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Abstract

We optimized the production of lactic acid by Lactobacillus plantarum BL0O11, using acid and enzymatic soybean hull
hydrolysates as cultivation media. Selection of cultivation conditions was performed in Erlenmeyer flasks, in orbital shaker
at 37 °C and 120 rpm, pH 6.0. Plackett—-Burman experimental design was performed as tool to identify the best cultivation
temperature and whether medium supplementation should be necessary for further experiments. Crude yeast extract and
magnesium sulfate supplementation, temperature of 30 °C, 48 h of cultivation, were the ideal conditions defined in batch
cultivations (anaerobiosis and controlled pH), allowing for the production of 39.34 geL ™! of lactic acid, and a productivity
of 0.82 ge(Leh)! at 48 h of cultivation. Fed-batch bioreactor cultivations were performed, applying 12-h linear ascending
feeding strategy, using enzymatic hydrolysate containing either 90 geL.™! or 130 geL ! of total sugars, resulting in a produc-
tivity above 1.5 ge(Leh)™! and acid lactic concentration of 58.6 go(Loh)‘l, after 48 h of cultivation. Our results demonstrate
the possibility of using this abundant waste lignocellulosic biomass hydrolysates to cultivate Lactobacillus and to obtain

high concentrations of lactic acid.
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1 Introduction

In view of worldwide efforts regarding implementation
of sustainable processes, the impact of studies to develop
potential alternative technologies is of foremost impor-
tance. Among other factors, the high costs of raw materials
involved in bioprocesses are concerns pushing the devel-
opment of the biorefinery concept as a sustainable key
technology for the next decades Biorefineries are facilities
where different processes and technologies are integrated
in ways to convert several types of biomass [1, 2], such as
agro-industrial byproducts and residues, which are low-cost
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materials widely available, into high added-value bioprod-
ucts [3].

Several non-food biomass have already been used in dif-
ferent bioprocess, such as whey, residual glycerol from bio-
diesel synthesis, reforesting wood residues, and byproducts
of agroindustry, such as sugarcane bagasse, cereals or grains
straws, and hulls [2, 4, 5]. The use of these raw materials as
substrates for microbial cultivations is an important proce-
dure, allowing the reduction of production costs of culture
media, besides assisting in reducing environmental impacts
caused by their improper disposal [6, 7]

Lactic acid is an important bioproduct, with ever increas-
ing demand [2, 8, 9]. The global lactic acid market required
about 1400 kt in 2021, production which is expected to reach
2000 kt by 2025, which should represent a market value of
approximately USD 10 billion, globally [9].

Lactic acid (LAC) occurs naturally as two enantio-
meric forms: D-(-)-lactic acid (D-LA) and L-(+)-lactic
acid (L-LA). LAC finds several industrial applications,
such as acidulants, emulsifier, flavoring, and antimicro-
bial agent in food industry, as a raw material in phar-
maceutical applications, and as an essential precursor
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for polylactic acid (PLA) production [4, 10, 11]. LAC
biotechnological production, in contrast with its chemi-
cal synthesis, can yield a high optical purity product,
which is very important for its applications [11, 12]. The
enantiomeric form L-LAC is mainly used in the food
and pharmaceutical (cosmetics applications) industries
because it can be completely assimilated by the human
organism [5, 13]. In the green chemistry field, both LAC
isomers can be used to produce different compounds as
building blocks. For instance, it can be used to obtain
propylene glycol, acrylic acid, 2,3-pentadione, and, per-
haps the most important application, as monomers to
produce polylactic acid (PLA) [2, 4, 13, 14]. PLA is a
biodegradable polymer with high chemical resistance,
which is an interesting alternative to traditional fossil
plastics. This polymer can also be used to obtain fibers,
nonwoven fabrics, and films among many other applica-
tions [15-17]. As with lactic acid, the market demand
for PLA demand should grow, reaching USD 6.5 billion
worldwide by 2025 [2, 9].

So far, most of the industrial production of LAC is
obtained by fermentative processes, mostly using pure
sugar, simple carbohydrates as raw material, which may
represent a high cost [4, 18]. Because of this fact, the uti-
lization of alternative substrates and the development of
genetically modified microorganisms have gained interest
to be applied in this bioprocess [2, 6, 19-23].

The use of lignocellulosic biomass hydrolysates as
an alternative in bioprocess still poses some challenges
because they present a mixture of hexoses and pentoses,
besides containing some amounts of toxic compounds for
microbial cells, such as hydroxymethylfurfural and fur-
fural [6, 8], prompting the search for new strategies and
microorganisms capable to grow in these [24-28].

Soybean is among the most cultivated crops in the
world, with a global production of approximately 337 mil-
lion tons [29]. Soybean hull hydrolysates are a potential
alternative source to be used in bioprocess since they have
high sugar concentrations and produce low concentrations
of inhibitory compounds [30-33]. Some recent studies
have shown that soybean hull hydrolysates can be suc-
cessfully used as substrate for 2,3-butanediol and ethanol
production [31-34]. So far, soybean hull hydrolysate has
not been reported to produce LAC.

In this study, we evaluated and improved the produc-
tion of LAC by Lactobacillus plantarum BLO11, a wild
strain isolated by our group, in soybean hull acid and
enzymatic hydrolysates. The work consisted in analyzing
several production parameters, such as pH, temperature,
and medium supplementation, both in shaker and in biore-
actors. Finally, we applied fed-batch strategies to further
improve the production of LAC.
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2 Materials and methods
2.1 Microorganisms, cell maintenance, and inocula

In this study, we cultivated Lactobacillus plantarum
BLO11 isolated from Serrano cheese [35]. The strain was
kept as a 50% glycerol/MRS suspension at —80 °C. The
pre-inocula for the cultivations were carried out in 500 mL
Erlenmeyer flasks filled with 100 mL of liquid MRS, for
orbital shaker experiments, and with 150 mL for the bio-
reactor experiments. The flasks were incubated in orbital
shakers at 120 rpm, 37 °C for about 12 h until late expo-
nential phase, checked by spectroscopy (1.0 OD at 600
nm). Cells were then collected by centrifugation (3500
g, 4 °C, 15 min), discarding the liquid supernatant. For
the orbital shaker experiments, the cell pellets were resus-
pended directly into the hydrolysate medium to be used
as inoculum, while in the bioreactor experiments, cells
were resuspended into the supplementation medium (10%
working volume fraction). This method was adopted to
eliminate possible fermentation products that are produced
during pre-inoculum cultivation.

2.2 Soybean hull hydrolysates

Soybean hulls were obtained from local mills (State of
Rio Grande do Sul, Brazil, centroid geo-coordinates at
30°51'04"S and 51°48'44"W), as dried material. The solu-
bilization of the hemicellulose fraction of in natura soy-
bean hulls was performed by diluted acid hydrolysis, using
a 1% solution of H,SO, and solid:liquid ratio of 1:10, at
121 °C for 40 min [30]. Solid and liquid fractions were
separated by centrifugation (3000 g, 4 °C, 30 min). The
remaining solid fraction was washed thoroughly using dis-
tilled water to remove the acid residues, whereas the liquid
fraction (the acid hydrolysate - AH) was stored for further
use. For the enzymatic hydrolysis, the washed solid frac-
tion was incubated in flasks added of CELLUCLAST® 1.5
L (Novozymes, Brazil) at concentration of 15 FPUeg~! and
sodium citrate buffer 1.0 M at solid:liquid ratio of 1/20 for
96 h, 50 °C and incubated in orbital shakers at 120 rpm
[31] generating the enzymatic hydrolysate (EH). AH and
EH hydrolysates were concentrated under vacuum at 60 °C
to reduce water content and to obtain high sugar concentra-
tions to be used as substrates in the cultivations. The hydro-
lysates were composed of similar concentrations of glucose
and xylose (26.16+ 0.29 geL"! glucose; 22.98+ 0.63 geL™!
xylose), with total sugar concentration of 60 geL™! (with
arabinose composing the remaining sugars; arabinose was
not metabolized by this strain; thus, its concentration was
not shown in the graphs). With this sugar composition,
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glucose concentration in the medium would not be much
higher than the concentration of xylose, an approach to
avoid the catabolic repression of xylose by glucose.

No other procedures were performed before the fermen-
tations, and the hydrolysates were not detoxified to remove
HMF and furfural eventually present.

2.3 Cultivations in orbital shaker

The cultivations were initially performed in orbital shaker
flasks, at 37 °C and 120 rpm using a mixture of both
hydrolysates [33]. Preliminary experiments tested the
technical viability of the process by cultivating the strain
in the mixture of soybean acid and enzymatic hydrolysates
obtained by vacuum concentration. All experiments in this
section were performed in Erlenmeyer flasks of 500 mL,
with a 1:5 headspace. The initial pH was set at 6.0, without
controlling. Cultivation kinetics were monitored by col-
lecting 2-mL samples every 12 h. All experiments were
conducted in duplicates.

2.4 Plackett-Burman experimental design

A Plackett—-Burman experimental design with a triplicate
at the central point was performed in order to evaluate
the influence of the temperature and the need to supple-
ment the hydrolysates in the LAC production. The sup-
plementation tests included crude yeast extract (CYE),
which is non-purified, much cheaper material compared
to the traditional analytical grade yeast extract; magne-
sium sulfate (MgSO,); and manganese sulfate (MnSO,).
These variables were previously reported to affect the Lac-
tic Acid Bacteria (LAB) metabolism for LAC production
[2, 36, 37]. The variable levels are presented in Table 1.
The experiments were performed in orbital shaker for 48 h
at 120 rpm. After the statistical analysis of the design,
validation and control experiments were performed to
confirm the results with the significant variables. These
experiments were conducted in orbital shaker, at 30 °C
and 37 °C, in duplicates.

Table 1 Independent variables and related levels used in the Plackett—
Burman experimental design

Variables EV -1 0 +1
Temperature (°C) x1 30 335 37
Crude yeast extract (geL™!) X2 0 7.5 15
MnSO, (geL™") x3 0 0.15 0.3
MgSO, (geL™h) x4 0 0.05 0.1

“Coded variables

2.5 Submerged cultures in bioreactors

The submerged bioreactor cultures were performed in 2-L ves-
sels (Biostat B model, Braum Biotech International, Germany),
with 1.5-L working volume [36]. All the bioreactor fermentations
were performed at the temperature of 30 °C (selected after the
experiments in the section 2.4), using 2 Rushton turbines at agita-
tion speed rate of 300 rpm. In this set of experiments, the strain
was cultivated using the mixture of AH and EH supplemented
with 7.5 geL.™! CYE and 0.05 geL. ™! MgSO, (Table 1). All the
experiments were carried out in duplicates. For pH adjusting
before starting of fermentations, as well as in the experiments
with controlled pH, we used NaOH 10.0 M and H,PO, 5.0 M.

2.5.1 Batch cultivations

In the batch bioreactor fermentations, we investigated the influ-
ence of oxygen in the cultivations by testing aerobiosis (300 rpm
and aeration rate of 1 vvm air) and anaerobiosis experiments.
For the best results, a pH control strategy at 6.0 was carried out.

2.5.2 Fed-batch cultivations

For the fed-batch bioreactor cultivations, a linear feeding
strategy was performed. The bioreactor was fed with concen-
trated enzymatic hydrolysate because it had a higher concen-
tration of glucose. Two feeding strategies were performed:
one using a feeding phase of 12 h, making for a total feeding
volume of 400 mL of EH, with a sugar concentration of
90 geL~! in the feeding medium; another using the same
linear feeding strategy, but with a sugar concentration of
130 geL~!. In both strategies, the feeding media were sup-
plemented with 7.5 geL"! CYE and 0.05 geL.™! MgSO,.

For the fed-batch linear strategy, we calculated the aver-
age sugar consumption (giving in ge(Leh)™!) as they were
consumed during the exponential LAC production phase, in
the best batch bioreactor condition. Based on this, a feeding
flow was calculated by Eq. (1):

F=at+b (1)

where F is the feeding flow, in mLemin~'; a and b are feed-
ing constants; and ¢, the feeding time. For the strategy of
90 geL~! sugar, b constant was defined as 0.15 mLemin™!
and the a constant was 1.06e107> mLemin~? for the linear
ascending feeding profile of 12 h. For the strategy using 130
geL~! sugar, the b constant was defined as 0.10 mLemin~!

and the a constant was 7.59e10~2 mLemin~2.

2.6 Analytical methods

The concentration of sugars (glucose, xylose, and arabinose)
and organic acids (lactic, citric, and acetic) was determined
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by HPLC (Shimadzu, Japan) equipped with a refractive
index detector and Aminex HPX-87H column (300e7.8 mm,
Bio-Rad, USA). The mobile phase was 5 mM sulfuric acid
as eluent, at 45 °C, flow rate of 0.6 mLemin~!, and sample
volumes of 20 pL [33]. All the samples were centrifugated
(3500 g, 4 °C, 15 min), diluted in distilled water (1:10),
and filtered using cellulose acetate membrane, with 0.22-um
pore size (Sartorius, Germany).

The osmotic pressure of the hydrolysates was measured
by osmometry, placing 30-pL samples into the chamber of
an osmometer (VAPRO 5520, Wescor Inc, USA).

Cell growth could not be measured by either gravimetry
or CFU technique, prevented by the characteristics of hydro-
lysates (fine particles in suspension), which interfered with
method precision.

2.7 Kinetic parameters and statistical analysis

The volumetric productivity of lactic acid, Qp, (ge(Leh)™),
was determined by the ratio between the amount of LAC
produced and the time of cultivation.

Statistical analyses of the experimental design were per-
formed using the software Statistica 12.0 (StatSoft Inc, Sao
Paulo, Brazil) at 5% significance level. Statistical analysis
of all experiments was also performed using Statistica 12.0,
by submitting the results to analysis of variance (One-Way
ANOVA) and Tukey’s test, at 5% significance level.

3 Results and discussion

3.1 Characteristics of acid and enzymatic soybean
hull hydrolysates

The acid hydrolysis technique solubilizes lignin and the
hemicellulose fraction, liberating C-5 and C-6 sugars,
whereas the enzymatic hydrolysis mainly breaks the cel-
lulose chains, producing moieties of glucose. After the
acid hydrolysis, the hydrolysate presented a sugar compo-
sition of 6.29 +1.42 geL~! of xylose, 4.56+0.46 geL~!
arabinose, and 1.22+0.22 goL'1 of glucose, whereas the
enzymatic hydrolysate produced a sugar composition of
12.75+1.18 geL~! of glucose and 1.99 +0.69 geL~! of
xylose. After concentration, the hydrolysates were mixed
to produce a medium with approximately same concentra-
tions of glucose and xylose. The osmotic pressure of the
mixed hydrolysate used in this study for fermentation was
2344.54 + 167.27 mmolekg™'. This high osmotic pres-
sure, although similar to other lignocellulosic hydrolysates
described in the literature [31-34], is usually considered too
high and would require a robust microorganism capable of
growing in such a rash environment. Cortivo et al. [31] eval-
uated the capacity of recombinant industrial Saccharomyces
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cerevisiae YRH 396 and YRH 400 strains to ferment sug-
ars from oat and soybean hull hydrolysates into ethanol and
xylitol. The osmotic pressure of these hydrolysates was
reported to be in between 1385 +29 and 3645 +57 Osm kg™
depending on the mixture and method of hydrolysis, but the
strains used by the authors were capable of growing in them.
However, few microorganisms were described in the litera-
ture that are capable of growing in such a high osmotic pres-
sure environment. Bacteria are bounded by semipermeable
cytoplasmic membranes, often including aquaporins, with
many species also surrounded by a rigid, elastic, and porous
cell wall (the murein or peptidoglycan layer) that determines
cell shape. Bacterial cells exposed consistently to a very
high osmotic pressure must maintain correspondingly high
cytoplasmic solute concentrations. Evidence suggests that
the regulation of cytoplasmic composition and hydration is
a key objective of cellular homeostasis [38].

Some inhibitory compounds commonly formed dur-
ing the hydrolysis process were also detected in the mixed
hydrolysate, including acetic acid and formic acid, but the
concentrations of both acids were very low (< 1 geL™"), as
were the concentrations of HMF (~0.25 geL™!) and furfural
(~0.08 geL™1), which should not present any relevant influ-
ence over cell metabolism.

3.2 Orbital shaker cultivations

Preliminary experiments in orbital shaker were carried out
to verify the viability of the process of growing L. plantarum
BLO11 in the mixture of hydrolysates since this medium has
never been described before for LAB cultures. The initial
sugar concentration for these experiments was 60 geL™!' of
fermentable sugars (glucose and xylose, Fig. 1). Because the
strain was unable to metabolize arabinose, the concentration
of this sugar was not plotted in the figures. The results of this
experiment are represented in Fig. 1.

This mixed hydrolysate strategy was used in all sub-
sequent experiments. Glucose and xylose are consumed
simultaneously between 6 and 12 h of cultivation. In
between 12 and 36 h, xylose is consumed more slowly,
while glucose continues to be rapidly metabolized and is
depleted. After a likely adapting phase of almost 6 h, the
strain starts producing LAC up to 72 h of fermentation
(43.27+0.63 geL~!, corresponding to a productivity of
0.60+0.01 ge(Leh)™!), with a consequent drop in the pH,
which stabilized at 4.3. Table 2 presents the main results
obtained for LAC production using shaker cultivation.
Acetic acid was also produced (2 geL™!), but no other
metabolites, usually produced by heterofermentative LAB,
were detected. Some researchers have already reported
that there are LAB strains that can produce lactic acid
from different carbon sources without necessarily produc-
ing secondary metabolites [2, 39].
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Table2 Sugar consumption and lactic acid production by L. plan-
tarum BLO11 in orbital shaker experiments. Microaerophilic condi-
tions, 120 rpm, 37 °C

36 48 60 72 84 96
Time (h)

3.3 Evaluation of temperature
and supplementation on LAC production

Cultivation  Sugar con- Lactic acid Qp " [ge(Leh)™'] A Placket-Burman experimental design was run and ana-
time (h) sumption * (%) pmd‘i‘fed lyzed using the Statistica 12 software, with confidence level
(el of significant variables > 95% as a tool to evaluate whether
24 45.74+0.00 24.15+0.29 1.01+0.01 should be any influence of the temperature and supplementa-
48 59.43+0.02 33.57+0.70 0.70+0.01 tion of the soybean hull hydrolysates concerning the lactic
72 62.67+£0.00  43.27+0.63 0.60+0.01 acid production.
“Mean values + standard deviation The matrix of the experi.mentag design is presented in
- Table 3. The quadratic coefficient (R“ = 0.86) suggests a good
representation for the impacts of tested variables on the pro-
duction of lactic acid. Significant variables, as can be seen
in the Pareto Diagram (see Supplementary Material), were
temperature (x1, —3.5296, negative influence, suggesting the
Table 3 Plackett-Burman Trial x1 x2 %3 x4 Lactic acid Qp [ge(Leh)']
exp.erlmf:ntal design rpatrlx for (gL
lactic acid concentration and
volumetric productivity by L. 1 +1 -1 -1 +1 13.04 027
planiarum BLOT1 2 +1 +1 +1 -1 5.26 0.11
3 +1 +1 -1 -1 21.73 0.45
4 -1 +1 +1 +1 40.05 0.83
5 +1 -1 +1 +1 14.16 0.30
6 -1 +1 -1 +1 38.38 0.80
7 -1 -1 +1 -1 16.45 0.34
8 -1 -1 -1 -1 11.92 0.25
9 0 0 0 0 22.6 0.47
10 0 0 0 0 22.67 0.47
11 0 0 0 0 29.97 0.62

X 1: temperature: (—)=30 g.L_l, (+)=38 g.L_l,XZZ crude yeast extract (CYE): (—)=0 g.L"l, (+H)=15¢.
L7 x3: manganese sulfate (MnSO,): (—-)=0 g.L’l, (+)=0.3 g.L’l;X4: magnesium sulfate (MgSO,):

(=)=0gL™" (+)=0.1 gL}
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use of temperature at 30 °C) and the positive effects of sup-
plementation with yeast extract (x2, 3.3444) and the addition
of magnesium sulfate (x4, 3.37256). The medium supplemen-
tation with manganese sulfate (x3) was not significant. The
best values for LAC production and productivity (40 geL ™!
and 0.83 go(Loh)‘1 (run 4, Table 3) and 38.38 geL."! 0.80
ge(Leh)™! (run 6, Table 3)) were met at temperature 30 °C
(negative effect) and MgSO, supplementation of 0.1 geL™!
(positive effect), showing that lower temperatures can be used
for the LAC production. The Pareto graph of this Plackett-
Burman experimental design is presented in the Supplemen-
tary Material.

Validation experiments were carried out to confirm this
result (Table 4), in which L. plantarum BLO11 was culti-
vated at 30 °C and 37 °C, supplementing the soybean hydro-
lysate with CYE and MgSO, at levels O and +1 (Table 1).
The results showed no statistically significant differences

Table 4 Validation experiments of the Plackett—-Burman experimental
design for lactic acid production by L. plantarum BLO11

Temperature (°C) Run Lactic acid” (goL’l)
30 Control 22.37+0.11°¢
Sup. 0 38.21+2.04°
Sup.+1 38.55+098°?
37 Control 27.27+0.11°
Sup. 0 37.26+0.87%
Sup.+1 35.53+0.81°

(*) Different letters overlapping in the same column indicates statis-
tical difference (p <0.05); control: without supplementation; Sup. O:
7.5 gL' CYE and 0.05 goL.™! MgSO,; Sup.+1: 15 geL ™! CYE and
0.1 goL"! MgSO,

between the temperatures, nor for the supplementation level.
Based on this, fermentation conditions at 30 °C and supple-
mentation with MgSO, and CYE at level 0 (0.05 geL! and
7.5 geL~!, respectively) were adopted in the next experi-
ments. Relating to the temperature, the value of 30 °C was
adopted according to runs 4 and 6 (Table 3), where the high-
est LAC production was found.

3.4 Batch fermentations

Batch bioreactor cultivations under the conditions set up
by the experimental design were conducted in which we
could analyze the effects of pH control and aeration over
LAC production. We first tested the influence of aeration or
anaerobiosis, leaving the pH uncontrolled (Figs. 2 and 3) to
determine whether this variable would be important in the
process. Although LAB normally produces high amounts of
lactic acid under anaerobiosis, these bacteria possess aero-
tolerant metabolism and can also produce LAC in the pres-
ence of oxygen [2, 4]. Results of experiments under oxygen
limitation (300 rpm and 1 vvm) are presented in Fig. 2. The
highest LAC concentration of 33.09 geL ™" (productivity of
0.69 go(Loh)_l) was obtained at 48 h of cultivation. How-
ever, under anaerobiosis (Fig. 3), a faster kinetic and higher
LAC production were obtained, (36.6 geL~! and productiv-
ity of 0.76 ge(Leh)~!) at 48 h of cultivation.

The pH profile in both experiments dropped similarly
until stabilization at 4.3, slowing the strain metabolism and
LAC production. Although lactic acid bacteria have cellular
mechanisms of protection against a pH drop, they present
inhibition by product [2]. The effects caused by medium
acidification were reported in a recent study, in which is

Fig.2 Lactic acid production 30 ~ - 45
kinetic by L. plantarum BLO11 ]
in batch bioreactor, at 30 °C, 40 16
300 rpm stirring rate, and 1 25 - i
vvm aeration rate. Solid line: 35
glucose (A), xylose (O), lactic 15
acid (A), and acetic acid (@); o
dashed line: pH (¢)). Results are 20+ 30 .
the mean of duplicates o~ ] o0 4
= 25 4
. ] el
21 2 13%
g 420 <
& kS
) 10 . L 1 15 §D ] 2
=
S ) I™1 {108
] ye! L ™2 s 7
- _‘_i‘._/’./. .>! |
0 T T T T — 0 -0
0 12 24 36 48
Time (h)
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shown that L. delbrueckii subsp. bulgaricus directed pyru-
vate metabolism towards acetyl-CoA instead of lactate [40],
directing the production of fatty acids, which changes in the
cell membrane fluidity. The same metabolism was described
for L. casei and L. rhamnosus [41, 42].

Bioreactor cultivation under anaerobiosis and pH con-
trolled at 6.0 were then performed and the results are pre-
sented in Fig. 4. This condition produced the best results
concerning LAC production and productivities in batch

fermentations. The cultivation time could be reduced to 24 h,
increasing the productivity in approximately 52% in this spe-
cific time. The profile of sugar consumption also shows an
increase in the ability of cells to consume xylose, which was
twofold improved, a condition important in the development
of this process. In all bioreactor experiments, a small amount
of acetic acid was produced, a normal metabolite associated
with heterolactic fermentations, where LAB can produce
acetic acid from metabolizing pentoses [4].

Fig.4 Lactic acid production 30 4 - 45
kinetic by L. plantarum BLO11 |
in batch bioreactor, at 30 °C, 1 40
300 rpm stirring rate, anaero- l/é 1 7]
biosis, and pH controlled in 6.0. 25 A A— | 7
Labels: glucose (A), xylose (O), E T \Z} =435
lactic acid (A), and acetic acid —©_©> _ 4
(@). Results are the mean of 20 - é\% 430 £
duplicates — 1 —
Z + e
) d25 =
[72]
o) 15 4 . S
= 420 2
8 <
2 10 415 §
&D
A 410 ©
5 4/ ]
/ 15
4o —— ‘-
0+ T T T T T — 0
0 12 24 36 48
Time (h)
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The incomplete xylose consumption is possibly related
to lack of enzymes involved in the metabolic pathway, and
some reports address this constrain by genetic engineer-
ing of LAB. In a recent study, xylose assimilating genes
encoding xylose isomerase and xylulokinase were cloned
into L. plantarum NCIMB 8826 [43]. The recombinant
strain was capable to consume all the sugars, including
the pentoses, in a medium obtained from the hydrolysis
of corn stover.

Our results compare very well with reports on the litera-
ture in which authors used lignocellulosic biomass hydro-
lysates in LAB cultivations. In a recent work, the authors
cultivated L. casei TISTR 390 in sugarcane bagasse hydro-
lysate, containing 34 geL~! total sugars in batch bioreac-
tors at 37 °C and uncontrolled pH (initial pH 7.0), obtaining
21.3 geL~! of lactic acid after 120 h [44]. In comparison,
L. rhamnsosus B103 was cultivated in batch bioreactors, at
37 °C and pH controlled at 6.2, producing 57 geL~! of lactic
acid after 48 h, but the medium used was a dairy industry
residue containing 90 geL ™" of total sugar (60 geL ™' lac-
tose) and not a lignocellulosic hydrolysate [27].

3.5 Fed-batch fermentations

Fed-batch cultivations were carried out under the best condi-
tions obtained in the previous experiments. This strategy was
used to determine whether sugar-controlled feeding would
have a positive impact on LAC production. The feeding
substrate was the enzymatic hydrolysate with sugar concen-
trations of 90 and 130 geL~! (Figs. 5 and 6, respectively).

Feeding starts at 24 h of batch cultivation (vertical dashed
line), when cells consumed almost all glucose in the medium
(the first fed-batch with feeding for 12 h is presented in
Fig. 5).

The sugar concentration, especially glucose, was kept
close to exhaustion throughout the feeding period in both
sets of experiments, indicating that the strategy was success-
ful. In comparison with the batch bioreactor experiments,
there was a marked increase in LAC concentrations (51.12
geL ™! at 48 h), approximately 32% increase in the volumet-
ric productivity, as is shown in Table 5.

Figure 6 shows the kinetics when we increased the
sugar concentration of feeding medium to 130 geL ™!
total sugars. This experiment produced the highest LAC
concentration and productivity, compared to all bioreactor
cultivations (Table 5), reaching 50.26 geL~! LAC at the
end of feeding (36 h of cultivation) and 58.59 geL~! LAC
after 48 h of run.

So far, few studies use similar strategies of feeding of lig-
nocellulosic biomass hydrolysates to produce LAC. Zhang
et al. [43] obtained 61.4 geL. ™! of lactic acid, with a produc-
tivity of 0.32 ge(Le h)~! in cultures of genetically modified
L. plantarum NCIMB 8826 AldhLI growing in corn stover
hydrolysate (fed-batch SSF process in Erlenmeyers flasks at
37 °C and 150 rpm). In another study, L. rhamnosus B103
was cultivated in dairy industry waste (containing lactose
from whey), producing 143.7 geL"! LAC, with a produc-
tivity of 1.49 ge(Leh)™! using a pH-stat strategy [27]. Hu
et al. [45] cultivated L. pentosus FL0421 in a fed-batch SSF
strategy, using a NaOH pretreated and washed corn stover as
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Table5 Lactic acid production Bioreactor condition Lactic acid" (geL ™) Qp” [ge(Leh)™]
and volumetric productivity
obtained in batch and fed-batch 36h 48 h 36h 48 h
experiments
Microaerophilic conditions (1 vvm air)*  30.45+4.23%  33.09+141° 0.85+0.11* 0.69+0.03°
Anaerobiosis* 33.66+1.35% 36.6+146* 0.93+0.03* 0.76+0.03*
Controlled pH 6, anaerobiosis 37.94+0.90% 3881+2.18* 1.05+£0.02%® 0.81+0.04%
Fed-batch 90 geL™! 46.66+4.47% 51.12+2.33% 1.29+0.12% 1.06+0.01°
Fed-batch 130 geL™! 50.26+0.21¢ 58.59+0.59°¢ 139+0.01° 1.22+0.01°

“Mean values + standard deviation; *uncontrolled pH; different letters overlapping in the same column indi-
cates statistical difference; two-letter index indicates no difference for either letter alone

substrate (at 37 °C and pH 6.0), producing 92.3 geL~! LAC
in 48 h (productivity 1.92 ge(Leh) ~1).

Therefore, the results obtained in the fed-batch experi-
ments in our work are promising approaches to use this
cheap medium for the LAC production.

4 Conclusions

For the first time it is shown that soybean hull hydrolysates
obtained from acid and enzymatic treatments are potential
substrate for the bioproduction of lactic acid by LAB, spe-
cifically Lactobacillus plantarum. The hydrolysis of this
agro-industrial byproduct results in a sugar-rich medium,
low in concentration of inhibitory compounds, but show-
ing a high osmotic pressure, which is usually toxic for
microbial cells. The LAB L. plantarum BL0O11 proved
to be a robust strain, capable of converting the sugars in

the hydrolysates into lactic acid, even under those harsh
medium conditions. Controlling the pH had a positive
impact on this process, reducing the necessary fermenta-
tion time to a short 24 h, significantly increasing the pro-
cess productivity. Finally, the fed-batch strategy presented
statistically improved lactic acid concentration and pro-
ductivity in comparison with the batch bioreactors, being
a promising tool to cultivate L. plantarum in hydrolysates
at an industrial scale.
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