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Abstract

Alternative sweeteners, such as steviol glucosides from the plant Stevia rebaudiana Bertoni, are becoming increasingly
popular for the design of next-generation foodstuffs. However, the bitter aftertaste of native steviol glucosides is one of the
main reasons behind consumer reluctance towards stevia-containing products. Biocatalysis could be a sustainable solution
to this problem, through addition of glucosyl moieties to the molecule. Glycoside hydrolases are enzymes performing trans-
glycosylation reactions, and they can be exploited for such modifications. In the present work, the commercial -glucanase
Finizym 250L® was employed for the transglycosylation of stevioside. After optimization of several reaction parameters,
the maximal reaction yield obtained was 19%, with barley p-glucan as the glycosyl donor. With the aim to develop a sustain-
able process, p-glucan extracts from different fungal sources were prepared. Pulsed Electric Field pretreatment of mycelial
biomass resulted in extracts with higher -glucan content. The extracts were tested as alternative glucosyl donors, reaching
up to 15.5% conversion yield, from Pleurotus-extracted B-glucan. Overall, in the present work a novel enzymatic process
for the modification of stevioside is proposed, with concomitant valorization of B-glucans extracted from fungal biomass,
potentially generated as a byproduct from other applications, in concert with the principles of circular economy.
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Statement of Novelty

The transglycosylation of stevia glucosides could contrib-
ute to their wider consumer acceptance, due to the removal
of bitter aftertaste. In the present work, a novel process is
described for the transglycosylation of stevioside, with the
use of a food-grade f-glucanase enzyme and spent mush-
room biomass as source of B-glucans. Pulsed Electric Field
pretreatment, a novel method, was employed for the extrac-
tion of f-glucan from the mushroom biomass, leading to
higher yields of the transglycosylation reaction. Overall, the
results of the present work could be used for the design of a
cost-effective, green process for the sweetness improvement
of stevia-containing products.

Introduction

Steviol glucosides, extracted from the Stevia rebaudiana
Bertoni native American plant, are one of the most popular
sweeteners nowadays, due to their strong sweet taste and
natural origin. However, the bitter aftertaste of natural ste-
viol glucosides is an important drawback, leading to con-
sumer reluctance. Stevioside and rebaudioside A (RebA),
the most abundant steviosides in stevia leaves, showed sig-
nificant bitterness in consumer-based sensory studies [1],
while the more heavily glycosylated RebD and M, showed a
sweetness profile similar to sucrose. A homology modelling
study of stevioside and RebA with the human bitter taste
receptor hTAS2R4 revealed that the extra glucosyl unit of
RebA restricts the access to the receptor, and therefore the
taste of RebA is perceived as sweeter than that of stevioside
[2]. Generally, the addition of extra sugar moieties to the ste-
vioside molecule has been shown to improve its taste profile,
by a number of studies [1-6]. However, the addition of more
than 1-2 glucosyl units can decrease sweetness, as shown by
a recent study [3]. As shown by Wang et al. [3], the modi-
fication of a mixture of steviol glucosides by cyclodextrin
glucanotransferase (CTGase) and a-glucosidase led to the
reduction of the bitter aftertaste and the liquorice flavour,
while the final products presented a unique flavour, differ-
ent from the glucosides naturally present in stevia extracts.
The authors also showed that increase in the glycosyl chain
length, above a certain extent, decreased the sweetness of the
final product, and thus the addition of an a-glucosidase to
the reaction was necessary, to trim CTGase products, finally
yielding steviosides with 1-2 extra glucose units [3].
Although the use of enzymes, such as CGTase, introduc-
ing a-glycosidic bonds to steviosides, has been applied suc-
cessfully, this is rather undesirable for the final product, due
to the activity of amylases in the human saliva, which are
able to cleave those bonds and release glucose molecules,
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ultimately increasing the caloric value of the product [7].
In this respect, p-glucosidic bonds are favourable for the
design of products for diabetic or obese consumers. Signifi-
cant efforts have been devoted to the transglycosylation of
steviosides with UDP-glucosyltransferases, the native stevia
enzymes and their microbial homologues. Their requirement
of UDP-activated donors has been circumvented with the
co-expression of enzymes, such as sucrose synthase, regen-
erating the UDP donors [8-11].

Aside from their applications as sweeteners, steviol glu-
cosides also possess very interesting bioactivities. Stevioside
was recently found to induce apoptosis in bladder cancer
cells in vitro and inhibited their growth in vivo [12]. Steviol
glucosides have also been shown to possess prebiotic effects
[13].

For all these reasons, the demand for steviol glucosides
has been increasing in the last few years, leading to inten-
sive research efforts for the cost-effective production of
steviol sweeteners, eliminating the need for plant extrac-
tion. Modern approaches focus on the reconstruction of
the biosynthetic path of steviol production on engineered
microbes, such as the yeast Saccharomyces cerevisiae [14]
or the bacterium Escherichia coli [15]. Such efforts lead to
increased yields of steviol and other compounds that can be
used as scaffolds for the production of novel steviosides with
improved properties.

Previous efforts towards the production of unconven-
tional steviol glucosides include the use of glycoside
hydrolases [16, 17] for the introduction of alternative sug-
ars in the stevioside backbone, as candidates for new bio-
active compounds. Glycoside hydrolases are represented
in microbial genomes from genes coding for a variety of
enzymes with different specificities including enzymes
for the degradation of p-1,3, p-1,6, p-1,3/1,4 p-1,3/1,6
glycosidic bonds in polymeric substrates. p-Glucanases,
together with microbial cell wall f-glucans, play a major
role in host—pathogen interactions in many pathogenic
species, to the extent that f-glucanases have been used
as biosensors for the detection of pathogens [18]. -1,6-
Glucanases are produced by bacteria growing on fungal
cell walls as carbon source [19], but they are also present
in fungi [20].

In fungi, p-glucanases participate in the formation of
cell wall, but also in the degradation of plant biomass poly-
saccharides of variable structure. For example, -1,3/1,4
glucanases are able to degrade lichenan, but also p-1,3/1,4
glucan from barley [21, 22], releasing oligosaccharides act-
ing as carbon source for the organism, while $-1,3/1,6 glu-
canases are considered to participate in the synthesis and
degradation of the fungal cell wall under starvation condi-
tions [23]. Recently, new promiscuous p-glucanases have
been discovered, with the ability to degrade all possible
p-glucosidic bonds [24].
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Most B-glucanases described so far also have transgly-
cosylating activities, similarly to most glycoside hydro-
lases. Transglycosylating activity has been described for
B-1,3—-1,6-glucanases [25], p-1,3/1,4-glucanases [26, 27],
B-1,3-glucanases [28] and others. So far, the production
of laminarioligosaccharides [25] and mixed-linkage p-1,3
and fB-1,4 oligosaccharides [26, 27], has been described,
but also the grafting of xyloglucan oligosaccharides to cel-
lulose [29]. However, there is only one previous report in
the literature regarding the transglycosylation of stevioside
by a p-glucanase from the white-rot fungus Irpex lacteus
[2]. Therefore, with the use of p-glucanases, f-glucans
from spent fungal biomass generated as a byproduct from
other applications could be used as a raw material for ste-
vioside transglycosylation. This could enable the design of
bioprocesses in line with the Biorefinery concept and the
principles of circular bioeconomy.

B-Glucanases are enzymes with great biotechnological
interest. One of their most prominent applications is in the
brewing industry, where they are used for the degradation
of barley pB-glucans, lowering the viscosity and turbidity
of the mash [21]. Novozyme’s Finizym 250L® is a food
grade, thermostable enzyme preparation, designed for this
purpose. Moreover, -glucanases can be used in detergents,
for the removal of f-glucan-containing, food-related stains,
in animal feed production, to increase the digestibility of
the feed, but also for the production of prebiotic oligosac-
charides [21].

In the present study, the commercial pB-glucanase-
containing enzyme preparation Finizym 250L® was used
for the modification of stevioside. p-glucans from various
sources were used as sugar donors, aiming at the removal of
bitter aftertaste from stevioside. This is the first report for
the use of fungal B-glucans as donors for stevioside trans-
glycosylation, resulting in a sustainable and circular process.

Materials and Methods
Enzymes and Chemicals

Finizym 250L® was supplied from Novozymes A/S. Bar-
ley B-glucan (medium viscosity) was purchased from Meg-
azyme (Bray, Co. Wicklow, Ireland). Stevioside (> 85%)
was purchased from TCI America (Boston, MA, USA).
All other chemicals were purchased from Merck KGaA,
Darmstadt, Germany, and they were of the highest purity
available.

Production of B-Glucan Extracts from Microbial
Sources

For the production of pB-glucan from S. cerevisiae, com-
mercially available instant dry yeast was used as start-
ing biomass (S. cerevisiae, Angel Yeast Co. Ltd., Hubei,
China, Lot no. 201811 CG). Instant yeast pellets were
reconstituted in warm deionized water (30 °C) under gen-
tle stirring for 20 min, in the form of a suspension with a
concentration of 10% (w/w). After plating on YPD-Agar
medium, it was determined that the viable count of the
cells in the suspension after reconstitution was 9.2 logCFU
mL~!. Following reconstitution, the suspension was centri-
fuged at 10,000x g for 10 min, and the resulting pellet was
washed three times with equal volumes of deionized water.
The pellet was finally freeze-dried and stored in a desic-
cator until further use. The B-glucan was extracted with
a modified protocol proposed by Thammakiti et al. [30].
Briefly, accurately weighed freeze-dried cells were incu-
bated with 30 volumes of 1 M NaOH at 80 °C for 2 h under
agitation. After the incubation, samples were centrifuged
at 6500xg for 10 min. Pellets were washed three times
with deionized water and resuspended in equal volumes
of 0.5 M acetic acid. Further incubation was performed at
80 °C for 1 h. After the second incubation step, samples
were centrifuged at 6500xg for 10 min and the resulting
pellets were washed 3 times with deionized water. The
resulting pellets were freeze-dried and stored in a desic-
cator until further use.

Pleurotus citrinopileatus LGAM 28684 was obtained
from the culture collection of the Laboratory of General
and Agricultural Microbiology (Agricultural University
of Athens). Mycelial biomass was grown in shake flasks,
as described in [31]. Briefly, three 1-mm agar plugs from
14-day old mycelium grown in PDA medium, were used
as inoculum for 100 mL liquid medium containing xylose
57 ¢ L1, corn steep liquor 37 g L™!, K,HPO, 1 g L™, and
MgSO0,(H,0), 0.2 g L~! in 250 mL Erlenmeyer flasks. The
cultures were incubated for 14 days in a shaking incubator
in 28 °C and 100 rpm. Then, the mycelium was removed
by filtration, washed and freeze-dried before pB-glucan
extraction.

Pulsed Electric Field (PEF) treatment of the freeze-dried
mycelium was performed in a stainless steel parallel-plate
electrode chamber with an electrode gap of 2 cm, with
pulses delivered by a pilot scale ELCRACK-5 kW system
(DIL, Quakenbriick, Germany). For the treatment, 10 g of
freeze-dried mycelium were milled with a mortar and pestle
and suspended in 10 mL of deionized water. The sample was
allowed to rehydrate for 20 min, was placed in the treatment
chamber and 500 near-rectangular bipolar pulses at a pulse
width of 15 ps and a frequency of 20 Hz were delivered.
The electric field strength achieved was equal to 4.2 kV/
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cm. After pulsing, the sample was quantitatively recovered
from the chamber and brought to a final volume of 100 mL.
B-Glucan extraction from PEF-treated and untreated myce-
lium as control was performed according to the protocol
of Wei et al. [32], with some modifications, as previously
described [31]. Briefly, the diluted sample was further reflux
boiled for 5 days. Deionized water was intermittently added
to the apparatus to account for evaporative losses. Solids
were removed by centrifugation at 10,000xg for 15 min.
Two volumes of absolute ethanol were added to the super-
natant followed by incubation at 4 °C for 16 h. The solution
was centrifuged and the pellet was resuspended in 10 mL
deionized water. Finally, B-glucans were precipitated by
addition of three volumes of absolute ethanol and subse-
quent centrifugation.

The content in total glucans and a-glucans were deter-
mined in the freeze-dried biomass, according to the mush-
room and yeast -glucan Assay Procedure K-YBGL (Mega-
zyme International Ireland, Bray, Ireland). The p-glucan
content was calculated as the difference between total glu-
cans and a-glucans.

Finizym 250L°-Mediated Transglycosylation
of Stevioside

The reactions for Finizym 250L®-mediated transglycosyla-
tion of stevioside were set up as follows: 0.01 g $-glucan
was solubilized in 50 mM potassium phosphate buffer pH 5.
Stevioside was added to a final concentration of 0.5% (w/v),
and the reaction was started by the addition of 0.1 mg mL™!
Finizym 250L®. The reaction was incubated in a shaking
incubator, at 1100 rpm, 60 °C for 24 h, unless otherwise
stated. In parallel, proper blank reactions were run, where
either thermally inactivated enzyme was added, or -glucan
was omitted in the reaction, in order to correct for possible
stevioside hydrolysis. The effect of f-glucan concentration
was tested by adding 0.5, 1, 1.5 or 2% (w/v) barley p-glucan
to the mixture. The effect of stevioside was tested by adding
the acceptor at final concentrations of 0.25, 0.5, 1 or 1.5%
(w/v). The effect of enzyme addition was tested by adding
0.26, 0.1, 0.05 or 0.03 mg mL™! enzyme to the reaction.

In the reactions with S. cerevisiae p-glucans as sugar
donor, the extract was added in the reaction at a final concen-
tration of 3.5% (w/v). Mycelium-extracted p-glucans (with
or without PEF treatment) were added at a final concentra-
tion of 5.2% (W/v).

Chromatographic Analysis of Transglycosylation
Products

The analysis of the reaction products was performed

with a 1260 Infinity HPLC system (Agilent Technolo-
gies), equipped with a UV—Vis 1260 Infinity II Variable
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Wavelength Detector. The sample (20 pL) was loaded on a
C18 CC 250/4.6 Nucleosil 100-5 column (Macherey—Nagel),
and chromatographic separation was performed with iso-
cratic elution, at 1 mL min~", for 32 min, using as mobile
phase 70% (v/v) phosphate buffer pH 2.6 and 30% (v/v)
acetonitrile. Monitoring was performed at 210 nm, and ste-
vioside was quantified against a suitable calibration curve.

Statistical Analysis

Data analysis was performed with SigmaPlot v12.5 software
(Systat Software, Inc., San Jose, CA, USA). Error bars rep-
resent the standard deviation of the mean value. GraphPad
Prism 8 (GraphPad Software San Diego, CA, USA) software
was used for statistical analysis (student’s t-test).

Results and Discussion

Finizym 250L°-Mediated Transglycosylation
of Stevioside with Barley B-Glucan

The commercial enzyme preparation with p-glucanase
activity Finizym 250L® was applied to stevioside conver-
sion towards a more glycosylated product. p-Glucanase
Finizym 250L® is of fungal origin, from a Trichoderma
reesei strain. It was originally designed for the removal of
B-glucans from beer mash, to reduce the turbidity of the
final product. Therefore, since the enzyme preparation is
targeting barley p-glucans, it mainly attacks p-1,3/1,4 glucan
polymers. However, since the preparation is derived from
the culture supernatant of the fungus, it is possible to also
contain f-glucanases with other specificities, and thus to be
able to attack p-1,6-linked glucose moieties. The first step
was to study the time course of the reaction, and the results
are shown in Fig. 1. Up to 24 h, the reduction in stevioside
concentration is increasing, reaching 12.9 +0.8% stevioside
conversion. This is rather unusual for glycosyl hydrolases,
since most of them hydrolyze their transglycosylation prod-
ucts in prolonged incubation times [16, 33]. In Fig. 1b, the
HPLC chromatograms of the reaction mixtures are shown.
The products of stevioside conversion elute earlier from the
column, and therefore they appear in shorter retention times.
A major product appears in retention time of around 7.8 min,
and the corresponding peak is increasing with time. Moreo-
ver, a minor product appears in retention time 10.5 min, but
the peak disappears in later stages of the reaction, which
implies that either this product is further glycosylated and
therefore, elutes earlier, or that it is quickly hydrolyzed by
the enzyme. Also, the peak corresponding to stevioside (Rt
13.8 min) is decreasing throughout the course of the reac-
tion. Blank reactions without the addition of f-glucan did
not show any product formation, and the peak corresponding
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Fig. 1 a Time course of the Finizym 250L®-mediated transglycosylation reaction, b HPLC chromatograms of the different time points of the
Finizym 250L®-mediated transglycosylation reaction
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to stevioside remained unchanged, therefore we concluded
that Finizym 250L® is not able to cleave the sugar moieties
of stevioside molecule.

B-Glucanases and their nucleophile mutants (glycosynthases)
have been used previously for the production of glucosides.
B-1,3/1,4-Glucanase from Bacillus licheniformis successfully
transglycosylated p-fluoride trisaccharides to the correspond-
ing hexasaccharide, at a yield of 20% [34]. Later studies with
the nucleophile mutant of the same enzyme achieved a consider-
ably increased yield of 95% [35], and a bi-enzyme system was
developed for the production of hexasaccharides from disac-
charide starting material [36]. A B-1,3-glucanase from Cellu-
lomonas cellulans was also applied to the transglycosylation of
4-nitrophenyl-f-p-glucopyranoside or xylopyranoside, using
laminarin as donor, finally achieving a yield of 68% [37].

Next, the effect of the concentration of acceptor stevioside
was studied. The maximum stevioside conversion appeared in
0.5% (w/v) stevioside concentration, and with increasing ste-
vioside concentrations the conversion was decreasing, although
the differences observed among the different stevioside concen-
trations were not significant (Fig. 2a). Stevioside conversion
reached up to 15.1+0.6% in this case. However, calculating the
mM of transglycosylated stevioside in each case, based on a
stoichiometric conversion, the product concentration increased
with increasing stevioside concentrations, up to 1.7 mM product
in the highest concentration tested.

In order to increase the production yields, the effect of
B-glucan concentration was also tested. As shown in Fig. 2b,
increasing the concentration of the donor to 1.5% (w/v) led
to an increase in stevioside conversion up to 18.1+2.2%,
but further increase in f-glucan concentration did not lead
to higher conversion yields.

The effect of enzyme concentration was also tested, in
reactions with the optimum conditions from the previous
experiments, and the results are shown in Fig. 3a. The opti-
mum enzyme concentration was found to be 0.1 mg mL™!,
reaching up to 19.0 +1.2% stevioside conversion, although
the difference between 0.1 and 0.05 mg mL~! was not sta-
tistically significant.

The obtained conversion yields were similar to those
obtained from other glucosidases from our previous work

[16, 33]. Generally, the transglycosylation yields obtained
from glucosidases are low, from 15 to 30%, and modern
approaches include protein engineering and directed evolu-
tion in order to obtain mutant enzymes with minimal hydro-
lytic activity [38, 39]. Nonetheless, it is of high importance
to discover and characterize new enzymes with the ability
to catalyse specific transglycosylations, as potential targets
for the development of evolved variants. Specifically, for
stevioside transglycosylation, the addition of f-linked gluco-
syl moieties to the molecule, could result to next-generation
sweeteners with improved properties, and, most importantly,
with minimal caloric value. B-linked glycosidic bonds are
not hydrolysed in the human body (with an exception of
B-linked galactose in the lactose molecule, catalysed by
human p-galactosidase in the majority of adults), and there-
fore, the insertion of f-linked glucose to the stevioside mol-
ecule retains the caloric value of the product, and concomi-
tantly improves the sensory characteristics, as described
in previous studies [2, 7, 16, 17]. Therefore, it is of high
importance to uncover the potential of already commercially
available biocatalysts in inserting B-bonds to the desired
products. Taking into consideration the anti-inflammatory
and prebiotic activities of natural steviol glucosides [40, 41],
biocatalysis could offer the possibility to construct libraries
of similar compounds, to screen for improved bioactivities.

Fungal B-Glucans as Sugar Donors for Stevioside
Transglycosylation

In the above experimental setup, commercially available
B-glucan from barley was used as sugar donor for the trans-
glycosylation reaction. However, the isolation of barley
B-glucan is a costly and time-consuming process. Moreover,
barley p-glucan is used as a supplement in many food prod-
ucts for human consumption, due to its beneficial effects in
the human health, such as anti-diabetic, and cardioprotective
properties [42]. In the context of circular bioeconomy and
biorefinery, the use of alternative sugar donors was tested for
the Finizym 250L®-mediated transglycosylation of stevio-
side, aiming at the valorization of f-glucan from a low-cost
source, non-competitive with human nutrition, preferably

Table 1 Total glucan, a- and p-glucan content of the fungal extracts used as donors for the Finizym 250L®-mediated transglycosylation of ste-

vioside
Extract Total glucan a-Glucan B-Glucan (% w/w)
(% wiw) (% wiw)

S. cerevisiae 63.2+0.3 3.4+0.2 59.8+0.7
Supernatant from P. citrinopileatus biomass extract 51.8+0.4 20.7+0.6 31.2+0.2
Supernatant from PEF-treated P. citrinopileatus biomass extract 53.5+1.7 15.8+1.3 37.7+0.4

Solid residue from P. citrinopileatus biomass extract 8.0+0.4 1.4+0.1 6.6+0.4

Solid residue from PEF-treated P. citrinopileatus biomass extract 7.7+0.8 1.5+0.1 6.2+0.8
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a side-product from other bioprocesses. Due to the fungal
origin of the enzyme, fungal f-glucan sources were chosen.
S. cerevisiae biomass is produced as a side product in many
food and bioproduct processes, such as brewing or yeast
extract production, and is a valuable resource of f-glucan. In
the relevant literature, many protocols have been described
for the isolation of -glucans from yeast biomass. PEFs are
commonly applied for the extraction of intracellular com-
pounds, since they can increase the cell membrane and cell
wall permeability. The effects of PEF as a pretreatment to
the extraction of cell wall material has not been reported.
Nevertheless, there is strong evidence that the exposure
to the electric field significantly increases the porosity of
polysaccharide-rich fungal cell walls [43, 44]. This effect
may contribute indirectly to the effectiveness of extraction
processes that rely on the diffusion of solvents, acids, bases
or enzymes through the dense polysaccharide matrix.

The mycelial biomass of Pleurotus was also extracted,
aiming at the isolation of B-glucan constituents of the cell
wall. The isolation protocol performed was described in
our previous work [31], and the effect of PEF treatment
was also examined, regarding the production of an extract
which can be efficiently used as sugar donor for the Finizym
250L®-mediated transglycosylation of stevioside. The
results of the f-glucan content for the obtained extracts are
shown in Table 1. To the best of our knowledge, this is the
first time that the PEF method is applied to the isolation of
B-glucans from the mycelium of a white-rot fungus, although
a galactan was previously extracted from Morchella escu-
lenta with a PEF-assisted extraction method [45].

As shown in Table 1, the PEF-treated extracts were
enriched in B-glucans, compared to the untreated controls,
but also the amount of a-glucan content was significantly
lower, ultimately achieving a more B-glucan-enriched
material. The extracts were applied as sugar donors for the
Finizym 250L®-mediated transglycosylation of stevioside,
and the results are shown in Fig. 3b. Statistically significant
differences were observed among all the different p-glucan
sources tested, indicating that this factor significantly affects
the transglycosylation of stevioside. The most effective sugar
donor was found to be the PEF-extracted Pleurotus biomass,
reaching 15.5% stevioside conversion, which is quite simi-
lar to the yields obtained with the commercially available
barley p-glucan, before the optimization steps. This holds
great potential for the valorization of spent fungal biomass,
especially for applications where white-rot fungi are used,
such as bioremediation applications, or the production of
edible basidiocarps.

p-Glucans from Pleurotus species have been extensively
studied, due to their immunomodulatory, prebiotic and
anticancer activities [46—-49]. Regarding P. citrinopilea-
tus in particular, only one type of pB-glucan has been iso-
lated and described, a polymer consisting of -1,3-linked

B-p-glucopyranosyl residues, substituted with p-1,6-linked
side chain glucopyranosyl residues [50], which was later
shown to have a potent immunomodulatory activity, activat-
ing human dendritic cells [51]. This p-1,6-branched -1,3-
glucan is common in various Pleurotus species, such as P.
albidus [52], P. eryngii [53], P. ostreatus [54], P. sajor-caju
[47], among others. Nonetheless, many more p-glucans have
been described from other Pleurotus mushrooms, such as
linear B-1,3-glucans [46, 48] and linear $-1,6-glucans [55],
but also f-1,3/1,6-glucans with a-linked-1,6 substitutions
[56].

B-Glucans from S. cerevisiae present similar heterogene-
ity. The predominant f-glucan in the cell walls of S. cerevi-
siae is the branched p-1,3/1,6-polymer [57, 58], while linear
B-1,3 and B-1,6 glucans have also been described [59-62].
Obviously, it is unclear why the fungal B-glucanase per-
formed better with the mushroom -glucan extract as gly-
cosyl donor, compared to B-glucan from yeast. It is possible
that the superiority of the mushroom extracts is due to their
higher solubility in the water-based reaction systems used
in this study, in contrast with the B-glucans from the yeast,
which are mainly soluble in basic pH. However, it is also
possible that some aspects of the p-glucan architecture from
fungi are still elusive, and perhaps there are more differences
in the chemistry of the B-glucans from various sources than
what we know so far.

Taking all of the above into consideration, the process
described in this work could be an object to further opti-
mization steps, including protein engineering. Nonethe-
less, the utilization of spent fungal biomass from other
bioprocesses could significantly contribute to the sustain-
ability and the cost effectiveness of the process. Moreover,
the residual f-glucan remaining after reaction completion
is still a valuable bioproduct, due to its multiple beneficial
effects on human health [63, 64]. Pleuran in particular, a
p-glucan from Pleurotus mushrooms, is found to relieve
respiratory tract infections in athletes [65] and children
[66], and may even be used for the treatment of COVID-
19 symptoms [67]. Pleuran is also examined as an active
ingredient for atopic dermatitis treatment [68], while it is
also tested in clinical trials for gastroenteritis treatment
[69]. Therefore, depending on the desired application, the
reaction mixture might even be used without further puri-
fication steps, aside from enzyme removal.

Conclusions

In the present work, an enzymatic process for the modi-
fication of stevioside is described. The commercial
B-glucanase Finizym 250L® was employed for the trans-
glycosylation of stevioside, with the aim to produce
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alternative sweeteners with potentially improved proper-
ties. For the first time in this study, barley p-glucan, as
well as fungal B-glucans from spent biomass were used
as alternative sugar donors, resulting in similar conver-
sion yields. The proposed system could be used for the
sustainable upgrading of stevia-based sweeteners, with the
simultaneous valorization of byproducts from other food-
related applications, towards the design of modern biore-
finery processes, which could be further implemented on
site, in the same production plant. Fungal spent biomass in
particular, despite its numerous health benefits, is a rather
untapped source for the production of nutraceuticals and
functional foods. Nonetheless, the development of modern
extraction methods for the isolation of B-glucans could
provide a valuable tool for the commercialization of such
materials, and their incorporation in the design of next-
generation functional food products.

Acknowledgements Prof. George Zervakis, Department of Crop
Science, Agricultural University of Athens, Greece, is gratefully
acknowledged for the donation of Pleurotus citrinopileatus LGAM
28684 strain.

Author Contributions ET, PT, and AZ contributed to the study concep-
tion and design. Material preparation, data collection and analysis were
performed by AZ, MM, and GD. The first draft of the manuscript was
written by AZ and all authors commented on previous versions of the
manuscript. All authors read and approved the final manuscript.

Funding Open access funding provided by HEAL-Link Greece. This
research has been co-financed by the European Union and Greek
national funds through the Operational Program Competitiveness,
Entrepreneurship and Innovation, under the call RESEARCH - CRE-
ATE — INNOVATE (Project Code: TIEDK-00235).

Data availability Data will be available on reasonable request.

Declarations
Conflict of interest The authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Tao, R., Cho, S.: Consumer-based sensory characterization of
steviol glycosides (Rebaudioside A, D, and M). Foods (2020).
https://doi.org/10.3390/foods9081026

@ Springer

10.

11.

13.

14.

15.

16.

Singla, R., Jaitak, V.: Synthesis of rebaudioside A from stevioside
and their interaction model with hTAS2R4 bitter taste receptor.
Phytochemistry 125, 106-111 (2016). https://doi.org/10.1016/j.
phytochem.2016.03.004

Wang, Z., Yuan, Y., Liu, Y., Zhang, M., Hua, X.: Modification
on the length of glucosyl chain in glucosyl steviol glycosides and
its effect on product taste quality. Eur. Food Res. Technol. 248,
1703-1713 (2022). https://doi.org/10.1007/s00217-022-03997-x
Devlamynck, T., te Poele, E.M., Quataert, K., Gerwig, G.J.,
Van de Walle, D., Dewettinck, K., Kamerling, J.P., Soetaert, W.,
Dijkhuizen, L.: Trans-a-glucosylation of stevioside by the mutant
glucansucrase enzyme Gtf180-AN-Q1140E improves its taste pro-
file. Food Chem. 272, 653-662 (2019). https://doi.org/10.1016/J.
FOODCHEM.2018.08.025

Lobov, S.V., Kasai, R., Ohtani, K., Tanaka, O., Yamasaki, K.:
Enzymic production of sweet stevioside derivatives: transglu-
cosylation by glucosidases. Agric. Biol. Chem. 55, 2959-2965
(1991). https://doi.org/10.1080/00021369.1991.10857912
Muiioz-Labrador, A., Azcarate, S., Lebron-Aguilar, R., Quint-
anilla-Lépez, J.E., Galindo-Iranzo, P., Kolida, S., Methven, L.,
Rastall, R.A., Moreno, F.J., Hernandez-Hernandez, O.: Trans-
glycosylation of steviol glycosides and rebaudioside a: synthesis
optimization, structural analysis and sensory profiles. Foods 9,
1753 (2020). https://doi.org/10.3390/foods9121753

Gerwig, G.J., te Poele, E.M., Dijkhuizen, L., Kamerling, J.P.: Ste-
via Glycosides: Chemical and Enzymatic Modifications of Their
Carbohydrate Moieties to Improve the Sweet-Tasting Quality.
Elsevier Inc. (2016)

Wang, Y., Chen, L., Li, Y., Li, Y., Yan, M., Chen, K., Hao, N., Xu,
L.: Efficient enzymatic production of rebaudioside A from stevio-
side. Biosci. Biotechnol. Biochem. 80, 67-73 (2016). https://doi.
org/10.1080/09168451.2015.1072457

Chen, L., Pan, H., Cai, R., Li, Y., Jia, H., Chen, K., Yan, M.,
Ouyang, P.: Bioconversion of stevioside to rebaudioside E using
glycosyltransferase UGTSL2. Appl. Biochem. Biotechnol. 193,
637-649 (2021). https://doi.org/10.1007/s12010-020-03439-y
Chen, L., Sun, P., Zhou, F., Li, Y., Chen, K., Jia, H., Yan, M.,
Gong, D., Ouyang, P.: Synthesis of rebaudioside D, using gly-
cosyltransferase UGTSL?2 and in situ UDP-glucose regeneration.
Food Chem. 259, 286-291 (2018). https://doi.org/10.1016/J.
FOODCHEM.2018.03.126

Zhang, Y., Xu, S., Jin, Y., Dai, Y., Chen, Y., Wu, X.: Efficient
biocatalytic preparation of rebaudioside KA: highly selective gly-
cosylation coupled with UDPG regeneration. Sci. Rep. (2020).
https://doi.org/10.1038/s41598-020-63379-9

Chen, C., Na, X., Wang, L., Yu, R.: High-throughput screen-
ing identifies stevioside as a potent agent to induce apoptosis in
bladder cancer cells. Biochem. Pharmacol. 203, 115166 (2022).
https://doi.org/10.1016/j.bcp.2022.115166

Sakr, E.A.E., Massoud, M.I.: Impact of prebiotic potential of ste-
via sweeteners-sugar used as synbiotic preparation on antimicro-
bial, antibiofilm, and antioxidant activities. LWT. 144, 111260
(2021). https://doi.org/10.1016/J. LWT.2021.111260

Xu, Y., Wang, X., Zhang, C., Zhou, X., Xu, X., Han, L., Lv, X.,
Liu, Y., Liu, S., Li, J., Du, G., Chen, J., Ledesma-Amaro, R.,
Liu, L.: De novo biosynthesis of rubusoside and rebaudiosides in
engineered yeasts. Nat. Commun. (2022). https://doi.org/10.1038/
$41467-022-30826-2

Moon, J.H., Lee, K., Lee, J.H., Lee, P.C.: Redesign and recon-
struction of a steviol-biosynthetic pathway for enhanced produc-
tion of steviol in Escherichia coli. Microb. Cell Fact. 19, 1-12
(2020). https://doi.org/10.1186/S12934-020-1291-X/TABLES/2
Zerva, A., Chorozian, K., Kritikou, A.S., Thomaidis, N.S., Topa-
kas, E.: f-Glucosidase and P-galactosidase-mediated transgly-
cosylation of steviol glycosides utilizing industrial byproducts.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/foods9081026
https://doi.org/10.1016/j.phytochem.2016.03.004
https://doi.org/10.1016/j.phytochem.2016.03.004
https://doi.org/10.1007/s00217-022-03997-x
https://doi.org/10.1016/J.FOODCHEM.2018.08.025
https://doi.org/10.1016/J.FOODCHEM.2018.08.025
https://doi.org/10.1080/00021369.1991.10857912
https://doi.org/10.3390/foods9121753
https://doi.org/10.1080/09168451.2015.1072457
https://doi.org/10.1080/09168451.2015.1072457
https://doi.org/10.1007/s12010-020-03439-y
https://doi.org/10.1016/J.FOODCHEM.2018.03.126
https://doi.org/10.1016/J.FOODCHEM.2018.03.126
https://doi.org/10.1038/s41598-020-63379-9
https://doi.org/10.1016/j.bcp.2022.115166
https://doi.org/10.1016/J.LWT.2021.111260
https://doi.org/10.1038/s41467-022-30826-2
https://doi.org/10.1038/s41467-022-30826-2
https://doi.org/10.1186/S12934-020-1291-X/TABLES/2

Waste and Biomass Valorization (2023) 14:2965-2975

2973

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Front. Bioeng. Biotechnol. 9, 444 (2021). https://doi.org/10.3389/
FBIOE.2021.685099/BIBTEX

Ishikawa, H., Kitahata, S., Ohtani, K., Ikuhara, C., Tanaka, O.:
Production of stevioside and rubusoside derivatives by transfruc-
tosylation of p-fructofuranosidase. Agric. Biol. Chem. 54, 3137-
3143 (1990). https://doi.org/10.1080/00021369.1990.10870467
Wang, B., Ji, X., Zhao, H., Wang, N., Li, X., Ni, R, Liu, Y.: An
amperometric f-glucan biosensor based on the immobilization
of bi-enzyme on Prussian blue—chitosan and gold nanoparticles—
chitosan nanocomposite films. Biosens. Bioelectron. 55, 113-119
(2014). https://doi.org/10.1016/J.B10S.2013.12.004

Temple, M.J., Cuskin, F., Baslé, A., Hickey, N., Speciale, G.,
Williams, S.J., Gilbert, H.J., Lowe, E.C.: A Bacteroidetes locus
dedicated to fungal 1,6-p-glucan degradation: unique substrate
conformation drives specificity of the key endo-1,6-f-glucanase.
J. Biol. Chem. 292, 10639-10650 (2017). https://doi.org/10.1074/
jbc.M117.787606

Volkov, P.V., Rubtsova, E.A., Rozhkova, A.M., Sinitsyna, O.A.,
Zorov, I.N., Kondratyeva, E.G., Sinitsyn, A.P.: Properties of
recombinant endo-f-1,6-glucanase from Trichoderma harzianum
and its application in the pustulan hydrolysis. Carbohydr. Res.
499, 108211 (2021). https://doi.org/10.1016/j.carres.2020.108211
Chaari, F., Chaabouni, S.E.: Fungal p -1,3-1,4-glucanases: pro-
duction, proprieties and biotechnological applications. J. Sci.
Food Agric. 99, 2657-2664 (2019). https://doi.org/10.1002/jsta.
9491

Xiong, Y., Wang, Y., Li, M., Kang, L., Zhou, J., Liu, C., Liu, Z.,
Zhang, Z., Yuan, S.: HPAEC-PAD and Q-TOF-MS/MS analy-
sis reveal a novel mode of action of endo-f-1,3(4)-d-glucanase
Engl6A from Coprinopsis cinerea on barley p-glucan. Food
Chem. 287, 160-166 (2019). https://doi.org/10.1016/j.foodchem.
2019.02.086

Martin, K., McDougall, B.M., Mcllroy, S., Jayus, Chen, J.,
Seviour, R.J.: Biochemistry and molecular biology of exocellular
fungal B-(1,3)- and p-(1,6)-glucanases. FEMS Microbiol. Rev.
31, 168-192 (2007). https://doi.org/10.1111/j.1574-6976.2006.
00055.x

Anasontzis, G.E., Lebrun, M., Haon, M., Champion, C., Kohler,
A., Lenfant, N., Martin, F., O’Connell, R.J., Riley, R., Grigoriev,
L.V, Henrissat, B., Berrin, J., Rosso, M.: Broad-specificity GH131
B-glucanases are a hallmark of fungi and oomycetes that colonize
plants. Environ. Microbiol. 21, 2724-2739 (2019). https://doi.org/
10.1111/1462-2920.14596

Wang, D., Kim, D.H., Seo, N., Yun, EJ., An, H.J., Kim, J.-H.,
Kim, K.H.: A novel glycoside hydrolase family 5 $-1,3-1,6-
endoglucanase from Saccharophagus degradans 2—40 T and its
transglycosylase activity. Appl. Environ. Microbiol. 82, 4340-
4349 (2016). https://doi.org/10.1128/AEM.00635-16

Qin, Z., Yang, S., Zhao, L., You, X., Yan, Q., Jiang, Z.: Catalytic
mechanism of a novel glycoside hydrolase family 16 “Elongat-
ing” B-transglycosylase. J. Biol. Chem. 292, 1666-1678 (2017).
https://doi.org/10.1074/jbc.M116.762419

Petersen, B.O., Krah, M., Duus, J.@., Thomsen, K.K.: A trans-
glycosylating 1,3(4)-B-glucanase from Rhodothermus marinus.
Eur. J. Biochem. 267, 361-369 (2000). https://doi.org/10.1046/].
1432-1327.2000.01008.x

Kalyani, D.C., Reichenbach, T., Aspeborg, H., Divne, C.: A
homodimeric bacterial exo-p-1,3-glucanase derived from
moose rumen microbiome shows a structural framework simi-
lar to yeast exo-p-1,3-glucanases. Enzyme Microb. Technol.
143, 109723 (2021). https://doi.org/10.1016/j.enzmictec.2020.
109723

Herburger, K., Frankova, L., Sanhueza, D., Roig-Sanchez, S.,
Meulewaeter, F., Hudson, A., Thomson, A., Laromaine, A., Bud-
tova, T., Fry, S.C.: Enzymically attaching oligosaccharide-linked
‘cargoes’ to cellulose and other commercial polysaccharides via

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

stable covalent bonds. Int. J. Biol. Macromol. 164, 4359-4369
(2020). https://doi.org/10.1016/j.ijbiomac.2020.09.039
Thammakiti, S., Suphantharika, M., Phaesuwan, T., Verduyn,
C.: Preparation of spent brewer’s yeast beta-glucans for potential
applications in the food industry. Int. J. Food Sci. Technol. 39,
21-29 (2004). https://doi.org/10.1111/j.1365-2621.2004.00742.x
Zerva, A., Papaspyridi, L.-M., Christakopoulos, P., Topakas,
E.: Valorization of Olive mill wastewater for the production of
B-glucans from selected basidiomycetes. Waste Biomass Valor.
(2017). https://doi.org/10.1007/s12649-017-9839-7

Wei, S., Helsper, J.P.F.G., Van Griensven, L.J.L.D.: Phenolic com-
pounds present in medicinal mushroom extracts generate reactive
oxygen species in human cells in vitro. Int. J. Med. Mushrooms.
10, 1-13 (2008). https://doi.org/10.1615/INTIMEDMUSHR.V10.
11.20

Zerva, A., Limnaios, A., Kritikou, A.S., Thomaidis, N.S., Taoukis,
P., Topakas, E.: A novel thermophile p-galactosidase from Ther-
mothielavioides terrestris producing galactooligosaccharides from
acid whey. N. Biotechnol. 63, 45-53 (2021). https://doi.org/10.
1016/j.nbt.2021.03.002

Viladot, J.-L., Stone, B., Driguez, H., Planas, A.: Expeditious syn-
thesis of a new hexasaccharide using transglycosylation reaction
catalyzed by Bacillus (1—3), (1—4)-p-d-glucan 4-glucanohydro-
lase. Carbohydr. Res. 311, 95-99 (1998). https://doi.org/10.1016/
S0008-6215(98)00212-2

Fairweather, J.K., Faijes, M., Driguez, H., Planas, A.: Specific-
ity studies of Bacillus 1,3—1,4— glucanases and application to
glycosynthase-catalyzed transglycosylation. ChemBioChem 3,
866873 (2002). https://doi.org/10.1002/1439-7633(20020902)3:
9%3c866::AID-CBIC866%3¢3.0.CO;2-R

Faijes, M., Fairweather, J.K., Driguez, H., Planas, A.: Oligosac-
charide synthesis by coupledendo-glycosynthases of different
specificity: a straightforward preparation of two mixed-linkage
hexasaccharide substrates of 1,3/1,4-pB-glucanases. Chemistry
7, 4651-4655 (2001). https://doi.org/10.1002/1521-3765(20011
105)7:21%3c4651::AID-CHEM4651%3e3.0.CO;2-6
Buchowiecka, A., Bielecki, S.: Oligosaccharide synthesis by endo-
p-1,3-glucanase GA from Cellulomonas cellulans. Presented at
the (2000)

Hantani, Y., Motoki, S., Miyagawa, A., Yamamura, H., Oda, M.:
Transglycosylation activity of catalytic domain mutant of endo-
1,3-p-glucanase from Cellulosimicrobium cellulans. Protein Pept.
Lett. 25, 734-739 (2018). https://doi.org/10.2174/0929866525
666180704094109

Lundemo, P., Karlsson, E.N., Adlercreutz, P.: Eliminating hydro-
lytic activity without affecting the transglycosylation of a GH1
p-glucosidase. Appl. Microbiol. Biotechnol. 101, 1121-1131
(2017). https://doi.org/10.1007/S00253-016-7833-9

Kasti, A.N., Nikolaki, M.D., Synodinou, K.D., Katsas, K.N.,
Petsis, K., Lambrinou, S., Pyrousis, I.A., Triantafyllou, K.: The
effects of stevia consumption on gut bacteria: friend or foe?
Microorganisms 10, 744 (2022). https://doi.org/10.3390/MICRO
ORGANISMS10040744

Zou, X., Tan, Q.W., Goh, B.H., Lee, L.H., Tan, K.L., Ser, H.L.:
‘Sweeter’ than its name: anti-inflammatory activities of Stevia
rebaudiana. All Life 13, 286-309 (2020). https://doi.org/10.1080/
26895293.2020.1771434

Barsanti, L., Passarelli, V., Evangelista, V., Frassanito, A.M.,
Gualtieri, P.: Chemistry, physico-chemistry and applications
linked to biological activities of p-glucans. Nat. Prod. Rep. 28,
457466 (2011). https://doi.org/10.1039/CONP00018C

Stirke, A., Celiesiute-Germaniene, R., Zimkus, A., Zurauskiene,
N., Simonis, P., Dervinis, A., Ramanavicius, A., Balevicius, S.:
The link between yeast cell wall porosity and plasma membrane
permeability after PEF treatment. Sci. Rep. (2019). https://doi.
org/10.1038/s41598-019-51184-y

@ Springer


https://doi.org/10.3389/FBIOE.2021.685099/BIBTEX
https://doi.org/10.3389/FBIOE.2021.685099/BIBTEX
https://doi.org/10.1080/00021369.1990.10870467
https://doi.org/10.1016/J.BIOS.2013.12.004
https://doi.org/10.1074/jbc.M117.787606
https://doi.org/10.1074/jbc.M117.787606
https://doi.org/10.1016/j.carres.2020.108211
https://doi.org/10.1002/jsfa.9491
https://doi.org/10.1002/jsfa.9491
https://doi.org/10.1016/j.foodchem.2019.02.086
https://doi.org/10.1016/j.foodchem.2019.02.086
https://doi.org/10.1111/j.1574-6976.2006.00055.x
https://doi.org/10.1111/j.1574-6976.2006.00055.x
https://doi.org/10.1111/1462-2920.14596
https://doi.org/10.1111/1462-2920.14596
https://doi.org/10.1128/AEM.00635-16
https://doi.org/10.1074/jbc.M116.762419
https://doi.org/10.1046/j.1432-1327.2000.01008.x
https://doi.org/10.1046/j.1432-1327.2000.01008.x
https://doi.org/10.1016/j.enzmictec.2020.109723
https://doi.org/10.1016/j.enzmictec.2020.109723
https://doi.org/10.1016/j.ijbiomac.2020.09.039
https://doi.org/10.1111/j.1365-2621.2004.00742.x
https://doi.org/10.1007/s12649-017-9839-7
https://doi.org/10.1615/INTJMEDMUSHR.V10.I1.20
https://doi.org/10.1615/INTJMEDMUSHR.V10.I1.20
https://doi.org/10.1016/j.nbt.2021.03.002
https://doi.org/10.1016/j.nbt.2021.03.002
https://doi.org/10.1016/S0008-6215(98)00212-2
https://doi.org/10.1016/S0008-6215(98)00212-2
https://doi.org/10.1002/1439-7633(20020902)3:9%3c866::AID-CBIC866%3e3.0.CO;2-R
https://doi.org/10.1002/1439-7633(20020902)3:9%3c866::AID-CBIC866%3e3.0.CO;2-R
https://doi.org/10.1002/1521-3765(20011105)7:21%3c4651::AID-CHEM4651%3e3.0.CO;2-6
https://doi.org/10.1002/1521-3765(20011105)7:21%3c4651::AID-CHEM4651%3e3.0.CO;2-6
https://doi.org/10.2174/0929866525666180704094109
https://doi.org/10.2174/0929866525666180704094109
https://doi.org/10.1007/S00253-016-7833-9
https://doi.org/10.3390/MICROORGANISMS10040744
https://doi.org/10.3390/MICROORGANISMS10040744
https://doi.org/10.1080/26895293.2020.1771434
https://doi.org/10.1080/26895293.2020.1771434
https://doi.org/10.1039/C0NP00018C
https://doi.org/10.1038/s41598-019-51184-y
https://doi.org/10.1038/s41598-019-51184-y

2974

Waste and Biomass Valorization (2023) 14:2965-2975

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Qs

Ganeva, V., Galutzov, B., Teissie, J.: Evidence that pulsed electric
field treatment enhances the cell wall porosity of yeast cells. Appl.
Biochem. Biotechnol. 172, 1540-1552 (2014). https://doi.org/10.
1007/S12010-013-0628-X/FIGURES/6

Liu, C,, Sun, Y., Mao, Q., Guo, X., Li, P, Liu, Y., Xu, N.: Char-
acteristics and antitumor activity of Morchella esculenta polysac-
charide extracted by pulsed electric field. Int. J. Mol. Sci. 17, 986
(2016). https://doi.org/10.3390/ijms 17060986

Maity, G.N., Maity, P., Choudhuri, I., Bhattacharyya, N., Acharya,
K., Dalai, S., Mondal, S.: Structural studies of a water insoluble
B-glucan from Pleurotus djamor and its cytotoxic effect against
PA1, ovarian carcinoma cells. Carbohydr. Polym. (2019). https://
doi.org/10.1016/J.CARBPOL.2019.114990

Carbonero, E.R., Ruthes, A.C., Freitas, C.S., Utrilla, P., Galvez, J.,
Silva, E.V.D., Sassaki, G.L., Gorin, P.A.J., lacomini, M.: Chemi-
cal and biological properties of a highly branched f-glucan from
edible mushroom Pleurotus sajor-caju. Carbohydr. Polym. 90,
814-819 (2012). https://doi.org/10.1016/J.CARBPOL.2012.06.
005

Silveira, M.L.L., Smiderle, F.R., Moraes, C.P., Borato, D.G.,
Baggio, C.H., Ruthes, A.C., Wisbeck, E., Sassaki, G.L., Cipriani,
T.R., Furlan, S.A., Jacomini, M.: Structural characterization and
anti-inflammatory activity of a linear p-d-glucan isolated from
Pleurotus sajor-caju. Carbohydr. Polym. 113, 588-596 (2014).
https://doi.org/10.1016/J.CARBPOL.2014.07.057

Mitsou, E.K., Saxami, G., Stamoulou, E., Kerezoudi, E., Terzi,
E., Koutrotsios, G., Bekiaris, G., Zervakis, G.I., Mountzouris,
K.C., Pletsa, V., Kyriacou, A.: Effects of rich in b-glucans edible
mushrooms on aging gut microbiota characteristics: an in vitro
study. Molecules (2020). https://doi.org/10.3390/MOLECULES2
5122806

Liu, J., Sun, Y., Yu, H., Zhang, C., Yue, L., Yang, X., Wang, L.,
Liu, J.: Purification and identification of one glucan from golden
oyster mushroom (Pleurotus citrinopileatus (Fr.) Singer). Car-
bohydr. Polym. 87, 348-352 (2012). https://doi.org/10.1016/J.
CARBPOL.2011.07.059

Minato, K., Laan, L.C., Ohara, A., van Die, 1.: Pleurotus citrino-
pileatus polysaccharide induces activation of human dendritic
cells through multiple pathways. Int. Immunopharmacol. 40,
156-163 (2016). https://doi.org/10.1016/J.INTIMP.2016.08.034
Castro-Alves, V.C., Gomes, D., Menolli, N., Sfor¢a, M.L., do
Nascimento, J.R.O.: do: Characterization and immunomodulatory
effects of glucans from Pleurotus albidus, a promising species
of mushroom for farming and biomass production. Int. J. Biol.
Macromol. 95, 215-223 (2017). https://doi.org/10.1016/J.1JBIO
MAC.2016.11.059

Ellefsen, C.F., Wold, C.W., Wilkins, A.L., Rise, F., Samuelsen,
A.B.C.: Water-soluble polysaccharides from Pleurotus eryngii
fruiting bodies, their activity and affinity for Toll-like receptor 2
and dectin-1. Carbohydr. Polym. (2021). https://doi.org/10.1016/J.
CARBPOL.2021.117991

Komura, D.L., Ruthes, A.C., Carbonero, E.R., Gorin, P.A.J., Iaco-
mini, M.: Water-soluble polysaccharides from Pleurotus ostreatus
var. florida mycelial biomass. Int. J. Biol. Macromol. 70, 354-359
(2014). https://doi.org/10.1016/J.1IJBIOMAC.2014.06.007
Wang, X., Qu, Y., Wang, Y., Wang, X., Xu, J., Zhao, H., Zheng,
D., Sun, L., Tai, G., Zhou, Y., Cheng, H.: -1,6-Glucan from Pleu-
rotus eryngii modulates the immunity and gut microbiota. Front.
Immunol. (2022). https://doi.org/10.3389/FIMMU.2022.859923
Roy, S.K., Das, D., Mondal, S., Maiti, D., Bhunia, B., Maiti, T.K.,
Islam, S.S.: Structural studies of an immunoenhancing water-solu-
ble glucan isolated from hot water extract of an edible mushroom,
Pleurotus florida, cultivar Assam Florida. Carbohydr. Res. 344,
2596-2601 (2009). https://doi.org/10.1016/J.CARRES.2009.09.
010

pringer

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Aimanianda, V., Simenel, C., Garnaud, C., Clavaud, C., Tada,
R., Barbin, L., Mouyna, I., Heddergott, C., Popolo, L., Ohya, Y.,
Delepierre, M., Latgea, J.P.: The dual activity responsible for the
elongation and branching of p-(1,3)- glucan in the fungal cell wall.
MBio (2017). https://doi.org/10.1128/MBI0O.00619-17/SUPPL._
FILE/MBO003173350ST4.PDF

Qin, F., Aachmann, F.L., Christensen, B.E.: Chain length distribu-
tion and aggregation of branched (1—3)-f-d- glucans from Sac-
charomyces cerevisae. Carbohydr. Polym. 90, 1092—-1099 (2012).
https://doi.org/10.1016/J.CARBPOL.2012.06.048

Medeiros, S.D.V., Cordeiro, S.L., Cavalcanti, J.E.C., Melchuna,
K.M.,, Lima, A.M.S., Filho, I.A., Medeiros, A.C., Rocha, K.B.F.,
Oliveira, E.M., Faria, E.D.B., Sassaki, G.L., Rocha, H.A.O.,
Sales, V.S.F.: Effects of purified Saccharomyces cerevisiae
(1—-3)-p-glucan on venous ulcer healing. Int. J. Mol. Sci. 13,
8142-8158 (2012). https://doi.org/10.3390/IJMS 13078142
Kwiatkowski, S., Thielen, U., Glenney, P., Moran, C.: A study
of Saccharomyces cerevisiae cell wall glucans. J. Inst. Brew.
115, 151-158 (2009). https://doi.org/10.1002/J.2050-0416.2009.
TB00361.X

Magnelli, P., Cipollo, J.F., Abeijon, C.: A refined method for the
determination of Saccharomyces cerevisiae cell wall composition
and B-1,6-glucan fine structure. Anal. Biochem. 301, 136-150
(2002). https://doi.org/10.1006/AB10.2001.5473

Aimanianda, V., Clavaud, C., Simenel, C., Fontaine, T., Del-
epierre, M., Latgé, J.P.: Cell wall B-(1,6)-glucan of Saccharomy-
ces cerevisiae: structural characterization and in situ synthesis.
J. Biol. Chem. 284, 13401 (2009). https://doi.org/10.1074/IBC.
M807667200

Bashir, K.M.IL,, Choi, J.S.: Clinical and physiological perspectives
of B-glucans: the past, present, and future. Int. J. Mol. Sci. (2017).
https://doi.org/10.3390/IJMS 18091906

Vlassopoulou, M., Yannakoulia, M., Pletsa, V., Zervakis, G.I.,
Kyriacou, A.: Effects of fungal beta-glucans on health-a sys-
tematic review of randomized controlled trials. Food Funct. 12,
3366-3380 (2021). https://doi.org/10.1039/D1FO00122A
Bergendiova, K., Tibenska, E., Majtan, J.: Pleuran (f-glucan
from Pleurotus ostreatus) supplementation, cellular immune
response and respiratory tract infections in athletes. Eur. J.
Appl. Physiol. 111, 2033-2040 (2011). https://doi.org/10.1007/
S00421-011-1837-Z

Jesenak, M., Majtan, J., Rennerova, Z., Kyselovic, J., Banovcin,
P., Hrubisko, M.: Immunomodulatory effect of pleuran (f-glucan
from Pleurotus ostreatus) in children with recurrent respiratory
tract infections. Int. Immunopharmacol. 15, 395-399 (2013).
https://doi.org/10.1016/J. INTIMP.2012.11.020
Mironiczuk-Chodakowska, 1., Kujawowicz, K., Witkowska, A.M.:
Beta-glucans from fungi: biological and health-promoting poten-
tial in the COVID-19 pandemic era. Nutrients (2021). https://doi.
org/10.3390/NU13113960

Jesenak, M., Urbancek, S., Majtan, J., Banovcin, P., Hercogova, J.:
B-Glucan-based cream (containing pleuran isolated from Pleuro-
tus ostreatus) in supportive treatment of mild-to-moderate atopic
dermatitis. J. Dermatolog. Treat. 27, 351-354 (2016). https://doi.
0rg/10.3109/09546634.2015.1117565

Wzorek-LYczko, K., Piwowarczyk, A., Kuchar, E.: Protocol of the
study: The effectiveness of pleuran in the treatment of acute gas-
troenteritis in children-a randomised, placebo-controlled, double-
blind trial (EPTAGE). BMJ Open (2021). https://doi.org/10.1136/
BMJOPEN-2020-042370

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


https://doi.org/10.1007/S12010-013-0628-X/FIGURES/6
https://doi.org/10.1007/S12010-013-0628-X/FIGURES/6
https://doi.org/10.3390/ijms17060986
https://doi.org/10.1016/J.CARBPOL.2019.114990
https://doi.org/10.1016/J.CARBPOL.2019.114990
https://doi.org/10.1016/J.CARBPOL.2012.06.005
https://doi.org/10.1016/J.CARBPOL.2012.06.005
https://doi.org/10.1016/J.CARBPOL.2014.07.057
https://doi.org/10.3390/MOLECULES25122806
https://doi.org/10.3390/MOLECULES25122806
https://doi.org/10.1016/J.CARBPOL.2011.07.059
https://doi.org/10.1016/J.CARBPOL.2011.07.059
https://doi.org/10.1016/J.INTIMP.2016.08.034
https://doi.org/10.1016/J.IJBIOMAC.2016.11.059
https://doi.org/10.1016/J.IJBIOMAC.2016.11.059
https://doi.org/10.1016/J.CARBPOL.2021.117991
https://doi.org/10.1016/J.CARBPOL.2021.117991
https://doi.org/10.1016/J.IJBIOMAC.2014.06.007
https://doi.org/10.3389/FIMMU.2022.859923
https://doi.org/10.1016/J.CARRES.2009.09.010
https://doi.org/10.1016/J.CARRES.2009.09.010
https://doi.org/10.1128/MBIO.00619-17/SUPPL_FILE/MBO003173350ST4.PDF
https://doi.org/10.1128/MBIO.00619-17/SUPPL_FILE/MBO003173350ST4.PDF
https://doi.org/10.1016/J.CARBPOL.2012.06.048
https://doi.org/10.3390/IJMS13078142
https://doi.org/10.1002/J.2050-0416.2009.TB00361.X
https://doi.org/10.1002/J.2050-0416.2009.TB00361.X
https://doi.org/10.1006/ABIO.2001.5473
https://doi.org/10.1074/JBC.M807667200
https://doi.org/10.1074/JBC.M807667200
https://doi.org/10.3390/IJMS18091906
https://doi.org/10.1039/D1FO00122A
https://doi.org/10.1007/S00421-011-1837-Z
https://doi.org/10.1007/S00421-011-1837-Z
https://doi.org/10.1016/J.INTIMP.2012.11.020
https://doi.org/10.3390/NU13113960
https://doi.org/10.3390/NU13113960
https://doi.org/10.3109/09546634.2015.1117565
https://doi.org/10.3109/09546634.2015.1117565
https://doi.org/10.1136/BMJOPEN-2020-042370
https://doi.org/10.1136/BMJOPEN-2020-042370

Waste and Biomass Valorization (2023) 14:2965-2975 2975

Authors and Affiliations

Anastasia Zerva' - Milad Mohammadi' - Georgios Dimopoulos? - Petros Taoukis? - Evangelos Topakas'

P4 Evangelos Topakas 2 Laboratory of Food Chemistry and Technology,
vtopakas @chemeng.ntua.gr School of Chemical Engineering, National Technical
University of Athens, 5 Iroon Polytechniou Str., Zografou
L' Biotechnology Laboratory, School of Chemical Engineering, Campus, 15780 Athens, Greece

National Technical University of Athens, 5 Iroon
Polytechniou Str., Zografou Campus, 15780 Athens, Greece

@ Springer


http://orcid.org/0000-0003-0078-5904

	Transglycosylation of Stevioside by a Commercial β-Glucanase with Fungal Extracted β-Glucans as Donors
	Abstract 
	Graphical Abstract
	Statement of Novelty
	Introduction
	Materials and Methods
	Enzymes and Chemicals
	Production of β-Glucan Extracts from Microbial Sources
	Finizym 250L®-Mediated Transglycosylation of Stevioside
	Chromatographic Analysis of Transglycosylation Products
	Statistical Analysis

	Results and Discussion
	Finizym 250L®-Mediated Transglycosylation of Stevioside with Barley β-Glucan
	Fungal β-Glucans as Sugar Donors for Stevioside Transglycosylation

	Conclusions
	Acknowledgements 
	References




