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Abstract: The diverse functional properties of microbial exopolysaccharides (EPS) have garnered
significant interest in research and industrial applications. In this context, the present study focuses
on the production of glucan EPS produced by Enterococcus hirae OL616073. The biosynthesis of EPS
is a complex process and is influenced by multiple physicochemical and environmental parameters.
This study systematically investigates the key factors affecting EPS and biomass production,
including variations in sucrose as carbon source, incubation time, temperature, and inoculum
concentrations were optimized under static conditions for enhancing glucan production in
submerged fermentation. A central composite design with the response surface methodology (RSM)
was used to screen the effects. Four independent variables, namely, sucrose, time, temperature, and
inoculum percentage at various levels, on the outcome of glucan and biomass yield as dependent
variables. The experimental data was examined by implementing an analysis of variance (ANOVA)
and polynomial regression model. Variables through the validation process by the quadratic model
suggested by the RSM model were found to be significant (p< 0.05) for both glucan and biomass. The
optimized condition yields 122.10 g/L of glucan and 6.27 g/L of biomass while maintaining the
sucrose (38.10 %), incubation time (73.42 h), temperature (26 °C), and inoculum volume (14.98 %). In
this experimental model, glucan production was increased by 6-fold over non-optimized conditions.
Consequently, optimization could be important for scale-up and commercial viability for further
applications in food, pharmaceutical, and other biotechnological applications.

Keywords: Enterococcus hirae OL616073; exopolysaccharide; optimization; glucan; biomass; response
surface methodology (RSM)

1. Introduction

Exopolysaccharides (EPS) with potential applications are gaining prominence in the food and
pharmaceutical industry as natural biopolymers. In recent years, there has been increased interest
and demand for natural biopolymers including EPS, in view of their functionality, health-beneficial
properties, and industrial applications. Many different EPS from bacterial origin have been shown to
have various techno-functional properties based on their structure and sugar composition [1]. EPS
functions as gelling, texturizing, and emulsifying agents, additionally serves as a viscosity enhancer
in yoghurts by interacting with milk proteins to prevent syneresis [2]. EPS has been associated with
diverse health beneficial properties including modulation of an immune response [3], functioning as
nano-drug carriers [4], exhibiting antiviral [5], and antitumor activities [6]. EPS from many bacterial
strains like Lactobacillus plantarum RJF4 [7] , Lactobacillus plantarum YW32 [8] and Lactobacillus
plantarum 70810 [9] have revealed the potential for precisely inhibiting cancer cell lines while being
non-toxic to normal cells. However, the EPS commercial production process is scarce on account of
low efficiency of synthesis and the high technology involved [10]. There is dire demand to investigate
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ways to increase the possibility of producing these compounds on an industrial basis while
modifying the fermentation conditions and figuring out affordable substrates [11]. Consequently,
statistical optimization design has been adopted as the method of choice for industrial-scale
exploration [12].

Recently, our group has reported a glucan, which is a homopolymer of glucose containing a-(1
— 6) and a-(1 — 3) linked glycosidic linkages. The polymer is extracted from Enterococcus hirae
OL616073 with a spherical porous structure [13]. The glucan yield from this strain was 20.2 (g/L)
under unoptimized conditions. Due to potential functionalities, this EPS can have potential
applications as a hydrocolloid in the food and pharmaceutical industry. Global hydrocolloid growth
rate has reached 11.4 US$ billion by 2023 from 8.8 US$ billion in 2018 [14]. In view of this, optimization
of the various factors was here done on the laboratory scale. Earlier studies indicate that various
factors such as, sugar as carbon source [15], incubation temperature [16], fermentation time [17], and
inoculum concentrations [18] play a significant role in EPS yield. A substantial amount of saccharides
in the fermentation media further triggers the production process [19] [20]. We have used response
surface methodology (RSM) for multifactorial optimization of EPS yield to increase its scalability and
applicability in various sectors.

2. Materials and Methods

2.1. Microorganism and Culture Maintenance

Enterococcus hirae OL616073, a bacterial strain producing glucan was early isolated from idli
batter (Kavitake et al., 2024). It was characterized to the strain level and submitted at NCBI Gene bank
with the submission ID OL616073. Stock cultures for long time preservation were cultured in MRS
(de Man, Rogosa and Sharpe) broth with 20% v/v glycerol and stored at (- 40 °C). The culture was
transferred in a fresh broth of MRS for activation and cultivated at 30 °C for 24 h.

2.2. Growth Profile and Glucan Synthesis

Batch fermentation was carried in a 250 mL Erlenmeyer flask, when seed culture of 1% (v/v) was
transferred to 100 mL of production medium, supplemented with 2% sucrose in MRS broth
maintained at 30 °C under static conditions for 96 h in triplicates. After that, 1 mL aliquots were
drawn out at specific times for the glucan production (g/L), cell growth (OD 600 nm) by
spectrophotometer and cell number log CFU/mL estimated by spread plate technique at particular
serial dilution on MRS agar were predicted during the entire fermentation time. All data are the mean
values based on triplicate experiments.

2.3. Inoculum Preparation

A single colony of the Enterococcus hirae OL616073 strain was inoculated for seed preparation in
100 mL MRS broth contained in 250 mL flask and incubated at 30 °C under static conditions for 14 h.
The selection of various inoculum concentrations (v/v) was chosen on the basis of count of bacterial
cell density as log N CFU/mL in respective concentrations. The density of the tested bacterium
inoculum is obtained from spontaneous growth of bacteria measured by log units.

2.4. Preliminary Screening of Parameters Using One-Factor-at-a-Time (OFAT) Method

Preliminary screening for EPS production was carried out by a one-factor-at-a-time (OFAT)
pattern detecting the influence of independent variables such as concentrations of sucrose, cultivation
time, temperature, and inoculum on glucan yield (g/L) and biomass production (Data not shown)
using Enterococcus hirae OL616073. Batch fermentations were carried out, in 125 mL Erlenmeyer flasks
with 50 mL fermentation media under the static conditions.
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2.5. Extraction, Purification and Quantification of Glucan

For glucan isolation process adopted by [21] was followed with minor modifications. Briefly,
under static conditions Enterococcus hirae Ol616073 isolate was grown in MRS broth supplemented
with sucrose and grown for 72 h. The formed cell suspension was inactived by heating in water bath
for 10 min at 100 °C and centrifuged at 12000 xg for 15 min to make cell free supernatant by removing
the cell pellet. Subsequently, for protein removal 2 % (w/v) of TCA (Trichloroacetic acid) was poured
to final concentration of cell free broth. Thereafter, proteins precipitated were separated by
centrifugation process for 30 min at 12000x g in cooling centrifuge at 4 °C. For glucan precipitation,
chilled ethanol stored overnight was added at 1:3 ratio to cell-free broth (CFB) for precipitation of
EPS and was allowed to stand overnight. The crude glucan was obtained as precipitate and harvested
by centrifugation for 20 min at 19200 xg. The obtained glucan was redissolved in Milli-Q water for
dialysis while and placed in a dialysis bag (12-14 kDa) maintained at 4 °C for 48 h with Milli-Q water.
Afterward, dialyzed portions were lyophilized using a freeze dryer (ilshinBioBase Co.Ltd. made in
Korea) and collected as glucan powder.

The amount of glucan precipitated as the total carbohydrate content was estimated by the
Phenol-sulphuric acid method [22] with slight modifications using glucose as standard. The presence
of a golden color was spotted after adding 0.5 mL of 5 % phenol solution (5 g crystals of phenol to
make 100 mL with d.H20) and 2.5 mL of 96 % sulphuric acid (H2SO4) to a sample volume of 1 mL.
Following 10 min of standing at room temperature, the samples were vortexed for 30 sec. Later,
sample tubes were transferred to a water bath maintained at 30 °C for a duration of 25-30 min.
Subsequently, sample absorbances were read in a spectrophotometer at a wavelength of 490 nm. The
control possesses all reagents except the sample. The obtained absorbance results were compared
with the standard curve of glucose by substituting absorbance values in an equation to determine the
total sugar content.

2.6. Estimation of Biomass (Cell Dry Weight)

The cell biomass was estimated with slight modifications as stated by [23]. Briefly, the
fermented broth was centrifuged at 10,000g for 30 min to remove the cell biomass gets settled in the
bottom of the tube. Before being dried at 80 °C to constant weight, biomass is washed with Milli-Q
water to calculate the dry biomass. The weight is expressed in g/L of dry weight.

2.7. Optimization of Glucan Production and Cell Biomass Using RSM

Response surface methodology is well-known technique to optimize the production or growth
conditions. The experimental runs were obtained using the central composite design rotatable
according to four independent variables: sucrose concentration, time, temperature, and inoculum
concentration. The levels and range of each variable under investigation are described in Table 1. The
experimental plan of 30 runs was carried out in triplicates and the average value of glucan and
biomass production (g/L) of each trial was determined as the dependent variable (Y). Unless
otherwise stated, the cultivation was carried out using 250 mL flasks under static conditions.

Table 1. CCRD Experimental design variables : Coded and uncoded values.

Independent Coded levels of independent variables
variables -2 -1 0 +1 +2
Sucrose (%) 1 20.75 40.5 60.25 80
Time (h) 12 40.25 68.5 96.75 125
Temperature(°C) 12 20.25 28.5 36.77 45
Inoculum (%) 1 7.25 13.5 19.75 26

The determination of statistical parameters like an analysis of variance (ANOVA), regression
coefficient, and three-dimensional graphs were created by using trial version 13 of Design-Expert
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software (Stat-Ease Inc., Minneapolis, USA). The experimental data was applied to second order
polynomial equation to demonstrate the impact of independent variables on glucan and biomass as
shown in the equation

Y=ay + XY aiXi+ X, aii Xi* + ¥, Y, aij XiXj 1)

where, Y is response EPS yield and biomass production, a, is constant coefficient fitted at the center
point of design (0,0,0,0), ai is a linear coefficient, aii is squared coefficient (quadratic coefficient),
aij represents interaction coefficient (cross-product regression coefficient) while as Xi is coded for
independent variables chosen during experimentation.

2.8. Statistical Analysis

The statistical analysis was performed using statistical Design Expert, version 13 software (Stat
Ease Inc. Minneapolis USA). Response surface using central composite rotatable design was model
was evaluated by F value, where P < 0.05 indicates significant terms. ANOVA was used to confirm
the significance of the involved variables for the proposed model. The reliability of the polynomial
representation equations was predicted using the coefficient of determination (R?), predicted R* and
adjusted R2.

3. Results and Discussions

3.1. Growth Profile and Glucan Production

In order to determine the pattern of glucan yield and dynamics of optical density by Enterococcus
hirae OL616073, the growth profile is presented in Figure 1 (A). The varying time series was followed
at a set temperature of 30 °C and supplemented with sucrose (2 %) in MRS broth under static
conditions. Glucan production and cell growth were simultaneously studied concerning
fermentation time. The yield of glucan was 1.35 g/L at 8 h which was increased to 5.54 g/L at 72 h
being maximal in a stationary growth phase. Further, prolonged fermentation time showed a slow
decline of glucan production till 96 h with little variation in the production process. In Figure 1 (B),
glucan yield and the log CFU/mL increased till 72 h. However, bacterial growth and glucan yield
were partially associated beyond 72 h when yield starts to decline.

Monitoring the fermentation pattern of Enterococcus hirae OL616073 over time allows to observe
the growth kinetics. Advancement of fermentation time brings more yield of glucan, the maximum
being observed at 72 hours, further increase causes a decline in production. Our findings concur with
[24], they studied a similar pattern in Paenibacillus polymyxa SQR-21. The glucan yield starts to appear
during the logarithmic phase and continues until the stationary phase. Further, prolonging the
fermentation time beyond 72 h production showed a slight dip that may be ascribed to activation of
various glycohydrolases or utilization of glucan as substrate. Similar reports were corroborated by
[25] and [26] respectively. However, little or no effect on EPS was observed further when the cell
growth increased likewise mentioned by Velasco et al. (2006). Shortage of carbon sources [28] and
activation of enzyme system are believed to be responsible for reduced EPS yield [25]. Earlier studies
also clarified that late growth stages can trigger the cell lysis and eventually degradation of EPS
involving enzymes [29]. Moreover, the influence of growth on EPS production process is still
arguable.
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Figure 1. Growth profile of Enterococcus hirae OL616073 and glucan production. Profile of incubation time versus
glucan and optical density of Enterococcus hirae OL616073 in sucrose-supplemented medium (2%) maintained at
30°C under static conditions (A); Effect of incubation time on glucan production and log N (cfu/mL) by
Enterococcus hirae OL616073 (B); Culture optimization of Enterococcus hirae OL616073 OL616073 strain (C).

3.2. Variables Affecting Glucan Produced by Enterococcus hirae OL616073

3.2.1. One Factor at a Time (OFAT) Optimization

The influence of key factors such as sucrose concentrations, time, temperature, and inoculum
concentration on glucan biosynthesis was studied. Enterococcus hirae OL616073 metabolized the
sucrose in the fermentation broth and glucan yield increased significantly till 40 % (w/v) (Data not
shown). Further, an increment in sucrose (%) cause decreased glucan yield which can be due to
substrate level inhibition and probable osmotic shock of the bacterium under higher concentrations
of sucrose. Sugars are used by lactic acid bacteria (LAB) to produce polysaccharides through the
involvement of enzymes referred to as housekeeping enzymes [30]. Sucrose was found as an
important carbon source and outperformed other sugars like lactose, glucose, fructose, maltose, and
xylose in EPS production [31]. Sucrose stimulated the enzymes in Aureobasidium pullulans responsible
for pullulan synthesis [32]. Production of dextran EPS from Leuconostoc sp. was directly correlated
with dextransucrase under sucrose concentration [33]. Similarly, presence of the levS gene in the
genome of Fructilactobacillus sanfranciscensis is associated with its capability to utilize sucrose as the
only carbon source for levan production [34]. Therefore, influence of changing sucrose levels on EPS
production is dependent upon the specific microorganism, sucrose concentrations, and activation of
the enzyme system. Maximum EPS production (2.9 g/mL) was reported from B. licheniformis WSF-1
at 25 % (w/v) sucrose [31]. The presence of appropriate types and quantities of carbon sources can
trigger the expression of EPS biosynthetic genes, production of the enzymatic system, and induce the
bacterial cells for subsequent enhanced exopolysaccharide harvest [35]. The findings indicated that
the utilization of sucrose as a carbon source led to the highest production of EPS. Housekeeping
enzymes are key machinery for the conversion of sugars to polysaccharides. Though,
homopolysaccharide synthesis (like glucans synthesis) is simple and facilitated by glucansucrase
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enzymes with sucrose as a sugar donor. However, heteropolysaccharide production is complex
involving the genes [30] [36]. The yield of levan as reported by earlier studies from A. nectaris
diminishes as the sucrose concentration increases, dropping from 2.5 g/L at 12 % of sucrose to 1.5 g/L
when the sucrose concentration was raised to 27 % [37]. On the other hand, Zymomonas mobilis can
actively grow and ferment in batch cultures with sucrose concentrations up to 46% (w/v) [38]. Higher
sucrose concentrations inhibit levan yield in Gram-negative bacteria but do not impact Gram-positive
bacteria [15].

Incubation time in a microbial cultivation process has significant effects on the production
process of EPS and biomass. The optimal glucan yield from Enterococcus hirae OL616073 was found
at an incubation time of 72 h. Extending the incubation time often allows for a more gradual,
controlled growth, and offers more time for metabolic activities leading to synthesis of desired
product. Prolonging the duration of cultivation time can be a viable strategy, particularly when facing
financial limitations associated with other variables. Nonetheless, further glucan yield showed a
slight decline beyond 72 h of incubation. This decline may be due to polymer breakdown by the EPS
producing microorganism [39] [40]. Furthermore, since extended incubation could also possibly
cause a buildup of metabolic wastes, nutrient depletion, and changes in the surrounding
environment, all of which can cause cell death or prevent the synthesis of EPS. Therefore, optimizing
the incubation time is crucial to achieving maximum EPS production while maintaining microbial
viability and product quality. Similarly, the highest EPS production was documented at 72 h for
Bacillus subtilis [41]. In contrast, submerged culture of Fusarium solani SD5 produces maximum yield
on 14t day [42]. Therefore, RSM intensified the glucan yield while testing the variables. It proved to
be a powerful statistical technique, quite convenient and less time-consuming to augment the glucan
productivity.

The analyses revealed that the optimal temperature for EPS synthesis by the Enterococcus hirae
OL616073 was 26 °C, which were consistent with reports of [43]. The lower incubation temperature
of 25 °C and 30 °C yields more glucan as compared to temperature of 37 °C. Lower incubation
temperature encourages slow growth rate of Enterococcus hirae OL616073, and enhances the
logarithmic and stationary phase, which results in increased glucan yield. The lower temperature
causes increased EPS yield in mesophilic strains known for EPS production. Under suboptimal
temperatures release of more isoprenoid lipid carrier precursor molecules for EPS biosynthesis and
also increased enzyme activity might be contributors to enhanced glucan production [44] Similarly,
Wongsuphachat & Maneerat (2010) reported that incubation temperature below optimum triggers
greater EPS yield. Depending upon the individual strain the efficiency of the EPS synthesis varies for
instance, a temperature of 20 °C triggers efficient EPS production by the strains of Lb. paracasei CIDCA
83123, Lactobacillus paracasei CIDCA 8339, and  Lactobacillus paracasei CIDCA 83124 [18]. On the other
hand, reports of improved EPS yield also exist at higher temperatures as high as 37°C and 45°C for
the strains of Lactobacillus rhamnosus E/N and Lactobacillus delbruekii subsp. bulgaricus respectively
[46],[47]. Consequently, the exploration of ambient incubation temperature could be deemed
practical and cost-effective.

The production of EPS was significantly influenced by the percentage of inoculum and is
considered as crucial biological parameter. The inoculum percent (% v/v) was related to log CFU/mL
as presented in Figure 1 (C) for Enterococcus hirae OL616073. The inoculum percentage of 15 % (v/v)
of 12 h grown culture provides optimum yield for glucan. Further, increased concentrations have
little effect on glucan yield. The higher inoculum concentrations could cause quick depletion of media
components affecting cell survival and lower concentrations were thought insufficient to start
microbial growth [48]. The earlier findings suggested that an inoculum size of 5-10% was suitable for
mycelial growth and enhanced EPS production as compared to (2.5 % to 15%) [49]. On the other side,
the researchers demonstrated that the efficiency of EPS synthesis in a mutated strain of Lactobacillus
acidophilus bacteria is not influenced by the concentration of inoculum [18]. Excessive inoculation
quantities can lead to a rapid saturation of the strain, entering the decay phase and undergoing
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bacterial autolysis, all of which have a detrimental effect on glucan yield [50]. However, the influence
of inoculum size varied between species and even between strains of the same species.

3.3. RSM (Central Composite Design) for Glucan and Biomass Production

The outcome of medium variables on glucan yield and cell biomass was studied. This was the
first time that selected variables viz. sucrose, incubation time, incubation temperature, and culture
inoculum were optimized for glucan and biomass production by Enterococcus hirae OL616073. Sucrose
concentrations, time, temperature, and inoculum showed significant effects on glucan and biomass
production in OFAT which were further screened by central composite design. A total 30 experiments
were generated by a Design expert to evaluate glucan and biomass in (g/L) as responses depicted in
Table 2. The results derived were further analyzed for analysis of variance (ANOVA) and p values
tabulated in (Table 3). The model suggested a quadratic model with high significance (p <0.001) and
the lack of fit was non-significant. The coefficient of determination R?2=0.99 indicated that 99 % of
variability can be explained by the model. Similarly, reasonable agreement existed between predicted
R2= 0.97 and adjusted R?=0.98 as only a difference of 0.2 appears as shown in Table 4. All the
independent variables have a significant effect (p< 0.05) on the glucan yield. Thus, a model can be
easily navigated for any combination of values in the design space. Adequate precision of 42.06 a
measure of the signal-to-noise ratio is desirable. Hence, this model proved reliable and can predict
the quantity of glucan adequately. The polynomial equation derived from the experimental factors
and interaction thereof is shown below:

E = —337.23 + 4.769 X sucrose + 3.43 X time + 16.89 X temperature
+ 2.72 X inoculum + 0.000183 X sucrose X time
+ 0.019 X sucrose X temperature
+ 0.007 X sucrose X inoculum
— 0.0105 X time X temperature )
—0.000053 X time X inoculum
+ 0.123 x temperature X inoculum — 0.071 X sucrose?
—0.021 x time? — 0.349 X temperature?
— 0.22 X inoculum?

where, E is glucan yield (g/L), A is sucrose (%), B is time (h), and C is temperature (°C) and D is

inoculum (%) of four coded independent variables.

Table 2. Experimental design: CCRD of independent variables and dependent variables glucan production and
cell biomass by Enterococcus hirae OL616073.

Independent variables Dependent variables
Std Run Sucrose Time Temperature Inoculum (%) EPS Biomass
(%) (h) (°C) &L | (L
16 1 60.25 96.75 36.75 19.75 39.23 3.32
3 2 20.75 96.75 20.25 7.25 76.5 3.25
3 20.75 40.25 36.75 7.25 27.25 3.61
4 4 60.25 96.75 20.25 7.25 51.67 25
26 5 40.5 68.5 28.5 13.5 117.2 6.27
7 6 20.75 96.75 36.75 7.25 31.6 42
29 7 40.5 68.5 28.5 13.5 122.6 6.18
6 8 60.25 40.25 36.75 7.25 18.65 2.8
12 9 60.25 96.75 20.25 19.75 45.67 4.77
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17 10 1 68.5 28.5 13.5 13.78 2.6
20 11 40.5 125 28.5 13.5 61.34 5.8
21 12 40.5 68.5 12 13.5 45.25 248
27 13 40.5 68.5 28.5 13.5 118.3 5.98
28 14 40.5 68.5 28.5 13.5 119.21 6.26
23 15 40.5 68.5 28.5 1 77.12 5.12
2 16 60.25 40.25 20.25 7.25 39.24 23
18 17 80 68.5 28.5 13.5 22 0.98
19 18 40.5 12 28.5 13.5 37.25 4.2
8 19 60.25 96.75 36.75 7.25 18.12 3.27
10 20 60.25 40.25 20.25 19.75 31.25 4.53
24 21 40.5 68.5 28.5 26 89.27 6.3
11 22 20.75 96.75 20.25 19.75 63.24 5.32
25 23 40.5 68.5 28.5 13.5 116.3 5.8
15 24 20.75 96.75 36.75 19.75 45.23 4.06
30 25 40.5 68.5 28.5 13.5 125.56 6.2
22 26 40.5 68.5 45 13.5 2.23 1.34
9 27 20.75 40.25 20.25 19.75 54.19 4.9
13 28 20.75 40.25 36.75 19.75 43.27 3.8
1 29 20.75 40.25 20.25 7.25 62.22 34
14 30 60.25 40.25 36.75 19.75 34.28 3.1

Table 3. Analysis of variance (ANOVA) for the experimental results of the CCD quadratic model for glucan

production.
Source Sum of df Mean F-Value P-Value
squares Square
Model 40627.49 14 2901.96 169.09 <0.0001 significant
A-Sucrose 919.46 1 919.46 53.58 <0.0001
B-Time 495.86 1 495.86 28.89 <0.0001
C-Temperature 2654.20 1 2654.20 154.66 <0.0001
D-Inoculum 127.93 1 127.93 7.45 0.0155
AB 0.1661 1 0.1661 0.0097 0.9229
AC 164.16 1 164.16 9.57 0.0074
AD 12.94 1 12.94 0.7541 0.3989
BC 97.27 1 97.27 5.67 0.0310
BD 0.0014 1 0.0014 0.0001 0.9929
CDh 646.05 1 646.05 37.64 <0.0001
A? 21061.34 1 21061.34 1227.22 <0.0001
B2 8289.07 1 8289.07 482.99 <0.0001
C? 15501.16 1 15501.16 903.23 <0.0001
D2 2177.04 1 2177.04 126.85 <0.0001
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Residual 257.43 15 17.16
Lack of Fit 194.83 10 19.48 1.56 0.3267 | not significant
Pure Error 62.60 5 12.52
Cor Total 40884.92 29

Table 4. Fit Statistics for glucan production.

Std. Dev. 4.14 R? 0.9937
Mean 57.64 Adjusted R? 0.9878
CV. % 7.19 Predicted R? 0.9703
Adeq Precision 42.0645

This model suggested that glucan production depends on the linear and quadratic terms of four
selected variables. The three-dimensional response surface plots (3D plots) presented in Figure 2 (a-
f) indicate the glucan for different levels of tested variables. Such plots provide an enormous quota
of combinations of two tested variables while, the other two being fixed at central values.
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Figure 2. Response surface curve (3D plot) of glucan production from Enterococcus hirae OL616073 showing the
interaction between (a) Sucrose concentration and time,(b) Sucrose concentration and temperature, (c) sucrose
concentration and inoculum concentration,(d) Time and temperature, (e) Time and inoculum, (f) Temperature

and inoculum.

Glucan yield achieved was 125.56 g/L once all parameters were fixed at their central points. The
maximum glucan (125.56 g/L) was acquired when sucrose concentration of (405g/L), time (68.5 h),
temperature (28.5 °C), and inoculum of (135 mL/L) were maintained as presented in Table 2. The
response surface plots from the data clearly showed the significance of variables and their mutual
interaction. Similarly, glucan from Leuconostoc dextranicum NRRL B-1146 was influenced by the
sucrose and the released enzyme glucansucrase in fermentation broth [51]. Therefore, glucan secreted
from Enterococcus hirae OL616073 by our method was surpassing the previous reports of EPS
production. Thus, demonstrated remarkable proficiency of Enterococcus hirae OL616073 as a glucan
producer. In light of dearth of comparable studies in the existing literature with same independent
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variables, studies of similar focus using RSM methodologies have been used for drawing out the
comparisons. According to earlier reports from Enterococcus strains, EPS yield varies between 2.07-
2.68 g/L at 40% (400 g/L) of sucrose, temperature 37 °C for 48 h [52]. The dextran yield of 50.56 (g/L)
from Leuconostoc pseudomesenteroides JF17 was reported under optimized conditions of 18% (w/v)
sucrose, 20 °C temperature and pH 7.3 [53].

Another, reported strain Lactobacillus sakei L3 yields a maximum 69.65 g/L dextran EPS at an
initial pH of 6.87, 12.78% sucrose, and 3.15% inoculation volume [51]. Nonetheless, a lower yield of
a-D-glucan from Bacillus velezensis RSDM1 was documented as 1.96 g/L under a combination of 6 %
sucrose, 2 % peptone at 30 °C [54]. RSM optimizes fermentation parameters, determining optimal
conditions mathematically to maximize EPS production. Its ability to analyze variable interactions
could make it a valuable tool for the EPS production process across industries.

The influence of medium variables on biomass yield by Enterococcus hirae OL616073 was
analyzed. The CCRD design and levels of each variable at thirty experimental runs for the biomass
yield dry weight (g/L DW) as a response are presented in Table 2. The analysis of variance and fit
statistics for the biomass production tabulated in Table 5 and Table 6 represents the model as
significant (p < 0.001) and the coefficient of determination (R?) was 0.9842 which means less than 2 %
of the variability was not explained by the model. There was also a logical concord between predicted
R?2and adjusted R? that further acknowledges the significance of this model. The three-dimensional
response surface plots (3D plots) presented in Figure 3 (g-1) indicate the interaction of variables for
biomass production at different levels.

Table 5. Analysis of variance (ANOVA) for the experimental results of the CCRD quadratic model for biomass
production by Enterococcus hirae OL616073.

Source Sum of df Mean F-Value P-Value
squares Square
Model 68.46 14 4.89 66.82 <0.0001 significant
A-Sucrose 3.52 1 3.52 48.09 <0.0001
B-Time 1.24 1 1.24 16.91 0.0009
C-Temperature 1.08 1 1.08 14.75 0.0016
D-Inoculum 4.89 1 4.89 66.78 <0.0001
AB 6.250E-06 1 6.250E-06 0.0001 0.9927
AC 0.0105 1 0.0105 0.1436 0.7101
AD 0.0946 1 0.0946 1.29 0.2735
BC 0.0431 1 0.0431 0.5884 0.4549
BD 0.0001 1 0.0001 0.0008 0.9782
CD 3.68 1 3.68 50.25 <0.0001
A2 31.15 1 31.15 425.72 <0.0001
B2 1.90 1 1.90 25.97 0.0001
C? 29.42 1 29.42 402.09 <0.0001
D? 0.2016 1 0.2016 2.75 0.1177
Residual 1.10 15 0.0732
Lack of Fit 0.9237 10 0.0924 2.66 0.1463 not
significant
Pure Error 0.1739 5 0.0348
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Cor Total 69.56 29
Table 6. Fit statistics for the biomass production.
Std. Dev. 0.2705 R? 0.9842
Mean 4.15 Adjusted R? 0.9695
CV.% 6.51 Predicted R? 0.9199
Adeq Precision 29.2152
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Biomass (g/L)

(=]

Biomass (g/L)

Inoculum (%) '“59
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2355 g
2025 4025

Temperature (°C)

Figure 3. Response surface curve (3D plot) of biomass production from Enterococcus hirae OL616073 Showing the
interaction between (g) Sucrose concentration and time,(h) Sucrose concentration and temperature, (i) sucrose
concentration and inoculum concentration,(j) Time and temperature, (k) Time and inoculum, (1) Temperature

and inoculum.

Moreover, the following second-order polynomial equation was derived with the design expert
software to predict the biomass.

B = —15.65244 4+ 0.197918 X sucrose + 0.046694 X time
+ 0.958312 X temperature + 0.370469 X inoculum
+ 1.12020E — 06 X sucrose X time
— 0.000157 X sucrose X temperature
+ 0.000623 X sucrose X inoculum )
+ 0.000223 X time X temperature
+ 0.000011 X time X inoculum
— 0.009297 X temperature X inoculum
—0.002732 x sucrose? — 0.000330 X time?
—0.015217 X temperature? — 0.002195 X inoculum?

where, B is biomass yield (g/L), A is sucrose (%), B is time (h), and C is temperature (°C) and D is
inoculum (%) of four coded independent variables.

Investigating bacterial biomass, particularly that of lactic acid bacteria, is crucial due to its
widespread significance in fermentation, probiotics, and metabolite production. Production of glucan
along with bacterial biomass could be a greener process without environmental issues. The optimum
biomass from Enterococcus hirae OL616073 was 6.27 g/L at 37.91 % sucrose, inoculum of 14.98 % for
73 h at 26 °C as depicted in Table 7. However, scarce reports are available showing the effect of
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variables on bacterial biomass. Bacillus amyloliquefaciens BPRGS supplemented with 5 % sucrose at a
temperature of 37 °C produced an optimum biomass of 15 g/L at 96 h which further declined
drastically [55]. As a matter of fact, the cell biomass yield could be influenced by growth conditions
provided for each individual strain [56]. Earlier reports from Acinetobacter nectaris showed a decrease
in biomass from 3 to 2 g/L at 12 % and 18 % of sucrose concentrations respectively. Nonetheless,
sucrose concentration has an insignificant effect on Bacillus atrophaeus biomass production [15].
Accordingly, the type of microorganisms involved and the system parameters have an impact on the
biomass growth rate [57].

To determine the validity of the statistical model, predicted and actual values was confirmed, as
listed in Table 7 to assess both glucan EPS and cell biomass production. The highest 122.10 g/L of
glucan EPS was close to the predicted value of 119.17 g/L. similarly, the cell biomass was closely
aligned to the predicted value, affirming the validity of the response and indicating the reliability of
the model. Vasough et al. (2021) also reported that EPS production from Enterococcus spp. reveals the
compliance between actual and predicted values [52]. According to Gu et al. (2017), increased cell
biomass was correlated with EPS production [58]. In the earlier RSM reports, EPS yield was noted to
be influenced by sucrose, inoculum volume and pH from Lactobacillus sakei L3 [51].

Table 7. Validation of the model with the optimized conditions.

Run Variables Responses
Sucrose Time (h) | Temperature | Inoculum | EPS (g/L) Biomass
(%) ) (%) (g/L)
EPS 38.105 73.426 26.944 14.986 124.01 -
Biomass 37.910 73.223 26.839 15.001 - 6.33
EPS+Biomass 38.016 72.996 26.870 15.015 122.10 6.27

4. Economical Significance of Glucan EPS Optimization

Microbial EPS represent a versatile class of biomolecules with wide-ranging applications across
food, pharmaceutical, agricultural, environmental, and health sectors, contributing to advancements
in various industries and addressing key challenges in sustainability and human well-being. Hence,
it is crucial to optimize their production processes for ensuring cost-effectiveness, quality, and
sustainability in these industries. Optimization of microbial EPS production holds significant
economic implications across industries. By refining production processes, including fermentation
conditions, substrate selection, and strain engineering, manufacturers can enhance EPS yield, purity,
and consistency while minimizing production costs. The optimization leads to increased efficiency
in EPS manufacturing, reducing resource consumption and waste generation, thus improving overall
production scalability and profitability. Moreover, a streamlined production pipeline ensures a stable
and reliable supply of EPS for diverse applications with fostering innovation and competitiveness in
these industries.

Ultimately, the EPS production optimisation encourages sustainable practices by optimising
resource utilisation and minimizing environmental impact, in addition to motivating economic
growth by opening up new market opportunities. Rising environmental awareness, growing
pharmaceutical and healthcare sectors, and growing demand for functional food components are all
driving significant growth in the Indian polysaccharide market. Microbial EPS have a lot of potential
in this context because of numerous potentials and benefits. India can improve product quality,
address major health and environmental concerns, and take advantage of growing market trends by
utilising microbial EPS in food formulations, pharmaceutical formulations, agricultural practices,
environmental remediation, and healthcare items. Furthermore, by encouraging innovation in
biotechnology and associated industries, optimising microbial EPS production processes can support
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domestic manufacturing capabilities, lessen reliance on imports, and promote economic
development.

5. Conclusion

The compositions of media employ a significant influence on both biomass and glucan EPS yield
by Enterococcus hirae OL616073 during submerged fermentation. The findings of the study underscore
the importance of sucrose concentration, time, temperature, and inoculum percentage as pivotal
variables for optimization. Leveraging a Central Composite Rotatable Design (CCRD) based
Response Surface Methodology (RSM) model, the research not only assessed but also forecasted the
optimal conditions, resulting in a remarkable enhancement in glucan production from 20.2 g/L to
122.10 g/L. This achievement, to the best of our knowledge, represents one of the highest reported
yields of glucan by a wild-type strain at the lab scale. However, these findings are based on
experiments conducted at the laboratory scale, and thus, extrapolating these results to industrial
settings may encounter challenges due to scale-up complexities, environmental variations, and
downstream processing strategies. Nonetheless, these findings lay a robust foundation for scaling up
glucan production and exploring its commercial potential across various sectors, including food,
pharmaceuticals, and environmental applications. Future research endeavors should aim to address
the identified limitations and pave the way for practical applications of glucan in diverse industries.
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