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Bacillus subtilis has developed sophisticated mechanisms to withstand fluctuations in temperature. Mem-
brane fatty acids are the major determinants for a sufficiently fluid membrane state to ensure the membrane’s
function at all temperatures. The fatty acid profile of B. subtilis is characterized by a high content of branched
fatty acids irrespective of the growth medium. Here, we report on the importance of isoleucine for B. subtilis to
survive cold shock from 37 to 15°C. Cold shock experiments with strain JH642 revealed a cold-protective
function for all intermediates of anteiso-branched fatty acid biosynthesis. Metabolites related to iso-branched
or straight-chain fatty acid biosynthesis were not protective. Fatty acid profiles of different B. subtilis wild-type
strains proved the altered branching pattern by an increase in the anteiso-branched fatty acid content and a
concomitant decrease of iso-branched species during cold shock. There were no significant changes in the fatty
acid saturation or acyl chain length. The cold-sensitive phenotype of isoleucine-deficient strains in the absence
of isoleucine correlated with their inability to synthesize more anteiso-branched fatty acids, as shown by the
fatty acid profile. The switch to a fatty acid profile dominated by anteiso-C15:0 and C17:0 at low temperatures
and the cold-sensitive phenotype of isoleucine-deficient strains in the absence of isoleucine focused our
attention on the critical role of anteiso-branched fatty acids in the growth of B. subtilis in the cold.

Bacillus subtilis is a gram-positive soil bacterium that lives in
the upper layers of soil and is therefore subjected to frequent
changes within the environment, especially in temperature,
nutrient availability, and osmolarity. Strategies and mecha-
nisms to withstand these hostile conditions are crucial for sur-
vival. B. subtilis is found mostly in a nongrowing or slow-
growing state due to these stress conditions. Temperature
shifts are easy to simulate in the laboratory, and the physio-
logical and molecular response to cold stress gained our inter-
est (15).

Bacterial adaptation to low temperature is far from being
understood, though this topic has been studied recently
through numerous physiological and molecular approaches
with several organisms. Temperatures above 0°C are usually
associated with an adaptive response, whereas subzero tem-
peratures cause a block of metabolic activity and cell growth
for most organisms (37, 38). It is generally accepted that the
cold stress response consists of two phases: an immediate,
transient shock response and the subsequent delayed acclima-
tization response. Each of these phases can be characterized by
a special set of cold-induced proteins, the cold shock proteins
and the cold acclimatization proteins, respectively, with the
cold shock proteins thought to play a major, not yet fully
understood regulatory role in the mechanism of cold adapta-
tion (12–15, 46).

Handling proper gene expression is not the only challenge
for cells growing at low temperature. Another problem is the
decreasing membrane fluidity with the decreasing tempera-
ture, threatening the membrane’s structure and function. Tem-
perature markedly affects the membrane lipid composition.

Changes in lipid composition are thought to occur in order to
maintain a liquid-crystalline state. In bacteria, which generally
lack cholesterol, the modification of membrane fluidity, called
homeoviscous adaptation (40), involves changes in the mem-
brane’s fatty acid composition (5, 39, 43, 44). With decreasing
temperature, lower-melting-point fatty acids are incorporated
into the lipids in a species-specific mode. The low-temperature
adaptation mechanisms of membranes involve a reduction in
acyl chain length, the introduction of double bonds by desatu-
rase enzymes, or branching of the acyl chains by methyl groups.
The best-characterized low-temperature adaptation of the
membrane lipids is the desaturation of the fatty acid moieties
(32). Organisms use different numbers and types of desaturase
enzymes (for a review, see reference 5), frequently having one
housekeeping enzyme and other cold-inducible ones (10, 11,
29).

The B. subtilis membrane is characterized by a fatty acid
profile dominated to a large extent (.80%) by the odd-num-
bered, iso- and anteiso-branched-chain fatty acids, with the
major species being iso- and anteiso-C15:0 and -C17:0 (20). So
far, a single desaturase gene has been characterized which
seems to be the only desaturase homologue within the B.
subtilis genome (1). This membrane-integrated enzyme cata-
lyzes the conversion of palmitic acid to cis-5 hexadecanoic acid.
Although it seems to be the sole desaturase in B. subtilis and
the gene is induced severalfold by cold shock, null mutant
strains show no defect in their cold shock response compared
to the wild type (1). Therefore, alternative means for adapta-
tion of the lipid composition to low temperature have to exist.
Among the factors known to affect membrane lipid fluidity are
the acyl chain length of the fatty acid moieties and the intro-
duction, or the type, of branching by addition of methyl groups
(3, 44). So far, the branching of fatty acids has been described
as being strictly dependent on de novo biosynthesis (25, 43).
Branched-chain and straight-chain fatty acids seem to share
biosynthetic enzymes, with the major difference lying in the
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mechanism of primer selection that specifies the final product
(20).

Another factor of cold stress adaptation in various organ-
isms is the accumulation of stabilizing organic compounds. The
accumulated substances range from sugars and polyols to
amino acids and quaternary amines (38). These compounds
are usually related to the osmolytes accumulated under hyper-
osmotic stress; due to the lack of adverse effects on essential
cellular functions, they are termed compatible solutes (28). In
a recent study, the osmoprotective and cold-protective effects
of glycine betaine on Listeria monocytogenes were character-
ized (24). The precise mode of action by which glycine betaine
protects cells under osmotic and cold stress is not known, but
the prevention of protein denaturation and cell membrane
disruption have been discussed (42, 48).

Our group is interested in understanding the mechanisms
that allow B. subtilis to survive cold shock. Here, we report on
the importance of exogenic isoleucine sources for B. subtilis to
survive cold conditions in minimal medium. The putative role
of isoleucine as a precursor in anteiso-branched fatty acid
synthesis is discussed, and a model is proposed.

MATERIALS AND METHODS

Growth of bacterial cells. B. subtilis JH642 (pheA1 trpC2 sfp0) (17), 1A57
(ilvC1 pheA1 trpC2; Bacillus Genetic Stock Center [BGSC]), 1A228 (ilvB2 pheA1;
BGSC), ATCC 6051 (wild-type), and the Marburg strain 168 were grown in 23
YT as rich medium (components obtained from Oxoid, Wesel, Germany, and
AppliChem, Darmstadt, Germany) or Spizizen’s minimal medium (SMM) (41)
supplemented with 0.2% (wt/vol) glucose and with phenylalanine and tryptophan
(final concentration, 0.02% [each] [16]) at 37°C with 250-rpm gyration. Other
amino acids and ingredients (obtained from Sigma, Dassel, Germany) were
added at 100 mM final concentration or as indicated. For standard cold shock
experiments, cells of an overnight culture were inoculated in 80 ml of prewarmed
medium in a 300-ml Erlenmeyer flask to an optical density at 600 nm (OD600) of
0.05, and the cells were grown at 37°C with 250-rpm gyration for good aeration.
At an OD600 of 0.45, the cultures were chilled to 15°C in a water bath incubator
with gyration. Additional substrates were added 5 min before the cultures were
chilled. At least three independent cold shock experiments were performed for
each substrate. For monitoring of long-term growth and sporulation, incubation
at 15°C with 250-rpm gyration was continued.

Uptake of [14C]isoleucine and labeling of cells. Cells were grown in SMM-
Phe-Trp-glucose at 37°C as described previously to an OD600 of 0.45, at which
point a cold shock was performed. After 5 min at 15°C, [14C]isoleucine (240 mCi
mmol21) at a final concentration of 0.15 mM was added and incubation was
continued. At different time points, 500-ml aliquots were filtered (ME25 filter
discs; 0.45-mm pore size; Schleicher & Schuell, Dassel, Germany) and washed
with 5 ml of fresh SMM, and the amount of incorporated isoleucine was deter-
mined by counting the filter discs (Rotiszint Eco Plus; Roth, Karlsruhe, Ger-
many) and normalizing for cell number (23). Plotting the incorporated isoleucine
versus time allowed us to calculate the initial uptake rate. The same measure-
ments were done with cells grown at 37°C at corresponding optical density for
control.

For measuring the Vmax and Km values, the same concentration of radioac-
tively labeled isoleucine was mixed with increasing amounts of unlabeled isoleu-
cine and the uptake rates were determined. Plotting the uptake rates versus
isoleucine concentration by the Lineweaver-Burk method allowed us to calculate
the Vmax and Km values by interpolation.

To measure the cellular distribution of the isoleucine incorporated after cold
shock, 10-ml cell cultures were labeled by incubation with 0.15 mM [14C]iso-
leucine. More than 80% of the radioactive label was internalized within 2 h. The
cells were harvested, washed once in fresh SMM, and resuspended in a final
volume of 400 ml of 50 mM Tris HCl (pH 8.0), 15 mM MgSO4, 50 mg (each) of
DNase I and RNase A/ml, 0.5 mg of lysozyme/ml, and 120 mg of chloramphen-
icol/ml. Cell lysis occurred for 30 min at 37°C. Cell wall and the membrane
particles were pelleted by spinning them for 60 min at 36,000 3 g and 4°C. The
pellet was resuspended in 300 ml of 50 mM Tris HCl, pH 8.0. The supernatant
was brought to a final concentration of 10% trichloracetic acid (TCA). Proteins
were precipitated overnight at 4°C and pelleted by spinning them for 30 min at
13,000 rpm in a benchtop centrifuge (Heraeus Biofuge pico). The protein pellet
was resuspended in a volume of 300 ml of 50 mM Tris HCl, pH 8.0. The
percentage of isoleucine label in each subcellular fraction was determined by
counting aliquots in a Packard Tri Carb 2100TR scintillation counter. Four
independent labeling experiments were performed.

Fatty acid analysis. B. subtilis cells grown in 300-ml volumes in minimal
medium with or without isoleucine as indicated were subjected to cold shock and
incubated to a final OD600 of 1.2; cells grown to the same OD600 at 37°C were

used to prepare reference samples. In the absence of isoleucine, cells of strain
JH642 were harvested when the OD had declined by 20% below preshock values
(i.e., an OD600 of 0.35) and after 72 h of incubation, when the cells had recovered
to an OD600 of 0.75. Cells of four independent cultures were pooled and har-
vested by centrifugation at 5,000 3 g and 15°C for 5 min, washed once in the
same medium, and freeze dried. The total fatty acids were saponized, methyl-
ated, and extracted from 20 mg (dry weight) of cells by a standard protocol (27,
31). The fatty acid methyl ester mixtures were separated with a model 5898A
microbial identification system (Microbial ID, Newark, Del.) equipped with a
Hewlett-Packard model 5980 gas chromatography. A 5% phenyl-methyl silicone
capillary column (0.2 mm by 25 m) with a flame ionization detector and auto
sampler (Hewlett-Packard models 3392 and 7673) was used for detection. Peaks
were automatically integrated, and percentages were calculated. Fatty acid data
were compared qualitatively and quantitatively with the microbial identification
system library generation software (Microbial ID), and the results were pre-
sented as a dendrogram. This analysis was performed at the Deutsche Sammlung
von Mikroorganismen und Zellkulturen in Braunschweig, Germany.

RESULTS

Definition of a minimal set of substrates necessary for Ba-
cillus subtilis to survive cold shock conditions. In our labora-
tory, simulation of cold shock in B. subtilis JH642 is accom-
plished by chilling exponentially growing cells from 37 to 15°C.
In previous work, all cold shock experiments have been per-
formed either in a rich medium or a minimal medium contain-
ing 0.01% yeast extract (14). In our attempt to identify small
cold-protective molecules in B. subtilis, we tried to define a
liquid medium with a minimal set of supplements. SMM (41)
with glucose as a carbon source and phenylalanine and tryp-
tophan to overcome the auxotrophic background of B. subtilis
JH642 was used as a basic medium that is sufficient for growth
at 37°C. In this medium the necessity for various additions for
survival after a temperature shift from 37 to 15°C was investi-
gated. Liquid medium as defined above did not permit the
growth of cold-shocked cells (Fig. 1) and was therefore used as
a negative control in all experiments. However, the addition of
0.02% casamino acids was found to replace the yeast extract,
allowing growth to a high OD, and this medium was used as a
positive control for subsequent cold shock experiments (Fig.
1). The abilities of single amino acids to confer cold shock
tolerance were tested successively. The abilities of the various
amino acids to permit growth at a low temperature clustered in
three groups, with isoleucine and threonine being as effective
as the yeast extract or casamino acids (Fig. 1). In a second
class, the acidic amino acids aspartate and glutamate conferred
some cold tolerance, as seen by a stable OD for several days of
incubation at 15°C. All the other amino acids were not cold
protective, and the OD declined, as seen for minimal medium
without any supplements (Fig. 1). This reduced absorbance is
presumably due to cell death, as the number of viable cells
decreased by a factor of 7.5 within the first 18 h of cold shock
in the absence of isoleucine [(2.4 6 0.2) 3 108 CFU/ml at the
cold shock point versus (3.2 6 0.4) 3 107 CFU/ml after 18 h of
cold shock in the absence of isoleucine]. Leucine was found to
enhance cold sensitivity. The osmoprotectants glycine betaine
and proline did not show any cold-protective effect. Converse-
ly, isoleucine had no osmoprotective effect (data not shown).

Other wild-type B. subtilis strains were tested for their iso-
leucine requirement in order to survive a cold shock. Unlike
strain JH642, ATCC 6051 and the Marburg 168 strain did not
show any demand for an exogenous supply of isoleucine for
recovery from cold shock (data not shown). Steady-state
growth rates were 70 min in minimal medium without added
isoleucine and 60 min with added isoleucine (100 mM final
concentration) at 37°C. After cold shock, the generation time
increased to 12 to 14 h for the Marburg 168 and ATCC 6051
strains irrespective of isoleucine addition as well as for JH642
in the presence of isoleucine. Without isoleucine, JH642
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showed an initial decrease in cell density, which after more
than 48 h was succeeded by slow growth with a generation time
close to 30 h.

Isoleucine and threonine confer a cold resistance phenotype
on strain JH642. The experiments shown in Fig. 1 demon-
strated that B. subtilis JH642 has an enhanced requirement for
isoleucine and/or threonine in order to resume growth after a
cold shock, albeit no auxotrophy for any of these amino acids
exists under the normal (i.e., 37°C) growth conditions. Either,
the biosynthetic pathways were shut down by the cold shock
conditions, conferring a cold-induced auxotrophy, or the re-
quirement for isoleucine and/or threonine at low temperature
was enhanced and therefore exceeded the biosynthetic capac-
ity of this strain. As threonine is the precursor of isoleucine in
the biosynthetic pathway (7), we wanted to distinguish between
a true threonine requirement and an isoleucine requirement.
Recovery from cold shock by the strains 1A228 (ilvB) and 1A57
(ilvC), both blocked in the pathway leading from threonine to
isoleucine, was tested with both amino acids. With 20 mM
(each) isoleucine and valine, B. subtilis 1A57 and 1A228
showed reasonable growth at 37°C and an arrest of growth at
15°C (see Fig. 3). Only the addition of isoleucine (final con-
centration, 100 mM) conferred cold resistance. The addition of
threonine had no protective effect for these strains. This shows
that isoleucine is the protective agent in our assays with B.
subtilis JH642. The protective effect of threonine is based on its
conversion to isoleucine by the ilv gene products (7). The
results further demonstrated that under cold stress, B. subtilis
has an enhanced requirement for isoleucine, as the isoleucine
concentration, which was able to compensate for auxotrophy at
37°C, became limiting under cold shock conditions.

Further experiments proved that the addition of isoleucine
(final concentration, 100 mM) up to 1 h after cold shock was
sufficient for the recovery of JH642 from cold stress (data not
shown). In a series of experiments, we tried to determine the

minimal isoleucine concentration that is protective for B. sub-
tilis JH642 in our standard cold shock. Isoleucine in final con-
centrations ranging from 2 to 100 mM was added 2 min after
cold shock (Fig. 2). Isoleucine at 20 mM was found to be
sufficient for complete survival and growth to ODs of more
than 1.5 OD600 units. Concentrations below 10 mM allowed
only an initial recovery: after a slight increase in turbidity
(correlating with the isoleucine concentration), the OD de-
clined (Fig. 2).

Kinetic parameters of isoleucine transport. Since an exog-
enous supply of isoleucine is essential for survival of B. subtilis
JH642 after cold shock, an effective uptake system has to exist.
To determine the mechanism of isoleucine transport in cold-
stressed B. subtilis cells, the uptake of [14C]isoleucine was mea-
sured. Kinetic analysis of the isoleucine uptake of cold-shocked
cells and cells grown at 37°C yielded Michaelis-Menten con-
stants of 6.0 6 0.5 and 3.2 6 0.3 mM isoleucine, respectively.
The maximum velocities determined were 72.5 6 0.7 pmol
min21 per 5 3 108 cells versus 650 6 2.5 pmol min21 per 5 3
108 cells at 15 and 37°C. At both temperatures, the Km values
were within the same micromolar range, suggesting that the
same system is responsible for isoleucine uptake under low-
and normal-temperature conditions. The lower maximum ve-
locity of cold-shocked cells might be due to the strongly re-
duced activity of the transport system under these conditions,
as our assays were performed 5 min after the shock, when the
cell membrane had not yet adapted. Our observations showed
that low temperature reduced the maximum velocity of isoleu-
cine uptake, and the difference in the uptake rates does not
necessarily imply that different systems are active at different
temperatures. Even though isoleucine was a prerequisite for
the survival of cold-shocked JH642 cells, the responsible up-
take system seems to be neither induced nor activated by these
conditions.

FIG. 1. Adaptation of B. subtilis JH642 to cold shock in minimal medium with different amino acids. After inoculation (OD600, 0.05) from an overnight culture in
the same medium, the cells were grown at 37°C to an OD600 of 0.45 and subjected to cold shock (15°C). Amino acids in 100 mM final concentration were added 5 min
before the cold shock. Cell density and growth were monitored by measuring the OD600. A cumulative graph of three independent experiments is shown. ■, addition
of 0.02% casamino acids; Œ, 100 mM isoleucine; }, 100 mM threonine; �, 100 mM leucine; F, 100 mM aspartate; h, no addition.
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Intracellular distribution of labeled isoleucine. The fate and
metabolic destination of the internalized isoleucine was deter-
mined by identifying its subcellular localization with [14C]iso-
leucine as a tracer. The rationale was that a cryoprotective
substance, as seen for osmoprotectants like glycine betaine,
should accumulate in the cytoplasmic fraction. On the other

hand, some evidence exists that cells under cold stress shift
their amino acid usage, i.e., the amino acid patterns of proteins
predominantly synthesized under cold conditions differ mark-
edly from those of housekeeping or heat stress proteins (6). To
investigate the cellular distribution of isoleucine under cold
shock, cells were labeled with [14C]isoleucine at 15°C and frac-

FIG. 2. Cold-protective effect of various isoleucine concentrations. Cells were grown under conditions identical to those for Fig. 1. Different final concentrations
of isoleucine, added 2 min after cold shock, were tested for their cold-protective efficiency. ■, 50 mM isoleucine; F, 20 mM isoleucine; }, 10 mM isoleucine; Œ, 8 mM
isoleucine; �, 4 mM isoleucine; h, 2 mM isoleucine.

FIG. 3. Cold shock response of the ilvB mutant B. subtilis 1A228 from the BGSC. The strain was incubated as described in the legend to Fig. 1, with the addition
of 20 mM (each) isoleucine and valine to overcome auxotrophy. As shown for growth at 37°C (E), this concentration allowed growth to an OD600 of more than 1.0.
Cold shock in the absence of isoleucine (F) abolished growth. The addition of 100 mM isoleucine prior to cold shock (■) permits growth to high density at 15°C, whereas
the addition of 100 mM threonine (}) had no protective effect in this strain. Experiments with another isoleucine-auxotrophic strain, 1A57 (ilvC), revealed similar results
(data not shown).
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tionated as described in Materials and Methods. The amount
of [14C]isoleucine in each fraction, i.e., the cell wall and mem-
brane fraction, the protein fraction, and the TCA extract, was
determined by scintillation counting. The results presented in
Table 1 show that about two-thirds of the radioactivity was
found in the membrane fraction and one-third was found in the
high-speed supernatant. Only a minor amount was found in the
TCA extract, implying that the cryoprotective effect of isoleu-
cine is quite different from the cryoprotective effects of glycine
betaine in L. monocytogenes (24). A comparative labeling of
cold-shocked JH642 cells with [14C]isoleucine or [35S]methi-
onine and subsequent fractionation showed no difference in
the labeling patterns of the proteins, as seen by analysis on
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(data not shown). This is in line with the investigations of cold
shock regulation by two-dimensional polyacrylamide gel elec-
trophoresis analysis. More than 40 proteins with diverse cellu-

lar functions induced by cold shock were identified, but this
proteomic approach gave no evidence of a small isoleucine-
rich protein (14).

Cold-protective effects of branched-chain fatty acid precur-
sors that are related to isoleucine. Two main metabolic desti-
nations for isoleucine are known: incorporation into proteins
and peptides and serving as a primer for branched-chain fatty
acids of the anteiso-branching type (8, 25). As seen in the
experiments, most of the labeled isoleucine was retained within
the membrane fraction (Table 1). We therefore speculated
that isoleucine was a necessary precursor for cold-stressed B.
subtilis cells in the adaptation of the fatty acid profile to adjust
membrane fluidity. The abilities of several precursors of the
branched-chain fatty acid synthesis of isoleucine and noniso-
leucine (i.e., valine and leucine) origin to confer cold stress
resistance were tested. The different substrates were added 5
min before cold shock in 100 mM final concentration. As shown
in Fig. 4, only the isoleucine-related fatty acid precursors a-ke-
to-b-methyl-valerate and 2-methyl-butyrate showed a cold-
protective effect comparable to the one seen for isoleucine and
threonine, restoring the growth rate and resulting in the same
final culture density. The valine derivative a-keto-iso-valerate
showed a stabilizing effect; this might be due to impurities in
the substance. However, a-keto-iso-valerate did not permit
growth of the isoleucine-auxotrophic strains 1A57 and 1A228
at 37°C (data not shown). As seen for leucine, its derivative
a-keto-iso-caproate displayed no cold protection. From these
results we conclude that the requirement of B. subtilis JH642
cells for isoleucine is due to the adaptation of membrane
fluidity and the mechanism responsible for this adaptation.

Changes in the fatty acid profile of B. subtilis cells after cold
shock. To verify our model of the cold adaptation of the cell
membrane fluidity in B. subtilis, we performed large-scale cold

TABLE 1. Subcellular distribution of internalized [14C]isoleucinea

Subcellular fraction
% Internalized

radioactivity
recovered

Whole cells............................................................................... 100
Cell wall pellet......................................................................... 65 6 5
High-speed supernatant.......................................................... 37 6 4
TCA extract ............................................................................. 3 6 0.8
TCA precipitate....................................................................... 19 6 5

a Cells were labeled for 2 h at 15°C at a concentration of 0.15 mM [14C]iso-
leucine. During this time, more than 80% of the radioactivity accumulated in the
cells. This value was set as 100% for the whole-cell fraction. Fractionation was
performed as described in Materials and Methods, and radioactivity was deter-
mined by counting duplicate aliquots of each subcellular fraction. The reported
errors are standard errors of four independent labeling reactions.

FIG. 4. Adaptation of B. subtilis JH642 to cold shock in minimal medium supplemented with different precursors of branched-chain fatty acid biosynthesis. The
cold-protective effect of precursors for different branched-chain fatty acids was tested by performing cold shock experiments as described in Materials and Methods.
The substrates for fatty acid synthesis were added to a final concentration of 100 mM 5 min prior to chilling. Cellular adaptation was measured by determining cell
density at 600 nm. ■, 100 mM isoleucine; F, 100 mM a-keto-b-methyl-valerate; Œ, 100 mM 2-methyl-butyrate; �, 100 mM a-keto-iso-caproate; }, 100 mM
a-keto-iso-valerate; h, no addition.
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shock experiments to harvest enough cellular material for a
fatty acid analysis. Freeze-dried cell pellets were subject to
fatty acid preparation and analysis. As described in Materials
and Methods, cold-shocked cells were incubated overnight at
15°C and grown to an OD600 of 1.2. Cells grown at 37°C to the
same density were used as a reference. The fatty acid compo-
sition of strain JH642 after cold shock in the absence of iso-
leucine was measured after 18 h and when the cells had recov-
ered from shock to an OD600 of 0.75 (i.e., about 84 h after cold
shock).

The data presented in Fig. 5 show a drastic change in the
fatty acid branching pattern in response to cold shock. The
major changes were the decrease in iso-C15:0 and iso-C17:0 and
the concomitant increase of the respective anteiso-branched
forms. While the frequency of the iso-branched fatty acid spe-
cies was decreased from 44 to 11% of total cellular fatty acids
by cold shock, the anteiso-branched species became the ma-
jority, with an increase from 35 to 76% for JH642 in the
presence of exogenous isoleucine. When performing the cold
shock in minimal medium lacking an isoleucine supply, the
amount of anteiso-branched fatty acids did not change,
whereas the frequency of the iso-branched species decreased
to less than 50% of the corresponding cells cultured at 37°C.
This reduction in the iso-branched fatty acid species shifts the
iso-anteiso ratio in the same direction as seen for the cells
shocked in the presence of isoleucine. The failure of this strain
to recover from cold stress in the absence of isoleucine (Fig. 1)
indicates that a shift in the iso-anteiso ratio by a reduction of
the iso-branched fatty acids alone is not sufficient to permit
growth under cold conditions. These results highlight the im-
portance of an exogenous source of isoleucine for the increase
in anteiso-branched fatty acids, as the endogenous biosynthetic
capacity seems to be limiting in strain JH642. The shift in the
fatty acid pattern after isoleucine was provided to strain JH642
grown at 37°C was comparable to earlier results reported by
Willecke and Pardee (47).

Other B. subtilis wild-type strains displayed the same bias in
the iso-to-anteiso ratio when cold shocked. Their iso-anteiso

branching pattern shifts from a nearly balanced one at 37°C
(data not shown) to a 4.4-fold anteiso-dominated one (15% iso
versus 67% anteiso species [Fig. 5]) by the same mechanism:
reduction of the amount of iso-fatty acids and increase of
anteiso-fatty acid species.

Unsaturated fatty acid species play only a minor role in the
cold stress adaptation of B. subtilis, as their overall low abun-
dance did not change significantly with cold shock for all
strains and growth conditions we tested (Fig. 5). This fact
supports earlier data of Aguilar and coworkers (1), who
showed that the desaturase of B. subtilis is not necessary for
cold stress adaptation, even though its gene is induced by cold
shock. Our study clearly indicates that the presence or absence
of isoleucine has no influence on the degree of saturation.
Desaturation therefore is not able to counterbalance the in-
ability to synthesize a suitable amount of anteiso-branched
fatty acids. The data provided show that, under given condi-
tions, B. subtilis adjusts membrane fluidity to low temperature
exclusively by switching from iso- towards anteiso-branched-
chain fatty acids.

DISCUSSION

Performing cold shock experiments with B. subtilis JH642
cells, we have observed that isoleucine plays a critical role in
the cold shock adaptation of this strain. The mode of cold
stress adaptation by isoleucine seems to be based on its func-
tion as a precursor in anteiso-branched-chain fatty acid bio-
synthesis as revealed by the change in the fatty acid profile
(Fig. 5) and its replacement by related metabolites of the
anteiso-branched fatty acid biosynthesis pathway (Fig. 4 and
6). After uptake, the branched-chain amino acids leucine, iso-
leucine, and valine participate in oxidative desamination and
subsequent decarboxylation reactions where they are con-
verted to coenzyme A (CoA)-activated precursors for fatty
acid biosynthesis. Depending on the amino acid, different in-
termediate substrates are formed, which result in the different
fatty acid species (18, 19). From isoleucine, a-keto-b-methyl-

FIG. 5. Fatty acid profiles of B. subtilis strains after growth at 37°C or under cold shock conditions. Strain JH642, subjected to cold shock with a supply of isoleucine,
was harvested at an OD600 of 1.2 (■). In the absence of isoleucine, JH642 cells were harvested after 18 h of cold shock (o) or after recovery (that is, growth to an OD600
of 0.75; about 84 h after cold shock) (data not shown). Reference cultures of JH642 were grown at 37°C in the same medium without (h) and with (u) isoleucine
supplementation to an identical cell density. To represent other B. subtilis wild-type strains tested, the Marburg 168 strain after cold shock in the absence of isoleucine
is depicted (p). From a complete fatty acid profile recorded for each sample, the frequency of the most prominent species is shown. n.d., concentrations below detection
level.
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valerate and subsequently 2-methyl-butyryl-CoA are formed,
yielding the anteiso-branched C15:0 and C17:0 fatty acids.
Leucine is converted via a-keto-iso-caproate and isovaleryl-
CoA to the iso-branched C15:0 and C17:0 fatty acids, whereas
valine, via a-keto-iso-valerate and isobutyryl-CoA, forms the
even-numbered iso-C14:0 and -C16:0 species (3). Our results
with the isoleucine prerequisite and the fatty acid profile of
cold-shocked cells are in agreement with this biosynthetic
pathway (Fig. 6).

Cold shock of JH642 cells in the absence of an isoleucine
supply showed a decrease in viable cell number that corre-
sponds to the decrease in OD. These cultures show an increas-
ing absorption after more than 48 h of cold shock, with a
concomitant increase in cell number (data not shown). Repeat-
ing cold shock with these cultures (i.e., diluting the cells in
fresh medium, growing them at 37°C, and performing a new
cold shock experiment) revealed the same growth pattern as
seen before with a cold-sensitive phenotype (data not shown).
Therefore the occurrence of spontaneous mutation as a puta-
tive reason for this phenomenon is not likely. As the decrease
in OD and viable cell number after 18 h of cold shock indicate,
a large number of cells might lyse, delivering a reasonable
amount of free isoleucine and threonine into the medium that
is beneficial for viable cells to adapt and restart slow growth.
This scenario was corroborated by a fatty acid analysis, where
these cell cultures revealed a fatty acid pattern similar to the
one seen for cultures of JH642 incubated in the presence of
isoleucine (data not shown). However, as the experiments with
a second cold shock showed, we have no evidence for any
spontaneous mutation leading to improved isoleucine biosyn-
thesis.

As shown in this report, the frequently used B. subtilis strain
JH642 and its derivatives are cold shock sensitive in minimal
medium. For threonine, isoleucine, and a number of metabo-
lites related to the anteiso-branched fatty acid biosynthesis, a
cold-protective function has been shown (Fig. 1 and 4). Thre-
onine as a precursor in isoleucine biosynthesis has the same
protective activity as isoleucine itself (Fig. 1). Mutants with
defects in isoleucine biosynthesis show that, for the protective

effect of threonine, a functional biosynthetic pathway leading
from threonine to isoleucine is necessary (Fig. 3). These data
show that with threonine, a sufficient supply of metabolites for
the synthesis of the anteiso-branched fatty acids is possible.
Therefore we conclude that the bottleneck in the biosynthesis
of isoleucine under cold stress is below the threonine level, i.e.,
in the pathway leading from oxal acetate to threonine (7). This
correlates with earlier observations that at least some of the
isoleucine biosynthetic proteins are induced twofold by cold
shock (14). The exact limitation point in the endogenous thre-
onine synthesis has not been discovered, as with our mutant
analysis we are getting closer to central metabolic events that
make growth under cold conditions even harder and require a
supply of multiple amino acids. Other B. subtilis strains do not
require an exogenous supply of isoleucine or related metabo-
lites for survival of cold shock. As these strains show similar
fatty acid profiles but do not require a supply of precursors for
the increased synthesis of anteiso-branched fatty acids, they
seem to have a higher biosynthetic capacity for threonine than
strain JH642. We presume a genetic difference in the threo-
nine biosynthesis genes of JH642 versus those of other strains,
whose nature has not been investigated. The cold shock-sen-
sitive phenotype described here might be a tool to gain an
understanding of this interesting genetic diversity.

Supplementation of JH642 cultures with 100 mM a-keto-b-
methyl-valerate and 2-methyl-butyrate improves growth of the
cold-shocked cultures in the same way as isoleucine does (Fig.
4). Metabolites related to the other branched-chain amino
acids, valine and leucine, do not stimulate cold shock adapta-
tion in a similar manner. The small effect of a-keto-iso-valerate
seen in our growth measurements might be due to some minor
impurities of the substrate or a conversion to a-keto-b-methyl-
valerate by an as-yet-unidentified mechanism. However, a-ke-
to-iso-valerate in concentrations up to 1 mM did not compen-
sate for isoleucine auxotrophy (data not shown). The results
are consistent with the model of the branched-chain fatty acid
biosynthesis pathway (20, 25, 36). In this model, the nature of
the precursor defines the branching pattern of the fatty acid
species, as the subsequent steps in biosynthesis are repeated
additions of C2 units. Therefore the primer-selecting activity of
the first steps in fatty acid biosynthesis is critical in defining the
final product. It is not yet known how a change in temperature
alters the primer specificity in these first steps of fatty acid
biosynthesis.

It is suggested that in B. subtilis, the anteiso-branched fatty
acids, coupled with small amounts of the straight-chain satu-
rated fatty acids, play a critical role in providing an appropriate
degree of membrane fluidity for growth at low temperatures.
The invariantly low content of the unsaturated fatty acids is
thought to have only minor effects on the adjustment of mem-
brane fluidity (Fig. 5). Switching from iso- to anteiso-branched
fatty acids as seen in the fatty acid profile requires a switch in
the utilization of fatty acyl primers. Temperature appears to
alter the primer selection specificity of the first enzyme(s) of
the fatty acid synthase multienzyme complex in some way.
Nichols and Russell (33) have described such changes in the
fatty acid primer selection in an Arctic psychrophilic bacterium
in response to environmental stress. Another factor contribut-
ing to this primer selection might be changes in the cellular
primer pools (22). Support for this model might come from the
fact that leucine and a-keto-iso-caproate, precursors of the
iso-branched fatty acids with a higher phase transition temper-
ature, have an intensifying effect on cold shock, as is evident
from the data presented in Fig. 1 and 5.

In the absence of exogenous precursors for the anteiso-
branched fatty acids, cold-shocked cells of strain JH642 display

FIG. 6. Schematic representation of branched-chain fatty acid biosynthesis
with leucine, isoleucine, and valine leading to iso- and anteiso-branched fatty
acid products, respectively. a, a soluble branched-chain amino acid amino trans-
ferase; b, NAD- and CoA-dependent branched-chain a-keto-acid decarboxylase.
The underlined metabolites were supplied externally, as indicated in the text.
This scheme is adapted from the one presented by Kaneda (20).
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a frequency of the anteiso-branched species that is close to the
values for cells grown at 37°C, indicating that the limiting
factor for the synthesis of these fatty acid species is the endog-
enous supply of the precursors under these conditions. Under
such unfavorable conditions, the sole change in the anteiso-iso
relation is a reduction in the frequency of the iso-branched
fatty acids. Under limiting isoleucine supply, the anteiso/iso
ratio becomes 1.4:1, whereas with an exogenous supply per-
mitting growth this ratio is close to 7:1. As the cold shock-
sensitive phenotype of strain JH642 (Fig. 1) shows, a switch by
reduction of the iso-branched species alone is not sufficient for
growth.

Under isoleucine-limiting conditions, JH642 displays a re-
markable increase in the straight-chain C16:0 species (Fig. 5).
The production of this even-numbered fatty acid species seems
to compensate for the reduced amount of odd-numbered iso-
branched species. Even with an insufficient supply of precur-
sors for the synthesis of anteiso-branched fatty acids, the syn-
thesizing machinery retains its specificity, as shown by the
reduced synthesis of iso-branched fatty acids, and does not
compensate for other precursor species (21).

We were unable to detect a role for a fatty acid desaturase
activity in any B. subtilis strains tested in this investigation. As
our fatty acid profiles show, there is no significant cold shock-
dependent increase in desaturation (Fig. 5), although other
studies have shown some effect (5, 9, 44). Investigations with a
desaturase mutant strain of B. subtilis failed to show a cold-
sensitive phenotype, even though an induction of the transcrip-
tion of the desaturase gene, named yocE by the genome project
and renamed to des, has been demonstrated (1). One reason
for this cold-resistant phenotype might be the use of a complex
medium by the authors, as Luria-Bertani medium contains
sufficiently large amounts of amino acids and peptides to per-
mit the synthesis of the anteiso-branched fatty acids under cold
shock. Furthermore, the authors used 20°C as the cold shock
temperature, which might be less effective in triggering a
switch from iso to anteiso fatty acids. Studies with a new de-
saturase null mutant strain showed recovery from cold shock in
minimal medium with isoleucine, whereas the absence of iso-
leucine leads to rapid cell death by cold shock (46a).

The experiments described here focus on anteiso-C15:0 and
C17:0 as playing the critical role in the growth of B. subtilis at
low temperature. These two fatty acids become the major
species and therefore shift the branching pattern from iso-
dominated to very anteiso. The physical basis for this transition
is due to a reduced phase transition temperature, based on
the significantly larger cross-sectional area occupied by the
anteiso-fatty acids compared to that occupied by the respective
iso-species. Thus, they disrupt the close packing of the fatty
acyl chains and provide a greater flexibility to the membrane
even at a low temperature due to reduced Van der Waals
interactions (10). This is demonstrated by measuring the phase
transition temperatures of phosphatidylcholine containing
anteiso-C15:0 and that containing C17:0 (216.2 and 7.6°C, re-
spectively), which are significantly lower than those of the
corresponding isoforms (6.5°C with iso-C15:0 and 27.0°C with
iso-C17:0) (20, 43).

Willecke and Pardee (47) isolated a mutant of B. subtilis
lacking branched-chain keto acid dehydrogenase activity by
mutagenesis of a strain already lacking pyruvate dehydroge-
nase. This mutant requires short branched-chain fatty acids for
conversion to primers in fatty acid biosynthesis and growth. By
providing different precursor molecules, Akamatsu et al. ma-
nipulated the fatty acid composition of the mutant (2). How-
ever, the authors do not report any effect of low growth tem-
perature on the fatty acid profile. Our fatty acid profiles of

JH642 grown at 37°C corroborate the influence of fatty acid
precursors on the pattern of the cell membrane (Fig. 5).

B. subtilis is closely related to L. monocytogenes, a food-
borne pathogen growing at even lower temperature. Both or-
ganisms are characterized by a large amount of branched-chain
fatty acids in the membrane, with L. monocytogenes having a
lower straight-chain fatty acid content that might be a pre-
adaptation to a low-temperature preference. Investigations of
the cold shock adaptation in L. monocytogenes show a simul-
taneous shift to an anteiso-dominated fatty acid profile and a
mean acyl chain length reduced by 2 carbon units irrespective
of the medium used (3). The experiments were performed at
5°C, a temperature lower than we have used in our investiga-
tions. This lower temperature requires a mechanism exceeding
the effect of the iso-anteiso switch for adaptation of the mem-
brane fluidity, as seen by experiments with the phase transition
temperature (20).

We do not have evidence that the B. subtilis transport system
for isoleucine is stimulated by cold stress, as has been seen for
the glycine betaine transporter in L. monocytogenes (24). Our
preliminary results indicate that the same uptake system is
active under normal growth and cold shock conditions, as
shown by the Km values being within the same micromolar
range. Transport activity at 15°C is reduced because the cell
membrane is not yet fully adjusted in its fluidity. This reduced
uptake rate under cold conditions is unlikely to be caused by a
contrary efflux, as our initial uptake rate experiments to deter-
mine the kinetic parameters were initiated by adding labeled
isoleucine. The reaction therefore contains no significant con-
tribution from efflux, because there is essentially no labeled
internal isoleucine during the initial rate measurements.

Even though the complete genome of B. subtilis has been
sequenced (26) and several putative uptake systems for amino
acids have been identified, the one which could be responsible
for isoleucine and other branched amino acids is not yet char-
acterized. The kinetic data reported here make a high-affinity
transporter of the binding-protein-dependent type likely (4). In
Escherichia coli and other bacterial species, isoleucine uptake
by such systems has been shown (30, 45). In Salmonella, two
periplasmic binding proteins displaying different substrate
specificities and binding affinities and which are likely to use
the same transmembrane components have been characterized
and sequenced (34, 35). Investigations of the genes and gene
products of B. subtilis responsible for isoleucine uptake are in
progress. Isolation of the components should be facilitated by
the results reported in this work, as mutations in the isoleucine
transporter should confer a cold-sensitive phenotype in a strain
JH642 background.
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M. G. Bertero, P. Bessiéres, A. Bolotin, S. Borchert, R. Borriss, L. Boursier,
A. Brans, M. Braun, S. C. Brignell, S. Bron, S. Brouillet, C. V. Bruschi, B.
Caldwell, V. Capuano, N. M. Carter, S.-K. Choi, J.-J. Codani, I. F. Conner-
ton, N. J. Cummings, R. A. Daniel, F. Denizot, K. M. Devine, A. Düsterhöft,
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