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Listeria monocytogenes is a food-borne pathogen capable of growth at refrigeration temperatures. Membrane
lipid fatty acids are major determinants of a sufficiently fluid membrane state to allow growth at low
temperatures. L. monocytogenes was characterized by a fatty acid profile dominated to an unusual extent
(>95%) by branched-chain fatty acids, with the major fatty acids being anteiso-C,s.,, anteiso-C,,.,, and
is0-C, 5., in cultures grown in complex or defined media at 37°C. Determination of the fatty acid composition
of L. monocytogenes 10403S and SLCC 53 grown over the temperature range 45 to 5°C revealed two modes of
adaptation of fatty acid composition to lower growth temperatures: (i) shortening of fatty acid chain length and
(ii) alteration of branching from iso to anteiso. Two transposon Tn917-induced cold-sensitive mutants inca-
pable of growth at low temperatures had dramatically altered fatty acid compositions with low levels of i-C, 5.,
a-C, 5.9, and a-C, .., and high levels of i-C, .o, C,4.¢) i-Cy¢.90 and C,¢.o. The levels of a-C, ., and a-C,,, and the
ability to grow at low temperatures were restored by supplementing media with 2-methylbutyric acid, presum-
ably because it acted as a precursor of methylbutyryl coenzyme A, the primer for synthesis of anteiso
odd-numbered fatty acids. When mid-exponential-phase 10403S cells grown at 37°C were temperature down-
shocked to 5°C they were able, for the most part, to reinitiate growth before the membrane fatty acid
composition had reset to a composition more typical for low-temperature growth. No obvious evidence was
found for a role for fatty acid unsaturation in adaptation of L. monocytogenes to cold temperature. The switch
to a fatty acid profile dominated by a-C, ., at low temperatures and the association of cold sensitivity with
deficiency of a-C, ., focus attention on the critical role of this fatty acid in growth of L. monocytogenes in the
cold, presumably through its physical properties and their effects, in maintaining a fluid, liquid-crystalline

state of the membrane lipids.

Lipids in biological membranes are usually maintained in
the fluid, liquid-crystalline state, so that the main gel-to-liquid-
crystalline phase transition temperature is below the environ-
mental temperature (30). The correct physical state of mem-
brane lipids is required for optimal membrane structure and
function. Temperature markedly affects membrane lipid com-
position, and changes in lipid composition are thought to occur
in order to maintain an appropriate amount of the liquid-
crystalline state. The major way in which bacteria, which gen-
erally lack cholesterol, maintain this ideal membrane physical
state is by changing their fatty acid composition (4, 23, 30). As
the growth temperature decreases, lower-melting-point fatty
acids are incorporated into lipids, which have lower phase
transition temperatures. This has been described as a homeo-
viscous adaptation by Sinensky (27), where the ideal mem-
brane lipid physical state is maintained through lipid changes
in response to changes in growth temperature.

The low G+C gram-positive bacterium Listeria monocyto-
genes is a food-borne pathogen, and its ability to grow at re-
frigeration temperatures is an important aspect of its role as a
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food-borne pathogen. L. monocytogenes can grow at up to
45°C, giving it an unusually wide temperature range for a
pathogen of warm-blooded animals (26). Different investiga-
tors have reported different minimum growth temperatures for
L. monocytogenes, including just less than 0°C in chicken broth
(31).

The fatty acids of L. monocytogenes are characterized by a
high proportion of iso and anteiso, odd-numbered, branched-
chain fatty acids (11, 22). Fatty acid changes in response to
lowering of growth temperatures have been studied to a lim-
ited extent in L. monocytogenes (12, 21). Piittman et al. (21)
studied the fatty acids of cells grown at 37, 20, and 4°C on solid
medium. The proportion of a-C,,., was lower and that of
a-C,s.o was higher in cells grown at 4°C than at 37°C. Juneja
and Davidson (12) did not differentiate between iso and an-
teiso fatty acids and reported that the proportion of branched
C,;.o was lower and that of branched C, ., was higher in cells
grown on solid medium at 7°C than at 37°C.

Detailed analyses of the fatty acids of bacteria containing iso
and anteiso branched fatty acids have revealed subtleties and
complexities in the changes in fatty acids in response to low-
ering of the growth temperatures (30). Suutari and Laakso (30)
have described three modes of adaptation in fatty acid com-
position in response to temperature: (i) the type of branching
in the methyl end of the fatty acid, i.e., anteiso versus iso, (ii)
fatty acid chain length, and (iii) the degree of fatty acid unsat-
uration. Anteiso fatty acids have lower melting points than iso
fatty acids, and shortening fatty acid chain length or increasing
unsaturation also results in lower-melting-point fatty acids. In
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TABLE 1. Effect of growth temperature on total fatty acid composition of L. monocytogenes 10403S and SLCC 53

Strain, medium, and growth temperature

% Total fatty acid

nl2:0 i13:0 al3:0 i14:0 nl4:0 i15:0 al5:0 i16:0 nl6:1 nl6:0 i17:0 al7:0 nl8:1 nl8:0
10403S
Tryptic soy broth
37°C 0.1 <01 0.1 0.7 0.4 13.0  40.7 34 0.1 2.7 56 317 05 1.0
5°C 1.3 0.8 1.9 2.6 1.4 17.2  65.7 1.1 ND“ 0.5 0.7 6.2 ND 0.4
Defined medium
Alone, 37°C ND ND ND ND 0.2 20 438 0.8 0.2 0.9 1.3 50.0 ND 0.5
Plus 1 mM glycine betaine, 37°C ND ND ND ND 0.3 21 457 08 ND 1.1 1.1 481 ND 0.6
Alone, 5°C 0.1 ND 14 0.2 0.3 1.8  73.0 0.3 ND 0.7 0.3 159 ND 0.6
Plus 1 mM glycine betaine, 5°C 0.1 ND 1.1 0.2 0.4 29 78.0 0.3 0.17 0.8 0.3 148 ND 0.5
SLCC 53
Tryptic soy broth
37°C 0.1 0.1 03 0.3 0.3 17.7 524 0.8 0.1 1.0 1.9 237 04 0.9
5°C 0.6 1.8 55 0.6 0.4 120 721 ND ND 1.1 0.2 3.8 0.6 1.3
Defined medium
Alone, 37°C ND ND ND ND ND 24 443 0.4 ND 0.7 0.8 509 ND 0.6
Plus 1 mM glycine betaine, 37°C ND ND ND ND ND 25 46.2 0.5 ND 0.6 0.7 490 ND 0.6
Alone, 5°C ND ND 1.1 ND ND 1.6 789 ND ND 0.5 ND 167 ND 0.5
Plus 1 mM glycine betaine, 5°C ND ND 18 ND ND 21 854 ND ND 0.5 ND 9.1 ND 0.5

“ND, not detected.

studies of Bacillus subtilis and Bacillus megaterium Suutari and
Laakso (29) observed notable species-specific differences in
the modes of regulation of fatty acid compositions in temper-
ature adaptation.

We are interested in understanding the underlying mecha-
nisms that allow growth of L. monocytogenes in the cold (2). In
this study we demonstrated the occurrence of two modes of
regulation of fatty acid composition in L. monocytogenes in
response to decreases in the growth temperature. We have also
studied the fatty acid composition of two transposon Tn917-
induced cold-sensitive mutants. Our results focus attention on
the critical role of a-C, 5., in growth of L. monocytogenes in the
cold.

MATERIALS AND METHODS

Strains, culture maintenance, and media. L. monocytogenes SLCC 53 was
supplied by T. Chakraborty (16), and strains 10403S and DP-L910 (10403S
carrying the Tn917 plasmid pLTV3) were supplied by D. A. Portnoy (3). L.
monocytogenes transposon mutants were generated by the method of Camilli et
al. (3). Potential mutants were selected by plating onto brain heart infusion agar
with erythromycin (1 wg/ml) and lincomycin (25 pg/ml). Mutants were scored as
previously described (2). Southern hybridization according to the method of
Sambrook et al. (25) was used to confirm that L. monocytogenes cld-1 and cdl-2
each contained a single insertion of Tn917. All cultures were maintained and
routinely transferred on tryptic soy agar (Difco Laboratories, Detroit, Mich.).
Complex media used were tryptic soy broth and brain heart infusion broth
(Difco). Defined medium was that described by Pine et al. (20).

Inoculum development and general growth procedures. A 2% (vol/vol) aliquot
of an overnight culture grown in the appropriate medium at 37°C was used to
inoculate 25 ml of medium in 300-ml nephelometer flasks (Bellco). Growth was
monitored by 455, measurements with a Bausch and Lomb Spectronic 20 spec-
trophotometer. Cultures were grown to mid-logarithmic phase (Asgy = 0.5),
harvested by centrifugation at 18,000 X g for 15 min at 4°C, and washed once
with cold H,O. Glycine betaine and 2-methylbutyric acid were added to the
medium as filter-sterilized solutions at final concentrations of 1 mM and 100 pM,
respectively.

Fatty acid analysis. The total fatty acids were extracted and methyl esterified
from 30 to 40 mg (wet weight) of cells as described by Mayberry and Lane (18),
using 1 M KOH at 55°C for 1 h followed by hydrolysis with 2 M HCI at 100°C.
The MIDI microbial identification system (Microbial ID, Inc., Newark, N.J.) was
used for separation, detection, and identification of the fatty acids. The system
consisted of a 5890A gas-liquid chromatograph (Hewlett-Packard, Avondale,
Pa.) equipped with a split/splitless injector, a flame ionization detector, and a

25-m by 0.2-mm Ultra 2 capillary column (Hewlett-Packard); an automatic sam-
pler; an integrator; and a program which identifies the fatty acids (Microbial ID).
The carrier gas (hydrogen) flow was adjusted to 80 ml/min, and the injector and
detector temperatures were maintained at 250 and 300°C, respectively. Sample
(2 ul) was injected in the split mode (ratio, 5:3) and the column temperature was
raised from 170 to 270°C at a rate of 5°C/min.

All chemicals were analytical-grade reagents. Hydrogen (>99.9% pure) was
purchased from Matheson Gas Co. (Joliet, Ill.). Glassware used in the fatty acid
determinations was cleaned with Nochromix solution (Godax Laboratories, Inc.,
New York, N.Y.) and rinsed repeatedly with distilled water before use.

RESULTS

Effect of temperature on fatty acid composition of steady-
state cultures in tryptic soy broth. Cells were grown to mid-
exponential phase (A4sg, = 0.5) in tryptic soy broth at different
temperatures, and their fatty acid compositions were analyzed.
Cells were grown at 45, 42, 37, 30, 20, 10, and 5°C, and the
culture mean generation times of strain 10403S at these tem-
peratures were 0.8, 0.6, 0.6, 0.8, 1.8, 10.2, and 23.1 h, respec-
tively. At 45°C growth ceased after 3 h. Lag phases of 24 h or
more were noted in the cultures at 5 and 10°C. The fatty acid
compositions of strains 10403S and SLCC 53 at 37 and 5°C are
shown in Table 1. At 37°C, the major fatty acids in both strains
were, in order, a-C,s,, a-C,7,, and i-C,s,,. Branched fatty
acids represented 95 and 97% of the total fatty acids in strains
10403S and SLCC 53, respectively. At 5°C the major changes
were a large decrease in a-C,,, content and a significant in-
crease in a-C,s,,. Also, there was a general shortening of the
fatty acids in the profile: C,, to C,5 fatty acids increased and
C,6 to Cg fatty acids decreased at 5°C. Similar changes in fatty
acid composition were seen in cells grown to late exponential
phase (data not shown).

The changes in the three major fatty acids with temperature
are shown in Fig. la and b. In both strains, a-C,,., levels
declined over the entire temperature range studied. From 45
to 20°C, levels of i-C, ., increased and those of a-C, 5., did not
change much. However, below 20°C the percentage of a-C,s.,
increased significantly and that of i-C,s,, decreased slightly.
Thus, two modes of fatty acid change were seen over the
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FIG. 1. Effect of growth temperature on the composition of the major fatty
acids of L. monocytogenes 10403S (a) and SLCC 53 (b). Cells were grown to
mid-exponential phase at the indicated temperatures in tryptic soy broth. Sym-
bols: O, a-Cys.0; O, a-Cy7.05 A, 1-Cys.0.

temperature range 45 to 5°C. From 45 to 20°C, there was a
shortening of fatty acids, but from 20 to 5°C, fatty acid short-
ening and continued the branching switched from iso to an-
teiso branching.

Effect of temperature and glycine betaine on fatty acid com-
position of steady-state cultures in defined medium. The fatty
acid compositions of mid-exponential-phase cells of both
strains grown in defined medium at 37 and 5°C are shown in
Table 1. In both strains 10403S and SLCC 53, branched-chain
fatty acids represented 98 and 99%, respectively, of the total
fatty acids. Strain 10403S grown in defined medium at 37°C
contained 44% a-C, 5., 50% a-C,.,, and 2% i-C, 5., compared
to 41% a-C,s.o, 32% a-C,,,, and 13% i-C,5., in tryptic soy
broth-grown cells. Hence, cells had less iso odd-numbered fatty
acid and more anteiso odd-numbered fatty acid in defined
medium than in tryptic soy broth. At low temperatures, a-C, s,
was an extremely prominent (70% or more) component of the
fatty acid profile of both strains. Inclusion of the cryopro-
tectant glycine betaine (14) in the medium appeared to lead to
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a further small decrease in a-C,,,, levels and an increase in
a-C, s, levels (Table 1).

Two cold-sensitive mutants are deficient in odd-numbered
branched-chain fatty acids. (i) Brain heart infusion broth-
grown cells. In a previous report from this laboratory two
cold-sensitive L. monocytogenes mutants that do not appear to
be impaired for cold shock protein induction were described
(2). The fatty acid compositions of cld-1 and cld-2 mutant
strains were compared with those of the parent 10403S grown
in brain heart infusion broth at 37°C. Brain heart infusion
broth was used for these studies because somewhat better
growth of the mutants was obtained in this medium than in
tryptic soy broth. The mutants had strikingly different fatty acid
compositions from the parent. At 37°C, the major fatty acids in
the mutants were the even-numbered straight-chain and iso
branched-chain fatty acids (i-C,4.9, Ci4.0 1-Cig.0, and Cyg.),
whereas odd-numbered branched-chain fatty acids were the
predominant fatty acids in the parent (97% of the total) (Fig.
2a). Even-numbered straight-chain and branched-chain fatty
acids made up 83 and 91% of the total fatty acids in cld-1 and
cld-2 mutants, respectively, versus about 6% in the parent
strain.

The cld mutants appear to be deficient in odd-numbered
branched-chain fatty acids, in particular a-C,s,, and a-C,-.,.
Anteiso fatty acids are biosynthesized from isoleucine (Fig. 3).
After uptake, the branched-chain amino acids participate in
transamination reactions, producing 2-keto-3-methylvaleric
acid in the case of isoleucine. 2-Keto-3-methylvaleric acid is
then decarboxylated by branched-chain keto acid dehydroge-
nase to produce 2-methylbutyryl coenzyme A (CoA), which
acts as a primer molecule for anteiso fatty acids (13). It appears
that cld-1 and cld-2 strains are defective in production of an-
teiso odd-numbered fatty acid primer 2-methylbutyryl-CoA.
Consequently, the ability of 2-methylbutyric acid to restore
levels of a-C,5.o and a-C,,., was tested in the c/d mutants, and
the results of this experiment are shown in Fig. 2b. Inclusion of
100 pM 2-methylbutyric acid in the medium restored the levels
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FIG. 2. Fatty acid composition of L. monocytogenes 10403S (m) and cold-sensitive cld-1 (A) and cld-2 (O0) mutants and the effect of 2-methylbutyric acid on fatty
acid composition. Cells were grown to mid-exponential phase in brain heart infusion broth in the absence (a) and presence (b) of 2-methylbutyric acid at 37°C.
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FIG. 3. Hypothetical scheme of transport and metabolism related to branched- and straight-chain fatty acid biosynthesis. This figure was based on data from
references 1, 6, 13, 14, and 32. BCA, branched-chain amino acid aminotransferase; AVA, alanine-valine aminotransferase; VD, valine dehydrogenase; BCKAD,
branched-chain a-keto-acid dehydrogenase; BCFAS, branched-chain fatty acid synthetase; aKg, a-ketoglutarate.

of a-C,5, and a-C,,,, in cld-1 and cld-2 mutants to levels
similar to those present in the parent strain 10403S. 2-Meth-
ylbutyric acid had no impact on the fatty acid composition of
strain 10403S.

(ii) Defined-medium-grown cells. The fatty acid composi-
tions of 10403S and cld-1 and cld-2 mutants grown in defined
medium in the presence and absence of 100 uM 2-methylbu-
tyric acid are shown in Table 2. Defined-medium-grown cld-1
and cld-2 cells were less deficient in a-C,s,, and a-C,,., fatty
acids than cells grown in brain heart infusion broth. Neverthe-
less, they had lower levels of these fatty acids than strain
10403S and elevated levels of C,,., and C,4, Under these
conditions, the cold-sensitive mutants showed less increase in
i-Cy4. and i-Cyq. levels than when they were grown in brain
heart infusion broth. Inclusion of 2-methylbutyric acid in de-
fined medium restored the levels of a-C,s,, and a-C,,, to
approximately those of the wild type (Table 2).

2-Methylbutyric acid restores the ability of the cold-sensi-
tive mutants to grow at low temperatures. The cld mutants

grew poorly at 20°C in brain heart infusion broth, reaching
Asgo values of 0.25 (cld-1) and 0.18 (cld-2) only after 120 h.
Supplementation of cultures with 100 uM 2-methylbutyric acid
not only increased the content of a-C,5., and a-C,., at 20°C
but also improved the growth of the cultures, restoring normal
growth rates and resulting in final culture turbidities similar to
those of the parent strain (data not shown). The influence of
100 pM 2-methylbutyric acid on growth at 10°C was analyzed
in detail (Fig. 4). Starter inocula were grown overnight in brain
heart infusion broth without 2-methylbutyric acid at 37°C and
used to inoculate medium with and without 2-methylbutyric
acid at 10°C. The parent strain 104038 initiated growth after a
lag phase and grew normally (Fig. 4a). The lengths of lag
phase, growth rates, and final culture turbidities were essen-
tially identical in the presence and absence of 2-methylbutyric
acid. Growth of cld-1 and cld-2 mutants in the absence of
2-methylbutyric acid was exceedingly slow (Fig. 4a). However,
inclusion of 2-methylbutyric acid in the medium allowed both
strains to grow (Fig. 4a). The lag phases of the mutants were

TABLE 2. Fatty acid composition of L. monocytogenes 10403S and cold-sensitive cld-1 and cld-2 mutants grown in defined medium

Strain and growth conditions

% Total fatty acid

i14:0 nl4:0 i15:0 als:0 i16:0 nl6:0 i17:0 al7:0
10403S
37°C ND ND 2.4 47.7 1.1 1.1 1.1 46.6
37°C + 100 uM 2-methylbutyrate ND ND 2.3 45.1 0.8 1.2 1.2 49.4
20°C ND 0.2 3.9 56.9 ND 0.7 0.7 37.6
cld-1 mutant
37°C 1.3 12.4 2.3 32.1 2.4 34.5 <1.0 15.0
37°C + 100 pM 2-methylbutyrate <1.0 <1.0 <1.0 46.9 <1.0 4.7 ND 48.4
20°C 1 15.8 4.5 48.5 ND 15.8 0.5 13.9
cld-2 mutant
37°C 1.0 3.0 6.9 38.6 34 16.9 33 26.9
37°C + 100 uM 2-methylbutyrate <1.0 <1.0 3.9 46.2 <1.0 33 1.6 45.0
20°C 0.3 4.7 8.3 48.8 ND 11.3 1.9 24.7

“ND, not detected.
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FIG. 4. Influence of 2-methylbutyric acid on growth of the cold-sensitive mutants at low temperatures. The starter inoculum was grown overnight in brain heart
infusion broth at 37°C in the absence (a) and presence (b) of 2-methylbutyric acid and used to inoculate brain heart infusion broth with (filled symbols) and without
(open symbols) 2-methylbutyric acid, incubated at 10°C. O and @, cld-I mutant; [J and m, 10403S; A and A, cld-2 mutant.

longer than that of the parent strain, but the growth rates and
final turbidities of the cultures were not a great deal less than
those of the parent strain under these conditions. Starter cul-
tures also were grown with 100 wM 2-methylbutyric acid to
investigate subsequent effects on strain growth at 10°C in the
presence and absence of 100 M 2-methylbutyric acid (Fig.
4b). Growth of cld-1 and cld-2 starter cultures with 2-methyl-
butyric acid, which corrects the fatty acid composition (Fig. 2),
dramatically reduced the lag phase of the strains in medium
containing 2-methylbutyric acid at 10°C (Fig. 4b) compared to
non-2-methylbutyric acid-grown starter cultures (Fig. 4a).
Starter cultures of cld-1 and cld-2 mutants grown with 2-meth-
ylbutyric acid and used to inoculate medium lacking 2-meth-
ylbutyric acid at 10°C were able to grow slowly, until growth
appeared to cease at low culture density.

The cld mutants grew well in defined medium at 20°C, and
their fatty acid compositions under these conditions are shown
in Table 2. Good growth at this temperature is consistent with
the larger amounts of odd-numbered anteiso fatty acids in
defined-medium-grown cells than in those grown in brain heart
infusion broth.

Effect of cold shock in tryptic soy broth on fatty acid com-
position. Several proteins known as cold shock proteins are
induced when L. monocytogenes is cold shocked from 37 to 10
or 5°C, and there is a lag before growth is reinitiated (2). It was
of interest to study changes in fatty acid composition in re-
sponse to cold shock. Mid-exponential-phase cultures were
chilled rapidly from 37 to 5°C, and samples were taken at
intervals for determination of fatty acid composition.

The growth of strain SLCC 53 is shown in Fig. 5. The A4, of
the culture increased from 0.44 to 0.48 from 0 to 4 h and then
entered a lag phase where Asg, increased from 0.48 to only
0.52 from 4 to 24 h before a new exponential growth rate was
established. The fatty acid composition changed slowly over
time (Fig. 5). By 48 h, when growth was well under way, a-C, .,
had decreased from 22% at time zero to 10%, a-C,s., had
increased from 51 to 63%, and i-C,s., had decreased from 19
to 14%.

However, when the same experiment was performed with
strain 10403S the culture did not establish growth upon tem-
perature downshock in tryptic soy broth. The fatty acid profile
showed essentially no change over the course of the experi-
ment. This strain has a lower ratio of i+a-C,5,, to it+a-C,,,,

than strain SLCC 53 when grown at 37°C (1.63 versus 2.5), and
whereas this ratio increased about fivefold in strain SLCC 53
over 4 days, there was only a minor increase in this ratio in
strain 10403S. Additionally, these results indicate that high cell
density has a negative impact on cold adaptation in strain
10403S, because cultures initiated from a small inoculum,

Percent Total Fatty acid

Asgo

Time (days)

FIG. 5. Effect of cold shock on fatty acid composition. Mid-exponential-
phase cultures of strain SLCC 53 grown in tryptic soy broth at 37°C were
downshocked to 5°C, and samples were taken for Asg, and fatty acid determi-
nations at intervals.
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TABLE 3. Effect of cold shock on fatty acid composition of cld-1 strain

Conditions®

% Total fatty acid

i14:0 n14:0 i15:0 als:0 nl5:0 i16:0 nl6:0 al7:0 nl8:0
Exponential phase, 37°C 11.8 19.0 0.6 2.7 32 15.6 44.5 0.9 21
Cold shocked at 20°C for 1 h 11.8 17.2 1.3 6.5 2.9 15.7 40.0 3.0 1.6

“ Cells were grown in brain heart infusion broth at 37°C.

which are thus also downshocked, grew and established steady-
state growth (Table 1).

When mid-exponential-phase cultures of either strain grown
in defined medium were cold shocked to 5°C, the cultures were
able to reestablish growth after a lag phase, before there was
much alteration in fatty acid composition (data not shown).
This indicates that the fatty acid composition of cells grown at
37°C in defined medium (Table 1) is adequate for growth to
occur before the fatty acid composition adjusts to one more
ideal for a particular temperature in long-term steady-state
cultures.

Failure to demonstrate a role for desaturation of L. mono-
cytogenes fatty acids in cold adaptation. A fatty acid desaturat-
ing system is induced in Bacillus species by growth at low
temperatures, particularly in response to temperature down-
shock (5, 8). We found no evidence for increased production of
unsaturated fatty acids in steady-state or cold-shocked cultures
of L. monocytogenes in complex medium (Fig. 5) or defined
medium (data not shown). Straight-chain fatty acids (C,,., and
C,4.0) are major components of the fatty acid profile of the
cld-1 strain grown in brain heart infusion broth. This strain
appeared to offer an increased possibility for detecting any
desaturase activity resulting in production of C,4., and C,,,
that might be induced by cold shock. However, we were unable
to detect any evidence of unsaturation of fatty acids in cld-1 or
cld-2 cultures cold shocked at 20 or 5°C (Table 3).

Southern analysis of L. monocytogenes 10403S and cld-1 and
cld-2 mutants. DNA isolated from L. monocytogenes cold-sen-
sitive cld-1 and cld-2 mutants was analyzed by Southern hy-
bridization to determine if each mutant carried a single inser-
tion of the transposon. Digesting the chromosomal DNA with
Xbal restricts within the transposon and in the DNA region
flanking the transposon. Probe DNA hybridized to a single
band of approximately 16 kb in each of the L. monocytogenes
cold-sensitive mutants but did not hybridize to the L. monocy-
togenes 10403S DNA (data not shown). In each of the cold-
sensitive mutants, the probe hybridized to a slightly different-
size band. This indicates that in the two mutants, the insertion
is in a different location.

DISCUSSION

Determination of the fatty acid composition of exponential-
phase L. monocytogenes cultures grown at different tempera-
tures in tryptic soy broth revealed two modes of change in fatty
acid composition as temperature decreased. These modes of
change were as follows: (i) fatty acid shortening over the entire
range of temperatures studied (45 to 5°C), i.e., a decrease in
a-C, .y, and (ii) switch in branching from iso to anteiso, i.e.,
i-Cys.¢ to a-Cy5., from 20 to 5°C. These results confirm and
extend those of others (12, 21). No mechanism whereby an
existing a-C, ., fatty acid can be shortened by 2 carbon units is
known. Fatty acid synthetase elongates fatty acids by 2 carbon
units, and its activity of adding 2 carbon units to the a-C,s,
intermediate is possibly inhibited at low temperatures. In Mi-
crococcus cryophilus, a fatty acid elongase is temperature reg-

ulated and plays a role in determining fatty acid chain length in
response to temperature (23).

When cells were grown in defined medium at low tempera-
tures, a-C, 5., became an even more prominent component of
the fatty acid profile than in cells grown in tryptic soy broth at
the same temperature. Switching from i-C, s, to a-C,s,, fatty
acid requires a switch in utilization of fatty acyl primers. The
primer used for a-C,s., synthesis is the CoA ester of 2-meth-
ylbutyric acid, which is derived from isoleucine, and that for
i-Cys.o synthesis is the CoA ester of isovaleric acid derived
from leucine (Fig. 3). Temperature in some way appears to
alter the primer selection specificity of the fatty acid syn-
thetase. Nichols and Russell (19) have described changes in
utilization of fatty acid primer molecules in an Antarctic psy-
chrophilic bacterium as a response to environmental stress.
Alternatively, it is possible that alterations in primer pools may
occur in response to lower temperature.

The fatty acid compositions of the two cold-sensitive mu-
tants were strikingly different from that of the parent strain.
The major fatty acids of the cld mutants were even-numbered
iso and straight-chain fatty acids, in contrast to the odd-num-
bered branched-chain fatty acids of the parent strain. It ap-
pears that the c/d mutants are deficient in the production of the
primer of anteiso odd-numbered fatty acids, i.e., 2-methylbu-
tyryl-CoA. Addition of 2-methylbutyric acid to culture medium
restored the levels of the anteiso fatty acids to those of the wild
type and restored the ability of the mutants to grow at low
temperatures. Preadaptation of the c/d mutants by culturing
them in the presence of 2-methylbutyric acid allowed them to
initiate growth more rapidly when shifted to low temperatures.
This is presumably because the anteiso fatty acids in the mem-
brane allow a better initial adaptation to low temperatures.
The production of even-numbered iso branched fatty acids and
straight-chain unsaturated fatty acids was increased to com-
pensate for the deficiency in odd-numbered branched fatty
acids. It seems possible that the mutants are impaired in
branched-chain aminotransferase activity which converts the
branched-chain amino acids to the corresponding o-keto
branched-chain carboxylic acids (Fig. 3). Such mutants would
be able to synthesize the valine-derived fatty acids, and alter-
native pathways to isobutyryl-CoA not involving branched-
chain aminotransferase via alanine-valine aminotransferase or
valine dehydrogenase may operate (Fig. 3). Alternatively, the
mutants could be impaired in branched-chain keto acid dehy-
drogenase activity. The valine-derived fatty acids could be pro-
duced via a-ketoisovaleryl-CoA produced by valine dehydro-
genase activity. Pyruvate dehydrogenase has some activity in
converting branched-chain keto acids to their CoA derivatives
(13), and it may function as an alternative pathway if branched-
chain keto acid dehydrogenase activity is impaired. Another
alternative would be the formation of isobutyryl-CoA by
isomerization of butyryl-CoA.

The precursor for straight-chain even-numbered fatty acids
in bacteria with a preponderance of branched-chain fatty acids
is not entirely clear (13). Acetyl-CoA is a poorly used primer
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for branched-chain fatty acid synthetase, but the acetyl-acyl
carrier protein derivative serves as an excellent primer for
straight-chain fatty acids. Butyryl-CoA is also an excellent
primer of straight-chain fatty acids for branched-chain fatty
acid synthetase.

The deficiency in odd-numbered branched-chain fatty acids
is more pronounced in the c/d mutants grown in brain heart
infusion broth than defined medium. It is possible that this
might be related to the pool levels of amino acids. Strains of L.
monocytogenes typically require several amino acids for growth,
including leucine, isoleucine, and valine (26). In defined me-
dium, the amino acids are supplied as individual amino acids
and presumably enter the cell via branched-chain amino acid
carrier activity (28) (Fig. 3). In brain heart infusion broth,
peptone supplies significant amounts of amino acids in the
form of peptides which are believed to be transported in by a
separate transporter and then hydrolyzed to individual amino
acids in the cytoplasm (1).

Cloning and sequencing of the DNA flanking the transposon
in either of the mutants would be expected to provide insight
into the affected gene. However, repeated attempts to clone
directly the transposon-flanking DNA (3) have been unsuc-
cessful. Possibly genes that are toxic to Escherichia coli are
present.

We were unable to detect a role for fatty acid desaturase
activity in production of unsaturated fatty acids in temperature
downshocked wild type or cld mutants in defined or complex
media. This is in contrast to the situation in species of Bacillus
(5, 8). Previous studies have generally reported low levels of
unsaturated fatty acids in the lipids of L. monocytogenes. How-
ever, Mastronicolis et al. (17) recently reported that a L. mono-
cytogenes phosphoamino lipid contained 46% unsaturated fatty
acid.

In the cold shock experiments, it was noted that high cell
density seemed to have a negative impact on the ability of
strain 10403S to reestablish growth in tryptic soy broth. The
cells clearly initiated growth at cold temperatures at the low
cell densities typical of inoculation into culture medium (2%
[vol/vol] inoculum). Possibly some sort of quorum sensing (24)
occurs, with a negative effect on growth at low temperatures at
high cell densities. Interestingly, the signaling molecules in
quorum sensing in gram-negative bacteria contain a fatty acid
as part of their structure (24). In Myxococcus xanthus, esg
mutants are defective in production of a signal in cell-cell
communication (7). The esg locus encodes components of
branched-chain keto acid dehydrogenase involved in branched-
chain fatty acid production in this organism. It is proposed that
branched-chain fatty acids constitute the E-signal transmitted
among M. xanthus cells to complete development.

The experiments described herein focus attention on a-C, s,
as playing a critical role in the growth of L. monocytogenes at
low temperatures. This fatty acid becomes the major fatty acid
in cold-grown organisms in both complex and defined media.
The cld mutants which are deficient in odd-numbered
branched-chain fatty acids have significantly higher minimum
growth temperatures than the wild type. The phase transition
temperature of phosphatidylcholine containing a-C,s,,
(—13.9°C) is significantly lower than those of phosphatidylcho-
line containing a-C,,, (9.2°C), i-C;s,, (=7.0°C), or C,q,
(40°C) (30). Anteiso fatty acids occupy significantly larger
cross-sectional areas than either normal straight-chain satu-
rated fatty acids or iso fatty acids (34), thus disrupting close
packing of fatty acyl chains and imparting greater fluidity to the
membrane. Haest et al. (9), using wide-angle X-ray diffraction
spectra of B. subtilis and Staphylococcus aureus membranes,
observed a wide (4.3-A) reflection at low temperatures, indi-
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cating perturbation of lipid order due to the large amounts of
branched-chain fatty acids in these membranes. An E. coli
unsaturated fatty acid auxotroph can be grown on branched-
chain fatty acids (15). Freeze-fracture electron microscopy of
E. coli cells grown on a mixture of B. subtilis fatty acids re-
vealed no segregation of proteins at low temperatures due to
perturbation of the lipid order by the branched-chain fatty
acids. This was in contrast to the segregation of proteins ob-
served in E. coli grown with a-C,,,, fatty acid, which does not
perturb lipid order at low temperatures.

The physical properties of a-C,s., probably impart a mem-
brane fluidity over a wide temperature range. Defined-medi-
um-grown cells, with their high content of anteiso fatty acids,
were able to resume growth after temperature downshock be-
fore the membrane fatty acid composition had reset to a com-
position ideal for the particular temperature, as attained in
steady-state cultures grown at low temperatures. Ko et al. (14)
have described a cold-activated transport system for the osmo-
protectant and cryoprotectant glycine betaine. Evidently the
membrane fatty acid composition established by growth of
cells at 37°C provides a physical environment within which the
glycine betaine transport system can function, even at low
temperatures.

The cld mutants compensate for their deficiency of odd-
numbered branched-chain fatty acids by incorporating in-
creased proportions of even-numbered normal and iso branched
fatty acids. At low temperatures the membrane probably as-
sumes a gel-like state which detrimentally affects cell function,
thus preventing growth. In this connection, the cld mutants
incorporated L-[>>S]methionine into proteins upon cold shock
at about half the rate of the parent strain (2). The mutants
provide strong evidence for a critical role for a-C, 5., in growth
of L. monocytogenes in the cold.

Willecke and Pardee (34) described a mutant of B. subtilis
lacking branched-chain keto acid dehydrogenase activity, cre-
ated in a mutant already lacking pyruvate dehydrogenase ac-
tivity. The mutant required short branched-chain fatty acids for
growth, for conversion to primers of fatty acid biosynthesis.
The fatty acid composition of the mutants could be manipu-
lated by feeding them different fatty acid precursors. However,
no results of the effect of lower growth temperature on the
mutant were reported.

It is suggested that in L. monocytogenes, a-C,s., coupled with
unusually low amounts of straight-chain saturated fatty acids
plays a critical role in providing an appropriate degree of
membrane fluidity for growth at low temperatures. B. subtilis
and S. aureus are closely related to L. monocytogenes, and both
these organisms contain large amounts of iso and anteiso fatty
acids (4, 33). However, both organisms contain much larger
amounts of straight-chain fatty acids than L. monocytogenes
and have higher minimum growth temperatures. The data of
Jackson and Cronan (10) indicate that E. coli can grow with a
substantial amount of its lipids in the ordered state, although
growth ceases if more than 55% of the lipids are ordered.
Clearly, studies of the order/disorder status and of the gel-to-
liquid-crystalline transition temperatures of L. monocytogenes
membrane lipids would be of great interest. These studies also
suggest that an agent interfering with the biosynthesis of a-
C,s.o may be useful in controlling the growth of L. monocyto-
genes in refrigerated foods.

ACKNOWLEDGMENTS

This work was supported by award 93-37201-09560 from the Na-
tional Research Initiative Competitive Grants Program of the U. S.
Department of Agriculture and by grant 1 R15 A135778-01 from the
National Institutes of Health to B.J.W.



3894

ANNOUS ET AL.

Bassam A. Annous and Lynne A. Becker contributed equally to this

work.

We are grateful to Hamish A. I. MacArthur for his comments on the

manuscript.

10.

11.

12.

13.

14.

15.

REFERENCES

. Amezaga, M.-R., I. Davidson, D. McLaggan, A. Verheul, T. Abee, and I. R.

Booth. 1995. The role of peptide metabolism in the growth of Listeria mono-
cytogenes ATCC 23074 at high osmolarity. Microbiology 141:41-49.

. Bayles, D. O., B. A. Annous, and B. J. Wilkinson. 1996. Cold stress proteins

induced in Listeria monocytogenes in response to temperature downshock
and growth at low temperatures. Appl. Environ. Microbiol. 62:1116-1119.

. Camilli, A., D. A. Portnoy, and P. Youngman. 1990. Insertional mutagenesis

of Listeria monocytogenes with a novel Tn917 derivative that allows direct
cloning of DNA flanking transposon insertions. J. Bacteriol. 172:3738-3744.

. de Mendoza, D., and J. E. Cronan, Jr. 1983. Thermal regulation of mem-

brane lipid fluidity in bacteria. Trends Biochem. Sci. 8:49-52.

. de Mendoza, D., R. Grau, and J. E. Cronan, Jr. 1993. Biosynthesis and

function of membrane lipids, p. 411-421. In A. L. Sonenshein, J. A. Hoch,
and R. Losick (ed.), Bacillus subtilis and other gram-positive bacteria: bio-
chemistry, physiology, and molecular genetics. American Society for Micro-
biology, Washington, D.C.

. Denoya, C. D., R. W. Fedechko, E. W. Hafner, H. A. I. McArthur, M. R.

Morgenstern, D. D. Skinner, K. Stutzman-Engwall, R. G. Wax, and W. C.
Wernau. 1995. A second branched-chain a-keto acid dehydrogenase gene
cluster (bkdFGH) from Streptomyces avermitilis: its relationship to avermec-
tin biosynthesis and the construction of a bkdF mutant suitable for the
production of novel antiparasitic avermectins. J. Bacteriol. 177:3504-3511.

. Downard, J., and D. Toal. 1995. Branched-chain fatty acids: the case for a

novel form of cell-cell signaling during Myxococcus xanthus development.
Mol. Microbiol. 16:171-175.

. Fulco, A. J. 1983. Fatty acid metabolism in bacteria. Prog. Lipid Res. 22:

133-160.

. Haest, C. W. M., A. J. Verkleig, J. de Gier, R. Scheck, P. H. J. T. Verbegaest,

and L. L. M. van Deenen. 1974. The effect of lipid phase transitions on the
architecture of bacterial membranes. Biochim. Biophys. Acta 356:17-26.
Jackson, M. B., and J. E. Cronan, Jr. 1978. An estimate of the minimal
amount of fluid lipid required for the growth of Escherichia coli. Biochim.
Biophys. Acta 512:472-479.

Julak, J., M. Ryska, I. Koruna, and E. Mencikova. 1989. Cellular fatty acids
and fatty aldehydes of Listeria and Erysipelothrix. Zentralbl. Bakteriol. 272:
171-180.

Juneja, V. K., and P. M. Davidson. 1993. Influence of temperature on the
fatty acid profile of Listeria monocytogenes. J. Rapid Methods Automat.
Microbiol. 2:73-81.

Kaneda, T. 1991. Iso- and anteiso-fatty acids in bacteria: biosynthesis, func-
tion, and taxonomic significance. Microbiol. Rev. 55:288-302.

Ko, R., L. T. Smith, and G. M. Smith. 1994. Glycine betaine confers en-
hanced osmotolerance and cryotolerance on Listeria monocytogenes. J. Bac-
teriol. 176:426-431.

Legendre, S., L. Letellier, and E. Shechter. 1980. Influence of lipids with
branched-chain fatty acids on the physical, morphological and functional
properties of Escherichia coli cytoplasmic membrane. Biochim. Biophys.
Acta 602:491-505.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

APPL. ENVIRON. MICROBIOL.

Leimeister-Wachter, J., C. Haffner, E. Domann, W. Goebel, and T.
Chakraborty. 1990. Identification of a gene that positively regulates expres-
sion of listeriolysin, the major virulence factor of Listeria monocytogenes.
Proc. Natl. Acad. Sci. USA 87:8336-8360.

Mastronicolis, S. K., J. B. German, and G. M. Smith. 1996. Diversity of the
polar lipids of the food-borne pathogen Listeria monocytogenes. Lipids 31:
635-640.

Mayberry, W. R., and J. R. Lane. 1993. Sequential alkaline saponification/
acid hydrolysis/esterification: a single-tube method with enhanced recovery
of both cyclopropane and hydroxylated fatty acids. J. Microbiol. Methods
18:21-32.

Nichols, D. S., and N. J. Russell. 1996. Fatty acid adaptation in an Antarctic
bacterium—changes in primer utilization. Microbiology 142:747-754.

Pine, L., G. B. Malcolm, J. B. Brooks, and M. I. Daneshvar. 1989. Physio-
logical studies on the growth and utilization of sugars by Listeria species.
Can. J. Microbiol. 35:245-254.

Piittman, M., N. Ade, and H. Hof. 1993. Dependence of fatty acid compo-
sition of Listeria spp. on growth temperature. Res. Microbiol. 144:279-283.
Raines, L. J., C. W. Moss, D. Farshtchi, and B. Pittman. 1968. Fatty acids of
Listeria monocytogenes. J. Bacteriol. 96:2175-2177.

Russell, N. J. 1984. Mechanisms of thermal adaptation in bacteria: blueprints
for survival. Trends Biochem. Sci. 9:108-112.

Salmond, G. P. C., B. W. Bycroft, G. S. A. B. Stewart, and P. Williams. 1995.
The bacterial ‘enigma’: cracking the code of cell-cell communication. Mol.
Microbiol. 16:615-624.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

Seeliger, H. P. R., and D. Jones. 1986. Genus Listeria Pirie 1940, 3834%, p.
1235-1245. In P. H. A. Sneath, N. S. Mair, M. E. Sharpe, and J. G. Holt (ed.),
Bergey’s manual of systematic bacteriology, vol. 2. Williams and Wilkins,
Baltimore, Md.

Sinesky, M. 1974. Homeoviscous adaptation—a homeostatic process that
regulates the viscosity of membrane lipids in Escherichia coli. Proc. Natl.
Acad. Sci. USA 71:523-525.

Stucky, K., A. Hagting, J. R. Klein, H. Matern, B. Henrich, W. N. Konings,
and R. Plapp. 1995. Cloning and characterization of brnQ, a gene encoding
a low-affinity, branched-chain amino acid carrier in Lactobacillus delbruckii
subsp. lactis DSM7290. Mol. Gen. Genet. 149:682-690.

Suutari, M., and S. Laakso. 1992. Unsaturated and branched chain fatty
acids in temperature adaptation of Bacillus subtilis and Bacillus megaterium.
Biochim. Biophys. Acta 1126:119-124.

Suutari, M., and S. Laakso. 1994. Microbial fatty acids and thermal adap-
tation. Crit. Rev. Microbiol. 20:285-328.

Walker, S. J., P. Archer, and J. G. Banks. 1990. Growth of Listeria mono-
cytogenes at refrigeration temperatures. J. Appl. Bacteriol. 68:157-162.
Wallace, K. K., B. Zhao, H. A. I. McArthur, and K. A. Reynolds. 1995. In vivo
analysis of straight-chain and branched-chain fatty acid biosynthesis in three
actinomycetes. FEMS Microbiol. Lett. 131:227-234.

Wilkinson, B. J. 1997. The biology of staphylococci, p. 1-38. In K. B. Crossley
and G. L. Archer (ed.), The staphylococci in human disease. Churchill
Livingstone, New York, N.Y.

Willecke, K., and A. B. Pardee. 1971. Fatty acid-requiring mutant of Bacillus
subtilis defective in branched chain a-keto acid dehydrogenase. J. Biol.
Chem. 246:5264-5272.



