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Abstract A new exopolysaccharide (EPS) pro-
ducing Gram-positive bacterium was isolated from
the rhizosphere of Bouteloua dactyloides (buffalo
grass) and its EPS product was structurally char-
acterized. The isolate, designated as LB1-1A, was
identified as Bacillus paralicheniformis based on
16S rRNA gene sequence and phylogenetic tree
analysis. The EPS produced by LB1-1A was identi-
fied as a levan, having (2 — 6) linked backbone with
B(2—1) linkages at the branch points (4.66%). The
isolate LB1-1A yielded large amount (~42 g/l) of
levan having high weight average molecular weight
(Mw) of 5.517x107 Da. The relatively low degree
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of branching and high molecular weight of this levan
makes B. paralicheniformis LB1-1A a promising can-
didate for industrial applications.
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Introduction

Bacillus paralicheniformis is emerging as an indus-
trially important bacterium due to its potential for
being used as a probiotic bacterium (Makled et al.
2019; Xiao et al. 2019; Zhao et al. 2020), as a bio-
preservative due to the production of antimicro-
bial compounds (Ahire et al. 2020) and for plant
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growth-promoting properties and control of patho-
gens in plants (Valenzuela-Ruiz et al. 2019; Wang
et al. 2017). Though several reports are available
on antimicrobials and plant growth properties of B.
paralicheniformis, to date no data are available on
fructan production by this industrially and agricultur-
ally important bacterium.

Microbial fructans are fructose-based exopolysac-
charides (EPS) further classified as inulin and levan
based on the glycosidic linkages in the main chain. In
inulin, the fructose units are linked through p(2—1)
glycosidic bonds. In levan, the fructose units are pre-
dominantly connected by B(2— 6) glycosidic bonds
and some are linked by f(2— 1) glycosidic bonds at
branch points. The amount of B(2— 1) linkages may
vary among different levan structures (Venugopal
2011). Fructans are produced by specific organisms
belonging to all three domains of life including bac-
teria, fungi, plants, and archaea (Kirtel et al. 2019).
Microbial levan molecules generally have higher
molecular weights than plants, and applications of
levan are highly dependent on its molecular weight
(Oner et al. 2016; Ortiz-Soto et al. 2019). Addition-
ally, the time required for EPS production and the
high cost of downstream processing for plant and
algae predisposes the levan industry towards micro-
bial production systems.

Levan finds a wide range of applications in many
industrial fields such as in detergents, brewing, down-
stream processing, cosmetics, encapsulating agents,
flavor enhancers, stabilizing agents, and wastewater
treatments (Oner et al. 2016). In addition, levan is
associated with a plethora of health benefits such as
maintenance of gut health and prevention of chronic
lifestyle diseases. It also has immunological, antioxi-
dant, anti-carcinogenic and mineral absorption prop-
erties and is involved in the lipid regulation, which
significantly contribute to its prebiotic potentials
(Adamberg et al. 2015; Al-Sheraji et al. 2013; Liu
et al. 2010; Peshev and Van den Ende 2014; Srikanth
et al. 2015). Moreover, fructooligosaccharides (FOSs;
low molecular weight fructan oligomers having 2—10
fructosyl residues) can be fermented by most of the
known bifidobacterial strains that use them as carbon
sources (Rossi et al. 2005).These FOSs are widely
regarded as highly butyrogenic fibers (Tuncil et al.
2017).

Levans produced by rhizosphere bacteria can
alter the physical and chemical properties of the
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root-adhering soil. For instance, they assist in the
significant aggregation and stabilization of the rhizo-
sphere (Amellal et al. 1999) and help in creating a
microaerobic environment for nitrogen fixation by
providing a barrier for oxygen diffusion (Velazquez-
Hernandez et al. 2011). It has been demonstrated
that levan biofilm matrices act as extracellular nutri-
ent reservoirs for Bacillus subtilis under starvation
conditions, protect the bacteria from desiccation,
and shield the community from predatory organisms
(Dogsa et al. 2013). Exploration of levan production
in rhizosphere bacteria would generate more knowl-
edge in this direction.

The emerging plethora of applications in differ-
ent sectors makes levan an important industrial com-
modity. However, the cost of producing levan through
microbial culture would be very high with complex
downstream process, if its yield is low. Therefore,
screening of high yielding strains would be important
for its exploitation at industrial scale. Here, we report
the production of large amount of a high molecular
weight levan by a B. paralicheniformis strain LB1-1A
isolated from Bouteloua dactyloides (buffalo grass)
rhizosphere. The outcome of this study will not only
enhance the understanding about the mechanism of
biofilm formation and root colonization of this bacte-
rium but also render a new source of levan production
for commercial exploitation.

Materials and methods
Isolation of levan producing bacteria

A soil sample was collected from the rhizosphere
of Bouteloua dactyloides (commonly known as buf-
falo grass) grown in a garden of NIGBE Faisalabad,
Pakistan. Rhizosphere soil was aseptically transferred
into the saline water (0.85 g NaCl in 100 ml dH,0).
Serial dilutions and streak plate methods were used
repeatedly for obtaining single colonies of pure cul-
tures of EPS-producing bacteria on LB (NaCl, 10 g/l;
yeast extract, 5 g/l; tryptone 10 g/1) and LB-agar
media supplemented with sucrose (20 g/1) as a carbon
source. These LB-agar-sucrose plates were incubated
at 37 °C and observed for the appearance of mucoid
colonies. The colonies were aseptically transferred
to test tubes containing LB broth supplemented with
sucrose (20 g/1). These test tubes were incubated
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under aerobic conditions at 37 °C for 24 h to obtain
the growth of bacteria for preservation of the cultures
and genomic DNA extraction for molecular identifi-
cation. PCR amplification with primers PHr (5'-TGC
GGCTGGATCACCTCCTT-3") and P23SRO1 (5'-
GGCTGCTTCTAAGCCAAC-3') followed by restric-
tion fragment length polymorphism (RFLP) analysis
of the 16S-23S rRNA intergenic spacer region (IGS)
was applied to distinguish different strains of the
same species using the method described by Idris
et al (2004) and Xu et al (2015) (data not shown).
Consequently, two EPS producing bacterial strains
were screened out. Based on its capability to produce
large amount of levan, one bacterial isolate, desig-
nated as LB1-1A, was selected for the present study.
Salt tolerance of the isolate LB1-1A was also checked
by growing it on LB medium containing different
sodium chloride concentrations (0-10%).

Identification and phylogenetic analysis of isolate
LBI1-1A

The isolate was observed under the phase contrast
microscope for cell morphology.

The isolate LB1-1A was phylogenetically placed
using its full length 16S rRNA gene sequence. For
this purpose, its genomic DNA was extracted using
Thermo Scientific GeneJET Genomic DNA Purifica-
tion Kit (#K0721) following the supplier’s instruc-
tions. The 16S rRNA gene was amplified by poly-
merase chain reaction (PCR) using DreamTaq Green
PCR Master Mix (#K9021) and universal primers
FD1 [5-AGAGTTTGATCCTGGCTCAG-3'] and
rP1 [5" -ACGG(ACT)TACCTTGTTACGACTT-3]
(Akhtar et al. 2008). The PCR product (~1500 bp)
was purified using Thermo Scientific™ GeneJet PCR
Purification Kit (#K0701), cloned in pTZ57R/T vec-
tor using InsTAclone™ PCR Cloning Kit (Thermo
Scientific™) and sequenced commercially by Mac-
rogen, Inc. (Seoul, Korea). The obtained sequence
was analyzed using nucleotide BLAST available in
the NCBI database (http://www.ncbi.nlm.nih.gov/
BLAST/). The phylogenetic relationship of LB1-1A
with other related bacteria was inferred by phyloge-
netic tree constructed on the basis of full length 16S
rRNA gene sequences using Type (Strain) Genome
Server (TYGS) (Meier-Kolthoff and Goker 2019), as
described previously (Meier-Kolthoff et al 2014).

Production, isolation and purification of EPS

LB broth supplemented with 20% (w/v) sucrose was
prepared and sterilized by autoclaving as already
described above. The autoclaved broth was inocu-
lated with 5% (v/v) of the inoculum and incubated at
37 °C for 48 h in a rotatory shaker at 100 rpm. At
the end of the fermentation time, the culture was
centrifuged at 8000 x g for 15 min and the superna-
tant was collected. Trichloroacetic acid (14% w/v)
was added to the supernatant followed by incubation
at 23 °C for 40 min (50 rpm) and then centrifugation
at 4 °C for 10 min to deproteinate the solution (Abid
et al. 2019). EPS was then precipitated by adding 2
volumes of ice cold absolute ethanol and collected by
centrifugation at 6000 % g for 10 min. To remove any
residual sucrose, the EPS pellet was washed twice by
re-dissolving in distilled water, precipitation by etha-
nol, and centrifugation as mentioned above. The final
product was dissolved in distilled water and freeze-
dried to obtain purified EPS.

Thin-layer chromatography (TLC) of the EPS product

EPS in the fermented broth was identified by spot test
on a silica gel 60 plate (F,s4; Merck) as described pre-
viously by Anwar et al (2010). Briefly, 2 pL of super-
natant was analyzed on TLC plate using butanol/etha-
nol/water (5:5:3) as a mobile phase and run in a TLC
tank for 6 h. The mobile phase on the TLC plate was
evaporated under warm air for 10 min. Carbohydrate
spots on the chromatogram were visualized by spray-
ing a mixture of urea developing solution (100 ml
water-saturated butanol, 3.0 g urea, 5.9 ml phosphoric
acid, 5 ml ethanol) and developing in a heating incu-
bator at 120 °C for 15 min. A mixture of sucrose,
1-kestose, and nystose was used as standard.

Sugar composition analysis

For sugar analysis, the purified EPS product (10 mg/
ml) was hydrolysed with 2 M trifluoroacetic acid
(TFA) at 50 °C for 30 min (Xu et al. 2016). The
hydrolysis reaction was stopped by the addition of
barium carbonate (BaCO;) powder in excess amount
(Zhang et al. 2014) when the pH of the reaction mix-
ture was adjusted to 7. The hydrolysed product was
filtered through a 0.22 um membrane and analyzed
by high-performance liquid chromatography (HPLC)
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fitted with Bio-Rad Aminex HPX-87P ion exclusion
column (Bio-Rad, Hercules, CA) and coupled with a
refractive index detector (Model 2414, Waters Corpo-
ration, Milford, MA). The HPLC samples were eluted
with B-pure purified water at 85 °C with a flow rate
of 0.6 ml/min according to Chen et al (2013).

13C-NMR spectrometry of the fructan product

To determine the linkage type of isolated EPS, a lyo-
philized sample was dissolved in dimethyl sulfoxide
(DMSO) and the spectrum was recorded on a Bruker
Avance AV-III 300 MHz spectrometer at 25 °C. The
experiment was carried out at an operating frequency
of 75.47 MHz and chemical shifts were expressed in
parts per million (ppm) with respect to the DMSO
peak (39.51 ppm).

High-pressure anion-exchange chromatography
(HPAEC)

Isolate LB1-1A was cultured in LB medium supple-
mented with 200 g/l sucrose and incubated at 37 °C
for 48 h, as described above. The supernatant was
collected and separation of FOSs was carried out by
HPAEC with Integrated Pulsed Amperometric Detec-
tion (HPAEC-IPAD) as previously described (Ver-
gauwen et al. 2000). Identification of carbohydrates
was performed using D-glucose, p-fructose, sucrose,
1-kestose, 6-kestose, neo-kestose, maltose, maltotri-
ose and nystose as standards.

Linkage analysis

The EPS sample was derivatized to its partially
methylated alditol acetates (PMAA) following the
method described by Nasir et al (2020). Briefly, the
lyophilized sample was methylated with iodometh-
ane and hydrolysed using trifluoracetic acid. Reduc-
tion of the hydrolysed residues was performed with
sodium borodeuteride (NaBD,) in ammonia water
and partially methylated alditol residues were acety-
lated using Ac,0. Myo-inositol was used as an inter-
nal standard. Finally, the derivatized EPS sample was
dissolved in acetone and analyzed by gas chromatog-
raphy-mass spectrometry. The PMAAs were identi-
fied by comparing the results of MS fragments with
the published literature (Gojgic-Cvijovic et al. 2019;
Nasir et al. 2020).

@ Springer

Molecular weight determination

The molecular weight of EPS was determined
by gel permeation chromatography coupled
with a multi-angle laser light scattering detector
(MALLS-GPC) according to the method previously
described (Erkorkmaz et al. 2018) with slight modi-
fications. Briefly, the chromatography system was
equipped with an ultra-hydrogel linear (0.78 X 30 cm,
Waters) column and analysis was performed at 22 °C.
The mobile phase was composed of 0.1 M of NaNO,
in a 2% (v/v) acetic acid aqueous solution and it was
supplied to the system with a flow rate of 0.8 ml/min.
The sample concentration was adjusted to 0.5 mg/ml
and the sample was filtered through a 0.45 um filter
prior to injection into the system. Phosphate-buffered
saline was used as a solvent and an injection volume
of 100 ul was used.

Results
Isolation and identification of bacteria

LBI1-1A, isolated from the rhizosphere of buffalo
grass, was selected for this study due to its abil-
ity to produce a large amount of EPS as indicated
by its slimy and mucoid colonies (Online Resource:
Fig. S1). The amount of levan production was also
optimized before selecting the specific isolate for
further study. For levan biosynthesis, optimum tem-
perature, initial pH, sucrose concentration and aera-
tion rate were determined to be 25 °C, 6.0, 300 g/L.
and 150 rpm respectively. The striking feature of the
isolate LB1-1A is that it gives a very high yield of
levan (~42 g/1) under optimized conditions. Addition-
ally, the isolate was able to grow effectively up to 5%
salt concentrations, though maximum growth was
observed at 0.5% NaCl concentration, indicating it
has halotolerant characteristics.

The cells of LB1-1A were found to be Gram-
positive, endospore forming motile rods, some-
times forming short chains. For taxonomic analy-
sis, the full length 16S rRNA gene sequence of
LB1-1A was compared with other sequences using
BLASTn. Further, a phylogenetic tree was con-
structed based on 16S rRNA gene sequences of
closely related type strains, as shown in Fig. 1. In
the BLASTn search, the isolate LB1-1A showed
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Fig. 1 Phylogenetic tree of B. paralicheniformis LB1-1A gen-
erated by Type (Strain) Genome Server (TYGS). The tree was
inferred with FastME 2.1.6.1 (Lefort et al 2015) from Genome
BLAST Distance Phylogeny (GBDP) distances calculated from
16S rRNA gene sequences. The numbers above branches are
GBDP pseudo-bootstrap support values from 100 replications E Polymer

99.87-100% identity to various Bacillus parali-
cheniformis strains. In the phylogenetic tree also,
the LB1-1A clustered closely with B. paralicheni-
formis (type strain KJ-16) in a distinct clade con-
firming the isolate to be a B. paralicheniformis
strain (Fig. 1). The resultant full length 16S rRNA
gene sequence of LB1-1A was submitted to Gen-
Bank under accession No. ON115208. Further,
the whole genome of the isolate has also been
sequenced (data to be published separately) and
this Whole Genome Shotgun project has been
deposited at DDBJ/ENA/GenBank under the acces-
sion JALJCMO000000000. In comparison with the
type strain B. paralicheniformis KJ-16, the calcu-
lated genomic digital DNA Hybridization (dDDH)
(https://www.dsmz.de/services/online-tools/
genome-to-genome-distance-calculator-ggdc) and
Average Nucleotide Identity (ANI) values (Kostas
Lab server, http://enve-omics.ce.gatech.edu/ani/) of
89.5 and 98.78%, respectively, also confirm LBI1-
1A to be a L. paralicheniformis strain.

S LB1-1A

Fig.2 Thin layer chromatographic analysis of the products
synthesized by the growing cells of B. paralicheniformis LB1-
1A. S: standard oligosaccharides; LB1-1A: B. paralicheni-
formis culture broth sample taken after 48 h of fermentation

EPS product analysis

Supernatant from the culture broth of B. parali-
cheniformis LB1-1A was subjected to TLC analy-
sis specific for detecting fructan products and it was
observed that the isolate produced fructans and a
wide range of FOSs in addition to 1-kestose and
nystose (Fig. 2). The fructan and FOSs were further
characterized by '>*C NMR and HPAEC as described
below.

The sugar compositional analysis in HPLC chro-
matogram (Fig. 3a) indicates two peaks at different
retention times, a weak peak observed at 12.7 min
and a strong peak at 17.075 min. Comparing their
retention times with standards showed that the prod-
uct contained both glucose and fructose, but was
overwhelmingly composed of fructose by mass; these
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Fig. 3 a High performance
liquid chromatogram of the 25.00- a
hydrolysate of exopoly-
saccharide produced by

B. paralicheniformis
LBI1-1A. The large peak
at 17.075 min retention
time shows that the major
component of the polymer
was fructose. b The.!’C
NMR spectrum of purified 0.00
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data further confirmed that the EPS product was of
the fructan type.

The !C-NMR spectrum of the fructan
(Fig. 3b) shows chemical shifts in the range of
62.65-106.89 ppm that describes the polysaccharide
nature of carbons in carbohydrate rings. The spectrum
showed six broad resonance signals at 106.90 ppm
(C2), 82.99 ppm (C5), 79.04 ppm (C3), 77.92 ppm

Fig. 4 High performance
anion exchange (HPAE)
chromatographic analysis of
fructooligosaccharides syn-
thesized by growing cells

of B. paralicheniformis
LBI1-1A. The analysis was
carried out on an HPAE

Glucose
Fructose
Sucrose

|

(C4), 66.09 ppm (C6), and 62.66 ppm (C1). The rela-
tive positions of the signals confirmed the identifica-
tion of EPS as levan.

To analyze the composition of the FOSs produced
by B. paralicheniformis, we analyzed the sample with
HPAEC-IPAD (Fig. 4). With the commonly used
standards, 1-kestose, nystose and some unidentified
oligosaccharides that eluted corresponding to maltose

Maltotriose

£
b
S
=
Z.

chromatograph coupled
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with integrated pulsed
amperometric detector
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and maltotriose peaks were detected. Some other,
higher DP FOSs, present in small amounts, could
also not be identified. However, the main products
obtained under these conditions were small carbohy-
drates, being di-, tri- and tetrasaccharides.

Linkage analysis

Methylation analysis of the EPS was carried out to
determine the linkage types between fructosyl resi-
dues at branching points, in addition to linkages in the
backbone of the EPS. Figure 5a shows the total ioniza-
tion chromatogram (TIC) of the derivatives obtained.
Signal peaks that appeared on the TIC were further
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Fig. 5 Linkage analysis by methylation of the exopolysaccha-
ride produced by B. paralicheniformis LB1-1A. The partially
methylated alditol acetates (PMAAs) were analyzed by a gas

identified by its fragmentation spectra (Fig. 5b), and
the results are summarized in Table 1. EPS deriva-
tives consisted of three types of D-fructofuranosyl
residues, where signal peak with the lowest retention
time at 11.210 min was identified as terminal linked
Fruf residues: 2,5-di-O-acetyl-(2-deuterio)-1,3,4,6-
tetra-O-methyl mannitol/glucitol. The signal peak
with the highest abundance (14.657 min) confirmed
the presence of (2— 6)-linked Fruf residues which
yielded  2.,5,6-tri-O-acetyl-(2-deuterio)-1,3,4-tri-O-
methyl mannitol/glucitol sugar derivatives, while
1,2,5,6-tetra-O-acetyl-(2-deuterio)-3,4-di-O-methyl
mannitol/glucitol represents (2— 1)-linked Fruf resi-
dues at the branching points (19.075 min). The peak
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Table 1 Glycosidic linkages of B. paralicheniformis LB1-1A levan determined by methylation analysis and GC-MS profiles

Signal peaks Diagnostic fragments

Sugar derivatives

Deduced residues Mol%

11.210 min 87, 101/102, 129, 161/162 & 205/206 2,5-di-O-acetyl-(2-deuterio)-1,3,4,6-tetra-O-  Terminal-Fruf 18.2+0.2
methyl mannitol/glucitol

14.657 min 87, 129, 162, 189, 206 & 233 2,5,6-tri-O-acetyl-(2-deuterio)-1,3,4-tri-O- (2—6)-Fruf 77.14+0.5
methyl mannitol/glucitol

19.075 min 87, 129, 189/190, & 233/234 1,2,5,6-tetra-O-acetyl-(2-deuterio)-3,4-di-O-  (2— 1)-Fruf 4.66+0.1

methyl mannitol/glucitol

with the highest retention time at 23.686 min denotes
the internal myo-inositol standard. Consequently, the
EPS from B. paralicheniformis LB1-1A was deduced
to be a levan-type molecule consisting of 77.15%
(2—6)-linked Fruf residue in the backbone and
4.66% (2 — 1)-linked Fruf branched residues.

Molecular weight determination

B. paralicheniformis LB1-1A was found to synthesize
a macromolecular polysaccharide with weight-aver-
age molecular weight (M, ) of 5.517% 10" Da, num-
ber-average molecular weight of (M,) 3.331 % 10’ Da
and polydispersity index (PD=M,/M,) of 1.66
(Online Resource Fig. S2).

Discussion

Though several microbes capable of producing levan
have been obtained from various sources, the discov-
ery and characterization of EPS synthesizing microor-
ganisms from unexplored niches will add to the versa-
tility of EPSs and their diverse range of applications.
Specifically, this work aimed to identify and charac-
terize the bacterial EPS produced by a rhizospheric
isolate. The isolate grew well and produced EPS
under aerobic conditions in LB media supplemented
with sucrose. On solid medium, it formed colonies
having a slimy texture, which is an indication of EPS
(Ievan) production as reported previously (Han et al.
2016; Moussa et al. 2017; Nasir et al. 2020). When
grown in liquid medium, the isolate was observed to
synthesize tremendously viscous broth. The isolate
was identified as B. paralicheniformis. Previously,
we have used the EPS product from this isolate as an
additive in poultry feed for health improvement of
the birds (Ashfaq et al. 2020). B. paralicheniformis
is also known to positively influence the plant growth
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and vitality, and is commonly recognized as PGPR
(Valenzuela-Ruiz et al. 2019; Wang et al. 2017).
Though EPS synthesis has been reported in several
Bacillus species, B. paralicheniformis has never been
explored for the characterization of its EPS which
adds further to the novelty of this work. This study is
the first comprehensive work on the production and
characterization of EPS from this bacterium.

Structural characterization of EPS

The EPS produced by B. paralicheniformis LB1-1A
was identified by >*C NMR spectroscopy. The carbon
chemical shifts were attributed to -configured fructo-
furanose units in comparison with carbon chemical
shifts of the standard methyl-glycoside (Bock and
Pedersen 1983). In '3C NMR spectra, fructans (inu-
lin and levan) have characteristic distribution of the
chemical shift signals due to the stereoelectronic
effects of different glycosidic linkages between fruc-
tosyl units. This distribution of chemical shifts has
been used to classify the fructans as inulin and levan
(Anwar et al. 2010, 2008; Kirtel et al. 2019). Crucial
among these are the chemical shift signals of Carbon
6 (C6) and Carbon 1 (C1), which are directly linked
to the glycosidic bonds in levans and inulins, respec-
tively. Due to the characteristic downfield shifts of the
carbons, the difference in chemical shifts between C6
and C1 is small for inulins (~ 1 ppm), while this dif-
ference ranges from 3.0 to 3.6 in levan-type fructans.
Conversely, the chemical shift differences between
Carbon 3 (C3) and Carbon 4 (C4) are small in lev-
ans (~ 1 ppm) but they are farther apart in inulin-type
fructans. Based on these characteristic differences,
the obtained results correspond to the peak positions
for p(2—6) linked fructose residue that describes
the polysaccharide nature of the carbons in the car-
bohydrate rings. The detection of f(2— 6) glycosidic
bonds validates the production of levan-type EPS by
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the isolate. These findings are similar to the '>*C NMR
spectra reported for levan type fructans of B. licheni-
formis (Xavier and Ramana 2017; Kirtel et al., 2021),
Brachybacterium sp. (Djuri€ et al. 2017) and Bacillus
aryabhattai (Nasir et al. 2020).

FOSs production by the isolate

Besides levan production, B. paralicheniformis LB1-
1A was found to produce FOSs. The main products
obtained under these experimental conditions were
small carbohydrates, being di-, tri- and tetrasaccha-
rides, as depicted by HPAEC-IPAD analysis. These
FOS products are of narrow range as compared to
FOSs from Bacillus aryabhattai GYC2-3 isolated
from Taraxacum spp. plant in our previous study
(Nasir et al. 2020). Varying diversity and range of
FOSs from other strains of the Bacillus genus have
been reported (Li et al. 2015). This indicates the
species-specific formation of a wide variety of FOSs
with different functions that can be elucidated involv-
ing in vivo and in vitro experiments. HPAEC results
also indicated that, after 48 h of incubation, most of
the sucrose was utilized by the isolate. A huge peak
of glucose reflected the EPS glycosyl residue stoi-
chiometry and was consistent with the production of
EPS directly from sucrose.

LB1-1A produces a moderately branched levan

Methylation analysis of the LBI1-1A levan further
elaborated its fine structure, including linkages in the
main chain as well as the branching pattern. Analy-
sis of PMAAs by GC-MS suggests that fructose
unit is the chief constituent of the main chain of the
EPS produced by the B. paralicheniformis LB1-1A
isolate, while branched chains or substituted groups
are present at the (2—1) positions of the fructose
units. GC-MS analysis also supports the assign-
ment of 3C NMR spectrum. The reduction of C-2
of fructose with NaBD,, allowed the discrimination
between (2 — 6)-linked Fruf and (2— 1)-linked Fruf
of levan and inulin, respectively (Hellerqvist et al.
1990). Apart from that, sometimes the presence of
1,5-anhydro-2,3,4,6-tetra-O-methyl-p-glucitol can
also be detected in levans, which indicates the pres-
ence of terminal o—D-Glc (terminal glucose) (Lopez
et al. 2003). According to Van den Ende (2013),
fructans may or may not contain terminal glucose

units. Nevertheless, in our case, (Fig. 5), a small
glucose peak could be observed after terminal-Fruf
peaks in the chromatogram at 12 min retention time.
The extent of branching measured for levan of B. par-
alicheniformis LB1-1A 1is in accordance with that
reported for levan described by Dong et al (2015).
Some bacterial levans are reported to have high
amount of branching such as: 14.3% for B. licheni-
Sformis 8-37-0-1 (Liu et al. 2010), 10.5% for B. sub-
tilis (Benigar et al. 2014) and~12% for P. polymyxa
B-18475 (Han and Clarke 1990). However, some
bacterial levans are listed as linear with a low (<2%)
degree of branching, e.g. levan from acetic acid
bacteria (Jakob et al. 2013) and lactic acid bacteria
(Ahmad et al. 2022).

High molecular weight levan produced by LB1-1A

Many bacterial species are known to produce lev-
ans with different molecular weights and molecular
size distributions. Compared to previously reported
levans from Bacillus genus, M,, of B. paralicheni-
formis LB1-1A levan i.e. 5.517x 10" Da is com-
parable to the M,, 5.317 x 10’ Da of B. aryabhattai
levan (Nasir et al. 2020) while relatively larger than
that reported for B. subtilis sp. and B. subtilis natto,
which produced levan having M,, of 1.66 X 10* Da
with PD=2.17 and M,, between 9 and 2000 kDa
(Ghoneim et al. 2016; Wu et al. 2013), respectively.
Higher PD values indicate broad molecular weight
distributions, whereas narrow molecular weight dis-
tribution (1.66) was detected for levan of B. parali-
cheniformis LB1-1A indicating a relatively homog-
enous molecule. The applications of fructans are
highly influenced by their molecular weights and
physicochemical properties (Xu et al. 2018; Ortiz-
Soto et al. 2019). For instance, Yoo and coworkers
observed both in in vitro and in vivo studies that
levans with high molecular weights (710,000 Da,
570,000 Da and 380,000 Da) were superior at inhib-
iting tumor cell lines as compared to levan with
low molecular weight (40,000 Da), which showed
poor antitumor activity (Yoo et al. 2004). Similarly,
high molecular weight levan has been commonly
used as an encapsulating agent, stabilizer, emulsi-
fier and thickener due to its specific rheological
and physicochemical properties (Goncalves et al.
2015). High MW levan produced by Z. mobilis lev-
ansucrase exhibited a strong in vitro antibacterial
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effect (Byun et al. 2014), while anti-tumor activities
of levan were observed depending on its molecu-
lar size (Calazans et al. 2000). Therefore, the high
MW levan with relatively low degree of branching,
produced by B. paralichenisformis LB1-1A could
prove to be a promising candidate for industrial
applications.

Conclusions

In this study, with the motivation to find a new
fructan-producing bacterium, B. paraicheniformis
was isolated from the rhizosphere of buffalo grass.
This study demonstrates that the moderately halo-
tolerant B. paralicheniformis LB1-1A is a new
source for EPS and oligosaccharide production and
a gateway for new perspectives and applications.
Based on the monosaccharide composition,'*C
NMR, and linkage analysis, the structure of EPS
was confirmed as levan which is composed of fruc-
tose with the p-(2,6) linkages. Another striking fea-
ture of this isolate is that it gives a high molecular
weight (5.517x 107 Da) levan having relatively low
degree of branching i.e. 4.66%, which adds further
to its novelty. The isolate’s association with plants
and demonstrated role in plant growth promotion,
its probiotic properties, and now its levan produc-
tion capability makes B. paralicheniformis atten-
tion worthy of further investigations for diverse
applications.

Acknowledgements This research was supported by Higher
Education Commission of Pakistan (HEC) Project No. NRPU
2742, awarded to Dr. Munir Ahmad Anwar. We thank Dr. Brad
L. Reuhs, Department of Food Science, Purdue University
(Indiana, USA) for help in partially methylated alditol acetates
analysis by GC-MS. Valuable inputs from Ms Iqra Jawad,
NIBGE (Faisalabad, Pakistan), in salt tolerance experiments
are also acknowledged.

Author contributions AN: investigation, writing—origi-
nal draft preparation, editing. WA: data curation, editing. FS:
investigation, writing—original draft preparation. IA: meth-
odology. SRL: resources, writing—reviewing and editing.
M-HC: formal analysis, writing—reviewing and editing. WVE:
resources, writing—reviewing and editing. ETO: resources,
writing—reviewing and editing. OK: formal analysis. MAG:
co-supervision, writing-reviewing and editing. SK: investiga-
tion. MAA: conceptualization, supervision, project adminis-
tration, resources, funding acquisition, writing—original draft
preparation, reviewing and editing.

@ Springer

Funding This research was supported by Higher Educa-
tion Commission of Pakistan (HEC) Project No. NRPU 2742,
awarded to Dr. Munir Ahmad Anwar.

Data availability The datasets generated during and/or ana-
lyzed during the current study are available from the corre-
sponding author on reasonable request.

Declarations

Competing interests The authors have no relevent financial
or non-financial interests to disclose.

References

Abid Y, Azabou S, Casillo A, Gharsallah H, Jemil N, Lanzetta
R, Attia H, Corsaro MM (2019) Isolation and structural
characterization of levan produced by probiotic Bacillus
tequilensis-GM from Tunisian fermented goat milk. Int J
Biol Macromol 133:786-794. https://doi.org/10.1016/j.
ijbiomac.2019.04.130

Adamberg K, Tomson K, Talve T, Pudova K, Puurand M, Vis-
napuu T, Alamée T, Adamberg S (2015) Levan enhances
associated growth of Bacteroides, Escherichia, Strepto-
coccus and Faecalibacterium in fecal microbiota. PLoS
ONE 10:e0144042. https://doi.org/10.1371/journal.pone.
0144042

Ahire J, Kashikar M, Lakshmi S, Madempudi R (2020) Identi-
fication and characterisation of antimicrobial peptide pro-
duced by indigenously isolated Bacillus paralicheniformis
UBBLIi30 strain. 3 Biotech 10:1-13. https://doi.org/10.
1007/s13205-020-2109-6

Ahmad W, Nasir A, Sattar F, Ashfaq I, Chen M-H, Hayat A,
Rehman M-U, Zhao S, Khaliq S, Ghauri MA, Anwar MA
(2022) Production of bimodal molecular weight levan by a
Lactobacillus reuteri isolate from fish gut. Folia Microbiol
67:21-31. https://doi.org/10.1007/s12223-021-00913-w

Akhtar N, Ghauri MA, Igbal A, Anwar MA, Akhtar K (2008)
Biodiversity and phylogenetic analysis of culturable bac-
teria indigenous to Khewra salt mine of Pakistan and
their industrial importance. Braz J Microbiol 39:143-150.
https://doi.org/10.1590/S1517-83822008000100029

Al-Sheraji SH, Ismail A, Manap MY, Mustafa S, Yusof RM,
Hassan FA (2013) Prebiotics as functional foods: a review.
J Funct Foods 5:1542—-1553. https://doi.org/10.1016/j.jff.
2013.08.009

Amellal N, Bartoli F, Villemin G, Talouizte A, Heulin T (1999)
Effects of inoculation of EPS-producing Pantoea agglo-
merans on wheat rhizosphere aggregation. Plant Soil
211:93-101. https://doi.org/10.1023/A:1004403009353

Anwar MA, Kralj S, van der Maarel MJ, Dijkhuizen L (2008)
The probiotic Lactobacillus johnsonii NCC 533 produces
high-molecular-mass inulin from sucrose by using an
inulosucrase enzyme. Appl Environ Microbiol 74:3426—
3433. https://doi.org/10.1128/AEM.00377-08

Anwar MA, Kralj S, Pique AV, Leemhuis H, van der Maarel
MJ, Dijkhuizen L (2010) Inulin and levan synthesis by
probiotic Lactobacillus gasseri strains: characterization


https://doi.org/10.1016/j.ijbiomac.2019.04.130
https://doi.org/10.1016/j.ijbiomac.2019.04.130
https://doi.org/10.1371/journal.pone.0144042
https://doi.org/10.1371/journal.pone.0144042
https://doi.org/10.1007/s13205-020-2109-6
https://doi.org/10.1007/s13205-020-2109-6
https://doi.org/10.1007/s12223-021-00913-w
https://doi.org/10.1590/S1517-83822008000100029
https://doi.org/10.1016/j.jff.2013.08.009
https://doi.org/10.1016/j.jff.2013.08.009
https://doi.org/10.1023/A:1004403009353
https://doi.org/10.1128/AEM.00377-08

Antonie van Leeuwenhoek (2022) 115:1101-1112

1111

of three novel fructansucrase enzymes and their fructan
products. Microbiol 156:1264—1274. https://doi.org/10.
1099/mic.0.036616-0

Ashfaq I, Amjad H, Ahmad W, Nasir A, Ali A, Ali WR, Khaliq
S, Hayat A, Ali H, Sattar F (2020) Growth inhibition of
common enteric pathogens in the intestine of broilers by
microbially produced dextran and levan exopolysaccha-
rides. Curr Microbiol 77:2128-2136. https://doi.org/10.
1007/s00284-020-02091-3

Benigar E, Dogsa I, Stopar D, Jamnik A (2014) Structure and
dynamics of a polysaccharide matrix: aqueous solutions
of bacterial levan. Langmuir 30:4172-4182. https://doi.
org/10.1021/1a500830j

Bock K, Pedersen C (1983) Carbon-13 nuclear magnetic reso-
nance spectroscopy of monosaccharides. Adv Carbohydr
Chem Biochem 41:27-66. https://doi.org/10.1016/S0065-
2318(08)60055-4

Byun BY, Lee SJ, Mah JH (2014) Antipathogenic activity and
preservative effect of levan p—(2, 6 fructan), a multifunc-
tional polysaccharide. Int J Food Sci Tech 49:238-245.
https://doi.org/10.1111/ijfs.12304

Calazans GM, Lima RC, de Franga FP, Lopes CE (2000)
Molecular weight and antitumour activity of Zymomonas
mobilis levans. Int J Biol Macromol 27:245-247. https://
doi.org/10.1016/S0141-8130(00)00125-2

Chen M-H, Kaur P, Dien B, Below F, Vincent ML, Singh V
(2013) Use of tropical maize for bioethanol production.
World J Microbiol Biotechnol 29:1509-1515. https://doi.
org/10.1007/s11274-013-1317-1

Djuri¢ A, Gojgi¢-Cvijovi¢ G, Jakovljevi¢ D, Kekez B, Koji¢
JS, Mattinen M-L, Harju IE, Vrvi¢ MM, Beskoski VP
(2017) Brachybacterium sp. CH-KOV3 isolated from an
oil-polluted environment: a new producer of levan. Int J
Biol Macromol 104:311-321. https://doi.org/10.1016/j.
ijbiomac.2017.06.034

Dogsa I, Brloznik M, Stopar D, Mandic-Mulec I (2013)
Exopolymer diversity and the role of levan in Bacillus
subtilis biofilms. PLoS ONE 8:e62044. https://doi.org/10.
1371/journal.pone.0062044

Dong C-X, Zhang L-J, Xu R, Zhang G, Zhou Y-B, Han X-Q,
Zhang Y, Sun Y-X (2015) Structural characterization and
immunostimulating activity of a levan-type fructan from
Curcuma kwangsiensis. Int J Biol Macromol 77:99-104.
https://doi.org/10.1016/j.ijbiomac.2015.03.009

Erkorkmaz BA, Kirtel O, Duru OA, Oner ET (2018) Devel-
opment of a cost-effective production process for Halo-
monas levan. Bioproc Biosyst Eng 41:1-13. https://doi.
org/10.1007/s00449-018-1952-x

Ghoneim MA, Hassan Al, Mahmoud MG, Asker MS (2016)
Effect of polysaccharide from Bacillus subtilis sp. on car-
diovascular diseases and atherogenic indices in diabetic
rats. BMC Complement Altern Med 16:112. https://doi.
org/10.1186/s12906-016-1093-1

Gojgic-Cvijovic G, Jakovljevic D, Loncarevic B, Todorovic N,
Pergal MV, Ciric J, Loos K, Beskoski V, Vrvic M (2019)
Production of levan by Bacillus licheniformis NS032 in
sugar beet molasses-based medium. Int J Biol Macromol
121:142-151. https://doi.org/10.1016/j.ijbiomac.2018.10.
019

Goncalves BCM, Baldo C, Celligoi M (2015) Levan and levan-
sucrase—a mini review. Int J Sci Technol Res 4:100-104

Han YW, Clarke MA (1990) Production and characteriza-
tion of microbial levan. J Agric Food Chem 38:393-396.
https://doi.org/10.1021/jf00092a011

Han J, Xu X, Gao C, Liu Z, Wu Z (2016) Levan-producing
Leuconostoc citreum strain BD1707 and its growth in
tomato juice supplemented with sucrose. Appl Environ
Microbiol 82:1383-1390. https://doi.org/10.1128/AEM.
02944-15

Hellerqvist C, Sweetman J (1990) Mass spectrometry of carbo-
hydrates. Methods Biochem Anal 34:91-143

Idris R, Trifonova R, Puschenreiter M, Wenzel WW, Sessitsch
A (2004) Bacterial communities associated with flowering
plants of the Ni hyperaccumulator Thilaspi goesingense.
Appl Environ Microbiol 70(5):2667-2677. https://doi.org/
10.1128/AEM.70.5.2667-2677.2004

Jakob F, Pfaff A, Novoa-Carballal R, Riibsam H, Becker T,
Vogel RF (2013) Structural analysis of fructans produced
by acetic acid bacteria reveals a relation to hydrocolloid
function. Carbohydr Polym 92:1234—1242. https://doi.org/
10.1016/j.carbpol.2012.10.054

Kirtel O, Lescrinier E, Van den Ende W, Oner ET (2019)
Discovery of fructans in Archaea. Carbohydr Polym
220:149-156.  https://doi.org/10.1016/j.carbpol.2019.05.
064

Kirtel O, Aydin H, Oner ET (2021) Fructanogenic traits in hal-
otolerant Bacillus licheniformis OK12 and their predicted
functional significance. J Appl Microbiol 131(3):1391-
1404. https://doi.org/10.1111/jam.15015

Lefort V, Desper R, Gascuel O (2015) FastME 2.0: a com-
prehensive, accurate, and fast distance-based phylogeny
inference program. Mol Biol Evol 32:2798-2800. https://
doi.org/10.1093/molbev/msv150

Li M, Seo S, Karboune S (2015) Bacillus amyloliquefaciens
levansucrase-catalyzed the synthesis of fructooligosaccha-
rides, oligolevan and levan in maple syrup-based reaction
systems. Carbohydr Polym 133:203-212. https://doi.org/
10.1016/j.carbpol.2015.07.010

Liu C, Lu J, Lu L, Liu Y, Wang F, Xiao M (2010) Isolation,
structural characterization and immunological activity of
an exopolysaccharide produced by Bacillus licheniformis
8-37-0-1. Bioresour Technol 101:5528-5533. https://doi.
org/10.1016/j.biortech.2010.01.151

Lopez MG, Mancilla-Margalli NA, Mendoza-Diaz G (2003)
Molecular structures of fructans from Agave tequilana
Weber var. azul. J Agric Food Chem 51:7835-7840.
https://doi.org/10.1021/jf030383v

Makled SO, Hamdan AM, El-Sayed AFM (2019) Effects of
dietary supplementation of a marine thermotolerant bac-
terium, Bacillus paralicheniformis SO-1, on growth per-
formance and immune responses of Nile tilapia, Oreo-
chromis niloticus. Aquac Nutr 25:817-827. https://doi.
org/10.1111/anu.12899

Meier-Kolthoff JP, Goker M (2019) TYGS is an automated
high-throughput platform for state-of-the-art genome-
based taxonomy. Nat Commun 10:1-10. https://doi.org/
10.1038/s41467-019-10210-3

Meier-Kolthoff JP, Hahnke RL, Petersen J, Scheuner C, Michael
V, Fiebig A, Rohde C, Rohde M, Fartmann B, Goodwin
LA, Chertkov O (2014) Complete genome sequence of
DSM 300837, the type strain (U5/41T) of Escherichia coli,
and a proposal for delineating subspecies in microbial

@ Springer


https://doi.org/10.1099/mic.0.036616-0
https://doi.org/10.1099/mic.0.036616-0
https://doi.org/10.1007/s00284-020-02091-3
https://doi.org/10.1007/s00284-020-02091-3
https://doi.org/10.1021/la500830j
https://doi.org/10.1021/la500830j
https://doi.org/10.1016/S0065-2318(08)60055-4
https://doi.org/10.1016/S0065-2318(08)60055-4
https://doi.org/10.1111/ijfs.12304
https://doi.org/10.1016/S0141-8130(00)00125-2
https://doi.org/10.1016/S0141-8130(00)00125-2
https://doi.org/10.1007/s11274-013-1317-1
https://doi.org/10.1007/s11274-013-1317-1
https://doi.org/10.1016/j.ijbiomac.2017.06.034
https://doi.org/10.1016/j.ijbiomac.2017.06.034
https://doi.org/10.1371/journal.pone.0062044
https://doi.org/10.1371/journal.pone.0062044
https://doi.org/10.1016/j.ijbiomac.2015.03.009
https://doi.org/10.1007/s00449-018-1952-x
https://doi.org/10.1007/s00449-018-1952-x
https://doi.org/10.1186/s12906-016-1093-1
https://doi.org/10.1186/s12906-016-1093-1
https://doi.org/10.1016/j.ijbiomac.2018.10.019
https://doi.org/10.1016/j.ijbiomac.2018.10.019
https://doi.org/10.1021/jf00092a011
https://doi.org/10.1128/AEM.02944-15
https://doi.org/10.1128/AEM.02944-15
https://doi.org/10.1128/AEM.70.5.2667-2677.2004
https://doi.org/10.1128/AEM.70.5.2667-2677.2004
https://doi.org/10.1016/j.carbpol.2012.10.054
https://doi.org/10.1016/j.carbpol.2012.10.054
https://doi.org/10.1016/j.carbpol.2019.05.064
https://doi.org/10.1016/j.carbpol.2019.05.064
https://doi.org/10.1111/jam.15015
https://doi.org/10.1093/molbev/msv150
https://doi.org/10.1093/molbev/msv150
https://doi.org/10.1016/j.carbpol.2015.07.010
https://doi.org/10.1016/j.carbpol.2015.07.010
https://doi.org/10.1016/j.biortech.2010.01.151
https://doi.org/10.1016/j.biortech.2010.01.151
https://doi.org/10.1021/jf030383v
https://doi.org/10.1111/anu.12899
https://doi.org/10.1111/anu.12899
https://doi.org/10.1038/s41467-019-10210-3
https://doi.org/10.1038/s41467-019-10210-3

1112

Antonie van Leeuwenhoek (2022) 115:1101-1112

taxonomy. Stand Genomic Sci 9:2. https://doi.org/10.1186/
1944-3277-9-2

Moussa TA, Al-Qaysi SA, Thabit ZA, Kadhem SB (2017) Micro-
bial levan from Brachybacterium phenoliresistens: Charac-
terization and enhancement of production. Process Biochem
57:9-15. https://doi.org/10.1016/j.procbio.2017.03.008

Nasir A, Sattar F, Ashfaq I, Lindemann SR, Chen M-H, Van den
Ende W, Oner ET, Kirtel O, Khaliq S, Ghauri MA (2020)
Production and characterization of a high molecular weight
levan and fructooligosaccharides from a rhizospheric isolate
of Bacillus aryabhattai. LWT 123:109093. https://doi.org/
10.1016/j.1wt.2020.109093

Oner ET, Hernandez L, Combie J (2016) Review of levan poly-
saccharide: from a century of past experiences to future
prospects. Biotechnol Adv 34:827-844. https://doi.org/10.
1016/j.biotechadv.2016.05.002

Ortiz-Soto ME, Porras-Dominguez J, Seibel J, Lépez-Munguia
A (2019) A close look at the structural features and reac-
tion conditions that modulate the synthesis of low and high
molecular weight fructans by levansucrases. Carbohydr
Polym 219:130-142. https://doi.org/10.1016/j.carbpol.2019.
05.014

Peshev D, Van den Ende W (2014) Fructans: prebiotics and
immunomodulators. J Funct Foods 8:348-357. https://doi.
org/10.1016/j.jtt.2014.04.005

Rossi M, Corradini C, Amaretti A, Nicolini M, Pompei A,
Zanoni S, Matteuzzi D (2005) Fermentation of fructoo-
ligosaccharides and inulin by bifidobacteria: a comparative
study of pure and fecal cultures. Appl Environ Microbiol
71:6150-6158.  https://doi.org/10.1128/AEM.71.10.6150-
6158.2005

Srikanth R, Siddartha G, Reddy CHS, Harish B, Ramaiah MJ,
Uppuluri KB (2015) Antioxidant and anti-inflammatory
levan produced from Acetobacter xylinum NCIM2526 and
its statistical optimization. Carbohydr Polym 123:8-16.
https://doi.org/10.1016/j.carbpol.2014.12.079

Tuncil YE, Nakatsu CH, Kazem AE, Arioglu-Tuncil S, Reuhs
B, Martens EC, Hamaker BR (2017) Delayed utilization
of some fast-fermenting soluble dietary fibers by human
gut microbiota when presented in a mixture. J Funct Foods
32:347-357. https://doi.org/10.1016/}.jff.2017.03.001

Valenzuela-Ruiz V, Robles-Montoya RI, Parra-Cota FI, Santoyo
G, del Carmen O-MM, Rodriguez-Ramirez R (2019) Draft
genome sequence of Bacillus paralicheniformis TRQ65, a
biological control agent and plant growth-promoting bacte-
rium isolated from wheat (Triticum turgidum subsp. durum)
rhizosphere in the Yaqui Valley. 3 Biotech 9:436. https://doi.
org/10.1007/s13205-019-1972-5

Van den Ende W (2013) Multifunctional fructans and raffinose
family oligosaccharides. Front Plant Sci 4:247. https://doi.
org/10.3389/fpls.2013.00247

Velazquez-Hernandez ML, Baizabal-Aguirre VM, Cruz-Vazquez
F, Trejo-Contreras MJ, Fuentes-Ramirez LE, Bravo-Patifio
A, Cajero-Juarez M, Chavez-Moctezuma MP, Valdez-
Alarcon JJ (2011) Gluconacetobacter diazotrophicus lev-
ansucrase is involved in tolerance to NaCl, sucrose and
desiccation, and in biofilm formation. Arch Microbiol
193:137-149. https://doi.org/10.1007/s00203-010-0651-z

Venugopal V (2011) Polysaccharide from seaweed and microal-
gae. In: Marine polysaccharides: food applications. Taylor
and Francis Group, Boca Raton, FL

@ Springer

Vergauwen R, Van den Ende W, Van Laere A (2000) The role
of fructan in flowering of Campanula rapunculoides. ] Exp
Bot 51:1261-1266. https://doi.org/10.1093/jexbot/51.348.
1261

Wang Y, Liu H, Liu K, Wang C, Ma H, Li Y, Hou Q, Liu F,
Zhang T, Wang H (2017) Complete genome sequence of
Bacillus paralicheniformis MDJK30, a plant growth-pro-
moting rhizobacterium with antifungal activity. Genome
Announc 5:¢00577-e517. https://doi.org/10.1128/genomeA.
00577-17

Wu F-C, Chou S-Z, Shih L (2013) Factors affecting the produc-
tion and molecular weight of levan of Bacillus subtilis natto
in batch and fed-batch culture in fermenter. J Taiwan Inst
Chem Eng 44:846-853. https://doi.org/10.1016/j.jtice.2013.
03.009

Xavier JR, Ramana KV (2017) Optimization of levan production
by cold-active Bacillus licheniformis ANT 179 and fruc-
tooligosaccharide synthesis by its levansucrase. Appl Bio-
chem Biotechnol 181:986-1006. https://doi.org/10.1007/
$12010-016-2264-8

Xiao X, Cheng Y, Song D, Li X, Hu Y, Lu Z, Wang F, Wang Y
(2019) Selenium-enriched Bacillus paralicheniformis SR14
attenuates H,0,-induced oxidative damage in porcine jeju-
num epithelial cells via the MAPK pathway. Appl Micro-
biol Biotechnol 103:6231-6243. https://doi.org/10.1007/
$00253-019-09922-9

Xu KW, Zou L, Penttinen P, Wang K, Heng NN, Zhang XP,
Chen Q, Zhao K, Chen YX (2015) Symbiotic effectiveness
and phylogeny of rhizobia isolated from faba bean (Vicia
faba L.) in Sichuan hilly areas, China. Syst Appl Microbiol
38(7):515-523.  https://doi.org/10.1016/j.syapm.2015.06.
009

Xu J, Chen D, Liu C, Wu X-Z, Dong C-X, Zhou J (2016) Struc-
tural characterization and anti-tumor effects of an inulin-
type fructan from Atractylodes chinensis. Int J Biol Mac-
romol 82:765-771. https://doi.org/10.1016/j.ijbiomac.2015.
10.082

Xu W, LiuQ, Bai Y, Yu S, Zhang T, Jiang B, Mu W (2018) Phys-
icochemical properties of a high molecular weight levan
from Brenneria sp. EniD312. Int ] Biol Macromol 109:810—
818. https://doi.org/10.1016/j.ijbiomac.2017.11.056

Yoo S-H, Yoon EJ, Cha J, Lee HG (2004) Antitumor activity of
levan polysaccharides from selected microorganisms. Int J
Biol Macromol 34:37-41. https://doi.org/10.1016/j.ijbio
mac.2004.01.002

Zhang T, Li R, Qian H, Mu W, Miao M, Jiang B (2014) Biosyn-
thesis of levan by levansucrase from Bacillus methylotrophi-
cus SK 21.002. Carbohydr Polym 101:975-981. https://doi.
org/10.1016/j.carbpol.2013.10.045

Zhao D, Wu S, Feng W, Jakovli¢ I, Tran NT, Xiong F (2020)
Adhesion and colonization properties of potentially pro-
biotic Bacillus paralicheniformis strain FA6 isolated from
grass carp intestine. Fish Sci 86:153-161. https://doi.org/10.
1007/512562-019-01385-1

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.


https://doi.org/10.1186/1944-3277-9-2
https://doi.org/10.1186/1944-3277-9-2
https://doi.org/10.1016/j.procbio.2017.03.008
https://doi.org/10.1016/j.lwt.2020.109093
https://doi.org/10.1016/j.lwt.2020.109093
https://doi.org/10.1016/j.biotechadv.2016.05.002
https://doi.org/10.1016/j.biotechadv.2016.05.002
https://doi.org/10.1016/j.carbpol.2019.05.014
https://doi.org/10.1016/j.carbpol.2019.05.014
https://doi.org/10.1016/j.jff.2014.04.005
https://doi.org/10.1016/j.jff.2014.04.005
https://doi.org/10.1128/AEM.71.10.6150-6158.2005
https://doi.org/10.1128/AEM.71.10.6150-6158.2005
https://doi.org/10.1016/j.carbpol.2014.12.079
https://doi.org/10.1016/j.jff.2017.03.001
https://doi.org/10.1007/s13205-019-1972-5
https://doi.org/10.1007/s13205-019-1972-5
https://doi.org/10.3389/fpls.2013.00247
https://doi.org/10.3389/fpls.2013.00247
https://doi.org/10.1007/s00203-010-0651-z
https://doi.org/10.1093/jexbot/51.348.1261
https://doi.org/10.1093/jexbot/51.348.1261
https://doi.org/10.1128/genomeA.00577-17
https://doi.org/10.1128/genomeA.00577-17
https://doi.org/10.1016/j.jtice.2013.03.009
https://doi.org/10.1016/j.jtice.2013.03.009
https://doi.org/10.1007/s12010-016-2264-8
https://doi.org/10.1007/s12010-016-2264-8
https://doi.org/10.1007/s00253-019-09922-9
https://doi.org/10.1007/s00253-019-09922-9
https://doi.org/10.1016/j.syapm.2015.06.009
https://doi.org/10.1016/j.syapm.2015.06.009
https://doi.org/10.1016/j.ijbiomac.2015.10.082
https://doi.org/10.1016/j.ijbiomac.2015.10.082
https://doi.org/10.1016/j.ijbiomac.2017.11.056
https://doi.org/10.1016/j.ijbiomac.2004.01.002
https://doi.org/10.1016/j.ijbiomac.2004.01.002
https://doi.org/10.1016/j.carbpol.2013.10.045
https://doi.org/10.1016/j.carbpol.2013.10.045
https://doi.org/10.1007/s12562-019-01385-1
https://doi.org/10.1007/s12562-019-01385-1

	Production of a high molecular weight levan by Bacillus paralicheniformis, an industrially and agriculturally important isolate from the buffalo grass rhizosphere
	Abstract 
	Introduction
	Materials and methods
	Isolation of levan producing bacteria
	Identification and phylogenetic analysis of isolate LB1-1A
	Production, isolation and purification of EPS
	Thin-layer chromatography (TLC) of the EPS product
	Sugar composition analysis
	13C-NMR spectrometry of the fructan product
	High-pressure anion-exchange chromatography (HPAEC)
	Linkage analysis
	Molecular weight determination

	Results
	Isolation and identification of bacteria
	EPS product analysis
	Linkage analysis
	Molecular weight determination

	Discussion
	Structural characterization of EPS
	FOSs production by the isolate
	LB1-1A produces a moderately branched levan
	High molecular weight levan produced by LB1-1A

	Conclusions
	Acknowledgements 
	References




