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ABSTRACT
The abilities of 34 Campylobacter jejuni and 9 Campylobacter coli isolates recovered from retail meats to adhere to and
invade human intestinal epithelial T84 cells were examined and compared with those of a well-characterized human clinical
strain, C. jejuni 81-176, to better assess the pathogenic potential of these meat isolates. The meat isolates exhibited a wide
range of adherence and invasion abilities; a few of the isolates adhered to and invaded T84 cells almost as well as did C.
jejuni 81-176. There was a significant correlation between the adherence ability and the invasion ability of the Campylobacter
isolates. The presence of eight putative virulence genes in these Campylobacter isolates that are potentially responsible for
adherence and invasion or that encode cytolethal distending toxin was determined using PCR. All Campylobacter isolates
possessed flaA, cadF, pldA, cdtA, cdtB, and cdtC, and most (91%) also contained the ciaB gene. However, the virB11 gene,
carried by virulence plasmid pVir, was absent in almost all the Campylobacter isolates. Our findings indicated that C. jejuni
and C. coli present in retail meat were diverse in their ability to adhere to and invade human intestinal epithelial cells and
that the putative virulence genes were widespread among the Campylobacter isolates. Thus, despite of the presence of the
putative virulence genes, only some but not all Campylobacter strains isolated from retail meat can effectively invade human
intestinal epithelial cells in vitro.

Campylobacter is one of the leading causes of acute
bacterial diarrhea worldwide (32). Numerous surveys have
revealed retail meat and raw milk as sources of human infection (2). A high percentage of poultry products is contaminated with Campylobacter (14, 36, 51).
Campylobacter organisms cause disease by at least
three mechanisms: (i) intestinal colonization by ingested organisms and production of bacterial cytotoxin (8, 16, 20),
inducing diarrhea, (ii) bacterial invasion of intestinal cells
(44, 50), resulting in damage to mucosal surface cells of
jejunum, ileum, and colon, and (iii) extraintestinal translocation (15, 27), in which the organisms cross the intestinal
epithelium and migrate via the lymphatic system to various
extraintestinal sites. These possible mechanisms are not
mutually exclusive, and Campylobacter may make use of
any combination of the mechanisms depending on the host
status and attributes of the infection strain. The molecular
basis of pathogenicity of Campylobacter has not been fully
elucidated. However, several virulence factors have been
identified based on in vitro (10, 12, 25, 43) and in vivo (6,
46, 52) studies. For example, flaA, which encodes flagellin
(47), and cadF, which encodes a protein that interacts with
a host extracellular matrix protein fibronectin (35), are required for Campylobacter adherence to and colonization of
the host cell surface. Other genes such as ciaB (26, 42),
pldA (42), and genes of the pVir plasmid (3) are involved
* Author for correspondence. Tel: 301-405-7552; Fax: 301-314-9489;
E-mail: wenxsong@umd.edu.

in host cell invasion. The genes cdtA, cdtB, and cdtC (29,
41) are responsible for the expression of Campylobacter
cytolethal distending toxin, which induces the proinflammatory cytokine production of epithelial cells (18) and
causes host cell cycle arrest, cell distention, and eventually
cell death (48).
The ability of Campylobacter jejuni to adhere to and
invade the epithelial cells of the gastrointestinal tract is important for the development of Campylobacter-mediated
enteritis (40, 46). The adherence to and invasion of C. jejuni into host cells has been studied in a variety of cell
lines (11, 19, 23, 39). Human colonic epithelial cell line
T84 has been widely used to assess the ability of enteric
bacteria to adhere to and invade the epithelium. C. jejuni
strain 81-176, a well-studied human clinical strain (28), has
a relatively high invasion efficiency in several human intestinal epithelial cell lines, including T84 (19, 39), and
causes illness in human volunteers (6).
Despite frequent contamination of retail meat with
Campylobacter, it remains unclear whether all Campylobacter isolates in retail meat are pathogenic to humans and
which factors specifically contribute to their pathogenicity.
Methodologies for specifically identifying and distinguishing pathogenic strains of Campylobacter from nonpathogenic strains are needed for food safety surveillance. The
present study was undertaken to characterize the adherence
and invasion abilities of Campylobacter isolated from retail
meat. The method involved use of the T84 cell culture mod-
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el and determination of the prevalence of eight putative
virulence genes in these isolates.
MATERIALS AND METHODS

Bacterial growth conditions. Campylobacter cells were routinely grown on Mueller-Hinton (MH) agar (Difco, Becton Dickinson, Sparks, Md.) containing 5% (vol/vol) citrated sheep blood
at 378C under a microaerophilic atmosphere (85% N2, 10% CO2,
and 5% O2). E. coli DH5a was cultured aerobically on LuriaBertani agar (Sigma, St. Louis, Mo.) at 378C. All bacteria were
subcultured for 18 h before being used in experimental assays.
Bacteria were harvested from plates with phosphate-buffered saline (PBS; 0.01 M sodium phosphate, pH 7.4, and 0.15 M NaCl)
and diluted to a concentration of approximately 108 CFU/ml,
which was determined using a spectrophotometer (SmartSpec
3000, Bio-Rad, Hercules, Calif.) at a wavelength of 600 nm. Titration and serial dilution analyses revealed that an absorbance of
0.1 corresponded to a Campylobacter concentration of 4.09 3 108
CFU/ml.
Cell culture. T84 cells (human colonic epithelial cell line
ATCC CCL-248) were cultured in a 1:1 mixture of Dulbecco’s
modified Eagle’s medium (DME) and Ham’s F12 medium containing 1.2 g/liter sodium bicarbonate, 2.5 mM L-glutamine, 15
mM HEPES, and 0.5 mM sodium pyruvate (Invitrogen, San Diego, Calif.) supplemented with 5% (vol/vol) fetal bovine serum,
penicillin, and streptomycin (5% DME-F12), as recommended by
the American Type Culture Collection (Manassas, Va.). Cells were
seeded onto 24-well tissue culture plates (Costar, Cambridge,
Mass.) at 2 3 105 cells per well and grown for 24 h under 5%
CO2 at 378C before adherence and invasion assays.
Adherence and invasion assay. The adherence and invasion
assays were performed using T84 cells cultured in 24-well tissue
culture plates as previously described (23). T84 cells were rinsed
five times with prewarmed invasion medium (5% DME-F12 without penicillin and streptomycin) and inoculated with 106 CFU of
bacteria in 1 ml of invasion medium per well, with a multiplicity
of infection of about 10 to 20. The number of inoculated bacteria
was determined simultaneously on MH–blood agar plates. T84
cells were incubated with bacteria for 3 h in a humidified 5% CO2
incubator at 378C to allow bacteria to adhere and invade. The T84
cells were then washed five times with PBS to remove bacteria
that had not yet adhered and were lysed with 1% saponin (Sigma)
for 5 min to release cell-associated bacteria. Serial dilutions of
the lysates were plated on MH–blood agar plates and incubated
at 378C for 48 h, and Campylobacter colonies were enumerated
to determine the number of cell-associated bacteria.
To determine the number of bacteria that had been internalized, T84 cells that were incubated for 3 h with bacteria were
washed three times with PBS and incubated for an additional 2 h

with 5% DME-F12 containing 100 mg/ml gentamicin (Sigma) to
kill extracellular bacteria. After incubation, cells were washed
three times with PBS to remove gentamicin and then lysed with
1% saponin to release intracellular bacteria. The serial dilutions
of the lysates were plated on MH–blood agar plates, and the number of CFUs was considered the number of bacteria that had invaded the T84 cells. Each assay was performed in triplicate wells
and was repeated at least three times. The number of adhered or
internalized bacteria was plotted as a percentage of the starting
viable inoculum. Control studies were conducted to verify that a
2-h exposure of the 43 Campylobacter isolates to 100 mg/ml gentamicin resulted in 100% kill (data not shown). Time course analyses (0 to 4 h) were carried out to determine the optimal length
of time for the incubation of T84 cells with Campylobacter (data
not shown).
The correlation between the adherence to and invasion of the
T84 cells by Campylobacter isolates was analyzed by linear regression using SPSS 10.0 software (SPSS Inc., Chicago, Ill.) to
calculate Spearman correlation coefficient.
Detection of virulence genes. PCR was used to detect eight
Campylobacter genes that are associated with virulence in the genomic and plasmid DNA of Campylobacter isolates: flaA, cadF,
ciaB, pldA, virB11, cdtA, cdtB, and cdtC. PCR primers specific
for these genes were designed based on the gene sequence information in the GenBank database and in previous published studies
(Table 1). Conserved sequences of each gene were selected, and
two different primer sets were used for each gene. Template DNAs
for PCR were extracted by a boiling method as described previously (33). Fresh cultures of Campylobacter isolates and the negative control strain (E. coli DH5a) were suspended in 1 ml of
saline and boiled at 1008C for 20 min. After centrifugation at
14,000 3 g for 2 min, the supernatants were collected and stored
at 2208C until use. For detecting virB11, both genomic DNA and
plasmid DNA from each Campylobacter isolate were used as PCR
templates. PCR was carried out using AmpliTaq Gold polymerase
(Roche Molecular Biochemicals, Mannheim, Germany) with 30
cycles of amplification in a GeneAmp PCR system 9600 thermocycler (Perkin-Elmer, Foster City, Calif.). The cycling program
was denaturation at 948C for 1 min, annealing at a temperature
specific to each primer pair for 45 s, and extension at 728C for
45 s. PCR products were separated on 2% agarose gels, and bands
were stained with ethidium bromide and visualized using a Gel
Doc 1000 imaging system (Bio-Rad).

RESULTS
Adherence and invasion by Campylobacter retail
meat isolates. To test the pathogenic properties of Campylobacter retail meat isolates, the adherence and invasion
abilities of 43 Campylobacter isolates from retail raw
chicken, turkey, beef, and pork were analyzed with T84
human intestinal epithelial cells using a gentamicin resistance assay (23). Figure 1A shows the adherence and invasion abilities of each isolate, and Figure 2 displays the
distribution of the adherence and invasion abilities of the
43 Campylobacter meat isolates tested. After a 3-h incubation, the 43 Campylobacter isolates adhered to T84 cells
at 0.002 to 3.115% of the starting viable inoculum (Fig.
1A) compared with 1.790% adherence of the positive control strain C. jejuni 81-176. Half of the isolates adhered to
the cells at 0.002 to 0.170%, i.e., less than one-tenth the
adherence of C. jejuni 81-176, whereas five isolates (12%)
adhered to the cells at 0.590 to 3.115% (Fig. 2), close to
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Bacterial strains. Forty-three Campylobacter isolates (34 C.
jejuni and 9 C. coli) were selected based on their distinct DNA
fingerprinting pulsed-field gel electrophoresis profiles (data not
shown) from 378 Campylobacter isolates recovered from retail
raw meats collected in the Washington, D.C., area from June 1999
to July 2000 (51). The 43 isolates were recovered from chicken
(n 5 36), turkey (n 5 4), pork (n 5 2), and beef (n 5 1) samples.
The isolates were allowed to grow through two passages before
being used for the analyses. A well-characterized human clinical
strain, C. jejuni 81-176 (kindly provided by Dr. P. Guerry-Kopecko, Naval Medical Research Center, Bethesda, Md.) (17, 38), and
a noninvasive Escherichia coli laboratory strain, DH5a, were used
as positive and negative controls for all the analyses, respectively.
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TABLE 1. Campylobacter virulence genes and primer sequences used for PCR identification
Target gene

Primers

Sequence (59 to 39)

Product (bp)

C. jejuni cadF

cadF-278
cadF-510
cadF-310
cadF-815
cadF-F2B
cadF-R1B
cdtA-284
cdtA-798
cdtB-1094
cdtB-1277
cdtC-1630
cdtC-2103
GNW
WMI1
VAT2
LPF-D
ciaB-652
ciaB-1159

ATGGTTTAGCAGGTGGAGGA
GAGCTGGACGAGTATCAGCA
GGTTTAGCTGGTGGGGGATA
CAGAAAGACGGGCTGAAAGC
TTGAAGGTAATTTAGATATG
CTAATACCTAAAGTTGAAAC
TCCTTTGGGGCGTTCATTTG
ACCGCTGTATTGCTCATAGG
TCATCCGCAGCCACAGAAAG
ACCCTATCAGGCCTTGAAAG
TCCAACTAGCGCAACTCAAG
GCTCCAAAGGTTCCATCTTC
GGNAAYTGGATHTGGGGNTA
RTTRAARTCNCCYAADATCATCC
GTNGCNACBTGGAAYCTNCARGG
DAAYTGNACDTANCCDAANGG
TGCGAGATTTTTCGAGAATG
TGCCCGCCTTAGAACTTACA

252

ciaB-403
ciaB-1373
pldA-361
pldA-726
pldA-539
pldA-1154
pldA-U
pldA-L
flaA-440
flaA-637
virB11-235
virB11-612
virB-232
virB-710

TTTTTATCAGTCCTTA
TTTCGGTATCATTAGC
AAGAGTGAGGCGAAATTCCA
GCAAGATGGCAGGATTATCA
GCTTATAGTTTTGGCTCATTAG
TACAACAAACGCTTACAAAGAC
AGATGAATTATTTYYTACCT
TTGTTRTARTCTATAAGGCT
TCCAAATCGGCGCAAGTTCA
TCAGCCAAAGCTCCAAGTCC
TGTGAGTTGCCTTACCC
TTATTTATCGCCGTTTGA
TCTTGTGAGTTGCCTTACCCCTTTT
CCTGCGTGTCCTGTGTTATTTACCC

986

C. coli cadF
cadF
cdtA
cdtB

cdt genes

ciaB

C. jejuni pldA
C. coli pldA
pldA
flaA
virB11

the adherence of C. jejuni 81-176. One of the isolates from
a chicken meat sample, C. coli C54, had the greatest adherent ability among all strains tested. Its adherence
(3.115%) was even greater than that of C. jejuni 81-176
(1.790%). No significant difference was detected (P .
0.05) between C. jejuni and C. coli strains in their ability
to adhere to T84 cells. The nonpathogenic E. coli DH5a
also had a high level of adherence, similar to that C. coli
C54, which suggests that high adherence of bacteria to host
epithelium does not necessarily lead to infection.
After a 3-h incubation, the percentages of the Campylobacter isolates resistant to extracellular gentamicin
treatment were 0.001 to 0.235% of the starting viable inoculum (Fig. 1A). The invasion abilities of the 43 raw meat
isolates were all lower than that of C. jejuni 81-176
(0.315%). Among the 43 meat isolates, 18 isolates (42%)
showed invasion levels below 0.004%, similar to that of the
noninvasive negative control E. coli DH5a (0.001%) but
much lower than that of C. jejuni 81-176. All of the four
turkey isolates belonged to this group. Six raw meat isolates
had invasion levels above 0.040%, at about one-tenth of
the invasion ability of C. jejuni 81-176. The remaining 19
isolates (56%) had invasion levels between 0.004 and

AF104302,
AF104303
CJ11168X5,
CJU87559

400
534

Reference

This study

24
AF038283,
U51121

This study

203
493
13

527

385
637

AJ312325,
AF114831,
CJ11168X3

This study

9
AJ786391,
Y11031
AL139078

This study

AF345999,
AF140252
AF472533

This study

600
217
395
494

This study
9

0.040% (Figs. 1A and 2). C. coli C54, which was isolated
from a chicken sample, had the highest level of invasion
(0.235%) among the strains tested, similar to that of C.
jejuni 81-176 (0.315%). Compared with C. jejuni, C. coli
isolates had a similar range of invasion abilities; however,
six of nine C. coli isolates tested had invasion levels lower
than 0.004%. These results indicate that the abilities of
Campylobacter meat isolates to adhere to and invade T84
cells vary widely, and only a small percentage of the isolates have adherence and invasion abilities similar to those
of the well-characterized human clinical strain C. jejuni 81176.
Correlation between the adherence and invasion
abilities of Campylobacter retail meat isolates. To test the
interrelationship between Campylobacter adherence and invasion events, we determined the correlation coefficient between Campylobacter adherence and invasion variables using linear regression (Fig. 3). The correlation coefficient (r)
between the adherence and invasion efficiency of the Campylobacter retail meat isolates was 0.543 (P , 0.01), indicating a significantly positive relationship between the invasion and adherence variables. However, there were a few
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exceptions. Campylobacter isolates C114, J385, and C49
had strong adherence but poor invasion abilities, whereas
J237, J5, and J57 had relatively low adherence but moderate invasion abilities. These results suggest that the invasion abilities of Campylobacter retail meat isolates are
associated with their adherent abilities, but the adherence
of Campylobacter to the host epithelium does not necessarily lead to invasion.

(100%), and pldA (100%). However, the virB11 gene of the
pVir plasmid was not detected in most of the isolates except
for chicken meat isolate C114 (Fig. 1B). All eight virulence
genes were detected in the positive control strain C. jejuni
81-176. Genes cdtA, cdtC, cadF, and pldA in some of these
isolates were detected by only one of the two pairs of primers used (Fig. 1B), possibly because of variability and random point mutations of the genes.

Presence of the putative virulence genes. Even
though the genes that determine the infectivity of Campylobacter have not been well studied, several genes are
involved in Campylobacter adherence to and invasion of
host cells. To test whether the relative adherence and invasion by the Campylobacter isolates are related to the
presence of particular virulence genes, the presence of eight
putative virulence genes in the genomic and plasmid DNA
of the 43 retail meat isolates were determined by PCR using
two different pairs of primers for each gene (Table 1). The
majority of the Campylobacter isolates possessed seven of
the eight virulence genes examined (Fig. 1B): flaA (100%),
cdtA (100%), cdtB (100%), cdtC (100%), ciaB (91%), cadF

DISCUSSION
Campylobacter is one of the major foodborne pathogens and is widespread in retail meat, in particular poultry
products. However, little is known about the pathogenicity
of food-contaminating strains and the molecular basis of
Campylobacter pathogenicity. In this study, we examined
the ability of Campylobacter strains isolated from raw meat
products to adhere to and invade cells of the T84 human
intestinal epithelial line and determined the association between the presence of certain virulence genes and the adherence and invasion abilities of Campylobacter isolates
from retail meats. Our results revealed that Campylobacter

Downloaded from http://meridian.allenpress.com/jfp/article-pdf/69/4/768/1679075/0362-028x-69_4_768.pdf by guest on 20 January 2021

FIGURE 1. The ability of Campylobacter retail meat isolates to adhere to and invade T84 human intestinal epithelial cells and the
distribution of virulence genes among these isolates. (A) A gentamicin resistance assay (23) was used to test 43 Campylobacter strains
isolated from retail chickens, turkey (*), pork (†), beef (‡), and human clinical isolate C. jejuni 81-176 for the ability to adhere to and
invade T84 cells. Data were plotted as percentages of the starting viable inoculum. Means (6SD) of percentages of adherent and
invaded bacteria are provided from three independent experiments. (B) The presence of putative virulence genes flaA, cadF, ciaB, pldA,
virB11, cdtA, cdtB, and cdtC in the genomes and plasmids of Campylobacter isolates was evaluated by PCR using two different pairs
of primers for each gene. Some genes (*) were detected by only one of the two pairs of PCR primers.
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FIGURE 2. Distribution of adherence and invasion abilities
among 43 Campylobacter strains isolated from retail meat. Experiments were performed as described for Figure 1A. The adherence (A) and invasion (B) efficiencies of Campylobacter retail
meat isolates were expressed as percentages of the starting viable
inoculum and plotted as a function of the number of strains.

strains with adherence and invasion abilities similar to those
of the human clinical strain C. jejuni 81-176 were present
in retail meat. Six of 43 tested isolates had invasion abilities
close to those of C. jejuni 81-176, findings similar to those
of a recent study in which 12 of 42 isolates from beef
carcasses and from fecal samples collected from food and
companion animals were capable of invading epithelial
cells (30). The adherence and invasion abilities of the retail
meat isolates varied considerably, from levels similar to that
of C. jejuni 81-176 to 1,000-fold lower than that of C.
jejuni 81-176. However, more than half of the retail meat
isolates tested had an invasion efficiency 100-fold lower
than that of C. jejuni 81-176, indicating that not all Campylobacter strains that contaminate meat products are able
to effectively invade human intestinal epithelial cells.
Because animal models that completely mimic Campylobacter infections in humans are not available, the cell
culture model using human colonic epithelial cells is a useful tool for evaluating the abilities of Campylobacter food
isolates to adhere to and invade the human intestinal epithelium. The T84 cell line has been widely used for studies
of pathogenicity of many human enteric pathogens, includ-

ing Salmonella Typhimurium, Helicobacter pylori, and enteropathogenic E. coli (7, 31, 37). Even though the process
of Campylobacter adhering to and invading T84 human intestinal epithelial cells in culture does not exactly mimic
the process in vivo, the cell culture model allowed us to
determine the relative adherence and invasion abilities of
the retail meat isolates in comparison to the well-studied
human clinical strain C. jejuni 81-176. To ensure that the
cell culture model was functioning properly, we carried out
inoculation dose and time course studies (data not shown),
which indicated that the binding of C. jejuni to T84 cells
was time dependent and saturable. Even though a multiplicity of infection of about 10 instead of 100 was used in
this study, the invasion and adherence levels of the human
clinical strain C. jejuni 81-176 reported here are similar to
those of previously published studies (23, 34, 45).
Colonization or adherence of microbial pathogens to
mucosal surfaces is the primary step of infection and appears to be a prerequisite for invasion in most cases (1, 21,
22, 49). In this study, we analyzed the relationship between
adhesion efficiency and invasion efficiency in Campylobacter retail meat isolates using statistical tests. A positive
correlation between adhesion and invasion was found,
which suggests that host invasion efficiency of Campylobacter is at least partially dependent on its adherence ability. This correlation was not found in all of the tested
strains. Some of the isolates that adhered to T84 cells did
not efficiently invade these cells. Thus, adherence of Campylobacter may facilitate invasion into host cells but does
not necessarily lead to invasion.
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FIGURE 3. Correlation between invasion and adherence abilities
of 43 Campylobacter strains isolated from retail meat was analyzed by linear regression using SPSS 10.0 software. The plot of
2log(invasion %) versus 2log(adherence %) of each strain is
shown. The central line represents the regression line:
[2log(adhesion %)] 5 0.06 1 0.45[2log(invasion %)]; the inner
lines near the central line represent the 95% mean prediction
interval, and the outer lines represent 95% individual prediction
intervals.
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Bacterial virulence is multifactorial and is affected by
the expression of virulence genes. To determine the relationship between the presence of virulence genes in Campylobacter retail meat isolates and the ability of these isolates to adhere to and invade human intestinal epithelial
cells, the prevalence of the putative virulence genes flaA,
cadF, ciaB, pldA, and virB11 and the toxin genes cdtA,
cdtB, and cdtC among the 43 Campylobacter retail meat
isolates was determined by PCR. Even though cytolethal
distending toxin has not been shown to be directly involved
in host epithelial invasion, its role in inducing proinflammatory cytokine secretion by host epithelial cells (18) and
inhibiting cell cycles (48) could influence the invasion and
adherence ability of Campylobacter. Using two different
pairs of PCR primers that target conserved sequences for
each gene, we detected six of the eight putative virulence
genes in all of the 43 Campylobacter isolates. The gene
ciaB was undetectable in four isolates with very low invasion abilities. In some of the retail meat isolates, the putative virulence genes were detected with one of the two
PCR primer sets used, suggesting the presence of variability
and/or random mutations in these genes. The high prevalence of these genes in Campylobacter retail meat isolates
with wide ranges of adherence and invasion efficiencies
also suggests that additional genes may be involved in these
processes. Our finding is consistent with previous studies
that revealed the high prevalence of the same seven putative
virulence genes in Campylobacter strains isolated from
Danish turkeys, pigs, and cattle (4, 5). In addition to C.
jejuni 81-176, only one of the 43 retail meat isolates (which
had an invasion ability 1,000 times lower than that of C.
jejuni 81-176) was positive for the virB11 gene. Bang et
al. (4, 5) also reported a relatively low prevalence for the
virB11 gene in Campylobacter isolates compared with the
prevalence of other putative virulence genes tested. The
prevalence of virB11 among food isolates has not been well
studied. We did not find a general correlation between the
invasion efficiency of Campylobacter retail meat isolates
and the putative virulence genes present in genomic DNA.
There are several possible explanations. First, although
some of the poorly invasive strains contain most of virulence genes, they may fail to express these genes during
interaction with host cells or they may express inactive variants of these genes. Second, virulence genes may have
redundant and overlapping functions; thus, the absence of
one or two of these genes may not significantly affect the
invasion ability of Campylobacter. Third, in addition to
these eight virulence genes, additional genes may be required for host invasion. Further studies using DNA microarrays and mutagenesis are required to identify additional virulence genes of Campylobacter, to determine which
virulence genes are expressed upon host cell contact, to
examine the variability of virulence genes, and to explore
how different virulence genes work together to establish
infection.
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