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b-glucan is a natural polysaccharide derivative composed of a group of glucose monomers with b-
glycoside bonds that can be synthesized intra- or extra-cellular by various microorganisms such as
yeasts, bacteria, and moulds. The study aimed to discover the potential of various microorganisms such
as Saccharomyces cerevisiae, Aspergillus oryzae, Xanthomonas campestris, and Bacillus natto in producing b-
glucan. The experimental method used and the data were analyzed descriptively. The four microorgan-
isms above were cultured under a submerged state in Yeast glucose (YG) broth for 120 h at 30 �C with
200 rpm agitation. During the growth, several parameters were examined including total population
by optical density, the pH, and glucose contents of growth media. b-glucan was extracted using acid-
alkaline methods from the growth media then the weight was measured. The results showed that S. cere-
visiae, A. oryzae X. campestris, and B. natto were prospective for b-glucans production in submerged fer-
mentation up to 120 h. The highest b-glucans yield was shown by B. natto (20.38%) with the b-glucans
mass of 1.345 ± 0.08 mg and globular diameter of 600 lm. The highest b-glucan mass was achieved
by A. oryzae of 82.5 ± 0.03 mg with the total population in optical density of 0.1246, a final glucose level
of 769 ppm, the pH of 6.67, and yield of 13.97% with a globular diameter of 1400 lm.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction enhancing the body immunity; antitumor, antibacterial and antivi-
b-Glucans can be produced by microorganisms like Saccha-
romyces cerevisiae, Pediococcus parvulus 2.6, Aspergillus spp., Oeno-
coccus oeni IOEB0205, Xanthomonas campestris, Lactobacillus
diolivorans G77, Lasiodiplodia theobromae, Botryosphaeria rhodina,
Bacillus natto, etc., which have commercial values (Abd El Ghany
et al., 2016; Pérez-Ramos et al., 2018; Philippini et al., 2019). The
biological activities of b-glucans are widely known, including
ral abilities, and role in wound healing (Özcan and Ertan, 2018;
Vetvicka et al., 2019; Chaichian et al., 2020). The molecular weight
(21–3100 � 103 g/mol) and conformation of b-glucan structure can
determine their biological activities (Wang et al., 2017; Philippini
et al., 2019). b-glucans have the ability to modify functional
attributes of the food product including rheology, viscosity, tex-
ture, and sensory properties. They have been successfully used as
fat replacers in meat and baked food products (Zechner-Krpan
et al., 2010; Kaur et al., 2020). b-glucans can be produced from
yeasts or mould cell walls and secondary metabolites of bacteria
(Bashir and Choi, 2017; Yoshimi et al., 2017). Yeast and moulds
can synthesize b-glucans in the cell wall which serves to
strengthen the cell structure and acts as a food reserve.
Pengkumsri et al. (2017) reported that as much as 3.72 ± 0.31 g/L
b-glucans can be obtained from Saccharomyces cerevisiae.
Thontowi (2007) also used S. cerevisiae and obtained 733.33 ppm
b-glucans. On the other hand, the cell wall of moulds consists of
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linear chains of chitin and galactomannan (20–25%) b-(1–3)-need
(20–35%) branched out with b-(1–6)-need (4%) chains; linear chain
b- (1–3/1–4)-need (10%); a (1–3)-need (45–56%) and protein
(Abad et al., 2010). Moulds belonging to the genus Aspergillus can
be used for b-glucan production (Odabasi et al. 2006). Paulraj
et al. (2012) obtained a dry weight of 0.78 g of A. niger mycelia
and a dry weight of 0.5 g of b-glucan. Another species of Aspergillus
that can be used for b-glucan production is A. oryzae. In addition to
moulds and yeasts, bacteria can synthesize b-glucans by producing
polysaccharides and other extracellular products. York (1995)
reported that X. campestris produces polysaccharides in the form
of cyclic b-glucans which contained 16 glucuronosyls (Glc p) resi-
dues, 15 of which are b-bound to C-2 (Β-(1–2) of subsequent resi-
dues and one of them a-binds to C-6 (Α-(1–6) of the next residue.
Gummadi and Kumar (2005) also reported the production of 3 g/L
b-glucans from B. subtilis. Another gram-positive bacterium of this
genus, B. natto, which is used to prepare natto, also has the poten-
tial to produce b-glucans.

The production of b-glucans from microorganisms is largely
determined by the population and is influenced by the condition
of the growth media, especially pH and glucose content. It has been
reported that S. cerevisiae and A. oryzae populations can affect the
yield because b-glucans are arranged in their cell walls (Lipke and
Ovalle, 1998). However, X. campestris and B. natto synthesize b-
glucans through secondary metabolites; therefore, an increase in
their population will not affect the yield of b-glucans. S. cerevisiae
has a particle size of 5–6 mm, and its genome is approximately
12 Mb. A. oryzae has a particle size of 37.6 Mb, which is larger than
that of other Aspergillus species (Machida et al., 2008). X. campestris
has a particle size of 0.4–1.0 mm in width and 1.2–3.0 mm in length.
Valasques Junior et al. (2014) reported that X. campestris genome
size was 5.3 Mb. Furthermore, Bacillus cells are generally rod-
shaped, with a length of approximately 4–10 lm and a diameter
of 0.25–1.0 lm (Yu et al., 2014). The genome size of B. natto is
4.1 Mb (Tan et al., 2016). Differences in microorganisms will, thus,
determine the characteristics of b-glucans produced due to differ-
ences in their respective sources (Zhu et al., 2016).

The research aimed to determine the prospects of microorgan-
isms such as S. cerevisiae, A. oryzae. X. campestris and B. natto in pro-
ducing b-glucans so as to improve our current knowledge and
understanding with context to amount of b-glucans production,
their structure and other related technical characteristics from
these novel strains for their prospective applications, direct and/
or indirect in diverse food systems.
2. Materials and methods

2.1. Microorganisms and growth media

This study used a culture of S. cerevisiae obtained from Fermi-
pan� (Lesaffre Yeast Corporation, Wisconsin, USA) and the cultures
of A. oryzae, X. campestris, and B. natto that obtained from the Bio-
process Laboratory of the Faculty of Food Science and Nutritions
Universiti Malaysia Sabah. The gene accession numbers of S. cere-
viseae, A. oryzae, X. campestris, and B. subtilis natto are FNCC 3210,
ATCC 10124, ATCC 33913, and ATCC 15245, respectively. The
working culture was made by streaking stock culture from slanted
agar into potato dextrose agar (PDA) for A. oryzae and S. cerevisiae,
while nutrient agar (NA) used for X. campestris and B. natto, then
incubated for 48 h at 37 �C. Each isolate was grown in a yeast
extract glucose (YG) broth containing 15 g/L glucose, 5.2 g/L
K2HPO4, 3.18 g/L KH2PO4, 0.12 g/L MgSO4, 0.5 g/L yeast extract
and 0.54 g/L NH4Cl (Pengkumsri et al., 2017). One loop was placed
into the growth media and incubated at 30 �C at an agitation speed
of 200 rpm for 120 h. The common temperature (30 �C) was used
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for culture incubation to avoid the temperature effect on b-glucan
yield.

2.2. Growth of microorganisms

The optical density of the culture was measured by collecting
1 ml from the growth media and then diluting it to 10�2. The opti-
cal density indicates the number of cell populations measured
using wavelength absorbance. The samples were analyzed at an
absorbance of 600 nm. The optical density was evaluated at 0,
24, 48, 72, 96, and 120 h according to the Gompertz method
(Mytilinaios et al., 2012).

2.3. pH change

The pH of the growth media was evaluated at every 24 h of
incubation, starting from 0 h to 24, 48, 72, 96, and 120 h. For this,
2 ml of sample was collected and placed in a beaker to measure the
pH using a calibrated pH meter (Eutech pH 2700) (Salari and Salari,
2017).

2.4. Estimation of glucose level

Glucose levels indicate the presence or absence of the growth of
microorganisms. Glucose levels were measured at every 24 h of
incubation, starting from 0 h to 24, 48, 72, 96, and 120 h. The glu-
cose content was determined by the phenol–sulfuric acid method
on a spectrophotometer at a visible light of k 490 nm (Guo et al.,
2019).

2.5. b-glucan extraction

Extraction of b-glucan was conducted according to the method
described by Pengkumsri et al. (2017). The incubated cell biomass
was collected by centrifugation at a speed of 7500 rpm for 10 min
at 4 �C. Then, the cells were autolysed by adding 15% of cell bio-
mass into distilled water at pH 5.0 (adjusted using 1.0 M HCl)
and then incubated at 50 �C for 48 h at an agitation speed of
120 rpm. This was followed by an additional incubation step at
80 �C for 15 min in a water bath. Then, the samples were cen-
trifuged at a speed of 7500 rpm at 4 �C for 10 min. Finally, the
obtained pellets were dried in an oven at 60 �C.

The autolyzed cells were mixed with 5 ml of 1.0 M NaOH and
then incubated at 80 �C for 2 h with a stirrer. Subsequently, the
cells were centrifuged at a speed of 6000 g for 25 min at 4 �C.
The obtained pellet was dissolved in 5 ml of 1.0 M CH3COOH and
re-incubated at 80 �C with a stirrer for 2 h. The pellet was then cen-
trifuged again at a speed of 6000 g for 25 min at 4 �C. It was washed
three times with sterile water and then freeze-dried. The obtained
samples were mashed using mortar until a fine powder was
obtained and stored at �20 �C.

2.6. Characterisation of b-glucan microstructure

b-glucans were prepared with Aluminium-Palladium coating
and carbon tape affixed to the mounted specimen. Then, it was
adjusted to the surface height of the sample and the surface height
of the specimen holder. The sample was tightened with the appro-
priate couplers. Visualization and photography of samples were
performed using a JEOL JSM–6360LA electron microscope at an
acceleration voltage of 10 kV (Theis et al., 2019).

2.7. Statistical analysis

Descriptive statistical analysis was used to represent the data
that collected from each sample. The mean and standard deviation
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were calculated for the growth, pH, glucose level, and cell mass,
and b-glucan weight, also for the b-glucan yield. The data of
growth, pH, and glucose level were represented in a curve to show
the changes during observation.
3. Results

3.1. Growth of S. cerevisiae, A. oryzae, X. campestris, and B. natto

As shown in Table 1, X. campestris has the largest number of
inoculums of 4.9 � 107 cfu/ml, and A. oryzae has the smallest
inoculum number of 4.3 � 102 cfu/ml. Fig. 1 shows the growth
curves for S. cerevisiae, A. oryzae, X. campestris, and B. natto plotted
using the optical density values. Each microorganism exhibits a
growth phase and a significantly different absorbance value. This
absorbance value represents the number of microbial cells
(Mytilinaios et al., 2012). The higher number of microbial cells
obtained more amount of b-glucans produced (Pengkumsri et al.,
2017). It can be seen from Fig. 1 that S. cerevisiae, X. campestris,
and A. oryzae experienced a logarithmic phase or exponential
growth at 96 h, however, B. natto experienced this phase at 24 h.
Eventually, the stationary phase was experienced by S. cerevisiae
at 120 h and by B. natto at 24 h.
3.2. pH change in the growth media of microorganisms

The changes in the pH level due to the fermentation of each
microorganism for a period of 120 h are depicted in Fig. 2. It can
be noticed that in the initial hours, the pH of the S. cerevisiae med-
iumwas decreased, but after 72 h, it was increased. Compared with
other microorganisms, X. campestris showed the largest decrease in
pH; the lowest pH of 3.61 was obtained at 72 h.
Table 1
Total plate count of microorganism inoculum.

Microbial culture Total plate count (cfu/ml)

S. cerevisiae 1.28 � 107

X. campestris 4.9 � 107

B. natto 7.0 � 106

A. oryzae 4.3 � 102
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Fig. 1. The growth of
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3.3. Change in glucose level in the growth media of microorganisms

Glucose is a source of nutrients required for the growth of
microorganisms. The changes in glucose levels in the medium of
each culture for 120 h are shown in Fig. 3. It can be noticed that
glucose levels in S. cerevisiae growth medium decreased at 72 h,
for X. campestris at 96 h, for B. natto at 24 h while A. oryzae showed
the greatest decrease in glucose levels compared with other
microorganisms.

3.4. b-glucan from S. cerevisiae, A. oryzae, X. campestris and B. natto

Table 2 shows the fermentation results in the form of cell mass
and b-glucan mass-produced from S. cerevisiae, A. oryzae, X. cam-
pestris, and B. natto. It can be stated that A. oryzae produced the lar-
gest amount of b-glucans and cell biomass, i.e. 82.5 and 590.65 mg,
respectively. X. campestris produced the smallest amount of bio-
mass and weight of b-glucans, i.e. 0.785 and 4.445 mg,
respectively.

3.5. b-Glucan microstructure

The results of scanning electron microscopy regarding the
microstructure of b-glucans are depicted in Fig. 5. Based on the
appearance of the sample, the extracted b-glucans had an irregular
and smaller particle size distribution. At 30� magnification, the
average b-glucan particle sizes of S. cerevisiae, A. oryzae, X. cam-
pestris, and B. natto were 500, 1300, 550, and 400 lm, respectively.
However, regarding globular measurements, b-glucans obtained
different magnifications of each fermentation media. Globular b-
glucans of S. cerevisiae had a diameter of 500 lm measured at
250� magnification. Globular b-glucans of A. oryzae showed a
diameter of 1400 lm at 70� magnification. Those of X. campestris
had a diameter of 305 lm at 400� magnification. Finally, B. natto
globular b-glucans exhibited a diameter of 600 lm at 200�
magnification.
4. Discussion

4.1. Growth of S. cerevisiae, A. oryzae, X. campestris, and B. natto

S. cerevisiae underwent an adaptation phase until 72 h with an
increase and a decrease in the optical density values, which could
have been caused due to the difference in the osmotic pressure
between the fluids in S. cerevisiae with media suspension. Accord-
72 96 120
ours

s B. natto A. oryzae

microorganisms.



Fig. 2. pH Changes of Growth Media.
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Fig. 3. Glucose contents in the growth media.

Table 2
Microorganisms with their cell mass weight and b-glucan mass weight.

Microbial culture Cell mass weight (mg) b-glucan mass weight (mg)

S. cerevisiae 29.445 ± 0.02 3.945 ± 0.05
X. campestris 4.445 ± 0.02 0.785 ± 0.06
B. natto 6.600 ± 0.01 1.345 ± 0.08
A. oryzae 590.650 ± 0.02 82.500 ± 0.03
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ing to Falcone and Mazzoni (2016), when yeast cells are placed in a
hypertonic solution (rich in solute), plasmolysis occurs, i.e. the liq-
uid inside the cell comes out through the plasma membrane into
the outside fluid that has higher solute levels, thereby resulting
in the death of the cell. X. campestris also undergone an adaptation
phase until 72 h, but there was no decrease in the optical density
values during this phase. B. natto experienced the shortest lag
phase, which was till 24 h. Meanwhile, A. oryzae mould also expe-
rienced the lag phase till 72 h.

It has been reported that the difference in the lag phase time is
generally determined by the number of cells inoculated, the appro-
priate physiological and morphological conditions, and the cultiva-
tion media needed (Haruta and Kanno, 2015). Other factors in this
context include the size and phase of the initial inoculum, i.e. when
the inoculum is collected during the stationary phase, the lag phase
6768
will be longer (Rolfe et al., 2012). Bacteria experience a faster lag
phase than yeasts and moulds, which can be caused due to their
faster multiplication time of approximately 20 min, whereas yeasts
take approximately 90 min and moulds can take up to 8 h
(Stratford et al., 2014).

S. cerevisiae, X. campestris and A. oryzae subsequently experi-
enced a logarithmic phase or exponential growth at 96 h, when
there was a rapid increase in the number of cells. However, B. natto
experienced this phase at 24 h, in which the microbial cells divided
rapidly and constantly followed the log curve. During the experi-
mental process, a slight decrease in turbidity was observed; it is
thought to be due to an increase in glucose concentration and
may be also responsible for observing a rapid decrease in the num-
ber of bacteria. After 60 h, the increase of glucose contents is
shown and the decrease of X. campestris that represented by tur-
bidity also occurred. This is happened because of the increase of
carbon and nitrogen ratio which followed by secondary metabo-
lites production. High amount of carbon which is not balanced
by the amount of nitrogen will resulting the decrease of cell yield
and specific growth (Lo et al., 1997). The duration of the log phase
is influenced by the previous phase. The longer the lag phase is, the
longer the log phase will occur (Rolfe et al., 2012). Other factors
that influence the rate of growth are the environmental conditions
of the medium such as the temperature, incubation time, substrate



Fig. 4. Yield of b-glucan.
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content, and pH (Brooks et al., 2011). In this study, each culture
was incubated at 30 �C in a medium with the same substrate con-
centration. This is the optimal temperature for all cultures. S. cere-
visiae grows optimally at this temperature, but the new log phase
experienced at 96 h can be caused due to the lag phase experienced
that was quite long. The S. cerevisiae cells produced under the new
conditions were suitable for the new environment and could pro-
duce acids optimally for growth. At this stage, the logarithmic
phase of X. campestris also occurs, which is because the optimum
temperature for X. campestris growth is 26 �C (Ruissen et al.,
1993). B. natto enters the logarithmic phase at 24 h. According to
Dervaux et al. (2014), Bacillus has a characteristic feature of a rapid
rate of self-division, and a common logarithmic phase is reached at
18–24 h.

After the logarithmic phase, microorganisms enter the station-
ary and death phases. The stationary phase as experienced by S.
cerevisiae at 120 h and by B. natto at 24 h; this phase occurs at a
rate of bacterial growth equal to the rate of death, so that the total
number of bacteria remains the same (Allen and Waclaw, 2019).
The optical density value for B. natto after 24 h was initially
decreased and then increased. This could be due to the require-
ment of a high sufficient temperature by B. natto, which is approx-
imately 50 �C. It has been reported that at this temperature, B.
natto can multiply at the rate of 109–1010 cfu/g (Nout, 2015).

X. campestris and A. oryzae entered the death phase at 120 h, at
which there was a decrease in the number of cells because some of
the nutrients and energy reserves in the medium were depleted
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with the accumulation of toxic products (Zengler, 2009). At this
stage, the amount of the enzyme produced by A. oryzae is reduced
due to nutrient deficiencies and the accumulation of toxic com-
pounds (Shafique et al., 2009).

The logarithmic phase is the optimum phase for producing b-
glucans in yeasts and moulds such as S. cerevisiae and A. oryzae
(Aimanianda et al., 2009; Yoshimi et al., 2017). This occurs because,
in the logarithmic phase, the number of S. cerevisiae and A. oryzae
cells produced is high so that it can produce b-glucans in high
amounts as well. More number of S. cerevisiae and A. oryzae cells
produced more amount of b-glucans, which is because b-glucans
in S. cerevisiae and A. oryzae are found in their cell walls
(Papaspyridi et al., 2018).

Synthesis of b-glucans in bacteria occurs during the post-
stationary phase when nitrogen levels begin to deplete or the fer-
mentation media contains excess carbon sources (Giordano, 2017).
Therefore, the production of b-glucans from X. campestris and B.
natto is more optimum at 120 h. Nonetheless, b-glucans could be
extracted from the cell wall of S. cerevisiae and A. oryzae even when
the cells are dead or alive (Zhu et al., 2016). Therefore, the extrac-
tion was carried out at 120 h to obtain the maximum b-glucan
weight.
4.2. pH change in the growth media of microorganisms

The pH has an important role in the process of cell mass prop-
agation of microorganisms that result in increased production of b-
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glucans (Zhu et al., 2016). Some studies report that the optimal pH
range for b-glucan production by bacteria is 5.5–7.0
(Kalyanasundaram et al., 2012). The decrease in pH in S. cerevisiae
was caused due to the aerobic state of S. cerevisiae, at which glu-
cose is converted into organic acids that render the fermentation
media acidic (Abbott et al., 2009). According to Walker and
Stewart (2016), the formed acids such as acetic acid, pyruvic acid,
and lactic acid can reduce the pH, whereas other acids such as
butyric acid and fatty acids have only a slight effect in decreasing
the pH of liquids.

After 72 h, the pH of S. cerevisiae medium tends to increase as
depicted in Fig. 2, which could be due to the decreased oxygen con-
tent in the medium and S. cerevisiae cells entering anaerobic condi-
tions where the pyruvic acid produced previously are converted
into ethanol and carbon dioxide. The ethanol produced is alkaline,
which has a pH of 7.33, and thus the pH level of the medium
increases (Salari and Salari, 2017).

X. campestris showed the largest decrease in pH compared with
other microorganisms; the lowest pH of 3.61 was obtained at 72 h.
de Mello Luvielmo et al. (2016) stated that X. campestris can use
glucose and produce carboxylic acids such as tiglic acid, pheny-
lacetic acid, isovaleric acid, 3-methylthiopropionic acid and trans-
3-methylthiacrylic acid for up to 72 h. The production of these
acids is characterized by a decrease in glucose level in the medium,
which continues to decrease until 96 h till the remaining glucose
residue reaches 263 ppm.

There was a decrease in pH in the B. natto medium until 48 h.
Tuan et al. (2015) reported that B. subtilis utilizes glucose to pro-
duce acetic acid. Besides acetic acid, the metabolites produced
from B. natto include white mucous substances that result from
the formation of poly-c-glutamic acid during fermentation
(Chettri et al., 2016). An increase in pH after 48 h can occur due
to prolonged fermentation. This can increase the concentration of
ammonia in the medium (Ramos et al., 2000). Organic nitrogen is
more easily used by bacteria to enhance their enzyme metabolism.
In addition, calcium sources such as NH4Cl are a driving factor for
the formation of enzymes and other nutrients involving the bio-
chemical reaction of bacterial cells (Kwon et al., 2011). The slight
increase in pH can be caused by B. natto that can produce polya-
mine, which is a compound whose pH is near neutral (Kim et al.,
2012).

The sugar consumed by A. oryzae causes the production of
amino acids and organic acids (citric acid and gluconic acid,
mainly) during fermentation, which affects the acidity of environ-
ment and decreases the pH (Lee et al., 2016). A. oryzae can tolerate
acidic conditions and can thrive at a pH range of 3–7. However, the
optimum pH for enzyme formation is 7.0. A lower or higher pH will
affect the stability of extracellular enzymes and cause rapid denat-
uration (Robinson, 2015).

An increase in pH back after 72 h can be caused by the break-
down of sugar in the substrate into simple sugars with the help
of the a-amylase enzyme, resulting in the formation of alcohol
sugar (Baek et al., 2010). This alcohol sugar increases both the glu-
cose level and pH of the medium (Balia et al., 2018). Yeast extract is
a source of organic nitrogen suitable for producing the a-amylase
enzyme. The primary metabolites produced are strongly influenced
by their growth, which is influenced by the available nutrients
(Shah et al., 2014). Meanwhile, secondary metabolism in A. oryzae
uses acidic compounds to suppress the metabolic pathway, which
allows A. oryzae to produce secondary metabolites that provide the
ability to adapt to various environments (Lee et al., 2016).

4.3. Change in glucose level in the growth media of microorganisms

Glucose consumed by microorganisms is converted into
metabolites such as acetic acid, ethanol, formic acid, and CO2
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(Singh et al., 2017). Yeasts and moulds use glucose as a constituent
of cell walls consisting of b-glucans (Bashir and Choi, 2017). The
metabolism involved in b-glucan formation in bacteria is also
highly dependent on the glucose content (Zeković et al., 2005).

Glucose levels in S. cerevisiae growth medium decreased at 72 h
(Fig. 3). Glucose is being the primary carbon source is absorbed
through an active transfer process and is then metabolized to pro-
duce energy and synthesize cell-forming materials and metabolites
(Saudagar and Singhal, 2004). A decreased in glucose level in the
medium indicates the absorption of glucose by S. cerevisiae for
metabolism and the formation of macromolecules such as b-
glucans (Thontowi, 2007). The glucose level at 72 h also reached
its lowest point because the greater sugar consumption was
marked by a significant decrease in sugar concentration, and the
greater cell growth was also marked by the significantly increased
optical density values (Mytilinaios et al., 2012). Other nutrients
such as nitrogen are used for protein synthesis in cells. The protein
formed in this process can be used as an enzyme that plays a role in
the formation of b-glucans (Thontowi, 2007).

A. oryzae showed the greatest decrease in glucose levels com-
pared with other microorganisms. This implies that A. oryzae is
highly dependent on carbon sources for its growth. Beauvais
et al. (2014) reported that A. fumigatus utilize uridine diphosphate
(UDP) glucose as a substrate in producing b-1,3-glucans to build a
cell wall.

Yuliana (2012) stated that the higher the rate of bacterial
growth, the lower the remaining reducing sugar. The most opti-
mum carbon source for X. campestris is sucrose, followed by glu-
cose, pyruvate, and fructose. Carbon dissimulates through
glycolysis and forms nucleotide sugars, supports growth, and pro-
duces exopolysaccharides in high quantities (Roca et al., 2015).
This can be observed from the logarithmic phase of X. campestris
at 96 h with a low glucose level in the medium. Ruissen et al.
(1993) reported that the growth of X. campestris reaches a station-
ary phase after 72 h. After 96 h, the level of glucose in X. campestris
growth medium showed a slight increase, which could have been
caused by other metabolites of X. campestris fermentation, such
as xanthan. Xanthan is a polysaccharide compound synthesized
by X. campestris through the Entner–Doudoroff pathway by utiliz-
ing glucose. This pathway catalyzes glucose into 2-keto-3-dioxy-6-
phosphogluconate acid, which is then converted to phosphoenol
pyruvate and pyruvic acid using enzymes produced from X. cam-
pestris (Lu et al., 2009). This compound is then used to produce
xanthan. Therefore, the total sugar content in the medium
increases again.

The glucose level in B. natto growth decreased at 24 h. The time
point 24 h is the hour of the logarithmic phase, so that after this
hour, B. natto exhibits no growth and the glucose levels remain
unchanged. Glucose is synthesized by bacteria to be used as a sec-
ondary metabolite in the form of b-glucan (Dhivya et al., 2014).
4.4. b-glucan from S. cerevisiae, A. oryzae, X. campestris and B. natto

The largest amount of b-glucans produced by A. oryzae (Table 2)
could be due to the presence of b-glucan bonds (1–3) and (1–6),
which are obtained by cell walls in both conidia and mycelium
(Beauvais et al., 2014). However, X. campestris and B. natto pro-
duced b-glucans only from the secondary metabolites and S. cere-
visiae from its cell wall (Dhivya et al., 2014). A. oryzae converts
glucose rapidly and most of the glucose is converted to formmyce-
lium cell walls and their conides. In Aspergillus, b-1,3-glucans are
synthesized by the membrane-bound plasma glucan synthase
complex, which uses uridine diphosphate (UDP) glucose as the
donor substrate and extrusion of b-1,3-glucan chain through the
membrane to the periplasmic space (Beauvais et al., 2001).
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Metabolism of b-glucan formation is in the presence of glucose,
which is converted into glucose-6-phosphate wherein the presence
of the enzyme phosphoglucomutase is obtained glucose-1-
phosphate and decomposed into UDP glucose, which is a compo-
nent of the yeast cell wall. One of the constituents of the cell wall
is b-glucan (Aimanianda et al., 2009). However, in bacteria, UDP
glucose and uridine monophosphate (UMP) can be used as precur-
sors in the production of glucans. A decrease in pH can increase the
concentration of intra-cellular enzymes such as b-1,3-glucanase,
uridine-50-triphosphate (UTP) glucose-1-phosphate uridylyltrans-
ferase, and phosphoglucomutase, which are the enzymes involved
in the metabolism and synthesis of b-glucans (Dhivya et al., 2014).
The process of the formation of fungal cell walls is influenced by
elemental nitrogen obtained from the fermentation media in the
form of amino acids and peptides, which can support the metabo-
lism of the growth chains of the cell wall constituents (Yoshimi
et al., 2017). Thus, the higher the glucose content, the higher the
nutrients available for cell growth and b-glucan end products.

The yield of b-glucan mass and that of the cell mass obtained
can be used to determine the percentage or yield of b-glucan pro-
duced based on the obtained cell. The highest percentage 20.37% of
b-glucans was produced by B. natto (Fig. 4). It produces greater cell
biomass and converts more glucose than X. campestris, although
the optical density value of X. campestris was greater than that of
B. natto at 120 h. This could be due to the secondary metabolites
produced by B. natto in the form of b-1.3 glucans, which are not
water-soluble (Lee et al., 2016). However, X. campestris produces
the largest secondary metabolite in the form of xanthan gum,
which is a polysaccharide compared with b-1.2 glucans
(Kalogiannis et al., 2003).

In addition to the population, B. natto has a higher yield value
compared to that of X. campestris, which could be because X. cam-
pestris enters the stationary phase only at 120 h, where at this time
point extraction and new X. campestris produce secondary metabo-
lites in this phase. However, B. natto enters the logarithmic phase
at 24 h, and after this time point, the nutrient content in the B.
natto culture is decreased and utilized by B. natto to produce sec-
ondary metabolites in the form of b-glucans. Therefore, B. natto
has more time to produce b-glucans than X. campestris. The yield
of b-glucans produced by bacteria, in general, has been reported
to be approximately 6–7% (Kalyanasundaram et al., 2012). As such
there is no data on the production of b-glucans from B. natto, but in
one of the study it was reported that B. subtilis observed the pro-
duction of 3 g/L b-glucans (Gummadi and Kumar, 2005). The com-
monly used yeast S. cerevisiae can produce a b-glucan yield of
about 6–12% (Zechner-Krpan et al., 2010). A. niger can produce a
yield of 9–11% (Paulraj et al., 2012). In a recent approach, a maxi-
mum fungal biomass of 0.76 mg/g with b-glucan at 9.34% (w/w)
was obtained during solid-state fermentation of brown rice by A.
oryzae KCCM 12698 (Ji and Ra, 2021).

4.5. b-Glucan microstructure

Structural differences can occur between samples because each
microorganism has a different b-glucan bond (Zhu et al., 2016). A.
oryzae has a larger cell size due to the shape of the cell consisting of
mycelium and spores. Mycelium is a collection of several filaments
known as hyphae. Each hyphae is 5–10 lm wide compared with
normal bacterial cells (Hogan, 2006). Utama et al. (2019) reported
that the size of yeast cells has a width ranging between 1 and 5 lm
and a length ranging from 5 to 30 lm or more.

The difference in the size of these particles affects their biolog-
ical activity. Utama et al. (2020) stated that the smallest
microstructure is defined as having the highest solubility to pro-
duce a high biological activity. b-glucans produced from X. cam-
pestris have the smallest microstructure size, followed by those
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produced by S. cerevisiae and B. natto, and the lowest biological
activity was found in the b-glucans from A. oryzae. Results indicate
that the b-glucans produced from the microbes in each fermenta-
tion medium have different diameters (Fig. 5), whereas commer-
cial globular b-glucans have diameters ranging from 5 to 100 lm
(Piotrowska and Masek, 2015).

The four microorganisms despite having different particle sizes
and shapes have a common appearance like sponges, i.e. a porous
and rough texture and a cell wall structure that is not visible
(Fig. 5). Limberger-Bayer et al. (2014) reported that commercial
b-glucans have a similar texture and are more round and spongy
in shape. Liu et al. (2015) and Singh et al. (2018) demonstrated that
the microstructure of b-glucan extracted using an acid-base has
characteristics similar to those obtained in this study. The porous
particles can be caused due to the drying method used such as
spray or freeze-drying. One of the benefits of porous particles is
the increase or enrichment of b-glucans with drugs such as
nano-drug precipitates or nanocrystals (Upadhyay et al., 2017).

In each globular observation produced similar characteristics
between each b-glucan, but when viewed extensively the shape
of the particles of each b-glucan have different sizes. The difference
in the microstructure size of each b-glucan is due to the differences
in bonds between microorganisms (Wang et al., 2017).

5. Conclusions

Based on the findings, it can be concluded that the studied
microbial strains - S. cerevisiae, A. oryzae, X. campestris, and B.
natto have potential for b-glucans production at the industrial
level, but studies related to scalabilities must be conducted. The
studied strains can be utilized as starter cultures in situ production
of b-glucans in fermented foods. The development of such func-
tional foods will improve the gut health of consumers by boosting
the growth of probiotic cultures. Therefore, future research should
be carried out to explore the production as well as utilization of b-
glucans, derived from different novel microbial sources to deve
lop probiotic or functional foods.
CRediT authorship contribution statement

Gemilang Lara Utama: Conceptualization, Data analysis, Fund-
ing acquisitions, Writing review, and editing. Casey Dio: Data col-
lection, Data analysis and Writing original draft. Joko Sulistiyo
Resources and Supervising the data collection. Fook Yee Chye:
Resources and Supervising the data collection. Elazmanawati
Lembong: Supervising the data collection and Funding acquisition.
Yana Cahyana: Supervising the data collection, Review and edit-
ing. Deepak Kumar Verma: Writing, review and editing of the
manuscript. Mamta Thakur Writing, review and editing of the
manuscript. Smita Singh:Writing, review and editing of the manu-
script. Ami R. Patel:Writing, review and editing of the manuscript.
All the authors approved the submission of this manuscript.

Author Contribution

Gemilang Lara Utama: Conceptualization, Data analysis, Fund-
ing acquisitions, Writing review, and editing. Casey Dio: Data col-
lection, Data analysis and Writing original draft. Joko Sulistiyo
Resources and Supervising the data collection. Fook Yee Chye:
Resources and Supervising the data collection. Elazmanawati Lem-
bong: Supervising the data collection and Funding acquisition.
Yana Cahyana: Supervising the data collection, Review and editing.
Deepak Kumar Verma: Writing, review and editing of the manu-
script. Mamta Thakur Writing, review and editing of the manu-
script. Smita Singh: Writing, review and editing of the



Gemilang Lara Utama, C. Dio, J. Sulistiyo et al. Saudi Journal of Biological Sciences 28 (2021) 6765–6773

6772
G

H

H

Ji

K

K

K

K

K

L

L

L

L

L

L

M

M

N

O

Ö

P

P

P

P

P

P

R

manuscript. Ami R. Patel: Writing, review and editing of the manu-
script. All the authors approved the submission of this manuscript.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgment

The author would like to thank the Student Research Group,
Vivi Fadila Sari, Isfari Dinika and Syarah Virgina who helped in
the laboratory. The research was funded by the Directorate of
Research and Community Services, the Ministry of Research, Tech-
nology and Higher Education the Republic of Indonesia through the
scheme of ‘‘Penelitian Dasar”.

References

Abad, A., Victoria Fernández-Molina, J., Bikandi, J., Ramírez, A., Margareto, J.,
Sendino, J., Luis Hernando, F., Pontón, J., Garaizar, J., Rementeria, A., 2010. What
makes Aspergillus fumigatus a successful pathogen? Genes and molecules
involved in invasive aspergillosis. Revista Iberoamericana De Micologia 27 (4),
155–182.

Abd El Ghany, K., Hamouda, R.A., Mahrous, H., Abd Elhafez, E., Ahmed, F.A.H.,
Hamza, H.A., 2016. Description of Isolated LAB producing beta-glucan from
Egyptian sources and evaluation of its therapeutic effect. Int. J. Pharmacol. 12
(8), 801–811.

Abbott, D.A., Zelle, R.M., Pronk, J.T., Maris, A.J.A.V., 2009. Metabolic engineering of
Saccharomyces cerevisiae for production of carboxylic acids: current status and
challenges. FEMS Yeast Res.. 9 (8), 1123–1136. https://doiorg/101111/j1567-
1364200900537x.

Aimanianda, V., Clavaud, C., Simenel, C., Fontaine, T., Delepierre, M., Latgé, J.P., 2009.
Cell Wall b-(16)-Glucan of Saccharomyces cerevisiae. J. Biol. Chem. 284 (20),
13401–13412. https://doiorg/101074/jbcM807667200.

Allen, R.J., Waclaw, B., 2019. Bacterial growth: A statistical physicist’s guide reports
on Progress in Physics. Phys. Soci. (Great Britain) 82, (1). https://doiorg/101088/
1361-6633/aae546 016601.

Baek, J.G., Shim, S.-M., Kwon, D.Y., Choi, H.-K., Lee, C.H., Kim, Y.S., 2010. Metabolite
profiling of Cheonggukjang a fermented soybean paste inoculated with various
Bacillus strains during fermentation. Biosci. Biotechnol. Biochem. 74 (9), 1860–
1868. https://doiorg/101271/bbb100269.

Balia, R.L., Kurnani, T.B.A., Utama, G.L., 2018. Selection of mozzarella cheese whey
native yeasts with ethanol and glucose tolerance ability. Int. J. Adv. Sci. Eng. Inf.
Technol. 8 (4), 1091–1097. Scopus https://doiorg/1018517/ijaseit845869.

Bashir, K.M.I., Choi, J.S., 2017. Clinical and physiological perspectives of b-glucans:
the past present and future. Int. J. Mole Sci. 18 (9). https://doiorg/103390/
ijms18091906.

Beauvais, A., Bruneau, J.M., Mol, P.C., Buitrago, M.J., Legrand, R., Latgé, J.P., 2001.
Glucan Synthase Complex of Aspergillus fumigatus. J. Bacteriol. 183 (7), 2273–
2279. https://doiorg/101128/JB18372273-22792001.

Beauvais, A., Fontaine, T., Aimanianda, V., Latgé, J.-P., 2014. Aspergillus cell wall and
biofilm. Mycopathologia 178 (5-6), 371–377.

Brooks, A.N., Turkarslan, S., Beer, K.D., Lo, F.Y., Baliga, N.S., 2011. Adaptation of cells
to new environments. Wiley Inter. Rev. Sys. Biol. Med. 3 (5), 544–561. https://
doiorg/101002/wsbm136.

Chaichian, S., Moazzami, B., Sadoughi, F., Kashani, H.H., Zaroudi, M., Asemi, Z., 2020.
Functional activities of beta-glucans in the prevention or treatment of cervical
cancer. J. Ovarian Res. 13 (1), 1–12.

Chettri, R., Bhutia, M.O., Tamang, J.P., 2016. Poly-c-glutamic acid (PGA)-producing
Bacillus species isolated from Kinema Indian fermented soybean food. Front.
Microbiol. 7. https://doiorg/103389/fmicb201600971.

de Mello Luvielmo, M., Borges, C.D., de Oliveira, T.D., Vendruscolo, C.T., Scamparini,
A.R.P., 2016. Structure of xanthan gum and cell ultrastructure at different times
of alkali stress. Brazi. J. Microbiol. 47 (1), 102–109. https://doiorg/101016/
jbjm201511006.

Dervaux, J., Magniez, J.C., Libchaber, A., 2014. On growth and form of Bacillus subtilis
biofilms. Interface Focus 4 (6). https://doiorg/101098/rsfs20130051.

Dhivya, C., Benny, I.S., Gunasekar, V., Ponnusami, V., 2014. A review on development
of fermentative production of curdlan. Int. J. Chem. Tech. Res. 6 (5), 2769–2773.

Falcone, C., Mazzoni, C., 2016. External and internal triggers of cell death in yeast.
Cell Mole Life Sci. 73, 2237–2250. https://doiorg/101007/s00018-016-2197-y.

Giordano, N., 2017. Microbial growth control in changing environments:
Theoretical and experimental study of resource allocation in Escherichia coli
PhD dissertation. Université Grenoble Alpes.

Gummadi, S.N., Kumar, K., 2005. Production of extracellular water insoluble b-13-
glucan (curdlan) from Bacillus sp SNC07. Biotechnol. Biopro. Eng. 10 (6), 546–
551. https://doiorg/101007/BF02932292.
uo, H., Zhang, W., Jiang, Y., Wang, H., Chen, G., Guo, M., 2019. Physicochemical
structural and biological properties of polysaccharides from dandelion. Mole 24
(8), 1485. https://doi.org/10.3390/molecules24081485.

aruta, S., Kanno, N., 2015. Survivability of microbes in natural environments and
their ecological impacts. Microbes Envi. 30 (2), 123–125. https://doiorg/
101264/jsme2ME3002rh.

ogan, D.A., 2006. Talking to themselves: autoregulation and quorum sensing in
fungi. Eukaryot. Cell 5 (4), 613–619. https://doiorg/101128/EC54613-6192006.

, S.B., Ra, C.H., 2021. Coproduction of enzymes and beta-glucan by Aspergillus
oryzae using solid-state fermentation of brown rice. J. Microbiol. Biotechnol..
https://doi.org/10.4014/jmb.2105.05005. Epub ahead of print. PMID: 34099602.

alogiannis, S., Iakovidou, G., Liakopoulou-Kyriakides, M., Kyriakidis, D.A., Skaracis,
G.N., 2003. Optimization of xanthan gum production by Xanthomonas
campestris grown in molasses. Proce. Biochem. 39 (2), 249–256. https://
doiorg/101016/S0032-9592(03)00067-0.

alyanasundaram, G.T., Doble, M., Gummadi, S.N., 2012. Production and
downstream processing of (1?3)-b-D-glucan from mutant strain of
Agrobacterium sp ATCC 31750. AMB Exp. 2 (1), 31. https://doi.org/10.1186/
2191-0855-2-31.

aur, R., Sharma, M., Ji, D., Xu, M., Agyei, D., 2020. Structural Features modification
and functionalities of beta-glucan. Fibers 8 (1), 1.

im, B., Byun, B.Y., Mah, J.H., 2012. Biogenic amine formation and bacterial
contribution in Natto products. Food Chem. 135 (3), 2005–2011. https://doiorg/
101016/jfoodchem201206091.

won, E.Y., Kim, K.M., Kim, M.K., Lee, I.Y., Kim, B.S., 2011. Production of nattokinase
by high cell density fed-batch culture of Bacillus subtilis. Bioproce. Biosys. Engi.
34 (7), 789–793. https://doiorg/101007/s00449-011-0527-x.

ee, D.E., Lee, S., Jang, E.S., Shin, H.W., Moon, B.S., Lee, C.H., 2016. Metabolomic
profiles of Aspergillus oryzae and Bacillus amyloliquefaciens during rice koji
fermentation. Mole (Basel Switzerland) 21 (6). https://doiorg/103390/
molecules21060773.

imberger-Bayer, V.M., de Francisco, A., Chan, A., Oro, T., Ogliari, P.J., Barreto, P.L.M.,
2014. Barley b-glucans extraction and partial characterization. Food Chem. 154,
84–89. https://doiorg/101016/jfoodchem201312104.

ipke, Peter N., Ovalle, Rafael, 1998. Cell wall architecture in yeast: new structure
and new challenges. J. Bacteriol. 180 (15), 3735–3740.

iu, R., Li, J., Wu, T., Li, Q., Meng, Y., Zhang, M., 2015. Effects of ultrafine grinding and
cellulase hydrolysis treatment on physicochemical and rheological properties of
oat (Avena nuda L) b-glucans. J. Cereal Sci. 65, 125–131. https://doiorg/101016/
jjcs201507002.

o, Y.-M., Yang, S.-T., Min, D.B., 1997. Effects of yeast extract and glucose on xanthan
production and cell growth in batch culture of Xanthomonas campestris. Appl.
Microbiol. Biotechnol. 47 (6), 689–694. https://doi.org/10.1007/s0025300
50996.

u, G.T., Xie, J.R., Chen, L., Hu, J.R., An, S.Q., Su, H.Z., Feng, J.X., He, Y.Q., Jiang, B.L.,
Tang, D.J., Tang, J.L., 2009. Glyceraldehyde-3-phosphate dehydrogenase of
Xanthomonas campestris pv Campestris is required for extracellular
polysaccharide production and full virulence. Microbiol. (Reading England)
155 (Pt 5), 1602–1612. https://doiorg/101099/mic0023762-0.

achida, M., Yamada, O., Gomi, K., 2008. Genomics of Aspergillus oryzae: learning
from the history of Koji Mold and exploration of its future. DNA Res.: Int. J.
Rapid Publ. Rep. Genes Genomes 15 (4), 173–183. https://doiorg/101093/
dnares/dsn020.

ytilinaios, I., Salih, M., Schofield, H.K., Lambert, R.J.W., 2012. Growth curve
prediction from optical density data. Int. J. Food Microbio.l 154 (3), 169–176.
https://doiorg/101016/jijfoodmicro201112035.

out, R., 2015. Quality safety biofunctionality and fermentation control in soya. In:
Holzapfel, W. (Ed.), Advances in Fermented Foods and Beverages. Woodhead
Publisher, pp. 409–434.

dabasi, Z., Paetznick, V.L., Rodriguez, J.R., Chen, E., McGinnis, M.R., Ostrosky-
Zeichner, L., 2006. Differences in beta-glucan levels in culture supernatants of a
variety of fungi. Medical Mycol. 44 (3), 267–272. https://doiorg/101080/
13693780500474327.

zcan, Özge, Ertan, Figen, 2018. Beta-glucan content, antioxidant and antimicrobial
activities of some edible mushroom species. Food Sci. Technol. 6 (2), 47–55.

apaspyridi, L.M., Zerva, A., Topakas, E., 2018. Biocatalytic synthesis of fungal b-
glucans. Catalysts 8 (7), 274. https://doiorg/103390/catal8070274.

aulraj, B., College, M., Saravanan, T., 2012. Optimization of b-glucan production
from lower fungi using central composite design and its biological application.
Int. J. Comp. Appl. 49 (8), 23–28.

engkumsri, N., Sivamaruthi, B.S., Sirilun, S., Peerajan, S., Kesika, P., Chaiyasut, K.,
Chaiyasut, C., 2017. Extraction of b-glucan from Saccharomyces cerevisiae:
comparison of different extraction methods and in vivo assessment of
immunomodulatory effect in mice. Food Sci. Technol. 37 (1), 124–130.
https://doiorg/101590/1678-457x10716.

érez-Ramos, A., Mohedano, M.L., Pardo, M.Á., López, P., 2018. b-Glucan-producing
Pediococcus parvulus 2.6: test of probiotic and immunomodulatory properties in
zebrafish models. Front. Microbiol. 9, 1684.

hilippini, R.R., Martiniano, S.E., dos Santos, J.C., da Silva, S.S., Chandel, A.K., 2019.
Fermentative production of beta-glucan: properties and potential applications.
Bioproce. Biomole. Produ, 303–320.

iotrowska, M., Masek, A., 2015. Saccharomyces cerevisiae cell wall components as
tools for ochratoxin decontamination. Toxins 7 (4), 1151–1162. https://doiorg/
103390/toxins7041151.

amos, H.C., Hoffmann, T., Marino, M., Nedjari, H., Presecan-Siedel, E., Dreesen, O.,
Glaser, P., Jahn, D., 2000. Fermentative metabolism of Bacillus subtilis:

http://refhub.elsevier.com/S1319-562X(21)00634-3/h0005
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0005
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0005
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0005
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0005
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0010
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0010
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0010
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0010
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0015
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0015
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0015
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0015
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0020
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0020
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0020
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0025
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0025
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0025
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0030
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0030
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0030
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0030
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0035
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0035
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0035
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0040
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0040
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0040
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0045
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0045
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0045
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0050
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0050
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0055
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0055
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0055
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0060
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0060
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0060
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0065
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0065
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0065
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0070
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0070
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0070
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0070
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0075
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0075
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0080
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0080
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0085
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0085
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0090
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0090
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0090
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0095
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0095
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0095
https://doi.org/10.3390/molecules24081485
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0105
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0105
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0105
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0110
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0110
https://doi.org/10.4014/jmb.2105.05005
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0120
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0120
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0120
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0120
https://doi.org/10.1186/2191-0855-2-31
https://doi.org/10.1186/2191-0855-2-31
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0135
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0135
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0140
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0140
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0140
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0145
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0145
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0145
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0150
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0150
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0150
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0150
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0155
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0155
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0155
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0160
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0160
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0165
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0165
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0165
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0165
https://doi.org/10.1007/s002530050996
https://doi.org/10.1007/s002530050996
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0175
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0175
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0175
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0175
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0175
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0180
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0180
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0180
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0180
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0185
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0185
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0185
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0190
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0190
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0190
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0195
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0195
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0195
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0195
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0200
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0200
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0205
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0205
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0210
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0210
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0210
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0215
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0215
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0215
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0215
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0215
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0220
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0220
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0220
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0225
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0225
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0225
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0230
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0230
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0230
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0235
http://refhub.elsevier.com/S1319-562X(21)00634-3/h0235


Gemilang Lara Utama, C. Dio, J. Sulistiyo et al. Saudi Journal of Biological Sciences 28 (2021) 6765–6773
physiology and regulation of gene expression. J. Bacteriol. 182 (11), 3072–3080.
https://doiorg/101128/JB182113072-30802000.

Robinson, P.K., 2015. Enzymes: principles and biotechnological applications. Essays
Bioche. 59, 1–41. https://doiorg/101042/bse0590001.

Roca, C., Alves, V.D., Freitas, F., Reis, M.A.M., 2015. Exopolysaccharides enriched in
rare sugars: bacterial sources production and applications. Front. Microbiol. 6.
https://doiorg/103389/fmicb201500288.

Rolfe, M.D., Rice, C.J., Lucchini, S., Pin, C., Thompson, A., Cameron, A.D.S., Alston, M.,
Stringer, M.F., Betts, R.P., Baranyi, J., Peck, M.W., Hinton, J.C.D., 2012. Lag phase
is a distinct growth phase that prepares bacteria for exponential growth and
involves transient metal accumulation. J. Bacteriol. 194 (3), 686–701. https://
doiorg/101128/JB06112-11.

Ruissen, M.A., Van Der Vossen, R.T.M., Kocks, C.G., 1993. Growth of Xanthomonas
campestris pv campestris populations at constant and variable temperatures.
Netherlands J. Plant Pathol. 99 (3), 173–179. https://doiorg/101007/
BF03041407.

Salari, R., Salari, R., 2017. Investigation of the best Saccharomyces cerevisiae growth
condition. Electro. Phys. 9 (1), 3592–3597. https://doiorg/1019082/3592.

Saudagar, P.S., Singhal, R.S., 2004. Fermentative productionof curdlan. Appl. Biochem.
Biotechnol. 118 (1–3), 21–31. https://doiorg/101385/abab:118:1-3:021.

Shafique, S., Bajwa, R., Shafique, S., 2009. Screening of Aspergillus niger and A flavus
strains for extra cellular a-amylase activity. Pakistan J. Bot. 41 (2), 897–905.

Shah, I.J., Gami, P.N., Shukla, R.M., Acharya, D.K., 2014. Optimization for a-amylase
production by Aspergillus oryzae using submerged fermentation technology.
Basic Res. J. Microbiol. 1 (4).

Singh, R., Kumar, M., Mittal, A., Mehta, P.K., 2017. Microbial metabolites in nutrition
healthcare and agriculture. 3 Biotech 7 (1). https://doiorg/101007/s13205-016-
0586-4.

Singh, Sukriti, Kaur, Maninder, Sogi, Dalbir Singh, 2018. b-glucan from different
Indian oat (Avena sativa) cultivars: chemical functional structural and
rheological properties. J. Food Proce. Preserv. 42 (11), e13788. https://doi.org/
10.1111/jfpp.v42.1110.1111/jfpp.13788.

Stratford, M., Steels, H., Nebe-von-Caron, G., Avery, S.V., Novodvorska, M., Archer, D.
B., 2014. Population heterogeneity and dynamics in starter culture and lag
phase adaptation of the spoilage yeast Zygosaccharomyces bailii to weak acid
preservatives. Int. J. Food Microbiol. 181 (100), 40–47. https://doiorg/101016/
jijfoodmicro201404017.

Tan, S., Meng, Y., Su, A., Zhang, C., Ren, Y., 2016. Draft genome sequence of Bacillus
subtilis subsp Natto strain CGMCC 2108 a high producer of poly-c-glutamic
acid. Genome Announcements 4 (3). https://doiorg/101128/genomeA00426-16.

Theis, Thais Vanessa, Queiroz Santos, Vidiany Aparecida, Appelt, Patrícia, M.
Barbosa-Dekker, Aneli, Vetvicka, Vaclav, F. H. Dekker, Robert, Cunha, Mário A.,
2019. Fungal exocellular (1–6)-b-d-glucan: carboxymethylation
characterization and antioxidant activity. Int. J. Mole. Sci. 20 (9), 2337.
https://doi.org/10.3390/ijms20092337.

Thontowi, A., 2007. b-Glucan production of Saccharomyces cerevisiae in medium
with different nitrogen sources in air-lift fermentor Biodiversitas. J. Biol.
Diversity 8 (4), 253–256. https://doiorg/1013057/biodiv/d080401.

Tuan, N.A., Dinh, T.H.T., Tran, T.M.T., Nguyen, T.H., 2015. Determination the
optimum fermentation in obtaining nattokinase in Bacillus subtillis natto. Int.
J. Inno. Appl. Stu. 13 (3), 663–668.
6773
Upadhyay, T.K., Fatima, N., Sharma, D., Saravanakumar, V., Sharma, R., 2017.
Preparation and characterization of beta-glucan particles containing a payload
of nanoembedded rifabutin for enhanced targeted delivery to macrophages.
EXCLI J. 16, 210–228. https://doiorg/1017179/excli2016-804.

Utama, G.L., Irena, F., Lembong, E., Kayaputri, I.L., Tensiska, T., Balia, R.L., 2020. The
utilization of vegetable and fruit wastes for Saccharomyces cerevisieae cell wall
based b-glucan production with antioxidant activity. Acta Universitatis
Agriculturae et Silviculturae Mendelianae Brunensis 68 (1), 119–127. https://
doiorg/1011118/actaun202068010119.

Utama, G.L., Kurniawan, M.O., Natiqoh, N., Balia, R.L., 2019. Species identification of
stress resistance yeasts isolated from banana waste for ethanol production. IOP
Conf. Ser. Earth Environ. Sci. 306 (1), 012021. https://doiorg/101088/1755-
1315/306/1/012021.

Valasques Junior, G.L., de Lima, F.O., Boffo, E.F., Santos, J.D.G., da Silva, B.C., de Assis,
S.A., 2014. Extraction optimization and antinociceptive activity of (1?3)-b-d-
glucan from Rhodotorula mucilaginosa. Carbo. Poly. 105, 293–299.

Vetvicka, V., Vannucci, L., Sima, P., Richter, J., 2019. Beta glucan: supplement or
drug? From laboratory to clinical trials. Molecules 24 (7), 1251.

Walker, G., Stewart, G., 2016. Saccharomyces cerevisiae in the production of
fermented beverages. Beverages 2 (4), 30. https://doiorg/103390/
beverages2040030.

Wang, Q., Sheng, X., Shi, A., Hu, H., Yang, Y., Liu, L., Fei, L., Liu, H., 2017. b-Glucans:
relationships between modification conformation and functional activities.
Mole. (Basel Switzerland) 22 (2). https://doiorg/103390/molecules22020257.

York, W.S., 1995. A conformational model for cyclic beta-(1—>2)-linked glucans
based on NMR analysis of the beta-glucans produced by Xanthomonas
campestris. Carbo. Res. 278 (2), 205–225. https://doiorg/101016/0008-6215
(95)00260-x.

Yoshimi, Akira, Miyazawa, Ken, Abe, Keietsu, 2017. Function and biosynthesis of
cell wall a-13-glucan in fungi. J. Fungi 3 (4), 63. https://doi.org/10.3390/
jof3040063.

Yu, A.C.S., Loo, J.F.C., Yu, S., Kong, S.K., Chan, T.F., 2014. Monitoring bacterial growth
using tunable resistive pulse sensing with a pore-based technique. Appl.
Microbiol. Biotechnol. 98 (2), 855–862. https://doiorg/101007/s00253-013-
5377-9.

Yuliana, N., 2012. Kinetika Pertumbuhan Bakteri Asam Laktat Isolat T5 Yang Berasal
Dari Tempoyak. Jurnal Teknologi & Industri Hasil Pertanian 13 (2), 108–116.
https://doiorg/1023960/jtihpv13i2108-116.

Zechner-Krpan, V., Petravic-Tominac, V., Gospodaric, I., Sajli, L., Dakovic, S.,
Filipovic-Grcic, 2010. Characterization of beta glucan isolated from Brewer’s
yeast and dried by different methods. Food Technol. Biotechnol. 48 (2), 189–
197.
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