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Abstract: Inulin is a renewable and cheap carbon source used in microbial fermentations. Bacillus
licheniformis 24 is known as an excellent 2,3-butanediol (2,3-BD) producer from fructose; therefore,
the cloning and expression of a robust heterologous inulinase could enhance its 2,3-BD production
from inulin. The inu gene of Lacticaseibacillus paracasei DSM 23505 encoding fructan-β-fructosidase
(EC 3.2.1.80) was chosen for the purpose. PCR fragments containing the complete inu (3.6 kb) and
its truncated variant inu-tr (2.2 kb, lacking Big3 cell wall attachment domains) were cloned into
Escherichia coli StellarTM and B. licheniformis 24. The high quality of the recombinant constructs
was confirmed by restriction analysis, PCR, sequencing, and phenotypic tests. The results showed
that the inulinase activity of B. licheniformis cells harboring the full-length inu variant (T26) was
eightfold higher compared to the wild type, retaining cell wall attachment in the B. licheniformis
host. In contrast, the truncated variant inu-tr (T14) showed mostly extracellular but weak activity,
thus suggesting that the Big3 domains are also important for the enzyme’s function. During flask-
batch fermentation of 100 g/L raw chicory flour (containing 90% inulin), T26 produced acetoin and
2,3-BD from inulin. Contrariwise, T14 and the wild type formed products only from the mono-
and disaccharides naturally found in the chicory flour. In the fermenter, from 200 g/L of raw
chicory flour, the recombinant T26 degraded approximately 140 g/L of the inulin. However, the final
concentrations of the produced 2,3-BD and acetoin were 18.5 g/L and 8.2 g/L, respectively, because
of the accumulation of unconverted sucrose. To conclude, further strain improvement is necessary
to make the process efficient for obtaining 2,3-BD from inulin by simultaneous saccharification and
fermentation (SSF).

Keywords: 2,3-butanediol; Bacillus licheniformis; inulinase; Lacticaseibacillus paracasei; inulin; SSF

1. Introduction

According to a recent forecast, the global market for 2,3-butanediol (2,3-BD) will grow
to USD 300 million by 2030 [1]. This incredibly high demand is due to the application of 2,3-
BD in several industries, namely, food (as a flavoring ingredient), chemical (as a platform
reagent in polymer synthesis), cosmetics and pharmaceuticals, and also as antifreeze and
additive in oils and fuels [2–6]. The perspectives on the production of bio-based chemicals
in the forthcoming 2022–2050 period include an increase in the demand for carbon for
chemicals from 450 million metric tons (MMt) per annum in 2021 to 1000 MMt per annum in
2050 [7]. A new concept in biotechnology known as “funneling” envisages the development
of microbial fermentations to convert heterogeneous raw materials into a single product.
Therefore, the current trend in microbial production of 2,3-BD should be directed towards
the use of a cheap and renewable substrate such as plant biomass [8].

Inulin is a polysaccharide composed of fructose units linked by β (2→1) bonds, with a
single glucose moiety at the reducing end. It is a natural reserve polysaccharide in plants
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of the Asteraceae family such as Jerusalem artichoke, chicory, dahlia, and globe artichoke [9].
Among them, chicory is the most widely used crop because it can be harvested three times
a year, it is not pretentious to soils, and contains up to 98% inulin in its fibers [10]. Chicory
inulin is an abundant, renewable, cheap, and inedible microbial substrate and was used for
2,3-BD production by Klebsiella pneumoniae, Paenibacillus polymyxa, the engineered Bacillus
sp. BRC1, and Bacillus licheniformis ATCC 14580 [11–14].

As a 2,3-BD producer, B. licheniformis is known for having the highest yield com-
pared to other bacilli, its advantageous GRAS (generally regarded as safe) status [15], and
the ability to convert various carbohydrates such as glucose, fructose, cellobiose, starch,
and glycerol, as well as the lignocellulosic sugars galactose, mannose, and xylose [16–18].
Another advantage of B. licheniformis is its extremely high tolerance to 2,3-BD, withstand-
ing titers of 14% (w/v), and the maintenance of predominant 2,3-BD synthesis (instead
of acetoin), even at a high aeration regime, due to its aerophilic nature [19]. However,
the genetic modification of B. licheniformis strains has so far been focused primarily on
eliminating the expression (knockout) of specific 2,3-BD dehydrogenases (budC, gdh, acoR)
in order to improve the stereoisomeric profile of the resulting 2,3-BD from glucose as a
substrate [20,21]. In contrast, there is no evidence of any literature in which genetically
improving B. licheniformis strains was attempted in order to expand their substrate spectrum
by the heterologous expression of glycoside hydrolases.

B. licheniformis 24 was isolated recently as a promising 2,3-BD producer from plant
biomass. The strain displayed a slight inulinase activity during batch cultivation in a
medium containing 50 g/L inulin [22]. It was also a highly efficient 2,3-BD producer
from fructose [23]; therefore, B. licheniformis 24 could be a very useful inulin-based 2,3-BD
producer after its inulinase activity enhancement. Thus, the aim of the present study was
the genetic improvement of B. licheniformis 24 by cloning and expression of the inu gene
encoding a powerful inulinase enzyme of Lacticaseibacillus paracasei DSM 23505 [24,25].
The major novelties of the work consist in cloning a heterologous inulinase gene in B.
licheniformis and the successful expression of a Lactobacillus glycoside hydrolase in a Bacillus
host. The potential of the resulting recombinants to convert crude, insoluble inulin is
described below.

2. Results
2.1. Selection of Inulinase: The Inu Gene of Lc. paracasei DSM 23505

In order to complement the existing inulinase activity of B. licheniformis 24, the inu
gene of Lc. paracasei DSM 23505 (GenBank KP663715.1) was selected. It consists of 3645 bp
and encodes a protein of the glycosyl hydrolase family GH32 (Figure 1).

The enzyme contains a putative secretion sequence of 38 amino acids, a β-fructosidase
catalytic domain, a C-terminal domain, and four Big3 domains responsible for the anchoring
to the cell wall. Alignment of the amino acid sequences of GH32 family enzymes revealed
three highly conserved motifs (underlined in Figure 1b), each containing an amino acid
from a catalytic triad composed of two aspartates (D) and one glutamate (E) [24].

2.2. Cloning of the Inu Gene in pBE-S and pMA5 E. coli/Bacillus spp. Shuttle Vectors

The gene inu was cloned into two different shuttle vectors and in two different length
variants. Maps of the constructs used to transform E. coli and B. licheniformis are shown in
Figure 2.
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Figure 1. (a) 3D model of inulinase (EC 3.2.1.80) of Lc. paracasei DSM 23505; the amino acids of the 
catalytic triad, two aspartates (D) and glutamate (E), are shown in purple. The model was made by 
Figure 1. (a) 3D model of inulinase (EC 3.2.1.80) of Lc. paracasei DSM 23505; the amino acids of the
catalytic triad, two aspartates (D) and glutamate (E), are shown in purple. The model was made
by homology in SWISS-MODEL Workspace, using QMEAN assessment of the model’s quality [26].
(b) The amino acid sequence of the enzyme. The signal peptide is shown in green; the polypeptide of
731 aa belonging to GH32 Glyco Hydro family is shown in blue; Big3 domains responsible for the
cell wall anchoring are grey; the amino acids of the catalytic triad are highlighted yellow; and the
conserved regions are underlined.
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Figure 2. Physical maps of the recombinant constructs containing inu gene. (a) pBES_Inu;
(b) pBES_Inu-tr; (c) pMA5_Inu. The plasmid constructs maps were conducted with SnapGene
software version 6.2.1 (GSL Biotech LLC, San Diego, CA, USA).

The obtained constructs were digested with the relevant restriction enzymes, and the
proper sequence of the inu gene was confirmed by PCR and sequencing (Figure 3).

The plasmids isolated from E. coli clones containing pMA5_Inu were analyzed by
BamHI restriction digest to determine the orientation of the cloned inu gene (Figure 4).
Fragments of 3446 bp and 7404 bp indicated the correct orientation of the gene, while
10 602 bp and 251 bp fragments indicated the opposite orientation. The restriction analysis
of 12 clones revealed that half of them had the correct orientation.
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Figure 3. Analysis of the recombinant constructs isolated from E. coli STELLARTM clones based on
pBE-S vector. (a) Line 2: linearized construct pBES_Inu; Line 3: linear pBE-S vector; Lines 4, 5, and 6:
plasmid DNA of pBES_Inu clones digested with XbaI and XhoI; Lines 7, 8, and 9: PCR amplification
of the insert of 3.6 kb. (b) Line 2: linearized pBE-S vector; Lines 3 and 4: plasmid DNA of pBES_Inu-tr
clones digested with XbaI and XhoI. Perfect Plus 1 kb DNA Ladder (EURx, Gdansk, Poland) was used
as a molecular weight marker with fragments of the following sizes: 10.0, 8.0, 6.0, 5.0, 4.0, 3.0, 2.5, 2.0,
1.5 kb.
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Figure 4. Analysis of the recombinant constructs isolated from E. coli STELLARTM clones based on
pMA5 vector. (a) Line 2: pMA5_Inu, undigested control; Lines 3, 4, 5, and 9: pMA5_Inu digested
by BamHI confirming the proper inu gene orientation; (b) Lines 2, 3, and 4: PCR amplification of
the insert of 3.6 kb with template plasmid DNA isolated from E. coli clones containing pMA-5_Inu.
Perfect Plus 1 kb DNA Ladder (EURx, Gdansk, Poland) was used as a molecular weight marker with
fragments of the following sizes: 10.0, 8.0, 6.0, 5.0, 4.0, 3.0, 2.5, 2.0, 1.5 kb.

All recombinant constructs were introduced into B. licheniformis 24 via electroporation.
A summary of the results obtained from analysis of the transformants is presented in
Table 1. B. licheniformis 24 clones were selected by their resistance to kanamycin and
increased hydrolase activity (Figure 5), which was analyzed by subculturing the colonies
on LB-agar plates containing 1% raw, insoluble inulin.

Table 1. Introducing recombinant constructs containing inu gene variants into B. licheniformis 24.

Construct Number of
Transformants Clones Analyzed Positive Clones *

pBES_Inu 2638 89 7
pBES_Inu-tr 2415 62 7
pMA5_Inu 458 164 0

* Hydrolysis zones analyzed in plates containing LB supplemented with 1% raw, insoluble inulin. Clones forming
halos bigger than those of B. licheniformis, containing the “empty” vector, were considered positive.

The largest halos (2.5–2.7 cm) were formed by B. licheniformis clones containing
pBES_Inu. Of them, clone 26 (T26, Figure 5) was selected for further fermentations of
inulin. Clone 14 (T14), containing pBES_Inu-tr (with a halo of 2.2–2.3 cm), looked just as
promising and was chosen for further batch processes. Of the total 164 analyzed clones
obtained with pMA5_Inu, none were found to have a hydrolysis zone significantly larger
than that of the wild type.
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Figure 5. Comparison of the inulin hydrolysis zones obtained by selected B. licheniformis trans-
formants on LB agar supplemented with 1% HD inulin and 50 µg/mL kanamycin. Designations:
T26, B. licheniformis containing pBES_Inu construct; T14, B. licheniformis with pBES_Inu-tr; pBE-S, B.
licheniformis transformed with the “empty” vector; WT, wild type B. licheniformis 24 (does not grow in
media with kanamycin).

2.3. Production of 2,3-BD by B. licheniformis T14 and T26 during Flask-Batch Processes

The ability of B. licheniformis recombinant clones to produce 2,3-BD from raw, insoluble
inulin was studied in the course of flask-batch fermentations (Figure 6).
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Figure 6. Batch fermentation of 100 g/L insoluble inulin by B. licheniformis recombinant clones T26,
T14, and the host B. licheniformis 24 (WT) in optimized medium and process parameters. (a) Time
course of inulin hydrolysis (estimated as peak area of oligosaccharides with degree of polymerization
DP3–DP9). (b) Time course of acetoin+2,3-BD production.

Raw chicory flour with an initial concentration of 100 g/L, containing 90% insoluble
inulin with DP8-DP13, and a 10% mix of fructose, sucrose, and glucose, was used as a
substrate. Inulin was most efficiently consumed by T26 cells, while T14 and WT showed
a similar profile of slower degradation (Figure 6a). By the 40 h mark, T26, T14, and WT
completely utilized the substrate-introduced sugars producing about 6 g/L acetoin + 2,3-
BD. Thereafter, WT and T14 failed to form more of the products investigated. In contrast,
T26 produced approximately 8 g/L more 2,3-BD and acetoin, reaching a final concentration
of 14 g/L (Figure 6b). Evaluation of the inulinase activity of the recombinant clones showed
a significant increase over WT. The inulinase activity shown by T26 was more than eight
times higher (mean 8.7 U/mL) compared to WT (ranging from 0.5 to 1.5 U/mL) and more
than three times higher than that of T14 (2.7 U/mL). Examination of the localization of the
heterologous enzyme by assaying cells and cell-free supernatants showed predominantly
cell-bound inulinase activity of T26 and predominantly extracellular activity of T14 and WT.
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2.4. Production of 2,3-BD by B. licheniformis T26 from Inulin during the Fermenter-Batch Process

The batch cultivation in the fermenter was performed from 200 g/L raw chicory
flour using process parameters previously optimized for B. licheniformis 24-based 2,3-BD
production from glucose and fructose [19,23]. Thus, the inulin fermentation was carried
out at pH 6.23, a temperature of 37.8 ◦C, and aeration of 3.68 vvm.

In this process, the initial sugars (fructose, glucose, and sucrose) were completely used
up within the first 16 h, yielding 7.22 g/L 2,3-BD and 3.96 g/L acetoin. The biomass grew
exponentially until the 72nd hour, reaching 8.8 × 107 CFU/mL, and completely plateauing
after the 96th hour (1.2 × 108 CFU/mL). No degradation of inulin was observed during
the first 48 h. As a result, between the 16th and 48th hour, some amount of the 2,3-BD
was converted to acetoin. When inulin degradation began, the concentration of 2,3-BD
rose again. Nevertheless, a sharp accumulation of sucrose was observed in the broth after
the 66th hour. Thus, after 160 h of fermentation, although approximately 140 g/L inulin
was degraded, 53 g/L sucrose and only 18.5 g/L 2,3-BD were accumulated. The amounts
of by-products were relatively low: acetoin (8.2 g/L), acetic acid (6.5 g/L), lactic acid
(1.27 g/L), and glycerol (0.33 g/L) (Figure 7).
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3. Discussion

Bacillus spp. are efficient and reliable producers of 2,3-BD not only from glucose
but from various substrates, especially inexpensive cellulosic and non-cellulosic ones [27].
The raw materials containing sucrose (sugar cane and beet), starch, molasses, and inulin
have been most widespread in microbial processes for 2,3-BD synthesis [3,6]. On the other
hand, B. licheniformis 24 is capable of producing extremely high amounts of 2,3-BD from
fructose [23]. During a 72-h fed-batch process, from a total of 370 g/L fructose, the strain
gained 156.1 g/L 2,3-BD, as well as having appeared to be a promising fructose polymer-
based 2,3-BD producer. However, the use of natural substrates in SSF processes is always
problematic because, as a rule, the resulting yields and productivity are low. For example,
in the case of molasses, the natural strain B. subtilis CICC10025 [28], the engineered B.
subtilis 1A1 [29], and the isolate B. subtilis DL01 [30] yielded between 35 and 65 g/L 2,3-BD,
which may seem high for the point of view of bacterial yields, but it remains a yield that is
hardly sufficient for downstream industrial processes.
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It is notable that alongside molasses, the strain of B. amyloliquefaciens TUL 308 required
glucose feeding for better results [31]. Similarly, B. subtilis strain TUL 322 needed four
additions of glucose to yield 75 g/L 2,3-BD [32]. For better results, microbial fermentation
for 2,3-BD and acetoin synthesis requires preliminary hydrolysis of the substrate. For
example, the high productivity of B. licheniformis NCIMB 8059 from starch (0.58 g/L/h)
was achieved by treatment of the corn flour with α-amylase and amyloglucosidase [33].
Similarly, B. subtilis producers of acetoin needed preliminary hydrolysis of the substrates
okara flour or sugarcane bagasse [34,35].

Many authors rank inulin as the most attractive substrate for microbial production
of 2,3-BD [3,4,36–38]. This opinion is based on the development of several very efficient
processes engaging Klebsiella pneumoniae (belonging to the Risk 1 bacterial group). Notably,
Sun et al. [11] obtained 84 g/L 2,3-BD in SSF fed-batch fermentation by K. pneumoniae
CICC 10011 from Jerusalem artichoke tubers. Further, Li et al. [10] obtained 80.5 g/L
target products (2,3-BD plus acetoin) by the same strain from Jerusalem artichoke stalk
hydrolysate, while Dai et al. obtained 80.4 g/L 2,3-BD from Jerusalem artichoke tuber
extract by the K. pneumoniae H3 strain, gaining a yield of 0.426 g/g inulin [39].

In contrast, impressive reports of inulin conversion into 2,3-BD by nonpathogenic
strains are quite rare. One successful example was the SSF developed by Gao et al. [12]
where, though the use of the Paenibacillus polymyxa ZJ-9 strain, 36.92 g/L 2,3-BD was yielded
from Jerusalem artichoke tubers extract. However, from commercial inulin, ZJ-9 produced
6.6 g/L 2,3-BD only. A higher concentration, 103 g/L 2,3-BD, was obtained by Li et al. by B.
licheniformis ATCC 14580 [14]. Although the authors claimed that this process was SSF, the
fermentation of sugars actually occurred after several external additions (30 U/mL each)
of purified inulinase enzyme. A real SSF, involving the inulin of the Jerusalem artichoke
tuber, was conducted by Park et al. [13]. By introducing the gene, sacC, responsible for
inulin hydrolysis in Bacillus sp. strain BRC1, the enzyme activity of the recombinant was
increased twofold, and its 2,3-BD production increased from 3.98 to 8.10 g/L.

The observation of the genome of B. licheniformis type strain ATCC 14580T reveals
that it contains several genes for glycoside-hydrolase enzymes related to inulin hydrol-
ysis (sacA, sacB, sacC, lev, and fru). Some of these enzymes are characterized, such as
sucrose-6-phosphate hydrolase (sucrase, β-fuctofuranosidase) [40], levansucrase [41,42],
and levanase [22]. Since these enzymes act as hydrolases displaying cross-specificity to
similar substrates, i.e., both levanases and sucrases have minor inulinase activity, a slight
natural inulinase activity of B. lichenifromis strains is to be expected.

In our previous work, dedicated to the characterization of new Bacillus spp. isolates
from nature, B. licheniformis 24 was found to possess some natural inulinase activity [22].
Thus, attempting to enhance this activity, in this study, the inu gene of Lp. paracasei DSM
23505 [24] was chosen for cloning. The inu gene encodes an exoinulinase (3.2.1.80) with
high substrate specificity to inulin. A preliminary investigation in the Km and Vmax of
the original enzyme of Lc. paracasei showed that Km for substrate HD inulin is 0.33, while
for sucrose it is 55.37 [25]. In the presence of the preferred substrate inulin (to which the
enzyme has a higher affinity), sucrose hydrolysis is hindered. The accumulation of high
amounts of sucrose suggests that the heterologous enzyme was the major acting inulin-
degrading hydrolase in B. licheniformis recombinant T26. With the cell wall anchoring being
retained in T26, this suggests that the enzyme was efficiently produced and transported
through the cell membrane. The recombinant T26 possessed a higher (eightfold) increase
of the inulinase activity compared to the wild type, being capable of degrading high
amounts of inulin (140 g/L). While T26 was able to produce 18.5 g/L 2,3-BD, which is
quite an impressive amount for a genetically modified Bacillus spp., the yield was still
low (0.1 g/g). Although various tools for the genetic improvement of B. licheniformis have
been developed [43–46], further research is needed to establish successful cloning systems
suitable for this microorganism. For example, shuttle vectors, which have been developed
for cloning into B. subtilis, cannot be directly applied. If the two shuttle vectors used in this
study are to be compared, pBE-S, which contains the aprE promoter, was found to be more
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suitable for inu gene expression. Contrastingly, the hpaII promoter of pMA-5 vector was
not effective in B. licheniformis, confirming the observation of Li et al. [47].

4. Materials and Methods
4.1. Bacterial Strains, Media, and Cultivation Conditions

E. coli STELLARTM competent cells with genotypes F-, endA1, supE44, thi-1, recA1,
relA1, gyrA96, phoA, Φ80d lacZ∆ M15, ∆(lacZYA-argF) U169, ∆(mrr-hsdRMS-mcrBC),
∆mcrA, λ- were purchased from Clontech Laboratories Inc. (Takara Bio Company, Moun-
tain View, CA, USA).

Lc. paracasei strain B41 has been isolated from the Bulgarian traditional beverage
Boza [48] and was deposited in the German Collection of Microorganisms and Cell Cultures
GmbH (DSMZ) under registration number DSM 23505.

B. licheniformis 24 was isolated from a soil sample [22] and stored in the microbial
collection of the Institute of Microbiology, Bulgarian Academy of Sciences.

E. coli and B. licheniformis strains were cultivated in LB broth, supplemented with 1.5%
agar (when needed) (Alfa Aesar GmbH and Co. KG; Karlsruhe, Germany), and ampicillin
or kanamycin with final concentrations of 50 µg/mL (AppliChem GmbH, Darmstadt,
Germany). Lc. paracasei strain B41 was grown in MRS broth. The strains were stored in
slanted agar tubes at 4 ◦C, or frozen at −80 ◦C, and supplemented with glycerol (20% v/v).

The flask-batch cultivation of B. licheniformis clones was carried out in 500 mL flasks
containing 100 mL medium with the following content (g/L): yeast extract, 5; tryp-
tone, 5; (NH4)2SO4, 3; KH2PO4, 3.5; K2HPO4, 2.75; MgSO4, 0.2; ammonium acetate, 1.5;
CoCl2 × 6H2O, 0.09; salt solution, 3 mL per liter, containing (g/L): FeSO4, 0.4; H3BO3, 0.8;
CuSO4 × 5H2O, 0.04; NaMoO4 × 2H2O, 0.04; MnCl2 × 4H2O, 5.0; ZnSO4 × 7H2O, 0.1;
Co(NO3)2 × 6H2O, 0.08; CaCl2 × 2H2O, 1.0; and Biotin, 0.01 [49]. As a substrate, raw
chicory flour was used, which contains 90% insoluble inulin and up to 10% sugars (Sensus
B.V., Roosendaal, The Netherlands). The flasks were incubated on a rotary shaker at 37 ◦C
and 140 rpm.

Batch processes with pH and aeration control were performed in a 1 L stirred bioreactor
(Biostat® A Plus, Sartorius Stedim Biotech, Gottingen, Germany), additionally equipped
with bumpers, air pump, and rotameter in an attempt to ensure higher levels of oxygen
supply. The pH, temperature, and aeration rate were maintained at their optimal values of
6.23 (by addition of 6M NaOH or 5M HCl), 37.8 ◦C, and 3.68 vvm [19].

Two E. coli/B. subtilis shuttle vectors were used. The pBE-S (PaprE, aprE SP, Kanr, Ampr)
vector was purchased from Clontech Laboratories Inc. (Takara Bio Company, Mountain
View, CA, USA). The pMA5 (PHpaII, Ampr, Kanr) vector was purchased from Nova Lifetech
Pte Ltd. (Hong Kong, China).

4.2. Molecular cloning of Inulinase Genes into pBE-S and pMA5 Vectors

The complete inulinase gene (inu, 3645 bp) from Lc. paracasei B41 was obtained by
digestion with XbaI and XhoI of a pJET2.1/blunt recombinant construct previously obtained
by Petrova et al. [24]. Separately, the inu gene was amplified from the total DNA of Lc.
paracasei B41 with primers designed to contain NheI restriction sites. The truncated version
(without the Big3 domains) of the same inulinase gene (inu-tr, 2913 bp) was amplified
from the total DNA of Lc. paracasei B41 with primers designed to contain restriction sites
for XbaI and XhoI. PCR amplification was performed in QB-96 Satellite Gradient Thermal
Cycler (LKB Vertriebs GmbH, Vienna, Austria) with primers specially designed to contain
XbaI, XhoI, and NheI restriction sites. The primers used, as well as the optimal annealing
temperatures, are listed in Table 2.

PCR reactions consisted of a 15 ng DNA template, 0.4 µM primers, Premix Ex Taq Hot
Start Version (Clontech Laboratories, Inc., A Takara Bio Company, Mountain View, CA,
USA), and sterile water to 25 µL final volume. Between initial denaturation for 3 min and
30 s at 98 ◦C and final elongation for 5 min at 72 ◦C, the following temperature profile was
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used for 38 cycles: 10 s denaturation at 98 ◦C, 45 s annealing at either 57 ◦C or 60 ◦C, and
2.5 min elongation at 72 ◦C.

Table 2. Primers that were designed to amplify the inulinase gene of Lc. paracasei DSM 23505 with
NCBI GenBank accession number KP663715. The introduced sites for endonuclease enzymes are
underlined. The introduced “stop” codons are shown in bold and italics.

Primer Sequence (5′–3′) Position in Gene T (◦C) Purpose

InuF atggatgaaaagaaacattacaagatg 1–27 60 PCR
InuR ttagactcgcttcacccgcctc 3617–3645 60 PCR

InuF-tr_Xho gtcaatctcgagatggatgaaaagaaacattacaagatgtat 1–30 60 Cloning
InuR-tr_Xba ggtcattctagactattagatagttaagtcgctgatctttgtcgtgcc 2163–2193 60 Cloning
InuF_Nhe gatcagctagcatggatgaaaagaaacattacaagat 1–26 57 Cloning
InuR_Nhe cagtagctagcttagactcgcttcacccgcctctttaacc 3616–3645 57 Cloning

Both genes (inu and inu-tr) were cloned into the pBE-S vector digested with XhoI and
XbaI. The inu gene was also inserted into the pMA5 shuttle vector digested with NheI.

The recombinant constructs were transformed in E. coli STELLARTM competent cells.
Sufficient amounts of plasmid DNA from the E. coli clones were obtained with Plasmid
Miniprep DNA Purification Kit (EURx®, Gdansk, Poland). Plasmids and DNA fragments
were visualized using gel electrophoresis on 1–1.5% agarose (AlfaAesar, Kandel, Germany),
in TAE buffer (40 mM Tris-base, 20 mM acetic acid, 1 mM EDTA), and stained with
SimplySafeTM (EURx®, Gdansk, Poland).

4.3. Transformation and Clone Selection

Transformation of E. coli was carried out following Protocol PT5055-2 of STELLARTM

competent cells manufacturer’s instructions.
Transformation of B. licheniformis 24 with recombinant constructs was performed via

electroporation following a modified version of the high-osmolarity protocol by Xue et al. [50].
An overnight culture in standard LB media (1% tryptone, 0.5% yeast extract, 0.5% NaCl)
was diluted 16 times in LB media with 0.5 M sorbitol in 500 mL Erlenmeyer flask and
grown until OD600 of 0.9. The flask was chilled on ice for 10 min and the bacteria were
washed four times with an ice-cold electroporation medium (0.5 M sorbitol, 0.5 M mannitol,
10% glycerol). After the final centrifugation (3350 g/10 min/4 ◦C), the competent cells
were resuspended in a 625 µL electroporation medium. Aliquots of 60 µL were used for
electroporation in ice-cold GenePulser cuvettes with 0.1 cm electrode gap on MicroPulser
electroporator (BioRad Laboratories, Hercules, CA, USA). A pulse of 2.1 kV was applied for
4–5 ms, and 1 mL recovery medium (0.5 M sorbitol and 0.38 M mannitol in LB) was added
as quickly as possible. The culture was transferred into 15 mL glass tubes, incubated for
3 h, spread on Petri dishes with LB-agar, and left overnight at 37 ◦C. Competent cells were
stored at –70 ◦C and reused several times with a minimal loss of electroporation efficiency.

Clone selection was performed on grid dishes with agar medium supplement with 1%
inulin. Iodine staining and water destaining were used to visualize the zones of hydrolysis
after 48 h of cultivation.

4.4. Inulinase Activity Assay

The inulinase activity of intact cells twice washed with water and cell-free culture
supernatants was investigated. The samples were suitably diluted in phosphor citrate
buffer (0.16 M Na2HPO4, 0.02 M citrate, pH 5.0, containing 1% inulin) and incubated at
50 ◦C for 60 min. The amount of reducing sugars was estimated with a DNS reagent (2.18%
3,5-dinitorsalycilic acid in 0.4 M NaOH with 30% (w/v) Rochelle salt). The absorbance at
540 nm was measured on a Helios Omega UV–VIS spectrophotometer (Thermo Scientific,
Waltham, MA, USA) with a separate control for each reaction, and a fructose standard was
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used to estimate the increased amount of reducing sugars. One unit of enzyme activity was
defined as the amount of the enzyme that releases 1 µmol fructose per minute.

4.5. Analytical Methods

Sugars and fermentative products were determined by HPLC analysis using YL
Instrument 9300 HPLC System (YL Instrument Co., Ltd., Anyang, Republic of Korea). They
were separated by HPLC column Aminex HPX-87H at 65 ◦C with mobile phase 5 mM
H2SO4 at a flow rate 0.6 mL/min (BioRad Laboratories, Hercules, CA, USA) as sugars and
2,3-BD were detected by RI detector (YL 9170 RI Detector), while acetoin, lactic, and acetic
acids were detected by UV detector (YL 9120 UV/Vis Detector) at wavelengths of 190 and
210 nm. Glucose, fructose, sucrose, and oligo-sugars were additionally analyzed by BioRad
column HPX-87C at 85 ◦C with mobile phase water with a flow rate of 0.6 mL/min.

5. Conclusions

The microbial production of 2,3-BD by B. licheniformis 24 from raw chicory flour was
investigated. The approach to enhance the weak natural inulinase activity of the strain was
successfully applied, as this study is the first to report heterologous inulinase production
by B. licheniformis and the successful transfer of an inulinase gene of Lactobacillus origin
into a Bacillus host. Some of the recombinants showed inulinase activity many times
higher compared to the wild type. The findings of this study indicate that despite the
successful cloning and expression of the heterologous inu gene, the resulting 2,3-BD is
hardly sufficient for an efficient process. The hydrolysis of insoluble inulin is slow, and the
resulting sugars are not converted to 2,3-BD efficiently enough, due to the accumulation
of sucrose. During a batch process in a fermenter, 18.5 g/L 2,3-BD and 8.2 g/L acetoin
were obtained from a starting amount of 200 g/L raw chicory flour. Thus, the engineered B.
licheniformis has some potential as a microbial cell factory to produce 2,3-BD during the
simultaneous hydrolysis and fermentation of inulin, but the recombinants need further
improvement, and the process needs intensification to be industrially applicable.
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