nitrogen assimilation, and regulation of
virulence'**". Host- and microbiota-derived L-malate was sensed by
DcuS/DcuR of EHEC O157:H7 during infection. Then, the L-malate was
transduced to the master virulence regulator Ler, which activated the locus
of enterocyte effacement (LEE) genes to promote adherence®. Succinate
regulated the polarization of macrophages toward the M1 macrophages,
which secreted proinflammatory cytokines (e.g., IL-6, IL-1B, and IFN-y) as
antimicrobial effectors to inhibit the pathogen’s spread. Note that Rosen-
berg et al.* found that succinate accumulated in macrophages during the S.
typhimurium infection. Intracellular S. typhimurium utilized human-
derived succinate through the transporter DcuB and induced the expression
of PmrAB and SPI-2 microbial virulence regulons to activate their survival
mechanism. Thus, the power to accelerate pathogen growth in the human
body may originate from the metabolic cycle system.

Certainly, in addition to the aforementioned active metabolites in the
TCA cycle, some other bioactive human-derived molecules, such as
ethanolamine™, D-serine'”’, GABA**'*, were also typical examples of active
metabolites. Specifically, ethanolamine, a common intestinal metabolite,
serves as a chemical source of QS interference®. When a V. cholerae mutant
expressing only the histidine kinase QS receptor (CgsR) invaded the host,
the inhibitory effect of ethanolamine on CqsR could be a possible source of

QS interference but was masked by the presence of the other parallel QS
pathways, allowing V. cholerae to robustly colonize the host™. For the D-
serine, the EHEC can sense and transport the human-derived D-serine via
the transporter its CycA protein, resulting in the inhibition of the microbial
growth and type 3 secretion system-dependent colonization. Therefore, the
corresponding disruption of transporters and/or activation of a previously
nonfunctional D-serine deaminase will contribute to abrogating the inhi-
bition of microbial growth'”. As for GABA, microbes possess different
sensor proteins that recognize specifically it—such as chemoreceptors'*"'*
and transporter'”. Specifically, the GABA chemoreceptors in P. putida and
P. aeruginosa bind their ligands with high affinity with respective Kp, values
of 175nM"" and 1.2 uM. Matilde Fernéndez et al.” also found a GABA
receptor PA0222 in P. aeruginosa, it was demonstrated that microbial
chemotaxis to GABA ligand is due to the direct binding to PA0222. Fur-
thermore, a three-dimensional structure of specific GABA binding protein
Atu4243, which affects the GABA transport and GABA-regulated func-
tions, was identified in the Agrobacterium fabrum'”. Taken together,
aforementioned data indicate that microbes have evolved specific GABA
binding proteins, belonging to different protein families that are involved in
different interactions for phenotype control, such as chemotaxis.

To sum up, as summarized in Fig. 4, the components in the tricarboxylic
acid cycle (TCA) (L-malate”, succinate, and itaconate”), ethanolamine™,
and gamma-aminobutyric acid (GABA)* were found to regulate the
microbial characteristics by attaching to specific microbial receptors. Pre-
dictably, more and more active metabolites will be mined and proposed to
mediate the microbe-human bidirectional interactions in the future.

Concluding remarks and future perspectives

Microbes and human cells have co-evolved for billions of years, through
which they have been exposed to many molecules produced by each other.
As summarized above, these molecules are important mediators for extra-
and intracellular molecules. As illustrated in Fig. 5, microbes initiate inter-
actions with human through diverse molecules, and their corresponding
human receptors. More recently, these mechanisms have been described in
the reverse direction. Humans employ hormones, cytokines, and other
circulatory metabolites in response to microbes, which modulate the
microbial characteristics and phenotypes. While detailed mechanistic stu-
dies linking specific microbial molecules to human physiological status has
been deeply explored, the regulation of human molecules on microbial
physiology and homeostasis is still nascent. In view of the fact that there are
many advanced technologies, such as multi-omics and high-throughput
screening approaches, various signaling pathways, and mechanisms will be
deciphered and understood, thus the future molecules-mediated bidirec-
tional interactions (MBI) will gradually enter the rapid development stage.
Certainly, there will be more opportunities and challenges for further
developing the MBI in potential applications of disease diagnosis and
treatment.

Human cells seem to have inherited certain physiological mechanisms
from microbes, such as the QS mechanisms. More and more researchers
reasonably believe that QS is not restricted to microbiome®’, some immune
cells is working based on a mechanism similar to the QS system. For
example, the IgM-secreting B cells ‘counted’ their own numbers, and IgG
acts as the inducer that reports the density of B cells". In the presence of
antigenic stimulation, there was a concentration threshold for effector
CD4+ T cells to secrete sufficient amounts of IL-2 to maintain STAT5
phosphorylation and the population expansion of effector T cells'"". Simi-
larly, the dendritic cell activation followed an all-or-nothing process based
on a threshold level of type I IFN in the microenvironment'®. Similar to type
I IFN, the IL-10 was also found to be the QS inducer for dendritic cells. An
increase in IL-10 concentration signaled to other dendritic cells to collec-
tively decrease their pro-inflammatory cytokine gene expression'". In the
immunity system, the cellular response will be predicted by the quorum of
cytokine-producing cells and operate globally at the tissue level. These
response modes are reminiscent of QS mechanisms where the accumulation

155

of the autoinducer produced by many cells drives a collective response’ .
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Fig. 5 | Illustration for the details for the bidirectional interactions between microbes and human cells based on various receptors and molecules, such as microbial

metabolites and human cytokines.

In summary, the human immune system may retain the QS mechanism of
microbes. On the one hand, the activation mechanism of immune cells and
secretion of cytokines are very similar to the microbial QS mechanism. On
the other hand, cytokines can control pathogenic microbes by interfering
with their QS system™. However, the receptors and their signaling pathways
that the human cells use to profit themselves or eavesdrop on microbes
remain poorly understood. More precisely, a question we are curious about
is whether the human immune system evolved from the QS system of
prokaryotes? The answer of this question will need more research about the
definition and characteristics of QS systems.

The second clue is the chemical mimicry of the signal language between
microbes and human cells. As we all know, AI-2 is a classic QS signal
language in the microbial community. It was amazing that mammalian
epithelial cells could release an AI-2 mimic, which was detected by the AI-2
receptor of enteric pathogen S. typhimurium and then stimulated the
expression of QS-related genes””. Expect the human to mimic the microbial
signal molecule, the microbe also learns the human biochemical molecules.
Cohen et al.” found that GPR119 agonists analog from commensal
microbes regulate metabolic hormones and glucose homeostasis as effi-
ciently as human ligands. AHLs, another type of representative QS mole-
cules, are equipped with highly conserved serine-acylated. Coincidentally,
the activity of human ghrelin is also related to serine-3 (Ser3) modified by N-

octanoylated, which means the ghrelin was consistent with the characteristic
of microbial AHL". Sphingolipids, a lipid class characterized by a long-
chain amino alcohol backbone, were first discovered in the human brain.
They are structural membrane components and important eukaryotic sig-
naling molecules. In recent research, more and more symbiotic microbes
were found to produce sphingolipids, and the structure of microbial
sphingolipids with those produced by humans is conservative''**. There-
fore, it is reasonable to presume that microbes and the human mimic each
other’s interaction language, resulting in the improvement of structural
homology between their signal molecules.

The MBI plays an important role in health maintenance and disease
development. Microbes mainly reside in the human gut system and widely
affect the whole body. Note that most of the MBIs collected in this review
were the interactions between various bacteria and human cells. Although
there was some evidence validated that small molecules from fungi and
viruses (such as phages) would have also different interactions with the
human immune cells (more details in Section “Other molecules-mediated
interactions” and Table 1), the investigations for virus-derived or fungi-
derived interactions with human cells are very limited. Given the wide-
spread presence of fungi and viruses in the human gut microbiota, more
researches are needed to focus on the elucidation of virus-human interac-
tions and fungi-human interactions based on different interaction
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mechanisms in the near future. Only by incorporating phages, viruses, fungi,
and bacteria into the gut microbial systems and studying their interactions
with human cells can we understand the broader microbe-human inter-
actions from a more complete perspective, as well as the prevention, control,
and treatment of human diseases.

Furthermore, to understand the broader microbe-human interac-
tions, the microbial extra-intestinal function shouldn’t be ignored. The
interaction with organs beyond the gastrointestinal tract occurs directly
via Toll-like receptors (TLR) and indirectly via different microbial
signaling molecules'”, some typical examples are as follows. Preclinical
evidence has firmly established bidirectional interactions among the
brain and the gut microbiome. Interaction within this system is non-
linear, is bidirectional with feedback loops, and candidate signaling
molecules have been identified'”’. Gut microbiota affects the brain via
the vagus nerve, cytokines, and their metabolites such as tryptophan,
GABA, and acetylcholine. Meanwhile, many commensal and patho-
genic microbes in the gut are sensitive to norepinephrine and dopamine,
which were released from sympathetic postganglionic neurons into the
gut lumen that can cause the expression of virulence genes, and
increased growth of pathogens. With regard to the gut-lung axis,
microbial SCFAs were reported to protect against allergic asthma, an
effect that involved GPR41 signaling and reduced TH2 effector cell
activation in the lung'®'. Moreover, maternal acetate, generated through
microbial fermentation of dietary fiber can regulate gene expression in
the lung through inhibition of histone deacetylase 9 (HDACDY) to protect
the offspring against allergic asthma'”. With respect to the gut-liver
axis, the dysfunction of the gut mucosal barrier (“leaky gut”) and
increased microbial translocation into the liver via the gut-liver axis
probably play crucial roles in liver disease development and
progression'®’. The gut liver axis is mainly the crosstalk between bile
acids and gut microbiota, importantly it is a bidirectional interaction as
the microbiota affects bile acid metabolism and bile acids affect
microbiota composition.

The MBI framework we proposed is meaningful for understanding the
complex microbe-human interactions. Certainly, there are some challenges
in further understanding the MBI, mainly for the quantification and
refinement of the reported systems as well as the discovery and analysis of the
new systems. Note that metabolites can act as controllers of the phenotype —
as opposed to being simply biomarkers of phenotypic states. Therefore, some
metabolites serve as both energy conversion intermediates and inter-
kingdom molecules, refreshing our traditional understanding of
metabolites'®’. For example, aforementioned intermediates in the TCA cycle
including L-malate, succinate, and itaconate, have been regarded as the sig-
naling molecules and they regulate different microbial physiological activities.
In addition, regulatory effects of some amino acids are gradually concern,
such as serine. Therefore, we believe it is necessary to re-examine various
small molecule metabolites from the perspective of signal interactions and
explore their corresponding receptors. Active molecules serve as umbilical
cords between microbes and the human body. Some of them most likely have
come from a common ancestor or were appropriated by first eukaryotes from
their pro-mitochondrial or pro-chloroplast symbionts. In other cases, hor-
izontal gene transfer seems to be a plausible explanation. Anyway, one should
not be shocked to find in a free-living bacterium a signaling domain seen
previously only in eukaryotes. Conversely, many eukaryotic signaling
domains appear to have roots in microbes. This is an unexpected but pro-
mising development, as data on eukaryotic signal transduction could help in
deciphering the functions of microbial proteins and vice versa'”.

The complex interactions between microbes and human cells require
interdisciplinary research to unravel. In terms of methodology, the activity
metabolomics can be conducted to identify the bioactive metabolites, which
has soared above a purely biomarker-driven approach'®. However, the
activity screening guided by metabolomics needs to increase robustness,
which can be achieved by combining metabolomics, systems biology, and
bioactivity data. Activity metabolomics enables us to identify metabolites
with the highest potential to modulate biological processes and cell

physiology. Multi-omics techniques, as well as data mining and analysis
based on artificial intelligence, will provide more clues for the mining of the
potential interactions between microbes and human cells. In addition,
network-based analysis approaches'® have the potential to promote the
understanding of the function of the MBI in the identification of the rela-
tionships between active molecules crucial for community stability, and the
prediction of the effects of various interactions on human health. To sum up,
the manipulation of microbiota genes encoding metabolites that elicit host
cellular responses will be a new small molecule therapeutic modality
(microbiome-biosynthetic-gene-therapy)™. The prevalence of this ability
suggests that microbe-human bidirectional interaction may be extremely
common and that many more systems will be uncovered in the near future,
which will contribute to more applications of microbiome research in
personalized medicine and public health.
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