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Feedlot cattle in Alberta, Canada, have been identified as reservoirs for Campylobacter jejuni, an
important human pathogen. Oligonucleotide DNA microarrays were used as a platform to compare C.
jejuni isolates from feedlot cattle and human clinical cases from Alberta. Comparative genomic hybrid-
ization (CGH) analysis was performed on 87 isolates (46 bovine, 41 human) obtained within the same
geographical regions and time frame. Thirteen CGH clusters were obtained based on overall comparative
genomic profile similarity. Nine CGH clusters contained human and cattle isolates, three contained only
human isolates, and one contained only cattle isolates. The study isolates clustered regardless of temporal
or geographical frameworks. In addition, array genes (n � 1,399) were investigated on a gene-by-gene
basis to see if any were unequally distributed between human and cattle sources or between clusters
dominated by either human or cattle isolates (“human enriched” versus “cattle enriched”). Using Fisher’s
exact test with the Westfall and Young correction for these comparisons, a small number of differentially
distributed genes were identified. Our findings suggest that feedlot cattle and human C. jejuni strains are
very similar and may be endemic within Alberta. Further, the common distribution of human clinical and
bovine C. jejuni isolates within the same genetically based clusters suggests that dynamic and important
transmission routes between cattle and human populations may exist.

The Alberta, Canada, beef industry is economically impor-
tant to the province as the largest source of farm cash receipts
from a single agricultural commodity (2005 data) (40). In 2005,
Alberta had 2,370,800 cattle on feed, which is 67% of the
national total (3). In that same year, campylobacteriosis was
the most common (notifiable) bacterial, enteric disease, with a
provincial rate of 36.1 cases for every 100,000 people (38a, 41).
Because of the relatively high number of human cases and the
large numbers of cattle on feed in Alberta, research into the
role of feedlot cattle as Campylobacter reservoirs has been
ongoing (15, 18–21). Campylobacter jejuni is of public health
significance as the most common Campylobacter species iso-
lated from human cases (approximately 85%) (28). Recent
Alberta feedlot cattle fecal studies have determined a large
proportion (32 to 69%) of Campylobacter-positive samples to
be C. jejuni (2, 15, 19, 21), reinforcing the need for continued
research into the potential importance of cattle as reservoirs
for these human pathogens.

Many campylobacters are commensals in a wide range of
warm-blooded hosts and insects, and they can persist and

maintain viability in water sources, in biofilm, and during en-
vironmental stress (1, 30). While poultry and poultry products
are usually considered the main sources of human Campy-
lobacter infections (17), it is possible that other transmission
routes exist. Poultry sources have not accounted for 100% of
human infections, and typing surveys have found human
Campylobacter strains that do not exhibit similarity (do not
cluster) with poultry strains (7, 26, 27, 32, 33). Cattle and
human Campylobacter isolates have been found to be similar
using a variety of molecular typing methods (5, 22, 33), and
typing studies have suggested that cattle may play a role in
the epidemiology of campylobacteriosis (5, 26, 33). In a
study by Nielsen et al., human and cattle C. jejuni isolates
were identical based on six molecular typing methods (31).
Further, cattle strains have been able to infect poultry (51),
suggesting that cattle may be potential Campylobacter res-
ervoirs for poultry as well as people.

In 2000, the genetic sequencing of Campylobacter jejuni (C.
jejuni NCTC 11168) by Parkhill et al. (38) led to the develop-
ment of whole-genome DNA microarrays that could be used to
study the comparative genomics of C. jejuni (11). DNA mi-
croarrays have been used in comparative genomic hybridiza-
tion (CGH) surveys to analyze C. jejuni genomic variability (4,
34, 37, 43) and to explore the possibility of using CGH as a tool
for epidemiological investigation (24).

The purpose of this study was to perform comparative high-
resolution genotyping (CGH analysis) on feedlot cattle and
human clinical C. jejuni isolates obtained from the same geo-
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graphical regions and during the same time frame in order to
identify isolates with high levels of genomic similarity. This was
a cross-sectional study, and it is not known if the persons
represented by the human samples had any contact with cattle.
Our goal was to use CGH to generate indirect evidence (pre-
liminary assessment) as to the potential for cattle to be a
source of C. jejuni infection for people. Human and feedlot
cattle C. jejuni isolates for this study were purposefully col-
lected within specific geographical areas in Alberta in both the
winter and summer of 2005 and chosen for DNA microarray
testing by using stratified random selection.

MATERIALS AND METHODS

Analytical design. Fig. 1 describes the pathway of inclusion and exclusion
of field isolates, arrays, replicate arrays, and genes throughout the analysis
process.

C. jejuni isolation from feedlot cattle. Cattle isolates were collected as part of
a prevalence study in seven large commercial feedlots from four regional health
authorities (RHAs 1, 2, 3, and 5) in Alberta (15). Preliminary identifications of
C. jejuni were made for 1,020 samples based on positive cultures (direct) and

positive hippurate hydrolysis testing (15, 29). Fifty-eight isolates from feedlot
cattle were randomly selected (using Microsoft Office Excel 2007 [Microsoft
Corporation]) after stratification by feedlot and season and confirmed as C. jejuni
(based on the hypO gene) using a multiplex PCR as previously described (15, 48).
These isolates were then subjected to high-resolution genotyping using DNA
microarrays. Only one isolate was allowed per pen.

Human isolates. Eighty-two viable human isolates, identified as C. jejuni by
diagnostic laboratories in Alberta (RHAs 1, 2, and 3) were sent to the Alberta
Provincial Laboratory of Public Health. The isolates were screened to ensure
that patients had not traveled outside Alberta within 30 days of sample submis-
sion and that only one isolate per patient and per household was sent for
microarray testing. In Alberta, the campylobacteriosis case definition is based on
laboratory confirmation from an appropriate clinical specimen, with or without
symptoms in the patient (13). The isolates were couriered to the Vaccine and
Infectious Disease Organization (VIDO) on ice along with nonidentifying infor-
mation (date of birth, gender, date of specimen submission, and RHA). Upon
receipt, the isolates were plated onto Mueller-Hinton agar for 48 h at 43°C to
ensure a pure culture and then streaked onto three Mueller-Hinton plates and
incubated for 16 to 18 h at 37°C (10% CO2, 5% O2, 85% N2). Growth from three
plates per strain was then suspended in a 50% brain heart infusion-25% glycerol
mixture and frozen to �70°C for genotyping at a later date. Human isolates were
stratified by RHA and by season and then randomly sampled. Data from 49
human C. jejuni arrays were initially entered into the analysis.

FIG. 1. Flow diagrams of field strains, genes, and technical replicates through selection and data analysis. C, cattle; H, human; QC, quality
control.
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ORF C. jejuni NCTC 11168 DNA microarray. A C. jejuni oligonucleotide
microarray from the Campylobacter jejuni Genome Oligo Set version 1.0 was
purchased from Operon Biotechnologies, Inc. (Huntsville, AL). This product
contained 1,601 probes 70 bp in length and represented 1,546 open reading
frames (ORFs) from C. jejuni subsp. jejuni NCTC 11168 (GenBank sequence
AL111168); 51 ORFs from C. jejuni 81-176 virulence plasmid pVir (GenBank
sequence AF226280); and four ORFs from C. jejuni plasmid pCJ01 (GenBank
sequence AF301164). All 1,601 probes were designed within ORFs predicted by
Operon using their proprietary software. The probes were normalized to melting
temperature of 71°C (�5°C). Triplicate spots were included for each ORF on the
chip. The microarray slides were produced from this set of oligonucleotides by
The Biomedical Genomics Center, University of Minnesota (Minneapolis, MN).
The conditions required for the optimal hybridization of these arrays using
cyanine dye detection systems are outlined below. For this study, only genes from
C. jejuni NCTC 11168 (n � 1,546) were analyzed; plasmid data available on the
arrays were not included in the analysis.

Genomic DNA extraction and labeling. Genomic DNA isolation was per-
formed using a modification of the hexadecyltrimethyl ammonium bromide
(CTAB) procedure (50). Briefly, cells were suspended in 567 �l of TE (10 mM
Tris HCl and 1 mM EDTA [pH 8.0]). Proteinase K and sodium dodecyl sulfate
were added to a final concentration of 100 �g/ml and 0.5%, respectively. After
incubation for 1 h at 37°C, 100 �l of 5 M NaCl was added, and the suspension
was mixed thoroughly. Eighty microliters of 10% CTAB in 0.7 M NaCl was
added, and the mixture was incubated at 65°C for 10 min. An equal volume of
chloroform/isoamyl alcohol (24:1) was added, and after thorough mixing, the
CTAB-protein/polysaccharide complex was removed by centrifugation. The
aqueous supernatant was transferred to a fresh tube, and the remaining protein
was extracted with phenol-chloroform/isoamyl alcohol (25:24:1). The superna-
tant was precipitated with 0.6 volumes of isopropanol, and the precipitate was
dissolved in 250 �l of water.

Three microliters of random primers (Invitrogen Corporation, Carlsbad, CA)
were added to approximately 6 �g of genomic C. jejuni DNA (Cy3 for reference
strain NCTC 11168, Cy5 for the test strain) in 1.5-ml amber tubes (Diamed Lab
Supplies, Inc., Mississauga, ON, Canada). Distilled water was then added so that
each tube contained a total of 40.5 �l. The contents were then denatured at 95
to 97°C for 6 min, cooled on ice for 2 min, and then left at room temperature for
5 min. Five microliters of 10� Klenow reaction buffer (USB Corporation, Cleve-
land, OH), 1.5 �l Cy-labeled dCTP (Amersham Biosciences, Inc., Sunnyvale,
CA), 1 �l deoxynucleoside triphosphate (Amersham Biosciences, Inc.), and 20
units exonuclease-free Klenow (USB Corporation) were added and the tubes
incubated at 37°C for 2 h. Then, 2.5 �l of 0.5 M EDTA was added to each tube
and left for 1 min at room temperature. The tubes were then heated at 95 to 97°C
for 2 min, kept on ice for 5 min, and left to sit at room temperature for 5 min.
The cleanup of probes was carried out using the Qiagen MinElute reaction
cleanup kit as per the manufacturer’s specifications (catalog no. 28206; Qiagen,
Inc., Mississauga, ON, Canada) with a final elution volume of 13 �l distilled
H2O. The labeled DNA was quantified using a spectrophotometer (Ultrospec
3000; Pharmacia Biotech) to calculate the number of pmol/�l in each tube. In a
fresh 1.5-ml amber tube, 40 pmol of both the reference strain (Cy3) and the test
strain (Cy5) were combined, and distilled H2O was added to bring the total
volume to 20 �l.

Microarray hybridization. Each array was submerged in warm prehybridiza-
tion solution (Genicon Sciences Corporation, now part of Invitrogen Corpora-
tion) and incubated for 30 min at 42°C. Each array was then washed in fresh
distilled H2O 10 times and in 100% isopropanol 10 times. The arrays were then
dried with filtered air. Lifter slips (#25x601-2-4789; Erie Scientific Co., Ports-
mouth, NH) were washed in distilled H2O followed by 100% ethanol and left to
dry. Damp paper towels were placed onto a metal leveling block in a large
plastic container. The arrays were then labeled and placed, with the probes
facing upward, on the paper towels and the lifter slips added. SlideHyb Buffer
#2 (55 �l; Ambion, Austin, TX) was then added to the 20 �l tube from the
quantification step and mixed gently, and the tube was placed in the heat
block for 5 min (65 to 67°C). In a darkened room, the entire contents of the
tube was then pipetted along one edge of the lifter slip to wick up the slide.
The lid was then placed on the container, and it was incubated at 42°C in the
humidified chamber for 18 to 24 h. After incubation, the lifter slips were
removed, and the arrays were immersed in fresh wash solution 1 (1� sodium
chloride-sodium citrate [SSC; 1� SSC is 0.15 M NaCl plus 0.015 M sodium
citrate]/0.1% sodium dodecyl sulfate) at 42°C for 5 min. This step was then
repeated twice. The arrays were then immersed in wash solution 2 (1� SSC)
at 42°C for 5 min (repeated twice) and then in wash solution 3 (0.1� SSC) at
42°C for 5 min (repeated twice). The slides were then rinsed in warm distilled

H2O (42°C), dried with filtered air, placed into clean slide mailers, and
protected from direct light until scanned.

Scanning, data acquisition, and preliminary data analysis. The arrays were
scanned using GenePix Pro version 4.1 (GenePix 4000B scanner; MDS Analyt-
ical Technologies, Mississauga, ON, Canada) or Jaguar 2.0 (ArrayScanner 428;
Affymetrix, Inc., Santa Clara, CA). Cy3 and Cy5 were scanned at wavelengths of
approximately 532 nm and 635 nm, respectively, both with 100% power. Primary
image analysis (ArrayVision, version 8.0, rev. 3.0; Imaging Research, Inc.) and
global loess normalization (ArrayPipe) (16) were performed. The background
was then subtracted from the raw spot intensity for both the reference and test
strains, giving a net intensity for each spot. Prior to all subsequent analyses,
anomalous spots resulting from printing errors were removed from the data set.
The average net intensity data in the reference and test channels for each ORF
on the array were then obtained by averaging the net intensities of the remaining
replicate spots.

Quality control and gene absence/divergence analysis. Taboada et al. previ-
ously showed that low-intensity CGH data may behave less reliably than high
intensity data upon the subsequent analysis of gene divergence/absence (47).
Preliminary analysis of our data set revealed that low-intensity data reduced the
concordance of data from replicate arrays (see the description in the “Global
cluster analysis and validation of clustering results” section below). A custom
script was written in Visual Basic for Applications for Microsoft Office Excel
(Microsoft Corporation) to test pixel intensity cutoffs from 200 to 1,200 pixel
units (in 20-unit increments) while monitoring the concordance of replicate data.
This analysis allowed us to determine intensity and log ratio cutoffs which would
maximize the amount of reliable data retained for subsequent analysis and
minimize the adverse effects of low-signal data on replicate concordance. The
ORFs and arrays in which greater than 5% of the data yielded less than 500 pixel
units in the reference channel were excluded from subsequent analysis. A log
ratio or log2 (net test signal/net reference signal) threshold of �1.1 was chosen
to differentiate divergent/absent from present genes. Spots were categorized as
“divergent/absent” if log ratios were ��1.1, or “conserved” if log ratios were
��1.1. The log ratio was calculated for each ORF in each array that passed
quality control (1,399 ORFs; 119 arrays). Raw and processed log ratio data for
these data sets are available at NCBI’s Gene Expression Omnibus website (http:
//www.ncbi.nlm.nih.gov/projects/geo/) under accession number GSE13228. Log
ratio data were visualized and analyzed in TIGRs MultiExperiment Viewer
(TMEV) version 3.1 (39).

Global cluster analysis and validation of clustering results. Average linkage
hierarchical clustering (12) was used to cluster samples based on the similarity of
binarized gene conservation profiles and was performed in TMEV (39) using
Euclidean distance as a distance metric. Support tree bootstrapping within
TMEV (500 bootstrap resamplings) (39) was then used to test the reliability of
the clustering patterns. Tree data were coded into Newick format prior to
visualization using Treeview version 1.6.6 (35).

Arrays from 90 study C. jejuni isolates and replicate arrays from 23 ran-
domly selected isolates stratified by source (human or bovine) were included
in the preliminary cluster analysis. Six self-self arrays (laboratory strain
NCTC 11168) and six arrays comparing the reference NCTC 11168 strain to
the laboratory test strain RM1221 (hereafter referred to as RM1221) were
also included in the data set. These technical replicate arrays were used to
validate our data based on the expectation that replicates should group
together on the dendrogram. Three isolates for which replicate arrays showed
low concordance were identified and removed from subsequent analyses. The
remaining 87 field isolates were included in the final global clustering and
gene association analyses.

Statistical analyses of gene association. A multistep process was used to
investigate genes which might be differentially distributed between human and
cattle sources. Genome-wide gene association analyses were conducted using an
in-house Microsoft Excel script developed to compare conservation rates for
each array gene (n � 1,399) in groups of strains using the two-tailed Fisher exact
test (46). The 87-field-isolate set was separated by source, and the number of
absent and conserved genes between cattle and human isolates was compared on
a gene-by-gene basis. Because of obvious clonality present in the data, it was then
decided to analyze CGH clusters that might have the potential for niche adap-
tation. The comparative genomic hybridization clusters were combined based on
their apparent affinity for either human or cattle hosts. The first group comprised
CGH clusters composed mainly of cattle isolates (CGH1, CGH8, CGH10; 24
cattle and 3 human isolates) and designated “cattle enriched” (CGH CE). The
second group was comprised of CGH clusters composed mainly of human iso-
lates (CGH3, CGH5, CGH11, CGH13; 4 cattle and 20 human isolates) and
designated “human enriched” (CGH HE). A third group, not used for analytical
purposes, was comprised of CGH clusters composed of similar numbers of cattle
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and human isolates (CGH2, CGH4, CGH6, CGH7, CGH10; 14 cattle and 13
human isolates) and designated “intermediate” (CGH I) (Fig. 2). For each gene
(n � 1,399), we tested the null hypothesis that there would be a similar distri-
bution between CGH HE and CGH CE groups and the alternate hypothesis that
the gene would have an unequal distribution between groups by using Fisher’s
exact test (P � 0.05). Fisher’s exact test P values from both of the above analyses
(cattle versus human and CGH CE versus CGH HE) were adjusted for multiple
comparisons using the Westfall and Young correction (WY; P � 0.05) (49) based
on 20,000 bootstrap resamplings (SAS version 9.2; SAS Institute, Inc., Cary, NC).

RESULTS

Assessment of clustering results using technical replicates.
Technical replicates were included in the study (Fig. 1). The
inclusion of these arrays was a means of validating our data as
replicate arrays should form clusters. Initially, 25 replicate sets
were included in the analysis, representing 11 human and 12
cattle field isolates and two laboratory strains (NCTC 11168
and RM1221). The field isolates each had two replicates and
the two laboratory strains (NCTC 11168 and RM1221) each
had six replicates.

As expected, most replicate sets grouped within the same
CGH cluster (22/25 sets). Three replicate pairs from three field
isolates, however, did not group within the same CGH cluster,
and these isolates were removed from all subsequent analyses.
A dendrogram representing 119 arrays (87 field isolates: 67
with single arrays, 20 with duplicate arrays; two laboratory
strains each with six replicate arrays) is shown in Fig. 3.

Cluster analysis of human and cattle isolates. Forty-one
arrays from human C. jejuni isolates (24 male, 17 female; ages
1 to 81 years old) and 46 arrays from cattle C. jejuni isolates
were included in the final study data set (Table 1). Of the 87
field isolates studied, eight isolates did not cluster with others,
and isolate #4121 (CGH 7) clustered only with the RM1221
laboratory strain. Of the 13 CGH clusters identified, nine con-
tained both human and cattle isolates, three contained only
human isolates, and one contained only cattle isolates (Fig. 2
and 4; see also Table S1 in the supplemental material).

Molecular epidemiological analysis of temporal distribu-
tion. Nine of 13 CGH clusters contained C. jejuni isolates from
both the summer and winter seasons, and of these, three clus-
ters contained both cattle and human isolates from both winter
and summer (Fig. 5). Further, five clusters (CGH 2, 5, 6, 9, and
11) contained both human and cattle isolates submitted/col-
lected within 2-week time frames (Table 1).

Molecular epidemiological analysis of geographical dis-
tribution. Two or more feedlots were represented in 8 of the
13 CGH clusters, and 3 of the 13 CGH clusters contained
cattle isolates from four or more feedlots (Fig. 6). Only one

FIG. 2. Distribution of human (light gray shading) and cattle (dark
gray shading) C. jejuni isolates (n � 79; isolates that did not cluster are
not shown) within all comparative genomic hybridization clusters and
designation into HE or CE groups for gene association testing.

FIG. 3. Dendrogram of validated C. jejuni technical replicates,
laboratory strains, and field isolates. Heavy black branch lines in-
dicate greater than 75% bootstrap support. Gray brackets join the
20 sets of field isolate replicates on the dendrogram. Boxes denote
the two sets of laboratory strain replicates. There were 119 arrays.

VOL. 47, 2009 DNA MICROARRAY OF CATTLE AND HUMAN C. JEJUNI ISOLATES 413



TABLE 1. Human and feedlot cattle C. jejuni isolate information (order same as the dendrogram in Fig. 4)

CGH
clustera Isolate no. No. of

replicates Populationb Seasonc Feedlot or straind RHA Submission or
sampling date Gendere Age (yr)

1 773 1 B W D 1 25 Aug 2005 � �
2106 1 B S B 1 25 Aug 2005 � �
2808 1 B S G 3 13 Sep 2005 � �
4151 0 H S � 3 5 Aug 2005 M 34
2719 0 B S F 5 12 Sep 2005 � �
2046 0 B S B 1 25 Aug 2005 � �
1006 0 B W F 5 31 Jan 2005 � �
1046 0 B W F 5 31 Jan 2005 � �
1133 0 B W F 5 31 Jan 2005 � �
213 0 B W B 1 18 Jan 2005 � �

2 356 0 B W B 1 18 Jan 2005 � �
4189 0 H S � 1 3 Jul 2005 F 43
1302 1 B W G 3 1 Feb 2005 � �
1393 0 B W G 3 1 Feb 2005 � �
442 0 B W C 1 19 Jan 2005 � �
4197 1 H W � 1 7 Jan 2005 F 41
4194 0 H W � 1 17 Dec 2004 F 30

NC 4122 1 H W � 3 8 Nov 2004 M 57
3 4125 0 H W � 3 15 Nov 2004 F 74

4137 0 H W � 3 11 Jan 2005 F 1
4 4145 0 H S � 3 1 Aug 2005 M 64

4332 0 B S G 3 13 Sep 2005 � �
84 1 B W A 2 17 Jan 2005 � �
4196 0 H W � 1 20 Dec 2004 M 23

5 4147 0 H S � 3 2 Aug 2005 F 63
4153 1 H S � 3 7 Aug 2005 M 2
4142 1 H S � 2 28 Jun 2005 M 50
4186 1 H S � 1 29 Jun 2005 M 28
4134 0 H W � 3 13 Dec 2004 M 81
4138 0 H S � 2 5 Jul 2005 F 28
2202 1 B S E 1 6 Sep 2005 � �
4199 0 H W � 1 12 Jan 2005 F 1
4176 0 H S � 1 8 Jun 2005 M 19
4132 0 H W � 3 6 Dec 2004 M 7
4450 0 B S G 3 13 Sep 2005 � �
4123 0 H W � 3 14 Nov 2004 F 3
NCTC 11168 5 Laboratory strain
4143 0 H S � 2 1 Jun 2005 M 23
697 0 B W D 1 24 Jan 2005 � �
4158 0 H S � 3 11 Aug 2005 M 40

NC 4129 0 H W � 3 3 Dec 2004 M 23
NC 4195 0 H W � 1 19 Dec 2004 M 49
6 1645 0 B S D 1 22 Aug 2005 � �

4163 1 H S � 3 15 Aug 2005 F 77
4173 0 H S � 1 7 Jun 2005 F 34
2603 0 B S F 5 12 Sep 2005 � �
4140 0 H S � 2 13 Sep 2005 M 43
2650 0 B S F 5 12 Sep 2005 � �

7 4121 0 H W � 3 9 Dec 2004 F 64
RM1221 5 Laboratory strain

8 2360 0 B S E 1 6 Sep 2005 � �
2409 1 B S A 2 8 Sep 2005 � �
1676 1 B S D 1 22 Aug 2005 � �
4200 1 H W � 1 27 Jan 2005 M 3
1716 0 B S D 1 22 Aug 2005 � �
4413 0 B S G 3 13 Sep 2005 � �
4190 0 H S � 1 5 Jul 2005 M 32
2497 0 B S A 2 8 Sep 2005 � �
4330 0 B S G 3 13 Sep 2005 � �
2548 0 B S A 2 8 Sep 2005 � �

NC 2515 0 B S A 2 8 Sep 2005 � �
9 1826 0 B S C 1 23 Aug 2005 � �

2371 0 B S E 1 6 Sep 2005 � �
381 0 B W B 1 18 Jan 2005 � �
2326 0 B S E 1 6 Sep 2005 � �
4127 0 H W � 3 21 Nov 2004 M 47
4128 0 H W � 3 22 Nov 2004 M 19

Continued on following page
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CGH cluster was composed of isolates from a single RHA
(CGH3; n � 2). Another cluster, CGH7, contained a single
field isolate and the laboratory strain RM1221 (one field and
one laboratory strain). The other 11 CGH clusters contained
isolates from two or more RHAs, and one cluster (CGH6)
contained isolates from all four RHAs (Fig. 7).

Gene association testing to compare cattle and human iso-
lates. The comparison of all human (n � 41) and cattle (n �
46) isolates originally identified 25 of 1,399 genes in our data
set having an unequal distribution between the two groups
(genes absent more in one group than the other, P � 0.05).
The WY correction was used to account for the testing of
multiple comparisons and adjusted Fisher’s exact test P values
to minimize the possibility of false-positive results. In gene-
by-gene comparisons of the cattle and human clinical C.
jejuni isolates (with WY correction), only three genes were
identified with statistically significant differences in pres-
ence/absence between the two groups: Cj0617, encoding a
hypothetical protein; Cj0628, encoding a putative lipopro-
tein; and Cj1668, encoding a putative periplasmic protein. It
was observed that seven CGH clusters were dominated by
either cattle or human isolates (Fig. 2). We hypothesized
that there could be potentially meaningful genetic differ-
ences between the human-dominated or cattle-dominated
clusters and decided to investigate these source-biased
groupings further. CGH clusters predominantly composed
of human isolates (CGH HE) and those predominantly com-
posed of cattle isolates (CGH CE) were compared using
gene association testing. This focused cluster comparison
identified 37 of 1,399 genes unequally distributed between
these two groups using both Fisher’s exact test and the WY
correction (P � 0.05) (Table 2).

DISCUSSION

This study describes the use of DNA microarray as a high-
resolution genotyping tool for the molecular epidemiological
investigation of C. jejuni. This set of data represents the largest
published comparison of human and feedlot cattle C. jejuni
isolates using DNA microarrays and focuses on feedlot cattle
because of their potential as Campylobacter reservoirs. The
isolates tested by DNA microarray in this study were purpose-
fully collected within a defined geographical and temporal
framework in order to generate data on the presence and
persistence of strains in feedlot cattle and people in Alberta.

Although the microarray-based CGH approach described is
not used in routine molecular epidemiology due to high cost
and low throughput compared to conventional genotyping
methods, it has the potential to provide an unprecedented level
of discriminatory power (10, 25, 44). In a recent study, CGH
was able to differentiate C. jejuni strains within highly related
multilocus sequence typing (MLST) profiles (45). Further,
analysis by DNA microarray-based CGH has recently been
shown to correlate with clonal complexes identified by MLST,
the “gold standard” in molecular typing, in Streptococcus pneu-
moniae (6) and in C. jejuni (45). Data obtained from genomic
DNA microarray studies can not only create high-resolution
genetic profiles for global clustering but can also be directly
applied in gene association studies to look at potential geno-
type-phenotype links. These advantages are reflected in a re-
cent investigation of C. jejuni strains implicated in Guillain-
Barré and Miller Fisher syndromes (46). In the past, finding
associations using conventional molecular typing methods be-
tween neuropathogenic C. jejuni typing markers and clinical
phenotypes has been difficult (9). With the use of data ob-

TABLE 1—Continued

CGH
clustera Isolate no. No. of

replicates Populationb Seasonc Feedlot or straind RHA Submission or
sampling date Gendere Age (yr)

4193 0 H W � 1 17 Dec 2004 M 57
4141 0 H S � 2 11 Sep 2005 F 28

NC 1243 0 B W G 3 1 Feb 2005 � �
10 179 1 B W A 2 17 Jan 2005 � �

2699 1 B S F 5 12 Sep 2005 � �
1016 0 B W F 5 31 Jan 2005 � �
321 0 B W B 1 18 Jan 2005 � �
875 0 B W E 1 25 Jan 2005 � �
100 1 B W A 2 17 Jan 2005 � �
791 0 B W D 1 24 Jan 2005 � �

11 4167 0 H S � 3 16 Aug 2005 F 25
4177 0 H S � 1 9 Jun 2005 M 18
1888 0 B S C 1 23 Aug 2005 � �
4188 1 H S � 1 30 Jun 2005 M 45
4149 0 H S � 3 3 Aug 2005 F 40

NC 4198 0 H W � 1 9 Jan 2005 F 24
12 1111 0 B W F 5 31 Jan 2005 � �

4170 1 H S � 3 26 Aug 2005 F 48
13 4136 0 H W � 3 3 Jan 2005 M 33

4144 0 H S � 2 8 Aug 2005 M 47
NC 122 0 B W A 2 17 Jan 2005 � �
NC 4427 0 B S G 3 13 Sep 2005 � �

a n � 89 C. jejuni isolates (87 field and 2 laboratory strains). NC, isolates that did not cluster with any other field or laboratory strains.
b B, bovine; H, human.
c S, summer; W, winter.
d –, not applicable.
e M, male; F, female.
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tained from microarray-based CGH, it has been possible to
extend applications beyond lineage diversity to successfully
identify factors commonly shared by neuropathogenic strains
using a gene association approach.

In our study, the global clustering of isolates based on whole-
genome profiles identified a high degree of similarity between
cattle and human C. jejuni isolates. The distribution of isolates
from both sources within most of the 13 CGH clusters suggests
that both people and cattle may have access to the same trans-
mission routes. Nine out of 13 CGH clusters contained both
bovine and human isolates, and within five clusters, genetic
clones (isolates with high genomic similarity and belonging to
the same CGH cluster) were identified from both cattle and
people within very confined temporal periods (2 weeks). Often
the C. jejuni isolates within a cluster represented multiple geo-
graphical regions and feedlots, both seasons, and both cattle
and human sources. It is not known if human campylobacte-
riosis patients in our study had contact with feedlot cattle or
were from urban or rural backgrounds. Specifically designed
epidemiological studies would be required to link cattle con-

tact to human cases. However, our findings, although indirect,
suggest that the transmission of C. jejuni strains may be occur-
ring between people and feedlot cattle and that the distribu-
tion of C. jejuni strains able to cause human disease may be
widespread geographically.

Clonality was a prominent feature observed in our data set.
One known campylobacteriosis outbreak occurred in RHA3
during the course of our study. However, isolates from this
outbreak were not included in order to maximize genetic vari-
ability in our data set. CGH cluster 5, in which 12 of 15 field

FIG. 4. Global clustering dendrogram of feedlot cattle and human
clinical C. jejuni isolates. Heavy black lines indicate greater than 75%
bootstrap support. The figure includes 87 field isolate arrays (white
squares indicate bovine isolates, and black squares indicate human
isolates) and two laboratory strain arrays (gray squares).

FIG. 5. Distribution of summer (n � 47) and winter (n � 40)
feedlot cattle (n � 46) and human (n � 41) clinical C. jejuni isolates
within all CGH clusters. NC, isolates that did not cluster with any other
field or laboratory strains.

FIG. 6. Distribution of feedlots within all C. jejuni comparative
genomic hybridization clusters. Legend at the right gives the feedlot
designation. NC, isolates that did not cluster with any other field or
laboratory strains. The figure includes feedlot cattle C. jejuni isolates
only (n � 46).
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isolates were of human origin, was an important strain in the
data set, as isolates with this genetic profile were persisting,
widespread, and clearly pathogenic. Patients infected with this
C. jejuni strain sought clinical care over a 44-week period (7
months) in three different RHAs. Our finding of clonal groups
that were dominated by either human or cattle sources is
consistent with MLST studies which have suggested that niche
adaptation may play a role in the overrepresentation of sources
within clonal groups (7, 8). While it is possible that sampling
issues could play a role in our findings, some of the genotypic
clusters identified in our study may represent phenotypic sep-
arations within the data set. It is plausible that C. jejuni, which
is commensal in cattle but usually pathogenic in people, could
have differential infection and colonization rates between host
species based on differences in strain attributes or exposure
patterns.

While global clustering gives an overview of the similarity
between isolates, it does not specify which parts of the ge-
nomes are similar or different. The ability to mine microarray
data using gene association testing, in addition to global clus-
tering, is one of the main advantages of the DNA microarray
platform. A limitation of the CGH technology is that it is not
possible to identify novel genomic sequences when comparing
strains; only known genes present on the microarray are eval-
uated. Even though only genes from the NCTC 11168 strain
were incorporated, the microarray used in this study included
several hundred genes with high intraspecies variability (43)
which should achieve a level of resolution that surpasses that of
the current conventional typing method. Future studies using
“pan-genomic” microarrays containing genes from multiple C.
jejuni strains would allow relationships among isolates to be
explored with even greater levels of accuracy and resolution.

Our comparison of human and bovine C. jejuni isolates using

gene association testing identified only three of 1,399 genes
with statistically significant differences in conservation rates
between sources. Because it is possible that the small number
of genes identified resulted from confounding factors or lack of
power, in addition to similarity between human and cattle
isolates, it was decided to explore source-biased clusters more
thoroughly. Our comparison of CE and HE clusters identified
37 of 1,399 genes with unequal distribution between these
clonal groupings. This still represents a very small number of
differences and supports the overall similarity between human
and cattle isolates. Interestingly, some genes identified with
unequal conservation rates using gene association testing are
involved in the biosynthesis of lipooligosaccharide (LOS) and
capsular polysaccharide (CPS). In contrast with the strains
from the CE clusters, a high proportion of strains from the HE
clusters generated little to no hybridization signal to some of
the LOS and CPS genes represented in the microarray. These
human strains likely contained a combination of sequence vari-
ants and/or genes that were unique to specific CPS (23) or LOS
(36) types and different from those present in the NCTC 11168
strain used to construct the array. The concept of feedlot niche
adaptation may be plausible based on our findings of clonal
groupings dominated by particular host sources and is inter-
esting, from an epidemiological perspective, as the genetic
composition of different clonal strains may have potential clin-
ical relevance.

The feedlot environment seems a dynamic and important
niche in the epidemiology of campylobacters. Our results sup-
ported our expectation that C. jejuni strains collected within a
feedlot would be similar and would group within the same
CGH cluster. Seven CGH clusters were found to contain two
or more isolates from the same feedlot. However, it was sur-
prising that individual feedlots contained so many genetically
diverse strains. Three or more strains (CGH clusters) were
identified within each of the seven feedlots. Multiple strains
within each feedlot niche are most likely the result of a com-
bination of influences, including human, wild bird, insect, other
reservoir host, fomite, and water exposures. Further, clones
from both the winter and summer collections were identified
within individual feedlots (B and F). Our findings suggest that
some genotypic clones can persist over the course of the year
in the feedlot environment and that C. jejuni genomic profiles
are relatively stable and not undergoing major recombination
events. They also suggest that cattle may be exposed to multi-
ple strains of C. jejuni over time.

Human samples were acquired from diagnostic laboratories
within three RHAs in Alberta. As protocols for C. jejuni iso-
lation are not standardized across the province, it is possible
that a variety of isolation methods were used for the human
isolations and that these were different from protocols for the
isolation of bovine strains. This may have resulted in selection
pressure for certain strains based on the isolation conditions
used, resulting in an underrepresentation of isolate genetic
variability.

Both cattle and human isolates were collected in winter and
summer 2005 from three geographical areas (RHA 1, 2, and 3)
in Alberta. In order to include more bovine isolates, cattle in a
fourth area (RHA 5) were sampled over the same time frame.
The clustering of C. jejuni strains did not seem to be influenced
by season, as 9 of 13 CGH clusters contained isolates from

FIG. 7. Distribution of Alberta RHAs within all C. jejuni CGH
clusters for cattle (n � 46) and humans (n � 41). NC, isolates that did
not cluster with any other field or laboratory strains.
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both the summer and winter. The RHA was also not a segre-
gating factor, as 11 of 13 CGH clusters contained C. jejuni
isolates from two or more RHAs. These findings suggest that
the movement of strains between the different geographical
regions may be occurring and common within the province.

Alberta patients are provided with medical treatment, in-
cluding laboratory services, under Canada’s universal, publicly
insured health care plan. Community and hospital physician
services are accessed within RHAs, and while patients have the
option to access these services outside of RHAs, the majority
of primary care and laboratory services are accessed within the
RHA of residence. While it was assumed that the RHA sub-
mitting the human isolate was the same region in which the
patient lived, it is possible that regional misclassification may

have occurred if the patient saw a physician outside of their
area of residence or if the samples were sent to diagnostic
laboratories in a different RHA.

This study used the DNA microarray as a platform to inves-
tigate C. jejuni isolates from feedlot cattle and people in Al-
berta. From our experience and based on time, labor, and cost
factors, conducting whole-genome CGH studies using the
DNA microarray platform is likely not conducive for time-
sensitive outbreak investigation or detection surveys. As a re-
sult, the DNA microarray may be advantageous for use in
molecular epidemiological contexts that require comprehen-
sive genetic data but not immediate reporting. Further, the
advantages of DNA microarray technology in generating high-
resolution data useful for both global clustering and gene as-

TABLE 2. Results of C. jejuni gene association testing for comparison of CGH CE and HE groupsa

Gene

No. absent
from CGH
CE clusters

(n � 27)

No. absent
from CGH
HE clusters

(n � 24)

CGH CE vs HE P value
Gene product

Unadjusted WY

Cj0202 27 14 0.00015 0.00210 Hypothetical protein
Cj0300 19 24 0.00464 0.05000 Putative molybdenum transport ATP-binding

protein
Cj0302 16 24 0.00033 0.00400 Putative molybdenum-pterin binding protein
Cj0303 11 24 �0.00001 �0.00001 Putative molybdate-binding lipoprotein
Cj0304 15 24 0.00013 0.00135 Putative biotin synthesis protein
Cj0399 17 24 0.00081 0.01145 Colicin V production protein homolog
Cj0485 13 21 0.00352 0.03890 Putative oxidoreductase
Cj0617 27 6 �0.00001 �0.00001 Hypothetical protein
Cj0628 0 8 0.00116 0.01525 Putative lipoprotein
Cj1051 2 12 0.00118 0.01555 Restriction modification enzyme
Cj1136 3 16 0.00005 0.00055 Putative glycosyltransferase
Cj1137 4 17 0.00006 0.00085 Putative glycosyltransferase
Cj1138 5 17 0.00023 0.00325 Putative glycosyltransferase
Cj1139 10 22 0.00010 0.00115 �-1,3-Galactosyltransferase
Cj1140 9 19 0.00172 0.01970 	-2,3-Sialyltransferase
Cj1141 3 17 0.00001 0.00005 Sialic acid synthase (N-acetylneuraminic acid

synthetase)
Cj1142 6 18 0.00023 0.00360 Putative UDP-N-acetylglucosamine 2-

epimerase
Cj1143 2 16 0.00002 0.00010 Two-domain bifunctional protein (�-1,4-N-

acetylgalactosaminyltransferase/CMP-
Neu5Ac synthase)

Cj1144 6 16 0.00194 0.02315 Hypothetical protein
Cj1145 5 16 0.00066 0.00885 Coding sequence merged with Cj1144
Cj1146 12 22 0.00038 0.00455 Putative glucosyltransferase
Cj1150 19 24 0.00464 0.05000 D-�-D-Heptose 7-phosphate kinase/D-�-D-

heptose 1-phosphate adenylyltransferase
Cj1297 10 19 0.00424 0.04385 Hypothetical protein
Cj1389 1 16 �0.00001 �0.00001 Pseudogene (putative C4-dicarboxylate

anaerobic carrier
Cj1421 6 18 0.00023 0.00360 Putative sugar transferase
Cj1422 7 20 0.00006 0.00080 Putative sugar transferase
Cj1428 10 20 0.00145 0.01710 GDP-l-fucose synthetase
Cj1429 6 19 0.00007 0.00090 Hypothetical protein
Cj1430 8 18 0.00191 0.02225 Putative dTDP-4-dehydrorhamnose

3,5-epimerase
Cj1432 3 16 0.00005 0.00055 Putative sugar transferase
Cj1433 2 17 �0.00001 �0.00001 Hypothetical protein
Cj1434 5 19 0.00002 0.00025 Putative sugar transferase
Cj1435 8 19 0.00105 0.01410 Putative phosphatase
Cj1439 0 15 �0.00001 �0.00001 UDP-galactopyranose mutase
Cj1440 6 16 0.00194 0.02315 Putative sugar transferase
Cj1520 9 20 0.00054 0.00665 Removed from coding sequences
Cj1729 1 13 0.00007 0.00150 Flagellar hook subunit protein

a All genes are statistically significant (P � 0.05) based on the unadjusted Fisher’s exact test P values and the WY corrected P values; 1,399 genes were tested. The
gene product information is from reference 14.
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sociation studies represent significant added value compared
to those of other molecular typing techniques (45, 46). The
present molecular study enabled the description of genetic
variability between human and cattle isolates, both globally
and gene by gene. Study isolates clustered regardless of tem-
poral or geographical frameworks, suggesting that C. jejuni
strains may be endemic and stable over time. Further, the
common distribution of human clinical and bovine C. jejuni
isolates within the same genetically based clusters suggests that
dynamic and important transmission routes between cattle and
human populations in Alberta may exist.
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Miller Fisher syndromes: neuropathogenic and enteritis-associated isolates
can share high levels of genomic similarity. BMC Genomics 8:359.

47. Taboada, E. N., R. R. Acedillo, C. C. Luebbert, W. A. Findlay, and J. H.
Nash. 2005. A new approach for the analysis of bacterial microarray-based
comparative genomic hybridization: insights from an empirical study. BMC
Genomics 6:78.

48. Wang, G., C. G. Clark, T. M. Taylor, C. Pucknell, C. Barton, L. Price, D.
Woodward, and F. G. Rodgers. 2002. Colony multiplex PCR assay for iden-
tification and differentiation of Campylobacter jejuni, C. coli, C. lari, C.
upsaliensis, and C. fetus subsp. fetus. J. Clin. Microbiol. 40:4744–4747.

49. Westfall, P. H., and S. S. Young. 1993. Resampling-based multiple testing:
examples and methods for p-value adjustment. John Wiley & Sons, Inc., New
York, NY.

50. Wilson, K., F. M. Ausubel, R. Brent, and R. E. Kingston. 1987. Preparation
of genomic DNA from bacteria, p. 2.4.1–2.4.2. In Current protocols in
molecular biology. John Wiley and Sons, New York, NY.

51. Ziprin, R. L., C. L. Sheffield, M. E. Hume, D. L. J. Drinnon, and R. B.
Harvey. 2003. Cecal colonization of chicks by bovine-derived strains of
Campylobacter. Avian Dis. 47:1429–1433.

420 HANNON ET AL. J. CLIN. MICROBIOL.


