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Abstract: A direct bioconversion of gelatinized starchy waste (GSW) to lactic acid by amylolytic
lactic acid bacterium Lactobacillus plantarum S21 was investigated. Corn steep liquor (CSL) was
selected as the most suitable low-cost nitrogen source for replacing yeast extract, beef extract, and
peptone in De Man, Rogosa and Sharpe (MRS) medium. Plackett–Burman design results indicated
that GSW and CSL were the two most nutrients that significantly influence lactic acid production,
among eight medium components, including GSW, CSL, K2HPO4, CH3COONa, (NH4)2HC6H5O7,
MgSO4, MnSO4, and Tween 80. A new low-cost medium containing only GSW (134.4 g/L) and CSL
(187.7 g/L) was achieved as omitting other six components from the optimized medium had no
effect on lactic acid yield. Batch fermentation at 37 ◦C both in 1 L and 10 L jar fermenters showed
non-significantly different productivity. A by-product, maltose-forming α-amylase, was successfully
achieved up to 96% recovery yield using an ultrafiltration unit equipped with a 50 kDa cut-off
membrane. Crude lactic acid exhibited the additional benefit of antimicrobial activity against food
and feed pathogens Salmonella enterica serovar Typhimurium TISTR 292, Vibrio cholerae TH-001, and
also E. coli ATCC 25922. This study presents a promising bioprocess for the simultaneous production
of lactic acid, and a value-added food enzyme, using only two industrial wastes, GSW and CSL, as
the medium components.

Keywords: lactic acid; amylolytic lactic acid bacteria; gelatinized starchy waste;
Lactobacillus plantarum; corn steep liquor; antimicrobial activity

1. Introduction

Lactic acid (2-hydroxypropanoic acid) is an important organic acid that is widely used in
various industries, particularly food and feed, pharmaceutical, and chemical industries. Owing
to the advantageous functions of lactic acid such as improving protein digestion, and inhibiting
the growth of Gram-negative microflora in the gastrointestinal tract [1–3], lactic acid and calcium
lactate are presently listed in the European Union (EU) Register of Feed Additives, as technological
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additives (functional group: preservatives) for use with feed for all animal species and categories
without restriction, and are subject to re-evaluation [4]. Lactic acid can be commercially produced by
either chemical synthesis or biotechnological fermentation; however, approximately 90% is produced
by microbial fermentation [5]. In case of fermentation, lactic acid bacteria (LAB) consume sugar,
particularly glucose, as a carbon source and metabolize it to lactic acid [6]. Various kinds of raw
materials containing metabolizable sugars such as sucrose, molasses, and other biomasses can be also
used as substrates for lactic acid fermentation, but the important considerations for substrate selection
in industrial lactic acid production are economic reasons and substrate availability [7]. Wastes from
agricultural industries, such as starchy wastes, lignocellulosic biomass, and food wastes have been
extensively investigated in recent years, as alternative and economic raw materials to reduce the cost of
lactic acid production [5,8–11]. Besides, utilizing these agricultural wastes is also an effective strategy
in environmental waste management [12]. Gelatinized starchy waste (GSW) is a type of starchy waste
that is discharged daily from noodle manufacturing processes in high quantities. It has been used to
substitute expensive carbon sources for lactic acid fermentation [13]. In addition to the substrate or
carbon source, another important economic factor of lactic acid production is the high cost of nitrogen
sources like peptone and yeast extract [14]. Yousuf et al. [15] reported on the effect of total solid content
and pretreatment on lactic acid production by a mixed culture using food waste as substrate; a similar
purpose of utilizing food waste for lactic acid production was also reported by Tang et al. [16]. Corn
steep liquor (CSL) is a low-cost alternative medium component for fermentation. It is a by-product of
wet corn milling that has been reported as a rich source of proteins, and it contains vitamins, minerals,
and carbohydrates [9,17]. CSL has been successfully used as an alternative for expensive nitrogen
sources in many fermentation processes [8,9,18,19].

Lactobacillus is one of the most common genera of LAB used in diverse food and agricultural
applications such as starter culture [20], probiotics [21], and food preservatives [22] and also food
processing [23]. In addition, Lactobacillus spp. are also utilized as the key microbe for industrial lactic
acid production [5,24]. Lactobacillus plantarum S21, an amylolytic lactic acid bacterium isolated from
Thai indigenous food products from north Thailand, is selected as a highly efficient LAB strain that
is capable of direct lactic acid production from starchy substrates, due to its ability for extracellular
amylase production for starch hydrolysis, to release sugars for bacterial growth and lactic acid
production [25]. The amylase produced by L. plantarum S21 is well-characterized, and it is identified as
a maltose-forming α-amylase, with the capability to generate maltose from soluble starch. Regarding
the enzyme, it is produced by a generally recognized as a safe (GRAS) microbe. The maltose-forming
α-amylase from L. plantarum S21 is expected to be used in the production of food grade maltose directly
from starchy substrate [26]. This enzyme was attractively stable in a low pH condition, and it always
remained in the culture broth, after the growth of L. plantarum S21 in liquid medium using starch as a
substrate [13]. In order to apply the rare type of amylolytic lactic acid bacterial strain as L. plantarum
S21, and also regarding a huge quantity of daily discharged GSW from a noodle manufacturing plant,
the conceptual idea for the bioconversion process for the simultaneous production of lactic acid and a
value-added by-product as maltose-forming α-amylase using GSW as a substrate, was initiated.

This paper describes the selection and optimization of nutritional components for the
bioconversion of GSW to lactic acid by the selected amylolytic lactic acid bacterium L. plantarum
S21, using a statistical experimental design. A strategic model process for starchy waste treatment
and its utilization by the simultaneous production of lactic acid, and maltose-forming α-amylase,
as a value-added by-product, is also demonstrated. In addition, the simple process of the product
separation of lactic acid and maltose, forming α-amylases is also described.
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2. Materials and Methods

2.1. Microorganisms and Culture Conditions

Lactobacillus plantarum S21, an amylolytic lactic acid bacterium isolated from Thai indigenous food
products [25], was maintained in de Man, Rogosa and Sharpe (MRS) broth with 15% (v/v) glycerol at
−80 ◦C. It was cultured in MRS broth and streaked, to obtain a single colony, prior to utilizing it for
the study. Salmonella enterica serovar Typhimurium TISTR 292 was maintained in Salmonella–Shigella
(SS) agar. The Vibrio cholerae used in this experiment was a clinical strain that was kindly provided by
the School of Allied Health Sciences, University of Phayao. Escherichia coli ATCC 25922 was also used
as a model for antimicrobial activity testing.

2.2. Raw Materials and Culture Media

GSW was collected from a rice noodle factory in Chiang Mai, Thailand, and it was analyzed for
composition, particularly the carbohydrate component, which is an important component for this
experiment. CSL was purchased from Friendship Corn Co., Ltd. (Samut Prakarn, Thailand). Other
organic nitrogen sources, such as whey, soybean meal, and brewer’s yeast were obtained from the local
factories in Thailand. Soy milk was purchased from the local market in Chiang Mai, Thailand. All
other chemicals used in the investigation were of analytical grade, and were procured from HiMedia
Laboratories Pvt. Ltd. (Mumbai, India), Sigma-Aldrich (St. Louis, MO, USA), and Ajax FineChem
(Seven Hills, Australia). The selective media for microbial cultivation, including MRS agar, SS agar,
MacConkey agar, and Eosin methylene blue (EMB) agar were obtained from HiMedia Laboratories
Pvt. Ltd. (Mumbai, India).

2.3. Screening of Nitrogen Sources for Lactic Acid Production

Seed inoculum was prepared by inoculating 5 mL of activated L. plantarum S21 culture into 100 mL
MRS broth containing GSW as a carbon source, and incubating at 37 ◦C under static conditions for
18 h. Some selected organic nitrogen sources including whey, soybean meal, soy milk, and brewer’s
yeast were investigated for their potential to be used as substitutes for high-cost nitrogen sources in the
MRS medium (yeast extract, beef extract, and peptone). All nitrogen sources at 10 g/L concentration
were used as a sole nitrogen source in the modified MRS formula [25], whereas 10 g/L GSW was used
as the sole carbon source. Lactic acid concentration was determined by a high performance liquid
chromatography (HPLC) after cultivation at 37 ◦C for 24 and 48 h. The nitrogen source that produced
the highest lactic acid yield was selected for further studies.

2.4. Screening of Factors Influencing Lactic Acid Fermentation, using a Plackett–Burman Design

The important factors in medium composition that affected lactic acid production were screened
using the Plackett–Burman design at a 100 mL scale. The main effect of each variable was studied
at two levels, low level (−1) and high level (+1). The actual lactic acid quantity (g/L) obtained from
each designed treatment was determined and analyzed by using the statistical software package
Design-Expert 8.0 (Stat-Ease Inc., Minneapolis, MN, USA). The nutritional factors affecting lactic acid
production were determined by the significance of the p-value. All experiments were performed in
triplicate for the mean calculation.

2.5. Statistical Medium Optimization of Lactic Acid Fermentation by L. plantarum S21

A central composite design (CCD) was applied to determine the optimum levels of GSW (X1)
and CSL (X2), and the effects of their interaction on direct lactic acid production by L. plantarum S21.
The statistical design matrix was set with five different levels of each variable including −1.682, −1,
0, +1, and +1.682 (Table 1) and 13 treatments in total were created by the design. The experimental
lactic acid data were analyzed by using multiple regression analysis. To evaluate the reliability of the



Fermentation 2019, 5, 32 4 of 13

quadratic model and the best fit, a time course of lactic acid production was performed in 100 mL
culture broth containing optimum quantities of the two variables suggested by the quadratic equation.
The regression coefficients and model significance were analyzed using Design-Expert 8.0. A second
order polynomial model is described as:

Y = β0 +
2

∑
i=1

βiXi +
2

∑
i=1

βiiX
2
i +

1

∑
i=1

2

∑
j=i+1

βijXiXj

where Y is the dependent variable, Xi are the independent variables, and β0, βi, and βij are the model
coefficients obtained using the linear least squares method.

Table 1. Central composite design (CCD) experimental ranges and levels of the independent variables.

Variable code
Medium

components Unit
Range and levels

−1.682 −1 0 +1 +1.682

X1 GSW g/L 72.50 83.12 108.75 134.38 145.00
X2 CSL g/L 50.00 86.60 175.00 263.39 300.00

2.6. Effect of the Mineral Component Eradication from the Optimized Medium on Lactic Acid Production

In order to reduce the cost of medium, lactic acid production using the optimized medium with
and without minerals was compared. The optimized medium (OM) was composed of 134.4 g/L
of GSW, 187.7 g/L of CSL, 0.1 g/L of Tween80, 1.0 g/L of K2HPO4, 1.0 g/L of CH3COONa·3H2O,
0.5 g/L of (NH4)2HC6H5O7, 0.35 g/L of MgSO4·7H2O, and 0.05 g/L of MnSO4·7H2O. The optimized
medium without minerals (OM-Mi) was composed of 134.4 g/L of GSW and 187.7 g/L of CSL. Seed
inoculums 1% (v/v) was transferred to 800 mL of both OM and OM-Mi broths in a 1 L fermenter
(B.E. Marubishi Co. Ltd., Tokyo, Japan) and the temperature was maintained at 37 ◦C. The pH of
fermentation broth was maintained at approximately 6.0 using 10 N NaOH. Lactic acid quantity, total
sugar, and amylolytic activities were monitored at 3 h intervals for 72 h.

2.7. Antimicrobial Activity of Crude Lactic Acid Produced by L. plantarum S21

Antimicrobial activity was assayed using the filter paper disc diffusion method against some
pathogenic bacteria including S. enterica serovar Typhimurium TISTR 292, V. cholerae TH-001, and
E. coli ATCC 25922. The culture broth obtained from the cultivation of L. plantarum S21 in the OM-Mi
at 37 ◦C for 48 h was harvested and the cell-free culture supernatant (CFCS) was separated by
12,000× g centrifugation at 4 ◦C for 10 min. The CFCS was neutralized with 1 N NaOH to a final pH
7.0, and was sterilized by filtration through a 0.2 µm membrane filter. Selective media such as SS
agar, MacConkey agar, and EMB agar were prepared as per the standard manual described by the
manufacturing company, and freshly prepared cell suspensions of S. enterica serovar Typhimurium
TISTR 292, V. cholerae TH-001, and E. coli ATCC 25922 were dispersed on respective selective media,
using a sterile swab. A sterile 6 mm paper disc (Schleicher and Schuell, Dassel, Germany) was placed
on the solid agar, and then 50 µL of each CFCS prepared previously was gently loaded on the paper
disc. A disc loaded with sterile distilled water was included as a control. Inhibition zones were
observed after incubation at 37 ◦C for 18 h.

2.8. Lactic Acid Production in a 10 L Jar Fermenter

Lactic acid production using a low-cost medium or OM-Mi, as achieved in the previous experiment
was studied in a 10 L fermenter (B.E. Marubishi Co Ltd., Tokyo, Japan) using a 7 L working volume.
Seed inoculums of 70 mL were transferred to 7000 mL of low-cost medium composed of 134.4 g/L of
GSW and 187.7 g/L of CSL. The temperature and pH of the culture were controlled at 37 ◦C and pH
6.0, respectively. An agitation rate of 100 rpm was applied, in order to maintain the homogeneity of
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the culture without aeration. The fermentation medium was maintained at pH 6.0 with the addition of
10 N NaOH. Lactic acid, total sugar, and amylolytic activities were monitored at 3 h intervals for 72 h.

2.9. Separation of Maltose-Forming α-Amylase

In total, 7000 mL culture broth was centrifuged at 12,000× g for 10 min at 4 ◦C to separate the
bacterial cells and insoluble particles before being subjected to ultrafiltration. Separation and recovery
of the maltose-forming α-amylase enzyme (MW 100 kDa) was carried out at 4 ◦C under N2-pressure
filtration in a 400 mL Amicon stirred cell (Millipore, Bedford, MA, USA), using a chemistry regenerated
cellulose membrane of 76 mm diameter and 50 kDa MWCO (Millipore, Bedford, MA, USA). The entire
7000 mL was partially dispensed into the chamber until a total of approximately 300 mL of the retained
supernatant remained, and it was considered to be the concentrated maltose-forming enzyme fraction.
The flow-through supernatant was collected and considered as the lactic acid fraction. Both fractions
were examined for lactic acid concentration and amylase activity.

2.10. Lactic Acid Determination and Amylase Activity Assay

Lactic acid content in the culture broth was determined by HPLC using a Rezex ROA-organic acid
H+ column (Phenomenex, Aschaffenburg, Germany). HPLC (Shimadzu Corporation, Kyoto, Japan)
was operated using 0.005 N H2SO4, pH 2.2, as the mobile phase with a flow rate of 0.5 mL/min, 55 ◦C
column temperature, and a refractive index detector. Total carbohydrate quantity was determined by
using the phenol–sulfuric acid method [27].

Amylase activity was assayed by measuring the amount of reducing sugars released during
starch hydrolysis, using the dinitrosalicylic (DNS) acid method [28]. The reaction mixture containing
0.125 mL of appropriately diluted enzyme and 0.125 mL of 10 g/L soluble starch in 0.1 M phosphate
buffer (pH 6.5) was incubated at 37 ◦C for 10 min. The reaction was stopped by adding 0.25 mL of
DNS (Sigma-Aldrich, St. Louis, MO, USA), boiled for 10 min, and 2 mL of distilled water was added.
Absorbance was measured at 540 nm. Glucose was used as the standard reducing sugar. One unit of
amylase activity was defined as the amount of enzyme that released 1 µmL of reducing sugar per min,
under the assay condition.

3. Results

3.1. Screening and Selection of Nitrogen Sources

Organic nitrogen sources, including whey, soybean meal, soy milk, brewer’s yeast, and corn steep
liquor (CSL) were employed in this study to replace high-cost nitrogen sources in the MRS medium.
Figure 1 shows the effects of different nitrogen sources on lactic acid production compared to MRS
medium. The results showed that lactic acid production was markedly influenced by the type of
nitrogen source. Nitrogen sources in the original MRS (yeast extract, beef extract, and peptone) were
the best supplements for efficient lactic acid production. Among the different nitrogen sources tested
in this experiment, the highest lactic acid yield was obtained from CSL at 9.3 g/L, which was the
closest to the lactic acid yield of the original MRS medium.
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Figure 1. Lactic acid production from various nitrogen sources using L. plantarum S21 under static
conditions at 37 ◦C for 24 h (white column) and 48 h (gray column).

3.2. Screening of Significant Influential Medium Components, by the Plackett–Burman Design

The Plackett–Burman design was applied to screen significant medium components that affect
lactic acid production by L. plantarum S21. The limits of the variables, and a summary of the analysis
of variance (ANOVA) are shown in Table 2. According to the Plackett–Burman design, GSW, CSL, and
MgSO4·7H2O showed positive effects, and thus, their +1 levels would be expected to improve the
production of lactic acid. K2HPO4, CH3COONa·3H2O, (NH4)2HC6H5O7, and MnSO4·7H2O showed
negative effects, and their −1 levels would be helpful for the high production of lactic acid. A low
p-value indicates a significant effect. From our results, GSW and CSL were the most significant
nutritional factors (p-value < 0.05) that affected lactic acid production. In the results listed in Table 2,
an R2 of 0.9969 means that model could explain 99.69% of the total variations in the system. Therefore,
GSW and CSL were selected for further optimization by CCD.

Table 2. The Plackett–Burman design for screening significant variables in lactic acid production at 37
◦C under static conditions for 18 h.

Variables Code Low level (−1) High level (+1) Coefficient p-value

Model - - - 0.0897 0.0011 a

GSW X1 1 15 0.7344 <0.0001 a

CSL X2 1 10 0.1875 0.0153 a

K2HPO4 X3 1 5 −0.2079 0.0901
CH3COONa·3H2O X4 1 10 −0.0627 0.1919
(NH4)2HC6H5O7 X5 0.5 3.5 −0.1705 0.2259

MgSO4·7H2O X6 0.05 0.35 2.3500 0.1273
MnSO4·7H2O X7 0.05 0.35 −2.1277 0.1543

Tween80 X8 0.1 2 −0.0271 0.8878

R-square (R2) 0.9969
Adjust R-square 0.9888

a significance level at p-value < 0.05.

3.3. Quantitative Optimization of Significant Components by CCD

GSW (X1) and CSL (X2) screened by the Plackett–Burman design were further studied by CCD to
establish their optimum levels. To examine the combinatorial effect of these components on lactic acid
production, 13 experiments were conducted, including the CCD of a 22 full factorial design, 2 × 2 axial
star points, and five center points. The design matrix of CCD, the variables, and the corresponding
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results, are presented in Table 3. Data were analyzed by linear multiple regression the Design-Expert
8.0 (Stat-Ease Inc., Minneapolis, Minnesota, USA), and the following equation was obtained.

Y = −86.178 + 1.476X1 + 0.740X2 + 1.049 × 10−3X1X2 − 4.947 × 10−3X1
2 − 2.348 × 10−3X2

2

where Y is the predicted lactic acid concentration, and X1 and X2 are the concentrations of GSW and
CSL, respectively.

Table 3. The CCD experimental design matrix with experimental and predicted values of lactic acid
production at 37 ◦C under static conditions for 18 h.

Run Coded values and actual values Lactic acid (g/L)

GSW (g/L) CSL (g/L) Experimental Predicted

1 −1 (83.12) −1 (86.61) 57.15 56.44
2 1 (134.38) −1 (86.61) 75.41 81.62
3 −1 (83.12) +1 (263.39) 59.03 57.44
4 1 (134.38) +1 (263.39) 86.80 92.14
5 −1.682 (72.50) 0 (175.00) 63.23 75.28
6 +1.682 (145.00) 0 (175.00) 115.38 105.22
7 0 (108.75) −1.682 (50.00) 55.67 72.28
8 0 (108.75) +1.682 (300.00) 62.56 78.04
9 0 (108.75) 0 (175.00) 90.33 93.50

10 0 (108.75) 0 (175.00) 91.42 93.50
11 0 (108.75) 0 (175.00) 95.26 93.50
12 0 (108.75) 0 (175.00) 98.00 93.50
13 0 (108.75) 0 (175.00) 92.49 93.50

Table 4 presents an ANOVA for the quadratic response surface model. According to the regression
analysis of the experimental design, the interactive model term X1X2, with a p-value of more than
0.05, was insignificant, whereas all the other model terms (p < 0.05) were significant. The fitness of the
polynomial model equation was judged by R2. The R2 was 0.9594, indicating the model could explain
95.94% of the variability in lactic acid production.

Table 4. Analysis of variance for the quadratic response surface model.

Source Coefficient
estimate

SS df MS F-value
p-value

(Prob > F)

Intercept/Model 93.50 4229.12 5 845.82 33.09 <0.0001
X1: GSW 14.97 1793.98 1 1793.98 70.91 <0.0001
X2: CSL 2.88 66.24 1 66.24 2.59 0.1515

X1X2 2.38 22.63 1 22.63 0.89 0.3781
X1

2 −3.25 73.52 1 73.52 2.88 0.1337
X2

2 −18.34 2341.07 1 2341.07 91.59 <0.0001

Residual 178.92 7 25.56
Lack of fit 140.16 3 46.72 4.82 0.0814
Pure error 38.76 4 9.69

R2 = 0.9594; adjusted R2 = 0.9304; CV = 6.30%

In order to display the results visually, a three-dimensional surface response plot was generated,
to indicate the interactions of GSW and CSL (Figure 2). A predicted highest lactic acid production
of 105.6 g/L could be obtained at a concentration 134.4 g/L GSW and 187.7 g/L CSL. To verify the
predicted results, an experiment was performed under optimized nutrient levels, and the experimental
lactic acid production was found to be 102 g/L, suggesting that the experimental and predicted values
were in good agreement.
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3.5. Antimicrobial Activity of Crude Lactic Acid Produced by L. plantarum S21 

The cell free culture supernatant (CFCS) obtained from this experiment was tested for 
antimicrobial activity and the result is presented in Figure 4. The CFCS containing approximately 
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Figure 2. The three-dimensional response surface plot demonstrates the effects of CSL and GSW on
lactic acid production by L. plantarum S21 at 37 ◦C after 24 h fermentation.

3.4. Comparison of Lactic Acid Fermentation on OM and OM-Mi in a 1 L Fermenter

Time course of lactic acid fermentation in an optimized medium (OM) in a 1-L fermenter was
presented in comparison to that of the optimized medium without additional minerals (OM-Mi)
(Figure 3). The total carbohydrate contents of both fermentation broths were decreased rapidly from
130 g/L to 20 g/L during the initial 30 h, and remained stable until the end of fermentation (Figure 3a),
and the lactic acid produced from both media reached a maximum of 102 g/L at 30 h (Figure 3b)
whereas the cells in both media grew quickly and reached a maximum of around 5.6 g/L dry cell weight
at 18 h, and decreased after they had reached the highest values in both fermentations (Figure 3c).
Amylase activity from both media was increased to a maximum of around 8 U/mL at 15 h; however,
the enzyme activity of the OM increased much faster than that in OM-Mi, as shown in Figure 3d.
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3.5. Antimicrobial Activity of Crude Lactic Acid Produced by L. plantarum S21

The cell free culture supernatant (CFCS) obtained from this experiment was tested for
antimicrobial activity and the result is presented in Figure 4. The CFCS containing approximately
102 g/L lactic acid with different final pH values clearly showed antimicrobial activity against all
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of the pathogenic bacterial strains tested in different capacities. Regarding the size of the clear zone
formed surrounding the paper disc, non-neutralized CFCS (pH 6.0) showed the highest antimicrobial
activity against E. coli 25922 and S. enterica serovar Typhimurium TISTR 292, whereas a smaller clear
zone was found with neutralized CFCS (pH 7.0). The widest clear zone against V. cholerae TH-001 was
observed clearly, and intriguingly, both neutralized CFCS and non-neutralized CFCS showed almost
the same levels of antimicrobial activity.
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3.6. Trial Experiments for the Separation of Maltose-Forming α-Amylase from CFCS

The separation of maltose-forming α-amylase from CFCS was performed by using an
ultrafiltration unit with a cellulose membrane of 50 kDa MWCO and the resulting recovery efficiency
is demonstrated in Table 5. From the initial activity of the enzyme found in the CFCS of 49,140 U, the
enzyme activity was retained in the unfiltered CFCS was recovered up to 47,343 U, which is calculated
to be 96.3%, whereas the lactic acid yield in the filtrated supernatant was also recovered to a high level
of up to 92.4%.

Table 5. Amylase and lactic acid recovery in an ultrafiltration system with 50 kDa MWCO.

Volume
(mL)

Amylase
(U/mL)

Total amylase
(U)

Recovery of
amylase (%)

Lactic acid
(g/L)

Total lactic
acid (g)

Recovery of
lactic acid (%)

Initial CFCS 7000 7.02 49,140 100.0 84.9 594,300 100.0
Retained CFCS 300 157.81 47,343 96.3 83.1 24,930 4.2

Filtrated
supernatant 6600 0 0 0 83.2 549,120 92.4

4. Discussion

The result of the nitrogen source screening clearly confirmed the importance of the nutritional
requirements for the growth of LAB [14,29], as the highest yield of lactic acid was achieved from the
original MRS medium tailored for LAB development, containing peptone, beef extract, and yeast
extract as the main organic nitrogen source. Among the nitrogen sources tested in this experiment,
CSL is considered to be a feasible and inexpensive alternative nitrogen source, regarding the high
yields of lactic acid that were close to the value obtained from the original MRS. This corresponds to
the previous reports in the cultivation of Streptomyces pilosus [30] and Lactobacillus spp. [9,18,31]. Wee,
Kim and Ryu [24] reported that 85% of CSL comprises of a nitrogen source such as crude proteins and
amino acids. In addition, CSL is also a rich source of natural vitamins, organic acids, minerals, and
other elemental nutrients [9,30]. Therefore, we concluded that CSL is possibly able to be used efficiently
as an inexpensive nitrogen source for L. plantarum S21 cultivation, instead of the high-cost components
such as yeast extract, beef extract, and peptone in MRS medium. However, the CSL components
possibly vary depending on the manufacturer, which may introduce undesirable components for
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microbial fermentation [32,33]. In addition, a high content protein of CSL may lead to the formation
of Maillard reaction products (MRPs) during the media heat sterilization process, which has been
reported to inhibit the growth of some lactobacilli, whereas two strains of L. plantarum (L. plantarum
La-1203 and L. plantarum La-1210) are found to be non-sensitive strains [33]. L. plantarum S21 may also
have attributes of this characteristic. Based on our results, CSL obtained from a domestic company in
Thailand (Friendship Corn Starch Company) was a good alternative nitrogen source for the growth
and metabolism of L. plantarum S21, and it did not show any negative effects on the formation of the
targeted fermentative product.

Regarding the maximum lactic acid yield with a high efficiency of bioconversion as our target,
statistical optimization methodologies, including the Plackett–Burman design, the central composite
design, and the response surface plot were applied, and these statistic experimental designs were very
helpful for obtaining an optimized medium that was mainly comprised of GSW and CSL with other six
mineral salts, which was able to stimulate an increased conversion of GSW to lactic acid (approximately
102–106 g from 134 g GSW). The validation by our experiment, performed under optimized nutrient
levels, and experimental lactic acid production, was found to be 102 g/L (%), suggesting that the
experimental and predicted values were in good agreement. The statistical experimental design has
been successfully utilized in medium optimization for the microbial fermentation process in recent
decades [34–36]. Even the optimization was successfully achieved by helpful experimental designs,
but the production medium and the expensive organic nitrogen sources, such as beef extract, peptone,
and yeast extract, were replaced by CSL, but the optimized production medium is based on the MRS
medium, and is still composed of other mineral salts such as K2HPO4, CH3COONa, and MnSO4,
which might be cost-effective substrates if fermentation is performed on a larger scale. The almost
identical capabilities for L. plantarum S21 growth and lactic acid production in an optimized medium
(OM), and the optimized medium without additional minerals (OM-Mi) (Figure 3) indicated that CSL
not only serves as an excellent alternative nitrogen source, but it also be able to compensate for other
mineral salts in MRS-based medium, and it can also be omitted from the production medium. This
finding leads to an achievement for low-cost media for lactic acid production, which is composed of
only two agricultural wastes, GSW and CSL.

In addition, the cell-free culture supernatant (CFCS), containing approximately 102 g/L lactic
acid with different final pH values, clearly showed antimicrobial activity against the critical restricted
pathogenic bacteria in food and feed industries as Vibrio spp., Salmonella, and E. coli. [37]. Our results
suggested that the antimicrobial activity of CFCS obtained from the cultivation of L. plantarum S21
in OM-Mi is mainly attributed to the acidic condition of the CFCS. However, a clear zone was still
found in a sample with the pH adjusted to 7.0, particularly in the case of V. cholerae TH-001. The result
indicated that besides lactic acid, which is the main product of starch fermentation by L. plantarum S21,
the CFCS possibly contains other antimicrobial agents, such as a bacteriocin called plantaricin [38,39].
Since the prohibition of antibiotics used in animal nutrition has been announced in 2006 by the EU,
the use of organic acids as non-antibiotic alternatives in animal nutrition has increased in the feed
industry, due to safety concerns for animals and humans [1,4]. Lactic acid is one of the organic
acids that are approved and accepted for use as a functional feed ingredient [3,40], and our results
confirm the beneficial effects of CFCS from L. plantarum S21 against pathogenic bacteria from the
genus Salmonella and Vibrio, which often cause contamination problems, particularly in feed for
broiler chickens and swine [40]. Therefore, the CFCS containing lactic acid as the main fermentative
product obtained from this experiment is feasible for various applications, especially in food and
feed products. The high recovery of maltose-forming α-amylase might arise from the suitable pore
size of the ultrafiltration membrane (50 kDa MWCO) used in this experiment and the molecular
weight of maltose-forming α-amylase from L. plantarum S21, which is reported to be 100 kDa [26].
However, the process and the apparatus used in this experiment may not be the most suitable for
practical application, as the capacity of the chamber is too small (400 mL), which caused difficulties in
dealing with a large sample of 7000 mL. Furthermore, the filtration system was operated by a vertical
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flow system, which can easily encounter membrane fouling caused by the deposition of biological
suspensions or macromolecules onto the membrane surface [41]. Fortunately, a top-drive magnetic
stirrer equipped with the ultrafiltration chamber was helpful for overcoming a serious problem such
as the membrane fouling problem, until the total sample volume had been filtrated. However, the
application of this bioseparation model on a large scale requires modifications for a simpler and highly
efficient performance. However, in large-scale production, this limitation may rise from some natural
properties of the substrate. The gelatinized starchy waste is the cooked starch remaining in the noodle
processing. The viscosity of this substrate can cause a problem of mixing, but it will be better after the
rapid growth of L. plantarum S21, which is originally isolated from fermented starch. In additional
to the problems caused from the substrate viscosity, the properties of CSL available from factories
might also be a problem, due to the differences in composition, particularly protein and metal ion
contents. Lower protein contents may effect either the lactic acid yield or its conversion efficiency.
Some undesirable metal ions may inhibit the growth of microbes. Therefore, the standardization of
CSL before its usage is a necessary requirement.

The overall results from this research confirm the high feasibility of using the amylolytic lactic
acid bacterium L. plantarum S21 in the large-scale production of lactic acid for food and feed industries,
using a low-cost medium, and the food-applicable enzyme is also able to produce as a by-product.
Moreover, this lactic acid bacterium originates from Thai fermented rice noodles [25], and due to
its high capability for growth on variety starchy materials, this bacterial strain is also attractive for
applications in the processing of various food, such as pasta [23] and bread production [20].

5. Conclusions

The main purpose of this research is to find the proper processes for the treatment and utilization
of starchy wastes from the noodle manufacturing process, and the direct bioconversion of GSW
to lactic acid was first targeted. CSL was selected as the most suitable low-cost nitrogen source.
The statistical optimization methodology, including the Plackett–Burman design, central composite
design, and response surface plot, were helpfully applied, to obtain an optimized medium that
mainly comprised GSW and CSL with six other mineral salts that were able to produce lactic acid,
(approximately 102–106 g from 134 g GSW). A low-cost medium containing only two agricultural
wastes, GSW and CSL was also discovered, and no effect on lactic acid yield was observed when
omitting all of the other six components from the optimized medium. The bioconversion of GSW
to lactic acid and its by-product was successfully produced in 1 L and 10 L fermenters. Crude
lactic acid obtained from this process demonstrated the additional benefits of antimicrobial activity
against some important pathogenic bacteria in food and feed industries, whereas a maltose-forming
α-amylase was also successfully separated, with a high recovery yield of up to 96%. This study clearly
demonstrates a promising bioprocess for the simultaneous production of lactic acid, and a value-added
maltose-forming α-amylase from L. plantarum S21, using only two industrial wastes, GSW and CSL, as
the medium components.
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