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ARTICLE INFO ABSTRACT

Keywords: Levan is a homopolysaccharide of fructose that has both scientific and industrial importance, with various ap-
Fructan plications in health, pharmaceutical, cosmetic and food industries. Despite its broad spectrum of uses, there are
Levan

only a limited number of commercial levan sources due to the high costs related to its production. To make
production economically viable, efforts have been concentrated on the selection of levan-producing microor-
ganisms, the genetic manipulation of new strains, and the use of inexpensive agro-industrial byproducts as
substrates. Another efficient strategy involves the concomitant synthesis of other products with high market
value and as such, the successful co-production of levan was demonstrated with fructooligosaccharides, ethanol,
sorbitol, poly-e-lysine, poly-y-glutamic acid and polyhydroxyalkanoates. This paper offers a systematic review of
important aspects regarding recent strategies involving the simultaneous synthesis of levan and other bio-
products of aggregate value reported to date and discusses the challenges and opportunities for its large-scale
production and applications.

Co-production
Fructooligosaccharides
Bioproducts

1. Introduction

Fructans occur naturally in numerous plants, bacteria and archaea as
well as certain fungi. These fructose-based homopolysaccharides are
synthesized by fructosyltransferase (FT) enzymes from sucrose-based
substrates. Fructans are generally formed by fructose residues joined
by B-2,1 or p-2,6 linkages to form the polysaccharides inulin and levan,
respectively, as well as fructooligosaccharides [1]. Among the fructan
polysaccharides, inulin has long received the greatest attention due to its
health benefits. Recently, however, there has been a growing number of
studies conducted with levan in different biotechnological fields [1-3].

Levan-type fructans have a majority of p-2,6 linkages in their back-
bone (Fig. 1) and they are extracellularly produced from sucrose by
various microorganisms including species of the genera Azotobacter,
Bacillus, Erwinia, Gluconobacter, Halomonas, Microbacterium, Pseudo-
monas and Zymomonas [4]. Due to its distinct properties, such as solu-
bility in both water and oil, low intrinsic viscosity, good compatibility,
film-forming capacity, strong adhesivity, stability in the presence of
heat and acid-alkaline media, compatibility with salts and surfactants
and high retention capacity for water and chemical products, levan is an
attractive molecule with numerous applications in the biomedical,
pharmaceutical, food and cosmetic industries [5-8].

Levan has considerable potential as an additive in functional foods
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and feed, source of prebiotic fiber, cryoprotectant agent, emulsifier,
stabilizer, thickener, encapsulating agent, osmoregulator, plasma sub-
stitute, extender of drug activity, as an antitumor, antidiabetic and anti-
hyperlipidemic agent [6-11]. This vast spectrum of properties and ap-
plications makes levan an industrially important biomaterial. However,
its availability is limited due to drawbacks associated with its
commercial-scale production, which remains economically unviable
[4,12]. The microbial production of levan is mainly performed using
submerged fermentation. Various production systems designed to in-
crease yields via different microbial systems and specific culture con-
ditions have been reviewed [4,13]. However, the observed yield in
microbial production processes is generally <58 % of the theoretical
yield and there are no viable standard protocols for its production and
purification [4,10].

One option for reducing production costs is the use of systems
involving the simultaneous synthesis of two or more microbial products
[12]. Thus, a successful strategy for diminishing levan production costs
is the co-production of other fructan products, such as fructooligo-
saccharides [14] and/or non-fructans, such as poly-y-glutamic acid [15],
a-amylase [16], poly-e-lysine [17], sorbitol [18] and ethanol [19]. In
silico and in vitro studies on the microbial co-production of levan and
polyhydroxyalkanoates by Halomonas smyrnensis cultures were also re-
ported [12,20].
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Fig. 1. Chemistry structures of linear (a) and branched (b) levan.

Although levan has been widely documented in recent years
[1,4,8,10], there are no reports specifically focused on its co-production
with other microbial products. Hence this review aimed to provide an
up-to-date snapshot of the literature regarding the simultaneous and
sequential production of bacterial levan and other compounds.

2. Co-production of levan with fructooligosaccharides

Fructooligosaccharides (FOS) have well established health promot-
ing functional and physiological properties that made them one of the
most prominent ingredients in food industry. Besides their low glycemic
and caloric indices (2 kcal/g), they also have prebiotic properties pro-
moting the growth of Bifidobacteria and Lactobacilli. FOS also lower the
relative risk of colon cancer, improve the intestinal absorption of Ca*
and Mg?* and reduce lipid levels in the blood [21].

The joint synthesis of levan and FOS occurs through the trans-
fructosylation reaction catalyzed mainly by levansucrase (EC 2.4.4.10),
which, according to the Carbohydrate-Active Enzymes database (CAZY,
http://www.cazy.org/), is a multifunctional enzyme group in the
glycosyl hydrolase 68 family [4,14]. GFn formula FOSs (n = 1-10) are
formed by the sequential transfructosylation of a fructosyl residue in a
sucrose molecule. Levansucrase synthesizes FOS with a predominance of
B-(2,6) linkages, generating 6-kestose and other FOS of the 6F series.
However, some levansucrases also produce FOS of the 1F series (e.g., 1-
kestose) and 6G series (e.g., neokestose). The hydrolytic activity of
levansucrases also gives rise to free fructose, which accepts fructosyl
units to produce levan oligomers (levanbiose, levantriose, etc.) (Fig. 2)
[2,21].

The successful simultaneous production of levan and FOS using
different sources of sugars has been described with several bacterial
strains. For instance, Bekers et al. [22] used the remaining biomass from
the co-production of levan and ethanol as well as the cell-free broth in
the production of FOS by Zymomonas mobilis. Under optimized synthesis
conditions, while levan concentration reached up to 47 %, FOS content
was 18.2 % of total carbohydrates and was comprised of only 1-, 6- and
neokestoses and nystose. The presence of ethanol (7.0 %) in the culture
medium diminished the activity of the FOS-forming enzyme by 24 % in
the first 24 h of incubation.

The use of lactose as substrate for Bacillus amyloliquefaciens levan-
sucrase was reported for the co-synthesis of levan and FOS [23]. In 0.8 M
of sucrose, levansucrase from B. amyloliquefaciens synthesized mainly
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levan (47 %, w/w), with a low FOS content (3 %, w/w) while in the
presence of lactose, levansucrase generated lactosucrose as the major
product, with a maximum mass fraction of 60 %. The maximum
accepting capacity for levansucrase from Geobacillus stearothermophilus
was also studied in the joint production of levan and FOS using hexoses,
raffinose and glycerol [23]. Compared to glucose, fructose, glycerol and
raffinose, the enzyme was most effective in the presence of sucrose
producing 35 % levan and 6.3 % FOS by mass.

A pioneering study investigated the co-synthesis of FOS and levan by
B. amyloliquefaciens in reaction systems involving maple syrup at de-
grees Brix (°Bx) of 15, 30 and 60 [25]. With 30°Bx maple syrup, levan
with degree of polymerization (DP) between 10 and 30 were synthesized
as major products (>80 %). With 66°Bx maple syrup, levan products
with DP of 10-30 and DP > 30 were the most abundant products at 30 °C
and 8 °C, respectively. The supplementation of 15°Bx and 30°Bx maple
syrup with lactose generated lactosucrose as the major product
(Table 1), after a 24-h reaction time. In the reaction system with 15°Bx
maple syrup, the lactosucrose produced served as an acceptor for the
polymerization of levan, as demonstrated by the levan yields, which
were only 5.42 % at 12 h and then increased considerably up to ten-fold
at 48 h. In the reaction system with 30°Bx maple syrup, the accumula-
tion of levan was low (<10 % at 48 h) and lactosucrose formation was
favored at high sucrose concentrations.

The concentration of sucrose exerts a significant influence on the
proportions of biosynthesized levan and FOS. The effects of sucrose
concentration and temperature on the formation of levan, production of
FOS and hydrolysis of sucrose by levansucrase from Z. mobilis was
investigated [21]. The highest mass fraction of levan (25 %) was ach-
ieved using a sucrose concentration of 100 g/L and temperature of 4 °C.
The increase in the concentration of sucrose (to 600 g/L) and temper-
ature (to 40 °C) led to a reduction in the concentration of levan and an
increase in the FOS content (by 40 %). This effect can be used to shift the
activity of levansucrase for the production of either levan or FOS.

Recently, Bersaneti et al. [26] demonstrated that it was possible to
produce FOS (nystose) and levan simultaneously with Bacillus subtilis
natto under different reaction conditions. The highest nystose produc-
tion in test tubes (69.7 g/L) was obtained from 350 g/L of sucrose at
35 °C after 36 h (Table 1). However, the production of levan increased
significantly in the bioreactor (63.6 g/L). In a bioreactor, the greatest
production of FOS was 41.3 g/L under the same conditions. The enzy-
matic levan yields reached 86.9 g/L under similar conditions as those
used for the synthesis of FOS. Hence enzymatic co-production of FOS
and levan can be considered as an effective approach to provide an
economically viable and innovative alternative to the functional food
industry.

Rational mutagenesis studies have also been reported as a strategy to
suppress the production of levan and increase the yield of short-chain
FOS. For instance, Kang et al. [27] isolated and characterized the gene
of levansucrase from Leuconostoc mesenteroides B-512 (MIFT). The M1FT
enzyme was able to convert sucrose into 18 % levan, 17 % 1-kestose, 11
% nystose and 7 % 1,1,1-kestopentaose while releasing glucose. More-
over, M1FT produced erlose as an acceptor product with maltose.

Bacillus sp. are a group rich in levansucrases, so they have been
widely used in the synthesis of levan and FOS [28-30]. Possiel et al.
[31], created a levansucrase library for Bacillus megaterium and focused
on the synthesis of inulin-type FOS and levan. The authors made mod-
ifications at three amino acid positions of the oligosaccharide elongation
pathway and found out that native R370 reduced the ability of the
enzyme to synthesize levan-type oligosaccharides, directing its speci-
ficity towards neoFOS and 1-kestose. The R370Q mutants produced
mainly 1-kestose and neokestose, while K373H or K373L formed 6-kes-
tose and 6-nystose as major products (Fig. 2).

Homann et al. [32] identified a novel levansucrase in the supernatant
of a cell culture of B. megaterium DSM319, which was expressed in
heterologous form in Escherichia coli. The enzyme produced a levan with
a molecular weight of 2711 kDa as well as a set of FOS, including 1-
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Fig. 2. Routes for obtaining fructooligosaccharides and oligolevan series synthesis. In the initial stage, sucrose hydrolysis and neokestose, 6-kestose and 1-kestose are
synthesized. These products are elongated in the second stage to produce 6-neokestosis, 6-nystose and 1,6-nystose, respectively. These intermediates are then
augmented by the enzyme to achieve low and/or high molecular weight levans. In the third stage, blastosis, levanbiosis and inulobiosis are synthesized. Finally, in
the final stage, neocestosis and 6-neocestosis are hydrolyzed and their products incorporated into the synthetic pathway that results in the Blasto-FOS series [2].

kestose, 6-kestose, nystose, neokestose and blastose (Fig. 2). Levansu-
crase from Lactobacillus panis TMW1.648 was also isolated from fer-
mented dough and the gene identified was expressed in heterologous
form in E. coli, producing a high molecular mass levan and kestose from
sucrose [33].

A hybrid system of enzymes (LevB1SacB) was designed from the
fusion of a levansucrase from B. subtilis (SacB) and an endolevanase from
Bacillus licheniformis (LevB) for the co-production of levan and levan-
type FOS with DP 2-10 [34]. The simultaneous synthesis and hydroly-
sis reactions yielded 97 % levan-type FOS when 1.0 U/mL of LevB1
reacted with 100 g/L of levan produced by SacB from B. subtilis. Using
low molecular weight levan (8.3 kDa) at a concentration of 150 g/L,
levan-type FOS were obtained with DP 2-8 (6-kestose, levanbiose and
blastose), the main product of which was levanbiose. The same Lev-
B1SacB system recently converted 82-87 % of sucrose into 64.3-82.1 g/
L of high molecular weight levan (> 2200 kDa) with a L-FOSs yield of 35
% [35].

A B-fructosidase (BfrA) with the capacity to synthesis FOS, levan and
B-(2,6) neolevan was purified from Aspergillus oryzae FS4 and expressed
in both E. coli and Pichia pastoris [36]. BfrA produced FOS that consisted
of a mixture of GF2, GF3 and GF4 (Table 1). Two types of GF2

levanoligosaccharides were detected and identified as 6-kestose and
neokestose. Moreover, 6-kestose accounted for 19 % of all products. GF3
was identified as levan-type 6-nystose and the GF4 has not yet been
confirmed. Levan-type 6-kestose and the neolevan type (neokestose,
Fig. 2) exhibited greater prebiotic activity than the inulin-type FOS.

The gene from L. mesenteroides MTCC 10508 levansucrase
(TrLmLEVS) was cloned and expressed in E. coli and tested with different
sugar sources [36]. High-performance liquid chromatography (HPLC)
analyses showed that the extract from the stalk of sweet sorghum
(containing 114 g/L of sucrose) yielded about 40 g/L of levan and short-
chain FOS (DP 3-7), such as 6-kestose and 6-nystose (Table 1). From
pure sucrose (10 %) and TrLmLEVS (100 mg/L), the production of levan
and FOS was 31 g/L and 2 g/L, respectively, at 5 h. After this time, a
reduction in the levan:FOS ratio occurred. The use of table sugar pro-
duced about 303 g of levan per kg of sugar and FOS of DP 3-7. Similar
results were found when using brown sugar, which generated about 305
g of levan per kg of sugar; however, the formation of FOS was not
mentioned. The use of molasses (~50 % w/w sugars) yielded around 5 g
of levan per liter of molasses.

The substitution of Y237S with serine in wild-type
B. amyloliquefaciens KK9 (LsKK9) was designed to increase the
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Table 1
Examples of fructooligosaccharides co-produced with levan.
Microbial strain Medium and culture conditions Product A Product B Reference
Rahnella aquatilis Sucrose (200 g/L), pH 6.0, 17-30 °C, 24 h Levan (27 g/L) Oligosaccharides (10-11 g/L) [38]
Zymomonas mobilis 113 “S” Sucrose (100 and 150 g/L) and Syrup sucrose (with Levan (46.6 %) FOS (18.2 %): 1-Kestose, 6-Kestose, [22]
70 % of sucrose), inoculum (10 %), pH 4.9, 30 °C, 24 Neokestose and Nystose.
h.
Leuconostoc mesenteroides B-512 Sucrose (50-150 mM), levansucrase (100 U/mg), pH Levan (18 %) 1-Kestose (17 %), Nystose (11 %), 1,1,1- [27]
6.2, 30 °C. Kestopentaose (7 %)
B. amyloliquefaciens Sucrose (10 g/L), yeast extract (10 g/L), pH 6.0, Levan (47 %, w/w) FOS (3 %, w/w): Lactossacarose (60 %), [23]
35°C, 150 rpm, 11 h. (majority).
Geobacillus stearothermophilus Fructose (1 %, w/v), glucose (1 %, w/v), glycerol (1 Levan (35 % w/w) FOS (6.3 % w/w) [24]
%, w/v), raffinose (1 %, w/v), sucrose (0.25 to 2 %,
w/v), and mixture of each, pH 6.0-6.5, 47 °C, 6 h.
Aspergillus oryzae FS4 (BfrA) Sucrose (33 %), 50 mM KPB (pH 7.0). 50 °C, 5 h. Levan (19 %) FOS (56 %): GF; (26.2 %), GF3 (20.4 %), [36]
expressed in E. coli and Pichia GF4 (9.2 %).
pastoris
B. subtilis (SacB) and Sucrose and levan (100 g/L), 35 °C, for SacB. Levan de 8.3 kDa (100-150 FOS (97 %, DP 2-8): Levanbiose [34]
B. licheniformis (LevB). Reactions were carried out using 1 U/mL of LevB1 for g/L) (majority).
5h.
Z. mobilis Sucrose (100-600 g/L), levansucrase (5 U/mL), pH Levan (25 %) FOS (40 %): 1-kestose, Blastose, 6-kes- [21]

5.0 e 5.4 (50 mM acetate buffer), 4-40 °C, 48 h.
B. amyloliquefaciens Maple syrups (°Brix: 15, 30 e 60), levansucrase (72
U/mL), pH 6.0, 30 °C, 48 h.
B. licheniformis ANT 179 Erlenmeyer flasks (250 mL): Sugarcane juice (20 %,
v/v), Cane molsses (20 %, v/v) and sucrose (50 %, w/
v), pH 6.0, 35 °C, 200 rpm, 72 h.
Erlenmeyer flask and bioreactor.
Sucrose (50-350 g/L), pH 6.0, 30-50 °C, 12-36 h.
Sucrose (10 %), sweet sorghum juice (114 g/L),
TrLmLEVS (100 mg/ L), pH 6.0, 30 °C, 5 h.
Sucrose (20-40 %), pH 6.0, 37 °C.
Sucrose (250 g/L), pH 8.0, 30 °C, 150 rpm, 120 h.

B. subtilis natto CCT7712

Leuconostoc mesenteroides MTCC
10508 (LmLEVS) in E. coli

B. amyloliquefaciens KK9

Bacillus aryabhattai GYC2-3

Z. mobilis ZM4 (ATCC 31821) Bioreactor of 400 mL (Box-Behnken): Sucrose (350 g/

L), pH 5/6, 30 °C, 100 rpm, 72 h.

Bioreactor (400 mL): Sucrose (350 g/L), pH 5/6,

30 °C, 100 rpm, 72 h.

Z. mobilis ZM4 pB1-sacB

B. amyloliquefaciens Maple syrup (30 and 66°Brix), U/mL (3.73 and 5), pH

(6.6 and 6.04), 23.12 and 29.92 h.

tose, Neokestose, Nystose, Neonystose
and 'F- Fructosylnystose.
Levan (DP >30): 55.31 % FOS (2 < DP <10):
(42.85 g/L), Levan (10 <
DP < 30):> 80 %

Levan (50.3 g/L) FOS-type inulin: Kestose and Neokestose [39]

(Yield, n.r.*)
Levan (63.6-86.9 g/L Nystose (41.3-69.7 g/L) [52]
Levan (30-34 %): 31.1-40 FOS (DP 3-7): 2 g/L (6-Kestose and 6- [36]

g/L Nystose)

Levan (12-20 %) FOS (12-20 %) [37]

Levan (26 g/L) FOS: 1-Kestose, 6-Kestose, Neokestose [29]
and Nystose (Yield, n.r.*)

Levan (8.0 g/L) FOS (156.5 g/L): 1-Kestose (66.9 g/L), 6-  [40]
Kestose (67.8 g/L) e Nystose (21.8 g/L).

Levan (9.7 g/L) FOS (73.4 g/L): 1-Kestose (38.23 g/L), 6-  [41]
Kestose (15.95 g/L) e Nystose (17.90 g/
L).

Levan (147.09 g/L) FOS (109.20 g/L) [30]

* Not reported.

production of short-chain levan type FOS (LFOS) and levan [37]. The
concentration of the products (levan/FOS) produced by wild-type LsKK9
increased by 20 % (w/v) in a medium containing 50 % (w/v) sucrose
(Table 1). In the case of Y237S, the concentration of levan/FOS
increased and leveled off when >40 % (w/v) of sucrose was used. LFOS
produced by the Y237S variant exhibited greater prebiotic activity than
the wild type.

In turn, Kim et al. [38] evaluated the use of water-miscible organic
solvents to increase the formation of levan and oligosaccharides in
Rahnella aquatilis. The maximum concentration of levan (27 g/L)
occurred at an optimal temperature of 17-30 °C, resulting in 57 % of the
theoretical yield (Table 1). The oligosaccharides were selectively accu-
mulated in a high concentration of substrate with a maximum content of
10-11 g/L in the entire temperature range analyzed (4-50 °C).

Xavier & Ramana [39] evaluated the maximum production of levan
and FOS by B. licheniformis ANT 179 using sugarcane juice, cane
molasses and sucrose with respective maximum levan yields of 50.3, 26
and 43.0 g/L, respectively. Regarding the production of FOS, a FOS-type
inulin (kestose and neokestose) was reported, but its rate was not
reported.

Recently, it has been shown that Zymomonas strains were capable of
co-producing not just two, but up to four bioproducts. Using a strain of
Z. mobilis ZM4 and the Box-Behnken design approach, Braga et al. [40]
obtained four different bioproducts of levan, ethanol, sorbitol and FOS
where the FOS was composed of 1-kestose, 6-kestose and nystose. In
another work, the same authors constructed recombinant strains of
Z. mobilis ZM4 (pBl, pB1-L196 and pBl-sacB) mutated from

Schwanniomyces occidentalis in order to control the relative composition
of FOS [41]. The best rates were obtained with Z. mobilis ZM4 pB1-sacB
which produced 9.7 g/L of levan, 92.1 g/L of ethanol, 35.2 g/L of sor-
bitol and 73.4 g/L of FOS. FOS presented rates of 38.2 g/L, 16 g/L and
17.9 g/L for 1-Kestose, 6-Kestose and Nystose, respectively (Table 1 and
Table 2).

3. Co-production of levan with other bioproducts

Besides FOS, non-fructan products of high economic value, such as
ethanol, sorbitol, poly-y-glutamic acid, o-amylase, poly-e-lysine and
polyhydroxyalkanoates [12], have been obtained simultaneously with
levan either in flasks or a bioreaction and either in a batch or fed batch
system (Fig. 3).

3.1. Ethanol

The ethanol production process is in constant evolution and ethanol
biorefineries need to reduce the overall production cost in order to
become economically viable. The strategies for increasing the mass
fraction of ethanol in fermentation are related to sources of cheaper raw
materials [42]. Moreover, co-production strategies with high-value
products have been reported with Z. mobilis, which is an ethanol-
producing bacterium that also produces levan through the action of
levansucrase [43].

The general fermentation standards for the co-production of levan
and ethanol by strains of Z. mobilis (27 and Z10) were established using
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Table 2
Examples of other high-value bio-products co-produced with levan.
Microbial strain Medium and culture conditions Product A Product B Reference
Zymomonas mobilis (27 e Z10) Sucrose (50-200 g/L), pH 6.0, 30 °C, fermenter (1 L). Levan (~7.5 g//L, from Ethanol (13.2-19.8 g/L, [44]
unmetabolized fructose) maximum rate: 1-3 g/L.h)
Z. mobilis 113 Sucrose (150 or 300 g/L), Batch and continuous processes. pH  Levan (35-64.2 g/L) Ethanol (0.17-0.31 g/g) [45]
5.5,30°C, 24 h.
Z. mobilis 113 “S” Reused culture liquid (65 %) and syrup without additives Levan (~27 g/L) Ethanol (~48 g/L) [46]
(10-15 %, with control).
Z. mobilis 113 “S” Sucrose (100 g/L), Inoculum (10 %), 30 °C, pH 4.9. Cells Levan (1.3-1.5 %) Ethanol (2-3 %) [49]
immobilized to stainless steel wire spheres (WS) and Al,O3
granules.
Z. mobilis 113 “S” Commercial sucrose syrup (100 g) with 50-60 % (w/w). Batch  Levan (40.14 g/L) Ethanol (35.0 g/L) [22]
and fed batch, 45 °C, 24 or 48 h..
Z. mobilis CT2 Sucrose (50-250 g/L), Inoculum (10 %), Batch fermentation, Levan (27.2 g/L) Ethanol (46.4 g/L) [43]
pH 5.0, 25-35 °C, 24 h.
Z. mobilis ZAG-12 Sucrose (100-160 g/L), Yeast extract (5.0 g/L), pH 6.0, 30 °C, Levan (3.90 g/L) Ethanol (9.36 g/L) [51]
24 h.
Z. mobilis CCT 4494 Cells immobilized on alginate and chitosan beads. Sucrose Levan (21.11 g/L) Ethanol (93.4 g/L) [49]
(350 g/L), pH 4.0, 30 °C, 200 rpm, 24 h.
Z. mobilis CCT4494 Immobilization of cells for adsorption in loofa sponge and Levan (32.13 g/L) Ethanol (148.2 g/L) [50]
sugarcane bagasse. Glucose (20 g/L), 30 °C, 150 rpm, 24 h.
Z. mobilis ZM4 (ATCC 31821) Bioreactor of 400 mL (Box-Behnken): Sucrose (350 g/L), pH Levan (8.0 g/L Ethanol (86.7 g/L) [40]
5/6, 30 °C, 100 rpm, 48-72 h.
Z. mobilis ZM4 pB1-sacB Bioreactor (400 mL): Sucrose (350 g/L), pH 5/6, 30 °C, 100 Levan (9.7 g/L) Ethanol (92 g/L) [41]
rpm, 72 h.
Z. mobilis/B. subtilis (natto) Sucrose (250 g/L) and Glucose, pH 5.5, 30 °C, 175 rpm, 120 h Levan (56.0 g/L) Bioethanol (21.1-26.5 g/L) [19]
Takahashi
Z. mobilis (VTT-E-78082 e CP 4) Sucrose (150 g/L), Yeast extract (2.5 g/L), 30 °C, pH 5.0, 200 Levan (8 % wt), or 10 % of Sorbitol (11 % wt) [18]
rpm the sucrose used.
Z. mobilis CP 4 Sucrose (150 g/L), pH 5.0, 25 °C, 20 h. Levan (40.14 g/L) Sorbitol (11.41 g/L) [52]
Z. mobilis ZM4 (ATCC 31821) Bioreactor of 400 mL (Box-Behnken): Sucrose (350 g/L), pH Levan (8.0 g/L Sorbitol (45.6 g/L) [40]
5/6, 30 °C, 100 rpm, 48-72 h.
Z. mobilis ZM4 pB1-sacB Bioreactor (400 mL): Sucrose (350 g/L), pH 5/6, 30 °C, 100 Levan (9.7 g/L) Sorbitol (35.2 g/L) [41]
rpm, 72 h.
Bacillus licheniformis 4071 — AepsAB  Bioreactor (7.5 L), fed-batch cultivation with intermittent Levan (71.0 g/L) [58]
Adgp ApgsBCAE Agdh sucrose feeding (50 g/L), pH 7.0, 180-550 rpm, 30-45 °C, 72 2R,3S- butanediol (88.6 g/
h L)
B. subtilis (natto) Takahashi Sucrose (50 g/L), L-glutamate (15 g/L), Batch/single stage, Levan (5.04 g/L) v-PGA (6.96 g/L) [56]
pH 7.0, 37 °C, 150 rpm, 21 h.
B. amyloliquefaciens (cepas NK-L, Culture in flask (24 h) and bioreactor (5 L), pH 6.0, 37 °C, 250 Levan (13.9 g/L e 22.6 g/L) v-PGA (3.53 e 3.61 g/L) [15]
NK-1 e NK-ALP) rpm, 48 h.
B. amyloliquefaciens NK-Q-X Soluble starch (10 g/L), shaked flasks (100 mL), pH 7.0, 37 °C, Levan (31.1 g/L) y-PGA (2.19-4.62 g/L) e a- [16]
180 rpm, 48 h.
Amylase (96 %, 0.66 U/mL)
B. subtilis/ Streptomycesal bulus Sucrose (250 g/L), Batch sequential (2 stage), pH 6.0, 37 °C, Levan (60.0 g/L) Poly(e-Lysine) (4.37 g/L) [17]
175 rpm, 55 h.
Halomonas smyrnensis AAD6” Sucrose (50 g/L), glucose (20 g/L), Shake flask, pH 7.0, 37 °C, Levan (15.3 g/L). PHB (1.34 g/L, 45.8 %) [12]
180 rpm, 120 h.
H. smyrnensis BAE2 Sucrose (50 g/L), Shake flask, pH 7.0, 37 °C, 180 rpm, 120 h. Levan (17.15 g/L) PHB (3.15 g/L) [20]
Bacillus thuringiensis HA1 Erlenmeyer flasks (250 mL) containing sucrose (20 (g/L), Levan (16.5 mg/L) PHB (0.058 g/L) [63]

Suhomyces kilbournensis HD1

37 °C, 72 h, 150 rpm.

Levan (86 mg/L)

PHB (0.148 g/L)

sucrose concentrations ranging from 50 to 200 g/L [44]. At the highest
concentration of sucrose (200 g/L), the 27 strain had a high hydrolysis
rate (65.4 g/L.h), but only 18 % of the hydrolyzed sucrose was converted
into ethanol. When cultivated in 150 g/L of sucrose, the same stain had a
hydrolysis rate of 60.3 g/L.h, yielding 76 % ethanol. In the discontin-
uous culture of sucrose at a concentration of 50 g/L, nearly all the su-
crose was hydrolyzed after 26 h, with the formation of approximately
13.2 g/L of ethanol. The 210 strain had a slow specific growth rate, with
a 72 % yield of ethanol, reflecting a longer fermentation time in com-
parison to the 27 strain. Maximum ethanol production rates ranged from
1 to 3 g/L for both strains cultivated with 50 to 200 g/L of initial sucrose,
respectively. The yield of levan (not presented) could come from half of
the 7.5 g//L of non-metabolized fructose (Table 2).

Two biotechnological processes (batch and continuous) were
designed to obtain levan and ethanol simultaneous from sucrose by
Z. mobilis 113 [45]. The transfer of carbon from the substrate in the
batch and continuous processes was 66.7 % and 61 %, respectively. In
the batch process using sucrose at 15 % for 24 h, the maximum con-
centration of levan was 35 g/L, with a yield of 0.24 g/g and productivity
of 0.90 g/L.h. The yield of ethanol was 0.31 g/g and productivity was

1.1 g/L.h. In the continuous process, the conversion of carbon from the
substrate into levan was achieved at pH 4.8, generating 64.2 g/L of
levan, with a yield of 0.22 g/g and productivity of 3.2 g/L.h. The yield of
ethanol was 0.17 g/g and productivity was 2.5 g/L.h.

In sucrose medium, Z. mobilis 113 “S” is capable of producing about
40-70 g/L of ethanol while producing levan [46]. Alternative sources of
sucrose such as beet diffusion juice (no additives) and its syrup were
used as raw material in the co-production of levan and ethanol by batch
fermentation. In this work, concentrations of levan and ethanol of 27
and 48 g/L, respectively, were obtained.

Through batch and fed batch processes, Bekers et al. [22] evaluated
the use of sugarcane juice and sucrose as substrates in the production of
levan and ethanol and investigated the interaction between these sub-
strates in a complete factorial design. The batch process improved the
production of levan, which reached 40.14 g/L. Supplementation with
sugarcane juice did not have a significant effect on the generation of
levan but promoted the production of biomass and ethanol. The pro-
duction of levan was more substantial in the batch process with 150 g/L
of sucrose. After the second stage, the culture broth contained 2.0 g/L of
biomass, 30 g/L of levan (in wet weight) and 35.0 g/L of ethanol
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Fig. 3. Co-production of levan with other bio-products of high market value. The co-production of levan with other compounds can be carried out in batch or batch

fed in shaker flasks or bioreactor.

(Table 2).

In another work, Bekers et al. [47] used biomass and culture liquid
(cell-free) from the co-synthesis of ethanol and levan to obtain FOS by
Z. mobilis 113 “S”. In the second fermentation stage, the cell-free su-
pernatant showed high activity for FOS synthesis (31 % of total carbo-
hydrates). At this stage, levansucrase activity for levan production was
approximately 30-40 % of the total activity.

A tandem system was designed for the production of levan and
ethanol through microbial fermentation using sucrose as substrate [49].
The tandem process involved the production of levan by B. subtilis
(natto) Takahashi in a sucrose medium, the separation of levan by ul-
trafiltration to obtain glucose as a byproduct and the fermentation of the
remaining glucose by Z. mobilis to produce ethanol. The fermentation of
B. subtilis (natto) Takahashi in a medium containing 250 g/L of sucrose
yielded 56.0 g/L of levan in a 48-h period. After the removal of the cells,
the fermented broth with the remaining glucose was incubated with
Z. mobilis at 30 °C, pH 5.5 and 175 rpm for 120 h, generating 21.1-26.5
g/L of bioethanol. The tandem process presented in this work has an
ecological advantage, as the entire substrate was used without wasting
any of the byproducts in the process. Moreover, the volume of alcohol
necessary for the isolation of levan could be reduced by one-quarter of
the volume normally used in conventional precipitation.

The joint production of levan and ethanol has also been investigated
in fermentation processes with bacteria on different immobilization
supports. Bekers et al. [48] analyzed the production of levan and ethanol
by Z. mobilis linked to stainless-steel wire spheres (WS) and granules of
Al,03 in comparison to cells trapped in calcium alginate. No significant
differences were found in the production of levan and ethanol between
the two fermentation systems. The maximum concentration of ethanol
and levan at the end of the second and third fermentation cycles reached
rates of 2.3-2.7 % and 1.3-1.5 %, respectively. WS and Al,O3 bacterial
immobilization systems can improve the supply of inoculum for the
fermentation of sucrose and consequently produce levan and ethanol
with greater efficiency compared to the suspended cell-free biomass.

Santos and Cruz [49] studied the co-synthesis of levan and ethanol
by Z. mobilis immobilized on alginate and chitosan granules and evalu-
ated the capacity of the granules for reuse in sequential fermentations.
The chitosan support achieved higher levan yields, whereas alginate
resulted in higher ethanol titers (Table 2). In the sequential batch
fermentation recycling the immobilization support, better results were

achieved with the alginate support, which was efficient in maintaining
cell viability on the support to produce 21.11 g/L of levan and 87.21 g/L
of ethanol. The chitosan support proved to be inadequate for sequential
batches, as the granules dissolved after the second cycle.

In another work, Santos and Cruz [50] designed two experiments for
the joint production of levan and ethanol by Z. mobilis using luffa and
sugarcane bagasse as immobilization supports. The reuse capacity of the
supports was evaluated during 12 days of recycling in subsequent fer-
mentations. The results revealed that the luffa was the better immobi-
lization support, presenting 2.58 g/L of immobilized cells and 19.13 g/L
of levan. The supported sugarcane bagasse yielded a higher quantity of
ethanol (103.82 g/L). In the recycling experiment, the bagasse support
was more promising, maintaining cell viability up to the last fermenta-
tion cycle. This support also reached higher concentrations for immo-
bilized biomass, levan and ethanol with efficient sucrose consumption
(92.64 %) (Table 2).

Strains deficient in extracellular proteases can exhibit a higher pro-
duction of extracellular protein and, consequently, increase the pro-
duction of levan and ethanol [16]. For instance, besides levansucrase
(sacA), Z. mobilis produces another extracellular enzyme (sacC) and the
two sucrases were investigated for the co-production of levan and
ethanol [43]. A mutant strain of Z. mobilis CT2 with sacC from altered
sucrase designed prior to the deletion of the gene resulted in a greater
quantity of levan (27.2 g/L) compared to that achieved with the parental
B14023 strain (15.5 g/L) (Table 2) using 200 g/L of sucrose at 25 °C and
pH 5.0. The increase in the fermentation temperature from 25 to 35 °C
increased the concentration of ethanol from 17.8 to 46.4 g/L due to the
increase in the hydrolysis rate of the sucrose, but the transfructosylation
activity was reduced from 165 to 55 U/mL. Supplementation with
glucose or fructose to the culture medium significantly diminished the
production of levan due to the inhibition of levansucrase activity.

The identification of differentially expressed proteins in the pro-
duction of levan and ethanol by Z. mobilis was determined by proteomic
analysis to provide a global profile of regulating proteins [51]. Most
proteins detected were found to participate in the metabolism of car-
bohydrates (57 %), serving as enzymes that catalyze fundamental re-
actions in several metabolic pathways for the biosynthesis of ethanol,
levan and other compounds. The levan and ethanol yields as well as the
amount of sucrose consumed changed with the temperature where
highest levels were achieved at 20 °C (Table 2).
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3.2. Sorbitol

Sorbitol is a naturally occurring sugar alcohol used in the biobased
synthesis of polyurethane, as an excipient of formulations for several
medications and as an osmoprotectant [52,53]. The co-formation of
levan and sorbitol was reported with strains of Z. mobilis in a fermen-
tation medium containing sucrose, glucose and fructose [18,52].

Starting with a fermentation medium containing 150 g/L of sucrose
and 2.5 g/L of yeast extract with Z. mobilis VTT-E-78082 isolated as a
beer contaminant and Z. mobilis CP 4, Viikari [18] obtained levan and
sorbitol at quantities of 8 % and 11 % of the original sucrose content,
respectively (Table 2). For the first 6 h of fermentation, constant fructose
and glucose concentrations suggested comparable rates of sucrose uti-
lization and ethanol/levan co-production. The concentration of ethanol
was slightly superior to that of sorbitol when using the VTT-E-78082
strain. The ethanol yield from the fermentation of both strains of
Zymomonas was small due to the formation of levan and sorbitol. Ac-
cording to the authors, the formation of sorbitol can be performed in
concert with the production of ethanol, as its maximum production (17
g/L) occurred with the greatest concentration of ethanol.

Borsari et al. [52] used a complete factorial design (2% to obtain
responses on the production of levan, biomass, ethanol and sorbitol by
Z. mobilis CP4, analyzing the fermentation conditions, type of substrate,
concentrations and fermentation processes (batch and fed batch). The
greatest concentration of levan (40.14 g/L) was achieved with 150 g/L
of sucrose in the batch fermentation process. The addition of sugarcane
juice to the fermentation medium favored bacterial growth and,
consequently, increased the formation of sorbitol and ethanol. The best
conversion coefficient into ethanol was 73.64 % and 71.48 % in the
batch and fed batch systems, respectively, using 50 g/L of sugarcane
juice. Regarding sorbitol, the best production was 17.36 g/L, with 41.71
% conversion efficiency. The greatest concentration of sorbitol was
11.32 and 11.41 g/L, with conversion efficiency of 20.17 % and 19.62
%, respectively.

3.3. Poly-y-glutamic acid

Like levan, poly-y-glutamic acid (y-PGA) is a viscous, high molecular
weight substance that is soluble in water and physiologically active. It
has recognized effects on the increase in thrombus and immunological
function [16,54]. Recently, it has been verified that a diet (5 %) of the
mixture of PGA and levan (6:4 w/w) was significantly reduced epidid-
ymal fat ratio and fat cell size in C7BL/6 mice after 12 weeks [54].
Moreover, y-PGA participates in the formation of bacterial biofilm,
reticulating with other compounds to finalize the biofilm [16]. The co-
production of levan and y-PGA has mainly been reported with strains
of Bacillus [55].

The joint production of levan and y-PGA from B. subtilis (natto)
Takahashi was achieved in a medium containing 5 % (w/w) sucrose and
1.5 % (w/w) L-glutamate [56]. Under these conditions, around 4-5 g/L
(42 %, w/w) of levan and 6.9 g/L (58 %, w/w) of y-PGA were obtained
in a single batch fermentation in 21 h at pH 6.0 and a temperature range
of 25 to 40 °C (Table 2). When cultivated in a medium containing 20 %
(w/w) sucrose, B. subtilis (natto) Takahashi selectively produced levan
but without L-glutamate.

B. amyloliquefaciens NK-1 is another strain with the potential for the
joint production of levan and y-PGA [15]. The creation of the NK-ALP
strain (deficient in y-PGA) from B. amyloliquefaciens NK-1 yielded only
1.97 g/L of levan. The optimization of the culture conditions using the
response surface methodology (RSM) yielded 13.9 g/L and 22.6 g/L of
levan in a culture flask and bioreactor, respectively (Table 2). The purity
of the levan produced by the NK-ALP strain reached 92.7 % in 48 h. The
two strains achieved comparable y-PGA production. The mass fraction of
v-PGA was 3.53 g/L and 3.61 g/L for the NK-L and NK-1 strains,
respectively. Moreover, the NK-L strain exhibited increased purity of the
v-PGA product (91.2 %), which was higher than that achieved with the

International Journal of Biological Macromolecules 235 (2023) 123800

NK-1 control stain (79.5 %).

The B. amyloliquefaciens NK-ALP strain is capable of producing levan
of high purity but with a relatively low yield [15,16]. To improve levan
production, gene encoding for the TasA biofilm-forming protein,
pgsBCA cluster harboring genes of the y-PGA synthesis pathway as well
as six extracellular protease genes were deleted from NK-1. Among the
mutant strains, NK-Q-7 and NK-Q-1 strains produced 31.1 g/L and 17.5
g/L levan in flasks, which were 103 % and 14.4 % higher than the NK-
ALP strain. However, not all mutant strains were that efficient and in
fact, NK-Q-4 and NK-Q-5 strains led to 21.3 % and 32.4 % lower levan
yields, respectively [16].

When the wild type and mutant strains were compared for their
y-PGA production, only the NK-P-5 strain showed an increase in com-
parison to NK-1 and lower yields were observed for strains with deleted
nprE and aprE (Table 2). The dry biomass of the NK-P-7 strain was also
lower than that of the other strains [16].

Regarding the results related to the fermentation of levan and
a-amylase with B. amyloliquefaciens NK-ALP and the NK-Q-X mutant
strains, the NK-Q-7 strain reached higher levan yields, with 102 % and
78 % increases in comparison to the NK-ALP and NK-Q-1 strains,
respectively. Likewise, the NK-Q-7 strain achieved higher amylase yields
and enzyme activities when compared to NK-A LP and NK-Q-1 strains
and thus could be used as a biofactory for the production of secreted
proteins or the synthesis of products related to these proteins [16].

Stains of B. subtilis, including the starter of fermented soybean
(natto), produce capsular polymers consisting of y-PGA and levan [57].
Capsular polymers are known to protect cells from infection by phages.
However, the bacteriophage ¢NIT1 carries a y-PGA hydrolase gene
(pghP), which helps neutralize the protection strategy of the host cell. A
comparative genomic analysis revealed the diversity among ¢NIT1
phages and Bacillus carrying genes similar to these hydrolases and hence
provided a new perspective to understand their acquisition mechanism.

Recently, Song, Kwon & Song [58] applied CRISPR-Cas9 mediated
engineering to the natural soil isolate Bacillus licheniformis 4071 strain
for simultaneous and selective production of exopolymers and polyols.
Exopolymers were exopolysaccharides (EPS), levan synthesized by sacB
levansucrase and y-PGA produced by y-PGA synthase encoded by
pgsBCAE operon. When epsAB genes for tyrosine kinases controlling EPS
synthesis were deleted from the 4071 strain, the produced exopolymers
were higher in levan and lower in EPS and y-PGA content compared to
wild type strain that was attributed to a tightly linked regulatory control
of pgsBCAE and epsA-O operons reported for biofilm formation and
authors suggested that deletion of epsAB genes as a key strategy for se-
lective production of levan. For the polyols, glycerol, (2 R,3 S)- buta-
nediol and (2 R,3 R)- butanediol production were controlled by deleting
their respective genes dgp, budC and gdh. From the several combinations,
the most efficient and selective co-production was achieved with 71.0 g/
L of levan and 88.6 g/L of (2 R,3 S)-butanediol by fed-batch fermenta-
tion (Table 2).

3.4. Poly-¢-i-lysine

Poly-¢-1-lysine (e-PL) is an atypical biopolymer composed of 1-lysine
connected between a-carboxyl and e-amine groups. It has excellent
properties, such as solubility in water, stability in the presence of heat,
biodegradability and non-toxicity. Due to its properties, e-PL has been
used as a conservative in foods and cosmetics, a drug carrier and a gene
carrier in gene therapy [59]. Recent studies have concentrated on
biotechnological production and the understanding of the biosynthetic
mechanisms of microbial e-PL [60].

Shih et al. [17] developed a strategy to make the production of e-PL
economically viable using residues from the fermentation of levan by
Streptomyces albulus. Sequential fermentation for the production of the
two biopolymers began with the production of levan by B. subtilis (natto)
in a medium containing sucrose. The product and cells were separated
by ultrafiltration and the remaining broth composed of small sugar
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molecules was used for the production of e-PL by S. albulus. After the
second stage of the process, 60 g/L of levan and 4.37 g/L of e-PL were
obtained over a 72-hour period. The work points to a current approach
for the reduction in the use of solvent for biopolymer recovery and the
use of the fermentation residue from the first stage to produce a second
valuable product. This process is considered ecologically correct an in
line with the concept of biorefinery.

3.5. Polyhydroxyalkanoates

Polyhydroxyalkanoates (PHA) are linear polyesters formed by hy-
droxy acid monomers and synthesized by a broad gamut of bacteria and
accumulate intracellularly as a carbon and energy reserve. While PHAs
are considered an alternative to petroleum-based polymers due to their
biodegradability, the high production cost limits their acceptance by
industries [61,62]. The co-production of exopolysaccharides (EPSs, such
as levan) and PHA is a frequently observed characteristic among the
halophile family Halomonadaceae.

Tohme et al. [12] studied the co-production of levan and PHB by
Halomonas smyrnensis under illimited culture conditions using simple
carbon sources, such as glucose or sucrose. Fermentation was performed
in shake flasks using 137.2 g/L of sea salt from the Camalt: region in
Turkey at pH 7.0 and a temperature of 37 °C. Using 20 g/L of glucose,
concentrations of PHA reached a maximum after 120 h, with 1.34 g/L
(45.8 %). In the presence of glucose, no levan was detected or recovered
from the fermentation medium after the removal of the cells. When the
cultures were cultivated in 50 g/L of sucrose, the greatest concentration
of PHA was 0.48 g/L (27 % PHA in biomass) after 144 h. In parallel with
PHB, 15.3 g/L of levan were synthesized in the presence of sucrose.

In a more recent study by the same group, H. smyrnensis AAD6T
mutants with increased levan and PHB productivity were generated
through sequential UV irradiation and chemical mutagenesis by ethyl
methanesulfate (EMS) treatment and their whole genomes were
comparatively analyzed to identify gene candidates linked to enhanced
productivity [20]. H. smyrnensis BAE2 mutant strain stood out with the
highest levan and PHB (3.15 + 0.18 g/L) yields and a three-fold higher
levan productivity when compared with the AAD6 wild type strain.
Experiments with different salt concentrations in the fermentation me-
dium revealed that for both the wild type and mutant strains, the opti-
mum salt concentration was the same for levan production as well as for
PHB accumulation. Hence this was particularly significant because two
valuable biopolymers, levan and PHB, could be efficiently co-produced
under the same conditions. Another interesting aspect of this study was
the comparative genome and metabolic pathway analysis that was done
in order to investigate the potential molecular mechanisms associated
with the observed differences over the growth, substrate utilization and
PHB/levan production profiles between the wild type strain and mu-
tants. For this, deletions, insertions and single/multi nucleotide varia-
tions within the genome sequences of mutants were identified and lack
of any change in the levansucrase gene sequence of mutants suggested
the possible indirect effect of any other factor that could change the
expression and secretion of the enzyme. On the other hand, there were
some mutations accumulated within several tripartite tricarboxylate
transporter genes and TCA enzymes which in turn pointed to the central
role of TCA cycle-associated genes in the observed significant changes in
the mutant's physiology reflected in their growth and levan production
profiles.

Besides these, there were also interesting changes in genes associated
with osmoregulatory mechanisms. Especially the mutations of the
glutamate, choline and glycine betaine transport proteins may have led
to a dysfunctioning uptake mechanisms of these key cytoplasmic
osmoprotectants. Hence as a physiological response to alleviate the os-
motic stress, these mutants with impaired osmoregulation mechanism
were suggested to protect themselves with a thick levan exopoly-
saccharide matrix, which in turn is a well-known role of EPSs in nature
[20].
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Vega-Vidaurri et al. [63] isolated three bacterial strains co-
producing PHB and EPS (levan and inulin types). The strains identi-
fied as Bacillus thuringiensis HA1 and Suhomyces kilbournensis HD1 were
able to synthesize PHA and levan, whereas an AJ1 isolate (unidentified)
was able to produce PHA and inulin. After 72 h of submerged fermen-
tation, B. thuringiensis HA1 produced 0.058 g/L of PHA and 16.5 mg/L of
levan, while S. kilbournensis HD1 synthesized 0.148 g/L and 86 mg/L of
PHA and levan, respectively (Table 2). In turn, the AJ1 isolate produced
0.044 g/L of PHA and 15 mg/L of EPS of the inulin type.

4. Conclusions and future perspectives

The state of the art of simultaneous production strategies clearly
shows that there is a high potential in such microbial and enzymatic
processes and within the last decade, the spectrum of products increased
from only a few like FOS and ethanol to diverse compounds involving
popular biodegradable polymers like y-PGA and PHB. Moreover, inte-
grative approaches for the co-production of these bioproducts are in line
with the concept of biorefinery, the aim of which is a zero-waste policy.
Hence a single-cell biorefinery can compensate for the limited avail-
ability of levan by generating a byproduct with high value for the
market. The selection of microbial strains that generate high mass
fractions of bioproducts and the use of inexpensive carbon sources will
assist in designing sustainable manufacturing systems for large-scale
production.

Also, the use of halophilic cultures as cell factories may open new
frontiers in this aspect by allowing co-production at high salt conditions
that in turn will enable the use of open microbial production systems
with very low risk of contamination. This will further reduce the pro-
duction costs via subsiding the costs of sterilization and preventing
contamination. With the use of systems engineering principles, the
producer strains can further be improved in their productivity. Studies
with halophilic systems led to some interesting viewpoints worth to
mention here. While there are many studies focused on engineering the
levansucrase enzyme sequence or optimization of the substrate
composition of the production medium, systems-based studies pointed
to the importance of other metabolic pathways that may interplay with
levan production. In an early study, mannitol was determined as a
critical metabolite for levan production by metabolic systems analysis
and supplementing the medium with this osmolyte increased levan titers
up to two-fold along with a higher sucrose utilization rate [64]. A sub-
sequent study pointed to the possible regulatory role of Quorum Sensing
(QS) phenomenon where boric acid supplementation was found to
improve both sucrose utilization and levan production [65]. Then,
through genome-based metabolic systems engineering approach, in sil-
ico simulations of our genome scale metabolic model for H. smyrnensis
AADGT led to a list of gene knockout strategies which emphasized the
vital role of the fructose uptake mechanism and pointed out the fructose-
specific phosphotransferase system (PTSg,) as the most promising target
for further metabolic engineering studies. The new strain BMA14 was
constructed by insertional mutagenesis of PTSg, and triparental mating
and it further improved the levan titers [66]. The importance of osmo-
regulatory mechanisms and transferase systems were again verified by a
recent mutagenesis study where comparative genome analysis and
metabolic pathway analysis pointed to significant differences between
the genes related to transport reactions and osmolytes [20]. These
studies clearly suggested that for future studies, a “pull strategy” by
targeting the transport reactions could be adopted rather than a “push
strategy” where cells are exposed to increased substrate concentrations.
Moreover, since survival under stress is very much related to the
adaptive remodelling of gene expression profiles, transcriptome studies
revealing the transcriptional regulatory mechanisms may provide
further insights on the suggested interplay between osmoregulation,
quorum sensing and levan biosynthesis and lead to novel targets for
metabolic engineering strategies.

Another elegant approach is the CRISPR-Cas9 mediated engineering
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of B. licheniformis for selective production of EPS, levan and y-PGA along
with glycerol and butanediol isomers [58]. The constructed strains hold
high industrial value since their product spectrum can easily be
controlled by supplying the respective substrate to the fermentation
medium.

Besides these cultivation-based strategies, enzymatic routes leading
to multiple products along with levan also show great potential for
future applications. One interesting example is the bioconversion of
levan to difructose anhydrides (DFAs), which are tricyclic fructo-
disaccharides having several health benefits such as decreasing body
fat, acting as immunomodulator, anti-pathogenic and anti-cancerous
agents and prebiotic sucrose substitutes, inducing calcium absorption
as well as wound healing in the intestines [67]. In this context, multi-
enzyme cascade reactions using glycoside hydrolase 32 (GH32) family
levan degrading enzymes of levanase (EC 3.2.1.65), levanbiohydrolase
(EC 3.2.1.64) and levan fructotransferase (EC 4.2.2.16) is a very
promising strategy to obtain levan oligosaccharides, levanbiose along
with DFA IV [68]. While one-pot DFA IV production from sucrose
through co-fermentation of two recombinant Saccharomyces cerevisiae
strains excreting these enzymes was reported [69], an efficient one-pot
enzymatic process to obtain highly valuable DFAs from common table
sugar still calls for further research.

Overall, holistic approaches where omic data are obtained faster at
lower costs will also open new frontiers to levan producers in terms of
the search for overproducer strains and optimization of production
conditions. There are numerous tools for analyzing and integrating omic
data in designing bioprocesses and in near future, they will become a
crucial mandatory part in every knowledge-based production strategy.
For levan production, this systems-based approach is still at its infancy
and limited to few studies. Even a standard genome analysis may reveal
interesting new byproducts for a cell factory or novel enzymes for
bioconversion. There is no doubt that artificial intelligence and machine
learning will soon lead to more accurate and cheaper gene editing as
well as to more precise structural predictions and hence better strategies
for engineering enzymes and strains more effectively.

Generally, the ever-increasing interest in levan polysaccharide pro-
duces a huge pressure on the industry for coping up the demand at
affordable prices and the spectrum of co-products are expected to in-
crease following this course. Also consumer demand towards natural
products made from renewable resources and the positive impact of the
pandemic on the markets for immune boosting formulations and func-
tional foods will serve as additional forces to make levan production
reach economic feasibility on a commercial scale. On this way, in silico
assisted knowledge is expected to lead this very challenging race of
providing levan for high value applications at affordable prices.
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