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1 | INTRODUCTION

Abstract

Application of degradable plastics is the most critical solution to plastic pollu-
tion. As the precursor of biodegradable plastic PLA (polylactic acid), efficient
production of L-lactic acid is vital for the commercial replacement of traditional
plastics. Bacillus coagulans H-2, a robust strain, was investigated for effective pro-
duction of L-lactic acid using long-term repeated fed-batch (LtRFb) fermenta-
tion. Kinetic characteristics of L-lactic acid fermentation were analyzed by two
models, showing that cell-growth coupled production gradually replaces cell-
maintenance coupled production during fermentation. With the LtRFb strategy,
L-lactic acid was produced at a high final concentration of 192.7 g/L, on average,
and a yield of up to 93.0% during 20 batches of repeated fermentation within
487.5 h. Thus, strain H-2 can be used in the industrial production of L-lactic acid
with optimization based on kinetic modeling.
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in polymer chains [4-6]. Production of optically pure
L-lactic acid, a key monomer of PLA, is particularly
important.

In recent years, the urgent need to reduce environmental
pollution caused by plastics has driven the development
of biodegradable green plastics. Polylactic acid (PLA),
a type of environmentally friendly plastic, has attracted
unprecedented global attention owing to its biodegrad-
able and biocompatible properties; it has the potential
to replace traditional plastics produced by petroleum
fuels [1-3]. Some properties of PLA, including its crys-
tallinity, thermal stability and hydrolysis resistance, are
affected by the relative fractions of L- and D-isomers

Abbreviations: LtRFb, long-term repeated fed-batch; PLA, polylactic
acid

As an alternative to chemical methods, L-lactic acid can
be produced by microbial fermentation, which has various
advantages, including the absence of racemates and envi-
ronmental friendliness [7]. The selection of L-lactic acid
producers is a basic and vital step for laboratory and indus-
trial production. Microorganisms that have been used for
L-lactic acid production include Lactobacillus delbrueckii
[8], Enterococcus faecalis [9], Enterobacter aerogenes [10],
Pediococcus acidilactici [11,12], and Bacillus coagulans [13]
(Table S1). B. coagulans can be used for high-temperature
fermentation owing to its ability to grow at 50-55°C and
has the potential to produce L-lactic acid with high yield
[14]. Compared with medium-temperature fermentation,
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the high-temperature fermentation of L-lactic acid has
some unique advantages, such as significant reductions in
cooling costs and the risk of contamination, as well as the
potential for effective simultaneous saccharification and
fermentation [1].

In industrial production, high product concentrations
and yields are a constant goal. Compared with traditional
batch fermentation, improved strategies based on fed-
batch fermentation not only relieve substrate inhibition,
but also significantly promote the production of various
products such as 1,3-propanediol [15], valinomycin [16],
and formic acid [17]. A repeated-batch fermentation strat-
egy is also an effective production mode that possesses
multiple advantages, including a short seed preparation
time, better substrate consumption in bioreactors, and
the potential for increased cell productivity [18]. Further
improvements in production are expected as a new long-
term repeated fed-batch (LtRFb) strategy is established via
a combination of the two fermentation modes mentioned
above.

In this study, B. coagulans strain H-2, which shows
robustness and resistance to infertility, was used for L-
lactic acid fermentation by an LtRFb strategy. An excellent
L-lactic acid titer, yield, and productivity were observed
using the strain with low nitrogen source consumption.
The strain possesses huge potential to improve L-lactic
acid fermentation for economical industrial production.
Furthermore, two models were used for a kinetic anal-
ysis of cell growth and L-lactic acid production during
fermentation.

2 | MATERIALS AND METHODS

2.1 | Microorganism and media

B. coagulans H-2 was used for L-lactic acid production. The
strain was obtained by screening derivatives of a laboratory
strain B. coagulans H-1[13]. The seed medium had the fol-
lowing compositions (in g/L): glucose, 100; yeast extract,
1; tryptone, 5; CaCOs3, 50. The fermentation medium had
the following compositions (in g/L): glucose, 140; yeast
extract, 1; ZnSQO4-7H, 0, 0.37; KH,POy4, 0.57; K,HPOy, 0.57;
(NH,),SO,, 8.33; (NH,),HPO,, 3. All media were sterilized
at 115°C for 20 min.

2.2 | Fermentation conditions and
optimization

Temperature, pH, initial glucose concentration, and inoc-
ulation volume were optimized. Before the fermentation
conditions were optimized, the default temperature, initial
glucose concentration, and inoculum were 52°C, 140 g/L,
and 20%, respectively. All seed cultures were inoculated
into the fermentation medium and fermented at 80 rpm
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PRACTICAL APPLICATION

The newly developed long-term repeated fed-
batch (LtRFb) strategy for lactic acid production
has the following potential applications:

« Efficient and stable production of L-lactic acid
by the LtRFb strategy can reduce the cost of
industrial PLA (polylactic acid) production.

* The LtRFb strategy may be a cost-effective
approach for the production of other industri-
ally important products.

* Kinetic characteristics of L-lactic acid produc-
tion by LtRFb fermentation may provide guid-
ance to regulate and improve similar production
technologies for other valuable products.

in fermenters. The pH was regulated by 25% w/v Ca(OH),
continuously in all fermentation processes. During pH
optimization, pH values of the culture in fermenters were
adjusted to 6.2, 6.5, 7.0, and 7.5. During temperature opti-
mization, the temperature was set to 50, 52, 55, and 57°C,
setting the pH to the optimal value. During the optimiza-
tion of the initial glucose concentration, values of 140, 160,
180, 200, and 220 g/L were evaluated, setting the pH and
temperature to the optimal values. During the optimiza-
tion of the inoculation volume, fermenters containing 2.7,
2.4,and 2.1 L of fresh improved fermentation medium with
the optimal initial glucose concentration were seeded with
300, 600, and 900 mL of fresh seed, respectively [19]. Sim-
ilarly, the pH and temperature were both adjusted to the
optimal values. An appropriate amount of glucose was
added to the culture during fermentation to prevent a
reduction in L-lactic acid production due to the depletion
of glucose. During glucose supplementation, the glucose
concentration in fermenters was controlled below 120 g/L.
In addition, seed solutions used in the optimization of indi-
vidual parameters were all prepared from single colonies
in the same round. For all fermentation experiments, vol-
ume of the fermenters was 5 L, and the initial working
volume was 3 L. The LtRFb fermentation was performed
under optimal conditions determined as described above.
A total of 20 batches were conducted, and an appropriate
amount of glucose was added to the culture at the right
time to avoid the depletion of glucose. For every batch,
2.4 L of fresh medium was added to form a new batch with
a working volume of 3 L.

2.3 | Enzyme activity determination and
viable cell counts

To obtain crude enzymes, cells from the fermentation
broth were broken and centrifuged at 11,750 g for 40 min
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using phosphate-buffered saline (PBS; pH 7.0). Crude
enzymes were reacted with pyruvate and NADH at the cor-
responding fermentation temperature. The reaction mix-
ture contained 50 uL of pyruvate (10 mM), 20 uL of NADH
(10 mM) and 730 uL of crude enzyme with PBS as the sol-
vent. The oxidation of NADH (340 = 6220/M/cm) was
monitored by the decrease in the absorbance at 340 nm.
One unit of protein activity was defined as the amount of
enzyme that catalyzed the consumption of 1 umol NADH
per minute. Methylene blue staining was used for live bac-
terial cell counting.

2.4 | Analytical methods

Samples were diluted with an equal volume of 6 M HCI
to dissolve impurities and then with deionized water to
the desired extent. The optical density was measured at
600 nm using a V-1200 spectrophotometer (MAPADA,
Shanghai, P.R. China). The glucose concentration was
measured using an SBA-40D biosensor analyzer (Institute
of Biology, Shandong Academy of Sciences, P.R. China).
The L-lactic acid concentration and chirality were deter-
mined using a high-performance liquid chromatograph
(HPLC) system (Agilent 1200 series; Hewlett-Packard, Palo
Alto, CA, USA). Columns used for the determination of the
L-lactic acid concentration and chirality were Aminex
HPX-87H and OA-5000, respectively. Yields of L-lactic acid
produced from glucose were calculated as follows: yield
(%) = L-lactic acid produced (g)/glucose consumed (g)
X 100.

2.5 | Kinetic models
The LtRFb fermentation process was studied to reveal the
dynamic characteristics of L-lactic acid production by B.
coagulans H-2. Cell growth (ODggo that may be related
to the number of viable bacteria) (Figure S1) and L-lactic
acid production were evaluated by logistic and Luedeking-
Piret models, respectively. GraphPad Prism 5 (GraphPad
Software Inc., La Jolla, CA, USA, https://www.graphpad.
com) was used for simulations and data analyses.

Cell growth (ODgq) was described by the logistic func-
tion [20]

ax X
qr = Hm (1_X_m>X ey

in which Xis the ODg( value, which describes the biomass
concentration, u,, is the maximum specific growth rate
(h™1), and X,,, is the maximum ODy,.

L-Lactic acid production was described by the
Luedeking-Piret function [20]

dP _ dX

E— OCE-F,BX (2)

in which P is the L-lactic acid concentration (g/L), a
is a growth-associated constant, and 8 is a non-growth-
associated constant.

3 | RESULTS AND DISCUSSION

3.1 | Optimization of pH in fermentation
B. coagulans H-2 was used to optimize fermentation con-
ditions with respect to the concentration of L-lactic acid
produced in a single batch. The concentrations of residual
glucose and L-lactic acid as well as ODg( values during
LtRFb fermentation for different pH values are shown in
Figure 1. The glucose consumption rate and maximum cell
density were highest at pH 7.0 (Figure 1A, B). The L-lactic
acid production rate was also highest at pH 7.0. Final
concentrations of L-lactic acid up t0193.5 g/L and 191.4 g/L
could be observed at pH 7.0 and pH 6.5, respectively
(Figure 1C). At 42 h and 46 h of fermentation, total glucose
consumption occurred at pH 7.0 and pH 6.5, respectively.
The initial glucose was not depleted until the end of the
fermentation period at pH 7.5 (Figure 1A). The maximum
ODyg( values in descending order were 14.3, 12.8, 9.8, and
3.8 at pH 7.0, 6.5, 6.2, and 7.5, respectively. A decrease in
biomass due to the depletion of glucose was also observed
at pH 7.0 (Figure 1B). Yields of L-lactic acid produced by
strain H-2 cultured at pH 6.2, 6.5, and 7.0 were 90.4%,
90.2% and 90.7% without significant differences. A low
yield of 76.9% may be caused by the inability of the strain
to adapt to inappropriate growth conditions at pH 7.5
(Figure 1D).

As described above, strain H-2 exhibited the best char-
acteristics, including the maximum glucose consumption
rate, highest cell density and highest L-lactic acid produc-
tion rate at pH 7.0. In related studies, typical pH values
for L-lactic acid production by B. coagulans are 6.0-6.2
[13,21,22], compared to the optimal pH for L-lactic acid
production by the strain B. coagulans H-2 of 7.0. This
unique feature may result from the mutations generated
in the evolution process of H-2.

3.2 | Optimization of temperature in
fermentation

In addition to pH, culture temperature has a profound
effect on cell growth and product production. There-
fore, the effect of temperature on L-lactic acid produc-
tion by B. coagulans H-2 was investigated. Time curves of
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FIGURE 2

Time curves of residual glucose (A), ODg, (B), and L-lactic acid (C), and the histogram of yields (D) during fermentation for

optimization of temperature. Symbols for different fermentation conditions in (A), (B), and (C): @, 50°C; ll, 52°C; A, 55°C; ¥, 57°C

glucose consumption, L-lactic acid production, and ODg,
values for the strain cultured at various temperatures are
shown in Figure 2. Glucose added to fermenters was con-
sumed completely within 45.5 h and 42 h when the strain
was cultured at 50 and 52°C, respectively, leading to the
production of 186.9 and 193.5 g/L L-lactic acid and max-

imum ODgy, values of 14.9 and 14.2, respectively. The
rate of glucose consumption, L-lactic acid production, and
cell growth declined significantly during fermentation at
55 and 57°C (Figure 2A-C). High yields above 90% were
observed during fermentation at all temperatures except
57°C (Figure 2D). At 57°C, cells were unable to maintain
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normal physiological activity, and strain H-2 showed poor
performance (Figure S2).

In previous reports, temperatures suitable for the growth
and fermentation of B. coagulans were generally in the
range of 50°C-52°C [13,21,23,24]. Consistent with these
reports, 52°C was identified as the optimal fermentation
temperature in this study in view of the excellent perfor-
mance of the strain in L-lactic acid production. Under this
temperature condition, L-lactic acid fermentation can be
performed without sterilization, providing a cost-effective
method for L-lactic acid fermentation from renewable sub-
strates [25].

3.3 | Optimization of initial glucose
concentration for fermentation

Initial glucose concentration is another parameter with an
important role in fermentation. Glucose-induced osmotic
pressure is introduced by excessive carbon sources during
L-lactic acid fermentation, causing delayed cell growth
and low production efficiency [26]. Kinetic models of
relationships between substrate and product inhibition
in lactic acid fermentation have been established to
study the effect of substrate concentration on production
[27]. To explore the effect of the substrate concentration
on production by B. coagulans H-2, the initial glucose
concentration was altered.

As illustrated in Figure 3, glucose was used up at all
initial glucose concentrations, resulting in high L-lactic
acid production above 190 g/L in all batches. The shortest

Initial glucose concentration

fermentation period was 35.5 h at 160 g/L initial glucose
and the longest was at 220 g/L (Figure 3A, C). At the same
time, the growth of cells cultured at 220 g/L was worse than
that in other conditions (Figure 3B). The yield fluctuated
slightly from 89.0% at 220 g/L initial glucose to 93.5% at
200 g/L (Figure 3D).

Effects of the initial glucose concentration on the pro-
duction and yield of L-lactic acid were weaker when com-
pared to the effects of pH and temperature. Considering
the L-lactic acid production rate, 160 g/L was identified as
the optimal initial glucose concentration. It is necessary
to increase the initial glucose concentration to the greatest
extent possible, with little subsequent supplementation to
the fermentation system, for easier operation.

3.4 | Optimization of inoculation volume
for fermentation

A reasonable inoculation volume is important for cost
control and process improvement in industrial production.
Therefore, the inoculation volume was also optimized.
Glucose consumption, cell growth, L-lactic acid pro-
duction rate and yield trended similarly at inoculation
volumes of 20% v/v and 30% v/v in optimization exper-
iments, whereas the four fermentation indicators were
all significantly worse at a 10% v/v inoculation volume
(Figure 4A-D).

Based on the production efficiency and cost, 20% v/v was
considered an appropriate inoculation volume. Excessive
inoculation is wasteful in industrial production, owing to
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optimization of inoculation volume. Symbols for different fermentation conditions in (A), (B), and (C): @, 10% (v/v) inoculation volume; [,

20% (v/v) inoculation volume; A, 30% (v/v) inoculation volume

the presence of rich nutrients in the seed culture medium,
and results in high costs. Thus, limiting the inoculation
volume and maintaining seed activity are important for
cost control.

3.5 | L-Lactic acid production by LtRFb
fermentation

To further study the L-lactic acid fermentation perfor-
mance of the strain, 20 repeated batches of fed-batch
fermentation were performed under the optimized condi-
tions described above. Due to the stability of seed activity
and precise control of fermentation conditions, only minor
fluctuations in maximum ODg,, values were observed
(from 14.9 in batch 9 to 18.4 in batch 20). Simultaneously, a
general decrease in cell density was detected in each batch
after glucose was depleted (Figure 5A, S3). Compared to
the cell density, the final concentration of L-lactic acid
fluctuated within a relatively small range from 185.0 g/L
in batch 3 to 203.3 g/L in batch 15, reflecting the high
level of final L-lactic acid concentration produced by stain
H-2 during LtRFb fermentation. At the same time, the
chirality of L-lactic acid was over 99.6% throughout LtRFb
fermentation. The fermentation cycles of all batches were
maintained between 31.5 h and 42 h, except for batch

50 100 150 200 250 300 350 400 450 500

0

B

3 250, Time(h)

=)

E 200

2 1504

£ 1004

&

- 50

= 0- :

c 50 100 150 200 250 300 350 400 450 500

100 Time(h)

95

X 90

=

o 85

>~ 80
75
70 T T T T T T T T T T T T T T T

AV XS A D °)\ \\0\”:\&\6\6(\ %Q
Batch number
FIGURE 5 Time curves of ODg, (A) and L-lactic acid (B), and

the histogram of yields (C) during LtRFb fermentation. In (A), the
0Dy, curves for the odd and even fermentation batches are indicated
by dashed and solid lines, respectively
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TABLE 1

Batch number HMm (1) A
1-4 0.1842 + 0.0221
5-20 0.2121 + 0.0137
1-20 0.2060 + 0.0121

0.8066 + 0.1063
1.2030 + 0.0666
1.1440 + 0.0592

17 during which fermentation ended at 48 h as a result
of a failure to guarantee the accuracy of pH electrode.
However, the high fermentation efficiency of the strain
was recovered in subsequent batches, revealing the sta-
bility of L-lactic acid production efficiency in the strain
(Figure 5B). Furthermore, yields of different batches also
fluctuated within a relatively stable range. Among 20
batches, more than half had a yield of greater than 90%,
and the highest was 93.0%, which is close to the theoretical
maximum yield (Figure 5C). Due to the limited fermenter
volume, variation due to sampling and calculation error
led to low yields of some batches; however, this defect can
be avoided in large-scale fermentation.

The strain could produce an average of 192.7 g/L L-lactic
acid in an average of 36.9 h in 20 batches, reflecting its
excellent and stable L-lactic acid production performance.
In previous reports, the highest titer of L-lactic acid pro-
duced by B. coagulans was 206.8 g/L, and its productivity
was 5.29 g/L/h with 30 g/L yeast extract added to the
fermenter [23]. Using strain H-2, the maximum titer of
L-lactic acid reached 203.3 g/L, consistent with highest
level reported. The highest productivity of 6.43 g/L/h in
batch 20 reveals the effectiveness of the strain for rapid
L-lactic acid production. Based on LtRFb, industrial fer-
mentation may be scaled up with the continuous supply of
the seed cultures, resulting in efficient production. At the
same time, the optical purity of L-lactic acid was consis-
tently maintained above 99.6% during LtRFb fermentation,
which may ensure high product quality for industrial pro-
duction. In addition, high yields may simplify downstream
separation engineering and cost. To further develop a cost-
effective competitive fermentation process, glucose can be
replaced with less expensive renewable substrates such as
corn stover [28], cellulose [29], and sugarcane bagasse [22].

3.6 | Kinetics of L-lactic acid production
using LtRFb fermentation

Research on fermentation kinetics is helpful for reveal-
ing the characteristics of the fermentation process and for
exploring the fermentation mechanism, providing credi-
ble theoretical support for low-cost industrial production
and process improvement. Data for cell growth and L-lactic
acid production in 20 batches of LtRFb fermentation were
used for a kinetic analysis of L-lactic acid fermentation

0.1486
0.2552
0.2357

Kinetic parameters and coefficients of batches in LtRFb fermentation

Hm X & B R?

Product
0.9852
0.9720
0.9718

Biomass
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FIGURE 6 Fitting curves of ODgy, (A) and L-lactic acid con-
centration (B) in batch 20, and kinetic parameters (C) of 20 batches
in LtRFb fermentation based on kinetic models. Symbols for differ-
ent parameters in (C): O, product of & and ,, in product simulation;
M. § in product simulation

characteristics. The logistic and Luedeking-Piret models
provided accurate simulations of cell density and L-lactic
acid concentration via non-linear fitting. For instance, the
models were fitted to experimental data for batch 20 (Fig-
ure 6A, B), with high R? values of 0.9772 and 0.9943 for
biomass and product, respectively (Table 1). As expected,
simulations of other batches were also very accurate
(Table S2).
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According to Equation (2), a comparison between the
product of « and y,, and the parameter j reveals the rela-
tionship between cell growth coupling and product fer-
mentation. As LtRFb fermentation continued, 8 remained
within a small range whereas the product of a and ,,
showed an increasing trend overall. In the first 4 batches,
B was higher than the product of « and p,,, while from
the fifth batch on, the product of « and u,, began to sur-
pass 8 or was similar (Figure 6C). Accordingly, we hypoth-
esized that the gradual replacement of cell maintenance
with cell growth, plays a major role in maintaining L-lactic
acid production efficiency during LtRFb fermentation. A
total of 20 batches were fitted as a whole and the prod-
uct of u,, and o was 0.2357, which was higher than the
estimated f of 0.1673, showing that the overall fermenta-
tion was cell growth-dependent. Moreover, models were
also fitted to data for 1-4 batches and 5-20 batches with
higher R? values than those for 20 batches, indicating that
splitting the batches into two parts can provide a more
accurate description of the overall fermentation process.
In the first 4 batches, B. coagulans H-2 had u,,, o, and 8
values of 0.1842, 0.8066 and 0.2238, respectively. The prod-
uct of u,, and o was 0.1486, which is lower than f, indi-
cating that L-lactic acid production was more dependent
on the maintenance of cells than growth during the ini-
tial stage of repeated fermentation. Furthermore, u,,, o,
and f§ values of 0.2121, 1.203 and 0.1614 were obtained,
showing the opposite pattern in which cell growth was
the main determinant of fermentation during batches 5-
20 (Table 1). The assumption that fermentation switched
from cell-maintenance dependent to cell-growth depen-
dent provides a basis for improvements in the industrial
production process for L-lactic acid. Kinetic characteristics
obtained in this study can also be used as references for fer-
mentation using renewable resources, which is an effective
measure to further improve the industrial production of L-
lactic acid.

4 | CONCLUDING REMARKS

The performance of B. coagulans H-2 for L-lactic acid
production was investigated. A high titer, yield, and
productivity in L-lactic acid fermentation can be consis-
tently maintained by an LtRFb strategy without a rich
nutrient supply. Therefore, B. coagulans H-2 has the
potential to serve as a robust, effective, and cost-efficient
strain for L-lactic acid production. A kinetic analysis
of LtRFb fermentation revealed a transformation from
cell-maintenance coupling to cell-growth coupling, which
may guide industrial production. B. coagulans H-2 may
increase efficiency and reduce manufacturing costs in
large-scale L-lactic acid production.

in Life Sciences
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