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The food-borne pathogen Listeria monocytogenes is notable for its ability to grow under osmotic stress and at
low temperatures. It is known to accumulate the compatible solutes glycine betaine and carnitine from the
medium in response to osmotic or chill stress, and this accumulation confers tolerance to these stresses. Two
permeases that transport glycine betaine have been identified, both of which are activated by hyperosmotic
stress and one of which is activated by low temperature. An osmotically activated transporter for carnitine,
OpuC, has also been identified. We have isolated a Tn917-LTV3 insertional mutant that could not be rescued
from hyperosmotic stress by exogenous carnitine. The mutant, LTS4a, grew indistinguishably from a control
strain (DP-L1044) in the absence of stress or in the absence of carnitine, but DP-L.1044 grew substantially
faster under osmotic or chill stress in the presence of carnitine. LTS4a was found to be strongly impaired in
KCl-activated as well as chill-activated carnitine transport. >*C nuclear magnetic resonance spectroscopy of
perchloric acid extracts showed that accumulation of carnitine by LTS4a was negligible under all conditions
tested. Direct sequencing of LTS4a genomic DNA with a primer based on Tn917-LTV3 yielded a 487-bp
sequence, which allowed us to determine that the opuC operon had been interrupted by the transposon. It can
be concluded that opuC encodes a carnitine transporter that can be activated by either hyperosmotic stress or
chill and that the transport system plays a significant role in the tolerance of L. monocytogenes to both forms

of environmental stress.

Listeria monocytogenes is a gram-positive, food-borne patho-
gen (15). It is widely distributed in the environment (28), and
contamination of food is therefore common. Listeriosis occurs
mainly in immunocompromised individuals, such as pregnant
women, AIDS patients, and transplant recipients, and is ap-
proximately 25% fatal (19). L. monocytogenes has been shown
to be tolerant to levels of osmotic stress as high as that afforded
by 10% NaCl and grows at temperatures as low as —0.1°C (5).
Thus, it is resistant to two major forms of food preservation.

A common response to hyperosmotic stress, after an initial
loss of cellular water, is the intracellular accumulation of com-
patible solutes in order to restore osmotic pressure and turgor
(29). The presence of the compatible solute glycine betaine or
carnitine in the medium therefore confers a degree of osmo-
tolerance (3, 13, 14, 22). We have also found that L. monocy-
togenes accumulates glycine betaine and carnitine in response
to chill stress and that the presence of these compatible solutes
in the medium confers cryotolerance (11, 13, 22). These os-
molytes are not synthesized by L. monocytogenes and must be
transported from the environment. The rate and the extent of
their transport can be controlled by regulation of the synthesis
of the transport systems and by their biochemical activation by
osmotic gradients, temperature, or other factors.

In earlier work, we demonstrated that there are at least two
transport systems for glycine betaine, which we referred to as
porter I and porter II. Porter I, probably the product of the
betL gene (21), is an Na"-glycine betaine symporter (8). It is
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activated by a hyperosmotic concentration gradient of salts or
sucrose, but it exhibits normal Arrhenius temperature depen-
dence and is therefore not activated by chill in membrane
vesicles. Porter II, the product of the ghu genes (7, 12), is an
ATP-binding cassette transporter which is activated by either
an osmotic gradient or low temperature in membrane vesicles
).

At least one carnitine transporter exists (3, 6, 22, 27) in L.
monocytogenes. Fraser et al. (6) recently reported the sequence
of an operon encoding a salt-activated transport system for
carnitine. The operon was designated opuC because of the
homology of its sequence to that of the compatible solute
transporter OpuC of Bacillus subtilis.

In this contribution, we report that we have isolated a trans-
poson insertion mutant that is impaired in both chill-activated
and osmotically activated carnitine transport. We have char-
acterized this mutant with respect to growth, transport, and
solute accumulation under osmotic stress and chill stress, and
we have shown that it is the opuCB gene that is disrupted by
the transposon.

MATERIALS AND METHODS

Bacterial strains and media. The L. monocytogenes strains used in this work
were DP-L1044 (hly::Tn917-LTV3) (25) and LTS4a (this work). These strains
are derived from the parent strain 10403S by insertion of Tn977-LTV3 at dif-
ferent loci. Cultures were kept on brain heart infusion (BHI) (Difco) agar plates
containing 10 pg of chloramphenicol per ml at 4°C. Na"-deficient modified
(lacking choline) Pine’s medium (16) containing 0.5% glucose was used as the
defined medium. Glycine betaine, carnitine, and KCl were purchased from
Sigma Chemical Co., St. Louis, Mo.

Measurement of growth characteristics (generation time and lag phase). To
inoculate Pine’s medium for growth rate determination, L. monocytogenes cul-
tures were grown overnight at 30°C in BHI broth, and 1-ml aliquots were
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FIG. 1. Site of insertion of Tn9/7-LTV3 into the opuC operon, based on a 487-bp sequence obtained by direct sequencing of the genomic DNA
of mutant LTS4a with a 24-bp primer derived from the sequence of the transposon.

centrifuged in an Eppendorf minicentrifuge (11,750 X g, 10 min). The pellets
were washed twice with 1-ml portions of Pine’s medium and used to inoculate
(0.5%) 125-ml Pyrex Nephelo flasks containing Pine’s medium. These cultures
were grown to cell densities of ca. 2 X 10° CFU/ml, diluted 10-fold in Pine’s
medium, and used to inoculate (1%) three sets of 125-ml Pyrex Nephelo flasks
containing 15 ml of Pine’s medium. These sets were incubated, stagnant, at 30,
7, or 4°C. The chill-stressed sets were incubated in the presence or absence of 1
mM carnitine. The set incubated at 30°C contained the same combination of
osmolytes in the presence (8%) or absence (0%) of KCI.

Growth was monitored with a Klett-Summerson photoelectric colorimeter
with a green (no. 54) filter. Each combination of strain, stress, and osmolyte was
tested in triplicate. Specific growth rate constants (k) were calculated by plotting
the natural logarithm of Klett units versus time and converted to their respective
generation time values (g). For each culture, an approximate lag-phase value (/)
was calculated; since cultures were inoculated to an initial density equal to the
minimum detection level of the instrument, the lag phase was calculated as the
midpoint between two successive measurements that displayed a detectable
increase in optical density (OD) and after which all subsequent OD values were
progressively higher.

Transport assays and steady-state cytoplasmic levels. Carnitine transport
rates were determined in triplicate by using [methyl-'*C]carnitine (NEN, Boston,
Mass.) as described previously for glycine betaine uptake (13). Uptake rates were
normalized to total cellular protein by the bicinchoninic acid (BCA) method (24)
(Pierce Chemical, Rockford, Ill.) and are reported as nanomoles of osmolyte per
minute per milligram of cellular protein.

L. monocytogenes DP-L1044 and LTS4a were grown aerobically in modified
Pine’s medium containing 1 mM glycine betaine and carnitine in the presence of
chill (7 and 4°C) and osmotic (8% KClI) stress. Unstressed cultures grown at 30°C
with added osmolytes served as controls. Cultures were harvested at late log
phase by centrifugation (4,080 X g, 10 min, 4°C). The supernatants were dis-
carded, and pelleted cells were immediately washed with ice-cold 1% (control
and chill-stressed cultures) or 9% (KCl-stressed cultures) KCI solution. Cyto-
plasmic contents were extracted with ice-cold 7% perchloric acid as described
elsewhere (23).

Extracts were analyzed by natural-abundance '3C nuclear magnetic resonance
(*C-NMR) spectroscopy with a Bruker Avance-500 NMR spectrometer oper-
ating at 125.8 MHz for '3C. Data were acquired using a 60° pulse and 3-s recycle
time, which we have found to give accurate peak intensities. The GARP se-
quence (20) was used for proton decoupling and to obtain the nuclear Over-
hauser effect. The intensities of the trimethyl peaks of carnitine (54.6 ppm) and
glycine betaine (53.9 ppm) and the CB and Cy resonances of glutamate (28 and
34 ppm, respectively) were used to quantitate the levels of the osmolytes by
comparison to the Ca and CB resonances for 50 mM alanine (at approximately
51 and 17 ppm, respectively), which was added as the internal standard. Total
cellular protein at the time of harvest was used to normalize compatible solute
concentrations.

Isolation of a carnitine transport-deficient mutant. An L-carnitine transport-
deficient mutant was isolated from a pool of Tn9/7-LTV3 insertion mutants of
L. monocytogenes 10403S (4) (provided by B. Walsh, University of California,
Davis). The selection procedure used was analogous to that described previously
for glycine betaine (12). The pool was subjected to three rounds of penicillin
enrichment in modified Pine’s medium containing 8% NaCl, 1 mM carnitine, and
1 mg of penicillin per ml. Mutants were initially screened for growth on solid
modified Pine’s medium, for resistance to chloramphenicol (conferred by the
transposon), and for inability to be rescued by 100 mM carnitine when stressed
with 8% NaCl by replica plating. Putative transport mutants were subsequently
analyzed for growth in liquid medium in the presence and absence of added NaCl
and carnitine and for the uptake of ['*C]carnitine. One mutant, strain LTS4a,
that exhibited reduced osmotic tolerance and a markedly reduced rate of carni-
tine uptake was used for direct chromosomal sequencing and further studies.

DNA isolation and sequence analysis. L. monocytogenes LTS4a was grown
aerobically for 12 h at 30°C in BHI broth. Then 1 ml of this culture was

centrifuged (11,750 X g, 10 min) in an Eppendorf minicentrifuge at room tem-
perature. The supernatant was aspirated, leaving approximately 25 wl of liquid.
The pellet was brought up in 150 pl of buffer (25 mM Tris-HCI, 50 mM EDTA
[pH 8]), 2 pl of Ready-Lyse lysozyme solution (Epicentre Technologies, Madi-
son, Wis.) was added to the resuspended cells, and the mixture was incubated for
8 h at 37°C. Chromosomal DNA was extracted and isolated using the MasterPure
DNA purification kit (Epicentre Technologies) according to the manufacturer’s
instructions.

The chromosomal region flanking the transposon insertion was identified by
direct chromosomal sequencing. The primer used for extension was 24 bp long
(GTT AAA TGT ACA AAA TAA CAG CGA), derived from the sequence of
Tn917-LTV3, on the proximal side of lacZ and about 70 bp from its end.

Direct genomic sequencing. Chromosomal DNA was subjected to direct se-
quencing with the BigDye Terminator cycle sequencing kit (Applied Biosystems,
Foster City, Calif.). Genomic DNA was sequenced in a 40-pl (2X) reaction mix
containing 5 to 12 pmol of primer, 2.5 pg of L. monocytogenes L'TS4a genomic
DNA, and 16 pl of BigDye terminator mix.

Cycle sequencing was performed with the following program: 4 min at 95°C,
followed by 60 cycles of 30 s at 95°C and 4 min at 60°C. Reaction products were
purified using Centriflex gel filtration cartridges (Edge Biosystems, Gaithersburg,
Md.), concentrated by ethanol precipitation, washed with 70% ethanol, and
resuspended in 22 pl of template suppression reagent (Applied Biosystems).
After denaturing at 95°C for 5 min, the samples were injected into an ABI 310
genetic analyzer (Applied Biosystems) and analyzed with ABI version 3.3 se-
quence analysis software. The genomic transposon insertion site was located by
using the BLAST programs maintained at the NCBI web site of the National
Library of Medicine (http://www.ncbi.nlm.nih.gov/BLASTY).

RESULTS

Mutant selection and isolation. Mutants impaired in the
ability to transport carnitine were isolated from a pool of
Tn917-LTV3 L. monocytogenes mutants by screening for the
loss of carnitine-dependent salt tolerance. Of approximately
3,000 mutants that were screened, 2 displayed both a reduc-
tion in growth under osmotic stress conditions and a sub-
stantial reduction in osmotically stimulated carnitine up-
take. Of these, the mutant designated LTS4a was selected
for sequence analysis.

Identification of L. monocytogenes opuC operon. Direct se-
quencing of the chromosomal DNA of L. monocytogenes
LTS4a with the 24-bp primer complementary to Tn977-LTV3
yielded a 487-bp sequence. This sequence was used in a
BLASTn search (1) of the GenBank database. The only se-
quence showing significant homology (score, 250 bits; E value,
5e-64) was that of L. monocytogenes opuC (accession number
AF249729), a putative carnitine transporter, submitted by
O’Byrne as a direct submission. This sequence is that of an
operon encoding four proteins, OpuCA (an ATPase), OpuCB
(a membrane pore protein), OpuCC (a substrate binding pro-
tein), and OpuCD (a second membrane pore protein). The site
of transposon insertion in the operon was found to be at
nucleotide 1709, near the midpoint of the opuCB gene (Fig. 1).
While this work was in preparation, an article appeared (6)
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describing the function of the gene product as an osmotically
activated ABC transporter for L-carnitine.

Carnitine transport and growth characteristics under os-
motic and cold stress. The growth characteristics of mutant
LTS4a were investigated in defined liquid medium and com-
pared to those of strain DP-L1044, a wild-type derivative con-
taining the Tn917 transposon in the Aly locus (25). No differ-
ences in growth characteristics were observed at 30°C in the
absence of osmotic stress (Fig. 2A) or in the presence of 8%
KCl in the absence of added carnitine (Fig. 2B). However, in
the presence of 8% KCl and 1 mM carnitine, LTS4a displayed
an almost twofold-longer lag phase and grew with a generation
time (4.2 h) which was significantly longer than that of the wild
type (3.0 h) (Fig. 2B).

Significant differences in generation time between strains
were also observed in cultures grown under cold stress with 1
mM carnitine. At both 4°C (Fig. 2C) and 7°C (data not shown),
the generation time of the mutant (78.8 and 27.5 h, respec-
tively) was significantly and reproducibly (1.4-fold) higher than
that of the wild type (55.6 and 19.7 h, respectively). Differences
in lag phase (mutant longer) were also observed at both tem-
peratures but were not statistically significant. Finally, no dif-
ferences in lag phase or generation time were observed be-
tween strains grown at either temperature (4 or 7°C) in
cultures without added carnitine.

The rates of ['*C]carnitine uptake by LTS4a and DP-
L1044 were measured in Na™*-deficient modified Pine’s me-
dium at 30°C with and without KCI (4 or 8%) (Fig. 3A) and
at 7°C (with no added salt) (Fig. 3B). At 30°C in the absence
of added salt, the rate of carnitine uptake was low for both
DP-L1044 (0.8 nmol min~—' mg~!') and LTS4a (0.1 nmol
min~! mg~!'). The nonzero rate of carnitine uptake under
these conditions can be attributed to activation by the low
baseline level of osmotic stress provided by the medium
components. In the presence of external 4% KClI, the rate of
carnitine uptake was drastically increased and was 10-fold
higher in DP-L1044 (24 nmol min~ ' mg ') than in LTS4a
(2.5 nmol min~* mg™!). Increasing the medium osmolality
to 8% KCI resulted in a further increase in the rate of
transport (DP-L1044, 37.5 nmol min~' mg~!; LTS4a, 9.4
nmol min~ ' mg~'). At 7°C, the rate of carnitine transport
was increased 4.5-fold in strain DP-L1044 (3.6 nmol min~'
mg ') relative to that of cultures at 30°C, whereas the re-
spective rates in mutant cultures were indistinguishable (0.1
nmol min~ ' mg™).

Compatible solute accumulation under stress. Cytoplasmic
extracts of cultures (DP-L1044 and LTS4a) in balanced growth
were subjected to ">*C-NMR analysis. Both strains accumulated
compatible solutes under both osmotic and chill stress, but
with the exception of low levels of glutamate, no other os-
molyte was present in cell extracts of either strain in the ab-
sence of stress (30°C cultures) (Fig. 4). When grown under
stress, both strains accumulated glycine betaine at high levels
(up to 910 nmol/mg of protein). Whereas carnitine was accu-
mulated by DP-L1044 to high levels in response to chill stress
and to low levels under KCl-mediated stress, no carnitine
could be detected in extracts of LTS4a under either of these
growth conditions.

APPL. ENVIRON. MICROBIOL.

DISCUSSION

When the results of the growth characteristics and uptake
experiments are viewed in conjunction, the following conclu-
sions can be drawn. Transport of carnitine in L. monocytogenes
is both osmotically and chill activated, and the accumulation of
carnitine contributes to tolerance to both stresses. The mutant
LTS4a is impaired in osmotically activated carnitine uptake
and totally blocked in cold-activated uptake of this osmolyte.
The compromised capacity to transport carnitine substantially
decreases the ability of the organism to withstand elevated
osmotic stress and, to a lesser extent, decreases its ability to
proliferate under low temperatures.

The fact that carnitine transport in strain LTS4a under con-
ditions of osmotic stress, although drastically reduced com-
pared to the wild type, is not zero and is in fact osmotically
activated suggests the existence of yet another osmotically ac-
tivated carnitine transporter in L. monocytogenes. Alterna-
tively, under these conditions, carnitine transport may proceed
through one of the glycine betaine porters (Gbu or BetL) in
addition to OpuC; the latter scenario is supported by current
data from our laboratory. It is further supported by the obser-
vation that no detectable amounts of carnitine were evident in
13C-NMR spectra of cells grown in the presence of both gly-
cine betaine and carnitine (Fig. 4). Under these conditions, the
natural substrate glycine betaine should compete effectively
with carnitine.

Our results demonstrate that a single transposon insertion in
the opuCB gene of L. monocytogenes impairs both chill-acti-
vated and osmotically activated transport of the compatible
solute carnitine. Hence, the salt-activated carnitine transporter
identified by Fraser et al. and the chill-activated carnitine
transporter that we have observed are one and the same. We
have now shown that this transporter plays a significant role in
the chill tolerance observed in L. monocytogenes, especially in
the absence of glycine betaine (Fig. 2C).

Fraser et al. (6) originally identified the opuC operon as a
group of open reading frames in L. monocytogenes Scott A.
Their subsequent work revealed the presence of a homologous
operon in strain EGD, a type strain employed in the genome
sequencing effort, as well. The transporter encoded by this
operon was characterized in strain EGD and found to be
activated by 0.5 M NaCl. In our study, the operon was identi-
fied functionally, by enrichment and screening of a bank of
transposon insertional mutants. In addition to the difference in
experimental approach, we also used a different strain, 10403S.
Strains 10403S and EGD are both of serotype 1/2a. It has been
found that the diversity for specific genes between isolates of
the same serotype is quite limited and that differences in nu-
cleotide sequences tend to be silent (S. Kathariou, personal
communication).

The serotypes of L. monocytogenes have been classified into
two major divisions, designated I and II, on the basis of genetic
clustering. Strain 10403S (serotype 1/2a) is a member of divi-
sion I, whereas the best-known serotype, 4b, is a member of
division II. It is therefore reasonable to expect that significant
variation in sequence might be observed between strain 10403S
and strains of serotype 4b, such as strain Scott A. A compar-
ison of the nucleotide sequences of strain EGD and the sero-
type 4b strain reported in the TIGR database showed that the
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nucleotide sequences for opuCA, opuCB, opuCC, and opuCD
were 94, 94, 94, and 96% identical, respectively. The proteins
encoded by the operons of the two strains are essentially iden-
tical, with one conservative substitution in OpuCB and one
substitution in OpuCD. This result is consistent with the report
of Fraser et al. that the first two open reading frames of the
EGD sequence were at least 94.5% identical to those of the

Scott A sequence (6). This transporter is therefore highly con-
served among members of the two most epidemiologically im-
portant serotypes, 1/2a and 4b.

OpuC is an ABC transporter composed of four types of
subunit, one ATPase (presumably intracellular), one extracel-
lular solute-binding protein, and two proteins comprising a
12-helix pore (6). The gbu operon encodes three types of pro-
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by natural-abundance '*C-NMR spectroscopy.

tein, an ATPase, a binding protein, and a six-helix transmem-
brane protein (12); it is assumed that the pore is a homodimer,
with a total of 12 transmembrane helices (10). Both Gbu and
OpuC are activated by chill, whereas the monomeric BetL (21)
is not (8). This observation suggests that activation by chill may
involve a change in the organization of the subunits of multi-
meric transporters, perhaps mediated by changes in the phys-
ical state of the membrane, which, in recent work in Poolman’s
lab (26), has been implicated in the activation of an ABC
transporter by osmotic strength as well.

By using direct genome sequencing, we were able to deter-
mine the point of insertion of Tn917-LTV3, identifying the
interrupted gene, from a single sequencing run with only one

primer, followed by a database search. The entire sequence of
the genome of L. monocytogenes strain EGD is known (9); that
of a serotype 4b strain is nearing completion, and the com-
pleted portions are now available for BLAST searches via the
TIGR database (http://www.tigr.org/tdb/mdb/). Consequently,
even unidentified genes that are not yet cataloged in GenBank
can be identified with ease by using direct sequencing of
genomic DNA from L. monocytogenes.

L. monocytogenes is a serious threat to the food supply, in
part because of its ability to grow under stressful conditions
(18). In order to predict the survival of L. monocytogenes in
foods, models have been devised that relate growth to various
environmental parameters, including pH, temperature, salin-
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ity, and inoculum level (17). This and other recent studies on
stress-activated osmolyte accumulation by L. monocytogenes in
foods (2, 22) suggest that levels of carnitine and glycine betaine
should be included as variables in such predictive models. In
addition, the depletion of compatible solutes from certain
foods or the inclusion of inhibitors of osmolyte transport could
attenuate the growth of L. monocytogenes in foods.
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