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Abstract: Lactic acid is a building block for polylactic acid, which is one of the most promising
polymers based on renewable resources and is used mainly in packaging industry. This bio-based
polymer is biodegradable and provides an ecological and economical alternative to petrochemical
plastics. The largest cost blocks of biotechnological lactic acid production, accounting for up to
38% of the total costs, are substrate and nutrient sources, such as peptone, meat, and yeast extract.
Based on a systematic analysis of nutritional requirements, the substitution of yeast extract by
low-cost protein-rich agricultural hydrolysates was estimated for the production of l-lactic acid with
Lactobacillus casei. Cultivations in 24-well microtiter plates enabled analysis of nutrient requirements
and the usage of various hydrolysates with a high parallel throughput and repeated sampling.
Rapeseed meal (RM) and distillers’ dried grains with solubles (DDGS) were tested as low-cost
protein-rich agricultural residues. By using chemically or enzymatically hydrolyzed rapeseed meal or
DDGS, 70% of the nutrient sources was replaced in the fermentation process at identical productivity
and product yields. All in all, the total costs of l-lactic acid production with Lactobacillus casei could
potentially be reduced by up to 23%.

Keywords: lactic acid bacteria; distillers’ dried grains with solubles (DDGS); rapeseed meal;
hydrolysate; nutrient requirements

1. Introduction

Bio-based building blocks for the polymer and packaging industries compete with low-priced
petrochemical plastics. To provide an ecological and economical alternative to petrochemical plastics,
not only yield, productivity, and the final titers of biotechnological processes have to be optimized
for monomer production but also the costs of production, especially medium costs, must be reduced.
Besides the substrate, nutrient sources like yeast extract, with a price of 9–10 €/kg, incur the highest
production costs [1].

Polylactic acid (PLA), a bio-based and biodegradable polyester derived from lactic acid, is one of
the most promising alternatives to petrochemical plastics [2]. Ninety percent of lactic acid is produced
by bacterial fermentation [3], and the nutritional requirements of lactic acid bacteria are high because of
their auxotrophy towards amino acids and vitamins [4–8]. In 2016, 1220 kt of lactic acid was required,
and the demand of the global market is predicted to increase to around 1960 kt by 2025 [8]. Optical pure
l- or d-lactic acids can be produced by the appropriate lactic acid bacteria, which is advantageous over
chemical production wherein a racemic mix of dl-lactic acid is formed [2]. There is a need for optically
pure l- or d-lactic acids, since the properties of PLA depend on the enantiomeric ratio of l- to d-lactic
acid. [6,9]. Moreover, pure l-lactic acid is used in the pharmaceutical and food industries [10].

Techno-economic evaluations have indicated yeast extract to be a high-cost factor of lactic acid
production, contributing up to 38% of the total costs [11–13]. Yeast extract and other complex nutrient
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sources are used in fermentations because they provide besides organic nitrogen, like amino acids,
vitamins, salts, trace elements, or nucleic acids [14]. Alternative sources of nutrients in the form
of low-cost and protein-rich agricultural residues [15–17], such as rapeseed meal (RM) or distillers’
dried grains with solubles (DDGS), can be used to replace yeast extract. However, the high molecular
structures of the agricultural residues have to be disintegrated by enzymatic or chemical hydrolysis
prior to use.

The major problem of the common hydrolysates is the insufficient availability of free amino
acids and small peptides, a problem caused by an insufficient degree of hydrolysis, which results
in a lower productivity of lactic acid [16]. A hydrolysis method with 3mH2SO4 was developed in a
previous study, and yeast extract was successfully substituted by hydrolysates of low-cost protein-rich
agricultural residues based on a systematic analysis of the nutritional requirements for the production of
d-lactic acid using Sporolactobacillus inulinus [16,18]. In the present study, this knowledge is transferred
to l-lactic acid production using Lactobacillus casei, and the nutrient requirements of the strain are
identified. The aim of this study is to minimize the use of expensive complex nutrient sources and to
supplement them with low-cost hydrolysates of agricultural residues resulting an equal productivity,
yield, and final titer of l-lactic acid.

2. Materials and Methods

Lactobacillus casei ATCC 393 was purchased from the American Type Culture Collection (Manassas,
USA). The preculture was inoculated with a cryo stock culture that was stored at –80 ◦C in 50%
(v/v) glycerol and incubated in 100 mL shaking flasks for 17 h at 38 ◦C and 0 rpm. For preculture and
cultivation, MRS (deMan, Rogosa, und Sharpe) medium was used: 20 g·L−1 (preculture) or 120 g·L−1

(cultivation) glucose; 10 g·L−1 meat extract (Carl Roth gmbH and Co. KG, Karlsruhe, germany); 5 g·L−1

Fermtech yeast extract (Merck, Darmstadt, germany); 10 g·L−1 peptone (Fluka, Buchs, Switzerland);
and 2 g·L−1 K2HPO4, 2 g·L−1 (NH4)2HCitrat, 5 g·L−1 sodium acetate, 0.2 g·L−1 MgSO4, 50 mg·L−1

MnSO4, and 90 g·L−1 pulverized CaCO3 (Carl Roth, Karlsruhe, germany). In the modified MRS
medium, 5 g·L−1 meat extract and 5 g·L−1 yeast extract and, in limited MRS medium, 3 g·L−1 yeast
extract were used instead of the mixture of meat extract, yeast extract, and peptone. A total nitrogen
content of 1.11 g·L−1 was used for cultivation with hydrolysates and combinations of yeast extract
and hydrolysate, which corresponded to a total nitrogen content of 5 g·L−1 meat extract and 5 g·L−1

yeast extract. The cultivations were inoculated with 2% (v/v) and processed in 24-well plates with
1.5-mL culture volumes (Sarstedt, Nümbrecht, germany) at 37 ◦C and 400 rpm in minimum duplicates.
The mean values calculated from these duplicate experiments and the corresponding standard
deviations (error bars) are presented in the figures. All solutions were sterilized by autoclaving for 20
min at 121 ◦C.

The B-vitamin solution and amino acid solution were calculated for the modified MRS medium
with 5 g·L−1 meat extract and 5 g·L−1 yeast extract based on the results of [18]. The B-vitamin
mix contained 1.25 mg·L−1 thiamine·HCl (B1), 500 µg·L−1 riboflavin (B2), 10 mg·L−1 niacin (B3), 2.5
mg·L−1 Ca-pantothenate (B5), 1 mg·L−1 pyridoxine · HCl (B6), 20 µg·L−1 biotin (B7), 750 µg·L−1

folic acid (B9), 1 µg·L−1 cyanocobalamin (B12), and 75 mg·L−1 inositol. The amino acid mix was
prepared with 375 µg·L−1 alanine (Ala), 115 µg·L−1 asparagine (Asn), 790 µg·L−1 aspartic acid (Asp),
1395 µg·L−1 glutamic acid (Glu), 360 µg·L−1 glycine (Gly), 235 µg·L−1 histidine (His), 316 µg·L−1

isoleucine (Ile), 563 µg·L−1 leucine (Leu), 560 µg·L−1 lysine (Lys), 133 µg·L−1 methionine (Met),
323 µg·L−1 phenylalanine (Phe), 536 µg·L−1 proline (Pro), 412 µg·L−1 serine (Ser), 370 µg·L−1 threonine
(Thr), 81 µg·L−1 tryptophan (Trp), 148 µg·L−1 tyrosine (Tyr), and 447 µg·L−1 valine (Val).

Distillers’ dried grains with solubles (DDGS) was purchased from Crop Energies AG
(Mannheim, germany), and rapeseed meal (RM) was purchased from Archer Daniels Midland
AG (Chicago, IL, USA). The total nitrogen content of DGGS was 26.6 mg·g−1 and of RM was 48.8
mg·g−1. The agricultural residues are characterized in detail in [18].
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For hydrolysis, the agricultural residues were ground with an ultra-centrifugal mill (750 µm, ZM
200, Retsch, Haan, germany) and sieved to a particle size of less than 710 µm. In cases of chemical
hydrolysis, 400 g of the agricultural residue was continuously mixed with 1.2 L of 3 M H2SO4 in a 2-L
triple-necked round-bottom flask with a reflux condenser for 24 h at 110 ◦C. After cooling down to
room temperature, the pH value of the hydrolysate was adjusted to 6 by adding Ca(OH)2. The slurry
was centrifuged (4600× g, 20 min, and 10 ◦C), and the pellet was washed twice with 400 mL water.
The supernatants were collected and filtered by a pleated filter (MN 615 1

4 Ø 150 mm, Macherey-Nagel,
Düren, germany). The pH value of the hydrolysate was adjusted to 6.5 using 1 M NaOH, the hydrolysate
was sterilized for 20 min at 121 ◦C, and the total nitrogen content was determined.

For enzymatic hydrolysis, Protex™ 6L (DuPont™ genencor, Rochester, NY, USA) was used; 4.4 g
agricultural residue was weighed into a 250-mL bottle and mixed with 70 mL of water, and the pH was
adjusted to pH 9.5. A 1% enzyme solution, referred to as the protein concentration, was added to the
suspended agricultural residue and incubated at 60 ◦C with 100 rpm. After 48 h of incubation, the pH
value of the hydrolysate was adjusted to 6.5 with 0.5 M H2SO4 and autoclaved for 20 min at 121 ◦C
and the total nitrogen content was determined.

Lactic acid and glucose concentrations were measured by high-performance liquid chromatography
(HPLC). A Dionex ICS-5000 system from Thermo scientific (Sunnyvale, CA, USA) equipped with
an Aminex HPX-87H column (300 × 7.8 mm) (Bio-Rad, Hercules, CA, USA) and a refraction index
detector (RI-101, Shodex Tokyo, Japan) was used at 60 ◦C. The mobile phase was 5 mM H2SO4 at a flow
rate of 0.7 mL min−1. Fifty microliters of the sample were first dissolved in 950 µL of 50 mM H2SO4

and centrifuged at 20,800× g for 10 min at room temperature (RT), and the supernatant was diluted
with 50 mM H2SO4.

The total nitrogen content (TN) was determined by Kjeldahl method. A 150 mg sample in a Kjeldahl
reaction tube with boiling stones was mixed with an antifoam tablet (Carl Roth, Karlsruhe, germany)
and a Kjeltab S (5 g K2SO4, 5 mg Se) as well as 10 mL 96% H2SO4. The thermal degradation was
performed in a Kjeldathrem (Gerhardt gmbH & Co. KG, Königswinter, germany) with the following
temperature gradient: 100 ◦C (30 min), 200 ◦C (60 min), 300 ◦C (60 min), 420 ◦C (60 min), and RT
(30 min). Distillation and titration were carried out with a Vapodest (Gerhardt gmbH & Co. KG,
Königswinter, germany) using 33% NaOH, 2% B(OH)3, and 0.05 M H2SO4.

For the determination of free amino acids, an analysis kit (EZ:faas gC-FID Physiological) from
Phenomenex (Torrance, CA, USA) was used. For peptide-bounded amino acids, 50 mg of a dried
sample was hydrolyzed with 1 mL 6 M HCl + 0.02% phenol in a headspace vial (cleaned with
concentrated HCl and water). The vial was sealed with a septum, deep-frozen in liquid nitrogen,
evacuated, and heated to 110 ◦C for 48 h. The hydrolysate was diluted to 100 mL and filtered. Free
amino acids were analyzed according to the manufacturer’s instructions. A gas chromatograph with a
flame ionization detector gC-17A from Shimadzu (Kyoto, Japan) with a Zebron ZB-AAA column (10 m
× 0.25 mm × 0.25 µm) from Phenomenex (Torrance, USA) was used for the measurement with H2 as
carrier gas with a flow rate of 2.15 mL min−1. The temperature of 110 ◦C was heated up to 250 ◦C with
a gradient of 20 ◦C min−1, further up to 320 ◦C with 10 ◦C min−1, and was held for 1 min.

3. Results

3.1. Reference Cultivation and Variation of the Complex Nutrient Sources in MRS Medium

To compare different compositions and concentrations of the complex nutrient sources for yeast
extract, peptone, and meat extract in MRS medium, combinations of 0, 3, 5, and 10 g·L−1 of the different
complex medium components were tested. L. casei was cultivated in 24-well plates, and the final
l-lactic acid titer after 70.5 h and the maximum productivity were determined and listed in Table 1.
The combination of 5 g·L−1 yeast extract, 10 g·L−1 peptone, and 10 g·L−1 meat extract was defined
as first reference cultivation and resulted in a final titer of 106.3 g·L−1 l-lactic acid, and a maximum
productivity of 4.63 g·L−1

·h−1 was obtained. Comparable results of final titer (>100 g·L−1 l-lactic acid)
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and maximum productivity (>4.3 g·L−1
·h−1) were also achieved with a combination of 5 g·L−1 yeast

extract and 5 g·L−1 meat extract with and without addition of peptone, whereas the total nitrogen
concentration was reduced by 42% and 67% compared to the reference. A complete conversion
of glucose to l-lactic acid could not be achieved with the single use of peptone, yeast extract, or meat
extract in concentrations ≤ 5 g·L−1. Based on these results, the modified MRS medium with 5 g·L−1

yeast extract and 5 g·L−1 meat extract was chosen as a new reference for further cultivations (in the
following, simply called reference).

Table 1. Reduction of the complex components yeast extract (YE), peptone (P), and meat extract (ME)
in MRS medium and effect on final titer after 70.5 h and maximum productivity of l-lactic acid: 37 ◦C,
400 rpm, and 24-well plates. TN was calculated based on results of Klotz et al. [18].

YE
(g·L−1)

P
(g·L−1)

ME
(g·L−1)

TN
(g·L−1)

Glucose
(g·L−1)

l-Lactic
Acid

(g·L−1)

Max.
Productivity
(g·L−1 h−1)

5 10 10 2.97 0 106.3 ± 5.5 4.63 ± 0.06
5 0 5 1.11 0 113.3 ± 3.7 4.76 ± 0.08
5 5 5 1.72 0 105.1 ± 0.5 4.39 ± 0.22

10 0 0 0.95 0 113.3 ± 1.1 3.02 ± 0.08
5 5 0 1.09 0 108.1 ± 2.9 2.67 ± 0.26
0 0 10 1.25 0 102.1 ± 1.1 1.89 ± 0.01
5 0 0 0.48 33.5 ± 0.9 87.2 ± 0.5 1.69 ± 0.04
0 5 5 1.24 38.7 ± 0.1 64.36 ± 0.5 1.62 ± 0.02
0 0 5 0.63 54.8 ± 6.1 59.0 ± 4.8 1.62 ± 0.38
3 0 0 0.29 65.4 ± 0.6 57.9 ± 0.1 1.02 ± 0.01
0 10 0 1.24 75.7 ± 2.8 33.8 ± 1.7 0.93 ±0.01
0 5 0 0.62 78.8 ± 4.3 18.7 ± 0.8 0.54 ± 0.01
0 0 0 0 114 ± 0.1 6.1 ± 0.1 0.21 ± 0.1

To examine nutrition requirements by nutrition limitation, 3 g·L−1 yeast extract was used in
limited MRS medium (Table 1).

3.2. Nutrient Requirements

To reduce the complex nutrient source and to use low-cost hydrolysates of agricultural residues
instead in order to reach an equal productivity, yield, and final titer of L-lactic acid, the nutrient
requirements of Lactobacillus casei need to be determined first. Among others, yeast extract is comprised
of important nutrients, like amino acids and vitamins. Therefore, their influence was examined in
more detail.

3.2.1. B-Vitamin Requirements

Based on a study of Klotz et al. [18], that analyzed the composition of the used yeast and meat
extract, a synthetic B-vitamin mix was designed. The tested concentration of each vitamin corresponds
to a mixture of 5 g·L−1 yeast extract and 5 g·L−1 meat extract. To identify B-vitamin requirements
for L. casei, each vitamin was added separately to limited MRS medium with 3 g·L−1 yeast extract
(Figure 1). With the nutrition limitation, an l-lactic acid concentration of 68.4 g·L−1 was reached after
140 h. All single vitamin addition, except niacin (Vitamin B3), resulted in 67.3 g·L−1

± 5.5 g·L−1 l-lactic
acid with a remaining glucose concentration of 52.4 g·L−1

± 5.5 g·L−1, and the added vitamins did not
influence cultivation in the tested concentrations. The addition of niacin had a considerable positive
impact on the cultivation, resulting in a final titer of 88.9 g·L−1 l-lactic acid and a yield of 0.90 (w/w) ±
0.01 (w/w). This titer was slightly lower than the cultivation with the B-vitamin mix, with 92.6 g·L−1

l-lactic acid and a yield of 0.93 (w/w) ± 0.02 (w/w). Also, the tests with addition of niacin and the
total B-vitamin mix did not result in a total conversion of the substrate in 140 h, and 18.6 g·L−1

±

2.6 g·L−1 glucose still remained. In total, the maximum productivity was clearly below the maximum
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productivity of the reference cultivation with modified MRS medium (5 g·L−1 yeast extract and 5 g·L−1

meat extract), which is on average 3.9 g·L−1
·h−1, whereas the yield was constant at 0.93 (w/w) ± 0.05

(w/w). On average, the max. productivity of the single tested vitamins was 0.93 g·L−1
·h−1, using niacin

the value increased to 0.99 g·L−1
·h−1 and for the B-vitamin mix to 1.15 g·L−1

·h−1.
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Figure 1. Influence of different B-vitamins on l-lactate production with L. casei in limited MRS medium
with 3 g·L−1 yeast extract in 24-well plates at 37 ◦C and 400 rpm. Black, closed squares modified MRS
medium with 5 g·L−1 yeast extract (YE) and 5 g·L−1 meat extract (ME), red, opened squares limited
MRS medium with 3 g·L−1 yeast extract.

3.2.2. Amino Acid Requirements and the Influence of Different Medium Components

Similar to the investigation of B-vitamin requirements, amino acid (AA) requirements were
evaluated by adding an amino acid-mix to the medium. Like the B-vitamin mix, the amino acid mix is
based on composition and concentration of the amino acid profile of 5 g·L−1 yeast extract and 5 g·L−1

meat extract. Without using any complex media compound, and supplementing the media with the
amounts of B-vitamins and amino acid that exists in 5 g L −1 yeast and 5 g L−1 meat extract (synthetic
MRS medium), a l-lactic acid titer of 10.9 g·L−1 with a yield of 0.55 (w/w) ± 0.04 (w/w) after 70.5 h was
achieved, whereas the reference cultivation with 5 g·L−1 yeast extract and 5 g·L−1 meat extract resulted
in approximately 99 g·L−1 l-lactic and a yield of 0.91 (w/w) ± 0.02 (w/w) and total glucose consumption.
Even the limited MRS medium with 3 g·L−1 yeast extract had an l-lactic acid titer of approximately
40 g·L−1, which was noticeably higher than the synthetic MRS medium.

Therefore, several variations using the limited MRS medium with 3 g·L−1 yeast extract and the
supplementation of AA-mix and B-vitamin mix were performed. The supplementation of amino acids
contained in 5 g·L−1 yeast extract and 5 g·L−1 meat extract led to a slightly increased titer of 50.8 g·L−1

l-lactic acid after 70.5 h (data not shown). A further, slight increase to 60.9 g·L−1 l-lactic acid after
70.5 h, with a comparable yield, was achieved using 3 g·L−1 yeast extract and the supplementation of
the AA-mix and B-vitamin mix with the composition and concentration contained in 5 g·L−1 yeast
extract and 5 g·L−1 meat extract (data not shown). However, a total consumption of glucose was
not possible during that cultivation time of 70.5 h. To point out potential amino acid limitations, the
concentration of free amino acids in the medium was analyzed after cultivation. It was noticed, that
the concentration of tryptophan was below the detection limit. The amino acids arginine and cysteine
could not be determined by the used analytical method. To estimate the influence of these three amino
acids a mixture of 150 mg·L−1 arginine, 50 mg·L−1 cysteine and 80 µg·L−1 tryptophan (Arg/Cys/Trp)
was added additionally to the medium, without any supply of a complex media source (synthetic
media). The l-lactic acid titer of 30.9 g·L−1 in synthetic medium without yeast extract and Arg/Cys/Trp
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was still lower than the limited MRS medium with 3 g·L−1 yeast extract, achieving approximately
40 g·L−1 l-lactic acid.

If the limited MRS medium with 3 g·L−1 yeast extract was combined with B-vitamin mix, amino
acid-mix and Arg/Cys/Trp, the cultivation was positively influenced (Figure 2). glucose was totally
consumed during the cultivation time and 95.2 g·L−1 l-lactic acid was produced with a yield of 0.89
(w/w) ± 0.02 (w/w). The final titer of this cultivation was comparable to the reference cultivation using
5 g·L−1 yeast extract and 5 g·L−1 meat extract, but the maximum productivity differed. The maximum
productivity was on average 3.9 g·L−1

·h−1 for the reference cultivation and 2.19 g·L−1
·h−1 for the

cultivation with limited MRS medium with B-vitamin mix, amino acid-mix, and Arg/Cys/Trp. A further
reduction of yeast extract resulted in a decreased l-lactic acid titer without total glucose consumption
(data not shown).
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Figure 2. Influence of different medium composition on l-lactate production with L. casei in 24-well
plates at 37 ◦C and 400 rpm: black, closed squares modified MRS medium with 5 g·L−1 yeast extract (YE)
and 5 g·L−1 meat extract (ME); red, opened squares limited MRS medium with 3 g·L−1 yeast extract.

To determine the single influence of Arg, Cys, and Trp, 1 g·L−1 of each amino acid was separately
added to limited MRS medium with 3 g·L−1 yeast extract, amino acid-mix, and B-vitamin mix (Figure 2).
All three amino acids showed a positive effect on the l-lactic acid production and amounted in a final
titer of 59.1 g·L−1 for Arg, 66.6 g·L−1 for Trp, and 94.1 g·L−1 for Cys and a yield of 0.90 (w/w) ± 0.04
(w/w), whereas in limited MRS medium, 40 g·L−1 l-lactic acid was produced.

3.3. Agriculture Residue Hydrolysates as Nutrition Source

Instead of complex medium components, different agricultural residue hydrolysates were tested.
Rapeseed meal (RM) and distillers’ dried grains with solubles (DDGS) were hydrolyzed either
chemically or enzymatically.
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The hydrolysates were tested without the use of yeast extract and with limited MRS medium with
3 g·L−1 yeast extract (Figure 3). For all investigations with hydrolysates, the total nitrogen content was
comparable to 5 g·L−1 yeast extract and 5 g·L−1 meat extract. Using hydrolysates without the addition
of yeast or meat extract, the l-lactic acid titer averaged 51.4 g·L−1 after 68.5 h, which was half of the
titer of the reference cultivation with 5 g·L−1 yeast extract and 5 g·L−1 meat extract.
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Figure 3. Use of different agricultural residue hydrolysates instead of complex medium components in
modified MRS medium with 5 g·L−1 yeast extract (YE) and 5 g·L−1 meat extract (ME) and limited MRS
medium with 3 g·L−1 yeast extract for l-lactate production with L. casei in 24-well plates at 37 ◦C and
400 rpm: the total nitrogen amount was kept constant comparable to 5 g·L−1 yeast extract and 5 g·L−1

meat extract. Black, closed squares modified MRS medium with 5 g·L−1 yeast extract and 5 g·L−1 meat
extract; red, opened squares limited MRS medium with 3 g·L−1 yeast extract.

Adding 3 g·L−1 yeast extract to the MRS medium (limited MRS medium) with either of the
chemically hydrolyzed hydrolysates, the titer of 101.7 g·L−1

± 2.7 g·L−1 was comparable to the reference
cultivation. The yield of all cultivations was comparable and amounted to 0.84 (w/w) ± 0.04 (w/w),
except cultivation with limited MRS medium (with 3 g·L−1 yeast extract), which yielded in 0.71 (w/w)
± 0.01 (w/w).

Using enzymatic hydrolysis for the digestion of RM and DDGS and under the addition of 3 g·L−1

yeast extract to the MRS medium (limited MRS medium), the l-lactic acid titer was slightly lower
compared to the reference but not as good as when using the chemical hydrolysis (Figure 3).

4. Discussion

The composition of the standard MRS medium for cultivation of Lactobacilli [19] was examined
with regard to the combination and concentrations of the complex nutrient sources of yeast extract,
peptone, and meat extract for l-lactic acid production with L. casei. Combinations of 5 g·L−1 yeast
extract, 5 g·L−1 peptone and 5 g·L−1 meat extract, or 5 g·L−1 yeast extract and 5 g·L−1 meat extract
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resulted in a final titer of >100 g·L−1 l-lactic acid, comparable to the reference cultivation with 5 g·L−1

yeast extract, 10 g·L−1 peptone, and 10 g·L−1 meat extract, which had the highest total calculated
nitrogen content of TN = 2.92 g·L−1. The total nitrogen content was not the key factor, as in the studies of
Olmos-Dichara et al. [20], Amrane and Prigent [21], and Nancib et al. [22], but the addition of the used
nutrient source was the key factor. These nutrient sources differed, beside TN, in vitamins, free amino
acids, peptides/proteins, fatty acids, and trace elements [18], which are responsible for bacterial growth
and biological activity [23]. Hujanen and Linko [24], Kwon et al. [25], and Klotz et al. [18] identified that
lactic acid production is influenced by the type of organic nitrogen source. In this study, the influence
of the type of nitrogen source becomes particularly obvious if the maximum productivity of l-lactic
acid is compared at a concentration of 10 g·L−1 of each nutrient source. With 10 g·L−1 yeast extract,
the maximum productivity was 3.02 g·L−1

·h−1; with meat extract, it was 1.89 g·L−1
·h−1, and it was

significantly reduced with peptone at 0.93 g·L−1
·h−1. In the literature, yeast extract is also described

as the nutrition source with the highest titer and productivity [21,25–27]. However, the highest titer
and productivity of l-lactic acid with L. casei ATCC 393 were achieved by a combination of 5 g·L−1

yeast extract and 5 g·L−1 meat extract in the present study. Additionally, the use of costly nitrogen
sources was reduced by 60 % by a constant final titer >100 g·L−1 l-lactic acid and an average maximum
productivity of 3.9 g·L−1

·h−1. For that reason, a modified MRS medium with 5 g·L−1 yeast extract and
5 g·L−1 meat extract was used as a reference and analysis of nutrient requirements.

B-vitamins are crucial for the metabolism of Lactobacilli and have already been investigated
with regard to growth, productivity, and final titer of l-lactic acid [28–31]. The described vitamin
requirements in these studies differ for various L. casei strains and are not clear for the used strain
ATCC 393. Rogosa et al. [28] and Koser [29] specified the vitamins B2, B3, B5, B6, B7, and B9 as essential,
whereas Ledesma et al. [30] described B-vitamins as nonessential for L. casei. Therefore, a synthetic
B-vitamin mix was designed based on B-vitamin composition of 5 g·L−1 yeast extract and 5 g·L−1

meat extract and was tested in limited MRS medium with 3 g·L−1 yeast extract in this study. The total
B-vitamin mix influenced the l-lactic acid production positively, and the maximum productivity
increased from 0.93 g·L−1

·h−1 for cultivation with limited MRS medium to 1.15 g·L−1
·h−1 with the total

B-vitamin mix. Niacin (B3) had the greatest influence on cultivation, which became noticeable by the
evaluation of every single vitamin, leading to a maximum productivity of 0.99 g·L−1

·h−1, while all
other single tested vitamins did not significantly improve the cultivation. Consequently, vitamin B3

is classified as essential for L. casei ATTC 393, and the whole synthetic B-vitamin mix was used for
further analysis of amino acid requirements.

Furthermore, based on the amino acid composition of 5 g·L−1 yeast extract and 5 g·L−1 meat
extract [18], a synthetic amino acid-mix was investigated. The final titer of 60.9 g·L−1 achieved with
limited MRS medium, B-vitamin mix, and amino acid-mix is significantly lower compared to the
cultivation with 5 g·L−1 yeast extract and 5 g·L−1 meat extract. This result suggested that essential
amino acids were missing in the created amino acid-mix or that a limitation of amino acids occurred
during fermentation. A limitation of tryptophan was proven by analyzing the free amino acids in the
limited MRS medium with B-vitamin mix and amino acid-mix. Tryptophan, glutamic acid, arginine,
cysteine, leucin, tyrosine, tryptophan, and valine are classified as essential amino acids [29,30,32].
Serine, isoleucine, and phenylalanine are described as essential or stimulatory. The used complex
nutrient sources of 5 g·L−1 yeast extract and 5 g·L−1 meat extract contain all the listed amino acids,
whereas cysteine and arginine could not be measured with the analytic method used. Therefore, a
mixture of tryptophan, cysteine, and arginine was added to limited MRS medium with B-vitamin mix
and amino acid-mix. With this combination, a comparable final titer of 95.2 g·L−1 l-lactic and yield of
0.89 (w/w) to the MRS medium with 5 g·L−1 yeast extract and 5 g·L−1 meat extract acid was achieved.
However, the maximum productivity differed and the productivity of limited MRS medium with
supplemented B-vitamin mix; amino acid-mix; and a mixture of Trp, Cys, and Arg was considerably
lower than the productivity of the cultivation with 5 g·L−1 yeast extract and 5 g·L−1 meat extract. If
each of the three amino acids were tested separately, the amino acid Cys shows major influence on
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cultivation. Besides total substrate consumption, the final titer of 94.1 g·L−1 gets close to the final titer
of the reference cultivation with 5 g·L−1 yeast extract and 5 g·L−1 meat extract. Some species of L. casei
cannot synthesize cysteine from methionine or serine, which is an essential amino acid and sulfur source
for the growth of the bacteria [33,34]. Especially, a combination of cysteine and methionine stimulate
the growth of some L. casei strains [33], which is probably the reason for the glucose consumption
and the increased final titer. The results confirmed that these amino acids are essential, and special
attention should be given to tryptophan and cysteine. To develop a synthetic medium for l-lactic acid
production, the influence of trace elements and nucleosides should additionally be examined, this was
was beyond the scope of the present study.

The major aim of this study, however, was the substitution of yeast extract by low-cost protein-rich
agricultural hydrolysates for l-lactic acid production with L. casei. A chemical acidic hydrolysis with
3m H2SO4 at 110 ◦C proved to be a successful hydrolysis method for various protein-rich agricultural
residues used in d-lactic acid production without deficits in yield, productivity, or final titer [16]. Hence,
this method was transferred to the l-lactic acid production in this study. Also, enzymatic hydrolysates
of rapeseed meal and distillers’ dried grains with solubles were tested for the cultivation of L. casei.
The total nitrogen amount of hydrolysates used in the cultivations referred to the total nitrogen amount
in 5 g·L−1 yeast extract and 5 g·L−1 meat extract. The single use of chemical and enzymatic hydrolysates
in MRS medium without complex nutrient sources led to a halved final titer compared to using 5 g·L−1

yeast extract and 5 g·L−1 meat extract. Probably, the supply with essential B-vitamins, which was
characterized in this study, is insufficient. Through the hydrolysis conditions, the heat labile B-vitamins
of the agriculture residues are destroyed, and through acidic conditions, asparagine, glutamine, serine,
and threonine are hydrolyzed whereas tryptophan and tyrosine are destroyed [35]. The use of the
limited MRS medium with 3 g·L−1 yeast extract and either type of hydrolysate increased the final
titer to 101.7 g·L−1

± 2.7 g·L−1 l-lactic acid with a constant yield of 0.84 (w/w), which was comparable
with the use of 5 g·L−1 yeast extract and 5 g·L−1 meat extract. Probably, 3 g·L−1 yeast extract provided
essential B-vitamins and substituted, destroyed, or hydrolyzed amino acids, respectively, for growth
and lactic-acid production in sufficient quantities. Also, in the literature, compared to pure yeast
extract, combinations of agricultural residues and yeast extract yielded similar results for final titer
and productivity of l-lactic acid production using L. casei strains [15,17]. A difference between the
enzymatic and chemical hydrolysates is apparent because the maximum productivity decreased for
the use of enzymatic hydrolysates by 35% compared to the chemical hydrolysate. The cultivations
with the different agriculture residues DDGS and RM demonstrated similar yield, productivity, and
final titer. Only the hydrolysis method had a minor impact. The influence of the hydrolysis method on
cultivation behavior of Lactobacilli was already described by Brock et al. [16] and is attributable to a
higher free amino acids content and lower peptide amount in chemical produced hydrolysates with
3m H2SO4.

All in all, the content of cost-intensive, complex media components was successfully reduced from
25 g·L−1 in total to between 10 g·L−1 to 3 g·L−1 yeast extract and was supplemented by agricultural
residue hydrolysates with equal yield, productivity, and final titer of l-lactic acid. Yeast extract and
other complex media components costs about 9000–10,000 € t−1 [1] and cover 25–38% of the total costs
of biotechnological lactic acid production [11,12]. The costs of the tested protein-rich agricultural
residues depend on the cost of corn or rapeseed meal and average between 120 and 220 € t−1 [36–38].
Raw material costs are also caused by the used sulfuric acid (128 € t−1) and neutralization agent
Ca(OH)2 (100 € t−1) [39,40] as well as investment costs and annual cost of a plant. A hydrolysate
based on the used agricultural residues with the same total nitrogen content as yeast extract costs
approximately 1150 € t−1 using acidic hydrolysis in a hydrolysis reactor with a volume of 80 m3 and an
annual operating time of 8300 h. If 70% of the yeast extract is replaced by a hydrolysate of DDGS or
RM, the costs of l-lactic acid production with Lactobacillus casei could prospectively be reduced by 23%.
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5. Conclusions

This study demonstrated that not the total nitrogen content of the cultivation media but rather
the composition of the complex nutrition sources regarding B-vitamins and amino acids is significant
for l-lactic acid production of L. casei. Moreover, 70% of expensive complex media components was
supplemented by low-cost hydrolysates of agricultural residues, i.e., rapeseed meal (RM) and distillers’
dried grains with solubles (DDGS), with unchanged yield, productivity, and final titer of l-lactic acid.
The reduced cost of approximately 23% of the biotechnological l-lactate production could make PLA
production more economical, and the use of fossil-based thermoplastics could be significantly reduced.
It has been demonstrated that the chemical hydrolysis with 3m H2SO4 is also suited for l-lactic acid as
well as d-lactic acid production with different Lactobacilli species. If the new knowledge of nutritional
requirements of L. casei is combined with the promising protein-rich hydrolysates, it is to be expected,
that the content of yeast extract could be further reduced or totally supplemented by hydrolysates of
agricultural residues.
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