MOLECULAR EPIDEMIOLOGY, PANGENOMIC DIVERSITY, AND COMPARATIVE
GENOMICS OF CAMPYLOBACTER JEJUNI

By

Jose Alexandre Rodrigues

A DISSERTATION
Submitted to
Michigan State University
in partial fulfilment of the requirements
for the degree of
Microbiology and Molecular Genetics — Doctor of Philosophy

2022



ABSTRACT

MOLECULAR EPIDEMIOLOGY, PANGENOMIC DIVERSITY, AND COMPARATIVE
GENOMICS OF CAMPYLOBACTER JEJUNI

By
Jose Alexandre Rodrigues

Campylobacter jejuni, the leading cause of bacterial gastroenteritis in the United
States, is often resistant to commonly used antibiotics and has been classified as a
serious threat to public health. Through this work, we sought to evaluate infection trends,
guantify resistance frequencies, identify epidemiological factors associated with infection,
and use whole-genome sequencing (WGS) as well as comparative phylogenomic and
pangenomic approaches to understand circulating C. jejuni populations in Michigan. C.
jejuni isolates (n=214) were collected from patients via an active surveillance system at
four metropolitan hospitals in Michigan between 2011 and 2014. 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. Notably, patients with
ciprofloxacin resistant infections were more likely to report traveling in the past month
(Odds Ratio (OR): 3.0; 95% confidence interval (Cl): 1.37, 6.68) and international travel
(OR: 9.8; 95% CI: 3.69, 26.09).

To further characterize these strains, we used WGS to examine the pangenome
and investigate the genomic epidemiology of the C. jejuni strains recovered from Michigan
patients. Among the 214 strains evaluated, 83 unique multilocus sequence types (STs)

were identified that were designated as belonging to 19 previously defined clonal



complexes (CCs). Core-gene phylogenetic reconstruction based on 615 genes identified
three clades, with Clade | comprising six subclades (IA-IF) and predominating (83.2%)
among the strains.

Because specific cattle-associated STs, such as ST-982, predominated among
strains from Michigan patients, we also examined a collection of 72 C. jejuni strains from
cattle recovered during an overlapping time period by WGS. Several phylogenetic
analyses demonstrated that most cattle strains clustered separately within the phylogeny,
but a subset clustered together with human strains. Hence, we used high quality single
nucleotide polymorphism (hqSNP) profiling to more comprehensively examine those
cattle and human strains that clustered together to evaluate the likelihood of interspecies
transmission. Notably, this method distinguished highly related strains and identified
clusters comprising strains from both humans and cattle. For instance, 88 SNPs
separated one cattle and one human strain that were previously classified as ST-8, while
the human and cattle derived ST-982 strains differed by >200 SNP differences. These
findings demonstrate that highly similar strains were circulating among Michigan patients
and cattle during the same time period and highlight the potential for interspecies
transmission and diversification within each host.

In all, the data presented illustrate that WGS and pangenomic analyses are
important tools for enhancing our understanding of the distribution, dissemination, and
evolution of specific pathogen populations. Combined with more traditional phenotypic
and genotypic approaches, these tools can guide the development of public health

prevention and mitigation strategies for C. jejuni and other foodborne pathogens.



To my madrinha and padrinho, Jodo and Madalena Rego, who taught me
“‘juizo na cabeca”



TABLE OF CONTENTS

LIST OF TABLES ... . e viii
LIST OF FIGURES ... .o e IX
KEY TO ABBREVIATIONS ... Xiii

CHAPTER 1: LITERATURE REVIEW: EPIDEMIOLOGY, ECOLOGY, EVOLUTION,
AND GENOMIC DIVERSITY OF ANTIBIOTIC RESISTANT CAMPYLOBACTER

JEJUNI e 1
CLINICAL MANIFESTATIONS OF CAMPYLOBACTERIOSIS .......ccuuuviiiiiiiiiiiiiiiiiiiinnnnns 3
EPIDEMIOLOGY OF CAMPYLOBACTER IN THE UNITED STATES.......ccciiiiiiiee 4
HEALTH DISPARITIES IN FOODBORNE AND OTHER INFECTIOUS DISEASES....... 9
TREATMENT OF C. JEJUNI AND MODE OF ANTIBIOTIC ACTION .....cccoovvvieeeiie, 12
The fluoroquinoloNES (FQS) ...uuuiiii e e 12
LI =2 0= 1o o] o 1= PP 13
TRE tELrACYCIINES ...eee e e e e e e e e 13
Other antibDIOtiC CIASSES........cvviiiiieie e 14
ANTIBIOTIC RESISTANCE IN C. JEJUNI ....coiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeee e 15
Mechanisms of fluroquinolone (FQ) reSiStance ............ccevvvveiiiiiiiiiiiiiieiiieieiiieeeeeee 18
Mechanisms of resistance to macrolide and macrolide-like antibiotics................... 20
TetraCyCling rESISTANCE ......cooe e 21
Additional mechanisms of antibiotic resiStance ..........cccccccvvviiiiiiiiiiiiiiiiiee 22
EMERGENCE OF ANTIBIOTIC RESISTANCE IN C. JEJUNI ......ccoiiiiiiiiiiiceeeeee, 24
The emergence and maintenance of fluroquinolone resistance ..............cccccvvvveen. 24
The emergence of macrolide reSiStanCe...........ccoovvvveiiiiiii e, 28
The emergence of tetracycline resSiStanCe ... 29
CHARACTERIZATION OF CAMPYLOBACTER ......cuutttiiiiiiiiiiiiiiiiiiiiiiiiiiieeiiiiiiiineiinnaees 30
Culture and molecular typing Methods ...............uuuuuiiiiiiiiiiiiie 30
Pangenome approaches to define the population structure..............cccoevvviieeeneen.. 33
ECOLOGY AND MOLECULAR EPIDEMIOLOGY ...couiiiiiiieeeieeeeeeee e 35
Observations utilizing MLST approaches ...........ccoovvviuiiiiiee e 35
Pangenome and whole-genome sequencing (WGS) approaches.........ccccccvveeeeee.. 38
GEOGRAPHIC VARIATION IN C.JEJUNI GENOTYPES ..o, 38
SUMMARY AND CONCLUSIONS .....ouuitiiiiuitiiiiineiiiniieeneeienneeeneeseeennenrnnneenreennenen.. 39
N L O 43

CHAPTER 2: EPIDEMIOLOGIC ASSOCIATIONS VARY BETWEEN TETRACYCLINE
AND FLUOROQUINOLONE RESISTANT CAMPYLOBACTER JEJUNI INEFCTIONS 71

PREFACE ...t e e ettt e e e e e e e eennne 72
AB ST RA CT e et 72



INTRODUGCTION ...ttt e e e e e e e e e e e e eennnes 74

MATERIALS AND METHODS .....ooiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeee ettt 76
Strain SoUrce and SPECIALION .........uuuuuuriiiiiiiiiiiiiiiiiieeeb bbb 76
Antimicrobial susceptibility profiling ..........cccooeieiiiiii s 77
Epidemiological variables and data analysis ............ccccccvviiiiiiiiiiiiiiiiiiieeeeeeee 78

RESULTS ..ottt ettt ettt ettt e et et e e et e et et e e e e e e e e eeeeeees 79
Recovery of Campylobacter in Michigan, 2011-2014 ..........ccoovvviiiiiiiiiiiieiiiiieeeeeeee, 79
Demographics and exposure history of C. jejuni CaSesS.........ccceevvveeeeiiiiiiiiiiiiieeeeenn, 80
Clinical symptoms and association with more severe infections..................ccceeee. 81
Antibiotic resistance phenotypes and freqQUENCIES.............cccevvvvviiiiiiieeeeeeeeee, 82
Epidemiological associations with antibiotic resistant C. jejuni infections............... 83
Comparing resistance frequencies to national data reported via NARMS .............. 85

D IS G105 35 [ N PP 86

N e o N | L 94

REFERENGCES........oiiiiiiiiiiiie ettt 111

CHAPTER 3: PANGENOMIC DIVERSITY, POPULATION STRUCTURE AND
GENOMIC EPIDEMIOLOGY OF CAMPYLOBACTER JEJUNI FROM PATIENTS WITH

GASTROENTERITIS IN MICHIGAN .....utttitiiiiiiiiiiiiieiuiiiininieesneeeseeseeseeeesnnesseeeeennenennnnes 118
AB ST RA CT i 119
INTRODUCGTION ... 120
MATERIALS AND METHODS .....oooiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeee ettt e e e e e eees 123
BaCerial SITAINS ....evvviiiiiiiiiiiiiiieiieee ettt 123
Whole-genome sequencing (WGS) and bioinformatics ..........cccooeeeevviviiiiiiinnenenn. 124
Pangenome and phylogenetic evolutionary reconstructions.............cccccvvvveeeeennn.. 125
In situ molecular typing and phenotypic teStiNg ........ccovvvviiiiiiiiiiiiiiiieeeeeeeeee 126
Data @NAIYSIS ... 126
RESULTS ..ottt ettt ettt e et et e et et e et e e et e e e e e e e e eeeeeees 127
Genomic characteristics of C. jejuni recovered from Michigan patients................ 127
Pangenome analysis and identification of core genes...........cccooeeeeeiiiiiiiiiieeeeee, 128
Core-gene alignment of C. jejuni strains resolves three clades..................cccec.. 130
Distribution of STs and antibiotic resistance profiles across the phylogeny.......... 130
Recombination is evident within C. Jejuni gENOMES..........cccvvviiiiiiiiieiiiiiieieeieeeeeeen 132
Frequency and distribution of antibiotic resistance genes ............cccccvvvvviieeeeeenn. 133
Correlation between resistance phenotypes and genotypes ..........ccccvevevvvenennnnnns 134
Recent travel enhances the genomic diversity of the C. jejuni strain population .. 134
Temporal phylogeography of C. jejuni in Michigan ............ccccceeiiii 136
3 IS 018 1535 [ PP 137
APPENDIX .. 144
REFERENGCES........o oottt ettt e e e e e e e e e e e e e e eeeees 160

CHAPTER 4: COMPARATIVE PHYLOGENOMIC ANALYSES REVEAL EVIDENCE OF
TRANSMISSION OF HIGHLY SIMILAR CAMPYLOBACTER JEJUNI STRAINS
BETWEEN CATTLE AND HUMANS ... 169

Vi



PREFACE ... et e et 170

ABSTRACT L.ttt ittt e e et e e e e e e e e s ettt et e e e e e e e e bbb e ra e e e e e e e e anrrreaeaaeas 170
INTRODUCGCTION ... e e e e e e e e e e e e e e e eaa e e aaneeaanaees 171
MATERIAL AND METHODS ......uiiiiiiieiiieiiiiiiiee et e e e e e e e e e e e e e nnnnneees 174
Bacterial strains, DNA isolation, and antibiotic susceptibility testing..................... 174
Whole-genome sequencing (WGS) and bioinformatics ...........cccooeeevvviiiiiiinnneenn. 174
Pangenome and phylogenetic evolutionary reconstructionsS............coovvvvvveeeeeeennn. 175
Data @NAIYSIS . .. 176
1 1 R TP 176
Genomic characteristics of C. jejuni recovered from cattle in Michigan................ 176
Pangenome analysis and identification of cattle-specific core genes................... 177
Comparing the core-gene phylogeny and ANI PAM clustering methodologies..... 178
ANI PAM clustering identifies related cattle and human C. jejuni strains.............. 178
High quality SNP (hgSNP) analysis differentiates cattle and human CC-61 strains
............................................................................................................................. 179
Closely related ST-8 strains were detected in humans and cattle by hgSNP analysis
............................................................................................................................. 180
Recovery of closely related ST-459 cattle strains from different farms................. 181
Human and cattle derived ST-929 and ST-982 strains are distinct....................... 182
D 1S 018 1535 [ 183
F o N PRSP 186
e N L P 198
CHAPTER 5: FUTURE DIRECTIONS AND CONCLUSIONS........cccoiieiieeeeee e, 204
REFERENGCES. ... ..ottt ettt e e e e et e e e e e e e e s b b e e e e e e e e s e ennnneees 209

Vii



Table 2.1

Table 2.2

Table 2.3

Table 2.4

Table 2.5

Table 3.1

Table 3.2

Table 4.1

Table 4.2

LIST OF TABLES

Differences in the proportion of specific characteristics among 214 cases
infected with Campylobacter jejuni in Michigan, 2011-2014. ................... 95

Demographic, epidemiologic, and clinical characteristics associated with
urban versus rural reSIdENCE.. .....coovvveiiiiiie e 97

Univariate and multivariate analysis identifying predictors of hospitalization
among 214 patients with Campylobacter jejuni infections........................ 99

Univariate analysis to identify factors associated with any ciprofloxacin
resistance (CIP) and any tetracycline resistance (TET) among 214
Campylobacter jejuni isolates from Michigan, 2011-2014...................... 102

Epidemiological factors associated with any ciprofloxacin resistance (CIP)
versus only tetracycline resistance (TET) among 135 patients with resistant
11 {0 10 ] £ 105

Associations between Campylobacter jejuni lineages identified in the
pangenome analysis based on 615 core genes and resistance to
ciprofloxacin or tetraCycCline..............cooeiiiiiiiieic e 145

Major and Minor error associated with correlation between WGS and
phenotypic data. Specificity and Sensitivity of WGS screening for ARGs with
antibiotic resistance PheNOtYPES.. ........uuuuuiiiiiiiiiiiiiiiiiiiiiiiiiieeeeaee 146

Distribution and frequency of multilocus sequence types (STs), clonal
complexes (CCs), and host associations among 72 cattle derived
Campylobacter jejuni Strains. ............ouuiiiiiii i 187

Pangenomic gene categorizations for 72 cattle and 214 human dervived
Campylobacter jejuni strains as defined by Roary pangenome pipeline.189

viii



Figure 2.1

Figure 2.2

Figure 2.3

Figure 3.1

LIST OF FIGURES

Percentage of the 214 Campylobacter jejuni isolates with A) resistance to
eight different antibiotics and B) distinct antibiotic resistance phenotypes.
The multidrug resistant (MDR) phenotype includes isolates with resistance
to CIPAZIERYCLITEL, CIPTETCLI, and CIPTETTEL. All isolates with CIP
resistance were also resistant to nalidixic acid. Abbreviations: AZl,
azithromycin; CIP, ciprofloxacin; CLI, clarithromycin; ERY, erythromycin;
FEN, phenicol; GEN, gentamicin; TEL, telithromycin; TET, tetracycline.108

Changes in the frequency of the most common antibiotic resistance
phenotypes among 214 Campylobacter jejuni isolates over a four-year
period in Michigan. Multidrug resistant (MDR) isolates were resistant to
CIPAZIERYCLITEL, CIPTETCLI, and CIPTETTEL. Abbreviations: CIP,
ciprofloxacin; TET, tetracycline; AZI, azithromycin; ERY, erythromycin; CLI,
clindamycin; TEL, telithromyCin. ........cccocooiiiiiiiiiiiie e, 109

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. A) Michigan frequencies were compared to NARMS data
from Region 5, which included Minnesota (representing Ohio, Indiana,
Michigan, lllinois, Wisconsin, and Minnesota plus 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; x? 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 C. jejuni from 2011 — 2014 for
(00)] 0 4] 0 F= 1550 ] o R 110

The distribution of Campylobacter jejuni A) sequence types (STs) and B)

clonal complexes (CCs) as determined by extracting seven multilocus
sequence typing loci from the 214 strains. C) The distribution of strains

4



Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

representing specific STs or CCs previously linked to a host reservoir (e.g.,
cattle- or chicken-specialists) or multiple reservoirs and environments
(generalist). Those ST/CCs that have not been previously linked to a given
host were classified as “UNknowWn”. ............cccccciiiiiiii 147

Maximum likelihood phylogeny generated by 615 core gene alignment
rooted at mid-point annotated with a presence and absence of the 8781
gene clusters identified in Roary pangenomic analysis of the 214
Campylobacter jejuni strains. Blue shading marks the presence of a
particular gene per isolate (COIUMN).......ccoiiiiiiiiiiiiiii e 148

Distribution and frequency of “shared” genes identified in the pangenomic
analysis of 214 Campylobacter jejuni strains. ...........ccccevvvvviiiiiineeeieeenn, 149

Classification and distribution of the number of genomes for each of the
8781LgENE CIUSTEIS. ....iiiiiiiiiiiiiiiiiiiii bbb 150

Maximum likelihood phylogeny rooted at mid-point based on the 615 core
gene alignment with 100 bootstrap replicates. Clades were labeled and the
subclades within Clade | are colored based on >80% bootstrap support.
Sequence types (STs) are annotated per strain followed by antibiotic
resistance phenotypes. Colored squares represent phenotypic resistance
to the following: Phenicol, FFN; Clindamycin, CLI; Telithromycin, TEL;
Erythromycin, ERY, Azithromycin, AZI; Gentamicin, GEN; Ciprofloxacin,
CIP; and TetracycCline, TET......cccciiiiicie e 151

The distribution (number) of Campylobacter jejuni strains belonging to each
clade and subclade identified by the alignment of 615 core genes........ 152

The A) frequency of ciprofloxacin resistance and B) tetracycline resistance
stratified by the clade or subclade designation as determined in the
PaNgenomMIC ANAIYSIS. ......ccoviiiiiiiiiiiiiieeee 153

Unrooted Maximum likelihood phylogeny based on the 615 core gene
alignment with 100 bootstrap replicates. Strains belonging to the same
sequence type (ST) are collapsed and the nodes are proportional to the
number of strains within each ST. Clades and subclades are colored, while
the multilocus sequence typing (MLST)-based clonal complexes (CCs) are
annotated at the outer edge. The CCs that span multiple clades are colored.
STs that are differentially placed in the phylogeny relative to the
preassigned MLST-based CC designation have arrows that point from STs
to the pre-assigned CCS ... 154

Neighbor-net phylogeny annotated with the subset of strains specific to
Michigan from cases reporting no travel by host specialism category
(colored dots) previously defined by multilocus sequence typing. Clades
and subclades are labeled and colored with aline ....................oees 155

X



Figure 3.10

Figure 3.11

Figure 3.12

Figure 3. 13

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Maximum likelihood phylogeny based on the 615 core gene alignment with
100 bootstrap replicates in 214 Campylobacter jejuni strains along with the
presence of key antibiotic resistance genes. Colored squares indicate the
presence of a specific resistance gene within the genome; gene names are
indicated at the top of each column. Antibiotic resistance genes are colored
based on their functional category. Colors show different resistance
categories as follows: green, beta lactams; blue, aminoglycosides; purple,
tetracyclines; orange, quinolones, and fluoroquinolones; and black, MLK-
ANTDIOTICS ...t eeaee 156

A-D Distribution and frequency of lineages defined in the pangenomic
analysis stratified by recent travel hiStory. ...........ccccccvviiiiiiiiiiiiiiiiiie 157

Number of Campylobacter jejuni clades and subclades recovered from
Michigan patients between 2011 — 2014. The p-value was calculated using
the Cochran-Mantel-Haenszel Chi-square test...........cccccvceeieiiieeeeeennns 158

A-D Distribution and frequency of Campylobacter jejuni lineages from 214
patients stratified by urban and rural residence. ............cccovvvvevviiineenenn. 159

Comparative analysis of 214 Campylobacter jejuni strains isolated from
gastroenteritis cases in Michigan based on a: A) 615 core gene alignment
phylogenetic reconstruction in RaXML with 100 bootstrap replicates and
rooted at midpoint; and a B) ANI PAM neighbor joining phylogeny.
Connections are drawn to the same strains that were examined using both
methods. Tip colors represent the clades and subclades as defined by
>80% bootstrap in the core gene phylogeny (panel A). Blue represents
clade I, red; Clade I, gray; subclade IA, light blue; subclade IB, orange;
subclade IC, pink subclade ID, turquoise subclade IE, green subclade

ANI PAM distance neighbor joining phylogeny annotated with strain source,
multilocus sequence type (ST), clonal complex (CC), and previously defined
host specialiSm assoCIatioNS............ccoovvviiiiiiiie e, 192

hgSNP maximum likelihood phylogeny of CC-61 rooted a midpoint
annotated with source, antibiotic resistance phenotype, year of isolation and
COUNLY OF FESIHENCE ......uviiiiiiiiiiiiiiiii it 193

hgSNP maximum likelihood phylogeny of ST-8 rooted a midpoint annotated
with source, antibiotic resistance phenotype, year of isolation and county of
(=150 [T o Lol ST 194

hgSNP maximum likelihood phylogeny of 27 ST-459 strains rooted a
midpoint annotated with source, antibiotic resistance phenotype, year of
isolation and county Of reSIdenCe...........ccouvvvviiiiiiiiiiiiiiiieeeeeee 195

Xi



Figure 4.6 hgSNP maximum likelihood phylogeny of ST-929 rooted a midpoint

Figure 4.7

annotated with source, antibiotic resistance phenotype, year of isolation and
COUNLY Of FESIABNCE .....uveiiii e e e e e eeeees 196

hgSNP maximum likelihood phylogeny of ST-982 rooted a midpoint
annotated with source, antibiotic resistance phenotype, year of isolation and
COUNLY Of FESIAENCE......uveiii i e e e e e eaaans 197

Xii



KEY TO ABBREVIATIONS

AFLP Amplified fragment length polymorphism

AMR Antimicrobial resistance

ANI Average nucleotide identity

ARG Antimicrobial resistance genes

AST Antimicrobial susceptibility testing

BLAST Basic local alignment search tool

CAT Chloramphenicol acetyltransferase

CC Clonal complex

CDC Centers for Disease Control and Prevention

CFU Colony forming unit

cgMLST Core genome multilocus sequence typing

CgSNP Core genome single nucleotide polymorphism

CIDT Culture independent test

Cl Confidence Interval

CLSI Clinical Laboratory Standards Institute

CMH Cochran-Mantel-Haenszel

Contigs Contiguous sequences

ECOFF Epidemiological cut-off values

EUCAST Eurppean committee on antimicrobial susceptibility
testing

FDA Food and Drug Administration

FoodNet Foodborne Diseases Active Surveillance Network

Xiii



FQ
HGT
HIV
hqSNP
LOS
MDHSS
MDR
MDRGI
MDSS
MIC
ML
MLK
MLST
NARMS
NCBI
OR
PAM
PCR
PFGE

PubMLST

PulseNET

RND

SAS

Fluoroquinolone

Horizontal gene transfer

Human Immunodeficiency virus

High quality single nucleotide polymorphism

Lipid oligosaccharide

Michigan department of health and human services
Multidrug resistance

Multidrug resistance genomic island

Michigan disease surveillance system

Minimum inhibitory concentration

Maximum likelihood

Macrolide, lincosamides and ketolides

Multilocus sequence type

National Antimicrobial Resistance Monitoring System
National Center for Biotechnology Information
Odds ratio

Partition around medoids

Polymerase chain reaction

Pulsed field gel electrophoresis

Public databases for molecular typing and microbial
genome diversity

The National Subtyping Network for Foodborne
Disease Surveillance

Resistance-nodulation-division

Statistical analysis software

XV



ST
SNPs
SNV
TSA
USDA
us
WGS

wgMLST

Sequence type

Single nucleotide polymorphism

Single nucleotide variant

Tryptone soy agar

United States Department of Agriculture
United States

Whole genome sequencing

Whole genome multilocus sequence typing

XV



CHAPTER 1: LITERATURE REVIEW: EPIDEMIOLOGY, ECOLOGY, EVOLUTION,
AND GENOMIC DIVERSITY OF ANTIBIOTIC RESISTANT CAMPYLOBACTER
JEJUNI



Campylobacter spp. are the leading cause of bacterial gastroenteritis in the world
and represent the most common cause of bacterial foodborne iliness in the United States
(US) (1, 2). The gram-negative pathogen has been estimated to cause 1.5 million
infections in the US (3). Further, the Centers for Disease Control and Prevention (CDC)
report that 13,000 hospitalizations and 120 deaths occur in the United States annually
due to this enteric pathogen (2, 4). The active CDC surveillance system, the Foodborne
Disease Surveillance Network (FoodNet), estimated that 14 cases of Campylobacter
gastroenteritis are diagnosed per 100,000 individuals annually. Indeed, Campylobacter
comprised 34% of all laboratory-confirmed cases identified within FoodNet in 2005 (3, 5,
6). In 2018, the FoodNet reported an incidence of 19.6 cases of campylobacteriosis per
100,000 individuals, which had increased from 12.0 cases per 100,000 in 2015-2017 (7).
Campylobacteriosis also results in a significant economic burden with associated costs
estimated to be $1.7 billion annually in the US (8).

The genus Campylobacter belongs to the family of Campylobacterales (9), which
represent a large and diverse taxonomic group comprising morphologically distinct and
nutritionally fastidious organisms. This genus of bacteria includes organisms that grow
under strict anaerobic or microaerobic conditions (10). Several of the first reports of
Campylobacter were described as “small vibrios” associated with a disease called
“cholera infantum” or from the aborted fetuses of sheep and cows (11, 12). In 1938,
Campylobacter was first isolated from a human infection, and the pathogen at the time
was termed “Vibrio jejuni” (13). This isolation represented the first recorded outbreak of
human disease, in which the later designated genus Campylobacter was implicated as

the causative agent. The initial diagnosis of “intestinal flu” was made with symptoms



including nausea, vomiting, abdominal cramps, diarrhea, and fever. The outbreak
described 357 different infections in two different US prisons and 13 inmates who died.
These illnesses were attributed to “Vibrio jejuni” isolated from patients (13). In the years
that followed, these previously identified vibrios were included in the genus
Campylobacter with C. coli, C. jejuni, C. fetus and C. sputorum representing the first four
species identified (10). The initial description of the bacterium was noted by Theodor
Escherich in 1886 followed by its isolation in 1906 and the first human isolation in 1938
(11). After its reclassification into a genus in 1963, there have been 36 species and 14
subspecies identified, named, and published within the genus Campylobacter (10-15).
Several Campylobacter species have been shown to cause disease in humans, however,
C. jejuni and C. coli cause most of the human infections attributable to Campylobacter
spp. Infection with species such as C. fetus, C. upsaliensis, C. lari, C. insulaeingrae, and
C. hyointestinalis, have been reported but are less common (10). Given the association
with human infection and its ability to survive in food animals, this review will focus on C.
jejuni with an emphasis on the clinical manifestations, ecology, evolution, and genomic
epidemiology. Understanding the mechanisms and implications of antimicrobial

resistance in this species will also be discussed.

CLINICAL MANIFESTATIONS OF CAMPYLOBACTERIOSIS

Clinical manifestations caused by C. jejuni are like those in other bacterial
pathogens that cause gastroenteritis and include fever, abdominal pain, vomiting, weight
loss, chills, fatigue, myalgia, malaise, and acute watery or bloody diarrhea (2). The

incubation period has been reported to be one to four days after exposure, and the



severity of symptoms varies by dose and strain of the bacterium, although the infectious
dose has been described to be as low as 360 colony forming units (CFU) (16-18).

The primary symptoms associated with gastroenteritis are abdominal pain and
diarrhea. One third of patients also experience influenza-like symptoms such as malaise,
myalgia, headache, fever, and chills (19). Stools are often characterized as loose, watery
or diarrhea; often campylobacteriosis is associated with blood in the stool. In a small
fraction of patients, a colonic disease mimicking acute ulcerative colitis can be apparent,
indicating extended disease into the colon and rectum. Most cases present with
hemocytes, or microscopic blood, and polymorphonuclear leukocytes, or white blood cells
in the stool, which are signs of inflammatory and invasive diarrheal disease (19). Studies
have shown that individuals can continue to excrete Campylobacter spp., which will be
referred to as Campylobacter throughout this work, for weeks following an infection with
some studies showing continuous bacterial shedding for up to 69 days (19, 20).

Post-infectious immune sequalae such as Guillain-Barré Syndrome, Miller-Fisher
syndrome, and reactive arthritis, have been linked to Campylobacter gastroenteritis.
Other post-infectious gastrointestinal syndromes including inflammatory bowel disease,
esophageal and periodontal disease, celiac disease, and colon cancer, have also been
associated with C. jejuni infections. Additionally, extra-intestinal C. jejuni infections have
been reported, which can contribute to brain abscesses, meningitis, and bacteremia, all

of which may result in systemic infections (10, 21).

EPIDEMIOLOGY OF CAMPYLOBACTER IN THE UNITED STATES
Epidemiologic evidence suggests an increase in the global incidence of

campylobacteriosis, particularly in industrialized nations such as North America, Europe,



and Australia (2). Data from other areas including Africa, Asia and the Middle East,
however, suggest that campylobacteriosis is endemic in these parts of the world (2). In
the US, fluctuations in the incidence of disease have been observed. Data from a ten-
year period between 1998 and 2008 estimated that 845,024 disease cases were
attributed to Campylobacter infections, which resulted in 8,463 hospitalizations and 76
deaths (22). FoodNet has reported an increase in Campylobacter incidence of 19.6 cases
per 100,000 in 2018 as compared to 12.0 cases per 100,000 in 2015-2017 (7). This
increase contrasts with the decreasing incidence observed for other bacterial pathogens
such as Listeria, Salmonella, Shigella, Shiga toxin-producing Escherichia coli (0157), and
Yersinia during the same time-period (23).

Among 8270 travel-associated cases gastroenteritis reported between 2004 and
2009, Campylobacter was the leading cause accounting for over 40% of these cases,
and the second leading cause of non-travel associated gastroenteritis, accounting for
over 26% of the cases (2, 24). In the US during 1996 — 2005, 70% of the 7442
gastrointestinal infections acquired during travel overseas were attributed to
Campylobacter (25). The risk for acquiring Campylobacter, however, differs by location,
as an increasing risk of infection was linked to travel from a non-endemic country to
endemic countries with a high incidence of Campylobacter. A Dutch study conducted in
2013, for instance, identified the travel-associated risk of acquiring Campylobacter to be
highest when traveling to countries in South Asia, Southeast Asia, and China as well as
sub-Saharan Africa as compared to traveling to western European countries (26).

Through monitoring of FoodNet data, a distinct seasonality in Campylobacter

infections has been observed in the US. Most cases were reported in the summer months



(June through August) with case numbers peaking in July. In fact, from 1997 — 2012, 38%
of cases were reported in the summer months (27). Seasonal incidence variations have
been attributed to ecological phenomena such as higher levels of poultry contamination
in the warmer months and eating patterns in the summer like grilling, barbecuing, and
outdoor dining (27, 28). Climate, temperature, increased shedding from other animal
reservoirs, and/or seasonal-specific behaviors have been suggested to contribute to
seasonality in C. jejuni infections in other geographic locations as well (29-31).

Age specific variations and risk factors for campylobacteriosis have also been
described. From 1997-2012, the incidence of Campylobacter was highest for infants (0-6
months) and risk factors for this age group included drinking well water, riding in a
shopping cart next to poultry or meat, visiting or living on a farm, having a pet, and eating
raw fruits and vegetables (27, 32, 33). Males were reported to have a higher incidence of
Campylobacter than females in the US and several other countries as well (34). As
infection rates were identified by sex in different nations and age groups, it was suggested
that susceptibility to Campylobacter may be influenced by sex (34). However, gender-
associated behavioral differences in hygiene practices involving food consumption,
preparation, and handling have also been implicated in this risk association (27, 28).
Other risk factors for Campylobacter infections include international travel, immune
status, consumption of contaminated foods such as undercooked chicken and
unpasteurized milk products and contact with farm animals and livestock (35).

Campylobacter has a diverse host range with multiple reservoirs including avian
species such as wild birds, poultry, and livestock (2). Therefore, contamination of food

producing animals and direct contact with these reservoirs along with environmental



spillover such as the contamination of water sources, are important for Campylobacter
acquisition (36). The most common source of C. jejuni and C. coli in the US is
contaminated poultry as they can asymptomatically colonize poultry in the cecum at
densities as high as 10 CFU per gram of caecal contents (37). Dissemination and
transmission within poultry flocks occurs rapidly, where one contaminated bird can result
in the contamination of all chicks in a flock within 3 days (38). Further, rapid colonization
of chicks was shown to occur following exposure to contaminated water, feed and other
chickens ingesting feces (37). Campylobacter also resides in cattle as C. jejuni has been
variably isolated from the caecum as well as the small and large intestines (39). While C.
jejuni is often isolated from cattle and sheep, C. coli is primarily isolated from pork and
swine.

Raw and unpasteurized milk products can become contaminated with
Campylobacter from dairy cattle via fecal contamination (2), which can occur via direct
transmission of Campylobacter among cows with sub-clinical mastitis (40). Identification
of these sources, however, can be challenging as only a subset of dairy cows shed the
pathogen at any given time (41, 42). Although Campylobacter has been shown to survive
several weeks at 4° C, it cannot grow in milk alone (42). Raw milk is a source for
Campylobacter outbreaks and recent studies have shown that cattle and milk associated
outbreaks represent a larger share of source attribution of Campylobacter in the US (22,
43, 44).

Several studies have also identified water sources as important reservoirs for
Campylobacter. In fact, C. jejuni, has been observed to survive in water for several weeks

or months, and drinking contaminated water is among the most common causes of



Campylobacter outbreaks globally (2). An outbreak involving 116 confirmed C. jejuni
cases, for instance, was in Walkerton, Canada where heavy rainfall flushed cattle manure
from an adjacent farm into municipal water supplies (45). Several outbreaks of
contaminated municipal water sources have been described in the US and world (46-54)
and thus, contact with fecally contaminated water is an important risk factor linked to the
environmental acquisition of both sporadic and outbreak associated Campylobacter
infections.

Immunodeficiency, and more specifically, HIV status is an important risk factor for
campylobacteriosis. Prior studies have shown that HIV-positive patients more frequently
present with Campylobacter and have a higher incidence of Campylobacter related
illnesses than the individuals without HIV (55, 56). Patients with defects in either the
innate or adaptive immune responses are at risk for complications like bacteremia and
are more prone to recurrent infections and chronic Campylobacter carriage. This chronic
colonization state has been reported to last up to several months, and in some reports,
patients were recurrently infected or carrying Campylobacter for up to six years (57, 58).
Indeed, C. jejuni has been implicated in a long-term (ten year) outbreak in a population
of men who had sex with men in Quebec, CA (59). In a recent report utilizing whole-
genome sequencing (WGS), a 15-year symptomatic infection was described in a patient
with combined variable immunodeficiency (60).

Immune status could explain some differences in Campylobacter incidence across
populations and geographic regions (2). Population-level immunity refers to a host
response at the population level, which is termed herd immunity. Herd immunity can

contribute to how infectious diseases may transmit and impact unprotected individuals



within a particular community or population (61). In nations with endemic levels of
Campylobacter, infections predominate in children and symptomatic disease is often
restricted to this age group (62). These observations, amongst others such as the
prevalence of asymptomatic Campylobacter colonization in non-endemic nations as well
as adaptive and innate immune deficiencies that contribute to long-term carriage of the
pathogen, highlights the importance of early exposure on immunity (63—65). In fact, it has
been theorized that multiple repeated infections with genotypic and phenotypic diverse
Campylobacter strains contribute to immune protection for future Campylobacter
infections (66). Indeed, multiple antigens, the interplay between the innate and adaptive
immune response, and the clearance effect of Campylobacter specific antibodies have

been shown to be important for protection (63, 67—69).

HEALTH DISPARITIES IN FOODBORNE AND OTHER INFECTIOUS DISEASES
Distinct disparities in the incidence and clinical outcomes across populations are
not unique to Campylobacter infection. In fact, disparities in disease burden are a
hallmark of infectious disease epidemiology. Dense crowded locations, lack of
institutionalized sanitation systems or access to clean running water, increased exposure
to domesticated wildlife, and a poor public health infrastructure for outbreak detection and
food safety all contribute to differences in the incidence and endemicity of foodborne
infection across nations (70). In the US, poverty and neighborhood resources are critical
to public and personal health and thus, infrastructure and individual interactions with
institutions can impact the propensity for diseases. Specific populations have been

differentially impacted by infectious disease burdens because of the disproportionate



distribution of resources, and the current demographics of neighborhoods that have
sustained investment or divestment (71).

Access to healthcare and interlinked co-morbid conditions also play a role in health
outcomes in the US. For example, Black and Brown individuals have been unduly
impacted by respiratory infectious diseases and experience poorer health outcomes
during outbreaks, epidemics, and pandemics, such as the one linked to the severe acute
respiratory distress syndrome from Coronavirus 2 (72, 73).

Neighborhood and geographic barriers are intimately related to the acquisition of
foodborne disease (74). Although race, ethnicity, and other socially constructed
categorizations such as socio-economic status, are not typically collected in foodborne
disease surveillance systems, several global studies have shown increased frequencies
of gastrointestinal diseases in minority and low-socioeconomic populations (75-78).
Increased incidence of specific foodborne disease caused by different pathogens has
been attributed to specific food consumption behaviors. For instance, Yersina
entercolitica causes more infections in African American populations due to chitterling
consumption, while Listeria monocytogenes has been linked to higher rates in Hispanic
populations due to the consumption of Mexican style soft cheeses (79-81). Although
individual and cultural behaviors contribute to an increase in consumption of such foods,
other disparities are likely important for Campylobacter and other prevalent foodborne
infections such as Shiga toxin-producing E. coli, and Salmonella. For instance, critical
prevention efforts should focus on the farm to fork interface to reduce disparities as
minority populations are disproportionality acquiring their food in “Food Deserts” (82, 83).

These deserts refer to areas that have a shortage of larger retailers and more small
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independent retailers as well as fast food retailers, however, few studies have assessed
differential food safety risks in food deserts (74, 82).

FoodNet data from 1996-1999 shows that the highest incidence of
campylobacteriosis was reported for Hispanics at 10.2 — 11.5 cases per 100,000
individuals, while African Americans had the lowest incidence at 2.0 — 3.6 cases per
100,000 individuals (74). Comparatively, those identifying as Caucasian had a collective
incidence of 8.9 — 12.2 per 100,000 individuals, though it is not clear whether these older
frequencies are consistent with recent data, while newer studies are needed to continue
to explore these critical risk factors.

It is also critical to examine differences by environment such as in urban versus
rural settings, as these may possess differential risk factors for disease, which was
described previously for Shiga toxin-producing Escherichia coli and Salmonella infections
(84). Although differences in incidence across socially constructed categories may be due
to cultural differences in food consumption, other factors such as exposure to or direct
contact with reservoirs, travel to Campylobacter endemic areas, and more broadly,
neighborhood and societal divestment in areas that demographically are a majority
minority, are also important. In Michigan from 2014-2015, Black and Brown individuals
were disproportionately impacted by a Legionella outbreak associated with the Flint water
crisis (85). Institutional injustices such as structural racism and the legacy of slavery in
the US may explain sustained divestment in neighborhoods that disproportionately impact
disease rates in Black and Brown communities (86). These institutional barriers and
historical perspectives may underscore the mistrust of medical and broader public health

infrastructure within impacted communities. Attempts to mitigate health disparities for
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these populations should and must be grounded within the community and citizen
engagement framework, which will enable communities to be active participants in finding

solutions to these disparities (87).

TREATMENT OF C. JEJUNI AND MODE OF ANTIBIOTIC ACTION

Although bacterial gastroenteritis caused by C. jejuni is typically self-limiting,
antibiotic treatment is required for prolonged diarrheal illness, invasive and complicated
infections such as bacteremia or extra-intestinal infections (19). Electrolyte imbalance,
maintenance of fluids, and hydration are important considerations when treating all cases
of gastroenteritis including those attributed to Campylobacter. Macrolides and
fluoroquinolones are the primary and secondary drugs for treating campylobacteriosis,
though the aminoglycosides have been used for complicated and extra-intestinal
infections (10, 88). By contrast, the tetracyclines have been discontinued and are no
longer recommended for use, and the B-lactams were shown to be ineffective for treating

Campylobacter infections (10, 88).

The fluoroquinolones (FQs)

The FQs, particularly ciprofloxacin, have broad spectrum activity and thus, these
antibiotics are often used empirically for the treatment of enteric disease and unexplained
diarrheal iliness (89). FQs are chemically modified versions of the antibiotic nalidixic acid,
a quinolone. These antibiotics have two bacterial targets, DNA topoisomerase IV and
DNA gyrase (type Il topoisomerase), which are important for bacterial replication (10, 90—
92). FQs are bacteriostatic inducing complex formation of these proteins, preventing DNA

replication, and poisoning the bacterial cells resulting in apoptosis or cell death (10).

12



The macrolides

Macrolides are considered clinically safe and effective and are recommended for
the treatment of campylobacteriosis. These bacteriostatic antibiotics halt protein
synthesis by binding to the bacterial ribosome or specifically, the 23S rRNA and proteins
such as the L4 and L22 (93-96). This class of antibiotics, which includes erythromycin,
inhibits the elongation step of protein synthesis at transpeptidation by causing
dissociation of the peptidyl-tRNA in the ribosome (97) . The closely related macrolide-like
classes of antibiotics including the lincosamides, clindamycin and lincomycin, the
ketolides, azithromycin and clarithromycin, the streptogramins, and oxazolidinones, also
interrupt protein synthesis by ribosomal binding. Macrolides are large molecular weight
(>700) hydrophilic molecules. These antibiotics gain access to the cytoplasmic
membrane through the hydrophobic pathway (90). As compared to other gram-negative
bacteria that contain lipopolysaccharide (LPS), Campylobacter lack hydrophilic moieties
and thus, they possess a lipooligosaccharide (LOS) membrane structure, which is more
hydrophobic (10, 98-104). This comparative increase in hydrophobicity likely impacts the
uptake of hydrophilic molecules such as macrolides, which could explain the susceptibility

to macrolides observed among Campylobacter (105).

The tetracyclines

Tetracyclines are broad spectrum antibiotics that were previously used in both
human and veterinary medicine (106). Antibiotics in this class include chlortetracycline,
tetracycline, doxycycline, minocycline, oxytetracycline and the newest antibiotic

glycylcycline. Tetracycline antibiotics are protein synthesis inhibitors that gain access to
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the ribosome through hydrophobic pathways and porins. Once in the cytoplasm of the
bacterial cell, such as that of Campylobacter, tetracyclines prevent the attachment of
aminoacyl-tRNA to the A site of the ribosome by reversibly binding to the ribosome (107,

108).

Other antibiotic classes

B-lactam antibiotics are a large diverse class of antibiotics that include several sub-
families including penicillin, cephalosporins, carbapenems and monobactams. These
sub-classes of antibiotics have varying properties as well as differing activity against
gram-negative or gram-positive bacteria (109). The diverse properties of B-lactam
antibiotics such as pharmacokinetics and resistance to B-lactamase enzymes and
stomach acid, are mediated by a variety of diverse chemical sidechains. The -lactam
ring is required for activity as it inactivates the bacterial peptidoglycan penicillin binding
proteins, the transpeptidases. Consequently, the structural integrity of the bacterial cell
wall gets disrupted, and the cells lyse due to osmotic stress (110-113).

Campylobacter infection can also be treated with more toxic antibiotic classes such
as phenicol, chloramphenicol and aminoglycosides, which include gentamicin,
kanamycin, amikacin, neomycin, tobramycin, and streptomycin (100). Aminoglycosides
require active transport into the bacterial cell through oxygen, and Campylobacter
remains susceptible despite being microaerophilic (90). Once in the cell the antibiotic
reversibly binds the 30S segment of the ribosome disrupting translocation that leads to

premature termination of peptide formation, and disruption of proof-reading functions. The
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result is dysfunctional protein formation. Phenicol and chloramphenicol are also protein

synthesis inhibitors that bind the 50s ribosome and inhibit protein synthesis (90, 114).

ANTIBIOTIC RESISTANCE IN C. JEJUNI

Another critical factor contributing to differential health outcomes among patients
with infectious diseases caused by bacterial pathogens such as Campylobacter, is
antibiotic resistance. Bacterial resistance to antibiotics has been described as a global
health threat. The CDC has estimated that approximately two million resistant infections
occur annually in the US alone, contributing to 23,000 deaths (2, 115, 116). Projections
suggest that antimicrobial resistance (AMR) could be a leading cause of death worldwide
and account for 10 million deaths by the year 2050. Further, in the US, the CDC has
estimated the total cost of AMR to be $55 billion, with $20 billion due to excess healthcare
costs and another $35 billion due to losses due to productivity (117).

Importantly, the CDC has classified antibiotic-resistant Campylobacter as a
serious public health threat, contributing to 500,000 infections per year (118). Antibiotic
resistance emerged in C. jejuni and other bacterial pathogens through natural
evolutionary processes. Within environments exposed to antibiotics, susceptible bacteria
are inhibited and killed, thus allowing for cells that are intrinsically resistant or that have
acquired resistance to be selected for and replicate (119). Antibiotic use promotes the
emergence of resistance in both the target bacterial pathogen and the normal
(commensal) members of a given bacterial community (120-123).

Resistant pathogens may contaminate food at the time of slaughter and be
transmitted to humans resulting in drug-tolerant, resistant, and multi-drug resistant

infections, which are more difficult to treat (124). Selection occurs in environments
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occupied by C. jejuni and other bacterial pathogens when antibiotics are present as the
susceptible populations cannot survive. Therefore, risk factors for resistant foodborne
infections have been shown to mimic those of susceptible infections and direct contact,
contamination of drinking water, and consumption of contaminated food products are
most important (125). Resistance has become a worldwide problem and classes of
antibiotics used in human and food-producing animals can overlap, thereby increasing
the likelihood of selecting for resistant pathogens in both human and veterinary medicine
(84). Overprescribing in primary care and hospital settings is of particular concern as 90%
of all antibiotic prescriptions in human health are prescribed by general or primary care
practitioners. Respiratory infections are the primary reason for prescribing antibiotics
despite most respiratory illnesses having viral etiologies. Although selection of resistant
pathogens can occur in humans during antibiotic treatment, it more commonly occurs in
animal reservoirs (126). Overuse of antibiotics in veterinary and human medicine as well
as agriculture has resulted in the emergence and dissemination of resistant foodborne
pathogens in multiple reservoirs and environments (10).

Using a One Health framework investigators have studied the compilation of
antimicrobial resistance genes (ARGS) that are distributed within microbial communities.
Studies have identified the compilation of ARGs, the resistome, in various ecological
niches including humans, and livestock such as cattle, poultry and swine. ARGs have
also been identified in environmental soil isolates and multiple human pathogens (84,
127). These genes have also been shown to be co-localized with mobile genetic elements
that can be readily transferred across environments (117, 122). Consequently, pathogens

such as C. jejuni are important reservoirs for ARGs.
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Expansion of resistant lineages that carry resistance determinants as well as
horizontal gene transfer (HGT) play critical roles in the dissemination of resistance
determinants that contribute to increasing pathogen resistance frequencies. The
excessive use and misuse of antibiotics contribute to the selection of antibiotic resistant
mutations and particular lineages that carry ARGs, or antibiotic resistance determinants
(10, 90, 114). In Campylobacter, the bacterial mechanisms that mediate antibiotic
resistance to a variety of antibiotics include target modification, target protection, reduced
permeability, efflux of the antibiotic, and modification or inactivation of the antibiotic (4,
128, 129). These mechanisms, however, vary by antibiotic, species, and strain.

To detect resistant infections, antimicrobial susceptibility testing has been
standardized using the guidance and standards established by the Clinical Laboratory
Standards Institute (CLSI) and European Committee on Antimicrobial Susceptibility
Testing (EUCAST) (128). In 1996, the US established the National Antimicrobial
Resistance Monitoring System (NARMS), a surveillance system comprising a
collaborative network of local, regional, state, territorial and national public health
agencies (10). The primary goals of NARMS are to investigate and monitor national
trends of antibiotic resistance utilizing established clinical laboratory standards. NARMS
began using epidemiological cut-off (ECOFF) standards and breakpoints established by
EUCAST for detecting Campylobacter resistance in 2012 (130, 131). This standardized
approach was adopted to enable global surveillance of Campylobacter resistance and

comparisons across populations and geographic locations.
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Mechanisms of fluroquinolone (FQ) resistance

Modification of the quinolone or FQ target site on the gyrase A (GyrA), which is
encoded by gyrA, confers resistance to FQs. Mutations in gyrA within the quinolone-
resistance determining region (QRDR) or the DNA binding domain of the protein, lead to
functional disruptions of GyrA that include reduced DNA supercoiling (132). Several non-
synonymous single nucleotide polymorphisms (SNPs) have been identified to confer
resistance to FQs including those causing changes in residues Ala-70, Asp-85, Thr-86,
Asp-90, and Pro-104, which are in the QRDR of GyrA (133-135). These mutations have
been identified in multiple combinations, although Thr-86-lle (C-257-T) mutations are
most common and result in higher minimum inhibitory concentrations (MICs) as
compared to the other five mutations identified. Each mutation was shown to confer cross-
resistance to quinolones and nalidixic acid, though the Thr-86-lle mutation confers
resistance to eight FQs including ciprofloxacin, levofloxacin, danofloxacin, difloxacin,
enrofloxacin, gatifloxacin, marbofloxacin, and orbifloxacin (136). Recombinant enzymes
with mutations in gyrA that mediate FQ resistance in C. jejuni have also been shown to
have a reduced ability to supercoil DNA, which mediates global transcriptional changes
in the bacterium (137-139). Unlike other gram-negative bacteria with GyrA, gyrase B
(GyrB), and topoisomerase IV enzymes (ParC/ParE), C. jejuni possesses topoisomerase
type 1l enzymes only; thus, a single mutation in gyrA is sufficient for clinical resistance to
FQs (140). Although gyrB mutations have been reported, they are not typically implicated
in FQ resistance in Campylobacter (141).

The “one-hit” nature of resistance to this antibiotic leads to rapid selection of FQ

resistant mutants (140). FQ resistant C. jejuni have been shown to persist within bacterial
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populations even in the absence of FQs (selective pressure) since the gyrA mutations do
not impact survival (10, 141). In the poultry reservoir, for instance, FQ resistant C. jejuni
are likely sustained in the population because of this rapid selection and their apparent
fithess benefit as compared to antibiotic susceptible C. jejuni (133). This fitness benefit is
mediated by a mechanistic change in the bacterium that reduces DNA supercoiling, which
has been linked to transcriptional changes (10, 92, 142). Indeed, Thr-86-lle mutants were
observed to have enhanced biofilm formation, motility, stress tolerance, and invasion of
human epithelial cells (143-145). Thus, these data could partly explain the persistence
of the mutation as well as epidemiological data showing poorer health outcomes among
patients with FQ resistant C. jejuni infections as compared to FQ susceptible C. jejuni
infections (146).

Efflux of FQ outside of the cell is another important mechanism for FQ resistance
in Campylobacter, which typically have two efflux systems, CmeABC and CmeDEF (147).
These efflux systems are like other resistance-nodulation-division (RND) systems in
gram-negative bacteria as they contribute to intrinsic resistance to multiple antibiotics,
general homeostasis, and stress tolerance (143). CmeDEF plays a modest role in intrinsic
FQ resistance (143), whereas CmeABC works synergistically with point mutations within
the QRDR to confer high levels of FQ resistance (148). Unlike other gram-negative
species, Campylobacter do not need to overexpress RND efflux systems to confer
resistance to FQs (149). However, studies have shown that mutations within the CmeR
repressor binding site impact transcriptional activity of the CmeABC efflux system
resulting in higher MICs to multiple antibiotic classes (90, 140). Disruption of these

systems results in the accumulation of antibiotics within the bacterial cell, thereby
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resulting in antibiotic susceptibility (10, 140). These data therefore suggest that CmeABC
contributes to multidrug (MDR) resistance and is an important resistance determinant for
all classes of antibiotics including the FQs (150). cme overexpressing mutants have not
been reported to be globally distributed (10, 140) and thus, the propagation and
maintenance of cmeABC overexpression in the absence of strong selection pressures
requires further study. Although there could be fithess costs for overexpressing RND
systems, reports in other gram-negative bacteria such as Pseudomonas aeruginosa,
show compensatory mechanisms that result in “metabolic rewiring” (151). This rewiring
in RND overexpressing gram-negative bacteria might explain why there is not a dramatic
decrease in fitness among antibiotic resistant versus susceptible populations in the

absence of antibiotic selection (151-159).

Mechanisms of resistance to macrolide and macrolide-like antibiotics

In Campylobacter, mechanisms of resistance to macrolides, lincosamides and
ketolides (MLK) antibiotics include target mutation and modification as well as efflux and
altered membrane permeability. Ribosomal mutations that confer resistance to MLK-
antibiotics are found in 23S rRNA and other genes encoding ribosomal proteins (94).
Mutations in nucleotide positions 2074 and 2075 that include A2075G and A2074T, are
most common and result in the highest MICs to MLK-antibiotics. In combination with
mutations in genes encoding the L4 and L22 ribosomal subunit proteins, these mutations
confer higher MICs to MLK-antibiotics but are differentially effective at conferring
resistance to all the MLK-antibiotics (93, 160, 161). In 2014, reports from China indicate

that 2-5% of macrolide resistant Campylobacter isolates containing the A2075G/T
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mutation are susceptible to the lincosamides and clindamycin (162, 163). Furthermore,
C. coliand C. jejuni carry up to three copies of the 23S rRNA gene and therefore, multiple
“hits” or mutations are required for resistance. Indeed, a dosage effect has been
suggested for these mutations as some reports have identified lower MICs to macrolides
with only one or two mutations (10, 164—-166).

HGT has also played an important role in the dissemination and propagation of
MLK resistance in Campylobacter. It was suggested that the transfer of genes containing
the multidrug resistant island (MDRGI) likely occurred from gram-positive bacterial
populations (167-169). ermB, which encodes for a ribosomal methylase, is found on the
MDRGI and confers inducible resistance to MLK antibiotics. High MICs are achieved
through ermB methylation of an adenine in the 23S RNA component of the 50s subunit
of the ribosome. ermB expression is modulated via antibiotic binding to the ribosomal
protein (170). Protective modification of the ribosomes through ermB methylation was
described in Campylobacter but seems to be geographically restricted since
Campylobacter isolates containing this gene have yet to be identified in the US (90). The
RND systems in Campylobacter also play a critical role in resistance to macrolides.
CmeABC, for instance, has been implicated in low levels of intrinsic resistance that is
linked to synergistic 23S rRNA mutations, particularly in C. coli (171, 172). Alterations of

membrane permeability also play an important role in resistance to macrolides (173, 174).

Tetracycline resistance
Known tetracycline resistance mechanisms in Campylobacter include ribosomal

protection and efflux of the antibiotic out of the bacterial cell. Resistance in Campylobacter
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is primarily driven by the presence of tet(O) found on conjugative plasmids, integration
within the chromosome has been described (10, 90). The Tet(O) soluble protein actively
displaces tetracycline from the ribosomal binding site. The N-terminal region of Tet(O)
has GTPase activity and sequence similarity with elongation factors such as EF-G (10).
Hence, Tet(O) promotes displacement of tetracycline by inducing a confirmational change
in the ribosome that releases tetracycline from the ribosomal binding site. Efflux also plays
an important synergistic role in mediating resistance to tetracycline. Although Tet(O)
sufficiently results in high MICs to tetracyclines, disruption of Campylobacter efflux
systems contributed to a 4-8-fold increase in susceptibility to tetracycline (10, 100, 105,
175, 176).

Tetracycline plasmids such as pTet and pCC31, are also common in C. jejuni and
C. coli isolates, respectively (177). One report suggests that carriage of these plasmids
has a neutral impact on Campylobacter fitness; yet, other plasmid-associated genes
could confer similar compensatory fitness benefits (178). While genes encoding type-IV
secretion systems have also been found on pTet plasmids, these were suggested to be
important for conjugation (176, 179, 180). Furthermore, tet(O) genes have been found on

pVIR plasmids, which are important mediators of virulence in Campylobacter (181-183).

Additional mechanisms of antibiotic resistance

Resistance to B-lactams is often mediated through the enzymatic activity of 8-
lactamases that cleave the B-lactam ring to inactivate the drug (10, 90). Efflux and
permeability also play a role in B-lactam resistance as was shown for many other antibiotic

classes (100, 184). Campylobacter is intrinsically resistant to penicillin and narrow
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spectrum cephalosporins, while resistance to amoxicillin, ampicillin and ticarcillin are
mediated by penicillinases that are readily expressed (110, 112, 113, 185). National data
on B-lactam resistance in Campylobacter is not available as these antibiotics are not
regularly tested for susceptibility via NARMS using standard microbroth dilution methods
(185). Nonetheless, early reports showed moderate to high MICs to several classes of [3-
lactams in Campylobacter as well as high rates of carriage of B-lactamase genes. To
overcome resistance mediated by B-lactamases, inhibitors such as the penicillinases, can
recover susceptibility to these antibiotics in Campylobacter (186). Class D B-lactamase
OXA-61 has also been identified and confers resistance to ampicillin, amoxicillin-
clavulanate, piperacillin, and carbenicillin (187). Also, there have been reports of genes
encoding other metallo-B-lactamases in Campylobacter, the expression and effect of
these genes on resistance is not yet clear (90, 188, 189).

Aminoglycoside modifying enzymes are another important way that resistance is
mediated in Campylobacter. For example, the 3’-aminoglycoside phosphotransferase
encoded by aphA-3 is a common cause of aminoglycoside resistance in Campylobacter
(190, 191). These genes are typically found with other aminoglycoside resistance genes
such as aadE encoding a 6’-adenylyl transferase conferring resistance to streptomycin,
and sat, which encodes an acetyl transferase for resistance to streptothricin (192). Each
of these genes are often found on plasmids along with tet(O). Additional studies have
also found transposon sequences adjacent to these genes, which is suggestive of inter-
genus HGT (192, 193). Because aphA-7 has a similar GC content as the Campylobacter
chromosome, it was hypothesized that this gene is intrinsic to Campylobacter (194).

Comparatively, the GC content of aphA-1 and aphA-3 are higher than that of the
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Campylobacter chromosome, which is more indicative of gene acquisition. Lastly,
mutations in the ribosomal protein S12 encoded by rpsL, which contributes to
streptomycin resistance, were recently detected in C. jejuni (195).

For resistance to phenicol and chloramphenicol, the primary mechanism is
compound modification by cat encoding a chloramphenicol acetyltransferase (CAT)
(196-200). In addition, cfr(C), which encodes for a rRNA methyltransferase, was
identified in C. coli to be important for resistance to phenicol, lincosamides,
oxazolidinones, plueormutilins and streptogramin A. This gene is found on plasmids and
it is thought to have originated from Staphylococcus sciuri (195). Finally, efflux systems
have been shown to be important for phenicol resistance as Campylobacter isolates from
China had a point mutation in the inter-gene binding domain of the CmeR repressor
protein. This mutation contributed to increased expression of the CmeABC efflux system

resulting in high MICs to phenicol (23, 115).

EMERGENCE OF ANTIBIOTIC RESISTANCE IN C. JEJUNI

The emergence and maintenance of fluroquinolone resistance

Since the introduction of FQs such as ciprofloxacin in the 1980s, this antibiotic
class was used widely to treat gastroenteritis caused by C. jejuni (153); however, FQ
resistant C. jejuni quickly emerged after FQs were approved for use in humans and food
production (157, 158). The FQ enrofloxacin, which was not typically used to treat human
infections, was introduced in 1987 to animal industrial settings to treat chicken infections.
Importantly, the study by Endtz et al. (153) in the Netherlands identified a temporal and
spatial relationship between the introduction of enrofloxacin, where no FQ resistant

Campylobacter isolates were identified from 1982-1987, and the recovery of FQ resistant
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isolates from both humans and chickens. In the subsequent years in Netherlands (1987-
1989), the frequency of FQ resistant Campylobacter increased to 11% among human
isolates and 14% among chicken isolates (155, 156, 201). Similarly, remarkable evidence
from Spain showed that FQ resistance frequencies from pediatric patients increased from
0-2% before 1989 to 88% in 1996 (151, 152, 158). In Canada frequencies of FQ
resistance was reported to have increased from 0% before 1989 to 13% in 1995 (152),
while reports of FQ resistant Campylobacter infections quickly followed in the US (202).
Indeed, researchers from the Minnesota Department of Health reported an increasing
frequency of FQ resistant Campylobacter infections from 1992-1998 (203). A significant
increase in total FQ resistant Campylobacter infections from 1.3% in 1992 to 10.2% in
1998 was observed among the 4,953 Campylobacter isolates submitted. Moreover, a
significant increase in domestically acquired FQ resistant Campylobacter isolates
infections was observed with frequencies of 0.8% in 1996 and 3.0% in 1998 (204).

To determine the source of these resistant Campylobacter infections in humans,
one study compared the isolates recovered from clinical infections to those from local
retail poultry products (205). The researchers identified identical polymerase chain
reaction (PCR)-based restriction-fragment length polymorphism (RFLP) profiles among
the Campylobacter isolates from both sources, thereby providing evidence of direct
transmission of highly similar strains (206). Thus, the research proposed an animal use
hypothesis, where FQ use in poultry promoted the emergence and selection of antibiotic
resistant Campylobacter populations that could contaminate food products post-harvest.

Following these early reports, additional studies supporting the animal use

hypothesis were conducted. For instance, one study in the US demonstrated increasing
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frequencies of FQ resistant Campylobacter infections in humans from 1997-2001, while
another found that 10% of 6,138 retail chickens samples collected in the US were
contaminated with FQ resistant Campylobacter from 2002 and 2007 (207, 208). Based
on these and additional studies (92, 130, 152, 153, 157, 201, 209, 210), the Food and
Drug Administration (FDA) estimated that more than 10,000 FQ resistant Campylobacter
infections were the result of FQ use in the poultry industry in the US (211). Hence,
enrofloxacin was prohibited for use in poultry in 2005, which was the first time that an
antimicrobial was banned because of evidence indicating its importance in the emergence
of an antibiotic resistant pathogen (212). More recent data from 1997-2012 suggests a
continued increasing trend of FQ resistance among Campylobacter infections in the US
even though enrofloxacin and other FQs are no longer used during poultry production
(211). Moreover, data reported in 2018 show that 28.8% of the 1,226 C. jejuni isolates
from human infections examined at the nine participating NARMS sites were resistant to
FQs (4).

There are several reasons for the continued occurrence of FQ resistant
Campylobacter infections in the US. The persistence of FQ resistant Campylobacter has
been attributed in part to co-selection of gyrA mutants, which have increased in frequency
and have replaced the susceptible gyrA allele in poultry flocks (212). Indeed, studies have
identified carriage of similar genotypes of FQ resistant C. jejuni in several cycles of broiler
flocks. The authors noted that poor sanitation in these environments, with insects and
domesticated animals serving as possible intermediate hosts or reservoirs, could have
been important in the transfer of FQ resistant C. jejuni between flocks in these production

facilities (202, 206, 212-214).
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In addition to poultry and cattle, unpasteurized milk products from dairy cattle have
become increasingly important for the dissemination of resistant Campylobacter
infections (215). Recent US data from 2017, however, also demonstrated increasing FQ
resistance frequencies among Campylobacter recovered from beef cattle (10, 187, 205,
213, 215-217). Thus, prior use of FQs in food producing animals other than poultry may
also be important for the maintenance of FQ resistance in Campylobacter within the
agricultural setting. FQ resistance in Campylobacter has been well studied and policies
mitigating use of FQ in poultry are viewed as a successful example of how policy can
mitigate resistance frequencies in pathogenic bacteria. Reductions in FQ resistance have
also been observed for other enteric pathogens including diarrheagenic E. coli and
Salmonella spp. since the FQ ban in poultry (218), highlighting the broader impact of
mitigation policies. The persistence of FQ resistance in the US is multifactorial and can
be attributed in part to the biological fitness benefits of gyrA mutations as compared to
susceptible Campylobacter. Additionally, persistence of FQ resistant Campylobacter in
poultry flocks and increasing FQ resistance within other pathogen reservoirs such as
cattle and various environmental niches, have contributed to persistence.

It is also important to consider the fraction of FQ resistant isolates that are not
acquired domestically and are travel associated (100, 105, 175). International travel is a
risk factor for FQ resistant C. jejuni infections and 13% of all FQ resistant infections
reported in the US are travel associated (213). Indeed, there is increased risk of acquiring
FQ resistant infections in Campylobacter endemic nations that do not have regulations

on FQ use in food producing animals and within the environment (2, 219). International

27



acquisition of resistant Campylobacter has the potential to increase the diversity and

distribution of resistance determinants in a given area.

The emergence of macrolide resistance

Macrolide resistance rates are lower than FQ resistance rates in Campylobacter,
however, resistance to MLK-antibiotics is geographically restricted. In the US, Canada,
Europe, and China where resistance monitoring is regularly conducted, frequencies of
resistance are typically less than 10% of human isolates tested within a given timeframe
(100). Some regions of Europe have reported higher frequencies of macrolide resistance
as one study observed resistance to MLK-antibiotics in up to 40% of C. jejuni isolated
from broiler chickens (2). Consequently, travel has been reported to be a risk-factor for
macrolide resistant C. jejuni infections (10, 90, 140). Data from the US from 2008,
however, reported that only ~4.6% of travel associated C. jejuni infections were resistant
to macrolides (220-224). Additional, more widespread studies are therefore needed.

C. coli typically has higher antibiotic resistance rates than C. jejuni (225) as isolates
recovered from swine showed macrolide resistance frequencies ranging from 14% to
53%. NARMS also reported that frequencies of resistant C. coli isolated from chickens
and humans increased from 4.5% to 13% during 2011- 2015, while resistance in C jejuni
remains below 10% among human infections during the same time-period (159). Links
between the selective pressure of antibiotic use in animal husbandry and resistance have
been made, however, frequencies of resistance to MLK-antibiotics have not risen as
dramatically as FQ resistance rates. Studies have linked this discrepancy to geographic

restriction of circulating lineages possessing the ermB resistant determinant, less
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antibiotic use, the need for multiple mutations, and the comparative fithess costs of these
resistance mutations (90, 159). Unlike FQ resistant strains, macrolide resistant C. jejuni
strains are unable to outcompete their wild-type counterpart in competition experiments
in the chicken gut (223). In China, where use of macrolides in animal husbandry is
common, 73% to more than 98% of C. coli strains isolated from chickens are resistant to
macrolides (94, 130, 159). Hence, selective pressure, HGT, and genetic background all
play important roles in the maintenance and dissemination of MLK-antibiotic resistance

in Campylobacter.

The emergence of tetracycline resistance

Tetracycline resistance is widespread in Campylobacter and other gram-negative
and gram-positive organisms, which is likely due to widespread tetracycline use in human
and veterinary medicine as well as industry since its discovery in the 1940s (10, 226).
Several reports have described widespread tetracycline resistance in both human and
animal derived isolates (226). Resistance to tetracyclines has been reported for 50-100%
of Campylobacter depending on the isolation source (140), yet tetracyclines are no longer
effective for the treatment of Campylobacter infections in humans (90, 227). Since 1978
there has been mounting evidence demonstrating that tetracycline use selects for
tetracycline resistance. Indeed, the FDA has reported that tetracyclines represented 42%
of all antibiotics used in food-producing animals in the US from 2016-2017 (228) and
recent data show evidence of the clonal expansion of specific C. jejuni genotypes carrying
tet(O) within cattle isolates. Further, a greater proportion of C. jejuni infections in humans

have been traced to cattle in the US (229). Thus, surveillance methods should include
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mechanisms for monitoring tetracycline resistant isolates to better understand the impact
of various selection pressures, HGT, and clonal expansion on the maintenance and

dissemination of resistance (230).

CHARACTERIZATION OF CAMPYLOBACTER

Culture and molecular typing methods

Campylobacter is generally cultured on antibiotic selective brain-heart infusion
(BHI) agar supplemented with rabbit or horse blood at 37°C for 42 — 72hrs in
microaerophilic conditions (231). The culture and diagnosis of the disease, however, is
not standardized across the US and the use of culture-independent diagnostic tests
(CIDT) has become more common. In fact, the increasing frequency of reports of
Campylobacter over the past decade was thought to be associated with the use of CIDTs
(232, 233).

Importantly, several typing methods have also been developed to identify
epidemiological and genetic relationships that can aid in outbreak investigation and
source attribution as well as pathogen ecology. These typing methods range from
phenotypic, fingerprinting, and traditional PCR methods to more sophisticated genotypic
methods utilizing whole-genome and pan-genome comparisons (234). Use of these
methods has enabled the study of clonal separation and has led to an understanding of
the breadth of diversity within Campylobacter and other foodborne pathogens.
Assessment of these methods typically includes a measure of discriminative power and

epidemiological concordance and a unique set of limitations (235, 236).
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Serotyping in bacterial populations has been useful to understand the
epidemiology of gram-negative pathogens such as non-Typhoidal Salmonella enterica
spp. and pathogenic E. coli as well as gram-positive pathogens. The Kauffman-White
scheme, for example, is used to classify Salmonella serovars by characterizing the
bacterial surface antigens including the O (somatic) antigen and H (flagellar) antigen. This
typing scheme was used to make epidemiological inferences about the relationship
between particular Salmonella serovars and genotypes, which may be due to restricted
niches or only sporadic recombination within the species (16, 237-245). In
Campylobacter, however, different genotypic classifications have been required as these
pathogens possess a diverse array of both LOS types as well as capsule types.
Therefore, use of a serotyping scheme is less useful for understanding the diversity and
epidemiology of Campylobacter and C. jejuni, in particular.

Fingerprinting methods have also been used to characterize bacterial populations
(246). Methods such as pulsed-field gel electrophoresis (PFGE) and amplified fragment
length polymorphism (AFLP), for instance, were historically used for epidemiological
surveillance studies for multiple pathogens. For PFGE, rare-cutting restriction enzymes
are used to cut the DNA at specific sites in the chromosome followed by gel
electrophoresis of the DNA fragments through varied electric fields. This labor-intensive
method has been used to identify banding patterns that were alike and aided in
epidemiologic and outbreak investigation (247, 248) and is the basis for the CDC
PulseNet system (https://www.cdc.gov/pulsenet/pathogens/pfge.html). While PulseNet
was used for C. jejuni, the analysis was often complicated by the presence of

intrachromosomal rearrangements and homopolymeric tracts within the chromosome
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(249), which can make two related isolates appear distinct. These regions that are subject
to genomic variation enables the pathogen to undergo phase variability within key
antigenic structures including the flagella, LOS, and capsule (250-253), which promotes
survival and evasion of immune responses (242). Indeed, the success of this pathogen
has been attributed to its antigenic diversity as these contingency loci are critical for rapid
adaptation in different environments and hosts (254). Because of these cryptic genomic
characteristics including homopolymeric tracts and genomic rearrangements, our
understanding of the epidemiology and ecology of C. jejuni was limited when PFGE and
serotyping were used (247).

Several prior reports have shown that independently collected C. jejuni isolates
rarely had the same PFGE pattern and did not have high concordance with genotyping
data generated using multilocus sequencing typing (MLST) (229, 255-262). For MLST,
six to eight conserved housekeeping genes have been used to assess the genetic
diversity of Campylobacter and other foodborne pathogens. Traditionally, these genes,
which are roughly 400-600 bp in length, were amplified by PCR, purified, and sequenced.
MLST has been described to facilitate the detection of population level changes within a
particular pathogen population (263). MLST is particularly advantageous to evaluate the
genetic diversity and population structure of Campylobacter because it examines a set of
conserved genes without evidence of selection (229, 255, 264). Thus, MLST is less likely
than PFGE to be impacted by genetic diversity in variable genes that can alter the
interpretation of epidemiologic and evolutionary relationships among Campylobacter
isolates (265-267). Furthermore, extended MLST schemes have been developed that

incorporate additional conserved genes such as gyrA and porA, which encodes for an
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outer member protein, into the analysis. These more extensive schemes have
demonstrated that both gyrA and porA are stable across lineages and include sub-

lineages that are associated with ciprofloxacin resistance (132, 268).

Pangenome approaches to define the population structure

Today, the availability, ease, and extensive nature of WGS technologies as well
as the development of methods to analyze and store data in publicly available databases
has improved and availed the investigation of pathogen epidemiology and genomics (229,
231, 269). Tools that enable an assessment of the core-genome (cg), the whole genome
(wg), and the pangenome have been utilized to evaluate evolutionary relationships and
define the population structure of Campylobacter for public health investigation (270). The
cg is defined as genes found in most (95 — 99%) isolates. WGS approaches allow for an
examination of the entire genome including accessory genes and genes unigue to specific
strains, within a given bacterial population. Both cgMLST and wgMLST methods have
been developed (251, 252), which are based on assigning allele codes to a larger set of
housekeeping genes that are shared among a set of strains. These methods provide
stability across datasets and enable the assessment and tracking of allele codes across
studies for comparison. Use of these approaches, however, requires an international
database of curated alleles, and several conflicting schemes for a variety of pathogens
have been proposed (259, 271). Although pangenome approaches have been utilized,
these approaches do not assign allele codes to cg or wg genes. Genome alignments, k-
mers or sequence similarity-based methods can be applied to WGS data to better define

evolutionary relationships (229, 258-260).
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In public health investigations, rigorous analyses to define differences between
isolates is critical for source attribution, epidemiological inference, and action during
outbreak investigations (271). Currently, cgMLST is utilized for real-time epidemiological
inference of foodborne pathogens through the National Center for Biotechnology Institute
(NCBI) Pathogen Detection database, however, it is not a publicly available resource.
Nextflu and more broadly, NextStrain, are other tools that use molecular clock and
iterative phylogenetic placement algorithms, which have enabled real-time genomic
epidemiology studies for several pathogens (272). Reference based methods such as
cgSNP (271), have also been developed and SNPs are typically detected among all core-
genes within a given data set. Reference free SNP methods have also been developed.
Lyve-SET, a high-quality SNP (hgSNP) pipeline, for instance, enables a reference free
analysis of sequences to better define clonal relationship among isolates, which is
particularly useful for closely related strains (273-275). Use of these analytical tools
coupled with traditional typing methods such as MLST and PFGE, can yield robust
analyses to better define the genomic diversity within a bacterial population and inform
public health investigation.

Utilizing pangenome and phylogenomic approaches from publicly available
datasets and emerging tools can enable near real-time global genomic epidemiology
assessments, which could also be utilized in public health investigations (248, 276-279).
Understanding how particular phenotypes or genotypes are restricted to specific
environments, or are associated with human exposures, behaviors, and outcomes, could

support genotype or exposure specific mitigation strategies (271).
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Furthermore, the national molecular subtyping networks, PulseNet and NARMS,
allows for high quality genomic information to become more readily available for use by
researchers and public health personnel (255, 259, 262). NARMS has begun to use ARG
identification and extraction tools, which leverage basic local alignment search tool
(BLAST) based algorithms to query assembled contiguous sequences (contigs) (280).
Reports have identified concordance with antibiotic resistance genotypes and
phenotypes in several pathogens. In Campylobacter, phenotypic resistance profiles for
several antibiotics were concordant with the presence of specific resistance determinants
in prior studies (250, 281). Curated databases by PUbMLST (282, 283) and the Center
for Genomic Epidemiology (http://www.genomicepidemiology.org/) are among the groups
that support the use of these databases and the identification of resistance determinants.
Using WGS enables genotypic identification that could support genomic epidemiologic
inferences including the expansion of specific genetic lineages within a given bacterial

population over time.

ECOLOGY AND MOLECULAR EPIDEMIOLOGY

Observations utilizing MLST approaches

Campylobacter is naturally competent and readily takes up DNA from its
environment (275). Studies of the C. jejuni population structure have identified a diverse
pathogen with remarkable evidence of intraspecies recombination (284). MLST analyses
of seven loci have identified extensive recombination by applying phylogenetic methods
to different parts of the genome. These data have shown that the Campylobacter
population structure is consistent with the hypothesis that frequent recombination has

occurred within the species and suggests that Campylobacter does not represent a clonal
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population (285). Thus, the frequent recombination and evolutionary history of sequence
types (STs) can be studied via placement in a phylogenetic tree, minimum spanning tree,
or network to resolve clusters or clonal complexes (CCs) comprised of more closely
related strains (286). CCs within Campylobacter have been classified based on the
clustering of STs relative to the founder genotype, or predominant ST, and the group of
derived genotypes that differ in one to three MLST loci (287). Initially, 17 CCs were
identified among 814 C. jejuni strains (234), though >40 CCs have been described,
studied, and reported in PubMLST to date [accessed September 30th, 2021] (287). Of
the original 17 CCs, 14 have a central genotype and are distinct from other genotypes,
whereas 3 CCs comprising ST-21, ST-48 and ST-206, were described as part of a “super-
complex” since they share four of the seven allele sequences (288, 289). The distribution
of serotype and flaA genotypes that dictate the LOS and H-antigen, respectively, within
the MLST-based population structure is dependent on the CC.

Some CCs have a diverse range of serotypes, and other phenotypic
characteristics, while CCs including ST-22 and ST-362 are comparatively less diverse
(290). Data suggests that natural competency of these derived lineages is important for
CC phenotypic diversity as the more phenotypically heterogenous CCs have a higher
natural competence quotient (241-243, 291, 292). Additionally, CCs and ST designations
have been studied in Campylobacter and have ecologic and epidemiologic significance.
Shepard et al. (287), for example, utilized a pangenome approach to define a cryptic
ecology in the population structure of C. jejuni comprising four major lineages. These
include two generalist lineages representing strains from multiple sources as well as a

cattle and chicken specialist lineage comprising strains solely from each source.
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Recombination was present between the cattle and chicken specialist lineages as well as
one generalist lineage, but the generalist lineages were found to lack evidence of
recombination in nature despite having the ability to recombine as evidenced by in vitro
studies (287). Specifically, ecological separation was observed as one generalist lineage
belonging to CC-45 did not readily recombine and is phylogenetically separated from the
other CCs examined (242). Interestingly, ST-45 within CC-45 has been described as a
monomorphic lineage of C. jejuni that is generally stable and has been detected in
different time periods and across sources. Recent data suggest a global distribution of
this lineage that was mediated by dispersion through migratory birds (229).

The seven-gene MLST scheme has continued to be relevant in defining the
population structure of C. jejuni because of the ecologic congruency that enhances the
utility of pangenome, and WGS data to attribute these genomic differences to a particular
source. These genomic analysis and evolutionary reconstructions can support the
identification of emerging lineages, and assessment of antibiotic resistance and virulence
determinants in particular populations. Indeed, a few studies have identified specific
associations between STs and antibiotic resistance phenotypes such as ST-464 and FQ
and tetracycline resistance as well as ST-982 and tetracycline resistance (104, 293).
Additional studies have identified clonal expansion of MDR and macrolide resistant
isolates in the monomorphic globally dispersed CC ST-45 lineage (289), which can lead
to the transfer of resistance determinants to different pathogenic species and other C.

jejuni lineages.
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Pangenome and whole-genome sequencing (WGS) approaches

Prior WGS studies have suggested that C. jejuni can adapt to hosts through
genome reduction and phase and antigenic variation, while specific mutations have been
found to be selected for during human and animal infection (69, 241). Some of these
mutations are in “contingency loci” that represent sequences containing insertions or
deletions within homopolymeric tracts. Single nucleotide variants (SNVs) within these
homopolymeric tracts were suggested to support the rapid diversification of
Campylobacter by altering expression of phase variable genes encoding antigenic
surface structures (59, 60). In the C. jejuni genome, the homopolymeric tracts have higher
mutation rates with 10 -100 times more mutations than the average of other regions in
the genome (292). Due to the intrinsic genomic instability in the homopolymeric tracts, it
was suggested that these regions be excluded from public health investigations that use
WGS data (292). Exclusion of these regions, from analyses of strains isolated from
different environments will ensure that genotypic associations are made with the source
of C. jejuni and not due to changes that are induced by adaptation to the most recent host

(292).

GEOGRAPHIC VARIATION IN C.JEJUNI GENOTYPES

More recent studies have used pangenome approaches to define the population
structure across geographic locations as well. For example, in Peru, accessory genome
diversity differed globally as compared to other representative datasets (294).

The application of MLST has also detected differences in the ST and CC

distribution among Michigan patients relative to other geographic locations (104, 293,
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295). C. jejuni strains belonging to ST-464, for instance, were significantly more likely to
be resistant to fluroquinolones (104). Individuals reporting a recent history of foreign travel
were also significantly more likely to have infections caused by ST-464 strains.
Comparatively, the ST-459 and ST-982 sub-lineages of the “super” CC-21 were most
prevalent in strains recovered from cattle (293). ST-982 strains were also more likely to
be resistant to tetracycline, which is common among strains recovered from cattle (293),
and represented the predominant lineage in Michigan patients, suggesting that cattle may
be an important source of C. jejuni in Michigan (296). Additional studies using WGS are
therefore needed to characterize this pathogen more comprehensively and to identify risk
factors for infection and antibiotic resistance.

In 2017, data from New Hampshire using average nucleotide identity and
pangenome comparisons as well as an analysis of the core and accessory genome
identified diverse phylogenetic lineages of C. jejuni that were more related to isolates from
other states in the US. These data were used to detect isolates representing ST-2109

that were linked to a multi-state outbreak in puppies between 2016 and 2018 (297).

SUMMARY AND CONCLUSIONS

C. jejuni is a foodborne and zoonotic pathogen with various reservoirs including
water, poultry, and ruminants, such as cattle and other livestock (292). Source attribution
studies have identified poultry as the major reservoir for C. jejuni, where the major
pathway of disease transmission in humans is due to consumption of contaminated food

products.
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Although most cases of sporadic disease in the industrialized world are ascribed
to contaminated poultry products, consumption of raw or unpasteurized milk or cheese
was reported to comprise 66% of outbreaks associated with C. jejuni (176, 179). Similarly,
cattle were suggested to be an important source of C. jejuni infections in a prior Michigan
study (293). Foreign travel has also been reported as an important risk factor for disease,
as zoonotic, foodborne, and environmental acquisition are the major modes of
transmission for this pathogen (213, 214). State, national, and global surveillance of
campylobacteriosis suggests an increase in the incidence over time, which could be due
in part to the use of CIDTs in clinical laboratories or increasing frequencies of antibiotic
resistant strains that are more difficult to treat (295).

Monitoring antibiotic resistance in C. jejuni is also critical as the CDC has identified
macrolide and FQ resistant Campylobacter as significant threats to public health (204).
Of concern is the stability and relative maintenance of FQ resistance even in the absence
of selection through FQ use. Recent data suggest a larger proportion of
campylobacteriosis in the US is being attributed to cattle, which was suggested to be due
to the consumption of contaminated dairy products (176, 179). FQ resistant C. jejuni in
domesticated cattle and animal products could therefore contribute to the stability of the
pathogen in the agro-environment and the increase in FQ resistance frequencies
observed regionally and nationally (213, 214).

The use of WGS to identify associations between specific C. jejuni lineages and
phenotypic and epidemiologic characteristics is critical to better understand this
genetically diverse pathogen. Such analyses could impact applied epidemiologic studies

and aid in the development of novel mitigation strategies in the future with a goal of limiting
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C. jejuni transmission and improving morbidity and mortality. Examples of strategies
include preventing point-source and diffuse outbreaks and reducing practices that
promote the selection of antibiotic resistant strains that are harder to treat and may have
more severe outcomes (125).

Understanding global, national, regional, state, and territorial trends in antibiotic
resistance frequencies is complex. Resistance frequencies will be impacted by an array
of factors including selection pressure and fithness effects of resistance determinants
including the ability of resistant lineages to replace antibiotic susceptible lineages in a
niche. Additionally, frequencies of resistance will be impacted by human behavior as
exposures change and new risk factors are identified. FQ resistant C. jejuni frequencies
may be impacted by the annual rates of cattle- or travel associated infections, for instance.
Such changes could explain the persistence and increasing frequencies of FQ resistance
in the US. An assessment of risk-factors, frequencies, and impacts of resistance on
clinical outcomes are also critically important for surveillance, prevention, and mitigation
strategies. Understanding the genomic epidemiology and structure of the bacterial
population across studies is also important as is the analysis of how specific lineages are
related to phenotypes and epidemiologic factors. These studies will enable an
assessment of clonal expansion, emerging lineages, and lineage associations with
antibiotic resistance phenotypes.

Linkage of these data can support public health investigations and has the
potential to influence decision making as well as mitigation and eradication strategies.
Ultimately, use of these highly discriminative methods will be important for public health

and outbreak investigations, global genomic surveillance, and pangenome analyses.
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WGS approaches could also enhance understanding of niche specialization and further

identify phenotypic, epidemiologic and host associations for C. jejuni.
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