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Abstract – Campylobacterhas become the leading cause of zoonotic enteric infections in devel-
oped and developing countries world-wide. Antimicrobial resistance has emerged among Campy-
lobactermainly as a consequence of the use of antimicrobial agents in food animal production.
Resistance to drugs of choice for the treatment of infections, macrolides and fluoroquinolones has
emerged as a clinical problem and interventions to reduce this are recommended. Resistance to flu-
oroquinolones and macrolides is mediated by chromosomal mutations. Resistance to other relevant
antimicrobial agents, mediated by acquired resistance genes, has not become widespread so far.
However, resistance genes originating from both Gram-positive and Gram-negative bacterial species
have been found, showing the potential for acquired resistance to emerge in Campylobacter.

Campylobacter/ resistance / susceptibility testing / trends / gene

Résumé – Résistance aux antimicrobiens chez Campylobacterthermophile. Campylobacterest
devenu la cause principale de zoonoses entériques infectieuses dans les pays développés et en voie
de développement à travers le monde. La résistance aux antibiotiques a émergé chez Campylobac-
ter, principalement à cause de l’utilisation d’antibiotiques chez les animaux entrant dans la chaîne ali-
mentaire. La résistance aux antibiotiques principalement utilisés dans le traitement des infections, les
macrolides et les fluoroquinolones, a émergé en tant que problème clinique, et les interventions
visant à réduire cette résistance sont recommandées. La résistance aux fluoroquinolones et aux
macrolides est due à des mutations chromosomiques. La résistance aux autres antibiotiques utilisables,
qui est due à l’acquisition de gènes de résistance, ne s’est jusqu’à maintenant pas propagée. Cepen-
dant, le fait qu’il ait été trouvé des gènes de résistance ayant pour origine des espèces bactériennes à
Gram-positif et à Gram-négatif, montre la possibilité d’émergence de résistance acquise chez Campy-
lobacter.

Campylobacter/ résistance / test de sensibilité / tendance / gène
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1. INTRODUCTION

Campylobacter jejuniand Campylobac-
ter coliare among the most common causes
of bacterial diarrhoea in man world-wide
[35]. Among these, C. jejuniaccounts for
the vast majority of infections. Infection
with thermophilic Campylobacterspp. usu-
ally leads to an episode of acute gastro-
enteritis, which resolves within a few days
to a few weeks. Most cases of Campy-
lobacterenteritis do not require antimicro-
bial treatment, as they are of short duration,
clinically mild and self-limiting. However,
antimicrobial treatment is necessary for sys-
temic Campylobacterinfections and for
severe or long-lasting cases of Campy-
lobacterenteritis. Macrolides are normally
considered the drug of choice for Campy-
lobacterenteritis, but fluoroquinolones are
also recommended [7, 21, 41, 51, 56]. In
many cases fluoroquinolones are preferred
if an infection with Shigellais suspected.
Intravenous aminoglycosides is the treat-
ment of choice for serious Campylobacter
bacteraemia and other systemic infections.
However, increases in the occurrence of
Campylobacter, causing infections in man,
that are resistant to macrolides and fluoro-
quinolones, have been reported in several

countries [13, 16, 24, 45, 46, 52, 55, 57]. In
these cases other antimicrobial agents may
be used for treatment.

As food animals are considered one of
the most important sources of Campy-
lobactercausing infections in man, the
development of antimicrobial resistance in
Campylobacterspp., due to the use of
antimicrobial agents in food animals, is a
matter of concern. Several studies have
reported a frequent and, in many cases,
increasing occurrence of resistance to
macrolides, fluoroquinolones and other
antimicrobial agents among Campylobac-
ter from food animals [11, 13, 23, 28, 50,
73].

This review provides a description of the
occurrence and trends of antimicrobial resis-
tance among Campylobacterfrom food ani-
mals and of the mechanisms of resistance
in Campylobacter.

2. SUSCEPTIBILITY TESTING 
OF CAMPYLOBACTER

In general there are two different methods
for testing the susceptibility of different bac-
terial species to antimicrobial agents, dilu-
tion and diffusion methods. Several 
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variations of both methods are used world-
wide. Standardised procedures are available
for susceptibility testing of a wide range of
organisms and in general the guidelines pro-
vided by NCCLS are the most widely used
[36]. Campylobacterrequire microaerobic
conditions for growth and standardised pro-
cedures for susceptibility testing are not cur-
rently available. Consequently, a number of
different diffusion (disk, tablets and E-test)
and dilution methods (macro- and micro-
broth dilution and agar dilution) have been
used [14, 35]. Owing to the lack of interna-
tional standards for susceptibility testing,
the procedures have to be managed locally.
Currently, we recommend susceptibility test-
ing using agar dilution or diffusion on plates
supplemented with 5% blood and cultivated
under microaerobic conditions [35]. In order
to monitor the antimicrobial susceptibility
patterns of thermophilic Campylobacterspp.
isolated from food animals, food of animal
origin, and humans in different laboratories,
standardised methods should be applied,
and comparative studies on the performance
of testing procedures are required [14, 35].

3. RESISTANCE OCCURRENCE
AND TRENDS

Campylobactercan be isolated from a
wide variety of wild and domestic animals
[71]. Among food producing animals, C.
jejuni predominates among cattle and broil-
ers, whereas C. coli is the most commonly
found species among pigs [2, 11, 34]. The
occurrence of resistance is in general higher
among C. colicompared to C. jejuni[2, 11,
50]. This is especially the case for macrolide
resistance and C. coli from pigs [2, 11, 50].
Resistance to macrolides and fluoro-
quinolones has been high in several stud-
ies, while resistance to other antimicrobials
agents including tetracycline, aminoglyco-
side and chloramphenicol is generally low.
Resistance to beta-lactam antimicrobials is
in general high and most isolates are resis-
tant to trimethoprim and sulphonamides [35,
67].

Macrolides and fluoroquinolones are nor-
mally regarded as the drugs of choice for
the treatment of infections with Campy-
lobacter, and resistance to these two classes
is among the most commonly reported for
Campylobacter.

Several studies have documented an
increase in the occurrence of resistance to
fluoroquinolones among Campylobacter
from food animals following the introduc-
tion of fluoroquinolones for the treatment
of infections in animals [15, 58].

The first study that documented a link
between the veterinary use of fluoro-
quinolones and the occurrence of quinolone-
resistant Campylobacteramong both food
animals and humans was from The Nether-
lands [13]. The fluoroquinolone enrofloxacin
was introduced for veterinary use in The
Netherlands in 1987. No fluoroquinolone-
resistant Campylobacterisolates were found
in poultry products from 1982 to 1983 or in
humans from 1982 to 1983 or 1985. The
percentage of fluoroquinolone-resistant iso-
lates in poultry products increased to 8.4%
in 1987/1988 and 14% in 1989 [13]. In 1992
and 1993 the percentage of resistant isolates
from broilers was 29% [26]. This emergence
and increase of resistance among poultry
products and broilers has been closely fol-
lowed by an emergence and subsequent
increase in resistance among isolates caus-
ing infections in humans. The percentage
of resistance was 8% in 1988, 11% in 1989
and 29% in 1997 [13, 63]. Similar trends of
quinolone resistance in humans have been
observed in Austria, Denmark, Finland,
France, Italy, Spain, Thailand, the United
Kingdom, and the United States [15, 58].
Thus there is compelling evidence today
that quinolone resistance emerged and
increased among food animals as a conse-
quence of the use of fluoroquinolones in
animal production and then spread to and
caused infections in man [15, 58]. There is
almost no evidence for changes in the occur-
rence of fluoroquinolone resistance follow-
ing a more limited usage of fluoroquinolones
for food animals. However, preliminary data



F.M. Aarestrup, J. Engberg314

from the Danish monitoring of antimicro-
bial resistance indicate that the occurrence of
resistance is decreasing following more lim-
ited usage since 1998 [4].

High frequencies of macrolide resistance
have been reported among C. coli from pigs
in several studies [2, 9, 11, 50, 72]. Several
studies have also shown an increase in the
occurrence of macrolide resistance among
Campylobacter causing infections in man
[24, 46, 52]. The reason for the high fre-
quency of macrolide resistance among C.
coli from pigs has not been finally deter-
mined. It could be related to a higher fre-
quency of mutations to resistance among C.
coli or a higher selective pressure induced by
the use of antimicrobial agents. However,
the macrolide tylosin has for several years
been used in large amounts for growth pro-
motion and therapy in the pig industry
world-wide and it is likely that the occur-
rence of resistance in C. coli is related to its
usage [1]. In 1998, farmers in Denmark
decided voluntarily to stop the use of antimi-
crobial agents for growth promotion in
slaughter pigs above 35 kg from June 1998
and in all pigs from the end of 1999. This
has had a major impact, especially on the
consumption of the macrolide growth pro-
moter tylosin in Denmark. Tylosin is still
used for the treatment of infections in pigs,
but in much lower quantities. Preliminary
data from the Danish monitoring of antimi-
crobial resistance indicate that the frequency
of macrolide resistance among C. coli from
pigs has decreased since the more limited
usage of tylosin for growth promotion ([4],
Aarestrup et al., unpublished results).

4. MECHANISMS OF RESISTANCE
(Tab. I)

4.1. Aminoglycoside resistance

Resistance to aminoglycosides is nor-
mally mediated by enzymes that modify the
drugs. These enzymes are divided into three
different groups based on the reaction they

mediate [53]. The enzymes are aminogly-
coside phosphotransferases (APH), amino-
glycoside adenyltransferases (AAD or ANT)
and aminoglycoside acetyltransferases
(AAC) [53]. A large number of enzymes
have been found to mediate aminoglyco-
side resistance and the nomenclature for
both the genes and the enzymes are com-
plex [53]. In the following, the names of the
genes are given in italics and the names of
enzymes in capital letters. In Campylobac-
ter, kanamycin resistance has been found
to be encoded by aph(3')IIIa (APH (3') III)
and aph(3')IVa(APH (3') IV) [47, 64, 66].
These genes are also found among Gram-
positive bacterial species [53]. A number
of different aph(3')Igenes have been found
to encode the enzyme APH(3')I. This
enzyme mediates kanamycin resistance, is
believed to have its origin in Enterobacte-
riaeceae, and has also been found in Campy-
lobacter[39]. The ant(3')-Iaand ant(6)-Ia
genes encode streptomycin resistance [42,
53]. The ant(3')-Iagene (ANT(3')-I) is com-
monly found in Gram-negative bacterial
species, whereas the ant(6)-Ia gene
(ANT(6)-I) has mainly been found in
staphylococci [25, 42, 53]. The sat4gene
encoding resistance to streptothricins has
been observed in C. coliof different animal
and clinical sources in Germany [6, 8]. The
different aminoglycoside resistance genes
have also been found in other bacterial
species, mainly Gram-positive. This could
indicate that Campylobactermainly acquire
horizontally transferred genes from Gram-
positive bacteria. However, the presence of
ant(3')-Ia indicates that genes may also be
acquired from Gram-negative bacterial
species.

4.2. Beta-lactam resistance

With the exception of imipenem, the
majority of C. jejuni/colistrains are resis-
tant to β-lactam agents, i.e. principally peni-
cillins and cephalosporins. However, they
are moderately susceptible to cefotaxime,
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ceftazidime and cefpirone [70]. Resistance
to beta-lactam antibiotics is, in most bacte-
rial species, caused by the production of
beta-lactamases that break the beta-lactam
ring of the antibiotics. However, in some
bacteria, changes in the penicillin-binding-
proteins or lack of penetration of the drug
into the bacteria are the main mechanisms of
resistance. A large proportion of C. coliand
C. jejuni produce beta-lactamases [29, 30,
50, 62]. However, the β-lactamase of C.
jejuni/coli seems to play a role only in resis-
tance to amoxicillin, ampicillin and ticar-
cillin. With penicillin G, piperacillin and
cephalosporins, the mechanism of resistance
in C. jejuni/coliis primarily considered to be
dependent on their limited ability to bind to
penicillin-binding proteins and their low
permeability [29, 62, 68].

4.3. Chloramphenicol resistance

Chloramphenicol resistance is mainly
due to the production of enzymes that acety-
late chloramphenicol and thereby prevent
the binding to the ribosome, referred to as
the chloramphenicol acetyltransferase (cat)
genes [54]. In C. colia single cat-gene has
been identified [74]. Resistance to chlo-
ramphenicol has not become widespread
among Campylobacter.

4.4. Fluoroquinolone resistance

Fluoroquinolones inhibit the activity of
DNA gyrase and in most bacterial species
resistance is due to mutations in the gyrase
or topoisomorase genes. Moreover, in
Campylobacterfluoroquinolone, resistance
appears to be due mainly to mutations in
the gyrA gene encoding part of the A sub-
units of DNA gyrase. Cloning and sequenc-
ing of the C. jejuni gyrA gene has demon-
strated that mutations in gyrA at positions
Thr-86, Asp-90 and Ala-70 can be respon-
sible for resistance [75]. The most common
mechanism of resistance among wild type

isolates is a mutation at position threonine-
76. This mutation (ACT → ATT) causes
an amino acid change to isoleucine [20, 49,
75, 81]. Ruiz et al. [49] found a Thr-86-to-
Lys substitution in a single clinical isolate of
C. jejuni. The substitutions at position Asp-
90 to Asn and Ala-70 to Thr have only been
found in laboratory mutants and did not con-
fer the same level of resistance as the sub-
stitution at Thr-86 [75]. Gibreel et al. [20]
reported that high-level fluoroquinolone
resistance was also caused by simultaneous
substitutions at position Thr-86 to Ile in
gyrA and at Arg-139 to Gln in the parC
gene (topoisomerase IV).

4.5. Macrolide resistance

Resistance to macrolides can be based
on different mechanisms: target modification
by point mutation or methylation of 23S
rRNA, thereby inhibiting the binding of
macrolides [76], hydrolysis of the lactone
ring in the macrolide [5], and efflux pumps
removing the macrolide from the bacteria
[60]. In Campylobacterit has been shown
that resistance is not consistent with the
presence of rRNA methylase, with modifi-
cation of the antibiotic or with efflux [79]. In
a closely related bacterium, Helicobacter
pylori, resistance to clarithromycin has been
shown to be due to the alteration of one of
two adenine residues in the 23 rRNA at the
erythromycin-binding site [65]. The
sequencing of 23S rRNA genes from ery-
thromycin-resistant and susceptible C. coli
and C. jejuni has identified mutations at
these same sites, indicating that this is the
mechanism of resistance [27, 67]. Thus,
resistance to macrolides in Campylobacter
will spread with the bacteria and not be
transferable to other bacteria.

4.6. Sulphonamide resistance

Sulphonamides are structural analogues
of p-aminobenzoic acid (PABA) and 
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compete with PABA for the enzyme dihy-
dropteroate synthetase (DHPS), thereby pre-
venting PABA from becoming incorporated
into folic acid. Resistance to sulphonamides
in Gram-negative bacteria is normally due to
the acquisition of horizontally transferable
drug-resistant variants of DHPS [44]. In
Gram-positive bacteria the most common
mechanisms are mutations in the gene
encoding DHPS [22, 32, 61]. Gibreel and
Sköld [18] found that sulphonamide resis-
tance in C. jejuniwas associated with the
mutational substitution of four amino acid
residues in DHPS resulting in a reduced
affinity for sulphonamides. Other mecha-
nisms of sulphonamide resistance have not
been found so far in Campylobacter.

4.7. Tetracycline resistance

Tetracycline resistance can be mediated
by four different mechanisms: efflux, mod-
ification of tetracycline, protection of the
ribosomal binding site of tetracycline and
mutations in 16S rDNA [48]. In C. coliand
C. jejuni, tetracycline resistance has been
found to be located on self-transmissible
plasmids. The genes encoding resistance
have been identified as a ribosomal protec-
tion gene and designated tet(O) [31]. The
tet(O) gene is widespread in Campylobacter
and has since been found in different Gram-
positive bacterial species including entero-
cocci and streptococci [3, 48, 59, 80], sug-
gesting the Gram-positive origin of this
gene. A high frequency of resistance to tetra-
cycline (72%) has recently been reported
among C. jejuni in Spain [43].

4.8. Trimethoprim resistance

Trimethoprim acts by binding to and
inhibiting the activity of the enzyme dihy-
drofolate reductase (dfr). Resistance is due
to the acquisition of horizontally transferred
dfr-genes that are not inhibited by trimetho-
prim. In Campylobactertwo different genes

(dfr1 and dfr9) have been found to mediate
resistance [17, 19]. The genes have been
found on the chromosome in transposons
or integrons [17, 19]. These two dihydro-
folate reductases are also found in Gram
negative bacterial species, mainly Enter-
obacteriaceae, indicating that Campy-
lobactermay also acquire genes from this
group [17, 19].

5. DISCUSSION

Modern food animal production provides
favourable conditions for the emergence
and spread of zoonotic bacteria such as
Campylobacter. Furthermore, large amounts
of antimicrobial agents are used in these
production systems to control infections.
This usage will select for resistance in the
zoonotic bacteria and thereby pose a risk
for human health. In the case of Campy-
lobacter, the drugs of choice for the treat-
ment of infections in man are macrolides
and fluoroquinolones. Unfortunately, the
occurrence of resistance to these antimi-
crobials has become widespread and seems
to be increasing [15, 58]. Studying the trans-
mission of antimicrobial resistance from
animals to man is difficult, especially from
poultry to man, because the chain of trans-
mission is often complex. However, several
studies have shown that food animals can
serve as an important source of infection in
humans and that the same sero- and geno-
types can be isolated from humans and food
animals [37, 38, 40]. Since human-to-human
transmission of C. jejuni/coli is rare, patients
infected with resistant Campylobacterare
not an important source of resistant Campy-
lobacterfor other humans. The most likely
reason for the increased resistance is the use
of antimicrobial agents in food animal pro-
duction. Interventions reducing the reser-
voir of resistant Campylobacteramong food
animals may prolong the lifetime of
macrolides and fluoroquinolones for human
use. For these reasons, international public
health organisations such as the World
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Health Organization have recommended to
limit or suspend the use of antimicrobial
agents that are of importance for human
health [77, 78].

With the exception of macrolides, fluo-
roquinolones and tetracycline, antimicro-
bial resistance does not seem to have
become widespread among Campylobac-
ter. Thus resistance to aminoglycosides and
chloramphenicol is in general still low. In
addition, resistance to macrolides and fluo-
roquinolones is mediated by chromosomal
mutations and not by horizontally acquired
genes. This could indicate that so far,
Campylobacterhave, not to a large extent,
acquired resistance genes from other bac-
terial species. However, acquired resistance
genes have been observed in Campylobac-
ter. In most cases, these are genes that are
also found in Gram-positive bacterial
species, indicating that Campylobactergen-
erally share genes with Gram-positive
species. However, studies have shown that
resistance genes may have a very broad host
spectrum and spread between both Gram-
positive and negative species [69]. This is
also the case for Campylobacterthat have
also acquired genes believed to be of Gram-
negative origin [17, 42].

Campylobacterhave become the lead-
ing cause of zoonotic enteric infections in
developed and developing countries and
their incidence is increasing. More knowl-
edge is required on this group of bacteria to
enable targeted interventions to reduce this
increase. There is still a lack of knowledge
regarding the genetics of Campylobacter
and their ability to adapt to and colonise
new niches, maybe as a consequence of hor-
izontally acquired traits. In the case of resis-
tance to fluoroquinolones and macrolides it
seems to be possible to control the increase
in resistance by a more restricted or sus-
pended use of these antimicrobial agents in
food animal production. In order to protect
human health it is recommended that such
interventions be implemented on a world-
wide scale.

REFERENCES

[1] Aarestrup F.M., Occurrence, selection and
spread of resistance to antimicrobial agents
used for growth promotion in Denmark,
APMIS 108 Suppl. 101 (2000) 1-48.

[2] Aarestrup F.M., Nielsen E.M., Madsen M.,
Engberg J., Antimicrobial susceptibil ity
patterns of thermophilic Campylobacterspp.
from humans, pigs, cattle, and broilers in
Denmark, Antimicrob. Agents Chemother. 41
(1997) 2244-2250.

[3] Aarestrup F.M., Agerso Y., Gerner-Smidt P.,
Madsen M., Jensen L.B., Comparison of
antimicrobial resistance phenotypes and
resistance genes in Enterococcus faecalis and
Enterococcus faeciumfrom humans in the
community, broilers, and pigs in Denmark,
Diagn. Microbiol. Infect. Dis. 37 (2000) 127-
137.

[4] Anonymous, DANMAP 99 – Consumption of
antimicrobial agents and occurrence 
of antimicrobial resistance in bacteria from
food animals, food and humans in Denmark,
July 2000, ISSN 1600-3032.

[5] Barthélémy P., Autissier D., Gerbaud G.,
Courvalin P., Enzymic hydrolysis of
erythromycin by a strain of Escherichia coli. A
new mechanism of resistance, J. Antibiot.
(Tokyo) 37 (1984) 1692-1696.

[6] Bischoff K., Jacob J., The sat4 streptothricin
acetyltransferase gene of Campylobacter coli:
its distribution in the environment and use as
epidemiological marker, Zentralbl. Hyg.
Umweltmed. 198 (1996) 241-257.

[7] Blaser M.J., Campylobacterspecies, in:
Mandell G.L., Bennett J.E., Dolin R. (Eds.),
Principles and practice of infectious diseases
(4th ed.), Churchill Livingstone Inc., New
York, 1995, pp. 1948-1956. 

[8] Bottcher I., Jacob J., The occurrence of high-
level streptothricin resistance in thermotolerant
campylobacters isolated from the slurry of
swine and the environment, Zentralbl.
Bakteriol. 277 (1992) 467-473.

[9] Bradbury W.C., Munroe L.G., Occurrence of
plasmids and antibiotic resistance among
Campylobacter jejuniand Campylobacter coli
isolated from healthy and diarrheic animals, J.
Clin. Microbiol. 22 (1985) 339-346.

[10] Buu-Hoi A., Le Bouguenec C., Horaud T.,
Genetic basis of antibiotic resistance in
Aerococcus viridans, Antimicrob. Agents
Chemother. 33 (1989) 529-534.

[11] Cabrita J., Rodrigues J., Braganca F., Morgado
C., Pires I., Goncales A.P., Prevalence,
biotypes, plasmid profile and antimicrobial
resistance of Campylobacterisolated from wild
and domestic animals from Northeast Portugal,
J. Appl. Bacteriol. 73 (1992) 279-285.



Antimicrobial resistance of thermophilic Campylobacter 319

[12] Derbise A., Aubert S., El Solh N., Mapping the
regions carrying the three contiguous antibiotic
resistance genes aadE, sat4, and aphA-3in the
genomes of staphylococci, Antimicrob. Agents
Chemother. 41 (1997) 1024-1032.

[13] Endtz H.P., Ruijs G.J., van Klingeren B.,
Jansen W.H., van der Reyden T., Mouton R.P.,
Quinolone resistance in Campylobacter
isolated from man and poultry following the
introduction of fluoroquinolones in veterinary
medicine, J. Antimicrob. Chemother. 27 (1991)
199-208.

[14] Engberg J., Andersen S., Skov R., Aarestrup
F.M., Gerner-Smidt P., Comparison of two
agar dilution methods and three agar diffusion
methods including the Etest for antibiotic
susceptibil ity testing of thermophilic
Campylobacterspecies, Clin. Microbiol. Infect.
5 (1999) 580-584.

[15] Engberg J., Aarestrup F.M., Taylor D., 
Gerner-Smidt P., Nachamkin I., Quinolone and
macrolide resistance in Campylobacter jejuni
andcoli: Resistance mechanisms and trends in
human isolates, Emerg. Infect. Dis. 7 (2001)
24-34.

[16] Gaudreau C., Gilbert H., Antimicrobial
resistance of clinical strains of Campylobacter
jejuni subsp. jejuni isolated from 1985 to 1997
in Quebec, Canada, Antimicrob. Agents
Chemother. 42 (1998) 2106-2108.

[17] Gibreel A., Skold O., High-level resistance to
trimethoprim in clinical isolates of
Campylobacter jejuni by acquisition of foreign
genes (dfr1 and dfr9) expressing drug-
insensitive dihydrofolate reductases,
Antimicrob. Agents Chemother. 42 (1998)
3059-3064.

[18] Gibreel A., Skold O., Sulfonamide resistance in
clinical isolates of Campylobacter jejuni:
mutational changes in the chromosomal
dihydropteroate synthase, Antimicrob. Agents
Chemother. 43 (1999) 2156-2160.

[19] Gibreel A., Skold O., An integron cassette
carrying dfr1 with 90-bp repeat sequences
located on the chromosome of trimethoprim-
resistant isolates of Campylobacter jejuni,
Microb. Drug Resist. 6 (2000) 91-98.

[20] Gibreel A., Sjogren E., Kaijser B., Wretlind B.,
Skold O., Rapid emergence of high-level
resistance to quinolones in Campylobacter
jejuni associated with mutational changes in
gyrA and parC, Antimicrob. Agents
Chemother. 42 (1998) 3276-3278.

[21] Goodman L.J., Trenholme G.M., Kaplan R.L.,
Segreti J., Hines D., Petrak R., Nelson J.A.,
Mayer K.W., Landau W., Parkhurst G.W.,
Empiric antimicrobial therapy of domestically
acquired acute diarrhea in urban adults, Arch.
Intern. Med. 150 (1990) 541-546.

[22] Hampele I.C., D’Arcy A., Dale G.E., Kostrewa
D., Nielsen J., Oefner C., Page M.G.,
Schonfeld H.J., Stuber D., Then R.L., Structure

and function of the dihydropteroate synthase
from Staphylococcus aureus, J. Mol. Biol. 268
(1997) 21-30.

[23] Hariharan H., Wright T., Long J.R., Isolation
and antimicrobial susceptibility of Campylo-
bacter coli and Campylobacter jejunifrom
slaughter hogs, Microbiologica 13 (1990) 1-6.

[24] Hoge C.W., Gambel J.M., Srijan A., Pitarangsi
C., Echeverria P., Trends in antibiotic
resistance among diarrheal pathogens isolated
in Thailand over 15 years, Clin. Infect. Dis. 26
(1998) 341-345.

[25] Hollingshead S., Vapnek D., Nucleotide
sequence analysis of a gene encoding a
streptomycin/spectinomycin adenylyl-
transferase, Plasmid 13 (1985) 17-30.

[26] Jacobs-Reitsma W.F., Koenraad P.M., Bolder
N.M., Mulder R.W., In vitro susceptibility of
Campylobacterand Salmonellaisolates from
broilers to quinolones, ampicillin, tetracycline,
and erythromycin, Vet. Q. 16 (1994) 206-208.

[27] Jensen L.B., Aarestrup F.M., Macrolide
resistance in Campylobacter coliof animal
origin in Denmark, Antimicrob. Agents
Chemother. 45 (2001) 371-372.

[28] Kaneuchi C., Ashihara M., Sugiyama Y.,
Imaizumi T., Antimicrobial susceptibility of
Campylobacter jejuni, Campylobacter coli, and
Campylobacter laridisfrom cats, dogs, pigs,
and seagulls, Jpn. J. Vet. Sci. 50 (1988) 685-
691.

[29] Lachance N., Gaudreau C., Lamothe F.,
Larivière L.A., Role of the beta-lactamase of
Campylobacter jejuniin resistance to beta-
lactam agents, Antimicrob. Agents Chemother.
35 (1991) 813-818.

[30] Lachance N., Gaudreau C., Lamothe F.,
Turgeon F., Susceptibilities of beta-lactamase-
positive and -negative strains of Campylo-
bacter coli to beta-lactam agents, Antimicrob.
Agents Chemother. 37 (1993) 1174-1176.

[31] Manavathu E.K., Hiratsuka K., Taylor D.E.,
Nucleotide sequence analysis and expression of
a tetracycline-resistance gene from Campylo-
bacter jejuni, Gene 62 (1988) 17-26.

[32] Maskell J.P., Sefton A.M., Hall L.M.,
Mechanism of sulfonamide resistance in
clinical isolates of Streptococcus pneumoniae,
Antimicrob. Agents Chemother. 41 (1997)
2121-2126.

[33] Moon K.-H., Shin C.K., Kim W.K., Im S.H.,
Linkage of kanamycin resistance gene with the
streptothricin resistance gene in Staphylo-
coccus aureusSA2, J. Microbiol. Biotechnol. 6
(1996) 219-220.

[34] Munroe D.L., Prescott J.F., Penner J.L.,
Campylobacter jejuniand Campylobacter coli
serotypes isolated from chickens, cattle, and
pigs, J. Clin. Microbiol. 18 (1983) 877-881.

[35] Nachamkin I., Engberg J., Aarestrup F.M.,
Diagnosis and antimicrobial susceptibility of



F.M. Aarestrup, J. Engberg320

Campylobacterspecies, in: Nachamkin I.,
Blaser M.J. (Eds.), Campylobacter(2nd ed.),
ASM Press, Washington D.C., 2000, pp. 45-66.

[36] National Committee for Clinical Laboratory
Standards (NCCLS), Methods for dilution
antimicrobial susceptibility tests for bacteria
that grow aerobically; approved standard
M7-A4, National Committee for Clinical
Laboratory Standards, Villanova, Pa., 2000.

[37] Nielsen E.M., Engberg J., Madsen M.,
Distribution of serotypes of Campylobacter
jejuni and C. coli from Danish patients,
poultry, cattle and swine, FEMS Immunol.
Med. Microbiol. 19 (1997) 47-56.

[38] On S.L.W., Nielsen E.M., Engberg J., Madsen,
M., Validity of SmaI-defined genotypes of
Campylobacter jejuniexamined by SalI, KpnI,
and BamHI polymorphisms: evidence of
identical clones infecting humans, poultry, and
cattle, Epidemiol. Infect. 120 (1998) 231-237.

[39] Ouellette M., Gerbaud G., Lambert T.,
Courvalin P., Acquisition by a Campylobacter-
like strain of aphA-1, a kanamycin resistance
determinant from members of the family
Enterobacteriaceae,Antimicrob. Agents
Chemother. 31 (1987) 1021-1026.

[40] Owen R.J., Leeton S., Restriction fragment
length polymorphism analysis of the flaA gene
of Campylobacter jejunifor subtyping human,
animal and poultry isolates, FEMS Microbiol.
Lett. 176 (1999) 345-350.

[41] Petruccelli B.P., Murphy G.S., Sanchez J.L.,
Walz S., DeFraites R., Gelnett J., Haberberger
R.L., Echeverria P., Taylor D.E., Treatment of
traveler’s diarrhea with ciprofloxacin and
loperamide, J. Infect. Dis. 165 (1992) 557-560.

[42] Pinto-Alphandary H., Mabilat C., Courvalin P.,
Emergence of aminoglycoside resistance genes
aadA and aadE in the genus Campylobacter,
Antimicrob. Agents Chemother. 34 (1990)
1294-1296.

[43] Prats G., Mirelis B., Llovet T., Munoz C., Miro
E., Navarro F., Antibiotic resistance trends 
in enteropathogenic bacteria isolated in
1985–1987 and 1995–1998 in Barcelona,
Antimicrob. Agents Chemother. 44 (2000)
1140-1145.

[44] Radstrom P., Swedberg G., Skold O., Genetic
analyses of sulfonamide resistance and its
dissemination in gram-negative bacteria
illustrate new aspects of R plasmid evolution,
Antimicrob. Agents Chemother. 35 (1991)
1840-1848.

[45] Rautelin H., Renkonen O.-V., Kosunen T.U.,
Emergence of fluoroquinolone resistance in
Campylobacter jejuniand Campylobacter coli
in subjects from Finland, Antimicrob. Agents
Chemother. 35 (1991) 2065-2069.

[46] Reina J., Ros M.J., Serra A., Susceptibilities to
10 antimicrobial agents of 1,220
Campylobacterstrains isolated from 1987 to

1993 from feces of pediatric patients,
Antimicrob. Agents Chemother. 38 (1994)
2917-2920.

[47] Rivera M.J., Castillo J., Martin C., Navarro M.,
Gomez-Lus R., Aminoglycoside-phospho-
transferases APH(3')-IV and APH(3")
synthesized by a strain of Campylobacter coli,
J. Antimicrob. Chemother. 18 (1986) 153-158.

[48] Roberts M.C., Tetracycline resistance
determinants: mechanisms of action, regulation
of expression, genetic mobility, and distri-
bution, FEMS Microbiol. Rev. 19 (1996) 1-24.

[49] Ruiz J., Goni P., Marco F., Gallardo F., Mirelis
B., Jimenez De Anta T., Vila J., Increased
resistance to quinolones in Campylobacter
jejuni: a genetic analysis of gyrA gene
mutations in quinolone-resistant clinical
isolates, Microbiol. Immunol. 42 (1998) 223-
226.

[50] Saenz Y., Zarazaga M., Lantero M., Gastanares
M.J., Baquero F., Torres C., Antibiotic
resistance in Campylobacterstrains isolated
from animals, foods, and humans in Spain in
1997–1998, Antimicrob. Agents Chemother.
44 (2000) 267-271.

[51] Salazar-Lindo E., Sack R.B., Chea-Woo E.,
Kay B.A., Piscoya I., Leon-Barua R.Y., Early
treatment with erythromycin of Campylobacter
jejuni associated dysentery in children, J.
Pediatr. 109 (1986) 3555-3560.

[52] Sánchez R., Fernández-Baca V., Díaz M.D.,
Munoz P., Rodríguez-Créxems M., Bouza E.,
Evolution of susceptibilities of Campylobacter
spp. to quinolones and macrolides, Antimicrob.
Agents Chemother. 38 (1994) 1879-1882.

[53] Shaw K.J., Rather P.N., Hare R.S., Miller G.H.,
Molecular genetics of aminoglycoside
resistance genes and familial relationships of
the aminoglycoside-modifying enzymes,
Microbiol. Rev. 57 (1993) 138-163.

[54] Shaw W.V., Chemical anatomy of antibiotic
resistance: chloramphenicol acetyltransferase,
Sci. Prog. 76 (1992) 565-580.

[55] Sjøgren E., Lindblom G.B., Kaijser B.,
Norfloxacin resistance in Campylobacter jejuni
and Campylobacter coliisolates from Swedish
patients, J. Antimicrob. Chemother. 40 (1997)
257-261.

[56] Skirrow M.B., Blaser M.J., Clinical aspects of
Campylobacterinfection, in: Nachamkin I.,
Blaser M.J. (Eds.), Campylobacter(2nd ed.),
ASM Press, Washington D.C., 2000, pp. 69-88.

[57] Smith K.E., Besser J.M., Hedberg C.W., Leano
F.T., Bender J.B., Wicklund J.H., Johnson
B.P., Moore K.A., Osterholm M.T., and the
investigation Team, Quinolone-resistant
Campylobacter jejuniinfections in Minnesota,
1992–1998, N. Engl. J. Med. 340 (1999) 1525-
1532.

[58] Smith K.E., Bender J.B., Osterholm M.T.,
Antimicrobial resistance in animals and



Antimicrobial resistance of thermophilic Campylobacter 321

relevance to human infections, in: Nachamkin
I., Blaser M.J. (Eds.), Campylobacter(2nd ed.),
ASM Press, Washington D.C., 2000, pp. 483-
495.

[59] Sougakoff W., Papadopoulou B., Nordmann P.,
Courvalin P., Nucleotide sequence and
distribution of gene tetO encoding tetracycline
resistance in Campylobacter coli, FEMS
Microbiol. Lett. 44 (1987) 153-159.

[60] Sutcliffe J., Grebe T., Tait-Kamradt A.,
Wondrack L., Detection of erythromycin-
resistant determinants by PCR, Antimicrob.
Agents Chemother. 40 (1996) 2562-2566.

[61] Swedberg G., Ringertz S., Skold O.,
Sulfonamide resistance in Streptococcus
pyogenesis associated with differences in the
amino acid sequence of its chromosomal
dihydropteroate synthase, Antimicrob. Agents
Chemother. 42 (1998) 1062-1067.

[62] Tajada P., Gomez-Graces J.L., Alos J.I., Balas
D., Cogollos R., Antimicrobial susceptibilities
of Campylobacter jejuniand Campylobacter
coli to 12 beta-lactam agents and combinations
with beta-lactamase inhibitors, Antimicrob.
Agents Chemother. 40 (1996) 1924-1925.

[63] Talsma E., Goettsch W.G., Nieste H.L.,
Schrijnemakers P.M., Sprenger M.J.,
Resistance in Campylobacter species:
increased resistance to fluoroquinolones and
seasonal variation, Clin. Infect. Dis. 29 (1999)
845-848.

[64] Taylor D.E., Yan W., Ng L.K., Manavathu
E.K., Courvalin P., Genetic characterization of
kanamycin resistance in Campylobacter coli,
Ann. Inst. Pasteur Microbiol. 139 (1988) 665-
676.

[65] Taylor D.E., Ge Z., Purych D., Lo T.,
Hiratsuka K., Cloning and sequence analysis of
two copies of a 23S rRNA gene from
Helicobacter pylori and association of
clarithromycin resistance with 23S rRNA
mutations, Antimicrob. Agents Chemother. 41
(1997) 2621-2628.

[66] Tenover F.C., Elvrum P.M., Detection of two
different kanamycin resistance genes in
naturally occurring isolates of Campylobacter
jejuni and Campylobacter coli, Antimicrob.
Agents Chemother. 32 (1988) 1170-1173.

[67] Trieber C.A, Taylor D.E., Erythromycin
resistance in Campylobacter, in: Abstracts and
final program of the 10th international
workshop on Campylobacter, Helicobacterand
related organisms, Baltimore, MD, University
of Maryland School of Medicine, 1999, p. 3.

[68] Trieber C.A., Taylor D.E., Mechanisms of
antibiotic resistance in Campylobacter, in:
Nachamkin I., Blaser M.J. (Eds.), Campylo-
bacter (2nd ed.), ASM Press, Washington
D.C., 2000, pp. 441-454.

[69] Trieu-Cuot P., Arthur M., Courvalin P., Origin,
evolution and dissemination of antibiotic

resistance genes, Microbiol. Sci. 4 (1987) 263-
266.

[70] Van der Auwera P., Scorneaux B., In vitro
susceptibility of Campylobacter jejunito
27 antimicrobial agents and various
combinations of beta-lactams with clavulanic
acid or sulbactam, Antimicrob. Agents
Chemother. 28 (1985) 37-40.

[71] Vandamme P., Taxonomy of the family
Campylobacteraceae, in: Nachamkin I., Blaser
M.J. (Eds.), Campylobacter(2nd ed.), ASM
Press, Washington D.C., 2000, pp. 3-26.

[72] Vanhoof R., Goossens H., Coignau H., Stas G.,
Butzler J.P., Susceptibil ity pattern of
Campylobacter jejunifrom human and animal
origins to different antimicrobial agents,
Antimicrob. Agents Chemother. 21 (1982) 990-
992.

[73] Wang W.L., Reller L.B., Blaser M.J.,
Comparison of antimicrobial susceptibility
patterns of Campylobacter jejuni and
Campylobacter coli, Antimicrob. Agents
Chemother. 26 (1984) 351-353.

[74] Wang Y., Taylor D.E., Chloramphenicol
resistance in Campylobacter coli: nucleotide
sequence, expression, and cloning vetor
construction, Gene 94 (1990) 23-28. 

[75] Wang Y., Huang W.M., Taylor D.E., Cloning
and nucleotide sequence of the Campylobacter
jejuni gyrA gene and characterization of
quinolone resistance mutations, Antimicrob.
Agents Chemother. 37 (1993) 457-463.

[76] Weisblum B., Erythromycin resistance by
ribosome modification, Antimicrob. Agents
Chemother. 39 (1995) 577-585.

[77] World Health Organization, The medical
impact of the use of antimicrobials in food
animals, Report of a WHO meeting, 1997.

[78] World Health Organization, WHO global
principles for the containment of antimicrobial
resistance in animals intended for food. Report
of a WHO consultation, 5–9 June, Geneva,
Switzerland, 2000.

[79] Yan W., Taylor D.E., Characterization of
erythromycin resistance in Campylobacter
jejuni and Campylobacter coli, Antimicrob.
Agents Chemother. 35 (1991) 1989-1996.

[80] Zilhao R., Papadopoulou B., Courvalin P.,
Occurrence of the Campylobacterresistance
gene tetO in Enterococcusand Streptococcus
spp, Antimicrob. Agents Chemother. 32 (1988)
1793-1796.

[81] Zirnstein G., Li Y., Swaminathan B., Angulo
F., Ciprofloxacin resistance in Campylobacter
jejuni isolates: detection of gyrA resistance
mutations by mismatch amplification mutation
assay PCR and DNA sequence analysis, J.
Clin. Microbiol. 37 (1999) 3276-3280.


