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Abstract: Bacterial exopolysaccharides (EPS) are essential natural biopolymers used in different areas
including biomedicine, food, cosmetic, petroleum, and pharmaceuticals and also in environmental
remediation. The interest in them is primarily due to their unique structure and properties such as
biocompatibility, biodegradability, higher purity, hydrophilic nature, anti-inflammatory, antioxidant,
anti-cancer, antibacterial, and immune-modulating and prebiotic activities. The present review
summarizes the current research progress on bacterial EPSs including their properties, biological
functions, and promising applications in the various fields of science, industry, medicine, and
technology, as well as characteristics and the isolation sources of EPSs-producing bacterial strains.
This review provides an overview of the latest advances in the study of such important industrial
exopolysaccharides as xanthan, bacterial cellulose, and levan. Finally, current study limitations and
future directions are discussed.

Keywords: bacterial exopolysaccharides; bacterial strains; xanthan; levan; bacterial cellulose;
environmental remediation

1. Introduction

Bacterial exopolysaccharides (EPSs) have recently received significant attention due
to their unique structure and properties and the prospects for use in various fields of
science, industry, medicine, and technology [1-6]. The term exopolysaccharide was first
introduced by Sutherland in 1972 [7] for high molecular weight carbohydrate biopolymers
produced by microorganisms. Bacterial EPSs have a diverse structure and are secreted
by a wide range of bacteria [8]. Depending on their localization, bacterial EPS are di-
vided into capsular polysaccharides that are closely associated with the cell surface, and
free slime polysaccharides loosely attached or even totally secreted into the extracellular
environment [3,9]. EPSs synthesized by bacteria have an advantage over those isolated
from plants (cellulose, starch, and pectin), animals (glycogen and chitin), and algae (agar,
fucoidan, carrageenans, and alginates). Bacterial EPSs can be obtained regardless of
the season and weather conditions on an industrial scale. They are extracellular slime
that is easily released from cells into the environment. Therefore, the methods for their
extraction from the cell-free supernatant are quite simple and cost-effective. Bacteria mul-
tiply rapidly and are characterized by metabolic flexibility and a variety of physiological
and biochemical properties. By means of the methods for optimizing cultivation condi-
tions, genetic and metabolic engineering, it is possible to modulate the yield as well as

Microorganisms 2023, 11, 1541. https:/ /doi.org/10.3390/microorganisms11061541

https://www.mdpi.com/journal /microorganisms


https://doi.org/10.3390/microorganisms11061541
https://doi.org/10.3390/microorganisms11061541
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/microorganisms
https://www.mdpi.com
https://orcid.org/0000-0002-2803-3037
https://orcid.org/0000-0003-1719-8052
https://orcid.org/0000-0001-9198-3556
https://orcid.org/0000-0001-6542-2667
https://doi.org/10.3390/microorganisms11061541
https://www.mdpi.com/journal/microorganisms
https://www.mdpi.com/article/10.3390/microorganisms11061541?type=check_update&version=2

Microorganisms 2023, 11, 1541

2 of 31

the structural and functional properties of bacterial EPSs [9-12]. Bacterial EPS are char-
acterized by the presence of a large number of functional groups (hydroxyl, carboxyl,
carbonyl, acetate, etc.), that enable them to modify their molecules in order to impart
new valuable properties to them [13]. Therefore, recent interesting reviews by Aditya
et al. and Aziz et al., have presented the modification of bacterial cellulose (BC) using
chemical and physical methods to obtain nanocomposites and fabricate materials with im-
proved functionality for biomedical applications [13,14]. Generally, EPS are classified into
two types: homopolysaccharides, which are either unbranched or branched and composed
of single-type monosaccharides such as glucose and fructose linked through glycosidic
bonds, and heteropolysaccharides, which contain two or more units of different monosac-
charides (glucose, fructose, galactose, mannose, thamnose, fucose, N-acetylglucosamine,
and uronic acids) [4,8]. Homopolysaccharides are divided into «-D-glucans (dextran, al-
ternan, and reuteran), 3-D-glucans (bacterial cellulose), fructans (levan and inulin), and
polygalactans. Heteropolysaccharides are polymers such as xanthan, alginate, hyaluronic
acid, kefiran, and gellan [4,15]. EPSs biosynthesis in bacteria occurs intra- and extracellu-
larly. There are four general mechanisms for EPS biosynthesis in bacterial cells; they are
the Wzx/Wzy-dependent pathway, the ABC transporter-dependent pathway, the synthase-
dependent pathway, and extracellular biosynthesis by sucrase protein [2,4]. Homopolysac-
charides are usually synthesized using the synthase and extracellular synthesis pathways,
while heteropolysaccharides are synthesized by the Wzx/Wzy-dependent pathway and
the ABC transporter-dependent pathway.

EPS-producing bacteria belong to different phylogenetic groups and include Gram-
negative bacteria of such classes as the Alphaproteobacteria class including Acetobacter,
Gluconobacter, Gluconacetobacter, Komagataeibacter, Kozakia, Neoasaia, Agrobacterium,
Rhizobium, and Zymomonas genera; the Betaproteobacteria class including Alcaligenes and
Achromobacter genera; and the Gammaproteobacteria class including Azotobacter, Pseudomonas,
Enterobacter, Alteromonas, Pseudoalteromonas, Xanthomonas, Halomonas, Erwinia, Vibrio, and
Klebsiella genera. They also include Gram-positive bacteria of such classes as Bacilli includ-
ing Bacillus, Paenibacillus, Lactobacillus, Leuconostoc, and Streptococcus genera; class Clostridia
including Sarcina sp.; and class Actinomycetia including Bifidobacterium, Rhodococcus genera,
and others [2,16,17]. Some of the most commonly used EPSs are xanthan from the genus
Xanthomonas, dextran from the Leuconostoc, Streptococcus, and Lactobacillus genera, alginate
from the Azotobacter and Pseudomonas genera, curdlan from Alcaligenes faecalis, Rhizobium
radiobacter, and Agrobacterium sp., gellan from the Sphingomonas and Pseudomonas genera,
hyaluronan from Streptococcus sp., levan from Bacillus sp., Paenibacillus sp., Halomonas sp.,
and Zymomonas sp., bacterial cellulose from Komagataeibacter sp., and others. There are also
known polysaccharides such as fucogel produced by Klebsiella pneumoniae, clavan produced
by Clavibacter michiganensis, fucoPol produced by Enterobacter sp., and kefiran produced
by Lactobacillus kefiranofaciens [6]. The importance attached to the commercial applications
of EPSs contributes to the rapid search for new producers’ isolation, characteristics, and
the production of new EPSs in order to obtain novel functional materials with a wide
range of applications. Therefore, novel EPSs from extremophilic and marine bacteria have
attracted researchers’ attention for their potential to be used in various fields including
medicine, food, environmental protection, etc. [18,19]. In addition, recently, researchers
have paid significant attention to EPSs produced by probiotic bacteria (Lactobacillus, Lacto-
coccus, Bifidobacterium, Streptococcus, and Enterococcus) for various applications, particularly
in medicine [15,20-24].

The biological role of bacterial EPSs is diverse. They protect cells against extreme
temperature [25,26], salinity [27], aridity [28], UV-rays, unfavorable pH values, osmotic
stress, phagocytosis, and chemical agents (antibiotics, heavy metals, and oxidants) [2].
Most marine bacteria secrete polysaccharides, which are important for their survival in
the marine environment [25]. EPSs have a cryoprotective effect, in particular, for arctic
bacteria [26]. The bioethanol producer Zymomonas mobilis is able to grow in media with
an alcohol concentration of up to 16% that can be explained by the protective effect of
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the EPSs formed by it; the first of them consists of mannose, and the second contains
galactose [29]. EPSs play an important role in bacterial adhesion, aggregation, and biofilm
formation and are the main fraction of the biofilm matrix both in Gram-positive and Gram-
negative bacteria [30-32]. EPSs of the biofilm matrix promote horizontal gene transfer,
and intercellular interactions prevent the dehydration of bacteria and provide protection
against external agents including antibiotics. Therefore, biofilm formation is associated
with higher antibiotic resistance and is an important surgical problem. Understanding
the composition of biofilms and each component function is crucial to the development of
new therapeutics against infections caused by pathogens (Staphylococcus aureus, Klebsiella
pneumoniae, Pseudomonas aeruginosa, Enterococcus faecium, and Enterobacter sp.). Therefore,
the review by Balducci et al. (2023) described the structure and the role of different
EPSs in bacterial biofilms of pathogens and provided an overview of potentially novel
antimicrobial therapies capable of inhibiting biofilm formation by targeting EPS [32]. EPS
plays an important role in controling virulence not only of human pathogens but also those
of plants. Xanthan produced by the phytopathogenic bacteria Xanthomonas spp. is one of
the virulence factors involved in the specific interaction of bacteria with the plant [33,34].
EPSs of pathogenic Agrobacterium species are also involved in the adhesion of bacterial cells
during infection [35,36].

The growing number of publications devoted to bacterial EPSs in the last decade
is primarily related to the prospects for their practical application (Figure 1). Bacterial
EPSs have many unique beneficial properties such as biocompatibility, biodegradability,
non-toxicity, the ability for gelation, high adhesive ability, viscoelasticity, pseudo-plasticity,
and thixotropic nature. EPS also showed the potential to withstand various environmental
stresses such as elevated temperature, extreme pH, freeze-thaw, and high salt concentra-
tions. Therefore, they have extensive commercial applications in food, pharmaceutical,
cosmetic, chemical, textile, oil, and gas industries as thickeners, emulsifiers and suspension
stabilizers, flocculants, and additives improving the quality of various products [37]. In
addition, some bacterial EPSs also possess antitumor [38—41], antioxidant [41,42], anti-
inflammatory, antibacterial, antiviral, cholesterol-lowering, prebiotic [43], wound healing,
and immunomodulatory activities [44]. The biocompatibility and functional properties of
EPSs are important factors that promote their use in various biomedical applications [45],
such as tissue engineering [46,47], wound dressing [48,49], and drug delivery systems [50,51].
EPSs have shown good biocompatibility, biodegradability, and mechanical strength, which
are beneficial to form biological scaffolds [43]. EPSs are potential carriers for valuable
medicine, including growth factors and antitumor drugs [52-54]. Antibiotics are widely
used as a model for drug delivery release with bacterial EPSs [55]. New bacterial polysac-
charides have been obtained for the treatment of Alzheimer’s disease [56] and diabetes [51].
EPSs can also be used for wastewater treatment from heavy metals and organic pollutants
including dyes, pharmaceutical compounds, and petroleum products [57-62]. EPSs are
attracting special attention as biopolymers to produce new biocomposite materials for a
wide range of applications. The composites based on EPSs can be given antibacterial, wound
healing, conductive, magnetic, optical, and other properties [14,63—65].

Despite the unique properties of bacterial EPS, and great prospects for their practical
application, the number of them that are industrially produced is extremely limited. This is
primarily due to the low productivity of bacterial strains, which have not yet reached the
industrial application level, and, consequently, the high cost of the resulting products. In
general, bacterial EPSs are formed in an amount from 0.29 to 65.27-100 g/L depending on
their type, the type of microorganism, and the cultivation conditions. The maximum EPSs
yield is observed in the producer of levan (up to 100 g/L) [66], dextran (up to 66 g/L) [67],
kurdlan (up to 48 g/L) [67], and xanthan (up to 40 g/L) [67]. The bacteria forming bacterial
cellulose and hyaluronic acid have low productivity (usually not more than 10 g/L) [68].
Therefore, further research is needed to set up a highly efficient production of EPSs. The
main ways to reduce costs include cheap culture media usage, the isolation of novel highly
productive strains, and the creation of more productive strains using genetic engineering.
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Genetic and metabolic engineering strategies are currently employed to increase EPSs
production. In addition, EPSs production can be increased through the development
and improvement of technological processes. The yield, structure, and physical-chemical
properties of EPSs depend on many factors such as the cultivation condition, source of
carbon, C/N ratio, pH of media, and cultivation time. The cultivation conditions of the
producer (temperature, pH, amount of oxygen, and bioreactor type) have a significant
effect on EPS biosynthesis. It is generally accepted that the production of most bacterial EPS
requires a high content of a carbon source in the medium and limited nitrogen nutrition.
To obtain bacterial EPS, the main carbon sources that are used are glucose and sucrose.
Since the cost of culture media is about 30% of the cost of the entire fermentation process, a
large number of media are currently offered based on industrial and agricultural waste [68].
Biocatalytic technologies are also a promising direction for obtaining bacterial EPS. An
interesting review by Efremenko et al. (2022) presents recent results and achievements
in biocatalysis [67]. The authors note that a common feature of all these catalysts in such
processes is an increased concentration of cells and their transition to a quorum sensing
(QS) state. QS provides the activation of EPSs synthesis [69,70] as protective, stabilizing,
and reserve substances for highly concentrated microbial populations, which is a natural
mechanism to increase the amount of these biopolymers and can be used as a nature-
like technology in their industrial production. Therefore, the aim of this review was to
summarize the current research progress on bacterial EPSs with special attention paid to
the bacterial cellulose-, xanthan-, and levan-producing bacteria.
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Figure 1. Bacterial EPS properties, biological activity, application, and sources.

2. Bacterial Cellulose-Producing Bacteria

Cellulose is the most abundant polymer on earth and is primarily produced by plants;
however, some microorganisms are also the producers of this polysaccharide. Bacterial
cellulose (BC) has attracted much attention over the last years as a unique biomaterial with
ultrafine fibrous network architecture and exceptional physicochemical and mechanical
properties including high purity, high surface area, high polymerization degree (up to
8000), and high crystallinity (up to 90%) as well as superior mechanical properties (Young’s
modulus about 15-35 GPa and tensile strength of 200-300 MPa), high water-holding
capacity, lightweight, transparency, flexibility, good biocompatibility, good biodegradability,
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renewability, and non-toxic, non-immunogenic features [12,71-75]. Furthermore, most
properties of BC are superior to plant-derived cellulose. Among others, BC fibers are about
100 times thinner than plant-derived cellulose (20-100 nm) and can hold water that exceeds
a hundredfold their dry weight [12]. Bacterial celluloses” unique properties are highly
dependent on bacterial species.

BC is produced by Gram-negative bacteria of the genera Komagataeibacter (Gluconace-
tobacter) [76,77], Acetobacter [78], Gluconobacter [79], Agrobacterium [80], Achromobacter [81],
Enterobacter [82,83], Rhizobium [84], Pseudomonas [85], Salmonella [86], and others, as well
as Gram-positive bacteria of the genera Bacillus [87], Sarcina, and Rhodococcus [88]. The
most common and highly productive BC producers are acetic bacteria species of the Koma-
gataeibacter genus such as K. xylinus and K. hansenii. The Komagataeibacter genus belongs to
the Acetobacteraceae family, class Alphaproteobacteria, phylum Proteobacteria. It was named
after the famous Japanese microbiologist Dr. Kazuo Komagata, a Professor at the University
of Tokyo, who made a great contribution to the taxonomy of bacteria, especially acetic
bacteria. Komagataeibacter genus was separated from the plant-associated Gluconacetobacter
on the basis of a 165 rRNA gene sequence and several morphological and physiological
properties such as the inability to produce 2,5-diketo-d-gluconate as well as water-soluble
brown pigment from glucose [89-91]. As of April 2023, the List of Prokaryotic names
with Standing in Nomenclature (LPSN) includes the Komagataeibacter genus containing
19 species: K. cocois, K. diospyri, K. europaeus, K.hansenii, K. intermedius, K. kakiaceti, K. kom-
buchae, K. maltaceti, K. medellinensis, K. melaceti, K. melomenusus, K. nataicola, K. oboediens,
K. pomaceti, K. rhaeticus, K. saccharivorans, K. sucrofermentans, K. swingsii, and K. xylinus.
Table 1 presents the type strains of the species of Komagataeibacter genus, the sources of their
isolation and general properties of the genome sequences [90-99]. In addition, complete
genome sequences were obtained of the following strains of the genus Komagataeibacter:
K. xylinus NBRC 3288 [100], K. nataicola RZS0111 [101], K. hansenii ATCC 53582 [102], K. xyli-
nus E25 [103], K. xylinus CGMCC 2955 [104], K. xylinus E26, and K. xylinus BCRC 12334 [105],
K. xylinus CGMCC 17276 [106], K. rhaeticus ENS9b [107], K. rhaeticus ENS 9ala [108],
K. nataicola RZS01 [109], K. saccharivorans JH1 [109], K. europaeus GH1 [110], and K. in-
termedius ENS15 [111]. All Komagataeibacter genomes are characterized by a high % GC
content, which is the highest for K. rhaeticus LMG 22126" (63.5%) and the lowest for
K. hansenii JCM 76437 (59.3%) [112].

Table 1. General properties of the type strains of species of the genus Komagataeibacter.

No Species Sources of Isolation Number of Bases (bpp) DNA G + C Content (mol%) Ref.
K. cocois WE7T (CGMCC 1.153387; Contaminated coconut
! JCM 311407) milk, China 3,406,946 627 [92]
K. diospyri MSKU 97
2 (NBRC 113802T; Persimmon, Thailand 3,762,373 60.4 [93]
TBRC 9844T)
K. europaeus LMG 188907 Submerged culture
3 (ATCC 51845"; DES 117; vinegar generator, 4,227,398 61.3 [90]
DSM 61607) Germany
K. hansenii JCM 7643 (DSM 56027; .
4 ATCC 35959T; BCC 6318 T) Vinegar, Israel 3,710,965 59.3 [94]
K. intermedius TF2T (DSM 11804T;
BCC 36457T; JCM 16936T; LMG Kombucha beverage,
> 18909T; BCC 364477; BCRC 170557; Switzerland 3,883,532 616 [95]

CIP 105780T)
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Table 1. Cont.

No Species Sources of Isolation Number of Bases (bp) DNA G + C Content (mol%) Ref.
K. kakiaceti JCM 251567
T. _1T.
6 Ll\(/I%S%ZZ(;L 60T9 8N/Rcl;g ;9;51 Kaki vinegar, Japan 3,133,102 62.1 [96]
BCRC 80743T)
K. kombuchae LMG 237267
7 (1\(:1"% CMCC 6a9€1 3T RGaT) 3,483,869 59.6 [94]
K. maltaceti LMG 15297 Malt vinesar
8 (IFO 14815T; NBRC 148157; NCIB b & i 3,638,012 63.2 [96,97]
8752"; NCIMB 8752") rewery acetifier
K. medellinensis NBRC 32887
9 (IFO 3288T); Vinegar, Japan 3,136,818 60.9 [96,98]
Kondo 51T; LMG 1693T)
K. melaceti AV382T (ZIM B10547;
10 LMG 31303T; Apple vinegar 3,629,663 59.14% [99]
CCM 8958T)
K. melomenusus AV436T (ZIM Apple cider Vinegar
11 B1056T; LMG 3T1304T ; K%I;ivnik Slove fia' [99]
CCM 8959T) ’
K. nataicola LMG 15367 Nata de coco
12 (BCC 36443T; JCM 251207; Philivoines 3,672,972 61.5 [90,98]
NRIC 6167) tippnes
K. oboediens LMG 188497
(BCC 36445"; CIP 105763"; DSM Submerged red wine
13 11826 JCM 16937"; NCIMB vinegar, Germany 3,777,265 614 [90]
13557T; LTH 2460T;BCRC 170577)
K. pomaceti T5SK1T Apple cider
14 (CCM 8723T; LMG 301507; Vinegpfr Sl 3,449,370 62.5 [94]
ZIM B10297T) ’
K. rhaeticus LMG 221267 Apple iuice. South Tyrol
15 (DSM 166637, BCC 36452T; JCM PP rle com. Ttal Y 3,465,200 63.5 [90,98]
171227; DST GLO2T;CIP 1097617) gton, aly
K. saccharivorans LMG 1582T (BCC
T. T. .
16 C?i?;lf (A)}gég};gTM ngéz_l} 7,816\1951%6833 Beet juice, Germany 3,350,941 61.6 [90,98]
29003T;NRIC 0614T)
K. sucrofermentans LMG 18788T
(DSM 5973T; BCC 72277; Black cherr
17 JCM 97307; Tokyo, Ja aﬁ' 3,363,922 62.3 [90]
BPR 2001T; ATCC 700178T; BCRC yo,Jap
80162T; CECT 72917;CIP 106078T)
K. swingsii LMG 221257 o
18 (DSM 16373"; BCC 36451T; JCM Applerle‘“f:r'lsﬁzlth Tyrol 3,732,982 62.4 [90]
17123; DST GLO1T; CIP 1097607) glon, Haly
K. xylinus LMG 15157 (ATCC
237677; DSM 6513T; BCC 72267;
JCM 76447; NBRC 152377;
T. T.
19 NCIMB 11664 ; BCRC 2552°; Mountains ash berries 3,660,954 66.2 [90,98]

CCM 36117;
CCUG 37299T; CECT 73517; CIP

103107T; IFO 152377; NCTC 41127;

VTT E-97831T)

Cellulose-producing bacterial cells of the genus Komagataeibacter are Gram-negative, rod-
shaped, and single or paired; some of them are in the form of short chains, and their size
is about 0.4-1.2 um in width and 1.0-3.0 um in length [77,113]. The colonies of cellulose-
synthesizing strains are jelly-like, rounded, and uplifted in the center (Figure 2B) [77,114,115].
The dissolution of calcium carbonate on the Acetobacter agar plate indicates the presence
of acid-forming bacteria. Numerous recently isolated BC producers belong to the genus
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Komagataeibacter. Many strains were isolated from the kombucha community: K. kombuchae
LMG 23726" [94], K. hansenii GH-1/2008 (VKPM B-10547) [116], K. xylinus B-12068 [117],
K. rhaeticus P 1463 [118], K. rhaeticus K3 [119], K. intermedius AF2 [120], K. sucrofermentans B-
11267 (Figure 2) [77], and others. The kombucha community (Medusomyces gisevii J. Lindau)
is a symbiotic culture of bacteria and yeast that is commonly abbreviated as SCOBY [121].
The microbial community in kombucha varies between geographic origin and cultural
conditions [122,123]. According to the literature data, kombucha microflora may contain
over 22 species including acetic acid bacteria of the family Acetobacteraceae and lactic acid
bacteria of the genus Lactobacillus, as well as yeasts Zygosaccharomyces spp., Saccharomyces
spp-, Dekkera spp., and Pichia spp. [124]. Recently, a number of studies have been per-
formed using metagenomics, comparative genomics, synthetic community experiments,
and metabolomics to quantify community microbial diversity [122,125,126]. Therefore,
Landis et al. (2022) determined the taxonomic, ecological, and functional diversity of
23 distinct kombuchas in the United States and demonstrated the bacterium Komagataeibac-
ter rhaeticus and the yeast Brettanomyces bruxellensis to be the most common microbes
in these communities [122]. In addition, Kahraman-Ilikkan showed that the dominant
bacterium in kombucha samples from Turkey was Komagataeibacter obediens, and the domi-
nant fungus was Pichia kudriavzevii, and also found propionic and butyric acid-producing
bacteria such as Anaerotignum propionicum and Butyrivibrio fibrisolvens [123].

Komagataeibacter strains are highly acetic acid resistant (15-20%) and the dominant species
in vinegar production processes [127]. Therefore, many strains were isolated from vinegar
including Komagatabacter (Gluconacetobacter) sp. RKY5 [128], K. medellinensis LMG 1693T [129],
K. medellinensis [130], K. europaeus LMG 20956 [130], K. melaceti AV382T [99,130], K. hansenii
DSM 56027 [130], and others. Therefore, Mari¢ et al. (2020) isolated the two novel strains
AV382 and AV436 from a submerged industrial bioreactor apple cider vinegar production in
Kopivnik (Slovenia) [99]. These strains represent novel species of the genus Kormagataeibacter,
with the names K. melaceti sp. nov. and K. melomenusus being proposed for them, respectively.
The type of strain of K. melaceti is AV382T (=ZIM B1054T = LMG 31303 = CCM 8958") and
that of K. melomenusus is AV436T (=ZIM B1056" = LMG 31304T = CCM 8959T). Recently,
Ni et al. (2022) conducted a study with three new strains isolated from rice vinegar, among
which Acetobacter pasteurianus MGC-N8819 showed a relatively high BC yield of 6.6 g/L
on the Hestrin-Schramm (HS) medium [78]. Greser and Avcioglu (2022) isolated the
strain K. maltaceti from grape vinegar and the strain K.nataicola from apple vinegar, which
formed BC in amounts of 6.45 g/L and 5.35 g/L, respectively [131]. K. intermedius [132],
G. swingsii [133], K. rhaeticus DSM 166631 [130], G. rhaeticus [133], Komagatabacter (Gluconace-
tobacter) sp. gel _SEA623-2 [134], Gluconacetobacter sp. F6 [135], K. maltaceti SKU 1109 [130],
K. diospyri MSKU 9T [93], and K. saccharivorans JH1 [109] were isolated from fruit and fruit
juices; K. cocois WE7T was isolated from coconut milk [92]; K. nataicola LMG 1536 was
isolated from “Nata-de Coco” [130]; and K. hansenii B-12950 was isolated from the Tibicos
symbiotic community [77]. A new species of thermotolerant bacterium Komagataeibacter
diospyri sp. nov. designated MSKU 9T was isolated from persimmon [93].

BC plays an important role in bacterial physiology and ecology [136-142]. For example,
BC film on the medium surface ensures the maintenance of an aerobic environment [141].
The water-holding capacity of vegetable cellulose reaches 60%, while the water-holding
capacity of BC is 100% of its dry weight. Thus, it protects the cells from drying out. BC is
supposed to form a kind of “framework” protecting cells against external agents including
antibiotics, heavy metal ions, and UV exposure [137]. BC producers can exhibit symbiotic
or pathogenic relationships with plants, animals, or fungi. And in this case, BC serves as a
kind of molecular glue to ensure interactions in nature [136]. For example, BC is involved
in the adhesion of bacterial cells of the genus Rhizobium during symbiosis with legumi-
nous plants, Agrobacterium and Salmonella in infection, contributing to the colonization of
plants providing protection against competitors [35,84,86]. Cellulose and its derivatives are
important components of biofilms and play a significant role in regulating the virulence
of plant and human pathogens [32,137,138]. Biofilm formation is an effective strategy by
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which bacterial cells establish relationships in a unique environment [32]. The role of
BC-containing biofilms is to establish close intercellular and host-bacteria interactions. A
biofilm gives bacteria the ability to undergo horizontal gene transfer, which provides antibi-
otic resistance, inhibits bacterial dehydration, and protects them from extreme conditions
such as mechanical stress and antibiotic treatment. Cell-to-cell communications in a biofilm
proceed, among other things, with the participation of a regulatory mechanism called
“quorum sensing” (QS). Information is exchanged using specialized chemical signaling
molecules, through which the microbial community acts as a single organism [142]. Cyclic
diguanylate (c-di-GMP) is an intracellular signaling molecule that regulates the transition
from a planktonic state in the environment to a surface-associated biofilm for many bacteria
including Agrobacterium sp., Rhizobium sp., Salmonella sp., Vibrio sp., Pseudomonas sp., and
others [80,84,140,143]. The review by Augimeri et al. (2015) highlighted the diversity of
BC biosynthesis and regulation and its role in environmental interactions by discussing
diverse biofilm-producing Proteobacteria [136]. The review by Balducci et al. (2023) de-
scribed the exopolysaccharides that are most commonly found in the biofilm matrix of
pathogens causing infections in humans and their functions in forming and maintaining
the EPS matrix. Biofilms are an important surgical issue since they can form on a chronic
wound or implantable medical devices [32]. E. coli and Salmonella sp. are among the most
studied pathogenic bacteria producing cellulose. Recently, E. coli and Salmonella species
have been discovered to produce chemically modified cellulose with phosphoethanolamino
groups. This modification seems to have multiple functions in the extracellular matrix:
it is required to form long cellulose fibrils and a tight nanocomposite with curli fibers, it
may confer resistance against attacks by cellulase-producing microorganisms, and it can
prevent curli from hyper stimulating immune responses [144]. Finally, there are bacteria
known to secrete cellulose; however, specific secretion mechanisms have not been identi-
fied so far. For example, pathogenic Mycobacterium tuberculosis has been shown to secrete
biofilm-promoting cellulose both in vitro and in granulomatous lesions in the lungs of
infected hosts in vivo [145]. These data suggest that the cellulose-rich extracellular ma-
trix contributes to mycobacterial drug tolerance, simultaneously protecting the pathogen
against triggering immune responses in the host.

Despite the biological and practical significance of BC, the molecular mechanism of
its biosynthesis is only just starting to emerge due to the improvement of next-generation
sequencing technologies, the publication of the genome sequences of numerous BC pro-
ducers, and the increased availability of genetic tools [112,137]. Recently, many reviews of
the latest advances in structural and molecular biology in BC biosynthesis have been pub-
lished. The review by McNamara et al. (2015) presented a detailed molecular description
of cellulose biosynthesis [146]. The review by Li et al. (2022) showed the research progress
of biosynthetic strains and pathways of bacterial cellulose [88]. Abidi et al. (2022) reviewed
current mechanistic knowledge on BC secretion with a focus on the structure, assembly;,
and cooperativity of BCs secretion system components [147]. An interesting review by
Manan et al. (2022) provided a comprehensive overview of the molecular regulation of the
intracellular biosynthesis of cellulose nanofibrils, their extracellular transport, and their
organization into highly ordered supramolecular structures [12]. The authors discussed
in detail the role of different operons involved in BC biosynthesis and their regulation
to achieve high yield and productivity through the genetic engineering of BC-producing
strains. The review by Ryngajlto et al. (2020) discussed the current progress in the systemic
understanding of Komagataeibacter physiology at the molecular level [112]. The authors
presented examples of the approaches, as well as genetic engineering strategies for strain
improvement in terms of BC synthesis intensification.
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Figure 2. K. sucrofermentans B-11267 isolated from the kombucha community (A). The colony mor-
phology (B). Cell morphology (scale bar: 5 um) (C). Gel film obtained in static conditions (D). Gel film
after purification (E). AFM (atomic force microscopy) image of BC (F). BC agglomerates of various
shapes formed in agitated culture conditions (G,H). BC aerogel (I).

In general, bacterial cellulose biosynthesis comprises three steps including uridine
diphosphate glucose synthesis through a series of enzymatic reactions, cellulose molecular
chain synthesis under the function of cellulose synthase, and cellulose crystallization and
polymerization. The cellulose synthase (CS) complex is encoded by cellulose synthase
operons known as bcs operons. The bes operons regulate intracellular biosynthesis, extracel-
lular transport across the cellular membranes, and in vitro assembly of cellulose fibrils into
highly ordered structures [12]. In Gram-negative bacteria, CS is comprised of a four-subunit
transmembrane complex, where the BesA, BesB, and BesC subunits are responsible for the
synthesis and extracellular transport of glucan chains, while the fourth one, BcsZ (formerly
known as BesD), resides in the periplasm and performs the endo-{3-1,4-glucanase activity.
One of the well-characterized mechanisms regulating cellulose biosynthesis is the allosteric
activation of BcsA with a cyclic di-GMP (c-di-GMP) molecule, a universal bacterial second
messenger discovered in K. xylinus [112]. The independent research revealed an impor-
tant regulatory role of c-di-GMP for motility, virulence, and biofilm formation [137]. An
interesting article by Liu et al. (2018) presented a comprehensive approach to studying the
molecular mechanisms of BC biosynthesis and metabolism regulation based on a complete
genome analysis of Gluconacetobacter xylinus CGMCC 2955 and other BC producers whose
genomes were sequenced completely [104]. A complete genome sequence is needed as
background information for genetic engineering to achieve precise control of BC biosyn-
thesis based on metabolic regulation. The authors made a comparison of the arrangement
and composition of BC synthase operons (bcs) with those of other BC-producing strains. In
addition, they demonstrated the presence of QS in G. xylinus CGMCC 2955 and proposed a
possible regulatory mechanism action of QS on BC production [104].
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Despite numerous studies conducted in recent years, the large-scale production of BC
remains quite expensive. This is mainly due to the low productivity of bacterial strains,
which, as a rule, do not exceed 5 g/L BC. According to the review by Li et al. (2022), the
maximum BC yield did not exceed 20 g/L, which has not yet reached the level of industrial
application [88]. Recently, several reviews on the genetic modification of bacterial strains
for enhancing BC production were reported [148,149]. The review by Singhania et al.
(2021) presented the mechanisms and targets for genetic modifications in order to achieve
the desired changes in the BC production titer as well as its characteristics [148]. The
authors note that the lack of studies on a genetic modification for BC production is due
to the limited information on the complete genome and genetic toolkits; however, over
the past few years, the number of studies in this area has increased, since the whole
genome sequencing of several strains of Komagataeibacter has been performed. Genetic
engineering enables the modification of the genetic material of Komagataeibacter to increase
the product yield, reduce the risk of deleterious mutations, and improve or change cellulose
properties such as crystallinity, mechanical strength, and porosity, which is suitable for
specific applications. Along with the above-mentioned advantages, there are certain
problems including methodological problems of transformation and the issues related to the
regulatory process complexity, when each gene can express a protein performing more than
one function [148]. However, there have been several attempts at genetic engineering for
BC-producing bacteria. For example, Kuo et al., generated a G. xylinus mutant by knocking
out the membrane-bound glucose dehydrogenase gene via homologous recombination of a
defect in the gene, which led to the formation of cellulose from glucose without generating
gluconic acid and a 40% increase in BC production [150]. Japanese scientists obtained the
recombinant E. coli bacteria capable of forming BC resulting from the transfer of G. xylinus
genes [151]. A new stable efficient plasmid-based expression system of recombinant BC in
the E. coli DH5_ platform has currently been developed [152].

Furthermore, BC production can be increased through the development and improve-
ment of technological processes, such as the optimization of the nutrient medium, culture
conditions, cultivation methods, and the development of cell-free culture systems. About
30% of the total cost of the process is known to be the cost of the nutrient medium [153]. The
most frequently used medium is the Hestrin-Schramm (HS) medium, which includes some
expensive components, such as glucose, yeast extract, peptone, citric acid, and disodium
phosphate, resulting in costly production. In order to reduce the cost, researchers attempted
to produce cellulose from various alternative substrates, particularly, agro-wastes, pulp
mills and lignocellulosic wastes, biodiesel industry wastes, acetone-butanol-ethanol fermen-
tation wastewater, and others [68,154,155]. BC production also depends on a cultivation
technique. Under static cultivation, bacteria form cellulose in the form of a film on the
medium surface (Figure 2D). Under agitated conditions, most strains form cellulose in
the form of agglomerates of various shapes depending on the medium composition and
mixing modes (Figure 2G,H) [77,156-158]. There are many reports analyzing static and
agitated conditions for cellulose production by Komagataeibacter as well as other bacteria,
where a static culture generally gave higher yields compared to agitated cultures [159],
but there are reports of higher BC yields with the agitated culture [160]. However, such
a comparison is not always justified without taking into account the time and growing
conditions. Furthermore, cell-free culture, the synthesis without living cells, shows great
development prospects [161-163]. Cell-free culture could reduce the cost of BC production,
decrease the metabolic inhibitors, and significantly improve the efficiency of enzymatic re-
actions [162]. In addition, an effective co-cultivation of Komagataeibacter with the producers
of other polysaccharides was reported, which led to an increased BC yield, and can be used
to obtain nanocomposites with improved functional characteristics [164].

Highly efficient BC production will enable the expansion of the scope of the polysac-
charide with unique properties. BC is an attractive biopolymer for a number of applications
including food, biomedical, cosmetics, and engineering fields. The review by Cubas et al.
(2023) reported BC to be a new era in Green Chemistry products [165]. In the past five
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years, there have been many interesting, detailed reviews describing BC production, prop-
erties, and applications [43,65,68,71-74,76,166-179]. BC has great potential to be used in
medicine [2,3,43,71-74,166-172,179] as a biomaterial for wound dressing [180-186], tissue
engineering [187-192], and drug delivery systems [51,193-197]. In addition, BC can be used
in the food industry as a nutritional component, food packaging, an emulsion stabilizer, and
novel food [165,198-200]. BC is known as a fiber-rich natural food that offers many health
benefits and reduces the risk of chronic diseases, such as diabetes, obesity, and cardiovascu-
lar diseases [199]. In 1992, BC was recognized safe by the Food and Drug Administration
(FDA), and in 2019, the species K. sucrofermentans was included in the list of Qualified Pre-
sumption of Safety (QPS) recommended biological agents and intentionally added to food
(novel food) [199]. Furthermore, BC can be used in the cosmeceutical industry [65,201,202];
the environmental industry as a matrix to immobilize catalysts, enzymes, and other sensory
materials, both to detect environmental pollutants and also decompose various wastes from
heavy metals, fluorine, organic pollutants including dyes, pharmaceutical compounds,
and petroleum products [68,203-206]; in nanoelectronics (sensors, optoelectronic devices,
flexible display screens, energy storage devices, and acoustic membranes) [167,207-213];
for microbial enhance of oil recovery [83]; in the textile industry [214]; and in biocatalytic
technologies as a carrier for microorganisms or enzymes for various approaches [67,68,71].

3. Levan-Producing Bacteria

Levan is one of the most promising microbial EPSs for a wide range of biotechnolog-
ical applications due to its beneficial functional properties such as anticancer [215-217],
antioxidant [218], antibacterial [215,218], anti-inflammatory, immunomodulatory [219],
and prebiotic activities [220], as well as unique physicochemical properties such as high
adhesive strength, low intrinsic viscosity, high water solubility, film-forming ability, heat
stability, and high biocompatibility [221-223]. Levan is a neutral homopolysaccharide
composed of fructose units connected by 3-2,6-glycoside bonds in the backbone and 3-2,1
in its branches.

Many bacteria are capable of synthesizing levan, including Gram-negative bacteria of
the class Alphaproteobacteria, Acetobacter, Gluconobacter [224-226], Komagataeibacter (Gluconace-
tobacter) [227], and Zymomonas [228-230] genera, and those of the class Gammaproteobacteria,
Pseudomonas [231], Halomonas [232,233], and Erwinia [234] genera, as well as Gram-positive bac-
teria of the class Bacilli: Bacillus [235-245], Paenibacillus [246-260], Lactobacillus [261], Leuconos-
toc [262] genera, etc. Currently, more than 100 bacteria species have been shown to produce
levan [222]. The most studied levan producers among Gram-positive bacteria are the species
of the class Bacilli including Bacillus subtilis [243-245], Bacillus licheniformis [241], Paenibacil-
Tus polymyxa [246,248,250,256-260], Lactobacillus reuteri [261], Leuconostoc citreum [262], and
others. These bacteria were isolated from different sources. Therefore, the probiotic Bacillus
tequilensis-GM was isolated from Tunisian fermented goat milk [235]. B. siamensis was
isolated from fermented soybeans and was found to produce levan at high sucrose con-
centrations [236,237]. A new EPS-producing Gram-positive bacterium B. paralicheniformis
was isolated from the rhizosphere of Bouteloua dactyloides (buffalo grass), which produced
a large amount (~42 g/L) of levan having a high weight average molecular weight of
5.517 x 107 Da [238]. Many species of marine bacteria of the genus Bacillus can synthesize
levan. For example, a strain of Bacillus sp. SGD-03 produces a levan with a molecular
weight of 1.0 x 10* Da with a maximum yield of 123.9 g/L [239]. B. paralicheniformis ND2
was isolated from the seawater of the Mediterranean Sea, Egypt, followed by screening
for levan-type fructan production, which yielded 14.57 g/L [240]. Levan produced by the
B. aryabhattai GYC2-3 strain had a high average molecular weight (5.317 x 107 Da) [242],
while levan from B. licheniformis 8-37-0-1 had a low molecular weight (2.826 x 10* Da) [241].
The sucrose concentration was found to be the critical component in modulating the molec-
ular weight of synthesized levan. Using a low sucrose concentration (20 g/L) in a culture
of B. subtilis (natto) Takahashi resulted in predominantly high molecular weight levan
(>2 x 10° Da). In contrast, low molecular weight levan (6-9 x 10° Da) was the prevalent
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EPS when a high sucrose concentration (400 g/L) was used [243]. Bacteria of the genus
Bacillus can synthesize a significant amount of levan. It was shown that in cultivation
for 21 h in media supplemented with 20% sucrose, B. subtilis (natto) can produce up to
40-50 g/L of levan [244]. During batch and continuous cultivation in a bioreactor, the
levan yield was 61 and 100 g/L, respectively [243]. Moreover, the B. subtilis strain CCT
7712 was able to synthesize up to 111.6 g/L of levan from 400 g/L sucrose media during
16 h cultivation [245].

Paenibacillus polymyxa, the type species of the genus Paenibacillus, is mainly isolated
from plant-associated environments. For example, P. polymyxa 92, isolated from wheat
roots, produced large amounts (38.4 g/L) of exopolysaccharide in a liquid nutrient medium
containing 10% (w/v) sucrose and may serve as a basis for eco-friendly low-cost soil-
remediation technologies owing to levan production exhibiting metal-binding ability, low
viscosity in an aqueous solution, and plant-growth-regulating activity [246]. The P. lautus
strain was isolated from Obsidian Hot Spring in Yellowstone National Park [247]. A
new strain of P. polymyxa S3 with an antagonistic effect on 11 major fish pathogens was
screened from the sediment of fishponds [248]. P. antarcticus IPAC21, the psychrotolerant
bioemulsifier levan-producing strain, was isolated from the soil collected in Ipanema, King
George Island, Antarctica [249]. Its genome was sequenced using Illumina Hi-seq, and a
search for genes related to the production of bioemulsifiers and other metabolic pathways
was carried out. The IPAC21 strain has a genome of 5,505,124 bp and a G + C content of
40.5%. Mamphogoro et al. (2022) reported the whole-genome sequence of P. polymyxa
SRT9.1, a plant growth-promoting bacterium consisting of 6,754,470 bp and 7878 coding
sequences, with an average G + C content of 45% [250]. Revin and Liyaskina et al. obtained
a highly productive strain Paenibacillus polymyxa 2020, first isolated from wasp honeycombs
capable of producing a greater amount of levan compared to the known P. polymyxa strains
(Figure 3) [66]. The complete genome sequencing and methylome analysis of P. polymyxa
2020 were performed. The complete genome sequence of P. polymyxa 2020 is also available
in GenBank with the accession numbers: CP049598-CP049599. The original sequence
reads have been deposited at NCBI under SRA: SRR11236808; SRR11236809; SRR11236810;
SRR11236811. Biosample: SAMN14247689. Bioinformatic analysis identified a putative
levan synthetic operon. SacC and sacB genes were cloned; their products were identified as
glycoside hydrolases and levansucrase. The highest levan yield of 68.0 g/L was obtained on
a molasses medium with a total sugar concentration of 200 g/L. The highest yield of EPS in
the sucrose medium was 53.78 g/L with 150 g/L sucrose at 96 h. Additionally, compared to
the media with sucrose, in the molasses medium, the maximum polysaccharide production
was achieved over a shorter time interval (48-72 h).

Paenibacillus spp. EPSs recently have attracted great attention due to their biotech-
nological potential in different industrial and wastewater treatment processes [251,252].
As of April 2023, according to the website List of Prokaryotic names with Standing in
Nomenclature (LPSN), the genus Paenibacillus contains 374 species. The type of strain of
P. polymyxa ATCC 842T (=DSM 36" = KCTC 3858") has been deposited in a number of
microbial collections. The bacterium was very often associated with the plant root micro-
biome, where it participates in bioprotection by the synthesis of antibiotics, phytohormones,
hydrolytic enzymes, and EPS [256]. The genome sequences of 212 strains of Paenibacillus
representing 82 different species are available [251]. The genome sizes range from 3.02 Mb
for P. darwinianus Br isolated from Antarctic soil [253] to 8.82 Mb for P. mucilaginosus K02
implicated in silicate mineral weathering [254], and the number of genes varies from 3064
for P. darwinianus Br to 8478 P. sophorae S27. The insect pathogens P. darwinianus, P. larvae,
and P. popillize have smaller genomes from 4.51 and 3.83 Mb, respectively, which is likely
to reflect their niche specialization. The GC content of Paenibacillus DNA ranges from 39 to
59% [255]. Complete genome sequencing and assembly has been done for strains such as
P. polymyxa E681 [257], P. polymyxa SC2 [258], P. polymyxa ATCC 842T [259], P. polymyxa
2020 (isolated from wasp honeycombs) [66], P. polymyxa KF-1, soil isolated producer of
antibiotics [260], and Paenibacillus sp. Y412MC10 [247], isolated from Obsidian Hot Spring
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in Yellowstone National Park, Montana, USA. Most of the deposited genome sequences are
still in shotgun form.
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Figure 3. Paenibacillus polymyxa 2020, first isolated from wasp honeycombs (A). The colony mor-
phology (B). Cell morphology (C). Chromosome map (D). SEM image of EPS (E). Adapted with
permission from Ref. [66].

An EPS synthesizing potentially probiotic Gram-positive bacterial strain Lactobacillus
reuteri was isolated from fish guts, and its EPS was structurally characterized. Based on
molecular weight (MW) distribution, two groups of levan were found to be produced
by the isolate FW2: one with a high MW (4.6 x 10° Da) and the other having a much
lower MW (1.2 x 10* Da). The isolate yielded about 14 g/L levan under optimized
culturing parameters [261]. The levan yield of the strain Leuconostoc citreum BD1707 reached
34.86 g/L with an MW of 2.320 x 107 Da within 6 h cultivation [262].

Many Gram-negative acetic acid bacteria (AAB) of the Alphaproteobacteria class are
also levan producers. Acetobacteraceae are known for their production of high-value ho-
mopolysaccharides such as levan [224-226]. Gluconobacter japonicus LMG 1417 is a potent
levan-forming organism. A cell-free levan production based on the supernatant of the
strain under study led to a final levan yield of 157.9 £ 7.6 g/L, and the amount of secreted
levansucrase was more than doubled by plasmid-mediated homologous overproduction
of LevS1417 in G. japonicus LMG 1417 [224]. K. xylinus, the producer of bacterial cellulose
can also produce levan [227]. The good levan producer Pseudomonas fluorescens strain ES,
with promising antioxidant and cytotoxic activity against different kinds of cancer cells,
was isolated from soil in Egypt [231]. Possible levan producers were also identified among
Gram-negative halophilic Gammaproteobacteria of the Halomonas genus [232] including
Halomonas smyrnensis AAD6T [233]. Their ability to grow in high concentrations of NaCl
can be used to solve the problem of sterility in an industrial setting. The type of strain
H. smyrnensis sp. nov. AAD6T (=DSM 21644 = JCM 157237) was isolated in Turkey [233].
Zymomonas mobilis also produces levan. The strains ZAG-12 [228] and ATCC 31821 [229]
were able to produce levan with approximate yields of 14.67 and 21.69 g/L, respectively. In
continuous cultivation of Z. mobilis CCT4494, when immobilized in Ca-alginate gel, the
amounts of levan were reported to be able to range from 18.84 up to 112.53 g/L depending
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on the incubation time [230]. Levan-type EPS is also produced by such Gammaproteobacteria
as Pantoea agglomerans ZMR7. The maximum levan production (28.4 g/L) was achieved
when sucrose and ammonium chloride were used as carbon and nitrogen sources, respec-
tively, at 35 °C and an initial pH of 8.0 [263]. Gammaproteobacteria Erwinia amylovora, the
causative agent of fire blight, is also a levan producer [234]. Several recombinant E. coli
and yeasts were developed to study the biochemistry of levan synthesis by cloning and
expression of levansucrase genes from L. mesenteroides and B. amyloliquefaciens [264-269].

Levan is synthesized by levansucrase (E.C 2.4.1.10), a fructosyltransferase belonging
to the family of glycoside hydrolases [221]. Levansucrase binds to a substrate, such as
sucrose, and adds fructose molecules to a growing fructose chain [221]. In Gram-negative
bacteria, levansucrase is secreted through a single peptide pathway, which promotes
sucrose hydrolysis and levan formation through transfructosylation activity [270]. A
high concentration of substrate has been found to inhibit levansucrases in Gram-negative
bacteria since the interaction of enzyme-substrate occurs in the periplasmic space resulting
in the accumulation of enzyme and product, while in Gram-positive bacteria, this is not
observed due to the presence of peptidoglycan wall [222]. In terms of its biological role,
levan is involved in biofilm formation in some bacteria [271,272] and also contributes to
the fitness and virulence of plant pathogens [221,273]. Further, in soil-resident bacteria,
levan promotes salt tolerance and desiccation, as well as the formation of cell aggregates
on abiotic surfaces [272]. In addition, levan can serve as a source of reserve substance
under starvation conditions [221]. Moreover, levan has been suggested to promote the
colonization of bacteria in the gut [274] and to act as a prebiotic in vitro [275,276].

Levan is an industrially important, functional biopolymer widely applied in food,
biomedicine, cosmetic, and pharmaceutical fields owing to its safety and biocompatibility.
In the food industry, levan can be used as a gelling agent, as well as a food supplement
with prebiotic properties [220,277,278]. Moreover, microbial levan can be a good source
of pure fructose production. The bio-degradable film obtained with levan has a high
potential to be used in different areas, especially in food packaging [279]. In the biomedical
sectors, levan has many applications due to its biocompatibility and antibacterial [215,218],
anticancer [215-217], antioxidant [218], anti-inflammatory, immunomodulatory [219], and
prebiotic activities [220]. Levan was described as an effective therapeutic agent in some hu-
man conditions, such as cancer, heart disease, and diabetes. Levan treatment is a promising
therapeutic strategy for neuroblastoma and osteosarcoma cells [216,217]. Levan is a promis-
ing biopolymer to develop nanomaterials. Due to its amphiphilic properties, the main
application of levan so far is the production of nanoparticles. For example, vancomycin
was encapsulated in levan nanoparticles of 200-600 nm [280]. Nanoparticle complexes
with levan could be proposed as potent drug delivery vehicles for cancer drugs, as well
as other drugs in prospective studies [281,282]. Kim et al., encapsulated a marker (indo-
cyanine green) in levan nanoparticles (100-150 nm) for tumor imaging [283]. Tabernero
et al., attached 5-fluorouracil on levan nanoparticles for colorectal cancer treatment [282].
Silver and gold nanoparticles were previously coated with this polymer to be used as a
catalyst [284] or a bactericidal system [222]. There were obtained from levan-based nanopar-
ticles with resveratrol, which can be used in drug delivery systems, wound healing, and
tissue engineering [285]. Levan nanoparticles can also be used as drug carriers for peptides
and proteins [280]. In addition, it can provide biocompatible surfaces, especially in tissue
engineering [286-288]. Sulfated levan can be considered a promising material for cardiac
tissue engineering applications [287]. It is related to its excellent biocompatibility and
anticoagulant activity. Gomes et al., developed self-adhesive free-standing multilayer films
from sulfated levan combined with alginate and chitosan [286]. The presence of sulfated
levan significantly improved the mechanical strength and adhesiveness of the constructed
adhesive films. The multilayer films were cytocompatible and myoconductive, which was
assessed through in vitro testing on a myoblast cell line, C2C12. Levan nanocomposite
films have the potential to be used in industrial and medical fields [289]. Levan also has
appropriate properties for cosmetic applications, for example, in safe and functional body
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wash cosmetics production [290,291]. Levan has a film-forming potential and high adsorp-
tion properties. Therefore, it can be used as an adsorbent for heavy metals in industrial
wastewater treatment [246]. Furthermore, levan has higher adhesive properties than car-
boxymethyl cellulose and can be used for wood bonding. Its availability as a biological
binder to obtain wood biocomposite materials was shown [292]. The resulting composites
were demonstrated to have a more uniform structure and good strength characteristics.
Levan is a promising material for obtaining biocomposites. It can be processed with other
polysaccharides or functionalized to produce fibers or gels. For example, a sulfated deriva-
tive of levan was processed with polycaprolactone (PCL) and polyethyleneoxide (PEO)
using electrospinning technology. The obtained microfibers (1-5 microns in diameter)
improved blood clotting by adding levan. The work indicated the potential of using levan
in blends to produce anti-thrombogenic compounds [288].

4. Xanthan-Producing Bacteria

Xanthan is one of the industrially most relevant bacterial polysaccharides. Compared
to other microbial polysaccharides, its price is competitive, and, therefore, its production
is cost-effective [293]. Xanthan is an important industrial biopolymer, which, due to its
beneficial properties, has found application in food, oil, pharmaceutical, mining, textile,
and other industries [294-297]. It is environmentally friendly, non-toxic, and has the fol-
lowing unique properties: stability at high temperature and salinity, pseudoplasticity,
highly viscous even at very low concentrations, chemical stability for oil well conditions,
biodegradability, reasonable cost, and environmental friendliness [298]. The global xan-
than gum market was valued at ~USD 1 billion in 2019 and is expected to reach ~USD
1.5 billion in 2027 [4]. Xanthan is an anionic heteropolysaccharide consisting of a cellulose-
like backbone of (3-1,4-linked glucose units, substituted alternately with a trisaccharide side
chain, which is composed of two mannose units separated by a glucuronic acid, where the
internal mannose is mostly O- acetylated and the terminal mannose may be substituted by
a pyruvic acid residue. Due to the presence of glucuronic and pyruvic acid in the side chain,
xanthan represents a highly charged polysaccharide with a very rigid polymer backbone. It
has a high molecular weight of about 2 x 10° to 2 x 10”7 g mol .

Xanthan is produced by different Xanthomonas sp. The genus Xanthomonas belongs to
the class Gammaproteobacteria of the phylum Proteobacteria. As of April 2023, according to the
website List of Prokaryotic names with Standing in Nomenclature (LPSN), the genus Xan-
thomonas contains 53 species, some of which cause economically important diseases in more than
400 host plants [33]. Xanthomonas sp. has two features: the formation of exopolysaccharide xanthan
and the formation of specific membrane-bound pigments—xanthomonadins that provide the
mucoid and yellow color of the colonies. Xanthomonas cells are usually rod-shaped single-cell ones
with a single polar flagellum. The type of strain is Xanthomonas campestris ATCC 33913T (=CFBP
2350T = CIP 100069 = DSM 3586 = ICMP 13T = LMG 568" = NCPPB 528"). The Xanthomonas
spp. differentiate further into pathovars depending on the host plant [34,299]. For example,
Xanthomonas campestris pv. campestris is the causal agent of black rot disease affecting
many crop plants from the Brassicaceae family [300]. The bacterium Xanthomonas oryzae
pV. oryzae causes rice bacterial leaf blight, one of the most destructive rice diseases [301].
Bacteria deploy a large arsenal of virulence factors to successfully infect the host plant. In
particular, xanthan protects bacterial cells against environmental stresses and supports
biofilm formation [299]. QS coordinates bacterial behavior including biofilm dispersal
and is required for disease [299]. Currently, Feng et al. (2023) provided a comprehensive
review of the recent advances in diffusible signal factor (DSF)-mediated QS in Xanthomonas
and reported the inhibitors that are proposed as bactericide candidates to target the RpfF
enzyme and control plant bacterial diseases [302]. The QS in Xanthomonas is associated
with rpf (regulation of pathogenicity factor) genes, among which, the main genes rpfF, rpfB,
rpfC, and rpfG encode proteins involved in DSF synthesis, turnover, sensing, and trans-
duction, respectively [302]. The Xanthomonas genus includes species such as X. campestris,
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X. arboricola, X. axonopodis, X. fragaria, X. gummisudans, X. juglandis, X. phaseoli, X.vasculorium,
and others. The Xanthomonas campestris bacterium is used in industrial production.

The complete genome sequences of many Xanthomonas strains have been determined
to date. Liyanapathiranage et al. analyzed 1740 complete genome sequences belonging
to 39 Xanthomonas spp. retrieved from the National Center for Biotechnology Informa-
tion (NCBI), a large proportion of them being from the species X. oryzae (396 genomes),
X. citri (195 genomes), X. phaseoli (97 genomes), X. perforans (151 genomes), and X. arboricola
(136 genomes) [303]. The authors studied the genetic organization and patterns of evo-
lution of several clusters of the type VI secretion system (T6SS) in order to understand
the contribution of T6SS toward the ecology and evolution of Xanthomonas spp. Recently,
Cuesta-Morrondo et al. (2022) reported that the resulting X. arboricola pv. pruni IVIA
2626.1 genome comprised two circular contigs, a 5.11 Mb chromosome and a 41.10 kb plas-
mid, while CITA 33 was composed of a 5.09 Mb chromosome and 41.11 kb plasmid [304].
In addition, Bellenot et al. (2022) reported on draft genome sequences of 17 strains repre-
senting eight of nine known races of the pathogen Xanthomonas campestris pv. campestris
causing black rot disease on Brassicaceae crops [305]. Revin et al. obtained a highly effi-
cient xanthan-producing strain, X.campestris M 28, which produced up to 28 g/L of the
polysaccharide on a molasses medium (Figure 4). Whole-genome sequencing of the strain
was performed using the Illumina method and nanopore sequencing. The genome of
X. campestris M 28 contained one chromosome of 5102 828 nucleotides with an average
G + C content of 65.03% [306]. The genomes of the strains X. campestris NRRL B-1459 (ATCC
13951) [307], X. campestris pv. campestris B 100 [308], X. campestris JX [309], X. campestris
pv. campestris WHRI 3811 [310], and others, also have been completely described. The
size of X. campestris chromosomes was shown to range from 4.8 to 5.1 Mb [307-309]. The
content of GC bases in the X. campestris chromosome is 63.7-65.3% [307-309]. A number
of X. campestris strains were established to have plasmids of various lengths responsible
for resistance to antibiotics, metals, etc. Xanthomonas genomes comprise different mobile
genetic elements, such as transposons, insertion sequence, plasmids, and genomic islands
associated with virulence factors, genetic variations, and genome structure [311].

Xanthan is synthesized through a Wzy-dependent pathway, which comprises several
steps including the synthesis of exopolysaccharide precursors (nucleotide sugars GDP-
mannose, UDP-glucose, and UDP-glucuronic acid), repeat-unit assembly on a lipid carrier
located at the cytoplasmic membrane, membrane translocation to the periplasmic face,
polymerization by a block-transfer mechanism involving Wzy polymerase, and export [312].
The building of pentasaccharide units is under the control of the gum cluster comprising
12 genes involved in the pentasaccharide repeating unit assembly, its decoration with
substituents, polymerization, translocation, and secretion [312]. However, the key factors
for the xanthan’s precursors’ biosynthesis are the genes xanA and xanB, which are not
included in the gum cluster. The xanA and xanB genes are involved in UDP-glucose and
GDP-mannose biosynthesis.

Like other EPSs, xanthan yield and quality can be modified using different bacterial
strains and fermentation environments (e.g., carbon source, temperature, pH, mixing speed,
inoculum volume, and airflow rate). The carbon source is an essential factor in microbial
xanthan fermentation, which acts as an energy source and is used in EPS synthesis. Media
with complex compositions are most often used to obtain xanthan; these mainly include 2—
4% glucose and sucrose and 0.05-0.1% nitrogen sources, such as yeast extract, peptone, and
ammonium nitrate [297], and have quite a high cost. Media including various industrial
and agricultural wastes have been proposed to reduce the cost of xanthan [306,313]. This
also solves the environmental problems of waste disposal, which negatively affect the
environment condition. The immobilization of bacteria cells (e.g., X. campestris and X.
pelargonii) on calcium alginate-based beads showed higher xanthan yield compared to free
cells, irrespective of the carbon source [314].
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Figure 4. X.campestris M 28 isolated from cabbage (A). The colony morphology (B). Xanthan production (C).

Xanthan is a biopolymer that has found application in food, petroleum, pharmaceuti-
cal, mining, textile, cosmetics, and other industries [3,294-298,315-319]. This polymer is
environmentally friendly and non-toxic and, therefore, used in the food industry for the
last 50 years as a stabilizer and thickener. Xanthan is a promising material for medical
applications since it is a biocompatible polymer and not cytotoxic. Recently, it attracted the
particular attention of researchers in connection with the prospects for its use in tissue engi-
neering, drug delivery, and obtaining biocomposites with regenerative and antibacterial
properties [4,316,317]. Recently, Barbosa et al. (2023) produced cell-friendly chitosan-
xanthan composite membranes incorporating hydroxyapatite to be used in guided tissue
and bone regeneration, in particular, for periodontal tissue regeneration [316]. The review
by Jadav et al. (2023) described xanthan applications of xanthan in delivering various
therapeutic agents such as drugs, genetic materials, proteins, and peptides [317]. Xanthan
can be used as a new green-based material to produce superabsorbents and for the remedi-
ation of contaminated waters. Sorze et al. (2023) developed novel biodegradable hydrogel
composites of xanthan gum and cellulose fibers to be used both as soil conditioners and
topsoil covers to promote plant growth and forest protection [318]. The rheological, mor-
phological, and water absorption properties of produced hydrogels were comprehensively
investigated. Specifically, the moisture absorption capability of these hydrogels was above
1000%, even after multiple dewatering/rehydration cycles. A recent review by Balikova
et al. (2022) highlighted xanthan prospects as green adsorbents for water decontamina-
tion [312]. A number of scientists have shown the functional groups of xanthan to be able
to bind heavy metals from aqueous solutions and effectively remove them. For example,
Wang et al. showed the superior adsorption capacity of xanthan produced by X. campestris
CCTCC M2015714 to detoxify lead (II), cadmium (II), and copper (II) polluted waters with
an efficiency of 50% in an hour [319]. The review by Dzionek et al. (2022) summarized
cross-linking methods that could potentially be used to reduce their toxicity to living cells
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and demonstrated xanthan availability for whole-cell immobilization with the prospect
of using it in bioremediation [320]. The polysaccharide xanthan is considered to be the
most commonly used polymer for enhanced oil recovery [298]. It is relatively more stable
under harsh conditions and has the necessary rheological properties. Recently, xanthan
has received attention for its application in 3D printing technology. At low concentrations,
xanthan has shear thinning capacity and required viscosity due to which it can function as
a rheological modifier, thus improving 3D printing potential [321,322].

5. Conclusions and Future Perspective

The present review summarizes the current progress in research on bacterial EPS,
mainly over the past 5 years, including their properties, biological functions, and promising
applications in various fields of science, industry, medicine, and technology. Such EPS
as BC, levan, and xanthan are described in detail. The information on the systematic
position, sources of isolation and properties of EPS-producing bacteria is presented. Bacteria
are characterized by metabolic flexibility and a variety of physiological and biochemical
properties. Therefore, using the techniques optimizing cultivation conditions, genetic,
and metabolic engineering, it is possible to modulate the yield as well as the structural
and functional properties of bacterial EPS. At present, the biochemical and molecular
basis of the biosynthesis of BC, xanthan, and levan are well studied. The genomes of a
large number of bacteria have been fully sequenced. All this is the basis for the metabolic
regulation of EPS biosynthesis and the creation of resistant genetically engineered strains
that have not yet been obtained for industrial production. The yield of the most known
bacterial EPS is still low enough for industrial production. Therefore, the isolation of
new producers and the production of highly productive strains by genetic and metabolic
engineering are very relevant. The investigation of unique polysaccharides from marine
bacteria and extremophiles is now the focus of scientific research. They have considerable
potential in bioremediation, water purification from heavy metal, and marine oil pollution
and also in pharmaceutical and biomedical fields as antioxidants, antifreeze, anti-cancer,
anti-inflammatory, antibacterial agents, etc. Although these EPS are well used in many
areas, there are relatively few studies on them compared to land microorganisms, especially
the studies on EPS formed in extreme marine environments, partially due to the difficulty
of isolation and culture conditions. Therefore, new and updated technical strategies are
needed to isolate producers and analyze novel marine microbial EPS. Since the study
of bacterial polysaccharides is partly hindered by the incapability of culturing methods,
metagenome-based techniques should be used to search for and study new bacterial
polysaccharides. In recent years, valuable information has emerged on QS mechanisms in
EPS producers. This area requires further study in terms of application for more efficient
EPS production. Due to the high cost of EPS production, a large number of publications
have recently suggested approaches to solve the problem, in particular, the use of various
agricultural and industrial wastes. At the same time, their disposal burning problem
is also being solved. Another promising area is biocatalytic technologies and cell-free
synthesis to obtain EPS more efficiently. Bacterial EPS are characterized by the presence
of a large number of functional groups (hydroxyl, carboxyl, carbonyl, acetate, etc.), which
enables them to modify their molecules in order to give them new valuable properties,
such as antimicrobial activity, etc. Therefore, a large number of EPS-based biocomposite
materials have been obtained. The already developed methodological approaches and the
accumulated data on their modification will enable the creation of an even greater number
of different functional and structural materials of a new generation with a wide range of
applications in the future.

Author Contributions: Conceptualization, A.LN., G.Y. and V.V.R,; methodology, ALN., E.V.L. and
V.V.R,; writing—original draft preparation, ALN., E.V.L. and A.U.L.; writing—review and editing,
A.ILN,, E.VL. and V.V.R,; visualization, A.U.L. and .VK. All authors have read and agreed to the
published version of the manuscript.



Microorganisms 2023, 11, 1541 19 of 31

Funding: This work was supported by the Ministry of Science and Higher Education of the Russian
Federation within the framework of the academic leadership program «Priority 2030» (grant number 25-22).

Data Availability Statement: Sequence data are available from GenBank, NCBI.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ahuja, V.; Bhatt, A.K,; Banu, J.R.; Kumar, V.; Kumar, G.; Yang, Y.H.; Bhatia, S.K. Microbial Exopolysaccharide Composites in
Biomedicine and Healthcare: Trends and Advances. Polymers 2023, 15, 1801. [CrossRef] [PubMed]

2. Kaur, N,; Dey, P. Bacterial Exopolysaccharides as Emerging Bioactive Macromolecules: From Fundamentals to Applications. Res.
Microbiol. 2022, 29, 104024. [CrossRef] [PubMed]

3. Mahmoud, Y.A.-G.; El-Naggar, M.E.; Abdel-Megeed, A.; EI-Newehy, M. Recent Advancements in Microbial Polysaccharides:
Synthesis and Applications. Polymers 2021, 13, 4136. [CrossRef] [PubMed]

4. Mohd Nadzir, M.; Nurhayati, R W.; Idris, EN.; Nguyen, M.H. Biomedical Applications of Bacterial Exopolysaccharides: A Review.
Polymers 2021, 13, 530. [CrossRef] [PubMed]

5. Rana, S.; Upadhyay, L.S.B. Microbial exopolysaccharides: Synthesis pathways, types and their commercial applications. Int. |.
Biol. Macromol. 2020, 157, 577-583. [CrossRef] [PubMed]

6.  Barcelos, M.C.S.; Vespermann, K.A.C.; Pelissari, EM.; Molina, G. Current status of biotechnological production and applications
of microbial exopolysaccharides. Crit. Rev. Food Sci. Nutr. 2019, 60, 1475-1495. [CrossRef]

7. Osemwegie, O.0.; Adetunji, C.O.; Ayeni, E.A.; Adejobi, O.L; Arise, R.O.; Nwonuma, C.O.; Oghenekaro, A.O. Exopolysaccharides
from bacteria and fungi: Current status and perspectives in Africa. Heliyon 2020, 6, e04205. [CrossRef]

8.  Sutherland, .W. Bacterial exopolysaccharides. Adv. Microb. Physiol. 1972, 8, 143-213. [CrossRef]

9. Xiao, M.; Ren, X;; Yu, Y.; Gao, W.; Zhu, C.; Sun, H.; Kong, Q.; Fu, X.; Mou, H. Fucose-containing bacterial exopolysaccharides:
Sources, biological activities, and food applications. Food Chem. X 2022, 13, 100233. [CrossRef]

10.  Schmid, J.; Sieber, V.; Rehm, B. Bacterial exopolysaccharides: Biosynthesis pathways and engineering strategies. Front. Microbiol.
2015, 6, 496. [CrossRef]

11. DPereira, S.B.; Sousa, A.; Santos, M.; Aratjo, M.; Serddio, E; Granja, P.; Tamagnini, P. Strategies to obtain designer polymers based
on cyanobacterial extracellular polymeric substances (EPS). Int. ]. Mol. Sci. 2019, 20, 5693. [CrossRef] [PubMed]

12.  Manan, S.; Wajid Ullah, M.; Ul-Islam, M.; Shi, Z.; Gauthier, M.; Yang, G. Bacterial cellulose: Molecular regulation of biosynthesis,
supramolecular assembly, and tailored structural and functional properties. Prog. Mater. Sci. 2022, 129, 100972. [CrossRef]

13. Aditya, T,; Allain, J.P,; Jaramillo, C.; Restrepo, A.M. Surface Modification of Bacterial Cellulose for Biomedical Applications. Int. ].
Mol. Sci. 2022, 23, 610. [CrossRef] [PubMed]

14. Aziz, T.; Farid, A.; Hagq, F,; Kiran, M,; Ullah, A.; Zhang, K,; Li, C.; Ghazanfar, S.; Sun, H.; Ullah, R.; et al. A Review on the
Modification of Cellulose and Its Applications. Polymers 2022, 14, 3206. [CrossRef] [PubMed]

15.  Angelin, J.; Kavitha, M. Exopolysaccharides from probiotic bacteria and their health potential. Int. ]. Biol. Macromol. 2020,
162, 853-865. [CrossRef] [PubMed]

16. Wiinsche, J.; Schmid, J. Acetobacteraceae as exopolysaccharide producers: Current state of knowledge and further perspectives.
Front. Bioeng. Biotechnol. 2023, 11, 1166618. [CrossRef]

17.  Diaz-Cornejo, S.; Otero, M.C.; Banerjee, A.; Gordillo-Fuenzalida, F. Biological properties of exopolysaccharides produced by
Bacillus spp. Microbiol. Res. 2023, 268, 127276. [CrossRef]

18.  Qi, M.; Zheng, C.; Wu, W.; Yu, G.; Wang, P. Exopolysaccharides from Marine Microbes: Source, Structure and Application. Mar.
Drugs 2022, 20, 512. [CrossRef]

19. Ibrahim, H.A.H.; Abou Elhassayeb, H.E.; El-Sayed, WM.M. Potential functions and applications of diverse microbial exopolysac-
charides in marine environments. J. Genet. Eng. Biotechnol. 2022, 20, 151. [CrossRef]

20. Juraskova, D.; Ribeiro, S.C.; Silva, C.C.G. Exopolysaccharides Produced by Lactic Acid Bacteria: From Biosynthesis to Health-
Promoting Properties. Food 2022, 11, 156. [CrossRef]

21. Serensen, HM.; Rochfort, K.D.; Maye, S.; MacLeod, G.; Brabazon, D.; Loscher, C.; Freeland, B. Exopolysaccharides of Lactic Acid
Bacteria: Production, Purification and Health Benefits towards Functional Food. Nutrients 2022, 14, 2938. [CrossRef] [PubMed]

22. Khalil, M.A; Sonbol, FI.; Al-Madboly, L.A.; Aboshady, T.A.; Alqurashi, A.S.; Ali, S.S. Exploring the Therapeutic Potentials of
Exopolysaccharides Derived from Lactic Acid Bacteria and Bifidobacteria: Antioxidant, Antitumor, and Periodontal Regeneration.
Front. Microbiol. 2022, 13, 803688. [CrossRef] [PubMed]

23.  Werning, M.L.; Hernandez-Alcantara, A.M.; Ruiz, M.].; Soto, L.P,; Duenas, M.T.; Lopez, P.; Frizzo, L.S. Biological Functions of
Exopolysaccharides from Lactic Acid Bacteria and Their Potential Benefits for Humans and Farmed Animals. Foods 2022, 11, 1284.
[CrossRef] [PubMed]

24. Miyamoto, ].; Shimizu, H.; Hisa, K.; Matsuzaki, C.; Inuki, S.; Ando, Y.; Nishida, A.; Izumi, A.; Yamano, M.; Ushiroda, C.; et al.
Host metabolic benefits of prebiotic exopolysaccharides produced by Leuconostoc mesenteroides. Gut Microbes 2023, 15, 2161271.
[CrossRef] [PubMed]

25. Casillo, A.; Lanzetta, R.; Parrilli, M.; Corsaro, M.M. Exopolysaccharides from marine and marine extremophilic bacteria:

Structures, properties, ecological roles and applications. Mar. Drugs 2018, 16, 69. [CrossRef] [PubMed]


https://doi.org/10.3390/polym15071801
https://www.ncbi.nlm.nih.gov/pubmed/37050415
https://doi.org/10.1016/j.resmic.2022.104024
https://www.ncbi.nlm.nih.gov/pubmed/36587857
https://doi.org/10.3390/polym13234136
https://www.ncbi.nlm.nih.gov/pubmed/34883639
https://doi.org/10.3390/polym13040530
https://www.ncbi.nlm.nih.gov/pubmed/33578978
https://doi.org/10.1016/j.ijbiomac.2020.04.084
https://www.ncbi.nlm.nih.gov/pubmed/32304790
https://doi.org/10.1080/10408398.2019.1575791
https://doi.org/10.1016/j.heliyon.2020.e04205
https://doi.org/10.1016/s0065-2911(08)60190-3
https://doi.org/10.1016/j.fochx.2022.100233
https://doi.org/10.3389/fmicb.2015.00496
https://doi.org/10.3390/ijms20225693
https://www.ncbi.nlm.nih.gov/pubmed/31739392
https://doi.org/10.1016/j.pmatsci.2022.100972
https://doi.org/10.3390/ijms23020610
https://www.ncbi.nlm.nih.gov/pubmed/35054792
https://doi.org/10.3390/polym14153206
https://www.ncbi.nlm.nih.gov/pubmed/35956720
https://doi.org/10.1016/j.ijbiomac.2020.06.190
https://www.ncbi.nlm.nih.gov/pubmed/32585269
https://doi.org/10.3389/fbioe.2023.1166618
https://doi.org/10.1016/j.micres.2022.127276
https://doi.org/10.3390/md20080512
https://doi.org/10.1186/s43141-022-00432-2
https://doi.org/10.3390/foods11020156
https://doi.org/10.3390/nu14142938
https://www.ncbi.nlm.nih.gov/pubmed/35889895
https://doi.org/10.3389/fmicb.2022.803688
https://www.ncbi.nlm.nih.gov/pubmed/35547125
https://doi.org/10.3390/foods11091284
https://www.ncbi.nlm.nih.gov/pubmed/35564008
https://doi.org/10.1080/19490976.2022.2161271
https://www.ncbi.nlm.nih.gov/pubmed/36604628
https://doi.org/10.3390/md16020069
https://www.ncbi.nlm.nih.gov/pubmed/29461505

Microorganisms 2023, 11, 1541 20 of 31

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Wang, J.; Salem, D.R.; Sani, R.K. Extremophilic exopolysaccharides: A review and new perspectives on engineering strategies and
applications. Carbohydr. Polym. 2019, 5, 8-26. [CrossRef]

Isfahani, EM.; Tahmourespour, A.; Hoodaji, M.; Ataabadi, M.; Mohammadi, A. Characterizing the new bacterial isolates of high
yielding exopolysaccharides under hypersaline conditions. J. Clean. Prod. 2018, 185, 922-928. [CrossRef]

Knowles, E.J.; Castenholz, R.W. Effect of exogenous extracellular polysaccharides on the desiccation and freezing tolerance of
rock-inhabiting phototrophic microorganisms. FEMS Microbiol. Ecol. 2008, 66, 261-270. [CrossRef]

Pallach, M.; Marchetti, R.; Di Lorenzo, F; Fabozzi, A.; Giraud, E.; Gully, D.; Paduano, L.; Molinaro, A.; D’Errico, G,;
Silipo, A. Zymomonas mobilis exopolysaccharide structure and role in high ethanol tolerance. Carbohydr. Polym. 2018,
201, 293-299. [CrossRef]

Kuschmierz, L.; Meyer, M.; Brasen, C.; Wingender, J.; Schmitz, O.].; Siebers, B. Exopolysaccharide composition and size in
Sulfolobus acidocaldarius biofilms. Front. Microbiol. 2022, 13, 982745. [CrossRef]

Secor, P.R.; Michaels, L.A.; Bublitz, D.C.; Jennings, L.K.; Singh, PK. The Depletion Mechanism Actuates Bacterial Aggregation by
Exopolysaccharides and Determines Species Distribution & Composition in Bacterial Aggregates. Front. Cell Infect. Microbiol.
2022, 12, 869736. [CrossRef] [PubMed]

Balducci, E.; Papi, F; Capialbi, D.E.; Del Bino, L. Polysaccharides” Structures and Functions in Biofilm Architecture of
Antimicrobial-Resistant (AMR) Pathogens. Int. ]. Mol. Sci. 2023, 24, 4030. [CrossRef] [PubMed]

Timilsina, S.; Potnis, N.; Newberry, E.A.; Liyanapathiranage, P.; Iruegas-Bocardo, F.; White, EF,; Goss, E.M.; Jones, J.B. Xanthomonas
diversity, virulence, and plant-pathogen interactions. Nat. Rev. Microbiol. 2020, 18, 415-427. [CrossRef] [PubMed]

Tang, ].L.; Tang, D.]J.; Dubrow, Z.E.; Bogdanove, A.; An, S.Q. Xanthomonas campestris Pathovars. Trends Microbiol. 2021, 29, 182-183.
[CrossRef] [PubMed]

Thompson, M.A.; Onyeziri, M.C.; Fuqua, C. Function and regulation of Agrobacterium tumefaciens cell surface structures that
promote attachment. Agrobacterium Biol. 2018, 418, 143-184. [CrossRef]

Ahmed, B; Jailani, A.; Lee, ].H.; Lee, J. Inhibition of growth, biofilm formation, virulence, and surface attachment of Agrobacterium
tumefaciens by cinnamaldehyde derivatives. Front. Microbiol. 2022, 13, 1001865. [CrossRef]

Khalid, M.Y.; Arif, Z.U. Novel biopolymer-based sustainable composites for food packaging applications: A narrative review.
Food Packag. Shelf Life 2022, 33, 100892. [CrossRef]

Liu, L,; Li, M.; Yu, M.; Shen, M.; Wang, Q.; Yu, Y.; Xie, J. Natural polysaccharides exhibit anti-tumor activity by targeting gut
microbiota. Int. ]. Biol. Macromol. 2019, 121, 743-751. [CrossRef]

Chakraborty, I; Sen, L K.; Mondal, S.; Rout, D.; Bhanja, S.K.; Maity, G.N.; Maity, P. Bioactive polysaccharides from natural sources:
A review on the antitumor and immunomodulating activities. Biocatal. Agric. Biotechnol. 2019, 22, 101425. [CrossRef]

Noufal, Z.M.; Sivaperumal, P.; Elumalai, P.J. Extraction, characterization, and anticancer potential of extracellular polymeric
substances from marine actinobacteria of Streptomyces species. Adv. Pharm. Technol. Res. 2022, 13 (Suppl. 1), S125-5129. [CrossRef]
Vinothkanna, A.; Sathiyanarayanan, G.; Rai, A.K.,; Mathivanan, K.; Saravanan, K.; Sudharsan, K.; Kalimuthu, P; Ma, Y,;
Sekar, S. Exopolysaccharide Produced by Probiotic Bacillus albus DM-15 Isolated from Ayurvedic Fermented Dasamoolarishta:
Characterization, Antioxidant, and Anticancer Activities. Front. Microbiol. 2022, 13, 832109. [CrossRef] [PubMed]

Andrew, M.; Jayaraman, G. Structural features of microbial exopolysaccharides in relation to their antioxidant activity. Carbohydr.
Res. 2020, 487, 107881. [CrossRef] [PubMed]

Khan, R.; Shah, M.D,; Shah, L.; Lee, P.C.; Khan, I. Bacterial polysaccharides-A big source for prebiotics and therapeutics. Front.
Nutr. 2022, 9, 1031935. [CrossRef] [PubMed]

Chaisuwan, W.; Jantanasakulwong, K.; Wangtueai, S.; Phimolsiripol, Y.; Chaiyaso, T.; Techapun, C.; Phongthai, S.; You, S.;
Regenstein, ].M.; Seesuriyachan, P. Microbial exopolysaccharides for immune enhancement: Fermentation, modifications and
bioactivities. Food Biosci. 2020, 35, 100564. [CrossRef]

Moscovici, M.; Balas, C. Bacterial polysaccharides versatile medical uses. In Polysaccharides of Microbial Origin: Biomedical
Applications; Oliveira, .M., Randhouani, H., Reis, R.L., Eds.; Springer: Cham, Switzerland, 2022; pp. 859-891.

Zhai, P; Peng, X,; Li, B; Liu, Y.; Sun, H.; Li, X. The application of hyaluronic acid in bone regeneration. Int. J. Biol. Macromol. 2020,
151, 1224-1239. [CrossRef]

Su, C.; Chen, Y,; Tian, S.; Lu, C.; Lv, Q. Research Progress on Emerging Polysaccharide Materials Applied in Tissue Engineering.
Polymers 2022, 14, 3268. [CrossRef]

Hu, H.; Xu, FJ. Rational design and latest advances of polysaccharide-based hydrogels for wound healing. Biomater. Sci. 2020,
8,2084-2101. [CrossRef]

Wu, L.; He, Y.;; Mao, H.; Gu, Z. Bioactive hydrogels based on polysaccharides and peptides for soft tissue wound management. J.
Mater. Chem. B 2022, 10, 7148-7160. [CrossRef]

Asgher, M.; Qamar, S.A.; Igbal, H.M.N. Microbial exopolysaccharide-based nanocarriers with unique multi-functionalities for
biomedical sectors. Biologia 2021, 76, 673-685. [CrossRef]

Qiu, A.; Wang, Y.; Zhang, G.; Wang, H. Natural Polysaccharide-Based Nanodrug Delivery Systems for Treatment of Diabetes.
Polymers 2022, 14, 3217. [CrossRef]

Islam, S.U.; Ul-Islam, M.; Ahsan, H.; Ahmed, M.B.; Shehzad, A.; Fatima, A.; Sonn, ].K.; Lee, Y.S. Potential applications of bacterial
cellulose and its composites for cancer treatment. Int. J. Biol. Macromol. 2020, 168, 301-309. [CrossRef] [PubMed]


https://doi.org/10.1016/j.carbpol.2018.10.011
https://doi.org/10.1016/j.jclepro.2018.03.030
https://doi.org/10.1111/j.1574-6941.2008.00568.x
https://doi.org/10.1016/j.carbpol.2018.08.072
https://doi.org/10.3389/fmicb.2022.982745
https://doi.org/10.3389/fcimb.2022.869736
https://www.ncbi.nlm.nih.gov/pubmed/35782109
https://doi.org/10.3390/ijms24044030
https://www.ncbi.nlm.nih.gov/pubmed/36835442
https://doi.org/10.1038/s41579-020-0361-8
https://www.ncbi.nlm.nih.gov/pubmed/32346148
https://doi.org/10.1016/j.tim.2020.06.003
https://www.ncbi.nlm.nih.gov/pubmed/32616307
https://doi.org/10.1007/82_2018_96
https://doi.org/10.3389/fmicb.2022.1001865
https://doi.org/10.1016/j.fpsl.2022.100892
https://doi.org/10.1016/j.ijbiomac.2018.10.083
https://doi.org/10.1016/j.bcab.2019.101425
https://doi.org/10.4103/japtr.japtr_331_22
https://doi.org/10.3389/fmicb.2022.832109
https://www.ncbi.nlm.nih.gov/pubmed/35308379
https://doi.org/10.1016/j.carres.2019.107881
https://www.ncbi.nlm.nih.gov/pubmed/31805426
https://doi.org/10.3389/fnut.2022.1031935
https://www.ncbi.nlm.nih.gov/pubmed/36407542
https://doi.org/10.1016/j.fbio.2020.100564
https://doi.org/10.1016/j.ijbiomac.2019.10.169
https://doi.org/10.3390/polym14163268
https://doi.org/10.1039/D0BM00055H
https://doi.org/10.1039/D2TB00591C
https://doi.org/10.2478/s11756-020-00588-7
https://doi.org/10.3390/polym14153217
https://doi.org/10.1016/j.ijbiomac.2020.12.042
https://www.ncbi.nlm.nih.gov/pubmed/33316340

Microorganisms 2023, 11, 1541 21 of 31

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Cacicedo, M.L,; Islan, G.A ; Le6n, LE.; Alvarez, V.A.; Chourpa, L; Allard-Vannier, E.; Castro, G.R. Bacterial cellulose hydrogel loaded
with lipid nanoparticles for localized cancer treatment. Colloids Surf. B Biointerfaces 2018, 170, 596-608. [CrossRef] [PubMed]

Zhang, L.K.; Du, S.; Wang, X.; Jiao, Y.; Yin, L.; Zhang, Y.; Guan, Y.Q. Bacterial cellulose based composites enhanced transdermal
drug targeting for breast cancer treatment. Chem. Eng. J. 2019, 370, 749-759. [CrossRef]

Inoue, B.S.; Streit, S.; Schneider, A.L.D.S.; Meier, M.M. Bioactive bacterial cellulose membrane with prolonged release of
chlorhexidine for dental medical application. Int. J. Biol. Macromol. 2020, 148, 1098-1108. [CrossRef]

Gangalla, R.; Gattu, S.; Palaniappan, S.; Ahamed, M.; Macha, B.; Thampu, R.K.; Fais, A.; Cincotti, A.; Gatto, G.; Dama, M.; et al.
Structural Characterisation and Assessment of the Novel Bacillus amyloliquefaciens RK3 Exopolysaccharide on the Improvement of
Cognitive Function in Alzheimer’s Disease Mice. Polymers 2021, 13, 2842. [CrossRef] [PubMed]

Shi, R.-J.; Wang, T.; Lang, J.-Q.; Zhou, N.; Ma, M.-G. Multifunctional Cellulose and Cellulose-Based (Nano) Composite Adsorbents.
Front. Bioeng. Biotechnol. 2022, 10, 891034. [CrossRef] [PubMed]

Varsha, M.; Senthil Kumar, P.; Senthil Rathi, B. A Review on Recent Trends in the Removal of Emerging Contaminants from
Aquatic Environment Using Low-Cost Adsorbents. Chemosphere 2022, 287, 132270. [CrossRef]

Galdino, C.].S.; Maia, A.D.; Meira, HM.; Souza, T.C.; Amorim, ].D.; Almeida, E.C.; Costa, A.E.; Sarubbo, L.A. Use of a bacterial
cellulose filter for the removal of oil from wastewater. Process. Biochem. 2020, 91, 288-296. [CrossRef]

Kalpana, R.; Angelaalincy, M.J.; Kamatchirajan, B.V.; Vasantha, V.S.; Ashokkumar, B.; Ganesh, V.; Varalakshmi, P. Exopolysaccha-
ride from Bacillus cereus VK1: Enhancement, characterization and its potential application in heavy metal removal. Colloids Surf. B
Biointerfaces 2018, 171, 327-334. [CrossRef]

Banerjee, A.; Sarkar, S.; Govil, T.; Gonzélez-Faune, P; Cabrera-Barjas, G.; Bandopadhyay, R.; Salem, D.R.; Sani, R.K. Extremophilic
Exopolysaccharides: Biotechnologies and Wastewater Remediation. Front. Microbiol. 2021, 12, 721365. [CrossRef]

Salama, A.; Abouzeid, R.; Leong, W.S.; Jeevanandam, J.; Samyn, P.; Dufresne, A.; Bechelany, M.; Barhoum, A. Nanocellulose-
Based Materials for Water Treatment: Adsorption, Photocatalytic Degradation, Disinfection, Antifouling, and Nanofiltration.
Nanomaterials 2021, 11, 3008. [CrossRef] [PubMed]

Ul-Islam, M.; Khan, S.; Ullah, M.W.,; Park, ] K. Bacterial cellulose composites: Synthetic strategies and multiple applications in
bio-medical and electro-conductive fields. Biotechnol. J. 2015, 10, 1847-1861. [CrossRef] [PubMed]

Shah, N.; Ul-Islam, M.; Khattak, W.A; Park, ].K. Overview of bacterial cellulose composites: A multipurpose advanced material.
Carbohydr. Polym. 2013, 98, 1585-1598. [CrossRef] [PubMed]

Mbituyimana, B.; Liu, L.; Ye, W.; Ode Boni, B.O.; Zhang, K.; Chen, J.; Thomas, S.; Revin, V.V,; Shi, Z.; Yang, G. Bacterial
cellulose-based composites for biomedical and cosmetic applications: Research progress and existing products. Carbohydr. Polym.
2021, 273, 118565. [CrossRef] [PubMed]

Liyaskina, E.V,; Rakova, N.A,; Kitykina, A.A.; Rusyaeva, V.V,; Toukach, P.V.; Fomenkov, A.; Vainauskas, S.; Roberts, R.J.;
Revin, V.V. Production and characterization of the exopolysaccharide from strain Paenibacillus polymyxa 2020. PLoS ONE 2021,
16, €0253482. [CrossRef] [PubMed]

Efremenko, E.; Senko, O.; Maslova, O.; Stepanov, N.; Aslanli, A.; Lyagin, I. Biocatalysts in Synthesis of Microbial Polysaccharides:
Properties and Development Trends. Catalysts 2022, 12, 1377. [CrossRef]

Revin, V.V,; Liyaskina, E.V.; Parchaykina, M.V.,; Kuzmenko, T.P,; Urgaeva, I.V.; Revin, V.D.; Ullah, M.W. Bacterial Cellulose-Based
Polymer Nanocomposites: A Review. Polymers 2022, 14, 4670. [CrossRef]

Xie, Z.; Meng, K.; Yang, X.; Liu, J.; Yu, J.; Zheng, C.; Cao, W.; Liu, H. Identification of a quorum sensing system regulating
capsule polysaccharide production and biofilm formation in Streptococcus zooepidemicus. Front. Cell. Infect. Microbiol. 2019,
9, 121. [CrossRef]

Wang, X.L.; Chen, N.; Li, J.; Han, C.F; Wang, S.; Hao, L.M,; Jia, S.R.; Han, P.P. The effects of quorum sensing molecule farnesol on
the yield and activity of extracellular polysaccharide from Grifola frondosa in liquid fermentation. Int. J. Biol. Macromol. 2021,
191, 377-384. [CrossRef]

Popa, L.; Ghica, M.V,; Tudoroiu, E.-E.; Ionescu, D.G.; Dinu-Pirvu, C.E. Bacterial Cellulose—A Remarkable Polymer as a Source for
Biomaterials Tailoring. Materials 2022, 15, 1054. [CrossRef]

Navya, P.V.; Gayathri, V.; Samanta, D.; Sampath, S. Macromolecules Bacterial Cellulose: A Promising Biopolymer with Interesting
Properties and Applications. Int. J. Biol. Macromol. 2022, 220, 435-461. [CrossRef] [PubMed]

Choi, S.M.; Shin, E.J. The Nanofication and Functionalization of Bacterial Cellulose and Its Applications. Nanomaterials 2020,
10, 406. [CrossRef] [PubMed]

Ullah, M.W.; Rojas, O.].; McCarthy, R.R.; Yang, G. Editorial: Nanocellulose: A Multipurpose Advanced Functional Material. Front.
Bioeng. Biotechnol. 2021, 9, 738779. [CrossRef] [PubMed]

Ul-Islam, M.; Ahmad, F; Fatima, A.; Shah, N.; Yasir, S.; Ahmad, M.W.; Manan, S.; Ullah, M.W. Ex situ Synthesis and
Characterization of High Strength Multipurpose Bacterial Cellulose- Aloe vera Hydrogels. Front. Bioeng. Biotechnol. 2021,
9, 601988. [CrossRef]

Kaczmarek, M.; Jedrzejczak-Krzepkowska, M.; Ludwicka, K. Comparative Analysis of Bacterial Cellulose Membranes Synthesized
by Chosen Komagataeibacter Strains and Their Application Potential. Int. . Mol. Sci. 2022, 23, 3391. [CrossRef] [PubMed]

Revin, V.V, Liyas’kina, E.V.; Sapunova, N.B.; Bogatyreva, A.O. Isolation and characterization of the strains producing bacterial
cellulose. Microbiology 2020, 14, 86-95. [CrossRef]


https://doi.org/10.1016/j.colsurfb.2018.06.056
https://www.ncbi.nlm.nih.gov/pubmed/29975908
https://doi.org/10.1016/j.cej.2019.03.216
https://doi.org/10.1016/j.ijbiomac.2020.01.036
https://doi.org/10.3390/polym13172842
https://www.ncbi.nlm.nih.gov/pubmed/34502882
https://doi.org/10.3389/fbioe.2022.891034
https://www.ncbi.nlm.nih.gov/pubmed/35497333
https://doi.org/10.1016/j.chemosphere.2021.132270
https://doi.org/10.1016/j.procbio.2019.12.020
https://doi.org/10.1016/j.colsurfb.2018.07.043
https://doi.org/10.3389/fmicb.2021.721365
https://doi.org/10.3390/nano11113008
https://www.ncbi.nlm.nih.gov/pubmed/34835769
https://doi.org/10.1002/biot.201500106
https://www.ncbi.nlm.nih.gov/pubmed/26395011
https://doi.org/10.1016/j.carbpol.2013.08.018
https://www.ncbi.nlm.nih.gov/pubmed/24053844
https://doi.org/10.1016/j.carbpol.2021.118565
https://www.ncbi.nlm.nih.gov/pubmed/34560976
https://doi.org/10.1371/journal.pone.0253482
https://www.ncbi.nlm.nih.gov/pubmed/34228741
https://doi.org/10.3390/catal12111377
https://doi.org/10.3390/polym14214670
https://doi.org/10.3389/fcimb.2019.00121
https://doi.org/10.1016/j.ijbiomac.2021.09.088
https://doi.org/10.3390/ma15031054
https://doi.org/10.1016/j.ijbiomac.2022.08.056
https://www.ncbi.nlm.nih.gov/pubmed/35963354
https://doi.org/10.3390/nano10030406
https://www.ncbi.nlm.nih.gov/pubmed/32106515
https://doi.org/10.3389/fbioe.2021.738779
https://www.ncbi.nlm.nih.gov/pubmed/34368111
https://doi.org/10.3389/fbioe.2021.601988
https://doi.org/10.3390/ijms23063391
https://www.ncbi.nlm.nih.gov/pubmed/35328811
https://doi.org/10.1134/S0026261720010130

Microorganisms 2023, 11, 1541 22 of 31

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Nie, W.; Zheng, X.; Feng, W.; Liu, Y,; Li, Y,; Liang, X. Characterization of Bacterial Cellulose Produced by Acetobacter Pasteurianus
MGC-NB8819 Utilizing Lotus Rhizome. LWT 2022, 165, 113763. [CrossRef]

Lee, Y.S.; Kim, J.Y.; Cha, M.Y;; Kang, H.C. Characteristics of biocellulose by Gluconobacter uchimurae GYS15. J. Soc. Cosmet. Sci.
Korea 2016, 42, 247-255. [CrossRef]

Barnhart, D.M,; Su, S.; Farrand, S.K. A signaling pathway involving the diguanylate cyclase CelR and the response regulator
DivK controls cellulose synthesis in Agrobacterium tumefaciens. J. Bacteriol. 2014, 196, 1257-1274. [CrossRef]

Hasanin, M.S.; Abdelraof, M.; Hashem, A.H.; El Saied, H. Sustainable bacterial cellulose production by Achromobacter using
mango peel waste. Microb. Cell Fact. 2023, 22, 24. [CrossRef]

Ji, K; Wang, W.; Zeng, B.; Chen, S.; Zhao, Q.; Chen, Y.; Li, G.; Ma, T. Bacterial cellulose synthesis mechanism of facultative
anaerobe Enterobacter sp. FY-07. Sci. Rep. 2016, 6, 21863. [CrossRef] [PubMed]

Gao, G,; Ji, K.; Zhang, Y,; Liu, X; Dai, X.; Zhi, B.; Cao, Y.; Liu, D.; Wu, M,; Li, G; et al. Microbial enhanced oil recovery through
deep profile control using a conditional bacterial cellulose-producing strain derived from Enterobacter sp. FY-07. Microb. Cell. Fact.
2020, 19, 59. [CrossRef] [PubMed]

Pérez-Mendoza, D.; Romero-Jiménez, L.; Rodriguez-Carvajal, M.A.; Lorite, M.J.; Mufioz, S.; Olmedilla, A.; Sanjudn, J. The Role of
Two Linear 3-Glucans Activated by c-di-GMP in Rhizobium etli CFN42. Biology 2022, 11, 1364. [CrossRef] [PubMed]

Ardré, M.; Dufour, D.; Rainey, P.B. Causes and Biophysical Consequences of Cellulose Production by Pseudomonas fluorescens
SBW25 at the Air-Liquid Interface. . Bacteriol. 2019, 201, e00110-19. [CrossRef]

Fratty, I.S.; Shachar, D.; Katsman, M.; Yaron, S. The activity of BcsZ of Salmonella Typhimurium and its role in Salmonella-plants
interactions. Front. Cell. Infect. Microbiol. 2022, 12, 967796. [CrossRef]

Bagewadi, Z.K.; Bhavikatti, ].S.; Muddapur, U.M.; Yaraguppi, D.A.; Mulla, S.I. Statistical Optimization and Characterization of
Bacterial Cellulose Produced by Isolated Thermophilic Bacillus licheniformis Strain ZBT2. Carbohydr. Res. 2020, 491, 107979. [CrossRef]
Li, G.; Wang, L.; Deng, Y.; Wei, Q. Research progress of the biosynthetic strains and pathways of bacterial cellulose. J. Ind.
Microbiol. Biotechnol. 2022, 49, kuab071. [CrossRef]

Komagata, K.; Lino, T.; Yamada, Y. The Family Acefobacteraceae. In The Prokaryotes Alphaproteobacteria and Betaproteobacteria; De
Long, E.F, Lory, S., Stackebrandt, E., Thompson, E,, Eds.; Springer-Verlag: Berlin/Heidelberg, Germany, 2014; pp. 3-78.
Yamada, Y.; Yukphan, P; Lan Vu, H.T.; Muramatsu, Y.; Ochaikul, D.; Tanasupawat, S.; Nakagawa, Y. Description of Komagataeibac-
ter gen. nov., with proposals of new combinations (Acetobacteraceae). J. Gen. Appl. Microbiol. 2012, 58, 397-404. [CrossRef]
Yamada, Y. Systematics of Acetic Acid Bacteria. In Acetic Acid Bacteria: Ecology and Physiology; Matsushita, K., Toyama, H.,
Tonouchi, N., Okamoto-Kainuma, A., Eds.; Springer: Tokyo, Japan, 2016; pp. 1-50.

Liu, L.X,; Liu, S.X.; Wang, Y.M.; Bi, ].C.; Chen, HM.,; Deng, ].; Zhang, C.; Hu, Q.S.; Li, C.F. Komagataeibacter cocois sp. nov., a novel
cellulose-producing strain isolated from coconut milk. Int. J. Syst. Evol. Microbiol. 2018, 68, 3125-3131. [CrossRef]

Naloka, K.; Yukphan, P.; Matsutani, M.; Matsushita, K.; Theeragool, G. Komagataeibacter diospyri sp. nov., a novel species of
thermotolerant bacterial nanocellulose-producing bacterium. Int. J. Syst. Evol. Microbiol. 2020, 70, 251-258. [CrossRef]

Skraban, J.; Cleenwerck, I.; Vandamme, P.; Fanedl, L.; Trcek, ]. Genome sequences and description of novel exopolysaccharides
producing species Komagataeibacter pomaceti sp. nov. and reclassification of Komagataeibacter kombuchae (Dutta and Gachhui 2007)
Yamada et al., 2013 as a later heterotypic synonym of Komagataeibacter hansenii (Gossele et al. 1983) Yamada et al., 2013. Syst. Appl.
Microbiol. 2018, 41, 581-592. [PubMed]

Yamada, Y.; Yukpan, P; Vu, HT.L.; Muramatsu, Y.; Ochaikul, D.; Nakagawa, Y. Subdivision of the genus Gluconacetobacter Yamada,
Hoshino and Ishikawa 1998: The proposal of Komagatabacter gen. nov., for strains accomodated to the Gluconacetobacter xylinus
group in the a-Proteobacteria. Ann. Microbiol. 2012, 62, 849-859. [CrossRef]

Yamada, Y. Transfer of Gluconacetobacter kakiaceti, Gluconacetobacter medellinensis and Gluconacetobacter maltaceti to the genus
Komagataeibacter as Komagataeibacter kakiaceti comb. nov., Komagataeibacter medellinensis comb. nov. and Komagataeibacter maltaceti
comb. nov. Int. ]. Syst. Evol. Microbiol. 2014, 64, 1670-1672. [PubMed]

Zhang, Q.; Poehlein, A.; Hollensteiner, J.; Daniela, R. Draft Genome Sequence of Komagataeibacter maltaceti LMG 1529 T a
Vinegar-Producing Acetic Acid Bacterium Isolated from Malt Vinegar Brewery Acetifiers. Genome Announc. 2018, 6, e€00330-18.
[CrossRef] [PubMed]

Hordt, A.; Lopez, M.G.; Meier-Kolthoff, ].P.; Schleuning, M.; Weinhold, L.M.; Tindall, B.J.; Gronow, S.; Kyrpides, N.C.; Woyke, T.;
Goker, M. Analysis of 1,000+ Type-Strain Genomes Substantially Improves Taxonomic Classification of Alphaproteobacteria. Front.
Microbiol. 2020, 11, 468. [CrossRef] [PubMed]

Mari¢, L.; Cleenwerck, I.; Accetto, T.; Vandamme, P,; Tréek, J. Description of Komagataeibacter melaceti sp. nov. and Komagataeibacter
melomenusus sp. nov. Isolated from Apple Cider Vinegar. Microorganisms 2020, 8, 1178. [CrossRef] [PubMed]

Ogino, H.; Azuma, Y.; Hosoyama, A.; Nakazawa, H.; Matsutani, M.; Hasegawa, A.; Otsuyama, K.; Matsushita, K.; Fujita, N.;
Shirai, M. Complete genome sequence of NBRC 3288, a unique cellulose-nonproducing strain of Gluconacetobacter xylinus isolated
from vinegar. J. Bacteriol. 2011, 193, 6997-6998. [CrossRef] [PubMed]

Zhang, H.; Xu, X.; Chen, X; Yuan, E; Sun, B.; Xu, Y,; Yang, ].; Sun, D. Complete genome sequence of the cellulose-producingstrain
Komagataeibacter nataicola RZS01. Sci. Rep. 2017, 7, 4431. [CrossRef]

Florea, M.; Reeve, B.; Abbott, J.; Freemont, P.S; Ellis, T. Genome sequence and plasmid transformation of the model high-yield
bacterial cellulose producer Gluconacetobacter hansenii ATCC 53582. Sci. Rep. 2016, 6, 23635. [CrossRef]


https://doi.org/10.1016/j.lwt.2022.113763
https://doi.org/10.15230/SCSK.2016.42.3.247
https://doi.org/10.1128/JB.01446-13
https://doi.org/10.1186/s12934-023-02031-3
https://doi.org/10.1038/srep21863
https://www.ncbi.nlm.nih.gov/pubmed/26911736
https://doi.org/10.1186/s12934-020-01314-3
https://www.ncbi.nlm.nih.gov/pubmed/32138785
https://doi.org/10.3390/biology11091364
https://www.ncbi.nlm.nih.gov/pubmed/36138843
https://doi.org/10.1128/JB.00110-19
https://doi.org/10.3389/fcimb.2022.967796
https://doi.org/10.1016/j.carres.2020.107979
https://doi.org/10.1093/jimb/kuab071
https://doi.org/10.2323/jgam.58.397
https://doi.org/10.1099/ijsem.0.002947
https://doi.org/10.1099/ijsem.0.003745
https://www.ncbi.nlm.nih.gov/pubmed/30177404
https://doi.org/10.1007/s13213-011-0288-4
https://www.ncbi.nlm.nih.gov/pubmed/24523443
https://doi.org/10.1128/genomeA.00330-18
https://www.ncbi.nlm.nih.gov/pubmed/29674558
https://doi.org/10.3389/fmicb.2020.00468
https://www.ncbi.nlm.nih.gov/pubmed/32373076
https://doi.org/10.3390/microorganisms8081178
https://www.ncbi.nlm.nih.gov/pubmed/32756518
https://doi.org/10.1128/JB.06158-11
https://www.ncbi.nlm.nih.gov/pubmed/22123756
https://doi.org/10.1038/s41598-017-04589-6
https://doi.org/10.1038/srep23635

Microorganisms 2023, 11, 1541 23 of 31

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Kubiak, K.; Kurzawa, M.; Jedrzejczak-Krzepkowska, M.; Ludwicka, K.; Krawczyk, M.; Migdalski, A.; Kacprzak, M.M.; Loska, D.;
Krystynowicz, A.; Bielecki, S. Complete genome sequence of Gluconacetobacter xylinus E25 strain-Valuable and effective producer
of bacterial nanocellulose. J. Biotechnol. 2014, 176, 18-19. [CrossRef]

Liu, M,; Liu, L.; Jia, S. Complete genome analysis of Gluconacetobacter xylinus CGMCC 2955 for elucidating bacterial cellulose
biosynthesis and metabolic regulation. Sci. Rep. 2018, 8, 6266. [CrossRef] [PubMed]

Ryngajllo, M.; Kubiak, K.; Jedrzejczak-Krzepkowska, M.; Jacek, P,; Bielecki, S. Comparative genomics of the Komagataeibacter
strains-Efficient bionanocellulose producers. Microbiologyopen 2018, 8, e00731. [CrossRef] [PubMed]

Lu, T;; Gao, H.; Liao, B.; Wu, J.; Zhang, W.; Huang, J.; Liu, M.; Huang, J.; Chang, Z.; Jin, M.,; et al. Characterization and
optimization of production of bacterial cellulose from strain CGMCC 17276 based on whole-genome analysis. Carbohydr. Polym.
2020, 232, 115788. [CrossRef] [PubMed]

Cannazza, P.; Rissanen, A.].; Guizelini, D.; Losoi, P; Sarlin, E.; Romano, D.; Santala, V.; Mangayil, R. Characterization of
Komagataeibacter Isolate Reveals New Prospects in Waste Stream Valorization for Bacterial Cellulose Production. Microorganisms.
2021, 9, 2230. [CrossRef]

Mangayil, R.; Rissanen, A.]J.; Pammo, A.; Guizelini, D.; Losoi, P.; Sarlin, E.; Tuukkanen, S.; Santala, V. Characterization of a novel
bacterial cellulose producer for the production of eco-friendly piezoelectric-responsive films from a minimal medium containing
waste carbon. Cellulose 2021, 28, 671-689. [CrossRef]

Hollensteiner, J.; Poehlein, A.; Kloskowski, P.; Ali, T.T.; Daniel, R. Genome Sequence of Komagataeibacter saccharivorans Strain JH1,
Isolated from Fruit Flies. Microbiol. Resour. Announc. 2020, 9, e€00098-20. [CrossRef] [PubMed]

Nagmetova, G.; Berdimuratova, K.; Amirgazin, A.; Shevtsov, V.; Ismailova, A.; Ramankulov, Y.; Shevtsov, A.; Kurmanbayev, A.
Draft genome sequence of a potential commercial biocellulose producer, strain Komagataeibacter europaeus GH1. Microbiol. Resour.
Announc. 2020, 9, e00963-20. [CrossRef]

Cannazza, P; Rissanen, A.].; Sarlin, E.; Guizelini, D.; Minardi, C.; Losoi, P; Molinari, F.; Romano, D.; Mangayil, R. Characterization,
genome analysis and genetic tractability studies of a new nanocellulose producing Komagataeibacter intermedius isolate. Sci. Rep.
2022, 12, 20520. [CrossRef]

Ryngajtto, M.; Jedrzejczak-Krzepkowska, M.; Kubiak, K.; Ludwicka, K.; Bielecki, S. Towards control of cellulose biosynthesis
by Komagataeibacter using systems-level and strain engineering strategies: Current progress and perspectives. Appl. Microbiol.
Biotechnol. 2020, 104, 6565-6585. [CrossRef]

Prudnikova, S.V.; Shidlovsky, I.P. The New Strain of Acetic Acid Bacteria Komagataeibacter xylinus B-12068-Producer of Bacterial
Cellulose for Biomedical Applications. . Sib. Fed. Univ. Biology 2017, 10, 246-254. [CrossRef]

Krystynowicz, A.; Koziotkiewicz, M.; Wiktorowska-Jezierska, A.; Bielecki, S.; Klemenska, E.; Masny, A.; Plucienniczak, A.
Molecular basis of cellulose biosynthesis disappearance in submerged culture of Acetobacter xylinum. Acta Biochim. Pol. 2005,
52, 691-698. [CrossRef] [PubMed]

Strap, J.L.; Latos, A.; Shim, I.; Bonetta, D.T. Characterization of pellicle inhibition in Gluconacetobacter xylinus 53582 by a small
molecule, pellicin, identified by a chemical genetics screen. PLoS ONE 2011, 6, e28015. [CrossRef] [PubMed]

Gromovykh, T.IL; Sadykova, V.S.; Lutcenko, S.V.; Dmitrenok, A.S.; Feldman, N.B.; Danilchuk, T.N.; Kashirin, V.V. Bacterial
cellulose synthesized by Gluconacetobacter hansenii for medical applications. Appl. Biochem. Microbiol. 2017, 53, 60-67. [CrossRef]
Volova, T.; Prudnikova, S.V.; Sukovatyi, A.G.; Shishatskaya, E.I. Production and properties of bacterial cellulose by the strain
Komagataeibacter xylinus B-12068. Appl. Microbiol. Biotechnol. 2018, 102, 7417-7428. [CrossRef]

Semjonovs, P.; Ruklisha, M.; Paegle, L.; Saka, M.; Treimane, R.; Skute, M.; Rozenberga, L.; Vikele, L.; Sabovics, M.; Cleenwerck,
I. Cellulose synthesis by Komagataeibacter rhaeticus strain P 1463 isolated from Kombucha. Appl. Microbiol. Biotechnol. 2017,
101, 1003-1012. [CrossRef] [PubMed]

Jacek, P; da Silva, EA.S.; Dourado, F; Bielecki, S.; Gama, M. Optimization and characterization of bacterial nanocellulose
produced by Komagataeibacter rhaeticus K3. Carbohydr. Polym. Technol. Appl. 2021, 2, 100022. [CrossRef]

Dos Santos, R.A; Berretta, A.A.; Barud, H.S. Draft Genome Sequence of Komagataeibacter intermedius Strain AF2, a Producer of
Cellulose, Isolated from Kombucha Tea. Genome Announc. 2015, 3, e01404-15. [CrossRef] [PubMed]

Wang, B.; Rutherfurd-Markwick, K.; Zhang, X.-X.; Mutukumira, A.N. Kombucha: Production and Microbiological Research.
Foods 2022, 11, 3456. [CrossRef]

Landis, E.A.; Fogarty, E.; Edwards, J.C.; Popa, O.; Eren, A.M.; Wolfe, B.E. Microbial Diversity and Interaction Specificity in
Kombucha Tea Fermentations. mSystems 2022, 7, €0015722. [CrossRef]

Kahraman-Ilikkan, O. Microbiome composition of kombucha tea from Tiirkiye using high-throughput sequencing. J. Food Sci.
Technol. 2023, 60, 1826-1833. [CrossRef]

De Filippis, E; Troise, A.D.; Vitaglione, P.; Ercolini, D. Different temperatures select distinctive acetic acid bacteria species and
promotes organic acids production during Kombucha tea fermentation. Food Microbiol. 2018, 73, 11-16. [CrossRef] [PubMed]
Arikan, M.; Mitchell, A.L; Finn, R.D.; Giirel, F. Microbial composition of Kombucha determined using amplicon sequencing and
shotgun metagenomics. J. Food Sci. 2020, 85, 455-464. [CrossRef] [PubMed]

Harrison, K.; Curtin, C. Microbial composition of SCOBY starter cultures used by commercial kombucha brewers in North
America. Microorganisms 2021, 9, 1060. [CrossRef] [PubMed]


https://doi.org/10.1016/j.jbiotec.2014.02.006
https://doi.org/10.1038/s41598-018-24559-w
https://www.ncbi.nlm.nih.gov/pubmed/29674724
https://doi.org/10.1002/mbo3.731
https://www.ncbi.nlm.nih.gov/pubmed/30365246
https://doi.org/10.1016/j.carbpol.2019.115788
https://www.ncbi.nlm.nih.gov/pubmed/31952596
https://doi.org/10.3390/microorganisms9112230
https://doi.org/10.1007/s10570-020-03551-6
https://doi.org/10.1128/MRA.00098-20
https://www.ncbi.nlm.nih.gov/pubmed/32217677
https://doi.org/10.1128/MRA.00963-20
https://doi.org/10.1038/s41598-022-24735-z
https://doi.org/10.1007/s00253-020-10671-3
https://doi.org/10.17516/1997-1389-0017
https://doi.org/10.18388/abp.2005_3432
https://www.ncbi.nlm.nih.gov/pubmed/16175243
https://doi.org/10.1371/journal.pone.0028015
https://www.ncbi.nlm.nih.gov/pubmed/22174763
https://doi.org/10.1134/S0003683817010094
https://doi.org/10.1007/s00253-018-9198-8
https://doi.org/10.1007/s00253-016-7761-8
https://www.ncbi.nlm.nih.gov/pubmed/27678116
https://doi.org/10.1016/j.carpta.2020.100022
https://doi.org/10.1128/genomeA.01404-15
https://www.ncbi.nlm.nih.gov/pubmed/26634755
https://doi.org/10.3390/foods11213456
https://doi.org/10.1128/msystems.00157-22
https://doi.org/10.1007/s13197-023-05725-z
https://doi.org/10.1016/j.fm.2018.01.008
https://www.ncbi.nlm.nih.gov/pubmed/29526195
https://doi.org/10.1111/1750-3841.14992
https://www.ncbi.nlm.nih.gov/pubmed/31957879
https://doi.org/10.3390/microorganisms9051060
https://www.ncbi.nlm.nih.gov/pubmed/34068887

Microorganisms 2023, 11, 1541 24 of 31

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Andrés-Barrao, C.; Saad, M.M.; Cabello Ferrete, E.; Bravo, D.; Chappuis, M.L.; Ortega Pérez, R.; Junier, P.; Perret, X.; Barja, F.
Metaproteomics and ultrastructure characterization of Komagataeibacter spp. involved in high-acid spirit vinegar production. Food
Microbiol. 2016, 55, 112-122. [CrossRef]

Kim, 5.Y.; Kim, J.N.; Wee, Y.J.; Park, D.H.; Ryu, H.W. Production of bacterial cellulose by Gluconacetobacter sp. RKY5 isolated from
persimmon vinegar. Appl. Biochem. Biotechnol. 2006, 131, 705-715. [CrossRef] [PubMed]

Castro, C.; Zuluaga, R.; Alvarez, C.; Putaux, J.L.; Caro, G.; Rojas, O.].; Mondragon, I.; Gafian, P. Bacterial cellulose produced by a
new acid-resistant strain of Gluconacetobacter genus. Carbohydr. Polym. 2012, 89, 1033-1037. [CrossRef] [PubMed]

Cepec, E.; Treek, J. Antimicrobial Resistance of Acetobacter and Komagataeibacter Species Originating from Vinegars. Int. ]. Environ.
Res. Public Health 2022, 19, 463. [CrossRef] [PubMed]

Greser, A.B.; Avcioglu, N.H. Optimization and Physicochemical Characterization of Bacterial Cellulose by Komagataeibacter
nataicola and Komagataeibacter maltaceti Strains Isolated from Grape, Thorn Apple and Apple Vinegars. Arch. Microbiol. 2022,
204, 465. [CrossRef]

Lin, S.P; Huang, Y.-H.; Hsu, K.-D.; Lai, Y.J.; Chen, Y.K.; Cheng, K.C. Isolation and identification of cellulose-producing strain
Komagataeibacter intermedius from fermented fruit juice. Carbohydr. Polym. 2016, 151, 827-833. [CrossRef]

Dellaglio, F.; Cleenwerck, I.; Felis, G.E. Description of Gluconacetobacter swingsii sp. nov. and Gluconacetobacter rhaeticus sp. nov.,
isolated from Italian apple fruit. Int. |. Syst. Evol. Microbiol. 2005, 55, 2365-2370. [CrossRef]

Kim, S.S; Lee, S.Y.; Park, K.J.; An, H.J.; Hyun, ].M.; Choi, Y.H. Gluconacetobacter sp. gel_SEA623-2, bacterial cellulose producing
bacterium isolated from citrus fruit juice. Saudi J. Biol. Sci. 2017, 24, 314-319. [CrossRef] [PubMed]

Jahan, F; Kumar, V.,; Rawat, G.; Saxena, R.K. Production of microbial cellulose by a bacterium isolated from fruit. Biochem.
Biotechnol. 2012, 167, 1157-1171. [CrossRef] [PubMed]

Augimeri, R.V,; Varley, A ].; Strap, J.L. Establishing a Role for Bacterial Cellulose in Environmental Interactions: Lessons Learned
from Diverse Biofilm-Producing Proteobacteria. Front. Microbiol. 2015, 6, 1282. [CrossRef] [PubMed]

Romling, U.; Galperin, M.Y. Bacterial cellulose biosynthesis: Diversity of operons, subunits, products, and functions. Trends
Microbiol. 2015, 23, 545-557. [CrossRef] [PubMed]

Castiblanco, L.E,; Sundin, G.W. Cellulose production, activated by cyclic di-GMP through BesA and BesZ, is a virulence factor
and an essential determinant of the three-dimensional architectures of biofilms formed by Erwinia amylovora Ea1189. Mol. Plant
Pathol. 2018, 19, 90-103. [CrossRef] [PubMed]

Varghese, A.; Ray, S.; Verma, T.; Nandi, D. Multicellular String-Like Structure Formation by Salmonella Typhimurium Depends on
Cellulose Production: Roles of Diguanylate Cyclases, YedQ and YfiN. Front. Microbiol. 2020, 11, 613704. [CrossRef] [PubMed]
Lamprokostopoulou, A.; Rémling, U. Yin and Yang of Biofilm Formation and Cyclic di-GMP Signaling of the Gastrointestinal
Pathogen Salmonella enterica Serovar Typhimurium. J. Innate Immun. 2022, 14, 275-292. [CrossRef]

Lee, K.Y.; Buldum, G.; Mantalaris, A.; Bismarck, A. More than meets the eye in bacterial cellulose: Biosynthesis, bioprocessing,
and applications in advanced fiber. Macromol. Biosci. 2014, 14, 10-32. [CrossRef]

Valera, M.].; Mas, A.; Streit, W.R.; Mateo, E. GqqA, a novel protein in Komagataeibacter europaeus involved in bacterial quorum
quenching and cellulose formation. Microb. Cell Fact. 2016, 24, 88. [CrossRef]

Isenberg, R.Y.; Christensen, D.G.; Visick, K.L.; Mandel, M.]. High Levels of Cyclic Diguanylate Interfere with Beneficial Bacterial
Colonization. mBio 2022, 13, e0167122. [CrossRef]

Thongsomboon, W.; Serra, D.O.; Possling, A.; Hadjineophytou, C.; Hengge, R.; Cegelski, L. Phosphoethanolamine Cellulose: A
Naturally Produced Chemically Modified Cellulose. Science 2018, 359, 334-338. [CrossRef] [PubMed]

Chakraborty, P; Bajeli, S.; Kaushal, D.; Radotra, B.D.; Kumar, A. Biofilm formation in the lung contributes to virulence and drug
tolerance of Mycobacterium tuberculosis. Nat. Commun. 2021, 12, 1606. [CrossRef] [PubMed]

McNamara, J.T.; Morgan, J.L.; Zimmer, ]. A molecular description of cellulose biosynthesis. Annu. Rev. Biochem. 2015, 84, 895-921.
[CrossRef] [PubMed]

Abidi, W.; Torres-Sanchez, L.; Siroy, A.; Krasteva, P.V. Weaving of bacterial cellulose by the Bes secretion systems. FEMS Microbiol.
Rev. 2022, 46, fuab051. [CrossRef] [PubMed]

Singhania, R.R.; Patel, A.K.; Tsai, M.L.; Chen, C.W.; Di Dong, C. Genetic modification for enhancing bacterial cellulose production
and its applications. Bioengineered 2021, 12, 6793-6807. [CrossRef] [PubMed]

Moradi, M; Jacek, P.; Farhangfar, A.; Guimaraes, ].T.; Forough, M. The role of genetic manipulation and in situ modifications on
production of bacterial nanocellulose: A review. Int. J. Biol. Macromol. 2021, 183, 635-650. [CrossRef] [PubMed]

Kuo, C.H,; Teng, H.Y.; Lee, C.K. Knockout of glucose dehydrogenase gene in Gluconacetobacter xylinus for bacterial cellulose
production enhancement. Biotechnol Bioprocess Eng. 2015, 20, 18-25. [CrossRef]

Imai, T.; Sun, S.J.; Horikawa, Y.; Wada, M.; Sugiyama, J. Functional reconstitution of cellulose synthase in Escherichia coli.
Biomacromolecules 2014, 15, 4206-4213. [CrossRef] [PubMed]

Al-Janabi, S.S.; Shawky, H.; El-Waseif, A A.; Farrag, A.A.; Abdelghany, T.M.; El-Ghwas, D.E. Stable, efficient, and cost-effective
system for the biosynthesis of recombinant bacterial cellulose in Escherichia coli DH5_ platform. J. Gen. Eng. Biotechnol. 2022,
20, 90. [CrossRef]

Jozala, A.E,; de Lencastre-Novaes, L.C.; Lopes, A.M.; de Carvalho Santos-Ebinuma, V.; Mazzola, P.G.; Pessoa, A., Jr.; Grotto, D.;
Gerenutti, M.; Chaud, M.V. Bacterial nanocellulose production and application: A 10-year overview. Appl. Microbiol. Biotechnol.
2016, 100, 2063-2072. [CrossRef]


https://doi.org/10.1016/j.fm.2015.10.012
https://doi.org/10.1385/ABAB:131:1:705
https://www.ncbi.nlm.nih.gov/pubmed/18563647
https://doi.org/10.1016/j.carbpol.2012.03.045
https://www.ncbi.nlm.nih.gov/pubmed/24750910
https://doi.org/10.3390/ijerph19010463
https://www.ncbi.nlm.nih.gov/pubmed/35010733
https://doi.org/10.1007/s00203-022-03083-6
https://doi.org/10.1016/j.carbpol.2016.06.032
https://doi.org/10.1099/ijs.0.63301-0
https://doi.org/10.1016/j.sjbs.2015.09.031
https://www.ncbi.nlm.nih.gov/pubmed/28149167
https://doi.org/10.1007/s12010-012-9595-x
https://www.ncbi.nlm.nih.gov/pubmed/22391690
https://doi.org/10.3389/fmicb.2015.01282
https://www.ncbi.nlm.nih.gov/pubmed/26635751
https://doi.org/10.1016/j.tim.2015.05.005
https://www.ncbi.nlm.nih.gov/pubmed/26077867
https://doi.org/10.1111/mpp.12501
https://www.ncbi.nlm.nih.gov/pubmed/27753193
https://doi.org/10.3389/fmicb.2020.613704
https://www.ncbi.nlm.nih.gov/pubmed/33381103
https://doi.org/10.1159/000519573
https://doi.org/10.1002/mabi.201300298
https://doi.org/10.1186/s12934-016-0482-y
https://doi.org/10.1128/mbio.01671-22
https://doi.org/10.1126/science.aao4096
https://www.ncbi.nlm.nih.gov/pubmed/29348238
https://doi.org/10.1038/s41467-021-21748-6
https://www.ncbi.nlm.nih.gov/pubmed/33707445
https://doi.org/10.1146/annurev-biochem-060614-033930
https://www.ncbi.nlm.nih.gov/pubmed/26034894
https://doi.org/10.1093/femsre/fuab051
https://www.ncbi.nlm.nih.gov/pubmed/34634120
https://doi.org/10.1080/21655979.2021.1968989
https://www.ncbi.nlm.nih.gov/pubmed/34519629
https://doi.org/10.1016/j.ijbiomac.2021.04.173
https://www.ncbi.nlm.nih.gov/pubmed/33957199
https://doi.org/10.1007/s12257-014-0316-x
https://doi.org/10.1021/bm501217g
https://www.ncbi.nlm.nih.gov/pubmed/25285473
https://doi.org/10.1186/s43141-022-00384-7
https://doi.org/10.1007/s00253-015-7243-4

Microorganisms 2023, 11, 1541 25 of 31

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.
168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.
181.

182.

Revin, V,; Liyaskina, E.; Nazarkina, M.; Bogatyreva, A.; Shchankin, M. Cost-Effective Production of Bacterial Cellulose Using
Acidic Food Industry by-Products. Braz. ]. Microbiol. 2018, 49, 151-159. [CrossRef] [PubMed]

Ul-Islam, M.; Ullah, M.W.; Khan, S.; Park, J.K. Production of bacterial cellulose from alternative cheap and waste resources: A
step for cost reduction with positive environmental aspects. Korean J. Chem. Eng. 2020, 37, 925-937. [CrossRef]

Czaja, W.; Romanovicz, D.; Brown, R.M. Structural investigations of microbial cellulose produced in stationary and agitated
culture. Cellulose 2004, 11, 403-411. [CrossRef]

Bi, J.-C.; Liu, S.-X,; Li, C.-F; Li, J.; Liu, L.-X.; Deng, J.; Yang, Y.-C. Morphology and structure characterization of bacterial celluloses
produced by different strains in agitated culture. J. Appl. Microbiol. 2014, 117, 1305-1311. [CrossRef] [PubMed]

Islam, M.U.; Ullah, M.W,; Khan, S.; Shah, N.; Park, ].K. Strategies for cost-effective and enhanced production of bacterial cellulose.
Int. J. Biol. Macromol. 2017, 102, 1166-1173. [CrossRef] [PubMed]

Gao, H.; Sun, Q.; Han, Z,; Li, J.; Liao, B.; Hu, L.; Huang, J.; Zou, C,; Jia, C.; Huang, J.; et al. Comparison of bacterial nanocellulose
produced by different strains under static and agitated culture conditions. Carbohydr. Polym. 2020, 227, 115323. [CrossRef] [PubMed]
Zhang, W.; Wang, X.; Qi, X.; Ren, L.; Qiang, T. Isolation and identification of a bacterial cellulose synthesizing strain from
kombucha in different conditions: Gluconacetobacter xylinus ZHC]618. Food Sci. Biotechnol. 2018, 27, 705-713. [CrossRef]

Ullah, M.W,; Ul-Islam, M.; Khan, S.; Kim, Y.; Park, ].K. Innovative production of bio-cellulose using a cell-free system derived
from a single cell line. Carbohydr. Polym. 2015, 132, 286-294. [CrossRef]

Ullah, M.W.; Khattak, W.A; Ul-Islam, M.; Khan, S.; Park, ].K. Metabolic engineering of synthetic cell-free systems: Strategies and
applications. Biochem. Eng. ]. 2016, 105, 391-405. [CrossRef]

Kim, Y,; Ullah, M.W.; Ul-Islam, M.; Khan, S.; Jang, ].H.; Park, ] K. Self-assembly of bio-cellulose nanofibrils through intermediate
phase in a cell-free enzyme system. Biochem. Eng. ]. 2019, 142, 135-144. [CrossRef]

Liu, K.; Catchmark, .M. Bacterial cellulose/hyaluronic acid nanocomposites production through co-culturing Gluconacetobacter
hansenii and Lactococcus lactis in a two-vessel circulating system. Bioresour. Technol. 2019, 290, 121715. [CrossRef] [PubMed]
Cubas, A.L.V;; Provin, A.P.,; Dutra, A.R.A.; Mouro, C.; Gouveia, 1.C. Advances in the Production of Biomaterials through
Kombucha Using Food Waste: Concepts, Challenges, and Potential. Polymers 2023, 15, 1701. [CrossRef] [PubMed]

Sionkowska, A.; Mezykowska, O.; Piatek, J. Bacterial nanocelullose in biomedical applications: A review. Polym. Int. 2019,
68, 1841-1847. [CrossRef]

Choi, SM.; Rao, KM.; Zo, SM.; Shin, E.J.; Han, S.S. Bacterial Cellulose and Its Applications. Polymers 2022, 14, 1080. [CrossRef] [PubMed]
Gorgieva, S. Bacterial Cellulose as a Versatile Platform for Research and Development of Biomedical Materials. Processes 2020,
8, 624. [CrossRef]

Nicu, R,; Ciolacu, E; Ciolacu, D.E. Advanced Functional Materials Based on Nanocellulose for Pharmaceutical /Medical Applica-
tions. Pharmaceutics 2021, 13, 1125. [CrossRef] [PubMed]

Pandit, A.; Kumar, R. A Review on Production, Characterization and Application of Bacterial Cellulose and Its Biocomposites. J.
Polym. Environ. 2021, 29, 2738-2755. [CrossRef]

Swingler, S.; Gupta, A.; Gibson, H.; Kowalczuk, M.; Heaselgrave, W.; Radecka, I. Recent advances and applications of bacterial
cellulose in biomedicine. Polymers 2021, 13, 412. [CrossRef]

Randhawa, A.; Dutta, S.D.; Ganguly, K,; Patil, T.V,; Patel, D.K.; Lim, K.-T. A Review of Properties of Nanocellulose, Its Synthesis,
and Potential in Biomedical Applications. Appl. Sci. 2022, 12, 7090. [CrossRef]

Avcioglu, N.H. Bacterial cellulose: Recent progress in production and industrial applications. World ]. Microbiol. Biotechnol. 2022,
38, 86. [CrossRef]

Ullah, M.W,; Ul-Islam, M.; Wahid, F,; Yang, G. Editorial: Nanocellulose: A Multipurpose Advanced Functional Material, Volume
II. Front. Bioeng. Biotechnol. 2022, 10, 931256. [CrossRef] [PubMed]

El-Gendi, H.; Tarek, T.H.; Ray, ].B.; Saleh, A.K. Recent Advances in Bacterial Cellulose: A Low-Cost Effective Production Media,
Optimization Strategies and Applications. Cellulose 2022, 29, 7495-7533. [CrossRef]

Norizan, M.N.; Shazleen, S.S.; Alias, A.H.; Sabaruddin, F.A.; Asyraf, M.R.M.; Zainudin, E.S.; Abdullah, N.; Samsudin, M.S;
Kamarudin, S.H.; Norrrahim, M.N.F. Nanocellulose-Based Nanocomposites for Sustainable Applications: A Review. Nanomaterials
2022, 12, 3483. [CrossRef] [PubMed]

Poulose, A.; Parameswaranpillai, J.; George, J.].; Gopi, J.A.; Krishnasamy, S.; Dominic, C.D.M.; Hameed, N.; Salim, N.V.; Radoor,
S.; Sienkiewicz, N. Nanocellulose: A Fundamental Material for Science and Technology Applications. Molecules 2022, 27, 8032.
[CrossRef] [PubMed]

Singhania, R.R.; Patel, A.K; Tseng, Y.S.; Kumar, V.; Chen, C.W.; Haldar, D.; Saini, ] K.; Dong, C.-D. Developments in Bioprocess
for Bacterial Cellulose Production. Bioresour. Technol. 2022, 344, 126343. [CrossRef]

Wahid, F.; Huang, L.-H.; Zhao, X.-Q.; Li, W.-C.; Wang, Y.-Y,; Jia, S.-R.; Zhong, C. Bacterial cellulose and its potential for biomedical
applications. Biotechnol. Adv. 2021, 53, 107856. [CrossRef]

Kushwaha, A.; Goswami, L.; Kim, B.S. Nanomaterial-based therapy for wound healing. Nanomaterials 2022, 12, 618. [CrossRef]
Niculescu, A.G.; Grumezescu, A.M. An up-to-date review of biomaterials application in wound management. Polymers 2022,
14, 421. [CrossRef]

Moradpoor, H.; Mohammadi, H.; Safaei, M.; Mozaffari, H.R.; Sharifi, R.; Gorji, P.; Sulong, A.B.; Muhamad, N.; Ebadi, M.
Recent Advances on Bacterial Cellulose-Based Wound Management: Promises and Challenges. Int. ]. Polym. Sci. 2022,
1,1214734. [CrossRef]


https://doi.org/10.1016/j.bjm.2017.12.012
https://www.ncbi.nlm.nih.gov/pubmed/29703527
https://doi.org/10.1007/s11814-020-0524-3
https://doi.org/10.1023/B:CELL.0000046412.11983.61
https://doi.org/10.1111/jam.12619
https://www.ncbi.nlm.nih.gov/pubmed/25098972
https://doi.org/10.1016/j.ijbiomac.2017.04.110
https://www.ncbi.nlm.nih.gov/pubmed/28487196
https://doi.org/10.1016/j.carbpol.2019.115323
https://www.ncbi.nlm.nih.gov/pubmed/31590841
https://doi.org/10.1007/s10068-018-0303-7
https://doi.org/10.1016/j.carbpol.2015.06.037
https://doi.org/10.1016/j.bej.2015.10.023
https://doi.org/10.1016/j.bej.2018.11.017
https://doi.org/10.1016/j.biortech.2019.121715
https://www.ncbi.nlm.nih.gov/pubmed/31295575
https://doi.org/10.3390/polym15071701
https://www.ncbi.nlm.nih.gov/pubmed/37050315
https://doi.org/10.1002/pi.5882
https://doi.org/10.3390/polym14061080
https://www.ncbi.nlm.nih.gov/pubmed/35335411
https://doi.org/10.3390/pr8050624
https://doi.org/10.3390/pharmaceutics13081125
https://www.ncbi.nlm.nih.gov/pubmed/34452086
https://doi.org/10.1007/s10924-021-02079-5
https://doi.org/10.3390/polym13030412
https://doi.org/10.3390/app12147090
https://doi.org/10.1007/s11274-022-03271-y
https://doi.org/10.3389/fbioe.2022.931256
https://www.ncbi.nlm.nih.gov/pubmed/35662839
https://doi.org/10.1007/s10570-022-04697-1
https://doi.org/10.3390/nano12193483
https://www.ncbi.nlm.nih.gov/pubmed/36234612
https://doi.org/10.3390/molecules27228032
https://www.ncbi.nlm.nih.gov/pubmed/36432134
https://doi.org/10.1016/j.biortech.2021.126343
https://doi.org/10.1016/j.biotechadv.2021.107856
https://doi.org/10.3390/nano12040618
https://doi.org/10.3390/polym14030421
https://doi.org/10.1155/2022/1214734

Microorganisms 2023, 11, 1541 26 of 31

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.
196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.
210.

211.

Jankau, J.; Blazynriska-Spychalska, A.; Kubiak, K.; Jedrzejczak-Krzepkowska, M.; Pankiewicz, T.; Ludwicka, K.; Dettlaff, A.; Peksa,
R. Bacterial Cellulose Properties Fulfilling Requirements for a Biomaterial of Choice in Reconstructive Surgery and Wound
Healing. Front. Bioeng. Biotechnol. 2022, 9, 805053. [CrossRef]

Zahel, P; Beekmann, U.; Eberlein, T.; Schmitz, M.; Werz, O.; Kralisch, D. Bacterial Cellulose-Adaptation of a Nature-Identical
Material to the Needs of Advanced Chronic Wound Care. Pharmaceuticals 2022, 15, 683. [CrossRef] [PubMed]

Horue, M; Silva, ].M.; Berti, LR.; Brandao, L.R.; Barud, H.D.S.; Castro, G.R. Bacterial Cellulose-Based Materials as Dressings for
Wound Healing. Pharmaceutics 2023, 15, 424. [CrossRef] [PubMed]

Nguyen, HM.; Ngoc Le, T.T.; Nguyen, A.T.; Thien Le, H.N.; Pham, T.T. Biomedical materials for wound dressing: Recent
advances and applications. RSC Adv. 2023, 13, 5509-5528. [CrossRef] [PubMed]

Chen, C; Xi, Y.; Weng, Y. Recent Advances in Cellulose-Based Hydrogels for Tissue Engineering Applications. Polymers 2022,
14, 3335. [CrossRef] [PubMed]

Tsiklin, I.L.; Shabunin, A.V.; Kolsanov, A.V.; Volova, L.T. In Vivo Bone Tissue Engineering Strategies: Advances and Prospects.
Polymers 2022, 14, 3222. [CrossRef]

Iravani, S.; Varma, R.S. Cellulose-Based Composites as Scaffolds for Tissue Engineering: Recent Advances. Molecules 2022,
27,8830. [CrossRef]

Janmohammadi, M.; Nazemi, Z.; Salehi, A.O.M.; Seyfoori, A.; John, ].V.; Nourbakhsh, M.S.; Akbari, M. Cellulose-based composite
scaffolds for bone tissue engineering and localized drug delivery. Bioact. Mater. 2022, 20, 137-163. [CrossRef]

Lin, L.; Jiang, S.; Yang, J.; Qiu, J; Jiao, X,; Yue, X.; Ke, X.; Yang, G.; Zhang, L. Application of 3D-bioprinted nanocellulose and
cellulose derivative-based bio-inks in bone and cartilage tissue engineering. Int. J. Bioprint. 2022, 9, 637. [CrossRef]

Raut, M.P; Asare, E.; Syed Mohamed, S.M.D.; Amadi, E.N.; Roy, I. Bacterial Cellulose-Based Blends and Composites: Versatile
Biomaterials for Tissue Engineering Applications. Int. J. Mol. Sci. 2023, 24, 986. [CrossRef]

Lunardi, V.B.; Soetaredjo, EE.; Putro, ].N.; Santoso, S.P; Yuliana, M.; Sunarso, J.; Ju, Y.-H.; Ismadji, S. Nanocelluloses: Sources,
Pretreatment, Isolations, Modification, and Its Application as the Drug Carriers. Polymers 2021, 13, 2052. [CrossRef]

Huo, Y,; Liu, Y; Xia, M.; Du, H.; Lin, Z; Li, B.; Liu, H. Nanocellulose-Based Composite Materials Used in Drug Delivery Systems.
Polymers 2022, 14, 2648. [CrossRef] [PubMed]

Das, S.; Ghosh, B.; Sarkar, K. Nanocellulose as sustainable biomaterials for drug delivery. Sens. Int. 2022, 3, 100135. [CrossRef]
Mensah, A.; Chen, Y.; Christopher, N.; Wei, Q. Membrane Technological Pathways and Inherent Structure of Bacterial Cellulose
Composites for Drug Delivery Bioengineering. Bioengineering 2022, 9, 3. [CrossRef] [PubMed]

Castafio, M.; Martinez, E.; Osorio, M.; Castro, C. Development of Genistein Drug Delivery Systems Based on Bacterial Nanocellu-
lose for Potential Colorectal Cancer Chemoprevention: Effect of Nanocellulose Surface Modification on Genistein Adsorption.
Molecules 2022, 27, 7201. [CrossRef] [PubMed]

Kamal, T.; Ul-Islam, M.; Fatima, A.; Ullah, M.W.; Manan, S. Cost-Effective Synthesis of Bacterial Cellulose and Its Applications in
the Food and Environmental Sectors. Gels 2022, 8, 552. [CrossRef] [PubMed]

Liu, Y,; Ahmed, S.; Sameen, D.E.; Wang, Y; Lu, R.; Dai, J.; Li, S.; Qin, W. A review of cellulose and its derivatives in biopolymer-
based for food packaging application. Trends Food Sci. Technol. 2021, 112, 532-546. [CrossRef]

Jiang, Z.; Ngai, T. Recent Advances in Chemically Modified Cellulose and Its Derivatives for Food Packaging Applications: A
Review. Polymers 2022, 14, 1533. [CrossRef]

Oliveira, T.J.; Segato, T.C.M.; Machado, G.P.; Grotto, D.; Jozala, A.F. Evolution of Bacterial Cellulose in Cosmetic Applications: An
Updated Systematic Review. Molecules 2022, 27, 8341. [CrossRef]

Sharma, P; Mittal, M.; Yadav, A.; Aggarwal, N.K. Bacterial cellulose: Nano-biomaterial for biodegradable face masks—A greener
approach towards environment. Environ. Nanotechnol. Monit. Manag. 2023, 19, 100759. [CrossRef]

Suarez-Avendano, D.; Martinez-Correa, E.; Cafias-Gutierrez, A.; Castro-Riascos, M.; Zuluaga-Gallego, R.; Gafidn-Rojo, P; Peresin,
M.; Pereira, M.; Castro-Herazo, C. Comparative Study on the Efficiency of Mercury Removal from Wastewater Using Bacterial
Cellulose Membranes and Their Oxidized Analogue. Front. Bioeng. Biotechnol. 2022, 10, 815892. [CrossRef]

Revin, V.V.; Dolganov, A.V,; Liyaskina, E.V.; Nazarova, N.B.; Balandina, A.V.; Devyataeva, A.A.; Revin, V.D. Characterizing
Bacterial Cellulose Produced by Komagataeibacter sucrofermentans H-110 on Molasses Medium and Obtaining a Biocomposite
Based on It for the Adsorption of Fluoride. Polymers 2021, 13, 1422. [CrossRef] [PubMed]

Kose, K.; Mavlan, M.; Youngblood, ].P. Applications and impact of nanocellulose based adsorbents. Cellulose 2020, 27, 2967-2990. [CrossRef]
Alves, A.A,; Silva, W.E.; Belian, ML.E,; Lins, L.S.G.; Galembeck, A. Bacterial Cellulose Membranes for Environmental Water
Remediation and Industrial Wastewater Treatment. Int. |. Environ. Sci. Technol. 2020, 17, 3997—4008. [CrossRef]

Gomes, N.O.; Carrilho, E.; Machado, S.A.S.; Sgobbi, L.F. Bacterial cellulose-based electrochemical sensing platform: A smart
material for miniaturized biosensors. Electrochim. Acta 2020, 349, 136341. [CrossRef]

Yu, H,; Tian, Y.; Dirican, M.; Fang, D.; Yan, C.; Xie, J.; Jia, D.; Liu, Y.; Li, C.; Cui, M.; et al. Flexible, transparent and tough silver
nanowire/nanocellulose electrodes for flexible touch screen panels. Carbohydr. Polym. 2021, 273, 118539. [CrossRef] [PubMed]
Kamel, S.; Khattab, T.A. Recent Advances in Cellulose-Based Biosensors for Medical Diagnosis. Biosensors 2020, 10, 67. [CrossRef]
Kotsiri, Z.; Vidic, J.; Vantarakis, A. Applications of Biosensors for Bacteria and Virus Detection in Food and Water—A Systematic
Review. . Environ. Sci. 2022, 111, 367-379. [CrossRef]

Torres, F.G.; Troncoso, O.P,; Gonzales, K.N.; Sari, RM.; Gea, S. Bacterial cellulose based biosensors. Med. Devices Sens. 2020,
3, €10102. [CrossRef]


https://doi.org/10.3389/fbioe.2021.805053
https://doi.org/10.3390/ph15060683
https://www.ncbi.nlm.nih.gov/pubmed/35745602
https://doi.org/10.3390/pharmaceutics15020424
https://www.ncbi.nlm.nih.gov/pubmed/36839745
https://doi.org/10.1039/D2RA07673J
https://www.ncbi.nlm.nih.gov/pubmed/36793301
https://doi.org/10.3390/polym14163335
https://www.ncbi.nlm.nih.gov/pubmed/36015592
https://doi.org/10.3390/polym14153222
https://doi.org/10.3390/molecules27248830
https://doi.org/10.1016/j.bioactmat.2022.05.018
https://doi.org/10.18063/ijb.v9i1.637
https://doi.org/10.3390/ijms24020986
https://doi.org/10.3390/polym13132052
https://doi.org/10.3390/polym14132648
https://www.ncbi.nlm.nih.gov/pubmed/35808693
https://doi.org/10.1016/j.sintl.2021.100135
https://doi.org/10.3390/bioengineering9010003
https://www.ncbi.nlm.nih.gov/pubmed/35049712
https://doi.org/10.3390/molecules27217201
https://www.ncbi.nlm.nih.gov/pubmed/36364026
https://doi.org/10.3390/gels8090552
https://www.ncbi.nlm.nih.gov/pubmed/36135264
https://doi.org/10.1016/j.tifs.2021.04.016
https://doi.org/10.3390/polym14081533
https://doi.org/10.3390/molecules27238341
https://doi.org/10.1016/j.enmm.2022.100759
https://doi.org/10.3389/fbioe.2022.815892
https://doi.org/10.3390/polym13091422
https://www.ncbi.nlm.nih.gov/pubmed/33925017
https://doi.org/10.1007/s10570-020-03011-1
https://doi.org/10.1007/s13762-020-02746-5
https://doi.org/10.1016/j.electacta.2020.136341
https://doi.org/10.1016/j.carbpol.2021.118539
https://www.ncbi.nlm.nih.gov/pubmed/34560951
https://doi.org/10.3390/bios10060067
https://doi.org/10.1016/j.jes.2021.04.009
https://doi.org/10.1002/mds3.10102

Microorganisms 2023, 11, 1541 27 of 31

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

Faraco, T.A.; Fontes, M.L.; Paschoalin, R.T.; Claro, A.M.; Gongalves, 1.S.; Cavicchioli, M.; Farias, R.L.; Cremona, M.; Ribeiro, S.J.L.;
Barud, H.D.S.; et al. Review of Bacterial Nanocellulose as Suitable Substrate for Conformable and Flexible Organic Light-Emitting
Diodes. Polymers 2023, 15, 479. [CrossRef]

de Assis, S.C.; Morgado, D.L.; Scheidt, D.T.; de Souza, S.S.; Cavallari, M.R.; Ando Junior, O.H.; Carrilho, E. Review of Bacterial
Nanocellulose-Based Electrochemical Biosensors: Functionalization, Challenges, and Future Perspectives. Biosensors 2023,
13, 142. [CrossRef]

Provin, A.P; Cubas, A.L.V.; Dutra, A.R.d.A.; Schulte, N.K. Textile Industry and Environment: Can the Use of Bacterial Cellulose
in the Manufacture of Biotextiles Contribute to the Sector? Clean Technol. Environ. Policy 2021, 23, 2813-2825. [CrossRef]
Agceli, G.K,; Cihangir, N. Nano-sized biopolymer levan: Its antimicrobial, anti-biofilm and anti-cancer effects. Carbohydr. Res.
2020, 494, 108068. [CrossRef] [PubMed]

Vieira, A.M.; Zahed, E,; Crispim, A.C.; de Souza Bento, E.; Franca, R.F.O.; Pinheiro, 1.O.; Pardo, L.A.; Carvalho, B.M. Production of
levan from Bacillus subtilis var. natto and apoptotic effect on SH-SY5Y neuroblastoma cells. Carbohydr. Polym. 2021, 273, 118613.
[CrossRef] [PubMed]

Charoenwongpaiboon, T.; Wangpaiboon, K.; Septham, P; Jiamvoraphong, N.; Issaragrisil, S.; Pichyangkura, R.; Lorthongpanich,
C. Production and bioactivities of nanoparticulated and ultrasonic-degraded levan generated by Erwinia tasmaniensis levansucrase
in human osteosarcoma cells. Int. J. Biol. Macromol. 2022, 221, 1121-1129. [CrossRef] [PubMed]

Hertadi, R.; Umriani Permatasari, N.; Ratnaningsih, E. Box-Wilson Design for Optimization of in vitro Levan Production and
Levan Application as Antioxidant and Antibacterial Agents. Iran. Biomed. ]. 2021, 25, 202-212. [CrossRef]

Young, I.D.; Latousakis, D.; Juge, N. The Imnmunomodulatory Properties of 3-2,6 Fructans: A Comprehensive Review. Nutrients
2021, 13, 1309. [CrossRef] [PubMed]

Bahroudi, S.; Shabanpour, B.; Combie, J.; Shabani, A.; Salimi, M. Levan exerts health benefit effect through alteration in
bifidobacteria population. Iran. Biomed. ]. 2020, 24, 54-59. [CrossRef] [PubMed]

Oner, E.T.; Hernandez, L.; Combie, J. Review of Levan polysaccharide: From a century of past experiences to future prospects.
Biotechnol Adv. 2016, 34, 827-844. [CrossRef] [PubMed]

Gonzélez-Garcinufio, A.; Tabernero, A.; Dominguez, A.; Galan, M.A.; Martin del Valle, EM. Levan and levansucrases: Polymer,
enzyme, microorganisms and biomedical applications. Biocatal. Biotransform. 2017, 36, 233—-244. [CrossRef]

Srikanth, R.; Reddy, C.H.S.S.S.; Siddartha, G.; Ramaiah, M.]J.; Uppuluri, K.B. Review on production, characterization and
applications of microbial levan. Carbohydr. Polym. 2015, 120, 102-114. [CrossRef]

Hovels, M.; Kosciow, K.; Kniewel, ].; Jakob, F.; Deppenmeier, U. High yield production of levan-type fructans by Gluconobacter
japonicus LMG 1417. Int. ]. Biol. Macromol. 2020, 164, 295-303. [CrossRef] [PubMed]

Jakob, E; Gebrande, C.; Bichler, R.M.; Vogel, R.F. Insights into the pH-dependent, extracellular sucrose utilization and concomitant
levan formation by Gluconobacter albidus TMW 2.1191. Antonie Van Leeuwenhoek 2020, 113, 863-873. [CrossRef] [PubMed]
Anguluri, K.; La China, S.; Brugnoli, M.; De Vero, L.; Pulvirenti, A.; Cassanelli, S.; Gullo, M. Candidate Acetic Acid Bacteria
Strains for Levan Production. Polymers 2022, 14, 2000. [CrossRef] [PubMed]

Kornmann, H.; Duboc, P.; Marison, I.; von Stockar, U. Influence of nutritional factors on the nature, yield, and composition of
exopolysaccharides produced by Gluconacetobacter xylinus 1- 2281. Appl. Environ. Microbiol. 2003, 69, 6091-6098. [CrossRef] [PubMed]
Melo, I.R.; Pimentel, M.E,; Lopes, C.E. Ca-lazans GMT. Application of fractional factorial design to levan production by Zymomonas
mobilis. Braz. ]. Microbiol. 2007, 38, 45-51. [CrossRef]

de Oliveira, M.R; da Silva, R.S.S.F.; Buzato, ].B.; Celligoi, M.A.P.C. Study of levan production by Zymomonas mobilis using regional
low-cost carbohydrate sources. Biochem. Eng. |. 2007, 37, 177-183. [CrossRef]

Lorenzetti, M.ES.; Moro, M.R.; Garcia-Cruz, C.H.J. Alginate/PVA beads for levan production by Zymomonas mobilis. Food Process
Eng. 2015, 38, 31-36. [CrossRef]

Korany, S.M.; El-Hendawy, H.H.; Sonbol, H.; Hamada, M.A. Partial characterization of levan polymer from Pseudomonas fluorescens
with significant cytotoxic and antioxidant activity. Saudi J. Biol. Sci. 2021, 28, 6679-6689. [CrossRef]

Erkorkmaz, B.A.; Kirtel, O.; Ates Duru, O.; Toksoy Oner, E. Development of a cost-effective production process for Halomonas
levan. Bioprocess Biosyst Eng. 2018, 41, 1247-1259. [CrossRef]

Poli, A.; Nicolaus, B.; Denizci, A.A.; Yavuzturk, B.; Kazan, D. Halomonas smyrnensis sp. nov., a moderately halophilic,
exopolysaccharide-producing bacterium. Int. J. Syst. Evol. Microbiol. 2013, 63, 10-18. [CrossRef]

Yuan, X.; Eldred, L.I.; Sundin, G.W. Exopolysaccharides amylovoran and levan contribute to sliding motility in the fire blight
pathogen Erwinia amylovora. Environ. Microbiol. 2022, 24, 4738-4754. [CrossRef] [PubMed]

Abid, Y.; Azabou, S.; Casillo, A.; Gharsallah, H.; Jemil, N.; Lanzetta, R.; Attia, H.; Corsaro, M.M. Isolation and structural
characterization of levan produced by probiotic Bacillus tequilensis-GM from Tunisian fermented goat milk. Int. J. Biol. Macromol.
2019, 133, 786-794. [CrossRef] [PubMed]

Thakham, N.; Thaweesak, S.; Teerakulkittipong, N.; Traiosot, N.; Kaikaew, A ; Lirio, G.A.; Jangiam, W. Structural characterization
of functional ingredient Levan synthesized by Bacillus siamensis isolated from traditional fermented food in Thailand. Int. J. Food
Sci. 2020, 2020, 7352484. [CrossRef]

Phengnoi, P.; Thakham, N.; Rachphirom, T.; Teerakulkittipong, N.; Lirio, G.A.; Jangiam, W. Characterization of levansucrase
produced by novel Bacillus siamensis and optimization of culture condition for levan biosynthesis. Heliyon 2022, 8, €12137.
[CrossRef] [PubMed]


https://doi.org/10.3390/polym15030479
https://doi.org/10.3390/bios13010142
https://doi.org/10.1007/s10098-021-02191-z
https://doi.org/10.1016/j.carres.2020.108068
https://www.ncbi.nlm.nih.gov/pubmed/32590200
https://doi.org/10.1016/j.carbpol.2021.118613
https://www.ncbi.nlm.nih.gov/pubmed/34561011
https://doi.org/10.1016/j.ijbiomac.2022.09.096
https://www.ncbi.nlm.nih.gov/pubmed/36115448
https://doi.org/10.52547/ibj.25.3.202
https://doi.org/10.3390/nu13041309
https://www.ncbi.nlm.nih.gov/pubmed/33921025
https://doi.org/10.29252/ibj.24.1.54
https://www.ncbi.nlm.nih.gov/pubmed/31454864
https://doi.org/10.1016/j.biotechadv.2016.05.002
https://www.ncbi.nlm.nih.gov/pubmed/27178733
https://doi.org/10.1080/10242422.2017.1314467
https://doi.org/10.1016/j.carbpol.2014.12.003
https://doi.org/10.1016/j.ijbiomac.2020.07.105
https://www.ncbi.nlm.nih.gov/pubmed/32679320
https://doi.org/10.1007/s10482-020-01397-3
https://www.ncbi.nlm.nih.gov/pubmed/32130597
https://doi.org/10.3390/polym14102000
https://www.ncbi.nlm.nih.gov/pubmed/35631879
https://doi.org/10.1128/AEM.69.10.6091-6098.2003
https://www.ncbi.nlm.nih.gov/pubmed/14532066
https://doi.org/10.1590/S1517-83822007000100010
https://doi.org/10.1016/j.bej.2007.04.009
https://doi.org/10.1111/jfpe.12123
https://doi.org/10.1016/j.sjbs.2021.08.008
https://doi.org/10.1007/s00449-018-1952-x
https://doi.org/10.1099/ijs.0.037036-0
https://doi.org/10.1111/1462-2920.16193
https://www.ncbi.nlm.nih.gov/pubmed/36054324
https://doi.org/10.1016/j.ijbiomac.2019.04.130
https://www.ncbi.nlm.nih.gov/pubmed/31004646
https://doi.org/10.1155/2020/7352484
https://doi.org/10.1016/j.heliyon.2022.e12137
https://www.ncbi.nlm.nih.gov/pubmed/36544824

Microorganisms 2023, 11, 1541 28 of 31

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

Nasir, A.; Ahmad, W,; Sattar, F.; Ashfaq, I.; Lindemann, S.R.; Chen, M.H.; Van den Ende, W.; Oner, E.T;; Kirtel, O.; Khaliq, S.; et al.
Production of a high molecular weight levan by Bacillus paralicheniformis, an industrially and agriculturally important isolate
from the buffalo grass rhizosphere. Antonie Van Leeuwenhoek 2022, 115, 1101-1112. [CrossRef] [PubMed]

Wagh, V.S.; Said, M.S.; Bennale, ].S.; Dastager, S.G. Isolation and structural characterization of exopolysaccharide from marine
Bacillus sp. and its optimization by Microbioreactor. Carbohydr. Polym. 2022, 285, 119241. [CrossRef] [PubMed]

El Halmouch, Y.; Ibrahim, H.A.H.; Dofdaa, N.M.; Mabrouk, M.E.M.; El-Metwally, M.M.; Nehira, T.; Ferji, K.; Ishihara, Y.; Matsuo,
K.; Ibrahim, M.I.LA. Complementary spectroscopy studies and potential activities of levan-type fructan produced by Bacillus
paralicheniformis ND2. Carbohydr. Polym. 2023, 311, 120743. [CrossRef] [PubMed]

Gojgic-Cvijovic, G.; Jakovljevic, D.; Loncarevic, B.; Todorovic, N.; Pergal, M.V.; Ciric, J.; Loos, K.; Beskoski, V.P,; Vrvic, M.
Production of levan by Bacillus licheniformis NS032 in sugar beet molasses-based medium. Int. ]. Biol. Macromol. 2018,
121, 142-151. [CrossRef]

Nasir, A.; Sattar, F; Ashfaq, I.; Lindemann, S.R.; Chen, M.H.; Van den Ende, W.; Oner, E.T; Kirtel, O,; Khaliq, S.;
Ghauri, M.A,; et al. Production and characterisation of a high molecular weight levan and fructooligosaccharides from
a rhizospheric isolate of Bacillus aryabhattai. LWT Food Sci. Technol. 2020, 123, 109093. [CrossRef]

Wu, E-C.; Chou, S.-Z; Shih, I.-L. Factors affecting the production and molecular weight of levan of Bacillus subtilis natto in batch
and fed-batch culture in fermenter. J. Taiwan Inst. Chem. Eng. 2013, 44, 846-853. [CrossRef]

Shih, LL,; Yu, Y.T,; Shieh, C.J.; Hsieh, C.Y. Selective production and characterization of levan by Bacillus subtilis (Natto) Takahashi.
J. Agric. Food Chem. 2005, 53, 8211-8215. [CrossRef] [PubMed]

Dos Santos, L.F.; Bazani Cabral De Melo, E.C.; Martins Paiva, W.].; Borsato, D.; Corradi Custodio Da Silva, M.L.; Pedrine
Colabone Celligoi, M.A. Characterization and optimization of levan production by Bacillus subtilis Natto. Rom Biotech. Lett. 2013,
18, 8413-8422.

Grinev, V.S.; Tregubova, K.V.; Anis’kov, A.A.; Sigida, E.N.; Shirokov, A.A.; Fedonenko, Y.P,; Yegorenkova, I.V. Isolation, structure,
and potential biotechnological applications of the exopolysaccharide from Paenibacillus polymyxa 92. Carbohydr. Polym. 2020,
232,115780. [CrossRef] [PubMed]

Mead, D.A.; Lucas, S.; Copeland, A.; Lapidus, A.; Cheng, J.-F; Bruce, D.C.; Goodwin, L.A.; Pitluck, S.; Chertkov, O.;
Zhang, X.; et al. Complete Genome Sequence of Paenibacillus strain Y4.12MC10, a Novel Paenibacillus lautus strain Isolated from
Obsidian Hot Spring in Yellowstone National Park. Stand. Genom. Sci. 2012, 6, 366-385. [CrossRef]

Yang, S.; Jin, D.; Li, H,; Jiang, L.; Cui, J.; Huang, W.; Rang, J.; Li, Y; Xia, L. Screening of new Paenibacillus polymyxa S3 and its
disease resistance of grass carp (Ctenopharyngodon idellus). J. Fish Dis. 2023, 46, 17-29. [CrossRef] [PubMed]

de Lemos, E.A.; Procopio, L.; da Mota, EE,; Jurelevicius, D.; Rosado, A.S.; Seldin, L. Molecular characterization of Paenibacillus
antarcticus IPAC21, a bioemulsifier producer isolated from Antarctic soil. Front. Microbiol. 2023, 14, 1142582. [CrossRef]
Mamphogoro, T.P.; Kamutando, C.N.; Maboko, M.M.; Babalola, O.0O.; Aiyegoro, O.A. Whole-Genome Sequence of Paenibacillus
polymyxa Strain SRT9.1, a Promising Plant Growth-Promoting Bacterium. Microbiol. Resour. Announc. 2022, 11, e0109721.
[CrossRef] [PubMed]

Grady, E.N.; MacDonald, J.; Liu, L.; Richman, A.; Yuan, Z.-C. Current knowledge and perspectives of Paenibacillus: A review.
Microb. Cell Factories. 2016, 15, 203. [CrossRef]

Liang, T.-W.; Wang, S.-L. Recent advances in exopolysaccharides from Paenibacillus spp.: Production, isolation, structure, and
bioactivities. Marine Drugs. 2015, 13, 1847-1863. [CrossRef]

Dsouza, M.; Taylor, M.W.; Turner, S.J.; Aislabie, J. Genome-based comparative analyses of Antarctic and temperate species of
Paenibacillus. PLoS ONE 2014, 9, e108009. [CrossRef]

Xiao, B.; Sun, Y.F; Lian, B.; Chen, T.M. Complete genome sequence and comparative genome analysis of the Paenibacillus
mucilaginosus K02. Microb. Pathog. 2016, 93, 194-203. [CrossRef] [PubMed]

Yao, R.; Wang, R.; Wang, D.; Su, J.; Zheng, S.X.; Wang, G.J. Paenibacillus selenitireducens sp. nov., a selenite-reducing bacterium
isolated from a selenium mineral soil. Int. ]. Syst. Evol. Microbiol. 2014, 64, 805-811. [CrossRef] [PubMed]

Lal, S.; Tabacchioni, S. Ecology and biotechnological potential of Paenibacillus polymyxa: A minireview. Ind. J. Microbiol. 2009,
49, 2-10. [CrossRef] [PubMed]

Kim, J.F; Jeong, H.; Park, S.-Y,; Kim, S.-B.; Park, YK, Choi, SK,; Ryu, CM.; Hur, C.G.; Ghim, S.Y,; Oh, TK, et al.
Genome Sequence of the Polymyxin-Producing Plant-Probiotic Rhizobacterium Paenibacillus polymyxa E681. ]. Bacteriol. 2010,
192, 6103-6104. [CrossRef] [PubMed]

Ma, M.; Wang, C.; Ding, Y.; Li, L.; Shen, D.; Jiang, X.; Guan, D.; Cao, F.; Chen, H.; Feng, R ; et al. Complete genome sequence of
Paenibacillus polymyxa SC2, a strain of plant growth-promoting rhizobacterium with broad-spectrum antimicrobial activity. J.
Bacteriol. 2011, 193, 311-312. [CrossRef]

Jeong, H.; Park, S.Y.; Chung, W.H.; Kim, S.H.; Kim, N.; Park, S.H. Draft genome sequence of the Paenibacillus polymyxa type strain
(ATCC 842T), a plant growth-promoting bacterium. J. Bacteriol. 2011, 193, 5026-5027. [CrossRef]

Li, Y; Li, Q.; Li, Y,; Gao, J.; Fan, X. Draft Genome Sequence of Paenibacillus polymyxa KF-1, an Excellent Producer of Microbicides.
Genome Announc. 2016, 4, e00727-16. [CrossRef]

Ahmad, W.; Nasir, A.; Sattar, F; Ashfaq, I.; Chen, M.H.; Hayat, A.; Rehman, M.U.; Zhao, S.; Khaliq, S.; Ghauri, M.A ; et al. Production
of bimodal molecular weight levan by a Lactobacillus reuteri isolate from fish gut. Folia Microbiol. 2022, 67, 21-31. [CrossRef]


https://doi.org/10.1007/s10482-022-01760-6
https://www.ncbi.nlm.nih.gov/pubmed/35840814
https://doi.org/10.1016/j.carbpol.2022.119241
https://www.ncbi.nlm.nih.gov/pubmed/35287863
https://doi.org/10.1016/j.carbpol.2023.120743
https://www.ncbi.nlm.nih.gov/pubmed/37028872
https://doi.org/10.1016/j.ijbiomac.2018.10.019
https://doi.org/10.1016/j.lwt.2020.109093
https://doi.org/10.1016/j.jtice.2013.03.009
https://doi.org/10.1021/jf058084o
https://www.ncbi.nlm.nih.gov/pubmed/16218666
https://doi.org/10.1016/j.carbpol.2019.115780
https://www.ncbi.nlm.nih.gov/pubmed/31952589
https://doi.org/10.4056/sigs.2605792
https://doi.org/10.1111/jfd.13714
https://www.ncbi.nlm.nih.gov/pubmed/36097971
https://doi.org/10.3389/fmicb.2023.1142582
https://doi.org/10.1128/mra.01097-21
https://www.ncbi.nlm.nih.gov/pubmed/35049350
https://doi.org/10.1186/s12934-016-0603-7
https://doi.org/10.3390/md13041847
https://doi.org/10.1371/journal.pone.0108009
https://doi.org/10.1016/j.micpath.2016.01.016
https://www.ncbi.nlm.nih.gov/pubmed/26802523
https://doi.org/10.1099/ijs.0.057042-0
https://www.ncbi.nlm.nih.gov/pubmed/24215825
https://doi.org/10.1007/s12088-009-0008-y
https://www.ncbi.nlm.nih.gov/pubmed/23100748
https://doi.org/10.1128/JB.00983-10
https://www.ncbi.nlm.nih.gov/pubmed/20851896
https://doi.org/10.1128/JB.01234-10
https://doi.org/10.1128/JB.05447-11
https://doi.org/10.1128/genomeA.00727-16
https://doi.org/10.1007/s12223-021-00913-w

Microorganisms 2023, 11, 1541 29 of 31

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.
283.

284.

285.

286.

Han, J.; Feng, H.; Wang, X,; Liu, Z.; Wu, Z. Levan from Leuconostoc citreumn BD1707: Production optimization and changes in
molecular weight distribution during cultivation. BMC Biotechnol. 2021, 21, 14. [CrossRef] [PubMed]

Al-Qaysi, S.A.S.; Al-Haideri, H.; Al-Shimmary, S.M.; Abdulhameed, ] M.; Alajrawy, O.1.; Al-Halbosiy, M.M.; Moussa, T.A.A.; Fara-
hat, M.G. Bioactive Levan-Type Exopolysaccharide Produced by Pantoea agglomerans ZMR7: Characterization and Optimization
for Enhanced Production. . Microbiol. Biotechnol. 2021, 31, 696-704. [CrossRef]

Kang, HK.; Seo, M.Y,; Seo, E.S.; Kim, D.; Chung, S.Y.; Kimura, A.; Day, D.E; Robyt, ].E. Cloning and expression of levansucrase
from Leuconostoc mesenteroides B-512 FMC in Escherichia coli. Biochim. Biophys. Acta 2005, 21, 5-15. [CrossRef] [PubMed]
Rairakhwada, D.; Seo, ].-W.; Seo, M.; Kwon, O.; Rhee, S.-K.; Kim, C.H. Gene cloning, characterization, and heterologous expression
of levansucrase from Bacillus amyloliquefaciens. ]. Ind. Microbiol. Biotechnol. 2010, 37, 195-204. [CrossRef] [PubMed]
Avila-Fernandez, A.; Montiel, S.; Rodriguez-Alegria, M.E.; Caspeta, L.; Lopez Munguia, A. Simultaneous enzyme production,
Levan-type FOS synthesis and sugar by-products elimination using a recombinant Pichia pastoris strain expressing a levansucrase-
endolevanase fusion enzyme. Microb. Cell Fact. 2023, 22, 18. [CrossRef]

Ko, H.; Bae, ]. H.; Sung, B.H.; Kim, M.].; Kim, C.H.; Oh, B.R.; Sohn, ].H. Efficient production of levan using a recombinant yeast
Saccharomyces cerevisiae hypersecreting a bacterial levansucrase. J. Ind. Microbiol. Biotechnol. 2019, 46, 1611-1620. [CrossRef] [PubMed]
Ko, H,; Sung, B.H.; Kim, M.].; Sohn, ].H.; Bae, ].H. Fructan Biosynthesis by Yeast Cell Factories. ]. Microbiol. Biotechnol. 2022,
32, 1373-1381. [CrossRef] [PubMed]

Chen, S.; Tong, Q.; Guo, X.; Cong, H.; Zhao, Z.; Liang, W.; Li, J.; Zhu, P; Yang, H. Complete secretion of recombinant
Bacillus subtilis levansucrase in Pichia pastoris for production of high molecular weight levan. Int. ]. Biol. Macromol. 2022,
214, 203-211. [CrossRef]

Donot, E; Fontana, A.; Baccou, J.C.; Schorr-Galindo, S. Microbial exopolysaccharides: Main examples of synthesis, excretion,
genetics and extraction. Carbohydr. Polym. 2012, 87, 951-962. [CrossRef]

Dogsa, I; Brloznik, M.; Stopar, D.; Mandic-Mulec, I. Exopolymer diversity and the role of levan in Bacillus subtilis biofilms. PLoS
ONE 2013, 8, 62044. [CrossRef]

Velazquez-Hernandez, M.L.; Baizabal-Aguirre, V.M.; Cruz-Vazquez, F.; Trejo-Contreras, M.].; Fuentes-Ramirez, L.E.; Bravo-Patifio,
A.; Cajero-Juarez, M.; Chavez-Moctezuma, M.P,; Valdez-Alarcon, J.J. Gluconacetobacter diazotrophicus levansucrase is involved in
tolerance to NaCl, sucrose and desiccation, and in biofilm formation. Arch. Microbiol. 2011, 193, 137-149. [CrossRef]

Mehmood, A.; Abdallah, K.; Khandekar, S.; Zhurina, D.; Srivastava, A.; Al-Karablieh, N.; Alfaro-Espinoza, G.; Pletzer, D.; Ullrich,
M.S. Expression of extra-cellular levansucrase in Pseudomonas syringae is controlled by the in planta fitness-promoting metabolic
repressor HexR. BMC Microbiol. 2015, 15, 48. [CrossRef]

Sims, LM.; Frese, S.A.; Walter, J.; Loach, D.; Wilson, M.; Appleyard, K.; Eason, J.; Livingston, M.; Baird, M.; Cook, G.; et al.
Structure and functions of exopolysaccharide produced by gut commensal Lactobacillus reuteri 100-23. ISME J. 2011, 5, 1115-1124.
[CrossRef] [PubMed]

Cai, G.; Wu, D,; Li, X; Lu, J. Levan from Bacillus amyloliquefaciens JN4 acts as a prebiotic for enhancing the intestinal adhesion
capacity of Lactobacillus reuteri JN101. Int. ]. Biol. Macromol. 2020, 146, 482—-487. [CrossRef] [PubMed]

Liu, C.; Kolida, S.; Charalampopoulos, D.; Rastall, R.A. An evaluation of the prebiotic potential of microbial levans from Erwinia
sp. 10119. J. Funct. Foods 2020, 64, 103668. [CrossRef]

Wang, M.; Cheong, K.L. Preparation, Structural Characterisation, and Bioactivities of Fructans: A Review. Molecules 2023,
28, 1613. [CrossRef] [PubMed]

Lekakarn, H.; Bunterngsook, B.; Jaikaew, P.; Kuantum, T.; Wansuksri, R.; Champreda, V. Functional Characterization of
Recombinant Endo-Levanase (LevBk) from Bacillus koreensis HL12 on Short-Chain Levan-Type Fructooligosaccharides Production.
Protein J. 2022, 41, 477-488. [CrossRef] [PubMed]

Kosarsoy Agceli, G.; Hammamchi, H.; Cihangir, N. Novel levan/bentonite/essential oil films: Characterization and antimicrobial
activity. J. Food Sci. Technol. 2022, 59, 249-256. [CrossRef]

Sezer, A.D.; Kazak, H.; Oner, E.T.; Akbuga, ]. Levan-based nanocarrier system for peptide and protein drug delivery: Optimization
and influence of experimental parameters on the nanoparticle characteristics. Carbohydr. Polym. 2011, 84, 358-363. [CrossRef]
Akturk, O. The anticancer activity of doxorubicin-loaded levan-functionalized gold nanoparticles synthesized by laser ablation.
Int. J. Biol. Macromol. 2022, 196, 72-85. [CrossRef]

Tabernero, A.; Cardea, S. Microbial Exopolysaccharides as Drug Carriers. Polymers 2020, 12, 2142. [CrossRef]

Kim, S.-J.; Bee, P.K.; Chung, B.H. Self-assembled levan nanoparticles for targeted breast cancer imaging. Chem. Commun. 2015,
51, 107-110. [CrossRef]

Ahmed, K.B.A.; Kalla, D.; Uppuluri, K.B.; Anbazhagan, V. Green synthesis of silver and gold nanoparticles employing
levan, a biopolymer from Acetobacter xylinum NCIM 2526, as a reducing agent and capping agent. Carbohydr. Polym. 2014,
112, 539-545. [CrossRef]

Cinan, E.; Cesur, S.; Erginer Haskoylu, M.; Gunduz, O.; Toksoy Oner, E. Resveratrol-Loaded Levan Nanoparticles Produced by
Electrohydrodynamic Atomization Technique. Nanomaterials 2021, 11, 2582. [CrossRef]

Gomes, T.D.; Caridade, S.G.; Sousa, M.P,; Azevedo, S.; Kandur, M.Y.; Oner, E.T.; Alves, N.M.; Mano, J.E. Adhesive free-standing
multilayer films containing sulfated levan for biomedical applications. Acta Biomater. 2018, 69, 183-195. [CrossRef] [PubMed]


https://doi.org/10.1186/s12896-021-00673-y
https://www.ncbi.nlm.nih.gov/pubmed/33541325
https://doi.org/10.4014/jmb.2101.01025
https://doi.org/10.1016/j.bbaexp.2004.10.012
https://www.ncbi.nlm.nih.gov/pubmed/15652153
https://doi.org/10.1007/s10295-009-0664-2
https://www.ncbi.nlm.nih.gov/pubmed/19916084
https://doi.org/10.1186/s12934-022-02009-7
https://doi.org/10.1007/s10295-019-02206-1
https://www.ncbi.nlm.nih.gov/pubmed/31230216
https://doi.org/10.4014/jmb.2207.07062
https://www.ncbi.nlm.nih.gov/pubmed/36310357
https://doi.org/10.1016/j.ijbiomac.2022.06.092
https://doi.org/10.1016/j.carbpol.2011.08.083
https://doi.org/10.1371/journal.pone.0062044
https://doi.org/10.1007/s00203-010-0651-z
https://doi.org/10.1186/s12866-015-0349-0
https://doi.org/10.1038/ismej.2010.201
https://www.ncbi.nlm.nih.gov/pubmed/21248858
https://doi.org/10.1016/j.ijbiomac.2019.12.212
https://www.ncbi.nlm.nih.gov/pubmed/31883885
https://doi.org/10.1016/j.jff.2019.103668
https://doi.org/10.3390/molecules28041613
https://www.ncbi.nlm.nih.gov/pubmed/36838601
https://doi.org/10.1007/s10930-022-10069-2
https://www.ncbi.nlm.nih.gov/pubmed/35931938
https://doi.org/10.1007/s13197-021-05009-4
https://doi.org/10.1016/j.carbpol.2010.11.046
https://doi.org/10.1016/j.ijbiomac.2021.12.030
https://doi.org/10.3390/polym12092142
https://doi.org/10.1039/C4CC07679F
https://doi.org/10.1016/j.carbpol.2014.06.033
https://doi.org/10.3390/nano11102582
https://doi.org/10.1016/j.actbio.2018.01.027
https://www.ncbi.nlm.nih.gov/pubmed/29378324

Microorganisms 2023, 11, 1541 30 of 31

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

Erginer, M.; Akcay, A.; Coskunkan, B.; Morova, T.; Rende, D.; Bucak, S.; Baysal, N.; Ozisik, R.; Eroglu, M.S.; Agirbasli, M.; et al.
Sulfated levan from Halomonas smyrnensis as a bioactive, heparinmimetic glycan for cardiac tissue engineering. Carbohydr. Polym.
2016, 149, 289-296. [CrossRef] [PubMed]

Avsar, G.; Agirbasli, D.; Agirbasli, M.A.; Gunduz, O.; Oner, E.T. Levan based fibrous scaffolds electrospun via co-axial and,
singleneedle techniques for tissue engineering applications. Carbohyd. Polym. 2018, 193, 316-325. [CrossRef] [PubMed]
Kosarsoy Aggeli, G. A new approach to nanocomposite carbohydrate polymer films: Levan and chia seed mucilage. Int. ]. Biol.
Macromol. 2022, 218, 751-759. [CrossRef] [PubMed]

Domzat-Kedzia, M.; Lewinska, A.; Jaromin, A.; Weselski, M.; Pluskota, R.; Lukaszewicz, M. Fermentation param-
eters and conditions affecting levan production and its potential applications in cosmetics. Bioorganic Chem. 2019,
93,102787. [CrossRef] [PubMed]

Wasilewski, T.; Seweryn, A.; Pannert, D.; Kierul, K.; Domzat-Kedzia, M.; Hordyjewicz-Baran, Z.; Lukaszewicz, M.; Lewiniska,
A. Application of Levan-Rich Digestate Extract in the Production of Safe-to-Use and Functional Natural Body Wash Cosmetics.
Molecules 2022, 27, 2793. [CrossRef] [PubMed]

Revin, V.V,; Novokuptsev, N.V,; Red’kin, N.A. Optimization of Cultivation Conditions for Azotobacter vinelandii D-08, Producer of
the Polysaccharide Levan, for Obtaining Biocomposite Materials. Bioresources 2016, 11, 9661-9675. [CrossRef]

Chang, I.; Lee, M.; Tran, A T.P; Lee, S.; Kwon, Y.M.; Im, J.; Cho, G.C. Review on biopolymer-based soil treatment (BPST)
technology in geotechnical engineering practices. Transp. Geotech. 2020, 24, 100385. [CrossRef]

Mohsin, A.; Akyliyaevna, K.A.; Zaman, W.Q.; Hussain, M.H.; Mohsin, M.Z.; Al-Rashed, S.; Tan, X,; Tian, X.; Aida, K,;
Tariq, M.; et al. Kinetically modelled approach of xanthan production using different carbon sources: A study on molecu-
lar weight and rheological properties of xanthan. Int. J. Biol. Macromol. 2021, 193 Pt. B, 1226-1236. [CrossRef]

Habibi, H.; Khosravi-Darani, K. Effective variables on production and structure of xanthan gum and its food applications: A
review. Biocatal. Agricul. Biotechnol. 2017, 10, 130-140. [CrossRef]

Berninger, T.; Dietz, N.; Gonzélez Lépez, O. Water-soluble polymers in agriculture: Xanthan gum as eco-friendly alternative to
synthetics. Microb. Biotechnol. 2021, 14, 1881-1896. [CrossRef] [PubMed]

Garcia-Ochoa, F; Santos, V.E.; Casas, ].A.; Gomez, E. Xanthan gum: Production, recovery, and properties. Biotechnol. Adv. 2000,
18, 549-579. [CrossRef] [PubMed]

Gbadamosi, A.; Patil, S.; Kamal, M.S.; Adewunmi, A.A; Yusuff, A.S.; Agi, A.; Oseh, ]J. Application of Polymers for Chemical
Enhanced Oil Recovery: A Review. Polymers 2022, 14, 1433. [CrossRef] [PubMed]

An, S.-Q.; Potnis, N.; Dow, M.; Vorholter, F.-J.; He, Y.-Q.; Becker, A.; Teper, D.; Li, Y.; Wang, N.; Bleris, L.; et al. Mechanistic
insights into host adaptation, virulence and epidemiology of the phytopathogen Xanthomonas. FEMS Microbiol. Rev. 2020,
44, 1-32. [CrossRef] [PubMed]

Vicente, ].G.; Holub, E.B. Xanthomonas campestris pv. campestris (cause of black rot of crucifers) in the genomic era is still a
worldwide threat to brassica crops. Mol. Plant. Pathol. 2013, 14, 2-18. [CrossRef]

Li, T;; Li, Y,; Ma, X; Dan, X.; Huang, X,; Li, Q.; Lei, S.; Zhang, Z.; Huang, S.; Jiang, W.; et al. Comparative Genomic Analysis
of Two Xanthomonas oryzae pv. oryzae Strains Isolated from Low Land and High Mountain Paddies in Guangxi, China. Front.
Microbiol. 2022, 13, 867633. [CrossRef]

Feng, YM,; Long, Z.Q.; Xiang, H.M.; Ran, ].N.; Zhou, X.; Yang, S. Research on Diffusible Signal Factor-Mediated Quorum Sensing
in Xanthomonas: A Mini-Review. Molecules 2023, 28, 876. [CrossRef]

Liyanapathiranage, P.; Wagner, N.; Avram, O.; Pupko, T.; Potnis, N. Phylogenetic Distribution and Evolution of Type VI Secretion
System in the Genus Xanthomonas. Front. Microbiol. 2022, 13, 840308. [CrossRef]

Cuesta-Morrondo, S.; Redondo, C.; Palacio-Bielsa, A.; Garita-Cambronero, J.; Cubero, ]. Complete Genome Sequence Resources
of Six Strains of the Most Virulent Pathovars of Xanthomonas arboricola Using Long- and Short-Read Sequencing Approaches.
Phytopathology 2022, 112, 1808-1813. [CrossRef] [PubMed]

Bellenot, C.; Carreére, S.; Gris, C.; Noél, L.D.; Arlat, M. Genome Sequences of 17 Strains from Eight Races of Xanthomonas campestris
pv. campestris. Microbiol. Resour. Announc. 2022, 11, e0027922. [CrossRef] [PubMed]

Revin, V.V,; Liyas’kina, E.V.; Pokidko, B.V.; Pimenov, N.V.; Mardanov, A.V.; Ravin, N.V. Characteristics of the New Xanthan-
Producing Strain Xanthomonas campestris M 28: Study of the Genome, Cultivation Conditions, and Physicochemical and
Rheological Properties of the Polysaccharide. Appl. Biochem. Microbiol. 2021, 57, 356-365. [CrossRef]

Wibberg, D.; Alkhateeb, R.S.; Winkler, A.; Albersmeier, A.; Schatschneider, S.; Albaum, S.; Vorholter, F.-]J. Draft genome of the
xanthan producer Xanthomonas campestris NRRL B-1459 (ATCC 13951). ]. Biotechnol. 2015, 204, 45-46. [CrossRef]

Vorholter, F-J.; Schneiker, S.; Goesmann, A.; Krause, L.; Bekel, T.; Kaiser, O.; Puhler, A. The genome of Xanthomonas campestris pv.
campestris B100 and its use for the reconstruction of metabolic pathways involved in xanthan biosynthesis. J. Biotechnol. 2008,
134, 33-45. [CrossRef]

Tao, E; Wang, X.; Ma, C.; Yang, C.; Tang, H.; Gai, Z.; Xu, P. Genome Sequence of Xanthomonas campestris JX, an Industrially
Productive Strain for Xanthan Gum. J. Bacteriol. 2012, 194, 4755-4756. [CrossRef] [PubMed]

Kong, C.; Horta de Passo, V.; Fang, Z.; Yang, L.; Zhuang, M.; Zhang, Y.; Lv, H. Complete Genome Sequence of strain WHRI 3811,
race 1 of Xanthomonas campestris pv. campestris, the Causal Agent of Black Rot of Cruciferous Vegetables. Mol. Plant—-Microbe
Interact. 2019, 32, 1571-1573. [CrossRef]


https://doi.org/10.1016/j.carbpol.2016.04.092
https://www.ncbi.nlm.nih.gov/pubmed/27261753
https://doi.org/10.1016/j.carbpol.2018.03.075
https://www.ncbi.nlm.nih.gov/pubmed/29773387
https://doi.org/10.1016/j.ijbiomac.2022.07.157
https://www.ncbi.nlm.nih.gov/pubmed/35905758
https://doi.org/10.1016/j.bioorg.2019.02.012
https://www.ncbi.nlm.nih.gov/pubmed/30765116
https://doi.org/10.3390/molecules27092793
https://www.ncbi.nlm.nih.gov/pubmed/35566142
https://doi.org/10.15376/biores.11.4.9661-9675
https://doi.org/10.1016/j.trgeo.2020.100385
https://doi.org/10.1016/j.ijbiomac.2021.10.163
https://doi.org/10.1016/j.bcab.2017.02.013
https://doi.org/10.1111/1751-7915.13867
https://www.ncbi.nlm.nih.gov/pubmed/34196103
https://doi.org/10.1016/S0734-9750(00)00050-1
https://www.ncbi.nlm.nih.gov/pubmed/14538095
https://doi.org/10.3390/polym14071433
https://www.ncbi.nlm.nih.gov/pubmed/35406305
https://doi.org/10.1093/femsre/fuz024
https://www.ncbi.nlm.nih.gov/pubmed/31578554
https://doi.org/10.1111/j.1364-3703.2012.00833.x
https://doi.org/10.3389/fmicb.2022.867633
https://doi.org/10.3390/molecules28020876
https://doi.org/10.3389/fmicb.2022.840308
https://doi.org/10.1094/PHYTO-10-21-0436-A
https://www.ncbi.nlm.nih.gov/pubmed/35522570
https://doi.org/10.1128/mra.00279-22
https://www.ncbi.nlm.nih.gov/pubmed/35695496
https://doi.org/10.1134/S0003683821030108
https://doi.org/10.1016/j.jbiotec.2015.03.026
https://doi.org/10.1016/j.jbiotec.2007.12.013
https://doi.org/10.1128/JB.00965-12
https://www.ncbi.nlm.nih.gov/pubmed/22887662
https://doi.org/10.1094/MPMI-07-19-0177-A

Microorganisms 2023, 11, 1541 31 of 31

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

Oliveira, A.C.; Ferreira, RM.; Ferro, M.L.T; Ferro, J.A.; Chandler, M.; Varani, A.M. Transposons and pathogenicity in Xanthomonas:
Acquisition of murein lytic transglycosylases by TnXax1 enhances Xanthomonas citri subsp. citri 306 virulence and fitness. Peer J.
2018, 6, 6111. [CrossRef]

Balikova, K.; Farkas, B.; Matus, P,; Urik, M. Prospects of Biogenic Xanthan and Gellan in Removal of Heavy Metals from
Contaminated Waters. Polymers 2022, 14, 5326. [CrossRef]

Roncevi¢, Z.; Zahovi¢, I; Danilovié, N. Potential of different Xanthomonas campestris strains for xanthan biosynthesis on waste
glycerol from biodiesel production. J. Process. Energy Agric. 2020, 24, 62—-66. [CrossRef]

Niknezhad, S.V.; Asadollahi, M.A.; Zamani, A.; Biria, D. Production of xanthan gum by free and immobilised cells of Xanthomonas
campestris and Xanthomonas pelargonii. Int. J. Biol. Macromol. 2016, 82, 751-756. [CrossRef] [PubMed]

Prameela, K.; Murali Mohan, C.; Ramakrishna, C. Biopolymers for food design: Consumer-friendly natural ingredients. In
Biopolymers for Food Design; Academic Press: Cambridge, MA, USA, 2018; pp. 1-32. [CrossRef]

Barbosa, R.M.; da Rocha, D.N.; Bombaldi de Souza, R.E; Santos, J.L.; Ferreira, ].R.M.; Moraes, A.M. Cell-Friendly Chitosan-
Xanthan Gum Membranes Incorporating Hydroxyapatite Designed for Periodontal Tissue Regeneration. Pharmaceutics 2023,
15,705. [CrossRef] [PubMed]

Jadav, M.; Pooja, D.; Adams, D.J.; Kulhari, H. Advances in Xanthan Gum-Based Systems for the Delivery of Therapeutic Agents.
Pharmaceutics 2023, 15, 402. [CrossRef] [PubMed]

Sorze, A.; Valentini, F; Dorigato, A.; Pegoretti, A. Development of a Xanthan Gum Based Superabsorbent and Water Retaining
Composites for Agricultural and Forestry Applications. Molecules 2023, 28, 1952. [CrossRef] [PubMed]

Wang, Z; Yang, L.; Wu, J.; Zhang, H.; Zhu, L.; Zhan, X. Potential application of a low-viscosity and high-transparency xanthan gum
produced from Xanthomonas campestris CCTCC M2015714 in foods. Prep. Biochem. Biotechnol. 2018, 48, 402—407. [CrossRef] [PubMed]
Dzionek, A.; Wojcieszyniska, D.; Guzik, U. Use of xanthan gum for whole cell immobilization and its impact in bioremediation—A
review. Bioresour. Technol. 2022, 351, 126918. [CrossRef] [PubMed]

Liu, Z.; Zhang, M.; Bhandari, B. Effect of gums on the rheological, microstructural and extrusion printing characteristics of
mashed potatoes. Int. |. Biol. Macromol. 2018, 117, 1179-1187. [CrossRef] [PubMed]

Azam, R.S.M.; Zhang, M.; Bhandari, B.; Yang, C. Effect of different gums on features of 3D Printed Object Based on Vitamin-D
enriched orange concentrate. Food Biophys. 2018, 13, 250-262. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.7717/peerj.6111
https://doi.org/10.3390/polym14235326
https://doi.org/10.5937/jpea24-25506
https://doi.org/10.1016/j.ijbiomac.2015.10.065
https://www.ncbi.nlm.nih.gov/pubmed/26526173
https://doi.org/10.1016/B978-0-12-811449-0.00001-3
https://doi.org/10.3390/pharmaceutics15020705
https://www.ncbi.nlm.nih.gov/pubmed/36840027
https://doi.org/10.3390/pharmaceutics15020402
https://www.ncbi.nlm.nih.gov/pubmed/36839724
https://doi.org/10.3390/molecules28041952
https://www.ncbi.nlm.nih.gov/pubmed/36838941
https://doi.org/10.1080/10826068.2018.1451884
https://www.ncbi.nlm.nih.gov/pubmed/29565725
https://doi.org/10.1016/j.biortech.2022.126918
https://www.ncbi.nlm.nih.gov/pubmed/35231596
https://doi.org/10.1016/j.ijbiomac.2018.06.048
https://www.ncbi.nlm.nih.gov/pubmed/29898415
https://doi.org/10.1007/s11483-018-9531-x

	Introduction 
	Bacterial Cellulose-Producing Bacteria 
	Levan-Producing Bacteria 
	Xanthan-Producing Bacteria 
	Conclusions and Future Perspective 
	References

