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Abstract

Campylobacter spp. commonly cause gastrointestinal illness in humans. Poultry meats have long 

been considered the predominant source of these infections, but few in-depth Campylobacter 
source attribution studies have been completed. We analyzed more than 1,300 Campylobacter 
isolates recovered from a number of animal and food sources, including dairy and beef cattle, pigs, 

poultry, and retail poultry meat, and compared them with Campylobacter isolates recovered from 

human clinical samples. Each isolate was subtyped using pulsed-field gel electrophoresis (PFGE) 

with SmaI and queried against the Centers for Disease Control and Prevention PulseNet database 

to identify human isolates with indistinguishable patterns. Half (49.5%) of the PFGE patterns 

from poultry animal and retail meat isolates were indistinguishable from patterns of at least one 

human isolate. Among the isolates from beef and dairy cows, 56.6 and 65.0%, respectively, of 

their PFGE patterns were indistinguishable from those of human isolates. Only a small portion 

of the PFGE patterns of Campylobacter isolated from pigs (9.5%) were found to have PFGE 

patterns in common with human isolates. These data imply that cattle may be larger contributors 

to Campylobacter infections than previously recognized and help further our understanding of 

potential sources of human campylobacteriosis.
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Campylobacter spp. are among the most common bacterial causes of foodborne illness in the 

United States, causing approximately 1 million illnesses each year (21), with approximately 

90% of human infections attributed to Campylobacter jejuni (12). Most infections result 

in self-limiting gastroenteritis; however, some cases can progress to chronic sequelae such 

as Guillain-Barré syndrome, irritable bowel syndrome, and reactive arthritis (9). Therefore, 
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identifying sources of Campylobacter is key to preventing its spread and ensuring a safe 

food supply.

Source attribution studies are critical to understanding the predominant sources of human 

illnesses and to determining where to direct resources to prevent the consumption of 

contaminated food. To perform source attribution studies, researchers need to discriminate 

and subtype bacterial strains to allow the direct comparison of isolates from human cases 

and source materials. Multilocus sequence typing has been used previously to differentiate 

Campylobacter isolates based on sequence polymorphisms in discrete genes (6). Although 

multilocus sequence typing data generally correlate well with data acquired using pulsed-

field gel electrophoresis (PFGE) (29), PFGE has been found to have superior discriminatory 

power (20).

Food animals are significant reservoirs of Campylobacter. These bacteria have been found 

associated with pig, cattle, and poultry sources (3); however, most attribution studies have 

identified chickens as the major source of infection. In the United States, Campylobacter 
contaminates approximately 50% of retail chicken meat, with significantly less found in 

pork, ground turkey, and ground beef retail products (32). In Europe, as many as 80% of 

human Campylobacter infections have been thought to be associated with the consumption 

of chicken products (7), with some case-control studies in the United States supporting 

this conclusion (8). However, PFGE profile comparisons of Campylobacter isolates from 

retail poultry meats and humans have revealed significant differences (26), indicating the 

likelihood of additional Campylobacter reservoirs that contribute to human infection. In 

support of this, some studies have suggested that a large number of animal, food, and 

environmental reservoirs are important contributors to Campylobacter infection (30).

To better evaluate potential sources of human Campylobacter infections in the United States, 

we analyzed more than 1,300 Campylobacter isolates recovered from cecal samples of dairy 

and beef cattle, pigs, chickens, and turkeys, in addition to isolates recovered from retail 

poultry meats. Using PFGE to discriminate strains, we compared patterns from these isolates 

with those from human patients.

MATERIALS AND METHODS

Cecal sampling and Campylobacter isolation.

Cecal contents from pigs, cattle, chicken, and turkey animals were collected by U.S. 

Department of Agriculture, Food Safety and Inspection Service (USDA-FSIS) personnel 

from animals presented for slaughter at USDA-FSIS–inspected facilities throughout the 

United States in 2013 (28). Cecal samples were shipped to the Eastern USDA-FSIS 

laboratory, where samples were cultured for Campylobacter using published methods (15). 

Briefly, cecal samples suspended in buffered peptone water were enriched with Bolton 

enrichment broth for 48 h before samples were streaked onto Campylobacter-modified 

charcoal-cefoperazone-deoxycho-late agar plates for isolation. An attempt was made to 

obtain at least 300 isolates each from pig, dairy cattle, beef cattle, and chicken and turkey 

sources. All the pig and poultry isolates were analyzed, but the beef and dairy cattle isolates 

that were analyzed were randomly selected from a larger number of isolates. In the absence 
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of the requisite number of poultry isolates, we added poultry retail meat isolates obtained in 

2013 by the National Antimicrobial Resistance Monitoring System retail meat surveillance 

(28) to the analysis. Campylobacter speciation was performed using a PCR-based assay, as 

described in a previous article (31).

PFGE.

PFGE was performed per standardized protocols, in accordance with Centers for Disease 

Control and Prevention (CDC) PulseNet procedures (26). Briefly, Campylobacter genomic 

DNA was subjected to digestion by SmaI, electrophoresis, and GelRed 3X stain (Phenix 

Research, Candler, NC). The band patterns were analyzed using BioNumerics version 6.6 

(Applied Maths, Austin, TX). We performed the analysis using 1.5% optimization and 

1.5% band matching tolerance, with an unweighted pair group method with arithmetic 

mean–based cluster analysis. We compared the PFGE patterns of Campylobacter isolates to 

those from the CDC PulseNet database (24), which contains isolates obtained nationwide 

from human patients (10,320 isolates for C. jejuni and 413 for Campylobacter coli at time 

of analysis). Patterns were identified as indistinguishable using PFGE if they were identical 

according to this analysis. The same analysis criteria were also used in comparing the 

patterns from this study with each other. We used the program JVenn to display the number 

of PFGE patterns shared among sources (Fig. 1) (2).

Statistical analysis.

We analyzed the results using a chi-square test of independence (or Fisher’s exact test, 

where appropriate) to determine whether the differences were significant among sources in 

the percentage of indistinguishable patterns or isolates and in the percentage of isolates that 

were C. jejuni. We made additional pairwise comparisons using the Bonferroni correction to 

see which source accounted for more of the chi-square statistic. P values of less than 0.05 

were denoted as significant.

RESULTS

To better understand the sources of the Campylobacter causing human infections, we 

selected 1,363 isolates from various sources for study. The goal was to compare at least 

300 isolates each from the ceca of poultry, beef cattle, dairy cattle, and pigs with isolates 

from humans. All the poultry and pig isolates were selected, but the isolates we analyzed 

from beef and dairy cattle were randomly selected from different isolation dates to represent 

samples isolated from throughout the year because a larger number was available. The 

frequency of Campylobacter isolation was highest among the cecal samples collected from 

dairy cattle (42.6%), beef cattle (41.5%), and pigs (31.7%). In contrast, Campylobacter 
prevalence was lower among poultry, with only 21.8% of chickens and 9.5% of turkeys 

found to be positive. As a result, we obtained only 79 poultry animal isolates, so we 

collected an additional 230 isolates from poultry retail meats during the same time period 

to include in the analysis. Among the isolates selected for study, 721 (52.8%) were C. 
jejuni and 636 (46.7%) were C. coli. Five isolates were Campylobacter lari, and one was 

Campylobacter fetus. The frequency of isolation of each Campylobacter species differed 

greatly by source (Table 1). For instance, C. jejuni predominated among beef cattle (76.4%), 
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dairy cattle (74.9%), and to a lesser extent, poultry animals and retail meat (62.8%). In 

contrast, C. coli constituted the vast majority of the isolates from pigs (97.8%), with only 

1.6% of pig isolates being C. jejuni. The differences in frequency of C. jejuni isolated from 

the sources were significant for all sources (P < 0.05), except for beef and dairy cattle.

To subtype strains and perform source attribution analysis, we performed PFGE on each 

isolate, comparing the patterns with each other as well as with those from human isolates in 

the CDC PulseNet database. There was considerable diversity in the PFGE patterns isolated 

from each source. For instance, among the 309 poultry animal and retail meat isolates, there 

were 196 distinct PFGE patterns (Table 2). Less diversity was observed among the isolates 

obtained from cattle, with a total of 129 and 157 PFGE patterns corresponding to the 318 

beef and 371 dairy cattle isolates, respectively. The pig isolates had the greatest diversity of 

PFGE patterns, with 283 total patterns among 365 isolates.

Despite the strain differences in Campylobacter from different sources, there were some 

PFGE patterns shared by multiple sources (Fig. 1). In total, 69 of 679 total patterns (10.2%) 

were shared among multiple sources, with just two patterns shared among all four sources 

(Fig. 1). Many patterns were shared between the isolates from beef and dairy cattle, with 

a total of 52 PFGE patterns in common. This contrasted with the poultry and pig isolates, 

which had relatively few patterns shared with either each other or with the cattle isolates 

(Fig. 1). Many isolates clustered into groups by isolation source; the representative PFGE 

patterns depicting these differences are shown in Figure 2.

Each of the PFGE patterns from the animal and poultry meat sources was compared with 

those present in the CDC PulseNet database, which includes patterns from human isolates 

obtained from both sporadic and outbreak infections. This analysis showed that 83.9% 

of C. jejuni and 32.1% of C. coli isolates had PFGE patterns that were indistinguishable 

from patterns from human isolates (Table 1). The difference between the two species was 

expected because C. coli is less common as a cause of human illness than C. jejuni (28). 

This is also reflected by the fact that, at the time of analysis, CDC PulseNet contained only 

about 400 C. coli human isolates with PFGE patterns, compared with more than 10,000 C. 
jejuni human isolates.

The different animal sources had substantial disparities when their PFGE patterns were 

compared to those from human isolates. Among the 196 PFGE patterns from poultry animal 

and retail meat isolates, 97 (49.5%) were indistinguishable from those of human isolates 

in the CDC PulseNet database (Table 2). Each of the 19 most common poultry patterns, 

containing at least three isolates per cluster, had corresponding patterns among human 

isolates. As a result, most Campylobacter isolates from poultry animals and retail meat 

(64.1%) had PFGE patterns indistinguishable from those of bacteria isolated from human 

patients (Table 1). In contrast, among the pig isolates only 9.5% of the PFGE patterns and 

13.7% of all isolates had patterns indistinguishable from those of human isolates (Tables 

1 and 2). Only 5 of the 14 common patterns (present in at least three pig strains) were 

indistinguishable from those of human isolates in the CDC PulseNet database. This suggests 

that pigs may be a less common source of Campylobacter causing human infections than 

poultry sources; however, it may also be attributable to the fact that nearly all the isolates 
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from pigs were C. coli. For the cattle isolates, the majority of patterns were indistinguishable 

from those of the human isolates, comprising 56.6% of beef cattle and 65.0% of dairy cattle 

patterns (Table 2). Moreover, all the most common patterns from the isolates from each 

cattle source (23 patterns from beef cattle and 34 from dairy cattle sources) had patterns 

indistinguishable from those of human isolates. As a result, the beef and dairy cattle isolates 

had the highest correspondence with the human isolate PFGE profiles (80.5 and 83.6%, 

respectively) (Table 1). These percentages of isolates with indistinguishable patterns for 

the cattle isolates were significantly greater than those from any of the other sources (P < 

0.0001), regardless of the Campylobacter species (Table 1).

One recent public health concern is the emergence of a Campylobacter clone associated with 

higher virulence, called clone SA (19). This clone, designated DBRS16.0008 (18), causes 

abortions in sheep as well as increased pathogenesis in mammalian hosts (4). The PFGE 

pattern corresponding to this clone was present in the CDC PulseNet database and was one 

of the most common PFGE patterns found in our collection, encompassing 37 total isolates: 

1 from retail poultry meat, 2 from pigs, 14 from beef cattle, and 20 from dairy cattle (Fig. 3). 

Although these isolates are from only a single clonal group, these results suggest that some 

cattle isolates may be associated with greater pathogenesis in human hosts.

DISCUSSION

Very few large-scale animal sampling studies of Campylobacter have been conducted 

for source attribution. We found that chickens, thought to be a major source of 

Campylobacter, had a relatively low prevalence of Campylobacter in their ceca despite 

the high contamination rate of poultry retail meats. The low cecal colonization rates 

were consistent with some previous studies (23), suggesting that cross-contamination from 

processing facilities may be responsible for the higher colonization in retail meats (13). 

In contrast to the low Campylobacter prevalence in poultry animals, we isolated much 

more Campylobacter from both cattle and pigs. Nevertheless, retail meat surveillance of 

ground beef and pork chops has found less than 1% of each meat type is contaminated 

with Campylobacter (27); therefore, these meat types presumably pose a lower risk for 

Campylobacter exposure. This could account for some of our results because only a 

minority of Campylobacter from pig ceca had patterns indistinguishable from those of 

human patients (9.5% of the patterns and 13.7% of the isolates). Over 80% of isolates from 

beef cattle ceca, however, had PFGE patterns indistinguishable from those of human patient 

isolates, despite the rare Campylobacter contamination of retail beef. This high frequency of 

indistinguishable patterns may be explained by the fact that beef cattle isolate PFGE patterns 

often clustered with those from dairy cattle, which may be sources of Campylobacter 
associated with the consumption of raw milk or dairy products (16).

Although chicken meat has long been considered the principal source of Campylobacter 
infections, other important sources have been identified based on outbreak investigations. In 

a joint U.S. Food and Drug Administration, CDC, and USDA retrospective epidemiological 

study (17), approximately 67% of Campylobacter outbreak infections were attributed to 

milk and dairy products. A more recent report (11) based on Campylobacter outbreaks 

from 1998 to 2012 estimated that 66% of outbreaks were attributable to the consumption 
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of dairy products (90% credibility interval, 57 to 74%). The large proportion of cases 

associated with dairy products is mostly attributable to the consumption of raw milk because 

Campylobacter is effectively killed by pasteurization (1). Additionally, cattle may also be a 

source through water and environmental dissemination (5, 22). Despite the fact that these 

reports focused solely on Campylobacter outbreaks and not sporadic infections, these data 

indicate the importance of raw milk and other nonpoultry sources as significant contributors 

to Campylobacter infection.

The results of this study emphasize the continued relevance of PFGE in performing 

source attribution studies. Although there is some disagreement about whether PFGE 

is more discriminatory than multilocus sequence typing (20, 25), the vast amount of 

Campylobacter PFGE data from human clinical samples has proven valuable (14). Whole-

genome sequencing is in the process of transforming outbreak detection and source 

attribution, although most outbreaks are still initially detected using PFGE, with subsequent 

whole-genome sequencing helping with trace-back analyses (10).

Despite the significant results of this study, there are some limitations to our analysis. For 

instance, the data are based solely on the presence of PFGE patterns from animal sources 

that are indistinguishable from human sources. This does not unambiguously assert that a 

given infection was caused by the consumption of a certain product because consumption 

data from the human disease cases was not available. Also, the poultry and pig isolates had a 

greater PFGE pattern diversity, making it potentially less likely for human sampling to result 

in as many pattern matches. In addition, for patterns shared by multiple sources, it is unclear 

which source was predominantly responsible for the human illnesses. The implementation 

of newer technologies, such as whole-genome sequencing, may provide sufficient resolution 

to perform these analyses. Additional case control studies focusing on exposures associated 

with human illnesses caused by specific PFGE patterns are necessary to strengthen the 

conclusions made in this study.

Several features of Campylobacter have impeded our ability to conduct thorough source 

attribution studies to date. Because most infections are sporadic, it is often not possible to 

identify the food vehicles causing the illness. The fastidious growth requirements of the 

genus also make it challenging to recover sufficient isolate numbers from food sources 

to make adequate comparisons. Applying common cecal culture methods resulted in high 

recovery rates and provided the number of isolates we needed to conduct the study reported 

here. As described previously, PFGE has been helpful for determining source attribution and 

investigating common source outbreaks of illness, and this study demonstrates that increased 

surveillance of Campylobacter from different sources can lead to new insights into the 

origins of human infections.
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FIGURE 1. 
Diversity of PFGE patterns by source. The Venn diagram depicts the number of PFGE 

patterns that are unique and shared among sources. Poultry refers to patterns of isolates from 

both poultry animals and poultry retail meat.
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FIGURE 2. 
PFGE clusters from distinct sources. A dendrogram depicts the estimated relatedness of the 

PFGE patterns. The isolate identification number, isolate source, and Campylobacter species 

are depicted. RTM, retail poultry meat; poultry refers to isolates from poultry animal ceca.
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FIGURE 3. 
Depiction of a high-virulence Campylobacter SA clone (DBRS16.0008). Isolate 

identification number, source of isolate, and species are shown. Some human patterns were 

included for comparison. RTM, retail poultry meat.
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