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Campylobacter jejuni is the causal agent of the food-borne infection with the highest incidence in Europe. Both poultry and wild birds are a major reservoir. To gain insight into the population structure, virulence potential, and antimicrobial resistance (AMR), a collection of 150 isolates from three different ecological niches (broilers, wild birds, and human patients) was studied. Despite the high genetic diversity found, the population structure defined two distinct clusters, one formed mostly by broiler and human isolates and another one by most wild bird isolates. The ST-21 complex exhibits highest prevalence (in humans and broilers), followed by ST-1275 complex (only in wild birds). The ST-48, -45, and -354 complexes were found in all three niches, but represent only 22 out of 150 studied strains. A higher occurrence of AMR and multidrug resistance was detected among broiler and human isolates. Moreover, significant differences were found in the distribution of certain putative virulence genes. Remarkably, many wild bird strains were negative for either cdtA, cdtB, or cdtC from the canonical strain 81-176, whereas all broiler and human strains were positive. These data suggest that the different variants of the cdt genes might be relevant for the efficient colonization of certain hosts by C. jejuni. Our study contributes to the understanding of the role of the diverse Campylobacter reservoirs in the transmission of campylobacteriosis to humans.
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INTRODUCTION

In the last decade, there has been an increase in the incidence of campylobacteriosis worldwide, which is especially significant in North America, Europe, and Australia (Cody et al., 2012; Harvala et al., 2016). This zoonosis is therefore of economic and public health concern (Havelaar et al., 2015). Particularly in the European Union, Campylobacter has outnumbered Salmonella as the most commonly reported cause of bacterial diarrheal disease in humans since 2005 (EFSA-ECDC, 2016). Campylobacter jejuni followed by C. coli are responsible for the vast majority of infections which lead to diarrhea and a range of other serious conditions affecting the gastrointestinal tract, especially in children under 5 years old (Eberle and Kiess, 2012; Kaakoush et al., 2015). Furthermore, two autoimmune neurological disorders, Guillain-Barre and Miller-Fisher syndromes have been associated in some patients with previous C. jejuni infections (Ang et al., 2001; van Doorn et al., 2008).

The natural reservoir of Campylobacter are a variety of domesticated and wild animals, including cats, dogs, cows, pigs, poultry, and wild birds, with the avian reservoir being the most important (Kaakoush et al., 2015). Campylobacter can be easily isolated from poultry retail meat, untreated water, unpasteurized milk, and soil (Workman et al., 2005; Engberg, 2006).

Since C. jejuni infections are usually self-limited and sporadic, antimicrobial therapy is only indicated in severe or long-lasting infections. The antimicrobials of choice are macrolides, sometimes combined with azithromycin and aminoglycosides in more severe cases of the disease (Moore et al., 2005; Bolinger and Kathariou, 2017). The use of fluoroquinolones and tetracyclines, often prescribed as empirical therapy for traveler’s diarrhea (Guerrant et al., 2001), has been reduced due to the dramatic increase of the frequency of resistant strains to these antimicrobial agents. Unfortunately macrolide resistance is increasingly being reported too (Lim et al., 2016).

Although the infection route has been described, the pathogenicity of Campylobacter remains mostly elusive. Very little is known on the bacterial factors exploited by Campylobacter during the infectious process. Besides the flagella and lipoligosaccharide, some putative virulence factors have been defined such as the cytolethal distending toxin (CdtABC), the fibronectin binding protein (CadF), and the invasion antigen (CiaB) (Young et al., 2007; Dasti et al., 2010). Moreover, factors that can be relevant for Campylobacter host adaptation and transmission have recently been identified by whole-genome sequencing studies (Pascoe et al., 2015; Thépault et al., 2017; Yahara et al., 2017).

Characterization of the population structure of Campylobacter strains recovered from different sources within a region and its antimicrobial resistance is critical to identify the major source of infection and to implement efficient control measures to reduce human exposure to the pathogen. Pulsed field gel electrophoresis (PFGE) and multilocus sequence typing (MLST) have been used to determine clonal diversity and population structure, respectively (Duarte et al., 2016). Moreover, gaining insight into the distribution of virulence-associated genes among strains might shed some light on the mechanisms exploited by Campylobacter to trigger infection.

In this study, we have characterized three populations of Campylobacter strains from different ecological niches: human patients suffering gastroenteritis, broilers, and wild birds. The relationship among the different strains in terms of population structure, antimicrobial resistance profile, and prevalence of virulence-associated genes has been established.



MATERIALS AND METHODS

Bacterial Strains

A total of 150 isolates were obtained from feces of three different sources: human patients, broilers, and wild birds. Human isolates were obtained from the Santa Creu i Sant Pau Hospital (Barcelona) strain collection. Isolates were originally recovered from routine stool samples of 50 patients with diarrhea attended through the year 2014. All samples were anonymized. The patients were 54% children (≤ 16 years old), 30% adults, and 16% elderly people (≥ 65 years old). From these, 58% were men and 42% women. Domestic and wild avian isolates belong to a Campylobacter strain collection from previous studies conducted at IRTA-CReSA. Broiler (Gallus gallus) isolates were obtained from caecal samples collected in seven different slaughterhouses (A–G), from 2009 and 2011 to 2013. Broilers were originally from 24 farms located in Barcelona, Lleida, and Tarragona (Catalonia) (Table 1). Finally, the wild bird fecal samples from cloacal swabs were obtained during 2008–2013. Wild bird species sampled were: 1 northern shoveler (Spatula clypeata), 2 white storks (Ciconia ciconia), 5 common ravens (Corvus corax), 14 feral pigeons (Columba livia), 7 yellow-legged gulls (Larus michahellis), and 21 Audouin’s gulls (Larus audouinii) (Table 2). All wild bird samples were collected in Catalonia, except eight from Audouin’s gulls which were obtained from Alboran Island. Sampling methods were in compliance with the Ethical Principles in Animal Research of the Universitat Autònoma de Barcelona and the regulations required by the Ethics Commission in Animal Experimentation of the Generalitat de Catalunya. Field permits were authorized by Generalitat de Catalunya and Junta de Andalucia. All sampling procedures and/or experimental manipulations in the field were reviewed and approved as part of obtaining the field permit.

TABLE 1. Geographical relation between ST-complex and sequence types (STs) among C. jejuni from broiler caeca.
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TABLE 2. Distribution of ST-complexes and sequence types (STs) of C. jejuni strains from wild birds.
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Isolates were recovered from stock cultures stored at -80°C in cryovials containing Brain Heart Infusion broth (BHI; Merck KGaA, Darmstadt, Germany) supplemented with 20% glycerol. Fresh cultures were obtained by streaking a loop of the frozen stock cultures onto blood agar plates (BioMérieux, Marcy l’Etoile, France); plates were incubated at 37°C for 48 h under a microaerobic atmosphere (85% N2, 10% CO2, 5% O2; Anaerocultaaa, Merck, Darmstadt, Germany).

Species Identification and Antimicrobial Susceptibility Testing

Confirmation of C. jejuni strains was performed by conventional species-specific PCR using primers targeting the lipid A gene lpxA (Klena et al., 2004) and Matrix-Assisted Laser Desorption/Ionization-Time of flight (MALDI-TOF) Mass Spectrometry (Bruker Daltonics). Susceptibility to 12 antimicrobial agents was assessed by the disk diffusion method according to the Clinical Laboratory and Standard Institute [M100-S26; (CLSI, 2016)] using Mueller-Hinton medium supplemented with 5% defibrinated sheep blood (BioMérieux). The antimicrobials tested were: ampicillin (10 μg) (AMP), amoxicillin-clavulanic acid (30 μg) (AMC), imipenem (10 μg) (IMP), tetracycline (30 μg) (TET), erythromycin (15 μg) (ERY), ciprofloxacin (5 μg) (CIP), nalidixic acid (30 μg) (NAL), gentamicin (10 μg) (G), streptomycin (10 μg) (S), kanamycin (30 μg) (K), chloramphenicol (30 μg) (CHL), and fosfomycin (200 μg) (FOS). The breakpoints were performed following the CLSI criteria except for TET, ERY and CIP where the European Committee on Antimicrobial Susceptibility Testing (EUCAST) breakpoints criteria was used (Supplementary Table S1). All the clinical intermediate values were considered as resistant. The strains that showed resistance to three or more classes of antimicrobial agents were considered as multidrug-resistant (MDR) (Schwarz et al., 2010).

Pulsed Field Gel Electrophoresis (PFGE) and Multi Locus Sequence Typing (MLST)

The PFGE was performed following the Standard Operating Procedure of PulseNet1 for C. jejuni. Genomic DNA was digested with SmaI and KpnI restriction enzymes (Sigma-Aldrich, United States). Electrophoresis was performed in a CHEF-DR III System (Bio-Rad Laboratories, Hercules, CA, United States). We performed a comparison analysis of PFGE profiles using the BioNumerics v7.6.3 software (AppliedMaths, Sint-Martens-Latem, Belgium). Similarity matrices were calculated by the Dice coefficient (2% optimization and 1% position tolerance) and dendrograms were constructed using the UPGMA method using the cited BioNumerics v7.6.3 software. Strains with a similarity ≥ 95% were considered as the same pulsotype, that means there are not more than two bands of difference.

Campylobacter jejuni strains were typed by MLST according to the procedures of PubMLST2. DNA was obtained using GenEluteTM Bacterial Genomic DNA Kit (Sigma-Aldrich, United States). Sanger sequence data were analyzed using BioNumerics v7.6.3 software. Alleles and sequence types (STs) were assigned based on the MLST scheme provided on the Campylobacter PubMLST2 database. Novel alleles and STs were submitted to the database.

To represent the relationship among Campylobacter strains, we generated a complete minimum spanning tree (MST) using the BioNumerics v7.6.3 software.

Virulence-Associated Genes Detection

The 150 C. jejuni strains were tested by PCR for the presence of 8 genes encoding putative virulence factors. These included genes related to adhesion and colonization (cadF), invasion (ciaB, virB11, htrA, and hcp), and cytotoxin production (cdtA, cdtB, and cdtC). Genomic DNA was extracted by standard procedures using the InstaGene matrix Kit (Bio-Rad Laboratories). PCR reactions (PCR Master Mix x2, Thermo Scientific) were performed using 35 ng of DNA as a template and the specific primers indicated in Supplementary Table S2. As internal control of the PCR reaction, primers for the amplification of the housekeeping gene gltA were included in the PCR mixtures.

Statistical Analysis

The virulence-associated genes data was analyzed using Pearson’s chi-squared test (R Studio software). p < 0.05 was considered statistically significant.



RESULTS AND DISCUSSION

Genetic Diversity of C. jejuni Strains From the Three Different Ecological Niches

A collection of 150 C. jejuni isolates recovered from fecal samples from different ecological niches [50 isolates/each: human patients suffering gastroenteritis (H), broilers (B), and wild birds (W)] have been the focus of the study. The clonal relationship of the whole collection was determined by PFGE profiling. Four strains were non-typeable because of DNA smearing: one human (H49), one wild bird (W10), and two broiler (B24, B50) strains. As expected, a high clonal diversity was found among the 146 typeable strains. Genotyping using the SmaI restriction enzyme resulting 120 pulsotypes and 12 clones. To increase the clonal discrimination, the secondary KpnI enzyme was used (On et al., 1998). The combined analysis of SmaI and KpnI-PFGE banding patterns resulted in a wider clonal diversity with 137 pulsotypes and 4 clones (Supplementary Figure S1). The highest clonal diversity was found in the human population where no strains with the same pulsotype were found, consistent with the fact that human samples were not chosen in the context of an outbreak. By contrast, 13 strains, 6 from broilers and 7 from wild birds, were grouped in four clones (similarity ≥ 95%). Clone 1 included 6 broiler strains (B52–B57) from 2 different farms (5 from EU and 1 from CT) belonging to the same broiler company (Table 1). The five strains (B52–B56) from farm EU were recovered from broilers included in the same flock. This possible flock colonization is not a rare case and has also previously been reported by other authors (Ridley et al., 2011). Also, the recovery of the same clone in broilers from two different farms may be due to cross contamination between farms belonging to the same broiler company. Clone 2, included three strains (W06–W08) from Audouin’s gulls (Larus audouinii) sampled at Alboran Island at the same breeding season, and Clones 3 and 4, both with two strains, W43 and W44 from pigeons (Columba livia, Barcelona) and W50 and W52 from common ravens (Corvus corax) (Sabadell, Barcelona province), respectively. It is not surprising the finding of different strains from the same host species belonging to the same clone, since samples were collected from different birds belonging to the same colony during the same time period.

The remaining PFGE patterns from the three different niches were scattered along the dendrogram, although different clusters could be observed (Supplementary Figure S1). Overall, human and broiler strains frequently grouped together at different similarity levels. On the contrary, a marked host specificity was found within some specific genus of wild birds (Columba, Corvus, and Ciconia) as previously described (Griekspoor et al., 2013). Thus, pigeons’ strains were grouped in different clusters with a similarity ranging from 65 to 80%; the three ravens’ strains (two of them constitute the Clone 4) clustered with a similarity of 82% and the two storks clustered with a broiler strain with a 65% similarity. Finally, the northern shoveler strain showed low similarity (≤ 50%) with all other wild birds strains (Supplementary Figure S1). Gulls strains were scattered along the dendrogram but some clusters were also defined. Interestingly, a cluster containing strains from two different gull species had a similarity of 65%. These gulls were from different geographical locations (Medes Islands, Ebro Delta, and Alboran Island). This fact has already been described by Griekspoor et al. (2013) who found a high similarity between strains from the same or closely related bird species from different geographical areas (Sweden, Australia, and United Kingdom). Notably, the gull isolate W30 cluster together with several pigeon isolates (W32, W36, W37). Since all those isolates were recovered from birds at the same geographical area (Barcelona), these data suggest that both the gull and the pigeons have a common source of infection or it is a consequence of gulls being pigeons predators.

MLST Analysis and Population Structure

The MLST analysis corroborates the genetic diversity observed by PFGE typing among the C. jejuni strains and confirms a closer relationship between human and broiler strains.

Among the 150 strains studied, 64 different STs grouped in 21 clonal complexes (ST-complexes) and 12 singletons (S) were recognized (Table 3 and Supplementary Figure S2). Six novel STs were identified: ST-8479 (human), ST-8498 (broiler), ST-8511, ST-8512, ST-8513, and ST-8514 (wild birds). In this study, the ST-21 (24 strains), ST-1275 (16 strains), and ST-45 (13 strains) clonal complexes were the most frequent. Strains from the ST-1275 complex were only isolated from two different gull species. The ST-21 complex was found in humans (16 strains) and broilers (8 strains), whereas the ST-45 was found in the three environments studied. Thus, the ST-45 complex was predominant in wild birds (8 strains), followed by broilers (4 strains) and by humans (1 strain). Both, the ST-21 and ST-45 complexes are described as multihost genotypes and have been isolated from a wide variety of agricultural and environmental sources (Sopwith et al., 2006; French et al., 2009; Sheppard et al., 2011; Colles and Maiden, 2012).

TABLE 3. Clonal complex (ST-complex), sequence type (ST), virulence factors profile (VF), and antimicrobial resistance profile (AMR) found in 150 C. jejuni strains from humans, broilers, and wild birds niches.
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The relationship among the three studied populations is reflected in a minimum spanning tree diagram (Figure 1). Three STs (ST-45, ST-48, and ST-354) were found in all three niches representing 14% (21/150) of the 150 studied strains. The spanning tree diagram distributes the strains in two main clusters, characterized – with some exceptions – by its ecology. The first cluster, in the left side of the Figure 1B, grouped STs from wild birds, whereas the second cluster (right side) agglutinate most human and broiler STs. This distribution clearly establishes a closer relationship between broiler and human strains, consistent with broiler meat being the most frequent source of Campylobacter human infection (EFSA-ECDC, 2016; Ramonaite et al., 2017). This can also be observed when looking at the number of STs shared among the different niches (Figure 1): 10 STs are shared between human and broiler strains, only 3 in the 3 niches, and no ST is shared among wild birds and either humans or broilers.


[image: image]

FIGURE 1. Minimum spanning tree showing the distribution of the C. jejuni strains. (A) The number of STs shared among the three niches was represented by a Venn-diagram. (B) Minimum spanning tree (MST) of C. jejuni sequence types (STs) based on allele numbers. Each circle corresponds to a ST, being its size proportional to the number of strains within it. The ST of each strain are indicated in different color attending to the origin of the strain: green for humans (H), red for broilers (B), and blue for wild birds (W). The thickness and the dotting of the lines indicate the distance between STs. A thicker line denotes closer distance than a thin line and a thin line denotes closer distance than a dotted line. The ST-complexes including several STs are indicated in dotted color lines. The MST analysis was carried out by BioNumerics v7.6.



From the first cluster (STs from wild birds), the ST-179 and ST-1275 complexes were mainly found in pigeons and seagulls, respectively. These data support that Campylobacter genotypes isolated from non-agricultural sources, such as wild birds, are found only rarely among broilers (Griekspoor et al., 2010). However, these clonal complexes have also been recovered from stool samples from humans with sporadic cases of gastroenteritis (Hughes et al., 2009). STs from the ST-179 complex have been isolated from environmental sources, specifically from the sand of bathing beaches in the United Kingdom, presumably ultimately coming from wild birds (Dingle et al., 2001). The ST-1275 complex has also been found in several wild bird species such as pigeons (Sheppard et al., 2009). Certain host specificity was found among the ST-complexes present in different wild birds. Hence, the ST-1275 complex was predominant in gulls, the ST-179 complex in pigeons and the ST-952 complex in ravens (Table 2).

With regards to the second cluster (STs from human and broiler strains), five ST- complexes were found as predominant (ST-21, ST-206, ST-257, ST-353, and ST-607). These clonal complexes have been previously associated with human infections, poultry, other farm animals, and environmental samples (Colles and Maiden, 2012; Cody et al., 2015; Ramonaite et al., 2017). Overall, a great diversity of ST-complexes was found among both human and broiler strains. A total of 16 STs were found in humans and 14 in broilers (Figure 1A). Strains from Clones 1, 2, 3, and 4 by PFGE belong to ST-367, ST-4355, ST-45, and ST-8513, respectively, while the remaining strains showed unrelated PFGE pattern.

Antimicrobial Susceptibility

Antimicrobial susceptibility was tested for all the isolates and antimicrobial resistance (AMR) profiles were defined (Figure 2). In agreement with the increase in the occurrence of AMR and MDR detected in Campylobacter strains in many countries (Luangtongkum et al., 2009), a high frequency of AMR was detected among the strains of our collection. A total of 127 strains (84.6%) were resistant to one or more antimicrobial agents. The highest percentage of antimicrobial resistance was found for tetracycline (71.3%), quinolones [ciprofloxacin (67.3%), nalidixic acid (64.6%)], and ampicillin (63.3%) (Figure 2A). In agreement with the genotyping data, the antimicrobial susceptibility describes important differences between wild bird strains and the clustered broiler and human strains, with the occurrence of antibiotic resistance much lower among wild bird strains. In our strain collection, 23 strains were susceptible to all antimicrobial agents tested. From those, 21 strains were recovered from wild birds and the other two from human samples. Moreover, the occurrence of tetracycline, quinolones, and ampicillin resistance was higher in human and broiler strains compared to wild birds. In contrast, the low occurrence resistance to aminoglycosides is shared among strains from the three niches. In our study, 7.3 and 4.6% of the strains were resistant to streptomycin and kanamycin, respectively, whereas only one strain from a human sample was resistant to gentamicin.
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FIGURE 2. Antimicrobial resistance in C. jejuni studied strains. (A) Absolute and relative values of antimicrobial resistance in human (H), broiler (B), and wild bird (W) strains. Antibiotic families (Q: quinolones and A: aminoglycosides) are indicated. All strains were susceptible to amoxicillin-clavulanic acid, imipenem, erythromycin, chloramphenicol, and fosfomycin. (B) Percentage of resistant strains to 0 to 4 families of antibiotics. MDR indicates multidrug-resistant strains. (C) Antimicrobial resistance profiles obtained. Asterisks indicate the MDR profiles. (D) Percentage of the different antimicrobial resistance profiles in each subgroup, as defined in (C).



The high occurrence of resistance to some antibiotics cannot be accounted to the non-therapeutic use of antimicrobial drugs in poultry production since this practice was banned in the EU in 2006. The therapeutic antibiotics used in poultry are mainly quinolones (enrofloxacin), tetracyclines (doxycycline), penicillins (amoxicillin), and macrolides (erythromycin, tylosin), which is reflected – in general – with the occurrence of antibiotic resistance detected. Also in agreement with the detected occurrence, the aminoglycosides tested (streptomycin, kanamycin, and gentamicin) are not of common use for treatment of enteric diseases in poultry (Cantero et al., 2018). All strains were susceptible to amoxicillin-clavulanic acid, imipenem, erythromycin, chloramphenicol, and fosfomycin. The rare occurrence of imipenem, erythromycin, and amoxicillin-clavulanic acid resistance among Campylobacter strains has been previously described (Gallay et al., 2007; Deckert et al., 2010; Deng et al., 2015). In contrast, resistance to fosfomycin has been detected in C. jejuni strains (Novoa-Farías et al., 2016) as well as to chloramphenicol in C. coli strains isolated from humans and broilers (Yang et al., 2017).

The MDR, defined as resistance to three or more families of antimicrobial agents (Schwarz et al., 2010), has increased worldwide among C. jejuni strains (Giacomelli et al., 2014). In this study, 49.3% of the strains were MDR (Figure 2B). The most frequent MDR profile (M profile, TET-NAL-CIP-AMP) was detected in 40% of the strains, being mostly identified in humans (23.3%) and broilers (23.3%) (Figures 2C,D). Only five strains from wild birds were MDR, four of them with the above mentioned M profile and one with the S profile (TET-NAL-CIP-S-K). Those MDR strains were recovered from birds with insalubrious feeding habits (feeding on refuse dumps and carrion) such as gulls, storks, and ravens (Ramos et al., 2010).

These MDR strains were included in five out of the six predominant ST-complexes found in humans and broilers (ST-21, ST-206, ST-257, ST-354, and ST-607) (Table 3). Interestingly, the percentage of MDR among strains of ST-353 complex, also defined as predominant in humans and broilers, was much lower (33.3 %). No MDR strains have been found among the two ST- complexes exclusive for wild birds (ST-179 and ST-1275). It should be highlighted that there is a high variability in the AMR profile among genetically closely related strains. For instance, within the ST-45 and ST-61, strains susceptible to all antimicrobial agents tested and MDR were found. These suggest a rapid acquisition of antibiotic resistance determinants among C. jejuni strains. Accordingly, transfer of antibiotic resistance genes by mobile genetic elements, such as plasmids and transposons that can help acquisition and diffusion of drug resistance, has been described (Bennett, 2008).

Prevalence and Distribution of Virulence-Associated Genes Among the C. jejuni Strains

The presence of genes coding for putative virulence factors in the 150 C. jejuni strains have been tested by PCR. The genes detected were: (1) cdtA, cdtB, and cdtC genes, conforming a polycistronic operon, coding for synthesis and deliver of the cytolethal distending toxin that causes host cell cycle arrest; (2) three genes involved in adherence and invasion of host cells: cadF coding for a putative OmpA-like protein that mediates bacterial adhesion by binding to host fibronectin, ciaB coding for an invasive antigen that translocate into the cytoplasm of host cells facilitating the C. jejuni invasion, and htrA coding for a serine-protease that contributes to stress tolerance and with ability to cleave E-cadherin; (3) the hcp gene coding for a host surface adhesion protein that is a component of a type 6 secretion system (T6SS) that has been associated with virulence; and (4) the virB11, a gene located in the virulence related plasmid pVir (Bacon et al., 2002; Tracz et al., 2005; Cróinín and Backert, 2012; Bleumink-Pluym et al., 2013). The results showed a high prevalence of six out of eight genes tested (Figure 3). Remarkably, significant differences exist in the prevalence of some of the genes when comparing among the strains from different origin. A different distribution of the cdtA, cdtB, and cdtC genes was detected among the three subgroups of strains. The three genes were present in all the human and broiler strains whereas 46% of the wild bird strains were negative for at least one of the cdt genes (Supplementary Figure S2). The fact that many strains (23) lacked one or two of the three open reading frames (ORF) present in the polycistronic cdtABC operon is an interesting phenomenon that has been reported earlier (Bang et al., 2003; Koolman et al., 2015). Remarkably, the cdtA gene had the more uneven distribution since it was detected in all human and broilers strains, while it was only present in 58% of the wild bird strains. Among the 23 strains lacking at least one cdt gene, 14 lacked cdtA, 1 cdtB, 1 cdtC, 3 cdtAB, and 4 cdtAC. The negative PCR-amplification of one or two of the three ORF present in the cdtABC operon, when using primers designed from the 81-176 genome sequence (Supplementary Table S2), may indicate significant differences among alleles from different strains. Our results suggest that: (1) a high diversity of cdt alleles exists among C. jejuni strains found in natural environments (wild bird) and (2) the cdt alleles promoting efficient broiler colonization are much less diverse. cdtA and cdtC are involved in the binding to the target host cells allowing internalization of the cdtB toxin. Therefore, we hypothesize that different cdtA might have distinct target molecules during tissue recognition and consequently might play a relevant role defining the host susceptibility of C. jejuni strains. Interesting observations can be made when having a closer look to the phylogenetic and ecological relationships of the strains that were negative for any of the cdt genes (Table 3 and Supplementary Figure S2): (1) all 16 strains belonging to the ST-1275 complex and different PFGE pattern were cdtA negative and were isolated from the two different seagull species located in three geographically distinct colonies along the western Mediterranean coast; three of them were also cdtC-negative. From these seagulls’ colonies, cdtABC+ strains, belonging to diverse ST-complexes distinct to ST-1275, were also isolated; (2) all three strains belonging to ST-952 complex are cdtAB negative but two share the same PFGE pattern (W50 and W52), these strains were isolated from commons ravens. The other two ravens’ strains are cdtA negative (W53, singleton ST-8514) and cdtABC+ (W54, ST-354 complex), respectively; (3) the ST-48 complex includes three strains, belonging each one to a different niche, the broiler (B09) and human (H38) strains are cdtABC+ and showed different PFGE pattern, whereas the wild bird strain (W29) from a Yellow-legged gull is cdtB negative; (4) from the wild bird subgroup, all the strains from pigeons and storks, birds that are more in contact with the human population, are positive for all three cdt genes; and (5) the unique cdtC- strain belongs to the ST-1034 complex. The relevant diversity among cdtABC found among wild bird strains and the apparently highly conserved distribution among human and broiler strains might indicate that the specific sequence of certain cdt alleles can be related to the ability to colonize different hosts. Moreover, the fact that there are differences in the presence of cdt alleles among strains from the same ST-complex and/or ST indicates the high plasticity of this genetic locus (the cdtABC operon).
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FIGURE 3. Virulence factors in C. jejuni studied strains. (A) Absolute and relative values of the virulence factors found in human (H), broiler (B), and wild bird (W) strains. (B) Virulence factors profiles obtained. (C) Percentages of the different virulence factors profiles in each subgroup, as defined in (B).



Regarding the genes coding for putative factors involved in host cell invasion, only cadF showed an uneven prevalence distribution among strains from the different niches. The tested cadF allele was present in all broiler and wild bird strains and in 45 out of 50 human strains. This result suggests that either some strains lack the cadF gene or carry a cadF allele with significant differences from the cadF81-176 allele chosen as template in this study (Supplementary Table S2). Interestingly, all the cadF negative strains belong to ST-61, which is often found in cattle/bovine reservoirs (Kwan et al., 2008). Our results suggest that the presence of the cadF tested may not be essential for the ability of Campylobacter to cause infection in humans. It cannot be disregarded that the five cadF- strains carry a different cadF allele not detected with the primers used (Supplementary Table S2). In a recent report studying the distribution of virulence-associated genes in a collection of 24 Campylobacter strains, cadF was detected in all C. jejuni strains whereas some C. coli from both humans and broilers were negative for this gene (Koolman et al., 2015).

No significant differences exist when comparing the prevalence of the ciaB gene among the three populations. The ciaB negative strains are the majority for certain ST-complexes such as ST-48, ST-179, ST-353, ST-206, and two singletons (ST-441, ST-1710). However, we also found ciaB negative strains belonging to ST-complex where most strains are positive for this genetic locus. Only four strains were negative for htrA, two from humans (ST-61 and ST-441), one from a broiler (ST-48), and one from a wild bird (ST-48).

The presence of the hcp gene is a hallmark of the ability of C. jejuni to express a T6SS (Lindmark et al., 2009). A functional T6SS has been identified in some C. jejuni strains, those carrying the integrative element CJIE3. Its presence had been related to the ability to infect humans and cause disease by influencing cell adhesion and cytotoxicity toward erythrocytes (Lertpiriyapong et al., 2012; Bleumink-Pluym et al., 2013; Harrison et al., 2014). Notably, the hcp gene was detected in a low proportion in all three populations. The detection frequency was in a range similar to that described in previous reports (Harrison et al., 2014; Siddiqui et al., 2015). Surprisingly, our data indicate that hcp is significantly less represented among the human strains (14%) as compared to broiler (38%) and wild bird (28%) strains (Figure 3A). Interestingly, the hcp-positive clones are mostly distributed among certain ST-complexes: ST-1275 (12 out of 16 are positive), ST-607 (7/8), ST-353 (8/9), ST-464 (2/3), and ST-446 (1/1). The differential prevalence of hcp, with lower prevalence among human strains, suggests that T6SS does not promote human infection. The last putative virulence factor encoding gene tested was virB11. Previous reports have argued on the contribution of the pVir plasmid in the virulence potential of C. jejuni (Tracz et al., 2005; Louwen et al., 2006). Among our strains the prevalence of the virB11 gene is very low since only two strains, one from human and one from broiler, were positive for the tested virB11 allele, suggesting that the pVir plasmid is not required for C. jejuni to either colonize birds or infect humans.

Virulence profiles were defined attending to the presence/absence of virulence-related genes of chromosomal location (all genes except virB11) (Figure 3). The virulence profile #2 (cadF+, cdt+, htrA+, ciaB+) is overrepresented among the collection, being detected in a 54% of the strains and being the most prevalent in all three subgroups (human, broiler and wild birds). In addition to profile #2, only three more virulence profiles (#1, #3, #5) were detected in all the three subgroups. The highest variability was found among the wild bird strains since up to 14 different profiles were identified, in contrast to human and broiler strains where five profiles were found within each subgroup. From the 14 profiles described in wild birds, 10 were only found in this subgroup. One virulence profile (#6, cdt+, cadF-, ciaB+, htrA+ hcp-) was only found among human strains, being detected in four clinical strains belonging to ST-61, but with different PFGE patterns. Moreover the profile #9 has only been detected among broiler strains.



CONCLUSION

In this report, a comparative study has been performed among C. jejuni strains from three different sources: humans, broilers, and wild birds from Catalonia. As expected, by PFGE a great genetic diversity was observed among all included strains, with the exception of a few clones. In our Campylobacter population, the ST-45, ST-48, and ST-354 were present in all three niches; the ST-21 complex was the predominant in human and the ST-1275 complex in wild birds, while in broilers different complexes: ST-21, ST-257, ST-353, and ST-607 were present equally. MLST analysis clearly distinguished the wild bird Campylobacter population from that of humans and chickens, suggesting that certain host specificity may exist among C. jejuni clonal complexes. The drug antimicrobial profiles show an overall high percentage of MDR strains (49%). Again, a closer relationship between human and broiler strains was detected. A similar high percentage of MDR strains (72%) was detected among human and broiler strains whereas the percentage among wild bird strains was much lower (8%). This discrepancy in MDR prevalence correlates with the differential antibiotic pressure. The broiler and human strains are under a high antibiotic pressure due to the use of antimicrobial drugs whereas the selective pressure is barely inexistent in wild bird population. The presence of several putative virulence genes have been detected by PCR. The genes cadF, ciaB, htrA, and the operon cdtABC, coding for proteins presumably involved in bacterial adherence, invasion of epithelial cells and toxin production, are highly prevalent among Campylobacter strains. Correlation between certain virulence factors profiles and specific STs has been detected, which may have ecological implications. For instance, our data indicates a great diversity in cdtA alleles among wild bird strains as compared with broiler and human strains, suggesting that colonization of specific hosts might be promoted by certain cdtA variants.

All the genotype- and phenotype-based analysis indicate that most strains isolated from wild birds form a cluster clearly differentiated from those strains isolated from broilers and humans. Nonetheless, some wild bird strains belong to clonal complexes also detected among broiler or human strains suggesting a reverse zoonosis transmission, most likely consequence of the scavenging feeding habitats of the studied birds. Overall, our report provides new insights into the distribution of circulating C. jejuni strains among different ecological niches.
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Poultry is frequently associated with campylobacteriosis in humans, with Campylobacter jejuni being the most usual Campylobacter associated with disease in humans. Far-reaching research on Campylobacter was undertaken over the past two decades. This has resulted in interventions being put in place on farms and in processing plants. Despite these interventions, coupled with increased media coverage to educate the consumer on Campylobacter prevalence and campylobacteriosis, human health incidents are still high. Recent research is now shifting toward further understanding of the microorganisms to challenge interventions in place and to look at further and more relevant interventions for the reduction in human incidents. Farm practices play a key role in the control of colonization within poultry houses and among flocks. Prevalence at the farm level can be up to 100% and time of colonization may vary widely between flocks. Considerable research has been performed to understand how farm management and animal health practices can affect colonization on farms. This review will focus on farm practices to date as a baseline for future interventions as the microorganism becomes better understood. Further research is required to understand the chicken microbiome and factors influencing vertical transmission. The persistence of Campylobacter in animal and environmental reservoirs within and around farms requires further investigation to tailor farm practices toward preventing such reservoirs.

IMPLICATIONS

This review gives an overview of farm practices and their effect on Campylobacter prevalence in poultry. Various elements of farm practices have been captured in this review.
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INTRODUCTION

Campylobacter, as a genus are corkscrew shaped and motile Gram negative microorganisms with an optimal growth at 42°C. They are generally isolated from the intestines of cattle, sheep, swine, and the poultry caecum. Because of a higher body temperature poultry and other avian species are the most common food animal that hosts for Campylobacter spp., representing the main source of infection for humans (Silva et al., 2011). While three Campylobacter species (C. jejuni, C. coli, and C. lari) are related to the poultry digestive system and to foodborne infections, Campylobacter jejuni is considered the dominant specie in relation to its impact on human health (Shane, 1992; Corcionivoschi et al., 2012; Cean et al., 2015; Ugarte-Ruiz et al., 2018). A limited number of studies have reported possible negative health implications in chickens caused by C. jejuni colonization of the gut, therefore this bacterium is considered to have a near-commensal relationship with the chicken (Thibodeau et al., 2015). Only a few Campylobacter cells from undercooked or raw chicken are able to cause human illness (Bhaduri and Cottrell, 2004) and over 100 deaths in the United Kingdom annually, with an estimated cost of £1 billion to the United Kingdom National Health Service (Tam and O’Brien, 2016). Most human cases of campylobacteriosis in the United Kingdom are attributed to contaminated poultry (Skarp et al., 2016; Lee et al., 2017; Oh et al., 2017). However, Lynch et al. (2011), reported that most Campylobacter in their study were isolated from beef (36% prevalence), pork (22%), and chicken (16%). Campylobacter has also been found in unpasteurised milk and untreated water. Because of the common nature of this pathogenic threat, a broad-based approach in all segments of the food industry has been taken in the United Kingdom to reduce incidents of campylobacteriosis. Efforts have been made across the supply chain; including farms, processing plants, retailers, and through educating the public. Rejection of poultry carcasses at the slaughter for pathological reasons was it has been reported to be certainly associated also with Campylobacter presence (Powell et al., 2012). Collectively, results suggest that Campylobacter is often present in broilers in a poor health condition, therefore suggesting that the mortality rate could be an efficiency marker for farm management practices and biosecurity. However, because there is not a linear trend in the data, it suggests that when greater mortality rates are recorded, then antibiotics are prescribed which impacts upon Campylobacter colonization and or contamination.

Powell et al. (2012) surveyed 25 United Kingdom abattoirs which represented 88% of the total United Kingdom poultry production, reported that 75% of chicken carcasses were contaminated with Campylobacter from feces, and that 87% of this contamination occurred at slaughter. In the most recent survey by Public Health England (2015), the prevalence of Campylobacter spp. In the United Kingdom, within fresh chicken at the retail level was 73.3%. A significant proportion (19.4%) of the positive chicken carcasses had levels of >1000 CFU/g of chicken skin. Also, a higher percentage of positive chickens were contaminated with higher levels of Campylobacter spp. during the summer compared to winter period. Speciation revealed that C. jejuni was identified in most of the positive chicken skin samples (76.6%) whereas C. coli was present in only 13.9% of samples. It was suggested by Powell et al. (2012) that a 2-log reduction in the number of Campylobacter on chicken carcasses would lead to a 30-fold drop in human cases connected to contaminated chicken meat. Campylobacter are able to survive in different farm environments and have been found in the air, soil, water, dust, and abiotic surfaces (Bull et al., 2006; Ellis-Iversen et al., 2009).

Most transmission to poultry occurs from the environment, as well as through horizontal transmission between flock mates, but once Campylobacter colonizes a broiler flock, the spread is fast making an eradication approach impossible. A well-designed and planned biosecurity approach at farm level have been established as a fundamental method to counteract colonization of flocks (Georgiev et al., 2017). The present review will focus on the avian management practices on poultry farms and what effect these have on Campylobacter prevalence.



BIOSECURITY

Biosecurity is an important measure for the control of Campylobacter because once colonization occurs in a poultry flock the horizontal transmission can be rapid (Battersby et al., 2016). A study by Gibbens et al. (2001) demonstrated that well-implemented disinfection protocols could lead to a decrease in Campylobacter prevalence from 80 to less than 40% in broilers (Gibbens et al., 2001). Installing hygienic barriers between internal and external environments, controlling the entry of personnel, strict hygiene rules (handwashing and sanitizing hands), changing boots and overalls before entering have been shown to be effective (Silva et al., 2011). A literature review conducted from 1980 to 2008 concluded that high standards in biosecurity measures should contribute to the reduction of flock Campylobacter colonization (Newell and Fearnley, 2003). Risk factors with respect to increased Campylobacter colonization include: deprived farm hygiene, a reduced flock replacement period, the presence of other farm animals, rodents and insects, seasonal changes and partial depopulation (Russa et al., 2005). Hygiene and physical barriers are specific biosecurity measures which should be efficient in protecting poultry against Campylobacter. Increased biosecurity measures are always associated with absence of Campylobacter in poultry however, the impact is difficult to measure (Lin, 2009). Controlling Campylobacter on the farm is complex as the pathogen can persist in a variety of environments and hosts that can be found on the farm (Lynch et al., 2011).

Campylobacter can be carried into the broiler house via boots, clothes and equipment. The use of dedicated footwear has proven to be the most important risk factor in a Danish study (Newell and Fearnley, 2003). Other factors that affected biosecurity measures were the greater number of people working on the farm increased the chances of biosecurity breaches (Newell et al., 2011). Biosecurity measures are to include equipment such as sanitizing of buckets used to lift dead birds and any equipment brought into the house (Newell and Fearnley, 2003). Hygiene measures by on farm personnel include handwashing, use of separate boots for each house, use of footbath disinfectants, limited access to key personnel only, pest control and staff training (Sahin et al., 2015). The entrance of the catching crew and catching equipment is often a serious breach of biosecurity because external sources posing a 21% contamination rate, this is a vehicle for introducing contamination, particularly during depopulation (Ellis-Iversen et al., 2012). Farm emergency procedures should also consider the biosecurity measures to ensure these are adhered consistently. Staff training is key to the successful implementation of these biosecurity measures at all times, but is most especially impactful in an emergency (Sahin et al., 2015). An observational study in Canada reported that an average of four biosecurity breaches occurred per farm visit. Out of all the breaches, 61% of faults were linked to cross contamination of clean and contaminated zones, 14% related to improper use of footwear, 11% inadequate hand washing, and 7% unclean overalls. This high error rate may be attributed to lack of training or lack of understanding of consequences amongst other reasons (Battersby et al., 2016).

The efficient use of boot baths increased the interval to infection considerably. The presence of boot baths at the entrance of the broiler house is considered a risk factor (Borck Hog et al., 2016) and for these to be efficient, high maintenance with disinfection replenishment being done at regular intervals. If not well-maintained the footbaths will increase the risk rather than act as a defensive barrier. Disinfectants should be replaced weekly or if the dilution is reduced (due to rain water) or if there is organic matter build up at the bottom of the foot bath, they must be replenished (Evans and Sayers, 2000).

Strict biosecurity and farm hygiene measures have been shown to be linked with reduced Campylobacter positive flocks (Newell et al., 2011). However, the most severe biosecurity controls are not most efficient in preventing the presence of Campylobacter (Russa et al., 2005) because they are dependent on personnel following the correct protocols at all times. Even when the most stringent controls are followed, there may still be contamination of door handles and other contact areas (fomites) that are often misunderstood. This may result in the contamination of a new flock during chick placement, which ensures that the pathogen has a long time to spread horizontally within a new “clean” flock during the grow out phase. Biosecurity measures are also not always cheap to implement, and the purchase cost may be prohibitive. This includes both the cost of equipment to have the biosecurity barriers as well as the cost of time for farm personnel in implementing these measures. On evaluating the cost effectiveness of Campylobacter interventions, van Wagenberg et al. (2016) concluded that the most cost effective procedure was to apply barriers in each house and to utilize dedicated tools for each house to minimize the cross-contamination risk; however, the most cost effective intervention was the ban of partial depopulation and introducing the all-in/all-out system at approximately day 35. Hygiene barriers proved effective to some extent in preventing Campylobacter infection in broiler flocks. These results suggested that expanding the hygiene barriers to include gates, vehicle disinfection, respecting biosecurity measures during catching would increase Campylobacter reduction, however the value (cost effectiveness) of these additional efforts would not be detectable in the final results (Hald et al., 2000). Preventing farm staff from direct contact with the broilers has been shown to protect the broilers from Campylobacter infection (Battersby et al., 2016). A study by Ridley et al. (2011) found Campylobacter matching the subsequent flock type found in the catcher lunch bags, further emphasizing the risk of employees bringing personal items onto the farm (Ridley et al., 2011).

Harmonization, benchmarking, and implementation of universal controls for biosecurity measures across different countries is difficult due to the different farm practices, housing, production stages, and equipment designs (Sahin et al., 2015). A study conducted on Danish farms concluded that factors like the oldness of the poultry house, rodent control, the age of broiler at slaughter, storage of whole wheat, number of chimneys on the broiler house, the location of the broiler farm in relation to cattle density are very important in controlling Campylobacter presence. However, it must also be taken in account that these observations are specific to Danish farm practices and may differ from one country to the next, however, they are a valuable place to begin understanding the value of proper biosecurity appreciation and implementation, as well as some of the challenges that underpin implementation on every farm world-wide (Sommer et al., 2013).

Ridley et al. (2011) carried out a study to compare Campylobacter prevalence in normal farm practices versus enhanced biosecurity farm practices. Findings revealed that although there was a reduction in Campylobacter presence with enhanced biosecurity measures (up to 35% reduction in vehicles), the enhanced biosecurity measures were insufficient to prevent flock colonization. Unfortunately, once a flock is infected, it is very difficult to eliminate Campylobacter in a flock, because chickens (along with other species of animals) are carriers and major reservoirs of Campylobacter. They act as passive transmitters and amplifiers via the spread of fecal contamination. Following the entry of Campylobacter into a newly occupied house all the birds can become positive within a week based on cloacae swabs, demonstrating that Campylobacter colonization spreads very rapidly amongst housed broiler chickens (Evans and Sayers, 2000). Results of a questionnaire study by Hald et al. (2000) indicated that other animals located in the intermediate vicinity of the broiler house posed a significant risk to broiler flocks in terms of Campylobacter colonization. It is strongly suggested that a farmer tending both cattle and poultry on the same farm transmitted Campylobacter from cattle to poultry (and vice versa) on his/her boots (van de Giessen et al., 1998) Farm personnel and equipment (e.g., feed trucks) can carry Campylobacter between broiler houses and onto subsequent or neighboring farms (Newell et al., 2011). In the absence of infected neighbors in 2 km radius of susceptible farm, in the same month, showed a significant protective effect in comparison with presence of infected neighbors in the same distance and time (Chowdhury et al., 2012). Livestock and broiler farms with flocks positive for Campylobacter spp. within a few kilometers distance, as well as heavy rainfall events constitute significant risks for colonization in broiler flocks (Jonsson et al., 2012). Rainfall events may also result in unintentional and unrecognized breaches of biosecurity measures, increasing the routes by which Campylobacter can colonize broiler flocks.



PARTIAL DEPOPULATION

Thinning of a flock is a significant threat to biosecurity and increases the risk of Campylobacter contamination by compromising isolation of birds that are not depopulated within a house or a flock. Most of previously declared as Campylobacter free broilers can be rapidly contaminated during the process of thinning (Sahin et al., 2015). A study conducted in Ireland revealed that 85% of flocks were positive at depopulation, and their results identified thinning as a significant risk factor for Campylobacter introduction and the authors provided the suggestion was that partial depopulation should be discontinued (Smith et al., 2016). The importance of thinning was also emphasized in a trial conducted by Ellis-Iversen et al. (2012) which showed that 83% of the Campylobacter positive flocks are associated with this process of partial depopulation and only 43% are identified as positive in the absence of thinning. Age of birds and depopulation are closely associated, making it difficult to be certain which of these two factors affects Campylobacter prevalence most significantly, but more recently it has been shown that seasonality is also an important factor on the prevalence that Campylobacter in broiler flocks that have not been thinned (Jorgensen et al., 2011). Russa et al. (2005) suggested that there was a link between age at depopulation and Campylobacter prevalence. Although the method used in their investigation is not clear, the results show that the proportion of Campylobacter positive flocks increased with increasing age. They also detected a link between the proportion of Campylobacter positive flocks to weather where higher numbers were seen in the autumn (Russa et al., 2005). Live bird crates that were contaminated with Campylobacter from previous (or other) flocks are reintroduced on the farm during catching, and quite often these crates undergo inadequate washing at the slaughter house (Newell et al., 2011). Crates can carry identical genotypes of microorganisms which originate from broiler flocks and abattoirs, which suggests that transport crates are responsible for contamination during transport to slaughter or they could contribute to the Campylobacter colonization of broiler houses (Hastings et al., 2011). Research has shown that Campylobacter can survive on crates post-sanitization (Hansson et al., 2005; Allen et al., 2008). Results from the survey by Powell et al. (2012) showed company specific risk factors or probable recurrence of strains within a company, this warrants further investigation.



CLEANING AND DISINFECTION

Due to the intensive cleaning and disinfection that is often between flocks it is difficult to predict Campylobacter infection from the status of previous flocks. When farms remove litter between grow-out periods, it is often found that negative flocks follow positive ones. The presence of colonized flocks was linked to the turnaround time in a house. Periods of over 14 days can decrease the possibility of residual bacterial contamination (Newell et al., 2011). The benefit of longer turnaround periods is also supported by Battersby et al. (2016) who state that rapid flock turnover contributes to Campylobacter carry over with increased risk being reported if houses are restocked within 9 days of depopulation. A study by Jonsson et al. (2012) also investigated the effect of the length of time the house was empty. Based on a small data set, the study showed that keeping the broiler house empty for less than 9 days would increase the risk for Campylobacter spp. Also, if the empty time is extended the risk of introducing Campylobacter into the houses is kept low only if the biosecurity and hygiene levels are maintained optimal (Borck Hog et al., 2016). It is well-known that an external reservoir can host multiple Campylobacter strains, during the empty period, which will allow colonization of the new flock (Ellis-Iversen et al., 2012).

Using real time PCR Battersby et al. (2016) first detected Campylobacter before chick arrival in both internal and external broiler house samples but many of the flocks were negative for Campylobacter prior to slaughter. These results indicate that only Campylobacter DNA was detected or Campylobacter were present in a viable but non-culturable (VBNC) state. In this VBNC state Campylobacter can survive for at least 7 months (Lázaro et al., 1999). Further research is required to understand the role of VBNC cells in Campylobacter cross contamination.

When looking at persistent external reservoirs, Ellis-Iversen et al. (2012) found that contaminated shed entrances, anterooms and drinkers and shedding of Campylobacter by other animals (e.g., cattle, dogs, rodents) have been found to be linked to positive flocks. In order to reduce the risk of Campylobacter introduction into the shed they have suggested disinfecting the surroundings of the poultry shed around day 25 of the cycle. Other reservoirs of contamination include, vehicles, equipment used by catchers and catching crews (Ellis-Iversen et al., 2012).



ANTIBIOTIC USAGE

Antibiotics are widely utilized in poultry production around the world to improve production efficiency, but they can also impact the microbial population of the gut, including populations of pathogenic bacteria. Campylobacteriosis is a zoonotic foodborne illness, therefore presence of antibiotic resistant Campylobacter strains could also impact on human health. It has been indicated that the usage of fluoroquinolones in poultry farms is associated with increased resistance in chicken and human Campylobacter isolates (Wieczorek and Osek, 2013).

Most campylobacteriosis patients will not require specific treatment other than fluid replacements but there are situations in which antibiotics, such as tetracycline, fluoroquinolones were used (Silva et al., 2011). The resistance of Campylobacter strains to these antibiotics compromises the effectiveness of human treatments. In countries where the use of antibiotics in broiler production well-controlled it is unlikely to have a high prevalence of resistant strains (Norstrom et al., 2007). However, it has been shown that the use of these antibiotics as the first line of treatment in humans led to the development of significant resistance and their efficacy should be re-analyzed (Shobo et al., 2016).

In the E.U. in 2013, it has been reported that ciprofloxacin resistance among human Campylobacter isolates ranged from 23% in Denmark to 92%, in Spain, however, the resistance among broiler isolates ranged from 0% in Finland to 90% in Spain (European Food Safety Authority and European Centre for Disease Prevention and Control, 2015). A promising strategy in reducing Campylobacter, at gut level, could be achieved by the supplementation with additives in feed that could reduce pathogen caecal colonization by exacting an effect on Campylobacter themselves or by altering the chicken caecal microbiome toward a composition that will not favor Campylobacter growth and/or survival. Essential oils and organic acids are known as effective in reducing the colonization levels in broiler chickens. According to Grilli et al. (2013) a blend of propionic and sorbic acid, and eugenol and thymol significantly reduced C. jejuni in slaughter-age chickens even at low doses (0.1%). Hermans et al. (2010) also investigated the effect of caproic, caprylic, and capric acids against C. jejuni. Although, in vitro results showed promising antimicrobial activity, in vivo testing showed that there was not a reduction in C. jejuni when they were included in the feed, 3 days before they were sacrificed. Thibodeau et al. (2015) investigated the chicken caecal microbiome to establish the effect of a non-antibiotic feed additive (mixture of short chain organic acids and phenolic essential oils on C. jejuni colonization). Their study concluded that the microbiome is not extensively disturbed when colonized by C. jejuni. The investigation also concluded that the feed additive used could significantly reduce C. jejuni colonization without significantly affecting the gut microbiome of the chicken.



SEASONALITY OF INFECTIONS OR CARRIAGE

The public health burden due to campylobacteriosis cases necessitates the characterization of the seasonal patterns of Campylobacter contamination since the possibility of illness increases with increasing levels of contamination. The prevalence of Campylobacter in chickens has been found to be associated with seasonality (Taylor et al., 2013; Friedrich et al., 2016). In western countries with temperate climates seasonal peaks of human campylobacteriosis are observed between July and August. The summer peaks in human infection are consistent with higher Campylobacter isolation levels from chickens in the summer period, compared to winter, with the human infection peaks preceding the chicken one suggesting a link between the two (Skarp et al., 2016). The reasons behind Campylobacter seasonality are not clear yet. However, an increase in pathogen reservoirs, changes in human behavior and climate can influence the shedding and transmission of the pathogen. There is a clear risk level of acquiring campylobacteriosis between rural and urban regions and this risk must be taken in consideration (Deckert et al., 2014; Williams et al., 2015).

Research has also shown that the sources of environmental exposure are season dependent with flies being a common vehicle of transmission between the environment and food (Ekdahl et al., 2005). The use of fly screens ventilation openings was recently described as an efficient method to reduce the number of Campylobacter positive flocks (Sahin et al., 2015). These findings confirm that flies serve as a vector particularly during the summer months when temperatures are high (Sahin et al., 2015). In a study conducted in Denmark, the use of fly screens reduced the prevalence of Campylobacter from 41.4 to 10.3% in 10 farms. A cluster of farms within 4 km from contaminated flocks were also positive. This is believed to be due to carriers such as flies, however, flies caught from four ante-rooms in houses with Campylobacter free chickens were always negative (Berndtson et al., 1996). Four fly samples from positive flocks in the same study were positive. Campylobacter spp., have been isolated from beetles originating form poultry farms (Hald et al., 2000). The isolation of Campylobacter from the small intestine and the caeca also exhibited a seasonal pattern with a specific increase during the summer months. This pattern was also confirmed in a review of performed over a period of 10 years in Europe in six countries (Jore et al., 2010). Approximately, 2.1–3.5% of annual human campylobacteriosis are associated with wild birds or wild bird infected sources (Cody et al., 2015). This issue is also very much related to seasonality as it has been shown that 50% of the wild bird fecal samples, collected during winter, were contaminated with C. jejuni weather none of the samples collected in summer months were contaminated (Craven et al., 2000).

Temperature is correlated with Campylobacter spp., colonization of broilers in a study by Jonsson et al. (2012). Daily mean temperatures, above 6°C, had an important role in the colonization with a more significant effect accentuated by increasing temperatures. The same study also showed that below 0°C reduces the probability for a chicken flock to be positive for Campylobacter. Campylobacter spp. are known as sensitive to low temperatures which could explain the incremental effect caused by the increase in environmental temperatures.



WATER

Campylobacter has a high survival rate in water and thus can contaminate water reservoirs following translocation from pastures of grazing animals. Water chlorination appears to be very effective against Campylobacter (Newell and Fearnley, 2003; Hutchison et al., 2004). Only 18.8% campylobacters strains isolated from surface water in Louxembourg can be attributed to poultry, 61% to wild birds and 20.2% to other farm animals (Mughini-Gras et al., 2016). Spreading of animal feces on land was not correlated to increased presence of Campylobacter in surface waters (Sterk et al., 2016). Contamination of water in the broiler house usually follows colonization of a flock indicating that this is caused by contamination of water lines with microorganisms excreted from the birds. Water treatments need to consider the resistance of water borne protozoa such as Tetrahymena pyriformis which act as reservoirs for C. jejuni (Newell et al., 2011). The addition of organic acids has been examined and observations suggest that these provide partial effect in Campylobacter colonization and transmission. They can be used as part of ahurdle approach in conjunction with other measures (Sahin et al., 2015).

Drinker systems with nipples without cups were shown to be better than nipples with cups and bells in reducing the presence of Campylobacter in both Danish and Norwegian broiler flocks. Campylobacter may be introduced into the reservoirs of drinker systems with cups and bells via colonized birds or their droppings, allowing the water to become a dissemination vehicle (Borck Hog et al., 2016). Using municipal sources of water was deemed to be the best as opposed to using wells or boreholes. Private water supply was significantly linked to higher risk of Campylobacter contamination compared to the public water supply (Jonsson et al., 2012), however, this was not always the case (Hald et al., 2000).



VERTICAL TRANSMISSION AND LAG PHASE

Most of the investigations to date have focused on horizontal transmission and farm management practices have been the primary focus of investigations aimed at finding solutions to reduce Campylobacter. There is sufficient evidence to support the vertical transmission of Salmonella (which can be transmitted via the eggs) however in the case of Campylobacter this evidence is absent (Newell and Fearnley, 2003). This statement is supported by the lack of Campylobacter colonization during the first weeks in the life of broilers hatched form eggs originated from breeder flocks infected with Campylobacter. This is further supported by the different genotypes in broilers in comparison to breeders that the eggs have been hatched from. However, C. jejuni can penetrate egg shells, indicating that contact with fecal material could contaminate the shells (Allen and Griffiths, 2001). Research has shown that C. jejuni can colonize egg contents by both oviduct colonization and fecal contamination of egg shells (Cox et al., 2012).

Further research is required to understand vertical transmission risks and measures required to reduce these risks throughout the supply chain. Chicks identified as negative on hatching remain negative until the lag phase (around 10 days of age). It is thought that there are other protective factors such as immunity that protect the chicks up to this stage. Further investigation into the physiological changes of the birds and the effect of changes in farm practices such as changes in feed composition, is required during this lag phase (Newell et al., 2011). Berndtson et al. (1996) have shown that Campylobacter are not detected in samples from newly hatched, 1 week old chicks or their drinkers. Artificial infection of 1 day old chicks with an invasive strain can cause diarrhea within 24 h (Berndtson et al., 1996). As described above the appearances of gastrointestinal disorders are associated with the age of the host as infection at 3 days of age with 109 organisms failed to produce any detectable clinical change. This has also been confirmed in a longitudinal study showing the effect of age on colonization. The risk of flock infection increased with age. Several reports suggest that the immune support in the first 2 weeks plays a part in this. The environmentally stressed campylobacters are poor colonizers and they normally require an in vivo passage to enhance their colonization potential (Evans and Sayers, 2000).

Samples collected from the environment, air, feed, water, meconium and the fecal pools, of 2 and 7 old chickens, have always been identified to be negative by Damjanova et al. (2011). In contrast all flocks became colonized by Campylobacter between the third and sixth week of rearing. All finished flocks were found to be colonized.



LOWER RISK FACTORS

Feed is not seen as a high-risk Campylobacter contaminant within the broiler house. This is because the low water activity of the dry feed does not permit Campylobacter survival. The feed however can be a vehicle for horizontal transmission into the broiler house (Silva et al., 2011). Hald et al. (2000) showed that the incidence of Campylobacter was lower in farms that fed home grown wheat compared to farms that are depended of external supplies (Hald et al., 2000).

Chickens are known to ingest litter and research has shown that a significant of litter is consumed form the floor by the animals (Svihus et al., 2009). A study Torok et al. (2009) has shown that the caecal microbiota of chickens farmed on reused litter differed from that of chickens farmed on any of the other litter materials. Fresh litter is deemed to be low risk due to the low moisture content (Newell et al., 2011). In recent studies to show a controlled comparison, 60% of chickens in reused litter were positive for Campylobacter, compared to 33% in fresh litter. This observation suggests that used litter can act as a pool and source of Campylobacter (Sahin et al., 2015).



CONCLUSION

The understanding of epidemiology and ecology of Campylobacter in poultry has been significantly improved over the past years. A minimum of 40 cells can constitute a successful infectious dose in chickens (Chen et al., 2006). Horizontal transmission is considered the main source of Campylobacter infection in poultry. Campylobacter are ubiquitous in the environment and can be transferred into the poultry farm in several different ways. The potential role of climatic factors as well as routine flock management practices have also to be taken under consideration. Increased biosecurity to minimize Campylobacter contamination should be of paramount importance during the summer period and when chicken flocks are thinned. The high prevalence of Campylobacter positive flocks and human cases of campylobacteriosis suggest that current biosecurity procedures are inadequate in ensuring Campylobacter negative flocks. Pre-harvest control measures in farms can help reduce Campylobacter dissemination in the environment, on farms and the food chain. Since no single contamination vehicle or route is responsible for Campylobacter contamination the different vehicles or routes should be tackled simultaneously. An integrated system that incorporates multiple pre- and post-harvest interventions as well as flock management interventions is necessary in order to reduce the risk from Campylobacter infections linked to consumption and/or handling of contaminated poultry meat. Maintaining such control measures on the farm can be difficult and it should be reinforced with farm worker education and incentives.
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Handling and consumption of chicken meat are risk factors for human campylobacteriosis. This study was performed to describe the Campylobacter population in broiler carcasses and environmental samples throughout the slaughter process. Moreover, the genetic diversity and antimicrobial resistance of the Campylobacter strains were evaluated. Cloacal swabs, samples from carcasses at different stages, and environmental samples were collected thrice from the different flocks at the same abattoir located in Central Jiangsu, China. Campylobacter isolated from the three batches (n = 348) were identified as Campylobacter jejuni (n = 117) and Campylobacter coli (n = 151) by multiplex PCR. Characterization by multilocus sequence typing revealed a specific genotype of Campylobacter for each batch. Antimicrobial sensitivity to 18 antibiotics were analyzed for all selected strains according to the agar diffusion method recommended by the Clinical and Laboratory Standards Institute. Antibiotic susceptibility tests indicated that the majority of the tested isolates were resistant to quinolones (>89.7%). Less resistance to macrolide (59.8%), gentamicin (42.7%), amikacin (36.8%) was observed. Results showed that 94.0% of the tested strains demonstrated multidrug resistance.
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INTRODUCTION

Campylobacter is a leading cause of bacterial foodborne infections in developed countries. This infection has surpassed Salmonella several years ago and caused a significant economic burden (EFSA and ECDC, 2016). Although new species of Campylobacter have recently been discovered, human campylobacteriosis are dominated by two main species, Campylobacter jejuni and Campylobacter coli (Tresse et al., 2017). Campylobacter infection causes watery diarrhea, abortion, human acute enteritis, and several complications, such as Guillain-Barré syndrome and Reiter’s syndrome, in severe cases. Handling and consumption of poultry are the major sources for human infection (Boysen et al., 2014). Reducing the prevalence or number of Campylobacter in broilers at the primary stage could be an effective way to protect public health from Campylobacter infections (European Food Safety Authority [EFSA], 2010). However, despite the many biosecurity interventions at the farm, Campylobacter has not been well controlled in broiler flocks after the rearing period (Newell et al., 2011).

During slaughter, many opportunities may facilitate cross-contamination and spread of bacteria despite good hygiene (Althaus et al., 2017). Poultry meat from Campylobacter-negative flocks may be contaminated by previously slaughtered Campylobacter-positive flocks (Miwa et al., 2003; Allen et al., 2007). Campylobacter can be spread to the poultry meat in the slaughter line, especially after evisceration or from dirty surfaces (Corry and Atabay, 2001; Melero et al., 2012). The prevalence of Campylobacter within positive flocks at slaughter are high (approximately 80%) (Colles et al., 2010; European Food Safety Authority [EFSA], 2010). However, in China, few studies have been conducted on the contamination of broiler carcasses throughout the production chain. During slaughter, Campylobacter could also be recovered in the processing equipment and environmental samples (Berrang et al., 2000; Cason et al., 2007; Ellerbroek et al., 2010). Studies have shown that some Campylobacter strains recovered from the slaughterhouse environment can contaminate carcasses when several batches of poultry are slaughtered (Peyrat et al., 2008; Melero et al., 2012). Previous studies only assessed the slaughtering performance to identify operations that increase or decrease the contamination of carcasses (Habib et al., 2012; Seliwiorstow et al., 2015). Moreover, the possibility of Campylobacter in plants as a continuous source of contamination is still ambiguous (García-Sánchez et al., 2017).

Campylobacter outbreaks are sporadic and caused by cross-contamination, and these characteristics hamper the determination of the sources of contamination. Molecular methods play an important role in the epidemiological study of tracing sources and routing of pathogen transmission. Pulsed-field gel electrophoresis and multilocus sequence typing (MLST) have been employed successfully for the epidemiological study of Campylobacter from different sources and outbreaks (Dingle et al., 2005; Michaud et al., 2005; Thakur et al., 2009). The resistance of Campylobacter to antibiotics has also been a persistent issue generally related to the indiscriminate use of antibiotics for therapy or as a growth promoter (Chen et al., 2010; Rozynek et al., 2013). Determining the drug resistance of Campylobacter strains is important to control and prevent human infection. In China, molecular subtyping and antimicrobial susceptibilities of Campylobacter strains from different sources have been conducted (Zhang et al., 2014; Zeng et al., 2016). However, limited data are available on the comprehensive molecular characterization and antibiotic susceptibility of Campylobacter from broilers during slaughter.

This study was performed to determine the prevalence of Campylobacter in the slaughter and poultry processing environment. Moreover, the genotype characteristics and antibiotic susceptibility of these strains were assessed.



MATERIALS AND METHODS

Sample Collection

Samples were collected from a slaughterhouse located in Central Jiangsu, China. This slaughterhouse processes 20,000 broilers per day. We selected three batches (birds from one flock slaughtered at the same day) in different farms from April 2017 to November 2017. During each visit, cloacal samples were individually collected using sterile swabs before slaughter. Then, samples from the broiler carcasses were collected after plucking, evisceration, washing, and chilling. Water from the cleaning pool and swabs from the operating table and workers’ gloves were also collected as environmental samples. Furthermore, sample collection was performed consecutively during 1 h of the slaughter process. All cloacal swabs were placed in Cary-Blair medium. Swab samples taken at different points were collected using cotton swabs moistened with sterile saline and stored in aseptic bags. Water samples were placed in sterile plastic containers. All samples were transported to the laboratory under cool conditions within 3 h and analyzed the same day. The number of samples collected at different points are shown in Table 1.

TABLE 1. Contamination ratio of Campylobacter during slaughter process in three batches.
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Campylobacter Isolation and Identification

All cloacal swab samples were placed in 1 mL of PBS (phosphate buffer saline) for full immersion. Then, the swabs were removed from the solution. After 10 times dilution, 100 μL of each solution was placed on modified charcoal-cefoperazone-deoxycholate agar (mCCDA) (Oxoid CM0739) with cefoperazone (LKT, C1630), amphotericin B (Wako, 011-1363), and rifampicin (Wako, 185-01003). All plates were incubated at 42°C for 36–42 h in a microaerophilic environment (5% O2, 10% CO2, and 85% N2).

Cotton swabs from carcasses and environment were enriched in 10 mL of Bolton Broth (BB, CM0983, Oxoid; supplemented with BB Selective Supplement, SR0183E, Oxoid) based on previous reports (Adzitey et al., 2012; Tissier et al., 2012). Water from the cleaning pool were filtered through filters with a 0.22 μm pore diameter. Then the membranes were introduced into 10 mL of BB. After 24 h of incubation at 42°C in glass jars under a microaerobic atmosphere, 10 μL of the resulting solutions were streaked onto mCCDA plates, and the plates were incubated at 42°C for 48 h.

After incubation, the suspected colonies were picked and subcultured in Mueller–Hinton (MH) agar (Difco, MD) with blood and incubated for 24–48 h at 42°C under microaerobic conditions. Multiplex PCR tests were used to confirm and identify whether the strains were Campylobacter jejuni or Campylobacter coli according to a previous study (Huang et al., 2009).

Antibiotic Susceptibility Testing

Susceptibility of Campylobacter to 18 antibiotics (Oxoid) from six classes of antibiotics was determined using the following antimicrobial impregnated disks (Oxoid, England, United Kingdom): β-lactams (ampicillin, AMP, 10 μg; amoxicillin, AML, 30 μg; cefotaxime, CEX, 10 μg; and ceftriaxone, CRO, 30 μg); aminoglycosides (streptomycin, S, 10 μg; gentamicin, GEN, 10 μg; kanamycin, K, 30 μg; amikacin, AMK, 30 μg; and tobramycin, TOB, 10 μg); quinolones (norfloxacin, NOR, 10 μg; ciprofloxacin, CIP, 5 μg; ofloxacin, OFX, 5 μg; nalidixic acid, NA, 30 μg; and enrofloxacin, ENR, 5 μg); macrolide (erythromycin, E, 15 μg; and azithromycin, AZM, 15 μg); tetracycline (TE, 30 μg); and clindamycin (DA, 2 μg). This process was carried out according to the Kirby-Bauer disk diffusion method (Bauer et al., 1966) and as recommended by the Clinical Laboratory Standards Institute (Clinical and Laboratory Standards Institute, 2012). Some isolates were revived from the glycerol stocks using BB with 10% lysed sheep blood. Then, these isolates were incubated for 36 h at 42°C under microaerobic conditions. Revived cultures were streaked using sterile cotton swabs on MH (Mueller Hinton) agar plates (Oxoid) supplemented with 10% sheep blood for another 36 h of incubation. The bacteria were scrapped to PBS, and the turbidity of the suspension was adjusted to 0.5 McFarland standard (Clinical and Laboratory Standards Institute, 2012). The suspension was stacked onto MH agar plates for 36 h of incubation under microaerophilic conditions. Escherichia coli ATCC 25922 and C. jejuni NCTC 11168 were used as reference strains.

The diameters of the inhibition zones around the antibiotic disk were measured. The breakpoints used to categorize isolates as susceptible, intermediate, and resistant–were based on the Clinical and Laboratory Standards Institute recommendations (Clinical and Laboratory Standards Institute, 2012). Isolates resistant to ≥3 unrelated antibiotic classes were classified as isolates with multidrug resistance (MDR).

MAR (Multiple Antimicrobial Resistance) was used to quantify the multi-resistance of Campylobacter isolates. MAR index = a/b. In this formula, “a” indicated the number of antibiotics to which the isolate was resistant and “b” indicated the total number of antibiotics to which the isolate was tested (Krumperman, 1983).

Multilocus Sequence Typing for Campylobacter

DNA was extracted from some representative strains using a commercial DNA Kit (Tiangen Biotech Inc., Beijing, China). MLST was conducted using primer sequences obtained from http://pubmlst.org/ Campylobacter as previously described (Dingle et al., 2001). The nucleotide sequences of the amplicons were determined by GenScript, Inc. (Nanjing, China). Allele numbers and STs (sequence types) were assigned using the Campylobacter PubMLST database.

Data Analysis

The difference in the prevalence levels across the batches in cloacal swabs and various sample points obtained after plucking, evisceration, washing and chilling were analyzed using a nonparametric test (Chi-square test) using SPSS software (version 17.0). P < 0.05 were considered statistically significant.

Sequence analysis and ST determinations of clonal complexes were performed using the PubMLST database1 for ST designation. Consensus tree was constructed using UPGMA cluster analysis based on the seven housekeeping gene sequences.



RESULTS

Prevalence of Campylobacter in the Slaughter Process

The isolation rates of Campylobacter and the samples collected from each point are listed in Table 1. All strains isolated in batch 1 were C. jejuni (105/105). However, in batches 2 and 3, C. coli was the predominant isolated strain (94/96 and 57/67, respectively). The contamination rate of Campylobacter on the carcasses at every point during slaughter was relatively high even after chilling (87.5–100%). As shown in Table 2, compared with batches 1 and 2, Campylobacter infection rate in the cloacal swabs in batch 3 was significantly lower (P < 0.05). However, significant correlations of infection rates were not observed after evisceration among different batches.

TABLE 2. The statistical contrast across the three batches (P-value).
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At the batch level, we compared the contamination rates of Campylobacter at four sampling points (after plucking, evisceration, washing, and chilling) and found no significant difference except the point of after washing between batches 2 and 3 (P = 0.034) (Table 2). A total of 268 isolates were obtained from 348 samples (77.0%), including 117 C. jejuni and 151 C. coli isolates.

Campylobacter isolates were recovered from all environmental samples. The cotton swab samples from the operating table and workers’ gloves in the 3 batches showed relatively high contamination levels. However, Campylobacter species were not isolated from the cooled water in batch 3.

Antimicrobial Resistance

We selected 39 isolates (C. jejuni) from batch 1, 38 isolates (2 C. jejuni and 36 C. coli) from batch 2, and 40 isolates (1 C. jejuni and 39 C. coli) from batch 3 for antimicrobial resistance testing. A total of 18 antimicrobials classified under six antimicrobial groups were employed to test the selected Campylobacter isolates. Except for seven samples from batch 2, all isolates were resistant to at least one or more antimicrobials (Table 4). The majority of the tested isolates were resistant to quinolones (≥89.7%). Less resistance to macrolide (59.8%), gentamicin (42.7%), and amikacin (36.8%) was observed. The resistance to other antibiotics in this study was greater or equal to 65.0%. Resistance to macrolide was not detected from batch 1, but 81.6 and 100% from batches 2 and 3, respectively, were resistant to this antimicrobial (Table 3).

TABLE 3. Number and percentages of resistance of Campylobacter isolates from three batches.
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The MAR (Multiple Antimicrobial Resistance) indices of the tested isolates from the current study are indicated in Table 4. MDR (resistance to three or more antimicrobial families) was observed in the majority of the isolates. A total of 17 different antibiotic resistance patterns with MAR index ranging from 0 to 1.00 were observed. Multiple resistances were common with resistance from 14 to 16 to 18 antibiotics (MAR index 0.78–0.89). This characteristic was observed in most of the 117 Campylobacter strains. Strains from batch 1 showed resistance to 16 antibiotics (except AZM and E). The resistance spectra of the strains from batches 2 and 3 were more diverse than that of the strains from batch 1. A total of 94.0% of the tested strains demonstrated MDR.

TABLE 4. Resistance spectra of 117 Campylobacter to various antibiotic combinations.
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MLST Analysis of Campylobacter Isolated From the Slaughter Process and the Environment

Isolates from cloacal swabs, environmental samples, and carcasses at different slaughter points were selected and subjected to MLST analysis. The STs, species, sources, and numbers of bacteria are summarized in Table 5. A total of eight STs, including one novel type, were observed from the 117 isolates. Three C. jejuni STs and 7 C. coli STs were identified. One clonal complex CC828 (55 isolates) was generated from these isolates, but 62 isolates could not be assigned to any of the defined CCs.

TABLE 5. Distributions of STs for 117 Campylobacter isolates.
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All 39 C. jejuni isolates from batch 1 were identified as ST8089. Compared with batch 1, batches 2 and 3 showed more diversity in STs. In batches 2 and 3, ST6186 (21/38, 55.3%) and ST860 (33/40, 82.5%) were the most frequently observed STs. This result was similar to the isolates from each cloacal sample. In addition, the STs from the environmental samples in each batch were highly consistent with those from the carcasses and cloacal swabs. In batch 2, strains after washing contained three traditional and one new ST types. All identified STs were further analyzed using UPGMA (Figure 1). Eight identified STs were classified into three clonal groups. All C. jejuni isolates from batch 1 belonged to group 1, and most of the Campylobacter isolates in batches 2 and 3 belonged to groups 2 and 3, respectively.


[image: image]

FIGURE 1. Genetic relationships of the isolates based on the MLST. The consensus tree was developed using UPGMA cluster analysis.





DISCUSSION

Campylobacter infection is considered one of the leading causes of bacterial gastroenteritis in developed and developing countries (Wei et al., 2014; Kaakoushm et al., 2015; Nohra et al., 2016). Several studies have associated the risk of human Campylobacter infection with highly contaminated broiler carcasses (Callicott et al., 2008; Nauta and Havelaar, 2008). Although China is one of the largest poultry producers worldwide, data on this pathogen are limited, especially during broiler production. In the present study, we showed the contamination rate of Campylobacter in samples collected along the slaughter line, that is, from the cloacal swabs in live birds to post chiller carcasses. The prevalence of Campylobacter after chilling was high (87.5–100%). This result was consistent with the finding of Seliwiorstow and collaborators, who compared the carcass contaminations before washing and after chilling in the slaughterhouse and found that the contamination rates were not reduced (Seliwiorstow et al., 2015). Accordingly, improved hygiene during slaughtering may reduce the number of Campylobacter in the carcasses, but the infection rates cannot be reduced because of cross-contamination. Despite the significantly low Campylobacter infection rate of cloacal swabs in batch 3 (P < 0.05), significant correlations of infection rates after evisceration among the different batches were not observed. These data explained that in the case of batch 3, which had lower positive cloacal numbers, the cross-contamination coming from the intestinal content of other flocks or its own flock still existed.

The investigation was conducted in 2012 in a commercial poultry production in Shanghai, China. A total of 23 C. jejuni (17.0%) and 33 C. coli (24.4%) were isolated from 135 broiler carcasses from the slaughterhouse (Ma et al., 2014). Wang and collaborators investigated the prevalence of Campylobacter from broiler chickens in slaughter houses in five Chinese provinces during 2008–2014, and isolated 977 C. jejuni (18.1%) and 1021 C. coli (19.0%) from 5,385 chickens (Wang et al., 2016). In southern Brazil, samples from the broiler slaughtering process were analyzed to directly count Campylobacter and results showed that 72 and 38% were C. jejuni and C. coli, respectively (Gonsalves et al., 2016). Similar results were demonstrated in the European Union, where 60.8% of broiler samples tested positive for C. jejuni, and 41.5% tested positive for C. coli (European Food Safety Authority [EFSA], 2010). In the present study, a total of 117 C. jejuni (33.6%) and 151 C. coli (43.4%) were isolated from 348 samples collected in the slaughterhouse. The isolation rates were higher than those obtained in previous years in China. More samples are needed for further study of the prevalence of Campylobacter species found in the different steps of the slaughter process.

Campylobacter isolates were recovered from all environmental samples. Campylobacter can form biofilms to survive outside the host and protect against chemical products, physical cleaning processes, and environmental stress, and these processes are proposed as a survival mechanism (Hanning et al., 2008). Thus, this mechanism may explain the presence of Campylobacter in the cool water despite the chemical treatment of the water. Defeathering and evisceration are considered as critical contamination steps in poultry processing (Sasaki et al., 2013; Gruntar et al., 2015). Samples from the operating table and workers’ gloves showed a high contamination level in this study. This result suggested an important cross-contamination rate between carcasses and processing equipment. Therefore, it is recommended that contaminated broiler flocks should be slaughtered at the end of the working day to reduce the cross-contamination among the flocks.

Antibiotic resistance is a persistent issue in veterinary medicine and human medical treatment because of the indiscriminate use of antibiotics in therapy or as a growth promoter. Although most Campylobacter infections are self-limiting and do not require any antibiotic treatment, antimicrobial treatment is necessary for some severe and prolonged cases. Fluoroquinolones and macrolides are usually administered to treat human campylobacteriosis in China (Zhang et al., 2014). Our results showed that more than 89.7% of the tested isolates were resistant to quinolones and 59.8% of the tested isolates were resistant to macrolide. This result was consistent with those of previous reports (Li et al., 2018). All tested isolates of C. jejuni from batch 1 were susceptible to macrolide (AZM and E), compare with 81.6 and 100% of the tested isolates of C. coli from batches 2 and 3, respectively, resistant to this antimicrobial. These data were in accordance with recent reports (Ruzauskas et al., 2011; Haruna et al., 2012; Fraqueza et al., 2014; Pergola et al., 2017), which indicated that C. jejuni was predominantly susceptible to erythromycin while C. coli was resistant. However, another possible reason for the results in the current study is that Campylobacter isolated from the same batch may have primarily the same antibiotic resistance profile.

MDR was observed in the majority of the tested isolates (94%) in this study. Higher frequency of MDR was also noted in C. coli isolates from different sources (99%) in China (Zhang et al., 2014). In the present study, 17 different antibiotic resistance patterns with MAR index ranging from 0 to 1.00 were observed. The majority of the MAR index calculated ranged from 0.78 to 0.89 among the 117 selected Campylobacter strains. Strains with a MAR index >0.2 have been identified from animals frequently treated with antimicrobials (Marian et al., 2012). In contrast, significantly lower resistance rates of ciprofloxacin were observed in Campylobacter from poultry meat in countries with strict antimicrobial controls (Miflin et al., 2007; Zhao et al., 2010). Hence, severe MDR, which may be a threat to public safety in China, should be given proper attention.

Campylobacter isolates from one farm showed primarily the same genotype and the same antibiotic resistance profile as previously reported (Pergola et al., 2017). Some studies have supported the hypothesis that the contamination of Campylobacter in broiler carcasses is mainly from the processed Campylobacter-positive birds within a batch (Rasschaert et al., 2006; Sasaki et al., 2014). In the present study, the composition of the MLST was relatively stable within a batch because of the predominance of certain MLST types. In each batch, the most frequently observed STs (ST8089, ST6186, and ST860) were similar to the STs of the isolates from each cloacal sample. Figure 1 shows the close genetic relationship with the dominant STs in each batch. These results may indicate that Campylobacter in slaughterhouses originated mainly from the farms. Thus, minimizing the Campylobacter colonization in the incoming broiler flock is important to reduce the public health risk.

Several isolates collected in this study shared identical genotypes (ST6186, ST825, ST830, ST860, and ST872) with those isolates from the feces of a diarrheal patient in China (Zhang et al., 2014). The consistency of STs in the environmental and carcass samples suggested that some environmental samples, such as those from the operating table and workers’ gloves, may reflect the potential source of contamination. This result further indicated the importance of good hygienic practices during the slaughter process.
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In 2016, Campylobacter was the most commonly reported gastrointestinal bacterial pathogen in humans in the European Union with 246,307 reported cases. Of these cases, 83.6% were Campylobacter jejuni. The objective of the present study was to investigate to what extent an infection with C. jejuni alters the feed intake behavior of broiler chicks in terms of protein intake. This was done to see if, conversely, measures of control could be derived. In total, 300 commercial broilers of the Ross 308 line were allocated to four different groups, including five replications of 15 chickens each. In two groups, a conventional diet [216 g CP/kg dry matter (DM)] and in the two choice diet groups, diets with different levels of crude protein (286 and 109 g CP/kg DM, respectively) were fed between day 14 and day 42. An intake of both choice diets at a ratio of 3:2 resulted in a composition of consumed feed identical to that of the control concerning composition, energy and nutrient content. One group of each feeding concept was infected artificially with C. jejuni at day 21 by applying an oral C. jejuni-suspension containing 5.26 ± 0.08 log10 colony forming units of C. jejuni to three out of 15 chickens. No significant differences concerning C. jejuni prevalence and excretion could be seen. Broilers infected with C. jejuni chose a higher amount of the high protein choice diet in comparison to C. jejuni negative broilers. This resulted in a significantly (p < 0.0001) higher content of crude protein in the consumed diet (198 ± 3.09 g CP/kg DM and 208 ± 8.57 g CP/kg DM, respectively). Due to C. jejuni infection, a significant increase in crude mucin in excreta at day 42 was seen in experimentally infected groups (62.6 ± 4.62 g/kg DM vs. 59.6 ± 6.21 g/kg DM, respectively; p = 0.0396). There were significantly deeper crypts in infected birds (256 ± 71.6 vs. 234 ± 61.3 μm). In summary, C. jejuni infections significantly alter the feed intake behavior of broiler chickens regarding higher protein intake. Therefore, targeted manipulation of protein supply could be tested for limiting the spread of infection.

Keywords: broiler, Campylobacter jejuni, feed choice, protein requirements, performance


INTRODUCTION

Campylobacteriosis is one of the world's most important diarrheal diseases (1). In 2016, Campylobacter was the most commonly reported gastrointestinal bacterial pathogen in humans in the European Union (EU) and has been the case since 2005 (2). The number of reported confirmed cases of human campylobacteriosis was 246,307, with an EU notification rate of 66.3 per 100,000 population (2). This represented an increase of 6.1% compared with 2015 (2). Of confirmed cases reported in the EU, 83.6% were Campylobacter jejuni [C. jejuni; (2)].

Carbohydrates are only a minor substrate for the metabolism of Campylobacter. They are used only to a very limited extent (3). This is different than most other intestinal bacteria. The metabolism of C. jejuni relies on utilizing amino acids (3). Serine, aspartate, glutamate and proline are the preferred amino acids (4, 5). These amino acids are essential for the formation of the mucin-glycoproteins of the intestinal mucus layer (6, 7). Thus, they are most frequently included in both, the mucus layer and the excreta of poultry (8). In principle, threonine is of structural importance in the mucin protein backbone (9). The main constituents of the intestinal mucus layer are the mucins, which are produced by the goblet cells (10, 11). C. jejuni possesses very successful strategies to invade and colonize the mucus layer (12). The presence of mucins appears to be essential for the survival and growth of C. jejuni (12, 13). The crude protein content in the diet is relevant for mucin synthesis (14). Therefore, the crude protein supply is in parts responsible for the thickness and composition of the intestinal mucus layer (14, 15). Reduced crude protein content leads to reduced mucin production as well as a decrease in its release into the intestinal tract of broilers (14). In the context of enteral infections, there is an increased production of mucins associated with high amino acid demand (7, 16, 17). In addition to this demand for amino acids, the immune cells themselves assume high glucose consumption for immunological mechanisms (18). The mobilization of fat deposits provides energy reserves (19, 20), while metabolites of amino acid breakdowns can be used for enhanced gluconeogenesis (18, 20). This high variability in the demand for amino acids also affects the feed intake behavior of animals (21–24). There is much to be said for the homeostatic regulation of amino acid uptake, which is based on an extremely complex but not yet well-researched interplay of different mechanisms (24). In addition to this ability to detect an unbalanced amino acid composition of the diet, broilers can find out the component that best suits their needs (22, 25–27). In empirical scientific work, this ability is used to investigate the influence of different external and internal factors on the feed intake behavior of the animals in feeding experiments (election experiments) with a choice between different animal feeds (26, 28, 29). However, it should be noted that in feeding trials dealing with the level of protein intake that feed intake essentially depends on the energy content of the diet, whereby the total feed intake is negatively correlated with the energy content (26). In growing poultry, the protein requirement remains relatively constant, while the energy requirement increases to some degree (22). Broilers tend to meet their energy needs by minimizing total feed intake (22).

The hypothesis in the present experiment was that broilers show different dietary intake behavior depending on C. jejuni infection. Therefore, targeted manipulation of the protein supply and amino acid pattern could be tested for limiting the spread of infection in further studies.



MATERIALS AND METHODS

The aim of the investigations was to analyze the influence of an experimental C. jejuni infection in broilers on feed intake behavior. In control groups, a compound feed regime (SP-diet) was used. In the choice experiment, birds were given the option to select between a low protein diet (CDCP−-diet) and a high protein diet (CDCP+-diet). At the same time, potential effects of the experimental C. jejuni on the spread of infection, the level of C. jejuni excretion, performance of birds, histology of the ileum and the mucin content in excreta were of interest. The artificial infection was done in a seeder model. Therefore, animal experiments were performed in accordance with the German rules and regulations and approved by the Ethics Committee of Lower Saxony for Care and Use of Laboratory Animals, LAVES (Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit; reference: 33.19-42502-05-15A540).


Animals and Housing

Day of hatching chicks (day 0 = d 0) of both sexes (N = 300; ROSS 308) were obtained from a commercial hatchery (BWE-Brüterei Weser Ems, PHW Gruppe/LOHMANN & Co. AG, Visbek, Germany). For the first 14 days, the birds were housed in four identical floor pens littered with wood shavings. The temperature profile in the pen started with a temperature of about 34–36°C. During the trial, the temperature was lowered by about 1°C every 2 days, reaching a minimum temperature of about 20°C. The photoperiod beginning from d 4 was 16 h of light and 8 h of darkness during the whole trial which complies with the local regulations on keeping chickens (Tierschutz-Nutztierhaltungsverordnung), which provides for 6 h of dark time plus dimming periods of light.

After a fourteen-day rearing phase, the animals were transferred in-house to the experimental unit (security level 2, this means standard biosecurity and institutional safety procedures). Following this, the animals were randomly subdivided into 20 subgroups in a 2 × 2 factorial design with two different diets (SD-diet, CD-diet consisting of the components CDCP+ and CDCP−) and a different infection modus (CN, Campylobacter Negative, CP, Campylobacter Positive) and the following combinations thereof (SDCN-Standard Diet, Campylobacter Negative; CDCN-Choice Diet, Campylobacter Negative; SDCP- Standard Diet, Campylobacter Positive; CDCP-Choice Diet, Campylobacter Positive). All birds in the study were individually tagged with wing-tags.

The animals were kept in modified boxes (AviMax, Big Dutchman AG, Vechta, Germany) with solid flooring littered with wood shavings (1 kg/m2) in groups of 15 animals (“subgroup”). Each subgroup had an unrestricted available floor space (total area minus the area under the trough) of 1.45 m2. Rearing took place up to the end of the 4-week experimental period (beginning at d 42) or rather up to dissection (d 43–45; Figure 1).
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FIGURE 1. Presentation of the arrangement of the feeding troughs and the water lines for control and experimental groups in a box.





Feeding Regime and Feed Analysis

In the rearing phase (d 0–13) a conventional pelleted starter diet (starter) was fed for 1 week, followed by a subsequent 7-day phase with a commercially available pelleted grower diet (grower; Best 3 Geflügelernährung GmbH, Twistringen, Germany). Diets for the main experimental period (d 14 onwards) were produced in cooperation with Evonik Nutrition & Care GmbH (Hanau-Wolfgang, Germany). A manufacturer for trial diets (Research Diet Services BV, Wijk bij Duurstede, the Netherlands; Table 1) produced the different diets. The standard diet (SD-diet) was designed in accordance with a commercially available standard fattening diet concerning ingredients and composition (Tables 1–3). The energy and nutrient content to a certain amount exceeded the recommendations for the energy and nutrient supply of the laying hens and fowls (broilers) of the Committee for Needs Standards of the Society for Nutritional Physiology (30). The other two groups were given the opportunity to freely choose between two different diets. This choice diet consisted of a high protein component (CDCP+-diet: 286 CP/kg DM) and a low protein component (CDCP−-diet: 109 g CP/kg DM). These two compound feeds were based on the SD-diet, modified only in their content of wheat and soybean meal. Due to the specifically formulated composition of the two components of the CD-diet (CDCP+-diet, CDCP−-diet; Table 1), a bird consuming three parts CDCP+-diet (60%) and two parts CDCP−-diet (40%) ingested a feed mixture that referred to an identical botanically and chemically to the standard feed (SD-diet). All diets were offered ad libitum. Circular feeding troughs, two for each box, were used during the entire trial (Crown Poultry Feeders, New Zealand). In the control groups (SDCN, SDCP), both troughs contained an identical diet. In the experimental groups (CDCN, CDCP), each trough contained one of the two CD-diets (CDCP+-diet, CDCP−diet). Water was offered ad libitum in double-cylinder plastic bell drinkers in the rearing phase, later via drinking lines equipped with Top Nipples with a drinking cup (Big Dutchman International GmbH, Vechta-Calveslage, Germany). The water was treated with chlorine-oxygen preparation at a concentration of 0.3 mg/L to kill any C. jejuni in the drinking water (Virbac Clean Pipe, VIRBAC Tierarzneimittel GmbH, Bad Oldesloe, Germany). Water and feed samples were tested for C. jejuni. Both substrates were originally C. jejuni negative.



Table 1. Ingredient composition of the standard protein diet and high protein diet and low protein diet of the choice feeding concept for the main experimental period (days 21–42).
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Table 2. Concentrations of ingredients and energy content after chemical analysis in the standard protein diet and in the high protein diet and low protein diet of the choice feeding in the experimental period (days 21–42).
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Table 3. Amino acid content in the standard protein diet as well as in the high protein diet and low protein diet of the choice feeding in the experimental period (days 21–42).
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Diets were analyzed by standard procedures in accordance with the official methods of the VDLUFA (31). The dry matter content (DM) was determined by drying to the weight constancy at 103°C, whereas the raw ash was analyzed by means of incineration in the muffle furnace at 600°C for 6 h. The total nitrogen content was determined in accordance with the DUMAS combustion method by means of the analyzer Vario Max® (Elementar, Hanau, Germany). The crude fat content was determined in the soxleth apparatus and the content of crude fiber was analyzed after washing in dilute acids and alkalis. Starch determination was carried out polarimetrically (Polatronic E, Schmidt und Haensch GmbH & Co., Berlin, Germany). The sugar content was analyzed by the method in accordance with Luff-Schoorl by titration, whereas the mineral content was determined by atomic absorption spectrometry (Unicam Solaar 116, Thermo, Dreieich, Germany). Amino acids were determined by ion-exchange chromatography (AA analyser LC 3000, Biotronic, Maintal, Germany).



Experimental Infection and Sampling

Prior to Campylobacter challenge, there was a two-step procedure to ensure that there was no Campylobacter colonization prior to experimental infection. This was done at d 18 in five animals per subgroup. Three days later, at d 21, this was performed for each individual animal (N = 300). Samples were taken by means of a cloacal swab (Cary Blair smear test system, Süsse Labortechnik GmbH & Co. KG, Gudensberg, Germany).

At d 21, in each subgroup, three of 15 broilers in a box (n = 5 for groups SDCP and CDCP each) were administered orally with a C. jejuni suspension. A field strain of C. jejuni was used for experimental infection (32). This isolate had been identified as C. jejuni both culturally and mass-spectrometrically (MALDI-TOF MS; AniCon Labor GmbH, Höltinghausen, Germany). Preparation of the conserved strain for experimental infection was done as previously described (33). The infection strain was used in its stationary growth phase (24–48 h) for preparing the inoculum. C. jejuni was resuspended in isotonic 0.9% sodium chloride solution (~10,000 CFU/2 mL). Bacterial suspension for infection was administered orally in three out of 15 randomly selected animals. A button cannula (single-button cannula, sterile, 1.0 × 100 mm, Meiser Medical GmbH, Neuenstein, Germany) was used for application. Analogous to the groups with experimental infection, three of 15 animals were randomly selected from the non-infected control groups (SDCN and CDCN). These animals were administered 2 mL of a sterile sodium chloride solution by means of a button cannula.

At days 22, 23, 24, 25, 28, 35, and 42, individual samples in groups SDCP and CDCP were taken in an identical manner (n = 75/group) as described above. In the groups SDCN and CDCN, regular spot-checks of five randomly selected animals per subgroup were examined for C. jejuni occurrence. Twenty-one days following experimental infection (beginning at d 42), animals from all groups were qualitatively tested concerning their Campylobacter status in accordance with DIN EN ISO 10272-1:2006 (see paragraph “Bacterological Analyses”). Quantitative analyses by determining the colony-forming units of C. jejuni in excreta of seeder birds in groups SDCP und CDCP were performed at days 23, 32, and 38. For excreta collection, the corresponding animals were individually placed in purified, disinfected 10 L plastic bucket (26.5 cm) in order to collect freshly dropped excreta.

For determining the mucin content samples in fresh excreta (n = 3 pooled samples per box) of the birds, samples were collected from each box at d 20 and d 42 in accordance with established methods (34). Within the infection trial, sampling was omitted to minimize the risk of transmitting infection between boxes. The collected excreta were then removed from each box, thoroughly mixed, and processed in parts for further analysis (mucin content).

Dissection of the animals was performed by standard protocol approved by the Animal Care Committee on three consecutive days (d 43, 44, and 45). The contents of the two ceca were removed under sterile conditions and placed in a screw cup (screw cup 100 mL, PP, Sarstedt AG & Co., Nümbrecht, Germany) for all animals in groups SDCP and CDCP.



Bacteriological Analyses

Bacteriological examination at bird level (qualitative analyses) was based on DIN EN ISO 10272-1:2006, taken from the official collection of analysis methods in accordance with § 64 LFBG. The sample matrix was incubated in a one-to-nine ratio (sample:Bolton-broth) in sterile 5 mL tubes mounted with a vent cap (Sarstedt AG & Co., Nümbrecht, Germany). Incubation lasted 4 h at 37°C, followed by 44 ± 4 h at 41.5°C under a microaerobic atmosphere (oxygen content of 5 ± 2%, carbon dioxide content of 10 ± 3%; DIN EN ISO 10272-1:2006). Enrichment in Bolton-broth was followed by streaking samples onto two solid selective culture media (mCCD agar and Karmali agar; Oxoid Germany GmbH, Wesel, Germany) with sterile inoculation loops. Selective cultures were incubated again for 44 ± 4 h at 41.5°C in a microaerophilic atmosphere. Presence of Campylobacter was confirmed by analyzing individual colonies. This was done by phase contrast microscopy (Distelkamp-Electronic, Kaiserslautern, Germany) and biochemical methods (apiCampy, bioMérieux SA, Marcy-LÈtoile, France).

Quantitative bacteriological examination was done by a ten-fold dilution series (0.5 g sample material in 4.5 mL of sterile Phosphate Buffered Saline—PBS) with PBS (Phosphate Buffered Saline, Oxoid Germany GmbH, Wesel, Germany). In duplicate, 100 μL of each dilution was plated onto mCCD agar (Oxoid Germany GmbH, Wesel, Germany). After incubation (microaerophilic atmosphere: 44 ± 4 h at 41.5°C), the colonies were counted and an average value from the two duplicate experiments was taken for calculating the CFU/g intestinal content. In accordance with DIN EN ISO 10272-2:2006, only plates with more than 30 and fewer than 300 colonies were considered.



Analysis of Mucin Content and Histological Investigations

The content of total mucin was determined in birds‘ pooled excreta. Quantifying the water-soluble and ethanol-precipitable fraction of excreta was carried out in accordance with modified methods (9, 35) as described by Visscher et al. (33).

For histological investigations, an ~1 cm long piece was removed from the apex of the right cecum, ~1 cm proximal to the apex, and fixed in 4% formaldehyde for 48 h. After fixation, tissue samples were embedded in paraffin using standard techniques (36). For histological evaluation, 4 μm sections of all samples were stained with HE using established protocols (36). For determining the number of goblet cells in the cecal crypts, sections were viewed with a Zeiss axioscope (Carl Zeiss Jena GmbH, Jena, Germany). Sample analysis was done in accordance with established methods (9) with slight modifications. The depth of five complete vertically oriented crypts was measured in each of the blinded samples. The number of goblet cells of the crypt was counted. The number of goblet cells of the individual, measured crypts of each sample was converted to a standard crypt depth of about 250 μm for comparison between groups.



Performance Parameters

The body weight of the birds was recorded individually at the beginning of days 7, 14, 21, and 42 (PCE TB 30, PCE Instruments, Meschede, Germany). The animal losses were taken into account for all analyzed parameters. The feed and water intake were recorded at the level of the box (20 boxes in total; n = 5 subgroups/boxes per group). The feed conversion ratio (FCR) reflected feed consumption per kilogram of body weight gain. Protein efficiency was calculated as the increase in body weight per kilogram of crude protein intake. The feed-water ratio was calculated as the ratio of water intake to feed intake. At the time of dissection (d 43, 44, and 45), the slaughtering weight (body with feathers and without head, feet, gastrointestinal tract, liver, gallbladder, spleen, heart) and the slaughtering exploitations were calculated as a quotient of slaughter weight to the body mass (in %).



Statistical Analyses

The statistical analysis of the collected data was performed using the Statistical Analysis System for Windows the SAS® Enterprise Guide®, version 9.3 (SAS Institute Inc., Cary, USA). The normal distribution of the residues was tested first with a Shapiro–Wilk test before comparing mean values. Normally distributed data were examined in parts for differences in means by a two-factorial analysis of variance with “diet” (SD-diet, CD-diet) and “infection” (CN, CP) as independent variables as well as multiple pairwise comparisons between combinations of variables (Fisher's smallest significant difference). Due to the study design, the factors “diet” and “infection” were not always to be classified as classic independent factors. The SD-Diet was fixed for energy and nutrient composition. Therefore, the effect of the infection on the parameters related to the choice of feed was not done by a two-factorial evaluation because the animals in the SDCP subgroup had no choice. Here the focus was then placed on the comparison between combined factors. Furthermore, half of the subgroups were not experimentally infected with C. jejuni. Therefore, a two factorial analysis of the quantitative excretion of the bacteria was not necessary.We sometimes were forced to make pairwise comparison of the fixed combination of CD groups (CDCN, CDCP) in comparison to the fixed parameters from the SD groups. Non-normalized data were processed with a Wilcoxon signed-rank test in pairs to investigate differences in the mean values. For comparing a sample with a constant named above or for comparisons according to C. jejuni, a one-sample t-test was used for normal distributed data. For uniform distribution of the sample, two-dimensional frequency distributions of categorial features were checked for dependency with the Pearson‘s Chi square homogeneity test. Otherwise, the Fisher's exact test was used. Correlation analyses were carried out on normal distributed data using Pearson's correlation coefficient. Non-normalized data were analyzed using Spearman's rank correlation coefficient. At p < 0.05, differences in the mean values, dependence of the frequency distribution or a correlation were regarded as significant.




RESULTS

The experiment ran completely without complications. Mortality was 1.33%. Three out of 300 broilers used in the experiment died during the experiment, one had to be euthanized (losses in %: SD-diet: 1.33%, CD-diet: 1.33%; CN: 0.67%; CP: 2.00%; SDCN: 1.33%, CDCN: 0.00%, SDCP: 1.33%, CDCP: 2.66%).


campylobacter Excretion

Before and at the time of the experimental infection, all animals in the experiment were Camplylobacter spp. negative in cloacal swab samples (N = 300).

Experimental infection in groups SDCP and CDCP took place at d 21. The inoculum for the experimental infection contained an average of 5.26 ± 0.08 log10 CFU C. jejuni per bird (2 mL). Already 1 day after this infection, an excretion of C. jejuni could be seen with cultural techniques (Table 4). Seven days after experimental infection in both groups, 100% of animals were C. jejuni positive in excreta. During the trial, there were no significant differences between groups.



Table 4. Prevalence of C. jejuni in cloacal swabs of all animals and counts of C. jejuni in the excreta of the seeder birds (n = 15 per group) at days 23, 32, and 38 as well as total counts of C. jejuni in the caecal content of all animals on the day of dissection.
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The mean values of log10 CFU C. jejuni in the excreta of the seeder animals (15 animals per group, three animals per subgroup) as well as the mean counts of C. jejuni in the cecal content did not differ between the SDCP and CDCP groups (Table 4). The SDCN and CDCN groups remained C. jejuni negative up to the end of the trial.



Feed Intake and Performance Parameters

The SD-diet groups were given a diet with an energy content of 14.4 MJ ME/ kg DM throughout the experimental phase. The energy density in the recorded CD-diets of the experimental groups showed maximum deviation of 0.17 MJ ME/ kg DM (+1.18%) in the experimental group CDCN between d 14 and d 21. By comparison, the CP-content in the ingested diet of the experimental group CDCN was 13% lower than the CP-content of the SD diet during the same period (Table 5).



Table 5. Energy and crude protein concentration in diets as well as feed and nutrient intake.
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Between d 21 and d 42, the animals in the CD-diet groups ingested a diet with an average CP-content of 203 ± 8.00 g/ kg DM. This value was significantly lower than in the groups with SD-diets (p < 0.0001). Looking at the combined effects, it turned out that the CDCN group preferred, a bit more than common, the CDCP−-diet component. Therefore, birds consumed nearly identical proportions of both diets (relationship between CDCP+/CDCP−diets: 1.01 ± 0.07; p < 0.0001; to compare: theoretical CDCP+/CDCP−-ratio in the SDCN group was 1.50). This was fare away from the ratio three parts CDCP+-diet and two parts CDCP−-diet, if choice would have let to an identical botanical and chemical composition as found in the SD-diet. This shift in feed intake toward the protein-poor CDCP−-diet led to a significant reduction in average protein content of the ingested CD-diet. At 198 ± 3.09 g CP/ kg DM, the recorded crude protein content was significantly lower in the CDCN group (p = 0.0002) than in the SDCN group (216 g CP/ kg DM). Compared to the SDCP group (216 g CP/ kg DM), the animals in the experimental group infected with C. jejuni (CDCP) showed no significant difference concerning the crude protein content in the ingested feed (208 ± 8.57 g CP/ kg DM).

The differentiation at weekly level showed that in the period prior to the experimental infection (d 14–d 20), offering the choice diets led to ingestion of a diet with a significantly lower protein content (SD-diet: 216 g CP/ kg DM; CD-diet: 190 ± 8.68 g CP/kg DM; p < 0.0001). Comparing both choice diet groups (CDCN and CDCP), these groups had both a significantly lower (p = 0.0032 and p = 0.0020) crude protein density in diets (188 ± 10.0 g CP/ kg DM and 192 ± 7.47 g CP/ kg DM, respectively) in comparison to the feeding groups offered the SD-diet (216 g CP/ kg DM).

In the first week after experimental infection (d 21–d 27), a numerically increased uptake of the high-protein CDCP+-diet was observed in both groups with choice option. Therefore, there was no difference depending the factor diet on weekly basis (SD-diet: 216 g CP/ kg DM; CD-diet: 215 ± 8.89 g CP/ kg DM; p = 0.5970; Table 5, Figure 2). For combined factors, the crude protein content of the ingested feed of the non-experimentally infected experimental group (CDCN) was lower (210 ± 3.83 g CP/kg DM; p = 0.0188) than in the SDCN group. The experimentally infected group (CDCP), on the other hand, chose a diet with a numerically higher crude protein content than in the infected group offered the SD-diet (220 ± 10.0 g CP/kg DM vs. 216 g/kg DM). In the two subsequent weeks a decline in intake of the protein-rich CDCP+-diet was seen in both experimental groups with choice (d 28–d 34, SD-diet: 216 g CP/kg DM; CD-diet: 204 ± 9.65 g CP/ kg DM; p = 0.0020; d 35–d 41, SD-diet: 216 g CP/kg DM; CD-diet: 193 ± 11.3 g CP/ kg DM; p < 0.0001). In the period from d 28–d 34, the share of intake of the CDCP+-diet was significantly lower in the CDCN group than in CDCP (Figure 2). Additionally, in both groups with choice diets, in the last week of the experiment the crude protein uptake was lower than in the groups with the SD-diet (CDCN: 190 ± 8.89; CDCP: 197 ± 13.6 g CP/ kg DM).


[image: image]

FIGURE 2. Proportion of uptake of the compound feed with high protein content (CDCP+-diet) in the experimental phase (experimental C. jejuni infection at the beginning of d 21; 60% intake of CDCP+-diet would mean a comparable diet composition to SD-diet); *Values differ significantly at p < 0.05.



The SD-diet fed subgroups (SDCN, SDCP) showed a significantly higher daily feed intake per animal (156 ± 4.50 g) than the subgroups fed the CD-diet (151 ± 3.70 g) in the period from d 21 to d 42 (p = 0.0198). In combination with lower crude protein content of the CD-diets in the CDCN and CDCP subgroups, this resulted in a significantly (p < 0.0001) lower daily crude protein intake of the subgroups fed the CD-diets (30.6 ± 1.25 g) compared to the subgroups fed the SD-diets (33.7 ± 0.97 g). Week-by-week observation, however, showed that in the first week after infection, crude protein intake was lower in the CDCN group than in any other group. The CDCP group did not differ at this stage, nor in the subsequent week (d 28–34) from the groups which were offered the SD-diet.

The animals were randomly divided into four groups during the rearing phase, each housed in one box. At the end of the rearing phase, animals from each group were allocated to their respective five subgroups. Thus, there was no mixing between the animals of the groups. At the first body weight assessment (d 7), there was no difference in average body weight between the groups (Table 6). At d 14, broilers from the CDCN group had an average body weight lower than that in the other groups (average deviation: maximum 12 g/animal). However, at diet level (SD-diets and CD-diets), no statistical differences in the body weight of the animals were seen before the start of the experiment at d 14 (SD-diet: 494 ± 47.2 g, CD-diet: 488 ± 49.0 g). After the adaptation phase to the diet (d 14–d 20) and before experimental infection, the body weight of the SP-diet fed animals (987 ± 96.9 g) was higher than the body weight of CD-diet fed birds (908 ± 106 g; p < 0.0001). This difference was able to prevail during the experimental phase. At the day of dissection, the body weight of the feeding subgroups with SD-diets (3504 ± 428 g) was significantly higher than the body weight of the feeding subgroups with CD-diets (3,338 ± 465 g; p = 0.0013). The dressing percentage was also significantly more favorable in subgroups fed with the SD-diets (83.0 ± 1.18%) than in subgroups fed with the CD-diets (82.3 ± 1.21%; p < 0.0001).



Table 6. Performance data of broilers depending on experimental infection with C. jejuni and diet as well as feed choice.
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Rating the body weight as a function of the main factor “infection” with C. jejuni, there were comparable starting conditions of non-infected and infected subgroups before the experimental infection at d 21 (940 ± 110 and 955 ± 108 g, respectively). At the end of the experiment, a significantly lower body weight of the non-infected subgroups (3,155 ± 400 g) in comparison to infected subgroups (3,275 ± 405 g; p = 0.0150) could be observed.



Histology of the Intestine

This histological examination showed a significantly deeper crypt depth in experimentally infected subgroups compared to the non-infected subgroups (256 ± 71.6 vs. 234 ± 61.3 μm; p = 0.0011). Regarding the main factor “diet” there were no significant differences. The feeding concept itself, however, had no effect on crypt depth (Table 7). The number of goblet cells was significantly higher in the CDCP subgroups.



Table 7. Crypt depth and the number of goblet cells in the caeca of broiler chickens.
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Mucins in Excreta

The total mucin content in the excreta showed a continuous increase from d 21 to d 42. An exception was the CDCN group (Table 8). In this group, the mucin levels slightly declined.



Table 8. Total mucin content of the excreta of broiler chickens.
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There was no difference in the total mucin content between the feeding concepts at d 21 (SD-diet: 55.2 ± 5.52 g/kg DM; CD-diet: 55.3 ± 5.19 g/kg DM). At d 42, however, a significantly higher total mucin content of groups fed the SD-diet (63.7 ± 5.30 g/kg DM) in comparison to groups fed the CD-diet was observed (58.5 ± 4.74 g/kg DM; p = 0.0002).

At d 21, the excreta of birds in groups which were later not experimentally infected, contained a significantly higher (56.8 ± 4.67) total mucin content compared to those experimentally infected with C. jejuni (53.7 ± 5.51 g/kg DM; p = 0.0188) at a later stage. By contrast, at d 42, the total mucin content of the C. jejuni infected groups was significantly higher (62.6 ± 4.62 g/kg DM) than in the non-infected groups (59.6 ± 6.21 g/ kg DM; p = 0.0396).




DISCUSSION

In a 2 × 2 factorial design, the effects of an experimental C. jejuni infection (without/with) on feed intake preference were analyzed in 300 broiler chickens allocated to 20 subgroups. Simultaneously, the course of this experimental infection, the effects on performance, the number of goblet cells in the ceca, and the concentration of mucins in excreta were analyzed. For this purpose, a choice diet set-up was established in broilers. The birds received either a standard diet with moderate protein content or a choice diet consisting of two supplement diets with low or high protein content.


Campylobacter Excretion

Overall, there were only small differences in the excretion and spread of C. jejuni between the feeding concepts. The number of positive animals at day 22 in the CDCP group tended to be slightly higher (p = 0.1162). Overall, the CDCP+-component in the CD-diet had the highest proportion, with 68% at day 23. The crude protein uptake between the two experimentally infected groups did not differ significantly during the 21-day experimental phase. A significant impact on the dynamics of infection was therefore not expected. At dissection, counts of C. jejuni in cecal content were nearly identical between groups (7.02 ± 0.85/6.87 ± 1.12 log10 CFU C. jejuni per g (gram) of content in SDCP or rather CDCP birds). The absolute values are in line with data from Humphrey et al. (37), who found C. jejuni within the same range in cecal content after experimental infection at a dosage of about 2 × 105 CFU per bird. Therefore, the experiments are generally well suited to test the effects of the infection on the behavioral choices of the animals with respect to the feed.



Feed Intake and Performance

In both experimental groups with choice diets, in the period before the experimental infection, the feeding behavior was nearly identical. In the period after the experimental infection, the protein intake in the experimentally infected C. jejuni group was significantly higher between d 21–27 and d 28–34 than in the group without infection. So far, there are no experiments that have tested this effect in broiler chickens. From the experiments carried out by Han et al. (38) one can deduce that at a higher protein content in the diet (broiler feed vs. laying hen feed), the animals showed a higher C. jejuni load. In sheep lambs, Kyriazakis et al. (39) analyzed the intake of feed of different crude protein contents for subclinical nematode infections. Compared to negative control animals, lower feed intake was observed in the infected animals, with high protein components being ingested in higher proportions.

The question is what leads to the altered feed intake—the immunological response of the animal to the pathogen and the corresponding nutritional requirements in order to defend the pathogen, or the interaction between pathogens and feed intake regulation mechanisms.

A formation of immunologically important protein compounds and gluconeogenesis from metabolites of amino acid degradation cause an increased energy and nutrient consumption (18, 20, 40). The effect of immune stimulation on feed intake behavior is dependent on the duration of this stimulus (41). Stimulation of the immune system observed in association with C. jejuni infections is usually short (42). Rather, after an initial response of the immune system to the pathogen, the cytokine level associated with tolerance of the pathogen by the broiler immune system decreases (42, 43). One has to discriminate between nutrition and the kind of infection. For lysine, antiviral effects are known (44, 45). Collectively, arginine supplementation attenuated the overexpression of pro-inflammatory cytokines in lipopolysaccharide-induced inflammatory response probably through the suppression of the TLR4 pathway and CD14+ cell percentage (46). Furthermore, excessive arginine supplementation (1.76%) suppressed the percentages of circulating and splenic B cells (46). Expression of both TLR4 and TLR21, but not TLR2, is readily increased (6 h post infection) in cecal tissues in response to C. jejuni inoculation in 1-day-old birds, whereas in 2- and 4-week-old broiler chicks this is accompanied, however, by only a limited cytokine gene expression (43). In our study, the differences in the individual amino acid contents were attributed to the different amino acid patterns of wheat and soybean meal, which were used at different levels in the two compound feeds of choice. In the CDCP+-diet, there was 19.7 g/kg DM of arginine, whereas in the CDCP−-diet, we had only 4.72 g/kg DM of this amino acid (factor 4.17). However, due to the age of infection (d 21), it seems unlikely that an increased need for pathogen defense primarily led to an altered amino acid uptake.

Referring to a hypothesized interaction between pathogens and feed intake regulation mechanisms, aspartic acid intake could be interesting. The greatest difference between the CDCP+-diet and the CDCP−-diet was found in the content of aspartic acid (factor 5.23). This amino acid is preferred by C. jejuni for its growth (4, 13). Accordingly, the pathogen may also benefit from a high intake of the CDCP+-diet. Microbes may do this by way of two potential strategies: First, by generating cravings for feeds that they specialize on, or feeds that suppress their competitors. Second, by inducing dysphoria until the organism eats foods that enhance its fitness (47). The early pattern of brain activation following C. jejuni infection is characteristic of visceral sensory challenges, which modulate digestion and ingestive behavior (48). The strain used in this study was not further described in terms of its potential to generate an immunological response that could have altered feed intake behavior. Clinically, however, no evidence of infection-related changes in the animals were visible.

Furthermore, according to Awad et al. (49), the infection with the pathogen induces intestinal histomorphological changes, most prominently including a decrease in villus height, crypt depth and villus surface. Therefore, there is every indication that Campylobacter can, indeed, alter absorptive surface area with indirect negative consequences for production efficiency (49). No reduction in performance was found in the present study. In principle, however, a poorer absorption would also explain a preference for the component with a higher proportion of essential amino acids.

The growth performance of the animals in the experimental group (CDCP) during the experimental period of 21 days was comparable to that of the animals in the SDCP and SPCN groups. The body weight gain during the experimental period (d 21–42) was significantly (p < 0.0001) greater than the target of the Aviagen Group (1,880 g) in all groups. Also, the body weight on d 42 was significantly (p < 0.0001) higher than the target of 2,809 g (50).



Histology of the Intestine

The caeca are the preferred colonization sites in the digestive tract of broiler chickens (51). In the present study, the crypts in the cecum of infected animals receiving a standard diet were significantly deeper than in non-infected animals. Infected animals receiving CD-diets showed no difference in crypt depth from all other groups, but showed a significantly increased number of goblet cells. These results are in line with those of Beery et al. (51) who found significantly deeper cecal crypts in animals infected with C. jejuni. In particular, in the mucous layer of these crypts, a high colonization density by C. jejuni is observed (51, 52). Deeper crypts mean a larger surface of the cecal mucosa and thus a larger surface of the intestinal mucous layer. This could potentially benefit C. jejuni.



Mucins in the Excreta

In this study, experimental infection with C. jejuni had a positive effect on mucin secretion. This increased regardless of the type of feed supply. In the literature, altered secretion of certain mucins is described by the presence of C. jejuni (53, 54). (53) were able to demonstrate in the mouse model that infection with C. jejuni caused a specific mucin (MUC1) to be released more frequently. Stimulation of the corresponding gene by the presence of C. jejuni was also observed in humans (54). This membrane-bound mucin has an important function in defending the host organism against invasion of the pathogen and the release can therefore be regarded as a physiological response of the host organism (53, 55). Furthermore, generally an increase in mucin release is described by inflammatory changes in the intestinal mucosa (56–58). A stimulatory effect by C. jejuni on the immune system is known (49, 59–61). Thus, due to certain surface structures (pathogen-associated molecular patterns) of corresponding receptors (pattern recognition receptors) of the intestinal immune system of the broiler, C. jejuni is recognized as potentially pathogenic. Furthermore, it induces an increase in proinflammatory cytokines such as IL-1 and IL-6, which function as messenger substances in the organism (59–62). In addition to many other functions, these messenger substances also activate mucin release (56–58). Overall, there was no evidence of there being any effects of C. jejuni infection on performance and health. Therefore, the potential effects of inflammation are maximally local in nature.




CONCLUSION

In this study, it could be proven that C. jejuni alters feed intake behavior toward higher protein intake. This had a positive effect on performance of the infected animals. Effects of infection on performance did not exist. Future studies should focus on potentially changing the diet composition away from the C. jejuni-induced pathway toward an increased protein uptake. For this dietetic concept for Campylobacter colonization, further studies are needed.
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Human campylobacteriosis is considered one of the most common foodborne diseases worldwide with poultry identified as the main source of infection accounting for 50–80% of human cases. Highly virulent Campylobacter spp., positive for the Type VI secretion system (T6SS), which have an increased ability to adhere to and invade the host gastrointestinal epithelium are highly prevalent in poultry. Multidrug resistant strains of bacteria are rapidly evolving and therefore, new antimicrobials to supplement animal feed that are able to control Campylobacter species, are in great need. The work presented herein indicates that a novel phenolic antimicrobial, Auranta 3001, is able to reduce the adhesion and invasion of human intestinal epithelial cells (HCT-8) by two T6SS positive chicken isolates, C. jejuni RC039 (p < 0.05) and C. coli RC013 (p < 0.001). Exposure of C. jejuni RC039 and C. coli RC013 to Auranta 3001 downregulated the expression of hcp and cetB genes, known to be important in the functionality of T6SS. Furthermore, the reduced adhesion and invasion is associated with a significant decrease in bacterial motility of both isolates (p < 0.05–p < 0.001) in vitro. Most importantly our in vivo results show that Auranta 3001 is able to reduce cecum colonization levels from log 8 CFU/ml to log 2 CFU/ml for C. jejuni RC039 and from log 7 CFU/ml to log 2 CFU/ml for C. coli RC013. In conclusion, this novel antimicrobial is able to reduce the pathogenic properties of T6SS campylobacters in vitro and also to decrease colonization in vivo.
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INTRODUCTION

The Gram-negative pathogen Campylobacter spp. is the most frequent cause of bacterial foodborne disease (EFSA and ECDC, 2017). The bacterium naturally colonizes the avian intestinal tract, where it can persist for the entire lifespan of the birds leading to contamination of poultry carcasses during slaughter, which increases the risk of human exposure to the pathogen (Shortt et al., 2016). Campylobacter species can cause gastro-intestinal disorders in humans, including fever, nausea, and abdominal pain. In a small group of patients, it can lead to more severe consequences such as Guillain-Barré syndrome, an acute flaccid paralysis, reactive arthritis, and inflammatory bowel disease (Chaisowwong et al., 2012; van Alphen et al., 2012; Hoseinpour et al., 2017).

In order to cause disease Campylobacter interacts with the gastrointestinal epithelium and colonizes the host. The full picture of the mechanisms involved is not yet known (Freitag et al., 2017), but initial progress has been made to elucidate these mechanisms (Young et al., 2007). Blocking these initial stages of infection including adhesion, motility, and chemotaxis is essential as they represent key factors for a successful infection (Morooka et al., 1985; Nachamkin et al., 1993; Yao et al., 1997; Hendrixson and DiRita, 2004; Backert and Hofreuter, 2013). More specifically these virulence factors include motility systems (flaA and flaB), adhesion to fibronectin F (cadF), chemotaxis (cetB), invasion proteins, and cytolethal distending toxins (cdtB), whose production causes progressive cellular distension and cell death leading to enteritis. Therefore, reducing the attachment and invasion of Campylobacter sp. on intestinal epithelial cells and reducing production of virulence factors such as adhesins and decreasing motility could potentially control campylobacteriosis. Besides other virulence factors, capsular polysaccharides contribute to antimicrobial resistance (Hendrixson et al., 2001; Guerry et al., 2012).

Treating Campylobacter infections in humans with antibiotics (e.g., erythromycin, clarithromycin, ciprofloxacin, levofloxacin, moxifloxacin) is common practice. The increasing resistance of bacteria to conventional chemicals and drugs, the decline in new antibiotic discovery over the last few decades, as well as consumer demands for natural food preservatives have encouraged research for the identification of novel natural antimicrobials (Kovac et al., 2015; Oh and Jeon, 2015a; Stratakos et al., 2018). Plant extracts have been used for decades not only as flavor enhancers, but also to extend the shelf life and microbiological safety of food (Hintz et al., 2015). Their applicability was also proven for the treatment of a range of human and animal diseases, improving human health (Holley and Patel, 2005; Teichmann et al., 2016).

Controlling Campylobacter spp. is considered a public health priority. Antimicrobial products are used in general with the aim of bacterial killing but this may have a damaging effect on the host microbiome. Therefore, investigations into the possibility of achieving a reduced virulence rather than a lethal effect would be of interest. Auranta 3001 has been shown to be involved in reduced virulence of Cryptosporidium hominis and Cryptosporidium parvum by downregulating CpSUB1 gene expression (Stratakos et al., 2017). In order to avoid any effect on bacterial survival and growth, and therefore apply less selective pressure for the development of resistance, sub-inhibitory concentrations of antimicrobials need to be identified. The use of sub-inhibitory concentrations is necessary for the sound investigation of the anti-virulence capacity of antimicrobials/compounds (Kummerer, 2004). Our study aimed to investigate if sub-inhibitory concentrations of a mixture of organic acids and plant extracts (Auranta 3001) can reduce the virulence of T6SS positive C. jejuni and C. coli isolates in human HCT-8 cell models and colonization of caeca in artificially infected chicken broilers.



MATERIALS AND METHODS

Strains and Culture Conditions

C. jejuni RC039 and C. coli RC013 strains were obtained from the AFBI laboratory collection and were grown on Blood Agar Base No. 2 (Oxoid Ltd., United Kingdom) supplemented with 5% (vol/vol) defibrinated horse blood (Aquilant Scientific N.I.). The strains were grown under microaerophilic conditions at 41.5°C in 85% N2, 5% O2, and 10% CO2 in a Don Whitley MACS-VA500 microaerophilic workstation (Davidson & Hardy Ltd., United Kingdom) for 48 h. To enumerate viable microorganisms, suitable 10-fold dilutions were made in Maximum Recovery Diluent (Oxoid Ltd., United Kingdom). One hundred microliters of each of the 10-fold dilutions were spread on Campylobacter Blood-Free Selective Agar Base (Modified CCDA – Preston; Oxoid Ltd., United Kingdom) without any supplement, and plates were incubated under microaerophilic conditions at 41.5°C for 48 h.

Chemicals

The novel antimicrobial (Auranta 3001) was supplied by Auranta – Envirotech Innovative Products Ltd and contains lactic and citric acid. The antimicrobial also contains: glycerine-based emulsifying agent, sodium chloride, sodium hydroxide, citrus extract (6%), oregano extract (1%), grape seed extract (2%).

Infection

The ECACC human ileocecal adenocarcinoma cells (HCT-8) were grown in RPMI 1640 (Lonza, Analab Ltd., United Kingdom) supplemented with 10% fetal bovine serum and 2 mL glutamine. The cells were routinely grown in 75 cm2 tissue culture flasks (Sigma-Aldrich, Arklow, Ireland, SIAL0641) in a humidified incubator at 37°C with 5% CO2. The gentamicin protection assay was used to test the role of Auranta 3001 in the ability of C. jejuni RC039 and C. coli RC013 to adhere to and invade host epithelial cells as previously described (Corcionivoschi et al., 2009). HCT-8 cells were grown (80–90% confluence) for 22 to 24 h in six-well tissue culture plates at a concentration of 5.5 × 105 cells per well. For some experiments, HCT-8 monolayers were preincubated with 0.1 and 0.5% Auranta 3001 for 1–3 h. Plate grown C. jejuni RC039 and C. coli RC013 were harvested, washed, and re-suspended in tissue culture medium at an OD600 of 0.3 and 0.25, respectively. The bacterial isolates were preincubated for 1–3 h in the presence of 0.1 and 0.5% Auranta 3001. The HCT-8 cells were washed with fresh culture media containing 10% FBS, and 2 ml of fresh culture medium was added to each well. Bacteria were added to give a multiplicity of infection of 100. Tissue culture plates were centrifuged at 250 × g for 5 min and incubated for 3 h at 41.5°C in 85% N2, 5% O2, and 10% CO2. To quantify the number of cell-associated bacteria, infected monolayers were washed three times with PBS and treated with 0.1% Triton X-100 in PBS at 41.5°C for 15 min. Tenfold dilutions of each well were plated onto CCDA agar and colonies enumerated after 2 days of incubation at 41.5°C in 85% N2, 5% O2, and 10% CO2. To quantify the number of bacteria that invaded HCT-8 cells, the infected monolayers were washed with tissue culture medium. Fresh medium (2 ml) containing gentamicin (400 μg/ml) was added to kill bacteria that were not internalized. Medium without gentamicin was added to quantify the number of bacteria that adhered to the epithelial cells. The tissue culture plates were then incubated for a further 3 h at 41.5°C and washed with fresh RPMI 1650 + 10% FBS. HCT-8 cells were lysed by the addition of 1 ml of 0.1% Triton X-100 in PBS and incubated for 15 min at 41.5°C (Corcionivoschi et al., 2009). Because in our study, we have used chicken isolates the incubation temperature was increased from 37 to 41.5°C. Tenfold dilution of the contents of each well was plated onto CCDA agar, and colonies were enumerated after 2 days of incubation. Invasion efficiency was calculated as the percentage of the total number of CFU/total initial inoculum. All assays were conducted in triplicate and repeated independently three times. The significance of differences in adhesion and invasion between samples was determined using the Student’s t-test. A P-value of <0.05 was defined as significant.

Susceptibility to Auranta 3001

The twofold tube dilution method was used to determine the lowest concentration of Auranta 3001 that can inhibit growth of bacteria (MIC) and the lowest concentration that results in bacterial death (MBC) according to Zhu et al. (2016). Auranta 3001 was diluted (8% down to 0.0078% v/v) in Müeller Hinton broth (MHB) and thoroughly vortexed. Individual overnight bacterial cultures were harvested by centrifugation, washed with PBS, and diluted to approximately 1 × 106 CFU/mL in MHB. Each tube was inoculated with approximately 5 × 105 CFU/mL of this bacterial culture (final concentration). Noninoculated tubes containing the same growth medium were used as negative controls and tubes inoculated with individual bacterial cultures in MHB without Auranta 3001 were used as positive controls. Subsequently, the tubes were incubated at 41.5°C for 48 h. Tubes without visible growth were considered as below the MIC. One hundred milliliters were taken from the tubes that showed no growth and inoculated onto MHA plates, the highest dilution with no microbial growth was considered as the MBC. Each assay was repeated three times for each strain. In order to determine the sub-inhibitory concentrations used, the two pathogens were exposed to different concentrations of the antimicrobial. The concentrations that showed no effect on survival and no growth inhibition (same growth kinetics as the control) were used for the subsequent experiments.

Motility Assay

The motility of C. jejuni RC039 and C. coli RC013 was measured after the two strains were exposed to Auranta 3001 for 1, 2, and 3 h at a concentration of 0.1 and 0.5%. In short, 5 μl of culture (grown on blood agar for 48 h and recovered in 1 ml brain heart infusion – BHI – broth) was inoculated into the center of a 20 ml semi-solid BHI plate (0.4% agar). The radius of the zone of visible growth was measured after 48 h of incubation under microaerophilic conditions at 41.5°C. The experiment was carried out in triplicate, on three different days. The results are expressed as percentage decrease compared to the control.

Capsule Polysaccharide (CPS) Detection

Capsule polysaccharide was prepared from bacteria co-cultured with HCT-8 cells which were pretreated with Auranta 3001 and from bacteria directly exposed to Auranta 3001 following a previously described protocol (Hitchcock, 1983). Bacteria were harvested by centrifugation and suspended in 100 μl of lysis buffer containing 31.25 mM Tris-HCl (pH 6.8), 4% sodium dodecyl sulfate, 0.025% bromophenol blue, and 20% glycerol. After heating to 100°C for 5 min, 5 μl of 20 mg/ml proteinase K was added to the solution, and the tubes were incubated for 1 h at 50°C. The samples were separated on NuPageNovex 12% bis-Tris gels (Invitrogen, United Kingdom). Following electrophoresis, gels were stained with an Alcian blue (Sigma Aldrich, United Kingdom) solution containing 0.1% Alcian blue, 40% ethanol, and 5% acetic acid (Karlyshev and Wren, 2001).

RNA Extraction and qRT-PCR

Total RNA was isolated from bacteria exposed to Auranta 3001 at a concentration of 0.1 and 0.5% for 1, 2, and 3 h by using the RNeasy®Plus Mini Kit (Qiagen, United Kingdom). The RNA was reverse transcribed using Transcriptor First Strand cDNA Synthesis Kit (Roche, United Kingdom) according to the manufacturer’s protocol. The mRNA levels were determined by quantitative RT-PCR using QuantiNovaSYBR® Green PCR Kit (Qiagen, United Kingdom) on a LightCycler® 96 (Roche, United Kingdom). The primers used (Invitrogen, United Kingdom) are described in Table 1, and the conditions for genes rRNA 16S consisted of incubating for 10 min at 95°C followed by 45 cycles of 95°C for 10 s, 55°C for 30 s, and 72°C for 10 s. A total of 5 μl of SYBR Green master mixture was used in each reaction along with 0.5 μl of 10 μM primer mixture, 3 μl of molecular grade water, and 1 μl of DNA sample. For cetB (10 min at 95°C, followed by 45 cycles of 95°C for 10 s, 54°C for 20 s, and a final extension at 72°C for 5 min) a total of 5 μl of SYBR Green master mixture was used in each reaction along with 1.4 μl of 20 μM primer mixture, 5.2 μl of molecular grade water, and 2 μl of DNA sample. For hcp (2 min at 95°C, followed by 40 cycles of 95°C for 5 s, 60°C for 10 s, and a final extension at 72°C for 5 min), a total of 5 μl of SYBR Green master mixture was used in each reaction along with 0.8 μl of 20 μM primer mixture, 7.4 μl of molecular grade water, and 1 μl of DNA sample. Relative quantity of the mRNA was calculated using the ΔCt method. rARN 16S gene was used as an endogenous control since it was transcribed in equal rates in both treated and untreated cells.

TABLE 1. List of primer sequences used for qRT-PCR for C. jejuni RC039 and C. coli RC013 genes associated with virulence.

[image: image]

In vivo Infection Assay

Twenty male chicken broilers (Ross 308) were housed in isolation units on wood shaving bedding. The temperature in the isolation unit was kept between 22 and 25°C and thermostatically controlled. Broilers were fed ad libitum with a standard diet as described in Table 2. C. jejuni RC039 and C. coli RC013 were grown as described above and suspended in sterile distilled water at a concentration of 1 × 107 CFU/ml. At the age of 15 days, 10 broilers were inoculated with 0.1 ml of C. jejuni RC039 and the other 10 broilers with 0.1 ml C. coli RC013. The infected broilers were kept in separated and sterile isolation units. Five chickens from each infected group received for 3 days, ad libitum, water containing 0.5% Auranta 3001 with the remaining ones receiving water only. After 3 days of treatment, broilers were euthanized, and Campylobacter was enumerated by analyzing the cecum content. All broilers were confirmed as being Campylobacter free at the time of infection, using cloacal swabs. These experiments were performed in triplicate on three separate occasions. The experiments were performed according to the legislation in place (Law 471/2002 and government ordinance 437/2002) and under the supervision of National Sanitary Veterinary Agency. The ethics committee of Banat University of Agricultural Sciences and Veterinary Medicine – King Michael I of Romania, approved this work

TABLE 2. Chemical composition of basal diet.
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Transepithelial Resistance of Cellular Tight Junctions (TEER)

Transepithelial resistance measures the integrity of cellular tight junctions and is a suitable method to be used in cell culture monolayers for the purpose of measuring the effect of bacteria during infection in vitro (Srinivasan et al., 2015). This methodology measures the electrical resistance, in ohms, as a measure of cellular barrier integrity. For the purpose of TEER measurement, the HCT-8 cells were grown on 0.4 μm and 12 mm pore size transwell inserts (Corning) and selected based on the formation of a confluent monolayer. Our aim was to investigate the effect of Auranta 3001 on the barrier properties of HCT-8 cells by taking TEER measurements at 3 h postinfection (±0.1 and 0.5% Auranta 3001) using an EVOM X meter connected to an Endohm chamber (World Precision Instruments).

Statistical Analysis

All experiments were performed in triplicate and data presented as mean ± SEM. To measure the statistical significance of the infection assays and gene expressions results, we used two tailed Student’s t-test. A group difference was assumed to be statistically significant when P? < ?0.05. All results were expressed as means ± SD.



RESULTS

Identification of the Sub-Inhibitory Concentrations

In order to investigate if the antimicrobial agent has any effect in reducing pathogenicity, by attenuating bacterial virulence factors, we first had to identify the sub-inhibitory concentrations for both isolates (C. jejuni RC039 and C. coli RC013). Strong antimicrobial activities against both C. jejuni RC039 and C. coli RC013 were observed. The minimum inhibitory concentrations were 1% for C. jejuni RC039 and 2% for C. coli RC013, and minimum bactericidal concentrations were recorded at similar concentrations (Table 3). We have concluded that concentrations of 0.1 and 0.5% were most appropriate for our next investigations in order to avoid any antimicrobial killing or any effect on bacterial growth

TABLE 3. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) activity of the Auranta 3001.
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Auranta 3001 Reduces the Motility of C. jejuni RC039 and C. coli RC013

Having identified the sub-inhibitory concentrations, we have next studied the potential impact on virulence by the reduction of bacterial motility (Figure 1). Motility plate assays showed that both strains were highly motile but the pretreatment with 0.1 and 0.5% Auranta 3001 significantly reduced motility in a dose and time dependent manner. As reflected in Figures 1A,B, a concentration of 0.1% Auranta 3001 significantly reduced motility after only 2 h for both C. jejuni RC039 (p < 0.01) and C. coli RC013 (p < 0.05). A concentration of 0.5% Auranta 3001 reduced bacterial motility by more than 20% (p < 0.001) after 1, 2, and 3 h for C. jejuni RC039 (Figure 1A), and for C. coli RC013 (Figure 1B) when compared to the control. These results suggested that this antimicrobial can have a negative impact on the motility of C. jejuni and C. coli T6SS positive isolates.
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FIGURE 1. The effect of Auranta 3001 on C. jejuni RC039 and C. coli RC013 motility. (A) shows the percentage decrease of C. jejuni RC039 motility and (B) of C. coli RC013 over control. Asterisks indicate significant differences (∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001). Error bars represent the standard deviation of means from three different experiments, each containing triplicate samples.



Auranta 3001 Reduces C. jejuni RC039 and C. coli RC013 Virulence in vitro and Decreases Colonization in vivo

To demonstrate if the negative effect observed on motility also translates to reduced virulence we performed in vitro infection assays as described in Materials and Methods section. The presence of Auranta 3001 in the culture media throughout the infection assay significantly reduced the adherence of C. jejuni RC039 to HCT-8 cells (Figure 2A) at a concentration of 0.5%, while the negative effect on invasion (Figure 2B) was significant at both concentrations (p < 0.001). In the case of C. coli RC013, the negative effect on adherence (Figure 3A) and invasion (Figure 3B) was significant (p < 0.001) at both 0.1 and 0.5% Auranta 3001. The invasion ability of C. jejuni RC039 and C. coli RC013 was significantly diminished (p < 0.001) when HCT-8 cells only were exposed to Auranta 3001 suggesting that host related infection pathways are affected by the pretreatment (Supplementary Figure 1). Moreover, if the bacteria only are pretreated, prior to infection their invasion capacity is also dramatically reduced (Supplementary Figure 2). Overall, these data indicate that the reduced infection could be due to biological changes in both the host and the bacterium. The successful reduction in virulence obtained in vitro was extremely encouraging and as a consequence we then investigated the effect of Auranta 3001 in preventing cecum colonization of artificially infected chicken broilers. In vivo, quantification of viable bacteria in cecum content showed significant decrease (p < 0.05) in the ability of Campylobacter to colonize the gastrointestinal tract. For C. jejuni RC039, the decrease was from log 8 CFU/ml to 2 log CFU/ml and for C. coli RC013 from 7 log CFU/ml to 2 log CFU/ml (Table 4). In conclusion, the addition of Auranta 3001 to the drinking water significantly reduced the ability of C. jejuni RC039 and C. coli RC013 to colonize the broiler cecum when compared to controls.
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FIGURE 2. Adhesion and invasion of HCT-8 cells by C. jejuni RC039. The adherence (A) and invasion (B) of HCT-8 cells in the presence of Auranta 3001. Results are expressed as percentages of the initial inoculum. Asterisks indicate significant differences (Student’s t-test ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001). Error bars represent the standard deviation of means from three different experiments, each containing triplicate samples.
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FIGURE 3. Adhesion and invasion of HCT-8 cells by C. coli RC013. The adherence (A) and invasion (B) of HCT-8 cells in the presence of Auranta 3001. Results are expressed as percentages of the initial inoculum. Asterisks indicate significant differences (Student’s t-test ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001). Error bars represent the standard deviation of means from three different experiments, each containing triplicate samples.



TABLE 4. Detection of viable campylobacters (log10 CFU/ml).
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Changes in Capsule Polysaccharide (CPS) Profiles of C. jejuni RC039 and C. coli RC013 Following Exposure to Auranta 3001

Having observed that exposure of bacteria to the antimicrobial reduces their virulence we then investigated the production of CPS, a major virulence and colonization factor in campylobacters. Our results show that exposure of HCT-8 cells to 0.1% Auranta 3001 prior to infection leads to a significant decrease in the amounts of CPS detected on co-cultured C. jejuni RC039 (Figure 4A, lanes 3 and 5) compared to control. Interestingly a similar effect was not detected for C. coli RC013 in which case no difference was observed when compared to control (Figure 4B).
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FIGURE 4. Alcian blue profiles of Campylobacter jejuni RC039 (A) and Campylobacter coli RC013 (B) capsule polysaccharides when co-cultured with HCT-8 cells pretreated with 0.1% Auranta 3001.



Auranta 3001 Downregulates hcp and cetB Gene Expression in C. jejuni RC039 and C. coli RC013

The effect of Auranta 3001 on the expression of C. jejuni RC039 and C. coli RC013 hcp gene is shown in Figure 5. The qRT-PCR results revealed that the antimicrobial agent reduced the transcription levels of hcp and the energy chemotaxis related gene (cetB). Exposure of C. jejuni RC039 to 0.1% Auranta 3001 (Figure 5A) resulted in a fivefold reduction of hcp gene expression with a 10-fold reduction in C. coli RC013 (p < 0.01). Interestingly only twofold downregulation of the hcp gene (Figure 5A) was observed when both isolates were exposed to 0.5% Auranta 3001. In the case of cetB gene expression in C. jejuni RC039, we show a significant marked increase (p < 0.01) in downregulation following exposure from fivefold at 0.1% to 10-fold at 0.5% (Figure 5B). For C. coli RC013, the downregulation of cetB was more significant following exposure to 0.1% Auranta 3001 compared to 0.5% (p < 0.05).
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FIGURE 5. Effect of Auranta 3001 on C. jejuni RC039 and C. coli RC013 cetB (B) and hcp gene (A) expression after 3 h of exposure to 0.1 and 0.5% Auranta 3001. Asterisks indicate significant differences (Student’s t-test ∗p < 0.05; ∗∗p < 0.01). Error bars represent the standard deviation of means from three different experiments.



Auranta 3001 Prevents Tight Junction Disruption During Infection

As shown in Figures 2, 3 Auranta 3001 reduces the virulence of both C. jejuni RC039 and C. coli RC013 when used at concentrations between 0.1 and 0.5%. We have hypothesized that the effect could be caused by an increase in tight junction resistance. In order to test our hypothesis, TEER was measured at 3 h postinfection in the presence of 0.1 and 0.5% Auranta 3001. By 3 h postinfection, there was a significant increase (p < 0.01) in TEER in both uninfected and infected cells when Auranta 3001 was present in the infection media (Figure 6). The results were similar when 0.1% Auranta 3001 was used (data not shown). These results indicate that Auranta 3001 inhibits the disruption of the tight junctions during infection preventing pathogen translocation and subsequent infection.
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FIGURE 6. Transepithelial resistance of HCT-8 cells infected with C. jejuni RC039 and C. coli RC013 at 3 h postinfection using 0.5% Auranta during infection. Asterisk indicates significant difference (∗∗P < 0.001) compared to uninfected cells. Error bars indicate standard deviations.





DISCUSSION

Campylobacter remains an important microbiological contaminant of chicken products despite substantial efforts to reduce the infection (Hermans et al., 2011a). An effective preharvest control strategy that reduces pathogen colonization in the cecal environment could reduce the risk of fecal shedding and therefore product contamination considering that Campylobacter resides primarily in the cecal crypts of birds (Beery et al., 1988). Administration of antimicrobial treatment through feed can be applied as a practical method for controlling pathogen colonization. Plant-derived compounds or phytochemicals represent a large unexploited resource that can serve as a safe and effective alternative for controlling pathogens in birds, considering that there is an increasing number of customers that demand antibiotic free chickens. In addition, in the EU the use of antibiotics as growth promotors is not permitted (Hermans et al., 2011b; Wagle et al., 2017).

Bacterial virulence factors such as adhesion are important for colonization; a reduction in this particular attribute could minimize Campylobacter ability to attach to the epithelial cells, hence its colonization of poultry (Jin et al., 2001; Hermans et al., 2011a). Previously, Byrne et al. (2007) showed that Campylobacter spp. attaches and invades both primary chicken enterocytes and human epithelial cells with similar efficiency. The effect of other natural antimicrobials has been widely investigated in different studies of Campylobacter spp. infection. Blackberry (Rubus fruticosus) and blueberry (Vaccinium corymbosum) extracts have been shown to significantly reduce the adhesion and invasion to epithelial cells (Salaheen et al., 2014). Other extracts from Artemisia ludoviciana, Acacia farnesiana, Cynarascolymu ssp., Opuntiaficus indica (Castillo et al., 2014), as well as β-resorcylic acid, have shown similar effects (Wagle et al., 2017). During the course of this study, we have explored the efficacy of Auranta 3001 (a mixture of organic acids and plant extracts) in reducing the ability of C. jejuni and C. coli, T6SS positive isolates, to invade epithelial cells in vitro. Our results indicate that the antimicrobial agent has a direct effect on the pathogen as following pretreatment of C. jejuni RC039 and C. coli RC013 a statistically significant reduction in invasiveness was observed (p < 0.001). This effect was slightly more pronounced, compared to control, with the increased exposure time and the concentration of Auranta 3001. Moreover, we have observed similar results when Auranta 3001 was used to pretreat the HCT-8 cells before infection, suggesting that the antimicrobial agent may potentially interfere with the host cell metabolic pathways, which subsequently affect the ability of bacteria to infect. This theory is supported by a study, which indicates that carvacrol, the main component of oregano, does not inhibit bacterial growth but significantly reduces the virulence potential of C. jejuni and protects against cellular infection of INT-407 cells (van Alphen et al., 2012). Similarly, Citral, which is found in citrus extracts, is able to significantly suppress the attachment and invasion to Caco-2 cells and inhibit the expression of genes involved in the attachment and invasion of host cells by C. sakazakii (Shi et al., 2017).

Cellular tight junctions are a physical barrier against pathogen intrusion and strengthening them is key in the development of novel strategies against Campylobacter spp., infection (Hatayama et al., 2018). Campylobacter ability to disrupt the tight junctions and invade via the basolateral site of eukaryotic cells has been reported in several studies (Monteville and Konkel, 2002; Chen et al., 2006). The increase in TEER, observed in our studies, suggests that the tight junctions of infected cells are strengthened in the presence of Auranta 3001, which could have contributed to the reduction in adhesion and invasion of the two isolates.

To investigate the potential mechanism of action of Auranta 3001, we evaluated the effect of the antimicrobial on various virulence attributes of C. jejuni and C. coli. Motility is crucial to Campylobacter pathogenesis both in vitro and in vivo, and it has been shown that diminished motility results in reduced ability to invade epithelial cells in vitro (Yao et al., 1994; Golden and Acheson, 2002; Stahl et al., 2014). Our study shows that the antimicrobial agent significantly reduces the motility of C. jejuni RC039 and C. coli RC013 in a time and dose-dependent manner. Similar results were reported in a recent study, which describes that preexposure of Campylobacter spp. to different concentrations of organic oils, such as carvacrol, eugenol, and thyme reduced the motility and invasion of C. jejuni into intestinal epithelial cells, without affecting the normal function of the cells (Upadhyay et al., 2017). A citric-based disinfectant applied at sub-inhibitory concentrations reduced the motility of Campylobacter jejuni as well as interfered with quorum-sensing activity and biofilm formation (Castillo et al., 2015). A similar effect was observed when lactic acid was applied at a concentration of 0.6% in Salmonella typhimurium (Burt et al., 2016). Mith et al. (2015) also found that oregano essential oil and carvacrol are able to significantly down-regulate genes involved in motility of E. coli O157:H7 (Mith et al., 2015). Therefore, since the antimicrobial is a mixture of organic acids and plant extracts (e.g., oregano), it is likely that the reduced motility observed in C. jejuni and C. coli is a result of the down-regulation of genes involved in motility.

Motility is an important virulence factor in Campylobacter jejuni (Corcionivoschi et al., 2012) that can be affected by structural and quantitative changes in surface polysaccharides (CPS). These changes are very important because similar to other bacterial pathogens, Campylobacter spp. expresses capsular polysaccharides as a virulence factor to avoid opsonophagocytosis (Nanra et al., 2013). CPS was also previously shown to play an important role in systemic infections as well as in induction of ovine abortion due to antigenic variation and immune evasion (Sahin et al., 2017). Interestingly, our study shows that changes were only detected for C. jejuni RC039 CPS profiles but absent in C. coli RC013. This is possibly caused by the significant diversity in gene content between C. jejuni and C. coli (Dorrell et al., 2001). These variations for both CPS and LOS could be reflected in variable effects on the bacterial virulence potential.

At gene expression level, it was described previously that sub-inhibitory concentrations of antimicrobials influences gene transcription levels in many bacterial pathogens (Tsui et al., 2004; Donoghue et al., 2015; Oh and Jeon, 2015b). Since the sub-inhibitory concentrations of Auranta 3001 did not inhibit the growth of C. jejuni RC039 and C. coli RC013, the reduction, observed in the virulence attributes, could be due to the effect of the antimicrobial on the transcription of the virulence genes. Therefore, we used qRT-PCR to determine the effect of Auranta 3001 on the expression of cetB and hcp genes of Campylobacter. CetB is involved in energy chemotaxis and has been described to play a role in motility (Konkel et al., 1997; Reuter et al., 2010; Hermans et al., 2011a). The hcp gene encodes for a hemolysin-correlated protein and is a key indicator for a functional T6SS (Corcionivoschi et al., 2015; Ugarte-Ruiz et al., 2015). It has been shown that inactivation of C. jejuni T6SS resulted in a reduction of adherence to and invasion of in vitro cell lines, while over-expression of a hemolysin co-regulated protein (hcp), greatly enhanced these processes (Lertpiriyapong et al., 2012). During our study, we observed that Auranta 3001 modulated the transcription level of genes coding energy chemotaxis (cetB) and hemolysin correlated protein (hcp) thus indicating that the anti-Campylobacter colonization effect observed with Auranta 3001 could be mediated via down-regulation of critical colonization genes.

Chicken broilers are still the main source of Campylobacter-related infections. Development of novel strategies and products that could be efficient in reducing the colonization levels in poultry is currently becoming a priority for the industry (Johnson et al., 2017). Our in vivo results indicate a reduction in colonization up to 6 logs between treated and untreated groups. These results clearly show that the anti-pathogenic effect of Auranta 3001, observed in vitro, also translates in less colonization in vivo. In conclusion, our results indicate that Auranta 3001 is able to significantly reduce the invasiveness of C. jejuni and C. coli and protect the host cells in vitro and in vivo against Campylobacter infection and colonization. This effect is expressed by its negative impact on important virulence factors such as motility, adherence, and internalization. Based on these results, Auranta 3001 shows great potential as a method to control campylobacteriosis and provides more information in regards to the mechanistic mode of action of novel antimicrobial products and extracts. Further in vivo studies could potentially explain the mechanism of action, by characterizing the genomic, transcriptomic, and proteomic profiles of the pathogens.



AUTHOR CONTRIBUTIONS

FS, AS, CK, ML, LP, and LS conceived the design and performed the experiments. FS, AS, NC, LS, and VL analyzed the data. NC, PW, and LS contributed reagents, materials, and analysis tools. NC, VL, AS, FS, and OG wrote the paper. All authors read and approved the final manuscript.



FUNDING

This work has been funded through a research grant awarded to NC by Auranta, Nova UCD, Belfield Innovation Park, Belfield, Dublin 4, Ireland.



ACKNOWLEDGMENTS

The authors would like to thank John Cullen for his scientific contributions and advice given during this project.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2018.02139/full#supplementary-material



REFERENCES

Backert, S., and Hofreuter, D. (2013). Molecular methods to investigate adhesion, transmigration, invasion and intracellular survival of the foodborne pathogen Campylobacter jejuni. J. Microbiol. Methods 95, 8–23. doi: 10.1016/j.mimet.2013.06.031

Beery, J. T., Hugdahl, M. B., and Doyle, M. P. (1988). Colonization of gastrointestinal tracts of chicks by Campylobacter jejuni. Appl. Environ. Microbiol. 54, 2365–2370.

Burt, S. A., Adolfse, S. J., Ahad, D. S., Tersteeg-Zijderveld, M. H., Jongerius-Gortemaker, B. G., Post, J. A., et al. (2016). Cinnamaldehyde, carvacrol and organic acids affect gene expression of selected oxidative stress and inflammation markers in IPEC-J2 cells exposed to Salmonella typhimurium. Phytother. Res. 30, 1988–2000. doi: 10.1002/ptr.5705

Byrne, C. M., Clyne, M., and Bourke, B. (2007). Campylobacter jejuni adhere to and invade chicken intestinal epithelial cells in vitro. Microbiology 153, 561–569. doi: 10.1099/mic.0.2006/000711-0

Castillo, S., Heredia, N., Arechiga-Carvajal, E., and García, S. (2014). Citrus extracts as inhibitors of quorum sensing, biofilm formation and motility of Campylobacter jejuni. Food Biotechnol. 28, 106–122. doi: 10.21010/ajtcam.v13i5.10

Castillo, S., Heredia, N., and Garcia, S. (2015). 2(5H)-Furanone, epigallocatechin gallate, and a citric-based disinfectant disturb quorum-sensing activity and reduce motility and biofilm formation of Campylobacter jejuni. Folia Microbiol. 60, 89–95. doi: 10.1007/s12223-014-0344-0

Chaisowwong, W., Kusumoto, A., Hashimoto, M., Harada, T., Maklon, K., and Kawamoto, K. (2012). Physiological characterization of Campylobacter jejuni under cold stresses conditions: its potential for public threat. J. Vet. Med. Sci. 74, 43–50. doi: 10.1292/jvms.11-0305

Chen, M. L., Ge, Z., Fox, J. G., and Schauer, D. B. (2006). Disruption of tight junctions and induction of proinflammatory cytokine responses in colonic epithelial cells by Campylobacter jejuni. Infect. Immun. 74, 6581–6589. doi: 10.1128/IAI.00958-06

Corcionivoschi, N., Alvarez, L. A., Sharp, T. H., Strengert, M., Alemka, A., Mantell, J., et al. (2012). Mucosal reactive oxygen species decrease virulence by disrupting Campylobacter jejuni phosphotyrosine signaling. Cell Host Microbe 12, 47–59. doi: 10.1016/j.chom.2012.05.018

Corcionivoschi, N., Clyne, M., Lyons, A., Elmi, A., Gundogdu, O., Wren, B. W., et al. (2009). Campylobacter jejuni cocultured with epithelial cells reduces surface capsular polysaccharide expression. Infect. Immun. 77, 1959–1967. doi: 10.1128/IAI.01239-08

Corcionivoschi, N., Gundogdu, O., Moran, L., Kelly, C., Scates, P., Stef, L., et al. (2015). Virulence characteristics of hcp (+) Campylobacter jejuni and Campylobacter coli isolates from retail chicken. Gut Pathog 7:20. doi: 10.1186/s13099-015-0067-z

Donoghue, D. J., Arambel, H., Donoghue, A. M., Arsi, K., Upadhyay, A., Woo-Ming, A., et al. (2015). Chitosan supplementation reduces enteric colonization of Campylobacter jejuni in broiler chickens and down-regulates expression of colonization genes. Adv. Food Tech. Nutr. Sci. 1, 104–111. doi: 10.17140/AFTNSOJ-1-119

Dorrell, N., Mangan, J. A., Laing, K. G., Hinds, J., Linton, D., Al-Ghusein, H., et al. (2001). Whole genome comparison of Campylobacter jejuni human isolates using a low-cost microarray reveals extensive genetic diversity. Genome Res. 11, 1706–1715. doi: 10.1101/gr.185801

Douglas Inglis, G., and Kalischuk, L. D. (2003). Use of PCR for direct detection of campylobacter species in bovine feces. Appl. Environ. Microbiol. 69, 3435–3447. doi: 10.1128/AEM.69.6.3435-3447.2003

 EFSA and ECDC (2017). The European Union summary report on trends and sources of zoonoses, zoonotic agents and food-borne outbreaks in 2016. EFSA J. 15:5077. doi: 10.1111/cmi.12714

Freitag, C. M., Strijbis, K., and Van Putten, J. P. M. (2017). Host cell binding of the flagellar tip protein of Campylobacter jejuni. Cell Microbiol. 19, e12714. doi: 10.1111/cmi.12714

Golden, N. J., and Acheson, D. W. (2002). Identification of motility and autoagglutination Campylobacter jejuni mutants by random transposon mutagenesis. Infect. Immun. 70, 1761–1771. doi: 10.3389/fcimb.2012.00007

Guerry, P., Poly, F., Riddle, M., Maue, A. C., Chen, Y. H., and Monteiro, M. A. (2012). Campylobacter polysaccharide capsules: virulence and vaccines. Front. Cell. Infect. Microbiol. 2:7. doi: 10.3389/fcimb.2012.00007

Harrison, J. W., Dung, T. T., Siddiqui, F., Korbrisate, S., Bukhari, H., Tra, M. P., et al. (2014). Identification of possible virulence marker from Campylobacter jejuni isolates. Emerg. Infect. Dis. 20, 1026–1029. doi: 10.3201/eid2006.130635

Hatayama, S., Shimohata, T., Amano, S., Kido, J., Nguyen, A. Q., Sato, Y., et al. (2018). Cellular tight junctions prevent effective Campylobacter jejuni Invasion and inflammatory barrier disruption promoting bacterial invasion from lateral membrane in polarized intestinal epithelial cells. Front. Cell. Infect. Microbiol. 8:15. doi: 10.3389/fcimb.2018.00015

Hendrixson, D. R., Akerley, B. J., and Dirita, V. J. (2001). Transposon mutagenesis of Campylobacter jejuni identifies a bipartite energy taxis system required for motility. Mol. Microbiol. 40, 214–224. doi: 10.1111/j.1365-2958.2004.03988.x

Hendrixson, D. R., and DiRita, V. J. (2004). Identification of Campylobacter jejuni genes involved in commensal colonization of the chick gastrointestinal tract. Mol. Microbiol. 52, 471–484. doi: 10.1186/1297-9716-42-82

Hermans, D., Van Deun, K., Martel, A., Van Immerseel, F., Messens, W., Heyndrickx, M., et al. (2011a). Colonization factors of Campylobacter jejuni in the chicken gut. Vet. Res. 42:82. doi: 10.1186/1297-9716-42-82

Hermans, D., Van Deun, K., Messens, W., Martel, A., Van Immerseel, F., Haesebrouck, F., et al. (2011b). Campylobacter control in poultry by current intervention measures ineffective: urgent need for intensified fundamental research. Vet. Microbiol. 152, 219–228. doi: 10.1016/j.vetmic.2011.03.010

Hintz, T., Matthews, K. K., and Di, R. (2015). The use of plant antimicrobial compounds for food preservation. Biomed. Res. Int. 2015:246264. doi: 10.1155/2015/246264

Hitchcock, P. J. (1983). Aberrant migration of lipopolysaccharide in sodium dodecyl sulfate/polyacrylamide gel electrophoresis. Eur. J. Biochem. 133, 685–688. doi: 10.1016/j.fm.2004.08.006

Holley, R. A., and Patel, D. (2005). Improvement in shelf-life and safety of perishable foods by plant essential oils and smoke antimicrobials. Food Microbiol. 22, 273–292. doi: 10.1016/j.micpath.2017.05.009

Hoseinpour, F., Foroughi, A., Nomanpour, B., and Nasab, R. S. (2017). Identification and differentiation of Campylobacter species by high-resolution melting curve analysis. Microb. Pathog. 108, 109–113. doi: 10.1016/j.micpath.2017.05.009

Jin, S., Joe, A., Lynett, J., Hani, E. K., Sherman, P., and Chan, V. L. (2001). JlpA, a novel surface-exposed lipoprotein specific to Campylobacter jejuni, mediates adherence to host epithelial cells. Mol. Microbiol. 39, 1225–1236. doi: 10.3389/fmicb.2017.00487

Johnson, T. J., Shank, J. M., and Johnson, J. G. (2017). Current and potential treatments for reducing Campylobacter Colonization in animal hosts and disease in humans. Front. Microbiol. 8:487. doi: 10.3389/fmicb.2017.00487

Karlyshev, A. V., and Wren, B. W. (2001). Detection and initial characterization of novel capsular polysaccharide among diverse Campylobacter jejuni strains using alcian blue dye. J. Clin. Microbiol. 39, 279–284. doi: 10.1046/j.1365-2958.1997.4031771.x

Konkel, M. E., Garvis, S. G., Tipton, S. L., Anderson, D. E. Jr., and Cieplak, W. Jr. (1997). Identification and molecular cloning of a gene encoding a fibronectin-binding protein (CadF) from Campylobacter jejuni. Mol. Microbiol. 24, 953–963. doi: 10.1371/journal.pone.0122871

Kovac, J., Simunovic, K., Wu, Z., Klancnik, A., Bucar, F., Zhang, Q., et al. (2015). Antibiotic resistance modulation and modes of action of (-)-alpha-pinene in Campylobacter jejuni. PLoS One 10:e0122871. doi: 10.1371/journal.pone.0122871

Kummerer, K. (2004). Resistance in the environment. J. Antimicrob. Chemother. 54, 311–320. doi: 10.1371/journal.pone.0042842

Lertpiriyapong, K., Gamazon, E. R., Feng, Y., Park, D. S., Pang, J., Botka, G., et al. (2012). Campylobacter jejuni type VI secretion system: roles in adaptation to deoxycholic acid, host cell adherence, invasion, and in vivo colonization. PLoS One 7:e42842. doi: 10.1371/journal.pone.0042842

Mith, H., Clinquart, A., Zhiri, A., Daube, G., and Delcenserie, V. (2015). The impact of oregano (Origanum heracleoticum) essential oil and carvacrol on virulence gene transcription by Escherichia coli O157:H7. FEMS Microbiol. Lett. 362, 1–7. doi: 10.1093/femsle/fnu021

Monteville, M. R., and Konkel, M. E. (2002). Fibronectin-facilitated invasion of T84 eukaryotic cells by Campylobacter jejuni occurs preferentially at the basolateral cell surface. Infect. Immun. 70, 6665–6671. doi: 10.1099/00221287-131-8-1973

Morooka, T., Umeda, A., and Amako, K. (1985). Motility as an intestinal colonization factor for Campylobacter jejuni. J. Gen. Microbiol. 131, 1973–1980.

Nachamkin, I., Yang, X. H., and Stern, N. J. (1993). Role of Campylobacter jejuni flagella as colonization factors for three-day-old chicks: analysis with flagellar mutants. Appl. Environ. Microbiol. 59, 1269–1273. doi: 10.4161/hv.23223

Nanra, J. S., Buitrago, S. M., Crawford, S., Ng, J., Fink, P. S., Hawkins, J., et al. (2013). Capsular polysaccharides are an important immune evasion mechanism for Staphylococcus aureus. Hum. Vaccin. Immunother. 9, 480–487. doi: 10.1038/ja.2015.26

Oh, E., and Jeon, B. (2015a). Contribution of surface polysaccharides to the resistance of Campylobacter jejuni to antimicrobial phenolic compounds. J. Antibiot. 68, 591–593. doi: 10.3389/fmicb.2015.01129

Oh, E., and Jeon, B. (2015b). Synergistic anti-Campylobacter jejuni activity of fluoroquinolone and macrolide antibiotics with phenolic compounds. Front. Microbiol. 6:1129. doi: 10.3389/fmicb.2015.01129

Reuter, M., Mallett, A., Pearson, B. M., and Van Vliet, A. H. (2010). Biofilm formation by Campylobacter jejuni is increased under aerobic conditions. Appl. Environ. Microbiol. 76, 2122–2128. doi: 10.1128/AEM.01878-09

Sahin, O., Terhorst, S. A., Burrough, E. R., Shen, Z., Wu, Z., Dai, L., et al. (2017). Key role of capsular polysaccharide in the induction of systemic infection and abortion by hypervirulent Campylobacter jejuni. Infect. Immun. 85:e00001-17. doi: 10.1128/IAI.00001-17

Salaheen, S., Nguyen, C., Hewes, D., and Biswas, D. (2014). Cheap extraction of antibacterial compounds of berry pomace and their mode of action against the pathogen Campylobacter jejuni. Food Control 46, 174–181. doi: 10.1038/srep43243

Shi, C., Sun, Y., Liu, Z., Guo, D., Sun, H., Sun, Z., et al. (2017). Inhibition of Cronobacter sakazakii virulence factors by citral. Sci. Rep. 7:43243. doi: 10.1038/srep43243

Shortt, C., Scanlan, E., Hilliard, A., Cotroneo, C. E., Bourke, B., and Tadhg, O. C. (2016). DNA supercoiling regulates the motility of Campylobacter jejuni and is altered by growth in the presence of chicken mucus. mBio 7:e01227-16. doi: 10.1128/mBio.01227-16

Srinivasan, B., Kolli, A. R., Esch, M. B., Abaci, H. E., Shuler, M. L., and Hickman, J. J. (2015). TEER measurement techniques for in vitro barrier model systems. J. Lab. Autom. 20, 107–126. doi: 10.1177/2211068214561025

Stahl, M., Ries, J., Vermeulen, J., Yang, H., Sham, H. P., Crowley, S. M., et al. (2014). A novel mouse model of Campylobacter jejuni gastroenteritis reveals key pro-inflammatory and tissue protective roles for Toll-like receptor signaling during infection. PLoS Pathog. 10:e1004264. doi: 10.1371/journal.ppat.1004264

Stratakos, A. C., Sima, F., Ward, P., Linton, M., Kelly, C., Pinkerton, L., et al. (2018). The in vitro effect of carvacrol, a food additive, on the pathogenicity of O157 and non-O157 Shiga-toxin producing Escherichia coli. Food Control 84, 290–296. doi: 10.1186/s13099-017-0192-y

Stratakos, A. Ch, Sima, F., Ward, P., Linton, M., Kelly, C., Pinkerton, L., et al. (2017). The in vitro and ex vivo effect of Auranta 3001 in preventing Cryptosporidium hominis and Cryptosporidium parvum infection. Gut Pathog. 9:49. doi: 10.1186/s13099-017-0192-y

Teichmann, K., Kuliberda, M., Schatzmayr, G., Pacher, T., Zitterl-Eglseer, K., Joachim, A., et al. (2016). In vitro inhibitory effects of plant-derived by-products against Cryptosporidium parvum. Parasite 23:41. doi: 10.1051/parasite/2016050

Tsui, W. H., Yim, G., Wang, H. H., Mcclure, J. E., Surette, M. G., and Davies, J. (2004). Dual effects of MLS antibiotics: transcriptional modulation and interactions on the ribosome. Chem. Biol. 11, 1307–1316. doi: 10.1111/zph.12176

Ugarte-Ruiz, M., Stabler, R. A., Dominguez, L., Porrero, M. C., Wren, B. W., Dorrell, N., et al. (2015). Prevalence of Type VI secretion system in Spanish Campylobacter jejuni isolates. Zoonoses Public Health 62, 497–500. doi: 10.1111/zph.12176

Upadhyay, A., Arsi, K., Wagle, B. R., Upadhyaya, I., Shrestha, S., Donoghue, A. M., et al. (2017). Trans-cinnamaldehyde, carvacrol, and eugenol reduce Campylobacter jejuni colonization factors and expression of virulence genes in vitro. Front. Microbiol. 8:713. doi: 10.3389/fmicb.2017.00713

van Alphen, L. B., Burt, S. A., Veenendaal, A. K., Bleumink-Pluym, N. M., and Van Putten, J. P. (2012). The natural antimicrobial carvacrol inhibits Campylobacter jejuni motility and infection of epithelial cells. PLoS One 7:e45343. doi: 10.1371/journal.pone.0045343

Wagle, B. R., Upadhyay, A., Arsi, K., Shrestha, S., Venkitanarayanan, K., Donoghue, A. M., et al. (2017). Application of beta-resorcylic acid as potential antimicrobial feed additive to reduce Campylobacter colonization in broiler chickens. Front. Microbiol. 8:599. doi: 10.3389/fmicb.2017.00599

Yao, R., Burr, D. H., Doig, P., Trust, T. J., Niu, H., and Guerry, P. (1994). Isolation of motile and non-motile insertional mutants of Campylobacter jejuni: the role of motility in adherence and invasion of eukaryotic cells. Mol. Microbiol. 14, 883–893. doi: 10.1046/j.1365-2958.1997.2861650.x

Yao, R., Burr, D. H., and Guerry, P. (1997). CheY-mediated modulation of Campylobacter jejuni virulence. Mol. Microbiol. 23, 1021–1031. doi: 10.1038/nrmicro1718

Young, K. T., Davis, L. M., and Dirita, V. J. (2007). Campylobacter jejuni: molecular biology and pathogenesis. Nat. Rev. Microbiol. 5, 665–679.

Zhu, H., Du, M., Fox, L., and Zhu, M.-J. (2016). Bactericidal effects of Cinnamon cassia oil against bovine mastitis bacterial pathogens. Food Control 66, 291–299. doi: 10.1016/j.foodcont.2016.02.013

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Sima, Stratakos, Ward, Linton, Kelly, Pinkerton, Stef, Gundogdu, Lazar and Corcionivoschi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	 
	METHODS
published: 15 October 2018
doi: 10.3389/fmicb.2018.02401






[image: image]

A Rapid LAMP-Based Method for Screening Poultry Samples for Campylobacter Without Enrichment

M. Rosario Romero* and Nigel Cook

Fera Science, Ltd., York, United Kingdom

Edited by:
Steven C. Ricke, University of Arkansas, United States

Reviewed by:
Dario De Medici, Istituto Superiore di Sanità (ISS), Italy
Annika Flint, Health Canada, Canada

*Correspondence: M. Rosario Romero, rosario.romero@fera.co.uk

Specialty section: This article was submitted to Food Microbiology, a section of the journal Frontiers in Microbiology

Received: 19 June 2018
Accepted: 19 September 2018
Published: 15 October 2018

Citation: Romero MR and Cook N (2018) A Rapid LAMP-Based Method for Screening Poultry Samples for Campylobacter Without Enrichment. Front. Microbiol. 9:2401. doi: 10.3389/fmicb.2018.02401

Campylobacter is the most prominent bacterium associated with foodborne disease and the majority of human infection cases are attributed to chicken. Rapid methods capable of determining the Campylobacter status of poultry products in a short time are needed in today’s fast-paced food supply chain. In this study, we developed and evaluated an easy to perform, rapid and robust method for direct detection of Campylobacter in poultry carcasses based on loop-mediated isothermal DNA AMPlification (LAMP). The method does not require bacterial culture or DNA purification and generates results in just an hour. A total of 171 swabs from chicken and turkey slaughter houses were analyzed in parallel by both LAMP and conventional culture-based enumeration methods to evaluate the performance of the rapid method. Campylobacter was detected by LAMP in 100% of swabs with an enumeration result of ≥800 cfu/swab, and 98.6% (69 out of 70) of samples reported as negative by enumeration (≤10 cfu/swab) were also negative by LAMP. The method is also suitable for analysis of boot swabs from poultry houses, and therefore it represents a convenient screening tool that can be implemented on farm, at slaughter houses, processing plants or retail, to help with the control of Campylobacter contamination throughout the food supply chain. The inclusion of an internal amplification control prevents any potential false negative results due to DNA amplification inhibitors that might be present in the sample.
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INTRODUCTION

Campylobacter is the most frequently reported cause of acute bacterial gastroenteritis in humans, with a large proportion of cases implicated with consumption of contaminated poultry products (Efsa Panel On Biological Hazards, 2015). A survey published by the United Kingdom Foods Standard Agency reported that over 60% of fresh chickens from major retailers in the United Kingdom analyzed between July 2015 and March 2016 were positive for Campylobacter and 11% showed contamination at high levels (>1,000 colony forming units × g−1)1. Although these figures represented an improvement with respect to the previous year, the report concluded that the proportion of chicken contaminated with high numbers of Campylobacter is still considerable. In order to achieve further reductions in contamination levels, efficient control measures need to be implemented throughout the poultry production chain. Accurate and rapid testing methods are necessary to support Campylobacter control strategies.

Current systems to monitor Campylobacter incidence on the broiler farm or processing plant involve sending samples to the laboratory for analysis, and then waiting days for the results. Detection of foodborne pathogens by conventional culture methods is a reliable approach, but it requires specialist laboratories and several days to generate results, and therefore there is no real-time information on pathogen presence or absence. Rapid and robust testing systems are needed for implementation on-site to inform rapid action. Other methods for detection and identification of Campylobacter have been published in recent years (Velusamy et al., 2010), including antibody-based detection (Wadl et al., 2009), PCR (Josefsen et al., 2004; Leblanc-Maridor et al., 2011; de Boer et al., 2015), DNA microarrays (Quinones et al., 2007; Donatin et al., 2013), and loop-mediated isothermal DNA amplification (LAMP) (Yamazaki et al., 2009; Dong et al., 2014; Sabike et al., 2016). Nevertheless, most procedures are still not fully adequate to be deployed on-site, as they involve specialized skills or facilities to perform certain steps such as DNA extraction or enrichment culture.

A rapid, easy to perform assay should ideally work on crude samples with minimal preparation and sample handling, e.g., no culture-based enrichment or DNA extraction and purification. LAMP-based methods for Campylobacter have been produced in recent years. Eiken Chemical, Co., Ltd. (Tokyo, Japan) developed the Loopamp® Campylobacter detection kit. This method requires specialized laboratory equipment, as well as pre-enrichment and therefore it is not suitable as a rapid method for on-site application. The Loopamp® Campylobacter detection kit has previously been reported as useful for the analysis of chicken meat contaminated with C. jejuni and C. coli (Yamazaki et al., 2009). The study showed that LAMP achieved 98.5% sensitivity compared with conventional culture tests, and results were obtained in 23.5 to 25.5 h from the start of the enrichment culture, in contrast with the 3–4 days required for the conventional method. However, that approach still involved an enrichment step and a laborious three-step centrifugation protocol. Another research group (Dong et al., 2014) developed a LAMP assay for detection of C. jejuni in cattle farm samples with a limit of detection of 400 fg genomic DNA per test tube (approximately 226 genome copies). This assay is rapid, but culture-based sample enrichment was still needed for application to farm samples.

We previously developed a LAMP assay for the detection of themotolerant Campylobacter spp. (Romero et al., 2016) in poultry boot swabs. The procedure involved the use of immunomagnetic beads to isolate the bacteria from boot swab samples followed by detection via LAMP. Since then, a new DNA polymerase has become available that is claimed by the manufacturer to possess improved robustness and provide faster amplification rates (GspSSD LF DNA Polymerase, Optigene, Ltd., United Kingdom). In the present work, we have modified our previous assay with this new enzyme to develop a rapid method for the direct detection of Campylobacter in poultry carcass swabs. The procedure is performed directly on carcass swab samples without culture enrichment, bacterial isolation, or DNA purification, and results can be generated within 1 h of sample collection.



MATERIALS AND METHODS

Bacterial Strains and Cultures

Campylobacter jejuni NCTC 11168, and C. coli NCTC 11350 were used in this study. Campylobacter stocks were stored at −20°C and cultured at 41.5 ± 1°C on charcoal cefoperazone desoxycholate agar plates (Oxoid, Basingstoke, United Kingdom) for 48 h under microaerobic conditions (5% O2, 10% CO2, 85% N2).

Carcass Swabs

Carcass sponge swab kits (TS/15-BPW, Technical Service Consultants) were used. They are provided pre-wetted in 10 mL of buffer. Poultry carcass swabs were obtained from Faccenda Foods, Ltd., United Kingdom and Bernard Matthews Foods, Ltd., United Kingdom. Duplicate samples were taken from each bird by holding two swabs side by side and swabbing over the whole carcass (chickens) or over the breast (turkey). One of the duplicate swabs was delivered to our laboratory and either stored at −20°C or tested immediately by LAMP, and the other one was tested by the supplier using culture methods. For artificial contamination experiments, the supplier tested for the presence/absence of Campylobacter using a culture-based method based on ISO/TS 10272-1:2006 (Anonymous, 2006a). Only swabs from birds testing Campylobacter-negative were used for subsequent artificial contamination experiments. For analysis of naturally contaminated carcasses, the supplier tested samples according to an enumeration protocol based on ISO/TS 10272-2:2006 (Anonymous, 2006b).

For comparison of results in samples treated by SonoSteam®2, carcasses from two different broiler flocks were analyzed, 15 carcasses from each before treatment, just after evisceration, and 15 after the SonoSteam® and air chilling processes. Duplicate swabs from each carcass were analyzed, respectively, by the supplier using bacterial enumeration and by Fera using LAMP.

Boot Swabs

Boot swabs from turkey houses were provided by Bernard Matthews, Ltd., United Kingdom. Samples were collected in duplicate by walking through turkey sheds wearing boot socks. The boot socks were then bagged individually and sent for analysis. One of the duplicate swabs was delivered to our laboratory and either stored at −20°C or tested immediately by LAMP. The second duplicate was tested by the supplier by Campylobacter culture methods as above, using 25 g of boot swab plus litter. Enumeration results were provided as cfu × g−1.

Extraction of Bacteria From Carcass Swabs

For LAMP testing, the swab was palpitated repeatedly (approximately 10 times) to elute the attached material. A small aliquot of the fluid (around 500 μl) was treated at 85°C for 5 min in a dry hot block. Five μl was then taken and added directly into a LAMP reaction tube.

For the culture methods, each carcass swab was resuspended in 10 mL of buffer and 1 mL was used. Enumeration results were back-calculated to cfu per swab.

Preparation of Boot Swabs for LAMP

Boot swabs were re-suspended in 100 mL of phosphate buffer saline (PBS) + 0.01% Tween 20 (PBST) and shaken for 30 s. An aliquot of the suspension was diluted fourfold in PBST and then 500 μl of this was mixed with an equal volume of 0.3 M KOH and heated at 85°C for 5 min in a dry hot block. Five μl was then added to the LAMP reaction tube.

Detection of Campylobacter by LAMP Assay

The LAMP assay was described previously (Romero et al., 2016). It targets a region of the thermotolerant Campylobacter spp. 16S RNA gene, and was used with the following modifications: ISO-004 Isothermal Mastermix (OptiGene, Ltd., Horsham, United Kingdom) and a newly designed internal amplification control (IAC) were used in the reaction; this IAC was designed to have a more pronounced annealing temperature difference to the target than that used in the previous assay, and therefore to be more readily distinguishable from the target amplicon (Figure 1 shows the IAC sequence). Oligo Calc: Oligonucleotide Properties Calculator3 was used to estimate the annealing temperature of several modifications of the region between the FIP and BIP primers. Four different versions of the IAC were designed, synthesized by Eurofins MWG Operon (Ebersberg, Germany) and tested. The IAC sequence producing the best discrimination from the target during annealing was selected and optimized as published previously (Cook et al., 2013). The optimal concentration for the LAMP assay was 340 IAC copies per reaction.
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FIGURE 1. DNA sequence of the Internal Amplification Control.



The master mix (15 μl), primers and IAC were combined in a 20 μl volume per reaction, and 5 μl of sample was added. Table 1 details primer sequences and concentrations used. LAMP assays were performed in a Genie II (OptiGene, Ltd., Horsham, United Kingdom) using eight-tube strips. Every individual run included a positive control (purified Campylobacter DNA) and a negative control (water). The reactions were run at 65°C for 60 min. Amplicon annealing profiling was performed by heating to 98°C then cooling to 80°C at a rate of 0.05°C × sec−1.

TABLE 1. Campylobacter LAMP primers.
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For boot swabs, ISO-004LNL Isothermal Mastermix (OptiGene, Ltd., Horsham, United Kingdom) was used, which neutralizes the alkaline solution used to assist bacterial lysis. The rest of the procedure was as described above.

Purification of Campylobacter Genomic DNA

Genomic DNA was purified from 100 mL of Campylobacter culture using a DNA extraction kit (QIAGEN, Manchester, United Kingdom). A Qubit 4.0 fluorometer (Thermo Fisher Scientific, Wilmington, DE, United States) was used to measure the concentration and purity of the DNA. Purified DNA (1 μl/reaction) was used as a positive control in every LAMP experiment.

Detection Limit of the Method Using Artificial Contamination

Broth cultures of C. coli were grown overnight. An aliquot of each culture was used for enumeration and the remainder was kept under hypoxic conditions at room temperature for 2 days, when the number of colony forming units (cfu) was determined. Serial dilutions were then made in maximum recovery diluent (MRD, Oxoid, Basingstoke, United Kingdom). One mL of each serial dilution, containing between 1.0 × 103 and 2.3 × 105 cfu, was added to Campylobacter-free turkey carcass swabs, which were then analyzed by the LAMP-based method. A total of 23 swabs were spiked in five independent experiments. Non-spiked swabs were also included as negative control.



RESULTS

Performance of the IAC

The IAC produces an annealing derivative with a peak at 92.5°C, clearly distinguishable from that of the target amplicon (88°C). Negative samples are easily detected by the presence of a single annealing peak at 92.5°C (Figure 2).
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FIGURE 2. Annealing plots obtained after LAMP amplification showing discrimination of IAC and target. Internal amplification control (IAC) was included in all samples. Positive control: purified C. coli DNA; 17: carcass swab not contaminated with Campylobacter; 18: carcass swab contaminated with Campylobacter; negative control: water.



Limit of Detection of the Method, Using Artificially Contaminated Swabs

The analysis of turkey carcass swabs spiked with different amounts of C. coli showed that the method could consistently detect down to 104 cfu per swab, and in 2/5 tests down to 103 cfu (Table 2).

TABLE 2. LAMP-based detection of C. coli on turkey carcass swabs at various artificial contamination levels.
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Detection of Campylobacter in Naturally Contaminated Chicken and Turkey Carcasses

Table 3 shows the culture enumeration results provided by the supplier’s testing laboratories alongside the results obtained with the LAMP-based method. The LAMP based method could consistently detect contamination at levels of 800 cfu per swab and higher; however, the probability of detection diminished as the counts per swab decreased, resulting in some false negative results in swabs containing 10-760 cfu. Out of 70 samples that tested negative in the enumeration assay, only one generated a positive result by LAMP.

TABLE 3. Detection of thermophilic Campylobacter spp. in naturally contaminated chicken and turkey carcasses, by a culture-based enumeration method and by the LAMP-based method.
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One of the slaughter houses that supplied chicken carcass swabs for this study uses a combination of steam and ultrasound (SonoSteam®) to reduce Campylobacter loads on the carcasses. To explore the effectiveness of the LAMP approach in such a setting, samples were collected before and after SonoSteam® treatment from two separate broiler flocks (one positive and one negative for Campylobacter, based on farm results). Duplicate swabs from each carcass were analyzed by both enumeration of Campylobacter spp. and LAMP, respectively. Results are shown in Table 4. All pretreatment samples from the Campylobacter-positive flock tested positive by the LAMP-based method, while 14/15 post-treatment samples (ranging from 0 to 410 cfu/swab) were negative for Campylobacter by LAMP. All samples from the Campylobacter-negative flock tested negative by LAMP, although the enumeration method detected low numbers of cfu/swab in the pre-treatment set.

TABLE 4. Detection of thermophilic Campylobacter spp. in broiler carcasses before and after SonoSteam® treatment by culture-based enumeration and by the LAMP-based method.
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Detection of Campylobacter in Naturally Contaminated Turkey Boot Swabs

Table 5 shows the information obtained when a small set of duplicate turkey boot swabs were tested by the LAMP-based method and by a culture-based method, respectively. LAMP could identify Campylobacter contamination at levels of 30 cfu × g−1 and above.

TABLE 5. Detection of thermophilic Campylobacter spp. in naturally contaminated turkey boot swabs, tested by a culture-based enumeration method and by the LAMP-based method, respectively.
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DISCUSSION

Due to the impact of Campylobacter on human health, governments and industry have been developing strategies to reduce the levels of Campylobacter contamination in poultry, the main vehicle of Campylobacter food poisoning for humans. Testing poultry products for the presence of Campylobacter is key to monitor the effect of biosecurity measures and to reduce the risk of contaminated products reaching the consumer. In this study, a rapid, robust, and easy to perform method has been optimized and evaluated against standard enumeration methods. The method uses LAMP technology to detect Campylobacter spp. directly in crude suspensions of carcass swabs, without pre-enrichment or DNA purification.

The Campylobacter LAMP assay has a probability of detection of 95% with 22 genome copies when performed with pure DNA using Tin Isothermal Mastermix (OptiGene, Ltd., Horsham, United Kingdom) (Romero et al., 2016). In the method described here, a sponge swab pre-wetted with 10 mL of buffer is used, and after homogenization, the fluid is squeezed out of the sponge and used as template for the reaction. When swabs were artificially contaminated with defined numbers of Campylobacter colony forming units, the limit of detection of the method was between 103 and 104 cfu per swab. Since the total volume of fluid per swab is 10 mL and the volume tested in a single reaction is 5 μl, the Campylobacter levels detected are equivalent to 0.5 and 5 cfu per reaction, respectively. This is lower than the detection levels observed with pure DNA previously suggesting that dead cells were present in the cultures used to spike the swabs. These would not be detected by a culture method, so they would not have been accounted for during enumeration, but would still give a positive signal by LAMP if present at sufficient levels.

The analysis of naturally contaminated samples showed that the LAMP-based method detected Campylobacter in all swabs from carcasses with enumeration results of 800 cfu/swab or greater. For samples with enumeration results below 800 cfu/swab, the overall probability of detection of the LAMP assay decreases gradually as the counts per swab decrease, resulting in some false negative results. This is expected, since the LAMP test is performed on a 5 μl aliquot of a 10 mL swab suspension, which on average equates to less than one cfu per reaction at 800 cfu/swab. Despite this, some of the samples with colony counts below 800 tested positive by LAMP. This will be explained by the presence of dead or non-culturable Campylobacter, which will only be detected by LAMP.

Out of 70 carcasses for which no colonies were obtained by the culture method, only one was detected as positive by LAMP. In addition, a further set of 60 turkey duplicate swabs were tested in parallel by the LAMP method and by the enrichment culture method that establishes presence/absence of Campylobacter (Anonymous, 2006a) (data not shown). All swabs gave a negative result by both methods, confirming that the likelihood of obtaining false positives by the LAMP-based method is very low.

Whilst with artificially contaminated carcass swabs the method consistently produced positive LAMP results with 104 cfu/swab, in naturally contaminated samples all swabs with ≥800 cfu/swab tested positive by LAMP. Since the culture-based method detects only viable cells whereas LAMP detects also dead cells, this apparent discrepancy suggests that carcasses that are contaminated with high levels of Campylobacter normally contain high numbers of dead bacteria, more so than those that might occur in the pure bacterial cultures used for spiking experiments.

A fundamental difference between DNA amplification methods and culture-based methods is that the latter naturally have higher sensitivity, since the bacteria are incubated for a period of time and allowed to multiply until visible colonies are obtained. However, rapid results at the expense of some sensitivity may be acceptable for certain applications, such as routine screening. The method described here has a limit of detection for poultry carcass of 800 cfu/swab under the conditions applied and with the specific sampling and sample preparation protocols used in this study. However, modifications can be made to these procedures to achieve adequate detection levels, since the LAMP reaction itself is highly sensitive. Should higher sensitivity be required, various adjustments could be explored, such as reducing the volume of buffer the sample is collected in or concentrating the sample, e.g., by centrifugation and resuspension in a smaller volume.

Our original method (Romero et al., 2016) was developed for the analysis of poultry boot swabs, and involved immunoseparation of the bacteria from swab suspensions followed by LAMP using the Tin enzyme (ISO-001 Tin, OptiGene, Ltd., Horsham, United Kingdom). A small set of turkey boot swabs were tested in the current investigation to assess the performance of the new direct LAMP procedure in these samples, which carry fecal and other materials (bedding, feathers) and might pose a bigger analytical challenge. Although the number of samples is small, these preliminary results show a similar trend to those from carcass swabs, suggesting that the method is robust enough to be applicable to different types of samples, including very complex materials that would inhibit other molecular reactions such as PCR.

A recent publication (Sabike et al., 2016) reported the use of Campylobacter LAMP assay for direct detection in chicken fecal samples. They achieved detection of 3.89 and 3.60 log cfu × g−1 of fecal sample for C. jejuni and C. coli, respectively, in artificially contaminated fecal samples, and a three-step DNA precipitation protocol was used to improve sensitivity. In contrast, the approach presented here does not require DNA precipitation, making it faster and simpler to perform. The only equipment needed is a hot block and a small and portable battery powered instrument to perform the reaction and read-out of results. Thus, our method is suitable for rapid screening of Campylobacter in different settings including processing plants and poultry farms. The method has also been successfully tested in cattle carcass swabs, with and without artificial contamination (data not shown), suggesting that as expected, it can be applied in settings other than poultry production.

Sabike et al. (2016) reported that their analysis of naturally contaminated specimens from one particular farm showed a high frequency of false negative results for Campylobacter loadings ranging from <3 to 5.81 log cfu × g−1. The authors discussed that this high rate of false negatives may be explained by inhibitors of DNA amplification, possibly derived from substances in the poultry feeding stuffs. Indeed, in our preliminary investigation with boot swabs (fecal material) a difference in method performance between different poultry farms was also observed. To deal with potential inhibitors frequently present in complex matrices such as food and fecal samples, our assay includes a competitive IAC (Hoorfar et al., 2004). The presence of inhibitors of DNA amplification in a sample may result in false negative results. However, in our assay, if DNA amplification has taken place, a signal will always be produced, and the temperature of the annealing peak will indicate if it is a Campylobacter-positive or a true negative result. The IAC is also a useful tool for assay optimization; in the absence of target amplification, the IAC fails to amplify it is an indication that the reaction has not proceeded and changes to the sample preparation can be tested. This was applied in our trials with boot swabs and it helped to establish that a fourfold dilution of the swab suspension produced optimal results.

The direct LAMP-based method was applied to carcasses that had been treated with a combination of steam with ultrasound (SonoSteam®) at slaughter to reduce Campylobacter loads. As observed previously (Musavian et al., 2014), treatment with SonoSteam® significantly reduced viable Campylobacter levels on chicken carcasses (average reduction of 1.4 log10 cfu in the sample set used in this study). The results obtained with LAMP are similar to those obtained with the culture-based method in that in most post-treatment samples a reduction of Campylobacter load is indicated. Therefore, the direct LAMP method is suitable for monitoring Campylobacter levels in plants where poultry carcasses have been treated by SonoSteam® or similar decontamination procedures, and to ensure that high level contamination is eliminated. Nevertheless, the results obtained with samples post-treatment indicate that low residual levels of Campylobacter that would be detected by culture methods may result in false negatives by LAMP due to the limit of sensitivity of the method. As an additional observation, the absence of a LAMP signal in most post-treatment samples suggests that the SonoSteam®/air chilling procedure is not simply killing Campylobacter, in which case dead cells on the carcass surface would be detected by LAMP and more positive results would be expected. Instead, the treatment might be removing the bacteria from the carcass surface or damaging their DNA so that it can no longer be amplified by LAMP.

The United Kingdom government/industry set a target to reduce the prevalence of chickens containing greater than 1000 cfu per g skin, considered the most contaminated, to below 10% at the end of the slaughter process4; it was considered that achieving this target should consequently reduce the prevalence of Campylobacter in the food chain. A survey to determine progress toward this target was carried out in 2016, analyzing chickens sold at retail using a culture-based method5. The LAMP-based method presented here is suitable for deployment not just at point of sale, but also before and immediately after the slaughter process, and thus closer to the stages where the Campylobacter colonization status of a bird is determined. The colonization status of a chicken is recognized as the most important factor affecting numbers of Campylobacter cfu on a carcass (European Food Safety Authority [EFSA], 2010), and therefore the ability to assess this as soon as conveniently possible will be highly useful to allow meat inspectors/slaughter house/processing plant personnel rapid logistic decisions. It could also help to monitor the effectiveness of biosecurity measures implemented to control Campylobacter contamination. The LAMP-based system described furthermore offers scope for automation and indeed preliminary work is being carried out in this respect (unpublished data).

This study reports validation data on the performance of a novel rapid method for Campylobacter detection on poultry carcasses as compared with conventional ISO-based culture methods. Further validation work will be conducted to provide more information about the equivalence of the method to ISO standards for different purposes and to establish how the rapid method could be integrated into surveillance and enforcement activities and thus contribute to food safety. The method in its present state of development has the acknowledged limitation of a lack of sensitivity below 800 cfu per swab, which will result in some analyses producing negative results if the contamination level is below that figure. However, it must be stressed that the sampling protocol used in this study for both LAMP and culture (half or whole carcass swabbing) is different to that used in the ISO culture method on which current United Kingdom and EU recommendations are based (cutting out a small piece of skin). Some of the carcasses from this study that resulted in less than 800 cfu per swab (whole chicken carcass swabbed) may have also produced a negative result by culture following the standard method that analyses only 10–25 g of skin. Therefore, the sensitivity of the method is sufficient for detection of the Campylobacter contamination level (1000 cfu × g−1 skin) which is a process hygiene criterion recommended in European regulation6. It has been estimated (Efsa Panel On Biological Hazards, 2011) that full compliance with this criterion by the poultry production industry would lead to a public health risk reduction of over 50%. The LAMP-based method can therefore be a useful tool for rapid screening of poultry carcasses at primary production, assisting in the management of foodborne Campylobacter transmission.
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FOOTNOTES

1 Foods Standards Agency, United Kingdom, 2018. https://www.food.gov.uk/research/foodborne-diseases/a-microbiological-survey-of-campylobacter-contamination-in-fresh-whole-uk-produced-chilled-chickens-at-retail-sale-y234.

2 https://sonosteam.com/

3 http://biotools.nubic.northwestern.edu/OligoCalc.html

4 Foods Standards Agency, United Kingdom, 2013. https://acmsf.food.gov.uk/sites/default/files/multimedia/pdfs/board/board-papers-2013/fsa-130904.pdf.

5 Foods Standards Agency, United Kingdom, 2018. https://www.food.gov.uk/research/foodborne-diseases/a-microbiological-survey-of-campylobacter-contamination-in-fresh-whole-uk-produced-chilled-chickens-at-retail-sale-y234.

6 https://publications.europa.eu/en/publication-detail/-/publication/218f322f-8890-11e7-b5c6-01aa75ed71a1
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Chickens are a key food source for humans yet their microbiome contains bacteria that can be pathogenic to humans, and indeed potentially to chickens themselves. Campylobacter is present within the chicken gut and is the leading cause of bacterial foodborne gastroenteritis within humans worldwide. Infection can lead to secondary sequelae such as Guillain-Barré syndrome and stunted growth in children from low-resource areas. Despite the global health impact and economic burden of Campylobacter, how and when Campylobacter appears within chickens remains unclear. The lack of day to day microbiome data with replicates, relevant metadata, and a lack of natural infection studies have delayed our understanding of the chicken gut microbiome and Campylobacter. Here, we performed a comprehensive day to day microbiome analysis of the chicken cecum from day 3 to 35 (12 replicates each day; final n = 379). We combined metadata such as chicken weight and feed conversion rates to investigate what the driving forces are for the microbial changes within the chicken gut over time, and how this relates to Campylobacter appearance within a natural habitat setting. We found a rapidly increasing microbial diversity up to day 12 with variation observed both in terms of genera and abundance, before a stabilization of the microbial diversity after day 20. In particular, we identified a shift from competitive to environmental drivers of microbial community from days 12 to 20 creating a window of opportunity whereby Campylobacter can appear. Campylobacter was identified at day 16 which was 1 day after the most substantial changes in metabolic profiles observed. In addition, microbial variation over time is most likely influenced by the diet of the chickens whereby significant shifts in OTU abundances and beta dispersion of samples often corresponded with changes in feed. This study is unique in comparison to the most recent studies as neither sampling was sporadic nor Campylobacter was artificially introduced, thus the experiments were performed in a natural setting. We believe that our findings can be useful for future intervention strategies and help reduce the burden of Campylobacter within the food chain.

Keywords: chicken, microbiome, Campylobacter, environmental filtering, phylogenetic signal, competitive exclusion, diversity


INTRODUCTION

Chickens (Gallus gallus domesticus) are an important food source for humans with over 50 billion reared annually for meat and eggs (Part et al., 2016). Feed conversion and the health of chickens is heavily dependent on the largely unexplored complex gut microbial community which plays a role in nutrient assimilation, vitamin and amino acid production and prevention of pathogen colonization (Józefiak et al., 2004; Apajalahti, 2005; Mcnab, 2007; Sergeant et al., 2014). In chickens, the organ with the highest number and variety of bacteria is the cecum (1010-1011 cells/g) which plays an essential role in the digestion of non-starch polysaccharides (NSPs) found in chicken feed (Barnes et al., 1972; Józefiak et al., 2004; Bjerrum et al., 2006). The importance of this organ is demonstrated when up to 10% of energy needs can be recovered from a well-functioning cecum (Hegde et al., 1982; Józefiak et al., 2004). The cecum remains a source of bacterial human infection and a reservoir of antibiotic resistance determinants.

The chicken cecum contracts several times a day releasing contents toward the ileum and the cloaca (Pauwels et al., 2015). Notably the cecal drop contains Campylobacter, a Gram-negative spiral shaped bacterium which causes an estimated 400 million human infections each year (Friedman et al., 2000; Walker, 2005). Campylobacter causes bloody diarrhea, fever and abdominal pains in humans and can also cause post infectious sequelae such as Guillain-Barré syndrome which is a potentially fatal paralytic autoimmune illness. In low-resource areas, asymptomatic and occasionally persistent Campylobacter infections are common in children younger than 1 year and correlate with stunted growth and therefore life-long physical and cognitive deficits (Amour et al., 2016). Approximately 80–90% of these infections are attributed to Campylobacter jejuni, with poultry as the most important source of human campylobacteriosis within industrialized countries (Humphrey et al., 2007; Mullner et al., 2009; Sheppard et al., 2009). C. jejuni colonizes the chicken cecum with relatively high numbers (109 CFU per gram) and whereas traditionally was considered a commensal of the chicken gut, more recently has been demonstrated to be pathogenic to the chicken, with this dependent on the genetics of the host and the strain of infection (Van Deun et al., 2008; Hermans et al., 2012; Humphrey et al., 2014, 2015; Wigley, 2015). Natural colonization of chickens is reported to be at approximately day 14 of the chicken life cycle, although we do not know how and why this occurs, and what the impact of Campylobacter is on the microbiome (Neill et al., 1984; Kalupahana et al., 2013; Thibodeau et al., 2015).

The microbiome of chickens develop rapidly from days 1–3 where Enterobacteriaceae dominate, with Firmicutes increasing in abundance and taxonomic diversity from approximately day 7 onwards (Danzeisen et al., 2011; Ballou et al., 2016; Mancabelli et al., 2016). Bacterial populations within the chicken gut are subsequently driven by the rearing environment and from the bacteria present in food and water (Connerton et al., 2018). How and when Campylobacter appears and the impact on the chicken gut microbiome remains unanswered. The presence of Campylobacter has been noted to prompt an increase in Bifidobacterium and modify abundances of Clostridia and Mollicutes (Thibodeau et al., 2015). The identification of a number of hydrogenases within the ceca may lead to a potential hydrogen sink and provide an explanation as to the high abundance of genera such as Campylobacter (Sergeant et al., 2014). Comparison of broilers not exposed and exposed to C. jejuni at day 6 or day 20 revealed reductions in the relative abundance of operational taxonomic units (OTUs). These were within the taxonomic families Lactobacillaceae and the Clostridium cluster XIVa, with specific members of the Lachnospiraceae and Ruminococcaceae families exhibiting transient shifts in microbial community populations dependent upon the age at which the birds become colonized by C. jejuni (Connerton et al., 2018). These studies have enhanced our understanding of the chicken cecal microbiome, however the lack of day to day microbiome data, suitable replicate numbers, relevant metadata, and lack of natural infectivity studies have not allowed us to fully appreciate what is occurring in a natural habitat in relation to how and when Campylobacter appears within the chicken gut. To answer these questions, in this study we have performed a comprehensive analysis of the chicken cecal microbiome from days 3 to 35, with 12 replicates per day (final n = 379), correlating additional metadata such as chicken weight and feed conversion rates with Campylobacter detection in a natural environmental setting.



MATERIALS AND METHODS


Ethics Statement

Approval to conduct the experiments were granted by Agri-Food and Biosciences Institute (AFBI) Establishment License 5002 for AFBI Veterinary Science Division. Euthanasia of birds were carried out by methods laid out in Animal Scientific Protection Act (ASPA) schedule 1.



Experimental Design, Broilers and Sample Collection

This study was performed using a total of 396 Ross-308 male broiler chickens provided by Moy Park (39 Seagoe Industrial Estate, Portadown, Craigavon, Co. Armagh, BT63 5QE, UK). The birds were divided into 12 pens; each pen contained 33 chickens (Supplementary Figure 1). Birds were raised on three phase diets from day 0 to day 35. Starter diets were offered to the birds from days 0 to 10, grower diets from days 11 to 25 and finisher diets from days 26 to 35. Every 24 h, a single chicken from each of the 12 pens was removed at random, and euthanized according to ASPA schedule 1 guidelines. Briefly, birds under 250 g were euthanized by dislocation of the neck whereas those over 250 g and up to 1 kg were euthanized by dislocation of the neck following anesthesia using isoflurane. Birds over 1 kg were euthanized by an overdose of anesthetic (isoflurane) followed by dislocation of the neck. Anesthesia was carried out using an anesthetic mask fitted over the bird's head to deliver the vapourised isoflurane with oxygen with death confirmed in all birds by the onset of rigor mortis. Following this, genomic DNA (gDNA) was extracted from the chicken cecum. Out of 396 samples, a total of 17 were removed from the final analysis due to poor gDNA quality giving a final n = 379.



Poultry Growth and Performance Measurements

The performance parameters investigated were mean body weight (BW_mean), body weight gain (Gain), feed intake (FI) and feed conversion ratio (FCR). Measurements were taken at time points 3–7 days, 8–14 days, 15–24 days, and 25–35 days. These variables were then correlated with the microbial community's composition in various statistical analyses.



DNA Extraction, 16S rRNA Amplification and Sequencing

Cecal gDNA was extracted using the QIAamp DNA Stool Mini Kit according to the manufacturer's instructions and stored at −20°C. 16S metagenomic sequencing library construction was performed using Illumina guidelines (Illumina, U.S.A). The 16S ribosomal primers used were V3 (tcgtcggcagcgtcagatgtgtataagagacagcctacgggnggcwgcag) and V4 (gtctcgtgggctcggagatgtgtataagagacaggactachvgggtatctaatcc) (Klindworth et al., 2013; D'Amore et al., 2016). A second PCR step was performed to attach dual indices and Illumina sequencing adapters using the Nextera XT Index kit. Sequencing was performed on the Illumina MiSeq at LSHTM using a v3 300 bp paired-end kit.



Bioinformatics

Abundance tables were obtained by constructing OTUs (a proxy for species) as follows. Paired-end reads were trimmed and filtered using Sickle v1.200 (Joshi and Fass, 2011) by applying a sliding window approach and trimming regions where the average base quality drops below 20. Following this we applied a 10 bp length threshold to discard reads that fall below this length. We then used BayesHammer (Nikolenko et al., 2013) from the Spades v2.5.0 assembler to error correct the paired-end reads followed by pandaseq (v2.4) with a minimum overlap of 20 bp to assemble the forward and reverse reads into a single sequence spanning the entire V3-V4 region. The above choice of software was as a result of author's recent work (Schirmer et al., 2015; D'Amore et al., 2016) where it was shown that the above strategy reduces the substitution rates (main form of error) significantly. After having obtained the consensus sequences from each sample, we used the VSEARCH (v2.3.4) pipeline (all these steps are documented in https://github.com/torognes/vsearch/wiki/VSEARCH-pipeline) for OTU construction. The approach is as follows: we pool the reads from different samples together and add barcodes to keep an account of the samples these reads originate from. We then dereplicate the reads and sort them by decreasing abundance and discard singletons. In the next step, the reads are clustered based on 97% similarity, followed by removing clusters that have chimeric models built from more abundant reads (–uchime_denovo option in vsearch). A few chimeras may be missed, especially if they have parents that are absent from the reads or are present with very low abundance. Therefore, in the next step, we use a reference-based chimera filtering step (–uchime_ref option in vsearch) using a gold database (https://www.mothur.org/w/images/f/f1/Silva.gold.bacteria.zip). The original barcoded reads were matched against clean OTUs with 97% similarity (a proxy for species level separation) to generate OTU table (a total of 18,588 unique sequences) for n = 379 samples.

The representative OTUs were then taxonomically classified against the SILVA SSU Ref NR database release v123 database with assign_taxonomy.py script from the Qiime (Caporaso et al., 2010) workflow. To find the phylogenetic distances between OTUs, we first multisequence aligned the OTUs against each other using Kalign v2.0.4 (Lassmann and Sonnhammer, 2005) (using the options -gpo 11 -gpe 0.85) and then used FastTree v2.1.7 (Price et al., 2010) to generate the phylogenetic tree in NEWICK format. Finally make_otu_table.py from Qiime workflow was employed to combine abundance table with taxonomy information to generate biome file for OTUs. Tax4Fun (Aßhauer et al., 2015) was used to predict the functional capabilities of microbial communities based on 16S rRNA datasets (all prokaryotic KEGG organisms are available in Tax4Fun for SILVA v123 and KEGG database release 64.0) and then utilizing ultrafast protein classification (UProC) tool (Meinicke, 2015) to generate metabolic functional profiles after normalizing the data for 16S rRNA gene copy numbers. In Tax4Fun, we used MoP-Pro approach (Asshauer and Meinicke, 2013) to give pre-computed 274 KEGG Pathway reference profiles. Although Tax4Fun based metabolic prediction is constrained by the taxa available in the reference database, it gives a statistic called fraction-of-taxonomic-units-unexplained (FTU) which reflects the amount of sequences assigned to a taxonomic unit and not transferable to KEGG reference organisms. This can be used as a measure of confidence in trusting the predictions. Summary statistics of FTUs returned in this study are as follows: 1st Quantile:0.09129; Median:0.13995; Mean:0.14902; and 3rd Quantile:0.19800 (Figure 1H). Thus, on average metabolic profiles of ~86% of the taxa were present and therefore with this high representation, we used the pathways in the statistical analysis.
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FIGURE 1. Day-wise statistical measures calculated on the microbiome data. (A) Shannon entropy with first appearance of Campylobacter (≥5 sequences) highlighted as triangles. (B–D) Local contribution to beta diversity (LCBD) calculated by using Hellinger transform on the microbial counts, Unweighted Unifrac dissimilarity (phylogenetic distances only), and Weighted Unifrac dissimilarity (phylogenetic distances weighted with abundance counts) respectively (E,F) Nearest-Taxon-Index (NTI) and nearest-relative-index (NRI) considering presence/absence of OTUs in samples (G) Richness calculated as exponentiation of Shannon entropy on the proportional representation of KEGG pathways on samples, and (H) fraction-of-taxonomic-units-unexplained (FTU) calculated on each sample. In all subfigures, the mean value is represented by solid blue line with 95% confidence interval of standard deviation given as dark shaded region around the mean. The samples are colored with respect to the pens they originate from. Based on the analysis given in this study, we have identified days 12–20 of importance and are thus highlighted as lighter shaded regions.





Statistical Analysis

Statistical analyses were performed in R using the tables and data generated as above as well as the meta data associated with the study. For community analysis (including alpha and beta diversity analyses) we used the vegan package (Oksanen et al., 2015). For alpha diversity measures, we calculated: Richness, estimated number of species/features per sample; and Shannon entropy: a commonly used index to measure the balance of a community within a sample. Exponentiating Shannon entropy gives the richness profile. These alpha diversity measures are calculated after rarefying the abundance table to minimum library size, as is the norm. To calculate Unifrac distances (that account for phylogenetic closeness), we used the phyloseq (McMurdie and Holmes, 2013) package. Nonmetric Distance Scaling (NMDS) plot of community data (OTUs) used different distance measures (Vegan's metamds() function): Bray-Curtis, considers the species abundance count; Unweighted Unifrac, considers the phylogenetic distance between the branch lengths of OTUs observed in different samples without taking into account the abundances; and Weighted Unifrac, unweighted unifrac distance weighted by the abundances of OTUs. The samples are grouped for different treatments as well as the mean ordination value and spread of points (ellipses were drawn using Vegan's ordiellipse() function that represent the 95% confidence interval of the standard errors of the groups).

To understand multivariate homogeneity of groups dispersion (variances) between multiple conditions, we used Vegan's betadisper() function in which the distances between objects and group centroids are handled by reducing the original distances (BrayCurtis, Unweighted Unifrac, or Weighted Unifrac) to principal coordinates and then performing ANOVA on them. We used Vegan's adonis() for analysis of variance using distance matrices (BrayCurtis/Unweighted Unifrac/Weighted Unifrac) i.e., partitioning distance matrices among sources of variation (Grouping type i.e., weeks, body weight, feed intake, feed conversion ratio etc.). This function, henceforth referred to as PERMANOVA, fits linear models to distance matrices and uses a permutation test with pseudo-F ratios.

To find OTUs that are significantly different between multiple conditions (days/weeks), we used DESeqDataSetFromMatrix() function from DESeq2 (Love et al., 2014) package with the adjusted p-value significance cut-off of 0.05 and log2 fold change cut-off of 2. This function uses negative binomial GLM to obtain maximum likelihood estimates for OTUs log fold change between two conditions. Then Bayesian shrinkage is applied to obtain shrunken log fold changes subsequently employing the Wald test for obtaining significances. To find KEGG pathways significantly up/down-regulated between multiple conditions (days/weeks), the Kruskal-Wallis test was used with p-values adjusted for multiple comparisons using the fdrtool package (Klaus and Strimmer, 2013, 2015).

We performed Local Contribution to Beta Diversity (LCBD) analysis (Legendre and De Cáceres, 2013) by using LCBD.comp() from adespatial package (Dray et al., 2018). We used the Hellinger distance (abundances), unweighted (phylogenetic distance) and weighted Unifrac (phylogenetic distance weighted by abundance) dissimilarities. LCBD gives the sample-wise local contributions to beta diversity that could be derived as a proportion of the total beta diversity. In the context of this longitudinal study, it provides a mean to show how markedly different the microbial community structure of a single sample is from the average (with higher LCBD values representing outliers), and also provides a mean to show when the community structure has stabilized in a temporal setting.

To characterize the phylogenetic community composition within each sample whether the microbial community structure is stochastic (driven by competition among taxa) or deterministic (driven by strong environmental pressure i.e. host environment), we quantified: mean-nearest-taxon-distance (MNTD) and the nearest-taxon-index (NTI) using mntd(), and ses.mntd(); and mean-phylogenetic-diversity (MPD) and nearest-relative-index (NRI) using mpd() and ses.mpd() function from the picante (Kembel et al., 2010) package. NTI and NRI represent the negative of the output from ses.mntd() and ses.mpd(), respectively. They also quantify the number of standard deviations that the observed MNTD/MPD is from the mean of the null distribution (999 randomization by using null.model = “richness” in the ses.mntd() and ses.mpd() functions and only considering the taxa as present/absent without taking their abundances). We used the top 1,000 most abundant OTUs for calculation of these measures based on the recommendations given in (Stegen et al., 2012).

We used the “BVSTEP” routine (Clarke and Ainsworth, 1993), an algorithm that searches for highest correlation (Mantel test) between dissimilarities of a fixed and variable multivariate datasets using bvStep() from sinkr package (Taylor, 2014) by permuting through 2n-1 possible combinations of features in the variable dataset. Testing all feature combinations is unrealistic and computationally intractable when the feature space is high (18,588 OTUs in our case). Thus, we used the abundance table with 1000 most abundant OTUs (with the premise that the most abundant species that may have a significant role to play) to best correlate with the overall similarities given all the OTUs (18,588 in our case). This analysis is complimentary to the differential analysis and identified the OTUs that were causing the major shifts in beta diversity.

The phylogenetic tree and annotations summarizing the findings of this study were drawn using Evolview (http://www.evolgenius.info/evolview/).

We considered analyses on two different groupings of the sample data, comparison of microbial profiles on a daily basis to reveal temporal patterns, and on a weekly basis (4 weeks), primarily because the poultry growth and performance parameters were recorded on a weekly basis. The statistical scripts and workflows for all above can be found at http://userweb.eng.gla.ac.uk/umer.ijaz#bioinformatics.




RESULTS


Daily Diversity Patterns Converge to a Stable Community as We Go Forward in Time

Although alpha diversity (Shannon) on microbial counts (Figure 1A) shows a rapid increase over the first ten days, it follows a plateauing effect where the microbiome normalizes at approximately day 12. This is in line with previous reports whereby the gastrointestinal (GI) tract of poultry comes into contact with exogenous microorganisms immediately after hatch and as the host grows, this microbiome becomes highly diverse until it reaches a relatively stable yet dynamic state (Pan and Yu, 2014). The same temporal phenomenon can be observed when considering local contributions to beta diversity based on abundance count (Hellinger distance; Figure 1B). When considering phylogenetic distances only (Unweighted Unifrac; Figure 1C), although the decrease in beta diversity contributions is marginally slower than the abundance counts counterpart, there is a sudden increase around day 20. Using both abundances and phylogenetic distances this seems to disappear (Weighted Unifrac; Figure 1D). It should be noted that a higher LCBD value suggests the diversity patterns of a sample is markedly different from the rest of the samples in an average sense. In contrast, the level of microbial diversity between the different pens was relatively stable (results not significant and thus not shown) suggesting less or no variability amongst pens. Campylobacter was detected in three chickens from the 12 pens at day 16 (Figure 1A). This is in line with previous reports where natural colonization of chickens has been reported at approximately day 14 of the chicken life cycle (Neill et al., 1984; Hermans et al., 2011; Kalupahana et al., 2013; Thibodeau et al., 2015). Campylobacter was also identified in one of the chickens at day 3 and previously it has also been reported that chickens between 0 and 3 days of age can become infected with Campylobacter (Cawthraw et al., 1996).



Window of Opportunity for Campylobacter Between Day 12 and Day 20

Next, we explored ecological drivers of microbial community to determine whether there is any environmental pressure (host environment) responsible for assemblage of microbial community or if it is driven purely by competition. Using NTI and NRI (Figures 1E,F), one can observe a step function response around day 12. For a single community, NTI/NRI greater than +2 indicates strong phylogenetic clustering (driven by environmental filtering) and less than −2 indicates phylogenetic overdispersion (environment has little or no role to play). Since chicken ceca are already a constrained environment to begin with (as opposed to real environmental datasets), the lower bound of −2 may not be feasible and hence the values should be taken relatively with an increasing value implying increasing host environmental pressure. It should be noted that NRI reflects the phylogenetic clustering in a broad sense (whole phylogenetic tree) with the negative values representing evenly spread community. On the other hand, NTI focuses more on the tips of the tree with positive values of NTI indicating that species co-occur with more closely related species than expected, and negative values indicating that closely related species do not co-occur. We have chosen presence/absence of species while calculating these measures without taking into account the abundances as they mask the phenomenon similar to LCBD profiles (Figures 1C,D). When we consider differential analysis of OTUs (Supplementary Table 1), we can notice that between days 9 and 11 there is a high proportion of OTUs that were log2 fold different. After day 20, we also observe the same between days 26 and 28 with the changes in phylogenetic structure responsible for peaks in NTI/NRI. Interestingly, chickens were raised on three phase diets; starter diets (days 0–10), grower diets (days 11–25) and finisher diets (days 26–35). The high proportion of OTUs that were log2 fold different between days 26 and 28 may be attributed to the change in feed from grower to finisher feed. Since the NTI/NRI are already significantly higher than 2, we do not consider this as an upper bound and revert back to day 20 as an upper bound for the window. Based on beta dispersion analysis (Table 1), we observe days 11–13 and days 19–21 when the dispersions of the microbial communities are changing significantly. The alteration in the chicken feed from starter diet (days 0–10) to grower diets (days 11–25) may also play a role in the significant beta dispersion between days 11 and 13, although the feed change does not seem a likely explanation for days 19–21. For completeness we also generated differential analysis of genus level where Campylobacter was identified as being significantly down-regulated between day 16 and day 17 (Supplementary Table 2).



Table 1. Statistics for beta dispersion comparison on daily microbiome data.
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If we consider the richness of metabolic pathways (Figure 1G), we notice that they achieve stability before the microbial community at around day 6 with no obvious patterns to suggest anything apparent between day 12 and day 20 other than a marginal decrease to day 16 and increasing again onwards. However, if we consider the differential expression analysis of pathways (Supplementary Table 3), we can notice a large proportion of these pathways changing between day 14 and 15, a day before Campylobacter was first observed. We identified a reduction in lysine degradation (ko00310) from day 14 to day 15, and an increase in D-Alanine metabolism (ko00473) from day 14 to day 15. C. jejuni typically cannot utilize sugars as a carbon source as it lacks the glycolytic enzyme phosphofructokinase and so depends on the availability of free amino and keto acids scavenged from the host or from the intestinal microbiome (Parkhill et al., 2000; Velayudhan and Kelly, 2002; Lee and Newell, 2006). C. jejuni utilizes serine, aspartate, glutamate and proline preferentially as nutritional substrates in vitro with serine catabolism required for colonization of the intestinal tract (Elharrif and Mégraud, 1986; Leach et al., 1997; Hendrixson and DiRita, 2004; Velayudhan et al., 2004). Amino acids can also potentially be deaminated to a small number of intermediates that can directly feed into the central metabolism, including pyruvate (from serine and alanine), oxaloacetate (from aspartate), and 2-oxoglutarate (from glutamate) (Velayudhan et al., 2004). The variation of such metabolic pathways may give an indication as to the appearance of Campylobacter at this time point. We also identified a reduction from days 14 to day 15 of a number of pathways relating to specific bacteria; Vibrio cholerae pathogenic cycle (ko05111; Biofilm formation - Vibrio cholerae), Escherichia coli (ko05130; Pathogenic Escherichia coli infection), Salmonella species (ko05132; Salmonella infection). In addition, we identified a reduction from day 14 to 15 of Bacterial secretion systems (ko03070). Future studies are needed to elucidate and confirm the predicted pathways. In view of these findings, Camplyobacter appears at day 16 within this window of opportunity (Figure 1) where there exists a shift from competitive to environmental drivers of microbial community, with day 16 lying immediately after the most substantial changes in metabolic profiles observed over the whole period.



Analysis of Dominant Bacterial Taxa Over Time

Analysis of the 50 most abundant genera (Supplementary Figure 2) have identified trends that were reported previously in the literature i.e., chicken microbiome contains Enterobacteriaceae at early days of development, and that Firmicutes increase in abundance and taxonomic diversity over time (Danzeisen et al., 2011; Ballou et al., 2016; Mancabelli et al., 2016). Escherichia.Shigella (Phylum Proteobacteria; Family Enterobacteriaceae) was identified as being highly abundant at day 3 and showed a general reduction up to approximately day 7. Escherichia.Shigella was also noted to be present after day 28. This pattern was observed for Eisenbergiella (Phylum Firmicutes; Family Lachnospiraceae) which displayed a decrease from early time points, but remained present throughout. This pattern was also observed for Ruminiclostridium (Phylum Firmicutes; Family Ruminococcaceae) which however was not in the abundant genera after day 23. Flavonifractor (Phylum Firmicutes; Family -) was identified consistently at early time points, but was rarely abundant after day 19. Enterobacter (Phylum Proteobacteria; Family Enterobacteriaceae) was only observed at days 3 and 4 and was not abundant at any other time points. Here we identified that Ruminiclostridium.5 and Ruminiclostridium.9 (Phylum Firmicutes; Family Ruminococcaceae) which were consistently present throughout at a relatively significant level of abundance. This was also the case for Anaerotruncus (Phylum Firmicutes; Family Clostridiaceae), but at a lower level of abundance, especially before day 7. Faecalibacterium (Phylum Firmicutes; Family Clostridiaceae) was rarely abundant at early time points, however was observed consistently at a relative high abundance after day 14. Lachnoclostridium (Phylum Firmicutes; Family Lachnospiraceae) was found to be present throughout with a relatively high level of fluctuation. Certain genera such as Ruminococcaceae.UCG.005 and Ruminococcaceae.UCG.014 (Phylum Firmicutes; Family Ruminococcaceae) were not abundant at high levels at early time points however increased significantly at approximately days 16-19. Finally, Megamonas (Phylum Firmicutes; Family Veillonellaceae) and Intestinimonas (Phylum Firmicutes; Family -) were not abundant throughout most time points, before appearing post day 22-25 onwards.



Weekly Microbial Profiles and Analysis of Poultry Performance Metadata

The metadata collected here included Bird Weight (BW_Mean; grams), Body Weight Gain (Gain; g/bird), Feed Intake (FI), Feed Conversion Ratio (FCR), and was recorded on a weekly basis where we have considered grouping the microbiome samples accordingly; days 03–07 (week 1), days 08–14 (week 2), days 15–24 (week 3), and days 25–35 (week 4). As is the case with the daily microbiome profile, alpha diversity (rarefied richness and Shannon; Figure 2A) increases over time, however, due to the nature of this grouping, we lose the plateauing effect over time. In accordance with daily analysis, we can see a major shift in the parameters as we transition from days 08–14 to days 15–24 (Figure 2B). FCR in particular increases substantially in this period remaining stable for week 4 (days 25–35). Gain is also significantly elevated in this transition period (days 08–14 to days 15–24) when compared to other periods. In terms of beta diversity (Figure 2C), we observe the samples more sparsely spread in the first week (days 03–07) as compared to other weeks on abundance (Bray-Curtis) alone. The phylogenetic dispersion (Unweighted Unifrac) on the other hand is more preserved. We can also notice a gradient forming with later weeks more or less close to suggest convergence as we established in the case of daily profiles. Based on beta dispersion analysis (Table 2), we can notice that the dispersion in week 1 is significantly different to other weeks with 16, 6, and 17% variability in microbial community explained by PERMANOVA using counts alone (Bray-Curtis), phylogenetic distance alone (Unweighted Unifrac), and combination of the two (Weighted Unifrac), respectively. With this grouping, main sources of variation are then the distribution of species rather than their phylogenetic relatedness. The metadata explains 10–12% variability (all significant) in terms of counts alone (Bray-Curtis) with 3–6% in terms of phylogeny (Unweighted Unifrac). For the sake of completeness, we also performed differential analysis of OTUs and pathways on a consecutive weekly basis (lower halves of Supplementary Tables 1–3); however, these should be interpreted with great care as main source of variability are the daily changes and grouping samples on weekly basis will always return more significant OTUs and pathways.
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FIGURE 2. Week-wise measures calculated on the microbiome data (A) Alpha diversity measures: richness (after rarefying the samples to minimum library size) and Shannon entropy (B) Extrinsic parameters calculated on weekly basis were mean body weight (BW_mean), body weight gain (Gain), feed intake (FI), feed conversion ratio (FCR), and (C) Beta diversity measures using Bray-Curtis (counts), Unweighted Unifrac (phylogenetic distance), and Weighted Unifrac (phylogenetic distance weighted by abundance counts). In (A,B) we have performed pair-wise ANOVA and where significant the pairs were connected with p-values drawn on top. In (C) the ellipses represent the 95% confidence interval of the standard error of the ordination points of a given grouping with labels drawn at the center (mean) of the ordination points.





Table 2. Statistics for pairwise beta dispersion and PERMANOVA when using different dissimilarity measures on weekly microbiome data.
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Key Species Representing Majority of the Shift in Community Dynamics

In addition to differential analysis on OTUs (Supplementary Table 1) which returned OTUs that were log2 fold different between consecutive days, we also considered the subset analysis where we imploded the abundance table to the minimum set of OTUs, the resulting reduced-order abundance table correlated highly with the full table by preserving the beta diversity between the samples (Table 3). To see how much variability is lost, the PERMANOVA with full OTU table (18,588 OTUs) is provided as a reference. The 17 OTUs listed represent only ~2% (Subset S1 in Table 3) loss in variability and thus represent the main OTUs that are driving the community dynamics. In terms of metadata, the loss in variability is ~1% (Subset S1 in Table 3). The subset of the phylogenetic tree of these OTUs, in addition to those selected in the differential analysis (daily comparisons), a total of 110 OTUs were then extracted and annotated in Figure 3 along with taxonomy information. It can be seen that majority of these (>50%) belong to Firmicutes (Bacillaceae, Ruminococcaceae, Lachnospiracaeae, Lactobacillaceae, Peptostreptococcaceae, and Clostridiales vadin BB60 group), with a small proportion belonging to Actinobacteria (Coriobacteriacaea), Tenericutes (Mollicutes RF9), and Proteobacteria (Enterobacteriaceae including Escherichia.Shigella as mentioned before).



Table 3. Subset analysis from BVSTEP routine listing top 18 subsets with highest correlation with the full OTU table considering Bray-Curtis distance done on weekly basis.
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FIGURE 3. Phylogenetic tree of the subset of OTUs selected as significant on differential analysis (based on Table 3 and Supplementary Table 1). Next to the OTU labels are descriptive text representing where the OTUs were found to be significant, for example, the first entry for OTU 231, “u 26-27 d 27-28 u 30-31,” can be read as upregulated going from day 26 to 27 and then from day 30 to 31 and downregulated going from day 27 to 28. “b” represents the OTUs selected in the subset analysis. The next two columns are a pictorial representation of the above-mentioned descriptive text with pink color representing OTUs selected in subset analysis, red color for upregulated OTUs, blue for downregulated OTUs, and purple for OTUs which show the both trends (up/down regulation). The next column shows the taxonomy of the OTUs according to SILVA v123 with coloring at unique family level. The heatmap was drawn by collating the mean values of OTUs for samples from the same day after performing proportional standardization on the full OTU table using wisconsin() function.






DISCUSSION

Comprehensive investigation of the chicken cecal microbiome at a day to day level revealed a rapid increase in diversity up to day 12, with microbial variation observed both in terms of genera and abundance. We suspect this early variation is due to competitive factors determined by space and available food resources. Post day 20 there exists a considerable stabilization of the chicken cecal microbiome where the relative microbial diversity and abundances are standardized, with environmental factors (in this case the host chicken) exerting a greater influence on any change in the microbial diversity. Between days 12 and 20 we observe a shift from competitive to environmental drivers of microbial community creating a window of opportunity whereby Campylobacter appears. We identified Campylobacter at day 16 with this day lying immediately after the most substantial changes in metabolic profiles observed over the whole period. Whilst we identified Campylobacter within 25% of the pens on day 16, we would naturally expect Campylobacter to spread to other chickens and pens and also be identified on subsequent days. We suspect that the experimental set-up here was such that following random selection of birds from each pen on each day, sacrificing the bird (to perform gDNA extraction from the ceca) did not allow for an opportunity for Campylobacter to spread to other chickens or pens. Clearly in a typical farm set-up this would not be the case and Campylobacter would spread naturally.

Microbial variation over time is most likely influenced by diet of the chickens whereby significant shifts in OTU abundances and beta dispersion of the samples often corresponded with changes in feed. Notably, the relatively high proportion of OTUs that were log2 fold different between days 9 and 11, and days 26 and 28, and beta dispersion for days 11–13 corresponded with changes in feed from grower to finisher. Further studies investigating different feed content is required to ascertain the complete impact on chicken cecal microbiome.

Previous microbiome studies of chicken ceca have often lacked the day to day sampling points, replicate numbers, relevant metadata and have often provided external Campylobacter infection that may potentially perturb the natural habitat. These have not allowed us to fully appreciate what is occurring in a natural environment in relation to how and when Campylobacter appears within the chicken gut. Thus, we believe the major strength of this study is that we have filled these gaps by performed the most comprehensive analysis of the chicken cecal microbiome to date. This was made possible by sampling from days 3 to 35, with 12 replicates per day (final n = 379), correlating additional metadata such as chicken weight and feed conversion rates and with Campylobacter detection in a natural environmental setting giving the most comparable experimental design to a farm set-up. As we were not able to sample the same chicken for all time points, future studies should investigate this further with added dietary information than what we have considered here, with experimental designs also to investigate and confirm the predicted pathways.



CONCLUSIONS

Industry has endeavored to reduce the burden of Campylobacter within chicken production lines with supplements often administered with the aim of performance enhancing and/or reducing bacteria such as Campylobacter, typically post day 25. The relative stability of the chicken cecal microbiota at this time point may explain the efficacy of such products, however the identification of a window of opportunity for bacteria such as Campylobacter may call for intervention strategies between days 12 and 20, or even earlier. This study can act as a baseline for future intervention strategies and help reduce the burden of Campylobacter within chickens.
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Rapid molecular techniques that evaluate eggs for the presence of foodborne pathogens is an essential component to poultry food safety monitoring. Interestingly, it is not just table eggs that contribute to outbreaks of foodborne disease. Broiler layer production actively contributes to sustaining of foodborne pathogens within a flock. The surface contamination of production eggs with invasive pathogens such as Salmonella enterica, Campylobacter jejuni, and Listeria monocytogenes during embryogenesis results in gastrointestinal tract (GIT) colonization. Pathogens that secure a niche within the GIT during embryonic development are nearly impossible to eradicate from the food chain. Therefore, current monitoring paradigms are not comprehensive because they fail to capture the presence of invasive pathogens within the embryonic GIT rapidly. By developing tools to recognize the pathogens’ presence in the GIT during embryogenesis, producers are then able to spot evaluate broiler eggs for their potential risk as carriers of foodborne pathogens. In this study a novel qPCR assay was developed to semi-quantify pathogen load relative to total bacterial burden. Eggs sampled from three independent production broiler flocks of different ages were assayed for S. enterica (invA), C. jejuni (HipO), and L. monocytogenes (HlyA) against total microbial load (16s). The eggs were sampled at 1-day post-set within each flock, 2 weeks post-set, after vaccination (at 2.5 weeks) and 1-day post-hatch. The eggs were washed, and the yolk and embryonic chick GIT were collected. The DNA was extracted and subjected to a qPCR assay. The results confirm a novel technique for pathogen monitoring relative to total bacterial load and a unique method for monitoring the dynamics of foodborne pathogen invasion throughout broiler egg production.

Keywords: Campylobacter, Salmonella, poultry, eggs, qPCR, semi-quantification


INTRODUCTION

Substantial data indicates that the pathogen load innately carries a certain level of risk; therefore, the absolute presence of any pathogen is substantial enough to remove a carcass from the processing line (Rajan et al., 2017). Broiler eggs are unique reservoirs for foodborne disease, with low levels of foodborne pathogens making the detection and recovery of bacterial cells difficult. The egg contamination occurs in one of two routes—through surface contamination during oviposition and via the invasion of eggs by foodborne pathogens (Cox et al., 2000; European Food Safety Authority [EFSA] and European Centre for Disease Prevention and Control, 2012). Once on the egg, invasive pathogens are capable of entering the embryonic chickens’ GIT (Cox et al., 2002; Heyndrickx et al., 2002). The early exposure of the chicken GIT to foodborne pathogens results in the direct colonization of the pre-immune chick, which makes the eradication of these pathogens from flocks extraordinarily difficult, if not impossible (Claud and Walker, 2001).

Therefore, production layer facilities rely on significant monitoring strategies designed for identifying sources of contamination and contamination events. Efforts directed toward reducing the threat of foodborne pathogens in production layer facilities include the monitoring of eggs via surface swabbing, egg washes, egg carton swabbing, and production hen sampling (United States Department of Agriculture-Animal and Plant Health Inspection Services [USDA-APHIS], 2007). The samples are subsequently assayed via microbiological and molecular analyses to determine pathogen load and prevalence. Unfortunately, these methods fail to detect pathogens from the surface that have successfully invaded the embryonic chicken GIT. Being unable to evaluate the embryonic chick and the yolk for pathogen penetrance fails to truly indicate the risk that individual layer flocks may pose to the contamination risk of hatcheries and broiler facilities.

The data presented herein uses a relative 16s rDNA semi-quantitative qPCR assay to quantitate indigenous S. enterica, L. monocytogenes, and C. jejuni against the total bacterial load of eggs. This study uses this technology to investigate the risk of GIT penetrance associated with three ages of broiler hen flocks: new (25 weeks), mid-life (40 weeks), and old (65 weeks). Egg washes (EW) were compared to yolk and embryonic chick GIT pathogen load. The chicks were sampled 1-week post-set, 2 weeks post-set, after in ovo vaccination (at 2.5 weeks), and 1-day post-hatch. Evaluating the penetrance of foodborne pathogens at the post-vaccination time-point in eggs can potentially help identify weak-points in egg hatching that make eggs and developing chicks vulnerable to pathogen invasion. Furthermore, this assay uses rDNA, which provides a relative quantitation of the viable bacterial load against the specific pathogen load. While RNA is an attractive target, field applications can be less user friendly. Therefore, by employing a semi-quantitative, DNA based qPCR assay provides data that comprehensively evaluates broiler eggs for pathogen load and provides a rapid method to track the spread of Campylobacter and Salmonella throughout egg production.



MATERIALS AND METHODS

Broiler Hatchery

A commercial broiler hatchery in the southeastern U.S. provided all of the eggs for this study. Two independent trials were conducted at two different ages of the broiler breeder flocks. Figure 1 shows a visual depiction of the sampling strategy used for this study. In the first trial, eggs from broiler breeder flocks from three separate broiler breeder farms were sampled. The hens were individually caged. These broiler breeder farms were chosen based on the age of the breeders: (1) Young flock (F1) just entering egg production (flock age = 25 weeks), (2) peak egg production flock (F2; flock age = 40 weeks), and (3) older flock producing its last set of eggs prior to culling (F3; flock age = 60 weeks). Throughout the second trial, a single broiler breeder flock (F1-Y; flock F1 from trial 1, representing the young flock age) was followed and was sampled. The F1-Y flock had eggs sampled at the peak (F1-P) and old (F1-O) ages as defined by trial 1. The young and peak flocks from both trials were similarly managed based on integrator’s guidelines. However, the old flocks did experience a proprietary feed formulation change for the old flock at approximately 45 weeks of age. Throughout both studies, the sample collection and processing methods were the same. Once the eggs were set in the commercial hatchery, eggs were collected at four independent time points: (1) 1 week after set (T1: day 8), (2) 2 weeks after set (T2: day 15), (3) after in ovo immunization (T3: day 20), and (4) one-day post hatch (T4) (Figure 1).
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FIGURE 1. Sampling scheme for this study. Eggs were collected from the commercial hatchery from broiler breeder flocks at three different ages (young, peak, old) for trial 1 (F1, F2, and F3, respectively) and trial 2 (F1-Y, F1-P, and F1-O, respectively). These eggs were collected at four embryonic ages [1 week post set (PS) (T1), 2 weeks PS (T2), 2.5 weeks PS, after in ovo immunization (T3), and 1 day post hatch (PH) (T4)]. At every sampling event, triplicate pooled gastrointestinal tract (GIT) and yolk samples were created (n = 7 eggs per pool) for embryonic ages. The triplicate pooled egg shell washes (EW) also created for the T3 sampling time only.



Gastrointestinal Tract (GIT) and Egg Yolk Collection

All of the necropsies for this study were performed at the University of Georgia Poultry Diagnostic and Research Center, Athens, GA, United States. All the animal work conducted throughout the study was in accordance with the approved policies and procedures of the University of Georgia Institutional Animal Care and Use Committee (IACUC) number A2010 11-568-Y1-A0. At each sampling event, 60 eggs per flock were collected (F1, F2, F3 or F1-Y, F1-P, F1-O for trials 1 and 2, respectively, Figure 1). Researchers aseptically removed the GIT and yolks from each egg during necropsy. For T1 and T2, eggs from one flock at a time were removed from the 37°C incubator, placed in the Type II biosafety cabinet, sprayed with 0.4% Bioguard (Neogen Corp, Lansing, MI, United States) and allowed to dry prior to sampling. Once the embryos were dry, sterile forceps were used to crack the air cell end of the egg. The embryos were removed from the shell with sterile forceps, the shell was discarded, and the birds were subsequently euthanized by cervical dislocation. The embryos were pooled in groups of seven into a sterile 110 mm3 petri dish for sampling. Sterile scissors were used to open the abdominal cavity of the embryos and the intestines were removed with sterile forceps per group. The GIT samples from each group of seven embryos was placed into a small filtered stomacher bag (Seward Laboratory Systems, Inc., Davie, FL, United States). The egg yolks from the eggs of the seven embryos were pooled into large filtered stomacher bags (Seward Laboratory Systems, Inc.) and the remaining amniotic fluid and shell was discarded.

Each of the pooled GIT and yolk samples were weighed and sterile 1x phosphate-buffered saline (PBS) was added to pooled (3:1; 1x PBS volume: GIT mass) to ensure that there was enough homogenate available for all sampling needs. Pooled GIT samples were homogenized via stomaching (Seward Laboratory Systems, Inc.) on maximum speed for 60 s, while the pooled yolk samples were homogenized manually for 60 s.

Collection of Egg Shell Washes

Egg shell washes (EW) were performed at sampling time T3 to see if the puncturing of the egg shell during in ovo immunization introduced egg shell microbial populations into the internal egg environment. Eggs from each breeder flock at T3 were washed in brain heart infusion (BHI) broth by placing each egg, the same ones selected for the selected for embryo harvest in a sampling bag containing 10 mL of BHI broth. The bag was rotated to coat the entire surface of the egg. Then, the eggs were removed, placed on a clean fiberboard flat, placed in the biosafety cabinet and allowed to dry. The eggs were subsequently sprayed with 0.4% Bioguard and allowed to dry. The embryo sampling was conducted as previously described with the following adjustments for the egg washes. For the T4 samples, an extra set of eggs were collected from the commercial hatchery at T3. Those specific eggs were placed into hatching baskets that were arranged by breeder flock, then set into a single stage Natureform Hatcher (NatureForm Hatchery Technologies, Jacksonville, FL, United States), and hatched out at the University of Georgia Hatchery. The chicks were removed from the hatcher by flock, placed in ventilated transport containers and transported to the lab. The chicks were euthanized by group via cervical dislocation, and then placed into sterile 110 mm3 petri dishes contained within the biosafety cabinet. The pooled EW samples were centrifuged at 5000 g for 10 min, the supernatant was discarded and the pellet was suspended in 1x PBS. The EW samples were stored at -20 °C until DNA extraction.

DNA Extraction

Two 0.5 mL aliquots of each pooled sample of either the GIT, yolk, or EW were placed into separate FastPrep Lysing Matrix A tubes (MP Biomedicals, Solon, OH, United States). After lysis, all of the tubes were frozen at -20°C until DNA extraction. The genomic DNA was extracted from the GIT, yolk and EW samples using a hybrid extraction method optimized for poultry samples (Rothrock et al., 2014). Exactly 1 mL of Qiagen ASL buffer (Qiagen, Valencia, CA, United States) was added to each sample tube and vortexed at the maximum setting for 1 min, followed by a more thorough homogenization using the FastPrep 24 (MP Biomedicals) at 6.0 m/s for 45 s. After centrifugation (14,000 × g for 10 min), supernatant was removed, added to a sterile 2 mL tube and incubated at 25°C (yolk) or 95°C in a water bath (GIT, EW) for 5 min. From thereon out, all of the samples were processed using the QIAamp DNA Stool Mini Kit (Qiagen) using the standard stool pathogen detection protocol on the QIAcube robotic workstation (Qiagen). After the automated extraction and purification steps, the two extracted aliquots for each pooled sample were combined in 100 mL sterile molecular grade water using VacufugeTM Plus (Eppendorf, Hauppage NY, United States), and the DNA concentration in each sample was determined spectrophotometrically using the Take3® plate in conjunction with the Synergy H4 multimode plate reader (BioTek, Winooski, VT, United States).

qPCR for Bacterial Absolute Enumeration

Total bacteria, Salmonella spp. and C. jejuni, were targeted using the 16S rDNA (Harms et al., 2003), invA (Fey et al., 2004), hipO (He et al., 2010), and hlyA (Suo et al., 2010) genes, respectively. All DNA extractions analyzed with qPCR were performed on Mastercycler® ep Realplex s2 and s4 thermocycling machines (Eppendorf) in 20 μL reaction mixture was prepared using 10 μL of 2x PerfeCTa qPCR ToughMix, ROX (Quanta BioSciences, Gaithersburg, MD, United States) and 5 μL template of 1:10 diluted sample (containing 10 to 15 ng genomic DNA). Previously published thermocycling protocols were followed and the salient information for all qPCR reactions can be found in Table 1. The PCR amplification efficiency and detection sensitivity were determined by using a series of 10-fold dilutions of standards (108 to 101 copies per reaction) created from purified plasmids for the target gene. The target gene copy number was determined using Mastercycler ep Realplex software (Eppendorf).

TABLE 1. qPCR primer, probes, and protocols used for this study.
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Statistical Analyses

All qPCR data was log10-transformed prior to statistical analyses. Two-way ANOVAs evaluated the effect of breeder flock age or embryonic age, as well as their interaction were analyzed via using Prism 6.0 (GraphPad Software Inc., La Jolla, CA, United States). To determine the changes in the pathogen target gene copy numbers relative to the total bacterial population, the log10-transformed invA, hipO, or the hlyA values were divided by log10-transformmed 16S rDNA values for each pooled samples. The result provided a measure of the relative abundance of each pathogen.



RESULTS

Bacterial Population in Trial 1

Time and the flock age dictated pathogen and microbial load. Bacterial loads were low in the GIT samples during the first two weeks post-set for all three broiler breeder flocks (T1 and T2; 4.50–4.54, 4.84–4.52, and 5.61–5.52 log copies/g for F1, F2, and F3, respectively). All three broiler breeder flocks exhibited approximately a 2-log10 increase in GIT total bacterial load by 1-day post hatch (T4; 6.07, 7.30, 7.50 log10 copies/g for F1, F2, and F3, respectively) (Table 2). The impact of the age of the broiler layer flock was detectable. The youngest flock (F1) exhibited significantly lower GIT total bacterial load as compared to the oldest flock (F3), with the peak age flock (F2) matching the F1 flock early during embryonic development (T1, T2) and the F3 flock later during development (T3, T4). Two of the broiler breeder flocks (F1, F3) yielded low total bacterial loads within the yolk regardless of embryonic age (4.09–4.59 and 4.22–4.58 log10 copies/g, respectively), although total bacterial concentrations in the yolks of the F1 and F2 flock both significantly changed by T4 (Table 2). While there were differences in directions of the total bacterial concentration changes (e.g., increase, decrease, no change) between the GIT and yolk samples, two-way ANOVA analyses revealed that breeder flock age, embryonic age, and the interaction of these two ages were considered highly significant for both (Table 3). The age of the broiler breeder flock significantly affected the total bacterial concentrations recovered after T3 for the EW samples (Table 3). The old flock (F3) exhibited greater total bacterial concentrations (6.91 log10 copies/mL) compared to the other two flocks (6.56 and 6.63 log10 copies/mL for F1 and F2, respectively) (Table 2).

TABLE 2. GIT, Yolk, and EW log transformed qPCR data for three commercial broiler breeder flocks at four times during embryonic development (trial l)1,2.
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TABLE 3. Two-way (GIT, Yolk) and One-way (EW) ANOVA results for three commercial broiler breeder flocks at four times during embryonic development (trial l)1,2.
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While the total bacterial load is important, the load of the three main bacterial foodborne pathogens (Salmonella, C. jejuni, L. monocytogenes) were also targeted by this study. Of these pathogens, only Salmonella and C. jejuni were detected in the GIT, yolk, and EW samples. L. monocytogenes was neither recovered nor quantified in the samples or trials. Across time, in all of the GIT and yolk samples demonstrated that Salmonella was only found once in the GIT (F1, T3) (Table 2). Salmonella was only detectable in EW from one flock (F3; 1.79 log10 copies/mL). Statistically, the age of the broiler breeder flock influences the Salmonella and microbial load in the GIT and the EW, but not the yolk (Table 3). C. jejuni was the most consistently detected foodborne pathogen in this trial (Table 2). The concentrations of the C. jejuni were much higher in many of the yolk samples, with each breeder flock having approximately 2.8 to 2.9-log10 copies/g yolk at two or more embryonic ages (T2, T4 for F1; T1, T3, T4 for F2; T1, T2 for F3). Unlike Salmonella, there was no significant impact of the embryonic age of the egg nor the age of the production flock alone on C. jejuni load. However, a significant interaction occurred between the age of the broiler breeder flock and the egg’s embryonic age on C. jejuni load in the yolk (Table 3).

Bacterial Populations in Trial 2

The effects of breeder flock age on microbial populations within the developing embryo are an important nuance because data gathered can affect flock management. Throughout both studies, temporal effects of age and development were impacted total microbial load. The eggs from a single broiler breeder flock from the first trial (F1) were sampled once that flock reached the peak production (F1-P) and old (F1-O) ages. Low bacterial loads were quantified during the beginning of embryonic develop and were closely followed by approximately a 2-log10 increase in total bacterial load by T4 in the GIT samples for the young and old flocks (6.07 and 8.16 log copies/g GIT, respectively) (Table 4). Unlike the first trial, no significant GIT differences were observed in the F1-P flock load. The youngest flock (F1-Y) exhibited the lowest bacterial load; however, the peak flock (F1-P) consistently yielded the highest GIT total bacterial except for one case (T4, F1-O). The total bacterial loads quantified in the yolks were low in the young and old flocks, with the highest microbial load occurring in the peak-age samples (F1-P). The load of microbial populations in the yolk significantly increased between T1 and T4 for both the F1-Y and F1-P flocks. Yet, interestingly, the peak-age yolk concentrations significantly decreased in trial 1 (Table 4). Likewise, the age of the broiler breeding flock and the embryonic age of the egg independently and together significantly affect the total microbial concentrations of the GIT and yolk samples (Table 5). The total microbial load recovered from the surface of the egg (EW) was also significantly impacted by the age of the flock producing the egg, with the F1-Y and F1-P exhibiting greater total bacterial load (6.562 and 6.853 log10 copies mL-1, respectively) compared to the F1-O flock (5.41 log10 copies/mL) (Table 4). This was a complete reversal of what was observed in the first trial.

TABLE 4. GIT, Yolk, and EW log transformed qPCR data at three different flock ages for one commercial broiler breeder flock at four times during embryonic development (trial 2)1,2.
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TABLE 5. Two-way (GIT, Yolk) and One-way (EW) ANOVA results at three different flock ages for one commercial broiler breeder flock at four times during embryonic development (trial 2)1,2.
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While L. monocytogenes was not detected in any of the samples from this trial, both Salmonella and C. jejuni were more prevalent in both the GIT and yolk samples from the F1-P (C. jejuni only) and F1-O (Salmonella and C. jejuni) flocks compared to trial 1 (Table 4). Salmonella GIT and yolk concentrations were not affected by the embryonic age. Interestingly, the highest GIT, yolk, and EW pathogen loads were found in the oldest broiler breeder flock. Compared to the first trial, the embryonic age affected C. jejuni concentrations from both GIT and yolk samples from the F1-P flock. Furthermore, C. jejuni significantly decreased by T4 in the GIT samples, whereas they significantly increased in the T4 yolk samples, as compared to the concentrations found at T1. Overall, C. jejuni GIT, yolk, and EW concentrations were 1 to 3 log10 and 4 to 6 log10 higher in the F1-P flock compared to the F1-O and F1-Y (Table 4). Overall, embryonic age was only found to significantly affect C. jejuni yolk concentrations, whereas broiler breeder flock age had a highly significant (p < 0.0001) effect on Salmonella and C. jejuni concentrations for all three sample types (Table 5).



DISCUSSION

Foodborne pathogens that are able to contaminate eggs through vertical integration are a significant concern to the broiler industry. The rise in antibiotic resistant foodborne pathogens is exceptionally well documented, increasing the scrutiny of poultry production from egg to fork (Economou and Gousia, 2015; McCrackin et al., 2015). However, two facts need to be considered concerning eggs and food safety: (1) other foodborne pathogens that cause significant concern, such as C. jejuni, are transmitted to the GIT of embryonic broiler chicks, and (2) broiler eggs can be a potential contributor to foodborne outbreaks (Cox et al., 2002; Gole et al., 2014; Mughini-Gras et al., 2014).

Perhaps the most historically common pathogen that reduces production quality and decreases food safety is Salmonella. Table eggs are considered to be the other primary source of foodborne Salmonella besides poultry meat (Finstad et al., 2012; Howard et al., 2012; Ricke, 2017). Salmonella’s ability to infect eggs by invading and colonizing the reproductive tract of hens is a documented route of transmission in poultry with significant consequences to the industry (Gantois et al., 2009; Ricke, 2017). The early establishment of Salmonella increases the pervasive threat that the pathogen poses throughout poultry reproduction, rearing, and processing; it can actively disseminate to peripheral organs and contaminate meat. Interestingly, the internal environment of the egg became a more prominent concern after increasing the number of S. enterica Enteritidis outbreaks occurred with some of these originating from internal contamination of table shell eggs (St Louis et al., 1988; Henzler, et al., 1994; Cox et al., 2000; Gantois et al., 2009; Howard et al., 2012; Ricke, 2017). In this instance, S. Enteritidis was identified by USDA-APHIS from multiple farms and houses on a farm (Henzler et al., 1994). Epidemiologists were able to link Salmonella contamination with three independent outbreaks of salmonellosis in the U.S. to those barns, and specifically to the broiler eggs. Environmental sampling of a layer facility is consistently correlated with egg contamination by pathogens (Gole et al., 2014).

Controversy remains as to the ability of other pathogens use their invasion apparatus and colonize the embryonic chicken. Previous studies demonstrate the ability to isolate naturally occurring C. jejuni from the circulating blood of broilers as well as the internal organs such as the spleen, liver, adrenal glands, and gall bladder. While this isolation of the pathogen in the periphery can be indicative of the breakdown of stability of the gut barrier, additional evidence has emerged to implicate the vertical transmission of C. jejuni. Studies documented the pathogen’s presence in the immature and mature follicles of breeders and the egg shells in commercial laying hens (Cox et al., 2005, 2006, 2007; Richardson et al., 2011; Jones et al., 2016). This is a concern because the establishment of C. jejuni in the embryonic gut may have significant consequences for production. The experimental inoculation of chickens by Salmonella and C. jejuni both stimulate the immune and intestinal inflammatory responses (Humphrey et al., 2014; Han et al., 2016). The resulting inflammatory response negatively affects poultry health and production. However, despite the evidence to the contrary and presented herein, the vertical transmission and immune stimulating potential of Campylobacter in poultry remains controversial because data challenging the establishment of the vertical route of transmission paradigm continues to emerge (Sahin et al., 2002, 2003; Herman et al., 2003; Newell and Fearnley, 2003; Snelling et al., 2005; Humphrey et al., 2007; Silva et al., 2011).

Current qPCR strategies are also highly correlated to microbial plating techniques to detect total microbial load (Gole et al., 2014) and have been used to quantitate expression of individual genes in Salmonella and C. jejuni as well as quantitation of both organisms (Gharst et al., 2013; Park et al., 2014; Papić et al., 2017; Neal-McKinney et al., 2018; Ricke et al., 2018). This study directly challenges the sampling paradigm because EW were largely negative throughout the study, with the exception of post-vaccination time point during each trial. Egg washes do not appear to be a good predictor of pathogen invasion within the yolk. Furthermore, this study successfully quantified microbial and pathogen load in an egg. With the exception of L. monocytogenes, the pathogens S. enterica and C. jejuni were identified in the GIT and yolk of the embryonic chick.

The improved detection of pathogens has two goals: (1) improving poultry health which safeguards the food supply; and (2) reducing the transmission of antibiotic resistant pathogens and elements. There is a rise in foodborne pathogens containing antibiotic resistance elements that are capable of disseminating to the naïve microbiota (Nguyen et al., 2016; Kassem et al., 2017; Vita et al., 2018). Therefore, the uncontrolled spread of antibiotic resistant foodborne pathogens increases the risk to the food supply and potentially result in resistant clinical infections (Economou and Gousia, 2015; McCrackin et al., 2015; Battersby et al., 2017; Kassem et al., 2017). Therefore, the detection of these pathogens and the antibiotic resistance profile exhibited is essential to safeguard the food supply. To address these concerns, future studies should include the development of a qPCR system to detect various serovars of Salmonella (Mughini-Gras et al., 2014). By expanding on these ideas, the facilitation of the assignment of responsibility and improvement of food safety is innovated.

The implementation of the qPCR strategy delineated in this paper could actively mitigate the risk of the vertical transmission of foodborne pathogens. The sampling of hens occurs monthly or during outbreaks. However, it is well documented that cloacal swabs are not direct indicators of colonization (Langkabel et al., 2014; Battersby et al., 2017). Therefore, by using a “spot check” strategy that looks directly at the egg and the GIT of embryonic chicks is valuable. By doing so, hens with a high rate of transmission of invasive pathogens can be readily identified and culled.
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Transducer-Like Protein in Campylobacter jejuni With a Role in Mediating Chemotaxis to Iron and Phosphate
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Chemotaxis-mediated motility enables Campylobacter jejuni to navigate through complex environmental gradients and colonize diverse niches. C. jejuni is known to possess several methyl accepting chemotaxis proteins (MCPs), also called transducer-like proteins (Tlps). While the role of some of the Tlps in chemotaxis has been identified, their regulation and role in virulence is still not very clear. Here, we investigated the contribution of Tlp2 to C. jejuni chemotaxis, stress survival and colonization of the chicken gastrointestinal tract. The Δtlp2 deletion mutant showed decreased chemotaxis toward aspartate, pyruvate, inorganic phosphate (Pi), and iron (FeSO4). Transcriptional analysis of tlp2 with a promoter fusion reporter assay revealed that the tlp2 promoter (Ptlp2) was induced by Pi and iron, both in the ferrous (Fe2+) and ferric form (Fe3+). RT-PCR analysis using overlapping primers indicated that the phoX gene, located immediately downstream of tlp2, is co-transcribed with tlp2. A transcription start site was identified at 53 bp upstream of the tlp2 start codon. The Δtlp2 mutant showed decreased colonization of the chicken gastrointestinal tract. Collectively, our findings revealed that the tlp2 plays a role in C. jejuni pathogenesis and colonization in the chicken host and its expression is regulated by iron.
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INTRODUCTION

Foodborne gastrointestinal illness caused by a gram negative bacterium, Campylobacter jejuni, has seen a surge in incidence in the recent years (CDC, 2013). In the United States, Food and Drug Administration (FDA) has placed Campylobacter species in the list of “qualifying pathogens” capable of posing a serious public health risk (Food and Drug Administration and HHS, 2014). The prevalence and transmission of Campylobacter can be attributed to its widespread colonization in the gastrointestinal tract of farm animals, especially chickens (Hermans et al., 2012). It is well established that C. jejuni employs motility and chemotaxis to colonize the avian and mammalian gastrointestinal tract (Yao et al., 1994; Hendrixson and DiRita, 2004; Young et al., 2007; Hermans et al., 2011; Chandrashekhar et al., 2015, 2017). Directional motility in C. jejuni is mediated by the chemotaxis system, composed of chemoreceptors and other core signal transduction proteins (Lertsethtakarn et al., 2011).

Transducer like proteins (Tlps) are the key components involved in sensing environmental signals through chemotaxis or energy taxis in C. jejuni. (Marchant et al., 2002; Vegge et al., 2009; Korolik, 2010; Tareen et al., 2010; Reuter and van Vliet, 2013; Rahman et al., 2014). Amino acids (aspartate, glutamate and serine), organic acid salts (succinate, isocitrate, and formate), bile and mucin are chemoattractants for C. jejuni (Hugdahl et al., 1988; Hartley-Tassell et al., 2010; Tareen et al., 2010). C. jejuni Tlps have been classified into three groups (A-C), based on sequence analysis and structural homology (Marchant et al., 2002; Chandrashekhar et al., 2017). The C. jejuni Tlp2 (CJJ81176_0180) is a group A transducer-like protein (Marchant et al., 2002) with transmembrane domains, a periplasmic ligand binding domain and a cytoplasmic signaling domain. BLAST analysis of the predicted amino acid sequence of Tlp2 shows greatest homology to C. jejuni Tlp3 and Tlp4 (60% identity). The cytoplasmic signaling domain is identical to Tlp3 but the periplasmic domain shows only 38% identity with Tlp3 (Rahman et al., 2014). An earlier study in C. jejuni NCTC11168 strain revealed that tlp2 deletion mutant exhibited no chemotaxis and invasion defects (Vegge et al., 2009). However, recent evidence indicates that tlp2 is one of the most abundantly expressed tlps in mice infected with C. jejuni NCTC 11168-O (Day et al., 2012), thus emphasizing the significance of understanding the role of Tlp2 in C. jejuni pathophysiology. This warranted us to further investigate the role of C. jejuni Tlp2 in chemotaxis, virulence, and host colonization.

Iron is an essential nutrient and a cofactor for proteins involved in cellular metabolism, enzyme catalysis, and sensing extracellular and intracellular signals (Lill, 2009). The bioavailability of iron in the host and environment (10−18–10−24M) being lower than the minimum requirement for bacterial growth (10−7M), makes iron a key player in the host-pathogen interaction (Braun and Hantke, 2003). Chemotaxis toward iron has been studied in Shewanella oneidensis and the magnetotactic bacteria Geobacter metallireducens (Childers et al., 2002; Bencharit and Ward, 2005). In these bacteria, the chemotactic response to iron is due to the fact that it serves as an insoluble electron acceptor (Childers et al., 2002; Bencharit and Ward, 2005; Harris et al., 2010). Knowledge about the role of iron as an electron acceptor in C. jejuni, chemotaxis toward iron and/or regulation of Tlp genes by iron in C. jejuni is still scarce. However, a study in Helicobacter pylori indicated that tlpB, chemoreceptor for sensing bicarbonate and arginine, is induced by iron through a fur-independent mechanism (Ernst et al., 2005). Interestingly, a recent study in C. jejuni has identified that tlp genes (Cj0262c and Cj1110c) are regulated by iron and/or Ferric uptake regulator (Fur) protein (Butcher et al., 2012). The study also revealed that cj0145 (phoX), a gene located immediately downstream of tlp2, is induced in the presence of iron although the specific mechanism of regulation is still unexplored (Butcher et al., 2012).

Here we investigated the role tlp2 in C. jejuni chemotaxis, in-vitro virulence and colonization of the chicken gastrointestinal tract. We provide evidence that iron regulates chemotaxis in C. jejuni and tlp2 contributes to in-vivo colonization of the chicken gastrointestinal tract. The findings of this study not only highlight the significance of tlp2 in C. jejuni pathogenesis but also elaborate on the complex mechanism by which iron regulates the chemotaxis in C. jejuni through Tlp2.



MATERIALS AND METHODS

Bacterial Strains, Media and Growth Conditions

Bacterial strains and plasmids used in this study are described in Table 1. C. jejuni used in this study are derivatives of strain 81–176 (WT) (Korlath et al., 1985) and NCTC 11168. C. jejuni strains were grown on Mueller-Hinton media (MH; Oxoid, Hampshire, United Kingdom) under microaerophilic conditions [(85% N2 (v/v), 10% CO2 (v/v) and 5% O2 (v/v)] in a DG250 Microaerophilic Workstation (Microbiology International, Frederick, Maryland, United States) at 42°C. E. coli DH5α was used for plasmid propagation and cloning purposes and was routinely cultured on Luria-Bertani (LB) medium at 37°C overnight. Growth media was supplemented with appropriate antibiotics; chloramphenicol (10 μg/ml for Campylobacter; 20 μg/ml for E. coli) and kanamycin (30 μg/ml for Campylobacter; 50 μg/ml for E. coli) as required.

TABLE 1. Bacterial strains and plasmids used in this study.

[image: image]

Generation and Complementation of tlp2 Mutant

Recombinant DNA techniques were performed as per standard procedures (Sambrook et al., 1989). C. jejuni tlp2 mutant was created by double crossover allelic exchange method as previously described (Rajashekara et al., 2009). Oligonucleotides used in the present study were synthesized from Integrated DNA Technologies (Skokie, IL, United States) and are listed in Table 2. Briefly, the gene of interest (tlp2) plus ∼ 1 kb flanking DNA was amplified by PCR from C. jejuni strain 81–176 genome. The purified PCR products were ligated into zeocin-resistant pZErO-1 (zero background cloning vector) (Invitrogen, Carlsbad, CA, United States), and the ligation product was transformed into Library Efficiency DH5α E. coli competent cells (Invitrogen) to generate the plasmid pZErO1-tlp2. The whole plasmid except the target gene was amplified by inverse PCR. Purified inverse PCR products were ligated either to a kanamycin resistant cassette (from pUC4K) or a chloramphenicol resistance cassette (from pUC4C), and the resulting suicide vector was electroporated into C. jejuni. Transformants were selected on MH agar supplemented with chloramphenicol or kanamycin. Individual clones were confirmed for deletion of the target gene by PCR. The tlp2 mutant with kanamycin resistance was used in all the assays; except for reporter studies, in which case tlp2 mutant with chloramphenicol resistance was used as reporter plasmid carries kanamycin resistance.

TABLE 2. Oligonucleotide primers used in this study.
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The complemented strain was created by amplifying coding regions of tlp2 along with its potential promoter region by PCR using primers indicated in Table 2. The resulting fragment was cloned into SalI-KpnI digested pRY112 (Yao et al., 1993) and the complementation plasmid was introduced into the Δtlp2 deletion mutant by biparental conjugation as described (Miller et al., 2000). Transconjugants were selected on MH agar supplemented with kanamycin and chloramphenicol and the resulting complementation strain was designated tlp2 comp as listed in Table 1.

Chemotaxis Assay

To quantify chemotaxis, we adapted a modified capillary chemotaxis assay that quantitatively measures bacterial tactic responses (Mazumder et al., 1999; Cerda et al., 2003). The assay was previously used for quantifying chemotaxis in subsurface microaerophilic bacteria including Campylobacter (Mazumder et al., 1999; Chandrashekhar et al., 2015) and other Epsilonproteobacteria, such as H. pylori (Cerda et al., 2003, 2011). Briefly, C. jejuni wild type (WT), Δtlp2 mutant and the complemented strains were grown microaerobically at 42°C for 18 h on MH agar and resuspended in chemotaxis buffer (Phosphate Buffered Saline, PBS or Normal Saline, pH 7.4) and OD600 was adjusted to 0.5. A 100 μl volume of a solution of the compounds [All compounds at 0.1M except Pi (Inorganic Ventures, Christiansburg, VA, United States) at 1 mM and FeSO4 (Sigma) at 0.1 mM] to be tested for chemotaxis response (buffer alone served as control) was aspirated through a 22 G stainless-steel needle (0.254 mm diameter × 20 mm long) into a 1 ml tuberculin syringe. The 0.1 M concentration of the compounds was selected based on previous studies and a series of preliminary experiments that showed that 100 mM resulted in the strongest chemotaxis response (Vegge et al., 2009; Tareen et al., 2010). A 100 μl of the OD600 adjusted bacterial suspension was drawn into a 200 μl disposable pipette tip and the needle-syringe system was fitted to the pipette tip in such a way that the needle was immersed into the bacterial suspension. The system was positioned horizontally and incubated at 42°C for 1 h. The needle-syringe system was then separated from the bacterial suspension containing pipette tip and contents of the syringe were 10-fold serially diluted in chemotaxis buffer, plated onto MH agar plates and incubated at 42oC under microaerophilic conditions to determine colony-forming units (CFUs). Relative Chemotaxis Ratio (RCR) toward a test compound was ascertained as a ratio between the numbers of bacteria entering the test needle-syringes to those in the control needle-syringes. A test compound was considered as an attractant if the RCR was ≥ 2 (Mazumder et al., 1999). Results were expressed as the mean of three independent assays. A mutant was considered deficient in chemotaxis toward a substrate if both the corresponding RCR value was significantly < 2 (P < 0.05) and the CFU of the mutants were significantly lower (P < 0.05) than those of the wildtype. A C. jejuni 81–176 cheY mutant which is incapable of directional movement (negative control) (Yao et al., 1997) and 0.1% porcine gastric mucin (positive control; Sigma) were also used to evaluate the integrity of the assay. To test the response to repellents, C. jejuni cultures were mixed with a repellent and the bacteria that entered the syringe, which in this instance contained only buffer, to escape the repellent were quantified as described above. To account for any methodological bias, capillary chemotaxis results were further verified by using the disk method (Vegge et al., 2009) for selected compounds.

Determination of the tlp2 Transcriptional Levels With Reporter Gene Assays

The partial coding region of tlp2 and the upstream region was amplified with tlp2-PF_F (SmaI) and tlp2-PF_R (BglII) primers and cloned into pMW10, a shuttle vector for E. coli and C. jejuni, containing a promoterless lacZ gene (Wosten et al., 1998). The plasmid was mobilized into C. jejuni WT and Δtlp2::Cm strains by electroporation. The Δtlp2::Cm strain was used for reporter studies since pMW10 carries kanamycin resistance. TheΔtlp2::Cm was generated as described above. β-Galactosidase assay was performed with C. jejuni strains harboring the tlp2 promoter (Ptlp2)-lacZ transcriptional fusion construct, as described previously (Wosten et al., 1998). To examine the effect of Pi and iron on tlp2 transcription, reporter strains were incubated in MOPS and MEMα (Life technologies, Invitrogen) supplemented with Pi and FeSO4 or FeCl3 (Iron), respectively.

Additionally, reporter fusions were also created for the intergenic region between tlp2 (Cjj81176_0180) and phoX (Cjj81176_181) to determine any potential promoter in the intergenic region. The intergenic region was amplified with specific primers listed in Table 2 and cloned into pMW10 using the BamHI-XbaI sites. Reporter gene assays were carried out as described above.

Reporter gene assays were also carried out in the C. jejuni 81–176 Δfur mutant. C. jejuni 81–176 Δfur mutant was created by natural transformation of WT containing the (Ptlp2)-lacZ transcriptional fusion construct with genomic DNA from C. jejuni NCTC11168 Δfur mutant as described previously (Jeon et al., 2008; Gangaiah et al., 2009). Briefly, 1 ml of C. jejuni WT reporter strain was resuspended to an OD600 of 0.5. Approximately, 5 μg of genomic DNA from C. jejuni NCTC11168 Δfur mutant was added and incubated for 4 h microaerobically. The bacteria were plated on MH plates supplemented with appropriate antibiotics and incubated microaerobically at 42oC for 48 h. The deletion of the fur gene in 81–176 was confirmed by PCR.

RNA Extraction and Reverse Transcriptase Overlapping PCR

Briefly, C. jejuni WT grown overnight in MH agar plate was scraped and resuspended to an OD600 of 0.05 in MEM-α or MH broth and grown up to mid log phase (6 h), respectively. Total RNA was extracted using RNeasy Mini Kit (Qiagen) and quantified using NanoDrop ND-2000c spectrophotometer (Wilmington, DE, United States). cDNA synthesized using SuperScript® III First-Strand Synthesis SuperMix (Invitrogen), was used as a template for PCR with a set of overlapping primers for the tlp2, phoX, and the 135 base pairs intergenic region between tlp2 and phoX. (Table 2).

Primer Extension Assay

Primer extension assay was performed as described previously (Kim et al., 2011). Briefly, C. jejuni WT strain was grown for 6 h (mid-log phase) with shaking in MH broth at 42oC and harvested by centrifugation at 10,000 × g for 5 min. Total RNA was purified with TRIzol (Invitrogen) according to the manufacturer’s instructions. Purified RNA was resuspended in sterile distilled RNase-free water, and the RNA concentration was determined by measuring the OD of the solution at 260 and 280 nm using NanoVue (GE Healthcare). A portion (10 pmol) of the PE_R primer was labeled with 32P at the 5′ end by 10 U of T4 polynucleotide kinase (Invitrogen) and 80 μCi of [γ-32P] dATP for 30 min at 37°C. The labeling mixture was heated at 70°C for 10 min and purified with MicroSpin G-25 columns (GE Healthcare). The γ-32P-end-labeled primer (0.5 pmol) was co-precipitated with 15 μg of total RNA by the addition of sodium acetate and absolute ethanol. The pellet was washed with 75% ethanol, dried at room temperature, and resuspended in 20 μl of 250 mM KCl, 2 mM Tris (pH 7.9), and 0.2 mM EDTA. The mixture was heated to 65°C and then was allowed to cool to room temperature for 1 h. After annealing, 50 μl of reaction solution containing 5 μg of actinomycin D, 700 μM deoxynucleoside triphosphates, 10 mM MgCl2, 5 mM DTT, 20 mM Tris (pH 7.6), 30 U of RNasin (Promega), and 150 U of Superscript® III reverse transcriptase (Invitrogen) was added. The mixture was incubated at 42°C for 70 min and treated with 100 U of RNase T1 (Invitrogen) at 37°C for 15 min. The sample was ethanol precipitated after addition of 1.4 μl of 5M NaCl with 2.5 volumes of absolute ethanol and then washed with 75% ethanol. Sample was resuspended with 6 μl of formamide dye and 4 μl of Tris-EDTA (pH 8.0) buffer and then denatured at 90°C for 3 min. The samples were resolved on 6% polyacrylamide-8M urea gels, and the reverse transcription signals were analyzed by using BAS 2500 (Fuji Film). Primers, CJJ81176_180_PE and CJJ81176_181_PE (Table 2) were used for sequencing the upstream regions of tlp2 and phoX, for transcription start site with a SequiTherm EXCELII DNA sequencing system (Epicenter).

Alkaline Phosphatase Assay

PhoX activity was determined as described previously (Drozd et al., 2011). Briefly, WT, Δtlp2, and the tlp2 comp strains were grown overnight on MH plates with appropriate antibiotics. The cultures were gently scraped, washed and resuspended in MEM and incubated at 42°C microaerobically with shaking for 2 h. Cultures were then centrifuged for 10 min at 7000 × g and supernatant was removed. Cells were gently washed with 50 mM MOPS buffer (pH 7.4) (Sigma) and incubated with shaking at 42oC for 2 h following which, OD600 readings were taken. Cells were pelleted and resuspended in PNPP buffer containing 2 mM p-nitrophenyl phosphate (PNPP; Sigma) and incubated at 37°C. OD measurements at 550 nm and 420 nm were taken, and the phosphatase activity was calculated as described previously (Wosten et al., 2006). The assay was performed a total of three times with duplicate samples in each assay. Additionally, effect of iron on PhoX activity was assessed by supplementation of FeSO4 at 40 μM concentration in MOPS buffer.

Nutrient Downshift Assay

The role of tlp2 in C. jejuni survival under nutrient downshift was assessed using MEM-α as described previously (Gangaiah et al., 2010). Briefly, mid-log-phase cultures of WT, Δtlp2, and the tlp2 comp strains were pelleted, washed twice and resuspended in MEM-α with OD600 adjusted to 0.05. The bacterial suspensions were incubated microaerobically at 42°C with shaking. Samples were taken over time, serially diluted (10-fold) in MEM-α media and plated on MH agar for determining CFU. The experiment was performed three times and the average for each time point was taken.

Quantitative Reverse Transcriptase PCR (qRT-PCR) Analysis of Phosphate Uptake Genes

The C. jejuni WT and Δtlp2 cultures were assessed for changes in expression of phosphate uptake genes (phosR, pstC, and pstS) (Wosten et al., 2006). Briefly, C. jejuni WT and Δtlp2 strains were grown to mid-log phase in MEM-α microaerobically, with shaking at 42oC. Total RNA was extracted using RNeasy Mini Kit (Qiagen) and cDNA was synthesized using SuperScript® III First-Strand Synthesis SuperMix (Invitrogen). RNA and cDNA concentrations and purity were determined using NanoDrop ND-2000c spectrophotometer (Wilmington, DE, United States). Quantitative RT-PCR was performed with a SensiMixPlus SYBR RT-PCR kit (Quantace, Norwood, MA, United States) in a Mastercycler ep realplex2 thermal cycler (Eppendorf, Westbury, NY, United States). Gene specific primers (Table 2) used in this analysis have been described previously (Drozd et al., 2014). The relative levels of expression of target genes were normalized to 16S rRNA gene expression of the same strain. The relative fold changes in gene expression was calculated using the comparative threshold cycle (CT) method to yield fold-difference in transcript level compared to WT (Livak and Schmittgen, 2001). The qRT-PCR was performed a total of three times with duplicate samples in each assay.

Invasion and Intracellular Survival Assays

Invasion and intracellular survival of C. jejuni WT and Δtlp2 mutant in INT 407 cell line (human embryonic intestine cells, ATCC CCL 6) was assessed as described previously (Kassem et al., 2012). Briefly, mid-log phase grown bacterial cells were collected by centrifugation (5,000 × g, 10 min), washed twice with MEM containing 1% (v/v) FBS and resuspended in MEM. INT 407 cells (1.4 × 105 per well) in MEM with 10% (v/v) fetal bovine serum (FBS) were seeded in 24-well tissue culture plate and incubated for 18 h at 37°C with 5% CO2. INT 407 cells were infected with multiplicity of infection (MOI) 100 for invasion and intracellular survival assays and incubated for 3 h at 37°C. Following 3 h of incubation with bacteria; cells were treated with gentamicin (150 μg/ml) and incubated for additional 2 h. After 2 h of incubation, the infected cells were rinsed three times with MEM, lysed with 0.1% (v/v) Triton-X 100, serially diluted in MEM and plated on MH agar. The percent invasion was calculated as follows: (no. of CFU recovered after lysis of INT 407 cells/CFU added to each well) × 100.

To assess survival of C. jejuni WT and Δtlp2 mutant in INT 407 cell line, following 2 h of gentamicin treatment, the infected cells were washed with MEM three times and covered with MEM containing gentamicin (10 μg/ml) and incubated for 24 h at 37°C. After 24 h of incubation, infected cells were washed with MEM, lysed and plated as described above. In parallel, we also cultured the supernatant of gentamicin treated monolayers to ensure the quality of the gentamicin protection assay.

Chicken Colonization Assay

Chicken colonization study was performed as described previously (Gangaiah et al., 2009). Briefly, 3 day-old specific pathogen free chickens (n = 6 for each group) were obtained from a local hatching facility (Food Animal Health Research Program, OARDC, Wooster, OH, United States). Campylobacter free chickens were inoculated orally with 104 CFU of the C. jejuni WT and Δtlp2 mutant strain in 200 μl of PBS (pH 7.4). Chickens were euthanized after 7 days post-inoculation and ceca, duodenum, jejunum, liver, spleen and bursa were collected aseptically, weighed, homogenized, serially diluted in PBS (pH 7.4) and plated on appropriate MH agar containing Campylobacter selective supplement with or without kanamycin to determine colony forming units (CFU). Plates were incubated at 42°C microaerobically and CFUs per gram of tissues were determined.

Statistical Analysis

Statistical significance of data generated in this study was determined using two tailed Student’s t-test. Results of the promoter fusion assay were statistically analyzed using one way Anova with Dunett’s multiple comparison posttests. Data from the chicken colonization experiment was analyzed using the Mann Whitney test. P ≤ 0.01 or 0.05 (α level) was considered statistically significant.



RESULTS

The Δtlp2 Mutant Is Defective in Chemotaxis Toward Aspartate, Pyruvate, Pi and Iron

To assess the role of tlp2 in C. jejuni chemotaxis, a deletion mutant was constructed with the coding region of tlp2 being replaced with kanamycin resistance gene. Syringe capillary chemotaxis assays were performed to determine the chemotactic activity of C. jejuni WT, the Δtlp2 mutant and the complemented strains toward different substrates (Table 3). Substrates with RCR values > 2 and < 0.1 were considered as chemo attractants and repellants, respectively, for WT C. jejuni (Hugdahl et al., 1988; Cerda et al., 2003; Chandrashekhar et al., 2015). In addition, capillary assay showed strong chemotaxis of C. jejuni toward 0.1% porcine gastric mucin (RCR = 9.0), while a non-motile cheY mutant had an RCR below the detection limit (∼0) for some of the known attractants (Chandrashekhar et al., 2015). Compared to the WT, the Δtlp2 mutant was defective in chemotaxis toward aspartate (P = 0.0292) and pyruvate (P = 0.0010) with RCR values < 2 (Figure 1) (RCR values: aspartate: 3.81 for the WT and 1.45 for the Δtlp2 mutant; pyruvate: 2.96 for the WT and 0.33 for the Δtlp2 mutant) (Cerda et al., 2003). Even though the tlp2 mutant showed RCR values less than 2 for isocitrate, succinate and propionate; they were not statistically significant (Table 3). Interestingly, Δtlp2 mutant also showed a chemotaxis defect toward Pi and iron (FeSO4), compared to WT (Figure 1). We observed that FeSO4, but FeCl3.6H20 (ferric iron source) and (NH4)2SO4 (sulfate source) were not a chemoattractant for C. jejuni, based on the RCR indices for these compounds (FeCl3.6H20: RCR of 1.40 and (NH4)2SO4: RCR of 0.40) (Table 3). The chemotaxis defect was restored to WT levels in the complemented strain; however, chemotaxis toward iron was partially restored in the complemented strain (Figure 1). Chemotaxis results were also confirmed by assessing chemotaxis using the disk method for selected substrates such as aspartate and pyruvate (data not shown).

TABLE 3. RCR valuesa for the WT and tlp2 mutant for all compounds tested.
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FIGURE 1. The Δtlp2 mutant was significantly defective in chemotaxis toward aspartate, pyruvate, inorganic phosphate and ferrous sulfate. Chemotaxis was determined using the capillary method (Chandrashekhar et al., 2015) where an RCR-value of 2 or above indicates chemotaxis toward the test chemical. This graph represents only those compounds (out of 15 compounds) for which a defect in chemotaxis was observed in the Δtlp2 mutant. The complete results for chemotaxis toward all 15 compounds tested are listed in Table 3. ∗P ≤ 0.05. The results show the means and standard errors of three independent experiments.



Iron Induces tlp2 Promoter (Ptlp2) Activity

Decreased chemotaxis toward iron observed in the Δtlp2 mutant encouraged us to investigate the tlp2 expression under different growth conditions. The level of tlp2 transcription was quantified with β-galactosidase assays in presence of metal ions, such as Fe2+, Fe3+, Cu2+, Ca2+, Mg2+ and Zn2+ in MEM-α that does not contain these metals (van Vliet et al., 1998; Kim et al., 2011). Assay was performed in the presence of 20 μM CuCl2, 40 μM FeSO4, 40 μM FeCl3, 40 μM MnCl2, and 10 μM ZnCl2. Since MEM-α media already has Ca2+ (1.8 mM) and Mg2+ (0.8 mM), we did not supplement the media with these two metal ions. Iron in both ferrous (FeSO4) and ferric (FeCl3) forms induced tlp2 expression at 40 μM concentrations (Figure 2A), whereas other metals had no effect on the level of tlp2 transcription (Supplementary Figure S1A). For Fe2+, 40 μM was used based on the dose response assay (Supplementary Figure S1B) which showed best result at this concentration (Supplementary Figure S1B). Concentrations of iron as low as 5 μM FeSO4 also significantly induced tlp2 expression (Supplementary Figure S1B).
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FIGURE 2. β-galactosidase activity of Campylobacter jejuni WT carrying Ptlp2-lacZ transcriptional fusion construct. (A) β-galactosidase activity in the absence (uninduced) and presence of 40 μM FeSO4 or FeCl3(H2O)6 (induced) added to MEM-α. (B) β-galactosidase activity in the absence (uninduced) and presence of 2mM Pi (induced) added to MOPS. (C) β-galactosidase activity of the Ptlp2-lacZ fusion assays in the Δtlp2::Cm mutant in the presence or absence of 40 μM FeSO4 in MEM-α and in the presence or absence of 2mM Pi in MOPS. (D) β-galactosidase activity of the Ptlp2-lacZ fusion in the Δfur mutant in MEM-α. The cells were incubated for 8 h before carrying out the assay. The results show the means and standard deviations of three independent experiments. ∗P < 0.05 where each group is compared with the WT reporter strain that is not induced (MEM-α or MOPS) and ∗∗P < 0.05 where each group is compared with the WT that is induced (with FeSO4 or Pi).



Similarly, the activity of Ptlp2 was investigated in the presence of Pi due to the observed chemotaxis defect toward Pi (Table 3 and Figure 1). MOPS buffer was used as a low phosphate medium for the incubation of the C. jejuni reporter strains (Gangaiah et al., 2009). The concentration of Pi added to MOPS buffer ranged from 1 to 3 mM but Ptlp2 was most significantly induced in the presence of 2 and 3 mM of Pi (Figure 2B and Supplementary Figure S1C). Further, Ptlp2 activity in the tlp2 deletion mutant was also studied to assess the effect of the gene product on its promoter activity. Since pMW10 shuttle vector has a kanamycin resistant cassette, we created a Δtlp2 mutant with a chloramphenicol resistant cassette. We found that the tlp2 expression was also induced in the Δtlp2 mutant in the presence of Pi and FeSO4 similar to WT (Figure 2C). Even though the Ptlp2 activity in Δtlp2 mutant was higher than the WT both in the presence or absence of Pi and Fe, the difference was not statistically significant. These results suggest that tlp2 transcription is independent of Tlp2 protein levels in the cell.

Ferric uptake regulator protein (Fur) plays an important role in C. jejuni iron homeostasis (van Vliet et al., 1998). In addition, iron and Fur are shown to regulate tlp genes (Cj0262c; Tlp4 and Cj1110c; Tlp8) in C. jejuni (Butcher et al., 2012). We, therefore, investigated if tlp2 expression is regulated by Fur. Interestingly, the Ptlp2 activity was increased in a Δfur mutant of C. jejuni 81–176 in MEM-α (Figure 2D). These observations revealed a role for fur in the regulation of tlp2 expression. Since a fur mutation derepresses genes involved in iron acquisition in C. jejuni (Holmes et al., 2005), there will be over-accumulation of iron in the fur mutant. The increased levels of intracellular levels may increase the Ptlp2 activity in the fur mutant.

The tlp and phoX Genes Are Co-transcribed

The tlp2 gene (CJJ81176_180) is located upstream to phoX (CJJ81176_181) in the same orientation with an intergenic region of 135 base pairs (Figure 3A). Additionally, a previous study indicated that phoX gene (Cj0145), located immediately downstream of tlp2, is induced by iron and was also enriched in the CjFur ChIP-chip assay (Butcher et al., 2012). As the Δtlp2 mutant is defective in chemotaxis toward iron (Fe) and Pi, and the tlp2 transcription is modulated by iron and Pi, we hypothesized that these two genes may be co-transcribed. To test this, total RNA was extracted from WT grown in MEM-α and analyzed by RT-PCR using primers designed to amplify a flanking region of the two genes. The results indicated that tlp2 and phoX are co-transcribed (Figure 3B). In addition, an amplicon was also observed when WT was grown in nutrient rich MH broth (data not shown). These results implied that phoX is co-transcribed with tlp2 under the conditions tested in this study.
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FIGURE 3. (A) Genetic organization of tlp2. The tlp2 gene (cjj81176_180) is located upstream of the phoX gene (Cjj81176_181) which encodes the alkaline phosphatase (PhoX) enzyme. The tlp2 and phoX genes are separated by a 135 bp intergenic region. (B) Reverse Transcriptase overlapping PCR showing co-transcription of tlp2 and phoX. Intergenic region was amplified with primer pair P1 F (forward) and R (reverse) in WT strain grown in MEM-α. Primers for the tlp2 (P2 F and R) and phoX (P3 F and R) genes were included as control regions as well (data not shown). (C) The Pint-lacZ fusion showed no β-galactosidase activity compared to the Ptlp2–lacZ fusion in the WT strain. Determination of the transcriptional start site for tlp2 (D) and phoX (E) by a primer extension assay. Only one transcriptional start site is seen upstream to tlp2, designated TS (Transcriptional Start) indicated with an arrowhead on the right and by the ∗ in the sequence. No transcriptional start site was found in the region upstream to phoX (F): The −10 and −35 elements of the Ptlp2 are underlined and the ribosomal binding site is indicated as RBS.



Further, an intergenic region between tlp2 and phoX was fused to the promoterless lacZ gene to confirm that the promoter activity observed was specific to Ptlp2. The reporter strains did not show any promoter activity; the promoter activity in the β-galactosidase assay was similar to that of the negative control (empty plasmid) (Figure 3C). Similar findings were observed when media were supplemented with iron or Pi (data not shown), confirming that there was no promoter in the intergenic region between tlp2 and phoX under these tested conditions.

Furthermore, a primer extension analysis revealed a single transcription start site (TS) upstream to the tlp2 gene (Figures 3D,F). The TS is located 53 bp upstream of the tlp2 start codon with a ribosomal binding site located 12 bp upstream from the start codon. The −10 region was identified with the first T of the TATA box located 59 bp upstream of the start codon. Consistent with the results above, no transcription start site was observed in the 135 bp intergenic region between tlp2 and phoX (Figure 3E). This result indicates that tlp2 and phoX genes constitute an operon, and the transcription of phoX is dependent on the tlp2 promoter and they are co-transcribed.

Alkaline Phosphatase Activity Is Increased in the Presence of Iron

A study investigating the regulatory potential of Fur of C. jejuni identified that phoX is activated by iron (Butcher et al., 2012). Therefore, the PhoX activity of C. jejuni WT was evaluated in MEM-α supplemented with 40 μM FeSO4. The PhoX activity of the WT strain increased approximately four-fold in the presence of iron (Figure 4). Similarly, a higher PhoX activity was also observed in the Δtlp2 mutant in MEM-α in the presence of iron similar to the WT (Figure 4); however, this increase was not significant (P ≤ 0.09). In the complemented strain, the PhoX activity was similar to the WT with or without iron (Figure 4). These results suggest that iron upregulates the PhoX activity in C. jejuni and potentially intersects the phosphate utilization pathway of C. jejuni.
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FIGURE 4. C. jejuni WT and Δtlp2 strains shows a higher PhoX activity in the presence of iron (40 μM FeSO4 ). The bacterial cultures grown in MEM-α in the presence or absence of 40 μM FeSO4. The data is a mean of 3 independent trials. ∗P ≤ 0.05.



Deletion of tlp2 Affected Nutrient Stress Survival

The effect of a tlp2 mutation on stress survival was monitored by comparing the growth of the Δtlp2 mutant strain to the WT C. jejuni in nutrient-limited conditions. The Δtlp2 mutant did not display any growth defect when grown in nutrient-rich MH broth (data not shown); however, the tlp2 mutant on transition from nutrient rich MH broth to nutrient deficient MEM (without glutamine) exhibited survival defects in the late stationary phase especially 36 h and onward. The survivability of the tlp2 mutant strain was decreased by one and more than two orders of magnitude at 36 and 60 h, respectively, as compared to the WT (P < 0.05) (Figure 5).
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FIGURE 5. Survival of Δtlp2 mutant under nutrient downshift. Survival under nutrient stress was assessed by resuspending MH agar grown bacterial cultures in MEM-α, and determining CFU at different time points. Each data point represents the mean ± SE of 3 independent experiments. ∗P ≤ 0.05.



Deletion of tlp2 Affected Intracellular Survival in Intestinal Epithelial Cells

The consequence of tlp2 deletion on virulence-associated traits of C. jejuni was evaluated by the ability of Δtlp2 mutant to invade and survive within the human intestinal epithelial INT 407 cells (Candon et al., 2007). The Δtlp2 demonstrated similar invasion in INT 407 cells; however, the Δtlp2 mutant showed a higher intracellular survival, with almost 2 logs more bacteria recovered compared to the WT (Figures 6A,B).
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FIGURE 6. The Δtlp2 mutant exhibits no invasion defect (A) and increased intracellular survival (B) in INT 407 human intestinal cells. Bacteria were infected at an MOI of 100 for both invasion (2 h of gentamicin treatment) and intracellular survival assays (24 h of further incubation). Each data point represents the mean ± SE of 3 independent experiments. ∗P ≤ 0.05.



The Δtlp2 Mutant Is Defective in Colonization of the Chicken Gastrointestinal Tract

To investigate the role of Tlp2 in colonization of C. jejuni, we investigated the colonization of Δtlp2 mutant and WT in different segments of the chicken intestine. The Δtlp2 mutant and WT were inoculated into 3-day old chicks orally (104 CFU/chicken), and bacterial burden was analyzed after 7 days of infection. Colonization of the C. jejuni WT strain in the chicken gastrointestinal tract (cecum and duodenum/jejunum) ranged from 4 × 107 to 2 × 108 CFU per gram of tissue; while in the Δtlp2 mutant varied from 2 × 102 to 8 × 103 CFU per gram of tissue. The Δtlp2 mutant showed a 4–5 logs decrease in cecal colonization compared to the WT (Figure 7A). The Δtlp2 mutant was not detected in the duodenum and colonization of the jejunum was also reduced by almost 4 logs (Figures 7B,C). However, the liver, spleen, and bursa showed no colonization by C. jejuni WT and Δtlp2 mutant. These findings suggest that the tlp2 is essential for achieving optimal colonization in the proximal and distal segments of the gastrointestinal tract, including the cecum.
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FIGURE 7. Colonization of the Δtlp2 mutant in chicken gastrointestinal tract. The Δtlp2 mutant exhibited a significant defect in colonization of the (A) cecum (B) duodenum and (C) jejunum, compared to the WT. Each data point represents CFU/g of tissue. ∗P ≤ 0.05 and ∗∗P ≤ 0.01 Dotted line represents the detection limit.





DISCUSSION

In this study, we characterized the role of tlp2 in chemotaxis, stress survival, and colonization of the chicken gut. Our results indicated that tlp2 is involved in chemotaxis toward aspartate, pyruvate, Pi, and iron. Promoter fusion assays revealed that iron, in the ferrous and ferric form induces the tlp2 promoter activity. Iron is essential for C. jejuni colonization in the host as it is one of the limiting nutrients sequestered away from the pathogen by the host and the bioavailability of iron in the intestine is not very well understood (Naikare et al., 2006).

Predicted domain structure of the Tlp2 in the SMART database (Schultz et al., 1998) revealed a single periplasmic Cache_1 (Ca2+ channels and chemotaxis receptors) domain (Anantharaman and Aravind, 2000) and a cytoplasmic MCP signaling domain. Cache domain is found in the extracellular or periplasmic portions of chemoreceptors from Gram-positive and Gram-negative bacteria, and is associated with sensing of small molecules (Anantharaman and Aravind, 2000). The cache domains of Pseudomonas aeruginosa and Vibrio cholerae have been associated with chemotaxis toward amino acids (Nishiyama et al., 2012). The Cache domain is responsible for interaction with multiple ligands and thereby chemotaxis (Tasneem et al., 2005). Δtlp2 mutant shows decreased chemotaxis toward aspartate, pyruvate, iron and Pi. Additionally, Tlp2 shows 38% identity with the periplasmic region of the multiple ligand binding Tlp3 (Ccml) of C. jejuni, possessing a single cache domain which can potentially bind to multiple ligands with varying affinity (Rahman et al., 2014).

Studies in S. oneidensis and G. metallireducens report chemotaxis toward iron in the ferrous form (Childers et al., 2002; Bencharit and Ward, 2005). Iron is a redox active metal, and chemotaxis to iron suggests bacterial movement through reduced metal gradients toward potential electron acceptors (oxidized ferric form). Our observations in the WT (C. jejuni 81–176) strain show that it is chemotactic toward ferrous iron. The chemotactic response of C. jejuni toward iron (Fe2+) can be explained as bacterial adaptation to the assimilatory requirement for iron, as it is an important constituent of iron sulfur proteins and other cellular processes (Bencharit and Ward, 2005). Comparably, the chemotactic response of H. pylori toward a metal ion (zinc) has been primarily attributed to the mechanism of nutrient acquisition by bacteria (Sanders et al., 2013).

A study in C. jejuni, employing CjFur ChIP-chip analysis, identified cj0145 (phoX) as a novel gene in the Fur regulon in C. jejuni, which is activated by iron (Butcher et al., 2012). Much in line with the study above, we found in our study that PhoX activity in the WT is significantly increased in the presence of iron. A recent study on the Pseudomonas fluorescens PhoX revealed that iron is a cofactor required for enzyme activity, additionally implying that the bioavailability of iron affects bacterial phosphate uptake (Yong et al., 2014). Although a similar mechanism for increased PhoX activity in C. jejuni in the presence of iron can be envisioned, a further biochemical investigation on C. jejuni PhoX is needed to identify the precise role of iron in its enzymatic activity.

The sensing, uptake and utilization of inorganic phosphate in prokaryotes enables their ability to withstand conditions of phosphate deprivation. The Pi sensing or taxis has been studied in bacterial pathogens such as Enterococcus cloacae and P. aeruginosa under conditions of phosphate starvation, with two chemotactic transducers identified for Pi taxis in P. aeruginosa. The Pho regulon and the phosphate uptake system regulate Pi taxis in both bacteria (Kusaka et al., 1997; Wu et al., 2000). C. jejuni being an enteric pathogen is subjected to its survival under low phosphate conditions in the chicken gastrointestinal tract. While the uptake and utilization of Pi in C. jejuni through the two-component PhosS/PhosR operon has been previously described (Wosten et al., 2006), nothing is known about Pi taxis in this microaerophile. In our study, C. jejuni WT is chemotactic toward Pi, whereas the Δtlp2 mutant displayed a decreased chemotaxis. The decreased cellular availability of Pi in the tlp2 mutant was accompanied by an upregulation of the phosR (response regulator of Pho regulon) and the genes for phosphate uptake (pstC and pstS) which is normally induced in response to Pi limitation (Supplementary Figure S2) (Wosten et al., 2006). Additionally, the tlp2 mutant’s decreased survival under nutrient mediated stress (Figure 5) can be attributed to the Pi limiting conditions created due to decreased Pi taxis. Earlier studies have indicated that survival under low-nutrient stress is regulated by PPK1 mediated synthesis of poly-P from Pi (Candon et al., 2007; Gangaiah et al., 2009).

PhoX hydrolyzes phospho-organic compounds to Pi, a preferred phosphate source and a building block for poly-P in C. jejuni (Candon et al., 2007; Drozd et al., 2011). PhoX in C. jejuni is activated by the PhosS-PhosR two component system, under phosphate limiting conditions (Wosten et al., 2006). However, what remains to be investigated is whether PhosR also regulates the tlp2 promoter activity in C. jejuni. The tlp2 gene is located upstream to phoX in C. jejuni, and our investigation of tlp2 transcriptional organization revealed that both genes are transcribed together from a single promoter (Ptlp2) located upstream to tlp2. These findings however, contradict a previous finding in C. jejuni 81116, where phoX was shown to be transcribed by a promoter located in the intergenic region of tlp2 and phoX, when C. jejuni was grown in a chemically defined medium (Wosten et al., 2006). However, we could not observe any promoter activities in the intergenic region using a primer extension assay under our experimental conditions (Figure 3). Further, both strains possess 135 bps intergenic region between tlp2 and phoX; however, showed 95.5% sequence similarity. Therefore, the disparity could be due to the different media and strains used in the two different studies.

The Δtlp2 mutant exhibited an increased intracellular survival in INT 407 cell monolayer than the WT strain. The group A Tlps 1, 4, 7 and 10 but not Tlp2, have been shown to play a role in C. jejuni invasion of human intestinal epithelial cells (Vegge et al., 2009; Hartley-Tassell et al., 2010; Tareen et al., 2010). C. jejuni is known to survive within epithelial cells and can be viable for up to 24 h (Watson and Galan, 2008). Studies have also indicated a role for iron acquisition in C. jejuni intracellular survival (Naikare et al., 2006). This therefore piqued our interest in identifying a role for a Tlp involved in chemotaxis toward iron, in C. jejuni survival within host cells. The results of our study showed that the deletion of tlp2 increased intracellular recovery of C. jejuni. This was in contrary to our belief that deletion of tlp2 would decrease the survival of C. jejuni in host cells, due to the decreased chemotaxis toward iron. It must however, be noted that intracellular C. jejuni undergo a metabolic reprogramming which affects their survival within epithelial cells (Svensson et al., 2009; Liu et al., 2012). The increased intracellular survival in the Δtlp2 mutant may indicate a dysregulation of cellular process which warrants further investigation.

The role of tlp2 in tissue specific colonization of the chicken gastrointestinal tract was investigated. Mutation in tlp2 resulted in a colonization defect in the cecum, with a more profound reduction seen in the duodenum and jejunum. Catabolism of amino acids such as aspartate and serine are essential for C. jejuni colonization of the avian gut (Guccione et al., 2008), as reflected by the tlp1 mutant (aspartate chemoreceptor), which was severely impaired in colonization of the chicken ceca (Hartley-Tassell et al., 2010). The tlp2 mutant demonstrated a decreased chemotaxis toward aspartate, which might explain the reduced colonization. The utilization of glutamine, glutathione and asparagine in C. jejuni 81–176 is associated to tissue-specific colonization of the murine intestine (Hofreuter et al., 2008). However, it is not known if the ability to metabolize these nutrients also supports tissue specific colonization in the chicken intestinal tract. Additionally, chemotaxis toward pyruvate and fumarate mediated by Tlp9 represents energy taxis in C. jejuni. Energy taxis is an essential driving force for C. jejuni for establishment during colonization of the host (Vegge et al., 2009). The chicken cecum represents an iron and phosphate limiting environment for C. jejuni and iron acquisition is known to be essential for C. jejuni colonization of the chicken (Naikare et al., 2006). It is not surprising to see that Δtlp2 mutant, defective in chemotaxis toward Pi and iron, is also defective in colonization of the chicken cecum, duodenum, and jejunum. These findings clearly indicate that tlp2 contributes to C jejuni interaction with host cells, which is an important determinant for C jejuni pathogenesis and colonization of the chicken gastrointestinal tract.

In summary, the present study identifies a role for tlp2 in C. jejuni chemotaxis, stress survival and colonization of the chicken gastrointestinal tract. Further, our findings indicate that iron regulates tlp2. The tlp2 mutant was also defective in chemotaxis to Pi and showed increased PhoX activity. This suggests a possible cross-talk between iron and phosphate regulatory pathways, which needs further investigation. In addition, the increased PhoX activity in the presence of iron seen in C. jejuni indicates that iron may reduce the bioavailability of phosphate. Our findings in this study suggest a basis for future biochemical characterization of PhoX in C. jejuni.
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Currently, the most utilized antimicrobial in processing facilities is peracetic acid, PAA; however, this chemical is increasingly recognized as a hazard to human health. Preliminary evidence suggests that ozone, when introduced in a specific manner, can reduce the noxious nature of PAA. Therefore, the objective of the current study was to evaluate the efficacy of TetraClean Systems aqueous ozone, O3, in combination with PAA as an antimicrobial spray on whole chicken carcasses. This trial used 70 whole hen carcasses (7 treatments; 10 replications) that were inoculated in a 400 mL cocktail containing Salmonella, Escherichia coli, and Campylobacter (107 CFU/mL) and allowed to adhere for 60 min at 4°C for a final concentration of 105 to 106 CFU/g. The experimental 5 s (4×) spray treatments included: a no treatment negative control, TW; TW + O3 (10 ppm), TW + PAA (50 ppm), TW + PAA (500 ppm), TW + O3 + PAA (50 ppm), and TW + O3 + PAA (500 ppm). During treatment application, ambient PAA vapor was measured with a ChemDAQ Safecide PAA vapor sensor. After treatment, carcasses were immediately rinsed in 400 mL of nBPW for 2 min. Following rinsing, the dot method was utilizing for enumeration with 10 μL of rinsate being serially diluted, plated on XLD and mCCDA agar, and incubated aerobically at 37°C for 24 h or microaerophilically at 42°C for 48 h. Log-transformed counts were analyzed using ANOVA in JMP 14.0. Means were separated using Tukey’s HSD when P ≤ 0.05. There was a significant treatment effect among Salmonella, E. coli, and Campylobacter counts, and a significant treatment effect among ambient PAA (P < 0.05). TW + O3 + PAA (500 ppm), reduced Salmonella significantly compared to TW (5.71 and 6.30 log CFU/g). Furthermore, TW + PAA (500 ppm), reduced the presence of E. coli significantly compared to TW or no treated control (5.57 and 6.18 log CFU/g). Also, TW + PAA (50 ppm), TW + PAA (500 ppm), and TW + O3 + PAA (500 ppm) significantly reduced Campylobacter compared to carcasses not treated (4.80, 4.81, and 4.86 log CFU/g). Lastly, the addition of ozone significantly reduced the ambient PAA when O3 was added to 500 ppm of PAA, as TW + O3 + PAA (500 ppm) produced less ambient PAA than TW + PAA (500 ppm) (0.052 and 0.565 ppm). In conclusion, the addition of ozone to PAA may demonstrated the ability to effectively reduce ambient PAA, thus increasing employee safety.

Keywords: poultry, spray cabinet, aqueous ozone, peracetic acid, pathogenic reduction, ambient peracetic acid vapor


INTRODUCTION

Currently, the United States poultry industry utilizes peroxyacetic acid, also known as peracetic acid (PAA), to decontaminate poultry within poultry processing facilities. The disinfectant, PAA, is a product of the reaction between acetic acid and hydrogen peroxide. It is a colorless acid with a strong odor. The bactericidal effect of PAA is due to it being a strong oxidizing agent of the cell membrane and other cell components (Oyarzabal, 2005). However, this chemical is corrosive and unstable. PAA is one of the most common antimicrobials used in poultry processing facilities, as it is applied in the chillers (pre-chiller, chiller, and post-chiller), part dips, spray cabinets, in and out bird washes at concentrations typically ranging from 200 to 2,000 ppm; however, it has been known to be a hazard to human health (National Academies of Science [NAS], 2010). PAA is reported to be an irritant to the upper respiratory tract, eye, and skin (Merka and Urban, 1978; Fraser and Thorbinson, 1986; Janssen, 1989; Janssen and van Doorn, 1994). Direct contact in the eye and skin can be avoided if the proper personal protective equipment (PPE) is worn, but there are limited approaches to protect the upper respiratory tract from the vapors emitted from PAA (American Thoracic Society, 1996).

Currently, there is no OSHA (Occupational Safety and Health Administration) limit on the acute or long-term exposure limit of PAA during shifts for employees. However, other governing bodies have set limits and guidelines for the exposure of PAA vapor. In 2014, the American Conference Governmental Hygienists (ACGIH) set a threshold limit of 0.04 ppm as the 15-minute Short Term Exposure Limit (STEL; American Conference of Governmental Industrial Hygienists [ACGIH], 2016). Furthermore, the National Advisory Committee for Acute Exposure Guideline Levels for Hazardous Substances (NAC/AEGLL Committee), during an 8 h exposure time, set AEGL-1, 2, and 3 limits to 0.17, 0.51, and 1.3 ppm of PAA vapor, respectively (National Academies of Science [NAS], 2010), with firm limits of total exposure time for AEGL-1 and 2 limits at 0.17, and 0.51 ppm (National Academies of Science [NAS], 2010). An exposure at AEGL-1 produces noticeable discomfort, and irritation, with reversible effects upon removal from exposure site. AEGL-2 exposure produces irreversible or other long-lasting serious health conditions and may impair one’s ability to escape. Lastly, an AEGL-3 exposure results in life-threatening health conditions and can result in death. As of 2015, NIOSH published a draft Immediately Dangerous to Life or Health (IDLH) value for 0.64 ppm (National Institute for Occupational Safety and Health [NIOSH], 2015).

As there are no current strategies employed to reduce the ambient PAA in a processing facility, there is a significant need to develop and easily implement measures to prevent PAA vapor exposure. One novel approach is to utilize the commercial aqueous ozone product (ViriditecTM, TetraClean Systems LLC, Omaha, NE) to distribute aqueous ozone directly to PAA, as preliminary evidence suggests, the addition of ozone can reduce the noxious nature of PAA (data not shown).

Previously, chlorine was utilized as the primary sanitizer in processing facilities but has been replaced in the last decade with PAA. Studies have demonstrated that 85 ppm of PAA has the capability to reduce the incidence of Salmonella and Campylobacter by 92 and 43% on poultry carcasses when applied in a commercial poultry chiller (Bauermeister et al., 2008b). Whereas, 30 ppm of chlorine was only capable of reducing Salmonella and Campylobacter by 43 and 13%, when used in a poultry chiller (Bauermeister et al., 2008b). Furthermore, PAA has been shown to mitigate Staphylococcus spp., Listeria spp., and generic Escherichia coli more than 5-log CFU regardless of the food source being evaluated (Brinez et al., 2006). Bauermeister et al. (2008a) reported the reduction of Salmonella and Campylobacter to be greater in carcasses chilled in solutions containing 200 ppm of PAA compared to those chilled in 30 ppm chlorine, ≈1 log reduction. Therefore, it is imperative to mitigate the noxious nature of PAA without reducing the bactericidal effects of PAA in poultry processing facilities. Thus, it was the objective of the current experiment to evaluate the efficacy of a commercial aqueous ozone (O3) alone or in combination with PAA on reducing ambient PAA and poultry pathogens when applied as an antimicrobial spray on whole chicken carcasses.



MATERIALS AND METHODS

ViriditecTM Aqueous Ozone Generation

TetraClean’s ViriditecTM aqueous ozone system has been characterized as a patented technology that utilizes Nanobubble Technology to combine water and ozone to yield aqueous ozone. In the current study, the system produced ozone gas which was injected into a water stream and further infused through the systems patented configuration and mixing technology. A Q46H/64 Dissolved Ozone Monitor (Analytical Technologies Industries, Collegeville, PA, United States) was utilized to measure the specific ozone levels generated from the ViriditecTM aqueous ozone system. The result was an aqueous ozone solution that contained 10 ppm of dissolved ozone in solution.

Carcass Procurement and Indigenous Pathogen Screening

A total of 70 whole hen carcasses (7 treatments; 10 replicates) with an average weight of 1749.87 g were obtained from a free-range poultry facility immediately after processing and were void of any antimicrobial treatments prior to the onset of the current experiment. A review by the institutional animal care and use committee (IACUC) was exempted because the birds were raised in an off-campus commercial farm operation and the current study was restricted to microbiological evaluation of bird carcasses selected for study. Immediately following evisceration, on the same day all 70 carcasses were shipped on ice and upon arrival at the University of Arkansas Center for Food Safety one carcass was screened for the background indigenous presence of Salmonella, E. coli, and Campylobacter. The remaining carcasses were stored at 4°C refrigeration until the onset of the study which began within 24 h post-slaughter.

Inocula Preparation and Inoculation

Prior to the study, a frozen stock of Salmonella Typhimurium (UK-1), E. coli (J53), and Campylobacter jejuni were streaked to isolation on respective media and incubated either aerobically at 37°C for 24 h or microaerophilically at 42°C for 48 h. Subsequently, one isolated colony from the incubated plates were streaked onto fresh medium and incubated under the previously mentioned conditions. Simultaneously, an isolated colony was streaked onto Xylose Lysine Deoxycholate (XLD; HiMedia, West Chester, PA, United States) and modified Charcoal-Cefoperazone-Deoxycholate agar (mCCDA; HiMedia, West Chester, PA, United States) for confirmation and incubated either aerobically at 37°C for 24 h or microaerophilically at 42°C for 48 h. Following confirmation, isolated colonies from the incubated media were then transferred to 40 mL of fresh Luria-Bertani Broth and Mueller Hinton Broth (Hardy Diagnostics, Irving, TX, United States) and incubated under previously mentioned conditions in a shaking incubator at 200 rpm for 12 to 16 h. The resulting cultures of 3 × 107 CFU/mL of Salmonella Typhimurium (UK-1), E. coli (J53), and C. jejuni, respectively.

Directly following the overnight (12 to 16 h) incubation of the cultures, the cultures were spun down at 18,000 g for 5 min, decanted, and then washed twice in 1 × Phosphate Buffered Saline (PBS; 8 g of NaCl, 0.2 g of KCl, 1.44 g of Na2HPO4, and 0.24 g of KH2PO4 per 1 L, with the pH adjusted to 7.4 with HCl). After the final wash, the pellet was re-suspended in 400 mL of sterile PBS.

The carcasses were inoculated in a 400 mL cocktail containing 3 × 107 CFU/mL of Salmonella Typhimurium (UK-1), E. coli (J53), and C. jejuni. Salmonella, E. coli, and Campylobacter inocula were allowed to adhere at 4°C for 60 min for a final attachment of 106, 106 and 105 CFU/g. Following the attachment period, the whole carcass weights were recorded, and the treatments were administered. The carcasses were independently placed into a spray cabinet constructed from a modified refrigerator (Model No. FFTR1814LW2, Fridgaire, Miami, FL, United States) with four pressure nozzles that administered 500 mL of treatments via a high-pressurized spray (15 psi). The treatment was applied 4 × with 5 s on 5 s off for a total duration of 20 s treatment application. The treatments utilized in the current study were: a no-treatment negative control, tap water (TW); TW + O3 (10 ppm), TW + PAA (50 ppm), TW + PAA (500 ppm), TW + O3 + PAA (50 ppm), and TW + O3 + PAA (500 ppm). The commercial PAA utilized in the current study was Spectrum (FMC, Philadelphia, PA, United States). To reduce cross contamination, treated carcasses were placed into individual sterile poultry rinse bags (Nasco, Fort Atkinson, WI, United States) and allowed to rest for 2 min.

Microbial Analysis

After the appropriated resting period, 400 mL of neutralizing Buffered Peptone Water (nBPW; 20.0 g of buffered peptone, 7 g of refined soy lecithin or equivalent, 1.0 g of sodium thiosulfate, 12.5 g of sodium bicarbonate, per 1 L of DI water; USDA Food Safety and Inspection Service, 2016) was poured directly on top and inside the carcasses. The carcasses were then manually agitated for 2 min in an 180° arcing motion. The carcasses were aseptically removed, discarded, and the subsequent rinsate was utilized for downstream analysis.

Salmonella, E. coli, and Campylobacter Enumeration

Rinsates were aliquoted to 15 mL conical tubes (VWR, Radnor, PA, United States) and subsequently 20 μL of rinsate was serially diluted to 10-6 in 180 μL of 1 × PBS via a flat bottom 96 well plate. The dot method was utilized in the current study where 10 μL of the rinsate was plated on XLD and mCCDA, allowed to dry completely, inverted, and incubated aerobically at 37°C for 24 h or microaerophilically at 42 °C for 48 h, respectively. On XLD, only colonies with black centers were considered as Salmonella and yellow colonies with surrounding yellow color change were considered as E. coli. On mCCDA, colony forming units with a silver metallic sheen were considered as C. jejuni.

Ambient PAA

To measure the ambient PAA vapor emitted from the treatment solution application, a SafeCide ChemDAQ sensor and meter was utilized (ChemDAQ Inc., Pittsburgh, PA, United States). The sensor was located directly outside the modified spray cabinet and measurements were recorded in real-time for each treatment application (n = 10; N = 70).

Statistical Analysis

Each carcass was randomly assigned to a treatment prior to the onset of the study. The CFU of Salmonella, E. coli, and Campylobacter were log transformed and reported on a CFU of bacteria per gram of chicken basis (CFU/g). The data were analyzed using One-Way ANOVA in JMP 14.0 (SAS Institute Inc., Cary, NC, United States). Means were separated using Tukey’s Protected HSD with a significant level of P ≤ 0.05.



RESULTS

Quantification of Salmonella, E. coli, and Campylobacter Recovered From Treated Carcasses

In the current experiment, there was a treatment effect for Salmonella, E. coli, and Campylobacter recovered from the treated inoculated carcasses (P < 0.05). No treatments significantly reduced the concentration of Salmonella Typhimurium (UK-1) on whole carcasses compared to untreated carcasses (6.10 log CFU/g of Salmonella, Figure 1, P = 0.0476). However, those treated with TW + 500 ppm PAA + O3 (5.71 log CFU/g of Salmonella) had significantly lower log CFU per gram of Salmonella than those treated with TW alone (6.30 log CFU/g of Salmonella). Carcasses treated with TW + 500 ppm PAA + O3 (5.71 log CFU/g of Salmonella) did numerically possess the lowest log CFU/g of Salmonella compared to all other treatments. However, the treatment of both TW + PAA and TW + PAA + O3 did not differ significantly in recovered Salmonella (6.05, 5.86, 5.96, and 5.71 log CFU/g of Salmonella).
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FIGURE 1. The effect of applying peracetic acid (PAA) alone and in combination with aqueous ozone at 10 ppm on the mean log CFU/g of Salmonella Typhimurium UK-1 on whole hen carcasses1,2. Carcasses were inoculated with 107 CFU/mL of Salmonella for a final attachment of 106 CFU/g of Salmonella Typhimurium UK-1. Birds were then placed in a modified spray cabinet to be treated for 5 s (4×) via a low pressurized spray. Immediately after, birds were rinsed in 400 mL of neutralizing buffered peptone water (nBPW) and subsequently plated to determine load of Salmonella. 1N = 67, n = 10, P = 0.0476. 2Means with different superscripts are considered significantly different (a,b).



Unlike the recovered Salmonella, E. coli (J53) recovered from the rinsates of carcasses treated with TW did not exhibit significantly higher counts compared to any of the other treated carcasses (Figure 2, P = 0.0126). Carcasses treated with TW + 500 ppm of PAA (5.57 log CFU/g of E. coli) yielded a lower load of E. coli than those not treated (6.18 log CFU/g of E. coli). Similar to Salmonella, the recovery of E. coli did not differ from carcasses treated with TW + PAA and TW + PAA + O3, regardless of PAA concentration.
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FIGURE 2. The effect of applying PAA alone and in combination with aqueous ozone at 10 ppm on the mean log CFU/g of Escherichia coli J53 on whole hen carcasses1,2. Carcasses were inoculated with 107 CFU/mL of E. coli for a final attachment of 106 CFU/g of E. coli J53. Birds were then placed in a modified spray cabinet to be treated for 5 s (4×) via a low pressurized spray. Immediately after, birds were rinsed in 400 mL of nBPW and subsequently plated to determine load of E. coli. 1N = 68, n = 10, P = 0.0126. 2Means with different superscripts are considered significantly different (a,b).



The recovered load of C. jejuni (log CFU/g of Campylobacter) was greatest in carcasses not treated (Figure 3; P = 0.0006). The C. jejuni recovered from carcasses not treated (5.20 log CFU/g of C. jejuni) did not differ from carcasses treated with TW, TW + O3 and TW + 50 ppm PAA + O3 (4.97, 5.00, and 4.96 log CFU/g of C. jejuni). Further, the lowest load of C. jejuni was recovered from carcasses treated with TW + 50 ppm PAA, TW + 500 ppm PAA, and TW + 500 ppm PAA + O3 (4.80, 4.81, and 4.86 log CFU/g of C. jejuni) which were significantly different from the untreated control.
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FIGURE 3. The effect of applying PAA alone and in combination with aqueous ozone at 10 ppm on the mean log CFU/g of Campylobacter jejuni on whole hen carcasses1,2. Carcasses were inoculated with 106 CFU/mL of C. jejuni for a final attachment of 105 CFU/g of C. jejuni. Birds were then placed in a modified spray cabinet to be treated for 5 s (4×) via a low pressurized spray. Immediately after, birds were rinsed in 400 mL of nBPW and subsequently plated to determine load of Campylobacter. 1N = 69, n = 10, P = 0.0006. 2Means with different superscripts are considered significantly different (a,b).



Quantification of PAA Vapor From Treated Carcasses

From the current experiment, it was determined that there was significant treatment effect on the production of ambient PAA (ppm) (Figure 4; P < 0.0001). Further, it was demonstrated that the greatest production of ambient PAA was derived from the treatment solution TW + 500 ppm PAA (0.565 ppm of Ambient PAA). The treatment solutions consisting of, NT, TW, TW + O3, and TW + 50 ppm PPA + O3 did not produce any ambient PAA; however, the ambient PAA produced from those treatments was not different that the ambient PAA produced off of the treatments: TW + 50 ppm PAA and TW + 500 ppm PAA + O3 (0.011 and 0.008 ppm of ambient PAA).
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FIGURE 4. The effect of applying PAA alone and in combination with aqueous ozone at 10 ppm on whole hen carcasses on the mean ppm of the surrounding ambient PAA1,2. Carcasses were inoculated with Salmonella Typhimurium UK-1, E. coli J53, and C. jejuni. Birds were then placed in a modified spray cabinet to be treated for 5 s (4×) via a low pressurized spray. While the treatments were being applied, a ChemDaq SafeCide ambient PAA monitor and sensor, located outside the modified spray cabinet, was utilized to determine ppm of ambient PAA. 1N = 70, n = 10, P < 0.0001. 2Means with different superscripts are considered significantly different (a,b).





DISCUSSION

Impact of Sanitizer Treatments on Salmonella, E. coli, and Campylobacter Inocula

In the current study, the addition of ViriditecTM aqueous ozone to a commercial PAA was utilized to determine if the addition of aqueous ozone possessed synergistic affects in mitigating three Gram-negative bacteria, commonly associated with poultry. Previously, it has been suggested that Gram-negative bacteria may be more sensitive to ozone than Gram-positive bacteria due to the greater presence of peptidoglycan in the cell wall of Gram-positive bacteria. Rey et al. (1995) demonstrated the resistance to aqueous ozone was enhanced when N-acetyl glucosamine, a constituent of the peptidoglycan of bacterial cell walls, was present (pH 3 to 7).

In addition, the utilization of ozone has been demonstrated to possess the ability to disrupt the cell membrane and induce membrane permeability in Salmonella and E. coli spp., respectively, thus weakening the bacterial cell wall and ultimately leading to cell death (Komanapalli and Lau, 1996; Dave, 1999). However, in the current study, there was no difference on the reduction of any of the Gram-negative bacteria, Salmonella, E. coli, or Campylobacter, between the use of tap water or aqueous ozone (10 ppm) when sprayed for 5 s (4×) on whole hen carcasses.

The lack of effect of aqueous ozone, alone, may have been in part due to the short duration of the treatment application (5 s; 4×) utilized in the current study. Previous research has generally utilized aqueous ozone for a longer duration of exposure, when evaluating bactericidal effects of food matrices. Gertzou et al. (2016) determined the addition of gaseous ozone for 1 h at 10 ppm to fresh chicken legs extended their shelf life 4 days more than the control when packaged in polyamide/polyethylene (PA/PE) packaging. Others have seen various levels of gaseous ozone (1, 0.1, and 33 ppm) applied for 5, 20, and 9 min, respectively, to be effective at reducing L. monocytogenes in water, fish, and poultry samples (Fisher et al., 2000; Vaz-Vehlo et al., 2001; Muthukumar and Muthuchamy, 2013). Previously, aqueous ozone (4.5 ppm) in poultry chillers has demonstrated the potential to significantly mitigate total aerobes, psychrotrophs, coliforms, fecal coliforms, and Salmonella (78, 37, 91, 91, and 81%, respectively) on chicken broiler carcasses that had been chilled for 45 min compared to those not chilled (Sheldon and Brown, 1986). When aqueous ozone (0.5 to 6.5 ppm) was applied to poultry meat, in a separate study, it reduced the load of Salmonella Enteritidis by 0.6 to 4 log CFU (Dave, 1999).

However, ozone has demonstrated to be more effective in reducing bacteria when suspended in pure water than in food products (Khadre et al., 2001). In agreement with the current study, where aqueous ozone did not have an effect on mitigating pathogen load when utilized alone at 10 ppm, Fabrizio et al. (2002) determined that the spray application of distilled water, 10 ppm aqueous ozone, 10% trisodium phosphate (TSP), 2% acetic acid (AA), 20 ppm sodium hypochlorite, electrolyzed oxidizing water (pH 2.4 to 2.7, 1,150 mV ORP, 50 ppm free CL) on chicken whole carcasses did not have an effect on Salmonella Typhimurium load on day 0. However, Fabrizio et al. (2002) did report that the submersion of electrolyzed oxidizing water, TSP, AA, and aqueous ozone reduced Salmonella Typhimurium to levels of detection only after selective enrichment on whole chicken carcasses. The submersion of whole carcasses in aqueous ozone has also demonstrated the potential to reduce total aerobic bacteria on d 0 and reduce E. coli and total coliforms on d 7 compared to whole carcasses not treated (Fabrizio et al., 2002). Thus, the complete submersion of carcasses may prove to have a greater bactericidal effect than sprays may have, as observed in the current study.

In the current study when PAA was utilized alone, both concentrations of PAA, 50 and 500 ppm, reduced C. jejuni load, but only 500 ppm reduced E. coli, and no concentration of PAA reduced Salmonella compared to the control. Although PAA has been demonstrated to be an effective antimicrobial in previous research, mitigating pathogens by 2 logs or greater (Bauermeister et al., 2008a), the current research did not demonstrate the same efficacy. In fact, the current study demonstrated no treatments were capable of exhibiting practical reductions of pathogen load of 1 log or greater. Unlike the current research, Bauermeister et al. (2008a) demonstrated that when PAA is applied in the chiller at 200 ppm Salmonella and Campylobacter load are reduced roughly below 2 and 2.5 log CFU when artificially inoculated with 106 CFU/mL of Salmonella and Campylobacter, respectively. However, as with aqueous ozone, the application method may play a part in the differences in pathogen reduction.

Other short duration antimicrobial treatments of poultry meat with PAA have demonstrated little consistency. Del Río et al. (2007) demonstrated that when chicken legs were dipped in solutions containing 220 ppm PAA (Inspexx 100, Ecolab, St. Paul, MN, United States) for 15 s, Enterobacteriaceae and coliforms were reduced 0.24 ± 0.19 and 0.28 ± 0.84, respectively, on d 0; however, the reduction of bacteria on legs dipped in PAA was not significantly different than the legs treated with water. In contrast, Nagel et al. (2013)found that the post-chill application of PAA at concentration 400 and 1,000 ppm for 20 s had the potential to reduce the load of Salmonella Typhimurium and C. jejuni on artificially contaminated chicken breasts by 2 log CFU/mL.

Although, aqueous ozone and PAA, alone, did not mitigate pathogens as previous studies have shown, the combination of aqueous and PAA demonstrated an additive effect. This additive effect may be in part due to the byproducts of PAA and O3. As PAA is the equilibrium product of acetic acid and hydrogen peroxide, when it dissociates acetic acid and hydrogen peroxide molecules are released. Hydrogen peroxide in aqueous solution is then capable of partially dissociating to hydroperoxide anion (HO2-) which is very reactive to ozone (Taube and Bray, 1940). Further, as acetic acid directly affects the pH, ozone is stabilized as ozone is more stable at a low pH (Khadre et al., 2001).

Overall, the current study demonstrated that the reduction of pathogens while utilizing the modified spray cabinet, was significant, it was not extensive. Previously, it has been demonstrated that bacteria reside not only on the exposed muscle surfaces, but within the feather follicles (Barnes and Impey, 1968). Thus, creating difficulties for antimicrobial treatments to properly disinfect poultry carcasses. This may explain the small reductions seen in the current study. This was also seen in a study performed by Sheldon and Brown (1986), who demonstrated less than a 1 log reduction of total aerobic bacteria, psychrotrophs, coliforms and fecal coliforms, and Salmonella when broiler carcasses were chilled in aqueous ozone for 45 min compared to those not chilled.

Decomposition of PAA Vapor

In the current study, the addition of aqueous ozone to PAA reduced the ambient PAA emitted when carcasses were treated in a modified spray cabinet. There is limited research on the proposed mechanism behind the reduction of PAA vapor, however, the authors have two proposed hypotheses to describe reduction in ambient PAA vapor. First, PAA (CH3COOOH) is formed from the equilibrium of hydrogen peroxide (H2O2 or OH) and acetic acid (CH3COOH). From the reaction of the acetic acid radical (Reaction 1) and ozone (O3, Reaction 2) result in the formation of the peroxyacetic acid radical which disproportionates (Reaction 3) to produce 70% hydrogen peroxide (H2O2) and other products: formaldehyde, glyoxylic acid, glycolic acid, and organic peroxides (Sehested et al., 1992) as seen in the following reactions:
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The second explanation for the loss of ambient PAA vapor is that the ozone is being “robbed” an oxygen from the PAA to reduce it to acetic acid in the gas state, preventing the OH radical formation as seen in the following reaction:

[image: image]



CONCLUSION

In conclusion, the combination of 10 ppm of aqueous ozone, ViriditecTM, and 500 ppm of PAA has the potential to mitigate the presence of Salmonella Typhimurium (UK-1), E. coli J53, and C. jejuni. Furthermore, the combination of 10 ppm of aqueous ozone with 500 ppm of PAA demonstrated the ability of ozone to reduce the ambient PAA vapor by 90%, when compared to 500 ppm of PAA alone. Thus, the application of TetraClean’s product ViriditecTM has the ability to enhance the safety for poultry processing employees. Although the current study demonstrated the promising capabilities of aqueous ozone and PAA, in combination, future research is necessary to develop an understanding of the impact the combination of aqueous ozone and PAA has on the shelf life of processed poultry and the subsequent changes in the microbiome.
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The accurate and rapid detection of Campylobacter spp. is critical for optimal surveillance throughout poultry processing in the United States. The further development of highly specific and sensitive assays to detect Campylobacter in poultry matrices has tremendous utility and potential for aiding the reduction of foodborne illness. The introduction and development of molecular methods such as polymerase chain reaction (PCR) have enhanced the diagnostic capabilities of the food industry to identify the presence of foodborne pathogens throughout poultry production. Further innovations in various methodologies, such as immune-based typing and detection as well as high throughput analyses, will provide important epidemiological data such as the identification of unique or region-specific Campylobacter. Comparable to traditional microbiology and enrichment techniques, molecular techniques/methods have the potential to have improved sensitivity and specificity, as well as speed of data acquisition. This review will focus on the development and application of rapid molecular methods for identifying and quantifying Campylobacter in U.S. poultry and the emergence of novel methods that are faster and more precise than traditional microbiological techniques.
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INTRODUCTION


Campylobacter species Campylobacter jejuni and Campylobacter coli are etiological agents of campylobacteriosis, which is a significant foodborne disease in the United States (Humphrey et al., 2007; Horrocks et al., 2009; Bolton, 2015). The Centers for Disease Control and Prevention (CDC) estimates that approximately 9% of foodborne illnesses in the United States originate from Campylobacter spp., with 15% of campylobacteriosis cases leading to hospitalization (Scallan et al., 2011). In recent years, despite other reservoirs for campylobacteriosis, chicken and other poultry products remain the primary contributors to campylobacteriosis. Campylobacter is not generally pathogenic in adult birds and is considered a commensal microorganism of the gastrointestinal microbiota; therefore, once Campylobacter successfully colonizes a few birds, it rapidly asymptomatically disseminates throughout the flock and is extremely difficult to track (Horrocks et al., 2009).

As a result, the status of Campylobacter in the bird is a significant concern to poultry producers as colonized birds often reach the processing plant undetected and lead to foodborne illness. As the demand for more poultry meat and faster line speeds increases in the United States, it will become important to develop rapid and reliable detection methods that enable real-time decision making for producers. Unfortunately, the poultry industry still relies on traditional microbiology-based approaches, which are time consuming and have relatively high limits of detection. In order to understand the relationship between traditional strategies to monitor for Campylobacter and the poultry industry, a critical review of the available culture methods in animal production, and specifically poultry production in the United States, was written by Huang et al. (2015). Huang and colleagues highlighted numerous issues associated with traditional culturing methods, such as media bias and time-to-data acquisition; however, the authors did not discuss alternative methods in depth (Huang et al., 2015). Non-culture-based methods should alleviate the concerns associated with microbiological approaches and enable the rapid assessment of the prevalence and even the absolute quantification of Campylobacter in poultry matrices. This review will focus on rapid, non-commercial molecular methods for the detection of Campylobacter and its potential use in U.S. poultry production systems.



CHALLENGES TO THE IDENTIFICATION AND DETECTION OF CAMPYLOBACTER


Campylobacter jejuni and C. coli have the highest rate of foodborne-related clinical campylobacteriosis, and as a result, the detection and identification of Campylobacter are dedicated almost exclusively to these two species. Traditional microbiological culture methods have evolved over time to include the use of selective media and the optimization of growth conditions and antibiotic support to reduce co-cultured species of microorganisms. Media use guidelines necessitate the elevated incubation temperature (42°C) and a microaerophilic atmosphere to favor the growth of the thermophilic Campylobacter. Additionally, several antibiotics can be employed that repress the growth of non-Campylobacter species while simultaneously supporting the growth of naturally antibiotic-resistant isolates of Campylobacter (Eberle and Kiess, 2012). Once successfully isolated from poultry matrices, the further confirmation of the identification of Campylobacter includes phenotypic differentiation such as biotyping, serotyping, and multilocus enzyme electrophoresis discussed in detail by Eberle and Kiess (2012).

Despite the continued refined options for the isolation of Campylobacter, challenges remain, which reduce the efficiency of these methodologies. Unlike other foodborne pathogens like Salmonella, Campylobacter exhibits dynamic and malleable physiological and metabolic biological characteristics that can actively interfere with the sensitivity and specificity of culture-dependent methods. Evidence for this plasticity emerged during the assessment of multiple metabolic traits using an extensive panel of biochemical tests to evaluate multiple Campylobacter species (On et al., 1996). Data revealed significant and unique phenotypic diversity (On et al., 1996). This metabolic fluidity is further supported by evidence suggesting extensive genetic diversity and genomic instability in C. jejuni poultry isolates that may be environmentally influenced (Wassenaar et al. 1998; Wilson et al., 2010). Another good example of this plasticity is that when Campylobacter becomes stressed when exposed to psychrotrophic conditions during refrigeration and freezing, Campylobacter becomes viable but non-cultivable (VBNC), which renders it unable to be detected using many traditional microbiological techniques (Tholozan et al., 1999; Ziprin et al., 2003; Castro et al. 2018). Metabolically driven strain to strain variation in the expression of virulence factors makes targeting these factors problematic for the detection of Campylobacter using a single methodology becomes problematic (Hofreiter et al., 2008). While it remains unclear as to how the strain-specific diversity of Campylobacter impacts the growth and recovery of the pathogen on selective media, it is highly likely that bias and changes in sensitivity and specificity are fluid and environmentally driven through unknown biological interactions.

Consequently, there are significant challenges in culturing Campylobacter on selective and/or differential media that arise in the presence of other microorganisms, which can likely influence the metabolism of Campylobacter. Also, the diversity of poultry-specific matrices may also induce biochemical changes to Campylobacter, which further obscure isolation and identification. In order to assess whether or not microbiologically diverse and complex matrices influence the identification of Campylobacter, Oakley et al. (2012) compared five different commercialized selective Campylobacter media for the ability to isolate Campylobacter from broiler fecal samples. Oakley and colleagues then compared the sequenced colonies from selective media to the pooled fecal samples using 16S rRNA tagged-pyrosequencing. Sequencing results indicated that 0.04% of the total fecal microbial community was Campylobacter. Comparing Campylobacter-specific media to the sequencing results of the individual colonies indicated that 88–97% of the putative colonies were in fact Campylobacter (Oakley et al., 2012). Therefore, when taken together, the specificity of Campylobacter-selective media when isolating the pathogen from complex matrices necessitates doubt. Additional data from other studies revealed that specific isolation procedures and culture media influence the diversity of Campylobacter species recovered from samples. For example, Ugarte-Ruiz et al., (2013) used eight different isolation protocols, with or without enrichment, followed by culture on selective media. Data indicated that the isolation method used by researchers influenced Campylobacter species isolated from poultry samples (Ugarte-Ruiz et al., 2013). Temperature, media, time, and enrichment all influence the ability to isolate Campylobacter.


Perhaps, the most significant data that lend themselves to further doubting the use of selective and/or differential media for the isolation of Campylobacter emerged with data from next-generation sequencing studies. In a more recent study, Kim et al. (2017a) compared poultry carcass rinsate directly with microbiome sequencing and then to the sequences of the pooled colonies recovered from commercial Campylobacter on selective media. Despite the results of selective media, the Campylobacter was not a predominant bacterium identified in the rinsate microbiota despite dominating the Campylobacter selective plates. While initially not surprising, at different stages of poultry processing, there were a significant range of non-Campylobacter bacteria that cocultured on selective media. Common cocultured genera include Oscillospira, Acinetobacter, Enterococcus, and Bacillus (Kim et al., 2017a). Therefore, data indicate that environmental influences, such as those found at different stages of poultry processing, drive the challenges associated with culturing of Campylobacter on selective media. As a result, the traditional culture-based microbiological techniques for the detection of Campylobacter in poultry processing must be scrutinized and alternative methods need development. The following sections will focus on the available molecular methods that enable more specific and sensitive detection and quantitation of Campylobacter spp. from food and poultry samples.



RAPID DETECTION OF CAMPYLOBACTER—GENERAL CONCEPTS

Over the past few decades, the rapid, culture-independent detection of bacterial pathogens has become increasingly routine. For the detection of foodborne pathogens, there are two classes of technologies used for the fast identification of pathogens: immune and nucleic acid-based methodologies. The immune-based detection methodologies exploit the affinity of antibodies for specific target antigens found on the surface of the desired microorganism. The use of nucleic acid-based technologies recognizes unique and highly specific DNA or RNA sequences that can either be sequenced, amplified and visualized on a gel, or otherwise differentiated for detection, quantification, and molecular typing (Yolken, 1988; Manfreda and De Cesare, 2005; Maciorowski et al., 2006; Mandal et al., 2011; Gharst et al., 2013; Park et al., 2014; Välimaa et al., 2015; Baker et al., 2016; Chen and Park, 2016; Zeng et al., 2016). Both immune and nucleic acid-based approaches are summarized in Table 1 (Immune) and Table 2 (Nucleic-acid). Because these methods can be quick and accurate, kits are actively being commercialized to detect foodborne pathogens. Also, once commercialized, immune and nucleic acid-based assays have the potential to become high throughput. High-throughput assays that are simple to use with a fast turn-around time are imperative for any technology to truly be successful in displacing common microbiological techniques used in poultry monitoring systems. Additionally, having a significant level of repeatability and reliability will also become important to satisfy regulatory bodies that monitor poultry productions. While these approaches have their weaknesses, namely time, specificity, and the limits of detection and quantification, it likely is a necessary step to modernize the food industry. By modernizing monitoring strategies industry-wide, novel insight may fill knowledge gaps associated with the transmission of foodborne diseases (Hannson et al., 2016). Finally, by creating a faster monitoring regime, real-time management decisions that are economical while safeguarding the food supply are possible (Hannson et al., 2016).



TABLE 1. Detection of Campylobacter spp. using various immunological techniques.
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TABLE 2. Advantages and disadvantages of selected detection methods.
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As a society, we are at the precipice of significant changes arising from the innovations associated with next-generation sequencing and proteomic technologies. Such innovations not only impact molecular genetics and biology but can also be used to improve immune-based technologies. These changes will definitively improve the monitoring of food supplies for pathogens, as well as a host of other opportunities for the poultry industry. Importantly, as the genomes of particular species continue to be identified, the knowledge of foodborne pathogen biology and plasticity will co-evolve. This may be particularly important for an organism such as Campylobacter, which can exist as VBNC. Being able to understand specific environmental cues for triggering the VBNC status of Campylobacter may help researchers understand its survival patterns and metabolic dependencies. Said knowledge is exploitable as it will naturally lead to improved detection techniques targeted to detect VBNC Campylobacter. However, there are also drawbacks to this approach (Table 3). Currently, drawbacks include assay cost and the requirement for higher-skilled workers, and the requirement to update present and future technologies may be problematic. The following sections will describe the current rapid detection and identification methods for foodborne Campylobacter in poultry.



TABLE 3. Recent studies in whole genome sequencing (WGS) of Campylobacter spp.
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IMMUNE-BASED ASSAYS FOR CAMPYLOBACTER

The immune-based methodology for the detection of foodborne pathogens has been well established and includes enzyme-linked immunosorbent assays (ELISA), flow cytometry, and quantitative immunofluorescence, among others (Yolken, 1982, 1988; Maciorowski et al., 2006; Bordeaux et al., 2010; Oyarzabal and Battie, 2012; Baker et al., 2016; Alahi and Mukhopadhyay, 2017). Both monoclonal and polyclonal antibodies can be manufactured specifically to detect pathogen-specific epitopes. Additionally, antibodies can be modified, which commonly includes the conjugation of various detection systems, such as horseradish peroxidase, to improve the detection sensitivity and specificity of various target epitopes (Yolken, 1982; Preiner et al., 2014; Janda et al., 2016; Alahi and Mukhopadhyay, 2017).

Immunological methods dedicated to the detection and quantification of Campylobacter spp. have been extensively reviewed by Oyarzabal and Battie (2012) and will only be briefly discussed in the current review. Much of the early research focused on the discovery of conserved, non-species-specific Campylobacter antigens targeted by monoclonal antibodies, such as lipopolysaccharides, flagellin, and other protein antigens for detection immunoassays (Nachamkin and Hart, 1986; Lamoureux et al., 1997; Brooks et al., 1998; Kawatsu et al., 2008). An example of this was the work conducted by Nachamkin and Hart (1986) where researchers generated murine monoclonal antibodies to one of two distinct Campylobacter flagellin epitopes, and in turn became capable of detecting Campylobacter spp. and also differentiate C. jejuni or coli. However, as with most antibody-based biotechnology, there is significant cross-reactivity with C. jejuni and C. coli as their genetic divergence is not significant (Table 1). Other methodologies include those developed by Steele et al. (2002). Steele and colleagues used an ELISA to screen 11 monoclonal antibodies against C. jejuni hippurate hydrolase, or hipO, an enzyme specific to C. jejuni. They were able to identify several antibodies that demonstrated a high affinity for C. jejuni when exposed to cell extracts from Campylobacter and non-Campylobacter bacterial species. Research continued to evolve to reduce the cross-reactivity as time progressed. Qian et al. (2008) focused on a major outer membrane protein epitope that specifically targeted C. jejuni. Importantly, once researchers isolated the high-affinity C. jejuni antibody, they located the epitope by mapping it to a 13-amino-acid polypeptide and confirmed it by demonstrating that alteration of any of the amino acids contained within that epitope reduces antibody binding affinity. Further advancements also included the ability to generate monoclonal antibodies that bind to extremely conserved, linear epitopes not impacted by heat-killing Campylobacter, thus enabling the detection of the species in potentially thermophilic environments like a scalder (Heo et al., 2009).

Since the development of immunological-based methods to detect Campylobacter, several commercial immunoassays have come on the market and have been compared with non-immunological detection methods (Table 1). Again, such steps are necessary as the continued improvement of technology lends itself to more sensitive and specific assays, which then require validation for the poultry industry. A classic example of the validation of commercial kits that demonstrated superior performance as compared to conventional methods was described by Granato et al. (2010). While the kits were specific for clinical diagnostics, the methodology of comparing the gold standards (qPCR and microbiology) versus newer technology (EIA) is demonstrative of the rigor required for the validation of kits in the poultry industry. Granato and colleagues compared conventional Campylobacter microbiological culturing techniques with three commercial Campylobacter enzyme immunoassay (EIA) kits as well as a real-time polymerase chain reaction (qPCR). Remarkably, all three EIA commercial kits demonstrated sensitivity and specificity above 98% as compared to 94.1% for the culture methods (Granato et al., 2010). Necessarily, if employing these methods in the poultry industry is the goal, similar metrics must be met to demonstrate that faster methods do not sacrifice sensitivity and specificity. Additionally, as previously mentioned, repeatability is important. In the case of EIA assays, Regnath and Ignatius (2014) also observed a similar agreement to Granato and colleagues when comparing EIA and culture methods for the detection of C. jejuni and coli from stool samples.

However, there are significant limitations associated with immune-based detection methods. Further comparisons of commercial kits with traditional microbiological and molecular techniques have suggested that despite advancements, cross-reactivity may occur with Campylobacter species leading to false positives. These species are typically not the commonly assayed C. jejuni and C. coli. As a result, some commercial immunoassays may elicit false positives and undefined variability for clinical samples (Myers et al. 2011; Floch et al., 2012; Couturier et al., 2013; Gharst et al., 2013). This lack of sensitivity may result in some evidence suggesting that for poultry samples, qPCR assays may be more sensitive than a commercial enzyme-linked fluorescent assay when tested on chilled and frozen broiler carcasses (Reis et al., 2018).

Challenges associated with matrix-induced loss of sensitivity and specificity have led to the innovation of the technology leading to self-contained immune-based biosensors and nano-based assays. These biosensors convert the binding activities of the antibody into an electrical signal that is more precise for the assessment of the pathogen in a mixed culture (O’Connell et al., 2000; Willner, 2002; Reshetilov, 2005; Wei et al., 2007; Huang et al., 2010; Masdor et al., 2016; Alahi and Mukhopadhyay, 2017; Asal et al., 2018). In a more recent study, Masdor et al. (2017) covalently attached rabbit polyclonal antibodies to gold chips and developed a surface plasma resonance (SPR) sensor platform for C. jejuni detection. When the sensor chips were assessed for the limit of detection (LOD), a sandwich format using a polyclonal antibody improved LOD compared to the direct assay. Nano-based immunoassays are potentially practical, user friendly detection strategies for the poultry industry, which can actively be adapted to various poultry-specific applications. For example, Alamer et al. (2018) developed a cotton swab immunoassay for potential use in poultry processing plants by immersing swabs into different colored nanobead-conjugated Campylobacter jejuni-specific monoclonal antibody cocktails. The change in color intensity of the swab was captured by a smartphone and quantitated with the National Institute of Health ImageJ computer program. They were able to achieve a LOD of 10 CFU per mL with no observable cross-reactivity. The concept of a cotton swab-based pathogen colorimetric assay would be attractive for assessing contamination in remote sites of poultry processing plants and offer immediate results for making in-plant decisions regarding control measures.

Another potential direction for the improvement of immunoassays would be the use of proteomics to identify ideal target epitopes for monoclonal antibodies to enhance the resolution of differentiating between different strains and species epithets of Campylobacter. As Campylobacter is genomically and metabolically fluid, this is extremely important for the next generation of EIA development. Rodrigues et al. (2016) used proteomics to demonstrate that there were differences in the cadre of proteins expressed between microaerophilic and aerobic culture conditions. Along these lines, Turonova et al. (2017) uncovered differences in protein expression when C. jejuni was switched from the stationary to the exponential growth phase. The application of proteomics to immune responses may prove to be especially helpful to find novel antibodies. Mehla and Ramana (2017) employed computational analyses based on informatics databases of the Campylobacter genome to identify and predict immunogenic epitopes that could stimulate B- and T-cell activity and serve as antigens for vaccine construction. It is not difficult to imagine that similar data mining approaches could be used to identify antigens for specific monoclonal antibody generation and EIA development that would enable optimal sensitivity and specificity. While easier said than done, data could then be used to develop antibodies that are robust to matrix inhibition and target highly specific and conserved epitopes.

Advances in proteomics-based antibody production technologies will improve both sensitivity and specificity as well as provide alternative sources for hybridoma-based antibody production. Alternative antibody production systems include development of alternative antibody sources such as cloning antibody variants into yeast or bacterial cultures, and perhaps even creating polyclonal antibodies in transgenic plant expression systems (Berghman et al., 2005; Baker et al., 2016). New opportunities exist that will be revolutionary for the poultry industry. For example, Nzuma et al. (2018) recently constructed recombinant single-chain fragment variable (scFv) C. jejuni antibodies with a scFv antibody phage-display library and spleen mRNA from C. jejuni immunized rabbits and subsequently purified the antibodies. The resulting purified C. jejuni scFv antibody was covalently bound to paramagnetic beads for use in an immunomagnetic separation (IMS) capture system, which was ran in parallel with qPCR, for the detection of C. jejuni successfully. The continued evolution of this technology may even allow for the real-time monitoring of poultry processing, which would be a momentous achievement. In the future, achieving a more precise identification of suitable epitopes with advanced bioinformatics makes it even more conceivable that immunoassay improvement will dramatically eliminate most of the current shortcomings associated with current assays.



CONVENTIONAL PCR AND CAMPYLOBACTER

Molecular methods for identifying and detecting foodborne pathogens have become more sensitive as comprehensive genomic data continue to be generated from foodborne pathogens (Gharst et al., 2013; Park et al., 2014; Baker et al., 2016). One of the most valuable techniques to be employed by the food safety industry, and science as a whole, is polymerase chain reaction (PCR). The use of PCR is the foundation for numerous technologies. At its core, PCR uses specific oligonucleotides to bind to either unique genes carried by individual species or a single sequence that exhibits sequential or length variation and amplifies it. Therefore, PCR exploits the genomic nuances of a particular organism to differentiate it from unrelated and related organisms (Eisenstein, 1990; Carrino and Lee, 1995; Hill, 1996). A selected group of PCR primers, their gene targets, and experimental samples is presented in Table 4.



TABLE 4. Gene targets for the detection of Campylobacter spp. using various polymerase chain reaction (PCR) techniques.
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Numerous PCR-based approaches have been successful for the detection of Campylobacter species commonly found in poultry. While significant epidemiological evidence suggests that there are mainly two clinically important isolates of Campylobacter, the more advancements achieved in genomics and molecular biology, the more it will become necessary to differentiate between non-classical isolates of Campylobacter. A central target for differential PCR assays includes the 16S rDNA gene. Early efforts by Giesendorf et al. (1992) focused on PCR primers that targeted the variable regions of the 16S rRNA genes of three Campylobacter species: C. jejuni, coli, and lari. By doing so, researchers enabled a lower detection limit to approximately 12 colony forming units (CFU) as compared to traditional methods. In order to further distinguish between non-C. jejuni and coli species, Linton et al. (1996) successfully identified 16S rRNA sequences specific for five different Campylobacter species, namely: C. upsaliensis, helveticus, fetus, hyointestinalis, and lari. Researchers targeted PCR oligonucleotides for each species epithet along with a genus-specific Campylobacter oligonucleotide, which were created and validated. Taking a different approach, Uyttendaele et al. (1995) also targeted 16S rRNA to detect C. jejuni by combining selective enrichment and nucleic acid sequence-based amplification (NASBA) of RNA to shorten the assay time of food samples from 6 days to 26 h.

Other gene targets have also been used over the years, which exploit the carriage of gene-specific differences in closely related Campylobacter species. Oyofo et al. (1992) developed PCR assays based on the species-specific upstream regions of the flagellin genes flaA and flaB to differentiate C. jejuni and C. coli. Campylobacter spp. and non-Campylobacter genera were included in the analysis to evaluate the specificity of detection. Using a purified template, the assay achieved an overall detection sensitivity of 98.5%, which included the discrimination between C. jejuni and C. coli despite the similarities in flagellin gene sequences. Studies such as those conducted by Oyofo and colleagues are important as mixed poultry matrices include other, perhaps undefined, Campylobacter species as well as members of the family Enterobacteriaceae that share the same gene. Therefore, targeting an upstream region of the flaA and flaB genes to successfully identify and differentiate C. jejuni and C. coli is crucially important for the poultry industry. As a result, multiple labs continued to target the flaA and flaB genes, including Rasmussen et al. (1996), who created oligonucleotide probes hybridized to a microtiter plate targeting both flagellin genes to improve sensitivity (less than two cells for C. jejuni) and specificity of the detection of Campylobacter in chicken fecal samples.

Even though PCR is an improvement as compared to traditional microbiology-based culture methods, the successful and specific detection of Campylobacter in mixed matrices continues to be a challenge. This variability is influenced by several factors, such as the presence of non-culturable bacteria (Leskinen and Lim, 2008), polymerase inhibitors, fecal material (Loge et al., 2002), and low quantities of cells existing in a large volume of sample. Innovations to PCR-based techniques have addressed many of those limitations, such as reducing inhibitors, including an enrichment step before the PCR, and coupling the PCR assay with other assays like EIA to enhance assay sensitivity (Park et al., 2014). For example, by combining PCR with ELISA, researchers detected Campylobacter in environmental water samples that were below the limit of detection of conventional cultural methods (Sails et al., 2002).


On et al. (2013) emphasized that as new Campylobacter spp. are discovered, it is critical to revalidate existing PCR assays for C. jejuni and C. coli to reconfirm species specificity and avoid false positive results. Multiple clinical laboratories evaluated 31 different Campylobacter PCR assays to detect and differentiate Campylobacter species. The overall results for sensitivity (number of true positives/true + false positives) ranged from 0 to 100% and specificity (number of true negatives/true negatives + false positives) ranged from 55 to 100%. The authors concluded with the recommendation that as the taxon numbers for Campylobacter increase, it is critical for diagnostic laboratories dependent on PCR analyses to stay in touch with changes in taxon designations and to obtain the type of strains of new taxa to validate against in-house PCR methods. Campylobacter are extremely fluid organisms and require continuous innovation for their detection. Additionally, it will become increasingly important for testing to become integrative between clinical, epidemiological, and veterinary medicine in order to be all inclusive.



MULTIPLEX PCR DETECTION OF CAMPYLOBACTER

Multiplex PCR is a quick and reliable method for determining the presence or absence of multiple gene targets within a single sample. This approach has been established for use in Campylobacter for the rapid identification of several Campylobacter species epithets as well as Campylobacter and non-Campylobacter efficiently. Therefore, it is an attractive methodology for prevalence testing in the poultry industry as one sample can yield multiple identifications quickly and efficiently.

Multiplex PCR assays for the detection of Campylobacter spp. have proven useful for the identification of multiple species in food production samples. Zhao et al. (2001) developed a multiplex PCR to differentiate Campylobacter jejuni and C. coli and to confirm presumptive Campylobacter isolates on blood agar plates. The isolates recovered from the blood agar plates were from retail chicken, turkey, pork, and beef products. While most colonies were confirmed as being either C. jejuni (53.6%) or C. coli (41.3%), the remaining colonies apparently were other Campylobacter spp. not identified by the species-specific multiplex PCR. As several of the meat samples yielded more than one Campylobacter species, researchers concluded that because of the likelihood of mixed species contamination, it is critical to select more than one colony per plate for Campylobacter identification and subtyping. Data from the study also emphasized the need for expanding the multiplex PCR design to cover more Campylobacter species and to develop culture-independent methods.

Despite the importance of purely culture-independent methods being developed, typically, culturing Campylobacter may be a crucial first step to its identification in complex samples. Multiplex assays have the ability to very specifically determine if Campylobacter is present. The importance of being able to identify multiple Campylobacter species directly from single, yet diverse samples is supported by Inglis and Kalischuk (2003) when they compared four different Campylobacter media with direct PCR detection without the pre-enrichment of bovine fecal samples. The genus level identification for Campylobacter was generally more sensitive (8% improvement) as compared to a broad survey of microbiological isolation techniques that included four different media and three different incubation temperatures. While the detection of C. lanienae by PCR was more sensitive than microbiological isolation, this was not the case for C. jejuni. The authors suggested that this variability in isolation prevalence of Campylobacter spp. on selective media could be due to an inherent bias of selective media. Specifically, researchers theorized that in the case of Campylobacter, the media used may specifically enhance the growth and isolation of C. jejuni and C. coli and select against the less defined species epithets that may be present.

In another study, Huq et al. (2014) also saw an improved sensitivity using a multiplex PCR to identify C. concisus, C. jejuni, and C. coli in spiked human fecal samples from clinical gastroenteritis cases as compared to traditional microbiological techniques utilizing an antibiotic-free Columbia blood agar using the micron filtration technique. However, evidence suggests that depending on the sample, using selective media prior to PCR can improve sensitivity. For example, Persson and Olsen (2005) demonstrated that human stool samples spiked with C. jejuni and C. coli that were plated on modified charcoal cefoperazone deoxycholate agar (mCCDA) improved the sensitivity of the PCR assay to 102 cells per ml of stool from 105 cells per ml of stool with direct multiplex PCR detection alone. In short, comparisons in sensitivity between direct PCR and culture methods versus selective enrichment-PCR combinations are likely a result of viability status of Campylobacter spp. in different samples and the caveats therein. Meaning, various samples contain different inhibitors present in the sample and can augment the sensitivity and specificity of the assay. Additionally, enrichment may overcome cell counts below the limit of detection, which may be important for monitoring poultry in the pre-harvest or peri-harvest setting. As a result, developing standard protocols will likely require independent validation for the type of sample being tested. While many of the aforementioned methodologies are clinically based, the complexity of human stool samples and the importance of highly specific and precise molecular identification of Campylobacter are essential.

Unlike immune-based methods that have challenges associated with the identification of closely related species, molecular PCR-based approaches may be able to offer significantly more detailed refinement and precision. Evidence suggests that in poultry, methods may need to go beyond classical genus identification, specifically C. jejuni and C. coli. The identification of Campylobacter may need to include the less characterized species like C. lari, C. upsaliensis, and C. fetus as well as other important foodborne pathogens simultaneously (Wang et al., 2002; Klena et al., 2004). Yamazaki-Matsune et al. (2007) expanded the range of Campylobacter by developing a multiplex PCR for six individual species of Campylobacter. Researchers designed oligonucleotides targeting lpxA in combination with previously published primers (16S rRNA, 23S rRNA, ask, cstA, glyA, and cj0414) to differentiate between C. coli, C. fetus, C. hyointestinalis subsp. hyointestinalis, C. jejuni, C. lari, and C. upsaliensis. Other laboratories have developed and applied a multiplex PCR for Campylobacter spp. using oligonucleotides to target the cytolethal distending toxin (cdt) genetic subunits (Carvalho et al. 2013; Kamei et al., 2016). Another example of this methodology that may be important for the poultry industry was conducted by Park et al. (2011). Park and colleagues developed multiplex a PCR assay that could detect several pathogens in a single reaction, including Campylobacter, E. coli, and Salmonella Typhimurium simultaneously. In a later study, Raja et al. (2016) developed a multiplex PCR for simultaneous detection of Campylobacter jejuni and Listeria monocytogenes in chicken meat.

The sensitivity and specificity of PCR, as well as the detection capabilities of the technology, are further improved with the use of nested PCR. Nested PCR starts with a single, long amplicon containing all of the genes of interest, which is then amplified in a second reaction. This overcomes difficulties like secondary structure and specificity challenges associated with two very closely related species or sub-species. This technique can be combined with a multiplex assay to differentiate sub-species of Campylobacter. Miller et al. (2007) further improved the genomic resolution by designing a nested multiplex assay with oligonucleotides targeting the nitrate reductase (nap) locus with flanking napA and napB primer sets for simultaneously distinguishing the two C. jejuni species: subsp. jejuni and subsp. doylei. Specific nuances between the two subspecies of Campylobacter resided in nitrate metabolism, where subspecies doylei is unable to reduce nitrate. Further, based on DNA microarray analyses, it was validated that napA and napB were either missing or their sequences were unique as compared to the subspecies jejuni napA and napB. Consequently, subsp. doylei strains failed to amplify with the napA internal primer set, but could amplify with the flanking napA primers and result in a smaller amplicon due to a deletion within napA. Further refinement of this method became possible after sequencing data of the subsp. doylei napA and napB revealed that while all subsp. doylei possessed identical napA deletions, some strains also contained napB deletions compared to others where napB was intact. Primers were then redesigned to exploit that difference and improve the detection of these subspecies.

As with other methods, there are drawbacks to the technology, as delineated in Table 2. Despite the attractiveness of using multiplex PCR to simultaneously detect several Campylobacter spp., Park et al. (2014) have pointed out that there are limitations associated with involving more than 5–6 primer pairs in a single reaction with less than 100 bp differences between amplicons. The amplification of amplicons not adhering to those guidelines is difficult using a standard agarose gel electrophoresis. Additional primer sets to the mix also reduce the ability to optimize thermocycling as the Tm ranges between the oligonucleotides will likely become more difficult to control. Several approaches have been developed to overcome this issue, from changing the percentage of agarose to adjusting the buffers for electrophoresis. This has resulted in some researchers being able to overcome these limitations. To achieve the simultaneous detection of nine different foodborne pathogens, including C. jejuni, by multiplex PCR, Villamizar-Rodríguez et al. (2015) combined the enrichment of microbial populations using a universal pre-enrichment medium followed by PCR amplification with nine different primer pairs, with one unique oligonucleotide pair for each respective foodborne pathogen. To circumvent the difficulties with agarose gel electrophoresis, the authors differentiated the various sizes by capillary electrophoresis. When cultural and multiplex PCR results were compared for various spiked food matrices, coincident values ranged from 78 to 92%.



REAL-TIME QUANTITATIVE PCR (qPCR) AND CAMPYLOBACTER

An evolution in PCR technologies for the absolute quantification of pathogens and nucleic acid sequences became possible once intercalating fluorescent dyes that could be detected with specialized laser-imaging systems were introduced. Fluorescent dyes accumulate with each cycle with an intensity that is directly proportional to the amount of target template DNA. This technology is referred to as real-time PCR or quantitative PCR, which are both collectively known as qPCR (Higuchi et al., 1993; Park et al., 2014; Kralik and Ricchi, 2017). The increased sensitivity of fluorescence detection and the implementation of specialized cameras reduce the time it takes to detect a specific gene segment (Mackay, 2004). Fluorescence can either be introduced to the reaction through non-specific dyes that bind to the DNA, such as SYBR green, or by using probes with different fluorescent labels, which is commonly referred to as the TaqMan system. The use of fluorescent probes or melt temperatures allows for multiplexing based on fluorophore emission spectra (Wittmer et al., 2001). The speed and specificity of qPCR enabled the widespread implementation of its use for rapid detection and quantification of foodborne pathogens.

The technical aspects of qPCR and its application to the food industry have been reviewed recently (Chapela et al., 2015; Kralik and Ricchi, 2017); therefore, the following discussion will focus on the development of qPCR for Campylobacter in poultry production systems. Yang et al. (2003) developed a qPCR assay based on VS1 of C. jejuni for quantitation in naturally contaminated poultry, milk, and environmental water samples. Without using culture-based enrichment, researchers achieved a sensitivity of 1 CFU in poultry breast, drumstick, and other poultry samples. This was statistically different from culture-based detection methods. Importantly, all poultry samples that tested positive for Campylobacter using qPCR were also positively identified on Campylobacter selective medium. However, some of the culture negative samples were qPCR positive, further highlighting the difficulties of traditional culture-based methods for the detection of Campylobacter in complex matrices.

As with other methods delineated in this review, a significant challenge exists in the detection of Campylobacter in diverse samples like ceca due to inhibitors present in the matrices or other unforeseen biological challenges. One way to overcome this inhibition was executed by Lund et al. (2004), who overcame qPCR inhibition in poultry fecal samples by using magnetic beads to separate the DNA. In order to control the uneven loss of DNA, researchers added a known amount of Yersinia ruckeri to the unsorted ceca, which is a fish pathogen not native to chickens, as an internal control for DNA isolation and qPCR amplification. Researchers did not identify significant differences in performance between qPCR and conventional selective enrichment culturing techniques nor a bias in DNA isolation. Similar to Lund and colleagues, Rudi et al. (2004) used paramagnetic beads for both C. jejuni isolation and DNA purification from chicken cecal and fecal samples. They achieved detection between 2 and 25 CFU from spiked cecal and fecal contents, and reduced the total assay time to less than 4 h. The ability to identify Campylobacter in ceca rapidly is essential for the poultry industry.

Multiplex qPCR has emerged to enable the simultaneous detection of all major poultry-specific Campylobacter genera within a single sample. While multiplex qPCR can be challenging, Chapela et al. (2015) pointed out that qPCR is actually fairly amendable to multiplexing as sequence-specific probes can be labeled with different fluorophores. This enables the sample to be assayed with multiple probes within a single reaction well. Even non-specific SYBR green can still differentiate genes by generating distinct melt curves for each gene that can be tracked and analyzed. For example, Park et al. (2011) evaluated water samples using different melting temperatures to quantify C. jejuni (80.1°C), E. coli O157:H7 (83.3°C), and Salmonella Typhimurium (85.9°C) in a single reaction. Both the qPCR and culturing methods indicated a reduction in viable cells in spiked watershed samples after 7 days of cold storage (4°C). In a later study, Barletta et al. (2013) successfully took a similar approach to differentiate Campylobacter, Salmonella, and Shigella with a SYBR green-based multiplex qPCR analysis of spiked stool samples.

As with conventional PCR, the ability to differentiate between various species of Campylobacter using qPCR and multiplexed qPCR is important. To distinguish four different Campylobacter spp., Bonjoch et al. (2009) used two regulatory gene primers from the bipA gene for detection of C. upsaliensis and C. lari and the adenosine triphosphate (ATP)-binding protein CJE0832 for C. coli and C. jejuni. They analyzed a wide range of meat, fruit, and vegetable samples (200 total) including minced chicken, chicken drumsticks, and turkey legs. The samples were screened with both the qPCR assay and a cultural method. No false negative results were detected and 100% of the Campylobacter positive samples were confirmed. Likewise, when Reis et al. (2018) compared qPCR Campylobacter with an immunoassay and conventional PCR on frozen and chilled broiler carcasses, the qPCR results were more sensitive.

Several refinements have improved the qPCR methods for the detection and quantitation of Campylobacter, which are translatable to the poultry industry. As with other techniques, researchers have actively evaluated whether or not combining qPCR with enrichment or quantitation methods improves detection. The specific quantitation of Campylobacter relative to CFUs was improved by Banting et al. (2016), which is important as quantitation and prevalence both matter to the poultry industry. Banting and colleagues combined qPCR with a miniaturized most probable number (MPN), which is a standard for bacterial quantitation in the poultry industry. In this study, water samples were added to microtiter plates and were incubated, and then analyzed for Campylobacter via qPCR. For Campylobacter positive samples, additional qPCR assays were conducted to identify specific Campylobacter spp. Based on one of the specific qPCR assays, Campylobacter was estimated to be as low as less than 2 MPN per 300 ml and C. jejuni, C. coli, and C. lari were the most frequent isolates. The assay time can be further reduced by using a non-selective medium to increase the growth rate as demonstrated with Salmonella (Kim et al., 2017b). A key to these MPN approaches is to lower the limits of detection and to recover injured cells. As the miniaturization of MPN and qPCR combinations continues to evolve, along with incorporation of automation, opportunities will be offered to develop high-throughput assays that can be used by the food industry to process much larger sample volumes efficiently.

A key disadvantage of qPCR and other PCR-based technologies is that they cannot differentiate live versus dead cells as they quantify all nucleic acids present that are able to anneal to the oligonucleotides (Kralik and Ricchi, 2017). In order to overcome this potential issue, Kralok and Ricchi suggest either using a pre-enrichment growth stage to recover viable cells, using RNA, or using florescent dyes that penetrate and exploit the physiology of dead cells. The use of fluorescent dyes is increasingly popular as they can penetrate dead cell walls and degradation by dyes. Not surprisingly, the choice of dyes matters. For example, while Rudi et al. (2005) found a favorable comparison between ethidium monoazide (EMA) and propidium monoazide (PMA), Flekna et al. (2007) determined that EMA reduced the presence of viable genomic DNA in live Campylobacter jejuni and Listeria monocytogenes. Consistent results for PMA also appear to be variable for Campylobacter live-cell detection. Josefsen et al. (2010) compared a PMA-qPCR assay with the isolation of C. jejuni from poultry rinsates on modified charcoal cefoperazone deoxycholate (mCCDA) and Abeyta-Hunt-Bark agar plates. Researchers found a correlation between the live-dead qPCR and traditional microbiological plating techniques of 0.844 R2. This correlation came into question when Pacholwicz et al. (2013) evaluated naturally contaminated carcasses with traditional microbiological enumeration against PMA-qPCR. Researchers did not detect a concordant relationship between the two methods, leading them to suspect that inadequate concentrations of PMA lead to an insufficient repression of dead cell DNA.

As a result, some controversy remains as to which fluorescent dye is the best choice to quantify live populations of Campylobacter jejuni. Some studies, such as that of Seinige et al. (2014), observed concordant data with EMA- and PMA-qPCR and traditional microbiological culturing techniques. Krüger et al. (2014) compared EMA with PMA and demonstrated that EMA was insufficiently active in less metabolically active Campylobacter cells. Researchers noted that PMA worked across a broad range of Campylobacter metabolic states equally, though it was less efficient in inhibiting DNA from dead cells as compared to EMA across the board. Based on this variability, Krüger et al. (2014) suggested incorporating principles of method for quantification, which reflect intact and infectious Campylobacter. Given the importance of distinguishing viable versus dead Campylobacter in poultry production systems, further refinement of this technique is needed if the methods are going to be incorporated into processing plants.

Other limitations also exist for qPCR, as described in Table 2. Bias in detection and quantitation can occur with various platforms and extraction methods, as well as primer sensitivity and specificity. Caution must be used when extracting DNA from complex organic matrices, such as fecal material and carbohydrate-rich foods, as inhibitors can coprecipitate with the DNA. Therefore, it is important to customize extraction protocols to reduce contaminants that could interfere with PCR amplification (Pontiroli et al., 2011; Park et al., 2014). Methodologies to reduce inhibitory compound contamination include selecting an extraction procedure that minimizes interference or adding in a pre-enrichment step to allow bacteria to grow and then dilute out the inhibitors (Pontiroli et al., 2011; Park et al., 2014; Kralik and Ricchi, 2017). This consideration is true even for commercial DNA extraction kits. For example, when Kawase et al. (2014) compared two commercial fecal DNA extraction kits on human feces to pathogen DNA, they detected higher recovery of target genes and improved detection consistently with one kit versus the other. This was true for both samples spiked with pathogens as well as naturally contaminated samples from outbreak patients.



DIGITAL PCR (dPCR) AND CAMPYLOBACTER


Baker (2012) defined that digital PCR (dPCR) utilizes the fraction of negative replicates to determine the absolute copy number of a gene target as calculated using a Poisson statistical algorithm. This is accomplished by separating a sample into a large number of small reaction chambers. The resulting number of positive versus negative reactions reveals the exact number of copies of a particular gene in the test sample after amplification is complete, unlike qPCR which follows fluorescence intensity during amplification (Baker, 2012). Therefore, dPCR is significantly more precise than qPCR. Another advantage of dPCR over qPCR is that quantification is less vulnerable to enzyme amplification inhibitors present in the sample matrix (Baker, 2012; Huggett et al., 2015; Papic et al., 2017). Variations of dPCR include droplet dPCR (ddPCR), where titrated emulsions of oil, water, and stabilizing chemicals generate droplets that can be placed into tubes in a thermocycler, followed by analysis on a droplet machine (Baker, 2012).

Poultry and Campylobacter-based applications for dPCR have been relatively limited thus far. Rothrock et al. (2015) used a ddPCR approach to quantify Salmonella spp., C. jejuni, and L. monocytogenes in water samples from commercial poultry processing facilities. The researchers collected water samples from the scalder and chiller tanks at three time points: prior to carcasses entering the processing plant, midday, and at the end when the last carcasses had been processed. This study was conducted over a three-day period. The same primers and probes were used for both qPCR and ddPCR assays. The data from these assays were compared with those of conventional culture methods for each pathogen. In general, more pathogens were detected at each sampling point by ddPCR than either cultural recoveries or qPCR. In particular, ddPCR detected C. jejuni and L. monocytogenes in both the scalder and chiller tank water samples throughout the day, even when they were not detected in the culture samples. This could be due to an enhanced sensitivity or due to picking up the residue of dead Campylobacter. More recently, Papic et al. (2017) compared qPCR and dPCR for the quantification of C. jejuni in broiler neck-skin samples from poultry processing plants in conjunction with the ISO Standard Plate Count Method. There was a statistically average agreement among all three methods. It was also noted that dPCR yielded an overestimate that they attributed to the high number of false positive outcomes. Another explanation could be that with the enhanced sensitivity of detection, the dPCR picks up residues of dead Campylobacter post sanitation. Regardless, the potential use of dPCR and ddPCR in the poultry industry is intriguing.



GENOTYPING OF CAMPYLOBACTER

Accurate methods for identifying and classifying Campylobacter isolates that have a short turnaround time are becoming important for rapidly identifying the source of infection, the vehicle for transmission, and the incidence of campylobacteriosis (Dingle et al., 2002). Consequently, genotyping approaches have been implemented for the major foodborne pathogens including Salmonella, pathogenic E. coli, and Campylobacter (Eberle and Kiess, 2012; Gharst et al., 2013; Park et al., 2014; Baker et al., 2016). Early genetic-based identification of Campylobacter spp. focused on applying DNA homology comparisons for classifying and typing Campylobacter isolates. For example, Roop et al. (1984) used DNA homology to differentiate 84 strains of catalase-positive Campylobacter isolates, classifying them into seven separate DNA homology groups and correlating these groups to biochemical and physiological characteristics.

Recent advances in multiplex qPCR technology have enabled even more sensitive and specific genotyping. Banowary et al. (2015, 2018) employed a high resolution melt (HRM) curve analysis method based on the use of fluorescent DNA binding dyes. This technology differentiates Campylobacter PCR product sequence variation and calculates an average HRM genotype confidence percentage. Initial tests with human clinical and chicken swab samples using segments of the hippuricase gene (hipO) for C. jejuni and the aspartokinase (asp) gene for C. coli as primer sources allowed for differentiation of the two species in these sample matrices without requiring enrichment (Banowary et al., 2015). The HRM approach may offer more resolution for determining discrimination capability among primers. For example, Banowary et al. (2018) compared two multiplex PCR-HRM methods (mPCR1-HRM and mPCR2-HRM primers from cadF and gpsA genes, respectively) to detect and distinguish 24 poultry isolates and three reference strains of C. jejuni and C. coli. They found them to be more discriminatory than the hipO and asp-based primers used in their previous study (Banowary et al., 2015) and the mPCR1-HRM could differentiate C. coli intra-species variation and mPCR2-HRM C. jejuni intra-species variation.

Later developments in molecular technologies led to more advanced genotyping methodologies for Campylobacter spp. By the early 2000s, several different genotyping approaches had become available for Campylobacter including flagellin (fla) gene typing, pulsed-field gel electrophoresis (PFGE), ribotyping, random amplified polymorphic DNA (RAPD), AFLP (amplified fragment length polymorphism), multiplex PCR-RFLP analysis, and multi-locus sequencing typing (Wassenaar and Newell, 2000; Eberle and Kiess, 2012). These were described in detail in several previous reviews (Wassenaar and Newell, 2000; Eberle and Kiess, 2012; Taboada et al., 2013) and will not be discussed in the current review.



NEXT-GENERATION SEQUENCING OF CAMPYLOBACTER

Since its inception, next generation sequencing (NGS) methods have rapidly been adopted for both the qualitative assessment of poultry systems and the epidemiological tracking of foodborne outbreaks. This technology consists of whole genome sequencing (WGS) actively being used to elucidate the individual genomes of foodborne pathogens during outbreaks as well as the complex metagenomics of the microbiomes associated with foodborne pathogens (Park et al., 2014; Allard, 2016; Cao et al., 2017; Sekse et al., 2017; Taboada et al., 2017; Ronholm, 2018). Furthermore, the use of benchtop sequencers, like nanopore, only increases the ability of the industry, researchers, and monitoring bodies alike to evaluate the genomics of species in real time (Llarena et al., 2017). The use of WGS has become the preferred diagnostic and surveillance approach for the United States and global food safety regulatory agencies (Taboada et al., 2017).

Certainly, the laboratory advancements in sequence technologies have led to a decrease in costs, and the increased ease of accompanying bioinformatics programs has ushered WGS to the forefront of pathogen monitoring. The increase open access of the data and analytics platforms has led to the rapid dissemination of information available for foodborne pathogens (Sekse et al., 2017; Taboada et al., 2017; Ronholm, 2018). A list of recent research in the whole genome sequencing of Campylobacter spp. is presented in Table 3. Several challenges remain, such as the cost, educational burden for data analysis and interpretation, quality, and speed of sequencing (Metzker, 2010; Park et al., 2014; Pennisi, 2016, 2017; Llarena et al., 2017). The NGS databases for foodborne pathogens continue to grow. This improves the data resolution and tracking of outbreaks and makes characterizing taxonomical relatedness within an outbreak more precise. In fact, the use of NGS to pinpoint outbreaks is already common and shows an unusual robustness to the methodology used (Llarena et al., 2017). By focusing on allelic variation and differentiation between isolates, researchers can trace outbreaks with significant discriminatory power (Llarena et al., 2017). The scope and success of WGS approaches can be appreciated in the study of Llarena et al., 2017, with recent advances described in Table 2.

Importantly, the data gained go beyond bacterial identification. Early studies on sequencing of the Campylobacter genome revealed the presence of hypervariable regions contained within the loci of genes involved with surface structure biosynthesis or modification (Parkhill et al., 2000). What seems to be unique for the Campylobacter genome is that there are very few insertion, phage, or tandem repeat sequences. The usage of these data has been important as it has led to a number of applications for further analyses and characterization of the genus. For example, Sheppard and Maiden (2015) demonstrated that C. jejuni and C. coli evolution was highly dependent on recombination events. These recombination events resulted in distinct lineages emerging and other large-scale genomic interspecies introgression between the two species. Gilbert et al. (2018) demonstrated that even though C. fetus lineages can be genetically divergent, there was WGS evidence that homologous recombination still occurred between individual C. fetus found in the same host. Campylobacter WGS has also been used in a number of studies for epidemiology characterizations including surveillance and outbreak detection, as well as phylogenetic antimicrobial resistance analyses (Biggs et al., 2011; Revez et al., 2014; Cha et al., 2016; Clark et al., 2016; Zhao et al., 2016; Llarena et al., 2017; Joensen et al., 2018).

Data from Campylobacter WGS have also been used to resolve and develop diagnostic assays. Jansen van Rensburg et al. (2016) used access to published WGS data to evaluate a duplex qPCR mapA-ceuE assay for C. jejuni and C. coli to determine how inclusive it was for all potential isolates. They used in silico analyses of the mapA and ceuE primer and probe sequences against 1,713 genetically diverse C. jejuni and C. coli genomes. Using the proposed primer and probe-sets, researchers demonstrated that 99.7% of the isolates tested were correctly identified. Brzozowska, et al. (2018) used a C. jejuni subtyping database that included data from 24,000 isolates to identify prevalent subtypes. The resulting 166 sequenced genomes were used to identify clinically associated biomarkers of C. jejuni. After identification of marker genes, the selected biomarkers were validated against numerous clinical and non-clinical C. jejuni genomes. From there, 25 genes were putatively identified as robust diagnostic biomarkers for clinical C. jejuni subtypes. The authors concluded that combinations of these marker genes could be used for clinical diagnostic identification of C. jejuni isolates that represent a significant public health risk. Furthermore, Neal-McKinney et al. (2018) used WGS in combination with mutiplex qPCR to develop a diagnostic tool for C. jejuni isolates that encode cst-II or cst-III-sialyltransferase. These genes are of interest because they add sialic acid to the O-antigen of lipooligosaccharide (LOS), which mimics the host’s gangliosides and has been associated with Guillain-Barre syndrome. Combining WGS to detect the genes and qPCR to screen a library of C. jejuni poultry field and clinical isolates along with in silico analyses to screen C. jejuni genomes revealed that the most C. jejuni species could produce LOS. Therefore, an assay based on these genes could be used to predict the potential of GBS from C. jejuni isolates. This relationship can be further exploited as the frequency of GBS-related genes may vary between isolates. The LOS gene, wlaN, appears to occur at a fairly low frequency (2 out of 16 C. jejuni and C. coli isolates) based on WGS profiles conducted by Cantero et al. (2018). Therefore, to further understand the relationships between copy numbers of biomarkers and the onset of GBS, more WGS data sets will need to elucidate this phenomenon. While much of the aforementioned studies are not targeted just to poultry, the patterns discovered and the tools developed will improve the food safety monitoring of poultry.

Further studies have applied WGS to poultry isolates of Campylobacter spp. Pendleton et al. (2013) compared PFGE (pulse-field gel electrophoresis) and flaA typing with WGS on a Roche 454 sequencing platform to assess discrimination capabilities among the three methods to detect Campylobacter from conventional and pasture flock poultry. There was no correlation between the different typing methods, but WGS appeared to be the most discriminatory and provided additional data such as the genome size and GC content. More importantly they also detected substantial evidence of genomic rearrangements within these Campylobacter isolates. Based on the WGS data, researchers noted that there were multiple copies of interspaced elements suggesting the potential for a high frequency of recombination events. This type of data is something likely to be missed by other non-genomic typing methods. Other WGS studies based on poultry Campylobacter spp. isolates have provided evidence for plasmid-mediated horizontal genetic transfer. Ghatak et al. (2017) generated a complete genomic sequence of a retail poultry C. coli isolate, revealing the presence of a mega-plasmid that carried several virulence factors and antibiotic resistance elements, including the plasmid-containing type IV secretion system gene.

Finally, as compared to standard detection and quantitation techniques in food safety, NGS enables researchers to evaluate other important factors for Campylobacter zoonosis. Evidence for horizontal spread of antibiotic resistance in Campylobacter spp. has been found in other Campylobacter isolates beyond what was discovered by Ghatak and colleagues. Florez-Cuadrado et al. (2017) conducted WGS on erythromycin resistant C. coli isolates from turkeys and found that erm(B) clustered with genes associated with aminoglycosides and tetracycline resistance. The potential for multiple horizontal transmission events was based on comparative genomic analysis where identical erm(B) genes were detected among Campylobacter from turkeys, Streptococcus suis from pigs, and Enterococcus faecium and Clostridium difficile from humans. Given the documented risk of antimicrobial resistance genetic element dissemination, WGS should be helpful for the large-scale surveillance and epidemiological tracking of isolates from the poultry industry. As part of the National Antimicrobial Resistance Monitoring System (NARMS), Whitehouse et al. (2018) sequenced 589 Campylobacter isolates from retail poultry meats. From this data set, researchers were able to identify 10 antimicrobial resistant genes. They further demonstrated a general consensus between isolate genotypes and resistance phenotypes. As more isolates are characterized by WGS, general patterns of antimicrobial resistance and novel virulence genes of interest should continue to emerge, representing the possibility of horizontal transmission. Data therein can be used to epidemiologically track the function of geographical dissemination, update poultry production and retail practices, and uncover novel relationships to improve food safety.



CONCLUSIONS

While conventional culture methodology remains a mainstay for Campylobacter detection and quantitation, the consistency and reliability across various poultry production matrices are problematic. Because of the variability in Campylobacter species phenotypes and genotypes, more informative characterizations are needed to provide a more complete assessment of potential risk. Issues such as the existence of VBNC Campylobacter in different poultry production environments and the prevalence of certain virulence genes need to be taken into account when assessing and enumerating Campylobacter populations.

The use of high-throughput rapid microbiological methods in the poultry industry is not without challenges. New methods require sufficient validation and verification for sample type applications collected pre- or post-harvest. Generally, new methods undergo validation and certification via accreditation organizations such as the International Association of Analytical Communities (AOAC), wherein they are validated against “gold standard” reference methods to demonstrate equivalency or enhanced performance and fit-for-purpose use. In order to be considered attractive to the industry, new technology must be properly validated for application and use, as well as present improvements in accuracy, speed, economy, and user-friendliness. Finally, the quantitation of pathogens is becoming more important to establish baselines for assessing risk and predicting the effectiveness of overall prevention and management strategies.

Irrespective of the method chosen by the poultry industry, the specific methods and protocols need to be chosen based on food matrices, convenience, time, and cost. Immunoassays are beneficial when working with intact bacterial cells and the use of advanced proteomics should help with antigen target refinement. The improvements in PCR such as multiplex qPCR and dPCR technology should enhance their utility for routine high throughput detection assays in poultry production. The continued mining of WGS Campylobacter databases will allow the industry to become more comprehensive and innovative in the development of novel assays targeted to improving the sensitivity and specificity of PCR strategies. Technological improvements in WGS such as single-molecule sequencing without amplification are promising as they are capable of generating much longer reads with much less sample (Park et al., 2014; Lüth et al., 2018). However, as Lüth et al. (2018) pointed out, the standardization of wet laboratory methodology for pathogen typing, bioinformatic analyses and data storage, and mechanisms for worldwide sharing are needed, otherwise variability will make the data useless. This would seem to be particularly true for a foodborne pathogen such as Campylobacter, which exhibits considerable genetic variability. This variability makes it somewhat unpredictable from a transmission and detection standpoint. Enhanced and expanded WGS databases should lead to more effective surveillance and epidemiology of Campylobacter outbreaks and prevention.
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Campylobacter as an inhabitant of the poultry gastrointestinal tract has proven to be difficult to reduce with most feed additives. In-feed antibiotics have been taken out of poultry diets due to the negative reactions of consumers along with concerns regarding the generation of antibiotic resistant bacteria. Consequently, interest in alternative feed supplements to antibiotics has grown. One of these alternatives, prebiotics, has been examined as a potential animal and poultry feed additive. Prebiotics are non-digestible ingredients by host enzymes that enhance growth of indigenous gastrointestinal bacteria that elicit metabolic characteristics considered beneficial to the host and depending on the type of metabolite, antagonistic to establishment of pathogens. There are several carbohydrate polymers that qualify as prebiotics and have been fed to poultry. These include mannan-oligosaccharides and fructooligosaccharides as the most common ones marketed commercially that have been used as feed supplements in poultry. More recently, several other non-digestible oligosaccharides have also been identified as possessing prebiotic properties when implemented as feed supplements. While there is evidence that prebiotics may be effective in poultry and limit establishment of foodborne pathogens such as Salmonella in the gastrointestinal tract, less is known about their impact on Campylobacter. This review will focus on the potential of prebiotics to limit establishment of Campylobacter in the poultry gastrointestinal tract and future research directions.
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INTRODUCTION

Campylobacter is a prevalent foodborne pathogen in poultry such as chicken and turkey. It causes foodborne disease in humans (campylobacteriosis) due to consumption of contaminated poultry products, thus constituting a major public health issue (Sahin et al., 2002; Newell and Fearnley, 2003). Control of Campylobacter in poultry to improve microbiological safety is a primary concern for consumers and government food safety agencies (Lin, 2009). Traditionally, antibiotics have been widely utilized for improving growth performance in poultry; however, the word ‘antibiotic’ provokes a negative reaction from consumers and using antibiotics could also lead to the potential generation of antibiotic resistant pathogenic bacteria, thus the routine supplementation of antibiotics into poultry feeds has become less prevalent over time (Edens, 2003; Jones and Ricke, 2003; Ferket, 2004; Dibner and Richards, 2005; Griggs and Jacob, 2005).

As a result of the shift away from antibiotic supplementation there has been a tremendous growth in research and implementation of effective alternative control methods using a wide array of approaches including hygiene and biosecurity farming practices, drinking water treatments, chemical feed additives, bacteriophage application, vaccination, passive immunization, competitive exclusion cultures, host genetic selection strategies, bacteriophage therapy, and bacteriocin application (Tsubokura et al., 1997; Mead, 2000; Newell and Wagenaar, 2000; Boyd et al., 2005; Carrillo et al., 2005; Cole et al., 2006; Wagenaar et al., 2006; de Zoete et al., 2007; Li et al., 2008; Lin, 2009; Buckley et al., 2010; Scupham et al., 2010; Skånseng et al., 2010; Svetoch and Stern, 2010; Van Gerwe et al., 2010a; Hermans et al., 2011a,b; Layton et al., 2011; Sibanda et al., 2018). Given the ability of Campylobacter to readily establish in the poultry gastrointestinal tract (GIT) of poultry (Indikova et al., 2015), an obvious target for limiting its proliferation are feed additives that serve as mitigation agents when introduced to the GIT of poultry. These would include inhibitory agents such as botanicals, organic acids and bacteriophage and colonization preventative biologicals such as prebiotics and probiotics. In practice, prevention of Campylobacter colonization by probiotics and prebiotics may prove more difficult than initially perceived since Campylobacter appear to be extensively interconnected with the indigenous microbiota of the poultry GIT (Indikova et al., 2015). While both approaches have been considered as potential control measures, the focus in this review will be on prebiotics as a means to alter or shift the composition of the already established poultry GIT microbiota and the resulting impact on Campylobacter populations.

Prebiotics have also been considered as one of the effective methods to increase the beneficial bacteria within the microbiota in the GIT of various food animal species, including chickens, as well as limit foodborne pathogens in the GIT (Flickinger et al., 2003; Patterson and Burkholder, 2003; Callaway and Ricke, 2011; Hermans et al., 2011b; Hutkins et al., 2016; Gibson et al., 2017; Ricke, 2018; Santovito et al., 2018). Prebiotics also appear to be generally effective in poultry and reduce colonization of foodborne pathogens such as Salmonella in the GIT of poultry (Ricke, 2015; Roto et al., 2015; Micciche et al., 2018). However, much less is known on the effectiveness of prebiotics to limit Campylobacter establishment in poultry. The specific aim of the present review is to provide an overview of Campylobacter in the poultry GIT along with the definition of prebiotics and their subsequent effects on the GIT microbiota. This will be accompanied by a discussion on the recent findings on the impact of prebiotics as feed supplements on Campylobacter in the poultry GIT, and offer potential directions for future research.



Campylobacter IN THE POULTRY GIT

Much of the focus on controlling Campylobacter spp. is on decreasing contamination on meat and skin of poultry (Kudirkienë et al., 2013; Rosenquist et al., 2013) while relatively limited information is available detailing the Campylobacter prevalence or populations in preharvest poultry production and the mitigation efforts associated with management on the farm (Sibanda et al., 2018). For feed amendments such as prebiotics to be successful it is important to identify the sites in the poultry GIT where Campylobacter colonization is most likely to occur. Representative studies reporting Campylobacter prevalence and their population levels in the poultry GIT are listed in Table 1. Since Campylobacter colonization usually occurs in the lower GIT particularly in the ceca (Beery et al., 1988; Jeffrey et al., 2001; Fernandez et al., 2000), historically most of the research efforts have been focused on characterization and mitigation strategies associated with Campylobacter and the lower GIT of poultry. However, there is growing evidence that the upper compartments of the poultry GIT, particularly the crop, may also play an important role.

TABLE 1. Campylobacter in the poultry gastrointestinal tract.
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Byrd et al. (1998) investigated the prevalence of Campylobacter in crops (n = 359) and ceca (n = 240) of market-age broiler chickens using Campy-Ceflex plates after Bolton broth enrichment and reported that the percentages of Campylobacter-positive in crops (224/359: 62.4%) were higher than that of the ceca (9/240: 3.8%). They concluded that Campylobacter in the crop may be a critical control point to minimize entry of Campylobacter into the poultry processing plant and to reduce their contamination in broilers. The higher incidence in the crop is somewhat surprising compared to the results from other studies. The authors suggested that the higher incidence in the crop may be related to the prolonged feed withdrawal required for broiler production in the United States prior to being transported to the processing plant. In addition, it must be noted that these results represent the percentage of birds positive for Campylobacter and not necessarily the total numbers of Campylobacter in the crop and ceca.

Musgrove et al. (2001) studied Campylobacter in the ceca and crops of 32 New York-dressed broilers (n = 128, 32 birds with four repetitions) collected from commercial processing plants with and without enrichment. The 128 ceca (100%) and 122 (95.3%) crops were contaminated with Campylobacter when they were identified by direct plating on Campy-Cefex agar plates. After enrichment, detection rate of Campylobacter in crops was increased (122/128: 99.2%) while enrichment resulted in significantly fewer positive samples from the ceca (81/128: 63%). The authors suggested that the reason for the decrease of 36.7% in the detection rate of Campylobacter in ceca was due to being subjected to enrichment compared to direct plating. This may be attributed to the fact that there are more bacterial species in the ceca than in the crop with higher numbers of total bacteria and thus Campylobacter species grow more slowly than other bacterial species along with poor competition ability in its intestinal niche (Musgrove et al., 2001). The contamination level in the ceca (6.8 log CFU/g) was twice as much as crops (3.6 log CFU/g) (Musgrove et al., 2001).

Prevalence of C. jejuni and C. coli on market-weight turkeys was studied by Wesley et al. (2005). A total of 84 crops and 96 ceca were tested (enrichment in blood-free enrichment broth, plating on Campy-Cefex agar, and confirmation of presumptive colonies with a multiplex PCR) to determine whether C. jejuni and C. coli were positive for each sample. Two ceca samples (2.1%) were C. jejuni positive and 96 ceca samples (100%) were C. coli positive. In the case of crops, Campylobacter jejuni and coli was detected in 11 (13.1%) and 61 (72.6%) samples, respectively. All ceca had C. jejuni or C. coli while 12 crops (14.3%) did not yield both C. jejuni and C. coli (Wesley et al., 2005).

Bily et al. (2010) evaluated Campylobacter spp. carriage in cecal contents of turkeys both quantitatively and qualitatively, during and following the slaughtering process. For quantitative analysis, samples were directly plated on Karmali plates. For qualitative analysis, samples were enriched in Preston broth and then enriched samples were streaked onto a Virion medium with agar and blood. Four turkey flocks were sampled in four different months (July, September, October, and November) and 30 ceca were collected at post-evisceration from each flock. Most of the ceca were positive for Campylobacter with all ceca collected in July, October, and November being Campylobacter positive (100%) and their contamination levels were 6.0, 7.2, and 6.0 log CFU/g, respectively. Ceca samples collected in September indicated the lowest Campylobacter prevalence and contamination level; the detection rate was 73.3% and average population was 2.1 log CFU/g (Bily et al., 2010).

Van Gerwe et al. (2010b) compared Campylobacter counts in ceca (n = 24) and crops (n = 23) of broilers of 31 days of age with a direct plating method using modified charcoal cefoperazone deoxycholate agar plates and detected an average 8.5 and 4.8 log CFU/g in ceca and crop, respectively (Van Gerwe et al., 2010b). When Yusrizal and Chen (2003) investigated the effects of inulin obtained from chicory roots on Campylobacter they enumerated Campylobacter in various organs including gizzard, small intestine, large intestine, cecal intestine and feces of the broiler chickens. Campylobacter populations in GIT from control chickens without inulin treatment revealed contamination levels in lower GIT that were higher than the upper GIT while Campylobacter populations in the large intestine (5.3 and 5.4 log CFU/g for male and female, respectively) and cecal intestine (5.3 and 4.4 log CFU/g for male and female, respectively) were relatively higher than the gizzard (2.5 and 2.5 log CFU/g) and small intestine (3.6 and 3.8 log CFU/g) (Yusrizal and Chen, 2003).

Most studies investigating Campylobacter prevalence in GIT have included ceca as the primary GIT organ of focus and the majority of these studies reported that poultry ceca had a greater percentage of Campylobacter (at least 73.3% positive) (Musgrove et al., 2001; Wesley et al., 2005; Bily et al., 2010) except for one study that resulted in only 3.8% Campylobacter positive birds (Byrd et al., 1998). The prevalence of Campylobacter was also generally high in poultry crops (Byrd et al., 1998; Musgrove et al., 2001). According to the study performed by Wesley et al. (2005), both ceca and crops of turkey were predominantly contaminated with C. coli rather than C. jejuni (Wesley et al., 2005). In terms of Campylobacter populations, their counts were generally higher in ceca than crop. In most studies more than 5 log CFU/g Campylobacter in ceca occurred and these population levels were generally greater when compared with populations enumerated from crops (Musgrove et al., 2001; Yusrizal and Chen, 2003; Bily et al., 2010; Van Gerwe et al., 2010b). These results suggest that the cecum appears to be a preferred habitat for Campylobacter but the proportion of Campylobacter versus total GIT microbial populations in each respective GIT compartment would need to be determined to confirm this. Consequently, even if the ceca is a primary target for the GIT, mitigation strategies directed toward other GIT compartments may be important and should be considered for mitigation as well, particularly if the lower GIT Campylobacter colonization is influenced by the appearance of Campylobacter in the upper GIT.



PREBIOTICS – GENERAL CONCEPTS

Prebiotics were initially defined in 1995 as ‘non-digestible food ingredients that have a beneficial effect on the host by selectively stimulating already existing bacterial species’s growth and/or activity in the colon, therefore attempt to improve host health’ (Gibson and Roberfroid, 1995). Prebiotics can reach the lower intestine and become accessible for GIT indigenous microbiota and subsequent stimulation of growth of specific bacterial groups considered “beneficial” leading to the production of short chain fatty acids and other fermentation products (Al-Sheraji et al., 2013). As defined by Roberfroid (2007) ideal prebiotics should (1) withstand exposure to gastric acid, hydrolysis by mammalian enzymes, and gastrointestinal absorption; (2) be fermented by intestinal microbiota; and (3) selectively stimulate the growth and/or activity of colon bacteria that are helpful to the host. Instead of only focusing on colonic bacteria, Gibson et al. (2004) generalized the definition of prebiotics which ‘are selectively fermented ingredient that represent particular changes in the gastrointestinal microflora’s composition and/or activity that confers benefits on host wellbeing and health.’

Research efforts to understand and interpret interactions between microbiota of the intestine and prebiotic substrates increased dramatically with the advent of community-wide sequencing, thus becoming essential to achieve consensus regarding the most appropriate definition of a prebiotics among the scientific community (Hutkins et al., 2016). The definition of prebiotics has been expanded to include non-carbohydrate substances and to deliver health benefits to host body sites other than the GIT (Gibson et al., 2017). With increased knowledge of interactions between the GIT microbiota and prebiotics, the classification of prebiotics has shifted to include a wide range of non-digestible oligosaccharides with varying carbon chain length and not being digestible by the host (Ricke, 2018). This reframing of prebiotic sources in turn influences approaches for identifying prebiotic candidates for use in poultry, their respective benefits on poultry health and the potential for limiting Campylobacter colonization in the avian GIT.



PREBIOTICS TO IMPROVE GIT HEALTH OF POULTRY

Various prebiotics have been applied to poultry feed with mannan-oligosaccharides, inulin and its hydrolysate (fructooligosaccharides), and xylooligosaccharides being some of the more common prebiotic sources that have been examined for inclusion in poultry diets. Most of the research focus has been on the impact these various prebiotics have on reducing pathogen colonization in poultry. In some cases effort has been made to identify whether certain groups of GIT bacteria considered beneficial to the bird are increased by the presence of prebiotics in the diet. The impact on beneficial GIT bacteria along with the production of specific fermentation products has been suggested as having potential positive impacts on the bird host.

Mannan-oligosaccharides, derived from the yeast cell wall, are comprised of mannose, glucan, proteins, and phosphate radicals that are linked by β-1,4 glycosidic bonds (Klis et al., 2002). The fact that poultry do not have enzymes for metabolizing mannan-oligosaccharides ensures that they reach the GIT without any host derived enzymatic digestion (Pourabedin and Zhao, 2015). Using mannan-oligosaccharides helps to reduce pathogenic bacteria by interference with attachment via the type-1 fimbriae found on many Gram-negative bacteria (e.g., Escherichia coli and Salmonella) (Ferket, 2004). Those particular bacteria and mannose-based oligosaccharides can bind together through the lectin, therefore mannan-oligosaccharides can reduce attachment of the corresponding pathogen to the gut (Oyofo et al., 1989; Spring et al., 2000; Ferket, 2004). Supplementation of mannan-oligosaccharides in feed diets modulated cecal microbial content of broilers by markedly reducing the number of Clostridium perfringens, which is of great significance as a poultry pathogen (Jamroz et al., 2004; Yang et al., 2008), and selecting for the growth of beneficial bacteria for host health such as Bifidobacteria spp. and Lactobacillus spp. which are generally viewed as GIT bacteria capable of eliciting positive impacts on the host (Baurhoo et al., 2007).

Inulin is a fructan connected by β (2-1) glycosidic bond extracted from chicory (Cichorium intybus) (Phelps, 1965; Niness, 1999). Supplementation of inulin in poultry feed is believed to modulate intestinal microbiota resulting in the proliferation of beneficial bacteria including Lactobacillus and Bifidobacteria while simultaneously inhibiting pathogenic bacteria such as Escherichia coli, C. perfringens, or Staphylococcus aureus (Nabizadeh, 2012; Lopes et al., 2013; Buclaw, 2016). Microbiota populations in the cecal contents of chickens were altered by addition of inulin in feed, with increasing numbers of Bifidobacteria and decreasing the populations of E. coli (Nabizadeh, 2012). Some bifidobacterial species can suppress Gram-positive and Gram-negative pathogens including Salmonella, Campylobacter, and E. coli (Gibson and Wang, 1994; Samanta et al., 2012). The activities of enzymes derived from gut microbiota of rats and humans were affected by the pH level (as the pH level increased, Beta – glucosidase activity was diminished) (Mallett et al., 1989) and the pH level of the cecal contents notably decreased when 1% inulin was added to feed for broiler chickens (Nabizadeh, 2012).

Arabinoxylans are present in cereal fibers and mainly consist of two pentose sugars- arabinose and xylose (James et al., 2003). Hydrolytic degradation of the heteropolymer arabinoxylans generates arabinose-substituted xylooligosaccharides and non-substituted xylooligosaccharides (Broekaert et al., 2011). Xylooligosaccharides are xylopyranoise units which are linked by β-1,4 linkages (Carvalho et al., 2013). Broilers possess only limited enzymatic capabilities to hydrolyze the linkage between xylose thus xylooligosaccharides can arrive relatively intact to the cecum and the lower intestinal tract (Pourabedin and Zhao, 2015). Supplementation of feed with xylooligosaccharides (2 g xylooligosaccharides/kg diet) increased the proportion of Lactobacillus in the cecum (Pourabedin et al., 2015). In the ceca of broilers supplemented by xylooligosaccharides in feeds, significantly higher abundance of Lactobacillus crispatus and Anaerostipes butyraticus was observed with xylooligosaccharides supplementation and higher gene copies of butyryl-CoA:acetate-CoA transferase, which is an enzyme in a butyrate production pathway in the gut, were also detected (Duncan et al., 2004; De Maesschalck et al., 2015). Butyrate is considered beneficial to gastrointestinal function (De Maesschalck et al., 2015) and it can also improve growth performance of animals and modulate the microbiota composition and metabolic activity in the intestine (Guilloteau et al., 2010; Canani et al., 2011).



PREBIOTIC SUPPLEMENTATION TO LIMIT Campylobacter IN CONVENTIONALLY RAISED POULTRY

While prebiotics appear to be generally effective to limit establishment of foodborne pathogens in the GIT and improve overall GIT health, less is known about their impact directly on Campylobacter levels in the avian GIT. Several studies have examined the influence of prebiotics as feed additives on Campylobacter populations in GIT of poultry (Fernandez et al., 2000; Yusrizal and Chen, 2003; Baurhoo et al., 2009; Arsi et al., 2015; Guyard-Nicodeme et al., 2015; Rezaei et al., 2015; Park et al., 2017a). The majority of the in vivo studies reported reductions on Campylobacter counts or relative abundance in cecal contents and other intestinal sections of the chicken GIT (Fernandez et al., 2000; Yusrizal and Chen, 2003; Baurhoo et al., 2009; Arsi et al., 2015; Guyard-Nicodeme et al., 2015) while a few studies did not observe significant changes in Campylobacter populations and relative abundance when prebiotics were supplemented in an attempt to limit Campylobacter compared to control birds not fed prebiotics (Rezaei et al., 2015; Park et al., 2017a). Table 2 lists some of the studies examining prebiotics as feed additives on Campylobacter counts in poultry GIT in vivo.

TABLE 2. Impact of prebiotics as feed additive on Campylobacter counts in poultry gastrointestinal tract.
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Adding 1.0% inulin (Raftifeed®IPF) which was obtained from chicory roots extraction with hot water resulted in significant reduction of Campylobacter counts in large intestine contents from 42 day old female broilers; 3.8 log CFU/g of Campylobacter by inulin supplement versus 5.4 log CFU/g in control birds (Yusrizal and Chen, 2003). Although there were no significant differences, Campylobacter populations in the large intestine contents from male broilers fed inulin supplements were lower than control birds (4.4 log CFU/g versus 5.3 log CFU/g) (Yusrizal and Chen, 2003). Birds given feed containing 1.0% oligofructose (Raftifeed®OPS) (a partial enzymatic hydrolysate of chicory inulin) exhibited significant reductions in Campylobacter counts in the large intestinal contents of 42-day old female and male broilers; 3.69 CFU/g (oligofructose) versus 5.3 log CFU/g (control) in male broilers and 4.1 log CFU/g (oligofructose) versus 5.4 log CFU/g (control) in female broilers (Yusrizal and Chen, 2003). Oligofructose also decreased Campylobacter counts in the cecal contents of 42-day old male broilers (3.3 log CFU/g vs. 5.3 log CFU/g). However, there were no significant changes in Campylobacter populations in the fecal, gizzard, and small intestine contents from birds fed both inulin and oligofructose (Yusrizal and Chen, 2003).

Baurhoo et al. (2009) investigated the effects of diets supplemented with mannan-oligosaccharide or antibiotics on Campylobacter colonization of broiler chicken ceca. They tested an antibiotic free diet (control), a diet with commonly used antibiotics (virginiamycin and bacitracin), and a diet containing mannan-oligosaccharide administered at different concentrations (0.2 and 0.5%). They enumerated Campylobacter populations in cecal contents from birds at 14, 24, and 34 days of age using Campylobacter agar base with lysed horse blood, Preston Campylobacter selective supplement, and Campylobacter growth supplement (Baurhoo et al., 2009). The addition of mannan-oligosaccharide to the feed resulted in a significant decrease of Campylobacter counts in birds fed 0.2% supplemented feed while there were no significant changes at day 34 in birds fed 0.5% supplemented feed when compared to control birds (Baurhoo et al., 2009). This lack of a dosage response is consistent with the conclusion of the authors that there were generally no additional GIT health benefits when mannan-oligosaccharide levels were increased from 0.2 to 0.5%. It is not clear mechanistically why additional mannan-oligosaccharide would not further decrease Campylobacter levels. However, increased Bifidobacteria were only detected in the ceca of 0.5% supplemented birds versus 0.2% fed birds at day 24 and not day 34, while cecal lactobacilli were not statistically different between 0.2 and 0.5% supplemented birds on either day 24 or 34. The authors noted that mannan-oligosaccharides are believed to competitively inhibit GIT colonization of pathogens such as Campylobacter by binding to their mannose specific type 1 fimbriae but it should be noted that they did not see a statistical difference in litter concentrations of Campylobacter for any of the days sampled (days 14, 24, and 34) for either 0.2 or 0.5% mannan-oligosaccharides. Further studies involving more intermediate increments of mannan-oligosaccharides will be needed to delineate whether dosage responses in birds are possible with this prebiotic.

There have also been studies where no impact on Campylobacter occurred in chicken cecal contents when prebiotics or prebiotic-like compounds were included (Rezaei et al., 2015; Park et al., 2017a,b). Rezaei et al. (2015) tested three dietary treatments including basal diet as control and basal diet supplemented with 0.5 and 1% oligosaccharides (extract from palm kernel expeller, OligoPKE) and enumerated Campylobacter counts in cecal contents at day 21 and 35 broiler chickens with quantitative real time PCR; resulting in no significant changes in Campylobacter enumerated populations following prebiotic addition.

Park et al. (2017a) applied next generation sequencing technology based on an Illumina MiSeq platform to investigate microbiological compositions in the cecal contents of 1, 2, 4, and 6 weeks old chickens fed either a basal diet, a diet with antibiotic (consisting bacitracin methylene disalicylate and bacitracin, BMD50), or a diet with a yeast-based prebiotic (consisting 1,3-1,6-β-D-glucan and mannan-oligosaccharides derived from the cell walls of Saccharomyces cerevisiae, Biolex®MB40; Leiber GmbH, Hafenstrase, Germany). When compared to the control group fed the basal diet, the treatment group fed with prebiotic exhibited similar Campylobacter levels. However, a significantly lower Campylobacter abundance was observed compared to treatment group fed with antibiotics at 4 weeks of age. Lactobacillus abundance was significantly lower in the antibiotic treated group compared to the control and prebiotic fed groups. Successfully predicting the potential for success or failure of a particular prebiotic to mitigate foodborne pathogens such as Campylobacter will require further in-depth delineation of the mechanisms associated with prebiotics and the GIT microbiota. This will no doubt require not only next generation sequencing to identify specific taxa but the metabolic activities of the resident GIT microbial populations in the presence of particular prebiotics and how changes may impact Campylobacter either directly or indirectly.



PREBIOTIC SUPPLEMENTATION TO LIMIT Campylobacter IN NON-CONVENTIONALLY RAISED POULTRY

Most of the research on prebiotics and poultry have been conducted with birds raised under conventional commercial housing conditions or at least experimental environments that attempted to simulate these types of conditions (Park et al., 2013; Ricke, 2015). Less work has been done with poultry raised under free range or pasture flock settings. However, the choices in feed additives are considered more restrictive for birds raised under these antibiotic – free conditions even though there is probably more of a need for feed additives to reduce exposure of these birds to a wide range of pathogens (Park et al., 2013). As this industry expands there is a clear need for development of feed additives that are not only acceptable but amendable to routine supplementation. Prebiotics, depending on their source and how they are generated, could certainly be a possibility.

Park et al. (2014) tested the effects of two commercial prebiotics, Biolex®MB40 and Lieber®ExCel derived from brewer’s yeast cell walls, when added to feed provided to pasture raised naked neck broilers. Campylobacter counts recovered from the cecal contents were assessed using Campy-Cefex plates. The populations of Campylobacter in the control group were 6.49 log CFU/100 mg and both treatment groups exhibited significantly lower counts (6.07 log CFU/100 mg for both groups) than control birds (Park et al., 2014). While statistically significant it remains unclear whether these biologically slight differences in cecal Campylobacter would impact Campylobacter levels of the processed birds or be relevant for incidence of human campylobacterosis. Given the relationship between the GIT microbiota and Campylobacter, denatured gradient gel electrophoresis (DGGE) was also employed in this study to detect changes in the cecal microbiota in birds fed the different treatments. Banding patterns of DGGE recovered from the birds were generally similar among all treatments but certain specific bands were specifically identified with a particular group and banding intensities also differed in groups shared among the treatment groups. Isolation and sequencing of specific bands of interest using an ABI 3100 capillary analyzing system (Applied Biosystems) revealed Bacteroides salanitronis occurring in all groups and Barnesiella viscericola and Firmicutes identified from bands associated with both treatments. Interestingly based on band sequencing three Campylobacter species were identified, namely, C. jejuni, C. coli, and C. lari.

Clearly, as Park et al. (2014) noted, DGGE-based methods suffer from several limitations that handicap comprehensive interpretation. More in-depth assessment of the pasture flock cecal microbiome response has since become possible with the introduction of next generation sequencing of 16S rRNA genes. Park et al. (2017b) evaluated the effects of prebiotics when they were supplemented to feed such as 0.1% plum fibers, 0.1% fructooligosaccharides, and 0.2% galactooligosaccharides to broiler chickens. Campylobacter levels in cecal contents were enumerated with a plating method using Campy-Line agar and the cecal microbiome was also evaluated with next generation sequencing using an Illumina HiSeq platform. With the direct plating method, there were no significance differences among all groups (control and three treatment groups) (Park et al., 2017b). Using synthetic learning in microbial ecology (SLiME) analysis, they found that feed supplements modulated the diversity of microbiota and operational taxonomic units identified as belonging to the genus Alistipes and Lactobacillus intestinalis were indicated as a potential predictive feature for Campylobacter populations (>10% and >25% increase mean squared error, respectively) suggesting a potential metabolic interaction (Park et al., 2017b). However, as Park et al. (2017b) point out, age of the bird was also highly related to the pattern of appearance for both Campylobacter and these two non-Campylobacter bacteria and consequently some of this apparent relatedness could be coincidental. Some of this may become more clear as the resolution of bioinformatic tools continues to improve to the point that specific factors can be delineated as to their respective contributions.



PREBIOTICS COMBINED WITH OTHER FEED ADDITIVES

While there has been extensive research focused on prebiotics administered as stand alone feed amendments, efforts have been undertaken to evaluate them in the presence of other GIT modulators. An obvious combination would be to combine them with specific probiotic cultures of bacteria that could use the corresponding prebiotic as a substrate. The resulting synbiotics are the combination of prebiotics and probiotics that in theory would select and help to maintain probiotic sustainability in the GIT (Collins and Gibson, 1999). At the beginning of the 20th century Elie Metchnikoff, commonly considered a pioneer of modern probiotics, initially observed enhancement of health and longevity in humans upon the regular consumption of lactic acid bacteria and consequently hypothesized that lactic acid bacteria could replace or diminish the number of putrefactive bacteria in the gut (Anukam and Reid, 2007). The concept of probiotics was introduced in 1965 as ‘substances secreted by single microorganism which stimulates others growth’ (Lilly and Stillwell, 1965). The term ‘probiotics’ gained general acceptance and its definition was further refined; Fuller (1989) defined probiotics as follows: ‘a live microbioal feed supplement beneficially affects the host by improving its intestinal microbiota’ (Fuller, 1989). Lactobacilli spp., Bifidobacteria spp., and Gram-positive cocci including Enterococcus faecium, Streptococci diaacetylactis are common examples of probiotics (Collins and Gibson, 1999). Ideal probiotics should (1) not have toxic substances or be pathogens; (2) resist gastric acid and bile from the liver thus survive in the intestinal tract; (3) attach themselves to epithelial tissue; (4) produce inhibitory compounds against pathogens; (5) stimulate the immune system; and (6) alter microbial activities (Fuller, 1989; Gibson and Fuller, 2000; Rolfe, 2000; Simmering and Blaut, 2001; Patterson and Burkholder, 2003). However, the effect of using probiotics could be transient because of the difficulty to achieve continuous adherence and/or retention in the GIT (Goldin and Gorbach, 1984; Jonsson, 1986). Given the considerable complexity and large numbers of indigenous bacteria already predominating the GIT prior to application of probiotics, it is not surprising that continuous feeding may be necessary to prolong their efficacy (Fuller, 1989). Likewise, the extensive shifting in the composition and subsequent diversity of the cecal microbiota as birds age could play a key role in the respective efficacy of different prebiotics and pathogen colonization (Park et al., 2017c; Ricke, 2018).

The impact of the combination of probiotics and prebiotics (synbiotics) on Campylobacter counts was investigated by Arsi et al. (2015). Feed additives included strains isolated from healthy chickens (isolate 1: Bacillus spp., isolate 2: Lactobacillus salivarius subsp. salivarius, and isolate 3: Lactobacillus salivarius subsp. salicinius) and/or a prebiotic with different concentrations (0.125, 0.25, or 0.5% fructooligosaccharide or 0.04, 0.08, or 0.16% mannan-oligosaccharide) (Arsi et al., 2015). Campylobacter populations were enumerated with direct plating on Campy-Line agar. Individual treatments of either prebiotic or probiotic did not result in detectable reductions of Campylobacter population in cecal contents. However, their combination resulted in a considerable level of reduction; isolate 3 + 0.04% mannan-oligosaccharide in feed exhibited a 3.3 log reduction compared to control (Arsi et al., 2015). The authors presumed that this may be attributed to the promotion of the growth of probiotics by mannan-oligosaccharide thus resulting in the concomitant reduction of Campylobacter in the cecal contents.

Non-probiotic feed additives have also been combined with prebiotics in poultry studies. For example, Guyard-Nicodeme et al. (2015) evaluated efficacy of various commercially available feed additives containing organic acid, short chain fatty acids, monoglycerides, plant extracts, prebiotic-like compounds, and probiotics (Lacto-butyrin, Biotronic®Top3 Campylostat, Admix®Precision, Excential Butycoat, Power Protexion®, Excential Alliin Plus, Anta®Phyt, Calsporin®, Ecobiol®, PoultryStar®, and Original XPCTM). Chicks were fed either a control diet or diets supplemented with feed additives (total of 13 groups) and Campylobacter populations were enumerated in ceca of broilers at 14, 35, and 42 days of age by direct plating on modified Charcoal cefoperazone deoxycholate agar (Guyard-Nicodeme et al., 2015). Prebiotic-like compounds (Original XPCTM) consisting of post-fermentation growth medium residues, residual yeast cells, and yeast cell wall fragments (mannan-oligosaccharides and β-glucans) yielded no significant reductions of Campylobacter at 14 and 35 days of age compared to control while a 3.2 log reduction were obtained in birds at 42 days of age. This level of reduction was greatest among the 12 tested feed additive with 2.1 and 1.7 log reductions being observed in the presence of the Admix®Precision and Calsporin®treatments, respectively, while the other 9 feed additives exhibited negligible bactericidal effects in birds at 42 days of age (Guyard-Nicodeme et al., 2015). Before comprehensive overall conclusions can be drawn from such results further studies will need to be conducted to more quantitatively separate individual feed amendment treatments impacts on bird GIT health, performance and pathogen levels and link these to mechanism(s) associated with specific additives. This will require a number of independent trials to be conducted over a wide range of management practices along with in-depth profiling of GIT responses using molecular methods to characterize the GIT microbial populations and detailed GIT lumen metabolite and host GIT tissue responses.

Given that some prebiotic sources are not only indigestible but can occur as complex polymers, combining them with active feed grade enzymes has merit for increasing efficacy (Ricke, 2018). Consequently, combining enzymes with prebiotics has been suggested as a means for enhancing the endogenous enzyme production in birds, aid digestion of fiber components, render nutrients for easier digestion, reduce the effects of antinutritional factors, and raise efficacy in feed formulation (Ferket, 1993). Limited studies have been conducted to examine the impact of such combinations and Campylobacter occurrence. Fernandez et al. (2000) assessed the C. jejuni population levels in the small intestine, cecum, and large intestines of broiler chickens fed a wheat diet supplemented with a xylanase (control: wheat and maize-based feeds). They used a marker strain of C. jejuni with resistance to nalidixic acid and Campylobacter populations in the intestine were determined using a direct plating method on Campylobacter blood-free selective agar with ceforperazone selective supplement and nalidixic acid. Minimal differences in C. jejuni were obtained in the small and large intestines of chicken fed the 0.1% xylanase-supplemented diet (1.4 and 2.3 log CFU, respectively) compared to controls (wheat-based: 1.7 and 2.4 log CFU; maize-based: 1.5 and 2.4 log CFU, respectively). However, there were statistically less C. jejuni in the ceca of birds fed the wheat-xylanase combination (2.3 log CFU, respectively) compared to birds fed wheat and maize-based diets (wheat-based: 2.8, log CFU; maize-based: 2.6 log CFU, respectively) without xylanase which corresponded to a significant decrease in jejunum viscosity in the enzyme supplemented birds (Fernandez et al., 2000). How, biological relevant these relatively small reductions would be to achieve consistent overall Campylobacter reduction in commercial operations remains to be determined.



FUTURE DIRECTIONS FOR PREBIOTIC APPLICATION TO Campylobacter CONTROL IN CHICKENS

While it appears that the majority of the poultry studies conducted thus far on Campylobacter colonization and response to prebiotics indicate some level of reduction, the results remain variable. Some of this may be related to differences in methodologies used to detect and quantitate Campylobacter recovered from the poultry GIT. Typically, Campylobacter counts are enumerated by direct plating on selective medium from collected intestinal contents and in some cases culture independent methods such as quantitative PCR and next generation sequencing technology are also employed (Table 2). However, culture-based methods may not always accurately reflect actual Campylobacter populations. For example, Kim et al. (2017) sequenced pooled colonies recovered from Campy-Cefex selective media which had been the selective media recommended by USDA at the time for Campylobacter isolation from chicken carcass rinsates using an Illumina MiSeq flatform. Based on the 16S rDNA microbiome sequencing the Campylobacter selective media apparently supported growth of a mixed background bacterial population, some of which were identified as Campylobacter but others were also be recovered such as Clostridiaceae, Paenibacillus, Lactobacillus, Bacillaceae, Acinetobacter, Enterobacteriaceae, Bacillus, Planococcaceae, Clostridium, Enterococcus, and Sporanaerobacter (Kim et al., 2017). Intuitively it would be anticipated that choice of selective media could be influenced and potentially biased for recovering Campylobacter from the highly diverse poultry GIT. The growth of these non-Campylobacter background bacteria could cause lower accuracy of the media for enumerating Campylobacter and in turn, assessing the impact of feed additives such as prebiotics. Therefore, other culture independent methods such as qPCR could be an effective alternative method to culture based methods with plating on selective media to overcome some of the issues associated with culture-based methods.

Moreover, technical progress in the advent of high-throughput sequencing technology and the corresponding bioinformatic tools will lead to obtaining comprehensive information of the microecology of a variety of samples including the avian GIT (Land et al., 2015; De Filippis et al., 2018). Since prebiotics are well known to have an impact on the gut microbiota and pathogenic bacteria leading to detectable shifts in gut microbial populations, a series of research approaches involving high-throughput sequencing technologies and bioinformatics to evaluate changes on microbiological compositions in the GIT by prebiotics could be invaluable for achieving a better understanding of the mechanism(s) associated with prebiotics on limiting pathogens including Campylobacter (Cummings and Macfarlane, 2002; Edens, 2003; Yang et al., 2009; Hajati and Rezaei, 2010).



CONCLUSION

In the present review, Campylobacter in the GIT was briefly discussed, followed by prebiotics and their general effects on the intestine and finally recent research studies aimed at providing empirical data on prebiotic efficacy to reduce Campylobacter counts/abundance in poultry intestine. Based on the limited research discussed here, addition of prebiotics to the poultry feed generally appeared to result in detectable decreases in Campylobacter populations in the different regions of poultry GIT; indicating that the potential ability of prebiotics as feed supplements to limit Campylobacter in the poultry GIT does exist. Whether these colonization reductions in the chicken GIT specifically associated with feeding prebiotics are sufficient to result in reduction of human campylobacterosis cases remains to be determined. Only limited research data is available on Campylobacter reduction in poultry by prebiotics in large scale commercial trials currently. In conjunction with devising more focused empirical research strategies on the efficacy of prebiotics, examination under typical poultry husbandry conditions is also needed to develop practical recommendations for their use as feed supplements. Along these lines, other important factors such as bird performance and organoleptic meat quality should also be considered along with Campylobacter reduction.

Mitigating Campylobacter in poultry will continue to be an important focus for the poultry industry. Opportunities exist for accomplishing some control at the pre-harvest poultry production level. However, this clearly requires gaining a better understanding of the interaction between the poultry GIT microbial community and the resident Campylobacter species that co-exist. Prebiotics could be a promising strategy to control Campylobacter in poultry but definitive recommendations will require in-depth characterization of the poultry GIT microecology and the role the host plays in influencing that ecology. This will require more of an “omics” approach that encompasses not only microbiota sequencing but metabololic profiling as well host GIT tissue metabolic enzyme and immune responses. In addition, understanding Campylobacter behavior in the avian GIT tract at the molecular level may be critical as well given its close association with indigenous GIT microbiota. Combining the information generated from the various approaches should help to optimize prebiotic choice and application for practical mitigation of Campylobacter in the avian GIT.
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Bacteriophage biocontrol to reduce Campylobacter jejuni levels in chickens can reduce human exposure and disease acquired through the consumption of contaminated poultry products. Investigating changes in the chicken microbiota during phage treatment has not previously been undertaken but is crucial to understanding the system-wide effects of such treatments to establish a sustainable application. A phage cocktail containing two virulent Campylobacter phages was used to treat broiler chickens colonized with C. jejuni HPC5. Campylobacter counts from cecal contents were significantly reduced throughout the experimental period but were most effective 2 days post-treatment showing a reduction of 2.4 log10 CFU g-1 relative to mock-treated Campylobacter colonized controls. The administered phages replicated in vivo to establish stable populations. Bacteriophage predation of C. jejuni was not found to affect the microbiota structure but selectively reduced the relative abundance of C. jejuni without affecting other bacteria.
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INTRODUCTION

Campylobacter ssp. cause foodborne illness worldwide (Kaakoush et al., 2015) and represent the most commonly reported zoonotic pathogens in the European Union with 246,307 confirmed cases of gastrointestinal illness in 2016 (European Food Safety Authority [EFSA], 2017). Campylobacter jejuni is the most common species causing human disease (83.6%), but the burden of disease caused by Campylobacter coli is also significant (8.5%) (European Food Safety Authority [EFSA], 2017). Both species readily colonize the poultry gut, where the impact on flock health and production parameters varies with husbandry practice and the colonizing organism (Gormley et al., 2014; Humphrey et al., 2015). Estimates of broiler chicken flock prevalence vary between nations with 0.6 to 13.1% in the Nordic countries up to 74.2–80% in other European countries (European Food Safety Authority [EFSA], 2010a). Source attribution studies have predicted that up to 80% of human illness is as a result of exposure to campylobacter arising from poultry sources (European Food Safety Authority [EFSA], 2010b). A recent source attribution study referenced at the point of exposure confirmed chicken meat as the most important source of Campylobacter enteric disease, with an estimated 65–69% of human campylobacteriosis cases (Ravel et al., 2017). Poultry meat contaminated with digesta during slaughter/processing therefore represents a significant risk to public health (Osimani et al., 2017).

Strict on-farm biosecurity measures to mitigate the Campylobacter colonization of poultry have been implemented in many countries, but these alone do not eliminate campylobacter from poultry. Additional to these efforts, intervention strategies have been developed to reduce the Campylobacter colonization levels of poultry, which have the potential to reduce human exposure if the reductions can be realized on poultry meat (Rosenquist et al., 2003; Newell et al., 2011). The use of Campylobacter-specific bacteriophages (commonly referred to as phages) to reduce the intestinal carriage of Campylobacter by broiler chickens is one such intervention that has shown promise in controlled trials (Loc Carrillo et al., 2005; Wagenaar et al., 2005; El-Shibiny et al., 2009) and in broiler house applications (Kittler et al., 2013). These studies have been conducted with phage applications of one or more phage to achieve reductions in the cecal counts of Campylobacter colonized chickens of approximately 2 log10 CFU g-1 (Carvalho et al., 2010; Connerton et al., 2011; Hammerl et al., 2014).

The use of multiple types of phage targeting different receptors in the form of phage cocktails offers the prospect of expanding the host range of the preparation whilst limiting the potential to develop resistance to all components of the cocktail (Chan et al., 2013). This has been explored experimentally using Campylobacter-specific phage cocktails containing either four (Fischer et al., 2013) or two phages (Hammerl et al., 2014). In both cases phages were selected from both Group II and Group III as classified by Sails et al. (1998). The classification was originally based on total genome size and morphology but it is now known that the two groups share little DNA similarity and generally have different host specificities (Javed et al., 2014; Jäckel et al., 2017). Group II and III Campylobacter bacteriophages are taxonomically classified as members of the Myoviridae subfamily Eucampyvirinae, which do not possess the genes required to form stable lysogens and therefore exhibit a lytic or virulent life cycle similar to most Myoviruses (Javed et al., 2014). Campylobacter phage isolated using C. jejuni and C. coli hosts may show some cross-species specificity within strains of C. jejuni and C. coli species but have not been demonstrated to infect other species in the Campylobacter genus, for example C. lari, C. upsaliensis, C. fetus, C. Sputorum, or C. intestinalis (Loc Carrillo et al., 2007). Neither have they been found to infect Helicobacter pylori, Arcobacter butzleri, Citrobacter freundii, Salmonella enteritica serovar Enteritidis, Escherichia coli, and Pseudomonas aeruginosa (Loc Carrillo et al., 2007). Therefore it may be anticipated that components of a Campylobacter phage cocktail would retain their specificity and not give rise to dysbiosis – a detrimental microbiota constitution that often arises post broad-spectrum antibiotic therapies (Dethlefsen et al., 2008). However, a recent study has suggested that exposure of the rat gut microbiome to a cocktail of commercial phage preparations active against Salmonella enterica, Staphylococcus aureus, Streptococcus pyogenes, Proteus mirabilis, P. vulgaris, Pseudomonas aeruginosa, Klebsiella pneumoniae, and E. coli results in dysbiosis with increased inflammation and gut permeability (Tetz et al., 2017). Bacteriophage mediated cell lysis has the potential to release lipopolysaccharides (endotoxin) from Gram-negative bacterial species that are potent inducers of proinflammatory cytokines in animals and in humans (Medzhitov, 2007). Exposure to a phage cocktail targeting multiple Gram-negative species may well elicit such a response, although it is reported that targeted virulent E. coli bacteriophages release less endotoxin than β-lactam antibiotics (Dufour et al., 2017), and that the phage tail adhesin protein Gp12 can bind free lipopolysaccharide to counteract the inflammatory effect (Miernikiewicz et al., 2016). Typically the lipopolysaccharides of Gram-negative bacteria are composed of an outer membrane anchored lipid A substituted with a core polysaccharide structure attached to a set of repeating O-chain subunits. However, C. jejuni synthesizes a core oligosaccharide without the repeating O-chain, which is referred to as lipooligosaccharide (Karlyshev et al., 2005).

In this study we demonstrate that Campylobacter phage affect the target host bacteria without provoking intestinal dysbiosis, when phages are administered to broiler chickens at therapeutic doses.



METHODOLOGY

Bacterial Strains and Growth Media

Campylobacter were isolated and enumerated by direct plating on modified Cefoperazone Charcoal Deoxycholate Agar (mCCDA) selective medium (Oxoid, Basingstoke, United Kingdom) with addition of cefoperazone and amphotericin B selective supplement (Oxoid) using standard techniques. C. jejuni HPC5 was isolated from the cecal content of a commercial broiler chicken in the United Kingdom (Loc Carrillo et al., 2005; NCBI accession CP032316). The universal bacteriophage host strain C. jejuni PT14 was used to propagate Campylobacter bacteriophages (Brathwaite et al., 2013; NCBI accession CP003871). C. coli NCTC 12668 was used to discriminate group II and III bacteriophages (Frost et al., 1999). C. jejuni HPC5 for the inoculation of broiler chickens and campylobacter for the production of bacterial lawns were cultured on horse blood agar (Blood agar base No 2; Oxoid) with addition of plus 5% (v/v) defibrinated horse blood, (TCS, Buckingham, United Kingdom) under microaerobic conditions (5% O2, 5% H2, 10% CO2, 80% N2, produced by the evacuation and replacement technique) at 42°C for 24 h.

Bacteriophages and Propagation

Campylobacter-specific bacteriophages CP20 and CP30A were isolated from commercial broiler chicken excreta collected in the United Kingdom in 2001. Bacteriophages were isolated by making a 10% suspension of excreta in SM buffer (50 mM Tris–HCl, pH 7.5, 0.1 M NaCl, 8 mM MgSO4.7H2O, and 0.01% gelatin; Sigma Aldrich, Gillingham, United Kingdom). This was incubated at 4°C with agitation, for 24 h followed by centrifugation at 13,000 × g for 5 min to remove bacteria. The resulting supernatant was filtered through a 0.2 μm filter (Minisart, Sartorius, Goettingen, Germany) to remove any remaining bacteria.

When screening for the presence or absence of bacteriophage, 10 μl filtrate aliquots were applied to bacterial lawns of C. jejuni PT14 prepared using the soft agar overlay method as previously described (Connerton et al., 2004). Bacteriophage were propagated by complete plate lysis and recovered in SM buffer before filtration (0.2 μm filter) and concentration by centrifugation at 37,000 × g.

CP20 (NCBI nucleotide accession MK408758) corresponds to a group II Campylobacter bacteriophage and CP30A (NCBI nucleotide accession JX569801) a group III based on genome sizes, capsid morphologies determined by transmission electron microscopy and genomic DNA sequences (Scott et al., 2007a; Siringan et al., 2011, 2014; Javed et al., 2014; Brathwaite et al., 2015).

Experimental Birds

Commercial Campylobacter-free male Ross 308 broiler chicks were obtained as hatchlings (PD Hook, Oxfordshire, United Kingdom). Birds were housed in a controlled environment in individual pens under strict conditions of biosecurity. Temperatures were as outlined in the Code of Practice for the Housing and Care of Animals Bred, Supplied or Used for Scientific Purposes. Birds were provided with commercial broiler diets (starter, grower, and finisher) and water ad libitum for the duration. The birds were weighed and randomly assigned to 3 groups at 14 days of age. These were: Control group consisting of Campylobacter-free sentinel birds, Group Cj_phg, consisting of Campylobacter infected birds to be administered with phage and Group Cj, consisting of Campylobacter infected birds to be administered with placebo instead of phage (mock treatment). Cloacal swabs were taken on day 14 and tested for Salmonella by direct plating on Xylose-Lysine desoxycholoate agar (XLD) agar (Oxoid) and for Campylobacter by direct plating on mCCDA agar. Excreta samples, from the same day, were tested for Campylobacter phage (see below) and for Salmonella by enrichment in Rappaport-Vassiliadis soya peptone broth (Oxoid) then plating on Xylose-Lysine desoxycholoate agar (XLD) agar (Oxoid). C. jejuni HPC5 has previously been demonstrated to establish intestinal colonization of Ross 308 broiler chickens at 20 days of age within 48 h of oral gavage, and to maintain colonization levels without significant differences in cecal counts over 15 days (Loc Carrillo et al., 2005; Connerton et al., 2018). Four days post oral gavage was selected for phage administration to ensure intestinal colonization, and that any variation in the cecal counts would be evident over the period of the experiment. Birds from Cj and Cj_phg groups were colonized with C. jejuni HPC5 at 20 days of age. Each bird received 7 log10 CFU C. jejuni in 1 ml of PBS (phosphate buffered saline) by oral gavage. Phages were administered to Group Cj_phg as a single dose of log10 7 PFU of CP20 and CP30A combined in 1 ml of 30% CaCO3 (antacid) by oral gavage at 24 days of age. Group Cj were administered with 1 ml of 30% CaCO3 as a placebo at 24 days of age. Five birds were sacrificed at 24 h intervals from 25 to 29 days of age following administration of phage or placebo. The ceca, ileum, and colon of the birds were first separated by ligature and then removed by sterile dissection. The luminal contents were collected for Campylobacter and bacteriophage isolation as described below and aliquots stored at -80°C for DNA extraction.

Enumeration of Campylobacters

Serial dilutions of digesta were made in maximum recovery diluent (MRD; Oxoid) and enumerated using the Miles and Misera technique on mCCDA agar with 2% (w/v) additional agar to reduce swarming. Plates were incubated under microaerobic conditions at 42°C for 48 h before typical Campylobacter colonies were counted.

Enumeration of Bacteriophages

Bacteriophages were recovered by making a 10% suspension of chicken digesta in SM buffer as described above. To enumerate bacteriophage CP20 and CP30A in the phage treated groups, independent lawns of C. jejuni HPC5 and C. coli NCTC 12668 were prepared. The C. coli strain NCTC 12668 was used as a second host because it was sensitive to CP20 but not CP30A, which allowed discrimination of the two phages administered. The CP30A titers were obtained by subtraction of the CP20 titer on C. coli 12668, from the total phage count on the C. jejuni HPC5 host, which was sensitive to both phages. Serial dilutions of intestinal contents were prepared in SM buffer and applied to these lawns as 10 μl spots in triplicate. The plates were then incubated for 24 h at 42°C under microaerobic conditions.

Acquisition of Bacteriophage Resistance

In order to establish the frequency of resistance to bacteriophages post-intervention, single colonies were lifted from the primary isolation plates onto which cecal content from all phage-treated and mock-treated control birds had been inoculated. Three colonies per cecal sample were picked for each phage-treated bird and subcultured on horse blood agar plates. Bacterial lawns were prepared from successful subcultures and CP20 and CP30A phage were applied at a range of dilutions from 1 to 3 log10 PFU to establish if resistance had been acquired with respect to the efficiency of plating.

DNA Isolation

DNA was isolated from both ileal and cecal content using the Mobio PowerSoil kit (now QIAGEN Ltd., Manchester, United Kingdom). The method used is as described in the Human Microbiome Project SOP for processing of stool Specimens (see Manual of Procedures for Human Microbiome v12, section 7.7 onward1.

Microbiome Analysis

The V4 regions of the bacterial 16S rRNA genes were PCR amplified using the primers 515f (5′ GTGCCAGCMGCCGCGGTAA 3′) and 806r (5′ GGACTACHVGGGTWTCTAAT 3′) (Caporaso et al., 2011). Amplicons were then sequenced on the Illumina MiSeq platform using 2 × 250 bp cycles. The 16S rRNA gene sequences were quality filtered and clustered into operational taxonomic units (OTUs) in Mothur (Schloss et al., 2009) using the Schloss lab. MiSeq SOP2 (Kozich et al., 2013). Batch files of Mothur commands used in this study are available at: https://github.com/PJRichards. Post-processing rarefaction curves were plotted to assess sampling effort (Supplementary Figures S1–S3). Based on these observations the Day 1 (1dpt) ileum communities and two further ileum communities (Group Cj: Day 2 replicate 2; Group Cj_phg: day 4 replicate 4) were judged as having insufficient depth, and were therefore excluded from the analysis. No template controls were included in the analysis.

Raw sequence data are deposited in the NCBI database within the Bioproject PRJNA506577 under the SRA study SRP170194.

Ethics Statement

All experimental animal work was performed in accordance with United Kingdom and EU law. This study was approved by the Local Ethics Committee of the University of Nottingham and performed under Home Office license.

Statistical Analysis

The article was written in R 3.5.1 (R Core Team, 2018) and Rmarkdown 1.10.8 (Allaire et al., 2018; Xie et al., 2018) using Rstudio 1.1.456 (RStudio Team, 2015). R code used to make the figures/tables presented here are available at: https://github.com/PJRichards/Richards_phage_microbiota. Figure 3 was drawn in R using code adapted from Torondel et al. (2016) and kindly made available at: http://userweb.eng.gla.ac.uk/umer.ijaz. OTUs discriminatory between communities were identified using LEfSE (Segata et al., 2011). Commonality of 16S rDNA sequences of OTUs discriminative of phage-treated (Group Cj_phg) and untreated birds (Group Cj) with other trials performed in our laboratory were determined using stand-alone ncbi-blast-2.7.1+ (Zhang et al., 2000)3.



RESULTS

Dual Campylobacter Bacteriophage Treatment of Reduces Levels of Campylobacter jejuni Colonization

Campylobacter were enumerated using standard culture methods from intestinal luminal contents collected from the ileum, ceca, and colon of all birds. High levels of Campylobacter were recovered from all digesta collected from C. jejuni colonized birds (Group Cj) throughout the 5-day period of the experiment (mean log10 CFU g-1: ileum 6.289, ceca 8.000, colon 7.452 for n = 25). A control group comprising of a cohort of non-colonized sentinel birds confirmed the effectiveness of the biosecurity measures adopted as they remained free of Campylobacter and phage contamination.

Co-administration of a single phage dose containing CP20 (7 log10 PFU) and CP30A (7 log10 PFU) 4 days after Campylobacter exposure at 24 days of age, significantly reduced C. jejuni numbers in the ceca of phage-treated birds (Group Cj_phg) compared to mock-treated birds throughout the period of the experiment (p ≤ 0.032; Figure 1A). The phages were most effective 2 days post-treatment (dpt), resulting in a reduction in C. jejuni numbers of 2.365 log10 CFU g-1 in Group Cj_phg compared to C. jejuni colonized controls in Group Cj. After this time, the numbers of C. jejuni in Group Cj_phg birds increased but remained significantly lower than the levels observed from mock-treated birds (Group Cj) by 1.321 log10 CFU g-1 after 5 days.
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FIGURE 1. Campylobacter jejuni levels are reduced by phage predation post-treatment. Independently housed Ross 308 broilers were given 7 log10 CFU C. jejuni by oral gavage at 20 days-old. At 24 days-old birds were orally administered a mixture of two phage at 7 log10 PFU each or a placebo of carrier alone. Five chickens from each group were sacrificed on each day from 25 to 29 days-old, from which C. jejuni were enumerated from the intestinal contents of the ceca (A), ileum (D), and colon (E). Titers of phage CP20 (B) and CP30A (C) were determined from cecal content. Filled squares indicate means. Error bars indicate standard deviation. Asterix indicate statistical significance: ∗, p ≤ 0.05; ∗∗p ≤ 0.01; ∗∗∗p ≤ 0.001.



Phage treatment was most effective in the cecum, the organ that represents the greatest biomass of digesta and reservoir of C. jejuni. However, treatment was also effective in reducing C. jejuni in the ileum (p = 0.044 and 0.008 at 2 and 3 dpt, respectively) and the colon at all days excluding 2 dpt (p ≤ 0.041; Figure 1E). The reductions in Campylobacter counts were not as great as those observed for the ceca, with a maximum reduction in the ileum of 1.359 log10 CFU g-1 at 3 dpt and a maximum reduction in the colon of 1.740 log10 CFU g-1 also at 3 dpt (Figures 1D,E). Bacteriophages were enumerated over the 5 day trial period and were detected in the cecal contents of all 5 birds treated in Group Cj_phg from 24 h after administration (Figures 1B,C). The CP20 phage titre recovered from cecal contents of the treated birds remained stable over time (mean 5.738 log10 PFU g-1; SD 0.460; Figure 1B), confirming that the phage were replicating in vivo. Similarly, the mean CP30A titre was 5.708 log10 PFU g-1 (SD 0.517; Figure 1C) confirming the two phages co-exist without competitive exclusion. The levels of phages recovered from ileum and colon contents also remained stable over the course of the experiment (Supplementary Figure S4).

Bacteriophage Resistance Post Treatment

The overall levels of phage resistance (isolates resistant to one or both phage) in C. jejuni HPC5 isolates in Group Cj_phg was approximately 10% (n = 7/67) of the strains recovered post-treatment. Of these, three (4.5%) were resistant to both CP20 and CP30A phages whilst one (1.5 %) was resistant to CP20 but not CP30A and three (4.5%) were resistant to CP30A only. No phage resistance was detected in the C. jejuni recovered from birds that had not received phage (n = 32).

Bacteriophage Predation of Campylobacter jejuni Does Not Affect Microbiota Structure

The α-diversity (inverse Simpson index) of the cecal or ileal microbiota of bacteriophage-treated birds (Group Cj_phg) were not significantly different to those from mock-treated birds (Group Cj) (p ≥ 0.095 and ≥0.841, respectively; Figures 2A,C). There was no difference in the richness (Chao) of the cecal microbiota between 1 and 4 dpt (p ≥ 0.151) or the ileum microbiota at any time (p ≥ 0.548; Figures 2B,D). The Chao-richness of the cecal microbiota of bacteriophage-treated birds (Group Cj_phg) was significantly different from mock-treated birds (Group Cj) by 5 dpt (p = 0.032; Figure 2B).
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FIGURE 2. Bacterial diversity within the gastrointestinal tract is not affected by phage treatment. Box-and-whisker plot describing bacterial 16S rDNA gene content surveys of cecal lumen contents from phage-treated (Cj_phg) or mock-untreated (Cj) groups in terms of α-diversity (inverse Simpson’s index; (A) and richness (Chao index; (B). Corresponding α-diversity and richness for ileal lumen contents are shown in panels (C,D), respectively. Asterix indicate statistical significance: ∗p ≤ 0.05.



Exposure to Campylobacter-Phage Selectively Reduces Proportions of C. jejuni Without Affecting the Wider Microbiota

Throughout the experiment the predominant bacterial phylum present in the ileal lumen was the Firmicutes with a median relative abundance (RA) of 83.091% (Supplementary Figure S5A). There were no differences in relative abundance between age-matched bacteriophage-treated (Group Cj_phg) and mock-treated birds (Group Cj) in this phylum (p ≥ 0.063, Wilcoxon test; Supplementary Figure S5A). The next most abundant phylum are the Proteobacteria where a difference at 4 dpt was observed (p = 0.016), but not on any other day (p ≥ 0.730, Wilcoxon test; Supplementary Figure S5A). Phyla-level composition of the cecal microbiotas of both groups were likewise dominated by Firmicutes (median 90.620% RA), and to a much lesser extent Proteobacteria (4.747% RA) (Supplementary Figure S5B). However, there was no difference in the relative abundance of Firmicutes or Proteobacteria between phage-treated (Group Cj_phg) and mock-treated birds (Group Cj) at any time post-treatment (p ≥ 0.178, t-test; and p ≥ 0.151, Wilcoxon test; respectively).

At the OTU level, phage treatment did not affect the β-diversity (Bray Curtis distance) between communities of ileal lumen bacteria from age-matched phage-treated (Group Cj_phg) and mock-treated birds (Group Cj) at any time point (p = 0.106; AMOVA; Supplementary Figure S6A). The 11 most abundant OTUs in the ileum lumen are shown in Figure 3A. After the OTUs were filtered to include only those ≥1% of total reads, the only discriminative OTU between phage-treated and mock-treated birds identified using LEfSE (Segata et al., 2011) was OTU0013 [Campylobacter (100)] at 3 dpt (p = 0.009).
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FIGURE 3. Bacteriophage treatment reproducibly only affects C. jejuni proportions. Stacked bar charts showing bacterial community compositions from the ileum (A) and ceca (B) of all birds. For clarity only the 11 most abundant OTUs are described with all other OTUs summarized as “other.”



The 11 most abundant OTUs in the cecal lumen are shown in Figure 3B. For populations of cecal bacteria the β-diversity was not different at 1 to 4 dpt (p ≥ 0.088, Supplementary Figure S6B). However, bacterial populations could be distinguished at 5 dpt (p = 0.021). At 5 dpt OTU0009 [Clostridiales_unclassified (100)] was the sole discriminative OTU between the treatments (p = 0.027; LEfSE; Supplementary Figure S7D), which was present in significantly greater proportions in the mock-treated birds (Group Cj) relative to phage-treated birds (Group Cj_phg) (mean % RA = 1.211 and 6.668, respectively) (Figure 3A). Previous work from our laboratory identified an OTU with 100% DNA sequence identity to OTU0009 as being associated with Campylobacter-colonized birds [see OTU0073 in Connerton et al. (2018)]. Discriminative analysis of the cecal communities associated a greater abundance of Camplylobacter (OTU0013) with the mock-treated birds (Group Cj) at 3 and 4 dpi (p < 0.047; Supplementary Figures S7B,C, respectively). A positive association was observed between phage-treated (Cj_phg) birds at 1 dpt and OTUs 0006 and 0021, representing Clostridium IV (98) and Clostridiales_unclassified (100), respectively (p = 0.047; Supplementary Figure S7A and Figure 3B).

At 5 dpt the bacterial communities of the ceca or ileum of Campylobacter-free sentinel control birds could not be distinguished from mock-treated Campylobacter-colonized birds (Group Cj, p > 0.05; Supplementary Figures S6A,B), but cecal populations of bacteria in the phage-treated birds (Group Cj_phg) could be distinguished from non-colonized control birds (p = 0.014). Correspondingly, the OTUs that are associated with phage-treated treated birds (Group Cj_phg) are OTU0006 Clostridium IV (98) and OTU0009 Clostridiales_unclassified (100), which were also identified as discriminating phage-treated treated birds from mock-treated birds at 1 and 5 dpt, respectively (Supplementary Figure S8B). Although there was no difference in the β-diversity of non-colonized and mock-treated colonized birds in these cohorts, as expected OTU0013, representing Campylobacter (100), showed association with colonized birds, but conversely OTU0031, Bifidobacterium (100), showed association with the non-colonized control birds (Supplementary Figure S8A). This observation is also consistent with our previous study which demonstrates the differential association of an OTU with 100% DNA sequence identity with non-colonized birds compared to those 2 days post-colonization with C. jejuni at 20 days of age (NCBI database SRA study SRP133552; Connerton et al., 2018).

Interestingly, the low diversity of the ileal bacterial communities, relative to the cecal microbiota (see Figures 2A,B), is revealed in the observation that the top 11 most abundant OTUs across all ileal communities constitute 90.754% of reads, whereas the top 11 most abundant OTUs across all cecal communities account for a lower quotient of 48.670% reads (Figures 3A,B). We note that ileal samples showed some similarity to no template controls at phyla level (Supplementary Table 1), and that there was notable correspondence in the γ-proteobacteria [Escherichia/Shigella (100)] among the top 11 most abundant OTUs from ileal and cecal samples and the most abundant kitome/contaminant OTUs (Figures 3A,B; Supplementary Table 2).



DISCUSSION

The results described here provide further evidence of the efficacy of phage treatment to reduce the Campylobacter colonization of chickens. It has been widely suggested that an advantage of phage biocontrol over antibiotic use or other broad-spectrum types of therapy against pathogens that inhabit the intestinal tract, is the specificity of the bacteriophage selected for a particular host (Sulakvelidze and Barrow, 2004; Sulakvelidze and Kutter, 2004). This specificity is presumed to avoid the possibility of causing dysbiosis but recently this assumption has been challenged using a multi-phage treatment to affect collateral changes in the composition of the microbiota of rats with decreases in the abundance of Blautia, Catenibacterium, Lactobacillus, and Faecalibacterium species, and increases in the abundance of Butyrivibrio, Oscillospira, and Ruminococcus (Tetz et al., 2017). This is in contrast to directed studies using simulated gut microbial consortia (duodenum and ileum) containing a specific Escherichia coli as a bacteriophage target, where the impact of phage therapy was compared with ciprofloxacin treatment (Cieplak et al., 2018). Bacteriophage and antibiotic therapies were equally as effective in reducing the target Escherichia coli population by 2 to 3 log10 CFU ml-1 but notably the bacteriophage treatment had no measurable impact on non-target bacteria.

Although Campylobacter phages selected for the biocontrol of campylobacter in chickens appear to be confined to replication in C. jejuni and C. coli as hosts (Loc Carrillo et al., 2007), this discrimination had not previously been verified from the intestinal microbiota of Campylobacter colonized chickens. Frequency and abundance estimates of campylobacters and phages recovered from the ceca of commercial broiler chickens support the contention that production birds are often exposed to phage, and that phage presence coincides with a reduction in the mean Campylobacter cecal counts by approximately 1.8 log10 CFU g-1 (Atterbury et al., 2005). However, this study also demonstrated that phage which replicate on Campylobacter could be recovered in the absence of culture detectable Campylobacter host bacteria. The study left an open question as to whether the presence of phage under certain circumstances can drive Campylobacter populations below the culture detection limit (<2 log10 CFU g-1) or that phage infecting campylobacters could also replicate on alternative host bacteria present in the microbiota of chickens. Further motivation for the current study was to establish whether phage therapy under these circumstances constitutes a minimal targeted intervention that utilizes biocontrol agents that are not detrimental to the intestinal microbiota of farmed chickens, and to which consumers are already exposed.

Phage therapy of C. jejuni colonized chickens produced significant reductions in intestinal C. jejuni counts compared to mock-treated controls over 5 days. However, the introduction of the phages did not affect the structures of the cecal or ileal microbiotas of the birds based on calculations of α-diversity (inverse Simpson index). The richness (Chao) of the microbiota remained similarly indistinguishable until 4 dpt. At the phyla level no difference in the abundance of the major components were observed for the cecal microbiotas representing the greatest biomass, and at only one time point was any difference observed post-phage treatment for the ileal microbiotas (4 dpt). Analysis of differences in the relative abundance between phage-treated and mock-treated ileal and cecal community OTUs highlights significant differences in OTU0013 that represents the phage therapy target, C. jejuni. Additional to this, the cecal community member OTU0009 (Clostridiales_unclassified) showed significantly greater proportions in the mock-treated birds relative to phage-treated birds, as had previously been identified on the basis of the association of a DNA sequence identical OTU with Campylobacter-colonized birds (Connerton et al., 2018). The consistent association could be indicative of a key reliance for the corresponding clostridial organism(s) on high levels of Campylobacter colonization of the chicken gut. These observations further the idea that campylobacters can act as a hydrogen sink to improve the growth and competitive standing of specific clostridia (Kaakoush et al., 2015). The Bifidobacterium OTU0031 showed association with non-colonized sentinel birds, which is in contrast to 16S rRNA qPCR data reported by Thibodeau et al. (2015) that showed an increase in the molecular detection of Bifidobacterium sp. upon C. jejuni colonization. The authors noted that Bifidobacterium had previously been reported to hinder C. jejuni colonization (Ding et al., 2005; Santini et al., 2010), and that subtle effects may occur during C. jejuni colonization of chickens.

We observed the emergence of phage resistant C. jejuni post-phage treatment in this study as reported previously (Loc Carrillo et al., 2005; El-Shibiny et al., 2009; Fischer et al., 2013; Hammerl et al., 2014). We did not recover any phage resistant C. jejuni from the non-phage treated chickens despite the propensity of C. jejuni to undergo phase variation in genes leading to phage resistance (Aidley et al., 2017), and suggesting the observed phage escape mutation frequency of 10% in this experiment was a consequence of selection due to phage predation. The observed phage resistance frequency is within those reported previously of 1–14% (Loc Carrillo et al., 2005; El-Shibiny et al., 2009; Carvalho et al., 2010; Fischer et al., 2013; Hammerl et al., 2014). The phage treatment of chickens to reduce Campylobacter colonization has been demonstrated to be most effective over a 2–3 day period post-treatment (Loc Carrillo et al., 2005; El-Shibiny et al., 2009), since thereafter Campylobacter populations begin to recover. The continued impact of Campylobacter phage predation on the wider intestinal microbiota could not be assessed within the treatment timeframe examined in the current experiment (Connerton et al., 2018). However, when the time to slaughter after phage therapy was extended, the cecal Campylobacter levels were not reported to achieve the levels observed in non-treated controls (Fischer et al., 2013). This is likely due to reduced competitive fitness of the resistant types as described previously (Loc Carrillo et al., 2005; Scott et al., 2007a,b), and supports the supposition of Wagenaar et al. (2005) that the release of virulent Campylobacter phages into the environment would not constitute any greater risk.

Bacteriophage CP20 is a group II phage based on genome size and DNA sequence similarities. Group II phage are generally flagellotropic that require the host to be motile with a functional flagellar (Coward et al., 2006; Scott et al., 2007a,b; Baldvinsson et al., 2014; Lis and Connerton, 2016; Liang and Connerton, 2018). CP30A is a group III phage that in common with this phage group exhibits dependence on capsular polysaccharide structures (Sørensen et al., 2011; Lis and Connerton, 2016). The post-phage treatment C. jejuni isolates we identified as resistant to both phage classes will be of interest to examine with respect to their ability recolonize chickens and the nature of the mutation. Although we note they remain a minority population within the chicken gut even in the presence of bacteriophage controlling the wild type C. jejuni populations. These bacteria are likely at a competitive disadvantage to the wild type.

We have rigorously examined the microbiota of Campylobacter colonized chickens treated with either phages or a placebo to provide strong evidence for the lack of any collateral effect on the gut microbiome.
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FIGURE S1 | Rarefaction curves indicating coverage of Campylobacter-colonized (experimental) cecal bacterial communities. 16S rDNA bacterial communities from: (A) 1 day post-treatment (dpt); (B) 2 dpt; (C) 3 dpt; (D) 4 dpt; (E) 5 dpt. Cohort: (i) Group Cj (ii) Group Cj_phg.

FIGURE S2 | Rarefaction curves indicating coverage of Campylobacter-free non-colonized (control) cecal bacterial communities. 16S rDNA bacterial communities from Campylobacter-free non-colonized control birds at 29 days-old, equivalent to 5 days post-treatment.

FIGURE S3 | Rarefaction curves indicating coverage of ileal bacterial communities. 16S rDNA bacterial community from: (A) 2 day post-treatment (dpt); (B) 3 dpt; (C) 4 dpt; (D) 5 dpt. The non-phage treated cohort (Group Cj) are shown in panels Ai to Di, and the phage treated cohort (Group Cj_phg) in panels Aii to Dii.

FIGURE S4 |Campylobacter phage titers in the ileum and colon post-treatment. Phage tiers were determined for CP20 (A) and CP30A phage (B) from ileal content and colon content (C), CP20; (D), CP30A). Filled squares indicate mean. Error bars indicate standard deviation.

FIGURE S5 | Stacked barchart showing phyla-level microbiota composition for ileal and cecal communities. OTUs were filtered so that only Phyla present in more than one ileal or cecal community are included in the analysis. Figures in parenthesis in the key indicate bootstrap values for that taxonomic assignment generated in Mothur. All taxa shown in the key were detected in the ileum lumen including those of low abundance (A). However, note that only Actinobacteria, Bacteria_unclassified, Bacteroidetes, Firmicutes, and Proteobacteria phyla were detected in cecal communities (B).

FIGURE S6 | Relationship between communties of gut bacteria from phage-treated and mock-treated birds. PCoA plot of Bray-Curtis distance between A) ileal (R2 = 0.41; A,B) cecal communities (R2 = 0.75; B).

FIGURE S7 | Cecal bacterial taxa responsive to Campylobacter-phage treatment. OTUs were filtered to only include those representing at least 1% of the total reads before all communities were randomly subsampled an equal depth for unbiased comparison. Discriminatory OTUs were then described between age-matched groups using LEfSE. LDA refers to Linear Discriminant Analysis. 1 dpt (A), 3 dpt (B), 4 dpt (C), 5 dpt (D). There were no differential OTUs at 2 dp.

FIGURE S8 | Gut bacterial taxa responsive to Campylobacter-colonization at 5 days post-treatment. OTUs were filtered as described for Supplementary Figure S7 and discriminatory OTUs identified using LEfSE. LDA refers to Linear Discriminant Analysis. Control-Group Cj comparison (A), Control-Group Cj_phg comparison (B).

TABLE S1 | Description of phyla associated with no template controls. Due to potential for low biomass and dominant contaminant profile from ileum samples the kitome microbiota profile is included. Table text in parenthesis indicates Mothur taxonomy bootstrap values. Samples: kitome for all samples, excluding 1 dpt (kit Ai and kit Aii); kitome for 1 dpt (kit B); sequencing negative control for all samples, excluding 1 dpt (seq Ai and seq Aii); sequencing negative control for 1 dpt (seq B).

TABLE S2 | Description of top 10 OTU associated with no template controls. Table text in parenthesis indicates Mothur taxonomy bootstrap values.



FOOTNOTES

1 http://hmpdacc.org/resources/tools_protocols.php

2 https://www.mothur.org/wiki/MiSeq_SOP, (accessed 2018-10-05).

3 https://ftp.ncbi.nlm.nih.gov/blast/executables/LATEST/
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Campylobacter is a major foodborne pathogen and can be acquired through consumption of poultry products. With 1.3 million United States cases a year, the high prevalence of Campylobacter within the poultry gastrointestinal tract is a public health concern and thus a target for the development of intervention strategies. Increasing demand for antibiotic-free products has led to the promotion of various alternative pathogen control measures both at the farm and processing level. One such measure includes utilizing essential oils in both pre- and post-harvest settings. Essential oils are derived from plant-based extracts, and there are currently over 300 commercially available compounds. They have been proposed to control Campylobacter in the gastrointestinal tract of broilers. When used in concentrations low enough to not influence sensory characteristics, essential oils have also been proposed to decrease bacterial contamination of the poultry product during processing. This review explores the use of essential oils, particularly thymol, carvacrol, and cinnamaldehyde, and their role in reducing Campylobacter concentrations both pre- and post-harvest. This review also details the suggested mechanisms of action of essential oils on Campylobacter.
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INTRODUCTION

Campylobacter is a leading cause of human gastroenteritis in the United States and worldwide (Corcionivoschi et al., 2012; Sibanda et al., 2018). In the United States alone, the Centers for Disease Controls and Prevention (CDC) estimates an annual 1.3 million cases occurring per year (Centers for Disease Control and Prevention [CDC], 2018). From 1999 to 2008, Campylobacter was estimated to cause an annual 8,463 hospitalizations and 76 deaths in the United States, along with an annual $1.7 billion financial cost to the United States (Batz et al., 2012). In 2015, of the 4,598 hospitalizations caused by foodborne disease 1,087 were the result of Campylobacter (Centers for Disease Control and Prevention [CDC], 2017a). This burden on public health was second only to Salmonella when considering bacterial infections (Batz et al., 2012; Scallan et al., 2015). When aggregating the loss of life and health due to illness, Scallan et al. (2015) determined that annually, Campylobacter caused 22,500 disability-adjusted life years (DALY). Campylobacter was ranked 3rd as the leading impact of public health due to foodborne illness behind non-typhoidal Salmonella (32,900 DALY) and Toxoplasma (32,700 DALY). A systematic analysis from 1990 to 2013 identified Campylobacter as the fourth leading cause of diarrheal disease behind rotavirus, typhoid fever, and cryptosporidiosis (Murray et al., 2015). According to the World Health Organization (WHO), diarrheal diseases, viewed as a whole, cause an estimated 550 million illness each year resulting in the annual death of approximately half a million infants under the age of two (World Health Organization [WHO], 2013).

In a population-based study on patients with diarrheal illness induced by Campylobacter, over 95% of the 1,316 cases were caused by Campylobacter jejuni (Friedman et al., 2004). This species, along with pathogen Campylobacter coli, have been found in the gastrointestinal tract (GIT) of poultry (Wang et al., 2002; European Food Safety Authority [EFSA], 2010; Centers for Disease Control and Prevention [CDC], 2017b). Broilers and layer flocks have consistently been shown to contain Campylobacter prevalences greater than 70% (Corry and Atabay, 2001; Stern et al., 2001; Ansari-Lari et al., 2011; Sahin et al., 2015). Schets et al. (2017) found that 97% of layer and 93% of broiler flocks tested positive for Campylobacter. Across eight flocks in the Netherlands, 55 cecal samples were taken and found that C. jejuni was the Campylobacter isolate for 100% of cecal broiler samples where in layer hens 52% were C. coli, 40% were C. jejuni (40%) and 7% were C. lari. Identical sequence types were found in the soil, sediment, and surface water which indicates potential contamination of the bird through environmental means. Through contamination of the poultry carcass, Campylobacter can cause foodborne illness and has been the etiological agent in outbreaks caused by poultry products (Nauta et al., 2009; Geissler and Powers, 2011). Therefore there is a continued urgency to implement pre- and post-harvest technologies to prevent Campylobacter contamination at all stages of poultry production.

With the rise of multidrug-resistant bacteria, consumer preference for antibiotic-free chicken, and government regulations such as the European Union’s 2006 ban of antibiotics, alternative antimicrobials have become necessary (Cervantes, 2015; Johnson, 2015; Shin et al., 2015). One alternative to conventionally implemented pre- and post-harvest antimicrobial strategies is the use of essential oils (EOs) (Tiihonen et al., 2010; Amerah et al., 2012; Calo et al., 2015; O’Bryan et al., 2015; Thibodeau et al., 2015; Micciche et al., 2018b). The EOs industry had a United States market share of $6.6 billion in 2016, a 286% increase from the 2004 market share of $2.3 billion (Zviely, 2004; Grand View Research, 2018). They are often used as flavoring agents in food products and perfumes, embalmment, anti-inflammatory and anesthesia remedies (Burt, 2004; Bakkali et al., 2008). Some EOs, such as eugenol, have been reported to have a preventative effect against cancer (Burt, 2004; Tsuneki et al., 2005; Bakkali et al., 2008). Plant-based EOs such as eugenol, thymol, carvacrol, and cinnamaldehyde have been examined and screened for their antimicrobial properties against a number of pathogens including Campylobacter (Friedman et al., 2002; Chouliara et al., 2007; Thibodeau et al., 2015; Kelly et al., 2017; Upadhyay et al., 2017). They are also commercially attractive as alternative antimicrobials, because they are considered acceptable for organic and non-conventional applications (Micciche et al., 2018b; National Organic Program, 2018). They may be useful not only in preventing human health-related diseases but in improving the performance of the bird (Alcicek et al., 2004; Hernandez et al., 2004; Diaz-Sanchez et al., 2015; National Organic Program, 2018). As such, the objective of this review was to discuss EOs as an intervention approach for limiting Campylobacter contamination in the poultry industry pre- and post-harvest. By investigating the metabolic activity of Campylobacter, a greater understanding of the mechanistic effects of EOs may be elucidated for more optimal application approaches in the future.



Campylobacter CHARACTERISTICS AND METABOLISM

Campylobacter belongs to family Campylobacteraceae, which also includes Arcobacter and Helicobacter (Fitzgerald and Nachamkin, 2011). They are non-sporulating Gram-negative microorganisms, with an s-shape and cell dimensions between 0.5 and 5 μm and ranging in width from 0.2 to 0.9 μm (Vandamme et al., 2006). A single polar flagellum is found in 20 of the 22 species with the exception being the non-motile C. gracilis and C. showae that possess multiple flagella (Debruyne et al., 2008; Facciolà et al., 2017). Campylobacter spp. are microaerophilic and grow optimally in a gas composition of 5% O2, 10% CO2, and 85% N2, pH of 6.5 to 7.57 and from 37 to 42°C (Garénaux et al., 2008; Davis and DiRita, 2017; Facciolà et al., 2017). Campylobacter will not grow at temperatures below 30°C, due to an absence of a cold shock protein gene, or with a water activity below 0.987, which is necessary to maintain turgor pressure (Hazeleger et al., 1998; De Cesare et al., 2003; Wallace, 2003; Levin, 2007; Facciolà et al., 2017). Cold shock proteins range from 65 to 75 amino acids serve as nucleic acid chaperones that prevent mRNA secondary structures from forming which enable efficient transcription and translation (Phadtare and Severinov, 2010; Keto-Timonen et al., 2016). Interestingly, despite the lack of a cold shock protein, biofilms of C. jejuni have been found to form and persist in 13°C conditions and formed biofilms with the largest surface area compared to 20, 37, and 42°C (Sanders et al., 2008). Attachment of planktonic cells to the biofilms was not significantly impacted by temperature (Sanders et al., 2008).

Compared to other foodborne pathogens occupying the poultry GIT, Campylobacter possesses a metabolism that is somewhat different and thus may be a challenge for some intervention strategies. Campylobacter spp. do not utilize the traditional glycolysis pathway, instead favoring amino acids such as aspartate, glutamate, serine, and proline for their cellular respiration pathways (Stahl et al., 2012). The traditional glycolytic pathway is incomplete as genes encoding glucokinase and 6-phosphofructokinase are absent (Parkhill et al., 2000). Furthermore, despite a complete tricarboxylic acid cycle (TCA), gluconeogenesis from glucose-6-phosphate to glucose is not observed, and the genes necessary for encoding the proteins associated with the pathway are absent (Parkhill et al., 2000; Velayudhan and Kelly, 2002). Some of the gluconeogenesis and glycolysis genes and respective proteins are present which has led to the hypothesis that C. jejuni can catabolize intermediary molecules (Stahl et al., 2012). For instance, Hofreuter et al. (2006) suggested that the presence of a glycerol-3-phosphate transporter (GlpT) in C. jejuni 81176 could be indicative of the breakdown of glycerol-3-phosphate to generate pyruvate and potential further breakdown through the TCA cycle. Additionally, the non-oxidative portion of the pentose pathway shunt (transaldolase, transketolase, ribulose-3-phosphate epimerase, and ribose-5-phosphate isomerase) is suggested to have the ability to metabolize pentose sugars (Line et al., 2010).

Two studies independently identified novel l-fucose pathways with a l-fucose permease that is homologous to the one characterized in E. coli (Dang et al., 2010; Muraoka and Zhang, 2010; Stahl et al., 2011). Fucose is a component of eukaryotic glycoproteins and is found in mucin (Allen and Griffiths, 2001; Robbe et al., 2004). Campylobacter jejuni utilizes fucose as a chemoattractant for mucin attachment (Hugdahl et al., 1988; Tu et al., 2008; Gangaiah et al., 2010; Kassem et al., 2013). While fucose uptake was phenotypically observed in C. jejuni strain NCTC 11168 (isolated from human feces), it was not detected in strains 81116 and 81176 (Muraoka and Zhang, 2010). This is due to the presence of a genomic island cj0480c–cj0490, which has been linked to an increase in virulence (Parker et al., 2006). Stahl et al. (2011) noted that this metabolic pathway improved colonization of the piglet model for human disease indicating its importance in human-associated pathogenesis. Moreover, when the l-fucose pathway genes were mutated, C. jejuni was still able to colonize the ceca of chickens but was outcompeted in a co-colonization experiment by the wild-type strain (Muraoka and Zhang, 2010). Despite the presence of this metabolic pathway, Campylobacter is largely asaccharolytic and relies primarily on amino acids and organic acids for its energy and carbon needs (Lin et al., 2009; Stahl et al., 2012; Kassem et al., 2013; Kelly et al., 2017).

Amino acids utilized by Campylobacter as carbon and energy sources include asparagine, glutamine, serine, aspartate, and proline (Wright et al., 2009). Campylobacter jejuni will preferentially utilize serine, aspartate, asparagine, and glutamate (Guccione et al., 2008; Wright et al., 2009; Stahl et al., 2012). Parsons (1984) determined the most common amino acids within the ceca of leghorn hens through ion-exchange chromatography. Serine ranked 4th (92.2 mmol/mol ceca content), aspartate ranked 2nd (109.9 mmol/mol ceca content), and glutamate ranked 1st (137.5 mmol/mol ceca content) as the most concentrated amino acids within the ceca. Asparagine, glutamine, glycine, cysteine, and tryptophan concentrations were not reported. While these concentrations will vary depending on diet, GIT microbial population, and bird type, the data provides insight into why amino acid metabolism of C. jejuni could play an essential role in its ecological niche within the poultry GIT (Ravindran and Bryden, 1999; Stahl et al., 2012). Whereas other species must rely on carbohydrate fermentation, the plentiful concentration of amino acids in the poultry ceca, due to protein-rich diets, allows Campylobacter to thrive (Józefiak et al., 2004; Vegge et al., 2009; Hermans et al., 2012).

Not all poultry dietary components contribute directly to the nutrition of the bird but may still interact with the GIT microbial population including resident foodborne pathogens. For example, there are primary plant compounds and secondary plant metabolites present in the poultry GIT that may not necessarily serve directly as nutrients but can still nutritionally influence bird performance (Smithard, 2002). While some fiber components, particularly lignin, are generally considered indigestible in the avian GIT, they can still impact GIT microbial composition, alter fermentation patterns, and influence metabolite absorption (Ricke et al., 1982, 2013; Jung and Fahey, 1983; van der Aar et al., 1983; Dunkley et al., 2007; Baurhoo et al., 2008; Sima et al., 2018). These high fiber sources have also been shown to limit the establishment of foodborne pathogens such as Salmonella Enteritidis in laying hens when serving as the primary dietary source in laying hens (Ricke, 2003; Woodward et al., 2005; Ricke et al., 2013). Plants also contain phenolic monomers (Jung and Fahey, 1983). Phenolic monomers can not only cross-link carbohydrates with lignin in the plant, decreasing fiber degradation in the GIT, but in their free form can be antimicrobial to aerobic and anaerobic bacteria (Zemek et al., 1979; Jung and Fahey, 1983).

Aromatic compounds can also be modified anaerobically (Tschech and Schink, 1985; Netzer et al., 2016). Often phenolic compounds such as chlorophenol and chlorobenzoate can be utilized as electron sinks, resulting in their reduction and modification within the lower GIT (Häggblom et al., 1993; Frazer, 1994). While Campylobacter has been shown to utilize some aromatic compounds such as resorcinol and β or γ-resorcylate, this was only shown in the presence of Clostridium spp. (Tschech and Schink, 1985; Evans and Fuchs, 1988). However, other aromatic compounds can be utilized as energy sources by some bacteria (Overhage et al., 2006). MetaCyc identifies five complete aromatic degradation pathways present in E. coli including cinnamate, phenylethylamine, nitroaromatic, and phenols (version 22.5; BioCyc; Menlo Park, CA, United States) (Caspi et al., 2015). Chlorobenzene, paraoxon, parathion, and shikimate degradation pathways have been identified in L. monocytogenes and degradation of p-cymene, along with other aromatic compounds, have been characterized in Pseudomonas spp. In Campylobacter, only the catechol degradation pathway has been detected. Numerous biodegradation enzymes have been elucidated in E. coli; for instance, eugenol has been shown to be degraded to ferulic acid by the vaoA gene-encoded enzymes (Díaz et al., 2001; Overhage et al., 2003, 2006). However, only resorcinol, protocatechuate, and phloroglucionol degradation enzymes are known to occur in Campylobacter (Evans and Fuchs, 1988; Villemur, 1995). Given the limited metabolic capacity of Campylobacter for modification, it would be intuitive that aromatic compounds that exhibit antimicrobial properties could effectively reduce Campylobacter populations in poultry production. This is important since aromatic compounds are one of the constituents present in phytobiotics.



PHYTOBIOTICS

Phytobiotics are plant-based compounds or extracts that have been suggested for use in commercial, and possibly organic, poultry production (Windisch and Kroismayr, 2007; Bakkali et al., 2008; Diaz-Sanchez et al., 2015; Micciche et al., 2018b). Most phytobiotics are Generally Recognized As Safe (GRAS) by the U.S Food and Drug Administration [FDA], 2018 and are less toxic and typically more residual-free compared to synthetic antibiotics (Diaz-Sanchez et al., 2015; U.S Food and Drug Administration [FDA], 2018). Botanicals, a subset of phytobiotics, are leaves, roots, bark, or other parts of a plant, and the terminology is often used interchangeably with phytobiotics (Windisch and Kroismayr, 2006; Mohammadhosseini et al., 2017). Other types of phytobiotics include herbs, which are derived from flowering non-persistent plants, oleoresins which are non-aqueous extracts such as balsam, and EOs (Prior and Cao, 2000). In this review, the focus will primarily be on the activity of EOs, but other phytobiotic compounds such as herbs will also be mentioned.

Essential oils, also known as volatile or ethereal oils, are oily plant-based liquids that possess aromatic properties (Burt, 2004; Hardin et al., 2010). The term “essential oils” was first coined by Paracelsus von Hohenheim in the 16th century (Guenther, 1948). The term ‘essential’ relates to the effective element in a medical preparation of the drug and is therefore loosely defined (Oyen and Dung, 1999). Currently, there are over 3,000 known EOs with approximately 300 being commercially relevant (Bakkali et al., 2008; Diaz-Sanchez et al., 2015). They include oils such as turpentine, eugenol, and cinnamaldehyde, and can be derived from other botanical compounds and herbs such as thyme, oregano, rosemary, and lemon (Burt, 2004; Fisher and Phillips, 2008; Diaz-Sanchez et al., 2015). Essential oils are extracted from their corresponding plants by steam distillation, hydrodistillation, or solvent extraction which all can create a concentrate of aromatic and volatile compounds including terpenoids and phenylpropanoids (Nakatsu et al., 2000; Hardin et al., 2010; Raut and Karuppayil, 2014). The concentrations of the ‘essential’ compounds in EOs vary wildly and are not typically defined (Lee et al., 2004a; Benavides et al., 2012).



NON-ANTIMICROBIAL EFFECTS OF EOs IN POULTRY

Essential oils have a wide range of applications including turpentine for paint mixing or linalool and linalyl acetate that are used as alternative sleep aides (Buchbauer et al., 1991; Burt, 2004). Many are incorporated as ingredients for their palatable tastes and smells in foods and aromatic sprays (Franz et al., 2010). Oregano, thyme, and cinnamon are well-known flavor enhancers (Khan and Abourashed, 2011; Wang et al., 2013). Bergamon is used for its aromatic properties of Earl Gray Tea, while synthetic based citrus oils are an ingredient in soft drinks (Fabricant, 2008; Gonzalez-Molina et al., 2009; Callaway et al., 2011). While 32.9% of EOs are applied in the food and beverage industry, the second largest application of EOs in 2015 was for spa or relaxation purposes (30.84%) (Grand View Research, 2018).

In poultry, EOs have been utilized in preharvest management settings for non-pathogen related benefits (Diaz-Sanchez et al., 2015). Digestibility of poultry feed has been shown to be improved by the addition of EOs (Williams and Losa, 2001). CRINA® (Akzo Nobel, Crina S.A, Switzerland) is a commercial blend of EOs containing thymol, eugenol, and piperine. Broilers fed 50 mg/kg of CRINA®, exhibited improved activity of total amylase, trypsin, and maltase of 40kU/pancreas, 63U/pancreas, and 12.6 μM/g mucosa respectively, compared to the control group activity of 29kU/pancreas, 42U/pancreas, and 10.6 μM/g mucosa, respectively (Jang et al., 2004, 2007). This effect was not observed; however, when 0.1% of lactate was also introduced into the diet (Jang et al., 2004). The use of 200 ppm of a blend of oregano, cinnamon, and pepper improved fecal digestibility of dry matter (Hernandez et al., 2004). Ileal absorption levels of amino acids such as threonine, serine, asparagine, phenylalanine, histidine, and lysine were positively improved by 7.8 and 8.8% by the addition of 150 and 300 ppm of a plant extract containing capsaicin, carvacrol, and cinnamaldehyde (Jamroz et al., 2003).

Amino acid absorption studies have also been performed using rat intestines. A catheter was attached to both ends of a sector of the jejunum of anesthetized rats (Kreydiyyeh et al., 2000). In the treatment groups, the jejuna were preincubated with 1000 ppm cinnamaldehyde or 850 ppm of eugenol or a saline control. Alanine was then fed through the jejuna, and it was observed that after 40 min the jejuna preincubated with cinnamaldehyde and eugenol absorbed 22 to 25 nmol of alanine compared to 60 nmol in the control. This suggests reduced nutrient absorption (Kreydiyyeh et al., 2000; Lee et al., 2004a). However, conclusions drawn from this study may be difficult to apply to production animals due to the high concentrations necessary in the feed to result in similar concentrations in the GIT as utilized in Kreydiyyeh et al. (2000). Lee et al. (2003) observed that 100 ppm of thymol or cinnamaldehyde exhibited no significant effect on pancreatic digestive enzyme activity at day 21 or day 40 within female broilers (Lee et al., 2004a). This study shows that thymol alone is unable to impact pancreatic digestive enzymes within poultry and a combination of multiple EOs, such as in Jang et al. (2004, 2007), may be necessary to impact digestibility responses in broilers. However, it may be specific combinations of EOs that impact digestibility and nutrient absorption.

Improvements in nutrient absorption and digestibility can result in improved growth rates within broilers (Gous, 2010). Feed conversion ratio (FCR), the ratio between feed intake and average weight gain, is one of the more commonly used metrics to determine if a feed additive is beneficial to commercial livestock production (Leenstra, 1986). Several studies have reported no improvement in growth rate or FCR when diets have been supplemented with EOs (Lee et al., 2003; Jang et al., 2004, 2007). However, FCR and body weight gain (BWG) improvements have been observed in other studies that utilized EOs (Denli et al., 2004; Cabuk et al., 2006; Basmacioğlu Malayoğlu et al., 2010). Cabuk et al. (2006) demonstrated that 24 or 48 mg/kg of HeryumixTM significantly improved FCR on days 21 to 1.53 and 1.56 compared to the control at 1.62. On day 42, compared to the control at 1.87, the FCR was also improved to 1.80 and 1.77 with 24 or 48 mg/kg of HeryumixTM (Cabuk et al., 2006). HeryumixTM is composed of oregano, laurel leaf, sage, myrtle, fennel, and citrus peel extracts (Herba Gida Maddeleri; Seferihisar, Turkey). Denli et al. (2004) observed similar improvements in quail when their diet was supplemented with 60 mg/kg of thyme or black seed oil.

This discrepancy may be due to certain variables including bird type, feed composition, and EO type. The intestinal mucosa and GIT microbiome composition of birds vary depending on the species and age of the bird (Zoetendal et al., 2004; Stanley et al., 2014). While the phyla Bacteroidetes and Firmicutes are dominant within quail and broiler chicken cecal microbiomes, the represented genera are different (Oakley et al., 2014; Liu et al., 2015). Over 117 different genera were identified by Wei et al. (2013) in broiler chicken ceca. The quail microbiome, however, is not as taxonomically rich at the genus level with only 32 genera being detected by Wilkinson et al. (2016). Furthermore, while the top five most dominant genera based on taxa analyses were Lactobacillus, Rumiunoccocus, Clostridium, Bacteroides, Faecalibacterium in the chicken cecal microbiome, the quail ceca microbiome was dominated by Bacteroides, Ruminococcus, Faecalibacterium, Enterococcus, and Clostridium (Wei et al., 2013; Wilkinson et al., 2016). These microbiome differences along with unknown host-species interactions should be considered when evaluating and comparing the effectiveness of any particular feed amendment across species (Koutsos and Arias, 2006).

Additionally, the feed may play a major role in how EOs improve FCR. As elucidated in Jamroz et al. (2003), EOs can impact the absorption of amino acids and potentially other nutrients in the ileum. As a consequence, the FCR should be improved in birds on typical commercial diets amended with EOs. Furthermore, improved absorption of amino acids could conceivably also allow for the use of non-conventional diets that contain less protein. In-depth studies employing not only commercial bird performance measurements but intestinal pathway and tissue profiling to screen and compare feed composition and EO blend combinations would be necessary to address this hypothesis.

Finally, while terpenoids are the main constituents of EOs, their chemistry can vary widely (Jager, 2010). For instance, carvacrol is a monoterpene alcohol and, in rats, its aliphatic group readily undergo aromatic hydroxylation while its alcohol group undergoes carboxylation (Jahrmann, 2007; Jager, 2010). Thymol on the other hand forms derivatives of benzyl alcohol and 2-phenylpropanol when reduced (Austgulen et al., 1987). When carvacrol was fed to rats, their excreted urine contained more of 2-(3-Hydroxy-4-methylphenyl)propan-2-ol then carvacrol but when thyme was fed to rats it was in the highest concentration out of its five derivates (Austgulen et al., 1987). This suggests, in rats, that carvacrol undergoes chemical interactions and is metabolized more than thymol. This functional difference between EO metabolism, along with the importance of bird type and feed composition, may in part explain the variation in EOs benefit to broiler nutrition.

Although there is variation in EOs benefit to poultry growth, the antioxidant activity of many EOs is well-known (Baratta et al., 1998; Ruberto et al., 2000; Martucci et al., 2015). Rosemary oil, thymol, carvacrol, oregano, ginger, and coriander all possess antioxidant activity (Wei and Shibamoto, 2007). An oxidation deterioration test involving the application of EOs to lard indicated that 0.20% oregano possessed the most antioxidant capacity followed by thyme, dittany, marjoram, spearmint, then lavender (Economou et al., 1991). Economou et al. (1991) also found that combinations of thyme and marjoram and thyme and spearmint EOs also had potential synergistic properties in protecting lard from oxidation. These properties benefit bird health and can be marketable if EOs are used on the finished product (Lee et al., 2004b; Diaz-Sanchez et al., 2015).

Additionally, the sensory characteristics of EOs mean that they can enhance the sensory characteristics of the final products if used in the appropriate concentrations. The addition of 300 mg/kg of oregano, garlic, or an equal combination in the diets was shown to significantly improve the flavor of frozen chicken breasts up to 60 days (Kirkpinar et al., 2014). Birds fed the EOs were processed, and the breasts were stored at -25°C for sensory analysis. Overall flavor evaluated on days 1, 15, and 30 indicated that all EOs treatments scored significantly higher than the control. Overall acceptability scores of breast meat indicated that only garlic resulted in a more palatable final product on days 1, 15, and 30. Overall acceptability scores were based on flavor, appearance, and tenderness. Days 45 and 60 scores were not analyzed statistically due to spoilage. On organic seabass filets, the addition of 0.2% thyme oil improved the sensory characteristics (Kostaki et al., 2009). A panel of seven judges evaluated the filets on nine days within a 21-day storage trial where the filets were held at -30°C. While the control group reached the acceptability limit on taste in 6 days the addition of 0.2% thyme improved the sensory characteristics scores extending shelf life by 2 days. When the filets were placed in modified atmospheric packaging (MAP) (60% CO2; 30% N2; 10% O2), sensory characteristics were improved to allow for a shelf life of 14 days. When thyme oil was added to the MAP, shelf life was extended by 3 days. Despite these potential benefits, their antimicrobial activities might be some of their more important attributes to commercial poultry production.



ANTIMICROBIAL MECHANISMS OF ESSENTIAL OILS

Indirect Antimicrobial Mechanisms

There are indirect characteristics associated with the presence of EOs that may play a role in reducing Campylobacter and other pathogen loads on the final poultry meat product. While no definitive mechanism has been elucidated, there have been several potential antimicrobial outcomes that may indirectly impact Campylobacter. For instance, the improved ileal absorption of amino acids within broilers, as demonstrated by Jamroz et al. (2003), may limit a required nutrient source for Campylobacter in the ceca (Velayudhan et al., 2004). Improvement of the immune response may also impact pathogen concentrations (Diaz-Sanchez et al., 2015). Layer hens exhibited improved antibody titer levels to Newcastle disease and infectious bursal disease when their diets were supplemented with HeryumixTM (Özek et al., 2011). In another study with HeryumixTM, the humoral immune response of layer hens in heat stress was not stimulated (Bozkurt et al., 2012). Basmacioğlu Malayoğlu et al. (2010), noted that broilers fed 0, 250, or 500 mg/kg of oregano exhibited IgG concentrations of 27.42, 30.50, and 39.41 mg/dL, respectively. The IgM concentrations were 7.91, 9.58, and 11.71 mg/dL, respectively (Basmacioğlu Malayoğlu et al., 2010). However, while these concentrations of antibodies were higher, they were not statistically significant (P > 0.05) (Basmacioğlu Malayoğlu et al., 2010). As such, further research should be conducted to elucidate the mechanism(s) of EOs on the poultry immune system. Understanding how EOs improve the immune system of poultry may be important because Campylobacter colonization may elicit an immune response, and therefore there is potential to reduce Campylobacter concentrations through immune system modulation (Connerton et al., 2018). Essential oils may also interact with Campylobacter populations directly.

Direct Antimicrobial Mechanisms

Much of the mechanisms associated with antimicrobial activities of EOs have been elucidated from microorganisms other than Campylobacter, and thus assumptions regarding Campylobacter must be inferred to some extent. General antimicrobial mechanisms associated with EOs have been extensively described previously by O’Bryan et al. (2015) and will be discussed briefly in the current review with specific emphasis on Campylobacter where applicable. Essential oils have been shown to alter proteomes and cell morphology of pathogenic bacteria (Nazzaro et al., 2013; O’Bryan et al., 2015). Significant morphological differences in cell shape have been observed when EOs such as mint, thymol, and cinnamaldehyde have been applied to bacteria (Kwon et al., 2003; Kalchayanand et al., 2004; Hajlaoui et al., 2009). For instance, the use of cinnamaldehyde on Bacillus cereus inhibited cell division resulting in elongated filamentous cells that were clumped together with incomplete septa (Kwon et al., 2003). After 1 h, almost all cells were in filamentous chains with no clear septas. Salmonella enterica serovar Thompson grown in the presence of a sub-lethal concentration of thymol (0.01%) demonstrated an altered proteomic profile compared to the control, which included downregulation of binding and chemotaxis proteins, but resulted in upregulation of other outer membrane proteins (Di Pasqua et al., 2010). In-depth analysis using 2-D PAGE, followed by MALDI-TOF, revealed that GroEL and DnaK were upregulated in the presence of thymol. GroEL, along with GroES, as well as DnaK, along with DnaJ, prevents misfolding and proper indiscriminate assembly of polypeptides under stress conditions within the cytoplasm (Fenton and Horwich, 1997; Motojima, 2015). Changes in regulation were detected by spot detection, and the relative size of the GroEL spot was 0.109 units in the control compared to a spot size of 1.044 units. The DnaK spot was not detected in the control but exhibited a size of 0.267 in the treatment with thymol. Other downregulated proteins include CheW, which is involved in transferring sensory signals from chemoreceptors to flagellar motor proteins, and thioredoxin docking proteins (Trx1). The spot size of CheW was 0.153 units and was not detected in the thymol treated cells where the Trx1 spot was 0.223 units in the control and not detected in the thymol treatment. Trx1 is an active oxidation–reduction protein that has been found to be involved in cell division in E. coli, which suggests thymol may play a role in the inhibition of bacterial population growth (Kumar et al., 2004). Trx1 refolds citrate synthase, an essential enzyme in the TCA cycle, and by downregulating Trx1 with thymol, citrate synthase was not present. In addition, enzymes of the reverse TCA cycle were upregulated in the thymol treatment such as an increase of citrate lyase from 0.08 units to 0.654. Acetate kinase was also reduced from 0.567 units to 0.19 units within Salmonella. These results may not be replicated in Campylobacter due to its incomplete glycolytic pathways and studies investigating the use of EOs to alter the proteome of Campylobacter should be performed.

Another proposed mechanism for the effect of EOs on bacteria such as Campylobacter is their potential to disrupt the outer membrane and initiate cell lysis (O’Bryan et al., 2015). Attributed largely to EOs hydrophobicity, the outer membrane lipids may be disrupted, sheared, or penetrated, allowing for an increase in permeability (Fisher and Phillips, 2009; Brenes and Roura, 2010; Guinoiseau et al., 2010). Carvacrol and thymol, in 200 mg/L concentrations, have been demonstrated to inhibit E. coli through fluorescent flow cytometry (Xu et al., 2008). The mechanism proposed in this study, supported by Helander et al. (1998), was that EOs disrupt the lipopolysaccharides membrane structure and alter the proton gradient (Xu et al., 2008). This effect may not occur in Campylobacter spp. due to their reliance on fermentation pathways and would have to be investigated (Line et al., 2010). Alterations of the lipopolysaccharide membrane can still lead to disruption of the cytoplasmic membrane and cell lysis (Xu et al., 2008). Electron microscopy has demonstrated the E. coli treated with oregano oil resulted in cell membrane collapse and leakage of contents (Sikkema et al., 1995; De Sousa et al., 2012). Cumin derived p-cymene has been demonstrated to swell bacterial cell membranes and has been suggested to be used synergistically with carvacrol to lyse bacterial membranes (Ultee et al., 2002). Other phenolic compounds have been observed to demonstrate this effect on the bacterial membrane (Cosentino et al., 1999; Juliano et al., 2000; Lambert et al., 2001; Brenes and Roura, 2010).

Essential oils have also been shown to impact Gram-positive organisms (Si et al., 2006). Cinnamaldehyde and eugenol, only when used in combination, were shown to inhibit Staphylococcus, Micrococcus, and Bacillus (Moleyar and Narasimham, 1992). Moreover, when considering the 300 commercially viable EOs, it is quite likely not all EOs may operate under the same mechanism (Diaz-Sanchez et al., 2015). They may even operate in concert with a series of mechanisms that represent contradictory activities against bacterial cellular processes. While some EOs blends promote the growth of beneficial bacteria others have inhibited beneficial bacteria such as Lactobacillus, and even some Bacillus species (Kivanç et al., 1991; Manzanilla et al., 2001; Delaquis et al., 2002; Jamroz et al., 2003; Donsi et al., 2011). Furthermore, the antimicrobial activity may not be attributable to one specific mechanism (Skandamis et al., 2001; Carson et al., 2002). When considering all of the proposed mechanisms it seems more than likely that multiple mechanisms are responsible for the effect of EOs against pathogens including Campylobacter (Diaz-Sanchez et al., 2015). As a consequence, the impact of EO blends on Campylobacter populations may vary considerably in pre and post-harvest applications.



ANTIMICROBIAL EFFECTS OF EOs ON Campylobacter IN POULTRY PRE-HARVEST ENVIRONMENTS

Transmission and Colonization of Campylobacter in the Poultry GIT

The use of EOs in pre-harvest environments has focused on preventing pathogen colonization or reducing their concentration in the GIT (Brenes and Roura, 2010). Campylobacter resides in the intestinal mucosa of the avian GIT and can be rapidly transmitted throughout a flock via the drinking water and fecal-oral route (Montrose et al., 1985; Beery et al., 1988; Keener et al., 2004). Campylobacter virulence factors that impact colonization include, motA, fliA, jlpA, and racR and were discussed in Upadhyay et al. (2017) and reviewed in Bolton (2015). While there is still controversy over how and when Campylobacter colonize the ceca, the most common route is believed to be horizontal transmission throughout the flock (Cox et al., 2010; Silva et al., 2011). Vertical transmission has been reported from parent to fertile egg and studies have detected 35% inoculation of the progeny (Clark and Bueschkens, 1985; Chuma et al., 1994; Cox et al., 2010). However, in a study with 60,000 progeny-parent breeders there was no evidence of vertical transmission, and therefore more emphasis is placed on Campylobacter colonization occurring through horizontal or environmental transmission (Callicott et al., 2006; Silva et al., 2011). Campylobacter can spread through water supplies, insects, litter, rodents, fecal content, and from bird to bird contact (Aarts et al., 1995; Adkin et al., 2006; Horrocks et al., 2009). Campylobacter colonization is usually detected at approximately 3 weeks of age and with concentrations rapidly reaching 107 CFU/g (Corry and Atabay, 2001). The ceca, containing up to 109 CFU/g, contains the largest concentration of Campylobacter within the avian GIT due to the abundance of nutrients, including amino acids, and the temperature in the avian ceca being approximately 42°C, which is optimal for Campylobacter growth (Stern, 2008; Gerwe et al., 2010; Troxell et al., 2015). The ceca are closed pouches between the ileum and the colon (Duke, 1986). This site is an important consideration for food safety as the ceca may rupture during poultry processing leading to contamination of the finished poultry product if not properly handled (Hargis et al., 1995).

EOs and Campylobacter in the Ceca

When examining responses of cecal contents in vitro, 20 mM (approximately 0.3%) of cinnamaldehyde, thymol, eugenol, or carvacrol were all independently effective in significantly reducing Campylobacter concentrations after 15 s of incubation (Kollanoor-Johny et al., 2010). By 8 h incubation, 10 mM concentrations of cinnamaldehyde, thymol, eugenol, or carvacrol were sufficient in decreasing C. jejuni by at least 5-log colony forming units (CFUs)/mL (Kollanoor-Johny et al., 2010). Kurekci et al. (2013) spiked 3 × 108 CFU/ml of C. jejuni C338 into 20-day old chicken cecal contents that previously contained no detectable Campylobacter. One gram of cecal contents was mixed with 19 mL of an anaerobic media containing 0.05 or 0.025% lemon myrtle oil. The media comprised of MgSO47H2O, 0.5 g; CaCl2, 0.02 g; K2HPO4, 0.75 g; NaH2PO4H2O, 0.25 g; yeast extract 1.0 g; resazurin, 1 mg; and cysteine-HCl, 0.5 g per liter of deionized water was kept in an anaerobic chamber (Laanbroek et al., 1977). Cultures were incubated for 48 h at 39°C and plated. While the positive control retained a concentration of 6.11 log CFU/mL, broths containing EOs reduced Campylobacter concentrations below the limit of detection (less than 3.3 log CFU/mL).

Caprylic acid, a component of coconut oil and palm kernel oil, significantly reduced Campylobacter cecal concentrations when administered in feed at concentrations below 1% (Los Santos et al., 2008, 2009). This was observed in market age and 10-day old broilers and did not affect FCR or BWG. However, the in vivo Campylobacter reducing effects of caprylic acid have been demonstrated to be mitigated when applied as caprylate in feed and water (Hermans et al., 2010; Metcalf et al., 2011).

Arsi et al. (2014) investigated the use of thymol, carvacrol, or a combination, as a feed amendment to prevent C. jejuni colonization. Ten birds per treatment were inoculated on day 3 with a 5-strain mixture of C. jejuni that were previously isolated from chicken ceca and susceptible to ciprofloxacin or fluoroquinolone. Birds were euthanized on day 10. Cecal Campylobacter counts were enumerated using Campylobacter Line agar (Line, 2001) and confirmed using latex agglutination. Individual strains were not distinguished. Four trials were performed of this experiment with the only difference between trials was the inclusion of a 2% (Trials 1 and 2) or 0.125% treatment group and the use of EO combinations (Trials 3 and 4). While significant reductions of Campylobacter in the 0.25% thymol, 2% thymol, 1% carvacrol, and 0.5% thymol and carvacrol treatments existed, these reductions were not observed across all trials and were not detected in birds fed other concentrations. Thymol, at a concentration of 0.25%, reduced Campylobacter by 0.6 log CFU/mL cecal contents during only one trial out of four. A 2 log CFU reduction was observed with 2% thymol for only one trial out of two. Additionally, 2 log CFU/mL cecal contents were observed for one trial using 0.5% thymol and carvacrol, but this was not repeated.

Campylobacter jejuni-infected broilers in a seeder model that were given feed coated in 0.3% trans-cinnamaldehyde did not exhibit any significant reduction in Campylobacter cecal populations after 1 week (Hermans et al., 2011a). In this model, six pens were set up each containing nine chickens with half of the pens receiving cinnamaldehyde. At day 15, three chicks per pen were given 108 CFU/mL of C. jejuni KC 40. At day 21, the chickens were euthanized. All ceca within the treatment groups contained C. jejuni. When the cecal populations of Campylobacter were averaged per pen, significant differences between treatment and control group were not observed. Cinnamaldehyde degrades quickly in the upper GIT of piglets, and this may explain the lack of differences within the populations for the chicken-based studies as well (Michiels et al., 2008). A commercial blend of garlic and cinnamon, Alliin Plus (Orffa, Werkendam, Netherlands), was found to cause a 1 log CFU/g reduction of Campylobacter cecal counts 3 days post-infection (day 11) but no significant effects were detected on day 35 or day 42 (Guyard-Nicodeme et al., 2015).

Combinations of EOs and Other Antimicrobial Compounds

Numerous alternative antimicrobials have been implemented in pre-harvest poultry environments to inhibit foodborne pathogens such as Campylobacter (Umaraw et al., 2017). These include bacteriophages, bacteriocins, prebiotics, probiotics, and organic acids (OAs), and EOs (van der Wielen et al., 2000; Edris, 2007; Umaraw et al., 2017). With different mechanisms of action, these remediation techniques may have synergistic potential. As such, this section will review combinations of EOs and other alternative non-EO antimicrobials, notably OAs against Campylobacter.

Gracia et al. (2015) evaluated the effectiveness of a 0.03% blend of thymol, eugenol, piperine, and benzoic acid or 0.08% garlic oil. Chickens were inoculated with 0.1 mL of 105 CFU/mL of C. jejuni at day 14 by Gracia et al. (2015). On days 21 to 42, birds in treatment groups were administered the EOs benzoic acid blend or garlic oil. In the control groups, C. jejuni populations were 7.33 and 7.38 log CFU/g. In the treatment group with the EOs blend, concentrations of C. jejuni were 7.66 log CFU/g, and in the garlic oil treatment, C. jejuni concentrations were 7.26 log CFU/g. Both these treatments were not able to statistically reduce Campylobacter concentrations.

An OA and EO treatment combination was administered to broilers by Thibodeau et al. (2014). This blend contained sorbate, fumarate, and thymol. Sorbate has been demonstrated to disrupt the cell wall of Gram-negative bacteria and lower pH of the GIT, while fumarate indirectly affects intestinal bacteria by lowering the pH of the stomach (Diener et al., 1993; Papatsiros et al., 2013; Dittoe et al., 2018). Because these OAs operate differently than the proposed EO mechanism, they may have synergistic potential, although fumarate has been demonstrated to be metabolized by C. jejuni (Hinton, 2006). Feed was amended with 500 ppm of the EOs-OA blend and provided to broilers (Thibodeau et al., 2014). On day 14, these birds were administered 1 mL of inoculum containing 105 CFU/mL of two strains of Campylobacter (designated #1 and 2). One, two, and three weeks after inoculation Campylobacter concentrations were enumerated in the ceca and on the whole carcass post-processing. This experiment was repeated using a different set of strains (3 and 4) with lower adhesion properties. In the trial with strains 1 and 2, counts of Campylobacter were not significantly different when compared to the control. In the trial with strains 3 and 4, cecal populations were significantly higher 3 weeks after inoculation by approximately 1.5 log CFU/g, but carcass rinses were significantly lower by approximately 2 log CFU/mL. This suggests the adhesion properties may impact the efficacy of the EO treatment, however other variations between the strains may be impacting the results. These adhesion properties are necessary for binding to the intestinal cell wall within poultry, which may also be impacted by EOs (Vidanarachchi et al., 2005).

Impacts on the Intestinal Mucosal Layer and Microbiota

The proposed mechanism of protecting the intestinal mucosa from colonization has been demonstrated by studies involving prebiotics, which are typically oligosaccharides utilized for the protection of the mucosal layer or improvement of the colonization of beneficial bacteria (Lee et al., 2002; Vidanarachchi et al., 2005; Johnson et al., 2015; Roto et al., 2015; Micciche et al., 2018a; Ricke, 2018). The intestinal mucosa consists of the epithelium and lymphoid tissue along with the mucus that is primarily comprised of glycoproteins referred to as mucins (Montagne et al., 2003). Mucins range from 0.5 to 20 Mda in size, and the saccharide component of the avian mucins includes fucose (15.29 ng/μg of mucin), N-acetyl-galactosamine (5.3 ng/μg), N-acetyl-glucosamine (47.72 ng/μg), galactose (24.67 ng/μg), glucose (5.15 ng/μg), and mannose (15.44 ng/μg) (Bansil and Turner, 2006; Looft et al., 2019). These carbohydrates comprise 80% of the glycoprotein weight and are oligosaccharide chains consisting of 5 to 15 monomers attached to the protein core (Bansil and Turner, 2006). Approximately 60% of the protein core consists of serine, threonine, and proline repeats and this is interspersed with approximately 10% cysteine and connect to the oligosaccharide chains via O-glycosidic bonds (Perez-Vilar and Hill, 1999; Gongqiao et al., 2003; Bansil and Turner, 2006).

Mucus protects the GIT epithelial layer from exposure to the digestive enzymes and corrosive gastric fluids and serves as a matrix for the entrapment of bacteria (Turnberg, 1987; Perez-Vilar and Hill, 1999; Lien et al., 2001). For instance, L-fucose, serine, and cysteine of mucins have been demonstrated to exhibit a positive chemotaxis response on C. jejuni, attracting the bacteria to the chemical compound (Hugdahl et al., 1988). Campylobacter jejuni have also been found to preferentially attach to avian mucins compared to cow, deer, horses, mice, sheep, pigs, and rat mucins (Naughton et al., 2013). These entrapped bacteria can, in turn, modulate gene expression of epithelial cells, impact lymphoid cells, and affect the overall health of the host by degrading complex oligosaccharides and producing short-chain fatty acids (SCFAs) (Hooper et al., 2001; Guarner and Malagelada, 2003; Sergeant et al., 2014). In chickens, the intestinal microbiota within this mucosal layer is diverse and complex, and in the ceca, the microbiome is primarily colonized by Firmicutes, Bacteriodetes, and Proteobacteria (Wei et al., 2013).

Detectable Campylobacter colonization usually occurs after 14 days of age and growth is often correlated with the presence of other microbiota, although Campylobacter’s interaction with the microbiome is poorly characterized (Hermans et al., 2011b; Indikova et al., 2015; Thibodeau et al., 2015). In humans, C. jejuni colonization is associated with a decrease of the butyrate producer, Faecalibacterium, which suggests these two bacteria may share a similar ecological niche (Hansen et al., 2014; Thibodeau et al., 2015). Lower abundances of Lactobacillus and Corynebacterium have also been associated with C. jejuni colonization, along with higher concentrations of Streptococcus and Ruminococcaceae (Kaakoush et al., 2014). These findings indicate that there is an interaction between the intestinal microbiota and C. jejuni colonization. Therefore, utilizing EOs to alter the mucosal layer, possibly through microbiome modulation, or interfering with C. jejuni binding properties, would be beneficial to preventing intestinal colonization and downstream product contamination.

One mechanism for bacterial adhesion to the poultry GIT is through lectin-carbohydrate receptors (Vidanarachchi et al., 2005). Mutants of C. jejuni without CadF protein synthesis capabilities are unable to produce a lectin protein that specifically binds to fibronectin (Ziprin et al., 1999; Rubinchik et al., 2012). CadF is a membrane-bound protein that mediates the binding of Campylobacter to fibronectin within the intestinal mucosa, which is necessary for Campylobacter colonization (Quaroni et al., 1978; Ziprin et al., 1999; Monteville et al., 2003). CadF operates by modulating the level of tyrosine phosphorylation of paxillin, which is a focal adhesion signaling molecule (Konkel et al., 2005). These mutants were unable to colonize the poultry GIT, because of the absence of the carbohydrate binding adhesion protein (Ziprin et al., 1999). Piva and Rossi (1998) postulated that oligosaccharides, such as mannan-oligosaccharides, would bind to enterocyte receptors on pathogenic cell walls which would also prevent colonization (Micciche et al., 2018a). Essential oils have not yet been found to inhibit colonization of Campylobacter through preventing lectin-carbohydrate binding.

Similar to prebiotics, such as pectin and oligosaccharides, EOs have been shown to improve the qualities of the mucosal layer of the intestine (Bengmark, 1998; Vidanarachchi et al., 2005; Wang et al., 2016). As with EOs impacting the immune response in layer hens against NCV, prebiotics has been shown to upregulate immune response cells in the intestinal mucosal such as CD4+ and CD8+ (Lourenço et al., 2015). Immune responses by prebiotic supplementation have been extensively reviewed in Hardy et al. (2013). Additionally, mucins, which can subvert the adherence of pathogenic E. coli have been upregulated by Lactobacillus plantarum 299V and Lactobacillus rhamnosus GG (Mack et al., 1999; Hardy et al., 2013). Lactobacillus can be promoted by prebiotics and potentially EOs, and this can potentially create a positive feedback loop as mucins have also been demonstrated to improve bacterial growth as they can be up to 90% carbohydrate by weight (Perez-Vilar and Hill, 1999; Manzanilla et al., 2004; Eeckhaut et al., 2008; Emami et al., 2012; Hardy et al., 2013; Yousaf et al., 2017).

The influence by EOs on the intestine has primarily focused on crypt depth and mucosal thickness (Vidanarachchi et al., 2005). Broiler diets supplemented with 100 mg/kg of 5% carvacrol, 3% cinnamaldehyde, and 2% of capsicum oleoresin exhibited an impact on the jejunal mucosa. A higher jejunal wall villi layer was observed along with an increase in thickness of the mucosa layer, which helps prevent bacterial colonization (Jamroz et al., 2006). This is because while the thicker mucosa may potentially entrap more bacteria, a thick mucosal layer may also prevent adhesion to the intestinal villi and subsequent GIT colonization by decreasing the proximity of bacteria to the intestinal binding sites (Turner, 2009). Broilers supplemented with thymol or garlic powder (1 g/kg) in their diet showed similar effects in the intestinal morphology (Demir et al., 2005). However, in pigs, villi length was either decreased or unaffected by supplementation of EOs (Namkung et al., 2004; Nofrarias et al., 2006; Kroismayr et al., 2008). Prevention of bacterial adhesion would be beneficial for inhibiting Campylobacter but could have deleterious effects on nutrient absorption due to changes within the GIT microbial community. For instance, SCFA producing bacteria, such as Lactobacillus and Bifidobacterium, have been shown to have positive impacts on nutrient absorption and overall bird health and antimicrobial strategies that prevent their growth could be detrimental. However, EOs have been reported to improve the colonization of bacteria that are non-pathogenic and may benefit the overall health of the microbiota (Wenk, 2003; Windisch and Kroismayr, 2007).

Growth rate improvement of Lactobacillus, Bifidobacteria, and other probiotic bacteria in avian hosts is viewed as a potential mechanism inhibiting avian colonization of foodborne diseases such as Campylobacter (Santini et al., 2010). In simulated environments, Lactobacillus has been shown to inhibit the colonization of undesired bacteria such as Campylobacter (Chang and Chen, 2000). Four strains of Lactobacillus (104/ml) and C. jejuni (106/mL) were added to a simulated chicken digestive system consisting of pH adjusted veronal buffers. Veronal buffer contains 0.15 mM CaCl2, 141 mM NaCl, 0.5 mM MgCl2, 0.1% gelatin, 1.8 mM sodium barbital, and 3.1 mM barbituric acid (Sigma-Aldrich; St. Louis, MO, United States) and was subsequently adjusted to a pH of 4.5, 4.4, 2.6, 6.2, and 6.3 to represent the crop, proventriculus, gizzard, small intestine, and large intestine, respectively. A simulated chicken digestive system was also created by adjusting each veronal buffer with 0.1N HCl or with veronal buffer at pH 9.6 to simulate passage within each intestinal organ. Within individually simulated GIT compartments, and the simulated chicken digestive system as a whole, significant Campylobacter reductions were observed compared to the control with no addition of Lactobacillus. In the gizzard, while a reduction from approximately 6 log CFU/mL to approximately 4 log CFU/mL of Campylobacter was observed within 90 min, likely due to the low pH, a 4 log reduction was observed when 6 log CFU/mL of Lactobacillus was added. These results might in part be due to the ability for Lactobacillus to produce bacteriocins that are inhibitory to C. jejuni (Messaoudi et al., 2012). Stern et al. (2006) applied purified bacteriocin OR-7, produced by Lactobacillus salivarius NRRL B-30514, to the feed of broilers that were challenged with C. jejuni. Compared to controls, 6 log CFU/g cecal content reductions were observed independently of the C. jejuni strain utilized.

Lactobacillus has also been known to produce SCFAs that can reduce C. jejuni populations (Awad et al., 2018). When SCFAs were tested in vitro, butyrate was determined to be bactericidal toward C. jejuni at a concentration of 12.5 mM, and acetate and propionate were bacteriostatic at 50 mM (Van Deun et al., 2008). Campylobacter has been demonstrated to produce acetate as a by-product of serine catabolism and utilize it as an energy source, which could explain the variation between it and butyrate inhibition (Parker et al., 2007; Stahl et al., 2012). This does not explain the variation between propionate and butyrate. While it has been demonstrated that C. jejuni can metabolize acetate and the OA lactate, no known pathways have been elucidated for the transport or metabolism of propionate or butyrate (Wright et al., 2009; Thomas et al., 2011; Anand et al., 2016).

Lactobacillus and Enterococcus strains, which can produce SCFAs, were tested in vitro and were also found to be inhibitory to C. jejuni (Chaveerach et al., 2004; Allameh et al., 2017). Chaveerach et al. (2004) cultured five Enterococcus and five Lactobacillus strains from healthy chickens and grew them in Mueller-Hinton broth. The broth was subsequently centrifuged, and the supernatant was separated from the bacteria. The supernatant was neutralized to a pH of 6.2 and treated with pronase and catalase to break down bacteriocins and hydrogen peroxide, respectively. Once the supernatants were confirmed to be free of bacteria, they were applied in a well-diffusion agar assay against 10 individual strains of C. jejuni. The supernatant with the highest bactericidal activity came from a Lactobacillus strain labeled P93, which produced a zone of inhibition of 9 to 15 mm and was able to impact the growth of all 10 strains of C. jejuni. This strain was also grown in co-culture with C. jejuni C2150, each at an initial inoculum of 7 log CFU/mL, and after 48 h, Campylobacter was not isolated from the culture. Campylobacter jejuni C2150 was also grown with Lactobacillus strain P104, which did not exhibit any antimicrobial effects in the well-diffusion agar, but by 72 h Campylobacter concentrations were approximately 1.5 log CFU/mL lower than the positive control at 7.5 CFU/mL. This study indicates that not only can Lactobacillus directly compete for nutrients and colonization niche with Campylobacter, but some strains can also employ antimicrobials to reduce their population numbers further.

Plant-derived compounds such as cumin, oregano, and extracts of capsaicin, cinnamaldehyde, and carvacrol have been shown to improve the growth of Lactobacillus, Bifidobacteria, and Enterococcus, and therefore may indirectly impact pathogen concentrations through competitive exclusion (Kivanç et al., 1991; Jamroz et al., 2003; Manzanilla et al., 2004). Manzanilla et al. (2001) demonstrated how XT, a mixture of carvacrol, cinnamaldehyde, and capsaicin, increased Lactobacillus cecal counts in post-weaning pigs when provided in the feed. However, these interactions are complicated as the addition of C. jejuni has been attributed to an increase in Bifidobacterium (Thibodeau et al., 2015). Further research must be performed to determine if, or which, EOs exhibit antimicrobial qualities against Campylobacter that may also simultaneously support GIT bacteria that are antagonistic to Campylobacter. While EOs do not appear to operate as substrates for Lactobacillus or other probiotics and are therefore not prebiotics, their indirect impacts on the intestinal mucosal layer promote an environment suitable for the growth of “beneficial” bacteria, which in turn, have the potential to reduce Campylobacter concentrations. Other studies found that EOs, including cumin, orange oil, and oregano, have an inhibitory effect on Lactobacillus spp. (Kivanç et al., 1991; Elgayyar et al., 2001; Delaquis et al., 2002; Chalova et al., 2010). As such, there are limitations for the application of EOs to poultry that must be addressed.

Potential Limitations and Future Directions for Preharvest EOs Application

There appears to be inconsistency in responses of birds infected by Campylobacter when administered EOs compared to in vitro responses as well as among individual bird trials. Understanding the underlying factors and potential limitations may give insight into how EOs can be applied in the future. One primary limitation of EOs is that they can be rapidly absorbed in the GIT (Meunier et al., 2006). This rapid absorption has been observed in pigs and humans (Kohlert et al., 2002; Meunier et al., 2006). Absorption by the stomach and small intestine before they can affect cecal concentrations may be occuring in in vivo studies (Arsi et al., 2014). To test this potential limitation, intestinal absorption resistant EOs derivatives can be applied. Thymol-β-d-glucopyranoside is more resistant to intestinal absorption than thymol and has been shown to have similar antimicrobial effects in vitro (Epps et al., 2015). However, while a 1 log reduction of Campylobacter was observed in the crops of market-aged broilers with this absorption-resistant compound, no significant impacts were found in the ceca with either thymol-based treatment (Epps et al., 2015).

Microencapsulation may also be utilized (Calo et al., 2015). Microencapsulation is a process in which liquid particles are surrounded in polymeric compounds (Bansode et al., 2010). Typical water-soluble coating materials can include gelatin, gum arabic, and polyacrylic acid (Jyothi et al., 2012). The intention of microencapsulation with preharvest remediation techniques is to prevent the therapeutic compound from absorption before reaching the target area within the GIT (Van Immerseel et al., 2004). For instance, Pan et al. (2014) found that encapsulated thymol inhibited pathogens more effectively in milk due to enhanced solubility. As such, microencapsulated EOs have been suggested as a methodology for improving the in vivo effects of EOs (Calo et al., 2015). Utilizing a feed-based microencapsulated blend of thymol and eugenol, along with propionic and sorbic acids, Grilli et al. (2013) was able to reduce C. jejuni in layer hens. During a 42-day trial, birds were provided this blend, labeled CTR, at varying concentrations (0.1, 0.3, 0.5, or 1.0%), and were infected with 107 CFU/mL C. jejuni on day 22. Campylobacter concentrations were measured by plating cecal contents onto modified Charcoal-Cefoperazone-Deoxycholate Agar (mCCDA). The CTR blend was effective in reducing C. jejuni at all concentrations (0.1, 0.3, 0.5, or 1.0%) on days 35 and 43, with 1% CTR exhibiting a 5 log CFU/g reduction at day 42 compared to the control. At day 42 the 0.1% concentration reduced Campylobacter populations by 3 log CFU/g. In a second experiment utilizing either 0.1 or 0.3% of this blend, birds were given either the blend before or after the day 22 infection with Campylobacter. Statistically significant reductions were still observed within each treatment group, except with 0.1% CTR at day 35, but the reductions were significantly lower for the group given the treatment after infection instead of before. The CTR blend at a concentration of 0.3% given from day 0 to 21 reduced C. jejuni by 1.5 log CFU/g at day 35 where 3 log CFU/g reductions were observed when the 0.3% CTR blend was applied on day 22. However, in a cecal loop model study by Hermans et al. (2011a), involving direct injection of the trans-cinnamaldehyde into ceca infected with C. jejuni they failed to detect significant reductions in Campylobacter concentrations. This indicates that the absorption of the EOs in the upper GIT is not the only reason for variation between in vivo and in vitro trials (Arsi et al., 2014). Further experiments utilizing microencapsulation of combined EO blends, along with comparisons with their unencapsulated counterparts, is necessary to determine the specific effectiveness of utilizing microencapsulation.

Additionally, the observed reductions using blends of EOs can help reduce the incidence of Campylobacter at time of slaughter, which can lead to reductions of human incidences of campylobacteriosis (Rosenquist et al., 2003; Chapman et al., 2016). Furthermore, an investigation into EOs impact on the GIT microbiome may also represent a pertinent future direction. For instance, increasing the concentrations of certain members of the GIT microbiome through EOs may generate a GIT less suitable or more hostile for initial C. jejuni colonization (Kaakoush et al., 2014). Once the interactions between C. jejuni, the microbiome, and EOs remediation are fully elucidated a more targeted remediation technique may be possible. For instance, specific EOs blends could be designed to modulate the microbiome to prevent C. jejuni colonization. While in vivo EOs application may not be able to eliminate Campylobacter concentrations at the time of slaughter, it does provide a hurdle that the bacteria must overcome before contamination of the final product (Leistner, 2000; Holley and Patel, 2005).



ANTIMICROBIAL EFFECTS OF EOs ON Campylobacter IN POULTRY PROCESSING

Campylobacter contamination on poultry products is one of the more common causes of campylobacteriosis in humans (Keener et al., 2004). Incidence rates in a study of 425 broiler carcasses over 12 months revealed 87.5% of the post-chill carcasses were contaminated with Campylobacter in a French slaughterhouse (Hue et al., 2010). In the United States, 52% of post-chill carcasses (n = 325) were contaminated with Campylobacter with 100% of the carcasses being contaminated pre-chill (Son et al., 2007). The most frequent method for this contamination event is for the GIT to rupture during processing and contaminants to spill onto the carcass (Berrang et al., 2001). If not properly treated during carcass rinses, cross-contamination can occur, especially within chiller tanks (Bashor et al., 2004). As such, to prevent cross-contamination, it is vital that carcass rinses and sprays be applied as appropriate sanitation techniques. Essential oils may serve as an alternative sanitizer for processing washes.

In vitro laboratory experiments may have more relevance to post-harvest interventions than pre-harvest mediations due to the complexity of the poultry GIT that cannot easily be modeled in a laboratory environment (White et al., 1997). For instance, in a series of benchtop studies orange oil was found to be inhibitory to C. jejuni, C. coli, L. monocytogenes, Salmonella, and Pseudomonas (O’Bryan et al., 2008; Nannapaneni et al., 2009; Chalova et al., 2010). Nannapaneni et al. (2009) tested seven orange oil fractions on 3 Arcobacter strains and 21 Campylobacter strains, including 14 C. jejuni strains, four of which were isolated from poultry. When viewed on disk diffusion agar, cold pressed (CP) terpeneless Valencia orange oil produced the largest zones of inhibition (in mm) of C. jejuni including those isolated in poultry, whereas other orange oil fractions produced more limited zones of inhibition. Valencia orange oil was also reported to be inhibitory toward C. coli and Arcobacter. Kurekci et al. (2013) found tea tree oil at a concentration of 0.001% to be inhibitory against two strains of C. jejuni on nutrient agar. Wild carrot oil, when used in agar plates as an antimicrobial against Campylobacter spp. including a multidrug-resistant strain, C. jejuni 99T403, exhibited a minimum inhibitory concentration (MIC) of 125 to 500 μg/mL depending on the species or strain (Rossi et al., 2007). Isoeugenol and E-methyl isoeugenol are extracts of carrot oil and when tested against C. jejuni resulted in an MIC of 125 μg/mL (Rossi et al., 2007). Thymol, in a concentration of 0.25 μmol/mL, reduced C. jejuni and C. coli by 5 logs CFU/mL in Bolton broth from an initial concentration of 7 log CFU/mL (Anderson et al., 2009; Carocho et al., 2014). An EO extract from Origanum minutiflorum, composed primarily of carvacrol and p-cymene, has been shown to be effective in inhibiting C. jejuni in concentrations as low as 12.5 μg/mL on Mueller-Hinton agar (Aslim and Yucel, 2008). However, these MICs were strain-specific, as of the 12 C. jejuni strains tested, only C. jejuni 118d was inhibited at the concentration of 12.5 μg/mL, while C. jejuni 113k, 7d, and 9a required 700 μg/mL to be inhibited (Aslim and Yucel, 2008). Cinnamon, clove, thyme, and bay leaf oils were found to be bacteriostatic at a concentration of 0.075% against C. jejuni, S. Enteritidis, E. coli, Staphylococcus aureus, and L. monocytogenes when tested in tryptic soy broth (TSB) (Smith-Palmer et al., 1998).

Other studies reported similar inhibitory and bacteriostatic effects of oregano, eucalyptus, marigold, ginger, jasmine, cedarwood, carrot, mugwort, bergamot, and other EOs, against Campylobacter and other foodborne pathogens (Friedman et al., 2002; Moreira et al., 2005; Fisher and Phillips, 2006; Thanissery et al., 2014). The MIC of EOs on other foodborne pathogens were collected and reviewed in Hyldgaard et al. (2012). Friedman et al. (2002) tested 119 EOs against C. jejuni, E. coli O157:H7, L. monocytogenes, and S. enterica in PBS for 60 min at 37°C (42°C for C. jejuni) followed by plating on appropriate media for each species, including an iron-supplemented Brucella agar for C. jejuni. The EO concentration that resulted in the bactericidal activity of a 50% CFU decrease relative to the control was determined for each EO bacterial species combination. Marigold taegetes (0.003%), ginger root (0.005%), jasmine (0.006%), patchouli (0.007%), and gardenia (0.007%) were the most effective oils against C. jejuni RM1221 followed by cedarwood (0.0075%), carrot seed (0.0078%), celery seed (0.0085%), mugwort (0.009%), spikenard (0.009%), and orange bitter oils (0.009%). In this study, 39 EOs were tested against all four foodborne pathogens. When their bactericidal activities were averaged, the five most effective EOs were cinnamaldehyde (0.03%), thymol (0.05%), Spanish oregano (0.05%), carvacrol (0.06%), and Oregano origanum (0.06%). Of these five EOs, C. jejuni was impacted the most by the lowest percent concentration compared to the other tested foodborne pathogens.

This suggests that not only may C. jejuni be a prime target for EO remediation, but EO that have not been extensively tested may be more optimal candidates to utilize, such as marigold and jasmine. Disk diffusion methods indicated that lemon, sweet orange and bergamot were effective against L. monocytogenes, S. aureus, B. cereus, E. coli O157:H7, and C. jejuni (Fisher and Phillips, 2006). Each oil was added to a 2 cm disk and then placed on agar plates in the presence of the bacteria of interest, with C. jejuni SR 117 being plated on Campylobacter agar base with 5% horse blood and incubated at 42°C. No zones of inhibition were detected for C. jejuni when orange or citral was added. Bergamot produced a zone of inhibition of 23 mm, and lemon produced a zone of inhibition of 18 mm, which were the smallest zones compared to the other tested bacteria. The zone of inhibition for linalool was greater than 90 mm. The MIC was also determined for bergamot (greater than 4%), lemon (greater than 4%), and linalool (0.06%). While no zone of inhibition was visually detected for orange oil by Fisher and Phillips (2006), when orange oil was supplemented with thyme, the combination EOs demonstrated antimicrobial activity against Campylobacter (Thanissery et al., 2014). Similar to Fisher and Phillips (2006), a disk diffusion test was performed using thyme, orange, rosemary, clove, and a 1:1 ratio of thyme and orange oil. This was tested on C. jejuni 11601 MD, C. jejuni RM1221, and C. coli RM2228 along with a cocktail of the three strains. No visible growth on disk diffusion assay across all strains and in the cocktail was visualized when exposed to thyme or clove. For the cocktail, orange oil, rosemary, and the combination of thyme and orange oil produced zones of inhibition of 17, 11, and 20 mm, respectively. A macro-broth dilution assay was also performed using Mueller Hinton broth to determine the MIC and minimum bactericidal concentration (MBC) of these oils. However, the exact MIC and MBC was not determined as 0.0008% concentrations of the oils were sufficient for inhibiting bacterial growth.

Synergistic effects have also been detected (Nguefack et al., 2012). For instance, a combination of oregano and thyme or oregano and cinnamaldehyde required 80% less EOs to produce the same inhibitory effects in nutrient broth with a Campylobacter growth supplement (Navarro et al., 2015). Thymol and geraniol reduced Clostridium difficile in feces at 500 ppm, which was five times the concentration utilized for a significant reduction in pure cultures. When 0.16 mg/mL of rosemary oil, consisting of carnosic acid, carnosol, and rosmarinic acid was applied in the laboratory, a 2 log CFU/mL reduction in C. jejuni was observed in Mueller-Hinton broth when the initial concentration was at 7 log CFU/mL (Klancnik et al., 2009; Piskernik et al., 2011). However, four times the concentration was needed to achieve the same reduction in chicken meat juice, isolated from thawed previously frozen carcasses, unless supplemented with nisin, a bacteriocin (Piskernik et al., 2011). While the complete composition was not provided in Piskernik et al. (2011), it was suggested that lipids and proteins within the juice matrix might have partly inhibited the EO therapy. Burt (2004) suggested that the decreased EO effectiveness in the food matrix compared to the broth experiment may be because in an oil-in-water emulsion that allows the bacteria to grow as films and in colonies, which can shield interior cells from therapeutics. As a consequence, while in vitro laboratory models are important, to elucidate the potential impact of EOs, poultry product matrices as well as processing environments must be considered.

The use of EOs in the post-harvest environment has focused on their bactericidal activity within carcasses washes and finished products (Calo et al., 2015; Dima and Dima, 2015). A 0.5% 50:50 mixture of thyme oil and orange oil was used in a marinade for chicken wings dip-inoculated with 107 CFU/mL of a nalidixic acid resistant strain of C. coli (Thanissery and Smith, 2014). While cross-contamination events were observed via the marinade, C. coli concentrations on treated wings were reduced by 3.0 log CFU/mL, as determined through plating of rinsates. Skinless chicken breasts experimentally infected with 5 × 105 CFU/g of C. jejuni were subjected to stinkwort (0.2%; Inula graveolens), bay leaf (0.6%; Laurus nobilis), mastic tree (0.6%; Pistacia lentiscus), and winter savory (0.6%; Atureja gontana) (Djenane et al., 2012). After 8 days of refrigerated storage under microaerophilic conditions, greater than 5 log CFU/g reductions of C. jejuni were observed compared to the control inoculated with 5 × 105 CFU/g. Sensory analysis indicated these EOs improved or did not impact the odor of the refrigerated samples according to a six member trained panel. Within 60 s, 0.06% linalool oil reduced C. jejuni on 2 cm × 2 cm pieces of cabbage leaf and chicken skin by greater than 5 log CFU and 2 log CFU, respectively (Fisher and Phillips, 2006). Cold pressed Valencia orange oil has also been shown to reduce C. jejuni UAF 244 on retail chicken thighs and legs (Nannapaneni et al., 2009). Chicken thighs and legs were dipped in a 0.8% saline solution containing 106 CFU/mL C. jejuni UAF 244 for 5 min and then submerged for 2 min in 20% (v/v) Valencia orange oil or 20% (v/v) limonene. The samples were then rinsed and plated. Across both types of chicken pieces, 1.5 to 2 log CFU/mL reductions were observed, compared to the control. Treatments with limonene resulted in reductions without detectable recovery of viable bacterial cells, although the limit of detection was not provided by the authors. Moreover, while taste panels have found concentrations of orange oil up to 0.1% to be acceptable in milk, chicken patties and marinades, a 20% part dip has not been investigated for impacts on sensory characteristics (Jo et al., 2004; Fisher and Phillips, 2008; Rimini et al., 2014).

Other factors may confound EO efficacy toward Campylobacter in poultry products. For example, one major concern for poultry industries is the ability for pathogens to form biofilms (Srey et al., 2013). Biofilms are bacterial communities within a polysaccharide matrix that can readily form and attach on processing surfaces (Costerton, 1995; Donlan and Costerton, 2002). Biofilms can be difficult to remove by antimicrobials and processing sanitizers such as chlorine and peracetic acid, which are commonly used in the industry (Frank et al., 2003; Ryu and Beuchat, 2005; Scher et al., 2005; Deborde and Von Gunten, 2008). Campylobacter is known to form biofilms on stainless steel, polystyrene, and glass (Gunther and Chen, 2009). Coriander oil and its antimicrobial component linalool were found to affect biofilm formation of Campylobacter planktonic cells and pre-established biofilms (Duarte et al., 2016). When coriander and linalool were used at 2 μg/mL (approximately four times the MIC) C. jejuni and C. coli biofilms were reduced in size by 70 to 80% after 48-h incubation in a crystal violet assay (Duarte et al., 2015, 2016). Even when using half the MIC, coriander, and linalool reduced the biofilm by 20 to 25% (Duarte et al., 2016). Results of biofilm inhibition varied more wildly from planktonic cells, but all concentrations (0.025 to 2 μg/mL) successfully inhibited biofilm growth compared to the control, with linalool reducing some biofilm formation between 10 and 20% of the control (Duarte et al., 2016). Thyme, oregano, and cinnamon EOs, when used at concentrations below the MIC, were also found effective against biofilms of Acinetobacter, Sphingomonas, and Stenotrophomonas spp. that were isolated from biofilms within the food industry (Szczepanski and Lipski, 2014). Sphingomonas biofilms were reduced by 50% by thyme oil at a concentration of 0.001% where the MIC was 0.008% (Szczepanski and Lipski, 2014). Similar results were found using thyme and balsam on Pseudomonas and S. aureus biofilms (Kavanaugh and Ribbeck, 2012; Kerekes et al., 2015).



CONCLUSIONS

The effectiveness of EOs in poultry has not been clearly defined yet. Product advantages have been noted in several studies, but studies also exist that display no impact on FCR or BWG. Other advantages of EOs include the potentially improved flavor of the carcass, antioxidant capacity, and improved feed digestibility. There is also evidence that EOs can be utilized in vitro to impact pathogen concentrations, including Campylobacter. However, this depends largely on the EO utilized as the mechanism(s) of action are not well-defined. With over 300 commercially available EOs, precisely elucidating the underlying mechanisms may prove difficult (Bajpai et al., 2012). Less information is available regarding the mechanistic role of EOs used in vivo. Their potential ability to improve amino acid absorption in the ileum may allow for generating a GIT environment unfavorable to Campylobacter in the ceca due to diminished substrate availability, which is further downstream. To fully elucidate the impact EOs have on Campylobacter concentrations in vivo, further research on the mechanism(s) and effects of EOs must be performed.

More targeted delivery of EOs to certain sites in the avian GIT may be warranted as well. Microencapsulation may help to stabilize the chemical activity of the EO until it reaches its target site in the GIT, thus ensuring less variability. Microencapsulation also holds promise in addressing the intestinal absorption of an antimicrobial. However, investigations into the duration the encapsulated EOs remains in the GIT need to be performed to see when the remediation should be administered. In post-harvest settings, further studies should be performed involving the addition of EOs to sprays, washes, or within the chiller tank.

To determine the specific antimicrobial effects of EOs, the mechanism(s) must be elucidated. This is essential because, with a wide variety of EOs, there may be multiple mechanisms at work and thus synergistic potential which cannot be determined without proper identification of the mode of inhibitory action for each individual EO. Toward this effort, molecular approaches such as transcriptomics and proteomics may be employed to determine which pathways EOs inhibit will lead to further understanding of their impact on Campylobacter. While there have been suggestions to utilize EOs as a hurdle technology in poultry production pre- and post-harvest, mechanisms of action against Campylobacter and the optimal GIT locations and processing steps must first be established before any practical recommendations can be given.
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Since contaminated poultry meat is the major source of transmitting Campylobacter jejuni to humans, the isolation of Campylobacter from poultry carcasses is frequently performed in many countries as a baseline survey to ensure food safety. However, existing isolation methods have technical limitations in isolating this fastidious bacterium, such as a growth competition with indigenous bacteria in food samples. In this study, we compared the differences in microbiota compositions between Bolton and Preston selective media, two most common selective media to isolate Campylobacter, and investigated how different microbiota compositions resulting from different enrichment methods may affect isolation frequencies. A next-generation sequencing (NGS) analysis of 16S rRNA demonstrated that Bolton and Preston-selective enrichments generated different microbiota structures that shared only 31.57% of Operating Taxonomic Unit (OTU) types. Particularly, Escherichia was highly prevalent in Bolton selective media, and the enrichment cultures that increase Escherichia negatively affected the efficacy of Campylobacter isolation. Furthermore, the combination of the selective media made a significant difference in the isolation frequency. The Bolton broth and Preston agar combination exhibited the highest (60.0%) frequencies of Campylobacter isolation, whereas the Bolton broth and Bolton agar combination showed the lowest (2.5%). These results show that each selective medium generates a unique microbiota structure and that the sequence of combining the selective media also critically affects the isolation frequency by altering microbiota compositions. In this study, we demonstrated how a microbiota analysis using NGS can be utilized to optimize a protocol for bacterial isolation from food samples.

Keywords: microbiota compositions, selective enrichment, Campylobacter, 16S rRNA sequencing, bacterial isolation


INTRODUCTION

Campylobacter spp., particularly Campylobacter jejuni, is a leading bacterial cause of gastroenteritis worldwide (Kirk et al., 2015). As a post-infection complication, C. jejuni is also implicated in the development of Guillain-Barré syndrome (GBS), an acute flaccid paralysis, accounting for approximately 31% of GBS cases (Poropatich et al., 2010). As poultry is the primary host for Campylobacter, human campylobacteriosis is frequently caused by the consumption of contaminated poultry meat (Newell and Fearnley, 2003; Rosenquist et al., 2003). Despite the well-established commensalism between Campylobacter and poultry, interestingly, Campylobacter prevalence in poultry highly varies depending on the country; for example, 27.1% in the Netherlands (van de Giessen et al., 2006), 38.6% in Poland (Szczepanska et al., 2017), 72.9% in the UK (Kaakoush et al., 2015), and 80.9% in Cambodia (Lay et al., 2011). Although the variations may result from various factors, such as geographical differences, sampling seasons, and food product types (Sahin et al., 2015), different isolation procedures used in different laboratory settings (e.g., different selective media and enrichment methods) may also significantly affect the isolation of this fastidious bacterium (Levesque et al., 2011; Carrillo et al., 2014).

The Bolton Campylobacter-selective supplement, the Preston Campylobacter-selective supplement, and modified charcoal-cefoperazone-deoxycholate agar (mCCDA) media are frequently used to isolate Campylobacter from food samples (Corry et al., 1995; Bojanić et al., 2017; Narvaez-Bravo et al., 2017; Vinueza-Burgos et al., 2017). The selective enrichment of Campylobacter is based on the intrinsic resistance of Campylobacter to antimicrobials. For instance, the antibacterial component of mCCDA is cefoperazone, the Bolton Campylobacter-selective supplement contains three antibiotics (cefoperazone, vancomycin, and trimethoprim), and the Preston Campylobacter-selective supplement has three antibiotics (polymyxin B, rifampicin, and trimethoprim), and Campylobacter is intrinsically resistant to these antibiotics (Taylor and Courvalin, 1988; Corry et al., 1995). The International Organization for Standardization (ISO) protocol for Campylobacter isolation employs the enrichment with Bolton Campylobacter-selective broth and subsequent culture on mCCDA (ISO 10272: 2006). However, the high prevalence of antibiotic-resistant bacteria among the microbiota of poultry carcasses has significantly compromised the effectiveness of Campylobacter isolation using the selective media. Particularly, extended-spectrum beta-lactamase (ESBL)-producing Escherichia coli, which is resistant to cephalosporins, is highly prevalent in poultry (Overdevest et al., 2011). ESBL E. coli can grow on the Bolton selective media and mCCDA, both of which contain cefoperazone, a third-generation cephalosporin antibiotic (Hazeleger et al., 2016). Although microbiota compositions after Campylobacter enrichment with selective media may significantly impact the isolation frequency of Campylobacter, nothing is known about how different microbiota compositions may affect the efficacy of Campylobacter isolation.

Next-generation sequencing (NGS) technology allows for the sequencing of massive samples and is useful for the microbiota analysis (Lee et al., 2013; Bragg and Tyson, 2014). By using NGS, in this study, we investigated microbiota compositions in chicken carcasses during the selective enrichment of Campylobacter with Bolton and Preston selective media, two selective media most frequently used to isolate Campylobacter. Based on the microbiota compositions, furthermore, we optimized the procedures of Campylobacter isolation using the two selective media. To the best of our knowledge, this is the first study to optimize a bacterial isolation protocol based on a microbiota analysis.



MATERIALS AND METHODS


Sample Collection and Selective Enrichment

Forty whole chicken carcass samples from 23 different brands were purchased from retail stores in South Korea from March 31 to July 21, 2017. Raw whole chicken samples were selected based on the production date and the shelf-life, packaged in a polyethylene bag, and delivered to the laboratory on ice. A whole chicken carcass was divided in half and subjected to enrichment with 1 L of Bolton broth with Bolton Campylobacter-selective supplements (Oxoid, UK) and Preston broth with Preston Campylobacter-selective supplements (Thermo-Fisher Scientific, USA) in plastic bags (Ziploc®, SC Johnson Co.). Although mCCDA is frequently used to isolate Campylobacter, in this study, Bolton and Preston selective media were used because the antimicrobial component of mCCDA (i.e., cefoperazone) is also present in Bolton. Samples were not rinsed with peptone water not to cause microbiota changes. The bags were incubated under microaerobic conditions (4% H2, 6% O2, 7% CO2, 83% N2) at 42°C for 24 h.



DNA Extraction and 16S rRNA Amplification and Sequencing

Twenty chicken samples from 19 different brands and products were used to compare the differences in microbiota compositions after enrichment with Bolton and Preston selective media as mentioned above. Total DNA was extracted from 300 μl of each enrichment culture using a commercial DNA extraction kit (FastDNA SPIN™ kit for soil, MP Biomedical, Santa Anna, CA) according to the manufacturer’s instructions. DNA was eluted in 100 μl FastDNA elution buffer, and the extracted DNA was quantified by NanoVue Plus spectrophotometry before dilution to 15 ng/μl. The V3/V4 region of the 16S rRNA gene was amplified using the universal primers 341F and 805R on the following PCR reaction conditions (95°C for 5 min; 30 cycles at 95°C for 30 s, 55°C for 30 s, 72°C for 30 s; 72°C for 7 min). PCR products were purified using a High Pure PCR Product Purification Kit (Roche Applied Science, Germany). Paired-end (2 × 301 bp) sequencing was performed commercially (Chunlab Inc., Seoul, Korea) using a MiSeq platform (Illumina, San Diego, USA).



16S rRNA Gene-Based Sequencing Analysis

The 16S rRNA gene sequences were analyzed using Quantitative Insights Into Microbial Ecology (QIIME) software package (v1.9.1) (Caporaso et al., 2010). Quality filtered sequences (Phred ≥ Q20) were used for identifying operational taxonomic units (OTUs) with open-reference OTU picking method in accordance with 97% identity of EzTaxon database (v1.5) (Yoon et al., 2017). Chimeric sequences were removed by UCHIME (Edgar et al., 2011). All samples were rarefied to 15,030 reads per samples for bacterial diversity analysis. To evaluate alpha diversity (microbial diversity within samples) of samples, alpha rarefaction was plotted using the phylogenetic distance and the detected number of species metrics with 10 iterations. The unweighted and weighted UniFrac distances were calculated for beta diversity analysis (Lozupone et al., 2006), and PERMANOVA was used to test the dissimilarity of beta diversity between groups (Anderson, 2001). Paired t-test was used for the statistical analysis of paired sample sets. A non-parametric t-test was performed with 10,000 permutations to test significance in intra-group distances. Linear discriminant analysis effect size (LEfSe) (Segata et al., 2011) was used to identify significant differences (LDA score > 3.0) in the relative abundance of bacterial taxonomy.



Campylobacter Isolation Frequencies of the Four Media Combinations

The enrichment cultures (20 ml) were concentrated by centrifugation at 4,000×g, 4°C for 7 min, and pellets were resuspended with 1 ml of each supplement broth (Bolton broth or Preston broth) (Son et al., 2007). After 10-fold serial dilution with PBS, bacterial suspension (100 μl) was spread onto Bolton and Preston agars containing each Campylobacter-specific supplements. Four different media combinations were made in the study, including Bolton broth-Bolton agar (BB-BA), Bolton broth-Preston agar (BB-PA), Preston broth-Bolton agar (PB-BA), and Preston broth-Preston agar (PB-PA). Inoculated agar plates were incubated microaerobically at 42°C for 48 h. Based on the colony morphology, such as flat, shiny, and mucoid colonies, 10 presumptive Campylobacter spp. colonies were confirmed by multiplex PCR using primer sets for Campylobacter-specific 16S rRNA gene and four Campylobacter species-specific primers were used; the primer sequences were described in Supplementary Table S3. All Campylobacter isolates were grown on Mueller-Hinton (MH) agar at 42°C under microaerobic conditions and stored in MH broth with 15% glycerol at −81°C.



Taxonomical Identification of Colonies Growing on Campylobacter-Selective Agars

To compare the distribution of Campylobacter and non-Campylobacter strains in BB-PA and PB-BA, 15 colonies were randomly selected from a Campylobacter-selective agar in each media combination based on colony shape, color, size, and transparency and transferred to a fresh Campylobacter-selective agar plate for pure culture. After 1–2 days incubation, colonies were picked up and boiled at 95°C for 7 min, and the boiled supernatant was used for PCR amplification of 16S rRNA gene. The PCR amplicons were purified and commercially sequenced (Macrogen, Inc., South Korea) by 3730xl DNA analyzer (Thermo Fisher Scientific), and the results were analyzed using BLASTN with 16S rRNA gene database.




RESULTS


Microbiota Compositions in Chicken Carcasses After Enrichment With Bolton and Preston Campylobacter-Selective Media

In the 40 enrichment samples (20 samples per each selective culture), we obtained 1,741,595 sequences (paired-end, Phred ≥Q20) with an average of 43,540 reads per sample and binned into 4,508 operating taxonomic units (OTUs) (Supplementary Table S1). Although the bacterial alpha diversity did not show any significant differences between BB and PB (Supplementary Figure S1), only 31.57% (1,423) of OTU types were shared in the samples enriched with BB and PB (Figure 1A). The microbiota compositions after the selective enrichment with BB and PB were significantly different in bacterial structures (Figure 1B). Even though the same chicken carcass was divided and exposed to the two different selective enrichment conditions, there was a significant tendency to cluster depending on the type of selective media, not the sample (Figure 1B).
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FIGURE 1. Bacterial beta diversity in the chicken samples enriched with Bolton and Preston Campylobacter-selective media. (A) Venn diagram showing detected OTU types. (B) Principal Coordinate Analysis (PCoA) plot of bacterial communities in chicken samples enriched with Bolton and Preston selective media. Unweighted UniFrac distances were used to evaluate diversity between samples, and PERMANOVA was used to test the dissimilarity of bacterial population structures.
 

Proteobacteria and Firmicutes were the major phyla after the incubation of chicken samples in BB, whereas Proteobacteria and Fusobacteria were dominant after the PB enrichment (Figure 2A). At the genus level, the BB resulted in the enrichment of Pseudomonas (6.7%), Acinetobacter (1.4%), Escherichia (70.6%), Phascolarctobacterium (1.3%), Lactobacillus (2.5%), and Bacteroides (0.4%), whereas PB significantly enriched Proteus (5.1%), Enterobacter (0.6%), Fusobacterium (24.8%), Erysipelothrix (1.2%), Coprobacillus (2.6%), and Clostridium_g6 (1.9%) (Figures 2B,C, Table 1). Notably, Escherichia was predominant in both BB and PB. Especially, the samples enriched by BB (70.6%) showed a higher abundance of Escherichia than PB (43.6%) (Figure 3A, Table 1). The PB enrichment exhibited a slightly higher abundance of Campylobacter compared to the BB enrichment, but the difference was not statistically significant (Figure 3B). The BB-enriched group exhibited less inter-individual differences than the PB-enriched group, indicating that the microbiota of chicken carcasses after the BB enrichment were more similar to each other compared to those generated by the PB enrichment (Supplementary Figure S2).
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FIGURE 2. Comparisons of bacterial taxa in chicken samples enriched with Bolton and Preston Campylobacter-selective media. (A,B) Bacterial taxonomy at the levels of phylum (A) and genus (top 27 bacterial taxonomies) (B) is indicated by a different color. *Overrepresented taxa (with LDA > 3.0) in comparison with the other selective medium (Red, Bolton media; Blue, Preston media). (C) Cladogram of overrepresented taxa (with LDA > 3.0) in each group. Overrepresented taxa in Bolton and Preston media were indicated in red and blue, respectively.
 



TABLE 1. Relative abundance of overrepresented bacterial taxonomies (LDA > 3.0) in Bolton and Preston Campylobacter-selective media.
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FIGURE 3. Relative abundance of Escherichia (A) and Campylobacter (B) in chicken samples enriched by Bolton and Preston Campylobacter-selective media. The paired t-test is used to compare two population means. x: outlier samples.
 



Effects of the Second Selective Cultivation on the Efficacy of Campylobacter Isolation

For Campylobacter isolation, it is a common procedure to transfer the first selective enrichment culture to the second selective agar media to maximize isolation rates. To increase the selective pressure in Campylobacter isolation, an aliquot of each selective enrichment broth was transferred to selective agars containing the other selective supplement. For instance, an aliquot from the BB enrichment culture was transferred to Preston Campylobacter-selective agar (PA). Although Escherichia was predominantly (70.6%) enriched in BB (Figure 3), the prevalence of Escherichia was reduced to 37.8% after transfer to PA (Table 2). Although Escherichia was relatively lower (43.5%) in PB compared to BB (Figure 3), E. coli became predominant (84.3%) when transferred to Bolton Campylobacter-selective agar (BA) (Table 2). Interestingly, the proportions of Campylobacter spp., including C. jejuni and C. coli, increased to 37.5% (C. jejuni 36.7% and C. coli 0.8%), when BB was transferred to PA (Table 2). Whenever the Bolton selective supplement was used, E. coli became predominant, and the proportion of Campylobacter was reduced (Table 2, Figure 3). The frequency of Campylobacter isolation was only 6.3% in Preston broth-Bolton agar (PB-BA) (Table 2). Based on the results, the Preston selective supplement was relatively effective in reducing E. coli and increasing Campylobacter (Figure 3, Tables 1, 2). Although the same selective media (Bolton and Preston) were used, interestingly, the sequence of combining the selective media made a significant difference in the frequencies of Campylobacter isolation (Table 2). The results showed that both the type of selective media and the sequence of combining selective media may significantly affect the frequencies of Campylobacter isolation by changing microbiota composition.



TABLE 2. Proportions of bacterial species isolated with Bolton broth-Preston agar (BB-PA) and Preston broth-Bolton agar (PB-BA) combinations.
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Effects of the Sequence of Selective Medium Combinations on Campylobacter Isolation

To determine how the sequence of combining Bolton and Preston selective media affects the frequencies of Campylobacter isolation, we determined the isolation frequencies of four different combinations, including Bolton broth-Bolton agar (BB-BA), BB-PA, Preston broth-Preston agar (PB-PA), and PB-BA, using 40 retail chicken samples. Interestingly, each combination exhibited different levels of isolation frequency. Consistent with the findings above (Table 2), the combinations that used BA as the second selective culture medium exhibited lower isolation frequencies than those coupled with PA (Table 3). While BB-PA showed the highest (60.0%) frequency of Campylobacter isolation, BB-BA exhibited the lowest (2.5%) frequency (Table 3).



TABLE 3. Frequencies of Campylobacter isolation from retail raw chicken of four different combinations of Bolton and Preston Campylobacter-selective media.†

[image: image]

 




DISCUSSION

Bacterial isolation from food, environmental, and clinical samples is based on the selective growth and enrichment of the target bacteria using culture media supplemented with antimicrobials to which the target bacteria are intrinsically resistant. If some indigenous bacteria in the background microflora of the sample are resistant to the antimicrobials used in the selective media, the resistant bacteria may compete with target bacteria, affecting the composition of microbiota. This may consequently affect the isolation efficiency, particularly when background microflora outgrows the target bacteria. However, differences in microbiota compositions after the selective enrichment have not been taken into consideration to optimize protocols for bacterial isolation.

In this study, we found that BB markedly increased the proportion of Escherichia and reduced that of Campylobacter compared to PB (Figure 3). As BB contains three antibiotics (i.e., cefoperazone, vancomycin, and trimethoprim), E. coli growing in BB was resistant to the three antibiotics (data not shown). While vancomycin is effective against Gram-positive bacteria, Gram-negative bacteria are usually resistant to vancomycin intrinsically due to the permeability barrier of outer-membrane (Zhou et al., 2015). E. coli showed an increasing trend of trimethoprim resistance, and 13.8% of E. coli isolates from chicken are resistant to trimethoprim in the United States (Tadesse et al., 2012). In addition, cephalosporin-resistant E. coli, such as ESBL- and AmpC-producing E. coli, is highly prevalent in poultry (Overdevest et al., 2011; Reich et al., 2013; Olsen et al., 2014). Consistently, in this study, Escherichia was predominant in the selective enrichment media (Figure 3A, Table 1). The levels of E. coli and C. jejuni are originally low on chicken carcasses, which are approximately 0.8 log CFU/ml and 0.02 log CFU/ml in post-chill rinses of chicken carcasses, respectively (Altekruse et al., 2009). However, our study showed that Escherichia was highly enriched and became predominant after enrichment with Campylobacter-selective media, particularly BB (Figure 3A, Table 1). Furthermore, the high prevalence of Escherichia was accompanied by the reduction of Campylobacter population (Figure 3B, Table 2).

The different antibiotic selective pressures generated by BB and PB influenced in the formation of unique microbiota structures with the differential levels of Campylobacter prevalence in the enrichment cultures. Due to the fecal contamination of poultry carcasses during processing, the composition of microbiota on poultry carcasses is substantially affected by the gut microflora of poultry. Firmicutes is the predominant phylum throughout the chicken intestines from crop to large intestines (Yeoman et al., 2012) and constitutes approximately 50–90% of all taxa in the cecum (Qu et al., 2008; Danzeisen et al., 2011). According to a report from Kim et al. (Kim et al., 2017) on microbiome changes on chicken carcasses, Firmicutes are predominant in all steps of poultry processing. In this study, consistently, Firmicutes, such as Lactobacillus, Phascolarctobacterium, Coprobacillus, and Clostridium_g6, were detected after BB and PB enrichments (Figure 2A). Lactobacillus is frequently detected in the gastrointestinal tracts of chickens and highly abundant (ca. 68%) in the duodenum and ileum (Lu et al., 2003). Lactobacillus acidophilus and Lactobacillus delbrueckii are dominant in the ileum of chickens aged 3–21 days, and Lactobacillus salivarius and Lactobacillus crispatus are dominant Lactobacillus spp. in chickens aged 28–49 days (Lu et al., 2003); these Lactobacillus were isolated by BB-PA (Table 2). In the cecum of chickens, Clostridiaceae and Fusobacterium are dominant (ca. 65 and 14%, respectively) (Lu et al., 2003). Fusobacterium is more frequently found in the feces of chickens (Yan et al., 2017), and Fusobacterium mortiferum is most abundantly found in chicken feces (Oakley et al., 2013). In our study, fusobacteria were more frequently found in PB-enriched samples, compared with the BB-enriched samples (Figures 2B,C, Table 1), and F. mortiferum was isolated in PB-BA (Table 2). The detection of bacterial species that are originated from the gastrointestinal tracts of chickens strongly indicates fecal contamination of chicken carcasses. However, these predominant bacteria in the chicken intestines became less dominant during the enrichment step using the Bolton and Preston selective media.

Our study also highlights the need for the evaluation of bacterial competition in the microbiota of selective enrichment. While a previous report suggested that Pseudomonas spp. could support the survival of C. jejuni on chicken meat (Hilbert et al., 2010), our results showed that Pseudomonas was overrepresented in the BB-enriched samples with a low abundance of Campylobacter compared to the PB-enriched samples (Figure 2B). In addition, it has been reported that several Lactobacillus strains showed antagonistic activities against C. jejuni (Lehri et al., 2017), suggesting that higher abundance of Lactobacillus in the BB-enriched samples might affect the growth of Campylobacter in the BB media. Further studies are needed to elucidate the dynamics of competitive bacterial growth under selective enrichment conditions.

Interestingly, the application of the secondary selective culture generated completely different frequencies of Campylobacter isolation. In addition to the different capability of the selective media in enriching Campylobacter (Figure 3), the sequence of combining the selective media substantially affected the isolation frequency. Using the same selective culture media (Bolton and Preston), BB-PA exhibited significantly higher frequencies of Campylobacter isolation than PB-BA by 5.9-fold (Table 3). The ISO protocol for Campylobacter detection employs the enrichment with BB and subsequent culture on mCCDA that is supplemented with cefoperazone, a third-generation cephalosporin, which is one of the three antibiotics in the Bolton selective supplement. Based on the antibiotics used in the protocol, the combination of BB and mCCDA would generate a selective pressure similar to that of the BB-BA combination. To improve the isolation frequency, the revised version of ISO includes the enrichment with Preston broth and the following culture on mCCDA (ISO, 2015); this would possibly be similar to the PB-BA combination. In our study, the detection frequency of PB-BA (22.5%) was higher than that of BB-BA (2.5%), whereas the best isolation frequency was achieved in the BB-PA combination (Table 3).

The prevalence of Campylobacter in poultry is usually high in many countries; however, the prevalence level often varies depending on the country. Accurate determination of a baseline of Campylobacter contamination of foods is highly important, since the baseline level may affect the results of a risk assessment of Campylobacter contamination of poultry (Habib et al., 2008) and food safety policies pertaining to the control of Campylobacter in the food supply system. Although NGS is a powerful tool to investigate microbiota, it has never been used to investigate microbiota compositions during the selective culture of bacteria, although the microbiota compositions may significantly impact the frequencies of bacterial isolation. Aiming to improve the frequencies of Campylobacter isolation from poultry carcasses, this study provided a novel insight into how an NGS-based microbiota analysis can be employed to optimize the protocols for Campylobacter isolation. The same approach can be applied to the development of isolation protocols for other bacteria.
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Campylobacter is one of the most commonly reported foodborne human bacterial gastrointestinal pathogens. Campylobacter is the etiological agent of campylobacteriosis, which is generally a self-limited illness and therefore does not require treatment. However, when patients are immunocompromised or have other co-morbidities, antimicrobial treatment may be necessary for clinical treatment of campylobacteriosis, macrolides and fluoroquinolones are the drugs of choices. However, the increase in antimicrobial resistance of Campylobacter to clinically important antibiotics may become insurmountable. Because of the transmission between poultry and humans, the poultry industry must now allocate resources to address the problem by reducing Campylobacter as well as antimicrobial use, which may reduce resistance. This review will focus on the incidence of antibiotic-resistant Campylobacter in poultry, the clinical consequences of this resistance, and the mechanisms of antibiotic resistance associated with Campylobacter.
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THE IMPORTANCE OF ANTIBIOTIC-RESISTANT CAMPYLOBACTER

Campylobacteriosis is usually a self-limited illness, and patients with prolonged symptomology are usually placed on a macrolide or fluoroquinolone antibiotic regimen (Salazar-Lindo et al., 1986; Allos and Blaser, 2010). However, antibiotic resistance of Campylobacter to these important classes of antibiotics, especially fluoroquinolones, is on the rise (US Food and Drug Administration, 2014; Bolinger et al., 2018). Resistance in two important Anti-Campylobacter antibiotics, azithromycin (macrolide) and ciprofloxacin (fluoroquinolone), has increased, resulting in approximately 310,000 cases of potentially untreatable infections, leading to 28 deaths in the United States annually (CDC, 2019).

The rise in antibiotic resistance has been geographically heterologous, with trends in both good and bad antibiotic stewardship mirrored in the agricultural and private sector. Information learned through epidemiological studies in higher income countries is targeted toward stopping resistance. Specifically, the antibiotic stewardship programs like the National Healthcare Safety Network, Gonococcal Isolate Surveillance Program, National Tuberculosis Surveillance System, and the Emerging Infections Program have all increased awareness of the prescription behavior, patient compliance, and resistance pattern of important clinical pathogens (Ventola, 2015a,b). Many of these programs have targeted practitioners to stop over-prescribing antibiotics. Instead, data have directly resulted in a more tuned regimen program for multiple classes of clinically important antibiotics and led to improve treatment success (Fridkin et al., 2014; Ventola, 2015a,b). Specific to food, the National Antimicrobial Resistance Monitoring System was established in 1996. This program distributes information and conducts research on foodborne pathogens from retail meat and the risk may or may not pose to the community as a whole (Zhao et al., 2006; Ventola, 2015a,b). The World Health Organization has had additional resolutions to improve antibiotic stewardship as the European Union and other groups worldwide (Ventola, 2015a,b). In more developed countries, organizations track the spread of antibiotic-resistant foodborne pathogens, which in turn enable regulatory agencies to change management strategies. This awareness has brought about changes that may ultimately reduce the risk of antibiotic resistance.

While antibiotic stewardship is still a challenge in high income countries, it is not the same obstacle as what is faced in lower to middle income countries. In these countries, agriculture is exploding, and there are very few, if any, regulations on the market to control the use of antibiotics. As these countries also typically have high incidence of diarrheal disease that impacts growth and development as well as reduces vaccine efficiency, the rise in any antibiotic resistance is alarming (McCormick and Lang, 2016). In particular, countries such as Brazil, Russia, India, China, and South Africa (BRICS) require antibiotics to meet the agricultural paradigm in place (Van Boeckel et al., 2014).

In the BRICS countries, poor hygiene, lack of access to potable water, and the absolutely uncontrolled use of antibiotics all contribute to this issue of spreading disease and rise in resistance (Van Boeckel et al., 2014; Frost et al., 2019). For instance, in India, Campylobacter isolates are often multiple-drug resistant and have phenotypic resistance to ciprofloxacin, tetracycline, furazolidone, ampicillin, gentamicin, and erythromycin (Jain et al., 2005). In Central America, trends hold true as well, with antibiotic-resistant Campylobacter on the rise (Toledo et al., 2018).

Besides reducing the treatment failures for diarrheal diseases in low income countries, preventing the rise in antibiotic-resistant Campylobacter is essential as certain populations that are more at risk for severe complications. These populations, such as the immunocompromised or the elderly, will likely be placed on antibiotic regimens in order to prevent bacteremia and sequelae. Specifically, HIV patients are particularly vulnerable as infections can be intractable with bacteremia, ultimately requiring macrolide or fluoroquinolone therapy (Hussein et al., 2016). Another potential outcome of campylobacteriosis includes when Campylobacter disseminates to the periphery and causes profound disease. Campylobacter fetus, a rare and animal associated Campylobacter species epithet, causes spondylodiscitis in HIV and aged patients that commonly have other comorbidities (diabetes mellitus), where common therapeutics are not effective (Olaiya et al., 2018). Therefore, antibiotic-resistant strains of Campylobacter are absolutely problematic clinically as treatment resistance could have significant consequences for immunocompromised patients. As a result, understanding how resistance occurs historically is important in order to potentially find novel patterns and lessons in controlling Campylobacter.

A controversial avenue for the introduction of antibiotic-resistant Campylobacter strains to humans is through the consumption of meat, including poultry (Thakur et al., 2010; Barton, 2014; US Food and Drug Administration, 2014; Mäesaar et al., 2016). Campylobacter is present as a commensal organism in the gastrointestinal tracts (GITs) of poultry and can be antibiotic resistant (Zhao et al., 2010; Kojima et al., 2015; Ohishi et al., 2017; Raeisi et al., 2017). A Polish study indicated that as many as 94.4% of Campylobacter jejuni isolated from chicken are resistant to at least one class of antibiotic (Wieczorek et al., 2017). However, the link between agriculture and human clinical isolates of Campylobacter remains controversial. This review will focus on the mechanisms associated with antibiotic resistance, the controversial link between the use of antibiotics in agriculture and clinical resistance, and the current antibiotics available as well as the challenges faced with the ever-present rise in antibiotic-resistant isolates.



ANTIBIOTIC RESISTANCE MECHANISMS

Antibiotics inhibit the growth and proliferation of microorganisms by binding to a specific target central to the microbial molecular biology and inhibiting the targets normal homeostatic activity or otherwise preventing the activity of an antibiotic. These effects can result in either bacteriostatic (cessation of replication) or bactericidal (killing) effects on the microorganism. There are four common mechanisms associated with antibiotic resistance: alteration of the antibiotic target, inactivation of the drug, decreasing membrane permeability, and the expression of antimicrobial efflux pumps (Iovine, 2013). In Campylobacter, mechanisms of antibiotic resistance are no different and are on occasion multimodal.

One of the most common mechanisms associated with antibiotic resistance is the ability of microorganisms to alter their membrane permeability, which ultimately prevents diffusion of the antibiotic into the intracellular environment. Porins are transmembrane proteins that create molecular pores allowing for the diffusion of chemical compounds that otherwise cannot cross the cell membrane, including antibiotics, into the periplasmic and intracellular environment (Galdiero et al., 2012). Campylobacter reduces membrane permeability via changing the expression of porins (Page et al., 1989; Pumbwe et al., 2004). In many instances, the natural and unique porins expressed by Campylobacter naturally prevent the entry of most antibiotics with molecular weights greater than 360 KDas (Page et al., 1989). By altering porin expression pattern, Campylobacter can reduce antibiotic diffusion to target within the intracellular and periplasmic space.

Another common mechanism used by Campylobacter for resistance is the expression of efflux pumps, which in many cases result in multidrug-resistant phenotypes. Efflux pumps can be expressed by both Gram-positive and Gram-negative prokaryotes and actively transport structurally variable molecules like antibiotics from the periplasmic or cytoplasmic space to the external environment of the cell (Pagès and Amaral, 2009; Nikaido and Pagès, 2012; Handzlik et al., 2013; Blair et al., 2014; Yao et al., 2016). An example of this includes the efflux pumps used by Campylobacter that removes the aminoglycosides from the intracellular space, preventing the antibiotic from reaching the ribosome and exerting its effects. Potential novel approaches to combating this kind of resistance include potentiators that act as efflux pump antagonist, which ultimately shuts down resistance (Mamelli et al., 2003; Payot et al., 2004). Efflux pumps are especially concerning as they are not specific and may successfully efflux multiple classes of antibiotics. Yao et al. (2016) found that the emergence of a super efflux pump variant, named RE-CmeABC, directly confers multidrug resistance in Campylobacter as it can non-specifically efflux multiple classes of antibiotics. RE-CmeABC is a particularly dangerous genetic element as it is encoded in a plasmid and subject to horizontal transfer.

Mutations in the target site reduce affinity and avidity for the antibiotic, which ultimately makes that class of antibiotics ineffective (Vetting et al., 2011). For example, fluoroquinolone resistance is due to a point mutation in the topoisomerase site where the antibiotic typically binds and renders it ineffective. Point mutations occur naturally as a consequence of normal biological replication and can be favored or disfavored by environmental conditions. By changing that target site, the point mutation reduces the binding affinity of the fluoroquinolone (Ling et al., 2003). In environments where antibiotics are non-existent, resistant point mutations are not likely a favored or even result in a neutral mutation. However, if antibiotics are present, the surviving bacterial progeny must confer that mutation for resistance and selective pressure results in the mutation becoming dominant (Ling et al., 2003). Additionally, the biotransformation of an antibiotic by the bacteria intracellularly can also render it ineffective. Bacterial enzymes in the bacteria modify side chains of chemical groups on the antibiotic, which consequentially reduce antibiotic-binding affinity to the target site. A classic example of this important mechanism occurs in aminoglycoside antibiotics, which have numerous hydroxyl and amide groups that are vulnerable to modification once in bacterial systems (Norris and Serpersu, 2013). Once modified, the aminoglycosides are ineffective.

The rise in multiple antibiotic-resistant Campylobacter is mechanistically multimodal. Numerous studies point to multimodal resistance becoming an important component of Campylobacter drug resistance. Hao et al. (2016) found that C. jejuni 1655 had several mutations at different target sties for antibiotics, including Thr-86-Ile mutation in gyrA and the A2075G mutation in 23S rRNA, tetO, aphA, and aadE genes. Additionally, C. jejuni 1655 carried a pTet plasmid. All together, these mutations and plasmids result in a multidrug resistant phenotype to fluoroquinolone, macrolide, tetracycline, and aminoglycoside classes of antibiotics. Therefore, identifying one mechanism of resistance as the resistance “smoking gun” is not likely. Clinically, data indicates that Campylobacter should be subjected to antibiograms prior to the initiation of clinical therapeutic regimens to select antibiotics; the pathogen is susceptible in order to ensure that positive therapeutic outcomes are possible.



AGRICULTURE, ANTIBIOTICS, AND CAMPYLOBACTER

Significant press and public attention have, likely unfairly, pointed to the agricultural industry as the root cause of antibiotic resistance. However, this is still a controversial notion, with data resulting from multiple studies ultimately being non-conclusive. Multiple studies have been conducted to determine whether or not this link is real. Ultimately, this may be a case of correlation not indicating causation. While the rise in resistance in the clinical sector is mirrored in the agricultural sector, these may be very independent events or perhaps existing in a gray area. The judicious use of antibiotics as a whole may ultimately combat antibiotic resistance.

In order to determine if there was a link between antibiotic-resistant Campylobacter in poultry with human campylobacteriosis, a study was conducted that isolated Campylobacter strains from poultry and human clinical campylobacteriosis samples (Wieczorek et al., 2018). While some correlations existed, the link was neither direct nor concrete and remains controversial. Additionally, Silva et al. (2016) found that there is no relationship between Campylobacter isolated from human and poultry sources based on pulse field gel electrophoresis analysis. More research is needed to fill the gap between animal use antibiotics and human infection of antibiotic-resistant pathogens.

The paralleled rise in resistance is illustrated by the rise of quinolone-resistant strains in the veterinary and clinical setting. It is true that in the early 1990s, Endtz et al. (1991) found a rise in resistant strains isolated from poultry products from 0 to 14% between 1982 and 1989. Correspondingly, quinolone-resistant Campylobacter isolates increased from 0 to 11% isolated from human sources. In order to determine if agricultural isolates impacted human disease outcomes, Zhao et al. (2015) used pulsed-field gel electrophoresis (PFGE) to subtype Campylobacter isolates from humans and retail poultry and observed that isolates between the two sets displayed the same resistance phenotypes and PFGE patterns. Data indicated that the human isolates were likely linked to the contaminated poultry products. However, this is not entirely correlative and the exposure of humans to resistant Campylobacter does not come without its own nuances. Zhao et al. (2015) also observed that human isolates of Campylobacter tended to be more genetically diverse and resistant than the retail chicken isolates. This amplification of drug resistance in clinical patients may be due to the horizontal transfer of mobile genetic elements encoding antibiotic resistance in the human gastrointestinal tract (Barnes et al., 1972; Eckburg et al., 2005).

In order for causation to be correlative, a direct link must be established and consistent between agriculture and clinical isolates, which remains to be the case with Campylobacter. The missing link likely speaks to the complexities associated with mobile genetic elements making that direct link unlikely or that the correlation ultimately does not mean causation. Some models have shown that antibiotics fed to food animals present a low risk of clinical treatment failure associated with antibiotic resistance. For example, Hurd et al. (2004) conducted a risk assessment modeling the effects of tylosin and tilmicosin, two macrolide antibiotics, on Campylobacter spp. and E. faecium. The scientists administered both types of veterinary antibiotics to swine, cattle, or poultry for therapeutic, prophylactic, and growth promotion. The antimicrobial resistance determinant was considered the most likely hazard factor for causing human illness, which is supported by U.S. Food and Drug Administration’s Center of Veterinary Medicine. This farm-to-patient risk assessment model indicated that the use of macrolides resulted in less than 1 in 10 million rate of failure in treating Campylobacter with these two antibiotics. While resistance is a problem in both sectors, the common use of macrolides used in food animals does not impact antibiotic resistance in human campylobacteriosis.



ANTIBIOTICS USED TO TREAT CAMPYLOBACTERIOSIS IN THE CLINICAL SETTING

The CDC has recommended treatment regimens be initiated for Campylobacter if the patients have weakened immune systems or are experiencing profound effects. Commonly, macrolides and fluoroquinolones are prescribed with macrolides being preferred due to their low resistance rate (CDC, 2019). It has been documented that there are a greater frequency in identifying fluoroquinolone-resistant isolates compared to macrolide-resistant Campylobacter isolates. That may be due to the mutation frequency of the 50S ribosomal subunit that confers resistance occurring in approximately 10 mutations per Campylobacter cell per generation. The mutation frequency for the 50S ribosomal subunit is 10,000-fold lower than the mutation frequency of the gyrase and topoisomerase genes that confer fluoroquinolone resistance (Yan et al., 2006; Lin et al., 2007). The increased rate in mutation frequency likely corresponds to the rise in ciprofloxacin-resistant isolates Campylobacter, which was from 13% in 1997 to 19% in 2001 (Gupta et al., 2004). This is compared to the steady prevalence of 2% erythromycin, a macrolide, resistant positive isolates of Campylobacter during the same time period (Gupta et al., 2004). This trend has continued through time as currently the prevalence of fluoroquinolone resistance is 35.4% in C. jejuni and 74.4% in Campylobacter coli in the United States (Tang et al., 2017).



MACROLIDES

A course of the macrolide azithromycin is the gold standard chemotherapeutic regimen to treat Campylobacter infections, which effectively reduces bacterial shedding and the length of the illness (Kuschner et al., 1995). The breakpoint concentration associated with azithromycin indicates that 30 to 500/d for 3 days of azithromycin was effective for the eradication of Campylobacter and acceleration of a patient’s recovery time (Kuschner et al., 1995; Vukelic et al., 2010). This, as well as the low incidence of natural resistance, has led to azithromycin being the drug of choice (DuPont, 2007).

Another option for therapeutic regimens in clinical medicine includes the use of erythromycin (Guerrant et al., 2001). Efficacy is lost when the antibiotic regimen is not started at the onset of symptoms and may require prolonged treatment (Guerrant et al., 2001). Advantages of using erythromycin include the low frequency of natural resistance of Campylobacter to erythromycin (Smith et al., 1999; Bardon et al., 2009), with antibiogram analysis of 1,808 isolates from Finnish patients between 2003 and 2005 reporting a resistance prevalence to erythromycin at 1.1% (Lehtopolku et al., 2010). Clindamycin is a lincomycin antibiotic, and Wagner et al. (2003) first proposed this as a potential therapeutic for campylobacteriosis. This alternative was evaluated by determining the minimum inhibitory concentration for five common antibiotics. The researchers observed that only 2% of the Campylobacter isolates were resistant to clindamycin, while greater than 45% of isolates exhibited resistance against four fluoroquinolone antibiotics tested (Wagner et al., 2003).



FLUOROQUINOLONES

Fluoroquinolones may be used to treat Campylobacter but are problematic due to the resistance profile of clinical Campylobacter isolates (Nord and Edlund, 1991). The clinical isolates associated with active campylobacteriosis exhibit greater frequencies of quinolone resistance, increasing as much as 20-fold in the 1990s in Sweden (Wretlind et al., 1992; Gibreel et al., 1998). As with macrolide resistance, fluoroquinolone resistance is naturally occurring as a point mutation, ultimately leading to treatment failure and symptomatic relapse (Segreti et al., 1992; Sanders et al., 2007). A classic example of this issue is norfloxacin, fluoroquinolone widely used to treat enteric infections (Sjögren et al., 1997). Epidemiological evidence indicates that resistance can occur within 1 day of therapy (Sjögren et al., 1997). In fact, resistance to multiple fluoroquinolones exhibits a sharp increase in Campylobacter isolates, such as the rise of nalidixic acid resistance from 8.2% in 1990 to 26.3% in 2004 (Gallay et al., 2007), and a similar trend of quinolone resistance occurred in Germany (Luber et al., 2003).

There are promising fluoroquinolones for use in the clinical setting, yet mounting resistance continues to be a significant theme in the historical perspective associated with Campylobacter fluoroquinolone resistance. For instance, moxifloxacin is a fourth-generation synthetic fluoroquinolone that effectively kills Campylobacter and is difficult to mount resistance toward, as compared to ciprofloxacin (Wagner et al., 2003). Additionally, the use of levofloxacin in clinical cases of campylobacteriosis is promising (de la Cabada Bauche and DuPont, 2011). The effectiveness of a single dose treatment of 500 mg/d of levofloxacin is similar to 1,000 mg/d of azithromycin but with fewer side effects (Sanders et al., 2007). However, as with most fluoroquinolones, resistance has been observed when compared with azithromycin (Sanders et al., 2007).

Resistance against other fluoroquinolones has been widespread. A common fluoroquinolone of choice for medical practitioners, ciprofloxacin, has been reported in developing countries with levels ranging from 30 to greater than 84% (Hoge et al., 1998; Pandey et al., 2010; Meng et al., 2011). As with other fluoroquinolones, the frequency of isolating ciprofloxacin-resistant strains of Campylobacter is rising. In Peru, Pollett et al. (2012) observed that between 2001 and 2010, the prevalence of ciprofloxacin-resistant Campylobacter isolates rose from 73.1 to 89.9% in the area of Lima and from 24.1 to 48.9% in the Iquitos region. Similar to the clinical setting, an increased prevalence of fluoroquinolone-resistant Campylobacter strains has been recovered from food animals in developed countries (Taylor et al., 2008). Nannapaneni et al. (2005) isolated ciprofloxacin-resistant Campylobacter isolates from retail raw chicken carcasses in the United States with numbers ranging from 57% in 2001 to 96% in 2003. This is likely due to the relationship developing countries have with antibiotics, which ultimately results in poor antibiotic stewardship and an ultimately significant increase in antibiotic resistance. Therefore, increase in both clinical and veterinary isolates of Campylobacter in the developing world is anecdotal of a larger problem in countries where the use of antibiotics in both independent settings, the clinical and the veterinary, is poorly controlled and executed.



MODELS FOR CONTROLLING CAMPYLOBACTER

The intensive use of antibiotics has been suggested to have an increased number of resistant strains of mutants and a decreased effectiveness of antibiotics (Wegener, 2003; Ventola, 2015a,b). The World Health Organization (WHO) has concluded that increases in antibiotic resistance represent a considerable, worldwide threat to public health (WHO, 2014). In order to attempt to preserve the efficacy of clinical antibiotics, the European Union banned the use of clinical antibiotics for growth promotion in 1999 (Casewell et al., 2003). In the United States, the Institute of Medicine recommend to reduce or eliminate the use of antibiotics in feed in 1980 and 1989, and also it was supported by a Council for Agricultural Science and Technology (1981) and a Committee on Drug Use in Food Animals Panel on Animal Health, Food Safety, and Public Health (1998). The Veterinary Feed Directive was recently implemented in the United States to limit the use of human clinical antibiotics as well as provide stricter guidelines for the use of antibiotics in food animals and is viewed as the first step to solving a significant veterinary and human clinical problem (Veterinary Feed Directive (VFD), 2017).

However, despite the regulations, it is still under debate about the relationship between resistance microorganisms selected when an antibiotic was used as the growth promoter in food animals and the antibiotic-resistant infections in humans (Phillips et al., 2004; Vaughn and Copeland, 2004). At the time of increasing concern about the spread of antibiotic resistance pathogens in humans, U.S. Food and Drug Administration initiated the Veterinary Feed Directive (VFD), which requires a prescription from a veterinarian to use medically important antibiotics in infected animals. These medically important antibiotics are not allowed to be used as growth promoters. The regulation information has been listed in Table 1.



TABLE 1. Veterinary feed directive antibiotics.
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As with other bacteria, the use of the correct antibiotic with the correct species epithet is important and is a tenant of good antimicrobial stewardship. When analyzing antibiotic-resistant isolates of Campylobacter isolated from live broilers, Li et al. (2017) reported that C. coli exhibited significantly greater prevalence of antibiotic resistance than C. jejuni to clindamycin, gentamicin, and kanamycin, but less resistance to florfenicol. This finding demonstrated that while a particular antimicrobial may be effective for reducing C. jejuni, it may not be as effective for treating C. coli and vice versa. Therefore, while campylobacteriosis tends to be binned within a single category, the identification of the specific species epithet is important for treatment success. By becoming more aware of the potential differences in resistance across species epithets, properly prescribing the correct treatment regimen may further enhance antimicrobial stewardship.



CONCLUSION

Ultimately, it is poorly understood as to how fluid the Campylobacter genome is and the full risk associated with antibiotic resistance in the agricultural setting. Additionally, the link between agricultural antimicrobial abuse and treatment failures in the clinical setting still fails to be established. With increased antibiotic vigilance, research into the mechanisms that drive antibiotic resistance in Campylobacter, and the potential development of novel antimicrobial strategies, it may be possible to mitigate the effect of antibiotic resistance independently across the veterinary and clinical sectors. While resistance is not conferred between poultry and the clinical patient, the exposure to the clinical patient does occur through poultry. The rearrangement and transference of mobile genetic elements within the human host, the environment, and the poultry itself likely make the “smoking gun” improbable.

However, the establishment and prescription of a single-hurdle approach to control this foodborne pathogen and ultimately reduce the risk to the human population are unlikely. Therefore, not only does research need to focus on the development of new antibiotics to help patients in the clinical setting, it needs to focus on preventing the reservoir for campylobacteriosis, poultry, from continuing to serve as such. Whether or not reducing Campylobacter resistance in poultry affects the war on antibiotic resistance is unknown and will remain a mystery.
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Globally, the bacterial genus Campylobacter is one of the leading causes of human gastroenteritis, with its primary route of infection being through poultry meat. The application of biosecurity measures is currently limited by a lack of understanding of the transmission dynamics within a flock. Our work is the first to undertake a mathematical modeling approach to Campylobacter population dynamics within a flock of broilers (chickens bred specifically for meat). A system of stochastic differential equations is used to model the routes of infection between co-housed birds. The presented model displays the strong correlation between housing density and Campylobacter prevalence, and shows how stochastic variation is the driving factor determining which strains of Campylobacter will emerge first within a flock. The model also shows how the system will rapidly select for phenotypic advantages, to quickly eliminate demographically-weaker strains. A global sensitivity analysis is performed, highlighting that the growth and death rate of other native bacterial species likely contributes the greatest to preventing flock outbreaks, presenting a promising approach to hypothesizing new methods of combatting disease transmission.
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1. INTRODUCTION

Campylobacter is recognized as the leading cause of human gastroenteritis in the developed world (Ghareeb et al., 2013). While several transmission routes have been noted over the years (Nauta et al., 2005), poultry meat has been overwhelmingly attributed as the leading route of ingestion for humans [EFSA Panel on Biological Hazards (BIOHAZ), 2011]. An ongoing study by Public Health England has highlighted the extent to which Campylobacter spp. have dominated our commercial poultry. Seventy-three percent of supermarket chicken carcasses were found to contain Campylobacter and 7% of the outer packaging was similarly contaminated (Jorgensen et al., 2015). An estimated 450,000 people across the United Kingdom are infected every year, with 10% of these infections resulting in hospitalization (Strachan and Forbes, 2010). The immediate impact of infection is rarely fatal in the developed world, characterized by stomach cramps and diarrhea, however the resulting sequelae, while rare, are far more serious. Campylobacteriosis leaves the host ~100 times more likely to develop the auto-immune disorder Guillain-Barré syndrome (McCarthy and Giesecke, 2001).

While the bacteria provoke an aggressive response in human hosts, the most common species, Campylobacter jejuni, is considered commensal within its most common host, broiler chickens. The term “broiler” refers to any chicken bred and raised specifically for meat production. Once Campylobacter is present in a flock, full colonization of all birds occurs very rapidly (Evans and Sayers, 2000). From the introduction of one infected bird, it can take only a single week for an entire flock to become infected (Stern N.J. et al., 2001). The bacteria are spread via the fecal-oral route. After becoming infected, the newly-infected host broiler spends a brief period in a non-infectious incubation period, before excreting the bacteria in its fecal and cecal matter. Surrounding susceptible broilers are then exposed to this by ingesting the surrounding feed and water (Shanker et al., 1990). While the direct cause of introduction to the flock is uncertain, an exhaustive review by Adkin et al. (2006) considered that horizontal transmission is by far the most likely route, primarily being brought into a susceptible flock from some other source on the farm, such as the enclosures of other farm animals. This is as opposed to vertical transmission from breeder flocks, which are themselves often fully colonized by Campylobacter spp. Nevertheless, there may be a combination of both routes of entry into a flock, which deserves greater consideration.

Campylobacter is very rarely observed to colonize the gut of very young chickens (0–2 weeks of age) (Newell and Wagenaar, 2000). This is theorized to be the result of a supply of innate maternal antibodies acquired during a pre-laying period. This immunity has been shown to have significant bactericidal properties (Sahin et al., 2001).

Despite numerous intervention measures being trialed and employed on farms, little impact has been seen in reducing outbreak incidence (Hermans et al., 2011). This is due in part to the aggressive rate of proliferation once Campylobacter has entered a flock, coupled with persisting uncertainty in the exact route of primary infection. Specifically designed prevention methods are also marred by genetic variation and plasticity of Campylobacter spp. (Tresse et al., 2017).

Of increasing concern is the growing trend of antimicrobial resistance in campylobacteriosis outbreaks. Roughly 90% of the antibiotics applied in agriculture are used only to promote growth or as prophylactic agents, as opposed to being used to treat infection (Khachatourians, 1998). This overzealous use has been a major contributing factor to the continuing spread of antibiotic resistance. Ge et al. (2003) conducted a study showing that 94% of tested raw chicken samples were resistant to at least one of seven antibiotics being tested, 54% of which showed resistance to erythromycin, the antibiotic most commonly used to treat campylobacteriosis. These antimicrobial-resistant strains cause more prolonged and severe illness in humans (Travers and Michael, 2002) and create a scenario where in-vitro susceptibility testing may be necessary before any drugs may be prescribed.

Despite a wealth of empirical investigations, there is a lack of knowledge synthesizing these empirical findings through theoretical modeling frameworks. Only two studies have considered a theoretical approach to understanding Campylobacter spp. outbreaks; Hartnett et al. (2001) and Van Gerwe et al. (2005), who built a basic susceptible-infected (SI) model and a probabilistic model, respectively. Both frameworks only consider a model on the scale of a flock through basic susceptible-infected interactions. These approaches are not sophisticated enough to develop any meaningful theories on Campylobacter dynamics, as they do not represent or convey any specific interbacterial actions by Campylobacter populations. The lack of modeling approaches is likely due in part to the inherent challenges of mathematically simulating a gut microbiome. Over 100 different bacterial genera have been isolated from the intestines of chickens (Pan and Yu, 2014), all with a range of individual ecological interactions with one-another. Questions must then be asked regarding how to simulate the temporal and spatial impact of gut motility on the development of a microbial community. Despite these challenges, simplified models of stochastic differential equations have proved effective in capturing the often frenetic bacterial population dynamics within the gut (Wiles et al., 2016).

Here, we introduce a framework of stochastic differential equations that captures the basic interactions that are known to be observed within the broiler gut. Using this framework we simulate the propagation of multiple strains of Campylobacter through multiple birds in a flock. In the analysis presented below we observe key dynamical behavior commonly observed through experimentation, which can now be mechanistically explained using this theoretical framework. The theoretical insights derived from this model can be used to refine current hypotheses regarding Campylobacter transmission and inform future experimental and control efforts. The model will likely be of use to experimentalists and risk assessors in theorizing the impact of potential new disease prevention methods on the bacterial transmission dynamics.



2. MODELING FRAMEWORKS


2.1. Deterministic Model

Before presenting the stochastic differential equation framework, we begin by introducing the underlying deterministic core of the framework and the particular interactions modeled. Consider four variables to describe the bacterial populations within a broiler's digestive tract. C, the proportion of a single bird's gut flora made up of Campylobacter. B, the proportion of the gut flora made up of other bacterial species competing for space and resources. P, the proportion of the gut containing host defense peptides (HDPs) (this may also be interpreted as other plausible forms of host autoimmune response). Lastly, M, the proportion of the gut containing innate maternal antibodies. These all take values ranging such that 0 ≤ C, B, P, M ≤ 1. The set of ODEs describing the dynamics follows:
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All rate constants are defined below in Table 1. Model boundedness is shown in Appendix S1 (Supplementary Material). The first term (r1C(1 − (C + α1B))) in Equation (1) describes the logistic growth of Campylobacter to a relative carrying capacity of 1, while in competition with other bacteria B. Competition for resources is the key to success within the gut. Campylobacter is known to be an effective colonizer (Stahl et al., 2012), as it is very effective at drawing zinc and iron from its environment (Gielda and DiRita, 2012; Raines et al., 2016). The second term (γCP) in Equation (1) models the inhibitory effect of host defense peptides, P. These peptides are created in response to challenge by Campylobacter, as shown by Cawthraw et al. (1994). The third term (d1C) of Equation (1) simply describes the natural death rate of Campylobacter. The fourth term (βCB) simulates an important interbacterial interaction; that some of the most abundant competing bacteria in the microbiome have an inhibitory effect on Campylobacter (Schoeni and Doyle, 1992). The final term (σCM) of Equation (1) represents the strong bactericidal abilities of the bird's maternal antibodies. All chickens hatch with an initial supply of antibodies that depletes over time, gone by about 3 weeks of age (Sahin et al., 2001) (most broilers are slaughtered at 5 or 6 weeks of age, however some organic and free-range flocks are slaughtered at approximately 8 weeks). These antibodies have a strong inhibitory effect on Campylobacter, and many studies are unable to detect Campylobacter (by culture methods) in birds under 2 weeks of age under commercial conditions (Sahin et al., 2015). However, forced inoculation of high-quantities of Campylobacter soon after hatching can still result in expression of the bacteria (Welkos, 1984).



Table 1. Model parameters and baseline values.
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Equations (2), (3), and (4) follow a similar logic to Equation (1). Other bacteria, B, grow in competition with Campylobacter to a carrying capacity. Defense peptides, P, grow in response to Campylobacter expression (not in competition for resources), and the population of maternal antibodies, M, does not grow. All variables decay at a rate proportional to their respective populations.

Note that the above model could be reduced by amalgamating terms in Equations (1) and (2), however we choose to keep these separate to (i) keep biological processes clearly defined, and (ii) make further model development and sensitivity analyses clearer.

Ignoring the trivial cases of complete domination by either C or B, the basic dynamical behavior observed for this simplified model is illustrated in Figure 1. Notably, Campylobacter is absent from the microbiome until the maternal antibody population has been exhausted. At this point a sudden, temporary, surge in the population of Campylobacter is observed. This phenomena is due to the very low population of HDPs, caused by the strong effect of the initial maternal antibodies. The HDP population then quickly rises to meet this sudden challenge, bringing the Campylobacter population back to a lower level in an oscillating manner, where it eventually reaches a steady-state equilibrium. This behavior is commonly observed in experimental studies (Achen et al., 1998; Newell and Fearnley, 2003).
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FIGURE 1. Deterministic model for one chicken. An example of the typical dynamical behavior observed for simulations of Equations (1–4). Parameters defined in Table 1.



From this simple core of four equations we adapt the model to allow for N unique strains of Campylobacter, by describing each strain as a separate variable. Equation (1) is repeated for each individual strain, while altering the growth rate terms to reflect the fact that all strains will also be in competition with one another. This alteration is represented by the following set of ODEs:

[image: image]

[image: image]

[image: image]

[image: image]

Here Cj represents the jth strain of Campylobacter, where j ∈ {1, 2, …, N}, and N is the total number of strains. As such this adjusted model is composed of N + 3 variables. The next alteration is to allow for multiple birds and the ability for Campylobacter to move from one bird to another. This is done by repeating the N + 3 equations presented in Equations (5)–(8) for each bird, and introducing new variables to display the saturation of Campylobacter strains in the shared living space.

As such, the newly adjusted model to describe the population dynamics of N strains of Campylobacter within L broilers, is written as,
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Here then, Cij represents the proportion of the ith broiler's gut bacteria which is composed of Campylobacter strain j. Bi is the proportion of the ith broiler's gut bacteria made up of other bacterial species competing for space and resources. Pi, the proportion of the ith broiler's gut containing host defense peptides. Mi is the proportion of the ith broiler's gut containing innate maternal antibodies. Here i ∈ {1, 2, …, L}, where L is the total number of broilers. Ej represents the amount of Campylobacter strain j that is currently in the flock's enclosed living space. We assume a living space of fixed size shared by all broilers. As such, Ω represents this total size, or carrying capacity for strains. The first term in Equation (13) shows that the amount of strain j in the environment is increased by being shed from birds that are already infected with strain j at a rate b. Note from the final term [image: image] in Equation (9) that birds may then ingest strain j from the environment at a rate [image: image]. This route of infection simulates the fecal-oral route of infection, but may be interpreted as some other intermittent transmission stage between birds. As such we do not remove Campylobacter from the environment (Ej) upon an ingestion event, as the possibility of further environmental contamination is not yet understood and may indeed depend on the specific route of infection. The model is now composed of L(N + 3) + N equations, for N strains of Campylobacter, and L individual broilers.



2.2. Stochastic Model

While several important biological phenomena can be discovered and better understood with the model in its current, deterministic, form, there are key reasons to pursue a stochastic framework. First, having one variable alone to represent the multitudes of bacterial species that make up the constantly-evolving gut microbiome is, of course, a significant simplification. In practice, these other bacterial species competing with Campylobacter will be constantly changing, both in resurgences of population and in how they interact with Campylobacter. Adding stochastic elements to these populations and interactions is a small step toward capturing some of this more unpredictable behavior. Indeed the biomass of Campylobacter measurable in fecal and cecal matter has been observed to fluctuate widely (Morishita et al., 1997; Achen et al., 1998). Secondly, the density dependent assumptions made when formulating the initial deterministic model, that is that interaction rates are directly proportional to the variable populations, are assumptions that break down for smaller populations. The simulations undertaken often display bacterial populations at very small quantities, especially in the initial period dominated by maternal antibodies. A stochastic system behaves very differently under these circumstances and means that the model is more likely to display cases of strain extinction, a phenomena that the deterministic model cannot capture. Indeed, the very nature of Campylobacter infections is one that is often described in the language of probability. The all-or-nothing nature of flock infections means that we often must ask what measures can reduce the likelihoods of infections, rather than the magnitude. Through a stochastic framework we explore multiple realizations of potential outcomes, and investigate reducing the likelihood of outbreaks in a flock of broilers. The case studies presented below highlight the need for a stochastic modeling approach to accurately capture the multi-strain dynamics of Campylobacter within the gut. This approach allows for the simulation of turn-over and resurgence of dominant strains, an experimentally observed behavior (Colles and Maiden, 2014) that cannot be captured by a deterministic system.

For the stochastic framework, Equations (9–13) are adjusted to the following set of stochastic differential equations,
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where λj(t) is defined by;
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and where a(Ej) is defined by;
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Here Wt denotes a Wiener process (standard Brownian motion process). These stochastic increments are scaled by the respective population size and constants η2 through to η5. These constants dictate the variance of their respective Wiener processes, defining the range of stochasticity attributed to the growth rate of their respective variables. The changes and additions shown in Equation (14) warrant further explanation. The sixth term (a(Ej)) in Equation (14) (the last of the deterministic terms), has been changed from a constant rate of ingestion from the environment, as seen in Equation (9), to instead have ingestion modeled by a chance to ingest Campylobacter depending on the amount of that strain in the environment, Ej. The greater Ej is, the more likely it is for ingestion to occur.

The eighth term [λj(t)] in Equation (14) is a stochastic term independent of the population of Cij. This is introduced to allow for the possibility of extinction events, should the population of Cij reach a particularly low threshold. This threshold is decided by the value taken by λj(t), in this case 2.873 × 10−4. As with all other parameter values displayed in Table 1, the values used in the expressions λj(t) and a(Ej) are calculated through model validation against the studies presented below in section 2.3. Finally, the ninth term of Equation (14) considers stochasticity surrounding the interactions between Cij and the competing bacteria Bi. This term allows for instances when the particular biodiversity and spatial structure of the gut microbiome may be more inhibitory toward Campylobacter, or perhaps actually assisting its growth instead.

Several interesting dynamical behaviors can be observed using this model, which are highlighted through some specific question-led case studies. Table 1 defines all parameters presented in the final stochastic model [(14–18)] as well as a baseline of parameter values that were used in model validation against real world data sets (presented below). The model is constructed to an arbitrary timescale, however the parameter values given in Table 1 ensure that multiple oscillations in the Campylobacter population can be observed in the below case studies, a phenomena observed in the lifespan of broilers (Morishita et al., 1997).

Note that throughout we have chosen to use a Campylobacter competition coefficient of α1 = 0.9744 < 1. This choice is justified in that bacterial populations can inhabit multiple intestinal niches that cannot be colonized by other competing bacteria. Indeed competitive exclusion therapies have been far less effective in tackling Campylobacter compared to other foodborne illnesses such as Salmonella (Stern N. et al., 2001). The deterministic model is solved using the ode45 solver, a fifth-order Runge-Kutta method in Matlab. The stochastic model is solved numerically using the Euler-Maruyama method (Higham, 2001) with N = 214 timesteps, also programmed in Matlab. The code used to produce all figures presented is available at: https://osf.io/b3duc/.

We also note that while the model is general enough that it is not specific to any one species of Campylobacter, two of the three datasets that were used to tune our model parameter values were from studies unique to the most common species, Campylobacter jejuni (Achen et al., 1998; Stern N.J. et al., 2001). As such we may expect slightly different parameter values to be applicable for other species of Campylobacter. However, from testing the model, the results we present below are ones that are generally observed for a range of parameter values, and as such are relevant findings to the whole genus.



2.3. Model Validation

We test our model by comparing its predictions against three experimental studies on Campylobacter expression and spread. Firstly, we consider the work of Achen et al. (1998). Achen et al. performed an experiment with 24 broilers, who were kept in individual, isolated wire-bottomed cages. Birds were confirmed as free of Campylobacter before being inoculated with a C. jejuni suspension. A cloacal swab was then obtained from each bird every day for 42 days, to monitor whether or not each bird was shedding Campylobacter. Figure 2 shows their experimental results alongside the predictions made by our model.
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FIGURE 2. Model validation against data of Achen et al. (1998). The percentage of a group of isolated broilers shedding Campylobacter across several weeks following inoculation.



Specifically, the blue line represents the modal value of the percentage of the 24 birds shedding across a thousand simulations, with error bars depicting the standard deviation across these simulations. Achen et al. (1998) also reports how most birds would shift from phases of positive shedding to negative shedding, a phenomena also captured by the oscillating behavior displayed by the model. Sampling via culture methods like those performed in this experiment is prone to false-negative results for samples with very low quantities of Campylobacter (Acke et al., 2009). Therefore, for this model validation, we considered a broiler as being clear of Campylobacter if its proportion of Campylobacter (variable C) was below 0.005. This was considered a more accurate measure to correspond with the experimental data. While our model was constructed to an arbitrary timescale, comparing to this real-world data set it was found that our time axis is best rescaled by a factor of 0.021 to align with the measure of days used in these studies. This corrected timescale is used for all subsequent case studies within this paper.

Secondly, we consider the experiment conducted by Stern N.J. et al. (2001). Multiple separate pens were prepared, each containing 70 broilers, all free of Campylobacter. A Campylobacter-positive seeder bird was then added to the flock. Different pens had seeder birds introduced at different points in time. Three, five, and seven days after a seeder bird was introduced, a sample of chickens were tested for Campylobacter to estimate the percentage of the flock that was currently Campylobacter-positive. We plot our model predictions against Stern et al.'s experimental data below in Figure 3. To match the housing density of the experiment, a value of Ω = 45, 369 was used for the model. An error band is plotted around our model prediction displaying the standard deviation of values across 100 simulations.
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FIGURE 3. Model validation against data of Stern N.J. et al. (2001). The percentage of a flock of broilers shedding Campylobacter across several weeks after introduction of a Campylobacter-positive seeder bird at (A) 7 days, (B) 14 days, (C) 21 days, (D) 28 days.



Lastly we simulated the experiment performed by Van Gerwe et al. (2005). Four flocks of 400 birds were set up in individual enclosures from day of hatch. Four birds in each flock were then inoculated with a Campylobacter suspension and returned to the flock. Birds were then sampled from each flock throughout the next few weeks to record the percentage of flock infection. Figure 4 plots their experimental data against our model prediction. For the experiments shown in Figures 4A,B, the four seeder birds were inoculated at day of hatch, and chickens were sampled by cloacal swabbing. For the experiments shown in Figures 4C,D, the seeder birds were inoculated one day after hatch, and the flock was analyzed by collecting fresh fecal samples.
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FIGURE 4. Model validation against data of Van Gerwe et al. (2005). The percentage of a flock of broilers shedding Campylobacter across several weeks after introduction of a Campylobacter-positive seeder bird. (A,B) Seeder bird introduced at day of hatch, samples collected via cloacal swab, (C,D) seeder bird introduced one day after hatch, samples collected via fresh fecal droppings.






3. SIMULATIONS

We now use a series of (simulated) case studies to investigate key dynamical behaviors and predictions from the model.


3.1. Staggered Strain Infection

In this first example, the deterministic model for multiple strains in one broiler (Equations 5–8) is considered. Five strains of Campylobacter within one chicken are simulated, all with the exact same respective rate constants as shown in Table 1. Figure 5A shows the results when all five strains are introduced at t = 0 days, with the same initial inoculation amount of Ci(0) = 0.0001. Figure 5B shows instead when each strain is introduced in intervals of t = 5 days. Therefore, only strain 1 is introduced at t = 0 days, strain 2 is introduced at t = 5 days and so on until finally strain 5 is introduced at t = 20 days. In both cases the other three variables are initialized at B(0) = 0.4, P(0) = 0.01, and M(0) = 0.5.
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FIGURE 5. Simulations of multiple Campylobacter strains within one broiler. Population growth of five strains of Campylobacter within one broiler that are (A) all introduced at t = 0 days (B) introduced in intervals of t = 5 days. Strains are initialized at Cj(t) = 0.0001 at their respective time of introduction. Other variables are initialized at B(0) = 0.4, P(0) = 0.01, and M(0) = 0.5. Note that the single green line in Figure 5A is due to overlap, all five strains exhibit the exact same dynamical behavior, as would be expected.



While the maternal antibodies (M) are not plotted on these figures, they approach 0 at approximately t = 20 days, as can be seen by the following surge in Campylobacter populations following this point in Figure 5. While, unsurprisingly, all strains perform identically in Figure 5A (where strains are initialized at the same point in time), a more curious dynamic is observed in Figure 5B. The strain that performs best and exists at the highest proportion in the staggered release example is strain 2, the second strain to be introduced. The reason for this is that strain 1, present at t = 0 days, is initially suppressed by the maternal antibodies (parameter M), reducing the proportion of strain 1. As a result, when strain 2 is introduced, it is able to capitalize on the severely reduced amount of strain 1, and the reduced amount of maternal antibodies, to quickly grow and dominate the competitive space. Strain 2's increased presence then puts future strains at a disadvantage as it has already had the opportunity to establish itself within the gut. These results suggest that dominant Campylobacter strains can prevent new strains from taking hold. Moreover, there is an optimal point in time for inoculation to occur for a strain to become dominant, as shown in Figure 5B where strain 2 is consistently occupying a higher proportion of the gut than other strains.



3.2. Stochastic Model—One Strain in One Broiler

The stochastic model (Equations 14–17) is run to simulate one strain of Campylobacter within one broiler. In this scenario, we ignore the environmental variable E (Equation 18), as its input is negligible for only one broiler. The rate constants are kept at the same values as used previously, defined in Table 1, with the additions of the stochastic variance scaling rate constants, parameters that limit the variance of the stochastic additions. These are set as ηCj = η2 = η3 = η4 = 0.01, and ηBCj = 0.0847. ηBCj is set higher than the other stochastic rate constants to capture the greater unpredictability surrounding these bacterial interactions. Four different realizations of this model are presented in Figure 6, all initialized at C(0) = 0.02, B(0) = 0.4, P(0) = 0.01, M(0) = 0.5.
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FIGURE 6. Stochastic simulations of one Campylobacter strain within one broiler. (A–D) Four different realizations of a stochastic model simulating one strain of Campylobacter within one isolated broiler.



Empirical studies measuring the amount of Campylobacter in the fecal matter of isolated broilers have shown a spectrum of results. Some broilers display sustained high populations, others express initial peaks followed by great reduction and potentially later resurgence, and sometimes extinction cases are observed (Achen et al., 1998). All these dynamical behaviors can be observed in different realizations of this model (Figure 6). Figure 6A shows an instance where a broiler is consistently infected and shedding into the environment, unable to effectively clear the Campylobacter from its system. Figure 6B instead shows an instance where a broiler has multiple periods of high infection and shedding, before being able to clear the infection. Figure 6C shows an instance where after one initial peak in Campylobacter expression, a broiler is able to quickly clear infection. Finally, Figure 6D shows an instance where the broiler successfully clears Campylobacter at the initial point of inoculation. All these realizations are run with the same parameters given in Table 1, demonstrating the benefit of a stochastic framework being able to better capture the more diverse range of possible events. This broad array of dynamical profiles is not observed in commercial broiler flocks, a phenomena that is demonstrated in the following case study.



3.3. Stochastic Model—One Strain in Multiple Broilers

The previous scenario is now extended to consider multiple broilers. Figure 7 presents the results for one Campylobacter strain in a flock of 400 broilers. We use the parameter values stated in Table 1. The total size of the enclosure, or the carrying capacity of E, is set at Ω = 200, 000. This value is considered in cm2, and so with 400 broilers, translates to 500 cm2 per broiler. EU directive 2007/43/CE states that broilers may never be stocked at more than 42 kg/m2 (Council of European Union, 2007). Assuming a targeted bird weight of 1.5 kg, this translates to 357 cm2 per bird. This simulation models slightly more space allowed to each bird than the limit. The death rate of Campylobacter in the environment is set at d5 = 0.05, higher than the death rate within a broiler as, despite their many survival mechanisms (Murphy et al., 2006) Campylobacter is susceptible to many exterior environmental stresses (Park, 2002) and is exceptionally fragile outside of its host. The simulation began with no Campylobacter in the surrounding environment [E(0) = 0] and the other initial conditions are set the same as for the previous example, with the exception that two of the 400 broilers start with an initial condition of C1(0) = C2(0) = 0.02, while the others are initialized without any Campylobacter. These results are shown in Figure 7.
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FIGURE 7. Stochastic simulations of one Campylobacter strain within multiple broilers. The proportion of a broiler's gut containing Campylobacter for (A) a broiler in the flock initialized with a small proportion of Campylobacter (B) a broiler in the flock initialized with no Campylobacter. (C) Shows how much of the environment (total size of 200,000) contains Campylobacter. This is variable E in the model.



While birds who are not initialized with Campylobacter become infected at a slightly later time, the dynamical behavior is very similar across all birds in the flock. Multiple realizations do not display the broader spectrum of behavior observed in the one broiler case (Figure 6). The implication is that housing a greater number of birds causes more homogeneous dynamical behavior, and indeed the wide variety of Campylobacter expression seen in the isolated bird experiments of Achen et al. (1998) is not so commonly observed in experiments with group-housed birds (Van Gerwe et al., 2005).



3.4. Stochastic Model—Five Strains in Multiple Broilers

We extend the previous scenario to investigate dynamics of multiple strains. Five strains of competing Campylobacter are modeled within the same flock of 400 birds. The same constants are used as in the previous scenario, with each strain having identical rate constants. One key difference is that all broilers are initialized without any Campylobacter, instead an initial amount is present in the environment. Each strain of Campylobacter in the environment is initialized at E1(0) = E2(0) = E3(0) = E4(0) = E5(0) = 100. The results of this simulation are shown in Figure 8.
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FIGURE 8. Stochastic simulations of multiple Campylobacter strains within multiple broilers. (A–D) The proportion of four different broilers' microbiomes that contain five strains of Campylobacter. All birds are within the same flock. (E) Shows how much of the environment (total size of 200,000) contains the five strains of Campylobacter. These are variables Ej in the model.



On average, all strains perform equally well across the flock, as shown in Figure 8E. All strains slowly converge to roughly equal amounts in the environment, reflecting an equal presence on average across all birds in the flock. However, when observing the Campylobacter proportions within individual broilers, one or two strains will tend to dominate early on in colonizing a broiler's gut, which can in turn prevent other strains from taking hold (seen most clearly in Figure 8D). This dynamical behavior was first observed in our deterministic simulations (see Figure 5B), however unlike in the deterministic case, stochastic events can cause dominant Campylobacter strains to reduce in population, presenting an opportunity for a different strain to establish itself.

This phenomena is more clearly seen if the timescale of the simulation is extended, as illustrated in Figure 9. Although the average population of strains across the flock is equal, the stochastic model shows that a single strain of Campylobacter tends to dominate the gut of individual broilers at any one time. Although there are brief periods where strains exist in equal amounts, eventually the balance shifts again to longer periods of dominance by one or perhaps two strains.
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FIGURE 9. Stochastic simulations of multiple Campylobacter strains within multiple broilers across a greater timescale. (A,B) The proportion of two different broilers' microbiomes that contain five identical strains of Campylobacter.



Disadvantaged strains of Campylobacter are quickly eliminated. Figure 10 shows the results for a simulation where strain 4's growth rate, rC4, is reduced from 0.3009 to 0.295, and strain 5's growth rate, rC5, is reduced to 0.29. Strains 1, 2, and 3 are kept with a growth rate of 0.3009. As Figure 10 shows, the weaker strains are unable to outcompete the other three and are quickly eliminated. Changing other demographic parameters of a strain achieve a similar result of driving a strain to extinction, the phenomenon is not unique to only altering the growth rate. Making only very small reductions to the growth rate can result in a strain surviving at a lower average population size, although this may only be due to the time needed for extinction to occur being too long to observe in these simulations.
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FIGURE 10. Stochastic simulations of multiple Campylobacter strains, differing in growth rates, within multiple broilers. (A–D) The proportion of four different broilers' microbiomes that contain five strains of Campylobacter. Strain 4 has had it's growth rate reduced from 0.3009 to 0.295 and strain 5 has had its growth rate reduced to 0.29. Strains 1, 2, and 3 have a growth rate of 0.3009. (E) Shows how much of the environment (total size of 200,000) contains the five strains of Campylobacter. These are variables Ej in the model.






4. SENSITIVITY ANALYSIS

A powerful use of this model is to conduct a robust sensitivity analysis to identify the parameters of greatest impact in driving outbreaks of Campylobacter. We adopt a variance-based analysis of the model, and investigate the likelihood of flocks remaining free of Campylobacter based on a random assignment of parameter values.

We consider the case of a flock of broilers infected with a single strain of Campylobacter, the scenario shown in section 2.3. Model parameters are sampled randomly from a uniform range, and the model is run multiple times for these values. We then record how many of these stochastic runs resulted in the flock successfully eliminating Campylobacter infections, before drawing a new random sample of parameters values and repeating as necessary. Eventually we finish with a final data set which we display an example of below in Figure 11.
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FIGURE 11. Scatter plots displaying probability of a flock clearing Campylobacter infection against randomly sampled parameter values. Each scatter plot depicts the results for a specific parameter value. Probability is calculated by running the model for a sampled parameter set 20 times, and recording how many of those runs resulted in the flock not becoming infected with Campylobacter.



As such, the most “important” parameters will be the ones which exhibit a strong trend in their scatter plot. A seemingly randomly distributed scatter plot would indicate a parameter value which has little impact on our output. To report more accurately this measure we use the first-order sensitivity index, Si, and the total effect index, STi, defined as:
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where Xi denotes parameter i, and Y denotes the model output. X~i denotes the vector of all factors but Xi. V(·) denotes the variance, and E(·) the expectation. Specifically E(A|B) denotes the expectation of variable A when B is held fixed. In short Si will measure the changes observed in the output when parameter Xi is kept fixed, while STi measures the changes to the output when all other parameters are kept fixed. A full derivation and explanation can be found in Saltelli et al. (2008). In short, both are values that range from zero to one, that explain the impact of a parameter on the model output. The higher the value, the more “important” the parameter is. STi is considered a stronger metric, as it also considers the higher-order impact of a parameter, whereas Si only considers the immediate first-order impact. As such Si would be a sufficient measure for a linear model, but for a more complex model such as the one presented in this paper, STi can better reveal the impact that each parameter plays. An initial sensitivity analysis was run for 20 parameters with 2, 000 parameter set samples, drawn from a quasi-random Sobol set (Saltelli et al., 2008). The results of this analysis are displayed in Table 2, and the code used to produce them is available to access at: https://osf.io/b3duc/.



Table 2. Sensitivity analysis of parameters in a stochastic model for one Campylobacter strain in a flock of broilers.

[image: image]




Specifically, our objective function will run the stochastic model for a flock of chickens with the random parameter set drawn. If this model run results in no Campylobacter being present in the flock, it is considered to have successfully eliminated infection. The model is run 20 times with this parameter set, and the proportion of these 20 runs that results in an elimination of Campylobacter is the final output value, the “probability of flock clearing infection.”

Note that some of the values in Table 2 are negative, despite Si and STi being limited to being between zero and one. This is due to the computational error in estimating the value, however the ordering of parameters for these particular runs will not be affected by this error. Table 2 shows that the STi values associated with most parameters ranges between 0 and 0.1. The “most important” parameters however have a wider spread of associated STi values.

The main result from this analysis is that the growth, death and inhibition rates of the other bacteria present in a broiler's gut (parameters r2, d2, and βC) collectively carry the largest impact in eliminating Campylobacter from a flock. As such, we can begin to consider which preventative methods could best take advantage of this heightened sensitivity.



5. DISCUSSION

Here, we have investigated the dynamics of Campylobacter across a range of model applications. Our framework reveals several key dynamics of microbial interaction that explain many experimentally observed phenomena. This presents promising new approaches to understanding and tackling this bacteria.

First, the most apparent prediction is that the Campylobacter population is successfully suppressed by the innate maternal antibodies (an experimentally observed phenomenon; Connerton et al., 2018), until these antibodies are eventually removed from the system. At this point an initial surge in the population of Campylobacter is observed, before it comes to rest at a lower level, reaching an equilibrium with the broiler's immune-response. This can be seen in all of the above figures, but most clearly in Figure 1. This initial surge creates an interesting opportunity for certain strains of Campylobacter to emerge as an early dominating strain. Figure 5B shows that, due to the antibacterial properties of a broiler's maternal antibodies, any strains that infect a broiler early on in its lifespan will be heavily inhibited. This creates a brief window at the point in which maternal antibodies have depleted, whereby any new strain introduced is observed to quickly colonize and dominate the gut flora, suppressing other strains (see Figure 10C). This hypothesis has been verified experimentally (Connerton et al., 2018).

The proposition of damped oscillations between Campylobacter population size and the host's immune-response is better reinforced by observations that host antibody populations will also oscillate in birds infected with Campylobacter (Cawthraw et al., 1994). This basic interaction has been experimentally observed by Achen et al. (1998), with a high degree of variability between birds. This variability is better captured by the stochastic model, as shown in Figure 6. Indeed, many birds in Achen et al.'s study are shown to clear Campylobacter successfully from their system, a result rarely observed on commercial broiler farms. Likewise this result was only observed in the model case of individual, isolated broilers (see Figure 6D).

Most important is the mechanism observed in Figure 7, where the broad spectrum of oscillatory behavior observed within a broiler is greatly reduced in a large flock of birds. Indeed the vast examples of individual dynamics observed in Figure 6, large oscillations and perhaps extinctions, are completely replaced by the same, homogenized dynamics seen within flock-reared birds in Figures 7A,B, as the populations of Campylobacter within each bird are consistently reinforced by the amount of Campylobacter in the environment. The wealth of experiments in monitoring flock Campylobacter expression for varying flock sizes means this effect can be observed taking place across multiple experiments of different flock magnitudes and densities. Morishita et al. (1997) measured the amount of Campylobacter in a flock of thirty birds in a sizeable pen. This flock was small enough to observe oscillating behavior in the prevalence of Campylobacter, and yet there do not appear to be any clear cases of birds being able to clear the bacteria from their system. Stern N.J. et al. (2001) experimented with flocks of 70 birds at a density of 15.4 birds/m2. A small cyclic pattern is observable in their results but there are clearly far higher incidence rates. Lastly, Van Gerwe et al. (2005) studied flocks of 400 birds housed at 20 birds/m2 (the same density considered in the above flock modeling), where now no cyclic patterns can be observed, and all birds quickly reach a constant state of Campylobacter expression. This effect is seen in Figure 7, and almost always observed in commercial farms (Stern et al., 1995; Evans and Sayers, 2000). Our work presented here is the first, to our knowledge, to be able to propose a mechanistic explanation for this observed effect, namely that the housing density of reared flocks is correlated to Campylobacter prevalence.

This dynamic, whereby broilers are consistently infected with Campylobacter due to highly contaminated living space, can also explain the observed phenomena whereby broiler breeder flocks (flocks kept for the breeding of meat birds) display a consistently lower Campylobacter prevalence rate than commercial broiler flocks (Colles et al., 2011). Breeder birds will regularly move between periods of testing positive and negative for Campylobacter, inconsistently with the state of other birds in the flock, unlike the much younger birds grown for meat which remain consistently positive. Our case studies suggest that this may be due to the lower stocking density afforded to breeder birds, as it would appear the route of infection between breeder birds is weaker than that between broilers. Our sensitivity analysis however also highlighted that the gut flora can have a strong impact on the survival of Campylobacter. The differences in diet and management practice for breeder birds likely results in a different variety of bacterial colonies to broilers, which could also be a cause of the differences seen between breeders and broilers in Campylobacter expression.

Additionally, we note that over these case studies we have seen that the outbreak dynamics are unaffected by the initial method of inoculation. There is no clear consensus yet on whether flocks are initially infected through horizontal or vertical transmission, and our model predictions show that this may not be possible to determine from flock infection dynamics. Case studies showed no difference between initialization with an infected environment, or an infected number of broilers. More specifically, Figure 7 shows clearly how the dynamic profile of a broiler that is initialized with Campylobacter, is not significantly different from that of a bird which is infected through the environment, representing the effect of vertical and horizontal transmission respectively.

Over time, our model shows strains of equal fitness will tend to settle at equal levels of prevalence on average across a flock (Figure 8E), a result that has also been shown experimentally (Colles and Maiden, 2014; Colles et al., 2015). However, it is very common for an individual broiler to have only one or two dominant strains against far smaller proportions of other strains (Colles et al., 2019), as our model represents in Figures 8A–D, 9. Our results show that this effect is most prominently seen early on in the chicken's lifespan, where usually only one strain will be present during the initial population surge of Campylobacter. Colles et al. (2019) shows that a greater diversity of strains are observable later on in a broiler's lifespan, but usually at a far lower prevalence compared to a dominating strain. Evidently, when one strain is already well-established within a chicken's gut, it is difficult for new competing strains to grow. This is due to the broiler already having a heightened level of immune response (P) due to the currently present strain. In the deterministic case, later strains would never be able to establish themselves as much as strains that were earlier to arrive (Figure 5B). However, in the stochastic model, there is the potential for a stochastic event to reduce the population of the currently dominating strain, and increase the population of a less-established strain.

Across the whole flock, weaker strains can be quickly outcompeted by other strains. Figure 10 shows two weaker strains (strains with lower growth rates) attempting to survive within a flock, even having a slight population peak at the optimal point of strain introduction, before eventually being forced to extinction by the other three strains. Parameter variation showed that reducing a strain's demographic parameters by a very small amount can allow it to persist still in the flock at a smaller average population than the others, but the majority of realizations would always end with weaker strains becoming extinct. Clearly this shows an environment where genetic dominance is very quickly selected for.

These results have considerable implications for biosecurity. While smaller flocks may have a very real opportunity to be protected from Campylobacter invasions, Campylobacter prevalence is far more stable in larger commercial flocks, and our model shows it to be exceptionally difficult to remove. Efforts can be made to prevent initial inoculations, but once a bacterial presence is established, it may be all but impossible to remove from a flock. Considerable improvements to biosecurity have been made in recent years, but very little impact has been observed in this having reduced Campylobacter incidence (Hermans et al., 2011). These measures do not reduce the speed of proliferation of the bacteria, and our results suggest that better attention to bird health is likely to have a greater effect on preventing flock infection.

This model's greatest strength is its lack of overarching assumptions. We model only the most basic bacterial interactions, all supported and verified through experimental work. Our stochastic system is capable of exhibiting a plethora of interesting dynamical interactions based on just a few known biological interactions. In moving forward with this work, the model can be used to theorize optimal methods by which to decrease the likelihood of Campylobacter outbreaks, and begin collaborative efforts in better explaining the evolving genetic diversity of this bacteria.

One area in which the model is admittedly lacking currently, is that it does not represent the physiological changes that occur as a bird grows. Broilers have been genetically selected over the many decades to grow excessively fast, which has been shown to have numerous concerning implications for their health (Buzała et al., 2015). This is likely to then result in differences to their auto-immune capabilities over time. More pertinently, the gut flora of a chicken is known to change and develop as the birds age (Lu et al., 2003), suggesting varying degrees of inter-bacterial uncertainty.

Our sensitivity analysis gives great insight into the optimal routes of infection prevention. Table 2 clearly shows that bolstering the growth rate and inhibition capabilities of the other bacteria populating a broiler's gut is the best way to force extinction of Campylobacter, primarily through suppressing Campylobacter at its initial appearance in a system, before it has the opportunity to propagate. As such, the sensitivity analysis suggests further exploration and experimentation into the impact of factors which would affect the gut flora of a broiler. Probiotics are a clear way of impacting the microflora (Mountzouris et al., 2007) and have shown some effect in studies into their impact on Campylobacter expression (Santini et al., 2010). Equally, the stressors linked with stocking density have been shown to affect the gut microflora by Guardia et al. (2011). Burkholder et al. (2008) have shown that feed withdrawal and heat stress can considerably alter and limit the gut microflora. These highlight that general bird health and welfare can be equally strong factors in determining the values of r2, d2, and βC; some of the parameters highlighted as most “important” by the sensitivity analysis. Table 2 also however highlights the importance of parameter d3, the death rate of host defense peptides. This parameter has been shown to be strongly affected by stressors such as overcrowding (Gomes et al., 2014). As such, this result would lend further support to giving greater care to the health and welfare of broilers, as the resulting improvement to host defense peptide production would have a positive impact on helping prevent Campylobacter outbreaks.

These caveats notwithstanding, the model presented is capable of explaining a wealth of experimentally observed Campylobacter population dynamics, further elucidating an urgent public health risk. We have used our framework to investigate multiple strain interactions, to understand better the spread of genotypes across a flock. Finally, we were able to use the model to highlight the factors most responsible for causing outbreaks of infection. Looking forward, this work can be used to understand better observed differences in outbreak dynamics between different farms and indeed countries, and further our goal of minimizing public exposure to this dangerous pathogen.
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Campylobacter jejuni is the most common bacterial cause of foodborne zoonosis in the European Union. Infections are often linked to the consumption and handling of poultry meat. The aim of the present study was to investigate the caecal microbiota of birds infected with C. jejuni at different ages. Therefore, a total of 180 birds of the laying hybrid Lohmann Brown-Classic were housed in 12 subgroups of 15 animals each in three performed repetitions. Three birds per subgroup were experimentally infected with C. jejuni at an age of about 21 days and about 78 days (4.46 ± 0.35 log10 CFU/bird). Twenty-one days after experimental infection, microbiome studies were performed on 72 caecal samples of dissected birds (three primary infected and three further birds/subgroup). Amplification within the hypervariable region V 4 of the 16S rRNA gene was performed and sequenced with the Illumina MiSeq platform. Statistical analyses were performed using SAS® Enterprise Guide® (version 7.1) and R (version 3.5.2). Both factors, the experimental replication (p < 0.001) and the chickens’ age at infection (p < 0.001) contributed significantly to the differences in microbial composition of the caecal samples. The factor experimental replication explained 24% of the sample’s variability, whereas the factor age at infection explained 14% thereof. Twelve of 32 families showed a significantly different count profile between the two age groups, whereby strongest differences were seen for seven families, among them the family Campylobacteraceae (adjusted p = 0.003). The strongest difference between age groups was seen for a bacterial species that is assigned to the genus Turicibacter which in turn belongs to the family Erysipelotrichaceae (adjusted p < 0.0001). Correlation analyses revealed a common relationship in both chicken ages at infection between the absolute abundance of Campylobacteraceae and Alcaligenaceae, which consists of the genus Parasutterella. In general, concentrations of particular volatile fatty acids (VFA) demonstrated a negative correlation to absolute abundance of Campylobacteraceae, whereby the strongest link was seen for n-butyrate (−0.51141; p < 0.0001). Despite performing consecutive repetitions, the factor experimental replication contributed more to the differences of microbial composition in comparison to the factor age at infection.
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INTRODUCTION

More than 100 years ago, chickens were already recognised as an important source of zoonotic infection (Higgins, 1898). Nowadays, the zoonotic pathogen Campylobacter jejuni is the most common bacterial cause of foodborne zoonosis in the European Union, with infections often being linked to the consumption and handling of poultry meat (Efsa, 2017). Intestinal colonisation of chickens results in faecal contamination of the carcasses during the slaughtering process (Rosenquist et al., 2006; Guerin et al., 2010). One approach to eliminating C. jejuni from the food chain is to prevent the colonisation of broiler chickens (Newell and Fearnley, 2003). The extent of contamination shows a positive correlation between the number of Campylobacter present in the caecal content and the number of bacteria on the carcasses and cut products (Rosenquist et al., 2006; Reich et al., 2008). Therefore, reduced prevalence and Campylobacter load are strived for at production level prior to slaughter (Hermans et al., 2011).

Investigations have already demonstrated that with advanced age of the birds, the levels of Campylobacter excretion are lower compared to younger birds (Glünder, 1995; Colles et al., 2009; Hankel et al., 2018). Hankel et al. (2018) observed higher C. jejuni counts in caecal contents of young chickens 21 days after experimental infection with C. jejuni in comparison to those in old ones. Of the investigated influencing factors genetics, age and diet composition, the factor age was identified as the most influential variable and the only variable affecting caecal Campylobacter counts, with significant differences of almost two log steps between young and old birds (log10 CFU/g: 8.57 ± 0.46 vs. 6.66 ± 1.43). These findings might lead to the assumption that a higher age at infection is one of the greatest influencing factors on C. jejuni load in the chicken intestine. It is of great interest to make further investigations concerning the characteristics of the environment in which the bacterium lives in order to detect possible influences. Despite the fact that the chicken gut microbiome is being increasingly characterised by means of modern sequencing approaches, little is known about the factors influencing its modulation (Thibodeau et al., 2015) or the abilities of most species present in the caecum (Qu et al., 2008). Commensal bacteria benefit the host by their ability to competitively exclude other bacteria from colonising the intestine (Brisbin et al., 2008; Buffie and Pamer, 2013). Investigations with laying hybrid lines offer the opportunity to examine a possible influence of the chicken’s age on Campylobacter, as they are also marketed with advanced age. Regarding the marketing standards for poultry meat (COMMISSION REGULATION (EC) No. 543/2008), male chickens of laying strains have to be slaughtered at an age of at least 90 days to be marketed as young cocks. Alternatively, chickens of less than 650 g carcass weight (expressed without giblets, head, and feet) can be marketed as poussin, also called coquelet. The aim of the present study was to examine under standardised conditions the bacterial composition in the caecum of C. jejuni-infected chickens at different ages in three consecutive trials. We hypothesised that possible large variations in microbiota due to the chickens’ age would affect the abundance of Campylobacteraceae in caecal contents of chickens that were experimentally infected with C. jejuni under equal standardised procedures. Deeper knowledge concerning the susceptibility of chickens to members of the Campylobacteraceae family are of great interest to take preventive measures against this zoonotic pathogen in order to increase food safety in the poultry industry.



MATERIALS AND METHODS

The study was carried out with the aim of clarifying the question as to why a Campylobacter infection, susceptibility and excretion are age dependent. Against this background, caecal microbiota and the concentrations of bacterial fermentation products of experimentally C. jejuni-infected chickens at different ages were examined.


Experimental Design, Animals Housing and Sampling

The birds of the breed Lohmann Brown-Classic were supplied as day-old chicks from the same hatchery (Lohmann Tierzucht GmbH, Cuxhaven, Germany). Only male birds were used for the experiments.

The investigations took place in three independent repetitions (experiments 1–3, r = 3) where in total 180 birds were reared under the same conditions (Figure 1).
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FIGURE 1. Schedule of the experiments with actions in chickens of different ages at infection (LBC-21/22, Lohmann Brown-Classic, infection at the age of 21/22 days; LBC-70/78, Lohmann Brown-Classic, infection at the age of 70/78 days).


During the rearing phase, all birds were reared in identical floor pens. Pens were littered with wood shavings. The duration of the rearing phase was variable due to the study’s objective to infect a part of the birds at an advanced age. For this reason, half of the birds were reared for about 2 weeks (LBC-21/22), whereas the other half of the birds were reared for 9 weeks in experiment 1 and 10 weeks in experiments 2 and 3 (LBC-70/78) before being transferred from the rearing to the infection unit of a level 2 animal facility. The birds were kept for a further 4 weeks on solid floor pens. Pens were littered with wood shavings (1 kg/m2). Stocking density amounted to a maximum of 30 kg per square metre. The birds were maintained on a 16 L:8 D light schedule during the whole experiment. Each age group was randomly assigned to two subgroups per experiment, each made up of 15 birds, so that each age group consisted of 30 birds per experiment. One week after transferring the animals to the infection unit, an experimental challenge with C. jejuni took place in all subgroups. In accordance with Hankel et al. (2018), three of 15 broilers of each subgroup (seeder birds) were administered orally with a 1 mL inoculum of C. jejuni (4.46 ± 0.35 log10 CFU/mL). Qualitative detection of C. jejuni in cloacal swabs of all birds (days 2, 4, 7, 14, and 21 after inoculation) and quantitative detection of C. jejuni in excreta samples of seeder birds (days 2, 11, and 17 after inoculation) and in caecal samples of all birds at dissection were performed during the experimental period in order to examine prevalence and excretion of C. jejuni. The results were already published in Hankel et al. (2018). Three weeks after the experimental challenge with C. jejuni, all chickens were dissected (LBC-21/22: at an age of 42 days in experiments 1 and 3 and 43 days in experiment 2; LBC-70/78: at an age of 91 days in experiment 1 and 98 days in experiments 2 and 3). Anaesthesia and killing of birds were carried out in accordance with Annex 2 [to paragraph 2 (2)] of the Regulations on the Welfare of Animals Used for Experiments or for Other Scientific Purposes (TierSchVersV). Anaesthesia was performed by head stroke. After bleeding, caecal contents were removed under sterile conditions and placed in reaction vessels. In addition, caecal contents of the seeder birds and three further birds/subgroup were immediately frozen and stored at −80°C for further microbiota analyses. Unfortunately, no caecal chyme was available from one bird in the LBC-21/22 group. One further caecal sample of one bird in the LBC-70/78 group was stored instead.



Feeding Regime, Diet, and Performance Parameters

The birds were given conventional complete diets based on wheat, soybean meal, corn and rape cake, which were supplemented by whole wheat, coccidiostats and NSP-degrading enzymes. The diets were produced and delivered by Best 3 Geflügelernährung GmbH (Twistringen, Germany). The diets were designed in accordance with the recommendations for energy and nutrient supply of the laying hens and fowls (broilers) of the Committee for Needs Standards of the Society of Nutrition Physiology (GfE, 1999). Energy content and nutrient composition of the diets can be taken from Hankel et al. (2018).

The rearing phase was divided into a 1-week starter phase during which a conventional pelleted starter diet was offered (starter) and a subsequent 7-day (LBC-21/22), or 56/64-day phase (LBC-70/78) with a commercially available pelleted grower diet (grower). The finisher diet was offered beginning from week 3, or beginning from week 10/11 until dissection. All diets were offered ad libitum. At level 2 animal facility water was offered ad libitum in drinking lines equipped with Top Nipples and drinking cups (Big Dutchman International GmbH, Vechta-Calveslage, Germany) The water was treated with 0.3 mg free chlorine/L (Virbac Clean Pipe, VIRBAC Tierarzneimittel GmbH, Bad Oldesloe, Germany).

At the day the animals were transferred to the infection unit and at the end of the trial the individual body weight of birds was determined as well as the feed intake being measured at subgroup level. The average daily feed intake/bird and the feed conversion ratio (FCR) at subgroup level could be calculated.



Analyses


Chemical Analyses

Caecal chyme was homogenised and the volatile fatty acids (VFA) concentration was measured by gas chromatography (610 Series, Unicam, Kassel, Germany). The samples were mixed with an internal standard (10 mL of formic acid [89%] and 0.1 mL of 4-methylvaleric acid). The mixture was centrifuged and afterward subjected to gas chromatography with a column temperature of 155°C (injector: 175°C, detector: 180°C).



Bacteriological Analyses

Qualitative and quantitative detection of C. jejuni was done in caecal samples of all 180 birds at dissection.

The qualitative bacteriological examination was based on the DIN EN ISO 10272–1:2006 in accordance with § 64 LFBG. Pre-enrichment was performed in Bolton Boullion, a liquid selective nutrient medium. Samples that were to be examined were incubated in a one-to-nine ratio (sample:Bolton Boullion) in sterile 5 mL tubes mounted with a vent cap (Sarstedt AG & Co., Nuembrecht, Germany) for 4 h at 37°C followed by 44 ± 4 h at 41.5°C in a microaerobic atmosphere (oxygen content of 5 ± 2%, carbon dioxide content of 10± 3%). Microaerobic atmosphere was created in a CO2 incubator with O2 control (CB 160, BINDER GmbH, Tuttlingen, Germany). After enrichment, sterile 10 μL inoculation loops were used to streak the samples onto two solid selective culture media (mCCD agar and Karmali agar; Oxoid Germany GmbH, Wesel, Germany) and afterward incubated again for 44 ± 4 h at 41.5°C in a microaerophilic atmosphere. To confirm the presence of Campylobacter individual colonies were analysed by phase contrast microscopy (Distelkamp-Electronic, Kaiserslautern, Germany) and biochemical methods (API Campy, bioMérieux SA, Marcy- l‘Etoile, France).

For quantitative bacteriological examination 0.5 g sample material was diluted. A ten-fold dilution series was made with phosphate buffered saline (PBS, Phosphate Buffered Saline, Oxoid Germany GmbH, Wesel, Germany). In duplicate, 100 μL of each dilution was plated onto mCCD agar (Oxoid Germany GmbH, Wesel, Germany). After incubation in a microaerophilic atmosphere for 44 ± 4 h at 41.5°C, the colonies were counted and an average value from the two duplicate experiments was taken for calculating the CFU/g intestinal content.



16S rRNA Analyses

A total of 72 samples were included in the study. All caecal samples of the 72 birds included in the study were qualitatively detected as C. jejuni positive. Samples were stored at −80°C until simultaneous analysis. Mixer mill (Retsch MM 400, Haan, Germany) was used to homogenise the chyme for 1 min before DNA-extraction was done on an automated liquid handler (Microlab Star, Hamilton Germany GmbH, Gräfelfing, Germany) based on the DNeasy Blood&Tissue Kit (Qiagen, Hilden, Germany). An additional purification step (Kit: BS 365, BioBasic, Ontario, Canada) was performed before the hypervariable region V 4 of the 16S rRNA gene was amplified using primer F515/R806 in accordance with previously described protocols (Caporaso et al., 2011). Sequencing the amplicons was done on the Illumina MiSeq platform (PE250) and the Usearch8.1 software package1 was used to assemble, quality control and cluster obtained reads. Reads were merged using -fastq_mergepairs –with fastq_maxdiffs 30. Chimeric sequences were identified and removed using cluster_otus (-otu_radius_pct 3) and the Uchime command included in the Usearch8.1 workflow. Quality filtering was set up with fastq_filter (-fastq_maxee 1); minimum read length, 200 bp. Reads were clustered into 97% ID operational taxonomic units (OTUs). The OTU clusters and representative sequences were determined using the UPARSE algorithm (Edgar, 2013). Taxonomy assignment was done with the help of Silva database v128 (Quast et al., 2013) and the RDP Classifier (Wang et al., 2007) with a bootstrap confidence cutoff of 70%.



Statistical Analyses

For the statistical evaluation of counts of C. jejuni in caecal content samples determined via quantitative bacteriological examination, the data were logarithmised. Statistical analyses were performed using SAS (version 7.1, SAS Institute Inc., Cary, NC, United States). The performance data and counts of C. jejuni in the caecal content were analysed with respect to the factor age at infection by one-way analysis of variance (ANOVA) for independent samples. All statements of statistical significance were based upon p-values smaller than 0.05.

Statistical analyses of microbiota were performed using R (version 3.5)2 with the R-package “phyloseq” (version 1.24.4) (McMurdie and Holmes, 2013). Permutational multivariate analysis of variance (PERMANOVA) on Bray-Curtis distances was used to identify factors contributing to the differences in microbial composition of the samples. The Bray-Curtis dissimilarity matrix was used to compare community dissimilarity based on abundance of OTUs, whereas the Jaccard distance was additionally used to compare community dissimilarity based on presence/absence of OTUs. Sample diversity was measured with the species richness estimators Observed Species and Chao 1 index, whereas the Shannon index characterises species diversity accounting for abundance and evenness of the species. To find taxa with significantly different abundance between age groups, counts were normalised and compared using the R-package DESeq (version 1.24) which uses tests based on the negative binomial distribution (Love et al., 2014). To identify phyla with significantly different abundance profile the rotation test implemented in the R-package “limma” was used which acts in a similar manner to a permutation test (Wu et al., 2010). In the taxa and phylum specific analyses, experiment was included in the models as independent factor. P-values from these tests were either adjusted by the Bonferroni-Holm (phyla) or Benjamini and Hochberg (“BH”, taxa) method to control either for a family-wise error rate or the false discovery rate of 5%, respectively. The Spearman’s rank correlation was performed to measure the strength of association between absolute abundance data of Campylobacteraceae to other bacterial families within the caecal microbiota as well as to the concentrations of VFAs in the caecal content.



RESULTS

The general health of each animal was checked at least twice a day. The experiments ran without complications. No animal losses occurred after the rearing phase.


Performance Data

At dissection, significant differences in bodyweight as a function of age were present (LBC-70/78: 1834 g ± 137 > LBC-21/22: 595 g ± 59.0, p < 0.0001). The FCR (kg/kg, in the last 4 weeks before dissection) was significantly higher for LBC-70/78 (3.67 ± 0.28) in comparison to LBC-21/22 (2.12 ± 0.07, p < 0.0001).



Caecal Campylobacter Counts

Except for one bird (LBC-70/78), qualitative bacteriological examination revealed all caecal samples as C. jejuni positive.

Campylobacter counts in the caecum differed significantly depending on the age of the chickens (p < 0.0001). The LBC-70/78 chickens had significantly lower numbers of C. jejuni in the caecum (6.66 ± 1.43 log10 CFU/g) in comparison to the LBC-21/22 chickens. Both groups differed by almost two log steps (LBC-21/22: 8.57 ± 0.46 log10 CFU/g).



Intestinal Microbiota

The dataset contained 1,034,213 reads (average number of reads: 14,364; range: 4,170–87,441) mapped to 216 OTUs.


Alpha and Beta Diversity

Despite carrying out the experiments under the same conditions, the PERMANOVA test on Bray-Curtis dissimilarities indicated that both the experimental replication (p < 0.001) and the age at infection (p < 0.001) contributed significantly to the differences in microbial composition of the caecal samples. The factor experimental replication explained 24% of the sample’s variability, whereas the factor age at infection explained 14% thereof. The fact that birds were primary infected (seeder birds) or became infected during C. jejuni spread did not contribute to the differences in microbial composition of the samples, neither in LBC-21/22 samples (p = 0.790) nor in LBC-70/78 samples (p = 0.804).

Ordination was performed using Bray-Curtis dissimilarity-based principal coordinate analysis (PCoA, Figure 2) also provided in the R-package “phyloseq”. Dissimilarity matrix (Table 1) showed the highest community dissimilarity between Exp 1 and Exp 3. Jaccard dissimilarity indicated that for all experiments, both age groups shared half of the OTUs (50.2%, Table 2).
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FIGURE 2. Bray-Curtis dissimilarity-based principal coordinate analysis (PCoA) was performed on caecal samples collected in experiments 1–3. Each point represents a different bird infected at different age [LBC-21/22, Lohmann Brown-Classic, infection at the age of 21/22 days (open points); LBC-70/78, Lohmann Brown-Classic, infection at the age of 70/78 days (filled points)]; coloured lines connect birds of one experiment (Exp 1, Experiment 1; Exp 2, Experiment 2; Exp3, Experiment 3).



TABLE 1. Community dissimilarity of microbiota in caecal contents of birds collected in three consecutive and similarly performed trials based on Bray-Curtis and Jaccard distance.
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TABLE 2. Community dissimilarity of microbiota in caecal contents of birds infected at different ages based on Bray-Curtis and Jaccard distance.

[image: Table 2]Alpha diversity of microbiota in caecal content of chickens of different ages at infection in the three consecutive experiments are pictured as box-plots using the indices Observed Species, Chao1, and Shannon (Figure 3). Table 3 shows statistical analyses of alpha diversity indices Observed Species, Chao 1 and Shannon for the factors chickens’ ages at infection and experiment. Irrespective of the factor experimental replication, no significant differences were found for all measured alpha diversity indices between chickens of different ages at infection.
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FIGURE 3. Alpha diversity in samples from caecal content depending on experiment and age at infection. Box-plots showing alpha diversity in samples using the Observed Species index, the Chao1 index and Shannon index (Exp1, Experiment 1; Exp2, Experiment 2; Exp3, Experiment 3; LBC-21/22, Lohmann Brown-Classic, infection at the age of 21/22 days; LBC-70/78, Lohmann Brown-Classic, infection at the age of 70/78 days).



TABLE 3. Comparison of alpha-diversity indices of the microflora in caecal contents of chickens.
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Relative Abundance per Sample and Age Effects on the Phylum and OTU Level

Independent of the chickens’ age at infection and experiment, the caecal microbiota was dominated at phylum level by Firmicutes (91.1%) and Proteobacteria (5.02%), followed by Tenericutes (2.25%) and Bacteroides (1.00%). Relative abundance of bacterial phyla within all samples is shown in Supplementary Figure S1. Older animals showed consistently higher values for relative abundance of Firmicutes in all experiments. Relative abundance of Firmicutes reached highest values in experiment 2 (LBC-21/22: 94.7%; LBC-70/78: 97.6% of total microbiota), while lowest relative abundance of Firmicutes was found in experiment 1 (LBC-21/22: 82.9%; LBC-70/78: 87.4% of total microbiota). Campylobacteraceae could be found within the most abundant eleven OTUs in experiment 1. For this reason, the default presentation of the most abundant ten OTUs was extended by one OTU (Figure 4). Experiment 1 showed a conspicuously higher relative abundance of Proteobacteria in comparison to the other experiments. Proteobacteria mainly consisted of the families Alcaligenaceae and Campylobacteraceae in experiment 1 and Alcaligenaceae in experiment 3, while in experiment 2, this family was not present among the 11 most abundant OTUs (Figure 4). The 11 most abundant OTUs in experiment 2 all belonged within the phylum Firmicutes to the families Erysipelotrichaceae, Lachnospiraceae, Peptostreptococcaceae, and Ruminococcaceae. OTUs belonging to these four families were found among the 11 most abundant ones in all experiments.
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FIGURE 4. Microbiota composition analysis using 16S rRNA sequencing in caecal contents of different aged chickens at time of infection. Relative abundance of the 11 most abundant OTUs belonging to bacterial families within different phyla in experiment 1 (A). Relative abundance of the 11 most abundant OTUs belonging to bacterial families within different phyla in experiment 2 (B). Relative abundance of the 11 most abundant OTUs belonging to bacterial families within different phyla in experiment 3 (C). LBC-21/22, Lohmann Brown-Classic, infection at the age of 21/22 days; LBC-70/78, Lohmann Brown-Classic, infection at the age of 70/78 days; NA, OTUs without genus-level taxonomic assignment.


Global tests on normalised counts on each phylum yielded five (of seven) phyla that showed a significantly different count profile between the two age groups (Supplementary Table S1). The strongest difference between age groups was seen between Firmicutes (adjusted p = 0.0007), whereas Cyanobacteria and Verrucomicrobia were not significant. Global tests on normalised counts yielded twelve (of 32) families that showed a significantly different count profile between the two age groups (Supplementary Table S2). The strongest difference between age groups was seen between Campylobacteraceae, Enterococcaceae, Erysipelotrichaceae, Lachnospiraceae, Lactobacillaceae, Peptostreptococcaceae, and Ruminococcaceae (adjusted p = 0.00259974). At the species level, 28 of 216 OTUs showed a significantly (plus an additional log fold change criterion of ± 2) different abundance between the two age groups, where 11 of these OTUs were more enriched in the older animals and 17 more enriched in the younger animals. Log fold changes for these 28 OTUs are shown in Supplementary Table S3 and plotted in Figure 5. OTU_3 had the smallest p-value, followed by OTU_14.
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FIGURE 5. Left: Volcano plot representing –log10 FDR-adjusted p-values versus log2 fold changes for all 216 OTUs. Right: log2 fold changes of 28 OTUs, selected with a criterion of FDR-adjusted p-values < 0.05 and absolute log2 fold change >2. OTUs are ordered according to p-values, with the OTU_3 having the smallest p-value. Confidence intervals were calculated according to Jung et al. (2011).




Correlation Analysis

Spearman’s rank correlation coefficient was used to quantify the strength of association and the direction of the relationship between Campylobacteraceae and other taxa at the taxonomic level family (Table 4). There was a positive Spearman’s rank correlation between absolute abundances of Campylobacteraceae and Alcaligenaceae in caecal contents of young (Spearman’s rank correlation coefficient: 0.437; p < 0.01) and old chickens (Spearman’s rank correlation coefficient: 0.434; p < 0.01). Additionally, in caecal samples of older chickens, a positive relationship between Campylobacteraceae and Bacteroidaceae could be observed (Spearman’s rank correlation coefficient: 0.408; p < 0.05), while in younger chickens, a negative Spearman’s rank correlation was found for Campylobacteraceae and Comamonadaceae (Spearman’s rank correlation coefficient: 0.501) at a significance level of p < 0.01. There was a negative Spearman’s rank correlation between Campylobacteraceae and Erysipelotrichaceae in samples of the young chickens, while Spearman’s rank correlation in samples of the older chickens was positive. Spearman’s rank correlation coefficients between both taxa remained low (Spearman’s rank correlation coefficient: on average ± 0.151) and insignificant independent of the chickens’ age at infection.


TABLE 4. Spearman’s rank correlation analysis of absolute abundance of Campylobacteraceae at the taxonomic level; family.
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Fermentation Pattern in Caecal Chyme

The concentration of the bacterial fermentation products n-butyrate, acetate and propionate were significantly higher in older chickens compared to younger birds (Table 5). Differences in VFA concentrations between the experiments were demonstrated as being insignificant both in samples of younger chickens and in older birds (Table 6). Spearman’s rank correlation analysis between bacterial families and concentrations of VFAs demonstrated a negative relationship between Campylobacteraceae and concentrations of n-butyrate, acetate and propionate. The highest coefficient within bacterial families and concentrations of VFAs was seen for Campylobacteraceae and n-butyrate (−0.51141; p < 0.0001; Table 7).


TABLE 5. Characterisation of fermentation products (mmol/kg fresh matter) in caecal contents of chickens of different ages at time of infection.

[image: Table 5]
TABLE 6. Characterisation of the fermentation products (volatile fatty acid [VFA]) in the caecal contents of each experimental replicate.
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TABLE 7. Spearman’s correlation analysis of absolute abundance of bacterial families and fermentation products in all samples.
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DISCUSSION

In spite of the fact that it has already be proven in chickens that microbial richness and diversity increase with age (Awad et al., 2016) with them gaining maturation (Lu et al., 2003), the microbial richness in samples of older chickens in the present study showed, contrary to expectations, no statistically significant differences compared to younger chickens.

When assessing the ratio of the concentrations of acetate to butyrate in caecal contents, noticeable differences can be seen between the chickens’ ages at infection [higher acetate:butyrate-ratio in younger chickens (2.71:1), lower ratio in older chickens (1.82:1)]. Spearman’s rank correlation analysis between Campylobacteraceae and the concentrations of VFA demonstrated an overall negative relationship. The highest coefficient within bacterial families and the concentrations of VFA was seen for Campylobacteraceae and n-butyrate. In vitro obtained results of a study conducted by Van Deun et al. (2008a) identified butyrate as the most successful of the examined short-chain fatty acids in being bactericidal (12.5 mM at pH 6.0) for C. jejuni while propionate and acetate had a bacteriostatic effect (50 mM). Nevertheless, adding of butyrate-coated micro-beads to the diet of 2-week-old broilers was unsuccessful in reducing C. jejuni caecal colonisation. The authors suspect behind the unsuccessful protection in vivo protective effects of mucous and the rapid absorption of butyrate by the enterocytes (Van Deun et al., 2008a). Different scientific working groups used Caco-2 model to investigate whether butyrate could play a protective role during C. jejuni infection by decreasing bacterial paracellular translocation across intestinal cell layers. Butyrate was able to protect Caco-2 cells from two major virulence mechanisms of C. jejuni, invasion and translocation in studies of Van Deun et al. (2008b). Additionally, Cresci et al. (2017) found that C. jejuni adhesion was reduced with butyrate pretreatment of Caco-2 cells, therefore showing protective effects of butyrate during C. jejuni infection. The authors postulated that an optimal gut microbiota composition and/or a dietary formulation with a view to enhancing butyrate levels and maintaining gut microbiota balance may influence the prevalence, incidence and outcome of Campylobacteriosis. Further in vivo investigations on potential protective effects of dietary supplemented butyrate against Campylobacter infection showed divergent results. Dietary supplementation with coated calcium butyrate (0.1% of the diet) had no effect on C. jejuni colonisation or shedding levels in experimentally infected broiler chickens (Ocejo et al., 2017). A coated butyrate-based product in a higher dosage (0.3% of the diet) was able to reduce caecal Campylobacter counts significantly compared to the control group during the whole fattening period. However, the observed reduction was not homogenous among the birds; some remained contaminated with caecal Campylobacter counts of 7 log10 CFU/g (Guyard-Nicodème et al., 2015).

Statistical analyses of all 216 OTUs for differences in bacterial abundance between the two age groups revealed smallest FDR-adjusted p-values for OTU_3 and OTU_14. OTU_ 3 represents a bacterial species that is assigned to the genus Turicibacter which belongs to the family Erysipelotrichaceae. In the present study, eight OTUs could be assigned to the family Erysipelotrichaceae but the family was mainly formed by the genus Turicibacter. Turicibacter is a well-known coloniser of livestock animals including chickens. However, little is known about this genus and its members, which may have an unknown potential to positively influence animal health (Abudabos et al., 2017). OTU_14 represents a bacterial species that is assigned to the genus Campylobacter which belongs to the family Campylobacteraceae. OTU_3 was more enriched in the older birds while OTU_14 was more enriched in the younger birds. This was consistent with the results of the quantitative bacteriological examination.

Independent of the chickens’ age at infection, Spearman’s rank correlation coefficients between both taxa remained low and insignificant, thereby indicating no relationship between the two bacterial families.

Correlation analyses of Campylobacteraceae with other bacterial families demonstrated no strong link in this study. A similar pattern was seen in microbiota studies of egg-laying hens (Videnska et al., 2014). In the present study, one positive association was found for the Alcaligenaceae family at both ages at infection. In our findings, the family Alcaligenaceae was formed to 100% by the genus Parasuterella. Parasutterella is a non-motile, strictly anaerobic genus which is proposed to accommodate a novel family named Sutterellaceae (Morotomi et al., 2011). This genus was defined as a core component of the human and mouse gut microbiota, producing succinate as a fermentative end-product while relying, as asaccharolytic genus, on amino acids such as asparagine, aspartate and serine (Ju et al., 2019). Those amino acids support its metabolic activities and physiological functions, indicating an adaptation to the gut environment, which contains readily available non-essential amino acids (Ju et al., 2019). Amino acids, in particular aspartate, glutamate, proline and serine are key carbon and energy sources for the asaccharolytic zoonotic pathogen C. jejuni as well (Guccione et al., 2008). Varying amino-acid concentrations in the diet of broiler chickens preferentially utilised by C. jejuni, such as aspartate, glutamate, proline and serine are able to influence the spread and the shedding of C. jejuni (Visscher et al., 2018). It can be hypothesised that an environment favouring C. jejuni metabolism should also favour growing conditions of Parasutterella, as their metabolism relies on similar amino acids. This would explain the positive relationship between these bacterial families.

Contrary to expectations, the factor experimental replication in the present study was discovered to contribute more to the differences of microbial composition of the samples in comparison to the factor age at infection. The dissimilarity matrix revealed higher dissimilarity of samples between experiment 1 and the other experiments. Of special interest is the higher occurrence of Proteobacteria in experiment 1, independent of the age of the chickens at infection, mainly consisting of the families Campylobacteraceae and Alcaligenaceae compared to the other experiments. Interestingly, the differences in VFA concentrations (n-butyrate, acetate and propionate) between the experiments were demonstrated as not being significant. This could indicate that the function of the microbiota was kept even if the microbial composition was variable between experimental replicates. The gut microbiota are immensely divers and vary interpersonal (Lozupone et al., 2012). However, the basics of microbial metabolism remain stable among the group of studied individuals because many biochemical pathways varied little among members of the microbiome (Abubucker et al., 2012). Stanley et al. (2013) pointed out that most published studies investigate changes in the microbiota of chickens in a single trial; only rarely have results been reported for replicated trials and scientific rigour requires a hypothesis to be supported by replicated results. In a previous study, they investigated microbiota changes associated with a Clostridium perfringens infection and noted an unexpected but important finding: there were large differences in the microbiota in the control groups between trials that were designed to be as similar as possible (same line of commercial chickens from the same hatchery, fed the same diet formulation and housed in the same facility) (Stanley et al., 2012). Therefore Stanley et al. (2013) investigated batch-to-batch variations in chicken caecal microbiota in three similar trials and equally showed that even under carefully controlled conditions, large variations in microbiota composition still occur. The authors hypothesised that this large variability is due to the colonisation by bacteria originating from the wider environment rather than predominantly from maternally derived bacteria. Thibodeau et al. (2017) examined the influence of selenium-yeast on chicken caecal microbiota in the context of colonisation by C. jejuni in two experimental replicates with two independent batches of chickens. They saw that bacterial community structure was significantly different between the experimental replicates and concluded that there is a need for true biological replication when studying the chicken intestinal microbiota, especially when the observed changes are subtle.



CONCLUSION

Relative abundance of the families Campylobacteraceae and Erysipelotrichaceae were significantly different between younger and older chickens in all experiments without showing a link between one another. In general, correlation analyses of absolute abundance of Campylobacteraceae with other bacterial families revealed the strongest link to the genus Parasutterella and the strongest negative relationship to butyrate concentrations in caecal contents. Finally, despite performing three consecutive repetitions, the factor experimental replication was discovered to contribute more to the differences of microbial composition of the samples in comparison to the factor age at infection.
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To better understand public health implications of waterfowl as reservoirs for zoonotic sources of Campylobacter in recreational waters, we developed a Gallus gallus (chick) model of infection to assess the pathogenicity of environmental isolates of Campylobacter. This method involved exposure of 1-day-old chicks through ingestion of water, the natural route of infection. Viable Campylobacter from laboratory-infected animals were monitored by using a modified non-invasive sampling of fresh chick excreta followed by a passive polycarbonate-filter migration culture assay. The method was used to evaluate the infectivities of three laboratory strains of Campylobacter spp. (Campylobacter coli, Campylobacter jejuni, and Campylobacter lari), three clinical isolates of C. jejuni, and four environmental Campylobacter spp. isolated from California gulls (Larus californicus). The results revealed that chicks were successfully infected with all laboratory and clinical isolates of Campylobacter spp. through ingestion of Campylobacter-spiked water, with infection rates ranging from <10 to >90% in a dose-dependent manner. More importantly, exposure of chicks with Campylobacter spp. isolated from Gallus gallus excreta also resulted in successful establishment of infection (≤90%). Each monitored Campylobacter spp. contained ≥7.5 × 104 CFU⋅g–1 of feces 7 days post-exposure. These results suggest that a G. gallus model can be used to assess infectivity of Campylobacter isolates, including gull and human clinical isolates. Use of an avian animal model can be applied to assess the importance of birds, such as the G. gallus, as potential contributors of waterborne-associated outbreaks of campylobacteriosis.
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INTRODUCTION

Campylobacter spp. bacteria are a major cause of zoonotic human enteric infections commonly transmitted by ingestion of contaminated food or water (Pitkänen, 2013). These bacteria, which are commensal organisms within the gastrointestinal tract of various animals, including birds, have also been isolated from contaminated fresh and marine recreational beach sites (Savill et al., 2001; Stoddard et al., 2005). Recent studies have suggested that Campylobacter spp. present in a water source often reflect the source(s) and/or type of fecal pollution at that site. For example, Campylobacter jejuni is most associated with sewage discharges, whereas Campylobacter coli and Campylobacter lari are associated more with agricultural runoff and/or the presence of abundant waterfowl fecal contamination (Pitkänen, 2013). Because Campylobacter spp. require specific fastidious environmental parameters for growth, they are unable to multiply and persist in most surface waters (Obiri-Danso et al., 2001); thus, detection of culturable Campylobacter spp. in surface waters is usually an indication of recent fecal contamination.

Amid increasing public concerns about transmission of enteric disease from waters harboring large bird populations, fecal releases from wild birds have been reported to have a significant role in water quality impairment of recreational waters (Lévesque et al., 2000). Additionally, seagulls and ducks have been reported to be major contributors of Salmonella and Campylobacter bacteria via release and dispersal of their feces in recreational waters (Kapperud and Rosef, 1983; Quessy and Messier, 1992). The extent of colonization and persistence of various Campylobacter spp. within wild birds remains largely undetermined. Ramos et al. (2010) reported a direct relationship between Campylobacter infection of fledgling gull chicks with exposure/consumption diets within human-altered environments (particularly related to garbage and sewage). The colonized gulls showed no adverse health impacts, which could lead to the potential dispersal of Campylobacter over large geographical areas (Bingham-Ramos and Hendrixson, 2008).

Understanding the role of waterfowl as reservoirs for zoonotic Campylobacter spp. in recreational waters has important public health implications. The animal models (piglet, mouse, and rabbit) to assess the infectivity and pathogenicity of different strains of Campylobacter have been used (Field et al., 1981; Babakhani et al., 1993; Hodgson et al., 1998; Stahl and Vallance, 2015; Giallourou et al., 2018; Hartley-Tassell et al., 2018). Considering that Campylobacter spp., especially C. jejuni, have evolved to preferentially colonize the avian gut, the chick model was developed and is the more relevant animal model for investigating bacterial colonization factors (Newell, 2001; Müller et al., 2006; Manes-Lazaro et al., 2017; Sweeney et al., 2017; Salaheen et al., 2018). Although animal models have also been shown to be useful for investigating Campylobacter virulence factors involved during infection, these approaches have inherent limitations, specifically the use of invasive procedures and surgical intervention and/or atypical administration of bacterial inoculums (via oral inoculation or gavage) that do not mimic natural infections with Campylobacter (Ringoir et al., 2007; Stern, 2008). Invasive sampling procedures, such as terminal surgical tissue (Stern, 2008; Clavijo and Flórez, 2017) or cecal swab sampling (Cawthraw et al., 1996; Ringoir et al., 2007), have also been used. Together, these approaches may alter animal behavior and susceptibility to Campylobacter infection and potentially affect accurate assessment of susceptibility to and persistence of Campylobacter infections.

Detection and isolation of Campylobacter spp. from the environment are laborious and often based on enrichment procedures, selective media, and antibiotic resistance. Moreover, many environmental Campylobacter isolates are sensitive to antibiotics, which makes it difficult to use selective culture-based detection (Steele and McDermott, 1984). Nevertheless, an improved method has been reported that uses a passive-filtration plating technique for isolation of Campylobacter spp. from environmental waters and animal samples; the method uses size exclusion filters to select for “smaller” highly motile Campylobacter from most other “larger” less motile bacteria that may be found in environmental samples (Steele and McDermott, 1984; Jokinen et al., 2012). In a subsequent study, the use of polycarbonate filters gave increased recovery of Campylobacter spp. from stool samples when using the same passive-filtration plating procedure (Nielsen et al., 2013). This passive-filtration technique can be valuable for determining the viability of environmental Campylobacter isolates. Thus, this filter method should be a suitable approach for this study.

The aim of this study was twofold: (1) develop a non-invasive chick model of infection that mimics the natural route of infection to assess the infectivity of environmental Campylobacter isolates, and (2) use the passive-filtration plating technique to assess the bacterial burden in animals following infection, including the persistence of various Campylobacter spp. in a natural host. More broadly, since the prevalence and zoonotic potential of Campylobacter spp. found in wild avian species and recreational waters remains poorly understood (Weis et al., 2014, 2016) the techniques described herein will be useful toward developing more accurate risk assessment models of waterfowl-derived Campylobacter spp. human infections in a recreational water exposure scenario.



MATERIALS AND METHODS


Animals

Specific pathogen-free fertilized chicken layer eggs (Gallus gallus) were obtained from Charles River Laboratories (North Franklin, CT, United States) and were incubated upon receipt (37–38°C, at 45–55% relative humidity) for 21 days, with occasional rotation. On day 18, the eggs were placed on hatching trays at a temperature range of 31–32°C and a relative humidity of 60–65% and allowed to hatch with no additional rotation. Once the chicks hatched, were fully dry, and were able to walk, they were transferred from the hatchery and placed in an individually ventilated cage (IVC) system with the temperature maintained between 32 and 38°C throughout the experiment. The chicks were then randomly assigned to one of the three dose groups (A, B, or C; Supplementary Table S1) per Campylobacter isolate (with 17–23 chicks per group, n = 630). There is no “intermixing” between or among the strains with this system. Once randomly assigned to a dose group and placed into the IVC system, they were given the infected water. Both the chamber and cage system were sterilized prior to placing the eggs and chicks. All animal experiments were approved by the US Environmental Protection Agency (USEPA) Animal Facility Oversight of Institutional Animal Care and Use Committee.



Bacterial Isolates

Ten Campylobacter species/isolates were analyzed in this study: three laboratory, three clinical, and four environmental isolates. The laboratory isolates were C. jejuni (ATCC 29428), C. coli (ATCC 33559), and C. lari (ATCC 35221) (American Tissue Culture Collection, Manassas, VA, United States). The clinical isolates were cultured specimens taken from human fecal samples of diagnosed C. jejuni infections (kindly provided by a local hospital doctor). The environmental isolates (58BB: C. lari; 63A: C. jejuni; 64BB: C. lari; 70BB: Campylobacter volucre) (Supplementary Table S2) were obtained from California gull (Larus californicus) fecal samples collected from Southern California Hobie Beach as previously described (Lu et al., 2011). All isolates were grown and maintained on 5% sheep blood agar plates, as described below. Their physiological and biochemical characteristics were tested and summarized in Supplementary Table S3. For long-term storage, frozen (−80°C) glycerol stocks were made for each clone used in this study, as previously described (Han et al., 1995).



Inoculum Preparation of Campylobacter spp.

Campylobacter spp. were cultured by using sheep blood agar plates (SBAP) containing 5% sheep blood (VWR International Inc., Radnor, PA, United States) incubated for 48–72 h at 37°C, which is considered as optimal growth temperature (Hsieh et al., 2018), in microaerophilic chambers (Mitsubishi AnaeroPack System, Fisher Scientific, Hanover Park, IL, United States). Single Campylobacter colonies were transferred by swab onto four fresh SBAPs and incubated for 48 h at 37°C in a microaerophilic chamber until a full bacterial lawn on each plate was achieved. Lawns from these plates were then harvested by flooding each plate with 20.0 mL of sterile water and then pooled and diluted until an optical density640 = 0.14 was achieved. This initial suspension of Campylobacter was then diluted 10-fold with sterile water, which typically resulted in titers of about 1 × 107 CFU mL–1. To make sure that animals would show some infection (colonization) under the lowest dose, two additional 10-fold serial dilutions were prepared in sterile water to give a total of three different inoculum doses of culturable Campylobacter used throughout the study (Supplementary Table S1). The volumes prepared for each inoculum dose were sufficient to provide 100 mL for each chick for 24 h use. Since Campylobacter spp. have been shown to be sensitive to light and temperature (Obiri-Danso et al., 2001) and can become non-culturable within 30 min of exposure to artificial light according to our test (data not shown), fresh Campylobacter suspensions were made for each experiment and protected from light in 15-mL conical tubes wrapped with aluminum foil and kept on ice (or refrigerated) until used.



Infection Through Natural Ingestion of Campylobacter-Containing Drinking Water

Fifty milliliters of freshly prepared Campylobacter suspensions, as described above, were dispensed into sterile isolator containers (Bio Serv, Flemington, NJ, United States) and placed into individual chick cages. An initial 50-mL inoculum solution was placed in the cages for 8 h and then replaced with a new 50-mL inoculum solution of the same suspension dilution for an additional 16 h before replacing with sterile drinking water. The viability of inoculum after 8 h in the cage only had slight decrease. The total volume of inoculum solution ingested by each chick was monitored and calculated for the entire 24-h exposure period. Total bacterial numbers ingested were calculated on the basis of the volume ingested and densities of Campylobacter suspension (Supplementary Table S1). Uninfected control chicks (n = 22) just received the same sterile water and were monitored in a manner similar to that for the infected group. Six hundred and thirty 1-day-old chicks were exposed to three different concentrations of laboratory, gull, and human clinical isolates of Campylobacter spp. and monitored over a 7-day period.



Assessing Bacterial Burden in Chick Feces by Using the Passive-Filtration Culture Method

Fresh fecal materials collected at two time points (2 and 7 days) were assayed by using a modified passive-filtration culture method (Steele and McDermott, 1984; Jokinen et al., 2012). Briefly, individual chicks were placed in a cage containing sterile paper bottoms and allowed to defecate. Within 10–15 min, most chicks had defecated onto the sterile paper, and samples were taken by swiping a sterile swab through the freshly deposited feces. Each fecal swab sample with an average of 390 mg was placed into a tube containing 3.0 mL of sterile water (held on ice) and agitated to dislodge and disperse the fecal matter. After agitation, 0.1 mL, which contained an average of 13 mg of the fecal specimens, was plated directly onto a SBAP plate (100 mm in diameter) with two 47-mm diameter polycarbonate filters of 0.6-μm pore size (GE Water & Process Technologies, Addison, IL, United States) placed side by side and on top. The filter pore and diameter size provided optimal results for culturing Campylobacter spp. for this study (data not shown). Samples were then spread gently and evenly across the two filters. Finally, the SBAPs were incubated at 37°C for 45 min (no microaerophilic chamber). After 45 min, the filters were removed from the surface by using a sterile forceps, and the SBAPs (without filters) were placed in a microaerophilic chamber and incubated at 37°C. Campylobacter colonies were enumerated after 48 h of incubation. On the basis of the processed 14–27 replicates with no-dilution, the Most Probable Number (MPN) calculation program (version 5) (Jarvis et al., 2010) was used to perform MPN analyses. A number of colonies were randomly tested and confirmed for the targeted strains using qPCR methods (Supplementary Table S4) mentioned in previous study (Lu et al., 2013).



Data Analysis

To check for normality of the data, the Shapiro–Wilk test was performed. As the data were not normally distributed, the non-parametric Kruskal–Wallis One Way Analysis of Variance on Ranks was used to determine if the differences in the median values among treatment groups were greater than would be expected by chance. If a statistically significant difference (p ≤ 0.05) was found, Dunn’s test of multiple comparisons was conducted to isolate the group or groups that differed from the others. All statistical tests among different strains, different doses, were done via SigmaPlot 13.0.



RESULTS


Comparison Using Spread Plate vs. Passive-Filter Culture Assays of Campylobacter spp. Recoveries

We compared the traditional spread plate with the passive-filter technique for culturing of three laboratory strains (C. jejuni, C. coli, and C. lari), three clinical strains (C1–3), and four gull isolated strains of Campylobacter species (Table 1). The results revealed differences in total colony counts between the spread plate vs. passive-filter culture techniques. Total colony counts in cultures grown by using the spread plating were higher (2 × 106 − 1 × 108CFU mL–1) than those grown by using passive-filter plating (2 × 105 − 5 × 106 CFU mL–1). The colony ratio detected between the two plating types ranged from 6 to 30 (mean = 16). In addition, the passive-filter technique proved to be less labor intensive and did not require additional sample dilution to avoid overcrowding of the plate (data not shown). On the basis of the added technical advantages and a built-in enrichment step provided by the passive-filter culture technique in this study, as well as on reports by Nielsen et al. (2013), all subsequent experiments described below used this bacterial culture procedure.


TABLE 1. Comparisons of spread plating vs. passive filter platings to assess total viability of various laboratory, clinical, and environmental Campylobacter strains (CFU mL–1).
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Infection of Chicks With Campylobacter Laboratory Isolates

The ability of three laboratory isolates of C. coli, C. jejuni, and C. lari to successfully infect 1-day-old chicks was evaluated. As shown in Figure 1, chicks exposed to various concentrations of Campylobacter spp. (Supplementary Table S1) via a natural ingestion route, as described above, were successfully infected. By contrast, uninfected control animals remained negative for Campylobacter. The three different laboratory strains showed significantly different patterns of infection rates (p < 0.05, compared at 3-doses and at 2-day time points), which were detected up to 7 days post-infection (Figure 1). C. jejuni had the most consistent colonization rates ranging from 71.4 to 85.7% of animals that were positive at both time points evaluated and at all three doses. C. lari had the highest infection rates at all three doses at 2 days post-infection (87.5–93.3%) but had slightly lower infection rates than those of C. jejuni by 7 days post-infection (66.7–75.0 vs. 72.2–85.7%, respectively). By contrast, C. coli had the lowest infection rates among the three strains.
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FIGURE 1. Infection rates of laboratory isolates of Campylobacter spp. (A–C) show chicks infected with dose A, B, and C Campylobacter spp., respectively. Percent infected was determined by dividing the number of infected chicks by the total number of chicks inoculated with the various Campylobacter species. Chicks were considered infected if fecal samples collected at the various times were positive for Campylobacter spp. as determined by using the passive-filter plating described in section “Materials and Methods.”


When fecal bacterial burden following infection was examined by using MPN, the chicks infected with C. lari had the highest detectable bacterial load followed by those infected by C. jejuni and C. coli for each dose at 2 days post-infection (Figure 2). Both C. jejuni and C. lari infections were more persistent than those of C. coli. We found that C. jejuni easily infected 1-day-old chicks even at the lowest inoculum dose and had the most consistent rate and persistence of infection among the laboratory strains. When inoculated with the same dose as C. jejuni, we found that C. coli infected fewer chicks at the same inoculum dosages (Supplementary Table S1). No overt disease symptoms were observed in the chicks infected by the three Campylobacter species. The natural ingestion exposure route developed in our study enabled successful infection of the young chicks with both the laboratory and clinical strains of Campylobacter (C. jejuni, C. lari, and C. coli) with minimal physiological distress.
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FIGURE 2. Fecal bacterial burden in infected chicks with Campylobacter spp. laboratory isolates at doses (A–C), respectively, as determined by the most probable number (MPN) calculations as described in section “Materials and Methods” and in Supplementary Table S1.




Infection of Chicks With Campylobacter Clinical Isolates

One-day-old chicks were inoculated with three C. jejuni isolates collected from patients with campylobacteriosis to determine if human Campylobacter isolates are also capable of establishing infection in this chick model of infection. All three isolates successfully established infection and persisted to 7 days post-infection (Figure 3). Although C1 showed a consistent infection rate (81.8%) at both time points, C2 and C3 were more variable. C2 had a lower infection rate at 2 days post-infection (54.4%, p ≤ 0.019) than at 7 days post-infection (72.7%), whereas C3 had the reverse trend (91.7 and 25.0%, respectively).
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FIGURE 3. Infection rates and fecal burden levels of Campylobacter from chicks infected with clinical isolates of Campylobacter spp. (A) shows chicks infected with dose B Campylobacter spp. Percent infected was determined by dividing the number of infected chicks by the total number of chicks inoculated with the various Campylobacter species. Chicks were considered infected if fecal samples collected at the various times were positive for Campylobacter spp. as determined by using the passive-filter plating as described in the section “Materials and Methods.” (B) shows the fecal burden as measured by using the most probable number calculator.




Infection of Environmental Campylobacter spp. Isolates

Four California gull isolates (58BB, 63A, 64BB, and 70BB), which were homologous to C. lari (≥94% homology), C. jejuni (≥97% homology), C. lari (≥97% homology), and C. volucri (≥97% homology), respectively, were capable of infecting chicks via this chick model. C. volucri, a new Campylobacter species isolated from black-headed gulls (Larus ridibundus) (Debruyne et al., 2010) is more closely related to C. jejuni than to C. lari according to phylogenetic analysis of 16S rRNA and hsp60 gene sequences (Debruyne et al., 2010).

The two C. lari-like isolates (58BB and 64BB) showed the highest infection rates at the two highest doses, with >80% of the animals infected at 2 days post-infection and the infection persisting to 7 days post-infection (Figure 4). Even at the lowest dose, 64BB continued this trend, with >80% of the animals infected on both days. At the lowest dose, 58BB was less infective and infected <32% of the animals on each day. By contrast, chicks inoculated with 70BB C. volucri-like or 63A C. jejuni-like isolates had consistently lower rates of infection than those of both C. lari-like isolates, with more variations in their infection rates. The C. volucri-like isolate had a high infection rate of 72.7% on 2 days post-infection for dose B, which dropped to 13.6% by 7 days post-infection. Similarly, the C. jejuni-like isolate had a high infection rate of 70.0% at 2 days post-infection for dose A, which dropped to 15.0% at 7 days post-infection (Figure 4).
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FIGURE 4. Infection rates of environmental isolates of Campylobacter spp. (A–C) show chicks infected with Campylobacter spp. environmental isolates at doses A–C, respectively, as described in Supplementary Table S1. Percent infected was determined by dividing the number of infected chicks by the total number of chicks inoculated with the various Campylobacter species. Chicks were considered infected if fecal samples collected at the various times were positive for Campylobacter spp. as determined by using the passive-filter plating as described in section “Materials and Methods.”


Chicks that received the highest inoculum dose of 64BB and 58BB also had the highest Campylobacter burden, as indicated by MPN, compared with those of 63A and 70BB at both time points tested (Figure 5). The overall Campylobacter burden observed from infection with 63A and 70BB, although similar to each other, was lower than the bacterial fecal burdens from animals infected with the 64BB and 58BB isolates (p ≤ 0.009).
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FIGURE 5. Fecal bacterial burden in chicks infected with Campylobacter jejuni. Environmental isolates at doses (A–C), respectively, as determined by the most probable number (MPN) calculations as described in section “Materials and Methods.”





DISCUSSION

The G. gallus chick species has long been used as an important model for investigation of bacterial colonization factors, especially for Campylobacter infection, because of their preferential colonization of avian guts under optimal growth conditions (Wassenaar et al., 1993; Cawthraw et al., 1996; Hendrixson and DiRita, 2004; Stern, 2008). In the previous studies, bacterial strains, including laboratory-adapted C. jejuni isolates and C. jejuni isolates from chicken, patients, and waterborne outbreaks, were administered via oral gavage to chickens of various ages, tissue or cecal samples were collected, and samples were enumerated by plating of serial dilutions of samples. In those experiments, the cecum was found to be the main site of colonization, although organisms were also recovered throughout the gastrointestinal tract as well as the spleen and liver. Unlike the previous chick models of infection, the model in our studies was one we developed to be less invasive than others by infecting animals with Campylobacter through their drinking water, which mimics the natural route of infection, uses a sampling procedure that measures bacterial burden from freshly excreted fecal samples, and uses a passive filtration in vitro culture procedure as a more feasible model to assess Campylobacter infectivity. Especially, the developed model was further used to evaluate the infectivities of different Campylobacter species and Campylobacter isolates from wild fowl, which have not been documented previously.

This study also demonstrated successful infection and persistence (≤21 days post-infection) (data not shown) of Campylobacter spp. from three different groups (laboratory-maintained isolates, clinical isolates from human specimens, and environmental isolates from fresh fecal samples of California gull) in newly hatched chicks. This approach also provided the sensitivity to reveal variations of Campylobacter infectivity (e.g., virulence) among the different species, isolates, and environmental genotypes evaluated. For example, the laboratory isolates (C. lari and C. jujuni), which had been maintained under in vitro laboratory growth conditions for an unknown extended period of time, resulted in the highest infection rates and fecal bacterial burdens, whereas C. coli resulted in the lowest (Figures 1, 2). More importantly, the results from the California gull isolates revealed that environmental isolates released from avian reservoirs can infect chicks. Among the gull isolates, 64BB (C. lari-like genotype) exhibited infectivity and persistence rates comparable to those of the C. jejuni clinical isolate. Isolate 58BB (C. lari-like genotype) exhibited infectivity and persistence rates comparable to those of the C. lari laboratory isolate (Figures 4, 5). The observed differences in infectivity between the environmental, clinical, and laboratory isolates could be attributed to differential expression of bacterial virulence factors and/or host immune responses during infection.

Furthermore, this model may help us to understand the bacterial burden and its release through defecation. Previously, it has been shown that 1-day-old chicks, orally challenged with a 104CFU C. jejuni isolate or as few as 30 CFUs, which experienced a single passage of model chicks, achieved maximal cecal colonization within 3 days at levels of ≤1 × 1010CFU g–1 cecal contents (Cawthraw et al., 1996). In the other studies for challenge of 2-day-old chicks, C. jejuni has been observed at up to ∼108 CFU g–1 of cecal contents (Wassenaar et al., 1993; Cawthraw et al., 1996). Once Campylobacter levels are established, they tend to remain at high levels throughout the life of the chick (Stern, 2008). In this study, a high bacterial cecal burden was stable at 106 to 108 CFU g–1 of cecal material throughout the duration of this experiment. The majority (57%)of positive samples from all isolates contained ≥7.5 × 104 CFU g–1 of feces. Assuming an average release of 1.5 g of fecal material for each defecation, 29.94 g of total solids per hen-day, and voids 20 times a day (Huttly et al., 1998), each individual host is capable of releasing >3.0 × 105 culturable bacteria into the environment with each defecation event or 6.0 × 106 culturable bacteria into the environment per day.

In conclusion, this new method provides not only the ability to monitor infection through time course but also to assay virulence and other pathogen factors with relative ease. Although the relationship between the colonization in the chick ceca and the mammalian gut is unknown, the chick model still provides a relevant and natural host for Campylobacter infection. This new approach can also lend itself to identifying novel Campylobacter virulence factors, understanding host immune responses following infection with Campylobacter, screening for potential therapeutic agents, and developing vaccines relevant to the poultry industry and human health (Nedrud, 1999; Nassar, 2018). Lastly, the levels and persistence of infectious bacteria released in feces within the chick gastrointestinal tract monitored over time are important parameters when assessing the importance of waterfowl in transmission and exposure to zoonotic Campylobacter spp. in beach sites used for human recreation.
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Poultry is a major reservoir for the pathogen Campylobacter jejuni. C. jejuni inhabits the poultry gastrointestinal tract as a part of the gut microbiota. The objective of this study was to evaluate both the survival of C. jejuni and the changes in the population dynamics of the cecal microbiome during an in vitro C. jejuni inoculation in the presence or absence of the functional metabolites of Diamond V Original XPCTM (XPC). Two independent trials were conducted. Broiler chickens (n = 6 per Trial 1 and n = 3 per Trial 2) were raised according to standard industry guidelines and euthanized on Day 41. The ceca were collected aseptically, their contents removed independently and then used in an in vitro microaerobic model with 0.1% cecal contents + Campylobacter with or without 1% XPC (w/v). Before the inoculation with a chloramphenicol resistant marker strain of C. jejuni, the cecal contents were pre-incubated with XPC at 42°C for 24 h, in a shaking incubator (200 rpm) under microaerobic conditions, then experimentally inoculated with 108/ml of C. jejuni into the appropriate treatment groups. At 0 and 24 h for Trial 1, and 48 h for Trial 2, sub-samples of the culture (n = 3 ceca, two technical replicates per ceca, XPC alone or ceca culture alone) were enumerated using a Petroff–Hausser counter, and the DNA was extracted for microbiome analysis. DNA was isolated using the Qiagen QIAamp Fast Stool DNA Mini Kit and sequenced using the Illumina MiSeq platform. The reads were filtered, normalized, and assigned taxonomical identities using the QIIME2 pipeline. The relative microbiota populations were identified via ANCOM. Altogether, evidence suggests that XPC alters the microbiome, and in turn reduces Campylobacter survival.

Keywords: Campylobacter, microbiota, XPC, competitive exclusion hypothesis, yeast fermentate


INTRODUCTION

Arguably, very few foodborne bacterial pathogens exhibit as much metabolic and genomic plasticity and adaptability in the face of environmental stressors as Campylobacter spp. As a result, Campylobacter are difficult to control and may require multi-modal approaches to successfully reduce the pathogen in commercial poultry production globally. While other food animals are known carriers of Campylobacter, specific nuances of avian physiology enable Campylobacter colonization to be both successful and clinically undetectable in most cases (Sibanda et al., 2018). As a result, Campylobacter are ubiquitous on the farm, with prevalence upward of 100% in many instances (Beery et al., 1988; Stern, 2008; Meade et al., 2009; Sibanda et al., 2018). Human exposure occurs via the fecal oral route along the farm to fork continuum as gastrointestinal contents are often disrupted and expressed during evisceration, contaminating the carcass. Contaminated poultry can result in significant morbidity and mortality in humans worldwide (Kirk et al., 2015).

Unlike some foodborne diseases, such as Salmonella, Campylobacter infections are known to be associated with several autoimmune sequela, such as Guillain–Barré Syndrome and reactive arthritis (Janssen et al., 2008), with the latter resulting in life-threatening paralysis. Therefore, for many reasons, Campylobacter is a significant threat to human health and is an extraordinarily difficult challenge to mitigate in commercial poultry production.

As public scrutiny and government regulations increase, significant innovations in pre-harvest control measures are required to help reduce the risk of Campylobacter in commercial poultry production. Historically, the use of in-feed antibiotics has been used in food animal production, with limited effectiveness at reducing Campylobacter. While debates as to whether or not the agricultural sector contributes to the world-wide rise in antimicrobial resistance, any measurable increase in publicly described antibiotic resistant reservoirs is concerning. As public pressure increases, the production of natural, antibiotic-free products is increasing.

One approach to controlling Campylobacter pre-harvest is by influencing the gut microbiome with various probiotic, prebiotic, enzyme, and fermentate compounds to promote the competitive exclusion of Campylobacter and the fortification of the host immunobiology-microbiome axis (Baffoni et al., 2012; Guyard-Nicodème et al., 2016; Schneitz and Hakkinen, 2016). Specifically, yeast fermentates likely promote changes to the microbiome that are theorized to aid in the stability of the host-immunobiology axis (Possemiers et al., 2013; Han et al., 2017). Evidence also suggests that the microbiota dictates both the window of opportunity for Campylobacter colonization in poultry, while also aiding in the TH1 immune response polarization to control Campylobacter colonization (Han et al., 2017). Previous research by our group and others demonstrated that the Saccharomyces cerevisiae fermentate Original XPCTM (XPC; Diamond V, Cedar Rapids, IA, United States) inhibits Salmonella Typhimurium, both in an in vitro anaerobic mixed culture assay and in vivo (Feye et al., 2016; Rubinelli et al., 2016; Roto et al., 2017).

Based on the results from studies evaluating the anti-Salmonella effects of XPC, it is hypothesized that XPC might also be effective in the control of Campylobacter. Furthermore, it is hypothesized that the use of XPC beneficially modulates the microbiome and promotes populations of bacteria that are potentially antagonistic to Campylobacter jejuni. In doing so, the use of XPC may result in a multi-modal mechanism to reduce Campylobacter fitness in chicken ceca. As an initial step in testing this hypothesis, a study was conducted where XPC was applied in an in vitro cecal model inoculated with a marker strain of C. jejuni. Those results indicate that inclusion of XPC in this model system can significantly reduce C. jejuni survival and results in significant changes to the cecal microbial ecology.



MATERIALS AND METHODS


Ceca Acquisition

Cobb 500 broiler ceca were collected during standard poultry processing at a commercial plant by Diamond V for the study. Animals processed in that commercial plant were done in accordance with standard industry guidelines and ethical practices. Therefore, the University of Arkansas and the Center for Food Safety was outside of the prevue of IACUC as the animal work conducted throughout this study was in accordance with industry guidelines. These birds were not raised for the study, but instead were raised for consumption in accordance with standard industry guidelines and practices.



Bacterial Cultures

A C. jejuni marker strain was graciously donated by Dr. Young-Min Kwon, from the Department of Poultry Science at the University of Arkansas in Fayetteville. This strain of Campylobacter substitutes the chloramphenicol exporter gene for the non-essential gene hippicurate biosynthesis, ΔhipO, thus conferring chloramphenicol resistance. The ΔhipO strain, henceforth known as C. jejuni, was grown for 24 h in Mueller-Hinton broth (MHB; BD, Sparks, MD, United States) and cell density was quantified using a Petroff–Hausser Counter (Hausser Scientific, Horsham, PA, United States). This starter culture containing 108 cells/ml C. jejuni was subsequently added to 20 mL Bolton Enrichment Broth (Neogen, Lansing, MI, United States). The Bolton Enrichment Broth contained 20 μg/ml cefoperazone, 50 μg/mL cycloheximide, 20 μg/mL trimethoprim, 20 μg/mL vancomycin, and 5% defibrinated horse blood, which further selected and enriched for Campylobacter populations. Aliquots from the Bolton enrichment broth cultures were serially diluted with tryptone salt broth and spread-plated on Cefex agar (Neogen, Lansing, MI, United States) containing 33 μg/mL cefoperazone, 5% defibrinated horse blood, and 10 μg/ml chloramphenicol to empirically verify the inoculum concentration.



In vitro Campylobacter Survival Assay

Two independent trials were conducted throughout the course of this in vitro experiment using the ceca collected from commercial broilers by Diamond V. At the processing facility 41-day-old Cobb 500 broiler male ceca were collected, chilled, and shipped overnight from Diamond V (Cedar Rapids, IA, United States). Both trials are delineated in Figure 1. Per treatment in Trial 1, three biological replicates of ceca from three different chickens were used, with two technical replicates executed per ceca and two independent trials conducted in total, resulting in a total of 12 replications per treatment. The aliquots collected at each time point were not sequenced in Trial 1 as specific changes to the microbiota became the focus during the latter half of the study. Per treatment in Trial 2, three ceca were used, with two technical replicates per ceca, with a total of six replicates per treatment. The ceca contents from Trial 2 were sequenced to evaluate the stability of the microbiome after exposure to XPC and Campylobacter using our ceca culture model.
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FIGURE 1. A schematic of the experimental design. Experiment 1 was two independent trials (n = 3 ceca each trial, with two technical replicates per cecum), with sample collection at 0 and 24 h. Experiment 2 carried the study out through 48 h.


As outlined in Figure 1, Trial 1, four treatment groups were tested: (1) C. jejuni alone; (2) C. jejuni + 0.1% cecal content; (3) C. jejuni + cecal + 1% XPC (w/v); (4) C. jejuni + 1% XPC (no cecal content). The controls of XPC alone, and C. jejuni and XPC alone were added to rule out the direct effects of XPC on C. jejuni survival.

In Trial 2, the same treatment groups were followed, except that the following groups were omitted: C. jejuni alone and C. jejuni + 1% XPC (no cecal content). The adjustment to Trial 2 was made because there were no detectible differences in pathogen load over time in the controls from previous studies (ceca alone, XPC alone). For Trial 2, 0, 24, and 48 h post-inoculation samples were collected.

Irrespective of the trial, the contribution to the ceca with each culture method was standardized, with cecal contents being weighed out to ensure homogeneity between the biological and technical replicates, and then added to 20 mL of Bolton Broth at a final concentration of 0.1% (w/v; ceca to serum bottle volume). Bolton’s Broth was selected as it has been historically used in our laboratory for the long-term maintenance of viable, log-phase Campylobacter. Additionally, the antibiotics were included as the background microbiota made Campylobacter recovery difficult. Other media were evaluated; however, the successful recovery of Campylobacter was not consistent nor accurate using other methods. For each trial, the experimental units were pre-incubated in sterile serum vials with a microaerobic atmosphere (5% O2, 10% CO2, 85% N2) at 42°C, 150 RPM for 24 h (Trial 1) and through 48 h (Trial 2). C. jejuni was added to each culture at a final concentration of 1 × 108 cells/mL after the 24 h pre-incubation time (Rubinelli et al., 2016). A 1 mL aliquot was removed from each culture at the start of the experiment and at each time point to count the C. jejuni per mL using the Petroff Hausser counter (Ziprin et al., 2003). Petroff-Hausser count data was reported for each trial as it closely paralleled microscopy confirmations of the cell morphology and structure and can be used to detect viable but non-cultivable Campylobacter (Ziprin et al., 2003). Because of the difficulty associated with accurately quantifying the Campylobacter in microaerobic stasis as identified by pilot studies, using the Petroff-Hausser counter ensured that we also did not report solely prevalence data for Campylobacter. As a result, data presented herein is strictly from cell counts.



Microbiome Sequencing

Throughout Trial 2, DNA was extracted from the aseptically collected aliquots of the microaerobic cultures taken at the indicated time points (0, 24, and 48 h) using the Qiagen Qiamp Fast DNA Stool Mini Kit (Qiagen, Hilden, Germany). The DNA purity was assessed, and then the DNA samples were diluted to 10 ng/mL. The paired-end sequencing libraries were prepared by targeting the hypervariable region 4 of the 16S ribosomal RNA with PCR primers containing the linker and adapter sequence. The libraries were assessed for qualitative and quantitative homogeneity, and then sequenced using the Illumina MiSeq platform as previously described (Kozich et al., 2013).



Microbiome Bioinformatic Analysis

Data sequences were uploaded onto the BaseSpace Website1 (Illumina, San Diego, CA, United States), where sequence run quality and run completion were determined. De-multiplexed data was then downloaded locally and uploaded onto QIIME2-2018.8 via the Casava1.8 paired-end pipeline. All data analysis on QIIME2 were conducted using the q2cli interface. Data were visualized and then trimmed in DADA2 using the chimera consensus pipeline. Alpha and beta diversity were computed via the QIIME phylogeny align-to-tree-mafft-fasttree methodology, then analyzed for all available metrics of alpha and beta diversity via QIIME diversity core-metrics-phylogenetic, with a sampling depth of 14,000 reads for both diversity and alpha-rarefaction analysis. Taxonomic assignment of the operational taxonomical units was conducted using the QIIME feature-classifier classify-sklearn Bayesian methodology with the QIIME2-2018.8 SILVA database. Statistically significant differences in alpha and beta diversity were computed via PERMANOVA. Compositional differential abundance via ANCOM (Analysis of Composition) was conducted and unique phylogenetic features in the relative abundance tables were exported into Microsoft Excel (Microsoft, Redmond, Washington, United States), sorted for the top nine features that were statistically significant (Q < 0.05), and visualized.



Statistical Analysis

The cell counts from the Petroff–Hausser counter were recorded, log10 transformed, then inputted into SAS JMP 14.0 (SAS, Cary, NC, United States) where they were evaluated for the main effects of treatment (XPC or CON) and time and the interaction thereof as well as the random effects of experiment. The random effects of trial date were not considered statistically significant. Dunnett corrections for multiple comparisons were implemented post hoc to correct for errors in pair-wise comparisons, which were made across all treatment groups relative to the most basic reduced control as identified in the section “Results.” Significance was defined at a P ≤ 0.05. The statistical analyses for the microbiome were computed as a component of QIIME2 using standard pipelines. With the microbiome data, when considering alpha and beta diversity as well as the ANCOM analyses, a P ≤ 0.05 was considered statistically significant for the overall effect, with Q ≤ 0.05 being significant for individual contrasts in order to incorporate a stringent false discovery rate (ANCOM).



RESULTS


Campylobacter Survival in Cultures in the Presence and Absence of XPC

The effects of XPC has on broilers reqiures the metabolization of the product by the microbiota for its anti-Salmonella effects (Rubinelli et al., 2016). Campylobacter is a significant foodborne pathogen; therefore, as the poultry industry is constantly trying to evaluate new tools to address this issue, it became important to see if XPC had in vitro anti-Campylobacter effects. In order to initially evaluate the potential anti-Campylobacter effects of XPC, determining whether or not the metabolites produced by XPC in vitro reduced Campylobacter were essential. Because working with Campylobacter is difficult, we modified our traditional in vitro model system piloted by Rubinelli et al. (2016) to function for Campylobacter. The anerobic model was ineffective; thus, modifications using established media in microaerobic conditions were used after numerous attempts. Antibiotics were included to enhance the recovery of Campylobacter. While artificial, it does enable researchers to evaluate trends.

Irrespective of the trial, 0 h pre-inoculation samples were collected and plated and evaluated with the Petroff–Hausser counter, with no growth observed. The first experiment set out to evaluate whether or not XPC impacted Campylobacter directly and whether or not it required the ceca to reduce C. jejuni and was repeated two times. The results of Experiment 1 are shown in Figure 2A. All groups were compared to the C. jejuni only group using the Dunnet’s test. There was no significant reduction in C. jejuni recovered from groups containing XPC alone. However, when XPC was added to cecal contents, there was a 1.57 log reduction in recovered C. jejuni (P < 0.0001). That reduction was greater the cecal content alone, where the C. jejuni recovered from the cecal contents only demonstrated a 0.86 log reduction as compared to the C. jejuni group alone (P < 0.001). There was no difference between C. jejuni + XPC and C. jejuni alone throughout the trial, meaning cecal contents are required in order for XPC to produce anti-C. jejuni effects. This requirement coincides with observations made in previous studies with a similar cecal in vitro system and Salmonella (Rubinelli et al., 2016). Comparing the treatments with C. jejuni alone, a significant decrease in log-phase C. jejuni was observed in the 24 h mixed cultures with XPC compared to 24 h mixed cultures without XPC (Figure 2A).
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FIGURE 2. (A) Recovered log cells of Campylobacter jejuni per mL of ceca culture at 24 h. Ceca were aseptically harvested from 41 day old Cobb 500 male broilers for Trial 1. All comparisons were made against C. jejuni in Bolton’s broth only using Dunnet’s Test for multiple comparisons. The bars represent the standard error of the sample mean. Each different letter indicates statistical significance and each number represents the mean Log10 CFU recovery of Campylobacter (P < 0.05). (B) Log cells of C. jejuni per mL of cecal culture recovered over time. C. jejuni were isolate at 0, 24, and 48 h and quantified using a Petroff–Hausser counter. The purple line is the CON group, the aqua line is the XPC treated group. There were significant effects of treatment and time as compared to the CON at 0 h group. There were no differences in XPC and CON at 0 h, therefore all differences are theorized to emerge due to treatment effects.


Trial 2 was conducted to evaluate whether or not the reduction in C. jejuni was sustained over time, and if there were substantial shifts in the microbiome. The 48 h time point was added to the trial to determine if the XPC-mediated reduction demonstrated in the first trial changed over time. As characteristic of this specific in vitro model (data not shown), there is a bloom of Campylobacter from 0 to 24 h (Figure 2B). This is likely due to the abundance of nutrients available in Bolton’s broth and the ceca. There was an effect of treatment (XPC vs. CON) and an effect of time (P < 0.001) and there was a trend toward the interaction of time and treatment being important (P = 0.063). Using Dunnet’s test setting 0 h as the comparison, 24 h and 48 h were significantly different than 0 h (P < 0.001; Figure 2B). Additionally, the main effect of treatment was also significant (P = 0.0124) when comparing the CON group to the XPC group (Figure 2). The lack of numerical differences between 24 and 48 h in the XPC + C. jejuni group is likely driving the lack of significance in the interaction when compared to the C. jejuni + 0.1% ceca alone (P = 0.063).

Regarding the effect of treatment, there was a significant reduction in log cells/mL of C. jejuni recovered in XPC treatment groups vs. CON (P = 0.0124). When separating out the means using Dunnet’s multiple comparisons setting CON as the contrast, there is a sustained reduction in C. jejuni in XPC as compared to the CON group. Therefore, the stability of C. jejuni populations in both groups are numerically different from one another, though lack statistical significance as the rate of change is not different from 24 to 48 h.



Microbiome Analysis: Alpha and Beta Diversity Analyses

Alpha and beta diversity analysis is an essential first step in understanding how the XPC impacts the microbiome, and, in turn, is mechanistically tied to the reduction of Campylobacter. Alpha diversity focuses on the richness of the sample, which is defined as unique operational taxonomical units [OTU(s)] per sample as well as how even that count is between samples or treatment groups. Whereas beta diversity focuses on the dissimilarity of OTUs between samples or treatment groups with or without phylogenetic alignments playing a factor.

All available indices for alpha diversity were conducted in QIIME2. The alpha diversity results are shown in Table 1. Pielou’s Evenness and Shannon Diversity indices were statistically significant throughout the course of the study (P < 0.05). Pielou’s evenness speaks to how consistent the unique OTUs were between samples, whereas Shannon’s Diversity focuses on the number of unique samples per sample. Together, both indices provide a complete description of the alpha diversity in this study. Differences between time and treatment were observed with both metrics (Pileou Evenness; Figure 3A, Shannon Diversity Index; Figure 3B and Table 1). There was no significant difference in the alpha diversity using either indices at 0 h between XPC and CON. There were significant differences in diversity over time as compared to 0 h, with an increase in the H-score in control and CON independently over time. This indicated that time drove many of the differences observed, which parallels the C. jejuni microbiology data. When comparing treatments, there were no significant differences at the same time points. However, there were significant differences in alpha diversity as compared to 0 h for all treatment groups. Therefore, the number of unique OTUs and the evenness between samples is not significantly different over comparable time points by treatment. Any differences in the microbiota are due to microbial compositional diversity, not individual OTU count.


TABLE 1. Changes in Shannon Diversity Index and Pilou’s Evenness.
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FIGURE 3. (A) Bray Curtis Diversity Plot. The PCoA of the Bray–Curtis Diversity Plot. Key: Red: 0 h; CON: Blue; 0 h XPC: Orange: 24 h CON; Green: 24 h XPC; Purple: 48 h CON; Yellow 48 h XPC. (B) Weighted Unifrac Diversity Plot. The PCoA of the Weighted Unifrac Diversity Plot. Key: Red: 0 h; CON: Blue; 0 h XPC: Orange: 24 h CON; Green: 24 h XPC; Purple: 48 h CON; Yellow 48 h XPC.


However, unlike the alpha diversity analyses, beta diversity began to exhibit significant differences between groups at specific time points. All of the available analytics were conducted when evaluating whether or not specific metrics for beta diversity were statistically important. Both Bray–Curtis (Figure 3A), and the weighted unifrac distance matrix (Figure 3B) indices, were statistically significant between treatments (P < 0.05; Table 2). The plots are visualized in Figures 4A,B, and the statistical analysis indicated profound differences in beta diversity.


TABLE 2. Changes in Bray–Curtis and Weighted Unifrac Diversity Indices.
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FIGURE 4. (A) PCoA of Bray–Curtis Diversity Index separated out by time. Time was a significant factor in the change in diversification and therefore the treatment groups were plotted against the variable of time. Key: Red: 0 h; CON: Blue; 0 h XPC: Orange: 24 h CON; Green: 24 h XPC; Purple: 48 h CON; Yellow 48 h XPC. (B) PCoA of Weighted Unifrac Diversity Index Separated Out By Time. Time was a significant factor in the change in diversification and therefore the treatment groups were plotted against the variable of time. Key: Red: 0 h; CON: Blue; 0 h XPC: Orange: 24 h CON; Green: 24 h XPC; Purple: 48 h CON; Yellow 48 h XPC.


Bray–Curtis (BC) Beta Diversity evaluates the quantitative dissimilarity of OTUs between samples. There was no difference in BC at 0 h when directly comparing XPC vs. the CON. There was also no difference between 0 h CON and XPC. However, there are statistically significant differences when comparing CON at 0 h vs. 24 and 48 h. Conversely, there is no difference in BC diversity between CON at 24 and 48 h, indicating that the fluctuations in beta diversity occurred within the control group after 24 h. When comparing CON vs. XPC at 24 h, there was a statistically significant change in beta diversity between the groups (Q = 0.0075). At 48 h, there were significant changes in beta diversity between XPC and the control group (Q = 0.03). When comparing beta diversity across time in the XPC treatment group, there were significant changes in diversity from 0 h and 24 and 48 h. There was no significant change in BC diversity between 24 and 48 h in the XPC treated groups.

Weighed Unifrac (WU) Beta Diversity Matrices quantitatively measures dissimilarity between samples and considers the phylogenetic relationships. There was no difference in WU diversity between CON and XPC at 0 h. Therefore, any differences occurring thereafter were due to time and treatment. Comparing the CON group across all time points, there were differences at 0 vs. 24 h, and 0 vs. 48 h. When comparing XPC and CON at the same time points, there were significant differences in WU diversity at 24 h but not 48 h. Finally, differences in WU diversity in XPC groups was significantly different at 0 vs. 24 h and 0 and 48 h.

In order to fully visualize whether or not the effect of treatment was due to the continuous variable of time, principle coordinate analysis (PCoA) plots were constructed to evaluate the contribution that time contributed to the data variability between treatment groups for both BC (Figure 4A) and WU (Figure 4B) analyses. The further down the axis the data point was, the more that axis contributed to the variability of the data. The greater the distance down the axis there was between groups, the greater the effect of time had on the microbiome. It is clearly demonstrated in both plots that when defining time as a contributing variable, significant differences in beta diversity demonstrated in Table 2 were readily visualized. Therefore, there were significant divergences between different treatment groups, which is not only driven by treatment, but is also heavily influenced by time, specifically 0–24 h.



Microbiome Analysis: Taxonomy Visualization and ANCOM Analysis of Compositional Diversity Differences

After the alignment, taxonomical bar plots were created to give a complete visualization of the microbial diversity as supported by ANCOM analysis (species epithet; Figure 5). The declaration of compositional differences cannot be accomplished accurately by comparing individual OTU counts between group, nor can trends in diversity as the qualitative approach lacks the incorporation of an accurate false discovery rate (Figure 6). As beta diversity analysis demonstrated compositional divergence between groups, ANCOM was conducted at all taxonomical levels (data not shown) to evaluate which microorganisms are unique. ANCOM was chosen due to its ability to increase statistical power with small datasets while effectively incorporating a stringent false discovery rate (Mandal et al., 2015). The use of a false discovery rate of appropriate vigor is important for multi-dimensional, multi-response data characteristic of a single sample analyzed via next-generation sequencing.
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FIGURE 5. Taxonomical bar graphs. Taxonomy bar plots are visualized through the species epithet and the colors are presented from the top of the graph (coral, Campylobacter) to the bottom of the graph (coral, Lachnoclostridium).



[image: image]

FIGURE 6. ANCOM Analysis of Treatment Groups 24 and 48 h. The most prevalent groups that were identified by ANCOM as statistically significant are presented. Differences between the groups were identified as significant by ANCOM (Q < 0.05).


Stark differences between XPC and CON groups at 24 and 48 h were observed at L7 (species epithet; Figure 6). Data was sorted to visualize the top nine species, though numerous species were present and exported into Excel. Importantly, the OTUs mapped to Campylobacter (light blue) paralleled the microbiological data. Therefore, the XPC mediated reduction in C. jejuni is supported by Petroff-Hausser counting, microscopy, and sequencing. The next highest abundant group is Lactobacillus spp. (gray), which was significantly enriched in the XPC groups as compared to the control groups. The OTUs that mapped to Lactobacillus spp. were over 3.8-fold more abundant at 24 h than XPC treated groups vs. CON. The next group with the greatest significant difference between groups was Methanobrevibacter spp. There were about 1.4-fold more Methanobrevibacter spp. in XPC treated groups, than the CON group. Lachnospiraceae spp. (orange) are differentially abundant between groups, however, unlike previously abundant species, Lachnospiraceae was reduced 7.9-fold at 24 h in XPC treated groups, then increased eightfold at 48 h. Lachnospiraceae at 48 h is slightly higher than CON groups. Similarly, there is a contraction, followed by a bloom of an OTU identified as an uncultured Firmicutes termed Phascolarctobacterium spp. Faecalbacterium shares a similar trend, with a significant bloom in the population by 48 h. Two other groups that were enriched Synergistes and Bacteroides sp. Smarlab 3302398 shared similar trends. Finally, Megamonas spp., or formerly Bacteriodes hypermegas, showed a different trend, contracting significantly between CON and XPC groups at 24 h, then remaining contracted throughout the rest of the study. XPC groups had less Megamonas spp. present than other groups. Therefore, multiple species of bacteria are differentially expressed in XPC vs. the CON group, though their specific role remains to be elucidated.



DISCUSSION

Modulating the microbiome has the potential to control Campylobacter infections since the cecal microbiota and Campylobacter appear to be extensively interconnected (Indikova et al., 2015). This study was an in vitro approach for evaluating whether XPC could modulate the microbiome and if those effects could reduce C. jejuni independent of the immune system. Results suggest that XPC-mediated reductions of Campylobacter are cecal dependent, which is likely driven by changes in GIT microbial ecology, which is consistent with previously published reports for Salmonella (Rubinelli et al., 2016; Park et al., 2017). When the experiment was repeated and extended through 48 h, there was no increase in C. jejuni load and the effect of XPC was sustained as compared to the CON group. Incorporating the Petroff-Hausser counter was important in this study as it detected viable-but-not-culturable C. jejuni, which can result in foodborne disease and are not detected using traditional microbiological methods (Ziprin et al., 2003). However, direct evidence associated with the infectivity of viable-but-not-culturable bacteria as infectious agents is not strong (Ziprin et al., 2003).

Evidence that the microbiome can be harnessed to reduce C. jejuni fitness in the poultry GIT is twofold: first, C. jejuni colonization is influenced by total microbiome maturation and diversity; second, there are populations of bacteria that are directly antagonistic to C. jejuni (Awad et al., 2016; Connerton et al., 2018). In order for a feed additive to be successful, we theorize that it would likely have to exhibit a multi-dimensional influence on the microbial ecology of the gut to be sustainable enough to reduce Campylobacter colonization of poultry. The microbiome data independent of the immune system indicates that XPC seems to produce specific changes to the microbiome of the poultry ceca as demonstrated in this in vitro model. Importantly, there is not just one prokaryote population that seems to be driving these effects. In fact, ANCOM analysis indicates that the XPC-mediated changes to the microbiome are dynamic and potentially specific to XPC. For a pathogen such as Campylobacter that exhibits genomic and metabolic plasticity, total compositional changes to the microbiome may be essential in mitigating the threat of the pathogen. This could be why more one-dimensional approaches, such as probiotics that are transient, are not completely effective. For example, when Thibodeau et al. (2015) fed a selenium-yeast probiotic product traditionally tied to improved immunobiology and feed efficiency, the researchers did not detect microbiota, Campylobacter or general bird health responses in experimentally inoculated birds. Lactobacillus and other probiotics exhibit similar ranges in efficacy, which may be due, in part, to their ability to modulate the microbiome (Broom and Kogut, 2018).

However, additional evidence suggests that XPC is more beneficial to the bird, with microbiome-activating effects. Guyard-Nicodème et al. (2016) tested a number of commercial products, including XPC, as feed additives administered throughout the grow-out period to control experimentally infected Campylobacter. They found XPC significantly reduced a late C. jejuni challenge, but not early, in the grow-out period. Considering the in vitro data and other evidence indicate the importance of a window of opportunity driven by the maturity index of the microbiome, it may be interesting to see if XPC changes the rate of diversification, maturity, and stability of the microbiome. Altogether, such data could drive the effects demonstrated by Guyard-Nicodème et al. (2016).

The identification of specific bacterial species, or cornucopia of bacterial species, as biomarkers associated with Campylobacter infection and resistance has been studied. Evidence suggests that microbiota natively and significantly enriched with Bacteriodes and Escherichia increased the likelihood of native infections of Campylobacter in chicken abattoir workers (Dicksved et al., 2014). However, a microbiota of human subjects prior to infection enriched with Lachnospiraceae, Clostridiales, and Anaerovorax conferred a general resistance to Campylobacter and resulted in less volatility over time (Dicksved et al., 2014). Lachnospiraceae and Clostridiales were the most differentially expressed species between treatments and across time throughout this study. More studies are needed to validate this phenotypically and if the microbiome identified in humans that confers robustness to Campylobacter assault is paralleled in the broiler chicken.

Poultry associated lactic acid bacteria have been previously demonstrated to inhibit the growth and repress virulence properties of Campylobacter, which is why Lactobacillus probiotics are popular in the poultry industry (Stern et al., 2005; Santini et al., 2010). Moreover, several studies have identified bacteriocins as the mechanism behind this effect. Bacteriocins like nisin and SMXD51 and NRRL B-30514, of Lactobacillus salivarius, kill C. jejuni and Campylobacter coli as well as several other bacterial species (Stern et al., 2005; Messaoudi et al., 2012). This same strain of L. salivarius also reduced a C. jejuni challenge in broilers when repeatedly administered orally (Stern et al., 2005; Saint-Cyr et al., 2017). Another potentially antagonistic species was Megamonas spp. Some evidence suggests that Megamonas may be antagonistic to Campylobacter persistence in the poultry GIT (Scumpham et al., 2010).

Faecalbacterium is a significant anaerobic butyrate metabolizer and signifies a healthy gut axis. Faecalbacterium, along with Lactobacillus, is positively associated with high performing broiler chickens as well as beneficially modulating the innate immune system (Yan et al., 2017). Faecalbacterium is also being investigated as a probiotic as increasing the populations of Faecalbacterium improve immune function, overall physiological functioning, and help fortify the microbiome against inflammatory assault (Sokol et al., 2008; Yan et al., 2017). Faecalbacterium is also associated with high microbial diversity (Sokol et al., 2008). It is theorized that Faecalbacterium increases the microbiome robustness to disbyosis by inducing IL-10 and other anti-inflammatory cytokines, as well as increasing butyrate production Sokol et al., 2018). As XPC in feed results in increased butyrate and other short chain fatty production, it is interesting that many of the differentially abundant bacteria are also high butyrate producers.

Data also suggests that volatility of that microbiota over time may predispose certain populations to Campylobacteriosis more so than the enrichment or loss of certain microbial populations (Dicksved et al., 2014). Those differences in alpha and beta diversity are likely consistent in susceptible populations. In poultry, C. jejuni thrives when the microbiome is its most volatile, which is prior to immunobiological and microbiome maturity (Connerton et al., 2018). Therefore, increasing the rate of maturation and the stability of the microbiome with in-feed additives may be a beneficial avenue for producers. The stabilization of the microbiome may be indicated as a potential mechanism for XPC efficacy via the differential abundance of Methanobrevibacter spp., which is a methanogen producing archaeon associated with the digestion of complex carbohydrates by being a major consumer of bacterial fermentation byproducts such as hydrogen and carbon dioxide (Armougom et al., 2009). Methanogens can be detected in the fecal material relatively early during a broiler life cycle and Methanobrevibacter woesii has been identified as the predominant methanogen in adult layer hen ceca (Saengkerdsub et al., 2007a, b). Additionally, Methanobrevibacter spp. and other methanogens are important in a gut rich in anaerobic fermentation as the accumulation of H2 can be deleterious to the host (Gill et al., 2006). When microbial populations are healthy, anaerobic, and actively producing short chain fatty acids, Methanobrevibacter are usually enriched (Gill et al., 2006). This is consistent with detectable methane production occurring in poultry cecal in vitro anaerobic cultures grown on either a high fiber diet or a grain-based layer ration (Saengkerdsub et al., 2006).

Another important organism, Phascolarctobacterium spp., which produces acetate and propionate is also present and differentially abundant in this study, and are also considered indicators of an efficient metabolic state (Wu et al., 2017). Synergistetes are obligate anaerobic bacterial species that are amino acid reducers, although not much is known about the species beyond anecdotal knowledge (Jumas-Bilak et al., 2009). However, it is a known species associated with a “normal” microbiome. Therefore, an increase in anaerobic populations associated with a stable, energetically balanced microbiome, while also producing a microbiota that is competitively exclusive and antagonistic to Campylobacter, may be a mechanism for XPC anti-Campylobacter efficacy.

Significant caveats exist with the proposed in vitro model. First, short of oscillation, we do not simulate peristalsis or continuous culture environments. This likely reduces the mechanical stress on the microbiota as well as limits nutrient availability over time and greatly limits the potential applications of this model. We overcome the continuous culture limitation by only allowing the culture to go out to 48 h. Additionally, the effect of time was not likely driving the treatment effects as presented by our data. However, the authors agree that additional validations will be required, specifically the comparison of this model to a live bird study, to evaluate the specific caveats associated with time, nutrient availability, and antibiotic components of the media. Second, the difficulties in recovering Campylobacter were overcome by using the standard Bolton’s Broth preparations. This absolutely can change the potential treatment-based fluctuations of the microbial ecology of the in vitro model and bias the data. Antibiotic resistance is favored with certain populations. Therefore, it is reasonable to believe that there may be important populations that may either benefit or antagonize Campylobacter that are not present in this study. Therefore, a full validation of this model will be required moving forward that tunes the trade-off between Campylobacter recovery and background microbiota. However, what is interesting about this study is that changes to the microbiota take place in the presence of XPC and ultimately XPC treatment groups carry fewer Campylobacter. This is mirrored in the cell counts as well as in the sequencing data. While caveated, with the controls in place, this study provides, preliminary understanding of the effects of XPC.

While single approaches, like a probiotic, have important effects, multiple antagonistic species were identified, potentially indicating that XPC effects may be multi-modal. This study provides preliminary evidence to suggest that XPC may ultimately change the ecology of the gut and be exclusive to not only Salmonella, but Campylobacter as well. Overall, it appears that there is an overall environmental shift from CON to XPC groups that are sustained over time that promote anaerobic production and oxidation of fatty acids and complex carbohydrates by Archeae and prokaryotes. Even if the population of bacteria or Archeae are reduced initially, they rebound by 48 h, which may indicate that XPC continues to beneficially modulate the microbiome over time. Additionally, bacteria that actively resist Campylobacter, such as Lactobacillus spp., were also identified in this study. Therefore, the total microbial shift in the environment may contribute to the reduction of Campylobacter. Further analyses evaluating metabolomics changes to the microbiome must also be conducted to determine if the phenotypic changes of the gut match the species identified through 16S microbiome sequencing.



CONCLUSION

A previous report estimated that reducing Campylobacter in the chicken cecum by as little as three logs could reduce the risk of human disease by as much as 90–100% (Romero-Barrios et al., 2013). While the reductions in Campylobacter are not that biologically significant in this current study, it is promising. By understanding how Campylobacter persists, and the microbiota ecology associated with resistance and infection, new management strategies may be developed. Therefore, a necessary next step is an experimental infection of Campylobacter jejuni in broiler chickens to monitor birds for anti-Campylobacter effects. Necessarily, evidence presented in this paper highly suggests such data should include temporal studies in microbial diversity, maturation, and volatility. Overall, this study also suggests that XPC requires the microbiota for anti-pathogenic effects, which results in profound changes to the microbiome that both competitively exclude Campylobacter and may be directly antagonistic to the pathogen. By increasing butyrate producing bacteria, phenotypic data evaluating XPC-mediated metabolite changes in the microbiota from previous studies is further supported (Possemiers et al., 2013; Rubinelli et al., 2016).

Increases in butyrate producing bacteria are both anti-pathogenic and immune-balancing. Data presented herein supports other publications that evaluate the effects of XPC in poultry or the microbiome, where butyrate production was noted (Possemiers et al., 2013; Feye et al., 2016; Rubinelli et al., 2016). By fortifying the immunobiological-microbiome axis through the production of metabolites like butyrate, overall changes to host pathology are possible. Therefore, the underlying mechanism that drives the overall effects of XPC may rest at that nexus of XPC, the microbiome, and the immune system. Future studies need to elucidate that nexus, which could profoundly enhance the utility of XPC to producers.
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Campylobacter is a major foodborne pathogen with over a million United States cases a year and is typically acquired through the consumption of poultry products. The common occurrence of Campylobacter as a member of the poultry gastrointestinal tract microbial community remains a challenge for optimizing intervention strategies. Simultaneously, increasing demand for antibiotic-free products has led to the development of several alternative control measures both at the farm and in processing operations. Bacteriophages administered to reduce foodborne pathogens are one of the alternatives that have received renewed interest. Campylobacter phages have been isolated from both conventionally and organically raised poultry. Isolated and cultivated Campylobacter bacteriophages have been used as an intervention in live birds to target colonized Campylobacter in the gastrointestinal tract. Application of Campylobacter phages to poultry carcasses has also been explored as a strategy to reduce Campylobacter levels during poultry processing. This review will focus on the biology and ecology of Campylobacter bacteriophages in poultry production followed by discussion on current and potential applications as an intervention strategy to reduce Campylobacter occurrence in poultry production.
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INTRODUCTION

According to the World Health Organization, Campylobacter is a leading cause of the diarrheal disease (World Health Organization [WHO], 2018). The genus Campylobacter is comprised of over 20 species. Strains of Campylobacter jejuni and Campylobacter coli are generally considered some of the more significant concerns among foodborne pathogens for human health (Korczak et al., 2006; Havelaar et al., 2012; World Health Organization [WHO], 2018; Centers for Disease Control and Prevention [CDC] (2019)). European Food Safety Authority (EFSA) has declared campylobacteriosis as being one of the most commonly reported foodborne diseases since 2005, with over 200,000 cases per year, representing 70% of the human zoonoses in the E.U. (European Food Safety Authority [EFSA], 2020). In one study in the United Kingdom (U.K.), it was reported that 50–80% of poultry harbored Campylobacter in their intestinal tract (Connerton et al., 2011; European Food Safety Authority [EFSA], 2011, 2020). These numbers are similar to those found in poultry produced in the United States (U.S.) (Hanning et al., 2010; Chapman et al., 2016).

With populations in the bird cecum in some instances exceeding seven log10 colony-forming units (CFU) per gram of cecal content, this genus appears to be specifically well suited to reside within the poultry gastrointestinal tract (GIT) (Rudi et al., 2004; Connerton et al., 2011; Indikova et al., 2015). Consequently, Campylobacter can be released from the poultry GIT as birds are being processed, potentially contaminating poultry processing plant equipment and the finished product (Elvers et al., 2011; García-Sánchez et al., 2017). Furthermore, Campylobacter contamination in the poultry processing plant can remain a persistent problem. Given the poultry GIT establishment and subsequent likelihood of contamination in the poultry plant, poultry meat products are considered a significant source of potential infection for human campylobacteriosis (Umaraw et al., 2017). Pre-and postharvest interventions have been utilized and proposed over the years to reduce Campylobacter populations in poultry (Umaraw et al., 2017; Kim et al., 2019; Deng et al., 2020). One intervention that has received more interest as a potential intervention for Campylobacter is the administration of Campylobacter phages. This review aims to focus specifically on the ecology of Campylobacter phages, their mechanisms of bacterial host infection, host resistance, and their applications in both pre-and postharvest as intervention strategies toward reducing Campylobacter in poultry production. Due to the lytic characteristic that phages possess, multi-pronged interventions that include combination of phages with non-phage technologies, such as acids and endolysins, throughout poultry processing steps may result in efficient reduction of Campylobacter under commercial conditions.



CAMPYLOBACTER PHAGE – CLASSIFICATION AND MECHANISMS OF HOST INFECTION

The first Campylobacter phages were likely isolated in 1960 in cattle and pigs from then identified Vibrio coli and Vibrio fetus, now known as C. coli and C. fetus (Fletcher and Bertschinger, 1964; Fletcher, 1968). A few of the over 170 known phages infect C. jejuni, and most of them are specific to the bacterial host (Ushanov et al., 2020). Almost all currently isolated phages that infect Campylobacter are from the family Myoviridae and morphologically distinguished as Bradley’s morphotype A1 with a contractile tail (Gencay et al., 2018; Jäckel et al., 2019; Ushanov et al., 2020; Table 1). Some Campylobacter bacteriophages are from the family of Siphoviridae and possess Bradley’s morphotype B1 with a non-contractile tail (Ushanov et al., 2020). Furthermore, lytic phages that target Campylobacter are typically assembled into three groupings (I, II, III) based on genome size (Jäckel et al., 2019; Ushanov et al., 2020). Group I lytic phages are 320 kb in genome size and considered unstable, with only two isolates being identified (Frost et al., 1999; Connerton et al., 2018). Although both group II and III have been demonstrated to be useful for phage therapy, most isolated Campylobacter phages belong to group III (Sails et al., 1998; El-Shibiny et al., 2009; Carvalho et al., 2010). Group II phages with an average genome size of 162,601 base pairs, and Group III phages (133, 166 base pairs) comprise approximately half the group I phages’ genomic size (Jäckel et al., 2019). Group II phages have a protein head diameter of 83 to 99 nm (Carvalho et al., 2010; Jäckel et al., 2019). Group III phages have a head diameter of 100–130 nm, whereas Group I phages possess much larger head proportions (Jäckel et al., 2019). Based on whole genome sequencing and protein analysis, groups II and III bacteriophages can be further combined into the Eucampyvirinae sub-family (Ushanov et al., 2020). Zampara et al. (2017) further grouped C. jejuni phages based on receptor dependency, namely, group III phages use CPS receptors, and group II phages contact the host via flagella.


TABLE 1. Campylobacter phages taxonomy and description.

[image: Table 1]
Several phage receptors in Gram-negative bacteria have been recognized, which consist of bacterial surface components such as lipopolysaccharides (LPS), CPS, flagella, outer membrane proteins (Omps), and porins (Rakhuba et al., 2010). For instance, the T-even phages, such as Escherichia coli T4 phage, which is the model of the Myoviridae phages having contractile tail structure, are among the best-characterized phages (Sørensen et al., 2011). T-even phages recognize and bind to a variety of Omps or specific structures within LPS in E. coli. Bacterial receptors in other Gram-negative bacteria that are recognized by phages consist of structures within LPS such as O antigens and carbohydrate moieties (Kiljunen et al., 2005; Petty et al., 2007). The O antigens are central features of E. coli and C. jejuni cells surface and represent essential factors of infection and disease associated with humans (Mills et al., 1992; Stenutz et al., 2006). Application of phages that bind O antigens may help reduce the virulence of pathogens such as Campylobacter within human GIT and thus may be beneficial in postharvest applications for poultry meat intended for retail destinations such as ready to eat meats.



CAMPYLOBACTER PHAGE-ECOLOGY

Campylobacter phages have been isolated wherever their hosts exist, such as the feces of sheep, cows, pigs (Hansen et al., 2007; Rizzo et al., 2015; An et al., 2018); slaughterhouse run-offs, sewage, manure, excreta of chickens and their meat (Grajewski et al., 1985; Salama et al., 1989; Sails et al., 1998; Atterbury et al., 2005; Connerton et al., 2004, 2011; El-Shibiny et al., 2005; Loc Carrillo et al., 2007; Tsuei et al., 2007). Reports on the isolation of bacteriophages from poultry are considerably variable. For example, out of 205 broiler ceca, approximately 20% were positive for Campylobacter bacteriophages in the U.K., and a similar result was observed with broilers in South Korea (Atterbury et al., 2005; Hwang et al., 2009). However, in a Denmark study, the Campylobacter bacteriophages’ isolation rate from conventionally raised broiler intestines was only 3% (Hansen et al., 2007). In contrast to these low rates of isolation, Owens et al. (2013) reported that 100% of the fecal samples from free-range broilers and egg layers tested positive for C. jejuni phages. El-Shibiny et al. (2005) isolated 51% Campylobacter phages from the Campylobacter-positive organic chickens from a U.K. flock. This increase makes sense because free-range birds potentially encounter a wider variety of Campylobacter species and their phages because they are exposed to a broader range of environmental surroundings (Hald et al., 2001; Atterbury et al., 2003b). In general, the likelihood of phage recovery potentially increases with the presence of a susceptible host; therefore, birds with higher colonization rates of Campylobacter are more likely to be sources of phages (Atterbury et al., 2003b).

Campylobacter colonization in poultry can vary considerably and this can impact the contamination levels throughout the poultry production chain. In a study by Rudi et al. (2004), the concentration of C. jejuni in poultry ceca exhibited a 1,000-fold difference in range throughout a number of flocks. If the strain colonizing one community has an infectious dose that is 0.1% of the strain colonizing another flock, then these two strains would be considered relatively equivalent in their likelihood to cause illness through food contamination (from a human infectivity standpoint) (Rudi et al., 2004). Since up to 76% of chickens slaughtered can be Campylobacter positive, contamination management continues to be an important challenge to poultry production (Humphrey et al., 1993). In addition, with cross-contamination occurring in the slaughterhouse, Campylobacter and phages discovered on a single chicken carcass may have originated from more than one source (Atterbury et al., 2003b). Although, tracking of phages might be difficult throughout poultry processing due to cross-contamination effects, the capability of phages to persist throughout poultry processing demonstrated by Atterbury et al. (2003a) is an essential characteristic of their future use in the biocontrol of Campylobacter in poultry processing. The phages isolated in this study exhibited a broad range of recovery rates from chicken skin stored at 4°C (Atterbury et al., 2003a). Furthermore, the stated detection limit for phage recovery of 2 × 103 PFU/10 cm2 of chicken skin suggests that there are at least that many phages persisting throughout the commercial poultry processing and packaging operation.



ISOLATION, PROPAGATION, CONCENTRATION, AND PURIFICATION OF CAMPYLOBACTER PHAGES

Isolation strategies may impact both the extent and the type of Campylobacter phages detected in different ecosystems. The outline and main concepts for the following procedures are briefly described in Figure 1. The first step for isolation is collecting the samples. Samples should not be frozen or vortexed as these treatments may significantly reduce the plaque-forming ability (Atterbury et al., 2003a; Jäckel et al., 2017). Although Atterbury et al. (2003a) were able to isolate Campylobacter phages from over 10% of chilled chicken thighs by plaque assay, Jäckel et al. (2017) reported reduced lytic activity of phages from samples that were previously frozen.


[image: image]

FIGURE 1. Outline of main concepts of isolation, propagation, concentration, and purification of Campylobacter phages.


Even though phages have been detected with polymerase chain reaction (PCR) assays in frozen meats, they either did not exhibit lytic activity, were apparently unstable, or simply more difficult to propagate (Janež et al., 2014; Jäckel et al., 2017). Solid samples can be incubated in sodium chloride/magnesium sulfate (S.M.) buffer to resuspend the phages, and the use of a homogenizer, such as a Stomacher®, to remove phages from chicken skin provides the best results (Jäckel et al., 2019). Following the centrifugation of the resuspended samples and consequent filtration (0.45 and 0.22 μm) of the supernatant, samples can be scanned for lytic activity (Jäckel et al., 2019). The phages are then concentrated to a 10-fold concentration using centrifugal filter units before spotting on indicator strains (Jäckel et al., 2019). Pre-screening to discriminate group II and group III phages rapidly may be beneficial. Using PCR, Jäckel et al. (2017) distinguished over 45% of total phages as group II or III phages. PCR positive samples that do not show lytic activity with the indicator strain can be tested with other potential strains. Likewise, the PCR negative samples should be examined for lytic activity as they may contain rare group I phages (Jäckel et al., 2017).

The choice of a bacterial host is essential while harvesting the phages. C. jejuni NCTC12662 (PT14) is generally used as an indicator strain because it is vulnerable to a broad range of phages, although little is known about its response to phage infection (Hansen et al., 2007; Sørensen et al., 2015; Gencay et al., 2018). PT14 was isolated from chicken ceca, and its complete genome has been sequenced (Brathwaite et al., 2013; Sørensen et al., 2015). Nonetheless, a broad range of candidate host strains consisting of several fla-types and Penner serotypes should be considered since group II binds to receptors on the flagellum and group III phages binds to CPS receptors (Sails et al., 1998; Hammerl et al., 2011; Sørensen et al., 2011, 2015; Sorensen et al., 2017; Gencay et al., 2018). Sorensen et al. (2017) developed a protocol to determine receptor dependency of Campylobacter phages.

Jäckel et al. (2019) suggested that cultivation of indicator strains be via Campylobacter media in flasks rather than tubes, as amplification of bacteria is increased by an ample surface headspace for gas exchange. The selection of an overlay agar, such as NZCYM, is critical for the results of the activity tests and should include CaCl2 and MgSO4, which enable the attachment of phages to their host cell (Sails et al., 1998; Frost et al., 1999; Sambrook and Russell, 2001). Determination of lytic activity can be achieved via plaque assays and microplate tests (Fischer et al., 2013). In addition, to obtain single plaques, dilutions of phage preparations must be plated. The plaques formed by lytic Campylobacter phages are generally about one millimeter in diameter and somewhat turbid, so a zoom stereo microscope may be helpful to spot and count plaques (Jäckel et al., 2019). Specific phages may then be recovered by three sequential single plaque isolations (Hammerl et al., 2011; Jäckel et al., 2015).

Optimal propagation technique should be determined for each phage as propagation methods are not equally suited for all Campylobacter phages (Hammerl et al., 2011; Jäckel et al., 2015; Gencay et al., 2017; Sorensen et al., 2017). Propagation of lytic phages can be accomplished by either infection of bacterial cultures or creating agar plates and demonstrating confluent lysis (Green and Sambrook, 2012). Hammerl et al. (2011, 2014) and Jäckel et al. (2015, 2019) achieved over 108 PFU/mL by infecting 100 mL cultures of the indicator strain with OD588 of approximately 0.4 with phages at a multiplicity of infection (MOI) of 0.01 followed by incubation for 12–24 h at 42°C. The cultures that appear to grow best in a flask with a filtered stopper can be placed in a box with a gas-producing sachet to mimic ideal growth conditions and incubated while mildly shaken (Jäckel et al., 2019). Since it is not recommended to use high centrifuge force, there is a possibility that remnants of agar can remain, which in turn may worsen filtration. This method has the additional benefit that the mass lysate does not include any agar, which may interfere with filtration (Jäckel et al., 2019). However, in another technique utilized by Loc Carrillo et al. (2007), Owens et al. (2013), and Gencay et al. (2017), the overlay agar is not harvested; instead, the visible plaques are extracted and suspended in buffer using the typical steps described by Frost et al. (1999).

Before the lysate is filtrated through a 0.45 and 0.22 μm filter, the residual agar, cells, and debris are removed by centrifugation (Jäckel et al., 2019). Bacterial DNA and RNA are then degraded using 20 mg/mL of DNase, and RNase added to the lysate and incubated at 37°C for 30–60 min (Jäckel et al., 2019). Phage particles can be subsequently concentrated using a variety of techniques depending on the amount of the lysate, such as ammonium acetate purification done by Ackermann (2009), centrifugal force utilized in Loc Carrillo et al. (2007), or CsCl density gradient done by Hammerl et al. (2011) and Jäckel et al. (2015). CsCl density gradient is also used to purify Campylobacter phages, where the application of 109 phage particles is suggested to obtain a prominent band (Jäckel et al., 2019). The extracted phages can consequently be applied to various studies such as morphological typing, selection of host range, and genomic or protein analysis.



ISOLATION AND ANALYSIS OF CAMPYLOBACTER PHAGE DNA

All sequenced Campylobacter phages have double-stranded DNA (Hammerl et al., 2011; Jäckel et al., 2015, 2019; Harada et al., 2018). Furthermore, genomic differences between group II and group III phages affect the choice of DNA extraction method (Hammerl et al., 2011; Jäckel et al., 2015, 2019). For instance, although the standard protocol described by Green and Sambrook (2012) is suitable for the extraction of group II DNA, the use of phenol-chloroform fails in the extraction of group III DNA (Hammerl et al., 2011; Jäckel et al., 2015, 2019). Commercially available kits for phage DNA extraction are available for both phage groups.

Campylobacter is resistant against digestion by numerous restriction endonucleases, such as AvaII, BamHI, CIaI, EcoRV, EcoRI, HaeIII, Hinfl, HindIII, HpaIII, PstL, PvuIl, Rsal, and Scal (Sails et al., 1998). However, PFGE analysis using restriction endonucleases that cut pure A/T sequences, such as Dral, Smil, or Vspl, can be performed to establish the genome size of the phages and to assign them to their respective groups (Loc Carrillo et al., 2007; Hammerl et al., 2011; Sorensen et al., 2017). Restriction patterns can subsequently be analyzed on standard agarose gel yielding a more rapid and cost-effective evaluation. Jäckel et al. (2019) suggest applying DreamTaq DNA polymerase amplification constituents or whole genome amplification kits for phage DNA amplification such as those used by Hammerl et al. (2011). To date, all Campylobacter phage genomes have been sequenced by short-read sequencing, which is predisposed to homopolymer errors (Jäckel et al., 2019). Long DNA repeats that occur in group II phages hinder the assembly of reads using short-read sequencing. Long-read sequencing platforms such as PacBio or MinION can resolve the problem but necessitate a high amount of DNA (2–10 g) of phages, which can be challenging to obtain (Jäckel et al., 2019).



POULTRY PREHARVEST CAMPYLOBACTER PHAGE THERAPY

Research is ongoing to reduce pathogen occurrence on poultry farms for Campylobacter (Deng et al., 2020). Decreasing pathogen concentrations on poultry farms can affect the reduction of pathogen populations entering the food chain. Preharvest strategies include successful oral application of phages to reduce C. jejuni colonization in birds (Figure 2; Carvalho et al., 2010) and phages against C. jejuni as an alternative feed additive (Kittler et al., 2013). The phage-bacterial interaction is a typical association in the chicken GIT. Lower levels of Campylobacter have been observed to innately occur in the ceca of chickens (5.1 log10 CFU/g) in the presence of indigenous Campylobacter phages compared to those chickens’ lacking phages in the ceca (6.9 log10 CFU/g) (Atterbury et al., 2005). Thus, the majority of preharvest intervention strategies of Campylobacter are focused on the reduction or removal of the microorganism from the ceca (Callaway et al., 2004; Hermans et al., 2011; Wheeler et al., 2014; Kim et al., 2019; Deng et al., 2020).
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FIGURE 2. Poultry pre- and post-harvest phage applicability. Figure was created with Biorender.com.


Bacteriophage treatment of Campylobacter in chickens was first reported by Loc Carrillo et al. (2005) and Wagenaar et al. (2005). Wagenaar et al. (2005) studied the effects of preventative versus therapeutic phage applications. The study consisted of a 10-day phage treatment trial with the preventive group infected with C. jejuni on day four of phage treatment, whereas in the therapeutic group treatment with phage was administered on sixth day of C. jejuni infection. Both groups had at least a two log10 CFU/g C. jejuni reduction, which tapered off within a week to one log10 lower than the untreated group. Wagenaar et al. (2005) compared single phage application versus a cocktail of group III phages via birds’ oral administration (Table 2). In their study, while the initial reduction was only maintained for 48 h, a one log10 CFU/g decrease was sustained after 30 days, independent of when the therapy was administered. In addition, the birds utilized in this study were at the age for slaughter (day 42), indicating that, despite the phage effectiveness peaking at 48 h, Campylobacter concentrations could still be reduced in time for processing. More importantly, when Wagenaar et al. (2005) added another group III phage 69 along with phage 71, they observed a 1.5 log10 CFU/g reduction that eventually leveled off at one log lower than the untreated birds, which suggested a synergistic effect when phages were applied simultaneously (Wagenaar et al., 2005). Ultimately, Wagenaar et al. (2005) conducted the first in vivo study that indicated no signs of pathology to the chickens despite a dose phage administration. Although bacterial and phage strains were not obtained from the poultry meat or excreta, the model is not considered appropriate for broader remedial purposes in poultry manufacturing.


TABLE 2. Campylobacter phage treatments during in vivo preharvest studies.
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In the same year, Loc Carrillo et al. (2005) demonstrated that phage treatment of birds infected with C. jejuni reduced the cecal concentration of the marker strains by 0.5–5 log10 CFU/g of cecal contents over 5 days compared to the control birds. The decrease in bacterial load was determined by the phage load, phage-Campylobacter grouping, and post-administration time (Loc Carrillo et al., 2005). Loc Carillo and associates used two group III Campylobacter phages (CP8 and CP34) in 25-day old broilers administered via oral gavage with an antacid (Table 2). Interestingly, phage CP8 was active against one tested strain (C. jejuni GIIC8) and not the other (C. jejuni HPC5). In contrast, phage CP34 reduced both marker strains and sustained the reduction for 5 days (Loc Carrillo et al., 2005). Host strain specificity has been demonstrated as a potential therapeutic drawback of using Campylobacter phages. Few phages infect distinctive bacterial species, and the host range for most of them contains various strains of one bacterial species (Loc Carrillo et al., 2007). Similar to the Loc Carrillo findings, when phage CP8 tested against C. jejuni strain HPC5 in vitro, no statistically significant reduction was detected by Rabinovitch et al. (2003).

Multiplicity of infection is the ratio of adsorbed or infecting phages to predisposed hosts. Assuming the unlimited time for adsorption, the MOI ratio denotes the threshold of the infecting ratio (Abedon, 2011). Knowing the MOI value is essential for optimizing efficacy. For instance, when the MOI is too high, virions may inactivate through clumping and aggregation (Brown and Bidle, 2014; Roach and Debarbieux, 2017). In addition, MOI depends on the host-phage interaction and varies with medium, phage, and host (Brown and Bidle, 2014; Roach and Debarbieux, 2017). As such, an MOI above the point of saturation of infection, which is host-phage specific, may explain why a higher concentration of phages would not further reduce bacterial concentrations (Kasman et al., 2002; Rabinovitch et al., 2003; Brown and Bidle, 2014). Interestingly, Loc Carrillo et al. (2005) observed that the administration of 9 log10 PFU was less effective than 7 log10 PFU, which may be explained by potential phage aggregation and non-specific association that can occur once the MOI is achieved. One notable drawback with the Loc Carrillo et al. (2005) and Wagenaar et al. (2005) studies is their phage therapy testing employed only one or two C. jejuni strains. While these studies demonstrated reductions in tested strains by phage therapy, they did not evaluate how the phage treatment would interact with a more diverse array of background Campylobacter strains.

El-Shibiny et al. (2009) utilized Campylobacter group II phage CP220 against C. jejuni and C. coli colonized 20-day old broilers and observed a 2-log10 CFU/g reduction in cecal C. jejuni HPC5 populations in 48 h with a single 7-log10 PFU dose (Table 2). However, to accomplish a comparable decrease in C. coli OR12-colonized chickens, a 9-log PFU dose of CP220 was necessary (El-Shibiny et al., 2009). The critical distinction observed between CP220 and group III phages by El-Shibiny et al. (2009) demonstrated the ability of group II phages to lyse C. coli OR12 and 30% of other broiler strains, including the ones that were not lysed by group III phages. A cocktail mixture of two groups could contribute to a broader host range to give the most coverage of Campylobacter species. Physiologically, C. coli and C. jejuni are similar with comparable cell wall structure and energy metabolism. The primary difference is the ability of C. jejuni to hydrolyze hippurate, a compound commonly detected in urine (Totten et al., 1987; Jauk et al., 2003). However, the genomes of C. jejuni and C. coli are approximately 12% divergent (Sheppard and Maiden, 2015). Thus, it may be possible for phages to infect and lyse C. coli but unable to replicate due to variations within the bacterial host cellular machinery. While the phenomenon has not been studied within Campylobacter phages, it has been observed that bacterial lysis can occur without phage propagation in the presence of a high MOI environment (Cairns et al., 2009; Abedon, 2011). Therefore, as El-Shibiny et al. (2009) suggested, this may offer a possible explanation for the need of a higher concentration of phages to reduce C. coli populations compared to C. jejuni populations.

The route of phage administration was examined by Carvalho et al. (2010). In their study the authors evaluated the success of the two different paths for phage application via oral gavage or feed intake (Table 2). In the first study, an orally gavaged cocktail of three broad-spectrum phages (phiCcoIBB35, phiCcoIBB37, phiCcoIBB12) was administered to 1-week-old birds infected with C. jejuni 2140CD1. In the second study, Carvalho et al. (2010) compared the oral gavage route and application of phages in feed on birds colonized with C. coli A11. Administration of phages via the feed route resulted in a higher reduction of Campylobacter fecal counts versus the oral route 4 days post administration (Table 2; Carvalho et al., 2010). The results of the Carvalho et al. (2010) study indicated that a successful reduction of the two most prevalent Campylobacter strains in poultry is possible through the administration of a phage cocktail. In addition, better reduction of Campylobacter counts via feed intake is advantageous. It is a simple and more practical method of applying phage therapy on farms than oral gavage.

Another route of phage therapy where the cocktail was administered through the drinking water was assessed by Kittler et al. (2013). Despite utilizing the same feed, vaccinations, and living conditions, phages were only significantly effective in reducing Campylobacter in one of the three trials, where Campylobacter populations were reduced below the detection limit in fecal samples (less than 50 CFU/g) (Kittler et al., 2013). Within 1 day of phage administration via drinking water C. jejuni cecal counts decreased more than three log10 CFU/g in the cecal contents. Three days post administration, at slaughter, Campylobacter counts were still reduced by 1.66–2.14 log10 CFU/g (Kittler et al., 2013; Table 2). Similar to previously described studies, at least one log10 Campylobacter reduction could be detected 6 days post-administration, indicating successful self-replication and pathogen biocontrol (Table 2).

Fischer et al. (2013) compared the combinatory effect of a four-phage cocktail to a single phage administration versus C. jejuni counts over time. Using group III one phage or a four-phage cocktail administered at eight time points over 4 weeks directly into the crop of broilers, Campylobacter concentrations within the ceca were monitored over days 1, 3, 7, 14, 21, 28, 35, and 42 after phage application (Fischer et al., 2013). Over time, significant reductions were observed, with the highest decrease being log10 2.8 CFU Campylobacter/g of cecal contents on day 21 in both groups (Fischer et al., 2013). When the phage was utilized in a cocktail containing an additional three phages, no significant differences between the cocktail treatment and the single phage treatment were observed (Fischer et al., 2013). The drawback of the study is that Fischer et al. (2013) only used group III phages in a cocktail, which may explain no significant difference when compared to the one phage application. Because the group III phages bind to the same receptors on Campylobacter and the phages replicate based on bacterial density, this may explain why the use of group III phages as cocktail and a single phage could produce similar results.

Hammerl et al. (2014) compared combinations of group II (CP68) and III phages with a cocktail of only group III phages (CP14 and CP81) administered via oral gavage against Campylobacter (Table 2). While a combination of group III phages did not elicit a detectable C. jejuni reduction, application of CP14 phage alone achieved one log10 CFU/g reduction. These results were similar to the reduction of Campylobacter counts achieved by Wagenaar et al. (2005) using only one phage cocktail. However, Hammerl et al. (2014) observed that a sequential combination of CP14 phage followed by CP68 phage led to a three log10 CFU/g Campylobacter reduction in the cecal contents. Similar to the observations of El-Shibiny et al. (2009), Hammerl et al. (2014) concluded that phage cocktails should be composed of group II and group III phages to successfully combat Campylobacter.

Furthermore, Richards et al. (2019) showed that the utilization of phage therapy offers a minimal targeted intervention that is not harmful to the intestinal microbiota of broilers. Richards et al. (2019) demonstrated that a cocktail of CP30A and CP20 phages against C. jejuni colonized birds produced significant reductions in intestinal C. jejuni populations compared to control birds over 5 days and did not affect the alpha-diversity and richness of microbiota in ceca and ileum of birds compared to control (Table 2). The phage cocktail produced the most Campylobacter reduction in the ceca where the bacterial counts were decreased by 2.4 log10 CFU/g. The bacterial reductions were also significant in ileum (1.36 log10 CFU/g on day 2) and colon (1.74 log10 CFU/g on day 3). Richards et al. (2019) were able to recover both phages of the cocktail for 5 days throughout the experiment in all three compartments of the chicken’s GIT, indicating successful self-replication in vivo and no competition between phages allowing them to co-exist. Overall, the time of phage application to limit Campylobacter colonization in chickens have been shown to be most effective over a 2- or 3-day period post phage administration (Loc Carrillo et al., 2005; El-Shibiny et al., 2009; Richards et al., 2019). In addition, when the time to slaughter after phage application was prolonged, numerous studies showed that cecal Campylobacter counts did not reach the counts detected in non-treated controls (Table 2). These findings suggest that phages’ success of self-replication is possible in vivo and can provide an antimicrobial safety net in cases when a slaughter day may be postponed. In addition, the diminished competitive advantage of the resistant types, as reported by Loc Carrillo et al. (2005), reinforces the hypothesis of Wagenaar et al. (2005) that the release of potent Campylobacter phages into the environment would not comprise any more significant risk.

Achieving complete elimination of Campylobacter in the bird GIT may be unrealistic with phage therapy for various reasons. However, the partial reduction could still be a productive outcome for reducing potential exposure to Campylobacter. This possible reduction can be estimated using quantitative microbial risk assessment (QMRA), which is the probability of infection and illness when a population (usually of humans) is exposed to pathogens in the environment (Chapman et al., 2016). QMRA is based on hazard identification, exposure assessment, dose-response, and risk characterization (Vose, 2008). Based on this approach, quantitative risk assessment models suggest that reducing two log10 CFU/g of Campylobacter in the ceca at the time of slaughter would significantly impact campylobacteriosis’s human incidence by approximately 30-fold (Rosenquist et al., 2003). Understanding how reductions in Campylobacter populations impact disease occurrence is essential, as, in nature, phages seldom eradicate their host bacterium populations (Connerton et al., 2008). The inability of complete microbial elimination may partly be due to natural bacterial resistance and the failure of phage particles to find host cells when occurring in low concentrations (Chibani-Chennoufi et al., 2004). Low concentrations of host cells should not be a concern when considering phage remediation in the ceca of broilers, as Campylobacter concentrations in the ceca often range from 4 to 8 log10 CFU/g (Rudi et al., 2004).



POULTRY POSTHARVEST CAMPYLOBACTER PHAGE BIOCONTROL

Postharvest application of lytic phages could selectively target Campylobacter populations without interfering with the remaining microbiota. Phage treatment can be used to inactivate Campylobacter attached to food contact surfaces or grown as biofilms. Campylobacter bacteriophages isolated from retail poultry have been used in some post slaughter experiments (Umaraw et al., 2017). While Campylobacter phages have been isolated from poultry carcasses, they occur in relatively low concentrations compared to the Campylobacter bacterial loads that have been reported on poultry skin in retail environments up to 104 CFU per carcass (Dufrenne et al., 2001; Atterbury et al., 2003a; Scherer et al., 2006).

Campylobacter species can often be isolated from chicken skin and feathers, because the chicken skin has a protective effect on Campylobacter and other pathogens (Humphrey and Lanning, 1987; Berrang et al., 2000; Whyte et al., 2001; Atterbury et al., 2003a). This phenomenon is most likely due to the presence of feather follicles and skin folds that contain oils and fats that may protect bacterial cells from crystalizing during the freezing process. Since the infective dose of Campylobacter for humans is less than 500 cells, the research on the persistence of Campylobacter on chicken skin under freezing conditions is a significant food safety concern (Black et al., 1988). One of the approaches in the industry to decrease broiler carcass contamination includes the use of hyperchlorite in scald water and chillers (Atterbury et al., 2003a). However, this approach has been demonstrated to not significantly reduce pathogen loads, such as Campylobacter (Whyte et al., 2001). In addition, increasing the dilution of hyperchlorite increases its efficacy but reduces the quality of the product, which is intolerable by consumers (Atterbury et al., 2003a).

Host-specific phages have been successfully used in preharvest operations to control enteric Campylobacter counts in poultry (Table 2). Using a single phage therapy, Atterbury et al. (2003a) demonstrated over a one log10 CFU/cm2 reduction of C. jejuni on chicken skin inoculated with 106 CFU of C. jejuni PT14 with the administration of 107 PFU of group III phage φ2 when the skin was stored at 4°C for 10 days (Table 3). Atterbury et al. (2003a) reported an improved reduction to 2.5 log10 CFU/cm2 during additional cold storage (–20°C) of poultry skin, which was greater than the effect of cold storage without phage application. However, environmental conditions may have enhanced phage efficacy. It is commonly accepted that Campylobacter species cannot replicate at 4°C, and Atterbury et al. (2003a) findings verified that premise since the number of C. jejuni populations on chicken skin without phage stored at 4°C for 10 days were reduced by one log10 CFU. There was no increase in phage counts on any of the chicken skins inoculated with Campylobacter, indicating that phages may not reduce Campylobacter counts in situ without bacterial replication. The subsequent rationalization for the reduction in Campylobacter cells is that during inoculation, a fraction of phages effectively adsorbed to the surface of the host but did not replicate until the bacterium became more metabolically active. Their data supported this concept since no reduction was observed in either Campylobacter concentration or phage number when the phage was mixed with a non-susceptible bacterial host. The authors concluded that a combinatory phage cocktail of a broad host range must be used for the therapy to be practical. More so, combining phage application with freezing may cause further reduction of Campylobacter on broiler carcasses. In another study, Goode et al. (2003) demonstrated a more significant reduction of C. jejuni counts with a phage application than C. jejuni counts without phage due to the low temperature alone. Ninety-five percent reduction of C. jejuni occurred on chicken skin via group III phage 12673 at 106 PFU/cm2 inoculated with 104 CFU/cm2 C. jejuni C222 and incubated for 24 h compared to a non-phage treated group that resulted in a 90% reduction of C. jejuni, which was statistically different. Similar to the results of Atterbury et al. (2003a), the phages were able to persist on chicken skin over 48 h at 4°C. These results indicate that phage administration may lessen cross-contamination with pathogens from other carcasses and processing environments.


TABLE 3. Campylobacter phage treatments during the postharvest studies.
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Improvement of efficacy with a decrease in temperature was also noted in other meat matrices. For example, the use of phage Cj6 on raw beef at 5°C with high MOI and high host density reduced C. jejuni by 2.4 log10 CFU/cm2 in cooked meat and a 1.5 log10 CFU/cm2 in raw beef (Bigwood et al., 2008; Table 3). Conversely, at a high host density and high MOI, 2.8 CFU/cm2 at 6 h post phage administration and 2.2 log10 CFU/cm2 reductions at 24 h were observed on cooked and raw meat, respectively (Bigwood et al., 2008). However, at 24°C and a low host density, no significant reductions were observed even with a high MOI (Bigwood et al., 2008). The results were different from the Salmonella outcome in the same study where the introduction of Salmonella phage P7 produced a 4.7 log10 CFU Salmonella reduction when incubated at 24°C with a high MOI and low host density in cooked meat and two log10 reduction in raw beef. The decrease of Salmonella populations in the presence of the phage demonstrated that at low host cell load and high phage MOI, the number of bacterial cells eliminated does not rely upon the host cell load. These findings were consistent with Bigwood et al. (2009). This study also noted that inactivation of Campylobacter by phages continued and increased with time for 8 days incubated at 5°C for both cooked and raw types of meat. This finding is essential, as ready-to-eat meats are usually consumed within 7 days of purchase (Gilbert et al., 2007). In further work, Bigwood et al. (2009) concentrated on applying phage in the liquid food stored at room temperature for 2 h, as it is considered the maximum time for food storage at room temperature (Table 3). At the lowest phage concentration, the number of surviving host bacteria was close to 100%, but with the increasing concentration of phages, the inactivation of C. jejuni and Salmonella cells increased (Table 3). Decreased survival over time was observed for C. jejuni populations when the host concentration was low, indicating that with a given concentration of phages, the reduction of Campylobacter cells was more significant for lower concentrations of host bacterial cells.

In a more recent study, Zampara et al. (2017) demonstrated the application of lytic phages that targeted both CPS (group III) and flagella (group II) of C. jejuni on chicken skin under conditions that imitated a storage environment (Table 3). A combination of group III phages (F356 and F357) produced a 0.73 log10 reduction of C. jejuni counts on chicken skin at 5°C in 24 h. These results are in contrast to the results from CPS targeting phages used alone that produced a 0.55 log10 reduction (F356) and 0.49 log10 reduction (F357), and phage targeting the flagella (F379) that failed to reduce Campylobacter at a low temperature significantly. Previous studies have shown that motility may affect the infection proficiency of flagellotropic phages (Sørensen et al., 2015). Thus, the group II phage could be unsuccessful due to the potentially compromised motility of C. jejuni at lower temperatures. However, Zampara et al. (2017) observed that motility of C. jejuni was not a factor and further indicated that the temperature did not affect phage binding as no differences of phage binding between 37 and 5°C were observed within an hour of incubation. However, group III phages exhibited greater binding capacity with an average of 96% of phages adsorbing to the bacterial cells at 5°C after 24 h of incubation, compared to 55% of attached group II phages. The authors also observed an increase in free group II phage concentration after 24 h of incubation compared to 1 h incubation. They postulated that group II phages bound to the bacterial cell within the first hour but not permanently, explaining the increased concentration of free phages after 24 h.

Most phage studies involve the Myoviridae family of Campylobacter phages. However, Huang et al. (2020) characterized and described a rare member of the Siphoviridae family, CAM-P21, isolated from the beef grind. CAM-P21 was described to possess a broad host range, a better titer, and enhanced performance under diverse stress conditions compared to the Myoviridae family of phages. CAM-P21 reduced viable C. coli counts by more than two logs after a 12–24 h incubation period at both 42 and 37°C in vitro, respectively (Huang et al., 2020). The findings reported by Huang et al. (2020) suggest that a prospective combination of families of phages in a cocktail can potentially control for multiple Campylobacter species.

A significant concern for processing facilities is the buildup of biofilms on processing surfaces and equipment (Arnold and Silvers, 2000). Campylobacter, along with other pathogens, can form biofilms by producing a polysaccharide matrix (Gunther and Chen, 2009). In comparison to chemical sanitizers such as chlorine and peracetic acid, which appeared to be inefficient in removing biofilms, several bacteriophages have successfully reduced pathogen populations within biofilms (Deborde and Von Gunten, 2008; Siringan et al., 2011; Van der Veen and Abee, 2011). For example, bacteriophages CP8 and CP30 effectively reduced C. jejuni by one to three log10 in biofilms formed on glass surfaces (Siringan et al., 2011). While glass may not represent the surfaces typically found in poultry processing facilities, Siringan et al. (2011) detected a three log10 CFU/cm2 reduction within 2 h post phage administration in Campylobacter counts in biofilm incubated at 37°C using group II phages CP8 or CP30 (Table 3). However, bacterial cells were recovered at 4–8 h post phage administration that may be correlated with the reattachment of C. jejuni biofilm that was previously separated by phage treatment. Regardless of the final level of recovered Campylobacter cells after 4 h, instantaneous effects of phage application could still be used to initiate the dispersal of biofilms in poultry processing that high-pressure water treatments could follow. Remarkably, application of CP8 on C. jejuni NCTC 11168 resulted in nearly undetectable counts 24-h post phage application compared to C. jejuni PT14 strain, which produced a greater quantity of biofilm and exhibited less than one log10 CFU/cm2 reduction over 24 h period in 11168 counts when CP8 phage was used. However, CP30 reduced C. jejuni PT14 counts by 2.5 log10 CFU/cm2 in 4 h regardless of the excessive amount of biofilm matrix.

Interestingly, although CP30 showed such success on C. jejuni PT14 cells in biofilm, the phage produced less than one log10 CFU/cm2 reduction in the planktonic cells under the same conditions. This finding contradicts previous observations by Sharma et al. (2005) that concluded similar effects of phages on attached and planktonic cells. Furthermore, similarly to several preharvest studies, there appeared to be stasis in phage concentration in biofilm and planktonic cultures throughout the experiment regardless of the reduced Campylobacter numbers. This phenomenon indicates a threshold above which phage counts do not increase despite being constantly supplemented into the matrix through replication. This could illustrate a passive biocontrol in which the quantity of phages is adequate to decrease cell counts without the necessity for excessive levels of phage replication.

Biofilms represent an accumulation of various cells enclosed by a matrix of extracellular polymeric substance (EPS) produced by bacterial members of the biofilm (Sillankorva et al., 2011). The main constituents of the EPS are long-chain sugars, DNA, and other various biological macromolecules that can be very diverse (Flemming, 2008). Bacteria within a biofilm have demonstrated high resistance to antibiotics and other antimicrobial agents (Harper et al., 2014). In addition, the concentration of the respective agent required to generate antimicrobial effects can be more than a thousand times higher than the amount necessary for free-living microorganisms (Ceri et al., 1999). Yet, bacteriophage application has shown high success in biofilm dispersal within bacterial species (Siringan et al., 2011).

Since biofilms’ extracellular contents depend on the microbial populations present, phage cocktails should be evaluated against biofilms comprised of various bacterial genera. The success of specific phages in removing biofilms can be potentially due to polysaccharide depolymerase production, which breaks up the polysaccharide matrix (Hughes et al., 1998). For instance, many caudovirales, such as T4 and HK620 of E. coli, possess a polysaccharide depolymerase protein at the end of their tail that can degrade microbial capsules and allow cellular attachment (Harper et al., 2014). Lu and Collins (2007) engineered such a phage that stimulated host polysaccharide depolymerase expression resulting in the breakup of the polysaccharide matrix. They also reported that its application reduced E. coli biofilms by nearly 100% and produced a reduction two times better than non-enzymatic phage (Lu and Collins, 2007). The polysaccharide depolymerase expressing phages may improve efficacy in preharvest strategies where the sustained phage replication is less expected, such as the poultry GIT. However, host specificity insinuates that a thorough library of phages must be preserved so that a proper administration can be designated for each bacterial community within a biofilm. The possibility of combinations within biofilms suggests that it may be challenging for any created phage to be successful on a wide range of biofilms; although, the concept could work with other biofilm-destroying enzymes (Lu and Collins, 2007). Future developments for the strategy may incorporate several phage promoters amplifying enzyme production that would target multiple EPS constituents and target multiple bacterial species (Lu and Collins, 2007). Unlike T7 E. coli phage, Campylobacter phages do not possess RNA polymerase and there are no strong promoters that have been identified within the Campylobacter phages, which would make genome cloning within the phage difficult.



POTENTIAL CAMPYLOBACTER PHAGE HOST RESISTANCE MECHANISMS

A potential concern of phage resistance arises from the increased or prolonged phage application for medical applications or in the food industry (Goodridge and Bisha, 2011). In the environment, bacteria and bacteriophages exist in a co-evolution cycle, in which phage-insensitive hosts survive or prevent phage predation by passing on the corresponding resistance mechanisms (Weinbauer, 2004; Labrie et al., 2010). Phage resistance usually arises due to the loss or modification of cell surface molecules, such as capsules, LPS, pili, or flagella (Labrie et al., 2010).

Labrie et al. (2010), Bradde et al. (2017), and Jiang and Doudna (2017) briefly described general phage resistance mechanisms. The mechanisms can be classified into two categories: (1) prevent initial phage interaction with the host and/or (2) survive phage infection. The former is commonly accomplished via modification of phage receptor sites, preventing DNA entry by changing the injection site conformation, and producing physical barriers through the extracellular matrix (Labrie et al., 2010). For instance, the MeOPN moiety of the CPS has been identified as a receptor site for lytic phages, such as F336 (Sørensen et al., 2011, 2012). Sørensen et al. (2012) observed phage resistance when the phase variable phosphoramidate (MeOPN) moiety of CPS of C. jejuni was modified. In addition, over 70% of C. jejuni were found to possess modifications in their MeOPN moiety (McNally et al., 2007; Alphen et al., 2014). Although these surface structures often function as virulence factors and can contribute to bacterial survival, studies have shown that phage resistant C. jejuni have a competitive disadvantage in terms of fitness compared to phage sensitive isolates in the same environment without the phage’s presence (Levin and Bull, 2004; Scott et al., 2007a,b; Carvalho et al., 2012; Hooton et al., 2020).

Scott et al. (2007b) showed that phage therapy affects the growth of resident Campylobacter in the avian GIT. Scott et al. (2007b) showed that amongst C. jejuni that survive phage infection in broiler chickens are phage-resistant types that exhibit genomic rearrangements. Scott et al. (2007b) investigated group III phage CP34 predation on C. jejuni HPC5 and R14-CampMu and R20-CampMu on R14 and R20 C. jejuni strains within the avian GIT and isolated phage-resistant mutants. These mutants were most likely not the dominant Campylobacter strain; since the mutations primarily altered the flagella, which caused a significant negative impact on colonization. The authors concluded that phage resistance is rare in poultry because the mutants that avoid phages are not capable of chicken GIT colonization and quickly mutate back to colonization-capable sensitive forms.

Prevention of phage infection is not the only bacterial response utilized. Other phage resistance mechanisms focus not on preventing phage entry but instead on bacterial host survival once infected by phage. Clustered regularly interspaced short palindromic repeats (CRISPR) have been studied extensively and provide a mechanism for bacteria to survive multiple phage infections (Barrangou et al., 2007). CRISPR loci are present in 45% of the bacteria, according to Grissa et al. (2007). Initially observed in E. coli and described by Ishino et al. (1987), CRISPR is an arrangement of short repeated sequences split by spacers with unique sequences and are located in plasmid and chromosomal DNA. These spacers are frequently the nucleic acids of plasmids and viruses (Rath et al., 2015). CRISPR activity involves the CRISPR-associated (cas) genes located adjacent to the CRISPR that code for proteins fundamental for the proper immune response (Barrangou et al., 2007). There are distinct types of CRISPR systems. C. jejuni NCTC 11168 and PT14 have been reported to contain subtype II-C CRISPR systems that lack Cas4 proteins (Dugar et al., 2013). While the absence of Cas4 has been noted in subtype II-C CRISPR systems, the protein has been shown to possess an exonuclease activity which is required for CRISPR adaptation (Shah et al., 2013). Thus, the deficiency of Cas4 may inhibit spacer integration, such as phage defense.

By studying carrier state life cycle (CSLC) of C. jejuni PT14 for CP8 and CP30A phages, Hooton and Connerton (2015) had the opportunity to assess the process of the CRISPR-Cas system in the company of Class III phage carrying Cas4. The CSLC represented a mixture of bacteria and phages in a state of equilibrium (Lwoff, 1953). Under CSLC conditions, phages could continue to associate with a well-suited host and generate free virions in a search for new hosts (Siringan et al., 2014). While a fraction of the bacteria attain resistance, some sensitive cells happen to maintain the phage population so that both survive (Siringan et al., 2014). Although appearing as lysogens, strains exhibiting CSLC do not integrate phage nucleic acid into the host genome (Siringan et al., 2014). In addition, CSLC has been strictly observed with the lytic phages, and there are several experimental examples of such relationships (Li et al., 1961; Jones et al., 1962; Jarling et al., 2004; Bastías et al., 2010). During their experiment, Hooton and Connerton (2015) observed that the carrier state populations was comprised of bacteria that had extended the CRISPR array by acquiring naive spacers. Markedly, all the new spacer sequences could be located in the host genome sequence and were not noted in either co-propagating phage genomes. This mechanism prevents phage DNA inclusion, which allows the phage to replicate undetected (Hooton and Connerton, 2015). The phenomenon indicates that even internal host resistance mechanisms can be complicated and mechanistically elusive to understand. The authors could not conclude how long bacteria carrying these spacers survived (Hooton and Connerton, 2015). Potentially, the CRISPR facilitated immunity is sustained in this setting as a self-sacrificing response to the constant exposure to phage infection but this still does not explain why the phage resides as a practical component of the system. Hooton and Connerton (2015) suggested that Campylobacter phages can use Cas4-like protein as an anti-CRISPR technique to initiate a spacer integration to use host DNA as an operational distraction to phage DNA. Therefore, Campylobacter that obtain self-spacers and avoid phage infection must overcome CRISPR-facilitated immunity against itself by either withstanding alterations in gene regulation or losing the interference functions exposing them to the foreign DNA invasion (Hooton and Connerton, 2015).

Other factors may be associated with phage resistance. It has been insinuated that the persistence of phage infection in microbial cultures could be facilitated by gradual adsorption rates of the phages, permitting the bacterial host time to replicate before the cellular machinery is overcome (Torsvik and Dundas, 1980). Remarkably, bacteriophages generated by Campylobacter CSLC strains retained phage adsorption constants comparable to those propagated by traditional lysis (Siringan et al., 2014). Siringan et al. (2014) showed that 70–90% of the phage population in Campylobacter CSLC strains were closely related with their host, either bound to CPS of the cell or preserved within the host cell with the potential that the phage genomes are carried as episomes (Siringan et al., 2014). Siringan et al. (2014) proposed that disbanded phage elements are associated with the bacteria, and the outcome of the phages is not subject to the fate of the host. Nevertheless, the authors also suggested that the presence of the phages is not totally passive, and that the host’s replication contributed to the detected phage concentration. Phenotypic analysis of the CSLC Campylobacter strains showed that the cells were non-motile, and their flagella were shortened (Siringan et al., 2014). These findings are consistent with impaired motility of most phage-resistant types retrieved from post-infection cultures, where mutants with non-functional flagella have been shown not to establish phage infection (Coward et al., 2006; Scott et al., 2007a,b). Consequently, CSLC strains were incapable of colonizing chickens in the Siringan et al. (2014) study. These features make CSLC strains an essential ecological reservoir for phage propagation and conceivable commercial interest as a constant source of phages for remedial and biological sanitation purposes in the food and farming productions directed at reducing human exposure to Campylobacter.

An interesting observation was noted by Burmeister et al. (2020), indicating an evolutionary compromise between phage and antibiotic resistance in bacteria. When studying the interactions between phage and antibiotic resistance genes, Burmeister et al. (2020) observed increased antibiotic sensitivity in bacteria where the phage resistance emerged. The relationships between phages, antibiotic-resistant bacteria, and antibiotic-sensitive bacteria are complicated. Occasionally when phage resistance develops, the bacteria increase antibiotic sensitivity (Burmeister et al., 2020). To achieve a better understanding of these associations, Burmeister et al. (2020) screened 33 commercial and environmental E. coli phages for their dependence on the antibiotic efflux pump gene tolC. They identified phage U136, which depends on the core of the LPS and the antibiotic resistance gene tolC. Burmeister et al. (2020) also noted that U136B selects host mutants with genes encoding its essential host entry elements, tolC and LPS. These phage-resistant mutants exhibited phenotypic modifications to their tetracycline sensitivity, which was facilitated by tolC, as well as colistin, stimulated by LPS associated elements, or both (Burmeister et al., 2020). These results demonstrate the potential to reverse the existing antibiotic resistance and potentially alleviate some of the public health problems associated with treatment by antibiotics.

Lysogenic bacteriophages of Campylobacter species have been the emphasis of numerous studies directed at comprehending the complicated relations that have become established between bacteria and viruses throughout the millions of years of co-existence (Hooton et al., 2020). Studying lysogenic phages of Campylobacter species have been used to assess different protein expression responses in host cells, genomic reshuffling, and methods of resistance to phage infection in Campylobacter species such as CRISPR-facilitated immunity and phase variation (Hooton et al., 2020). C. jejuni integrative elements (CJIE) and Mu-like phage sequences have been previously detected in Campylobacter species (Parker et al., 2006; Scott et al., 2007b; Clark et al., 2012). Genomic rearrangements triggered by Mu-like prophages are considered as main features for administering host resistance to phage infection (Hooton et al., 2020). It is commonly recognized that integrated phages can potentially change the virulence phenotype of the host (Brussow et al., 2004). For example, a study implicating C. jejuni encoding homologs of Mu-like phages (CJIE1) indicated increased adherence and invasion of cells compared to C. jejuni cells lacking integrated phage components (Clark et al., 2012). However, in an analogous study, no statistical differences were detected between the adhesion and presence of CJIE1-like elements (Skarp et al., 2017). In addition, genomic rearrangements by CJIE1-like prophages contributed to the host resistance to phage infection in Campylobacter and have been observed to hinder the host’s ability to attain extracellular DNA through the natural transformation process (Scott et al., 2007b; Gaasbeek et al., 2009, 2010; Brown et al., 2015).

Campylobacter use various strategies to avoid phages, such as genetic rearrangements, utilization of alternate flagellin, phase variation, and attainment of CRISPR spacers to abolish phage predation (Scott et al., 2007b; Hooton and Connerton, 2015; Lis and Connerton, 2016; Gencay et al., 2018). More recently, researchers from Singapore-MIT Alliance for Research and Technology (SMART) discovered another new and remarkable type of bacterial defense system. The SspABCD-SspE phosphorothioate (PT) system is different from previously studied mechanisms. For instance, SspE protein inhibits phage replication by nicking the phage DNA rather than degrading dsDNA as seen in previous mechanisms and the protection against bacteriophages is stimulated by sequence-specific PTs (Xiong et al., 2020). Xiong et al. (2020) described this unique defense system for Vibrio cyclitrophicus, E. coli, and Streptomyces yokosukanensis, which have different genetic structures, metabolism, and phenotypes. These findings have expanded the understanding of the diversity of a bacterial defense system. In summary, when designing a phage therapeutic cocktail, the discovered bacterial defense mechanisms must be considered.



CAMPYLOBACTER PHAGE RESISTANCE IN POULTRY PRODUCTION AND STRATEGIES FOR CIRCUMVENTION

The use of phages to control Campylobacter in poultry deviates from the more clinical applications of phage therapy because the bacteria are not explicitly pathogenic in birds they reside as a part of the GIT. Campylobacter colonize the chicken intestine to a high density and are certainly an optimal phage therapy target (Connerton et al., 2011). However, concerns have been raised that Campylobacter will merely develop resistance to phages, making this strategy ultimately ineffective in the long term (Barrow, 2001). Although a multiplicity of spontaneous phage-resistant bacterial mutants develops in in vitro populations, resistance to phages has been associated with reduced virulence in vivo and reduced survival (Adams, 1959; Connerton et al., 2004; Loc Carrillo et al., 2005; Capparelli et al., 2010). Unlike bacterial resistance to bacteriostatic chemical agents, phages continually evolve to evade host barriers, leading to an evolutionary balance that allows both host and phage to multiply. To achieve success in phage therapy, modifying the balance in favor of phage serves as a momentary opportunity to reduce bacterial numbers, at least in the short term. For the application in preharvest procedures, the return to equilibrium can potentially be avoided by the slaughter of the birds while the Campylobacter populations are still reduced and have not yet recovered.

In practice, the required replication for successful phage treatment has its advantages and disadvantages. The benefits are that phage application is economical as there is no need to match the administration dose to the concentration of Campylobacter colonization in the bird because the phages will propagate according to the number of hosts present (El-Shibiny et al., 2009). A potential disadvantage is the possible development of bacterial host resistance due to the increased number of replications (El-Shibiny et al., 2009). However, El-Shibiny et al. (2009) stated that this specific disadvantage did not appear to be a concern even 5 days post phage administration during their experiment. Furthermore, the authors hypothesized that the slaughter of birds 2 days following phage therapy would be the most optimal management approach by allowing phage replication and decrease the risk of developing bacterial resistance. Other in vivo preharvest studies support this approach (Table 2). Thus, phage application closer to the end of poultry production can mitigate selective pressure on Campylobacter and prevent the transmission of infection to other birds.

Another strategy to circumvent the potential problem of developing phage resistance is administering phages from different phage groups. Thus, group II and group III phages are capable of binding multiple host cell receptors (Coward et al., 2006; Sørensen et al., 2011). Hammerl et al. (2014) showed that the application of a phage cocktail consisting of the same group of phages contributed to a higher resistance frequency versus the application of one type of phage and a combination of different groups of phages (Table 2). However, the administration of group III phage alone or in combination with group II phage yielded a lower resistance rate than when applied in combination with another group III phage (Hammerl et al., 2014). In addition, Hammerl et al. (2014) observed that the resistance to group II phages was much more constant than resistance to phages of group III, which was similar to reports from other studies (Loc Carrillo et al., 2005; Fischer et al., 2013), where host cells rapidly reverted to susceptible types. Therefore, it would be beneficial to examine the resistance potential of all phages of a cocktail to construct the final cocktail of phages from different groups, which vary in their host ranges, lytic spectra, and resistance mechanisms. Furthermore, postharvest phage application to poultry meat may restrict the emergence of phage-resistant strains since C. jejuni cannot grow at lower temperatures (Atterbury et al., 2003a). Thus, phage-resistant variants of C. jejuni cannot arise under these conditions (Atterbury et al., 2003a).

Several pathogens, such as C. jejuni have a phase variation (PV) mechanism that allows the bacterium to rapidly adapt to external environment, specifically for a host-associated bacteria, through modifications of surface structures (Sandhu et al., 2021; Sorensen et al., 2021; Yamamoto et al., 2021). PV occurs via hypermutation of simple sequence repeats (SSR) through slipped-strand mispairing during DNA replication (Sandhu et al., 2021). The PV mechanism involves differences of protein expression in an on-off fashion and is located within protein-coding regions within genes that regulate the expression of surface structures, such as CPS and flagella (Parkhill et al., 2000). PV can affect phage infection, as surface structures function as receptors for phages. Due to PV, treatment of birds with phages have shown to produce high degree of resistance by modifications in the formation or expression of receptors (Sandhu et al., 2021).

Through computational analysis considering different mutational structures of the PV within C. jejuni and phage F336 interaction in a nutrient-controlled continuous culture system, Sandhu et al. (2021) studied how phage infections effect the evolution of PV in C. jejuni. The authors observed that extremely low and extremely high mutation rates are evolutionarily unfavorable and rather evolutionary stable mutation rates are affected by fluctuating density of the phage and the reduction of bacterial numbers. The equilibrium between counter-selection and phage infection can result in the progression of PV phage receptor and maintenance of the PV receptor-dependent phage (Sandhu et al., 2021). From a practical standpoint, Sandhu et al. (2021) predicted that introducing phage into the system with no continuing bacterial growth, such as in post-harvest applications, may result in nearly 10-fold reduction in bacterial counts. Whereas pre-harvest application of F336 phage should be considered when counter-selection acts only on the phage resistant variants of C. jejuni strains or in combination with another phage that binds F336-resistant variants (Sandhu et al., 2021).

Interestingly, Sorensen et al. (2021) indicated that PV Campylobacter-dependent phages can imitate their hosts and avoid bacterial resistance. Sorensen et al. (2021) observed that the Fletchervirus genus from Myovirideae family of Campylobacter phages similar to their host contain hypermutable traits, which influence phase variable expression of some of the receptor-binding proteins. In addition, the resulting phenotypically varied phage populations contain sub-populations that can infect the host when PV-receptor is not present, supporting co-existence of phage and host in the shared environment (Sorensen et al., 2021). Phenotypic variability that can be generated by PV can limit duplicability of results with C. jejuni. Currently, there does not appear to be routine commercial applications for Campylobacter phages, due to Campylobacter phase variation and genomic instability. However, this may be resolved with the latest research from Yamamoto et al. (2021) demonstrating a potential to stabilize the Campylobacter genome in one phase variation state that could be used to devise practical phage applications.



FUTURE STRATEGIES FOR OPTIMIZING PHAGE APPLICATION IN POULTRY PRODUCTION

Campylobacter phage biocontrol for poultry production appears to have promise. However, several strategies involving current and future developments need to be explored to optimize their efficacy from a practical standpoint. These current and future strategies represent some possible development strategies to improve phage effectiveness and potentially achieve routine commercial application in poultry. One of the considerations for practical phage therapy is developing the appropriate delivery system to apply the bacteriophages. Since phages are self-replicating, single dosing of Campylobacter phages in birds may be sufficient, though it depends on high bacterial concentrations (Loc Carrillo and Abedon, 2011). When and where to apply Campylobacter phages in poultry processing requires strategic approaches that consider the biology of the bacteriophage and its interaction with target host cells. Capparelli et al. (2010) found an inverse relationship between the incidence of lytic phages and their hosts. Different from what happens with antibiotics, administration of phages when the bacterial count is low may be ineffective. Thus, one phage dose may be appropriate only when the target bacterial population divides rapidly while multiple phage administration doses are employed when bacteria divide slowly (Capparelli et al., 2010). In contrast, Bigwood et al. (2009) observed that a certain threshold of phages was sufficient to decrease the Campylobacter counts without the need of excessive replication. In addition, the reduction of Campylobacter cells was more significant for lower concentrations of host bacterial cells in the liquid culture. Conveniently, because of their low toxicity and resistance to degradation, phages can be supplied within the drinking water or feed to allow for continuous dosing throughout the rearing period (Kittler et al., 2013).

More radical approaches for applying Campylobacter phages in poultry may offer promise to overcome some of the issues encountered with general phage therapy, such as the development of host cell resistance. For example, phage endolysins have a broader host specificity than lytic phages (Siringan et al., 2011). Along these lines, Zampara et al. (2021) suggested the application of phage-derived enzymes instead of lytic phages to overcome some of the problems inherent with intact phages. Endolysins are phage-programmed enzymes that destroy the peptidoglycan layer when externally added leading to osmotic imbalance and cell death (Zampara et al., 2021). Although endolysins have successfully been used in an antibacterial application and can exhibit low development of resistance, their application is currently more suitable toward Gram-positive bacteria, as Gram-negative bacteria contain an outer membrane that inhibits entry of endolysins to the peptidoglycan layer (Gutiérrez and Briers, 2021). Previous studies have successfully utilized fusion of endolysins with binding domains of bacteriocins or polycationic and amphipathic peptides to surmount the outer membrane barrier of Gram-negative bacteria (Lukacik et al., 2012; Yan et al., 2017; Heselpoth et al., 2019). Recently, Zampara et al. (2020) demonstrated successful application of the fusion of phage T5 receptor-binding protein (RBP) and endolysin (Innolysins) against E. coli. In their study, the bactericidal activity proved to be dependent on the phage T5 RBP cognate receptor, FhuA.

Based on Zampara et al. (2020) reporting of a successful bactericidal effect of Innolysins against E. coli, they (Zampara et al., 2021) applied the same concept against C. jejuni. Zampara et al. (2021) demonstrated that the H-fiber derived from a C. jejuni integrated elements (CJIEs)-1 like prophage CAMSA2147 functions as a unique RBP. Zampara et al. (2021) designed Innolysins that target C. jejuni by fusing the H-fiber and T5 endolysin. Zampara et al. (2021) noted that the application of Innolysins on chicken skin at 5°C contaminated with C. jejuni CAMSA2147 led to an average of 1.4 log10 reduction of bacteria, indicating that Innolysins can eradicate C. jejuni in situ. Zampara et al. (2021) concluded that the H-fiber potentially recognizes a different receptor on the host cells than the lytic C. jejuni phages that bind to the host cell CPS or flagella.

Phage intervention strategy may also be advantageous during the somewhat static steps of poultry processing, where slow Campylobacter growth occurs, such as poultry plant surfaces that may contain biofilms, at the endpoints of processing, and poultry plants that utilize reuse water systems. Phage application can be exceptionally favorable in water reuse systems, which use filters to remove large chemical particles but would allow phages to pass through, offering the potential for a single cocktail to be utilized multiple times as an ongoing component of the recycled water (Mannapperuma and Santos, 2004; Meneses et al., 2017; Micciche et al., 2018). Theoretically, phages can persist in water indefinitely, although inactivation does occur (Pinon and Vialette, 2018). Thus, the investigation of phage biocontrol’s reuse possibilities within poultry processing water, such as carcass wash waters and chilled water, is warranted. Optimizing Campylobacter phage administration in poultry processing water and reuse water will require determining whether inactivation problems occur and can be overcome. It also would be worth determining whether Campylobacter phage can remain active in the presence of antimicrobials such as acids typically used in poultry processing plants. If phages remain viable and sustain their lytic properties, the potential of introducing phages as a component of multiple hurdle interventions that include non-phage antimicrobials such as acids would be highly attractive.

Bacteriophages may hold other advantages for application in the poultry processing plant. Due to their very low toxicity and specific host range (Loc Carrillo and Abedon, 2011), large quantities of phages could be added to processing waters with little to no risk to workers, which can concern when employing traditional chemical sanitizers. Most lytic phages, including Campylobacter phages, do not produce toxic by-products and have little to no harmful effect on humans or birds (Skurnik et al., 2007; Abedon et al., 2011; Loc Carrillo and Abedon, 2011). However, it has been noted that phages can interact with host immune systems, resulting in a harmful but reversible immune response (Alisky et al., 1998; Kutateladze and Adamia, 2010). In addition, since phages are grown and isolated from cultures containing pathogenic host cell bacteria, improper purification can lead to pathogenic bacterial components triggering severe immune responses (Skurnik and Strauch, 2006; Skurnik et al., 2007). To overcome this, ion-exchange chromatography or high-speed centrifugation can ensure separation between the phage and residual bacterial components (Bogovazova et al., 1992; Sulakvelidze et al., 2001). Regardless, in preharvest environments, appropriate controls will need to be implemented to optimize the application of phages and the immune response. In addition, unlike traditional sanitizers and regardless of concentration, phages have no deleterious impacts regarding food quality (Greer, 1986, 2005; Barrow and Soothill, 1997).



CONCLUSION

Quantitative risk assessments have concluded that reductions in Campylobacter both pre-and postharvest poultry production would potentially mitigate the health risk posed by campylobacteriosis (Havelaar et al., 2007; Lake et al., 2007; Nauta and Havelaar, 2008; Nauta et al., 2009). While bacteriophages may not eliminate Campylobacter from chicken ceca or carcass, their ability to reduce bacterial counts represents a promising avenue for eliminating the risk of contamination from a finished product. The precise mechanisms of Campylobacter phage lytic activity and host cell resistance must be elucidated to utilize phages for widespread control of Campylobacter. Some of these may be overcome by a targeted selection of Campylobacter phages and phage cocktails that contain multiple Campylobacter families or groups of phages with a wide range of specificities to accommodate host cell variability. Development of non-phage technologies such as isolation of endolysins and fusion with various host cell binding proteins may offer a novel strategy that overcomes Campylobacter host cell resistance in a more general fashion.

Evaluation of phage cocktails should also be investigated to remediate biofilms on processing surfaces. However, biofilm extracellular composition depends on the microbial populations present. Therefore, phages that code for polysaccharide depolymerase may effectively be applied with other phages against biofilms comprised of diverse microbial populations. As such, Campylobacter phage cocktails should be evaluated against biofilms that contain multiple bacterial genera to assess if Campylobacter population reductions are still observed in the presence of these mixed bacterial populations. Ultimately, mixtures of Campylobacter phages and non-Campylobacter phages may need to be employed to overcome biofilms that consist of fairly complex microbial ecosystems. It would be interesting to determine whether synergism for disruption of these more complex biofilms would occur when a multiple mixed phage cocktail is applied.

Campylobacter phage treatment can be implemented in poultry live bird production and processing operations with appropriate safety and quality practices. Nevertheless, understanding how phages acquire resistance and specifically how Campylobacter phages infect their host is essential for optimizing the efficacy under commercial conditions. As Campylobacter phage biology is better understood, optimizing their routine application in poultry production should be achievable. Indeed, better search tools for isolating Campylobacter phage with more broad-spectrum host specificity and optimizing delivery systems for maximum efficacy should offer incremental improvements. However, equally important will be the strategic application of Campylobacter phages within the various phases of poultry production. For example, postharvest employment during poultry processing may result in reducing risk more effectively than elsewhere. However, even within poultry processing, certain stages such as those that involve carcass rinses or reuse water may be more optimal delivery systems. With potential developments in phage technologies and a more strategic application management approach in both pre-and postharvest poultry environments, Campylobacter phages offer a viable potential hurdle for administration at multiple places throughout poultry production.
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165 ANA Campylbacter  5'-GGATGACACTTTTCGGAGC-3' Fecal samples; Australa; Linton et l. (1996),
PP 5'-CATTGTAGCACGTGTGTC-3" Hugietal.(2014)
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Cytolethal C. jejuni 5'-AGGACTTGAACCTACTTTTC-3' Broiler carcasses, vegetable samples; Brazl;
distending toxin - Asakura et al. (2007), Carvalho et al. (2013)
oot 5'-AGGTGGAGTAGTTAAAAACC-3' Multipiex capable, see text for details
Aspartokinase - C. col 5'-GGTATGATTTCTACAAAGCGAG-3' Fecal samples; Denmark; Linton et al. (1997),
Persson and Olsen (2005)
asp 5-ATAAAAGACTATCGTCGCGTG-3' Multiplex capable, see text for details
Lipid A C. upsaliensis ~ 5-COATGATGTGCAAATTGAAGC-3' Biochemical assays; Japan; Yamazaki-
acylransferase - Matsune et al. (2007)
IoxA 5'-TTCTAGCCCCTTGCTTGATG Muttiplex capable, see text for details
163 MANA Campylbacter  5-CTGCTTAAGACAAGTTGAGTAGG-3 Chicken carcass rinses; Denmark;
Spp. 5 TTCCTTAGGTACCGTCAGAAS' Josefsen et al. (2004), Josefsen et al. 2010);
PMA-PCR
Fragmentof C.  C. jejuni 5'-CTGAATTTGATACCTTAAGTGCAGC-3" Viable/dead cel
jojuni 5'-AGGCACGCCTAAACCTATAGCT-3' Rudietal. 200
165 rANA Campylobacter  5-GGATGACACTTTTCGGAGC-3' Fecal samples; UK; Logan et al. (2001); qPCR
PP 5'-CATTGTAGCACGTGTGTC-3"
ATP binding C. jejunitcol 5'-AGTGCCGATAAAGGCTCATCA-3" Poutry, fish, beef, pork, ik, vegetable
protein - samples; Spain; Bonjoch et al. (2009); GPCR
Gje0832 5'-ACTCGTCGAGCTTGAAGAATACG-3'
VS1 gene C. jejuni 5'-GAATGAAATTTTAGAATGGGG-3' Chicken, milk, water; China; Yang et l. (2006);
5'-GATATGTATGATTTTATCCTGC-8' QPR
Hippuricase - C. jejuni 5'-TCCAAAATCCTCACTTGCCATT-3' Pouitry processing water; USA; He et al.
(2010), Rothrock Jr et al. (2013); ddPCR
hipO 5'-TGCACCAGTGACTATGAATAACGA-3'
Cytochrome e C. jejuni 5'-TGGTCTAAGTCTTGAAMAGTGGCA 3" Broiler neck-skin; Slovenia; Toplak
oxidase - etal. (2012), Papic ot al. (2017); ddPCR

ccoN

5'-ACTCTTATAGC ‘CAAATGGCATATCC-3"
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Targetepitope  Organism Type Author; Notes

Flagelin Campylobacter Monoclonal Nachamkin and Hart
spp. antivodies (1986)

Outer membrane  Campylobacter Monocional Lamoureux et al.

protein spp. antivodies (1997)

15-kDa cell surface C. jejuni/C. coli - Monocional Kawatsu et al. (2008)

protein antivodies

Two C. jejunifone . jejuni/C. coli  Monocional Heo et al. (2009)

C. coli epitope antibody 33D2

Lipopolysaccharide C. jejuni Monocional Brooks et al. (1998)

antigens antivodies

Hippurate C. jejuni Monocional Steele et al. (2002)

nydrolase antivodies

Outer membrane . jejuni Monocional Qian et al. (2008)

protein antivodies

Surface antigen  Campylobacter Enzyme-inked  Reis et al. (2018);

spp. fluorescent assay  VIDAS® 30 system
Surface antigen  C. jejuni/C. coli Microplate EIA  Granato et al. (2010);
assay Premier CAMPY EIA
kit
Surface antigen  C. jejuni/C. coli Microplate EIA  Granato et al. (2010);
assay ProSpectT
Campylobacter EIA
kit
Surface antigen  C. jejuni/C. coli  Lateral-flow EIA  Granato et al. (2010);
assay ImmunoGARD STAT!
CAMPY kit
Surface antigen . jejuni Gotton swab Aamer et al. (2018);
colorimetric assay ~ swabs contain
colored nanobeads

with monoclonal
antibody cocktails

Surface antigen . jejuni Biosensor Masdor et al. (2016);
biosensor with
sandwich assays

Surface antigen . jejuni Single-chain Nzuma et al. 2018);

variable fragment ~ detection with IMS-
antibodies qPCR
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Bacterial species

Gitrobacter amalonaticus
Escherichia col

Escherichia alberti
Enterobacteriaceae bacterium
Erysipelotrichaceae bacterium
Erwinia sp.

Klebsiella pneumoniae
Fusobacterium mortiferum
Lactobacillus crispatus
Lactobacillus salivarius
Lactococeus lactis

Proteus mirabills

Salmonelaa enterica
Staphylococcus aureus
Campylobacter cofl
Campylobacter jejuni

Total number of isolates.

BB-PA

1(02%)
227 (37.8%)
00.0%)
1(0.2%)
3(05%)
0(0.0%)
15 (2.5%)
0(0.0%)
1(0.2%)
1(02%)
2(03%)
91 (19.6%)
9(15%)
0(0.0%)
5(08%)
220 (36.7%)
600 (100%)

PB-BA

0(0.0%)
506 (84.3%)
2(0.3%)
0(0.0%)
0(0.0%)
1(02%)
17 (2.8%)
3(0.5%)
0(0.0%)
0(0.0%)
1(02%)
27 (4.5%)
4(0.7%)
1(03%)
0(0.0%)
38(6.3%)
600 (100%)
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Species

Gampylobacter
col
Campylobacter
Jejuri

C. coli &C. jejuni
Campylobater-
positive samples

BB-BA BB-PA
0/40 (0.0%) 11/40 (27.5%)
1/40 (2.5%) 18/40 (45.0%)

0/40 (0.0%) 5/40 (12.5%)
1/40 (2.5%) 24/40 (60.0%)

PB-BA
5/40 (12.5%)
/40 (17.5%)

/40 (7.5%)
9/40 (22.5%)

PB-PA
1/40 (2.5%)
12/40 (27 5%)

1/40 (2.5%)
12/40 (30.0%)

*Bolton broth-Bolton agar (BB-BA), Bolton broth-Preston agar (BB-PA), Preston
broth-Bolton agar (PB-BA), and Preston broth-Preston agar (PB-PA).
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Paired t-test p = 0.0004
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Relative abundance
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0.008
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Lactobacillus (100)
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.Lactobacillus (100)
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Strains.

C. jejuni 81-176 WT
Atip2

Atlp2-cm

tip2 comp

C. jejuni NCTC11168Afur
WT Pygp-pMW10
Atip2 Pygp-pMW10
Afur Pygp-pMW10
WT Py -pMW10

E. coli DHa
Plasmids

pZero-1

pUC4K

puC4C

pPMW10

pRY112

PRK2013
pZerol-tip2
pZero1-Atjp2-kan
pZerol-Atip2-om
Plpo-pMW10
Pirt-PMW10

Relevant description

Wild type strain of C. jejuni

C. jejuni 81176 derivative with deletion in tjo2 gene; tjp2::kan

C. jejuni 81-176 derivative with deletion in tjp2 gene; tip2::cm

C. Jejuni 81-176 tjp2 mutant complemented with wild type copy of tip2 on pRY112
. jejuni NCTC11168 derivative with deletion in fur gene; fur::tet

C. jejuni 81-176 WT reporter strain carrying Pypz-pMW10

C. Jejuni 81-176 Atip2 strain carrying Pysz-pMW10

C. jejuni 81-176 Afur strain carrying Pyse-pMW10

C. jejuni 81-176 WT reporter strain carrying Pypz-pnoxint-PMW10

E. coli strain used for cloning

Cloning vector for making suicide vector; Zeo

Source plasmid for kanamycin resistance gene; Kan

Source plasmid for chioramphenicol resistance gene; Cm

Promoter shuttle vector; pMW10, Kan

E.coll-C shuttle vector for ion; Cm

Helper plasmid for complementation; Kan

pZero-1 containing the upstream and downstream sequences of tip2; Zeo

pZero1-tip2 with tip2 gene replaced by the pUC4K kan gene through inverse PCR; Zeo, Kan

pZero1-tip2-kan where kanwas replaced by the chioramphenicol gene; Zeo, Cm
PMW10 carrying the o2 promoter; Kan
PMW10 carrying the intergenic region between tjp2 and phoX; Kan

Cm, chloramphenicol resistance; Kan, kanamycin resistance; Zeo, Zeocin resistance.

Source/Reference

Dr. Qjing Zhang
This study

This study

This study

Dr. Jun Lin

This study

This study

This study

This study
Invitrogen

Invitrogen
Amersham

This study

Wosten et al., 1998
Yeo et al., 1993
Grabowska et al., 2011
This study

This study

This study

This study

This study
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Name

Primers for gene deletion
tlo 2F

to 2R

tlp 2F inv

tip 2R inv

Complementation primers
tlo 2 comp F

tlp 2 comp R

Primers for RT-PCR and (q)RT-PCR

Intergenic region P-180/181 (P1) F
Intergenic region P-180/181 (P1) R
tlp2 control (P2) F

tip2 control (P2) R

phoX control (P3) F

phoX control (P3) R

phosR F

phosR R

pstS F

pstS R

pstC F

pstC R

Sequence

ATATATGGTACCTTGCTACTAGTAT
TITGTTC

AATTAACTCGAGCATAACCTTGT
GGTACTATA

ATATATGGATCCGAGAACA
TGGTAGAGGCTTT

ATATATGGATCCCCAGCATC
TCTAAAATTCTT

AATGAAGTCGACAAATTATA
ACGATATTAAGC

AATTAAGGTACCAAAACCTTT
TCTTCTTAACA

ATAGCGTAGCTCAAATTGAT
AAGCATAGCAGCACTTAAAT
TGCAAATCTTGCTAAAACTA
GTCCAAATTCATCATTGCTT
GCTATGGATTTAACAAAACT
GTTAAACTGTCCTACATACA
GCAAACATAATCATCACAACCAC
GAGAGCAAGGATACAAAGAAGC
CCTTATACAAACTGGAATCAAATC
GACACATCACTCATTACAAGC
CGCTTATGCTTTAGGTATGAC
GCTGCCATCACCACTATC

Primers for promoter fusion reporter studies and primer extension

assay
tlp2 PF_F

tlb2_PF_R

CJJ81-180_PE_temp_F

CJJ81-180_PE_temp_R

CJ81-180_PE_R1

CJJs81-180_PE_R2

CJJ81-181_PE_temp_F

CJJ81-181_PE_temp_R

CJJs1-181_PE_RT

CJJs81-181_PE_R2

ACATTG ACATCC CGG GTATTT
GCA GC

AAT CAG TGA GAT CTT CAATTT
TAC GC

GGG GGC AAA ATA ACA TTG ACA
TCTAGA G

GCATCT TGA CTATCT AAC TGT
TCT ATA GG

ACC TAA AAT TAT CAA ACA CAC
TACTGC G

TAATTT ATT TCA GCA TTC ACA
ACT TCATG

AAA CTG CAG GTA TCA CTC AAA
TCAATG

ACC TAG CAA ATC CTT ATC CTT
AAG C

TTG CAA AAA AAG CCA CCA TAG
AAC C

TTA AAA CCT TTG CTT CAT AAC
CTTGTIGG
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Chemicals tested

Aspartate
L-glutamine
L-serine
Fumarate
Isocitrate
Formate
Succinate
Pyruvate
Propionate
Inorganic phosphate
Deoxycholic acid
Cholic acid
FeSO4
FeClz.6H,0?
(NH4)2804%

WT

3.81 +£0.32
419+ 0.77
2.04 £ 0.46
9.32 + 1.45
2.51 £ 0.41
441 +0.13
3.73+£1.2
2.96 + 0.566
2.97 £ 1.51
215+ 0.46

<0.1

<0.1
3.40 +£ 0.58

1.44+0.35
0.1

Atlp2

1.45 +0.35
2.93+0.38
1.99 +0.82
2.52 +0.79
1.5 4 0.65°
2.36 +1.05
1.240.70P
0.33+0.15
1.35 4+ 0.30P
0.4+ 0.15
<0.1
<0.1
0.66 + 0.10
NT
NT

The results show the means and standard errors of three independent experiments.
An RCR value of 2 or above indicates chemotaxis toward the test chemical
(Mazumder et al., 1999). @The RCR value of the WT strain was <2.0, hence the
compounds were not chemoattractants for C. jejuni 81-176 and were therefore
not tested (NT) for chemotaxis with the mutant. ®The RCR of these compounds
are lesser than 2 for the tjp2 mutant, however, not significant statistically P > 0.05.
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Therapeuttic uses

Production use
Drugs

Medically
important drugs

Alow under veterinary
supervision

No longer allowed
Pericilin
Gephalosporins
Quinolones
Fiuoroquinolones
Tetracyclines
Macrolides
Sultas
Glycopeptides

PNoOsL DA

Non-medically
important drugs

Allow under veterinary
supenvision

Alowed

1. Bambermycin

. Garbadox

. lonophores
Pleuromutiin
Polypeptides

ore®
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s Parameter s, Parameter
~00112 w3 ~0.0031 o
~0.0054 nsc ~0.0026 n
~0.0051 a -0.0016 s
~00017 e ~0.0011 dy
-0.0011 n2 0.0056 b
00009 s 00065 a
00020 dy 00114 e
00025 b 00122 §
00038 0 00224 e
00054 £ 00228 nsc
00062 o 00878 s
00077 S 00389 e
0.0085 Q 0.0417 n
00096 ds 00543 ds
00125 e 0.1380 de
00441 dc 0.1925 b
0.0459 e 0.2088 re
0.1131 ds 03117 ds
0.1622 r 0.4418 d
0.1900 d 0.4789 r2

The first-order sensitiity index and total effect index is given for a sensitity analysis
of 2,000 runs for 20 parameters. The output function considered is the probabilty of
Campylobacter going extinct within the flock based on the given parameter set.
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Expression Description Value

rq, Growth rate for Campylobacter strai 0.3009
r2 Growth rate for other bacteria (5). 0.1407
o Campylobacter competition coefficient 0.9744
a Other bacteria competition coefficient. 1

¥g Rate of inhibition by host defense peptides (F) on Campylobacter strain . 06358
5 Rate of host defense peptide growth in response to Campylobacter strain j. 0.7411
b Rate of broiler shedding Campylobacter into the environment, . 10

Q Total environmental carrying capacity of Campylobacter. 200,000
dg, Death rate of Campylobacter strain j. 0.0185
dy Death rate of other bacteria. 0.0212
d3 Decay rate of host defense peplides. 0.0463
dy Decay rate of maternal antibodies. 0.0046
ds Death rate of Campylobacter in the environment. 005
£ Rate of inhibition by other bacteria on Campylobacter strain j. 0.0276
o, Rate of inhibition by maternal antibodiies on Campylobacter strain j. 0.0661
g, Scaling factor applied to stochastic Campylobacter growth in the gut. 0.01
8, Scaling factor applied to stochastic Campylobacter inhibition by other competing bacteria. 0.0847
n Scaling factor applied to stochastic competing bacteria (8) growth. 001
" Scaling factor applied to stochastic host defense peptide (F) growth. 001
n Scaling factor applied to stochastic maternal antibody (V) decay. 0.01
s Scaling factor applied to stochastic Campylobacter growth in the environment. 001

Descriptions for all parameter values appearing in the final stochastic model, Equations (14-18). Baseline values are given, used for model validation and simulation case studies.
Values were calculated by using simulated annealing to identify a parameter set that best fits the experimental data of Achen et al. (1996) (Figure 2). See Appendix S2 in
Supplementary Material for an explanation of simulated annealing. * 2 value is dependent on the experiment specifics for model validation, but flock case studies consider a flock of
400 chickens, and an £2 value of 200,000.
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Ingredients (in %) SP-dietd  cDCP*  cDCP-  cDCP+/cDCP-

diet  -diet  -diet [60/40]
Wheat 414 253 66.5 414
Com 250 250 250 250
Soybean meal® 241 40.2 0.00 244
Soybean oil 5.16 5.16 5.16 5.16
Monocalciumphosphate 1.37 1.37 1.37 1.37
Calcium carbonate 1.28 1.28 1.28 1.28
Premix “Blank Poultry™® 0.50 0.50 0.50 0.50
L-Lysin-HCI®d 0.26 026 0.26 026
Sodium bicarbonate 025 025 025 025
MetAMINO®® 025 025 0.25 025
Sodium Chioride 0.20 020 0.20 0.20
ThreAMINO® 0.10 0.10 0.10 0.10
Ltsoleucin 0.06 006 0.06 0.06
ValAMINO®9 0.06 006 0.08 0.06

SP-diet, Standard protein diet; CDY*-ciet, High protein choice diet; CDOP~diet, Low
protein choice diet; CDCP*/CDP~-diet [60/40], Composition of the choice diet with 60%
CDOP+-diet and 40% CDOP=dliet.

2The sum of al the ingredients does not equal 100 due to rounding differences.

548% crude protein.

©Carrier: comflour; content per kg: iron (16,000mg), copper (2,400mg), manganese
(17,000mg), zinc (12,000mg), iodine (160ma), selenium (30mg), vitamin A (2,000,000
1), vitemin D3 (500,0001U), vitamin E (10,000mg), vitamin K3 (300mg), vitemin B1
(400mg), vitamin B2 (1,500mg), vitamin B6 (700mg), vitamin B12 (4,000 g), niacin
(7,000mg), D-pantothenic acid (2,400mg), choline chiorice (92,000mg), folic acid
(200mg), biotin [40mg].

978.0% L-Lysine.

©99.0% DL-Methionine.

198.5% L-Threonine.

998.0% L-Valine.
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Antibiotic group

p-Lactams

Aminoglycosides

Quinolones

Macrolide

Tetracyclines
Clindamycin

No. of resistant Campylobacter isolates (%)

Batch 1

39/39 (100%)
39/39 (100%)
39/39 (100%)
39/39 (100%)

39/39 (100%)
39/39 (100%)
39/39 (100%)
39/39 (100%)
39/39 (100%)
39/39 (100%)
39/39 (100%)
0

0

39/39 (100%)
39/39 (100%)

(
(
(
(
(
(
39/39 (100%)
(
(
(
(
(
(
(

Batch 2

31/38 (81.6%)
31/38 (81.6%)
34/38 (89.5%)
20/38 (52.6%)
31/38 (81.6%)
5/38 (13.2%)
31/38 (81.6%)
2/38 (5.7%)
15/38 (39.5)
31/38 (81.6%)
31/38 (81.6%)
31/38 (81.6%)
31/38 (81.6%)
26/38 (68.4)
31/38 (81.6%)
31/38 (81.6%)
31/38 (81.6%)
31/38 (81.6%)

Batch 3

7/40 (17.5%)
7/40 (17.5%)
40/40 (100%)
40/40 (100%)
40/40 (100%)
6/40 (15.0%)
40/40 (100%)
2/40 (5.0%)
40/40 (100%)
40/40 (100%)
40/40 (100%)
40/40 (100%)
40/40 (100%)
40/40 (100%)
40/40 (100%)
40/40 (100%)
40/40 (100%)
37/40 (92.5%)

Total

77/117 (65.8%)
77/117 (65.8%)
113/117 (96.6%)
99/117 (84.6%)
109/117 (93.2%)
50/117 (42.7%)
109/117 (93.2%)
42/117 (36.8%)
94/117 (80.3%)
109/117 (93.2%)
109/117 (93.2%)
109/117 (93.2%)
109/117 (93.2%)
105/117 (89.7%)
70/117 (59.8%)
70/117 (59.8%)
109/117 (93.2%)
106/117 (90.6%)
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MAR index No. of Campylobacter isolates Antibiotic

Batch 1 Batch 2 Batch 3
0 0 7 0 -
0.72 0 1 0 AMP, AML, CEX, CRO, S, K, NOR, CIP, NA, E, AZM, TE, DA
0.78 0 2 0 AMP, AML, CEX, CRO, S, K, NOR, CIP, OFX, NA, E, AZM, TE, DA
0.78 0 2 0 AMP, AML, CEX, S, K, NOR, CIP, OFX, NA, ENR, E, AZM, TE, DA
0.78 0 0 33 CEX, CRO, S, K, TOB, NOR, CIP, OFX, NA, ENR, E, AZM, TE, DA
0.83 0 5 0 AMP, AML, CEX, S, K, TOB, NOR, CIP, OFX, NA, ENR, E, AZM, TE, DA
0.83 0 2 0 AMP, AML, CEX, CRO, S, K, TOB, NOR, CIP, NA, ENR, E, AZM, TE, DA
0.83 0 4 0 AMP, AML, CEX, CRO, S, K, NOR, CIP, OFX, NA, ENR, E, AZM, TE, DA
0.83 0 0 2 AMP, AML, CEX, S, GEN, K, TOB, NOR, CIP, OFX, NA, ENR, E, AZM, TE,
0.83 0 1 0 AMP, AML, CEX, S, GEN, K, TOB, NOR, CIP, OFX, NA, E, AZM, TE, DA
0.89 0 9 0 AMP, AML, CEX, CRO, S, K, TOB, NOR, CIP, OFX, NA, ENR, E, AZM, TE, DA
0.89 0 1 0 AMP, AML, CEX, GEN, K, AMK, TOB, NOR, CIP, OFX, NA, ENR, E, AZM, TE, DA
0.89 0 1 0 CEX, CRO, S, GEN, K, AMK, TOB, NOR, CIP, OFX, NA, ENR, E, AZM, TE, DA
0.89 0 0 2 AMP, AML, CEX, CRO, S, GEN, K, TOB, NOR, CIP, OFX, NA, ENR, E, AZM, TE
0.89 39 0 0 AMP, AML, CEX, CRO, S, GEN, K, AMK, TOB, NOR, CIP, OFX, NA, ENR, TE, DA
0.94 0 3 1 AMP, AML, CEX, CRO, S, GEN, K, TOB, NOR, CIP, OFX, NA, ENR, E, AZM, TE, DA
1.00 0 0 2 AMP, AML, CEX, CRO, S, GEN, K, AMK, TOB, NOR, CIP, OFX, NA, ENR, E, AZM, TE, DA
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Batch species ST

1 C. jejuni 8089
8089

8089

8089

8089

8089

8089

8089

2 C. jejuni 6186
C. coli 6186
5511

6186

6186

5511

825

6186

NEWA1

825

860

6186

872

860

872

6186

3 C. jejuni 860
C. coli 860
860

830

860

860

6186

860

830

825

860

825

860

ST-CC

UA
UA
UA
UA
UA
UA
UA
UA
UA
UA
828
UA
UA
828
828
UA
828
828
UA
828
828
828
UA
828
828
828
828
828
828
828
828
828
828
828
828
828

Source

Cloacal swab
After plucking
After evisceration
After washing
After chilling
Operating table
Workers’ gloves
Water

After chilling
Cloacal swab
Cloacal swab
After plucking
After evisceration
After washing
After washing
After washing
After washing
After chilling
After chilling
After chilling
Operating table
Operating table
Workers’ gloves
Water

Workers’ gloves
Cloacal swab
After plucking
After plucking
After evisceration
After washing
After washing
After chilling
After chilling
After chilling
Operating table
Operating table
Workers’ gloves

“ST-CC” means ST clonal complex; “UA” means unassigned.

Number

SN D 2 2N 2O 2N 2R 20NN A 2 20O W2 NN N A 0NN
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Sample site

Cloacal swabs
After plucking
After evisceration
After washing
After chiling
Operating table
Workers' gloves
Water

Total

Batch 1 (Farm 1)
C. jejuni
19/30 (63.3%)
22/30 (73.3%)
24/30 (80.0%)
23/30 (76.7%)
7/8 (87.5%)
4/5 (80.0%)
3/5 (60.0%)
3/3 (100.0%)
105/141 (74.5%)

C.coli

ocooooooo

No. of Campylobacter positive samples /total no. of samples (%)

Batch 2 (Farm 2)

C. jejuni

ocoo

0
1/10 (10.0%)
0
1/5 (20.0%)
0
96/107 (89.7%)

C. coli

20/20 (100.0%)
18/21 (85.7%)
17/22 (77.3%)
20/21 (95.2%)
9/10 (90.0%)
5/5 (100.0%)

4/5 (80.0%)
1/3(33.3%)

Batch 3 (Farm 3)

C. jejuni
0
4/15 (26.7%)
0
3/20 (15.0%)
0
1/10 (10.0%)
2/5 (40.0%)
0
67/100 (67.0%)

C. coli

3/22 (13.6%)
10/15 (66.7%)
12/15 (80.0%)
11/20 (65.0%)
10/10 (100.0%)
9/10 (90.0%)
2/5 (40.0%)
0/3/0
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Sample site

Cloacal swabs

After plucking

After evisceration

After washing

After chilling

“N” means no statistics are computed; “*” resembles P < 0.05.

Batch (Farm) (No. of Campylobacter
positive samples/total no. of samples)

2 (20/20)
3(3/22)
3(3/22)

P-value

0.317
0.000*
0.000*
0.295
0.118
0.480
0.814
1.000
0.845
0.076
0.602
0.034*
0.264
0.264
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Group N Acetic acid Propionic acid n-Butyric acid

Mean SD Mean SD Mean SD

LBC-21/22 35 58.78 28.6 3.348 1.79 14.38 14.6
LBC-70/78 37 92.4A 23.2 5,507 2.72 34.7A 11.0

LBC-21/22, Lohmann Brown-Classic, infection at the age of 21/22 days; LBC-
70/78, Lohmann Brown-Classic, infection at the age of 70/78 days; *Bvalues within
a column with different superscripts differ significantly at p < 0.001.
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Taxa LBC-21/22 (n = 35)

LBC-70/78 (n = 37)

Campylobacteraceae

Campylobacteraceae

Spearman’s rank correlation coefficient

Comamonadaceae —0.50098**
Alcaligenaceae 0.43710**
uncultured rumen —0.38954*
bacterium

Desulfovibrionaceae —0.35297*
Clostridiaceae 1 0.33853*
Peptostreptococcaceae —0.33651*
Sphingomonadaceae —0.27200
Ambiguous_taxa —0.15390
Bacteroidaceae —0.01011

—0.00922
0.43407**
—0.06161

0.12081

—0.00529
0.35269*
0.33483*
0.40751%

Only significant correlations were plotted; *Correlation is significant at p < 0.05;
**Correlation is significant at p < 0.01; LBC-21/22, Lohmann Brown-Classic,
infection at the age of 21/22 days; LBC-70/78, Lohmann Brown-Classic, infection

at the age of 70/78 days.
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Index

Observed

Chao 1

Shannon

Factor

Age at infection

Experimental replication

Age at infection: Experimental replication
Age at infection

Experimental replication

Age at infection: Experimental replication
Age at infection

Experimental replication

Age at infection: Experimental replication

p-value

0.28014
0.02147
0.01617
0.14196
0.04055
0.04862
0.27704
0.08584
0.00326
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Bray-Curtis LBC-21/22

LBC-70/78 0.3317109
Jaccard LBC-21/22
LBC-70/78 0.4981725

Community dissimilarity with a range from O (similar) to 1 (dissimilar); Exp1,
Experiment 1; Exp2, Experiment 2; Exp3, Experiment 3; LBC-21/22, Lohmann
Brown-Classic, infection at the age of 21/22 days; LBC-70/78, Lohmann Brown-
Classic, infection at the age of 70/78 days.
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Bray-Curtis Exp1 Exp2
Exp2 0.3658507
Exp3 0.4537453 0.2774941
Jaccard Exp1 Exp2
Exp2 0.56357112
Exp3 0.6242432 0.4344350

Community dissimilarity with a range from O (similar) to 1 (dissimilar); Exp1,
Experiment 1; Exp2, Experiment 2; Exp3, Experiment 3.
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Group Group Sample Permutations pseudo-F P-value Q-value pseudo-F P-value Q-value
0 h CON 0hXPC 24 999 1.78 0.18 0.21 1.40 0.23 0.27
0h CON 24 h CON 24 999 6.31 0.00 0.01 6.68 0.00 0.00
0h CON 24 h XPC 24 999 1.75 0.15 0.19 1.97 0.14 0.18
0h CON 48 h CON 24 999 6.36 0.00 0.01 7.13 0.00 0.01
0h CON 48 h XPC 24 999 2.08 0.11 0.15 2.33 0.07 0.10
0hXPC 24 h CON 24 999 9.96 0.00 0.01 11.02 0.00 0.00
0hXPC 24 h XPC 24 999 4.90 0.00 0.01 5.04 0.01 0.01
0hXPC 48 h CON 24 999 10.55 0.00 0.01 12.29 0.00 0.00
0hXPC 48 h XPC 24 999 3.79 0.01 0.01 4.22 0.00 0.00
24 h CON 24 h XPC 24 999 6.36 0.00 0.01 4.88 0.01 0.01
24 h CON 48 h CON 24 999 0.32 0.85 0.85 0.42 0.69 0.69
24 h CON 48 h XPC 24 999 2.23 0.01 0.01 2.42 0.03 0.05
24 h XPC 48 h CON 24 999 5.56 0.01 0.02 4.49 0.02 0.03
24 h XPC 48 h XPC 24 999 1.02 0.35 0.38 0.68 0.56 0.60
48 h CON 48 h XPC 24 999 2.10 0.02 0.03 2.40 0.04 0.06
Weighted

Group 1 Sample Permutations

Oexp3Sham Oexp3XPC 24 999

Oexp3Sham 24exp3Sham 24 999

Oexp3Sham 24exp3XPC 24 999

Oexp3Sham 48exp3Sham 24 999

Oexp3Sham 48exp3XPC 24 999

Oexp3XPC 24exp3Sham 24 999

0exp3XPC 24exp3XPC 24 999

Oexp3XPC 48exp3Sham 24 999

0exp3XPC 48exp3XPC 24 999

24exp3Sham 24exp3XPC 24 999

24exp3Sham 48exp3Sham 24 999

24exp3Sham 48exp3XPC 24 999

24exp3XPC 48exp3Sham 24 999

24exp3XPC 48exp3XPC 24 999

48exp3Sham 48exp3XPC 24 999

The relationships that are significantly different from one another as determined by ANISOM are bolded. A Q < 0.05 is considered significant.
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Kruskal-Wallis pairwise comparisions Shannon Diversity Index Evenness Index

Group n Group n H P-value Q-value H P-value Q-value
0h CON (n=12) 0h CON (n=12) 1.92 0.17 0.25 243 0.12 0.15
0h CON n=12) 24 h CON (n=12) 5.88 0.02 0.04 8.0033 0.00 0.02
0h CON (n=12) 24 h XPC (n=12) 4.56 0.03 0.06 3.8533 0.05 0.07
0h CON n=12) 48 h CON (n=12) 7.05 0.01 0.04 9.0133 0.00 0.01
0h CON n=12) 48 h CON (n=12) 5.33 0.02 0.04 3.8533 0.05 0.07
0h XPC n=12) 24 hCON (n=12) 7.68 0.01 0.04 10.083 0.00 0.01
0 h XPC n=12) 24 h XPC (n=12) 6.16 0.01 0.04 6.1633 0.01 0.04
0h XPC n=12) 48 h CON (n=12) 8.67 0.00 0.04 10.083 0.00 0.01
0h XPC n=12) 48 h XPC (n=12) 6.45 0.01 0.04 5.88 0.02 0.04
24 h CON (n=12) 24 h XPC (n=12) 0.96 0.33 0.44 3 0.08 0.1
24 h CON (n=12) 48 h CON (n=12) 0.56 0.45 0.52 0.6533 0.42 0.45
24 h CON (n=12) 48 hXPC (n=12) 0.48 0.49 0.562 2.2533 0.13 0.15
24 h XPC (n=12) 48 h CON (n=12) 225 0.13 0.22 4.32 0.04 0.07
24 h XPC (n=12) 48 h XPC (n=12) 0.05 0.82 0.82 0.2133 0.64 0.64
24 h XPC (n=12) 48 hXPC (n=12) 0.85 0.36 0.44 4.32 0.04 0.07
Evenness

Group 1 Group 2

Oexp3Sham (n=12) Oexp3XPC (n=12)

Oexp3Sham (n=12) 24exp3Sham (n=12)

Oexp3Sham (n=12) 24exp3XPC (n=12)

Oexp3Sham (n=12) 48exp3Sham (n=12)

Oexp3Sham (n=12) 48exp3XPC (n=12)

Oexp3XPC (n=12) 24exp3Sham (n=12)

Oexp3XPC (n=12) 24exp3XPC (n=12)

Oexp3XPC (n=12) 48exp3Sham (n=12)

0Oexp3XPC (n=12) 48exp3XPC (n=12)

24exp3Sham (h=12) 24exp3XPC (h=12)

24exp3Sham (h=12) 48exp3Sham n=12

24exp3Sham (n=12) 48exp3XPC =12)

24exp3XPC (h=12) 48exp3Sham (h=12)

24exp3XPC (n=12) 48exp3XPC (n=12)

48exp3Sham (n=12) 48exp3XPC =12)

The significant pair-wise differences as determined by Kruskal-Wallis Pairwise Comparisons are bolded, with a Q < 0.05 being considered significant.
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For Each Ceca (n=3 per Trial, with 2 technical replicates per ceca)
c 1 <+ = Ceca Content (homogenized, diluted
ontrol s\ and aliquoted prior to treatment)

)

Each ceca was diluted and aliquoted to a
specific treatment tube using the following|

schematic:
N: 6 6
Ceca Content: - -
XPC: - + -
Treatment Group: 1 a4 i

Pre-incubation of ceca content in Bolton broth, 42 "C, 24h

I

Add C. jejuni chloramphenicol-resistant (CmI®) to all cultures

Measure C. jejuni CmI? CFU/ml at 0, 24 (Trial 1), and 48 h (Trial 2) after C. jejuni addition by
dilution plating onto Cefex + Cml agar plates and enumerating using the Petroff-Hausser counter (Log,o
Cells/mL)






OPS/images/fmicb-09-02452/crossmark.jpg
©

2

i

|





OPS/images/fmicb-09-02452/fmicb-09-02452-g001.gif





OPS/images/fmicb-09-02452/fmicb-09-02452-g002.gif





OPS/images/fmicb-09-02452/fmicb-09-02452-g003.gif





OPS/images/fmicb-09-02401/fmicb-09-02401-t002.jpg
Contamination level (cfu/swab) Number of samples that tested
Campylobacter-positive

10° 5/5*
104 5/5*
108 2/5*
102 0/4*
101 0/4*
Uncontaminated 0/4*

*Number of samples tested at the corresponding contamination level.
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LAMP results

Enumeration results (CFU/swab) Number of swabs Positive swabs Negative swabs Percentage positive samples by LAMP
=800 36 36 0 100

400-760 11 5 6 45.4

200-380 14 4 10 286

100190 22 3 19 136

10-80 18 0 18 0

o 70 1 69 14

Number of swabs. 171 50 121

*Absence of colonies on the culture plates was reported as <10 cfu/swab, as the limit of detection of the method is 1 cfu x mL=" and samples were diluted 10-fold
before plating.
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Campylobacter-positive flock

Pre-SonoSteam Post-SonoSteam/chill
Sample number LAMP result Enumeration result (cfu/swab) Sample number LAMP result Enumeration result (cfu/swab)
1 Positive 1300 16 Negative 30
2 Positive 3600 17 Negative 130
3 Positive 5300 18 Negative 340
4 Positive 1800 19 Negative %
5 Positive 3100 20 Negative <10
6 Positive 2600 21 Negative 350
7 Positive 5200 22 Negative 600
8 Positive 3600 23 Positive 120
9 Positive 5100 24 Negative 180
10 Positive 2100 25 Negative 40
11 Positive 2400 26 Negative %
12 Positive 4700 27 Negative 140
13 Positive 7800 28 Negative 30
14 Positive 1600 29 Negative 480
15 Positive 2100 30 Positive 410
Campylobacter-negative flock
31 Negative 30 46 Negative <10
32 Negative 120 a7 Negative <10
33 Negative 220 48 Negative <10
34 Negative 170 49 Negative <10
35 Negative 40 50 Negative <10
36 Negative 250 51 Negative <10
37 Negative 70 52 Negative <10
3 Negative 360 53 Negative <10
39 Negative 80 54 Negative <10
40 Negative 10 55 Negative <10
a4 Negative 190 56 Negative <10
42 Negative 100 57 Negative <10
43 Negative 640 58 Negative <10
44 Negative 480 59 Negative <10

45 Negative 60 60 Negative <10
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Swab number Culture enumeration results (cfu/g) LAMP results

1 <10 Negative
2 <10 Negative
3 <10 Negative
4 1 Negative
5 10 Negative
6 20 Negative
7 30 Positive
8 100 Positive
9 72,000 Positive
10 Spread* Positive

*Spread: plates were overgrown and individual colonies could not be counted.
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Fluorescence derivative

25,000

20,000

15,000 +

10,000

-5,000

Anneal Derivative

79.00

84.00

89.00
Temperature (°C)

94.00

ssss negative control
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Primer name

OT1559

18-1rev
16SthCampyFIP
16SthCampyBIP
16SthCampyF-Loop
16SthCampyB-Loop

Sequence (5-3)

CTGCTTAACACAAGTTGAGTAGG

TTCCTTAGGTACCGTCAGAA
GGACCGTGTCTCAGTTCCAGTGTGACGGATGAGACTATATAGTATCAGCTAG
CGGGAGGCAGCAGTAGGGAATATTGCTAAGAAAAGGAGTTTACGCTCCG
GTTAAGCGTCATAGCCTTGGTAA

GCGTGGAGGATGACACTT

Concentration in LAMP (nM)

200
200
2000
2000
1000
1000

Reference

Uyttendaele et al., 1995
Lubeck et al., 2003
Romero et al., 2016
Romero et al., 2016
Romero et al., 2016
Romero et al., 2016
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Isolate  Titer from spread  Titer from passive Ratio of spread count

plating® -fillter plating® vs. filter count cells®
Laboratory
C. colf 3x 107 1% 108 30:1
C. jejuni 4x107 5x 108 81
C.lari 1% 107 1% 10° 10:1
Environmental
6488 3x107 2x10° 1601
5888 8x10° 6x 10° 1411
7088 3x 107 5 x 10° &1
63A 5x 107 2x10° 25:1
Clinical
c1 2% 10° 2x10° 10:1
c2 1% 108 5x 10° 20:1
c3 1x 107 4x10° 25:1

aTiters calculated from 0.1 mL of bacterial suspension dilutions plated directly
onto BAP plates; ®Titers calculated from 0.1 mL of the same bacterial suspension
dilutions plated onto BAP-containing polycarbonate fiters as described in section
“Materials and Methods"; °Ratio of culturable cels calculated from spread plates
vs. passive-fiter plates.
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Acetic acid Propionic acid n-Butyric acid

Taxa Spearman’s rank correlation coefficient
Bacteroidaceae 0.22014 0.35281** 0.24147*
Campylobacteraceae —0.45982*** —0.40915%* —0.511471 %
Enterococcaceae —0.26985* —0.21472 —0.30396**
Erysipelotrichaceae 0.44652*** 0.45589** 0.47003***
Peptostreptococcaceae 0.23533* 0.21979 0.26781*
Rikenellaceae 0.22481 0.14929 0.29722*
Streptococcaceae —0.20648 —0.22982 —0.23192*

Only significant correlations were plotted; *Correlation is significant at p < 0.05;
**Correlation is significant at p < 0.01; ***Correlation is significant at p < 0.0001.
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LBC-21/22 Exp1(n=12) Exp2(n=12) Exp3(n=11)

VFA Mean SD Mean SD Mean SD

Acetic acid [mmol/kg 62.3 34.8 54.7 211 59.3 30.4
fresh matter]

Propionic acid 2.96 1.18 2.95 1.36 4.7 2.80
n-Butyric acid 15.9 17.1 106  9.95 16.4 165
LBC-70/78 Exp1(n=12) Exp2(n=13) Exp3(n=12)
VFA Mean SD Mean SD Mean SD

Acetic acid [mmol/kg 85.9 27.2 98.9 21.3 91.6  20.6
fresh matter]

Propionic acid 5.6 3.99 5.34 1.44 5.54 2.42

n-Butyric acid 325 13.5 34.9 9.26 36.6 10.6

LBC-21/22, Lohmann Brown-Classic, infection at the age of 21/22 days; LBC-
70/78, Lohmann Brown-Classic, infection at the age of 70/78 days; no statistically
significant differences could be found between the experiments.
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Type

Total Bacteria (16S)

Salmonella (invA)?

C. jejuni (hipO)

Breeder Flock Age
Embryonic Age
nteraction
Subjects (matching)
Residual

Breeder Flock Age
Embryonic Age
nteraction
Subjects (matching)
Residual

Breeder Flock Age
Embryonic Age
nteraction

Subjects (matching)

Residual

GIT Yolk EW

SS DF MS F P-value SS DF MS F P value SS DF MS F P-value
20.77 2 10.38 28.73 <0.0001 14.11 2 7.05 29.66 <0.0001 0.41 2 0.21 22.55 <0.0001
51.85 3 17.28 91.76 <0.0001 5.93 3 1.98 4.98 0.0046

3.68 6 0.61 3.26 0.0096 25.12 6 419 10.55 <0.0001

5.4 15 0.36 1.92 0.06 3.57 15 0.24 0.60 0.86

8.48 45 0.19 17.86 45 0.40 0.14 15 0.01

0.21 2 0.11 2.46 0.12 0.0015 2 0.0008 0.0032 1.00 12.72 2 6.34 9.77 0.0019
0.32 3 0.11 2.46 0.08 0.60 3 0.20 0.76 0.52

0.64 6 0.1 2.46 0.04 0.10 6 0.17 0.63 0.71

0.65 15 0.04 1.00 0.47 3.51 15 0.23 0.88 0.59

1.95 45 0.04 11.96 45 0.27 9.76 15 0.65

3.27 2 1.64 1.14 0.35 5.66 2 2.83 11.02 0.0011 2.69 2 1.35 1.50 0.26
1.00 3 0.33 0.25 0.86 62.56 3 20.85 91.1 <0.0001

9.00 6 1.50 1.13 0.36 49.90 8.32 36.33 <0.0001
21.49 15 1.43 1.08 0.40 3.85 15 0.26 1.12 0.37
59.55 45 1.32 10.30 45 0.23 135 15 0.9

'GIT, Gastrointestinal Tract; EW, Egg Wash; SS, Sum of Squares; DF, Degrees of Freedom; MS, Mean of Squares. Bolded P-values indicate that ANOVA analyses found those variables to be significant (p < 0.05).
3Superscript letter indicates that Salmonella spp. was evaluated using a SYBR kit and not TagMan.
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Type F1-Y F1-P F1-0

T T2 T3 T4 T T2 T3 T4 T T2 T3 T4
GIT®  Total Bacteria (16S) 4.425:Y (0.16) 4.54B-Y (0.66) 4.255Y (0.12) 6.07A4(1.33) 6.83%(0.25) 6.76%(0.08) 6.74%(0.04) 6.99" (0.22) 4.51B.Y (0.16) 4.475Y (0.09) 4.47B-Y (0.19) 8.16"% (0.35)
Salmonella (invA)®  0.00" (0.00)  0.00" (0.00) 0.46Y (0.72)  0.00" (0.00) 0.00Y (0.00) 0.00Y (0.00) 0.38Y(0.92) 0.00" (0.00) 3.19X(0.23) 2.60X(1.28) 3.05% (0.25) 3.00% (0.23)
C. jejuni (hipO) 0.472(1.15)  0.00% (0.00)  0.00% (0.00) 0.49Y (1.20) 5.61A%(0.71) 5.594%(0.19) 5.514X(0.02) 4.618X(0.04) 4.527 (0.12) 4.48Y (0.17) 4.37Y (0.27)  4.45%(0.48)
Yolk®  Total Bacteria (16S) 4.098Y (0.19) 4.305:Y (0.14) 4.59AY (0.06) 4.58™Y (0.04) 6.47C%% (0.42) 7.23A%X(0.02) 7.26"X(0.01) 6.84BX(0.04) 4.18Y (0.20) 4.10Y (0.05) 4.024(0.12)  4.04% (0.14)
Salmonella (invA)®  0.00Y (0.00) 0.23" (0.57) 0.20Y (0.48) 0.30" (0.72)  0.00Y (0.00) 0.00 (0.00) 0.28Y (0.69) 0.00" (0.00) 3.14X(0.21) 2.88X(0.17) 2.95%(0.07) 3.22X(0.13)
C. jejuni (hipO) 0.618:2(0.95) 2.97AY (0.15) 0.008-Z (0.00) 2.89%Y (0.24) 5.608% (0.79) 6.70°X (0.05) 6.75°% (0.09) 6.36"* (0.19) 3.05Y (0.24) 3.03¥ (0.24) 3.05” (0.24) 3.13Y (0.08)
EW45 Total Bacteria (16S) ND ND 6.568 (0.08) ND ND ND 6.85" (0.08) ND ND ND 5.41C (0.31) ND
Salmonella (invA)® ND ND 0.008 (0.00) ND ND ND 0.008 (0.00 ND ND ND 2,747 (0.21) ND
C. jejuni (hipO) ND ND 1.56C (1.24) ND ND ND 6.23" (0.06) ND ND ND 2.968 (0.35) ND

TF1-Y, Young Age; F1-P. Peak Age; F1-0, Old Age; T1, 1 week after set; T2, 2 weeks after set; T3, After in ovo immunization (2.5 weeks after set); T4, 1 day after hatch; GIT, Gastrointestinal Tract; EW, Egg Wash. °Values
represent the Mean (Standard Deviation) of duplicate gPCR runs for triplicate pooled homogenate (GIT, yolk) or rinse (EW) samples. Samples from 7 eggs constitute a pooled sample. Values represent copies g~ (GIT,
yolk) or copes mL~" (EW). 3Superscript letters A, B, C indicate significant differences (o < 0.05) of gPCR data between embryonic ages (T1, T2, T3, T4) for a given broiler breeder flock (F1, F2, F3). Superscript letters
X, Y, Z indicate significant differences (p < 0.05) of gPCR data between broiler breeder flocks (F1, F2, F3) at different embryonic ages (T1, T2, T3, T4). “Superscript letters indicate significant differences (o < 0.05) of
QPCR data between broiler breeder flocks (F1-Y, F1-P. F1-0). °ND, not determined. 6Superscript letter indicates that Salmonella spp. was evaluated using a SYBR kit and not TagMan.
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Total Bacteria (16S)

Salmonelia (invA)?

C.jejuni (hipO)

Type

Breeder Flock Age
Embryonic Age
nteraction
Subjects (matching)
Residual

Breeder Flock Age
Embryonic Age
nteraction
Subjects (matching)
Residual

Breeder Flock Age
Embryonic Age
nteraction

Subjects (matching)

Residual

GIT Yolk EW

SS DF MS F P-value SS DF MS F P-value SS DF MS F P-value
51.34 2 25.67 91.57 <0.0001 118.90 2 59.46 1971.0 <0.0001 6.97 2 3.49 98.01 <0.0001
46.52 3 15.51 81.72 <0.0001 1.41 3 0.47 18.65 <0.0001

27.33 6 4.56 24.01 <0.0001 2.20 6 0.37 14.52 <0.0001

4.21 15 0.28 1.48 0.15 0.45 15 0.03 1.19 0.31

8.54 45 0.19 1.14 45 0.03 0.53 15 0.04
130.30 2 65.17 278.20 <0.0001 136.90 2 68.44 411.7 <0.0001 30.07 2 15.08 1059 <0.0001
1.76 3 0.59 214 0.11 0.24 3 0.08 0.64 0.60

1.00 6 0.17 0.61 0.72 0.85 6 0.14 1.11 0.37

3.51 15 0.23 0.86 0.61 2.49 15 0.17 1.30 0.24

12.32 45 0.27 5.76 45 0.13 0.21 15 0.014
355.60 2 177.80 656.20 <0.0001 282.20 2 141.10 12490.00 <0.0001 68.89 2 34.44 62.16 <0.0001
1.14 0.38 1.20 0.32 18.54 3 6.18 37.42 <0.0001

4.48 0.75 2.36 0.05 29.14 6 4.86 29.41 <0.0001

4.06 15 0.27 0.85 0.62 1.69 15 0.11 0.68 0.79

14.28 45 0.32 7.43 45 0.17 8.31 15 0.55

'GIT, Gastrointestinal Tract; EW, Egg Wash; SS, Sum of Squares; DF, Degrees of Freedom; MS, Mean of Squares. °Bolded P-values indicate that ANTOVA analyses found those variables to be significant (p < 0).

3Reflects that the assay was performed using SYBR not TagMan.
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Trial 1

F3: old broiler
breeder flock
(60 weeks old)

F2: peak broiler
breeder flock

(35 weeks old)

Trial 2

F1-Y: young broiler
breeder flock
(25 weeks old)

F1-P, peak broiler
breeder flock
(35 weeks old)

F1-0, old broiler
breeder flock
(60 weeks old)

Day 0, eggs set into 37.5°C incubator at the commercial hatchery

I I

Day 8, 60 eggs

I [
Day 8, 60 eggs

Post-hatch,
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Target

Group Gene
Total Bacteria 16S
Salmonella spp." invA
Campylobacter jejuni hipO
Listeria monocytogenes hlyA

Name

1055F

1392R
16STaglll5-
BHQ
invA2-F
invA2-R
hipO-Cj-F
hipO-Cj-R
hipO-Cj-P

hiyA-LisM-F
hiyA-LisM-R
hiyA-LisM-P

Primer/Probe
Sequence (5'-3')

ATG GCT GTCGTCAGC T
ACG GGC GGT GTG TAC

FAM -CAA CGA GCG -ZEN -CAA CCC -
3IABKFQ

ATT CTG GTA CTA ATG GTG ATG ATC
GCC AGG CTA TCG CCA ATA AC

TCC AAA ATC CTC ACT TGC CAT T
TGC ACC AGT GAC TAT GAA TAA CGA

FAM- TTG CAA CCT CAC TAG CAA AAT
CCA CAGCT-BHQ-1

ACT GAA GCA AAG GAT GCATCT G
TTTTCG ATT GGC GTC TTA GGA

FAM-CAC CAC CAG CAT CTC CGC CTG
C -BHQ-1

TSuperscript letter indicates that Salmonella spp. was evaluated using a SYBR kit and not TagMan.

Final

concentration
(nM)

600
600
200

400
400
500
500
250

600
600
200

Tm (°C)

58

60

60

60

Reference

Harms et al., 2003

Fey et al., 2004

He et al., 2010

Suo et al., 2010
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Target F1 F2 F3

T T2 T3 T4 TI T2 T3 T4 T T2 T3 T4

GIT®  Total Bacteria (16S) 4.508Y (0.10) 4.548:Y (0.66) 4.258Y (0.12) 6.07AY (1.33) 4.84,B:C-Y (0.32) 4.52CY (0.13) 5.39BX (0.09) 7.30°% (0.48) 5.618X(0.17) 5.528X(0.12) 6.018X (0.03) 7.50*% (0.40)
Salmonella (invA)®  0.008 (0.00)  0.008 (0.00) 0.46"% (0.72) 0.008 (0.00) 0.00 (0.00) 0.00 (0.00)  0.00Y (0.00)  0.00(0.00) 0.00(0.00) 0.00(0.00) 0.00" (0.00) 0.00 (0.00)
C. jejuni (hipO) 0.48(1.18)  0.00(0.00)  0.00(0.00)  0.49 (1.20) 0.00 (0.00) 0.41 (1.00) 0.67 (1.65) 0.66 (1.61)  0.54(1.33)  1.38(1.52)  1.11(1.78)  0.00 (0.00)
Yolk®  Total Bacteria (16S) 4.098Y (0.19) 4.308 (0.14) 4.59* (0.06) 4.58AY (0.03) 6.992X (0.06) 4.40C (0.08)  4.32C (0.61) 5.838X(1.92) 4.22Y (0.20) 4.63(0.29)  4.63(0.17) 4.56Y (0.08)
Salmonellia (invA)®  0.00 (0.00)  0.23(0.57)  0.20(0.48)  0.30(0.72) 0.25 (0.61) 0.50 (0.78) 0.00 (0.00) 0.00 (0.00)  0.00(0.00) 0.26(0.63)  0.25(0.61)  0.20 (0.50)
C. jejuni (hipO) 0.618Y(0.95) 2.977(0.15) 0.008Y (0.00) 2.894X (0.24) 2.884X(0.15) 2.85" (0.33) 0.298%Y (0.70) 2.83A% (0.19) 2.95%X (0.13) 2.83" (0.13) 0.698% (1.07) 0.00B" (0.00)

EW4:5 Total Bacteria (16S) ND ND 6.565 (0.08) ND ND ND 6.638 (0.03) ND D ND 6.91A (0.14) D
Salmonella (invA)® ND ND 0.008 (0.00) ND ND ND 0.008 (0.00) ND ND ND 1.78A (1.40) ND
C. jejuni (hipO) ND ND 1.56 (1.24) ND ND ND 2.51(0.23) ND D ND 1.95 (1.05) D

F1, Young Flock; F2, Peak Flock; F3, Old Flock; T1, 1 week after set; T2, 2 weeks after set; T3, After in ovo immunization (2.5 weeks after set); T4, 1 day after hatch; GIT, Gastrointestinal Tract;, EW, Egg Wash.
2Values represent the Mean (Standard Deviation) of duplicate gPCR runs for triplicate pooled homogenate (GIT, Yolk) or rinse (EW) samples. Samples from 7 eggs constitute a pooled sample. Values represent copies
g~ (GIT, Yolk) or copes mL~" (EW).

3Superscript letters A, B, C indicate significant differences (p < 0.05) of gPCR data between embryonic ages (T1, T2, T3, T4) for a given broiler breeder flock (F1, F2, F3). Superscript letters X, Y, Z indicate significant
differences (p < 0.05) of gPCR data between broiler breeder flocks (F1, F2, F3) at different embryonic ages (T1, T2, T3, T4).

4Superscript letters indicate significant differences (p < 0.05) of gPCR data between broiler breeder flocks (F1, F2, F3).

SND, not determined.

8Superscript letter indicates that Salmonella spp. was evaluated using a SYBR kit and not TagMan.
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Day Bray-curtis  Unweighted unifrac  Weighted unifrac
comparisons

3-4 p =0.018071 () p=0.18436 p=0.085112
45 p=085255 p=0.18547 p=0.25546
56 p=0.60961 p=0.1225 p=0.73468
67 p=082072 p=094104 p=0.21369
78 p=0.71257 p=088392 p=0.47401
89 p=0.060007 p=094453 p=0.36231
9-10 p=09966 p=0.11357 p=053314
10-11 p=0.20247 p=020845 p=0.13289
1-12 p=038794 p=0014818 () p=062198
12-13 p=088847 p=0064143 p=0013623 ()
18-14 p = 063766 P =0.16696 p=0.41304
14-15 p=09467 p=064383 p=0.46855
15-16 p=089972 p=0055618 p=0.79989
16-17 059807 p=037379 =0.41167
17-18 70773 66013

18-19 40112 92525 p=05994
19-20 p=0020548()  p=0.087076 p=0.56858
20-21 083097 () 12251 052086
21-22 29506 p=0055585 p=090226
2223 24688 p=090221 p=0.99695
23-24 070886 p=071275 p=034913
24-25 21019 67687 0.11096
25-26 14334 p=020716 p=097116
26-27 96286 P =0.044866 () p=080425
27-28 p=050877 p=0096107 p=0.1382
28-29 p=091052 p=087339 p=0.60398
29-30 p = 0.34265 p =0.60245 p=0.11773
30-81 p=061843 p=055324 p=0.20403
31-32 p=024674 p=0082761 p=050328
32-33 p=0.73392 p=053114 p=0.62586
33-34 p=07431 p=0.36604 p=057642
34-35 p=0.16111 p=020181 p=0.77382

Asterisks denote a statistically significant difference ('p < 0.05).
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Beta dispersion

Day 03-07 Day08-14
Day15-24
Day25-35
Day0s-14 Day15-24
Day25-35
Day15-24 Day25-35
PERMANOVA
Groups
BW_Mean
Fl
FCR
Gain

Asterisks denote a statistically significant difference ('p < 0.0, *'p < 0.01, **p < 0.001).

Bray-curtis

p=0.0061142 ()
ns.

p = 0.042066 ()
p =0.00077017 ()
ns.

p = 0.0075651 (*)

R2 =0.16763 (o = 0.001) (*)
A2 =0.11721 (p = 0.001) (")

A2 =0.11856 (o = 0.001) ()
A2 =0.1086 (o = 0.001) (*")
A2 = 0.11886 (p = 0.001) (")

Unweighted unifrac

P =0.00014712 (")

p=0010418 ()
P =0.00015112 ()
ns.
ns.
p=0020128*

A2 = 0.06048 (o = 0.001) (**)
A2 =0.03964 (p = 0.001) (™)

R? = 0.04069 (o = 0.001) (**)
R? =0.03842 (o = 0.001) (***)
R? = 0.04146 (o = 0.001) (")

Weighted unifrac

P =960140-05 (")

p =25203e-09 (")

p =3578%-12 (")
p=0019953 ()
p=00011717 (%)

ns.

R2 =0.17577 (o = 0.001) (**)
A2 =0.08723 (p = 0.001) (**)
A2 =0.09301 (o = 0.001) (™)
R2 =0.11787 (o = 0.001) (™)

R? =0.0998 (p = 0.001) (*)

In beta dispersion analysis, the pairwise differences in distances from group center/mean were subjected to ANOVA after performing Principle Coordinate Anlysis, and if significant
(o < 0.05) the values are shown. In PERMANOVA analysis, R? represents the proportion of variabilty explained, for example, using “Groups” and *Bray-Curtis” dissimilrity, the weeks
explain 16.8% variability in microbial community structure.
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Subsets of top 1000 most

Correlation with

PERMANOVA (full OTU table)

abundant OTUs full OTU table (R)
Groups BW_Mean F FCR
R2=016763(p= R2=0.11721(p= R2=0.11856(p= RZ=0.1086(p =
0.001) () 0.001) (*+) 0.001) (**) 0.001) (**)
PERMANOVA (subsets)
Groups BW_Mean FI FCR
S1 OTU_2165 + OTU_2448 + 0.833 AR2=014768(p= A2=0.10732(p= R2=010784p= R2=010117(p=
OTU_33 + OTU_1121 + 0.001) () 0.001) () 0.001) (***) 0.001) (**)
OTU_23 + OTU_2474 + OTU_6
+0TU_28 + OTU_157 +
OTU_15 + OTU_24 +
OTU_3028 + OTU_2496 +
OTU_1024 + OTU_10 + OTU_3
+ OTU_2555
S2 OTU_2165 + OTU_2448 + 0.83 R2=013977 p= R2=0.10028(p= R2=009987 0= R2=0.09203( =
OTU_33 + OTU_1121 + 0.001) () 0.001) () 0.001) () 0.001) ()
OTU_23 + OTU_2474 + OTU_6
+0TU_28 + OTU_167 +
OTU_15 + OTU_24 +
OTU_3028 + OTU_2496 +
OTU_1024 + OTU_3 +
OTU_2555
3 OTU_2165 + OTU_2448 + 0827 AR2=0.14186(p= R2=0.10205(p= R2=0.10165(p = R2=0.09344(p=
OTU_33 + OTU_1121 + 0.001) (* 0.001) (* 0.001) () 0.001) (*
OTU_23 + OTU_2474 + OTU_6
+0TU_28 + OTU_157 +
OTU_15 + OTU_24 +
OTU_3028 + OTU_2496 +
OTU_1024 + OTU_3
S84 OTU_2165 + OTU_2448 + 0.823 R2=0.14241(p= R2=010262(p= R2=0.10228(p= HR2=0.0939(p=
OTU_33 + OTU_1121 + 0.001) () 0.001) () 0.001) () 0.001) ()
OTU_23 + OTU_2474 + OTU_6
+0TU_28 + OTU_167 +
OTU_15 + OTU_24 +
OTU_2496 + OTU_1024 +
o3
S5 OTU_2165 + OTU_2448 + 0816 R2=0.14289p= R2=0.10313(p= A2=0.10279(p= R2=0.09436(0 =
OTU_33 + OTU_1121 + 0.001) (") 0.001) - 0.001) () 0.001) (")
OTU_23 + OTU_2474 + OTU_6
+OTU_28 + OTU_15 +
OTU_24 + OTU_2496 +
OTU_1024 + OTU_3
S6 OTU_2165 + OTU_2448 + 0.809 R =014742(p= R2=0.10587 p= R2=010556(p= A2=0.098(p=
OTU_33 + OTU_1121 + 0.001) (* 0.001) () 0.001) () 0.001) (")
OTU_23 + OTU_2474 + OTU_6
+0TU_28 + OTU_16 +
OTU_24 + OTU_2496 +
OTU_1024
S7 OTU_2165 + OTU_2448 + 0.799 R2=017779(p= R2=0.12583(p= R2=012598(p= R2=0.11968(p=
OTU_33 + OTU_1121 + 0.001) (™) 0.001) () 0.001) () 0.001) ()
OTU_2474 + OTU_6 + OTU_28
+OTU_15 + OTU_24 +
OTU_2496 + OTU_1024
S8 OTU_2165 + OTU_2448 + 0.789 R2=0.14605(p= RZ=00875(p= HR%=008646( = R2=0.08927 (o=
OTU_33 + OTU_1121 + 0.001) () 0.001) (**) 0.001) (**) 0.001) (**)
OTU_2474 + OTU_6 + OTU_28
+OTU_15 + OTU_24 +
OTU 2496
S9 OTU_2165 + OTU_2448 + 0777 A2 =014120p= R =010216(p= R2=010318p= A2=00989(p=
OTU_33 + OTU_1121 + 0.001) () 0.001) () 0.001) () 0.001) ()
OTU_2474 + OTU_28 +
OTU_15 +0TU_24 +
OTU_2496
$10 OTU_2165 + OTU_2448 + 0.763 R2=0.13922(p= R?=0.10051(p= R2=0.10121(p= R2=0.09676(p =
OTU_33 +OTU_1121 + 0.001) () 0.001) (" 0.001) () 0.001) (*)
OTU_2474 + OTU_28 +
OTU_15 4 OTU_24
S11 OTU_2165 + OTU_2448 + 0.746 A2 =0.13173(p= A2=009081(p= R%2=009291(p= R2=009023p=
OTU_33 +OTU_1121 + 0.001) () 0.001) () 0.001) () 0.001) ()
OTU_2474 + OTU_28 +
oTU_15
$12 OTU_2165 + OTU_2448 + 0.723 R2=009574(p= R%2=004819(p= R2=004936(p = R2=0.05663p=
OTU_33 + OTU_1121 + 0.001) () 0.001) () 0.001) () 0.001) ()
OTU_2474 + OTU_28
S$13 OTU_2165 + OTU_2448 + 0.696 R2=00952(p= R2=004875(p= R2=005019(p= A2 =0.05606(p=
OTU_33 + OTU_1121 + 0.001) () 0.001) (* 0.001) () 0.001) ()
OTU_2474
S14 OTU_2165 + OTU_2448 + 0.661 R2=0.10232(p= R%2=005483(p= R2=005623(p= A2 =0.06108(p=
OTU_1121 + OTU_2474 0.001) () 0.001) () 0.001) () 0.001) ()
S15 OTU_2448 + OTU_33 + 0.655 A2 =006994 o= A2=002489(p= R2=002416(p= R2=0.03155(p=
OTU_1121 + OTU_2474 0.001) () 0.001) () 0.001) () 0.001) ()
$16 OTU_2448 + OTU_33 + 0.604 R2=003489 (0= R%2=001348(p= R2=001238(p= A2=0.01154(p=
OTU_2474 0.001) () 0.009) (") 0.005) () 0.006) ()
S$17 OTU_33 + OTU_1121 + 0.599 R2=006662(0= R%2=001995(= R2=0.02047(p= R2=0.03201(p=
OTU_2474 0.001) () 0.001) (*) 0.001) () 0.001) ()
S18 OTU_1121 4 OTU_2474 0533 007 p= R2 = 002628 A2 =0.0379%
0.001) () .001) (™) (p=0.001)()

Asterisks denote a statistically significant difference (*'p < 0.001).
For each subset, PERMANOVA wes performed against different sources of variations.

(OTU_2168, Bacteria; Firmicutes; Clostridia; Clostridiales; Lachnospiraceae.
(OTU_2448:Bacteria;Firmicutes;Clostridia; Clostridiales; Ruminococcaceae;Ruminiclostridium.
OTU_83:Bacteria;Firmicutes;Clostridlia; Clostridlales;Ruminococcaceae; Ruminiclostridium 5.
OTU_1121:Bacteria;Firmicutes;Clostriclia;Clostridiales;Lachnospitaceae;Eisenbergiella.
OTU_23:Bacteria;Firmicutes;Clostridlia; Clostridlales;Ruminococcaceae; Ruminiclostridium 9.
(OTU_2474:Bacteria;Firmicutes; Clostridia; Clostridiales; Ruminococcaceae;Ruminiclostridium 5.
(OTU_6:Bacteria;Firmicutes;Clostridia; Clostridiales;Ruminococcaceae.
OTU_28:Bacteria;Firmicutes;Clostricia;Clostridiales;Ruminococcaceae.
OTU_157:Bacteria;Firmicutes;Bacill;L actobacillles;L actobacilaceae; Lactobacilus.
OTU_15:Bacteria;Firmicutes;Clostricia;Clostridiales;Ruminococcaceae.

OTU_24:Bacteria;Firmicutes; Clostridia; Clostridiales;Ruminococcaceae; Ruminiclostridium.
OTU_3028:Bacteria;Firmicutes;Clostridlia;Clostridiales;Lachnospiraceae.

OTU_2496:Bacteria; Firmicutes;Clostridia; Clostridiales; Lachnospiraceae; Tyzzerella.
OTU_1024:Bacteria; Firmicutes;Clostridia; Clostridiales; Ruminococcaceae; Faecalibacterium.
OTU_10:Bacteria;Firmicutes;Clostridlia; Clostridlales;Lachnospiraceae.

OTU_8:Bacteria; Firmicutes;Clostridia; Clostridiales;Ruminococcaceae;Ruminiclostricfum 5.
OTU_2555:Bacteria;Firmicutes;Clostridia; Clostridiales; L achnospiraceae.

Gain

0.11886 (o =
0.001) (**)

Gain

A2 =0.11143 (o =
0.001) ()

R2=0.1025(p =
0.001) ()

A2 =0.10435 (p =
0.001) (™)

R2 =0.10509 (o =
0.001) ()

A2 =0.1056 p =
0.001) ()

R2=0.1084 (p =
0.001) ()

A2 =0.12986 (p =
0.001) (**9)

A2 =0.08866 (o =
0.001) (**)

A2 =0.10786 o =
0.001) ()

A2 =0.10582 p =
0.001) (™)

R2=0.00828 (p =
0.001) ()

R2=0.05163 (o=
0.001) (")

A2 =0.05246 (o =
0.001) (")

A2 =0.05869 (o =
0.001) (")

A2 =0.02375 [p =
0.001) (***)

A2 =0.01053 (o =
0012) ()
R2=0.02183(p =
0.001) (")

R2 = 002793
(0 =0.001) (*)
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Item cP
SP-diet CDCP+/CDCP--diet SP-diet CDCP+/CDCP--diet
Mean sD Mean sD Mean sb Mean sD
BODY WEIGHT [in g]
Day 7 1782 203 1752 237 1812 19.9 1812 188
Day 14 4913 46.0 4790 50.0 4972 490 4972 470
Day 21 9842 97.8 896° 105 9907 96.5 919° 108
Day 42 32732 369 30370 397 33072 391 32422 419
Dissection 35112 436 32620 456 34962 423 34162 465
Carcass weight! 20172 359 26830 380 28982 350 28132 388
Dressing %-age 8312 1.10 82.20 1.39 82,92 1.25 82.3° 0984
WFR (g/g) 1.6780 0.02 1.61° 0.06 1.68% 0.05 1.6620 0.08
FCR (g/g) 1.61° 0.04 1.66% 0.03 1.60° 0.03 1.56° 0.05
GPE (kgrkg DM) 3.25° 008 3442 0.09 3270 0.08 3492 0.04

CN, without experimental C. jejuni infection; CP, with experimental C. jejuni infection; SP-diet, Standard protein diet; CD°P*-diet, High protein choice diet; CDCP~diet, Low protein
choice diet; CDCP+/CDFP~diet, Choice dliet; WFR, water-feed ratio in kg water intake / kg diet intake as fed; FCR, feed conversion ratio in kg diet intake as fed / kg body weight gain
between Days 21-42; CPE, crude protein effciency in kg body weight gain / kg crude protein intake;

T after exsanguation, evisceration and without head and legs, incl. feathers; **Values within a row with different superscripts differ significantly at p < 0.05.
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Item CN cP

SP-diet CDCP+/CDCP-. diet SP-diet CDCP+/CDCP--diet
Mean sD Mean sp Mean sD Mean sD
Crypt depth [um; n = 25 per group] 235° 66.1 2330 56.4 2632 65.7 24920 76.6
Goblet cells per standard orypt? [ = 25 per group] 156° 588 15.40 601 156° 548 17.22 630

CN, without experimental C. jejuni infection; CF, with experimental C. jejuni infection; SP-diet, Standard protein diet; CD°P*-diet, High protein choice diet; CD®"~diet, Low protein
choice diet; CDP+/CDP~dist, Choice dist; ' Determined goblet cell number to 250 um crypt depth;
ab\alues within a row with different superscripts differ significantly at p < 0.05.





OPS/images/fnut-05-00079/fnut-05-00079-t008.jpg
Mucin content

[9/kg DM; n = 15 per group and time point]
SP-diet

Mean sD

Day 21 5630 482

Day 42 629% 630

CN

CDCP+/CDCP--diet

Mean

57.43
56.4°

sD

4.62
4.18

SP-diet
Mean sD
54,12 6.11
64.5% 412

cP

CDOP+/CDCP--diet

Mean sD
5320 501
60.70 438

CN, without experimental C. jejuni infection; CP, with experimental C. jejuni infection; SP-diet, Standard protein diet; CDCP+-diet, High protein choice diet; CDCP~diet, Low protein

choice diet; CO%P+/CDP~ dlet, Choice diet;
abValues within a row with different superscripts differ significantly at p < 0.05.
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Item sP-diet! cDCP+ cDCP- cDCP+/CDCP--

-diet  -diet diet
[60/40]
Dry matter [g/kg diet] 83 88 877 834
Crude ash [g/kg DM) 580 609 411 530
Crude fat 806 765 784 772
Crude fiber 289 289 251 27.4
Crude protein 216 286 109 215
Nitrogen free extract® 621 547 747 627
Starch 460 366 618 467
Sugar 461 568 275 45.1
Calcium 942 993 939 971
Phosphorus 778 837 683 7.75
Potassium 832 123 41 9.00
Sodium 186 177 198 1.85
Chioride 274 261 288 272
Magnesium 185 227 122 1.85
Sulfur 296 847 225 298
Metabolisable energy AMEN® 144 189 151 14.4

[MJ/kg DM)

SP-diet, Standard protein dlet; CDPP+-diet, High protein choice dliet; CDOP=-dlet, Low
protein choice diet; CDCP*/CDP-~ -dliet [60/40], Composition of the choice diiet with 60%
CDPP*.dliet and 40% CDCP~ -diiet

2Nitrogen-free extract, DM - (crude ash + crude fat + crude fiber + crude protein).
bMetabolisable energy AMEw (V/kg DM), 0.1551x% crude protein-+0.3431x% crude
fat+0.1669x % starch+0.1301x % sugar.
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Item sP-diet CDCP+  CcDCP-  CDCP+/CDCP--diet

-diet  -diet [60740]
Arginine [g/kg DM] 138 19.7 472 13.7
Cysteine 455 512 3.47 434
Isoleucine 9.39 134 3.96 9.42
Leucine 162 219 7.72 162
Lysine 128 180 537 130
Methionine 6.10 684 490 6.06
Phenylalanine 104 140 468 103
Threonine 802 18 438 8585
Valine 103 144 493 104
Alanine 9.18 124 433 9.17
Aspartic acid 199 284 5.43 192
Glutamic acid 412 530 246 a7
Glycine 856 1.7 400 863
Histidine 5.44 758 251 555
Proline 139 177 9.40 14.4
Serine 102 145 480 10.6
Tyrosine 802 9.88 328 7.24

SP-diet, Standard protein diet; CD°P+-diet, High protein choice diet; CDCP~diet, Low
protein choice diet; CDOP+/CD°P=diet [60/40], Composition of the choice diet with 60%
CDCP*diet and 40% CD°P- -diet.
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Diet
SP-diet CDCP+/CDCP--diet P-value

ltem % positive n (pos./total) % positive n (pos./total)

PREVALENCE ON GROUP LEVEL

Day18 000 (0r25) 0.00 (0/25) 1.0000
Day21 000 (or75) 000 or75) 1.0000
Day22 133 (1175) 8.00 ©175) 0.1162
Day 23 18.7 (14/75) 17.3 (13/75) 0.8317
Day24 387 (20/75) 427 (82/75) 06180
Day25s 707 (5375) 773 (58/75) 03520
Day 28 100 (75/75) 100 (75/75) 1.0000
Day 35 100 (75/75) 100 (75/75) 1.0000
Day 39 100 (75/75) 100 (73/73) 1.0000
Day42  100.0% (75/75) 100.02 (73/73) 1.0000
QUANTITATIVE COUNTS C. jejuni Excreta Seeder Birds (logqo cfu/g)
Mean sD Mean sD P-value
Day23 411 1.44 375 212 05906
Day32 500 075 5.06 079 08551
Day38 4.5 0.82 358 1.55 02454
QUANTITATIVE COUNTS C. jejuni Caecal Content (logso cfu/g)
Dissection  7.02 0.85 6.87 1.12 06878

SP-diet, Standard protein diet; CD+-dliet, High protein choice diet; CDCP~diet, Low
protein choice diet; CD%P*/CDOP~-diet, Choice diet; **Values within a row with different
‘superscripts differ significantly at p < 0.05.
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Item CN cP

SP-diet CDCP+/CDCP--diet SP-diet CDCP+/CDCP--diet

Mean sD Mean SD Mean sD Mean SD

Day 14-20 14.40 0.00 1469 007 14.40 0.00 1458 005
Day 21-27 14.43 0.00 14.49 008 14.48 0.00 14.43 0.07
Day 28-34 14.40 0.00 1450 0.05 14.40 0.00 14.40 0.05
Day 36-41 14.40 0.00 14.62 0.06 14.4b 0.00 1462 0.09
Day 21-41 14.40 0.00 1450 002 14.40 0.00 14.40 0.06

Day 35-41 2162 0.00 1900 8,69 2162 0.00 1972 13.6
Day 21-41 2167 0.00 1982 3.00 2167 000 208% 857
Ratio CDCP+/CDCP-diet day 21-41 1507 0.00 1.01° 007 1507 0.00 1.28% 024
DM-INT/
Day 14-20 81.73b 472 76.40 4.60 83.6% 213 79.0%0 435
Day 21-27 123% 4.09 1182 422 1259 478 1200 557
Day 28-34 16220 5.89 156> 216 1667 7.61 1570 551
Day 35-41 1808 379 1750 865 1778 601 1802 593
1552 4.09 1500 4.12 1562 5.28 15220 320
17.72 1.02 14.40 1.38 18.12 0.46 15.20 0.68
2672 0.89 24.8° 095 27.42 108 2632 0.40
34.9% 127 30.9° 1.40 36.0% 1.65 33.2% 1.15
389% 0.82 33.20 224 383% 1.30 3530 271
33.5° 0.8 29.6° 073 33.8% 114 31.6° 076
9362 025 837° 021 9.432 032 8.97° 025
AAgy intake 1322 035 11.8° 029 1332 045 126 030

CN, without experimental C. jejuni infection; CP with experimental C. jejuni infection; SP-diet, Standard protein diet; CDCP+-diet, High protein choice diet; CD°P-diet, Low protein choice
diet; CDOP+/CDOP- diet, Choice diet; AAgr, Sum “growth limiting” amino acids like arginine, isoleucine, lysine, methionine, threonine and valine; Acy, Sum of C. jejuni metabolisable
amino acids like aspartic acid, glutamic acid, proline and serine; *°Values within a row with different superscripts differ significantly at p < 0.05.
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CTCCTGCTTAACACAAGTTGAGTAGGGAAAGTTTTTCGGTGTAGGATGAGACTATATAG
TATCAGCTAGTTGGTAAGGTAATGGCTTACCAAGGCTATGACGCTTAACTGGTCTGAGA
GGATGATCAGTCACACTGGAACTGAGACACGGTCCGATGGCTCAGCCGATGGCCGAGCC
TCACGCCTAGCGGCGCGTGGCAGCGACGCTCGACGCCAGGCAGTAGCTAGCGAGCGTCG
GGAGGCAGCAGTAGGGAATATTGCGCAATGGGGGAAACCCTGACGCAGCAACGCCGCG
TGGAGGATGACACTTTTCGGAGCGTAAACTCCTTTTCTTAGGGAAGAATTCTGACGGTAC
CTAAGGAAGCG-3’
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Phage Group Source Administration Campylobacter inoculation Results Resistance Study
@2 Group Il NCTC 12674, 107 PFU/cm? 108 CFU/cm? C. jejuni PT14 on 4°C None Atterbury
ACTC 35922-B2 chicken skin >1logip CFU reduction 30 min, 3 days, 5 days etal., 2003a
-20°C
2.3 log1p CFU reduction 5 days post administration
NCTC Group Il NCTC 10% PFU/cm? on 10% CFU/cm? C. jejuni C222 on 4°C non-phage n/a Goode et al.,
12673 chicken skin chicken skin 90% reduction 24 h post administration 2003
4°C with phage
95% reduction 24 h post administration
Cj6 Group not Chicken feces Low MOI (10) or <100 cm=2 or 5°C(high MO, high host density) n/a Bigwood
specified >2 log cm~2 reduction 24 h post administration for etal., 2008
cooked meat and 1.5 log cm~2 for raw beef
high MOI (10%) 104 cm~2 of C. jgjuni FGCSCFT
onto cooked or raw beef
Cj6 Group not Chicken feces 102-108 PFU mL~" 10-10* CFU mL~" of C. jejuni into 24°C and 2 h post administration: n/a Bigwood
specified tube with inoculum etal., 2009
1.8 x 10° PFUmL~!
3-8% reduction
1.2 x 10% PFUmL™"
33-52.3% reduction
1.1 x 107 PFUmL~!
>96% reduction
Without phages
8.9% reduction
CP8 or CP Group I Poultry excreta 108 or 109 PFU/m C. jejuni NCTC 11168 or PT14 at In biofims: NCTC 11168 a Siringan
30 10°% CFU/ml incubated at 37°C for CP30 or CP8 versus 11168 or PT14 CP8 (84%) a CP30 etal., 2011
5 days grown in biofims on glass (90%)
None in PT14
3 log1g CFU/cm? reduction 2 h post administration
CP8 versus 11168
barely detectable limits 24 h post administration
CP8 versus PT14
1log1o CFU/cm? reduction 24 h post administration
CP30 versus PT14
2.510g1g CFU/cm? reduction 4 h post administration
Planktonic cells:
CP30 versus PT14
< 1 log CFU/cm? reduction 4 h post administration
F356 + F357  Group not Free range poultry 107 PFU/cm? 10% CFU/cm? of C. jejuni NCTC 0.73 log1g reduction at 5°C 24 h post administration n/a Zampara
specified farms 12662 on chicken skin etal, 2017
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Item Starter Grower Finisher

0-10 days 11-24 days 25-35 days

Wheat 54.623 57.553 61.300
Full fat soya 12.000 12.000 12.000
Brazilian GM hipro 25.000 21.000 17.000
Lime bulk 0.717 0.700 0.500
DCP bulk (18.1% p) 1.654 2.000 2.150
Salt bulk 0.200 0.200 0.200
Sod.bi-carbonate 0.199 0.166 0.162
DL methionine 0.487 0.435 0.378
L-lysine 0.373 0.318 0.281
Threonine 0.247 0.128 0.029
Vitamin+mineral premix 0.500 0.500 0.500
Soyabean oil 4.000 5.000 5.500
Calculated composition (%)

ME Kcal/kg 2999 3081 3133.8
CP 23.12 21.53 20.04
Lys 1.45 1.308 107
Met+Cys 1.089 0.996 0.91
Ca 0.97 0.906 0.85

AvP 0.49 0.41 0.409
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Strains Origin MIC MBC
Campylobacter jejuni RCO39 poultry 1% 1%
Campylobacter coli RC013 poultry 2% 2%

The antimicrobial was tested at concentrations from 8 to 0.0078% (v/v) in three
independent experiments.
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Experiment

A
B
C

C. jejuni RC039

+A3001 —A3001
3.9 x 1022 7.3 x 108
2.7 x 1022 8.1 x 10°
1.2 x 1022 6.6 x 108

C. coli RC013

+A3001 —A3001
4.2 x 102 5.1 x 108
2.7 x 10%a 3.3 x 107
3.9 x 102 4.7 x 108

aSignificantly (P < 0.05) less than the untreated control.
A, B, and C represent three replicate experiments performed in three separate

occasions.
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Gene Primer sequence - forward Primer sequence - reverse Reference

cetB 5 GCCTTGTTGCTGTTCTGCTC 3 5 TTCCGTTCGTCGTATGCCAA 3 Upadhyay et al., 2017
hep 5 CAAGCGGTGCATCTACTCAA 3’ & TAAGCTTTGCCCTCTCTCCA 3’ Harrison et al., 2014
rRNA 168 5" ATCTAATGGCTTAACCATTAAAC 3 5 GGACGGTAACTAGTTTAGTATT 3/ Douglas Inglis and Kalischuk, 2003
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