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During storage and ripening of fermented foods, Lactococcus cremoris is predominantly
in a non-growing state. L. cremoris can become stationary due to starvation or
acidification, and its metabolism in these non-growing states affects the fermented
product. Available studies on the response of L. cremoris to acid and starvation stress
are based on population level data. We here characterized the energetic state and
the protein synthesis capacity of stationary L. cremoris cultures at the single cell level.
We show that glucose starved stationary cells are energy-depleted, while acid-induced
stationary cells are energized and can maintain a pH gradient over their membrane.
In the absence of glucose and arginine, a small pH gradient can still be maintained.
Subpopulations of stationary cells can synthesize protein without a nitrogen source,
and the subpopulation size decreases with increasing stationary phase length. Protein
synthesis capacity during starvation only benefits culturability after 6 days. These
results highlight significant differences between glucose starved stationary and acid-
induced stationary cells. Furthermore, they show that the physiology of stationary phase
L. cremoris cells is multi-facetted and heterogeneous, and the presence of an energy
source during stationary phase impacts the cells capacity to adapt to their environment.

Keywords: stationary phase, single cell, survival, protein synthesis, proton gradient, energetic state, starvation

INTRODUCTION

Lactococcus cremoris [formerly Lactococcus lactis subsp. cremoris (Li et al., 2021)] is well-known
for its use in food fermentations like cheese and yogurt (Kelleher et al., 2017; Pereira et al., 2020).
During storage and ripening of these fermented products, L. cremoris spends weeks to months in
a non-growing state. The cellular metabolism in this non-growing state can have a big impact on
product properties, and therefore there is great interest in understanding the physiology in non-
growing and stationary states of L. cremoris (van de Guchte et al., 2002; Papadimitriou et al., 2016;
Nugroho et al., 2020).

In a typical batch culture L. cremoris metabolizes sugars to lactic acid, thereby decreasing the pH
until the sugars are depleted (glucose starved stationary) (Supplementary Information Section 1;
Supplementary Figure 1). When sugars are present in excess, cells will become stationary due to
lactic acid stress (acid-induced stationary) (Rallu et al., 2000). At pH 6.6 and lower, both growing
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and acid-induced stationary L. cremoris cells maintain a pH
gradient over their membrane (Even et al., 2002). Their
intracellular pH does decrease with the extracellular pH as
more lactic acid is produced, due to a process called weak-acid
uncoupling. In this process the undissociated lactic acid form
(pKa = 3.9) passively diffuses into the cell, where it dissociates
into the membrane impermeable lactate− and H+. The cell in
turn must export lactate− and H+ to maintain a high intracellular
pH, usually with the help of an H+-ATPase (Hutkins and
Nannen, 1993; Šušković et al., 2010). Once outside, lactate− and
H+ will form the undissociated lactic acid form again, resulting
in a futile cycle (Hutkins and Nannen, 1993; Cotter and Hill,
2003; Figure 1). This process eventually causes lactic acid related
growth arrest, as the decrease in intracellular pH and increase in
intracellular lactate concentrations reduce the glycolytic enzyme
activity, while weak acid stress increases the maintenance energy
requirements (Kashket, 1987; Nannen and Hutkins, 1991; Even
et al., 2002; Carvalho et al., 2013).

Over the years, several studies aimed to better understand
the physiology of acid-induced and glucose starved stationary
L. cremoris. Next to exporting protons, glucose starved stationary
cells synthesize stress-related proteins to deal with the increased
protein and DNA damage (e.g., chaperones, proteases, and
DNA repair proteins) (Papadimitriou et al., 2016). However,
if growth has stopped due to acidification, these proteins
are no longer produced (Budin-Verneuil et al., 2005). Two
important lactococcal species are L. lactis and L. cremoris. One
distinguishing feature of L. lactis over L. cremoris is the ability
to catabolize arginine to ornithine and ammonia through the
ADI pathway (Wels et al., 2019). This process yields 1 ATP per
arginine which can be used for H+ translocation. Furthermore,
the production of ammonia directly increases the intracellular pH
by binding H+ (Cunin et al., 1986; Budin-Verneuil et al., 2003).
Lactococcal taxonomy is somewhat confusing due to a disparity
that arises between genotype and phenotype-based descriptions.
This leads to strains that are of the genotype L. cremoris but
which have an L. lactis phenotype. One of the best described
lactococcal strains, MG1363, is genotypically a L. cremoriswhile it
has an L. lactis phenotype. The lactis phenotype of this strain can
be of relevance to stationary cells, as arginine utilization in this
phenotype influences ATP production and the intracellular pH.

FIGURE 1 | Schematic overview of weak-acid uncoupling. HA is the
protonated acid, A− the deprotonated acid. The dashed line indicates passive
diffusion of HA into the cell. A− and H+ are actively exported, which requires
ATP.

Catabolization of arginine to produce ATP in glucose starved
cells, is known to increase the viability (Stuart et al., 1999;
Brandsma et al., 2012). How cells exactly use the ATP to prevent
cell death is not clear, as other studies report that the availability
of energy rich compounds like ATP and PEP alone did not
influence viability during starvation (Otto et al., 1985; Poolman
et al., 1987). The increased survival of glucose starved cells in the
presence of arginine is probably also not related to the capacity
to synthesize protein, at least for the first few days of starvation
(Thomas and Batt, 1969; Hartke et al., 1994).

While these studies give a good idea about the population
response to acid and starvation stress, it was shown in recent
years that microbial stress responses can be heterogeneous within
a clonal population (Han and Burgess, 2010; Gasch et al., 2017;
Zhang et al., 2020). This is of interest for a better mechanistic
understanding of the stress response itself, but it also potentially
impacts applications such as food fermentations and the use of
L. cremoris as a cell factory.

We here characterized the energetic state and the protein
synthesis capacity of stationary L. cremoris MG1363 cultures
at the single cell level. Our results show that glucose
starved stationary cells are energy-depleted, while acid-induced
stationary cells are energized. In both, glucose starved stationary
and acid-induced stationary cultures, a subpopulation of cells
is able to synthesize protein even in the absence of a nitrogen
source. During starvation, this protein synthesis capacity only
benefits culturability after 6 days.

MATERIALS AND METHODS

Strains and Media
Lactococcus cremoris MG1363 (Wegmann et al., 2007) and
L. cremoris MG1363_GFP (van Tatenhove-Pel et al., 2019), the
latter of which contains a genomically integrated GFP that
is constitutively expressed, were used throughout this study.
While MG1363 is genotypically a cremoris strain it does have
a L. lactis phenotype and is able to utilize arginine (Wels
et al., 2019). Strains were grown in Chemically Defined Medium
(CDM) described by Price et al. (2019), supplemented with 0.09
w/v% glucose (stationary due to starvation) or with 0.45 w/v%
glucose (stationary due to acidification). For plate counting,
CDM supplemented with 0.09 w/v% glucose and 1 w/v%
agarose was used. Cultures and plates were incubated at 30◦C,
without shaking.

Flow Cytometry Measurements
GFP-signals of single cells were measured using an Accuri C6
flow cytometer (BD Biosciences, San Jose, CA, United States),
after excitation at 488 nm and measuring emission with a
533/30 nm optical filter. A standard sample volume was measured
that typically resulted in the collection of 10 000 to 220 000 events,
and for which sample means of the GFP signals were calculated.

To analyze whether cells could maintain a pH gradient, we
centrifuged samples for 2 min at a relative centrifugal force (rcf)
of 16,000 × g and resuspended the pellets in phosphate buffered
saline (PBS) of pH 7.5 or pH 4.7. The PBS was supplemented
with glucose (0.5 w/v%) and/or lactate (20, 35 or 70 mM)
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and/or chloramphenicol (30 mg/L) when required. For data-
normalization the fluorescence signal at pH 7.5 was taken as the
maximal value, based on a previously published calibration curve
(van Tatenhove-Pel et al., 2019).

Analytical Procedures and Statistical
Analysis
Optical density was measured at 600 nm (OD600). We used
colorimetric glucose tests (MQuant R©, Merck KGaA, Darmstadt,
Germany) to determine if glucose was exhausted. When
applicable sample size, standard deviation (SD) or standard error
of the mean (SEM) are indicated.

Acidification and Growth at Six Arginine
Concentrations From 1.4 to 8.3 mM
To determine acidification of the medium we supplemented
CDM with 1:1,000 of 0.4 w/v% 5(6)-Carboxyfluorescein
BioReagent (Sigma-Aldrich) suspended in 10 v/v% ethanol
in demineralized water (final 5(6)-Carboxyfluorescein
concentration of 0.0004 w/v%) (Bachmann et al., 2012).
Carboxyfluorescein fluorescence positively correlates with
the pH.

After overnight pre-culture in CDM with 5 mM glucose,
cells were diluted 1:1,000 in fresh CDM with 5 mM glucose
supplemented with one of the following arginine concentrations:
1.4 mM (the standard arginine concentration in CDM), 2.8,
4.2, 5.5, 6.9, or 8.3 mM. The inoculated media were transferred
to a black 384 wells plate (200 µL/well) with a transparent
bottom (Greiner Bio-One). The plate was placed in a plate-reader
(Tecan Safire II) at 30◦C without shaking, where fluorescence
(excitation: 485/20 nm; emission: 520/20 nm) and optical density
at a wavelength of 600 nm (OD600) were measured every 6 min
for 30 h.

Kill-Curve With Translation Inhibitor
Kill curves were obtained by incubating glucose starved
stationary L. cremoris MG1363 cultures in CDM without
carbon source, with and without erythromycin (30 mg/L) and
chloramphenicol (30 mg/L) at pH 6.5 and pH 5.4. Cultures were
kept at 30◦C for 16 days, with periodic sampling for colony
forming units (CFU) determination. The antibiotic stability was
checked by periodically sampling each tube, and adding glucose
to a concentration of 0.45 w/v% to this sample. If no growth
occurred while CFU determinations indicated that viable cells
were present, this indicated that the antibiotics were still active.

RESULTS

Glucose Starved Stationary Cells Do Not
Maintain a pH Gradient Over the
Membrane
To assess the effect of lactic acid production by L. cremoris
on its intracellular pH, we used a Green Fluorescent Protein
(GFP) based method. L. cremoris MG1363_GFP contains a single
genomically integrated GFP gene, that is constitutively expressed

(van Tatenhove-Pel et al., 2019). Only the deprotonated form of
GFP is fluorescent (Kneen et al., 1998; Han and Burgess, 2010).
The equilibration of the intracellular and extracellular pH with
the membrane-uncouplers valinomycin and nigericin allows the
calibration of the fluorescence signal of L. cremorisMG1363_GFP
(Supplementary Information Section 2; van Tatenhove-Pel et al.,
2019). On the basis of such a calibration curve (Supplementary
Figure 2), we estimated the intracellular pH of stationary
L. cremoris MG1363_GFP. For this, cells were grown with initial
glucose concentrations ranging from 0.09 to 0.55 w/v%, resulting
in increasing stationary phase lactate concentrations.

In batch cultures with initial glucose concentrations up to
0.17 w/v%, the estimated intracellular pH was similar to the
extracellular pH when cells go into stationary phase (Figure 2).
This indicates that glucose starved stationary cells cannot
maintain a pH gradient, which might be caused by a lack
of energy. At initial glucose concentration between 0.17 and
0.35 w/v%, the estimated intracellular pH of stationary cells is
higher than the measured extracellular pH, although we did
not detect residual glucose in cultures initiated with 0.17–0.25
w/v% glucose. When the initial glucose concentration was higher
than 0.35 w/v%, the intracellular pH increases compared to the
intracellular pH values at initial glucose concentrations between
0.17 and 0.35 w/v%. This indicates that these cells can maintain a
pH gradient and have energy, which might be due to the presence
of glucose in these acid-induced stationary cultures.

Glucose Starved Stationary Cells
Consume Arginine
In the medium that we used, arginine is present in excess
(1.4 mM) and can be used to generate ATP and ammonia, which
increases the intracellular pH. To verify that this was not the
cause of the observed pH gradient, we investigated the role of
arginine on glucose starved stationary cultures. When arginine
is consumed to produce ATP, ammonia is released. As ammonia
is a base, arginine consumption will increase the extracellular pH,
which can be measured as an increase in the fluorescence signal
of the carboxyfluorescein that was added to the medium. Hence,
to measure arginine consumption we followed the extracellular
pH of glucose starved stationary cultures with six initial arginine
concentrations ranging from 1.4 to 8.3 mM (in the standard
medium 1.4 mM arginine is present). In the first 9 h, L. cremoris
cells grew and acidified the medium (Figure 3). After 9 h glucose
is depleted, cells stop growing (Supplementary Figure 3) and
the extracellular pH increases again. This pH increase is larger
and more rapid when the initial arginine concentration is higher,
suggesting that when glucose is depleted cells metabolize arginine
to generate ATP and ammonia. However, after roughly 20 h
the extracellular pH became constant again, suggesting arginine
depletion. This is sooner than we measured the pH gradient in
Figure 2 right panel, hence cells can maintain a pH gradient both
in the absence of glucose and arginine.

Early-Stationary Glucose Starved Cells
Are Still Energized
We hypothesized that longer periods of starvation would result in
lower pools of energy rich molecules (e.g., glucose, ATP, and/or
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FIGURE 2 | Glucose starved stationary cells do not maintain a pH gradient over the membrane. L. cremoris MG1363_GFP was grown in CDM with glucose
concentrations ranging from 0.09 w/v% to 0.55 w/v% (indicated by colors), leading to differences in the final pH of the stationary cultures. At two time-points in
stationary phase [18 h (n ≥ 1) and 42 h (n = 2) after inoculation] the pH of the cultures and the fluorescence of the cells was measured. As the initial glucose
concentration might affect the GFP content of cells, we normalized the GFP signal of stationary cells using their GFP signal at pH 7.5 (maximal fluorescence signal of
cells). This normalized fluorescence of cells was used to estimate the intracellular pH, following a calibration curve (Supplementary Information Section 2). This
plot shows the measured extracellular pH versus the estimated intracellular pH. The dashed line indicates where the intracellular pH equals the extracellular pH. Solid
horizontal lines indicate the regime wherein we can accurately estimate the intracellular pH (Supplementary Information Section 2). ˆ initial glucose concentration
of 0.17 w/v%. * initial glucose concentration of 0.25 w/v%.

FIGURE 3 | Extracellular pH of growing and glucose starved stationary L. cremoris cultures. L. cremoris was grown in CDM with six initial arginine concentrations
(see legend), and the carboxyfluorescein signal (proxy for the extracellular pH) was followed in time. In the standard CDM 1.4 mM arginine is present. Lines show the
mean, and shades de sd (n = 28 for 1.4 mM arginine, n = 4 for all other arginine concentrations). Corresponding OD600 values are shown in Supplementary
Figure 3.

PEP). To study this, we determined the capacity of glucose
starved stationary cells to maintain their intracellular pH in the
presence of weak acid uncoupling in PBS at pH 4.7. Under
these conditions the intracellular pH of cells will drop and the
fluorescence of cells will decrease, unless they actively maintain
a pH gradient, which requires energy (van Tatenhove-Pel et al.,
2019). We varied the starvation period (growing, early- and

late-stationary) by varying the inoculation density [OD600 of
10−5, 10−4, 10−3, 10−2, and 10−1 Arbitrary Units (AU)] of
cultures that were inoculated at the same time and measured after
identical incubation times. This resulted in starvation periods
ranging from 0 to 15 h.

As the pH was set to 4.7 for all measurements the results
show that it is the increasing lactic acid concentration that
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reduces the intracellular pH of the cells (Figure 4). This indicates
that weak acid uncoupling (rather than just a low pH) is the
largest contributor to intracellular acidification. Furthermore,
the intracellular pH of exponential and early-stationary cultures
is higher than that of late-stationary cells, indicating that
exponential and early-stationary cells have more capacity to
maintain a pH gradient over their membrane when exposed to
weak-acid stress.

Availability of Glucose Allows Cells to
Maintain a Membrane pH Gradient
To verify that the observed decrease in intracellular pH with
increasing starvation duration was caused by a cell’s depleted
energy reserves (Figure 4), we hypothesized that the addition
of glucose should allow cells to maintain a larger pH gradient,
even after they had been stationary for 15 h. To test this,
we added glucose to cells suspended in PBS with lactic acid,
and followed their intracellular pH in time. In the absence of
glucose some cultures could increase their intracellular pH, but
this increase was small and inconsistent (Figure 5). However,
in the presence of glucose the cultures could indeed increase
their intracellular pH. When we looked into the distributions
underlying the averages of Figure 5, we observed a homogeneous
response. Their final intracellular pH and the rate of increase
does depend on the lactic acid concentration, but not on their
stationary-phase length (four inoculation concentrations ranging
from OD600 10−4 to 10−1 AU). Next to glucose, also arginine
can be used by cells to build-up and maintain a pH gradient
(Supplementary Table 1).

Stationary Cells Only Require a Carbon
Source to Synthesize Protein
To test whether stationary L. cremoris retains protein synthesis
capacity, we incubated glucose starved early-stationary and acid-
induced early-stationary cells that constitutively expressed GFP
in PBS of pH 7.5. We followed their fluorescence in time using
flow cytometry. The cells were incubated in PBS of pH 7.5 and
fluorescence was determined at three time points. We found
that without any nutrients in PBS, the fluorescence signal of
L. cremoris remained constant (Figure 6A, top row). However,
when PBS was supplemented with glucose, a subpopulation of
cells increased their fluorescence signal, indicating an increase
of their GFP content (Figure 6A, middle row). Degradation
of GFP could in theory weaken the observed fluorescence
increase. However, GFP is a relatively stable protein, meaning
that we detected most of the GFP produced, regardless of the
time between GFP synthesis and measurement (Ormö et al.,
1996; Mateus and Avery, 2000). To confirm the increase in
the fluorescence signal originates from protein synthesis rather
than other mechanisms, e.g., the maturation of a fluorescent
protein, we did control experiments where we inhibited protein
translation by adding the translation inhibitor chloramphenicol.
The results show that the fluorescence increase was not observed
in the presence of the translation inhibitor, corroborating that
the increase is indeed caused by the production of new GFP by
the early-stationary cells (Figure 6A, bottom row). Interestingly,

FIGURE 4 | Maintenance of a membrane pH-gradient by growing, early- and
late-stationary cells. L. cremoris MG1363_GFP was inoculated at five OD600

values (x-axis). After overnight growth, cells that were inoculated at an OD600

of 10−5 were still growing, while the other cultures were early- or
late-stationary, due to starvation (categories below x-axis). Cells were washed
and transferred to PBS of pH 7.5 (as a control) and to PBS of pH 4.7 with four
lactate concentrations (color legend). The fluorescence of cells was measured
directly after acid exposure. The fluorescence in PBS of pH 4.7 was
normalized based on the fluorescence at pH 7.5. We used a calibration curve
and this normalized fluorescence to estimate the intracellular pH, which is
shown on the y-axis. Solid horizontal lines indicate the regime wherein we can
accurately estimate the intracellular pH (Supplementary Information
Section 2).

acid-induced early-stationary cells produce less protein than
glucose starved early-stationary cells. The supply of nutrients
through cell lysis is not expected to play a major role in these
cultures, as the cell concentration in PBS was low (107 cells/mL),
and constant in time. As the PBS used did not contain a
nitrogen source these results indicate that in the presence of
glucose only, stationary L. cremoris MG1363_GFP cells make
new protein.

The protein synthesis in stationary cells was not homogeneous
in the population, but two subpopulations were observed
(Figure 6A, middle row). To see if the size of the subpopulation
was affected by the length of the stationary phase, we measured
the fluorescence of early- and late-stationary glucose starved cells
after incubation in PBS with glucose for 7.5 h. The results show
that the shorter the cells were in stationary phase, the larger the
subpopulation of cells that can produce GFP (Figure 6B and
Supplementary Figure 5). The strength of the fluorescence signal
of the subpopulation of protein producing cells appears to be
the same when comparing 7.5 h incubation time (Figure 6B)
with 21 and 48 h incubation time of preculture starved cells
(Figure 6A, middle row, right column). This suggests that when
cells can produce protein, they will always produce roughly
the same amount and do so before 7.5 h, regardless of their
time in starvation. Interestingly, when glucose starved cells were
transferred to fresh medium without an available carbon source,
they also produced GFP, in amounts similar to those in PBS
supplemented with glucose (Supplementary Figure 4).
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FIGURE 5 | The ability of early- and late-stationary cells to maintain a pH gradient in the presence and the absence of glucose. Glucose starved stationary
L. cremoris MG1363_GFP were washed and transferred to PBS of pH 7.5 (as a control) with and without glucose, and to PBS of pH 4.7 with and without glucose
(color legend) and with three lactate concentrations (panels). The 35 mM experiments were done in duplicate, the experiments with the other two lactate
concentrations were done once. The fluorescence of cells was measured in time (x-axis). The fluorescence in PBS at pH 4.7 was normalized based on the
fluorescence at pH 7.5. We used a calibration curve and this normalized fluorescence to estimate the intracellular pH, which is shown on the y-axis. The
fluorescence can be accurately measured between pH 4.5 and 7 (Supplementary Information Section 2).

Protein Synthesis Capacity Only Affects
Survival After More Than 7 Days of
Starvation
To identify whether the observed protein synthesis capacity in
stationary phase affected the survival during starvation, we tested
the effect of translation inhibitors on survival during starvation
at pH 6.5 and at pH 5.4 (set with lactic acid). For this we
prepared acid-induced stationary L. cremoris MG1363 cells, and
transferred them to medium without a carbon source, either
with or without translation inhibition. The decrease in CFU over
the first 6 days was similar in all conditions tested (pH 5.4, pH
6.5; with and without antibiotic) (Figure 7). In all conditions
the CFU decreases by roughly 3 log scales (99.9%). Hence, for
the first 6 days, we conclude that while protein synthesis can
occur (Figure 6), this did not convey a benefit to cells resuming
growth. On day 7, cells exposed to pH 6.5 with translation
inhibitor show a slightly higher death-rate than cells without
translation inhibition. After 12 days, glucose starved stationary
cells at pH 5.4 were unable to resume growth, regardless of
antibiotic being present. Interestingly, from 7 to 16 days, glucose
starved stationary cells at pH 6.5 without translation inhibitors
showed a stable viability. In contrast, glucose starved stationary
cells at pH 6.5 with translation inhibitors were unable to resume

growth, indicating that protein synthesis conveys a benefit to
survival at pH 6.5 when starvation lasts more than 6 days. At
pH 4.5, glucose starved stationary cells were not able to resume
growth irrespective if they were incubated with or without a
translation inhibitor.

DISCUSSION

During storage and ripening of fermented products, cells spend
weeks to months in stationary phase and their metabolism in
this non-growing state affects the product properties. To better
understand this physiological state, we analyzed the energy level
and protein synthesis capacity of glucose starved stationary
and acid-induced stationary L. cremoris MG1363 cells at the
single cell level.

One open question pertains to the activity of glycolysis in
stationary cells. There is currently no consensus in the literature
whether the glycolytic enzyme activity remains constant or
decreases in starved stationary L. lactis cells. Kunji et al. reported
a 65% reduction in glycolytic enzyme activity of galactose starved
L. cremoris after 8 h. This was only restored in the absence
of the translation inhibitor, chloramphenicol, upon galactose
addition (Kunji et al., 1993). Redon et al. found the opposite
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FIGURE 6 | Fluorescence of stationary L. cremoris cells in PBS. (A) Acid-induced stationary and glucose starved stationary pre-cultures of L. cremoris
MG1363_GFP (early-stationary) were diluted to 107 cells/mL in PBS, PBS + 0.5 w/v% glucose and PBS + 0.5 w/v% glucose + 30 mg/L chloramphenicol. The pH of
the PBS was 7.5 in all these conditions, to ensure a high intracellular pH in all cells throughout the incubation and measurement. The fluorescence of the cells was
measured after 0, 21, and 48 h of incubation in PBS, and the resulting density plots (n = 2, with on average 100,000 cells measured per sample) are shown. (B) To
analyze the effect of stationary phase length on the increase in the fluorescence of cells, glucose starved pre-cultures with four stationary phase lengths, classified as
early- or late-stationary, were incubated for 7.5 h in PBS with 0.5 w/v% glucose and their fluorescence was measured. Resulting density plots (n = 1, with on
average 55,000 cells measured per sample) are shown.

for glucose starved L. lactis after 3.5 h, showing full retention of
glycolytic enzyme activity (Redon et al., 2005). In this study we
determined for L. cremoris whether it retains glycolytic enzyme
activity up to 15 h of starvation or after being acid-induced
stationary for up to 36 h.

In contrast to Kunji et al. our results show that when
glucose starved stationary L. cremoris cells are incubated in
PBS supplemented with lactate and glucose, they retain the

capacity to rebuild and maintain a proton gradient over their
membrane for at least 15 h (Figure 5; Kunji et al., 1993). Similarly,
acid-induced stationary cells maintained a proton gradient over
their membrane when glucose was present, even after being in
stationary phase for ∼36 h (Figure 2). This is consistent with
the work of Even et al., who showed that acid-induced stationary
cells maintained a pH gradient over their membrane for more
than 55 h (Even et al., 2002). Together, these findings suggest
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FIGURE 7 | Survival of glucose starved stationary L. cremoris cells in the presence and absence of translation inhibitors. This plot shows the CFU/mL versus
starvation time in days for glucose starved stationary L. cremoris MG1363 cells in CDM with translation inhibitors erythromycin and chloramphenicol (+ ab) at pH 5.4
(light blue) and pH 6.5 (gray). As a control cells were starved without translation inhibitors (−ab), also at pH 6.5 (black) and pH 5.4 (dark blue). Errors bars show SEM
(n = 3), the detection limit of the assay was 102 cells/mL.

that both acid-induced and glucose starved stationary cells
retain the capacity to actively metabolize glucose at sufficiently
high rates to maintain a proton gradient over their membrane
for more than 15 h.

In the absence of glucose, cells have to rely on previously
produced energy rich molecules. Previous studies report that
glucose starved stationary L. cremoris populations were fully
depleted of such energy rich compounds within 0.5 to 2 h
(Otto et al., 1985; Poolman et al., 1987). We here show that
the entire population of glucose starved early stationary cells
retains the ability to maintain a proton gradient when exposed
to lactic acid stress (20 mM lactic acid at pH 4.7, Figure 4).
Late stationary cells (8–13 h of starvation) could no longer
maintain a pH gradient, which is longer than previously reported.
Potentially, different strains or medium compositions result in
different energy depletion times. Additionally, starved L. cremoris
cells gradually use up residual arginine in the medium for ATP
production (Figure 3; Redon et al., 2005). Aside from generating
ATP, arginine catabolism is known to increase the intracellular
pH (Hutkins and Nannen, 1993; Cotter and Hill, 2003). Hence,
a gradual arginine depletion might explain the gradual decline
in the ability of L. cremoris cells to maintain a pH gradient
over their membrane.

When we measured the intracellular and extracellular pH
of both glucose starved stationary and acid-induced stationary
cells, we observed three regimes (Figure 2). In the first one
(initial glucose concentration higher than 0.25 w/v%) cells were
acid-induced stationary, and they could maintain a pH gradient.
In the second regime (initial glucose concentration lower than
0.17 w/v%) cells were glucose starved stationary, and they could
not maintain a pH gradient. Between these two regimes (initial
glucose concentration 0.17 – 0.25 w/v%) cells were glucose
starved stationary, but they could still maintain a pH gradient.
Highly similar combinations of intracellular and extracellular pH
values were reported previously, for cells that had been glucose
starved stationary up to 79 h (Even et al., 2002). Our results
show that the capacity to maintain a pH gradient between initial

glucose concentrations of 0.17 and 0.25 w/v% is not linked to
the presence of arginine. We conclude this because arginine is
depleted 20 h after glucose depletion, but a pH gradient was still
maintained 30 h after glucose depletion.

At the population level glucose starved stationary L. cremoris
ML3 cells are reported to show limited protein synthesis in
phosphate buffer supplemented with only glucose or arginine
(Thomas and Batt, 1969). We here used constitutively expressed
GFP as an indicator for protein synthesis on the single cell level.
With this we studied the protein synthesis capacity of starved and
acid-induced stationary cells, by transferring these cells to PBS
with and without glucose and PBS with glucose with and without
chloramphenicol. We detected hardly any fluorescence increase
in translationally blocked cells (chloramphenicol), showing that
protein synthesis was the main driver of fluorescence increase
in the other conditions tested. However, we found that a
subpopulation of glucose starved stationary cells can produce
protein when we provide them with glucose in the absence
of amino acids (Figure 6). The fraction of cells capable of
producing protein drops rapidly with the time cells have been
stationary (Figure 6B).

For the protein producing subpopulation, all synthesis appears
to occur within the first 7.5 h. Potentially, a subpopulation of
cells might have a limited pool of intracellular amino acids
available, either in the form of free amino acids or through
proteins being degraded. However, compared to our results in
PBS we do see that GFP increases by roughly the same amount
in fresh medium without available carbon source. Despite the
fact that all amino acids are available in this medium, the data
shows also here that GFP increases only in a subpopulation
(Supplementary Figure 4). Interestingly, we never observed this
GFP increase in glucose starved stationary cells kept in the
glucose depleted growth medium (in contrast to PBS). This might
be due to the gradually declining energy state of the cells as
arginine is consumed to depletion during starvation (Figure 3;
Redon et al., 2005). The observed bimodal distribution in protein
synthesis capacity may be caused by different mechanisms.
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For instance, genes in the arginine deaminase pathway are
described to be heterogeneously expressed (Redon et al., 2005;
Han and Burgess, 2010). Next to the role of arginine, depletion
of another compound in spent medium may explain the lack of
protein synthesis in spent medium. Protein synthesis capacity
in acid-induced stationary cells also shows heterogeneity, but
plateaus at a lower level than in glucose starved stationary cells
(Figure 6A, left column).

One could hypothesize that the cells that do not produce
protein are simply dead, and that the fraction of dead cells
increases with the stationary phase length. However, all cells were
able to maintain a pH gradient when exposed to PBS of pH
4.7 supplemented with lactate and glucose. This indicates that
also cells that were not able to synthesize new protein had an
intact membrane and were metabolically active. It is therefore
tempting to speculate that the subpopulation without protein
synthesis capacity may be linked to cellular dormancy states, such
as persister formation (cells can be revived) or the viable but
non-culturable state (cells cannot be revived anymore), which
have been reported for L. cremoris MG1363 (Redon et al., 2005;
Ganesan et al., 2007; Han and Burgess, 2010; van Tatenhove-Pel
et al., 2019). However, such links would need to be investigated
with dedicated experiments.

The bimodal distribution of protein synthesis capacity in
these cultures argues against a gradual depletion of protein
synthesis capacity in single cells with increasing starvation
duration. To verify whether this ability to synthesize protein
conveyed a survival advantage for starving L. cremoris cells, we
transferred acid-induced stationary cells to starvation medium
with translation inhibitor (cells were not able to adapt to
starvation prior to translation inhibition). Protein synthesis
capacity only benefited starvation survival at pH 6.5 after 6 days.
For glucose starved stationary cells at pH 5.4, we did not find
a beneficial effect of protein synthesis. However, we cannot
exclude that differences in survival may have been present
between day 7 and 12. Our findings agree with the work of
Hartke et al., who showed a highly increased death-rate of
translationally blocked cells starting after 10 days of starvation
(Hartke et al., 1994). They also state that blocking translation
after 3 h of starvation has a lower negative effect on starvation
survival. This is consistent with our work, considering that our
culture was already stationary due to glucose starvation prior
to translation inhibition, potentially allowing it to synthesize
some of the proteins required for survival over the first 6 days.
Kunji et al. showed that protein synthesis occurs for the
first 1–2 h of starvation, after which this declines rapidly
(Kunji et al., 1993). Similarly, we found that the fraction of cells

capable of synthesizing protein in PBS in the presence of glucose
declines rapidly with stationary phase length.

The physiology of stationary phase L. cremoris cells is multi-
facetted and heterogeneous. Major determinants for cellular
behavior are whether cells reached stationary phase due to
starvation or due to acidification. The fact that we find distinct
differences at the single cell level adds to the complexity.
Improving industrial production processes that are affected by
the physiology of stationary phase cells can take these factors into
account, and relatively small changes in medium composition
could have large effects on the stationary phase physiology of
L. cremoris.
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