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Use of continuous culture for internal pH determination

of lactic acid bacteria
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The response of cytoplasmic pH to external cellular pH was shown to be influenced
by the growth phase for Leuconostoc mesenteroides, but not for Lactobacillus plan-
tarum. A continuous culture system was shown to reduce growth phase effects, and
offer the advantage of more consistency in internal pH values. Oxygen, manganese,
cell density, external pH, and organic acid production were shown not to influence
the internal pH of these bacteria when grown in continuous culture.

Introduction

The cytoplasmic pH of micro-organisms
is becoming of increasing interest to
food microbiologists because of its
significance in cell physiology and its
response to food preservatives. Cessa-
tion of growth and metabolism occur at
a time when the cytoplasmic pH (pH ;,,)
reaches a given value, which is inter-
preted as the critical value for the inter-
nal enzyme activity characteristic of the
organism (Kashket 1987).

The external pH (pH ), presence of
organic acids, and mode of energy gen-
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eration (i.e. respiration vs fermentation)
influence the bacterial cell’s internal
pH, (Kashket and Wong, 1969, Kashket
1981a, Baronfsky et al. 1984, Goodwin
and Zeikus 1987, Repaske and Adler
1981, Ronning and Frank 1987). It has
been suggested that the potency of weak
acids as food preservatives is related to
their capacity to reduce specifically the
intracellular pH (Salmond et al. 1984).
A greater range of internal pH values
is exhibited by fermentative than respi-
ratory micro-organisms (Booth 1985).
Among the lactic acid bacteria, the limit-
ing cytoplasmic pH has been shown to
vary widely from the more acid-sensi-
tive streptococci to the more acid-toler-
ant lactobacilli (Kashket 1987). Toler-
ance to low internal pH can be highly
significant in the growth sequence of
bacterial species in mixed culture fer-
mentations such as with vegetables,
where Leuconostoc mesenteroides (com-
paratively low acid tolerance) may initi-
ate the fermentation and Lactobacillus
plantarum (comparatively high acid tol-
erance) characteristically terminates
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the fermentation (McDonald et al.
1990). While each of these bacteria was
shown to have a specific limiting inter-
nal pH, the limiting external pH varied
with the growth medium.

Thus, measurement of cytoplasmic
pH may be essential for further under-
standing the mechanism of acid toler-
ance among micro-organisms, including
the lactic acid bacteria.

Most studies on the cytoplasmic pH of
cells have been done with batch cultures,
even though the pH may be influenced
by the cell’s growth phase (Kashket
1981a,b, Baronofsky et al. 1984). Micro-
organisms grown in batch culture exhibit
multiple growth phases (i.e. lag, expo-
nential, stationary and death) (Drew
1981), while cells grown in continuous
culture are maintained in the exponen-
tial growth phase (Monod 1950, Ingra-
ham et al. 1983). Growth of micro-
organisms is influenced by environmen-
tal factors including temperature, pH,
available nutrients, and oxygen.

In this study, we show the merits of
growing cells of lactic acid bacteria in
continuous rather than in batch culture
when wishing to determine the cytoplas-
mic pH and its responses to extracelluar
environments.

Materials and Methods

Cultures and media

Lactobacillus plantarum WSO (from the US
Food Fermentation Laboratory, Raleigh, NC)
and Leuconostoc mesenteroides C 33 (from J.
R. Stamer, Cornell University, Geneva, NY)
were maintained by weekly transfers into
MRS broth at 22°C. The growth medium,
modified HHD (MHHD) (McDonald et al.
1987), was composed of trypticase peptone
(10 g1; BBL Microbiology Systems, Cockeys-
ville, MD), casamino acids (3 g-1; Difco Labo-
ratories, Detroit, MI), phytone peptone (1.5
gl; BBL), yeast extract (1 g'1; BBL), and
Tween 80 (1 g1; Fisher Scientific Company,
Fairlawn, NJ). MHHD was adjusted to pH
7-0 and autoclaved for 15 min. Glucose
(Sigma Chemical Company, St. Louis, MO)

and MnSO/Hy0 (Fisher) solutions were
autoclaved separately and added to MHHD
after autoclaving. The final glucose concen-
tration in the medium was 2% (111mm).
When used in the study, the final concentra-
tion of manganese was 10 mm.

Inocula were prepared as follows. Each
micro-organism was transferred from MRS
broth into MHHD and incubated for 18 h at
30°C. A 1% inoculum from the 18-h culture
was again transferred to MHHD and incu-
bated for 18 h at 30°C. This 18-h culture was
used as inoculum for batch culture or contin-
uous culture.

Batch culture

For batch culture studies, a 1% inoculum
was added to MHHD and incubated at 30°C.
Growth was followed at an absorbency of
650nm (ODgg() using a Lumetron Colorime-
ter (Photovolt Corporation, Indianapolis,
IN). For pH;, measurements, samples were
taken at mid-log phase and at stationary
phase. Growth phases were determined from
growth curve studies.

Continuous culture

The continuous culture system consisted of a
reservoir containing 8 1 of MHHD, a Gilson
Minipuls 2 pump, a 1.5-1 Multigen growth
vessel (New Brunswick Scientific Company,
Inc., New Brunswick, NJ), and an overflow
receptacle. The growth vessel contained 600
ml growth medium and was maintained at
30°C. Mixing of cells and incoming fresh
medium was achieved by agitation at 140 +
20 rpm (knob setting at 1.8). An air vent
with a 0-45-pum pore size filter was left open
at the top of the growth vessel. Where indi-
cated, sterile oxygen (100%) was introduced
into the growth vessel through the air vent
at a flow rate of 50 ml min-1, A 1% inoculum
was added to the growth vessel and allowed
to grow as a batch culture until late log
phase before fresh medium was pumped into
the growth vessel. The dilution rate was
adjusted to a rate less than the maximum
specific growth rate of the culture in MHHD
(0-12 h-l for L. plantarum and 0-16 for Leu-
conostoc mesenteroides) in order to avoid
washout (Ingraham et al. 1983). Optical den-
sity was monitored at 650 nm. When steady
state was established (i.e. stable ODgg, for
10-12 generations), samples were taken for
internal pH measurements. Before each
assay, cells were examined microscopically to
ensure that the culture was not contaminated.
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Internal pH and cell volume

The internal pH and cell volume were deter-
mined using radioactive probes (isotypes
from Dupont Company, Wilmington, DE), as
described by Rottenberg (1979) and adapted
by McDonald et al. (1990). For internal pH
measurement, [U-14Clsalicylic acid was
used. For cell volume determination, [U-
14Clsorbitol and 3H,0 were used.

For internal pH measurements with non-
growing cells, the cells were centrifuged at
22°C at 9000 g for 10 min, washed in

75

MHHD, and resuspended to an ODggq of 1-0
in MHHD adjusted to the desired pH (with
HCI). The desired radioisotope was then
added to this cell suspension. For growing
cells, an aliquot was removed from the con-
tinuous culture, and the isotope was added
directly to this cell suspension.

Analytical procedures

The concentrations of lactic and acetic acids
were determined by using high pressure liquid
chromatography (McFeeters et al. 1984).
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Fig. 1. Effect of growth phase and pH,,; on response of pH;, of L. plantarum (a) and Leu-
conostoc mesenteroides (b). Internal pH values plotted are the -Logy, of the mean of the H+
concentration from duplicate assays. Linear regression lines are drawn. All lines have r2
>0-98. Exponential growth phases, batch (o) and continuous (A), and the stationary growth
phase (@) are shown in both (a) and (b). Slopes of the regression lines are as follows; (a) batch
0-89, continuous 0-86, stationary 0-88; (b) batch 0-86, continuous 0-87, stationary 0-63.
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Acids were analysed with an Aminex HPX-
87H column (Bio-Rad Laboratories, Rich-
mond, CA) with a cation guard column. The
solvent was 0-01N HySO,. A refractive index
detector was used for quantitation of the
acids. The external cellular pH was deter-
mined with a Fisher model 855MP Accumet
pH meter. The optical density (650 nm) was
determined with a Lumetron Colorimeter.

Results and Discussion

Figure 1 shows that the pH;, response
of both L. plantarum and Leuconostoc
mesenteroides was dependent upon
pH,,s in washed cells. As pHg ;
decreased, pH;, decreased. For both L.
plantarum and Leuconostoc mesen-
teroides, a larger pH differential
between pH;, and PH,, could be main-
tained with cells in the exponential
phase than with cells in the stationary
phase.

Regression and covariance analysis
were used to evaluate the pH response
of cells in terms of statistically
significant differences. Because it was
unclear whether the evaluation should
be based upon hydrogen ion concentra-
tion ([H+]) or pH, we first evaluated the

data directly in terms of [H*] and then
transformed as pH. The equality of
variances about the fitted regression
lines over the entire range of data was
examined for both [H*] and pH. These
variances were quite similar for data
expressed as pH, but quite dissimilar
for data expressed as [H*], thus sup-
porting application of standard statisti-
cal techniques (i.e. those that assume
stable variances) for data expressed as
pH. We then tested whether separate
similar regressions of pH;, against
pH,,: adequately fit each of six cases
shown in Fig. 1. Significant deviation
from linear response for pH;, vs pH,
was not found (P>0-05). Therefore, it
was deemed appropriate to evaluate
treatment differences based on slopes of
pH.

Exponential (either batch or continu-
ous culture) cells of Leuconostoc mesen-
teroides had a slope of about 0-87 (Fig.
1); stationary phase cells of Leuconostoc
mesenteroides had a slope estimate of
0-63 which differs significantly (P=0-05)
from 0-87. The difference between slopes of
L. plantarum was not significant, with

Table 1. Influence of oxygen, manganese, cell density, organic acid production, and
external pH on the internal pH of L. plantarum and Leuconostoc mesenteroides

grown in continuous culture?

Growth conditionsb Cell Lactic acid Acetic acid External Internal
0, Mn2+ ’ density (mM) (mMm) pH pH
L. plantarum v
- - 0-25 13.81 091 4.87 593
+ - 0-18 1141 1.01 5-20 5.90
- + 3-30 55-23 7.02 3.77 5.90
+ + 3.48 61.46 7-22 3.71 5.88
Leuconostoc mesenteroides
- - 0-58 8.00 1.78 4.85 6-45
+ - 0-63 8.30 2.14 5.00 6-43
- + 0-83 12.00 2.01 4.80 6-41
+ + 0.87 12.13 1.88 4.81 6-50

2 Cell density (ODggq), acids, and pH were determined at steady state conditions.
The basal medium was MHHD, pH 7-0. See Materials and Methods for details.
Dilution rates for medium addition were 0-055 h-l for L. plantarum and 0-08 h-l for Leuconostoc

mesenteroides.
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exponential (batch or continuous cul-
ture) and stationary phase cells having
slopes of about 0-88. Internal pH differ-
ences between exponential and station-
ary phase cells have been found in other
studies (Kashket 1981a,b, Baronofsky et
al. 1984).

Introduction of manganese to a con-
tinuous culture of L. plantarum resulted
in pronounced changes in cell density,
lactic acid production and external pH
(Table 1). Much smaller effects were seen
with Leuconostoc mesenteroides. Man-
ganese is required for biosynthetic func-
tions and has been shown to exert a
protective effect against oxygen toxicity
in certain lactic acid bacteria, including
L. plantarum and Leuconostoc mesen-
teroides (Archibald and Fridovich 1981,
Raccach 1985, Raccach and Marshall
1985). Oxygen has been shown to be
toxic and, most living cells possess
superoxide dismutases, which protect
against toxicity (Hassan and Fridovitch
1980). The pH;, values of L. plantarum
and Leuconostic mesenteroides were
5.80-5-90 and 6-4-6-5, respectively,
regardless of the presence or absence of
manganese or oxygen. This suggests
that alteration in environment through
addition of manganese or oxygen did not
affect the cell’s ability to control pH,, as
long as the cell’s growth remained in the
exponential phase. However, this would
not be the case for all organisms. Micro-
organisms which contain both respira-
tory and fermentative pathways
maintain higher pH;, when respiring
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ment simply by changing the dilution
rate.
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Erratum

Use of continuous culture for internal pH determination of

lactic acid bacteria
L. C. McDonald, H. M. Hassan, H. P. Fleming and M. A. Daeschel

Food Microbiology, 1991, 8, 137-142

In the Materials and Methods section on page 138, the growth medium components
of modified HHD (MHHD) should have been expressed as gl-! instead of g-1.





