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A B S T R A C T

Campylobacteriosis caused by C. jejuni is a serious yet common foodborne disease in the U.S. The prevalence of
fluoroquinolone-resistant C. jejuni from poultry has continued to increase despite the withdrawal of fluor-
oquinolone use in the U.S. poultry industry in 2005. To date, no clear selective pressures that explain this effect
have been documented. In this study, we investigated limited bioavailability of iron in poultry and enhanced
iron uptake and regulation as potential indirect selective pressures conferring fitness advantages in fluor-
oquinolone-resistant C. jejuni compared to its susceptible wild-type counterpart. Five fluoroquinolone-suscep-
tible C. jejuni isolates were selected from litter collected from commercial broiler farms. Using antibiotic se-
lection, five fluoroquinolone-resistant strains were created. Relative expressions of six genes involved in iron
acquisition and regulation were compared between the resistant and susceptible strains using RT-qPCR under
normal and iron-limiting conditions. High variability in the relative gene expressions was observed among the
strains, with only one resistant strain showing the consistent upregulation of the measured genes compared to
the matching susceptible wild-type. Our results suggest that the hypothesis tested in the study may not be an
adequate explanation of the molecular mechanism behind the enhanced fitness of fluoroquinolone-resistant C.
jejuni compared to susceptible C. jejuni. This study highlights the need for a better understanding of the complex
ecology and dynamics of fluoroquinolone resistance in C. jejuni in poultry environment and warrants an ex-
amination of fluoroquinolone-resistant C. jejuni strains recovered from the natural broiler chicken environment.

1. Introduction

Campylobacter jejuni (C. jejuni) is the most common cause of cam-
pylobacteriosis globally, and is generally considered a commensal or-
ganism of poultry (Van Deun et al., 2008). Chicken products are a major
source of C. jejuni in humans (Domingues et al., 2012; Sheppard et al.,
2009). Risk factors for campylobacteriosis include handling of raw
poultry products and consumption of undercooked chicken meats and
cross-contaminated food items, especially those consumed raw
(Friedman et al., 2004). Acute campylobacteriosis is generally self-
limiting, and antibiotic treatment is rarely indicated. However, at-risk
subpopulations, such as the elderly, children and the im-
munocompromised, may require antibiotic treatment for campylo-
bacteriosis (Pacanowski et al., 2008). While macrolides are a common
choice of antibiotic for treating campylobacteriosis, especially in chil-
dren, fluoroquinolone (FQ) antimicrobials are considered the primary
choice because of their efficacy and broad-spectrum of activity in adult
patients (Allos, 2001; Eiland and Jenkins, 2008).

Enrofloxacin, an FQ antibiotic approved in veterinary medicine, was
used in the U.S. poultry industry for the treatment and control of dis-
eases related to Escherichia coli and Pasterella multocida infections
(Martinez et al., 2006). However, due to concerns over the development
of FQ resistant (FQ-R) C. jejuni, the US Food and Drug Administration
issued the withdrawal of enrofloxacin from the use in U.S. poultry
production in 2005 (Federal Register, 2005). Following the withdrawal,
the prevalence of FQ-R Campylobacter in poultry, poultry products and
human infections has continued to rise in the absence of the direct
selective pressure in poultry as evidenced by the National Antimicrobial
Resistance Monitoring System reports (NARMS, 2015). In fact, the in-
crease in FQ resistance in human C. jejuni infections has continued at
the same rate as it did prior to the withdrawal. Reasons for this stability
of FQ-R C. jejuni subpopulations in poultry remain elusive. While the
molecular basis of FQ resistance in C. jejuni has been well studied
(Bakeli et al., 2008; Ge et al., 2005; Han et al., 2008, 2012), the eco-
logical drivers of FQ resistance dynamics within Campylobacter popu-
lations are less well understood. Some evidence suggests that FQ
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resistance confers a fitness advantage to Campylobacter possessing this
trait even in absence of the selective pressure from FQs (Luo et al.,
2005). However, this result has not been uniformly replicated in all
settings (Zeitouni and Kempf, 2011), suggesting that this effect may be
strain- or context–dependent.

FQ resistance in C. jejuni most frequently derives from a point mu-
tation in the DNA gyrase A gene, gyrA, with a substitution of isoleucine
for threonine at position 86 (Zirnstein et al., 1999). This point mutation
has been shown to reduce the negative supercoiling of DNA, which
alters DNA topology during transcription, replication and recombina-
tion (Han et al., 2012). A previous study that compared transcriptomic
expressions between isogenically-paired FQ-R and fluoroquinolone-
susceptible (FQ-S) C. jejuni showed differential gene expressions in vitro
(Han, 2009). Specifically, genes involved in iron uptake and regulation
were up-regulated in FQ-R compared to its isogenic wild-type strain
(Han, 2009). These results suggest that the reduced negative super-
coiling due to the acquisition of FQ resistance may enhance iron-uptake
and regulation systems in C. jejuni in the absence of FQ, allowing FQ-R
subpopulations to persist in the broiler environment.

The purpose of this study was to investigate putative indirect se-
lective pressures conferring fitness advantages to FQ-R C. jejuni com-
pared to its wild-type C. jejuni in vitro, and improve our understanding
of the molecular mechanisms that enable the persistence of FQ-R C.
jejuni in broiler chickens despite the lack of direct selective pressure.
The current study aimed to test a hypothesis that the FQ resistance
conferred by a gyrA point mutation enhances iron uptake and regula-
tion in FQ-R C. jejuni, increasing its fitness as compared to its isogenic
wild-type C. jejuni in vitro.

2. Materials and methods

2.1. Bacterial strains and culture

Five FQ-S C. jejuni strains were isolated from bootsock samples
collected from five different commercial broiler farms located in the
U.S. in 2014. Bolton enrichment broth (Oxoid Ltd, Hampshire, UK)
supplemented with Oxoid Preston Campylobacter selective supplement
(2,500 IU polymyxin B, 1 μg/mL trimethoprim, 100 μg/mL cyclohex-
imide and 5% lysed horse blood) and Campy Cefex agar (16.5 mg/mL
cefoperazone, 0.1 g/mL cycloheximide, 5% lysed horse blood) were
used to isolate Campylobacter-like colonies. Multiplex PCR using a lipid
A gene, lpxA, was performed to confirm and speciate isolated
Campylobacter (Klena et al., 2004). To confirm the susceptibility to ci-
profloxacin, broth microdilution was performed using the Sensititre®
(Trek Diagnostic Systems, Oakwood Village, OH) according to the
manufacturer’s instructions. Briefly, several colonies of each isolate
grown from blood agar were suspended in 5 mL of Sensititre® cation
adjusted Mueller-Hinton broth with TES buffer (CAMHBT). The sus-
pension was adjusted to 0.5 McFarland turbidity standard using a
Sensititre® nephelometer. One hundred μL of the adjusted suspension
was transferred to 11 mL Sensititre® cation adjusted Mueller-Hinton
broth with TES buffer and lysed horse blood (CAMHBT + LHB). Each
well of a Sensititre® Campylobacter CAMPY AST plate was inoculated
with 100 μL of the new suspension using the Sensititre Trek Auto-
Inoculator®. Campylobacter jejuni ATCC 33560 was used as a quality
control strain. The plate was incubated at 42 °C for 24 h under mi-
croaerophilic conditions (85 % N2, 10 % CO2 and 5% O2). Following
incubation, the plate was read by the Sensititre Vizion® Digital MIC
viewing system. According to the Clinical & Laboratory Standards In-
stitute guidelines, strains with a minimum inhibitory concentration
(MIC) value below or equal to 1 μg/mL were considered susceptible to
ciprofloxacin.

To create matching FQ-R C. jejuni strains, the five selected suscep-
tible strains underwent ciprofloxacin selection on Mueller-Hinton agar.
FQ-S C. jejuni was grown on Mueller-Hinton agar supplemented with a
low concentration of ciprofloxacin (0.5 μg/mL) and subsequently

passaged to reach an MIC value of 16 μg/mL. To confirm com-
plementarity between FQ-R and FQ-S C. jejuni strains, 1) gyrA genes
were fully sequenced using Sanger sequencing to confirm the point
mutation (Thr-86 → Ile), and 2) the growth kinetics of FQ-R and FQ-S
C. jejuni strains were measured and compared using growth curves as-
says, as described below.

2.2. Sanger sequencing of gyrA and gyrB genes

The genomic DNA of each FQ-R and FQ-S C. jejuni strain was ex-
tracted using a PureLink Genomic DNA Mini Kit (Invitrogen, Carlsbad,
CA) following the manufacturer’s instructions. DNA was eluted in 50 μL
nuclease-free water, and its quality and quantity were analyzed using
the NanoDrop. The gyrA gene was PCR-amplified before submission for
Sanger sequencing. The PCR master mix was prepared using a Q5 High-
Fidelity Master Mix kit (New England Biolabs, Ipswich, MA) to a final
volume of 50 μL (25 μL of Q5 High-Fidelity 2X Master Mix, 10 μM of
gyrA-1 forward and gyrA-3 reverse primers and 5 μL genomic DNA
template). The thermocycler conditions used were initial denaturation
at 98 °C for 30 s followed by 98 °C for 10 s, 63 °C for 30 s, 72 °C for 90 s
with a final extension at 72 °C for 2 min for 25 cycles. Additionally, gyrB
gene was sequenced to check if the acquisition of FQ resistance resulted
in additional mutations. A similar PCR master mix was prepared to
amplify the gyrB gene using gyrB-1 forward and gyrB-2 reverse primers.
The thermocycler conditions used to amplify gyrB gene were initial
denaturation at 98 °C for 30 s, followed by 98 °C for 10 s, 62 °C for 30 s,
72 °C for 90 s with a final extension at 72 °C for 2 min for 25 cycles. The
PCR amplicons were visualized on 1.0 % agarose gel under UV light
after staining with ethidium bromide. The expected PCR amplicon sizes
were 2,755bp and 2,811bp for gyrA and gyrB, respectively. The primers
used for gyrA and gyrB amplification are listed in Supplemental Table
S1.

The PCR amplicons were purified using a QIAquick PCR purification
kit (QIAGEN, Hilden, Germany) according to the manufacturer’s in-
structions, and DNA was eluted in 25 μL nuclease-free water. To se-
quence the gyrA and gyrB genes, 1 μL of each of the gyrA-1, 2, 3 and
gyrB-1, 2, 3 forward and reverse primers at 3.2 μM concentration was
mixed with 5 μL of the purified DNA and submitted for Sanger se-
quencing on the Applied Biosystems 3730xl DNA Analyzer at the
University of Minnesota Genomic Center. The sequence of gyrA of C.
jejuni NCTC11168 was used as a reference to check the point mutation
responsible for FQ resistance in the FQ-R strains. The chromatogram of
the aligned sequences was visualized in MEGA ver. 6.0 (Tamura et al.,
2013). Additionally, gyrA and gyrB sequences were compared between
FQ-R and FQ-S strains to check for any additional mutations caused by
the acquisition of FQ resistance.

2.3. Growth curve experiments

Growth curve experiments were conducted to compare fitness ki-
netics of FQ-R and FQ-S C. jejuni strains. Each C. jejuni strain was grown
in Mueller-Hinton broth under microaerophilic conditions at 42 °C for
24 h. The 24-hr culture was transferred to 10 mL of fresh Mueller-
Hinton broth with an optical density (OD) at 600 nm of 0.02 and in-
cubated under microaerophilic conditions at 42 °C without shaking.
During incubation, OD was measured by taking 40 μL of the culture at
0, 6, 24, 30 and 48 h. An additional 100 μL of the culture was serially
diluted using Mueller-Hinton broth and plated at 10−6, 10-8, 10-12 di-
lution triplicates. The plates were incubated under microaerophilic
conditions at 42 °C for 48 h. The number of colonies was counted for
each dilution to calculate CFU/mL. Each growth curve experiment was
conducted with three technical replicates and three biological re-
plicates. To statistically compare the growth kinetics between FQ-R and
FQ-S C. jejuni, pairwise permutation tests (n = 10,000) implemented in
the stamod R package were used to compare the OD600 measurements
between strains (Giner and Smyth, 2016).
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2.4. Relative real-time polymerase chain reaction

Approximately 107 CFU of FQ-R and FQ-S C. jejuni strains were
separately grown in Mueller-Hinton broth in microaerophilic conditions
at 42 °C overnight. The overnight culture was transferred to fresh
Mueller-Hinton broth at an OD of 0.05 and incubated under micro-
aerophilic conditions at 42 °C for 24 h. A stock of 2, 2′- dipyridyl, a
high-affinity iron chelator dissolved in 50 % molecular-grade ethanol
and 50 % nuclease-free water (de Léséleuc et al., 2012), was prepared at
100 mM concentration. To create iron-limiting conditions, 0 μL or 10 μL
of 100 mM 2, 2′- dipyridyl (final concentration of 100 μM 2, 2′- di-
pyridyl) was added to 10 mL Campylobacter culture, and vortexed
briefly prior to incubation under microaerophilic conditions at 42 °C. At
0, 3, 5, 10, 30 and 60 min post-addition of 2, 2′-dipyridyl, 1 mL of the
culture was collected and centrifuged (13,000 rpm for 5 min at room
temperature) to collect a cell pellet. The cell pellet was suspended in
750 μL of TRIzol (Invitrogen, Carlsbad, CA) and stored at −80 °C until
RNA extraction. RNA was extracted following the TRIzol manu-
facturer’s instructions. Total RNA was eluted in DEPC-treated water in a
final volume of 50 μL. Eluted RNA was treated with RNase-free DNase I
(New England Biolabs, Ipswich, MA) following the manufacturer’s in-
structions to remove DNA contamination. The quality and concentra-
tion of the DNase-treated RNA were measured using the NanoDrop.
When RNA concentration or quality was poor (concentration below 10
ng/μL or 260/280 ratio below 1.3), RNA was re-precipitated using
isopropanol and 1 μL of GlycoBlue (Invitrogen, Carlsbad, CA). RNAs
were standardized to 10 ng/μL in DEPC-treated water. The standardized
RNA was reverse transcribed to cDNA using a high-capacity cDNA re-
verse transcription kit with RNase inhibitor (Applied Biosystems, Foster
City, CA) following the manufacturer’s instructions.

Quantitative real-time polymerase chain reaction (RT-qPCR) was
performed to measure expression levels of six genes involved in iron
uptake and regulation. Four genes involved in iron uptake (cj0179 –
TonB system transport protein ExbB1 (van Vliet et al., 1999); cj1661 –
ferric-binding protein of a putative ABC transport system (Holmes et al.,
2005); cj0426 and cj0427 – putative ABC transport system involved in
iron uptake (Holmes et al., 2005)) and two genes involved in oxidative
stress defense (cj0334 – alkyl hydroperoxide reductase (Baillon et al.,
1999); cj1664 – thioredoxins (Holmes et al., 2005)) were selected based
on a previous microarray study where these genes were upregulated in
FQ-R C. jejuni compared to the susceptible strain when the iron con-
centration in the growth media was not altered (Han, 2009). RNA
polymerase subunit A gene, rpoA, was selected as a reference gene for
normalization (Ritz et al., 2009). The RT-qPCR master mix was pre-
pared using a PerfeCTa SYBR Green SuperMix with low ROX reagent kit
(QuantaBio, Beverly, MA) to a final volume of 20 μL (10 u L PerfeCTa
SYBR Green SuperMix low ROX (2x), 300 nM of forward and reverse
primers each and 3 μL reverse-transcribed cDNA template). Strategene
Mx3005 P was used to run RT-qPCR with an initial denaturation at 95
°C for 3 min, 40 PCR cycling at 95 °C for 15 s and 56 °C for 30 s, and a
final extension at 95 °C for 3 min followed by melting curve analysis.
PCR reactions were run in three biological replicates of each strain with
technical duplicates. Each reaction plate included baseline samples
(time point zero) to measure the relative changes in gene expression
over time within each strain. In addition, each plate included a negative
control and a no-transcriptase control. Primers used in the RT-qPCR are
listed in Supplemental Table S1.

To determine PCR efficiency of a primer, a standard curve was
generated for each primer. Genomic DNA was extracted from two FQ-R
and FQ-S C. jejuni strains using a PureLink Genomic DNA Mini Kit
(Invitrogen, Carlsbad, CA) following the manufacturer’s instructions.
Total DNA was eluted in 50 μL of nuclease-free water, and its quality
and concentration were measured using the NanoDrop. Each DNA ali-
quot was 2-fold diluted to produce dilutions of DNA ranging from 1:2 to
1:32 in nuclease-free water. The RT-qPCR mastermix and thermocycler
conditions used to generate standard curves were the same as above.

The standard curves were run in three biological replicates of CJ-A and
CJ-D FQ-R and FQ-S strains with technical triplicates. Each reaction
plate included a negative control and a no-transcriptase control.

The relative expression ratio between FQ-R and FQ-S C. jejuni was
calculated using the Pfaffl ΔΔCt method by normalizing expression le-
vels of target genes to that of the rpoA reference gene (Pfaffl, 2001). To
compare the expression levels of the measured genes over time within
each strain, the Ct values at baseline (time point zero) were considered
the untreated samples, while the Ct values of other time points were
considered treated samples. To compare the expression levels between
FQ-R and FQ-S C. jejuni, the Ct values of FQ-R C. jejuni were considered
treated samples and FQ-S C. jejuni as untreated, control samples. The
Pfaffl method does not assume equal PCR amplification efficiency
across all samples. Thus, the PCR efficiency of reference and target gene
primers were assessed individually by generating standard curves. REST
2009 developed by Pfaffl et al. was used to calculate an expression ratio
assuming unequal PCR efficiencies for each primer set, as well as to run
a pairwise reallocation randomization statistical test to compare the
mean Ct values between control and treated samples using 10,000
randomizations (Pfaffl et al., 2002). Data visualization was performed
in RStudio (ver. 1.1.419) (R Studio Team, 2015) using R version 3.5.0
(R Core Team, 2013) and R package ggplot2 (ver. 3.1.0) (Wickham,
2016).

3. Results

Five C. jejuni strains isolated from broiler farms and confirmed to be
ciprofloxacin susceptible (MIC ≤ 1 μg/mL) underwent antibiotic se-
lection to create comparable FQ resistant strains. These FQ-R strains
had ciprofloxacin MICs ranging from 16 to 64 μg/mL (Table 1). Com-
parison of the gyrA gene by Sanger sequencing showed that all FQ-R
strains had a nonsynonymous point mutation at position 86 which
changed threonine to isoleucine, the most commonly reported point
mutation responsible for FQ resistance in C. jejuni. Examination of the
gyrB gene showed that two of the FQ-R strains (CJ-D-R and CJ-E-R) had
an additional nonsynonymous point mutation at position 460 which
changed serine to phenylalanine.

Growth curve experiments were conducted to compare growth
characteristics of FQ-R and FQ-S C. jejuni strains to confirm that the
acquisition of FQ resistance did not affect growth kinetics of FQ-R
strains compared to its wild-type strains. A pairwise permutation (n =
10,000) was run to statistically compare the difference in OD600
readings over time. There was no significant difference in growth ki-
netics between each FQ-R and its matching FQ-S strains (Table 2).

RT-qPCR was performed to measure expressions of the six genes
involved in iron acquisition and regulation under normal and iron-
limiting conditions over time and how these expressions differ between
FQ-R and FQ-S C. jejuni. Fig. 1 shows the changes in the expression
ratios of the six genes within each strain over time relative to its
baseline (time point zero) in normal and iron-limiting conditions.

Table 1
Characteristics of the FQ-R and FQ-S C. jejuni strains used in the study.

Strain Ciprofloxacin MIC
(μg/mL)

Nalidixic acid
MIC (μg/mL)

Point
mutation in
gyrA

Point mutation
in gyrB

CJ-A-S 0.12 4 None None
CJ-A-R 16 64 Thr-86 → Ile None
CJ-B-S 0.12 4 None None
CJ-B-R 32 64 Thr-86 → Ile None
CJ-C-S 0.12 8 None None
CJ-C-R 64 64 Thr-86 → Ile None
CJ-D-S 0.12 4 None None
CJ-D-R 32 64 Thr-86 → Ile Ser-460 → Phe
CJ-E-S 0.06 4 None None
CJ-E-R 16 64 Thr-86 → Ile Ser-460 → Phe
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Overall, the expression of cj0179 was significantly upregulated (P-
value<0.05) over time, with the highest expression ratio observed in
the CJ-B-R strain at 60 min post-addition of 2, 2′-dipyridyl. The ex-
pression of cj1664 and cj1661 were consistently upregulated as well,
especially in the later time points. However, the expression of cj0426
and cj0427 showed no statistical differences in the gene expression
compared to the baseline level. Notably, similar patterns of expression
could be observed within pairs. For instance, CJ-C-S and CJ-C-R showed
upregulations of the expressions of cj0179 at 30 min followed by a
sudden drop in the expression at 60 min in iron-limiting conditions.

The expression ratios of the six genes in FQ-R C. jejuni relative to its
matching wild-type strain are presented in Fig. 2. Overall, no general
trends could be observed, and the direction of differential expression
was not in agreement for all six genes across the time points. Instead,
great variability in the expression levels was observed among strains.
Particularly, CJ-A-R and CJ-D-R strains showed consistent upregulation
of the genes relative to their wild-type under the normal and iron-
limiting conditions. The upregulation of cj0179 observed in CJ-D-R was
statistically significant (P-value< 0.05) compared to the wild-type in
iron-limiting conditions. CJ-B-R, however, showed consistent down-
regulation of the genes relative to the wild-type at each time point.
Statistically significant downregulations of cj0179 and cj0334 were
observed in the early time points in CJ-B-R compared to the susceptible
strain under the normal condition (P-value<0.05). No difference in
the expression levels of the genes was observed in CJ-B-R and CJ-E-R
relative to their matching wild-type strains over time.

4. Discussion

In the present study, we investigated putative molecular mechan-
isms behind the persistence of FQ-R C. jejuni in the poultry environment
in the absence of direct selective pressures. Based on the results of this
study, the enhanced fitness of FQ-R C. jejuni strains as reported by other
studies (Han, 2009; Luo et al., 2005) did not appear to be attributed to
the increased expression of iron acquisition and regulation genes.

Iron is an important micronutrient for bacteria. The bioavailability
of iron is often limited in vivo, especially in avian hosts, as iron is tightly
bound in tissues or by iron-binding proteins and is, thus inaccessible to
bacteria (Holmes et al., 2005). The low bioavailability of iron in the
environment is considered a cue for enteric bacteria to express viru-
lence genes (van Vliet et al., 2002). Because the acquisition of iron and
regulation of intracellular iron concentration to prevent the generation
of oxidative stress are essential for bacterial survival, an increased ex-
pression of these processes was hypothesized as a putative molecular
mechanism behind the enhanced fitness of FQ-R C. jejuni in poultry.

The RT-qPCR results show that one out of the five FQ-R strains (CJ-
D-R) showed consistent upregulation of the iron uptake and regulation
gene expressions over time. The variability in relative gene expression,
especially when comparing the isogenic FQ-S and FQ-R strains poten-
tially, reflects the high genetic variability observed among
Campylobacter strains. The Campylobacter genome is known to exhibit
high genetic variation due to frequent DNA recombination (Fearnhead
et al., 2005; Suerbaum et al., 2001; Wilson et al., 2009) and a high
number of homopolymeric DNA repeats that are subject to frequent
mutations (van Putten et al., 2009; Wassenaar et al., 2002). As

suggested by Wilson et al. (Wilson et al., 2010), intraspecific genetic
diversity may translate into high phenotypic variation which may give
advantages to C. jejuni by enhancing its ability to colonize multiple
species.

Because the strains used in the present study were isolated from
poultry farms, it can be speculated that the different genetic back-
grounds of the strains used in the study may have resulted in varied
patterns of the gene expressions. Previous studies seem to suggest that
FQ resistance, depending on the strain’s genetic background, can either
impose or remove a fitness cost in C. jejuni. A study by Luo et al. (Luo
et al., 2005) showed that S3B FQ-R C. jejuni strain isolated from chicken
outcompeted its isogenic wild-type in vivo, while the other resistant
strain of a different genetic background was instead outcompeted by its
wild-type. Similarly, a study by Zeitouni et al. (Zeitouni and Kempf,
2011) showed that FQ-R C. jejuni was outcompeted by its isogenic wild-
type in vivo. This current study started with five FQ-S C. jejuni strains
and thus the FQ-R mutants may not reflect the FQ-R strains that are
competitively successful in the natural broiler chicken environment. A
continuation of this study should examine FQ-R C. jejuni strains from
U.S. broiler chicken farms for enhanced iron acquisition and oxidative
stress regulation, as well as explore other potential mechanisms that
could explain the persistence of FQ subpopulation.

The current study investigated the relative expression of six genes
involved in iron acquisition and oxidative stress regulation in
Campylobacter. Iron acquisition and oxidative stress regulation in
Campylobacter has been studied extensively, and these studies report a
large number of genes that are known to regulate or are putatively
related to regulation of iron uptake (van Vliet et al., 2002), oxidative
stress response (Grant and Park, 1995; Pesci et al., 1994; van Vliet et al.,
1999) and outer membrane iron-transportation proteins (van Vliet
et al., 2002), as well as proteins required to generate energy for iron
transport (Guerry et al., 1997; van Vliet et al., 2002). It is possible that
genes conferring the fitness advantage to the FQ-R C. jejuni sub-
population were not assessed in this study. It is also plausible that the
specific genes providing a fitness advantage to the FQ-R C. jejuni sub-
population are strain-specific and vary across the C. jejuni population.

Another notable result from this study is that two of the FQ-R strains
(CJ-D-R and CJ-E-R) carried an additional missense point mutation in
gyrB gene which changed serine at position 460 to phenylalanine.
Several studies that screened gyrA and gyrB genes of FQ-R C. jejuni
isolates from different sources have identified various point mutations
in gyrB genes in addition to the gyrA point mutation conferring FQ re-
sistance. However, none of these gyrB point mutations have been re-
ported as missense mutations involved with the acquisition of FQ re-
sistance in C. jejuni (Bakeli et al., 2008; Payot et al., 2002; Piddock
et al., 2003; Yang et al., 2017). A study conducted by Chatur et al.
(Chatur et al., 2014) reported nonsense mutations in gyrB of FQ-R C.
jejuni isolated from human and animal sources. It appears that the oc-
currence of point mutations in gyrB reflects a common polymorphism in
Campylobacter and is expected to be observed frequently (Chatur et al.,
2014). The potential effects of the Ser-460-Phe gyrB point mutation in
C. jejuni are unknown. Given the results of the present study, this par-
ticular point mutation does not appear to affect the growth character-
istics of the strain compared to the wild-type in vitro. It is unclear if the
point mutation had any effects on the expression levels of the six genes
as the RT-qPCR comparison of the relative gene expression levels was
made only within each pair, not between pairs. Further work is needed
to better understand the effect of the Ser-460-Phe point mutation in
gyrB on the fitness of C. jejuni as well as its effect on the expressions of
the iron acquisition and regulation genes.

5. Conclusion

In summary, we investigated putative indirect selective pressures
favoring enhanced fitness of FQ-R C. jejuni over susceptible wild-type
strains, thus potentially explaining the persistence of resistant strains in

Table 2
Comparison of growth kinetics between FQ-S and FQ-R C. jejuni using pairwise
permutation statistical tests with 10,000 simulations on OD600.

Test statistics P-value

CJ-A-S vs. CJ-A-R −0.336 0.667
CJ-B-S vs. CJ-B-R −0.0232 0.982
CJ-C-S vs. CJ-C.R 1.46 0.0874
CJ-D-S vs. CJ-D-R 1.04 0.187
CJ-E-S vs. CJ-E-R −0.643 0.514
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Fig. 1. Relative expression ratio of iron acquisition and oxidative stress regulation genes in FQ-R and FQ-S C. jejuni strains over time. The solid line represents relative
expression ratio over time relative to the baseline (time point = 0) when 0 μM of 2, 2-dipyridyl was added to the culture. The dotted line represents the relative
expression ratio over time relative to the baseline (time point = 0) when 100 μM 2, 2-dipyrdyl was added to the culture to create iron-limiting conditions. * P-
value< 0.05 under a pairwise reallocation randomization test using 10,000 randomizations.
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the U.S. poultry environment despite the lack of FQ use in the industry.
Our results suggest that the hypothesis tested in the study, mainly the
limited bioavailability of iron in poultry, is not an adequate explanation
of the molecular mechanism behind the enhanced fitness of FQ-R C.
jejuni compared to FQ-S C. jejuni. Additional work comparing tran-
scriptional profiles between FQ-R and FQ-S C. jejuni from multiple
sources using RNAseq would be helpful for revealing additional genes
and molecular mechanisms that may be involved with the enhanced
fitness of FQ-R C. jejuni. Further, an examination of FQ-R strains from
the natural broiler chicken environment may lend further insight into
reasons for their enhanced competitive fitness. Given the heterogeneity
of the Campylobacter genome, characterizing genetic backgrounds of
FQ-R and FQ-S C. jejuni strains used in experiments would further im-
prove our understanding of ecology and dynamics of fluoroquinolone
resistance in C. jejuni.
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