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Lactobacillus johnsonii Lal, a probiotic bacterium with demonstrated health effects, grows in milk, where it
ferments lactose to p- and L-lactate in a 60:40% ratio. The p-lactate dehydrogenase (D-LDH) gene (IdhD) of this
strain was isolated, and an in vitro-truncated copy of that gene was used to inactivate the genomic copy in two
strains, Lal and N312, by gene replacement. For that, an 8-bp deletion was generated within the cloned ldhD
gene to inactivate its function. The plasmid containing the altered IdhD was transferred to L. johnsonii via con-
jugative comobilization with Lactococcus lactis carrying pAMB1. Crossover integrations of the plasmid at the
genomic ldhD site were selected, and appropriate resolution of the cointegrate structures resulted in mutants
that had lost the plasmid and in which the original ldhD was replaced by the truncated copy. These mutants
completely lacked D-LDH activity. Nevertheless, the lower remaining L-LDH activity of the cells was sufficient
to reroute most of the accumulating pyruvate to L-lactate. Only a marginal increase in production of the sec-
ondary end products acetaldehyde, diacetyl, and acetoin was observed. It can be concluded that in L. johnsonii
D- and L-LDH are present in substantial excess for their role to eliminate pyruvate and regenerate NAD* and
that accumulated pyruvate is therefore not easily redirected in high amounts to secondary metabolic routes.

Lactobacillus johnsonii Lal is a probiotic lactic acid bacte-
rium which has been intensively investigated in clinical and
nutritional studies for its beneficial health effects (8). Upon
ingestion, Lal survives the gastrointestinal transit, where it is
responsible for an immunomodulating effect of the host (29,
38, 39). Lal grows on different sugars as a carbon source and
can be cultured in milk, where it ferments lactose to a racemic
mixture of D(—)- and L(+)-lactic acid in a ratio of ca. 60:40%.
Lactic acid is formed via reduction of pyruvate by lactate de-
hydrogenase (LDH) for the regeneration of NAD ™. Thereby,
the two isomeric forms of lactate, p(—) and L(+), are formed
by distinct stereospecific NAD-dependent LDHs.

Today, the Lal strain is commercialized in many countries as
part of a mixed cultured fermented milk product and in 1997
alone more than 10'® live Lal cells were consumed worldwide.
As in most standard yogurt products, the presence of D-lactate
in the Lal-containing end product and the capacity of the
strain to produce D-lactate after ingestion do not pose an
adverse effect for the vast majority of the adult population.
Nevertheless, it has been reported that after the consumption
of food, p-lactic acid can accumulate in the blood of patients
suffering from short-bowel syndrome and intestinal failure,
leading to a manifestation of p-lactic acidosis and encephalop-
athy (24, 25, 34, 40). Thus, it was determined that Dp-lactate-
producing colonizing intestinal lactobacilli were the main fac-
tor in the pathogenesis (6, 37). In view of the probiotic and
immune-defense-stimulating effects of L. johnsonii Lal, a non-
D-lactate-producing variant of this strain would be most helpful
as a food supplement to improve the nutritional value of clin-
ical and parenteral diets for patients with intestinal failures and
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to reconstitute their intestinal microflora after antibiotic treat-
ment.

Furthermore, newborn infants may fail to completely me-
tabolize ingested or by intestinal microorganisms produced
D-lactate because of liver immaturity (15, 16). Hence, food
products containing these ingredients are not recommended
for nutrition to infants and young children to the age of 3 years
(17). Here again, a non-b-lactate-producing variant of Lal
would be beneficial in the nutrition for young children for
building up and regulating their intestinal microflora. In par-
ticular, the immunostimulating effects of a probiotic Lactoba-
cillus strain, e.g., Lal, may help to mitigate bacterium- or virus-
induced diarrhea in infants (4).

Recently, the genes encoding the p-LDH (D-LDH) (IdhD)
of Lactobacillus plantarum (42), Lactobacillus bulgaricus (3,
26), and Lactobacillus helveticus (28) have been cloned and
sequenced. Furthermore, successful gene inactivations of the
ldhD in L. helveticus and L. plantarum have been reported (5,
18). For the L. johnsonii species only a little genetic work has
been reported so far (1, 13, 44). In this study, we report the first
isolation of the IdhD gene of L. johnsonii. In addition, the
genomically encoded ldhD gene was replaced with an in vitro-
truncated copy in two different strains of L. johnsonii, and the
resulting effects on the production of primary and secondary
end products of the lactose metabolism were analyzed.

MATERIALS AND METHODS

Bacterial strains, media, plasmids, and growth conditions. L. johnsonii Lal
and N312 are from the Nestec Culture Collection. They are both resistant to bile
salt and gastric juice and survive the transit through the stomach and gut (31, 38).
They were maintained in MRS broth (Difco, Detroit, Mich.) and were grown
either in MRS at 37 or at 42°C in supplemented milk (SM) which is ultrahigh-
temperature-treated (UHT) full fat milk supplemented with 2.5% skimmed-milk
powder, 1% yeast extract (Difco), and 0.25% proteose peptone number 3 (Difco).
Growth curves in SM were made by the rapid automated bacterial impedance
technique (RABIT; Don Whitley, Scientific Ltd.). L. lactis MG1363 (20) was
grown at 30°C in M17 broth (Difco) supplemented with 0.5% glucose (GM17).
Escherichia coli XL1-Blue was obtained from Stratagene (La Jolla, Calif.) and
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TABLE 1. Primers used in this study
Sequence (5'—3")

...CGCAAAAGTTATTGCTTTAAAAGAACCCAG
.CTGGGTTCTTTTAAAGCAATAACTTTTGCG
TGATTTTCAGAGCGTGC
GCTCTCCTGAAATTTGC
GTAGTGTAGAAGGCGGTGTGTGG
GCTTACGCTATTCGAAAAGACG
.GGTACTGGTCACATCGG
..CATCTTTACGAATAGCG

Primer

grown in 2X-concentrated YT broth (35) at 37°C under shaking conditions.
Plasmids pGEMT (Promega, Madison, Wis.) and pUC19 (46) were maintained
in E. coli XL1-Blue by the addition of 100 pg of ampicillin per ml. The conju-
gative plasmid pAMB1 (9) was maintained in L. lactis by the addition of 5 pg of
erythromycin per ml. Plasmid pMD14 is a derivative of pBluescript SK(+) carry-
ing the cloned chloramphenicol resistance gene (cat) from pNZ12 (12) and a ca.
800-bp fragment cloned from the region upstream of the erythromycin resistance
gene of pUC-838 (32), which is homologous to pAMB1. pMD14 was maintained
in L. lactis and in E. coli by the addition of 14 and 30 pg of chloramphenicol per
ml, respectively.

Construction of a truncated ldhD (IdhD*) in pGEMT. Site-directed mutagen-
esis was performed by PCR (Gold Tag polymerase from Perkin-Elmer) by using
the method of gene splicing by overlap extension (23). The ldhD gene from Lal
was amplified from genomic DNA as two fragments in two separate PCRs with
the primer pairs A-C and B-D, respectively (Table 1). The two amplified frag-
ments were agarose gel purified, mixed together, and reamplified by PCR with
primers C and D. The resulting 1,460-bp fragment was cloned into pGEMT in E.
coli XL1-Blue, and single plasmid isolates were tested by Dral and EcoRV
digestions. Primer A, containing a Dral site, and primer B, with the same
sequence but in the reverse orientation, introduced a deletion of eight nucleo-
tides in the middle of the ldhD gene (IdhD*) (Fig. 1). This resulted in the con-
version of the EcoRV site at position 854 into a Dral restriction site at position
849 and the formation of a translational stop signal 16 nucleotides downstream
of the newly created Dral site. A correct clone was verified by DNA sequencing
and retained as plasmid pLL83.

Introduction of the IdhD* into L. johnsonii. In the first step, IdhD* was isolated
from pLL83 as a Spel-Sphl fragment and then cloned into pMD14 in E. coli
XL1-Blue. The resulting plasmid was named pLL88 (Fig. 2A). Plasmid pLL88
was transformed by electroporation into L. lactis MG1363(pAMB1), plated onto
GM17 agar containing 14 pg of chloramphenicol per ml, and incubated at 30°C.
Since pLL88 cannot autonomously replicate in L. lactis, only transformed cells
containing pLL88 inserted via homologous recombination into pAMB1 were
isolated (Fig. 2B). The correct formation of the cointegrate (pLL91) was verified
by PCR analysis. Plasmid pLL91 was transferred to L. johnsonii via conjugation
on solid agar plates (Fig. 2C). For that, L. lactis MG1363(pLL91) and L. johnso-
nii were grown separately in appropriate media until the late logarithmic phase
and then mixed in a 1:10 ratio, centrifuged, and spread onto LCMG (14) agar
plates containing 0.5% polyethylene glycol. Plates were overlaid with LCMG top
agar (0.7% agar) and incubated overnight at 37°C, and the cells were then re-
suspended in LCMG broth. Serial dilutions of the suspensions were plated on
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FIG. 1. Site of mutagenesis within the /dhD gene. The wild-type (A) and
mutated IdhD+* (B) sequences are shown. Numbers refer to the nucleotide and
amino acid sequence positions. Nucleotide restriction sites EcoRV and Dral are
boxed. Primers A and B are indicated by arrows.
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FIG. 2. Strategy for IdhD gene replacement in Lal. (A) Cloning steps in E.
coli XL1-Blue. (B) Vector cointegrate formation in L. lactis MG1363. (C) Gene
replacement in L. johnsonii. Antibiotic resistance genes are indicated by arrows;
the IdhD and IdhD* genes are boxed. The dark box labeled 5’erm represents the
800-bp fragment cloned from the region upstream of the erythromycin resistance
gene of pAMB1. The figure is not drawn to scale.

MRS agar containing 100 pg of phosphomycin and 14 g of chloramphenicol per
ml. Plates were incubated anaerobically (GasPack; BBL) at 37°C and chloram-
phenicol-resistant L. johnsonii colonies were recovered after 2 days with a fre-
quency of 107> transconjugants per recipient cells. The presence of pLL91 in
L. johnsonii was verified by Southern blot analysis.

DNA preparation. All DNA manipulations and gel electrophoresis procedures
were carried out as recommended by the suppliers or by standard methods (35).
Plasmid DNA was isolated from E. coli by the alkaline lysis method. Plasmid
PAMPBI1 was prepared by the method for isolating large plasmid DNA (2).
Lactobacillus DNA was obtained as described previously (10), except that the
cells were incubated for 1 h at 37°C with a mixture of mutanolysin (120 pg/ml)
and lysozyme (1 mg/ml). When necessary, the digested DNA was blunt ended
with T4 DNA polymerase (Boehringer GmbH, Mannheim, Germany) for 5 min
at 37°C.

Transformations of E. coli and L. lactis. Electrotransformation of E. coli was
performed according to standard procedures (35). Competent cells and trans-
formations of L. lactis were realized according to the method of Holo and Nes
(22).
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Southern hybridizations. Chromosomal DNA was digested with EcoRV and
Dral (Boehringer) and submitted to electrophoresis on 1.0% (wt/vol) agarose
gels (1X Tris-acetate-EDTA buffer, pH 8.0). Southern blot hybridizations and
washings were performed under stringent conditions. Fragments were radiola-
belled with [a-*>P]JdCTP (Amersham, Sunnyvale, Calif.) by using the random
primer labeling kit of Boehringer.

DNA sequencing. DNA sequencing was performed by the dideoxy chain ter-
mination method (36) with [y-**P]dATP (Isotopchim, Peyruis, France). Se-
quencing reactions were carried out on plasmid or directly on PCR-amplified
chromosomal DNA with the VISTRA Thermosequenase kit (Amersham). Se-
quences were analyzed with the help of the University of Wisconsin Genetics
Computer Group (GCG) computer software package (11).

Enzyme assays. Concentrations of b- and L-lactate in SM and in MRS cultures
were determined as follows. Bacterial cultures were diluted in 100 mM Tris-HCI
(pH 8.0)-150 mM NaCl, kept on ice for 10 to 30 min, and centrifuged at maximal
speed for 10 min. When necessary, supernatants were kept frozen at —20°C until
use. Supernatants were further diluted in the same buffer, mixed with 1 ml of
mixture reaction (100 mM Tris-HCI, pH 9.0; 2 mM EDTA; 3% hydrazine; 1 mM
NAD™) in the presence of D-LDH or L-LDH (20 U/ml each; D-LDH was from
Leuconostoc mesenteroides Sigma 1-2395, and L-LDH was from rabbit muscle
Sigma L-2500, St. Louis, Mo.) and incubated for 90 min at room temperature.
NADH accumulation was monitored by measuring the optical density at 340 nm.
For the quantification of intracellular D-LDH and L-LDH, cells were washed
with a solution containing 50 mM Tris-HCI (pH 8.0), 100 mM NaCl, 2 mM
EDTA, 1 mM dithiothreitol, and 0.5 mM phenylmethylsulfonyl fluoride, centri-
fuged, concentrated five times in the same buffer containing 0.5 mg of lysozyme
and 50 pg of mutanolysin per ml, and incubated for 20 min at 37°C. The solution
of lysed cells was cleared by centrifugation, and the D- and L-LDH activities
were determined in 100 mM Tris-HCI (pH 8.0), 15 mM NAD™, and 500 mM
D-lactate (Fluka 71716) or L-lactate (Fluka 71718), respectively, by monitoring
the optical density at 342 nm. The total LDH activity was measured under the
same conditions but in the presence of 20 mM pyruvate and 0.15 mM NADH in
100 mM potassium buffer at pH 7.5. Protein concentrations were determined as
described previously (7), with bovine serum albumin as a standard.

GC analysis of secondary end products. To determine the production of
secondary end products, cells were grown in SM, and the volatile compounds
were trapped on a Tenax column and subsequently analyzed by gas chromatog-
raphy (GC) on a DB wax fused silica capillary column as previously described
(33). For that, aliquots of 25-g samples were placed into the sample space of a
headspace cell and equilibrated for 2 h at 30°C in a water bath. The headspace
of the cell (160 ml) was then passed through a trap containing 250 mg of Tenax
with a flow rate of 40 ml/min. Volatile compounds were thermally desorbed from
Tenax at 300°C for 15 min by using an ATD400 thermal desorber (Perkin-Elmer
Corp., Norwalk, Conn.). They were then refocused on an internal cold Tenax
trap (—30°C) and desorbed at 300°C for 3 min into an HP5890 GC (Hewlett-
Packard, Avondale, Pa.) equipped with a 60-m-long, 0.53-mm (inner diameter),
1.00-pm-phase-thickness DBwax column (J&W Scientific, Folsom, Calif.). He-
lium was used as carrier gas at a 10.6-ml/min flow rate. The column was kept at
20°C for 5 min, increased at a rate of 4°C/min to 200°C, and then maintained for
10 min at 200°C. After each sampling, the cell was cleaned in a vacuum oven at
50°C under 10* Pa for at least 1 h. Tenax sampling tubes were cleaned before use
by heating for 1 h at 300°C under helium flow (50 ml/min).

Nucleotide sequence accession number. The [dhD nucleotide sequence re-
ported here has been deposited in the GenBank database under nucleotide
accession number AF071558.

RESULTS AND DISCUSSION

Isolation and analysis of the ldhD gene of L. johnsonii Lal.
Based on the L. helveticus IdhD gene sequence (28), the de-
generated oligonucleotides, primers E and F (Table 1), were
used to amplify an 890-bp fragment from genomic Lal DNA.
This fragment was cloned in pGEMT and used as probe to
screen a Bglll genomic library of Lal in pUCI19 in E. coli
XL1-Blue. A 3-kb BglII fragment was isolated, and its DNA
sequence was determined. The sequence analysis revealed the
presence of two open reading frames oriented in opposite
directions. One of the open reading frames demonstrated sig-
nificant sequence homology to the L. helveticus ldhD gene and
was tentatively designated /dhD. The C-terminal end of this
ldhD gene, which was not present on the cloned 3-kb Bg/II
fragment, was isolated by inverted PCR (43) on Spel-digested
DNA with primers G and H. The sequences were assembled,
and a map of this region is given in Fig. 3.

The ldhD gene is 1,014 nucleotides long and encodes the
putative 338-amino-acid D-LDH. It shows significant homolo-
gies with the known D-LDH enzymes from other lactobacilli,
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FIG. 3. Physical map of ldhD of Lal. Arrows above the map indicate putative
promoters; the hairpin represents a putative rho-independent termination signal.

i.e., amino acid sequence identities of 94% with L. helveticus
(28), 86.7% with L. bulgaricus (3, 26), and 51.7% with L. plan-
tarum (42). Catalytic domains common to several dehydroge-
nases were also present in the D-LDH of L. johnsonii. The
NADH-binding domain G-X-G-X-X-G,,-D is located at ami-
no acid positions 152 to 175, corresponding to the location of
the equivalent domain in the other D-LDHs. The histidine
essential for catalysis is located at position 296, the arginine
involved in substrate binding is located at position 235, and the
glutamic acid modulating pH dependence (27) is located at
position 264. The presence of a putative promoter sequence
and ribosome binding site upstream, as well as a potential rho-
independent termination signal at the end of the gene, suggests
that the identified /dhD is independently transcribed as a func-
tional gene.

Integration of pLLI1 into the Lal genome. Preliminary at-
tempts to transform Lal by electroporation (22, 30, 45) were
unsuccessful. We therefore introduced the vector for gene
replacement, pLL91, via conjugative comobilization from L.
lactis MG1363(pAMB1) (9) to L. johnsonii Lal. Six indepen-
dent Lal(pLL91) transconjugant colonies were isolated and
subcultivated in MRS broth with 14 pg of chloramphenicol
per ml for 20 to 30 generations at 37°C. The pAMR1 replicon
is functional in L. johnsonii at a lower growth temperature
(37°C), but is inactive at 45°C. To select for genomic integra-
tions of pLL91, 5-ml portions of the six cultures were used to
subsequently inoculate six 100-ml volumes of fresh MRS broth,
which were incubated at 45°C until saturated growth was
reached. The cultures were diluted and grown on MRS agar
plates with 10 pg of chloramphenicol per ml. One colony of
each transconjugant was isolated, purified, and maintained in
MRS-chloramphenicol broth.

Genomic DNA of the six resulting cultures was prepared
and analyzed by Southern blot hybridizations with IdhD and
vector-based DNA probes. For all six independent transcon-
jugants, the results revealed targeted integration of pLL91 into
the genomic IdhD locus, as well as a duplication of the IdhD
signal, indicating cointegrate formation as shown in Fig. 2C.
EcoRV and Dral restriction enzyme analysis was used to dif-
ferentiate between the two types of cointegrates formed fol-
lowing homologous integration either upstream or down-
stream of the generated mutation in /dhD, respectively. Five of
the six integrants recombined as shown in Fig. 2Ci, and one
recombined as shown in Fig. 2Cii. One culture per cointegrate
structure was retained for further studies.

The two different cointegrate cultures were grown for 100
generations in nonselective MRS broth supplemented with
0.05% p-lactate (Fluka, Buchs, Switzerland) at 37°C. p-Lactate
was added in case the /dhD mutant strain would need this
isomer for cell wall synthesis, as shown previously for L. plan-
tarum (18). The cultures were then diluted on MRS agar plates
containing D-lactate and grown at 37°C. Fifty colonies from
each culture were picked and tested on MRS-chloramphenicol
(10 pg/ml) and MRS-erythromycin (5 pg/ml) plates for their
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FIG. 4. Analysis of replacement of the ldhD gene of L. johnsonii Lal and
N312 by Southern hybridization. The DNA probe is the complete IdhD gene. (A)
Chromosomal DNA digested with EcoRV. (B) Chromosomal DNA digested
with Dral. Lane 1, Lal; lane 2, Lal ldhD-1; lane 3, Lal IdhD-2; lane 4, N312; lane
5, N312 ldhD-1; lane 6, N312 ldhD-2.

antibiotic resistance pattern. With one of the cointegrate cul-
tures, 2 of the 50 isolates were sensitive to both antibiotics
tested. Genomic DNA of these two isolates was prepared and
Southern blot analysis confirmed that plasmid pLL91 was ex-
cised from the genome and lost from the cells. Furthermore,
Southern blot analysis with EcoRV and Dral revealed that, by
chance, in both cases the wild-type ldhD allele was replaced by
the IdhD* gene (Fig. 4). Mutants were called Lal IdhD-1 and
ldhD-2.

ldhD GENE OF L. JOHNSONII 4005

Identical /IdhD mutants were constructed for L. johnsonii
N312 with the same strategy as that described for Lal. Two
mutants lacking D-LDH activity were selected and called N312
ldhD-1 and ldhD-2. All mutants were verified by Southern blot
analysis of EcoRV and Dral digests to confirm the replacement
of the IdhD wild type by the mutated IdhD* gene (Fig. 4). The
probe used comprised the entire IdhD gene obtained by PCR
with the oligonucleotides C and D (Table 1). After resequenc-
ing of the complete gene, all of these strains were retained for
further physiological characterization.

Genetic and physiological stability of the mutation. The
stability of the introduced mutation was determined by moni-
toring the D-LDH activity over many generations. Mutant
strains were subcultured 30 times (ca. 200 generations) in 10
ml of MRS broth at 37°C. Production of pD- and L-lactate was
measured in the culture supernatant, and no p-lactate could be
detected. From the last subculture, 200 colonies of each mu-
tant were isolated and then grown in 10 ml of MRS broth, and
the occurrence of p-lactate was determined. All strains pro-
duced exclusively L-lactate. The mutation was thus considered
genetically stable. Furthermore, the sensitivity of Lal, N312,
and the mutant strains toward the antibiotic vancomycin was
determined. For that, small discs treated with 5 pg of vanco-
mycin per ml were put onto inoculated MRS agar plates and
incubated for 24 h at 37°C. The sensitivities of both wild types
and their mutants toward the antibiotic were identical, showing
that, in contrast to L. plantarum (18), the peptidoglycan syn-
thesis pathway of L. johnsonii is not affected by the absence of
D-lactate.

Physiological characteristics. Growth rates of the different
strains were compared in SM. Thereby, it was observed that
the /dhD mutant strains grew as well as their respective wild-
type strains. After a 2-h lag phase, cells grew exponentially for
3 h to reach a final plateau after 5 h of incubation. After a 24-h
incubation, production of D- and L-lactate was measured in all
supernatants. Lal and N312 produced p- and L-lactate in a
ratio of about 60:40 (Table 2). On the contrary, no accumula-
tion of D-lactate was observed in the ldhD mutants, and instead
most of the metabolic carbon flux was deviated to the produc-
tion of L-lactate, which revealed that, in contrast to other
lactobacilli (21, 41), L. johnsonii does not possess a DL-lactate
racemase. However, the total amount of lactate produced by
the mutant strains did not reach the same levels as in the
wild-type strains. Lactate production was also measured in the
supernatant of cells grown in MRS broth (Table 2). The same
characteristics were found for Lal, N312, and their mutants:
i.e., lactate was produced in a D-lactate/L-lactate ratio of ca.
70:30, and no Dp-lactate was found in the mutants. However,
cells grew much better in milk and, hence, the total production

TABLE 2. Concentration of lactate in the supernatant of overnight cultures grown in SM medium and in MRS broth

Concn® of lactate in:

L. é (t)r}:ﬂ;:nii SM medium MRS broth
p-Lactate (g/liter) L-Lactate (g/liter) Total lactate (%) D-Lactate (g/liter) L-Lactate (g/liter) Total lactate (%)
Lal 18.0 = 0.4 (58.1) 13.0 = 1.5 (41.9) 100 13.7 = 0.4 (70.3) 5.8+0.2(29.7) 100
Lal ldhD-1 <0.1 243 £2.6 78 <0.1 163 = 1.2 84
Lal ldhD-2 <0.1 245 *+24 79 <0.1 17.3 £ 0.6 89
N312 17.0 = 0.45 (54.7) 14.1 = 4.8 (45.3) 100 14.2 = 0.5 (70.0) 6.1 = 0.5 (30.0) 100
N312 ldhD-1 0.2 0.3 222 *24 71 <0.1 16.4 = 1.5 81
N312 ldhD-2 03=*=02 232 *+33 75 <0.1 15515 76

“The percentage of D- or L-lactate per total lactate concentration is given in parentheses.



4006 LAPIERRE ET AL.

TABLE 3. Internal LDH activities of cells grown in MRS broth

L johr_zsonii LDH activity
strains D-LDH (U/mg)  L-LDH (U/mg)  Total LDH (U/mg)
Lal 1.18 = 0.04 0.32 = 0.01 15.58 = 0.83
Lal ldhD-1 <0.01 0.32 = 0.01 1.88 = 0.07
Lal ldhD-2 <0.01 0.35 = 0.01 1.95 = 0.05
N312 1.88 = 0.04 0.39 = 0.03 20.68 = 1.54
N312 ldhD-1 <0.01 0.61 = 0.01 3.88 =0.14
N312 ldhD-2 <0.01 0.57 = 0.02 2.78 = 0.08

of lactate for all strains was clearly superior in milk than in
MRS.

Cells grown in MRS were harvested, washed, and used for
the determination of intracellular D-LDH, L-LDH, and total
LDH activities in the presence of pD- or L-lactate and either
NAD™ or pyruvate-NADH, respectively. The results showed
no detectable D-LDH activity for all mutant strains tested
(Table 3). For Lal and its mutants, the L-LDH activity was
constant, whereas for N312 a slight increase in this activity was
observed for the mutant strains. It was not investigated
whether this increase was due to an increased transcriptional
or translational activity. Furthermore, it was interesting that, in
both wild-type strains, the endogenous D-LDH activity was
higher than the L-LDH activity. Nevertheless, upon ldhD in-
activation, the ca.-four-times-lower activity of the remaining
L-LDH was sufficient to compensate for most of the lost D-
LDH activity without significantly affecting the L-LDH expres-
sion or inducing a reduction of the bacterial growth rate.

Impact of the ldhD* mutation on the production of second-
ary end products. L. johnsonii is a strict homofermentative
bacterium and does not produce organic acids as end products
other than lactate. This was verified for Lal, N312, and their
ldhD-deficient mutants in SM cultures by high-pressure liquid
chromatography (HPLC) analysis (data not shown). In partic-
ular, no accumulation of acetic and succinic acid was detect-
able in L. johnsonii as was observed for L. plantarum (19).
However, inactivation of the ldhD gene resulted in an in-
creased production of some of the secondary end products, in
particular acetaldehyde, acetoin, and two unidentified com-
pounds with retention times of 38 and 39 min. Interestingly,
the results were different for the Lal and N312 [dhD-deficient
mutants (Table 4). The mutant strains of N312 produced up to
25 times more acetaldehyde than the parent strain compared
to Lal, where the increase was by a factor of only two. On the
other hand, production of diacetyl and acetoin was slightly
increased for the Lal PdhD mutants. These results indicated
that the natural metabolic pathways leading to these flavor
metabolites are not equally equilibrated between the two

TABLE 4. Headspace GC analysis of volatiles produced
by strains grown in SM medium

Relative peak areas of:

L. johr_zsonii
strains Acetaldehyde Diacetyl Acetoin Acetone
Lal 305 186 75 2,782
Lal ldhD-1 530 250 227 3,014
Lal ldhD-2 509 254 263 2,500
N312 170 153 117 2,489
N312 ldhD-1 4,291 188 261 2,974
N312 ldhD-2 4,222 192 235 2,964
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strains. However, it has to be noted that the increased produc-
tion of these metabolites in quantitative terms is very low, i.e.,
an increase from ca. 1 to 10 ppm for the production of acet-
aldehyde by the N312 PdhD mutants (quantities were deter-
mined by static headspace gas chromatography [data not
shown]). Hence, the increase observed in secondary end prod-
ucts cannot fully account for the lower total production of the
lactic acid detected. A slight undetectable reduction in the
fermentation yield could explain this difference between the
wild-type strain and the mutants. It seems that accumulated
pyruvate cannot easily be redirected in large amounts to sec-
ondary metabolic routes and that it is essential for L. johnsonii
to almost stoichiometrically reduce pyruvate to lactate in order
to regenerate NAD™,

Perspectives. Functional foods containing probiotic micro-
organisms with scientifically supported health benefits to the
consumer constitute a growing market. Thereby, selected lac-
tobacilli play an important role because they contribute to an
improved health status, mainly through their beneficial effects
in the small intestine. In today’s probiotic products, the Lac-
tobacillus strains used are all natural strains, mainly isolated
from human or animal intestinal sources, and are selected in
screening experiments and validated in clinical studies. The
findings presented here show a new approach for improving
the health benefit and applicability of already-established pro-
biotic strains by targeted genetic engineering, which may lead
to a new generation of probiotic products once they have been
approved by the consumers and by legislative bodies. This
approach allows us to build new probiotic microorganisms on
already-selected and clinically validated strains without going
again through new screening procedures either on new isolates
or with spontaneous mutants of established strains. Moreover,
targeted genetic engineering prevents the accumulation of nu-
merous uncharacterized mutations in the bacterial genome,
which may occur in spontaneous mutation and screening ex-
periments. This adds to the safety aspect of this new technol-
ogy and assures the preservation of the desired health-benefi-
cial character of the new strain. Nevertheless, it is clear that
also in this case all newly developed strains have to run through
a vigorous safety assessment before an application in food can
be envisaged.
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