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Lactococcus lactis subsp. lactis biovar diacetylactis CRL264 is a natural strain isolated from cheese (F. Sesma,
D. Gardiol, A. P. de Ruiz Holgado, and D. de Mendoza, Appl. Environ. Microbiol. 56:2099–2103, 1990). The
effect of citrate on the growth parameters at a very acidic pH value was studied with this strain and with
derivatives whose citrate uptake capacity was genetically manipulated. The culture pH was maintained at 4.5
to prevent alkalinization of the medium, a well-known effect of citrate metabolism. In the presence of citrate,
the maximum specific growth rate and the specific glucose consumption rate were stimulated. Moreover, a
more efficient energy metabolism was revealed by analysis of the biomass yields relative to glucose consumption
or ATP production. Thus, it was shown that the beneficial effect of citrate on growth under acid stress
conditions is not primarily due to the concomitant alkalinization of the medium but stems from less expen-
diture of ATP, derived from glucose catabolism, to achieve pH homeostasis. After citrate depletion, a delete-
rious effect on the final biomass was apparent due to organic acid accumulation, particularly acetic acid. On
the other hand, citrate metabolism endowed cells with extra ability to counteract lactic and acetic acid toxicity.
In vivo 13C nuclear magnetic resonance provided strong evidence for the operation of a citrate/lactate ex-
changer. Interestingly, the greater capacity for citrate transport correlated positively with the final biomass
and growth rates of the citrate-utilizing strains. We propose that increasing the citrate transport capacity of
CRL264 could be a useful strategy to improve further the ability of this strain to cope with strongly acidic
conditions.

The industrial relevance of Lactococcus lactis is related to its
ability to convert sugars almost exclusively into lactic acid. This
trait has been invaluable in food manufacturing because the
accompanying acidification prevents spoilage. In recent years,
the number of potential applications beyond the food industry
increased considerably. In particular, the use of different
strains as probiotics or live vehicles for the oral delivery of
heterologous proteins of vaccinal or therapeutic interest has
been extensively investigated (38).

L. lactis grows optimally at pH values in the range of 6.3 to
6.9, but the lower limit for growth is within the range of 4.0 to
5.0, depending on the strain and the medium composition (12,
14, 15, 31). In most industrial processes, it is the accumulation
of lactic acid at low pH that causes growth arrest; hence, the
ability to cope with acid stress is very important. Moreover, the
efficacy of L. lactis as a live carrier of therapeutics or antigens
depends ultimately on the fraction of cells that survive the
harsh pH conditions in the upper gastrointestinal tract. Con-
sequently, a deep understanding of the underlying mechanisms
of resistance to low pH is of current significance and is essen-
tial for the success of strain design.

While it is well known that organic acids inhibit cell growth

at low pH, the molecular mechanisms for survival under acid
stress conditions are still poorly understood (18, 40). The pri-
mary mechanism responsible for pH homeostasis in bacteria
relies on the expulsion of protons from the cytoplasm by H�-
ATPases (17). The glutamate decarboxylase �-aminobutyrate
antiporter, the arginine deaminase pathway, and the citrate-
utilizing pathway are additional processes contributing to pH
homeostasis in L. lactis (4, 18, 34, 37).

L. lactis subsp. lactis biovar diacetylactis CRL264 utilizes
citrate and is notable for its ability to thrive at pH values that
would preclude growth of most L. lactis strains (20, 35). Citrate
metabolism in CRL264 has been investigated at the biochem-
ical as well as the genetic level (10, 20, 21, 23). Citrate is
transported via a plasmid-encoded carrier (CitP); citrate lyase
cleaves citrate into acetate and oxaloacetate, which is subse-
quently decarboxylated to pyruvate by the action of oxaloace-
tate decarboxylase. The genes encoding these enzymes are
located in a large chromosomal operon; moreover, it has been
shown that a low pH, but not citrate, is required for the induc-
tion of the catabolic genes as well as the plasmid-borne genes
(transporter and regulator).

Given the remarkable ability of strain CRL264 to grow un-
der severe acid stress conditions (20, 22), we deemed it impor-
tant to obtain further insight into the physiological basis of this
trait. Therefore, the growth of CRL264 and isogenic mutant
strains with different citrate-uptake capacities was thoroughly
characterized under tightly controlled pH conditions. In this
way, the cellular response to low pH was assessed indepen-
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dently of the pH changes associated with metabolism. Nuclear
magnetic resonance (NMR) was used as a complementary
technique to characterize biochemical parameters in living
cells.

MATERIALS AND METHODS

Organisms and growth conditions. L. lactis subsp. lactis biovar diacetylactis
strains CRL264, CRL30, CRL30(pCIT), and CHCC2112 were used in this work.
Strain CRL264 was obtained from the collection of the Centro de Referencia
para Lactobacilos, Tucumán, Argentina (35). It harbors the plasmid pCIT264,
which carries the citQRP operon, involved in citrate transport. L. lactis CRL30
was obtained by Magni et al. (21) by treating strain CRL264 with acridine orange
to remove pCIT264 and selecting for the inability to utilize citrate in Kempler
and McKay medium plates (16). CRL30(pCIT) was constructed for this work by
electroporation of CRL30, carried out according to reference 8, with total plas-
mid DNA from CRL264 prepared as described in reference 1. Positive colonies
were selected on commercial M17 agar plates at pH 4.5, supplemented with
glucose and citrate (plates in which CRL30 is unable to form colonies), and
examined for the presence of the 8.3-kb pCIT264 plasmid. Strain CHCC2112, a
natural citrate-utilizing strain, was obtained from the Chr. Hansen Culture Col-
lection (Chr. Hansen A/S, Hørsholm, Denmark). The strains were grown rou-
tinely at 30°C without shaking in reconstituted M17 medium prepared by adding
the ingredients and quantities specified for M17, except that 5 g/liter yeast extract
and 2.5 g/liter beef extract were used. This medium, hereafter designated M17�,
was supplemented with glucose (GM17�) or with glucose plus sodium citrate
(GCM17�); the concentrations used were 55 mM glucose and 13.2 mM sodium
citrate, unless stated otherwise. The pH was adjusted with HCl. Precultures were
grown in a medium of exactly the same composition and initial pH as those used
for the final cultivations. Fresh medium was inoculated to an initial optical
density at 600 nm (OD600) of 0.05.

Fermentation conditions. Strains were grown in 2-liter fermentors at 30°C in
GM17� or GCM17� medium, with a pH of 4.5 or 6.5, kept constant by the
automatic addition of 2 M HCl and 10 M NaOH. Growth without pH controls
was performed with an initial pH of 4.5. Typically, the sodium citrate concen-
tration was 13.2 mM, but concentrations of 4.1 and 41.9 mM were used whenever
indicated. We verified that Mg2� was not a limiting factor for growth in the range
of citrate concentration examined. Experiments were also performed in GM17�
medium supplemented with 20 mM acetic acid or with a combination of 20 mM
acetic acid and 13.2 mM sodium citrate. Anaerobiosis was attained by flushing
sterile argon through the medium in the fermentor during 1 h preceding inoc-
ulation. Culture samples (3 ml) were taken at regular intervals and centrifuged.
The supernatants were filtered through nylon membranes (0.20-�m pore; Mil-
lipore Corporation, Bedford, MA) and stored at �20°C until analyzed by high-
performance liquid chromatography (HPLC). Growth was quantified by mea-
suring the OD600. The maximum specific growth rate (�max) was calculated
through linear regressions of plots of the ln OD600 versus time during the
exponential growth phase. For the yield calculation, unless otherwise stated, two
time points were considered: one was immediately after inoculation, and the final
point was at the onset of stationary phase, typically after 12 h. ATP production
was calculated from the fermentation products, assuming that all ATP was
synthesized by substrate-level phosphorylation. TableCurve 2D software
(SYSTAT Software Inc., San Jose, CA) was used for the calculation of the
average specific consumption rates of glucose and citrate. A factor of 0.3605 was
used to convert OD600 into dry weight (mg biomass liter�1), and a factor of 0.59
was used to convert biomass into protein. These values were determined in our
laboratory for L. lactis MG1363.

Growth with added lactic acid. L. lactis CRL264 was grown in 500-ml flasks,
using 200 ml of GM17� or GCM17�, at 30°C without shaking. The medium was
supplemented with sodium lactate in a range of concentrations from 20 to 65
mM; medium without lactate addition was used as the control. The initial pH of
the medium was adjusted to 4.5. Culture samples were taken at regular intervals
and used for OD measurements and HPLC analyses of substrates and end
products. Each condition was examined at least twice.

HPLC analysis. Glucose, citrate, lactate, acetoin, acetate, 2,3-butanediol, eth-
anol, and formate were quantified in the culture medium by an HPLC (Dionex
Corporation, Sunnyvale, CA) equipped with a refractive index detector (Shodex
RI-101; Showa Denko K. K., Oita, Japan). The column used was an Aminex
HPX-87H anion-exchange column (Bio-Rad Laboratories, Inc., Richmond, CA).
H2SO4 (0.005 M) was used as the mobile phase at a flow rate of 0.5 ml min�1.
The temperature of the column was 60°C.

NMR experiments. Cells for NMR experiments were grown under anaerobio-
sis in a 5-liter fermentor at 30°C in a chemically defined medium as described
previously (27). The medium was supplemented with 55 mM glucose plus 13.2
mM sodium citrate. The pH was kept at 5.5. An overnight culture in chemically
defined medium (initial pH 5.5) with glucose plus citrate was used to inoculate
the fermentor (an initial OD600 of 0.05). Cells were harvested at the logarithmic
growth phase, centrifuged, washed twice, and resuspended to a protein concen-
tration of about 18 mg ml�1 in 50 mM KPi or in morpholineethanesulfonic
acid/KOH buffer for 13C NMR or 31P NMR experiments, respectively. All NMR
spectra of living cells were acquired at 30°C, with a quadruple-nucleus probe
head on a Bruker DRX500 spectrometer. In vivo 13C NMR was used to study the
metabolism of [2-13C]glucose (40 mM) and [2-13C]glucose plus [2,4-13C]citrate
(20 mM) at pH 5.5. The time course of substrate consumption, product forma-
tion, and intracellular metabolite pools was monitored (25, 26). To follow the
evolution of intracellular and extracellular lactate pools by in vivo 13C NMR, the
experiments were run at an external pH of 4.8, which allowed for a good
separation of the lactate resonances. [1-13C]glucose (40 mM) was added, and
once exhausted, a pulse of citrate (20 mM, final concentration) was supplied. For
all the 13C NMR experiments described, sample extracts were prepared and used
for the quantification of end products, as described previously (25, 26); intracel-
lular metabolite concentrations were calculated using a value of 2.9 �l mg of
protein�1 for the intracellular volume (30). Similar experiments using a 40 mM
substrate concentration were performed at pH 5.2 and monitored by 31P NMR
to determine intracellular pH. Lower external pH values were examined, but the
signal-to-noise ratio in the spectra was too poor to allow for reliable results.
Determination of intracellular pH in strain CRL264 was difficult due to (i) the
promptness of citrate utilization (20 mM used in less than 2 min) and (ii) the
depletion of the inorganic phosphate pool during the period immediately after
glucose addition. Each type of NMR experiment was repeated at least twice, and
the results were highly reproducible.

Transport assays. L. lactis cells were grown in 2-liter fermentors at 30°C in
GCM17� medium at a constant pH of 4.5, harvested in the mid-logarithmic
growth phase, centrifuged, and washed twice with cold 5 mM KPi buffer (pH 4.5).
The pellet was resuspended in 50 mM KPi buffer (pH 4.5) to yield a final OD600

of 2. Samples (3 ml) were incubated for 2 min at 30°C prior to the addition of
[1,5-14C]citrate (1.1 �M, corresponding to about 580,000 cpm) plus cold citrate
to obtain a final concentration of 50 �M citrate. The concentration of glucose
was 50 �M. At consecutive 10-s intervals, 0.5-ml samples were filtered through
0.45-�m nitrocellulose filters (Millipore Corporation, Bedford, MA). Filters
were washed once with 10 ml of 50 mM KPi buffer (pH 4.5) and submerged
immediately in scintillation fluid. The retained radioactivity was counted in a
liquid scintillation counter. Experiments were performed in triplicate.

Analysis of plasmid DNA. The relative amounts of plasmid pCIT264 in strains
CRL264 and CRL30(pCIT) were determined during the cells’ exponential
growth phase (OD600 � 0.8). Plasmid DNA was isolated using a commercial kit
(Qiagen), and the DNA concentration was measured spectrophotometrically at
260 nm. The 8.3-kb plasmid pCIT264 was linearized by digestion with EcoRI.
The plasmid profile was analyzed by electrophoresis in a 1% agarose gel. The
relative amounts of pCIT264 were estimated by comparison of the intensities of
the corresponding bands, quantified in a Gel-doc apparatus using Quantity One
software (Bio-Rad).

Chemicals. [1-13C]glucose (99% enrichment) and [2-13C]glucose (99% enrich-
ment) were obtained from Campro Scientific and Euriso-top, respectively. [2,4-
13C]citrate (99% enrichment) was supplied by CortecNet. [1,5-14C]citrate (107
mCi/mmol) was obtained from Amersham. All other chemicals were reagent
grade.

RESULTS

Comparison of growth parameters at a constant pH of 4.5.
Two natural citrate-utilizing strains were analyzed, CRL264
and CHCC2112, as well as two CRL264 derivatives, genetically
manipulated in their ability to consume citrate, CRL30(pCIT),
where the copy number of the plasmid encoding the citrate
transporter gene was approximately halved (see below), and
strain CRL30, which was pCIT264 depleted. To examine the
effect of low pH, independently of the pH changes concomitant
with growth without pH control, this parameter was kept con-
stant at 4.5. Strain CRL264 grew with a �max of 0.59 h�1, the
highest rate among the strains analyzed (Fig. 1A; Table 1).
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This high �max value reflects the remarkable ability of strain
CRL264 to grow under stressful acidic conditions. This strain
also exhibited the highest value of OD600 at the beginning of
the stationary period, considering the citrate-utilizing strains
only. Even though strain CRL30 grew more slowly than
CRL264, with a �max of 0.49 h�1, it reached a final OD600

which was 13% higher than the value obtained for strain
CRL264 (Table 1).

Effect of citrate on the physiology of strain CRL264 grown
without pH control. The growth of strain CRL264 was also
analyzed during batch cultivations without pH control to en-
able a consistent comparison with data at a constant pH. Fig-
ure 1B depicts the growth of strain CRL264 with and without
the addition of 13.2 mM citrate. Cells grew considerably faster
in the presence of citrate, with a �max of 0.57 h�1, and the final
biomass obtained was also higher, reaching an OD600 of 1.3 at
stationary phase (Table 2). When citrate was present, the pH
of the medium increased transiently to 4.8 during an initial
stage and subsequently decreased, reaching 4.4 at the begin-
ning of stationary phase; in contrast, in the absence of citrate,
a continuous acidification of the medium occurred, and growth
arrest was observed when the pH was 3.9.

Effect of citrate on the physiology of strain CRL264 at a
constant pH of 4.5. When the pH of the culture was controlled
at 4.5, strain CRL264 exhibited biphasic growth: until the de-
pletion of 13.2 mM citrate, the �max was 0.59 h�1, and there-
after, the specific growth rate decreased to 0.08 h�1 (Fig. 2A

and C). When citrate was not added, the growth curve was
characterized by a single �max value of 0.45 h�1 (Fig. 2A and
Table 2). Thus, the addition of citrate to the growth medium
affected the physiology of strain CRL264 before and after
citrate depletion. At this concentration of citrate, the final
biomass decreased only slightly. The average specific glucose
consumption rate (abbreviated GCR) was calculated for the
period of growth before citrate depletion (GCR*; where * is
the period of growth before citrate depletion), and for com-
parison purposes, the same time points were used for calcu-
lating the GCR* in cultures where no citrate was added (Table
2). Additionally, the average specific GCR was calculated for
the entire growth phase (GCR without an asterisk). The pres-
ence of citrate in the medium stimulated the average specific
GCR (GCR* increased from 10.5 to 12.0 mmol Glc g of bio-
mass�1 h�1) and provoked a notable enhancement (approxi-
mately twofold) of the biomass yield of glucose (YX/Glc*, where
Y is the biomass yield, X is the amount of biomass produced
per mol of glucose consumed, and * refers to the period of
growth before citrate depletion). However, a comparison of
the biomass yield values for the period of growth subsequent to
citrate depletion (YX/Glc**) shows a reversed relationship, i.e.,
lower yields from cultures supplied with citrate, indicating a
negative effect of citrate metabolism on cell physiology, which
became apparent once citrate was exhausted. For the same
reason, the average specific GCR decreased from 8.2 (no ci-
trate) to 7.7 (13.2 mM citrate) mmol Glc g biomass�1 h�1

FIG. 1. (A) Typical growth curves of L. lactis subsp. lactis biovar diacetylactis CRL264 (f), CRL30 (E), CRL30(pCIT) (�), and CHCC2112
(�) grown in M17� medium supplemented with glucose and citrate under controlled pH 4.5 conditions. (B) Fermentation time course of L. lactis
CRL264 with (f) or without (�) citrate under noncontrolled pH initially adjusted to 4.5 and monitored during fermentation. Profile of external
pH in the presence (Œ) or absence (‚) of citrate in the growth medium.

TABLE 1. Physiological parameters of strains CRL264, CRL30, CRL30(pCIT), and CHCC2112 grown at a controlled pHa

Strain �max � SD
(h�1) OD600 � SDb

GCR* (mmol
Glc g

biomass�1

h�1)

GCR (mmol Glc
g biomass�1

h�1)

CCR (mmol
cit g

biomass�1

h�1)

YX/Glc (g
biomass

mol
Glc�1)

YX/subst (g
biomass

mol C�1)

YX/ATP (g
biomass

mol
ATP�1)

V (nmol
citrate mg
protein�1

min�1)

CRL264 0.59 � 0.02 1.62 � 0.01 12.0 7.7 33.8 30.5 17.8 16.8 4.8
CRL30 0.49 � 0.01 1.86 � 0.15 11.1 0.0 23.6 23.5 12.2 0.3
CRL30(pCIT) 0.49 � 0.03 1.48 � 0.05 9.4 7.1 14.9 31.6 17.2 15.4 1.9
CHCC2112 0.44 � 0.02 1.32 � 0.10 8.9 5.5 27.8 35.1 18.0 22.5 1.3

a Physiological parameters are shown for strains CRL264, CRL30, CRL30(pCIT), and CHCC2112 grown at a controlled pH of 4.5 in rich medium (M17�)
supplemented with 55 mM glucose and 13.2 mM citrate. Mean values correspond to at least two independent determinations. Standard deviations (SD) for the �max
and OD are shown. GCR* is the average specific glucose consumption rate for the period of growth before citrate depletion, and GCR is for the entire growth phase;
CCR, average specific citrate consumption rate; YX/Glc, biomass yield relative to glucose consumption; YX/subst, biomass yield relative to glucose plus citrate
consumption; YX/ATP, biomass yield relative to ATP production; V, citrate uptake rate of resting cells (at 50 �M citrate).

b OD600 values were calculated at the beginning of the stationary phase.
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when the entire growth was considered. Interestingly, the ben-
eficial effect of citrate on biomass yield relative to ATP pro-
duction (YX/ATP) is apparent even when the values for the
global fermentation are compared (Table 2).

Effects of the initial citrate concentration on the growth and
on the end products of strain CRL264 cultured at a constant
pH of 4.5. Cells were grown in GM17� medium containing
different concentrations of citrate. A low concentration of cit-
rate (4.1 mM) led to an increase of the �max compared to that
from the experiments without citrate; a further enhancement
of the �max was observed when the citrate concentration was
increased to 13.2 mM (Table 3). In this range of citrate con-
centration (0 to 13.2 mM), the final biomass produced was not

greatly affected, although a slightly decreasing trend was ap-
parent (Fig. 3). At 41.9 mM citrate, the �max and the total
biomass production were negatively affected (Fig. 3). At the
low working pH used (4.5), growth stopped, even though over
50% of the initial glucose remained in the medium and the
amount of glucose consumed decreased with increasing citrate
concentration (Table 3). This led us to suspect that acetic acid
derived from citrate could be an important factor, since weak
organic acids are well-known inhibitors of bacterial growth at
low pH. For each citrate concentration examined, the level of
the protonated forms of lactic and acetic acids were calculated
at the times of growth arrest (Fig. 3). The level of protonated
lactic acid decreased with increasing citrate, reflecting the

TABLE 2. Growth parameters of strain CRL264a

Growth conditions
�max � SD

(h�1)

OD600 � SD
at stationary

phase

CCR (mmol
cit g

biomass�1

h�1)

GCR* (mmol
Glc g

biomass�1

h�1)

GCR (mmol
Glc g

biomass�1

h�1)

YX/Glc* (g
biomass

mol
Glc�1)

YX/Glc** (g
biomass

mol
Glc�1)

YX/Glc (g
biomass

mol
Glc�1)

YX/ATP (g
biomass

mol
ATP�1)

Citrate
content

pH
controlled pHin pHfin

� No 4.5 4.4 0.57 � 0.02 1.33 � 0.01 32.9 12.1 8.2 54.1 22.6 32.1 18.9
� No 4.5 3.9 0.42 � 0.002 0.81 � 0.07 9.7b 6.8 38.8b 28.7b 31.1 15.6
� Yes 4.5 4.5 0.59 � 0.02 1.62 � 0.01 33.8 12.0 7.7 64.8 19.9 30.5 16.8
� Yes 4.5 4.5 0.45 � 0.01 1.67 � 0.01 10.5b 8.2 32.2b 23.2b 25.5 13.2
� Yes 6.5 6.5 1.27 � 0.02 5.75 � 0.27 7.8 12.7 11.2 40.5 23.9 37.7 18.2
� Yes 6.5 6.5 0.95 � 0.01 6.90 � 0.14 14.2b 12.6 54.0b 39.4b 45.7 20.3

a Growth parameters are shown for strain CRL264 grown in M17� medium containing 55 mM glucose with (�) or without (�) 13.2 mM citrate under different pH
conditions. pHin, initial pH; pHfin, pH value at the end of growth. The symbols * and ** indicate that the values were calculated during the time of growth up to citrate
depletion or after citrate depletion, respectively. CCR, average specific citrate consumption rate; GCR, (without an asterisk) average specific glucose consumption rate
for the entire growth phase. YX/Glc*, YX/Glc**, and YX/Glc indicate biomass yields relative to glucose consumption for the periods of growth before and after citrate
depletion and for the entire growth phase, respectively. YX/ATP, biomass yield relative to ATP production. The data are mean values of at least two independent
determinations. Standard deviations (SD) for �max and OD are presented.

b Value calculated for the time period identical to that used for the corresponding cultivations with citrate.

FIG. 2. Comparison of the growth of L. lactis CRL264 and the distribution of end products, with or without citrate addition, at a constant pH
value of 4.5 or 6.5. Growth profiles in GM17� (�) or GCM17� (f) medium at a controlled pH of 4.5 (A) or pH 6.5 (D). Substrate consumption
and end product formation: pH 4.5 in GM17� medium (B) or GCM17� medium (C) and pH 6.5 in GM17� medium (E) or GCM17� medium (F).
1, glucose; �, citrate; Œ, lactate; F, acetate; ‚, acetoin; E, 2,3-butanediol; �, ethanol; �, formate.
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lower amount of glucose consumed; on the other hand, pro-
tonated acetic acid increased proportionally with that of cit-
rate, since this substrate was exhausted regardless of the initial
concentration supplied.

The concentrations of end products in the culture medium
determined at the beginning of stationary phase are summa-
rized in Table 3. The pattern of end products (lactate yield
relative to glucose in the range 88 to 95%) was consistent with
a homolactic behavior regardless of the initial concentration of
citrate examined. In the absence of citrate, the pool of end
products comprised lactate, low concentrations of ethanol
(0.47 mM), and trace amounts of acetate. When citrate was
supplied, the concentration of acetate produced was identical
to that of citrate consumed, indicating that acetate originated
exclusively from the reaction catalyzed by citrate lyase. Acetoin
and 2,3-butanediol, typical products of citrate metabolism,
were also produced. The sum of acetoin and 2,3-butanediol
accounted well for the stoichiometric consumption of citrate;
i.e., pyruvate derived from citrate was essentially directed to
the production of these two aromatic compounds. Moreover,
the ratio of acetoin/2,3-butanediol increased notably with the
initial citrate concentration. Trace amounts of ethanol and
formate were also produced.

Effect of citrate on the physiology of strain CRL264 at a
constant pH of 6.5. To verify if the changes in the growth

parameters arising from citrate consumption were specific to
low pH conditions, cultivations were also performed at a con-
stant pH of 6.5 (the optimal pH for growth). A positive effect
of citrate on the �max, as well as a negative effect on the final
biomass produced, was also apparent at this pH value (Fig. 2D
and Table 2). The average specific citrate consumption rate
was more than fourfold lower at pH 6.5 than at pH 4.5 (Table
2). At the optimum pH, cell growth was strictly carbon limited,
as no residual glucose was detected in the medium after growth
arrest, in contrast with observations at pH 4.5, where growth
stopped despite the high amounts of residual glucose (Fig. 2).
At pH 6.5, citrate inhibited the specific GCR* as opposed to
the clear stimulatory effect induced at pH 4.5 (Table 2).

A pH change from 4.5 to 6.5 in GM17� caused a shift of
glucose metabolism from typical homolactic to mixed acid fer-
mentation, producing considerable amounts of ethanol, ace-
tate, formate, and lactate in the relative proportions of 1.0:1.0:
1.8:2.4 (Fig. 2, compare panels B and E). Lactate represented
only about 50% of the glucose consumed (Fig. 2E). Surpris-
ingly, the addition of citrate to the medium at the optimal pH
led to a remarkable increase in the lactate yield (from 50% to
79%) and to a very low production of acetoin and 2,3-butane-
diol. The molar ratios of end products in the presence of
citrate were 1.0:3.5:2.5:11.1 for ethanol, acetate, formate, and
lactate. The final concentrations of acetate produced were
similar when the fermentations with and without citrate were
compared (Fig. 2E and 2F); however, after taking into account
the equimolar amount of acetate produced in the citrate lyase
reaction, it was apparent that the presence of citrate reduced
considerably (by approximately 37%) the conversion of pyru-
vate to acetate.

Effect of added acetic acid on the growth of CRL264 at a
constant pH of 4.5. To investigate the relationship between the
formation of acetic acid derived from citrate metabolism and
the lower amount of final biomass, CRL264 was grown at a
controlled pH of 4.5 in GM17� medium supplemented with 20
mM acetic acid. At this low pH, the addition of the weak acid
had a strong negative effect on the �max as well as on the
biomass produced: the �max decreased from 0.45 to 0.24 h�1,
and the OD600 decreased from 1.67 to 0.52 (at 12 h after
inoculation). When citrate was present, the �max increased
slightly to 0.26 h�1, but the final biomass decreased even fur-
ther (Fig. 4A). After citrate depletion, the culture had to cope

TABLE 3. End product accumulation and growth parameters for fermentations of L. lactis CRL264 at controlled pHa

Concn of
citrate
added
(mM)

�max � SD
(h�1)

OD600 � SD
at stationary

phase

Glucose
consumed

(mM)b

Amt of
lactate
(mM)

Amt of
acetate
(mM)

Amt of
acetoin
(mM)

Amt of
2,3-butanediol

(mM)

YX/Glc* (g
biomass

mol
Glc�1)

YX/Glc (g
biomass

mol
Glc�1)

YX/ATP (g
biomass

mol
ATP�1)

GCR*
(mmol
Glc g

biomass�1

h�1)

GCR
(mmol
Glc g

biomass�1

h�1)

0.0 0.45 � 0.01 1.67 � 0.01 23.1 43.6 0.1 BD BD 25.5 13.2 8.2
4.1 0.56 � 0.02 1.66 � 0.01 22.4 42.7 4.2 1.2 0.7 41.1 23.9 12.5 11.0 7.6
13.2 0.59 � 0.02 1.62 � 0.01 18.1 34.4 12.8 5.6 0.6 64.8 30.5 16.8 12.0 7.7
41.9 0.52 � 0.03 1.43 � 0.05 14.1 24.6 40.8 19.1 0.3 42.4 35.4 22.6 6.4 5.3

a End product accumulation and growth parameters for fermentation of L. lactis CRL264 grown at controlled pH 4.5 in rich medium containing 55 mM glucose and
supplemented with different citrate concentrations. YX/Glc* indicates biomass yield relative to glucose consumption for the period of growth before citrate depletion,
and YX/Glc is for the entire growth phase; YX/ATP is biomass yield relative to ATP production. GCR* is the average specific glucose consumption rate for the period
of growth before citrate depletion, and GCR (without an asterisk) is for the entire growth phase. CCR, average specific citrate consumption rate; BD, below detection
limit. The data correspond to mean values of at least two independent determinations. Standard deviations for �max and OD600 are presented. Carbon balances were
in the range 94 to 96%.

b Glucose consumed until growth arrest.

FIG. 3. Effects of different initial citrate concentrations on the �max
(E) and on the biomass concentration at the onset of stationary phase
(}) for L. lactis CRL264 grown under constant pH 4.5 conditions. The
concentrations of nondissociated organic acids calculated at the time
of growth arrest using the Henderson-Hasselbach equation are repre-
sented; open bars, lactic acid; hatched bars, acetic acid.
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with a higher concentration of external acetic acid derived
from citrate metabolism: up to 32 mM compared to the initial
20 mM (Fig. 4B). It is worth stressing the increase in �max

induced by citrate metabolism, which indicates that the utili-
zation of citrate represented an advantage against the in-
creased toxicity associated with the higher level of acetic acid.

Effect of citrate on lactic acid toxicity at low, noncontrolled
pH. To evaluate the extent to which citrate metabolism coun-
teracts lactic acid toxicity, CRL264 was grown in flasks con-
taining GM17� medium and different initial concentrations of
lactic acid, with or without citrate. At the same initial lactate
concentrations, cultures grown with citrate showed greater
�max values (Fig. 5A). For example, at an initial lactic acid
concentration of approximately 47.5 mM, the presence of cit-
rate caused an increase of 2.3-fold in the �max. The critical
concentration of initial lactate at which growth was no longer
possible was approximately 65 mM. As the pH of the cultures
was not controlled, growth arrest occurred at different final pH
values, depending on the initial lactate concentration. When
citrate was added, the concentration of protonated species at
the time of growth arrest was notably higher (Fig. 5B). For the
cultures without citrate, the sum of the protonated forms of
lactic and acetic acids, calculated at the pH level at which
growth arrest occurred, was approximately constant (approxi-
mately 9 mM) (Fig. 5C).

Citrate uptake by whole cells. Under all the conditions ex-
amined, the presence of citrate in the medium resulted in an
increased �max. We wanted to investigate whether acid resis-
tance correlated to the capacity of the citrate transport system
in different strains. Citrate uptake was studied in strain
CRL264 and in its derivatives, CRL30(pCIT) and CRL30. The
natural citrate consumer CHCC2112 was also examined.
CRL264 had a very inefficient citrate transport (the substrate
uptake rate [V] � 1.0 nmol citrate mg protein�1 min�1) when
citrate was the only substrate provided in the transport assays,
but the uptake was clearly stimulated when glucose was sup-
plied in addition to citrate (V of 4.8 nmol citrate mg protein�1

min�1). CRL30(pCIT) exhibited an uptake activity 2.5-fold
lower than the parental strain under the same conditions. This
value is in good agreement with the comparative determina-
tion of plasmid copy numbers, which showed that the plasmid
content of strain CRL30(pCIT) was approximately half that of

strain CRL264 (data not shown). Strain CRL30 presented a
very low citrate uptake activity, around 16-fold lower than that
of the parental strain (Table 1). The wild-type strain,
CHCC2112, had a transport capacity about 3.7-fold lower than
that of strain CRL264. The citrate uptake activity in strain
CHCC2112 was also very inefficient in the absence of glucose

FIG. 4. (Left panel) Fermentation time courses of L. lactis CRL264 grown at a controlled pH of 4.5 in GM17� medium (gray symbols), GM17�
medium plus 20 mM acetate (closed symbols), and GCM17� medium plus 20 mM acetate (open symbols). (Right panel) The time courses for the
concentration of selected metabolites are also shown: Glc, glucose; Cit, citrate; Ac, acetate.

FIG. 5. (A) Effects of different initial concentrations of lactate on
the �max of L. lactis CRL264 grown in flasks containing GM17� (�)
medium or GCM17� (f) medium. The initial pH was 4.5, and the pH
of the cultures was not controlled. The concentrations of nondissoci-
ated acid end products at the onset of stationary phase were calculated
using the Henderson-Hasselbach equation for growth on glucose plus
citrate (B) and for growth on glucose (C). Open bars, lactic acid; closed
bars, acetic acid.
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(V � 0.8 nmol citrate mg protein�1 min�1). A positive corre-
lation was found between the citrate uptake capacity and the
�max of the three different citrate-utilizing strains (Table 1).

In vivo NMR evidence for a citrate/lactate exchanger sys-
tem. The intracellular and extracellular lactate pools were
monitored by 13C NMR during the metabolism of glucose and
citrate. Upon addition of 40 mM [1-13C]glucose, resonances
due to intracellular and extracellular lactate were clearly ob-
served (Fig. 6). NMR is able to distinguish these two lactate
resonances due to the different pH values of the intracellular
and extracellular compartments. The effect of citrate on the
intracellular lactate pool was evaluated by the subsequent ad-
dition of a citrate pulse. Citrate addition resulted in a clear
decrease of the intracellular lactate pool in strain CRL264 but
not in CRL30, the control strain that had a negligible citrate
transport capacity (Table 1). Determination of intracellular pH
by 31P NMR in parallel experiments showed that the addition
of the citrate pulse caused an increase in the intracellular
pH of strain CRL264 (Fig. 6, inset).

DISCUSSION

The beneficial effect of citrate cometabolism on the growth
of lactic acid bacteria at an acidic pH is well documented in the

literature. Several studies report an increase in the specific
growth rate as well as the final biomass under noncontrolled
pH conditions, but the underlying molecular mechanisms are
poorly understood (3, 11, 13, 33, 37). Alkalinization of the
culture medium is observed as a result of citrate metabolism (6,
10, 24, 32), and this led to the assumption that the increase in
pH is the main factor responsible for the improved growth. We
designed experiments to unequivocally verify whether this sim-
plistic view was correct and used L. lactis subsp. lactis biovar
diacetylactis CRL264 as a model organism for lactic acid bac-
teria with the great ability to grow under severely acidic con-
ditions (10). Surprisingly, the increase in �max induced by ci-
trate metabolism was the same regardless of whether the
fermentation pH of 4.5 was controlled or not (Table 2). This
result showed that medium alkalinization was unrelated to the
beneficial effect of citrate in respect to the physiological pa-
rameter �max. However, when the pH was not controlled, there
was a substantial improvement in the final biomass, while at a
constant pH, citrate metabolism had a negative effect on this
growth parameter. Acetic acid, which at low pH originates
exclusively from the first step in citrate catabolism (citrate lyase
reaction), was the main reason for this deleterious effect, as its
concentration in the medium at stationary phase correlated
with the decrease in the final biomass (Fig. 3). It is well known

FIG. 6. Selected regions from the 13C NMR spectra of strains CRL264 and CRL30 acquired after the metabolism of 40 mM [1-13C]glucose
showing the evolution of intracellular lactate upon the addition of 20 mM citrate (external pH, 4.8). Each spectrum was acquired during 0.5 min.
The time courses of the intracellular lactate concentrations are represented in the inset. Plots of the intracellular pH values determined by 31P
NMR in a similar experiment with CRL264 at a working pH of 5.2 is also shown. Œ, intracellular pH; f, intracellular lactate concentration in strain
CRL264; F, intracellular lactate concentration in strain CRL30. The arrow indicates the citrate addition time. Cit, citrate.
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that the toxicity of an organic acid depends directly on the
concentration of uncharged (protonated) species; moreover, it
has been suggested that the intracellular pH is the factor that
determines growth arrest at low pH (28). At pH 4.5, around
65% of the total acetic acid (pKa, 4.76) is in the neutral form,
while only 19% of the lactic acid is protonated (pKa, 3.86).
Thus, acetic acid is expected to be a stronger inhibitor of
growth at pH 4.5 than lactic acid. The toxic effect of acetic acid
is also seen in the fermentations performed without pH con-
trol, since growth arrest occurs at a higher pH in the presence
of citrate (pH 4.5 with citrate and 3.9 without citrate) (Fig. 1B).

In short, the cometabolism of citrate and glucose has both
positive and negative contributions, the latter ones resulting
from the production of equimolar amounts of acetic acid that
easily cross the cell membrane with the consequent release of
protons in the cytoplasm; this implies a higher expenditure of
cell energy to achieve pH homeostasis. On the other hand, the
beneficial effects of citrate are clearly apparent, since the bio-
mass yields for glucose consumed and ATP produced in-
creased (Table 2). Additionally, citrate metabolism provided
an effective way to counteract the stress provoked by acetic and
lactic acids (Fig. 4 and 5). As citrate catabolism is not accom-
panied by substrate-level phosphorylation, the improved en-
ergy metabolism provided evidence that less ATP derived from
glucose was used for cellular maintenance, including pH ho-
meostasis under acid stress conditions. This view is further
corroborated by the observed alkalinization of the cytoplasm
induced by citrate utilization (Fig. 6).

A shift from a homolactic to a mixed acid fermentation and
the consequently higher ATP production are findings that have
been evoked to explain the positive effect of citrate on the
growth of other lactic acid bacteria, such as Oenococcus oeni
(13, 24, 39). However, the strains analyzed in this study did not
display such metabolic behavior (Table 3). The same conclu-
sion was obtained from in vivo 13C NMR data with resting
cells: all the acetate formed was derived from citrate, and
glucose was converted almost exclusively to lactate.

This raises the question of what the mechanism was for ATP
conservation in this L. lactis strain. The possibility that citrate
transport contributes to the formation of a proton gradient, a
favorable membrane potential, or both has been extensively
investigated in lactic acid bacteria (2, 7, 19, 22, 24, 32). Bandell
et al. provided strong evidence supporting the involvement of
a secondary metabolic energy generating pathway in the me-
tabolism of citrate by Leuconostoc mesenteroides: the mem-
brane potential is generated in the transport step (citrate2�/
lactate� exchange), and the proton gradient results from the
consumption of one proton in the oxaloacetate decarboxyl-
ation step (2). These authors proposed a similar mechanism
for L. lactis strain NCDO176 and more recently also for L.
lactis strain CRL264 (22). In the present work, in vivo 13C
NMR data provided direct evidence for the operation in
CRL264 of the citrate/lactate exchanger (Fig. 6), corroborating
earlier hypotheses (22). In fact, a citrate/lactate exchanger
could provide the cells with an advantage against toxicity due
to lactate, which accumulated inside the cells to high concen-
trations (approximately 160 mM) (Fig. 6). However, the fer-
mentation profiles show that at low, controlled pH levels, when
citrate depletion occurred, the lactate concentration in the
medium was around 60% (Fig. 2C) of that expected for a

citrate/lactate exchanger, with a 1:1 stoichiometry. Two modes
of operation have been proposed for the citrate transporter in
Leuconostoc mesenteroides: (i) as a citrate/lactate exchanger
when lactate is available or (ii) as a citrate/proton symporter in
the absence of lactate. Taking into account the high sequence
similarity between the citrate transporters of Leuconostoc mes-
enteroides and that of L. lactis (36), we speculate that both
modes are also operating in L. lactis CRL264.

At the optimal pH for growth, 6.5, citrate addition still
increased the �max and decreased the final biomass, but con-
trary to the situation at low pH, citrate had a negative effect on
biomass yields relative to glucose consumption and ATP pro-
duction (Table 2). This result further substantiates the bene-
ficial effect of citrate metabolism under acid stress conditions.
The shift to a more homolactic fermentation observed at a
neutral pH upon the addition of citrate can justify the de-
creased biomass yields and final biomass obtained, since the
pathway for acetate formation is accompanied by ATP produc-
tion. The reason why glucose metabolism is homolactic at low
pH and becomes mixed acid at optimal pH is not known but
has been observed previously for another citrate consuming
strain, CNRZ125 (5), and for carbon-limited chemostat cul-
tures of L. lactis subsp. cremoris (9, 29). It is noteworthy that
the metabolic deviation to lactic acid, which has a lower pKa

value than acetic acid, will ultimately result in a milder growth
inhibition at a low pH.

This study provided the first quantitative analysis of the
contribution of citrate metabolism to the growth and energetic
parameters of L. lactis. Given the fact that alkalinization was
not the main cause for the beneficial effect of citrate during
cometabolism at a low pH, we hypothesized that the capacity
of the citrate transport system could be a determining factor.
Interestingly, the efficiency of the transport of the citrate-uti-
lizing strains examined correlated positively with the better
growth performance at low pH (Table 1). We propose that
increasing the citrate transport capacity could be a useful strat-
egy to improve growth under severely acidic conditions, a trait
of great industrial importance. While the current constraints
on the use of genetically modified organisms are not relaxed,
the practical option is to select for natural strains with the
highest citrate transport capacity.
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