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Abstract

Background In investigating of (exopolysaccharide) EPS from unconventional sources, lactic acid bacteria have

a vital role due to their generally recognized as safe (GRAS) status. EPSs have diverse applications such as drug
delivery, antimicrobial activity, surgical implants, and many more in many sectors. Despite being important, the main
hindrance to the commercial application of these significant biopolymers is low productivity. Therefore, this study
primarily focuses on optimizing physio-chemical conditions to maximize the previously produced EPS from probi-
otic Lactiplantibacillus plantarum RO30 (L. plantarum RO30) using one factor at a time (OFAT) and method Response
Surface Methodology (RSM).

Results The EPS obtained from L. plantarum RO30 named REPS. The medium formulation for REPS produc-

tion using the OFAT method revealed that sucrose (20 g/L, beef extract (25 g/L), and ammonium sulfate at 4 g/L
concentration were the optimum carbon, organic and inorganic nitrogen sources, and REPS yield was increased

up t09.11+£0.51 g/L. RSM experiments revealed that, a greatly significant quadratic polynomial attained from the Cen-
tral Composite Design (CCD) model was fruitful for specifying the most favorable cultural conditions that have sig-
nificant consequences on REPS yield. The maximal amount of REPS (10.32 g/L) was formed by: sucrose (40 g/L), beef
extract (25 g/L), pH (5.5), incubation temperature (30 °C), and incubation period (72 h). A high closeness was obtained
between the predicted and experimental values and it displayed the efficiency of the RSM.

Conclusion This study was conducted to reinforce REPS production in the probiotic LAB L. plantarum RO30 by utiliz-
ing various experimental parameters. The maximum REPS yield of 10.32 g/L was attained under the circumstances
optimized in the study.
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Background

Exopolysaccharides (EPS) are polymers made up of
long chains of sugar molecules that possess a high
molecular weight and vary in terms of their structures
and properties [1]. These polysaccharides are produced
as secondary metabolites by various microorganisms
such as archaea, bacteria, and fungi [2]. Microbial EPS
can either be attached to the cell surface or released
into the surrounding environment during microbial
growth and metabolism. EPS are further classified
based on their structures into two categories: homopol-
ysaccharides (HoPS) and heteropolysaccharides (HePS)
[3]. HoPS consist of a single type of sugar residue mon-
omer, while HePS are composed of two or more sugar
residue monomers, and in some cases, other organic
molecules as well. The global interest in the produc-
tion and extraction of EPS is driven by its low toxicity,
enhanced bioactivity, and eco-friendly nature. In addi-
tion, EPS possesses multiple advantageous functional
and physicochemical properties, including excellent
water solubility, water retention capacity, emulsification
capability, and ability to promote flocculation. Conse-
quently, EPS finds applications in drug delivery, floc-
culation processes, heavy metal removal, and food
emulsification [4]. Notably, EPS also exhibits a range
of beneficial biological activities that promote human
health, such as antioxidant, antibacterial, hypoglyce-
mic, immunomodulatory, and cholesterol-lowering
effects. As a result, EPS has garnered growing research
attention [5].

Lactic acid bacteria (LAB) are a group of microor-
ganisms informed for their ability to synthesize EPS,
with their final byproducts being generally recognized
as safe (GRAS). These LABs find applications in differ-
ent industries, notably the food [6] and pharmaceutical
sectors [7]. When utilized as a starter cultures or pro-
biotics, LABs are reported to have a significant impact
on the rheology and texture of fermented foods [8].
Among the LAB, Lactobacillus sp. have gained promi-
nence due to their versatility in applications, such as
drug delivery, antimicrobial activity, surgical implants,
wound healing prospects, and many more across vari-
ous districts.

Currently, about 30 species of LAB, including Lac-
tobacillus rhamnosus, Lactobacillus helveticus and
Streptococcus thermophilus [3], have been discovered
as EPS producers. However, their productivity typi-
cally falls within the range of 25-800 mg/L, which is
insufficient for large-scale industrial production [9, 10].
For instance, Lactiplantibacillus plantarum MM89,
isolated from human breast milk, produces EPS with
excellent immunomodulatory properties and acid phos-
phatase activity. It also promotes cytokine production.
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However, the yield of extracellular EPS-MM89 is only
590 mg/L, limiting its potential for large-scale produc-
tion [11].

To facilitate commercial application of EPS, several
strategies have been developed and applied to improve
EPS production, including strain improvement [12],
medium optimization [10, 13].

One of the crucial aspects of the biosynthesis of EPS
from Lactobacillus sp. is medium composition as differ-
ent nutrients preferred by different microorganisms, cul-
ture conditions such as pH, temperature, and incubation
period. By optimizing the components of the medium
and physical growth circumstances, the synthesis of
EPS can be enhanced [14]. Consistently, optimal growth
conditions are outlined operating a one factor at a time
approach (OFAT). Nevertheless, this manner is both
time-consuming and high-priced in terms of materials
and human resources. In the worst outcome, the interac-
tions between variables are frequently missed, leading to
a deceiving conclusion [15]. In preference, computational
intelligence ways such as Response Surface Methodology
(RSM) can be employed to assess the optimal operative
conditions for the highest EPS production. The pur-
pose of the RSM is to ascribe the relationship among the
response and the independent variables by mathematical
models and to optimize this correlation [16]. The Central
Composite Design (CCD) with a quadratic model is pop-
ularly utilized in processes of optimization. This design
demonstrates how different factors affect the studied
domain and the influence of these variables on the results
and optimization procedure [17].

In our previous study, the biologically active heteropol-
ysaccharide (REPS) was produced from the probiotic L.
plantarum RO30 isolated from Romi cheese. It displayed
well in vitro probiotic properties. REPS was extracted and
characterized. The existence of COO—, OH and amide
groups corresponding to typical EPSs was confirmed via
FTIR. It was constituted of glucuronic acid, mannose,
glucose, and arabinose in a molar ratio of 2.2:0.1:0.5:0.1,
respectively. The average molecular weight was 4.96 x 104
g/mol. Also, the findings of in vitro antioxidant activities
suggest that L. plantarum RO30 REPS possesses different
antioxidant mechanisms. In addition to its antioxidant
activity, the REPS also demonstrated good in vivo wound
healing performance gave support for the hopeful use of
REPS for applications as a therapeutic representative for
burn wound healing [18].

So, the current work aimed to modify the cultural
conditions for REPS production from probiotic L. plan-
tarum RO30 using RSM to maximize the yield of REPS.
The data obtained in this study may help to understand
the specific conditions that influence REPS vyield to be
applicable.
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Materials and methods

Culture medium

For the production of EPSs from LAB the modified
MRS media was selected from the literature. The modi-
fied MRS medium used for EPS experiment had the
subsequent composition (g/L): sucrose, 50; peptone, 10;
beef extract, 10; yeast extract, 5; Tween 80, 1; tri ammo-
nium citrate, 2; sodium acetate, 5; MgSO,.7H,0O, 0.2;
MnSO,.7H,0, 0.05; K,HPO,, 2, pH (5.8+0.2) Steriliza-
tion was carried out by heating for 15 min at 121 °C.

Microorganism

The probiotic Lactiplantibacillus plantarum RO30 strain
we previously reported in [18] was employed. Briefly, L.
plantarum RO30 was isolated from Romi cheese sample
from local market in Egypt on specified DeMan, Rogosa
and Sharpe MRS medium (pH 5.8) was incubated at
35 °C for 24 h for the isolation of Lactobacillus sp. The
strain was identified based on 16 S rRNA sequencing
and morphological characteristics. The strain was pre-
served at —80 °C with an MRS medium containing 20%
glycerol [18].

Preparation of inoculum

The bacterial starter was prepared in 250 ml Erlenmeyer
flasks retaining 100 ml sterile MRS medium (18 h at
35°C). The 24 h-old culture, at the logarithmic stage of
growth, with an optical density (620 nm) of 1.0, was used
as the inoculum in all experiments. These cultures were
used as inoculum at 1% (v/v) for all the experiments.

EPS extraction

To extract the EPS, a protocol by Suryawanshi et al
(2019) [14] with minor modifications was followed. Ini-
tially, the MRS medium with 5% sucrose was inoculated
with 1% of the overnight bacterial culture at an optical
density (O.D) of 1.25 at 620 nm. The mixture was then
incubated at 35°C for 72 h. Subsequently, bacterial cells
were separated by centrifugation at 4°C, 4000 rpm in a
refrigerated centrifuge (SIGMA 3-18 KS), and for 20
min. the resulted cell free supernatant was subjected to
trichloroacetic acid (TCA) to attain a final concentration
of 6% (w/v). Then centrifugation was performed again
(4000 rpm at 4°C for 20 min) to get rid of the precipitated
proteins. The clear supernatant was neutralized with
NaOH and the EPS was precipitated by adding 3-vol-
umes of cold absolute ethanol and kept overnight at 4°C.
The precipitate was recovered by centrifugation at 4000
rpm for 10 min at 4°C. The precipitate was dissolved in
ultrapure water and dialyzed for 2 days at 4°C against the
distilled water (changed twice each day), using a dialysis
membrane having a cut-off of 3.5 kDa. After dialysis, the
EPS was re-precipitated with 3-volumes of cold ethanol,
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and left overnight at 4°C. The precipitate was separated
by centrifugation at 4000 rpm for 10 min at 4°C, washed
twice with acetone, and finally with diethyl ether. The
precipitate was dried in the oven at 35°C to a constant
weight was achieved.

Exopolysaccharide yield quantification

The yield of crude REPS was determined using the phe-
nol-sulfate acid method with glucose as a standard [19].
To perform the assay, 1 mL of sample was mixed with 1
mL of 5% phenol solution (w/v), followed by the addi-
tion of 5 mL of 98% sulfuric acid. The mixture was stirred
and incubated at room temperature for 20 min, and the
absorbance was measured at 490 nm. The yield of crude
EPS was calculated based on the obtained absorbance
value using a glucose standard curve.

Procedure optimization and experimental design
Single-factor experiment method

The preliminary screening was carried to select the major
components of the medium for maximizing REPS syn-
thesis by strain L. plantarum RO30. All the experiments
were performed in triplicate to minimize deviation.
Results were expressed as mean + S.E. One-way ANOVA
was used for the single-factor experiment in the optimi-
zation study. Statistical analysis was of generated by IBM
SPSS statistics 28 software. ANOVA data with p<0.05
were considered as statistically significant.

Effects of different carbon origins on REPS production from L.
Plantarum RO30

Various carbon compounds were added to the MRS broth
for observing their effects on REPS Production from L.
plantarum RO30. Different carbon origins (lactose, glu-
cose, sucrose, and galactose) were added individually at
a concentration of 2% (w/v). The yield of crude REPS was
determined using the phenol-sulfate acid method with
glucose as a standard [19].

Effects of different organic nitrogen sources on REPS
production from L. Plantarum RO30

The effect of different organic nitrogen sources were
studied by adding them individually in the production
medium. The organic nitrogen origins include yeast
extract, beef extract, and peptone (25 g/L), and the mix-
ture of (yeast extract, beef extract, and peptone) in the
ratio 1:2:2. The method of determining REPS production
was the same as above.

Effects of different inorganic nitrogen sources on REPS
Production from L. Plantarum RO30

The study also investigated the impact of various inor-
ganic nitrogen compounds, including ammonium sulfate,
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ammonium nitrate, ammonium chloride, triammonium
citrate, sodium nitrite, and potassium nitrate, at a con-
centration of 2 g/L. The method for evaluating REPS pro-
duction remained consistent with the aforementioned
approach.

Effects of different concentrations of ammonium sulfate
on REPS Production from L. Plantarum RO30
Also, the most efficient inorganic nitrogen source
(ammonium sulfate) was used at diverse concentrations
(0.0, 1.0, 2.0, 3.0, and 4.0 g/L) in the production medium
to find out the suitable concentration for REPS produc-
tion [6, 20]. The method of determining EPS production
was the same as above.

All experiments were established at 35°C. The prelimi-
nary screening results would serve as a basis for the RSM
experiment.

Center Composite Design (CCD)

Relying on the results of initial OFAT experiments, the
central composite design matrix of RSM was operated
to optimize the five factors, namely sucrose concentra-
tion (A), beef extract concentration (B), pH (C), incuba-
tion temperature (D), and incubation period (E), at three
coded levels (-1, 0, + 1) for realizing the maximization of
REPS yield. The high status was (+1), medium (0), and
the low status (-1). It is essential to enclose center points
as well (in which all factors are at their central values). To
establish the experimental design and analyze the results,
the Design-Expert software, trial version 11.0 (Stat-Ease
Inc., Minneapolis, USA) was operated. A whole of 45
trials, encompassing 42 factorial points and 3 central
points, were executed (Table 1) [6].

Depending on the CCD experimental data, a sec-
ond-order polynomial model was established, which
correlated the relationship between REPS yield and
the independent variables. The relationship could be
expressed by the following equation:\

Yaciviy = B0 + B1X1 + B2X2 + B3X3 + B4X4
+ B5X5 + B12X1X12 + B13X1X13
+ B14X1X14 + B15X1X15 + B23X2X23
+ B24X2X24 + B25X2X25 + B34X3X34
+ B35X3X35 + B45X4X45 + B11X12
+ B22X2% + B33X3% + B44X4? 4+ B55X52
where, Y is the expected response, X1, X2, X3, X4

and X5 are coded input variables which influence the
response variable Y, O is the intercept term, p1, 2, B3,
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B4, and B5 are the linear coefficient, $11, 322, 33, p44,
and 55 are the quadratic coefficient and B12, f13, p14,
B15, B23, p24, 25, 34, B35, and P45 are the interaction
coefficient.

Statistical analysis of the model

The statistical analysis of the model was accomplished
to assess the analysis of variance (ANOVA). The model
equation statistical significance was completed by Fish-
er’s test value, and the proportion of variance described
by the model was designated by the estimation of mul-
tiple coefficients for each variable. The quadratic mod-
els were manifested as contour plots (3D), and the
response surface curves were created by utilizing the
Design-Expert software, trial version 11.0 (Stat-Ease
Inc., Minneapolis, USA). The degree of excellence of the
polynomial model equation was forecasted employing
the coefficient of determination (R?) and adjusted R% The
predicted optimal REPS vyield and the experimentally
optimal REPS yield were subsequently analyzed using
T-test.

Results

Selection of the influential media components for process
modeling the REPS production and data analysis

Carbon source

According to the ANOVA results, the interaction effects
between different carbon sources and L. plantarum
RO30 on the REPS concentration were found to be sta-
tistically significant (P <0.001) Fig. (1). The supplemented
sugars can be arranged as sucrose, lactose, fructose,
galactose, and glucose in decreasing order of the EPS
yield. Sucrose was more advantageous for REPS genera-
tion by L. plantarum RO30 (3.96 +£0.0651 g/L). The low-
est amount of REPS production was registered in glucose
containing medium (2.97 £ 0.0441 g/L).

Organic nitrogen sources

The various organic nitrogen sources used had a statis-
tically significant (p <0.001) impact on REPS production
by L. plantarum RO30 as shown in Fig. (2). Among the
tested organic nitrogen sources, the highest amount of
REPS production was registered in beef extract contain-
ing medium (6.07 £ 0.008 g/L) as the sole nitrogen source.
The lowest amount of REPS production was registered in
peptone containing medium (2.71+0.018 g/L).

Inorganic nitrogen source
The various inorganic nitrogen sources possessed a sta-
tistically significant impact on REPS production by L.
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Table 1 Design of different trials of the RSM for independent variables
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Fig. 2 Effect of different organic nitrogen sources on REPS production by L. plantarum RO30. Results are presented as means + SE for triplicate. Bars

indicate standard errors

plantarum RO30 as shown in Fig. (3) (P<0.001). Among
the tested organic nitrogen sources, the highest amount
of REPS production was registered in ammonium sul-
fate containing medium (8.89+0.018 g/L) as the sole
inorganic nitrogen source. The lowest amount of REPS
production was registered in a sodium nitrate contain-
ing medium (2.05+0.017 g/L). Comparing the nitrogen
supplements investigated in this experiment in terms
of their effectiveness on REPS synthesis, they could be
organized in descending sequence as ammonium sulfate,

triammonium citrate, ammonium nitrate, ammonium
chloride, potassium nitrate, and sodium nitrate.

Effect of different concentrations of (NH,),SO, on REPS
biosynthesis by L. plantarum RO30

Regarding the effect of different concentrations of
(NH,),SO, on REPS yield by L. plantarum RO30, data
in Figure (4) illustrated that when the concentration of
(NH,),SO,was enlarged the creation raised first and then
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Fig. 4 Effect of different concentrations of (NH,),SO,, on REPS biosynthesis by L. plantarum RO30. Results are presented as means+ SE for triplicate.

Bars indicate standard errors

diminished. The highest amount of REPS production was
registered at a concentration of 4.0 g/L ammonium sul-
fate (9.11+0.51 g/L).

Optimization using RSM

Sucrose, beef extract, and ammonium sulfate at 4.0 g/L
concentration were chosen as the most prominent fac-
tors influencing REPS yield from OFAT experiments.
The most appropriate incubation period, incubation

temperature, pH, and optimum levels of the sucrose
and beef extract and the effect of their interactions on
REPS production were determined by CCD of RSM.
Table 2 showed total forty-five runs based on the model
generated by the software, the details of the actual
and coded values employed in the RSM as well as the
anticipated and observed responses for REPS produc-
tion (Y). The difference in the REPS yield was observed
during the 45 runs of the experiment. The alternation
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Table 2 Central composite design matrix for RSM revealed observed and predicted output of REPS

Run A: Sucrose B: Beef ext. C:pH D: Incubation E: Incubation REPS yield (g/1)

(g/1) (g/1) Temp. (°c) period (day)

Actual Predicted Residual

1 10 15 7 35 5 551 5.55 -0.0404
2 10 15 7 25 5 536 54 -0.0374
3 25 35 55 30 3 7.86 7.89 -0.0269
4 40 35 7 35 5 774 7.77 -0.0334
5 10 15 4 25 5 547 546 0.0132
6 10 15 7 35 1 7.04 7.04 0.0021
7 40 15 7 25 5 6.81 6.84 -0.034
8 40 35 7 25 5 8.01 7.87 0.1421
9 10 35 7 35 5 6.59 6.63 -0.0368
10 40 35 4 25 5 749 753 -0.0398
1 25 25 55 25 3 7.5 752 -0.0222
12 40 35 4 35 1 853 853 -0.0002
13 40 15 7 35 1 8.12 8.12 -0.0044
14 10 15 4 35 1 7.1 7.06 0.0428
15 40 35 4 25 1 898 878 0.2027
16 10 15 4 25 1 7.03 7.06 -0.0268
17 10 15 7 25 1 7.09 7.05 0.0376
18 40 15 4 25 1 8.1 8.1 -0.0008
19 25 15 55 30 3 6.94 7.01 -0.0705
20 40 15 4 35 1 7.89 7.96 -0.0713
21 25 25 7 30 3 7.67 7.68 -0.0134
22 40 15 4 25 5 6.62 6.72 -0.1008
23 25 25 55 30 5 6.82 0.64 0.1811
24 25 25 4 30 3 744 7.52 -0.084
25 25 25 55 30 3 791 8.01 -0.0968
26 40 25 5.5 30 3 10.32 10.01 03137
27 25 25 55 30 3 83 8.01 0.2932
28 10 15 4 35 5 5.85 5.62 0.2253
29 10 35 7 25 1 832 8.1 0.2161
30 40 15 4 35 5 6.72 6.75 -0.0287
31 10 35 4 35 5 6.5 6.49 0.0138
32 40 15 7 25 1 845 8.28 0171
33 25 25 55 30 3 82 8.01 0.1932
34 10 35 7 35 1 8.02 7.98 0.0381
35 10 25 55 30 3 8.5 891 -0411
36 10 35 4 35 1 7.76 7.79 -0.0262
37 25 25 55 35 3 74 748 -0.0752
38 10 35 7 25 5 6.59 6.58 0.0086
39 40 35 4 35 5 7.35 745 -0.1002
40 10 35 4 25 1 793 7.89 0.0367
41 40 35 7 25 1 8.66 9.17 -0.5105
42 10 35 4 25 5 6.37 643 -0.0557
43 40 35 7 35 1 9.08 891 0.1716
44 25 25 55 30 1 773 8.01 -0.2785
45 40 15 7 35 5 6.78 6.86 -0.0769
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within the REPS production was owing to the different
conditions in the experiment in each run, reflecting the
importance of statistical optimization of fermentation
condition over the traditional fermentation conditions.
The results showed that the minimum and maximum
REPS productivity were 5.3 and 10.32 g/L, respectively.
The maximum REPS vyield (10.32 g/L) was obtained
after an optimized culture condition at sucrose 40 g/L,
beef extract 25 g/L, pH 5.5, fermentation temperature
30 °C, and period of fermentation 72 h (Run 26).

The obtained actual results were modeled with the
subsequent second-order polynomial equation to clarify
the relationship among the yield of REPS and the
observed variables: REPS,Y(g/L) = +8.01 + 0.5476 A
+0.4382 B — 0.0797 C — 0.0235 D — 0.6838 E — 0.04 AB+
0.0456 AC — 0.035 AD + 0.055 AE + 0.0538 BC — 0.0269 BD
+0.0331 BE — 0.0037 CD — 0.0137 CE + 0.0419 DE + 1.45 A%—
0.5582 B2 — 0.4032 C2 — 0.5082 D? — 0.6842 E2.
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The results of experimental data were subjected to
analysis of variance (ANOVA), and statistical tests were
performed with the F test shown in Table 3. ANOVA
results for the RSM quadratic equation for the yield
of REPS (Y, g/L) stipulated the ‘F-value’ to be 48.80,
p<0.0001, indicating that the regression model was sta-
tistically significant. There is only a 0.01% chance that
F-value this large could happen because of noise. Model
terms having values of Prob>F less than 0.05 desig-
nated model terms are regarded significant, whereas
those bigger than 0.10 are insignificant. In compliance
with the current model A, B, C, E, A%, B C? D? and E?
were significant model terms. That is, the linear effect of
sucrose, beef extract, pH, incubation time, and the quad-
ratic effect of sucrose, beef extract, pH, and temperature
were significant. The lack of fit F-value of 1.08 insinuates
the lack of fit is not significant in proportion to the pure
error and that the model fits.

Table 3 Analysis of variance (ANOVA) results for the central composite design (CCD) quadratic model for the response

Source Sum of Squares d.f Mean Square F-value p-value
Model 43.05 20 215 488 < 0.0001 significant
A-sucrose 10.2 1 10.2 231.18 < 0.0001
B-beef 6.53 1 6.53 148.04 < 0.0001
C-pH 0216 1 0216 49 0.0367
D-Temperature 0.0188 1 0.0188 0.4267 05198
E-time 159 1 159 360.38 < 0.0001
AB 0.0512 1 0.0512 1.16 0.292
AC 0.0666 1 0.0666 1.51 0.231
AD 0.0392 1 0.0392 0.8887 0.3552
AE 0.0968 1 0.0968 219 0.1515
BC 0.0925 1 0.0925 2.1 0.1606
BD 0.0231 1 0.0231 0.524 04761
BE 0.0351 1 0.0351 0.796 03811
cD 0.0005 1 0.0005 0.0102 0.9204
CE 0.0061 1 0.0061 0.1372 0.7144
DE 0.0561 1 0.0561 1.27 0.2705
A? 519 1 5.19 11771 < 0.0001
B? 0.7674 1 0.7674 174 0.0003
c 04004 1 0.4004 9.08 0.006
D? 0.6361 1 0.6361 1442 0.0009
P 1.15 1 115 26.14 < 0.0001
Residual 1.06 24 0.0441
Lack of Fit 0.9766 22 0.0444 1.08 0.5884 not significant
Pure Error 0.0821 2 0.041
Cor Total 44.11 44
SD 0.21 R? 0.976
Mean 748 Adjusted R? 0.956
CV.% 281 Predicted R* 09143
Adeq Precision 32.1241
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Fig. 5 Response surface plot of the interaction effect of (a) sucrose,

o beef extract (b) sucrose, pH (c) sucrose, incubation temperature
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incubation temperature, (i) pH, incubation period, and (j) incubation
temperature, incubation period on REPS production by L. plantarum
RO30
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The goodness of fit of the model was inspected by the
b determination coefficient (R?). In this case, ANOVA indi-
cated the R? value of 0.976 which is near to 1.0, which

y recommended that the second-order polynomial regres-
f"‘f?"’?g,gg,‘g,zo‘ sion equation has a goodness of fit and reasonable con-

= currence in the response represented by the model. This
once more confirmed a satisfactory adaptation of the
quadratic model to the experimental data and indicated
that this model could interpret 97% response variabil-
2 TW,W, ity. The adequate precision estimates the signal-to-noise
ratio. A ratio more than 4 is greatly desired. The ratio
of 32.1241 indicates an adequate signal. The ‘Pred R? of
0.9143 is in acceptable harmony with the ‘Adjusted R”
of 0.9560 for Y. A good correlation between observed
and predicted results reflected the precision and rele-
vancy of the central composite design for the process of
optimization.

The coefficient of variation (CV) indicates the degree
of precision with which the experiments are compared.
The decreased reliability of the experiment is usually
indicated by the high value of CV. In the current situation
value of CV (2.81) is lower than 10%, indicating that the
model is good and can precisely predict the synthesis of
REPS under the experimental factors, which shows that
the mathematical model was applicable to the simulation
of REPS biosynthesis in this study.

The probability value<0.0001, < 0.0001, 0.0367, and
<0.0001, respectively for sucrose, beef extract, pH, and
incubation period ensures the factors are significant in
the REPS production.

However, the interactions between the factors were
not found to be significant showing that the interac-
tion between factors is not necessary for REPS produc-
tion. Moreover, we could observe the interaction effects
through the 3D response surface plots and contour plots
of the factors in Fig. 5a.

If predicted and obtained values lie on a straight line, it
would refer to a good accordance of the predicted values
and advocate the perfection of the model. The diversion
of actual values from the observed values was plotted in
Fig. (6). It was noticed that there were not many aberra-
tion in the experimental and predicted values revealing
the significance of the model. The results of T-test (One-
Sided p=0.492, two-Sided p=0.985) showed that there
were no significant differenes between the predicted and
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Fig. 6 Predicted Vs. actual values of REPS production (g/L)

actual REPS vyield. Hence, the model was successfully
validated.

Discussion

Although the genetic background of the bacteria affects
the composition and yield of EPS production, the total
quantity of the EPSs are also strongly dependent upon
the nutritional and physical culture circumstances [21].
Many researchers have investigated the total yield of
EPS in different media and production surroundings
[22, 23]. The single-factor experiment and response sur-
face methodology were employed together to refine the
medium components and culture conditions for REPS
production.

The single-factor experiment initially identified the
optimal conditions for REPS production were sucrose,
beef extract, ammonium sulfate at 4 g/L concentra-
tion. Then the optimum concentrations of sucrose and
beef extract, pH, incubation temperature, and the opti-
mum incubation period, and their interactive effects on
REPS production were further optimized by RSM. The
optimal values of the tested variables were sucrose (40
g/L), beef extract (25 g/L), pH (5.5), growth temperature
(30°C), and period of incubation (72 h). Under these opti-
mized conditions, the RSM model predicted a maximum
REPS output of 10.01 g/L. In experimental (actual), the
achieved REPS production amounted to 10.32 g/L.

Due to the variability in carbon metabolism pathways
among lactic acid bacteria, it’s crucial to carefully select
an appropriate carbon source to achieve optimum EPS
production [24, 25]. Also, carbon sources greatly affect
the chemical composition of LAB EPS [26]. In this
study, the five carbon sources demonstrated a statisti-
cally significant effect on the yield of REPS, with sucrose
emerging as the most effective carbon source for REPS
production. However; studies have shown that differ-
ent strains may have individual preferences for specific
sources of carbon which can enhance efficient growth
and EPS synthesis. For instance, sucrose was found to
be more favorable than glucose for L. plantarum 70,810
EPS synthesis [25]. Also, Adesulu-Dahunsi et al. (2018)
[26] found that sucrose (20 g/L) was the best sources of
carbon for EPS production by W. cibaria GA44 (3.6 g/L).
On the other hand, several studies have shown that glu-
cose was an effective carbon source for EPS production
by several LAB strains. Imran et al. (2016) [6] indicated
that L. plantarum NTMIO05 and NTMI20 strains exhib-
ited higher EPS production in the presence of glucose, as
compared with the other carbon sources tested (galac-
tose, lactose, and sucrose). Also, Gancel and Novel (1994)
[27] reported that the maximal synthesis of EPS in Strep-
tococcus salivarius ssp. thermophilus S22 was relying
upon lactose. This preference is enhanced by their bio-
chemical or metabolic potential as well as their genetic
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makeup. LABs utilize various housekeeping enzymes
such as glycosyl transferases, translocases, and polymer-
ases to synthesize polysaccharides. These enzymes utilize
sugars and other components in the medium to produce
the polysaccharides [6].

The carbon source is mainly utilized for the production
of energy required for cell growth and EPS production,
as well as for the biosynthesis of biomass and EPS pre-
cursors. Although amino acids do not directly play role
in EPS production, they may provide key carbon and
nitrogen sources for the synthesis of essential cell com-
ponents. Also, EPS is primarily conjugated with proteins,
and nitrogen sources affect EPS synthesis by influenc-
ing the synthesis of these proteins [28, 29]. Moreover,
the activity of enzymes involved in EPS biosynthesis can
also be affected by nitrogenous sources [30]. So, they
were found to significantly influence EPS synthesis. In
this study, the beef extract positively increased the pro-
duction of REPS more than others and this might be due
to the fact that beef extract possesses numerous nutri-
tional properties, and is constituted of a combination of
peptides, amino acids, nucleotides, organic acids, miner-
als, phosphates, energy sources, and some vitamins. The
incorporation of beef extract in the medium effectively
promotes the growth and metabolism resulting in better
enhanced functionality of the process [31, 32].

Besides carbon and nitrogen sources, inorganic salt
also play a role in influencing the biosynthesis of LAB-
derived EPS. Similar to our results, Ismail and Nam-
poothiri [33] demonstrated that ammonium-sulfate
raised the EPS yield of L. plantarum MTCC 9510 strain
positively, which was elevated from 140 to 1080 mg/L.

Medium pH may affect the growth rate and metabolic
activity of LAB, and hence EPS production. Various
metabolic or enzymatic activities required for EPS pro-
duction may need an optimum pH; therefore, medium
pH is an important process parameter [32]. Although
the optimum pH for EPS formation has been found to
vary depending on the LAB strain and the experimental
conditions, it is generally around pH 6.0 [34, 35] which is
almost similar with our results. Khanh and Thao (2016)
[36] reported that L. plantarum T10 strain produced
the highest EPS amount (397.72 mg/L) at pH 5.5, which
was is in accordance with our results. Haj-Mustafa et al.
(2015) [37] who worked on L. rhamnosus 519 reported
that the maximum EPS amount was obtained at pH 5.7.
Contrary to our results For L. delbrueckii subsp. bulgari-
cus B3 and G12 strains, the greatest amount of EPS was
obtained at pH 6.2, as compared with the other pH val-
ues tested (pH 4.0, 4.5,5.0, 5.5, 6.0, and 7.0) [36]. Also,
Imran et al. (2016) [6] indicated that the neutral pH pro-
moted the EPS production in L. plantarum N'TMIO05 and
NTMI20 strains.
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The optimum fermentation temperature of 30°C was
interesting because of deviation from the optimum
growth temperature of 35°C for L. plantarum [18]. This
was not the same as the majority of the relevant stud-
ies, which recorded the same temperature [1, 38, and
390ne plausible hypothesis posits that microorganisms
may increase EPS production as a protective response
under adverse conditions [1, 40, and 41]. Support-
ing this hypothesis, the research conducted by Wang
et al. [1], Bengoa et al. [13], and Oleksy-Sobczak et al.
[42] revealed optimum temperatures of 27 °C, 20°C,
and 25°C, and respectively. Generally, mesophilic LAB
(lactic acid bacteria) were reported to exhibit maxi-
mum EPS production around 25°C [43]. The stimula-
tory effect of lower temperature on EPS production by
mesophilic LAB can be attributed by the fact that under
sub-optimal growth temperatures slower growing cells
exhibit a slower biosynthesis of cell wall polymers. As
a result, a greater proportion of isoprenoid lipid carrier
precursors, such as undecaprenol (C55) lipid carrier,
are used in the biosynthesis of EPS rather than for cell
wall material production. This increased allocation of
undecaprenol contributes to enhanced EPS production.
Undecaprenol play a critical role in the biosynthesis of
EPS as well as in the formation of cell wall components
like peptidoglycan, lipopolysaccharide, and teichoic acid
[13, 35, and 43].

The optimal incubation period is another important
factor that may play an important role in determining
the yield of EPS from a particular organism. In sufficient
duration can lead to low yield of EPS, whereas exces-
sively prolonged incubation can lead to degradation
of EPS due to glycohydrolase activity, other reactions,
resulting in a reduction in overall productivity [44]. In
our study, the highest EPS production was attained after
72 h of incubation period, aligning with similar findings
by Imran et al. (2016) [6] for L. plantarum NTMIO05 and
NTMI20.

The 3D response surface plots and contour plots of
the factors showed that the interaction among the stud-
ied factors was not significantly different. Wang et al.
(2023) [1] also reported that the interaction among the
three factors (MgSO4 concentration was 0.01%, initial
pH was 7.4, and inoculation size was 6.4%) was not sig-
nificantly different (PAB=0.2197, PAC=0.9243, and
PBC=0.1457). However, the results attained in the cur-
rent study revealed that the mathematical model was
proficient for the reproduction of EPS. Above all, the
optimum conditions for producing REPS increased it
by about 2.5 folds. In the same way, Wang et al. (2017)
[38] informed that EPS output from L. plantarum KX041
was successfully increased about 3-times than the ini-
tial production (0.599 g/L) utilizing RSM at maximum
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circumstances of soybean peptone (20 g/L), fermentation
temperature (35 °C) and pH (6.38).

Conclusion

In this study, the medium composition of modified
MRS media was optimized with the conventional OFAT
method and RSM approaches to enhance the produc-
tion of REPS. REPS yield increased by about 2.5 folds
and reached up to 10.32 (g/L). Similar optimization and
modeling process may be employed in the future for the
higher production of EPS for different applications from
suitable microorganisms.
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