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Abstract
Background: Despite the fact that many reports deal with glycolysis in Lactococcus lactis, there is
not much information on the regulation of uptake of glucose itself. The aim of the present work
was to investigate the effect of the glucose level on its specific uptake rate.

Results: Studies on aeration levels in pH controlled L. lactis spp. lactis batch cultures on glucose
(55 mM) showed that product formation is extremely homolactic and the highest yield of lactate
on glucose is obtained under microaerobic conditions (5% dissolved oxygen). Microaerobic
conditions were therefore applied in experiments carried out to investigate the regulation of the
uptake of glucose. The tool of glucostat fed-batch culture was employed, in which glucose was
added at a rate suitable to maintain a stable concentration throughout the runs with glucose
concentration ranging from 13.75 to 555 mM. The glucostat experiments showed that the
concentration of glucose influences its specific uptake rate and consequently the glycolytic flux, as
well as the fermentation pattern. The highest specific activities of the key glycolytic enzymes PFK,
PYK and the LDH were obtained at 55 mM glucose, the area of the highest observed glycolytic flux.
Reduction of the glycolytic flux by 55% in the 277 mM glucostat corresponded to an almost
identical reduction in PFK activity, indicating a certain controlling influence of this enzyme on the
flux, through the glucose effect.

Conclusion: Determination of intracellular metabolites' pools showed that FBP cannot be
regarded as a direct regulator of product formation, since almost identical concentrations were
obtained at both low (13.75 mM) and high (138 mM) glucose levels, at which neither the glucose
uptake rates and the glycolytic flux, nor the fermentation patterns were similar (mixed acids vs
homolactic, respectively). Glucostat data showed instead that the control of the flux through the
glycolytic pathway under the examined conditions, resides to a large extent in processes outside
the pathway, like the ATP consuming reactions and glucose transport. A regulation mechanism is
proposed governed by the energy state of the cell by which L. lactis can handle the glycolytic flux
through the allosteric properties of key enzymes, with PFK having a significant influence on the
control.
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Background
Regulation of glycolysis and the shift between different
fermentation modes of Lactococcus lactis have been exten-
sively studied [1-13]. Key glycolytic enzymes have been
characterized and concentrations of glycolytic intermedi-
ates in cell extracts have been obtained in many cases
since the eighties [11]. However, despite the wealth of
available metabolic information for L. lactis, the key ques-
tion of what controls the glycolytic flux in this organism
cannot yet be answered unambiguously [11]. When grow-
ing on rapidly metabolized sugars, this species shows
homolactic metabolism in which more than 90% of
metabolized sugar is converted to lactic acid. A deviation
from homolactic fermentation is observed under aerobic
conditions [14,15] or during the metabolism of galactose
[16] or maltose [17]. The mechanisms underlying the
shift from homolactic to mixed acid fermentation have
been the object of considerable controversy so far and a
full explanation has yet to be put forward.

Although sugar metabolism is a central issue in L. lactis
physiology studies, growth on glucose as the sole carbon
source is the case for a relatively small number of studies
[3,5,18-20] the majority carried out mainly with lactose.
However, Luesink et al. [9,21] showed that growth on glu-
cose resulted in higher activities of the glycolytic key
enzymes phosphofructokinase (PFK), pyruvate kinase
(PYK), and L-lactate dehydrogenase (LDH), the genes of
which form the tricistronic las operon. Further on, Even et
al. [3], using a novel DNA macroarray technology,
showed that several genes of glycolysis were expressed to
higher levels on glucose and that genes of the mixed acid
pathway were expressed to higher levels on galactose.
Also, data given by Even et al. [3] on specific rates of
growth, substrate consumption, and product formation
(lactate, formate, acetate, and ethanol) during growth of
L. lactis IL1403 on two different synthetic media (MCD
and MS10R) with glucose or galactose as carbon source,
show that glucose supports higher growth rates, sugar
consumption rates and lactate production rates in both
media than galactose.

The above-mentioned studies were carried out under
anaerobic conditions. Aeration however, has been shown
to strongly influence the cellular content of key enzymes.
The negative effect of oxygen on expression of the pfl gene
(encoding pyruvate formate lyase) is well known [22,23],
and the pfl gene product is known to be very sensitive to
oxygen [23-25]. Expression of the adhE gene (encoding
alcohol dehydrogenase) is known to be reduced by aera-
tion [26]. The levels of the three key glycolytic enzymes
were found to be lower in L. lactis cells grown under aero-
bic conditions [15]. In contrast, the in vitro specific activ-
ities of α-acetolactate synthase (ALS) and the pyruvate
dehydrogenase (PDH) complex have been reported to

increase with aeration [7,27]. Most studies with L. lactis
have been carried out under totally anaerobic conditions
or, in a few cases, under totally aerobic conditions
[7,14,27-29]. Intermediate oxygen concentrations have
been applied, to the best of our knowledge, only in the
works by Jensen et al. [7] and Nordkvist et al. [19] with L.
lactis ssp. cremoris. Both studies were carried out under
microaerobic conditions (5 % dissolved oxygen tension-
DOT, relative to saturation with air) and with glucose as
the sole source of carbon. Comparisons were made at dif-
ferent aeration levels in the work of Nordkvist et al. [19].
The maximum specific growth rate decreased with increas-
ing aeration, while an optimum yield of lactate on glucose
was obtained under microaerobic conditions.

Despite the fact that many reports describe the regulatory
role of PTS (phosphotransferase system)- and non-PTS-
sugars, there is not much information concerning the reg-
ulation of uptake of glucose itself and very limited infor-
mation on growth rates of lactococcal strains on this
carbohydrate. Information on the characteristics and
properties of transport systems for glucose seem also to be
rare. The physiology of L. lactis exposed to different con-
centrations of glucose and the levels of expression of key
enzymes in the central pathway of energy production
(PFK, PYK, and PDH) is also non-investigated. Recent
results reported by Andersen et al. [30] concerning the
role of PFK on glycolytic flux in L. lactis, show that this
enzyme plays an important role since glycolytic and lac-
tate fluxes were decreased proportionally by a twofold
reduction of PFK activity. A key role was also attributed to
PFK with regard to the glycolytic flux control by Neves et
al. [15].

In view of the above and to extend our knowledge of the
metabolic behavior of L. lactis, we performed batch culti-
vation experiments with L. lactis growing on glucose
under different aeration conditions. Having evaluated the
effects of aeration, microaerobic conditions were chosen
to perform a series of batch fermentations with different
initial glucose concentrations and fed-batch fermenta-
tions in which glucose was added at a rate suitable to
maintain a stable concentration throughout the runs (glu-
costat). Specific growth rates and the yield on glucose of
biomass, lactate, formate, ethanol, acetate and pyruvate
were estimated. Specific uptake rates of glucose were
determined, as well as the levels of expression of the las
operon enzymes and the pools of intracellular metabo-
lites for the range of 13.75 to 555 mM glucose concentra-
tions. To further investigate the regulation of glucose
uptake by L. lactis, the dynamics of glucose transport
through the cell membrane were also studied.
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Results
Effects of different aeration conditions
Growth of L. lactis spp. lactis LM0230 on glucose (55 mM)
was investigated in pH-controlled batch cultures under
the following aeration conditions: anaerobic, microaero-
bic (5 % DOT), semiaerobic (50 % DOT), and aerobic
(>85 % DOT). Under all aeration conditions maximum
specific growth rates were high and decreased with
increasing aeration (Table 1). The end products accounted
for almost 98 % of the converted glucose carbon, and a
clear predominance of lactate (>90 %) is obvious under
all tested conditions. The yield of biomass on glucose
increased with aeration and the highest yield was
obtained under fully aerobic conditions. To compare the
various glucose carbon recovery data, concentrations are
presented as C-mol of product, while the various yield
coefficients on glucose as C-mol of product per 100 C-mol
of glucose. Under anaerobic conditions the by-products
formate, acetate and ethanol were produced at a C-molar
ratio of approximately 1:1:1. Under microaerobic, semi-
aerobic and aerobic conditions the tight constraint on the
by-product fluxes was alleviated. Neither formate nor eth-
anol was formed under aerobic conditions. Under micro-
aerobic conditions product formation was extremely
homolactic. Formate was not formed and ethanol was
detected in very small amounts. Microaerobic conditions
led to a maximum yield of lactate on glucose compared to
all other conditions. Figure 1 shows the time course of the
batch fermentation with 55 mM glucose performed under
microaerobic conditions.

The effect of glucose concentration in microaerobic batch 
culture
Experimental data showed that with respect to the yield
on glucose of biomass and lactate, the initial glucose con-
centration of 138 mM was the optimum. Fig. 2 shows the
time course of this fermentation. The maximum specific
growth rate measured was 1.22 h-1, while the correspond-
ing value at 55 mM initial glucose concentration was 0.8
h-1 (Table 1, Fig. 1). A similar biomass curve with that of
Fig. 2 was obtained at 277 mM, with the final biomass
concentration not exceeding 3.1 g l-1. The highest biomass
concentration was obtained at 138 mM initial glucose
concentration: 3.6 g l-1, while at 55 mM, it was 1 g l-1. The
maximum concentration of lactic acid obtained in the
whole series of fermentations was also noted with 138
mM glucose. Initial glucose concentrations higher that
138 mM resulted in limited glucose consumption and low
levels of biomass and lactic acid production. However,
lactate was still the main fermentation product since
detected concentrations of products of the mixed acids
mode were very low (data not shown). Plots of time
courses of specific production rates for lactate (qLA) in
batch fermentations with different initial glucose concen-
trations (Fig. 3) were of the same trend for 55, 138 and

277 mM glucose, with the maximum value noted at 3
hours. The highest specific production rates for lactate
were obtained at 138 mM glucose at which level biomass
concentrations were steadily higher at all time points
compared to all other runs. Since, in runs carried out with
initial glucose concentrations of 13.75, 27.5, 415, and
555 mM biomass did not exceed 2 g l-1, the obtained low
specific lactate production rates did not result from any
increase in cell mass. Specific glucose consumption rates
(uptake rates – qS) are plotted in Fig. 4 according to which,
the maximum glucose uptake rate for each initial glucose
concentration corresponds to the time-point of the maxi-
mum specific production rate for lactate. The initial glu-
cose concentration of 138 mM supported the highest
specific growth rate, glucose uptake rate and the highest
specific lactate production rate under microaerobic condi-
tions. 13.75 and 27.5 mM initial glucose concentrations
led to low yields of lactate and to mixed acid formation.

The effect of glucose concentration in microaerobic 
glucostat fed-batch culture
In batch culture the cells experience a constantly changing
glucose concentration which undoubtedly affects the out-
come of the fermentation. This parameter is excluded
when glucose is supplemented at a rate designed to keep
its level constant, which is in the present case the glucostat
culture. Fed-batch studies operated at constant C-source
concentrations were never reported earlier in the litera-
ture. The particular mode of glucostat was chosen as the

The microaerobic batch fermentation of L. lactis sspFigure 1
The microaerobic batch fermentation of L. lactis ssp. lactis 
LM0230 with 55 mM initial glucose concentration. Product 
formation and glucose utilization time courses.
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most appropriate tool in evaluations of the glucose level
effects in a broad glucose concentration range, since in
chemostat cultures only low substrate concentrations can
run stably.

In a standard batch culture with 55 mM initial glucose
cncentration, the yields of lactic acid on glucose (YLA/S)
and NaOH added (YLA/NaOH) were estimated to be 0.922
(r2 = 0.995) and 1.721 (r2 = 0.995) by linear regression,
respectively. Therefore, the ratio of glucose to NaOH can
be calculated by the relationship between YLA/S and YLA/

NaOH, which can be used in the pH feed-back controlled
fed-batch culture. Glucose concentration levels were effec-

tively controlled by the pH feed-back method and main-
tained well during feeding. Volume differences may have
a small effect on fermentation, however care was taken to
keep the feeding solution volume as small as 300 ml by
adjusting the concentration of the solute to the appropri-
ate levels for each run.

Production phase was longer in glucostat experiments and
the overall lactate production was increased compared to
batch culture. The influence of the glucose level is very
noticeable as both the specific rate of lactate formation

Table 1: Maximum specific growth rate and yield coefficients at different aeration conditions*

Aeration conditions Growth rate (h-1) Yield on glucose of:

Products (C-mol of product · 100 C-mol of glucose -1)

Biomass (g [dry wt] of cells · g of glucose-1) Lactate Formate Acetate Pyruvate Ethanol

Anaerobic 0.925 ± 0.009 0.162 ± 0.003 92.3 ± 1.3 1.5 ± 0.5 1.5 ± 0.1 0 1.5 ± 0.5
Microaerobic 0.800 ± 0.051 0.151 ± 0.002 96.0 ± 0.5 0 1.1 ± 0.2 0.21 ± 0.02 0.21 ± 0.06
Semiaerobic 0.752 ± 0.007 0.170 ± 0.005 93.2 ± 1.4 0 2.1 ± 0.5 0.10 ± 0.02 0
Aerobic 0.712 ± 0.009 0.182 ± 0.005 91.0 ± 1.5 0 3.2 ± 0.5 0.06 ± 0.03 0

*The values are means ± standard deviations for three independent cultivations. The yield coefficients for biomass, lactate, formate and ethanol 
were obtained from plots of the amount of accumulated products against the amount of glucose consumed during the exponential phase. Pyruvate 
was determined at the end of runs and the yield coefficient was calculated on the basis of end concentrations.

Time course of microaerobic batch fermentation of L. lactis sspFigure 2
Time course of microaerobic batch fermentation of L. lactis 
ssp. lactis LM0230 with 138 mM initial glucose concentration.
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Time courses of specific production rates for lactate in 
microaerobic batch fermentations with varying initial glucose 
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0

2

4

6

8

10

12

14

16

0 5 10 15

Time (h)

q
L

A
(g

 l
a

c
ta

te
 (

g
 C

D
W

)-1
 h

-1
) 13.75 mM

27.5 mM

55 mM

138 mM

277 mM

415 mM

555 mM
Page 4 of 13
(page number not for citation purposes)



Microbial Cell Factories 2007, 6:16 http://www.microbialcellfactories.com/content/6/1/16
and the total concentration reached, increased with the
glucose level up to 55 mM. Biomass concentration in the
glucostat run of 55 mM glucose reached 4.3 g l-1 and that
was the maximum concentration obtained in all tested
glucose levels. Inhibition by the substrate was apparent at
glucose levels above 138 mM since fermentation rates
were reduced and biomass production did not exceed 2 g
l-1. Fig. 5 shows the plots of specific production rates for
lactate. Comparing these plots with the respective plots
from batch cultures (Fig. 3) we observe that at glucose
concentrations of 138 and 277 mM, specific lactate pro-
duction rates were even lower than the obtained at 27.5
mM glucose. Maintaining the glucose concentration sta-
ble at 27.5 mM during fermentation led to homofermen-
tative product formation, while at 13.75 mM the culture
exhibited a shift towards mixed acids metabolism.

Specific substrate consumption rates were estimated (hav-
ing taken into account the amount of glucose added with
feeding) and the maximum values obtained are plotted
against glucose concentration in Fig. 6. According to Fig.
6, glucose concentrations beyond 138 mM do not support
a high uptake rate. At lower glucose levels, the concentra-
tion of glucose has a strong influence on its uptake rate.
An optimum glucose level, with regard to its uptake rate,
seems to exist and this is 55 mM.

Specific glucose consumption rates during the course of microaerobic batch fermentations performed with different initial glucose concentrationsFigure 4
Specific glucose consumption rates during the course of 
microaerobic batch fermentations performed with different 
initial glucose concentrations.
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Specific activities of PFK, PYK, and LDH determined in
cell extracts from exponential phase cells in glucostat cul-
tures under microaerobic conditions, over a range of glu-
cose concentration levels are shown in Table 2. Activities
of the las operon genes were different in cells growing at
different glucose concentration levels. At 55 mM glucose
concentration in glucostat culture, specific activities of
PFK, PYK and LDH were the highest. There was a gradual
decrease in enzyme specific activities as glucose concen-
tration increased beyond the 55 mM point and in concen-
trations like 415 and 555 mM, specific activities of all
three las enzymes were low.

Intracellular concentrations of glucose-6 phosphate
(G6P), fructose-6 phosphate (F6P), fructose-1,6 bisphos-
phate (FBP), phosphoenolopyruvate (PEP), pyruvate
(Pyr), glucose, and the NADH/NAD+ ratio were deter-
mined in cell extracts prepared from the same samples as
above and are given in Fig. 7. ADP and ATP concentra-
tions were also determined as in Fig. 8. Concentrations of
internal metabolites varied with the glucose concentra-
tion level. Concentrations of G6F, F6P, FBP and Pyr were
the highest at 55 mM. PEP could only me measured accu-
rately in the glucostat run of 13.75 mM glucose. Above 55
mM, the concentrations of G6F, F6P and Pyr decreased
gradually, while a sharp fall of FBP concentration was
observed. Determination of the NADH/NAD+ ratio
showed no direct relationship with the level of glucose. At
13.75 and 138 mM glucose the NADH/NAD+ ratio was
found to be 0.07 and 0.06, respectively (results not
shown). Intracellular unphosphorylated glucose was
detected above 277 mM: at 277 mM its concentration was
around 1 mM, while at both 415 and 555 mM, internal
glucose concentration reached a 5 mM. According to Fig.
8, at high external glucose concentrations the demands for

ATP decrease, since ATP concentrations increased and
ADP concentrations decreased.

Glucose transport studies
Kinetic analysis of the PTS-mediated transport of glucose
was performed according to Thompson [12] to investigate
the glucose transport capacity of this strain. The initial
rates of uptake displayed high-affinity Michaelis-Menten
saturation characteristics. This is in accordance to earlier
works [12,13] which described the characteristics of glu-
cose transport via the constitutive mannose PTS (Man-
PTS). Transformation of the initial rate data according to
the method of Eadie-Hofstee yielded the following kinetic
parameters: Vmax = 107 mmol min-1g-1 and Km = 2 mM,
which are quite different from the reported by Thompson

Pools of intracellular metabolites and glucose, determined in cell extracts from samples taken from exponentially growing cells in glucostat cultures with varying glucose concentration levelsFigure 7
Pools of intracellular metabolites and glucose, determined in 
cell extracts from samples taken from exponentially growing 
cells in glucostat cultures with varying glucose concentration 
levels.
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Table 2: Specific activities of phosphofructokinase, pyruvate kinase and lactate dehydrogenase in cells (exponential phase) growing in 
microaerobic glucostat cultures with varying glucose concentration levels

Sp. Act. of las enzyme a

Glucose concentration (mM) Phosphofructokinase U/OD600 Pyruvate kinase U/OD600 Lactate dehydrogenase U/OD600

13.75 5.00 ± 0.05

27.50 5.40 ± 0.06 12.52 ± 0.07 21.30 ± 0.08

55.00 7.10 ± 0.05 (4.56)b 13.10 ± 0.05 (11.52)b 23.72 ± 0.05 (21.30)b

138.00 6.00 ± 0.04 11.00 ± 0.08 23.50 ± 0.05

277.00 4.00 ± 0.04 8.72 ± 0.05 11.43 ± 0.07

415.00 3.00 ± 0.05 5.61 ± 0.05 10.70 ± 0.09

555.00 2.11 ± 0.05 5.60 ± 0.07 9.81 ± 0.05

aSpecific activities (U/OD600) are micromoles per minute per cell density. Values are averages of at least three independent measurements.
bValues obtained in anaerobic batch cultures with 55 mM initial glucose concentration.
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[13] for S. lactis ML3. A low affinity carrier appears also to
be involved in glucose transport at higher concentrations
for which a Vmax = 278 and Km = 14 mM were estimated.
Solving the Michaelis-Menten equation

for the estimated Vmax and Km values at various glucose
concentrations (S, mM), the quoted units for V were con-
verted to specific uptake rates and plotted along with the
experimental derived values for qs in Fig. 9. According to
this figure, the experimentally obtained qs is higher than
the calculated with the mediated high-affinity transport
model. At glucose concentrations 27.5 and 55 mM, glu-
cose is transported by the low-affinity carrier. At even
higher glucose levels, accumulation of unphosphorylated
glucose inside the cells could be a result of uncontrolled
glucose entry by unfascilitated (simple) diffusion.

Discussion
Results showed that the amount of provided oxygen deter-
mines the outcome of fermentation. The equimolar quan-
tities of the by-products formate, acetate, and ethanol
produced under anaerobic conditions indicate that the
PFL (pyruvate formate-lyase) pathway was the only active
pathway of pyruvate metabolism besides LDH, this mean-
ing that there was no flux through the PDH (pyruvate
dehydrogenase) enzyme complex. As expected, a different
profile was obtained in the presence of oxygen and this
can be explained by the activity of NADH oxidases [19].
Since under aerobic conditions neither formate nor etha-

nol was formed, the fluxes through PFL and alcohol dehy-
drogenase should be zero, this meaning that the PDH
enzyme complex was responsible for the first step in the
conversion of pyruvate to acetate. This is in accordance
with the work of Jensen et al. [7] who showed that the spe-
cific in vitro activities of PDH and NOX (NADH oxidases)
increase with aeration. At 5 % DOT microaerobic condi-
tions, product formation was extremely homolactic and
the highest yield of lactate on glucose was obtained. For-
mate was not formed, indicating an inactive PFL enzyme,
and the very small amounts of ethanol in the broth
should have resulted from activity of the PDH complex.
Results of the same trend have been reported by Nordkvist
et al. [19] for L. lactis ssp. cremoris MG1363.

Glucose conversion under microaerobic conditions was
complete (Fig. 1) and the maximum specific growth rate
was higher compared to that of semiaerobic and aerobic
fermentations. The yield of biomass on glucose was the
lower obtained within the set of conditions. This must be
caused by an increased carbon distribution towards lac-
tate formation since specific glucose uptake rates were
high enough in the microaerobic fermentation with an
initial glucose concentration of 55 mM (Fig. 4). A quite
different situation was obviously obtained from the
described by Jensen et al. [7] with L. lactis ssp. cremoris
under microaerobic conditions with a 55 mM initial glu-
cose concentration, where a 5 % DOT in the bioreactor
changed the situation of glucose limitation prevalent
under anaerobic conditions to one of glucose excess. The
reason for the limited glucose consumption was not
investigated.

Since microaerobic conditions supported higher specific
rates of sugar consumption in the homofermentative
mode, we carried out a series of batch fermentations with
5 % DOT, in which the concentration of glucose in the
medium differed within the range of 13.75 to 555 mM.
These fermentations were used to extract reference points
for fed-batch cultivations. Studying the effects of glucose
concentration in batch culture, observations unavoidably
include the effects of a continuously changing sugar level
during the process. This can be avoided with fed-batch
culture operated as glucostat, a tool of choice for investi-
gating the effects of glucose concentration levels. A small
number of studies [6,13,31,32] have shown that the type
and concentration of external sugar affects the concentra-
tions of intermediate metabolites and cofactors and con-
sequently the fermentation productivities. Although these
reports are valuable, limitations may exist by the applica-
tion of anaerobic batch culture only, or by comparisons
within a narrow range of concentrations, or even by the
use of non-proliferating cells rather than actively ferment-
ing cells. In this study, a series of glucostat experiments
were carried out to determine the effects of a stable glu-

V
V S

K Sm
=

⋅
+

max (1)

Pools of ADP and ATP, determined in cell extracts from samples taken from exponentially growing cells in glucostat cultures with varying glucose concentration levelsFigure 8
Pools of ADP and ATP, determined in cell extracts from 
samples taken from exponentially growing cells in glucostat 
cultures with varying glucose concentration levels.
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cose concentration level, within a broad concentration
range, on fermentation rates, key glycolytic enzyme activ-
ities, and concentrations of important intracellular
metabolites under microaerobic conditions.

In batch culture under microaerobic conditions, the ini-
tial glucose concentration of 138 mM supported the high-
est specific rates for growth, glucose uptake and lactate
production. In fed-batch culture, maximal rates obtained
by maintaining a continuous 55 mM glucose concentra-
tion. In batch culture, specific production rates for lactic
acid have an optimum value reached rather early in the
fermentation process (Fig. 3). However, the maximum
values observed in batch runs occurred when the sugar
had fallen to values that according to glucostat data were
too low to give significant lactate production. Thus, there
must be two aspects to the effect of the sugar. One is the
level itself, the other arising from the dynamic situation
with cells being exposed to a constantly changing glucose
level in the bioreactor. The effect of continuous high glu-
cose concentrations on cell viability may also explain the
observed low specific production rates and biomass pro-
duction levels when glucose exceeded the concentration
of 277 mM (Fig. 5).

Glucostat data show that the concentration of glucose is
related to its uptake and an optimum uptake rate is
observed at 55 mM. Concentrations above 138 mM can-
not support a high uptake rate (Fig. 6). The values shown
in Fig. 6 obviously represent overall specific uptake rates
and include all carbon metabolism of the cell, including
excreted products and biosynthesis of cell cytoplasm. It
appears from the results that as long as there is a "sink" for
the carbon inside the cell, transport can increase in paral-
lel with the sink. If that sink is saturated, then apparent
transport will decrease. This is especially true at high glu-
cose concentrations, where glucose appears to be entering
the cell by simple diffusion.

Maintaining a continuous low glucose level such as 13.75
mM, specific glucose uptake rates are low and very inter-
estingly, a shift towards mixed acid metabolism takes
place. It is known so far for anaerobic culture that homo-
lactic metabolism occurs on substrates supporting rapid
growth in which significant amounts of glucose remain in
the medium, and a mixed acid fermentation occurs when
growth rates are lower and in true carbon-limited chemo-
stats [6,33]. Working the glucostat fed-batch mode under
microaerobic conditions, a situation was arranged in
which significant amounts of glucose were always present
in the fermentation broth with glucose being the substrate
supporting the highest fermentation rates [5]. Therefore,
the shift from homolactic to mixed acid fermentation
could be directly correlated to the glucose uptake rate and
consequently to the flux through glycolysis. Indeed, low
glycolytic flux has commonly been ascribed to be the
cause of mixed acid product formation [3,6,8,34,35]. It
has also been shown, that the glycolytic flux governs prod-
uct formation only when the flux cannot meet the ana-
bolic demand [4]. In response to increased ATP demand
the glycolytic flux increases, but if the latter is restricted,
mixed acid formation occurs [4]. This is in agreement with
the data for ADP and ATP contents of cells presented in
Fig. 8 but, the fact that the cells were growing under the
glucostat fed-batch mode and glucose was always availa-
ble but at a fixed, low concentration, points out that apart
from the ATP consuming processes, sugar transport
should also be involved in the mechanism underlying the
phenomena, a fact rather ignored in previously published
studies.

The shift from homolactic to mixed acid fermentation in
L. lactis has been directly correlated to the glycolytic flux,
estimated from the specific rates of sugar (glucose, galac-
tose and lactose) consumption, in the work of Garrigues
et al. [6]. Under anaerobic conditions, the predominant
role of the NADH/NAD+ ratio in controlling the shift was
shown, as well as the relationship between glyceraldehyde
phosphate dehydrogenase (GAPDH) activity and the
NADH/NAD+ ratio. However, under conditions support-

Plots of specific glucose uptake rates corresponding to the low affinity transport system (bold solid line), the high affinity transport system (dashed line) and the experimentally obtained values (thin solid line with points)Figure 9
Plots of specific glucose uptake rates corresponding to the 
low affinity transport system (bold solid line), the high affinity 
transport system (dashed line) and the experimentally 
obtained values (thin solid line with points).
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ing less rapid growth with a diminished flux through gly-
colysis and a lower NADH/NAD+ ratio, such as growth on
lactose and galactose, the major pathway bottleneck was
identified at the level of sugar transport rather than
GAPDH. The influence of GADPH on glycolysis has been
discussed as either strictly controlling [36] or having such
a role only when the glycolytic flux is high [6]. Quite dif-
ferent regulatory aspects of glucose metabolism in the
presence of oxygen have been reported by Neves et al.
[15]. It has been shown that the glycolytic flux was not pri-
marily determined by the level of NADH in the cell, while
the main point in that work was the observation that the
decrease in the level of PFK activity (40%) was identical to
the decrease in the glycolytic flux. A negative effect exerted
by oxygen on the glycolytic flux was identified and attrib-
uted to depressed PFK activity. Working with another
strain (L. lactis MG5627), the same group [11] observed a
stimulation of glucose consumption under semiaerobic
condition, a fact characterized as "apparent discrepancy",
which showed that the level of oxygen during growth
notably affected the cell metabolic machinery through dif-
ferent effects on gene expression.

In the present study, under conditions of increased glyco-
lytic flux, as in the case of the 55 mM glucostat, the FBP
pool (the PFK reaction product) was the largest observed
(Fig. 7). It has been proposed [2,37] that FBP has an
important role in the regulation of L. lactis metabolism
acting as an allosteric regulator (activator) of PYK and
LDH: high levels of FBP activate PYK and LDH and direct
the flux towards lactate production, while low levels of
FBP lead to LDH inactivation and inhibition relief of
pyruvate-formate lyase by triose phosphates, resulting
thus to a shift to mixed acid fermentation. Other research-
ers have questioned such a direct effect since the intracel-
lular concentrations of FBP in general are sufficient to
ensure full activation of LDH [6]. The present work shows
that the concentrations of FBP pools and the NADH/
NAD+ ratio in the glucostat runs of 13.75 and 138 mM
were almost identical, while neither the specific glucose
uptake rates (Fig. 6) nor the fermentation patterns were
similar. Moreover, much reduced FBP pools at very high
glucose concentrations (Fig. 7) suggest that FBP cannot be
regarded as a direct regulator of product formation, while
they provide an indication of inhibition of PFK activity at
such high glucose levels. While the FBP pool level cannot
be directly connected to the glycolytic flux and the fer-
mentation pattern, the explanation of the phenomena
rather lies in the ATP demand of the cells and the glucose
transport capacity of the microorganism.

Specific activities of the key glycolytic enzymes PFK, PYK
and the LDH (Table 2), show that expression of the las
operon genes in microaerobic glucostat cultures was influ-
enced by the glucose level. The 55 mM glucose level sup-

ported the highest enzyme activities and this was reflected
on the intracellular metabolites pools (Fig. 7). Values
obtained in anaerobic batch cultures (Table 2, in paren-
theses) carried out with 55 mM initial glucose concentra-
tion are given for comparison and they are lower
compared to those obtained in microaerobic glucostats.
Low specific enzyme activities were obtained in the pres-
ence of high glucose concentration levels, such as 277
mM. The maximum glycolytic flux of 25.5 mmol g CDW-

1 h-1 was observed in the 55 mM glucostat. That was
reduced to 14 mmol g CDW-1 h-1 in the 277 mM glucostat,
in which fewer ATP consuming processes took place in
cells (Fig. 8). The 55% reduction in the glycolytic flux cor-
responds to a 56% reduction of PFK activity (Table 2). The
explanation for the negative influence of elevated glucose
levels on the glycolytic flux is likely to lie in part in
depressed PFK activity. In addition, the course of FBP con-
centration over increasing glucose levels and the intracel-
lular accumulation of unphosphorylated glucose (Fig. 7),
refer to depressed PFK activity. As mentioned above, a
strong influence of PFK on the glycolytic flux was identi-
fied in the works by Andersen et al. [30] and Neves et al.
[15], in studies with the level of oxygen. A different
approach in our work, through the glucose level, demon-
strates, and validates, the regulatory role of PFK on glyco-
lytic flux in L. lactis.

As with PFKs from Bacillus stearothermophilus and
Escherichia coli, PFK from L. lactis is allosterically inacti-
vated by excess ATP [38]. Known inhibitors of PFKs in
both prokaryotic and eucaryotic organisms include ATP,
citrate and fatty acids, while known activators are ADP,
AMP, cAMP, FBP, F6P, NH4 and Pi [38-40]. ATP is the
major effector and the activators for PFK are better
described as deinhibitors of ATP because they reverse the
effect of inhibitory concentrations of ATP. PFK is a tetra-
meric enzyme with two conformational states, R and T,
which are in equilibrium. ATP is both a substrate and an
allosteric inhibitor of PFK. Each subunit has two binding
sites for ATP: a substrate site and an inhibitor site. The
substrate site binds ATP equally well in either conforma-
tion but the inhibitor site binds ATP almost exclusively in
the T state. The other substrate of PFK, F6P, preferentially
binds to the R site. Consequently, at high concentrations,
ATP acts as a heterotrophic allosteric inhibitor of PFK by
binding to the T state, thereby shifting the T-R equilibrium
in favour of the T state and thus decreasing PFK's affinity
for F6P [40].

The amount of work carried out in the area of glycolysis in
L. lactis during the last years has been significant. In their
very recent review, Neves et al. [11] described the progress
made and the further research, which should be pursued
for a better understanding of this organism. The need for
conducting sugar transport studies was characteristically
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pointed out. In the present work, glucose uptake rate stud-
ies suggested that two uptake systems are involved in the
transport of glucose through the cell membrane of L. lactis
LM0230, a high affinity and low affinity system. Literature
information on the transporters of glucose through the
cell membrane in L. lactis is rather limited [41]. Thomp-
son [12,13] described a high affinity system for glucose
transport in L. lactis LM3, which corresponds to EIIMan.
The existence of a low affinity system for glucose has not
been reported earlier, however evidence for glucose trans-
port by a permease has been reported [13,20]. The trend
in glucose transport (Fig. 9) is shown to be saturating
when higher glucose concentrations than approximately
40 mM were used. Under conditions in which both carri-
ers are saturated, accumulation of unphosphorylated glu-
cose inside cells could be a result of uncontrolled glucose
entry by unfascilitated diffusion, a fact already described
with other microorganisms [42]. Accumulation of intrac-
ellular glucose and the low levels of phosphorylated sug-
ars under such conditions refer to inhibition of the PFK
enzyme.

Thus, we propose a regulation mechanism governed by
the energy state of the cell, as this is expressed by the cel-
lular quantities of ADP and ATP, by which L. lactis can
handle the glycolytic flux under microaerobic conditions.
ADP and ATP play central roles in the metabolic network
and influence several steps of glycolysis because they are
substrates and products of kinases and inhibitors of dehy-
drogenases. ATP acts as a free-energy donor to drive trans-
port and biosynthesis and it is continuously regenerated
from ADP by substrate level phosphorylation. ATP is
invested in the upper part of the glycolytic pathway to
generate a surplus in the lower part. Moreover, both ATP
and ADT serve as precursors in the DNA and RNA synthe-
sis, which has been shown to constitute an approximately
3 and 8% of L. lactis cells dry weight, respectively [34]. It
has also been shown that intracellular concentrations of
ADP and ATP in growing L. lactis cells are tightly control-
led (homeostatic control) at levels optimal for the cellular
reactions [34]. In the present study, under low glucose
concentration conditions, provided in glucostat cultures,
the glycolytic flux cannot meet the anabolic demand of
the cells. There is glucose limitation and consequently
energy limitation and the glucose transport capacity of the
microorganism is not met, resulting in mixed acids forma-
tion. The FBP pool, through LDH and PYK control, does
not directly influence product formation since low FBP
concentrations were characteristic of both low (13.75
mM) and high (138 mM) glucose concentration levels in
glucostat cultures. Therefore, under such conditions, the
ATP demand and the glucose transport capacity of the
cells are main regulators of the flux. Reversing the situa-
tion, by providing constant elevated glucose levels in the
glucostat (e.g. above 55 mM), conditions in which glu-

cose transport carriers are saturated, led to excess energy
(formation of large intracellular pools of ADP and ATP)
which the organism can handle through the allosteric
properties of its enzymes. Excess ATP in this case, inhibits
PFK activity slowing the glycolytic flux down. It can be
suggested here that the extend to which ATP demand con-
trols the glycolytic flux depends on how much excess
capacity of glycolysis is present at cells.

Conclusion
The results in this study suggest that the control of the flux
through the pathway of glycolysis resides to a large extent
in processes outside the pathway itself, like glucose trans-
port and the ATP consuming reactions. Depending on cul-
ture conditions, e.g. dissolved oxygen concentration and
glucose concentration levels, the overall flux in L. lactis
seems to be regulated by the ATP demand through the
allosteric properties of key enzymes, with PFK having a
significant influence on the control.

Materials and methods
Organism and growth conditions
The bacterium used throughout this study was the homo-
fermentative L. lactis ssp. lactis LM0230 [43]. The strain
was stored at -80°C in culture medium supplemented
with glycerol (20 %). The medium used for the prepara-
tion of inocula and bioreactor cultures was the chemically
defined medium (CDM or MCD) described by Otto et al.
[44] and modified by Poolman & Konings [45] which
contained 47 components, including 18 amino acids and
14 vitamins. The standard medium was supplemented
with glucose in the concentration range of 13.75 to 555
mM (2.5 to 100 g l-1) as the sole carbon source. Glucose
was sterilized separately and added aseptically to the ster-
ile medium in the reactor. For inoculum culture, the
medium was supplemented with 0.5 % glucose.

The microorganism was grown in a stirred tank bioreactor
-BIOFLO 110, New Brunswick Scientific- with a working
volume of 2.0 liters. The reactor was equipped with baf-
fles. The agitation system consisted of two 6-bladed Rush-
ton-type impellers (52 mm), operating at the stirrer speed
of 100 rpm. Process temperature was maintained at 30°C
and culture pH was maintained at 6.8 by automatic addi-
tion of 5 M NaOH. The bioreactor was inoculated with
cells from precultures at the end of exponential phase,
grown in Erlenmeyer flasks at 30°C under stationary con-
ditions in the medium described above, buffered with 15
g l-1 K2HPO4. At inoculation time, initial biomass concen-
tration in the reactor was 1 mg l-1.

To ensure anaerobic conditions, pure N2 was introduced
to the reactor prior to inoculation and during the cultiva-
tion at a constant in-flow rate of 1 liter of N2 per liter of
reactor working volume per minute (1 vvm). For aerobic
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cultivations, the reactor was equipped with a polaro-
graphic oxygen sensor (Mettler Toledo, Urdorf, Switzer-
land). The oxygen electrode was calibrated by sparging the
medium with air (DOT, 100 %) and N2 (DOT, 0 %); the
100 % saturation value was based on air. Aerobic condi-
tions were obtained by sparging the reactor with air at a
rate of 1 vvm to ensure that the DOT was more than 90 %
of saturation. For semiaerobic and microarobic experi-
ments the DOT was kept at 50 % and 5 % respectively by
sparging the reactor with a mixture of N2 and atmospheric
air adjusted by using two mass flow controllers, and the
DOT was kept constant by feedback regulation of the
ratio.

Fermentation volume was 2 liters for batch cultures
whereas the initial volume for the glucostat cultures was
1.7 liters and the final 2 liters. Since glucose is mainly con-
verted to lactic acid by the homofermentative L. lactis, glu-
cose concentration can be maintained at constant levels
by pH feed-back controlled fed-batch culture (controlling
the decrease of pH caused by lactic acid accumulation).
The method has been described by Lv et al. [46] and
employed successfully in studies on the effect of sucrose
on nisin production by L. lactis. The feed consisted of a
glucose (150–300 g l-1) and NaOH (140 g l-1) solution
that was added at a rate of 5 to 10 g l-1 h-1, designed to
keep the glucose concentration relatively constant, the
variation not exceeding 5 %. The concentration of glucose
in the feeding solution and the feeding rate were esti-
mated on the basis of the rate of glucose consumption in
batch cultures performed with various initial glucose con-
centrations. The mixture of glucose and NaOH was fed
automatically to the vessel by the pH controlled peristaltic
pump from the beginning of fermentation. The upper and
lower limits for the pH controller were 6.85 and 6.75,
respectively. The initial volume of medium in fed-batch
cultures contained all other chemicals apart from glucose,
in amounts estimated for 1.7 liters of medium. Experi-
ments were carried out at the following glucose levels:
13.75, 27.5, 55, 138, 277, and 555 mM. Batch cultures
were performed with the same range of initial glucose
concentrations. Samples were taken at inoculation time
and at 1-hour intervals until runs' termination at 20
hours. All runs were carried out in triplicate (mean values
presented) and repeated if experimental variation
exceeded 5 %.

Analytical methods
Biomass
Biomass concentration was monitored spectrophotomet-
rically by measuring the optical density at 600 nm and
correlating the optical density with cell dry weight meas-
urements. One unit of optical density at 600 nm was
shown to be equivalent to 0.25 g (dry weight) of cells per
liter. Cell dry weight was determined by filtering 10 ml of

broth through nitrocellulose filters (pore size, 0.2 μm).
The filters were tared after having been dried in a micro-
wave oven at 150 W for 15 min. The biomass collected on
the filter was washed twice with 10 ml distilled water
before being dried and tared as indicated above.

Analysis of fermentation products and glucose
Lactic acid concentration was determined with the Enzy-
Plus D/L Lactic Acid kit by Diffchamb AB (Diffchamb,
Sweden). Glucose was determined using the glucose oxi-
dase/peroxidase method of Kunst et al. [47]. Formate,
pyruvate, acetate and ethanol concentrations were deter-
mined enzymatically using assay kits by Boehringer Man-
nheim (Mannheim, Germany) (Cat. No. 10979732035
for formate, 10148261035 for acetate, 10176290035 for
ethanol) and Sigma-Aldrich (Cat. No. 53006 for pyru-
vate).

Glucose uptake assay
Preparation of L. lactis starved cells was done according to
Thompson [12]. In the standard transport study proce-
dure, 80 to 100 μl of thick cell suspension was added to
9.8 ml of 0.1 M Tris-(hydroxymethyl)aminomethane
maleate buffer (pH 7.0) to obtain a final density of 200 μg
(dry weight) of cells per ml. Glucose was added to the sys-
tem to replicate samples of the starved Lactococcus cells in
concentrations from 1 μM – 100 mM, and solute accumu-
lation was followed by using the procedures according to
Thompson [48]. Uptake assays were carried out at 30°C
and no exogenous energy sources were present in trans-
port medium. Initial rates of glucose accumulation (in
micromoles per gram [dry weight] of cells per min) were
determined after 5 s of incubation. Data were analyzed by
computer curve fitting (Leonora 1.0, Oxford Sciences,
Oxford, UK). Dry weights were measured on the samples
at the end of the experimental period.

(iv) Preparation of cell extracts
Bacteria were harvested by centrifugation (16,000 × g, 30
min, 4°C) at an OD600 of 1, washed twice with 0.85 %
NaCl, and suspended in 20 mM phosphate buffer (pH
6.5) containing 50 mM NaCl, 10 mM MgCl2, and 1 mM
dithiothreitol [49]. The bacteria were disrupted ultrasoni-
cally (20 kHz) at 0°C for 36 cycles of 5 s. Cell debris was
removed by centrifugation (13,000 × g, 10 min, 4°C). The
protein content of the cell extract was determined by the
method of Bradford [50]. For the assay of the phosphoe-
nolopyruvate (PEP)-mannose-phosphotransferase system
(PTS), cell debris was not removed because the enzymes
are probably linked to the cell membranes [51].

Determination of intracellular metabolites
Extracts were prepared from cultures at an OD600 of 1,
using quenching in hot phenol, according to Andersen et
al. [30]. After chloroform extraction, the concentration of
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sugar-phosphates was measured by recording the increase
in NADH fluorescence [13] with the following modifica-
tion according to Andersen et al. [30]. The buffer con-
tained 50 mM triethanolamine, pH 7.5, instead of
imidazolehydrochloride. Glucose-6-phosphate dehydro-
genase from yeast was obtained from Boehringer Man-
nheim, while phosphoglucose-isomerase and fructose
bisphosphate aldolase were obtained from Roche Diag-
nostics GmbH (Mannheim, Germany). Intracellular con-
centrations of sugar-phosphates were calculated assuming
that 1 g (dry weight) corresponds to 1.67 ml of intracellu-
lar volume and an OD600 of 1 corresponds to 0.25 g (dry
weight) per liter.

NAD+ was assayed by using 200 μl of pyrophosphate
buffer (250 ml, pH 8.8, containing 12 g of semicarbazide
per liter), 10 #956;l of ethanol, 300 μl of extract, 490 μl of
H2O, and 10 μl of alcohol dehydrogenase (4 mg/ml). The
NADH present in the extract was measured in a reaction
mixture containing 200 μl of triethanolamine buffer (500
mM, pH 7, containing 15 mM MgSO4 and 4 mM EDTA),
300 μl of extract, 480 μl of H2O, 20 μl of pyruvate (200
mM), and 20 μl of LDH (1,000 U/ml) to initiate the pyru-
vate-dependent oxidation of NADH.

ATP concentrations in cell extracts were measured by a
luciferase-luciferin assay mixture (Cat. No. FL-AA 366,
Sigma). The sum of the ATP and ADP concentrations was
determined after conversion of ADP to ATP by 2 min of
incubation in a solution containing triethanolamine
buffer (50 mM, pH 7.7), phosphoenolopyruvate (10 μm),
MgCl2 (2.5 mM) and pyruvate kinase (2 Units). The ADP
concentration was calculated by subtracting the ATP con-
centration from the sum of the ATP and ADP concentra-
tions. Standard curves for ATP, ADP, and mixtures of ATP
and ADP corresponded well to each other.

Enzyme assays
Enzyme assays were performed at 30°C in a total volume
of 1 ml with freshly prepared cell extracts. The formation
or consumption of NAD(P)H was determined by measur-
ing the change in the absorbance at 340 nm (ω = 6.22 ×
103 M-1.cm-1). Values are the means of results from at least
two independent duplicate measurements. The blank
contained the reaction buffer, the cofactors, and the cell
extract without the substrate.

The PTS uptake system for glucose was assayed with a mix-
ture containing 50 mM K2PO4 buffer (pH 6.8), 5 mM
MgCl2, 5 mM PEP, 0.5 mM NADH, 4 U of lactate dehydro-
genase, and cell extract. The reaction was started by adding
1 mM glucose [52]. Phosphofructokinase (PFK) was
assayed by the method previously described by Le Bloas et
al. [53] and modified by Even et al. [3] as follows: the
reaction mixture for phosphofructokinase contained tri-

ethanolamine-HCl buffer (100 mM; pH 7.2), MgCl2 (5
mM), KCl (10 mM), ADH (0.3 mM), ATP (5 mM), fruc-
tose-1,6P2 aldolase (1 U), glycerol-P-dehydrogenase (2
U), triose-P-isomerase (5 U) and fructose-6P (20 mM),
which was added to initiate the reaction. Pyruvate kinase
(PYK) was assayed according to the method described by
Thomas [54] and was optimized as follows: the reaction
mixture consisted of Tris-HCl buffer (100 mM; pH 7.2),
MnSO4 (5 mM), KCl (10 mM), NADH (0.3 mM), lactate
dehydrogenase (10 U), GDP (3 mM), and PEP (6 mM).
Lactate dehydrogenase (LDH) was assayed by the method
optimized by Garrigues et al. [6]. All chemicals were pur-
chased from Sigma at maximum purity.
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