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Abstract The intracellular metabolic profile character-
ization of Saccharomyces cerevisiae throughout industrial
ethanol fermentation was investigated using gas chroma-
tography coupled to time-of-flight mass spectrometry. A
total of 143 and 128 intracellular metabolites in S. cere-
visiae were detected and quantified in continuous and batch
fermentations, respectively. The two fermentation pro-
cesses were both clearly distinguished into three main
phases by principal components analysis. Furthermore, the
levels of some metabolites involved in central carbon
metabolism varied significantly throughout both processes.
Glycerol and phosphoric acid were principally responsible
for discriminating seed, main and final phases of continu-
ous fermentation, while lactic acid and glycerol contributed
mostly to telling different phases of batch fermentation. In
addition, the levels of some amino acids such as glycine
varied significantly during both processes. These findings
provide new insights into the metabolomic characteristics
during industrial ethanol fermentation processes.
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1 Introduction

Much attention has been focused on laboratory yeast during
ethanol fermentation, which provided much information
about the molecular responses of laboratory yeast cells to
fermentation environments (Brejning et al. 2005; James
et al. 2003; Kobi et al. 2004; Trabalzini et al. 2003). The
fermentation environment around the cells in actual indus-
trial process is significantly different from that in
laboratory. The fermentation conditions (such as tempera-
ture, osmotic pressure, pH and aeration) are also different
during both continuous and batch industrial processes.
Most biochemical events, including cell stress sensing,
accumulation of stress-protectants, signal transduction,
transcription and translation, were involved in the responses
of yeast cells to complex environmental changes (Devantier
et al. 2005; Pham et al. 2006). So far, the laboratory yeast
have been studied under various stresses, while for the
industrial yeast strains, studies are on a very limited scale
(Cavalieri et al. 2000; Backhus et al. 2001; Hansen et al.
2006; Cheng et al. 2008). Marks and colleagues also sug-
gested that studies restricted to standard laboratory
conditions were inadequate to understand the regulation of
yeast metabolism in industrial fermentation (Marks et al.
2008). Usually, yeast cells undergo three phases including
seed, main and final fermentation whether in continuous or
batch ethanol industrial fermentation process. However, we
have limited knowledge about yeast cells in response to
industrial fermentation conditions. To efficiently manipu-
late the industrial fermentation process of yeast strains, it is
necessary to give insights into the responses of the robust
yeast throughout the industrial process at the system level,
especially at the metabolome level.

Metabolites were the final downstream products of gene
expression and cellular regulatory processes, and the
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changes in metabolic levels could be regarded as the ulti-
mate response of biological systems to environmental
variations (Fiehn 2002). In addition, changes in the me-
tabolome are amplified relative to those in proteome and
transcriptome (Kell and Westerhoff 1986). Meanwhile,
analysis of cells at the metabolic level has a number of
advantages over the more conventional transcriptome and
proteome analysis (Fiehn 2002). Metabolomics mainly
focuses on the comprehensive and quantitative study of
metabolites in a biological system (Fiehn et al. 2000;
Roessner et al. 2001). A number of high-throughput ana-
Iytical methods have so far been applied for metabolite
profiling (Lenz and Wilson 2007), such as gas chroma-
tography—mass spectrometry, liquid chromatography—mass
spectrometry, nuclear magnetic resonance and capillary
electrophoresis—mass spectrometry. So, metabolic profile
analysis should be a good choice to investigate the
response of industrial yeast strains to the fermentation
environment.

Considering the advantages of relatively high repro-
ducibility, high resolution, high-throughput analysis and
good sensitivity (Villas-Bdas et al. 2003; Wagner et al.
2003), gas chromatography coupled to time-of-flight mass
spectrometry (GC-TOF-MS) was applied to detect the
changes of intracellular metabolites throughout both con-
tinuous and batch processes. After that, principal
components analysis (PCA) of intracellular metabolites in
the industrial yeast was performed to distinguish three
phases during continuous or batch fermentation process.
Significant changes in metabolites related to amino acid
biosynthetic pathway and central carbon metabolism were
explored during both processes.

2 Materials and methods
2.1 Stains and fermentation conditions

The industrial strain S. cerevisiae, Angel thermal-tolerant
alcohol active dry yeast (Angel Yeast Co., Ltd., China),
was used throughout this work. In continuous fermentation,
11 fermenters with the same volume of 320 m® were used
successively for ethanol production. The feedstock was
composed of 20% grain and 80% maize. The whole fer-
mentation took about 60 h in all. There was no oxygen
supply. The temperature was kept between 30 and 34°C.
The seed incubation needed 10 to 12 h, while main fer-
mentation phase lasted 30 to 40 h.

In batch fermentation, the fermenter volume was
480 m>. The feedstock was composed of 50% maize, 30%
rice and 20% wheat. There was no oxygen supply either.
The temperature was kept between 31 and 35°C. The
whole fermentation process lasted about 60 h.
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2.2 Analysis of cell number, residual glucose and
ethanol in medium

Cell number was measured instantaneously after sampling
with a blood cell counting chamber. Reducing sugar
analysis was performed by HPLC (Waters Corp., USA)
using an Aminex HPX-87H column (Bio-Rad) coupled to a
refractive index (RI) detector. Ethanol was measured by
direct sample injection into a SP 3420A Gas Chromatog-
raphy instrument with a flame ionization detector using a
DB-5MS column.

2.3 Sampling, quenching and extraction of intracellular
metabolites

The S. cerevisiae cells during continuous fermentation
were harvested from fermenters 1, 2, 3, 4, 5, 6 and 9
(Supplementary Fig. la). The S. cerevisiae cells during
batch fermentation were harvested at seven time points
(Supplementary Fig. 1b).

Cells were quenched and extracted according to Koning
and Van Dam (1992) with slight modifications. Firstly, the
samples were sprayed into cold (—40°C) 60% methanol
(v/v) to arrest metabolism instantaneously. After centrifu-
gation at 2,000g for 3 min, cells were ground to a fine
powder in liquid nitrogen using a mortar and pestle. Fresh
cells (100 mg) were firstly extracted with extraction buffer
of methanol/chloroform/water (2:3.3:1.3, v/v/v, —20°C,
6 ml). To correct for minor variations occurring during
sample preparation and analysis, the ribitol (0.2 mg ml™"
in water, 50 pl) was used as internal standard. The sample
was thoroughly mixed to disassociate metabolites from
cells. After centrifugation at 5,000g at 4°C for 10 min, the
cell pellet was re-extracted with 2 ml methanol/water (1:1,
v/v, —20°C). The extract was combined with the former
one. The resulting water/methanol phase containing all
hydrophilic metabolites was lyophilized under low tem-
perature (—60°C) in lyophilizer. Five analytical replicates
were performed for each sample.

2.4 Sample derivatization

For GC-TOF-MS analysis, two-stage chemical derivatiza-
tion was performed on the extracted metabolites (Roessner
et al. 2000). Firstly, oximation was carried out by dis-
solving the samples in methoxamine hydrochloride
(20 mg ml~" in pyridine, 50 pl) and incubating at 30°C for
90 min. Then, samples were derivatized further with the
addition of N-methyl-N-(trimethylsilyl) trifluoroacetamide
(MSTFA, 80 pl) at 37°C for 30 min to trimethylsilylate the
polar functional groups. The derivate samples were equil-
ibrated to room temperature before injection.
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2.5 Detection of metabolites by GC-TOF-MS

The GC-TOF-MS system consisted of an Agilent 7683
autosampler, an Agilent 6890 gas chromatography (GC,
Agilent Technologies, Palo Alto, CA, USA), and a TOF-MS
(Waters Corp., USA). Sample (1 pl) was injected with a
split ratio of 1:1 by the autosampler into GC which equip-
ped with a fused-silica capillary column (30 m x 0.25 mm
i.d., 0.25 pm DB-5MS stationary phase, J&W Scientific,
Folsom, CA, USA). The injector temperature was 280°C
(Mohler et al. 2008). It was operated on constant pressure
mode at 91 kPa. Helium was used as carrier gas. The col-
umn temperature was held at 70°C for 2 min, and then
increased to 290°C with the rate of 8°C min™!, holding for
3 min. The transfer line and ion source temperatures were
280 and 250°C, respectively. Ions were generated by a
70 eV electron beam at an ionization current of 40 pA. Two
spectra were recorded per second in the mass range of 50-
800 m/z with dynamic range extension function.

2.6 Data analysis

Masslynx software (Version 4.1, Waters Corp., USA) was
applied for mass spectral peak identification and quantifi-
cation. Automatic peak detection and deconvolution were
performed using a peak width of 2.0 s. The signal-to-noise
(S/N) values were based on the masses chosen by the
software for quantification, and peaks with S/N values
lower than 10 were rejected. Automatic assignments of
unique fragment ions for each metabolite were taken as
default, and manually corrected when necessary. Com-
pound identification was performed by comparing the mass
spectra with a commercially available standard library,
National Institute of Standards and Technology mass
spectral library (2005). After normalizing and mean cen-
tering, the large amounts of data derived from the
metabolite profiling were analyzed by PCA, an unsuper-
vised clustering method, which reduced the dimensionality
of the raw data while preserved most of the variances in a
2- or 3-dimensional map, using the Markerlynx software
(Version 4.1, Waters Corp., USA, Gika et al. 2008; Major
et al. 2006). For relative quantification, all data were nor-
malized to internal standard. Five replicates instead of
mean value were used to perform PCA for each sample
harvested from continuous or batch fermentation process.

3 Results and discussion
3.1 Metabolomic profiling by GC-TOF-MS

As illustrated in Fig. 1, the final ethanol content was
approximate 11.1% (v/v) during continuous fermentation,
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Fig. 1 Changes of reducing sugar, ethanol, and cell numbers of S.
cerevisiae during continuous (a) and batch (b) fermentation

while the final ethanol content was about 9.6% (v/v) during
batch fermentation. Although there were difference in cell
numbers, variation of reducing sugar in the continuous and
batch fermentation was similar. There were three phases
including seed growth, main and final fermentation phase
according to sugar consumption and ethanol production
during the industrial fermentation processes (Cheng et al.
2008). This finding indicated that there were the differ-
ences in cellular behaviors and living environments of the
industrial S. cerevisiae in the two realistic industrial pro-
cesses. Comparative metabolomic analysis can be useful
for insights into the possible reasons for or consequences of
these changes.

During continuous and batch fermentations of S. cere-
visiae, a total of 143 and 128 unique intracellular
metabolites were identified for continuous and batch fer-
mentations, respectively. The main classes of these
compounds included sugars, amino acids, organic acids and
alcohols. Although similar kinds of metabolites were
detected in the two fermentation modes, their expression
levels differed significantly (Supplementary Fig. 2). As
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Table 1 Identification of
intracellular metabolites of S.

cerevisiae involved in central
carbon metabolism and amino
acid biosynthesis throughout
continuous and batch
fermentations

RT retention time
* These compounds were

Group Compounds RT (min) Continuous Batch
Central carbon metabolism
Glycolysis pathway Lactic acid 6.39 + +*
Phosphoric acid 10.40 +* +*
Glycerol 10.46 +* +*
Glycerol 3-phosphate 18.40 +* +*
D-Glucose 1-phosphate 18.48 +
D-Glucose 20.51 + -
Pentose phosphate pathway D-Ribose 17.16 +
Xylitol 20.83 +
TCA cycle Succinate 11.23 +* +*
Fumarate 11.89 + +°
Malate 14.22 +?* +?*
Citrate 19.22 +* +*
Amino acid biosynthesis L-Alanine 7.22 +? +?
L-Valine 9.37 + +
L-Isoleucine 10.81 + +
L-Proline 10.90 + +*
Glycine 11.05 +* +°
Cystine 11.49 - +
L-Serine 12.02 + +
Aspartic acid 12.42 + -
L-Threonine 12.47 + +
f-Alanine 13.21 + +?
L-Pyroglutamic acid 14.76 + +
L-Hydroxyproline 14.83 + =
y-Aminobutyric acid 14.91 + +
Glutamine 16.33 +* +*
L-Phenylalanine 16.43 + -
L-Lysine 20.64 + +

potential biomarkers

shown in Table 1, approximate 30 metabolites were related
to amino acid biosynthetic pathway as well as central
carbon metabolism in both fermentation processes. They
played key roles in biological system including the sub-
strate degradation, energy and cofactor regeneration, as
well as biosynthetic precursor supply.

3.2 Multivariate data analysis

Multivariate data analysis was performed by PCA, which
had been successfully applied to many kinds of data sets
(e.g., Fiehn et al. 2000; Yang and Bernards 2007; Devan-
tier et al. 2005; Ossipov et al. 2008). In the PCA scores
plot, each data point represented a linear combination of all
the metabolites from each individual sample. In the PCA
loadings plot, each data point represented a mass fragment
of a certain metabolite. The further a data point was from
the origin, the greater the component it belonged to influ-
enced the cluster formation.
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AsshowninFig. 2, the metabolite profiles of S. cerevisiae
from continuous and batch fermentations were first analyzed
together by PCA. The scores plot indicated that samples from
continuous fermentation and batch fermentation could be
clearly separated into group A and group B, respectively
(Fig. 2a), indicating that the industrial S. cerevisiae dis-
played distinctly metabolic characteristics under different
fermentation environments. It was also found out that
glycerol and phosphoric acid contributed more significantly
to distinguishing continuous and batch fermentations after
loadings plot analysis (Fig. 2b).

Further analyses of the scores plot illustrated that three
groups were observed in accordance with different fer-
mentation phases of continuous fermentation (Fig. 3a). A
similar result was also found out in batch fermentation
(Fig. 4a). For continuous fermentation process, samples
from fermenters 1 and 9 clearly separated from each other,
forming distinct groups and representing the seed phase
(group A) and the final fermentation phase (group C)
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Fig. 2 Principal components analysis scores plot (a) and loadings
plot (b) (PC 1 vs. PC 2) of metabolite profiles of S. cerevisiae from
continuous and batch fermentation processes. Group A: samples from
batch fermentation; group B: samples from continuous fermentation

respectively. Samples from fermenters 2, 3, 4, 5 and 6
formed another cluster (group B), representing the main
fermentation phase. Particularly, group B was separated on
PC 1 into two distinct subgroups, group D and group E,
which represented the former fermentation phase and latter
fermentation phase, respectively. For batch fermentation
process, samples from 5 to 18 h formed group A (seed
phase), while those from 30, 36 and 42 h in main fer-
mentation phase formed group B. The last two samples
from the final fermentation phase formed group C. As
shown in the loadings plot, some metabolites (marked with
‘a’ in Table 1) were found to make great contribution for
distinguishing different fermentation phases of samples
from both continuous (Fig. 3b) and batch fermentations
(Fig. 4b). Metabolites associated with glycolysis pathway
(phosphoric acid, lactic acid and glycerol), intermediates of

(PC 1 vs. PC 2). Group A: seed phase; group B: main fermentation
phase; group C: final fermentation phase; groups D and E are the
subgroups of group B which represent former fermentation and latter
fermentation, respectively. b PCA loadings plot (PC 1 vs. PC 2)

TCA cycle (citrate and malate) as well as amino acids
(glycine and glutamine) contributed to the cluster forma-
tion most significantly.

3.3 Variations of intracellular metabolites
3.3.1 Glycerol and glycerol 3-phosphate

Throughout the industrial fermentation process, yeast was
subjected to a variety of environmental stresses, including
osmotic pressure, temperature change, ethanol concentra-
tion increase and gradual nutritional depletion (Cheng et al.
2008). Thus, yeast needed to rapidly adjust metabolism to
the variable fermentation conditions. Glycerol, considered
as the most important byproduct in yeast ethanol fermen-
tation, helped cells adapt to the changing environmental
conditions (Blomberg and Adler 1989). The precursors for
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glycerol, dihydroxyacetone phosphate (DHAP) and glyc-
erol 3-phosphate (G3P), are derived from the upper part of
glycolysis pathway. The major role of glycerol formation is
to maintain the redox balance by reoxidizing the surplus of
NADH during ethanol fermentation (Van Dijken and
Scheffers 1986). Additionally, glycerol was considered as a
compatible solute that can adjust the intracellular osmotic
pressure by activating the high osmolarity glycerol (HOG)
pathway during hyperosmotic stress (Blomberg and Adler
1992; Brewster et al. 1993; Hohmann 2002).

As shown in Fig. 5a, the level of glycerol in the fer-
menter 1 was relatively high during continuous
fermentation, while it gradually decreased from fermenter
3 to fermenter 9. It was likely that the sugar concentration
formed osmotic pressure at the beginning of fermentation,
which would activate the HOG pathway. Moreover, we
also found out that the variation of glycerol in batch fer-
mentation was similar to that in continuous process except
for the first time point (at 5 h) (Fig. 5b). It was possible
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Fig. 5 Variations of intracellular metabolites in S. cerevisiae related
to glycolysis pathway during continuous (a) and batch (b) fermen-
tation. The relative abundance was calculated by normalization of
peak area of each metabolite to internal standard ribitol, and each
value represents the mean of five independent replicates £+ SD

that the dried industrial S. cerevisiae cells in batch fer-
mentation were not completely activated at 5 h, at which
time the yeast cells had no response to the high concen-
tration of sugar. Afterwards, the HOG pathway was
activated and glycerol accumulated gradually. The level of
glycerol reached the highest level at 18 h, and then
reduced. One possible reason is that intracellular glycerol
reached high level rapidly to protect cells from shrinking
under higher sugar concentration, while the osmolarity
stress decreased with the consumption of sugar as the
fermentation progressed. The levels of intracellular glyc-
erol gradually decreased accordingly.
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Glycerol 3-phosphate was the direct precursor of glyc-
erol and it can be dephosphorylated by G3Pase to form
glycerol (Gancedo et al. 1968). In this study, G3P was
found to represent a similar though less significant trend to
glycerol in both fermentation processes. It was likely for
the sake of maintaining proper concentration of glycerol to
adapt to the variable conditions throughout fermentation
process.

3.3.2 Phosphoric acid

Phosphoric acid is an important intermediate metabolite and
participates in the regulation of signal transduction pathway.
As shown in Fig. 5a, the level of intracellular phosphoric
acid decreased as the continuous fermentation progressed. It
was possible that a large amount of phosphoric acid took
part in phosphorylating ADP to ATP and oxidizing citrate in
glycolysis pathway and TCA cycle at the same time.
Another reason is that phosphoric acid activated some pro-
tein kinases to regulate the signal transduction pathways in
response to the environmental variations during fermenta-
tion. It was reported that protein kinase C 1 (PKC 1)
pathway, a second osmosensing signal transduction path-
way, was found to respond proportionally to the decrease of
osmolarity and increase of temperature during yeast fer-
mentation (Davenport et al. 1995; Kamada et al. 1995).

Figure 5b shows that the intracellular phosphoric acid
accumulated during the former 18 h during batch fermen-
tation, which was similar to the variations of glycerol, G3P
and TCA cycle intermediates. This might be related to the
activation of dried industrial S. cerevisiae cells. After 18 h,
phosphoric acid level had a similar variation trend to that in
continuous process. Taken together, these results indicated
that yeast cells needed longer time to accumulate metab-
olites related to glycolysis pathway in batch fermentation
than that in continuous fermentation.

3.3.3 Lactic acid

Lactic acid was another important byproduct in yeast eth-
anol fermentation (Hohl and Joslyn 1941). While there is
not enough oxygen to oxidize pyruvic acid into ethanol, the
pyruvic acid is partly transformed into lactic acid to gen-
erate energy (ATP). During batch fermentation, the lactic
acid was identified as one of the metabolites that signifi-
cantly influenced the cluster formation of samples
belonging to different fermentation phases. The lactic acid
increased gradually for the lacking of oxygen (Fig. 5b).
However, the lactic acid level was relatively stable during
the continuous fermentation (Fig. 5a). It was possible that
there was still a little oxygen dissolving in the saccharfi-
cation feedstock during continuous fermentation, although
no additional oxygen was supplied. Taken together, lactic

acid was identified as potential biomarker to distinguish S.
cerevisiae samples derived from two industrial fermenta-
tion modes.

3.3.4 Tricarboxylic acid cycle intermediates

As shown in Fig. 6, among the intermediates involved in
TCA cycle, the change of citrate level was the most sig-
nificant in both continuous and batch fermentations.
Moreover, similar changes in the levels of succinate,
fumarate and malate were also investigated during the both
processes. It was known that the formation of citrate was
the rate-limiting step in TCA cycle (Krebs et al. 1960). The
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Fig. 6 Variations of intracellular metabolites in S. cerevisiae
involved in TCA cycle during continuous (a) and batch (b)
fermentation. The relative abundance was calculated by normaliza-
tion of peak area of each metabolite to internal standard ribitol, and
each value represents the mean of five independent replicates £+ SD
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significant changes in citrate level might reveal its key role
in TCA cycle for regulating adaptation of yeast cells to
these fermentation environments.

As shown in Fig. 6, most of the TCA cycle intermedi-
ates gradually increased at first, then maintained a higher
level for a period, and finally decreased whether during
continuous or batch process. During the seed phase, the
lower level of these intermediates might be caused by
glucose repression on respiratory pathways under high
glucose concentration. During the main fermentation
phase, although there was no additional oxygen supply, the
dissolved oxygen in the saccharfication feedstock seemed
to be enough for yeast respiration. This might explain why
the increasing levels of TCA cycle intermediates were
explored during this period. The concentrations of TCA
cycle intermediates were significantly higher in anaerobic
condition (main fermentation phase) than in aerobic con-
dition (seed phase) (Fig. 6). The similar results were
reported by Villas-Boas through high-throughput metabolic
state analysis (Villas-Bdas et al. 2005). It was also reported
that high concentrations of TCA cycle intermediates were
maintained under anaerobic conditions (Nissen et al. 1997,
Franzen 2003). Wiebe further confirmed the levels of TCA
cycle intermediates in S. cerevisiae were higher during
anaerobic condition than aerobic condition (Wiebe et al.
2008).

During continuous fermentation, the level of citrate
increased from fermenter 2, and then maintained a higher
level at fermenters 4, 5 and 6, afterwards decreased rapidly
at final phase. It is may be related to transition of respi-
ration into fermentation of yeast cells after fermenter 2
(Fig. 6a). As illustrated in Fig. 6b, similar findings were
investigated during batch fermentation. The levels of cit-
rate and malate reached a peak value at 30 and 36 h,
respectively during batch fermentation. Wiebe and
coworkers also reported that S. cerevisiae cells needed
approximate 30 h to fully adapt to anaerobic conditions
during ethanol fermentation, although cells had been
growing under low amounts of air (Wiebe et al. 2008).

3.3.5 Amino acids

Some intracellular amino acids varied significantly during
both continuous and batch fermentations (Fig. 7). All of
these amino acids displayed a declining trend. It was
possibly caused by nitrogen depletion as the fermentation
progressed. This might also due to the high osmotic stress
in both processes. Pham had reported that high osmotic
stress could cause decreases in the expression levels of
most proteins involved in amino acid metabolism (Pham
et al. 2006).

It was reported that glycine participated in the biosyn-
thesis of purines in yeast (Abrams et al. 1948). Our present
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results showed that the change of glycine was significant
throughout both the continuous and batch fermentation
processes (Fig. 7). However, there were different variation
trends of glycine during the two fermentation modes.
During batch fermentation, the glycine level gradually
declined, whereas it reached the highest level in fermenter
4 during continuous fermentation. As shown in Fig. 7,
glutamine displayed a similar variation trend with some
intermediates involved in TCA cycle during continuous
and batch fermentation. Glutamine, which played a main
role in nitrogen catabolism and anabolism, was also con-
sidered as a major source of cellular nitrogen (Dickinson
and Scheweizer 1999). It was a precursor for the
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biosynthesis of other amino acids and nucleotides.
Decreases in level of glutamine were likely related to
nitrogen depletion during the final fermentation phase.

The strategy of GC-TOF-MS-based metabolomics in
this study provides general metabolic profiles of S. cere-
visiae during the continuous and batch processes.
Moreover, it is a starting point for further investigation into
the metabolism network of S. cerevisiae under complex
industrial fermentation conditions. The observed variations
of some metabolite might reflect the cellular processes
involved in responses to the stresses during continuous and
batch fermentations. Further investigations are needed to
figure out how to efficiently regulate metabolism network
of yeast under complex industrial fermentation conditions
with lipidomic, proteomic and transcriptomic analysis, so
as to improve the ethanol productivity of the industrial
yeast strain.

4 Concluding remarks

The metabolome variations in the industrial S. cerevisiae
throughout the continuous and batch fermentations were
investigated. More than 100 intracellular metabolites were
detected by GC-TOF-MS in both processes. Samples from
different fermentation modes (continuous and batch) and
phases (seed, main and final fermentation) were clearly
separated by performing PCA on the detected intracellular
metabolites in the scores plot. Furthermore, it was found
out that the levels of metabolites involved in central carbon
metabolism and amino acid biosynthetic pathway signifi-
cantly changed under the different fermentation phases and
modes. Glycerol and phosphoric acid in continuous fer-
mentation and lactic acid and glycerol in batch
fermentation contributed most for distinguishing the dif-
ferent fermentation phases, respectively. These findings
will help us understand the actual industrial fermentation
process.
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