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INTRODUCTION 

Campylobacter species are ubiquitous bacteria that are 
able to colonize the mucosal surfaces, usually the 

intestinal tracts of most mammalian and avian species. The 
major sources of Campylobacter infection in humans are raw 
or uncooked meat (especially poultry meat), contaminated 
water, unpasteurized milk and contact with infected 
animals. C. jejuni is frequently isolated from poultry that is 
responsible for the majority of human campylobacteriosis, 
followed by C. coli, and less common C. lari (Blaser and 
Engberg, 2008; Hao, 2013). Human campylobacteriosis 
is characterized by mild to serious injuries to permanent 
neurological symptoms affecting all ages from children to 
the elderly (Silva et al., 2011).

Most Campylobacter infections are self-limited and could 
be relieved in a short time without antibiotic treatment. 
However, severe or prolonged infections may occur 
specially in young, elderly and immunocompromized 

individuals. In these circumstances, fluoroquinolones (FQ) 
and macrolides may be used for treatment of Campylobacter 
infections (Allos, 2001). However, beta-lactams are not 
recommended for the treatment of campylobacteriosis 
except the oral beta-lactam co-amoxiclav, which could be 
efficient against resistant Campylobacter isolates to FQ or 
macrolides (Wirz et al., 2010).

Molecular methods have become widely applied to 
subtype C. jejuni since they provide more sensitive strain 
differentiation and higher levels of standardization, 
reproducibility, typeablility, and discriminatory power when 
compared with phenotypic typing methods (Wassenaar 
and Newell, 2000; Wiedmann, 2002; Eberle and Kiess, 
2012). These may be divided into two broad categories: 
macro-restriction mediated analyses based on separation 
of restriction enzyme digested nucleotide sequences, and 
polymerase chain reaction (PCR) based assays (Mohan, 
2011). Pulse field gel electrophoresis (PGFE), also known 
as field alteration gel electrophoresis (FAGE) or macro-
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restriction profiling PFGE, has emerged as one of the best 
molecular approaches to analyze the bacterial pathogens, 
including Campylobacter (Ahmed et al., 2012; Eberle and 
Kiess, 2012).

On the other hand, Campylobacter resistance to clinically 
important antibiotics is increasingly prevalent and 
considers one of the major public health concern. 
Although the vertical transmission of Campylobacter spp. 
is questionable, chicken breeder, which hosts antibiotic-
resistant bacteria, can pose a public health threat because 
it can indirectly transfer antibiotic-resistant Campylobacter 
spp. to broiler chickens in the production chain, leading to 
human infection (Du et al., 2018). Therefore, development 
and transmission of antibiotic-resistant  Campylobacter  is 
complicated as Campylobacter is a zoonotic pathogen and 
is therefore exposed to antibiotics generally used in both 
animal production and human medicine. 

This review will focus on different genotypic approaches 
for discrimination of C. jejuni at species and subspecies 
levels and the mechanisms of antimicrobial resistance 
associated with it.

Campylobacter species characteristics
Members of the Campylobacter genus are slender, spirally 
curved, and non-spore forming Gram-negative rods. 
The size of bacterial cells is small and ranges from 0.2 to 
0.9 μm in width and 0.5 to 5 μm in length (Silva et al., 
2011). Certain species as C. gracilis and C. hominis form 
straight rods. Most species are motile by single polar 
unsheathed flagellum either at one or both poles of the 
cells (monotrichous or amphitrichous). On the other hand, 
C. showae has up to five unipolar flagella, while C. gracilis 
is non-motile (Fitzgerald and Nachamkin, 2015). Motility 
of the bacteria is rapid and darting with their pinning 
around their long axes in a corkscrew manner. Owing to 
their small size and motility, Campylobacter spp. can pass 
through membrane filters (0.45 to 0.65 μm) easily, allowing 
their isolation from clinical samples (Kramer et al., 2000).

Campylobacter spp. are non-fermentative, oxidase and 
catalase tests positive. They can survive in the environment 
with low oxygen concentration. However, C. jejuni can be 
changed to coccal form when exposed to the atmospheric 
oxygen (Vandamme et al., 2006). Campylobacters spp. are 
best cultured at 42°C and can survive for a short time at 
a refrigerator temperature up to 15 times than at 20°C. 
However, their survival is poor at room temperature and 
die out slowly through freezing as well as the cells are heat 
sensitive and are destroyed at a temperature greater than 48 
°C (Crushell et al., 2004).

Campylobacter  is considered as an etiological agent 
of gastroenteritis in humans that responsible for 

approximately 166 million diarrheal cases and 37,600 
deaths per year globally (Oh et al., 2018). Campylobacter 
species of clinical significance are C. jejuni and its closely 
connected  C. coli, which  represents more than 90% of 
human infections due to the consumption of contaminated 
meat and meat products (Mikulić et al., 2016). The natural 
reservoirs of  Campylobacter  species are the intestinal 
tracts of domesticated and wild birds as well as mammals. 
The consumption or the mishandling with raw or 
undercooked meat in particular poultry meat is considered 
to be the major risk factor for human campylobacteriosis 
(Szczepanska et al., 2017).  Recently, the European 
Food Safety Authority (EFSA) described the factors 
influencing campylobacteriosis infections, namely the 
age (higher occurrence rates in children under 5 years 
old), the season (a higher number of campylobacteriosis 
cases is reported during the summer months), the strain 
variation (certain strains are less pathogenic than others), 
host immunity, travel and the demographic factors (i.e., the 
social economic status). Campylobacterosis is estimated to 
affect over 2.4 million people causing diarrhea, abdominal 
pain, fever, headache, nausea, and vomiting and costing 
approximately $1.2 billion annually (CDC, 2008; FDA, 
2009). One out of every 1, 000 cases may be affected by a 
serious demyelinating neuropathy known as Guillain-Barre 
syndrome (CDC, 2008). Infected individuals experience 
a rapid decline in muscle strength in the limbs and 
respiratory system (Nachamkin et al., 1998; Keener et al., 
2004). In the United States, the mean cost per patient with 
Guillain-Barre syndrome is estimated around $318,966, 
totaling to $1.7 billion annually (Frenzen, 2008).

All Campylobacter spp. have two flagellin genes, fla A and 
fla B. Moreover, the cytolethal distending toxin (CDT) is 
the most common virulence factor which causes cellular 
distension that resulted in cell death (Lara-Tejero and 
Galán, 2001). Other virulence associated genes as wla N, 
waa C, cgt B lipo-oligosaccharides, phospholipase A (pld 
A), type IV secretory protein (vir B11) and invasion protein 
(cia B) genes were also reported (Konkel et al. 1999; Müller 
et al., 2006).

Genotyping methods
Multilocus enzyme electrophoresis (MLEE)
In MLEE, the bacterial isolates could be discriminated 
by the difference in the electrophoretic mobility of diverse 
constitutive enzymes by electrophoresis under non-
denaturing conditions (Wiedmann, 2002). This technique 
has been utilized to study the congruence between other 
typing schemes used for C. jejuni such as multilocus 
sequence typing (MLST) and pulse field gel electrophoresis 
(PFGE) (Sails et al., 2003b). Because of its limitations, 
MLEE has been rendered unsuitable for regular typing 
and has been superseded by a nucleotide-based technique 
MLST, which essentially mimics the MLEE’s multi loci 
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principle (Mohan, 2011).

Pulse field gel electrophoresis (PFGE)
The enormous discriminatory power of PFGE makes 
it the gold standard for investigations. However, the 
interpretation of PFGE data is difficult, this technique 
in appropriate as a tool for routine use during outbreak 
investigation (Sails et al., 2003a). It has been widely used in 
genetic and epidemiological examinations of C. jejuni and 
C. coli (Mohan, 2011; Ahmed et al., 2012).

Polymerase chain reaction (PCR)
PCR technology has the ability to detect the presence 
or absence of an organism in any sample by detecting 
a specific gene unique to the particular organism of 
interest (Mohan, 2011). Several variations in the original 
PCR technique are developed and are used for detecting 
Campylobacter spp. including multiplex PCR, reverse-
transcriptase PCR and quantitative real-time (QRT)-PCR 
(Eberle and Kiess, 2012). Multiplex PCR assays which are 
used for simultaneous differentiation of Campylobacter spp. 
have replaced uniplex PCR, which were widely used for 
detection and differential diagnosis of Campylobacter spp. 
in the past (Yamazaki-Matsune et al., 2007; Asakura et 
al., 2008). These techniques are highly discriminatory and 
easily available in most laboratories. Although they may 
be expensive, they are still the most frequent genotyping 
methods for Campylobacter spp. (Eberle and Kiess, 2012).

Most of the genotyping techniques are PCR based since 
it is simple, rapid, and cost effective (Asakura et al., 2008). 
Random amplified polymorphic DNA analysis (RAPD) 
and amplified length polymorphism (AFLP) are two PCR-
based methods used for Campylobacter spp. genotyping. 
They provide a good discriminatory power despite some 
limitations and they are not successfully used as routine 
genotyping tool (Mohan, 2011). 

Ribotyping is a ribosomal RNA (rRNA) based technique 
used for identification of the bacterial isolates (Williams et 
al., 1998). Multiple copies of the rRNA gene loci coding 
for 5, 16, and 23S rRNA could be detected at different 
locations on the chromosome of Campylobacter spp. Strong 
conservative nature with the existence of the non-coding 
flanking regions are common features for the rRNA 
genes to be used in this typing approach (Wassenaar and 
Newell, 2000). The ribotyping method has a high degree of 
typablility for Campylobacter spp. However, its small number 
of ribosomal genes giving a low discriminatory power. This 
method is also laborious, time-consuming, and expensive, 
thereby, it is unsuitable for routine genetic typing (Eberle 
and Kiess, 2012). Automated ribotyping (AR) systems 
have been developed to reduce labor and increase sensitivity 
in identification of foodborne pathogens. They combine 
molecular steps in one efficient device, making the test 

method faster and more reliable (Pavlic and Griffiths, 2009). 
Flagellin typing using restriction fragment length 
polymorphism (RFLP) is another technique used for typing 
of Campylobacter spp. Although this technique is rapid and 
has a high discriminatory power, it is not recommended to 
be the only technique used in epidemiological investigation 
of the isolates. Subsequently, it is often used with other 
typing techniques mostly Multilocus sequence typing 
(MLST) (Eberle and Kiess, 2012; Mohan, 2011). The 
nucleotide sequence of a short variable region (SVR) of a 
gene provides important information on the Campylobacter 
spp. fingerprint. Recent studies stated that direct sequencing 
of SVR amplicons of both fla A and fla B genes is useful 
for Campylobacter spp. typing, especially in short-term and 
localized epidemiological investigations, which has similar 
or higher discriminatory power than MLST (Wassenaar et 
al., 2009; Wirz et al., 2010).

 Multilocus sequence typing (MLST)
It is a genotyping method that was first developed in 1991 
based on the MLEE principles. This technique varies 
from MLEE in which it appoints alleles directly by DNA 
sequencing of 7-11 housekeeping genes and indirectly 
through the electrophoretic mobility of their amplicons 
(Eberle and Kiess, 2012).

Nowadays, MLST is the foremost molecular typing 
method for Campylobacter spp. (Ross, 2009). A specific 
MLST system has been developed and increasingly used 
in epidemiological studies to characterize C. jejuni isolates 
(Dingle et al., 2001), while the extended MLST method is 
able to characterize not only C. jejuni but also C. coli, C. lari 
and C. upsaliensis (Miller et al., 2005). However, MLST is 
also unable to identify closely related strains in short-term 
outbreak studies, additional methods such as fla typing 
may be needed in order to obtain sufficient accuracy (Sails, 
et al., 2003b).

Comparative genomic fingerprinting (CGF)
It is a novel method of comparative genomics based bacterial 
characterization that relies on the conception that differential 
existence of accessory genes could be used to generate unique 
genomic fingerprints for genotyping purposes (Ross, 2009). 
Taboada et al. (2012) developed and validated a fast and 
high-resolution, comparative genomic fingerprint method 
of 40 genes for C. jejuni (CFG-40). Results obtained using 
this method suggesting higher discrimination power than 
MLST at clonal complex and sequence type levels. Whilst, 
it is also quick, not expensive and easy to deploy for routine 
epidemiological surveillance and outbreak investigations 
(Clark et al., 2012; Taboada et al., 2012).

Next-generation sequencing of Campylobacter (NGS) 
In this technology, whole genome sequencing (WGS) 
was actively used to illuminate the individual genomes of 
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foodborne bacterial pathogens in outbreaks in addition to 
the complex metagenomics of the microbiomes related to 
foodborne pathogens (Park et al., 2014; Cao et al., 2017; 
Ronholm, 2018).

As documented by Pendleton et al. (2013), WGS was 
the most discriminatory among PFGE and fla A typing 
providing supplementary data as the genome size and the 
genomic content (GC).

Infections medication and emergence of 
antimicrobial resistance
Campylobacter spp. are generally susceptible to 
chloramphenicol, aminoglycosides, clindamycin, imipenem 
and nitrofuran. However, high rates of resistance make 
amoxicillin, tetracycline, ampicillin, cephalosporins and 
metronidazole bad choice to treat infections with C. 
jejuni. All Campylobacter spp. are resistant to rifampin, 
trimethoprim and vancomycin (Mandal et al., 1984).

Erythromycin has become the best medication 
for treatment of Campylobacter infection. Unlike 
fluoroquinolones, erythromycin and tetracycline can be 
safely given to children and pregnant women and is less 
likely than many factors to exert an inhibitory effect on 
other fecal normal flora (Ternhag et al., 2007). The newer 
macrolides, clarithromycin and azithromycin are effective 
against C. jejuni infection, but are more expensive than 
erythromycin and do not provide any clinical advantage. 
However, a recent study in Peru, eastern South America, 
reported that 77.4% of  C. jejuni  isolates and 79.8% of 
non-C. jejuni isolates were resistant to ciprofloxacin; 55.8% 
of C. jejuni isolates and 49.0% of non-C. jejuni isolates were 
resistant to tetracycline, whereas gentamicin resistance 
was detected in 15.8% of non-C. jejuni isolates. Moreover, 
4.9% of C. jejuni isolates and 24.8% of non-C. jejuni isolates 
exhibited resistance to azithromycin (Schiaffino et al., 2019).

In Egypt, poultry meat is considered a serious vehicle 
of antimicrobial resistant Campylobacter transmission to 
humans due to the excessive use of the antimicrobial agents 
for treatment, prophylaxis as well as growth promotion. 
There was a remarkably high resistance rate exhibited by C. 
jejuni and C. coli to penicillin (95 and 90.1%, respectively), 
chloramphenicol (90 and 90.1%, respectively) and 
gentamicin (80 and 81.81%, respectively). However, lower 
resistance against nalidixic acid (30 and 36.36%) and 
ciprofloxacin (10 and 18.81%) were reported for C. jejuni 
and C. coli, respectively (Hafez et al., 2018).

Antimicrobial resistance mechanisms
Fluoroquinolone resistance
In Campylobacter, point mutations in quinolone resistance-
determining region (QRDR) of DNA gyrase A (Gyr A), 
and no mutations in DNA gyrase B (Gyr B) were reported 

in FQ resistance (Piddock et al., 2003). Actually, parC/
parE genes (encoding topoisomerase IV) are involved 
in FQ resistance in Gram-negative bacteria but their 
mutations are not responsible for Campylobacter resistance 
to FQ. Only one-point mutation in QRDR of gyrA is 
enough to decrease the sensitivity of Campylobacter spp. to 
fluoroquinolones. The predominant mutation in the FQ 
resistant Campylobacter  isolates is the change of C257T 
in gyr A gene that results in replacement of T86I giving 
high resistance to fluoroquinolones (Thakur et al., 2010). 
Abuoun et al. (2005) and Zhong et al. (2016) reported that 
the resistance-associated mutations include D90N, A70T 
and T86K, which are less common and do not give high 
fluoroquinolone resistance such as those observed for T86I 
mutation.

Macrolide resistance
Macrolides prevent protein synthesis by binding to P site on 
50S subunit of bacterial ribosomes. The main mechanisms 
for resistance to macrolides in Campylobacter spp. are target 
modification, flow and membrane permeability. They work 
synergistically to provide high-grade macrolide resistance. 
While enzymatic modification of macrolides, was not 
described in Campylobacter spp. (Zhao et al., 2016).

Campylobacter  resistance to macrolide is associated with 
active efflux and target modification. Modification of the 
target ribosome leading to macrolide resistance, can occur 
either by point mutation in ribosomal proteins L4 and 
L22 and the 23S rRNA or enzyme mediated methylation 
(Florez-Cuadrado et al., 2015).

It was reported that mutations of A2074C, A2074G and 
A2075G yielded a high-level of resistance to macrolides 
(erythromycin MIC >128 μg/mL) in  C. coli  and  C. 
jejuni. In  Campylobacter spp., the mutation associated 
with macrolide resistance usually occurs in all 3 copies 
of 23S rRNA gene; whereas as A2074T mutation gives 
a low level of erythromycin resistance may not occur in 
all copies of 23S rRNA gene (Bolinger and Kathariou, 
2017). In case of intermediate or low-level of macrolide 
resistance, failure to activate the CmeABC efflux pump 
will restore the isolation capability completely. In highly 
resistant Campylobacter strains with mutations of A2074G 
or A2075G, inactivation of the Cme ABC also led to a 
significant reduction in the level of macrolide resistance, 
indicating that this flow system works synergistically with 
target mutation (Gibreel et al., 2007).

Tetracycline resistance
Tetracycline resistance may be caused by efflux or the 
enzymatic change of antibiotics or ribosome protection. 
In  Campylobacter spp.,  the resistance to tetracycline 
is induced by  tet O gene. It is believed that there is 
no other  tet  resistance genes in  Campylobacter spp. 
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(Wieczorek and Osek, 2013). Connell and his colleges 
(2003) proposed that the protein meet at an open A site 
on the bacterial ribosome and bind to it in such a way as 
to induce a conformational change that results in releasing 
of the associated tetracycline molecule. Moreover, this 
conformational change lasts for a long time to allow the 
continued elongation of the protein in an effective way. Based 
on codon use, G–C content, crossbreeding and sequential 
symmetry studies, it is clear that Campylobacter tet O might 
be acquired through horizontally transmitted genes from 
Streptococcus, Streptomyces or Enterococcus species (Liu et al., 
2017). In most Campylobacter strains, tet O gene is encoded 
on plasmid, while, some isolates have a chromosomally 
encoded gene copy. In  C. jejuni, tetracycline resistance 
is associated with a multidrug efflux pump known as 
CmeABC (Kempf et al., 2017).

Aminoglycoside resistance
Campylobacter resistance to aminoglycosides provides drug 
modification proteins. Several enzymes are needed to 
modify the aminoglycosides, thorough 3′, 9-aminoglycoside 
adenyl transferase, 6-aminoglycoside adenyltransferase 
and 3′-aminoglycoside phosphotransferase (types I, III, IV 
and VII) (Ramirez and Tolmasky, 2010).

β- Lactam resistance
In general, β-lactams possessed limited effectiveness 
against Campylobacter spp. and resistance to these antibiotics 
is mediated by production of β-lactamase and intrinsic 
resistance. Three mechanisms for resistance to β-lactam 
in Campylobacter spp. are known: enzyme inhibition by 
chromosomal coding lactamases, reduced absorption due 
to changes in the permeability of outer membrane and the 
work of efflux pumps (Wieczorek and Osek, 2013).

Resistance to other antimicrobial agents
Campylobacter  spp. show substantial resistance to many 
antibiotics as novobiocin, bacitracin, streptogramin B, 
rifampin, vancomycin and trimethoprim. However, 
the mechanisms of this resistance are unknown 
and can be mediated by the low permeability of 
Campylobacter membrane and the active efflux provided by 
multidrug-efflux transporters (Denis et al., 2015).

Conclusions

Typing methods play an important role in the detection, 
monitoring and prevention of Campylobacter infections. 
Not a single technique is perfect, so developing a new 
typing method that combines efficiency with efficacy, while 
overcomes the shortcomings of currently methods used, is 
critical. Antimicrobials should be prudently used by the 
implementation strategies, and guidelines are required to 
control and limit the development and spread of resistant 

bacteria and the genes encoded for this resistance especially 
in poultry farms and livestock.

Authors Contribution

Ahmed M. Ammar, Norhan K. Abd El-Aziz and Attia 
A. Elgdawy contributed to the design and implementation 
of the research. Mona S. Emara and Mona M. Hamdy 
collected literature and drafted the manuscript in 
consultation with Norhan K. Abd El-Aziz. All authors 
approved the final manuscript.

Conflict of interest

No conflict of interests is declared.

References 

•	Abdollahpour N, Zendehbad B, Alipour A, Khayatzadeh J (2015). 
Wild-bird feces as a source of Campylobacter jejuni infection 
in children’s playgrounds in Iran. Food Control. 50 (4): 378-
381. https://doi.org/10.1016/j.foodcont.2014.09.007

•	Abuoun M, Manning G, Cawthraw SA, Ridley A, Ahmed IH, 
Wassenaar TM, Newell DG (2005). Cytolethal distending 
toxin (CDT)-negative Campylobacter jejuni strains and anti-
CDT neutralizing antibodies are induced during human 
infection but not during colonization in chickens.  Infect. 
Immun.  73(5): 3053-3062. https://doi.org/10.1128/
IAI.73.5.3053-3062.2005

•	Allos BM (2001). Campylobacter jejuni infections: Update on 
emerging issues and trends. Clin. Infect. Dis. 32(8): 1201-
1206. https://doi.org/10.1086/319760

•	Ahmed MU, Dunn L, Ivanova EP (2012). Evaluation of current 
molecular approaches for genotyping of Campylobacter jejuni 
strains. Foodborne Pathog. Dis. 9(5): 375-385. https://doi.
org/10.1089/fpd.2011.0988

•	Anderson J, Horn BJ, Gilpin, BJ (2012). The prevalence and 
genetic diversity of Campylobacter species in domestic 
‘backyard’ poultry in Canterbury, New Zealand. Zoonoses 
Publ. Health. 59(1): 52-60. https://doi.org/10.1111/j.1863-
2378.2011.01418.x

•	Arbeit R (1995). Laboratory procedures for the epidemiologic 
analysis of microorganisms. Manual Clin. Microbiol. 6th ed. 
ASM Press. Washington, DC. pp. 190-208.

•	Asakura M, Samosornsuk W, Hinenoya A, Misawa N, Nishimura 
K, Matsuhisa A, Yamasaki S (2008). Development of a 
cytolethal distending toxin (cdt) gene-based species-specific 
multiplex PCR assay for the detection and identification of 
Campylobacter jejuni, Campylobacter coli and Campylobacter 
fetus. FEMS Immunol. Med. Microbiol. 5(2): 260-266. 
https://doi.org/10.1111/j.1574-695X.2007.00369.x

•	Blaser MJ, Engberg J (2008). Clinical aspects of Campylobacter 
jejuni and Campylobacter coli infections. In: Nachamkin I, 
Blaser JM, editors. Campylobacter. 3rd ed. American Society 
for Microbiology (ASM) Press; Washington DC, USA. pp. 
99–121. https://doi.org/10.1128/9781555815554.ch6

•	Bolinger H, Kathariou S (2017). The current state of macrolide 
resistance in Campylobacter species: trends and impacts of 
resistance mechanisms.  Appl. Environ. Microbiol. 83(12): 
Pii: e00416-417. https://doi.org/10.1128/AEM.00416-17

https://doi.org/10.1016/j.foodcont.2014.09.007
https://doi.org/10.1128/IAI.73.5.3053-3062.2005
https://doi.org/10.1128/IAI.73.5.3053-3062.2005
https://doi.org/10.1086/319760
https://doi.org/10.1089/fpd.2011.0988
https://doi.org/10.1089/fpd.2011.0988
https://doi.org/10.1111/j.1863-2378.2011.01418.x
https://doi.org/10.1111/j.1863-2378.2011.01418.x
https://doi.org/10.1111/j.1574-695X.2007.00369.x
https://doi.org/10.1128/9781555815554.ch6
https://doi.org/10.1128/AEM.00416-17


NE  US
Academic                                      Publishers

Advances in Animal and Veterinary Sciences

2019 | Volume 7 | Special Issue 2 | Page 134

•	Cao Y, Fanning S, Proos S, Jordan K, Srikumar S (2017). A 
review on the applications of next generation sequencing 
technologies as applied to food-related microbiome studies. 
Front. Microbiol. 21(8): 1-16. https://doi.org/10.3389/
fmicb.2017.01829

•	Center for Disease Control (2008). Campylobacter. Accessed 
Mar. 2011. http://www.cdc.gov/nczved/divisions/dfbmd/
diseases/campylobacter. 

•	Clark CG, Taboada E, Grant CC, Blakeston C, Pollari F, 
Marshall B, Rahn K, MacKinnon J, Daignault D, Pillai D 
(2012). Comparison of molecular typing methods useful for 
detecting clusters of Campylobacter jejuni and C. coli isolates 
through routine surveillance. J. Clin. Microbiol. 50(3): 798-
809. https://doi.org/10.1128/JCM.05733-11

•	Connell SR, Tracz DM, Nierhaus KH, Taylor DE (2003). 
Ribosomal protection proteins and their mechanism 
of tetracycline resistance.  Antimicrob. Agents 
Chemother.  47(12): 3675-3681. https://doi.org/10.1128/
AAC.47.12.3675-3681.2003

•	Crushell E, Harty S, Sharif F, Bourke B (2004). 
Enteric Campylobacter: Purging Its Secrets?  Pediatr. 
Res.  55  (1): 3–12.  https://doi.org/10.1203/01.
PDR.0000099794.06260.71

•	Denis M, Chidaine B, Rose V, Bourgouin K, Cutimbo M, 
Kerouanton A (2015). Campylobacter in organic and 
conventional pig production in France: antibiotic resistance, 
genetic diversity and virulence. Fourth Int. Symp. Epidemiol. 
Control Salmonella Other Food Borne Pathog. Pork. 59-62. 
https://doi.org/10.31274/safepork-180809-280

•	Dingle K, Colles F, Wareing D, Ure R, Fox A, Bolton F, 
Bootsma H, Willems R, Urwin R, Maiden M (2001). 
Multilocus sequence typing system for Campylobacter jejuni. 
J. Clin. Microbiol. 39(1): 14-23. https://doi.org/10.1128/
JCM.39.1.14-23.2001

•	Downes, F P (2001). Compendium of methods for the 
microbiological examination of foods. Am. Public Health 
Assoc., Washington, DC.Du Y, Ye Y, Liu Y, Wang A, Li Y, 
Zhou X, Xu X (2018). Molecular identification of multidrug-
resistant Campylobacter species from diarrheal patients and 
poultry meat in Shanghai, China.  Front. Microbiol. (9): 
1642. https://doi.org/10.3389/fmicb.2018.01642

•	Du Y, Ye Y, Liu Y, Wang A, Li Y, Zhou X, Xu X (2018). Molecular 
identification of multidrug –resistant Campylobacter species 
from diarrhea patients and poultry meat in Shanghai, China. 
Front. Microbiol. (9):1642.

•	Eberle K, Kiess A (2012). Phenotypic and genotypic methods 
for typing Campylobacter jejuni and Campylobacter coli in 
poultry. Poult Sci. 91(1): 255-264. ERS-USDA (Economic 
Research Service) (2000). ERS updates foodborne illness 
costs. Accessed Mar. 2010. http://www.mindfully. org/
Food/Foodborne-Illness-Cost-USDA.htm. https://doi.
org/10.3382/ps.2011-01414

•	Food and Drug Administration (2009). Bad bug book: Food-
borne pathogenic microorganisms and natural toxins 
handbook: Campylobacter jejuni. Accessed Apr. 2010.

•	Fitzgerald C, Nachamkin I (2015). Campylobacter and Arcobacter. 
In: Jorgensen JH, Pfaller MA, editors. Manual Clin. 
Microbiol. Washington: ASM Press; pp. 998–1012. https://
doi.org/10.1128/9781555817381.ch56

•	Florez-Cuadrado D, Ugarte-Ruiz M, Quesada A, Palomo G, 
Domínguez L, Porrero MC (2015). Description of an ermB-
carrying Campylobacter coli isolate in Europe. J. Antimicrob. 
Chemother. 71(3): 841-843. https://doi.org/10.1093/jac/

dkv383
•	Frenzen, PD (2008). Economic cost of Guillain-Barre syndrome 

in the United States. Neurol. 71(1): 21–27. https://doi.
org/10.1212/01.wnl.0000316393.54258.d1

•	Gibreel A, Wetsch NM, Taylor DE (2007). Contribution of 
the CmeABC efflux pump to macrolide and tetracycline 
resistance in Campylobacter jejuni. Antimicrob. Agents 
Chemother. 51(9): 3212–3216. https://doi.org/10.1128/
AAC.01592-06

•	Hafez AA, Younis G, El-Shorbagy MM and Awad A (2018). 
Prevalence, cytotoxicity and antibiotic susceptibility of 
Campylobacter species recovered from retail chicken. Afr. J. 
Microbiol. Res. 12(22): 501-507. https://doi.org/10.5897/
AJMR2018.8865

•	Hao H, Yuan Z, Shen Z, Han J, Sahin O, Liu P, Zhang Q 
(2013). Mutational and transcriptomic changes involved in 
the development of macrolide resistance in Campylobacter 
jejuni.  Antimicrob. Agents Chemother.  57(3): 1369-1378. 
https://doi.org/10.1128/AAC.01927-12

•	Keener KM, Bashor MP, Bashor, Curtis PA, Sheldon BW, 
Kathariou S (2004). Comprehensive review of Campylobacter 
and poultry processing. Compr. Rev. Food Sci. 3(2):105–116. 
https://doi.org/10.1111/j.1541-4337.2004.tb00060.x.

•	Kempf I, Kerouanton A, Bougeard S, Nagard B, Rose V, Mourand 
G, Bengtsson BO (2017). Campylobacter coli in organic 
and conventional pig production in France and Sweden: 
prevalence and antimicrobial resistance.  Front. Microbiol. 
8(29): 955. https://doi.org/10.3389/fmicb.2017.00955

•	Konkel ME, Kim BJ, Rivera‐Amill V, Garvis SG (1999). 
Bacterial secreted proteins are required for the internalization 
of Campylobacter jejuni into cultured mammalian cells. Mol. 
Microbiol. 32(4): 691-701. https://doi.org/10.1046/j.1365-
2958.1999.01376.x

•	Kramer JM, Frost JA, Bolton, FJ, Wareing DR (2000). 
Campylobacter contamination of raw meat and poultry at retail 
sale: identification of multiple types and comparison with 
isolates from human infection. J. Food Prod. 63(12): 1654-
1659. https://doi.org/10.4315/0362-028X-63.12.1654

•	Lara-Tejero M, Galán JE (2001). Cdt A, Cdt B and Cdt C form 
a tripartite complex that is required for cytolethal distending 
toxin activity. Infect. Immun. 69(7): 4358-4365. https://doi.
org/10.1128/IAI.69.7.4358-4365.2001

•	Liu D, Deng F, Gao Y, Yao H, Shen Z, Wu, C, Shen J (2017). 
Dissemination of erm (B) and its associated multidrug-
resistance genomic islands in Campylobacter from 2013 
to 2015.  Vet. Microbiol.  204(5): 20-24. https://doi.
org/10.1016/j.vetmic.2017.02.022

•	Mandal BK, Ellis ME, Dunbar EM, Whale K (1984). Double-
blind placebo-controlled trial of erythromycin in the 
treatment of clinical campylobacter infection. J. Antimicrob. 
Chemother.  13(6): 619-623. https://doi.org/10.1093/
jac/13.6.619

•	Mikulić M, Humski A, Njari B, Ostović M, Duvnjak S, Cvetnić 
Z (2016). Prevalence of Thermotolerant Campylobacter spp. in 
Chicken Meat in Croatia and Multi locus Sequence Typing 
of a Small Subset of Campylobacter jejuni and Campylobacter 
coli  Isolates. Food Technol. Biotechnol. 54(4): 475-481. 
https://doi.org/10.17113/ftb.54.04.16.4647

•	Miller WG, On SL, Wang G, Fontanoz S, Lastovica AJ, 
Mandrell RE (2005). Extended multilocus sequence typing 
system for Campylobacter coli, C. lari, C. upsaliensis, and C. 
helveticus. J. Clin. Microbiol. 43(5): 2315-2329. https://doi.
org/10.1128/JCM.43.5.2315-2329.2005

https://doi.org/10.3389/fmicb.2017.01829
https://doi.org/10.3389/fmicb.2017.01829
http://www.cdc.gov/nczved/divisions/dfbmd/diseases/campylobacter
http://www.cdc.gov/nczved/divisions/dfbmd/diseases/campylobacter
https://doi.org/10.1128/JCM.05733-11
https://doi.org/10.1128/AAC.47.12.3675-3681.2003
https://doi.org/10.1128/AAC.47.12.3675-3681.2003
https://doi.org/10.1203/01.PDR.0000099794.06260.71
https://doi.org/10.1203/01.PDR.0000099794.06260.71
https://doi.org/10.31274/safepork-180809-280
https://doi.org/10.1128/JCM.39.1.14-23.2001
https://doi.org/10.1128/JCM.39.1.14-23.2001
https://doi.org/10.3389/fmicb.2018.01642
http://www.mindfully. org/Food/Foodborne-Illness-Cost-USDA.htm
http://www.mindfully. org/Food/Foodborne-Illness-Cost-USDA.htm
https://doi.org/10.3382/ps.2011-01414
https://doi.org/10.3382/ps.2011-01414
https://doi.org/10.1128/9781555817381.ch56
https://doi.org/10.1128/9781555817381.ch56
https://doi.org/10.1093/jac/dkv383
https://doi.org/10.1093/jac/dkv383
https://doi.org/10.1212/01.wnl.0000316393.54258.d1
https://doi.org/10.1212/01.wnl.0000316393.54258.d1
https://doi.org/10.1128/AAC.01592-06
https://doi.org/10.1128/AAC.01592-06
https://doi.org/10.5897/AJMR2018.8865
https://doi.org/10.5897/AJMR2018.8865
https://doi.org/10.1128/AAC.01927-12
https://doi.org/10.1111/j.1541-4337.2004.tb00060.x
https://doi.org/10.3389/fmicb.2017.00955
https://doi.org/10.1046/j.1365-2958.1999.01376.x
https://doi.org/10.1046/j.1365-2958.1999.01376.x
https://doi.org/10.4315/0362-028X-63.12.1654
https://doi.org/10.1128/IAI.69.7.4358-4365.2001
https://doi.org/10.1128/IAI.69.7.4358-4365.2001
https://doi.org/10.1016/j.vetmic.2017.02.022
https://doi.org/10.1016/j.vetmic.2017.02.022
https://doi.org/10.1093/jac/13.6.619
https://doi.org/10.1093/jac/13.6.619
https://doi.org/10.17113/ftb.54.04.16.4647
https://doi.org/10.1128/JCM.43.5.2315-2329.2005
https://doi.org/10.1128/JCM.43.5.2315-2329.2005


NE  US
Academic                                      Publishers

Advances in Animal and Veterinary Sciences

2019 | Volume 7 | Special Issue 2 | Page 135

•	Mohan V (2011). Molecular epidemiology of campylobacteriosis 
and evolution of Campylobacter jejuni ST-474 in New 
Zealand: PhD thesis, Massey Univ. N. Z. 

•	Müller J, Schulze F, Müller W, Hänel I (2006). PCR detection 
of virulence-associated genes in Campylobacter jejuni strains 
with differential ability to invade Caco-2 cells and to 
colonize the chick gut. Vet. Microbiol. 113(1-2): 123-129. 
https://doi.org/10.1016/j.vetmic.2005.10.029

•	Nachamkin I, Allos BM, Ho T, (1998). Campylobacter species 
and Guillain-Barre Syndrome. Clin. Microbiol. Rev. 
11(3): 555–567. https://doi.org/10.1128/CMR.11.3.555

•	Oh E, Andrews KJ, Jeon B (2018). Enhanced biofilm 
formation by ferrous and ferric iron through oxidative stress 
in  Campylobacter jejuni.  Front Microbiol. 6(9): 1-9. https://
doi.org/10.3389/fmicb.2018.01204

•	Park SH, Aydin M, Khatiwara A, Dolan MC, Gilmore DF, 
Bouldin JL (2014). Current and emerging technologies for 
rapid detection and characterization of Salmonella in poultry 
and poultry products. Food Microbiol. 38(4): 250–262. 
https://doi.org/10.1016/j.fm.2013.10.002

•	Pavlic M, Griffiths MW (2009). Principles, applications, and 
limitations of automated ribotyping as a rapid method in food 
safety. Foodborne Pathog. Dis. 6(9): 1047–1055. https://doi.
org/10.1089/fpd.2009.0264

•	Pendleton S, Hanning I, Biswas D, Ricke SC (2013). Evaluation 
of whole-genome sequencing as a genotyping tool for 
Campylobacter jejuni in comparison with pulsed-field gel 
electrophoresis and fla A typing. Poult. Sci. 92(2): 573–580. 
https://doi.org/10.3382/ps.2012-02695

•	Piddock LJ, Ricci V, Pumbwe L, Everett MJ, Griggs DJ (2003). 
Fluoroquinolone resistance in Campylobacter species from 
man and animals: detection of mutations in topoisomerase 
genes.  Antimicrob. Chemother. J.  51(1): 19-26. https://doi.
org/10.1093/jac/dkg033

•	Ramirez MS, and Tolmasky ME (2010). Aminoglycoside 
modifying enzymes. Drug Resist. Update 13(6): 151-171. 
https://doi.org/10.1016/j.drup.2010.08.003

•	Ronholm J (2018). Editorial: game changer–next generation 
sequencing and its impact on food microbiology. 
Front. Microbiol. 9(3): 1–3. https://doi.org/10.3389/
fmicb.2018.00363

•	Ross S (2009). Development of comparative genomic 
fingerprinting for molecular epidemiological studies of 
Campylobacter jejuni. M.Sc. thesis Dept. Biol. Sci. Univ. 
Lethbridge. 

•	Sails AD, Fox AJ, Bolton FJ, Wareing DR, Greenway DL (2003a). 
A realtime PCR assay for the detection of Campylobacter jejuni 
in foods after enrichment culture. Appl. Environ. Microbiol. 
69(3):1383-1390. https://doi.org/10.1128/AEM.69.3.1383-
1390.2003

•	Sails AD, Swaminathan B, Fields PI (2003b). Utility of multilocus 
sequence typing as an epidemiological tool for investigation 
of outbreaks of gastroenteritis caused by Campylobacter. J. 
Clin. Microbiol. 41(10): 4733-4739. https://doi.org/10.1128/
JCM.41.10.4733-4739.2003

•	Schiaffino F,  Colston JM,  Paredes-Olortegui M,  François 
R, Pisanic N, Burga R, Peñataro-Yori P, Kosek MN (2019). 
Antibiotic Resistance of Campylobacter Species in a Pediatric 
Cohort Study. Antimicrob. Agents Chemother. 63(2): 
e01911-1918. https://doi.org/10.1128/AAC.01911-18

•	Silva J, Leite D, Fernandes M, Mena C, Gibbs PA, Teixeira 
P (2011). Campylobacter spp. as a foodborne pathogen: a 
review. Front. Microbiol. 2(9): 1-12. https://doi.org/10.3389/

fmicb.2011.00200
•	Skarp C P A, Hänninen M L, Rautelin H IK (2016). 

Campylobacteriosis: the role of poultry meat.  Clin. 
Microbiol. Infect. 22(2): 103-109. https://doi.org/10.1016/j.
cmi.2015.11.019

•	Szczepanska B, Andrzejewska M, Spica D, Klawe JJ (2017). 
Prevalence and antimicrobial resistance of  Campylobacter 
jejuni  and  Campylobacter coli  isolated from children and 
environmental sources in urban and suburban areas.  BMC 
Microbiol. 17(80): 1-9. https://doi.org/10.1186/s12866-017-
0991-9

•	Taboada EN, Ross SL, Mutschall SK, MacKinnon JM, Roberts 
MJ, Buchanan CJ, Kruczkiewicz P, Jokinen CC, Thomas JE, 
Nash JH (2012). Development and validation of a comparative 
genomic fingerprinting method for high-resolution 
genotyping of Campylobacter jejuni. Clin. Microbiol. J. 50(3): 
788-797. https://doi.org/10.1128/JCM.00669-11

•	Ternhag A, Asikainen T, Giesecke J, Ekdahl K (2007). A meta-
analysis on the effects of antibiotic treatment on duration 
of symptoms caused by infection with Campylobacter 
species.  Clin. Infect. Dis.  44(5): 696-700. https://doi.
org/10.1086/509924

•	Thakur S, Zhao S, McDermott PF, Harbottle H, Abbott J, 
English L, White DG (2010). Antimicrobial resistance, 
virulence, and genotypic profile comparison of Campylobacter 
jejuni and Campylobacter coli isolated from humans and retail 
meats.  Foodborne Pathog. Dis. 7(7): 835-844. https://doi.
org/10.1089/fpd.2009.0487

•	Vandamme De, Floyd E, Bruce J, Stephen LW (2006). Garrity 
George, Don J, James T, Noel R, David R, Paul Goodfellow, 
Michael Rainey, Fred A, Karl-Heinz (eds.). Bergey’s Manual 
of Systematic Bacteriology: Volume Two: The Proteobacteria 
(Part C)  (2nd ed.). Springer Science and Business Media. 
pp. 1147–1160. 

•	Wassenaar TM, Newell DG (2000). Genotyping of Campylobacter 
species. Appl. Environ. Microbiol. 66(1): 1-9. https://doi.
org/10.1128/AEM.66.1.1-9.2000

•	Wassenaar TM, Fernandez-Astorga A, Alonso R, Marteinsson 
VT, Magnusson SH, Kristoffersen AB, Hofshagen M (2009). 
Comparison of Campylobacter fla-SVR genotypes isolated 
from humans and poultry in three European regions. Lett. 
Appl. Microbiol. 49(3): 388-395. https://doi.org/10.1111/
j.1472-765X.2009.02678.x

•	Wieczorek K, Osek J (2013). Antimicrobial resistance mechanisms 
among Campylobacter.  Biomed. Res. Int.  2013(6276): 1-12. 
https://doi.org/10.1155/2013/340605

•	Wiedmann M (2002). Subtyping of bacterial foodborne 
pathogens. Nutr. Rev. 60(7): 201-208. https://doi.
org/10.1301/00296640260184273

•	Williams P, Ketley J, Salmond G (1998). Bacterial Pathogenesis. 
Acad. Press, London, UK.

•	Wirz SE, Overesch G, Kuhnert P, Korczak BM (2010). Genotype 
and antibiotic resistance analyses of Campylobacter isolates 
from ceca and carcasses of slaughtered broiler flocks. Appl. 
Environ. Microbiol.  76(19): 6377-6386. https://doi.
org/10.1128/AEM.00813-10

•	Yamazaki-Matsune W, Taguchi M, Seto K, Kawahara R, 
Kawatsu K, Kumeda Y, Kitazato M, Nukina M, Misawa 
N, Tsukamoto T (2007). Development of a multiplex PCR 
assay for identification of Campylobacter coli, Campylobacter 
fetus, Campylobacter hyointestinalis subsp. hyointestinalis, 
Campylobacter jejuni, Campylobacter lari and Campylobacter 
upsaliensis. J. Med. Microbiol. 56(11): 1467-1473. https://doi.

https://doi.org/10.1016/j.vetmic.2005.10.029
https://doi.org/10.1128/CMR.11.3.555
https://doi.org/10.3389/fmicb.2018.01204
https://doi.org/10.3389/fmicb.2018.01204
https://doi.org/10.1016/j.fm.2013.10.002
https://doi.org/10.1089/fpd.2009.0264
https://doi.org/10.1089/fpd.2009.0264
https://doi.org/10.3382/ps.2012-02695
https://doi.org/10.1093/jac/dkg033
https://doi.org/10.1093/jac/dkg033
https://doi.org/10.1016/j.drup.2010.08.003
https://doi.org/10.3389/fmicb.2018.00363
https://doi.org/10.3389/fmicb.2018.00363
https://doi.org/10.1128/AEM.69.3.1383-1390.2003
https://doi.org/10.1128/AEM.69.3.1383-1390.2003
https://doi.org/10.1128/JCM.41.10.4733-4739.2003
https://doi.org/10.1128/JCM.41.10.4733-4739.2003
https://doi.org/10.1128/AAC.01911-18
https://doi.org/10.3389/fmicb.2011.00200
https://doi.org/10.3389/fmicb.2011.00200
https://doi.org/10.1016/j.cmi.2015.11.019
https://doi.org/10.1016/j.cmi.2015.11.019
https://doi.org/10.1186/s12866-017-0991-9
https://doi.org/10.1186/s12866-017-0991-9
https://doi.org/10.1128/JCM.00669-11
https://doi.org/10.1086/509924
https://doi.org/10.1086/509924
https://doi.org/10.1089/fpd.2009.0487
https://doi.org/10.1089/fpd.2009.0487
https://doi.org/10.1128/AEM.66.1.1-9.2000
https://doi.org/10.1128/AEM.66.1.1-9.2000
https://doi.org/10.1111/j.1472-765X.2009.02678.x
https://doi.org/10.1111/j.1472-765X.2009.02678.x
https://doi.org/10.1155/2013/340605
https://doi.org/10.1301/00296640260184273
https://doi.org/10.1301/00296640260184273
https://doi.org/10.1128/AEM.00813-10
https://doi.org/10.1128/AEM.00813-10
https://doi.org/10.1099/jmm.0.47363-0


NE  US
Academic                                      Publishers

Advances in Animal and Veterinary Sciences

2019 | Volume 7 | Special Issue 2 | Page 136

org/10.1099/jmm.0.47363-0
•	Zhao S, Tyson GH, Chen Y, Li C, Muhkerjee S, Young S, Lam 

C, Folster JP, Whichard JM, McDermott PF (2016). Whole-
genome sequencing analysis accurately predicts antimicrobial 
resistance phenotypes in Campylobacter species. Appl. 
Environ. Microbiol. 82(2): 459-466. https://doi.org/10.1128/

AEM.02873-15
•	Zhong X, Wu Q, Zhang J, Shen S (2016). Prevalence, genetic 

diversity and antimicrobial susceptibility of  Campylobacter 
jejuni  isolated from retail food in China.  Food Control. 
62(4): 10–15. https://doi.org/10.1016/j.foodcont.2015.09.032

https://doi.org/10.1099/jmm.0.47363-0
https://doi.org/10.1128/AEM.02873-15
https://doi.org/10.1128/AEM.02873-15
https://doi.org/10.1016/j.foodcont.2015.09.032

