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Abstract
To valorize starchy waste from rice noodle factory, bioconversion of gelatinized starchy
waste (GSW) to value-added product as L(+)-lactic acid, the monomer for polylactate
synthesis, was investigated using amylolytic lactic acid bacterium, Enterococcus faecium
K-1. Screening for appropriate nitrogen source to replace expensive organic nitrogen
sources revealed that corn steep liquor (CSL) was the most suitable regarding high
efficacy for L(+)-LA achievement and low-cost property. The successful applying statistic
experimental design, Plackett-Burman design incorporated with central composite design
(CCD), predicted the maximum L(+)-LA of 93.07 g/L from the optimized medium (OM)
containing 125.7 g/L GSWand 207.3 g/L CSL supplemented with CH3COONa, MgSO4,
MnSO4, K2HPO4, CaCl2, (NH4)2HC6H5O7, and Tween80. Minimizing the medium cost
by removal of all inorganic salts and Tween80 from OM was not an effect on L(+)-LA
yield. Fermentation using the optimized medium without minerals (OM-Mi) containing
only GSW (125.7 g/L) and CSL (207.3 g/L) in a 10-L fermenter was also successful.
Thinning GSW with α-amylase from Lactobacillus plantarum S21 increased L(+)-LA
productivity in the early stage of 24-h fermentation. Not only showing the feasible
bioconversion process for GSW utilizing as a substrate for L(+)-LA production, this
research also demonstrated the efficient model for industrial starchy waste valorization.
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Introduction

Thailand was recognized as one of the large global rice producer, and approximately
55% of the rice production has been distributed for domestic consumption [1, 2]. Apart
from the rice consumption as a daily meal, the raw rice is also significantly used as a
main substrate for a noodle production in Thailand. In rice noodle-processing factories,
large amount of carbohydrate-rich waste/wastewater daily generated during production
processes. Those include raw starchy waste suspended in wastewater effluent generated
during rice washing, soaking, and milling steps and the gelatinized starchy waste
generated during noodle-forming process. Gelatinized starchy waste (GSW), a high
concentration of gelatinized rice flour, consists of approximately 9–10% (w/w) total
carbohydrate [3, 4]. Regarding the waste management, the bioconversion of
carbohydrate-rich waste/wastewater into an alternative fuel and high value-added prod-
uct, e.g., ethanol and organic acids, has been given attention and developed as one of
the efficient and sustainable technologies [5, 6]. In recent years, the lactic acid (LA)
production from various carbohydrate-rich or starchy wastes has been interested as its
high market potential and various applications in food, textile, leather, and electronic
industries as well as the demand of optically pure L(+) or D(−)-LA for serving the
bioplastic industry [7, 8].

Direct conversion of starch to LA has been alternatively done by amylolytic lactic
acid bacteria (ALAB) which enable to enzymatically hydrolyze starch to refined sugars
and LA in single step without saccharification and liquefaction processes. The use of
ALAB for LA production from starch waste, i.e., GSW, is cost effective and promising
a waste biorefinery technology. Previously, Unban et al. [9] studied the L(+)-LA
production from cassava starch using Enterococcus faecium K-1, which a
homofermentative ALAB isolated from starchy waste discharged from factory in north-
ern Thailand, cultivated in de Man, Rogosa, and Sharpe (MRS) medium under anaer-
obic conditions [9]. The authors obtained 99.2% of optically pure L(+)-LA production
under the controlled pH conditions of 6.5 even though high starch concentrations up to
150 g/L were applied. This is one of the advantages for industrial LA production from
starch-related substrates. The MRS medium used for LA production has conventionally
used beef extract, peptone, and yeast extract, as the main nutrient source. Yeast extract
is reported for high content of nitrogenous compounds as well as abundant purine,
pyrimidine bases, and B vitamins [10, 11]. However, using yeast extract, beef extract,
and peptone is uneconomic for LA production which takes almost 40% of the total
production cost [12]. Thus, it is necessary to find a cheap nitrogen sources for replacing
of the high cost nitrogen source in the medium while the high yield of LA production
is still achieved. Some inexpensive nutrients such as corn steep liquor (CSL), hydro-
lyzed cotton seed flour, hydrolyzed soy flour, and ethanol stillage are capable of yeast
extract replacement [13–15].

In this paper, we aim to improve the efficiency of L(+)-LA production from a
carbohydrate-rich waste, i.e., GSW, by using an effective strain, E. faecium K-1, and
find the most cost-effective nitrogen source to substitute for conventional nitrogen
sources in MRS medium. The statistical approaches were used to evaluate the optimal
nutrient composition for L(+)-LA production from GSW using E. faecium K-1. The
optimized low-cost medium obtained in this study has also investigated the feasibility
for practical application.
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Materials and Methods

Raw Materials

GSW was collected from a rice noodle factory in Chiang Mai, Thailand, and was used as
the sole carbon source for L(+)-LA production. The composition of GSW was analyzed
particularly the carbohydrate content using the method described by Kanpiengjai et al.
[3] which is consisted of starch 97.4% (g/g dry weight) and reducing sugar 4.6% (g/g
dry weight). CSL was purchased from Friendship Corn Co., Ltd. (Samutprakarn,
Thailand).

Microorganisms

E. faecium K-1 isolated from starchy waste from factory in Chiang Mai area, Thailand, was
maintained in the MRS broth with 25% (v/v) glycerol at − 80 °C. It was activated by
cultivation in MRS broth at 37 °C for 12 h under static conditions and streaked to single
colony prior to utilizing [9].

Modified MRS Medium and Cultivation Conditions

In this study, the modified MRS (mMRS) medium was previously described by Unban
et al. [9], but GSW was used as a sole carbon source. The mMRS medium that contained
(per liter) 10.0 g of GSW (dry weight basis), 5.0 g of yeast extract, 10.0 g of beef extract,
10.0 g of peptone, 5.0 g of CH3COONa, 1.0 g of Tween80, 2.0 g of K2HPO4, 2.0 of g
(NH4)2HC6H5O7, 0.2 g of MgSO4, 0.2 g of MnSO4, and 0.01 g of CaCl2 E. faecium K-1
was enriched by transferring a single colony of the culture to the mMRS medium and
incubated at 37 °C for 18 h prior to applying in the test. The obtained culture was used as
an inoculum in this study.

Preliminary experiments were conducted in batch cultivations to investigate (i) the activity
of E. faecium K-1 in the mMRS medium containing GSW as a sole carbon source and (ii) the
optimal nitrogen source for LA production. To evaluate the performance of E. faecium K-1
cultivated in the mMRS medium containing GSW, 1.0% (v/v) inoculum was transferred to a
250-mL laboratory glass bottles (DURAN, Wertheim, Germany) containing 200-mL mMRS
medium. The pH was maintained at 6.5 with 10 N NaOH during the incubation. The tested
flask was done in triplicate and incubated at 37 °C under static condition for 48-h test. Culture
broth was sampling at 6-h intervals to determine viable cell count, the maximum LA
production, and amylase activity.

To evaluate the optimal nitrogen source for LA production, beef extract, yeast extract, and
peptone in the mMRS medium were omitted and replaced with various organic and inorganic
nitrogen sources, i.e., CSL, skim milk, casein, soybean meal, urea, (NH4)2SO4, NH4NO3, and
(NH4)2HPO4. The nitrogen source providing the highest yield of LA production was selected
for further studies. In this study, the cultivations were carried out in 250-mL laboratory glass
bottles containing 200-mL mMRS medium with different nitrogen sources in each flask
inoculated with 1.0% (v/v) inoculum (109 CFU/mL). The flasks were incubated at 37 °C for
48 h under pH-controlled conditions at 6.5. To determine LA production from the mMRS with
each different nitrogen sources, the culture broth was aseptically sampling production at 12-h
interval for 48 h.
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Experimental Design

In this study, a 15-run Plackett-Burman design was used to screen and identify the nutritional
factors that had significant influence on L(+)-LA production among nine nutritional factors
including GSW, CSL, Tween80, K2HPO4, CH3COONa, (NH4)2HC6H5O7, MgSO4, MnSO4,
and CaCl2. Each factor was examined at two levels, low level (− 1) and high level (+ 1). The
factors and their corresponding levels used in the experimental design are listed in supple-
mentary Table S1. The statistical software package Design-Expert 8.0 (Stat-Ease Inc., Minne-
apolis, MN, USA) was used to generate a set of 11 experimental designs. The most significant
nutritional factors (i.e., GSW, CSL) obtained from Plackett-Burman design determined their
optimal concentrations for high effective LA production by using central composite design
(CCD) and described their interactive effects of GSW and CSL on LA production by using
response surface methodology. These factors were tested at five levels, combining factorial
points (− 1, + 1), axial points (−α, +α), and central point (0), as presented in supplementary
Table S2. The combination of different optimized factors, which yielded the maximum
response, was determined in an attempt to verify the validity of the model. The results of
the experimental design were analyzed and interpreted using Design Expert Version 8.0 (Stat-
Ease Inc., Minneapolis, MN, USA) statistical software. To evaluate the reliability of the
quadratic model and the best fit, time course of LA production was performed using the
optimum quantities of the two variables suggested by quadratic equation.

Validation Experiment and Effect of Minerals Deletion on the L(+)-Lactic Acid
Production

The optimal concentrations of GSW and CSL obtained from the experimental design were
experimentally validated for L(+)-LA production. The validation experiments were carried out
in 250-mL laboratory glass bottles containing 200-mL optimized medium (OM) comprising
125.7 g/L of GSW (dry weight basis), 207.3 g/L of CSL, 5.0 g/L of CH3COONa, 1.0 g/L of
Tween80, 2.0 g/L of K2HPO4, 2.0 g/L of (NH4)2HC6H5O7, 0.2 g/L of MgSO4·7H2O, 0.2 g/L
of MnSO4·H2O, and 0.01 g/L of CaCl2. In order to minimize the production cost of medium,
LA fermentation of E. faecium K-1 on optimized medium without minerals (OM-Mi) (125.7 g/
L of GSW (dry weight basis) and 207.3 g/L of CSL) was also investigated. To evaluate L(+)-
LA production from both cultivations in OM and OM-Mi broths, 1.0% (v/v) inoculum was
transferred in 250-mL laboratory glass bottles containing 200-mL medium at 37 °C for 48 h.
The pH was controlled at 6.5 during the cultivation. The culture broths were aseptically
sampling at 6 h interval for 48 h to measure LA production, viable cell count, and amylase
activity.

L(+)-Lactic Acid Production in 10-L Fermenters

In order to compare the efficiency of common commercial nutrient with the low-cost opti-
mized medium obtained from this experiment, the large-scale trial experiment in 10-L jar
fermenter (BEMT Expert of Bioengineering model, Marubishi Ltd., Japan) was operated with
the working volume of 8 L under anaerobic conditions and mixed mechanically at 100 rpm to
provide a homogenous condition. The temperature and pH were maintained at 37 °C and 6.5,
respectively, with on-line monitoring equipment. In addition, the effect of GSW thinned with
amylolytic enzyme using as substrate on bacterial growth and L(+)-LA production was also
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investigated. Three experimental sets were carried out to evaluate the performance of L(+)-LA
production in three different cultivation media: (i) modified MRS medium (mMRS), (ii)
optimized medium without mineral (OM-Mi) containing 125.7 g/L of GSW (dry weight basis)
and 207.3 g/L of CSL, and (iii) optimized medium without mineral using thinned GSW (OM-
Mi + Amy). GSW thinning process was performed using 375 U of maltose forming α-amylase
from L. plantarum S21 expressed in E. coli [16] for 10 min at 37 °C before being used as
substrate.

Amylase Activity Assay

The activity of amylase was assayed by measuring the amount of reducing sugars released
during starch hydrolysis using the dinitrosalicylic (DNS) method [17]. The reaction mixture
containing 0.125 mL of appropriately diluted enzyme and 0.125 mL of 10 g/L of soluble starch
in 0.1 M phosphate buffer (pH 6.5) was incubated at 37 °C for 30 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, and the absorbance was measured at 540 nm. One unit
of amylase activity was defined as the amount of enzyme that released 1 μmole of reducing
sugar per min under the assay condition. Glucose was used as the standard.

Analytical Methods

LA content in culture broth was analyzed by HPLC equipped with Aminex HPX-87H column
(Bio-Rad Laboratories, Richmond, CA, USA). HPLC was operated using 0.005 M H2SO4

pH 2.2 as a mobile phase with 0.8 mL/min flow rate, at 65 °C column temperature, and
detected with a refractive index detector. Optically, pure D(−) and L(+)-LA were analyzed by
D-/L-lactic acid assay kit (Megazyme, Bray, Co. Wicklow, Ireland).

Results and Discussion

Microbial Growth and Time Course of Amylase and L(+)-Lactic Acid Production

The cultivation of E. faeciumK-1 on mMRS broth using GSWas a sole carbon source at 37 °C
for 48 h under pH at 6.5 was conducted. The values of maximum viable cell, amylase activity,
and L(+)-LA were 9.1 logCFU/mL, 2.0 U/mL, and 7.9 g/L, respectively, after 48 h of
fermentation (Fig. 1). An amylase activity gradually increased and reached to the maximum
value of 2.1 U/mL at 18 h, then stable until 48 h, while the viable cell number was stable
approximately 9.0 logCFU/mL since only 6 h until the end of cultivation. This result
confirmed the ability of L(+)-LA production from GSW as carbon source by E. faecium K-1
under pH control as 6.5 which corresponded with the results clearly described by Unban et al.
[9]. Therefore, GSW had been considered as carbon source for the L(+)-LA production during
this study.

Screening for Appropriate Nitrogen Sources for L(+)-Lactic Acid Production

An inexpensive organic and inorganic nitrogen sources were investigated with the purpose of
finding the inexpensive nitrogen source for replacing the high-cost nitrogenous components,
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i.e., yeast extract, beef extract, and peptone, in mMRS formulation. The highest L(+)-LAvalue
of 7.8 g/L was obtained from the mMRS medium using CSL as nitrogen source (yeast extract,
beef extract, and peptone replaced by CSL) at 48-h cultivation which was almost nearly close
to L(+)-LA yield obtained from the cultivation in mMRS medium (Fig. 2). The results agreed
with the previously reported work which CSL was the most appropriate nitrogen source used
for L(+)-LA production instead of yeast extract, beef extract, and peptone in MRS medium
[11, 14, 18, 19]. The most important, up to 85% of CSL, is nitrogenous components. However,
the components of CSL are varying depend on manufacturer that may bring the undesirable
component for microbial fermentation processes. Based on the results obtained from our study,
CSL obtained from Friendship Corn Starch Company, Thailand, was a good option for an
alternative nitrogen source for the growth and metabolism of E. faecium K-1 and the negative
effect of the formation of targeted fermentative product was not observed. Regarding the
previous study by Hull et al. [20], the chemical composition of four different corn steep waters
was analyzed and found that iron was the most prevalent heavy metal present in corn steep
water; meanwhile, chromium and cadmium were not detected in all samples. Copper and
nickel were detected at approximately 1.6 mg/L or less, while lead was detected in only one
sample at concentration of 36 μg/L. Those heavy metals found in CSL are able to cause the
inhibitory effect on the bacterial growth; however, based on our results in this experiment, CSL
obtained from the local factory was proven to be a good option for alternative nitrogen source
for the growth and metabolism of E. faecium K-1 and did not show any negative effect of the
formation of targeted fermentative product.

Screening of Nutritional Factors Influence on L(+)-Lactic Acid Production Using
Plackett-Burman Design

Nine nutritional factors were analyzed for their effects on L(+)-LA production using Plackett-
Burman design. Statistical analyses of the responses were conducted via t test for ANOVA (see
supplementary Table S3 for details). Factors evidenced the p values of less than 0.05 were
considered to have significant effects on the response and selected for further optimization
studies. Among the variables screened, GSW and CSL were indicated as the most significant
factors enhancing L(+)-LA production at p value less than 0.05 while the other nutritional
factors had no significant effect. According to the most efficient process for the L(+)-LA

Fig. 1 Time course of lactic acid, amylase activity, viable cell of E. faecium K-1 cultivated in MRS medium
containing GSW as a sole carbon source at 37 °C under controlled pH at 6.5
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production obtained in this study, GSW was successfully used as sole carbon source, while
CSL could serve as a main nitrogen source and essential mineral for the bacteria growth. These
results were in good agreement with Jin et al. [21] who investigated the effect of nitrogen
sources on LA production from potato starchy waste effluents by Rhizopus arrhizus DAR
36017. The authors reported that supplementation of nitrogen source might be unnecessary if
starchy waste effluents was used. However, Zhang et al. [22] who studied on the effect of
different ratios of carbon to nitrogen sources (C/N) on LA production using the same fungal
strain, R. arrhizusDAR 36017, found that low C/N ratio enhanced the production of LA, while
a high C/N ratio favored the production of by-products.

Optimal Medium Composition

Based on the Plackett-Burman design, two factors (GSWand CSL) significantly influenced the
L(+)-LA production were used to determine the optimum levels of these factors. The results
are presented in supplementary Table S4. The second-order polynomial equation based on the
actual values was as follows:

Lactic acid ¼ 53:62þ 0:48X 1 þ 0:04X 2 þ 3:84� 10−4X 1X 2−2:03� 10−3X 1
2−1:89

� 10−4X 2
2

where X1 and X2 are the concentrations of GSW and CSL, respectively.
The 3D response surface plots are the graphical representations of the regression

equation and are plotted to understand the interaction of the variables to locate the
optimum level of each variable for maximum response. Each response surface plots for
L(+)-LA production are shown in Fig. 3. The optimum concentrations of GSW and CSL
based on the model equation were 125.7 g/L and 207.3 g/L, respectively. Using these
optimized parameters, the predicted maximum L(+)-LA production was 93.07 g/L at

Fig. 2 Lactic acid production from various nitrogen sources based on MRSmedium containing 1.0% (w/v) GSW
as a sole carbon source at 37 °C under static condition for 24 and 48 h
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48 h, while the C/N ratio was 3.06. In general, LA fermentation is associated cell growth,
the product does not synthesize if the medium contains insufficient nitrogen concentration
for promoting bacteria growth. On the other hand, high concentrations of nitrogen may
lead to cell death and inhibition of the product [23].

Validation of Statistical Optimized Medium and Effect of Mineral Deletion
on L(+)-Lactic Acid Production

The growth kinetics in the L(+)-LA production using the predicted OM are shown in
Fig. 4. The cell grew rapidly and reached stationary phase after 12 h. The maximum L(+)-
LA production of 90.2 g/L was obtained at 48 h which was calculated to be 96.9%

Fig. 3 Response surface plot of lactic acid production by E. faecium K-1 depends on the varied concentration of
GSW and CSL

Fig. 4 Time course of lactic acid, amylase activity, and viable cell number of E. faecium K-1 cultivated in
200 mL of predicted optimized medium (OM) and optimized medium without minerals added (OM-Mi) at 37 °C
under static condition for 48 h
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validation. The obtained maximum production indicates that CSL can provide a sufficient
source of nutrients to support microbial growth and L(+)-LA production which could be
indicated by the trend of microbial growth and L(+)-LA concentration. In view of the
complex nutritional requirements of the L(+)-LA fermentation, it was observed that the
nutrient in CSL was adequate to promote microbial growth and L(+)-LA production.
Since only two factors (GSW and CSL) were considered to be the most significant

factors affecting L(+)-LA production, however, other mineral salts composed in the
mMRS medium were also included in the OM composition. The effect of mineral salts
on the LA production by E. faecium K-1 has been revealed in Fig. 4. The maximum LA
production, amylase activity, and bacterial growth from OM without other inorganic
mineral salts and Tween80 (OM-Mi) have been obtained as 90.1 g/L, 1.62 U/mL, and 9.2
logCFU/mL, respectively, after 48 h with 37 °C under static condition. It had been
observed from our data that E. faecium K-1 shows the well growing and performs LA
production efficiently in OM-Mi as the same as OM for the whole fermentation period.
This result confirmed that CSL is an excellent low-cost nitrogen source used for L(+)-LA
production by E. faecium K-1. This may be due to the fact that CSL contains abundance
of sufficient vitamins and minerals for supporting the bacterial cell growth [24]. This
evidentially supported the conclusion that the OM-Mi is also able to be used for efficient
production of L(+)-LA by E. faecium K-1.

L(+)-Lactic Acid Production in 10-L Jar Fermenter

The kinetic parameters of L(+)-LA concentration, productivity, and viable cell of
E. faecium K-1 during fermentation for comparison between the cultivation in mMRS,
OM-Mi, and OM-Mi using GSW thinned with recombinant α-amylase (OM-Mi + Amy)
were carried out and the results are presented in Table 1. In comparison between OM-Mi,
a new low-cost medium discovered from this research, and mMRS, the capability of
E. faecium K-1 in bioconversion of GSW to L(+)-LA was non-significantly different
particularly at the fermentation time given the highest productivity at 24 h. The result
confirms the efficacy of the new low-cost medium for replacing the high cost medium as
mMRS. However, comparison of three media tested in this experiment revealed that the
highest quantity of L(+)-LA at 89.6 g/L was found from OM-Mi + Amy after 48-h
fermentation. Moreover, even the highest productivity of all media were found at the
same cultivation time at 24 h, but OM-Mi + Amy gave the highest productivity (3.15 g/L/
h) significantly different from 2.93 to 2.89 from mMRS and OM-Mi, respectively. This
may be due to the fact that thinned GSW had lower viscosity than normal GSW which
directly affected on mass transfer of microbial fermentation and influenced on L(+)-LA
production. Meanwhile, viable cell number from all conditions was almost similar since
12 h of fermentation and stable until 48 h which means that the medium composition
from all conditions was not affected on the microbial growth, but directly influenced on
the bacterial cellular metabolism in conversion of starch to L(+)-LA.
The data of LA production from starch-based substrates by some lactic acid bacterial

strains using various nitrogen sources is presented in Table 2. Though it is improper to
compare all producing parameters from the different experiments, it is able to distinguish
roughly on the nitrogen sources used in this study and others in which the high cost
nitrogen sources (yeast extract, peptone, and beef extract) are used in the LA production
by ALAB [3, 25–27]. In case of non-amylolytic LAB, most of the starch-based substrates
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have to be used in the form of hydrolysate [28–34]. That means the pre-treatment process
by either chemical hydrolysis or enzymatic digestion is required and becoming the cost-
effective factor for the production in the larger scale. Overall results from this study
indicate the success of the application of experimental design in medium optimization for

Table 2 Lactic acid production from starch-based substrates by lactic acid bacterial strains using various nitrogen
sources

Microorganism Carbon source,
concentration (g/L)

Nitrogen
source

Fermentation
time (h)

Lactic
acid
(g/L)

Yielda

(g/g)
Productivity
(g/L/h)

Reference

ALAB
Enterococcus
faecium
No.78

Sago starch, 20 YE, BE,
PT

15 16.6 0.93 1.10 [25]

Lactobacillus
amylophilus
GV6

Red lentil, 15.2 RL, YC 42 13.5 0.88 0.28 [26]

Lactobacillus
plantarum
S21

Starchy effluent, 80 YE, BE,
PT

48 59.4 0.90 1.23 [3]

Lactobacillus
manihotivo-
rans
LMG18011

Rice starch and
food waste, 50

YE, BE,
TT

64 41.4 1.02 0.64 [27]

Enterococcus
faecium K-1

Gelatinized starchy
waste, 125.7

CSL 48 87.2 0.88 1.82 This
study

LAB
Lactobacillus
casei
NCIMB
3254

Cassava bagasse
hydrolysate,
87.3

YE 60 83.8 0.96 1.40 [28]

Lactobacillus
rhamnosus
HG 09

Acorn starch
hydrolysate, 100

Wheat bran
hydroly-
sate

36 57.6 0.46 1.60 [29]

Lactobacillus
sp. RKY2

Rice and wheat
bran
hydrolysate, 136

Rice and
wheat
bran
hydroly-
sate

45 129.0 0.95 2.90 [30]

Enterococcus
faecalis
RKY1

Wheat flour
hydrolysate, 200

CSL, YE 24 102.0 0.97 4.87 [31]

Lactococcus
lactis subsp.
lactis

Potato starch waste,
20

YE, BE,
PT

24 18.9 0.94 0.79 [32]

Lactobacillus
rhamnosus

Sweet potato
waste, 30

YE, ME 70 10 0.30 0.14 [33]

Lactobacillus
paracasei

Ethanol production
waste (mixed of
cassava, rice,
wheat and
barley), 51.1

Yeast
autoly-
sate

32 50.6 0.99 1.58 [34]

YE yeast extract, BE beef extract,ME malt extract, PT peptone, TT tryptone, CSL corn steep liquor, RL red lentil,
YC baker’s yeast cells
a Lactic acid yield (g/g) = lactic acid formation (g)/substrate consumption (g)
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L(+)-LA production by the ALAB E. faecium K-1 in 10-L scale batch fermentation and a
low-cost medium is achieved as it is composed of only two agricultural wastes, GSWand
CSL. This research is not only confirmed the successful in L(+)-LA production by the
single-step fermentation using ALAB, the feasible model of attractive starchy waste
treatment process is also demonstrated. However, more further experiments are required
for the production of L(+)-LA from GSW and CSL in the larger scale such as the trial
experiment in various fermentation types in order to reduce the time of fermentation and
obtain the higher productivity. Moreover, the economic evaluation of L(+)-LA directly
from GSW by low-cost medium should be more studied to evaluate the techno-economic
feasibility of its commercial production. Since many researchers developed the model to
provide the competitive economic benefits of lactic acid production from starch and
lignocellulosic materials [35–37].

Conclusions

E. faecium K-1 had potentiality in production of L(+)-LA directly from GSW. The low-
cost medium was achieved by using an alternative inexpensive nitrogen source. CSL
completely replaced the traditional costly sources (yeast extract, beef extract, and pep-
tone). The optimization of medium composition was successfully performed by using the
statistic experimental design and a low-cost medium containing only GSW and CSL as
carbon and nitrogen sources was achieved. LA fermentation in a 10-L fermenter using a
low-cost medium was also successful; however, more further experiments are required for
the L(+)-LA production from GSW and CSL in the larger scale.
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