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Abstract: Campylobacter is the most frequent foodborne zoonotic bacteria worldwide, with chicken
meat being overwhelmingly the most important reservoir for human infections. Control measures
implemented at the farm level (i.e., biosecurity or vaccination), which have been successfully applied
to limit other pathogens, such as Salmonella, have not been effective in reducing Campylobacter
occurrence. Thus, new approaches are needed to fully understand the ecological interactions of
Campylobacter with host animals to effectively comprehend its epidemiology. The objective of this
study was to analyse longitudinally the gut microbiota composition of Campylobacter-infected and
non-infected farms to identify any difference that could potentially be indicative of gut colonization
by Campylobacter spp. Differences in the colonization rate and timing were observed at the farms that
became positive for Campylobacter jejuni over the investigated time points, even though in positive
tests, the occurrence of Campylobacter jejuni gut colonization was not observed before the second
week of the life of the birds. Significant differences were observed in the abundances of specific
bacterial taxa between the microbiota of individuals belonging to farms that became Campylobacter
positive during the study and those who remained negative with particular reference to Bacteroidales
and Clostridiales, respectively. Moreover, Campylobacter colonization dramatically influenced the
microbiota richness, although to a different extent depending on the infection timing. Finally, a
key role of Faecalibacterium and Lactobacillus genera on the Campylobacter microbial network was
observed. Understanding the ecology of the Campylobacter interaction with host microbiota during
infection could support novel approaches for broiler microbial barrier restoration. Therefore, evidence
obtained through this study can be used to identify options to reduce the incidence of infection at a
primary production level based on the targeted influence of the intestinal microbiota, thus helping
develop new control strategies in order to mitigate the risk of human exposure to Campylobacter by
chicken meat consumption.
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1. Introduction
Thermotolerant Campylobacters constitute the most frequent bacterial cause of intestinal infection in many developed countries [1]. In 2018, Campylobacter was the most
commonly reported gastrointestinal bacterial pathogen in humans in the European Union
(EU), particularly the species C. jejuni and C. coli, with 246,571 confirmed cases of campylobacteriosis, corresponding to an EU notification rate of 64.1 per 100,000 population [2].
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Such significant numbers of Campylobacter infections have been recorded since 2005, and
numbers are increasing over time [2]. Foods of animal origin, in particular chicken meat,
have been identified as significant sources of this enteropathogen [3]
Birds become infected with Campylobacter via the faecal-oral route, after which the
microorganism colonizes the intestinal tract and establishes itself in the caecum, the organ
that carries the highest loads of this pathogen [4]. Campylobacter also colonizes the
small intestine and, to a lesser extent, liver, spleen, deep muscle, thymus, and bursa of
Fabricius [5–7]. C. jejuni and C. coli are extremely prevalent in poultry production. In
the EU, up to 80% of flocks harbour these bacteria, although the exact prevalence varies
according to country [2]. Similarly high levels of transference to poultry meat following
processing were recognized [8,9]. Different Campylobacter subtypes are usually isolated
within the same flock as a possible consequence of continuous flows of new Campylobacter
from different sources entering the poultry flocks. Infection is seldom detected in chickens
that are less than 1–2 weeks old, but once Campylobacter colonizes an individual animal,
transmission occurs rapidly, resulting in infection of nearly the entire flock within a few
days [8].
To date, most strategies to reduce Campylobacter colonization in chickens and, thus,
its release into the farm environment have not been effective [2], to the detriment of food
safety. Nevertheless, methods based on the mechanism of competitive exclusion have been
widely explored, and several studies demonstrate that modification of intestinal microbiota
may be effective in outcompeting Campylobacter challenges [10,11]. For the development of
effective intervention strategies in this direction, it is important to adequately characterize
the intestinal microbiota of chickens [12–15]. Most of the studies that have been published
to date have been based on culture methods, or on relatively simplified molecular biologybased approaches [16]. Conversely, the use of a metagenomic approach has demonstrated
efficacy in detailing chicken gut microbiota and relationships between bacteria [12,17].
The main objective of the present work was to explore the dynamic changes of chicken
gut microbiota composition occurring during Campylobacter infection, with particular
emphasis on the first stage of colonization. Although chickens are more likely to harbour
Campylobacter with age because of rapid changes within their microbial communities, some
animals remain negative throughout their entire production cycle. This evidence in turn
suggests that some form of microbial community could be associated with protection
of the gut from Campylobacter colonization. This protective community could be partly
maintained in farms that remain Campylobacter-free during the whole production cycle. The
present work aims to test this hypothesis to support the development of effective control
strategies for Campylobacter in broilers at the pre-harvest stage.
2. Materials and Methods
2.1. Sampling Design
Campylobacter infection dynamics were investigated in four broiler farms located
in Northern Italy (farms 1, 2, 3, and 4) sampled at the same time of the year. These
farms utilized the same biosecurity measures, the same diet, antimicrobial(s) usage, and
vaccination protocols and were comparable in size and management approaches and
housed birds that derived from the same parental lineage (Ross, Aviagen).
For each farm, one flock among those housed in the same barn during the entire study
period was randomly chosen and longitudinally monitored for the entire production cycle.
For each farm and sampling event, a total of 16 birds were randomly sampled, for a total of
80 birds for each sampled farm.
Sampling was performed at five different time points (days 7, 14, 21, 28, and 35 after
chickens hatched). The sampling scheme was performed following Evans et al. [18]. Birds
were anesthetised with Zoletil (0.15 mL/Kg intramuscular administration, Virbac S.r.l.
Milano, Italy) and then humanely euthanized with Tanax® (0.3 mL/kg, intravenous administration, MSD Animal Health S.r.l. Milano, Italy), and caecal samples were collected for
analysis. From each caecal sample, two independent biological replicates were collected by
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means of swabs (FecalSwabTM, Copan Diagnostics Inc, Brescia, Italy). Aseptic techniques
and disposable equipment were used for each sample. The entire work flow was approved
by the IZSVe ethics committee (OpBA project n. 05/2015).
2.2. Campylobacter Identification from Caecal Swabs
Campylobacter from individual caecal swabs was isolated and identified as follows.
Each caecal swab was vortexed with 2 mL swab medium (modified Cary Blair medium,
Copan Diagnostics Inc., Brescia, Italy), and a 1 mL volume of caecal suspension was added
to 9 mL of Preston Broth (ISO 10272) in a 15 mL test tube. The tube was inverted three
times, pierced in the upper part, and incubated under microaerophilic conditions for 48 h
at 41.5 ± 1 ◦ C.
After incubation, Preston cultures were checked for the presence of C. jejuni, C. coli,
and C. lari by using the Real Time PCR iQ-Check® Campylobacter (Bio-Rad Laboratories,
Inc., Hercules, CA, USA) kit according to the producer’s instructions.
Preston Broth cultures that were positive by Real Time PCR were then processed
to isolate Campylobacter. Briefly, an aliquot of each PCR-positive Preston Broth culture,
obtained after incubation of the caecal swab content, was incubated under microaerophilic
conditions for an additional 48 h at 41.5 ± 1 ◦ C on Campylobacter Charcoal Differential
Agar (CCDA) Petri plates. One typical Campylobacter suspected colony was isolated from
each plate, transferred to Blood Agar (AS) plates, and incubated under microaerophilic
conditions for 48 h at 41.5 ± 1 ◦ C. Positive colonies were typed by PCR according to Denis
et al. [19]. C. jejuni ATCC 29,428 and C. coli 590/2 (belonging to the standard collection of the
EU Community Reference Laboratory for Campylobacter-CRL Bilthoven, The Netherland)
were used as positive controls.
2.3. Metataxonomics
For each selected farm, on days when the sampling showed all caeca tested negative or positive for Campylobacter, five samples randomly selected were subjected to
metataxonomic investigation. For each sampling day when both positive and negative
birds coexisted (day 28: farm 3 and day 14: farm 4), to better intercept changes in the microbiota composition, five extra samples were subjected to metataxonomic investigation. The
entire sampling schemes finally accounted for 110 caecal samples (with suitable biological
replicates for samples) that were processed.
2.3.1. DNA Extraction
Total DNA for metataxonomic analysis was extracted using a column-based kit (QIAamp DNA Mini Kit, QIAGEN, Hilden, Germany) starting from 200 µL of caecal content,
following the manufacturer’s instruction. Thermal lysis was carried out for 2 h, and
RNaseA (100 mg/mL) was added to each sample to ensure RNA-free preparation. Total
DNA was resuspended in 200 µL of nuclease-free water and stored at −20 ◦ C until library
preparation for sequencing.
2.3.2. 16SrDNA Sequencing
Extracted DNA was used as a template in amplicon PCR to target the hypervariable V3
and V4 regions of the bacterial 16S rRNA gene. The 16S metagenomics library was prepared
according to the Illumina 16S Metagenomic sequencing Library Preparation protocol,
using the primers Bact341F and Bact785R (Fwd: CCTACGGGNGGCWGCAG and Rev:
GACTACHVGGGTATCTAATCC) previously described by Klindworth A et al. [20]. PCR
clean-up was performed with Agencourt AMPure XP beads (Beckman Coulter Genomics,
Indianapolis, IN, USA). Samples were equimolarly pooled, and sequencing was performed
with an Illumina HiSeq2500 sequencer in RAPID (2 × 250 bp) mode. Read sequences were
deposited in the Sequence Read Archive (SRA) of the NCBI (http://www.ncbi.nlm.nih.
gov/sra) BioProject PRJNA688683.
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2.3.3. Read Preprocessing and OTU Table Construction
After sequencing, data underwent a quality control procedure using the FastQC
tool [21]. Data were then cleaned by removing adapters, primers, and performing dereplication of sequences using an in-house bash script. In addition, data were filtered based on
the quality and length of the reads, so that only data with a quality higher than a given
threshold (QPhred ≥ 20) and reads longer than 100 bp were retained. All subsequent
steps were performed using python scripts that are part of the QIIME1 pipeline (version
1.9.0) [22]. Data obtained from the filtering step underwent read pairing in order to obtain a
single file in which the reads obtained by sequencing the 16S fragments on the forward and
reverse strands were joined by their overlapping region. Then, an OTU picking step was
performed, assigning reads to a particular taxonomy by directly mapping the same reads
to a 16S sequences database (GreenGenes database [23], last release May 2013). Following
the technique described in Barruzzo et al. [24], the obtained count table was pre-processed
with GMPR tool [25] for normalization and with scImpute [26] for zero-imputation. This
was done to minimize sequencing process biases, and a weighted mean over replicates that
accounted for sequencing depth was retained for further analysis.
2.3.4. Microbiota Analysis
All the statistical analyses and the visualizations were produced within the R environment [27] using appropriate packages (stats [27], ggplot2 [28], DiversitySeq [29], phyloseq [30]). Alpha diversity analysis was performed on the pre-processed count table by
means of the DiversitySeq [29] package, choosing the Observed Richness index for richness
calculation, and the Pielou index for evenness. On the same data, we performed Non-Metric
Multidimensional Scaling (NMDS) dimensionality reduction using phyloseq [30] functions,
choosing the Bray–Curtis distance as a measure for beta diversity. Finally, with the aim of
understanding the Campylobacter interaction network, we applied the MetaMIS tool [31]
to proportional abundances related to farm 4 data, i.e., the farm that first became positive
and, consequently, that had sufficiently extended time-series data including both negative
and positive samples.
2.4. Statistical Analysis
One-way ANOVA was applied to determine differences in caecal microbial communities among the four farms and between Campylobacter negative and positive samples when
data were normally distributed, as suggested by Zou and co-authors [32]; otherwise a
Kruskal–Wallis test was performed; p-values < 0.01 were considered statistically significant.
In addition, a Kruskal–Wallis test was performed on samples from farms 1 and 2 to test for
statistically significant differences in alpha diversity values; p-values < 0.05 were considered statistically significant. PERMANOVA tests were conducted (adonis2 function of the
vegan R package, version 2.5–7) on the Bray–Curtis distance matrix to test for differences
between the two negative farms, between the two positive farms, and between samples
related to early and late phases of farm 4 birds’ lives.
3. Results
3.1. Dynamics of Campylobacter Infection over Time
Time-series analyses were conducted to investigate the dynamics of Campylobacter
infection at four broiler farms, monitoring them weekly for 35 days after hatching, corresponding to the whole production cycle. Two out of four farms showed Campylobacter
infection at different time points (farms 3 and 4), while two farms remained negative during
the entire time span (farms 1 and 2, Table 1). C. jejuni was the only species isolated during
the entire study; we did not detect C. coli in any of the broiler caeca examined.
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Table 1. Campylobacter infection dynamics over time for the four sampled farms. The number of
positive animals over the total sampled is reported for each time point (from days 7 to 35 after
hatching). Green cells indicate Campylobacter negative sampling points while Orange cells indicate
Campylobacter positive ones.
Farm
1
2
3
4

Day 7
0/16
0/16
0/16
0/16

Day 14
0/16
0/16
0/16
5/16

Day 21
0/16
0/16
0/16
16/16

Day 28
0/16
0/16
7/16
16/16

Day 35
0/16
0/16
16/16
16/16

3.2. Effect of C. jejuni Colonization on the Caecal Microbial Community Composition
Time series metataxonomic analyses were conducted to investigate the changes in
birds’ caecal microbiota in relation to the dynamics of Campylobacter infection.
A total of 35,393,214 quality controlled sequence reads, with an average length of
443.67 ± 3.29, were resolved into 5410 OTUs. Considering all samples together, the average number of assigned counts was 160,878.245, with a range of 52,762 to 945,882. After
cleaning the dataset from archaea and cyanobacteria reads and singletons (i.e., OTUs present
in a single caecal sample with count 1), 4010 OTUs distributed among 17 phyla remained.
The relative abundance of the genus Campylobacter in the studied caecal microbiota is
reported in the Supplementary Table S1. We observed strict concordance between Campylobacter infection in caeca, as assessed by the standard bacterial culture method we used,
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and the presence of Campylobacter DNA in caecal matter, as confirmed by metataxonomics.
Figure 1 shows the results obtained for the taxonomic assignment at the order level, for the
four studied farms. This representation was chosen as an acceptable compromise between
the clarity of graphical representation and the detail of taxonomic information.

Figure 1. Chicken caeca microbial community composition at the order level. The 20 most proportionally abundant (in
mean) orders are explicitly shown, while the remaining portion of microbial contributions is grouped in the “Other” category.
Negative samples are labelled with a green N on the x-axis, the positive ones with a red P.
Figure 1. Chicken caeca microbial community composition at the order level. The 20 most proportionally abundant (in
mean) orders are explicitly shown, while the remaining portion of microbial contributions is grouped in the “Other” category. Negative samples are labelled with a green N on the x-axis, the positive ones with a red P.
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After annotation with the GreenGenes database, the most abundant bacterial order
at all the selected farms was Clostridiales, ranging from 29.8% to 94.0% (median: 76.6%).
Caeca from Campylobacter-negative and -positive farms showed different microbial community compositions. The relative abundance of Clostridiales was higher in caeca from
the Campylobacter-negative farms than in those from the positive ones (80.0% vs. 65.7%;
p < 0.01, Kruskal–Wallis test). An opposite result was observed for Bacteroidales, an order
that was more abundant in caeca from Campylobacter-positive farms than in those from
the negative ones (17.7% vs. 7.7%; p < 0.01, Kruskal–Wallis test). As expected, the order
Campylobacterales was more abundant in the caeca from the Campylobacter-positive farms
than in those from the negative ones (2.7% vs. 0.0%; p < 0.01, Kruskal–Wallis test). No
additional statistically significant differences were observed.
Interestingly, Clostridiales and Bacteroidales were also different in terms of abundance
between the two negative farms. In particular, Clostridiales were more abundant in caeca
from farm 1 than in those from farm 2 (82.9% vs. 77.2%; p < 0.01, one-way ANOVA), while
Bacteroidales were more abundant in caeca from farm 2 than in those from farm 1 (11.3% vs.
4.1%; p < 0.01, one-way ANOVA).
When considering the two positive farms together and comparing negative and positive caeca, some differences emerged. In Campylobacter-positive caeca, a lower abundance
of Bacillales (1.0% vs. 3.2%; p < 0.01, Kruskal–Wallis test) and a higher abundance of Bacteroidales (21.9% vs. 13.5%; p < 0.01, Kruskal–Wallis test) were observed; a similar result was
observed for the Campylobacterales (5.4% vs. 0%; p < 0.01, Kruskal–Wallis test), as expected.
No additional remarkable differences were observed. Although not statistically significant,
the positive caeca from positive farms harboured several orders at very low abundance, e.g.,
the Rhodobacterales, the Pseudomonadales, or the Rhizobiales (see Supplementary Table S2).
Generally, three main caecal community composition structures can be ascertained
in the studied caecal samples. The first one was typical of birds belonging to farms that
remained Campylobacter-free during their entire production cycles (farms 1 and 2). In these
birds, the Clostridiales dominated over other bacterial orders, accounting for more than
75% of the entire microbiota and together with the Bacteroidales forming up to 90% of the
community. In terms of relative abundance, these two orders were generally followed by
a few taxa (Bifidobacteriales, Erysipelotrichales, Lactobacillales, and Bacillales), each of them
accounting for about 2% of the entire microbial community within the birds’ caeca.
A second scenario was observed in the birds that remained Campylobacter-free but
belonging to farms that become infected by C. jejuni over time (farms 3 and 4). In these birds’
caeca, the most abundant order (the Clostridiales) comprised less than the 70% of the entire
microbial community, the Bacteriodales more than 10%, the Bifidobacteriales, Lactobacillales,
and Erysipelotrichales were stable and together accounted for 2% of the entire community,
with the Enterobacteriales and the Bacillales comprising, on average, less than 1% of the
entire community.
Finally, a third scenario was identified for Campylobacter-positive birds. Here, the
microbial communities of caeca from these birds were characterized by Clostridiales and
Bacteroidales, together accounting for more than 80% of the entire community, followed by
the Campylobacterales, which dominated over the other less abundant orders.
3.3. Effect of C. jejuni Colonization on Caecal Microbial Community Diversity
Estimates of microbial community diversity were assessed using two measures of
alpha-diversity, OTU richness and Pielou index of evenness, and are reported in Figure 2.
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Figure 2. Alpha diversity analysis in terms of OTU richness (top) and Pielou index (bottom). Results are divided according
to whether the sample was positive or negative for Campylobacter. Green box plots were constructed from negative samples’
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(Figure 4).
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belonging to young birds and a change in the microbiota structure that is age related and
Campylobacter infection driven. Given the position in the graph of gut microbiota from
two birds belonging to Farm 2 (Campylobacter negative), suggesting a community shift
towards the typical structure of Campylobacter-positive microbiota (1st Cartesian Quad),
we can speculate a possible late Campylobacter infection not yet detectable due to the short
broiler production cycle. However, we cannot exclude the possibility that the differences
in the colonization rate among farms could be related to differences at the Campylobacter
strain level and/or to the presence of possible co-infections with non-bacterial pathogens
(i.e., Coccidia) [42].
Secondly, we identified significant differences in the abundances of specific bacterial
taxa between the individuals belonging to farms that became Campylobacter-positive during
the study, and those in farms that remained Campylobacter-negative, with particular reference to Bacteroidales and Clostridiales, respectively. However, these differences boiled down
to the Bacteroidales only, when comparing both negative and positive individuals belonging
to Campylobacter-positive farms. In this last case, Bacillales also differentiated negative
and positive birds belonging to those farms. These results suggest that the abundance of
specific taxa in the microbiota might reduce the resilience of chicken microbiota towards
Campylobacter colonization. Similar results were also found in other experimental settings
conducted both in humans exposed to Campylobacter for occupational reasons [43] and
in experimentally infected mice [44,45]. Remarkably, a difference in the abundances of
Clostridiales and Bacteroidales was noticed also between the individuals belonging to the two
negative farms, even though the relative abundance of Clostridiales was generally greater
than that found in the individuals belonging to the positive ones. This suggests some
level of inter-individual variability in the abundance of certain taxa among individuals less
susceptible to Campylobacter colonization.
Thirdly, as far as microbial diversity is concerned, in agreement with previous studies [46–48], the richness and the evenness of caecal microbiota were strongly influenced
by birds’ age, for both negative and positive farms. In addition, Campylobacter colonization dramatically influenced the microbiota richness of positive individuals although to a
different extent depending on the timing of the infection. Indeed, a dramatic increase in
caecal microbiota richness was noticed only when infection occurred at an early stage in
the birds’ life (farm 4, day 14); moreover, the caecal microbiota evolved differently over
time, in terms of microbiota diversity, as observed for the two positive farms that showed
a different timing of infection. We cannot exclude the possibility of a mutual interplay
between Campylobacter and the resident microbial community in birds belonging to the two
farms, dependent on the Campylobacter load.
Lastly, in order to investigate whether the correlation between specific bacterial taxa
and susceptibility to Campylobacter caecal colonization was due to a direct inhibitory effect
of the commensals or to their influence on the caecal milieu, we performed a network
analysis to reveal the key role of Faecalibacterium and Lactobacillus genera in this scenario.
Interestingly, these two taxa were not directly contrasted by any other community component but instead, they were found to exert a positive action against six different taxa (i.e.,
Limnobacter, Parabacteroides, Pseudomonadaceae, Sutterella, Sphingobium, and Oxalobacteraceae)
that in turn were exposed to the negative action triggered by Campylobacter itself. Thus,
these six taxa might be involved in the maintenance of the resilience within the microbial
community, under the positive effect of Faecalibacterium and Lactobacillus. These results are
in agreement with previously published studies that describe the competitive reduction
of C. jejuni obtained by increasing the microbial load of Lactobacillus, even though these
studies did not investigate specifically the ecological network of Campylobacter [49–52].
A statistically significant association between the increase in Faecalibacterium in chicken
caeca and Campylobacter infection was observed previously [53]. Evidence collected from
humans suggests that Faecalibacterium prausnitzii, a butyrate-producing bacterium [54],
localizes itself near the epithelial cells, as it attaches to the mucous layer [55]. Translating
this information to chickens, Thibodeau and colleagues [53] considered the possibility that
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Faecalibacterium shares the same ecological niche with Campylobacter. However, the authors failed to determine how Campylobacter could positively interact with Faecalibacterium
and the relative importance of Faecalibacterium for chicken intestinal health, as the ability
of Faecalibacterium to produce butyrate, reported to be detrimental to C. jejuni [56], appeared to contradict Faecalibacterium’s positive association with C. jejuni [53]. Consequently,
the current study is the first to reveal and define the mutualistic relationship between
these two bacterial genera (Faecalibacterium and Campylobacter), which occurs by means of
an intermediate microbial conglomerate (Limnobacter, Parabacteroides, Pseudomonadaceae,
Sutterella, Sphingobium, and Oxalobacteraceae) that appears to modulate their mutual interactions. Moreover, the network topology suggests the possibility of a commensalistic
relationship between Faecalibacterium and the intermediate microbial conglomerate; conversely, an amensalistic relationship could be in place between the intermediate microbial
conglomerate and Campylobacter.
Taken together, these findings pave the way for an evidence-based design of customized gut microbial communities, potentially usable to counteract Campylobacter colonization of broiler caeca for the benefit of food safety.
5. Conclusions
Novel approaches aimed at restoring broiler’s microbial barrier during Campylobacter
infection might result from the findings of the present study. This might help develop new
control strategies in order to mitigate the risk of C. jejuni colonization of broiler chickens
and thus result in a lower food safety risk to human consumers of chicken meat.
Supplementary Materials: The following are available online at https://www.mdpi.com/2076-260
7/9/2/221/s1, Table S1: Genus level OTUs abundances, Table S2: Order level OTUs abundances.
Author Contributions: Conceptualization, V.C., A.R. and C.L.; methodology, All authors; investigation, I.P., M.O., E.M., S.P., A.T., F.G. and S.C.; resources, A.R.; data curation, I.P.; writing—original
draft preparation, C.L.; writing—review and editing, I.P., M.O., V.C., C.L.; visualization, I.P., M.O.;
supervision, L.B., C.L.; funding acquisition, A.R. All authors have read and agreed to the published
version of the manuscript.
Funding: This research was funded by the Italian Ministry of Health, grant number IZS VE 04/13 RC.
Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and was approved by the Institutional Ethics Committee of Istituto
Zooprofilattico Sperimentale delle Venezie (OpBA project n. 05/2015).
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available on request from the
corresponding author.
Acknowledgments: The authors wish to thank Barbara Di Camillo and Giacomo Baruzzo of the
Department of Information Engineering (University of Padova) for the valuable bioinformatic knowledge made available for the present study.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1.
2.
3.
4.

Facciolà, A.; Riso, R.; Avventuroso, E.; Visalli, G.; Delia, S.; Laganà, P. Campylobacter: From microbiology to prevention. J. Prev.
Med. Hyg. 2017, 58, E79–E92. [PubMed]
EFSA and ECDC (European Food Safety Authority and European Centre for Disease Prevention and Control). The European
Union One Health 2018 Zoonoses Report. EFSA J. 2019, 17, 5926.
Skarp, C.; Hanninen, M.; Rautelin, H. Campylobacteriosis: The role of poultry meat. Clin. Microbiol. Infect. 2016, 22, 103–109.
[CrossRef] [PubMed]
Sahin, O.; Zhang, Q.; Meitzler, J.C.; Harr, B.S.; Morishita, T.Y.; Mohan, R. Prevalence, Antigenic Specificity, and Bactericidal
Activity of Poultry Anti-Campylobacter Maternal Antibodies. Appl. Environ. Microbiol. 2001, 67, 3951–3957. [CrossRef] [PubMed]

Microorganisms 2021, 9, 221

5.
6.

7.
8.
9.
10.

11.

12.
13.
14.

15.

16.
17.
18.
19.
20.
21.
22.

23.

24.

25.
26.
27.
28.
29.
30.

12 of 14

Humphrey, S.; Chaloner, G.; Kemmett, K.; Davidson, N.; Williams, N.; Kipar, A.; Humphrey, T.; Wigley, P. Campylobacter jejuni Is
Not Merely a Commensal in Commercial Broiler Chickens and Affects Bird Welfare. mBio 2014, 5, e01364-14. [CrossRef] [PubMed]
Chaloner, G.; Wigley, P.; Humphrey, S.; Kemmett, K.; Lacharme-Lora, L.; Humphrey, T.; Williams, N. Dynamics of Dual Infection
with Campylobacter jejuni Strains in Chickens Reveals Distinct Strain-to-Strain Variation in Infection Ecology. Appl. Environ.
Microbiol. 2014, 80, 6366–6372. [CrossRef]
Awad, W.A.; Molnár, A.; Aschenbach, J.R.; Ghareeb, K.; Khayal, B.; Hess, C.; Liebhart, D.; Dublecz, K.; Hess, M. Campylobacter
infection in chickens modulates the intestinal epithelial barrier function. Innate Immun. 2015, 21, 151–160. [CrossRef]
Guerin, M.T.; Sir, C.; Sargeant, J.M.; Waddell, L.A.; O’Connor, A.; Wills, R.W.; Bailey, R.H.; Byrd, J.A. The change in prevalence of
Campylobacter on chicken carcasses during processing: A systematic review. Poult. Sci. 2010, 89, 1070–1084. [CrossRef]
Hermans, D.; Pasmans, F.; Messens, W.; Martel, A.; Van Immerseel, F.; Rasschaert, G.; Heyndrickx, M.; Van Deun, K.; Haesebrouck,
F. Poultry as a Host for the Zoonotic PathogenCampylobacter jejuni. Vector-Borne Zoonotic Dis. 2012, 12, 89–98. [CrossRef]
Newell, D.G.; Elvers, K.T.; Dopfer, D.; Hansson, I.; Jones, P.; James, S.; Gittins, J.; Stern, N.J.; Davies, R.; Connerton, I.; et al.
Biosecurity-Based Interventions and Strategies to Reduce Campylobacter spp. on Poultry Farms. Appl. Environ. Microbiol. 2011,
77, 8605–8614. [CrossRef]
Sibanda, N.; McKenna, A.; Richmond, A.; Ricke, S.C.; Callaway, T.; Stratakos, A.C.; Gundogdu, O.; Corcionivoschi, N. A Review
of the Effect of Management Practices on Campylobacter Prevalence in Poultry Farms. Front. Microbiol. 2018, 9, 2002. [CrossRef]
[PubMed]
Pickard, J.M.; Zeng, M.Y.; Caruso, R.; Núñez, G. Gut microbiota: Role in pathogen colonization, immune responses, and
inflammatory disease. Immunol. Rev. 2017, 279, 70–89. [CrossRef] [PubMed]
Han, Z.; Willer, T.; Colin, P.; Pielsticker, C.; Rychlik, I.; Velge, P.; Kaspers, B.; Rautenschlein, S. Influence of the Gut Microbiota
Composition on Campylobacter jejuni Colonization in Chickens. Infect. Immun. 2017, 85, e00380-17. [CrossRef] [PubMed]
O’Loughlin, J.L.; Samuelson, D.R.; Braundmeier-Fleming, A.G.; White, B.A.; Haldorson, G.J.; Stone, J.B.; Lessmann, J.J.; Eucker,
T.P.; Konkel, M.E. The Intestinal Microbiota Influences Campylobacter jejuni Colonization and Extraintestinal Dissemination in
Mice. Appl. Environ. Microbiol. 2015, 81, 4642–4650. [CrossRef]
Rouhani, S.; Griffin, N.W.; Yori, P.P.; Olortegui, M.P.; Salas, M.S.; Trigoso, D.R.; Moulton, L.H.; Houpt, E.R.; Barratt, M.J.; Kosek,
M.N.; et al. Gut Microbiota Features Associated with Campylobacter Burden and Postnatal Linear Growth Deficits in a Peruvian
Birth Cohort. Clin. Infect. Dis. 2020, 71, 1000–1007. [CrossRef]
Couturier, M.R. Revisiting the Roles of Culture and Culture-Independent Detection Tests for Campylobacter. J. Clin. Microbiol.
2016, 54, 1186–1188. [CrossRef]
Yan, W.; Sun, C.; Yuan, J.; Yang, N. Gut metagenomic analysis reveals prominent roles of Lactobacillus and cecal microbiota in
chicken feed efficiency. Sci. Rep. 2017, 7, 1–11. [CrossRef]
Evans, S.; Sayers, A. A longitudinal study of campylobacter infection of broiler flocks in Great Britain. Prev. Veter- Med. 2000, 46,
209–223. [CrossRef]
Denis, M.; Soumet, C.; Rivoal, K.; Ermel, G.; Blivet, D.; Salvat, G.; Colin, P. Development of a m-PCR assay for simultaneous
identification of Campylobacter jejuni and C. coli. Lett. Appl. Microbiol. 1999, 29, 406–410. [CrossRef]
Klindworth, A.; Pruesse, E.; Schweer, T.; Peplies, J.; Quast, C.; Horn, M.; Glöckner, F.O. Evaluation of general 16S ribosomal RNA
gene PCR primers for classical and next-generation sequencing-based diversity studies. Nucleic Acids Res. 2012, 41, e1. [CrossRef]
Babraham Bioinformatics—FastQC a Quality Control Tool for High Throughput Sequence Data. Available online: http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 25 January 2019).
Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K.; Fierer, N.; Peña, A.G.; Goodrich, J.K.;
Gordon, J.I.; et al. QIIME Allows Analysis of High-Throughput Community Sequencing data. Nat. Methods 2010, 7, 335–336.
[CrossRef] [PubMed]
McDonald, D.; Price, M.N.; Goodrich, J.K.; Nawrocki, E.P.; DeSantis, T.Z.; Probst, A.J.; Andersen, G.L.; Knight, R.; Hugenholtz, P.
An improved Greengenes taxonomy with explicit ranks for ecological and evolutionary analyses of bacteria and archaea. ISME J.
2011, 6, 610–618. [CrossRef] [PubMed]
Baruzzo, G.; Patuzzi, I.; Camillo, B.D. Beware to Ignore the Rare: How Imputing Zero-Values Can Improve the Quality of 16S
rRNA Gene Studies Results. Zenodo, July 2020. Available online: https://zenodo.org/record/3965557#.X2i4tWgzaUl (accessed
on 15 August 2020).
Chen, L.; Reeve, J.; Zhang, L.; Huang, S.; Wang, X.; Chen, J. GMPR: A robust normalization method for zero-inflated count data
with application to microbiome sequencing data. PeerJ 2018, 6, e4600. [CrossRef] [PubMed]
Wv, L.; Jj, L. An accurate and robust imputation method scImpute for single-cell RNA-seq data. Nat. Commun. 2018, 9, 997.
R: The R Project for Statistical Computing. Available online: https://www.r-project.org (accessed on 11 August 2018).
Wickham, H. ggplot2. In Elegant Graphics for Data Analysis, 2nd ed.; Springer International Publishing: Berlin/Heidelberg,
Germany, 2016.
Finotello, F.; Mastrorilli, E.; Di Camillo, B. Measuring the diversity of the human microbiota with targeted next-generation
sequencing. Briefings Bioinform. 2016, 19, 679–692. [CrossRef] [PubMed]
McMurdie, P.J.; Holmes, S. phyloseq: An R Package for Reproducible Interactive Analysis and Graphics of Microbiome Census
Data. PLoS ONE 2013, 8, e61217. [CrossRef] [PubMed]

Microorganisms 2021, 9, 221

31.
32.

33.
34.

35.

36.

37.

38.

39.
40.

41.
42.
43.
44.

45.

46.
47.
48.
49.
50.

51.

52.
53.

13 of 14

Shaw, G.T.-W.; Pao, Y.-Y.; Wang, D. MetaMIS: A metagenomic microbial interaction simulator based on microbial community
profiles. BMC Bioinform. 2016, 17, 1–12. [CrossRef]
Zou, S.; Gong, L.; Khan, T.A.; Pan, L.; Yan, L.; Li, D.; Cao, L.; Li, Y.; Ding, X.; Yi, G.; et al. Comparative analysis and gut bacterial
community assemblages of grass carp and crucian carp in new lineages from the Dongting Lake area. Microbiologyopen 2020, 9,
e996. [CrossRef]
Awad, W.A.; Hess, C.; Hess, M. Re-thinking the chicken–Campylobacter jejuni interaction: A review. Avian Pathol. 2018, 47,
352–363. [CrossRef]
Sakaridis, I.; Ellis, R.J.; Cawthraw, S.A.; Van Vliet, A.H.M.; Stekel, D.J.; Penell, J.; Chambers, M.; La Ragione, R.M.; Cook, A.J.
Investigating the Association Between the Caecal Microbiomes of Broilers and Campylobacter Burden. Front. Microbiol. 2018, 9,
927. [CrossRef]
Alrubaye, B.; Abraha, M.; Almansour, A.; Bansal, M.; Wang, H.; Kwon, Y.M.; Huang, Y.; Hargis, B.; Sun, X. Microbial metabolite
deoxycholic acid shapes microbiota against Campylobacter jejuni chicken colonization. PLoS ONE 2019, 14, e0214705. [CrossRef]
[PubMed]
Oakley, B.B.; Vasconcelos, E.J.R.; Diniz, P.P.V.P.; Calloway, K.N.; Richardson, E.; Meinersmann, R.J.A.; Cox, N.; Berrang, M.E.
The cecal microbiome of commercial broiler chickens varies significantly by season. Poult. Sci. 2018, 97, 3635–3644. [CrossRef]
[PubMed]
Pandit, R.J.; Hinsu, A.T.; Patel, N.V.; Koringa, P.G.; Jakhesara, S.J.; Thakkar, J.R.; Shah, T.M.; Limon, G.; Psifidi, A.; Guitian, J.; et al.
Microbial diversity and community composition of caecal microbiota in commercial and indigenous Indian chickens determined
using 16s rDNA amplicon sequencing. Microbiome 2018, 6, 115. [CrossRef] [PubMed]
Kim, J.; Guk, J.H.; Mun, S.H.; An, J.U.; Song, H.; Kim, J.; Ryu, S.; Jeon, B.; Cho, S. Metagenomic analysis of isolation methods of a
targeted microbe, Campylobacter jejuni, from chicken feces with high microbial contamination. Microbiome 2019, 7, 67. [CrossRef]
[PubMed]
Newell, D.G.; Wagenaar, J.A. Poultry infections and their control at the farm level. In Campylobacter, 2nd ed.; Nachamkin, I.,
Blaser, M.J., Eds.; American Society for Microbiology: Washington, DC, USA, 2000; Chapter 26; pp. 497–509.
Connerton, P.L.; Richards, P.J.; Lafontaine, G.M.; O’Kane, P.M.; Ghaffar, N.; Cummings, N.J.; Smith, D.L.; Fish, N.M.; Connerton,
I.F. The effect of the timing of exposure to Campylobacter jejuni on the gut microbiome and inflammatory responses of broiler
chickens. Microbiome 2018, 6, 1–17. [CrossRef] [PubMed]
Rawson, T.; Dawkins, M.S.; Bonsall, M.B. A Mathematical Model of Campylobacter Dynamics Within a Broiler Flock. Front.
Microbiol. 2019, 10, 1940. [CrossRef]
Danzeisen, J.L.; Kim, H.B.; Isaacson, R.E.; Tu, Z.J.; Johnson, T.J. Modulations of the Chicken Cecal Microbiome and Metagenome
in Response to Anticoccidial and Growth Promoter Treatment. PLoS ONE 2011, 6, e27949. [CrossRef]
Dicksved, J.; Ellström, P.; Engstrand, L.; Rautelin, H. Susceptibility to Campylobacter Infection Is Associated with the Species
Composition of the Human Fecal Microbiota. mBio 2014, 5, e01212-14. [CrossRef]
Bereswill, S.; Fischer, A.; Plickert, R.; Haag, L.M.; Otto, B.; Kühl, A.A.; Dasti, J.I.; Zautner, A.E.; Muñoz, M.; Loddenkemper, C.;
et al. Novel Murine Infection Models Provide Deep Insights into the “Ménage à Trois” of Campylobacter jejuni, Microbiota and
Host Innate Immunity. PLoS ONE 2011, 6, e20953. [CrossRef]
Haag, L.-M.; Fischer, A.; Otto, B.; Plickert, R.; Kühl, A.A.; Göbel, U.B.; Bereswill, S.; Heimesaat, M.M. Intestinal Microbiota Shifts
towards Elevated Commensal Escherichia coli Loads Abrogate Colonization Resistance against Campylobacter jejuni in Mice.
PLoS ONE 2012, 7, e35988. [CrossRef]
Lu, J.; Idris, U.; Harmon, B.; Hofacre, C.; Maurer, J.J.; Lee, M.D. Diversity and Succession of the Intestinal Bacterial Community of
the Maturing Broiler Chicken. Appl. Environ. Microbiol. 2003, 69, 6816–6824. [CrossRef] [PubMed]
Ranjitkar, S.; Lawley, B.; Tannock, G.; Engberg, R.M. Bacterial Succession in the Broiler Gastrointestinal Tract. Appl. Environ.
Microbiol. 2016, 82, 2399–2410. [CrossRef] [PubMed]
Videnska, P.; Sedlar, K.; Lukac, M.; Faldynova, M.; Gerzova, L.; Cejkova, D.; Sisak, F.; Rychlik, I. Succession and Replacement of
Bacterial Populations in the Caecum of Egg Laying Hens over Their Whole Life. PLoS ONE 2014, 9, e115142. [CrossRef] [PubMed]
Baffoni, L.; Gaggìa, F.; Di Gioia, D.; Santini, C.; Mogna, L.; Biavati, B. A Bifidobacterium-based synbiotic product to reduce the
transmission of C. jejuni along the poultry food chain. Int. J. Food Microbiol. 2012, 157, 156–161. [CrossRef]
Abramov, V.M.; Kosarev, I.V.; Priputnevich, T.V.; Machulin, A.V.; Khlebnikov, V.S.; Pchelintsev, S.Y.; Vasilenko, R.N.; Sakulin,
V.K.; Suzina, N.E.; Chikileva, I.O.; et al. S-layer protein 2 of Lactobacillus crispatus 2029, its structural and immunomodulatory
characteristics and roles in protective potential of the whole bacteria against foodborne pathogens. Int. J. Biol. Macromol. 2020,
150, 400–412. [CrossRef]
Chen, X.; Xu, J.; Shuai, J.; Chen, J.; Zhang, Z.; Fang, W. The S-layer proteins of Lactobacillus crispatus strain ZJ001 is responsible
for competitive exclusion against Escherichia coli O157:H7 and Salmonella typhimurium. Int. J. Food Microbiol. 2007, 115, 307–312.
[CrossRef]
Horie, M.; Ishiyama, A.; Fujihira-Ueki, Y.; Sillanpää, J.; Korhonen, T.K.; Toba, T. Inhibition of the adherence of Escherichia coli
strains to basement membrane by Lactobacillus crispatus expressing an S-layer. J. Appl. Microbiol. 2002, 92, 396–403. [CrossRef]
Thibodeau, A.; Fravalo, P.; Yergeau, É.; Arsenault, J.; Lahaye, L.; Letellier, A. Chicken Caecal Microbiome Modifications Induced
by Campylobacter jejuni Colonization and by a Non-Antibiotic Feed Additive. PLoS ONE 2015, 10, e0131978. [CrossRef]

Microorganisms 2021, 9, 221

54.
55.

56.

14 of 14

Duncan, S.H.; Holtrop, G.; Lobley, G.E.; Calder, A.G.; Stewart, C.S.; Flint, H.J. Contribution of acetate to butyrate formation by
human faecal bacteria. Br. J. Nutr. 2004, 91, 915–923. [CrossRef]
Duncan, S.H.; Hold, G.L.; Harmsen, H.J.M.; Stewart, C.S.; Flint, H.J. Growth requirements and fermentation products of
Fusobacterium prausnitzii, and a proposal to reclassify it as Faecalibacterium prausnitzii gen. nov., comb. nov. Int. J. Syst. Evol.
Microbiol. 2002, 52, 2141–2146.
Deun, K.V.; Pasmans, F.; Van Immerseel, F.; Ducatelle, R.; Haesebrouck, F. Butyrate protects Caco-2 cells from Campylobacter
jejuni invasion and translocation. Br. J. Nutr. 2008, 100, 480–484. [CrossRef] [PubMed]

