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Abstract
The aim of this study was to perform the adaptation of Lactobacillus paracasei NRRL B-4564
to substrate through adaptive evolution in order to ensure intensive substrate utilization and
enhanced L (+)-lactic acid (LA) production on molasses-enriched potato stillage. To evaluate
the strain response to environmental conditions exposed during the adaptation process and to
select the best adapted cells, the antioxidant activity and LA-producing capability were
assessed in batch fermentation. The most promising adapted strain was further used in a
pulsed fed-batch mode. Among three selected adapted strains, L. paracasei A-22 showed
considerably improved antioxidant capacity, demonstrating more than onefold higher 2,2-
diphenyl-1-picrylhydrazyl (DPPH) radical-scavenging rates compared to parent strain. This
strain also exhibited superior LA production in batch fermentation and reached 89.4 g L−1 of
LA, with a yield of 0.89 g g−1, a productivity of 1.49 g L−1 h−1, and an optical purity greater
than 99%. Furthermore, in fed-batch mode L. paracasei A-22 resulted in 59% higher LA
concentration (169.9 g L−1) compared to parent strain (107.1 g L−1). The strain adaptation to
molasses environment, performed in this study, is a rather simple and promising method for
enhancement of LA production on the complex agro-industrial substrate.

Keywords Strain adaptation . Antioxidant activity . Lactic acid . Fed-batch fermentation . Sugar
beet molasses . Potato stillage

Introduction

Lactic acid bacteria (LAB) are a group of industrially important microorganisms that are
extensively used in various applications, ranging from the fermentation of food and beverages
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to production of valuable products such as bacteriocins, exopolysaccharides, and lactic acid
(LA). Over the past years, fermentative production of LA has attracted a considerable
attention, mostly due to increasing demand for LA as a starting material for polylactic acid
(PLA), a biodegradable and biocompatible polymer suitable for food packaging, drug delivery
systems, children toys production, etc. [1].

In industrial bioprocesses, LAB are challenged by variety of adverse and fluctuating
conditions, such as acid, temperature, oxidative, osmotic and nutrient stresses, etc. [2]. To
ensure their efficient industrial applications, a resistance of microbial strains to stress condi-
tions often needs to be improved [3]. Among different physiological features, improving the
antioxidant properties was found to be an effective approach for increasing general robustness
of LAB against multiple stresses [4]. Some LAB have evolved protection systems, including
both non-enzymatic components and antioxidant enzymes in order to overcome the damaging
effects of reactive oxygen species (ROS) generated during stressful conditions [2, 4]. Low-
intensity oxidative stress can trigger adaptive response and may be beneficial due to strength-
ening of antioxidant protective potential of the microorganism [5, 6], suggesting that gradually
increasing stress conditions could improve the strain robustness. Ability of microorganisms to
rapidly adapt to different environmental conditions has been successfully applied in order to
evolve microbial strains with desired characteristics for different biotechnological purposes
[7]. Thus, the adaptation of producing microorganisms to high concentrations of specific
sugars or fermentation inhibitors has been suggested to enhance bioethanol and xylitol
production [8–10]. However, data on development of adapted LAB used for LA production
are insufficiently presented in literature, although essential for their efficient application in
large-scale fermentation, especially on cheap and renewable substrates with a complex
composition.

Sugar beet and cane molasses are relatively inexpensive industrial by-products which have
been used for production of ornithine, succinic acid [11], lysine [12], polysaccharides [13, 14],
and LA [15]. In these fermentations, molasses was subjected to different pretreatments (cation
exchange resin, sulfuric acid, tricalcium phosphate, potassium ferrocyanide, and EDTA
treatments) in order to remove metal ions, dark-colored substances, and other compounds
which may inhibit the growth of microorganisms and enzymes associated with product
biosynthesis [11–15]. The adaptation of microorganisms used for fermentation to molasses
could be a simpler and economically more favorable approach for improvement of fermenta-
tion efficiency. In order to avoid or reduce substrate-associated osmotic stress and achieve high
productivities, fed-batch fermentation has been widely studied and applied in different fer-
mentation processes [16]. It was proved to be more efficient method for LA production on
synthetic substrates compared to batch process [17, 18]. However, the studies of fed-batch
fermentation on waste substrates are still limited, mainly because of high dry matter content
and complex structure of waste substrates, as well as difficulties to establish an adequate
feeding strategy [19].

The main objective of this study was to develop the process for effective adaptation of
L. paracasei NRRL B-4564 to sugar beet molasses in order to ensure intensive substrate
utilization and enhanced LA production on molasses-enriched distillery stillage. To eval-
uate the strain response to environmental conditions exposed during the adaptation
process, an antioxidant capacity of L. paracasei was assessed. Further, the adapted
L. paracasei strains were challenged and compared in batch fermentation mode. Finally,
the best adapted strain was selected and used in pulsed fed-batch fermentation in order to
improve efficiency of the fermentation.
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Materials and Methods

Preparation of Fermentation and Adaption Media

Distillery stillage remained after bioethanol production on wasted potato was obtained from
Reahem ethanol plant (Reahem d.o.o., Srbobran, Serbia). Sugar beet molasses remained after
the final crystallization stage and separation of raw sugar was provided from Alpis-SLC
ethanol plant (Swan lake d.o.o., Belgrade, Serbia). Potato stillage had the following compo-
sition: total sugars, 1.57% (w/w); total nitrogen, 0.18% (w/w); alpha amino nitrogen,
190.46 mg L−1; lipids, 0.31% (w/w); ash, 0.89% (w/w). Sugar beet molasses consisted of total
sugars, 53.16% (w/w); total nitrogen, 1.31% (w/w); alpha amino nitrogen, 800.77 mg L−1;
lipids, 0.28% (w/w); and ash, 11.97% (w/w) [20].

In order to obtain initial sugar concentration of around 100 g L−1, 200 mL of the stillage and
32 g of molasses were mixed. This optimal initial sugar concentration was determined in our
previous study [20]. After adjustment of pH in the substrate to 6.5 with 30% NaOH (Sigma-
Aldrich, USA), the fermentation media was sterilized at 121 °C for 15 min and used for batch
and fed-batch fermentation.

Modified Man Rogosa Sharpe (MRS) broth containing increasing concentration of sugar beet
molasses (5–25% w/v) was used as an adaptation media. Modified MRS broth with molasses had
the following composition: peptone, 10 g L−1; meat extract, 10 g L−1; yeast extract, 5 g L−1;
K2HPO4, 2 g L−1; C2H9NaO5, 5 g L−1; C6H17N3O7, 2 g L−1; total sugars from molasses, approx-
imately 25–125 g L−1; distilled water, 1 L. After adjustment of pH of the substrate to 6.5 with 30%
NaOH solution, the medium was sterilized at 121 °C for 15 min and used as adaptation media.

Microorganism

L. paracasei NRRL B-4564, a homofermentative L (+)-lactic acid producing strain, used in
these experiments was purchased from Northern Regional Research Laboratory (NRRL,
Peoria, USA). This strain was selected as the most promising for LA production on a
combined distillery stillage and sugar beet molasses substrate in our previous study [20].
The parent culture was propagated under microaerophilic static conditions using Anaerocult®
C bags (Merck KGaA, Darmstadt, Germany) at 37 °C for 18 h in MRS broth before
inoculation to fermentation medium.

Strain Adaptation

After preliminary studies, the following adaptation protocol was established and used for
L. paracasei NRRL B-4564 strain in order to select random mutants for enhanced LA
production. A detailed adaptation process performed in this study is shown in Fig. 1.

The first phase of the adaptation experiment was conducted in batch mode and consisted of
subsequent transfer of L. paracaseiNRRL B-4564 strain to adaptation media containing increasing
concentration of sugar beet molasses (5%, 10%, 15%, 20%, and 25% w/v). The culture was
propagated with shaking (100 rpm, KS 4000i control, IKA®, Staufen, Germany) at 41 °C in
50 mL of adaptation media with inoculum concentration of 5% (v/v) and under microaerophilic
conditions. After reaching the late exponential growth phase (20–24 h), the culturewas transferred to
a fresh adaptationmedia with higher molasses concentration for consecutive cultivation. The culture
was grown three times at the same sugar beet molasses concentration before exposure to the higher

Applied Biochemistry and Biotechnology (2019) 187:753–769 755



one. The first adaptation phase was carried out for 15 days. After this process, the culture was
streaked onto modified MRS agar supplemented with 10% (w/v) of sugar beet molasses and
incubated at 37 °C for 48 h under anaerobic conditions. After incubation, the biggest colony
designated as A-15 was selected and used for further adaptation procedure.

The second adaptation phase was conducted in fed-batch mode. Isolated colony from
previous adaptation stage was inoculated in modified MRS media containing 25% (w/v) of
molasses. After depletion of sugar below 70 g L−1, a fresh modified MRS media was fed in
order to maintain the total sugar concentration at around 125 g L−1. During this adaptation
phase, the samples were aseptically withdrawn every 24 h, and sugar consumption and a
number of living cells were further analyzed. The pH value of the media was readjusted to 6.5
by the addition of sterile 30% NaOH solution at 24 h intervals. Adaptation was stopped after
significant decrease in viable cell number (bellow 105 CFU mL−1), and slower sugar con-
sumption and lowering of pH were observed. The culture was streaked onto modified MRS
agar containing 10% (w/v) of sugar beet molasses after 7 and 14 days of second adaptation
phase and the biggest colonies designated as A-22 and A-29 were selected, respectively.

The three selected strains (A-15, A-22, and A-29) were further characterized regarding their
antioxidant activity and LA-producing performance.

Determination of Antioxidant Activity of Parent and Adapted Strains

Preparation of Intact Cells and Intracellular Cell-Free Extracts

For evaluation of antioxidant activity parent, L. paracasei NRRL B-4564 strain was grown in
MRS broth and modified MRS broth supplemented with 5% (w/v) of sugar beet molasses,

Fig. 1 Schematic illustration of adaptation process
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while resulting three adapted strains were grown only in modified MRS broth supplemented
with 5% (w/v) of molasses. After 18 h of incubation at 37 °C under microaerophilic static
conditions, the bacterial cells were harvested by centrifugation (6000×g, 10 min, centrifuge:
Sigma® model 2–16, Shropshire, UK), washed twice in deionized water, and resuspended in
deionized water to make bacterial cell count to 109 CFU mL−1. The intracellular cell-free
extracts were prepared by the method of Lin and Yen [21]. Cell disruption was performed by
ultrasonic homogenizer (Sonopuls HD 2200, BANDELIN electronic, Berlin, Germany) for
five 1-min intervals (1 min on/1 min off, 35% amplitude) ensuring a constant cooling. Cell
debris was removed by centrifugation (8000×g, 10 min, 4 °C) and the resulting supernatant
was used for antioxidant activity assay.

DPPH Free Radical-Scavenging Activity

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical-scavenging ability of parent and adapted
strains was determined according to the method described by Li et al. [22] with some
modifications. Briefly, 1 mL of sample (intact cells or intracellular cell-free extracts) was
added to 1 mL freshly prepared DPPH solution (0.15 mM in methanol). The mixture was
mixed vigorously and incubated at room temperature in the dark for 30 min. The blanks
contained the sample and methanol, while the controls included methanol and DPPH solution.
After centrifugation (8000×g, 10 min, 4 °C), the scavenged DPPH free radical was analyzed
by measuring the decrease in absorbance at 517 nm. The scavenging ability was defined as
follows:

Scavenging activity %ð Þ ¼ 1− Asample−Ablank

� �
=Acontrol

� �� 100:

Batch and Fed-Batch Fermentation of Molasses-Enriched Potato Stillage

Lactic acid production by parent and adapted L. paracasei (A-15, A-22, and A-29) strains was
firstly evaluated and compared in batch fermentation mode. Batch fermentations were per-
formed with shaking (100 rpm, KS 4000i control, IKA®, Staufen, Germany) in 500 mL flasks
with 200 mL of the fermentation media. Parent strain was propagated under microaerophilic
static conditions at 37 °C for 18 h in MRS broth before inoculation to fermentation media,
while adapted strains (A-15, A-22, and A-29) were propagated at the same conditions in
modified MRS broth supplemented with 5% (w/v) of molasses. The fermentations were
initiated by addition of 10% (v/v) of the inoculum and conducted at temperature of 41 °C,
under microaerophilic conditions using gas pack system Anaerocult® C bags (Merck KGaA,
Darmstadt, Germany).

The most promising strain in batch mode, L. paracasei A-22, was further used in
pulsed fed-batch fermentation and compared with its parent strain. Fed-batch fermen-
tations were performed with shaking (100 rpm, KS 4000i control, IKA®, Staufen,
Germany) under microaerophilic conditions. The fermentations were initiated by addi-
tion of 10% (v/v) of inoculum and performed in flasks with starting working volume of
200 mL of fermentation media at temperature of 41 °C. A feeding substrate composed
of combined potato stillage and sugar beet molasses media with a total sugar concen-
tration of 200 g L−1 was supplied after 12, 24, 36, and 48 h of fermentation, in order to
maintain the total sugar concentration at around 100 g L−1.
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During the batch and fed-batch fermentations, the pH was adjusted to 6.5 by the addition of
sterile 30% NaOH solution at 4-h intervals. The samples were aseptically withdrawn and the
substrate consumption, LA concentration, and a number of living cells were further
determined.

Methods of Analysis

Total sugar concentration was estimated using 3,5-dinitrosalicylic acid method [23], after
sample hydrolysis with HCl in order to break down sucrose into glucose and fructose. The
sample solution was hydrolyzed in 10 M HCl at 100 °C for 10 min and then neutralized with
NaOH solution. A calibration curve was obtained at 505 nm using standard sucrose solutions.
The concentration and optical purity of LAwas determined by enzymatic method (L-/D-Lactic
acid assay, Megazyme®, Wicklow, Ireland). LAyield determined in the study represents mass
(g) of LA produced per mass (g) of initial sugar present in the media. LAyield coefficient was
expressed as mass (g) of LA produced per mass (g) of sugar consumed. LA productivity
represents mass (g) of produced LA per volume (L) of fermentation media in fermentation
time (h). A number of viable cells was estimated using pour plate technique on MRS agar after
incubation for 48 h at 37 °C. Vanillin and 5-hydroxymethylfurfural (HMF) in sugar beet
molasses were determined by Dionex Ultimate 3000 Thermo Scientific (Waltham, USA)
HPLC system. A reverse phase column (Hypersil GOLD C18, 150 mm× 4.6 mm, 5 μm) at
25 °C was employed. The HPLC analysis was performed according to the method of Barroso
et al. [24]. Detection was achieved by UV detector at 280 nm. All chemicals used in
experiments were analytical grade.

Statistical Analysis

The experiments were done in triplicates. All values are expressed as means ± standard
deviation. Mean values of treatments were compared by the analysis of variance. One-way
ANOVA followed by Tukey’s test was applied to evaluate the effect of investigated param-
eters. Differences were considered significant at p < 0.05.

Results and Discussion

The Effect of Adaptive Evolution on Antioxidant Activity of L. paracasei

To ensure an efficient LA production on a complex substrate, the robust microbial strain is
highly required, regarding both a broad range of substrate utilization capability and resistance
to different adverse compounds or stressful conditions. In order to improve LA production on
agro-industrial waste substrate, L. paracasei NRRL B-4564 was exposed to gradually increas-
ing concentration of sugar beet molasses. To illustrate the cellular response to environmental
conditions, antioxidant activity of parent and adapted strains selected during the adaptation
was further evaluated. The antioxidant activities of parent strain upon exposure to different
environment (MRS broth and modified MRS broth supplemented with molasses) and adapted
strains (A-15, A-22, A-29) are presented in Fig. 1.

Scavenging of DPPH free radical is attributed to the hydrogen-donating abilities of
antioxidants and is the most frequently used method for assessment of antioxidant capacity
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[25]. The results of present study have shown that the intact cells as well as intracellular cell-
free extracts of all tested strains had considerable hydrogen-donating ability and behaved as
antioxidants. In general, the strain exposure to higher molasses concentration elicited higher
antioxidant activity in L. paracasei. As shown in Fig. 2, parent strain propagated in the
presence of molasses demonstrated DPPH scavenging rates of 57.1% (intact cells) and
41.8% (intracellular cell-free extract), which were significantly higher than those of parent
strain propagated in a suitable growth media such as MRS broth (Fig. 2). The increase of
antioxidant capacity of tested strains subjected to sugar beet molasses indicates that the strain
exposure to molasses induced synthesis of antioxidant metabolites and enzymes involved in
DPPH free radical scavenging. It has been shown that heavy metals, furan aldehydes, and
different phenolic compounds induced the accumulation of ROS (hydrogen peroxide, super-
oxide anion, and hydroxyl radical) in many bacteria and yeast [26–28]. It could be assumed
that the improvement of antioxidant defense capacity in L. paracasei observed in this study
was the response to the variety of pro-oxidative compounds present in molasses such as furan
aldehydes (furfural, HMF), phenolic compounds (vanillin, vanillic acid), volatile compounds
(hexanol, heptanol), metal ions, etc. [29, 30].

Although molasses has numerous compounds favorable for microbial growth, it also
contains compounds that cannot be used or converted by microorganisms and some of the
unfavorable components may inhibit the growth and metabolism of microorganisms. Inhibi-
tory effect of furfural, HMF, acetic acid, syringaldehyde, and vanillin on ethanol [26, 31] or
LA [32, 33] producing strains has already been studied. Among reported inhibitory com-
pounds, HMF and vanillin were detected in sugar beet molasses in significant quantities. Most
of the inhibitory compounds in molasses are formed during sugar refining process, and their
concentration is highly dependent on the production process and can vary greatly among sugar
refineries. The amounts of HMF (38.70 mg kg−1) and vanillin (25.49 mg kg−1) detected in

intact cells intracellular cell-free extracts
0

20

40

60

80

100

c

d

c

b

a

d

d

c

b

D
P

P
H

 s
ca

v
en

g
in

g
 r

at
e 

(%
)

  Parent strain grew in MRS

  Parent strain grew in modified MRS

  A-15 grew in modified MRS 

  A-22 grew in modified MRS 

  A-29 grew in modified MRS 

a

Fig. 2 DPPH free radical-scavenging ability of parent and adapted strains. Bars labeled with different letters are
significantly different (Tukey’s test, p ˂ 0.05)

Applied Biochemistry and Biotechnology (2019) 187:753–769 759



molasses were slightly higher than previously reported values for sugar beet molasses
(20 mg kg−1 and 17.41 mg kg−1, respectively) [34, 35].

Adapted L. paracasei strains (A-15, A-22, and A-29) demonstrated even higher DPPH
radical-scavenging ability, which was in the range of 67.1–85.9% for intact cells and 48.5–
61.7% for intracellular cell-free extracts (Fig. 2). Among three adapted strains, L. paracasei A-
22 exhibited the highest capability to remove DPPH free radical which was more than onefold
higher compared to parent L. paracasei propagated in MRS broth. As can be seen in Fig. 2, A-
29 strain selected at the end of adaptation experiment showed loss of scavenging ability
compared to A-22 strain (p = 0.00196 ˂ 0.05 for intracellular cell-free extracts and p =
0.05251 > 0.05 for intact cells), suggesting that the exposure to high molasses concentration
over longer period resulted in a decrease in antioxidant defense capability of L. paracasei.
Here, observed pattern of the stress-induced response demonstrated by L. paracasei is
following a kinetics of intensity-based classification of oxidative stress reported by Lushchak
[5]. Namely, the activity of antioxidant and associated enzymes in living organisms is
dependent on the intensity of oxidative stress. At low-intensity oxidative stress, the activity
of antioxidant or associated enzymes could reach a certain maximum, and further with increase
of ROS concentration return to the initial level [5].

In order to investigate the potential of adapted strains to produce LA on molasses-enriched
potato stillage, three adapted strains (A-15, A-22, and A-29) were further evaluated in batch
fermentation and compared with parent L. paracasei.

Batch Fermentation by Parent and Adapted Strains

Adapted and parent strains were investigated for LA production in batch fermentations on
molasses-enriched potato stillage and the results are presented in Fig. 3. The main parameters
of LA fermentation obtained by adapted and parent strains are shown in Table 1.

The results show that the LA-producing ability was related to their antioxidant capacity.
The strain A-22 showed significantly superior LA-producing ability and completed the
fermentation much faster than the parent strain (Fig. 3a). During the first 48 h, this strain
utilized about 80% of total sugars present in the media, while parent L. paracasei utilized only
56% of total sugars. Final volumetric LA productivity achieved at 60 h of batch fermentation
with adapted A-22 strain (1.49 g L−1 h−1) was 31% higher than that obtained with parent
L. paracasei (1.14 g L−1 h−1).

Similar trends of sugar consumption and LA production by adapted A-15 and A-29
strains were observed and there was no statistically significant difference between these
two adapted strains (p = 0.98781 > 0.05). The LA-producing performance of examined
strains showed good agreement with their antioxidant capability, suggesting that im-
proved LA production could be a result of better protection against the harmful com-
pounds present in the media and the effective strain acclimatization to waste substrate.
Figure 3b illustrates the growth rate of parent and adapted L. paracasei during batch
fermentation. Similarly to production of LA, the growth of adapted cells was also better
compared to that of parent cells. Among three selected strains, the strain A-22 showed
significantly improved growth performance due to previous effective cell adjustment to
the growth environment. Yang et al. [36] studied LA production on mixed bakery waste
by engineered and subsequently adapted Thermoanaerobacterium sp. The strain adapta-
tion to high sugar medium in that study led to the improvement in substrate uptake rate
and finally resulted in LA concentration of 77.7 g L−1 and productivity of 1.30 g L−1 h−1
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[36]. Similarly, the adaptation of Rhizopus oryzae has been demonstrated on corncob
hydrolysate rich in xylose in order to improve the efficiency of substrate utilization and
enhance LA production [37].

Based on the findings obtained in this study, adapted A-22 strain was chosen for assessment
of fed-batch fermentation in order to further improve efficiency of the fermentation.
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Fed-Batch Fermentation by Parent and Adapted A-22 Strain

In these experiments, pulsed fed-batch fermentation by parent and adapted A-22 strain was
studied and compared. The kinetics of LA fermentation in fed-batch mode on sugar beet
molasses-enriched potato stillage is presented in Fig. 4, while the main parameters of fed-batch
fermentations are presented in Fig. 5.

During the first 60 h of fed-batch fermentation by adapted strain, a maximal productivity of
more than 2 g L−1 h−1 and LA concentration of 125.3 g L−1 were achieved. Also, a high
number of adapted L. paracasei cells of more than 1010 CFU mL−1 was obtained during the
first 60 h, and after that time, a slight decrease in viable cell number was noticed (Fig. 4b).
Since LA production is dependent on cell growth, lower rates of sugar consumption and LA
production were observed from 60 to 120 h, during that time 44.6 g L−1 of LAwas produced.
On the other hand, during the first 60 h of fed-batch fermentation by parent strain, LA
concentration of 88.5 g L−1 was obtained and a slight increase of only 18.5 g L−1 of LA
towards the end of fermentation was achieved. In addition to lower LA-producing ability, the
growth kinetics of parent L. paracasei was also inferior compared to adapted strain, showing a
considerable decrease in viable cell number after the third cycle of feeding (Fig. 4a).

The adapted strain showed significantly enhanced LA and biomass producing performance
which enabled performing one more feeding cycle compared to its parent strain. This indicates
an improved tolerance of adapted L. paracasei to high level of inhibitory compounds
accumulated in fermentation media during substrate feeding. Final LA concentration obtained
in fed-batch mode by adapted strain (169.9 g L−1) was 59% higher than in fed-batch
fermentation by parent strain (107.1 g L−1). The high LA concentration attained in fed-batch
fermentation is significant for a subsequent step of LA extraction from the complex fermen-
tation media, since higher concentration of LA in the media enables more efficient recovery of
the produced LA [38]. Also, an overall LAyield of 0.79 g g−1 achieved in the fermentation by
adapted L. paracasei was significantly higher (p = 0.04967 ˂ 0.05) compared to that obtained
by its parent strain (0.67 g g−1). Rather high residual sugar concentration of 20.74 g L−1

observed at the end of fermentation by adapted L. paracasei (Fig. 4b) was a consequence of
presence of unfermentable sugars in the molasses, as well as of the inhibition by the product

Table 1 The values of significant parameters of batch fermentation on molasses-enriched potato stillage by
parent and adapted strains

Strain Fermentation
time (h)

Lactic acid Number of
viable cells
(1010 CFU mL−1)Concentration

(g L−1)
Yield
(g g−1)a

Yield
coefficient
(g g−1)b

Optical
purity
(%)

Productivity
(g L−1 h−1)

Parent 48 55.1 ± 2.9 0.56 ± 0.08 0.98 ± 0.07 1.15 ± 0.11 0.67 ± 0.08
72 81.0 ± 2.7 0.80 ± 0.09 0.96 ± 0.04 99.6 1.13 ± 0.07 0.63 ± 0.11

A-15 48 61.9 ± 2.6 0.63 ± 0.05 0.99 ± 0.07 1.29 ± 0.08 1.20 ± 0.11
72 84.5 ± 2.2 0.86 ± 0.06 0.96 ± 0.03 99.4 1.17 ± 0.05 1.06 ± 0.06

A-22 48 79.1 ± 1.2 0.79 ± 0.03 0.97 ± 0.09 1.65 ± 0.07 1.48 ± 0.13
72 89.4 ± 2.9 0.89 ± 0.09 0.99 ± 0.05 99.2 1.24 ± 0.05 1.33 ± 0.11

A-29 48 62.7 ± 2.9 0.64 ± 0.07 0.98 ± 0.06 1.31 ± 0.03 1.22 ± 0.10
72 86.0 ± 2.7 0.88 ± 0.05 1.01 ± 0.08 99.3 1.20 ± 0.06 1.10 ± 0.07

a LA yield was expressed as mass (g) of LA produced per mass (g) of initial sugar present in the media
b LA yield coefficient was expressed as mass (g) of LA produced per mass (g) of sugar consumed
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(LA). However, this residual sugar concentration was significantly lower than that obtained at
the end of fermentation by parent L. paracasei (41.16 g L−1).

Overall analysis of the results achieved in batch and fed-batch fermentation modes indicates that
the prolonged time of the fed-batch process differently affects fermentation parameters. The
maximal productivities and biomass production are obtained within the first 60 h, after that time,
these parameters are starting to decrease while LA concentration and LAyield coefficients are still
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increasing towards the end of fermentation. Although the superiority of the fed-batch process to
batch process is obvious, a precise determination of the fed-batch fermentation time should be the
result of an economic analysis which should take into consideration all relevant factors such as
production costs, substrate, and product costs as well as the LA separation costs.

Adaptive evolution of L. paracasei led to significant improvement of fermentation and growth
rates. However, it should be pointed out that the mechanism of improved tolerance and adaptation of
L. paracasei to molasses environment remained unknown and the genetic basis of the improved
phenotype remains yet to be determined. As reported earlier, the adaptation of microorganisms to
different harmful compounds could be attributed to the synthesis of enzymes or cofactors which
participate in reduction of inhibitory components and allowmore effective substrate utilization [7]. In
addition to these changes, the improvement of LA-producing performance of adapted L. paracasei
could be the result of adaptive changes of the oxidative stress response, as demonstrated in the present
study. The effects of furan aldehydes on microbial cells are mainly related to microbial growth
inhibition by damaging DNA and/or inhibiting glycolysis pathway and hexsokinases responsible for
phosphorylation of six-carbon sugars, changes in the metabolic pathways, re-direction of energy to
fix the damage, etc. [32]. The process by which furans can be metabolized by the cells has already
been studied for several yeast and LAB strains [31–33]. L. plantarum was able to convert furans,
including HMF, to less inhibitory components, and at the same time, to produce LA in fermentation
of hemicellulosic hydrolysate [32]. On the other hand, phenolic compounds, including vanillin,
strongly depressed expression of the genes encoding LA dehydrogenase from Pediococcus
acidilactici and thus inhibited LA production even at pretty low concentrations (0.3 g L−1) [33].

Table 2 illustrates the results of the present paper and literature data reported on fed-batch
fermentations of different agro-industrial waste substrates.
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The LA concentration of 169.9 g L−1 obtained on the molasses-enriched stillage using
adapted L. paracasei was superior to the results presented on various waste substrates. Also, in
many studies of fed-batch fermentation on different synthetic and rather expensive substrates
[17, 18, 47], significantly lower LA concentrations and productivities were reported than in
our study. Besides the effective adaptation performed, this could also be attributed to a suitable
chemical composition of the waste substrate based on potato stillage and sugar beet molasses,
which is a great source of sugars (beet molasses), nitrogen [20], and essential minerals such as
Mg and Mn (potato stillage) required for growth of fastidious LAB and efficient LA produc-
tion [48].

Significant problems in using molasses as a substrate in fed-batch fermentations are related
to a high content of potentially adverse compounds. In order to avoid a negative effect of these
compounds, a co-feeding of glucose and cane molasses was proposed as an effective strategy
for LA production by Bacillus coagulans H-1 [46]. Here, presented adaptation of LAB to
waste substrate based on sugar beet molasses-enriched potato stillage resulted in improved
antioxidant capacity of producing strain, significantly enhanced substrate utilization, and
consequently increased LA and biomass production. Thus, it could be suggested as a simple
method for improvement of strain robustness and enhancement of utilization of waste sub-
strates for production of high-value bio-based products such as LA and LAB biomass.

Conclusions

Among three adapted strains evolved by a simple adaptation procedure using sugar beet
molasses as a challenging agent, L. paracasei A-22 was the most promising regarding both
antioxidant capacity and LA-producing ability. The adapted strain showed significantly
enhanced cellular growth and fermentation performance, resulting in 31% higher LA produc-
tivity in batch mode compared to parent strain. In addition, increase in effectiveness of LA
production was achieved in pulsed fed-batch fermentation with final LA concentration of
169.9 g L−1 obtained after four successive cycles of feeding. The strain adaptation to molasses
environment could be applied as a feasible strategy for efficient and sustainable utilization of a
complex agro-industrial waste substrate for the production of high-value products such as LA
and LAB biomass.
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