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Enhanced production of D-lactate from mixed sugars in Corynebacterium
glutamicum by overexpression of glycolytic genes encoding phosphofructokinase
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The use of mixed sugars containing glucose and xylose in lignocellulosic biomass is desirable for the microbial
production of chemicals and fuels. We investigated the effect of individual or simultaneous overexpression of glycolytic
genes on D-lactate production from a mixture of glucose and xylose by a recombinant xylose-assimilating Corynebac-
terium glutamicum strain. The individual overexpression of genes encoding phosphofructokinase (PFK) and tri-
osephosphate isomerase (TPI) increased D-lactate production rate by 71% and 34%, respectively, with corresponding
increases (2.4- and 1.8-fold) in the glucose consumption; however, the amount of xylose consumed not altered. D-Lactate
yield was also increased by 5.5%, but only in the strain overexpressing the gene encoding PFK. In the parent strain and
the strains overexpressing the genes encoding PFK or TPI, a reduction in D-lactate production occurred at approximately
900 mM after 32 h. However, the strain that simultaneously overexpressed the genes encoding PFK and TPI continued to
produce D-lactate after 32 h, with the eventual production of 1326 mM after production for 80 h in mineral salts me-
dium. Our findings contribute to the cost-effective, large-scale production of D-lactate from mixed sugars.
� 2018, The Society for Biotechnology, Japan. All rights reserved.
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Corynebacterium glutamicum is well known as an amino acid
producer such as glutamate and lysine (1). We have recently found
that glucose consumption was elevated in oxygen deprived con-
ditions compared with aerobic growth conditions (2). Enzymes in
the glycolytic pathway and reductive branch of the tricarboxylic
acid cycle, including glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), triosephosphate isomerase (TPI), phosphoglycerate ki-
nase (PGK), phosphoenolpyruvate carboxylase (PEPC), and malate
dehydrogenase (MDH), were upregulated under oxygen depriva-
tion (2). To exploit this feature, a bioprocess was developed by
using a high-cell density culture of C. glutamicum under oxygen
deprivation (3). This bioprocess has enabled the bulk production of
useful chemicals and fuels such as lactate, succinate, valine, alanine,
ethanol, and isobutanol (3e10). Recently, overexpression of the
glycolytic genes has been shown to improve the productivity of the
target chemicals under oxygen deprived conditions, but the effec-
tive genes varied depending on the targets (6,8,9).

Lignocellulosic materials are the most abundant renewable
organic resource on earth. In the near future, the use of renewable
resources for the production of chemicals and fuels is expected to
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increase, because they provide a cost-effective sugar source.
Lignocellulose contains various type of sugars including glucose,
xylose, and arabinose. The ratio of contained sugars varies
depending on the materials (11). Several types of lignocellulosic
materials such as corn stover, sugarcane bagasse, and rice straw
have been utilized for microbial production of chemicals and fuels
after hydrolysis (12,13). Besides fermentable sugars, several
chemicals such as furfural and 3-hydroxymethl furfural are pro-
duced in the process of hydrolysis, which inhibit bacterial growth
and fermentation (14). Although it is still difficult for complete
detoxification of the fermentation inhibitors, several approaches
such as adaptive evolution or genetic engineering have been
applied to circumvent the toxicity (14).

Lactic acid is currently used in the food, cosmetic, and phar-
maceutical industries. Owing to increased concerns about climate
change, lactic acid provides an attractive source for non-fuel-
derived plastic from lignocellulosic biomass. To circumvent the
low melting temperature of poly-L-lactic acid (PLLA), a stereo-
complex of poly lactic acid (scPLA), a mixture of the polymerized L-
and D-lactic acid, is expected to be highly successful (15,16). To
synthesize high quality scPLA, highly optically pure stereoisomers
of both D- and L-lactic acid are necessary. Microbial production is
ideal because it produces either isomer, depending on the chiral
specific lactate dehydrogenase (LDH) (17). Although the microbial
production of optically pure L-lactic acid from mixture of glucose
and xylose has been demonstrated by using several bacteria and
All rights reserved.
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yeast, the report on D-lactate production from the mixed sugars is
only limited by Escherichia coli and Lactobacillus species (18e23).

In this study, we examined the effect of individual or simulta-
neous overexpression of ten glycolytic genes on D-lactate produc-
tion frommixed sugars (glucose and xylose) in C. glutamicum under
oxygen deprived conditions. We elucidated the optimal combina-
tions of gene overexpression to achieve a high production of D-
lactate from mixed sugars.

MATERIALS AND METHODS

Bacterial strains, media, growth conditions, and plasmids All plasmids
and strains used in this study are listed in Table S1. E. coli and C. glutamicum strains
were grown at 37 �C in LuriaeBertani (LB) medium and nutrient-rich A medium at
30 �C, respectively, as described previously (24). Kanamycin (50 mg/mL) and/or 1.5%
agar were supplemented when necessary.

DNA manipulation and sequencing Transformation of E. coli and C. gluta-
micum was performed as described previously (25). Sequencing was performed
using an ABI Prism 3100 genetic analyzer (Applied Biosystems, Waltham, MA,
USA), the GENETYX program (GENETYX Corporation, Tokyo, Japan) was used for
analysis of the DNA sequence data.

Chromosomal integration of glycolytic genes Ten glycolytic genes were
integrated into the chromosome as a second copy via a markerless system by using
pCRA725 suicide vector. Each glycolytic gene was integrated into the specific
genomic regions, identified as dispensable for cell growth (26). The integration
vectors are listed in Table S1, which was constructed in a previous study (24). The
vectors were introduced into the genome by electroporation. Single crossover
mutants were selected on a plate supplemented with kanamycin. The mutants
were cultivated for 16 h in BT-medium [composition (per liter): 7 g ammonium
sulfate, 2 g urea, 0.5 g KH2PO4, 0.5 g K2HPO4, 0.5 g MgSO4$7H2O, 6 mg
Fe2SO4$7H2O, 4.2 mg Mn2SO4$H2O, 0.2 mg biotin, and 0.2 mg thiamine]
containing 10% sucrose and the cells were spread on a BT-medium agar plate
containing 10% sucrose. The deletion strains were selected through screening for
sucrose resistance and kanamycin sensitivity.

Bioprocess forD-lactate production under oxygen deprived
conditions For D-lactate production, two 500 mL cultures were harvested by
centrifugation (5000 � g, 4 �C, 10 min) after production for 15 h at 33 �C. The cell
precipitate was subsequently washed oncewith BT mediumwithout urea. Six grams
of cells were resuspended in 54 mL of BT mediumwithout urea to yield 10% of cells
in a reaction volume of 60 mL. At the beginning of the reaction, 253 mM of glucose
and 177 mM of xylose were added as a model sugar mixture based on the previous
reports (11,27,28). When if depletion of either occurred during the reaction, both
glucose and xylose were added with the same ratio. The cell suspensions were
constantly agitated at 33 �C without aeration. The pH of the bioprocess was
maintained at 7.0 throughout the reaction by the addition of 5.0 N ammonia
solution using a pH controller (DT-1023, ABLE Corporation, Tokyo, Japan).

Analytical procedures Glucose, xylose, D-lactate, succinate, acetate, dihy-
droxyacetone (DHA), and glycerol were analyzed by a high performance liquid
chromatography (HPLC) as described previously (24) The optical purity of D-lactate
was analyzed by using an HPLC system (8020, Tosoh Corporation, Tokyo, Japan),
equipped with an UV detector, and a Chiralpak MA (þ) column (Daicel CPI
Company, Japan) operated at 25 �C with a mobile phase of 2 mM CuSO4 and a
flow rate of 0.5 mL/min. Cell growth was monitored by the measurement of the
absorbance at 610 nm using a spectrophotometer (DU800, Beckman Coulter, Brea,
CA, USA).

Enzyme assay One milliliter of reaction solution at 2 h was collected and
centrifuged at 10,000 � g, 4 �C for 5 min. Cell pellets were washed with sonication
buffer (100 mM TriseHCl buffer, pH 7.5, 1 mM MgCl2, 2 mM dithiothreitol [DTT]).
The cells were resuspended in 1 mL of the same buffer, and sonicated for 45 min
(pulse, 5 s; interval, 10 s) with ultrasonic homogenizer (UCD-200, Cosmo Bio,
Tokyo, Japan) in an ice water bath with 0.5-g glass beads (150e212 mm, Sigma-
Aldrich, St. Louis, MO, USA). The enzyme assay for glycolytic enzymes was
performed as described previously (24) by measuring the shift at 340 nm for
NAD(P)H/NAD(P).

RESULTS

Xylose assimilation decreased D-lactate yield and increased
by-product yields under oxygen deprivation conditions In a
previous study, the E. coli xylA and xylB genes encoding xylose
isomerase and xylulokinase, respectively, were integrated into the
non-essential genomic regions distributed throughout the
C. glutamicum R chromosome to enable the assimilation of xylose
(29). Xylose is therefore metabolized through the pentose
phosphate pathway, which leads to glyceraldehyde-3-phosphate
and fructose-6-phosphate in the EmbdeneMeyerhof pathway
(Fig. 1). In addition, the introduction of araE enhanced xylose
consumption under oxygen deprived conditions (29). The
resultant strain, ACX-araE, can be used as a parent strain for the
production of chemicals and fuels from xylose. To switch off L-
lactate production, the native L-ldhA gene was eliminated and a
plasmid pCRB215 harboring the D-ldhA gene from Lactobacillus
delbrueckii under the control of the gapA promoter was
introduced to produce optically pure D-lactate (24). Furthermore,
the ppc gene encoding phosphoenolpyruvate carboxylase (PEPC),
which was mainly responsible for succinate production under
oxygen deprived conditions (3), was deleted. The resultant strain
named CRZ5/pCRB215 was used as the parent strain in this study
to investigate the effect of the overexpression of glycolytic genes
on D-lactate production from mixture of glucose and xylose under
oxygen deprived conditions.

First, CRZ5/pCRB215 was cultivated to produce D-lactate from
the mixed sugars. After production for 10 h, 302 � 39 mM D-lactate
was produced (Fig. 2). Interestingly, the consumption of xylose
(159 � 2 mM) was greater than that of glucose (88 � 25 mM)
(Table 1). The yield of D-lactate was dramatically decreased to
68.6� 4.8% in comparisonwith that determined in a previous study
on D-lactate production from the sole carbon source of glucose
(87.0 � 1.7%) (24). Instead, the by-products of DHA and glycerol
were markedly produced at yields of 11.3 � 1.1% and 6.4 � 0.2%,
respectively (Table 1). These results indicated that the simulta-
neous utilization of glucose and xylose in a D-lactate producing
strain caused an overflow of the glycolytic flux upstream of glyc-
eraldehydes-3-phosphate, which resulted in the accumulation of
DHA and glycerol. The accumulation of DHA and glycerol in the
medium was also observed on D-lactate production from glucose
with yield of 6.0 � 1.0% and 5.8 � 0.3%, respectively, when the gene
encoding GLK was overexpressed, most likely because of a similar
overflow metabolism (24).

Individual overexpression of genes encoding PFK or TPI
improved D-lactate production rate from a mixture of glucose
and xylose via increased the amount of glucose
consumed The above result led us to overexpress the gene
encoding GAPDH in CRZ5/pCRB215 to release the overflow meta-
bolism potentially caused by the accumulation of glyceraldehyde-
3-phosphate and increase the D-lactate yield. Indeed, in a previous
study, the additional overexpression of the gene encoding GAPDH
in a strain overexpressing the gene encoding GLK encoding gene
released the overflow metabolism, which decreased the yields of
DHA and glycerol and increased the D-lactate yield from the
mixture of glucose and xylose (8). Therefore, we first
overexpressed the gene encoding GAPDH in CRZ5/pCRB215
through the integration of a second copy of the gene into the
chromosome under the control of the constitutive tac promoter.
The resultant strain (LPglc4/pCRB215) was subjected to the
bioprocess under oxygen deprived conditions to produce D-lactate
from glucose and xylose. Unexpectedly, LPglc4/pCRB215
(overexpressing the gene encoding GAPDH; hereinafter, only the
name of overproduced enzyme is shown) resulted in a 37%
decrease in D-lactate compared with that of the parent strain
(190 � 27 mM; Fig. 2). Furthermore, the amount of glucose
consumed decreased by 47% and the amount of xylose consumed
decreased by 11%e47 � 9 mM and 141 � 8 mM, respectively,
compared with the parent strain (Table 1). D-Lactate yield was
also decreased by 16.1%e57.6 � 6.5%. The yields of the by-
products were not dramatically altered. These results showed
that overexpression of the gene encoding GAPDH was not
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FIG. 2. Short-term D-lactate production over 10 h with strains overexpressing the genes
encoding glycolytic enzymes under oxygen deprivation conditions. The overexpressed
glycolytic genes are indicated on the x-axis. The strain names correspond to the
overproduced enzymes as follows: GLK, LPglc255; PGI, LPglc263; PFK, LPglc257; FBA,
LPglc259; GAPDH, LPglc4; TPI, LPglc258; PGK, LPglc262; PGM, LPglc261; ENO,
LPglc260; PYK, LPglc18; PFK TPI, LPglc283. The parent strain is CRZ5. The bars indicate
the standard deviations calculated from triplicate measurements.
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effective and negatively impacted D-lactate production from a
mixture of glucose and xylose.

The above results indicated that it was highly possible that the
effect of the overexpression of the other glycolytic genes on D-
lactate production from mixed sugars could be very different to
effects of glucose as a sole carbon source. Therefore, we individually
overexpressed the other nine glycolytic genes in the parent strain.
The overexpression was induced through the integration of a sec-
ond copy of each gene into the chromosome under the control of
the constitutive tac promoter. All enzyme activities were success-
fully increased by the overexpression of each gene; the increases
varied from a 1.4-fold increase in the strain overexpressing the gene
encoding ENO to a 9.5-fold increase in the strain overexpressing the
gene encoding PYK (Table 2). All strains were cultivated for 10 h
under oxygen deprived conditions to produce D-lactate from a
mixture of glucose and xylose. Two strains, overexpressing the
genes encoding PFK (LPglc257/pCRB215) and TPI (LPglc258/
pCRB215), showed increased D-lactate production. LPglc257/
pCRB215 and LPglc258/pCRB215 produced 515 � 8 and 405 � 33
mM D-lactate, respectively, which was 71% and 34% higher than
that of the parental strain (Fig. 2). Unexpectedly, both strains
consumed more glucose than the parent strain (2.4-fold for
LPglc257/pCRB215, and 1.8-fold for LPglc258/pCRB215; Table 1),



TABLE 1. Comparison of D-lactate producing strains overexpressing glycolytic genes.a

Strain LDH activity
(U/mg protein)

Glucose consumption
rate (mM/h)

Xylose consumption
rate (mM/h)

Yield (%)b

D-Lactate Succinate Acetate DHA Glycerol

CRZ5/pCRB215 59 � 1 8.8 � 2.5 15.9 � 0.2 68.6 � 4.8 1.6 � 0.1 1.7 � 0.3 11.3 � 1.1 6.4 � 0.2
LPglc255/pCRB215 71 � 11 9.7 � 1.0 16.2 � 1.1 69.7 � 3.5 1.6 � 0.3 1.7 � 0.3 11.1 � 1.0 5.3 � 0.5
LPglc263/pCRB215 66 � 3 6.4 � 0.8 15.4 � 1.1 65.4 � 2.7 1.7 � 0.1 1.6 � 0.2 10.9 � 0.1 4.7 � 0.1
LPglc257/pCRB215 66 � 6 21.3 � 1.3 16.0 � 0.5 74.4 � 1.2 2.4 � 0.1 2.2 � 0.1 11.4 � 1.0 6.0 � 0.2
LPglc259/pCRB215 64 � 4 9.3 � 1.8 16.2 � 0.1 67.8 � 5.0 1.4 � 0.3 1.8 � 0.3 11.3 � 0.7 5.7 � 0.3
LPglc4/pCRB215 57 � 3 4.7 � 0.9 14.1 � 0.8 57.6 � 6.5 1.3 � 0.1 1.4 � 0.1 10.0 � 1.5 4.8 � 0.1
LPglc258/pCRB215 60 � 7 15.7 � 1.6 16.5 � 0.3 68.6 � 3.3 2.1 � 0.1 1.6 � 0.3 10.3 � 0.3 7.0 � 2.1
LPglc262/pCRB215 58 � 3 5.3 � 1.4 13.9 � 2.0 66.8 � 3.3 1.1 � 0.1 1.6 � 0.5 9.4 � 1.2 5.7 � 0.7
LPglc261/pCRB215 55 � 4 6.7 � 1.6 14.4 � 1.2 61.7 � 1.3 1.5 � 0.2 1.9 � 0.1 10.5 � 0.1 5.7 � 0.1
LPglc260/pCRB215 46 � 5 10.7 � 2.5 14.5 � 1.5 68.6 � 5.1 2.0 � 0.1 1.8 � 0.3 10.0 � 0.1 6.2 � 0.3
LPglc18/pCRB215 42 � 3 8.9 � 1.3 16.2 � 0.2 70.7 � 2.6 1.9 � 0.2 2.0 � 0.4 10.2 � 0.3 5.3 � 0.4
LPglc283/pCRB215 42 � 3 19.0 � 1.2 10.3 � 0.3 84.5 � 1.1 0.8 � 0.1 1.6 � 0.3 7.0 � 1.2 4.8 � 0.2

The bioprocess reaction was performed for 10 h.
a The values represent average data with standard deviations from three independent experiments.
b Yields are based on mol of fermentation products produced from mol of glucose consumption (100% means 2 mol of D-lactate per 1 mol of glucose).
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but the amount of xylose consumed was comparable in all strains
tested.

Simultaneous overexpression of genes encoding PFK and TPI
increased D-lactate concentration in long-term
production Finally, we overexpressed the gene encoding TPI in
LPglc257/pCRB215 (PFK) to simultaneously overexpress genes
encoding PFK and TPI and determine if D-lactate production could
be improved further. However, the strain (LPglc283/pCRB215)
resulted in slightly decreased D-lactate production of 466 � 12 mM
after production for 10 h, which was 9.5% lower than that observed
in the LPglc257/pCRB215 (PFK) strain (Fig. 2). Interestingly, the
amount of xylose consumed markedly decreased by 36% (to
103 � 3 mM) in comparison with that of the LPglc257/pCRB215
(PFK) strain (Table 1). The yields of D-lactate and by-products
were also altered: D-Lactate yield markedly increased to
84.5 � 1.1%; in contrast, the yields of DHA and glycerol were
decreased to 7.0 � 1.2% and 4.8 � 0.2%, respectively, compared
with that of LPglc257/pCRB215 (PFK) (Table 1). These results
showed that D-lactate yield decreased inversely to the amount of
xylose consumed when mixed sugars were used.
TABLE 2. Enzyme activity of glycolytic enzymes in the parental strain and over-
expressing strains of glycolytic genes.

Enzyme Enzyme activities (U/mg protein)

CRZ5/pCRB215 Overexpressing strains LPglc283/pCRB215

GLK 0.0024 � 0.0006 0.0088 � 0.027 N.D.
PGI 0.14 � 0.03 0.45 � 0.09 N.D.
PFK 0.013 � 0.004 0.02 � 0.003 0.1 � 0.001
FBA 0.15 � 0.02 0.22 � 0.005 N.D.
GAPDH 1.0 � 0.05 5.0 � 0.04 N.D.
TPI 3.9 � 0.5 24 � 1 14 � 1
PGK 2.2 � 0.04 20 � 0.2 N.D.
PGM 0.27 � 0.008 2.5 � 0.08 N.D.
ENO 0.36 � 0.01 0.58 � 0.03 N.D.
PYK 0.22 � 0.04 2.1 � 0.09 N.D.

The strains of overexpressing glycolytic genes used for enzyme assay are as follows:
GLK, LPglc255/pCRB215; GPI, LPglc263/pCRB215; PFK, LPglc257/pCRB215; FBA,
LPglc259/pCRB215; GAPDH, LPglc4/pCRB215; TPI, LPglc258/pCRB215; PGK,
LPglc262/pCRB215; PGM, LPglc261/pCRB215; ENO, LPglc260/pCRB215; PYK,
LPglc18/pCRB215. Cells were collected at 2 h in the bioprocess reaction.

TABLE 3. Comparison of D-lactate producing strains overexpressing glycoly

Strain D-Lactate concentration (mM) Glucose consumed (mM) Xylo

CRZ5/pCRB215 992 � 68 425 � 23
LPglc283/pCRB215 1326 � 65 540 � 57
Next, we conducted the long-term production of CRZ5/
pCRB215, LPglc257/pCRB215 (PFK), LPglc258/pCRB215 (TPI), and
LPglc283/pCRB215 (PFK, TPI) strain. Interestingly, glucose con-
sumption was accelerated by LPglc283/pCRB215 (540 � 57 mM)
than by LPglc257/pCRB215 (425 � 23 mM) (Table 3). In contrast,
the amount of xylose consumed by LPglc283/pCRB215 (PFK, TPI)
decreased to 252 � 6 mM from 375 � 8 mM by LPglc257/
pCRB215 (PFK). Although the initial D-lactate production rate in
the first 10 h was varied among CRZ5/pCRB215, LPglc257/
pCRB215 and LPglc258/pCRB215, the three strains slowed the
production of D-lactate after 32 h, and reached similar D-lactate
concentration after production for 80 h (Fig. 3). The D-lactate
production rate after 32 h in CRZ5/pCRB215, LPglc257/pCRB215
(PFK) and LPglc258/pCRB215 (TPI) was 5.6, 3.3 and 5.6 mM/h,
respectively. In contrast, LPglc283/pCRB215 (PFK, TPI), which had
an initial D-lactate production rate 9.5% lower than that of
LPglc257/pCRB215 (PFK), continued to produce D-lactate, with
more than 1000 mM after 32 h, and 1326 � 65 mM after pro-
duction for 80 h (Fig. 3). The D-lactate production rate after 32 h
in LPglc283/pCRB215 (PFK, TPI) was 8.7 mM/h, which was 2.6-
fold higher than that of LPglc257/pCRB215 (PFK).

DISCUSSION

In this study, we investigated the effect of overexpression of
glycolytic genes on D-lactate production from mixture of glucose
and xylose in C. glutamicum. We showed that simultaneous over-
expression of genes encoding PFK and TPI cooperatively enhances
D-lactate production from the mixed sugars.

The overexpression of the gene encoding PFK might
contribute to an increase in the amount of glucose consumed
through the increased concentration of fructose-1,6-
bisphosphate, which activates LDH (30,31). Moreover, contin-
uous supply of fructose-1,6-bisphosphate by overexpression of
the gene encoding PFK might be critical for high production of D-
lactate from the mixed sugars without reducing the production
rate throughout the production. In contrast, the yields of D-
lactate and by-products were not altered in LPglc258/pCRB215
(TPI), which indicated that the distribution of carbon flux was not
largely altered in this strain. Although the LDH activity varied
tic genes for long term bioprocess reaction under oxygen deprivation.

se consumed (mM) Yield (%)

D-Lactate Succinate Acetate DHA Glycerol

375 � 8 60.3 � 3.1 2.8 � 0.2 1.3 � 0.1 8.4 � 1.9 6.0 � 0.3
252 � 6 74.0 � 2.2 0.7 � 0.2 1.0 � 0.1 2.9 � 0.9 4.6 � 0.5
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FIG. 3. Long-term D-lactate production by CRZ5/pCRB215 (squares), LPglc257/pCRB215
(diamonds), LPglc258/pCRB215 (triangles), and LPglc283/pCRB215 (circles) under oxygen
deprivation conditions. The data points represent averages calculated from triplicate
measurements. The standard deviations are indicated by bars or are within each symbol.
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from 42 � 3 U/mg protein in the strain overexpressing the gene
encoding PYK to 71 � 11 U/mg protein in the strain over-
expressing the gene encoding GLK, a clear correlation between
LDH activity and D-lactate production rate was not observed
(Table 2). The effect of overexpression of glycolytic genes varied
depending on the target products and sugar sources. Over-
expression of the gene encoding GAPDH showed no apparent
effect for enhancing D-lactate production from mixture of glucose
and xylose, which was in contrast to a previous study on D-lactate
production from glucose as sole carbon source, which reported
an increase in D-lactate production rate of 39% (24). However,
from the perspective of by-products, the additional over-
expression of the gene encoding GAPDH in the strain over-
expressing the gene encoding GLK released the accumulation of
DHA and glycerol and decreased their yield by 74% and 24%,
respectively (24). Although the cause of the disadvantages of the
overexpression of the gene encoding GAPDH in this study was
unclear, it may be related to the potential increase of the NADH/
NADþ ratio in the mixed culture in comparison with the culture
with only glucose, which inhibited GAPDH activity (32,33).

The ratio of the amount of glucose and xylose consumed is
important for the complete utilization of the sugars in lignocellu-
losic biomass, which are varied depending on the materials. Over-
expression of the gene encoding PFK and TPI decreased xylose
consumption, but the ratio of the amount of glucose and xylose
consumed in LPglc283/pCRB215 (PFK, TPI) (2.14) was similar to the
ratio of the content of glucose and xylose inwheat straw (1.91) (11).
In addition to the decreased yield of all by-products (succinate,
acetate, DHA, and glycerol) in LPglc283/pCRB215 (PFK, TPI), the
simultaneous overexpression of genes encoding PFK and TPI fine-
tuned the metabolic flux in the glycolytic pathway to enable D-
lactate production from a mixture of glucose and xylose. In the
current study using the described bioprocess under oxygen
deprived conditions, higher D-lactate concentration (974 mM;
87.7 g/L) was produced with yield of 0.81 g/g of consumed sugar
after 32 h; eventually, D-lactatewas produced up to 1326mM (119.3
g/L) with a yield of 0.79 g/g of consumed sugar after 80 h (Table 3).

In conclusion, we identified two genes encoding PFK and TPI
that were able to enhance D-lactate production from mixed sugars
containing glucose and xylose when overexpressed in xylose-
assimilating C. glutamicum. Furthermore, the simultaneous over-
expression of genes encoding PFK and TPI improved D-lactate
production and achieved a concentration of 1326 mM (119.3 g/L)
after the long-term production (80 h), which is the highest titer
reported to date from the mixed sugars (Table). We have identified
the two genes responsible for the conversion of DHAP to glycerol
via DHA (34,35). The introduction of additional genetic modifica-
tions into LPglc283/pCRB215 may allow further improvements in
the production of D-lactate from the mixed sugars in C. glutamicum.

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.jbiosc.2018.08.002.
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