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Campylobacter jejuni is the leading cause of bacterial gastroenteritis and antibiotic

resistant C. jejuni are a serious threat to public health. Herein, we sought to evaluate

trends in C. jejuni infections, quantify resistance frequencies, and identify epidemiological

factors associated with infection. Campylobacter jejuni isolates (n = 214) were collected

from patients via an active surveillance system at four metropolitan hospitals in Michigan

between 2011 and 2014. The minimum inhibitory concentration for nine antibiotics was

determined using microbroth dilution, while demographic and clinical data were used for

the univariate and multivariate analyses. Over the 4-year period, a significant increase in

the recovery of C. jejuni was observed (p ≤ 0.0001). Differences in infection rates were

observed by hospital and several factors were linked to more severe disease. Patients

residing in urban areas, for instance, were significantly more likely to be hospitalized

than rural residents as were patients over 40 years of age and those self-identifying

as non-White, highlighting potential disparities in disease outcomes. Among the 214

C. jejuni isolates, 135 (63.1%) were resistant to at least one antibiotic. Resistance

was observed for all nine antibiotics tested yielding 11 distinct resistance phenotypes.

Tetracycline resistance predominated (n = 120; 56.1%) followed by resistance to

ciprofloxacin (n = 49; 22.9%), which increased from 15.6% in 2011 to 25.0% in

2014. Resistance to two antibiotic classes was observed in 38 (17.8%) isolates, while

multidrug resistance, or resistance to three or more classes, was observed in four (1.9%).

Notably, patients with ciprofloxacin resistant infections were more likely to report traveling

in the past month (Odds Ratio (OR): 3.0; 95% confidence interval (CI): 1.37, 6.68)

and international travel (OR: 9.8; 95% CI: 3.69, 26.09). Relative to patients with only

tetracycline resistant infections, those with ciprofloxacin resistance were more likely to

travel internationally, be hospitalized and have an infection during the fall or summer.

Together, these findings show increasing rates of infection and resistance and highlight

specific factors that impact both outcomes. Enhancing understanding of factors linked

to C. jejuni resistance and more severe infections is critical for disease prevention,
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particularly since many clinical laboratories have switched to the use of

culture-independent tests for the detection of Campylobacter.

Keywords: Campylobacter, antibiotic resistance, epidemiology, ciprofloxacin resistance, tetracycline resistance,

risk factor

INTRODUCTION

Campylobacter spp. are a leading cause of bacterial gastroenteritis
infections worldwide (1) and represent the most common
cause of foodborne infections in the U.S. since 2013 (2).
While C. jejuni causes a vast majority of human infections,
other species including C. coli, C. upsaliensis, C. lari, C. fetus,
C. insulaeingrae, and C. hyointestinalis, are also important
(3). Collectively, these pathogens were estimated to cause 1.5
million infections in the U.S. each year, contributing to 13,000
hospitalizations and 120 deaths (4). In 2018, the Centers for
Disease Control and Prevention (CDC) estimated the incidence
of campylobacteriosis to be 19.6 cases per 100,000 individuals,
which had increased from 12.0 cases per 100,000 in 2015–
2017, among sites participating in the Foodborne Diseases Active
Surveillance Network (FoodNet) (2).

Clinical manifestations of campylobacteriosis include fever,
abdominal pain, vomiting, weight loss, chills, fatigue, myalgia,
malaise, and acute watery or bloody diarrhea (1). The incubation
period is typically 1–4 days after exposure, and the severity
of symptoms tends to vary by bacterial density and strain
(5). Post-infectious immune sequalae such as Guillain-Barré
Syndrome, Miller-Fisher syndrome, and reactive arthritis, have
been linked to Campylobacter infection as have inflammatory
bowel disease, esophageal and colo-rectal cancers, and extra-
intestinal infections like bacteremia andmeningitis (6). Although
most infections are self-limiting, antibiotics are often needed
for immunocompromised patients or those with more severe or
persistent infections (7).

Water, poultry and livestock are common reservoirs for
C. jejuni (8). Transmission to humans typically occurs via
consumption of contaminated food products, and direct
contact with animal or environmental reservoirs (9). According
to a meta-analysis of 72 studies, the key risk factor for
campylobacteriosis was international travel, yet consumption
of undercooked chicken and direct exposure to Campylobacter
from the environment or farm animals were also important
(10). Regardless, it is important to note that risk factors often
vary by geographic location even across the U.S., with different
FoodNet sites reporting considerable variation in the frequency
of infections (11). In addition, the FoodNet sites were not
selected to be representative of the U.S. population and were
shown to have an unequal representation of all racial and ethnic
groups and contained fewer individuals living below the poverty
level (12, 13).

Campylobacter jejuni has also been designated a serious
antibiotic resistant threat resulting in 448,400 resistant infections
and 70 deaths each year (14). Resistance to ciprofloxacin, a
fluoroquinolone used to treat more severe human infections,
increased in the U.S. from 13% in 1997 to 25.3% in 2015 (14, 15).

Campylobacter jejuni resistance to multiple drug classes has also
increased over time (16) and resistant isolates have been linked
to more severe infections requiring lengthier hospitalizations
(17). Because NARMS does not utilize data from each state
and the Midwest region only receives a subset of Campylobacter
isolates from the Minnesota FoodNet site for testing (18), these
resistance frequencies and trends may not be representative of
those in other locations. Additionally, many clinical laboratories
have shifted to the use of culture-independent tests to detect
Campylobacter infections, which can obscure actual rates of
resistance circulating within patient populations and prevent the
identification of risk factors for resistant infections. Indeed, a
2019 FoodNet report noted that 42% of Campylobacter infections
were detected using a culture-independent test (2). This shift
is concerning and highlights the need for more culture-based
studies to better define the epidemiology of and resistance
phenotypes in this common foodborne pathogen.

Herein, we sought to describe the susceptibility profiles for 214
C. jejuni isolates cultured from patients with campylobacteriosis
during surveillance activities in Michigan (2011–2014) and
to identify risk factors for both susceptible and resistant
infections. We also sought to make comparisons to national
data available through NARMS since Campylobacter resistance
is not monitored in Michigan via NARMS (19). Studies
such as these highlight the importance of using culture-
based diagnostic tests to more accurately monitor resistance
phenotypes and frequencies in distinct geographic locations to
identify potential exposures and risk factors that may be state
and/or region specific.

MATERIALS AND METHODS

Strain Source and Speciation
Campylobacter isolates were recovered from stools of patients
with campylobacteriosis between 2011 and 2014 via an active
surveillance system at four metropolitan hospitals located in
Detroit, Grand Rapids, Ann Arbor, and Lansing, Michigan.
Isolates were transported to the Michigan Department of Health
and Human Services (MDHHS) and stored in 10% skim milk at
−80◦C until use.

Isolates were thawed and cultured on Tryptone Soy Agar
(TSA) containing 5% sheep blood and cefoperazone (20
µg), amphotericin B (4µg/mL), and vancomycin (20µg/mL)
in microaerophilic conditions (20). DNA was extracted and
multiplex PCR was performed to classify the species of each
Campylobacter isolate using a previously described protocol (21).
Briefly, the Kapa2G Taq (Kapa Biosystems; Wilmington, MA)
was used for PCR amplification using the following conditions:
denaturation at 95◦C for 15min followed by 25 cycles of 95◦C
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for 30 s and 58◦C for 1min and 30 s and 72◦C for 8min. Roughly
91 of the 214 (43%) C. jejuni isolates included in the analysis were
characterized previously (22).

Antimicrobial Susceptibility Profiling
The minimum inhibitory concentration (MIC) was determined
for nine antibiotics using microbroth dilution utilizing
SensititreTM Campylobacter Campy AST plates (ThermoFisher;
Waltham, MA) according to the manufacturer’s protocols. The
antibiotics (classes) were: ciprofloxacin (fluoroquinolone),
nalidixic acid (quinolone), azithromycin (macrolide),
erythromycin (macrolide), tetracycline, florfenicol (phenicol),
telithromycin (ketolide), clindamycin (lincomycin), and
gentamicin (aminoglycoside). Campylobacter jejuni ATCC
33560 was used a control. The European Committee on
Antimicrobial Susceptibility Testing (EUCAST) standards were
used, as per the current NARMS protocol, for classifying isolates
as resistant or susceptible (19). NARMS data were extracted
from isolates collected in the same time period for comparison.
Isolates with any ciprofloxacin resistance and any tetracycline
resistance were counted; these two categories were not mutually
exclusive as some isolates had resistance to both drugs. A subset
of data submitted from NARMS Region 5 representing the
Midwest (Ohio, Indiana, Michigan, Illinois, Wisconsin, and
Minnesota and 34 federally recognized tribes) were also included
in this analysis for comparison.

Epidemiological Variables and Data
Analysis
Demographics, exposures, and clinical data were extracted
from the Michigan Disease Surveillance System (MDSS), an
online database containing epidemiological data for notifiable
infections. The sample collection date was used to classify the
season as follows: spring (March, April, May), summer (June, July
August), fall (September, October, and November), and winter
(December, January, and February). Cases reporting a history of
travel in the past month were classified as traveling domestically
(within the U.S.) or internationally. Michigan counties were
designated as urban or rural based on data presented in a
National Center for Health Statistics report (23); all but 10
Michigan counties were considered rural. Cattle densities per
county were obtained from a 2019 report (24), and the high vs.
low categories were developed based on the average number of
cattle in all Michigan herds with data available.

Chi-square tests were used for dichotomous variables to
identify associations between the dependent and independent
variables, while the Mantel-Haenszel Chi-square test was used to
examine trends. Differences in proportions were evaluated using
the Chi-square test for equal proportions and for variables with
small sample sizes, or less than five per cell, the Fisher’s exact test
was used. A p ≤ 0.05 was considered significant for each test,
however, all variables yielding a p≤ 0.20 in the univariate analysis
were included in the multivariate analyses. Potential confounders
such as age, sex, and residence location, were also included in
the forward logistic regression analyses to identify predictors
of each outcome. Odds ratios (ORs) and their 95% confidence
intervals (CIs) were calculated to describe the magnitude of each

association. SAS version 9.4 (SAS Institute, Cary, NC, USA) and
Epi InfoTM version 7 were used.

RESULTS

Recovery of Campylobacter in Michigan
In all, 277 Campylobacter isolates were recovered fromMichigan
residents diagnosed with campylobacteriosis at four large
metropolitan hospitals between January 2011 and December
2014. Approximately 234 (84.5%) of the isolates were viable and
could be speciated using PCR. Among these, 217 (92.7%) were
classified as C. jejuni, while 15 (6.0%) were C. coli; two isolates
(0.9%) were characterized as C. upsaliensis. Given that C. jejuni
was the most common species, the analysis was restricted to these
isolates and cases. Three additional isolates from residents living
outside of Michigan were also excluded from the analysis.

Significant variation in the recovery of C. jejuni was observed
across hospitals (p≤ 0.0001), with most isolates (n= 174; 82.1%)
coming from two sites; the hospital location was missing for
three isolates. The frequency of C. jejuni at each site was 42.9%
(n = 91), 39.2% (n = 83), 7.6% (n = 16), and 9.9% (n = 21).
A significant difference in the recovery of C. jejuni isolates was
also observed over time with 57.5% (n = 123) of the infections
occurring in 2013 and 2014 (p ≤ 0.0001). Differences were also
observed by season since more isolates were recovered in the
summer and fall months (n= 158; 73.8%) compared to the winter
and spring (n = 56; 26.2%) (p ≤ 0.0001). Moreover, a greater
proportion of cases resided in urban (n = 119; 62.0%) vs. rural
(n= 73; 38.0%) areas (p= 0.0009).

Demographics and Exposure History of
C. jejuni Cases
Among the 214 C. jejuni cases from Michigan residents, 110
(54.4%) were male and 53.1% (n = 113) were between the
age of 19 and 65 years; the age was missing for one case
(Supplementary Table 1). Sixty-five (30.5%) cases represented
children between 1 day and 9 years of age. Twenty (30.8%) of
these children were ≤1 year old and 33 (50.8%) were between
1 and 5 years of age. Among the 17 elderly patients over 65
years, over half (n = 11) were between 70 and 87 years of age.
Significantly more cases self-identified as White/Caucasian (n
= 137; 79.7%), though a subset self-identified as Black/African
American (n = 17; 9.8%), Asian (n = 6; 3.5%), or another
race (n = 13; 7.5%). Thirteen (8.8%) cases self-identified as
Hispanic/Latino and 25 (19.1%) self-identified as Arab, however,
up to 83 (38.8%) cases did not indicate their ethnicity.

The majority (n = 88; 59.9%) of cases did not travel in the
month prior to infection compared to 40.9% of cases who did.
Among 59 of the 61 cases reporting their travel location, 18.4%
(n = 27) traveled internationally and 22.4% (n = 33) reported
domestic travel. While more of these cases traveled during the
summer (n = 30; 44.4%) and fall (n = 18; 29.5%) as opposed
to the winter and spring (n = 13; 21.3%), the difference was not
significant (p= 0.26).

Despite the greater proportion of cases reporting animal
contact prior to illness onset (n = 96; 64.0%), multiple
animal species were reported. Among these cases, 88 (91.7%)
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cases reported contact with domestic animals, 13 (13.5%) with
livestock and 11 (11.5%) with birds or poultry. Seventeen cases
(17.7%) reported contact with other animals and three (3.1%) had
contact with reptiles. Furthermore, most (n = 199; 81.5%) cases
drank municipal and/or bottled water and consumed poultry (n
= 115; 87.8%) up to a week prior to symptom onset. Food history
data, however, was not available for up to 38.8% of the cases.

Because significantly more cases lived in urban areas, we also
sought to determine whether any factors were associated with
urban residence (Supplementary Table 2). Importantly, the odds
of hospitalization for urban residents was significantly greater
(n = 34; 73.9%) than rural residents (n = 12; 26.1%), yet no
differences in symptoms were observed. Urban patients were
also significantly less likely to report any travel in the past
month, either domestic or international, and were less likely to be
between 19 and 40 years of age than rural patients. Indeed, 83.6%
(n = 46) of children < 10 years of age resided in an urban area
compared to 16.4% (n= 9) for rural children. Although exposure
to livestock and Arab ethnicity were significantly associated with
rural and urban residence, respectively, the sample sizes were
small for each variable and many records had missing data.

Clinical Symptoms and Association with
More Severe Infections
Among the subset of cases reporting symptoms, diarrhea (95.0%)
was the most common followed by abdominal pain (69.7%),
nausea (41.3%), and fatigue (40.9%). Only 36.2% of cases
reported the presence of bloody diarrhea, while 34.5, 28.7, and
26.6% reported chills, body aches, and headaches, respectively. In
all, 46 (25.3%) patients were hospitalized ranging from 1–11 days
with an average of 3 days.

In addition to urban residence, several other factors were
associated with hospitalization, a marker for more severe
disease, in the univariate analysis (Supplementary Table 3). An
increasing odds of hospitalization was observed as age increased.
Compared to adults between years, adult patients between 41 and
65 years and the elderly over 65 years were significantly more
likely to be hospitalized. The same was true when children <

9 years was used as the reference group. Patients self-reporting
nausea and fatigue were also more likely to be hospitalized as
were patients self-identifying as non-White. By contrast, patients
reporting domestic or international travel in the month prior to
symptom onset were significantly less likely to be hospitalized.
No association was observed for sex, season, source of drinking
water, or any other symptoms, and no differences were detected
when the analysis was limited to only those individuals without a
recent history of international travel.

Controlling for potential confounders such as residence type
(urban vs. rural), sex, season, and age, multinomial logistic
regression identified the oldest age groups, 41–65 years (adjusted
OR: 6.1; 95 CI: 2.37, 15.70) and >65 years (adjusted OR: 10.5;
95 CI: 2.63, 42.19), to be predictors of hospitalization relative
to the younger age groups. International travel in the past
month (adjusted OR: 0.3; 95% CI: 0.07,0.94), non-White race
(adjusted OR: 4.8; 95% CI: 1.62, 14.01), and nausea (adjusted

OR: 2.8; 95% CI: 1.15, 6.68) were also independently associated
with hospitalization.

Antibiotic Resistance Phenotypes and
Frequencies
Resistance was detected in 63.1% (n = 135) of the 214 C. jejuni
isolates and at least one isolate was resistant to each of
the nine antibiotics tested. Tetracycline resistance (n = 120;
56.1%) predominated followed by resistance to ciprofloxacin
(n = 49; 22.9%) (Figure 1A). Fewer than five isolates had
resistance to clindamycin, azithromycin, and telithromycin, and
only one isolate was resistant to gentamicin and another to
phenicol. All isolates with ciprofloxacin resistance were also
resistant to nalidixic acid. Among the 135 resistant isolates,
93 (43.5%) were resistant to one class of antibiotics, whereas
38 (17.8%) were resistant to two. In all, 11 different C. jejuni
resistance phenotypes that varied in frequency (Figure 1B). Five
of these phenotypes included tetracycline resistance, six included
ciprofloxacin resistance, and three phenotypes included both.
The predominant phenotypes were tetracycline resistance alone
(n = 82; 38.3%) and in combination with ciprofloxacin (n =

35; 16.4%). Multidrug resistance (MDR), which is defined as
resistance to three ormore antibiotic classes, was observed in four
(1.9%) isolates.

Fluctuations in resistance frequencies were observed by year.
Although no significant increase in any resistance or MDR was
observed over the 4-year period, notable trends were observed for
some phenotypes (Figure 2). For instance, a significant decrease
in the frequency of isolates with only tetracycline resistance
was observed over time (p = 0.04), while a slight insignificant
increase in ciprofloxacin resistance was observed alone (p ≤

0.24) and in combination with tetracycline resistance (p ≤ 0.50).
Despite the gradual increase in the frequency of any resistance to
ciprofloxacin from 15.6% in 2011 to 25.0% in 2014, the change
was not significant (p ≤ 0.31). The same was true for any
resistance to tetracycline, which decreased from 65.6% in 2011
to 52.5% in 2014 (p= 0.17).

Epidemiological Associations with
Antibiotic Resistant C. jejuni Infections
Several notable associations were identified between
epidemiological factors and the most common antibiotic
resistant phenotypes, ciprofloxacin resistance and tetracycline
resistance. These two predominant phenotypes were classified
as the dependent variables to uncover associations with each
phenotype relative to cases with either susceptible infections or
infections with resistance to all other antibiotics.

Patients with ciprofloxacin resistance (n = 49) were more
likely to travel in the month prior to infection (OR: 3.0; 95% CI:
1.37, 6.68) relative to all other cases (Table 1). More specifically,
they were more likely to report international travel (OR: 9.8;
95% CI: 3.69, 26.09). Patients with tetracycline resistance (n =

120) were also more likely to report international travel in the
past month, however, the difference was not significant (OR:
2.2; 95% CI: 0.85, 5.46). Patients with tetracycline resistance
were also significantly less likely to have an infection during the
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FIGURE 1 | Percentage of the 214 Campylobacter jejuni isolates with (A) resistance to eight different antibiotics and (B) distinct antibiotic resistance phenotypes. AZI,

azithromycin; CIP, ciprofloxacin; CLI, clarithromycin; ERY, erythromycin; FFN, phenicol; GEN, gentamicin; TEL, telithromycin; TET, tetracycline. The multidrug resistant

(MDR) phenotype includes isolates with resistance to CIPAZIERYCLITEL, CIPTETCLI, and CIPTETTEL. All CIP resistant isolates were also resistant to nalidixic acid.

summer or fall months (OR: 0.5; 95% CI: 0.27, 0.97) and to
report contact with livestock (Fisher’s exact test p = 0.04) or well
water (OR: 2.3; 95% CI: 0.95, 5.75); the latter association was
not significant. No association was observed between resistance
to either antibiotic and domestic travel history, hospitalization,
or clinical symptoms including body aches, diarrhea with blood,
fatigue, fever, abdominal pain, and headache.

Because a subset of the isolates had both tetracycline and
ciprofloxacin resistance, we created mutually exclusive categories
to identify risk factors for each. In this analysis, ciprofloxacin
resistance was defined as any resistance to ciprofloxacin even
if resistance to other drugs including tetracycline was observed.
Among the 135 resistant isolates, 49 (36.3%) had ciprofloxacin
resistance. Tetracycline resistance was defined as any resistance
to tetracycline but without the co-occurrence of ciprofloxacin
resistance; 83 (61.5%) isolates had tetracycline resistance without
ciprofloxacin resistance. Individuals with susceptible isolates and
those representing different resistance profiles were excluded

from the analysis. Compared to patients with tetracycline
resistance, those with ciprofloxacin resistant infections were
significantly more likely to report traveling in the past month
(OR: 2.9; 95% CI: 1.20, 7.02) and specifically, international travel
(Fisher’s exact test p <0.0001) (Table 2). Only four (19.1%) of
the 21 patients who traveled internationally had tetracycline
resistant infections compared to 17 (81.0%) of those with
ciprofloxacin resistant infections. A difference was also observed
for hospitalization, which was significantly more common in
ciprofloxacin resistant infections (OR: 2.5, 95% CI: 1.02, 6.14),
while contact with livestock was more common in tetracycline
resistant infections (Fisher’s exact test p = 0.09), yet the latter
association was not significant. No association was observed for
age, sex, race, ethnicity, residence types, season, water source,
cattle density, poultry consumption, or clinical symptoms.

Multinomial logistic regression was performed to identify
predictors of ciprofloxacin resistance relative to tetracycline
resistance while controlling for age, sex, urban residence,
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FIGURE 2 | Changes in the frequency of the most common antibiotic resistance phenotypes among 214 Campylobacter jejuni isolates over a 4-year period in

Michigan. CIP, ciprofloxacin; TET, tetracycline. Multidrug resistant (MDR) isolates were resistant to CIPAZIERYCLITEL, CIPTETCLI, and CIPTETTEL.

season, and international travel. Notably, international travel
in the past month (adjusted OR: 13.0; 95% CI: 3.71, 45.64)
and infection during the summer or fall months were the
only significant predictors of ciprofloxacin resistance (Table 2).
Hospitalization was also more common in patients with
ciprofloxacin resistance than tetracycline resistance, yet the
association was not significant in the model (adjusted OR: 2.4;
95% CI: 0.86, 6.46), which could be due to the small sample size.

Comparing Resistance Frequencies to
National Data Reported Via NARMS
A comparison of resistance frequencies for the NARMS isolates
recovered during the same time period uncovered region-specific
differences for both ciprofloxacin and tetracycline resistance. A
significantly greater proportion of the Michigan isolates were
resistant to tetracycline when compared to the 3,457 isolates from
all regions except Region 5. Although Region 5 covers Michigan
and other midwestern states, the data were generated by
examining only a subset of isolates recovered from theMinnesota
FoodNet site (Figure 3A). No difference in tetracycline resistance
frequencies was observed between Michigan and the Region 5
isolates (n = 585), or for any of the ciprofloxacin resistance
frequencies. However, when our Michigan isolates (n = 214)
were added to Region 5, differences were observed for both
ciprofloxacin and tetracycline resistance across the NARMS
regions (Figure 3B). Notably, Region 5 had significantly more
tetracycline resistance than all other regions combined (OR: 1.6;
95% CI: 1.41, 1.92) as well as a significantly greater proportion
of ciprofloxacin resistance than Regions 2 (OR: 1.6; 95% CI:
1.24, 2.03) and 6 (OR: 2.1; 95% CI: 1.50, 3.00). Relative to
Region 1, however, the proportion of ciprofloxacin resistance was
significantly lower than in Region 5 (OR: 0.6; 95% CI: 0.50, 0.79).
No other differences were observed for ciprofloxacin resistance
by region.

DISCUSSION

Through this study we have detected important trends in the
prevalence of campylobacteriosis and antibiotic resistant C.

jejuni isolated from Michigan patients between 2011 and 2014,
further highlighting the importance of pathogen surveillance
efforts using culture-based methods. Since campylobacteriosis
was not classified as a notifiable infection until 2015 (25),
data about disease frequencies and resistance profiles have
been limited, particularly for states like Michigan that are not
participating in FoodNet or NARMS. In addition, the widespread
adoption of culture-independent tests has hampered the ability
to routinely monitor important phenotypes such as antibiotic
susceptibility profiles. Indeed, it was estimated that 42% of
campylobacteriosis cases identified via FoodNet in 2019 were
diagnosed by culture-independent tests and among these, culture
for Campylobacter was only attempted for 63% of the positive
samples (2).

In the four Michigan hospitals examined herein, we observed

a significant increase in C. jejuni infections over time, which is

similar to national trends (2) and could partly be due to improved

sampling and detection capacity. Seasonal differences were also

observed with a greater proportion (73.8%) of Michigan cases

occurring during the summer and fall. Seasonal variation has

been reported previously with several studies showing a peak

incidence of C. jejuni infections during warmer months; climate,

temperature, increased shedding from animal reservoirs, and/or

seasonal-specific behaviors have all been suggested to contribute
to seasonality (26–28).

Extracting epidemiological data from case records has

also facilitated the identification of factors that increase risk

of campylobacteriosis. Similar to our prior study of 7,182

campylobacteriosis cases reported in Michigan between 2004

and 2013 (29) and those from the FoodNet sites (25, 30), most
infections affected children <10 (30.8%) or adults between 19
and 65 (53.1%) years of age. Despite this bimodal distribution,
the likelihood of hospitalization increased with increasing age.
Cases between 41 and 65 years were significantly more likely to
be hospitalized than those between 19 and 40 years of age as
were cases over 65. The link between older age and more severe
disease has been reported for the FoodNet sites and in our prior
population-based study (29, 31).
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TABLE 1 | Univariate analysis to identify factors associated with any ciprofloxacin resistance (CIP) and any tetracycline resistance (TET) among 214 Campylobacter jejuni

isolates from Michigan, 2011 to 2014.

Any CIP resistance (n = 49) Any TET resistance (n = 120)

Characteristicsa No. (%) OR (95% CI)b p-valuec No. (%) OR (95% CI)b p-valuec

Age (years)

0–9 (n = 65) 14 (21.5) 0.7 (0.31, 1.65) 0.43 39 (60.0) 1.1 (0.53, 2.32) 0.77

10–18 (n = 18) 2 (11.1) – 0.21 6 (33.3) 0.4 (0.12, 1.14) 0.08

19–40 (n = 54) 15 (27.8) 1.0 – 31 (57.4) 1.0 –

41–65 (n = 59) 16 (27.1) 1.0 (0.42, 2.21) 0.94 33 (55.9) 0.9 (0.45, 1.98) 0.87

≥65 (n = 17) 2 (11.8) - 0.21 10 (58.8) 1.1 (0.35, 3.20) 0.92

Sex

Male (n = 110) 23 (20.9) 1.0 – 58 (52.7) 1.0 –

Female (n = 96) 23 (24.0) 0.8 (0.44, 1.62) 0.60 54 (56.3) 1.2 (0.66, 2.00) 0.61

Self-reported raced

White/Caucasian (n = 137) 32 (23.4) 1.0 – 76 (36.5) 1.0 –

Non-white/other (n = 35) 9 (25.7) 1.1 (0.48, 2.67) 0.77 17 (48.6) 0.8 (0.36, 1.59) 0.46

Arab ethnicity

No (n = 106) 27 (25.5) – – 53 (50.0) 1.0 –

Yes (n = 25) 3 (12.0) – 0.19 17 (68.0) 2.1 (0.84, 5.35) 0.10

Season

Winter, Spring (n = 56) 12 (21.4) 1.0 – 38 (67.9) 1.0 –

Summer, fall (n = 158) 37 (23.4) 1.1 (0.54, 2.34) 0.76 82 (51.9) 0.5 (0.27, 0.97) 0.04

Any travel in the past month

No (n = 88) 13 (14.8) 1.0 – 45 (51.1) 1.0 –

Yes (n = 61) 21 (34.4) 3.0 (1.37, 6.68) 0.005 37 (60.7) 1.5 (0.76, 2.86) 0.25

Type of travel in the past month

None (n = 88) 13 (14.8) 1.0 – 45 (51.1) 1.0 –

Domestic (n = 33) 4 (12.5) – 1.0 18 (56.3) 1.1 (0.51, 2.56) 0.74

International (n = 27) 17 (63.0) 9.8 (3.69, 26.09) <0.0001 18 (69.2) 2.2 (0.85, 5.46) 0.10

Type of drinking water

Municipal, bottled (n = 119) 25 (21.1) 1.0 – 60 (50.4) 1.0 –

Any well water (n = 27) 5 (18.5) 0.9 (0.29, 2.48) 0.77 19 (70.4) 2.3 (0.95, 5.75) 0.06

Poultry consumption

No (n = 16) 4 (25.0) – – 10 (62.5) 1.0

Yes (n = 115) 24 (20.9) – 0.75 61 (53.0) 0.7 (0.23, 1.99) 0.48

Any animal contact

No (n = 54) 12 (22.2) 1.0 – 30 (55.6) 1.0 -

Yes (n = 96) 20 (20.8) 0.9 (0.41, 2.07) 0.84 52 (54.2) 0.9 (0. 48, 1.85) 0.87

Contact with livestock

No (n = 137) 31 (22.6) – – 71 (51.8) – –

Yes (n = 13) 1 (7.7) – 0.30 11 (84.6) – 0.04

Cattle density in resident countye

Low <8,400 cattle (n = 23) 3 (13.0) – – 12 (52.2) 1.0 –

High ≥8,400 cattle (n = 82) 21 (25.6) – 0.27 50 (61.0) 1.4 (0.56, 3.63) 0.45

Residence type

Rural (n = 73) 18 (24.7) 1.0 – 45 (61.6) 1.0 –

Urban (n = 119) 25 (21.0) 0.8 (0.41, 1.62) 0.56 62 (52.1) 0.7 (0.37, 1.22) 0.20

Hospitalized

No (n = 136) 27 (19.9) 1.0 80 (58.8) 1.0 –

Yes (n = 46) 14 (30.4) 1.8 (0.83, 3.76) 0.14 21 (45.7) 0.6 (0.30, 1.15) 0.12

aNot all numbers add up to the total number of cases per category due to missing data for some variables or the exclusion of susceptible isolates.
bThe 95% confidence interval (CI) for the odds ratio (OR) is presented; ORs were calculated separately for CIP and TET relative to all other isolates.
cThe Fisher’s Exact Test was used for variables with ≤5 in one cell; no ORs could be calculated.
dSelf-reported race categories in the online Michigan Disease Surveillance System questionnaire were: Caucasian, African American, Asian, American Indian/Alaska Native,

Hawaiian/Pacific Islander, Unknown, or Other.
eCattle density was not known for multiple counties with high case counts.
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TABLE 2 | Epidemiological factors associated with any ciprofloxacin resistance (CIP) vs. only tetracycline resistance (TET) among 135 patients with resistant infections.

Any CIP resistance (n = 49) Only TET resistance (n = 83)

Characteristicsa No. (%) No. (%) OR (95% CI)b p-valuec

Age (years)

0–40 (n = 83) 31 (37.4) 52 (62.5) 1.0 –

≥41 (n = 48) 18 (37.5) 30 (62.5) 1.0 (0.48, 2.10) 0.99

Sex

Male (n = 65) 23 (35.4) 42 (64.6) 1.0 –

Female (n = 59) 23 (39.0) 36 (61.0) 1.2 (0.41, 1.78) 0.85

Residence type

Rural (n = 48) 18 (37.5) 30 (37.5) 1.0 –

Urban (n = 70) 25 (35.7) 45 (64.3) 0.9 (0.43, 1.98) 0.84

Season

Winter, spring (n = 39) 12 (30.8) 27 (69.2) 1.0 –

Summer, fall (n = 93) 37 (39.8) 56 (60.2) 1.5 (0.67, 3.30) 0.33

Any travel in the past month

No (n = 49) 13 (26.5) 36 (73.5) 1.0 –

Yes (n = 41) 21 (51.2) 20 (48.8) 2.9 (1.20, 7.02) 0.02

Type of travel in the past month

None (n = 49) 13 (26.5) 36 (73.5) 1.0 –

Domestic (n = 19) 4 (21.1) 15 (79.0) – 0.76

International (n = 21) 17 (81.0) 4 (19.1) – <0.0001

Type of drinking water

Municipal, bottled (n = 67) 25 (37.3) 42 (62.7) 1.0 –

Any well water (n = 20) 5 (25.0) 15 (75.0) – 0.42

Poultry consumption

No (n = 16) 4 (40.0) 6 (60.0) – –

Yes (n = 115) 24 (35.3) 44 (64.7) – 0.77

Contact with livestock

No (n = 79) 31 (39.2) 48 (60.8) – –

Yes (n = 11) 1 (9.1) 10 (90.9) – 0.09

Hospitalized

No (n = 85) 27 (31.8) 58 (68.2) 1.0 –

Yes (n = 26) 14 (53.9) 12 (46.2) 2.5 (1.02, 6.14) 0.04

Multivariate analysisd Adjusted OR (95% CI) p-value

Age 1.0 (0.98, 1.02) 0.87

Female 0.5 (0.17, 1.40) 0.18

Urban residence 1.0 (0.33, 2.83) 0.95

Summer or fall infection 3.7 (1.03, 13.47) 0.04

International travel only 14.9 (4.00, 55.57) <0.0001

Hospitalized 3.0 (0.78, 11.19) 0.11

Well water 0.6 (0.16, 2.26) 0.44

Livestock contact 0.2 (0.02, 2.25) 0.21

aNumber of isolates may not add up to the total for some variables due to missing data; percentages were calculated using the number with each characteristic as the denominator.
b95% confidence interval for the odds ratio (OR). ORs were calculated for ciprofloxacin resistance relative to tetracycline resistance.
cThe Fisher’s Exact test was used for variables with fewer than 5 in one cell; no ORs could be calculated.
dMultivariate results were generated using forward stepwise logistic regression while controlling for variables with p-values≤0.2 in the univariate analysis as well as potential confounders.

A base model consisted of the following variables: age (continuous), female sex, urban residence, season (fall and summer), and international travel. Each additional variable was added

separately to the base model. The Homer and Lemeshow Goodness-of-Fit test (p > 0.05) was examined to ensure support for each model. Adjusted ORs were calculated and the

Wald Chi-Square test was used to determine significance with 95% Wald Confidence Limits.

Although males and rural residents represented a greater
proportion of the 7,182 campylobacteriosis cases in Michigan
(29), similar distributions were not observed among the cases
at the four hospitals. For instance, no difference was observed

by sex and significantly more cases (62.0%) were from urban
areas, suggesting that the four hospitals may not be entirely
representative of the Michigan population of campylobacteriosis
cases. Such differences are likely due to the structure of the
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FIGURE 3 | (A) Antibiotic resistance frequencies of Campylobacter jejuni strains recovered from four Michigan hospitals (n = 214) in 2011–2014 as compared to the

National Antimicrobial Resistance Monitoring System (NARMS) data for the same time period. Michigan frequencies were compared to NARMS data from Region 5

acquired from Minnesota (representing Ohio, Indiana, Michigan, Illinois, Wisconsin, and Minnesota and 34 federally recognized tribes) and the total national data

(excluding Region 5). (B) Michigan frequencies were added to Region 5 national data (n = 585) leaving a total of 799 strains in the Midwest region for comparison to

NARMS regions 1, 2, 3, 4, 6, and 8. *p ≤ 0.05, **p ≤ 0.0001; χ
2 test. The 10 FoodNet sites representing Connecticut, Georgia, Maryland, Minnesota, New Mexico,

Oregon, Tennessee, California, Colorado, and New York send data captured by the state public health laboratories to NARMS to represent the different regions. Data

from Region 1 (Connecticut, Maine, Massachusetts, New Hampshire, Rhode Island, and Vermont), Region 2 (New Jersey, New York, Puerto Rico, and the Virgin

Islands), Region 3 (Delaware, District of Columbia, Maryland, Pennsylvania, Virginia, and West Virginia), Region 4 (Alabama, Florida, Georgia, Kentucky, Mississippi,

North Carolina, South Carolina, and Tennessee), Region 6 (Arkansas, Louisiana, New Mexico, Oklahoma, and Texas), and Region 8 (Colorado, Montana, North

Dakota, South Dakota, Utah and Wyoming) were included in the analysis. Regions 7, 9, and 10 did not have data available for Campylobacter jejuni from 2011 to

2014 for comparison.

surveillance system since we utilized four of the largest health
care systems. Despite having wide catchment areas, each hospital
is in a metropolitan location that can result in differences in
access to health care, particularly for rural residents, supporting
the suggestion that geography as well as patient-specific and
cultural factors can impact care seeking behaviors (11). Indeed,
we observed a lower likelihood of hospitalization among rural
residents in this and our prior study (29), although this
association was not significant after controlling for race, sex,
and age.

Because the likelihood of hospitalization was significantly
greater for cases self-identifying as non-White, urban areas
should be an important focus for reducing disparities in
infections caused by C. jejuni and other enteric pathogens.
Certainly, neighborhood and geographic barriers have previously
been suggested to be important for the acquisition of foodborne
disease (13). Although race, ethnicity, and other socially
constructed categorizations such as socio-economic status,
are not typically collected for foodborne disease surveillance
systems, prior studies have document increased frequencies of
gastroenteritis in minority and low-socioeconomic populations
globally (32–34). Additional studies are needed, however, to
identify specific risk factors, exposures and causal factors within
urban environments that may explain these relationships. Use
of previously reported proxies and markers of poverty such
as urban residence, and social constructs like self-reported
race as we have used, have complex interactions with social
determinants of health (35, 36). We therefore cannot describe
causal factors for hospitalization of C. jejuni without addressing
these shortcomings. We also cannot rule out the possibility that

different strain populations with distinct pathogenic traits are
circulating in the different areas and are partly responsible for
the differences observed.

Since most hospital laboratories in Michigan have switched
to the use of culture-independent tests to detect C. jejuni,
viable isolates are not typically recovered for characterizing
important phenotypic or genotypic traits. Hence, our assessment
of resistance frequencies and trends in the four hospitals over this
4-year period yielded notable results. Resistance was detected in
63.1% of the 214 isolates and to all nine antibiotics comprising
11 distinct resistance profiles. The overall predominance of
tetracycline (56.1%) and ciprofloxacin (22.9%) resistance was
similar in our prior study of 94 isolates recovered in 2011 and
2012 (22). The inclusion of 120 additional isolates recovered
from the same hospitals in 2013–2014, however, allowed for the
detection of several important changes over time, including an
increase in the frequency of fluoroquinolone resistance. This
gradual increase is concerning given that fluoroquinolones are
commonly used to treat human infections and the Food andDrug
Administration (FDA) banned use of these drugs in poultry in
2005 (37). Point mutations in chromosomal genes such as gyrA,
which is critical for DNA replication and transcription, have
been linked to fluoroquinolone resistance (38, 39). Given that
these mutations do not halt transcription, there is no impact on
bacterial survival and hence, these resistant bacterial populations
can persist in the absence of antibiotic selection (40, 41). This
increasing frequency of ciprofloxacin resistance in C. jejuni is
consistent with national trends for older strain sets recovered via
culture-based detection methods (25). Because of the increased
use of culture-independent methods to detect Campylobacter,
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however, actual rates of ciprofloxacin resistance among clinical
isolates in different parts of the U.S. are not well-established.
Additionally, despite the critical role that FoodNet and NARMS
have played in the detection of resistant foodborne pathogens,
neither system is entirely representative of the U.S. population
(12). To represent the entire Midwest (Region 5) that includes
Michigan, for instance, NARMS only receives a subset of isolates
fromMinnesota for testing (18). It is therefore important to note
that the frequencies and trends reported by NARMS may not
accurately reflect those observed in other locations with distinct
geographic features and population traits.

Furthermore, fluoroquinolone resistant C. jejuni infections
have also been reported to increase the duration of illness
(42, 43). Mutations in gyrA have been tied to changes in DNA
supercoiling, which can lead to enhanced colonization of the
chicken gut and an increase in virulence properties such as
motility, biofilm formation and invasion of intestinal epithelial
cells in vitro (44–47). These studies establish a mechanism by
which fluoroquinolone resistant mutations enhance virulence
and support prior associations between resistance and a lengthier
illness duration. Additional support comes from our finding
that patients with ciprofloxacin resistant infections were twice as
likely to be hospitalized than patients with tetracycline resistant
infections, suggesting that the former may be more severe. It is
not clear, however, if a unique patient population, differential
treatment regimens, or distinct bacterial factors account for the
difference in the hospitalization rates observed.

Significant differences in the frequency of tetracycline
resistance, which was highest in this population of Michigan
patients despite the gradual decrease in tetracycline resistance
over time, were also observed. These data indicate that unique
regional factors may impact resistance rates, yet those factors
that contribute to variation across locations are not clear. The
tetracyclines have been used to treat zoonotic and rickettsial
diseases in human medicine (48) and have been used extensively
in livestock and poultry production worldwide. In the U.S., the
FDA reported that tetracyclines were the predominant drug class
used in food-producing animals at the time of this study (2009–
2014), representing an average of 42% of all antibiotics used (49).
Continuous use of tetracycline has selected for resistant strains
and resistance genes that can persist in reservoir hosts and the
environment. For example, TetO has been shown to mediate
resistance to tetracycline in C. jejuni by offering ribosomal
protection by binding to an unoccupied site (39). This protein
is encoded by tet(O), which is commonly carried on the pTet
plasmid but has also been detected in the chromosome (50, 51).
Given the high transmissibility rates of these resistance plasmids
within bacterial populations even in the absence of tetracycline
use (52, 53), it is clear that C. jejuni serves as an important
reservoir for these and other resistance genes. In our prior study,
we demonstrated that tetracycline resistance was more common
in strains belonging to multilocus sequence type (ST)-982, a
lineage that was also common in Michigan cattle (22, 54) and
has been linked to livestock in other locations (55, 56). Together,
these data show the importance of clonal expansion of resistant
lineages and highlight the role that mobile genetic elements play
in dispersion and maintenance of tetracycline resistance.

Although we observed a significant association between
livestock contact and tetracycline resistance, the number of
cases (n = 13) reporting this exposure was low. It is
noteworthy, however, that only one of the cases reporting
contact with livestock had a ciprofloxacin resistant infection
compared to 11 (84.6%) with tetracycline resistant infections.
While increasing frequencies of ciprofloxacin resistant C. jejuni
have been recovered from feedlot cattle throughout the U.S.
(57), our data suggest that different factors are important
for the acquisition of ciprofloxacin vs. tetracycline resistant
infections. Consistent with prior studies (25, 30, 42, 58), we
have demonstrated that international travel in the month prior
to infection is the strongest predictor of ciprofloxacin resistance
in this sample of Michigan patients. Infection during the
summer or fall months was also independently associated with
ciprofloxacin resistance, but we did not observe an association
with poultry consumption as was described in other studies
(42, 58, 59). This difference could be due to the low number
of cases reporting no poultry consumption a week before
symptom onset or the high frequency of missing data since
many patients failed to answer the food history questions,
a common problem with long-term epidemiological studies
(60). In general, however, the identification of risk factors that
have also been described in other studies is encouraging and
indicates that these factors are likely important regardless of the
geographic location.

Collectively, the data presented herein demonstrate the
importance of monitoring antibiotic resistance phenotypes and
frequencies using culture-based methods in multiple geographic
locations. The significant difference that we observed in
NARMS Region 5 relative to other regions after including
our Michigan data with those from Minnesota, illustrates
the need for more comprehensive testing and highlights
the variation across different geographic locations. Future
studies are still needed, however, to link resistance profiles
and patient data to epidemiological data to identify those
exposures and risk factors that are unique to specific states
or regions.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Institutional Review Boards at Michigan
State University (10-735SM), the Michigan Dept. of Health
and Human Services (842-PHALAB) and each of the four
participating hospitals. Written informed consent from the
participants’ legal guardian/next of kin was not required to
participate in this study in accordance with the national
legislation and the institutional requirements.

Frontiers in Public Health | www.frontiersin.org 10 June 2021 | Volume 9 | Article 672473

https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles


Rodrigues et al. Resistant C. jejuni Infections

AUTHOR CONTRIBUTIONS

SDM, WC, and JAR designed the study. JTR, DWN, HS, PL,
and WK organized sample collection at each site. REM and
WC isolated pathogens and extracted epidemiological data.
JAR and WC performed the experiments. JAR, SM, and SDM
managed the data and conducted analyses. JAR developed the
first manuscript draft. All authors contributed and approved the
manuscript content.

FUNDING

This work was supported by the National Institutes of Health
Enterics Investigational network cooperative Research Center
(U19AI090872 to SDM and JTR), the Michigan State University
(MSU) Foundation (SDM), and the United States Department
of Agriculture (MICL02475 to SDM). Student support for JAR
was provided by the Department of Microbiology and Molecular
Genetics at MSU, the Ronald and Sharon Rogowski Fellowship,

the Thomas S. Whittam travel award and the MSU College of
Osteopathic Medicine.

ACKNOWLEDGMENTS

We thank Ben Hutton and Jason Wholehan at the MDHHS
and the laboratory staff at each participating hospital for
help with specimen processing and culture as well as James
Collins and Tiffany Henderson at the MDHHS Bureau of
Epidemiology for help withMDSS.We also thank Joe Bednarczyk
and Sergio Hernandez-Ortiz for assisting with the antibiotic
susceptibility testing.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpubh.
2021.672473/full#supplementary-material

REFERENCES

1. Kaakoush NO, Castaño-Rodríguez N, Mitchell HM, Man SM. Global

epidemiology of Campylobacter infection. Clin.Microbiol Rev. (2015) 28:687–

720. doi: 10.1128/CMR.00006-15

2. Tack DM, Marder EP, Griffin PM, Cieslak PR, Dunn J, Hurd S, et al.

Preliminary incidence and trends of infections with pathogens transmitted

commonly through food — Foodborne Diseases Active Surveillance

Network, 10 Sites US, 2015–2018. Morb Mortal Wkly Rep. (2019)

68:369–73. doi: 10.15585/mmwr.mm6816a2

3. Whitehouse CA, Zhao S, Tate H. Antimicrobial resistance in Campylobacter

species: mechanisms and genomic epidemiology. In: Advances in Applied

Microbiology (2018). p. 1–47. doi: 10.1016/bs.aambs.2018.01.001

4. Scallan E, Hoekstra RM, Angulo FJ, Tauxe RV, Widdowson MA, Roy SL, et

al. Foodborne illness acquired in the United States-Major pathogens. Emerg

Infect Dis. (2011) 17:7–15. doi: 10.3201/eid1701.P11101

5. Kirkpatrick BD, Lyon CE, Porter CK, Maue AC, Guerry P, Pierce

KK, et al. Lack of homologous protection against Campylobacter

jejuni CG8421 in a human challenge model. Clin Infect Dis. (2013)

57:1106–13. doi: 10.1093/cid/cit454

6. Man SM. The clinical importance of emerging Campylobacter species.Nat Rev

Gastroenterol Hepatol. (2011) 8:669–85. doi: 10.1038/nrgastro.2011.191

7. Butzler JP. Campylobacter, from obscurity to celebrity. Clin Microbiol Infect.

(2004) 10:868–76. doi: 10.1111/j.1469-0691.2004.00983.x

8. Young KT, Davis LM, DiRita VJ. Campylobacter jejuni: molecular biology and

pathogenesis. Nat Rev Microbiol. (2007) 5:665–79. doi: 10.1038/nrmicro1718

9. Damborg P, Olsen KEP, Nielsen EM, Guardabassi L.

Occurrence of Campylobacter jejuni in pets living with human

patients infected with C. jejuni. J Clin Microbiol. (2004)

42:1363–4. doi: 10.1128/JCM.42.3.1363-1364.2004

10. Domingues AR, Pires SM, Halasa T, Hald T. Source attribution

of human campylobacteriosis using a meta-analysis of case-

control studies of sporadic infections. Epidemiol Infect. (2012)

140:970–81. doi: 10.1017/S0950268811002676

11. Ailes E, Scallan E, Berkelman RL, Kleinbaum DG, Tauxe R, Moe CL.

Do differences in risk factors, medical care seeking, or medical practices

explain the geographic variation in campylobacteriosis in foodborne

diseases active surveillance network (FoodNet) sites? Clin Infect Dis. (2012)

54:50. doi: 10.1093/cid/cis050

12. Hardnett FP, Hoekstra RM, Kennedy M, Charles L, Angulo FJ. Epidemiologic

issues in study design and data analysis related to FoodNet activities. Clin

Infect Dis. (2004) 38:1602. doi: 10.1086/381602

13. Quinlan JJ. Foodborne illness incidence rates and food safety risks for

populations of low socioeconomic status and minority race/ethnicity:

A review of the literature. Int J Environ Res Public Health. (2013)

10:3634–52. doi: 10.3390/ijerph10083634

14. Centers for Disease Control and Prevention. Antibiotic Resistance Threats in

the United States, 2019. Atlanta, GA. (2019). Available online at: https://www.

cdc.gov/drugresistance/pdf/threats-report/2019-ar-threats-report-508.pdf

15. National Antimicrobial Resistance Monitoring System (NARMS). 2015

Integrated Report. (2015). Available online at: https://www.fda.gov/media/

108304/download (accessed January 4, 2020).

16. National Antimicrobial Resistance Monitoring System (NARMS). 2015

Human Isolates Surveillance Report. (2015). Available online at: https://www.

cdc.gov/narms/pdf/2015-NARMS-Annual-Report-cleared_508.pdf (accessed

March 30, 2020).

17. Moore JE, Barton MD, Blair IS, Corcoran D, Dooley JSG, Fanning S, et al.

The epidemiology of antibiotic resistance in Campylobacter. Microbes Infect.

(2006) 8:1955–66. doi: 10.1016/j.micinf.2005.12.030

18. Karp BE, Tate H, Plumblee JR, Dessai U, Whichard JM, Thacker

EL, et al. National antimicrobial resistance monitoring system:

two decades of advancing public health through integrated

surveillance of antimicrobial resistance. Foodborne Pathog Dis. (2017)

14:545–57. doi: 10.1089/fpd.2017.2283

19. Centers for Disease Control and Prevention. National Antimicrobial

Resistance Monitoring System (NARMS) Now: Human Data. (2016). Available

online at: wwwn.cdc.gov/narmsnow/ (accessed January 10, 2020).

20. Davis L, DiRita V. Growth and laboratory maintenance

of Campylobacter jejuni. Curr Protoc Microbiol. (2008)

8:1–7. doi: 10.1002/9780471729259.mc08a01s10

21. Yamazaki-Matsune W, Taguchi M, Seto K, Kawahara R, Kawatsu K, Kumeda

Y, et al. 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. (2007) 56:1467–73. doi: 10.1099/jmm.0.

47363-0

22. Cha W, Mosci R, Wengert SL, Singh P, Newton DW, Salimnia H, et

al. Antimicrobial susceptibility profiles of human Campylobacter jejuni

isolates and association with phylogenetic lineages. Front Microbiol. (2016)

7:589. doi: 10.3389/fmicb.2016.00589

23. Ingram DD, Franco SJ. National Center for Health Statistics urban-rural

classification scheme for counties. Vital Heal Stat. (2013) 2:1–73.

24. United States Department of Agriculture (USDA). National Agricultural

Statistics Service, Great Lakes Region. Michigan Cattle County Estimates

Frontiers in Public Health | www.frontiersin.org 11 June 2021 | Volume 9 | Article 672473

https://www.frontiersin.org/articles/10.3389/fpubh.2021.672473/full#supplementary-material
https://doi.org/10.1128/CMR.00006-15
https://doi.org/10.15585/mmwr.mm6816a2
https://doi.org/10.1016/bs.aambs.2018.01.001
https://doi.org/10.3201/eid1701.P11101
https://doi.org/10.1093/cid/cit454
https://doi.org/10.1038/nrgastro.2011.191
https://doi.org/10.1111/j.1469-0691.2004.00983.x
https://doi.org/10.1038/nrmicro1718
https://doi.org/10.1128/JCM.42.3.1363-1364.2004
https://doi.org/10.1017/S0950268811002676
https://doi.org/10.1093/cid/cis050
https://doi.org/10.1086/381602
https://doi.org/10.3390/ijerph10083634
https://www.cdc.gov/drugresistance/pdf/threats-report/2019-ar-threats-report-508.pdf
https://www.cdc.gov/drugresistance/pdf/threats-report/2019-ar-threats-report-508.pdf
https://www.fda.gov/media/108304/download
https://www.fda.gov/media/108304/download
https://www.cdc.gov/narms/pdf/2015-NARMS-Annual-Report-cleared_508.pdf
https://www.cdc.gov/narms/pdf/2015-NARMS-Annual-Report-cleared_508.pdf
https://doi.org/10.1016/j.micinf.2005.12.030
https://doi.org/10.1089/fpd.2017.2283
https://wwwn.cdc.gov/narmsnow/
https://doi.org/10.1002/9780471729259.mc08a01s10
https://doi.org/10.1099/jmm.0.47363-0
https://doi.org/10.3389/fmicb.2016.00589
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles


Rodrigues et al. Resistant C. jejuni Infections

2019. (2020). Available online at: https://www.nass.usda.gov/Statistics_by_

State/Michigan/Publications/County_Estimates/2019/Michigan 2019 Cattle

County Est.pdf (accessed January 22, 2021).

25. Geissler AL, Bustos Carrillo F, Swanson K, Patrick ME, Fullerton KE, Bennett

C, et al. Increasing Campylobacter infections, outbreaks, and antimicrobial

resistance in the United States, 2004-2012. Clin Infect Dis. (2017) 65:1624–

31. doi: 10.1093/cid/cix624

26. Meldrum RJ, Griffiths JK, Smith RMM, Evans MR. The seasonality

of human Campylobacter infection and Campylobacter isolates

from fresh, retail chicken in Wales. Epidemiol Infect. (2005)

133:49–52. doi: 10.1017/S0950268804003188

27. Jore S, Viljugrein H, Brun E, Heier BT, Borck B, Ethelberg S, et

al. Trends in Campylobacter incidence in broilers and humans

in six European countries, 1997-2007. Prev Vet Med. (2010)

93:33–41. doi: 10.1016/j.prevetmed.2009.09.015

28. Strachan NJC, Rotariu O, Smith-Palmer A, Cowden J, Sheppard SK, O’Brien

SJ, et al. Identifying the seasonal origins of human campylobacteriosis.

Epidemiol Infect. (2013) 141:1267–75. doi: 10.1017/S09502688120

02063

29. Cha W, Henderson T, Collins J, Manning SD. Factors associated with

increasing campylobacteriosis incidence in Michigan, 2004-2013. Epidemiol

Infect. (2016) 144:3316–25. doi: 10.1017/S095026881600159X

30. Friedman CR, Hoekstra RM, Samuel M, Marcus R, Bender J, Shiferaw B, et

al. Risk factors for sporadic Campylobacter infection in the United States:

A case-control study in FoodNet sites. Clin Infect Dis. (2004) 38:S285–

96. doi: 10.1086/381598

31. Scallan E, Crim SM, Runkle A, Henao OL, Mahon BE, Hoekstra RM, et al.

Bacterial enteric infections among older adults in the united states: Foodborne

diseases active surveillance network, 1996-2012. Foodborne Pathog. Dis.

(2015) 12:492–9. doi: 10.1089/fpd.2014.1915

32. Olowokure B, Hawker J, Weinberg J, Gill N, Sufi F. Deprivation and

hospital admission for infectious intestinal diseases. Lancet. (1999) 353:807–

8. doi: 10.1016/S0140-6736(99)00611-X

33. Bytzer P, Howell S, Leemon M, Young LJ, Jones MP, Talley NJ. Low

socioeconomic class is a risk factor for upper and lower gastrointestinal

symptoms: A population based study in 15000 Australian adults. Gut. (2001)

49:66. doi: 10.1136/gut.49.1.66

34. Rose TC, Adams NL, Whitehead M, Wickham S, O’Brien SJ, Hawker

J, et al. Neighbourhood unemployment and other socio-demographic

predictors of emergency hospitalisation for infectious intestinal disease

in England: A longitudinal ecological study. J Infect. (2020) 81:736–

42. doi: 10.1016/j.jinf.2020.08.048

35. Krieger N. Why epidemiologists cannot afford to ignore poverty.

Epidemiology. (2007) 18:658–63. doi: 10.1097/EDE.0b013e3181

56bfcd

36. Glymour MM, Hamad R. Causal thinking as a critical tool for

eliminating social inequalities in health. Am J Public Health. (2018)

108:623. doi: 10.2105/AJPH.2018.304383

37. Nelson JM, Chiller TM, Powers JH, Angulo FJ. Fluoroquinolone-resistant

Campylobacter species and the withdrawal of fluoroquinolones from use

in poultry: A public health success story. Clin Infect Dis. (2007) 44:977–

80. doi: 10.1086/512369

38. Gootz TD, Martin BA. Characterization of high-level quinolone resistance

in Campylobacter jejuni. Antimicrob Agents Chemother. (1991) 35:840–

5. doi: 10.1128/AAC.35.5.840

39. Iovine NM. Resistancemechanisms inCampylobacter jejuni.Virulence. (2013)

4:230–40. doi: 10.4161/viru.23753

40. Zhang Q, Zhang Q, Lin J, Pereira S. Fluoroquinolone-resistant

Campylobacter in animal reservoirs: dynamics of development,

resistance mechanisms and ecological fitness. Anim Heal Res Rev. (2004)

4:63–71. doi: 10.1079/AHR200356

41. Luo N, Pereira S, Sahin O, Lin J, Huanq S, Michel L, et al. Enhanced in

vivo fitness of fluoroquinolone-resistant Campylobacter jejuni in the absence

of antibiotic selection pressure. Proc Natl Acad Sci USA. (2005) 102:541–

6. doi: 10.1073/pnas.0408966102

42. Smith KE, Besser JM, Hedberg CW, Leano FT, Bender JB, Wicklund JH, et

al. Quinolone-resistant Campylobacter jejuni infections in Minnesota, 1992–

1998.NEngl JMed. (1999) 340:1525–32. doi: 10.1056/NEJM199905203402001

43. Engberg J, Neimann J, Nielsen EM, Aarestrup FM, Fussing

V. Quinolone-resistant Campylobacter infections in Denmark:

Risk factors and clinical consequences. Emerg Infect Dis. (2004)

10:1056–63. doi: 10.3201/eid1006.030669

44. Han J, Wang Y, Sahin O, Shen Z, Guo B, Shen J, et al. A

fluoroquinolone resistance associated mutation in gyrA affects DNA

supercoiling in Campylobacter jejuni. Front Cell Infect Microbiol. (2012)

2:21. doi: 10.3389/fcimb.2012.00021

45. Shortt C, Scanlan E, Hilliard A, Cotroneo CE, Bourke B, Cróinín T. DNA

supercoiling regulates the motility of Campylobacter jejuni and is altered

by growth in the presence of chicken mucus. mBio. (2016) 7:e01227–

01216. doi: 10.1128/mBio.01227-16

46. Scanlan E, Ardill L, Whelan MVX, Shortt C, Nally JE, Bourke B, et al.

Relaxation of DNA supercoiling leads to increased invasion of epithelial

cells and protein secretion by Campylobacter jejuni. Mol Microbiol. (2017)

104:92–104. doi: 10.1111/mmi.13614

47. Whelan MVX, Ardill L, Koide K, Nakajima C, Suzuki Y, Simpson

JC, et al. Acquisition of fluoroquinolone resistance leads to

increased biofilm formation and pathogenicity in Campylobacter

jejuni. Sci Rep. (2019) 9:18216. doi: 10.1038/s41598-019-

54620-1

48. Chopra I, Roberts M. Tetracycline antibiotics: Mode of action, applications,

molecular biology, and epidemiology of bacterial resistance. Microbiol

Mol Biol Rev. (2001) 65:232–60. doi: 10.1128/MMBR.65.2.232-260.

2001

49. Food and Drug Administration. 2014 summary report on antimicrobials sold

or distributed for use in food-producing animals. Cent Vet Med. (2015) 38,

1–58.

50. Taylor DE. Plasmid-mediated tetracycline resistance in Campylobacter

jejuni: expression in Escherichia coli and identification of homology

with streptococcal class M determinant. J Bacteriol. (1986) 165:1037–

9. doi: 10.1128/JB.165.3.1037-1039.1986

51. Dasti JI, Groß U, Pohl S, Lugert R, Weig M, Schmidt-Ott R. Role of

the plasmid-encoded tet(O) gene in tetracycline-resistant clinical isolates

of Campylobacter jejuni and Campylobacter coli. J Med Microbiol. (2007)

56:833–7. doi: 10.1099/jmm.0.47103-0

52. Taylor DE, De Grandis SA, Karmali MA, Fleming PC. Transmissible plasmids

from Campylobacter jejuni. Antimicrob Agents Chemother. (1981) 19:831–

5. doi: 10.1128/AAC.19.5.831

53. Avrain L, Vernozy-Rozand C, Kempf I. Evidence for natural horizontal

transfer of tetO gene between Campylobacter jejuni strains in chickens. J Appl

Microbiol. (2004) 97:134–40. doi: 10.1111/j.1365-2672.2004.02306.x

54. Cha W, Mosci RE, Wengert SL, Vargas CV, Rust SR, Bartlett PC, et al.

Comparing the genetic diversity and antimicrobial resistance profiles of

Campylobacter jejuni recovered from cattle and humans. Front Microbiol.

(2017) 8:818. doi: 10.3389/fmicb.2017.00818

55. Sanad YM, Kassem II, Abley M, Gebreyes W, LeJeune JT, Rajashekara

G. Genotypic and phenotypic properties of cattle-associated Campylobacter

and their implications to public health in the USA. PLoS ONE. (2011)

6:e25778. doi: 10.1371/journal.pone.0025778

56. Davis MA, Moore DL, Baker KNK, French NP, Patnode M, Hensley J, et

al. Risk factors for campylobacteriosis in two Washington state counties

with high numbers of dairy farms. J Clin Microbiol. (2013) 51:3921–

7. doi: 10.1128/JCM.01433-13

57. Tang Y, Sahin O, Pavlovic N, Lejeune J, Carlson J, Wu Z, et al. Rising

fluoroquinolone resistance in Campylobacter isolated from feedlot cattle

in the United States. Sci Rep. (2017) 7:1–8. doi: 10.1038/s41598-017-

00584-z

58. Kassenborg HD, Smith KE, Vugia DJ, Rabatsky-Ehr T, Bates MR, Carter

MA, et al. Fluoroquinolone-resistant Campylobacter infections: eating poultry

outside of the home and foreign travel are risk factors. Clin Infect Dis. (2004)

38:S279–84. doi: 10.1086/381597

59. Skjøt-Rasmussen L, Ethelberg S, Emborg HD, Agers,ø Y, Larsen LS,

Nordentoft S, et al. Trends in occurrence of antimicrobial resistance in

Campylobacter jejuni isolates from broiler chickens, broiler chicken meat,

and human domestically acquired cases and travel associated cases in

Denmark. Int J Food Microbiol. (2009) 131:277–9. doi: 10.1016/j.ijfoodmicro.

200903.006

Frontiers in Public Health | www.frontiersin.org 12 June 2021 | Volume 9 | Article 672473

https://www.nass.usda.gov/Statistics_by_State/Michigan/Publications/County_Estimates/2019/Michigan
https://www.nass.usda.gov/Statistics_by_State/Michigan/Publications/County_Estimates/2019/Michigan
https://doi.org/10.1093/cid/cix624
https://doi.org/10.1017/S0950268804003188
https://doi.org/10.1016/j.prevetmed.2009.09.015
https://doi.org/10.1017/S0950268812002063
https://doi.org/10.1017/S095026881600159X
https://doi.org/10.1086/381598
https://doi.org/10.1089/fpd.2014.1915
https://doi.org/10.1016/S0140-6736(99)00611-X
https://doi.org/10.1136/gut.49.1.66
https://doi.org/10.1016/j.jinf.2020.08.048
https://doi.org/10.1097/EDE.0b013e318156bfcd
https://doi.org/10.2105/AJPH.2018.304383
https://doi.org/10.1086/512369
https://doi.org/10.1128/AAC.35.5.840
https://doi.org/10.4161/viru.23753
https://doi.org/10.1079/AHR200356
https://doi.org/10.1073/pnas.0408966102
https://doi.org/10.1056/NEJM199905203402001
https://doi.org/10.3201/eid1006.030669
https://doi.org/10.3389/fcimb.2012.00021
https://doi.org/10.1128/mBio.01227-16
https://doi.org/10.1111/mmi.13614
https://doi.org/10.1038/s41598-019-54620-1
https://doi.org/10.1128/MMBR.65.2.232-260.2001
https://doi.org/10.1128/JB.165.3.1037-1039.1986
https://doi.org/10.1099/jmm.0.47103-0
https://doi.org/10.1128/AAC.19.5.831
https://doi.org/10.1111/j.1365-2672.2004.02306.x
https://doi.org/10.3389/fmicb.2017.00818
https://doi.org/10.1371/journal.pone.0025778
https://doi.org/10.1128/JCM.01433-13
https://doi.org/10.1038/s41598-017-00584-z
https://doi.org/10.1086/381597
https://doi.org/10.1016/j.ijfoodmicro.2009.03.006
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles


Rodrigues et al. Resistant C. jejuni Infections

60. Perkins NJ, Cole SR, Harel O, Tchetgen Tchetgen EJ, Sun B, Mitchell EM,

et al. Principled approaches to missing data in epidemiologic studies. Am J

Epidemiol. (2018) 187:568–75. doi: 10.1093/aje/kwx348

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Rodrigues, Cha, Mosci, Mukherjee, Newton, Lephart, Salimnia,

Khalife, Rudrik and Manning. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s) and

the copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Public Health | www.frontiersin.org 13 June 2021 | Volume 9 | Article 672473

https://doi.org/10.1093/aje/kwx348
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

	Epidemiologic Associations Vary Between Tetracycline and Fluoroquinolone Resistant Campylobacter jejuni Infections
	Introduction
	Materials and Methods
	Strain Source and Speciation
	Antimicrobial Susceptibility Profiling
	Epidemiological Variables and Data Analysis

	Results
	Recovery of Campylobacter in Michigan
	Demographics and Exposure History of C. jejuni Cases
	Clinical Symptoms and Association with More Severe Infections
	Antibiotic Resistance Phenotypes and Frequencies
	Epidemiological Associations with Antibiotic Resistant C. jejuni Infections
	Comparing Resistance Frequencies to National Data Reported Via NARMS

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


