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The behavior of Campylobacter jejuni at environmental temperatures was examined by determining the
physiological activities of this human pathogen. The minimal growth temperatures were found to be 32 and
31°C for strains 104 and ATCC 33560, respectively. Both strains exhibited a sudden decrease in growth rate
from the maximum to zero within a few degrees not only near the maximal growth temperature but also near
the minimal growth temperature. This could be an indication that a temperature-dependent transition in the
structure of a key enzyme(s) or regulatory compound(s) determines the minimal growth temperature. Oxygen
consumption, catalase activity, ATP generation, and protein synthesis were observed at temperatures as low as
4°C, indicating that vital cellular processes were still functioning. PCR analysis showed that cold shock protein
genes, which play a role in low-temperature adaptation in many bacteria, are not present in C. jejuni. The fact
that chemotaxis and aerotaxis could be observed at all temperatures shows that the pathogen is able to move
to favorable places at environmental temperatures, which may have significant implications for the survival of

C. jejuni in the environment.

Campylobacter jejuni is an important cause of food-borne
infections. Most often, this microorganism causes gastroenter-
itis (campylobacteriosis), but in rare cases, C. jejuni is associ-
ated with neurological diseases such as Guillain-Barré syn-
drome (29). Although campylobacteriosis is related mostly to
consumption of poultry products (27), other sources, such as
milk (26, 30) and water (24, 25, 33), are also important in
causing this disease.

C. jejuni can be isolated from the gastrointestinal tracts of
animals all over the world (3, 5, 19, 28, 32, 41) and from a wide
variety of watery environmental sources (4, 6, 15). Since the
minimal growth temperature reported in the literature varies
between 32 and 36°C (7, 11, 13), it can be assumed that C.
jejuni survives rather than grows in watery environments. At
high temperatures, the microorganism transforms quickly to
the nonculturable coccoid form, but the survival time of cul-
turable spiral-shaped campylobacters under nutrient-poor and
low-temperature conditions can be as long as 1 to 4 months
(14, 20, 31). Therefore it is likely that although growth is not
possible, natural waters play a role in maintaining the contam-
ination cycle of this pathogen.

Growth temperature extremes are usually determined by
fluidity of lipids and membrane components, resulting in
changes in the transport of substrates, ions, or products; forces
affecting tertiary and quaternary structures of enzymes; or tem-
perature-dependent interactions of regulatory compounds at
the enzyme, ribosome, RNA, or DNA level (39). Not much is
known about the metabolism and general behavior of bacteria
below their minimal growth temperatures. It has been re-
ported, however, that many microorganisms produce cold
shock proteins when they are transferred to temperatures near
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the minimal growth temperature (21). One of the major pro-
teins induced at low temperature in Escherichia coli is CspA,
which is thought to be involved in adaptation to low temper-
ature. CspA is believed to act as an RNA chaperone to block
the formation of secondary structures in the mRNA (40). The
presence of cold shock proteins in campylobacters has not
been described.

C. jejuni, being a microaerophilic organism, possesses an
electron transfer chain to generate a proton motive force
which is subsequently used to synthesize ATP via a membrane-
bound ATPase (16). It is also a highly motile bacterium due to
the presence of flagella (13). This report describes the physi-
ological behavior of C. jejuni at growth temperatures and at
temperatures below the minimal growth temperature. Respi-
ration, ATP synthesis, and catalase activities were tested. Che-
motaxis and aerotaxis assays were performed to examine the
ability of C. jejuni to move under environmental conditions.
Furthermore, the ability to synthesize proteins at low temper-
atures was investigated, and the presence of common cold
shock protein genes was examined.

MATERIALS AND METHODS

C. jejuni strains and culture conditions. C. jejuni 104 (isolated in our labora-
tory from sewage) and ATCC 33560 (from bovine feces) were maintained in 15
to 20% (vol/vol) glycerol in brain heart infusion broth (BHI; Difco catalog no.
0037-17-8) with glass beads at —80°C. For culture, one glass bead was inoculated
in a tube with 10 ml of BHI. After 30 to 48 h, the strains were subcultured in BHI
or swabbed onto Columbia agar base plates (CAB; Oxoid CM331) supplemented
with 5% lysed, defibrinated horse blood or onto BHI agar (BHIA) plates. All
cultures were incubated microaerobically at 37°C (unless otherwise stated) in jars
or incubators flushed with a gas mixture of 5% O,, 10% CO,, and 85% N..

Growth curves. Cultures grown at 37°C (see above) were subcultured in 50 ml
of BHI in 100-ml serum bottles with thick rubber stoppers. The headspace of
these bottles was flushed with a gas mixture as mentioned above (overpressure of
500 hPa). The bottles were incubated stationary for 1 week in water baths at 4,
10, 20, 28, 30, 31, 33, 35, 37, 39, 42, 44, and 46°C. Samples for plate counts were
taken at regular time intervals by piercing the rubber stoppers with a syringe.
Plate counts were performed by spread plating decimal dilutions of cell suspen-
sions on CAB. For adaptation experiments, cells precultured at 33 and 35°C were
subcultured at 28 and 30°C. Samples were taken as described above.

Biological oxygen monitoring. Oxygen consumption was measured with a
biological oxygen monitor (BOM; Yellow Springs Instrument model 5300) as
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specified by the manufacturer. Cells were cultured on CAB (24 h), harvested, and
washed three times in 50 mM potassium phosphate buffer containing 0.85%
(wt/vol) NaCl (PBS; pH 7) and suspended to a final optical density at 620 nm of
20 to 30. Concentrated cell suspensions were kept on ice until the measurements
took place. Cells (100 pl) were added to PBS in the sample chamber (total
volume, 4 ml). After flushing with air to saturate the suspension with oxygen, a
substrate (malate or formate; end concentration, 15 mM) was added and respi-
ration was measured. Cells (100 wl) were stored at —20°C and used for deter-
mination of total cellular protein by the method of Sedmak and Grossberg (35).

ATP measurements. Concentrated cell suspensions were used as described
above. Cells (100 pl) were added to 3.9 ml of PBS which was kept at different
temperatures in a BOM. Samples (100 pl) were taken at time zero and 5 min
later and kept on ice. Substrate (malate or formate) was added immediately after
the second sample was taken. Samples were then taken after 20 s and 1, 2, 3, 5,
and 10 min and kept on ice. After that, ATP concentrations in the samples were
analyzed in a Biocounter M2010 (Lumac, Landgraaf, The Netherlands) as spec-
ified by the manufacturer, with the NRB/LUMIT-PM kit (Lumac catalog no.
9268-7). To calculate the actual ATP concentrations from the units measured in
the Biocounter, a standard curve was constructed with ATP (Sigma catalog no.
5394). Cells (100 pl) were stored at —20°C for determination of total cellular
protein.

Catalase activity measurements. Concentrated cell suspensions were prepared
as described earlier for the respiration experiments, except that the cells were
precultured on both CAB and BHIA to determine the effect of preculture
conditions. For determination of catalase activity, H,O, (0.003% final concen-
tration) was used as a substrate in a BOM, and oxygen production was measured.

Chemotaxis assays. Studies on chemotaxis were carried out essentially by the
method of Hugdahl et al. (17), except that filter discs were used instead of
hard-agar plugs. In short, concentrated cell suspensions were prepared as de-
scribed earlier and mixed (500 pl of cells) with 12 ml of PBS-agar (0.4% agar) at
45°C. This mixture was poured into 9-cm-diameter petri dishes. Stock solutions
(1 M) of sodium malate, sodium formate, or sodium pyruvate (pH 7) were
applied (30 pl) to sterile filter discs (0.25-in. sterile blanks; Difco catalog no.
1599-33). These wetted discs were placed on the cell-agar mixture in the middle
of the petri dishes. Plates were incubated aerobically and microaerobically at 4,
20, or 40°C and viewed after 0.5, 1, 2, 3, 4, and 16 h.

Aerotaxis assays. Cell suspensions (50 pl) in PBS-agar (5 ml) were prepared
as described for the chemotaxis assays. Aerotaxis was assayed in PBS-agar or in
PBS-agar supplemented with sodium pyruvate or sodium formate (50 mM final
concentration). Mixtures were poured into small glass tubes (10-mm diameter)
and viewed after overnight incubation in air at 4, 20, or 40°C.

Protein synthesis. De novo protein synthesis was studied by using the incor-
poration of [**S]methionine. Cells were precultured at 37°C in 100 ml of Campy-
lobacter defined medium as described by Tenover et al. (37). After centrifugation
of 30-ml portions, cells were resuspended in 1 ml of Campylobacter defined
medium without methionine. Portions were supplied with 10 pl of [**S]methi-
onine (100 wCi; Tran>S-label, ICN Pharmaceuticals, Inc.) and incubated at 37°C
for 15 min and at 4 or 20°C for 60 min. Incorporation of [**S]methionine was
stopped by addition of cold methionine (8 mM final concentration). Cells were
disrupted with zirconium glass beads (four times for 1.5 min each time at 1-min
intervals on ice) in a mini Bead Beater (Biospec Products, Bartlesville, Okla.),
after which proteins were precipitated with 50% trichloroacetic acid (TCA) on
ice (10 min). After centrifugation, the pellet was washed successively with 20%
TCA and 10% TCA. Finally, the pellet was washed with acetone (—20°C) and
allowed to dry in air. The pellet was resuspended in 100 pl of water, and
radioactivity was determined by liquid scintillation spectrometry (Beckman LS
7500). For electrophoresis, the sample was mixed with sample buffer at a 1:1
ratio. After 10 min of incubation at 95°C, 15 ul was loaded onto a Tricine-sodium
dodecyl sulfate-16% polyacrylamide gel as described by Schigger and von Jagow
(34). The gel was run for 150 min at 65 mA. After drying (in a Bio-Rad model
534 gel dryer), the gel was exposed to X-ray film (Kodak Scientific Imaging Film
Biomax MR) for 2 days at —80°C.

PCR assay. To examine the presence of common cold shock protein genes in
C. jejuni, a PCR assay was carried out as described by Kuipers et al. (23). The
primers used (CSPUS and CSPU3) were based on the homologous regions of
several cold shock protein genes (9). As template DNAs, the total DNAs of C.
Jejuni 104 and ATCC 33560 were used. The PCR was performed for 25 cycles
with an annealing temperature of 40°C, and PCR products were separated on a
2% agarose gel. As a positive control, Escherichia coli K-12 was included in the
assay.

RESULTS

Growth curves. Growth experiments were carried out for 1
week to include slow-growing cells. However, when growth was
not initiated within 1 day, no growth was observed during the
rest of the week. From the growth curves (data not shown), the
maximum growth rate during the exponential phase was cal-
culated (Fig. 1). Similar growth characteristics were observed
for the two strains tested; the minimal growth temperatures
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FIG. 1. Maximum growth rates of C. jejuni 104 and ATCC 33560 as a func-
tion of temperature. Bacteria were grown in BHI, and maximum growth rates
during the exponential phase were calculated.

established were 32 and 31°C for strains 104 and ATCC 33560,
respectively. Strikingly, growth rates decreased abruptly from
the maximum to zero within a few degrees of the minimal
growth temperature. A sudden growth rate decrease near the
maximal growth temperature was also apparent.
Additionally, cells precultured at 33 and 35°C were inocu-
lated into medium and incubated at 28 and 30°C. However, no
growth occurred at these temperatures, indicating that the
minimal growth temperature for these suboptimal-tempera-
ture-adapted cells was not shifted to lower values.
Respiration. The oxygen consumption rates of C. jejuni 104
grown at 37°C were 28, 65, 132, 328, and 521 nmol of O,/mg of
protein - min with formate at 4, 10, 20, 30, and 40°C, respec-
tively (Fig. 2). Respiration of the cells with malate showed
similar results (Fig. 2). Remarkably, even below the minimal
growth temperature, considerable electron transfer chain ac-
tivity could be detected. Respiration activities of 25, 12, and
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FIG. 2. Respiration rates of C. jejuni 104 with formate and malate at different
temperatures. A concentrated cell suspension was incubated in PBS in a BOM,
and oxygen consumption was measured after addition of formate and malate (15
mM).
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FIG. 3. Effect of temperature on the ATP production of C. jejuni ATCC
33560. Cells were incubated in PBS, and the amount of ATP was determined.
The arrow indicates the moment of formate addition.

5% compared to the activities at 40°C were observed at 20, 10,
and 4°C, respectively. Strain ATCC 33560 showed similar ac-
tivities (data not shown).

ATP production. To determine whether C. jejuni is able to
synthesize ATP during respiration at low temperatures as well,
ATP concentrations were measured at different temperatures
before and after substrate addition. As can be observed in Fig.
3, ATP production could be detected immediately after sub-
strate addition at all of the temperatures tested, although rates
and maximum ATP levels were somewhat lower at 4 and 10°C.
Similar results were obtained for strain 104 (data not shown).

Catalase activity. To determine whether C. jejuni is able to
counteract the effects of hydrogen peroxide, a toxic by-product
of oxygen metabolism, catalase activity was measured at dif-
ferent temperatures. Catalase activity varied from 3.89 to 0.67
pmol of O,/mg of protein - min at 40 to 4°C (Fig. 4). The
activity at 4°C was 15 to 30% of the activity observed at 40°C
for cells cultured on BHIA and CAB, respectively. The cata-
lase activity of cells precultured on BHIA was always higher
than that of cells precultured on CAB. Similar results were
obtained for strain ATCC 33560.
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FIG. 4. Catalase activity of C. jejuni 104 at different temperatures. Cells
harvested from CAB or BHIA were incubated in PBS in a BOM. Catalase
activity was determined by measuring oxygen production after addition of hy-
drogen peroxide (0.003%).
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FIG. 5. Aerotaxis of C. jejuni 104 in PBS agar (A) and in PBS agar supple-
mented with pyruvate (B) or formate (C) after incubation at 20°C for 16 h. The
white arrowheads indicate the concentration of cells as a result of aerotaxis.

Chemotaxis assay. Both C. jejuni 104 and ATCC 33560
showed chemotaxis toward formate at 4, 20, and 40°C under
microaerobic conditions. Turbid zones in plates incubated at
4°C were less dense than in those incubated at 20 and 40°C, but
the diameters of the turbid rings were similar at all tempera-
tures (4 cm after 4 h of incubation). Plate counts of samples
taken from the agar plates showed that the turbid zones con-
tained 10 to 100 times the number of CFU as the clear areas
outside the turbid zones, which indicates that migration of cells
toward the substrate took place. Similar behavior toward
malate as a substrate was observed and aerobic culture condi-
tions were similar to microaerobic culture conditions. When
pyruvate was applied as a substrate, only a faint ring was
observed. To exclude the possibility of growth, a control ex-
periment was carried out in which C. jejuni was incubated
microaerobically at 40°C for 16 h in PBS supplemented with
each of the substrates. No growth occurred during these incu-
bations (data not shown). Another indication that chemotaxis
and not growth was the explanation for the appearance of
turbid zones was the observation that these zones appeared
within 30 min of incubation of the soft-agar plates at all tem-
peratures. The filter disc method proved to be an easy and
quick method for determining chemotaxis and will be useful as
a tool for determining motility in general as well, since results
are known within a few hours.

Aerotaxis assay. The aerotaxis assay is based on the fact that
oxygen diffuses into a tube of soft agar. The oxygen concen-
tration at the top of the agar will be near atmospheric concen-
trations, whereas at the bottom of the tube, the oxygen con-
centration will be very low. Movement toward a favorable
concentration of oxygen at 20°C was observed as the formation
of a ring of bacteria in each tube (Fig. 5). The position of the
ring was dependent on substrate addition. When no substrate
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FIG. 6. Autoradiogram of protein profiles of C. jejuni ATCC 33560 after
pulse labeling with [**S]methionine for 15, 60, and 60 min at 37, 20, and 4°C,
respectively (lanes 1, 2, and 3, respectively). Molecular mass standards (in kilo-
daltons) are indicated on the right.

was added, a turbid ring appeared some centimeters below the
agar surface, whereas with the addition of pyruvate and for-
mate, distinct rings were found at 1 and 0.5 cm, respectively,
below the surface. Rings were best visible at 20°C, whereas at
4 and 40°C, fainter rings occurred which appeared, however, at
positions in the agar tubes similar to those of rings found at
20°C (data not shown). Similar results were obtained for strain
ATCC 33560.

Protein synthesis. De novo protein synthesis was observed at
4, 20, and 37°C (Fig. 6). C. jejuni is even able to synthesize
proteins far below its minimal growth temperature. However,
it can be seen that the amounts of protein produced at 4 and
20°C were lower than the amount of protein produced at 37°C.
This was confirmed in the scintillation counts of the samples
when samples incubated at 4 and 20°C exhibited counts of 9
and 16%, respectively, of that of the sample incubated at 37°C.
The total numbers of protein bands produced seemed to be
similar for all temperatures, and no cold induction of specific
proteins was observed. When we used this protein gel, which is
specific for separation of proteins in the low-molecular-weight
region, we observed no induced bands around 7 kDa, the
expected size for CspA homologues.

PCR assay. Common cold shock genes were not detected in
C. jejuni 104 and ATCC 33560. For the positive control, E. coli,
a clear band of the expected size of 200 bp was observed (data
not shown).

DISCUSSION

C. jejuni has a quite narrow growth temperature range. The
minimal growth temperature determined in our experiments
(31 to 32°C) is similar to that reported by Doyle and Roman
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(7) and Grant et al. (13) and somewhat lower than that re-
ported by Gill and Harris (34 to 36°C) (12). The sudden growth
rate decline at temperatures of around 30°C is remarkable,
since most microorganisms show a more gradual growth rate
decrease near the minimal growth temperature in such a way
that the growth rate is linearly proportional to the square root
of the growth temperature minus the minimum growth tem-
perature (43). Close to the maximum growth temperature, the
growth rate also suddenly declined, but this is generally ob-
served for other microorganisms as well. No adaptation to
growth at lower temperatures was observed when C. jejuni was
precultured at temperatures just above the minimal growth
temperature.

The question of whether Campylobacter is physiologically
active at temperatures below the minimal growth temperature
arose. The respiratory rates with formate, determined at 40°C,
are of the same order of magnitude as those reported by
Hoffman and Goodman (16), who measured them at 37°C. The
rates on malate, however, are much higher then those found by
those authors. Apparently, the use of different substrates by
the bacteria is strain dependent. At temperatures below the
minimal growth temperatures, respiration was also observed,
the rate being proportional to the temperature. C. jejuni was
even able to perform respiration at 4°C, which shows that
substrate transport and the electron transfer chain are still
active far below the minimal growth temperature.

When oxygen is used as a terminal electron acceptor during
respiration, hydrogen peroxide can be formed due to the ac-
tivity of superoxide dismutase. Hydrogen peroxide is toxic to
cells due to the fact that it oxidizes SH groups. To overcome
this toxic effect, Campylobacter possesses the enzyme catalase,
which catalyzes the formation of water and oxygen from hy-
drogen peroxide. Although the catalase activities were propor-
tional to temperature, high activities of this enzyme were still
observed at low temperatures, indicating that the detoxifica-
tion of oxygen by-products is efficient at very low temperatures.
The catalase activity is so high (0.5 wmol of oxygen/mg of
protein - min at 4°C) that it can be assumed that it can easily
compensate for the formation of hydrogen peroxide as a result
of respiration (30 nmol of oxygen/mg of protein - min at 4°C).
The fact that catalase activity was much higher in cells precul-
tured on BHIA than in those cultured on CAB can be ex-
plained by the fact that CAB contains blood, which partly
protects the cells from the toxic effects of oxygen by-products
(18). On BHIA, however, cells are more exposed to oxygen and
need higher catalase activity. Apparently, the cells are able to
regulate their catalase activity, depending on the growth me-
dium.

C. jejuni was able to produce ATP very well at all of the
temperatures tested. Even at low temperatures, the ATP con-
centration in the cell suspensions was approximately half of the
ATP concentration of cells incubated at 40°C. This is remark-
able when one takes into account the fact that the respiration
rate at 4°C is only 5% of the rate at 40°C but can be explained
by the fact that in the ATP measurements, the net amount of
ATP i.e., the sum of ATP production and consumption, is
measured. Both production and consumption of ATP is high-
est at high temperatures, due to higher metabolic activities,
and the overall ATP concentration appears to remain rela-
tively low. From these results, it can be concluded that the
electron transfer chain is active and a proton motive force is
generated which can be used to synthesize ATP.

Bacterial chemotaxis is a complex signal transduction system
by which bacteria are able to sense environmental stimuli and
respond to them by flagellar rotation (8). For campylobacters,
the exact mechanism of chemotaxis is not known, but motility
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seems to be important for virulence (22). The chemotaxis ex-
periments in this study showed taxis toward malate, formate,
and, to a lesser extent, pyruvate at all of the temperatures and
in all of the atmospheres tested. Hugdahl et al. (17) reported
chemotaxis toward malate and pyruvate at 42°C in a mi-
croaerobic atmosphere which was confirmed by our tests. For-
mate was not tested in their experiments but was included in
our study since it is likely to be present in the environment due
to the fact that it is an important product of microbial fermen-
tations.

Motility seemed to be comparable at all of the temperatures
tested. This was concluded because chemotaxis rings occurred
after the same lapse of time (already after 30 min) at different
temperatures. The fact that no clear differences in motility
were observed stands in contrast to the finding that C. coli,
which is closely related to C. jejuni, was shown to have higher
motility at 42°C than at 37°C (1). Although the exact mecha-
nism of Campylobacter taxis is not known, our data indicate
that C. jejuni is able to move toward substrates under environ-
mental conditions, even at temperatures far below the minimal
growth temperature of the microorganism.

Aerotaxis, which is chemotaxis with air or oxygen as a stim-
ulus, is seen in many different microorganisms, such as the
facultative anaerobes Salmonella typhimurium and E. coli (36),
the microaerophilic bacterium Azospirillum brasilense (42), and
the phototrophic bacterium Rhodobacter sphaeroides (10). In
our study, C. jejuni showed aerotactic bands in soft-agar tubes
incubated in air. Enhanced taxis after substrate addition was
observed since bands were best visible with the addition of
pyruvate or formate, even though a faint band could be ob-
served when no substrate was added. When no substrate was
added, a band appeared a few centimeters below the agar
surface, whereas addition of substrates produced bands nearer
to the surface. This can be explained by the fact that the cells
will be concentrated close to the surface if a substrate is oxi-
dized at a high rate. In these cases, respiration takes place,
oxygen is used, and the cells will move up the tube to the most
favorable oxygen concentration. Similar results were observed
at the different temperatures tested, but the bands were best
visible at 20°C. Therefore, it is likely that C. jejuni, in addition
to substrate taxis, is able to move to favorable oxygen concen-
trations in the environment.

In conclusion, our study indicates that many important phys-
iological activities take place under conditions in which growth
of C. jejuni is not possible. Since C. jejuni is able to move and
to perform respiration with generation of ATP, which are both
membrane-bound reactions, it is not likely that lack of mem-
brane fluidity or inhibition of substrate transport is the reason
for the inability of C. jejuni to grow at low temperatures.
Furthermore, this study shows that protein synthesis still takes
place at low temperatures, even at 4°C. In addition, no major
induced proteins could be observed at low temperatures. Since
cold shock protein (cspA) homologues have been reported in
many organisms (40), we tried to identify the genes encoding
these proteins with a PCR strategy. By using universal primers,
by which csp genes in many bacteria were detected (9), we were
not able to identify csp homologues in C. jejuni. From the
genomic sequence of the closely related bacterium Helicobac-
ter pylori, it was learned that this bacterium also contains no
cspA homologues (38, 40). The absence of cold shock proteins
in C. jejuni might be an explanation for the fact that the
pathogen is not able to grow at temperatures below 30°C. On
the other hand, transitions in the structure of a key enzyme(s)
or regulatory compound(s) may also play an important role in
this respect, which is confirmed by the observation that the
growth rate rapidly decreases from the maximum to zero near
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the minimal growth temperature. If the minimal growth tem-
perature is determined by only one enzyme, for example, it is
conceivable that mutants could occur that grow at low temper-
atures. These mutants would not be recognized as C. jejuni,
since in the conventional isolation and determination proce-
dure, one identification criterion is the fact that the organism
should not grow at 25°C (2).

Regardless of the reason for the inability to grow at low
temperatures, the fact that C. jejuni is able to move to favor-
able places (substrates) in an environment plays a role in its
survival in that environment.
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