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Abstract 

The gut ecosystem is closely related to human gastrointestinal health and overall wellness. Microbiome resilience refers to the capa- 
bility of a microbial community to resist or recover from perturbations to its original state of balance. So far, there is no consensus 
on the criteria for assessing microbiome resilience. This article provides new insights into the metrics and techniques for resilience 
assessment. We discussed several potential parameters, such as microbiome structure, keystone species, biomarkers, persistence 
de gree , recovery r ate , and various resear c h tec hniques in micr obiology, meta genomics, biochemistr y, and dynamic modeling. The 
article further explores the factors that influence the gut microbiome resilience. The microbiome structure (i.e. abundance and di- 
v ersity), keystone species, and micr obe–micr obe interplays determine micr obiome r esilience. Micr oor ganisms emplo y a variety of 
mechanisms to achieve the microbiome resilience, including flexible metabolism, quorum sensing, functional r edundancy, micr obial 
cooperation, and competition. Host–microbe interactions play a crucial role in maintaining microbiome stability and functionality. 
Unlike other articles, we focus on the regulation of host immune system on microbiome resilience. The immune system facilitates 
bacterial pr eserv ation and colonization, comm unity construction, pr obiotic pr otection, and pathogen elimination thr ough the mecha- 
nisms of immunological toler ance , immune-driven microbial compartmentalization, and immune inclusion and exclusion. Microbial 
imm unomodulation indir ectl y modulates micr obiome r esilience. 

Ke yw ords: micr obiome r esilience; micr obiome structur e and keystone species; micr obe–micr obe interplays; host–micr obe interac- 
tions 
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Introduction 

The microbiome is regarded as “the entire habitat, including the 
micr oor ganisms (bacteria, arc haea, lo w er and higher eukaryotes,
and viruses), their genomes (i.e. genes), and the surrounding en- 
vir onmental conditions” (Marc hesi and Rav el 2015 ). Ther e ar e 
many habitats in the human body, such as gastrointestinal tract,
skin, r espir atory tr act, genitourinary tr act, and eac h has distinct 
physio-c hemical pr operties and micr obial comm unities (Ber g et 
al. 2020 ). Human microbiome is generally present in a state of dy- 
namic equilibrium, with a group of core strains remaining sta- 
ble over long-time scales and some strains fluctuating over short- 
time scales in both numbers and proportions (Coyte et al. 2015 ,
Hildebrand et al. 2021 ). The gut microbiome is remarkably con- 
stant in healthy adults. Faith et al. sho w ed more than 70% of 
the same bacterial strains persisted within one year, and many 
of them unchanged over the following four years. A number of 
str ains wer e found d welling in an indi vidual e v en for decades 
(Hildebrand et al. 2021 ). The gut microbiome exhibited similari- 
ties among family members and across geographic regions (Faith 

et al. 2013 ). The stable microbiome fits best a po w er-law func- 
tion, a mathematical function to determine heterogeneity (spa- 
tial a ggr egation) and stability (tempor al a ggr egation) of the pop- 
ulation abundance (Ma 2015 ). Although the gut microbiome ap- 
pears to be resilient in healthy humans, it can be influenced by 
S  
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 ultiple envir onmental host-micr obial factors. Numer ous stud-
es have shown environmental factors, such as antibiotics, pro- 
iotics , and diets , ha v e str ong impacts on the disruption or res-
rrection of the gut microbiome (Palleja et al. 2018 , Ng et al.
019 , Schwartz et al. 2020 ). Host factors also affect gut micro-
iome structur e, suc h as host a ge , body mass , health conditions ,
xer cise frequenc y, lifestyle, and habits (Rinninella et al. 2019 ).
ately, the host genotype has become noticeable in constructing 
nd shaping the microbiome (Qin et al. 2022b ). Besides the in-
uence from the surrounding conditions, microbiome itself plays 
 vital role in maintaining gut microbiome homeostasis, which 

s a stable equilibrium state of micr oor ganisms within the hu-
an gastrointestinal tract (Sommer et al. 2017 , Fassarella et al.

021 ). In this r e vie w, we will explor e micr obiome r esilience, with
mphasis on the concept, assessment methods, influential fac- 
ors, and mechanisms in ecology , microbiology , and immunology
Fig. 1 ). 

oncept of microbiome resilience 

her e ar e man y ways to define r esilience. In ecology, r esilience
ener all y r efers to the capacity of an ecosystem to withstand (eco-
ogical resilience) or recover from disturbances (engineering re- 
ilience) (Philippot et al. 2021 ). Regarding microbiome resilience,
hade et al. defined it as the r ecov ery r ate of a micr obiome
 is an Open Access article distributed under the terms of the Cr eati v e 
h permits unrestricted reuse, distribution, and reproduction in any 
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Figure 1. Factors influence gut microbiome homeostasis. Environmental factors and host factors are considered external factors that affect the 
micr obial comm unity balance, while micr obiome r esilience is consider ed an internal factor that maintains micr obiome stability. 
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fter disturbances . T hey distinguished between r esilience and r e-
istance (insensitivity to disturbance) when e v aluating the stabil-
ty of a microbial community (Shade et al. 2012 ). On the other
and, Hildebrand et al. defined microbiome resilience as the per-
istence of a microbial community within a host, family, and ge-
gr a phic r egion (Hildebr and et al. 2021 ). No w ada ys , microbiome
esilience is defined as the overall capability of a microbial com-
 unity to r esist or r ecov er fr om perturbations to its original state

f balance (Sommer et al. 2017 , Dogra et al. 2020 , Philippot et al.
021 ). Resilience is an intrinsic property of a microbial commu-
ity, which is determined by the constituent microorganisms and
he surr ounding envir onmental conditions. Specificall y, the gut

icr obiome r esilience is determined by the quantity and qual-
ty of constituent micr oor ganisms, micr obial activities, micr obe–

icr obe inter pla ys , and host–micr obe inter actions (Lozupone et
l. 2012 , Fassarella et al. 2021 ). Microbiome resilience is critical to
aintaining gut microbiome homeostasis, in which microorgan-

sms can function optimally and the hosts are able to exert effec-
iv e imm une pr otection, ther eby benefiting ov er all human health.
ong-term disruptions of gut microbiome homeostasis have been
inked to a variety of health disorders and diseases, such as obe-
ity, inflammatory bo w el disor ders (IBD), diabetes mellitus, hep-
tic steatosis, metabolic liver disease, and se v er al types of can-
ers (Lloyd-Price et al. 2019 , Frost et al. 2021 , de Vos et al. 2022 ).
o w e v er, the cause–effect r elationship between micr obiome im-
alance and the disorders or diseases needs further epidemiolog-

cal studies (Mai and Morris 2013 ). 

ssessment of microbiome resilience 

o far, there has been no consensus on the criteria for e v aluating
icr obiome r esilience, nor a standard a ppr oac h. Limited studies
easur ed micr obiome r esilience using genetic metrics, suc h as

ichness and evenness of gut bacteria, microbiome persistence
egr ee, micr obiome r ecov ery r ate. Shade et al. calculated the
 ecov ery r ate of micr obiome r eturning to its original parameters
nd exploited a resilience assessment formula (Shade et al. 2012 ).
ildebrand et al. calculated the microbiome persistence degree

o w ar d perturbations by comparing the metagenomic data from
ifferent timepoints in the same host (Hildebrand et al. 2021 ). We
erein discuss assessment methods and potential parameters

or e v aluating micr obiome r esilience in both persistence and
 ecov ery. 
ssessment of microbiome structure and 

ctivities 

ultivation techniques 
ultivation is a conventional microbiological method used to

solate, pr opa gate, identify, c har acterize, and manipulate mi-
r oor ganisms. Cultiv ation tec hniques addr ess the limitations of
etagenomic methods, enabling the investigation of bacterial

henotypic properties, beneficial or pathogenic activities, and
her a peutic str ategies. Ho w e v er, the weakness is the inability to
tudy not-yet cultured microorganisms (Lee et al. 2021 ). A re-
ent r e vie w article pr oposed the combination of tr aditional cul-
ur e tec hniques with adv anced genetic tec hniques to conduct
n-depth analysis of gut microbiome at the strain level. The au-
hors elaborated a variety of integrative techniques such as cultur-
mics, dr oplet micr ofluidics, phenotypic and genomics selection,
nd membrane diffusion-based cultivation (Xu et al. 2024 ). Inter-
stingly, all k e ystone species appear to be culturable, allowing for
he establishment of str ain-le v el libr aries of gut k e ystone species.
hese libraries of comparative k e ystone culturomes allow the re-
earc h of micr obiome pr operties , dynamics , and r esilient pr obiotic
her a py. 

ulti-omics analysis 
ulti-omics is an integrated study to elucidate the structur e, c har-

cteristics , dynamics , and functions of the microbiome by analyz-
ng the meta genome, tr anscriptome, pr oteome, and metabolome
Lloyd-Price et al. 2019 , Chetty and Blekhman 2024 ). Advanced
ec hnologies ar e often used in combination and, most r ecentl y,
n conjunction with artificial intelligence (AI). Technology com-
inations have accelerated the research in microbiome and its
esilience (Hernandez Medina et al. 2022 , Chetty and Blekhman
024 ). The strength of multi-omics analysis is that it provides
igh-thr oughput, accur ate, and compr ehensiv e data on micr o-
iome pr ofiling, comm unity dynamics, and genetic pr operties,
hereas the weakness lies in the complexity of data analysis and

nter pr etation, lac k of phenotypic information, and incomplete
 efer ence databases . T he following are assessment methods and
otential metrics for r esearc hers and health services to e v aluate
icr obiome r esilience (Lozupone et al. 2012 , Fassarella et al. 2021 ).
Micr obiome div ersity: A gr eater div erse gut micr obiome tends

o be more resilient to disturbances, while a decrease in micro-
iome complexity indicates a reduction in resilience (Lozupone
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et al. 2012 , Palleja et al. 2018 ). Sequence-based microbiome data,
for example, 16S rRNA gene sequencing data and multi-locus se- 
quence typing (MLST) data, can be analyzed to compare the mi- 
cr obial div ersity in normal or in r esponse to differ ent disturbances 
(Lozupone et al. 2012 , Palleja et al. 2018 , Bangayan et al. 2020 ). Mi- 
cr obiome div ersity is e v aluated on thr ee scales: alpha diversity i.e.
intra individual gut microbiome diversity, beta diversity i.e. inter- 
individual gut microbiome diversity within the same population, 
and gamma diversity i.e. species diversity between different pop- 
ulations (Mosca et al. 2016 ). It has been also suggested to use 
metagenomic sequencing to develop strain-specific metabolism 

pathways for compar ativ e anal ysis (Tudela et al. 2021 ). Besides 
genome sequencing, flow cytometry techniques can be used to 
analyze gut microbiome composition based on flow cytometric 
signal variability (Esser et al. 2019 ). Recently, AI-po w ered tech- 
niques have been emplo y ed in pr ocessing and inter pr eting the 
v ast pol ygenic data of gut microbiome (Hernandez Medina et al.
2022 , Chetty and Blekhman 2024 ). This makes it possible to estab- 
lish a correlation between microbiome resilience and microbiome 
diversity and allows researchers to monitor microbiome resilience 
by analyzing fluctuations in microbiome diversity. 

Abundance of k e ystone species: Ke ystone species (explicated 

below) are essential for maintaining the homeostasis of the gut 
ecosystem. Scientists observed that the variation of these k e y 
members correlated to the dynamics and composition of the 
micr obial comm unity (Faith et al. 2013 , Tudela et al. 2021 ). In- 
creases or decreases in the abundance of k e ystone species or even 

absence, r eflect the c hanges in micr obiome r esilience to str es- 
sors and health conditions (Palleja et al. 2018 , Tudela et al. 2021 ,
FitzGerald et al. 2022 ). Next-Generation Sequencing is a po w er- 
ful tool to disclose the occurrence and r elativ e abundance of the 
k e ystone species by detecting the k e y mark er genes in stool sam- 
ples (Tudela et al. 2021 ). In this way, Akkermansia muciniphila and 

Faecalibacterium prausnitzii were suggested as indicators for IBD, 
for their r elativ e abundance significantl y decr easing in ulcer ativ e 
colitis and Crohn’s disease (Guo et al. 2021 ). Absolute abundance 
of the k e ystone species can be obtained using se v er al methods,
for example , culture-dependent assa y, quantitative PCR by count- 
ing the copy numbers of k e ystone-specific genes, droplet digital 
PCR by detecting DNA variants in sample droplets with EvaGreen 

inter calating DN A dy e, flo w c ytometry b y counting and sorting 
microbes in fecal samples with fluorescent markers, and fluo- 
rescent in situ hybridization by visualizing and quantifying the 
bacteria with fluor escentl y labeled pr obes tar geting k e ystone spe- 
cific RNA sequences (Esser et al. 2019 , Lee et al. 2021 , Li et al.
2024 ). 

Biomarkers here are regarded as measurable metabolites or 
proteins whose presence or absence indicates the status of mi- 
cr obiome (Llibr e and Duffy 2018 ). Metabolic biomarkers can be 
used to observe the variation of microbiome, such as resilience 
and metabolic activities. Short-chain fatty acids (SCFAs) are out- 
puts of gut bacteria and might serve as a biomarker for micro- 
biome resilience (Salazar et al. 2022 ). Chronic inflammation has 
a negative impact on microbiome resilience . T he levels of inflam- 
matory biomarkers in the blood or stool have been used as the in- 
dicators of IBD, such as C-reactive protein, neutrophil–lymphocyte 
r atio, fecal calpr otectin, stool lactoferrin (Guo et al. 2021 ). Pro- 
inflammatory cytokines , IgA antibodies , and antimicrobial pep- 
tides (AMPs), indir ectl y r eflecting micr obiome dynamic status, can 

be considered as potential biomarkers of microbiome resilience 
(Llibre and Duffy 2018 ). The integration of proteomics and ge- 
nomics techniques sheds light on the de v elopment of biomarkers 
for microbiome screening and resilience assessment. 
Recov ery r ate: the speed of the microbiome recovering from
isturbances, r epr esenting the ability of the microbiome to re-
pond to stressors . T he reco very of gut microbiome after antibi-
tic exposur e usuall y takes fr om a fe w weeks to se v er al months
Palleja et al. 2018 , Thriene and Michels 2023 ). Some researchers
bserv ed a pr olonged r ecov ery time for the gut micr obiome full y
eturning to its original composition and diversity due to the fac-
ors as old age, low-fiber diet, long-term antibiotic use (Ng et al.
019 , Thriene and Michels 2023 ). It is worth noting that the gut
icrobiome can be constantly altered by disturbances, and some 

 hanges ar e irr e v ersible (Dethlefsen and Relman 2011 , Thriene
nd Michels 2023 ). To evaluate microbial community resilience,
ne a ppr oac h is to measur e the r ecov ery r ate of the micr obial
omposition or functions after disturbances (Shade et al. 2012 ).
hade et al. de v eloped a form ula incor por ating time to assess r e-
ilience, which calculated the rate of a microbiome returning to
ts original parameters . T hey determined the community was “re-
ov er ed” when the means of parameters were statistically indis-
inguishable from the pre-disturbance means (Shade et al. 2012 ). 

Persistence degr ee: the le v el of micr obiome r etention in r e-
ponse to environmental stressors (Hildebrand et al. 2021 ). Hilde-
rand et al. determined resilience as the degree of persistence and
 v aluated it by comparing str ain-r esolv ed meta genomic species
sMGS) at intervals . T hey calculated str ain r esilience using the
umber of consecutive timepoints with the same sMGS divided
y the number of consecutive timepoints with different sMGS of
he same host. The same algorithm was used to calculate the fam-
ly persistence of strains shared between individuals in the same 
amil y (Hildebr and et al. 2021 ). 

ssessment of microbiome dynamics 

athematical functions have been used to explore human mi- 
robiome dynamics in vitro . A previous study applied extended
aylor’s po w er law to determine spatial a ggr egation (i.e. het-
rogeneity) and temporal aggregation (i.e. stability) of the hu- 
an microbiome at both population and community levels (Ma 

015 ). No w ada ys , there has been a growing interest in using dy-
amic modeling a ppr oac hes to explor e the dynamics of micr obial
omm unities ov er time, particularl y to tr ac k the fluctuations by
xternal perturbations e.g. antibiotic exposure, lifestyle change,
ealth status. Microbial dynamic modeling is an important tool 
o study microbiome resilience, which employs advanced com- 
utational algorithms to analyze metagenomic sequences, bio- 
hemical molecules, and genetic determinants in response to per- 
urbations (Hernandez Medina et al. 2022 ). A r ecent r e vie w pr o-
ided compr ehensiv e insights into dynamic modeling systems ex- 
loited for studying small or large microbial communities using 
iffer ent molecular mec hanisms at differ ent scales (Qian et al.
021 ). At ecological scales, Generalized Lotka-Volterra models de- 
cribe how the absolute abundance of each community member 
hanges with other community members as well as external in-
uts, while Data-dri ven d ynamic r egr ession models describe how
omm unity composition c hanges in r esponse to an external in-
ut after being trained on a large volume of longitudinal data. At
olecular effector scales, microbe-effector models describe how 

etabolites or immune molecules in the environment influence 
he growth of community members, while Genome-scale models 
escribe the metabolic fluxes interacting with the gr owth r ate of
ommunity members by using flux balance analysis and micro- 
ial genome scale metabolic networks (Qian et al. 2021 ). Today,
achine learning and deep learning techniques are beginning to 

e used for examining micr obe–micr obe and host–microbe inter-
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ctions at multiple omics levels, including the genome, transcrip-
ome , epigenome , metabolome , and proteome . AI application can
elp predict the temporal dependencies and dynamic patterns of
ut microbiome, allowing us to deeply understand microbiome
eha vior, resilience , and interactions (Hernandez Medina et al.
022 , Chetty and Blekhman 2024 ). 

actors influencing microbiome resilience 

he construction and succession of the microbiome begin at
irth and continue throughout one’s life. A resilient microbiome,
hether in the gut or other parts of the body, is typically com-
osed of a highl y div erse arr ay of micr oor ganisms (Lozupone et al.
012 , Rinninella et al. 2019 , Dogra et al. 2020 ). Nevertheless, long-
erm disturbances, such as antibiotic use, can disrupt the micro-
iome structure leading to a decrease in microbial abundance and
pecies richness, or even species loss (Jernberg et al. 2007 , Jakobs-
on et al. 2010 , Dethlefsen and Relman 2011 , Palleja et al. 2018 ). 

icrobiome structure, activities, and 

nteractions: determinants of resilience 

icrobiome abundance and diversity 

ender et al. estimated a ppr oximate 38 trillion bacteria and 30
rillion human cells in an adult human body, while Rinninella
t al. estimated over 100 trillion microorganisms in the human
astr ointestinal tr act (Sender et al. 2016 , Rinninella et al. 2019 ).
he colon is the most densely populated habitat for microbiome,
ontaining 10 11 –10 12 bacterial cells per milliliter (Rinninella et
l. 2019 ). The gut microbiome encompasses large numbers of
 ersatile micr oor ganisms and complex envir onmental conditions
cross human populations, including trillions of bacteria, ar-
 haea, viruses, pr otists, and fungi. Amongst, the human gastroin-
estinal tract harbors a wide spectrum of bacteria, ranging from
00 to 1000 distinct species (Lozupone et al. 2012 , Mosca et al.
016 , Rinninella et al. 2019 ). The gut microbiome forms a dense
r otectiv e layer on the intestinal epithelium, resisting external
athogens invasion by competing for ecological niches , nutrients ,
nd imm une ada ption (Lozupone et al. 2012 ). The microbiome
tructur e v aries among bod y parts, indi viduals, and populations,
ue to the specificities of habitats and nic hes, a ge, diet, geogr a phy,

ifestyles etc. Around 1150 bacterial species were sampled from
he gut of the European population, with an average of 160 species
er person. In contrast, 1235 species-level phylotypes were recov-
r ed fr om the Chinese gut micr obiome, assigned to 20 phyla, 36
lasses , 72 orders , 121 families , and 290 genera, with an a v er a ge
f 186 ± 51 species-le v el phylotypes per person (Yang et al. 2020 ).
f the intestinal bacteria, 99% are anaerobic bacteria, and 90% be-

ong to the phyla Bacillota and Bacteroidota. Bacillota mainly con-
ists of Gr am-positiv e bacteria, like Bacillus , Clostridium , and Strep-
ococcus , while Bacteroidota mainly consists of Gr am-negativ e bac-
eria, like Bacteroides and Prevotella (Xue et al. 2020 ). A diverse mi-
robiome has a strong capacity to resist perturbations and rapidly
 ecov er fr om micr obial imbalances (i.e. r esilience), thus favoring
he host health (Lozupone et al. 2012 , Rinninella et al. 2019 , Philip-
ot et al. 2021 ). Researc hers observ ed the low-div ersity micr o-
iome accompanied by loss of symbionts or emergence of patho-
ionts was associated with dysbiosis and c hr onic inflammatory
iseases (Guo et al. 2021 , Malard et al. 2021 , Weiss et al. 2021 ). For
xample, the longitudinal studies of IBD r e v ealed the decr eased
 esilient micr obiome coupled with the micr obiome shifting to-
 ar d aer otoler ant pr o-inflammatory clades in IBD (Lloyd-Price et
l. 2019 , Guo et al. 2021 ). The mechanisms emplo y ed b y diverse
icrobes to steer the microbiome resilience are discussed here: (1)
eter ogeneous micr obial taxa perform a wide r ange of functions,

ncluding metabolizing nutrients, resisting pathogens, and mod-
lating the immune system; (2) a diverse microbial consortium
r ovides functional r edundancy, whic h helps buffer a gainst func-
ional aberrations in the ecosystem caused by the loss of taxa due
o envir onmental str essors; (3) differ ent types of bacteria regulate
ost immunity via different pathways (Wagg et al. 2019 , Biggs et
l. 2020 ). Some bacterial groups have been highlighted as k e ystone
pecies , which pla y a pivotal r ole in r etaining micr obiome struc-
ure and functions. 

eystone species 
 eystone species, originall y pr oposed in ecology, ar e defined as

the taxa w hic h have major influence on microbiome composition and
unction at a particular space or time ” (Banerjee et al. 2018 ). They can
e animals , plants , or micr oor ganisms. K eystone species determi-
ate micr obiome r esilience and manipulate the whole ecosystem,
or their big and disproportionate impact on the ov er all structur e
nd functionality of the microbiome (Mouquet et al. 2013 ). Bac-
eroides , Akkermansia , and Faecalibacterium , for instance, wer e r e-
arded as k e ystone genera because the y ar e closel y associated
ith gut microbiome variations and host health (Guo et al. 2021 ,

udela et al. 2021 ). Keystone species are not necessary to be the
ominant components of a microbiome; they can be identified

n high or low abundance. Herren and his colleagues concluded
rom all datasets that the bacterial taxa ranked in abundance
nd the taxa ranked in connectedness wer e positiv el y, but not
tr ongl y corr elated. Some low-abundant k e ystone species were
he best predictors of changes in the microbiome composition
f the entire community (Herren and McMahon 2018 , Guo et al.
021 ). This indicates that certain k e ystone species often have an
v er-pr oportional impact on ecosystem compared to their num-
ers (Faith et al. 2013 , Banerjee et al. 2018 ). Based on the liter atur e,
e provide an ov ervie w of a few prominent k e ystone species and

heir functional activities in the gut ecosystem (Shetty et al. 2017 ,
udela et al. 2021 ). 

� Akkermansia muciniphila : a species of Gr am-negativ e anaer-
obic bacteria belonging to the gen us Akkermansia . The y are
regarded as beneficial commensal bacteria that colonize the
human intestinal mucosa and act as a barrier protecting the
gut lining. They also have a substantial function of mucin
degradation (Bae et al. 2022 ). 

� Bacteroides thetaiotaomicron : a species of Gr am-negativ e, anaer-
obic bacteria belonging to the gen us Bacteroides . The y are
abundant in the human intestinal tract, and they have the
capabilities of complex carbohydrates , e .g. arabinogalactan
degradation and selective bile salt hydrolase (BSH) activity
(Porter et al. 2018 ). 

� Bifidobacterium species: se v er al species of Gr am-positiv e anaer-
obic bacteria belonging to the genus Bifidobacterium. Bifidobac-
teria ar e highl y pr esent in the healthy infant gastrointesti-
nal tract, with B . longum , B . breve , and B . bifidum gener all y
being dominant species in infant. Ho w e v er, the le v els of bi-
fidobacteria decrease considerably with age, remain rela-
tiv el y stable at a low le v el thr oughout adulthood, and de-
cr ease a gain at old age . T he species composition also shifts ,
with B . catenulatum , B . adolescentis , and and B. longum being
dominant bifidobacteria in adults (Arboleya et al. 2016 ). Bifi-
dobacterial species have health-promoting activity. Bifidobac-
terium pseudolongum can break down complex carbohydrates.
Bifidobacterium longum is capable of degr ading carbohydr ates



Zhou et al. | 5 

 

 

 

 

l  

b  

2

M
M  

f
b  

m  

p  

2

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b
a
i
a
i  

c
t  

e

particularly Human Milk Oligosaccharides and has BSH ac- 
tivity (Picard et al. 2005 ). Ther efor e, Bifidobacterium sp . is fr e- 
quently emplo y ed as pr obiotic ingr edients in man y func- 
tional foods, and these probiotic supplements play a bene- 
ficial role in improving the health conditions of adults and 

elderly. 
� Christensenella minuta: a ne wl y identified species of Gr am- 

negativ e, anaer obic, and nonmotile bacteria. They have the 
activities of stimulating ecosystem diversity and producing 
acetate and BSH activity (Kropp et al. 2021 ). 

� Faecalibacterium prausnitzii: a species of Gr am-positiv e, 
mesophilic, anaerobic bacteria that are one of the most abun- 
dant commensals of the human gut microbiome . T hey can 

pr oduce butyr ate and metabolites with anti-inflammatory 
effects (Lopez-Siles et al. 2017 ). 

� Methanobrevibacter smithii: a dominant archaeon comprising 
up to 10% of anaerobes in the colons of healthy adults . T hey 
can produce acetate and methane from hydrogen (Samuel et 
al. 2007 ). 

� Ruminococcus bromii: a species of Gr am-positiv e anaer obes 
and a dominant member of the human gut microbiome.
T hey ha ve the activities of r eleasing ener gy fr om degr ading 
starc hes especiall y “r esistant” starc h and pr oduce butyr ate 
(Ze et al. 2012 ). 

Microbial activities of keystone species help shape gut micro- 
biome, including flexible metabolism, antimicr obial-a gents pr o- 
duction, quorum sensing, horizontal gene transfer, and host im- 
m une modulation. Mucin degr adation ca pability pr ovides ener gy 
and nutrient sources of carbon and nitrogen for bacterial sur- 
vival and growth (Glover et al. 2022 ). Many k e ystone taxa pos- 
sess m ucin-degr ading gl ycosyl hydr olases, indicating these mi- 
cr obes hav e m ucin-degr adation potential. Metabolism of m ucin 

O-linked glycans facilitates the adhesion of bacterial species to 
the gut mucus layer, which is a k e y ste p in microbiome estab- 
lishment particularly in early life (Chng et al. 2020 , Glover et 
al. 2022 ). Ho w e v er, excessiv e m ucin degr adation by m ucol ytic 
bacteria is considered an initial stage of pathogenesis, since it 
undermines the protection of the host mucus layer (Glover et 
al. 2022 ). The k e ystone species also pr oduce metabolites, suc h 

as SCFAs, bacteriocin, hydr ogen per oxide, AMPs, and l ysozymes 
that can boost colonization/multiplication of commensal bacte- 
ria and suppress/eliminate pathogenic bacteria (Liu et al. 2022 ).
These metabolic products can be classified into three categories 
based on their activities: (1) Nutritious substances e.g. carbo- 
hydrates , amino acids , and vitamins , which can be emplo y ed 

for interspecies cross-feeding and gut microbiome rebuilding; (2) 
signaling molecules, which conduct cross-talking between mi- 
crobes and between microbes and their host; (3) bactericidal sub- 
stances, which inhibit or eliminate of exogenous pathogens. SC- 
FAs ar e acetate, pr opionate, and butyr ate deriv ed fr om bacteria 
fermenting dietary fibers (Fusco et al. 2023 ). They ar e r eleased in 

large amounts in the proximal colon at approximately 130 mmol 
per kilogram of luminal contents, and serve as energy suppli- 
ers , pH regulators , epithelium strengthener, and immunomodu- 
lators for host defense (Shimoto y odome et al. 2000 , P ar ada Vene- 
gas et al. 2019 , Lo et al. 2021 , Fusco et al. 2023 ). Lactobacillus 
sp . and Bifidobacterium sp . wer e found to activ ate P aneth cells 
to secr ete r egener ating islet-deriv ed pr otein III-gamma (RegIII γ ),
which has bactericidal activity to w ar d pathogenic bacteria (Shin 

et al. 2023 ). Keystone species also act as major colonizers to fa- 
cilitate microbiome post-antibiotic recovery (Tudela et al. 2021 ).
Long-term disturbances were found in the reduction or even 
oss of se v er al k e ystone species, ultimatel y leading to micr o-
iome resilience declining (Palleja et al. 2018 , FitzGerald et al.
022 ). 

icr obe–micr obe interpla ys 
icr obial inter play is significant for ac hie ving homeostasis and

unctionality of the microbiome through coordinated responses 
etween micr oor ganisms. Liter atur e ov ervie ws the types of
icr obe–micr obe inter plays within v arious habitats and their im-

acts on the microbiome dynamics and resilience (Nagaoka et al.
008 , Mosca et al. 2016 , Fassarella et al. 2021 ). 

� Mutualism refers to co-dependent participants benefiting 
fr om eac h other and incr easing physical fitness. Co-digestion
of complex carbohydrates and the synthesis of essential vita- 
mins provide energy and nutrition for microbial adaption and 

succession. Bacterial coa ggr egation is the pr ocess by whic h
different species or strains adhere to one another. Gut bacte-
rial coa ggr egation facilitates forming complex m ulti-species 
comm unities by r ecognizing homologous surface compo- 
nents of genetically distinct microorganisms and binding 
each other. 

� Cooper ation r efers to non-obligatory co-dependence sym- 
bionts working together. It r enders micr oor ganisms collec-
tiv el y r esponses to envir onmental perturbations in order to
ada pt to c hanges by, for example, quorum sensing and cross-
feeding. 

� Commensalism refers to one partner getting the advantage 
without any help or harm to the other. It provides microbial
colonization and growth with provision of nutrients and pro- 
tection, as well as modulation of host immune tolerance. Bac-
terial co-adhesion refers to the process by which bacteria ad-
here to surfaces with the help of other bacteria. For example,
in oral ca vities , the adhesion of Bifidobacterium adolescentis to
tooth surfaces is mediated by the coa ggr egation of oral bac-
teria (Nagaoka et al. 2008 , Mosca et al. 2016 , Fassarella et al.
2021 ). 

� Amensalism refers to one microorganism being inhibited or 
destro y ed, and the others are unaffected. It prevents the col-
onization and invasion by pathogens through the antimicro- 
bial agents produced by some bacterial species. 

� Competition refers to both the participants harming each 

other for resources and space. It selects the best-adapted 

species/strains that colonize the mucosal surface of epithe- 
lial lining through specific adhesion mechanisms. 

� P ar asitism r efers to one or ganism getting benefited at the ex-
pense of the other. It gives selectiv e pr essur e to microbiome
members and changes to microbial composition. 

� Pr edation r efers to one micr oor ganism de vouring or attac king
the other, leading to harm or death to the latter. It promotes
microbiome complexity by exerting selective pressure and by 
r eleasing nutrients thr ough the l ysis of bacterial cells by lytic
bacteriophages. 

In brief, micr obe–micr obe inter plays determine the micr o-
iome resilience with respect to microorganism reproduction 

nd colonization, microbial community shaping and rebuild- 
ng through the activities of cross-feeding, quorum sensing, co- 
dhesion and coa ggr egation, and cell–cell competing and attack- 
ng. Long lasting disturbance disrupts the coordination of gut mi-
robes and results in microbiome destruction, resilience reduc- 
ion, and a number of health problems (Mosca et al. 2016 , Palleja
t al. 2018 , Frost et al. 2021 , Malard et al. 2021 ). 
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ost–microbe interactions: driving force of 
esilience 

he digestive tract is the largest immune organ in the human
ody and is the most densely populated habitat for microbes. It
onsists of the cells from non-hemopoietic origin (e.g. epithelia,
aneth cells, goblet cells), hemopoietic origin (e.g. macr opha ges,
endritic cells, l ymphocytes), and micr obial origin (e.g. bacteria,
ungi, protozoa, virus) (Chassaing et al. 2014 ). Gut-associated lym-
hoid tissues (GALTs) contain up to 70% of the body’s immune
ells spreading in P ey er’s patches (PPs), the vermiform appendix,
nd the isolated lymphoid follicles across the small and large in-
estines (Morbe et al. 2021 , Wiertsema et al. 2021 ). Microbes and
he host immune system have been coevolving for millions of
ears to ac hie v e a homeostatic symbiosis. At birth, the fetal gut
s exposed to numer ous micr oor ganisms . T he early resident bac-
eria engage in inducing, training, and regulating the host immune
ystem (Belkaid and Hand 2014 , Chassaing et al. 2014 ). On the
ther hand, TLR5 expressed by dendritic cells, primarily recog-
izes bacterial flagellin manipulates gut microbiome formation

n the neonatal period. The composition of neonate microbiome
etermines imm unomicr obial homeostasis and micr obiome r e-
ilience in later life (Zheng et al. 2020 ). The resilience of the gut mi-
robiome fluctuates along with host age, being lo w est in infanc y,
eaking in adulthood, and declining in old age (Badal et al. 2020 ,
chwartz et al. 2020 , Bosco and Noti 2021 ). Declined host immu-
ity and reduced resilient microbiome contribute to a variety of
ealth conditions and diseases in the elderly (Thevaranjan et al.
018 , Dillon et al. 2020 , Walrath et al. 2021 ). Studies discovered
hat IBD, coeliac disease, and systemic diseases (autoimmune dis-
ases like rheumatic arthritis and systemic lupus erythematosus,
etabolic diseases, and heart diseases) often accoupled with in-

estinal immunity dysfunction and microbiome dysbiosis (Chas-
aing et al. 2014 , Liu et al. 2018 , Yoo et al. 2020 , Zheng et al. 2020 ).
nlike other articles focusing on immunomodulation by the mi-
robiome, we highlight the role of the host’s immune system in
egulating the gut microbiome, especially microbiome resilience.
he strategies emplo y ed b y the host immune system to regulate
icr obiome r esilience include (1) selecting r esident commensals

nd supporting their r epr oduction; (2) r e w ar ding the cooper ativ e
nteractions of symbiont strains and punishing the non-symbiotic
nteractions; and (3) reducing the direct conflicts between differ-
nt symbionts in a single host (Chomicki et al. 2020 ). Impaired or
berr ant imm une r esponses can lead to local or systemic bacte-
ial dissemination and increasing risk of infections. For example,
he unique fecal microbiome with low species richness was iden-
ified in HIV-infected patients, making them more susceptible to
arious infections (Fung et al. 2014 , Ribeiro et al. 2017 ). The in-
olvement of the host immune system in microbiome resilience is
iscussed r egarding imm unological toler ance, micr obiome com-
artmentalization, immune inclusion and exclusion, and micro-
ial immunomodulation (Fig. 2 ) (Dantzer et al. 2018 , Lo et al. 
021 ). 

mmunological tolerance 
mm unological toler ance r efers to the suppr ession of inflam-

atory responses to certain microorganisms and foods, which
s likel y ac hie v ed thr ough m ultiple and r edundant micr obial-
mm une mec hanisms (Belkaid and Hand 2014 ). It arises fr om the
rst encounter with a specific antigen and continues through-
ut life. Immunological tolerance maintains the gut microbiome
hr ough pr eserving commensal micr oor ganisms fr om harm-
ul immune responses. Harmful immunity can be induced by
athogenic organisms and their fractions or by benign antigens
rom commensals or food. When the immune tolerance in the
ntestine fails, a range of health problems appear, from IBD to
llergies (Belkaid and Hand 2014 ). Immunological tolerance as-
ists the establishment of the gut microbiome from 0 to 3 years
s well as microbiome repair and recovery throughout the lifes-
an. The formation of Treg cells and the subsequent production
f IL-10 are vital for mediating immune tolerance. Bacteroides frag-

lis , a k e y species of gut micr obiome, was observ ed to colonize
he colon under IL-10-driven immunotolerance (Round and Maz-

anian 2010 ). Upon r ecognizing ca psular pol ysacc haride A on B.
ragilis , lamina propria dendritic cells were activated through Toll-
ik e rece ptor (TLR) 2-de pendent pathway and then presented the
ntigen to naive CD4 + T cells. In the presence of activated trans-
orming growth factor (TGF)- β, the naive T cells differentiated into
reg cells and produced IL-10 (Mazmanian et al. 2005 , Zheng et al.
020 ). For another example, the presence of indigenous clostridial
onsortium in the cecum and proximal colon (e.g. Clostridium clus-
ers IV and XIVa) was found to be associated with Treg mediated
olerance (Belkaid and Hand 2014 ). The development and func-
ions of immunological tolerance are multiple, complex, and re-
undant. The foremost mechanism of tolerance generation in-
olves a cluster of differentiation 4 (CD4 + ) forkhead box protein
 (FOXP3 + ) regulatory T cells (Tregs) and their inhibitory activi-
ies (Round and Mazmanian 2010 , Belkaid and Hand 2014 , Mo w at
018 ). Tr egs ar e a specialized subset of T cells that can be induced
oth in thymus and in gut and then migrate to the lamina pro-
ria via efferent lymph and the bloodstream. CD4 + FOXP3 + Tregs
an suppress the immune responses that are elicited by other im-
une cells . T he functions of CD4 + FOXP3 + Treg-mediated toler-

nce include (1) to inhibit the pr olifer ation of various T cell types
hrough attenuating IL-2 production, (2) to suppress the activa-
ion of effector T cells thr ough expr essing cytotoxic T l ympho-
yte antigen IV (CTLA-4), (3) to inhibit antigen-presenting cells
nd T cells thr ough pr oducing cytokines IL-10 and TGF- β, and
4) to induce cytolysis through secreting Granzyme A or B and
erforin (Round and Mazmanian 2010 , Mo w at 2018 , Gr ov er et al.
021 , Akagbosu et al. 2022 ). IL-10 is an anti-inflammatory cytokine
roduced by local mucosal macrophages or circulating plasma
ells and that facilitates Treg cell survival and activity (Mo w at
018 ). Another mechanism of immunological tolerance genera-
ion is mediated by tolerogenic dendritic cells, a subset of den-
ritic cells with imm uno-suppr essiv e activities (Mo w at 2018 , Ak-
gbosu et al. 2022 ). The immunosuppressi ve acti vities of tolero-
enic dendritic cells include (1) to inhibit effector T cell pr olifer a-
ion and response, (2) to induce Treg cell generation, (3) to activate
nergic T cells, and (4) to foster redundant tolerogenic dendritic
ells (Mo w at 2018 ). These tolerance activities can be regulated
y immunomodulatory molecules (e.g. IL-10, TGF- β, programmed
eath-ligand-1/2, CTLA-4, and imm unoglobulin-like tr anscript-
/4) produced in the expression of other death receptors and the
e pri vation of n utrition factors etc. (Domogalla et al. 2017 ). The
hird mechanism is that early exposure to bacteria or bacterial
eri vati ves such as sphingolipids, leads to the r epr ession of in-
 ariant natur al killer T cells (iNKTs), ther eb y allo wing the re-
ention and inhabitation of certain microbes (Belkaid and Hand
014 ). iNKTs are a specialized T cell population, phenotypically
nd functionally resembling NK cells or memory T cells . T hey
ave the abilities of cytokine production and cytotoxicity (Hapil
nd Wingender 2018 ). Immune tolerance mediated by tolerogenic
regs , dendritic cells , or suppr essiv e iNKTs, facilitates bacterial
urviv al, colonization, and pr opa gation, especiall y under the ad-
erse conditions such as disorders. 
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Figure 2. Host–micr obe inter actions in association with micr obiome r esilience: imm une facilitating micr obial pr eserv ation, colonization, construction, 
pr otection, and suppr ession via m ucins, Tr eg, M Ø, RegIII γ , sIgA, AMPs, and micr obial imm unomodulation via LPSs , SCFs , and MAMPs . 
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Immune-driven microbiome compartmentalization 

Micr obiome compartmentalization r efers to the segmental dis- 
tribution and spatial organization of microorganisms in distinct 
ecological niches or habitats. Microbiome compartmentalization 

involv es micr obial selection, attac hment, and comm unity es- 
tablishment (Belkaid and Naik 2013 ). Bacteria have their own 

tropism, for example, Actinomycetota, Bacillota, and Pseudomon- 
adota predominating in the skin, Bacillota predominating in the 
v a ginal tr act, and Bacter oidota, Bacillota, Fusobacteria, and Pseu- 
domonadota predominating in the digestive tract. Microbiome 
compartmentalization is driven by multi-factors, such as tissue- 
specific cells , mucus , O 2 and pH gradients , nutrient supplements ,
antimicr obial a gents, and imm une modulation (Belkaid and Naik 
2013 , Fung et al. 2014 , Canesso et al. 2022 ). Gut epithelial cells 
and their secretions direct the attachment between microorgan- 
isms and host tissues (Okum ur a and Takeda 2017 ). In the stomach 

and upper intestine, bile acids lo w er the occurrence and num- 
ber of resident microorganisms (Hooper et al. 2012 ). Mucins se- 
creted by goblet cells act as a barrier limiting the direct con- 
tact between bacteria and enteric cells by forming a layer be- 
tween the intestinal epithelium and the lumen (Johansson et 
al. 2011 , Okum ur a and Takeda 2017 ). Commensal bacteria at- 
tach to the outer mucus layer, and they cannot cross the inner 
m ucus layer. Mucopr otein 2, secr eted primaril y by colonic gob- 
let cells, is the most abundant mucin component in the colon.
Its structure O-glycans facilitate the attachment of microbes in 

the colon by serving as binding sites for microbial adhesion (Jo- 
hansson et al. 2011 ). The attached bacteria subsequentially co- 
a ggr egate with the other bacteria to establish a microbial com- 
m unity. AMPs ar e secr eted by primaril y P aneth cells located in 

the small intestine and other immune cells such as neutrophils 
and macr opha ges. Some AMPs expr essions r equir e the enga ge- 
ment of pattern recognition receptors (PRRs) driven by commen- 
sal deri vati ves , while others , such as α-defensins, can be con- 
stitutiv el y secr eted by epithelial cells (Belkaid and Hand 2014 ).
AMP compounds exert functional activities of bactericidal, anti- 
inflammation, and anti-endotoxicity that affect microbial com- 
a

unity construction. The mechanisms of antibacterial activities 
nclude metal ion chelation, enzymatic degradation of bacterial 
ell membrane, and modulation of innate immune response after 
inding to bacterial lipopol ysacc harides (LPSs) (Fung et al. 2014 ).
mmune cells also direct microbiome compartmentalization, for 
xample, macr opha ges together with T and B cells restricting the
ommensal translocation and dissemination (Belkaid and Hand 

014 ). When commensal bacteria translocate across the enteric 
 pithelial cells, the y can be r a pidl y engulfed and eliminated by
acr opha ges who reside in the lamina propria, or they can be

a ptur ed aliv e by dendritic cells and then tr affic to the mesen-
eric lymph nodes via the intestinal lymphatics (Belkaid and Hand
014 , Fung et al. 2014 ). Bacteria-loaded dendritic cells can in-
uce the differentiation of commensal-specific Th17 cells and 

mm unoglobulin A (IgA)-secr eting B cells. Tr anscytosis IgA lim-
ts micr obial tr anslocation by r egulating bacterial gene expr es-
ion and inhibiting their attachment to the epithelial surfaces 
Abokor et al. 2021 ). Although IgA antibodies are essential for gut

icrobiome, the functions of IgAs produced in different GALT 

ompartments and their action pathways in response to differ- 
nt intestinal micr oor ganisms r emain unclear. In brief, imm une-
riv en micr obiome compartmentalization involv es micr obial at-
ac hment, distribution, and comm unity construction, all of which
orrespond to microbiome resilience. 

mmune inclusion and exclusion 

s mentioned abo ve , epithelial cells and their secretions con-
titute the first line of innate immune defense against exter- 
al microbial colonization and intrusion. Host immunity is ini- 
iated in response to the presence of foreign bodies. Immune cells
e.g. monocytes and macr opha ges) r ecognize micr oor ganisms by
attern-r ecognition r eceptors (PRR, e.g. TLRs) thr ough binding to
icr oor ganism-associated molecular patterns (MAMPs , e .g. pep-

idoglycan, LPSs, bacterial DNA) (Willing et al. 2010 , Wiertsema 
t al. 2021 ). The recognition of non-self-microorganisms triggers 
 a pid innate r esponses, including pha gocytosis and micr obicidal
ctiv ation, inflammatory r esponses, and complement activation 
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Chaplin 2010 , Belkaid and Hand 2014 ). Adaptive immunity consti-
utes the second line of host’s defense, including antigen-specific
 and B lymphocytes . T hey pro vide specific responses to exter-
al and internal microbes (Belkaid and Naik 2013 , Canesso et al.
022 ). The process of cellular immunity goes as follows: (1) ac-
iv ating macr opha ges and NK cells to destr oy intr acellular bac-
eria, (2) acti vating cytoto xic T cells to kill the pathogens in-
ected body cells, and (3) secreting cytokines to orc hestr ate host
mm une r esponses (Cha plin 2010 , Zheng et al. 2020 ). Humor al
mm unity specificall y tar gets, neutr alizes, optimizes, and elimi-
ates the extracellular pathogens through antibody secretion by
lasma cells and complement cascade activation (Chaplin 2010 ,
elkaid and Harrison 2017 ). In GALTs, Tr eg-pr oduced TGF- β trig-
ers isotype IgA switching from the class of immunoglobulins via
ither T cell-independent or T cell-dependent pathway (Zheng
t al. 2020 , Abokor et al. 2021 ). PPs are the major site where
ntibody-secreting plasma cells are induced and produce secre-
ory IgA antibodies (sIgAs). In intestinal homeostasis, sIgAs get
ound to commensal bacteria and k ee p them thri ving (Abokor et
l. 2021 , Takeuchi and Ohno 2021 ). In intestinal disorders, sIgAs
elp intestinal dendritic cells select symbiotic strains and pro-
ect sIgA-coated commensals from being attacked (Belkaid and
and 2014 , Abokor et al. 2021 ). SIgA-microbiome interactions are
lassified as (1) cross-species interaction, sIgAs binding to a broad
ubset of micr obiome, typicall y to structur all y distinct antigens
ike lipopol ysacc haride, cytosine-phosphor-guanine; (2) species-
pecific interaction, sIgAs binding exclusively to distinct bacterial
pecies , for example , to bacterial surface carbohydrate moieties;
3) strain-specific interaction, sIgAs binding selectively to various
enetic variants or subtypes within a bacterial species (Abokor
t al. 2021 ). Besides the pr otectiv e r ole , sIgAs , as a k e y member
f humoral mucosal immunity, can also inhibit or exclude en-
eropathogenic bacteria (Belkaid and Hand 2014 , Takeuchi and
hno 2021 ). The bacterial exclusion mechanisms of sIgAs include

1) to limit pathogen attachment and invasion of host intestinal
pithelia through sIgA coating and agglutination (2) to reduce bac-
erial unc hained gr o wth b y inhibiting bacterial conjugation, and
3) to promote bacterial selection through antigen sampling by ac-
ivated dendritic cells in PPs (Xue et al. 2020 , Abokor et al. 2021 ,
akeuchi and Ohno 2021 ). Without PRR-mediated bacterial sens-
ng, the class of immunoglobulins switches to other types of an-
ibodies, such as anti-commensal IgG, but not sIgA (Chaplin 2010 ,
ooper et al. 2012 ). Ele v ated le v els of systemic and local anti-
ommensal IgG and auto-antibodies were observed in human IBD
Castro-Dopico and Clatworthy 2019 ). 

icrobial immunomodulation 

ut micr obes ar e involv ed in r egulating the de v elopment and
unction of the immune system, thus indir ectl y affecting micro-
iome resilience. Studies have found microbiome imbalance can

mpair gut immunity and increase the risk of intestinal disorders
nd systemic or metabolic diseases (Zheng et al. 2020 ). 

The de v elopment of GALTs has been demonstr ated to be as-
ociated with gut microbiome (Belkaid and Hand 2014 , Xue et al.
020 ). Isolated lymphoid follicles are induced and develop after
xposur e to micr oor ganisms at birth (Belkaid and Hand 2014 ).
he de v elopment and maturity of PPs and mesenteric l ymph
odes are also achieved in response to microorganisms (Xue et
l. 2020 ). Mor eov er, the gener ation and differentiation of T lym-
hocyte subsets in the lamina propria are subjected to bacterial
pecies that engage in regulating local and systemic immune re-
ponses (Hooper et al. 2012 , Belkaid and Hand 2014 ). Germ-free
nimals experience serious defects in their immune network of
r gans, imm une cells, imm une pr oteins, and c hemicals, suc h as
bnormality of αβ and γ δ intra-epithelial lymphocytes, early B cell
ineage in the intestinal mucosa, IgA antibodies, immunomodula-
ory effector cells, and effector T lymphocytes . T hese defects can
e r e v ersed after micr obiome inoculation (Xue et al. 2020 , Zheng
t al. 2020 ). 

Host imm une r esponse also r elies on sensing and respond-
ng to micr oor ganisms, micr obial fr actions, or deriv ativ es in the
ut. Lactobacillus sp. was found to induce the secretion of mucins
n the gut, which formed a pr otectiv e layer inhibiting the adhe-
ion of pathogenic Esc heric hia coli (Qin et al. 2022a ). Clostridium
p., a lar ge gr oup of Gr am-positiv e anaer obes, wer e identified as
he potent inducers of Treg cells (Abokor et al. 2021 ). Clostridium
p. and their deri vati ve butyric acid induced the expression of
GF- β and FOXP3 facilitating the pr olifer ation and differ entiation
f FOXP3 + Treg cells (Xue et al. 2020 ). The r ole of FOXP3 + Tr eg
ells in mediating imm unological toler ance has been addressed
bo ve . Commensal-specific Tregs can promote IgA 

+ B cell class-
witc hing and suppr ess excessiv e m ucosal inflammation (Hooper
t al. 2012 , Belkaid and Hand 2014 ). In murine studies, segmented
lamentous bacteria (SFB) were found to activate the differen-
iation of functionally distinct Th17 cells and the production of
L-17 and IL-22 (Willing et al. 2010 , Hooper et al. 2012 , Zheng et
l. 2020 ). SFB-activated Th17 cells produced non-inflammatory
MPs, wher eas Citr obacter-activ ated Th17 cells produced inflam-
atory cytokines (Zheng et al. 2020 ). Bacteria-activated Th17

ells produced cytokines IL-17 and IL-22 that exhibited div er gent
r o-inflammatory and r egener ativ e pr operties (Belkaid and Hand
014 , Zheng et al. 2020 ). Microbial-induced IgA synthesis is as-
ociated with two tumor necrosis factors (TNFs), B cell activat-
ng factor and pr olifer ation-inducing ligand (APRIL). Upon sens-
ng commensal bacteria by TLRs, the intestinal epithelial cells re-
ease APRIL that induces IgA class switching. Studies have found
he defects in microbiome-IgA axis led to the occurrence of vari-
us diseases, such as colitis, colorectal cancer, and nephropathy
Zheng et al. 2020 , Abokor et al. 2021 ). A recent publication sum-

arizes the contribution of intestinal k e ystone species to the host
mmune system (Xue et al. 2020 ). 

� Bacteroides thetaiotaomicron and Faecalibacterium prausnitzii pro-
mote goblet cell differentiation and stimulate mucus secre-
tion. 

� Lactobacillus casei triggers the humoral immunity response
and limits excessive immune response by increasing sIgA
concentration and elevating the expression of FOXP3. 

� Bifidobacterium sp. plays a crucial role in maintaining gut im-
mune homeostasis by alleviating intestinal inflammation,
mediating humoral immunity, and dampening excessive im-
m unity. The mec hanisms include pr omoting the differ entia-
tion of T helper cells, stimulating the secretion of IL-1 and IL-
6, r educing the lipopol ysacc haride-induced dama ge, inhibit-
ing proinflammatory cytokine secretion, increasing sIgA con-
centration, and the expression of FOXP3. 

� Bacteroides fragilis enhances the type 1 immunity and accel-
er ates the differ entiation of Tr eg cells by pr oducing pol ysac-
c haride A, whic h has been shown to induce the pr oduction of
type 1 cytokines such as IFN- γ and IL-2. 

A variety of bacterial fractions also induce innate immune re-
ponse via different TLR signaling pathwa ys , such as the myeloid
iffer entiation primary-r esponse pr otein 88 (MYD88) signaling
athwa y (Ka wai and Akira 2010 ). LPSs, the components of the
r am-negativ e cell wall, primarily activate the TLR4 signaling
athwa y. T his leads to intestinal epithelium pr olifer ation and ep-
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ithelial barrier integrity. Flagellins, the component proteins of bac- 
terial filaments, activate the TLR5 signaling pathway, which elic- 
its epithelial AMP production (Kawai and Akira 2010 , Hooper et al.
2012 , Zheng et al. 2020 ). The production of AMP through TLR5 sig- 
naling pathway is as follows: (1) Dendritic cells producing TLR5 
in the lamina propria, (2) flagellin-TLR5 stimulating the produc- 
tion of IL-23, (3) IL-23 promoting the expression of IL-22 by innate 
lymphoid cells, and (4) IL-22 inducing Th17 cells to produce AMP 
RegIII γ (Hooper et al. 2012 ). Th17 cells r epr esent a class of potent 
immunomodulatory effectors that are present in high numbers 
in the lamina propria of small intestines . T he IL-22-IL-23 path- 
wa y in volves gut epithelial repair and regeneration, protective and 

inflammatory immunity balance, and microbiome shaping. Inac- 
tivation of IL-23-IL-22 signaling pathway has been linked to in- 
testinal barrier damage , dysbiosis , and the spread of pathogenic 
bacteria (Fatkhullina et al. 2018 ). 

In conclusion, microbiome resilience is an intrinsic capability 
to maintain homeostasis in an ecosystem. Exploring microbiome 
resilience helps us understand how the gut micr obiome r esponds 
to various stressors and maintains or restores balance. Resilience 
assessment can be used as a tool to monitor human health status 
and to e v aluate the outcomes of drug and immunomodulation 

ther a pies. 
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