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ABSTRACT

Ruminant Campylobacter, (C. jejuni and C. coli), contributes significantly to
foodborne illnesses in humans. A recently emerged C. jejuni clone (named SA) is also a
major cause of ruminant abortion in the United States. Despite the importance of
Campylobacter in ruminant health and food safety, little is known about its prevalence
and antibiotic resistance profiles in cattle production systems in the U.S. In this project,
we examined the antibiotic resistance and mechanisms of the Campylobacter isolates
derived from 35 feedlot cattle farms in 5 different states, and determined the distribution
of C. jejuni clone SA in the feedlots and in dairy cows by using isolates collected by
NAHMS Dairy Studies 2002, 2007 and 2014. In feedlot cattle, clone SA accounted for
5.8% of the total C. jejuni isolates, but prevalence varied from farm to farm. In dairy
cattle, the overall prevalence of clone SA was 7.2%, and a declining trend in the
cprevalence was detected from 2002 to 2014. Whole genome sequence analyses of the
dairy isolates revealed the high genomic stability of clone SA over the years. The results
also revealed high prevalence of fluorogquinolone (FQ) resistance in the feedlot cattle
isolates. Molecular typing revealed that clonal expansion was involved in dissemination
of FQ-resistant C. coli. Notably, florfenicol resistance, which was historically low in
Campylobacter, also emerged in the bovine Campylobacter isolates. Whole genome
sequencing analysis identified a novel cfr variant, named cfr(C), in the florfenicol-
resistant isolates. Cloning of cfr (C) and conjugative transfer of the cfr (C)-containing
plasmid confirmed its role in conferring resistance to multiple classes of antibiotics
including phenicols, lincosamides, pleuromutilins, and oxazolidinones. The cfr(C) gene

was detected in 10% of the C. coli isolates, and molecular typing revealed its spread
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mainly via clonal expansion. These findings reveal the common presence of C. jejuni
clone SA in both beef and dairy cattle and the rising prevalence of FQ-resistant
Campylobacter as well as the emergence of a novel multidrug resistant mechanism
Cfr(C) in ruminant Campylobacter in the U.S. These results provide new insights into

the epidemiology and antibiotic resistance of Campylobacter in the bovine reservoirs.



CHAPTER 1. GENERAL INTRODUCTION
Introduction

Campylobacter is one of the most important foodborne pathogens that cause
bacterial gastroenteritis worldwide.! It is also a major cause of abortion in ruminants,
especially in sheep, resulting in significant economic loss to producers. Recently, a
tetracycline-resistant C. jejuni strain (named clone SA) has become the predominant
cause of sheep abortion in the U.S.? Clone SA has been also associated a number of
foodborne illnesses due to consumption of raw milk.? Despite the importance of C. jejuni
clone SA in food safety and ruminant health, little is known about its distribution and
epidemiology in the U.S. cattle production systems.

Campylobacter is becoming increasingly resistant to various antibiotics. Due to
the consequence of antibiotic resistance for treating human campylobacteriosis,
antibiotic-resistant Campylobacter is considered a serious antibiotic resistance threat in

the U.S. and worldwide Chttps://www.cdc.gov/drugresistance/threat-report-2013/) .* As

a foodborne pathogen widely distributed in food producing animals, Campylobacter is
exposed to antimicrobials used for food animal production. Antibiotics such as
fluoroquinolone (FQ) and florfenicol are frequently used in cattle for disease prevention
and control in the U.S., but little is known about antibiotic resistance in bovine
Campylobacter.

The purposes of this project were to determine the molecular epidemiology of C.
Jjejuni clone SA in beef and dairy cattle and examine antibiotic resistance profiles of
Campylobacter isolates from cattle. To achieve the goals, we conducted a prospective

study on 35 feedlot cattle farms in multiple states in the U.S. and collected 2,292


https://www.cdc.gov/drugresistance/threat-report-2013/

Campylobacter isolates. In collaboration, we also analyzed Campylobacter isolates
derived from the NAHMS (National Animal Health Monitoring System) Dairy Studies
2002, 2007 and 2014.> © In the first part of the research, we focused on determing the
prevalence and molecular epidemiology of C. jejuni clone SA. In feedlot cattle, the
overall prevalence of Campylobacter was 72.2%, of which 82.1% were C. jejuni. Clone
SA accounted for 5.8% of the total C. jejuni isolates, but its prevalence varied with
feedlots and states. Interestingly, starlings on the feedlots harbored C. jejuni including
clone SA, suggesting it plays a role in the transmission of Campylobacter. However,
starling intervention on the farms did not affect the prevalence of Campylobacter
including clone SA. In dairy cattle, the overall prevalence of clone SA was 7.2%, but a
declining trend in the prevalence was detected from 2002 to 2014. Whole genomic
sequence analysis of the dairy clone SA isolates revealed that they are genetically stable
over the years and most of the isolates carried the tetracycline resistance fet(0O) gene in
the chromosome. These findings indicate clone SA is widely distributed in both beef and
dairy cattle and provide new insights into the molecular epidemiology of clone SA in
ruminants. In the second part of the research, we analyzed the antimicrobial
susceptibilities of 320 C. jejuni and 115 C. coli isolates obtained from the feedlot cattle
farms. The results indicate that fluoroquinolone resistance reached to 35.4% in C. jejuni
and 74.4% in C. coli, which are significantly higher than those previously reported in the
U.S. While all fluoroquinolone resistant (FQ®) C. coli isolates examined in this study
harbored the single Thr-86-Ile mutation in GyrA, FQR C. jejuni isolates had other
mutations in GyrA in addition to the Thr-86-Ile change. Notably, most of the analyzed

FQR C. coli isolates had similar PFGE patterns and the same MLST sequence type (ST-



1068), regardless of their geographic sources and time of isolation, while the analyzed C.
Jjejuni isolates were genetically diverse, suggesting that clonal expansion is involved in
dissemination of FQR C. coli but not C. jejuni. These findings reveal the rising prevalence
of FQR Campylobacter in the U.S. and provide novel information on the epidemiology of
antibiotic-resistant Campylobacter in the ruminant reservoir. In the third part of the
research, a novel multidrug resistance mechanism, named cfr(C), was identified in
florfenicol-resistant C. coli isolates of cattle origin. Cfr(C) is a a new variant of Cfr, and
is divergent from Cfr (55.1% amino acid identity) and Cfr(B) (54.9% amino acid
identity). The cfr(C) gene was located on a conjugative plasmid of ~48 kb. Cloning of
cfr(C) into C. jejuni NCTC11168 and conjugative transfer of the cfr(C)-containing
plasmid confirmed its role in conferring resistance to phenicols, lincosamides,
pleuromutilins, and oxazolidinones, and resulted in 8- to 256-fold increase in their MICs
in both C. jejuni and C. coli. The cfr(C) gene was detected in 10% of C. coli isolates
derived from different cattle farms in different states, and molecular typing of the cfr(C)-
positive C. coli isolates revealed its spread mainly via clonal expansion. These results
identify cfr(C) as a new multidrug resistance mechanism in Campylobacter and suggest
the potential transmission of this mechanism via the foodborne route. Altogether,
findings in this dissertation provide new and critically needed information about
pathogenic and antibiotic-resistant Campylobacter in the cattle reservoirs in the U.S.,
which will faciliate the control of this major zoonotic pathogen and its transmission

through the food chain.



Dissertation Organization

This dissertation is organized into six chapters, including a general introduction, a
literature review, three chapters on research for publication, and a final summary.
Chapter 1 is a general introduction for the Ph.D. project. Chapter 2 is a literature review
of Campylobacter and antibiotic resistance in Cattle. Chapter 3 is a manuscript prepared
to be submitted to Applied and Environmental Microbiology. Chapter 4 has been
accepted for publication in Scientific Reports. Chapter 5 has been published in the
Journal of Antimicrobial Chemotherapy. Chapter 6 is the overall summary of this project
which includes the general conclusions. The references of this dissertation are located at
the ends of chapters 2, 3, 4, and 5, and are formatted according to the style of the Journal
of Antimicrobial Chemotherapy except for those that are to be submitted or have been
published in different journals. All the tables, figures, and legends in chapter 3, 4, and 5

are placed as close as possible to the original text references.
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CHAPTER 2: LITERATURE REVIEW

Antibiotic resistance in foodborne pathogen Campylobacter
1. Introduction

Campylobacter species, particularly Campylobacter jejuni and Campylobacter coli,
are a major cause of foodborne bacterial gastroenteritis in humans.* According to the
Centers for Disease Control and Prevention (CDC), Campylobacter is responsible for 1.3
million cases of foodborne illness annually in the U.S. It was also estimated that
Campylobacter sp. are responsible for 400-500 million cases of diarrhea each year
worldwide.! Transmission of Campylobacter to humans occurs mainly through
consumption of contaminated food of animal origin, particularly raw or undercooked
poultry meat, unpasteurized milk, and dairy products.>* Although the majority of
Campylobacter infections are self-limiting and do not require antimicrobial treatment and
usually resolve within a few days without antibiotic treatment, severe or prolonged
infection can occur, particularly in young, elderly, and individuals with compromised
immunity.* In these circumstances, fluoroquinolone (FQ) and macrolides are considered
as the drugs of choice for the treatment, and tetracycline is an alternative drug but should
be avoided in young children and pregnant women.*® Intravenous administration of
aminoglycosides are only used for the treatment of serious bacteremia and other systemic
infection due to Campylobacter. ® However, Campylobacter is increasingly resistant to
clinically important antibiotics and the CDC has recently identified drug-resistant
Campylobacter as a serious antibiotic resistance threat in the United States.” Thus,
enhanced efforts are needed to curb the prevalence and transmission of antibiotic-

resistant Campylobacter.



As a foodborne pathogen, Campylobacter is commonly present in food producing
animals. Poultry, especially market-age broiler chickens, are frequently colonized by C.
Jjejuni in the intestinal tract, and consequently chicken carcasses are often contaminated
by Campylobacter during the slaughtering process.® Thus, consumption of undercooked
poultry meat is a major risk factor for Campylobacter infections.’ In addition to poultry,
cattle also contribute significantly to outbreaks and sporadic cases of campylobacteriosis
in humans.'% !! Cattle Campylobacter can reach humans via multiple transmission routes
including direct contact (e.g. petting zoo and occupational exposure), consumption of
unpasteurized milk (and associated dairy products), and environmental contamination
(water, produce, etc.).> > !> Molecular typing of C. jejuni isolates from various sources
using multilocus sequence typing (MLST) attributed approximately 40% of sporadic
human cases to cattle sources in the United Kingdom.!* The contribution of cattle
Campylobacter to outbreaks of human campylobacteriosis is even more prominent
because Campylobacter from cattle feces frequently contaminates raw milk.> 410
Ruminant Campylobacter may also contaminate water supplies via agricultural runoff,
leading to large waterborne outbreaks.'?> Of note, red meat is infrequently contaminated
by Campylobacter'” and does not appear to play a major role in the transmission of
Campylobacter to humans. Additionally, ruminants are an integral part of Campylobacter
ecology and may serve as a source of Campylobacter transmission to the environment
and other farm animals, such as poultry. Thus, cattle are one of the most important
animal reservoirs for this zoonotic pathogen.

For the past decades, many studies have been performed to understand the

epidemiology and mechanisms of antibiotic resistance in Campylobacter. This chapter



will summarize the current knowledge of antibiotic resistance in Campylobacter with a
focus on clinically important and newly discovered antibiotic resistance. The recent
emergence of a tetracycline-resistant C. jejuni clone associated with ruminant abortion
will also be discussed.
2. Antimicrobial susceptibility tests for Campylobacter

Although Campylobacter has been long recognized as an important pathogen and
many methods have been used for testing Campylobacter susceptibility to various
antibiotics, a standardized test was not available until 2004. ‘8 Currently, three testing
methods for Campylobacter have been standardized by Clinical and Laboratory Standard
Institutes (CLSI) in the U.S. and by the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) in European. These methods include disk diffusion,
agar dilution, and broth microdilution. A previous study compared the agar dilution and
the agar disk diffusion methods and found agar diffusion can be used as a reliable
alternative method for susceptibility testing of thermophilic Campylobacter to several
classes of antimicrobial agents, particularly to quinolone/fluoroquinolones and
aminoglycosides.® However, in the U.S., agar dilution and broth microdilution are
currently the methods of choice for Campylobacter susceptibility testing. To perform
such dilution tests, a series of plates or tubes (or wells in a microtiter plate) containing
two-fold serial dilutions of the antimicrobial agent are prepared, to which are added a
standardized suspension of the organism to be tested, plus a control plate or tube that

doesn’t receive any antibiotics. After incubation at 42 °C for 24h under microaerobic

conditions (5% Oz, 10% CO2, and 85% N), the MICs are determined as the lowest

antimicrobial concentration that inhibits bacterial growth. Agar dilution was the first



standardized susceptibility testing method for thermophilic Campylobacter species.®
Although it is reliable and highly reproducible and also provides quantitative MICs, it is a
labor-intensive, time-consuming and costly test.!® On the other hand, the broth dilution
method is simple, inexpensive, and standardization can be achieved by using C.
jejuni and C. coli type strains as controls. Therefore, the broth microdilution method has
been commonly used for determination of the antibiotic susceptibility patterns of
Campylobacter spp.%
3. Prevalence and trends of antibiotic resistance in Campylobacter

Increase in the incidence of Campylobacter strains resistant to antimicrobial agents,
particularly to FQs, has been reported in many countries worldwide.?!-?* FQ-resistant C.
jejuni was detected during the late 1980s in Europe, where researchers suggested that
such resistance was due, in part, to use of FQ antibiotics in animal production.® Several
studies linked the clinical usage of FQs with the emergence and spread of FQ-resistant
Campylobacter.?>2" In the United States, the introduction of sarafloxacin and
enrofloxacin in the mid-1990s for use in poultry flocks for disease control contributed to
the rise FQ resistance.?® Although use of FQs in poultry was not intended for control of
Campylobacter, the antibiotic selection promotes rapid emergence of FQ-resistant
Campylobacter,?® % which is commonly present in the intestinal tract of poultry. Before
1992, FQ-resistant C. jejuni was rarely observed in U.S., whereas from 1992 to 2001,
FQ-resistant C. jejuni of human origin increased from 1.3% to 40.5%.2% A similar trend in
FQ resistance among Campylobacter isolates was also reported in other countries. For
example, ciprofloxacin resistance among Campylobacter species from humans increased

from zero before 1991 to 84% in 1995 in Thailand.3! A study across 17 years showed that
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the rates of ciprofloxacin resistance of clinical C. jejuni isolated in China increased from
50% to 93.1% between 1994 and 2010.32 A recent study from China even found that
almost 100% of the C. jejuni and C. coli isolates from chicken and swine were resistant to
FQs.® In Spain, FQ resistance among clinical Campylobacter isolates was not observed
in 1987, however in 1991 the frequency of FQ-resistant Campylobacter strains has
increased remarkably to 30%.2° Additionally, a steady increase in FQ-resistance among
Campylobacter isolates has also been observed in many European countries.?2 3436
Compared to FQ resistance, macrolide resistance is much less prevalent in
Campylobacter. However, increased prevalence of macrolide resistance among C. jejuni
and C. coli has been reported in both developed and developing countries, but the
situation seems to be more severe in C. coli and in developing countries.®® The
prevalence of macrolide resistant Campylobacter also vary greatly in different countries
and sources. In most of the developed countries, the macrolide resistant rate is less than
10%, which is still within the range of control.> 3’ In the U.S., studies conducted by the
National Animal Health Monitoring System (NAHMS) Dairy 2002 and Dairy 2007
reported that 0.4% of Campylobacter isolates were resistant to erythromycin.® In the
2014 NARMS (National Antimicrobial Resistance Monitoring System) integrated report,
erythromycin resistance in C. jejuni isolates from both human and chicken sources
remained low (< 2%). Similar findings also were observed in European countries, where
macrolide resistance among Campylobacter isolates from human and C. jejuni isolates
from chicken and cattle has been low and stable.3>*! However, in the case of
Campylobacter isolates of animal origin from some developing countries, high

prevalence of macrolide resistance in Campylobacter isolates, especially in C. coli from



11

poultry and swine, has been reported in several studies.®® 444 This may be related to the
use of macrolide agents as feed additives or for treating infections. Interestingly, many
studies have found that macrolide-resistant C. coli is much more prevalent than
macrolide-resistant C. jejuni.®* %24 For example, a recent report from China indicated
that less than 10% of C. jejuni isolated from human, chicken and swine were resistant to
macrolides, while up to 73.2% of C. coli isolates were resistant to the antibiotics. * The
exact reason for the much higher prevalence of macrolide resistance in C. coli is
unknown, but it might suggest that C. coli is intrinsically more capable of acquiring
macrolide resistance.

The prevalence of chloramphenicol and florfenicol resistance in Campylobacter has
been low, but is highly variable depending on the geographic areas and the host species.
In China, Zhou et. al. analyzed 203 Campylobacter isolates from stool samples of
diarrhea patients collected between 1994 and 2010 and found the overall rate of
florfenicol resistance was 31.5%, lowest at 12% in 1997-1999 and highest at 62% in 2009
-2010.32 Ma et. al isolated 259 Campylobacter isolates along a broiler chicken production
chain and found the prevalence of florfenicol resistance in C. jejuni (37.7%) was
significantly higher than that in C. coli (7.8%).% In another study analyzing antibiotic
resistance from broiler chickens, the florfenicol resistance rate of C. jejuni (79.8%) was
found to be much higher than that of C. coli (6.4%).%® In the U.S., no chloramphenicol or
florfenicol resistance in C. jejuni isolates was detected in NAHMS Dairy 2002 and 2007
studies.38 Similarly, NARMS analyzed 2,258 Campylobacter jejuni, 925 Campylobacter
coli, and 7 Campylobacter lari isolates from retail meat and collected between 2002 and

2007 and found no resistance to florfenicol.*” The differences in florfenicol resistance
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rates in different countries are likely due to differences in the practice using this class of
antibiotics for animal agriculture.
4. Mechanisms of antibiotic resistance in Campylobacter

Campylobacter has developed multiple mechanisms to counteract the selection
pressure from antimicrobial agents. These mechanisms include (i) restricting the access
of antibiotics to their targets, which includes reducing the membrane permeability and
increasing extrusion of antibiotics by efflux pumps, (i) modification or protection of
antibiotic targets, (iii) modification or inactivation of antibiotics. Some or all of these
mechanism may act together in the resistance to a single antibiotic. In the following
sections, mechanisms involved in Campylobacter resistance to fluoroquinolone,
macrolides and florfenicol will be discussed due to their clinical significance or
importance for animal production.
4.1. Fluoroquinolone resistance

The quinolones are a class of broad spectrum antimicrobials that are potent against
both gram-negative and gram-positive bacteria.*® According to their spectrum of activity,
quinolones have been classified into four generations. The majority of quinolones
currently used for clinical therapies are FQs, which are derived from the quinolones by a
fluorine substitution at 6-position or C-7 position, thereby increasing their activity against
gram-negative bacteria.*® Once inside the bacterial cells, FQ antimicrobials exert their
antibacterial effect by interacting with DNA gyrase and topoisomerase 1V, resulting in
double-stand DNA breaks and cell death.*® Two main mechanisms of resistance to
fluoroquinolones are currently recognized in Campylobacter bacteria, including

mutations that change the antibiotics target and reduce antibiotic intracellular
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accumulation. In other gram-negative bacteria, target protection mediated by the Qnr
protein was also involved in FQ resistance,>® but this mechanism has not been reported in
Campylobacter.

Target mutations. In gram-negative bacteria, gyrase is the main target of
fluoroquinolone antibiotics, whereas, in gram-positive bacteria, topoisomerase IV is more
susceptible to the action of fluoroquinolone.*® Both enzymes consisting of two pairs of
subunits, named GyrA and GyrB (DNA gyrase), and ParC and ParE (topoisomerase
IV).%! Although most bacteria have both enzymes, Campylobacter lacks the parC and
parE genes and thus parC/parE mutations are not involved in Campylobacter resistance
to FQ antimicrobials.>*>* Additionally, no mutations in gyrB have been associated with
FQ resistance in Campylobacter.>? Therefore, mutations linked to FQ resistance in C.
jejuni and C. coli mainly occur in GyrA. Specifically, resistance to FQs involves amino
acid substitutions in a region of the GyrA termed the “quinolone-resistance—determining
region” (QRDR). This region is located within the DNA-binding domain on the surface
of DNA gyrase and corresponding amino acids spans from position 51 to position 106 (E.
coli numbering), with common mutations at amino acid positions 83 and 87 (position 86
and 90 in Campylobacter).>® The most frequent mutation observed in FQ-resistant
Campylobacter isolates is Thr-86-lle, followed by Asp-90-Asn, Thr-86-Lys, Thr-86-Ala,
Thr-86-Val, Asp-90-Tyr and Ala-70-Thr.>°%%" The Thr-86-1le mutation confers a high
level of FQ resistance (ciprofloxacin MIC > 16 ul/ml) in Campylobacter, while other
mutations are associated with a low to medium level of resistance (MIC = 1-8 pg/ml).5t
%.58 Double mutations including Thr-86-1le/Pro-104-Ser and Thr-86-1le/Asp-90-Asn

have also been linked to FQ resistance in Campylobacter.>! Additionally, acquisition of
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high-level FQ resistance in Campylobacter does not require stepwise accumulation of
point mutations in gyrA. Instead, a single point mutation in gyrA can lead to clinically
relevant levels of resistance to FQ antimicrobials.>¢-%

Efflux. The CmeABC efflux pump contributes significantly to both intrinsic and
acquired resistance of C. jejuni to FQ antimicrobials by reducing the accumulation of
FQs in Campylobacter cells.®* In wild type 81-176, inactivation of CmeB led to a 8-fold
reduction in the MIC of ciprofloxacin (from 0.313 to 0.039 ug/mL), suggesting that
CmeABC contributes to the intrinsic resistance of Campylobacter to FQs.%? Luo et al
found that insertional mutagenesis of CmeABC led to at least 21-fold reduction in
ciprofloxacin MICs of various FQR isolates harboring resistance-conferring GyrA
mutations.®® By contrast, overexpression of CmeABC, either by inactivating its repressor
CmeR or mutating the promoter region of cmeABC, can increase the resistance to FQs in
Campylobacter.®® ¢, Additionally, CmeABC facilitates and promotes the emergence of
FQR Campylobacter under selection pressure because GyrA mutations are not sufficient
to survive the Killing effect of ciprofloxacin.®® In the absence of a functional CmeABC,
many spontaneous gyrA mutants would not be able to emerge under antibiotic selection.*®
Recently, a resistance-enhancing CmeABC variant has been identified in C. jejuni, which
confers an exceedingly high-level resistance (ciprofloxacin MIC> 256 ug/ml) to FQs in
the presence of GyrA mutations.%

4.2. Macrolide resistance

Macrolide antibiotics, such as erythromycin, azithromycin, clarithromycin, and

relithromycin, are a class of natural products that consist of a large macrocyclic lactone

ring, which are usually 14-, 15-, or 16-membered.®® Macrolides inhibit protein synthesis
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by binding to the ribosome that includes 23S rRNA and ribosomal proteins. Macrolides
are usually used for the treatment of gram-positive cocci (mainly staphylococci and
streptococci), gram-positive bacilli, gram-negative cocci, as well as some gram-negative
bacilli, such as Campylobacter and helicobacter.®® In the case of Campylobacter
infection, macrolides such as erythromycin are often considered the drug of choice for the
clinical treatment. Three mechanisms involved in macrolide resistance in bacteria include
1) modification of target site by point mutation or methylation, ii) active efflux antibiotics
from bacteria cell, and iii) antibiotics inactivation. In Campylobacter, the first two
mechanisms have been documented, but macrolide inactivation by the action of esterases
and/or phosphotransferases has not been reported.

Modification of target site. A common mechanism for target modification is
mutation, which occurs as base substitutions at positions 2074 and 2075 of the 23S
rRNA, corresponding to positions 2058 and 2059 in E. coli, respectively. These two
nucleotides interact directly with macrolide and the resulting protein changes impair the
binding of the macrolides to its target.?® To date, four kinds of point mutations at 23S
rRNA have been associated with macrolide resistance in Campylobacter species,
including A2074C, A2074G, A2074T and A2075G. Among these point mutations,
A2075G was observed most frequently.®”-% C. jejuni and C. coli have three copies of 23S
rRNA (rrn operon). In most clinical strains that are highly resistant to erythromycin
(MIC > 128 ug/mL), all three copies of rrn operons were mutated.®®"* When the A2074T
mutation occured only in some of the rrn operons, it only conferred a low level resistance
to macrolide.®® However, when the A2074T mutations happened in all 3 copies of 23S

rRNA genes, the mutant strains were highly resistant to macrolide.’
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Modification of the ribosomal protein L4 and L22 has also been found conferring
macrolide resistance in Campylobacter. L4 and L22 were encoded by the rpID and rplV
genes, respectively, and both were considered as a portion of the peptide exit tunnel of
50S ribosome. Amino acids spanning positions 63—74 are reported to be the most
important target regions of the L4 protein.” Mutation in this region had been reported in
several bacteria with high level of erythromycin resistance. " In Campylobacter, the
G74D modification alone was found to confer low to medium resistance to macrolides.’’
Outside the 63-74 amino acid region of L4, several other amino acid substitutions were
associated with macrolide resistance in both Campylobacter and Streptococcus.” ® The
L22 modifications, including insertion, mutation, and deletion are also involved in
macrolide resistance in Campylobacter. Corcoran et.al identified a unique A103V
substitution in the L22 protein, which was linked to high level erythromycin resistance in
both C. jejuni and C. coli.” Three to four amino acid insertion at position 86 or 98 of the
L22 protein were also observed in macrolide resistant isolates.”® &

Recently, a new mechanism of macrolide resistance in Campylobacter has emerged,®!
which is mediated by the erm(B) gene that encodes a rRNA methyltransferase. This
enzyme adds methyl groups to the A2058 (E. coli numbering) position located within a
conserved region of domain V of the 23S rRNA. The consequence of methylation at the
overlapping binding site gives rise to cross-resistance to macrolides, lincosamides, and

streptogramins B (MLSg phenotype). To date, 43 erm (erythromycin ribosome

methylase) genes have been reported (http://faculty.washington.edu/marilynr/), but only
erm(B) has been detected in Campylobacter including C. jejuni and C. coli in China and

Europe.88 In the first report of erm(B) in C. coli, it was identified in a 12,035 bp
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genomic segment on the chromosome and was found to confer a high-level resistance to
erythromycin (MIC 512 pg/mL) . This segment contained 17 open reading frames
(ORFs), 8 of which were antibiotic resistance determinants including erm(B), tet(O) and
6 genes encoding aminoglycoside-modifying enzymes.8! Thus the genomic segment was
named as multidrug-resistant genomic island (MDRGI). This MDRGI can be transferred
between C. jejuni and C. coli via natural transformation.! The erm(B) gene was also later
identified in C. jejuni, where it was associated with several antimicrobial resistance genes
[ tet(O), aadE and aad9] in an MDRGI that was inserted in the chromosome at a different
location when compared with that in C. coli.?% In Europe, the identified erm(B) in C. coli
was also located in a MDRGI, but the MDRGI contents were different from those found
in China.®? Interestingly, the erm(B)-carrying MDRGlIs have different G + C contents
from the rest of the chromosome, which suggests that Campylobacter acquired erm(B)
from other bacterial organisms via horizontal gene transfer.®2

Efflux of macrolides. The multidrug efflux pump CmeABC contributes significantly
to macrolide resistance in Campylobacter. The contribution of CmeABC to erythromycin
resistance was first demonstrated by an insertional mutation of the cmeB gene in wild-
type 81-176, which resulted in a 4-fold decrease in the MIC of erythromycin.®? While in
the highly resistant strains (harboring the A2075G mutation in the 23S rRNA), the MICs
of erythromycin decreased 128- to 256- fold after inactivating the cmeB gene.®* In
contrast, overexpression of CmeABC by mutating the CmeR repressor led to 4-fold
increase in the resistance to erythromycin.®® A number of studies demonstrated the role
of antibiotic efflux in conferring both intrinsic and acquired resistance to macrolides by

using the efflux pump inhibitor (EPI), phenylalanine-arginine f-naphthylamide
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(PAPBN).”3 887 pABN was first identified as an inhibitor of the Pseudomonas aeruginosa
efflux pump, and has been shown to be active in other gram-negative bacteria, including
Campylobacter.®’- & Regarding the effect of EP1 on macrolide resistance, two
mechanisms are present in C. jejuni and C. coli depending upon the level of resistance.

In isolates with low level of erythromycin resistance (MICs 8 - 16 ug/mL) and no

mutations in the 23S rRNA, the EPI can restore the susceptibility to erythromycin and
clarithromycin to the wild-type level.® In isolates with high-level erythromycin
resistance (MIC > 128mg/L), the resistance is associated with a mutation in the 23S
rRNA gene. In these isolates, the EPI leads to 2- to 4-fold decrease in erythromycin
resistance.®> & These results suggest that antibiotic efflux may play a role not only in
intrinsic resistance but also in acquired low-level resistance to erythromycin in
Campylobacter.
4.3. Florfenicol resistance

Florfenicol is a fluorinated derivative of thiamphenicol and is only used in veterinary
medicine since its introduction in the mid-1990s.8° Florfenicol has a broad antibacterial
spectrum against both gram-positive and gram-negative organisms, and shows a good
tissue penetration due to its lipophilicity.?® Once in a bacterial cell, florfenicol binds to
the peptidyltransferase centre to prevent the peptide chain elongation, resulting in
inhibition of protein synthesis and bacterial death. Over the years, bacteria have
developed several mechanisms to counteract the selection pressure from florfenicol,
including (i) modification or protection of the antibiotic targets and (ii) decrease of

intracellular concentration by reducing the permeability and increasing efflux.
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Modification or protection of the antibiotic targets. Functioning as an rRNA
methyltransferase, Cfr plays an important role in bacterial resistance to florfenicol.
Functional characterization found that Cfr adds a methyl group at position A2503 of 23S
rRNA.®! Given that position A2503 of 23S rRNA is located at the peptidyl transferase
centre, which is the target of a number of antimicrobial agents, modification of this
position affects binding of multiple classes of antibiotics. Indeed, antimicrobial
susceptibility testing revealed that S. aureus and E. coli strains expressing the cfr gene
showed resistance to five chemically distinct classes of antimicrobials, including
phenicols, lincosamides, oxazolidinones, pleuromutilins, and streptogramin A (known as
the PhLOPSA phenotype).®? The cfr gene was first discovered on a 16.5-kbp plasmid
from Staphylococcus sciuri isolate of bovine origin in 2000.% Since its first discovery, cfr
has been detected in a number of Gram-positive and Gram-negative bacteria.®**" The cfr
gene is often carried by transferable plasmids with additional antibiotic resistance genes,
which further facilitates its dissemination and emergence in different bacterial species
and genera.%1%1 A cfr-like gene, cfr(B), was discovered in a mobile genetic element in
both Peptoclostridium difficile and Enterococcus faecium of human origin.1%% 1% Cfr(B)
shares 74.9% identity in amino acid (aa) sequences with the original Cfr and confers the
same multidrug resistance phenotype.1%2

Recently, a novel cfr-like gene, named cfr(C), was identified in C. coli of feedlot
cattle origin. cfr(C) was located on a conjugative plasmid of ~48 kb® and encodes a 379
aa protein that only shows 55.1% or 54.9% identity to the original Cfr from
Staphylococcus sciuri®® or the recently reported Cfr(B) from E. faecium (Fig. 3).%

Cloning of cfr(C) into C. jejuni NCTC11168 and conjugative transfer of the cfr(C)-
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containing plasmid confirmed its role in conferring resistance to phenicols, lincosamides,
pleuromutilins, and oxazolidinones, which resulted in 8- to 256-fold increase in their
MICs in both C. jejuni and C. coli. These findings established Cfr(C) as a novel
multidrug resistance gene and represent the first report of a cfr-like gene in a foodborne
pathogen.

In addition to Cfr, mutation in the antibiotic target also confers resistance to
florfenicol. Recently, a G2073A mutation in all three copies of 23S rRNA was shown to
mediate resistance to chloramphenicol and florfenicol in C. jejuni.’®

Decreasing intracellular concentration of antibiotics. The CmeABC in C. jejuni
NCTC 11168 had limited effect on florfenicol resistance.'®* However, the “super” efflux
pump variant, RE-CmeABC, is much more potent in conferring resistance to florfenicol
and other antibiotics.% The CmeB of RE-CmeABC shares only ~81% identity with the
CmeB of NCTC 11168, and variations in the drug-binding pocket likely affect its
function. Acquisition of RE-CmeABC alone resulted in 8-fold increase in the MIC of
florfenicol.®* Drug accumulation assay confirmed the efflux function of Re-CmeABC.%*

The floR gene, encoding a multidrug resistance efflux pump, mediates resistance to
chloramphenicol and florfenicol.X% It was first discovered in Salmonella typhimurium
DT104%% and had also been found in Campylobacter coli.X?” floR encodes a protein of
404 amino acids, which functions as efflux transporter. Interestingly, a number of genes,
including pp-flo, florSt, flo, and floR, are closely related even though they were assigned
to different designations in the literatures.1% 19819 Fynctionally, they all confer

resistance to both chloramphenicol and florfenicol. Sequence alignment showed 96 —
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100% identity in nucleotide sequences and 88% - 110% identity in the amino acid
sequences. The fexA and fexB genes, coding for phenicol specific efflux pumps, also
confer resistance to florfenicol. They have been found in staphylococci, bacillus, and
enterococcus, but not in Campylobacter. %% 110111
5. Tetracycline resistance and emergence of a highly pathogenic C. jejuni clone

Tetracyclines are an important class of antibiotics widely used in both human and
animal medicine.''? This class of antibiotics prevents bacterial growth by interacting with
the ribosomal 30S subunit and inhibiting protein synthesis. 11 The most important
mechanism of resistance to tetracyclines results from acquisition of genetically mobile
tetracycline resistance (tet) genes, which encode proteins that extrude tetracyclines, or
confer ribosomal protection. * In Campylobacter spp., two mechanisms of tetracycline
resistance have been reported, including i) ribosomal protection protein tet(O), and ii)
endogenous efflux pumps. The Tet(O) protein can bind to a tetracycline molecule and
promote its release from its target site on the ribosome.'* This gene can be found either
on plasmids or in chromosome in both C. coli and C. jejuni. However, the G+C content
(40%) of the tet(O) gene is higher than that of Campylobacter (~30%), indicating
Campylobacter obtained the gene from other bacteria by horizontal gene transfer. The
multidrug efflux pump CmeABC has been shown to contribute to both intrinsic and
acquired resistance to tetracycline.®? 1 When CmeB was inactivated in C. jejuni 81-176
(harboring tet(O) gene), the MIC of tetracycline decreased 8-fold (from 50 to 6.25
ug/mL), indicating the role of CmeABC in mediating tetracycline resistance.5?

Notably, a hypervirulent tetracycline resistant C. jejuni clone (named clone SA) has

emerged as the predominant cause of Campylobacter-associated ovine abortions in the
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United States during the last decade.!'® 17 This clone was also associated with bovine
and goat abortion cases in the United States.!'® The recent clinical isolates of clone SA
were all resistant to tetracycline due to a chromosomally encoded tet(O) gene.!'®!!7 The
hypervirulence of clone SA in causing abortion was confirmed in a pregnant guinea pig
model.'" Importantly, C. jejuni clone SA has been implicated in gastroenteritis cases of
foodborne illness across the United States.!'® Most of these foodborne illness outbreaks
were traced to raw milk consumption, suggesting that clone SA was present in raw
milk.!'® Indeed, C. jejuni clone SA was identified in raw milk matched with the isolates
from cattle farms and human patients, proving the transmission of C. jejuni clone SA
from cattle to humans through raw milk. These findings strongly indicate that C. jejuni
clone SA is an important food safety hazard in the U.S. and that cattle serve as a major
reservoir for zoonotic transmission of this emergent clone from ruminants to humans.''®
6. Conclusive remarks

As a leading cause of bacterial foodborne illness worldwide, Campylobacter continues
to pose a significant threat to food safety and public health. As a foodborne pathogen,
Campylobacter is exposed to antibiotics used for both animal agriculture and human
medicine. Thus, the rising trend of antibiotic resistance in Campylobacter is likely driven
by use of antibiotics. To acquire antibiotic resistance, Campylobacter may mutate
antibiotic resistance genes such as the case with FQ and macrolide resistance, or acquire
new antibiotic resistance determinants from other bacterial organisms by horizontal gene
transfer, such as the case with erm(B) and cfr(C). Interestingly, Campylobacter tends to
acquire foreign antibiotic resistance genes from Gram-positive organisms, instead of

Gram-negative bacteria. The exact reason and how this happens remains to be
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investigated. Notably, a highly potent variant of the CmeABC efflux pump has emerged
in C. jejuni, which confers enhanced resistance to multiple classes of antibiotics and
illustrates the high adaptability of Campylobacter to antibiotic treatment. Acquisition of
antibiotic resistance mechanisms may influence the prevalence of specific
Campylobacter clones or strains in their host species, and some examples are
tetracycline-resistant C. jejuni clone SA causing sheep abortion and the C. coli clone of
cattle origin that harbors the multidrug resistance gene cfr(C). It is likely that
Campylobacter will continue to evolve in response to antibiotic selection and it would
not be surprising that new antibiotic resistance mechanisms continue to emerge in this
foodborne pathogen. Understanding the epidemiology and mechanisms of antimicrobial
resistance is necessary as it will help us to design strategies to mitigate antimicrobial

resistance.
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Abstract

Campylobacter jejuni is a significant concern for ruminant health and food safety.
Recently, a highly pathogenic C. jejuni clone (named SA) has emerged as the
predominant cause of ruminant abortion and a significant cause of foodborne illnesses in
the United States. Despite recent advances in understanding the pathogenesis of clone
SA, little is known about its distribution and epidemiological features in cattle, which
hinders the control of this emergent pathogen. Here we describe a prospective study on
the prevalence of C. jejuni clone SA in 35 feedlots in 5 states and a retrospective analysis
of clone SA in dairy cows collected by NAHMS Dairy Studies 2002, 2007 and 2014. In
feedlot cattle, the overall prevalence of Campylobacter was 72.2% and 82.1% of the
isolates were C. jejuni. Clone SA accounted for 5.8% of the total C. jejuni isolates, but its
prevalence varied with feedlots and states. Interestingly, starlings on the feedlots
harbored C. jejuni including clone SA, suggesting it plays a role in the transmission of
Campylobacter. In dairy cattle, the overall prevalence of clone SA was 7.2%, but a
declining trend in the prevalence was detected from 2002 to 2014. Whole genomic
sequence analysis of dairy clone SA isolates revealed that it is genetically stable over the
years and most of the isolates carried the tetracycline resistance tet(O) gene in the
chromosome. These findings indicate that clone SA is widely distributed in both beef and
dairy cattle and provide new insights into the molecular epidemiology of clone SA in
ruminants.
Importance

C. jejuni clone SA is a major cause of ruminant abortion and an emerging threat to food

safety. Cattle serve as a major reservoir for this pathogenic organism, but there is a major
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gap in our knowledge about the epidemiology of clone SA in beef and dairy cattle. By
taking advantage of surveillance studies conducted on a national scale, this manuscript
describes for the first time the wide but variable distribution of clone SA in feedlot cattle
and dairy cow in the U.S. Additionally, the work revealed important genomic features of
clone SA isolates. These findings provide critically needed information for the
development of pre-harvest interventions to control the prevalence and transmission of this
zoonotic pathogen. Control of C. jejuni clone SA will benefit both animal health and public

health as it is a zoonotic pathogen causing diseases in both ruminants and humans.

Introduction

Campylobacter jejuni is a major zoonotic bacterial pathogen and primarily causes
foodborne enteritis in humans (1, 2). The organism is widely distributed in a broad range
of animal species including livestock, poultry and wildlife, and is transmitted to humans
mainly via the consumption of contaminated food, water and milk (2). As reported by the
Centers for Disease Control and Prevention (CDC)’s FoodNet surveillance program in
2016, Campylobacter ranked in the second place (12.97 per 100,000 population) among
the causes of laboratory-confirmed bacterial food-borne illnesses in the United States (3).
Poultry, especially market-age broiler chickens, are frequently colonized by C. jejuni,
resulting in carcass contamination in processing plants (4, 5). Consequently, poultry meat
is considered a major source of infection for human campylobacteriosis.

In addition to poultry, cattle also serves as an important reservoir for Campylobacter.
Bovine Campylobacter contributes significantly to both outbreak and sporadic cases of

campylobacteriosis in humans (6, 7). Cattle Campylobacter can be transmitted to humans
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via multiple transmission routes including direct contact (e.g. petting zoo and occupational
exposure), consumption of unpasteurized milk (and associated dairy products), and
environmental contamination (water, produce, etc.) (8-10). Molecular typing of C. jejuni
isolates using multilocus sequence typing (MLST) attributed approximately 40% of
sporadic human cases to cattle sources in the United Kingdom (11). The contribution of
bovine Campylobacter to outbreaks of human campylobacteriosis is even more prominent
because Campylobacter from cattle feces frequently contaminates raw milk (9, 12-14).
Ruminant Campylobacter may also contaminate water supplies via agricultural runoff,
leading to large waterborne outbreaks (8). Of note, red meat is infrequently contaminated
by Campylobacter (15) and does not appear to play a major role in the transmission of
Campylobacter to humans. Additionally, ruminants are an integral part of Campylobacter
ecology and may serve as a source of Campylobacter transmission to the environment and
other farm animals, such as poultry. Thus, poultry and cattle are the two most important
animal reservoirs for this zoonotic pathogen.

Campylobacter 1s highly prevalent in both beef and dairy cattle in the U.S. and
worldwide (10, 16-20). In cattle, Campylobacter is mainly carried in the intestinal tract and
less frequently can be isolated from the rumen, gall bladder, and bile (11, 21). The
predominant Campylobacter species isolated from cattle is C. jejuni, followed by C. coli
(10, 22-25). Isolation rates vary with country, herd size and type, age of animals, season,
and confinement levels (10, 25). In the U.S., several nationwide surveillance studies of
cattle (NAHMS Dairy 1996, 2002, 2007, and Feedlot’99) indicated a fecal carriage rate of
approximately 15-50% with the majority of the operations (herds/farms/feedlots) being

tested positive for Campylobacter (17, 24, 26). Several other studies conducted in different
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states in the U.S. also revealed a similar range of prevalence (between 20-60% at the fecal
sample level) of Campylobacter in feedlot cattle and dairy cattle (18, 22, 23, 25, 27).

Although Campylobacter mainly colonizes in the gastrointestinal tract in animals, it
may translocate across the intestinal epithelial barrier, leading to systemic infection, such
as bacteremia and abortion in ruminants and occasionally in humans (28). Indeed,
Campylobacter infection is one of the most prevalent causes of ovine abortion in the United
States and worldwide, with an overall abortion rate of 5% to 50% (average, 23.2%) in
affected flocks (29). Historically, C. fetus subsp. fetus was the major cause of
Campylobacter-associated ovine abortion. However, studies conducted during late 1980s
and early 1990s in the United States revealed a progressive increase in the isolation of C.
jejuni from aborted sheep placentas (30, 31). Recently, our studies demonstrated that a
single hypervirulent tetracycline-resistant C. jejuni clone (named clone SA) has emerged
as the predominant cause of Campylobacter-associated ovine abortions in the United States
during the last decade (29, 32). Additionally, clone SA was also associated with bovine and
goat abortion cases in the United States (33). Importantly, C. jejuni clone SA has been
implicated in a number cases of foodborne illnesses, both outbreaks and sporadic cases, in
the United States (33). These findings clearly indicated that C. jejuni clone SA is an
important pathogen for both animal health and food safety in the United States and that
cattle serve as a major reservoir for its zoonotic transmission.

Despite its obvious significance to human and ruminant health in general, little
information is available about the distribution of C. jejuni clone SA in beef and dairy cattle,
which represents an important knowledge gap in our understanding of the overall

epidemiology and this zoonotic risk. To close this knowledge gap and facilitate the control
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of C. jejuni clone SA and its zoonotic transmission, we conducted a cross-sectional study,
with repeated sampling of 35 feedlots located in various geographical regions on two
different occasions. Additionally, we analyzed the Campylobacter isolates in the
collections of NAHMS (National Animal Health Monitoring System) Dairy 2002, 2007
and 2014 studies (17, 34). The purposes of this study were to: 1) investigate the overall
prevalence of Campylobacter in feedlot cattle and evaluate the effect of starling
intervention on the occurrence and spread of Campylobacter in feedlot operation, 2)
determine the occurrence and distribution of C. jejuni clone SA in feedlot and dairy cattle.
Materials and Methods
Sample collection and bacterial isolation

In the prospective cross-sectional repeated study, a total of 3,184 cattle fecal samples
were collected from 35 different feedlot herds located in Iowa, Texas, Colorado, Missouri
and Kansas on two different occasions during December 2012 to March 2013. Collection
of cattle fecal samples followed methods that have been described previously (35). A
sample was collected from a fecal pat only after a cow was observed defecating. Freshly
voided fecal pats were scraped with a sterile cotton tipped swab and the swab was
immediately placed in 10 ml glass tubes containing Campylobacter Thioglycollate Broth
(CAMPY-THIO). All cattle fecal samples were shipped priority overnight to the testing
laboratory. Only samples received by the laboratories within 24 hours of the date of
collection were cultured for Campylobacter. Of note, the fecal samples were collected
during a European starling intervention program taking place on the farms (36). In order
to determine the effect of this control program on Campylobacter prevalence,

approximately one-half of the samples were obtained before and the other half was
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obtained after the intervention. In addition to cattle fecal specimens, 150 fecal samples
from starlings present on 7 feedlots (from which post-intervention cattle samples were
also tested concurrently) were sampled for Campylobacter presence during February and
March of 2013. Starling feces (a few grams per bird or droppings) were placed into the
same transport media and shipped to the laboratory as described for the cattle feces. In
the laboratory, 1 mL of the transport media containing a fecal swab was added into a
tubes containing 9 mL of Campylobacter enrichment broth, which was then incubated at
42 °C for 48 h under microaerobic conditions (5% O2, 10% CO», and 85% N2). The
enrichment medium was Mueller—Hinton (MH) broth supplemented with Campylobacter-
specific selective agents (SRO84E and SR117E; Oxoid). From the enrichment culture, an
inoculum of 100 pL was streaked onto a MH agar plate containing the same supplements,
which was further incubated for 48 h at 42 °C under microaerobic conditions. A single
Campylobacter-like colony from each sample was subpassaged onto a plain MH agar
plate and the pure culture was stored in glycerol stocks at -80 °C until further use.

In order to determine the distribution of C. jejuni clone SA in dairy cattle feces,
retrospective Campylobacter isolates collected by NAHMS Dairy 2002, 2007 and 2014
studies (34, 37) were analyzed for clone SA. In total, 205, 627, and 576 C. jejuni isolates
from Dairy 2002, 2007 and 2014 studies, respectively, were screened for putative clone
SA using a specific PCR (see below). Further confirmation of the putative clone SA
isolates was performed via whole genome sequence analysis.

DNA extraction and PCR identification
DNA was extracted from Campylobacter colonies using the single-cell lysis buffer

(38) and was used as template for PCR reactions. In order to detect and/or differentiate C.
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jejuni, C. coli, and C. jejuni clone SA, three sets of previously published primers were
used. The first primer pair (CCCJ-F: 5’-AAT CTA ATG GCT TAA CCA TTA-3’; CCClJ-
R: 5°-GTA ACT AGT TTA GTA TTC CGG-3’), targeting 16S rRNA, was designed to co-
identify C. jejuni and C. coli (39). The second primer pair (mapA-F: 5’-GAG TGC TTG
TGC AAC TAA AC-3’; mapA-R: 5-’ATA GCA TCT TGA GTT GCT CC-3’) was specific
for C. jejuni (40). The third PCR primer pair (CJSA_1356F: 5'-TCC CAT TTG GAT GTT
GTT GA-3'; CJSA _1356R: 5'-CAG AAC CTG GCC ACA AAC TT-3') was used for
identification of putative C. jejuni clone SA as described previously (41). C. jejuni
1A3902, a clinical isolate of clone SA, were used as positive controls for the PCR,
whereas reactions with no DNA template were used as negative controls. Each PCR
amplification was carried out in a 25-pul volume containing 16 pL of distilled water, 2.0
pL of template DNA, 10 pmol of each primer, 5 pl of GoTaq (Promega) green master mix
following the cycling conditions described previously (39-41).

Pulsed-field gel electrophoresis (PFGE)

PFGE analysis of C. jejuni isolates was performed using Kpnl following the PulseNet
protocol (Centers for Disease Control and Prevention; CDC) with minor modifications
(29). Briefly, fresh cultures of Campylobacter were embedded in 1% Seakem Gold
agarose (Fisher Scientific, Fair Lawn, NJ) and lysed with proteinase K for 1 h at 55 T in
a water bath shaker. The gel plugs were digested with Kpnl for 4 h at 37 <C. Digested
plugs were embedded into 1% agarose and separated by electrophoresis in 0.5 x TBE
buffer (Promega) at 14 <C for 18 h using a Chef Mapper electrophoresis system (Bio-
Rad, Herculules, CA). Gels were stained with ethidium bromide for 30 min and then

photographed by using Chemilmager™ 5500 (Alpha Innotech, CA, USA). The PFGE
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patterns were analyzed by the GelCompare II v.6.5 software program (Applied Maths,
Kortrijik, Belgium) using Dice similarity coefficient and unweighted-pair group method
with arithmetic averages (UPGMA) with 0.5% optimization and 1.5% position tolerance.
C. jejuni IA3902 was used as a control for identification of C. jejuni clone SA isolates.
Lambda DNA ladder (Bio-Rad) was used as the molecular size marker.
Multi Locus Sequence Typing

To further confirm the PFGE results, multilocus sequence typing (MLST) originally
developed by Dingle et al. (42) was performed on eleven representative C. jejuni isolates
(ten from cattle, one from starlings) from the prospective study on feedlots. Of the eleven
isolates chosen, 4 (3 from cattle and one from starlings) had indistinguishable PFGE
profiles from that of the positive control (C. jejuni IA3902), 4 had minor differences in
PFGE patterns, and 3 showed totally different PFGE profiles as compared to IA3902. The
seven housekeeping genes from these 11 C. jejuni isolates were amplified and sequenced
using the primer sets described at the C. jejuni MLST website
(http://pubmlst.org/campylobacter/), which was developed by Keith Jolley and Man-Suen
Chan at the University of Oxford (43). Allelic numbers were assigned to the isolates by
performing BLAST searches for the assembled sequences using the single-locus query
function, whereas sequence types were assigned using the allelic profile query function in
the MLST database. Sequences that were identical to existing alleles in the MLST
database were assigned the corresponding allele numbers. Novel allele profiles (n = 5)

were assigned new sequence types (STs) within the MLST database.
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Presence of Campylobacter including Clone SA in starlings.

European Starlings are commonly found on farms, serving as a potential transmission
vehicle for Campylobacter (46). To investigate whether they may be a source of farm cattle
infection of C. jejuni clone SA, fecal samples from European starlings present on 7 feedlots
were tested for Campylobacter occurrence. Of note, the same feedlots were also sampled
for cattle feces at or about the same time of starling survey. Of the 150 total starling fecal

samples tested, 51 (34%) were positive for Campylobacter, of which 50 (98%) were

identified as C. jejuni by PCR and the remaining one isolate was of a species other than C.
jejuni or C. coli. Initial screening using PCR identified one of the 50 C. jejuni isolates to
be a putative clone SA (Table.1). This isolate and additional 14 randomly chosen C. jejuni
isolates were analyzed by PFGE, which confirmed the putative clone SA isolate identified
by PCR had a PFGE pattern indistinguishable from 1A 3902 of clone SA (Fig. 1). MLST
analysis further identified this starling isolate as ST-8, indicating it was a clone SA isolate.
However, most (12/15) starling isolates showed PFGE patterns divergent from the cattle
isolates and clustered distantly from the cattle isolates in the dendrogram (Fig. 1). All
together, these results indicate that starlings carry diverse C. jejuni strains and can serve as
a vector for transmission of Campylobacter including clone SA within and between farms.
Prevalence of Clone SA in dairy cattle

A previous study reported that raw milk was a main source of foodborne illness
outbreaks caused by C. jejuni clone SA (33), suggesting the presence of clone SA in dairy
cattle. Thus, we performed a retrospective analysis of the collections of Campylobacter
isolates derived from dairy cattle by NAHMS. In 2002, 2007 and 2014, NAHMS

conducted national surveillance studies on Campylobacter prevalence in dairy cattle (17,
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Fig. 1. Dendrogram showing the PFGE patterns (Kpnl) of C. jejuni isolates from feces of
feedlot cattle and starlings. The clone SA strains are represented by two closely
associated PFGE patterns (I and II), as was the case in sheep clone SA isolates (29).
IA3902 is a known isolate of clone SA and is used as a reference. The isolates’ names are
listed on the right of the dendrogram. ‘indicates starling isolates. TX: Texas; CO:
Colorado; MO: Missouri; IA: Iowa; and KS: Kansas. FC indicated feedlot cattle, while
ST depicts starling. The numbers in the names of the isolates are arbitrary numbers
assigned to feedlots and samples.

34). In total, 205, 627 and 576 C. jejuni isolates collected in 2002, 2007, and 2014,
respectively, were available for clone SA screening. Of these C. jejuni collections, 11.2%
(23/205), 10.5% (66/627) and 6.8% (39/576) were initially identified as putative clone SA

by PCR (n= 128 total), respectively. All but three (one from Dairy 2007 and two from
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Dairy 2014) of the putative clone SA isolates were subjected to whole genome sequencing
analysis. Overall, 16 STs were identified among the genome-sequenced isolates (Table S1).
Of the 125 isolates sequenced, 102 (81.6%) were confirmed as clone SA, which gave a
relative prevalence of 7.2% (102/1408) for clone SA among the C. jejuni isolates from the
U.S. dairy cattle. These clone SA isolates included 21 (10.2%) from Dairy 2002, 55 (8.8%)
from Dairy 2007, and 26 (3.2%) from Dairy 2014 studies (Table 3). The declining trend
from 2002 to 2014 in the prevalence of clone SA is statistically significant (p < 0.05). Of
those non-clone SA isolates that were PCR positive and whole genome sequenced, fifteen
STs were identified (Table S1), five of which were novel sequence types (i.e., they have
not been reported previously). Of the fifteen STs, eleven STs were represented by one
isolate each, two STs represented by two isolates, one ST represented by five isolates, and
one ST by three isolates (Table S1).

As carrying tetracycline resistant gene tet(O) is one of the key features of clone SA
isolates from sheep (18), its presence was investigated in the dairy clone SA isolates. Result
showed that 81 (79.4%) of the dairy clone SA isolates contained the tef(O) gene either in
the chromosome (n = 68) or on plasmid pTet (n = 13), including 13 (61.9%) isolates from
Dairy 2002, 51 (92.7%) isolates from Dairy 2007 and 17 (65.4%) isolates from Dairy 2014.
In contrast, of the 23 non-clone SA isolates with whole genome sequenced, 9 isolates
harbored a tet(O) in the pTet plasmid, but none of them had ze#(O) in the chromosome. The
pVir plasmid was also found in the NAHMS Dairy 2002 (n =2), 2007 (n=1) and 2014 (n
= 2) isolates (Table. 3).

Previously we have determined the whole genome sequences of clone SA isolates

derived from sheep abortion (47). To investigate the genomic relationship between the
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Table. 3. Occurrence and characteristics of C. jejuni clone SA isolates in dairy cows

Dairy No. C. jejuni No. (%) clone SA by: pVir tet (O) location
Study* tested PCR WGS presence  chromosome pTet
2002 205 23 (11.2) 21 (10.2) 2 13 3
2007 627 66 (10.5) 55 (8.8) 1 40 9
2014 576 39 (6.8) 26 (4.5) 2 15 1
Total 1408 128 (9.1) 102 (7.2) 5 68 13

*NAHMS national surveillance studies

clinically abortifacient isolates from sheep and the clone SA isolates from dairy cattle
feces, maximum-likelihood phylogenetic trees were constructed based on pangenome
(Fig. 2a) and core genome (Fig. 2b). The trees were constructed with 170 clone SA
isolates, including 72 isolates from sheep abortion collected previously (47) and 98 dairy
isolates sequenced in this study (the genomic sequences of 3 dairy isolates were excluded
due to poor quality). The 72 ovine isolates represented historical and contemporary
1solates of clone SA in the United States over the last two decades, while the 98 bovine
isolates were selected from the NAHMS studies (2002 - 2014). In both trees, clone SA
isolates from sheep and cattle were intermixed and formed clusters irrespective of their
host species, indicating that clone SA isolates were not host specific. In addition,
although these dairy ST-8 isolates came from different time across 12 years, we didn’t
observe any specific evolution patterns from the genomic data, suggesting the genome of
clone SA was fairly stable.
Discussion

Results from this study revealed high prevalence (72.2%) of Campylobacter spp. in
feedlot cattle and the distribution of C. jejuni clone SA in both feedlot cattle and dairy

cattle in the U.S.(10, 17, 26, 27). The identification of C. jejuni as the predominant
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Fig. 2. Maximum-likelihood phylogenetic tree constructed with the pangenome (a)
and the core genome (b) differences among 170 C. jejuni clone SA isolates from sheep
and cattle. The clone SA strains are intermixed between sheep and cattle and among the
isolation years (2002, 2007, and 2014). The isolates are color-coded based on their source
hosts and isolation years: red for sheep, blue for NAHMS Dairy 2002, green for NAHMS
Dairy 2007, and black for NAHMS dairy cattle 2014.

Campylobacter species in cattle is consistent with previous findings reported by others
(17, 26). Considering that genetically diverse C. jejuni strains are present in cattle (32),

the prevalence of clone SA (5.8% in feedlot cattle and 7.2% in dairy cattle) is relatively

high, suggesting that clone SA is well adapted in cattle, similar to the situation in sheep
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(33). Additionally, we found that European starlings on cattle farms carry C. jejuni
including clone SA and may serve as a vehicle for the transmission of Campylobacter on
farms. Furthermore whole genome sequence analysis of the clone SA isolates collected
from dairy cattle during 2002-2014 revealed high genomic stability of the isolates. These
findings provide new insights into the epidemiology of C. jejuni clone SA in both beef
and dairy cattle. To our knowledge, this is the first study that documents the distribution
of C. jejuni clone SA in beef and dairy cattle, and the work has closed a major knowledge
gap in understanding the ecology of this zoonotic pathogen in animal reservoirs.

In this study, preliminary identification of clone SA was done with a rapid PCR
method that targets CISA 1356, which is one of the variable genes in the capsule locus
and is quite specific for clone SA isolates. A previous work has shown the utility of this
PCR method for initial screening for clone SA isolates (41). However, this method is not
100% specific for clone SA, which requires further confirmation of the putative clone SA
isolates by other methods. For the prospective study on feedlots, we used PFGE and
MLST to confirm the identity of clone SA. In the absence of whole genome sequences,
PFGE and MLST are considered the gold standards for establishing clonality in
Campylobacter isolates (33, 48). For the retrospective analysis of the dairy isolates from
NAHMS studies, whole genome sequencing was used to confirm the identity of the clone
SA isolates initially identified by PCR. The use of multiple approaches ensured the
efficiency and accuracy of detecting clone SA from a large number of samples.

An interesting finding is that the prevalence rate of clone SA varied significantly in
feedlots of different states, highest (7.3%) in Texas and lowest (2.4%) in Colorado. Even

within a single state, the prevalence varied from farm to farm. For example, the highest
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prevalence of clone SA was detected with #4 feedlot in Texas, where 22 of 47 isolates
tested were identified as clone SA, including the clone SA isolate from starling. The
exact reasons for the variable prevalence in different feedlots and states are unknown, but
it is possible that the variations are related to differences in management practices that
influence transmission and persistence of clone SA in cattle feedlots.

NAHMS examined Campylobacter prevalence in dairy cows by analyzing individual
fecal samples in three separate studies: Dairy 2002 (17), Dairy 2007 (34), and Dairy
2014. In the Dairy 2002 study, a total of 1,435 fecal samples from 96 dairy operations in
21 states were collected, and the overall prevalence of Campylobacter was found to be
51.2% (17). In the Dairy 2007 study, 1,885 fecal samples were collected from 121 dairy
operations in 17 states, and 33.7% (635/1885) of the samples were Campylobacter
positive (34). By taking advantage of NAHMS' collections of Campylobacter isolates, we
were able to determine the prevalence of clone SA in dairy cattle on a national scale. The
availability of isolates from studies conducted in three different years (2002, 2007, and
2014) allowed us to examine the dynamic changes in clone SA prevalence over the years.
Interestingly, the prevalence of clone SA in 2002 and 2007 comparable: 10.2% and 8.8%,
respectively. However, in 2014, the prevalence decreased to 4.5%, which is significantly
different from the previous two studies. What is responsible for the overall declining
trend of clone SA in dairy cattle is interesting and remains to be determined in future
studies.

It was found in this study that 34% of starling fecal samples were Campylobacter
positive, with C. jejuni identified as the predominant Campylobacter species. This

prevalence rate is within the range of 11.1% - 50.4% previously reported in the United
p y1ep
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States and outside the United States (36, 46, 49, 50). PCR screening and molecular typing
identified one clone SA isolate in the starling samples. Additionally, PFGE analysis of
selected starling isolates revealed genetically diverse strains (Fig. 1), consistent with
previous findings in starlings (50, 51). Despite the genetic diversity, two isolates
(including a clone SA isolate) showed indistinguishable PFGE patterns with the cattle
isolates (Fig. 1), suggesting that starlings play a role in spreading Campylobacter on
cattle farms. It should be pointed out that PFGE analysis of the cattle isolates was biased
toward putative clone SA isolates and did not represent the entire genetic profiles of the
cattle isolates. Thus, the matching between the cattle and starling isolates might be even
higher if more cattle isolates (non-clone SA) were analyzed by PFGE. Regardless,
results from this study demonstrated frequent isolation of Campylobacter from European
starlings on cattle farms and suggest possible two-way transmission of Campylobacter
between the two animal species. Interestingly, starling intervention on farms did not
affect the overall prevalence of Campylobacter (Table 2). This may be due to the fact that
multiple factors contribute to the transmission of Campylobacter on cattle farms and
control of a single factor has limited impact on its prevalence.

The advance of next-generation sequencing technologies has made it possible to
perform high-resolution molecular typing of bacterial isolates. We conducted whole
genome analysis of the putative clone SA isolates from NAHMS dairy studies, not only
for identification of clone SA, but also for understanding evolution of clone SA over the
last 12 (2002-2014) years. The whole genome sequence analysis confirmed that 102 of
the 128 putative clone SA isolates identified by PCR were true clone SA isolates. The

genomic data were further used for maximum-likelihood phylogenetic tree construction,
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which revealed that the clone SA isolates derived from 2002-2014 are genetically stable
and a clear pattern of evolution was not detected as indicted by lack of clustering of the
isolates by isolation years (Fig 2). Inclusion of sheep clone SA isolates (47) in the
phylogenetic analysis also revealed that the sheep and cattle isolates are mixed in
clustering (Fig. 2), suggesting that the genomics sequences of clone SA isolates are not
associated with host species and the possibility of inter-species (cattle and sheep)
transmission of clone SA. These genomic features further support the notion that C.
jejuni clone SA is well adapted in the ruminant reservoirs.

Tetracycline resistance is an important feature of C. jejuni clone SA isolated from
sheep and acquisition of this resistance trait is like due to antibiotic selection pressure as
tetracyclines are frequently used for control of sheep abortion on farms in the U.S. (33,
52). The tet (O) is the only tetracycline resistance determinant identified in
Campylobacter so far. The tet(O) gene is normally carried by plasmids, but in clone SA it
is predominantly located in chromosome (33). In this study, we found that 79.4% (Table.
3) of the dairy clone SA isolates carried the fe#(O) gene, and in most of the isolates
(68/81) it was located on chromosome. However, the fef(O) gene in the non-clone SA
isolates was all carried by a plasmid. These results are consistent with our previous
findings with the sheep Campylobacter isolates (52) and further indicate the advantage of
C. jejuni clone SA in dealing with the selection pressure from tetracycline antibiotics. The
pVir plasmid was also identified in a small number (5/102) of clone SA isolates in this
study. This plasmid is not required for abortion induction by clone SA (53) and is also
infrequently present in sheep clone SA isolates (47). Thus, pTet is not a unique to clone

SA and its in vivo function is still unknown.
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In summary, this study revealed detailed molecular and epidemiological features of C.
Jjejuni clone SA in beef and dairy cattle as well as in European starlings present on cattle
farms. These findings underscore the importance of cattle and wild birds in the overall
ecology of C.jejuni clone SA in animal reservoirs and provide critically needed information
for development of intervention strategies. Considering the significance of C. jejuni clone
SA in ruminant health and food safety, reducing its prevalence on cattle farms will benefit
both animal health and public health.
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Abstract

Antibiotic resistance, particularly to fluoroquinolones and macrolides, in the major
foodborne pathogen Campylobacter is considered a serious threat to public health.
Although ruminant animals serve as a significant reservoir for Campylobacter, limited
information is available on antibiotic-resistant Campylobacter of bovine origin. Here, we
analyzed the antimicrobial susceptibilities of 320 C. jejuni and 115 C. coli isolates
obtained from feedlot cattle farms in multiple states in the U.S. The results indicate that
fluoroquinolone resistance reached to 35.4% in C. jejuni and 74.4% in C. coli, which are
significantly higher than those previously reported in the U.S. While all fluoroquinolone
resistant (FQR) C. coli isolates examined in this study harbored the single Thr-86-lle
mutation in GyrA, FQR C. jejuni isolates had other mutations in GyrA in addition to the
Thr-86-Ile change. Notably, most of the analyzed FQR C. coli isolates had similar PFGE
(pulsed field gel electrophoresis) patterns and the same MLST (multilocus sequence
typing) sequence type (ST-1068) regardless of their geographic sources and time of
isolation, while the analyzed C. jejuni isolates were genetically diverse, suggesting that
clonal expansion is involved in dissemination of FQR C. coli but not C. jejuni. These
findings reveal the rising prevalence of FQR Campylobacter in the U.S. and provide
novel information on the epidemiology of antibiotic-resistant Campylobacter in the

ruminant reservoir.

Introduction
Campylobacter is a leading cause of bacterial foodborne gastroenteritis worldwide and

is a major public health problem.>? Although the majority of Campylobacter infections
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are self-limited and do not require antimicrobial treatment, antibiotics are indicated for
severe and chronic conditions.® Clinical treatment of campylobacteriosis requires the use
of fluoroquinolone (FQ) or macrolide antibiotics. However, antibiotic-resistant
Campylobacter is becoming increasingly prevalent. Due to the rising resistance,
especially to FQ, the Centers for Disease Control and Prevention (CDC) has recently
identified drug-resistant Campylobacter as a serious antibiotic resistance threat in the
United States.* The CDC reported that almost 25% of human Campylobacter isolates
were resistant to ciprofloxacin in the USA.* Development and transmission of antibiotic
resistant Campylobacter is complicated by the fact that Campylobacter is a zoonotic
pathogen and is exposed to antibiotics used in both animal production and human
medicine.

Contaminated poultry meat is frequently recognized as the major source for human
infections.> However, ruminants also play a significant role in epidemiology of human
Campylobacter infections and are increasingly reported as the implicated source.®*®
Ruminant Campylobacter contributes to human disease via multiple transmission routes
including direct contact (e.g. petting zoo and occupational exposure), consumption of
unpasteurized milk (and associated dairy products), and environmental contamination
(e.g., water and produce).1%? Molecular typing methods, such as multilocus sequence
typing (MLST) and pulsed field gel electrophoresis (PFGE), revealed that certain
genotypes of C. jejuni from ruminants are indistinguishable from human isolates, 24
linking ruminant Campylobacter to human diseases. Raw milk is a well-recognized
transmission route as a number of raw milk associated outbreaks of campylobacteriosis

have been documented.>*8 Ruminant Campylobacter may also contaminate water
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supplies via agricultural runoff. A waterborne outbreak associated with Campylobacter
was reported to be the result of contamination of the town’s water supply with
Campylobacter originating from a cattle farm in the vicinity.!! Thus, control of
Campylobacter in ruminants will have a direct impact on food safety and human health.

Despite the importance of ruminant Campylobacter in foodborne disease, few studies
have been conducted to understand antibiotic-resistant Campylobacter from cattle. Earlier
reports from the U.S. (including the Feedlot 1999 and Dairy 2002 NAHMS studies) and
Canada indicated very low levels of FQ resistance (less than 5%) in Campylobacter
isolates from cattle.!®%2 Bae et al.? also reported a low level (ca. 5%) of resistance to
ciprofloxacin in C. jejuni from different cattle production types in Western U.S., although
C. coli isolates from the same study had much higher (ca. 45%) resistance rate to this
drug during 2002-2003. Similarly, a study on Campylobacter from dairy cattle in the
Midwest U.S. during mid-2000s indicated that less than 1% of isolates were resistant to
ciprofloxacin.?* However, a slaughterhouse survey? conducted during late 2008 in the
U.S. found that high percentage of both C. jejuni and C. coli (27.3% and 49.2%,
respectively) from different types of cattle types (including both feedlot cattle and adult
cows and bulls) were resistant to ciprofloxacin.

These observations point to a possible rising trend of FQ-resistance in the U.S. and
highlight the need for conducting surveillance studies on a national scale to assess
antibiotic resistance in ruminant Campylobacter. Although the National Antimicrobial
Resistance Monitoring System (NARMS) operated by USDA monitors the occurrence of
antimicrobial resistance in Campylobacter isolates from food animals at slaughter, the

sampling and testing strategy does not include cattle and is limited to chicken carcass
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rinsates (http://www.ars.usda.gov/Main/docs.htm?docid=6750&page=2). To understand
the ecology and facilitate control of antimicrobial resistant Campylobacter in the
ruminant reservoir, we determined in this study the antimicrobial susceptibility of
Campylobacter isolates derived from feedlot cattle operations in geographically diverse
regions in the U.S.
Results
Prevalence of Campylobacter in feedlot cattle
The overall prevalence rate of Campylobacter in the feedlot cattle feces was 72.2%
(2298/3184), and ranged between 69.2 — 78.2% among the different states from which the
samples were derived. Of the Campylobacter isolates, 82.1% (1886/2298) were identified
as C. jejuni, and 15.0% (344/2298) were determined to be C. coli by PCR (Fig. S1). The
remaining 68 isolates (2.9%) were of different Campylobacter spp. than C. jejuni and C.
coli and were not characterized further to species level (Table 1).
Antimicrobial susceptibility of the C. jejuni and C. coli isolates from feedlot cattle
Of the 320 representative cattle C. jejuni isolates selected across the 35 feedlots tested
in this study, 281 (88.1%) were found to be resistant to tetracycline, 114 (35.6%) were
resistant to ciprofloxacin, and 110 (34.3%) were resistant to nalidixic acid. Resistance to
azithromycin, clindamycin, erythromycin, florfenicol, gentamicin and telithromycin was
low (one isolate for each) (Table 2). Among the 115 representative cattle C. coli isolates
tested, 86 (74.8%) were found to be resistant to tetracycline, 89 (77.4%) were resistant to
ciprofloxacin, 95 (82.6%) were resistant to nalidixic acid, and 5 (4.3%) were resistant to
florfenicol and clindamycin. None of the C. coli isolates were resistant to azithromycin,

erythormycin, gentamicin or telithromycin (Table 2). The ciprofloxacin resistance in
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Table 1. Campylobacter species isolated from fecal samples of feedlot cattle from five
states in the U.S.

State Feedlot herds Cattle samples  Positive cattle (%) C. jejuni (%) C. coli (%)
lowa 8 800 554 (69.2) 487 (87.9) 56 (10.1)
Texas 8 576 414 (71.9) 367 (88.6) 35(8.5)
Missouri 3 300 210 (70.0) 191 (91.0) 16 (7.6)
Colorado 8 758 593 (78.2) 438 (81.5) 124 (20.9)
Kansas 8 750 527 (70.3) 403 (76.5) 113 (21.4)
Total 35 3184 2298(72.2) 1886 (82.1) 344 (15.0)

C. coli (77.4%) was significantly (P < 0.05) higher than in C. jejuni (35.6%), as was the
resistance rate for nalidixic acid (82.6% vs. 34.3%), whereas resistance to tetracycline
was comparable (74.8% vs. 88.1%) between C. coli and C. jejuni (P > 0.05), respectively
(Table 2). The resistance rates of either C. jejuni or C. coli isolates for tetracycline,
ciprofloxacin and nalidixic acid did not vary substantially among different states (Data
not shown). These results indicated an overall high rate of FQ resistance in feedlot cattle
Campylobacter isolates, especially in C. coli.

Multiple drug resistance in C. jejuni and C. coli from cattle was observed frequently.
Of the 320 C. jejuni isolates tested, 114 (35.6%) were resistant to two or more
antimicrobial agents, 100 (31.2%) were resistant to three or more antibiotics, 3 were
resistant to four or more agents, 2 were resistant to five or more drugs, and 1 was resistant
to seven antibiotics including azithromycin, ciprofloxacin, erythromycin, gentamicin,

tetracycline, nalidixic acid and telithromycin (Table 3). None of the C. jejuni isolates



