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Abstract

Lactobacillus and Bifidobacterium spp. are best understood for their applica-
tions as probiotics, which are often transient, but as commensals it is proba-
ble that stable colonization in the gut is important for their beneficial roles.
Recent research suggests that the establishment and persistence of strains
of Lactobacillus and Bifidobacterium in the gut are species- and strain-specific
and affected by natural history, genomic adaptability, and metabolic inter-
actions of the bacteria and the microbiome and immune aspects of the host
but also regulated by diet. This provides new perspectives on the under-
lying molecular mechanisms. With an emphasis on host–microbe interac-
tion, this review outlines how the characteristics of individual Lactobacillus
and Bifidobacterium bacteria, the host genotype and microbiome structure,
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diet, and host–microbe coadaptation during bacterial gut transition determine and influence the
colonization process. The diet-tuned and personally tailored colonization can be achieved via a
machine learning prediction model proposed here.

INTRODUCTION

Long-term coevolution between hosts and gut commensals has resulted in an elaborate dynamic
balance that benefits both partners, and stable establishment and persistence of microbes in the
gut are outcomes of this mutualism. 16S rRNA sequencing data have identified some candidate
taxa (e.g.,Bifidobacterium longum) that can stably colonize within an individual for years (Faith et al.
2013); tracing an individual strain during its gut transition provides a simplified approach to under-
standing host–microbe interactions at the single-strain level. Reflecting on previous research on
gut colonization by bacteria, in particular Lactobacillus and Bifidobacterium spp. (Figure 1), we can
trace a progression from human clinical data or observations from animal experiments to mech-
anistic findings on specific bacterial proteins or molecules mediating engraftment and on to en-
vironmental factors (such as diet or medication), host aspects (age, gender, genotype, physiology),
and gut ecosystem conditions. Taking advantage of the plethora of archived bacterial genomes
and advances in molecular techniques (Ahn et al. 2014, Hudak et al. 2017) (Figure 1), strain-level
detection and surveillance under complex contexts have recently been applied to evaluating gut
colonization.
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Figure 1

Timeline of selected key findings and technical advances in the history of gut colonization research by bacteria, focusing on Lactobacillus
and Bifidobacterium (Ahn et al. 2014, Donaldson et al. 2018, Duar et al. 2017, Goldin et al. 1992, Hudak et al. 2017, Krumbeck et al.
2015, Maldonado-Gómez et al. 2016, Marco et al. 2009, Oh et al. 2010, Shepherd et al. 2018, Song et al. 2018, Spor et al. 2011, Stecher
et al. 2010, Tang et al. 2018, Turroni et al. 2016, Van Baarlen et al. 2009,Walter et al. 2003, Zmora et al. 2018). Abbreviations: AMPs,
antimicrobial proteins; IgA, immunoglobulin A; LGG, Lactobacillus rhamnosus GG.
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These technical advances have revealed several areas of interest that may not have always been
considered in earlier studies. First, the natural history of ingested strains, especially whether they
are autochthonous or allochthonous, is a key evolutionary factor determining fitness (Duar et al.
2017). Second, the effects of the resident microbiome, as reflected by individualized colonization
modes, underscore the two seemingly paradoxical notions of phylogenetic limiting (Maldonado-
Gómez et al. 2016, Zmora et al. 2018) and phylogenetic clustering (which has been characterized
as “like will to like”) (Stecher et al. 2010). Third, there is evidence of host–microbe coadaptation
by host-secreted molecules [immunoglobulin A (IgA)] (Donaldson et al. 2018, Joglekar et al. 2019)
and antimicrobial proteins (AMPs) (Tang et al. 2018) and the in vivo genomic variation of incom-
ing strains (Crook et al. 2019, Song et al. 2018). Fourth, metabolic interactions among ingested
strains have been shown to facilitate colonization (Turroni et al. 2016). Fifth, resources targeted
to enrich specific ingested strains (Krumbeck et al. 2015) and nutrients unused by resident mi-
crobiota (Shepherd et al. 2018) open a window of opportunity for diet-tuned colonization. These
recent findings have been inspirational for the field of bacterial gut colonization.

In this review, we start with canonical and recent data on gut colonization, with a focus on
Lactobacillus and Bifidobacterium, to provide a condensed meta-analysis of bacterial colonization
diversity. Next, gene elements and key molecules in probiotics that determine and affect gut re-
tention are summarized; the impacts of factors, such as host genotype, physiology (microbiome,
age, and gender), diet, and medication history, are discussed; and the role of coadaptation is ad-
dressed, concentrating on signal pathways and immune response initiated in the host and gene and
transcript shifts in bacterial strains during gut transition. Finally, we suggest that based on bac-
terial characteristics (such as gene features, metabolic ability, and immunogenicity) and those of
the host genotype and microbiome, a personalized strategy with a specific combination of probi-
otics and prebiotics might more precisely modify the resident microbiome and thus contribute to
long-term human health. This concept is also applicable to next-generation probiotics (O’Toole
et al. 2017).

DIVERSITY OF GUT COLONIZATION MODES BY INGESTED STRAINS

The advent of high-throughput genome sequencing and bioinformatic tools has given researchers
a molecular microscope with which to detect minute differences in the genetic makeup of micro-
bial phylotypes (i.e., species and strains). The open pan-genomes of taxa at the genus (e.g., Bifi-
dobacterium) (Milani et al. 2014) or species level (e.g., Lactobacillus salivarius) (Harris et al. 2017)
indicate an abundance of species-specific and strain-specific genes. Furthermore, even in the core
genome of strains of the same species, thousands of single-nucleotide polymorphism (SNP) vari-
ations are common. These differences in bacterial genomes lead us to more confidently propose
that certain properties of strains, including whether they can achieve stable engraftment in the
gut, may well be species- and/or strain-specific attributes.

To trace a single strain in the enteric niche, tools such as fluorescence in situ hybridization
(FISH), strain-specific polymerase chain reaction (PCR), antibiotic-resistancemarker tagging, and
associated techniques have been developed that allow us to evaluate colonization more precisely.
These tools also allow us to determine the spatial distribution of microbial strains in the gut, often
termed gut biogeography.

Bacterial Establishment and Persistence in the Gut After Oral Administration

The establishment and persistence of Lactobacillus and Bifidobacterium are species- and strain-
specific (Supplemental Table 1), as supported by results from various murine models and
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human trials. The population levels of different species and strains vary, with differences of several
orders of magnitude (Frese et al. 2011) (Supplemental Table 1).More significant variation exists
in the residence time. In animal models, the gut residence time differs significantly within Lacto-
bacillus johnsonii (Denou et al. 2008) (NCC533 versus ATCC 33200) and Lactobacillus plantarum
[WCFS1 (Marco et al. 2007) versus MA2 (Tang et al. 2016)]. Notably, L. johnsonii AO12 cannot
initiate gut colonization (Geva-Zatorsky et al. 2017).Well-controlled clinical data provide further
evidence of such colonization discrepancies. The persistence periods of Lactobacillus rhamnosus
strains (GG, LC705, and DR20) after administration ceased to differ significantly (Kankainen
et al. 2009, Tannock et al. 2000).

Although different species and strains exhibit diverse engraftment results in the gut, coloniza-
tion of most probiotics in adults is short term, with only a limited number of exceptions (such
as B. longum AH1206) (Maldonado-Gómez et al. 2016), and the individual colonization modes
of persisters and nonpersisters have been demonstrated. Probiotic intervention at early stages
of life is more likely to engraft (Gueimonde et al. 2006, Schultz et al. 2004) (Supplemental
Table 1), presumably as a result of niche preemption. Similarly, antibiotic treatment can result
in longer persistence times, possibly because of phylotype vacancies or easier invasion into a dis-
turbed microbiome (Denou et al. 2008). Host-adapted strains are more likely to achieve fitness
advantages, as evidenced by the host origin–specific colonization of Lactobacillus reuteri strains
(Frese et al. 2011). In addition, the establishment and persistence of incoming bacteria have been
shown to vary significantly with host genetic backgrounds (Ganesh et al. 2018; Marco et al. 2007,
2009; Zhou et al. 2019) and physiological status [e.g., gender (Frese et al. 2011) and microbiome
(Grimm et al. 2015)]. This suggests that we should be cautious when comparing data from differ-
ent studies, considering the possible differences in dose; administration frequency and activity of
the strain(s); detection threshold of various tools; and host diet, genotype, and physiology.

Gut Biogeography

The gut biogeography of gut symbionts is also diverse, although this field, especially the spatial
distribution of probiotics along the transverse axis of the intestines (the gut lumen, colonic mu-
cus layers, and colonic crypts), has received little attention. However, gut biogeography has been
extensively studied for Bacteroidetes (Donaldson et al. 2016) and segmented filamentous bacteria
(SFB) (Atarashi et al. 2015). SFB, a strong Th17 inducer, resides largely in the ileum and tightly
adheres to the small intestinal epithelium (Atarashi et al. 2015), whereas Bacteroides fragilis, which
penetrates the colonic mucus of the host and functions as a Treg inducer, is located in colonic
crypts (Lee et al. 2013). For probiotics, Bifidobacterium adolescentis L2-32 was shown to have a sim-
ilar colonization mode to SFB; i.e., it attaches closely to the ileal epithelium (Tan et al. 2016).
Lactobacillus farciminis favors the ileum niche to the colon (Da Silva et al. 2015), whereas L. reuteri
100-23 forms a biofilm in the mouse forestomach (Frese et al. 2013).

GUT COLONIZATION MECHANISMS OF BIFIDOBACTERIUM
AND LACTOBACILLUS

Considering bacterial colonization mechanisms from an ecological perspective, both the “seed”
(the bacterial strain) and the “soil” (the gut ecosystem conditions) are important. Successful estab-
lishment requires that strains have the ability to resist the harsh gut environment, possess suitable
surface architecture to attach to the intestinal epithelium or mucus, produce metabolic molecules
to mediate the colonization resistance of other gut competitors, manage nutrient availability
to ensure proliferation, invoke mild immunogenicity to establish immune tolerance, promote
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Figure 2

Criteria needed to achieve stable colonization by ingested bacteria. Gut colonization by ingested strains can
be determined by four factors. (a) Specific genomic background, active metabolic capability, appropriate
synergistic effects with other incoming strains, natural history, and genomic and transcriptional adaptability
during gut transition all contribute to a good colonist. (b) Diet, in terms of resource partitioning and nutrient
availability, is also important. (c) The host microbiome can exert phylogenetic and functional selection on
ingested bacteria. (d) Host genetics and physiology also affect gut colonization by engrafted strains.
Abbreviations: AMPs, antimicrobial proteins; EPSs, exopolysaccharides; GHs, glycoside hydrolases; GTs,
glycosyltransferases; IgA, immunoglobulin A; LTA, lipoteichoic acid; SNP, single-nucleotide polymorphism.

efficient cell–cell communication to form a symbiotic relationship, and mediate harmonious cross
talk with the host (host selection and microbiome) (Figure 2).

Some genes and molecules of Lactobacillus and Bifidobacterium that mediate host–microbe
interactions have been identified via sequence homology with validated colonization genes in
pathogens; identification of genes upregulated during gut transition; comparative genome anal-
ysis among strains with different colonization phenotypes; and recognition of the importance of
biofilm forming [e.g., exopolysaccharides (EPSs)] and quorum sensing (e.g., luxS) in host adhesion.
As few previous studies or reviews have provided a summary of molecules or genes that function in
the colonization of the gut by probiotics, we have compiled a list of genes that play a role, validated
in vivo, in the persistence of Lactobacillus and Bifidobacterium (Supplemental Table 2).

Proposed Characteristics of Good Colonists

Bacterial adaptation to the gut microenvironment, microbial molecules that mediate host interac-
tion, synergy among incoming strains, and the natural history of bacteria should all be taken into
consideration when seeking good colonists.
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Bacterial adaptation to the gut microenvironment. Bacterial adaptation to the gut microen-
vironment, in terms of metabolic activity, resistance to bile salts and acid, immunogenicity, and
genomic and transcriptional adaptation during gut transition, is essential for their establishment
and persistence in the gut.

Carbohydrate utilization. Carbohydrate metabolism provides gut commensals with a carbon
source and energy, promoting bacterial establishment and survival in the gut. The available car-
bohydrates in the human enteric environment include diet-derived components, human milk
oligosaccharides (HMOs), and host-secreted mucus glycoproteins (mucins). Nearly 14% of the
annotated genes in Bifidobacterium encode enzymes involved in carbohydrate metabolism (Milani
et al. 2014), and the frequent distribution of various glycoside hydrolase (GH) genes among differ-
ent species has been well described (Milani et al. 2015). This important metabolic characteristic,
especially when targeted at HMOs, endows bifidobacteria with gut colonization advantages as
pioneer colonists in early human life. Host-derived mucin glycan foraging has been reported in
limited numbers of phylotypes, including Bifidobacterium,Akkermansia muciniphila, and Bacteroides.
Within the bifidobacterial species, members of B. longum subsp. longum, B. longum subsp. infantis,
and Bifidobacterium breve have been shown to degrade mucin (as reviewed in Tailford et al. 2015).
Bifidobacterium bifidum PRL2010 showed the ability to utilize O-linked glycans in mucin, which
is believed to be an important colonization factor. The gene repertoire responsible for such host-
derived glycan catabolism is conserved in B. bifidum (Turroni et al. 2010), indicating a fascinating
example of host–microbe coevolution.

The greater ease of genetic manipulation of many strains of Lactobacillus, compared with
the relatively intractable Bifidobacterium, has provided clearer molecular evidence for this genus
(Supplemental Table 2). Inactivation of genes involved in carbohydrate metabolism in L.
reuteri 100-23 (Sims et al. 2011, Tannock et al. 2012), Lactobacillus acidophilus NCK1909 (Goh
& Klaenhammer 2014), and L. johnsonii NCC533 (Denou et al. 2008) resulted in a significant
reduction in strain colonization activity.

Resistance to bile salts and acid. The survival of digested bacteria is a key factor in their estab-
lishment in the gut, including bacterial resistance against the bile salts and acid encountered in
the enteric environment. In L. reuteri 100-23, the absence of the ureC gene, which encodes a pro-
tein involved in acid resistance, significantly reduced its ecological fitness (Krumbeck et al. 2016).
Expressing the listerial betaine uptake system (BetL) in B. breve UCC2003 markedly improved its
tolerance to gastric juices and resulted in increased colonization levels (Sheehan et al. 2007). Sim-
ilarly, heterologous expression of bile salt hydrolase genes (bshA from L. acidophilus NCFM and
bshB from L. johnsoniiNCK88) in Escherichia coliC600 significantly increased colonization biomass
in the feces of germ-free mice compared with that of control E. coli C600 (Dimarzio 2016).

Immunogenicity. The immune system in the gut exerts a barrier function by distinguishing
harmful microbes and antigens from commensals and appropriate antigens (e.g., dietary compo-
nents). Gut-associated lymphoid tissue (e.g., Peyer’s patch), microfold cells (M cells), and antigen-
presenting cells (e.g., macrophages and dendritic cells) cooperate to sample, transcytose, and rec-
ognize microbes and antigens in the gut lumen (Figure 3). Therefore, to avoid eradication by
the gut immune response, probiotic strains are often characterized by mild (nonproinflamma-
tory) immunoregulatory effects. B. adolescentis L2-32 was reported to induce Th17 cells at a level
comparable with SFB in an immune-tolerant manner, without affecting Th1 cell levels, inducing
inflammation-associated immune cell subtypes, or provoking drastic transcriptional upregulation
of genes associated with pathogenic Th17 cells, and without producing abnormal histological
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Figure 3

Cross talk of host immune and epithelial cells with ingested Lactobacillus and Bifidobacterium strains, with an emphasis on bacterial
surface structures and effector molecules, and selected examples of host immune and epithelial response. Abbreviations: AMPs,
antimicrobial proteins; CEC, colonic epithelial cell; DC, dendritic cell; EPS, exopolysaccharide; GH, glycoside hydrolase; GT,
glycosyltransferase; IEC, intestinal epithelial cell; IgA, immunoglobulin A; LTA, lipoteichoic acid; MAPK, mitogen-activated protein
kinase; PG, peptidoglycan; PKC, protein kinase C; ROS, reactive oxygen species; SCFAs, short-chain fatty acids; SDP, sortase-
dependent protein; SED, subepithelial dome; WTA, wall teichoic acid.

signs (Tan et al. 2016). Oral administration of L. plantarum cells induced genes that are essential
for mediation of the appropriate immune responses in the duodenum of healthy adult humans
without provoking coordinated induction of inflammation-related key genes and without observ-
able infiltration of immune cells (Van Baarlen et al. 2009). Studies of bacterial immunogenicity
should consider synergy and counteraction effects among ingested strains and their interaction
with microbiota (Christensen et al. 2002).

Gene and transcript shift. Variation in the gene expression of ingested bacteria occurs during bac-
terial inoculation, transition, and persistence in the gut.L. plantarum (Marco et al. 2007, 2009) and
L. johnsonii (Denou et al. 2007) exhibit active transcription during gut transition. In fact, incoming
L. plantarum WCFS1 can differentially regulate genes involved in cell surface–related functions
[e.g., lipoteichoic acid (LTA)]. Notably, such gut adaptation of Lactobacillus strains is gut-segment

www.annualreviews.org • Gut Colonization Mechanisms of Probiotics 219



specific (Denou et al. 2007,Marco et al. 2007). Gene loss and point mutation can also occur under
gut selection pressure (Crook et al. 2019, Song et al. 2018, Zhao et al. 2019). For example, L. plan-
tarum P-8 demonstrated reductive evolution characterized by frequently losing plasmids upon gut
coadaptation with the host (Song et al. 2018). Each individual strain showed SNP variations after
gut transition when a cocktail of 12 strains of different Lactobacillus and Bifidobacterium was fed to
germ-free mice (Y. Xiao, J. Zhao, H. Zhang, Q. Zhai & W. Chen, unpublished results).

Microbial molecules that mediate host interaction.The bacterial molecules that mediate and
affect colonization can be divided into two groups: intestine-anchored structures and metabolites
that provide competitive advantages in niche occupation (Figure 3).

Intestinal tissue–anchored/adhesion architectures. Cumulative evidence ranging from in vitro
adhesion affinity to in vivo molecular interactions indicates that suitable surface structures, in-
cluding pili [tight adherence (Tad) pili or spaCBA (secreted LPXTG-like) pili], EPSs, LTA, and
surface-layer (S-layer) proteins, facilitate host–microbe interactions (Figure 3). The pili gene
SpaC was shown to be essential for human intestinal mucus binding of Lactobacillus rhamnosus
GG (LGG) (Kankainen et al. 2009), whereas the inactivation of a gene-encoding S-layer protein
A (SlpA) in L. acidophilus NCFM resulted in reduced adhesion to Caco-2 cells and altered its cell
morphology (Buck et al. 2005). EPS-producing strains can form a thick biofilm at the interface
of gut tissues and lumen to limit the effect of intestinal mucus and epithelial turnover and help
avoid being washed out, thereby contributing to bacterial persistence. The function of EPSs in
in vivo bacterial colonization has been validated in B. breve UCC2003 (Fanning et al. 2012) and
L. reuteri strains (Sims et al. 2011, Walter et al. 2008). LTA is another known microbe-associated
molecular pattern that interacts with host TLR2 and TLR6, ensuring the in vitro immunoregula-
tory function of LGG (Claes et al. 2012) and markedly affecting the in vivo colonization ability of
L. reuteri 100-23 (Walter et al. 2007) and Lactobacillus casei (Licandro-Seraut et al. 2014).Additional
evidence for the effects of such molecules on bacterial ecological fitness is listed in Supplemental
Table 2.

Recently, precise tools have been developed to trace the surface molecules of bacterial strains,
including peptidoglycan, capsular polysaccharides, and lipopolysaccharides (LPSs), which makes
it possible to observe and record the interaction dynamics of bacterial structures with specific
cell types and receptors in the human intestine (Geva-Zatorsky et al. 2015, Hudak et al. 2017).
Structural analyses of bacterial molecules that mediate host interactions (Sequeira et al. 2018) and
modification of the bacterial surface architecture (Turroni et al. 2013) to enhance the potential
gut colonization activity of strains via engineered tools have also been reported.

Effector metabolites: bacteriocins, lactic acid, short-chain fatty acids, and tryptophan. Ingested
strains can achieve a colonization advantage via metabolites that accelerate colonization resis-
tance against competitors in the gut. The survival and growth inhibition of adherent-invasive
E. coli (AIEC) by L. rhamnosus GG and L. reuteri 1063 were reported to be correlated with lac-
tic acid and reuterin levels (Van den Abbeele et al. 2016). B. longum can exert gut epithelial
cell protection against E. coli O157 infection via produced acetate (Fukuda et al. 2011), whereas
Bacteroides species mediate colonization resistance against Salmonella infection directly by produc-
ing propionate rather than bymodifying host immune pathways ( Jacobson et al. 2018).Bacteriocin
Abp118 released by L. salivariusUCC118 is a direct mediator against infection of Listeria monocy-
togenes, as inactivation of the gene abp118 or endowment of pathogens with immunity specifically
against the bacteriocin caused ineffective protection (Corr et al. 2007). Although precisely what
effect these antimicrobial molecules produced by ingested strains have on individual commensals
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(rather than pathogens) is still poorly understood, similar conclusions can be reached via a shared
rationale. For example, it has been shown that bacteriocin production by enterococci mediates
niche competition in the mammalian gastrointestinal tract (Kommineni et al. 2015). Meanwhile,
the alteration of fecal metabolite profiles after strain administration and concurrent variation in
colonized gut microbiota might provide indirect evidence.

Other metabolites, although without observable antimicrobial effects, are tightly connected
with the host immune system and therefore have the potential to influence bacterial colonization.
The tryptophan catabolites (indole derivatives) produced by L. reuteri were shown to promote
differentiation of CD4+ T cells into immunoregulatory T cells and induce IL-12 (Zelante et al.
2013) via activation of the aryl hydrocarbon receptor (Cervantes-Barragan et al. 2017).

Synergy among incoming strains.Cell–cell communication (quorum sensing) is considered im-
portant for strain colonization. Inactivation of luxS in L. reuteri 100-23C, which is involved in the
biosynthesis of the signaling molecules autoinducer-2 (AI-2) and AI-3, caused an increase in the
thickness of the biofilm formed in vivo and affected its ecological performance (Tannock et al.
2005). Inhibition of the production of AI-2 in B. breve UCC2003 significantly reduced its persis-
tence in themurine gut, although the contribution of luxS to colonization is presumably associated
with bacterial iron acquisition rather than biofilm formation (Christiaen et al. 2014). A link was
recently reported between quorum sensing and sugar metabolism in E. coli (Ha et al. 2018). Re-
gardless of the mechanisms involved, these observations indicate that cell–cell communication
plays a role in the ecological performance of Lactobacillus and Bifidobacterium in the gut.

To improve fitness in the gut environment, strains may switch off the expression of, or even
lose, some genes that are not strictly required. This can avoid the energy consumption associated
with function maintenance but may lead to a reliance on others in the community for these lost
functions. The cross-feeding behavior observed among gut commensals illustrates such an inter-
dependency, with the genus Bifidobacterium serving as a prototype. Various bifidobacterial species
with complementary metabolic abilities have been reported to not only cooperate in the use of
complex carbohydrates in vitro (Rivière et al. 2018) but also enhance the in vivo persistence levels
of each strain when they co-occur (Turroni et al. 2016). In addition to mutualism within the genus,
bifidobacterial strains can expand the availability of carbohydrates for other gut symbionts such
as members of Bacteroidetes (Sonnenburg et al. 2006, Turroni et al. 2016).

High diversity and plasticity of genotypes and phenotypes of ingested microbes might also be
important for successful establishment and adaptation in the gut. For example, it has been shown
that fecal microbiota transplantation (FMT) can result in the engraftment of a large subset of
strains (Smillie et al. 2018) and modulate the resident microbiome more efficiently than a specific
probiotic strain or probiotic consortia.

These findings suggest that probiotic consortia rather than single strains might be better
colonists. The metabolic interactions, the higher diversity of ingested strains, and their compati-
bility with the microbiome should be considered if gut colonization is the aim.

Evolution and natural history of Lactobacillus and Bifidobacterium. The majority of current
studies of the gut colonization of strains are based on experimental settings that are divorced from
the natural history of the bacterium. Most studies are conducted with allochthonous strains (e.g.,
those isolated from plants or fermented foods and then studied in humans) and thus cannot be
expected to perform well in their new ecosystem. In addition, many strains possess resilience in
environmental niches,making it difficult to identify their true ecosystems.Our increased access to
phylogenomic analyses of probiotic and metagenomic data sets presents an opportunity to further
study this concept.
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A model that describes the genus Lactobacillus as evolving from free-living to nomadic and
finally host-adapted has been proposed, and species within this genus have been categorized into
these three stages (Duar et al. 2017). We go further by analyzing bacterial population behavior
instead of focusing only on reference strains of individual Lactobacillus species, confirming the
lifestyle transition mode of Lactobacillus and elucidating the host-adapted nature of Bifidobacterium
(Xiao et al. 2020). It is reasonable to assume that using host-adapted strains achieves higher levels
of ecological performance, is more likely to exert beneficial functions that facilitate host fitness,
and promotes an appropriate (tolerant) interaction with the host immune system. Some studies
support this concept. The majority of commercial probiotics, which only colonize the human
gut transiently, are allochthonous, whereas the probable autochthonous strain B. longum AH1206,
which belongs to a species of the human core gut microbiome, exhibited long-term persistence
in a subset of subjects (Supplemental Table 1) (Maldonado-Gómez et al. 2016). In addition, L.
reuteri from rodents can achieve more successful colonization in mice compared with those from
other hosts (Supplemental Table 1) (Frese et al. 2011).

Although research on the natural history of the genus Bifidobacterium is limited, the phyloge-
nomic analysis also indicates a metabolic conservatism that may account for gut colonization.Core
genes shared by members of a given phylogenetic unit, which are believed to be inherited from
common ancestry, can provide fitness advantages to its members in their natural ecosystems. All
13 enzymes involved in Bif shunt pathways of Bifidobacterium are among a set of approximately
480 core genes of all Bifidobacterium species, and an unrooted dendrogram based on Xfp, one of
these enzymes, can distinguish the Bifidobacterium group from other bacterial phyla, suggesting
the ecological conservatism of metabolic functions within the genus (Sanders et al. 2018).

Diet

Beyond the often observed diet-induced variation in the composition and abundance of specific
groups of gut commensals (Lewis et al. 2015,Wu et al. 2011), we can now provide further evidence
in this field by observing bacterial responses to diet at the single-strain level.

A polysaccharide-rich diet significantly elevated the population levels of ingested L. plantarum
WCFS1 in mice compared with a prototypic Western diet (Marco et al. 2009), and B. longum 274
could persist in the murine gut under a polysaccharide-rich diet for at least one month during the
washout period,whereas it could not initiate colonization under theWestern diet (Y.Xiao, J. Zhao,
H. Zhang, Q. Zhai &W.Chen, unpublished results). Dietary prebiotics altered the abundances of
five indigenous Bifidobacterium pseudocatenulatum strains to different extents that could be linked
to differences in gene functions associated with carbohydrate metabolism (Wu et al. 2017). In-
terestingly, two nutrient competitors (L. reuteri strain 100-23 and L. johnsonii strain 100-33) can
achieve cohabitation via resource partitioning (Tannock et al. 2012). Apart from carbohydrates,
higher exposure to dietary tryptophan caused selective expansion of L. reuteri rather than L. john-
sonii in IDO1 knockoutmice (theTrpmetabolism by IDO1−/− mice was largely interrupted,which
resulted in increased availability of Trp in the gut) (Zelante et al. 2013).

Two strategies have been designed to use diet interventions to facilitate the colonization by
specific ingested strains. One is to use resources targeted at enriching the incoming strain(s)
(Figure 4a). An in vivo selection (IVS) model was developed to enrich specific groups of gut
microbiota by feeding prebiotics [e.g., galactooligosaccharides (GOSs)] to human subjects and
using a combination of an enriched B. adolescentis isolate and GOSs to enhance the colonization
ability of bacterial strains in rats (Krumbeck et al. 2015). However, the abundance of B. adolescentis
IVS-1 was not enhanced by GOSs in humans (Krumbeck et al. 2018). Another human trial indi-
cated that a combination of L. reuteriDSM 17938 and prebiotics enhanced the metabolic activity
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Diet strategies with the potentials to facilitate gut colonization by incoming strains. (a) In vivo selection (IVS) model using an
optimized combination of prebiotics and ingested probiotics. (b) Strategy that utilizes resources unused by the resident microbial
community. Panel a adapted with permission from Krumbeck et al. (2015); copyright 2015 American Chemical Society.

of the strain, but it did not increase fecal population levels or persistence (Rattanaprasert et al.
2014). Our clinical trial indicated that GOSs could enrich the population level of B. pseudocatenu-
latum in the human gut, whereas fructooligosaccharides (FOSs) elevated biomass of B. adolescentis
(Y. Xiao, J. Zhao, H. Zhang, Q. Zhai & W. Chen, unpublished results). It should be mentioned
that such specific abundance enhancement is also individualized. More clinical trials are required
to evaluate the synergism of probiotics and prebiotics, and dose effects should be considered.

The other strategy is to utilize resources unused by the resident microbial community
(Figure 4b). Bacteroides ovatus (NB001), with a rare gene cluster involved in porphyran (a

www.annualreviews.org • Gut Colonization Mechanisms of Probiotics 223



marine polysaccharide) utilization, can be stably established under the administration of por-
phyran, irrespective of differences in gut microbiota (Shepherd et al. 2018). Furthermore, this
privileged resource access can overcome the competitive exclusion of a previously introduced iso-
genic strain [without porphyran polysaccharide utilization locus (PUL)], and its resident biomass
can be tuned with the dosage of porphyran. Similarly, Bacteroides plebeius DSM 17135 enjoys ex-
clusive access to seaweed (a resource typically absent from the diet), and cointroduction of this
resource with DSM 17135 increased the abundance of the strain in the short term (Kearney et al.
2018). However, this strategy has not been applied to members of Lactobacillus or Bifidobacterium.

Host Aspects

Given the amount of interpersonal variation in gut bacterial communities and the huge number
of genetic loci that can potentially provide feedback to impact colonized bacteria, it is likely that
some strains can rapidly establish and stably engraft in some subjects but cannot colonize in others.

Host genetics.Host genotype variation in some gene loci has been associated with differences in
the abundances of colonized bacterial groups in the gut (as reviewed in Kurilshikov et al. 2017).
The Bifidobacterium in the gut is associated with the LCT gene and SNP rs1446585 of the host,
which reflects lactose intolerance. The microbial quantitative trait loci are also found for Lacto-
bacillus. More direct evidence is that gene modification in mice increased the population level of
ingested B. breve UCC2003 (EPS−) (Fanning et al. 2012), and even the presence or absence of
the maternal gene FUT2 can affect the establishment of a bifidobacteria-laden microbiota in their
infants (Lewis et al. 2015).

Immune selection: immunoglobulin A and antimicrobial proteins. IgA is the most abundant
antibody in the human body. The majority of IgA appears in the gut, where it has been shown to
function as a part of host immune defense, targeting pathogens and pathobionts (such as colito-
genic bacteria) by coating the bacterial surface (Palm et al. 2014). IgA coating is not constrained to
pathogens and is common among gut commensals, indicating it is a stable-state intervention in gut
persisters.Gut commensals are also directly regulated by epithelial AMPs (Gallo &Hooper 2012).

Species-level and strain-level IgA coating has been found in members of Lactobacillus and
Bifidobacterium (Geva-Zatorsky et al. 2017); notably, Lactobacillus was among the top four genera
found to be enriched in the IgA+ fraction of gut bacteria in specific-pathogen-free mice (Palm
et al. 2014). IgA not only promotes the adherence of commensal bacteria to intestinal cultures in
vitro (Mathias et al. 2010) but also facilitates surface coating of B. fragilis to initiate specific im-
mune recognition to promote mucosal colonization (Donaldson et al. 2018). Furthermore, Bac-
teroides thetaiotaomicron binds 7-6IgA (heavily glycosylated IgA) via a surface LPS structure, which
can induce the expression of mucus-associated functional factor (MAFF) of the strain and provide
colonization advantage in the gut (Nakajima et al. 2018). Other evidence is that microbe-specific
IgA induced by B. thetaiotaomicron can regulate expression of a fructan PUL of the strain, af-
fecting the ability of the strain to colonize the gut by modulating metabolism of dietary fructan
( Joglekar et al. 2019). However, an opposite mechanism has also been demonstrated in which
efficient colonization requires evasion of B-cell responses and inhibition of Ig profile induction.
B. breve UCC2003 (EPS−) showed greater colonization activity in B cell–deficient mice than in
wild-type control mice, and the poor colonist B. breveUCC2003 (EPS−) induced higher total fe-
cal IgA levels than did B. breveUCC2003 (EPS+) (Fanning et al. 2012). The mechanism by which
IgA exerts such seemingly divergent effects requires further elucidation, and the function of IgA
coating in gut colonization by Lactobacillus and Bifidobacterium remains a mystery.
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For some gut commensals, AMPs but not IgA have been shown to be involved in coloniza-
tion. Il17F−/− mice showed increased abundances of the Treg-inducing group Clostridium cluster
XIVa, which was shown to be caused by decreased expression of two AMPs, Ang4 and PLA2
(Tang et al. 2018). Whether these AMPs have similar effects on the ecological performance of
other Treg-inducing probiotic strains requires further study. In addition, two host adaptive im-
mune routes—the major histocompatibility complex (MHC)-dependent adaptive immune mech-
anisms (e.g., SFBs, Coprococcus, Holdemania, and Mucispirillum) and MHC-independent mecha-
nisms (Dehalobacterium)—that influence the abundance of specific members of host microbiota
have been summarized by Davenport (2020). The function of these pathways on gut colonization
by Lactobacillus and Bifidobacterium needs further investigation.

Epithelial cell response.The gut physical barrier and local immunity provide two defense routes
for antigens and microbes, which mainly involve effector molecules, immune cells (e.g., dendritic
cells), epithelial cells (small intestinal and colonic compartments), cell receptors, and signaling
molecules. LGG (Lin et al. 2009), L. plantarum cells in the mid-log phase (Van Baarlen et al.
2009), and L. reuteri (Ganesh et al. 2018) have been shown to inhibit NF-κB activation in ep-
ithelia, which might be due to enhanced production of reactive oxygen species to inactivate the
key regulatory enzyme Ubc12 or the inhibition of upstream protein kinase C phosphorylation
(pPKC)-mediated signaling. Bifidobacterium lactis strain BB12 exhibited an opposite mechanism,
transiently inducing NF-κB and mitogen-activated protein kinase signaling both in vitro and in
vivo in a TLR2 receptor-dependent manner (Ruiz et al. 2005). A mixture of three Lactobacillus
strains was shown to not only regulate dendritic cells to produce cytokines after recognition by
TLR2 and NOD2 receptors but also exert protection on the tight junctions (ZO-1 and occludin)
of the gut barrier (Kozakova et al. 2016). In addition, the Nrf2 pathway was recently reported to
be regulated in vivo by L. plantarum ( Jones et al. 2015), and the host response signatures of small
and colonic tissues induced by 53 gut symbionts in monocolonized mice were shown to be strain
specific (Geva-Zatorsky et al. 2017).

Microbiome

Unlike elusive host genotypes, the gut microbiome provides direct evidence of host factors in-
fluencing colonization. In human FMT trials, the engraftment of fecal bacteria can be largely
predicted from the abundance and phylogeny of the microbiome in the donor and the pre-FMT
patient (Smillie et al. 2018). Some factors such as age (Spor et al. 2011), gender (Frese et al. 2011)
(Supplemental Table 1), andmedication (Denou et al. 2008) (Supplemental Table 1) may affect
colonization by incoming strains partly via microbiome modification.

From an ecological perspective, two seemingly paradoxical theories of phylogenetic limiting
and phylogenetic clustering coexist.The notion of phylogenetic clustering, also known as the “like
will to like” rule, has been addressed based on habitat filtering pressure, by which the host selects
gut microbial consortia with common traits. The presence of closely related species in the resident
microbiome can increase the chance of invasion by newly incoming species. Indeed, a microbiome
with higher titers of Lactobacillus was shown to be more efficiently colonized with a commensal L.
reuteri after oral administration (Stecher et al. 2010).

However, other work supports the phylogenetic limiting concept. B. longum AH1206 engrafts
in a subset of volunteers, so-called persisters, whose gut microbiota were not rich in the species
B. longum or genes for carbohydrate use (Maldonado-Gómez et al. 2016). Similarly, Zmora et al.
(2018) found an inverse relationship between baseline levels of probiotic species and their fold
change during treatment (human subjects treated with an 11-strain probiotic cocktail). Sequential
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introduction of two isogenic B. thetaiotaomicron strains into the mouse gut caused a near absence of
the later incoming strain (Lee et al. 2013). Which of these two driving forces dominates is likely
to be taxon- and context-dependent and determined by the rivalry between host selection and
resource competition within this niche. Also, phylogenetic clustering, characterized by the gut
environment suitable for a subset of microbes, tends to occur among strains from wide phylotypes
(from the same phylum or genus), and phylogenetic limiting, which is characterized by tight niche
and resource competition, is more common in those from narrow phylotypes (from the same
species or strain).

PREDICTION OF PERSONALIZED COLONIZATION
BY ENGRAFTED STRAINS

Gut colonization is a multifactorial event, and this complexity could be embraced to predict en-
graftment.Given that the relationships between colonization phenotypes and the different factors
(ingested bacteria, host aspects, microbiome, and diet) that can affect gut colonization phenotypes
of bacteria (as summarized in Figure 2 and Figure 5) are nonlinear and the predictor should sup-
port both categorical and continuous inputs,models based on optional regression algorithms such
as gradient-boosting regression, random forest, and neural networks aremethodologically suitable
for the prediction. Although these algorithms have not been applied to the colonization aspect,
some of them have been validated in the prediction of individualized metabolic responses (Ben-
Yacov et al. 2015), health outcomes under various diets in large cohorts of humans (Chen et al.
2018, Forster et al. 2016), and microbiota engraftment after FMT in 19 patients with recurrent
Clostridium difficile infection (Smillie et al. 2018). Each algorithm for such colonization prediction
needs further evaluation via various clinical data sets. Here, we use the gradient-boosting regres-
sion algorithm (Friedman 2001) as an example to propose a personalized intervention concept for
the prediction of colonization in the gut by orally administrated strains (Figure 5).

IMPLICATIONS AND CHALLENGES

We should be clear that colonization is not a strict requirement for the beneficial effects provided
by probiotics. However, understanding how to engineer stable engraftment is probably a valuable
feature for the treatment or prevention of chronic diseases. The summary of gut colonization
mechanisms provided above (Figure 2) not only aids in the interpretation of current findings
on colonization by bacterial species (especially Lactobacillus and Bifidobacterium) but also provides
guidance for the development of novel and improved biotherapeutic agents.

Althoughmost current commercial probiotics are allochthonous strains, the importance of bac-
terial natural history and coevolution suggests that we should apply autochthonous members of
human gut microbiota if we have a goal of stable colonization. From a coevolutionary perspective,
autochthonous strains are more likely to exert beneficial effects, whereas allochthonous strains
might more strongly stimulate the immune system. Other factors, such as genetic characteristics,
metabolic activity, immunogenicity, and the synergistic effects of colonists, are proposed to be un-
derstood via genomic analysis due to the accumulation of available sequenced bacterial genomes.
Such in silico analysis could greatly expand and facilitate rational selection of bacteria for the pur-
pose of gut colonization. Together with in vitro and in vivo assays, we have opportunities to screen
or bioengineer a good colonizer; performing structural analysis of bacterial surface molecules will
assist us to further understand and predict the molecular mechanisms of host–microbe interac-
tion. The central role of diet provides opportunities to improve colonization via the addition of
prebiotics (Figure 4) to give privileged nutrient access for ingested strains. The importance of

226 Xiao et al.



a   Measure factors b   Develop algorithm

c   Validation model

Cross-
validation

Leave one
person out

d   Training model 

Personally
tailored

intervention 
Predicted Measured

Main cohort
N participants

Validation
cohort
M participants

Microbiome
16S rDNA
WGS

Ingested microbes
Genetic traits, carbohydrate
utilization, resistance 
to acid and bile salts, 
effector metabolites, 
immunogenicity, natural
history, synergistic effects,
dose, frequency, activity
……

Diet
Prebiotics, fat, carbohydrate,
dose, frequency

Host
Genetics, immune selection, 
epithelial selection

… … …

×4000

…

… …

… …

N

N

N

N Y

Y

Y

Y

Autochthonous?

Niche availability?With prebiotics?

Tolerance?

0

20 45

55 100

Boosted decision trees

Au
to

ch
th

on
ou

s o
r n

ot
Su

rf
ac

e 
st

ru
ct

ur
es

GH
s a

nd
 G

Ts
BS

H
s

Im
m

un
og

en
ic

ity
Eff

ec
to

r m
et

ab
ol

ite
s

M
ic

ro
bi

al
 in

te
ra

ct
io

ns
Do

se
, f

re
qu

en
cy

, a
ct

iv
ity

Ot
he

r f
ea

tu
re

s
Ta

xo
no

m
y

Ab
un

da
nc

e
Fu

nc
tio

na
l g

en
e

GO
S

In
ul

in
FO

S
Fa

t
Tr

yp
to

ph
an

Pr
ot

ei
n

Ot
he

r d
ie

t c
om

po
ne

nt
s

Do
se

 a
nd

 fr
eq

ue
nc

y
M

ed
ic

at
io

n 
hi

st
or

y
Ag

e
Ge

nd
er

Ge
no

ty
pe

Im
m

un
e 

st
at

us
Ot

he
r p

hy
si

ol
og

ic
al

 in
de

xe
s

Host

selection

Properties of

ingested strains 
DietMicrobiome

0.00

0.05

0.10

0.15

Feature im
portance

…

…

…

…

…

…

…

…

…

…

…

…

…

?
=

1.5

–1.5

0.0

 

Figure 5

The concept of a personalized strategy based on a machine-learning algorithm to predict strain colonization. The ingested microbe,
microbiome, diet, and host aspect factors are integrated into an algorithm that predicts individualized colonization by incoming strain.
A two-stage approach is employed. In the discovery stage, the main cohort of N participants is used to develop the algorithm. A leave-
one-out cross-validation tactic is adopted to evaluate model performance, whereby bacterial colonization in each subject is predicted
using a model trained on the data of all other subjects. In the following validation stage, an independent cohort ofM subjects is
recruited, and their individualized colonization modes are predicted using the model trained only on the main cohort. The model is
based on gradient-boosting regression and predicts colonization of incoming strains using the sum of thousands of different decision
trees. The algorithm infers all the trees sequentially and trains each tree on the residual of all previous trees with an accumulated
contribution to the overall prediction. Each tree contains the specific features that represent the properties of ingested microbes,
microbiome, diet, and host aspects. To reveal factors underlying individualized prediction, the relative importance of each feature can
be analyzed via partial dependence examination. Abbreviations: BSHs, bile salt hydrolases; FOS, fructooligosaccharide; GHs, glycoside
hydrolases; GOS, galactooligosaccharide; GTs, glycosyltransferases; WGS, whole-genome shotgun.

genetic diversity and metabolic interactions suggests the application of designed probiotic con-
sortia if long-term colonization is the aim. The priority effects suggest that introducing strains in
early life or following antibiotic treatment can open a window of opportunity for long-term resi-
dence and may even program microbiome assemblage. Finally, no matter which of the two rules,
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phylogenetic limiting or phylogenetic clustering, dominates, incoming strains should be compat-
ible with both the phylogenic and functional repertoire of the indigenous microbiome, and it is
likely that species- or strain-level competition might dominate due to the high similarity of the
requirement on the niche and other resources, whereas synergistic effects are likely to occur at
the genus and phylum levels.

However, screening or designing potential colonists, developing synergistic symbiotic formu-
lations, and predicting individual-specific colonization remain easier to propose than to perform.
Commonly, the mechanistic findings from mouse models are used to define the properties of po-
tential colonists. Significant anatomical differences between the digestive tracts of rodents and
humans provide caveats for this translation. Also, although an IVS model was used to design
symbiotics, negative results on synergism have been reported (Krumbeck et al. 2018). In all cir-
cumstances, dose and frequency effects should be considered. The model inputs for any current
colonization predictor are very prescribed, and therefore more well-controlled clinical data are
needed.

Nonetheless, we are confident that we are approaching a situation in which it should soon
be possible to select or engineer a strain or consortium with long-term colonization as a goal,
although the interindividual variability of the host (the superorganism comprising the human and
microbial biomes) represents a formidable barrier to any potential interloper.

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

AUTHOR CONTRIBUTIONS

Y.X. and Q.Z. collected all the related materials, drew the figures, constructed the tables, and
drafted the manuscript. H.Z., W.C., and C.H. conceived the topic and the outline. C.H. edited
and polished the manuscript. All authors read and approved the final manuscript.

ACKNOWLEDGMENTS

This work was supported by the National Natural Science Foundation of China Key Pro-
gram (31530056), the National First-Class Discipline Program of Food Science and Technology
( JUFSTR20180102), a BBSRC Newton Fund Joint Centre Award, and the Collaborative Inno-
vation Center of Food Safety and Quality Control in Jiangsu Province.

LITERATURE CITED

Ahn T-H, Chai J, Pan C. 2014. Sigma: strain-level inference of genomes from metagenomic analysis for bio-
surveillance. Bioinformatics 31:170–77

Atarashi K,TanoueT,AndoM,KamadaN,Nagano Y, et al. 2015.Th17 cell induction by adhesion ofmicrobes
to intestinal epithelial cells. Cell 163:367–80

Ben-Yacov O, Lador D, Avnit-Sagi T, Lotan-Pompan M, Suez J, et al. 2015. Personalized nutrition by pre-
diction of glycemic responses. Cell 163:1079–94

Buck BL,Altermann E, Svingerud T,Klaenhammer TR. 2005. Functional analysis of putative adhesion factors
in Lactobacillus acidophilusNCFM. Appl. Environ. Microbiol. 71:8344–51

Cervantes-Barragan L, Chai JN, Tianero MD,Di Luccia B, Ahern PP, et al. 2017. Lactobacillus reuteri induces
gut intraepithelial CD4+ CD8αα+ T cells. Science 357:806–10

228 Xiao et al.



Chen CH, Karvela M, Sohbati M, Shinawatra T, Toumazou C. 2018. PERSON—personalized expert recom-
mendation system for optimized nutrition. IEEE Trans. Biomed. Circuit Syst. 12:151–60

Christensen HR, Frøkiær H, Pestka JJ. 2002. Lactobacilli differentially modulate expression of cytokines and
maturation surface markers in murine dendritic cells. J. Immunol. 168:171–78

Christiaen SE, Motherway MOC, Bottacini F, Lanigan N, Casey PG, et al. 2014. Autoinducer-2 plays a cru-
cial role in gut colonization and probiotic functionality of Bifidobacterium breve UCC2003. PLOS ONE
9:e98111

Claes IJ, Segers ME, Verhoeven TL, Dusselier M, Sels BF, et al. 2012. Lipoteichoic acid is an important
microbe-associated molecular pattern of Lactobacillus rhamnosus GG.Microb. Cell Fact. 11:161

Corr SC, Li Y, Riedel CU, O’Toole PW, Hill C, Gahan CG. 2007. Bacteriocin production as a mechanism
for the antiinfective activity of Lactobacillus salivarius UCC118. PNAS 104:7617–21

CrookN,Ferreiro A,Gasparrini AJ, PeseskyMW,GibsonMK, et al. 2019.Adaptive strategies of the candidate
probiotic E. coliNissle in the mammalian gut. Cell Host Microbe 25:499–512

Da Silva S, Robbe-Masselot C, Raymond A, Mercade-Loubière M, Salvador-Cartier C, et al. 2015. Spatial
localization and binding of the probiotic Lactobacillus farciminis to the rat intestinal mucosa: influence of
chronic stress. PLOS ONE 10:e0136048

Davenport ER. 2020. Genetic variation shapes murine gut microbiota via immunity. Trends Immunol. 41:1–3
Denou E, Berger B, Barretto C, Panoff J-M, Arigoni F, Brüssow H. 2007. Gene expression of commensal

Lactobacillus johnsonii strain NCC533 during in vitro growth and in the murine gut. J. Bacteriol. 189:8109–
19

Denou E, Pridmore RD, Berger B, Panoff J-M, Arigoni F, BrüssowH. 2008. Identification of genes associated
with the long-gut-persistence phenotype of the probiotic Lactobacillus johnsonii strain NCC533 using a
combination of genomics and transcriptome analysis. J. Bacteriol. 190:3161–68

Dimarzio MJ. 2016. Hijacking host metabolism with Lactobacillus—understanding the implications of bile salt hy-
drolase diversity. PhD Thesis, Pa. State Univ., University Park

DonaldsonGP,LadinskyMS,Yu KB, Sanders JG,Yoo BB, et al. 2018.Gut microbiota utilize immunoglobulin
A for mucosal colonization. Science 360:795–800

Donaldson GP, Lee SM, Mazmanian SK. 2016. Gut biogeography of the bacterial microbiota. Nat. Rev.
Microbiol. 14:20–32

Duar RM,Lin XB,Zheng J,MartinoME,Grenier T, et al. 2017. Lifestyles in transition: evolution and natural
history of the genus Lactobacillus. FEMS Microbiol. Rev. 41:S27–48

Faith JJ, Guruge JL, Charbonneau M, Subramanian S, Seedorf H, et al. 2013. The long-term stability of the
human gut microbiota. Science 341:1237439

Fanning S, Hall LJ, Cronin M, Zomer A, MacSharry J, et al. 2012. Bifidobacterial surface-exopolysaccharide
facilitates commensal-host interaction through immune modulation and pathogen protection. PNAS
109:2108–13

Forster H, Walsh MC, O’Donovan CB, Woolhead C, McGirr C, et al. 2016. A dietary feedback system for
the delivery of consistent personalized dietary advice in the web-based multicenter Food4Me study.
J. Med. Internet Res. 18:e150

Frese SA, Benson AK, Tannock GW, Loach DM, Kim J, et al. 2011. The evolution of host specialization in
the vertebrate gut symbiont Lactobacillus reuteri. PLOS Genet. 7:e1001314

Frese SA, MacKenzie DA, Peterson DA, Schmaltz R, Fangman T, et al. 2013. Molecular characterization of
host-specific biofilm formation in a vertebrate gut symbiont. PLOS Genet. 9:e1004057

Friedman JH. 2001. Greedy function approximation: a gradient boosting machine. Ann. Stat. 29(5):1189–232
Fukuda S, Toh H, Hase K, Oshima K, Nakanishi Y, et al. 2011. Bifidobacteria can protect from en-

teropathogenic infection through production of acetate.Nature 469:543–47
Gallo RL, Hooper LV. 2012. Epithelial antimicrobial defence of the skin and intestine. Nat. Rev. Immunol.

12:503–16
Ganesh BP, Hall A, Ayyaswamy S, Nelson JW, Fultz R, et al. 2018. Diacylglycerol kinase synthesized by

commensal Lactobacillus reuteri diminishes protein kinase C phosphorylation and histamine-mediated
signaling in the mammalian intestinal epithelium.Mucosal Immunol. 11:380–93

www.annualreviews.org • Gut Colonization Mechanisms of Probiotics 229



Geva-Zatorsky N, Alvarez D, Hudak JE, Reading NC, Erturk-Hasdemir D, et al. 2015. In vivo imaging
and tracking of host–microbiota interactions via metabolic labeling of gut anaerobic bacteria.Nat. Med.
21:1091–103

Geva-Zatorsky N, Sefik E, Kua L, Pasman L, Tan TG, et al. 2017. Mining the human gut microbiota for
immunomodulatory organisms. Cell 168:928–43

Goh YJ, Klaenhammer TR. 2014. Insights into glycogen metabolism in Lactobacillus acidophilus: impact on
carbohydrate metabolism, stress tolerance and gut retention.Microb. Cell Fact. 13:94

Goldin BR, Gorbach SL, Saxelin M, Barakat S, Gualtieri L, Salminen S. 1992. Survival of Lactobacillus species
(strain GG) in human gastrointestinal tract.Dig. Dis. Sci. 37:121–28

Grimm V, Radulovic K, Riedel CU. 2015. Colonization of C57BL/6 mice by a potential probiotic Bifidobac-
terium bifidum strain under germ-free and specific pathogen-free conditions and during experimental
colitis. PLOS ONE 10:e0139935

Gueimonde M, Kalliomäki M, Isolauri E, Salminen S. 2006. Probiotic intervention in neonates: Will perma-
nent colonization ensue? J. Pediatr. Gastroenterol. Nutr. 42:604–6

Ha J-H, Hauk P, Cho K, Eo Y, Ma X, et al. 2018. Evidence of link between quorum sensing and sugar
metabolism in Escherichia coli revealed via cocrystal structures of LsrK and HPr. Sci. Adv. 4:eaar7063

Harris HM, Bourin MJ, Claesson MJ, O’Toole PW. 2017. Phylogenomics and comparative genomics of Lac-
tobacillus salivarius, a mammalian gut commensal.Microb. Genom. 3:e000115

Hudak JE, Alvarez D, Skelly A, von Andrian UH, Kasper DL. 2017. Illuminating vital surface molecules of
symbionts in health and disease.Nat. Microbiol. 2:17099

Jacobson A,LamL,RajendramM,Tamburini F,Honeycutt J, et al. 2018. A gut commensal-producedmetabo-
lite mediates colonization resistance to Salmonella infection. Cell Host Microbe 24:296–307.e7

Joglekar P, Ding H, Canales-Herrerias P, Pasricha PJ, Sonnenburg JL, Peterson DA. 2019. Intestinal IgA
regulates expression of a fructan polysaccharide utilization locus in colonizing gut commensal Bacteroides
thetaiotaomicron. mBio 10:e02324-19

Jones RM,Desai C, Darby TM, Luo L,Wolfarth AA, et al. 2015. Lactobacilli modulate epithelial cytoprotec-
tion through the Nrf2 pathway. Cell Rep. 12:1217–25

Kankainen M, Paulin L, Tynkkynen S, von Ossowski I, Reunanen J, et al. 2009. Comparative genomic analysis
of Lactobacillus rhamnosusGG reveals pili containing a human-mucus binding protein. PNAS 106:17193–
98

Kearney SM, Gibbons SM, Erdman SE, Alm EJ. 2018. Orthogonal dietary niche enables reversible engraft-
ment of a gut bacterial commensal. Cell Rep. 24:1842–51

Kommineni S, Bretl DJ, Lam V, Chakraborty R, Hayward M, et al. 2015. Bacteriocin production augments
niche competition by enterococci in the mammalian GI tract.Nature 526:719–22

Kozakova H, Schwarzer M, Tuckova L, Srutkova D, Czarnowska E, et al. 2016. Colonization of germ-free
mice with a mixture of three Lactobacillus strains enhances the integrity of gut mucosa and ameliorates
allergic sensitization. Cell. Mol. Immunol. 13:251–62

Krumbeck JA, Maldonado-Gomez MX, Martínez I, Frese SA, Burkey TE, et al. 2015. In vivo selection to
identify bacterial strains with enhanced ecological performance in synbiotic applications. Appl. Environ.
Microbiol. 91:2455–65

Krumbeck JA, Marsteller NL, Frese SA, Peterson DA, Ramer-Tait AE, et al. 2016. Characterization of the
ecological role of genes mediating acid resistance in Lactobacillus reuteri during colonization of the gas-
trointestinal tract. Environ. Microbiol. 18:2172–84

Krumbeck JA, Rasmussen HE,Hutkins RW,Clarke J, Shawron K, et al. 2018. Probiotic Bifidobacterium strains
and galactooligosaccharides improve intestinal barrier function in obese adults but show no synergism
when used together as synbiotics.Microbiome 6:121

Kurilshikov A, Wijmenga C, Fu J, Zhernakova A. 2017. Host genetics and gut microbiome: challenges and
perspectives. Trends Immunol. 38:633–47

Lee SM, Donaldson GP, Mikulski Z, Boyajian S, Ley K, Mazmanian SK. 2013. Bacterial colonization factors
control specificity and stability of the gut microbiota.Nature 501:426–29

Lewis ZT, Totten SM, Smilowitz JT, Popovic M, Parker E, et al. 2015. Maternal fucosyltransferase 2 status
affects the gut bifidobacterial communities of breastfed infants.Microbiome 3:13

230 Xiao et al.



Licandro-Seraut H, ScornecH,PédronT,Cavin J-F, Sansonetti PJ. 2014. Functional genomics of Lactobacillus
casei establishment in the gut. PNAS 111:E3101–9

Lin PW, Myers LE, Ray L, Song S-C, Nasr TR, et al. 2009. Lactobacillus rhamnosus blocks inflammatory
signaling in vivo via reactive oxygen species generation. Free Radic. Biol. Med. 47:1205–11

Maldonado-Gómez MX, Martínez I, Bottacini F, O’Callaghan A, Ventura M, et al. 2016. Stable engraftment
of Bifidobacterium longum AH1206 in the human gut depends on individualized features of the resident
microbiome. Cell Host Microbe 20:515–26

Marco ML, Bongers RS, De Vos WM, KleerebezemM. 2007. Spatial and temporal expression of Lactobacillus
plantarum genes in the gastrointestinal tracts of mice. Appl. Environ. Microbiol. 73:124–32

MarcoML,Peters TH,Bongers RS,MolenaarD,VanHemert S, et al. 2009.Lifestyle ofLactobacillus plantarum
in the mouse caecum. Environ. Microbiol. 11:2747–57

Mathias A, Duc M, Favre L, Benyacoub J, Blum S, Corthésy B. 2010. Potentiation of polarized intestinal
Caco-2 cell responsiveness to probiotics complexed with secretory IgA. J. Biol. Chem. 285:33906–13

Milani C, Lugli GA, Duranti S, Turroni F, Bottacini F, et al. 2014. Genome encyclopaedia of type strains of
the genus Bifidobacterium. Appl. Environ. Microbiol. 80:6290–302

Milani C, Turroni F, Duranti S, Lugli GA, Mancabelli L, et al. 2015. Genomics of the genus Bifidobacterium
reveals species-specific adaptation to the glycan-rich gut environment. Appl. Environ. Microbiol. 82:980–
91

Nakajima A, Vogelzang A,Maruya M,Miyajima M,Murata M, et al. 2018. IgA regulates the composition and
metabolic function of gutmicrobiota by promoting symbiosis between bacteria. J.Exp.Med.215:2019–34

Oh PL, Benson AK, Peterson DA, Patil PB, Moriyama EN, et al. 2010. Diversification of the gut symbiont
Lactobacillus reuteri as a result of host-driven evolution. ISME J. 4:377–87

O’Toole PW, Marchesi JR, Hill C. 2017. Next-generation probiotics: the spectrum from probiotics to live
biotherapeutics.Nat. Microbiol. 2:17057

Palm NW, de Zoete MR, Cullen TW, Barry NA, Stefanowski J, et al. 2014. Immunoglobulin A coating iden-
tifies colitogenic bacteria in inflammatory bowel disease. Cell 158:1000–10

Rattanaprasert M, Roos S, Hutkins RW,Walter J. 2014. Quantitative evaluation of synbiotic strategies to im-
prove persistence and metabolic activity of Lactobacillus reuteriDSM 17938 in the human gastrointestinal
tract. J. Funct. Foods 10:85–94

Rivière A, Selak M, Geirnaert A, Van den Abbeele P, De Vuyst L. 2018. Complementary mechanisms for
degradation of inulin-type fructans and arabinoxylan oligosaccharides among bifidobacterial strains sug-
gest bacterial cooperation. Appl. Environ. Microbiol. 84:e02893-17

Ruiz PA, Hoffmann M, Szcesny S, Blaut M, Haller D. 2005. Innate mechanisms for Bifidobacterium lactis to
activate transient pro-inflammatory host responses in intestinal epithelial cells after the colonization of
germ-free rats. Immunology 115:441–50

Sanders ME, Benson A, Lebeer S, Merenstein DJ, Klaenhammer TR. 2018. Shared mechanisms among pro-
biotic taxa: implications for general probiotic claims. Curr. Opin. Biotechnol. 49:207–16

Schultz M, Göttl C, Young RJ, Iwen P, Vanderhoof JA. 2004. Administration of oral probiotic bacteria to
pregnant women causes temporary infantile colonization. J. Pediatr. Gastroenterol. Nutr. 38:293–97

Sequeira S, Kavanaugh D, MacKenzie DA, Šuligoj T, Walpole S, et al. 2018. Structural basis for the role of
serine-rich repeat proteins from Lactobacillus reuteri in gut microbe–host interactions. PNAS 115:E2706–
15

Sheehan VM, Sleator RD, Hill C, Fitzgerald GF. 2007. Improving gastric transit, gastrointestinal persistence
and therapeutic efficacy of the probiotic strain Bifidobacterium breveUCC2003.Microbiology 153:3563–71

Shepherd ES, DeLoacheWC, Pruss KM,Whitaker WR, Sonnenburg JL. 2018. An exclusive metabolic niche
enables strain engraftment in the gut microbiota.Nature 557:434–38

Sims IM, Frese SA, Walter J, Loach D, Wilson M, et al. 2011. Structure and functions of exopolysaccharide
produced by gut commensal Lactobacillus reuteri 100-23. ISME J. 5:1115–24

Smillie CS, Sauk J, Gevers D, Friedman J, Sung J, et al. 2018. Strain tracking reveals the determinants of
bacterial engraftment in the human gut following fecal microbiota transplantation. Cell Host Microbe
23:229–40

Song Y, He Q, Zhang J, Qiao J, Xu H, et al. 2018. Genomic variations in probiotic Lactobacillus plantarum P-8
in the human and rat gut. Front. Microbiol. 9:893

www.annualreviews.org • Gut Colonization Mechanisms of Probiotics 231



Sonnenburg JL, Chen CT, Gordon JI. 2006. Genomic and metabolic studies of the impact of probiotics on a
model gut symbiont and host. PLOS Biol. 4:2213–27

Spor A, Koren O, Ley R. 2011. Unravelling the effects of the environment and host genotype on the gut
microbiome.Nat. Rev. Microbiol. 9:279–90

Stecher B, Chaffron S, Käppeli R, Hapfelmeier S, Freedrich S, et al. 2010. Like will to like: abundances of
closely related species can predict susceptibility to intestinal colonization by pathogenic and commensal
bacteria. PLOS Pathog. 6:e1000711

Tailford LE, Crost EH, Kavanaugh D, Juge N. 2015. Mucin glycan foraging in the human gut microbiome.
Front. Genet. 6:81

Tan TG, Sefik E, Geva-Zatorsky N, Kua L, Naskar D, et al. 2016. Identifying species of symbiont bacteria
from the human gut that, alone, can induce intestinal Th17 cells in mice. PNAS 113:E8141–50

TangC,Kakuta S, Shimizu K,KadokiM,Kamiya T, et al. 2018. Suppression of IL-17F, but not of IL-17A, pro-
vides protection against colitis by inducing Treg cells through modification of the intestinal microbiota.
Nat. Immunol. 19:755–65

Tang W, Xing Z, Hu W, Li C, Wang J, Wang Y. 2016. Antioxidative effects in vivo and colonization of
Lactobacillus plantarumMA2 in the murine intestinal tract. Appl. Microbiol. Biotechnol. 100:7193–202

Tannock GW,Ghazally S,Walter J, Loach D, Brooks H, et al. 2005. Ecological behavior of Lactobacillus reuteri
100-23 is affected by mutation of the luxS gene. Appl. Environ. Microbiol. 71:8419–25

Tannock GW, Munro K, Harmsen HJM, Welling GW, Smart J, Gopal PK. 2000. Analysis of the fecal mi-
croflora of human subjects consuming a probiotic product containing Lactobacillus rhamnosusDR20.Appl.
Environ. Microbiol. 66:2578–88

Tannock GW, Wilson CM, Loach D, Cook GM, Eason J, et al. 2012. Resource partitioning in relation to
cohabitation of Lactobacillus species in the mouse forestomach. ISME J. 6:927–38

Turroni F, Bottacini F, Foroni E, Mulder I, Kim J-H, et al. 2010. Genome analysis of Bifidobacterium bifidum
PRL2010 reveals metabolic pathways for host-derived glycan foraging. PNAS 107:19514–19

Turroni F,Milani C,Duranti S,Mancabelli L,MangifestaM, et al. 2016.Deciphering bifidobacterial-mediated
metabolic interactions and their impact on gut microbiota by a multi-omics approach. ISME J. 10:1656–
68

Turroni F, Serafini F, Foroni E, Duranti S, Motherway MOC, et al. 2013. Role of sortase-dependent pili of
Bifidobacterium bifidum PRL2010 in modulating bacterium–host interactions. PNAS 110:11151–56

Van Baarlen P, Troost FJ, van Hemert S, van der Meer C, de Vos WM, et al. 2009. Differential NF-κB path-
ways induction by Lactobacillus plantarum in the duodenum of healthy humans correlating with immune
tolerance. PNAS 106:2371–76

Van den Abbeele P, Marzorati M, Derde M, De Weirdt R, Joan V, et al. 2016. Arabinoxylans, inulin and
Lactobacillus reuteri 1063 repress the adherent-invasiveEscherichia coli frommucus in amucosa-comprising
gut model. npj Biofilms Microbiomes 2:16016

Walter J, Heng NC, Hammes WP, Loach DM, Tannock GW, Hertel C. 2003. Identification of Lactobacillus
reuteri genes specifically induced in the mouse gastrointestinal tract.Appl. Environ.Microbiol. 69:2044–51

Walter J, Loach DM, Alqumber M, Rockel C, Hermann C, et al. 2007. d-Alanyl ester depletion of teichoic
acids in Lactobacillus reuteri 100-23 results in impaired colonization of the mouse gastrointestinal tract.
Environ. Microbiol. 9:1750–60

Walter J, Schwab C, Loach DM,Gänzle MG,Tannock GW. 2008. Glucosyltransferase A (GtfA) and inulosu-
crase (Inu) of Lactobacillus reuteri TMW1.106 contribute to cell aggregation, in vitro biofilm formation,
and colonization of the mouse gastrointestinal tract.Microbiology 154:72–80

WuG,Zhang C,WuH,Wang R, Shen J, et al. 2017.Genomic microdiversity of Bifidobacterium pseudocatenula-
tum underlying differential strain-level responses to dietary carbohydrate intervention.mBio 8:e02348-16

Wu GD, Chen J, Hoffmann C, Bittinger K, Chen Y-Y, et al. 2011. Linking long-term dietary patterns with
gut microbial enterotypes. Science 334:105–8

Xiao Y, Zhao J, Zhang H, Zhai Q, ChenW. 2020.Mining Lactobacillus and Bifidobacterium for organisms with
long-term gut colonization potential. Clin. Nutr. 39(5):1315–23

Zelante T, Iannitti RG, Cunha C, De Luca A, Giovannini G, et al. 2013. Tryptophan catabolites from mi-
crobiota engage aryl hydrocarbon receptor and balance mucosal reactivity via interleukin-22. Immunity
39:372–85

232 Xiao et al.



Zhao S, Lieberman TD, Poyet M, Kauffman KM, Gibbons SM, et al. 2019. Adaptive evolution within gut
microbiomes of healthy people. Cell Host Microbe 25:656–67

ZhouW,ChowK-H,FlemingE,Oh J. 2019.Selective colonization ability of human fecalmicrobes in different
mouse gut environments. ISME J. 13:805–23

Zmora N, Zilberman-Schapira G, Suez J, Mor U, Dori-Bachash M, et al. 2018. Personalized gut mucosal
colonization resistance to empiric probiotics is associated with unique host and microbiome features.
Cell 174:1388–405

www.annualreviews.org • Gut Colonization Mechanisms of Probiotics 233


