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Abstract—Data on the dependence of growth characteristics of Lactococcus lactis subsp. lactis 729 and TB2
extracted from milk and homemade curd on the content of casein peptone (CP) as the main source of nitro-
gen in the agar medium is presented. The number of colony-forming units (CFUs), cell division rate (CDR),
and mean hourly doubling time (HDT) were compared between two time segments of cultivation: from 1 to
2.5 h, and from 2.5 to 3.5 h. In liquid media, logarithmic growth was observed for the 729 strain in all groups
for 3.5 h at minimal pH of 6.5. The maximum biomass production rate (2.5 x 10% cells/mL) was observed in
the media containing the meat extract; the minimal HDT was in the biomass transferred from the minimal
MA4 medium to the enriched M7 medium. In contrast with the TB2 strain, the 729 strain does not form col-
onies on agar media at CP concentrations below 0.4%. The colonies of the TB2 strain increase in size from
2.85 mm? to 5 mm? when decreasing CP concentration from 1 to 0.4%. The yeast extract has a stimulating
effect in liquid media at said concentration ratios, leading to an increase in the efficiency of cell division at
lower rates of lactic acid production, to pH of 5.5 when oligopeptide transport is blocked. The meat extract
provides adaptation of bacteria to the conditions of excessive acidity and has positive effect on cell division in
the 729 strain at later stages of bacterial colony development. The smaller size of colonies of the strain might

be evidence of active acid formation.
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INTRODUCTION

The basic trait of lactic acid bacteria is the capabil-
ity of fermentation involving formation of lactic acid
as the major end product. According to the kind of
carbohydrate fermentation products, lactic acid bac-
teria are divided into homofermentative and heterof-
ermentative. In homofermentation, up to 98% of car-
bohydrates are converted into lactic acid [1]. Dynam-
ics of development of Lactococcus lactis subsp. lactis
population and their genetic stability are markedly
affected by the efficiency of lactic acid production in
the medium [2—6]. Some phenotypic differences were
observed between fast and slow milk-coagulating iso-
lates of lactococci [7]. Mutations affecting either
uptake of B-casein peptides or lactose fermentation
were considered to be the reason for these phenotypic
differences. Fast coagulating isolates exhibited notable
rate of acid formation while slow coagulating isolates
needed stimulating effect of the yeast extract to a
greater extent. Comparative analysis of phenotype in
the colonies of active acid-forming strains Lactococcus

29

lactis subsp. lactis TB2 and 837 in the presence and
absence of the yeast extract, performed by authors
before, provided an opportunity to estimate colony
size on the agar media with high CP concentration
(1%). The average colony size for 837 strain in the
presence of the yeast extract was 34% smaller as com-
pared with TB2 strain and 74% smaller in the absence
of the yeast extract; this suggests that the bacteria of
the 837 strain are more dependent on the stimulating
effect of the yeast extract under conditions of CP
excess.

The ecological niche of L. lactis subsp. lactis is rep-
resented by plants and the capability of colonizing
milk appears to be due to the macroevolutionary selec-
tion. The strain specificity of lactococci used in milk
processing depends more on the technological envi-
ronment of cultivation than on the geographical loca-
tion of the farm. It is suggested that the plasmid DNA
needed for the utilization of casein and lactose was
received by lactococci from other bacteria, since its
GC-content (30—40%) is fairly different from that of
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Composition of the nutrient media used for cultivating L. lactis subsp. lactis

Nutrient media
Components, %

MA3 MAA4 MAS MA7 MAG6 M4 M7 M6
Casein peptone (CP) 0.3 0.4 0.4 0.8 0.4 0.4 0.8 0.4
Yeast extract — — 0.2 0.4 0.4 — 0.4 0.4
Meat extract — - — - 0.4 - — 0.4
Lactose 0.3 0.4 0.4 0.5 0.5 0.4 0.5 0.5
Agar 1.5 1.5 1.5 1.5 1.5 - - -
NagHPO, 0.85 0.85 0.85 0.85 0.85 - — —
KH,PO, 0.2 0.2 0.2 0.2 0.2 — — —
Water Rest

the chromosomal DNA (36—38%) [10]. Controlled
isolation of lactococci from the surface of plants and
their identification showed that the “wild-type”
strains of lactococci exhibit phenotypic traits of L. lac-
tis subsp. lactis, while phenotypes of L. lactis subsp.
cremoris and L. lactis subsp. lactis bv. diacetilactis are
typical of the strains obtained from the milk products
[11].

The purpose of the work is to determine nutrition
needs and time ranges of development in lactococci
population in which undesirable lactic acid accumula-
tion does not occur.

MATERIALS AND METHODS

Two original strains of Lactococcus lactis subsp. lac-
tis were used in the work. The 729 strain is an active
acid-former; it was extracted from cow’s milk [12],
and genotyped using 16S rRNA gene (GenBank EF-
100778) [13]. The TB2 strain was obtained from
homemade curd and suggested for production of a
curd culture [8]; its genome was described by pulse-
electrophoresis [4]. Composition of the media in
which CP is the main source of nitrogen is presented
in the table. The medium components—CP, yeast and
meat extracts—used in the study were produced by
“HiMedia” (India). The media were prepared in two
steps. First, starvation salt agar and nutrient solutions
with high concentration were prepared separately.
Then, nutrient concentrates were diluted in melted
agar with phosphate buffer in Petri dishes. Biomass
cultivation on the agar media and washing with nor-
mal saline prior to the transfer to the liquid media were
carried out according to the procedure described in [4,
15, 16]. The inoculation of diluted bacterial suspen-
sions was carried out with a spatula into 1/4 of the agar
medium surface in Petri dishes (d = 10 cm). For CFU
counting, suspensions were inoculated into MAS
medium. In liquid media, the strains were cultivated in
the volume of 5 mL at 30°C without aeration. pH of
the media was measured by a pH-meter (Mettler
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Toledo MP220). The data were recorded in four inde-
pendent observations and statistically processed.

RESULTS AND DISCUSSION

The investigation was preformed proceeding from
the fact that the efficiency of cell division of L. lactis
subsp. lactis on agar media that determines biomass
production in colonies is a strain-specific characteris-
tic. The rate and duration of cell division of lactococci
in liquid media depend considerably on the size of the
energy supply produced and conserved on the agar
surface. Therefore, nutritional components were
selected not only according to morphological and cul-
tural characteristics of the strains but also considering
transfer of bacterial population from agar media to lig-
uid media.

Determination of the minimal CP and lactose con-
centrations sufficient for colony formation in Lactococ-
cus lactis subsp. lactis 729 and TB2.

Comparative evaluation of the colony-forming
ability of L. lactis subsp. lactis 729 and TB2 on MA3
and MA4 agar media (table).

The MA4 medium with peptone and lactose con-
centrations increased by 0.1% was used as a minimal
medium for the 729 strain, since the colonies of this
strain on MA3 medium are not well defined. The visi-
ble difference between colonies of 729 and TB2 strains
is more after 24 h (Figs. 1a and 1b) than after 96 h of
cultivation (Figs. 1c and 1d). Thus, growth rate advan-
tage of TB2 strain is more prominent at early stages of
development of bacterial population. The colony size
of 729 strain (diameter ~0.5 mm, area ~0.2 mm?) after
24 h of cultivation on MA4 medium (Fig. 1a) coin-
cides with the colony size of the slow-coagulating iso-
lates of lactococci (0.5 mm) cultivated at 21°C on
GMA medium with glycerophosphate for 2—3 days
[7]. The colony diameter of the fast-coagulating iso-
lates on milk medium with glycerophosphate was 1—
2.5 mm, which was similar to the colony diameters of
TB2 strain cultivated on MA3, MA4, and MAS media
under said conditions (1.5—2.5 mm). On the media
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Fig. 1. External view of colonies of Lactococcus lactis subsp. lactis 729 and TB2 cultivated on CP-minimal agar media: MA3 (0.3%
of CP), MA4 and MA5 (0.4% of CP). (a, b) MA4 medium, 729 strain (left, colony diameter is ~0.5 mm), and TB2 strain (right,
colony diameter is ~1.5 mm), cultivated at 30°C for 24 h; (c, d) MA4 medium, 729 strain (left, colony diameter is ~1.5 mm), and
TB2 strain (right, colony diameter is ~2.5 mm), cultivated at 30°C for 96 h; (e, f) TB2 strain on MAS5 medium (left, colony diam-
eter is 2—2.5 mm), and MA3 medium (right, colony diameter is ~1.5 mm), cultivated at 30°C for 48 h; (g, h) MAS5 medium,
729 strain (left, colony diameter is ~1 mm), and TB2 strain (right, colony diameter is ~2.5 mm) cultivated at 30°C for 24 h, at

room temperature for 48 h.

with decreased (0.4%) CP concentration (MA4 and
MADS), an increase in colony size of TB2 strain up to
3—5 mm? was observed, as compared with the media
with CP concentration of 1% (M02 and M03)—
2.85-2.9 mm? [8]; this might be evidence that the
nitrogen excess has an inhibiting effect on the colony
growth. On the other hand, the colony size of this
strain on MA3 medium (CP concentration is 0.3%) is
lower (1.8 mm?) than that on M02 and M03 media.

Quantitative estimation of the increase in the col-
ony size of TB2 strain on an enriched medium was
carried out using MAS medium, i.e., after addition of
the yeast extract (0.2%) to the minimal MA4 medium
(0.4% of CP), and using MA3 medium with CP and
lactose concentration of 0.3% (table). The average
area of colonies on MA3 medium was 1953 pixels with
standard deviation of 292 pixels; that on MAS medium
was 3752 pixels with standard deviation of 518 pixels
(Figs. 1e and 1f); i.e., the average colony size increased
by 1.9 times. Thus, the limitations of the colony size of
TB2 strain cultivated on poor MA3 medium may be
accounted for by depletion of the nutrient source.

The morphology of 729 strain colonies on MA4
and MAS media (Figs. 1c and 1g) is an evidence that
MA4 medium enrichment by the yeast extract does
not lead to the increase in colony size. This suggests
that CP is the main nitrogen source for growth.

The average HDT in Lactococcus lactis subsp. lactis
729 in liquid media M4, M7, and M6 in two sequential
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time segments with total duration of 3.5 h. The pairs of
media with identical nutrient composition—
MA4/M4, MA7/M7, MA6/M6—and a composite
pair MA4/M7 were used in order to determine the
optimal composition of an agar medium providing the
most efficient cell division in nonbuffered liquid
media (table). The data on CDR and HDT, pH, and
CFU values are presented in Fig. 2 (2a, 2b, 2c, 2d,
respectively). The HDT value for the first time seg-
ment with total duration of 90 min was estimated by
conversion of CDR value for the segment duration of
60 min. Thus, when the number of CFUs in the first
time segment in the pair MA4/M4 increased by
approximately 1.9 times (Fig. 2a) HDT was 92 min
(Fig. 2b). For pairs MA4/M4 and MA4/M7 in which
the initial biomass was cultivated on minimal MA4
medium, HDT was 92 and 80 min, respectively; for
enriched pairs MA7/M7 and MA6/M6, HDT was 60
and 66.7 min, respectively. Since only agar media
MA4 and MA?7 had different concentrations of nutri-
tional components in these pairs, it might be suggested
that increase in growth rate by 20 min observed on the
liquid medium results from MA7 agar medium enrich-
ment by the yeast extract or from longer duration of
the adaptation period in bacteria transferred to a liquid
medium with different composition.

However, merely the change in HDT occurring in
liquid media depending on the composition of the agar
medium on which biomass was cultivated provides an
opportunity to simulate the physiological activity of
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Fig. 2. Growth characteristics of Lactococcus lactis subsp. lactis 729 in two time segments of cultivation (from 1 to 2.5 h and from
2.5t0 3.5 h) in liquid media: M4, M7, and M6 after the biomass transfer from agar media MA4, MA7, MAG6 and in the composite
pair MA4/M7. (a) cell division rate (CDR); (b) hourly doubling time (HDT); (¢) pH values of liquid media MA4, MA7, and MA6
recorded after 1, 2.5, 3.5, 4.5, and 5.5 h of cultivation after biomass transfer from MA4, MA7, MAG6 agar media and in the com-
posite pair MA4/M7; (d) the number of CFUsin MA4, MA7, and MAG6 liquid media recorded after 1, 2.5, and 3.5 h of cultivation
after biomass transfer from MA4, MA7, MA6 agar media and in composite pair MA4/M7.

produced biomass of lactococci before transferring it
to a medium with different composition. In the second
time segment (from 2.5 to 3.5 h), HDT for pairs
MA4/M4, MA4/M7, MA7/M7, and MA6/M6 was
46.2, 37.5, 40.0, and 42.9, respectively. The closeness
of HDT values for the four pairs in the second time
segment (from 2.5 to 3.5 h) suggests that the growth of
7209 strain is logarithmic.

Comparative evaluation of the acidification rate in
liquid media M4, M7, and M6 during the cultivation of
Lactococcus lactis subsp. lactis 729 after the biomass
production on agar media. Cell division characteris-
tics—CDR and HDT (Figs. 2a and 2c)—indicated
the efficiency of division in this time segment; it is also
notable that hardly any changes were observed in pH
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for the liquid media from pairs MA4/M4, MA4/M7,
MA7/M7, and MA6/M6 between 1 and 2.5 h, which
corresponds with the results obtained earlier [14]. We
determined the time segment of cultivation in which
logarithmic growth was observed in liquid media with
different levels of enrichment and minimal acidifica-
tion rate (between 2.5 and 3.5 h). The maximal acidi-
fication rate among the liquid media occurred during
the cultivation in pair MA6/M6, which contains the
meat extract (from 3.5 to 6.5 h); these values do not,
however, exceed the optimal range for lactococci [16,
17]. The maximal difference of pH values between
MA4/M7 and other pairs was recorded after 4.5 h of
cultivation: 6.4 for pair MA4/M7, 6.0 for pair
MA4/M4, 6.0 for pair MA7/M7, and 5.5 for pair
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MAG6/M6. In the composite pair MA4/M7, pH value
was close to the optimum (up to 6.5) with allowance
for the efficient cell division in the time segment
before 4.5 h, while that in pair MA6/M6 pH decreased
to the critical value (5.5), which blocked the transport
of oligopeptides [18, 19]. Two phases of logarithmic
growth were observed in L. lactis and Streptococcus
thermophilus cultivated in milk [19, 20]. Two periods of
intensification of the cell division we found earlier
during independent measurements of HDT in distinct
729 strain populations with initial biomass produced
on a minimal agar medium [14]. Since CP was used as
the main nitrogen source in our nutrient media and
milk, we suggest that the time of cultivation prior to
the decrease in HDT accounts for the nutrition of lac-
tococci by oligopeptides with adequate composition
and weight, i.e., before triggering the proteolytic activ-
ity [18, 20].

Biomass production rate in Lactococcus lactis
subsp. lactis 729 in M4, M7, and M6 liquid media dur-
ing the first 3.5 h of cultivation. The initial value of titer
of bacterial suspensions in pairs MA4/M4 and
MA4/M7 was 7.3 x 10° ¢/mL; in pair MA7/M7, 1.3 x
107 ¢/mL; in pair MA6/M6, 1.9 x 107 ¢/mL (Fig. 2d).
The maximal rate of biomass production during these
3.5 h was observed in pair MA6/M6, which contained
the meat extract (2.5 x 103 ¢/mL). Even considering
the higher values of initial titers, evaluation of the rel-
ative increase in the number of CFUs showed that the
meat extract has a positive effect on the biomass pro-
duction rate; thus, nutritional composition of the M6
liquid medium might be considered complex. The
minimal rate of biomass production was recorded in
“minimal” pair MA4/M4 (8.0 x 107 ¢/mL); the nutri-
ent restriction is a limiting factor. In the enriched lig-
uid media, cell division is limited by lactic acid accu-
mulation until a pH value of 5.5 [3, 4, 17] when oli-
gopeptide transport is blocked [18]. Low rate of
biomass production in L. lactis subsp. lactis TB2—to
2.5 x 108 ¢/mL—in MB medium (0.6% of CP, 0.175%
of the yeast extract) corresponds with the absorbance
of 0.3 (wave length of 600 nm) after cultivation for 3 h
at pH decreased to 5.4 [4]. Similar results were
obtained for L. lactis cultivated in complex M17
medium containing 1% of glucose [2]. The authors
attribute this early inhibition of the logarithmic growth
of L. lactis at an absorbance of 0.3 (wave length of 600
nm) to the increase in stress resistance of lactococci.

CONCLUSIONS

By cultivation on the agar media prepared with dif-
ferent enrichment levels of the minimal MA4
medium, we determined the period of logarithmic
growth (2.5—3.5 h) of L. lactis subsp. lactis 729 in
identical and composite liquid media at slightly
decreased pH (6.5). Relatively small size of the colo-
nies might result from the acid-forming properties of
the strain.
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The efficiency of the colony-forming ability of TB2
strain was investigated as a characteristic of the colony
development at minimal CP concentration (0.4%). It
was found that colony size of TB2 strain on the mini-
mal MA4 medium reaches 5 mm?, which is more than
that on rich M03 medium [8].

The results of comparative analysis of the bacterial
populations developing on agar and liquid media can
be used for the population modeling in different
strains of L. lactis subsp. lactis.

The strain-specific characteristics of growth in lac-
tococci are of interest for determining stress condi-
tions of cultivation for a strain. The most wide-spread
stress conditions are: lack of nutrients, high acidifica-
tion rate, raised and reduced temperature range, etc.
The changes in the physiological functions of lacto-
cocci populations cultivated in milk, accompanied by
triggering of the proteolytic activity in the second
phase of logarithmic growth, are an example of pro-
grammed adaptation to nitrogen starvation.
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