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Lactobacillus species can exert health promoting e�ects in the gastrointestinal tract (GIT) throughmanymechanisms,which include
pathogen inhibition, maintenance of microbial balance, immunomodulation, and enhancement of the epithelial barrier function.
Di�erent species of the genus Lactobacillus can evoke di�erent responses in the host, and not all strains of the same species can be
considered benecial. Strain variations may be related to diversity of the cell surface architecture of lactobacilli and the bacteria’s
ability to express certain surface components or secrete specic compounds in response to the host environment. Lactobacilli are
known tomodify their surface structures in response to stress factors such as bile and low pH, and these adaptations may help their
survival in the face of harsh environmental conditions encountered in the GIT. In recent years, multiple cell surface-associated
molecules have been implicated in the adherence of lactobacilli to the GIT lining, immunomodulation, and protective e�ects on
intestinal epithelial barrier function. Identication of the relevant bacterial ligands and their host receptors is imperative for a better
understanding of the mechanisms through which lactobacilli exert their benecial e�ects on human health.

1. Introduction

�e human gastrointestinal tract (GIT) is the body’s largest
interface with the environment and is a dynamic barrier
that harbours a complexmicrobial community.�e intestinal
epithelium allows the uptake of nutrients, secretes water
and electrolytes, and simultaneously acts as a barrier to
exclude pathogens and toxins [1]. Humans and their symbi-
otic bacteria have co-evolved and their mutual interactions
are essential for human health and well-being [2]. �ere
is increasing experimental evidence for the role played by
intestinal bacteria in modulating development of the host
immune system and the barrier properties of the intestinal
epithelium [3].

Lactobacilli are important in the food and fermentation
industries. �ey are also frequently used as probiotics in

foods, cultured milks, and various pharmaceutical prepa-
rations [4–6]. �e presence of lactobacilli is important for
maintenance of the intestinal microbial ecosystem and for
providing protection against pathogen infection [7–9]. Lac-
tobacilli are present throughout the GIT in varying propor-
tions.�ey are dominant in the proximal small intestine [10],
a nutrient rich environment, whereas in the faecal microbiota
they are present at most ∼0.01%–0.6% and this proportion
varies signicantly between individuals [11, 12]. �ey have
the ability to adhere and interact with the epithelium and
the mucosal layers, while surviving the hostile conditions of
the luminal environment and the competing microbiota [13].
�ese properties add to their potential to be used as probiotics
that t the parameters set by the Operating Standards in
2002 (FAO/WHO:Guidelines for the evaluation of probiotics
in food). However, studies have shown that di�erent strains
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of lactobacilli can evoke di�erent responses in the host and
therefore, the results from one strain cannot be generalised
to others [9].

Adherence of lactobacilli to the intestinal epithelium is
an important characteristic as it promotes persistence
time and colonisation, stimulates microbe-host interactions
through immunomodulation, and provides protection to the
intestinal barrier by various mechanisms including antago-
nistic activities against pathogens [14]. Bacterial cell surface
components (adhesins, polysaccharides, and proteins) play
major roles in the adherence of lactobacilli to the intesti-
nal epithelium, interactions that might lead to pathogen
exclusion and immunomodulation of host cells [15, 16]. �e
adhesive properties of lactobacilli are directly linked to their
surface properties which are in�uenced by the structure and
composition of their cell wall. Several studies implicate cell
surface components, either individually or collectively, in
microbe-host interactions [17, 18].

Lactobacilli show great diversity in cell surface archi-
tecture and are known to modify their surface properties
in response to environmental changes [19, 20]. Di�erent
macromolecules constituting the cell wall of lactobacilli
have been shown to contribute to maintaining bacterial cell
integrity during environmental stress [21]. �e cell surface
architecture of lactobacilli and their ability to express certain
surface components, or to secrete specic compounds that
act directly on the host cells, may thus in�uence the physic-
ochemical properties of the bacterial cell and strain-specic
properties.

�is paper will focus on cell surface components of
lactobacilli that in�uence host response and impart strain-
specic characteristics to lactobacilli.

2. Cell Surface Structures

�e cell envelope of lactobacilli, like that of all lactic acid
bacteria, is composed of the bilipidic plasma membrane
with embedded proteins encompassed by the cell wall. �e
bacterial cell wall consists of a thick multilayered saccu-
lus made of peptidoglycan (PG), decorated with teichoic
acids (wall teichoic acids (WTA) and/or lipoteichoic acids
(LTA)), exopolysaccharides (EPS), proteinaceous laments
called pili, and proteins that are anchored to the cell wall
through di�erent mechanisms (Figure 1). Some species of
lactobacilli display an additional paracrystalline layer of
proteins surrounding the PG layer, referred to as the S-
layer. �ese macromolecules together may play crucial roles
in determining species and strain-specic characteristics of
lactobacilli by in�uencing host-microbe interactions and
microbial adaptations to the changing host environment.

2.1. Peptidoglycan. PG is the largest component of the bac-
terial cell wall and is an essential polymer in lactobacilli
that determines the shape and preserves the integrity of
the bacterial cell. �e PG layer has been described as a
sherman’s net, functioning both as a container for and a sieve
to the bacteria [24]. �e elastic nature of PG helps withstand
stretching forces caused by bacterial turgor pressure, excludes
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Figure 1: Cell envelope of lactobacilli with a schematic represen-
tation of cell-wall and membrane-associated proteins (the gure
was adapted from [35, 153]). �e bilipidic cell membrane (CM)
with embedded proteins is covered by a multilayered peptidoglycan
(PG) shell decorated with lipoteichoic acids (LTA), wall teichoic
acids (WTA), pili, proteins, and lipoproteins. Exopolysaccharides
(EPS) form a thick covering closely associated with PG and are
surrounded by an outer envelope of S-layer proteins. �e proteins
are attached to the cell wall either covalently (LPXTG proteins)
or noncovalently (exhibiting LysM, SH3, or WXL domains), lipid
anchored to the CM (lipoproteins) or attached to the CM via N- or
C-terminal transmembrane helix. M: N-acetyl-muramic acid; G: N-
acetyl-glucosamine.

large molecules from entering the bacterial cell, and at the
same time restricts secretion of large proteins. Proteins with
theoretical molecular mass as large as 49.4 KDa and 82.1 KDa
have been reported to be secreted by Lactobacillus rhamnosus
GG and Lactobacillus plantarum, respectively [25, 26]. Some
large proteins are unable to di�use through the cell wall
and are dependent on the cell wall expansion process to be
dragged to the outer surface of the thick PG layer before
being passively released into the external milieu [24, 27].
�e threads of this net are polymers of covalently linked
alternating residues of N-acetyl-glucosamine (GlcNAc) and
�-1-4-linked N-acetyl-muramic acid (MurNAc). �e glycan
strands are held together by crosslinking pentapeptide side
chains providing elasticity to the net. �e pentapeptide side
chain is made of alternating L- and D-amino acids and
this attaches to the D-lactyl carboxyl group of MurNAc.
Considerable variations occur in the basic compositions of
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the glycan strands and pentapeptides which impart strain-
specic characteristics to the bacteria [28, 29]. Following
biosynthesis, assembly, and incorporation of the PG subunits,
modications in the GlcNAc and MurNAc structures can
occur and a�ect interactions between host and lactobacilli
[24]. �ese modications include removal of acetyl groups
from cell wall PG [30], 6-O-Acetylation of cell wall MurNAc
residues [31], and the substitution of C6 of MurNAc by
teichoic and teichuronic acids [32]. �ese modications can
a�ect the physiology of the bacterial cell wall by increased
sensitivity to autolysis, resistance to lysozyme, and hydropho-
bicity of the cell envelope which in turn a�ects recognition by
host receptors and bacterial adhesion [33, 34].

2.2. Teichoic Acids. Teichoic acids (TAs) are the secondmajor
component of cell walls of lactobacilli and account for up
to half of the cell wall dry weight [35]. �ey are anionic
polymers made of repeating units of glycerol- or ribitol-
phosphate, covalently linked to PG asWTAor attached to the
cytoplasmic membrane through their lipid anchors as LTA
[36–38]. A fraction of LTA can be found free in the cell wall
or may be released into the extracellular medium through
deacetylation of the lipid anchor, where they are recognised
as ligands by receptors present on intestinal epithelial cells
[3]. LTAs contribute to the anionic character of the cell wall
and provide hydrophobicity, which in turn in�uences the
adhesiveness of the cell wall [34].

�e overall structure of TA is a chain made of phos-
phodiester-bound glycerol or ribitol residues hooked through
a terminal “linkage unit” on the C6 of the MurNAc residue
of a growing PG chain. �e structure of the linkage unit
is well conserved and is made of a disaccharide N-acetylman-
nosaminyl � (1–4) glucosamine followed by glycerol phos-
phate. �e variety of TA can occur in the nature of the sugars
and number of phosphate residues. �ere are considerable
variations in structure and abundance between WTA and
LTA molecules. �eir size and physicochemical properties
depend on several factors such as species or strain, stage or
rate of growth, availability of phosphate, acidity of medium,
and carbon source, and so forth [24]. Although all lactobacilli
have TA in their cell walls, not all Lactobacillus cell walls
contain WTA and some species appear to contain only LTA
[39]. TA can function as a reservoir for phosphates and also as
a scavenger of cations (Mg++ in particular) [40, 41]. TAs can
also help in creating a pH gradient across the cell wall and are
also known to be involved in phage adsorption and autolysin
activity [42]. Glycosylated TAs have been reported to be
essential for the adsorption of some L. plantarum phages, and
studies with L. delbrueckii subsp. lactis show the involvement
of LTA in phage inactivation [43].

2.3. Cell Wall Polysaccharides. Cell wall polysaccharides are
neutral polysaccharides that can either form a thick outer
capsule closely associated with the cell wall and o�en be
covalently bound to MurNAc of PG (referred to as capsular
polysaccharide; CPS) or be loosely associated with it (wall
polysaccharides; WPS) or be released into the extracellular
medium (EPS) [44, 45]. Distinction between these various

classes of cell wall polysaccharides is o�en di�cult. In lacto-
bacilli, EPS usually refers to extracellular polysaccharides that
can be attached to the cell wall or released into the surround-
ing medium. �e complex variations in the composition of
EPS, which di�ers in the nature of the sugar monomers along
with their linkages, distribution, and substitution, add to the
structural variety of the Lactobacillus cell wall [46, 47]. EPS
is generally composed of heteropolysaccharides consisting of
di�erent sugarmoieties such as glucose, galactose, rhamnose,
GlcNAc, and N-acetylgalactosamine [48]. Residues of glu-
curonic acid, phosphate, acetyl, and pyruvate groupsmay also
be present in some strains of lactobacilli. In addition to the
heteropolymeric EPS molecules, some strains of lactobacilli
are capable of synthesising homopolysaccharides such as
glucans or fructans from sucrose [49].

Studies with L. rhamnosus GG identied two di�erent
classes of EPS: long galactose rich molecules and short
glucose/mannose rich EPSmolecules [50]. Some polysaccha-
ride chains can also be present as glycoproteins, providing
anchorage to S-layer proteins, creating an extra level to the
complexity of the bacterial cell wall architecture [50]. Specic
contributions of EPS to cell wall functionality are unclear,
although their general role is to mediate interactions of
lactobacilli with environmental components and promote
bacterial adhesion and biolm formation to inert or living
surfaces [51, 52].

2.4. Pili and Flagella. Pili are multisubunit protein polymeric
structures that have been functionally analysed and charac-
terised only in L. rhamnosus GG [53, 54], although they have
been identied at the genome level in some lactobacilli [23].
�ese non�agellar appendages are an assembly of multiple
pilin subunits that are covalently coupled to each other by
the transpeptidase activity of the pilin-specic sortase [53,
55]. �e resulting isopeptide bonds are formed between the
threonine of an LPXTG-like motif and the lysine of YPKN
pilin motif in the pilin subunits [56]. A�er assembly, the
pilins are attached to the cell wall by a membrane bound
transpeptidase, the housekeeping sortase [57]. �e roles of
pili in bacterial adhesion, invasion, aggregation, formation of
biolms, and modulation of immunity are well established
[58, 59] but the receptors in the host that recognise these
pili are still unknown and their function in signalling host
response is unclear. �e presence of �agella is an unusual
feature found in lactobacilli and at present, at least twelve
motile species of lactobacilli have been recognised [11]. �e
bacterial �agellum comprises of polymers of protein called
�agellin, which is suggested to act as a ligand and mediate
activation of signalling pathways and modulation of host
immune cells [60].

2.5. Cell Surface Proteins. �e cell surface proteins in lacto-
bacilli are either anchored to the cell wall by various mecha-
nisms or secreted from the bacterial cell into the surrounding
medium, where they reassociate with the cell wall through
electrostatic interactions [61]. Cell surface proteins include
the S-layer proteins which constitute the major cellular
proteins that surround the cell. Examples of cell surface
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proteins include the 43KDa collagen binding S-layer protein
from L. crispatus and cell surface proteins of 15 kDa and
two proteins of 45 and 58KDa from L. acidophilus CRL639
that are involved in binding to bronectin and collagen
[62]. Covalently anchored proteins are further subcategorised
into N- or C-terminally anchored proteins, lipid-anchored
proteins (lipoproteins), and LPXTG-anchored proteins. �e
N-terminally anchored proteins represent the largest group
of cell-surface-anchored proteins in lactobacilli and are
mainly involved in cell-envelope metabolism, extracellular
transport and signal transduction, competence, and protein
turnover [35, 63]. Many C-terminally anchored proteins,
linked to the cell membrane through C-terminal transmem-
brane domains, are encoded by lactobacilli, but the function
of several of these proteins remains unclear [35]. �e lipid-
anchored proteins constitute the second largest group of
predicted membrane-anchored proteins in lactobacilli, and
are involved in transport, adhesion, antibiotic resistance,
sensory processes, homeostasis of the cell envelope and
secretion, folding and translocation of proteins [35, 64]. �e
C-region of the signal peptide of these lipoproteins contains
the lipobox motif [L-(A/S)-(A/G)-C]. Lipidation followed by
cleavage at the N-terminal of the Cys-residue in the lipobox
results in the covalent binding of the lipoprotein to the
cell membrane through a thioether linkage [65]. LPXTG-
anchored proteins or sortase-dependent proteins (SDP) are
covalently attached to the PG and reportedly play a crucial
role in lactobacilli-host interactions [66]. �ese proteins
typically contain a cleavage site, an LPXTG motif, located in
the C-terminal region of the mature domain, followed by a
stretch of hydrophobic residues and a positively charged tail
[66]. �e LPXTG motif is recognised by the sortase (SrtA)
enzyme, which cleaves between the T and G residues and
then covalently links the threonine carboxyl group to an
amino group of the PG cross-bridges [67]. Although SrtA
recognises the sequence LPXTG, another sortase, called SrtB
in S. aureus, has been reported to recognise and process
proteins bearing the sequence NPQTN [68]. Recent studies
involving cross-linked protein products of SrtA and SrtB
indicate that di�erent types of sortases may be able to attach
proteins to distinct positions within the cell wall [69].

Noncovalently anchored proteins are bound to the bac-
terial cell surface through binding domains. Some proteins
can also be found anchored to other cell wall proteins
through protein-protein interactions, while others are known
to reassociate with the cell wall a�er being secreted, through
electrostatic interactions [70].

Many species of lactobacilli display a surface coating
made of a crystalline, two-dimensional array of protein or
glycoprotein subunits assembled in lattices with di�erent
symmetries, also referred to as the S-layer. Lactobacilli S-layer
proteins represent up to 10 to 15% of total cell wall proteins.
�ese proteins are highly basic, with stable tertiary structures
ranging from 40 to 60 kDa [3]. S-layer proteins are the most
prominent glycoproteins in prokaryotes, and although in lac-
tobacilli most S-layer proteins appear to be nonglycosylated,
some lactobacilli have glycosylated S-layer proteins that have
been identied [71]. S-layer proteins are relevant to cell wall
polysaccharide pyruvylation and are noncovalently bound

to the underlying PG cell wall, generally through secondary
polymers such as LTA, WTA, and neutral polysaccharides
[70]. Properties such as adhesion, aggregation, and pathogen
inhibition have been related with the occurrence of particular
types of S-layers, although S-layer functions in lactobacilli
are not just species but also strain specic. Studies indicate
that there is a correlation between the di�erent structural
and chemical characteristics of the S-layer proteins with the
surface properties of lactobacilli [50, 70]. �ere is ample
evidence of S-layer proteins in�uencing the development
of microbial communities as biolms and therefore, it is
likely that S-layer proteins have a role in the interaction of
lactobacilli with other microorganisms [72].

Lactobacilli have enzymes with binding domains that
help to keep them anchored to the bacterial cell surface.
For example, extracellular enzymes such as autolysins display
a stretch of 20 amino acids that have conserved multiple
tandem repeats of aromatic residues and glycines that anchor
to the bacterial cell surface by binding to the choline residues
of WTA and LTA [73]. �e LysM domain (lysine motif) is
found in many extracellular enzymes that are suggested to
have a PG binding function and are involved in cell wall
metabolism [74]. WXL domain-containing proteins were
identied in lactobacilli based on in silico analysis [75] and
are suggested to interact with the PG layer through their
protein C terminus. �is domain has also been reported
to mediate noncovalent binding between the bacterial cell
wall ofEnterococcus faecalis and otherGram-positive bacteria
[76]. SH3b domains have been identied in some lactobacilli
and are proposed to be involved in cell wall turnover. �ey
have been suggested to recognise specic sequences within
the peptide cross-bridges of the PG, thus targeting and
binding to the cell wall [77]. A putative domain composed
of three �-helices at the C- or N-terminal of an extracellular
protein has been reported in some lactobacilli (L. plantarum,
L. johnsonii, L. casei, L. brevis, L. helveticus, and L. gasseri) and
is suggested to be involved in cell wall degradation through
binding to the PG [35].

3. Cell Surface Adaptations of Lactobacilli in
Response to the Host Environment

�e cell envelope is the rst target of physicochemical and
environmental stress. Lactobacilli encounter several environ-
mental stress factors during their transit through the GIT
such as low pH, bile salts, and oxidative and osmotic stress,
along with starvation stress. Lactobacilli have developed
sophisticated responses and adaptations to survive these
stressors. Stress responses of lactobacilli rely on the coordi-
nated expression or suppression of genes that act in concert
to improve stress tolerance. �ese genes can alter cellular
processes such as cell division, membrane composition,
transport systems, housekeeping, and DNA metabolism and
are regulated by factors that can control several genes and
sometimes even other regulators. Lactobacilli respond to
stress in specic ways dependent on the strain, species, and
the type of stress.�e coordination of these stress responses is
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achieved by the network of regulators that allow the bacterial
cell to react and adapt to di�erent stressors.

3.1. Acid and Bile Stress. Survival under acidic conditions
is achieved by adapting to low pH through a mechanism
called acid tolerance response (ATR). Studies with acid-
and bile-resistant variants of L. acidophilus suggest that an
inducible pre-existing system co-exists with a de novo protein
synthesis mechanism, which together protect against acid
stress [78]. Bile acids are conjugated to glycine or taurine
in the liver and enter the intestine where the amino acid
may be hydrolysed by bile salt hydrolases (BSH) expressed by
bacteria, including lactobacilli. In L. plantarum, the capacity
to tolerate taurodeoxycholic acid (TDCA) has been attributed
to the expression of TDCA hydrolase, but other studies
have shown that BSH activity and resistance to bile are
unrelated properties in lactobacilli [79, 80]. Many resistance
mechanisms resulting in alteration of lactobacilli cell surface
structures are common for bile and acid stress [81]. �e
macromolecules composing the bacterial cell envelope (cell
wall and cell membrane) contribute to maintaining the cell
integrity under these stress situations. For instance, bile salts
and cholesterol have been shown to induce changes in the
lipid cell membrane of L. reuteri [19] while low pH causes
alterations in the fatty acid composition of an oral strain of
L. casei [20].

Screenings of acid responses and bile salt responses in
lactobacilli have identied genes involved in PG biosynthesis
and cell envelope functions. Gene expression analysis of L.
acidophilus identied a high number of genes involved in
PG and cell surface protein (e.g., SrtA) biosynthesis that
are di�erentially expressed a�er bile exposure [82]. In L.
reuteri, the response to acidic conditions involves the ClpL
chaperone, an ATPase with chaperone activity and a putative
cell wall-altering esterase. �ese enzymes are also reported
to be induced by bile exposure, further implying common
resistance mechanisms for acid and bile stress [83, 84]. Other
cell surface structures (LTA, WTA, and EPS) have also been
suggested to play roles in proper functioning of cell integrity
in acidic conditions and in the presence of bile [85]. EPS
biosynthesis also reportedly involves suppression of genes
a�er bile exposure as noted in L. acidophilus and L. reuteri,
although the role of EPS in bile and acid resistance is still
unclear [82, 84].

3.2. Oxidative and Osmotic Stress. In addition to acid and
bile stress, the survival capacity of lactobacilli to oxidative
and osmotic stress in the GIT is important. Oxidative stress
that can adversely a�ect cell tness is caused by exposure to
reactive oxygen species (ROS) resulting from partial oxygen
reduction to superoxide anion radicals (O2), hydroxyl radi-
cals (∙OH), and hydrogen peroxide (H2O2). Polyunsaturated
fatty acids are sensitive to ROS attack and the resulting
peroxidation of membrane lipids and protein alteration a�ect
cell membrane permeability and osmoregulation [86]. To
minimise the damage caused by ROS, lactobacilli counteract
ROS generation with the help of enzymes such as catalase,
NADH oxidase/peroxidise, and superoxide dismutase (SOD)

or nonenzymatic compounds such as ascorbate, glutathione,

and Mn2+. Resistance to oxidative stress varies widely
between species and strains. Stress handling mechanisms
range frompreventing formation of ROS, elimination of ROS,
and defence against oxidative damage to repair of oxidative
damage [87].

�e fatty acid composition of the cell membrane of L.
helveticus has been shown to change underoxidative stress
and this was reported to be due to an increased activity of the
O2-consuming fatty acid desaturase system which reduces
the free radical damage in the cell [21]. Interestingly, bile
stress has also been shown to induce oxidative stress, and
studies indicate that the expression of glutathione reductase
is in�uenced by bile treatment [88].

Lactobacilli are o�en exposed to changes in the osmo-
larity of their environment which can compromise essential
cell functions. Changes in solute concentrations in the envi-
ronment cause changes in cell turgor pressure which lead
to changes in cell volume. To maintain turgor pressure and
retain water in the cell, lactobacilli accumulate compatible
solutes under hyper-osmotic conditions and release them
under hypo-osmotic conditions. In L. acidophilus, disruption
of the cell division enzyme CdpA caused an increased
resistance to bile salts while showing reduced resistance to
osmotic stress. Similar e�ects were shown by the SlpAmutant
of L. acidophilus, which was more sensitive to osmotic stress
while being more resistant to bile. According to these studies,
certain components of the cell wall remain uncleaved or
cross-linked resulting in an immature structure of the cell
wall in the mutant thus altering its phenotype [89, 90].
Studies with L. alimentarius showed that when grown under
sublethal doses of NaCl, an increased tolerance was observed
towards hyper-osmotic conditions or an increased ATR
against organic acids. Similar cross-protection was observed
when the cells were exposed to sublethal doses of these acids
implying that common mechanisms were involved [91].

3.3. Starvation Stress. �ecapacity to adapt to a specic nutri-
tional environment is important to lactobacilli and ensures
their residence time and survival in the GIT. Starvation is one
of the most common stresses faced by lactobacilli and bacte-
rial growth leading to nutrient exhaustion, accumulation of
fermentation end product (e.g., lactic acid), and subsequent
starvation contributes to this stress. Nutrient starvation in
lactobacilli has been mainly studied by limiting the supply of
carbohydrate, phosphate, and nitrogen. Lactobacilli adapt to
these nutritional limitations by either downregulating nucleic
acid and protein synthesis and/or protein degradation and
amino acid synthesis [92]. Moreover, extreme environmen-
tal stress conditions can indirectly provoke starvation by
decreasing the activity of transporters resulting in reduced
availability of essential nutrients that might be present in
the extracellular environment [93]. Nutrient starvation leads
to growth arrest, and di�erent lactobacilli have developed
di�erent strategies to survive starvation. Modication of cell
morphology and cell division at the entry of the stationary
phase, resulting in diminished cell size, has been reported in
lactobacilli under these conditions [87].



6 Mediators of In�ammation

Starvation resistance mechanisms in lactobacilli are
diverse as they occupy di�erent niches and do not encounter
the same starvation conditions. It is well established that
bacteria become more resistant to various types of stresses
and develop a general stress-resistant state on entering the
stationary phase. Carbohydrate starvation induces increased
resistance to many stress conditions. Amino acid catabolism,
in particular arginine degradation, plays a role in the
enhanced survival of L. sakei during stationary phase [94]. In
L. acidophilus, 16 proteins were reported to be synthesised as a
response to starvation, of which 7 were induced by stationary
phase while the others in response to low pH [95]. In L. lactis,
glucose starvation was shown to induce resistance to many
stresses (heat, low pH, and oxidative and osmotic stress)
[96]. Similarly in L. bulgaricus, lactose starvation increased
resistance to heat, acid, and bile stress [97]. �e regulation
of starvation-induced proteins in lactobacilli is still unclear.
Although studies indicate a small overlap between stress-
specic and starvation regulator genes andmany proteins can
be commonly induced by more than one stress, only a few
proteins are common to all stresses.

4. Lactobacilli and Host Interactions Involving
Bacterial Cell Surface Factors

�e human GIT represents the rst line of defence against
bacteria, viruses, fungi, and parasites that can act as
pathogens. �e GIT epithelium is also associated with
indigenous commensal microorganisms that comprise the
microbiota. �us, the epithelium is important for the main-
tenance of GIT homeostasis in the presence of commensal
microorganisms while preventing pathogen invasion [98].
Lactobacilli interact with the intestinal epithelium through
severalmechanisms that helpmodulate the immune response
of the host, preserve barrier integrity, andmaintainmicrobial
balance through exclusion of pathogens by direct antimi-
crobial activity (production of bacteriocins or inhibitors),
competitive exclusion (competing for binding sites), and/or
stimulating anti-in�ammatory immune responses (Table 1).

4.1. Adherence. Adherence of bacteria to the GIT mucosa is
an important factor for colonisation and leads to direct inter-
actions that can result in competitive exclusion of pathogens
and the modulation of host response. Adhesive mechanisms
of human pathogenic bacteria have been studied extensively
through the use of in vitromodel systems. Human colorectal
adenocarcinoma cell lines such as Caco-2 or HT-29 cells,
immobilised intestinal mucus and extracellular matrices,
quantitative measurements, microscopic enumeration, and
immunological detectionmethods have been used for assess-
ing adhesive mechanisms [120, 121]. However, knowledge of
the bacterial cell surface molecules mediating adhesion to
the GIT mucosa is still limited. Genomics-based approaches
have revealed several bacterial cell-surface-associated pro-
teins that bind to mucus and intestinal cells [17]. Lactobacilli
adhesins have been grouped into mucus binding proteins;
sortase-dependent proteins; S-layer proteins; proteins medi-
ating adhesion to extracellular matrix (ECM) components of

the intestinal epithelial cells; nonprotein adhesins (LTA and
EPS).

Intestinal epithelial cells form a barrier between the
host and the content of the lumen and are covered by a
protective layer ofmucus.�emucus layer exists in a dynamic
equilibrium, balanced between production, degradation, and
physical erosion. It provides bacteria with only a short resi-
dence time in the GIT upon adhesion, thereby protecting the
host against pathogens and undesirable bacterial colonisation
[122]. However, the mucus layer also provides a habitat for
commensal bacteria, such as lactobacilli. Adherence of lacto-
bacilli to mucus has been experimentally validated in vitro
using adhesion assays with probiotic-pretreated intestinal
mucus glycoproteins [123], as well as in vivo by microscopic
analysis of biopsy samples [124]. Lactobacillus adhesion to
mucus involves mucus binding proteins (Mubs) which in
addition to the same domain organisation typical of cell sur-
face proteins (the N- terminal signal peptide and C terminal
LPXTG anchoring motif) share a mucus binding domain.
Mubs are encoded by Lactobacillales-specic clusters of
orthologous protein coding genes (LaCOG) and contain one
or more Mub repeats. Proteins containing Mub repeats are
abundant in lactobacilli that inhabit the GIT, suggesting that
Mub repeat is a functional unit that may be an evolutionary
adaptation for survival in the GIT. A database search using
the sequence from the extracellular Mub domain of L. reuteri
[125] and L. acidophilus [17], and the lectin-like mannose-
specic adhesin (Msa) of L. plantarum [103], resulted in the
identication of proteins containing multiple Mub domains
in several species of lactic acid bacteria (LAB), further
suggesting that this domain is a LAB-specic functional
unit. Studies with L. fermentum BCS87 have helped identify
and characterise a 32KDa surface-associated protein (32-
mMubp) that is suggested to mediate adhesion to mucus
[114]. �e Mub domain consists of a series of amino acid
residues, varying in size from 100 to 200 residues per domain
[126]. Studies have shown that Mub and Mub-like proteins
contribute to mucus binding and autoaggregation, but high
genetic heterogeneity among strains results in strain-specic
diversity in adhesion to mucus [122].

Some lactobacilli (e.g., L. rhamnosus GG) have mbriae
(also called pili) that reportedly enhance adhesion to mucus
glycoproteins of the host cells with subsequent colonisation
of the GIT [53]. Studies with L. rhamnosus GG have shown
a mucus binding factor (MBF) with a presumed ancillary
involvement in pilus-mediatedmucosal adhesion [107].How-
ever, mbriae of some Gram-positive pathogens were shown
to induce pro-in�ammatory responses [127], while capsular
polysaccharide of L. rhamnosus GG was found to shield
mbriae, possibly suppressing pro-in�ammatory responses
[99]. Such role and possible positive e�ects of L. rhamnosus
GG mbriae are still unclear and need to be validated.

In lactobacilli, a subgroup of surface proteins that con-
tains the LPXTG motif at their C terminal is recognised by
SrtA. SrtA cleaves those proteins and anchors the resulting
product to PG, thus incorporating these SrtA-dependent
proteins on the microbial surface. Although many sortase-
dependent proteins are encoded by lactobacilli, the majority
have no assigned function. Of the functionally characterised
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Table 1: Lactobacilli cell surface factors implicated in microbe-host interactions.

Lactobacillus strain Mechanism and e�ect Cell surface factors Target cells or host factors Reference

L. reuteri
Adherence, pathogen

inhibition, and enhancement
of epithelial barrier function

Mucus binding protein
(Mub), collagen binding

proteins (CnBP)

Epithelial cells and mucus,
collagen

[84, 99, 100]

L. acidophilus

Adherence and aggregation,
pathogen inhibition,
maintenance of barrier

function, and
immunomodulation

Mucus binding protein
(Mub), bronectin binding
protein (FbpA), S-layer
proteins (SlpA), LTA, and

EPS

Epithelial cells and mucus,
bronectin, ECM

components, and Caco-2
cells

[17, 62, 101,
102]

L. plantarum
Adherence, enhancement of
epithelial barrier function,
and immunomodulation

Mannose-specic adhesin
(Msa), GAPDH

Epithelial cells and mucus,
Caco-2 cells

[103–106]

L. rhamnosus

Adherence, protection
against pathogen, and
antiapoptotic e�ects on
intestinal epithelial cells

Fimbriae, mucus binding
factor (MBF)

Mucus glycoproteins,
intestinal epithelial cells

[53, 99, 107,
108]

L. salivarius Adherence
Sortase-dependent protein

(LspA)
Intestinal epithelial cells

and mucus
[109]

L. crispatus
Adherence, pathogen

inhibition, and resistance to
acid and bile

S-layer proteins HeLa cells [63]

L. brevis

Adherence, protection
against stressors (low pH,
bile, etc.), and enhancement

of barrier function

S-layer proteins (SlpA) Intestinal epithelial cells [110, 111]

L. ke�r
Aggregation and protection

against pathogens and
stressors

S-layer proteins Caco-2/TC-7 cells [112, 113]

L. fermentum Adherence
Mucus binding protein

(32-mMubp)
mucus [114]

L. johnsonii Adherence
LTA, elongation factor Tu
(EF-Tu), and heat shock

protein (GroEL)

Caco-2 cells, intestinal
epithelial cells, and mucus

[102, 115,
116]

L. ruminis
Motility,

immunomodulation
Flagellin

Intestinal epithelial cells,
HT 29, and Caco-2 cells [11]

L. casei

Maintenance of barrier
function, increased mucus

production, and
immunomodulation

EPS, sortase-dependent
proteins (SrtA)

Caco-2 cells, HT29
macrophages

[117–119]

proteins belonging to this family, three correspond to the
mucus adhesins of L. reuteri (Mub), L. plantarum (Msa),
and L. acidophilus (Mub). LspA, of L. salivarius UCC118, is
the fourth characterised sortase-dependent protein that also
bindsmucus and is known tomediate adhesion of this species
to intestinal epithelial cells [109, 128]. Recent studies with
L. casei BL23 sortases and SrtA mutants suggest that SrtA
might be involved in adhesion of this strain to Caco-2 and
HT29 cells [117]. Although most sortase-dependent proteins
of lactobacilli seem to have mucus-binding capacity, not all
of them have a�nity to mucus components and the function
of putative lactobacilli sortase-dependent proteins remains
unclear [16]. Domain analysis and phylogenetic proling
of the extracellular proteins of L. plantarum involved in
adhesion reported 10 of the 12 identied proteins to contain
the LPXTG motif. �eir predicted role was adherence to

collagen, bronectin, chitin, or mucus [75]. Of these 12
identied proteins, the role of Msa from L. plantarum in
adhesion has been experimentally validated, but the roles of
the other in silico identied putative adhesins are speculative
and need in vitro and in vivo validation.

S-layer proteins form the outermost interacting surface
in di�erent species of lactobacilli and have been shown to
act as adhesins to epithelial cells and components like mucus
and extracellular matrix proteins. �e role in adhesion of S-
layer proteins of L. acidophilus (SlpA), L. crispatus (CbsA),
and L. brevis (SlpA) has been experimentally validated [63,
110, 129]. �e removal of the S-layer that reduced bacterial
aggregation in L. acidophilus, L. ke�r, andL. crispatus suggests
their functional involvement in this process [112, 113]. �ere
is considerable evidence that aggregation directly in�uences
the development of structured microbial communities as
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biolms, and the removal of the S-layer completely abolishes
coaggregation, thus suggesting that it is mediated by S-layer
proteins. Studies also suggest that S-layer proteinswith lectin-
like activity interact with glycoproteins and polysaccharides
and thus in�uence interactions of lactobacilli with other
microorganisms [113].

Aggregation helps to form a physical barrier thus pre-
venting colonisation by pathogens. Immunoblotting assays
show direct interaction between L. ke�r S-layer proteins
and Salmonella surface adhesins. Pretreatment of Salmonella
with puried S-layer proteins has been shown to protect
two human intestinal epithelial cell lines, parental Caco-
2 and the TC-7 clone, from Salmonella invasion, but the
protective e�ect was not observed when Salmonella was
pretreated with nonaggregative strains [112]. �ese obser-
vations strengthen the theory that coaggregation prevents
invasion by Salmonella and protects epithelial cell damage. In
L. ke�r, the S-layer also in�uenced hemagglutinating, but not
adhesion to Caco-2 cells, unlike the S-layer of some strains of
L. acidophilus that are involved in both Caco-2 adhesion and
aggregation [100, 112, 113]. In L. crispatus, the removal of the
S-layer did not a�ect autoaggregation or hemagglutinating
[63], suggesting that the S-layer may not be the only structure
involved in these processes and that other covalently bound
proteins or molecules such as LTA or lectin-like molecules
can mediate adhesion to intestinal epithelial cells.

�e extracellular matrix (ECM) is a complex structure
surrounding intestinal epithelial cells and is composed of
various proteins such as laminin, bronectin, and collagen.
Some lactobacilli can bind to these proteins, thus competing
with pathogens that have ligands for the same binding sites
[62]. Examples of ECM binding adhesins are the bronectin-
binding protein (FbpA) of L. acidophilus and the collagen-
binding protein (CnBP) of L. reuteri [17, 130]. Pfam domain
analysis of CnBP predicted a bacterial extracellular solute-
binding domain (PF00497) that was also detected in mucus
adhesion promoting protein (MapA), which was found to be
a homologue for CnBP. Although MapA reportedly mediates
the binding of L. reuteri to Caco-2 cells and mucus, database
analysis detected no mucus binding proteins, suggesting a
role for the extracellular solute-binding domain of MapA
in adhesion [16]. Other examples include the previously
discussed S-layer proteins.

Lactobacillus adhesion to the GIT has also been shown
to involve surface-associated nonprotein factors such as the
LTAs and EPS. LTAs contribute to the anionic character
of the cell wall and provide hydrophobicity, which in turn
in�uences the adhesiveness of the cell envelope [34]. EPS
may contribute to the physicochemical properties of the cell
surface by shielding other cell surface adhesins, acting as
ligands mediating adhesion and coaggregation [131, 132]. In
L. acidophilus BG2FO4, carbohydrates on the bacterial cell
wall were reported to be partly responsible for adhesion of
this strain to Caco-2 cells and tomucus secreted by themucus
producing human adenocarcinoma cell lineHT29-MTX cells
[101]. In L. johnsonii, LTA has been reported to mediate
adhesion to Caco-2 cells [18] and in L. acidophilus, di�erent
types of exopolysaccharides have been shown to in�uence
adhesion to ECM components [62].

Two peculiar examples of cytoplasmic-localised proteins
that act as surface-translocated adhesins in lactobacilli are
elongation factor Tu (EF-Tu) and the heat shock protein
GroEL of L. johnsonii. EF-Tu is involved in protein biosyn-
thesis in the cytoplasm but has been reported as surface
translocated in many lactobacilli. In L. johnsonii, surface
translocated EF-Tu fullls an alternative role of mediating
adhesion to intestinal epithelial cells and mucins. GroEL is a
mediator of protein folding but when localised at the bacterial
surface, it mediates adhesion to human intestinal cells and
mucins [115, 116]. No domains or motifs have been found
in either protein to account for their translocation across
membranes. A cell-surface-associated enzyme GAPDH of
L. plantarum LA318 has been found to mediate adherence
to human colonic cells supposedly by recognising the sugar
chains on the mucus and acting as a lectin-like protein
[104]. GAPDH is surface localised although it lacks the
conventional N-terminal signal sequence or a membrane
anchoring motif.

4.2. Maintenance of Epithelial Barrier Function. �ere is
increasing evidence that lactobacilli may have benecial
in�uences on the intestinal epithelium.�e role of lactobacilli
in maintaining the intestinal barrier function is achieved
by various mechanisms such as inducing mucus produc-
tion, modulation of cytoskeletal, and tight junction protein
phosphorylation, which can enhance tight junction function,
immune response, and preventing apoptosis of the intestinal
epithelial cells. Enhancement of epithelial barrier integrity by
lactobacilli has been observed in both in vitro and in vivo
models. For example, L. brevis strengthens epithelial barrier
function in healthy rats as assessed by mannitol permeability,
with mannitol being used as a probe to study colonic
wall permeability [111]. Administration of L. plantarum and
L. reuteri to rats with methotrexate-induced enterocolitis
improves bowel barrier function [105]. L. plantarum has
also been shown to increase epithelial barrier integrity using
transepithelial electrical resistance assays as a measure of
the integrity of tight junctions between intestinal epithelial
cells with Caco-2 cell line as a model [106]. Studies with
interleukin-10 gene-decient (IL-10−/−) mice indicate that
most of them develop chronic enterocolitis, as IL-10 has been
suggested as an essential immunoregulator in the GIT and
is a potent suppressor of macrophage and T-cell functions.
Lactobacillus species have been shown to prevent chronic

colitis in IL-10−/− mice [133]. Studies with human intestinal
epithelial HT29 cells show that the lipid moiety of LTA
from L. johnsonii and L. acidophilus inhibits E.coli and
lipopolysaccharide- (LPS-) induced IL-8 production (IL-8
is a chemokine and is a potent promoter of angiogenesis)
by epithelial cells thus identifying important bacterial cell
surface factors that confer benecial e�ects on the GIT [102].
Recent studies with L. rhamnosusGG using Caco-2 epithelial
cells validate that the lipid chains of LTA are needed for IL-
8 mRNA expression and that D-alanine substituents are also
important for IL-8 induction in Caco-2 cells [134].

�e intestinal epithelial barrier is also a�ected by alter-
ations in mucus and chloride secretion by epithelial cells.
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Mucin forms a physicochemical protective barrier for the
underlying intestinal epithelial cells and assists in the pre-
vention of mechanical, chemical, enzymatic, and microbial
damage to the intestinal barrier and also restricts microbial
invasion following adherence [135]. In vitro experiments with
selected Lactobacillus strains have shown that adherence of
enteropathogenic E. coli to human intestinal epithelial cells
is inhibited by induction of intestinal mucin gene expression
[136]. Mucin is known to inhibit bacterial translocation, and
studies with L. casei LGG showed increased expression levels
of mucin genes in a Caco-2 cell model [118]. Expression of
mucin genes, induced by lactobacilli, has been shown to be
dependent on direct cell contact between L. plantarum and
intestinal epithelial cells [136].

In addition to mucus production, modulation of tight
junction protein expression in epithelial cells is an impor-
tant factor in preserving epithelial barrier integrity. Tight
junction proteins are dynamic structures that bind together
epithelial cells at their apical junctions and help maintain
barrier integrity. Structural changes in tight junction proteins
in�uence their functionality. Zonula occludens-1 (ZO-1), a
tight junction protein, and F-actin, a structural component of
the epithelial cell cytoskeleton, are known to play important
roles in maintaining cytoskeleton architecture of epithelial
cells thus preserving barrier integrity. L. acidophilus has been
shown to prevent disruption of the distribution of ZO-1
and occludin by E. coli and enhance cytoskeletal and tight
junction protein structures such as occludin and actinin in
intestinal epithelial cells [137]. Lactobacilli also improved
barrier function in rats by increasing occludin expression and
maintaining epithelial tight junctions [138, 139].

�e adherence ability of lactobacilli enables them to
compete with pathogenic bacteria for receptors that are
expressed on intestinal epithelial cells, thus shielding them
from damage caused by pathogenic bacteria and preserv-
ing barrier integrity [22, 140]. L. rhamnosus R0011 and L.
acidophilus R0052 inhibit infection of intestinal cells caused
by exposure to E. coli by reducing bacterial adhesion and
cytoskeletal rearrangements [140]. Studies with specic lac-
tobacilli strains show that direct cell contact is needed to
induce expression of opioid and cannabinoid receptors in
intestinal epithelium mediating analgesic functions in the
GIT implying involvement of cell-surface-related e�ector
molecules [141]. Antiapoptotic e�ect of L. rhamnosus GG
in intestinal epithelial cells is also dependent on direct cell
contact [102]. �e activation of the antiapoptotic Akt/protein
kinase B and inhibition of the activation of proapoptotic
p38/mitogen-activated protein kinase by cytokines were sug-
gested to prevent apoptosis in the intestinal epithelial cells
[108].

4.3. Immunomodulation. Lactobacilli are able to modulate
immune responses of the host by interaction with the GIT
mucosa. Bacterial surfaces exhibit characteristic features
known as microbe-associated molecular patterns (MAMP),
which are usually cell wall components, such as LPS, PG, LTA,
and WTA, but can also be lipids, lipoproteins, proteins, and
nucleic acids [142, 143]. MAMPs are recognised by various

pattern recognition receptors (PRR) that are expressed by
many cell types including immune cells, intestinal epithelial
cells, and nonimmune cells. Recognition of these MAMPs
by PRRs induces a signalling cascade that can result in
the production of cytokines, chemokines, and other e�ector
molecules thus activating the innate immune response in
the host. PRRs include toll-like receptors (TLR), nucleotide
oligomerization domain (NOD)-like receptors (NLR), andC-
type lectin receptors (CLR). Of these, TLRs and NLRs are
well-characterised receptors of the host immune system that
are known to interact with bacterial cell surface components
like the LTA and PG [64]. TLR signalling pathways involve
the recruitment of adaptors such as myeloid di�erentiation
primary response gene 88 (MyD88), which in turn activates
the mitogen-activated protein kinase (MAPK) pathway and
the nuclear factor �B (NF-�B) pathway signalling cascades
[144]. Similarly, NOD receptors also activate the MAPK
pathway and NF-�B pathway signalling cascades. Activation
and translocation of NF-�B result in the transcription of
numerous genes that regulate in�ammatory responses. Genes
regulated by NF-�B include those encoding cytokines such as
interleukins (ILs) and tumour necrosis factors (TNFs).�ese
changes in cytokine production can result in dendritic cell
(DC)maturation and activation, which in turnmodulates the
activation and di�erentiation of T cells [145, 146].�e specic
interactions ofMAMPswith PRRs and the subsequent induc-
tion of signalling pathways depend on the microorganism
and the reactivity of the host, which together play major
roles in maintaining the functionality and homeostasis of the
intestinal epithelial barrier.

Lactobacilli cell wall components such as LTA and lipo-
proteins are recognised by TLR2 in combination with TLR6,
leading to activation of NF-�B. �e two lipid chains of LTA
have to be exposed to mediate the interaction with the lipid-
binding pocket of TLR2 implying that LTAs may not be key
PRR ligands for intestinal epithelial cells [147].WTA and LTA
also bind to macrophage scavenger receptors such as SRA, a
type I macrophage scavenger receptor that recognises LTAs,
thus contributing to immune signalling [148]. LTA and S-
layer protein A (SlpA) interact with DC-specic intercellular
adhesion molecule-grabbing nonintegrin (DC-SIGN) on DC
to induce cytokine release and T-cell maturation. Activation
of DC-SIGN by some strains of lactobacilli a�ects matu-
ration of DCs, which reduces their capacity to induce IL-
10-producing regulatory T-cell responses against pathogens
[149]. Glycosylation of SlpA might be necessary for its inter-
action with DC-SIGN but needs to be validated as DC-SIGN
is known to interact with glycosylated ligands of pathogens
in�uencing host response to microorganisms [150]. EPS and
other cell wall polysaccharides can be recognised by C-type
lectin receptors (CLR) that are present on macrophages and
DC. In L. casei Shirota, suppression of pro-in�ammatory
responses inmacrophages is mediated by EPS thus indicating
an immune suppressive role of cell wall polysaccharides [119].
�e ability of lactobacilli to induce host cytokine responses
in immune cells can be strikingly di�erent depending on
both species and strain. Studies of DC responses to 42
L. plantarum strains indicate that cytokines produced can
vary from strain to strain, and di�erent strains of the



10 Mediators of In�ammation

same species can have distinct pro-in�ammatory and anti-
in�ammatory proles, suggesting that multiple factors can
in�uence immune phenotype [151]. Studies with L. ruminis
show that some species of lactobacilli display �agella which
act as MAMPs that are recognised by the TLR5 of the host
and are suggested to activate the NF-�B pathway signalling
in epithelial and immune cells of the host [11].

5. Strain Specificity and Cell Surface Factors

An understanding of the roles played by bacterial MAMPs
(LTA, WTA, PG, and EPS) in strain-specic e�ects observed
in lactobacilli is still developing. Although MAMPs have
a similar basic structure in conserved classes of bacterial
macromolecules, di�erentmicroorganisms can display subtle
structural variations between MAMPs located on their cell
walls. �ese variations can mean that a macromolecule from
one species or strain can act as an agonist for a PRR, whereas
a similar macromolecule from another species or strain acts
as an antagonist for the same PRR [152]. Studies indicate that
adherence characteristics (a major factor in the colonising
potential of commensal bacteria) are in�uenced by cell wall
structure and show pronounced variation among strains [9].
Strain specicity is undoubtedly linked to the variability and
biochemical complexity of lactobacilli ligands andMAMPs as
seen in the substitution levels of TAs, the variable backbone
alditol compositions of theWTA, and themodications of the
PG of the cell wall [153]. �ese modications in the structure
of PG can a�ect the physiology of the bacterial cell wall
by increased sensitivity to autolysis, resistance to lysozyme,
and hydrophobicity of the cell envelope which in turn a�ects
recognition by host receptors and bacterial adhesion [33, 34].

For example, L. salivarius str. Ls33 protects against
chemically induced colitis in mice through the interaction
of muramyl dipeptides present in its PG with NLR of the
intestinal epithelial cells. However, this protective e�ect is
not observed for L. acidophilus str. NCFM, as variation in
the PG composition of this strain blocks the nucleotide
binding domain and leucine-rich repeat containing fam-
ily (NLR) signalling pathway, which activates the MAPK
and NF-�B pathways thereby hindering the activation of
host defence mechanisms [154]. Another example of strain-
specic characteristics imparted by variation in PG compo-
sition is observed in several lactobacilli, where resistance to
vancomycin (a glycopeptides antibiotic) was shown to be the
result of a replacement of the C-terminal D-alanine residue
of MurNAc-pentapeptide by D-lactate [155]. �is illustrates
the importance of the variable biochemistry of MAMPs
such as PG to strain or species specicity. In addition,
milieu-dependent switching between the multiple variants
of cell wall polymers and/or TAs adds to strain variation in
lactobacilli. Studies with mutants of Lactobacillus strains that
produce alternative LTA variants suggest that modications
to the LTA backbone can alter cytokine induction capacity
thus increasing anti-in�ammatory immunemodulation [156,
157]. Studies with dairy-isolated strains of L. delbrueckii
showed anti-in�ammatory e�ects in vitro, but the extent
of these e�ects varied between strains [158]. �ese e�ects

are suggested to be linked to the bacterial surface exposed
proteins. An interesting observation is that L. delbrueckii
subspecies bulgaricus 1489 shows poor adherence to Caco-
2 epithelial cells implying lack of surface factors in this strain
that may be involved in adherence [159]. �e high diversity
of cell surface components found in lactobacilli adds to
strain variation and is re�ected in the ecological versatility
observed in lactobacilli. Chain length variation, subcellular
localisation, and interactions of these polymers most likely
contribute to strain-specic characteristics and are still being
validated experimentally [50, 160].

6. Conclusion

�e cell wall is a dynamic entity and plays an essential role
in many aspects of the physiology and functioning of lacto-
bacilli. It is where interaction with the bacterial environment
occurs, which in�uences communication and adaptation
to host-derived factors encountered in the GIT. Environ-
mental stressors have been shown to a�ect the cell surface
architecture by in�uencing PG biosynthesis, expression of
EPS and cell surface proteins, and LTA decoration with D-
alanine residues. Lactobacilli display considerable variation
in their cell surface properties, through adaptations which
undoubtedly are important for the functioning and survival
of these bacteria in the GIT. �e increasing possibilities
of genomics-based approaches and mutant analyses have
resulted in the identication of several e�ector molecules
of lactobacilli. �ese e�ector molecules are proposed to be
involved in direct interactions with host epithelial or immune
cells and many of these e�ector molecules are components
of the cell wall itself [35]. Considering the complexity of
host-lactobacilli interactions involving host-cell signalling
and regulation pathways, it seems unlikely that single-e�ector
molecules regulate the entire host response. �ese molecules
probably have an expanded repertoire in addition to playing
crucial roles as building blocks of the bacterial cell wall [156].
Knowledge of the molecular mechanisms underlying the
physiological characteristics of lactobacilli, and identication
and validation of e�ector molecules complemented with
parallel studies for their corresponding receptors in the host
cells, can strengthen the concept of strain specicity and
contributes to the development of strains with enhanced
health benets.
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