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ABSTRACT Campylobacter jejuni and Campylobacter coli are leading causes of hu-
man foodborne illness, with poultry as a major vehicle. Turkeys are frequently colo-
nized with Campylobacter, but little is known about Campylobacter survival in turkey
feces, even though fecal droppings are major vehicles for Campylobacter within-flock
transmission as well as for environmental dissemination. Our objective was to exam-
ine survival of Campylobacter, including different strains, in freshly excreted feces
from naturally colonized commercial turkey flocks and in suspensions of turkey feces
in water from the turkey house. Fecal and water suspensions were stored at 4°C,
and Campylobacter populations were enumerated on selective media at 48-h inter-
vals. C. jejuni and C. coli isolates were characterized for resistance to a panel of antibiot-
ics, and a subset was subtyped using multilocus sequence typing. Campylobacter was re-
covered from feces and water for up to 16 days. Analysis of 548 isolates (218 C. jejuni
and 330 C. coli) revealed that C. jejuni survived longer than C. coli in feces (P � 0.0005),
while the reverse was observed in water (P � 0.0001). Strain-specific differences in sur-
vival were noted. Multidrug-resistant C. jejuni isolates of sequence type 1839 (ST-1839)
and the related ST-2935 were among the longest-surviving isolates in feces, being recov-
ered for up to 10 to 16 days, while multidrug-resistant C. coli isolates of ST-1101 were re-
covered from feces for only up to 4 days. Data on Campylobacter survival upon excre-
tion from the birds can contribute to further understanding of the transmission
dynamics of this pathogen in the poultry production ecosystem.

IMPORTANCE Campylobacter jejuni and Campylobacter coli are leading foodborne
pathogens, with poultry as a major reservoir. Due to their growth requirements, these
Campylobacter spp. may be unable to replicate once excreted by their avian hosts, but
their survival in feces and the environment is critical for transmission in the farm ecosys-
tem. Reducing the prevalence of Campylobacter-positive flocks can have major impacts
in controlling both contamination of poultry products and environmental dissemination
of the pathogens. However, understanding the capacity of these pathogens to survive in
transmission-relevant vehicles such as feces and farmhouse water remains poorly under-
stood, and little information is available on species- and strain-associated differences in
survival. Here, we employed model conditions to investigate the survival of C. jejuni and
C. coli from naturally colonized turkey flocks, and with diverse genotypes and antimicro-
bial resistance profiles, in turkey feces and in farmhouse water.
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Campylobacter spp. are zoonotic bacterial pathogens that are leading agents for
human foodborne illness worldwide (1–4), annually resulting in an estimated 0.8

million cases of foodborne illnesses in the United States alone (1). In addition to acute
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gastroenteritis, human campylobacteriosis can be followed by severe autoimmune
sequelae and constitutes the leading antecedent to Guillain-Barré syndrome (5). In the
United States and other industrialized nations, Campylobacter jejuni is responsible for
the majority (approximately 85%) of human campylobacteriosis cases, with Campylo-
bacter coli being responsible for most of the remainder (4, 6), and contaminated poultry
is considered to be a leading vehicle for human campylobacteriosis (7–9). Poultry,
including chickens and turkeys, are frequently colonized by C. jejuni and C. coli, which
can then be shed in large numbers in the feces (10–15).

Knowledge of Campylobacter survival outside its avian hosts remains poorly char-
acterized. C. jejuni and C. coli are unable to grow below 30°C but can survive for variable
lengths of time, with survival markedly better at low temperatures, such as 4°C (16–20).
Survival in water can be enhanced by association with other microbes, including other
bacteria and waterborne protozoa, such as Acanthamoeba castellanii and Tetrahymena
pyriformis (21–24). C. jejuni that had been internalized by protozoa in water from a
broiler farm survived longer than C. jejuni that remained extracellular and also exhibited
increased tolerance to disinfection (22).

Campylobacter cells are shed, often in high numbers, in the feces of asymptomatic
birds (7). Thus, poultry feces constitute a major vehicle for transmission of Campylo-
bacter to the birds within a flock and for subsequent environmental contamination. In
addition to coprophagy-mediated transmission within the flock as birds peck on
feces-contaminated litter, birds can become infected through water contaminated with
the fecal droppings (10, 11, 25). Campylobacter’s capacity to colonize chickens is
enhanced upon passage through the birds’ gastrointestinal (GI) tract and shedding in
the fecal droppings (26–30). Campylobacter in the poultry feces can be then transmitted
to other flocks and farms via insects, such as flies, and other vectors, including farm
equipment and human traffic, with potential for downstream dispersal and contami-
nation of the natural environment, e.g., surface water and soil (10, 25, 31–33).

In spite of its clear food safety and public health relevance, Campylobacter survival
in poultry feces remains poorly understood. The limited available information is focused
on survival in chicken droppings. C. jejuni was found to survive for up to 5 to 6 days in
naturally or artificially contaminated laying hen feces at ambient temperature (20°C),
with survival significantly higher in naturally contaminated feces (34–36). C. jejuni
inoculated into feces and litter from Campylobacter-negative flocks survived signifi-
cantly longer in feces than in litter, with survival found to be higher at lower temper-
atures (20°C versus 25 or 30°C) and independent of relative humidity (36). However,
major gaps remain in our knowledge of the potential impact of species- (i.e., C. jejuni
or C. coli) and strain-specific attributes, including genotype and antimicrobial resis-
tance, on survival. Reports about Campylobacter survival in turkey feces have been
lacking, even though turkeys are frequently colonized with C. jejuni and C. coli,
including multidrug-resistant strains (12, 15, 37, 38). The objective of the current study
was to employ model conditions in order to characterize survival of Campylobacter spp.
in turkey feces and in water from turkey farms. To enhance the relevance of the findings
to commercial turkey farm systems, we investigated the survival of C. jejuni and C. coli
strains of diverse antimicrobial resistance profiles and genotypes in feces excreted by
flocks that were already naturally colonized by these species and strains, as well as in
water from the turkey farmhouse.

RESULTS
Campylobacter spp. in feces and water could be recovered for up to 16 days at

4°C, with a progressive decline during this period. At time 0, Campylobacter
populations in the fecal composite samples ranged from 1.4 � 106 to 3.2 � 106 CFU/g.
Due to its growth requirements for high temperature and microaerobic atmosphere,
Campylobacter was not expected to grow in these samples, and indeed Campylobacter
levels progressively declined with time in all samples. As shown with two representative
flocks, population levels in the samples declined slowly (1- to 3-log reduction) over the
first 8 days of storage in the feces or in the water suspension (Fig. 1 and data not

Good et al. Applied and Environmental Microbiology

November 2019 Volume 85 Issue 22 e01579-19 aem.asm.org 2

https://aem.asm.org


shown). By day 16, Campylobacter spp. levels were approaching or had already reached
the limit of detection, and by day 20, no isolates could be recovered from any of the
samples (Fig. 1). The rate of decline of total Campylobacter spp. was not significantly
different (P � 0.05) between the fecal composite sample and the suspension of the
same composite sample in water; the average number of days at which Campylobacter
spp. fell below the limit of detection was 10 and 10.7 for fecal composite samples and
water samples, respectively.

Relative prevalence of C. jejuni increased with time in fecal composite samples,
while C. coli predominated at later time points in water suspensions. Campylobac-
ter species designations (C. jejuni or C. coli) were determined for 548 isolates obtained
between time 0 and 16 days from the feces or the water suspensions (Table S1 in the
Supplemental Material). Of the 548 isolates, 218 were C. jejuni, with the remaining 330
being C. coli; other Campylobacter species were not detected. The overall relative
prevalence of C. jejuni in the feces was approximately 40% at time 0 but increased in
the later time points to approximately 90% by day 14 (Fig. 2). The reverse was observed
in the water suspensions, where the relative frequency of C. coli increased with time
(P � 0.0005). Of the 55 Campylobacter isolates obtained from the water suspensions
after 8 days, all but one were C. coli (Fig. 2).

C. jejuni and C. coli with specific antimicrobial resistance profiles differ in their
survival in feces and in water suspensions. Antimicrobial resistance profiles were
determined for tetracycline (T), streptomycin (S), kanamycin (K), erythromycin (E), and
the (fluoro)quinolones nalidixic acid and ciprofloxacin (Q) and are indicated with
acronyms that reflect the observed resistance traits. Several antimicrobial resistance
(AMR) profiles were identified among the isolates, including five among C. jejuni and
nine among C. coli. Of the five AMR profiles in C. jejuni, two clearly predominated both
in the feces and in the water suspensions. The majority of the C. jejuni isolates (n � 148,
approximately 68%) had AMR profile TSKQ, i.e., resistant to all tested antimicrobials
except for erythromycin, while 57 isolates (26% of all C. jejuni) had profile TKQ, i.e.,
resistant to tetracycline, kanamycin, nalidixic acid, and ciprofloxacin but susceptible to
streptomycin and erythromycin (Fig. 3). The remaining three AMR profiles were infre-
quent; TSQ was detected in seven isolates, while TK and T were detected in three
isolates each (Table S1). In C. coli, the leading AMR profiles in both feces and water
suspensions included resistance to tetracycline and kanamycin (profile TK), followed by
AMR profiles TKQ and TQ (Fig. 4). The multidrug resistance C. coli profile TSEKQ, i.e.,
resistance to all six tested antimicrobials, was noteworthy in constituting a noticeable
(approximately 20%) fraction of the C. coli isolates in the early time points (days 0 to 2)
but not thereafter (Fig. 4).

FIG 1 Campylobacter spp. survival in turkey feces and water suspensions. Fecal composite samples
(samples 1 and 4) and water suspensions were prepared from two representative Campylobacter-positive
turkey flocks as described in Materials and Methods. Total Campylobacter populations were enumerated
on selective media (mCCDA) immediately prior to incubation at 4°C (time 0) and at 48-h intervals
thereafter, as described in Materials and Methods.
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Survival in feces differed significantly across strains of C. jejuni with different AMR
profiles (P � 0.01) (Fig. 3A). However, significant differences were not noted regarding
survival in water (P � 0.05), where C. jejuni with profiles TSKQ and TKQ predominated
in water suspensions through day 8 (Fig. 3B). As discussed above, total C. jejuni
populations declined markedly in the suspensions thereafter (Fig. 2B), and only one C.
jejuni isolate was obtained from the water suspensions after 8 days (Fig. 3B). Significant
survival differences in feces were also noted across C. coli isolates with different AMR
profiles, with the differences remaining significant in water suspensions as well
(P � 0.0001). As indicated above, the relative prevalence of C. coli with the multidrug
resistance profile TSEKQ diminished markedly after the early time points, both in feces
and in the water suspension (Fig. 4). This TSEKQ profile was exclusively encountered
among C. coli, in fact, and similar to results from previous studies of Campylobacter in
turkeys in this region (14), no erythromycin-resistant C. jejuni isolates were identified in
the study.

MLST genotyping of a panel of C. jejuni TSKQ isolates from different time points from
the feces and the water suspensions (0, 2, 8, and 10 days) revealed that all shared the
same sequence type, ST-1839, which was also detected in all but one of the seven
tested C. jejuni isolates with AMR profile TKQ (Fig. 5, Table S2). The closely related
ST-2935 (one allele difference from ST-1839) was detected in all three tested isolates of
AMR profile TSQ, which were relatively uncommon and identified primarily in the feces
and at later time points (days 12, 14, and 16) (Tables S1 and S2 and Fig. 5). One may
speculate that C. jejuni ST-1839, of AMR profiles TSKQ or TKQ, and the related ST-2935
(AMR profile TSQ) may have high fitness for survival of Campylobacter after excretion.

FIG 2 Relative survival of Campylobacter jejuni and C. coli in turkey feces and water suspensions.
Campylobacter colonies from the mCCDA plates used for enumerations of total Campylobacter popula-
tions from the feces and the water suspensions at different time points (see legend to Fig. 1) were
purified and speciated as described in Materials and Methods. C. jejuni and C. coli are shown in red and
blue, respectively.
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It is also of interest that ST-2935 isolates were primarily detected at later time points,
and only from feces, raising the possibility that they might represent variants of ST-1839
with enhanced capacity to survive in feces. Even though ST-1839 and ST-2935 are
genetically similar based on the concatenated allele sequences (Fig. 5), further se-
quence analysis will be needed to more adequately assess the genetic differences that
may account for differences in AMR profiles and potentially in fitness.

A number of STs were detected among C. coli. ST-1833 and the closely related
(one-allele difference) ST-1192 were detected among C. coli isolates of the two leading
AMR profiles, TK and TKQ, isolated from feces and water at various time points (0, 2, 10,
and 16 days) (Tables S1 and S2 and Fig. 5). C. coli with the third-ranking AMR profile, TQ,
had ST-1161, related to both ST-1833 (two-allele differences) and ST-1192 (one-allele
difference). Also related (two-allele differences) to these STs was C. coli with ST-7731
and AMR profile TEKQ (Tables S1 and S2 and Fig. 5). Noteworthy was ST-1101, which
was encountered among the multidrug-resistant C. coli TSEKQ and was phylogeneti-
cally remote, sharing no alleles with the other C. coli STs (Table S2 and Fig. 5). As
discussed above, C. coli TSEKQ isolates were primarily obtained from early time points,
and their relative prevalence diminished markedly with time.

DISCUSSION

The turkey flocks employed for materials in the current study were from a region
(eastern North Carolina) dense in turkey production, and turkey flocks from this region

FIG 3 Relative prevalence of Campylobacter jejuni strains with different antimicrobial resistance (AMR)
profiles at different time intervals in (A) feces and (B) water suspensions. AMR profiles were determined
as described in Materials and Methods. AMR profile acronyms specify resistance to the following
antimicrobials: tetracycline (T), streptomycin (S), kanamycin (K), and the (fluoro)quinolones nalidixic acid
and ciprofloxacin (Q). The combination of letters indicates the specific AMR profile, e.g., TSEKQ indicates
resistance to all tested antimicrobials, while TKQ indicates resistance to only tetracycline, kanamycin, and
the quinolones nalidixic acid and ciprofloxacin.
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were previously found to be frequently colonized with both C. jejuni and C. coli (14, 38).
Similarly, both species were encountered in the current study. Interestingly, C. jejuni
survived significantly longer than C. coli in the feces, while the opposite was noted
when feces were suspended in water from the turkey house. Such species-specific
differences in survival in poultry feces versus water suspensions have not been reported
before, and the underlying mechanisms remain to be elucidated. One possibility is that
C. coli might have higher fitness than C. jejuni in protozoa present in the farm water.
Protozoa were commonly found in the water systems of broiler farms, and the survival
of C. jejuni and C. coli was shown to be significantly enhanced when cocultured with
protozoa from the water systems (22). The presence of protozoa was not assessed in
the turkey-house water in the current study, and the extent to which C. coli may have
a fitness advantage in waterborne protozoa remains to be demonstrated, e.g., via
cocultures with protozoa. Furthermore, studies using feces from flocks colonized with
C. jejuni and C. coli strains different from those prevailing here will be valuable to
determine whether the findings that we observed here pertain generally to C. coli
versus C. jejuni.

Strain-specific differences were noted in survival, supporting previous data which
were obtained with broiler feces naturally colonized with C. jejuni and stored at 20°C.
In that study, genotyping employed fla typing, and of the five detected fla types, some
tended to predominate in later time points after shedding (34). Our findings also
strongly suggested that multidrug-resistant C. coli isolates with resistance profile TSEKQ
had impaired capacity to persist in feces or water compared to other C. coli strains.

FIG 4 Relative prevalence of Campylobacter coli strains with different antimicrobial resistance (AMR)
profiles at different time intervals in (A) feces and (B) water suspensions. AMR profiles were determined
as described in Materials and Methods. AMR profile acronyms specify resistance to the following
antimicrobials: tetracycline (T), streptomycin (S), erythromycin (E), kanamycin (K), and the (fluoro)quino-
lones nalidixic acid and ciprofloxacin (Q).
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Traits that may compromise the fitness of these strains have yet to be elucidated. In
another study with commercial turkeys in the same region (eastern North Carolina), we
discovered that C. coli TSEKQ isolates of ST-1161, ST-1149, and ST-906, related (one- to
three-allele differences) to ST-1101 of C. coli TSEKQ in the current study, were frequently
isolated from the cecal contents of young turkeys in the first 5 weeks of life, but their
frequency declined significantly as birds aged (39). Such data had led to the hypothesis
that these strains may have relatively low fitness in regard to their capacity to compete
with other Campylobacter strains and other microbes in the gut as birds age (39). The
current data suggest that C. coli TSEKQ with ST-1101 may also have relatively impaired
fitness after excretion. It would be of interest to identify potential linkages between the
low fitness of these strains in the feces from the relatively old birds in the current study
(flocks were, on average, 12.8 weeks old when feces were collected) and their previ-
ously observed significant decrease in cecal prevalence with increasing age of the flocks
(39).

In the current study, Campylobacter could be recovered from most fecal samples for
up to 12 to 16 days at 4°C. This was noticeably longer than the observed survival of C.
jejuni either naturally present or spiked in chicken feces which were then incubated at
higher temperatures than we employed (20 to 30°C); in those studies, C. jejuni could
only be recovered from the chicken feces for up to 5 to 6 days (34–36). Storage
temperature may be a key reason for the observed differences, since Campylobacter
survival is enhanced at low temperature (17, 19, 40). The low temperature (4°C)
employed in the current study was intentionally chosen to enhance the potential to
detect differences in survival among different strains of C. jejuni and C. coli shed by the
birds in the feces. Campylobacter strains can differ in their cold tolerance (41–44), and
such differences may contribute to the current findings. In addition to temperature,
other attributes, including the avian source (chicken versus turkey) and the Campylo-
bacter species and strains involved, may contribute to the observed differences in
survival between our study and others.

Previous studies of survival of Campylobacter shed by colonized poultry involved
only C. jejuni (34–36), whereas both C. jejuni and C. coli were shed in the feces and
monitored in the current study. Previous studies also did not compare survival in feces
and farm water and did not provide information on AMR profiles or STs of the C. jejuni
strains that were investigated (34–36). Inclusion of ST or other readily cross-comparable
genotypic designations, as well as antimicrobial resistance data, will be increasingly

FIG 5 Phylogenetic tree of Campylobacter jejuni and C. coli strains with different sequence types (STs).
The tree includes information on (A) time point at which the strains with the specific STs were obtained
and (B) the AMR profiles of the same strains. The phylogenetic tree was constructed based on the
concatenated sequence of the seven alleles as described in Materials and Methods.
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useful for meaningful comparisons of the findings from different studies. It will, in
addition, facilitate placement of findings from diverse regions and laboratories in the
wider context of Campylobacter strain diversity and antimicrobial resistance.

In the current study, we characterized AMR profiles and genotypes of C. jejuni and
C. coli strains isolated following different lengths of time in the feces or the water
suspensions. Even though strains with certain AMR profiles and MLST-based genotypes
differed in their capacity to survive in these materials, the underlying factors remain to
be identified. Current data permitted the identification of associations between strain-
specific traits such as resistance and genotype and relative survival capacity but do not
constitute evidence of causality. The potential contribution of AMR profiles to persis-
tence cannot be assessed with the current design of the study, which specifically
investigated strains that had naturally colonized the flocks and were excreted in the
feces in the farm environment. Such strains are genotypically diverse, and multiple
attributes can contribute to their performance in feces and water. Genetic character-
ization of these strains via whole-genome sequence analysis is expected to be valuable
in identifying potential genome content associations with strain-specific differences in
survival in transmission-relevant vehicles that we observed in the current study.

The finding that C. jejuni survived significantly longer in feces than C. coli is
important from a public health perspective. C. jejuni accounts for over 85% of human
campylobacteriosis. Thus, higher relative fitness of C. jejuni in the feces may suggest
greater potential for preharvest colonization of turkey flocks with this species. As men-
tioned earlier, Campylobacter can spread within a turkey house directly via coprophagy or
among different turkey houses and farms via vectors such as flies, equipment, and
transport crates as well as via human traffic, e.g., through footwear, clothing, and
vehicles (10, 25, 31–33). During slaughter and processing, birds that became colonized
with Campylobacter at the farm are more likely to lead to contamination of the
carcasses with Campylobacter from the birds’ intestinal contents (11, 45).

The current study monitored levels of Campylobacter populations naturally shed in
the feces of Campylobacter-positive turkeys. This alleviates potential pitfalls associated
with inoculation of feces or water with laboratory-grown strains of C. jejuni or C. coli and
enhances the real-life relevance of the survival assessments. Further characterization of
Campylobacter survival outside the poultry host will enhance our understanding of
Campylobacter transmission within the farm ecosystem, as well as potential dissemi-
nation of the pathogen to the natural environment. Findings from such studies can
inform assessments of the food safety and public health risk posed by different
Campylobacter species and strains in the poultry production ecosystem, contributing to
science-based interventions to reduce the disease burden of campylobacteriosis.

MATERIALS AND METHODS
Sample collection. Fecal droppings and water samples were obtained from seven turkey flocks

grown conventionally at six different commercial turkey farms in eastern North Carolina between 29 July
2012 and 11 April 2013. Flock surveillance for a different project at our laboratory had indicated that
these turkey flocks were Campylobacter positive and colonized with different Campylobacter species (C.
jejuni and C. coli) and strains. All turkeys were males (toms) with an average age of 90 days (approxi-
mately 12.8 weeks) at the time that fecal droppings were collected for the present investigation.

Collection and processing of fecal droppings and water. During the visit to each turkey flock,
eight fresh individual turkey droppings (two from each quarter of the turkey house) were collected.
Droppings were considered to be fresh upon visual observation of voiding. During the same visit, 50 ml
of water was collected from the same turkey house from drinking water available for the birds. Fecal and
water samples were brought to the laboratory on ice within 3 hours of collection and processed on the
same day.

In the laboratory, a fecal composite sample was prepared in a 50-ml sterile plastic Falcon tube
(Becton, Dickinson and Co., San Jose, CA) by combining all eight individual turkey droppings and mixing
them using a sterile metal spatula. Water suspensions were made in 15-ml sterile plastic Falcon tubes
(Becton, Dickinson and Co.) by adding 1 g of the fecal composite sample into 9 ml of the water from the
turkey house and vortexing. The fecal composite and the water suspension were stored in the dark
at 4°C.

Isolation and enumeration of Campylobacter spp. Beginning on day 0 (immediately prior to
placement of the samples at 4°C), dilutions of both the fecal composite sample and the water suspension
were plated on the selective medium modified charcoal-cefoperazone-deoxycholate agar (mCCDA)
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(Oxoid, Ogdensburg, NY) for isolation and enumeration of Campylobacter spp. Plates were incubated
microaerobically using Campy GasPaks (Becton, Dickinson and Co.) at 42°C, and colonies were enumer-
ated after 48 h of incubation. Enumerations were done at 48-h intervals until the number of Campylo-
bacter colonies declined to near or below the detection limit (100 CFU/g feces or 100/ml of the water
suspension). At every time point, 10 to 16 presumptive Campylobacter colonies were isolated and
purified on Mueller-Hinton agar (MHA) (Becton, Dickinson and Co.) following microaerobic incubation at
42°C for 48 h as described above. Purified cultures were preserved at – 80°C as described (14).

Species and antimicrobial resistance profile determinations. Campylobacter species designations
(C. jejuni or C. coli) of a panel of 545 isolates from four flocks, each grown on a different farm, are
summarized in Table S1. Designations were determined by multiplex PCR using primers specific for hip
and ceu, as described (46). Isolates were tested as described (37) for susceptibility to a panel of six
antibiotics, tetracycline (T), streptomycin (S), erythromycin (E), kanamycin (K), and the (fluoro)quinolones
nalidixic acid and ciprofloxacin (Q). The pan-sensitive strain C. jejuni ATCC 33560 (American Type Culture
Collection) was used as a quality control strain. All isolates were simultaneously grown on MHA plates
to ensure viability. Antimicrobial resistance profiles are presented with acronyms that reflect the
encountered resistance traits from among the tested antimicrobials. For instance, T represents an isolate
with resistance only to tetracycline, while TKQ indicates an isolate with resistance to tetracycline,
kanamycin, nalidixic acid, and ciprofloxacin but susceptible to the remaining two tested antimicrobials,
and isolates with profile TSEKQ were resistant to all six tested antimicrobials.

Multilocus sequence typing and phylogenetic tree construction. A subset of isolates was char-
acterized by multilocus sequencing typing (MLST) as described (47). The isolates were chosen to
represent the two Campylobacter species that were encountered, i.e., C. jejuni and C. coli, the different
time points, as well as the different antimicrobial resistance profiles. Thus, efforts were made to include
isolates representing each specific species/antimicrobial resistance profile from each time point. All
sequence data were deposited in PubMLST (https://pubmlst.org/campylobacter/) (48), and the MLST
profiles identified in this study were downloaded from PubMLST as in-frame concatenated allele
sequences. The concatenated sequences were aligned using ClustalX, and a dendrogram was con-
structed within MEGA v. 6 (49) using the neighbor-joining method with the Kimura 2-parameter distance
estimation method.

Statistical analysis. Statistical analyses employed Chi-square and Fisher’s exact tests and were
conducted using SAS v. 9.3 (SAS Institute, Cary, NC). Linear models for mean log CFU were developed
treating time points either as a factorial effect or as a continuously valued regressor with effect quantified
by a slope. Sample type (feces or water) was included as a factorial effect, along with a possible
interaction term with time point to allow for the possibility that the change over time depended on
sample type. Fisher’s exact test was used to determine whether there were differences among strains
with different antimicrobial resistance (AMR) profiles in terms of how long they survived in feces or water.
Two-way contingency tables were constructed between time and strain (AMR profile), separately for each
species and sample type (feces and water). Time was dichotomized according to t � 4 days or t � 4 days.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AEM

.01579-19.
SUPPLEMENTAL FILE 1, PDF file, 0.6 MB.
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