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Abstract Lactic acid (LA) is an important and versatile
chemical that can be produced from renewable resources
such as biomass. LA is used in the food, pharmaceutical,
and polymers industries and is produced by microorganism
fermentation; however, most microorganisms cannot direct-
ly utilize biomass such as starchy materials and cellulose.
Here, we summarize LA production using several kinds of
genetically modified microorganisms, such as LA bacteria,
Escherichia coli, Corynebacterium glutamicum, and yeast.
Using gene manipulation and metabolic engineering, the
yield and optical purity of LA produced from biomass has
been significantly improved. In this review, the drawbacks
as well as improvements of LA production by fermentation
is discussed.
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Introduction

Today, fossil resources are widely used to produce
electricity, heat, and transportation fuels, as well as the
vast majority of chemicals. During the twentieth century,
continuous scientific and technological developments have
led to ongoing refinements in these areas, resulting in
highly optimized and efficient technologies (Christensen et
al. 2008). Unfortunately, such refinements have contributed
to the exhaustion of fossil resources and serious environ-
mental problems, as represented by global warming. From
this standpoint, the replacement of petroleum-derived
transportation fuels and chemicals with those from biomass
is vital for sustaining the growth of the chemical industry
and society (Dodds and Gross 2007).

Lactic acid (LA) is an important and versatile chemical
that can be produced from biomass and used as an
acidulant, flavor enhancer, and preservative in the food,
pharmaceutical, leather, and textile industries, as well as for
the production of base chemicals (Hofvendahl and Hahn-
Hagerdal 2000). LA has attracted considerable attention for
polymerization to poly LA (PLA). As LA has two optical
isomers (D- and L-LA) and its optical purity is crucial to the
physical properties of PLA, the production of enantiomeric
pure D- or L-LA is an important goal. In addition,
stereocomplex PLA, which is composed of both poly D-
and L-LA, is known to have high thermostability.
Stereocomplex-type polymers show a high melting point
(ca. 230 °C) that is approximately 50 °C higher compared
with the respective single polymers (Ikada et al. 1987).
Therefore, there is demand for both D- and L-LA, but LA
produced by microbial fermentation employing LA bacteria
(LAB), instead of by chemical synthesis, generally results
in a mixture of both D- and L-LA (Wee et al. 2006).
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Although demand for PLA has expanded, its current
production capacity of 450 million kilograms per year
(Christensen et al. 2008) is dwarfed by the 200 billion
kilograms per year of total plastics produced. This low
production volume is due for the most part to high
manufacturing costs. On an industrial scale, the manufac-
turing cost of the LA monomer is targeted to be less than
0.8 US$/kg, as the selling price of PLA must decrease by
roughly half of its present price of 2.2 US$/kg to compete
with fossil-fuel-based plastics (Wee et al. 2006). Thus, the
majority of the cost of manufacturing PLA is occupied by
LA monomer production costs.

One bottleneck for cost-efficient LA production is the
cost of pretreatment of raw materials. Currently, starchy
materials are promising raw materials as they are relatively
abundant and low in price. However, they must be
saccharificated by physicochemical and enzymatic treat-
ment using amylolytic enzymes such as o-amylase and
glucoamylase because most LAB cannot utilize starchy
materials directly (Narita et al. 2004). As pretreatments
make the whole process cost-inefficient, direct fermentation
of starchy materials would reduce the cost of LA
production. Utilization of lignocellulose is also expected
in the future. Although lignocellulose is inedible and
represents one of the most abundant and inexpensive
biomass sources in the world, its utilization is more difficult
than starchy materials. This is because lignocellulose
contains as its main component cellulose, which is a
persistent polymer whose degradation requires physico-
chemical pretreatments and multi-enzymatic reactions
employing endoglucanase (EG), cellobiohydrolase (CBH),
and 3-glucosidase (BGL; Okano et al. 2009c). Its second-
ary abundant component, hemicellulose, contains consider-
able amounts of pentose sugars such as xylose and
arabinose, which are unavailable to most microorganisms
(Tanaka et al. 2002).

The other bottlenecks for cost-efficient LA production
are the separation and purification processes of LA after
fermentation. A low pH has inhibitory effects on cell
growth and LA production during LA fermentation, and
most Lactobacillus sp. cannot grow and produce LA below
pH 4, although the pKa of LA is 3.78 (Adachi et al. 1998).
Therefore, neutralizing agents such as CaCO;, NaOH, or
NH,4OH must be added to keep the pH at a constant value.
This requires processing for the regeneration of precipitated
lactates (Porro et al. 1995). Moreover, the use of complex
media such as yeast extract and corn steep liquor hampers
not only separation but also purification of LA.

Thus, there are many challenges for industrial mass
production of LA as a raw material for PLA production.
However, satisfying these requirements is very difficult
through the traditional use of LAB. Therefore, improving
LAB via gene modification has become an essential and
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interesting research area. In addition, movements to use other
microorganisms such as Escherichia coli, Corynebacterium
glutamicum, and yeast for LA production via gene modifi-
cation have also arisen (Zhou et al. 2003a; Okino et al. 2008;
Ishida et al. 2005). Although LAB has attracted the most
attention as an LA producer, other organisms can also
produce LA with high yield and productivity.

In this review, we mainly focused on LA production
using genetically modified (GM)-microorganisms and dis-
cussed recent achievements, perspectives, and limits that
concern the production of enantiomeric pure LA from
renewable resources.

Lactic acid bacteria

LAB has been traditionally used for LA production and is
still the predominant candidate for industrial LA production
as a raw material for PLA. Varying by species, enantio-
meric pure L-LA can be produced by species such as
Lactobacillus rhamnosus and Lactococcus lactis, while D-
LA can be produced by species such as Lactobacillus
delbrueckii (Hofvendahl and Hahn-Hagerdal 2000). In
addition, LBA can produce LA with high yield and high
productivity (Litchfield 1996). Interestingly, in some
environments, many wild amylolytic LAB (ALAB) have
been isolated (Giraud et al. 1994; Guyot et al. 2000; Narita
et al. 2004). Using such ALAB, many researchers have
attempted direct LA production from starchy materials. As
shown in Table 1, although direct LA production from
starch has been achieved, LA productivity is not practical
according to most reports. Lactobacillus manihotivorans
LMG 18010 can produce L-LA from starch with a high
optical purity of 98.0%, but its yield is significantly low at
0.67 (gram per gram of consumed sugar; Guyot et al.
2000), and Lactobacillus plantarum A6 can produce LA
with a high yield of 0.84, but it produces a mixture of L-
and D-LA that is not suitable for PLA synthesis (Guyot et
al. 2000). In one of the few successful studies, Streptococ-
cus bovis 148 was found to produce L-LA from raw corn
starch with a high yield of 0.88 and a relatively high optical
purity of 95.6% (Narita et al. 2004). However, screening for
useful ALAB is both time-consuming and difficult.

To overcome such problems, recent studies have applied
recombinant strategies. Okano et al. (2007) attempted
expression of o-amylase from S. bovis 148 (AmyA; Satoh
et al. 1993) that efficiently degraded raw starch with the aid
of a C-terminal starch-binding domain (Matsui et al. 2007)
in L. lactis IL 1403 that produces L-LA with high yield and
high optical purity (Hofvendahl and Hahn-Hégerdal 1997).
The resulting recombinant L. lactis strain IL 1403/pCUSxA
successfully secreted AmyA and directly produced L-LA
from soluble starch with a high yield of 0.89 and an optical
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Tanaka et al. 2002). This common intermediate, X5P, is
converted to equimolar amounts of LA and acetic acid (AA;
3:2 in gram order) via the phosphoketolase pathway (PK
pathway; Tanaka et al. 2002). This low yield of LA is an
undesirable feature. Recently, Tanaka et al. (2002) have
shown that L. lactis 10-1 has another pathway for X5P
assimilation, the pentose phosphate pathway (PP pathway),
in addition to the PK pathway. Since 5 mol of LA is
produced from 3 mol of X5P through this pathway, L. lactis
IO-1 is capable of producing L-LA at high yield of 0.68
over 0.60 that is the theoretical yield via the PK pathway
(Table 2). This interesting finding indicated the possibility
of homogenous LA fermentation from pentose sugars by
metabolic engineering. In L. plantarum AldhLl that can
originally assimilate arabinose via the PK pathway and
exclusively produces D-LA (Okano et al. 2009b), redirec-
tion of the PK pathway to the PP pathway was examined.
The endogenous phosphoketolase 1 gene (xpkl) that
encodes phosphoketolase was replaced with a heterologous
transketolase gene (¢kf) from L. lactis IL 1403 (Okano et al.
2009a). In the resulting strain L. plantarum AldhL1-xpkl::
tkt, AA production was almost abolished, and this strain
produced 38.6 g/l of D-LA from 50 g/l of arabinose with a
high yield of 0.82, and the optical purity of D-LA was
99.9% while produced AA was only 0.4 g/l (Table 2).

Homogenous LA production from xylose was also
achieved by disruption of the phosphoketolase 2 gene (xpk2)
that is presumed to be expressed in the presence of xylose
and with the introduction of a plasmid for the expression of a
xylose isomerase gene (xyl4) and xylulose kinase gene
(xyIB) from L. pentosus NRIC 1069 in L. plantarum
AldhL1-xpkl::tkt (Okano et al. 2009a). Using the resultant
strain L. plantarum AldhLI-xpkl::tkt-Axpk2, 41.2 g/l of D-
LA was produced from xylose with a high yield of 0.89 and
an optical purity of 99.2%, while produced AA was only
1.0 g/l (Table 2). As described above, homogenous LA
production can be accomplished by metabolic engineering of
the X5P assimilation pathway. There are a few LAB, such as
L. lactis SHO-47 and SHO-54, that can assimilate xylooli-
gosaccharides such as xylobiose to xylohexaose (Ohara et al.
2006). By introducing such characteristics into a homoge-
nous LA producer for pentose, homogenous LA production
from larger components of hemicellulose could be possible.

Direct production of optically pure LA from a huge
variety of mono-, oligo-, or polysaccharides may therefore
be possible with a high yield. Thus, cost-efficient LA
production is feasible from the view of LA fermentation.
However, LAB requires complex nutrients due to their
limited ability to synthesize B-vitamins and amino acids
(Hofvendahl and Hahn-Hégerdal 2000), and this results in
cost-inefficient LA purification. From both a view of
metabolic engineering and purification, solutions to this
problem should be studied.
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E. coli

Compared to LAB, E. coli does not require a complex
medium and can grow in a simple mineral salt medium. In
addition, E. coli can naturally utilize both hexose and
pentose sugars (Zhou et al. 2003a). The main problem for
LA production in E. coli is improving LA yield, since E.
coli produces a mixture of organic acids (D-LA, AA,
succinic acid (SA), and formic acid (FA)) and ethanol to
accommodate the reducing equivalents generated during
glycolysis (Fig. 2; Zhou et al. 2003a).

Successful b-LA production using recombinant E. coli
was first reported by Chang et al. (1999). A mutation only
in the phosphotransacetylase gene (pta) significantly im-
proved LA yield. Mutant strain JP201 produced approxi-
mately sixfold more D-LA than parental strain RRI.
Interestingly, not only production of AA but also produc-
tion of FA and ethanol were almost blocked. This
phenomenon is considered to be due to reduced levels of
pyruvic acid (PA)-FA lyase (PFL) in the pta mutant (Chang
et al. 1999). As a result, production of AA, FA, and ethanol
was suppressed, and accumulating PA provoked activation
of LDH (Tarmy and Kaplan 1968). In fed-batch fermenta-
tion from glucose, this strain produced 60 g/l of D-LA
(Table 3) with a yield of 0.8, while SA was simultaneously
produced (ca. 9 g/l). To prevent accumulation of SA, a
mutation in the gene for phosphoenolpyruvate carboxylase
(ppc), the branch point leading to SA synthesis, was
introduced into JP201. Using the resultant pta ppc double
mutant, JP203, D-LA production was carried out. As
expected, SA production was almost inhibited, and JP203
produced 62.2 g/l of D-LA with a high yield of 0.9 (Table 3).
Although successful D-LA production was achieved, the
ppc mutant has an auxotrophic requirement for tricarbox-
ylic acid pathway intermediates or amino acids. This is one
of the drawbacks when using E. coli as a host for LA
production.

On the other hand, Zhou et al. (2003a) suggested another
strategy for homogenous LA fermentation that has no
auxotrophic requirement. They succeeded in inhibiting FA,
AA, and ethanol production by a mutation in the PFL gene
(pfIB) of E. coli W3110. In addition, SA production was
inhibited by a mutation in fumarate reductase (fidBC), not
ppc, while the resultant strain SZ40 remained prototrophic.
Although SZ40 produced 51.8 g/l of D-LA with an
extremely high yield of 0.99 and an optical purity of
>99% in M9 mineral salts medium, measurable amounts of
AA and ethanol were also produced (0.26 and 0.32 g/l,
respectively; Table 3). In addition, the growth of SZ40 was
significantly hampered by the mutation, and fermentation
time reached 192 h. To eliminate the production of AA and
ethanol, a further mutation was introduced into SZ40.
Mutations in the alcohol dehydrogenase gene (adhE) and
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acetate kinase (ackA) led to inhibition of ethanol and AA
production, and the resultant strain SZ63 produced 48.6 g/l of
D-LA with a high yield of 0.98 (Table 3). Surprisingly, SZ63
had partially improved growth inhibition, and fermentation
time was reduced to 168 h (Table 3). This improvement was
assumed to be due to increasing pools of acetyl phosphate
and acetyl coenzyme A. Thus, a prototrophic, homogenous,
fermentative E. coli was constructed. Another favorable
feature is that SZ63 contained no antibiotic resistance genes
or plasmids.

L-LA production was also achieved using derivatives of
SZ63 (Zhou et al. 2003b). A part of the D-LDH gene of E.
coli (Idh4) was replaced with the L-LDH gene of
Pediococcus acidilactici (IdhL). Although the resultant
strain SZ79 produced 43.1 g/l of L-LA with a high yield
of 0.91, SZ79 showed poor growth and fermentation time
reached 408 h (Table 3). This is considered to be due to
weak expression of the /dhL gene. Mutants of SZ79 that
showed improved growth were readily isolated, and one
mutant, SZ85, exhibited a 30-fold increase in L-LDH
activity in comparison to SZ79. Several mutations in the
upstream, coding, and terminator regions of ldhl were
confirmed in SZ85. Using SZ85, more rapid L-LA
fermentation than that of SZ79 was achieved. SZ85
produced 45.5 g/l of L-LA with a high yield of 0.95 and
an optical purity of 99.5% in 120 h of fermentation in M9
mineral salts medium (Table 3). Moreover, L-LA fermen-
tation from xylose in M9 mineral salts medium was also
achieved, and 40.0 g/l of L-LA was produced with yield of
0.93 in 312 h of fermentation (Table 3).

Taken together, E. coli can produce both D-LA and L-LA
with high optical purity and extremely high yields even in
mineral salts medium. In addition, the assimilation capacity
of pentose sugars is an attractive feature. However, the low
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productivity of LA and low acidic tolerance (normally
cultivated around pH 7.0) should be improved.

C. glutamicum

C. glutamicum is an aerobic Gram-positive bacterium that
has been widely used for the industrial production of amino
acids such as L-glutamate and L-lysine (Hermann 2003;
Leuchtenberger et al. 2005). Under oxygen deprivation, cell
growth of this bacterium is arrested, while it retains the
capability to produce mix-organic acids such as L-LA, SA,
and AA from glucose in mineral salts medium. Using this
phenomenon, Inui et al. (2005) suggested a novel system
for organic acids production containing LA that based on
the use of a reactor filled to a high density with cells
derived from an aerobic culture, leading to a bioprocess
with high volumetric productivity. Using the C. glutamicum
R strain (Yukawa et al. 2007), L-LA production was
achieved with high volumetric productivity of 42.9 g/l/h
at a cell concentration of 60 g/g dry cell, although sig-
nificant SA was simultaneously produced (11.7 g/l/h;
Okino et al. 2005).

D-LA was also produced using the same system. By
expression of the D-LDH encoding gene from L. del-
brueckii in the C. glutamicum AldhA strain, which is an
internal L-LDH null mutant, b-LA production from glucose
was achieved (Okino et al. 2008). In fed-batch fermenta-
tion, the C. glutamicum mutant produced 120 g/l of D-LA
with a high optical purity of >99.9% at a cell concentration
of 60/g dry cell at 30 h.

Although LA production from hexose sugars such as
glucose and sucrose is possible, utilization of pentose
sugars such as xylose and arabinose is not possible. To
enable C. glutamicum to utilize xylose, Kawaguchi et al.
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Reference

Productivity (g//h)°

Yield (-)°

Optical
purity (%)*

LA produced (g/l) AA produced (g/l) D, L type

Initial sugar (g/1)

Substrate

Table 2 Various parameters in lactic acid (LA) fermentation from pentose sugars using wild or recombinant LA bacteria

Strain
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Wild type

Tanaka et al. 2002

0.68

95.6

70.3 333 11.7

Xylose

L. lactis 10-1
Recombinant

0.82 3.78 Okano et al. 2009a
1.60

0.89

99.9

0.4
1.0

Arabinose 50 38.6

L. plantarum AldhL1-xpkl::tkt
L. plantarum AldhL1-xpkl::tkt-

Axpk2/pCU-PXylAB

Okano et al. 2009, to be

submitted

99.2

41.2

50

Xylose

?|p-LA-L-LAJ/|p-LA+L-LA|*x 100

®Gram LA produced per gram of total sugar consumed

¢ Maximum volumetric productivity

(2006) examined expression of xylA from E. coli that
encodes xylose isomerase, and xy/B from E. coli that encodes
xylulokinase in the C. glutamicum R strain using a multi-
copy plasmid under the control of the constitutive promoter
tre. Only expression of xyl4 (CRXI1 strain) enables xylose
assimilation, as C. glutamicum R has a putative endogenous
xylulokinase gene (Kawaguchi et al. 2006). The fact that the
xylulokinase gene-null mutant, CRX3, hardly grows in
xylose-containing medium supports the existence of
xylulokinase in C. glutamicum R (Kawaguchi et al.
2006). Such a xylulokinase gene is also observed in the
genome of C. glutamicum ATCC 13032, although its
function has not been investigated (Kalinowski et al.
2003). Both the expression of xy/4 and xy/B (CRX2)
further improved the growth rate (Kawaguchi et al. 2006).
Using CRX2, L-LA production from xylose was achieved
(29 mmol/lI/h) with a yield of 0.53 accompanied with SA
production (productivity of 17 mmol/l/h and yield of
0.25). Moreover, L-LA production from mixed sugars of
glucose and xylose was also achieved, while repression
of xylose metabolism by glucose was found.

Arabinose utilization has also been examined. The
expression of E. coli genes araA, araB, and araD encoding
arabinose isomerase, ribulokinase, and ribulose-5-
phosphate 4-epimerase, respectively, was carried out in
the C. glutamicum R strain (Kawaguchi et al. 2008). In the
resultant strain CRAI, arabinose was successfully con-
sumed (3.4 mmol/h/g dry cell) and L-LA was produced,
while SA and AA were simultaneously produced. More-
over, L-LA production from mixed sugars of glucose and
arabinose was also achieved, although the arabinose
consumption rate was significantly lower (0.06 g/h/g dry
cell) than that of glucose (0.76 g/h/g dry cell).

In real lignocellulose hydrolysate, oligosaccharides such
as cellobiose are also found in addition to monosaccharides
of hexose and pentose sugars (Katahira et al. 2006), and
they should be simultaneously utilized. Sasaki et al. (2008)
constructed a recombinant C. glutamicum strain that
simultaneously consumed glucose, xylose, and cellobiose.
Chromosomal integration of a xy/4-xylB gene cluster from
E. coli under the control of the #r¢ promoter was first
carried out in the C. glutamicum R strain. The X5 strain
that possesses five copies of the xyl4-xylB genes in non-
essential regions for cell growth in the genome showed
rapid xylose consumption (41.2 mmol/l/h) compared to
CRX2 (19.3 mmol/l/h). In order to apply cellobiose
utilization to strain X5, bglF°'"-bglA genes, which encode
the phosphoenolpyruvate phosphotransferase system [3-
glucoside-specific enzyme IIBCA component and
phospho-f3-glucosidase, respectively, controlled by the
constitutive fac promoter, were integrated into the chromo-
some of strain X5. The bglF>'7-bgl4 genes were obtained
from the C. glutamicum R-CEL strain which is a cellobiose
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Fig. 2 Schematic illustration of Glucose
glycolysis in Escherichia coli
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adaptive mutant (Kotrba et al. 2001), and a single mutation
of V317A of bglF enabled cellobiose assimilation (Kotrba
et al. 2003). The resultant strain X5C1 strain could
simultaneously consume glucose, xylose, and cellobiose
and produced LA, SA, and AA (Sasaki et al. 2008).
Surprisingly, xylose was consumed at a constant rate
different from that of fermentation using the CRX2 strain
(Kawaguchi et al. 2000).

Thus, production of optically pure LA from a variety of
sugars has become possible using mineral salts-based media
with high volumetric productivity and extremely high optical
purity. Utilization of polysaccharides may be feasible. Direct
lysine production from starch using GM-amylase secretion or
display on the cell surface of C. glutamicum has already been
reported (Tateno et al. 2007a, b). By applying such
technology to this GM-C. glutamicum system, direct LA
production from polysaccharides may be possible. Similar to
E. coli, the acid tolerance of C. glutamicum is extremely low
as its LA fermentation operates around a pH of 7.0. The low
yield of LA accompanied with SA and AA production also
should be improved.

Yeast

Compared to bacterial species, yeasts such as Saccharomyces
cerevisiae, which produce ethanol in anaerobic cultivation,
are robust and more tolerant to low pH (Skory 2003). This
may enable construction of a non-neutralizing fermentation
process and eliminate the regeneration of precipitated lactates.
In ethanol fermentation, PA is converted into ethanol by two

Acetaldehyde — Ethanol

ADP
Citrate

enzymatic reactions by pyruvate decarboxylase (PDC) and
alcohol dehydrogenase (ADH). Recent research has shown
that a transgenic yeast expressing heterologous L-LDH can
produce LA from PA. Figure 3 shows the LA production
strategy using this yeast. Such metabolically engineered
yeasts were first reported by Dequin and Barre (1994) and
Porro et al. (1995). They examined the expression of the
Lactobacillus casei or bovine LDH genes using a multicopy
plasmid and recombinant S. cerevisiae strains and succeeded
in producing 10 to 20 g/l of LA (Table 4), although a
significant amount of ethanol was simultaneously produced.
A similar result was obtained using wine yeast as a host
(Dequin et al. 1999; Table 4). In such transgenic yeasts,
improvement of LA yield by inhibiting ethanol production is
an important goal, and several metabolic engineering
approaches have been examined.

There are three structural PDC genes, PDC1, PDCS5, and
PDC6, in the S. cerevisiae genome (Hohmann 1991), and
several mutants lacking single- or multi-PDCs have been
reported. Adachi et al. (1998) constructed a pdc/ mutant
and expressed the bovine LDH gene under the ADHI
promoter. However, no major effect was observed as the
ethanol yield was only slightly decreased (from 0.35 to
0.26) and the LA yield was slightly increased (from 0.16 to
0.20; Table 4). This is due to incomplete inactivation of
PDC activity as the PDC/ deletion leads to a great increase
in PDCS5 promoter-driven mRNA expression, while PDC5
seems to be not, or only poorly, expressed in wild-type cells
(Hohmann and Cederberg 1990). In PDC/ mutants,
approaches that improve LDH activity have been examined.
Ishida et al. (2005) used the S. cerevisiae OC-2T strain
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Reference

Yield (-)°

D, L type Optical purity (%)*

Fermentation time (h)

LA produced (g/1)

Substrate

Table 3 Various parameters in lactic acid fermentation using recombinant Escherichia coli

Strain

@ Springer

E. coli

Chang et al. 1999

0.80
0.90
0.99
0.98
0.91
0.95
0.93

60°
60°
192

Chang et al. 1999

Zhou e

2003a
2003a

2003b
2003b
2003b

[ . L

i

>99

Zhou e

168
408

Zhou e

Zhou e

99.5

120
312

P ]

JP201 (pta)

JP203 (pta pcc)

SZ40 (pfIB fidBC)

SZ62 (pfIB frdBC adhE ackA)

SZ79 (ofIB fidBC adhE ackA ldhA::1dhL)

SZ85 (mutant of SZ79 with increased expression of /dhL)

Zhou e

40.0

Xylose

SZ385 (mutant of SZ79 with increased expression of IdhL)

4p-LA-L-LAJ/|p-LA+L-LA|x 100

° Gram LA produced per gram of total sugar consumed

(Saitoh et al. 1996) as a host, which is a diploid and
homothallic yeast, and two copies of the bovine LDH gene
were integrated into the PDC/ locus. As a result, LDH was
expressed under the control of the native PDC/ promoter,
and PDCI was completely inactive. The resulting strain
YIBO-7A showed approximately fivefold higher LDH
activity than that of the OC-2T strain expressing LDH
using a multicopy plasmid and produced 50.6 g/l of LA
with a high yield of 0.65 (Table 4). LA production was
further improved by increasing the copy number of LDH.
Saitoh et al. (2005) integrated four more copies of LDH into
the genome of YIBO-7A, and the resulting strain possess-
ing six copies of LDH produced 68.0 g/l of LA from 100 g/
1 of glucose (Table 4), which is 1.28 times higher than that
produced by YIBO-7A. Moreover, when LA fermentation
was carried out in a sugar juice-based medium containing
200 g/l of glucose, 122 g/l of L-LA was produced with an
extremely high optical purity of >99.9%. D-LA can also be
produced using the same strategy. D-LDH of Leuconostoc
mesenteroides was integrated instead of bovine LDH into
the OC-2T strain (Ishida et al. 2006b). The resultant strain
produced 61.5 g/l of D-LA with a yield of 0.61 and an
extremely high optical purity of 99.9%.

Double inactivation of pdcl and pdc5 (Hohmann and
Cederberg 1990; Ishida et al. 2006a) or triple inactivation
of pdcl, pdc5, and pdc6 (Hohmann 1991) has also been
reported. These resultant mutants had strongly impaired
growth on glucose medium. In fact, the pdc! pdc5 double
mutant of S. cerevisiae with two copies of the bovine LDH
gene in the PDCI locus produced 82.3 g/l of LA with a
high yield of 0.82, and ethanol production was repressed to
only 2.8 g/l (Ishida et al. 2006a; Table 4). However, it took
a long incubation time of 192 h. Thus, double activation of
pdcl and pdc) led to serious growth inability. To achieve
both a high yield of LA and productivity, the use of a pdc/
and adhl mutant has been suggested. Among the five
ADHs, the ADHI gene product is the major enzyme
responsible for conversion of acetaldehyde to ethanol
(Leskovac et al. 2002). While a single adhl mutant
expressing the Rhizopus oryzae LDH gene has been
reported (Skory 2003), the adhl mutation led to poor
growth and a decrease in LA yield (from 0.44 to
approximately 0.20). This was attributed to the accumula-
tion of acetaldehyde to toxic level as a result of the ADH1
disruption. Tokuhiro et al. (2009) hypothesized that by
decreasing ADH activity in the pdc/ mutant, acetaldehyde
accumulation would be lowered because the metabolic flux
from pyruvate to acetaldehyde is reduced by the PDCI
disruption; therefore, a pdc! adhl double mutant that
possesses four bovine LDH genes was constructed. The
resultant strain produced 71.8 g/l of LA with a high yield of
0.74 in 63 h (Table 4), which is quite rapid compared to
fermentation using the pdcl pdc5 double mutant (192 h),
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although the yield of LA was slightly lower than that of the
pdcl pdc5 double mutant (Table 4).

The other approach for LA production involves the use
of a Crabtree-negative yeast such as Kluyveromyces lactis.
Bianchi et al. (2001) used K. lactis strains lacking the
KIPDCI gene, which is a single PDC gene expressing PDC
activity, and transformed them with the bovine LDH gene
under the control of the promoter of KIPDCI. Moreover,
the pyruvate dehydrogenase Elo subunit gene (KIPDAI)
was deleted. Using the resultant strain, 60.0 g/l of L-LA was
produced with a high yield of 0.85 in fed-batch fermenta-
tion (Table 4). However, similar to the S. cerevisiae pdcl
pdcS5 double mutant, it required a long fermentation time
(500 h).

In addition to LA fermentation from glucose using GM-
yeasts, the use of a variety of sugars is an important goal.
Cellobiose is one of the main components of oligosacchar-
ides obtained from cellulose degradation and a potent
inhibitor of CBHs (Tokuhiro et al. 2008), which are key

enzymes for degradation of crystalline cellulose. However,
the yeast S. cerevisiae cannot assimilate cellobiose. Thus,
rapid assimilation of cellobiose is of primary importance for
developing cellulose-utilizing yeast. Tokuhiro et al. (2008)
constructed S. cerevisiae that possesses eight bovine LDH
genes in its genome. Also, this yeast has two copies of the
BGL1 gene from A. aculeatus (Kawaguchi et al. 1996)
fused with the 3'-half of the SAG/ anchor domain in the
genome, and BGLI is stably expressed and displayed on
the cell surface. The recombinant successfully produced LA
from 95 g/l of cellobiose with a yield of 0.70. Moreover,
productivity of LA from cellobiose (2.8 g/I/h) is compara-
ble to that from glucose (3.0 g/I/h). Judging from this result
and the direct ethanol fermentation from amorphous
cellulose using EG, CBH, and BGL co-displaying yeast,
direct LA fermentation from cellulosic materials is possible
in immediate future. Also, studies showing the utilization of
xylose (Katahira et al. 2006) and arabinose (Wisselink et al.
2007) have already been reported for ethanol fermentation,

Table 4 Various parameters in lactic acid fermentation from glucose using recombinant yeast

Strain Vector Promoter Source of LDH pH control LA produced (g/l) Yield (-)° Reference

Batch
S. cerevisiae YEp ADHI L. casei - 12.0 0.24 Dequin and Barre 1994
S. cerevisiae (wine yeast) YEp ADHI L. casei - 8.6 0.04 Dequin et al. 1999
S. cerevisiae YEp ADHI Bovine + 7.9 0.16 Adachi et al. 1998
S. cerevisiae (pdcl) YEp ADHI Bovine + - 0.20 Adachi et al. 1998
S. cerevisiae (wine yeast, pdcl) YEp PDCI Bovine (2 copies) — 16.1 0.20 Ishida et al. 2005
S. cerevisiae (wine yeast, pdcl) YIp PDCI Bovine (2 copies) — 50.6 0.65 Ishida et al. 2005
S. cerevisiae (wine yeast, pdcl) YIp PDCI Bovine (6 copies) + 68.0 - Saitoh et al. 2005
S. cerevisiae (wine yeast, pdcl) YIp PDCI L. mesenteroides — + 61.5 0.61 Ishida et al. 2006b

(2 copies)
S. cerevisiae (wine yeast, pdcl pdc5) Ylp PDCI Bovine (2 copies) + 82.3 0.82 Ishida et al. 2006a
S. cerevisiae (wine yeast, pdcl adhl) Ylp PDCI ADHI Bovine (2 copies) + 71.8 0.74 Tokuhiro et al. 2009
Bovine (2 copies)

Fed-batch
S. cerevisiae YEp ADHI Bovine - 20.0 - Porro et al. 1995
K. lactis (kipdcl kipdal) YRp KIPDCI Bovine + 60.0 0.85 Bianchi et al. 2001

*|p-LA-L-LAJ/|p-LA+L-LA|x 100
° Gram LA produced per gram of total sugar consumed

¢ Maximum volumetric productivity

@ Springer



422

Appl Microbiol Biotechnol (2010) 85:413—423

and these are important findings for LA fermentation from
hemicellulose or lignocellulose hydrolysate.

In yeast LA fermentation, the improvement of LA yield that
is not accompanied by growth inability and a decreased LA
production rate is an essential goal. Further improvement is
expected.

Concluding remarks

In this review, the development of GM-microorganisms for
enantiomeric pure LA production from renewable resources
was highlighted. Recombinant techniques have become nec-
essary in this field. In addition to the construction of efficient
fermentation processes, recovery processes of LA such as
reverse osmosis, ultrafiltration, electrodialysis, and solvent
extraction (Gao et al. 2009) should be concurrently developed.
PLA is undoubtedly at the forefront of bio-based polymer
innovation, and full-scale production of PLA is expected to
contribute to the construction of a bio-refinery society.
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