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Abstract: Biotechnological production of lactic acid (LA) is based on the so-called first generation
feedstocks, meaning sugars derived from food and feed crops such as corn, sugarcane and cassava.
The aim of this study was to exploit the potential of a second generation resource: Common reed
(Phragmites australis) is a powerfully reproducing sweet grass which grows in wetlands and creates
vast monocultural populations. This lignocellulose biomass bears the possibility to be refined to
value-added products, without competing with agro industrial land. Besides utilizing reed as a
renewable and inexpensive substrate, low-cost nutritional supplementation was analyzed for the
fermentation of thermophilic Bacillus coagulans. Various nutritional sources such as baker’s and
brewer’s yeast, lucerne green juice and tryptone were investigated for the replacement of yeast
extract. The structure of the lignocellulosic material was tackled by chemical treatment (1% NaOH)
and enzymatic hydrolysis (Cellic® CTec2). B. coagulans DSM ID 14-300 was employed for the
homofermentative conversion of the released hexose and pentose sugars to polymerizable L-(+)-LA
of over 99.5% optical purity. The addition of autolyzed baker’s yeast led to the best results of
fermentation, enabling an LA titer of 28.3 g L−1 and a yield of 91.6%.
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1. Introduction

Lactic acid (LA), or 2-hydroxy propionic acid, is considered to be one of the main chemical
building blocks for enabling the transition to a sustainable bio-based economy [1,2]. Traditionally used
in the food industry as preserver and mild acidifier, the applications for LA have broadened since
its capacity to polymerize under certain conditions to polylactic acid (PLA) has been put to use [3].
Naturally occurring in the two stereochemical forms L-(+) and D-(−), the L-LA is preferably used
for the production of PLA [4]. Initially, PLA had been introduced for medical applications like bone
fixation devices, stents or drug delivery systems, benefiting from L-LA’s compatibility with the human
body [5]. Nowadays, with the decline of PLA’s competitive cost, its production for various industrial
applications is on the rise. Various consumer goods packaging like bags, cups or bottles are already
available on the market [4,6].

The most commercial value is gained by PLA of high molecular weight (MW), and this property
depends on the stereochemical purity of the material. Consequently, the optical purity of the starting
material, the initial L-LA, has to meet this requirement [4]. Biotechnology proved to be advantageous
over potential chemical routes, not only providing higher optical purities of the product, but also
offering the utilization of inexpensive renewable substrates [3]. NatureWorks LLC, for instance, which
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is jointly owned by PTT Global Chemical and Cargill and is the major producer of PLA today, utilizes
LA originating from the fermentation of corn for their process [4]. Though feasible, research nowadays
is focused on feedstocks of the so-called second generation to avoid competition with the provision of
food [7,8].

Common reed (Phragmites australis) is one example for a renewable substrate that bears fermentable
sugars and grows abundantly in wetlands, therefore not competing with land intended for the
production of food. It is a highly productive grass that reaches heights of several meters and has
been harvested for uses like thatching, in construction and pulp & paper or landscape managing [9].
Macrophytes like reed exhibit many properties that support the water treatment of natural or constructed
wetlands, being advantageous for erosion control, filtration, surface provision for microbial growth
and nutrient uptake [10]. Notably, sustainable harvesting of reed is beneficial to the wetland ecosystem,
while at the same time expected to provide viable income to local communities [11]. In their recent
study, Baibagyssov et al. [12] estimated a quantity of at least 30 million tonnes of annually available
biomass worldwide.

Regarding reed, few studies focus on the production of LA: Perttunen et al. [13] utilized
hemicellulose liquor from reed, which occurred as a by-product in the pulping process for fermentation
by L. pentosus. Zhang et al. [14] pretreated reed with sulfuric acid and compared separate and integrated
fermentation strategies by employing B. coagulans IPE22. The best result was attained by a simultaneous
saccharification and co-fermentation approach (SSCF), leading to an LA-titer of 35.05 g L−1 after a
course of 55 h [14]. Reports on other grassy crops like corn stover are more frequent in the literature.
Fermentation of acid pretreated corn stover by B. coagulans MXL-9 resulted in 40.2 g L−1 LA with
a productivity of 0.5 g L−1 h−1 [15]. Final LA-titers could be increased by prior concentration of
corn stover hydrolysate (e.g., by vacuum evaporation) or through the implementation of fed-batch
approaches [16–19]. Fed-batch SSF of alkaline pretreated corn stover by B. coagulans LA204 resulted in
97.6 g L−1 L-LA at a productivity of 1.63 g L−1 h−1 [18].

Besides the utilization of inexpensive carbon sources like lignocellulose residues, the replacement
of costly nutritional supplements is another option to improve the overall process costs [20]. Commonly,
yeast extract (YE) is added to the fermentation as a source of nitrogen for microbial growth. Several
studies have tested low-cost alternatives, starting out with trials on lactic acid bacteria (LAB) of the
genus Lactobacillus and more recently, focusing on Bacillus strains. Since LAB are fastidious concerning
their nutrient requirement, replacement of YE can be challenging in comparison to Bacillus strains,
which are able to grow in simple mediums [21]. Studies employing corn steep liquor (CSL) or powder
(CSP) in fermentations of L. delbrueckii and L. pentosus noted its cost-effectiveness in comparison
to YE, though admitting lower performances [22,23]. Concerning several Bacillus strains as well
as Sporolactobacillus sp. CASD, trials with enzymatic hydrolyzed peanut meal showed promising
results [24–26]. Fermentations with B. coagulans in particular have been supplemented with CSL, CSP,
peptone, dry yeast cells (DYC) and excess sludge hydrolysate [15,18,27,28]. Best results were achieved
in a study by Ooi & Wu [27], concerning the SSF of cassava starch. Compared to supplementation with
YE, adding autolyzed DYC to the fermentation led to an increase in productivity without compromising
values of titer nor yield [27].

In this study, we investigated reed biomass as an abundant and inexpensive renewable resource for
the production of polymerizable L-LA. The recalcitrant chemical structure of the reed lignocellulose was
tackled by chemical and enzymatic hydrolysis. B. coagulans 14-300 was employed for the biotechnological
conversion of the released sugars to L-LA. To meet its nitrogen demand, various nutritional sources
such as baker’s yeast, lucerne green juice or corn steep liquor were investigated as low-cost alternatives
to YE. So far, studies on the biotechnological production of L-LA from reed are rarely found in literature.
Furthermore, to our knowledge, only one study tested the feasibility of alternative nutrient sources for
the fermentation of lignocellulose substrates in respect to B. coagulans [15].
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2. Materials and Methods

2.1. Raw Material & Processing

Reed stems (P. australis) were kindly provided by the HISS REET Schilfrohrhandel GmbH
(Bad Oldesloe, Germany) and mechanically processed by chopping and grinding until an average
size of 2 mm × 2–10 mm was reached. The reed stems contained 92.8% of total solids (TS) and an
ash content of 5.36% (w/w TS basis). Various substances were obtained to investigate their potential
as nutrient source for the fermentation of B. coagulans 14-300: Yeast extract and tryptone (Carl Roth,
Karlsruhe, Germany), peptone from soymeal and malt extract (Merck Millipore, Darmstadt, Germany),
baker’s yeast (RUF, Quakenbrück, Germany), brewer’s yeast (T.T. Baits, Baiersdorf; Germany) and
insect meal (ground Hermetia illucens; Hermetia, Baruth, Germany). Additionally, lucerne green juice
(GJ) was investigated, since it showed promising results concerning the nutrition of L. paracasei [29].
GJ was provided as stated in our former publication [29], already in liquid form and not further
processed. For all other nutrients, stock solutions were prepared by suspension in deionized water and
autoclaved for 15 min at 121 ◦C. Furthermore, as proposed by Ooi and Wu [27], an autolysis of the
two yeast cell sources—namely, baker’s and brewer’s yeast—was carried out. For this, stock solutions
were kept overnight at 55 ◦C and 100 rpm in a shaking incubator.

2.2. Chemical and Enzymatic Pretreatment

The ground reed stems were chemically and enzymatically treated to gain a lignocellulosic
hydrolysate for the fermentation studies. As chemical agents, sodium hydroxide (NaOH) and sulfuric
acid (H2SO4) were tested. Subsequent enzymatic hydrolysis was conducted with Cellic® CTec2
(Novozymes, Denmark). Preliminarily, experiments were carried out in 0.3 L shaking flasks working
with a volume of 50 mL and a load of 10% (w/v). NaOH or H2SO4 (0.5%–4%) were added to the
reed and the flasks were kept for 30 min at 121 ◦C in the autoclave. After adjustment to pH 5, an
enzymatic hydrolysis was conducted by adding Cellic® CTec2 to each shaking flask (0.053 mL g−1

cellulose or 14 FPU g−1 cellulose), keeping them at 50 ◦C and 150 rpm for 48 h in a shaking incubator.
For scale-up, 20% (w/v) reed was pretreated with 1% NaOH in a 5 L Schott bottle with a working
volume of 2 L. The material was kept for 30 min at 121 ◦C in the autoclave and, after cooling, transferred
to a 5 L lab scale fermenter unit equipped with 2 × 6 blade Rushton turbines. After adjustment to pH 5
with 50% H2SO4, enzymatic hydrolysis was conducted for 48 h at 50 ◦C and 600 rpm. The obtained
hydrolysate was passed through a mesh with 150 µm pore size to receive a medium suitable for the
fermentation studies.

2.3. Bacterial Strain and Preculture Conditions

Bacillus coagulans DSM ID 14-300 (short 14-300) was chosen, since it performed well in hemicellulose
hydrolysate of an earlier study and exhibited tolerance against typical inhibitor compounds found
among such substrates [30]. B. coagulans 14-300 preculture was grown in 60 mL MRS (Merck Millipore,
Darmstadt, Germany), supplemented with 0.67 g of EVERZIT® Dol (0.5–2.5 mm sized CaCO3·MgCO3;
Evers, Hopsten, Germany) for pH regulation and incubated for 14 h at 40 ◦C and 100 rpm.

2.4. Fermentation Studies with Varying Nutrient Sources

Preliminary shaking flask experiments were carried out to determine nutrient sources that were
most favorable for the fermentation of reed hydrolysate by B. coagulans 14-300. Experiments were
conducted in 0.25 L flasks, working with a total volume of 100 mL. Nutrient stock solution was added,
reaching a nutrient concentration of 5 g L−1 within each flask. Concerning GJ, the same volume was
added to the flask, resulting in a concentration of 10% (v/v). After the addition of 6% (v/v) preculture,
the flasks were kept at 52 ◦C and 100 rpm in a shaking incubator and samples were taken after 2, 4 and
24 h. The first shaking flask experiment included all the obtained nutrient sources and was conducted
with synthetic media supplemented with 1.2 g EVERZIT® Dol (Evers, Germany) as a buffer. Synthetic
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media composed of 60% glucose, 35% xylose and 5% arabinose, to reproduce the monosaccharide
fractions found in NaOH pretreated reed hydrolysate. A second shaking flask experiment was
performed to test a selected number of nutrient sources, this time using reed hydrolysate as a substrate.
For lab scale fermentations, the EloFerm-dual System (Biotronix, Hennigsdorf, Germany) equipped
with 0.5 L glass reactors and stirring rods was employed. Reed hydrolysate was used as the substrate,
running the fermentations with a working volume of 0.25 L at 52 ◦C and 400 rpm. Nutrients were
added, reaching a concentration of 5 g L−1, except for autolyzed brewer’s yeast, which was additionally
tested for a concentration of 10 g L−1. Neutralizing agent (20% NaOH) was automatically added
throughout the experiment to keep the medium stable at pH 6. Preculture concentration of B. coagulans
14-300 was 6% (v/v). All experiments were performed in duplicates.

2.5. Analytics

The lignocellulose composition of the reed stems was analyzed according to laboratory
analytical procedures (LAP) suggested by the National Renewable Energy Laboratory (NREL) [31–33].
The cellulase activity of Cellic® CTec2 was measured following the guidelines of the NREL, using
an adapted version of the reagents as found in Arnaut de Toledo et al. to avoid the application of
hazardous phenol [34,35]. The total nitrogen content was analyzed by the Kjeldahl method using
the Kjeldahl Sampler System K-370/371 (BÜCHI, Essen, Germany) [36]. Lactic acid, acetic acid and
monosaccharide concentrations of glucose, xylose and arabinose were measured via high performance
liquid chromatography (HPLC; DIONEX, Sunnyvale, CA, USA). As HPLC column, Eurokat H
(300 mm × 8 mm × 10 µm; Knauer, Berlin, Germany) was used, running 10 µL sample at a flow rate
of 0.8 mL min−1 within a mobile phase of 5 mM H2SO4. The HPLC was equipped with a refractive
index detector RI-71 (SHODEX, Tokyo, Japan). Determination of the L-/D-isomer ratio in the sample
was also conducted via HPLC, using a Chiralpak®MA(+) column (50 mm × 4.6 mm × 3 µm; DAICEL,
Tokyo, Japan) with a 2 mM CuSO4 mobile phase and an ultraviolet detector.

2.6. Calculations

The yield of enzymatic hydrolysis was calculated by dividing the total released monosaccharides
by the theoretical amount of monosaccharides in g g−1. Converting factors for glucan and xylan
were 0.9 and 0.88, respectively, as reported in literature [37]. Regarding fermentation experiments,
the addition of neutralizing agent led to the dilution of the media and sample withdrawal to a loss of
monosaccharides, as well as produced LA. These factors were taken into account for the calculation of
the fermentation yield. Therefore, fermentation yield was calculated by dividing the total produced
LA by the available monosaccharides in the fermentation broth in g g−1. Average and maximum
productivity were determined by dividing the measured LA concentration by the fermentation duration
or the specific time interval in g L−1 h−1.

3. Results

3.1. Reed Analysis & Pretreatment

Lignocellulose of the reed stems was analyzed according to the guidelines of the NREL [31–33].
However, since no standard has yet been provided for P. australis by the National Institute of Standards
and Technology (NIST), method errors cannot be excluded [38]. Nevertheless, as can be seen in Table 1,
our data lies well within the range of earlier reported values concerning the lignocellulose composition
of P. australis analyzed according to NREL guidelines [14,39].
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Table 1. Lignocellulose composition of reed (Phragmites australis) 1.

Cellulose (%) Hemicellulose (%) Lignin (%) Reference (-)

38.13 20.51 23.02 [39]
42.45 29.34 17.28 [14]
40.90 27.65 19.46 This study

1 analysis according to the laboratory analytical procedures stated by the NREL.

Sodium hydroxide (NaOH) and sulfuric acid (H2SO4) were chosen as chemical agents for affecting
the lignocellulose structure of reed, employing concentrations ranging from 0.5%–4%. Biomass with
added chemical agent was kept for 30 min at 121 ◦C in the autoclave, followed by an enzymatic
hydrolysis of 48 h with Cellic® CTec2. In Figure 1, results of shaking flask experiments with diluted
NaOH and H2SO4 are compared. The blank displays an enzymatic hydrolysis of the reed stems without
prior treatment with chemical agent. This alone leads to a hydrolysis yield of around 10%. The exposure
of reed stems to each chemical agent led to an improvement of the hydrolysis yield: The experiments
with H2SO4 present the highest yields, reaching 49.7% for an addition of 2% acid. Shaking flask trials
with NaOH resulted in a lower saccharification yield, producing a maximum of 35.5% by adding 1%
of base (Figure 1a). Though pretreatment with acid resulted in the highest yield, the glucose ratio
was also taken into account for choosing an optimum fermentation medium. While B. coagulans is
able to metabolize hexose as well as pentose sugars, glucose is consumed preferably causing higher
productivity in comparison to xylose [16,30]. The glucose ratios for all the pretreatment experiments
are shown in Figure 1b. The blank experiment, though exhibiting the lowest hydrolysis yield, led to the
highest glucose ratio of around 70%, which itself is due to the main function of Cellic® CTec2 being the
enzymatic degradation of cellulose. Though hemicellulose is tackled as well, it is affected to a lesser
extent. Concerning the pretreatment with chemical agents, the share of glucose in the monosaccharide
solution descents with an increasing amount of added H2SO4. At the highest yield of hydrolysis
(2% H2SO4), only 29.1% of the monosaccharides are of glucose. On the other hand, applying 1% of
NaOH led to 60.9% of glucose in the solution.
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Figure 1. Pretreatment of reed stems: (a) yield of hydrolysis and (b) glucose ratio after chemical
pretreatment and 48 h of enzymatic hydrolysis with Cellic® CTec2 (shaking flask experiments).

These findings go well in accordance with the literature. An acid pretreatment of lignocellulose
leads to a hydrolysis of the hemicellulose, resulting in higher proportions of pentose sugars in the
hydrolysate [40]. The application of base leads to the swelling of the biomass and therefore increases
the surface of the material. Extent of polymerization and crystallinity of the cellulose are reduced. Bases
particularly affect the lignin structure by loosening chemical bonds between the lignin components
and the carbohydrates, without promoting the solubilization of hemicellulose [40,41].

Despite the fact that the actual monosaccharide yield was higher when applying sulfuric acid
as the chemical agent, lower chemical input and higher glucose ratio was favored for our process.
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Based on these results, a chemical treatment with 1% NaOH was chosen as a basis for the following
fermentation experiments.

3.2. Shaking Flask Fermentation Experiments

To study the effect of various nutrient sources on B. coagulans 14-300, a shaking flask experiment with
simplified synthetic medium was carried out. Medium composition was based on the monosaccharide
present in reed hydrolysate, containing 60% of glucose and 40% of pentose sugars. Shaking flasks
contained a concentration of 5 g L−1 nutrient, except for lucerne green juice, which was added at a
concentration of 10% (v/v). Abbreviations and N-Kjeldahl content for all the tested nutrients are listed
in Table 2. Tryptone contains the highest content of 133.2 mg gFM

−1 nitrogen, followed by yeast extract,
peptone from soymeal and brewer’s yeast. All other sources tested for nutrient supplementation hold
N-Kjeldahl contents of lower than 70 mg gFM

−1.

Table 2. List of all the tested nutrient sources: Abbreviations, dry matter (DM) and total nitrogen
content (NKjel = Nitrogen measured by the Kjeldahl method, FM = fresh matter, SF = shaking flask).

Nutrient Source (-) Abbr. (-) DM105 ◦C (%) NKjel (mg gFM−1) NKjel (mg mL−1) NKjel in SF (mg 0.1 L−1)

Yeast Extract YE 87.3 115.5 - 57.8
Malt Extract ME 89.4 13.4 - 6.7

Peptone fr. Soymeal PS 92.5 94.5 - 47.3
Tryptone TR 95.0 133.2 - 66.6

Baker’s Yeast BaY 97.7 68.7 - 34.4
Brewer’s Yeast BrY 90.8 82.2 - 41.1

Insect Meal IM 95.7 58.1 - 29.1
Lucerne Green Juice GJ 5.2 - 2.24 22.4

In Figure 2a the results of the shaking flask experiment are displayed against the total nitrogen
content of the nutrient sources. The best lactic acid concentration of 30.2 g L−1 was obtained by
supplementing the fermentation with yeast extract, followed by the addition of tryptone and lucerne
green juice, reaching 22.6 and 20.7 g L−1, respectively. It can be noted that an increase in total nitrogen
content of the nutrient applied did not necessarily result in higher LA concentration. Besides the total
nitrogen content, specific nutrient components can play a role for the growth of B. coagulans. Marshall
& Beers [42] found five strains of B. coagulans requiring thiamine as well as biotin, while a difference in
temperature regimes (37, 45 & 55 ◦C) necessitated additional components such as aspartic acid and
folic acid.
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For two of the tested nutrients, baker’s yeast (BaY) and brewer’s yeast (BrY), a modification of
an autolysis method described by Ooi & Wu [27] was applied to enhance the release of nitrogen and
other nutritional compounds. Experiments with untreated baker’s and brewer’s yeast resulted in 16.9
and 18.1 g L−1 LA. Employing autolysis beforehand led to increased LA concentrations of 24.5 and
19.8 g L−1, respectively (see Figure 2a).

Nutrient sources which led to the highest LA titers were tested in a second shaking flask experiment,
this time using reed stem hydrolysate as the fermentation medium. The average productivity for each
point of sampling allowed a comparison regarding the performance of the individual fermentations
(see Figure 2b). At 2 h and 4 h, the fermentations with autolyzed baker’s yeast (a.BaY) displayed
the highest average productivity of 0.56 and 0.82 g L−1 h−1, followed by the ones supplied with
autolyzed brewer’s yeast (a.BrY) and tryptone. Supplementation with lucerne green juice resulted in
a slightly lower average productivity compared to the other nutrient sources. To limit the expense
of substrate, only the three nutrients, which led to the best fermentation performances were further
tested in lab-scale fermentations.

3.3. Lab-Scale Fermentation Experiments

Two batches of reed hydrolysate were utilized as medium for the lab-scale fermentations. Though
their total sugar content was similar, the composition of monosaccharides deviated slightly. The first
batch (B1) contained 34.9 ± 1.4 g L−1 total monosaccharides comprised of 66.2% glucose, 30.5% xylose
and 3.3% arabinose. The second batch (B2) held 35.0 ± 0.8 g L−1 of total monosaccharides with a
slight increased ratio of the hexose sugars, namely 68.4% glucose, 28.8% xylose and 2.8% arabinose.
Both batches contained acetic acid with a concentration of 6.6± 0.2 g L−1 and 7.2± 0.2 g L−1, respectively.
Reed hydrolysate of B1 was employed for the fermentations supplemented with YE, TR and a.BrY.
Batch B2 was used for application of a.BaY and 10 g L−1 a.BrY, as well as for the fermentations without
added nutrients.

The results for the fermentations of reed hydrolysate by B. coagulans 14-300 are shown in Figure 3.
Running the experiment without application of any nutrients resulted in no growth of B. coagulans
14-300 (data not shown). Figure 3a displays the course of the fermentations over time. Observing
the fermentations with supplementation of 5 g L−1 nutrient sources, YE and a.BaY led to the best
performances. After 48 h of fermentation, LA titers resulted in 25.2 and 28.3 g L−1, respectively. Notably,
the produced L-LA had a high optical purity of over 99.5%. The increase of the a.BrY concentration
from 5 to 10 g L−1, led to an improvement in sugar consumption regarding the first 10 h of fermentation.
However, final titer, overall productivity and yield were not enhanced by this approach. After 48 h,
yields of fermentation ranged between 75%–80% for all experiments except the ones supplemented
with a.BaY, which resulted in an average yield of 91.6% (see Figure 3b). However, according to ANOVA
analysis, none of the results deviates significantly from the group of 48 h which is due to the deviations
between the duplicate runs. It should also be noted that the fermentations supplemented with a.BaY
were conducted with reed hydrolysate of B2, which held a slightly increased amount of glucose.
Though no positive effect of a.BaY can be statistically validated for our study, still, it can be noted that
a.BaY supports B. coagulans 14-300 as good as YE concerning the LA titer and the yield of fermentation.
Furthermore, the average productivity of the fermentations supplemented with a.BaY was comparable
to that conducted with YE (see Figure 3c). After 48 h of fermentation, the average productivity for
B. coagulans 14-300 was 0.53 and 0.59 g L-1 h−1 regarding the addition of YE and a.BaY, respectively.
Maximum productivity of 4.5 g L−1 h−1 was observed for YE application, followed by 3.5 g L−1 h−1

regarding a.BaY and 3.3 g L−1 h−1 for the addition of 10 g L−1 a.BrY. These findings are compliant with
the study conducted by Ooi & Wu [27]. Concerning the utilization of cassava starch, autolyzed DYC
were found to be comparable to YE in respect to resulting LA titer and yield. Moreover, the average
productivity of B. coagulans was slightly enhanced [27].
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Figure 3. Results of the lab scale fermentations with the nutrient sources YE, TR, a.BaY & a.BrY
(B. coagulans 14-300, 0.25 L working volume, 52 ◦C, pH 6; 5 or 10 = nutrient concentration of 5 or
10 g L−1): (a) course of fermentation; (b) yield of fermentation; (c) average (P.av) and maximum
productivity (P.max).

The acetic acid concentration was measured throughout the fermentations, and although the final
concentrations did not deviate significantly from the beginning, minor changes could be observed over
the course of fermentation (data not shown). A decrease in acetic acid concentration was noted during
the phase of glucose consumption, since addition of neutralizing agent resulted in slight dilution of the
medium. After the depletion of glucose, a slight increase of acetic acid was detected, indicating low
by-product formation by B. coagulans 14-300. Nevertheless, for all lab-scale experiments the increase in
acetic acid concentration was calculated to be less than 0.8 g L−1 after 48 h of fermentation.

In Figure 4a,b the course of monosaccharide consumption and LA production, regarding the
fermentations supplemented with YE and a.BaY, are shown for a detailed comparison. Utilizing YE,
B. coagulans 14-300 consumed the glucose rapidly within the first 8 h of the fermentation, exerting a
volumetric rate of glucose consumption of around 2.7 g L−1 h−1. Notably, the pentoses are already
utilized during this stage, indicating that carbon catabolite repression (CCR) is reduced. However,
the average volumetric rates of xylose and arabinose consumption were 0.15 and 0.05 g L−1 h−1, leading
to a second fermentation stage with lowered productivity after glucose was depleted, resulting in a
productivity of 2.58 g L−1 h−1 for the first 8 h and 0.12 g L−1 h−1 for the following 38 h of fermentation.
In the fermentations supplemented with a.BaY, B. coagulans 14-300 dealt with slightly decreased ratios
of pentose sugars, seemingly consuming them more efficiently and leading to an increased L-LA titer
and fermentation yield. Again, though statistical analysis does not support the conclusion of a positive
effect for this study, our results still indicate a.BaY as a promising alternative for the use of YE.
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4. Discussion

To date, research on biotechnological production of LA is focused on feedstocks of the second
generation, such as lignocellulose biomass, as well as municipal, industrial and agricultural wastes or
residues [7,8,43]. In our study, we analyzed common reed as an inexpensive lignocellulose substrate for
LA production. Reed grows abundantly and its harvest, if conducted in a sustainable way, is reported
to be beneficial for its ecosystem and local communities [11]. Besides working with a renewable and
inexpensive substrate, this study particularly compared various low-cost resources in respect to their
applicability as nutrients for the fermentation of B. coagulans. Ground reed stems were pretreated
with NaOH in the autoclave, followed by enzymatic hydrolysis. After filtration of the hydrolysate,
thermophilic B. coagulans DSM ID 14-300 was employed for the fermentation of the liquid supernatant
to optical pure L-LA. Supplementation with 5 g L−1 autolyzed baker’s yeast resulted in the highest
values, concerning LA titer, yield and overall productivity (28.3 g L−1, 91.6% and 0.59 g L−1 h−1).
However, maximum productivity of B. coagulans 14-300 was increased from 3.5 to 4.5 g L−1 h−1 when
5 g L−1 YE was applied, instead.

The LA titer achieved in this study is comparable to results from other studies describing the
fermentation of pretreated reed. Besides SSF trials, Zhang et al. [14] conducted a batch experiment
on the filtrated supernatant of acid pretreated reed. Modified MRS medium was added as a rather
costly source of nutrients, containing various compounds such as peptone, beef extract and yeast
extract. After 19 h of fermentation, a concentration of 20.8 g L−1 LA was achieved from 24.6 g L−1

mixed sugars by employing B. coagulans IPE22. Though the LA titer was increased to 35.05 g L−1 by
performing SSCF of liquid and solid fraction together, the overall process duration was prolonged to
55 h [14]. Utilizing L. pentosus, Perttunen et al. [13] gained 33 g L−1 LA from hemicellulose liquor which
contained 50 g L−1 of total sugars via 48 h of batch fermentation. However, since L. pentosus produces
LA heterofermentatively, an additional 17 g L−1 of acetic acid were generated as by-product [13].

While results on LA production from reed are rarely found in literature [13,14], cereal grasses
like corn are discussed more frequently [15–19]. Hu et al. [18] employed B. coagulans LA204 for
SSF with alkali pretreated corn stover, gaining 29.9 g L−1 L-LA at a productivity of 0.50 g L−1 h−1,
which is quite similar to the results found in our study. Titer and productivity were significantly
improved to 97.6 g L−1 and 1.63 g L−1 h−1 when fed-batch SSF was performed instead [18]. Hence,
further investigations on fermentation processes like SSF and fed-batch should be considered for future
experiments on reed to enhance the overall performance.

Regarding the investigations on low-cost nutrients, Altaf et al. [44] were one of the few to test
baker’s yeast lysate for the production of L-LA, studying the fermentation of L. amylophilus. Baker’s
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yeast was autoclaved and utilized in combination with red lentil gram to replace YE and peptone [44].
Though feasible, autoclaving is energy intensive and, according to Ooi & Wu [27], leads to the
disintegration of valuable nutritional compounds. The latter autolyzed DYC at a mild temperature of
50 ◦C and utilized them for the fermentation of cassava starch by B. coagulans WCP 10-4. While the
provision of 20 g L−1 YE was superior to non-treated DYC, its substitution with pre-autolyzed DYC let
to an increase in productivity from 6.4 to 7.7 g L−1 h−1 [27].

To our knowledge, only one study investigated the effect of low-cost nutrition on the fermentation
of lignocellulose residues by B. coagulans. Bischoff et al. [15] replaced YE with CSL for the fermentation
of corn fiber hydrolysate to LA, resulting in reduced maximum and average productivity. While a
titer of 45.6 g L−1 LA was achieved in SSF combined with 18 h of prehydrolysis, the productivity of
B. coagulans was reduced to 0.21 g L−1 h−1 [15]. In our study, we demonstrated that autolyzed baker’s
yeast could effectively be used for the fermentation of B. coagulans 14-300, using mixed sugars from
lignocellulose hydrolysate as a substrate. Titer, yield and overall productivity were not compromised
in comparison to experiments conducted with the addition of YE.

It has been argued that due to the energy consumption of autolyzing yeast cells overnight,
this might not be economically feasible for practical applications [27]. On the other hand, it can be
considered that an implemented production plant creates exhaust heat, which could be redirected
and utilized for such an autolyzing process unit. Since expenses for YE were about ninefold higher
at the time of our study, baker’s yeast appeared to be a promising nutrition alternative in regards to
the feedstock costs. However, the actual viability of the autolysis method should be assessed in an
economic analysis, provided, that data on scale-up and whole process concepts is available.

In conclusion, this study demonstrated that yeast extract could effectively be replaced by autolyzed
baker’s yeast, regarding the fermentation of the lignocellulose substrate reed by B. coagulans 14-300.
Reed is an abundant and inexpensive feedstock, whose cultivation does not compete with agricultural
land uses. Alkali and enzymatically pretreated reed was filtrated and fermented to 28.3 g L−1 L-LA at
an overall productivity of 0.59 g L−1 h−1. The generated L-LA had an optical purity of over 99.5%,
making it an ideal candidate for the production of high molecular weight PLA.
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