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Abstract

Background: A thermal tolerant stereo-complex poly-lactic acid (SC-PLA) can be made by mixing Poly-D-lactic acid
(PDLA) and poly-L-lactic acid (PLLA) at a defined ratio. This environmentally friendly biodegradable polymer could
replace traditional recalcitrant petroleum-based plastics. To achieve this goal, however, it is imperative to produce
optically pure lactic acid isomers using a cost-effective substrate such as cellulosic biomass. The roadblock of this
process is that: 1) xylose derived from cellulosic biomass is un-fermentable by most lactic acid bacteria; 2) the glucose
effect results in delayed and incomplete xylose fermentation. An alternative strain devoid of the glucose effect is
needed to co-utilize both glucose and xylose for improved D-lactic acid production using a cellulosic biomass
substrate.

Results: A previously engineered L-lactic acid Escherichia coli strain, WL204 (ΔfrdBC ΔldhA ΔackA ΔpflB ΔpdhR
::pflBp6-acEF-lpd ΔmgsA ΔadhE, ΔldhA::ldhL), was reengineered for production of D-lactic acid, by replacing the
recombinant L-lactate dehydrogenase gene (ldhL) with a D-lactate dehydrogenase gene (ldhA). The glucose effect
(catabolite repression) of the resulting strain, JH13, was eliminated by deletion of the ptsG gene which encodes
for IIBCglc (a PTS enzyme for glucose transport). The derived strain, JH14, was metabolically evolved through serial
transfers in screw-cap tubes containing glucose. The evolved strain, JH15, regained improved anaerobic cell growth
using glucose. In fermentations using a mixture of glucose (50 g L−1) and xylose (50 g L−1), JH15 co-utilized both glucose
and xylose, achieving an average sugar consumption rate of 1.04 g L−1h−1, a D-lactic acid titer of 83 g L−1, and a
productivity of 0.86 g L−1 h−1. This result represents a 46 % improved sugar consumption rate, a 26 % increased
D-lactic acid titer, and a 48 % enhanced productivity, compared to that achieved by JH13.

Conclusions: These results demonstrated that JH15 has the potential for fermentative production of D-lactic acid
using cellulosic biomass derived substrates, which contain a mixture of C6 and C5 sugars.
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Background
Blending poly D-lactic acid (PDLA) and poly L-lactic
acid (PLLA) with a determined ratio creates a stereo-
complex of poly-lactic acid (SC-PLA) with an increased
thermal tolerance up to 230 °C [10, 26]. This SC-PLA
could expand PLA applications to agriculture-oriented
and/or motor vehicle-associated plastics [6, 10, 25].
Manufacturing of this SC-PLA requires cost-effective
production of optically pure D- and L-lactic acid iso-
mers [1, 9].
Glucose derived from corn starch is currently used for

industrial L-lactic acid fermentation. This process, how-
ever, competes with food resources. An alternative non-
food substrate such as cellulosic biomass should be used
for cost-effective lactic acid fermentation [9, 14, 15, 20].
The roadblock of this effort is that most lactic acid bacteria
are unable to ferment xylose, a major constituent in the
sugar stream of cellulosic biomass [14, 15]. Other strains,
such as Escherichia coli, with the ability to utilize hexose
and pentose sugars have been engineered for the produc-
tion of D-lactic acid [2–4, 12, 16–19, 21,27–29, 32, 33].
Nevertheless, most studies reported the D-lactic acid
production from glucose and/or sucrose by an engi-
neered E. coli strain, with a titer, productivity and yield
of 80–120 g L−1, 2–6 g L−1h−1 and 80–95 %, respect-
ively. Few of these strains, however, have the ability to
ferment xylose into D-lactic acid with a desired titer,
yield and rate [3, 23, 24, 30, 31]. Furthermore, none, if
any, of these strains have demonstrated the ability to
co-metabolize both glucose and xylose for enhanced D-
lactic acid fermentation.
Like most bacteria, E. coli has a preference for glucose

over other sugars for energy [7, 13]. Whenever glucose
and other sugars are available, it will use glucose first, then
other sugars only if glucose is completely consumed. This
phenomena is often called the glucose effect or catabolite
repression. The sequential use of glucose and xylose often
results in delayed and incomplete use of xylose for lactic
acid fermentation using sugar mixtures [8, 23]. Eliminat-
ing the glucose effect is needed to allow co-utilization of
glucose and xylose for improved D-lactic acid production
using cellulosic substrates [11, 14].
In this study, we report reengineering E. coli WL204

(ΔfrdBC ΔldhA ΔackA ΔpflB ΔpdhR ::pflBp6-acEF-lpd
ΔmgsA ΔadhE, ΔldhA::ldhL) [30] for D-lactic acid pro-
duction by 1) replacing the L-lactate dehydrogenase gene
(ldhL) with a D-lactate dehydrogenase gene (ldhA); 2)
eliminating catabolite repression via deletion of the ptsG
gene that encodes for IIBCglc, a major enzyme of the glu-
cose PTS system; 3) adaptive evolution in screw-cap tubes
for improved cell growth with glucose as the sole sub-
strate. The resulting strain, E. coli JH15, is able to co-
utilize both glucose and xylose for enhanced D-lactic acid
production.

Results and discussion
Engineering of E. coli JH13 for optically pure D-lactic acid
production
E. coli WL204, a xylose fermenting homo-L-lactate produ-
cing strain previously engineered from E. coli B [30], was
used as the starting strain (Fig. 1). Although a one-step
gene replacement (ldhL (encodes for L-lactate dehydro-
genase) replaced by ldhA (encodes for D-lactate dehydro-
genase)) in WL204 would allow the resulting strain
produce D-lactic acid, the selection process will be compli-
cated because the correct replacement (of ldhL by ldhA)
will have to rely on the fermentation and/or sequence re-
sults. To make a simple selection, a two-step strategy was
used to allow plate selection. L-lactate production was first
eliminated through deletion of the recombinant L-lactate
dehydrogenase gene (ldhL) using an ldhA’-FRT-kan-FRT-
ldhA’ DNA fragment. The ldhL gene was replaced by the
kanamycin resistance marker (kan) through double hom-
ologous recombination facilitated by the λ red recombin-
ation system [5, 22, 30]. The resulting strain, JH12 (ΔldhL::
FRT-kan-FRT), lost L-lactic acid production as well as
anaerobic cell growth due to the loss of L-lactate dehydro-
genase, blocking NADH oxidation (Fig. 1). Nevertheless, it
grows well aerobically on either glucose or xylose plates.
To enable D-lactic acid production as well as anaerobic

growth, a D-lactate dehydrogenase is needed to reestablish
a balanced NADH/NAD redox (1 glucose or 1.2 xylose + 2
NAD (glycolysis) = > 2 pyruvate + 2 NADH (D-lactate de-
hydrogenase) = > 2 D-lactate + 2 NAD) (Fig. 1). To this
end, a D-lactate dehydrogenase gene (ldhA) was amplified
by PCR using the chromosomal DNA of E. coli B as the
template. The amplified DNA fragment contained the
ldhA coding region flanked by 1460 bp upstream of the
start codon and 600 bp downstream of the stop codon.
This ~3 kb DNA fragment was transformed into JH12
(pKD46) through electroporation. Through double hom-
ologous recombination, facilitated by λ red recombinase ,
this DNA fragment was integrated into JH12 chromo-
some, replacing the kanamycin marker. The recombinant
strain was selected through regaining anaerobic cell
growth in screw-cap tubes and was tested by loss of kana-
mycin resistant. After curing the temperature sensitive
plasmid pKD46 at 42 °C, the resulting strain was desig-
nated JH13 (ΔFRT-kan-FRT::ldhA).
JH13 was evaluated for D-lactic acid production using

100 g L−1 of glucose, xylose or a mixture of glucose/xylose.
As shown in Fig. 2 and Table 1, glucose was converted
into D-lactic acid in 28 h, achieving a titer of 85 g L−1 and
a 90 % glucose-to-D-lactic acid conversion yield. A similar
titer (84 g L−1) and yield (83 %) was obtained in xylose fer-
mentation (Fig. 2b). However, the maximal and average
D-lactic acid productivity achieved in xylose fermentation
(1.63 g L−1h−1, 0.93 g L−1h−1, respectively) was ~1/3 of
that obtained in glucose fermentation (5.44 g L−1h−1,
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3.04 g L−1h−1, respectively). The lower rate of xylose con-
sumption and D-lactic acid productivity is mostly attrib-
uted to its lower ATP yield of xylose catabolism (0.67 net
ATP per glucose equivalent) compared to glucose catabol-
ism (2 net ATP per glucose) [9]. Nevertheless, with an ex-
tended fermentation time, complete xylose fermentation
was achieved and resulted in a similar D-lactic acid titer
as that of glucose fermentation.
When tested in a 100 g L−1 mixture of glucose (50 g L−1)

and xylose (50 g L−1), as expected, a sequential use of glu-
cose and xylose was observed due to catabolite repression.
As shown in Fig. 2c, glucose was first catabolized into D-
lactic acid. After 24 h, cells started to ferment xylose once
the glucose was completely consumed. This delayed xylose

utilization, as well as the lower consumption rate of xylose
(0.39 g L−1h−1) compared to glucose (2.08 g L−1h−1), re-
sulted in an incomplete xylose utilization, a lower D-lactic
acid titer (66 g L−1), and lower productivity (0.58 g L−1h−1)
compared to that achieved in 100 g L−1 glucose fermenta-
tion (85 g L−1, 3.04 g L−1h−1, respectively) and xylose fer-
mentation (84 g L−1, 0.93 g L−1h−1, respectively).
When tested for optical purity of the fermentation

products, regardless of whether the fermentation sub-
strate was glucose, xylose or a mixture of glucose/xylose,
only a D-lactic acid peak was detected in the fermenta-
tion broth of JH13. L-lactic acid, if present, was under
the detectable level of HPLC analysis using a chiral col-
umn and the standard D- and L-lactic acid isomers.
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Fig. 1 Engineering an E. coli strain devoid of the glucose effect for D-lactic acid production from a mixture of glucose and xylose. Genes encoding
important enzymes are indicated by italics. The relevant genes/enzymes are: ldhL, L-lactate dehydrogenase; ldhA, D-lactate dehydrogenase; adhE,
alcohol dehydrogenase; ackA, acetate kinase; pflB, pyruvate formate lyase; frdABCD, fumarate reductase; glk, glucokinase; xylA, xylose isomerase; xylB,
xylulokinase; xylFGH, xylose ABC transporter; xylE, xylose/proton symporter; ptsG, subunit of glucose PTS permease; EI-Hpr-IIA, phosphoenolpyruvate-
protein phosphotransferase system; AC-P, adenylate cyclase; ~P, high-energy phosphate from a phosphorylated compound; Crp, cAMP receptor
protein; Crp-cAMP, transcriptional dual regulator; GalP, galactose transporter; Mgl, galactose transporter. Symbols: the stop and delta (Δ) signs indicated
the relevant genes (adhE, frdBC, ackA, pflB, ptsG, ldhL) were deleted
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Nevertheless, an L-lactic acid peak was detected if exter-
nal L-lactic acid (represented 0.6 % of the total lactic
acid) was intentionally added into the broth (Fig. 3).

Eliminating the glucose effect/catabolite repression
Catabolite repression in E. coli has been elucidated at a
genetic level by others (Fig. 1) [7, 11, 13]. Briefly, the

transcription of xylFGH, xylE, and xylAB genes encoding
for xylose transporters and catabolic enzymes are posi-
tively regulated by the Crp-cAMP complex. The forma-
tion of this activator is limited by the availability of
cAMP. The biosynthesis of cAMP is catalyzed by adenyl-
ate cyclase (AC ~ P), which is activated by phosphoryl-
ation via the PEP-EI-Hpr-IIA phosphate relay. When
glucose is present, AC is outcompeted by IICBglc (a glucose
transport enzyme encoded by ptsG) for phosphorylation.
Most, if not all, phosphate from the PEP-EI-Hpr-IIA phos-
phate relay is used for IICBglc phopsphorylation, resulting
in active glucose transport (Fig. 1) rather than activation of
AC. Consequently, cAMP and Crp-cAMP are not formed,
resulting in no activation of the xylose utilization genes.
When glucose is completely used, AC is activated by the
PEP-EI-Hpr-IIA phosphate relay, cAMP is made, and Crp-
cAMP is formed to turn on the xylose utilization genes.
To eliminate catabolite repression and allow co-utilization

of glucose and xylose for improved D-lactic acid produc-
tion, the ptsG gene encoding for the IICBglc was deleted
from E. coli JH13 using a ptsG’-FRT-kan-FRT-ptsG’ DNA
fragment, resulting in strain JH14 (ΔptsG::FRT-kan-FRT).
When tested by fermentation of glucose and xylose mix-
tures, JH14 co-utilized both glucose and xylose, suggesting
that catabolite repression was successfully eliminated.
Nevertheless, in glucose, JH14 grew slower and achieved a
lower final OD600 than JH13 (data not shown).
The PTS system enables E. coli to use glucose as a pre-

ferred energy source because it allows glucose transport
and phosphorylation to take place in one step. The result-
ing glucose-6-phosphate can enter glycolysis directly with-
out further phosphorylation by glucokinase. With the
disruption of the PTS system by the ptsG deletion, JH14
will have to rely on an alternative system such as the gal-
actose transporter, GalP and Mgl, for glucose transport.
However, the GalP and Mgl system is much less efficient
than the PTS for glucose transport, resulting in slower an-
aerobic cell growth and glucose fermentation (Fig. 4g).

Evolutionary engineering for improved cell growth and
glucose utilization
To compensate for the loss of the PTS system, JH14 needs
an improved alternative glucose transporter. Cloning a
heterologous glucose transporter may or may not work
for our strain improvement because most bacteria use
PTS system for glucose transport which may reintroduce
the glucose effect into the strain. Other non-PTS system
may still be inefficient for glucose transport. Therefore, an
evolutionary engineering approach was used for strain im-
provement. To this end, JH14 was metabolically evolved
for three months via selection of improved cell growth
using screw-cap tubes containing glucose as the sole en-
ergy source. In the end, a single colony was selected from
the evolved culture and was designated as strain JH15.
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Fig. 2 Fermentative production of D-lactic acid by strain JH13, a 100 g L−1

glucose; b 100 g L−1 xylose; c 100 g L−1 mixture of glucose and xylose.
Symbols: filled square, glucose; open square, xylose; filled circle, D-lactic
acid. Each data point represents the average of two or more replicates.
The error bar represents the standard deviations
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The cell growth of the evolved JH15 strain was compared
to that of JH14 in screw-cap tubes containing glucose
and/or xylose as the energy source. As shown in Fig. 4, a
lag growth phase of ~4 h, followed by a logarithmic
growth phase of ~4 h (4–8 h) was observed for both
strains regardless of whether glucose or xylose was used.
During the logarithmic phase, however, the growth rate
and cell mass achieved by the evolved strain, JH15
(0.409 h−1, 0.318 g L−1, respectively), was at least twice
that obtained by JH14 (0.148 h−1, 0.157 g L−1, respectively)
when glucose was used as the energy source (Fig. 4G). A
similar pattern was observed when xylose was used as the
energy source (Fig. 4X). The evolved strain JH15 grew bet-
ter than JH14, the growth difference of the two strains,

however, was not as significant as that observed in glucose
conditions. This result led us speculate that the improved
cell growth of JH15 was mostly attributed to its improved
glucose uptake via the GalP and/or Mgl system (Fig. 1).

Co-utilization of glucose and xylose enhanced D-lactic
acid production
It was expected that JH15 would regain the ability of ef-
ficient D-lactic acid fermentation using glucose and xy-
lose. To test this hypothesis, JH13 and JH15 were
compared for D-lactic acid fermentation using 100 g L−1

of: 1) glucose; 2) xylose; and 3) a mixture of glucose
(50 g L−1) and xylose (50 g L−1). As the results demon-
strated in Fig. 5 and Table 1, the evolved strain JH15

Table 1 Fermentations summary by E. coli JH13 and JH15

Strain Substrate
(100 g L−1)

Fermentation
Time (h)

Sugar consumption (g L−1 h−1)a Lactic acid production (g L−1 h−1)b

Glucose Xylose Total (glu + xyl) Titer
(g L−1)

Yield
(%)

Vol. productivity (g L−1 h−1)

Max Average Max Average Max Average Max Average

JH13 Glucose 28 5.88 3.36 85 90 5.44 3.04

Xylose 91 1.65 0.95 84 83 1.63 0.93

Glu + Xyl 114 3.42 2.08 0.6 0.39 n/ac 0.71 66 80 n/a3) 0.58

JH15 Glucose 36 2.88 2.69 88 91 3.75 2.44

Xylose 120 1.38 0.8 81 83 1.13 0.67

Glu + Xyl 96 1.89 1.28 0.95 0.52 2.2 1.04 83 83 2.53 0.86
aThe maximum sugar consumption was calculated from the fastest 8 h, or longer, fermentation period. The average sugar consumption was calculated from the
active fermentation period (0 h to the end of fermentation)
bThe yield was calculated based on lactic acid produced over sugar metabolized. The maximum lactic acid productivity was calculated from the fastest 8 h, or
longer, fermentation period. The average lactic acid productivity was calculated from the active production period (0 h to the end of fermentation)
cn/a is not applicable (since glucose and xylose was used separately in JH13, the maximum total sugar consumption and maximum lactic acid productivity would
be derived from glucose fermentation only)

Fig. 3 HPLC analysis of the optical purity of D-lactic acid produced by strain JH13 (and/or JH15). No L-lactic acid peak was detected in the
fermentation broth of JH13 (and/or JH15). The L-lactic acid peak detected was the external L-lactic acid intentionally added into the fermentation
broth (L-lactic acid added represents 0.6 % of the total lactic acid in the broth)
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regained the fermentative ability for D-lactic acid pro-
duction. In glucose fermentation, JH15 achieved a D-
lactic acid titer of 88 g L−1 and a yield of 91 % (Fig. 5a),

which is comparable to results obtained by JH13 (85 g L
−1, and 90 %, respectively; Fig. 2a). However, 36 h was
needed for JH15 to complete the 100 g L−1 glucose fer-
mentation; 8 h longer than the fermentation time
needed by JH13 (28 h). The longer fermentation resulted
in a 20 % lower productivity (2.44 g L−1h−1 vs 3.04 g L
−1h−1). This result suggested that the improved alterna-
tive glucose transporter in JH15 is not as effective as the
original PTS glucose transporter in JH13. In xylose fer-
mentation, the performance was similar for both strains
(Figs. 2b and 5b ), although JH15 had a 12 h longer lag
phase than JH13.
A significant improvement of D-lactic acid production

was achieved by JH15 in mixed glucose and xylose fer-
mentation (Fig. 5c), compared to that of JH13 (Fig. 2c).
Both glucose and xylose were co-consumed by JH15,
allowing a 32 % higher total sugar consumption rate
(1.04 g L−1h−1) than that of sequential sugar utilization by
JH13 (0.71 g L−1h−1). Consequently, the faster sugar con-
sumption enabled JH15 to achieve a 33 % higher product-
ivity (0.86 g L−1h−1) as well as a 20 % higher D-lactic acid
titer (83 g L−1) compared to that obtained by JH13
(0.58 g L−1h−1, 66 g L−1, respectively). Furthermore, the
83 g L−1 D-lactic acid titer achieved in mixed sugar fer-
mentation was comparable to that obtained in glucose
(88 g L−1) or xylose (81 g L−1) fermentations.
Although both glucose and xylose were co-consumed

(Fig. 5c), JH15 had a lower xylose consumption rate
(0.25 g L−1h−1) when glucose concentration was greater
than 15 g L−1 (0–24 h) compared to that (1.17 g L-1h−1)
when glucose was less than 15 g L−1 (24–36 h). Neverthe-
less, the total sugar consumption rate (1.71 g L−1h−1 vs
2.41 g L−1h−1) and lactate production rate (1.6 g L−1h−1 vs
1.75 g L−1h−1) were similar regardless of glucose concen-
tration or xylose consumption rate during these fermenta-
tion periods (0-24 h and 24-36 h). These observations
suggested that at a given lactate production rate, when both
glucose and xylose concentrations were high (50 g L−1)
at early time, xylose was outcompeted by glucose due
to its lower net energy output (0.67 ATP per glucose
equivalent) than glucose (2 ATP), resulting in a lower
xylose consumption rate (0-24 h). After 24 h fermenta-
tion, however, more xylose (44 g L−1) was available than
glucose (15 g L−1). To achieve an equivalent lactate pro-
duction rate, more xylose would be used to compensate
the less available glucose, resulting in higher xylose con-
sumption rate (24–36 h).
The observed different xylose consumption rate with

different glucose availability led us to test whether
both glucose and xylose were co-consumed by JH15 at
lower sugar concentration. As the results shown in
Fig. 5d, JH15 was able to co-metabolize both glucose
and xylose with a starting sugar concentration as low
as 5 g L−1.
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Fig. 4 Metabolically evolved strain regained improved anaerobic cell
growth. G) 20 g L−1 glucose NBS medium; X) 20 g L−1 xylose NBS
medium; M) 20 g L−1 mixed glucose and xylose NBS medium.
Symbols: open circle, JH14, initially engineered strain devoid of the
glucose effect; filled circle, JH15, metabolically evolved strain from
JH14. Each data point represents the average of three replicates. The
error bar represents the standard deviations
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Furthermore, JH15 was tested for co-fermentation of
glucose (60 g L−1), xylose (30 g L−1) and L-arabinose
(10 g L−1) in a simulated cellulosic biomass hydrolysate.
As shown in Fig. 6, three sugars were co-metabolized,
producing 81 g L−1 of D-lactic acid. Nevertheless, there
was approximately 4 g L−1 of L-arabinose were unuti-
lized although both glucose and xylose were completely
consumed.

Conclusions
An E. coli strain was engineered and adaptively evolved
for improved production of optically pure D-lactic acid
from mixed glucose and xylose substrates (Fig. 3). The
evolved strain, JH15, is able to co-metabolize both glu-
cose and xylose, resulting in an increase in the sugar
consumption rate by 46 %, productivity by 48 %, and a
D-lactic acid titer by 26 % compared to that of sequen-
tial utilization of glucose and xylose by JH13. These re-
sults demonstrated that JH15 has the potential for D-
lactic acid production using cellulosic substrates which
contain both glucose and xylose. Nevertheless, further
improvements in productivity are needed for practical
applications.

Methods
Bacterial strains, plasmids and media
The bacterial strains, plasmids, and primers used in this
study are listed in Table 2. During strain construction,
cells were grown in Luria–Bertani broth (g L−1: tryptone
10, yeast extract 5, and NaCl 5) containing glucose or
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Fig. 5 Fermentative production of D-lactic acid by strain JH15. a 100 g L−1 glucose; b 100 g L−1 xylose; c 100 g L−1 mixture of glucose and xylose;
d 10 g L−1 mixture of glucose and xylose. Symbols: filled square, glucose; open square, xylose; filled circle, D-lactic acid. Each data point represents
the average of two or more replicates. The error bar represents the standard deviations
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Fig. 6 Fermentative production of D-lactic acid in a simulated biomass
hydrolysate by strain JH15. Symbols: filled square, glucose; open square,
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point represents the average of two replicates
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xylose (g L−1: 20) or on LB plates (g L−1: agar 20, xylose
20). Ampicillin or kanamycin (50 μg ml−1) was added into
the medium as needed. The engineered strain was main-
tained on mineral salts medium (NBS medium (g L−1):
KH2PO4, 3.5; K2HPO4, 5.0; (NH4)2HPO4, 3.5; MgSO4:7H2O,
0.25; CaCl2:2H2O, 0.015; thiamine, 0.0005; and 1 mL of
trace metal stock) [31, 32]. Fermentations were carried
out in LB broth or modified mineral salts medium (NBS
+ 2.0 g L−1yeast extract).

Genetic methods
Transformation, electroporation, PCR, and DNA frag-
ment analyses were conducted using standard methods.
Chromosomal gene deletions and integrations were car-
ried out using previously described λ red homologous
recombination procedures [5, 22, 31]. The gene dele-
tions and integrations were verified by using appropri-
ate antibiotic markers, PCR fragment analysis, and
HPLC analysis of fermentation products.

Evolutionary engineering
The initial strain devoid of catabolite repression, JH14,
was inoculated into a 250 ml flask containing 50 ml NBS
broth with 5 % glucose, and was incubated for 16 h (37 °
C, 150 rpm). 100 μl cells from the flask was inoculated
into a 10 ml screw-cap tube containing ~9.5 ml NBS

broth with 2 % glucose. Upon sealing the cap, the tube
culture was incubated at 37 °C (50 rpm) for 48 h. 100 μl
culture from the tube was transferred into another tube
containing fresh medium and incubated again for 48 h.
This transfer selection was repeated for two month. A
24 h transfer interval was then applied for an additional
month to further enrich faster growing cells. At the end
of evolutionary engineering, the culture was streaked out
for isolation of single colonies. After testing their growth
in screw-cap tubes with glucose as the sole energy
source, one of these colonies was designated JH15.

Fermentations
Seed cultures: fresh colonies from NBS plates were inoc-
ulated into 1000 ml flasks containing 400 ml modified
NBS medium with 2 % (w/v) xylose, incubated at 37 °C,
and 200 rpm for 12–16 h to achieve an OD600nm of ~1.5
(The conversion factor DCW/OD is 0.35 g L−1).
Fermentations: seed cultures were inoculated for a start-

ing OD of 0.1 (0.035 g L−1 cell dry weight) into a 7 L fer-
menter (Sartorius Stedim Biotech GmbH 37070, Germany)
containing 4 L modified NBS medium with 100 g L−1 of
glucose or xylose or a mixture of equal amounts of glucose
and xylose. The fermentation was carried out at 37 °C,
200 rpm. The fermentation was pH controlled by automatic
addition of 6 N Ca(OH)2. Fermentations were terminated

Table 2 E. coli strains, plasmids and primers used in this study

Strains Relevant characteristics Sources

B Wild type ATCC

WL204 E. coli B, ΔfrdBC ΔldhA ΔackA ΔpflB ΔpdhR ::pflBp6-acEF-lpd ΔmgsA ΔadhE, ΔldhA::ldhL,
metabolically evolved in xylose with improved anaerobic growth

[30]

JH12 WL204, ΔldhL::FRT-kan-FRT (chromosomal insertion of kan marker to replace ldhL gene),
lost anaerobic cell growth, kanamycin positive

This study

JH13 JH12, ΔFRT-kan-FRT::ldhA (chromosomal insertion of ldhA to replace kan marker),
regaining anaerobic cell growth, kanamycin sensitive

This study

JH14 JH13, ΔptsG::FRT-kan-FRT, slow glucose utilization due to disruption of the major glucose
transporter system (PTS system)

This study

JH15 JH14, metabolically evolved in glucose with improved glucose uptake (probably through
alternative glucose transporter)

This study

Plasmids

pKD4 FRT-kan-FRT cassette [5]

pKD46 bla, red recombinase, temperature-dependent replication [5]

pFT-A bla, flp, temperature-dependent replication [22]

Primers

Deletion ldhL-P1 TGTTTCGCTTCACCGGTCAGCTGTGTGTAGGCTGGAGATGCTTCa This study

Deletion ldhL-P2 TCGCTAATGGTGTTATCGAGTTAGCCATATGAATATCCTCCTTAGa This study

Cloning ldhA-P1 TGCAGCACGA AATCGCCCAG TTCAT This study

Cloning ldhA-P2 TGTGTGCATTACCCAACGGCAAACG This study

Deletion ptsG-P1 ATGTTTAAGAATGCATTTGCTAACCGTGTGTAGGCTGGAGATGCTTCa This study

Deletion ptsG-P2 TTAGTGGTTACGGATGTACTCATCCAAGCCATATGAATATCCTCCTTAGa This study
aThe underlined sequence is homologous to the flanked sequence of FRT-kan-FRT cassette in pKD4
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when no base was needed to maintain the controlling pH.
Fermentation broth was withdrawn (1.5 ml) periodically
and analyzed by HPLC for sugar consumption and lactic
acid production. All fermentations had 2 or more repeats.

Analysis
Cell growth was estimated from the optical density at
600 nm (0.35 g dry cell weigh per OD600). Fermentation
samples were centrifuged at 8,000 rpm for 10 min. The
supernatant was then treated with H2SO4 and centrifuged
again to remove the precipitate (CaSO4). The supernatant
was then filtered through a 0.22 μm membrane and
analyzed for sugar and organic acid concentrations by an
Agilent HPLC (column, BioRad HPX 87H; temperature,
35 °C; flow rate, 0.5 ml min−1; mobile phase, 4 mM
H2SO4). Optical purity was determined by HPLC using a
chiral column (EC 250/4 NUCLEOSIL Chiral-1,
Germany) (HPLC condition: 35 °C, 0.5 ml min−1 of
0.2 mM CuSO4 as the mobile phase).

Abbreviations
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IIABC: phosphoenolpyruvate-protein phosphotransferase system;
NAD: nicotinamide adenine dinucleotide; NADH: reduced form of
nicotinamide adenine dinucleotide; FRT: flipase recognition target;
pKD46: plasmid containing the red recombinase system; ATP: adenosine
triphosphate; HPLC: high pressure liquid chromatography; glk: glucokinase;
xylA: xylose isomerase; xylB: xylulokinase; xylFGH: xylose ABC transporter;
xylE: xylose/proton symporter; AC-P: adenylate cyclase; ~P: high-energy
phosphate from a phosphorylated compound; Crp: cAMP receptor protein;
Crp-cAMP: transcriptional dual regulator; GalP: galactose transporter;
Mgl: galactose transporter, PCR, polymerase chain reaction; OD600: optical
density at 600 nm; DCW: dry cell weight.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
HL and XD executed the molecular work; XZ and YW carried out the
fermentations; JW, AI and SZ originated the concept and designed the
experiments; EG, RM and SZ analyzed the data and wrote the manuscript.
All authors have read and approved the manuscript.

Acknowledgements
This work was supported by a grant from the China National Natural Science
Foundation (NSFC31070094), the Hubei Provincial Science Foundation
(2011CDA008), Hubei University of Technology (BSQD12143), P. R. China,
and Northern Illinois University, USA.

Author details
1Hubei Provincial Cooperative Innovation Center of Industrial Fermentation,
Key Laboratory of Fermentation Engineering (Ministry of Education), College
of Bioengineering, Hubei University of Technology, Wuhan 430068, P. R.
China. 2Department of Biological Sciences, Northern Illinois University,
DeKalb, IL 60115, USA. 3William Rainey Harper College, Palatine, IL 60142,
USA.

Received: 12 November 2015 Accepted: 9 February 2016

References
1. Abdel-Rahman MA, Tashiro Y, Sonomoto K. Recent advances in lactic acid

production by microbial fermentation processes. Biotechnol Advances.
2013;31:877–902.

2. Calabia BP, Tokiwa Y. Production of D-lactic acid from sugarcane molasses,
sugarcane juice and sugar beet juice by Lactobacillus delbrueckii. Biotechnol
Lett. 2007;29:1329–32.

3. Chang DE, Jung HC, Rhee JS, Pan JG. Homofermentative production of D-
or L-lactate in metabolically engineered Escherichia coli RR1. Appl Environ
Microbiol. 1999;65:1384–9.

4. Coelho LF, Bolner de Lima CJ, Bernardo MP, Contiero J. D(−)-lactic acid
production by Leuconostoc mesenteroides B512 using different carbon and
nitrogen sources. Appl Biochem Biotechnol. 2011;164:1160–71.

5. Datsenko KA, Wanner BL. One-step inactivation of chromosomal genes in
Escherichia coli K-12 using PCR products. Proc Natl Acad Sci U S A.
2000;97(12):6640–5.

6. Datta R, Henry M. Lactic acid: recent advances in products, processes and
technologies-a review. J Chem Technol Biotechnol. 2006;81(7):1119–29.

7. Desai TA, Rao CV. Regulation of arabinose and xylose metabolism in
Escherichia coli. Appl Environ Microbiol. 2010;75:1524–32.

8. Dien BS, Nichols NN, Bothast RJ. Fermentation of sugar mixtures using
Escherichia coli catabolite repression mutants engineered for production of
L-lactic acid. J Ind Microbiol Biotechnol. 2002;29(5):221–7.

9. Eiteman MA, Ramalingam S. Microbial production of lactic acid. Biotechnol
Lett. 2015;37:955–72.

10. Garlotta D. A literature review of poly(lactic acid). J Polymers Environ.
2001;9:63–84.

11. Gosset G. Improvement of Escherichia coli production strains by
modification of the phosphoenolpyruvate:sugar phosphotransferase system.
Microb Cell Factories. 2005;4:14.

12. Grabar TB, Zhou S, Shanmugam KT, Yomano LP, Ingram LO. Methylglyoxal
bypass identified as source of chiral contamination in L(+) and D(−)-
lactate fermentations by recombinant Escherichia coli. Biotechnol Lett.
2006;28:1527–35.

13. Hernandez-Montalvo V, Valle F, Bolivar F, Gosset G. Characterization of sugar
mixtures utilization by an Escherichia coli mutant devoid of the
phosphotransferase system. Appl Microbial Biotechnol. 2001;57:186–91.

14. Hofvendahl K, Hahn-Hagerdal B. Factors affecting the fermentative lactic
acid production from renewable resources. Enzyme Microb Technol.
2000;26:87–107.

15. John RP, Nampoothiri KM, Pandey A. Fermentative production of lactic acid
from biomass: an overview on process development and future
perspectives. Appl Microbiol Biotechnol. 2007;74:524–34.

16. Joshi DS, Singhvi MS, Khire JM, Gokhale DV. Strain improvement of
Lactobacillus lactis for D-lactic acid production. Biotechnol Lett. 2010;32:517–20.

17. Liu Y, Gao W, Zhao X, Wang J, Garza E, Manow R, et al. Pilot scale
demonstration of d-lactic acid fermentation facilitated by Ca(OH)2 using a
metabolically engineered Escherichia coli. Bioresource Technol. 2014;169:
559–65.

18. Mazumdar S, Clomburg JM, Gonzalez R. Escherichia coli strains engineered
for homofermentative production of d-lactic acid from glycerol. Appl
Environ Microbiol. 2010;76(13):4327–36.

19. Nakano S, Ugwu CU, Tokiwa Y. Efficient production of D-lactic acid from
broken rice by Lactobacillus delbrueckii using Ca(OH)2 as a neutralizing
agent. Bioresource Technol. 2012;104:791–4.

20. Okano K, Tanaka T, Ogino C, Fukuda H, Kondo A. Biotechnological
production of enantiomeric pure lactic acid from renewable resources:
recent achievements, perspectives, and limits. Appl Microbiol Biotechnol.
2010;85(3):413–23.

21. Okino S, Suda M, Fujikura K, Inui M, Yukawa H. Production of D-lactic acid
by Corynebacterium glutamicum under oxygen deprivation. Appl Microbiol
Biotechnol. 2008;78:449–54.

22. Posfai G, Koob MD, Kirkpatrick HA, Blattner FR. Versatile insertion plasmids
for targeted genome manipulations in bacteria: isolation, deletion, and
rescue of the pathogenicity island LEE of the Escherichia coli O157:H7
genome. J Bacteriol. 1999;179:4426–8.

23. Shinkawa S, Okano K, Yoshida S, Tanaka T, Ogino C, Fukuda H, et al.
Improved homo L-lactic acid fermentation from xylose by abolishment of
the phosphoketolase pathway and enhancement of the pentose phosphate
pathway in genetically modified xylose-assimilating Lactococcus lactis.
Appl Microbiol Biotechnol. 2011;91:1537–44.

Lu et al. BMC Biotechnology  (2016) 16:19 Page 9 of 10



24. Tanaka K, Komiyama A, Sonomoto K, Ishizaki A, Hall S, Stanbury P.
Two different pathways for D-xylose metabolism and the effect of xylose
concentration on the yield coefficient of L-lactate in mixed-acid
fermentation by the lactic acid bacterium Lactococcus lactis IO-1.
Appl Microbiol Biotechnol. 2002;60(1):160–7.

25. Tokiwa Y, Calabia BP. Biodegradability and biodegradation of poly(lactide).
Appl Microbiol Biotechnol. 2006;72:244–51.

26. Tsuji H. Autocatalytic hydrolysis of amorphous-made polylactides: effects of
lactide content, tacticity, and enantiomeric polymer blending. Polymer.
2002;43:1789–96.

27. Utrilla J, Gosset G, Martinez A. ATP limitation in a pyruvate formate lyase
mutant of Escherichia coli MG1655 increases glycolytic flux to D-lactate.
J Ind Microbiol Biotechnol. 2009;36:1057–62.

28. Wang Y, Tian T, Zhao J, Wang J, Yan T, Xu L, et al. Homofermentative
production of d-lactic acid from sucrose by a metabolically engineered
Escherichia coli. Biotechnol Lett. 2012;34(11):2069–25.

29. Wang LM, Zhao B, Li FS, Xu K, Ma CQ, Li QG, et al. Highly efficient
production of D-lactate by Sporolactobacillus sp. CASD with simultaneous
enzymatic hydrolysis of peanut meal. Appl Microbiol Biotechnol.
2011;89:1009–17.

30. Zhao JF, Xu L, Wang Y, Zhao X, Wang J, Garza E, et al. Homofermentative
production of optically pure L-lactic acid from xylose by genetically
engineered Escherichia coli B. Microb Cell Factories. 2013;12:57.

31 Zhou S, Shanmugam KT, Ingram LO. Functional replacement of the
Escherichia coli d-(−)-lactate dehydrogenase gene (ldhA) with the l-
(+)-lactate dehydrogenase gene (ldhL) from Pediococcus acidilactici. Appl
Environ Microbiol. 2003;69(4):2237–44.

32. Zhou S, Yomano LP, Shanmugam KT, Ingram LO. Fermentation of 10 % (w/
v) sugar to D-lactate by engineered Escherichia coli B. Biotechnol Lett.
2005;27:1891–6.

33. Zhu Y, Eiteman MA, DeWitt K, Altman E. Homolactate fermentation by
metabolically engineered Escherichia coli strains. Appl Environ Microbiol.
2007;73(2):456–64.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Lu et al. BMC Biotechnology  (2016) 16:19 Page 10 of 10


	Abstract
	Background
	Results
	Conclusions

	Background
	Results and discussion
	Engineering of E. coli JH13 for optically pure D-lactic acid production
	Eliminating the glucose effect/catabolite repression
	Evolutionary engineering for improved cell growth and glucose utilization
	Co-utilization of glucose and xylose enhanced D-lactic acid production

	Conclusions
	Methods
	Bacterial strains, plasmids and media
	Genetic methods
	Evolutionary engineering
	Fermentations
	Analysis
	Abbreviations

	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References



