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We investigated metabolic engineering of fermentation pathways in Escherichia coli for production of opti-
cally pure D- or L-lactate. Several pta mutant strains were examined, and a pta mutant of E. coli RR1 which was
deficient in the phosphotransacetylase of the Pta-AckA pathway was found to metabolize glucose to D-lactate
and to produce a small amount of succinate by-product under anaerobic conditions. An additional mutation
in ppc made the mutant produce D-lactate like a homofermentative lactic acid bacterium. When the pta ppc
double mutant was grown to higher biomass concentrations under aerobic conditions before it shifted to the
anaerobic phase of D-lactate production, more than 62.2 g of D-lactate per liter was produced in 60 h, and the
volumetric productivity was 1.04 g/liter/h. To examine whether the blocked acetate flux could be reoriented to
a nonindigenous L-lactate pathway, an L-lactate dehydrogenase gene from Lactobacillus casei was introduced
into a pta ldhA strain which lacked phosphotransacetylase and D-lactate dehydrogenase. This recombinant
strain was able to metabolize glucose to L-lactate as the major fermentation product, and up to 45 g of L-lactate
per liter was produced in 67 h. These results demonstrate that the central fermentation metabolism of E. coli
can be reoriented to the production of D-lactate, an indigenous fermentation product, or to the production of
L-lactate, a nonindigenous fermentation product.

Lactate and its derivatives have been used in a wide range of
food-processing and industrial applications (8, 27). Because
lactate can be easily converted to strong, highly transparent,
and readily biodegradable polyesters, it is emerging as a po-
tential material for environmentally friendly plastics. As the
physical properties of polylactate depend on the isomeric com-
position of lactate (28), production of optically pure lactate is
a prerequisite for polymer synthesis in which lactate is used.

Lactate has been produced commercially either by chemical
synthesis or by fermentation (8). In contrast to chemical pro-
cesses, the fermentation process is able to produce the desired
stereoisomer. Many microorganisms produce D-lactate, and
some lactic acid bacteria, such as Lactobacillus bulgaricus, pro-
duce highly pure D-lactate (2). L-Lactate also has been pro-
duced by using lactic acid bacteria, such as Lactobacillus hel-
veticus, Lactobacillus amylophilus, and Lactobacillus delbruekii
(27). It has also been proposed that a mutant of the racemic
mixture producer L. helveticus defective in D-lactate dehydro-
genase (D-LDH) could be used for production of optically pure
L-lactate (3). As lactic acid bacteria have complex nutritional
requirements and very low growth rates (24), Rhizopus oryzae
and Bacillus laevolacticus have been proposed as alternative
producers (9, 25).

Escherichia coli has many advantageous characteristics as a
production host, such as rapid growth under aerobic and an-
aerobic conditions and simple nutritional requirements. More-
over, well-established protocols for genetic manipulation and a
large physiological knowledge base should enable the develop-
ment of E. coli as a host for production of optically pure D- or
L-lactate by metabolic engineering.

E. coli, a facultative anaerobe, carries out mixed-acid fer-

mentation of glucose in which the principal products are for-
mate (or CO2 and H2), acetate, D-lactate, succinate, and etha-
nol (4) (Fig. 1). Mutations in a specific fermentation pathway(s)
significantly affect the overall fermentation balance or by-prod-
uct pattern (6). It has been reported that pta mutants, which
are not able to synthesize phosphotransacetylase (Pta), neither
grow nor synthesize acetate anaerobically on glucose minimal
medium (13). Similarly, an alcohol dehydrogenase (ADH)-
negative adh mutant was not able to grow anaerobically on
glucose (7). However, adh pta double mutants were able to
grow anaerobically on glucose by lactate fermentation (14).
Therefore, the acetate pathway appears to be one of the target
pathways which can be manipulated to redirect the fermenta-
tion metabolic flux of E. coli to lactate production.

In this work, using pta mutants defective in the Pta-AckA
acetate production pathway, we investigated redirection of the
metabolic flux from the acetate pathway to D- or L-lactate
production. During anaerobic cultivation of the E. coli RR1 pta
ppc mutant, fermentative metabolism was redirected to D-lac-
tate production for recycling of NADH produced by glycolysis.
When L-LDH from Lactobacillus casei was introduced into a
pta ldhA mutant lacking enzymes leading to the production of
acetate and D-lactate, optically pure L-lactate was produced as
the major fermentation product. The lactate productivity was
increased by growing the cells first under aerobic conditions
before shifting them to anaerobic conditions, which are favor-
able for the production of lactate.

MATERIALS AND METHODS

Bacterial strains and plasmid. The bacterial strains and plasmid used in this
study are listed in Table 1. All of the cultivations were carried out with E. coli
RR1 and its derivatives. Each mutation in the pta, ppc, or ldhA gene was intro-
duced into E. coli RR1 by P1 transduction by using lysates of the appropriate
strain. The mutants constructed had stable phenotypes during cultivation, as
confirmed by resistance to antibiotics and by by-product patterns on M9 medium
containing glucose. To construct a ppc strain, the structural gene of phosphoenol-
pyruvate carboxylase was cloned by PCR performed with primers designed on

* Corresponding author. Mailing address: Bioprocess Engineering
Division, Korea Research Institute of Bioscience and Biotechnology,
Yusong, Taejon 305-600, Korea. Phone: 82 42 860 4484. Fax: 82 42 860
4594. E-mail: jgpan@kribb4680.kribb.re.kr.

1384



the basis of the previously published sequence (12). The resulting PCR product
of the ppc gene was inserted into plasmid pUC19 to obtain pKJE15. The ppc
gene on plasmid pKJE15 was inactivated by inserting a cat gene at the StuI site.
To integrate the ppc::cat marker into the chromosome, this plasmid was trans-
formed into strain JC7623. Cmr transformants were isolated, and the Ppc2

phenotype was confirmed by an enzyme assay. The ppc::cat marker on the
chromosome was then transduced into RR1 derivatives by P1 transduction.
Plasmid pLS65, a gift from M. Y. Park (Korea Advanced Institute of Science and
Technology, Taejon, Korea), contained an L-LDH gene from L. casei, which was
constitutively expressed in E. coli (16).

Media and culture conditions. Luria-Bertani medium (22) supplemented with
15 g of glucose per liter was used to select the host strain suitable for metabolic
engineering. M9 medium (22) containing 18 g of glucose per liter was used to
characterize the mutants by in vivo nuclear magnetic resonance (NMR). The
medium used for fed-batch cultivation of each strain to produce D- or L-lactate
contained (per liter) 50 g of glucose, 5.0 g of NH4Cl, 1.5 g of KH2PO4, 0.5 g of
MgSO4, 10 g of tryptone (Difco), 5 g of yeast extract (Difco), 300 mg of thiamine z
HCl, and 1 ml of a trace element solution. The trace element solution contained
(per liter) 10 g of Na3C6H5O7 z 2H2O, 13.2 g of CaCl2 z 2H2O, 8.4 g of FeSO4 z
H2O, 2.4 g of MnSO4 z 4H2O, 2.4 g of ZnSO4 z H2O, 0.48 g of CuSO4 z 5H2O,
0.48 g of CoCl2 z 6H2O, 0.24 g of MoO4 z 2H2O, and 0.06 g of K2B4 z xH2O. When
necessary, ampicillin (100 mg/liter), kanamycin (35 mg/liter), tetracycline (5 mg/
liter), and chloramphenicol (34 mg/liter) were added to the culture broth. Most
of the cultivations were carried out in a 3-liter fermentor (Korea Fermentor Co.,
Inchon, Korea) with a 1.5-liter working volume. For fed-batch addition of glu-
cose, 60 ml of an 800-g/liter glucose solution was added to the culture medium
when the residual glucose concentration was below 10 g/liter. The fermentor was
operated at an aeration rate of 0.5 to 1.0 vol/vol/min (vvm) and an agitation
speed of 500 to 1,000 rpm in order to maintain the dissolved oxygen level above
20% during aerobic cultivation. Anaerobic conditions were maintained by flush-
ing with oxygen-free nitrogen gas at a flow rate of 0.1 vvm. The temperature and
pH were maintained at 37°C and 7.0, respectively.

Analysis. Optical density at 600 nm was measured with a Spectronic 21 col-
orimeter (Milton Roy Co., Rochester, N.Y.), and the dry cell weight was deter-
mined gravimetrically after the culture broth was centrifuged, washed with dis-
tilled water, and dried overnight at 105°C. One optical density unit was found to
be equivalent to 0.56 6 0.1 g (dry weight) of cells per liter. Concentrations of
residual glucose were determined with a glucose analyzer (model 2300; YSI Co.,
Yellow Springs, Ohio). The amounts of fermentation acids, such as acetate,
formate, lactate, pyruvate, and succinate, were determined by using a high-pres-
sure liquid chromatograph equipped with a UV detector (Gilson Co., Villiers le
Bel., France) and an Aminex HPX-87H column (Bio-Rad, Hercules, Calif.);
chromatography was performed at 30°C, and compounds were eluted (elution
rate, 0.5 ml/min) with 8 mM sulfuric acid. The concentrations of formate, eth-
anol, acetate, D- and L-lactate, pyruvate, and succinate were also determined with
enzymatic test kits (Boehringer Mannheim GmbH, Mannheim, Germany). All
determinations were performed in triplicate.

NMR. The NMR experiments were modeled on the work of Alam and Clark
(1), who monitored the synthesis of fermentation products by obtaining in vivo
NMR scans of whole cultures. E. coli cells, which were grown to a density of 5 3

108 cells/ml in M9 medium in the presence of 18 g of glucose per liter and the
required growth factors, such as thiamine (300 mg/liter), proline (10 mg/liter),
and leucine (10 mg/liter), were collected by centrifugation at 5,000 3 g for 2 min
at 4°C. The cell pellets were washed twice with M9 buffer and resuspended in the
medium used for cultivation. Five-nanometer NMR tubes were filled with the
cell suspensions, placed in a BBL GasPak anaerobic system (Becton Dickinson
and Co., Cockeysville, Md.), and incubated at 37°C for 4 h. Proton NMR spectra
were obtained by using a Varion UNITY spectrometer operating at 500 MHz
(Korea Basic Science Institute, Taejon, Korea). The water peak was suppressed,
the field was locked onto the solvent D2O, and the internal reference was the
H2O peak defined as 4.65 ppm. Dimethyl sulfone (100 mM) was used as an
internal standard (3.12 ppm) for the quantification of the fermentation products.
The relative amount of a product was normalized by using the amount of glucose
consumed and the amount of product, as calculated from the product/internal
standard ratio.

RESULTS

Balance of fermentation products in a pta mutant of E. coli
RR1. Acetate is one of the major fermentation products of
E. coli, and the level of acetate that accumulated was different
in each E. coli strain (19). Even the mutants which were de-
fective in the Pta-AckA acetate production pathway secreted
acetate in the presence of glucose (10). In order to select a host
strain suitable for redirection of acetate metabolism, we com-
pared the levels of anaerobic acetate produced on Luria-Ber-
tani medium supplemented with 15 g of glucose per liter by five
pta mutants which were constructed from commonly used
strains of E. coli, including W3110, HB101, MC4100, BL21
(DE3), and RR1. In order to construct pta mutants, each
strain was transduced with P1 grown on BW16777, which car-
ries TnphoA9-3 in the pta gene. One of the resultant mutants,
a mutant containing a pta allele of RR1 (JP201), was selected
for further study because it produced the smallest amount of
acetate and had the highest conversion yield for D-lactate (data
not shown).

The anaerobic fermentation balances of JP201 and its parent
strain, RR1, in M9 medium supplemented with 18 g of glucose
per liter were compared by performing an in vivo NMR anal-
ysis as described in Materials and Methods (Fig. 2). E. coli
RR1 produced a mixture of acetate, ethanol, D-lactate, and
succinate from glucose. A peak due to formate was found

FIG. 1. Schematic diagram of the fermentation pathways in E. coli. Gene
designations: ackA, acetate kinase gene; adhE, ADH gene; ldhA, D-LDH gene;
pfl, pyruvate-formate lyase gene; ppc, phosphoenolpyruvate carboxylase gene;
pta, Pta gene.

TABLE 1. Bacterial strains and plasmid used

Strain or
plasmid Relevant characteristics Source and/or

reference

E. coli strains
W3110 F2 IN(rrnD-rrnE)1 B. Bachmann
BL21(DE3) hsdS gal (lcIts857 ind1 Sam7

nin5 lacUV5-T7 gene 1)
Lab collection

HB101 supE44 hsdS20(rB
2mB

2) recA13
ara-14 proA2 lacY1 galK2
rpsL20 xyl-5 mtl-1

Lab collection

MC4100 F2 araD139 D(argF-lac)U169
rpsL relA deoC ptsF rbsR flbD

B. Bachmann

RR1 supE44 hsdS20(rB
2mB

2) ara-14
proA2 lacY1 galK2 rpsL20
xyl-5 mtl-1

Lab collection

BW1677 pta::TnphoA9-3 B. Wanner
CP993 OW1 F(pta-1::Tn10-lacZ) C. Park (23)
NZN117 LCB320 ldhA::Kan D. P. Clark (5)
KJE103 W3110 ppc::cat Lab collection
JP201 RR1 pta::TnphoA9-3 P1 (BW16777) 3 RR1
JP202 RR1 F(pta-1::Tn10-lacZ) P1 (CP993) 3 RR1
JP203 RR1 pta::TnphoA9-3 ppc::cat1 P1 (KJE103) 3 JP201
JP204 RR1 F(pta-1::Tn10-lacZ)

ldhA::Kan
P1 (NZN117) 3 JP202

JP205 RR1 F(pta-1::Tn10-lacZ)
ldhA::Kan ppc::cat

P1 (KJE103) 3 JP204

Plasmid pLS65 L-LDH gene from L. casei M. Y. Park (16)
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downfield at 7.5 ppm (not shown in Fig. 2). The relative
amounts of the products are shown in Table 2. Introduction of
the pta mutation resulted in a large decrease not only in the
production of acetate but also in the production of ethanol and
formate; the amount of acetate formed in JP201 was one-tenth
the amount formed in the parent strain, and the amounts of
formate and ethanol produced by JP201 were one-fourteenth
and one-eighth, respectively, the amounts produced by the
parent strain. Although the adhE gene of JP201 was not ma-
nipulated, production of ethanol also decreased significantly,
possibly due to the tight linking of acetate production and
ethanol production (14). In contrast to these fermentation end
products, the amount of D-lactate that accumulated increased
significantly; D-lactate became the major fermentation product
and represented about 80% of the total carbon found in fer-
mentation products (Table 2). Formation of succinate also
increased slightly (by 1.5-fold). As the fluxes of formate, ace-
tate, and ethanol decreased significantly, the NADH produced

from glycolysis had to be oxidized to NAD1 by lactate fermen-
tation from pyruvate by strain JP201.

D-Lactate production with a pta mutant of E. coli RR1. In
order to determine the potential of the pta mutant as a host for
production of optically pure D-lactate, JP201 was cultivated an-
aerobically with intermittent addition of glucose (Fig. 3). The
maximum biomass concentration obtained was 0.9 g/liter, and
47 g of D-lactate per liter was produced in 150 h, indicating that
JP201 metabolized glucose by D-lactate fermentation. Whereas
D-lactate was produced efficiently under anaerobic culture con-
ditions, E. coli can grow faster and reach higher biomass con-
centrations under aerobic conditions. Therefore, growing cells
to a higher concentration under aerobic conditions before shift-
ing them to the anaerobic D-lactate production phase should
result in an improvement in the volumetric productivity by in-
creasing the biomass concentration and thus reducing the total
fermentation time. As shown in Fig. 4, after 10 g of dry cell
mass per liter was obtained during aerobic cultivation, the
culture was shifted to anaerobic conditions by flushing the bio-

FIG. 2. NMR scans of E. coli RR1 (A) and its pta mutant (B). Cultures were
incubated anaerobically in minimal medium containing glucose and auxotrophic
amino acids, including proline and leucine. Abbreviations: A, acetate; E, ethanol;
L, lactate; P, pyruvate; S, succinate.

FIG. 3. Production of D-lactate with the E. coli RR1 pta mutant under an-
aerobic conditions. The experiment was performed in duplicate, and the stan-
dard deviations were less than 10%. Symbols: E, cell dry weight; h, glucose
concentration (intermittent feeding); }, D-lactate concentration.

FIG. 4. Production of D-lactate with the E. coli RR1 pta mutant grown
initially under aerobic conditions. The dotted line indicates the time when the
culture was shifted to anaerobic conditions. The experiment was performed in
triplicate, and the standard deviations were less than 10%. Symbols: E, cell dry
weight; h, glucose concentration (intermittent feeding); }, D-lactate concentra-
tion; Œ, succinate concentration.

TABLE 2. Fermentation balances of E. coli RR1
and its pta mutanta

Carbon source
or product

Relative amt consumed
or produced by:

RR1 JP201

Glucose (carbon source) 1.00 (13.1)b 1.00 (20.3)
Products

Acetate 0.60c 0.06
Ethanol 0.58 0.07
Lactate 0.26 1.52
Succinate 0.13 0.19
Pyruvate 0.03 0.02
Formate 1.13 0.08

a Fermentation balances were determined relative to a value of 100 per di-
methyl sulfone, which was the internal standard used in all NMR experiments
performed in this study. All measurements were obtained in triplicate and were
independent. The standard deviations were less than 10%.

b The values in parentheses are millimoles of glucose consumed.
c Millimole of product (as quantified by NMR) per millimole of glucose con-

sumed.
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reactor with oxygen-free nitrogen gas. As a result, 60 g of D-
lactate per liter was produced in 56 h. When partially anaero-
bic conditions instead of anaerobic conditions were maintained
by reducing the agitation speed to 300 rpm and the aeration
rate to 0.2 vvm, a similar level of D-lactate was produced in 72 h
(data not shown). In all of these production processes, succi-
nate accumulated as the major by-product and accounted for
up to 15% of the D-lactate, as shown in Fig. 4.

Homofermentative D-lactate production with an E. coli RR1
pta ppc mutant. To prevent accumulation of succinate, a mu-
tation in the gene for phosphoenolpyruvate carboxylase, the
branch point leading to succinate synthesis, was introduced
into JP201. The resulting pta ppc double mutant of E. coli RR1,
JP203, was tested for production of D-lactate without succinate
formation. When we used the medium and cultivation strategy
used for the production of D-lactate with JP201, D-lactate was
produced at concentrations up to 62.2 g/liter in 60 h with no
accumulation of succinate. It is notable that JP203 entered the
stationary phase earlier than JP201 entered this phase and that
the biomass concentration was only 4 g/liter, whereas the
JP201 biomass concentration was 10 g/liter. Although the bio-
mass concentration was much lower than that of the pta mutant
(Fig. 5), the volumetric productivity of this process was equiv-
alent to that of the process in which the pta mutant was used
(1.04 versus 1.09 g/liter/h). The yield in the D-lactate produc-
tion phase was close to 0.9 g of D-lactate per g of glucose. This
result demonstrated that the pta ppc double mutant metabo-
lized glucose exclusively to D-lactate, like a homofermentative
lactic acid bacterium.

L-Lactate production with E. coli RR1 pta ldhA harboring an
L-LDH gene from L. casei. As shown above, pta mutants of
E. coli RR1 were able to achieve a redox balance during an-
aerobic metabolism of glucose by D-lactate fermentation. In
order to examine whether the foreign L-lactate pathway could
replace the indigenous D-lactate pathway in the pta mutants,
plasmid pLS65, which contained the L-LDH gene from L. casei,
was introduced into JP203. However, the recombinant strain
produced only D-lactate and did not produce L-lactate (data
not shown). To prevent the production of D-lactate, an ldhA
mutation from NZN117 was transduced into the pta mutant.
Because the antibiotic marker of the ldhA mutation from

NZN117 was kanamycin and thus was same as the antibiotic
marker of the pta mutation in JP201, we transduced the ldhA
mutation into another pta mutant of E. coli RR1 which was
resistant to tetracycline, JP202. The resulting pta ldhA double
mutant, JP204, fermented glucose to produce a mixture of etha-
nol, formate, acetate, pyruvate, and succinate (Fig. 6a and Ta-
ble 3). As disruption of ldhA in a pta mutant should eliminate
the alternative pathway which could oxidize NADH, excretion
of pyruvate should be a response to disturbed metabolism of
pyruvate and NADH. When plasmid pLS65 harboring the L-
LDH gene from L. casei was introduced into JP204, L-lactate
was produced as the major anaerobic product (Fig. 6b). In this
recombinant strain, secretion of pyruvate disappeared and for-
mation of formate and ethanol was reduced compared to the
plasmid-free host strain. L-Lactate contained 75% of the car-
bon found in the fermentation products (Table 3).

FIG. 5. Homofermentative production of D-lactate with the E. coli RR1 pta
ppc double mutant. The dotted line indicates the time when the culture was
shifted from aerobic conditions to anaerobic conditions. The experiment was
performed in triplicate, and the standard deviations were less than 10%. Sym-
bols: E, cell dry weight; h, glucose concentration; (intermittent feeding); },
D-lactate concentration; Œ, succinate concentration.

FIG. 6. NMR scans of the E. coli RR1 pta ldhA double mutant (A) and the
recombinant strain harboring plasmid pLS65 (L-LDH) (B). Cultures were incu-
bated anaerobically in minimal medium supplemented with glucose and auxo-
trophic amino acids, including proline and leucine. Abbreviations: A, acetate; E,
ethanol; L, lactate; P, pyruvate; S, succinate.

TABLE 3. Fermentation balances of the E. coli RR1 pta
ldhA mutant and its recombinant harboring

foreign L-LDH from L. caseia

Carbon source
or product

Relative amt consumed
or produced by:

JP204 JP204(pLS65)

Glucose (carbon source) 1.00 (12.2)b 1.00 (12.5)
Products

Acetate 0.12c 0.04
Ethanol 0.42 0.24
Lactate 0.00 0.72
Succinate 0.25 0.20
Pyruvate 0.36 0.00
Formate 0.44 0.21

a Fermentation balances were determined relative to a value of 100 per di-
methyl sulfone, which was the internal standard used in all NMR experiments
performed in this study. All measurements were obtained in triplicate and were
independent. The standard deviations were less than 10%.

b The numbers in parentheses are millimoles of glucose consumed.
c Millimole of product (as quantified by NMR) per millimole of glucose con-

sumed.
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We tried to overproduce L-lactate by using the fermentation
strategy used for D-lactate production. JP204 harboring plas-
mid pLS65 was grown aerobically for 12 h to a biomass con-
centration of 7.2 g/liter, and after the culture was shifted to
anaerobic conditions, 45 g of L-lactate per liter was produced
from 65 g of glucose per liter in 67 h (Fig. 7). Again, in this
process succinate accumulated as the major by-product at lev-
els corresponding to up to 12% of the L-lactate produced. To
prevent succinate production, a ppc mutation was introduced
by P1 transduction into L-lactate-producing strain JP204. The
resulting strain, JP205, a pta ldhA ppc mutant harboring the
L-LDH gene from L. casei, exhibited defects in aerobic growth;
the maximum biomass concentration reached was only 3.3 g/
liter, compared to 7.2 g/liter for control strain JP204. Growth
could not be restored by adding any nutrient, including yeast
extract, NH4Cl, KH2PO4, and the trace element solution.
When the culture was shifted to anaerobic conditions, only
4.18 g of L-lactate per liter was produced in 33 h (data not
shown). The volumetric glucose consumption rate was 0.35 g/
liter/h, and the productivity of L-lactate was 0.146 g/liter/h. To
produce pure L-lactate without coproduction of succinate, op-
timization of the medium and the culture strategy used for
strain RR1 pta ppc ldhA harboring plasmid pLS65 are re-
quired.

DISCUSSION

In this work, an E. coli RR1 pta mutant was used as the host
for production of optically pure D- or L-lactic acid. A pta ppc
mutant was able to metabolize glucose exclusively to D-lactate
under anaerobic conditions, and a pta ldhA mutant harboring
the L-LDH gene from L. casei produced optically pure L-lac-
tate as the major fermentation product.

The key issue in anaerobic growth is recycling of NADH by
conversion of pyruvate to fermentation products, so that gly-
colysis may continue (4, 6). The ratio of the products in a
mixed-acid fermentation varies according to the nature of the
substrate so that the amount of NADH produced corresponds
to the amount of NADH consumed due to excretion of fer-
mentation products (4, 6). Glucose produces two molecules of
NADH when it is converted to pyruvate. During anaerobic
growth, E. coli metabolizes pyruvate to acetyl coenzyme A

(acetyl-CoA) by means of pyruvate-formate lyase with release
of formate (4, 21). Acetyl-CoA is further metabolized to ace-
tate or ethanol. Because no NADH is oxidized in the acetate
pathway, whereas two molecules of NADH are recycled in the
ethanol pathway, the fermentation of glucose could be bal-
anced by production of a 50:50 mixture of ethanol and acetate
(Fig. 1). The significance of this balance is illustrated by the
fact that the mutants defective in pta or adhE were not able to
grow on glucose anaerobically (7, 13). When we compared the
fluxes of fermentation products in E. coli RR1 and its pta or
ackA mutants, we found that the fluxes of formate and ethanol
were directly proportional to the acetate flux, which suggested
that the flux of the fermentation products, ethanol and for-
mate, could be regulated by restriction of the acetate flux (14).

Although the pta mutants had been reported to be unable to
grow anaerobically on glucose (13), Gupta and Clark found
that some of the pta mutants showed significant anaerobic
growth and produced an unusually large amount of succinate
along with a somewhat increased proportion of lactate (14).
Moreover, these workers showed that the double mutant strain
lacking both ADH and Pta regained the ability to grow anaer-
obically on glucose by lactate fermentation (14). The pta mu-
tant of E. coli RR1 constructed in this work (JP201) was able
to grow anaerobically and to ferment glucose mainly to D-lac-
tate in the presence of complex medium, whereas it did not
grow anaerobically on glucose minimal medium. The produc-
tion of ethanol, as well as the production of acetate, decreased
significantly even though ADH was not eliminated by mutation
(Table 2).

The proportion of lactate in the mixed-acid fermentation
increased under low-pH conditions, because the fermentative
LDH was induced by a combination of acidity and anaerobiosis
(6, 20). Although E. coli contains three LDHs, only one of
them is responsible for fermentative conversion of pyruvate to
lactate (15, 17, 26). The other two LDHs are required for
aerobic growth on D- or L-lactate (15, 17). The fermentative
LDH is specific for the production of D-lactate and is activated
by an increased concentration of pyruvate (26). Greatly re-
duced production of acetate and ethanol in the pta mutant
should result in the accumulation of acetyl-CoA, which in turn
should shift the equilibrium of pyruvate-formate lyase in the
reverse direction. Also, it has been noted previously that pta
mutants express reduced levels of pyruvate-formate lyase (18).
As a result, the intracellular concentration of pyruvate in a pta
mutant increases, which activates the fermentative LDH gene.
Moreover, Bunch et al. reported that when they isolated mu-
tants whose expression of fermentative LDH increased and
became independent of the pH of the medium, some of the
mutants were pta mutants (5). Therefore, increased expression
of the ldhA gene due to mutation in pta and activation of LDH
by an elevated concentration of pyruvate should make the
LDH pathway the major fermentation pathway.

Not only the indigenous D-lactate pathway but also the for-
eign L-LDH pathway was found to function as the major
NADH-oxidizing pathway so that anaerobic metabolism could
continue. A pta ldhA double mutant did not produce acetate or
D-lactate but produced pyruvate and succinate. Introduction
of the L-LDH gene from L. casei into this mutant resulted in
production of L-lactate as the major fermentation product, and
thus the accumulation of pyruvate and succinate was eliminat-
ed. These results show that any fermentation pathway which
is able to achieve a redox balance can replace the indigenous
fermentation pathway(s) of E. coli. Therefore, mutants can be
developed as useful hosts not only for production of D- or
L-lactate but also for production of any indigenous or nonin-
digenous metabolites requiring the cofactor balances.

FIG. 7. Production of L-lactate with the E. coli RR1 pta ldhA double mutant
harboring plasmid pLS65 (L-LDH). The dotted line indicates the time when the
culture was shifted from aerobic conditions to anaerobic conditions. The exper-
iment was performed in triplicate, and the standard deviations were less than
10%. Symbols: E, cell dry weight; h, glucose concentration (intermittent feed-
ing); }, L-lactate concentration.
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There are many advantages of using E. coli as a host for
production of lactic acid, such as the ability of this organism to
produce optically pure lactate, its rapid growth under both
aerobic and anaerobic conditions, its ability to metabolize var-
ious carbon sources, and its simple nutritional requirements.
Because E. coli has only one fermentative LDH (D-lactate
specific), it could be easily developed as a host for production
of optically pure D- or L-lactate by metabolic engineering. The
pta mutant of E. coli RR1 metabolized glucose mainly to D-
lactate with a conversion yield of 0.80 g of D-lactate per g of
glucose (Fig. 3). In the D- or L-lactate-producing E. coli strains
constructed in this work, succinate was a major by-product,
accounting for up to 15% of the total carbon of the products.
Therefore, mutants defective in succinate production as well as
in the pta gene were required; the resulting pta ppc double mu-
tant metabolized glucose exclusively to D-lactate, like a homo-
fermentative bacterium (Fig. 4). The production yield for D-
lactate was as high as 0.9 g of lactate per g of glucose. However,
the growth defect of the ppc mutant should be noted and un-
derstood since ppc mutants cannot produce oxaloacetate from
phosphoenolpyruvate, which makes ppc mutants auxotrophic
for a dicarboxylic acid, such as succinate (11).

Other advantageous characteristics of E. coli, namely, the
rapid growth of this organism and its ability to maintain met-
abolic activity under both aerobic and anaerobic conditions,
were used to develop the process. E. coli grows faster and eas-
ily reaches a higher biomass concentration under aerobic con-
ditions than under anaerobic conditions. Therefore, the D- or
L-lactate-producing strains were grown to higher biomass con-
centrations under aerobic conditions before the anaerobic pro-
duction phase was started, which reduced the fermentation
time, thus improving productivity. As a result, the volumetric
productivity was improved from 0.313 to 1.09 g/liter/h in the
case of D-lactate production. Although the level of productivity
of the E. coli process is still low compared with previously
reported values (9, 27), it can be further improved by increas-
ing the biomass concentration and optimizing the production
conditions. Separation of the growth phase and the production
phase should be advantageous in designing more flexible pro-
cesses. In summary, we demonstrated in this work that E. coli
pta mutants can be used as hosts for production of optically
pure D- or L-lactate. Combined with the advantageous charac-
teristics of E. coli, metabolically engineered strains should pro-
vide powerful tools for the production of useful metabolites.
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