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Abstract. This study was undertaken to determine the nutritional requirements of Lactobacillus del-
brueckii subsp. lactis and to develop a minimal chemically defined medium that supports sustained
growth of these microorganisms. The single-omission technique was applied to each component of
complete chemically defined medium in order to determine the nutritional requirements. L. delbrueckii
subsp. lactis was prototrophic for alanine, glycine, aspartic acid, asparagine, glutamine, threonine, and
proline. The lysine requirement was strain-dependent. Magnesium was the only essential oligoelement.
These microorganisms also required uracil and guanine and adenine as pyrimidine and purine sources,
respectively. In view of the nutritional requirements we designed a new minimal defined medium which
supports sustained growth of L. delbrueckii subsp. lactis. This medium is simple and well defined, and
should be preferable to complex media for conducting future biochemical, physiological, and genetic

studies on L. delbrueckii subsp. lactis.

The lactic acid bacteria (LAB) are important industrial
microorganisms because of their role in food fermentations,
especially dairy products. In addition, it has been shown
that LAB exhibit a range of physiological and therapeutic
effects in their consumers, including immune stimulation,
pathogen exclusion, production of bioactive peptides, and
health-related products [6, 12, 19]. Lactobacillus del-
brueckii subsp. lactis (L. lactis) is an important species of
LAB currently used in the industrial production of hard
cheeses, such as Grana, Emmenthal and Provolone. Despite
the industrial interest in L. lactis little is known about the
physiology and genetics of this microorganism. Lactobacilli
are extremely fastidious organisms, adapted to complex
organic substrates. They require not only carbohydrates as
energy and carbon source, but also nucleotides, amino ac-
ids, and vitamins for their growth in a defined medium [8,
11, 17]. Their complex nutrient requirements are usually
satisfied in natural or complex growth media by the addition
of undefined compounds such as peptone, meat and yeast
extract [4]. A chemically defined medium that supports the
growth of L. lactis is essential for the design of reproducible
biochemical, physiological, and genetic studies. The use of
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a chemically defined medium is also important to enhance
the proteinase activity by thermophilic lactobacilli [8] and
to study the regulation of this enzyme.

Chemically defined media have been developed for
several LAB species [2, 3, 7, 8, 17]. Chervaux et al. [2]
formulated a synthetic medium which allows the growth
of several LAB, including L. delbrueckii subsp. bulgari-
cus, but L. lactis grew poorly in this medium. Recently,
a synthetic culture medium for L. johnsonii has been
formulated [5]. This medium was able to support the
development of L. lactis ATCC 7830. However, several
strains of L. lactis were unable to grow in this defined
medium [5]. Moreover, the nutritional requirements of L.
lactis have never been elucidated. This study was under-
taken to determine the minimal requirements of L. lactis
by first using a complete defined medium from which
minimal requirements could be determined, ultimately
leading to the development of a minimal defined medium
that supports growth of these microorganisms.

Materials and Methods

Bacterial strains. Two strains of L. delbrueckii subsp. lactis, CRL 581
and CRL 654, which displayed a high caseinolytic activity able to
hydrolyze a- and 3-casein into smaller peptides were used throughout
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this study [9]. These strains were obtained from CERELA (Centro de
Referencia para Lactobacilos, Argentina) and they were originally
isolated from Argentine hard cheeses [9]. Cultures were stored at
—70°C in 10% sterile reconstituted skim milk (RSM) containing 0.5%
yeast extract and 10% glycerol, and were activated in MRS [4] broth at
40°C for 16 h.

Chemicals, media, and growth conditions. All chemicals were of
analytical grade unless stated otherwise. Amino acids, vitamins, pu-
rines and pyrimidines, sugars, and inorganic salts were purchased in the
highest grade available from Sigma Chemical Co. (St. Louis, MO). The
complete chemically defined medium (CDM, Table 1) was adapted
from that described by Morishita et al. [17]: CDM (pH 6.5) was
prepared from concentrated individual stock solutions, which were
stored at —4°C after filtration, except for the cysteine solution that was
freshly prepared. Media and stock solutions were sterilized by filtration
through a cellulose acetate membrane (0.20 wm pore size; Sartorius,
Gottingen, Germany).

CDM was used in a series of deletion and add-back experiments
to determine the minimal essential nutrients required for growth of L.
lactis. Initial deletion of entire nutrient groups, including 11 vitamins,
6 minerals, 5 bases, or 20 amino acids, was followed by deletions of
individual components when the group was determined to be necessary
for growth. Subsequently, each nutrient that yielded no growth when
omitted was individually added to the medium to confirm that it was
essential for growth. A CDM without bases was called CDMWB
(chemically defined medium without bases).

Working cultures of lactobacilli were propagated in MRS at 40°C
for 16 h. To eliminate carryover nutrients, the cells were harvested by
centrifugation at 8,000 g for 15 min, washed twice in sterile saline, and
resuspended in this solution to the original volume. This cell suspen-
sion was used to inoculate the different media at an initial optical
density (Spectronic 2000, Bausch and Lomb, Rochester, NY) at 560 nm
(ODsqq) of 0.07. Bacterial growth was monitored by measuring the
ODsg, and these measurements were correlated with the cell dry
weight determinations. Cells were harvested by filtration (0.2 pm),
washed once with deionized water, and dried to a constant weight at
60°C under partial vacuum (200 mmHg). A change of 1 unit of optical
density was shown to be equivalent to 0.50 g dry matter. In all growth
experiments, complete CDM and CDM without any amino acids was
inoculated as a positive and negative control, respectively.

The following terms are used to describe the relationship between
medium components and growth as determined by the single-omission
technique. A constituent was considered as essential (E) if its omission
caused less than half maximum growth rate of the positive control;
stimulatory (S) when the growth rate was between 50% and 80% of that
observed in complete CDM; and non-essential (N) when the growth
rate was 80% (or more) of that obtained in the complete CDM.

Results

To determine the absolute nutritional requirements of L.
lactis CRL 581 and CRL 654 the single- or multiple-
omission technique was applied to each component of
the complete CDM. Initial determination of vitamin,
purine, pyrimidine, mineral, and amino acid require-
ments utilized a defined medium that was made deficient
in the individual nutrient groups. Results indicated that
deletion of the nucleotides, vitamins, minerals, or amino
acids completely abrogated growth; thus they were eval-
uated separately.
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Table 1. Composition of the complete chemically defined medium
(CDM) and the new formulated minimal defined medium (MDM)

Concentration (g/L)

Constituent CDM MDM
Glucose 10 10
Sodium acetate 5 5
KH,PO, 3 3
K,HPO, 3 3
MgSO, - 7TH,O 0.2 0.2
MnSO, - 4H, 0.05

FeSO, - TH,0 0.02

Tween 80 1

L-Alanine 0.10 0.10
L-Arginine 0.10 0.10
L-Asparagine 0.20

L-Aspartic acid 0.20 0.20
L-Cysteine 0.20 0.20
L-Glutamine 0.20

L-Glutamic acid 0.20 0.20
Glycine 0.10

L-Histidine 0.10 0.10
L-Isoleucine 0.10 0.10
L-Leucine 0.10 0.10
L-Lysine 0.10 0.10
L-Methionine 0.10 0.10
L-Phenylalanine 0.10 0.10
L-Proline 0.10

L-Serine 0.10 0.10
L-Threonine 0.10

L-Tryptophan 0.10 0.10
L-Tyrosine 0.10 0.10
L-Valine 0.10 0.10
Nicotinic acid 0.001 0.001
Pantothenic acid 0.001 0.001
Pyridoxal 0.002 0.002
Riboflavin 0.001 0.001
p-Aminobenzoic acid 0.01

Folic acid 0.001

Cyanocobalamin 0.001 0.001
D-Biotin 0.01

Thiamine 0.001

Adenine 0.01 0.01
Guanine 0.01 0.01
Inosine 0.01

Xanthine 0.01

Orotic acid 0.01

Uracil 0.01 0.01
Thymine 0.01

The growth rate of the two strains was not affected
when MnSO,, FeSO,, or ammonium citrate were omitted
individually or together. In contrast, MgSO, and phos-
phate appeared to be essential for growth. The omission
of sodium acetate did not affect the growth rate, whereas
a slightly lower final ODs¢, (approximately 8%) was
observed in the absence of this compound. Addition of
Tween 80 (0.1%) to the growth medium had no effect.
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Table 2. Growth of L. delbrueckii subsp. lactis CRL 581 and CRL 654 in a CDM deficient in a specific vitamin

Specific growth rate w (h™')* Cell density (ODsg)”

Deleted vitamin CRL 581 CRL 654 CRL 581 CRL 654

Pantothenic acid 0.07 £ 0.02 0.09 £ 0.02 0.28 £0.02 0.47 £ 0.03
Pyridoxal 0.14 £ 0.02 0.28 £ 0.03 0.73 £ 0.05 1.26 = 0.06
Thiamine 0.36 = 0.04 0.33 = 0.03 1.55 = 0.09 1.52 = 0.07
Niacin 0.16 £ 0.01 0.17 £ 0.02 1.18 = 0.06 1.08 = 0.04
D-Biotin 0.35 £ 0.03 0.36 = 0.03 1.48 = 0.08 1.43 = 0.07
Riboflavin 0.19 = 0.02 0.28 = 0.02 0.68 = 0.04 0.95 = 0.05
Cyanocobalamin 0.28 £0.02 0.27 £ 0.02 1.21 = 0.06 0.84 £ 0.04
Folic acid 0.37 £ 0.03 0.34 £ 0.03 1.59 = 0.07 1.45 = 0.06
p-Aminobenzoic acid 0.36 = 0.03 0.35 = 0.02 1.55 £0.07 1.51 £0.08
None 0.37 £ 0.04 0.35 £ 0.03 1.58 = 0.08 1.49 = 0.07

¢ Growth rate, o = In 2/doubling time (h).
® OD measurements were performed after 12 h of incubation. Values are the mean of triplicate measurements = standard deviation.

Subsequent deletion of individual vitamins indicated
that niacin, pantothenic acid, and pyridoxal were essen-
tial for L. lactis CRL 581 (Table 2). The essential vita-
mins for strain CRL 654 were niacin and pantothenic
acid, while pyridoxal was stimulatory for this microor-
ganism. Riboflavin and cyanocobalamin showed a stim-
ulatory effect for both bacteria (Table 2). d- Biotin,
thiamine, folic acid, and p-aminobenzoate could be omit-
ted without any effect on the growth rate or final cell
density of the analyzed strains (Table 2).

The effect of bases on the growth rate of L. lactis
CRL 581 and CRL 654 was determined in CDM, CD-
MWB, and CDMWB supplemented with different purine
and pyrimidine combinations. With the exception of
uracil, which proved to be an essential compound, none
of the nucleic acid bases and their assayed precursors
(orotic acid, inosine, adenine, guanine, xanthine, thy-
mine) were found to be required by L. lactis using the
single-omission approach. However, the strains could
not grow when all purine bases (A, G, I) were removed
at once. The growth rate observed in CDMWB supple-
mented with uracil, adenine, and guanine was similar
than that obtained in complete CDM.

Amino acid requirements were tested by a single- or
multiple-omission technique. No growth was observed
for any strains when arginine, cysteine, histidine, isoleu-
cine, leucine, methionine, phenylalanine, tryptophan, ty-
rosine, or valine was omitted, suggesting that these
amino acids are essential (Table 3). L. lactis CRL 654
showed a requirement for lysine in addition to the amino
acids necessary for the growth of strain CRL 581. The
single omission of aspartic acid, asparagine, glycine,
glutamic acid, glutamine, proline, or threonine did not
affect the growth of either strain. However, when glu-
tamic acid and glutamine were removed together, no

growth was possible, indicating that glutamic acid is
essential for L. lactis strains (Table 3). The omission of
aspartic acid and asparagine diminished the growth rate
of L. lactis CRL 581 by 29% but had no effect on the
growth of CRL 654. The absence of alanine alone re-
duced the growth rate by 21%, and therefore this amino
acid was considered growth stimulating. The removal of
serine resulted in an important decrease in the growth
rate (62% and 45% for strains CRL 581 and CRL 654,
respectively) and in an extended lag phase (5 h).

On the basis of these nutritional requirements, a
minimal defined medium (MDM) for L. lactis was for-
mulated (Table 1). The specific growth rate of L. lactis
CRL 581 and CRL 654 in MDM was 0.32 h™ " and 0.30
h™!, respectively.

Discussion

This report describes a complete chemically defined me-
dium (CDM) and a minimal defined medium (MDM)
that support sustained growth of L. lactis. Chemically
defined media have been developed for several Lactoba-
cillus species [2, 5, 7, 8, 14, 17], including L. lactis [5].
However, the nutritional requirements of L. lactis have
never been elucidated. CDM was used to determine the
nutritional requirements of L. lactis strains and to define
a minimal medium. The designed MDM supported
growth at a reasonably high rate for the L. lactis strains
tested. The positive effect of acetate on final OD of the
strains could be attributed to the effect of acetate on the
size of the cell [14] or to a buffering effect; this com-
pound is necessary in phosphate-buffered media because
of their low buffering capacity [16]. The omission of
ammonium salt from the CDM did not affect the growth
rate, indicating that the amino acid and nucleotide con-
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Table 3. The effect of the single and multiple omission of amino acids from the complete CDM on the growth of L. delbrueckii subsp. lactis

CRL 581 and CRL 654

Deleted amino

Specific growth rate w (h™')*

Cell density (ODsg)”

CRL 581

CRL 654

acid CRL 581 CRL 654
Ala 0.29 = 0.03 0.27 £ 0.02
Arg nd nd
Asp 0.36 = 0.03 0.35 £ 0.02
Asn 0.37 =£0.03 0.37 £0.03
Asp-Asn 0.27 = 0.02 0.33 £0.03
Cys nd nd

Gln 0.36 = 0.03 0.35 £0.03
Glu 0.38 = 0.03 0.36 £ 0.03
GIn-Glu nd nd

Gly 0.35 =£0.03 0.36 = 0.02
His nd nd

Ile nd nd
Leu nd nd
Lys 0.40 = 0.04 nd
Met nd nd

Phe nd nd

Pro 0.35 = 0.02 0.37 £ 0.03
Ser 0.09 = 0.01 0.15 £ 0.01
Thr 0.36 = 0.03 0.35 £ 0.02
Trp nd nd

Tyr nd nd

Val nd nd
None 0.38 = 0.03 0.39 = 0.04

1.44 +0.10 (S)
0.09 = 0.01 (E)
1.48 = 0.12 (N)
1.50 = 0.10 (N)
1.19 = 0.05 (S)
0.10 = 0.01 (E)
1.48 = 0.13 (N)
1.40 = 0.09 (N)
0.08 = 0.02 (E)
1.43 = 0.07 (N)
0.11 = 0.02 (E)
0.09 = 0.02 (E)
0.08 = 0.03 (E)
1.59 = 0.08 (N)
0.11 = 0.03 (E)
0.13 = 0.02 (E)
1.48 = 0.07 (N)
0.42 = 0.02 (E)
1.41 = 0.08 (N)
0.09 = 0.01 (E)
0.10 = 0.02 (E)
0.11 = 0.02 (E)
1.58 + 0.11

141 = 0.11 (S)
0.10 = 0.02 (E)
1.53 = 0.11 (N)
1.46 + 0.09 (N)
1.30 = 0.08 (N)
0.09 = 0.02 (E)
1.45 + 0.12 (N)
1.43 = 0.08 (N)
0.08 = 0.01 (E)
1.45 + 0.09 (N)
0.12 = 0.03 (E)
0.11 = 0.02 (E)
0.09 = 0.04 (E)
0.13 = 0.04 (E)
0.09 = 0.02 (E)
0.08 = 0.01 (E)
1.41 = 0.05 (N)
0.71 = 0.03 (E)
1.47 = 0.06 (N)
0.08 = 0.01 (E)
0.09 = 0.02 (E)
0.10 = 0.01 (E)
1.49 + 0.11

nd, not determined; E, essential for growth; S, stimulating; N, not essential.

¢ Growth rate, o = In 2/doubling time (h).

® OD measurements were performed after 12 h of incubation. Values are the mean of triplicate measurements = standard deviation.

tent of the medium satisfies the nitrogen requirement for
biomass synthesis. This result is in accordance with those
observed for most LAB [3, 6]. The removal of Tween 80
did not affect the growth rate of the strains. Tween 80
had differing effects on several LAB, stimulating L.
delbrueckii subsp. bulgaricus NCFB 2772, L. plantarum
and L. sake Lb16, and inhibiting L. sake NCFB 2714 [7,
16]. This compound was essential for L. curvatus [16]
and L. reuteri CRL 1098 (unpublished data). In contrast,
Tween 80 was not included in different defined media for
L. delbrueckii subsp. bulgaricus, Lactococcus lactis, and
Streptococcus thermophilus [3, 15, 18].

L. lactis CRL 581 and CRL 654 required 12 and 13
essential amino acids for growth in CDM, respectively.
Like other thermophilic lactobacilli, L. lactis appears
more demanding than other LAB such as L. sake, L.
plantarum, L. curvatus, L. casei [7, 8, 14, 16, 17], and
Lactococcus [3]. L. lactis is an obligately homofermen-
tative lactobacillus [10]; the phosphoketolase enzyme is
absent in this group. This fermentative pattern could
explain the degree of amino acid auxotrophy in the
species. Thus, p-erythrose-4-phosphate and ribose-5-
phosphate, the precursors for the aromatic amino acid

family and histidine, respectively, can not be synthesized
in these strains. The L. lactis strains assayed had an
absolute requirement for the branched amino acids iso-
leucine, leucine, and valine, suggesting that genetic le-
sions affecting these amino acid biosynthetic pathways
have occurred [17]. Genome sequencing of L. johnsonii,
L. rhamnosus, L. casei, and L. plantarum revealed a lack
of the branched-chain amino acid biosynthesis pathway
[13]. Argininine was an essential amino acid for L. lactis.
Bringel and Hubert [1] suggested that LAB evolve by
progressively losing unnecessary genes upon adaptation
to specific habitats, with genome evolution toward cu-
mulative DNA degeneration. Thus, association with
dairy products might favor amino acid auxotrophies [1].
The vitamins niacin, pantothenic acid, and pyridoxal
were essential. These vitamin auxotrophies appear to be
common to most lactobacilli [2, 7, 8, 14, 17]. These
vitamins are involved in coenzyme biosynthesis by Lac-
tococcus and Lactobacillus [3].

L. lactis requires uracil, adenine, and guanine for
sustained growth in a defined medium. The essential role
of uracil in a CDM containing orotic acid indicated that
this compound was unable to replace uracil as a pyrim-
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idine precursor. When all purine bases (adenine, guanine,
inosine) were removed at once, no growth was observed,
confirming the inability of these microorganisms to syn-
thesize purine bases de novo. Moreover, the biosynthesis
of these bases was not possible in a medium containing
pyridoxamine, which mainly acts as a catalytic agent of
transaminases and might therefore be involved in the
biosynthesis of inosinic acid from 5'-phosphoribosyl-
pyrophosphate.

L. lactis generally requires the use of complex or
enriched media for growth. The MDM reported in this
study is a simple and well-defined medium to be used in
preference to complex media for conducting future bio-
chemical, physiological, and genetic studies on L. lactis.

ACKNOWLEDGMENTS

This work was supported by grants from the Consejo Nacional de
Investigaciones Cientificas y Técnicas (CONICET), Agencia de Pro-
mocién Cientifica y Tecnolégica (FONCYT), and Fundacién Antor-
chas.

Literature Cited

1. Bringel F, Hubert JC (2003) Extent of genetic lesions of the
arginine and pyrimidine biosynthetic pathways in Lactobacillus
plantarum, L. paraplantarum, L. pentosus, and L. casei: Preva-
lence of CO,-dependent auxotrophs and characterization of defi-
cient arg genes in L. plantarum. Appl Environ Microbiol 69:2674 —
2683

2. Chervaux C, Ehrlich SD, Maguin E (2000) Physiological study of
Lactobacillus delbrueckii subsp. bulgaricus in a novel chemically
defined medium. Appl Environ Microbiol 66:5306-5311

3. Cocaign-Bousquet M, Garrigues C, Novak L, Lindley ND, Lou-
biere P (1995) Rational development of a simple synthetic medium
for the sustained growth of Lactococcus lactis. J Appl Bacteriol
79:108-116

4. De Man JC, Rogosa M, Sharpe ME (1960) A medium for the
cultivation of lactobacilli. J Appl Bacteriol 23:130-135

5. Elli M, Zink R, Rytz A, Reniero R, Morelli L (2000) Iron require-
ment of Lactobacillus spp. in completely chemically defined
growth media. J Appl Microbiol 88:695-703

6. Fuglsang A, Nilsson D, Nyborg NC (2002) Cardiovascular effects

10.

12.

13.

14.

16.

17.

19.

345

of fermented milk containing angiotensin-converting enzyme in-
hibitors evaluated in permanently catheterized, spontaneously hy-
pertensive rats. Appl Environ Microbiol 68:3566-3569

. Grobben GJ, Chin-Joe I, Kitzen VA, Boels IC, Boer F, Sikkema J,

et al. (1998) Enhancement of exopolysaccharide production by
Lactobacillus delbrueckii subsp. bulgaricus NCFB 2772 with a
simplified defined medium. Appl Environ Microbiol 64:1333—
1337

. Hebert EM, Raya RR, De Giori GS (2000) Nutritional require-

ments and nitrogen-dependent regulation of proteinase activity of
Lactobacillus helveticus CRL 1062. Appl Environ Microbiol 66:
5316-5321

. Hebert EM, Raya RR, de Giori GS (2002) Modulation of the

cell-surface proteinase activity of thermophilic lactobacilli by the
peptide supply. Curr Microbiol 45:385-389

Kandler O (1983) Carbohydrate metabolism in lactic acid bacteria.
Antonie van Leeuwenhoek 49:209-224

. Kandler O, Weiss N (1986) Regular, non-sporing Gram-positive

rods. In: Sneath PHA, Mair NS, Sharpe ME, Holt JG (eds)
Bergey’s manual of systematic bacteriology, vol 1. Baltimore:
Williams and Wilkins, pp 1208 1234

Klaenhammer TR (1998) Functional activities of Lactobacillus
probiotics: Genetic mandate. Int Dairy J 8:497-505
Klaenhammer T, Altermann E, Arigoni F, Bolotin A, Breidt F,
Broadbent J, et al. (2002) Discovering lactic acid bacteria by
genomics. Antonie van Leeuwenhoek 82:29-58

Ledesma OV, Ruiz Holgado, AA P de, Oliver G, de Giori GS,
Raibaud P, Galpin JV (1977) A synthetic medium for comparative
nutritional studies of lactobacilli. J Appl Bacteriol 42:123-133

. Letort C, Juillard V (2001) Development of a minimal chemically-

defined medium for the exponential growth of Streptococcus ther-
mophilus. J Appl Microbiol 91:1023-1029

Moreto T, Hagen BF, Axelsson L (1998) A new, completely
defined medium for meat lactobacilli. J Appl Microbiol 85:715—
722

Morishita T, Deguchi Y, Yajima M, Sakurai T, Yura T (1981)
Multiple nutritional requirements of lactobacilli: Genetic lesions
affecting amino acid biosynthetic pathways. J Bacteriol 148:64-71

. Petry S, Furlan S, Crepeau MJ, Cerning J, Desmazeaud M (2000)

Factors affecting exocellular polysaccharide production by Lacto-
bacillus delbrueckii subsp. bulgaricus grown in a chemically de-
fined medium. Appl Environ Microbiol 66:3427-3431

Rhee CH, Park HD (2001) Three glycoproteins with antimutagenic
activity identified in Lactobacillus plantarum KLAB21. Appl En-
viron Microbiol 67:3445-3449



