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Nitrogen additive is an important factor for chiral lactic acid fermentation for low-cost and high optical purity of
final chiral lactic acid product. This study tried to formulate a low-cost and racemic lactic acids-free nitrogen
ingredient for lactic acid bacterium strain using wheat straw as carbon source. Eight available plant proteins
were evaluated as potential nitrogen additives for chiral lactic acid fermentation by proteinase catalyzed hy-
drolysis to release the free amino acids and short peptides. Soybean meal was selected as the most promising
nitrogen additive by its high protein content and lactic acids free composition. The plant proteins derived ni-
trogen additives was found that the inherent deficiency of amino acids in plant proteins led to the insufficient
lactic acid fermentation. A minimal yeast extract was added to the plant protein hydrolysates to compensate the
amino acid deficiency, and the use of the combinational nitrogen ingredients resulted in the final cellulosic L-
lactic acid titer reached 122.9 + 0.4 g/L with the yield of 88.1% and the optical purity of 99.7% using wheat
straw feedstock. Comparing with yeast extract as nitrogen additive, the combinational ingredients substituted
75% of yeast extract with 56.7% cost reduction. This study provides a cost-effective solution of nitrogen in-

gredients for cellulosic chiral lactic acid production in industrial biorefinery process.

1. Introduction

Lactic acid (2-hydroxypropanoic acid) has versatile applications in
food, cosmetic, pharmaceutical, and other industries, presents in two
enantiomeric forms of L (+) lactic acid and D (-) lactic acid (Rawoof
et al., 2020; Yankov, 2022). The market demand of lactic acid presents
an annual growth rate of 10%, which is mainly attributed to the utili-
zation of lactic acid for the synthesis of polylactic acid (PLA) (Alexandri
etal., 2019; Lian et al., 2023). Optically pure lactic acid is more valuable
than racemic D/L-lactic acid, because the quality of the monomers lactic
acid is a crucial parameter for controlling the properties of the resulting
polylactic acid (PLA) product (Huang et al., 2021).

Commercial high enantiomerically pure lactic acid is produced by
fermentation of starch or refined sugars (Ahmad et al., 2020). Ligno-
cellulosic biomass, an expensive, widely available, and renewable
feedstock from non-food sources, is considered to be the most attractive
carbon source for future large-scale industrial production of chiral lactic
acid (Cubase-Cano et al., 2018; Zhang et al., 2018). Cost-effective pro-
duction of chiral lactic acid from lignocellulose feedstock should achieve
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a high optical purity in final product and the low cost in processing
(Augustiniene et al., 2021; Tian et al., 2021).

Lactic acid bacteria require various amino acids and nutrient factors
from complex nitrogen additives for their growth and lactic acid accu-
mulation (Alves de Oliveira et al., 2018; Ren et al., 2022). Yeast extract
and peptone are commonly used to provide the nutrients in the
fermentation medium (de la Torre et al., 2018; Michalczyk et al., 2021),
but the use of expensive yeast extract and peptone significantly increases
the fermentation cost (Alves de Oliveira et al., 2018; Lian at al., 2023;
Tian et al., 2019). A large number of studies have been conducted to find
the cheap alternative complex nitrogen for lactic acid production, but
these nitrogen additives generally contain minor racemic lactic acids
and the effect of the racemic lactic acids on the chirality of final product
were not fully understood in the available studies. The alternative ni-
trogen additives should be racemic lactic acids-free to achieve high
optical purity of lactic acid product, amino acids rich to ensure the well
growth of lactic acid bacteria, and price affordable for industrial ap-
plications. A systematic investigation on the relationship between chiral
purity in lactic acid product and racemic lactic acid content in
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Table 1
Characterizations of common complex nitrogen sources and plant proteins.
Nitrogen Grade Proteins L-Lactic  D- Sources
additives (%, DM) acid Lactic
(mg/g acid
DM) (mg/g
DM)
(i) Complex nitrogen
Yeast Reagent 65.8 + 1.8 + 1.5+ Oxoid,
extract 0.1 0.1 0.2 Basingstoke, UK
Yeast Industrial 76.9 + 0.9 + 1.2+ Angelyeast,
extract use 0.9 0.1 0.1 Yichang, Hubei,
China
Peptone Reagent 76.0 + 1.1+ 0.9 + Oxoid,
1.4 0.1 0.2 Basingstoke, UK

(ii) Alternative nitrogen additive with high racemic lactic acid contents

Corn Steep Industrial 45.1 + 85.0 + 130.2 Angelyeast,
Liquor use 0.5 1.6 +1.8 Yichang, Hubei,
China
(iii) Alternative plant proteins as alternative nitrogen
Soybean Animal 46.3 + 1.7 £ 0.7 + Cofco,
meal feed 0.7 0.1 0.1 Lianyungang,
Jiangsu, China
Cottonseed Animal 45.0 + 1.5+ 0.5+ Jiahui BioTech,
meal feed 0.9 0.1 0.1 Haian, Jiangsu,
China
Peanutmeal  Animal 40.4 + 0.5+ 1.2+ Huamao Feeds,
feed 0.8 0.1 0.1 Weifang,
Shandong,
China
Canolameal  Animal 31.5 + 0.2+ \ Huamao Feeds,
feed 0.6 0.1 Weifang,
Shandong,
China
Sesame Animal 37.7 £ 0.2+ \ Huamao Feeds,
meal feed 0.4 0.1 Weifang,
Shandong,
China
Corn germ Animal 16.1 + 7.9 + 10.7 + Huamao Feeds,
meal feed 0.8 0.2 0.4 Weifang,
Shandong,
China
Palm kernel Animal 21.4 + 0.2+ \ Huamao Feeds,
meal feed 0.3 0.1 Weifang,
Shandong,
China
Sunflower Animal 11.8 + 6.1 + 1.6 + Huamao Feeds,
meal feed 0.4 0.3 0.2 Weifang,
Shandong,
China

alternative nitrogen additives is an important step towards the com-
mercial production of chiral lactic acid.

Corn steep liquor is the cheap alternative nitrogen additive used in
industrial fermentations, but it contains high amount of racemic lactic
acids and not suitable for chiral lactic acid fermentation (Cao et al.,
2020; Gao and Yuan, 2011). Plant proteins such as soybean meal (Liang
et al., 2020; Tian et al., 2019), cottonseed meal (Bai et al., 2016),
rapeseed meal (Brock et al., 2019), peanut meal (Wang et al., 2011) are
also used as cheap alternative proteins, but the racemic lactic acid
contents in these plant proteins are not been fully acknowledged, and
the amino acids cocktail seems not sufficient for lactic acid fermentation
due to the inherent deficiency of amino acids in plant proteins (Krull
etal., 2020; Tian et al., 2020; Zhang et al., 2022, 2015). To ferment high
performance chiral lactic acid product in industrial scale, formulating
the combinational nitrogen ingredients with low cost and racemic lactic
acid-free is very important.

In this study, eight common alternative nitrogen additives were
characterized to find the lactic acids-free one with higher protein con-
tent. Soybean meal was selected and then enzymatically hydrolyzed as
alternative nitrogen additives for cellulosic chiral lactic acid fermenta-
tion by the engineered lactic acid bacterium strain. The key parameters
of enzymatic hydrolysis were optimized to improve the nitrogen yield
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and fermentation efficiency. A new combinational nitrogen ingredient
was designed to compensate the nutritional deficiency of soybean meal
and satisfy the minimum nutritional requirements of lactic acid bacteria.
This study provides a cost-effective and racemic lacticO acids-free ni-
trogen additives solution for cellulosic chiral lactic acid production in
industrial biorefinery process, successfully achieving the valorization of
agricultural residues.

2. Materials and methods
2.1. Feedstock, enzymes, and reagents

The wheat straw was pretreated according to our previously estab-
lished dry acid pretreatment protocols (Liu et al., 2018) on pilot scale in
Shanxi province, China, and provided by Cathay Industrial Biotech Inc.
(Shanghai, China) in August 2023. The contents of main compositions of
the pretreated wheat straw were determined by two-step acid hydrolysis
method (Sluiter et al., 2008, 2012), including 310.7 + 5.2 mg/g of
cellulose, 4.4 + 1.3 mg/g of xylan, 30.83 mg + 0.57 mg/g of glucose,
and 136.70 mg + 1.98 mg/g of xylose based on dry matter.

Commercial cellulase Cellic CTec 3HS was purchased from Novo-
zymes (Beijing, China) with the protein content of 90.1 mg/mL. The
a-amylase HTAA was purchased from Genencor (Jiangsu, China) with
the enzyme activity of 103,900 U/mL according to maker’s instruction.
The alkaline protease was purchased from Vland Biotech Inc. (Shan-
dong, China) with the enzyme activity of 200,000 U/mL. Other reagents
such as (NH4)2CeHgO7, (NH4)2SO4, MnSO4-H20 were purchased from
Sinopharm Chemical Reagent Co. (Shanghai, China). The sources of
yeast extract and other plant proteins were showed in Table 1.

2.2. Strains and medium

The L-lactic acid producing strain was Pediococcus acidilactici ZY271
(CGMCC 13611), which was derived from the P. acidilactici TY112
(CGMCC 8664) (Qiu et al., 2018). P. acidilactici ZY271 can simulta-
neously and rate-coordinately convert lignocellulose-derived glucose
and xylose to lactic acid (He et al., 2022). P. acidilactici ZY271 was
activated in 20 mL of simplified Man-Rogosa-Sharp (MRS) medium
including 20 g/L of glucose, 10 g/L of peptone, 10 g/L of yeast extract,
5 g/L of CHsCOONa, 2 g/L of (NH4)2CeHgO7, 2.6 g/L of KzHPO4-3 Hy0,
0.58 g/L of MgS04-7 H20, and 0.25 g/L of MnSO4-H0 at 42 °C, 150 rpm
for 6 h. The broth was inoculated to 100 mL of fresh simplified MRS
medium at the ratio of 10% (v/v) with adding 1.2 g of CaCOs for
neutralization and 1% (v/v) of a-amylase to prevent flocculation (Liu
et al., 2015) and cultured for 6 h as the seed. The general nutrients for
cellulosic lactic acid fermentation contained 10 g/L of peptone, 15 g/L
of yeast extract, 2 g/L of (NH4)2CsHeO7, and 0.25 g/L of MgSO4-7 H30.

The biodetoxification strain was Paecilomyces variotii FN89 (CGMCC
17665), which can biodegrade various lignocellulose-derived inhibitors
in both pretreated solid biomass and hydrolysate (Han et al., 2023;
Zhang et al., 2021). P. variotii FN89 was preserved on potato dextrose
agar (PDA) plate. The spores of P. variotii FN89 were collected by
washing using 0.05% (w/w) Tween 80 solution. The spores solution of
P. variotii FN89 can be directly spread on pretreated wheat straw
biomass for solid state biodetoxification (Zhang et al., 2021), or inocu-
lated to synthetic medium at the ratio of 1% (v/v) to prepare as seed for
submerged liquid biodetoxification of wheat straw hydrolysate as well
(Han et al., 2023).

2.3. Engymatic hydrolysis of plant proteins

Plant protein (5 g, dry weight) such as cottonseed meal, soybean
meal, etc., was mixed with deionized water in 250 mL flask at the solid-
liquid ratio of 1:4, 1:6, 1:8, 1:10, and 1:12. The pH value of the mixture
was adjusted to 10.0 by adding 5 M NaOH solution. The alkaline pro-
tease powder was added at the dosage of 0.05 g/g plant protein. The
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(b) Cell growth
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Fig. 1. Evaluation of plant proteins as alternative complex nitrogen additives for cellulosic lactic acid fermentation. (a) L-lactic acid titer; (b) cell viability for 24 h of
fermentation; (c) optical purity of the lactic acid product. The enzymatic hydrolysis of plant protein was at the solid-liquid ratio of 1:4, 60°C, 150 rpm for 24 h. The
dosage of alkaline protease was 5% of the mass of crude plant protein (g enzyme/g crude plant protein). The amount of plant protein added for fermentation was
20 g/L. The saccharification of wheat straw was at 25% (w/w) solids loading, 4 mg cellulase protein/g substrate, 50 °C, 150 rpm for 24 h. The fermentation was at
42°C, 150 rpm for 72 h with 10% (v/v) inoculum of P. acidilactici ZY271. Control #1 using 15 g/L yeast extract and 10 g/L peptone (all reagent grades) as complex
nitrogen additives; Control #2 using 20 g/L yeast extract (industrial grade) as complex nitrogen additives. Each experiment was performed in triplicate. The error bar

represents the standard deviation. The error bar represents the standard deviation.

enzymatic hydrolysis was conducted at 60 °C, 150 rpm for 6-48 h. The
alkaline protease was inactivated in a sterilizer at 105 °C for 10 min.
Then the hydrolysate was stored at 4 °C for subsequent use.

2.4. Hydrolysis yield calculations

The hydrolysis yields of soybean meal and cottonseed meal were
calculated based on the generation of free glutamic acid, because soy-
bean meal and cottonseed meal were reported to contain abundant
glutamic acid, which is a strong lactic acid bacteria growth promotor
(Liang et al., 2020; Tanksley et al., 1981). The yield of glutamic acid (%)
from plant protein was calculated according to the Eq. (1) as follows:

C

Yield of glutamic acid (%) = VXM X W <1000

x 100% (@D)]
where C (g/L) is the concentration of glutamic acid in hydrolysate; V
(mL) is the volume of the hydrolysate; M (g, dry weight) is the mass of

plant protein; W (mg/g, dry matter) is the content of glutamic acid in
plant protein.

2.5. Biodetoxification, hydrolysis, and lactic acid fermentation

The pH value of pretreated wheat straw was adjusted to 5.0 by

adding CaCOs. For the fermentation in flasks, the neutralized pretreated
wheat straw was biodetoxified by solid state fermentation in a 15L
bioreactor at 1.0 vvm, 37 °C for 96 h. The biodetoxified wheat straw was
hydrolyzed in 250 mL flask at 25% (w/w) solids loading, 4 mg cellulase
protein/g dry matter, 50 °C for 12 h. Then the nutrients were added, and
the seed of P. acidilactici ZY271 was inoculated at the ratio of 10% (v/w).
The lactic acid fermentation in flask was conducted at 42 °C, 300 rpm
for 72 h. CaCO3 was added at the dosage of 0.6 g/g fermentable sugars
to maintained the pH value of the hydrolysate at ~5.0.

For the lactic acid fermentation in 3 L bioreactor, the neutralized
pretreated wheat straw was first enzymatically hydrolyzed at 30% (w/
w) solids loading. The seed of P. variotii FN89 was then inoculated to the
hydrolysate at the ratio of 10% (v/w). The biodetoxification was con-
ducted by submerged liquid fermentation at 1.0 vvm, 37 °C, 750 rpm for
36 h. The biodetoxified hydrolysate was used for lactic acid production
by simultaneous saccharification and co-fermentation (SSCF). SSCF was
conducted at 42 °C, 300 rpm for 72 h. The fermentation pH was
controlled at 5.5 by automatically adding 25% (w/w) Ca(OH); slurry.

2.6. Analytical methods

The protein content of plant proteins and free nitrogen content of
supernatant were determined by semi-automatic Kjeldahl apparatus
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(b) Cell growth using soybean meal
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Fig. 2. Plant protein hydrolysate with different solids to water ratio (-) as complex nitrogen additives for cellulosic lactic acid fermentation in flasks. (a), (b) indicate
the L-lactic acid titer and cell viability using soybean meal hydrolyzed at different solids to water ratios (-) as complex nitrogen additives; (c), (d) indicate the L-lactic
acid titer and cell viability using cottonseed meal hydrolyzed at different solids to water ratios (-) as complex nitrogen additives. The plant protein hydrolysis was at
60°C, 150 rpm for 24 h. The dosage of alkaline protease was 5% of the mass of crude plant protein (g enzyme/g crude plant protein). The amount of plant protein

added for fermentation was 20 g/L.

(PeiOu Analysis Instrument, Shanghai, China). Glutamate was detected
by SBA-90D biosensor analyzer (Shandong Academy of Sciences,
Shandong, China). The amino acid content was determined using Hita-
chi (Japan) L-8900 Amino Acid Analyzer equipped with 2622#PH ion
exchange column. The cell growth in fermentation was determined by
counting the colony-forming units (CFU). Glucose, xylose, acetic acid, 5-
hydroxymethyfurfual (HMF), furfural, lactic acid was measured by
HPLC method. The HPLC system was equipped with LC-20AD pump
(Shimazu, Kyoto, Japan), RID-10A detector (Shimazu, Kyoto, Japan),
and Aminex HPX-87 H column (300 mm x 7.8 mm, Bio-Rad, Hercules,
USA). The column temperature was 65 °C, the mobile phase was 0.5 mM
sulfuric acid with the flow rate of 0.6 mL/min. D-lactic acid was also
measured by HPLC equipped with SPD-20A detector (Shimazu, Kyoto,
Japan) and MCI GEL CRS10W column (4.6 mm x 50 mm, Mitsubishi,
Japan). The wavelength of the UV detector was set at 254 nm. The
column temperature was 25 °C, the mobile phase was 2 mM copper
sulfate with the flow rate of 0.5 mL/min.

3. Results and discussion

3.1. Screening the potential plant proteins as alternative nitrogen additive
for chiral lactic acid fermentation

Eight common plant proteins were screened as the potential alter-
native nitrogen additives for providing the amino acids by alkaline
proteinase enzyme for cellulosic chiral lactic acid production. Table 1
shows that the protein content of the selected plant proteins varied
widely from 11.8% (w/w) to 46.3% (w/w) and the content of mixed
lactic acids (both L-lactic acid and D-lactic acid) among the selected
plant proteins were very low and similar to these in yeast extract and
peptone, except for corn germ meal. The results indicate that the use of
these plant proteins as alternative nitrogen additives would not give a
significant impact to the chiral purity of the final chiral lactic acid
product. For corn steep liquor, the content of L-lactic acid and D-lactic
acid reached 85.0 + 1.6 mg/g DM and 130.2 + 1.8 mg/g DM, respec-
tively, indicating that the use of corn steep liquor as nitrogen additive
certainly led to a decrease the optical purity of lactic acid product.

The plant proteins were enzymatically hydrolyzed by alkaline pro-
teinase to release free amino acids as nitrogen additive for cellulosic
lactic acid fermentation in flasks. Yeast extract and peptone were
selected as the control. P. acidilactici ZY271 produced 129.4 g/L L-lactic
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(a) Amino acids content (mg/g)
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(b) Hydrolysis yield based on glutamic acid generation
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Fig. 3. Hydrolysis yield of soybean meal and cottonseed meal at different solids to water ratio (-). (a) Amino acids content in soybean meal and cottonseed meal; (b)
hydrolysis yield based on glutamic acid generation. The plant protein hydrolysis was at 60°C, 150 rpm for 24 h. The dosage of alkaline protease was 5% of the mass of

crude plant protein (g enzyme/g crude plant protein).

acid with 99.6% optical pure from 30% (w/w) solids loading wheat
straw using 15 g/L reagent grade yeast extract and 10 g/L reagent grade
peptone as complex nitrogen in 3 L fermenter (He et al., 2022). Indus-
trial grade yeast extract was further used to replace the reagent grade
yeast extract and peptone. The results showed that the fermentation
indicators using 20 g/L industrial grade yeast extract were similar to
those using 15 g/L reagent grade yeast extract and 10 g/L reagent grade
peptone (Fig. S1). When yeast extract and peptone were used as nitrogen
additives, either in reagent grade (Control #1) or industrial grade
(Control #2), the L-lactic acid titer, cell viability and product optical
purity were similar, reaching over 95.0 g/L (Fig. 1a), 3.0 x 10° CFU/mL
(Fig. 1b) and 99.7% (Fig. 1c), respectively, from 25% (w/w) solids
loading wheat straw in flasks. Among the plant proteins tested, the

(a) Soybean meal

highest L-lactic acid titer and cell viability were obtained with soybean
meal and cottonseed meal as nitrogen additives due to their higher
protein contents (Table 1). The chiral purity of the lactic acid product
using plant proteins as nitrogen additives reached over 99.5%, except
for corn germ meal (96.4%, Fig. 1c). However, the lactic acid titer and
cell viability using plant proteins as alternative nitrogen additives were
lower than the levels of the control groups. The key parameters of
enzymatic hydrolysis of soybean meal and cottonseed meal were further
optimized to improve the hydrolysis yield and fermentation perfor-
mance.Where “/” indicated that the content of D-lactic acid below
0.05 mg/g DM.

L-lactic acid production (g/L)

Cell growth (CFU/mL,x10°)

0 20 40 60 8 100 120 0 1 2 3 4 70 —*-Nitrogen content “10
Control #1 ] 99.49 Control #1 3.31 60
_ 08
Control #2 196.22 Control #2 3.21 £ 50 =
! ) p: L o6 £
_ 6 - 48.29 6 2 40 T8
£ 5 @ c
g 12 5577 e 12 2 30 Lo4 S
IS 1 = 2 2 & £
24 F61.56 2 = & o2
% 10 = ’
}68.11 36
1 0 . T T 0.0
48 7 60.50 48 12 24 36 48
Time (h)
(b) Cottonseed meal
L-lactic acid production (g/L) Yield based on glutamic acid generatoin
0 20 40 60 80 100 120 0 1 2 3 4 5 70 —%—Nitrogen content - 1.0
Control #1 ] 99.49 Control #1 3.31 60
= 08 =
X X
Control #2 496.22 Control #2 3.21 5 50 =
= [=4
1 2 06 &
R o R 18 _ 6 > 40 M K 2
£ < D ) 3]
° Py 5 30 l o4 &
£ 12 7 40.08 £ 12 [ -
F 1 S 3 2 2
24 4643 24 p Fo2 %
10 At
36 ¥ 56.13 36
j 0 . T . 0.0
48 7 51.77 48 12 24 36 48

Yield based on glutamic acid generation

Time (h)

Fig. 4. Plant proteins with different enzymatic hydrolysis times as complex nitrogen additives for cellulosic lactic acid fermentation in flasks. (a) L-lactic acid titer,
cell viability, and hydrolysis yield using soybean meal hydrolyzed with different times as complex nitrogen additives. (b) L-lactic acid titer, cell viability, and hy-
drolysis yield using cottonseed meal hydrolyzed with different times as complex nitrogen additives. The degree of hydrolysis was defined based on the glutamate
content of the plant protein hydrolysate. The plant protein hydrolysis was at the solid-liquid ratio of 1:10, 60°C, 150 rpm for 8-48 h. The dosage of alkaline protease
was 5% of the mass of crude plant protein (g enzyme/g crude plant protein). The amount of plant protein added for fermentation was 20 g/L.
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Fig. 5. Cellulosic L-lactic acid fermentation using different dosage of plant protein as complex nitrogen additives in flasks. (a) L-lactic acid titer and cell viability,
using soybean meal hydrolyzed with different dosages (10-30 g/L based on the dry weight of soybean meal). (b) L-lactic acid titer and cell viability using cottonseed
meal hydrolyzed with different dosages (10-30 g/L based on the dry weight of soybean meal). The plant protein hydrolysis was at the solid-liquid ratio of 1:10, 60°C,
150 rpm for 36 h. The dosage of alkaline protease was 5% of the mass of crude plant protein (g enzyme/g crude plant protein).

3.2. Optimizing plant protein hydrolysis as nitrogen additives for chiral
lactic acid fermentation

The enzymatic hydrolysis of soybean meal and cottonseed meal were
investigated to achieve the maximum amino acids yield and lactic acid
fermentation performance. Soybean meal and cottonseed meal were
hydrolyzed by 5% (w/w, based on dry weight of plant proteins) alkaline
proteinase at varying solid-liquid ratios (from 1:4-1:12) (Fig. 2) and
hydrolysis times (from 6 h to 48 h) (Fig. 4), then used as nitrogen ad-
ditives for cellulosic lactic acid fermentation.

The results showed that the L-lactic acid titer and cell viability were
improved when the hydrolysis solid-liquid ratio was decreased from
1:4-1:10. Further reduction of the solid-liquid ratio to 1:12 showed no
enhancement in lactic acid production and cell growth (Fig. 2). The
hydrolysis yield of the plant proteins at varying solid-liquid ratios were
calculated based on the free glutamic acid generation (Fig. 3). The
amino acids profile of soybean meal and cottonseed meal indicates that
glutamic acid content was the highest among the fifteen amino acids
measured, reaching 110.6 + 0.6 mg/g and 70.4 + 0.4 mg/g, respec-
tively (Fig. 3a). The hydrolysis yield of soybean meal and cottonseed
meal was around 15% based on the free glutamic acid generation when
the solid-liquid ratio of the hydrolysis was 1:10, but further reduction of
solid-liquid ratio showed no improvement on the hydrolysis yield
(Fig. 3b). The trend of hydrolysis yields based on free glutamic acid
generation at varying solid-liquid ratios was consistent with that of
lactic acid production and cell growth.

The enzymatic hydrolysis of soybean meal and cottonseed meal were
further conducted at changing hydrolysis times (6-48 h) (Fig. 4). Pro-
longed hydrolysis time of soybean meal and cottonseed meal from 6 h to
36 h improved the L-lactic acid titer and cell viability, but further in-
crease to 48 h showed no positive effect on lactic acid fermentation. The
hydrolysis yields at different hydrolysis times were calculated based on
the free glutamic acid generation. The generally used titration method
(pH-stat method) was not applied to determine the hydrolysis yield
(Adler-Nissen, 1986; Wang et al., 2018), owing to the presence of
gossypol in cottonseed meal (Zhang et al., 2024). The released gossypol
during the enzymatic hydrolysis of cottonseed meal would neutralize
the sodium hydroxide for titration, resulting in inaccurate hydrolysis
yield calculation. For soybean meal, the hydrolysis yield increased from
0 h to 36 h and remained essentially unchanged after 36 h. The free
nitrogen contents were almost unchanged after 12 h, indicating that
most of soluble peptides were generated during the first 12 h of the
hydrolysis (Fig. 4a). For cottonseed meal, the free nitrogen content and
hydrolysis yield were also basically not changed after 12 h and 36 h,
respectively. But the overall free nitrogen contents and hydrolysis yields
of cottonseed meal were lower than those of soybean meal (Fig. 4b).

The optimized hydrolysates of soybean meal and cottonseed meal
improved the L-lactic acid production by 54.6% and 60.1%, respectively
(Fig. 4), but was still lower than that using yeast extract and peptone as
complex nitrogen additives. Although the optical purity of lactic acid
product using soybean meal and cottonseed meal as nitrogen additives
was still maintained over 99.7%, more efforts are needed to further
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Fig. 6. Cellulosic L-lactic acid fermentation using plant protein and different dosages of industrial grade yeast extract as complex nitrogen additives in flasks. (a) L-
lactic acid titer and cell viability, using soybean meal hydrolyzed and different dosages of YE (0-5 g/L). (b) L-lactic acid titer and cell viability using cottonseed meal
hydrolyzed and different dosages of yeast extract (0-5 g/L). The plant protein hydrolysis was at the solid-liquid ratio of 1:10, 60°C, 150 rpm for 36 h. The dosage of
alkaline protease was 5% of the mass of crude plant protein (g enzyme/g crude plant protein). The amount of plant protein added for fermentation was 25 g/L.

improve the fermentation indicators using plant protein as the nitrogen
additives to reach the standard of those using yeast extract and peptone
as complex nitrogen additives.

3.3. Formulation of combinational nitrogen ingredients for chiral lactic
acid fermentation

Increasing dosages of soybean meal and cottonseed meal increased
the lactic acid production with the peak values (63.3-78.1 g/L) at the
dosage of 25 g/L (Fig. 5), but were still significantly lower than those
using yeast extract and peptone (96.2-99.5 g/L), indicating that the
plant proteins might not be sufficient in nutritional requirements of
lactic acid bacteria.

Minimum industrial grade yeast extract dosage (0-5 g/L) was added
into the soybean meal hydrolysate to compensate the deficiency of the
specific amino acids in soybean meal and cottonseed meal (Fig. 6). The
results showed that the addition of yeast extract to soybean meal hy-
drolysate was effective in improving the chiral lactic acid fermentation
efficiency. At the addition of 5 g/L yeast extract to soybean meal hy-
drolysate, the L-lactic acid titer and cell viability improved to 94.3 +
1.4 g/L and 3.1 £ 0.1 CFU/mL, close to the chiral lactic acid production
indicators using 25 g/L of industrial grade yeast extract (Control #2) as
the complex nitrogen additives. In contrast, the addition of 5 g/L yeast
extract to the cottonseed meal hydrolysate only slightly enhanced the L-
lactic acid titer and cell viability to 69.7 + 0.4 g/L and 1.5 + 0.0 CFU/
mL (Fig. 6b). Therefore, soybean meal was a better choice as the

alternative complex nitrogen additives for chiral lactic acid production
by P. acidilactici ZY271. The lactic acids-free combinational nitrogen
ingredients including 25 g/L of soybean meal hydrolysate and 5 g/L of
industrial grade yeast extract satisfied the nutritional requirements of
lactic acid bacteria P. acidilactici ZY271 with similar results to those
using yeast extract and peptone as nitrogen additives.

The soybean meal hydrolysate was used as nitrogen ingredients for L-
lactic acid fermentation from 30% (w/w) solids loading wheat straw
feedstock. The soybean meal hydrolysate was added to wheat straw
hydrolysate as water supplement for saccharification and bio-
detoxification. All acetic acid, HMF and furfural were consumed until
36 h. The addition of soybean meal did not accelerate the bio-
detoxification rate, while 35.1% of free nitrogen was consumed by the
biodetoxification strain P. variotii FN89 (Fig. 7a). The sugars concen-
tration during the biodetoxification was slightly increased (Fig. S2),
owing to (i) the biodetoxification strain can degrade inhibitors prior to
sugars (Zhang et al., 2021), and (ii) the continues hydrolysis of wheat
straw solids by cellulase. The total sugars concentration reached
~170 g/L (~120 g/L of glucose and ~50 g/L of xylose) after bio-
detoxification. But the initial total sugars concentration in fermentation
was decreased to ~150 g/L due to the dilution of seed inoculation. After
the supplementation of 5 g/L yeast extract in the fermentation stage, the
L-lactic acid titer still reached 122.9 + 0.4 g/L, which was similar to that
of Control #1 (121.9 + 0.6 g/L) and Control #2 (123.0 + 0.5g/L)
(Fig. 7b). And the optical purity of lactic acid product using combina-
tional nitrogen ingredients and wheat straw reached 99.7%. This result
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Fig. 7. SSCF for cellulosic L-lactic acid production at 30% solids loading of wheat straw feedstock in bioreactors. (a) Effect of the addition of nitrogen additives on the
inhibitors degradation and nitrogen consumption during the biodetoxification process; (b) effect of the addition of 5 g/L yeast extract on sugars consumption and L-
lactic acid production during fermentation. Soybean hydrolysate was added to replace partial water during saccharification.

Table 2

Summary of chiral lactic acid production using cheap carbon source and complex nitrogen source.
Strain Carbon source Complex nitrogen Titer Productivity Yield Chirality Ref

(g/L) (g/L/h) (g/g sugars) (%)

Sporolactobacillus inulinus YBS1-5 Corncob residues Cottonseed meal 107.2° 1.19 0.85 99.2 Bai et al., (2016)
Lactobacillus delbrueckii ssp. Orange peel waste Corn steep liquor 56.4 2.35 0.92 > 95 de la Torre et al., (2018)
Lactobacillus thermophilus A69 Sweet sorghum juice Soybean hydrolysate” 118.8 3.71 0.97 \ Tian et al., (2020)
Microbial consortium CEE-DL15° Sugarcane molasses Corn steep liquor powder 122.3 4.49 0.81 95.6 Sun et al., (2019)
Lactobacillus delbrueckii S-NL31 Sugarcane molasses Soybean meal, yeast extract 112.3% 2.40 0.98 99.6 Liang et al., (2020)
P. acidilactici ZY271 Wheat straw Cottonseed meal’ 96.5 1.32 0.31¢ 99.7 Zhang et al., (2022)
P. acidilactici ZY271 Wheat straw Soyben meal, yeast extract 122.9 1.71 0.88 99.7 This study

@ The fermentation was carried out by fed-batch mode.
> An addition of 72 mM vitamin C was supplemented.

¢ The consortium mainly consisted of Clostridium sensustricto (57.29%), Escherichia (34.22%), and Enterococcus (5.32%)

4 The cottonseed meal was hydrolyzed by sulfuric acid.
¢ The yield was calculated based on g/g raw feedstock.

indicated that although the biodetoxification strain consumed a portion
of free nitrogen in soybean meal hydrolysate, this fraction of nutrients
derived from soybean meal may be in excess for the fermentation strain,
and therefore did not influence the fermentation efficiency. In addition,
the L-lactic acid titer was only 65.3 + 0.9 g/L without the supplemen-
tation of yeast extract (only soybean meal hydrolysate) (Fig. S3). This
result suggested that this portion of nutrients from yeast extract is
necessary for efficient lactic acid biosynthesis by P. acidilactici ZY271,
demonstrating the rationality and feasibility of the designed combina-
tional nitrogen ingredients for cellulosic lactic acid production.

The typical cases of chiral lactic acid production using cheap carbon
source and complex nitrogen source were summarized and showed in
Table 2. Most of these studies used molasses or plant juice as carbon

source, which resulted in higher productivity (Liang et al., 2020; Sun
et al., 2019; Tian et al., 2020). The previous studies also demonstrated
that corn steep liquor was not suitable for chiral lactic acid production
because it caused the reduction in the chirality of the product (de la
Torre et al., 2018; Sun et al., 2019). Bai et al. (2016) reported that
Sporolactobacillus inulinus YBS1-5 produced 107.2 g/L of D-lactic acid
using corncob residues as carbon source and cottonseed meal as complex
nitrogen. But the corncob residues hydrolysate was firstly concentrated
and then wused for fed-batch fermentation, which is not an
energy-effective process. Compared to acid hydrolysis, the enzymatic
hydrolysis provided more moderate conditions and fewer undesirable
side reactions or product (Marinova et al., 2014). The lactic acid titer
using soybean meal hydrolysate obtained by enzymatic hydrolysis were
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Table 3
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Preliminary technoeconomic evaluation of cellulose L-lactic acid production using plant proteins nitrogen ingredients.

Complex nitrogen additives Hydrolysis Inorganic nitrogen Titer Yield Productivity Optical Feasibility as
catalyst additives (g/L) (%) (g/L/h) purity industrial technology
(%)
(a) Fermentation evaluation
Case 15 g/L yeast extract and 10 g/L peptone \ 2 g/L (NH4)2CeHeO7 1215 887 1.69 99.7 No (nitrogen ingredients for
1 (both in reagent grade) lab use only)
Case 20 g/L yeast extract (industrial grade) \ 10 g/L (NH4)2SO4 123.3  90.1 1.71 99.8 Yes
2
Case 25 g/L corn steep liquor \ 10 g/L (NH4)2SO04 98.5 68.3 1.37 96.0 No (low optical purity)
3
Case 25 g/L soybean meal 6.25 g/L 10 g/L (NH4)2S04 62.0 39.8 0.86 99.7 No (low production)
4 Sulfuric
acid
Case 25 g/L soybean meal 1.25 g/L 10 g/L (NH4)2S04 65.9 41.6 0.92 99.8 No (low production)
5 Alkaline
protease
Case 25 g/L soybean meal and 5 g/L yeast 1.25 g/L 10 g/L (NH4)2SO4 1229 881 1.70 99.7 Yes
6 extract (industrial grade) Alkaline
protease
(b) Cost evaluation of nitrogen additives for cases with industrial application potential
Complex nitrogen additives Hydrolysis catalyst Inorganic Total nitrogen cost
(¢/kg lactic acid) (¢/kg lactic acid) nitrogen (¢/kg lactic acid)
additives
(¢/kg lactic acid)
Case 44.7 \ 11 45.7
2
Case 16.9 1.8 1.1 19.8
6

Notes: The fermentation was conducted in fermenter. The yields in Table 3a were calculated based on the theoretical yield. The acid hydrolysis of soybean meal was
referred to the report by Zhang et al. (2022). The exchange rate of dollar to Chinese Yuan was set to 7.11. The prices of these raw materials were provided by local
suppliers including yeast extract (reagent grade) $ 42194.1/ton, peptone (reagent grade) $ 59915.6/ton, yeast extract (industrial grade) $ 3938.1/ton, corn steep
liquor $ 98.5/ton, soybean meal $ 395.2/ton, sulfuric acid $ 66.1/ton, alkaline protease $ 2531.7/ton, (NH4)2CsHgO7 $ 2320.7/ton, (NH4)2SO4 $ 189.9/ton.

much higher that obtained by acid hydrolysis (Zhang et al., 2022). This
study achieved high level cellulosic L-lactic acid production from wheat
straw and soybean meal through a mature biorefinery process without
solid-liquid separation and concentration steps. The chiral cellulosic
lactic acid titer, productivity and yield in this study are obviously
improved compared to those in previous studies (Bai et al., 2016; Zhang
et al., 2022).

3.4. Preliminary technoeconomic evaluation of plant proteins nitrogen
ingredients

In summary, after the optimization of enzymatic hydrolysis condi-
tions and the design of combinational nitrogen ingredients, the soybean
meal hydrolysate achieved the substitution of 75% of yeast extract, and
the lactic acid titer reached 122.9 + 0.4 g/L with the optical purity of
99.7%. Three key criteria were used to evaluate the feasibility of ni-
trogen ingredients for L-lactic acid fermentation: L-lactic acid titer
greater than 100 g/L, optical purity greater than 99.5%, and the mini-
mal costs. The key indicators using different nitrogen ingredients were
shown in Table 3a. Case 1 was excluded for practical because of the use
of high amounts of expensive reagent grade yeast extract (15 g/L) and
peptone (10 g/L), which was only suitable for lab bench use, although
the product titer and optical purity met the criteria. Case 2 was
acceptable because of the use of relatively cheap industrial grade yeast
extract, and the product titer and optical purity were well satisfied. Case
3 was excluded because of the low optical purity (~96%, far below
99.5% in the criteria), although the ingredients were cheap and product
titer was almost satisfied. Case 4 and Case 5 were excluded because of
the low product titer (far below the minimal criteria of 100 g/L),
although 25 g/L of soybean meal hydrolysates were cheap and the op-
tical purity met the criteria. Case 6 was acceptable because of the
moderate cost with high product titer and optical purity by using the
combination of industrial grade yeast extract and soybean meal.

The two acceptable cases (Case 2 and Case 6) were used for pre-
liminary technoeconomic evaluation by accounting the costs of organic

nitrogen additives, hydrolysis catalyst and inorganic nitrogen additives
(Table 3b). Case 4 is a general nitrogen ingredient used in industrial
lactic acid fermentation, while Case 6 is the modified combined nitrogen
ingredients formulated in this study. Based on the prices provided by
local suppliers, the cost of the soybean meal was $395.2/ton with the
usage of 25 g/L; the alkaline protease was $2,531.7/ton with the usage
of 0.05g/g soybean meal; the industrial grade yeast extract was
$3,838.1/ton with the usage of 5 g/L; and the ammonium sulfate was
$189.9/ton with the usage of 10 g/L. In Case 2, the total nitrogen in-
gredients cost to produce one kilogram of L-lactic acid was $0.457, while
in Case 6 the total nitrogen ingredients cost was only $0.198/kg,
equivalent to 43.3% of the Case 2.

4. Conclusion

After the screening of lactic acids-free plant proteins, the optimiza-
tions of enzymatic hydrolysis conditions, and the design of combina-
tional nitrogen ingredients, 25 g/L of soybean hydrolysate was used to
replace 75% of yeast extract for chiral L-lactic acid production by
P. acidilactici from wheat straw. The L-lactic acid titer reached 122.9 +
0.4 g/L with the yield of 88.1% from 30% (w/w) solids loading of pre-
treated wheat straw and optical purity of 99.8%, which are similar to the
fermentation indicators using yeast extract as nitrogen additive. The
total cost of the alternative nitrogen additives to produce one kilogram
of chiral lactic acid was only ¢ 19.8, reducing the cost by 56.7%
compared to those using yeast extract. This study provides a cost-
effective alternative nitrogen source solution for cellulosic chiral lactic
acid production in industrial biorefinery process.
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