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Abstract

As an important feedstock monomer for the production of biodegradable stereo-complex poly-lactic acid polymer, p-lactate
has attracted much attention. To improve p-lactate production by microorganisms such as Lactobacillus delbrueckii, various
fermentation conditions were performed, such as the employment of anaerobic fermentation, the utilization of more suitable
neutralizing agents, and exploitation of alternative nitrogen sources. The highest p-lactate titer could reach 133 g/L under the
optimally combined fermentation condition, increased by 70.5% compared with the control. To decipher the potential mecha-
nisms of D-lactate overproduction, the time-series response of intracellular metabolism to different fermentation conditions
was investigated by GC-MS and LC-MS/MS-based metabolomic analysis. Then the metabolomic datasets were subjected
to weighted correlation network analysis (WGCNA), and nine distinct metabolic modules and eight hub metabolites were
identified to be specifically associated with p-lactate production. Moreover, a quantitative iTRAQ-LC-MS/MS proteomic
approach was employed to further analyze the change of intracellular metabolism under the combined fermentation condition,
identifying 97 up-regulated and 42 down-regulated proteins compared with the control. The in-depth analysis elucidated
how the key factors exerted influence on p-lactate biosynthesis. The results revealed that glycolysis and pentose phosphate
pathways, transport of glucose, amino acids and peptides, amino acid metabolism, peptide hydrolysis, synthesis of nucleotides
and proteins, and cell division were all strengthened, while ATP consumption for exporting proton, cell damage, metabolic
burden caused by stress response, and bypass of pyruvate were decreased under the combined condition. These might be the
main reasons for significantly improved p-lactate production. These findings provide the first omics view of cell growth and
D-lactate overproduction in L. delbrueckii, which can be a theoretical basis for further improving the production of p-lactate.
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Introduction

As an important and multifunctional organic acid, p-lactate
(p-LA) has been widely used in pharmaceutical, chemical,
and cosmetic industries [12]. Especially, highly optical pure

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s10295-018-2048-y) contains
supplementary material, which is available to authorized users.

P4 Jianping Wen
jpwen@tju.edu.cn

Key Laboratory of Systems Bioengineering (Ministry
of Education), Tianjin University, Tianjin 300072,
People’s Republic of China

SynBio Research Platform, Collaborative Innovation
Center of Chemical Science and Engineering (Tianjin),
Tianjin 300072, People’s Republic of China

D-LA is a feedstock monomer for the production of biode-
gradable stereo-complex poly-lactic acid (SC-PLA) polymer.
SC-PLA has an increased thermal tolerance up to 230 °C
[11], which allows for a wide variety of applications in agri-
cultural and motor vehicle-associated plastics [15, 47].
The industrial production of p-LA with high optical
purity is usually conducted with bacteria, such as Lactoba-
cillus, E. coli, and C. glutamicum [24]. However, E. coli and
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C. glutamicum produce unwanted organic acid by-products,
which need further extensive genetic modification [24].
Lactobacillus delbrueckii is an excellent genus of homofer-
mentative D-LA bacteria with higher optical purity (>98%),
fewer by-products, and higher substrate utilization. Mean-
while, L. delbrueckii prefers a higher growth and fermenta-
tion temperature [21], which could not only decrease the
risk of contaminations and the cooling cost of large-scale
fermentation [1], but also match the optimum temperatures
of most enzymes used in the process of simultaneous sac-
charification and fermentation (SSF) [24].

However, many factors (i.e., medium composition,
growth condition, pH, and operation mode) have shown sig-
nificant influence on the p-LA yield and optical purity [21].
To improve p-LA production, several strategies have been
applied, such as selection of suitable neutralizing agents to
reduce the inhibition of lactate [35], fed-batch fermentation
to relieve the substrate inhibition [46], and continuous fer-
mentation to decrease the supply of sub-raw material [31]. In
addition, several researchers have also attempted to exploit
alternative substrates to reduce the p-LA production cost,
such as peanut meal [54] and lignocellulosic waste [27].
Nevertheless, there are few reports on the molecular mecha-
nisms of D-LA overproduction influenced by the fermenta-
tion strategies and alternative substrates.

As a powerful tool, metabolomics has been widely
applied to depict the intracellular metabolic profiles associ-
ated with the apparent metabolic differences [6], identify
the biomarkers [5], and rationally optimize the medium
[52]. Besides the most common statistical approaches used
in metabolomic data analysis, i.e., principal component
analysis (PCA) and partial least squares discriminant analy-
sis (PLS-DA), a new approach named weighted correlation
network analysis (WGCNA) has been recently proposed to
describe the correlation relationships between clusters of
highly correlated genes, proteins, metabolites or modules,
and external conditions or sample traits [40], and has been
widely applied to metabolomic analysis [40, 45, 51, 56].
Moreover, as an effective, accurate, and highly admitted
proteomic technique, isobaric tags for relative and absolute
quantitation (TRAQ) approach has become a powerful tool
in quantitative proteomics, especially for detecting hydro-
phobic and low-abundance proteins in cells and organelles
under various physiological or environmental conditions
[13, 22], and has been widely used in microorganisms [29,
53].

In this study, the influences of various fermentation
conditions on D-LA production were compared compre-
hensively, including the employment of anaerobic fer-
mentation by continuously inletting N,, the utilization of
alternative neutralizing agents [Ca(OH), or NaOH] to con-
trol pH, and the exploitation of alternative nitrogen source
(i.e., peptone and yeast extract). By applying the above
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conditions, the highest p-LA production was achieved (up
to 133 g/L). To reveal the potential mechanisms of p-LA
overproduction, a systematic research strategy was carried
out. Gas chromatography—mass spectrometry (GC-MS)
and liquid chromatography—mass spectrometry/mass spec-
trometry (LC-MS/MS)-based metabolomic approaches
were employed to determine the time-series responses of
L. delbrueckii to all the above fermentation conditions, and
a weighted correlation network analysis (WGCNA) was
constructed to reveal metabolic modules and hub metabo-
lites significantly associated with each condition. Then, a
quantitative iTRAQ proteomic approach was performed
to capture the differential protein expression profiles of L.
delbrueckii under the combined condition and the control.
This report represents the first comprehensive study on
metabolomic and proteomic analysis of p-LA-producing
L. delbrueckii and the results will be a guidance to further
strengthen the p-LA production.

Materials and methods
Microorganism and cultivations

Lactobacillus delbrueckii S-NL31 used in this study was
stocked in our laboratory. Seed medium: modified MRS
medium (pH 5.8) consisted of 1 g/ Tween 80, 10 g/L beef
extract, 10 g/L peptone, 5 g/L yeast extract, 2 g/L. ammo-
nium citrate dibasic, 2 g/L K,HPO,, 3 g/L sodium acetate,
0.2 g/L MgSO,, and 0.1 g/L MnSO,, 20 g/L glucose. The
production medium was the same as modified MRS medium
except for carbon source and nitrogen source as shown in
Table 1. The detailed fermentation conditions could also
be seen in Table 1. The seed was statically cultivated in
250-ml flask containing 100-ml seed medium at 42 °C for
12 h. The p-LA production was carried out in 7.5-L BioFlo
110 fermenter (New Brunswick Scientific, Edison, NJ, USA)
with a 5 L working volume at 150 rpm for 48 h at 42 °C after
inoculating 500-mL seed culture. Three biological replicates
were used for each fermentation experiment.

Analytical methods

The biomass yield was determined by dry cell weight
(DCW). The residual glucose in fermentation broth was
quantified using SBA-40C biosensor analyzer (Institute
of Biology, Shandong Academy of Sciences, China). The
concentration and optical purity of p-LA was measured by
HPLC (Agilent 1200, USA) equipped with a chiral column
(150 mm x 4.6 mm, SUMICHIRAL OA-5000) at 254 nm
[2].
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Table 1 Fermentation conditions used for b-LA production in this study

Fermentation conditions

Control Modified MRS medium with 30 g/L beef extract as sole nitrogen source, 80 g/L glucose as initial carbon source, excess CaCO5
(50 g/L) as neutralizing agent, no aeration. Feeding about 4.6 g/(L h) glucose to the medium from 18 to 30 h

N, The same as control except for inletting 0.2 L/min nitrogen to the medium, continuing 0.5 h after inoculation

PE-YE The same as control except for replacing beef extract with the combination of 20 g/L peptone and 10 g/L yeast extract

Ca(OH),  The same as control except for using calcium hydroxide as neutralizing agent, and automatically adjusting pH between 5.9 and 6.0

NaOH The same as control except for using sodium hydroxide as neutralizing agent, and automatically adjusting pH between 5.9 and 6.0.

N,-PE- Optimally combined fermentation conditions, i.e., modified MRS medium with 20 g/L peptone and 10 g/L yeast extract as nitrogen
YE- source, 80 g/L glucose as initial carbon source, calcium hydroxide as neutralizing agent, and automatically adjusting pH between
Ca(OH), 5.9 and 6.0. Inletting 0.2 L/min nitrogen to the medium, continuing 0.5 h after inoculation. Feeding about 4.6 g/(L h) glucose to

the medium from 18 to 30 h

GC-MS and LC-MS/MS-based metabolomic analysis

To analyze the intracellular metabolic responses of L. del-
brueckii to various fermentation conditions, GC-MS and
LC-MS/MS were performed. The details of each fermen-
tation condition could be found in Table 1.

The sampling and quenching were performed accord-
ing to the methods described by Xia et al. [55] with slight
modifications. For each sampling time point (18 and
30 h), 20 mL culture sample was taken from the fermen-
tation broth and immediately transferred to a 50-mL tube
containing 20 mL 60% methanol solution pre-chilled at
—40 °C. The whole procedure from sampling to quench-
ing of metabolism was completed within 10-15 s. Then
the mixture was centrifuged at 5000 rpm for 5 min and the
supernatant was removed. After centrifugation, the cells
were subsequently washed with 10 mL 0.9% (w/v) NaCl
solution, twice. The samples were frozen at — 80 °C until
further processing.

Then, the extraction, determination, and analysis of
intracellular metabolites were performed according to the
previous methods [55]. The metabolites including sugar
phosphate intermediates of Embden—Meyerhof-Parnas
(EMP) and pentose phosphate (PP) pathway were detected
by LC-MS/MS. All the experimental data were obtained
from five replicates for each treatment.

The peak area of each metabolite was normalized by the
internal standard succinic acid-d, and biomass in GC-MS
analysis. Absolute metabolite concentrations determined
by LC-MS/MS were normalized by the biomass and inter-
nal standard p-sorbitol-'C,. Both of the normalized data
from GC-MS and LC-MS/MS were combined together for
the final analysis [51]. The relative abundance matrix of
all the identified metabolites at each sampling time point
was imported into SIMCA-P package (version 11.5, Umet-
rics AB, Umea, Sweden) for principal component analysis
(PCA).

WGCNA network construction

A metabolic correlation network was established from the
GC/MS and LC-MS/MS datasets by calculating weighted
Pearson’s correlation matrices corresponding to metabolite
abundance, followed by creating the networks according to
the standard procedure of WGCNA [45, 58]. Briefly, con-
nection strength matrices were created from the transforma-
tion of weighted correlation matrices by a power function,
and then used to calculate topological overlap (TO). Then
the metabolites with highly similar correlation relationships
were grouped into the same modules through hierarchical
clustering based on the results of TO. Subsequently, aver-
age linkage hierarchical clustering was performed to obtain
metabolite dendrograms. The module assignment deter-
mined by the Dynamic Tree Cut of WGCNA was distin-
guished with the color row underneath the dendrograms. The
modules with correlation r> 0.6 or r < — 0.6 with statistical
significance p value less than 0.05 were extracted for fur-
ther investigation. Hub metabolites were screened by high
connectivity with other metabolites (>5) in the modules
strongly associated with phenotype [40].

Quantitative iTRAQ-LC-MS/MS proteomic analysis

For quantitative proteomic analysis, the cells grown under
the control and N,-PE-YE—-Ca(OH), condition (Table 1)
at 18 h (each sample with two biological replicates) were
collected by centrifugation (12,000 g for 10 min at 4 °C)
and frozen in liquid nitrogen, respectively. The quantitative
proteomics experiment procedure was the same as previ-
ous report [22], including: (1) protein extraction, digestion,
and iTRAQ labeling. Each sample was labeled separately
with two of the four available tags (control: 113, 115;
N,-PE-YE-Ca(OH),: 117, 121); (2) LC-MS/MS analy-
sis; and (3) proteomic data analysis. The raw MS/MS data
were converted to MASCOT generic format (.mgf) files via
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Proteome Discoverer 1.4 (Thermo Fisher Scientific Inc.,
MA, USA). Protein Pilot 5.0 (AB Sciex, Foster City, CA,
USA) was used for deep proteome analysis and protein quan-
titation analysis with MASCOT generic format (.mgf) files
as input and 1% FDR for proteins and peptides. After that,
the raw peptide identification results were classified accord-
ing to the SWISS-PROT online database (http://www.unipr
ot.org). The proteins with the average ratio-fold change >2
or <0.5 with p value <0.05 were confidently considered
as differentially expressed proteins, and then subjected to
further functional and pathway analysis.
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Fig. 1 Fermentation time course of L. delbrueckii under various fer-
mentation conditions. a Dry cell weight; b p-LA titer; ¢ residual glu-
cose concentration; d pH value. The arrows represent the starting and
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Results and discussion

Fermentation characterizations of L. delbrueckii
under different fermentation conditions

As shown in Fig. 1, the effects of five fermentation con-
ditions (Table 1) on p-LA production were investigated in
7.5-L fermenter, respectively. The results showed that the
biomass synthesis, D-LA accumulation, and glucose con-
sumption were all superior to the control under the condi-
tions of N,, PE-YE, Ca(OH), and N,-PE-YE-Ca(OH),,
respectively. However, they were inferior to the control
under the NaOH condition. It would indicate that: (1) the
anaerobic condition (inletting N, into the medium) would
be more suitable for the cell growth and p-LA production;
(2) in regard to neutralizing agents, Ca(OH), would be the
best choice, followed by CaCO;, while NaOH obviously
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terminal time points of glucose feeding, respectively. Values and error
bars represent the averages and standard deviations obtained from
three independent replicates
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inhibited the cell growth and p-LA production, although it
could adjust pH in the optimal range of 5.9-6.0 (Fig. 1d);
(3) the combination of peptone and yeast extract as the
nitrogen sources were better than beef extract for p-LA pro-
duction. Besides, the dynamic measurement showed that
the conditions mentioned above did not affect the optical
purity of p-LA production. Furthermore, the formation of
side products was not observed in our experiments, which
indicated that our strain specially produced p-LA with-
out side products. Finally, under the combined condition
(N,-PE-YE—-Ca(OH),), L. delbrueckii produced 133 g/L p-
LA (1.71-fold increase compared with the control), with a
volumetric productivity of 3.17 g/(L h) (1.95-fold increase
compared with the control), a yield of 98%, and an optical
purity of 99.6%.

Effects of different fermentation conditions
on metabolomic profiles

A total of 90 intracellular metabolites, including 80
metabolites by GC—MS analysis and 10 sugar phosphates

(A)
10
N2-PE-YE-Ca(OH)3
5
NaOH
V% Control
o =
-
-5 Ca(OH)2
-10
-15
-15 -10 -5 0 S 10

t[1]

by LC-MS/MS analysis (Supplementary Materials A:
Table S1), were identified for all fermentation conditions (a
total of 60 samples) at the different sampling times (i.e., 18
and 30 h). According to the PCA score plots of intracellular
metabolic profiles (Fig. 2), several obvious features could
be observed: (1) clustering of the same treated samples was
clearly observed and well-separated metabolomic profiles
between different treated samples were detected; (2) the dis-
tances between different treated samples in the PCA score
plots might reflect the metabolomic differences of different
treated samples. At 18 h, obvious metabolomic differences
were observed under the conditions of N,, Ca(OH), and
N,-PE-YE—-Ca(OH), compared with the control, respec-
tively (Fig. 2a). While at 30 h, significant metabolomic
differences were detected under the conditions of PE-YE,
NaOH, Ca(OH),, and N,~PE-YE-Ca(OH),, respectively
(Fig. 2b); (3) among various fermentation conditions,
Ca(OH), seemed to be the major discriminating factor as
profiles under Ca(OH), and N,—PE-YE-Ca(OH), conditions
were well-separated in the PCA plots in both time points.
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Fig.2 PCA analysis of GC-MS and LC-MS/MS metabolomic datasets. a 18 h after inoculation; b 30 h after inoculation. T1 and T2 are referred

as the scores of projection 1 and 2 in PCA analysis, respectively

Table 2 Associated modules

. o . Time Module Condition Compound r p
under different conditions in

this study in Fig. 3 18h MI-18 h N,-PE-YE-Ca(OH), 15 0.65 4.00E—04
M2-18 h N, 7 0.78 4.00E-07

M3-18 h N,~PE-YE~-Ca(OH), 7 0.64 5.00E—4

Ca(OH), 7 0.61 1.00E-3
M4-18 h N,~PE-YE-Ca(OH), 18 0.89 8.00E—10
M5-18 h NaOH 16 0.91 6.00E—12
30h M1-30 h PE-YE 12 0.85 2.00E—05
M2-30 h N,~PE-YE-Ca(OH), 8 0.69 1.00E-04
M3-30 h NaOH 26 -0.6 5.00E—04
M4-30 h Ca(OH), 14 0.68 4.00E—05
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«Fig.3 WGCNA of metabolomic profiles of L. delbrueckii under
various fermentation conditions. a 18 h after inoculation; b 30 h
after inoculation. The heat maps depict the topological overlap (TO)
matrix among 90 metabolites in the analysis. Light color represents
low TO and progressively darker red color represents higher TO.
Blocks of darker colors along the diagonal are the modules. The
metabolites dendrogram and module assignment are also shown
along the left side and the top. The modules highly associated with
any given treatment (r>0.6 or r<—0.6 and p value <0.05) are indi-
cated with their metabolites within the modules in different colors,
and the correlation coefficients and related p values are listed in
Table 2

WGCNA correlation network construction

To further search the differences of intracellular metabolism,
a WGCNA network analysis was performed for all fermen-
tation conditions based on the GC-MS and LC-MS/MS
datasets. WGCNA is a correlation-based and unsupervised
computational method to describe and visualize correlation
patterns of data points [58], and has been widely applied to
metabolomic data of bacteria under various conditions [45].
According to the standard protocol, five and four distinct
metabolic modules were identified successfully at 18 and
30 h, respectively. The detailed information of each meta-
bolic module is described in Table 2 and Fig. 3.

As shown in Fig. 3, the great differences of metabolites
within each module could be found at different time points.
At 18 h, most of metabolites in the M2-18 h module, which
was significantly associated with N, condition, were mainly
involved in nucleotide metabolism (i.e., uracil, guanosine,
etc.), indicating that nucleotide metabolism might be influ-
enced by anaerobic condition seriously. Oxygen is unable to
cause any damage to the cell directly, but during the cellular
processes, O, could partially transform into the reactive O,
species (0?7, OH,-and H,0,), which have high oxidizing
potentials and thus lead to cellular oxygen toxicity [32]. In
lactic acid bacteria (LAB), the toxicity of oxygen is gener-
ally attributed to the attachment of reactive oxygen species
to proteins, lipids, and nucleic acids, thereby causing aging
and cell death [50]. It has been reported that the high dis-
solved oxygen (DO) would result in the accumulation of
H,0,, which caused the early entry into stationary phase and
markedly reducing the biomass production of L. delbrueckii
[30]. So the anaerobic condition would reduce the oxygen
toxicity to cellular metabolism, such as nucleotide metabo-
lism (just as shown in our metabolomic data), and be more
beneficial for cell growth in the p-LA fermentation.

In the M3-18 h module, several intermediate metabolites
of glycolysis (i.e., fructose 1, 6-bisphosphate and phos-
phoenolpyruvate) and amino acids (i.e., proline, threonine,
alanine, etc.) were highly related with Ca(OH), condition.
Generally, LAB are neutrophiles (the optimal growth pH
was between 5 and 9), low pH environment will cause the
internal acidification, reduce the activity of acid-sensitive

enzymes, and damage proteins and DNA [50]. Serrazan-
etti et al. [44] found that acid stress would induce a meta-
bolic shift in L. sanfranciscensis, such as reduction of sugar
consumption and primary carbohydrate metabolism, and
changes of amino acid metabolism. In this work, pH was
maintained at the optimal value (5.9-6.0) under the Ca(OH),
condition, but was dropped to 5.2 at 18 h and 4.7 at 30 h
under the control condition (Fig. 1d). The change of pH also
resulted in a metabolic shift of central carbon and amino
acid metabolism in our strain, which was similar to previous
report [44]. The more suitable pH environment under the
Ca(OH), condition would prompt the glucose consumption
and amino metabolism, which were in favor of cell growth
and D-LA synthesis.

Unlike Ca(OH), condition, several metabolites (linoleic
acid, octadecanoic acid, dodecanoic acid, etc.) existed in
fatty acid metabolism which were significantly associated
with the NaOH condition (M5-18 h). Although using NaOH
as a neutralizing agent could keep the pH at the optimal
value, the cell growth and p-LA production were much
lower than that of Ca(OH), (Fig. 1). Obviously, pH was not
the dominant factor under the NaOH condition. We specu-
lated that Na™ stress was the main reason for hampering cell
growth and p-LA production. Glaasker et al. [17] found that
KCI and NaCl dramatically inhibited the growth of L. plan-
tarum, which was unable to respond adequately to osmotic
stress by the accumulation of K* or Na*. Guerzoni et al.
[20] found that Na* salt stress would alter the cellular fatty
acid composition, and increase the proportion of unsaturated
fatty acid. In this study, the inhibition of cell growth and
alteration of fatty acid composition under the NaOH condi-
tion were also observed, which resulted in the lower p-LA
production.

It was worth noting that most of the metabolic modules
(M1-18 h, M3-18 h, and M4-18 h) could be found in the
N,—-PE-YE—-Ca(OH), condition. The corresponding metabo-
lites located in these modules were mainly involved in cen-
tral carbohydrate metabolism, amino acid metabolism, and
fatty acid metabolism, which indicated that the combined
condition caused huge metabolic flux redirection. It was
not difficult to understand that the N,—~PE-YE-Ca(OH),
condition caused huge metabolic flux redirection, since the
N,—PE-YE-Ca(OH), condition was the optimal combina-
tion of above mentioned conditions, which avoided oxygen
toxicity, acid stress, and salt stress to the cells. Less cell
damage would facilitate the cell growth and p-LA produc-
tion (Fig. 1).

At 30 h, no module was associated with N, condition,
while each of other four conditions had one significant
metabolic module, respectively. Specifically, extremely dif-
ferential metabolism was observed under the NaOH condi-
tion, as M3-30 h module, associated with the NaOH condi-
tion, contained up to 26 metabolites, which involved central
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carbohydrate metabolism, amino acid metabolism, fatty
acid metabolism, and nucleotide metabolism, suggesting the
complexity of the cellular responses to the NaOH condi-
tion. Na* concentration had nearly doubled from 18 to 30 h,
which caused the medium in a higher osmolality state. The
effects of high-osmolality on amino acid metabolism and
fatty acid metabolism in LAB have been reported [18, 20];
however, it remained unclear on central carbon metabolism
and nucleotide metabolism. With the accumulation of p-LA,
besides osmotic stress, lactate molarity might play another
dominant role, as the generated molarity of Na* lactate is
two-fold of Ca®* lactate when neutralizing the same molarity
of p-LA. It has been reported that the growth of LAB was
usually inhibited by the accumulation of lactate [16] and
high concentration of sodium lactate would inhibit the cell
growth and p-LA production [35]. Hence, higher osmotic
stress and lactate molarity might be the main reasons for
significant inhibition of bacteria growth and p-LA produc-
tion under the NaOH condition.

Finally, the metabolites within M1-30 h module were
involved in amino acids, such as glycine, tryptophan, and
methionine, which might result from the intracellular nitro-
gen metabolic disturbance caused by the substitution of
beef extract with peptone and yeast extract. No significant
metabolic differences between the PE-YE and control con-
ditions were observed at 18 h, but amino acid metabolism
changed significantly at 30 h. The supply of amino acids

was sufficient under both conditions at 18 h. With the cell
growth and metabolism, several essential amino acids (such
as glycine, tryptophan, and methionine) were depleted under
the control condition, but still enough under the PE-YE
condition at 30 h (Fig. S2). The depletion of these amino
acids would cause nitrogen starvation, which resulted in the
limitation of protein synthesis [50]. Therefore, the sufficient
supply of essential amino acids might be the main reason for
higher p-LA production under the PE-YE condition com-
pared with the control.

Hub metabolites have a high degree of connectivity in
biological interaction networks and are thus assumed to have
high biological importance [56]. Assuming hub metabo-
lites with connectivity greater than 5, six hub metabolites
(fructose 6-phosphate, glycerate 3-phosphate, ornithine,
trehalose, oleic acid, and eicosanoic acid) were identified
to be significantly associated with N,-PE-YE-Ca(OH),
condition at 18 h, and two hub metabolites (aspartic acid
and glutamic acid) at 30 h, based on the WGCNA analysis
(Fig. 4). At 18 h, (1) in M1-18 h module, three hub metab-
olites, fructose 6-phosphate, glycerate 3-phosphate, and
ornithine, were identified and connected to several other
metabolites (Fig. 4a). Fructose 6-phosphate and glycerate
3-phosphate were the intermediate metabolites of glycolysis,
which directly correlated with p-LA synthesis. Ornithine
was the product of arginine degradation through the argi-
nine deiminase (ADI) pathway, which has been confirmed
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C D
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Lysine Homoserine Valine Hexadecanoic acid
Phenylalanine
: . : Cadaverine Eicosanoic acid
Fructose 1,6-bisphosphate Hydroxylamine acid

Putrescine

Eicosanoic acid

Fig. 4 Hub metabolites and their metabolic profiles as represented by
node and edge graph. a Fructose 6-phosphate, glycerate 3-phosphate
and ornithine for M1-18 h module; b trehalose for M3-18 h module;
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Tetradecanoic acid

Nonadecanoic acid Oxaloacetate

¢ oleic acid and eicosanoic acid for M4-18 h module; d aspartic acid
and glutamic acid for M2-30 h. The hub metabolites are identified
under the N,-PE-YE-Ca(OH), condition
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to play an important role in pH homeostasis [36]; (2) in
M3-18 h module, the hub of trehalose (Fig. 4b) might serve
as an important osmoprotectant and stress protectant [41].
The lower relative abundance of trehalose (Supplementary
Materials B: Fig. S1) might reflect lower cellular osmotic
stress under N,—~PE-YE-Ca(OH), condition compared with
the control; (3) the hubs of oleic acid and eicosanoic acid
(Fig. 4c) were located in M4-18 h module. In the previous
reports, oleic acid has been found to be a necessary growth
factor in L. delbrueckii [39], and the intracellular fatty acids
(such as oleic acid) of L. helveticus were altered when suf-
fered to salt, acid, oxidative, and thermal stresses [20]. Here,
the combined condition also resulted in alteration of intra-
cellular fatty acid composition, such as the increase of oleic
acid and eicosanoic acid (Supplementary Materials B: Fig.
S1). At 30 h, aspartic acid and glutamic acid were identi-
fied as hub metabolites (Fig. 4d). In fact, aspartic acid and
glutamic acid not only served as nitrogen source, but also
regulated intracellular pH through decarboxylase pathway
[36]. Therefore, these identified hub metabolites might serve
as obvious biomarkers in the p-LA overproduction.
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According to the results of fermentation characterizations,
the combined condition of N,—~PE-YE—Ca(OH), achieved
the highest b-LA production (133 g/L) (Fig. 1). Meanwhile,
WGCNA analysis showed significantly different metabolism
of L. delbrueckii under N,—~PE-YE—-Ca(OH), condition at
18 h compared with the control (Fig. 3a). Actually, because
of the “combined effects” of N,-PE-YE—Ca(OH), condition,
the changes of intracellular metabolism were caused by vari-
ous conditions, so it was difficult to establish the relationship
between the N,~PE-YE—-Ca(OH), condition and metabo-
lomic data. Hence, to further uncover the mechanisms of
D-LA overproduction, a quantitative iTRAQ-LC-MS/MS
proteomic analysis was then employed to analyze the prot-
eomic differences between N,—PE-YE—Ca(OH), condition
and the control at 18 h.

Based on the analysis with Protein Pilot 5.0 search
engine, a total of 183,740 spectra, 78,435 spectra identified,
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32,951 distinct peptides, 1422 proteins before grouping,
and 934 proteins were acquired. The 934 detected pro-
teins (Supplementary Materials A: Table S2) accounted for
approximately 61.5% of the 1519 predicted proteins in the
L. delbrueckii genome [49]. In terms of protein molecular
weight (MW) distribution, there were 738, 173, and 23 pro-
teins with a mass of 10-50 kDa, 50-100 kDa, and more
than 100 kDa, respectively (Fig. 5a). The distribution of
peptide numbers is shown in Fig. 5b, and a large number
of proteins with more than 30 peptides were observed. In
addition, most of the proteins were identified with high-
quality peptide coverage, among which 89.3% of the total
identified proteins had more than 10% peptide coverage and
74.7% of them were found with more than 20% peptide cov-
erage (Fig. 5¢). According to the abundance of each identi-
fied protein, a total of 139 differential expression proteins
(>two-fold change and adjusted p < 0.05) were found under
the N,—~PE-YE—-Ca(OH), condition, among which 97 and
42 proteins were up- and down-regulated, respectively. The
detailed information of the up- and down-regulated proteins
is listed in supplementary material (Supplementary Materi-
als A: Table S3 and Table S4). They were classified into nine
functional groups by their cellular roles, mainly including
central carbon metabolism, energy metabolism, amino acid
metabolism, peptide hydrolysis, transmembrane transport,
genetic information processing, nucleotide metabolism,
stress response, and proteins of unknown function (Fig. 5d),
suggesting the complexity of the cellular metabolism under
the N,—~PE-YE-Ca(OH), condition.

Central carbon metabolism and energy metabolism

Central carbon metabolism represents the backbone of the
cellular metabolism and provides the energy and precursors
for the cell growth and the synthesis of target products. In
this study, proteomic analysis showed that the expression
levels of two key enzymes involved in EMP pathway, i.e.,
ATP-dependent 6-phosphofructokinase (Pfk1, Ldb0838) and
pyruvate kinase (Pyk, Ldb0839) exhibited 10.21- and 8.31-
fold increases under the N,—~PE-YE-Ca(OH), condition,
respectively. Meanwhile, fructose-bisphosphate aldolase
(Fba, Ldb1544), NADP-dependent glyceraldehyde-3-phos-
phate dehydrogenase (GapN, Ldb1179), and enolase (Eno,
Ldb1294) were also up-regulated, suggesting that the EMP
pathway was strengthened. The up-regulated EMP pathway
not only supplied more precursors for b-LA synthesis, but
also generated more phosphoenolpyruvate for phosphotrans-
ferase system (PTS), which was the dominant glucose trans-
porter in Lactobacilli [9]. Moreover, it was worth noting
that p-lactate dehydrogenase (LdhA, Ldb0101), an impor-
tant enzyme, directly participating in the bioconversion of
pyruvate to p-LA, achieved a 12.78-fold increase under the
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N,-PE-YE—-Ca(OH), condition, which was an important
reason for the remarkable improvement of p-LA production.

In PP pathway, glucose-6-phosphate dehydroge-
nase (Gpd, Ldb1611), ribose-5-phosphate isomerase A
(RpiA, Ldb0531), ribulose-phosphate 3-epimerase (Rpe,
Ldb0530) and phosphoketolase (Ldb0534) were signifi-
cantly up-regulated under the N,—~PE-YE-Ca(OH), condi-
tion, implying that PP pathway was also enhanced. In fact,
glucose could be oxidized through PP pathway to generate
NADPH for the antioxidant system and biosynthesis [59],
and ribose-5-phosphate for the synthesis of nucleotides
[8]. The increased levels of PP pathway enzymes would
be beneficial for the cell growth.

The precursor of p-LA synthesis is the intermediate
metabolite of EMP pathway, so higher flux through EMP
pathway would provide more precursors for pD-LA synthe-
sis. Meanwhile, PP pathway provides NADPH and precur-
sors of nucleotides for cell growth [8, 59]. Since the pro-
duction of b-LA was predominantly growth-associated [3],
the higher flux through PP pathway would also beneficial
for b-LA production. Papagianni and his colleagues [37,
38] promoted the flux through EMP pathway in L. lactis by
metabolic engineering methods and enhanced the bacteria
growth by optimization of culture conditions, and then
the productivity of lactic acid was dramatically increased.
Hence, higher flux through EMP and PP pathway would
increase the p-LA production.

In regard to TCA cycle, it has been reported that TCA
cycle was incomplete in multiple auxotrophic Lactobacilli
[33]. In this study, only two enzymes in TCA cycle, fuma-
rate hydratase (FumC, Ldb2086) and fumarate reductase
(Ldb0795), were identified in our proteomic analysis, but
both of them showed no significant abundance changes.
Additionally, both pyruvate oxidase (Pox1, Ldb2213)
and phosphate acetyltransferase (Pta, Ldb0643) were
down-regulated, which converted pyruvate to acetyl-
CoA together and competed pyruvate with p-LA. Acid
stress could induce the expression of Pox1 and Pta in L.
delbrueckii and L. rhamnosus [26, 57]. Therefore, the
decreased expression levels of Pox1 and Pta might result
from the higher pH under the N,-PE-YE-Ca(OH), con-
dition, and reduce the competition of pyruvate for b-LA
synthesis.

Besides, five proteins related with FyF-ATP syn-
thase (FyF,-ATPase) were down-regulated under the
N,-PE-YE—-Ca(OH), condition, containing FyF,-ATPase
subunit alpha (AtpA, Ldb0709), FjF,-ATPase subunit beta
(AtpD, Ldb0711), F,F,-ATPase subunit gamma (AtpG,
Ldb0710), F,F,-ATPase subunit a (AtpB, Ldb0705), and
FyF;-ATPase subunit b (AtpF, Ldb0707). F,F,-ATPase is
a multimeric enzyme that can either synthesize ATP using
protons flowing from the environment to the cell, or con-
versely, export protons out of the cell using the energy
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provided by ATP hydrolysis [26]. FjF,-ATPase was respon-
sible for pH homeostasis in LAB [23]. Higher pH at expo-
nential phase led to the down-regulation of FyF,-ATPase
subunit alpha in L. rhamnosus [26], which was similar to
our results. According to the above analysis, more suitable
pH environment under the N,—PE-YE-Ca(OH), condi-
tion might reduce the ATP cost for exporting protons by
F,F,-ATPase, and more ATP could be used for the synthesis
of building blocks and p-LA.

Amino acid metabolism and peptide hydrolysis

Amino acid metabolism plays a significant role in LAB,
such as pH homeostasis, generation of energy or reduc-
ing power, and resistance to stress [7]. Obvious changes of
several enzymes involved in amino acid metabolism have
been shown under the N,—~PE-YE—-Ca(OH), condition. For
example, S-adenosylmethionine (SAM) synthase (MetK,
Ldb1575) was detected at a higher abundance. Methionine
plays a central role in bioconversion among sulfur amino
acids, and could be transformed to cysteine through SAM
cycle [7]. Similar to SAM synthase, aspartate-ammonia
ligase (AsnA, Ldb1194) and glutamine synthetase (GInA,
Ldb1472) were also up-regulated, which could catalyze
the synthesis of asparagine and glutamine, respectively.
Asparagine and glutamine play important roles in nitrogen
storage and distribution [14]. In addition, two aminotrans-
ferases [aromatic amino acid aminotransferase (Ldb1263)
and branched-chain amino acid aminotransferase (IIVE,
Ldb1305)] were also up-regulated. In most LAB, ami-
notransferase was the initial enzyme of aromatic amino acid
and branched-chain amino acid metabolism [42], which ini-
tiated the aromatic amino acid and branched-chain amino
acid catabolism. The higher abundances of Ldb1263 and
IIvE suggested that aromatic amino acid and branched-chain
amino acid metabolism were more active, which provided
more precursors and energy for building blocks related with
central carbon metabolism.

Lactobacilli generally have 6-14 amino acid auxotro-
phies, so it is necessary to assimilate amino acids and pep-
tides from environment, and liberate essential amino acids
from peptides by intracellular peptidase system [4]. Klotz
et al. [25] also found that S. inulinus was auxotrophic for
various amino acids, such as methyl-branched amino acids
and aromatic amino acids, and free amino acids were the
limiting factor for the lactic acid production. In this study,
eight peptidases, i.e., aminopeptidase N (PepN, Ldb2080),
aminopeptidase C (PepC, Ldb1730), proline iminopeptidase
(PepPN, Ldb1909), X-Pro dipeptidase (PepP, Ldb1429),
endopeptidase (PepO1, Ldb0218), dipeptidase (PepDI,
Ldb0511; PepD2, Ldb2063), and oligoendopeptidase F
(PepF, Ldb2034) were present at higher levels under the
N,-PE-YE-Ca(OH), condition, suggesting that more

peptides were transported into cells and released by pepti-
dases to supply essential amino acids for protein synthesis,
which were in favor of cell growth and p-LA production.

Transmembrane transport

LAB expressed a lot of transporters for nutrient uptake. In
this study, numerous transporters were observed with differ-
ential expression under the N,—~PE-YE-Ca(OH), condition
compared with the control, including ten ABC transport-
ers, eight proteins in PTS system, two cation transporters,
two phosphate transporters, one branched-chain amino acid
transport system carrier protein, and one Na*/H* antiporter.
In PTS system, phosphocarrier protein HPr (PtsH, Ldb0576)
and glucose-specific enzyme IIA component (Ldb2065
and Ldb1823) were significantly up-regulated, and several
other sugar-specific PTS components (Ldb1799, Ldb1800,
Ldb1801, Ldb2040, and Ldb1771) were down-regulated.
Under the optimal conditions and glucose-rich media, HPr
inhibits PTSs for carbohydrates other than glucose, prevent-
ing their transport into the cell [36]. The higher expression
of glucose-specific PTS promoted the glucose uptake from
medium for p-LA synthesis. Additionally, several proteins
related with amino acid and peptide transport were up-regu-
lated. In detail, amino acid ABC transporter (Ldb0169) and
branched-chain amino acid transport system carrier protein
(BrnQ, Ldb0483) showed 6.95-fold and 6.71-fold increase,
respectively. Oligopeptide ABC transporters (OppClII,
Ldb0283; OppDII, Ldb0284; and OppFII, Ldb0285) were
also significantly up-regulated (> three-fold). Higher expres-
sion levels of above transporters strengthened the nutrient
uptake, especial for glucose, amino acids, and peptides,
which may be beneficial for biomass and p-LA synthesis.

Genetic information processing and nucleotide metabolism

Bacterial growth is directly correlated to the synthesis of
protein and DNA. In this study, nine proteins related with
aminoacyl-tRNA biosynthesis (i.e., phenylalanine—tRNA
ligase beta subunit (PheT, Ldb1486), aspartyl-tRNA
synthetase (AspS, Ldb0889), etc.) were observed with
higher abundances under the N,~PE-YE-Ca(OH), con-
dition compared with the control, indicating that ami-
noacyl-tRNA biosynthesis was activated. Moreover,
elongation factor Ts (Tsf, Ldb1344) and more than ten
ribosomal proteins, such as 50S ribosomal protein L5
(RplE, Ldb0408), and 30S ribosomal protein S1 (RpsA,
Ldb0851), were also present at higher levels. Tsf medi-
ates the regeneration of EF-Tu-GDP complex, which cata-
lyzes the addition of aminoacyl-tRNA into ribosome [28].
Meanwhile, DNA topoisomerase 1 (TopA, Ldb1273),
DNA-directed RNA polymerase subunit beta (RpoB,
Ldb0386), DNA-directed RNA polymerase subunit beta’
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(RpoC, Ldb0387), transcriptional regulator AsnC fam-
ily (Ldb0493), and transcriptional regulator Crp family
(Ldb0482), which were involved in the transcription and
replication processes, were also up-regulated. Addi-
tionally, two cell division proteins (i.e., FtsZ and FtsA)
were of higher abundances. FtsZ plays a central role in
the course of cell division, and may participate in the
reconstruction of cell wall [19]. FtsZ and FtsA proteins
assemble into a ring at midcell and are dedicated to septal
peptidoglycan synthesis [34]. The up-regulated FtsZ and
FtsA might accelerate cell division and growth. Since the
production of p-LA was growth-related, these proteins
with higher expression levels could efficiently enhance
the cell growth, leading to higher p-LA production under
the N,—PE-YE-Ca(OH), condition as shown in Fig. 1.

Stress response

In general, protein quality control, including refolding or
degradation of damaged proteins, plays an indispensable
role for cell survival, and the synthesis of chaperones
and proteases are quickly induced under stress conditions
to combat with the potentially deleterious aggregation
of denatured proteins [36]. In this study, two chaperone
proteins, DnaK (Ldb1313) and DnaJ (Ldb1312) were sig-
nificantly down-regulated under the N,—PE-YE-Ca(OH),
condition. A chaperone system consisting of DnaK, Dnal,
and a nucleotide exchange factor (GrpE), can efficiently
refold misfolded proteins [48]. In L. lactis, acid stress
induced the expression of DnaK [10]. In regard to the
protease system, three proteins of Clp family, i.e., ClpX
(Ldb0778), ClpE (Ldb0574), and ClpP (Ldb0624), were
also observed with lower abundances. The Clp machinery
is probably the main system for general protein turnover
in LAB [36]. For example, the ClpP of L. lactis plays a
key role in hydrolysis of misfolded proteins and modu-
lation of intracellular key regulatory protein level [43].
The lower expression of chaperones and proteases prob-
ably indicated the less intracellular protein misfolding,
thereby fewer responses of protein repair. Besides, sev-
eral proteins related with stress response, such as protease
HtpX homolog (HtpX1, Ldb0160), thioredoxin (TrxA2,
Ldb1524), response regulator of two-component system
(Ldb0688), sensor histidine kinase of two-component
system (Ldb0689), and universal stress protein (Usp,
Ldb0718), were also down-regulated.

The down-regulation of stress-related proteins sug-
gested that the cell growth was in a more suitable state,
i.e., under a lower stress environment. Therefore, it did
not have to induce superfluous stress response. The lower
stress meant that the cells were suffered to less damage.
The oxidative, acid, and osmotic stress will damage cell
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envelope, DNA and proteins [50]. To survive, cells will
activate a series of related stress response, such as hydrol-
ysis of denatured proteins, refolding of misfolded proteins,
etc., to withstand the cell damage caused by stress. High
stress not only causes cell damage, which affects the nor-
mal metabolism, but also induces the synthesis of a mass
of repair proteins, which results in metabolic burden [36].
Therefore, in this study, lower stress would be beneficial
for cell survival and growth.

Proposed metabolic mechanisms of p-LA
overproduction by L. delbrueckii under the N,-PE-
YE-Ca(OH), condition

Based on the results of metabolomic and proteomic analysis,
the metabolic responses of L. delbrueckii to the combined
fermentation condition (N,~PE-YE—-Ca(OH),) are summa-
rized and described in Fig. 6.

On one hand, proteomic analysis showed that most pro-
teins with higher abundances were involved in EMP path-
way, PP pathway, amino acid metabolism, peptide hydrol-
ysis, glucose-specific PTS, and amino acid and peptide
transport. Thereby, the enhanced flux into central carbon
metabolism and the sufficient cellular building blocks, ATP
and reducing equivalents for maintaining the cell robust-
ness significantly promoted the p-LA synthesis. In par-
ticular, the EMP pathway was greatly activated under the
combined condition, which could supply more precursors
for p-LA synthesis. Meanwhile, the improvement of tran-
scription, translation, and cell division processes also helped
to accelerate the protein synthesis and bacteria growth. As
a growth-related product, the increased quantity of biomass
would also improve p-LA production. Moreover, metabo-
lomic analysis indicated that the combined condition exerted
a great positive effect on central carbon metabolism and
amino acid metabolism (Fig. 3).

On the other hand, the identified proteins with lower
abundances were mainly involved in energy metabolism,
stress response, and bypass of pyruvate. The decrease of
expression levels in FyF;-ATPase subunits indicated that the
higher pH under the combined condition would reduce the
ATP cost for exporting protons by FjF,-ATPase, and more
ATP could be consumed in the synthesis of building blocks
and D-LA. In addition, the lower abundances of several
chaperones, proteases and other stress response proteins sug-
gested that the combined condition might reduce the protein
misfolding and denaturation, and supply a better intracellular
state for p-LA production. Consistently, the metabolomic
analysis also identified several metabolites (trehalose and
glutamate) related with stress response, present at lower
relative abundances (Supplementary Materials B: Fig. S1).
Moreover, the decreased flux from pyruvate to acetyl-CoA
supplied more pyruvate for pD-LA synthesis.
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response. Further analysis of these metabolic pathways
revealed that glycolysis and pentose phosphate pathways,
transport of glucose, amino acids and peptides, amino acid
metabolism, peptide hydrolysis, synthesis of nucleotides and
proteins, and cell division were all strengthened, while ATP
consumption for exporting proton, cell damage, metabolic
burden caused by stress response, and bypass of pyruvate
were decreased under the combined condition. These might
be the main reasons for significantly improved p-LA pro-
duction. These findings demonstrated that the p-LA syn-
thesis was under a sophisticated and systematic regulation,
although it was a simple in vivo reduction reaction.

Conclusion

In this work, various fermentation conditions were first
identified and their effects on p-LA biosynthesis were fur-
ther investigated in L. delbrueckii based on the systematic
metabolomic and proteomic analysis. The final p-LA titer
could reach to 133 g/L, 1.71-fold improvement under the
optimally combined condition compared with the control.
Metabolomic analysis showed that different fermentation
conditions exerted different influences on changes of intra-
cellular metabolism and phenotypes. Proteomic analysis
revealed that intracellular metabolism has been significantly
influenced under the combined fermentation condition,
including central carbon metabolism, amino acid metabo-
lism, peptide hydrolysis, transport, genetic information pro-
cessing, and stress response. These findings will provide an
important view for the further improvement of p-LA produc-
tion in the future.
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