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Abstract: Probiotics can improve the microecological balance of the body and have special effects in
promoting nutrient absorption, controlling intestinal infections, and regulating immune function.
However, there are problems such as difficult colonization in the gastrointestinal environment and low
oral bioavailability. Bacterial biofilms are organized bacterial cells that adhere to an abiotic or biotic
surface and are enclosed in extracellular polymeric substances of exopolysaccharides (EPS),
extracellular DNA (eDNA), proteins and lipids, with a three-dimensional spatial structure. Probiotics
with the help of bacterial biofilms have obvious advantages over planktonic bacteria in stress resistance,
combating pathogens and modulating the host’s immune function, which provides a new research idea
for the development of probiotics. This paper expounded on the advantages of probiotics with the help
of bacterial biofilms, and focused on introducing substances that could promote the formation of
probiotic biofilms and the mechanisms, and the safety of probiotic biofilms. Currently, research on
probiotic biofilms is still in its infancy, and this paper is expected to provide references for future

research in this field.
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Table 1  Substances that promote probiotics biofilm formation
Category Item Strains Biological action References
Autocoids Bile; bile salts Lactobacillus plantarum; ~ Form biofilms under specific [27-28]
Lactobacillus fermentum concentrations of bile
Autocoids Heparin Escherichia coli Nissle 1917 Stimulates biofilm formation [29]
Autocoids Whey protein hydrolysate Lactobacillus acidophilus  Stimulates producing EPS [30]
IC1
Autocoids Epinephrine Enterococcus faecalis Modulates the formation of [31]
DSM16431&0B15 biofilm
Autocoids Norepinephrine Enterococcus faecium Significantly stimulates biofilm  [32]
NCIMB10415 formation
Glycerol; glyceride ~ Glycerol combined with Burkholderia pyrrocinia Stimulates biofilm formation [33]
magnesium JK-SHO007
Glycerol; glyceride  Glycerol combined with Bacillus subtilis Significantly stimulates biofilm [34]
manganese formation
Glycerol; glyceride  Linoleic acids Lactobacillus casei Significantly increases the ability [35]
to adhere to human epithelial cells
Carbohydrate Fructose or Lactobacillus rhamnosus Increases the biofilm formation [36-37]
fructo-oligosaccharides with GG and the total surface-antigenicity
casein peptone
Carbohydrate Fructose with sodium acetate ~ Lactococcus lactis 7-1 Give the strain stronger adhesion  [38]
to porcine gastric mucin
Carbohydrate Glucose with glycerol Lactobacillus reuteri Stimulates both proliferation and  [39]
DSM17938 biofilm formation
Carbohydrate Gluconic acid and Lactobacillus acidophilus; ~ Stimulates biofilm formation [40]
glucoheptonic acid derivatives  Lactobacillus casei
Carbohydrate Water extractable Lactobacillus plantcuum;  Significantly stimulates the growth [41]
polysaccharides (RKBWEP) Lactobacillus ferrnenturn  of strains
from red kidney bean
(Phaseolus vulgaris)
Carbohydrate Konjac glucomannan (KGM) Bifidobacteria Have protective effects for strains [42]
against the damage caused by
specific antibiotics
Carbohydrate Low-methoxyl pectins Lactobacillus acidophilus ~ Stimulates the biofilm formation  [43]
(CMP-6 and CMP-8) used as  LMG9433; Lactobacillus  of encapsulated lactobacilli
coating materials casei LMG6904;
Lactobacillus rhamnosus
LMG25859.
Carbohydrate Calcium pectinate beads (CPB) Lactobacillus paracasei Bacteria within these [44]
ATCC 334 microcolonies display a
biofilm-like phenotype
Carbohydrate Xylan; pectin; arabinogalactan  Bacillus subtilis Stimulates biofilm formation [45]
Carbohydrate Semi-permeable biocompatible Lactobacillus reuteri Enhances adherence to human [46]

Actives of plant origin

Actives of plant origin

dextranomer microsphere

Phthalic acid; salicylic acid;
cinnamic acid

Thymol; carvacrol;

extracts

eugenol;
catechin; genistein; cranberry

Bacillus amyloliquefaciens
NIN-6

Lactobacillus  lactis
11454; Lactobacillus
rhamnosus

intestinal epithelial cells in vitro

The transcription level two biofilm [47]
formation-related genes in strain
were upregulated

Inhibit pathogenic aggregation or [48]
enhance probiotic biofilm
formation or both

(F )
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(BFR )
Category Item Strains éBiological action References
Actives of plant origin trans-resveratrol Lactobacillus paracasei Modity physicochemical [49]
ATCC 334 properties of the bacterial surface
and thereby enhances aggregation,
adhesionhance, and biofilm
formation
Actives of plant origin Polyphenols like Lactobacillus paracasei Stimulates biofilm formation [49]
trans-resveratrol ATCC 334
Actives of plant origin Propolis ethanolic extract Bacillus clausii, Has effects on the planktonic [50]
Saccharomyces boulardii;  growth and biofilm-forming ability
Lactobacillus; Lactobacillus of the probiotics
acidophilus
Actives of plant origin A natural sesquiterpene ketone, Lactobacillus Stimulates biofilm formation [51]
9,10-dehydrofu kinone (DHF) ATCCSD-5212
Actives of plant origin Walnut oligopeptide Lactobacillus plantarum Z7 Significantly increases the content [52]
of biofilm
Carrier or embedding Polylactic acid composite Pediococcus pentosaceus ~ Stimulates biofilm formation, with [53]
material soybean meal type I glyceraldehyde-3-phosphate
dehydrogenase upregulated
Carrier or embedding Grape seed flour (GSF) Bifidobacterial Benefits biofilm formation [54]
material
Carrier or embedding The resistant starch fibers of Bacillus subtilis Stimulates biofilm formation [55]
material chickpea milk
Carrier or embedding Scaffolds of self-assembled Lactobacillus fermentum;  Acts as a host to the formation of  [56]
material collagen fibers Lactobacillus acidophilus  the probiotic biofilm; protects live
probiotics during storage under
harsh conditions; enhances the
adhesion of probiotics
Carrier or embedding Thin films of silk and the blend Lactobacillus plantarum Promote rapid biofilm growth [57]
material MTCC 1746
Metals or minerals Manganese sulfate Bacillus subtilis It eliminates the toxic effect of [58]
fusaric acid and stimulates biofilm
formation
Metals or minerals Smectite Lactic acid bacteria Promotes LABs to form biofilm on [59]
it in vitro and in vivo
Metals or minerals Smectite combined with Cd(Il) Serratia marcescens S14 Promotes biofilm development [60]
significantly
Metals or minerals Sodium chloride Lactic acid bacteria A low concentration of sodium [61]
chloride promotes the formation of
LAB’s biofilm
Others Norspermidine Bacillus subtilis Promotes biofilm formation ata  [62]
specific concentration
Others L-malic acid Bacillus subtilis FB17 Promotes binding and biofilm [63]
formation of FB17 on Arabidopsis
roots
Others Putrescine and its precursor Pseudomonas sp. WCS365  Stimulates biofilm formation [64]
arginine
Others Spermidine Bacillus subtilis Promotes biofilm formation by [65]
activating the expression of the
matrix regulator s/rR
Others Validmycin A Bacillus subtilis R31 Stimulates biofilm formation [66]
Others Proline Metschnikowia citriensis Stimulates biofilm formation [67]
Others L-arginine combined with NaF  Lactobacillus rhamnosus GG Stimulates biofilm formation [68]
Others Poly(3-(3'-N,N,N-triethylamino Escherichia coli; Efficiently promotes the initial [69]

-1"-propyloxy)-4-methyl-2,5-thi Bifidobacterium infantis; adhesion and biofilm formation
ophene hydrochloride) (PMNT) FEnterococcus faecalis

http://journals.im.ac.cn/cjben
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Cd(1) & & ab 35 AT VE AT S A2 SRR BT b H7 IR
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Hrp fimA. bsmA 53538 3 FEARIEDY (quorum
sensing, QS). AFREMAE N R AE K VAT, W
Ao AT R | AR I R AR R, B
PEEfrs s, X e RNES HF N 24k
AR W T UL 64T 0 2 Al R 2.
3.1 FERIREBIRAELR: WHES RS

WEZH 4> 248 (two-component system, TCS)
2P A A R - S AR IR ATL R, o8 4t 7 J
Z AR EBA ARk, 38 2 98 45 Fh 4t i
DIREAE AR SO b . X ST RR s+ . A
FREIAR 3 A g . BIERE . B F
HEGH Tk sh RN | A e o U0
2 L) TCS W &N 4 & R % B (sensor
histidine kinase, SHK) K H: [F] i 2 i 94 5 ¥
(response regulator, RR) 4], RR HA A LI#h
WEmR LAY Z 4K (receiver, REC) Zh#bla, 14
AR LU B AE S PRON (effector) Z5F438, —
FH I RE R AR B /E M . SHK /] 43 4 oL
T 21 it B A1 4% JB% (sensor) 45 44 Ja K2 Ay T it
NI ZH 24 BRI (histidine kinase, HK); M I HE
b HK AL 3 Ay, 230 00 5i i S N S
5. 456 =B AR TT (adenosine triphosphate,
ATP)FIRE R MR FE ] o A% IS 5 HK d i
5 PR e 25 44 48, (transmembrane helix, TMH)
4z, SHK TERERIR SRR E S 5, @
it ATP 73 S A0 HAR ST 1Y 2H 20 R i e Ab A=
HEEMR L, JERBERR LA F £ 28] RR RSP IR
L RIRIRIEAL , A ION , [RI 3 S EE AR
NBERREPIRES , Mk RR BRI U 1),
RULH 53 Z e A A0 TR FOAE 4 v i DL X 200 A
EERE LE A, U LiaRS/BsrRS F:[R] 4l #2
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Table 2 Colonization by different types of probiotics and the regulatory mechanisms of biofilm formation

Probiotics types Typical strains Mechanisms and illustration References
Non-spore Lactobacillus acidophilus Quorum sensing (AI-2 signaling) helps respond to low pH; c-di-GMP  [80-81]
lactobacillus regulates the functions of EPS formation and co-aggregation
Non-spore Lactobacillus casei Two-component signal transduction system and quorum sensing [82-83]
lactobacillus system act in combination to increase low pH resistance
Non-spore Lactobacillus rhamnosus Adhesive heterotrimeric sortase-dependent pili (encoded by the [84-86]
lactobacillus spaCBA-srtC1 gene cluster) contributes to adherence, biofilm
formation and host signaling; quorum sensing (AI-2 signaling)
contributes to biofilm formation and persistence capacity
Non-spore Lactobacillus plantarum Quorum sensing signal AI-2 molecules upregulated the cysE [87-90]
lactobacillus gene, which helps to promote biofilm formation; quorum
sensing and two-component regulatory systems (AIP signaling)
are related to biofilm formation
Lactococcus Lactic streptococci Cyclic di-3',5'-adenosine monophosphate (c-di-AMP) mediates [91]
lactis the metabolic regulation of pyruvate carboxylase (PC)
Lactococcus Lactococcus lactis Fructose metabolism can affect many other cellular processes, [92]
lactis such as biofilm formation
Lactococcus Streptococcus thermophilus  Two-component systems help cells cope with changing [93-94]
lactis environments such as the digestive tract; regulator gene of
glucosyltransferase 3 (Rgg3) is the primary quorum-sensing
regulated transcription (short hydrophobic peptides, SHP3)
factors, controlling biofilm formation
Irregular Bifidobacterium ABC transporters, quorum sensing, two-component system, [95]
lactobacilli oxidative phosphorylation, amino acid metabolism are all
related to biofilm formation
Non lactic acid  Clostridium butyricum The dit operon encodes the enzymes responsible for the [96]
bacteria D-alanylation of cell wall components and influences the surface
properties of the cell wall, which helps colonize the digestive tract.
Non lactic acid  Escherichia coli Nissle 1917 The colonization and biofilm formation are related to CsgD, [97]
bacteria diguanylate cyclase YedQ, F1C fimbriae
Non lactic acid  Sinorhizobium meliloti Overproducing diguanylate cyclases (DGCs) or phosphodiesterases [98]
bacteria (PDEs) affected the process of biofilm formation and EPS biosynthesis.
Non lactic acid  Bacillus amyloliquefaciens; The formation of Bacillus biofilms is generally regulated by [99-101]
bacteria Bacillus thuringiensis; Bacillus c-di-GMP
subtilis; Bacillus licheniformis
Non lactic acid  Bacillus subtilis The formation of Bacillus subtilis biofilm apparently depends  [102]

bacteria

on quorum sensing (AI-2 signaling)

WEH 3 2 5% ML AME

PRl 8 2 MAC 2 4 T

SEAR I (0 1 R 5, A i P R s A

R Z A A BRI, DARS RE 2R AT R
A PRl R A 2ok A R o A R 2 A R —
gl Tolk . BE2h ARGy 12 B3 22 1R
PIVERE, HAYPIEA R A EPS. EALF
Yt (4 TasA). eDNA, ZRAHABR . RIAH K
M BslA,, HXF W N FH epsA-O (P75 EPS)
tapA-sipW-tasA (V715 TasA) % . SinR (31 il
EPS. TasA y=4). AbrB (1] TasA J=4) J&iX
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Figure 1 Process of signal recognition by classical two-component system!'**'%*!. Shown are the domain
structures and the signaling mechanisms of a prototypical two-component system (TCS). A TCS comprises a
sensor histidine kinase (SHK) and its cognate cytoplasmic response regulator (RR). RR comprises a receiver
(REC) domain and usually an output effector domain. SHK comprises an extracytoplasmic sensor domain
flanked by transmembrane helices (TMHs), an intracellular signal-relay module, frequently a HAMP domain
(a domain found in histidine kinases, adenyl cyclases, methyl-accepting proteins and phosphatases) or a
Per-Arnt-Sim (PAS) domain, and a conserved module called kinase domain, composed of a dimerization and
histidine phosphotransfer (DHp) domain and a catalytic-ATP binding (CA) domain. SHK can switch between
kinase and phosphatase modes in a signal-dependent manner. In the kinase mode, input signals are perceived
by sensor initially, then transduced and amplified by TMHs and PAS or HAMP, leading to the
autophosphorylation of a conserved His residue of DHp. Later, the phosphoryl group is transfered from the
His residue of the SHK to the conserved Asp residue of the REC domain of the RR, with effects output. RR
would finally be dephosphorylated via hydrolysis reaction catalysised by SHK in the state of phosphatase.
This diagram was not drawn to true shape or scale.
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SinR — epsd-0 EPS
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I
Sinl——SinR—F -SIrR

o
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@ KinA-D —@) —

Speed

RicA-RicF-RicT

B2 AR S 70 AT AR AR AR TR B R 3 g 1450108110

Figure 2 Pathway regulating the formation of Bacillus subtilis biofilm™*>*>!1%11% (@) In the general state,
the formation of Bacillus subtilis biofilm is suppressed. Operon tapA-sipW-tasA regulates TasA synthesis and
is repressed by negative regulators SinR and ArbB. Operon epsA4-O regulates EPS (exopolysaccharide)
synthesis and is repressed by negative regulator SinR. Both TasA and EPS are components of Bacillus
subtilis biofilm. @ The formation of Bacillus subtilis biofilm is initiated by histidine kinase. A
two-component system (KinA-D as the histidine kinase) initiates the phosphorylation of Spo0OA, a key
regulator of biofilm formation in Bacillus subtilis (phosphoryl group was denoted P). Phosphorylated SpoOA
activates Sinl and abbA, which suppress SinR and AbrB, respectively, and then the synthesis of EPS and
TasA starts. Even the phosphorylated SpoOA can directly suppress AbrB. Also, the inhibition of SinR
activates SIrR, a key protein regulating EPS and TasA synthesis. Phosphorylation of Spo0OA can be
accelerated by RicA-RicF-RicT, and they may contribute to biofilm formation in another way. Grey letters
and dashed lines refer pathways suppressed.
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