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Campylobacter jejuni and Campylobacter coli are naturally competent, but limited information exists on the
impact of environmental conditions on transformation. In this study, we investigated the impact of tempera-
ture and microaerobic versus aerobic atmosphere on transformation of C. coli to erythromycin and nalidixic
acid resistance. Frequency of transformation was not significantly different between microaerobic (5 to 10%
CO,) and aerobic conditions. However, C. coli was transformed to erythromycin resistance at a significantly
higher frequency at 42°C than at 25°C (P < 0.05), and few or no transformants were obtained at 25°C. In
contrast, transformation to nalidixic acid resistance was highly efficient at both 42°C and 25°C and was similar
or, at the most, fourfold higher at 42°C than at 25°C. DNase I treatment experiments suggested that steps both
prior and subsequent to internalization of DNA were influenced by temperature in the case of transformation
of C. coli to erythromycin resistance. However, the moderately increased (fourfold) frequency of transformation
to nalidixic acid resistance at 42°C compared to that at 25°C was exclusively associated with steps prior to DNA
internalization. These findings suggest that transformation to erythromycin resistance may be significantly
more frequent in the gastrointestinal tract of hosts such as poultry (at 42°C) than in other habitats charac-
terized by lower temperatures, whereas transformation to nalidixic acid resistance may be highly efficient both

within and outside the animal hosts.

Campylobacter jejuni and Campylobacter coli are leading bac-
terial agents of human diarrheal disease in the United States
and other industrialized nations (18). Erythromycin and fluo-
roquinolones are first-line drugs used to treat human infections
by Campylobacter in severe cases or immunocompromised peo-
ple (22), and resistance to these antimicrobial agents can seri-
ously compromise treatment outcomes. Point mutations in 23S
rRNA genes and in gyrA are involved in resistance to erythro-
mycin and (fluoro)quinolones, respectively, in Campylobacter
(4,7,9, 11, 12, 25, 27). For reasons that remain unclear, such
resistance is noticeably more common in C. coli than in C.
Jjejuni (2, 3, 7, 26).

Campylobacter is known to be naturally competent (28),
and studies with C. jejuni have suggested that transforma-
tion (uptake of naked DNA) may make a significant contri-
bution to genetic diversity (1, 5, 21, 29). Transformation may
also be important in the dissemination of antibiotic resis-
tance in Campylobacter. In previous studies, we showed that
C. coli from animal sources could acquire high-level resis-
tance to erythromycin via transformation, with transforma-
tion frequencies being higher among turkey-derived C. coli
than among C. coli from swine. Transformants acquired the
A2075G mutation in the 23S rRNA gene that was harbored
in the 23S rRNA genes of the erythromycin-resistant bacte-
ria employed as sources of donor DNA for the transforma-
tions (15).

In other naturally competent bacteria, environmental con-
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ditions have been found to strongly affect transformation fre-
quencies. For instance, temperature affected transformation in
Bacillus subtilis (14, 31), Streptococcus pneumoniae (17), Hae-
mophilus influenzae (10), and Neisseria gonorrhoeae (24).
Length of incubation time with donor DNA as well as type of
media and pH also influenced transformation frequencies in
some of these species (10, 20, 24, 31).

Surprisingly limited information is currently available on the
effects of environmental factors on transformation in Campy-
lobacter spp. The thermophilic species C. jejuni and C. coli are
obligate microaerophiles that grow optimally at 42°C and can-
not grow below 30°C (19). At the same time, they are among
the most frequent zoonotic pathogens, being able to colonize
the gastrointestinal tract of many animal species, and fre-
quently experience diverse environmental conditions (e.g.,
those characteristic of the gastrointestinal tract of different
host animals as well as those in the environment, water, and
foods). Identification of ecologically relevant environmental
influences on transformation will lead to a better understand-
ing of the role of transformation in the generation of genetic
diversity and dissemination of antibiotic resistance in Campy-
lobacter spp.

In the case of C. jejuni, CO, concentration was shown to
significantly affect the transformation frequency, with the fre-
quency rate increasing as CO, concentrations decreased from
10% to 0.7% (30). However, the impact of CO, concentration
on the transformation of C. coli is not known. Furthermore,
the possible effects of temperature on transformation have not
been characterized for either C. jejuni or C. coli. From the
perspective of dissemination of antimicrobial resistance in
Campylobacter spp., investigations involving C. coli are clearly
needed, considering the propensity of this species to acquire
resistance to antibiotics of relevance for treatment of human
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illness (e.g., erythromycin and fluoroquinolones). In this study,
we investigated the effects of temperature (especially at 42°C
and 25°C) and microaerobic versus aerobic conditions on the
frequency of transformation of C. coli to erythromycin and
nalidixic acid resistance.

MATERIALS AND METHODS

Bacterial strains. The C. coli strains used as recipients and donors in trans-
formation assays are part of our laboratory’s Campylobacter strain collection and
were previously described (15). The erythromycin-susceptible turkey-derived C.
coli strains 961, 3237, and 1702rnd were used as recipients in transformations to
erythromycin resistance. C. coli strains 3237 and 1702rnd were also susceptible to
nalidixic acid and were used as recipients in transformations to nalidixic acid
resistance. The donor strain, C. coli 1800r, was resistant to several antimicrobial
agents, including both erythromycin and nalidixic acid (15). Erythromycin MICs
were determined with the agar dilution method as previously described (15).
Bacteria were routinely grown on sheep blood agar plates (Remel, Lenexa, KS)
and in Mueller-Hinton broth (MHB) (Becton Dickinson, Sparks, MD) at 42°C
under microaerobic conditions generated by the CampyPak microaerophilic sys-
tem (BBL, Sparks, MD).

Transformation assays to study the impact of temperature and aerobic versus
microaerobic conditions. Erythromycin-resistant and erythromycin-susceptible
strains were selected as donors and recipients, respectively, for assays of trans-
formation to erythromycin resistance. Similarly, nalidixic acid-resistant and na-
lidixic acid-susceptible strains were selected as donors and recipients, respec-
tively, for transformation to nalidixic acid resistance. Genomic DNA of
erythromycin- or nalidixic acid-resistant donors was extracted using the Qiagen
DNeasy tissue kit (Qiagen Inc., Valencia, CA) as described previously (23).
Broth transformations followed a previously described protocol (15). Briefly,
recipients (strains 961, 3237, and 1702rnd), previously determined to be naturally
competent (15), were grown on sheep blood agar plates at 42°C for 36 to 48 h
under microaerobic conditions. A single colony was transferred to 5 ml of MHB
and incubated at 42°C for 24 h under microaerobic conditions. A portion of the
culture (0.1 ml) was added to 50 ml MHB preconditioned at 42°C and incubated
for 7 h at 42°C under microaerobic conditions (exponential phase). For each
transformation, 1.0 ml of this culture was transferred to a sterile polypropylene
round-bottom tube (14 ml; Becton Dickinson), and 15 pl of total genomic DNA
(ca. 3 pg) from C. coli 1800r was added. Negative controls were processed
identically, except that no genomic DNA was added. Following a 5-h incubation
at 42°C or 25°C (or at other specified temperatures) microaerobically and aer-
obically, 100 ul was plated in triplicate on Mueller-Hinton agar (MHA; MHB
with 1.2% agar) plates containing erythromycin (10 wg/ml) and incubated for
48 h at 42°C microaerobically to enumerate erythromycin-resistant transfor-
mants. To enumerate nalidixic acid-resistant transformants, the transformation
mixture (cells plus DNA) was diluted (10- and 100-fold) in MHB, and the
dilutions (100 pl) were plated on MHA plates containing nalidixic acid (16
wng/ml). The plates were incubated for 48 h at 42°C microaerobically, and colo-
nies were enumerated. Dilutions (10~%, 107°) of the culture at the end of the 5-h
transformation period were also plated onto MHA plates and incubated for 48 h
at 42°C microaerobically in order to determine the CFU/ml of the recipient.
Transformation frequency was indicated as the ratio of the number of transfor-
mants/ml to total CFU/ml of the recipient. Agar assays were also used with
several strains, as described previously (15).

Effects of temperature on DNA binding versus subsequent steps in transfor-
mation. Cultures of the recipient strains (1 ml) were placed in polypropylene
round-bottom tubes (14 ml), as described above for broth transformation assays,
and mixed with donor DNA (15 pl) from C. coli 1800r. The mixtures were
incubated at 42°C and 25°C for 1 h (in experiments involving transformation to
erythromycin resistance) or 30 min (in transformations to nalidixic acid resis-
tance). DNase I (Sigma, St. Louis, MO) was added to the mixture at the con-
centration of 20 Kunitz units/ml, and the tubes were further incubated at 42°C
and 25°C for another 4 h (for erythromycin resistance transformations) or 4.5 h
(for nalidixic acid resistance transformations). For rapid temperature shifts
(42°C — 25°C, 25°C — 42°C), the transformation tubes were placed in a water
bath at 42°C or 25°C. All incubations were under aerobic conditions. At the
completion of the 5-hour transformation period, erythromycin-resistant and na-
lidixic acid-resistant transformants were enumerated as described above. DNase
I activity was validated by adding DNase I to the transformation mixture imme-
diately after adding the donor DNA and by further incubation of the mixture at
42°C for 5 h.
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FIG. 1. Effects of temperature and microaerobic versus aerobic
atmosphere on frequency of transformation of C. coli strains 961, 3237,
and 1702rnd to erythromycin resistance. Transformation frequency
was determined as described in Materials and Methods. Conditions
employed: A, 42°C, microaerobic atmosphere; B, 25°C, microaerobic
atmosphere; C, 42°C, aerobic atmosphere; D, 25°C, aerobic atmo-
sphere.

Statistical analysis. Transformation frequency data were analyzed with SAS
(SAS Institute Inc., Cary, NC) following arc sine transformation of the data.
Analysis of variance was used to identify significant differences (P < 0.05).

RESULTS

Effects of temperature on frequency of transformation to
erythromycin and nalidixic acid resistance. Three turkey-de-
rived C. coli strains (961, 3237, and 1702rnd) previously deter-
mined to be naturally competent (15) were investigated in
terms of the impact of temperature on transformation to eryth-
romycin resistance. Temperature had a profound effect, with
the frequency of transformation being significantly higher at
42°C than at 25°C for all three strains (P < 0.01). For two of
the strains (961 and 3237), no erythromycin-resistant transfor-
mants were detected following transformations at 25°C (Fig.
1). Testing of several additional C. coli strains by using an agar
assay for transformation also indicated that the frequency of
transformation to erythromycin resistance was noticeably
higher at 42°C than at 25°C, with few or no transformants being
obtained at 25°C (data not shown).

Transformation to erythromycin resistance at other temper-
atures was investigated with one strain, C. coli 961. As the
temperature decreased from 42°C to 37°C, transformation fre-
quency decreased by 71%, and a 96% decrease was noted at
32°C (data not shown). No erythromycin-resistant colonies
were obtained at any of the tested temperatures with negative
controls, which lacked donor DNA.

The impact of temperature on transformation to nalidixic
acid resistance was evaluated with C. coli strains 3237 and
1702rnd (C. coli 961 was not employed, as it was naturally
resistant to nalidixic acid). In contrast to what was observed
with transformation to erythromycin resistance, strain 3237
was transformed with similar frequencies to nalidixic acid re-
sistance at 42°C and at 25°C under either aerobic or microaero-
bic conditions (Fig. 2). The largest observed impact was a
fourfold increase in the transformation frequency of strain
1702rnd under aerobic conditions at 42°C compared to that at
25°C (Fig. 2). Negative controls, which lacked donor DNA,
yielded either very few (1 to 3 colonies) or, more commonly, no
colonies at all (data not shown).
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FIG. 2. Effects of temperature and microaerobic versus aerobic
atmosphere on frequency of transformation of C. coli strains 3237 and
1702rnd to nalidixic acid resistance. Transformation frequency was
determined as described in Materials and Methods. Conditions em-
ployed: A, 42°C, microaerobic atmosphere; B, 25°C, microaerobic at-
mosphere; C, 42°C, aerobic atmosphere; D, 25°C, aerobic atmosphere.

Lack of difference in transformation frequency between mi-
croaerobic and aerobic conditions. No significant differences
(P > 0.05) in frequency of transformation to either erythro-
mycin or nalidixic acid resistance were observed between mi-
croaerobic (5 to 10% CO,) and aerobic conditions (P > 0.05)
(Fig. 1 and 2). The 5-h incubation period under aerobic con-
ditions did not affect the viability of the recipient, based on
CFU determinations immediately prior to and at the comple-
tion of this period (data not shown). At 42°C, the frequencies
of transformation to erythromycin resistance were similar un-
der microaerobic and aerobic conditions with the agar assay as
well (data not shown). Transformants had high-level erythro-
mycin resistance (MIC, >256 pg/ml), regardless of whether
they were obtained under microaerobic or aerobic conditions.
Erythromycin MICs for these transformants were similar to
those for C. coli 1800r (>256 pg/ml), used as the source of the
donor DNA.

Steps both prior and subsequent to internalization of DNA
are susceptible to temperature in transformation to erythro-
mycin resistance. The addition of DNase I immediately after
adding the donor DNA to the recipient cells abolished trans-
formation to either erythromycin or nalidixic acid resistance
(data not shown), confirming DNase I activity. The addition of
DNase I after 30 min reduced the efficiency of transformation
to erythromycin resistance by approximately eightfold (data
not shown). This could result in numbers of transformants
falling below detection level, especially for strain 3237, which
had a relatively low frequency of transformation to erythromy-
cin resistance (Fig. 1). When DNase I was added to the trans-
formation mixture at 42°C 1 hour after addition of DNA and
the tubes were further incubated at 42°C for 4 h, the frequency
of transformation to erythromycin resistance was 10~>, about
threefold lower than that in the untreated control (Fig. 3).
Thus, the addition of DNase I 1 hour after incubation of cells
with DNA was employed to investigate the impact of temper-
ature on internalization of DNA.

When DNase I was added to the mixture of cells and donor
DNA following an hour of incubation at 25°C, no transfor-
mants could be obtained regardless of whether the mixture was
maintained at 25°C or shifted to 42°C for four additional hours
(Fig. 3), suggesting that at 25°C, DNA failed to become inter-
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FIG. 3. Effect of temperature on transformation of C. coli 961 to
erythromycin resistance. Temperature shifts (42°C versus 25°C) and
DNase I treatments to degrade noninternalized DNA were done as
described in Materials and Methods. Transformation frequency was
determined as described in Materials and Methods. Treatments: A,
standard transformation conditions (42°C for 5 h, without addition of
DNase); B, positive-control transformation with DNase added after
1 h of incubation at 42°C and subsequent incubation of the mixture at
42°C for an additional 4 h; C, DNase added after 1 h at 25°C and
subsequent incubation of the mixture at 42°C for an additional 4 h; D,
DNase added after 1 h at 42°C and subsequent incubation of the
mixture at 25°C for an additional 4 h; E, DNase added after 1 h at 25°C
and subsequent incubation of the mixture at 25°C for an additional 4 h.

nalized during 1 hour of incubation and, thus, was susceptible
to DNase I. Transformants also failed to be produced when
DNase I was added after one hour of incubation at 42°C and
the mixture was then shifted to 25°C for four additional hours
(Fig. 3), suggesting that steps subsequent to DNA internaliza-
tion (i.e., after the first hour of transformation) were inhibited
at 25°C as well. As would be expected from these findings,
conducting the entire transformation at 25°C failed to yield any
erythromycin-resistant transformants (Fig. 3).

DNase treatment experiments were also employed to deter-
mine whether steps prior or subsequent to DNA internaliza-
tion were affected by temperature in the observed modest
(fourfold) increase in frequency of transformation to nalidixic
acid resistance at 42°C versus 25°C observed with C. coli
1702rnd under aerobic conditions (Fig. 2). In transformation
to nalidixic acid resistance, DNase I treatment after 30 min of
incubation reduced the transformation frequency by about six-
fold (data not shown). Considering the relatively high efficien-
cies of transformation of strains 3237 and 1702rnd to nalidixic
acid resistance (Fig. 2), DNase I treatment at 30 min was
chosen, because the frequency of transformation remained
sufficiently high to permit the evaluation of the DNase I treat-
ments. Transformation frequency was about fourfold higher
when the mixture of cells and donor DNA was incubated at
42°C for the first 30 min prior to the addition of DNase I than
it was at 25°C. However, the incubation temperature (42°C
versus 25°C) of the transformation mixture after the first 30
min did not affect transformation frequencies (Fig. 4), suggest-
ing that the step(s) subsequent to the internalization of DNA
were not affected by temperature (42°C versus 25°C) in trans-
formation of C. coli 1702rnd to nalidixic acid resistance.

DISCUSSION

In this study, temperature was found to be an environmental
factor with important influence on transformation of C. coli to
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FIG. 4. Effect of temperature on transformation of C. coli 1702rnd
to nalidixic acid resistance. Temperature shifts (42°C versus 25°C) and
DNase I treatments to degrade noninternalized DNA were done as
described in Materials and Methods. Transformation frequency was
determined as described in Materials and Methods. Treatments: A,
positive-control transformation with DNase added after the first 30
min of incubation at 42°C and subsequent incubation of the mixture at
42°C for an additional 4.5 h; B, DNase added after 30 min at 25°C and
subsequent incubation of the mixture at 42°C for an additional 4.5 h;
C, DNase added after 30 min at 42°C and subsequent incubation of the
mixture at 25°C for an additional 4.5 h; D, DNase added after 30 min
at 25°C and subsequent incubation of the mixture at 25°C for an
additional 4.5 h.

erythromycin resistance. Our findings suggest that 42°C may be
the optimal temperature for transformation to erythromycin
resistance since a significant drop in transformation frequency
was noticed even at 37°C. Thus, transformation to erythromy-
cin resistance may take place much more efficiently in the
gastrointestinal tract of poultry, whose body temperature is 42
to 43°C, than in other habitats where temperature may be
lower, such as surface water, soil, excreted fecal samples, milk,
and meat (e.g., refrigerated raw meat or poultry). The notice-
able decrease in transformation frequency for erythromycin
resistance at 37°C also suggests a relatively low likelihood for
such transformation within the gastrointestinal tract of animals
with body temperatures such as those seen in humans (37°C)
and in swine (38 to 39°C). However, we cannot exclude the
possibility that other factors in the environment, or in the
gastrointestinal tracts of animals such as swine and humans,
may alleviate the effect of reduced temperatures and enable
frequent transformation to erythromycin resistance within
these habitats and hosts. Further experimental studies are
needed to address these possibilities and to further define the
environmental conditions that may limit transformation to
erythromycin resistance within animal hosts and in the envi-
ronment.

It is of interest that transformation to nalidixic acid resis-
tance was either not significantly affected or affected to only a
modest (fourfold) extent by temperature (25°C versus 42°C).
Nalidixic acid-resistant C. coli isolates are typically also resis-
tant to ciprofloxacin and other fluoroquinolones (6, 8). The
results from transformation to nalidixic acid resistance suggest
that acquisition of fluoroquinolone resistance through trans-
formation may occur frequently and consistently in a wide
range of CO, concentrations and temperatures, both in animal
hosts and in the environment. Thus, acquisition of fluoroquin-
olone resistance in Campylobacter through transformation may
occur frequently in various niches, whereas transformation-
mediated acquisition of high-level resistance to erythromycin
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may be much more common inside avian hosts than in animals
with lower body temperatures or in the environment.

The DNase treatment experiments suggested that in the case
of transformation to erythromycin resistance, steps both prior
to internalization of DNA (e.g., DNA binding) and subsequent
to internalization required high temperatures (42°C) and were
severely impaired at 25°C. The underlying mechanisms are not
clear at this time, and the biochemical aspects of transforma-
tion in Campylobacter are currently poorly understood. Alter-
native approaches such as experiments employing labeled
DNA would need to be included in future studies aiming to
accurately monitor internalization and the subsequent fate of
transforming DNA. Nonetheless, the fact that temperature
affected transformation to erythromycin resistance much more
profoundly than it did to nalidixic acid resistance suggests that
these mechanisms may be specific to the target sequences. In
the case of nalidixic acid resistance, the sequences correspond
to the fragment of gyr4 that harbors the base substitution
associated with fluoroquinolone resistance (27). On the other
hand, in the case of erythromycin resistance, the target DNA
involves fragments of the 23S rRNA genes (9, 12, 25), and
single-stranded DNA fragments with these sequences would be
expected to harbor extensive secondary structure. In other
competent bacteria, donor DNA is rendered single stranded in
the process of uptake for transformation (16), and secondary
structure implications would therefore be relevant for such
donor DNA. It is tempting to speculate that uptake and inte-
gration via homologous recombination of the 23S rRNA gene
fragments harboring the mutation are impaired at 25°C, due to
limitations on the secondary structure of the target molecules
at that temperature. Secondary-structure-related impact of
temperature on single-stranded nucleic acid fragments has
been demonstrated in other bacterial systems. For instance, in
Listeria monocytogenes, mRNA secondary structure of the
transcript of prf4 (encoding a transcription factor for several
virulence genes) is profoundly affected in response to temper-
ature (37°C versus 30°C), resulting in the well-known temper-
ature-regulated expression of key virulence determinants in
this pathogen (13). It would be of interest to determine
whether transformation of mutations in TRNA genes may be
impacted by temperature in other competent bacteria besides
C. coli.

Wilson et al. found that the efficiency of transformation of C.
jejuni to chloramphenicol resistance increased by 10- to 100-
fold as CO, concentration declined from 10% to 0.7% (30). In
our study, we showed that transformation was equally effective
under microaerobic (5 to 10% CO,) and aerobic (0.03% CO,)
conditions, suggesting that these differences in CO, concentra-
tions did not significantly affect transformation. Differences in
the Campylobacter species and strains that were used, the an-
tibiotic resistance markers that were transformed, and the ex-
perimental conditions, including the CO, concentration range,
may account for the difference in findings between the study of
Wilson et al. (30) and this study.

The findings from the current study clearly indicate that the
elucidation of environmental factors influencing transforma-
tion in Campylobacter will be important for further character-
ization of the ecological constraints on the dissemination of
antimicrobial resistance in this organism. In addition, these
findings imply that the use of one marker to study environ-
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mental factors affecting transformation frequency in Campy-
lobacter may lead to pitfalls. For example, temperature would
be mistakenly considered as a relatively insignificant factor in
transformation, if only transformation to nalidixic acid resis-
tance were studied. Further studies are needed to determine
the extent to which environmental factors such as temperature
may affect transformation of other genetic determinants, in-
cluding those involved in pathogenesis and other adaptations
of this pathogen.
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