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The activity of ¢® in Listeria monocytogenes is stimulated by high osmolarity and is necessary for efficient
uptake of osmoprotectants. Here we demonstrate that, during cold shock, o® contributes to adaptation in a
growth phase-dependent manner and is necessary for efficient accumulation of betaine and carnitine as

cryoprotectants.

Listeria monocytogenes is a ubiquitous, psychrotrophic food-
borne pathogen capable of causing highly invasive infections in
humans resulting in septicemia, meningitis, and spontaneous
abortions (29). This organism is problematic for the food pro-
duction industry due to its ubiquitous distribution in nature
and its ability to grow at temperatures ranging from 4 to 45°C
(14, 32, 40) and in salt concentrations ranging from 10 to 20%
(12, 14, 24).

Two different types of adaptive responses to low tempera-
ture have been described thus far for L. monocytogenes. One of
the responses is accomplished by adjusting membrane fluidity
through alteration of the membrane fatty acid composition (3).
A second response is manifest by the accumulation of compat-
ible solutes such as glycine betaine, carnitine, and proline by
uptake from the environment (7, 21). L. monocytogenes accu-
mulates betaine and carnitine via biochemically distinct trans-
porters (7, 17, 21, 26, 34, 35, 36). Genes encoding two different
betaine transporters, GbuA (22) and BetL (33), have recently
been cloned and demonstrated to encode homologues of ATP-
dependent and ion-driven transporters, respectively. The struc-
ture of the carnitine transporter(s) is unknown, but biochem-
ical studies demonstrate the existence of an ATP-dependent
system (36).

Accumulation of compatible solutes is a common response
to osmotic upshift in many species (7, 15, 18, 21, 23, 25), and
these solutes presumably alleviate the consequences of osmotic
stress by maintaining favorable osmotic pressure without alter-
ing the structure of intracellular proteins and other cellular
machinery (4, 42). It is unclear if the solutes play the same
roles in adaptation to low temperature or if the same machin-
ery governs their accumulation under the physiologically dis-
tinct osmotic and temperature stress conditions.

One regulatory factor that could coordinate both osmotic
and low-temperature stress responses in L. monocytogenes is
the general stress sigma factor o, whose activity is stimulated
in response to osmotic upshift and temperature downshift (5).
In the related species Bacillus subtilis, ¢® is known to control
transcription of a large general stress regulon, whose products
include different classes of proteins that alleviate the physio-
logical consequences of environmental and nutritional stress
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conditions (19). The activity of o® is stimulated by a wide
variety of physical signals and is coupled to these signals by a
complex cascade of eight different Rsb proteins that modulate
the binding of o® to its primary regulator through a series of
protein-protein interactions and phosphate transfers (1, 2, 6, 8,
9, 13, 20, 37, 38, 41, 43).

The homology that is observed in the amino acid sequences
of the ¢® and Rsb protein homologues in L. monocytogenes
and B. subtilis suggests that o® is regulated similarly in each
organism. However, activation of ¢® in L. monocytogenes is
acutely responsive to temperature and osmotic stress, whereas
its activity in B. subtilis is only modestly induced in the case of
osmolarity and not detectable in the case of rapid cold shock
(5, 9). This indicates that the activity and function of the o®
regulon may be fine-tuned to the physiology of the host organ-
ism. In the present study, we sought to characterize the unique
role that ¢® plays in adaptation of L. monocytogenes to low
temperatures.

Low-temperature activation of ® in L. monocytogenes. Since
the growth pattern of L. monocytogenes after a temperature
downshift is complex, we first compared growth and the ap-
pearance of ¢® activity after the cells were subjected to a
temperature downshift from 37 to 8°C (Fig. 1). When logarith-
mically growing cells were temperature downshifted, the cells
rapidly ceased growing and did not assume a new growth rate
until about 6 h after the shift. Primer extension analysis of
transcripts originating from the o®-dependent rsbl promoter
(5) showed that the appearance of detectable transcript corre-
sponded with the new growth rate (Fig. 1). RNA samples
extracted from cells prior to the temperature downshift were
devoid of detectable transcript. The transcript was also absent
from samples after 15, 30, and 60 min of incubation (data not
shown) but began to accumulate after 2 h with a substantial
increase at the 6-h time point, the time at which the cells
assumed a new growth rate.

Because o® activity usually appears within 20 min of a stress
signal in either L. monocytogenes or B. subtilis (5, 9), the delay
in activation after cold shock was unanticipated. The cold-
induced lag could be caused by the absence of ¢® activity;
however, data presented below are not consistent with this
explanation. Alternatively, the function of one or more pro-
teins necessary to elicit ¢® activity may be impaired by cold
shock. In support of the latter hypothesis, ribosome integrity or
function is required for the relay of environmental stress to o®
in B. subtilis (30, 31). If o® activity is linked to ribosome
function in L. monocytogenes, then the delay in activity could
be a consequence of the time necessary to reassemble, repair,
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FIG. 1. Primer extension analysis of the pattern of o® induction in L. mono-
cytogenes after temperature downshift. Strain 10403S was grown in brain heart
infusion to mid-logarithmic phase at 37°C followed by temperature downshift to
8°C. Growth was determined by measuring ODy, and values obtained after cold
shock are shown on the graph. Primer extension analysis was used to measure the
activity of o® at the rsb)” promoter. At times indicated by arrows on the graph,
RNA was extracted from an aliquot of cells and 50 pg was used as a template for
extension of the labeled VPROM?2 primer (5). The numbers over the lanes in the
autoradiograph correspond to the times indicated in the graph. A sequencing
ladder generated with the same primer is shown to the left of the extension
products.

and/or resynthesize cold-damaged ribosomes. Preliminary pulse-
labeling experiments with L. monocytogenes are consistent with
this explanation since the rate of translation falls 10-fold dur-
ing the lag period following a cold shock and does not ap-
proach preshock levels until the cells assume a new growth
rate, much like the appearance of o activity (L. A. Becker and
A. K. Benson, unpublished data).

Role of ¢® in low-temperature adaptation. To determine
whether ¢® activity is necessary for growth at low tempera-
tures, growth rates of log-phase cultures of the wild-type strain
10403S and the isogenic sigB::Km null mutant LMA2B (5)
were measured in a defined medium (DM) (5, 7, 28) before
and after a temperature downshift. Both strains displayed com-
parable lag periods after the downshift, and as shown in Table
1, their growth rates were nearly identical after growth was
reinitiated at the lower temperature. Since the lag periods were
nearly identical in both strains, it is unlikely that delayed acti-
vation of o® in the wild-type strain (Fig. 1) is the cause of the
lag. Thus, even though the appearance of o® activity coincides
with the pattern of growth after temperature downshift, its
function is not essential for adaptation of log-phase cells.

TABLE 1. Effect of betaine and carnitine on growth rate of
cold-shocked L. monocytogenes 10403S and LMA2B

. Tem Cryoprotectant Growth rate
Strain 0y e (h~' + SD)
104038 32 None 0.150 = 0.010

8 None 0.009 = 0.001
8 Betaine 0.018 = 0.004
8 Carnitine 0.017 = 0.001
LMA2B? 32 None 0.120 = 0.001
8 None 0.008 = 0.002
8 Betaine 0.011 = 0.003
8 Carnitine 0.010 = 0.001
“ Wild type.
b sigB::Km.

J. BACTERIOL.

Since we had previously shown that ¢® function was re-
quired for osmotically induced accumulation of betaine, we
next tested whether o® activity contributes to uptake and uti-
lization of betaine and carnitine as cryoprotectants at low tem-
peratures. When 1 mM betaine or carnitine was added to the
cultures of 10403S at the time of temperature downshift, the
growth rate increased from 0.09 to 0.18 and 0.17 h™ ', respec-
tively (Table 1). Addition of betaine or carnitine to the
sigB::Km strain, LMA2B (Table 1), did not have a statistically
significant effect on growth, indicating that o® activity contrib-
utes to utilization of betaine and carnitine as cryoprotectants.

To test whether betaine and carnitine uptake is defective in
the sigB mutant, accumulation of radiolabeled betaine and
carnitine was measured before and after a temperature down-
shift. Cultures were grown at 37°C in DM to mid-logarithmic
phase (optical density at 600 nm [ODg,], ~0.4), and then
aliquots were removed and immediately shifted to 25 and 8°C
for 5 min followed by addition of 1 mM ['*C]betaine (65
pCi/mmol) or 1 mM [*H]carnitine (118 wCi/mmol). As shown
in Fig. 2, betaine accumulated in the wild-type cells to compa-
rable levels at both temperatures whereas carnitine accumula-
tion was higher at 25°C. In contrast, accumulation of both
betaine and carnitine was impaired in LMA2B at both tem-
peratures. We conclude that, in log-phase cells, the principal
contribution of ¢® to low-temperature growth is to modulate
the accumulation of compatible solutes.

Role of ¢® in low-temperature adaptation of stationary-
phase cells. Because ¢ activity is stimulated by onset of sta-
tionary phase, we next tested whether it might play unique
roles in adaptation of stationary-phase cells to low-tempera-
ture environments. Overnight cultures of 10403S and LMA2B
were grown at 37°C in DM and subsequently inoculated into
fresh DM and incubated at 8°C. The resulting growth curves
showed that the absence of ¢® impaired adaptation of station-
ary-phase cells to growth at the lower temperature (Fig. 3).
The parental strain 10403S exhibited a lag phase lasting ap-
proximately 4 days, while that of LMA2B was nearly twice as
long, lasting approximately 8 days. These results imply that, in
contrast to log-phase cells, o® plays an important role in ad-
aptation of stationary-phase cells to low-temperature growth.

Given the different phenotypes of log- and stationary-phase
cells of the sigB::Km strain, we suggest that L. monocytogenes
has independent pathways for adaptation to growth at low
temperature. One pathway is o® independent and can be en-
tered into by log-phase cells, while the second pathway has a
o®-dependent component and is the pathway of choice in sta-
tionary-phase cells. Alternatively, a single pathway for adapta-
tion may exist, with genes that participate in the pathway hav-
ing o®-independent modes of expression during log phase and
o®-dependent modes of expression that operate during sta-
tionary phase. Growth phase-dependent roles of o® have also
been reported for B. subtilis (16), and together, these data
suggest that ® may constitute a general device for controlling
growth phase-dependent pathways of stress response.

When 1 mM betaine was added at the time of inoculation,
the lag phase of both 10403S and LMA2B decreased (Fig. 3A);
however, the decrease was more pronounced in the wild-type
strain. Once LMA2B resumed growth in the presence of be-
taine, its rate was indistinguishable from that of the wild type.
Addition of carnitine decreased the lag phase of both 10403S
and LMAZ2B to nearly identical times (Fig. 3B). Thus, although
o® is necessary for efficient utilization of carnitine and betaine
in log-phase cells, it is apparently necessary only for utilization
of betaine in stationary-phase cells.

To test whether o® is necessary for efficient uptake of be-
taine and carnitine in stationary-phase cells, accumulation was


http://jb.asm.org

VoL. 182, 2000

500

T A

nmol/ mg protein

0 T T T
10

30 40 5 60

Time (min)

2 70

NOTES 7085

500

400 1
£
o
> ]
5 200 -
E

100

0 10 20 30 40 50 60 70
Time (min)

FIG. 2. Cryoprotectant accumulation in 10403S and LMA2B at room temperature and immediately following temperature downshift. Cells were grown in DM at
37°C to mid-logarithmic phase (ODyg, ~0.4), followed by immediate temperature downshift to 8°C. Prior to temperature shift and after acclimating for 5 min at 8°C,
cell suspensions were collected and adjusted to approximately 0.12 mg of protein/ml. Uptake assays were performed at either 25°C (A) or 8°C (B) and started by addition
of ['*C]betaine or [*H]carnitine to each sample. Aliquots were removed over the time of the assay, harvested by centrifugation through oil, and counted by scintillation
counting. Symbols: m, 10403S plus ['*C]betaine; ®, 10403S plus [*H]carnitine; 0, LMA2B plus ['“C]betaine; O, LMA2B plus [*H]carnitine.

measured in cells that were grown from inoculation at 8°C.
Overnight cultures growing at 37°C in DM were used to inoc-
ulate fresh DM followed by incubation at 8°C. Upon reaching
mid-logarithmic growth, aliquots were removed and uptake of
radiolabeled betaine or carnitine was measured. Figure 4
shows that there was considerably less accumulation of both
betaine and carnitine in LMA2B compared to the wild-type
strain, 10403S. Surprisingly, however, carnitine accumulation
was defective in the sigB mutant growing at 8°C, even though
the mutant’s ability to utilize carnitine as a cryoprotectant (Fig.
3B) did not reflect its diminished ability to accumulate it. This
supports the conclusion that residual carnitine transport in
stationary-phase cells in the absence of o® is sufficient to pro-
vide cryoprotection and implies that carnitine is a more effi-
cient cryoprotectant than betaine.

0D600

0.0

10
Time (days)

0D600

The relative efficiencies of carnitine and betaine as osmo-
protectants and cryoprotectants have been examined with
Escherichia coli and L. monocytogenes. Betaine is a better os-
moprotectant than carnitine in E. coli, presumably because the
longer carbon chain length of carnitine decreases its osmopro-
tective function (27). For wild-type L. monocytogenes, betaine
has been reported to be more effective than carnitine in pro-
viding tolerance to low temperature (34), despite the fact that
more carnitine accumulates at low temperatures than does
betaine (21). It may be that a low threshold of carnitine accu-
mulation is necessary to promote low-temperature growth of
stationary-phase L. monocytogenes cells and that residual up-
take in the sigB::Km strain is enough to sustain wild-type levels
of growth. Betaine and carnitine may also have different roles
in cryoprotection. In eukaryotic cells, carnitine stimulates beta-
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o0t -
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FIG. 3. Growth of 10403S and LMA2B at 8°C in the presence of cryoprotectants. Overnight stationary-phase cultures of 10403S and LMA2B growing in DM at
37°C were used to inoculate fresh DM supplemented with 1 mM betaine (A) or 1 mM carnitine (B) and incubated at 8°C. Symbols: @, 10403S with no cryoprotectant;
O, LMAZ2B with no cryoprotectant; m, 10403S with 1 mM betaine; [J, LMA2B with 1 mM betaine; 4, 10403S with 1 mM carnitine; ¢, LMA2B with 1 mM carnitine.
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FIG. 4. Cryoprotectant accumulation in 10403S and LMA2B growing at 8°C.
Overnight stationary-phase cultures of 10403S and LMA2B growing in DM at
37°C were used to inoculate fresh DM followed by incubation at 8°C. Cells in
mid-logarithmic growth (ODg,, ~0.4) were collected, and cell suspensions were
adjusted to approximately 0.12 mg of protein/ml. Uptake assays were performed
at 8°C and started by addition of ['*C]betaine or [°H]carnitine to each sample.
Aliquots were removed over the time of the assay, harvested by centrifugation
through oil, and counted by scintillation counting. Symbols: m, 10403S plus
[*4C]betaine; @, 10403S plus [*H]carnitine; [, LMA2B plus ['*C]betaine; O,
LMAZ2B plus [*H]carnitine.

oxidation of lipids by serving as a carrier across the mitochon-
dria (4). It is conceivable that carnitine could also function as
a carrier in the process of fatty acid alteration that occurs
during low-temperature adaptation of L. monocytogenes. If it
were to play a role as a cofactor, then it might be needed only
at modest concentrations.

Since two different betaine transport systems have been de-
scribed biochemically and genetically (17, 22), it is possible that
o® could exert its effects by influencing the activity of one or
both systems. To address this question, we used a physiological
approach to determine the sensitivity of the residual betaine
transport to metabolic inhibitors in the absence of o®. The
BetL system of betaine transport is sodium dependent and
sensitive to the effects of monensin, a sodium ionophore (17),
whereas the GbuA transport system is ATP dependent (22)
and therefore insensitive to the immediate effects of monensin.
When 0.02 mM monensin was added to cold-grown cell sus-
pensions (Table 2), the rate of betaine transport by the wild-
type strain, 10403S, was reduced by only 20%, indicating that,
under these growth conditions, the majority of the transport
was mediated by the GbuA-dependent system (assuming that
GbuA is the only monensin-resistant betaine transport system

TABLE 2. Effect of monensin on betaine and carnitine transport

Transport rate” (%)

Treatment
Betaine Carnitine
10403S° 20.8 (100) 34.7 (100)
10403S + monensin® 16.8 (81) 3.6 (10)
LMA2B4? 6.4 (100) 12.7 (100)
LMA2B + monensin® 0.6 (8) 1.29)

“ Rates are expressed as nanomoles accumulated per milligram of protein per
minute (and as percentages of the control rate).

> Wild type.

¢ Monensin was added at 0.02 mM.

4 sigB::Km.

J. BACTERIOL.

in L. monocytogenes). Addition of monensin to the sigB mu-
tant, however, inhibited betaine transport by more than 90%.
This result suggests that residual betaine transport in the sigB
mutant is BetL dependent and implies that ¢® influences be-
taine transport primarily through the GbuA transporter. Al-
though the promoter regions of betL and gbuA have not been
identified experimentally, a sequence similar to o®-dependent
promoters was identified upstream of the betL gene (33), while
no oP-like element could be found upstream of ghuA (22). We
have identified a substrate-inducible, o®-independent pro-
moter upstream of betL but have not been able to observe a
transcript that originates from the putative o®-dependent pro-
moter under any condition tested (M. S. Cetin and A. K.
Benson, unpublished). We are currently examining transcrip-
tion from the ghuA and betL. promoters to precisely determine
how o® influences betaine transport.

The role of o® in carnitine accumulation is less clear than
that of betaine, since no carnitine transport systems have been
cloned from L. monocytogenes. Although Verheul et al. (36)
reported the presence of an ATP-dependent carnitine trans-
port system in L. monocytogenes strain Scott A, carnitine trans-
port in our experiments was inhibited by monensin to the same
extent in both wild-type and mutant cells, leading us to con-
clude that a sodium-dependent system may be primarily re-
sponsible for transport of this cryoprotectant.

This research was supported, in part, by funds from USDA HATCH
project no. NEB-16-077 and the Midwest Alliance for Food Manufac-
turing. S.N.E. is supported by USDA National Needs Fellowship no.
96-38420-3050.
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