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The genetic determinants for lactose utilization from Lactobacillus delbrueckii subsp. bulgaricus ATCC 11842
and galactose utilization from Lactococcus lactis subsp. cremoris MG 1363 were heterologously expressed in the
lysine-overproducing strain Corynebacterium glutamicum ATCC 21253. The C. glutamicum strains expressing
the lactose permease and (3-galactosidase genes of L. delbrueckii subsp. bulgaricus exhibited {3-galactosidase
activity in excess of 1,000 Miller units/ml of cells and were able to grow in medium in which lactose was the sole
carbon source. Similarly, C. glutamicum strains containing the lactococcal aldose-1-epimerase, galactokinase,
UDP-glucose-1-P-uridylyltransferase, and UDP-galactose-4-epimerase genes in association with the lactose
permease and (3-galactosidase genes exhibited [-galactosidase levels in excess of 730 Miller units/ml of cells
and were able to grow in medium in which galactose was the sole carbon source. When grown in whey-based
medium, the engineered C. glutamicum strain produced lysine at concentrations of up to 2 mg/ml, which
represented a 10-fold increase over the results obtained with the lactose- and galactose-negative control, C.
glutamicum 21253. Despite their increased catabolic flexibility, however, the modified corynebacteria exhibited

slower growth rates and plasmid instability.

The amino acid-producing bacterium Corynebacterium glu-
tamicum is unable to metabolize lactose or galactose and is
therefore unable to utilize dairy-based substrates such as whey
(the liquid remaining following the removal of the curd formed
by rennet enzymes or acid from milk during the manufacture
of cheese and casein) to overproduce amino acids such as
lysine. Initial experiments to achieve lysine production in
whey-based medium with amino acid-producing bacteria (such
as C. glutamicum) involved the hydrolysis of lactose by the
addition of commercially prepared pB-galactosidase or acid hy-
drolysis using HCI treatment (16). With this approach, lysine
yields of 17 g/liter (16) were obtained. However, the addition
of B-galactosidase to hydrolyze lactose is an expensive process
and consequently hampers the use of whey and C. glutamicum
for the industrial production of lysine. C. glutamicum has been
used for the production of L-lysine for more than 40 years, with
current production exceeding 600,000 tons per annum, all of
which is produced through fermentation (22). Given its com-
mercial significance, C. glutamicum has been the subject of
intense research investigations over the last decade, with a
number of genetic tools and systems being developed (12, 22).

A number of food-grade bacterial strains have been genet-
ically engineered to facilitate metabolite overproduction and
nutritional enhancement of dairy products (in particular,
whey) (1). Furthermore, successful overexpression of the p-ga-
lactosidase and lactose permease genes of Escherichia coli in a
non-lysine-producing C. glutamicum strain (with the result that
cells were able to grow in minimal medium with lactose sup-
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plied as the sole carbon source) has been reported previously
3).

The aspartate-derived amino acids, including lysine, threo-
nine, methionine, and isoleucine, are produced from oxaloac-
etate, a component of the tricarboxylic acid cycle which is
essential for glucose metabolism (12). Commonly used sub-
strates for industrial amino acid production by C. glutamicum
include sucrose- or glucose-based medium from molasses,
high-test molasses, and starch or sucrose hydrolysates (6); how-
ever, the use of a lactose-based medium is not possible due to
the inability of C. glutamicum to metabolize this sugar. In
addition, the use of molasses for lysine production can be
problematic due to its seasonal availability, which can result in
inconsistency in product quality during storage (6).

One possible alternative to the substrates currently used for
lysine production is whey. In the past, many of the efforts to
generate value-added whey products have been directed at the
protein fraction for fortification of foods such as infant for-
mula, leaving the lactose fraction largely unexploited. The
purpose of this study was to introduce the lactose- and galac-
tose-metabolizing genes from lactic acid bacteria into a lysine-
overproducing C. glutamicum strain and to examine the ability
of the novel transformant to produce lysine from lactose-con-
taining whey-based medium.

MATERIALS AND METHODS

Bacterial strains, media, cultivation conditions and plasmids. All bacterial
strains used in this study are shown in Table 1. C. glutamicum ATCC 13032 and
C. glutamicum ATCC 21253 were propagated at 37 and 30°C, respectively, in
brain heart infusion (BHI) medium (Merck, Darmstadt, Germany). X-Gal (5-
bromo-4-chloro-3-indolyl-B-p-galactopyranoside) was added as previously de-
scribed (23). TOP 10 chemically competent E. coli strains (Invitrogen BV, Gro-
ningen, The Netherlands), which were used as transformation hosts, were grown
in cultures on Luria-Bertani medium (10 g of tryptone/liter, 5 g of NaCl/liter, 5 g
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TABLE 1. Strains used in this study

Strain

Relevant feature

Source or reference

C. glutamicum ATCC 13032

C. glutamicum ATCC 13032 (pCLIK 5a MCS Pddh)
C. glutamicum ATCC 13032 (pEBO01)

C. glutamicum ATCC 13032 (pEB02)

C. glutamicum ATCC 21253

C. glutamicum ATCC 21253 (pCLIK 5a MCS Pddh)
C. glutamicum ATCC 21253 (pEBO1)

C. glutamicum ATCC 21253 (pEB02)

L. lactis subsp. cremoris MG 1363

E. coli TOP 10 one-shot chemically competent cells
L. delbrueckii subsp. bulgaricus ATCC 11842

Lysine producer

Transformation host

Transformation host bearing pCLIK 5a MCS Pddh*
Transformation host bearing pEB01¢
Transformation host bearing pEB02¢

Lysine producer bearing pCLIK 5a MCS Pddh®
Lysine producer bearing pEB01“

Lysine producer bearing pEB02“

Source of galactose genes 9
Transformation host
Source of lactose genes

ATCC’

This study
This study
This study
ATCC

This study
This study
This study

Invitrogen BV, Groningen, The Netherlands
ATCC

¢ Kanamycin resistant.
? ATCC, American Type Culture Collection, Manassas, Va.

of yeast extract/liter). Lactococcus lactis subsp. cremoris MG 1363 (9) was prop-
agated at 30°C in M17 medium (Difco Laboratories, Detroit, Mich.) supple-
mented with 0.5% (wt/vol) glucose (GM17) and was grown anaerobically. An-
aerobic conditions were maintained in Anaerocult anaerobic jars (Merck) with
Anaerocult A gas packs (Merck). Lactobacillus delbrueckii subsp. bulgaricus
ATCC 11842 was grown at 37°C in MRS (Oxoid Ltd., Basingstroke, Hampshire,
England).

The basal C. glutamicum minimal medium (designated BMC) used in this
study was based on previously described BMC (18), with the addition of L-
threonine, L-leucine, and L-methionine (25 mg/liter). The pH was first adjusted
to pH 7.2 using 1 N NaOH and then sterilized by filtration through a 0.45-pm-
pore-size bottle-top filter (Stericup; Millipore). A second minimal medium (des-
ignated MM) used throughout this study was based on a previously described
defined medium (21) but without the addition of the base stock, which was not
required for the growth of the C. glutamicum strains used in this study. In this
case, the final pH was adjusted to pH 7.0 and the medium was filter sterilized
through a 0.45-um-pore-size bottle-top filter. Minimal medium contained either
glucose, lactose, or galactose at the concentrations given below (see Results and
Discussion).

The fermentation medium I, was based on previously described I, medium
(10) with the following modifications: the incorporation of 6% (wt/vol) whey and
5% (wt/vol) CaCOs. Precultivation and growth curve determinations were per-
formed with 25-ml sterile bottles containing 10 ml of medium at 30°C with
shaking at 250 rpm. Fermentation studies of whey-based medium were per-
formed with 150-ml bottles containing 30 ml of medium at 30°C and shaking at
250 rpm. All medium components were obtained from Sigma (St. Louis, Mo.),
Difco Laboratories, Merck, or AnalaR (BDH Chemicals Ltd., Poole, England).
All growth experiments were performed in triplicate.

BHIS (BHI with 0.5 M sorbitol) and SOC (Invitrogen) media were employed
for the regeneration of transformed C. glutamicum and E. coli strains, respec-
tively. The growth of C. glutamicum strains was measured by monitoring the
optical density (OD) of cultures at 578 nm with a Genesys 5 thermospectronic
spectrophotometer (Milton Roy, Rochester, N.Y.). Alternatively, growth was
measured by performing serial dilutions of cells in maximum recovery diluent
(Oxoid), spread plating 100 w1 of diluent with cells onto BHI agar, and expressing
numbers as CFU/ml.

The shuttle vector used for the construction of all plasmids in this study was
the plasmid pCLIK 5a MCS Pddh (BASF, Ludwigshafen, Germany). This vector
replicates in both E. coli and C. glutamicum and also contains a C. glutamicum
promoter (ddh promoter) and a kanamycin gene which functions in both E. coli
and C. glutamicum. Plasmids used in this study included plasmid pCLIK 5a MCS
Pddh (BASF) and plasmids pEBO1 and pEB02 (this study; see Results and
Discussion). A detailed map and the strategies employed for the construction of
plasmids are described in Results and Discussion.

DNA manipulations. Genomic DNA was isolated from L. lactis subsp. cremoris
and L. delbrueckii subsp. bulgaricus by a modification of the method of Hoffmann
and Winston (11). Plasmid DNA was isolated from E. coli strains with a Qiagen
plasmid purification kit (Qiagen Ltd., Crawley, West Sussex, England) and from
transformed C. glutamicum 21253 strains with a modified Qiagen plasmid puri-
fication technique as described by Tauch et al. (24).

Cleavage and ligations of DNA were performed as described by the supplier
(New England Biolabs, Beverly, Mass. [NEB]). Restricted DNA involved in
ligation reactions employing a single cleavage site was treated with the enzyme
alkaline phosphatase (CIP; New England Biolabs) as described by the supplier.

Amplification of DNA with PCR. PCR techniques were used for amplification
of regions of the L. delbrueckii subsp. bulgaricus lactose operon, consisting of the
B-galactosidase (lacZ) and lactose permease (lacY) genes (accession number
M55068), and of the L. lactis subsp. cremoris MG1363 galactose operon, con-
sisting of aldose-1-epimerase (gal/M), galactokinase (galK), UDP-glucose-1-P-
uridylyltransferase (galT), and UDP-galactose-4-epimerase (galE) genes (acces-
sion number AJ011653).

Primers (Sigma-Genosys) with restriction sites (underlined) at their 5’ ends
were designed for the lactose-utilizing genes as follows (sequences are written
5" —3"): forward primer, GAATTCCATATGTTATAAACAAGTTAACAC
ACC; reverse primer, CGGGATCCTTATTTTAGTAAAAGGGGC. Primers
(Sigma-Genosys) with restriction sites (underlined) at their 5’ ends were de-
signed for the galactose-utilizing genes as follows (sequences are written
5" —3"): forward primer, CGGGATCCAAGTTGACCTCAGGTTAGC; re-
verse primer, CGGGATCCGATAATTAATCAGTAGCC.

DNA from L. lactis subsp. cremoris and L. delbrueckii subsp. bulgaricus was
amplified in an Eppendorf Mastercycler Gradient (Eppendorf) with High Fidel-
ity Expand as described by the supplier (Roche Diagnostics Ltd., Lewes, East
Sussex, England). Annealing temperatures of 50°C for L. delbrueckii subsp.
bulgaricus and 48°C for L. lactis subsp. cremoris were used for 30 s.

Transformation of bacteria. C. glutamicum strains were transformed with all
plasmids by electroporation (17). Transformations of chemically competent
E. coli (Invitrogen) were performed as described by the manufacturer.

B-Galactosidase and lactose transport assays. The B-galactosidase assay was
a modification of the method described by Sambrook and Russell (23). The
lactose transport assay was performed as described by Weisburg et al. (25). For
both, enzyme activity levels are expressed as Miller units per milliliter of cells.

Analysis of free amino acids in whey-based medium. The procedure for ana-
lyzing free amino acids in whey-based medium was based on the method previ-
ously described by Fenelon et al. (7). Samples for amino acid analysis were
extracted from whey-based medium during or following growth of C. glutamicum
strains, and assays were performed in duplicate. Free-amino-acid levels were
expressed in micrograms per milliliter.

Analysis of sugars in MM. The levels of sugars in supernatants were measured
spectrophotometrically using Lactose/D-Galactose kits (Boehringer Mannheim,
Biopharm GmbH, Darmstadt, Germany) as described by the manufacturer.

RESULTS AND DISCUSSION

Cloning and expression of [3-galactosidase and lactose per-
mease from L. delbrueckii subsp. bulgaricus in C. glutamicum.
To improve the growth performance of C. glutamicum ATCC
13032 and ATCC 21253 in lactose-containing medium, the
genes responsible for lactose catabolism (B-galactosidase and
lactose permease) from the yogurt-producing bacterium L.
delbrueckii subsp. bulgaricus were initially cloned. This involved
amplification of the genes from the genome of L. delbrueckii
subsp. bulgaricus ATCC 11842 to yield a PCR product of 4,914
bp. This was subsequently cloned downstream of a Corynebac-
terium promoter in the vector pCLIK 5a MCS Pddh to gener-
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FIG. 1. Schematic diagram of the cloning of the lactose and galactose operons into pCLIK 5a MCS Pddh. pEBO1 was constructed by cloning
the lactose operon of L. delbrueckii subsp. bulgaricus into the plasmid pCLIK 5a MCS Pddh downstream of the promoter ddH, while pEB02 was
constructed by cloning the galactose operon of L. lactis subsp. cremoris MG 1363 into the plasmid pEBO1.

ate the plasmid pEBO1. A schematic diagram for the construc-
tion of pEBOL1 is illustrated in Fig. 1.

Both the wild-type C. glutamicum ATCC 13032 and the
lysine-producing C. glutamicum ATCC 21253 strains were
transformed with the recombinant plasmid pEBO1 to examine
whether the genes were expressed efficiently in both strains.
Following incubation of the transformants on BHI plates with
X-Gal and kanamycin (25 pg/ml), the resulting colonies
emerged intensely blue in color (data not shown), which indi-
cated high levels of B-galactosidase activity. However, it was
noted that the blue colonies of C. glutamicum 21253 (pEBO01)
were smaller than the colonies of C. glutamicum 21253 (pCLIK
5a MCS Pddh) (data not shown) despite having been electro-
porated and incubated under identical conditions.

Measurements of the 3-galactosidase activities in cell lysates
of the recombinant C. glutamicum strains revealed that C.
glutamicum 13032 (pCLIK 5a MCS Pddh) and 21253 (pCLIK
5a MCS Pddh) exhibited little or no activity and that C. glu-
tamicum 13032 (pEBO1) and 21253 (pEBO1) both produced
levels of enzyme activity in excess of 1,000 Miller units/ml of
cells (Table 2). During the exponential-growth phase of C.
glutamicum 21253 (pEBO1) in 1% (wt/vol) lactose MM, the
lactose concentration in the medium decreased over twofold
whereas galactose levels increased to over 4 g/liter (data not
shown).

The active expression of the lacY (lactose permease) gene
was verified by a lactose transport assay (25), in which C.
glutamicum 21253 (pEBO01) was examined for the ability to
transport lactose into the cell by measuring ONPG (o-nitro-
phenyl-B-p-galactopyranoside) hydrolysis in nonpermeabilized

cells. The level of enzyme activity in toluene-permeabilized
cells was 825.0 = 106.1 Miller units/ml of cells, that in non-
toluene-permeabilized cells was 581.6 = 18.8 Miller units/ml of
cells, and that in non-toluene-permeabilized cells incubated in
the presence of the lactose permease inhibitor 1-thio-B-p-di-
galactoside was 437.10 + 41.18 Miller units/ml of cells. 1-Thio-
B-p-digalactoside, which inhibits ONPG transport by binding
to the E. coli M protein encoded by the lacY gene (14), was
added at a final concentration (7.6 mM) in excess of the con-
centration required to completely inhibit E. coli lactose per-
mease (2 mM) (20). The difference in measured Miller units
between non-toluene-permeabilized cells and non-toluene-
permeabilized cells treated with 1-thio-B-p-digalactoside was
deemed to be due to lactose permease activity (20). A differ-
ence of 144.6 Miller units was detected between these two
conditions, indicating that inhibition of the permease protein
reduced ONPG hydrolysis, and suggests that this gene was also

TABLE 2. Measured levels of B-galactosidase

Units of B-galactosidase
(Miller units/ml of cells)

Strain

C. glutamicum ATCC 13032

(pCLIK 5a MCS Pddh)......cccccovvimnriinicrcinicnnn. 38+ 1.1
C. glutamicum ATCC 13032 (pEBO1)... ... 1,089.1 = 124.7
C. glutamicum ATCC 13032 (pEB02).......ccccevuruucee 884.2 = 118.2
C. glutamicum ATCC 21253

(pCLIK 5a MCS Pddh)......cccocovvrmniriinicicnnicnne. 6.2 +48-5
C. glutamicum ATCC 21253 (pEBO1)... ... 1,025.8 £ 117.9
C. glutamicum ATCC 21253 (pEB02) 7349 = 823
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active in C. glutamicum 21253 (pEBO1). It has been reported
that ONPG hydrolysis by disrupted E. coli cells was 10 times
greater than ONPG hydrolysis by undisrupted cells due to
easier access to the substrate (20) and that the level of ONPG
hydrolysis by C. glutamicum cells expressing only the E. coli
B-galactosidase gene was approximately 15% of the level of
cells expressing the entire lactose operon (2). However, a level
of 437.1 = 41.2 Miller units/ml of cells was detected in non-
toluene-permeabilized cells treated with thiodigalactoside
(data not shown), which is slightly more than 50% of the value
obtained with permeabilized cells. This value appeared to be
excessively high, suggesting membrane damage in these cells
(which could have allowed entry of the large ONPG molecule
[molecular mass, 301.3 Da] into the cells). A molecule of this
size would not be expected to pass through an intact cell
membrane (2, 19).

Growth performance on lactose. To investigate the efficiency
of lactose utilization by C. glutamicum 21253 (pEBO01), the
strain was grown in MM broth containing either glucose (2%
[wt/vol]) or lactose (2% [wt/vol]) and the growth performance
was compared with the results obtained with a control medium
without a carbon source. Even though MM broth is capable of
sustaining the growth of these strains to some extent, inclusion
of lactose (2% [wt/vol]) greatly improved the growth perfor-
mance of the culture (data not shown). Indeed, the OD of C.
glutamicum 21253 (pEB01) (AOD, ~0.13/h; OD, ~3.3 at 25 h)
in lactose was considerably higher than that obtained without
a carbon source (AOD, ~0.07/h; OD, ~1.9 at 25 h). However,
the growth in lactose was not as efficient as growth in glucose
(AOD, ~0.15/h; OD, ~4.1 at 25 h) or as the growth perfor-
mance seen with C. glutamicum 21253 (pCLIK 5a MCS Pddh)
(AOD, ~0.17/h; OD, ~4.2 at 25 h) in glucose MM.

The levels of growth of C. glutamicum 21253 (pEBO1) in
glucose (2% [wt/vol]) and lactose (2% [wt/vol]) MM with 25 ug
of kanamycin/ml were similar in glucose and lactose, reaching
final OD values of ~4.41 and 4.21, respectively. However,
greater growth performance of cells harboring pCLIK 5a MCS
Pddh (OD, 5.14 at 29 h) suggested that expression of the
lactose operon was associated with slower growth of the cul-
ture.

These experiments were also performed with both glucose
BMC and lactose BMC, and similar results were obtained
(data not shown). Long lag periods of ~20 h were followed by
a significant reduction in both kanamycin-resistant and lactose-
positive cell numbers during the lag and exponential-growth
phases for up to 40 h (data not shown). In the presence of
lactose, after 25 h up to 70% of cells were lactose positive; in
the presence of glucose, 25% of the cells were lactose positive.

Cloning and expression of the galactose operon from L.
lactis subsp. cremoris MG1363 in C. glutamicum. The genes
responsible for galactose catabolism (aldose-1-epimerase, ga-
lactokinase, UDP-glucose-1-P-uridylyltransferase, and UDP-
galactose-4-epimerase) were cloned from the bacterium L. lac-
tis subsp. cremoris MG1363 and introduced into C. glutamicum
13032 (pEBO01) and 21253 (pEBO1) in an effort to improve
their growth performance in lactose-based substrates such as
whey. This initially involved amplification of the genes from
the genome of L. lactis subsp. cremoris MG1363 to yield a PCR
product of 4,996 bp. This was subsequently cloned downstream
of the lactose operon in pEBO01 to generate the plasmid pEB02
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(Fig. 1). B-Galactosidase activities in cell lysates of the recom-
binant C. glutamicum 21253 (pEB02) strain were decreased
compared with the results seen with C. glutamicum 21253
(pEBO1) (Table 2). During the exponential-growth phase of C.
glutamicum 21253 (pEB02) in 1% (wt/vol) lactose MM, the
concentration of lactose in the medium decreased over twofold
whereas the concentration of galactose increased to less than 1
g/liter.

Growth performance on galactose. A direct comparison of
the growth performance of C. glutamicum 21253 (pEB02) (in
the presence of glucose, lactose, and galactose and in the
absence of a carbon source as a control) was made with that of
the parent strain (C. glutamicum 21253 [pCLIK 5a MCS
Pddh]) in glucose to examine whether C. glutamicum 21253
(pEBO02) utilized galactose and lactose as efficiently as it and
the parent strain utilized glucose. Inclusion of lactose (2%
[wt/vol]) and galactose (2% [wt/vol]) greatly improved the
growth performance of the culture. Indeed, the OD of C.
glutamicum 21253 (pEB02) in lactose (AOD, ~0.12/h; OD,
~3.5 at 29 h) was considerably higher than that obtained with-
out a carbon source (AOD, ~0.09/h; OD, ~2.76 at 29 h) (Fig.
2). However, the growth performance of C. glutamicum 21253
(pEB02) in lactose was poorer than in glucose (AOD, ~0.17/h;
OD, ~5 at 29 h) and was also poorer than the growth perfor-
mance of C. glutamicum 21253 (pCLIK 5a MCS Pddh) in
glucose MM (AOD, ~0.18/h; ~OD, 5.4 at 29 h). In the pres-
ence of galactose (2% [wt/vol]), in addition, C. glutamicum
21253 (pEBO02) grew to the same extent (OD, ~5.4 at 29 h) as
C. glutamicum 21253 (pCLIK 5a MCS Pddh) in the presence of
glucose MM (OD, ~5.4 at 29 h), indicating that strains har-
boring pEB02 grew as well on galactose as C. glutamicum
21253 (pCLIK 5a MCS Pddh) grew on glucose MM. This
contrasted with the inability of strains harboring pEB02 to
grow on lactose (OD, ~3.5 at 29 h) to the same extent as on
glucose (OD, ~5 at 29 h) (Fig. 2).

When kanamycin was included in the medium, the level of
growth performance of C. glutamicum 21253 (pEB02) was
higher in glucose than in lactose, reaching OD values after 25 h
of ~5 and 3.42, respectively (data not shown). The similarity of
the level of growth performance of cells harboring pCLIK 5a
MCS Pddh to that of cells harboring pEB02 in glucose sug-
gested that expression of the lactose operon was not main-
tained in C. glutamicum 21253 (pEB02) in the presence of
kanamycin. The growth performance of C. glutamicum 21253
(pEBO02) in galactose MM was similar to that of C. glutamicum
21253 (pCLIK 5a MCS Pddh) in glucose, with growth reaching
an OD of ~4.2 (data not shown).

These experiments were also performed with both glucose
BMC and lactose BMC, and similar results were obtained
(data not shown). The vast majority of cells eventually lost the
ability to metabolize lactose after 43 h of growth (when less
than 1% of colonies remained blue on an X-Gal plate) (data
not shown). Furthermore, not all of the kanamycin-resistant
cells were lactose positive on X-Gal plates. This may explain
why the growth performance of cells harboring pEB02 was
better in glucose MM than in lactose MM in the presence of
kanamycin and why the level of B-galactosidase activity of cells
was lower following insertion of the galactose operon. During
the incubation of cells harboring pEB01/pEB02, it was evident
that larger and healthier yellow colonies on X-Gal medium
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FIG. 2. Comparison of the levels of growth of C. glutamicum 21253 (pEB02) in 2% (wt/vol) glucose (A), lactose (m), and galactose (@) MM
and without a carbon source (#) with the growth of C. glutamicum 21253 (pCLIK 5a MCS Pddh) (—) in 2% (wt/vol) glucose.

emerged and became the dominant phenotype in the culture,
with the concomitant loss of the ability to metabolize lactose.
Some of these cells contained a plasmid with a restriction
pattern similar to that of pCLIK 5a MCS Pddh, indicating that
the inserted DNA had been deleted from the plasmid vector.
The growth of C. glutamicum 21253 pEBO02 in galactose BMC
was similar to its growth in BMC without a carbon source;
therefore, galactose utilization was only observed in MM.
Lysine production and growth of C. glutamicum 21253
(pPEB02) in whey-based medium. The purpose of this study was
to generate a lactose-utilizing C. glutamicum strain that could
exploit the lactose component of whey as a carbon source for
the production of lysine during fermentation. Consequently, C.
glutamicum 21253 and C. glutamicum 21253 (pEB02) were
grown in whey-based medium to examine whether expression
of the lactose-metabolizing genes improved the growth perfor-
mance of the strain. Although there were no apparent differ-
ences in growth performance of the two strains on whey-based
medium (data not shown), extended incubation of the cultures
for more than 150 h showed a dramatic difference in viability of
the cultures (Fig. 3). Following 225 h, the viability of the parent
strain had decreased from 10° CFU/ml to 10* CFU/ml whereas
the clone expressing the lactose-metabolizing genes retained
viability greater than 10° CFU/ml. This increase in growth
performance was associated with an accumulation of lysine in
the medium to 1.9 mg/ml at 233 h of incubation, representing
a 10-fold increase over the results seen with the control. How-

ever, growth and lysine production by C. glutamicum 21253
(pEBO02) was extremely slow and inefficient in whey-based me-
dium compared with yields obtained from lactose-hydrolyzed
whey (10, 15) or with the results seen with current alternatives
involving substrates such as molasses (22).

Overexpression of heterologous lacY genes may have a toxic
effect on cells (4, 5) which might be due to severe membrane
damage accompanied by a decline in the growth of transfor-
mants in rich or minimal medium (22). This phenomenon may
have occurred during our study. Indeed, the lactose permease
protein has previously been expressed in C. glutamicum (with-
out membrane damage) (2); therefore, the rate of expression
may be crucial in determining whether membrane damage
occurs in cells. Since it was suggested that lactose permease
accounts for no more than 1% of membrane proteins (13),
overexpression from the Pddh promoter could conceivably
have resulted in an excess of lactose permease in the mem-
brane, thereby damaging it. The problem of plasmid instability
may be overcome by reducing the level of expression of the
heterologous genes. Furthermore, integrating vectors have
been used during transconjugation transformation procedures
to avoid problems such as plasmid instability (8) and may be
used as an alternative approach to the genetic engineering of
C. glutamicum for growth in whey-based medium.

Conclusions. This study reports the expression of the lactose
permease and B-galactosidase genes in a lysine-overproducing
C. glutamicum strain. Furthermore, a strain was developed
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FIG. 3. Comparison of the levels of growth of C. glutamicum 21253 (pCLIK MCS 5a Pddh) (A) and C. glutamicum 21253 (pEB02) (X) in
whey-based medium (I,). Levels of lysine production by C. glutamicum 21253 (pCLIK MCS 5a Pddh) (m) and C. glutamicum 21253 (pEB02) (LJ)

in whey-based media (I,) are shown.

which was able to efficiently utilize galactose as a sole carbon
source. With this engineered strain, C. glutamicum 21253
(pEB02), lysine yields of up to ~2 g/liter were achieved in a
whey-based medium, representing 10-fold-higher yields than
those seen with the control. However, growth and lysine pro-
duction by C. glutamicum 21253 (pEB02) in whey-based media
was extremely slow and inefficient; this result is most likely
attributable to plasmid instability, which coincided with over-
expression of the lactose operon.
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