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Introduction

Campylobacteriosis is an enteric bacterial zoonotic infection caused by members of the Campylobacter genus (Kirkpatrick and Tribble, 2011). C. jejuni (> 85%) and C. coli (5–10%) are the most common species associated with the disease (Patrick et al., 2018). Ingestion of as few as 500 bacteria can cause campylobacteriosis (Robinson, 1981). Although Campylobacter typically causes self-limiting human gastroenteritis, it can lead to prolonged post-infectious complications, such as Guillain-Barré syndrome, reactive arthritis, and/or post infectious-irritable bowel syndrome (Rees et al., 1995). The treatment of campylobacteriosis poses significant economic burdens worldwide, resulting in $1.56 billion in healthcare costs in the USA, $80 million in Canada, and €2.4 billion in the European Union per year (Devleesschauwer et al., 2017).

The high prevalence of Campylobacter in the agri-food system is likely a major contributing factor to the incidence of campylobacteriosis. Due to its microaerobic nature, Campylobacter can colonize the intestinal tract of food-producing animals such as poultry, cattle, sheep, and swine (Hansson et al., 2018). However, it can also survive under aerobic conditions and infect humans through the food supply chain by forming biofilms or entering the viable but non-culturable state (Lv et al., 2019; Ma et al., 2022). The main route of infection has been identified as the consumption of contaminated food commodities, such as unpasteurized dairy products, undercooked poultry meat and/or contaminated water (Silva et al., 2011). Therefore, detection, characterization, and reduction of Campylobacter in the agroecosystem are of great importance. This mini-review provides an overview of the current trends in understanding Campylobacter and its interaction with the agroecosystem. We first introduce the improved methods to detect Campylobacter in various agri-food settings. Then, the prevalence of this microbe in the agri-food system as well as its characteristics are summarized. Finally, novel control strategies of Campylobacter are summarized and discussed.



Improved detection of Campylobacter in food-related products

Despite culturing methods are recognized as “golden standard” for traditional detection of Campylobacter and are still used as guidelines for regulatory purposes, these methods are time-consuming and labor-intensive. Several molecular- and biomolecular-based methods such as polymerase chain reaction (PCR) (Wegmuller et al., 1993), enzyme-linked immunosorbent assay (Sails et al., 2002), and DNA probe (Maher et al., 2003) have been developed for the detection of Campylobacter in a rapid and accurate manner. However, most of these methods require expensive equipment and specialized personnel; therefore, they are unsuitable for onsite and rapid screening of Campylobacter. Recently, loop-mediated isothermal amplification (LAMP) and RNA-guided clustered regularly interspaced short palindromic repeats–CRISPR-associated (CRISPR-Cas) methods have been recognized as promising detection methods as they are rapid, sensitive, specific, and practical (Yamazaki et al., 2009; Wang et al., 2020). In this special issue, a LAMP-based system was developed by Kreitlow et al. for simultaneous detection and differentiation of C. jejuni and C. coli in meat products. After enrichment, the inoculated bacteria (C. jejuni and C. coli) can be simultaneously detected and differentiated using this system and the result was consistent with both real-time PCR and the standard culture method. In another study in this special issue, Huang et al. utilized the CRISPR-Cas method and developed a CRISPR-Cas12b-based system for the detection of C. jejuni. The obtained system could specifically detect C. jejuni from chicken samples within 40 min, providing a promising onsite detection method to the poultry industry. In addition to these novel detection methods, traditional culture-based methods are still used in certain circumstances. For example, the procedure of ISO 10272-1:2017 was validated by Hazeleger et al. by determining the level of detection at 50% (LOD50, the concentration where the probability of detection is 50%) of five Campylobacter strains under different conditions (i.e., different enrichment broths and food matrices). Both food matrices (raw milk, chicken skin, and frozen spinach) and enrichment broths (bolton and preston) had a large influence on the LOD50 of Campylobacter strains.



Prevalence and characterization of Campylobacter

The pathogenicity of Campylobacter depends on virulence factors related to chemotaxis, motility, adhesion, invasion, toxin production, and immune evasion (Lopes et al., 2021). Severe cases of campylobacteriosis need antibiotic treatment (Kirkpatrick and Tribble, 2011). However, overuse and misuse of antibiotics in both the human population and animal production have led to antibiotic resistance for Campylobacter, treatment failure, and reoccurrence of the disease. To address the potential risks associated with prevalence, resistance, pathogenicity, genetic diversity, and transmission mode, various genotypic [e.g., multilocus sequence typing (MLST), whole genome sequencing (WGS), etc.] and phenotypic (e.g., antimicrobial susceptibility test, serotyping, etc.) methods have been used to identify and characterize this microbe.


Campylobacter in poultry

In this special issue, Gahamanyi et al. isolated Campylobacter from a layer poultry farm in South Korea. They assessed the antimicrobial resistance (AMR) profiles, virulence genes, and genetic diversity of Campylobacter isolates Gahamanyi et al. A total of 55 isolates were identified from 153 fecal samples, with C. jejuni and C. coli being 49 and 6, respectively. The isolates contained various virulence genes (facilitating adhesion, invasion and internalization) and AMR genes (conferring resistance to quinolones and tetracycline). The genetic diversity study discovered 13 genotypes, resulting in three new sequencing types. Another study conducted by Bai et al. in this special issue investigated similar characteristics of Campylobacter isolated from the slaughtering line of yellow-feathered broilers in Southern China. Among 1,102 samples, 157 were detected to harbor Campylobacter. The highest prevalence of C. jejuni and C. coli was determined in live chickens (53.6%), followed by carcass samples treated after defeathering (27.5%) and evisceration (18.1%). Resistance- and virulence-associated genes were detected in the isolates and the majority (90.4%) of them were identified to be multidrug-resistant (MDR). Furthermore, pulsed-field gel electrophoresis (PFGE) performed on all the isolates indicated cross-contamination of Campylobacter throughout the slaughtering line. Multiple strains of Campylobacter can simultaneously infect broiler flocks (Höök et al., 2005), with some strains predominant at different periods. Rawson et al. investigated the dynamics of Campylobacter prevalence in response to seasonal variation, species-specificity, bird health, and total colonization prevalence within the chicken flock over a year using multiple Bayesian models Rawson et al. C. jejuni occurred more frequently in the summer months, while C. coli persisted for longer periods, infecting the most susceptible birds within the flock. Campylobacter can acquire resistance genes through horizontal gene transfer (Ma et al., 2021). Guernier-Cambert et al. mimicked the real-world conditions for possible horizontal gene transfer of AMR genes of Campylobacter between or within species (C. coli or C. jejuni). Campylobacter isolated from different animal hosts (swine or turkeys) were cultivated either in vitro through co-culture experiments or in vivo with dual-strains in turkeys. The acquisition of AMR genes was evaluated by WGS of parental and recombinant strains. Four independent transfers of AMR genes occurred during co-culture experiments in vitro, while only one appeared during in vivo dual-strain cultivation. Therefore, the AMR genes of Campylobacter bacteria might be transferred across turkey and swine via horizontal gene transfer, leading to the increased AMR of Campylobacter.



Campylobacter in cattle

C. jejuni serotype HS19 was frequently isolated from patients with Guillain-Barré syndrome; therefore, it is acknowledged as a biomarker of this disease. Interestingly, it was prevalent in Chinese cattle during the epidemiological study conducted by Zang et al. Taking this a step further, the same research group comprehensively investigated both genotype and phenotype of HS19 isolates from cattle. All cattle isolates belonged to clinical high-risk lineage and developed resistance to multiple antibiotics. DNA methylation has been shown to play an important role in the pathogenicity of C. jejuni, including motility, adherence, and invasion (Kim et al., 2008). Ghatak et al. investigated the methylome of C. jejuni YH002, a MDR strain isolated from retail beef liver. One putative motif belonging to the type II restriction-modification system was discovered in the methylome of C. jejuni YH002. By comparing the strain to well-studied C. jejuni reference strains (81–176 and NCTC 11168), several non-uniform methylation patterns were observed, indicating the existence of type I and type IV restriction-modification systems. Additional investigations into DNA methylation sites within gene promoters result in the regulation of several virulence genes (i.e., a flagella gene, an RNA polymerase sigma factor, etc.).



Campylobacter in swine

In addition to poultry and cattle, swine is another reservoir of Campylobacter bacteria, especially C. coli (Mataragas et al., 2008; Di Donato et al., 2020). Therefore, it is of great importance to investigate the Campylobacter prevalence and to characterize strains isolated from this reservoir. In this special issue, Guk et al. investigated the prevalence, aerotolerance, quinolone resistance, virulence potential, and MLST genotypes of C. coli isolated from different swine groups on farms. The characteristics of C. coli isolates were compared to understand their relationship between aerotolerance levels. Among 124 C. coli isolates, hyper-aerotolerant (HAT, 13.7%) isolates were present in all swine groups and they encoded for virulence-related genes; therefore, these groups are likely to remain on pig farms and re-infect other pigs. Furthermore, all C. coli isolates were resistant to quinolones, with several HAT isolates showing high-level ciprofloxacin resistance. HAT C. coli from swine shared MLST genotypes with human isolates at the highest portion; therefore, the resistance may be transmitted to humans via the food supply chain due to its aerotolerance.



Campylobacter in humans

To investigate the relative contribution of different C. coli isolation sources to human infections in the US, Harrison et al. used core genome MLST and minimal multilocus distance analysis to categorize the core genome of C. coli strains isolated from food-producing animals, retail poultry meats, human clinical settings, and environmental sources. Poultry isolates showed the highest likelihood of attribution to human isolates followed by environmental whilst cattle and swine isolates shared less similarity. Although a high prevalence of C. coli was observed in swine fecal samples, both methods indicated that swine contributed the least to human infections. Similarly, in another study, Kelley et al. isolated C. jejuni from various agricultural and environmental sources in East Tennessee and compared their genomes to those of strains isolated from individuals with campylobacteriosis in the same spatial and temporal environment using WGS Kelley et al. Cattle and chicken isolates shared the highest similarity to those bacteria recovered from humans, indicating the possible transmission route of C. jejuni in that region. Another study conducted by Zang et al. investigated the pathogenic characteristics of C. jejuni isolated from different ecological sources using capsular polysaccharide genotypes, lipooligosaccharide (LOS) classification, and MLST. A close genetic relatedness was identified between cattle isolates and human pathogenic strains. To identify the possible zoonotic transmission of C. jejuni from animals to humans on a dairy farm in Michigan, St. Charles et al. used MLST, WGS and LOS-typing to compare the genome of C. jejuni strains isolated from 25 calves, 1 dog, and 1 asymptomatic family member. Two cattle isolates were closely related to the human isolate, indicating possible zoonotic transmission.



Campylobacter in small mammals and other environments

Campylobacter is a commensal organism in the gastrointestinal tract of small mammals (Meerburg et al., 2006). However, their genotypes and roles in clinical infections have not been systematically studied. Olkkola et al. collected the intestinal content of small wild mammals from their habitats near pig or cattle farms, isolated Campylobacter bacteria, and compared their genomes with those of farm animal and human isolates. Although wild mammal might not be the original source of Campylobacter isolates colonizing livestock, they may occasionally carry Campylobacter to infect livestock and cause human diseases. Aside from small mammals, the presence of Campylobacter in wild birds has been reported (Hald et al., 2016). Turkey is a crucial stopover on migratory bird routes among Europe, Asia, and Africa. Campylobacter from clonal contents of wild birds in the hunting areas of Turkey were isolated and characterized by Kürekci et al. High C. coli prevalence was determined in Eurasian coot (93%) and all C. coli isolates belong to clade II and III. Almost all isolates were sensitive to the tested antibiotics, which may be due to the absence of selective pressure and niche adaption of Campylobacter in wild birds.

Campylobacter is a microaerobic bacterium, but it is able to survive under aerobic conditions outside the intestinal tract of the host (Ma et al., 2022). Shagieva et al. investigated the survival rate of C. jejuni, including waterborne isolates, under different environmental conditions (i.e., low temperature, aerobic and microaerobic conditions). This study demonstrated that water is a significant reservoir of C. jejuni, and isolates originating from water could survive under stressful environmental conditions for a prolonged period.



Strategies combatting Campylobacter

In recent years, the increased prevalence of campylobacteriosis and the increase in Campylobacter AMR isolates have highlighted the need for novel strategies to control this pathogen (Nastasijevic et al., 2020). Campylobacter can be transmitted to humans via food-to-human or environment-to-human routes. Therefore, control of campylobacteriosis needs to be focused on mitigating potential reservoirs, including the environment, animals, and humans (Johnson et al., 2017). Based on the characteristics of Campylobacter, numerous intervention strategies to inhibit or inactivate this microbe have been tested to reduce its prevalence in food-producing animals. A large variety of probiotics, vaccines, plant-derived compounds, and antimicrobial alternatives (e.g., bacteriophages, bacteriocins, etc.) have been identified as potential candidates to control Campylobacter (Riddle and Guerry, 2016; Saint-Cyr et al., 2016; Hakeem and Lu, 2020). In this special issue, two research groups provided reviews on the use of probiotics, primarily lactic acid bacteria, as chicken feed additives in controlling Campylobacter infections. Probiotics can reduce the intestinal colonization by pathogens, but this beneficial effect is largely dependent on various factors, such as the type and amount of probiotic bacterial strains used, time and method of administration. In the meanwhile, probiotics need to be co-administrated with other strategies to achieve bacterial elimination Deng et al.; Wyszyńska and Godlewska.



Vaccine development

To prevent the development of MDR in C. jejuni, researchers have developed vaccines and tested other antimicrobial compounds. Cao et al. investigated the pangenome of 173 C. jejuni strains and analyzed their virulence factor-related genes. Five core virulence factor proteins with high antigenicity were identified that could be used as the targets of human vaccines. N-glycan on C. jejuni surface is an invariable carbohydrate structure and it has been demonstrated to be immunogenic in mice, rabbits, and humans (Nothaft and Szymanski, 2010). It was validated to be effective to inhibit Campylobacter colonization in chickens by inducing N-glycan-specific response (Nothaft et al., 2017). To understand the underlying mechanism, Nothaft et al. inoculated broiler birds with the attenuated E. coli live strain expressing superficial C. jejuni N-glycan and conducted the vaccination and challenge studies. Genetic differences, microbiota composition, and levels of vaccine-induced IgY in different chicken hosts (responder and non-responder) were compared and analyzed. Level of vaccine-induced IgY as well as the microbial composition of boiler birds affected the effectiveness of E. coli vaccine, while genetic difference and serum glycome did not. These information could potentially be used to improve the efficacy of vaccines for C. jejuni colonization.



Bacteriophages

Bacteriophages can specifically infect bacteria and cause the lysis of bacterial cell membranes (Hanlon, 2007). Many researchers have validated the effectiveness of bacteriophages in inhibiting various bacterial pathogens, such as E. coli, Listeria monocytogenes, and Salmonella (Carlton et al., 2005; Hudson et al., 2013; Huang et al., 2018). However, few studies have focused on the inhibition of Campylobacter using bacteriophage, especially at different stages of food production. Steffan et al. screened lytic phages and selected two promising candidates to reduce C. jejuni loads under different food processing environmental conditions, such as different temperatures and pH values. Zampara et al. constructed innolysins by fusing endolysin to the phage receptor binding protein of C. jejuni. Endolysin can degrade the peptidoglycan in the cell wall of host bacteria, resulting in the release of replicated phages and bacterial inactivation (Loessner, 2005). The developed innolysins exhibited excellent antibacterial activity (1-2 log reduction) against various C. jejuni strains both in broth and on the surface of chicken skin. A previous work has demonstrated that bacteria could acquire resistance to defend against phage attack by 1) spontaneous mutations (e.g., phase variation), 2) restriction-modification systems, and 3) adaptive immunity via the CRISPR-Cas system (Oechslin, 2018). Phase variation is a strategy that bacteria developed for the adaption to their reservoir. Phase variation of Campylobacter during host colonization and infection was reviewed by Cayrou et al. In another study, Sørensen et al. investigated the sensitivity of C. jejuni strains isolated from Danish broilers to bacteriophages and identified possible resistance mechanisms. Although over half C. jejuni strains were sensitive to at least one phage, several C. jejuni strains developed resistance using novel internal resistance mechanisms other than phase variation, restricting the infection of phage to the natural habitat of C. jejuni. While bacteriophage represents an exciting alternative to control Campylobacter, these publications highlight the need for additional research to understand C. jejuni resistance to bacteriophage.



Targeting biofilms

Biofilm formation regulated by quorum sensing (QS) is critical for the survival of C. jejuni and its high prevalence in the environment (Ma et al., 2022). Many phytochemicals, fatty acids, and peptides have been studied for C. jejuni intervention. To develop alternative strategies for the control of C. jejuni in the agroecosystem, Li et al. investigated and validated the effectiveness of two fatty acids (i.e., decanoic acid and lauric acid) in modulating QS signal and biofilm formation of tested C. jejuni strains. Similarly, Talukdar et al. used puroindolines to inhibit the growth and biofilm formation of C. jejuni. Besides the inhibitory effect of the antimicrobials, their mechanisms of action were investigated. Wagle et al. applied various phytochemicals to chicken skin that were artificially inoculated with C. jejuni and tested their effectiveness in bacterial inhibition. Subinhibitory concentration for adhesion, quorum sensing, and gene expression analyses were used to uncover the inhibition mechanisms. The tested phytochemicals reduced C. jejuni counts on chicken skin and exhibited their antimicrobial capability by reducing the adherence, inhibiting quorum sensing activity, and disrupting the cell wall structure of Campylobacter. Therefore, biofilm-associated metabolism could be used as potential target for various antimicrobial compounds.




Conclusion

Campylobacter in the agroecosystem generates a great concern in the food industry and public health, calling for a better understanding of this microbe and its interaction with the agri-food system, the development of rapid and accurate detection methods as well as effective intervention strategies. With the development of molecular techniques, various identification, detection, typing, and sequencing methods have been applied to understand the characteristics of Campylobacter. The underlying mechanisms of its prevalence in the environment (i.e., survival, ecology, adaptation, virulence, and antimicrobial resistance) have also been elucidated. Furthermore, various novel control strategies have been developed for the control of Campylobacter in agri-food products. In conclusion, the articles in this special issue contributed to developing systemic approaches to improving the Campylobacter-associated food safety.
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Despite continued efforts to improve biosecurity protocols, Campylobacter continues to be detected in the majority of commercial chicken flocks across Europe. Using an extensive data set of Campylobacter prevalence within a chicken breeder flock for over a year, multiple Bayesian models are presented to explore the dynamics of the spread of Campylobacter in response to seasonal variation, species-specificity, bird health, and total colonization prevalence. These models indicated that birds within the flock varied greatly in their response to bacterial challenge, and that this phenomenon had a large impact on the overall prevalence of different species of Campylobacter. Campylobacter jejuni appeared more frequently in the summer, while Campylobacter coli persisted for a longer duration, amplified by the most susceptible birds in the flock. Our study suggests that strains of Campylobacter that appear most frequently likely possess no demographic advantage, but are instead amplified due to the health of the birds that ingest it.

Keywords: Campylobacter, mathematical model, Bayesian model, poultry, transmission dynamics


INTRODUCTION

Poultry meat has been decisively implicated as a leading infection route for campylobacteriosis in humans (EFSA Panel on Biological Hazards, 2011). With an estimated 450,000 cases a year in the UK, ~10% of which result in hospitalization (Strachan and Forbes, 2010), Campylobacter presents an important public health challenge, and an estimated £50 million annual economic burden to the UK (Tam and O'Brien, 2016). An investigation by Public Health England indicated the extent to which Campylobacter spp. dominated the commercial poultry industry: seventy-three percent of supermarket chicken carcasses were found to contain Campylobacter and seven percent of the outer packaging was similarly contaminated (Jorgensen et al., 2015). Consequently, preventing the spread of the bacteria to humans by reducing the number of colonized broiler flocks, i.e., chickens grown specifically for meat, at slaughter is as an urgent endeavor (Wilson et al., 2008).

Current attempts at tackling outbreaks of Campylobacter have largely focused around on-farm biosecurity measures; however, little impact in reducing incidence has been demonstrated (Hermans et al., 2011). This is predominantly due to the aggressive rate of proliferation once Campylobacter has entered a flock, and further complicated by uncertainty in the exact route of primary colonization. Specifically designed prevention methods are also marred by high genetic diversity of Campylobacter spp. (Tresse et al., 2017).

Campylobacter has historically been considered to be a gastrointestinal commensal of chickens, but recent studies suggest that, at least in some circumstances, they are pathogenic (Humphrey et al., 2014; Wigley, 2015). We here refer to birds being “colonized” and Campylobacter spp. “shed” where they could be detected from samples. Once an initial bird has become colonized by Campylobacter, colonization of the rest of the flock occurs very rapidly, usually within the course of a week (Evans and Sayers, 2000; Shreeve et al., 2000; Stern et al., 2001). The bacteria are spread via the fecal-oral route. After becoming newly-colonized, the host broiler spends a brief period in a non-infectious incubation period, before excreting the bacteria in its fecal and caecal matter. Surrounding susceptible broilers are then exposed to this via coprophagy (Shanker et al., 1990).

Understanding of the spread of Campylobacter is hindered by incomplete understanding of the transmission dynamics of the bacteria at farm level. Multiple strains of Campylobacter can simultaneously inhabit broiler flocks (Höök et al., 2005), with some strains appearing to dominate the flock at different times (De Cesare et al., 2008; Kudirkienė et al., 2010). It has been suggested that these dynamical behaviors are driven by the appearance of demographically superior strains that outcompete other strains (Calderón-Gómez et al., 2009) within the gut. However, another study suggests that strains are lost or transmitted randomly, regardless of their genotypic differences (Grant et al., 2005). Indeed, recent mathematical modeling approaches have demonstrated that stochastic simulations can effectively capture the broad dynamical differences between strains of equal demographic ability (Rawson et al., 2019).

An area of more recent study is the role played by “super shedders,” birds who consistently shed high amounts of Campylobacter in their feces, in the transmission dynamics of Campylobacter within a flock. The impact of “super shedders” has been well-documented as a key factor in the rapid spread of Salmonella throughout chicken flocks (Gopinath et al., 2012; Menanteau et al., 2018), but the impact on the dynamics of Campylobacter spread within broiler flocks is not well-studied. These “super-shedders” have been found experimentally to have fewer circulating heterophilic cells, but this does not appear to be a genetically acquired trait, nor the result of differences in adaptive immunity (Barrow et al., 2004). The presence of such super shedders in broiler flocks has been observed in an experimental study measuring Campylobacter prevalence (Achen et al., 1998), and it is reasonable to assume that this could have implications for the transmission dynamics within a flock. Despite the lack of studies amongst chickens, variation in fecal shedding of Campylobacter has been detected in cattle (Rapp et al., 2012).

Some factors affecting transmission are well-reported, if incompletely understood. The effect of seasonal variation on both the carriage rate, and number of Campylobacter found in the caeca, of colonized chickens has been noted (Wallace et al., 1997), with an increase often observed in the spring or summer. The exact timing of these peaks, however, varies within and among countries (Kovats et al., 2005), and experimental work is not always able to detect such an effect (Humphery et al., 1993). Less well-investigated is the impact of different species of Campylobacter competing within a flock. C. jejuni, the most common species, has been found in ~90% of British chicken flocks, compared with C. coli appearing in 10% of flocks (Jorgensen et al., 2011). This ratio has been reported by other studies in broiler flocks (Bull et al., 2006), with species rarely both being simultaneously present. It is not understood whether this is due to established strains suppressing new strains from emerging, demographic differences, or the short-lifespan of commercial broiler flocks not providing enough time for multiple species to colonize a flock. Under laboratory conditions, C. coli has been shown to have lower growth rates, motility, and invasiveness than C. jejuni (Aroori et al., 2013), potentially explaining its rarer appearance in chicken flocks. There is also some suggestion that C. coli is more commonly isolated from older, free-range, birds (Colles et al., 2008).

This study explores the impact of multiple factors on the transmission of multiple sequence types (STs) of Campylobacter amongst individual birds within a flock across 51 weeks. A broiler breeder flock, i.e., the parents of broiler/meat birds, was studied rather than a broiler flock, since the production period of around a year, compared to a small number of weeks for broiler birds, allows much greater potential to study the interaction of different Campylobacter strains over time. When interpreting the results, however, it should be noted that broiler breeder flocks will differ from broiler flocks with respect to, for example, host genetics, age, feed, and flock density. The majority of the Campylobacter genotypes (STs), however, have been isolated from other chicken flocks, most typically housed commercial broiler flocks (Colles et al., 2015).

We use a robust data set from Colles et al. (2015), which is currently the best available for monitoring the Campylobacter strain dynamics amongst individual birds within a commercially reared flock across 51 weeks. Through a Bayesian modeling approach we show the range of receptiveness to colonization throughout the flock, and highlight the role that more-susceptible, “super-shedder,” birds play in driving disease. The impact of seasonal variation is also investigated, and specific attention is given to differences between species of Campylobacter, so as to understand how certain strains persist at higher levels throughout the flock. Seven exploratory models are presented, each investigating a specific research question, analyzing the transition probabilities at both a flock-wide, and individual level.

A Bayesian approach is considered for this study due to the methodology's innate strengths in analyzing incomplete data (Dorazio, 2016), and enabling efficient inference of missing data. Numerical computations were carried out using the Just Another Gibbs Sampler (JAGS) program (Plummer, 2007), a Markov chain Monte Carlo (MCMC) sampling program utilizing Gibbs sampling.



DATA

The field data used for this study were originally presented in Colles et al. (2015). Within a flock of 500 broiler breeders, 200 birds were labeled with leg-rings and monitored for a total of 51 weeks. Each week, 75 unique birds were picked at random from the labeled 200, and a swab was taken of the cloacal opening. These swabs were then tested for the presence of Campylobacter through standard culture methods, and positive samples were then genotyped by multi-locus sequence typing (MLST) of seven house-keeping genes, enabling the sequence type (ST) and species of the Campylobacter isolate to be specified. Further experimental details can be found in the original publication (Colles et al., 2015).

As such we build a dataset providing information on real-time evolution of Campylobacter prevalence and diversity throughout the flock. This is shown below in Figure 1, with all positive samples classified by species of Campylobacter.


[image: Figure 1]
FIGURE 1. Histogram showing the count of positive and negative samples from a breeder flock for different species of Campylobacter. White “NA” counts represent samples that were negative for Campylobacter.


Within each species, multiple STs are recorded. In Figures 2, 3 below we plot the 5 weeks moving averages of total positive samples for each species. Beneath each point we plot a histogram showing how this average is split between the competing STs.


[image: Figure 2]
FIGURE 2. The 5-weeks rolling average number of positive samples for Campylobacter jejuni, with both the total number and separate ST averages. STs that appear <20 times throughout the entire experiment are amalgamated into a group “Low Count”.



[image: Figure 3]
FIGURE 3. The 5-weeks rolling average number of positive samples for Campylobacter coli, with both the total number and separate ST averages. STs that appear <10 times throughout the entire experiment are amalgamated into a group “Low Count”.


We notice from Figures 2, 3 that there are more unique STs of C. jejuni than C. coli, despite both species existing at roughly equal levels. We also see that C. jejuni appears to peak in the summer, around the August period, coinciding with a dip in the population of C. coli STs. Within each species we can observe that different ST populations grow and shrink across the study period. For example, within Figure 2 we see that the summer peak is dominated by the prevalence of ST 51 and 53, however by November/December, this population shrinks, and instead ST 607 rapidly increases in population.

Figures 2, 3 effectively illustrate the key research questions tackled by this study. Namely, why do some STs seem to exist at higher quantities and persevere better than other STs which may die out? Do the dynamical behaviors of species and STs correlate to any particular trait? We investigate what mechanisms are dynamically driving these observed differences through querying the probability of chickens transitioning from different states of colonization using a series of Bayesian models presented below.



MODEL DEVELOPMENT

In this section we discuss the general methodology behind all of our models. A general step-by-step process to model formulation is also presented in Box 1. Each model begins by classifying each of the datapoints into certain state labels. For example, at the simplest level each reading can be classified as either “State 1: Uncolonized” or “State 2: Colonized.” Other models may use more states to further distinguish colonizations by species or ST. After doing this, we are able to convey this classification data in the form of a matrix S[c, t] where c ∈ {1, 2, …, 200} is the index denoting which chicken is considered, and t ∈ {1, 2, …, 51} is the index denoting which week is considered. Therefore, each element of S will be a number conveying the state classification of that particular data point. For example, S[3, 7] = 1, would indicate that on week 7, chicken number 3 was classified as state 1; uncolonized. Because only 75 of the 200 chickens were tested at random each week, many of these matrix elements are undefined, and as such are marked as “NA.”


BOX 1. Model construction process.

1. Decide state classifications.
 Choose how data should be classified, and construct matrix S containing all state classifications for each data point.
 2. Decide formulation of transition matrix.
 Choose how model will define transition probabilities and dependencies.
 3. Run Bayesian model.
 Define prior probability distributions for model parameters. Program and run Bayesian model using JAGS, to acquire a posterior probability distribution for all model parameters defined in step 2.
 4. Assess convergence.
 Investigate model output to assure posterior distribution is well-constructed and has converged.
 5. Present results.
 Plot the transition probabilities, πi, j, and interpret the results.


Once the matrix is defined, each model uses a Bayesian process to find the transition probabilities between these states. Formally we seek the matrix π, where πi, j = P(S[m, n] = j|S[m, n − 1] = i), for every m ∈ {1, 2, …, 200} and n ∈ {2, 3, …, 51}. In short, πi, j is the probability that a chicken moves from state i to state j across a week. The exact choice of how to formulate the expressions is where our models vary, as different formulations are able to investigate different relationships governing these transition probabilities. For example, at the simplest level, we could define

[image: image]

where we seek to find the values α1 ∈ [0, 1] and α2 ∈ [0, 1] that best fit the data S. Note that we have bounded πi, j between 0 and 1, as each value represents a probability. Likewise each row of π must sum to 1, as these probabilities cover all transition possibilities. In the example of Equation (1) above, when starting from state 1, one can transition to state 2 (π1,2), or remain in state 1 (π1,1), hence π1,1 + π1,2 = 1. Different models below will use more complex definitions for π to explore the impact of time, density dependence, and chicken health on transitions between different states.

A Bayesian statistical model provides a way to iteratively deduce parameters of interest in regards to given data. The process is derived from Bayes' theorem:

[image: image]

where θ is the parameter/s we wish to discover, and D is the data provided. In short, Equation (2) reads that when starting from an initial, prior, belief in what values θ may take (P(θ)), one may obtain an updated, posterior, probability distribution for these possible values given some provided data (P(θ|D)). A more thorough introduction to Bayesian modeling is provided in Appendix 1. In our case, the parameters we seek, θ, are the ones used in our definition of π, such as α1 and α2 in the example above. The data, D, we use is the matrix S.

Below we present a series of case studies presenting our different models and their results. All models were run using JAGS (Plummer, 2007) from within R using the run.jags package (Plummer et al., 2016). All code used for the following models is made available at https://osf.io/m5yua/.



CASE STUDIES


Model 1: Time Dependence

Our first model investigates how time affects the transition probabilities between states. Following the process outlined in Box 1, we choose to initially classify our data as one of two states: “state 1: uncolonized” and “state 2: colonized.”

To assess how the transition probabilities vary through time we must ensure that we define our transition probabilities such that they depend on time. One way would be to adapt Equation (1) above such that π1,1 was a function of α + βt. However, this would impose structure upon the transition probabilities, enforcing them to change linearly with time. Ideally a model formulation should allow as much freedom as possible to fit to the data. As such, we shall instead construct π as a three-dimensional array. In essence this means that each time period can be described by its own transition matrix. Formally we write this as,

[image: image]

for t ∈ {1, 2, …, 51}. Here ilogit() is the inverse logit function defined by ilogit(x) = [image: image]. This function is bounded between 0 and 1, scaling the argument so that our probabilities, πi,j,t remain correctly bounded. The underlying theory is that we assume there is some mean probability for πi,j,t across all t. These mean probabilities are described by α1 and α2. We then assume that, for each t, there is some “correction term” away from the mean unique to each week. These correction terms are captured by C1[t] and C2[t] for each t.

Now that we have decided on our model formulation, we move to step 3 and run the model to find the posterior distributions for α1, α2, C1, and C2. First we define our prior probability distributions for each of the model parameters. This distribution represents our initial assumptions on what value our variables may take, and is often informed by expert opinion. Since we do not have any initial assumptions on what values our variables may take, we use wide non-informative priors. For α1 and α2 we choose a prior distribution of U(0, 25) for each, a uniform distribution between 0 and 25. For C1 and C2, we wish each element of these vectors to be a small perturbation away from the mean of α1 or α2. As such, we would ideally have these elements drawn from a normal distribution with mean 0, and some, yet to be determined, standard deviation. This represents a hierarchical model formulation (discussed further in Appendix 1), where we instead define priors on the two standard deviations for these two normal distributions associated with C1 and C2. Following the advice of Gelman (2006) for non-informative improper priors, we use a uniform distribution between 0 and 50 for the prior distribution of each of these standard deviation parameters. The model was then run using two chains, with a burn-in period of 5,000 iterations, and then a final sample of 25,000 iterations to build the posterior distributions.

Convergence was considered well-achieved via investigation of the trace plots of the chains, the effective sample size (ESS) and Monte Carlo Standard Error (MCSE) of the variables. The Gelman-Rubin statistic, or “shrink factor,” is the most commonly used metric for convergence, with a value close to 1 signifying effective convergence. Heuristically, any shrink factor below 1.1 is considered by Kruschke (2014) to signify sufficient convergence. The presented model run resulted in a multivariate potential scale reduction factor (mpsrf) of 1.0059.

The results for this model are presented below in Figure 4. The median values of the transition probabilities for (4A) π1,1,t, (4B) π1,2,t, (4C) π2,1,t, (4D) π2,2,t are plotted, and a linear regression is fit to these outputs using the lm function in R. Fitting a general additive model (GAM) to these median values revealed that there was no significant model fit for higher order models, hence only linear regression fits are displayed. The probability of transitioning from state 1 (plots 4A and 4B) was not significantly correlated against time (t-test, p = 0.135), however transitions from state 2 (plots 4C and 4D) against time were statistically significant (t-test, p < 0.01).


[image: Figure 4]
FIGURE 4. Transition probabilities between two states, “uncolonized” and “colonized.” Plots show (A) π1,1,t, (B) π1,2,t, (C) π2,1,t, and (D) π2,2,t against time. Each point is the calculated transition probability for that time point. Also plotted is a linear regression against these points in blue, with a shaded region depicting the 95% confidence interval of the regression. (C,D) Are significant (p < 0.01).


These findings suggest that, as time progresses, colonized chickens become more likely to remain colonized, and similarly become less likely to clear such a colonization. Figures 4C,D show that, at the start of the experiment, colonized chickens would be more likely to clear the colonization the following week, but by the end of the experiment this had reduced to a probability of roughly 50%.



Model 2: Species Dependence

For the next model we investigate transition differences between the two species present in the study: C. jejuni and C. coli. As such, this time we classify our data as belonging to one of three states; “state 1: uncolonized,” “state 2: colonized by C. jejuni,” and “state 3: colonized by C. coli.” Therefore our transition matrix will be of size 3 × 3. We define each row of the transition matrix by a 3-variable Dirichlet distribution (the multivariate generalization of the Beta distribution), ensuring each row sums to 1. As such, we infer the transition probabilities directly, using prior distributions of
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The model was run with two chains and an initial burn-in period of 5,000 iterations. Posterior distributions were built from a sample of 10,000 iterations. Convergence was once again well-achieved with a mpsrf of 1.0035. The results are plotted below in Figure 5. Results show slight variations between species across the entire experiment. General transition probabilities from each state are very similar, however one can note that a chicken is more likely to be colonized by C. coli when transitioning from a state of already being colonized by C. coli. We also see that a chicken colonized by C. coli is less likely to transition to being uncolonized than a chicken colonized by C. jejuni.


[image: Figure 5]
FIGURE 5. Transition probabilities between three states, “uncolonized,” “colonized by C. jejuni,” and “colonized by C. coli.” Plots show the median values of the posterior distributions and the 95% highest density intervals (HDIs).




Model 3: Time and Species Dependence

We now combine the previous two models together, to investigate how the transitions between species alter across time. We once again therefore classify our data into three categories, as per the previous model.

We will be constructing a three-dimensional array once again for our transition probabilities, with each time period being described by a separate 3 × 3 transition matrix. To ensure each row of these matrices sums to 1, we start by framing the transition probabilities as an unbounded array p, before scaling these into our final array π. p is defined as

[image: image]

The exponential function here assures that, like in our initial model, our α parameters will describe the average transition value across time, with the C parameters describing a small perturbation away from this mean. C values only need to be implemented on two probabilities in each row, as we will next scale these so that each row sums to 1, meaning that two free correction terms are sufficient to describe the distribution of the row. Our scaling is then performed like so,

[image: image]

We choose priors of N(0, 1000) for all our α values (normal distributions with mean 0 and standard deviation 1,000). Like the first model, we shall construct a hierarchical dependency such that our Ci[t] are all drawn from a normal distribution for each t. Motivated by the correlation observed in the first model, we actually set these six Ci terms to all be drawn from a six-variable multivariate normal distribution, with mean (0, 0, 0, 0, 0, 0) and a covariance matrix as our parameter to be defined. JAGS requires the input of a precision matrix (the inverse of the covariance matrix) for its formulation of the multivariate normal distribution, so we set a prior distribution on the precision matrix of Wishart(I6, 6), where I6 is the 6 × 6 identity matrix.

The model was run with two chains for an initial burn-in period of 5,000 iterations, and then a posterior distribution was built from a sample of 250,000 iterations, thinned at a rate of 1 in 5, meaning only 1 in every 5 iterations was used for the posterior distribution so as to reduce autocorrelation. Results are plotted below in Figure 6.


[image: Figure 6]
FIGURE 6. Transition probabilities between three states, “uncolonized,” “colonized by C. jejuni,” and “colonized by C. coli.” Plots show (A) π1,1,t, (B) π1,2,t, (C) π1,3,t, (D) π2,1,t, (E) π2,2,t, (F) π2,3,t, (G) π3,1,t, (H) π3,2,t, and (I) π3,3,t against time. Each point is the calculated transition probability for that time point. Also plotted is a linear regression against these points in blue, with a shaded region depicting the 95% confidence interval of the regression. Five transition probabilities were found to be statistically significant for correlation against time: π1,3,t, π2,1,t, π2,3,t, π3,1,t, and π3,3,t (t-tests, p < 0.0005, p < 0.05, p < 0.05, p < 0.0005, and p < 0.0005, respectively).


Of the nine transition probabilities presented, five were found to be statistically significant for correlation against time when a linear regression was applied: π1,3,t, π2,1,t, π2,3,t, π3,1,t, and π3,3,t (t-tests, p < 0.0005, p < 0.05, p < 0.05, p < 0.0005, and p < 0.0005, respectively). We once again see that transitions to a state of uncolonization reduce over time, however, whereas model 1 reported overall transitions to a state of colonization increasing, model 3 shows that only transitions to colonization by C. coli increase over time. Given the spread of the data in Figure 6, we also tested for statistical significance against a quadratic regression. A quadratic fit would be a strong argument for the existence of seasonal variation, by capturing a difference in the middle of the time series as the time axis moves to summer, before returning to winter. Recall again that this time period plotted is in weeks from February 2004 to February 2005. Only one transition probability was found to be statistically significant however, the transition from colonization by C. jejuni to C. coli, π2,3,t (t-test, p < 0.05). This quadratic regression is presented in Figure 7 below. This would correlate with the behavior observed in Figures 2, 3, whereby C. jejuni appears to be most prevalent in the summer, and C. coli most prevalent in the winter (similarly to model 1, fitting a general additive model (GAM) to these median values revealed that there was no significant model fit for higher order models, hence only linear regression fits, and the one quadratic regression fit, are displayed).


[image: Figure 7]
FIGURE 7. Transition probabilities between state 2 “colonized by C. jejuni” and state 3 “colonized by C. coli” against time. Each point is the calculated transition probability for that time point. Also plotted is a quadratic regression against these points in blue, with a shaded region depicting the 95% confidence interval. The transition probability was found to be statistically significant for correlation against time (t-test, p < 0.05).




Model 4: ST Perseverance

For this model, we extend model 2 to now capture species-specific ST perseverance within a chicken. To do this, we re-classify the data into five different states: “S1: uncolonized,” “S2: new C. jejuni ST,” “S3: same C. jejuni ST as previous week,” “S4: new C. coli ST,” and “S5: same C. coli ST as previous week.” To further clarify the meaning of state 2 and state 4, we mean a ST of either C. jejuni or C. coli that was not present in the previous week for the chicken in question. For example, if one chicken had the following colonization data for 10 days: {“Uncolonized,” “Colonized by C. coli ST 1089,” “Colonized by C. coli ST 1090,” “Colonized by C. coli ST 1090,” “NA,” “Colonized by C. coli ST 1090,” “Colonized by C. jejuni ST 958,” “Colonized by C. jejuni ST 958,” “Colonized by C. jejuni ST 1257,” “Uncolonized},” then this row of ten would be classified as { 1, 4, 4, 5, NA, 4, 2, 3, 2, 1 }. Because, by definition, one can only transition to state 3 from state 2 or state 3, we can fix π1,3 = π4,3 = π5,3 = 0, and likewise for transitions to state 5: π1,5 = π2,5 = π3,5 = 0. The non-zero transition probabilities can then be calculated by drawing each row from a 3 or 4 variable Dirichlet distribution. Formally we set a prior on each row of,
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The model was run with two chains for a burn-in period of 5,000 iterations before building posteriors from a final sample of 10,000 iterations. Chains were well-mixed and convergence well-achieved with an mpsrf of 1.0037. Results are plotted below in Figure 8.


[image: Figure 8]
FIGURE 8. Transition probabilities between five states, “uncolonized,” “colonized by a new C. jejuni ST,” “colonized by the same C. jejuni ST as previously,” “colonized by a new C. coli ST,” and “colonized by the same C. coli ST as previously.” Plots show the median values of the posterior distributions and the 95% highest density intervals (HDIs).


The most notable difference is seen in the perseverance of C. coli STs compared to C. jejuni STs. Comparing columns 3 and 5 of Figure 8, we see that, a colonization by a new ST of either C. coli or C. jejuni has a roughly equal chance of persevering to the next week. However, once a ST has carried over for 1 week, C. coli colonizations are then considerably more likely to further persist for later weeks. In fact, a repeated instance of colonization by a C. coli ST (state 5) is more likely to continue in subsequent weeks than to transition to any other state (seen by comparing the pink lines in Figure 8). Comparing also columns 2 and 3 of Figure 8, we see that transitions to colonizations by new hboxtextitC. coli/C. jejuni STs are roughly comparable, meaning that the primary difference we observe between the two species is in perseverance as opposed to infectivity.



Model 5: Chicken Dependence

Whereas model 1 considered how transition probabilities vary across time, we now consider how transition probabilities vary across different chickens. We follow a very similar framework to model 1, beginning by classifying all data as one of two states: “S1: uncolonized” or “S2: colonized.” We then, like model 1, consider some average transition probability that each chicken is close to, and then consider some small “correction term” unique to each chicken, which may make them more or less likely to transition to a certain state. Formally, we write,
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for c ∈ {1, 2, …, 200}. We set a non-informative prior distribution for α1 and α2 of N(0, 1000). Our chicken correction terms, C1[c] and C2[c], are each drawn from a two-variable multivariate normal distribution for each c, with mean (0, 0) and covariance matrix to be calculated. Like described in model 3, we therefore set a prior distribution on the precision matrix for this multi-variate normal distribution of Wishart(I2, 2), where I2 is the 2 × 2 identity matrix.

The model was run with two chains for an initial burn-in period of 20,000 iterations, before posteriors were then constructed from a sample of 50,000 iterations. Convergence was well-achieved, with all chains well-mixed and all parameters sampled with a high ESS and MCSE < 0.01. The mpsrf was unable to be calculated due to the high number of stochastic nodes, however there were no signs to suggest invalid convergence.

Upon calculating our transition probabilities for each bird, we plot the values for π1,2 against the value of π2,1 for each bird and investigate the correlation. Figure 9 shows these results overlaid with a contour of the associated multivariate normal distribution, indicating the probability density of the transition probabilities for the flock.


[image: Figure 9]
FIGURE 9. Transition probabilities for each bird in the flock from a state of being colonized to uncolonized (y-axis) against the transition probability from uncolonized to colonized (x-axis). Contours show the fit of a multivariate normal distribution to the output.


The strong linear relation observed reveals the presence of distinct sub-groups within the flock of birds who are colonized often, and those who are colonized very rarely.



Model 6: Chicken and Species Dependence

We now alter the previous model to consider the differences in transition between species of Campylobacter across all birds. As such, the data is instead classified into the three states: “state 1: uncolonized,” “state 2: colonized by C. jejuni,” and “state 3: colonized by C. coli.” This model is formulated the same way as in model 3 above. The transition probabilities follow the same structure as Equations (4) and (5), except that our correction terms Ci[c] are corrections for each chicken in the flock (c ∈ {1, 2, …, 200}) as opposed to each time step. As such we craft a 3 × 3 transition matrix for each chicken. A prior distribution of N(0, 1000) is used for each αi parameter, and the six chicken correction terms, Ci[c] are drawn from a six-variate multivariate normal distribution for each c, with mean (0, 0, 0, 0, 0, 0) and a precision matrix as a parameter to find. The prior distribution for this precision matrix is Wishart(I6, 6), where I6 is the 6 × 6 identity matrix.

The model was run with two chains for an initial burn-in period of 10,000 iterations, before posterior distributions were constructed from a sample of 50,000 iterations, thinned at a rate of 1 in 25, meaning only one iteration was kept in every 25.

The idea of this model is to assess how bird variation affects the transition of each species of Campylobacter. The previous model revealed the existence of variation in bird resistance to colonization throughout the flock. Figure 10 below plots the result of multiple transition probabilities against one-another. Each point on the graphs represents the transition probabilities for a specific chicken. Plots 10A–C use π1,1,c, the transition from uncolonized to uncolonized as the y-axis. This acts as a rough metric for “bird resilience to colonization,” as the more resistant birds are more likely to continue being uncolonized. As such plots 10A–C depict how transitions related to each species vary according to host bird susceptibility. Plot 10D uses π3,3,c, the transition from C. coli to C. coli as the y-axis, to compare how the perseverance of C. coli affects the colonizing ability of C. jejuni. Linear regressions are fit to all plots in Figure 10, and all were found to be statistically significant (t-test, p < 0.0001).


[image: Figure 10]
FIGURE 10. Transition probabilities for a three state system. In these plots, “U” refers to being uncolonized, “J” refers to colonization by C. jejuni and “C” refers to colonization by C. coli. Each of the points is the transition probability for a specific bird within the flock. Linear regression fits are plotted with a shaded region representing the 95% confidence intervals of the regression. All regressions were statistically significant (t-test p < 0.0001). (A) The transition probabilities of J-to-J and C-to-C against the transition probability of U-to-U. (B) The transition probabilities of C-to-J and J-to-C against the transition probability of U-to-U. (C) The transition probabilities of U-to-J and U-to-C against the transition probability of U-to-U. (D) The transition probabilities of J-to-J and U-to-J against the transition probability of C-to-C.


Interestingly, the gradients of all the shifting transition probabilities are different between species, confirming that, indeed, the transition probabilities of each species varies differently across chickens. We see that the probability of a species persisting, unsurprisingly increases as bird susceptibility increases, but curiously our linear regressions for each species overlap. This result indicates that, in the more resilient birds, C. coli is less likely to persevere than C. jejuni colonizations, however the inverse is seen in the more susceptible birds.

It is interesting to note that the gradient of the lines in each plot are distinctly different from one another, highlighting how each species responds differently to variations in host bird health.



Model 7: Chicken and Density Dependence

This model builds on model 5 by now considering how transition probabilities are affected by the number of total colonizations in the previous week. Campylobacter is known to be transmitted via the fecal-oral route between chickens, so it seems likely that a higher density of colonizations 1 week will cause an increased number of colonizations the following week. We classify our data into two states, uncolonized and colonized.

The model formulation is then as follows,
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where Nt is the number of birds that data is available for at time t. Here, as with previous models, αi represents some mean transition probability that all birds are clustered around, and Ci[c] represents the slight correction for each bird c. Recall that the matrix S is populated by elements “1” denoting uncolonized and “2” denoting colonized. Therefore, the expression S[i, t]−1 for every i and t shifts this to instead be captured as “0” signifying uncolonized, and “1” signifying colonized. Therefore, the expression [image: image] will be a tally of exactly how many birds are recorded as being colonized at time t. Therefore, the expression [image: image] conveys the exact proportion of how many birds are currently colonized. Note the use of Nt as, for most weeks 75 birds are recorded for every t, however, as can be seen in Figure 1, occasionally a few more or less were recorded each week. Note however, that during the Bayesian modeling process, values for each element of S will be imputed in the process, meaning that we can choose to measure our density dependence using either just the provided data, or also the imputed data. There are merits to both approaches, and so results are included for both below. Here βi are parameters signifying the strength of the density dependent effect.

The model was initialized with prior distributions of N(0, 1000) for all αi and βi parameters. The chicken corrections terms Ci[c] were, like above, drawn from a multivariate normal distribution of mean (0,0) whose precision matrix we seek. The precision matrix was initialized with a prior distribution of Wishart(I2, 2) where I2 is the 2 × 2 identity matrix. The model was run with two chains for an initial burn-in period of 6,000 iterations and then posterior distributions built from a sample of 25,000 iterations. This was done twice with two variations of the model. One where density dependence is calculated from provided data, and one with the addition of imputed data. The posterior distributions of our model parameters were used to simulate the transition probabilities for each flock across a full range of total flock prevalences, i.e., using the median values for αi, βi, Ci and the precision matrix, we are able to build the functions
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for any value D ∈ [0, 1], for each chicken c. The results of these functions for both the imputed and non-imputed density models are presented below in Figure 11. The data only record flock colonizations proportions ranging from 0.1818 to 0.6667, so dotted lines are placed in Figure 11 to show the range beyond which the result was further imputed.


[image: Figure 11]
FIGURE 11. Transition probabilities from a state of uncolonization (by Campylobacter) to colonization, and from colonization to uncolonization using a density dependent model programmed using (A) recorded data (B) recorded and imputed data. Each colored line represents the transition probabilities for a single chicken, with a black line depicting the flock mean. Dotted lines show the region for which data was available for such a flock colonization proportion.


Importantly Figure 11 confirms that density dependence is apparent within the flock. This was an important result to capture to reinforce the findings of model 6. It confirms that birds are influenced by the colonization prevalence of the flock, suggesting that the more resilient birds truly are less likely to become colonized, as opposed to just never becoming exposed to particularly virulent STs. Of interest here is that the probability of clearing colonization (transitioning to uncolonized) is affected far more by flock prevalence proportion than the probability of becoming colonized.




DISCUSSION

An improved understanding of the transmission dynamics of Campylobacter among and within poultry flocks in the commercial environment is essential for the design of effective intervention strategies to reduce levels of human disease. Here, these dynamics were evaluated within a flock of broiler-breeder chickens through a series of seven models, each constructed to investigate and answer a specific question. The analyses demonstrated the extent to which data can capture and describe multiple underlying dynamical behaviors, when queried with modeling approaches.

A number of the analyses were consistent with the existence of a “Campylobacter super-shedder” state within the flock, with other “resilient” birds that rarely or never transmit Campylobacter (Models 1, 5, 6, and 7). These resilient birds persisted even with high levels of colonization amongst the remainder of the flock (Model 7). The existence of super-shedders, is well-documented for Salmonella colonization in chickens (Gopinath et al., 2012; Menanteau et al., 2018) and a small number of studies indicate varied shedding levels of Campylobacter amongst cattle (Rapp et al., 2012); however, although the models presented here were developed from field data, there is otherwise a paucity of published evidence for a Campylobacter super-shedder status in chickens. This observation warrants further investigation, as the concept of individual colonization-resistant birds within a flock raises the potential of alternative approaches to controlling Campylobacter colonization in chicken flocks, e.g., those based on feed and/or probiotics. Small-scale experiments have shown that probiotic treatment can reduce Campylobacter bacterial load in individual birds (Willis and Reid, 2008; Ghareeb et al., 2012), but the wider impact in flock transmission dynamics is poorly understood. Numerical modeling approaches have, however, highlighted the growth rate of competing bacteria as the most powerful factor in reducing the spread of Campylobacter (Rawson et al., 2019).

The models further indicated that individual bird status was more important than Campylobacter strain in determining the dynamics of flock colonization (Models 6 and 7) and, to our knowledge, this is the first time this has been shown. Most (26/39, 66.7%) of the Campylobacter sequence types (STs) observed have been isolated from other chickens (Colles et al., 2015), which is consistent with them being competent at colonizing chicken hosts, although there is still potential for competition, for example over space or metabolic advantage. Whilst Campylobacter is generally considered to be a commensal of the chicken gut, there is evidence that in some breeds there is a prolonged inflammatory response, damage to the gut mucosa and diarrhea (Humphrey et al., 2014). Our results are consistent with the colonization of a chicken flock by Campylobacter being multi-factorial process, and the health and welfare of individual birds should be considered alongside Campylobacter strain type. The immune response of chickens has been shown to be impacted by welfare measures, such as stocking density (Guardia et al., 2011; Gomes et al., 2014), food withdrawal, and heat stress (Burkholder et al., 2008). Consequently these results suggest an additional incentive to uphold good bird welfare, as only a small sub-population of susceptible birds can have a large impact on the colonization status of the whole flock. The birds were weighed on two occasions through the study, but no correlation was found between weight and Campylobacter shedding rate.

Having confirmed the existence of variation in bird transition probabilities, the possible impact of such variation on the proliferation of Campylobacter STs was investigated. Using a previously-published stochastic differential equation model of Campylobacter population dynamics within a broiler flock (Rawson et al., 2019), two variant scenarios were explored: (i) one simulating a homogenous flock of chickens; and (ii) another simulating variation in immune response. The simulations demonstrated that demographically equal strains of Campylobacter could be sustained at broadly different levels across the flock as a consequence of bird immune response (Appendix 2). This is a random process, in that whichever strain is initially acquired by a super-shedder is then shed in large amounts into the environment, increasing the likelihood of colonizing other birds in the flock. This result implies that the observation that some STs persist at higher levels than others in the flock, is likely due to the variation in bird transition probabilities, as opposed to phenotypic differences between STs. For example, ST 958 may appear more than ST 45 (Figure 2), not because it has a competitive advantage, but because it was initially ingested by super-shedders. Indeed, upon examination of the first recorded appearance of specific STs, the STs that would appear most frequently throughout the experiment were first observed in the most susceptible birds. Likewise the STs that appeared to die out were first observed in the more resilient birds; however, as only 75 out of 200 birds were sampled each week the exact date of when a ST first occurred cannot be determined.

With respect to the two species, there was evidence that Campylobacter coli was shed by individual birds more consistently over time compared to Campylobacter jejuni, with some indication that C. coli was more prevalent in the winter and C. jejuni more prevalent in summer (Models 2, 3, and 4). These results should be interpreted with caution since, although the number of birds from which Campylobacter was detected was variable from week to week, single colony picks (i.e., one Campylobacter isolate per bird) were used, meaning the two variables were not entirely independent in this instance.

Human incidence of campylobacteriosis has been shown to vary in a repeated pattern each year (Nylen et al., 2002), which numerous studies have correlated with a similar pattern observed in broiler house colonization rates (Kapperud et al., 1993; Patrick et al., 2004; Jore et al., 2010), an observation disputed by other studies (Humphery et al., 1993). Despite this, there was no effect of seasonality on Campylobacter spp. shedding rate detected by the modeling approaches here (Models 1 and 3, Figures 4, 6), or in the original study examining local environmental variables (Colles et al., 2015). This lack of seasonality could be due to the different housing conditions and diet provisions between broiler and breeder flocks (Leeson and Summers, 2010). Breeder flocks have also been shown to shed smaller amounts of Campylobacter than commercial broilers (Cox et al., 2002).

The age of the flock has been shown to be an important factor associated with increasing Campylobacter strain diversity. C. coli are more commonly isolated from older broiler flocks and may be over-represented in this broiler-breeder flock in comparison to commercially housed broilers, who live for typically 5–10 weeks before slaughter. The finding, of increased colonization duration as time progressed (Model 3), primarily by C. coli, was most likely due to the increased flock prevalence resulting in a positive feedback loop, whereby more Campylobacter is being shed into the environment by colonized birds, and then further ingested by the other birds in the flock before they are able to clear colonization. Biologically, there is some indication that C. coli differs from C. jejuni based upon its genomic structuring, with the majority of farm animal related C. coli isolates grouping into the large ST-828 clonal complex, and C. jejuni isolates forming around 40 complexes. The shorter colonization periods by C. jejuni (Models 4 and 6, Figures 8, 10) potentially reflects a stronger immune response from the host leading to control or clearance of STs, although this did not preclude colonization by other C. jejuni (or C. coli) STs. Due to the inherent nature of sampling, it is not possible to know if strains were cleared altogether, or if multiple Campylobacter strains colonized birds simultaneously, although the modeling methods used in this study were chosen to take this uncertainty into account as far as possible. These results further highlight the importance of individual bird responses in determining flock-wide prevalence, and further ecological competition hierarchy modeling could be applied to the same data to assess the impact this phenomenon has on ST population stability across time. If structured hierarchical competition could be verified, this would support our contention that flock-wide defensive strategies should be conducted at an individual bird level.

We also stress the importance of our final model in not just investigating the weekly bacterial prevalence turnover, but how it further substantiates the importance of bird-to-bird transmission. Without this one could argue from our earlier results that more resilient birds were simply the ones who did not ingest a more invasive ST. Figure 11 shows the influence of flock colonization proportion on transition probabilities. Most notably we see that the transition from uncolonized to colonized is affected less by total colonization prevalence than the transition from colonized to uncolonized. This means that in a highly colonized flock, uncolonized birds still have a possibility to not become colonized, while those who are already colonized will be far less likely to then clear their colonization. This would likely be caused by the immune system of currently uncolonized birds being just as likely as previously to prevent an initial colonization, but currently colonized birds will be more likely to add to their current bacterial load by ingesting more Campylobacter and reduce their likelihood of recovery.

In conclusion, these analyses have highlighted the diversity of individual bird response to bacterial challenge, and how this range of responses can be a key driver of Campylobacter prevalence dynamics. It is now important to find an observable metric that correlates with the resilience of a bird to colonization. If it were possible to identify “super-shedder” birds on the farm, targeted interventions could be instituted to improve their health, or to better inform industry of how to raise broiler flocks with low rates of shedding within a flock. Such super-shedders will amplify the prevalence of Campylobacter within a flock, leading to rapid colonization. Now that we have highlighted the critical role that bird health plays, future work must elucidate how one may act to help prevent the emergence of super-shedders within the flock.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are publicly available. This data can be found here: https://osf.io/m5yua/. Further inquiries can be directed to Thomas Rawson, thomas.rawson@zoo.ox.ac.uk.



AUTHOR CONTRIBUTIONS

FC collected the data. TR, RP, MM, and MB conceived the study. TR and RP built the models and wrote all associated code. TR wrote the manuscript. MD, FC, and MB supervised the project. All authors reviewed the manuscript.



FUNDING

This work was supported through an Engineering and Physical Sciences Research Council (EPSRC) (https://epsrc.ukri.org/) Systems Biology studentship award (EP/G03706X/1) to TR. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript. This work was further supported by the Biotechnology and Biological Science Research Council as part of the Animal Health and Welfare ERA-net call (grant number BB/N023803/1), the United Kingdom Food Standards Agency (grant number FS101013); the Wellcome Trust (grant number 087622 to MM); and National Institute for Health Research Health Protection Research Unit (NIHR HPRU) in Gastrointestinal Infections at the University of Oxford in partnership with Public Health England (PHE). The views expressed are those of the author(s) and not necessarily those of the BBSRC, FSA, NHS, the NIHR, the Department of Health or Public Health England.



ACKNOWLEDGMENTS

This manuscript has been released as a pre-print at Rawson et al. (2020).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.576646/full#supplementary-material



REFERENCES

 Achen, M., Morishita, T. Y., and Ley, E. C. (1998). Shedding and colonization of Campylobacter jejuni in broilers from day-of-hatch to slaughter age. Avian Dis. 42, 732–737. doi: 10.2307/1592708

 Aroori, S. V., Cogan, T. A., and Humphrey, T. J. (2013). The effect of growth temperature on the pathogenicity of Campylobacter. Curr. Microbiol. 67, 333–340. doi: 10.1007/s00284-013-0370-1

 Barrow, P., Bumstead, N., Marston, K., Lovell, M., and Wigley, P. (2004). Faecal shedding and intestinal colonization of Salmonella enterica in in-bred chickens: the effect of host-genetic background. Epidemiol. Infect. 132, 117–126. doi: 10.1017/S0950268803001274

 Bull, S., Allen, V., Domingue, G., Jørgensen, F., Frost, J., Ure, R., et al. (2006). Sources of Campylobacter spp. colonizing housed broiler flocks during rearing. Appl. Environ. Microbiol. 72, 645–652. doi: 10.1128/AEM.72.1.645-652.2006

 Burkholder, K., Thompson, K., Einstein, M., Applegate, T., and Patterson, J. (2008). Influence of stressors on normal intestinal microbiota, intestinal morphology, and susceptibility to Salmonella enteritidis colonization in broilers. Poultry Sci. 87, 1734–1741. doi: 10.3382/ps.2008-00107

 Calderón-Gómez, L. I., Hartley, L. E., McCormack, A., Ringoir, D. D., and Korolik, V. (2009). Potential use of characterised hyper-colonising strain (s) of Campylobacter jejuni to reduce circulation of environmental strains in commercial poultry. Vet. Microbiol. 134, 353–361. doi: 10.1016/j.vetmic.2008.09.055

 Colles, F. M., Jones, T. A., McCarthy, N. D., Sheppard, S. K., Cody, A. J., Dingle, K. E., et al. (2008). Campylobacter infection of broiler chickens in a free-range environment. Environ. Microbiol. 10, 2042–2050. doi: 10.1111/j.1462-2920.2008.01623.x

 Colles, F. M., McCarthy, N. D., Bliss, C. M., Layton, R., and Maiden, M. C. (2015). The long-term dynamics of Campylobacter colonizing a free-range broiler breeder flock: an observational study. Environ. Microbiol. 17, 938–946. doi: 10.1111/1462-2920.12415

 Cox, N., Stern, N., Musgrove, M., Bailey, J., Craven, S., Cray, P., et al. (2002). Prevalence and level of Campylobacter in commercial broiler breeders (parents) and broilers. J. Appl. Poultry Res. 11, 187–190. doi: 10.1093/japr/11.2.187

 De Cesare, A., Parisi, A., Bondioli, V., Normanno, G., and Manfreda, G. (2008). Genotypic and phenotypic diversity within three Campylobacter populations isolated from broiler ceca and carcasses. Poultry Sci. 87, 2152–2159. doi: 10.3382/ps.2007-00441

 Dorazio, R. M. (2016). Bayesian data analysis in population ecology: motivations, methods, and benefits. Popul. Ecol. 58, 31–44. doi: 10.1007/s10144-015-0503-4

 EFSA Panel on Biological Hazards (2011). Scientific opinion on Campylobacter in broiler meat production: control options and performance objectives and/or targets at different stages of the food chain. EFSA J. 9:2105. doi: 10.2903/j.efsa.2011.2105

 Evans, S., and Sayers, A. (2000). A longitudinal study of Campylobacter infection of broiler flocks in great britain. Prev. Vet. Med. 46, 209–223. doi: 10.1016/S0167-5877(00)00143-4

 Gelman, A. (2006). Prior distributions for variance parameters in hierarchical models (comment on article by Browne and Draper). Bayesian Anal. 1, 515–534. doi: 10.1214/06-BA117A

 Ghareeb, K., Awad, W., Mohnl, M., Porta, R., Biarnes, M., Böhm, J., et al. (2012). Evaluating the efficacy of an avian-specific probiotic to reduce the colonization of Campylobacter jejuni in broiler chickens. Poultry Sci. 91, 1825–1832. doi: 10.3382/ps.2012-02168

 Gomes, A., Quinteiro-Filho, W. M., Ribeiro, A., Ferraz-de Paula, V., Pinheiro, M., Baskeville, E., et al. (2014). Overcrowding stress decreases macrophage activity and increases Salmonella enteritidis invasion in broiler chickens. Avian Pathol. 43, 82–90. doi: 10.1080/03079457.2013.874006

 Gopinath, S., Carden, S., and Monack, D. (2012). Shedding light on Salmonella carriers. Trends Microbiol. 20, 320–327. doi: 10.1016/j.tim.2012.04.004

 Grant, A. J., Coward, C., Jones, M. A., Woodall, C. A., Barrow, P. A., and Maskell, D. J. (2005). Signature-tagged transposon mutagenesis studies demonstrate the dynamic nature of cecal colonization of 2-week-old chickens by Campylobacter jejuni. Appl. Environ. Microbiol. 71, 8031–8041. doi: 10.1128/AEM.71.12.8031-8041.2005

 Guardia, S., Konsak, B., Combes, S., Levenez, F., Cauquil, L., Guillot, J.-F., et al. (2011). Effects of stocking density on the growth performance and digestive microbiota of broiler chickens. Poultry Sci. 90, 1878–1889. doi: 10.3382/ps.2010-01311

 Hermans, D., Van Deun, K., Messens, W., Martel, A., Van Immerseel, F., Haesebrouck, F., et al. (2011). 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

 Höök, H., Fattah, M. A., Ericsson, H., Vågsholm, I., and Danielsson-Tham, M.-L. (2005). Genotype dynamics of Campylobacter jejuni in a broiler flock. Vet. Microbiol. 106, 109–117. doi: 10.1016/j.vetmic.2004.12.017

 Humphery, T., Henley, A., and Lanning, D. (1993). The colonization of broiler chickens with Campylobacter jejuni: some epidemiological investigations. Epidemiol. Infect. 110, 601–607. doi: 10.1017/S0950268800051025

 Humphrey, S., Chaloner, G., Kemmett, K., Davidson, N., Williams, N., Kipar, A., et al. (2014). Campylobacter jejuni is not merely a commensal in commercial broiler chickens and affects bird welfare. MBio 5:e01364-14. doi: 10.1128/mBio.01364-14

 Jore, S., Viljugrein, H., Brun, E., Heier, B., Borck, B., Ethelberg, S., et al. (2010). Trends in Campylobacter incidence in broilers and humans in six European countries, 1997–2007. Prev. Vet. Med. 93, 33–41. doi: 10.1016/j.prevetmed.2009.09.015

 Jorgensen, F., Ellis-Iversen, J., Rushton, S., Bull, S., Harris, S., Bryan, S., et al. (2011). Influence of season and geography on Campylobacter jejuni and C. coli subtypes in housed broiler flocks reared in great Britain. Appl. Environ. Microbiol. 77, 3741–3748. doi: 10.1128/AEM.02444-10

 Jorgensen, F., Madden, R. H., Arnold, E., Charlett, A., and Elviss, N. C. (2015). FSA Project fs241044–Survey Report–A Microbiological Survey of Campylobacter Contamination in Fresh Whole UK Produced Chilled Chickens at Retail Sale (2014–15). London: Food Standards Agency.

 Kapperud, G., Skjerve, E., Vik, L., Hauge, K., Lysaker, A., Aalmen, I., et al. (1993). Epidemiological investigation of risk factors for Campylobacter colonization in Norwegian broiler flocks. Epidemiol. Infect. 111, 245–256. doi: 10.1017/S0950268800056958

 Kovats, R. S., Edwards, S. J., Charron, D., Cowden, J., D'Souza, R. M., Ebi, K. L., et al. (2005). Climate variability and Campylobacter infection: an international study. Int. J. Biometeorol. 49, 207–214. doi: 10.1007/s00484-004-0241-3

 Kruschke, J. (2014). Doing Bayesian Data Analysis: A Tutorial With R, JAGS, and Stan. London; San Diego, CA; Waltham, MA; Oxford: Academic Press.

 Kudirkienė, E., Malakauskas, M., Malakauskas, A., Bojesen, A. M., and Olsen, J. E. (2010). Demonstration of persistent strains of Campylobacter jejuni within broiler farms over a 1-year period in Lithuania. J. Appl. Microbiol. 108, 868–877. doi: 10.1111/j.1365-2672.2009.04490.x

 Leeson, S., and Summers, J. D. (2010). Broiler Breeder Production. Nottingham: Nottingham University Press.

 Menanteau, P., Kempf, F., Trotereau, J., Virlogeux-Payant, I., Gitton, E., Dalifard, J., et al. (2018). Role of systemic infection, cross contaminations and super-shedders in Salmonella carrier state in chicken. Environ. Microbiol. 20, 3246–3260. doi: 10.1111/1462-2920.14294

 Nylen, G., Dunstan, F., Palmer, S., Andersson, Y., Bager, F., Cowden, J., et al. (2002). The seasonal distribution of Campylobacter infection in nine European countries and New Zealand. Epidemiol. Infect. 128, 383–390. doi: 10.1017/S0950268802006830

 Patrick, M. E., Christiansen, L. E., Wainø, M., Ethelberg, S., Madsen, H., and Wegener, H. C. (2004). Effects of climate on incidence of Campylobacter spp. in humans and prevalence in broiler flocks in Denmark. Appl. Environ. Microbiol. 70, 7474–7480. doi: 10.1128/AEM.70.12.7474-7480.2004

 Plummer, M. (2007). Jags: A Program for Analysis of Bayesian Graphical Models Using Gibbs Sampling. Available online at: http://mcmc-jags.sourceforge.net/

 Plummer, M., Stukalov, A., and Denwood, M. (2016). rjags: Bayesian Graphical Models Using MCMC. Available online at: https://cran.r-project.org/web/packages/rjags/index.html

 Rapp, D., Ross, C. M., Pleydell, E. J., and Muirhead, R. W. (2012). Differences in the fecal concentrations and genetic diversities of Campylobacter jejuni populations among individual cows in two dairy herds. Appl. Environ. Microbiol. 78, 7564–7571. doi: 10.1128/AEM.01783-12

 Rawson, T., Dawkins, M. S., and Bonsall, M. B. (2019). A mathematical model of Campylobacter dynamics within a broiler flock. Front. Microbiol. 10:1940. doi: 10.3389/fmicb.2019.01940

 Rawson, T., Paton, R., Colles, F. M., Maiden, M. C., Dawkins, M. S., and Bonsall, M. B. (2020). A mathematical modelling approach to uncover factors influencing the spread of Campylobacter in a flock of chickens. bioRxiv. doi: 10.1101/2020.06.03.132191

 Shanker, S., Lee, A., and Sorrell, T. (1990). Horizontal transmission of Campylobacter jejuni amongst broiler chicks: experimental studies. Epidemiol. Infect. 104, 101–110. doi: 10.1017/S0950268800054571

 Shreeve, J., Toszeghy, M., Pattison, M., and Newell, D. (2000). Sequential spread of Campylobacter infection in a multipen broiler house. Avian Dis. 44, 983–988. doi: 10.2307/1593076

 Stern, N. J., Cox, N. A., Musgrove, M. T., and Park, C. (2001). Incidence and levels of Campylobacter in broilers after exposure to an inoculated seeder bird. J. Appl. Poultry Res. 10, 315–318. doi: 10.1093/japr/10.4.315

 Strachan, N. J., and Forbes, K. J. (2010). The growing UK epidemic of human campylobacteriosis. Lancet 376, 665–667. doi: 10.1016/S0140-6736(10)60708-8

 Tam, C. C., and O'Brien, S. J. (2016). Economic cost of Campylobacter, norovirus and rotavirus disease in the United Kingdom. PLoS ONE 11:e0138526. doi: 10.1371/journal.pone.0138526

 Tresse, O., Alvarez-Ordóñez, A., and Connerton, I. F. (2017). About the foodborne pathogen Campylobacter. Front. Microbiol. 8:1908. doi: 10.3389/fmicb.2017.01908

 Wallace, J., Stanley, K., Currie, J., Diggle, P., and Jones, K. (1997). Seasonality of thermophilic Campylobacter populations in chickens. J. Appl. Microbiol. 82, 219–224. doi: 10.1111/j.1365-2672.1997.tb02854.x

 Wigley, P. (2015). Blurred lines: pathogens, commensals, and the healthy gut. Front. Vet. Sci. 2:40. doi: 10.3389/fvets.2015.00040

 Willis, W. L., and Reid, L. (2008). Investigating the effects of dietary probiotic feeding regimens on broiler chicken production and Campylobacter jejuni presence. Poultry Sci. 87, 606–611. doi: 10.3382/ps.2006-00458

 Wilson, D. J., Gabriel, E., Leatherbarrow, A. J., Cheesbrough, J., Gee, S., Bolton, E., et al. (2008). Tracing the source of campylobacteriosis. PLoS Genet. 4:e1000203. doi: 10.1371/journal.pgen.1000203

Conflict of Interest: 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 © 2020 Rawson, Paton, Colles, Maiden, Dawkins and Bonsall. 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.












	 
	ORIGINAL RESEARCH
published: 05 November 2020
doi: 10.3389/fmicb.2020.571064





[image: image]

Whole-Genome Sequencing and Bioinformatic Analysis of Environmental, Agricultural, and Human Campylobacter jejuni Isolates From East Tennessee

Brittni R. Kelley1†, J. Christopher Ellis2†, Annabel Large2, Liesel G. Schneider3, Daniel Jacobson2,4 and Jeremiah G. Johnson1*

1Department of Microbiology, The University of Tennessee, Knoxville, Knoxville, TN, United States

2Biosciences, Oak Ridge National Laboratory, Oak Ridge, TN, United States

3Department of Animal Science, The University of Tennessee, Knoxville, Knoxville, TN, United States

4Bredesen Center, The University of Tennessee, Knoxville, Knoxville, TN, United States

Edited by:
Greta Gölz, Freie Universität Berlin, Germany

Reviewed by:
Ben Pascoe, University of Bath, United Kingdom
Yosra A. Helmy, The Ohio State University, United States

*Correspondence: Jeremiah G. Johnson, jjohn358@utk.edu

†These authors have contributed equally to this work

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

Received: 09 June 2020
Accepted: 08 October 2020
Published: 05 November 2020

Citation: Kelley BR, Ellis JC, Large A, Schneider LG, Jacobson D and Johnson JG (2020) Whole-Genome Sequencing and Bioinformatic Analysis of Environmental, Agricultural, and Human Campylobacter jejuni Isolates From East Tennessee. Front. Microbiol. 11:571064. doi: 10.3389/fmicb.2020.571064

As a leading cause of bacterial-derived gastroenteritis worldwide, Campylobacter jejuni has a significant impact on human health in both the developed and developing worlds. Despite its prevalence as a human pathogen, the source of these infections remains poorly understood due to the mutation frequency of the organism and past limitations of whole genome analysis. Recent advances in both whole genome sequencing and computational methods have allowed for the high-resolution analysis of intraspecies diversity, leading multiple groups to postulate that these approaches may be used to identify the sources of Campylobacter jejuni infection. To address this hypothesis, our group conducted a regionally and temporally restricted sampling of agricultural and environmental Campylobacter sources and compared isolated C. jejuni genomes to those that caused human infections in the same region during the same time period. Through a network analysis comparing genomes from various sources, we found that human C. jejuni isolates clustered with those isolated from cattle and chickens, indicating these as potential sources of human infection in the region.
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INTRODUCTION

As a leading cause of bacterial-derived gastroenteritis worldwide, Campylobacter species have a significant impact on human health (Kaakoush et al., 2015; Crofts et al., 2018) with approximately 96 million global cases (Kirk et al., 2015) and 1.3 million cases in the United States, annually (Fitzgerald et al., 2016). Symptoms of acute campylobacteriosis in the developed world typically include bloody and/or watery diarrhea, lethargy, and abdominal cramps (Connerton and Connerton, 2017). While the majority of cases are self-limiting and subside after several days, several post-infectious disorders have been associated with Campylobacter infections, including the development of Guillain-Barré Syndrome, post-infectious reactive arthritis, and irritable bowel syndrome (Backert et al., 2017; Halpin et al., 2018). In the developed world, consumption of undercooked or improperly prepared poultry has historically been implicated as the predominant source of human infection (Young et al., 2007; Kaakoush et al., 2015); however, direct contact with live cattle, pigs, sheep, and contaminated drinking water may also serve as sources of infection (Ashbolt, 2004; Mou et al., 2015; Kempf et al., 2017; Sacher et al., 2018). Because Campylobacter infections significantly impact human health and there are several potential sources of human infection, it is important to public health that these sources and the proportion of human infections attributed to each be thoroughly understood in both the developed and developing worlds.

Relative to foodborne pathogens like E. coli and Salmonella, successful source-tracking of Campylobacter has proven challenging. For example, pulse-field gel electrophoresis (PFGE) was highly impactful in identifying foodborne outbreaks and performing bacterial source-tracking of E. coli and Salmonella serotypes (Johnson et al., 1995; Fugett et al., 2007). Unfortunately, since this method relies on gel-based resolution of genomic restriction fragments, it can fail to discriminate between strains of bacterial species that experience even minor genomic variation, like Campylobacter, since the restriction fragment pattern can be altered (Fitzgerald et al., 2005). To circumvent these limitations, multi-locus sequence typing (MLST) was used by state and federal public health agencies to discriminate between strains and identify sources of infections for pathogens that were not amenable to PFGE. MLST differs from PFGE in that seven conserved housekeeping genes are amplified and sequenced, allowing for a SNP-based comparison of sequences to those previously deposited in online databases. This analysis allowed a queried strain to be designated as a sequence type (ST), which allowed for the assignment of particular STs to specific sources (Kittl et al., 2013; Kovanen et al., 2014). Similar to PFGE, this method works well to discriminate between strains of genomically stable pathogens, but has limited efficacy when distinguishing between strains of Campylobacter due to inherent hypervariability of the genome (Parkhill et al., 2000). Such variability has led to an overabundance of ST assignments within Campylobacter, making outbreak detection and source attribution challenging (Thépault et al., 2018b). Recently, U.S. public health agencies have begun shifting from PFGE- and MLST-based analyses to whole genome sequencing (WGS) approaches. These changes were instituted due to several perceived advantages, including the ability to analyze bacterial genomes with single nucleotide-level resolution, regular access of more laboratories to sequencing technology, rapidly decreasing costs of sequencing a genome, and increased speed of sequencing (Salipante et al., 2015).

Using these WGS technologies, groups have begun investigating the genetic relatedness of Campylobacter isolates from various sources (Dearlove et al., 2016; Kovanen et al., 2019), including whole genome MLST (wgMLST) analysis (Cody et al., 2013). For example, wgMLST has been used to examine C. jejuni and C. coli clonal complexes (Sheppard et al., 2012), the presence of Campylobacter antibiotic resistant genotypes (Zhao et al., 2016), and the comparison of isolates recovered in processing plants and on chicken meat (Ma et al., 2014; Guyard-Nicodème et al., 2015). Additionally, wgMLST studies have analyzed isolates from agricultural sources, including cattle and chickens, to examine for links to human infections based on genomic similarity and ST assignments (Sheppard et al., 2009; Oporto et al., 2011; Sheppard et al., 2012; Rosner et al., 2017). Due to the challenges of identifying Campylobacter outbreaks in real time, clinical cases were considered to occur sporadically. However, retrospective studies using WGS in conjunction with epidemiological data have been employed to investigate the genetic relatedness of clinical isolates and identify potential sources indicated by epidemiological data (Revez et al., 2014a, b; Clark et al., 2016; Moffatt et al., 2016; Joensen et al., 2018; Montgomery et al., 2018; Oakeson et al., 2018).

Despite the success of these studies and the increasing availability of sequencing technologies in health department laboratories, the ability to process and analyze the resulting sequences in a timely and accurate manner remains a limiting factor in public health investigations (Fricke and Rasko, 2014). Reliable protocols to perform source-tracking have not been verified for most pathogens, including Campylobacter (Dearlove et al., 2016), and the lack of continued systemic surveillance and reliance on sequence repositories can make the real-time detection of outbreaks difficult (Llarena et al., 2017). Taken together, these observations indicate that it is becoming increasingly urgent that streamlined surveillance and WGS-based approaches be developed and vetted for public health investigations, especially for regions with limited resources.

The objective of this work was to collect agricultural, environmental, and clinical C. jejuni isolates from East Tennessee during a defined time period and with collaborators at Oak Ridge National Laboratory (ORNL) conduct a novel network-based analysis to identify potential sources of human infections in the region. A total of 630 samples were collected between October 2016 and October 2018, resulting in 144 PCR-confirmed C. jejuni isolates. Subsequent whole-genome sequencing and assembly resulted in 80 high quality genomes collected during this study, while an additional 87 high quality genome assemblies were identified from the GenomeTrakr database. Together, these 167 genomes were incorporated into a robust reference-independent network analysis. Using this bioinformatic approach, we found that the human isolates clustered with those from cattle and chickens, which are known to be common sources of human Campylobacter infections. Working within the temporal and geographical constraints of this study, we were able to isolate C. jejuni from a variety of sources highlighting the importance of broad surveillance, while supporting the potential of whole-genome sequencing for source-tracking by utilizing a novel network analysis approach for comparison of isolates from different sources.



MATERIALS AND METHODS

This study was an observational survey that utilized samples from confirmed human cases and convenience sampling from water, foods, and fresh excreted feces from domestic animals over the course of 2 years.


Regional Sampling of Water and Food

Samples from local fresh water sources (rivers, streams, and tributaries) in East Tennessee were aseptically collected in sterile 100 mL screw top glass bottles. A minimum of two samples were taken from each sampling site. Samples were stored on ice until filtration with a 0.2 μm vacuum filter. Filters were aseptically removed and placed in a 15 mL tube with 5 mL sterile 1x PBS and vortexed vigorously for 20 s before serial dilution and plating on Campylobacter-selective media consisting of Mueller-Hinton (MH) agar supplemented with 10% defibrinated sheep blood, cefoperazone (40 μg/ml), cycloheximide (100 μg/ml), trimethoprim (10 μg/ml), and vancomycin (100 μg/ml). Plates were incubated for 48 h under microaerobic conditions (85% N2, 10% CO2, 5% O2) at 37°C.

Meat (raw chicken, pork, and beef), fruit (unwashed berries, citrus fruit, apples, bananas, peaches, and plums), and vegetable (unwashed potatoes, kale leaves, and carrots) samples were obtained from local grocery chains and farmers markets in Knox County, TN and the surrounding region of eastern Tennessee. Food samples were cut into approximately 3 cm3 pieces using a disinfected cutting board and razor blade. The resulting cubes were placed in sterile 15 ml conical tubes with enough MH broth to cover the samples (approximately 3 mls) and allowed to shake overnight under microaerobic conditions at 37°C. Following incubation, samples were serially diluted and plated on Campylobacter-selective media as previously described. Only city and sample type were collected as metadata.



Regional Sampling of Animal Feces

Convenience fecal samples obtained from animals under observation for routine veterinary care from the University of Tennessee College of Veterinary Medicine were collected from the outside of examination gloves and weighed out in 200 mg aliquots and placed in sterile 15 ml conical tubes containing 2 mls sterile 1x PBS. Samples were then vortexed vigorously for 20 s before serial dilution and plating as previously described for other samples. Organically raised chicken fecal isolates were obtained from fecal samples on the ground using sterilized tongue depressors and sterile 15 ml conical tubes, before processing and plating for isolation as described above. Only city and host species were collected as metadata.



Obtaining Regional Human Isolates

Campylobacter jejuni strains used in this study were isolated previously from human clinical samples by the Tennessee Department of Health using commercially available Campylobacter blood free selective media (CCDA) plates. After a 48 h incubation at 42°C in a GasPak container with a Campy sachet, isolates were used to conduct a Gram stain, hippurate hydrolysis assay, catalase, indole, and oxidase test, in addition to MALDI-TOF confirmation (data not shown) as described previously (Kelley et al., 2018). Personal identifiable information was removed before isolates were shipped to researchers at the University of Tennessee in accordance with the IRB protocol: UTK IRB-17-03683-XP. Only city and gender were collected as metadata. Once received, isolates were passaged on Campylobacter-selective media and grown for 48 h under microaerobic conditions at 37°C. This growth was harvested and used for genomic DNA extraction (below) and stocked in MH broth with 20% glycerol at -80C.



Isolation of Campylobacter From Regional Samples

After incubation on selective media under the conditions described above, plates from each sample type were enumerated and 2-5 individual colonies were passaged onto the Campylobacter-selective media as described above and incubated for another 48 h under microaerobic conditions at 37°C. Resulting growth was harvested and used for both genomic DNA extraction (below) and stocked in MH broth with 20% glycerol at −80°C.



Genomic DNA Preparation and PCR-Based Identification

Genomic DNA was obtained from growth of isolated colonies following the protocol described previously (Kelley et al., 2018). Briefly, growth was resuspended in sterile genomic lysis buffer (50 mM Tris Base - pH7.5, 50 mM EDTA, 1% SDS, 10 mM NaCl) before adding protein precipitation solution (Promega – A795A). Following DNA precipitation, the pellet was dried before resuspension in 100 μl ultra-pure water. Genomic DNA was stored at −20°C. Designation of samples as either C. jejuni or C. coli was conducted via PCR with primers that specifically amplify either mapA (Forward-TCAATGCAGTTCTTGTGAAA; Reverse-TTCAGAGATTAAACTAGCTGC) or ceuE (Forward–ATGAAAAAATATTTAGTTTTTGCA; Reverse-ATTTTATTATTTGTAGCAGCG), respectively under the following conditions: 95°C-5min; 50°C - 30 sec, 45°C - 30 sec, 72°C - 1min for 30 cycles; 72°C - 7 min (Gonzalez et al., 1997; Dekker, 2016). Resulting amplicons were imaged using a 1.0% agarose gel stained with ethidium bromide to check for a band of the corresponding sizes: mapA-550 bp or ceuE-893 bp.



Preparation for Whole-Genome Sequencing

Isolates confirmed as C. jejuni were utilized for WGS. Each sample was RNase-treated by incubating 44 μl genomic DNA with 5 μl buffer and 1 μl RNase (Invitrogen – AM2294) for 1 h at 37°C before heat inactivating at 70°C for 20 min. The resulting RNase-treated DNA was cleaned using a Zymo Genomic DNA Clean and Concentrate Kit (D4011) following the manufacturer’s instructions. Genomic DNA sample concentrations were quantified on a NanoDrop 2000 spectrophotometer and visualized on a 1.0% agarose gel to confirm the presence of intact genomic DNA. Samples were aliquoted in nuclease-free 96-well plates and shipped to the Center for Genomics and Bioinformatics at Indiana University for WGS1.



Whole-Genome Sequencing

Library preparation, multiplexing, and barcoding was conducted utilizing NEXTflex kits (PerkinElmer) following the manufacturer’s protocol (Perkinelmer-Appliedgenomics.com, 2020). DNA concentrations were obtained on a Qubit3 fluorometer before running on a 2200 TapeStation bioanalyzer. Sequencing was performed utilizing the Illumina NextSeq 500 platform with 150 × 150 paired end reads. The resulting paired-end reads were demultiplexed using bcl2fastq software (Support.Illumina.com, 2020). Resulting reads were accessed by researchers at Oak Ridge National Laboratory for genome assembly, annotation, and further bioinformatic analyses.



Obtaining Reads From GenomeTrakr Database

After identifying the sampling period and region of interest, raw reads for 87 isolates deposited in the GenomeTrakr database were accessed and downloaded to incorporate into the network analysis. The accession numbers for reads used in the study can be found in Table 2.



Bioinformatic Analysis of C. jejuni Genomes

The initial analysis of the resulting sequence reads and reads obtained from the GenomeTrakr database was performed as previously described (Kelley et al., 2018). Briefly, read quality for each sample was analyzed and adapter sequences were trimmed using Atropos (Didion et al., 2017). Genomes were de novo assembled from the remaining paired-end sequences using the up-to-date version (3.12.0) of SPAdes (Bankevich et al., 2012). For all genomes, quality was assessed using CheckM and low quality genome assemblies were removed (Parks et al., 2015). The Prokka genome annotation software package was utilized to predict protein-coding genes (Prodigal) and non-coding RNA genes (RNAmmer, tRNAscan-SE) (Lowe and Eddy, 1997; Lagesen et al., 2007; Hyatt et al., 2010; Seemann, 2014). Predicted proteins were annotated using Prokka and hmmscan (Finn et al., 2011) and were clustered into orthologous groups and designated as either belonging to the pan or core genomes using PIRATE (Bayliss et al., 2019). For each genome, a quantitative matrix was constructed and imported into Cytoscape for network analysis with a threshold of 0.93 (Shannon et al., 2003). Community clustering was then performed at 0.93 threshold to visualize distinct community groups (Newman, 2004; Su et al., 2010).

To compare the network-based analysis to previously established pipelines, we performed SNP calling using a CFSAN-based workflow with a minimal alternative allele frequency threshold of 90%, (Peerj.com, 2020). The following parameters were applied to assembled genomes – COV: 10, Rel. COV: 10%, SNP quality 30, MQ: 25, Z-score: 1.96, and distance between SNPs: 10. The C. jejuni 81-176_G1_B7 genome was used as a reference for the SNP analysis and tree assembly. The SNP tree was then visualized in iTOL (Letunic and Bork, 2016). In addition, assembled genomes were also assigned to ST clonal complexes for comparison. This was done by querying each assembled genome against the Campylobacter PubMLST database (Pubmlst.org, 2020).



Antibiotic Susceptibility Testing of C. jejuni Isolates

Isolates used for susceptibility testing were cultured on MH plates containing trimethoprim (TMP) at 10 μg/ml and incubated under microaerobic conditions for 48 h at 37°C. Growth was harvested into 500 μl MH broth and a sterile cotton swab was used to spread each suspension on a large, 14 cm MH agar plate. Using the standard Kirby-Bauer method, Oxoid brand antibiotic disks of the following antibiotics and concentrations: Amoxycillin/Clavulanic Acid (30 μg), Ampicillin (10 μg), Azithromycin (15 μg), Ceftriaxone (30 μg), Cephazolin (30 μg), Ciprofloxacin (5 μg), Doxycycline (30 μg), Erythromycin (15 μg), Gentamicin (10 μg), Levofloxacin (5 μg), Meropenem (10 μg), and Tetracycline (30 μg), were dispensed onto each plate and incubated for 48–72 h under microaerobic conditions before zones of inhibition were measured. Measurements for individual antibiotics across all isolates were averaged and measurements for each isolate were subtracted from the average to determine strains that were more sensitive and more resistant in relation to the calculated average for each antibiotic.




RESULTS


Sample Collection and Campylobacter Isolation

Through the combined efforts of our group, veterinarians at the University of Tennessee College of Veterinary Medicine, and the Tennessee Department of Health, a total of 630 samples were collected (Figure 1). Of these, 293 fecal samples were collected from various animal sources, including alpaca, camel, cat, chicken, cow, dog, falcon, goat, goose, horse, pig, raccoon, sheep, snake, and zebra throughout the sampling period (Table 1). During the same period, 65 food samples were collected from local farmer’s markets and grocery stores, including vegetables (unwashed potatoes, kale leaves, and carrots), fruits (unwashed berries, citrus fruit, apples, bananas, peaches, and plums), and raw meats (chicken, pork, and beef). Sampling of local commercial meat processing plants resulted in fecal samples from cattle and pigs, all collected post-slaughter, included in the total listed above. Local surface water was also collected throughout the sampling period, with 165 samples collected from the banks of local running rivers and small streams, including the Tennessee River, the French Broad River, the Holston River, and lower tributaries.
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FIGURE 1. Sampling results from initial sampling to final analyses. Initial sampling was conducted across the region of East Tennessee from October 2016- October 2018, including environmental and human samples. Campylobacter-specific (CS) media was used for selective plating. Isolates were confirmed as either C. jejuni or C. coli utilizing primers specific for each. Quality control was conducted on raw sequencing reads before de novo assembly. Genomes assembling with 95% completeness or higher were utilized for downstream analyses. A total of 167 genomes (80 from this study and 87 from GenomeTrakr) were used for analysis.



TABLE 1. Breakdown of sampling numbers by source type, percent of total for each source type, PCR-confirmed C. jejuni samples, isolates submitted for sequencing, and total sequenced.

[image: Table 1]
Successful isolation and PCR-confirmation of C. jejuni varied greatly by source. Samples yielded PCR-positive isolates as follows: chickens-15, cattle-16, sheep-6, horse-7, pig-7, dog-1, falcon-1, goose-1, non-meat food-3, and water-16. We did not obtain PCR-confirmed C. jejuni isolates from alpaca, camel, cat, goat, raccoon, snake, and zebra samples. Human isolates were collected by the Tennessee Department of Health during the previously described sampling period. Of the 76 human isolates received by our group, 71 were C. jejuni, 4 were C. coli, and a single isolate was C. hyointestinalis. Overall, a single PCR-confirmed C. jejuni isolate from each sample was prepared and submitted for whole-genome sequencing and downstream analyses. Of the 127 genomes submitted for sequencing, 122 samples (Chicken-8, Cow-14, Dog-1, Falcon-1, Non-meat food-3, Goose-1, Horse-3, Human-70, Pig-7, Sheep-5, Water-9) passed quality control standards employed by the sequencing facility (DNA quality/quantity) and resulted in high quality reads. At least 50 million reads were generated for each isolate, representing 100x coverage of each C. jejuni genome (∼1.7 Mb).



Whole-Genome Assembly and Quality Filtering

All environmental genomes utilized for the whole genome analyses are between 98.0% and 99.9% complete as determined by analysis with CheckM (Figures 2A,B) (Parks et al., 2015). The range of completeness for the environmental genomes varied between isolate source, with human isolates demonstrating a range in completeness of 99.0% - > 99.8%. The range of completeness for chicken isolates was 98.0% – 99.8% across all genomes analyzed, while cattle isolates presented a range in completeness (99.3% – 99.875%) similar to that of humans. Only genomes mapping to a reference genome (C. jejuni 81-176_G1_B7) with 90% identity or above to ensure species identity were utilized for the study. Overall, the genomes from various sources mapped to the reference genome at an average of 92% identity, with the exception of the water samples. The genomes from water isolates that clustered with an identity close to 98% of the reference genome. Interestingly, there was some variability in percent identity of human isolates to the reference, with several close to 70% identity to the reference genome (Figure 2A) and therefore excluded from further analyses. The number of genomes covering each position in the reference sequence was also relatively high, although some positions in the reference were covered by only a few genomes suggesting more novel regions in the reference genome (Figure 2C).
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FIGURE 2. Analysis of genome assemblies for completeness, identity to reference, and coverage. (A) Box and whisker plot of genome completeness and percent identity to the reference were compiled for each source type for samples collected in this study. (B) Box and whisker plots were also compiled for GenomeTrakr genomes. Completeness across all assembled genomes ranged from 98.0% to above 99.8% and assembled genomes had an average alignment of 92% to the reference genome (C. jejuni 81-176_G1_B7). used for this study. (C) Coverage of each position in the reference genome by the genomes analyzed.




Core and Pan Genome Assembly and Analysis

Following quality filtering and genome assembly, 167 high quality genomes were used to construct an analytical pipeline that was used to define both the core and pan genome, which were based on the presence of predicted gene families (Figure 3). In all, there were 4710 gene families identified in the 167 C. jejuni genomes analyzed by PIRATE with 225 gene families containing greater than one allele at the 90–95% threshold. The pangenome of C. jejuni comprised 4710 gene families of which 1384 were classified as core (defined as genes found in >95% of the genomes) and 3326 accessory genes. The large number of accessory genes identified in the pan genome analysis indicates Campylobacter isolates have remarkable genetic variability and likely contribute to their broad host distribution
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FIGURE 3. Core and pan genome assembly and gene family distribution and identification of new genes. One hundred and sixty seven genomes were used to identify a core and pan genome. There were 4710 gene families identified in the pangenome, with 225 gene families containing greater than one allele at the 90–95% threshold. The core genome is comprised of 1,384 gene families, with 3326 accessory gene families.




SNP and Network Analysis for Comparison of Assembled Genomes

To investigate the potential of whole genome comparison as a means for Campylobacter source-tracking, genomes underwent a SNP analysis to determine the potential relatedness of various isolates. A tree of relatedness was produced of all isolates using C. jejuni 81-176_G1_B7 as a reference genome (Figure 4). Isolate source is denoted by color. We also employed a non-reference-based approach for whole genome comparisons using network analysis. The genomes from this study and GenomeTrakr were analyzed by comparing coding regions to produce a network for visualization of relatedness (Figure 5). While the distance between nodes is arbitrary, lines connecting individual nodes indicate they meet or exceed a threshold of 0.93 across the entire coding region of the two genomes. The network was further characterized by clustering genomes with community clustering (Figure 5B). Community clustered genomes reveals human isolates cluster with other human isolates, but also cluster with those from other sources including cows/chickens (Cluster 1 and 3), cows/water (Cluster 5), and chickens/other birds (Clusters 2, 4, and 6).
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FIGURE 4. SNP tree of environmental isolates demonstrating relatedness. A tree of relatedness was created using 167 assembled genomes, organized by source, utilizing C. jejuni 81-176_G1_B7 as a reference. Colors denote sample source, with GenomeTrakr genomes identified as SRR Download.
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FIGURE 5. Network analysis with assembled genomes. A network analysis of 167 genomes and the coding regions across all genomes. Distance between nodes is arbitrary, but edges connecting individual nodes indicate these meet or surpass a threshold of 0.93 similarity across the entire coding portion of the two genomes. (A) The initial unclustered genomes falling above the threshold of 0.93 similarity. (B) The same network with community clustering applied. GenomeTrakr downloads are labeled SRR Download.




ST Assignments of Isolates Based on Whole-Genomes

The whole genome of each isolate identified within clusters of the network analysis were queried against the PubMLST online database of Campylobacter strains. Isolates Human-40, Cow-2, Chicken(meat)-6, Chicken(live)-7, Chicken (meat)-12, Chicken(meat)-14, Chicken(meat)-38, Cow-16, Cow-18, Chicken(meat)-58, Chicken(meat)-59, Chicken(meat)-61, and Cow-22 were not assigned to a clonal complex, but were assigned to ST groups, as shown in Table 2. Additionally, five genomes did not match to any previously identified ST group or clonal complex. ST-353 was the most common assignment across all the genomes, especially the GenomeTrakr isolates (Table 2).


TABLE 2. ST assignments for each isolate identified in the cluster analysis.
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Antibiotic Susceptibility Testing

We assayed isolates identified in this study against two antibiotics each from six different antibiotic classes to investigate phenotypic differences (Figure 6). The greatest amount of variability for a single antibiotic class appears for tetracycline and doxycycline which display a broader spectrum of sensitivity across all the isolates, regardless of cluster, when compared to results for the other antibiotics. Human isolates displayed the greatest variability in antibiotic sensitivity across the antibiotics assayed. With a few exceptions, cattle isolates demonstrated a pattern of lower overall susceptibility across the spectrum of antibiotics assayed when compared to other isolates, while isolates from chickens displayed increased susceptibility to the majority of antibiotics when compared to other isolates (Figure 6A). When separated based on ST assignment, the overall broader sensitivity to tetracycline and doxycycline can be observed as well (Figure 6B).
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FIGURE 6. Antibiotic susceptibility testing results according to cluster. Antibiotic susceptibility to several classes of antibiotics were compared across source type (A) and ST grouping (B) by subtracting measurements for each isolate from the overall average for each antibiotic. Positive numbers (red) indicate isolates less susceptible to the corresponding antibiotic, while negative numbers (blue) indicate isolates more susceptible. No obvious patterns were distinguishable across the groupings despite extensive heterogeneity.





DISCUSSION

To investigate whether a whole genome-based approach is a viable method for source-tracking human Campylobacter infections in a geographically and temporally restricted manner, we conducted active surveillance of agricultural and environmental sources in eastern Tennessee between October 2016 and October 2018. Confirmed C. jejuni isolates obtained during the sampling period were subjected to whole-genome sequencing and bioinformatically compared to clinical isolates deposited with the Tennessee Department of Health and GenomeTrakr sequences from the same geographical area during the indicated sampling period. Historically, East Tennessee has a higher incidence of C. jejuni infections (8–11 per 100,000 persons) when compared to the rest of the state (5–7 per 100,000 persons) (Weisent et al., 2011; Tn.gov, 2020). Despite this incidence, East Tennessee is home to relatively few poultry farms and other agricultural operations, although there is some variability between counties in the region (Nass.Usda.Gov,, 2020). This observation is particularly pronounced in Knox County, where numerous human isolates were collected, but where agricultural production is limited. In addition to agricultural operations, the region also contains numerous rivers, streams, and tributaries that experience flooding throughout the year, and may lead to contamination of groundwater or recreational waters, increasing the risk of human exposure. During the study period, East Tennessee was also impacted by a C. jejuni outbreak that was attributed to puppies sold by a large pet store chain (Montgomery et al., 2018). Taken together, these factors suggested that C. jejuni infections in the region may not be due solely to the consumption of undercooked or contaminated poultry meat, but may also be the result of interactions with other infected animals or contaminated water sources.

Our study is unique in that the analyzed strains were isolated from the same region during the same period, which provided a “real world” scenario of sampling for source-tracking using whole-genome sequencing in a region that had not been previously investigated. Of over 600 samples collected, we were able to generate 80 complete, high quality genomes for our analyses. With less than one quarter (∼12.7%) of the collected samples resulting in a high quality genome, successful surveillance of a region like the one described in this study would likely be time consuming and costly. This was a considerable obstacle in creating an adequate set of reference isolates within our geographical area, but was addressed by supplementing with genomes submitted to an online database from the same region and time period, which underscores the importance of efforts like the GenomeTrakr program. In addition to the relatively low rate of high quality genome generation, several samples yielded growth on Campylobacter-specific media, but could not be identified as either C. jejuni or C. coli by PCR. Such a result indicates that other Campylobacter species may be present in the environmental sources, which may be worth further investigation in the future.

Assembly of the C. jejuni genomes from raw sequence reads was successful and utilized a high threshold for completeness, ensuring that only the most informative genomes were used. It is possible to lower the threshold of completeness in order to include more genomes that are less complete, but doing so may negatively affect the results and skew downstream analyses. Although we were able to identify a core and pan genome using the data provided from the combined 167 genomes, utilizing a larger set of genomes would ensure all genes in the core genome are identified, as well as all potential genes in the pan genome. In subsequent studies, the resulting pan genome could then be used to identify host-specific determinants, virulence factors that impact human campylobacteriosis severity, and bacterial factors that promote survival within different environments. Since C. jejuni isolates were the most commonly isolated species from human clinical samples, the Campylobacter jejuni 81-176_G1_B7 served as a reference strain to determine genome assembly quality. While the potential for identity bias should be kept in mind when selecting a reference genome for other types of analyses, the analyses described in this study avoid the introduction of these biases by only using the reference genome to ensure genomes are from C. jejuni before direct comparison of the genomes to each other.

The unique network analysis described in this study produced clusters of human and environmental isolates, suggesting whole genome comparisons may be a viable method for linking human infections to potential source types, although tracking to a specific site may not be possible. Interestingly, human isolates most frequently clustered with cattle and chicken isolates as indicated by the number of edges linking human isolates to those from cattle, chickens, or both. We believe the network analysis provides a visual representation of the similarities between isolates by denoting clusters that may not be indicated or obvious in the SNP dendrogram. Portraying the data in a way such as the network analysis also potentially increases the ability to identify clusters or isolates that should be examined more closely. This method could also prove useful since the threshold of similarity can be adjusted as necessary based on the organism of interest and the level of similarity desired for comparison.

The genetic variability between isolates from different sources led us to question whether phenotypic variability also exists between isolates and if patterns can be detected between sampling sources. This study utilized the Kirby-Bauer disk diffusion method to obtain preliminary phenotypic data by comparing the zones of inhibition for individual isolates to the overall average zone of inhibition for each antibiotic, allowing for intraspecies comparison across an array of antibiotics. Overall, a large amount of variability was easily detected between the isolates making the identification of phenotypic patterns challenging. Cattle isolates collected at random during routine checks of healthy animals on farms demonstrated lower overall susceptibility across the spectrum of antibiotics assayed. While no data was collected regarding antibiotic use on these farms, further epidemiological work may provide insights into potential links to antibiotic usage and susceptibility in the coordinating isolates. As a preliminary analysis focused on direct phenotypic comparisons, this analysis did not take into account minimum inhibitory concentration (MIC) data or clinical breakpoints for the antibiotics tested. However, the observed variability between isolates from the same source type indicate the potential for future work to investigate antibiotic susceptibility of environmental isolates in a more clinically relevant manner.

This work demonstrates the potential of whole-genome sequencing as a means of microbial source tracking for C. jejuni, but also identifies issues that must be addressed before this technique can be adequately utilized in an effective manner. WGS can provide a breadth of genomic information for comparison, but the sequencing quality and computing power necessary to conduct such in-depth analyses can be limiting factors. While the analyses described in this study would be useful for investigating the genomic relatedness of Campylobacter in the environment and the clinic, the ability to perform these in-depth analyses may not be realistic for groups without access to supercomputing facilities. Additionally, the level of surveillance necessary to maintain a current profile of C. jejuni genomic information from environmental sources in an accessible database would require continual sampling from numerous sources, which may also prove to be a limiting factor for state and federal health departments. Again, this need underscores the importance and continued support for resources like the FDA GenomeTrakr program.

As demonstrated by the network analyses, Campylobacter can be clustered by potential source, but the inherent genomic variability between individual isolates may make linking cases to a specific source challenging. Previous studies have demonstrated the benefits of whole-genome sequencing for comparing environmental and human isolates through the incorporation of sequences deposited in online databases (Wilson et al., 2008; Dearlove et al., 2016; Buchanan et al., 2017). By utilizing the GenomeTrakr database, we were able to increase the number of genomes used for our analyses and enhance the quality of the network. The resulting clusters support the conclusion that both chickens and cattle may serve as sources for human infections in East Tennessee, which has been observed in similar studies conducted in France and Germany (Rosner et al., 2017; Thépault et al., 2018a, b). Using this form of network analysis with a thorough examination of the corresponding epidemiological data could provide insight into risk factors leading to C. jejuni infections in East Tennessee.

Our study is the first to utilize WGS technology to preliminarily analyze isolates collected from a variety of sources in East Tennessee during a set sampling period and incorporate sequence information deposited in an online repository to compare to human isolates from the same region. Based on our results, we believe whole-genome sequencing is a beneficial technique that can provide an abundance of genomic data and source-tracking information. Additionally, the in-depth curation and analyses of epidemiological data by state and federal health agencies are necessary for source-tracking of human Campylobacter infections, along with concurrent surveillance of potential reservoirs throughout the region. While this may prove a major hurdle, we believe the implementation of WGS technology and our network analysis method can provide valuable information about the presence of environmental C. jejuni in regions like East Tennessee, and when compiled with epidemiological data, can aid in the identification of potential sources of human infection.
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Poultry has been one of the major contributors of Campylobacter related human foodborne illness. Numerous interventions have been applied to limit Campylobacter colonization in poultry at the farm level, but other strategies are under investigation to achieve more efficient control. Probiotics are viable microbial cultures that can establish in the gastrointestinal tract (GIT) of the host animal and elicit health and nutrition benefits. In addition, the early establishment of probiotics in the GIT can serve as a barrier to foodborne pathogen colonization. Thus, probiotics are a potential feed additive for reducing and eliminating the colonization of Campylobacter in the GIT of poultry. Screening probiotic candidates is laborious and time-consuming, requiring several tests and validations both in vitro and in vivo. The selected probiotic candidate should possess the desired physiological characteristics and anti-Campylobacter effects. Probiotics that limit Campylobacter colonization in the GIT rely on different mechanistic strategies such as competitive exclusion, antagonism, and immunomodulation. Although numerous research efforts have been made, the application of Campylobacter limiting probiotics used in poultry remains somewhat elusive. This review summarizes current research progress on identifying and developing probiotics against Campylobacter and presenting possible directions for future research efforts.
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INTRODUCTION

With the introduction of selective media that could be routinely employed for isolation, Campylobacter was identified as a critical clinical pathogen associated with the gastrointestinal tract (GIT; On, 2001; Butzler, 2004). By the mid to late 1980s, Campylobacter had been recognized as one of the most common bacterial agents causing gastroenteritis worldwide (Allos, 2001; Domingues et al., 2012; Geissler et al., 2017). Currently, Campylobacter is considered one of the leading causative agents of bacterial foodborne GIT disease globally (Silva et al., 2011; Mughini-Gras et al., 2014; Kaakoush et al., 2015; Marder et al., 2018), with poultry products being one of the main vehicles of Campylobacter exposure (Skarp et al., 2016; Taylor et al., 2013).

In 2010, foodborne transmission accounted for approximately 80 and 76% of campylobacteriosis cases in the United States and in the European Union (EU), respectively (Hald et al., 2016). According to the United States Centers for Disease Control and Prevention (2018), poultry contributed to 33 cases of the 209 foodborne Campylobacter outbreaks from 2010 to 2015. Similarly, in the EU, broiler meat and products contributed 24.2% of total foodborne campylobacteriosis outbreaks in 2017 (European Food Safety Authority, 2018). Certainly, preventative measures must be taken in order to reduce the incidence of Campylobacter among poultry and poultry products.

Previously the control measures of Campylobacter in poultry included antibiotic treatment, phage therapy, competitive exclusion, and vaccination (Lin, 2009; Meunier et al., 2017; Umaraw et al., 2017). However, the use of antibiotics in livestock can cause a selection of antibiotic-resistant pathogens which further transmit to humans during food consumption, leading to more severe illnesses because of the difficulties in treatment (Gupta et al., 2004; Iovine and Blaser, 2004; Yang et al., 2019). Due to the threat to public health, the use of antibiotics in poultry production has become more restricted (Tang et al., 2017; CDC, 2019). Consequently, in recent years alternative strategies and feed additives to effectively control the colonization of Campylobacter in poultry GIT have become of increasing interest (Park et al., 2016; Hossain et al., 2017). This review provides a historical perspective and recent updates on the development of anti-Campylobacter probiotics, the effect of host-microbiota on probiotics, and possible directions for future probiotic development research efforts (Figure 1).
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FIGURE 1. Brief overview of the topics and future directions that are discussed in the current review.




CAMPYLOBACTER COLONIZATION AND TRANSMISSION IN POULTRY


Campylobacter Colonization in Poultry

The two most common species, Campylobacter jejuni, and C. coli are thermophilic and obligate microaerophilic bacteria that colonize the intestinal mucosa of most warm-blood animals, including humans (Newell and Fearnley, 2003). Campylobacter spp. prefer to colonize avian species such as wild birds, broilers, turkeys, and ducks (Newell and Fearnley, 2003). The microaerophilic environment and internal body temperature of 41°C in the avian GIT provide optimal environmental conditions for Campylobacter (Robyn et al., 2015). The colonization of Campylobacter in chickens primarily occurs in the ceca and small intestine. It can still become invasive, appearing in the liver, spleen, deep muscle, thymus, bursa of Fabricius, and blood (Awad et al., 2018). It was reported that once ingested, C. jejuni colonization begins in the ileum, followed by dissemination to the jejunum and cecum (Lacharme-Lora et al., 2017). Campylobacter rapidly establishes in the chicken ceca and multiplies, eventually reaching very high cecal concentrations (109 CFU/g cecal content; Newell and Fearnley, 2003). Beery et al. (1988) determined the concentration of C. jejuni in different GIT locations of 8-day-old chickens, which were orally inoculated with 5 × 108 CFU bacteria cells. The concentrations in the proximal and distal small intestines and the large intestines reached 105 CFU/g and became undetectable at 5 days post-inoculation (minimum level of detection 102 CFU/g). The majority of the colonization occurred in the cecum, which attained a peak of 107 CFU/g 1 day after inoculation and remained detectable even at 7 days. Smith and Berrang (2006) compared the prevalence and concentration of food pathogens between crop and gizzard content in broiler carcasses. The Campylobacter prevalence in the crop contents (29 of 29 chickens) was higher than in gizzard contents (12 of 30 chickens). Moreover, it was found that the crops (4.6 log10 CFU/mL) contained significantly higher concentrations of Campylobacter than the gizzard (2.2 log10 CFU/mL).

The colonization of Campylobacter in chickens varies due to host age, bacterial strain type, and infective dose (Sahin et al., 2003). Newly hatched chickens are generally free of Campylobacter until 1–2 weeks of age; this delay of colonization is referred to as the lag phase (van Gerwe et al., 2009; Pielsticker et al., 2012; Kalupahana et al., 2013). The primary explanation for the lag phase is the protective effect of maternal antibodies (MAB), but the mechanisms behind it have not clearly been described yet (Sahin et al., 2003; Ringoir et al., 2007). The MAB levels are highest in newly hatched chickens but decrease gradually to the background level at approximately 3 weeks of age (Sahin et al., 2003; Shoaf-Sweeney et al., 2008). One study compared the colonization of C. jejuni S3B in 3-day-old chickens with and without anti-Campylobacter MAB, which were hatched from bacteria-infected and uninfected hens, respectively. When challenged with C. jejuni at the concentration of 5 × 105 CFU/bird, the MAB+ chickens exhibited a significantly lower percentage of shedding than MAB- birds at 2 and 4 post-inoculation days (PIDs). However, at 12 PIDs, both groups reached a 100% shedding rate (Sahin et al., 2003). These results indicated the partial protective effect of Campylobacter MAB against colonization in young chickens.

Furthermore, Cawthraw and Newell (2010) reported that there was no simple linear relationship between the level of MAB in chicken and their resistance to a C. jejuni challenge. It was noted that the resistance of 8-day-old chickens was greater than that for the day-of-hatch birds, although the maternally derived anti-C. jejuni IgY serum antibodies were at the peak levels (approximate ELISA OD450 2.1) in the latter one. From 8 to 21 days, the C. jejuni resistance of chickens and the antibody levels both decreased. Overall, the 1 to 2-week old birds were more resistant to C. jejuni than the 3 week old birds (Cawthraw and Newell, 2010). Another study reported that at least 5 × 104 and 5 × 103 of cells of a C. jejuni laboratory-maintained strain were required to colonize 2 and 14-day old chickens, respectively (Ringoir et al., 2007). Ringoir et al. (2007) demonstrated that 2-day old chickens were less susceptible to C. jejuni than 14-day chickens. Sahin et al. (2003) reported no interference between high levels of maternal antibodies and the development of the humoral immune system in young chickens. Furthermore, the 21-day-old chickens showed a much higher and more rapid humoral response than the 3-day-old chickens.

Previously Campylobacter was considered a non-pathogenic commensal in the poultry intestine, but this concept has been questioned more recently (Humphrey et al., 2014; Awad et al., 2018; Connerton et al., 2018). Humphrey et al. (2014) exposed four commercial broiler chicken breeds to C. jejuni M1, and initially, all four breeds produced inflammatory signals in the innate immune response to bacterial colonization. At 12 DPI, three breeds exhibited reduced inflammation responses. They remained asymptomatic after the expression of interleukin-10 (IL-10), while the other faster-growing breed failed to produce IL-10, which led to prolonged inflammation and diarrhea. In addition, Awad et al. (2015) reported changes in intestinal permeability and histomorphology, including decreased crypt depth, villi height, and surface area in Campylobacter colonized chickens.



Campylobacter Transmission in Poultry Flocks

Campylobacter can rapidly transmit from a colonized individual chicken to the entire flock in a matter of days (Awad et al., 2018). A study conducted with an Australian broiler flock quantified the transmission rate for each C. jejuni-infected bird, resulting in estimates of 2.37 ± 0.295 new bird infections per day. Based on this transmission rate, a flock consisting of 20,000 broilers exhibits a 95% prevalence of Campylobacter within 4.4 to 7.2 days after the appearance of the first infected bird (van Gerwe et al., 2009). The prevalence of Campylobacter in broiler chickens varies depending on the location and can range anywhere between 3 and 90% (Marotta et al., 2015). The transmission routes at the farm are considered to originate mainly from the surrounding environment and are transmitted horizontally between flock mates (Cox et al., 2012; Sibanda et al., 2018).

The vertical transmission (i.e., hen to the egg then to the chick) of Campylobacter remains debatable since the observations of vertical transmission have not been consistent across different studies (Cox et al., 2002; Callicott et al., 2006). In fact, Battersby et al. (2016) investigated the transmission of Campylobacter on three broiler farms (two flocks per farm) where they took fecal and environmental swabs and used polymerase chain reaction (PCR) assays to detect Campylobacter. Battersby et al. (2016) concluded that vertical transmission did not occur but rather the surrounding environment was one of the primary sources of Campylobacter and that biosecurity should be considered as a control measure. They concluded that once Campylobacter is spread among the flock, it is not long after that Campylobacter is detected outside the broiler house. In contrast, Rossi et al. (2012) determined that Campylobacter transmission can be due to vertical transmission from the breeder hen. Rossi et al. (2012) inoculated breeder hens intraesophageally and specific pathogenic free (SPF) eggs with Campylobacter coli. Rossi et al. (2012) demonstrated the transmission from inoculated hen to egg (offspring) and the potential dangers of C. coli reaching the amnion of SPF eggs. However, Rossi et al. (2012) contended that C. coli did not appear viable in the infected eggs produced by the inoculated hen, a potential limitation of C. coli transmission in the field.

A recent survey on United States broiler production revealed that none of the investigated farm managers (n = 18) reported Campylobacter tests in their farms, while 11% of poultry veterinarians (n = 2) and 90% of processing plants (n = 18) included Campylobacter in their microbiological tests (Hwang and Singer, 2020). Moreover, only 33% (n = 6) of the farms implemented the validated measurements for limiting Campylobacter contamination. In the survey, biosecurity was ranked as the most effective strategy against Campylobacter on the farm. Still, over half of the farmers and veterinarians reported that biosecurity is not adequate at limiting Campylobacter transmission and subsequent infection. These responses collectively indicated that while biosecurity might be the best available choice, it alone may not be sufficiently effective. Thus, further interventions must be utilized to mitigate Campylobacter prevalence among poultry, such as dietary supplements that alter Campylobacter colonization within the GIT.



The GIT Microbiota in Poultry and the Impact of Campylobacter Colonization

The microbiota of the poultry GIT plays several important roles that benefit host health through the competitive exclusion of pathogens and other non-indigenous microorganisms, stimulation and development of the host immune system, and absorption of nutrients (Shang et al., 2018). It has been determined that most of the bacteria in ileum and ceca of broiler chickens are Gram-positive with low G + C content, which mainly includes Lactobacillus, clostridia, Bacillus, and Streptococci (Lu et al., 2003).

However, the bacterial taxonomic composition of the ceca is significantly different from the jejunum and ileum, which may be attributable to the different functions of these two GIT regions (Gong et al., 2002; Stanley et al., 2014; Awad et al., 2016; Feye et al., 2020). The primary role of the jejunum and ileum is nutrient absorption. However, the ceca serve as the primary site for bacterial fermentation, further nutrient absorption, detoxification, and prevention of pathogen colonization (Gong et al., 2007). In addition, Oakley and Kogut (2016) determined that the fecal and cecal microbiota compositions also differ from one another. At 1-week of age, Gallibacterium and Lactobacillus were dominant in the feces, while Bacteroides was more abundant in the ceca. Both Clostridium and Caloramator increased significantly in the ceca, whereas Lactobacillus remained dominant in the feces of broilers at 6 weeks of age.

In addition to the location of GIT, the composition of microbiota varies depending on the age of broiler chickens. Awad et al. (2016) identified 24 phyla from the GIT contents of 1 to 28-day old broiler chickens. It was revealed that the Firmicutes and Proteobacteria were the most abundant phyla in all birds. In particular, the number of Proteobacteria were found to be significantly higher in newly hatched chickens and subsequently decreased with age, while the Firmicutes were predominant in older birds. This microbial community transition appeared to be related to oxygen availability. The facultative anaerobes of the Proteobacteria phylum initially colonized the GIT, but as oxygen gradually became depleted, the obligate anaerobes from Firmicutes emerged as the dominant microorganisms (Wise and Siragusa, 2007). Oakley et al. (2014) noted that age was more of a driving factor in the diversity and population of the cecal microbiota than dietary treatments. When the birds were 7-day-old, the cecal microbiota were primarily comprised of Flavonifractor, Pseudoflavonifractor, and Lachnospiracea. However, by 21-day of age, Faecalibacterium dominated the microbiota of broilers regardless of dietary treatment (Oakley et al., 2014).

Older birds (14–28 days old) exhibited significantly more microbial richness and diversity than young birds (1–7 days old) based on several diversity indices, which included the number of operational taxonomic units (OTUs), Chao1, abundance-based coverage estimator (ACE), Shannon’s index and Simpson index (p < 0.01; Awad et al., 2016). Oakley et al. (2014) and Oakley and Kogut (2016) also noted the increase in microbiota richness and diversity as birds matured.

Although some recent research has indicated that Campylobacter colonization does not influence the subsequent microbiota composition of commercial broiler flocks (Oakley et al., 2018), significant efforts have been made to determine the influence that Campylobacter has on the GIT microbiota. Discussion on the potential interactions between the microbiota and Campylobacter in the host GIT has occurred in more recent years (Indikova et al., 2015). Oakley et al. (2013) demonstrated that all samples along the “farm to fork” continuum had a common core microbiota consisting of recognized pathogens such as Clostridium, Campylobacter, and Shigella. Also, Oakley et al. (2013) revealed that Campylobacter did not appear to have a significant association with other taxa, concluding that this may be a reason as to why competitive exclusion is not effective against Campylobacter (2013). However, C. jejuni did have a significant association with Megamonas hypermegale (Oakley et al., 2013). Other significant research has revealed that the C. jejuni concentrations are higher in the cecal contents of antibiotic-treated or germ-free raised chickens than birds with a conventional microbiota, indicating a host protective role of microbiota against C. jejuni (Han et al., 2017).

Sakaridis et al. (2018) randomly sampled 100 birds from four different commercial farms to determine the association of Campylobacter loads and the subsequent microbiota composition using 16S rDNA. They determined that the inter-farm variation had a more pronounced effect on the microbiota than the intra-farm variation (Sakaridis et al., 2018). There was no correlation between Campylobacter load and the levels of Firmicutes, Bacteroidetes, or Ternicutes; however, there were increased levels of Enterobacteriaceae and decreased levels of Lactobacillus in the cecal microbiota of birds that had high levels of Campylobacter (Sakaridis et al., 2018). Therefore, Sakaridis et al. (2018) suggests that Lactobacillus and Enterobacteriaceae may be populations to modulate in order to decrease Campylobacter colonization.

In addition, Connerton et al. (2018) demonstrated that Campylobacter colonized chickens possess a different cecal microbiota composition than those not infected at 2 days post-inoculation. However, as time progressed, age was a more significant driver of the microbiota composition. Upon inoculation, Campylobacter colonization of the ceca was followed by a reduction of Lactobacillaceae and Clostridium cluster XIVa (Connerton et al., 2018). In contrast, Sofka et al. (2015), who compared the microbiota composition between C. jejuni positive and negative chickens in the fecal samples, saw no differences in the fecal microbiota composition. However, Sofka et al. (2015) noted that higher proportions of common GIT bacteria such as Firmicutes (62 versus 36.6%), Proteobacteria (44.6 versus 21.3%), and Bacteroidetes (15.4 versus 6.5%) were found among the non-inoculated birds (Campylobacter free).

Understanding the colonization of Campylobacter in the GIT of poultry and how the residential microbiota may impact or enhance Campylobacter infection in poultry enables stakeholders and the industry to combat this rather arduous foodborne pathogen. With this knowledge, researchers have investigated the use of multiple interventions, whether at the preharvest or postharvest level.



Current and Potential Interventions for Limiting Campylobacter in Poultry Flocks

Interventions against Campylobacter can be employed at each step of the poultry production chain (i.e., farm, transport, slaughter, processing, and retail; Sahin et al., 2015; Umaraw et al., 2017; Upadhyay et al., 2019). The choice of control measures at each primary poultry production step plays a vital role against Campylobacter and could affect the following steps along the food chain (Meunier et al., 2016). Interventions applied at the farm level aim to reduce or eliminate the colonization of Campylobacter in broilers, while the remaining steps at postharvest primarily focus on decontamination during processing at the plant (FSAI Ireland, 2002). Due to the focus of the current review, only interventions at the farm level will be discussed. The interventions used at the poultry farm can be broadly categorized as biosecurity interventions, feed additives, vaccines, and bacteriophage (Hermans et al., 2011).

There is a wide range of feed additives, including organic acids such as SCFA, medium-chain fatty acids (MCFA) and their monoglycerides, plant-derived compounds, probiotics, prebiotics, and bacteriocins that are available as potential interventions (Guyard-Nicodème et al., 2016; Meunier et al., 2016; Dittoe et al., 2018; Kim et al., 2019; Micciche et al., 2019). The reported organic and fatty acids include but are not limited to caprylic acid, butyrate, formic acid, and sorbate (Dittoe et al., 2018). The SCFA exerts antibacterial effects by diffusing across the bacterial membrane as non-ionized acids, and dissociating in bacteria cells, which further leads to the decrease of intracellular pH and the dissipation of the proton motive force, and impacting cellular physiology (Ricke, 2003; Sun and O’Riordan, 2013). As reviewed by Meunier et al. (2016), the effectiveness of organic and fatty acids against Campylobacter varied widely among studies, and the reproducibility across experiments was low. A study of Guyard-Nicodème et al. (2016) compared the anti-Campylobacter effect of 12 feed additives (i.e., monoglyceride, SCFA, plant extracts, probiotics, and a prebiotic-like compound) in broiler chickens over the 42-day sampling period. At 14 days of age, eight additives elicited a significant reduction of C. jejuni, while at 35 days, only three additives remained effective, namely, a monoglyceride, a SCFA, and a multi-species probiotic. At 42 days of age, the SCFA still led to more than 2 log10 CFU/g reduction of C. jejuni, as well as a probiotic and a prebiotic-like compound, which only showed effectiveness at 42 days.

As a result, out of the array of feed amendments available to poultry producers to mitigate Campylobacter among their flocks, probiotics are promising. Probiotics, as will be discussed, are capable of directly competing for nutrients against pathogens, excluding pathogens from binding sites, expressing antagonistic mechanisms, and stimulating immunomodulation. A more detailed discussion on probiotics and bacteriocin formation is included in a later section of the current review.



PROBIOTICS SPECIFIC FOR CAMPYLOBACTER – IDENTIFICATION AND OPTIMIZATION STRATEGIES

Probiotics are considered non-pathogenic and non-toxic viable microorganisms that incur favorable impacts on host health when administrated via an oral route (Lutful Kabir, 2009). Probiotics can be bacteria or yeast and consist of either individual strains or a mixture of several organisms. The more common probiotics are generally comprised of species and strains of Lactobacillus, Streptococcus, Bacillus, Escherichia coli, Bifidobacterium, and Saccharomyces, among others (Dobson et al., 2012; Kergourlay et al., 2012; Helmy et al., 2017; Thibodeau et al., 2017; Massacci et al., 2019). The beneficial effects of probiotics in poultry production include maintaining an optimal balance of GIT microbiota, inhibition of pathogens (Bhatia et al., 1989; Santini et al., 2010; Ritzi et al., 2014), immunomodulation (Cox and Dalloul, 2015), positive histomorphological changes of the ileum (Olnood et al., 2015; Forte et al., 2018), and improving broiler growth performance among others (Kabir et al., 2004). The screening and selection process are critical to ensure that probiotic strains survive the GIT and play their beneficial roles in the animal host. The probiotic strain(s) should be able to survive under GIT conditions (e.g., low pH and bile salt), feed processing and storage conditions (e.g., heat, dry, and starvation), retain high viability and exhibit beneficial effects once reaching the target region of the GIT (Santini et al., 2010; Song et al., 2014; Park et al., 2016).


The Anti-Campylobacter Effect of Probiotics in Chickens

When used as a feed additive, probiotics help to mediate poultry GIT health and reduce the colonization of food and poultry pathogens in the chicken GIT (Cean et al., 2015; Eeckhaut et al., 2016). The addition of a butyrate-producing probiotic strain of Butyricicoccus pullicaecorum into a commercial chicken diet significantly reduced the percentage of necrotic lesions caused by Clostridium perfringens in all tested trials. It also reduced Campylobacter populations in cecal contents by 1.5 log10 gene copies/g at day 40 (Eeckhaut et al., 2016). More recently, several studies have screened specific probiotic strains targeted against Campylobacter in chickens (Kobierecka et al., 2016a, b; Wang et al., 2019). However, there were variations in reported results among different studies due to the experimental conditions, detection methods, intra- and inter-flock differences of the chicken host, and the complexity of probiotics and host interactions. In turn, these complex interactions led to difficulties in validating the subsequent effects of administering specific probiotic strains (Saint-Cyr et al., 2016; Johnson et al., 2017).

Taha-Abdelaziz et al. (2019) reported the inhibitory effects of six Lactobacilli spp. against C. jejuni in vitro. Both the neutralized cell-free supernatant and the Lactobacilli spp. cell culture inhibited C. jejuni growth with clear inhibition zones on Mueller-Hinton (MH) agar. Further investigation found that C. jejuni exposed to all Lactobacilli spp. except Lactobacillus reuteri exhibited a downregulation of genes responsible for motility and invasion, as well as reduced quorum sensing molecule AI-2 production. Another study by Mortada et al. (2020) tested a commercial probiotic for the anti-Campylobacter effect in vitro and in vivo. The overnight cultured gentamicin-resistant C. coli was co-cultured at different ratios (1:0, 1:1, 1:5 or 1:10) with the cell-free supernatant of four probiotic strains namely Lactobacillus reuteri, Pediococcus acidilactici, Bifidobacterium animalis, and Enterococcus faecium from the commercial product. It was found that the four strains were able to reduce C. coli in vitro at a 1:1 ratio or higher. However, when the probiotic product was added to the feed of Cobb-500 broilers, the probiotic supplementation was unable to reduce the colonization of the C. coli group at 42 days of age.

The commonly used probiotic strains belong to lactic acid bacteria (LAB), bifidobacteria, Bacillus spp., Bacteroides spp., and Streptococcus spp. (Applegate et al., 2010). Based on the regulation of the United States Food and Drug Administration (US Food and Drug Administration, 2018), the probiotic candidate strains should be generally regarded as safe (GRAS). The probiotic candidate strains usually originate from poultry feces and GIT contents, human feces, cheese, and plant silages (Santini et al., 2010; Ghareeb et al., 2012; Nishiyama et al., 2014; Kobierecka et al., 2017; Smialek et al., 2018). The selection of one or several optimally performing probiotic strains from a broader set of probiotic bacterial candidates is an intensive process. Therefore, tests need to be simple, rapid, and comprehensive (Taheri et al., 2009). The screening process can be roughly divided into two steps: pre-selection in vitro and evaluation in vivo (Lutful Kabir, 2009). Many screening studies are only carried out in vitro, while others are conducted as both in vitro and in vivo studies. The latter of the screening methods is more informative than the former in determining a probiotic’s candidacy.



The Screening Procedure of Probiotics for Poultry in vitro

In vitro screening methods can vary among studies. However, they generally include aggregation and co-aggregation, antibacterial activity, enzymatic activity, cell surface hydrophobicity, survival (acid and bile salt), strain identification and antibiotic sensitivity tests (Tables 1, 2; Taheri et al., 2009; Blajman et al., 2015; García-Hernández et al., 2016). These tests help determine if the probiotic strains would survive when exposed to the extreme conditions of the host GIT environment while still exerting their beneficial functions. The antibacterial test is essential for accurately screening anti-Campylobacter probiotics. The cell-free supernatants of probiotics are usually tested using a well-diffusion assay on agar plates to observe the range of anti-Campylobacter clearing zones in a Campylobacter lawn background. Live cultures of probiotic strains can be tested by methods such as agar spot, agar slab, and as co-cultures in suspension or with GIT cell monolayers (Robyn et al., 2012; Saint-Cyr et al., 2016; Kobierecka et al., 2017; Dec et al., 2018). The in vitro co-culture with intestinal cells mimics the interactions between probiotics and pathogens in the host GIT. Šikiæ Pogaèar et al. (2020) tested the Lactobacillus spp. strains (Lactobacillus plantarum PCS20, PCS22, PCS25, PCK9, and Lactobacillus rhamnosus LGG) for their competitive adhesion and infection prevention ability against C. jejuni in chicken B1OXI and pig PSI cl.1 epithelial polarized cells. Specifically, in the PSI cl.1 cell line, all tested bacterial strains significantly reduced the adhesion and infection of C. jejuni at 3, 17, and 24 h post-infection. In the B1OXI cell line, the bacterial strains PCS22, LGG, and PCK9 significantly reduced the adhesion of C. jejuni at 24 h. However, the invasion of C. jejuni in the B1OXI cell line was only observed at 3 h post-infection. At that time, the addition of PCS20, PCS22, and PCK9 significantly reduced the invasion of C. jejuni, whereas bacterial strains PCS25 and LGG prevented C. jejuni invasion.


TABLE 1. Summary of tests in screening probiotics in vitro.

[image: Table 1]The aggregation and adhesion ability of probiotic bacterial strains facilitates their establishment in the GIT and the exclusion of pathogens (Lebeer et al., 2008). Tareb et al. (2013) investigated the auto-aggregation and co-aggregation ability of viable and heat-inactivated cultures of L. rhamnosus CNCM-I-3698 and L. farciminis CNCM-I-3699. Both living and dead cells of the two strains showed strong co-aggregation ability with C. jejuni CIP 70.2T, which was through the carbohydrate-lectin interaction and proteinaceous components. When probiotic strains were added to mucin at the same time or after C. jejuni, the inactivated probiotic cells were more effective than the living cells at preventing C. jejuni colonization. The authors indicated that the enhanced adhesion might be because of the production of EPS during the heat inactivation. One advantage of heat-inactivated cells over living cells is enhanced storage stability (Ostad et al., 2009; Ishikawa et al., 2010).


TABLE 2. Summary of in vitro screenings and methodologies of various probiotic strains against Campylobacter in Poultry.
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The primary purpose of an antibiotic sensitivity test is to prevent the transposition of antibiotic-resistant genes to nearby resident GIT microbiota (Danielsen and Wind, 2003). It was believed that the probiotics should adhere to the poultry GIT mucosa and maintain viability under harsh conditions, which meant that probiotic strains could potentially have direct contact with intestinal microbiota and transfer antibiotic-resistance genes through horizontal transfer (Luangtongkum et al., 2009; Lutful Kabir, 2009; Verraes et al., 2013). If antibiotic-resistant genes are transferred to pathogens such as Campylobacter, it could represent a human health hazard (Imperial and Ibana, 2016). Lactobacillus spp. have been identified as candidates for anti-Campylobacter probiotics in several studies, but many strains of Lactobacillus spp. are resistant to certain antibiotics. Ocaña et al. (2006) reported that six Lactobacillus species were able to grow under high concentrations of streptomycin, kanamycin, quinolones (norfloxacin and ciprofloxacin), chloramphenicol, cephalosporins (ceftriaxone and ceftazidime), and aztreonam. Similarly, Taheri et al. (2009) reported a probiotic candidate for poultry, Lactobacillus crispatus, exhibited resistance to nalidixic acid and neomycin. Overall, the in vitro selection process helps exclude unqualified candidate strains and narrows the range of required screening. Ultimately, only a few strains that perform outstandingly well in the in vitro tests should be selected for in vivo tests.



The Screening Procedure of Probiotics for Poultry in vivo

Although the in vitro tests characterized probiotic strains under conditions mimic the intestinal environment, they cannot reproduce the exact interactions that occur among probiotics, the host GIT microbiota, and the possible GIT immune response (Table 3; Saint-Cyr et al., 2016, 2017; Mortada et al., 2020). The selected candidate strains that were inhibitory in vitro may not elicit a reduction of Campylobacter in vivo (Robyn et al., 2012, 2013). Thus, the selected probiotic strains should be further evaluated in vivo to determine their colonization ability, anti-pathogen effects, and persistence in chicken GIT (Lutful Kabir, 2009). Blajman et al. (2015) conducted a study to select chicken-originated probiotic strains for feed supplementation. In that study, 360 bacterial strains from broiler chicken GIT contents were screened through a series of in vitro tests including aggregation test, antagonistic activity, bacterial identification, cell surface hydrophobicity, acid resistance, bile tolerance, and H2O2 production tests, and the three best performing probiotic strains were selected for follow up in vivo testing. These three strains were constructed to be rifampicin-resistant to track their colonization within the chicken GIT. The administered strain concentrations in the liver, crop, and cecum were determined by direct plating on de Man, Rogasa, and Sharpe agar plates supplemented with rifampicin (MRSrif). In the end, Lactobacillus salivarius DSPV001P was selected as the candidate probiotic strain since it successfully colonized and maintained significantly higher population levels in the broiler GIT.


TABLE 3. Summary of the in vivo screening of probiotic strains against Campylobacter in poultry.

[image: Table 3]One way to ensure the colonization of the lower GIT is through encapsulation or microencapsulation of the probiotic. In fact, some probiotic strains with anti-Campylobacter properties cannot survive the acidity of the host stomach, so encapsulation is necessary. Arsi et al. (2015a) used intracloacal inoculation of probiotics to introduce them more directly to the lower GIT of birds for in vivo screening without the extra cost for encapsulation. They compared intracloacal administration to oral gavage on the anti-Campylobacter effects of ten pre-selected probiotic strains. The birds were challenged with C. jejuni on day 7, and on day 14, C. jejuni cecal concentrations were quantified. Only one strain of oral administered probiotics achieved a 1-log reduction in the ceca, whereas the six strains introduced via intracloacal administration resulted in 1–3 log reductions of C. jejuni.

During the in vivo screening procedures, additional characteristics enable the probiotic strains to achieve better anti-Campylobacter performance in the poultry host. Motility enhancement of probiotic strains was identified as a critical characteristic for the reduction of Campylobacter colonization in the GIT. Aguiar et al. (2013) developed a screening technique for selecting probiotic strains with enhanced motility. The in vivo experiments indicated that motile strains reduced at least 0.5 log10 CFU/g more C. jejuni in the cecum than the original strains. The enhanced ability allowed the motile strains to reach the deep mucosal surface of cecal crypts, and overcome C. jejuni by occupying the binding sites, competing for nutrients, and/or by the production of antibacterial compounds.

In order to meet the needs of industrial production, the viability and persistence of probiotics under storage conditions such as lyophilization need to be evaluated as a practical consideration following the in vivo studies (Blajman et al., 2015). The in-feed stability and viability of probiotics will ensure that a sufficient level is administered to the host to deliver the expected anti-Campylobacter effects under production conditions (Ren et al., 2019).



Probiotics in Combination With Other Interventions to Inhibit Campylobacter

Probiotics can also be applied with other Campylobacter control measures to improve the effectiveness of the overall intervention. Such combinations that exist are probiotics coupled with vaccines, phytochemicals, and prebiotics. Nothaft et al. (2017) reported that the co-administration of probiotic strains Anaerosporobacter mobilis or L. reuteri increased the efficacy of a C. jejuni vaccine in both broiler and Leghorn layer chickens. This research group developed an N-glycan-expressing Escherichia coli live vaccine that induced a specific immune response and achieved a several log reduction of C. jejuni in the host. However, the vaccine was not protective in some birds where lower numbers of A. mobilis were present in the GIT. When co-administered with either A. mobilis or L. reuteri, a higher proportion of chickens were protected against C. jejuni by the vaccine, accompanied by increased body weight and production of antibodies against the C. jejuni N-glycan antigen.

In an in vitro co-culture conducted by Tabashsum et al. (2019), berry pomace phenolic extracts (BPPE) stimulated the growth and enhanced the anti-Campylobacter effects of a conjugated linoleic acid overproducing Lactobacillus casei (LC-CLA). The co-culture of the cell-free supernatant from LC-CLA with the presence of BPPE reduced C. jejuni over 3.2 log10 CFU/ml while BPPE alone or LC-CLA+ BPPE only decreased C. jejuni by approximately 1.8 log10 CFU/ml (Tabashsum et al., 2019). Also, in the presence of BPPE, the LC-CLA living cell and cell-free supernatant both exhibited a much stronger inhibition against the C. jejuni adhesion and invasion of the DF-1, HD-11, and HeLa cell monolayers. For instance, LC-CLA + BPPE reduced both adhesion and invasion of C. jejuni to HD-11 by 1 log10 CFU/ml. However, in the same research group’s previous study, the reduction by LC-CLA alone reduced adhesion and invasion to HD-11 by approximately only 0.07 and 0.14 log10 CFU/ml (Tabashsum et al., 2018, 2019).

Fooks and Gibson (2002) investigated the anti-pathogen effect of probiotic strains L. plantarum 0407 and Bifidobacterium. bifidum Bb12 that utilized various prebiotics as carbohydrate sources. The probiotics were co-cultured with pathogens in a basal media that was supplemented with different prebiotics [fructooligosaccharide (FOS), inulin, and xylooligosaccharides (XOS)], and their paired mixtures. Regardless of experimental conditions, the probiotic and prebiotic combinations of L. plantarum + FOS, B. bifidum + FOS, B. bifidum + Inulin: FOS (80:20 w/w), and B. bifidum + FOS: XOS (50:50 w/w) significantly reduced C. jejuni growth in the basal medium compared to the probiotic strains-only groups. The anti-Campylobacter effects of probiotic and prebiotic combinations varied depending on the type of prebiotics used. This variation might be because fermentation was affected by the different prebiotic structures, which impacted pathogen inhibition and the end products produced by the probiotics. Arsi et al. (2015b) also attempted to improve the anti-Campylobacter efficacy of three probiotic strains (Bacillus spp., L. salivarius subsp. salivarius and subsp. salicinius) by the supplementation with prebiotics in broiler chickens. Two prebiotics, FOS (0.125, 0.25, or 0.5% concentration) and mannan oligosaccharide (MOS, 0.04%, 0.08 or 0.16% concentration) were combined with each probiotic strain and fed to the day-of-hatch chickens. The chickens were challenged with Campylobacter on day 7, and cecal concentrations were quantified on day 14. The combination of 0.04% MOS and L. salivarius subsp. salicinius led to a 3-log reduction of Campylobacter, whereas the probiotic alone only resulted in a 1 to 2 log reduction. In addition, Baffoni et al. (2017) found that the life-long administration of a synbiotic (probiotic Bifidobacterium longum subsp. longum PCB133 and prebiotic XOS) effectively protected the chicken host against Campylobacter more than a short-term supplementation (starting at 14-day old). Compared to 10-day-old chickens, the plate counts of Campylobacter in 39-day-old chickens were reduced by approximately 4.8 and 3.8 log CFU/g with the prolonged and discontinued supplementation of the synbiotic treatment. However, qPCR-based quantification showed no significant reduction of Campylobacter between 10 and 39-day old chickens in both treatment groups. Thus, the choice of detection method can contribute to a different conclusion in a study.

Ultimately, the screening procedures, in vitro and in vivo, allow for the implementation and use of probiotics able to survive and modulate the GIT. Without the ability to survive the GIT, the probiotic would never be able to limit or reduce Campylobacter in the hindgut. Further, these methodologies help us better understand how to combine these screened probiotics with other feed amendments. These combinations are the future of feed amendments in poultry as they allow for sustained affects in the GIT. However, it is important to understand the exact mechanisms behind the probiotic in order to combine with other amendments or supplements.



FUNCTIONAL MECHANISMS OF PROBIOTICS AGAINST CAMPYLOBACTER IN POULTRY

Probiotics play multiple roles in the poultry host, delivering beneficial effects, such as increasing nutrient uptake, and body weight gains. The mechanisms behind the host beneficial effects are complex and not always well defined, so only the mechanisms of antibacterial effects are discussed in this review (Lutful Kabir, 2009; Park et al., 2016; Popova, 2017; Wang et al., 2017; Peralta-Sánchez et al., 2019). The current known modes of action for probiotics as an antimicrobial is demonstrated in three ways including, but not limited to, competitive exclusion, antagonism, and stimulation of the host immune system (Zhang et al., 2007; Bratz et al., 2015; Cox and Dalloul, 2015; Schneitz and Hakkinen, 2016; Dec et al., 2018).


Competitive Exclusion

The competitive exclusion (CE) concept was first developed by Nurmi and Rantala (1973) when they attempted to limit the Salmonella proliferation in broiler flocks. Conceptionally, this approach introduced the intestinal or fecal bacteria from healthy Salmonella-free adult chickens to newly hatched chicks to reduce the Salmonella colonization in these chicks (Lutful Kabir, 2009; Boulianne et al., 2019). Later the CE concept was applied for controlling other enteropathogens, including Campylobacter, Clostridium, and E. coli in poultry production (Stern and Meinersmann, 1989; Stern et al., 2001; La Ragione et al., 2004; Schneitz, 2005). The traditional CE cultures utilize a mixture of undefined bacterial species and populations from the chicken GIT instead of known bacterial species, leading to conflicting observations among studies. Furthermore, the specific mechanisms of the undefined CE cultures were difficult to ascertain (Schoeni and Doyle, 1992; Schoeni and Wong, 1994). Numerous studies have been carried out to derive candidate anti-Campylobacter strains from chicken GIT contents and elaborate on the potential mechanisms of CE specifically directed toward Campylobacter. In general, the CE characteristic of probiotics acts through the nutrient competition and occupation of mucosal niches to reduce the Campylobacter colonization in the poultry host (Mead, 2000; Chaveerach et al., 2004; Pan and Yu, 2014). As reported by Nishiyama et al. (2014), the probiotic strain Lactobacillus gasseri SBT2055 (LG2055) reduced up to 25- and 100- fold of C. jejuni 81-176 adhesion and internalization to the human epithelial cell monolayer (Int407) in vitro. When daily orally administered to chickens, L. gasseri reduced C jejuni colonization by 250- fold in the cecum of 14-day-old birds post-challenge compared to the levels in the control group. It was found that a proteinaceous component on the LG2055 cell surface resulted in its co-aggregation with C. jejuni or competitive adhesion to Int407 cells, indicating that this surface component might play a vital role in the CE activity against C. jejuni (Nishiyama et al., 2014). To gain insight into the inhibition mechanism, the same group of researchers carried out another study focusing on the role of cell surface aggregation-promoting factors (APFs) of LG2055 (Nishiyama et al., 2015). The APFs are associated with the self-aggregation, maintenance of cell shape, and adhesion of L. gasseri. The study revealed that the primary inhibition mechanism of the AFP mediated competition was through adhesion to epithelial cells, instead of co-aggregation with C. jejuni. The LG2055 apf1 gene deletion mutant lost its inhibition effect to C. jejuni on Int407 cell monolayer and in the chicken GIT, while the wild type LG2055 reduced C. jejuni invasion in vitro by 177- fold and colonization in vivo by 230- fold.

Ganan et al. (2013) reported the protective effect of commercial human probiotic strains, L. rhamnosus GG, Propionibacterium freudenreichii ssp. shermanii JS and Lactococcus lactis ssp. lactis, on the poultry GIT mucus layer against Campylobacter infection. The intestinal mucus from broiler and turkeys was isolated and coated on microtiter plate wells for in vitro exclusion and competitive inhibition assays. When applied before Campylobacter infection, the probiotics reduced Campylobacter colonization by occupying the binding sites on intestinal mucus isolated from jejunum, colon, and cecum. However, when the probiotics and Campylobacter were simultaneously exposed to the mucus, the probiotics increased Campylobacter adhesion to the mucus. In vitro, L. casei outcompeted the attachment of C. jejuni to human epithelial cells INT407 when they were introduced at 1:1 ratio in a co-infection assay (Salaheen et al., 2014). When the ratio of L. casei and C. jejuni was lowered to 1:10, L. casei still significantly reduced C. jejuni colonization. However, further decreases in the number of L. casei to a 1:100 ratio failed to reduce C. jejuni attachment. The authors suggested that the initial number of L. casei should be high enough to exclude the C. jejuni. Therefore, the inhibition mechanism of L. casei may have been through the occupation of the host cell surface receptors that C. jejuni uses to recognize and subsequently bind to.



Antagonism

The antagonistic effects of probiotics include the production of antibacterial metabolites such as organic acids, H2O2, and bacteriocins. As many probiotic candidates are Lactic Acid Producing Bacteria (LAB), it is common for probiotics to produce a sufficient amount of organic acids to alter the pH of the surrounding environment and reduce pathogens. As such, Chaveerach et al. (2004) reported a probiotic candidate (Lactobacillus P93) isolated from the chicken GIT inhibited the growth of Campylobacter by producing organic acids and anti-Campylobacter proteins. In an in vitro co-culture, Neal-McKinney et al. (2012) reported that lactic acids produced by Lactobacillus were able to disrupt the cell membranes of C. jejuni leading to cell death. Similarly, the in vitro screening of the cell-free culture supernatants of seven Lactobacillus strains in a well-diffusion agar assay revealed the inhibition of C. jejuni and C. coli (Bratz et al., 2015). This inhibitory effect was achieved by the production of organic acids, which decreased the pH.

When the supernatants were pH neutralized before testing, they lost the inhibitory effect against Campylobacter. Another in vitro study also reported the inhibition of Campylobacter. Seven Lactobacillus isolates from the chicken GIT inhibited the growth of Campylobacter by producing organic acids that decreased the surrounding pH (Dec et al., 2018). However, the anti-Campylobacter effect was no longer observed after the pH of the cell-free supernatant was neutralized to 6.5 to 7.0. In some cases, the anti-Campylobacter ability of probiotics is due to the combined effects of the antagonistic and competitive exclusion properties. For example, in an in vitro study, the Lactobacillus fermentum 3872 was reported to bind to the same C. jejuni attachment receptor in host GIT as well as releasing lactic acid that inhibited C. jejuni (Lehri et al., 2017).

To support their invasion and establishment in the host, all major lineages of bacteria and archaea produce bacteriocins, antimicrobial peptides (Gillor et al., 2009; Svetoch and Stern, 2010; Hoang et al., 2011a; Lagha et al., 2017). The antibacterial function of bacteriocins is through the formation of pores in the cell wall. Bacteriocins bind to the cell wall of the target microorganism and interact with the outer cell membrane, leading to the formation of these pores and leakage of ions which, in turn, causes the death of the target cell (Svetoch and Stern, 2010; Prudêncio et al., 2015).

Based on in vitro studies, L. salivarius has been identified as a promising probiotic candidate due to its well-characterized ability to produce bacteriocins and anti-Salmonella and anti-C. jejuni effects (Messaoudi et al., 2013). More recently, 44 strains of LAB were screened as potential probiotics by Ayala et al. (2019). Of the 44 screened strains, L. salivarius L28 was the “top-ranking” strain and possessed the most antagonistic features such as no antimicrobial resistance (AMR)-encoding genes in mobile elements, ability to produce bacteriocins and adhere to the epithelial cells, and low cytotoxicity percentages. In other studies, L. salivarius SMXD51, MMS122, and MMS151 were reported to be ideal bacteriocin producers against Campylobacter (Messaoudi et al., 2011). Saint-Cyr et al. (2017) tested the bacteriocin of L. salivarius SMXD51 in vitro against 23 C. jejuni strains isolated from poultry farms and retail operations. The bacteriocin exhibited inhibition (<4 mm inhibition zone) of 15 strains and strong inhibition (>4 mm inhibition zone) of two strains of C. jejuni (AC4700 and C94). The remaining four C. jejuni strains were not inhibited by the bacteriocin, indicating the difference in sensitivity of the C. jejuni strains to the L. salivarius SMXD51 bacteriocin.

Thus, the variation of bacteriocin sensitivity among Campylobacter strains presents difficulties in applying bacteriocin as an on-farm control measure. Hoang et al. (2011b) tested the prevalence of bacteriocin-resistance in C. jejuni and C. coli isolates from various sources including humans (15), bovines (5), chickens (121), turkeys (1), pigs (4) and environment [i.e., trapped mice (5), bird droppings (5) and lagoons (1)]. Except for one C. coli strain, all the strains were susceptible to the tested bacteriocins, OR-7 and E-760, produced by chicken derived probiotic strains L. salivarius and E. faecium, respectively. The MIC of C. coli was 64 mg/mL, compared to other strains with MIC ranges between 0.25 and 4 mg/mL. To identify the genes involved with bacteriocin resistance, the authors compared the OR-7 resistant C. jejuni mutant strain with the parent strain using microarray analysis. It was concluded that the multidrug efflux pump CmeABC played a role in the bacterial resistance to the OR-7 bacteriocin. Previous research had revealed the contribution of CmeABC to the resistance against antibiotics and natural antimicrobials in Campylobacter.

Although the multidrug efflux pump CmeABC is responsible for the resistance of Campylobacter against bacteriocins, bacteriocins are still effective against Campylobacter. Stern et al. (2008) demonstrated that two cell-free bacteriocins (250 mg/kg feed) produced by Paenibacillus polymyxa and L. salivarius reduced C. jejuni by at least a 6 log10 CFU in chickens. In contrast, the ingestion of living cells (107–108 CFU/chick) of the producer strains did not elicit any inhibitory effects toward C. jejuni. These two strains failed to exclude the C. jejuni and occupy the colonization sites in chicken intestine. The bacteriocin was potentially produced in the host GIT in limited amounts. However, there was no reason for the strain to overproduce bacteriocins, given the high energy costs for carrying plasmid and toxin production (Dobson et al., 2012). Another potential reason for the ineffectiveness of the bacteriocin producers was that their populations were too low compared to the surrounding microorganisms. In this case, the impact of the bacteriocin was limited. The advantage of killing other competitors could not compensate for the metabolic cost for the production of bacteriocin (Riley and Wertz, 2002). Also, the GIT might not present the optimal environmental conditions for triggering the maximum in vivo production of bacteriocin, unlike laboratory growth medium and conditions (Telke et al., 2019).



Immunomodulation


The Effect of Campylobacter on the Chicken Gut Immune Response

Thus far, few studies have demonstrated a probiotic-triggered immune response against Campylobacter in poultry. However, the interaction between Campylobacter and the chicken immune system is not well characterized, unlike other food pathogens such as E. coli and Salmonella (Shaughnessy et al., 2009; Chintoan-Uta, 2016). In chickens, the gut-associated lymphoid tissues (GALTs) play a crucial role in the poultry intestinal immune system. The GALT is comprised of lymphoid structures such as the bursa of Fabricius, cecal tonsils, Peyer’s patch, Meckel’s diverticulum, and lymphocyte aggregates distributed in the epithelial lining and the lamina propria (Lillehoj and Trout, 1996; Kim and Lillehoj, 2019). The poultry immune system of poultry includes the innate and adaptive immune responses, with the latter system further divided into the humoral and cell-mediated immune response. The initiation of the innate immune response begins with the recognition of pathogen-associated molecular patterns (PAMPs) by the pathogen recognition receptors (PRRs; Kim and Lillehoj, 2019). There are several important receptors in chicken GIT responsible for bacteria recognition, including the Toll-like receptor (TLR)-2 for peptidoglycan, TLR-4 for lipopolysaccharides, TLR-5 for flagellin, and TLR-21 for unmethylated CpG DNA of bacteria (Wigley, 2013). The corresponding recognition by these receptors leads to the production of antimicrobial peptides and cytokines (e.g., IL-10) by the epithelial cells, further activating the lymphocytes. In addition, the signal triggers the B cells to produce secretory IgA (sIgA) (Kim and Lillehoj, 2019).

The adaptive immune response is an antigen-specific response by B cells and T cells. The triggered B cell differentiates and produces antigen-specific immunoglobulin (Ig) antibodies that interact and destroy the extracellular antigens (Lillehoj and Trout, 1996; Erf, 2004). However, when antigens have already entered host cells, the cell-mediated response plays a role in eliminating the intracellular antigens (Erf, 2004). The cell-mediated immune response includes the activation of different cells such as T lymphocytes, NK cells, and macrophages, whereas T cells are further divided into cytotoxic T lymphocytes (CD8+) and helper T cells (CD4+) (Lillehoj and Trout, 1996).

The colonization of Campylobacter has been reported to trigger both innate and adaptive immune responses of the chicken host. Vaezirad et al. (2017) reported that the immunosuppressed chickens exhibited more rapid C. jejuni colonization and dissemination to the liver. At 17 days of age, the chickens were treated with glucocorticoid (GC), which dampened the innate immune response. In that study, higher concentrations of bacteria were present in the cecal contents and liver compared to the non-GC treated group 2–4 days post the C. jejuni challenge. These results indicated that the chicken immune system might play a role in limiting the invasion and dissemination of C. jejuni. The role of B lymphocytes on the colonization of C. jejuni in broilers has also been studied. Lacharme-Lora et al. (2017) compared healthy chickens to B lymphocyte depleted chickens to determine the exact role of B lymphocytes on C. jejuni colonization (Lacharme-Lora et al., 2017). At day-of-hatch, chickens were bursectomized using cyclophosphamide. The bursectomy depleted over 90% of bursal B cells and disabled the anti-C. jejuni IgY and IgM production under C. jejuni exposure. At 14 and 28 days post-inoculation (DPI), the cecal C. jejuni levels were high regardless of the bursectomized or control groups. However, C. jejuni in the jejunum and ileum cleared by 28 DPI in the control groups and not in the bursectomized group. By 63 DPI, the shedding levels of C. jejuni in the control birds decreased while the bursectomized group remained unchanged. Therefore, the B lymphocytes played an essential role in the small intestine but not in the ceca during C. jejuni colonization.



The Effect of Probiotics on the Chicken Immune Response

The GIT microbiota and probiotics are known to stimulate the immune response against pathogens (Mahfuz et al., 2017; Willson et al., 2018). Several studies have reported the enhancing effects of probiotics on the chicken immune response (Brisbin et al., 2015; Shojadoost et al., 2019; Šefcová et al., 2020). The presence of probiotics trigger the host immune response, depending on the bacterial strains and experimental conditions.

Haghighi et al. (2006) reported elevated production of several antibodies in day-of-hatch chickens fed a probiotic cocktail containing Lactobacillus acidophilus, B. bifidum, and Streptococcus faecalis. Specifically, there were increases of immunoglobulin G (IgG) in the GIT against tetanus toxoid (TT) and IgG and IgM in serum against TT and the Clostridium perfringens alpha-toxin, compared to non-probiotic treated chickens. At 6 weeks of age, the supplemented probiotic Bacillus subtilis enhanced the serum IgM levels and the cell-mediated immune response in chickens grown under high ambient temperatures (ave. 29–32°C) compared to the negative control group (Fathi et al., 2017). The probiotics showed no significant effect on IgA and IgY levels (Fathi et al., 2017). In contrast, Bai et al. (2017) reported increased levels of IgA and IgG levels in the serum of chickens fed B. subtilis fmbJ supplemented diets at 42 days of age.

Furthermore, Sadeghi et al. (2015) reported an enhanced response to the Newcastle and infectious bursal viruses when Salmonella challenged broilers were fed diets supplemented with a commercial probiotic (Gallipro, Chr Hansen, Milwalkee, WI, United States). The challenge of Salmonella enterica decreased the antibody titer, lymphocyte count, and the weight of spleen and bursa in chickens fed a no-probiotic supplemented diet. However, broilers fed the B. subtilis supplemented diets showed increased levels of antibodies against the Newcastle virus (18%) at 21-days of age and against the Newcastle (21%) and infectious bursal viruses (14%) at day 42. Also, the virus antibodies were not affected by the B. subtilis probiotic under Salmonella-free conditions. Though the antibody increase due to the supplementation of the probiotic diet was not further investigated, the authors offered some potential explanations. First, B. subtilis could reduce Salmonella colonization through inhibitory mechanisms such as CE and antagonism, thus reduce the negative effect of Salmonella on antibody levels. Also, Salmonella is known to stimulate the production of interleukin-1β (IL-1β), and B. subtilis were reported to suppress the pro-inflammatory cytokines, including IL-1β and increase the anti-inflammatory cytokines. Another more recent in vitro study investigated the immune-modulation caused by L. salivarius, L. johnsonii, L. reuteri, L. crispatus, and L. gasseri. The treatment of chicken macrophages with every species of the heat-killed Lactobacilli at a multiplicity of infection (MOI) of 100 increased nitric oxide (NO) production (an indicator of macrophage activation) except for L. reuteri. Moreover, the treatment of the heat-killed single or mixed cultures significantly increased the phagocytosis by macrophages on the fluorescein isothiocyanate labeled C. jejuni (Taha-Abdelaziz et al., 2019).



CONCLUSION AND FUTURE DIRECTIONS

The feed supplementation of probiotics has been reported as an effective pathogen control strategy for poultry over several decades; however, a thorough mechanistic understanding is still missing for it to be utilized as a routine measure to limit Campylobacter colonization. In the present review, the characteristics of Campylobacter colonization and transmission in poultry were discussed. Also, the current preharvest intervention measures were briefly addressed, followed by a discussion on anti-Campylobacter probiotics. The screening process and functioning mechanisms of probiotics were reviewed. The number of studies on probiotics screening is considerable, but the variations among studies led to difficulties for direct comparisons to reach general conclusions. Several studies may observe the reduction of C. jejuni by the same probiotic strain, but their reported number of log reductions may differ. This variation might be contributed by the difference of experimental conditions and design, such as the broiler age, the time of administration of the probiotic treatment, and subsequent Campylobacter challenge. In addition, the potential functional mechanisms of probiotics were discussed, which may help understand the kinetics of Campylobacter reduction and provide directions for future screening work.

Overall, the addition of probiotics to feed is effective for reducing Campylobacter in poultry, but it cannot achieve complete elimination. Therefore, more studies on the effects of combining probiotics with other control preventions such as prebiotics and postbiotics represent an opportunity to reduce or eliminate Campylobacter. The inconsistency of Campylobacter reduction by probiotic treatment is another barrier hindering the widespread application of probiotics at the farm level. The effect on probiotic performance by factors including Campylobacter strain, variations among farms, different genetic lines, feed composition, and environmental procedures should be further elaborated. In addition, the laborious and time-consuming drawbacks of probiotic screening work have hindered the progress of the application of probiotics in poultry production. In more recent years, the availability of omics technology (i.e., metagenomic, transcriptomic, and metabolomic methods) has provided researchers a means to estimate the functions of GIT bacteria and their host and their responses to pathogens based on the characterization of the bacterial and host genetic information (Ricke et al., 2019). Thus, the utilization of omics can be employed to efficiently facilitate the identification of probiotic candidates (Papadimitriou et al., 2015; Rebollar et al., 2016). These approaches, combined with machine-learning techniques, have been widely studied for applications in numerous fields, including microbiology. The ability to predict the interactions among microorganisms can be applied in probiotic screening and therefore enable a more rapid screening process (Qu et al., 2019; van den Bogert et al., 2019; Zhou and Gallins, 2019).
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Campylobacter jejuni is a major cause of foodborne gastroenteritis worldwide inflicting palpable socioeconomic costs. The ability of this pathogen to successfully infect its hosts is determined not only by the presence of specific virulence genes but also by the pathogen’s capacity to appropriately regulate those virulence genes. Therefore, DNA methylation can play a critical role in both aspects of this process because it serves as both a means to protect the integrity of the cellular DNA from invasion and as a mechanism to control transcriptional regulation within the cell. In the present study we report the comparative methylome data of C. jejuni YH002, a multidrug resistant strain isolated from retail beef liver. Investigation into the methylome identified a putative novel motif (CGCGA) of a type II restriction-modification (RM) system. Comparison of methylomes of the strain to well-studied C. jejuni strains highlighted non-uniform methylation patterns among the strains though the existence of the typical type I and type IV RM systems were also observed. Additional investigations into the existence of DNA methylation sites within gene promoters, which may ultimately result in altered levels of transcription, revealed several virulence genes putatively regulated using this mode of action. Of those identified, a flagella gene (flhB), a RNA polymerase sigma factor (rpoN), a capsular polysaccharide export protein (kpsD), and a multidrug efflux pump were highly notable.
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INTRODUCTION

Campylobacteriosis is one of the most frequently acquired bacterial infections associated with the consumption of contaminated foods. Symptoms of campylobacteriosis include diarrhea, abdominal pain, vomiting, cramps, and fever. Although the infection is often self-limiting, its prevalence is a cause of concern for the World Health Organization (World Health Organization, 2020). Most cases of campylobacteriosis are caused by Campylobacter jejuni, a bacterium that exists as a commensal organism in the gastrointestinal tract of many domestic animal populations that are utilized as food sources such as poultry, cattle, pigs, and sheep (Facciola et al., 2017). Factors that influence the virulence of Campylobacter in humans are currently under investigation in an effort to devise better methods to control and/or prevent its spread.

DNA sequencing has become a driver for many scientific advancements over the past few decades. Sequence-based methods are now commonly used to identify bacterial virulence factors and as bioinformatic approaches advance, the frequency of utilizing comparative genomic analyses to identify genes involved with virulence continues to rise. Such analyses have already led to the identification of the pVir plasmid in Campylobacter jejuni (Bacon et al., 2002). With the rapid progress in whole genome sequencing (WGS) technology over last decade, the study of bacterial foodborne pathogens has gained new dimensions, which has provided further insight into the biology of these organisms (Llarena et al., 2017). In addition to generating genome sequences, Single Molecule Real Time (SMRT) technology offers a tool for studying epigenetic mechanisms, including DNA methylation. In bacteria, DNA methylation is a base modification system that is catalyzed by methyltransferases and results in the formation of the following: C5-Methyl-cytosine (m5C), N6-methyl-adenine (m6A), and N4-methyl-cytosine (m4C) (Sanchez-Romero et al., 2015). These modified bases enable the cell to identify and eliminate foreign DNA via the bacterial restriction-modification (RM) system, which has been shown to cleave double stranded DNA fragments. The resulting fragments are then further degraded by other endonucleases within the cell, essentially destroying any foreign DNA that may have been introduced that threatens the integrity of the cellular DNA. RM systems are common amongst bacteria with all four classes of RM systems (types I–IV) having been identified in C. jejuni1.

Methylation sites that are embedded within promoter regions or other regulatory sites may also serve as a mechanism by which genes, including virulence genes, can be regulated. For example, the presence of two DNA methylase targets within the regulatory region of the well-studied pyelonephritis-associated pilus (pap) operon has been shown to establish fimbrial phase variation in Escherichia coli populations by modifying the binding sites of a transcriptional regulatory factor involved in the process (van der Woude et al., 1996). It has been suggested by Mou et al. (2015) that DNA methylation may also be involved in the pathogenicity of C. jejuni, leading to some of the variations in disease presentation that can be seen amongst strains sharing a high degree of genomic synteny and sequence homology. This idea is further supported by gene products like that of cj1461, a N6-adenine-specific DNA methyltransferase that has been shown to play a role in factors related to pathogenicity including motility, adherence, and invasion in C. jejuni (Kim et al., 2008).

Overall, the study of methylomes is still in its infancy, with only a few reports available for C. jejuni (Murray et al., 2012; Mou et al., 2015; O’Loughlin et al., 2015) and none for a C. jejuni food isolate. In this context, we undertook the methylation analysis of the C. jejuni YH002, a strain isolated from beef liver, and compared/contrasted it with two well-studied C. jejuni strains to provide a deeper understanding into the biology of this important foodborne pathogen.



MATERIALS AND METHODS


Detection and Analysis of Methylated Bases in C. jejuni YH002

The strain C. jejuni YH002 was isolated from retail beef liver using a passive filtration method (Speegle et al., 2009; Jokinen et al., 2012). The identity of the strain was confirmed by real-time PCR targeting the hipO gene (He et al., 2010). For genomic DNA preparation, the strain was grown in Brucella broth (Difco, Becton Dickinson, NJ) for approximately 40 h under microaerophilic conditions (5% O2, 10% CO2, and 85% N2) at 42°C and pelleted by centrifugation. High quality genomic DNA for SMRT sequencing was extracted and purified using the Qiagen Genomic-tip 100/G kit (Qiagen, Valencia, CA). Library preparation and SMRT sequencing was provided by the University of Delaware Sequencing and Genotyping Center (Newark, DE). The complete genome sequence and annotation are available in GenBank of NCBI with the accession No. CP020776 for the 1,774,584 bp chromosome and No. CP020775 for the 45,904 bp plasmid (pCJP002) (Ghatak et al., 2020).

Detection of methylated bases in the genome of C. jejuni YH002 was performed by using SMRT Analysis Suite 2.3.02 with default parameters. Additional analyses were undertaken with various modified QV settings using the MotifMaker tool3.

The methylation locations in the C. jejuni YH002 genome were obtained by searching the 41 nucleotide (nt) context sequence of each motif in the raw PacBio data against the complete genome sequence. The average methylation frequency for each motif in the genome was calculated by dividing the number of occurrences of a particular methylation motif in either the chromosome or the plasmid by the total number of kilobase pairs in the chromosome (1,774.6 Kb) or the plasmid (45.9 Kb), respectively. All coding sequences (CDS) and gene products were predicted by RAST annotation4. The methylation frequency of the RAATTY motif in each CDS, rRNA, and tRNA was determined using a custom function added in Macros of Excel.



Comparative Analysis Amongst C. jejuni Strains

For the comparative assessment of the methylomes, published motif data of C. jejuni 81–176 and C. jejuni NCTC 11168 were downloaded from REBASE database (Roberts et al., 2015). Genomes of C. jejuni 81–176 and NCTC 11168 were searched for motifs with a P-value cut off < 0.001 as described previously (Grant et al., 2011). Methylated and un-methylated CDS were then determined using RAST annotation and methylation data (Quinlan and Hall, 2010).



Identification of Methylated Promoters

The locations of the transcriptional start sites (TSSs) in the C. jejuni YH002 chromosome were identified by sequence mapping the 50 nt region upstream of the TSSs in C. jejuni NCTC 11168, which were previously determined for C. jejuni NCTC 11168 using RNA-Seq data obtained from biological replicates during mid-log growth (Dugar et al., 2013). The C. jejuni YH002 chromosome is known to share high sequence similarity with C. jejuni NCTC 11168 (Ghatak et al., 2020). Similarly, the locations of the TSSs in the C. jejuni YH002 plasmid were identified by mapping the 50 nt sequences upstream of the TSSs in pTet in C. jejuni 81-176 since these two plasmids have 99% sequence similarity. In the present analysis, only those TSS deemed as either a primary or secondary TSS by Dugar et al. (2013) were utilized during the mapping process. All matched promoter sequences in C. jejuni YH002 were then checked for overlap with the methylated bases within the genome, ultimately deducing the promoter regions that were methylated (Quinlan and Hall, 2010). Plots of methylated and un-methylated CDS regions were generated using Circos (Krzywinski et al., 2009).



RESULTS


Methylation Detection, Motifs, and Distribution Patterns

Detection of base modifications during SMRT sequencing of the C. jejuni YH002 genome identified putative methylation motifs (Table 1). Because generating motifs using the default settings in the modification analysis of the SMRT sequencing platform might not be ideal in all cases for motif identification (Methylome-Analysis-Technical-Note)5, we undertook a comparative analysis with various modification QV (modQV) cut-off values ranging from 30 to 200. Though the results (Table 1) indicated the presence of m6A and m4C types of modifications in the C. jejuni YH002 genome, low occurrences of m4C type modification, inconsistent detections, and their bizarre patterns were likely indications of spurious detection by the software (Motif maker) and therefore, we did not consider them as valid motifs in our results. Mean coverage of motif detection varied from 225X to 299X indicating satisfactory analysis. Overall, the results yielded 8–12 motifs depending on the modQV cut-off values. Among these, 7 motifs (Table 1) appeared consistently in all the analyses. Of the seven motifs, four motifs formed two pairs of bipartite motifs (herby named ACNNNNNCTC/GAGNNNNNGT and TAAYNNNNNTGC/GCANNNNNRTTA), and another motif (RAATTY) was palindromic. Search of REBASE database for similar motifs in Campylobacter genomes confirmed our results.


TABLE 1. Motifs identified in the genome of C. jejuni YH002 with various Modification QV (modQV) parametersa.
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Manual analysis of the remaining identified motifs (those not included in the consistently detected motifs described above) indicated that most were either a part of or an extension of those previously described motifs. However, a closer analysis revealed that among the set of motif strings which were not part of the motifs detected in all modQV runs was the putative hidden motif, CGCGA. We believe this to be a novel motif for Campylobacter species as our search in the REBASE database did not yield a match. However, an exact match was noticed for Streptococcus mutans (GenBank Accession CP044495), which was isolated from the oral cavity of a human.

The consistently observed motifs were almost always (90.8–99.5%) methylated in the genome of C. jejuni YH002, with modification of the motif RAATTY being the predominant motif in both the chromosome and the pCJP002 plasmid (Figure 1). This is in agreement with a similar analysis performed on a recently emergent C. jejuni sheep abortion clone known as C. jejuni IA3902 (Mou et al., 2015). A comparison of the frequencies associated with the different methylation motifs in C. jejuni YH002 demonstrated that both the RAATTY and the ACNNNNNCTC/GAGNNNNNGT motifs showed a slightly higher frequency in the chromosome compared to the plasmid (Figure 2A). However, the frequency of the CCYGA, GKAAYG, TAAYNNNNNTGC/GCANNNNNRTTA, and the CGCGA motifs were higher in the plasmid by comparison. Although the distribution of the RAATTY motif appeared relatively uniform across both the chromosome and the plasmid of C. jejuni YH002 (Figure 1), an in-depth analysis of the frequency of the RAATTY (the predominant motif) demonstrated the existence of both hypomethylated and hypermethylated areas that were associated with specific genomic features/CDS (Supplementary Tables 1, 2). In this analysis, a value of 1 indicated that a single methylated site of the RAATTY motif in a CDS. Values greater than 40 indicated that CDS could be hypermethylated and those less than 1 indicated the possibility of hypomethylated CDSs (Mou et al., 2015). Based on this, CDS within the chromosome of C. jejuni YH002 contained an average of 11.1 RAATTY motifs per CDS (Figure 2B). However, certain CDS contained ≥ 60 RAATTY motifs, with the number of RAATTY motifs highest for a putative type IIS restriction-modification enzyme (78), a possible restriction-modification protein (64), the glutamate synthase [NADPH] large chain (60), and a DNA methylase (66) encoded for the plasmid (Supplementary Tables 1, 2). On the other extreme were the genes encoding tRNA, with a RAATTY frequency of 0.1 (Figure 2B), which indicated that many tRNA genes did not contain this methylation motif (Supplementary Table 1). Both integrated genetic elements (phage/CJIE1 and CJIE) and rRNAs had a considerably lower frequency of RAATTY compared to the chromosome and plasmid.
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FIGURE 1. Methylation motifs within C. jejuni YH002. The locations of the methylated areas within both the (A) chromosome (GenBank accession No. CP020776) and (B) plasmid (GenBank accession No. CP020775) of C. jejuni YH002 are highlighted by their individual methylation motifs.
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FIGURE 2. Methylation motif frequency in C. jejuni strain YH002. (A) The frequencies of six different methylation motifs in either the chromosome (black) or the plasmid (gray) were calculated using the number of a particular methylation motif divided by the total size of the chromosome (1,774.6 Kb) or the plasmid (45.9 Kb), respectively. (B) In-depth analysis of the frequency of the RAATTY motif within different genomic features was determined using the number of RAATTY motifs within a genomic feature divided by the total number of CDS in that genomic feature. Chromosome, C. jejuni YH002 chromosome; Plasmid, pCJP002; Phage/CJIE1, located between bp 1,409,078–1,444,627 in C. jejuni YH002;, and CJIE, Integrated mobile element located between bp 1,223,758–1,309,551 in C. jejuni YH002.




Comparative Analysis of Methylation in the Genomes of C. jejuni YH002, C. jejuni 81–176, and C. jejuni NCTC 11168

For the comparative analysis of the methylation patterns, previously reported methylation motifs from the REBASE database for the C. jejuni strains 81–176 and NCTC 11168 were obtained and the methylated CDS in all three genomes identified. Analysis of these CDSs revealed that a majority of the methylated CDSs (n = 1,178) were common among the three strains, though some uniquely methylated CDSs were also identified in each genome: 99 for C. jejuni YH002, 76 for C. jejuni 81–176, and 11 for C. jejuni NCTC 11168 (Figure 3A and Table 2). Mapping of these uniquely methylated CDSs revealed discernible patterns (Figure 3B) with the uniquely methylated genes more uniformly distributed in the genome of C. jejuni 81–176 compared to the other two genomes (YH002 and NCTC 11168).
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FIGURE 3. Comparative analysis of the methylome of the C. jejuni strains YH002, 81–176 and NCTC 11168. The Venn diagram (A) depicts the overlapping and unique CDSs methylated among C. jejuni YH002, C. jejuni 81–176, and C. jejuni NCTC 11,168, while the schematic (B) shows the relative locations of the uniquely methylated CDSs in the three C. jejuni genomes. The locations of the plasmid-borne genes are also shown.



TABLE 2. Proteins encoded by CDS uniquely* methylated amongst the three strains of C. jejuni YH002, 81–176, and NCTC 11168.
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Both C. jejuni YH002 and C. jejuni 81–176 have a collection of plasmid-borne genes that are not present in C. jejuni NCTC 11168. Interestingly, these plasmid-borne genes are also methylated (Figure 3B). The other two uniquely methylated regions in C. jejuni YH002 are both located in the integrated genetic elements (CJIEs). For C. jejuni YH002, this finding seems conflicted by the identification of proteins related to various components of putative RM systems, including Type I RM systems (Ghatak et al., 2020) and the presence of the genes encoding McrBC, which is responsible for specific restriction activity against methylated bases (usually 5 mC or 5 hmC).



Analysis of Methylation Locations in Gene Promoters

To enhance our ability to define genes that may be regulated by methylation, methylated sites located in gene promoter regions were identified by searching the known methylated sites within the −50 nt promoter sequences obtained by sequence mapping to the C. jejuni NCTC 11168 promoters (Dugar et al., 2013). Methylated bases were found in the promoter regions of 18 different hypothetical genes and 123 genes with predicted functions (Supplementary Table 3). Interestingly, several virulence genes were found to contain methylated nucleotides within their promoter region. This finding indicates a role for methylation in the transcription regulation of these genes, which includes flhB, rpoN, kpsD, multidrug resistance genes, and CRISPRs.

Further analysis of these promoter regions revealed the existence of all 6 different methylation motifs. Once again, RAATTY was the most dominant motif, having been identified 76 times within the predicted methylated promoters. The remaining motifs were found much less frequently, with CCYGA identified twice, GKAAYG identified three times, ACNNNNNCTC/GAGNNNNNGT identified once, TAAYNNNNNTGC/GCANNNNNRTTA identified seven time, and the CGCGA motif identified twice. The remaining methylated promoter regions did not appear to contain any of these defined methylation motifs, suggesting additional methylation motifs remain to be discovered and/or some of the six motifs extend beyond the −50 nt promoter sequences.



DISCUSSION

Methylation of the genome plays several important roles in prokaryotic biology including acting as a defense mechanism against the incorporation of intruding nucleic acids into the bacterial host DNA and the regulation of gene expression by influencing transcription, replication initiation and mismatch repair (Murray et al., 2012; Mou et al., 2015; Blow et al., 2016). At the heart of host defense mechanisms utilizing methylation of host DNA is the restriction-modification (RM) system comprised of a restriction endonuclease (REase) and methyltransferase (MTase) (Murray et al., 2012; Blow et al., 2016). Of the four types (I–IV) of RM systems that have been reported, a majority have been classified as Type II systems (Blow et al., 2016). This is believed to be the result of technological difficulties in detecting the other RM systems (type I, type III, type IV) (Murray et al., 2012). However, this bottleneck has been mostly overcome with SMRT sequencing (Rhoads and Au, 2015), which has provided an opportunity to study the methylome of bacteria and contribute to the rapidly growing resource pool of methylation data (Roberts et al., 2015). Nonetheless, to date there are only a few reports on the methylome of Campylobacter isolates (Murray et al., 2012; Mou et al., 2015; O’Loughlin et al., 2015; Zautner et al., 2015) and to our knowledge there is no report on the methylome of C. jejuni originating from a food source. In our analysis we observed 7 motifs, of which 4 motifs were part of two bipartite pairs. Similar findings have been documented previously (Murray et al., 2012; Mou et al., 2015; O’Loughlin et al., 2015). In addition to the previously reported motifs, our results also identified a novel putative motif CGCGA for Campylobacter spp. as we did not find a match for this motif within the Campylobacter genomes in the REBASE database. However, an exact match with Streptococcus mutans was found, possibly indicated shared RM systems even across distant classes of bacteria (Epsilon-proteobacteria and Bacilli). During our analysis, we undertook a comparative modQV analysis to determine the effects of various cut-offs and also to derive a list of motifs with high confidence. Results suggested that comparative mod QV analysis is crucial for motif detection as various modQV cut-off values yielded varying results. Moreover, detection of base modifications by SMRT sequencing is known to produce secondary signals (usually 5 bases upstream m6A; 2 bases upstream 5 mC). Therefore, rigorous validation of software identified motifs is critical for correct motif identification as has been done in the present study.

Visualization of the methylated segments in the C. jejuni YH002 genome indicated widespread methylation covering almost 99% of the genome, which has been reported previously (Mou et al., 2015). Comparative analysis of the methylomes of three C. jejuni strains (YH002, 81–176 and NCTC 11168) highlighted that methylation patterns within a species are non-uniform and unlike that previously reported by O’Loughlin et al. (2015) we could not convincingly detect the m4C type of modification. However, these results coincide with those of a previous study where only the m6A type modification was documented in C. jejuni (Mou et al., 2015).

Detection of the mcrBC gene in the C. jejuni YH002 genome is also interesting considering this type IV RM system is methylation dependent for its restriction activity, which can restrict the establishment of any foreign DNA from sources such as bacteriophage that lack the proper DNA methylation. It is believed that methylation-specific RM systems such as this have evolved in response to an evolutionary arms race between bacteriophage and bacteria. As bacteriophages evolved mechanisms to allow for the invasion of bacterial cells, host bacteria have armed themselves with methylation-specific RM systems, which then force the bacteriophage to alter their genome if they are to avoid cleavage (Bickle and Kruger, 1993; Labrie et al., 2010; Sukackaite et al., 2012). Therefore, we believe the genome of C. jejuni YH002 may be unusual for possessing a type IV RM system (mcrBC) while simultaneously harboring two methylated bacteriophage elements. However, taking into account that McrBC only weakly restricts methylcytosines other than hydroxymethylcytosine (Ishikawa et al., 2010) and the suggested absence of m4C type methylation in the present analysis, the co-existence of both the methylated bacteriophage elements and the mcrBC system appears justifiable.

Methyltransferases that are typically involved in the regulation of gene expression often do not contain functional restriction-modification enzymes and are therefore referred to as orphan or solitary DNA methyltransferases. Methyltransferases of this type are important in cellular biology because of their ability to activate or silence genes without mutating the gene itself. Orphan methyltransferases can be found in C. jejuni YH002. For example, Accession # ARJ53876 (Ghatak et al., 2020) is a 227 amino acid protein found in C. jejuni YH002 whose sequence is identical to that of the N6-adenine-specific DNA methyltransferase cj1461 (Kim et al., 2008). The presence of orphan methyltransferases and the fact that multiple putative virulence genes were found in this study to contain methylation sites within their promoter regions (Supplementary Table 3) implies the ability of C. jejuni YH002 to employ this mode of regulation for the expression of certain virulence genes.

To uncover the genes that contained methylation sites within their promoter regions, the start of transcription was initially assessed. In this manuscript, TSSs were defined using data obtained from previously published RNA-seq experiments performed with biological replicates from specific C. jejuni strains during the mid-log phase of growth (Dugar et al., 2013). Although analysis in this fashion allowed the designation of a TSS to be based around experimental evidence instead of simply computational formulations, it is highly possible that some sites are missing from this analysis. For example, additional transcripts that were not assessed here may be produced by C. jejuni strains grown under alternative conditions. In addition, because the analysis relies upon those transcripts identified in C. jejuni NCTC 11,168 (which shares a high sequence similarity with C. jejuni YH002), transcripts unique to C. jejuni YH002 (e.g., CJIEs) would not be accounted for using this method. Regardless, TSSs regulated by σ70 as well as σ28 and σ54 were established using this method. It is also important to note that transcripts corresponding to many of the areas designated here were found in other C. jejuni strains including C. jejuni 81–176, C. jejuni 81116, and C. jejuni RM1221 using RNA-seq (Dugar et al., 2013), which helps highlight the reliability of the TSS predictions used.

Of the virulence genes identified that contained a methylation site within its promoter region, one appeared to be directly related to flagellum production (flhB). Much is known about the biopolar flagella in C. jejuni. With approximately 25–30 proteins involved in the assembly and function of flagella (Lertsethtakarn et al., 2011), this system was initially classified as a virulence factor based upon its role in the motility and the invasion of epithelial cells in the intestine (Morooka et al., 1985; Black et al., 1988; Wassenaar et al., 1991; Takata et al., 1992; Nachamkin et al., 1993). Additional investigations have shown these genes are also important not only for the secretion of non-flagellar proteins involved in virulence but that changes to the glycan composition of the flagella can affect autoagglutination, a preliminary step in biofilm formation, and evasion of the host’s immune response (Guerry, 2007). Insertional inactivation of flhB in C. jejuni resulted in mutants which were non-motile and had an altered cellular morphology (Matz et al., 2002). These mutants showed a significant reduction in the level of flaA transcript, demonstrating a role for FlhB in the regulation of flaA and thus indicating that the impact methylation has on the transcriptome may extend beyond those genes directly expressed from methylated promoters.

Another virulence gene in C. jejuni YH002 with widespread effects whose transcription is putatively regulated by DNA methylation is rpoN, which encodes for the σ54 protein. In general, sigma factors are global regulators involved with the recruitment of RNA polymerase to the promoter regions in which they are bound. Like other C. jejuni strains, C. jejuni YH002 appears to encode three sigma factors (Parkhill et al., 2000; Ghatak et al., 2020): (1) rpoD, which is considered the “housekeeping” sigma factor; (2) fliA, which regulates the flagellar operon;, and (3) rpoN, which has long been associated with a range of physiological phenomena and has recently been designated as a “central controller of the bacterial exterior” (Francke et al., 2011). Previous studies in C. jejuni have shown that not only is rpoN required for the transcription of a number of genes involved in bacterial motility (Hendrixson et al., 2001) but that rpoN mutants also lacked the presence of secreted proteins and are attenuated in their ability to both adhere to and be internalized by HeLa cells (Fernando et al., 2007). Interestingly, a transcriptional activator associated with σ54 was also found to contain a methylation site within its promoter; further establishing the importance of methylation for proper regulation of σ54 in C. jejuni.

Identification of a methylation site within the promoter regions of genes encoding the capsular polysaccharide export protein (KpsD), clustered regularly interspaced short palindromic repeats (CRISPR) genes, and a putative multidrug efflux pump are also worth mentioning because of their contributions to the survival, adaptation, and antibiotic resistance of C. jejuni (Bacon et al., 2001; Luangtongkum et al., 2009; Guerry et al., 2012; Louwen et al., 2014). Considering the multifaceted roles of these genes in virulence, the information presented here regarding methylation as a possible mode of regulation will be highly important for combating diarrheal disease caused by C. jejuni since its ability to successfully infect a hosts lies not only in the presence of specific virulence genes but also in the pathogen’s capacity to appropriately regulate those genes. Overall, studies such as this, which expand upon our knowledge of DNA methylation, serve to increase our understanding of how bacterial genomes are able to adapt to changes in the environment while simultaneously defending the integrity of the genetic material critical for their survival.
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Small mammals are known to carry Campylobacter spp.; however, little is known about the genotypes and their role in human infections. We studied intestinal content from small wild mammals collected in their natural habitats in Finland in 2010–2017, and in close proximity to 40 pig or cattle farms in 2017. The animals were trapped using traditional Finnish metal snap traps. Campylobacter spp. were isolated from the intestinal content using direct plating on mCCDA. A total of 19% of the captured wild animals (n = 577) and 41% of the pooled farm samples (n = 227) were positive for C. jejuni, which was the only Campylobacter species identified. The highest prevalence occurred in yellow-necked mice (Apodemus flavicollis) and bank voles (Myodes glareolus) which carried Campylobacter spp. in 66.3 and 63.9% of the farm samples and 41.5 and 24.4% of individual animals trapped from natural habitats, respectively. Interestingly, all house mouse (Mus musculus) and shrew (Sorex spp.) samples were negative for Campylobacter spp. C. jejuni isolates (n = 145) were further characterized by whole-genome sequencing. Core genome multilocus sequence typing (cgMLST) clustering showed that mouse and vole strains were separated from the rest of the C. jejuni population (636 and 671 allelic differences, 94 and 99% of core loci, respectively). Very little or no alleles were shared with C. jejuni genomes described earlier from livestock or human isolates. FastANI results further indicated that C. jejuni strains from voles are likely to represent a new previously undescribed species or subspecies of Campylobacter. Core-genome phylogeny showed that there was no difference between isolates originating from the farm and wild captured animals. Instead, the phylogeny followed the host species-association. There was some evidence (one strain each) of livestock-associated C. jejuni occurring in a farm-caught A. flavicollis and a brown rat (Rattus norvegicus), indicating that although small mammals may not be the original reservoir of Campylobacter colonizing livestock, they may sporadically carry C. jejuni strains occurring mainly in livestock and be associated with disease in humans.
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INTRODUCTION

Campylobacter spp., especially C. jejuni and C. coli, are common causes of gastroenteritis in humans globally, campylobacteriosis being the most frequently reported zoonosis in the EU area (EFSA and ECDC, 2019). Many food-producing animal species are known to be asymptomatic carriers of campylobacters, and undercooked chicken is considered to be the main source for human disease, but also other livestock such as bovines have been associated with human cases (Cody et al., 2019; Joensen et al., 2020). However, the original reservoir and mechanisms of spread of these pathogens on livestock farms are not well understood.

Campylobacters are also known to commonly inhabit the digestive tracts of many other warm-blooded animals, including wild birds and small mammals (Meerburg et al., 2006; Backhans et al., 2013; Llarena et al., 2015; Kovanen et al., 2019). Rodents, among other potential hosts, have been suggested to spread Campylobacter spp. on farms (Meerburg and Kijlstra, 2007). Previous research has found a possible link between the presence of rodents, or the absence of control thereof, and higher Campylobacter prevalence in chicken flocks (Kapperud et al., 1993; Berndtson et al., 1996; Sommer et al., 2013; Agunos et al., 2014; Allain et al., 2014; Torralbo et al., 2014). Several rodent species such as the bank vole (Myodes glareolus), yellow-necked mouse (Apodemus flavicollis), house mouse (Mus musculus), and brown rat (Rattus norvegicus) have been shown to carry Campylobacter species in their intestinal tracts (Fernie and Healing, 1976; Healing and Greenwood, 1991; Meerburg et al., 2006; Backhans et al., 2013; Lõhmus and Albihn, 2013). Of these, in particular, M. musculus and R. norvegicus are species that commonly live in close proximity to human habitation, but also M. glareolus and A. flavicollis frequently invade human settlements at the onset of winter.

Little research exists on the prevalence and genotypes of Campylobacter spp. from small mammals in general and especially from those found on swine, beef or dairy farms. A study from Netherlands found approximately 10% of M. musculus and 12.5% (1/8) R. norvegicus from organic swine farms campylobacter-positive, but no shared genotypes with those from pig manure were detected with AFLP typing. No other rodent species or shrews were found to carry campylobacters (Meerburg et al., 2006). In contrast, a study from New Zealand found 11% of the rodents from a dairy farm to harbor campylobacters and identified several shared genotypes between rodent and cattle feces with pulsed-field gel electrophoresis (PFGE) (Adhikari et al., 2004). In Sweden, C. jejuni was more commonly detected from rodents captured in chicken farms while C. coli was more often found from rodents in pig farms, suggesting possible transmission from food-producing animals, but no genotyping was done to support this hypothesis (Backhans et al., 2013). Williams et al. (2010) studied M. glareolus and wood mice (Apodemus sylvaticus) for the presence of Campylobacter spp. both in woodland habitats and on cattle farms in the United Kingdom. They found 41 and 18% of M. glareolus from the woodlands and on farms to carry Campylobacter spp., respectively, while only 1% of the A. sylvaticus, and only on the farms, were positive. Furthermore, all isolates from M. glareolus represented a novel C. jejuni clone, multilocus sequence type (ST) 3704, which was also identified from a calf. This clone was also detected in three of the six positive A. sylvaticus while the other positive A. sylvaticus harbored isolates with ST 61 and ST 583, which were also identified from cattle.

While traditional multilocus sequence typing (MLST), based on seven house-keeping genes, has been widely used for the typing of Campylobacter isolates from various sources, more powerful typing methods based on whole-genome sequencing (WGS) give us considerably higher discriminatory power for phylogenetic analyses and epidemiologic and source attribution studies (Llarena et al., 2017). Also, antimicrobial resistance phenotypes can be predicted based on WGS data in Campylobacter species (Zhao et al., 2015). Only a few studies exist worldwide that utilize new methods such as WGS-based typing on Campylobacter isolates from small wild mammals (Kim et al., 2020). Their role as a source of Campylobacter spp. for food-producing animals in Finland has not been explored previously.

Our aims were (i) to explore the occurrence, genotypes, and resistance markers of Campylobacter spp. isolates from small mammals, mainly rodents and shrews, caught from 40 Finnish beef, dairy, and swine farms, and from natural habitats throughout Finland, (ii) to compare them to isolates collected from other sources, and (iii) to estimate their role as vectors for Campylobacter spp. for Finnish livestock and humans.



MATERIALS AND METHODS


Sampling

During October and November 2017, rodent traps were set on 40 farms in western and south-western Finland. Of these, 18 were beef cattle farms, two were dairy farms and 20 were swine farms. Both live and snap traps (traps that instantly kill the rodent) – 100 traps in total – were set at and near production buildings and at the edges of the farmyard areas. The small mammals (n = 442) were caught by Natural Resources Institute Finland. The trapping was done over two consecutive nights at every farm and the traps were checked in each day. These were all included as farm samples in the successive analyses.

Additionally, small mammals were collected using snap traps in the national regulatory monitoring of the vole population by the Natural Resources Institute Finland in June 2015 (n = 128), and in May–June and September–November 2017 (n = 384). The trapping sites were located throughout Finland in forest and field habitats (Korpela et al., 2013). These constituted the samples from the wild.

A sample (n = 65) of A. flavicollis trapped inside office and storage buildings in southern Finland in 2010–2015 was also included for comparison.



Sample Preparation and Isolation of Campylobacter spp.

Most of the animals, 86%, were dissected on the day they were trapped. The whole intestines were frozen in dry ice for transport and stored at −80°C in the laboratory. Samples were thawed at room temperature for 1–2 h before starting analysis. For practical reasons, a portion of the animals, 14%, were first stored in dry ice in the field, and then at −80°C as whole animals. After thawing, the intestines were dissected in a similar way to the freshly prepared animals and analyzed immediately.

Sample preparation was performed following the ISO-6887/6 (2013): The intestines and stomachs were first cut into small pieces with a sterile scalpel. Then, the subsamples were pooled so that one pool contained subsamples from a maximum of ten individuals of the same species, caught from a single farm on the same night. After pooling, 1:1 (w/w) buffered peptone water was added to the pooled sample. The sample was cultivated following the ISO-10272-1 (2017) standard Detection procedure C. The colonies were confirmed as C. jejuni using MALDI-TOF (Maldi® Biotyper, Bruker Daltonics GmbH, Germany, reference library version 8.0.0.0) with cut-off at 2.0. The colonies identified as C. jejuni with a score lower than 2.0 were further confirmed with microscopy. After identification, the isolates were stored in media containing brain heart infusion broth and 15% glycerol at −80°C.

Similarly, the intestines from individual animals trapped in their natural habitats were homogenized using a cotton swab dipped in sterile buffered peptone water and subsequently plated on mCCDA plates incubated under microaerobic conditions (5% ± 2% O2, 10% ± 3% CO2, ≤10% H2, balanced with N2; Anoxomat System, Mart Microbiology, Netherlands or ThermoForma Series 2 Water Jacketed Incubator (HEPA filter) Model 3131, Thermo Fisher Scientific, United States) at 41.5 ± 1.0°C for 48–72 h. One typical colony was confirmed as C. jejuni by the lack of aerobic growth on blood agar at 25°C, microscopy, and using species-specific PCR (Denis et al., 1999).



Bacterial Strains, DNA Extraction, and Whole-Genome Sequencing

A selection of C. jejuni isolates from the farm samples (see below) and all 102 isolates from the wild animal samples were subjected to WGS (of which 99 were included in the cgMLST, phylogenetic, ANI, and AMR analyses (Supplementary Datasets), and two additional strains were included only in the MLST and AMR analyses (Table 1); one strain failed at the sequence assembly and QC stage. Of the farm samples, one isolate per farm and per animal species was selected, giving a total of 46 strains. Genomic DNA was extracted with PureLink Genomic DNA kit (Thermo Fisher Scientific, United States) or DNeasy Blood and Tissue kit (Qiagen, United States), according to the manufacturer’s instructions. The purity of DNA samples was tested using NanoDrop-apparatus (Thermo Fisher Scientific, United States), accepting the extraction if the A260/280-ratio exceeded 1.8 and the A260/230 ratio exceeded 2.0. DNA concentration was measured using Qubit-fluorometer (Thermo Fisher Scientific, United States) and Qubit dsDNA Broad Range -kit (Thermo Fisher Scientific, United States). The extracted DNA was stored at −20°C.


TABLE 1. Prevalence of Campylobacter jejuni in different animal species and sampling habitats, and sequence types (STs) detected.
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WGS of the farm isolates was outsourced to a commercial company (CeGat GmbH, Tuebingen, Germany). The sequencing of the wild animal isolates was performed by Istituto Zooprofilattico Sperimentale Dell’Abruzzo e Molise, Teramo, Italy under a Memorandum of Intent between the faculty and the institution. Sequencing libraries were prepared with a Nextera XT Library Prep kit (Illumina, San Diego, CA, United States) and sequenced on the Illumina NovaSeq6000 or NextSeq platform (Illumina, United States), with a 2 × 100-bp paired-ended protocol according to the manufacturer’s instructions, aiming at >100X coverage.



Assembly, Multilocus Sequence Typing, and Core Genome MLST Analysis

Draft genome sequences were assembled using a docker image of INNUca v3.1 (Machado et al., 2017) available at1. In brief, after calculating if the sample raw data fulfils the expected coverage (min. 15x), INNUca checks read quality using FastQC2, and processes the reads using Trimmomatic (Bolger et al., 2014). Then, INNUca proceeds to de novo draft genome assembly with SPAdes 3.11 (Bankevich et al., 2012), followed by checking the assembly depth of coverage (min. 30x) and improving assembly using Pilon (Walker et al., 2014). Finally, 7-gene MLST sequence type (ST) is automatically assigned with the mlst software (Seemann, 2017). This analysis made use of the PubMLST website3 developed by Keith Jolley (Jolley and Maiden, 2010), sited at the University of Oxford. The development of this website was funded by the Wellcome Trust. Assembly statistics are available in Supplementary Dataset 1.

Core genome MLST analysis was performed using a docker image of the chewBBACA suite (Silva et al., 2018) available at4 and the INNUENDO cgMLST schema available in Zenodo5 (Rossi et al., 2018), consisting of 678 loci. In addition to 145 sequenced C. jejuni genomes from rodents and shrews, the cgMLST analysis included 6,526 genomes belonging to the reference INNUENDO dataset (Rossi et al., 2018) and other genomes previously sequenced (Kovanen et al., 2019), 6,830 genomes in total. The genomes had no more than 2% of missing loci. Metadata, including year of isolation, country, 7-gene MLST ST, and source for all the strains, are available in Supplementary Dataset 2. The allelic profiles were clustered using the globally optimal eBURST (goeBURST) algorithm (Francisco et al., 2009) in PHYLOViZ V 2.0 software (Francisco et al., 2012), and clusters were generated at all possible thresholds.



Allele Segregation

To analyze allele segregation according to source, the cgMLST profiles of a total of 4,323 strains for which source information was available were analyzed using proCompare.py (Pinho et al., 2016) available at6. Briefly, the software performs a pairwise comparison searching those loci with shared (or exclusive) alleles between two groups.



Average Nucleotide Identity Calculations

To evaluate the taxonomical position of the newly described C. jejuni genomes, all-against-all pairwise average nucleotide identity (ANI) values for the mouse and vole strains were calculated using FastANI (v1.0) with default parameters (Jain et al., 2018). In addition, ANI values were calculated between each strain and the following reference genomes: C. jejuni subsp. jejuni NCTC 11168 (GenBank Accession number: NC_002163.1), C. jejuni subsp. jejuni RM1221 (NC_003912.7), C. jejuni subsp. doylei 269.97 (CP000768.1), C. coli 76339 (NC_022132.1), and C. coli OR12 (NZ_CP019977.1).



Phylogenomics

A phylogenetic tree was constructed based on the core genomes of 1,406 C. jejuni strains selected among the 6,830 genomes, as described above, excluding the samples isolated from humans and those without information on source (Supplementary Dataset 2). The genomes were annotated using a docker image of prokka 1.12 (Seemann, 2014) available at7, and pan-genome analysis was performed using a docker image of Roary 3.7.0 with default settings (Page et al., 2015) available at8. The jobs were run in parallel using GNU Parallel (Tange, 2011). FastTree 2.153 (Price et al., 2009, 2010) was used with the Jukes-Cantor model of nucleotide evolution for building the approximation of a maximum-likelihood (ML) phylogenetic tree based on the core genome alignment (99% shared loci in Roary analysis, including 864 core genes). iTOL54 v4.2.3 (Letunic and Bork, 2019) was used for visualization. The tree was rooted at midpoint.

For improving the resolution of the phylogeny of the vole and mice specific lineages, ad hoc pangenome analysis was performed. The resulting nucleotide multiple core genome alignment files were used as an input for phylogenetic inference using maximum likelihood methodology implemented in iqtree (Nguyen et al., 2015), applying model selection (Kalyaanamoorthy et al., 2017) and ultrafast bootstrapping (Hoang et al., 2018). The core-genome alignments and the ML trees generated by iqtree were used for the subsequent assessment of recombination using ClonalFrameML (Didelot and Wilson, 2015) ignoring sites with any ambiguous bases. The trees were rooted at midpoint.



Antimicrobial Resistance

The antimicrobial resistance determinants of the isolates were searched from the quality-controlled assemblies using default settings in ResFinder 3.2 (Zankari et al., 2012), accessed April 24th and 25th, 2020. The resistance gene sequences were aligned using Clustal Omega9 and blasted in the NCBI Blast nucleotide10 against the nucleotide collection (nr/nt) (retrieved September 25th, 2020).



Statistical Analysis

Statistical significance of the observed differences in Campylobacter prevalence between different sampling times and locations were tested using the Chi-square or Fisher’s Exact tests in Microsoft Excel 2016. Statistically significant differences were considered for p-values below 0.05.




RESULTS

A. flavicollis, M. musculus, Micromys minutus (harvest mouse), and R. norvegicus were almost exclusively caught on-farm (year 2017) or inside buildings (years 2010–2015, A. flavicollis collection) (Table 1). The distribution of red voles (Myodes rutilus), tundra/root voles (Alexandromys oeconomus), and gray-sided voles (Craseomys rufocanus) are limited to northern parts of Finland and accordingly, these species were not caught on farms in south-western or western Finland. M. glareolus, Sorex araneus (common shrew), and Microtus agrestis (field vole) were common among both in-farm caught samples and those collected from natural habitats throughout Finland.


Prevalence of Campylobacter spp. Was Highest in A. flavicollis

A total of 41% (93/227) of the pooled samples from farms, and 19% (75/384 in 2017, 6/128 in 2015, and 27/65 for A. flavicollis) of the individual animals captured from office and storage buildings were positive for C. jejuni (Table 1), which was the only Campylobacter species identified. The highest prevalence of C. jejuni occurred in A. flavicollis, M. minutus, and M. glareolus, M. rutilus, and M. agrestis. Interestingly, all shrew, Alexandromys (Microtus) oeconomus (tundra/root vole), and M. musculus samples were negative for Campylobacter species.

M. glareolus from natural habitats was more likely to carry Campylobacter when caught from fields (60%) compared to forests (18%) (p < 0.0001) in 2017. The samples from fields were comparable in Campylobacter prevalence with those from farms. In natural habitats, M. glareolus was significantly more often Campylobacter-positive in southern Finland (42%) compared to Lapland (19%) in northern Finland (p < 0.0001) in 2017. In Lapland, Campylobacter prevalence in M. glareolus was significantly higher in 2017 (19%) compared to 2015 (7%) (p = 0.0001). For other parts of the country (excluding Lapland), we had samples only from 2017.



MLST Analysis Revealed Genotypes Differing From Livestock and Humans

Only seven out of the 147 C. jejuni isolates from mice, rats, or voles matched a previously defined 7-gene MLST profile, most of which were associated with a clonal complex (CC): ST 1304 (n = 3, ST-1304 CC), ST 2219 (n = 1, ST-45 CC), ST 3704 (n = 1), ST 4791 (n = 1, ST-45 CC), or ST 8562 (n = 1) (Supplementary Dataset 1). For the rest of the dataset, new alleles or new combinations of alleles were detected (Table 1). All the isolates with STs belonging to ST-45 CC or ST-1304 CC (n = 5) were from rodents captured from farms. ST-45 CC was isolated from A. flavicollis from a pig farm (ST 2219) and from R. norvegicus from a cattle farm (ST 4791). ST 1304 was isolated from A. flavicollis from a cattle farm and from two M. glareolus from pig and cattle farms. Two other previously identified STs, ST 3704 and ST 8562, were both isolated from M. glareolus from a forest in central Finland and from northern Finland, respectively.

Novel STs that were most prominent in the dataset included ST 9473 from M. glareolus, M. agrestis and M. rutilus, and ST 9477 only identified in A. flavicollis. ST 9473 was identified among C. jejuni isolates from M. glareolus from both on-farm (pig and cattle farms) and natural habitats in both 2015 and 2017. ST 9477 was identified among C. jejuni isolates from A. flavicollis from both on-farm (pig and cattle farms) and other buildings (office and storage buildings) in southern Finland from 2010 to 2017. In addition, ST 9470 was isolated from M. minutus and ST 9467 from M. agrestis caught both on-farm and from natural habitats. Furthermore, the same STs occurred in C. jejuni isolates from both M. agrestis and M. glareolus.



cgMLST and Allele Segregation Analyses Further Highlighted the Differences

Of the 138 C. jejuni strains isolated from voles and mice with previously undefined ST designation, the cgMLST based on 678 loci yielded a total of 105 unique profiles. This revealed that the C. jejuni strains isolated from these animals form distinct populations that diverge largely from the ones described so far. Changes in the composition of clusters was investigated at all goeBURST thresholds. At the threshold of 671 allelic differences (99.0% of the core loci), the C. jejuni strains from voles formed two separate clusters from the rest of the strains. At 636 allelic differences (93.8% of core genes), the C. jejuni strains from mice separated from the larger cluster (composed by strains isolated from livestock, humans, and wild birds), which was split further into two sub-clusters at 531 allelic differences (78.3% of core genes). One contained strains isolated exclusively from A. flavicollis and one was composed of strains isolated exclusively from M. minutus (Supplementary Dataset 3). Descriptive statistics of the pairwise distance among strains of each group are summarized in Table 2.


TABLE 2. Pairwise allelic distance within each goeBURST group defined at threshold 531 allelic differences based on core genome multilocus sequence typing (cgMLST) schema composed by 678 loci.
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Considering the large diversity in the cgMLST profiles observed between mouse and vole strains and the rest of the C. jejuni population, we investigated how many core loci alleles were shared between C. jejuni isolates obtained from different taxa. To perform this study, we searched how many times an allele detected in a C. jejuni strain isolated from one mouse or vole taxon was also detected in a C. jejuni strain isolated from another taxon. For this analysis, seven strains isolated from mice and voles but not belonging to the four goeBURST groups described above were excluded. Supplementary Dataset 4 shows the results of the pairwise comparison. The C. jejuni isolates obtained from A. flavicollis shared 184 loci with strains isolated from M. minutus and a median of 2 (max 6) and 53 (max 141) with voles and other taxa, respectively. Similar results were obtained for strains isolated from M. minutus. Very few alleles were shared between strains isolated from voles and any other taxa, 18 being the maximum number of shared alleles detected. Overall, this analysis confirmed the divergent nature of the C. jejuni population circulating both in mice and voles.



FastANI and Phylogenetic Analyses Revealed That Vole Isolates Probably Form a Novel (Sub-)Species of Campylobacter

The little or no sharing of alleles between the C. jejuni isolated from voles and other taxa is an indication that these strains might form a different Campylobacter species or subspecies. To verify this hypothesis, we calculated the ANI percentage between mouse and vole strains and reference strains from C. jejuni subspecies and C. coli (Table 3). Compared with the reference genomes of C. jejuni and C. coli, the ANI values calculated for vole strains were significantly lower than the ones calculated for the mouse strains (unpaired t-test; P < 0.001). The mouse strains had >95% ANI versus C. jejuni subspecies and <87% ANI versus C. coli. On the contrary, the vole strains had on average 90.9% ANI versus C. jejuni subspecies and <84% ANI versus C. coli. Both Campylobacter strains from voles and mice formed cohesive groups with ANI average at 99% and min. 96%. This data confirmed the hypothesis that Campylobacter strains from voles might form a different taxonomic group. The maximum likelihood phylogenetic tree based on the alignment of 864 core genes supports the ANI results (Figure 1). The vole strains formed a distinct clade clearly separated from C. jejuni, while the strains isolated from mice grouped monophyletically within the diversity of the C. jejuni population.


TABLE 3. All-versus-all average nucleotide identity (ANI%).
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FIGURE 1. Maximum likelihood phylogenetic tree based on the alignment of 864 core genes of 1,406 C. jejuni strains from various sources. The tree was rooted at mid-point. The clade associated with voles is shown in yellow and the clades associated with mice in green. Color in the external ring indicates the source of the strain (see legend).


For investigating the presence of phylogeographical or temporal signals and to see whether there were differences between strains isolated from animals captured in the proximity of the farm or not, we reconstructed the genealogy of the mouse and vole specific lineages based on ad hoc core-genome alignment. The phylogenetic reconstructions were based on a core genome alignment of 1,238 and 1,402 genes for the vole and the mouse lineages, respectively. For the vole lineages, ClonalFrameML detected a total of 1,059 recombination events, 337 on terminal branches and the rest on internal nodes, and the imported sizes ranged between 2 and 103,802 bp (median 419). For the mouse lineages, 225 recombination events were detected, 32 on terminal branches and the rest on internal nodes, and the imported sizes ranged between 2 and 6,597 bp (median 712). The posterior mean calculated for the ratio of recombination events compared to mutation (rho/theta) was 0.342058 (posterior variance 1.82762 × 10–05) for the vole and 0.111041 (posterior variance 2.78479 × 10–05) for the mice. This analysis showed that mutation was approximately 3 and 9 times more frequent than recombination in the vole and mouse lineages, respectively.



Geographical and Temporal Differences Between Genotypes Were Small

Figures 2, 3 show the genealogies of the vole and mouse lineages, respectively, alongside the information concerning the site and time of capture of the animals. The Campylobacter strains did not segregate clearly according to space or time, and no major differences were observed between animals captured within farms and those captured in the wild. However, the smaller cluster of Campylobacter strains from voles, which diverged significantly from the main population (Figure 2), consisted of samples collected only from one location in Lapland and represented all except one isolate from M. rutilus (orange taxon) and few isolates from M. glareolus (yellow taxon). Furthermore, for the Campylobacter isolates from mice, the smaller cluster consisted of strains from M. minutus (orange taxon) and the larger one from A. flavicollis (purple taxon) (Figure 3). The Campylobacter strains from A. flavicollis showed some minor clustering according to location.
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FIGURE 2. Genealogy of vole-associated Campylobacter lineage (left) with associated metadata, i.e., taxon (M. glareolus in light yellow, M. rutilus in orange, M. agrestis in violet, and M. mystacinus in turquoise), geographical area (north Finland in orange and south in purple), location, farm number (if applicable), habitat (field in blue, forest in orange, and farm in green), time (spring in orange and fall in purple) and year (2015 in purple and 2017 in orange), displayed alongside the gene presence (blue)/absence (white) plot from the Roary pangenome analysis. The figure was drawn using the phandango.net web application (Hadfield et al., 2017). The phylogeny based on 1,238 core genes was reconstructed using ClonalFrameML (Didelot and Wilson, 2015) and rooted at mid-point.
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FIGURE 3. Genealogy of mice-associated Campylobacter lineage (left) with associated metadata, i.e., taxon (A. flavicollis in purple and M. minutus in orange), location, farm (if applicable) and year (2017 in orange, 2015 in dark orange, 2014 in light red, 2013 in dark red, 2011 in violet, and 2010 in blue), displayed alongside the gene presence (blue)/absence (white) plot from the Roary pangenome analysis. The figure was drawn using the phandango.net web application (Hadfield et al., 2017). The phylogeny based on 1,402 core genes was reconstructed using ClonalFrameML (Didelot and Wilson, 2015) and rooted at mid-point.




Antimicrobial Resistance Markers

We found a nucleotide substitution resulting in P104S amino acid change in GyrA in 62.6% (92/147) of the C. jejuni isolates (Table 4). No other known resistance-associated mutations were identified using Resfinder 3.2. The remaining isolates apart from one, 36.7% (54/147) harbored a beta-lactamase gene, the type of which was associated with the ST. Of these, 79.6% (43/54) had a nucleotide (T) deletion at position 69 of the betalactamase gene resulting in a frameshift and premature stop codon at amino acid 35 and most likely a non-functional gene product (all from A. flavicollis, mainly ST-9477). Only one isolate had a beta-lactamase gene with 100% nucleotide identity to that previously deposited to Genbank. Not surprisingly, this isolate, derived from A. flavicollis trapped on a swine farm, had a previously recognized ST (ST 2219, ST-45 CC). All isolates that had the same ST carried identical resistance markers. Both the gyrA mutation and beta-lactamase genes were never present in the same isolates, and only one isolate [from R. norvegicus trapped from a cattle farm having ST 4791 (ST-45 CC)] had neither.


TABLE 4. Detected resistance markers.
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DISCUSSION


Prevalence of C. jejuni in Rodents and Shrews

Campylobacter jejuni occurred in nearly all animal species sampled, even those collected from the less populated northern parts of Finland (including red, tundra, and gray-sided voles). The prevalence of Campylobacter was slightly higher among animals trapped on farms compared to those caught in their natural habitats. However, this is likely due to the fact that the farm samples were pooled from 1–10 individual animals compared to the animals from natural habitats which were studied individually. A. flavicollis were almost exclusively (except for one) caught near or inside buildings and mainly in the fall, and showed the highest prevalence (42% for individual animals trapped from natural habitats, 66% for pooled farm samples) of Campylobacter. Previously, C. jejuni has rarely been isolated from A. flavicollis (1/45, 2%), from human dwellings during the cold season in rural areas around Uppsala, Sweden (Lõhmus and Albihn, 2013). In another study from Sweden, C. jejuni was isolated from 5/18 (28%) and C. upsaliensis from 2/18 (11%) A. flavicollis, respectively, from pig farms, chicken farms, and non-farm locations in Sweden (Backhans et al., 2013), showing more comparable results with our study, which included a total of 155 samples from this species. However, all the isolates from our study were identified as C. jejuni. In this study, no Campylobacter spp. were detected in A. flavicollis caught in one location for three successive years. Among the other locations and years studied, the prevalence of Campylobacter ranged from 20 to 86%.

M. glareolus, which was common among both samples from farms and from natural habitats, also showed a high prevalence of Campylobacter (24% of individuals, 64% of pooled farm samples). Another common mammal that is widespread in Europe, M. agrestis, was less often (12% of individuals, 25% from pooled farm samples) positive for Campylobacter than M. glareolus. Previous studies have reported contradictory results concerning the occurrence of campylobacter in M. glareolus. While research from the United Kingdom and Sweden showed a prevalence of 18–77% (Fernie and Healing, 1976; Williams et al., 2010; Lõhmus and Albihn, 2013), a study from Norway (Rosef et al., 1983) found no positive animals, suggesting possible geographical differences in the occurrence, even though methodological variation might also have influenced the outcomes. Furthermore, Campylobacter spp. have not been isolated from M. agrestis either in the United Kingdom or in Sweden (Fernie and Healing, 1976; Meerburg et al., 2006), which also suggests geographical differences.

In Lapland (Pallasjärvi, Muonio), M. glareolus had a clearly higher prevalence in 2017 than 2015. A continuous long-term monitoring of vole dynamics has been running in this collection area since 1970 (Henttonen et al., 1987; Henttonen, 2000). Consequently, we can compare the campylobacter infection parameters with the vole densities. The spring–fall density indices (animals per 100 trap nights) of M. glareolus during 2013–2018 were: 2013: 0.3–5.1; 2014: 5.0–25.3; 2015: 11.1–31.3; 2016: 12.6–23.6; 2017: 5.2–3.8; 2018: 0.1–4.4. Thus, sampling in 2015 was in the middle of an extended high-density period while in 2017 it was in the decline–low phase. Prevalence was not directly density-dependent, rather there seemed to be a delayed density-dependent pattern. Parasitological parameters in small mammals depend largely on the population structure of the sample (sex, age structure, breeding or not, etc.) and we emphasize that this comparison was made between similar samples, i.e., breeding bank voles in early summer. Even if the exact reason for the great difference between 2 years is not known, it is important to realize generally in epidemiological sampling that temporal differences can be pronounced.

M. musculus and S. araneus were consistently Campylobacter negative despite being quite common among the studied samples. A similar finding concerning M. musculus was presented recently from South Korea (Kim et al., 2020) involving 49 M. musculus trapped on sesame fields. In another study conducted on pig farms, chicken farms, and at non-farm locations in Sweden, however, C. jejuni was isolated from 2%, C. coli from 12% and C. upsaliensis from 2% of the M. musculus samples, respectively (Backhans et al., 2013). The authors concluded that C. jejuni was more common on chicken farms and C. coli on pig farms, suggesting that rodents are not the original source of Campylobacter on farms but rather become carriers through contact with the feces of farm animals. However, in France C. jejuni, instead of C. coli, was identified from 12% of the M. musculus batches on pig farms (LeMoine et al., 1987). In another study, one (7%) C. hyointestinalis, two (13%) C. coli, and three (20%) C. jejuni strains were isolated from 15 M. musculus caught on a Dutch organic pig farm (Meerburg et al., 2006). Campylobacter spp. were, however, not isolated from the pig manure collected at the same farm. In the same study, on two other farms C. coli was isolated from 1/6 (16.7%) and Campylobacter spp. from 1/30 (3.3%) of M. musculus, respectively.

Concerning S. araneus, our results were in line with a previous study in which all shrews (10 S. araneus common shrews and 119 Crocidura russula greater white-toothed shrews), were negative for Campylobacter species (Meerburg et al., 2006). Another study, however, reported isolation of C. jejuni from the spleens of one water (Neomys fodiens) and one common shrew (S. araneus), even though they were not isolated from the gut, in the United Kingdom (Healing and Greenwood, 1991). Thus, it is also possible that the spleens of the animals collected in our study would have been positive for Campylobacter, but this was not tested.

Rattus norvegicus are widespread throughout most of the world and have viable populations in Finland. They are especially adapted to living in close proximity to human habitation and they may cause large economic losses by destroying materials, eating and defecating on food and feed, and by spreading disease. In this study, C. jejuni was identified in 20% (2/10) of the pooled R. norvegicus samples from farms. Previous studies have also shown that R. norvegicus may be carriers of Campylobacter. C. jejuni was isolated from three and C. coli from nine percent of R. norvegicus, respectively, collected from pig farms, chicken farms, and non-farm locations in Sweden (Backhans et al., 2013). In France, C. jejuni was identified from 40% of R. norvegicus collected from pig farms (LeMoine et al., 1987). Another study identified C. coli from 12.5% of R. norvegicus caught on a pig farm in Netherlands (Meerburg et al., 2006).



Genotyping

For WGS, we chose farm isolates that represented all the different animal species in each sampling and, whenever possible, animals caught inside or in close proximity to production or storage buildings. In addition, all isolates from animals trapped in natural habitats were included for WGS analysis. The MLST types that occurred among the Campylobacter isolates differed mostly from the ones previously described from livestock and humans, and the majority of the STs were novel. A previously defined ST was available for only seven Campylobacter isolates out of all the 147 typed isolates in our study. Markedly, the majority (5/7) of these were isolated from on-farm pooled samples. These STs have previously been isolated from, e.g., wild birds in Sweden and New Zealand (ST 1304, ST-1304 CC), chicken offal or meat in Denmark (ST 4791, ST-45 CC), and various sources including chicken, cattle, dog, and human gastroenteritis worldwide (ST 2219, ST-45 CC). ST 2219 was isolated from A. flavicollis (one strain isolated from a pig farm sample), and the other STs from R. norvegicus, M. glareolus, and A. flavicollis from on-farm samples. Our findings are in agreement with previous studies finding also similar genotypes from small mammals and livestock (Adhikari et al., 2004; Williams et al., 2010), underlining the need for stringent biosecurity measures on farms. Unfortunately, food-producing animals were not sampled for Campylobacter in our study and thus we were unable to test the hypothesis that the C. jejuni isolates having ST-45 CC or other known STs originated from the farm animals. Furthermore, only one colony per pooled sample was analyzed and it is possible that an even higher proportion of livestock-associated STs might have been detected if several colonies were picked.

To our knowledge, MLST or WGS has only previously been used for typing Campylobacter isolates from small mammals in a South Korean study investigating isolates from M. minutus trapped in sesame fields (Kim et al., 2020), and in a United Kingdom study targeting M. glareolus and A. sylvaticus caught from a woodland habitat and six cattle farms (Williams et al., 2010). Our isolates, including those from M. minutus, differed in all seven loci of the MLST scheme from those reported from South Korea. The Campylobacter strains from the Finnish M. minutus trapped on-farm and from natural habitats in different locations, however, shared the same ST and the strains were very clonal, suggesting recent clonal expansion of the population in Finland. Williams et al. (2010) reported a single clonal C. jejuni population from M. glareolus with all the isolates representing the same ST 3704 regardless of whether they were caught from woodland or on farms. In contrast, we found only one C. jejuni having this ST from M. glareolus trapped in the woods while the remaining isolates had other, mainly novel sequence types. This finding most likely reflects geographical and temporal differences in the M. glareolus populations and expands our knowledge of this species as a carrier of different C. jejuni strains. However, we also found the same STs regardless of the trapping site (woods, field, or farm), further suggesting C. jejuni lineages specific to M. glareolus.

Concerning R. norvegicus, the Dutch study identified C. coli from 1/8 (12.5%) R. norvegicus caught on a pig farm in Netherlands (Meerburg et al., 2006). Amplified fragment length polymorphism (AFLP) typing, however, showed that the genotype differed significantly from that isolated from pig manure on the same farm (Meerburg et al., 2006). In another study, 86.7% of rats collected at a duck farm were Campylobacter positive (Kasrazadeh and Genigeorgis, 1987). The authors concluded that the most probable source of colonization of the ducks by C. jejuni were the rats and mice found in abundance on the premises, since rat and mice droppings were found in the duck feeding and watering troughs in that study. In our study, however, very few rats were caught, which is likely due to their neophobic behavior and the short sampling period on the farms. Thus, we could not thoroughly evaluate their role as a reservoir for Campylobacter. Our results, however, suggest that R. norvegicus may carry STs also identified in livestock, making them a possible vector of Campylobacter on farms. Since rats are prevalent in urban and rural settings, live in sewers and are in contact with human and livestock wastes, they would be an interesting subject for further studies.

cgMLST clustering showed that the strains from mice and voles were quite separate from the rest of the C. jejuni population (over 600 allele difference). The majority of the cgMLST alleles were segregated according to species (A. flavicollis and M. minutus) or group (vole). Very few or no alleles were shared with livestock or human Campylobacter strains. Core-genome phylogeny of the animal-associated strains confirmed the separation of the lineages as observed in cgMLST. The strains from voles formed a distinct clade that was clearly separate from C. jejuni, while the strains isolated from mice grouped monophyletically within the diversity of the C. jejuni population. Moreover, there was no difference between Campylobacter strains from farm versus wild captured animals, whose phylogeny followed the animal species-association indicating adaptation to different host species. The only major exceptions to this were the clustering of different Campylobacter strains from M. glareolus, M. agrestis, and M. mystacinus (syn. M. levis) isolated from different locations throughout Finland (both on-farm and natural habitats), and M. glareolus and M. rutilus isolated from northern Finland. The overlap in habitat selection among vole species and the commonness of M. glareolus could explain the spread of Campylobacter from M. glareolus to other sympatric vole species. The larger cluster of vole strains also contained the bank vole having ST 3704, the genotype that was previously also identified in the United Kingdom (Williams et al., 2010). The smaller cluster of isolates from voles was, however, particularly associated with M. rutilus in northern parts of Finland and seems more likely to have spread from this closely-related species to M. glareolus. The new strain/variant of campylobacter found in the red vole, M. rutilus, is interesting since this vole species has a wide northern distribution in the Holarctic; from northernmost Fennoscandia over north Russia and Siberia to northern North America, which may suggest that this strain could be widely spread in northern regions.

FastANI further indicated that the vole strains might form a different species or sub-species of Campylobacter. Usually a species is defined to include strains that share ≥95% ANI (Jain et al., 2018). However, C. coli is known to form lineages (clades 1, 2, and 3) that are almost as separate as different species. The ANI value for C. coli clade 3 versus clade 1, which included most of the human and farm animal isolates (Sheppard et al., 2013; Skarp-de Haan et al., 2014), for example, is ∼92%. The Campylobacter strains from voles showed 90 to 91% ANI with C. jejuni and <85% ANI with C. coli (same with C. hepaticus), while strains from mice shared ≥95% ANI with both C. jejuni subspecies, clearly indicating that the mice strains belong to C. jejuni, more specifically C. jejuni subsp. jejuni. The isolates from voles tested hippurate positive in the phenotypic hippurate hydrolysis test. However, the majority of them were only weakly identified as C. jejuni using MALDI-TOF-MS, further suggesting they may represent a novel sub-species.



Antimicrobial Resistance Markers

Clinically relevant resistant markers were not found in our study. The only known mutation that was identified was that leading to the amino acid change P104S in the Gyrase subunit A, which has been linked to fluoroquinolone resistance only in connection with other mutations in gyrA (Hakanen et al., 2002; Piddock et al., 2003; Payot et al., 2006). It is therefore unlikely that the isolates in this study would be resistant to quinolones. Additionally, slightly more than one-third of the isolates harbored a beta-lactamase gene. This proportion is lower compared to some previous studies that report even 80–90% of C. jejuni strains isolated from various sources producing beta-lactamases and/or harboring beta-lactamase genes (Lachance et al., 1991; Tajada et al., 1996; Marotta et al., 2019). Although the presence of beta-lactamases has been shown to lower the MICs for certain beta-lactams in Campylobacter spp., campylobacters are generally considered intrinsically resistant to many agents in this group and beta-lactams are not recommended in the treatment of campylobacteriosis (Aarestrup and Engberg, 2001; Griggs et al., 2009; Wieczorek and Osek, 2013). The type of resistance marker present in the isolates was linked with the ST, with all the isolates of the same ST harboring identical markers. This likely reflects the clonality of the isolates, rather than any external selective pressure.



Conclusion

Rodents, especially A. flavicollis and M. glareolus, were frequent carriers of Campylobacter. However, the majority of the detected genotypes differed markedly from those circulating in humans and livestock. Occasionally rodents, especially the species living in close connection to humans, may also carry strains associated with colonization in livestock and disease in humans. How transient the colonization is, remains an open question. It is possible that rodents participate in the maintenance of bacteria on farms, even though they are not the original source of the Campylobacter strains circulating in livestock. Further studies should be conducted to confirm this.
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Campylobacter contaminated poultry remains the major cause of foodborne gastroenteritis worldwide, calling for novel antibacterials. We previously developed the concept of Innolysin composed of an endolysin fused to a phage receptor binding protein (RBP) and provided the proof-of-concept that Innolysins exert bactericidal activity against Escherichia coli. Here, we have expanded the Innolysin concept to target Campylobacter jejuni. As no C. jejuni phage RBP had been identified so far, we first showed that the H-fiber originating from a CJIE1-like prophage of C. jejuni CAMSA2147 functions as a novel RBP. By fusing this H-fiber to phage T5 endolysin, we constructed Innolysins targeting C. jejuni (Innolysins Cj). Innolysin Cj1 exerts antibacterial activity against diverse C. jejuni strains after in vitro exposure for 45 min at 20°C, reaching up to 1.30 ± 0.21 log reduction in CAMSA2147 cell counts. Screening of a library of Innolysins Cj composed of distinct endolysins for growth inhibition, allowed us to select Innolysin Cj5 as an additional promising antibacterial candidate. Application of either Innolysin Cj1 or Innolysin Cj5 on chicken skin refrigerated to 5°C and contaminated with C. jejuni CAMSA2147 led to 1.63 ± 0.46 and 1.18 ± 0.10 log reduction of cells, respectively, confirming that Innolysins Cj can kill C. jejuni in situ. The receptor of Innolysins Cj remains to be identified, however, the RBP component (H-fiber) recognizes a novel receptor compared to lytic phages binding to capsular polysaccharide or flagella. Identification of other unexplored Campylobacter phage RBPs may further increase the repertoire of new Innolysins Cj targeting distinct receptors and working as antibacterials against Campylobacter.

Keywords: Campylobacter, prophage binding, endolysin, Innolysin, antibacterials, food safety


INTRODUCTION

Campylobacter jejuni is the major cause of foodborne gastroenteritis worldwide, leading to more than 245,000 human cases annually only in Europe, and is thus associated with a significant economic burden [European Food Safety Authority (EFSA), 2015]. C. jejuni colonizes the poultry intestine to high numbers and despite numerous efforts, sustainable solutions for controlling this pathogen is yet not available. The use of lytic phages for specific biocontrol of C. jejuni in primary poultry production has shown promising results, but is also hampered by phage resistance development (Loc Carrillo et al., 2005; Holst Sørensen et al., 2012; Fischer et al., 2013; Hammerl et al., 2014; Richards et al., 2019). So far, lytic phages of C. jejuni have been shown to recognize the capsular polysaccharides or the flagella (Sørensen et al., 2015) and application of phage cocktails targeting both receptors have led to less than 1 log reduction in bacterial counts on chicken skin (Zampara et al., 2017). Therefore, alternative antibacterial agents are needed to eliminate this pathogen. One such approach may be the design and use of phage-derived enzymes instead of replicating phages.

Endolysins are phage-encoded enzymes that degrade the peptidoglycan leading to osmotic imbalance and cell lysis. Endolysins have been successfully used as alternative antibacterials against diverse pathogenic bacteria, displaying low probability of resistance development (Nelson et al., 2012). However, their antibacterial activity is generally limited toward Gram-positive bacteria, as Gram-negative bacteria possess an outer membrane that hinders access of endolysins to the peptidoglycan layer (Fernández-Ruiz et al., 2018; Gutiérrez and Briers, 2021). Over the last decade, research has been focused on developing approaches to enable endolysins to overcome the outer membrane barrier of Gram-negative bacteria. Fusion of endolysins with the binding domains of bacteriocins is one of such approaches, allowing the hybrid endolysins to overcome the outer membrane barrier, putatively through the target outer membrane proteins (Lukacik et al., 2012; Yan et al., 2017; Heselpoth et al., 2019). Alternatively, endolysins fused with polycationic and amphipathic peptides appear to interfere with the outer membrane integrity. These artificial endolysins, known as Artilysins®, are under commercial development and with reported antibacterial activities against Pseudomonas aeruginosa, Acinetobacter baumannii, and colistin-resistant E. coli (Briers et al., 2014; Defraine et al., 2016; Schirmeier et al., 2018). Recently, we provided a proof of concept for the use of a phage receptor binding protein (RBP), enabling the fused endolysin to exert antibacterial activity and kill E. coli (Zampara et al., 2020). In our previous work, we constructed hundreds of RBP-endolysin hybrids (Innolysins) by fusing 24 different endolysins with Pb5 (phage T5 RBP) in different configurations. Screening of these Innolysin variants for antibacterial activity identified Innolysin Ec21, which was able to reduce E. coli resistant to third-generation cephalosporins by 3.31 ± 0.53 log. The antibacterial activity of Innolysins Ec was proved to be dependent on the Pb5 cognate receptor, FhuA (Zampara et al., 2020). Thus, the phage RBP provides specificity to the fused endolysin of the Innolysin Ec. Moreover, discovery of novel phage RBPs may allow development of Innolysins against other Gram-negative bacteria.

The identification of Campylobacter phage RBPs is challenged by the small number of in-depth characterized Campylobacter phages and publicly available genomes. Although a putative RBP (Gp047) of phage NCTC12673 was proposed and shown to bind to acetamidino-modified pseudaminic acid residues of the flagella, it was later reported unlikely to be an RBP, as it could not be detected in the mature virion (Javed et al., 2015). Thus, up to date no RBPs of lytic C. jejuni phages have been identified. However, putative RBPs of Campylobacter prophages may be used as a source of RBPs. The prophage elements of C. jejuni were discovered when the genome sequence of the chicken isolate C. jejuni RM1221 was compared to the reference genome of C. jejuni NCTC11168 and revealed three C. jejuni integrated elements (CJIEs) (Parkhill et al., 2000; Fouts et al., 2005). The first element known as CMLP1 or CJIE1was shown to be a Mu-like phage, which encodes several proteins similar to phage Mu, including transposase homologs, as well as the five-base (TATGC) direct repeats flanking the element (Fouts et al., 2005; Clark and Ng, 2008). Unfortunately, isolation of free phage particles has been repeatedly unsuccessful and so far, it is not understood how CJIE1-like prophages recognize their host and their RBPs have not been identified. Sequence analysis of CJIE1-like prophages of different strains showed several insertion and deletions (Clark and Ng, 2008; Clark, 2011) and also identified a region of 372 nucleotides with high variation in a gene suggested to encode the tail fiber protein H (Clark and Ng, 2008).

Here, we aimed to design Innolysins targeting Campylobacter (Innolysin Cj) by combining the specificity of an RBP protein with the antibacterial activity of endolysins. To do so, we first confirmed the function of a putative RBP found in CJIE1-like prophage in CAMSA2147 and then fused it to different endolysins for construction of Innolysins Cj. Two of the constructed Innolysins were able to kill C. jejuni in vitro and in situ on artificially contaminated chicken skin. Our work provides novel insights in designing alternative antibacterials with targeted killing against Campylobacter.



MATERIALS AND METHODS


Bacterial Strains, Growth Conditions, and Media

Bacterial strains used in this study are listed in Table 1 and Table 2. C. jejuni strains were routinely grown on Blood Agar Base II (Oxoid) supplemented with 5% calf blood (BA) at 42°C under microaerobic conditions (6% CO2, 6% O2, 84.5% N2, and 3.5% H2). Luria-Bertani broth (LB) and LB agar (LA) (Difco) were used for growing E. coli, while Tryptic Soy Broth (TSB) and Tryptic Soy Agar (TSA) were used for P. aeruginosa. When needed 100 μg/ml of kanamycin and 50 μg/ml of chloramphenicol were used for selection of E. coli transformants or 15 μg/ml gentamicin for selection of P. aeruginosa transformants.


TABLE 1. Bacterial strains.
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TABLE 2. Campylobacter jejuni strains used for testing antibacterial activity of Innolysins Cj.
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Bioinformatic Analysis

To predict the protein function and the domains of CAMSA2147 prophage H-fiber (WP_002878910.1) and the downstream putative chaperone (WP_002878909.1), we mined CJIE1-like prophage sequences in our collection using CJIE1 of C. jejuni RM1221 (NC_003917.7) as query. Blast similarity allowed determining a CJIE1-like prophage in the genome assembly of CAMSA2147. Then, gene syntheny was inspected manually, in comparison to phage Mu and phage P2. Respective domains were determined using InterProScan (Jones et al., 2014) and HMMER (Finn et al., 2011).



Plasmid Constructions


Construction of Plasmids for Campycin Expression

Multiple steps were conducted to construct plasmids pM63 and pM96 composed of the coding sequence for the N-terminal domain of R2-pyocin Prf15 fused with the coding sequence of the C-terminal domain of the CAMSA2147 CJEI-like prophage H-fiber (WP_002878910.1) with or without the downstream gene for the putative chaperone (WP_002878909.1). Initially, the coding sequence of the N-terminal domain of R2-pyocin Prf15 (amino acids 1–164) was cloned into pUCPtac plasmid (Williams et al., 2008) giving rise to pM50 (Table 3). Therefore, P. aeruginosa PAO1 was used as a template for the amplification of the fragment using R2N primers (Supplementary Table S1), which add SalI and HindIII restriction sites at the ends of the fragment. Then, the pUCPtac plasmid was linearized via inverse PCR using specific primers (Supplementary Table S1) and ligation was conducted with T4 DNA ligase. This plasmid (pM50) (Table 3) was further used as backbone for creating the fusions using In-Fusion® cloning—Takara Bio. Therefore, the fragment comprising the coding sequence of the C-terminus of the H-fiber (amino acids 151–343) and the downstream chaperone gene was amplified from CAMSA2147 (GCA_003095855) by specific primers that add overhangs identical to the distal ends of the linearized pM50 (Supplementary Table S1). Inverse PCR was conducted for the linearization of pM50. Recombination of the fragment with the ends of the linearized pM50 was performed according to the In-Fusion® HD cloning kit user manual, resulting in plasmids pM63 and pM96, respectively. Stellar competent cells were used for transformation and transformants were selected on LB agar plates in the presence of 15 μg/ml gentamicin. P. aeruginosa PAO1 Δprf15 were transformed with the extracted plasmids as described previously (Choi et al., 2006).


TABLE 3. Plasmids used or constructed.
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Construction of Plasmids for Innolysin Cj Expression

Coding sequences for Innolysins Cj1 and Innolysin Cj2 were chemically synthesized by GeneCust (Luxembourg) and cloned into pET-28a (+) using the NdeI and XhoI restriction sites (Table 3). Plasmid pAZInCj1 expressing Innolysin Cj1 was designed by fusing the coding sequence of H-fiber protein of CJIE1-like prophage originating from CAMSA2147 (WP_002878910.1) to the C-terminus of phage T5 endolysin coding sequence (YP_006868.1). A linker encoding 14 amino acids (Linker 2, Supplementary Table S2) was used to join both coding sequences. The same configuration was used for plasmid pAZInCj2 expressing Innolysin Cj2, but instead of the whole H-fiber, the C-terminal part of H-fiber coding sequence was used, excluding the N-terminal DUF3751 domain. Both plasmids pAZInCj1 and pAZInCj2 also contain the flanking downstream gene of CAMSA2147, the putative fiber chaperone (WP_002878909.1). In-Fusion® cloning was used to clone either the T5 endolysin or the C-terminus (amino acids 151 to 343) of the H-fiber (WP_002878910.1) along with the downstream chaperone gene (WP_002878909.1) into peT28a (+), giving rise to the control plasmids pAZE1 or pCRYS3, respectively (Table 3). Amplification of these genes was performed with specific primers (Supplementary Table S1) and using phage T5 (Leibniz Institute DSMZ) or C. jejuni CAMSA2147 DNA as a template, respectively. The vector pET28a (+) was linearized using NdeI and XhoI restriction enzymes and insertion was performed based on the In-Fusion® HD cloning manual. Plasmids were obtained after transformation of E. coli Stellar competent cells and selection on LB agar with kanamycin (100 μg/ml). Subsequently, all plasmids were used to transform E. coli BL21-CodonPlus(DE3)-RIL (Agilent Technologies) by plating on LB agar plates in the presence of kanamycin (100 μg/ml) and chloramphenicol (50 μg/ml). All constructs were sequenced by Sanger sequencing.



Expression of Campycins and R2-Pyocins

Expression of campycin and native R2-pyocin, as a negative control, was conducted as described previously (Williams et al., 2008). Briefly, P. aeruginosa PAO1 expressing the native R2-pyocin or campycin [i.e, a tail fiber deficient R2-pyocin derivative (Δprf15) substituted in trans with the H-fiber along with or without the chaperone (PEG02 or PEG16)] were grown overnight in TSB at 37°C. The overnight cultures were 100-fold diluted in G medium (Ikeda and Egami, 1969), which was supplemented with 15 μg/ml gentamicin in the case of PEG02 and PEG16, and were incubated at 37°C until reaching an OD600 of 0.25. R2-pyocins were induced by 3 μg/ml mitomycin, while isopropyl-beta-D-thiogalactopyranoside (0.25 mM) was added to PEG02 and PEG16 for induction of the expression of the engineered H-fiber in trans. Cultures were incubated for 2.5 h at the same conditions, followed by treatment with DNase I (Invitrogen) at a final concentration of 5 U/ml and further incubated for another 30 min at the same conditions. To remove cell debris, cultures were centrifuged at 18,000 g at 4°C for 1 h and the supernatants were harvested and treated with saturated ammonium sulfate solution at a final concentration of 1.6 M, while stirring on ice. Suspensions were incubated overnight at 4°C with shaking and the pellets containing the precipitated campycins/pyocins were harvested after centrifugation at 4°C and 18,000 g for 1 h. The precipitates were resuspended in 1/10th of the start volume with ice cold TN50 buffer (50 mM NaCl and 10 mM Tris-HCl adjusted to pH 7.5) and buffer exchange was performed with TN50 buffer by using Amicon Ultra-centrifugal Filter Units with Ultracel-15 with 30 kDa membrane cutoff (Merck Millipore). Concentration of campycins/pyocins was measured with a Qubit 2.0 fluorometer and adjusted to 0.15 mg/ml with TN50 buffer.



Determination of the Antibacterial Activity of Campycins and R2-Pyocins

To assess the ability of campycins to kill Campylobacter, a semi-quantitative assay was initially conducted by spotting 5 μl onto Campylobacter bacterial lawns. Preparation of C. jejuni CAMSA2147 lawns was performed as previously described (Gencay et al., 2017). Briefly, bacterial cells were harvested from the plate with calcium Brain- Heart Infusion Broth (cBHI) and adjusted to an OD600 of 0.35. These suspensions were further incubated for 4 h at 42°C under microaerobic conditions (6% CO2, 6% O2, 84.5% N2 and 3.5% H2) and 500 μl were mixed with 5 ml of molten NZCYM overlay agar [NZCYM broth (Sigma) with 0.6% agar (Sigma)]. The mixture was then poured on NZCYM basal agar [with 1.2% agar (Sigma)] plates, containing 10 μg/ml vancomycin [Sigma]. Plates were dried for 45 min in the flow hood and prepared campycins/pyocins were spotted on top, followed by overnight incubation at 42°C under microaerobic conditions. The antibacterial activity was assessed by the formation of a distinct clear zone as a result of cell killing on the lawns. The native R2-pyocin or fiber mutant derivative (Δprf15) were also spotted onto Campylobacter bacterial lawns as negative controls.

Antibacterial activity of campycin was also assessed by measuring the bacterial log reduction in colony forming units (cfu). C. jejuni was harvested from the plate with cBHI and adjusted to an OD600 of 0.35 followed by tenfold dilution until the final concentration reached 106 cfu/ml. Then, 9 ml of the culture was mixed with either 1 ml of campycin at the final concentration of 0.015 mg/ml or 1 ml of TN50 buffer, followed by incubation for 3 h at 42°C under microaerobic conditions. After incubation, proper dilutions were made, and cells were plated on BA plates. Incubation of plates was followed for 24 h at 42°C under microaerobic conditions and cfu/ml was calculated based on biological triplicates.



Screening Innolysins Cj for Muralytic Activity

To screen Innolysins Cj for muralytic activity, proteins were expressed in E. coli BL21-CodonPlus-(DE3)-RIL cells, as previously described (Zampara et al., 2020). Briefly, freshly transformed colonies were re-suspended in 500 μl of auto-induction medium [93% ZY medium, 0.05% 2M MgSO4, 2% 50 × 5052 (0.5% glycerol, 0.05% glucose, and 0.2% α-lactose in 20 ml water), 5% 20 × NPS (50 mM Na2HPO4, 50 mM KH2PO4, and 25 mM (NH4)2SO4 to 50 mL of water)]. Incubation was followed at 37°C for 5 h at 900 rpm and switched to 16°C for 40 h at 900 rpm. Samples were centrifuged (3,200 × g, 30 min, 4°C) and cell pellets were lysed by exposure to chloroform vapor for 2 h. Five hundred microliters of 20 mM HEPES-NaOH (pH 7.4) with 1 U DNase I was used for resuspension of cell lysates and samples were incubated for 1 h at 30°C. Cell suspensions were centrifuged (3,200 × g for 30 min, at 4°C) and the soluble fractions of lysates present in the supernatants (cleared lysates) were used for the muralytic assay as previously described (Lavigne et al., 2004; Briers et al., 2014). Peptidoglycan of P. aeruginosa PAO1 was used as substrate, since it displays the same chemotype (A 1γ) as E. coli and C. jejuni (Schleifer and Kandler, 1972). To permeabilize P. aeruginosa, pellets of exponentially growing cells (OD600 = 0.6) were harvested by centrifugation (3,200 × g, 30 min, 4°C) and resuspended in chloroform-saturated 0.05 M Tris-HCl (pH 7.7) buffer. Gentle shaking for 45 min allowed (outer) membrane permeabilization, followed by two washing steps with phosphate-buffered saline (PBS, pH 7.4). The turbidity of the outer membrane-permeabilized cells was adjusted to OD600 = 1.5 and 270 μl was used as a substrate, while 30 μl of Innolysins Cj cleared lysates was applied on the top of the substrate in triplicate. Cleared lysates of cells carrying the empty vector pET-28a (+) or expressing phage T5 endolysin were used as a negative and a positive control, respectively. Turbidity was measured spectrophotometrically at 650 nm every 30 s for 1 h using a Microplate Reader 680 system (Bio-Rad) and a standardized method was used to calculate the activities (Briers et al., 2007).



Expression and Purification of Innolysins Cj

To test the antibacterial activity, Innolysins Cj were expressed by growing strains InCj1, InCj2, InCj5, and controls strains AZE1 and B195 in 1 L auto-induction medium. Cultures were incubated for 4 h at 37°C and switched to 15°C for 18 h at 120 rpm. Cells were centrifuged (8,000 × g, 10 min, 4°C) and pellets were further resuspended in 10 ml of lysis buffer (20 mM NaH2PO4-NaOH, 0.5 M NaCl, 50 mM imidazole, pH 7.4). Cells were lysed by sonication (Bandelin Sonopul HD 2070 homogenizer) with 10 bursts of 30 s (amplitude of 50%) and 30 s intervals. Cell lysates were filtered twice with 0.22 μm pore size filters and protein purification was conducted by using His GraviTrapTM gravity flow columns (GE Healthcare). The lysis buffer was also used for the wash step, while elution step was conducted by using 6 ml of 20 mM NaH2PO4-NaOH, 0.5 M NaCl, 500 mM imidazole, pH 7.4. Amicon Ultra-15 Centrifugal Filter Units with Ultracel-10 membrane cutoff (Merck Millipore) were used for exchange of the elution buffer with 20 mM HEPES-NaOH (pH 7.4). Sodium dodecyl sulfate- polyacrylamide gel electrophoresis (SDS-PAGE) was used to determine purity of samples (Supplementary Figure S1) and protein concentration was measured with a Qubit 2.0 fluorometer.



In vitro Antibacterial Activity of Purified Innolysins Cj

The killing efficiency of Innolysins Cj was tested on different Campylobacter strains (Table 2). C. jejuni strains were cultured on Mueller Hinton (MH) agar plates for 24 h at 42°C under microaerobic conditions (6% CO2, 6% O2, 84.5% N2, and 3.5% H2). MH broth was used to harvest and to exponentially grow the cells until they reach an optical density OD600 of 0.25. The cell suspensions were further diluted with MH down to a concentration of 105 cfu/ml. 100 μl of the diluted samples were mixed with either 100 μl of purified Innolysin at the final concentration of 1 mg/ml or 100 μl of 20 mM HEPES-NaOH (pH 7.4) instead, for negative controls. After incubation for 45 min at 20°C, proper dilutions were made and plated on BA agar plates. Overnight incubation was followed at 42°C under microaerobic conditions and cfu were counted. Cell concentrations (cfu/ml) were calculated and cell reductions were estimated as a difference of the average logarithmic cell concentrations of the cultures treated with Innolysin compared to the negative control. The experiment was conducted in biological triplicate.



Preparation of Innolysin Cj Library

To prepare the Innolysin Cj library, we used the previously described VersaTile technique (Gerstmans et al., 2020). Initially, a semi-random combinatorial library with each variant composed of four tiles was constructed: one H-fiber tile at position 1, seven linker tiles at position 2, 25 enzymatic activity domain (EAD) tiles at position 3 and one hexahis-tag tile at position 4. The library has a complexity of 175 (= 1∗7∗25∗1) possible variants. The EAD and linker tiles were previously constructed (Supplementary Tables S2, S3) and were readily available as plasmid stocks (Gerstmans et al., 2020). The H-fiber tile (RBP8) was created according to the protocol for tile preparation described in Gerstmans et al. (2020). Briefly, the RBP coding sequence was first amplified using tailed primers (Supplementary Table S1) and purified using gel extraction (GeneJet Gel Extraction Kit, Thermo Fisher scientific). Subsequently, the fragment was cloned in the entry vector (pVTE) using 2U T4 DNA ligase (Thermo Fisher Scientific), 5U sapI (Thermo Fisher Scientific), 26 nM pVTE, 46 nM fragment and ligase buffer (Thermo Fisher Scientific). 5 μL of the resulting reaction mixture was used to transform chemically competent E. coli TOP10 cells, followed by selective plating on LB agar supplemented with 5% (w/v) sucrose and ampicillin (100 μg/mL). T he sequence of each tile was verified by Sanger sequencing (LGC genomics). Subsequently, the VersaTile assembly mixture was made taking 1 μL of 46 nM entry vector containing the corresponding tile or a mixture of tiles for each position, 26 nM pVTD, 2U T4 DNA ligase (Thermo Fisher Scientific), 5U BsaI (Thermo Fisher Scientific), and ligase buffer (Thermo Fisher Scientific). This mixture was incubated for 50 cycles alternating between 37°C (5 min) and 16°C (5 min), followed by heat inactivation at 50°C (5 min) and 80°C (5 min). The resulting reaction mixture was used to transform competent E. coli BL21(DE3)-RIL cells and the transformed cells were subsequently plated on LB 1.5% agar plates supplemented with kanamycin (50 μg/mL) and 5% (w/v) sucrose. VersaTile technique was also used for cloning the gene encoding Salmonella phage Shivani peptidase (YP_009194685) into pVTD vector (Supplementary Figure S2), using the tile carrying the responsible gene at position 1 and the tile carrying the hexahis-tag at position 2. The resulting reaction mixture was used to transform competent E. coli BL21(DE3)-RIL as mentioned above.



Screening of Innolysin Cj Library for Growth Inhibition

After transformation, 96 clones were randomly selected and screened for growth inhibition. The library variants were expressed using auto-induction medium in a 96 deep-well plate and the cleared lysates were harvested as described in the screening of Innolysins Cj for muralytic activity. The ability of the Innolysins Cj to inhibit the cell growth was tested on CAMSA2147 similar to previous work (Zampara et al., 2020). Briefly, CAMSA2147 was cultured on MH agar plates for 24 h at 42°C under microaerobic conditions (6% CO2, 6% O2, 84.5% N2, and 3.5% H2) and cells were harvested with 2×MH broth and adjusted to 0.05 optical density OD600. 50 μl of the diluted cultures were mixed with 50 μl of the soluble lysate fraction of cells expressing each Innolysin. CAMSA2147 mixed with 20 mM HEPES-NaOH (pH 7.4) buffer was used as negative control. Mixed samples were incubated for 24 h at 42°C under microaerobic conditions (6% CO2, 6% O2, 84.5% N2, and 3.5% H2). Lack of growth was assessed as reduced turbidity of cultures compared to the negative control by measuring the optical density spectrophotometrically at 600 nm. This high-throughput screening was performed with technical triplicates.



In situ Antibacterial Activity of Innolysins Cj

The antibacterial activity of either Innolysin Cj1 or Innolysin Cj5 was tested against CAMSA2147 on artificially contaminated chicken skin supplied from a Danish slaughterhouse. Frozen chicken skins were defrosted on the day of the experiments and were aseptically cut into 3×4 cm (12 cm2) pieces. Each of the chicken pieces was treated with 20 μl of the strain containing in total 104 cfu that were evenly spread over the surface and immediately thereafter exposed to 50 μl of each Innolysin (200 μg) or 50 μl of 20 mM HEPES-NaOH (pH 7.4) as a negative control. Samples were exposed for 45 min under modified packaging conditions (30% CO2, 70% N2) at 5°C. After exposure, skin pieces were put in plastic bags and weighted. Cells were harvested by using 10 ml of 20 mM HEPES-NaOH (pH 7.4) buffer and by shaking the samples in the stomacher for 1 min. Harvested solutions were serially tenfold diluted in 20 mM HEPES-NaOH (pH 7.4) and plated on Campy Rapid plates that are selective for Campylobacter. Incubation of plates was followed for 48 h under microaerobic conditions at 42°C. C. jejuni colonies were counted and compared with the number of recoverable bacteria of the control samples. Average log reduction of bacterial cells per gr was estimated based on biological triplicate.



Statistical Analysis

Statistical analysis of the results was conducted by using GraphPad Prism 7 software (Version 7.0d). The Paired-Samples t-test with 95% confidence interval percentage was used to test the significance of logarithmic bacterial reduction of cells treated with either campycin or Innolysins Cj compared to the negative controls (cells treated with TN50 buffer or 20 mM HEPES-NaOH (pH 7.4), respectively). To test whether the muralytic activities of cleared lysates of cells expressing Innolysins were significant compared to the negative control [muralytic activity of cleared lysate of cells carrying empty vector, pET28a (+)], the Unpaired-Samples t-test was used with 95% confidence interval based on biological triplicates.



RESULTS


Identification of Campylobacter Phage RBP for Construction of Innolysins Cj

In order to construct Innolysins against Campylobacter, we first aimed to identify the RBP of the CJIE1-like prophage in C. jejuni CAMSA2147. Since mutations often accumulate in RBPs due to adaptations to variations in host receptors (Nobrega et al., 2018), the observed variability of the H-fiber of CJIE1-like prophages (Clark and Ng, 2008) may indicate that it functions as the RBP of the prophage. C. jejuni CAMSA2147 also carries an CJIE1-like prophage encoding a H-fiber. Bioinformatic analysis showed that the N-terminus of this H-fiber harbors a DUF3751 domain analogous to the N-terminal domains of the coliphage P2 protein H and the Prf tail fiber of R2-pyocin in P. aeruginosa PAO1 (Figure 1A). This tail fiber domain functions as an anchor, allowing the tail fiber to attach to the R2-pyocin (Williams et al., 2008). Moreover, the gene downstream of the H-fiber gene has a DUF4376 domain similar to the U gene located downstream of the tail fiber gene of phage Mu. The U gene encodes a chaperone that is required for the functionality of the phage Mu RBP (Haggard-Ljungquist et al., 1992; North et al., 2019). Therefore, our bioinformatic analysis showed that the H-fiber shares common features with RBPs of other phages, suggesting that it may function as an RBP for the CJIE1-like prophages.
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FIGURE 1. Domains of the tail fiber region of CJIE1-like prophages and construction of campycins. (A) Domains of H-fiber C. jejuni prophage CJIE1-like in comparison to prophage Mu and R2-pyocin. The H-fiber of CJIE1-like prophages harbors an N-terminal DUF3751 domain similar to the P. aeruginosa PAO1 R2-pyocin tail fiber encoded by prf15 (Williams et al., 2008). The gene downstream of the H-fiber gene is predicted to encode a DUF4376 domain as found in the U gene that functions as a chaperone for the Mu phage tail fiber (Haggard-Ljungquist et al., 1992). (B) For construction of campycin, the DUF3751 domain encoded by P. aeruginosa PAO1 R2-pyocin was fused with the C-terminus of the CAMSA2147 H-fiber.




The Tail Fiber Protein H of Campylobacter CJIE1-Like Prophage Functions as an RBP

To demonstrate binding of the H-fiber to Campylobacter, we exploited the principle of tail fiber switching of the R2-pyocin. The R2-pyocin is a bacteriocin morphologically similar to the tail complex of simple myoviruses such as coliphage P2 or Mu (Nakayama et al., 2000; Leiman and Shneider, 2012). Its tail fibers bind to the bacterial receptors, followed by contraction of the tail and pore formation in the cell membrane, thus dissipating the bacterial membrane potential leading to cell lysis (Michel-Briand and Baysse, 2002; Ge et al., 2020). Thus, to show that the H-fiber functions as an RBP, we engineered the R2-pyocin by exchanging the receptor binding domain of the tail fiber of native R2-pyocin with the C-terminus of the H-fiber gene of CJIE1-like prophage from C. jejuni CAMSA2147 (Figure 1B). We named this engineered pyocin campycin, because the presence of the C-terminus of the H-fiber should redirect the bactericidal effect to Campylobacter. We further co-expressed the campycin with the putative chaperone in case it may be needed for the functionality of the H-fiber (Figure 1B). All constructs were transformed to a P. aeruginosa PAO1 derivative carrying all other components of the R2-pyocin but lacking the tail fiber due to a deletion of gene prf15. The substituting tail fiber was thus expressed in trans, allowing formation of the campycins.

We expressed and spotted campycin on CAMSA2147 bacterial lawns. The appearance of lysis zones on bacterial lawns indicate the ability of campycin to bind and kill the cells (Table 4). Interestingly, the campycin only caused lysis of CAMSA2147 bacterial lawns when it was co-expressed with the putative chaperone. In contrast, the campycin alone, the native R2-pyocin or the native R2-pyocin lacking the tail fiber (Prf15) were not able to lyse CAMSA2147. These results prove that the H-fiber of the CJIE1-like prophage is able to bind to C. jejuni, suggesting that it functions as an RBP and that the downstream putative chaperone is required for its functionality. To further confirm that the H-fiber of campycin binds to and kills C. jejuni, reduction of CAMSA2147 colony forming units (cfu) was determined after treatment with campycin expressed with or without the chaperone. Indeed, an average 1.88 log reduction of cells was shown when CAMSA2147 was treated with the campycin co-expressed with the chaperone (Figure 2), whereas the campycin alone did not lead to significant reduction of cells compared to the control (cells treated with TN50 buffer). Currently described receptors for lytic Campylobacter phages include the capsule or the flagellum (Sørensen et al., 2015). To investigate whether any of these structures functions as the receptor for the H-fiber of CJIE1-like prophage, native R2-pyocin and campycin were tested for cell lysis on bacterial lawns of C. jejuni NCTC11168 lacking both the capsule and flagella (NCTC11168 ΔkpsMΔmotA) and the wildtype strain as a control. A clear lysis zone was observed on NCTC11168 ΔkpsMΔmotA similar to the wildtype (Table 4), indicating that the campycin recognizes a receptor different from the capsule and flagella. Overall, the H-fiber derived from the CJIE1-like prophage of CAMSA2147 functions as a novel Campylobacter phage RBP that requires the downstream located chaperone to be functional.


TABLE 4. Formation of clear lysis zones on lawns of different Campylobacter strains.

[image: Table 4]
[image: image]

FIGURE 2. Antibacterial activity of campycin against Campylobacter CAMSA2147. Campycin was expressed with or without chaperone and mixed with CAMSA2147. TN50 buffer was used instead of campycins as a negative control. Samples were incubated for 3 h in microaerobic conditions at 37°C. Colony forming units per milliliter (cfu/ml) were counted. Experiments were performed in triplicates. Error bars represent the standard deviations of the mean. *Significant reduction at P < 0.05.




Campylobacter Targeting Innolysins Remain Muralytic Active

We utilized the newly discovered RBP to target Innolysins against C. jejuni (Innolysins Cj). Therefore, we fused the H-fiber to phage T5 endolysin and anticipated that binding of the H-fiber to C. jejuni allows the fused endolysin to overcome the outer membrane barrier and to exert antibacterial activity. Innolyins Cj were designed with the same configuration as our previously most efficient Innolysin targeting E. coli (InEc21). InEc21 was composed of an N-terminal endolysin and a C-terminal RBP, fused with a flexible linker (Zampara et al., 2020). Thus, Innolysins Cj1 was composed of the T5 endolysin in the N-terminus fused by a long flexible linker with the H-fiber in the C-terminus. The same configuration was used for Innolysin Cj2, but only using the C-terminal part of the H-fiber without the DUF3751 domain as an RBP component (Figure 3). Furthermore, both Innolysins Cj were co-expressed with the chaperone of CAMSA2147 CJIE1-like prophage to ensure functionality of the H-fiber.
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FIGURE 3. Construction of Innolysins Cj. Innolysin Cj1 was constructed by fusing the C-terminus of phage T5 endolysin to the tail fiber protein H of Campylobacter CAMSA2147 CJIE1-like prophage. These two domains were fused by using a linker in between composed of 14 amino acids (GAGAGAGAGAGAGA). The same configuration was used for Innolysin Cj2 but instead of the whole H-fiber, the C-terminal part of the H-fiber was used, excluding the N-terminal DUF3751 domain.


To verify that the T5 endolysin remains enzymatically active within the hybrid proteins, we tested the ability of Innolysins Cj1 and Cj2 to degrade peptidoglycan. The enzymatic activity of cleared lysates of expressed Innolysins Cj was determined using outer membrane permeabilized P. aeruginosa cells, which serve as a reference substrate for peptidoglycan degrading activity (Briers et al., 2007). Innolysin Cj1 and Innolysin Cj2 displayed muralytic activities of 2,360 and 1,229 U/ml, respectively, while T5 endolysin alone has a muralytic activity of 2,807 U/ml (Figure 4). Yet, precise comparisons are not possible because cleared lysates were used, thus the observed activities are dependent on both product yield and specific activity. Overall, our results indicate that both Innolysins are able to exert enzymatic activity and degrade the peptidoglycan.
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FIGURE 4. Muralytic activity of Innolysins Cj. Enzymatic activities of Innolysins Cj1 and Cj2 were tested on outer membrane-permeabilized P. aeruginosa substrate in triplicate. Cleared lysates of cells expressing Innolysins Cj were used for the assay. Cleared lysates of cells expressing either the phage T5 endolysin (T5 Lys) or carrying the empty vector pET-28a (+) were used as positive and negative controls, respectively. Enzymatic activities were depicted as units per milliliter (U/ml) without normalization for product expression yield. Error bars represent the standard deviations of the mean. *Significant muralytic activity at P < 0.05.




Innolysins Cj Exert Antibacterial Activity Against Various Campylobacter Strains

To evaluate whether Innolysins Cj1 and Cj2 exert antibacterial activity against Campylobacter, we treated Campylobacter CAMSA2147 with 1 mg/ml of purified Innolysin Cj1 or Innolysin Cj2 for 45 min at 20°C. Innolysins Cj1 led to 1.30 ± 0.21 log reduction of cell counts, in contrast to Innolysin Cj2 that did not lead to significant log reduction (0.10 ± 0.21) (Figure 5). Furthermore, no significant log reduction was detected when cells were treated with 1 mg/ml of either the H-fiber (0.05 ± 0.03) or the T5 endolysin (0.16 ± 0.15) alone. These results indicate that the whole H-fiber may be a more potent RBP component compared to the C-terminal part of H-fiber. To determine the antibacterial spectrum of Innolysins Cj, the antibacterial activity of each Innolysin was tested against nine Campylobacter strains belonging to distinct multilocus sequence types (MLST) (Djordjevic et al., 2007; Table 2). All strains were sensitive to Innolysin Cj1, leading to a maximum of 1.33 ± 0.19 log reduction in cell numbers of CAMSA2019. In contrast, Innolysin Cj2 only exerted antibacterial activity against two strains (CAMSA2068 and CAMSA2118), reaching to 0.90 ± 0.30 log reduction of CAMSA2068 cells (Figure 5). Thus, it appears that Innolysin Cj1 is a better antibacterial candidate with a wider antibacterial spectrum compared to Innolysins Cj2. Overall, we showed that the H-fiber can be used as an RBP component of Innolysins to specifically kill diverse Campylobacter strains.
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FIGURE 5. Antibacterial spectrum of Innolysins Cj against C. jejuni strains. The bacterial log reduction of different C. jejuni strains was determined after application of 1 mg/ml purified Innolysin Cj1 or Innolysin Cj2 and exposed for 45 min at 20°C. Average logarithmic reductions of treated cells were measured compared to the cells treated with 20 mM HEPES-NaOH (pH 7.4) (Innolysins buffer solution). The C. jejuni strains were derived from the Statens Serum Institute (SSI) collection isolated from poultry and pork in Denmark, showing different multilocus sequence typing (MLST) and different MLST clonal complexes (CC) (Table 2). The average logarithmic reduction was calculated based on three independent experiments. Error bars represent the standard deviations of the mean. *Significant reduction at P < 0.05.




Construction and Screening of an Innolysin Cj Library Yields an Additional Antibacterial Candidate

To possibly enhance the antibacterial activity of Innolysins Cj, we designed a library of novel Innolysins Cj by changing the configuration and using other EADs and linkers. For the construction of the library, we used the VersaTile technique (Gerstmans et al., 2020), which is a dedicated method for the combinatorial assembly of modular proteins. Specifically, the library variants were designed as such that the whole H-fiber is located now in the N-terminus and fused by one of seven possible linkers to one of 25 different EADs of phage lytic enzymes in the C-terminus. All variants also have a C-terminal hexahis-tag for purification purposes. The library has thus a final complexity of 175 possible variants. To identify the Innolysin Cj candidate with improved antibacterial activity, we used a high-throughput screening method based on bacterial growth inhibition. Specifically, 96 variants were randomly picked after transformation and screened by mixing CAMSA2147 cells with cleared cell lysates expressing an Innolysins Cj variant, followed by monitoring of the optical density of the cultures during 24 h. CAMSA2147 cells mixed with 20 mM HEPES-NaOH (pH 7.4) buffer served as a negative control, and led to an OD600 of 0.77 ± 0.04. The highest growth inhibitory effect was observed for Innolysin Cj5 that reduced growth to an OD600 of 0.33 ± 0.05. Sequencing revealed that Innolysin Cj5 was composed of an EAD with a putative endopeptidase activity from Salmonella phage Shivani (Supplementary Table S3) fused with a 13 amino-acid long rigid linker (LINK7, Supplementary Table S2) to the N-terminal H-fiber. To determine the antibacterial activity of Innolysin Cj5, we further purified Innolysin Cj5 and tested the antibacterial activity against CAMSA2147. Exposure to Innolysin Cj5 led to 1.16 ± 0.04 log reduction of cells, which was in a similar range as Innolysin Cj1. In contrast, application of Salmonella phage Shivani endolysin alone did not significantly reduce CAMSA2147 cells under the same conditions (0.28 ± 0.02 log reduction). Thus, changing the configuration of Innolysins Cj did not enhance the antibacterial activity, but the configuration is flexible as for both opposite configurations more than 1 log reduction of Campylobacter cells was identified.



Antibacterial Activity of Innolysin Cj1 and Cj5 on Chicken Skin

To test whether Innolysins Cj could kill Campylobacter present on food products, we tested the antibacterial activity of either Innolysin Cj1 or Innolysin Cj5 against CAMSA2147 in situ. Chicken skin was inoculated with CAMSA2147 (104 CFU) and treated immediately afterward with 200 μg of either Innolysin Cj1 or Innolysin Cj5. For negative controls, 20 mM HEPES-NaOH (pH 7.4) buffer was used instead. After 45 min of exposure of the samples under modified packaging conditions (30% CO2, 70% N2) at 5°C, the log reduction of cells per gr chicken skin was assessed. A 1.63 ± 0.46 and 1.18 ± 0.10 log reduction was shown when CAMSA2147 was treated with either Innolysin Cj1 or Innolysin Cj5, respectively, compared to the negative controls. These results are in accordance with our in vitro experiments and show that Innolysins Cj have the potential to be used as antibacterial agents against Campylobacter on food.



DISCUSSION

Phage-derived RBPs are broadly and elegantly being exploited for designing novel antibacterials due to the specificity that they provide when they bind to the receptors on the bacterial surface (Dams et al., 2019). For example, we recently used a phage RBP to enable endolysin to overcome the outer membrane barrier and to kill Gram-negative bacteria (Zampara et al., 2020). We constructed Innolysins Ec composed of an EAD fused with the phage T5 RBP, Pb5 to specifically kill E. coli. Screening of a large library of Innolysins Ec for antibacterial activity allowed us to select Innolysin Ec21, displaying bactericidal activity against both laboratory and antibiotic-resistant E. coli strains (Zampara et al., 2020). Here, we expanded upon the Innolysin concept by developing Innolysins to kill C. jejuni, which is responsible for more than 90% of cases of campylobacteriosis (Sheppard et al., 2009; Kaakoush et al., 2015).

Since no C. jejuni phage RBPs have been identified so far, we used bioinformatic analysis to predict that the H-fiber protein encoded by CJIE1-like prophages functions as an RBP. To demonstrate the function, we engineered R2-type pyocin to carry the C-terminus of the H-fiber derived from CAMSA2147 CJIE1-like prophage and showed that it is able to kill C. jejuni strains. Interestingly, the H-fiber requires co-expression of the downstream gene to function as an RBP. T he C-terminus of the coding sequence of this gene contains a DUF4376 domain that displays homology to the C-terminus of the E. coli Mu phage tail fiber assembly (Tfa) protein (TfaMu). Tfa proteins are composed of a variable N-terminal domain that binds to the C-terminal region of the tail fiber and a conserved C-terminus (DUF4376) that mediates assembly and multimerization of the fiber (North et al., 2019). Similarly, the C-terminus of the protein identified downstream of the H-fiber of CJIE1-like prophages may be involved in oligomerization and assembly of the fibers. Furthermore, TfaMu is an intermolecular chaperone that remains bound to the fiber of phage Mu, however, the exact function remains to be clarified (Haggard-Ljungquist et al., 1992; North et al., 2019). In other phages like E. coli phage T2 and T6, the downstream genes encode proteins that bind to the tail fibers and regulate recognition of bacterial receptors (Riede et al., 1987). Therefore, the downstream gene may influence the functionality of the H-fiber of CJIE1-like prophage by tail fiber oligomerization and assembly and/or recognition of the receptor. While lytic C. jejuni phages have been shown to recognize either flagella or capsular polysaccharides as receptors (Sørensen et al., 2015), our data suggests that the H-fiber and thus CJIE1-like prophages recognize a previously not described receptor. Overall, we provide novel insight of phage-host interaction of CJIE1-like prophages by identifying the RBP and we provide a new component for redirecting the antibacterial activity of Innolysins to Campylobacter.

By using the H-fiber derived from CAMSA2147 as the RBP component, we constructed two Innolysins Cj to kill Campylobacter jejuni, by fusing it to the C-terminus of T5 endolysin with a flexible linker in between. Innolysin Cj1 composed of the whole H-fiber as RBP component killed all 10 Campylobacter strains tested, reaching to 1.30 ± 0.21 log reduction of CAMSA2147 cells. In contrast, Innolysin Cj2 composed of the C-terminal part of the H-fiber could only significantly kill two out of the 10 strains. We previously suggested that the mode of Innolysins action relies on the binding of Innolysins RBP component to the bacterial receptors. This binding brings the fused endolysin to close proximity to the cell surface, where the positive charge of the endolysin may interfere with the outer membrane stabilizing cations (Zampara et al., 2020). As a result, the outer membrane integrity is impaired (Smoluch et al., 2016), allowing the endolysin to access and thereby degrade the peptidoglycan. Thus, we expect that the whole H-fiber may bind with higher affinity to the receptor compared to the C-terminal part of H-fiber, resulting to a broader antibacterial activity of Innolysin Cj1 compared to Innolysin Cj2. Further engineering allowed us to construct a library of Innolysins with a different configuration compared to Innolysin Cj1 and Innolysin Cj2. Based on a high-throughput screening for growth inhibition, we selected Innolysin Cj5 as a potent antibacterial candidate, leading to 1.16 ± 0.04 log reduction of CAMSA2147 cells in vitro. Although we did not identify an Innolysin with increased antibacterial activity compared to Innolysin Cj1, the platform offers opportunities for developing additional Innolysins Cj as antibacterial candidates. This is a novel concept for developing agents to control Campylobacter by exploiting phage RBPs and muralytic enzymes.

Chicken skin may be contaminated with high levels of C. jejuni during multiple stages of processing (Hansson et al., 2015; Biesta-Peters et al., 2019; Iannetti et al., 2020). Therefore, we used chicken skin as a food model system to test the antibacterial activity of Innolysins Cj against C. jejuni. Application of either Innolysin Cj1 or Innolysin Cj5 under food storage conditions led to 1.63 ± 0.46 and 1.18 ± 0.10 log reduction per gram chicken skin, respectively. Although the killing efficiency of Innolysin Cj1 by 1.63 ± 0.46 log reduction appears moderate, it has been predicted that campylobacteriosis cases derived from consumption of contaminated chicken meals could be decreased 30 times by a 2 log reduction of Campylobacter numbers on the chicken carcasses (Rosenquist et al., 2003). Thus, the antibacterial activity of Innolysins Cj could have a substantial impact on food safety and thus the number of human disease cases. Application of phage cocktails in situ against C. jejuni NCTC12662 under similar set up on chicken skin did not exceed 1 log reduction (Zampara et al., 2017). Therefore, Innolysins appear more efficient antibacterial agents compared to such phage application. Furthermore, Innolysin Cj approach offers advantages compared to phage application, because phage resistance can emerge due to Campylobacter intracellular adaptive mechanisms, such as intragenomic rearrangement between Mu-like prophages and phase-variable restriction modification systems (Scott et al., 2007; Anjum et al., 2016). In the case of Innolysins, bacterial resistance is most likely limited to mutations of the receptor for Innolysin binding. This could subsequently result in a reduced virulence, depending on the nature of the bacterial receptor. Since Innolysin Cj1 is able to kill a diverse spectrum of C. jejuni, the H-fiber appears to bind to a conserved receptor. Furthermore, a combined application of Innolysins targeting different receptors on Campylobacter at the same time may reduce the risk of bacterial resistance, as mutation of multiple receptors would be required instead of one. Here we showed that engineering of R2-pyocins of P. aeruginosa is a useful platform for discovery of novel RBPs to be used for development of novel Innolysins Cj. Overall, we used a novel RBP originating from a prophage to develop Innolysins Cj and expand the reservoir of potent antibacterials against Campylobacter.
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Thermophilic Campylobacter species are among the major etiologies of bacterial enteritis globally. This study aimed at assessing the antimicrobial resistance (AMR) profiles, virulence genes, and genetic diversity of thermophilic Campylobacter species isolated from a layer poultry farm in South Korea. One hundred fifty-three chicken feces were collected from two layer poultry farms in Gangneung, South Korea. The Campylobacter species were isolated by cultural techniques, while PCR and sequencing were used for species confirmation. Antimicrobial susceptibility testing for six antimicrobials [ciprofloxacin (CIP), nalidixic acid (NAL), sitafloxacin (SIT), erythromycin (ERY), tetracycline (TET), and gentamicin (GEN)] was carried out by broth microdilution. Three AMR and nine virulence genes were screened by PCR. Genotyping was performed by flaA-restriction fragment length polymorphism (RFLP) and multilocus sequence typing (MLST). Of the 153 samples, Campylobacter spp. were detected in 55 (35.9%), with Campylobacter jejuni and Campylobacter coli being 49 (89.1%) and six (10.9%), respectively. High-level resistance was observed for CIP (100%), NAL (100%), and TET (C. jejuni, 93.9%; C. coli: 83.3%). No resistance was observed for SIT. The missense mutation (C257T) in gyrA gene was confirmed by sequencing, while the tet(O) gene was similar to known sequences in GenBank. The rate of multidrug-resistant (MDR) strains was 8.2%, and they all belonged to C. jejuni. All Campylobacter isolates possessed five virulence genes (cdtB, cstII, flaA, cadF, and dnaJ), but none possessed ggt, while the rates for other genes (csrA, ciaB, and pldA) ranged between 33.3 and 95.9%. The flaA-RFLP yielded 26 flaA types (C. jejuni: 21 and C. coli: five), while the MLST showed 10 sequence types (STs) for C. jejuni and three STs for C. coli, with CC-607 (STs 3611) and CC-460 (ST-460) being predominant. Among the 10 STs of C. jejuni, three were newly assigned. The findings of this study highlight the increased resistance to quinolones and TET, the virulence potential, and the diverse genotypes among Campylobacter strains isolated from the layer poultry farm.
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INTRODUCTION

Globally, Campylobacter is the leading cause of bacterial gastroenteritis (Alaboudi et al., 2020). Campylobacter jejuni and Campylobacter coli are the species of clinical significance, being accountable for more than 95% of human campylobacteriosis (Moore et al., 2005; Fitzgerald, 2015). Globally, 96 million cases of diarrhea each year are due to Campylobacter (Havelaar et al., 2015). In Europe, Campylobacter was ranked as the second (next to Salmonella) etiological agent of outbreaks associated with water and food poisoning in 2018 (Klančnik et al., 2020). Contrary to European countries, reports on human campylobacteriosis in Asian countries including South Korea are limited, possibly due to low disease prevalence or the sporadic nature of infections (Kim et al., 2019; Wei et al., 2019).

Human campylobacteriosis requires antimicrobial therapy only in case of complications and in immuno-compromised people (Wieczorek and Osek, 2013; Sproston et al., 2018). Over the years, increasing rates of Campylobacter strains that are resistant to the drugs of choice [fluoroquinolones (FQs) and macrolides] and alternative therapies [gentamicin (GEN) and tetracycline (TET)] have been reported (Blaser and Engberg, 2008; Koolman et al., 2015), making antimicrobial resistant (AMR) Campylobacter strains a public health concern (Mourkas et al., 2019; Windiasti et al., 2019). The resistance to antimicrobials is partly due to their misuse in both human medicine and livestock production (Elisha et al., 2017; Sproston et al., 2018). For instance, different quinolone antibiotics have been extensively used in poultry raising, which led to an accelerated number of quinolone-resistant strains of Campylobacter from chicken and humans (Sproston et al., 2018).

In Korea, FQ use in livestock was banned since 2010, with a prediction to curb the increased resistance in the future (Ku et al., 2011). However, recently, FQ-resistant Campylobacter strains have been isolated from poultry and duck meat (Kim et al., 2019). Due to the increased resistance to quinolones throughout the world (Tang et al., 2017), erythromycin (ERY) has emerged as the recommended drug for treating human campylobacteriosis (Giannatale et al., 2019). Recently, sitafloxacin (SIT), a novel FQ drug, proved to be effective against various FQ-resistant pathogens including Campylobacter (Changkwanyeun et al., 2016; Chen et al., 2020), and could be a promising drug. The persistence of FQ resistance in Campylobacter strains could be linked to the continued use of ciprofloxacin (CIP) in human medicine, international trade, travel, and use of FQs in animal husbandry along with the circulation of resistant isolates among different reservoirs.

Poultry can carry Campylobacter, and chicken intestines are regarded as reservoirs for thermophilic Campylobacter species based on optimal conditions (high body temperature) favoring their growth (Sibanda et al., 2018). Previous reports have associated an increase in human campylobacteriosis cases with the increase in chicken consumption (Oh et al., 2017). Chickens’ ceca alone are usually colonized by C. jejuni to levels above 109 colony-forming unit (CFU)/ml, posing a risk to humans (Humphrey et al., 2007, 2014). Furthermore, Campylobacter can stay in feces and litter for many days, and the use of these byproducts as fertilizers would aggravate the dissemination of the pathogens (Kassem et al., 2016). Campylobacter persistence in chicken farms and slaughterhouses is a hazard to the consumers because it is transmitted along the whole production chain up to the final product (Kim et al., 2019; Ramires et al., 2020). While the literature on broiler chicken is extensive, studies on the epidemiology of Campylobacter species from layer farms are limited (Kassem et al., 2016).

Campylobacter species are equipped with virulome which is used in attachment, establishment, invasion, and production of toxins, contributing to their increased occurrence and epidemiology compared to other enteric bacteria (Bolton, 2015; Otigbu et al., 2018). However, the mechanisms associated with Campylobacter pathogenicity are not fully understood (Nguyen et al., 2016). C. jejuni is known to cause Guillain–Barré syndrome, characterized by acute and progressive neuromuscular paralysis, mediated by sialyltransferases (cstII) (Koga et al., 2006; Humphrey et al., 2007; González-Hein et al., 2013). Sialic acid confers immune avoidance to C. jejuni, as a mutant lacking lipooligosaccharide sialic acid residues showed greater immunoreactivity and decreased serum resistance (Kreling et al., 2020). The CDT complex, another important factor in Campylobacter, codes for the cytolethal distending toxin with cdtB acting as the catalytic site, and in the nucleus, cdtB induces cell cycle arrest and leads to apoptosis of both immune and epithelial cells in the intestines (Jain et al., 2008). It has been reported that C. jejuni cdtB mutants had reduced extra-intestinal invasiveness (Yamasaki et al., 2006) and bowel disturbances (Pokkunuri et al., 2012). A study carried out in Poland showed that Campylobacter strains lacking cdtB and cdtC were non-cytotoxic, confirming their roles in toxin production (Wysok et al., 2020). The presence of ggt contributes to the colonization potential of C. jejuni in chicken and mice intestines (Barnes et al., 2007). The flaA gene contributes to Campylobacter pathogenesis as it is involved in colonization, motility, auto-agglutination, and biofilm formation (Guerry, 2007). Mutation experiments highlighted the role of flaA in chicken colonization (Bolton, 2015). Campylobacter species also possess other genes associated with adhesion (cadF and pldA), invasion (ciaB), thermo-tolerance (dnaJ) (Pillay et al., 2020), and stress response (csrA) (Fields and Thompson, 2008). Studies have shown that Campylobacter strain mutants for cadF and ciaB exhibited a reduced attachment and invasion of INT 407 cell line along with a decline of survival potential (Kreling et al., 2020; Ramires et al., 2020).

Molecular typing methods are important not only in distinguishing bacteria at the species and subspecies levels but also in source attribution of Campylobacter strains (Eberle and Kiess, 2012; Lydekaitiene and Kudirkiene, 2020). Although source attribution aiming at quantifying the contribution of different reservoirs, pathways, exposures, and risk factors to the burden of human illness is difficult (Wagenaar et al., 2013), it is estimated that 80% of human campylobacteriosis are attributed to Campylobacter of poultry origin (Wagenaar et al., 2013; Mulder et al., 2020). Multilocus sequence typing (MLST), based on seven housekeeping genes (HKGs), is the gold-standard method used for epidemiological surveillance (Harrington et al., 2003; Lydekaitiene and Kudirkiene, 2020). Data on MLST of Campylobacter strains in Asia are limited (Nguyen et al., 2016), but previous studies in Korea and Japan have shown the predominance of CC-460, CC-607, CC-21, and CC-45 in poultry and human isolates (Wei et al., 2014; Ozawa et al., 2016; Oh et al., 2017). MLST data are expected to give accurate phylogenic estimation, typing, and strain relatedness (Alaboudi et al., 2020). Whole-genome sequencing (WGS) might become the preferred typing method in the future, but still, there is a need for a consensus upon bioinformatics pipelines and tools for processing WGS data (Duarte et al., 2016b).

Considering the persistence of FQ-resistant Campylobacter strains even in the absence of antimicrobial use and the fact that SIT has a different structure compared to other FQs, we hypothesized that Campylobacter species from chicken are still resistant to both ciprofloxacin and nalidixic acid (NAL) but sensitive to SIT. Furthermore, we think that the same sequence types (STs) are circulating in poultry in Korea and the region. Based on the virulence potential of Campylobacter and the favorable environment offered by chicken, it is most probable that Campylobacter species of poultry origin are hypervirulent and could be of concern. The present study aimed at assessing the antimicrobial resistance profiles, virulence genes, and genetic diversity of thermophilic Campylobacter species isolated from a layer poultry farm in Korea.



MATERIALS AND METHODS


Sample Collection

Fresh chicken fecal samples were purposively collected from two layer poultry farms located in Gangneung city, Republic of Korea in June 2020. The first farm uses an intensive poultry farming system with around 800 1-year-old chickens dispatched into battery cages inside a closed house. The second farm is a small one that is not for commercial purposes, where around 30 1-year-old chickens are enclosed in a cage subdivided into two blocks by a fence. A total of 133 (from the first farm) and 20 (from the second farm) pen floor fecal samples were collected using sterile swabs and transported to the laboratory under refrigeration (ice) within 1 h.



Campylobacter Isolation and Antimicrobial Susceptibility Testing

Upon arrival at the laboratory, the feces were inoculated onto modified charcoal cefoperazone deoxycholate agar (mCCDA) (Oxoid Ltd., Basingstoke, Hampshire, England) containing the Campylobacter mCCDA-selective supplement, SR155E (Oxoid Ltd, Basingstoke, Hampshire, England). Incubation was done as previously described (Kurekci et al., 2012) at 37°C for 48 h under microaerophilic conditions generated by CampyGenTM gas sachets (Oxoid, Basingstoke, England, United Kingdom). Typical colonies of Campylobacter, which are grayish, flat, moistened, and with a tendency to spread (Al-Edany et al., 2015), were sub-cultured on Mueller Hinton Agar supplemented with 5% defibrinated horse blood (MHS) and incubated at 37°C for 48 h under microaerophilic conditions (Kurekci et al., 2012). Campylobacter isolates were preserved at −80°C in Mueller Hinton broth containing 25% glycerol (v/v).

Antimicrobial susceptibility testing was performed by broth microdilution. The isolates were tested against quinolones, namely ciprofloxacin (CIP), NAL (0.25–512 μg/ml), SIT (0.03–16 μg/ml); macrolide, ERY (0.06–64 μg/ml); and aminoglycoside, GEN (0.06–64 μg/ml), and TET (0.125–1,024 μg/ml). Apart from SIT purchased from AdooQ BioScience (Irvine, CA, United States), the other antimicrobials were supplied by Sigma-Aldrich (St. Louis, MO, United States). CIP and ERY were dissolved in 0.1 N HCl and 70% ethanol, respectively. GEN and TET were dissolved in water, while NAL and SIT were dissolved in dimethyl sulfoxide (DMSO). Except for the antibiotics dissolved in DMSO, other solutions of antibiotics were filter-sterilized before being used.

Preserved Campylobacter isolates were inoculated onto MHS (Oxoid Ltd, Basingstoke, Hampshire, England) and incubated at 37°C for 48 h under microaerophilic conditions (Kurekci et al., 2012). A sub-culture was performed on the same media and the same conditions to get well-grown pure colonies free from glycerol. For antimicrobial susceptibility assays, suspensions corresponding to 0.5 McFarland standard (1.5 × 108 CFU/ml) were prepared using normal saline, and the final concentration in a 96-well plate was 2–5 × 106 CFU/ml. The minimal inhibitory concentration (MIC) was determined by checking the absorbance at A600 nm on a microplate reader (Synergy HT; BioTek Instruments Inc., Winooski, VT, United States) and confirmed by the addition of iodonitrotetrazolium chloride to 96-well plates as previously described (Klančnik et al., 2009). The MIC was designated as the lowest concentration of the antimicrobial leading to a significant decrease (>90%) in inoculum viability after 48 h as previously described with modification on incubation time (Burt, 2004). The minimal bactericidal concentration (MBC) was determined as previously described (Dholvitayakhun and Trachoo, 2012; Duarte et al., 2016a). The concentration at which no bacterial growth was noticed after 48 h of incubation was regarded as MBC. The MIC values were interpreted according to the standards of the European Committee for Antimicrobial Susceptibility Testing1, except for SIT which lacks international cutoff values. The MIC values were CIP ≤ 0.5 μg/ml, NAL ≤ 16 μg/ml, ERY ≤ 4 for C. jejuni and ≤8 μg/ml for C. coli, and GEN and TET ≤ 2 μg/ml. However, all Campylobacter strains were sensitive to SIT (MIC ≤ 2 μg/ml) according to the literature (Huang et al., 2015; Xu et al., 2018).



DNA Extraction, PCR Confirmation of Species, and Detection of AMR and Virulence Genes

The extraction of genomic DNA from pure colonies was carried out by using the Qiagen QIAamp PowerFecal Kit (Qiagen, Hilden, Germany) as per the manufacturer’s instructions. Then, a multiplex PCR was conducted using genus-specific primers (C412F and C1228R), cj0414 gene primers (C1 and C3) for C. jejuni, and ask gene primers (CC18F and CC519R) for C. coli (Yamazaki-Matsune et al., 2007). The primers were selected based on the specificity in identifying the genus and species of Campylobacter (Linton et al., 1997; Pajaniappan et al., 2008). The PCR mixture (25 μl) contained 12.5 μl of 2X Master Mix (Thermo Fisher Scientific, Seoul, South Korea), 1 μl of primer (10 μM), 1.5 μl of template DNA (20 μg/ml), and 7 μl of sterile deionized water. The cycling conditions were one cycle of 95°C for 5 min, 35 cycles each of 94°C for 30 s, 55°C for 45 s, and 72°C for 45 s, and a final extension at 72°C for 7 min using MiniAmp Plus Thermal Cycler (Applied Biosystems, MA, United States). The PCR products were held at 4°C before analysis.

For the genes associated with antibiotic resistance [tet(O), gyrA, and cmeB] and virulence (cstII, cdtB, flaA, ggt, csrA, cadF, ciaB, pldA, and dnaJ), the PCR was performed using specific primers (Supplementary Table 1). After electrophoresis, bands of PCR products (Figure 1) were observed on a Dual UV Transilluminator (Core Bio System, Huntington Beach, CA, United States) under ultraviolet light. The bands of the amplification products were compared to the 100-bp DNA ladder (Dyne bio, Seongnam-si, Republic of Korea). The PCR products of antibiotic resistance genes were purified with AMPure XP beads (Beckman Coulter, Fullerton, CA, United States) and sequenced by the Sanger method at SolGent (Solutions for Genetic Technologies, Daejeon, Republic of Korea).
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FIGURE 1. PCR detection of antimicrobial resistance and virulence genes. M, marker; 1, gyrA; 2, tet(O); 3, cstII; 4, cdt B; 5, flaA; 6, csrA; 7, cadF; 8, ciaB; 9, pldA; and 10, dnaJ.




flaA-Restriction Fragment Length Polymorphism

Genetic diversity was first analyzed by flaA-restriction fragment length polymorphism (RFLP) using 25-μl PCR reactions (Harrington et al., 2003; Wieczorek and Osek, 2008). The flaA amplicon (1.7 kb) was digested for 6 h at 37°C using HpyF3I restriction enzyme (Thermo Scientific, Waltham, MA, United States), and the fragments were separated using 2.5% agarose gel (Lonza Inc., Rockland, ME, United States) in Tris–acetate–EDTA buffer at 90 V for 90 min. The bands were photographed with iBrightTM CL1000 Imaging System (Thermo Fisher Scientific, Seoul, Republic of Korea). The dyne 100-bp and 1-kb DNA ladders (Dyne bio, Seongnam-si, Republic of Korea) were used as standards for molecular size determination.



Multilocus Sequence Typing Analysis

Multilocus sequence typing was performed as previously described (Dingle et al., 2001; Giannatale et al., 2019) using primers available from the Campylobacter MLST website2. Briefly, the seven HKGs aspA (aspartase), glnA (glutamine synthetase), gltA (citrate synthase), glyA (serine hydroxymethyltransferase), pgm (phosphor glucomutase), tkt (transketolase), and uncA (ATP synthase) were PCR-amplified from genomic DNA. For C. jejuni, two rounds of PCR were performed (nested PCR), while for C. coli one set of primers was used. The PCR conditions were denaturation at 94°C for 5 min, 35 cycles of 94°C for 30 s, 60°C for 45 s, and 72°C for 45 s, and then a final extension at 72°C for 5 min. The purification of amplicons was performed by AMPure XP beads (Beckman Coulter, Fullerton, CA, United States) as per the manufacturer’s recommendations and sequenced by the Sanger method at SolGent (Solutions for Genetic Technologies, Daejeon, Republic of Korea).



Data Analysis

GraphPad Prism 8.4.0 (GraphPad Software, La Jolla, CA, United States) was used to compute the descriptive statistics (detection rate, proportions, and frequencies of different attributes). The flaA restriction profiles were analyzed by pairwise comparisons and cluster analysis using the Dice correlation coefficient and the unweighted pair group method with arithmetic mean clustering algorithm in BIONUMERICS V8.0 (Applied Maths, Sint-Martens-Latem, Belgium). The optimization and position tolerance (1%) for band analysis and a cutoff of 100% were used. BioEdit software (version 7.2.6.1) was used to edit, align, and analyze the DNA chromatograms (Hall, 1999). A BLAST search was performed to compare consensus sequences [gyrA and tet(O)] with those from the GenBank database. Then, our sequences were submitted to get the corresponding accession numbers. Standard sensitive strains (L04566.1 and U63413.1) and resistant strains (KX982339.1 and MT176401.1) for gyrA were used for comparison. For the gyrA gene, the comparison was performed with Clustal Omega (Madeira et al., 2019). Amino acid sequences were deduced from the DNA sequences using the ExPASyTranslate tool (Gasteiger et al., 2003). Alleles, STs, and clonal complexes (CCs) were assigned by submitting the sequence data to the MLST database (see text footnote 2) (Maiden, 2006). A minimum spanning tree of C. jejuni and C. coli STs was created from MLST allelic profiles using BIONUMERICS 8.0 (Applied Maths NV, Saint-Martens-Latem, Belgium).




RESULTS

Out of 153 fecal samples, the detection rate of Campylobacter spp. was 35.9% (55), with C. jejuni and C. coli being 89.1% (49) and 10.9% (six), respectively. None of the 20 fecal samples from the second farm was positive for Campylobacter.


Antimicrobial Susceptibility Testing

All Campylobacter isolates were screened for antimicrobial susceptibility to six antimicrobials, and they showed high-level resistance to CIP, NAL, and TET. Resistance to CIP and NAL was 100%, while resistance to TET was 93.9% for C. jejuni and 83.3% for C. coli (Table 1). Four (8.2%) C. jejuni strains were multidrug-resistant (MDR), but none of the C. coli was MDR. Of the four MDR isolates, two were resistant to CIP, NAL, TET, and ERY, while the other two were resistant to CIP, NAL, TET, and GEN. The presence of tet(O) and mutation in gyrA were confirmed by PCR (Figure 1), but all strains did not show bands for the multidrug efflux pump gene (cmeB). Sequencing revealed the presence of a missense mutation (C257T) in the quinolone resistance determining region of gyrA gene, causing resistance to quinolones along with other silent mutations. There was 100% sensitivity to SIT, while 4.1% of the C. jejuni isolates were resistant to both ERY and GEN (Table 1). The MBC values were as follows: CIP, 64–256 μg/ml; NAL, 128–512 μg/ml; TET, 2–1,024 μg/ml; SIT, 0.25–1 μg/ml; ERY, 1–32 μg/ml; and GEN, 1–256 μg/ml.


TABLE 1. Antimicrobial resistance data for both Campylobacter jejuni and Campylobacter coli species.
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Upon submission of the gyrA and tet(O) sequences to the GenBank database, the following accession numbers have been assigned: MW067325–MW067370 (Table 2). The main mutation in gyrA gene is the missense mutation (C257T) associated with the codon change from ACA to ATA (C. jejuni) and ACT to ATT (C. coli) leading to T86I substitution. However, silent mutations were also found. It was noticed that TET-resistant strains possessed the tet(O) gene, which was confirmed by sequencing. The BLAST search showed similarity with known tet(O) gene sequences in GenBank.


TABLE 2. Accession numbers for DNA gyrA and tet(O) resistance genes.
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Virulence Genes

The presence of selected virulence genes (cstII, cdtB, flaA, ggt, csrA, cadF, ciaB, pldA, and dnaJ) was checked by PCR (Figure 1). We found that all isolates possessed cdtB, cstII, flaA, cadF, and dnaJ, but none showed the presence of ggt. The percentages for csrA, ciaB, and pldA were 73.5, 95.9, and 98% for C. jejuni and 66.7, 33.3, and 33.3% for C. coli, respectively (Figure 2).
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FIGURE 2. Distribution of virulence genes in Campylobacter jejuni and Campylobacter coli.




The flaA Polymorphism

Campylobacter jejuni (n = 37) and C. coli (n = 5) were digested with HpyF3I, yielding six to 10 fragments of DNA. There were 26 fla-A types (C. jejuni: 21 and C. coli: five). For C. jejuni, there was a predominant cluster at the top of the dendrogram. For C. coli, isolate numbers 45 and 47 clustered together; the other isolates had different patterns (Figure 3).
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FIGURE 3. PCR–restriction fragment length polymorphism profiles of flaA gene digested with HpyF31 from strains of Campylobacter species. Numbers represent the laboratory code for isolates.




Multilocus Sequence Typing

Twenty-four isolates (C. jejuni: 19; C. coli: five), selected based on flaA RFLP profiles to maximize the diversity, were genotyped by MLST. C. jejuni isolates were matched with 10 STs grouped into five CCs. However, three C. jejuni isolates had new combinations of previously described alleles but could not be matched with any of the existing STs. Upon submission to the database (see text footnote 2) for ST assignment, the isolates CJ42 (id: 106369), CJ52 (id: 106370), and CJ71 (id: 106371) were assigned to ST-10645, ST-10647, and ST-10648, respectively. Of the 10 STs, ST-3611 was the main one with five isolates, followed by ST-460 with four isolates. The CCs with a higher number of isolates were CC-607 with nine isolates and CC-460 with five isolates. For C. coli (five isolates), three STs were found, with ST-5935 being the most prevalent (three isolates), and all the five isolates belonged to CC-1150 (Table 3).


TABLE 3. Distribution of sequence types and clonal complexes among Campylobacter strains from chicken (n = 24).
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The minimum spanning tree of C. jejuni and C. coli STs was created from MLST allelic profiles using BIONUMERICS 8.0 (Applied Maths NV, Saint-Martens-Latem, Belgium). The tree shows 78 STs grouped into 12 previously characterized CCs, including both STs identified in this study (13) and 65 STs reported in the literature as predominant in Campylobacter strains of human and poultry origins. ST-460 and ST-10613, belonging to CC-460, are clustered together, and they share six of the seven HKGs, with the only difference being in glnA allele. The STs 6238, 607, and 3611 form another cluster belonging to the same CC-607 at the center of the tree. ST-51 belonging to CC-443 is located far from the other STs identified in this study. Of the three newly assigned STs, it can be concluded that ST-10645 is closely related to ST-8994, both belonging to CC-52, while ST-10647 is closely related to ST-3611, both belonging to CC-607. We also included STs that have been previously identified in Campylobacter strains isolated from poultry, human, and cattle fecal samples from the database (see text footnote 2). It can be concluded that CCs of this study are closely related to other CCs (257, 353, and 354) and distanced from CC-45 and CC-21 commonly reported in Campylobacter strains of poultry origin in Asia and elsewhere. The STs for C. coli from this study all belong to CC-1150 along with other STs obtained from the database (Figure 4).
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FIGURE 4. Minimum spanning tree of Campylobacter jejuni and Campylobacter coli sequence types (STs) created from multilocus sequence typing allelic profiles. Each ST is represented as a circle, with the size of the circle proportional to the number of isolates of that ST for the isolates obtained in this study (STs colored in yellow and green). The figure also includes STs commonly reported in Korea and elsewhere from poultry and humans which were retrieved from pubMLST. The branch length and thickness represent the allelic distance: a thick short line connects single-locus variants, a thin longer line connects double-locus variants, and a dashed line connects STs separated by three or more allelic differences. Background shading highlights clonal complexes at a distance of two alleles in this dataset.





DISCUSSION

Chicken contamination or infection by Campylobacter at the farm level usually affects the whole poultry production chain from farm to fork (Giannatale et al., 2019; Tang et al., 2020), and suitable interventions have to be adopted to reduce transmission from poultry to humans (Alter et al., 2011). The detection rate of Campylobacter was 35.9%, with C. jejuni being predominant (89.1%) compared to C. coli (10.9%). The detection rate was slightly higher compared to the rate previously reported for layers in the United States (Rama et al., 2018) but lower than the rates reported in the Netherlands (Schets et al., 2017) and Sri Lanka (Kalupahana et al., 2013). C. jejuni is reported to be the predominant species causing human campylobacteriosis, and our results concur with the literature (Han et al., 2007; Wei et al., 2014). However, exceptions have been reported, where C. coli was the predominant or the only isolated species (Marinou et al., 2012; Wieczorek et al., 2020a).

Campylobacter species exhibited high-level resistance to some antimicrobials (CIP, NAL, and TET), which concurs with findings previously reported in Korea (Kim et al., 2010; Lee et al., 2017; Oh et al., 2017) and elsewhere (Elhadidy et al., 2018; Zhang et al., 2020). In Korea, the use of ciprofloxacin was banned in 2010 (Ku et al., 2011), but mass medication of poultry with FQs, especially enrofloxacin, is still allowed (Seo and Lee, 2020). We characterized the gyrA gene, and the point mutation (C257T) confirmed the phenotypic results. The (C257T) mutation leads to increased resistance to FQs (Frasao et al., 2015) often used in livestock (Perrin-Guyomard et al., 2020) and in humans for treating undiagnosed diarrhea cases (Sproston et al., 2018). Surprisingly, quinolone-resistant Campylobacter strains have been reported in Australia in the absence of their use (Abraham et al., 2020). Although the use of FQs is banned in several countries, resistant strains are maintained in bacterial populations, which may explain their continued occurrence in humans and animals (Sproston et al., 2018). The association of using FQs in animal husbandry and the increased occurrence of AMR pathogens differ depending on the poultry production system, surveillance programs, and geographic location (Hao et al., 2016). It is hypothesized that the increased rates of human campylobacteriosis in Asia, Europe, and America are partly driven by a widespread prevalence of C. jejuni strains resistant to quinolones via poultry (Oh et al., 2017).

There was high resistance to TET, which concurs with previous reports in Korea (Wei et al., 2014; Lee et al., 2017), China (Zhang et al., 2020), and India (Kabir et al., 2015). TET is often used in poultry and pig industries based on their low cost and easy administration to animals through drinking water (Jonker and Picard, 2010). The sequencing and BLAST search showed the similarity of tet(O) gene sequences with known plasmid-mediated tet(O) gene sequences in the GenBank (Elhadidy et al., 2018; Lynch et al., 2020).

All isolates were susceptible to SIT (MIC values: 0.125–1 μg/ml) which possesses specific features lacking in other quinolones like a cyclopropyl ring with fluorine at R-1 and a chloride substituent at R-8 (Changkwanyeun et al., 2016), which may explain its high effectiveness. Our results corroborate previous reports with a MIC of 0.25 μg/ml (Yabe et al., 2010; Changkwanyeun et al., 2015). SIT is a candidate for clinical trials on campylobacteriosis (Changkwanyeun et al., 2015), and it is used for the eradication of multi-drug resistant Helicobacter pylori (Pohl et al., 2019). This could be a breakthrough as the alternative therapies for severe campylobacteriosis are very limited (Pavlova et al., 2020).

The low resistance to ERY and GEN shown by the isolates of this study has also been reported in different countries like Korea, Vietnam, and China (Carrique-Mas et al., 2014; Wei et al., 2014; Zhang et al., 2020). Resistance to ERY has been low and stable in China (Zhang et al., 2020), the United States, and across Europe (Tang et al., 2017). The limited resistance to ERY may be partly explained by a slower process of developing resistant strains when exposed to ERY and reduced survival of resistant strains (Luangtongkum et al., 2009, 2012). Resistance to GEN has also been relatively low as it is used for treating systemic infections (Lynch et al., 2020). Prudent use of existing antimicrobials and efforts to discover new alternative treatment options would help in curbing the AMR trend.

The Campylobacter species virulome contributes to their pathogenicity (Han et al., 2019). In this study, cstII, cdtB, flaA, cadF, and dnaJ were detected in all isolates. The detection rates were similar to a previous report in Korea (Oh et al., 2017) but higher than those reported in South Africa and Chile (González-Hein et al., 2013; Otigbu et al., 2018; Pillay et al., 2020). cadF seems to be a prerequisite for the invasion of epithelial cells by any bacterial pathogen (Ramires et al., 2020). The outer membrane phospholipase A (pldA) was observed more in C. jejuni than in C. coli (Figure 2), which corroborates the study in South Africa (Pillay et al., 2020), while for ciaB, our findings are above those of a previous report in Korea (Oh et al., 2017) and contrast with the study in South Africa (Pillay et al., 2020). The presence of cadF and ciaB facilitates the adhesion and internalization of Campylobacter in cellular models (Ramires et al., 2020). The detection rate for csrA in C. jejuni was slightly higher than the rate in C. coli, but csrA was lacking in Campylobacter strains from South Africa (Otigbu et al., 2018). None of our isolates expressed ggt. The latter was reported to be only 5.5% in Chile (González-Hein et al., 2013), but our findings contrast with the high values (30.9–43.2%) reported in Finland (Gonzalez et al., 2009). The difference could be associated with the complexity of the colonization process involving several genes and the use of strains from a single sampling site (González-Hein et al., 2013). Furthermore, MDR and virulent C. jejuni strains have been found more in summer than in winter, suggesting the role played by climate in the expression of some genes (Kim et al., 2019). We also evoke that several virulence genes are plasmid-mediated, which may affect their presence in different strains (Oh et al., 2017). The virulence genes reported in this study have been previously reported in Campylobacter strains isolated from humans (González-Hein et al., 2013; Oh et al., 2017), highlighting the potential virulence of these Campylobacter strains in causing human infections.

The flaA-RFLP typing showed a considerable diversity of Campylobacter strains despite being from the same farm. In our study, 26 types were found by flaA typing of 42 Campylobacter isolates. In another study in Korea, 30 flaA types were reported for 100 C. jejuni from chicken (Han et al., 2007), while 19 flaA types were reported for 100 C. jejuni from Grenada, Puerto Rico, and Alabama (Behringer et al., 2011). The flaA typing is suitable for laboratories dealing with a small number of isolates as it is cheaper and reproducible (Behringer et al., 2011). However, the drawback of the flaA typing is increased recombination events in the flaA gene, which modifies RFLP profiles (Harrington et al., 1997). Furthermore, the flaA typing focuses only on a single gene from a considerable genome, and there is a lack of inter-laboratory comparison of obtained results (Nguyen et al., 2016) due to the absence of flaA database. Therefore, a combination of several typing methods is recommended (Wieczorek and Osek, 2008).

Molecular typing techniques showed that 80% of human campylobacteriosis is associated with Campylobacter of poultry origin (Newell et al., 2011). In this study, the MLST revealed 10 STs for C. jejuni and three STs for C. coli. Three STs were new but could fit in existing clonal complexes. The predominant STs (3611 and 460) have been previously isolated in C. jejuni from poultry, while ST-51 was found in C. jejuni of both chicken and human origins in various regions of Korea (Oh et al., 2017). In Korea, in addition to the CCs identified in this study, other CCs including CC-48, CC-21, and CC-45 (Figure 4) have been recovered from Campylobacter isolates of poultry and human origins (Wei et al., 2014; Oh et al., 2017). The predominance of these clonal complexes and STs could be associated with environmental factors (geography and climate) and increasing poultry consumption in Korea (Oh et al., 2017). Globally, CC-45 has been found in various hosts, including poultry, cattle, dogs, wild birds, penguins, and it was also isolated from environmental samples (Cody et al., 2012; Shin et al., 2013), while CC-607 is largely associated with chicken and humans as reported from the United Kingdom, France, Canada, Thailand, and Uruguay (Cody et al., 2012; Duarte et al., 2014; Guyard-Nicodème et al., 2015). ST-45 and ST-50, predominant in Korea, are also common in C. jejuni from chickens in Europe (Wieczorek et al., 2020b). In 2019, ST-21, ST-50, and ST-137 have been isolated from wild ducks, indicating their widespread distribution (Wei et al., 2019). Three of the 10 STs (607, 443, and 51) were found in Japan and China (Ozawa et al., 2016; Ma et al., 2017), while CC-460 and CC-607 have also been reported in samples from humans and cattle, indicating their threat to public health (Ozawa et al., 2016; Kiatsomphob et al., 2019; Wei et al., 2019). CC-460 and CC-607 are thought to be virulent as they both possess many virulence genes. In Israel, type VI secretion system (T6SS), implicated in virulence, metabolism, AMR and contributing to host adaptation, has been found in both CCs (Rokney et al., 2018). In Japan, CC-21 is known as the prevalent clonal complex in human-derived C. jejuni isolates sharing a common genetic background and similar antimicrobial susceptibilities with C. jejuni strains from chicken (Ohishi et al., 2017). CC-21 (ST-50 and ST-21) could be of interest in the region as it has been found in Korea, Japan, and China from humans, poultry, and cattle (Ozawa et al., 2016; Oh et al., 2017; Kiatsomphob et al., 2019; Wei et al., 2019; Zhang et al., 2020). However, further studies are needed to confirm this hypothesis. Except for ST-257, other STs (ST-21, ST-48, and ST-353) identified in Korea have been recovered from C. jejuni of human origin in the United Kingdom, Brazil, and China (Gomes et al., 2019). It is known that the predominance of certain genotypes of C. jejuni depends on several factors such as animal reservoirs, zoonotic transmission, rates of recombination events, food source, and the first time when a given genotype is recorded in the country (Rokney et al., 2018).

Although resistance to quinolones and TET was not a particularity of certain STs, a strong correlation between CC-460, CC-607, CC-45, CC-48, CC-21, and resistance to both TET and quinolones in C. jejuni strains is not new (Cody et al., 2012; Shin et al., 2013; Guyard-Nicodème et al., 2015; Zhang et al., 2020). In Korea, C. jejuni strains of human origin with ST-607, ST-137, ST-45, ST-21, and ST-48 were found to be MDR (Shin et al., 2013). Two isolates of C. jejuni belonged to CC-443, which is suggested to harbor antibiotic-resistant and pathogenic C. jejuni strains (Kim et al., 2019). There is limited literature associating virulence genes to specific CCs and STs; thus, this study highlights the virulence potential of the presented Campylobacter isolates. For C. coli, ST-1121 has been reported from broilers in China (Tang et al., 2020). We suggest carrying out WGS to have a detailed picture of the pathogenicity by analyzing all the housekeeping, virulence, and AMR genes. The WGS would also enlighten the evolutionary pathways of the Campylobacter spp. used in this study to inform better practices that may lead to a reduction of campylobacteriosis cases.

The limitation of this study was the restricted access to various poultry farms across the city which would have given a broad picture of the prevalence, AMR profiles, and genotypes associated with Campylobacter in Gangneung. Campylobacter strains from the current study proved to be highly diverse considering the number of obtained STs and CCs. This is in agreement with other published studies reporting the possibility of getting several genotypes in a single poultry flock, suggesting different exposure sources via horizontal transmission and/or genetic drifts within the Campylobacter population (Alter et al., 2011; El-Adawy et al., 2013).



CONCLUSION

This study highlights the role of layers as a reservoir of Campylobacter spp., harboring various AMR and virulence genes. The genotyping highlighted that C. jejuni isolates were more diverse than C. coli as analyzed by MLST. The MLST revealed that CC-607 (ST-3611) and CC-460 (ST-460) were the predominant ones, while three STs were newly assigned. ERY, GEN, and SIT need to be appropriately used to prevent or delay the increasing resistance in Campylobacter species. The isolates of this study may present a potential hazard to public health based on their AMR profiles, virulence genes, and genotyping data.
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Campylobacter jejuni is among the most prevalent foodborne zoonotic pathogens leading to diarrheal diseases. In this study, we developed a CRISPR-Cas12b-based system to rapidly and accurately detect C. jejuni contamination. Identification of C. jejuni-specific and -conserved genomic signatures is a fundamental step in development of the detection system. By comparing C. jejuni genome sequences with those of the closely related Campylobacter coli, followed by comprehensive online BLAST searches, a 20-bp C. jejuni-conserved (identical in 1024 out of 1037 analyzed C. jejuni genome sequences) and -specific (no identical sequence detected in non-C. jejuni strains) sequence was identified and the system was then assembled. In further experiments, strong green fluorescence was observed only when C. jejuni DNA was present in the system, highlighting the specificity of this system. The assay, with a sample-to-answer time of ∼40 min, positively detected chicken samples that were contaminated with a dose of approximately 10 CFU C. jejuni per gram of chicken, which was >10 times more sensitive than the traditional Campylobacter isolation method, suggesting that this method shows promise for onsite C. jejuni detection. This study provides an example of bioinformatics-guided CRISPR-Cas12b-based detection system development for rapid and accurate onsite pathogen detection.

Keywords: Campylobacter jejuni, CRISPR-Cas12b, protospacer discovery, comparative genomics, visualized detection


INTRODUCTION

The foodborne pathogen Campylobacter jejuni has been recognized as the leading cause of bacterial diarrheal disease in many areas across the world (Burnham and Hendrixson, 2018), and can also cause bacteremia, sepsis, and Guillain–Barré syndrome among other diseases (Kaakoush et al., 2015). Consumption of contaminated poultry products, such as chicken, is the main cause of C. jejuni infection (Allos, 2001). Therefore, detection of C. jejuni contamination in poultry products is critical for food safety and public health. The conventional bacterial culture-based methods can confirm the pretense of C. jejuni contamination based on the isolated strains and are thus recognized as the “gold standard” for diagnosis of C. jejuni contamination (de Boer et al., 2015). However, the bacterial isolation process is time-consuming (at least 2 days are needed), and thus is unsuitable for on-site rapid pathogen detection, and is also labor-intensive because it is difficult to distinguish C. jejuni contaminated and uncontaminated samples in advance. For instance, data collected from more than 20 provinces in China spanning several years revealed that the detection rate of C. jejuni in raw chicken was 0.29–2.28% (Wang et al., 2013). Hence, it is important to develop cultivation-independent detection methods to identify C. jejuni contaminated samples rapidly, which will also be meaningful for the pathogen isolation process. Several types of cultivation-independent C. jejuni detection methods, such as antibody-based (Masdor et al., 2016; He et al., 2018; Wang et al., 2018), PCR-based (de Boer et al., 2015; Sabike et al., 2016; Liang et al., 2018; Geng et al., 2019), probe hybridization-based (Donatin et al., 2013), as well as other methods (Velusamy et al., 2010), have been developed in recent years. However, the majority of these procedures are impracticable for on-site real-time detection of C. jejuni because specialized and expensive equipment, such as PCR thermal cyclers, and specialized skills are required to perform the detection procedures.

Recently, the RNA-guided clustered regularly interspaced short palindromic repeats–CRISPR-associated (CRISPR-Cas) method has shown considerable promise for rapid nucleic acid detection owing to its high reliability and specificity (Li et al., 2019b). Several CRISPR-Cas-based detection systems, such as SHERLOCK (Gootenberg et al., 2017), DETECTR (Chen et al., 2018), HOLMES (Li et al., 2018), and CDetection (Teng et al., 2019), have been developed, with several types of Cas nucleases, such as Cas12a, Cas12b, and Cas13a, employed in these systems. Cas12b (C2c1) is a dual-RNA-guided DNA endonuclease that shows collateral cleavage activity after it is activated by the single-molecule guide RNA (sgRNA)–target complex. In this process, Cas12b recognizes the complex at single nucleotide-level discrimination, and then its surrounding non-target single-stranded DNAs (ssDNAs) are cleaved (Liu et al., 2017; Li et al., 2019a). Based on this property, CRISPR-Cas12b-based nucleic acid detection systems, such as HOLMES v2 and CDetection (Li et al., 2019a; Teng et al., 2019), were developed, which have shown strong practical potential for rapid, sensitive, and specific pathogen detection (Wang et al., 2020).

With the rapidly increasing number of bacterial genome sequences accessible publicly, identification of specific and conserved genomic signatures for a given bacterial population by means of comparative genomic analyses is feasible. In this study, we identified C. jejuni-specific and -conserved genomic signatures, and developed a CRISPR-Cas12b-based C. jejuni detection system in which the identified signatures were used to design the sgRNA. The developed CRISPR-Cas12b-based C. jejuni detection system showed high sensitivity and specificity for C. jejuni detection based on extracted DNA samples, and artificially contaminated chicken samples as well as retailed chicken and the associated environmental samples collected from a retail market. The procedure accepts crude DNA prepared by boiling, no bacterial isolation or DNA purification is needed, and the sample-to-answer time is ∼40 min; thus, it is a promising approach for onsite C. jejuni detection.



MATERIALS AND METHODS


Strains and Reagents

Alicyclobacillus acidoterrestris was purchased from the Agricultural Culture Collection of China and was used for Cas12b (AacCas12b) gene amplification. The strains C. jejuni NCTC11168, NCTC81-176 and YZ1, Campylobacter coli YZ2, Escherichia coli ATCC 25922, Salmonella Enteritidis C50041, S. Typhimurium SL1344, S. Derby YZ14, S. Dublin CMCC 50042, Vibrio parahaemolyticus RIMD2210633, Staphylococcus aureus ATCC27217, and Listeria monocytogenes EGD-e were used for CRISPR-Cas12b-based C. jejuni detection system evaluation. Strains with the YZ prefix were isolated by our laboratory.

DNA oligonucleotides and ssDNA-FQ fluorescent probes were synthesized by GenScript Biotechnology (Nanjing, China).



AacCas12b Protein Purification

The full-length sequence of the Cas12b-encoding gene was amplified, cloned into the pET-28a vector, and transformed into E. coli strain BL21 (DE3) as described previously (Li et al., 2019a). Expression of the Cas12b protein was induced by addition of 0.5 mM isopropyl-1-thio-β-D-galactopyranoside and incubation for 18–24 h at 15°C. Cell pellets were resuspended in lysis buffer containing 50 mM Tris–HCI (pH 7.6), 150 mM NaCl, 20 mM imidazole, and 1/500 phenylmethylsulfonyl (v/v), then lysed with a 30-W ultrasonic cell disruptor for 10 min (sonicating for 3 s per cycle with a time interval of 5 s), and centrifuged at 11,000 × g for 15 min. The supernatant was filtered through a 0.22-μm filter and purified using the His Bind Purification Kit (Novagen). The eluted protein was concentrated using Millipore concentrators and validated using SDS-PAGE and Western blotting. The concentration of the obtained protein was quantified using the BCA Protein Assay Kit (Beyotime).



C. jejuni-Specific Genomic Signature Identification and sgRNA Preparation

All C. jejuni and C. coli genome sequences accessible in the NCBI refseq database (as of November 21, 2018) were downloaded. The representative and reliable C. jejuni and C. coli genome sequences were retained if the genome conformed to the following two criteria: (i) the genome-wise average nucleotide identity (ANI) value between the downloaded genome and the C. jejuni-type strain NCTC11351 (refseq ID GCF_001457695.1) or C. coli-type strain NCTC 11366 (refseq ID GCF_900446355), calculated using FastANI (Jain et al., 2018), was higher than the species demarcation threshold of 95% (Richter and Rossello-Mora, 2009); and (ii) the genome harbored mapA or ceuE genes and the corresponding genes could be in silico amplified (Stucki et al., 1995; Gonzalez et al., 1997; Wieczorek and Osek, 2005) using the Seqkit amplicon algorithm (Shen et al., 2016). Sequence types of the genomes were determined using MLST software (ver. 2.19.0) (Seemann, unpublished) based on the PubMLST database (Jolley and Maiden, 2010). The representative strains from each ST were selected and applied to Neptune software (parameter –size 30) (Marinier et al., 2017) for C. jejuni-specific sequence identification. Briefly, the genome sequences of those selected C. jejuni and C. coli strains were splitted to shorter sequence signatures and the signatures were compared between each other, and the sequence signatures that were sufficiently common to the C. jejuni group and sufficiently absent to the C. coli group with length longer than 30 bp were extracted for further analysis (Marinier et al., 2017). The identified C. jejuni-specific sequence signatures were blasted against the 1037 C. jejuni genomes using local BLASTn and against the non-C. jejuni genome sequences using the NCBI online BLAST tool to check the specificity of the signature sequences.

A representative C. jejuni-specific signature sequence M1 was selected, and its corresponding protospacer target T1 was designed and synthesized accordingly. T1 was cloned into the pUC18 vector and then amplified using the T7-sgRNA-F and Target-T1-R primers. The quantified purified PCR product was used as the template for sgRNA biosynthesis using the T7 High Yield Transcription Kit (Thermo Fisher) by incubation at 37°C for 12 h. DNase I was added to the reaction solution and incubated at 37°C for 30 min to digest the remaining DNA fragments. The transcribed sgRNA G1 was purified using the RNA Clean & Concentrator TM-5 Kit (Zymo Research) and stored at −80°C.



Target Cleavage Activity Determination of the Cas12b Protein and Detection System Assembly

To verify the trans- and cis-cleavage activity of the purified Cas12b protein (Li et al., 2019a), a genomic region containing T1 of C. jejuni NCTC81-176 was amplified using the primer set Kong-F1 and Kong-R1 (Table 1). The size of the PCR product was ∼1000 bp and T1 was located at position ∼400 bp in the product. PCR assays were performed using a T100 Thermal Cycler (Eppendorf) with an initial denaturation step at 98°C for 3 min, followed by 30 cycles at 98°C for 30 s, 55°C for 30 s, and 72°C for 1 min, and terminated with a final extension at 72°C for 10 min. The PCR product was mixed with the Cas12b protein in the reaction buffer, incubated at 48°C for 30 min, and then 3 μl of 6 × Cas-STOP Loading Buffer was added and incubated at 65°C for an additional 5 min before separation by gel electrophoresis.


TABLE 1. Oligonucleotides used in this study.

[image: Table 1]The CRISPR-Cas12b-based C. jejuni detection system predominantly contained the Cas12b protein, sgRNA G1, sample DNA, ssDNA-FQ fluorescent probe 5′-6FAM-N12-3′-BHQ1, recombinant RNase inhibitor, buffer, and RNase-free water. When the sample DNA matched the target T1, the presence of strong green fluorescence signal was assessed by the naked eye under 485-nm light.



Specificity and Sensitivity Evaluation of the CRISPR-Cas12b-Based C. jejuni Detection System

To evaluate the specificity of the CRISPR-Cas12b system for C. jejuni detection, the DNA samples of C. jejuni and its close relative C. coli, as well as strains of Salmonella, V. parahaemolyticus, E. coli, and the other aforementioned foodborne pathogenic bacteria were employed as targets. The DNA samples were added to the detection system individually or mixed, and the presence of green fluorescence signal for each reaction system was assessed under 485-nm light by the naked eye.

To evaluate the sensitivity of the CRISPR-Cas12b-based C. jejuni detection system, a 1559-bp genomic region containing the protospacer target T1 was amplified using the primer set Kong-F2 and Kong-R2 (Table 1). PCR assays were performed using a T100 Thermal Cycler (Eppendorf) with an initial denaturation step at 98°C for 3 min followed by 30 cycles at 98°C for 30 s, 55°C for 30 s, and 72°C for 90 s, and terminated with a final extension at 72°C for 10 min. The initial concentration of the purified PCR product was 111 ng/μl, as measured using a NanoDrop spectrophotometer, and the corresponding copy number was calculated (Zhang et al., 2020). The PCR product was diluted in 1:10 serial dilutions, and 3 μl was added to the detection system as the DNA template. The presence of green fluorescence for each dilution was assessed under 485-nm light by the naked eye and the fluorescence intensity was determined using ImageJ software (Jensen, 2013). C. jejuni genomic DNA was extracted using the TIANamp Bacteria DNA Kit (Tiangen Biotech). The initial concentration of the genomic DNA was 204 ng/μl. The genomic DNA was diluted, added to the detection system, and the presence and intensity of the fluorescence was determined as described above.



Evaluation of the CRISPR-Cas12b-Based C. jejuni Detection System Based on the Chicken Samples With Spiked-in C. jejuni Contamination

Frozen chicken was purchased from a local supermarket in Yangzhou and chopped to approximately 25-g pieces. The chopped chicken samples were placed in a biological safety hood under ultraviolet light for 30 min, and then washed with ddH2O twice to eliminate the potential effects of chicken-carried C. jejuni on the detection process. The cleaned chicken samples were air-dried and then immersed in tubes filled with a graded series of C. jejuni concentrations, and incubated for 1 h under ambient temperature (42 ± 1°C). The initial suspension of C. jejuni was OD600 = 1 and was diluted in 1:10 serial dilutions. The chicken samples were removed from the bacterial suspension, dried using sterilized filter paper, and then added to sample collection bags that were filled with 225 ml of PBS. The samples were manually kneaded for 1 min. Bacterial isolation was performed as described for C. jejuni GB 4789.9e2014 for the microbiological investigation of food hygiene (National Food Safety Standards of China). One milliliter of the solution was placed in a 1.5-ml centrifuge tube and centrifuged at 8000 × g for 5 min. The pelleted bacterial cells were washed once with PBS buffer and resuspended with 100 μl of RNase-free water. Finally, the suspensions were boiled at 100°C for 5 min and centrifuged at 8000 × g for 2 min. The resultant supernatant was used as input template DNA for the detection system.



Evaluation of the CRISPR-Cas12b-Based C. jejuni Detection System Based on the Chicken and Environmental Samples Collected From a Retail Market

To evaluate the practical efficiency of our newly developed CRISPR-Cas12b-based C. jejuni detection system, environmental and chicken samples were collected from a retail market in Yangzhou, Jiangsu, China in December 2020. In this market, live chickens that were fed by rural farmers were slaughtered and sold on demand. Wiping samples were collected from environmental samples including knife, floor, stool, and cages, as well as chicken samples including the whole chicken surface of the dehaired carcasses, and half exterior surface and half interior surface of the eviscerated carcasses by phosphate buffer (PBS, pH 7.2) immersed with sterilized cotton balls as described by Tang et al. (2020). A total of 118 samples, including 63 environmental samples and 55 chicken wiped samples, were collected. Each sample was 1:10 diluted using PBS buffer, and then 1 ml of the diluted solution was placed in a 1.5-ml centrifuge tube and centrifuged at 8000 × g for 5 min. The pelleted bacterial cells were washed once with PBS buffer and resuspended with 100 μl of RNase-free water. Finally, the suspensions were boiled at 100°C for 5 min and centrifuged at 8000 × g for 2 min. The resultant supernatant was used as input template DNA for the detection system. Bacterial isolation was also performed as described above.



RESULTS AND DISCUSSION


Identification of C. jejuni-Specific and -Conserved Genomic Signatures Through Comparative Genomic Analysis

Given the extremely harmful impact of C. jejuni on human health, rapid identification of C. jejuni contamination in chicken as well as other products is vital to reduce the risk of contaminated products reaching consumers and of food poisoning caused by C. jejuni. Recently, several CRISPR-Cas-based methods have shown considerable promise for rapid detection of pathogens such as SARS-CoV-2 (Ding et al., 2020; Wang et al., 2020). In the present study, we sought to develop a CRISPR-Cas12b-based detection system to identify C. jejuni contamination rapidly and reliably. Identification of C. jejuni-specific and -conserved genomic signatures, which can be used as the protospacer, is a fundamental step in the process of developing a CRISPR-Cas12b-based C. jejuni detection system. All publicly available genome sequences annotated as C. jejuni in the National Center for Biotechnology Information (NCBI) refseq database were downloaded (as of November 21, 2018). Overly fragmented genomes with scaffolds >100 were discarded and 1041 C. jejuni genome were retained for further analysis. However, we established that the taxonomic annotations were incorrectly assigned for certain genomes; for instance, GCF_002177345 was annotated as C. jejuni, but the C. jejuni lineage-specific mapA gene (Stucki et al., 1995) was not identified in the GCF_002177345 genome as revealed by the BLASTn algorithm, and the genome-wide ANI value between this genome and the C. jejuni-type strain NCTC11351 was only 77%, which was significantly lower than the species demarcation threshold of ∼95% (Richter and Rossello-Mora, 2009). Additional 16S rDNA-based analysis demonstrated that this strain showed much higher sequence identity with Campylobacter lari subsp. concheus strain 2897R (identity = 99.73%) than with C. jejuni NCTC11351 (identity = 98.96%) based on the NCBI 16S_ribosomal_RNA database. Collectively, these findings were indicative of incorrect taxonomic annotation of GCF_002177345. To obtain C. jejuni-specific and -conserved signatures with confidence, we first discarded genome sequences that showed ANI values < 95% with the C. jejuni-type strain NCTC11351 and/or did not harbor the mapA gene. In this manner, four genome sequences were discarded accordingly.

The primer sequences that are used for amplification of pathogen-specific marker genes can be ideal candidates for protospacer identification. The mapA gene is known to be a C. jejuni-specific marker gene and no degenerate residue was present in the primer sequences (Stucki et al., 1995), and thus, we evaluated whether the mapA primer set can be used for protospacer discovery. In silico PCR analysis was then performed based on the mapA-specific primer set using the Seqkit amplicon algorithm (Wieczorek and Osek, 2005; Shen et al., 2016). The results demonstrated that 889 of the 1037 genomes harbored exactly the same sequences as the mapA gene primer set (Wieczorek and Osek, 2005). However, two kinds of single nucleotide mismatch in the mapA-F primer were detected for 148 genomes (accounting for 14.3% of the 1037 genomes), and these genomes were affiliated with 31 ST types (Supplementary Table 1). These mismatches did not affect the PCR reaction and the mapA product was successfully obtained as confirmed by PCR experiments using the strain C. jejuni NCTC11168 as template (data not shown). Based on the criteria for CRISPR-Cas12b protospacer discovery, only an 18-bp sequence (TATTTTTGAGTGCTTGTG) from the mapA-F primer was identified as a candidate protospacer, while no potential protospacer was identified from the mapA-R primer. The sgRNAs were synthesized based on the 18-bp sequence as well as its two mutated forms (TATTTTTGAGCGCTTGTG and TATTTTTGAGTGCTTGCG, SNPs labeled in bold). Our results demonstrated that only very weak fluorescence signals that could not be differentiated with the background noise (p > 0.05) were observed when the three kinds of sgRNAs were added in the CRISPR-Cas12b detection system (Supplementary Figure 1). This was consistent with a previous report that 20 bp is the ideal length for the protospacer used in the CRISPR-Cas12b detection system (Yang et al., 2016). These results suggested that the mapA primer sequences were not suitable for protospacer discovery.

We then sought to identify C. jejuni-specific and -conserved genomic signatures by comparing the C. jejuni genomes with genomic sequences for the closely related C. coli. Following the same aforementioned procedures, 600 high-quality C. coli genome sequences were extracted from the NCBI refseq database (Supplementary Table 2). Given the computational capacity of the Neptune software (i.e., the maximum genome number accepted for each group is 400) (Marinier et al., 2017), the sequence type (ST) schemes of the remaining genomes were determined using MLST software (ver. 2.19.0) (Seemann, unpublished), and representative genomes were randomly selected from each ST type. As a result, 276 C. jejuni and 150 C. coli representative genomes were selected for signature discovery (Supplementary Tables 1,2). Fifteen signatures with a score >0.95, which was calculated as the proportion of C. jejuni genomes harboring a given signature (exact match) minus the proportion of C. coli genomes with the identical signature identified, were selected for protospacer discovery. The selected signatures should contain the Cas12b protospacer adjacent motif (PAM) sequence TTN (Jain et al., 2019) and the PAM sequence should be located in an appropriate position. Finally, a representative signature designated M1 of length 46 bp, which was located within the flagellar biosynthesis-associated flhA gene, was identified in 99.31% (276 out of 278) of the C. jejuni genomes (exact sequence match) but was not identified in a C. coli genome (10 mismatches compared with the sequence from C. coli type strain NCTC11366), and thus was used for protospacer discovery (Table 1). Online BLAST searches for M1 and its corresponding protospacer target T1 further demonstrated the specificity of M1 and T1 because no hit resulted when M1 and T1 were used as queries and the C. jejuni-excluded NCBI nt database was used as the subject database. The conservation of T1 in the 1037 C. jejuni genomes was also determined using a local BLASTn search, which demonstrated that 1024 out of the 1037 genomes harbored the T1 sequence (exact match) (Supplementary Table 1). The workflow for C. jejuni-specific and conserved genomic signature discovery and the CRISPR-Cas12b-based C. jejuni detection system assembly is shown in Figure 1.
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FIGURE 1. Schematic of the CRISPR-Cas12b-based C. jejuni detection method based on newly identified C. jejuni-specific and -conserved genomic signatures.




Assembly, Specificity, and Sensitivity Assessment of the CRISPR-Cas12b-Based C. jejuni Detection System

The CRISPR-Cas12b-based C. jejuni detection system was assembled, and its sensitivity and specificity were evaluated. First, we amplified a ∼1-kb sequence amplicon using the primer set Kong-F1 and Kong-R1 (Table 1) in which the protospacer target T1 was located at ∼400 bp in the PCR product. We then added the PCR product to the detection system to verify the cleavage activity of the Cas12b protein. The PCR product was cleaved into two fragments of the expected sizes (Figure 2A). When the ssDNA-FQ fluorescent probe 5′-6FAM-N12-3′-BHQ1 was further added, strong green fluorescence signal was observed (Figure 2B). Collectively, these results demonstrated the feasibility of the CRISPR-Cas12b-based C. jejuni detection system.
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FIGURE 2. Feasibility assessment of the CRISPR-Cas12b-based C. jejuni detection system. (A) The cis-cleavage activity of Cas12b. Lane M, DL1000 Marker. Lane 1: cleavage by Cas12b of the PCR product. In this system, the PCR product (substrate of Cas12b), sgRNA, Cas12b, and other reagents were added. Lane 2: negative control. Cas12b was not added in the system. (B) The trans-cleavage activity of Cas12b. Upper panel, Tube 1: all required components were added; Tube 2: the 5′−6FAM-N12-3′-BHQ1 probe was not included; Tube 3: only Cas12b was added; Tube 4: only template DNA was added; Tube 5: only the 5′−6FAM-N12-3′-BHQ1 probe was added. Lower panel: fluorescence intensity corresponding to each tube in panel (B) upper panel. Paired two-tailed t test, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. ND, Not detected. NC, Negative control.


We then selected several C. jejuni strains and other related zoonotic bacterial pathogens, including C. coli, which is closely related to C. jejuni, and E. coli, Salmonella Enteritidis, S. Typhimurium, S. Derby, S. Dublin, V. parahaemolyticus, S. aureus, and L. monocytogenes, to evaluate the specificity of the CRISPR-Cas12b-based C. jejuni detection system. The tubes with C. jejuni DNA present showed strong green fluorescence signal, whereas no obvious green fluorescence signal was observed for other tubes containing DNA from non-C. jejuni strains (Figures 3A,B). When the DNA from different strains were mixed, only the tube with C. jejuni DNA present exhibited strong fluorescence signal (Figures 3C,D). These results clearly demonstrated that the CRISPR-Cas12b-based C. jejuni detection system recognized specifically C. jejuni-derived DNA in the DNA samples owing to the single nucleotide-level discrimination ability of CRISPR-Cas12b (Li et al., 2019a).
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FIGURE 3. Specificity assessment of the CRISPR-Cas12b-based C. jejuni detection system. (A) Specificity analysis based on individual C. jejuni and non-C. jejuni strains. Tubes Cj1 and Cj2: C. jejuni NCTC 81-176; Tube Cj3: C. jejuni NCTC 11168; Tube Cj4: C. jejuni YZ1; Tube Cc1: C. coli YZ2; Tube Ec: E. coli ATCC 25922; Tube Se: S. Enteritidis C50041; Tube St: S. Typhimurium SL1344; Tube Sd: S. Derby YZ14; Tube Sdu: S. Dublin CMCC 50042; Tube Vp: Vibrio parahaemolyticus RIMD2210633; Tube Sa: Staphylococcus aureus ATCC 27217; Tube Lm: Listeria monocytogenes EGD-e; Tube ND: no DNA and probe were added; Tube NC: only the 5′-6FAM-N12-3′-BHQ1 probe was added. (B) Fluorescence intensity corresponding to each tube in panel (A). (C) Specificity analysis based on mixed DNA samples. Tube Mix-1: mixed DNA from the three C. jejuni strains; Tube ND: no DNA and probe were added; Tube Mix-2: mixed DNA from all the non-Campylobacter strains mentioned above; Tube Mix-3: mixed DNA from all the non-C. jejuni strains mentioned above. (D) Fluorescence intensity corresponding to each tube in panel (C). Paired two-tailed t test, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. NS, Not significant. ND, Not detected. NC, Negative control.


Next, we evaluated the sensitivity of the CRISPR-Cas12b-based C. jejuni detection system based on gradient-diluted target T1-containing PCR product as well as the C. jejuni genomic DNA. The initial concentration of PCR product was 111 ng/μl, equivalent to 1.1 × 1010 copies of nucleotide sequence per microliter, and the initial concentration of C. jejuni DNA was 204 ng/μl. The PCR product and genomic DNA were 10-fold gradient-diluted, and 3 μl of PCR product or genomic DNA was added to the detection system. Strong green fluorescence signal was observed for samples at concentrations ranging from 1.1 × 1010 to 1.1 × 101 copies/μl for the PCR product-based assay and 204 ng/μl to 204 ag/μl for the genomic DNA-based assay. These results indicated that the detection limit of the CRISPR-Cas12b-based C. jejuni detection system was <11 copies or <204 ag/μl genomic DNA per reaction (Figure 4). The sensitivity of the CRISPR-Cas12b-based detection system was comparable with that of previous loop-mediated isothermal amplificatio]n (LAMP) and real-time PCR-based C. jejuni detection methods (Leblanc-Maridor et al., 2011; Zang et al., 2017). However, no specialized equipment, such as a PCR thermal cycler, is required and the present assay requires a much shorter detection period.
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FIGURE 4. Sensitivity assessment of the CRISPR-Cas12b-based system for C. jejuni detection. (A) Sensitivity analysis based on 10-fold gradient dilution of the target T1-containing PCR product. Tubes 1–12: PCR product with concentration from 1.1 × 1010 copies/μl to 1.1 × 10– 1 copies/μl; Tube ND: no DNA and probe were added; Tube NC: only the 5′−6FAM-N12-3′-BHQ1 probe was added. (B) Fluorescence intensity corresponding to each tube in panel (A). (C) Sensitivity analysis based on 10-fold gradient dilution of C. jejuni genomic DNA. Tubes 1–11: genomic DNA concentration from 204 ng/μl to 20.4 ag/μl. Tube ND: no DNA and probe were added; Tube NC: only the 5′−6FAM-N12-3′-BHQ1 probe was added. (D) Fluorescence intensity corresponding to each tube in panel (C). Paired two-tailed t test, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. NS, Not significant. ND, Not detected. NC, Negative control.




Feasibility Assessment of the CRISPR-Cas12b-Based C. jejuni Detection System for Onsite C. jejuni Detection

We assessed the feasibility of the CRISPR-Cas12b-based C. jejuni detection system for onsite C. jejuni detection using chicken samples contaminated with 10-fold gradient dilutions of C. jejuni NCTC81-176 with an initial concentration of OD600 = 1. The contaminated chicken samples were washed using PBS buffer, and then DNA was extracted from the wash buffer by boiling for 5 min. The crude DNA extracted from chicken samples contaminated with 10–1 OD to 10–9 OD of C. jejuni showed strong green fluorescence signal (Figures 5A,B). Further C. jejuni isolation and identification results demonstrated that no C. jejuni colony was formed for the sample from the 10–8 OD dilution, suggesting that the CRISPR-Cas12b-based detection system was ∼10 times more sensitive than the bacterial isolation approach. Further plate-counting results revealed that the bacteria load for chicken samples contaminated with 10–7 OD was approximately 1000 CFU/g chicken, and thus the detection limit of the CRISPR-Cas12b-based C. jejuni detection system was ∼10 CFU/g chicken sample. This detection limit was significantly lower than the critical limit of C. jejuni contamination in chicken samples (1000 CFU/g sample) as proposed by the European Food Safety Authority [Commission Regulation (EU) 2017/1495]. Thus, the sensitivity of the CRISPR-Cas12b-based C. jejuni detection system is acceptable, and the application of DNA amplification methods such as recombinase polymerase amplification and LAMP (Li et al., 2019a; Williams et al., 2019) is not required to save time and reduce the cost. Of note, the CRISPR-Cas12b-based C. jejuni detection system is activated and strong fluorescence signal is observed when the dose of C. jejuni in the detected chicken sample is higher than 10 CFU/g chicken sample (Figure 5), and thus the result is qualitative but not quantitative. Further quantity-aware methods such as conventional C. jejuni isolation can be performed for the CRISPR-Cas12b-positive samples to determine the exact dose of C. jejuni in the given samples.
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FIGURE 5. Feasibility assessment of the CRISPR-Cas12b-based C. jejuni detection system for onsite C. jejuni detection based on chicken samples contaminated with different doses of C. jejuni. (A) Chicken samples (25 g) detected with the CRISPR-Cas12b system; Tubes 1–10: crude DNA extracted from chicken samples contaminated with 10-fold gradient dilutions of C. jejuni NCTC81-176 with an initial concentration of OD600 = 1; Tube PC: positive sample; Tube ND: no DNA and probe were added; Tube NC: only the 5′−6FAM-N12-3′-BHQ1 probe was added. (B) Fluorescence intensity corresponding to each tube in panel (A). Paired two-tailed t test, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. NS, Not significant. PC, Positive control. ND, Not detected. NC, Negative control.


Finally, we applied the CRISPR-Cas12b-based C. jejuni detection system to detect C. jejuni contamination in retailed chicken samples and the associated environmental samples. In this kind of retail market, the chicken meat is frequently contaminated with low levels of Campylobacter, and the associated environment is also easily cross-contaminated, resulting in a high contamination rate of Campylobacter in the chicken and the associated environmental samples (Walker et al., 2019). Our results demonstrated that 82.2% of the collected samples (97/118) were C. jejuni-positive as suggested by the CRISPR-Cas12b-based C. jejuni detection method, while 81 of the 97 CRISPR-Cas12b-positive samples (83.5%) and none of the CRISPR-Cas12b-negative samples were identified as C. jejuni-positive by the conventional bacterial isolation-based method (Supplementary Figure 2). Furthermore, three of the 118 samples were identified as C. coli-positive by the conventional bacterial isolation-based method, with none of the three samples exhibiting C. jejuni-positive results by the CRISPR-Cas12b-based C. jejuni detection system. These results suggested that the CRISPR-Cas12b-based C. jejuni detection system was promising for onsite C. jejuni detection.



CONCLUSION

In this study, we identified C. jejuni-specific and -conserved genomic signatures and developed a CRISPR-Cas12b-based C. jejuni detection system that shows high specificity and sensitivity with a relatively short detection time (∼40 min). Thus, this method is a promising approach for onsite C. jejuni detection. Our study provides an example of the development of a rapid and accurate CRISPR-Cas12b-based detection method in which the protospacer is discovered by comparing the genome sequence of the target pathogen with the genomes from a closely related taxon followed by comprehensive online BLAST searches.
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Supplementary Figure 1 | Feasibility Assessment of the candidate protospacers identified from the mapA primer sequences. (A) Fluorescence signals in the CRISPR-Cas12b-based detection system when different candidate protospacers were added in the system. Tube target T1:sgRNA based on protospacer target T1 was added; Tube map-F1: sgRNA based on the 18 bp protospacer which was conversed in 889 genomes, map-F1 (TATTTTTGAGTGCTTGTG) was added; Tube map-F2: sgRNA based on the 18 bp protospacer with one SNP, map-F2 (TATTTTTGAGCGCTTGTG) was added; Tube map-F3: sgRNA based on the 18 bp protospacer with one SNP, map-F3 (TATTTTTGAGTGCTTGCG) was added; Tube NC: only the 5′-6FAM-N12-3′-BHQ1 probe was added. (B) Fluorescence intensity corresponding to each tube in panel (A). Paired two-tailed t-test, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. NS, Not significant. NC, Negative control.

Supplementary Figure 2 | Feasibility assessment of the CRISPR-Cas12b-based C. jejuni detection system for onsite C. jejuni detection based on environmental and chicken samples collected from a retail market. (A) Fluorescence signals triggered by the 118 samples. Tube 1–118: crude DNA extracted from 118 samples was added; Tube 119: no DNA and probe were added; Tube 120: only the 5′-6FAM-N12-3′-BHQ1 probe was added; Tube 121: positive sample. (B) Comparisons between the cultivation-based and the CRISPR-Cas12b-based C. jejuni detection.

Supplementary Table 1 | The C. jejuni genomes used for protospacer discovery.

Supplementary Table 2 | The C. coli genomes used for protospacer discovery.
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A loop-mediated isothermal amplification (LAMP) assay system was established, allowing rplD gene-based simultaneous detection of Campylobacter jejuni and Campylobacter coli in enriched meat products. Additionally, one-step differentiation of target species on agar plates was enabled by cdtC gene- and gyrA gene-based duplex LAMP. Both the rplD and cdtC–gyrA LAMP assays amplified the target sequences in all 62 C. jejuni and 27 C. coli strains used for determining inclusivity and revealed 100% exclusivity toward 85 tested non-target species. Throughout the entire experiments, C. jejuni and C. coli strains were 100% distinguishable by melting curves of cdtC and gyrA LAMP products. After 24-h enrichment, the rplD LAMP assay reliably detected initial inoculation levels of 10–100 CFU/g in artificially contaminated minced meat. Investigation of naturally contaminated meat samples revealed a diagnostic accuracy of 95% toward real-time PCR and 94.1% toward the standard culture method applying the 24-h incubation period. Diagnostic sensitivity and specificity, and positive and negative predictive values were 89.8, 100, 100, and 91.2%, respectively, when measured against real-time PCR, and 89.6, 98.1, 97.7, and 91.2%, respectively, when measured against the standard culture method. After 48-h enrichment, the detection limit of the rplD LAMP assay improved to initial inoculation levels of 1–10 CFU/g in artificially contaminated minced meat. Applying the 48-h incubation period on naturally contaminated meat samples resulted in 100% concordant results between rplD LAMP, real-time PCR, and the standard culture method. The established LAMP assay system was proved to be suitable for rapid meat sample screening. Furthermore, it constitutes a promising tool for investigating other Campylobacter sources and could therefore make a valuable contribution to protect consumers from foodborne illness.
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INTRODUCTION

Campylobacter infections occur in countries worldwide and have moderate impact on public health and economy. Particularly high numbers of associated disability-adjusted life years (DALY) are accounted for African and Southeast Asian regions (Devleesschauwer et al., 2017). In 2018, campylobacteriosis represented the most frequently reported foodborne zoonosis in the European Union. Status tracking of infected persons revealed that hospitalization was necessary for 30.6% of the registered cases, reflecting the economic significance of the disease (European Food Safety Authority and European Centre for Disease Prevention and Control, 2019). Besides the classic gastrointestinal disorders of variable severity, campylobacteriosis can contribute to serious gastrointestinal and extraintestinal sequelae, such as inflammatory bowel diseases and colorectal cancer or Guillain–Barré syndrome and reactive arthritis (Kaakoush et al., 2015). Several investigations revealed that species Campylobacter jejuni and Campylobacter coli were involved in most of the confirmed human campylobacteriosis cases (Skarp et al., 2016; European Food Safety Authority and European Centre for Disease Prevention and Control, 2019). Broiler meat constitutes a major source of transmission, with infections often occurring as a result of cross contamination during handling or, less frequently, the consumption of undercooked meat products (Nauta et al., 2009). Rapid screening methods for detecting the fastidious Campylobacter species in food are widely missing but could help to protect people from foodborne illness. As a preventive tool for fast hazard identification, these contribute to increased risk awareness, having a significant impact on responsible food handling by consumers (Her et al., 2020). This might also be a valuable aspect for an improvement in industrial hygiene and the associated reduction of Campylobacter contamination in retail products. In this regard, the significance of the standard culture method in accordance with DIN EN ISO 10272-1:2017 (International Organization for Standardization, 2017) is limited since investigations for the presence of Campylobacter spp. in fresh meat products take a minimum of 4–5 days. In contrast, nucleic acid amplification-based techniques provide much faster results. Some polymerase chain reaction (PCR) assays have been developed, enabling detection and differentiation of C. jejuni and C. coli in food samples after 16- to 48-h enrichment (Mateo et al., 2005; Mayr et al., 2010; Saiyudthong et al., 2015). However, performing conventional PCR is still time-consuming and prone to contamination, while real-time PCR systems require expensive laboratory equipment without any opportunities for possible on-site applications. Since 2000, the loop-mediated isothermal amplification (LAMP) method has gained increased attention, as it offers several advantages over PCR. Reactions take place under isothermal conditions without the necessity for a thermal cycler device. DNA amplification can be performed using a heating block and monitored with the naked eye, e.g., by turbidity or fluorescence observation (Mori and Notomi, 2009; Mori et al., 2013). Additionally, it was shown that the LAMP technique is robust against potential reaction inhibitors and copes with simplified DNA extraction procedures (Kaneko et al., 2007; Kreitlow et al., 2021). These characteristics make the LAMP method suitable for low-cost and rapid detection of pathogens with options for on-site application or implementation under restricted laboratory conditions often found in developing countries. Most of the previously established Campylobacter LAMP assays focused on the detection of C. jejuni and C. coli in primary production or at post-harvest level (Dong et al., 2014; Sabike et al., 2016; Romero and Cook, 2018). In addition, there are some assays for diagnostic applications in humans that allow direct detection of these pathogens in feces (Ushijima et al., 2014; Pham et al., 2015). Very few approaches have been made using LAMP for detecting C. jejuni and C. coli in food (Yamazaki et al., 2009; Zang et al., 2017). Unlike clinical specimen and samples from primary production or carcasses, retail samples undergo processing, packaging, and storage. Due to the low tenacity of Campylobacter spp., this might affect the survival, viability, and culturability of the bacterial cells and could therefore have an impact on pathogen detectability (Byrd et al., 2011; Duqué et al., 2019). However, this effect was not evaluated in previous studies about LAMP-based detection of C. jejuni and C. coli in meat samples. In the present study, combined LAMP assays were developed and validated for the simultaneous detection of C. jejuni and C. coli in retail meat products and subsequent species differentiation directly from agar plates. One aim of the study was to gain a better understanding of the extent to which impaired Campylobacter fitness adversely affects the detection capability of LAMP and how the LAMP system compares with a cultural and alternative molecular diagnostic method. The LAMP assay for simultaneous detection of both species targeted gene rplD, while target genes cdtC and gyrA were used for species differentiation between C. jejuni and C. coli, respectively. To the best of our knowledge, this is the first study on rplD-based detection and cdtC- and gyrA-based differentiation of C. jejuni and C. coli by LAMP.



MATERIALS AND METHODS


LAMP Primer Design

Three LAMP primer sets targeting the rplD gene, universally present in both C. jejuni and C. coli, as well as the C. jejuni-specific cdtC gene and the C. coli-specific gyrA gene were designed via LAMP Designer software 1.15 (PREMIER Biosoft, San Francisco, CA, United States; Table 1). Corresponding nucleotide sequence data were obtained from the National Center for Biotechnology Information (NCBI) database GenBank (Bethesda, MD, United States). Sequences of the rplD and cdtC gene originated from C. jejuni NCTC 12660 (GenBank accession no. CP028910.1), while the sequence of the gyrA gene was derived from C. coli MG 1116 (GenBank accession no. CP017868.1). Target gene specificity was verified using the nucleotide Basic Local Alignment Search Tool (BLAST) algorithm by NCBI. Therefore, local alignments of rplD, cdtC, and gyrA sequences were generated against other C. jejuni and C. coli genomes as well as genomes of other Campylobacter and non-Campylobacter species available at the GenBank database. For evaluating target gene suitability, resulting similarities among target species were assessed under consideration of single-nucleotide polymorphisms. Primer sets proposed by the LAMP designer software, consisting of forward and backward outer primers (F3/B3), forward and backward inner primers (FIP/BIP), and forward and backward loop primers (LF/LB), were selected by ranking and checked for their location in conserved gene regions. The order of the corresponding oligonucleotides in HPSF-purified quality was placed with Eurofins Genomics GmbH (Ebersberg, Germany).


TABLE 1. RplD-, cdtC-, and gyrA-based primer sequences used for LAMP assay establishment.
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LAMP Assay Optimization

For optimal adjustment of assay parameters, LAMP reaction performance was evaluated under the application of different reaction temperatures and primer concentrations. All LAMP reactions were carried out using the real-time fluorometer Genie® II (OptiGene Ltd., Horsham, United Kingdom). The device weighs about 2 kg, is portable, and includes a rechargeable battery for potential on-site use. It is equipped with two heating blocks offering eight sample positions each and can be operated via a touchscreen. Amplification and melting curve generation is directly observable on the device. While detection times and melting temperatures are displayed on the instrument, detailed analysis can be performed using the application software Genie Explorer (OptiGene Ltd.). In the first step, primer mixes of the three LAMP primer sets were prepared in a standard and concentrated version in accordance with the recommendations of OptiGene Ltd. Thus, in a LAMP reaction mixture, the concentration of each outer, inner, and loop primers was 0.2, 0.8, and 0.4 μM, respectively, using the standard primer mix, and 0.2, 2, and 1 μM, respectively, using the concentrated primer mix. In a second step, both the standard and concentrated primer mixes of each primer set were tested at temperatures ranging from 62 to 69°C. The corresponding temperature gradient (Δ = 1°C) was set over the eight wells of a heating block at the Genie® II device. Each LAMP reaction mixture with a total volume of 25 μl contained 15 μl of GspSSD isothermal master mix (ISO-001) (OptiGene Ltd.), 2.5 μl of primer mix, 2.5 μl of nuclease-free water (Qiagen GmbH, Hilden, Germany), and 5 μl of DNA template (0.1 ng/μl). Adjustment of assay parameters for rplD and cdtC primers was based on DNA of C. jejuni NCTC 12660, while DNA of C. coli NCTC 12668 served as the template for gyrA primer-specific adjustment. After a 40-min isothermal amplification period, the reaction was terminated by heating to 98°C with subsequent melting curve creation by temperature reduction to 80°C (ramp rate 0.05°C/s). Optimal reaction temperatures for the rplD primer mixes were selected by means of the shortest detection times achieved. Therefore, mean values (M) of detection times and corresponding standard deviation (SD) were determined for each tested reaction temperature-primer mix combination. Subsequently, 10-fold serially diluted DNA of C. jejuni NCTC 12660 (10 fg/μl–10 ng/μl) was tested with both standard and concentrated primer mixes using the previously specified reaction temperatures to select the most sensitive rplD primer mix version. One reaction with 5 μl nuclease-free water instead of DNA template served as a negative template control in each run. Specific melting temperatures of rplD LAMP products were determined according to the selected reaction temperature-primer mix combination. The reference range was defined as average melting temperature ± 1°C from three independent measurements during temperature optimization. Individual LAMP assays were initially performed using cdtC and gyrA primers. Since the intended one-step differentiation of C. jejuni and C. coli required a combination of these two primer sets, selecting the most appropriate reaction temperature and primer mix versions was based on the development of common reaction kinetics. Mean values of detection times and corresponding standard deviations were calculated as outlined above. In the following, the selected cdtC and gyrA primer concentrations were merged in one primer mix and tested at their common optimal reaction temperature using 10-fold serially diluted DNA from C. jejuni NCTC 12660 and C. coli NCTC 12668 (10 fg/μl–10 ng/μl). In each run, one negative template control reaction was carried out as previously described. DNA-based analytical sensitivity and the obtained melting curves were evaluated. The specific melting temperatures for cdtC and gyrA LAMP products were determined as described for rplD LAMP products. All experiments were performed in triplicate. The following LAMP runs included one negative template control reaction as well as one (rplD LAMP) or two (cdtC–gyrA LAMP) positive control reactions using DNA templates of C. jejuni NCTC 12660 or both C. jejuni NCTC 12660 and C. coli NCTC 12668.



DNA Extraction From Bacterial Target and Non-target Strains

DNA extraction was performed from a total of 174 bacterial strains using the DNeasy Blood and Tissue Kit (Qiagen GmbH). For this purpose, species C. jejuni and C. coli were cultured on Columbia agar with sheep blood (COLS) (Oxoid Deutschland GmbH, Wesel, Germany) at 42°C for 24–48 h under microaerobic conditions (85% N2, 10% CO2, and 5% O2). Differing from this, other Campylobacter spp. as well as Arcobacter spp. and Helicobacter pylori were cultured at 37°C for 48–72 h. Cultivation of Bacillus spp. and remaining strains took place under aerobic conditions for 24 h at 37°C in 10 ml of brain heart infusion (BHI) broth (Oxoid Deutschland GmbH) and on COLS agar, respectively. In the following, DNA was extracted from five to 10 bacterial colonies of each agar plate culture or from 1 ml of enriched BHI broth in accordance with the instruction manual of the DNA extraction kit. Subsequently, DNA purity and concentration of the obtained eluates were analyzed using the spectrophotometer NanoDrop 2000c (Thermo Fisher Scientific GmbH, Dreieich, Germany). The DNA concentration was adjusted to 0.1 ng/μl before templates were used for analytical specificity testing.



Analytical Specificity

A total of 174 bacterial strains were used to verify the analytical specificity of the LAMP assays (Table 2). Inclusivity testing covered 62 C. jejuni and 27 C. coli strains, whereas exclusivity was determined by means of 85 other Campylobacter and non-Campylobacter strains. Non-target species were selected for their close genetic relationship to C. jejuni and C. coli or because they are present in the same environment or grow under the same conditions as the target species. Melting temperatures of each LAMP product were recorded to verify reaction specificity. All test strains were confirmed via matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) analysis using the mass spectrometer microflexTM LT/SH (Bruker Daltonik GmbH, Bremen, Germany) in accordance with the manufacturer’s instructions. Listeria spp., Bacillus spp., and Staphylococcus aureus were pretreated by ethanol/formic acid extraction before spotting, while the other test strains were directly transferred to the MALDI-TOF target plates.


TABLE 2. Analytical specificity of the rplD and cdtC–gyrA LAMP assays against target and non-target bacterial strains.
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Bacterial Cell-Based Detection Limits of the LAMP Assays

DNA templates obtained from a dilution series of C. jejuni NCTC 12660 and C. coli NCTC 12668 were used to determine the bacterial cell-based detection limits of the LAMP assays. For this purpose, bacterial cultures were grown on COLS agar for 24 h at 42°C under microaerobic conditions. Subsequently, colonies of the two strains were each suspended in 5 ml of phosphate-buffered saline (PBS) (Carl Roth GmbH und Co. KG, Karlsruhe, Germany) till turbidity of 2 McFarland units (MFU) was measured using a densitometer (Grant Instruments Ltd., Cambridgeshire, United Kingdom). In the following, both cell suspensions were 10-fold serially diluted in Preston broth (Oxoid Deutschland GmbH). Viable cell counts were verified by plating out 100 μl from appropriate dilutions on COLS agar in duplicate. After 48-h incubation at 42°C under microaerobic conditions, plates that showed between 10 and 300 colonies were used for cell counting. Cell concentrations in the initial cell suspensions were calculated as the weighted mean from two successive dilutions. For DNA extraction from the dilution series, a boiling method, as it offers a simple and cost-effective alternative toward the use of an DNA isolation kit, was performed in accordance with the instructions of the German official method L 06.32-1:2013-08 (Bundesamt für Verbraucherschutz und Lebensmittelsicherheit, 2013). Briefly, 1 ml of each dilution was transferred into a 1.5-ml reaction tube and centrifuged for 5 min at 10,000 g. After supernatants had been carefully decanted, the cell pellets were washed in 500 μl of PBS. Again, the cell suspensions were centrifuged for 5 min at 10,000 g, and supernatants were carefully removed. Cell pellets were resuspended in 300 μl of TE buffer (1 mM of Tris and 0.1 mM of EDTA, pH 8) (Alfa Aesar, Fisher Scientific GmbH, Schwerte, Germany) and then thermally disrupted for 15 min at 95°C. After a 3-min centrifugation step at 14,000 g and 4°C, supernatants were transferred into new 1.5-ml reaction tubes and immediately subjected to LAMP analysis. The experiments were performed in triplicate.



Reference Polymerase Chain Reaction and Culture Methods for the Examination of Meat Samples

Meat samples used for LAMP analysis in this study were comparatively tested for the presence of C. jejuni and C. coli by multiplex real-time PCR in accordance with the German official method L 06.32-1:2013-08 (Bundesamt für Verbraucherschutz und Lebensmittelsicherheit, 2013) and the standard culture method in accordance with DIN EN ISO 10272-1:2017-09 (International Organization for Standardization, 2017). Primer and probe sequences as well as the composition of reaction mixtures and reaction conditions used for real-time PCR are available in the Supplementary Data. Reactions were carried out using the LightCycler®96 instrument (Roche Diagnostics GmbH, Mannheim, Germany). FastStart Essential Probes Master (Roche Diagnostics GmbH) served as master mix in each reaction mixture. For real-time PCR as well as cultural examination, 10 g of each food matrix was homogenized with 90 ml of Preston broth for 2 min at 230 rpm by a stomacher (Seward Ltd., Worthing, West Sussex, United Kingdom). After 24- and 48-h enrichment at 42°C under microaerobic conditions, 1 ml of enrichment liquid was subjected to DNA extraction for real-time PCR analysis. A further 10 μl was spread out on modified charcoal-cefoperazone-deoxycholate agar (mCCDA) (Oxoid Deutschland GmbH). Considering different morphologies, shiny metallic colonies that appeared within 48 h of microaerobic incubation at 42°C were subcultured on COLS agar for 24–48 h. All cultures were archived at −80°C and confirmed at species level by MALDI-TOF analysis as described in Section “Analytical Specificity.”



Detectability of Campylobacter jejuni and Campylobacter coli in Artificially Contaminated Minced Meat After Stress Exposure and Subsequent Enrichment

The detection limit of the rplD LAMP assay for initial contamination with stressed C. jejuni and C. coli after enrichment in artificially contaminated minced meat samples was determined. Before inoculation, sample units were tested for the absence of C. jejuni and C. coli by means of the standard culture method. Artificial contamination of minced meat included two reference strains (C. jejuni NCTC 12660 and C. coli NCTC 12668) and two field isolates (C. jejuni LVL 8 and C. coli LVL 22). As described in Section “Bacterial Cell-Based Detection Limits of the LAMP Assays”, cell suspensions of each bacterial strain (turbidity = 2 MFU) were prepared and 10-fold serially diluted in Preston broth. Viable cell counts were confirmed by the plating method as outlined in that Section as well. Per bacterial strain, four 10-g portions of minced meat were spiked with 0–1, 1–10, 10–100, and 100–1,000 CFU using 1 ml from appropriate dilutions. Moreover, four minced meat samples remained non-inoculated and served as negative extraction controls. In the following, all samples underwent storage for 24 h at 4°C in a candle jar to stress bacterial cells at medium level. The candle jar provided slightly reduced oxygen and increased carbon dioxide compared with the air atmosphere, which would have been too detrimental to the survival of Campylobacter spp. for the purposes of this experiment (Phebus et al., 1991). After cold storage, the samples were homogenized with 90 ml of Preston broth for 2 min at 230 rpm using a stomacher, followed by microaerobic enrichment for 24 and 48 h at 42°C. At the end of each incubation period, DNA was extracted from 1 ml of enrichment liquid of each sample as outlined in Section “Bacterial Cell-Based Detection Limits of the LAMP Assays”. While cultural examination of samples was continued as described in Section “Reference Polymerase Chain Reaction and Culture Methods for the Examination of Food Samples”, DNA templates were subjected to rplD LAMP as well as to real-time PCR analysis. Additionally, Campylobacter strains reisolated during cultural examination underwent DNA extraction. Therefore, one colony was picked from COLS agar and directly suspended in 500 μl of PBS. The rest of the extraction procedure complied with the requirements of the German official method L 06.32-1:2013-08. DNA templates obtained from single colonies underwent analysis by cdtC–gyrA LAMP. Melting temperatures of the obtained LAMP products were recorded and assigned to species C. jejuni and C. coli. Independent experiments were performed three times in three successive weeks. The detection limit of the rplD LAMP assay for initial contaminations with stressed C. jejuni and C. coli in artificially contaminated samples was defined as the lowest inoculation level that was detectable after sample enrichment in all three repetitions, with results being congruent to the findings of at least one reference method.



LAMP Assay Validation by Means of Naturally Contaminated Meat Samples

For LAMP assay validation, a total of 101 fresh meat samples including chicken, turkey, beef, and pork were purchased from local grocery stores and investigated for the presence of C. jejuni and C. coli. RplD LAMP results were compared with the findings of real-time PCR and the standard culture method. All samples were wrapped in polyethylene packaging containing protective gas. Sample enrichment, DNA extraction, and the following investigation procedures were performed as described in Section “Detectability of Campylobacter jejuni and Campylobacter coli in Artificially Contaminated Minced Meat After Stress Exposure and Subsequent Enrichment”. CdtC-gyrA LAMP was applied for species differentiation of isolates obtained during cultural examination of the test samples.



Data Processing and Statistical Analysis

Raw data obtained by LAMP and real-time PCR were processed using the software Genie Explorer (OptiGene Ltd.) available at http://www.optigene.co.uk/support/ and the LightCycler®96 application software (Roche Diagnostics GmbH), respectively. Statistical analysis was performed using Microsoft Office Excel (Microsoft Corporation, Redmond, WA, United States). The established rplD LAMP assay was evaluated by determining its diagnostic quality criteria with reference to the results of real-time PCR and the standard culture method. This included calculation of diagnostic sensitivity (SE), specificity (SP), and accuracy (AC) as well as positive (PPV) and negative (NPV) predictive values (Garrido-Maestu et al., 2017). Agreement of results was stated as true positive (TP) or true negative (TN). Disagreement of results was stated as false positive (FP) or false negative (FN). The following formulas were used for calculating the previously mentioned parameters:

SE = [TP/(TP + FN)] × 100

SP = [TN/(TN + FP)] × 100

AC = [(TP + TN)/N] + 100 (where N = total number of analyzed samples)

PPV = [TP/(TP + FP)] × 100

NPV = [TN/(TN + FN)] × 100




RESULTS


LAMP Assay Optimization

For each LAMP assay, reaction temperatures and primer concentrations were adjusted to gain optimal reaction conditions. With the use of rplD primers, the shortest detection times were achieved at 66°C for both standard and concentrated primer mixes (Figure 1A). Reactions at 66°C were 10 times more sensitive when the standard primer mix was applied (analytical sensitivity = 0.5 pg DNA per reaction) (Figure 2). Thus, subsequent rplD LAMP reactions were performed at 66°C using the standard primer mix. Specific melting temperatures of rplD LAMP products were defined as 84.9°C ± 1°C. The standard cdtC and gyrA primer mixes showed common reaction kinetics at 66°C, with mean detection times of 11:53 min:s (SD = 00:09 min:s) and 11:48 min:s (SD = 00:08 min:s), respectively. Similar reaction kinetics were also observable for concentrated cdtC and gyrA primer mixes at 69°C, but with longer detection times and far from the 65°C temperature optimum of the DNA polymerase contained in the GspSSD isothermal master mix (ISO-001) (Figure 1B). Thus, standard concentrations of cdtC and gyrA primers were merged into one primer mix and applied at 66°C in all subsequent LAMP runs. Analytical sensitivity of the combined cdtC–gyrA primer mix was 5 pg DNA per reaction mixture for both Campylobacter species. After amplification (Figure 3A), species differentiation of pure cultures was directly possible by observation of melting curves on the LAMP device (Figure 3B). Melting temperatures of C. coli-specific gyrA LAMP products (83.9°C ± 1°C) were clearly distinguishable from those of C. jejuni-specific cdtC LAMP products (81.7°C ± 1°C). In the subsequent cdtC–gyrA LAMP runs, melting temperatures were determined within descending temperatures from 98 to 78°C for better presentation of the melting curves.
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FIGURE 1. Detection times achieved using standard (Std) and concentrated (Conc) rplD (A) and cdtC and gyrA (B) primer mixes at different reaction temperatures. Error bars represent the standard deviation of three independent measurements.
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FIGURE 2. DNA-based analytical sensitivity of the rplD LAMP assay using standard and concentrated primer mixes at the optimal reaction temperature of 66°C. Error bars represent the standard deviation of three independent measurements.
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FIGURE 3. Amplification curves (A) and corresponding melting curves of LAMP products (B) obtained after testing 10-fold serially diluted DNA templates of C. jejuni NCTC 12660 and C. coli NCTC 12668 with merged cdtC–gyrA primers. For a better overview, only the first three dilution levels are shown. Pure cultures of C. jejuni und C. coli were distinguishable in one reaction by different melting temperatures of their LAMP products.




Analytical Specificity

The analytical specificity of the LAMP assays was tested on 62 C. jejuni and 27 C. coli as well as 85 other Campylobacter and non-Campylobacter strains. DNA from all target species was amplified by rplD primers, while no amplification signal occurred in any of the non-target strains. Melting temperatures of rplD LAMP products ranged between 84.2 and 85.2°C and therefore were specific. CdtC–gyrA primers induced amplification of each C. jejuni and C. coli DNA template, with corresponding LAMP products showing species-specific melting temperatures between 80.8–82.1°C and 83.7–84.3°C, respectively. No false-positive signal occurred in any of the tested non-target strains. Thus, both the rplD and cdtC–gyrA LAMP assays showed 100% analytical specificity with respect to the strains tested.



Bacterial Cell-Based Detection Limits of the LAMP Assays

Bacterial cell-based detection limits of the LAMP assays were determined by means of dilution series from C. jejuni and C. coli. When the rplD LAMP assay was applied, the detection limit for C. jejuni and C. coli was 5.4 × 102 CFU/ml on average. This corresponded to an analytical sensitivity of 9.0 CFU per reaction. The cdtC–gyrA LAMP assay detected C. jejuni and C. coli up to average concentrations of 4.2 × 103 and 6.7 × 101 CFU/ml, respectively, corresponding to an analytical sensitivity of 70.0 and 1.1 CFU per reaction, respectively.



Detectability of Campylobacter jejuni and Campylobacter coli in Artificially Contaminated Minced Meat After Stress Exposure and Subsequent Enrichment

Minced meat samples with varying degrees of artificial contamination were comparatively examined for the presence of C. jejuni and C. coli by rplD LAMP, real-time PCR, and the standard culture method. With the use of rplD LAMP, initial inoculation levels of 10–100 CFU/g resulted in a detection rate of 100% after 24-h incubation, whereas the detection limit improved to initial contaminations of 1–10 CFU/g when samples were enriched for 48 h. All samples that were not artificially contaminated before incubation revealed negative rplD LAMP results. In most cases, rplD LAMP showed positive findings in initially lower inoculated samples. Nonetheless, strains used for artificial contamination could not be re-enriched at each inoculation level in each trial. The total numbers of positive and negative test results obtained by rplD LAMP and reference methods are shown in Table 3, reflecting the detection competence of rplD LAMP at initial inoculation levels below 10–100 or 1–10 CFU/g. Irrespective of the underlying reference method, the rplD LAMP assay correctly identified 93.3% of the samples after 24-h enrichment. Compared with real-time PCR, rplD LAMP showed two false-positive as well as two false-negative results. Differing from this, results were false positive and false negative in one and three cases, respectively, with reference to the standard culture method. When samples were incubated for 48 h, agreement of all three test methods was 100%. Interestingly, samples that tested false positive with LAMP after 24-h enrichment were found to be positive by all examination methods using 48-h sample incubation. Melting temperatures of all rplD LAMP products were specific. C. jejuni and C. coli strains that were recovered during cultural examination of the artificially contaminated minced meat samples were 100% identifiable and distinguishable using the cdtC–gyrA LAMP assay with respective amplification products showing species-specific melting temperatures (Figure 4A).


TABLE 3. Total numbers of positive (+) and negative (−) results obtained by rplD LAMP, real-time PCR, and the standard culture method, testing artificially contaminated minced meat samples at four inoculation levels after 24- and 48-h enrichment.
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FIGURE 4. Distribution of melting temperatures of LAMP products during investigation of artificially contaminated minced meat using cdtC–gyrA LAMP (A). Distribution of melting temperatures of LAMP products during investigation of naturally contaminated meat samples using cdtC–gyrA LAMP (B).




Diagnostic Efficiency of the LAMP Assays in Natively Contaminated Meat Samples

The LAMP assays were validated by investigating 101 natively contaminated meat samples for the presence of C. jejuni and C. coli. Overall, 43.6, 48.5, and 47.5% of the samples revealed positive findings by rplD LAMP, real-time PCR, and the standard culture method after 24-h enrichment, respectively. When samples were incubated for a further 24 h, the proportion of positive findings increased to 52.5% by rplD LAMP as well as by the reference methods. After 24-h enrichment, the diagnostic accuracy of rplD LAMP was 95.0 and 94.1% according to the results of real-time PCR and cultural examination, respectively. With reference to real-time PCR, five samples were tested false negative by rplD LAMP, whereas one false-positive and five false-negative results were retrieved in comparison with the standard culture method. The resulting diagnostic quality criteria are shown in Table 4. When samples were incubated for 48 h, the diagnostic accuracy of the rplD LAMP assay measured against both reference methods increased to 100%. As described in Section “Detectability of Campylobacter jejuni and Campylobacter coli in Artificially Contaminated Minced Meat After Stress Exposure and Subsequent Enrichment”, samples tested false positive by LAMP after 24-h enrichment gained positive results by all examination methods after incubation for a further 24 h. All rplD LAMP products showed specific melting temperatures. A total of 119 C. jejuni and 40 C. coli strains were isolated during cultural examination and were correctly identified using the cdtC–gyrA LAMP assay. Except in two cases, all cdtC and gyrA LAMP products revealed specific melting temperatures that enabled species differentiation (Figure 4B). Two cdtC LAMP products showed melting temperatures of 80.5 and 80.6°C. These slightly deviated from the reference range but still allowed clear assignment of the species.


TABLE 4. Diagnostic criteria of the rplD LAMP assay compared with real-time PCR and the standard culture method after examination of naturally contaminated meat products after 24- and 48-h incubation.
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DISCUSSION

In this study, rplD, cdtC, and gyrA gene-based LAMP assays were combined to enable rapid detection of C. jejuni and C. coli in meat products followed by one-step species differentiation on agar plates. Both the rplD and cdtC–gyrA LAMP assays achieved 100% inclusivity of target species and exclusivity of non-target species throughout the entire experiments. Except for the cdtC gene, selected genes have not been previously used for nucleic acid amplification-based detection of C. jejuni and C. coli. The rplD gene encodes the L4 ribosomal protein, which is probably involved in the formation of the polypeptide exit tunnel in 70S bacteria (Franceschi et al., 2004). Mutations within this gene region have been linked to the emergence of macrolide resistance (Cagliero et al., 2006). However, rplD-based LAMP detection was not affected, since BLAST analysis revealed no relevant polymorphisms within the primer sequences. This target region offers the advantage of selective simultaneous detection of the most relevant Campylobacter species C. jejuni and C. coli using a single primer set. In other studies, either different primer sets were used or the detection spectrum extended to a less selective detection of all thermotolerant Campylobacter based on the 16S RNA gene (Yamazaki et al., 2008; Romero et al., 2016). Like the rplD gene, the gyrA gene is primarily known for its mutations causing changes in the encoded subunit of the enzyme DNA gyrase and therefore being involved in the mediation of fluoroquinolone resistance (Wieczorek and Osek, 2013). GyrA LAMP primer sequences did not cover relevant polymorphisms as well. Due to the importance of genes rplD and gyrA for ribosomal function and nucleotide metabolism, it can be assumed that their nucleotide sequences are constantly present in the Campylobacter genome and therefore constitute suitable targets for LAMP detection. As a part of the cdt operon, the expression of the cdtC gene is involved in the formation of cytolethal distending toxin representing a well-researched virulence factor of Campylobacter spp. (Smith and Bayles, 2006). Several studies determined the prevalence of this gene by PCR-based investigation of C. jejuni isolates and showed that the sequence was not amplifiable in each strain (Krutkiewicz and Klimuszko, 2010; Findik et al., 2011). In contrast, the cdtC sequence could be amplified in each of the tested C. jejuni strains using cdtC–gyrA LAMP. Besides the randomness of this finding, it is also possible that the prevalence of the cdtC gene among C. jejuni isolates was underestimated in previous research due to limited analytical specificity of the PCR assays used. Since LAMP only occurs when the four basic primers (F3, B3, FIP, and BIP) bind to six distinct regions within the target genes, it provides a high degree of analytical specificity (Mori and Notomi, 2009), which, in the present study, might exceed that of PCR.

For the first time in a LAMP study, detection limits for C. jejuni and C. coli were determined on the basis of enriched artificially contaminated meat samples, taking into account various cell stressors and their influence on growth behavior of Campylobacter. This enabled realistic assessment of assay performance and confirmed the suitability of rplD LAMP for application in meat products. A similar approach was recently undertaken by Babu et al. (2020), who investigated spinach artificially inoculated with various Campylobacter spp. Spiked samples were first stored at 4°C for 1 day and then rinsed with 75 ml of Bolton broth. After rinses had been enriched for 24 h, absolute initial contamination levels of 1–5 CFU were detectable by LAMP and a culture method. In the present study, the lowest initial contamination level found to be 100% detectable after 24-h sample incubation was 100–1,000 CFU. However, target species could also be detected in lower inoculated samples, but unlike the study by Babu et al. (2020), re-enrichment of strains was not possible in all cases. Nonetheless, these studies are difficult to compare since they differ substantially in both the food matrices investigated and the methods used. Additionally, the LAMP assay established by Babu et al. (2020) has not been validated by application in natively contaminated food samples. A different approach for determining the limit of detection was demonstrated by Yamazaki et al. (2009), who used artificially inoculated enrichment broth previously collected from Campylobacter-free chicken samples. This procedure does not take into account Campylobacter fitness and its relevance for detection probability after enrichment. The results of the present study demonstrated that the condition of Campylobacter cells strongly influences enrichment ability and should therefore be considered for appropriate evaluation of assay limitation.

Assay validation revealed that the probability of a culture-positive native sample being correctly identified by the rplD LAMP assay was approximately 90% after 24-h enrichment using boiling extraction of DNA. Although the average analytical sensitivity of 9.0 CFU per reaction obtained by rplD LAMP was roughly comparable with that determined by Yamazaki et al. (2009), their LAMP assay showed less (76.2%) or higher (100%) diagnostic sensitivity after 24–48 h of sample incubation depending on the use of a commercially available kit or a complex three-step-centrifugation procedure for DNA extraction. Dong et al. (2014) developed a C. jejuni-specific LAMP assay that focused on investigating cattle farm samples after overnight enrichment. Detection probability for culture positive samples by LAMP only reached 84.4%, although a similar boiling extraction of DNA was performed. The comparison with these studies highlights the robustness of rplD LAMP, coping with simple DNA extraction and still achieving high detection rates among positive samples. Referring to diagnostic specificity, the rplD LAMP assay exceeded both the 91.5% level determined by Dong et al. (2014) and that of 97.4% determined by Yamazaki et al. (2009). Comparative values for diagnostic quality criteria of C. jejuni- and C. coli-detecting LAMP assays measured against reference PCR assays are largely missing in the literature. Zang et al. (2017) found high result agreement between C. jejuni-specific LAMP and PCR during investigations of food samples, with diagnostic sensitivity, specificity, and accuracy of LAMP being 100, 98.1, and 98.4%, respectively. However, there were two major differences from the present study that limit comparability of the results. On the one hand, Zang et al. (2017) directly detected Campylobacter from sample rinses; on the other hand, their PCR assay was only established during the study and therefore lacks comprehensive validation. High result agreement between LAMP and PCR was also reported by Quyen et al. (2019). Diagnostic sensitivity, specificity, and accuracy were 100, 97.9, and 98.4%, respectively, for the detection of C. jejuni and C. coli in chicken feces. Nonetheless, assays were not performed on templates from meat samples potentially containing amplification inhibitors due to prior enrichment in Preston broth (Yamazaki et al., 2009). As with LAMP, a closer look at the reference real-time PCR used in the present study and other comparable PCR assays reveals that detection results for C. jejuni and C. coli are usually not completely consistent with findings of the standard culture method (Mateo et al., 2005; Mayr et al., 2010). Nucleic acid amplification-based detection occasionally shows higher sensitivity than cultural investigation procedures and therefore can provide false-positive results (Yang et al., 2003; Zang et al., 2017). This was also observable in the present study when false-positive findings by rplD LAMP after 24-h sample enrichment could be revised after another 24-h incubation period. Moreover, unlike the standard culture method, PCR and LAMP detect non-viable Campylobacter as well as Campylobacter in their viable but non-culturable state constituting a response to adverse environmental conditions (Jackson et al., 2009). False-positive examination results toward cultural findings might also be due to this characteristic of nucleic acid amplification-based techniques (Lund et al., 2004). However, if sample enrichment is required, diagnostic sensitivity can be impaired by non-culturable Campylobacter as well, or by too short incubation periods with the consequence of obtaining false-negative results (Saiyudthong et al., 2015). Heat or cold treatment during processing, gas atmospheres used for packaging, and storage conditions of meat products occur as stressors for Campylobacter cells (Duqué et al., 2019). For example, it was shown that cold and oxidative stress results in Campylobacter cell reduction and extended lag phases during growth (Lanzl et al., 2020). Failed detection after 24-h incubation of samples therefore might be explained by insufficient multiplication of the target species to cell amounts below the bacterial cell-based detection limit of the rplD LAMP assay. However, diagnostic uncertainties, even for low cell numbers as used for artificially contaminated samples, could be eliminated after 48-h enrichment. This qualifies the rplD LAMP as a potential official method for detecting C. jejuni and C. coli in meat products.

Sabike and Yamazaki (2019) recently demonstrated two singleplex LAMP assays that revealed species-specific melting temperatures for C. jejuni and C. coli LAMP products. In the present study, the principle of melting temperature analysis has been used in the development of a duplex LAMP assay, representing a simple and new approach for one-step species differentiation in pure cultures. CdtC–gyrA LAMP allowed clear assignment of target species to melting temperatures of 81.7°C ± 1°C (C. jejuni) and 83.9°C ± 1°C (C. coli). The slight temperature deviation in measurements of 80.5°C and 80.6°C for two C. jejuni-LAMP products during native sample testing were most likely caused by an altered target gene sequence in these isolates. Melting temperature analysis has already been used for multiplex detection of other pathogens or integration of internal amplification controls into LAMP reactions without the need for multiple fluorescence channel providing devices (Liu et al., 2017; Romero and Cook, 2018; Sange et al., 2019). Nevertheless, unlike the LAMP products of the artificially created internal amplification control sequences, species-specific amplicon-based LAMP products reveal accidental melting temperatures and must therefore first be selected according to the trial-and-error principle.

As the monitoring of Campylobacter mainly refers to primary production and the stage of slaughtering, attention should be given to a possible on-site application of the rplD LAMP assay for direct detection of C. jejuni and C. coli without enrichment culture in frequently highly contaminated feces or carcasses. The present study focused on food inspection, since rapid methods for detecting Campylobacter in products at retail level are only sparsely available. Thus, against the background of high infection rates, the established LAMP assay system can significantly contribute to preventive consumer protection.



CONCLUSION

The rplD and cdtC–gyrA gene-based LAMP assay system established in this study provides a suitable tool for rapid, sensitive, and specific detection as well as differentiation of C. jejuni und C. coli in processed meat products. Although rplD LAMP enables sample screening after 24 h of incubation, extended sample enrichment of 48 h is recommended to increase diagnostic accuracy to reference method level. Target species are reliably distinguishable by melting temperatures of amplification products using cdtC–gyrA LAMP. This offers deeper sample analysis in the case of specific questions such as the collection of prevalence data. Even though sample enrichment is necessary for reliable test results, the LAMP assays described in this study are suitable for application in a restricted environment and could therefore be used, for example, in a minimally equipped mobile laboratory. Future investigations might concentrate on optimizing and refining the DNA extraction procedure, without depriving it of the advantages of its simple and cost-effective performance but improving the diagnostic quality criteria of the rplD LAMP assay after 24-h enrichment. Prospective validation studies should refer to other risk foods such as milk and dairy products. Following the approach of LAMP product characterization by melting temperature evaluation, designing an internal amplification control might be useful for rplD LAMP coping with problematic matrices and enrichment media. Overall, the established LAMP system is promising for a wide range of applications. It could provide an instrument for food monitoring, which can be expected to become more important in the context of prospective systematic control strategies against Campylobacter.
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The purpose of this study was to investigate the prevalence, antimicrobial resistance, virulence genes, and genetic diversity of Campylobacter spp. along the yellow-feathered broiler slaughtering line in Southern China from December 2018 to June 2019. A total of 157 Campylobacter spp. isolates were identified from 1,102 samples (including 53.6% (75/140) of live chicken anal swab samples, 27.5% (44/160) of defeathering samples, 18.1% (29/160) of evisceration samples, 2.1% (3/140) of washing samples, 1.4% (2/140) of chilling samples, and 1.1% (4/362) of environmental samples). The prevalence of Campylobacter spp. was 14.2%, including 43.9% Campylobacter jejuni, 53.5% Campylobacter coli, and 2.5% other Campylobacter species. The highest antimicrobial resistance rate was found to be against sulfamethoxazole (138/157, 87.9%), and 90.4% (142/157) of the isolates were multidrug resistant (MDR). Examination of resistance-related genes revealed the double base mutated Thr-86-Ile, which informed ACA-TTA, with an Arg-79-Lys substitution in gyrA. Eleven virulence-associated genes (cadF, cdtA, cdtB, ciaB, flaA, imaA, dnaJ, plaA, virB11, racR, and cdtC) were also detected by a polymerase chain reaction (PCR) analysis, and cadF (81.5%) was the most prevalent. Based on an analysis of pulsed-field gel electrophoresis (PFGE) results, we found that Campylobacter spp. could be cross-contaminated throughout the entire slaughtering line. These results show that it is imperative to study the Campylobacter spp. from the yellow-feathered broiler along the slaughtering line in China to develop preventative and treatment measures for the poultry industry, as well as food safety and public health.

Keywords: multidrug-resistant Campylobacter, yellow broiler, slaughtering line, virulence genes, pulse field gel electrophoresis


INTRODUCTION

Campylobacter spp. is the most common causative agent of foodborne diseases, with Campylobacter jejuni and Campylobacter coli representing (Newell and Fearnley, 2003; Ma et al., 2014). The United States Centers for Disease Control and Prevention (CDC) estimates that Campylobacter spp. infections affect more than 1.5 million people in the United States every year, moreover, there are additional cases that go undiagnosed or unreported (FoodNet and CDC, 2017). The National Institute of Nutrition and Food Safety of the Chinese Center for Disease Control and Prevention tested 879 raw poultry meat in 2007. The detection rate of C. jejuni was 1.82%, while the figure rose to 2.28% in 2008. More importantly, in rare cases, Campylobacter spp. can cause a serious complication known as Guillain-Barre syndrome, which is associated with a mortality rate as high as 3–10%; thus, monitoring the prevalence of Campylobacter spp. is necessary.

Broiler chickens intended for human consumption represent the primary mode of Campylobacter spp. transmission (Moore et al., 2005; Greige et al., 2019). Although yellow- and white-feathered broiler are two of the main types of broiler, current studies on Campylobacter spp. have focused mainly on white-feathered broiler. In China, yellow-feathered broiler is a Chinese-specific broiler industry. The production (head units) of live yellow-feathered broiler breeding was approximately 4.0 billion in 2016, which was comparable with the production of white-feathered broiler (Wang et al., 2019). In addition, slaughtering is a critical part of the “farm to fork,” and the scalding, chilling, defeathering, and evisceration processes represent sites of major cross-contamination and are of critical importance (Figueroa et al., 2009). As such, the European Commission has established microbiological processing hygiene criteria for Campylobacter spp. in broiler carcasses (European Commision, 2017); however, few studies have focused on the entire slaughtering chain of yellow-feathered broiler. Therefore, detecting the prevalence of Campylobacter spp. during the slaughtering process of yellow-feathered broiler is essential.

There is severe worldwide antimicrobial resistance of Campylobacter spp. in white-feathered broiler, especially multidrug-resistant (MDR) strains (Zbrun et al., 2015), including in China. In particular, resistance to fluoroquinolones [e.g., ciprofloxacin (CIP) and nalidixic acid (NAL)] is extremely high in some regions (Zhang et al., 2018). Furthermore, since macrolides (e.g., erythromycin) are common first-line treatments, the resistance to the macrolides in China is considerably higher than other countries (Chen et al., 2010; Bolinger and Kathariou, 2017); however, the long feeding cycle of yellow-feathered broiler may increase antibiotic use. Unfortunately, there are no previous studies that have assessed the resistance bacteria isolated from yellow-feathered broiler.

Thus, the aim of the present study was to elucidate the prevalence, antimicrobial resistance, virulence genes, and genetic diversity of Campylobacter spp. along the yellow-feathered broiler slaughtering line in Southern China. These findings provide a foundation of follow-up studies on risk assessment and food safety monitoring associated with Campylobacter spp.



MATERIALS AND METHODS


Sample Collection

From December 2018 and June 2019, a total of 1,102 samples were collected from different stages of the slaughtering line (including defeathering, evisceration, washing, chilling, and live chicken anal swab samples) and the environment in a yellow-feathered broiler slaughterhouse in Guangdong province, China. The description of the number and type of samples are listed in Table 1. The specific sampling methods for each of the different links are based on previously described methods (Han et al., 2019). Each sample was labeled, transferred to the laboratory within 2 h, and processed immediately.


TABLE 1. Prevalence of Campylobacter spp. in the yellow-feathered broiler slaughterhouse.
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Campylobacter spp. Isolation and Identification

Campylobacter spp. isolation and identification was performed according to the Standard ISO 10272-1: 2006 (International Organization for Standardization, 2006) method (Han et al., 2016, 2019). For the live chicken anal swab samples, Skirrow blood agar containing 5% defibrinated sheep blood was incubated at 42°C for 36–48 h under a microaerophilic conditions (85% N2, 10% CO2, 5% O2). The poultry carcass samples were subjected to a broth culture in a 50-ml centrifuge tube, after which 1 ml of enrichment was added to 9 ml Bolton broth (with 5% defibrinated sheep blood), and then incubated at 42°C for 48 h under the same conditions. For the environmental swabs and water samples, the suspension was cultivated at 37°C in a shaker at 100 rpm for 2–4 h. Next, 1 ml of enrichment was added to 9 ml Bolton broth containing 5% defibrinated sheep blood and incubated at 42°C for 48 h under the same conditions.

Smooth, translucent, drop-shaped suspected colonies on the selective culture medium were selected and identified using a series of methods, including Gram staining and biochemical testing (production of catalase, oxidase test, growth test, hippurate hydrolysis, indoxyl acetate hydrolysis, and susceptibility to cephalotin). The presumptive isolates underwent further confirmation by multiplex PCR targeting of the 16S rDNA gene of Campylobacter spp., MapA gene of C. jejuni, and ceuE gene of C. coli. PCR was conducted with the primers listed in Supplementary Table 1.



Antimicrobial Susceptibility Testing

Susceptibility against antibiotics was evaluated using the disk diffusion technique (K–B method), and the results were read based on the National Committee for Clinical Laboratory Standards (NCCLS). Twelve antibiotics belonging to nine different classes were tested (Supplementary Table 1). Campylobacter spp. isolates were tested for their susceptibility to CIP, NAL, gentamicin (GEN), clindamycin (CLI), tetracycline (TET), erythromycin (ERY), amikacin (AMK), streptomycin (STR), florfenicol (FFC), ampicillin (AMP), sulfamethoxazole (SXT), and tigecycline (TGC). C. jejuni (NCTC 11168) was set as the quality control. Isolates exhibiting resistance to three or more antibiotic classes were defined as MDR.



Detection of Resistance and Virulence-Associated Genes

All Campylobacter spp. isolates were screened for the presence of resistance and virulence genes by PCR. The DNA templates were prepared according to a previously described method (Han et al., 2019). The primers used to amplify the resistance genes in this study are listed in Supplementary Table 2 and virulence-associated genes are shown in Supplementary Table 3. PCR products were analyzed by agarose gel electrophoresis (1%) and sent to Sangon Biotech Co., Ltd. (Shanghai, China) for sequencing. Sequence data were then analyzed by DNAstar (DNAstar Inc., Madison, WI, United States), and the sequences were aligned using GenBank online BLAST software1.



Pulsed-Field Gel Electrophoresis

The isolates were subjected to molecular typing by pulsed-field gel electrophoresis (PFGE), which was performed using the PulseNet standardized protocol. PFGE was performed after digestion of the genomic DNA with the restriction enzyme, Sam I, Salmonella enterica subsp. enterica serovar Braenderup (CDC no. H9812), was used as the standard control strain. The PFGE results were analyzed using BioNumerics Software. A PFGE pattern was defined as a group of strains with a Dice coefficient similarity of 85% or higher and the PFGE pattern represented by multiple strains was a PFGE cluster.



Statistical Analysis

A comparison of frequencies was calculated using a Fisher’s exact test with GraphPad Prism 7.0. A P-value < 0.05 was considered to indicate statistical significance.



RESULTS


Prevalence of Campylobacter spp. in the Yellow-Feathered Broiler Slaughterhouse

A total of 157 (157/1102, 14.2%) Campylobacter spp. isolates were identified from 1,102 samples (Table 1), which consisted of a high prevalence in three processes: (1) 75 (75/140, 53.6%) isolates from live chicken anal swabs; (2) 44 (44/160, 27.5%) isolates from defeathering; and (3) 29 (29/160, 18.1%) isolates from evisceration. Moreover, 53.5% (84/157) of isolates were C. coli, which was the predominant factors in this study. Figure 1A presents the prevalence of C. jejuni from different sources. Two significant decreases were observed for C. jejuni: (1) from 23.6% (33/140) in the process of live chicken anal swabs to 13.8% (22/160) during defeathering and (2) 13.8% (22/160) during defeathering to 5.6% (9/140) in evisceration. In contrast, the positive rate of C. coli declined rapidly from 30% (42/140) in the live chicken anal swabs to 13.8% (22/160) defeathering, and the level of contamination remained at 12.5% (20/160) during evisceration, then fell to 0% during the washing and chilling processes (Figure 1B).
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FIGURE 1. (A) Prevalence of C. jejuni isolates (n = 69) in the slaughtering line. A Fisher’s exact test was used for the categorical variables. ***P < 0.01, *P < 0.05. (B) Prevalence of C. coli isolates (n = 84) in the slaughtering line. A Fisher’s exact test was used for the categorical variables. ***P < 0.01, **P < 0.05.




Multidrug-Resistant Campylobacter spp. Isolates

The isolates exhibiting resistance to sulfamethoxazole (87.9%), nalidixic acid (86.6%), ciprofloxacin (77.1%), and tetracycline (71.3%) were commonly observed, followed by ampicillin (70.7%), clindamycin (69.4%), streptomycin (68.1%), erythromycin (67.5%), and gentamicin (57.3%) with a medium resistance level. Low resistance levels were observed in florfenicol (21.1%), amikacin (14%), and tigecycline (1.9%) (Figure 2). In total, 142 isolates (90.4%) were found to be resistant to at least three classes of antimicrobial agents, which were classified as MDR strains (Table 2). The multiple drug resistance rate for the washing and chilling processes was 100%, whereas the rates for the live chicken anal swab, defeathering, and evisceration displayed rates of 92, 88.6, and 86.2%, respectively. Analysis by species showed that, 89.9% of C. jejuni, 86.9% of C. coli, and 100% of other Campylobacter species were identified as MDR isolates.
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FIGURE 2. Resistance proportions of Campylobacter spp. from the yellow-feathered broiler slaughterhouse against 12 antibiotics. Abbreviations for antimicrobial agents: SXT, sulfamethoxazole; NAL, nalidixic acid; CIP, ciprofloxacin; TET, tetracycline; AMP, ampicillin; CLI, clindamycin; STR, streptomycin; ERY, erythromycin; GEN, gentamicin; FFC, florfenicol; AMK, amikacin; TGC, tigecycline.



TABLE 2. Multidrug-resistant (MDR) Campylobacter spp. isolates from different sources and species1.
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Analysis of the Genes and Sequencing Associated With Antibiotic Resistance

The test results of the amplification resistance genes are presented in Figure 3A. In general, 75.2% (118/157) of the isolates were positive for the carriage of the tetracycline-resistant gene, tetO. Sixty-three percent (80/157) of the isolates was identified as erythromycin-resistant gene, ermB, in the study. With regard to the aminoglycoside-resistant genes, the highest overall level of resistance gene was observed for aph(2″)-Ig at 44.6% (70/157), followed by aac(6′)-Ie at 15.9% (25/157), aph(2″)-If at 8.9% (14/157), and aacA4 at 7.6% (12/157).


[image: image]

FIGURE 3. (A) Drug resistance gene carrying rate of Campylobacter spp. (B) Virulence determinants carrying rate of Campylobacter spp.


An alignment of the deduced amino acid consensus sequences of the isolates resistant to erythromycin and fluoroquinolone (FQ) with published sequences are presented in Table 3. Among the 106 erythromycin-resistant isolates, the C2113T (36.8%) and A2075G (18.9%) mutations in the 23S rRNA gene were observed. Moreover, a series of point substitutions were identified in the gyrA gene from the 136 quinolone-resistant isolates. The Thr-86-Ile substitution (27.9%) was identified in the nalidixic acid resistance isolates, and 23.5% isolates of the nalidixic acid resistance isolates were found to possess a new double-base mutation in Thr-86-Ile with an Arg-79-Lys substitution. However, the other nalidixic acid resistance isolates did not display mutations.


TABLE 3. The mutations in antimicrobial resistance genes, 23S rRNA and gyrA.
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Prevalence and Distribution of Campylobacter spp. Virulence Determinants

The virulence determinant of cadF (81.5%) was the most prevalent in all the isolates, followed by cdtA (66.2%), cdtB (61.1%), plaA (59.9%), ciaB (57.3%), flaA (52.9%), imaA (45.9%), dnaJ (44.6%), racR (41.4%), and cdtC (31.8%). Only two isolates (1.3%) carried the virB11 gene, which was located in a plasmid (Figure 3B). There were 96 (61.1%) strains that coharbored at least five virulence determinants. Among these isolates, 24 (25.0%) isolates that cocarried 10 virulence genes were dominant. Compared with different sources, the 22 (75.9%) strains isolated from the evisceration process were the highest, and species 57 (67.9%) of C. coli was predominant (Table 4).


TABLE 4. Campylobacter spp. isolates coharbored the number of virulence determinants in different sources and species.
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Pulsed-Field Gel Electrophoresis

A total of 69 C. jejuni and 84 C. coli isolates, representing isolates of different sources and species were selected for PFGE analysis after digestion by SmaI. Consequently, three isolates from C. jejuni and one from C. coli were subjected to three repeated trials, and genotypes could not be identified by PFGE.

As a result, the 66 C. jejuni isolates were grouped into 14 clusters (a–n) (Figure 4), represented by multiple strains, and 19 unique PFGE patterns, represented by a single strain. The 83 C. coli isolates were grouped into 17 clusters (Figure 5) and 29 unique PFGE patterns. The C. jejuni isolates were dominant in cluster f, which included five isolates from the swab samples and one from the defeathering samples. Furthermore, the C. coli isolates had three dominant clusters of d, f, and o. In cluster d, all six isolates were derived from the defeathering samples. In cluster f, five isolates were derived from live chicken anal swab samples and one evisceration sample. In cluster o, all six isolates were derived from live chicken anal swab samples. In terms of the slaughtering line, the live chicken anal swab samples carried the most PFGE patterns (34 patterns), followed by defeathering samples (24 patterns), evisceration samples (19 patterns), chilling (2 patterns), and washing (1 patterns). The isolates that belonged to the same genotype could be recovered from different origins (i.e., the C. jejuni isolates in clusters d and f). In addition, the isolates from one source could be identified in the same genotype (i.e., the C. coli isolates in cluster o).
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FIGURE 4. Dendrogram of SmaI PFGE patterns of 66 C. jejuni isolates from five stages of the chicken slaughtering chain. (a–n) PFGE patterns.
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FIGURE 5. Dendrogram of the SmaI PFGE patterns of 83 C. coli isolates from five stages of the chicken slaughtering chain. (a–q) PFGE patterns.




DISCUSSION

Campylobacter spp. play a significant role in the food safety. Yellow-feathered broiler is Chinese local dominant species, which exhibits obvious regional characteristics associated with production and consumption distribution. Guangdong is the largest yellow-feathered broiler-producing province in China, and one of the main consumer regions. Compared with the white broiler, the yellow-feathered broiler has a longer growth cycle, and the chilling is often performed at the final stage of the yellow-feathered broiler slaughter and sold as whole chickens. In contrast, while the white-feathered broiler is subjected to the segmentation process and often sold by dividing the animal into different parts. As such, these disparities in processing will have different impacts on consumer food safety issues. However, few studies have investigated the contamination of Campylobacter spp. in yellow-feathered broiler slaughterhouses. This is the first study with a research focus on the whole yellow-feathered broiler slaughtering chain in China.

The separation rate of Campylobacter spp. from the slaughterhouse reached a low point of 14.2% in this study, compared with previous reports from white-feathered broiler or turkey slaughterhouse ranging from 26.3 to 100% in China and some other Asian and African countries (Chen et al., 2010; Ma et al., 2014; Messad et al., 2014; Kojima et al., 2015; Han et al., 2016). The low separation rate that was obtained may be due to undivided slaughter with the use of disinfectants to reduce the level of cross-contamination or the sample collection methods, seasonal factors (Zendehbad et al., 2015), and the strict biosecurity measures used by the slaughterhouse (Sasaki et al., 2014), may also account for their viable but non-culturable (VBNC) state. Thus, under adverse conditions, Campylobacter spp. may enter a VBNC state.

The prevalence of Campylobacter spp. varied between the different sources in this study. In the entire slaughtering chain, a gradual downward trend was observed from the live chicken to the finished product, which was similar to a study of white-feathered broiler in Iran; however, the positive rate of every aspect was not found to be as high as reported in that study (Rahimi et al., 2010). This difference may be caused by the use of the entire chicken as a finished product to reduce the body surface area exposed to the processing water in the scalder and chiller tanks. These have often been considered to be sources of cross-contamination on carcasses that potentially affect the microbial profile of the final product (Munther et al., 2016). Our results indicate that the defeathering and evisceration processes were the key factors required to control the contamination in the slaughter chain, which is consistent with previous reports (Huang et al., 2018). Among the isolates, C. coli was the predominant species in our study, which accounted for 53.5% of Campylobacter spp., which differed from that of previous reports (Chen et al., 2010; Melero et al., 2012; Kittl et al., 2013).

The Campylobacter spp. isolates displayed substantial drug resistance. The fluoroquinolones were found to exhibit a high resistance rate, which was in accordance with that of previous reports (Hungaro et al., 2014; Zbrun et al., 2015; Panzenhagen et al., 2016). Sulfonamide and tetracycline were maintained at high levels, which was a predictable result for its unreasonable use in the chicken industry; however, a relatively high resistance was observed for the first-line drugs, erythromycin (67.5%) and gentamicin (57.3%) compared with research conducted in Poland, Japan, Tranidala island, and Algeria (Rodrigo et al., 2007; Sallam, 2007; Maćkiw et al., 2012; Messad et al., 2014). Coincidentally, it remained in a similar level with recent reports in China (Han et al., 2016, 2019; Li et al., 2017). Furthermore, one serious drug resistance strain was discovered in the present study, which means it was resistant to all 12 of the tested antibiotics, including tigecycline, which represented an alarming state of affairs.

In total, 90.4% were classified as MDR strains, which was substantially higher than reported in previous research (Rodrigo et al., 2007; Sallam, 2007; Zbrun et al., 2015; Zendehbad et al., 2015). Moreover, the MDR rates were higher than 80% for the processes of the live chicken anal swab, defeathering, and evisceration, while the rate was 100% for the washing and chilling processes. In addition, 89.9% of C. jejuni, 86.9% of C. coli, and 100% of other Campylobacter spp. were identified as MDR isolates. Due to the long feeding cycle of yellow-feathered broiler, there may be increased opportunities for the yellow-feathered broiler meat to obtain antibiotic resistance to Campylobacter spp. It appears that the drug-resistant situation in China is critical, which may be caused by the widespread use of antimicrobial agents during the breeding process of poultry and livestock. Therefore, in order to obtain antibiotic-free meat, the promotion and implementation of antibiotic-free breeding regarding the use of physical and biological measures of animal health and disease prevention without any chemical drugs, antibiotics, or synthetic hormones during the breeding or slaughtering process is considered.

The macrolide resistance gene, 23S rRNA, and fluoroquinolone resistance gene, gyrA, were sequenced to analyze their mutations. In total, 36.8% of erythromycin-resistant strains possessed C2113T mutation, which was higher than A2075G mutation (18.9%) (Pérez-Boto et al., 2014; Lim et al., 2017). A 51.5% (70/136) Thr-86-Ile substitution was found in the tested isolates, as the common single base mutation, ACA-ATA (Ge et al., 2005; Abd El-Tawab et al., 2018). However, a new double-base mutation in Thr-86-Ile was detected in 32 isolates, which was termed ACA-TTA. Concurrent with the Arg-79-Lys substitution, other nalidixic acid resistance isolates did not display any type of mutation. This finding implies that the strains were likely to find a new method of survival and spread in extreme environments.

Campylobacter spp. has complex multifactorial systems for multiplication in broilers, survival during food processing, and enhanced pathogenicity following food processing stressors (Bolton, 2015). A total of 11 virulence determinants were detected, of which 61.7% of the strains coharbored at least five virulence determinants. Most of the isolates carried 10 virulence genes, accounting for 25%. There were only two isolates that carried the virB11 gene, which can significantly reduce adherence and invasion compared with the wild-type strain (Bacon et al., 2000). More importantly, 75.9% strains from the evisceration stage and 67.9% of C. coli cocarried at least five virulence determinants. This finding indicates that the isolates from the evisceration stage and C. coli exhibited strong potential pathogenicity.

In this study, multiple PFGE patterns and clusters were observed in the C. jejuni and C. coli isolates, which indicated that the genome was polymorphic. Furthermore, the C. coli isolates had more PFGE patterns (29) than the C. jejuni isolates, which had 19 PFGE patterns. This suggests that the genes of the C. coli isolates are more unstable and variable than that of the C. jejuni isolates. Most PFGE clusters correspond to only one origin; however, the isolates that belonged to the same genotype could be recovered from different origins (Ma et al., 2014). This revealed that Campylobacter spp. could be cross-contaminated throughout the entire slaughtering line and might have serious consequences for the prevention in the poultry industry.



CONCLUSION

In summary, this represents the first attempt to gather information of Campylobacter spp. from a yellow-feathered broiler slaughterhouse in China. Moreover, we showed a significant reduction of C. jejuni- and C. coli-positive isolates during the process of defeathering and evisceration, serious MDR in Campylobacter spp., and novel mutation in the gyrA genes. The PFGE results implied that serious cross-contamination occurred in the slaughtering line, which requires future focus in order to reduce the level of Campylobacter spp. from the slaughterhouse to retail outlets. Furthermore, we should restrict the use of antibiotics in livestock and implement monitoring to control the food safety of high risk food products.
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Campylobacter jejuni is a leading cause of bacterial gastroenteritis in humans around the world. The emergence of bacterial resistance is becoming more serious; therefore, development of new vaccines is considered to be an alternative strategy against drug-resistant pathogen. In this study, we investigated the pangenome of 173 C. jejuni strains and analyzed the phylogenesis and the virulence factor genes. In order to acquire a high-quality pangenome, genomic relatedness was firstly performed with average nucleotide identity (ANI) analyses, and an open pangenome of 8,041 gene families was obtained with the correct taxonomy genomes. Subsequently, the virulence property of the core genome was analyzed and 145 core virulence factor (VF) genes were obtained. Upon functional genomics and immunological analyses, five core VF proteins with high antigenicity were selected as potential core vaccine targets for humans. Furthermore, functional annotations indicated that these proteins are involved in important molecular functions and biological processes, such as adhesion, regulation, and secretion. In addition, transcriptome analysis in human cells and pig intestinal loop proved that these vaccine target genes are important in the virulence of C. jejuni in different hosts. Comprehensive pangenome and relevant animal experiments will facilitate discovering the potential core vaccine targets with improved efficiency in reverse vaccinology. Likewise, this study provided some insights into the genetic polymorphism and phylogeny of C. jejuni and discovered potential vaccine candidates for humans. Prospective development of new vaccines using the targets will be an alternative to the use of antibiotics and prevent the development of multidrug-resistant C. jejuni in humans and even other animals.
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INTRODUCTION

Campylobacter jejuni is the most common bacterial cause of foodborne diarrheal disease worldwide, and the incidence of campylobacteriosis in humans has increased in recent decades (Young et al., 2007; Burnham and Hendrixson, 2018). As C. jejuni has a broad host range, it causes high morbidity in humans and in some avian species and results in huge economic losses in both developed and developing countries (Kaakoush et al., 2015; Geissler et al., 2017; Schnee and Petri, 2017; Crofts et al., 2018). In addition, C. jejuni infection is one of the most common risk factors for developing Guillain–Barre syndrome (GBS) that leads to nerve damage, muscle paralysis, and sometimes death (Willison et al., 2016; St Charles et al., 2017; Wijdicks and Klein, 2017).

In recent years, the overuse and misuse of antibiotics in human medicine and animal husbandry have led to an escalation of antibiotic-resistant infections (Iovine, 2013; Lopes et al., 2019; Makabenta et al., 2020). This situation is more serious for C. jejuni because it is likely to undergo spontaneous gene mutations as well as to acquire the antibiotic-resistant genes from the environment or other organisms (Beauchamp et al., 2017). The World Health Organization (WHO) has listed Campylobacter spp. as a serious threat to global public health (Silva et al., 2011). Gastroenteritis caused by C. jejuni is clinically similar to other bacteria and is usually treated empirically with fluoroquinolones and tetracyclines (Iovine, 2013; Sierra-Arguello et al., 2018; Efimochkina et al., 2020). To address the huge threat brought by antibiotic-resistant strains of C. jejuni, alternative intervention strategies are presently sought. New vaccine development is one of the alternative strategies to effectively prevent the infection and avoid the use of antibiotics (Astronomo and Burton, 2010; Hill et al., 2016). Compared with other foodborne bacteria, the development of vaccines against C. jejuni is more challenging due to its antigenic diversity, insufficient understanding of its pathogenesis, and the lack of experimental animal models to elucidate the development of disease and test the potential vaccine candidates (Riddle and Guerry, 2016). To date, attempts to develop a clinical vaccine have been futile in humans, and more research is needed into the development of C. jejuni vaccines (Poly et al., 2019).

Unlike other enteric bacterial pathogens, C. jejuni lacks or does not rely extensively on many classical virulence factors (Burnham and Hendrixson, 2018). For example, the flagella of C. jejuni promote the anti-inflammatory axis through the siglec-10 receptor, whereas the other gastrointestinal pathogens activate the TLR5 receptor (Stephenson et al., 2014). Elucidation of the mechanism of pathogenesis and, thus, vaccine development faces additional challenges due to its unique characteristics. Pangenome analysis provides a framework for exploring the genomic diversity in one species and helps identify new candidates for vaccine development and a new generation of antimicrobials (Croucher et al., 2017; Alam et al., 2020). C. jejuni is known to be a highly diverse species and displays extensive genetic variations. Therefore, analyzing the core genome shared by all strains may be an appropriate strategy to identify the possible conserved molecular determinants of virulence factors (VFs) for use as vaccine targets. At present, reverse vaccinology, the process of antigen discovery from genome information and vaccine development, has been applied in generating vaccines for many other pathogens (Hassan et al., 2016).

In this study, all available complete genome sequences of the C. jejuni strains in the National Center for Biotechnology Information (NCBI) database have been analyzed and its pangenome has been estimated. The average nucleotide identity (ANI) value was first calculated and the filtered genome sequences were applied for further analysis. Identification of the bacterial virulent proteins can benefit the understanding of the mechanisms of virulence and the design of drugs and vaccines. Because of the high genome plasticity and the diverse antigenicity of C. jejuni, the core VF genes have been selected as potential vaccine candidates, which will facilitate covering the entire species. After a series of analyses such as essentiality, non-host homologs, molecular weight, and cellular location, the candidate core VF proteins were screened out. To further explore the virulence of these candidate proteins, we also analyzed some experimental data in several model animals including human and pigs. The core VF targets found in this study have been shown to have high virulence from these experiments. Furthermore, immunological, functional genomics, and protein–protein interaction (PPI) analyses were performed to detect the antigenicity, molecular function, and biological processes of the potential core vaccine targets. The study highlighted the pangenomics and sequence-based reverse vaccinology in identifying potential vaccine targets for human, and the multi-omics approach will facilitate discovering the unique vaccine candidates and prevent challenging bacterial infections.



MATERIALS AND METHODS


C. jejuni Genome Sequencing Data and Annotation

In order to have a comprehensive overview of the species of C. jejuni, the study included all available complete genome sequences (including the complete and chromosome-level sequences) of C. jejuni strains from NCBI1. The drafts and incomplete genomes were excluded in order to be standardized in the analysis. To ensure the consistency and reliability of annotation and gene prediction, the program Prokka was used to obtain the protein and nucleotide sequences of each strain (Seemann, 2014). The genome sequences used in this study are summarized in Supplementary Table 1.



ANI Analysis

In order to establish an accurate pangenome and determine the correct classification, ANI analysis of C. jejuni strains was performed using the python program “pyani” (v0.2.7) (Pritchard et al., 2015). The analysis was performed based on the BLAST algorithm on a local computer with default settings (Altschul, 2012). The heatmap software package (v1.0.12) in R was used to deliver the graphical heatmap and dendrogram for the ANI values.



Pangenome Analysis

The pipeline Roary was used to perform pangenome analysis using the gff3 files obtained from Prokka (Page et al., 2015). The determination and the selection of the core gene thresholds are critical to the accuracy of pangenome analysis. Considering the sequence data were complete and chromosome genome assemblies were of high quality, a core threshold (99% ≤ strains ≤ 100%) was used instead of a soft-core threshold (95% ≤ strains ≤ 99%), which means that the core genes could be shared by all of the C. jejuni strains used in this study. The expansiveness of the pangenome was estimated in R with the “micropan” package according to the Heaps’ law model (Snipen and Liland, 2015). The decay parameter alpha was calculated with 5,000 random permutations. Besides, all of the three types of pangenomes were searched to compare the distribution of their functional categories using the Clusters of Orthologous Genes (COG) database (Tatusov et al., 2000). Pathway enrichment analysis with the Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases was performed using the “ClueGO” plugin from Cytoscape 3.8.0 (Shannon et al., 2003; Bindea et al., 2009).



Core VF Analysis

With the aim to obtain insights into the virulence and pathogenic potential of C. jejuni, the VFs present in the core genome were explored using the Virulence Factors Database (VFDB) (Liu et al., 2019). For the core genome sequences, the search was performed using the program BLASTX 2.6.0+, which uses nucleotide vs. protein alignments based on a punctuation matrix (BLOSUM62). The blast search was carried out against all the virulence-associated proteins adhering to the following parameters: bit score > 100, e-value < 1.0e–5, and percentage identity > 30%.



Characterization and Antigenicity Analysis of Core VFs to Be Used as Vaccine Candidates

In order to elucidate the effectiveness of potential core vaccine candidates, the core VF genes were first detected using the Database of Essential Genes (DEG) adhering to the following parameters: e-value cutoff = 1e–5 and minimum bit score = 100 (Zhang and Lin, 2008). The core VF proteins of C. jejuni were aligned with human protein sequences to search for the human homologues, thereby eliminating the chance of autoimmunity. These proteins with percent identity < 35% and e-value < 0.005 were considered as non-host bacterial proteins. In order to facilitate purification, cloning, and expression, a series of analyses was carried out to characterize the filtered proteins. The prediction of transmembrane helices plays an important role in the study of membrane proteins. TMHMM is a widely used bioinformatics tool based on the hidden Markov model (HMM) and is usually used to predict the transmembrane helices of integral membrane proteins. Thus, the software TMHMM v2.0 was used to predict the transmembrane helices, and the proteins with less than two transmembrane helices were selected. PSORTb v3.0 was applied to predict the most probable localization (Yu et al., 2010). The molecular weights of the prioritized genes were estimated by using Expasy PI/MW tool2. Proteins with molecular weights < 110 kDa were eventually designated as potential vaccine candidates because they are easy to purify and can be effectively used for vaccine development. In addition, VaxiJen v2.0 was used to check the antigenicity of the filtered proteins with a threshold value greater than 0.4 (Doytchinova and Flower, 2007; Zaharieva et al., 2019). The BCPreds server 1.03 was used to identify B cell epitopes with a default epitope length of 20 and a specificity of 80% using the method by BCPreds. IEDB analysis resource4 was used to predict the T cell epitope peptide [major histocompatibility complex (MHC) I and MHC II] with the method of “IEDB recommended 2020.09” (Kim et al., 2012). In the end, the proteins that are virulent, essential, non-host homologous, exposed or secreted with less than two transmembrane helices, and with high antigenicity were chosen as candidate proteins.



Three-Dimensional Structure and PPI Analyses of the Potential Vaccine Candidates

We used the Protein Data Bank and SWISS-MODEL to explore the three-dimensional (3D) structures of the query proteins through comparative modeling (Sussman et al., 2010; Marco et al., 2014). In order to predict the PPIs, the STRING database was used for the candidate proteins (Szklarczyk et al., 2011). The interaction score of these functional proteins was chosen to be 0.8, which means that the connections between the nodes and lines have a high degree of credibility. PPI analysis of the candidate proteins benefits the understanding of the molecular mechanisms and biological processes and for determining the potential therapeutic targets.



Transcriptomic Analysis

To test the virulence of the potential core vaccine targets, additional transcriptome analysis was performed using previous RNA sequencing (RNA-seq) data of C. jejuni. The raw data were downloaded from the BioProject PRJNA473070 and PRJNA615847 of the European Nucleotide Archive (ENA) in the European Molecular Biology Laboratory (EMBL) database. Reads were mapped to the C. jejuni 81–176 and F38001 genomes using Bowtie 2 (version 2.2.9) and counted with featureCounts (version 2.0.1) (Langmead and Salzberg, 2012; Liao et al., 2014). Differential expression was analyzed using the DESeq2 package (version 1.28.0) and a volcano plot was visualized using ggplot2 (version 3.3.2) in R platform (version 4.0.3).



RESULTS AND DISCUSSION


Genomic Relatedness and Characterization of C. jejuni Strains

In this study, a total of 174 complete genome sequences of C. jejuni strains collected from different geographic locations and isolation sources were preliminarily analyzed (Supplementary Table 1). To be consistent with the genomic data, all of the sequences were annotated using the software Prokka (Seemann, 2014). The correct taxonomy classification is essential for obtaining high-quality pangenomes (Wu et al., 2020). In order to determine the taxonomic status and obtain a high-quality pangenome of C. jejuni, the ANI values were firstly calculated to estimate the genetic relatedness among the strains. ANI has become one of the main genome options for DNA–DNA hybridization for taxonomic purposes (Arahal, 2014). The previously suggested species threshold of 95% ANI can represent the same species (Goris et al., 2007). We found that the ANI value of the C. jejuni strain 414 is about 91%, which is obviously different from the other 173 strains and may be an incorrect classification (Supplementary Figure 1A). Moreover, the GC content, open reading frame (ORF), and the protein numbers of strain 414 were also significantly different from the other strains (Figures 1A,B). In accordance with a previous study, we highly suspect that strain 414 may belong to Campylobacter coli or other Campylobacter subspecies (Hepworth et al., 2011; Supplementary Figure 1B). In order to improve the quality and accuracy of the whole-genome analysis of C. jejuni, the genome sequence of strain 414 was removed in subsequent analyses.
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FIGURE 1. Taxonomic classification of Campylobacter jejuni based on comparison at the whole-genome level. (A) The GC content of 174 original complete genomes in NCBI. Strain 414 is highlighted with the red circle, which is obviously far away from the other strains. (B) Numbers of genes and open reading frames (ORFs) of 174 complete genomes. Strain 414 is highlighted with the red circle. (C) Phylogenetic tree based on BLAST all vs. all of the 173 C. jejuni strains, which could be divided into four groups (numbers 1, 2, 3, 4 marked in the red area). The vertical rectangular boxes correspond to the relevant clades in the core genome tree (the different colors of the boxes match the clades on the right, e.g., the red box corresponds to clade III). (D) Core genome tree based on the 911 core genes of 173 strains. Different colors represent the diverse clades.


As expected for the remaining 173 strains belonging to the same species, higher ANI values ranging from 95.52 to 99.99% were observed and could be divided into four groups (Figure 1C). The GC content, genome size, and the number of ORFs and proteins for all of the analyzed genomes were determined (Supplementary Table 1). The lengths of the obtained C. jejuni genomes varied from 1,558,306 bp (strain 104) to 1,891,235 bp (strain NCTC11951), equal to an approx. 21% difference. The average ORF count was found to be 1,796, with the lowest number of ORFs of 1,647 (strain CJ090CC1332) and the highest number of ORFs of 2,113 (strain NCTC11951); the difference between them was approx. 28%. These vast differences supported the high diversity of the genome of C. jejuni.



Phylogenetic Analysis at the Core Genome, Pangenome, and Whole-Genome Levels

Phylogenetic analysis was performed for all the included C. jejuni strains to understand the pattern of evolution. Using the whole-genome and core genome alignment concatenation approach, phylogenetic trees for the set of 173 genomes were constructed, and the constructed phylogenetic trees showed high phylogenetic diversity and clear evolutionary relationships among the strains (Figures 1C,D). Based on the topological structure and the evolutionary distances, the core genome tree could be divided into six main clades, in which nine strains were diverged independently of the other members. C. jejuni RM1285 is an environmental isolate from a chicken farm and exhibits a rod-shaped variant morphology. This strain has an increased resistance to inactivation by high hydrostatic pressure compared to the other C. jejuni strains (Gunther et al., 2015). Strains RM3420 and RM1285 both belong to serotype HS:19, which is believed to be a unique clone that is associated with GBS and gastroenteritis (Misawa et al., 2001; Parker et al., 2017). The stains ATCC33560 and FDAARGOS_295 are quality control strains used for the antimicrobial susceptibility testing of Campylobacter spp. (Huang et al., 2012). These strains are diverse from other strains since they originate from various sources and possess different virulent characteristics. The six clades could also be associated with the four groups based on whole-genome alignment, which indicated that there is a conservative relationship among these C. jejuni strains (Figure 1C). In fact, the phylogenetic groups in the ANI heatmap were connected with the core phylogenetic clades, such as clades III and V of the core genome phylogenetic tree being similar to groups 3 and 4 (Figure 1D). Because the core genome contained only conserved genes and was relatively small in this elucidation here, this might lead to different phylogenetic relationships between them. In addition, other studies have also tried to distinguish the closely related C. jejuni genomes based on the core or whole-genome sequencing type schemes and found that some clinical strain genomes are more stable than others for over a decade (Cody et al., 2013; Nennig et al., 2021). It is known that C. jejuni has a high genetic diversity with very few repeat sequences and virtually no inserted or phage-associated sequence in the genome (Parkhill et al., 2000). These different methods could benefit the exploration of the diversity of C. jejuni in different ways.

In order to further explore the phylogenetic relationships, a pangenome tree was also constructed, which showed high phylogenetic diversity. The pangenome tree could be divided into seven groups (Supplementary Figure 2A) and showed an obvious difference from the core phylogenetic tree. For example, clade V (green in Supplementary Figure 2B) contained 56 strains, which had the same evolutionary distance in the core and whole-genome trees. These strains were isolated from human feces and blood, which nearly belonged to the same BioProject PRJNA268846 (except strain CJ066CC508). Because the 911 core genes in those strains were conserved, this led to the equidistance in the core phylogenetic tree. Compared with a previous study, the core genome number has changed, which could be caused by the algorithms and the cutoff values, as well as the source and genomic diversity of the strains. But the core phylogenetic tree could also allow for the efficient identification of these closely isolated strains, just like the core genome multilocus sequence typing (cgMLST) scheme of C. jejuni (Cody et al., 2017). While in the pangenome tree, these strains (groups a–c and e–g) shared more accessory and unique genes that have been observed in the close lineages, which could lead to different virulence and evolution processes. Besides that, these strains in clade V belonged to one clonal complex (CC) of sequence type (ST) 667, which was similar to that in another study of ST-45 CC. Because both the core and pangenome could harbor polyphyletic and paraphyletic STs, this led to the different groups in the phylogenetic analysis (Llarena et al., 2016). Therefore, the pangenome phylogenetic analysis will facilitate the evolutionary analyses of species phylogeny reconstruction and trace the disease outbreak or the pathogenicity of different C. jejuni strains (Computational Pan-Genomics Consortium, 2018). The phylogenetic trees of the whole genome, core genome, and pangenomes showed diversity, which may be due to the changes in the genes among these strains under selective pressure during the evolution process; gene duplications and/or large amplifications and horizontal gene transfer (HGT) could have also contributed to the variations (Crofts et al., 2018). Therefore, the size of the genome and the number of genes in the population are variable and reflect the high plasticity and phylogenetic relationships of the C. jejuni genomes.



Pangenome of C. jejuni

Pangenome analysis revealed 8,041 non-redundant genes, including 911 core genes, 4,621 accessory genes, and 2,509 unique genes (Figure 2A). Based on the Heaps’ law model, we obtained the alpha value of 0.99 and exhibited an open pangenome structure of the gene accumulation curve (Figure 2C; Tettelin et al., 2008). Due to the existence of an expanded library of the dispensable genes from various strains, the pangenome was relatively large (Figures 2B,D,E). The proportion of accessory genome (58%) was greater than that of the core genome (11%), which was also a characteristic of an open pangenome (Brockhurst et al., 2019). This situation indicates that a large and uncertain additional genome is needed to identify all the genes that are accessible to this species and ensures that C. jejuni responds quickly to various environments or hosts (Donati et al., 2010). COG analysis suggested that the accessory and unique genes are abundant in the binding and metabolic processes (Figure 2F). Thus, these diverse accessory and unique genes may be responsible for the high pathogenicity to humans and the potential host specificity for these strains (Gripp et al., 2011).
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FIGURE 2. Pangenome shape of Campylobacter jejuni. (A) Pangenome flower plot showing the core genome and the different unique genes for each strain. Different colors represent the subgroups in the pangenome tree (the colors correspond to the different clades in the core genome tree). The number of subgroups is labeled with lowercase letters, except “d,” which includes the rest of the region between two purples. Different shades of green are used to distinguish the different subgroups, which correspond to clade V of the core genome tree. (B) Gene accumulation curves for the pangenome. Cumulative sizes were calculated by selecting strains without replacement in random order 1,000 times. (C) Histogram of the prevalence of the different gene families in the pangenome. A total of 8,041 non-redundant gene families identified in 173 genomes are based on their frequency distribution. Three gene categories are clearly distinguished, highlighting the unique genes (genes that only exist in one strain), core genes (gene families are present in all the analyzed strains), and accessory genes (gene families that exhibit variable frequencies). (D) Heaps’ law graph representation of new genes (red line) and unique genes in 173 genomes. (E) Heaps’ law graph representation of the conserved genes (red line) and the total genes in 173 genomes. (F) Distributions of the Clusters of Orthologous Genes (COG) categories in the core, accessory, and unique genes without homologs were marked in gray.




Core VF Genes of C. jejuni

Identification of the bacterial virulent proteins can benefit the understanding of the mechanisms of virulence and the design of drugs and vaccines. C. jejuni shows extensive genetic variations, and its core genome is smaller than the core genome of other foodborne pathogens (Zhou et al., 2018; Flament-Simon et al., 2020). Compared to other foodborne pathogens, very little information is known in relation to the pathogenic potential and virulence repertoire of C. jejuni (Young et al., 2007; Crofts et al., 2018). In order to obtain insights into the pathogenic potential, the current study explored the virulent genes in the core genome. In the end, 145 VF genes were found to be in the core genome (∼16%). In the conserved virulome of C. jejuni, the major VFs, including the proteins of adherence, iron uptake, motility and export apparatus, as well as colonization and immune evasion, were identified. These VFs may facilitate the pathogenesis and probable survival under adverse conditions of the organism (Figure 3A). COG category analysis showed that cell motility, membrane biogenesis, and amino transport and metabolism were the top three functions, which play important roles in pathogenesis (Figure 3B). GO functional analysis demonstrated that these core VF proteins have extensive connections with many other VFs and were mainly located in the plasma membrane, periplasmic space, outer membrane, or secreted, which means that they could be preferred as effective vaccine candidates (Figure 3C; Zagursky et al., 2003). Among the proteins, CadF is an outer membrane protein that binds to fibronectin and has been proven to be an important pathogenic factor for Campylobacter spp. (Talukdar et al., 2020). SodB was found to be an ingredient in vaccines against C. jejuni infection in broiler chickens, although antibodies to SodB-inoculated chickens detected the protein in the periplasm rather than in the membrane portion or on the surface of the bacteria (Chintoan-Uta et al., 2015). Another study found significantly higher levels of antigen-specific IgY in chickens vaccinated with glycosylated SodB, possibly due to differences in the vaccine design, C. jejuni challenge strains, chicken lines, injection times, adjuvants, or the vaccines themselves, such as the different glycosylation efficiencies or states of the vaccine (Alemka et al., 2013; Vohra et al., 2020). Meanwhile, SodB has been shown to be involved in oxidative stress and host cell survival, requiring further studies to increase the level and duration of protection and to facilitate the development of vaccines against C. jejuni in humans (Novik et al., 2010). Chemotaxis proteins like CheA, CheB, CheV, CheW, and CheY are mainly involved in the commensal and pathogenic lifestyles and have the functions of sensing, signal transduction, and signal amplification during chemotactic response (Korolik, 2019; Reuter et al., 2020). Capsular polysaccharide (CPS) and lipooligosaccharide (LOS) are very variable VFs and play critical roles in the adhesion and invasion of epithelial cells and in serum resistance and colonization (Richards et al., 2013; Islam et al., 2018; Hameed et al., 2020). A total of 37 flagella genes (∼25%) showed up in the core VF sets, which play vital roles in the rotation and switching of the bacterial flagella and are conducive to adhesion and biofilm formation (Paul et al., 2011; Burnham and Hendrixson, 2018; Cohen et al., 2020). In addition, the flagellar protein export apparatus was proven as a type III export system of C. jejuni and required the secretion of the Campylobacter invasion antigens (Cia proteins), which play roles in C. jejuni motility and host cell invasion (Konkel et al., 2004; Neal-McKinney and Konkel, 2012; Samuelson et al., 2013; Negretti et al., 2021). The motility, adhesion, and entry of bacteria into intestinal epithelial cells are considered to be key steps in the development of pathogenesis following exposure to C. jejuni (Pizarro-Cerdá and Cossart, 2006; Young et al., 2007; Henderson et al., 2020). Therefore, these core VFs can provide a new perspective on pathogenicity at the species level (Supplementary Table 2).
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FIGURE 3. Characterization of the core virulence factors (VFs). (A) Distributions of the virulence type categories of 145 VF proteins. The top three types are motility and export apparatus (black), colonization and immune evasion (light blue), and iron uptake (brown). (B) Distributions of the Clusters of Orthologous Genes (COG) types of core VFs, with the largest COGs mainly distributed in cell motility (N) and cell component (wall, membrane, and envelop) biogenesis (M), which accounted for more than 35% of the 145 core VFs. (C) Simulated location distributions of some core VFs based on Gene Ontology (GO) functional analysis that are mainly involved in motility, biosynthesis, metabolism, and transportation.




Core VF Estimation for Essentiality and Non-host Homologs

Essential genes are composed of the minimum set of genes required to support cell life and have greater therapeutic potentiality (Peters et al., 2016). The essential genes in bacteria are effective therapeutic targets, especially when the bacteria confer multidrug resistance. Thus, the identification of essential genes is a key step in designing therapeutic targets for bacterial infections. Among the 145 core VFs, 94 (∼65%) were predicted as essential genes (Supplementary Table 3). These genes are mainly involved in biological processes like ATP binding, DNA binding, and transferase and permease activities. Afterward, the essential core VFs were aligned with the human proteome to confirm whether there is any similarity between them. Seventy-four proteins showed hits below the threshold value and were considered as non-host homologous proteins (Supplementary Table 4). These non-host homologous proteins can be preferably used for C. jejuni vaccine development to avoid autoimmune response or recombination and integration events in humans.



Characterization and Antigenicity of Vaccine Candidate Proteins

In order to improve the efficiency, the selected proteins were characterized and their antigenicity was analyzed. Because the transmembrane and subcellular localization of proteins will affect the identification of therapeutic targets, TMHMM Server 2.05 was used, and 69 candidate proteins with no transmembrane helices were finally obtained. Besides, proteins located in the periplasmic region, in outer membranes, and extracellularly are considered as effective vaccine candidates (Supplementary Table 5). Consequently, the estimation of the core VF proteins for subcellular location revealed that 47 proteins were cytoplasmic, 19 were located in the cytoplasmic membrane, one was in the outer membrane, three were unknown, and four were periplasmic (Figure 3C). It is known that outer membrane vesicles (OMVs) are a molecular complex consisting of lipopolysaccharides (LPS), outer membrane proteins, periplasmic proteins, lipids, and even cytoplasmic proteins, which are important vehicles for the simultaneous delivery of many effector molecules to host cells (Cai et al., 2018; Singh et al., 2021). Exposed proteins are often attractive targets for vaccine design, but sometimes not all proteins must be exposed to the surface, including some periplasmic proteins present in OMV preparations, which may also elicit an immunogenic response (Awanye et al., 2019). Due to the role of OMVs in intestinal adhesion and invasion, and in regulating the dynamic interaction between host and pathogens, OMVs have become potential vaccine targets for a variety of intestinal pathogens (Singh et al., 2021). Therefore, the bacterial cell surface and secreted proteins, usually located in the extracellular, periplasmic, and outer membranes, could be more effective as vaccine candidates or diagnostic targets.

Finally, five candidates of core VF proteins met the requirement and were selected as the potential vaccine targets (Table 1). Also, the alignment of these genes was well conserved among the different C. jejuni strains (Backert et al., 2018; Konkel et al., 2020; Moballegh Naseri et al., 2020; Vohra et al., 2020). CadF is an outer membrane fibronectin-binding protein and could be overexpressed under oxygen-enriched conditions, which means that it plays a great role in the insert surface adhesion process and promotes adhesion in oxygen-enriched conditions of C. jejuni (Sulaeman et al., 2012). SodB has a molecular function in metal ion (e.g., Fe) binding and superoxide dismutase activity and plays an important role in the intracellular survival of bacteria to prevent reactive oxygen species (ROS) damage. According to reports, the iron regulation system is essential for the colonization and persistence of C. jejuni (Ducarmon et al., 2019). HtrA has a serine-type endopeptidase activity and plays important roles in regulating the quality and quantity of protein in various bacterial infections (Backert et al., 2018). In recent years, it has been found that extracellular HtrAs can directly target the surface proteins of bacterial and host cells to promote the virulence of several pathogens, which is thought to be a new pathogenic mechanism (Skorko-Glonek et al., 2013; Heimesaat et al., 2014; Backert et al., 2018; Zarzecka et al., 2019). The extracellular HtrA protein is thought to be an ideal therapeutic target in many bacteria because of its accessibility, significance in virulence, and immunogenicity (Skórko-Glonek et al., 2017). Also, the HtrA of C. jejuni has been proven to be a periplasmic stress response protein that could also be secreted into an extracellular medium (Boehm et al., 2015, 2018; Neddermann and Backert, 2019). FlgC is a flagellar basal-body rod protein involved in the binding with the intestinal mucosa in poultry (Shippy et al., 2014). Under oxygen and antibiotic stresses, FlgC and several other flagellar genes were significantly upregulated and considered as components of C. jejuni OMVs, which participated in the virulence (Godlewska et al., 2019). KpsD is an important component of the capsular polysaccharide export system and has been predicted to be the outer membrane translocon for “group 2” capsular polysaccharides (Whitfield, 2006; Diao et al., 2017). Antigenicity analysis of the protein sequences can benefit the identification of specific antigenic peptides. It was found that all of these five proteins have high potential antigenicity and exhibit molecular weights of <110 kDa, which are conducive to purification during the experiment (Supplementary Table 6). The prioritization and filtration of the candidate proteins could help reduce the time, labor, and resources for developing potential vaccines and optimize the success rate of obtaining the best drugs or vaccines against the pathogen. These five core VFs represent attractive targets for antibacterial therapy and can serve as suitable candidates for vaccine development.


TABLE 1. Characterization and antigenicity of the core vaccine target proteins.
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Structure Analysis of Core Vaccine Target Proteins

Visualization of the 3D protein structure helps in understanding the sequence patterns, functions and binding sites, as well as the interactions of the candidate proteins with the other targets. Currently, the experimentally validated 3D structure of C. jejuni HtrA is available in the Protein Data Bank (PDB) database (ID: 6Z05; Supplementary Figure 3A). A comparative homology model of SodB is present in SWISS-MODEL (Supplementary Figure 3B). Due to the low homology in SWISS-MODEL, the structures of the other three proteins were not predicted in the study. The cryo-electron microscopy of HtrA showed that it has two PDZ domains, which play important roles in regulating substrate binding, the proteolytic activity, and interactions between subunits. HtrA has been proven to have a close relationship in many bacteria, and the lack of functional HtrA could reduce the invasiveness of the pathogen (Skórko-Glonek et al., 2017). In addition, C. jejuni HtrA has the secretory function of transporting into the extracellular space and has been identified as a very attractive new vaccine target (Boehm et al., 2018). The 20-mer B cell epitope KEKSKGKNSGFQEGDIIIGV (zoomed in in Supplementary Figure 3A) is expressed on the surface of the HtrA protein and has a high antigenicity (VaxiJen value = 0.65), indicating that surface exposure and recognition of the epitope by MHC molecules could lead to a strong immunogenic response. Meanwhile, the 9-mer T cell epitope FLSLSLASA was found to have promiscuous MHC I and MHC II binding affinity and has high antigenicity scores (VaxiJen value = 0.61). These two peptides would elicit both B and T cell immune responses with a suitable adjuvant and serve as vaccine candidates. Superoxide dismutases are key enzymes in oxidative defense. SodB was predicted to have four iron sites and two manganese/iron superoxide dismutase sites in the domains of its N- (2–80 bp) and C-terminals (98–196 bp) and has high homology with the characterized 3D structure of Helicobacter pylori (PDB ID 3cei). Based on the sequence alignment and structural prediction, C. jejuni SodB might have a 20-residue C-terminal tail that might be involved in adsorption on the bacterial cell surface (Esposito et al., 2008). CadF was shown to bind fibronectin and had three cleaved forms, which could promote the binding of C. jejuni to polarized cells, and was thought as an important virulence determinant (Rubinchik et al., 2012; Larson et al., 2013; Konkel et al., 2020). SGGFGHYGAGVK was found in all of the three cleaved forms, EKAVEEVADTRATPQA was found in the cleaved forms CadF-1/CadF-2, and LSDSLALR of MHC II was found in both forms of CadF-2/CadF-3 (Sulaeman et al., 2012). Another in silico analysis of CadF also found that LSDSLALRL could be a candidate peptide for vaccine development (Moballegh Naseri et al., 2020). Thus, the epitopes SGGFGHYGAGVK, EKAVEEVADTRATPQA, LSDSLALR, and HTDNIGSRY of CadF were predicted to be suitable targets for vaccine development and required further in vitro studies in the next step. All of the epitope sites are summarized in Supplementary Table 7.



PPI Analysis

PPI analysis found that these five proteins have rich connections with other proteins in the biological network (Supplementary Figure 3C). The network of HtrA also includes SodB, CadF, and several housekeeping genes, and these proteins can play great roles in the adhesion, regulation, and secretion of C. jejuni. For example, HrcA is a heat-inducible transcription repressor junction factor and can be transported into the extracellular space to lyse the cell. As a negative regulator of class I heat shock genes (grpE-dnaK-dnaJ and groELS operons), it can prevent the heat-induced induction of these operons. It was thought that C. jejuni employs a variety of protective mechanisms to resist oxidative stress as it needs to survive in an aerobic environment. This fact may result in the CadF, SodB, and HtrA proteins to be more abundant than the other membrane proteins. Also, HtrA was thought to have protease activity in different cleavage of CadF (Sulaeman et al., 2012). These interactions indicate that CadF, HtrA, and SodB may have synergistic action that could affect the adhesion, biofilm initiation, and virulence of C. jejuni and can serve as ideal vaccine targets for this species. CPS is a highly variable and key VF for the induction of systemic infection, and its genotype is related to GBS (Heikema et al., 2015; Sahin et al., 2017). In addition, C. jejuni CPS is also thought to be involved in modulating the host immune response (Maue et al., 2013). KpsD is located in the outer membrane and is an important component of CPS biosynthesis and secretion. Besides, there are several rare monosaccharide biosynthesis genes in the network, such as hddA and kfiD, which indicates that the CPS of C. jejuni may have abundant novel monosaccharide resources and could be the important causes of the pathogenicity (Kneidinger et al., 2002; Valvano et al., 2002; Egger et al., 2012). The flagellar-associated protein network includes more than 20 genes that are inseparable from each other. These genes are related to the motility, colonization, and chemotaxis of C. jejuni (Rajagopala et al., 2007; Lertsethtakarn et al., 2011; Nakamura and Minamino, 2019). PPI analysis could determine the relationships between these proteins in the network and also help in understanding the co-evolution and function of these proteins (Cong et al., 2019).



Transcriptome Investigation and in vitro Verification

In order to gain further insights into the responses of the potential core vaccine candidates and core VFs to different stresses, we selected two transcriptome data to analyze the gene expression in different experiments of human and pig (Negretti et al., 2019, 2020). In the environment of co-culturing with human INT 407 and Caco-2 cells, the expression levels of 126 genes, including the 25 core VFs (which include sodB, cadF, and flgC) that were found in this study, were increased and the expression levels of 148 genes (including 13 core VFs) were decreased under human immune stress (Figures 4A,B). For the five selected proteins, nearly all of them had an apparent differential to the stress in human and pig (Figures 4C,D). As well, the results in the pig ligated intestinal loop model showed that the expression levels of 33 core VFs, including flgC, have been increased and those of 23 core VFs, including htrA, have been decreased. The oxidative stress response genes and the iron acquisition genes, including the potential vaccine targets htrA, sodB, and other core VFs such as chuA, chuB, and chuD, were expected to be decreased due to the intestinal mucus in the intestinal loop of pig. This study found that the increased core VFs were mainly associated with the motility- and flagellar-related genes in both human and pigs and that the decreased core VFs were mainly related to iron transport system proteins (Supplementary Table 8). These results indicate that the flagellar genes are important VFs, which are essential for C. jejuni motility and the secretion of virulence proteins. The differences in the gene expressions could be caused by the different transcriptional responses by different hosts or the need for a certain reaction time after infection (Negretti et al., 2020). In this study, transcriptome analysis of C. jejuni indicated that the core VFs play important roles under different stresses. The candidate proteins found in this study may be efficient vaccine targets both in human and other animals. With the development of more animal models, these core VFs can provide abundant gene resources, which may be beneficial to the study of the virulence mechanisms of C. jejuni.
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FIGURE 4. Campylobacter jejuni transcriptome analysis in human INT 407 and Caco-2 cells and the pig intestinal loop. (A) Transcript level changes between Caco-2/INT 407 and Mueller–Hinton broth. Volcano plot diagrams displaying the differentially expressed genes. Upregulated and downregulated genes are in red and green dots, respectively. (B) Volcano plot diagrams of the transcript level changes between the wild type (WT) and CiaD mutation in the pig intestinal loop. (C) Different expressions of five target genes in human. Color corresponds to that in (A). (D) Different expressions of five target genes in pig. Red represents upregulated genes and green represents downregulated genes, corresponding to that in (B). *P < 0.05, Fisher’s exact test.


Although no clinical vaccines have been developed, several relevant animal experiments of the potential core VFs have been carried out previously. The chitosan–DNA vaccines based on CadF have induced significant protective immunity in a mouse model (Zheng et al., 2007). SodB was found to be useful as a constituent of vaccines for the control of C. jejuni infection in broiler birds; however, modest protection was observed late relative to the life of broiler birds, and further studies are required to potentiate the magnitude and timing of protection (Chintoan-Uta et al., 2015). Besides, the effects of serine protease HtrA on apoptosis, intestinal immune response, and extraintestinal pathology in infant mice infected with C. jejuni have been explored (Heimesaat et al., 2014). These experiments will help carry out further vaccine research and accelerate the development of clinical vaccines for C. jejuni.



CONCLUSION

With the growing problem of the antimicrobial resistance of C. jejuni, it is an urgent need to develop and use vaccines in order to control this infectious disease. The genome of C. jejuni is highly plastic, and the expression patterns of the virulence genes in animals and humans are still unclear; these challenges bring great difficulties to vaccine development at present. In this study, we first examined and established the correct taxonomy classification based on ANI and phylogenetic relationship analyses. Upon comparative genomics analysis of 173 complete genomes, C. jejuni exhibited an open pangenome with 8,041 gene families, which could help this pathogen to adapt to diverse hosts and environments. Core VF genes are suitable candidates to develop broad-spectrum antibiotics or vaccines that could target the entire bacterial species. From the functional genomics and immunological analyses, CadF, KpsD, FlgC, SodB, and HtrA have been validated to be used as the core vaccine candidates against C. jejuni. The five candidates have also been proven to be effective through in vitro experiments, but more experiments are still needed to validate them in the future. In the case of C. jejuni, other proteins such as JplA, FlpA, and FlaC have been identified as candidate vaccine targets, and in vivo tests have been conducted in several studies (Jin et al., 2001; Baqar et al., 2008; Flanagan et al., 2009; Neal-McKinney et al., 2014). Because the proteins do not cover all strains (FlpA covers 148 strains in this study) or might be filtered by the DEG (JplA is a core VF, but not an essential protein here) or other databases, they should not be ignored, especially the other core VF proteins listed in Supplementary Table 2. Therefore, these core VFs can be used as potential effective antigens for vaccine development and can serve as alternatives to the use of antibiotics to control C. jejuni infection. The integrated multi-omics approach to vaccine development strategy will also be applicable to other infectious bacteria.
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Puroindolines are small, amphipathic, wheat proteins that determine the hardness of the wheat kernel and protect crops from different pathogens. Puroindoline A (PinA) and puroindoline B (PinB) are two major isoforms of puroindolines. These proteins have antibacterial and antifungal properties mainly attributed to their characteristic tryptophan-rich domains (TRDs). In this in vitro study, we investigated the antimicrobial effect of PinA and PinB synthetic peptides against the growth and biofilm formation of Campylobacter jejuni. C. jejuni is an important microaerobic, foodborne pathogen that causes gastrointestinal and neurological diseases in humans. Our results showed that: (1) PinA, but not PinB, has strong antimicrobial activity against C. jejuni clinical strains 81-176 and F38011, Escherichia coli O157:H7, methicillin-resistant Staphylococcus aureus, Salmonella enterica serovar Typhimurium, and Listeria monocytogenes; (2) The substitution of two tryptophan residues to glycine (W→G) in the TRD of PinA abolishes its antimicrobial activity against these microorganisms; (3) PinA functions additively with two common antibiotics (ciprofloxacin and erythromycin) to inhibit or inactivate C. jejuni strains; (4) PinA damages the C. jejuni cellular membrane, (5) PinA is cytotoxic to human INT 407 cells at high concentrations; and (6) PinA inhibits C. jejuni biofilm formation. In summary, this study demonstrates the antimicrobial activity of PinA against C. jejuni growth and biofilm formation and further confirms the potential use of PinA as a therapeutic agent in health care or as preservatives in the agri-food industry.

Keywords: PinA, PinB, antimicrobial agent, foodborne pathogen, indoline


INTRODUCTION

Microorganisms, including commensals and pathogens, have developed antimicrobial resistance to existing drugs (Prestinaci et al., 2015; Nji et al., 2021). Therefore, the development of alternative therapies is warranted to combat the emergence and spread of multi-drug resistant bacteria. Antimicrobial peptides (AMPs) from natural sources such as plants, insects, and other organisms are considered as potential alternatives to conventional antibiotics due to their broad-spectrum antimicrobial activities and the low chance of microbial resistance development (Tam et al., 2015; Lei et al., 2019). Natural AMPs are part of the innate immunity of plants, animals, and other organisms and protect the host by rapidly killing invading organisms (Diamond et al., 2009). AMPs are generally low molecular weight proteins, have globular structures with disulfide bonds, and contain cysteine or tryptophan-rich domains (TRDs) (Bahar and Ren, 2013). Certain cationic AMPs have high affinity to the negatively charged microbial lipid membrane whereas low affinity to the eukaryotic membrane (Hollmann et al., 2018). AMPs differ in their secondary and tertiary structures and amino acid sequences. Based on the type of AMP and the target organism, AMPs confer two distinct antimicrobial actions. Some AMPs cause cell death by cell lysis or disrupt membranes by forming ion channels or pores without lysis (Li et al., 2017; Raheem and Straus, 2019). Other AMPs inactivate cells by disrupting intracellular targets such as DNA, RNA, or proteins (Le et al., 2017). AMPs apply either mode of action simultaneously and independently or utilize a single mode of action, either membrane disruption or intracellular component damage. In general, bacteria are more prone to the effect of AMPs from natural sources than to synthetic drugs, as AMPs often act non-specifically on one or more target(s) that the bacteria cannot restore; e.g., most bacteria are unable to restore the damage to the cell membrane caused by AMPs (Cole and Nizet, 2016). Therefore, the search for AMPs from natural sources as well as acquiring information on the antimicrobial activities of already known AMPs against a wider range of organisms is crucial to finding suitable natural alternatives to existing drugs.

Plants have natural defense mechanisms to protect them from physical, chemical, and biological stresses. For example, cysteine and tryptophan-rich peptides are responsible for protecting plants from the attack of bacteria, fungi, and viruses (Nawrot et al., 2014; Campos et al., 2018). In addition, plant seeds contain many proteins with potential antimicrobial activities (Tam et al., 2015). Puroindolines are present throughout the wheat (Triticum aestivum) endosperm. These small (13 kDa), amphipathic proteins are unique due to their dual role as a determinant of wheat quality and the protector of crops from different diseases. Puroindolines determine the hardness of the wheat kernel and, therefore, the milling and baking quality (Giroux and Morris, 1998; Morris, 2002; Giroux et al., 2003). Puroindoline A (PinA) and puroindoline B (PinB) are the two major isoforms of puroindolines and share 60% sequence identity at the amino acid level and 70% identity at the nucleic acid level. Both proteins are folded by five disulfide bonds, contain ten highly conserved cysteine residues, and a characteristic TRD with five tryptophan residues in PinA (WRWWKWWK) and three tryptophan residues in PinB (WPTKWWK) (Blochet et al., 1993; Gautier et al., 1994; Morris, 2019). Both functional PinA and PinB are required to maintain the softness of the grain texture, while the absence or mutation (amino acid substitution) in either one of the proteins results in hard wheat kernels (Giroux and Morris, 1998; Morris, 2002; Giroux et al., 2003).

Another important role of puroindolines is to enhance the disease-resistance of crops against various pathogens, including bacteria and fungi (Krishnamurthy et al., 2001; Giroux et al., 2003; Morris, 2019). In vitro studies with PinA and PinB full proteins or shorter peptides demonstrate that these proteins or peptides have antimicrobial activity against some common Gram-positive and Gram-negative bacteria, including Escherichia coli, Staphylococcus aureus, Staphylococcus epidermidis, Bacillus subtilis, Listeria monocytogenes, and a few fungi, including Candida albicans and Aspergillus flavus (Charnet et al., 2003; Jing et al., 2003; Capparelli et al., 2005; Palumbo et al., 2010; Miao et al., 2012; Alfred et al., 2013; Haney et al., 2013; Lv et al., 2019; Tian et al., 2021). A gene expression analysis also showed that the PinA gene is induced when rice is attacked by a pathogen or wounded (Evrard et al., 2007). The antimicrobial activity of PinA and PinB is mainly attributed to the presence of TRDs in their structure. TRD-rich peptides have a high affinity to the lipid of the negatively charged bacterial membrane. The TRD region itself, when cloned into a recombinant vector, possesses an inhibitory effect similar to the full protein (Capparelli et al., 2006; Capparelli et al., 2007). The mode of action of PinA is different from PinB. PinA is the membrane destabilizing peptide, forming pores in lipid bilayers in bacterial membranes (Krishnamurthy et al., 2001; Charnet et al., 2003; Jing et al., 2003). In contrast, PinB targets an intracellular component. The primary mode of action of the PinB peptide involves the binding to DNA and inhibiting DNA replication (Bhave and Morris, 2008; Alfred et al., 2013).

Campylobacter jejuni is a Gram-negative, curved-shaped, motile, microaerophilic bacterium and one of the leading bacterial causes of foodborne illnesses and gastrointestinal diseases in the world (Kaakoush et al., 2015). The symptoms of C. jejuni infection, commonly known as campylobacteriosis, include diarrhea, fever, and abdominal cramping. Some strains of C. jejuni also cause Guillain–Barré syndrome (GBS), a form of flaccid paralysis (Nyati and Nyati, 2013). Chickens are the natural reservoir of C. jejuni and the main source of C. jejuni infection in humans. The use of antibiotics in poultry production is one of the major factors for the development of antibiotic resistance in C. jejuni (Sahin et al., 2002; Skarp et al., 2016). Antibiotic-resistant C. jejuni isolates have been observed and reported in recent years (Marotta et al., 2020; Tang et al., 2020; Hull et al., 2021). A recent study reported that some natural products, including plant extracts, essential oils, and pure phytochemicals, are effective against drug-sensitive and drug-resistant Campylobacter strains (Gahamanyi et al., 2020). These natural products can be used alone or in combination to kill C. jejuni. The findings of new natural products, such as puroindolines, could be beneficial to minimize C. jejuni growth and biofilm formation in the poultry industry and food processing facilities.

Based on the potential antimicrobial activity of PinA and PinB peptides against a few common Gram-positive and Gram-negative bacteria (Capparelli et al., 2005; Palumbo et al., 2010; Miao et al., 2012; Lv et al., 2019), it is imperative to know whether these proteins can inhibit a broader range of organisms, especially against major foodborne pathogens. This information is key to the application of puroindoline proteins or peptides as therapeutics, preservatives, or preventive drugs. However, to date, no information on the effect of puroindolines against C. jejuni and other major foodborne pathogen has been reported. In this study, we used PinA and PinB synthetic peptides that harbor the wild-type and a mutant copy of TRDs independently or in combination with other existing antibiotics and determined the efficacy of PinA and PinB peptides on C. jejuni growth and biofilm formation. In addition, we assessed the potential mechanism of action of PinA peptides on C. jejuni as well as the cytotoxic effect of PinA and PinB peptides on one human epithelial cell line as well as sheep red blood cells (SRBCs). In summary, we identified that the PinA peptide demonstrates an antimicrobial effect on C. jejuni growth and biofilm formation and, therefore, can be used as a potential therapeutic agent to treat C. jejuni infection.



MATERIALS AND METHODS


Bacterial Strains, Host Cells, and Growth Conditions

C. jejuni clinical strains 81-176 and F38011 were cultured every 24 to 48 h on Mueller-Hinton (MH) agar containing 5% citrated bovine blood (MH-blood agar) or in MH broth in a shaking orbital incubator with microaerobic conditions (5% O2, 10% CO2, 85% N2) at 37°C. The generic isolates of E. coli O157:H7, L. monocytogenes, and Salmonella enterica serovar Typhimurium (S. Typhimurium) were cultured on LB agar plates in an aerobic chamber at 37°C, and methicillin-resistant S. aureus (MRSA) were cultured on an MH-blood agar plate in an aerobic chamber at 37°C.

The toxicity of the puroindoline peptides was assessed using INT 407 epithelial cells (ATCC CCL-6) and SRBCs, as described below. The INT 407 cells (a derivative of HeLa cells) were cultured in Minimal Essential Medium (MEM) (Gibco, Grand Island, NY, United States) supplemented with 10% fetal bovine serum (FBS) and 1 mM sodium pyruvate at 37°C in humidified condition (5% CO2).



Synthesis of Peptides and Preparation of Antimicrobial Substances

Four different puroindoline peptides, each containing 18 amino acids and one TRD, were synthesized by Genemed Synthesis Inc. (San Antonio, TX, United States). The names and sequences of the peptides are the following: PinA WT, TMKDFPVTWRWWKWWKGG; PinA mutant, TMKDFPVTWRWGKWGKGG; PinB WT, TMKDFPVTWPTKWWKGG; and PinB mutant, TMKDFPVTWPTGWWGGG. PinA mutant peptide was obtained by replacing two tryptophan residues with two glycine residues at positions 12 and 15 (bold, above). To mutate the PinB peptide, two glycine residues were incorporated in place of two lysine residues at positions 12 and 15. In addition, two synthetic peptides containing PinA and PinB with a glycine-rich linker sequence (bold, below) were synthesized. The sequences of the two linker peptides are the following: PinA-linker-PinB, TMKDFPVTWRWWKWWKGGGGSGGTMKDFPVTWPTKW WKGG; and PinB-linker-PinA, TMKDFPVTWPTKWWK GGGGSGGTMKDFPVTWRWWKWWKGG. The peptides were synthesized and shipped as dry lyophilized powders. Upon receipt, peptides were stored at −20°C or suspended in dimethyl sulfoxide (DMSO) at a concentration of 50 mg/mL for further use. Stock solutions of erythromycin (25 mg/mL) and ciprofloxacin (10 mg/mL) were prepared in deionized water and sterilized by filtration.



Antimicrobial Susceptibility Test

To determine the minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of the puroindoline peptides, ciprofloxacin, and erythromycin, antimicrobial susceptibility tests were performed using the broth microdilution technique according to the Clinical and Laboratory Standards Institute (CLSI) guidelines (Clinical and Laboratory Standards Institute, 2018). Briefly, 100 μL of 2× concentration of MH broth was added in each well of a sterile round-bottom 96-well plate, and 100 μL of the peptides (PinA, PinB, PinA mutant, PinB mutant, PinA-linker-PinB, PinB-linker-PinA, and PinA+PinB) or the antibiotics (ciprofloxacin and erythromycin) was added to the first column of wells on the 96-well plate. Two-fold serial dilutions were made. The bacterial cultures were grown overnight in MH broth under the appropriate conditions, pelleted by centrifugation, and suspended in MH broth at 5 × 106 CFU/mL. Ten microliters of bacterial suspension (∼5 × 104 bacteria) was used to inoculate every well except the media control wells in 96-well microtiter plate. The plate was incubated in an orbital shaker at 37°C in a microaerobic condition for 48 h for C. jejuni strains or in aerobic conditions for 24 h for other bacteria. After incubation, the optical density was determined using a 96-well plate reader (BioTek Instruments Inc., Winooski, VT, United States) at 595 nm (OD595). MIC is defined as the lowest concentration of the antimicrobial agent that results in the absence of visible growth. The dose-response curves were created by log-transforming the OD595 readings.

To determine the MBC, a sterile 96-well replicator tool was used to spot each well from the 96-well plate onto a 100 mm2 MH agar plate. The plate was allowed to incubate for 24–48 h under conditions specific to the bacteria. The MBC was determined by the lowest concentration of the antimicrobial agent that resulted in no bacterial growth (>99.9% reduction) or clear spot on the agar plate.



Isobologram Analysis

The interaction between peptide and antibiotics was determined using the checkerboard assay and subsequent isobologram analysis as described previously (Hakeem et al., 2019). Briefly, defined combinations of each antimicrobial agent (i.e., IC50 of PinA and IC50 of ciprofloxacin) were added to the wells of a 96-well plate. The following equation was used to calculate the IC amounts:
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where F represents the percentage of reduction, H represents the Hill slope from the dose-response curves, and IC50 is the concentration that gives a 50% reduction in bacterial growth.

Two different serial dilutions were made for the checkerboard assay. A two-fold serial dilution was made for one antimicrobial agent from left to right in a 96-well plate. Another two-fold serial dilution was made for the second antimicrobial agent from top to bottom in the same plate. Then, C. jejuni culture was added into each well at a density of 5 × 104 bacteria/well. The plate was incubated with orbital shaking at 220 rpm for 48 h, and growth was determined using a microplate reader at 595 nm (OD595). The IC50 of the two antimicrobial substances were plotted on the axes, and the additive line connecting the two IC50s was drawn. The combination of antimicrobial agents (axial point) that produced a 50% reduction in bacterial growth was plotted on the graph. An axial point landing on the additive line indicates an additive effect, under the additive line indicates a synergistic effect, and above the additive line indicates an antagonistic effect.



Ethidium Bromide Accumulation Assay

The ethidium bromide accumulation assay was performed as described elsewhere with minor modifications (Lin et al., 2002). Overnight broth cultures of C. jejuni strain 81-176 and strain F38011 were pelleted and resuspended in 1× phosphate-buffered saline (PBS) to an OD540 of 0.5–0.6. Each bacterial suspension was added to a 96-well plate, and various concentrations of the peptides were added to four replicate wells. As a positive control, 1% Triton X-100 and 1% SDS were added to separate wells. After 60 min of incubation at 37°C, ethidium bromide was added to a final concentration of 2 μg/mL. The plate was read kinetically on a VICTOR X5 multilabel plate reader (PerkinElmer, Waltham, MA, United States) using an excitation wavelength of 530 nm and an emission wavelength of 610 nm, taking measurements every 2 min.



Determination of Cytosolic ATP

Cytosolic ATP of C. jejuni cultures was determined using the ATP Bioluminescence Assay Kit (Roche Diagnostics, Mannheim, Germany) according to the manufacturer’s recommendations. Overnight bacteria culture of C. jejuni strain 81-176 was pelleted and resuspended with 1× PBS to an OD540 of 0.2. Bacteria were added to a 96-well plate at a density of 5 × 106 CFU/well. The peptides were added to the well at different concentrations, and the plate was incubated at 37°C in a microaerobic condition. Fifty microliters of the bacterial cultures were removed at different time points and transferred to a new 96-well black plate, which was kept on ice until measurement. Luciferase reagent (50 μL) provided with the ATP assay kit was added, and the bioluminescence activity was immediately recorded using a VICTOR X5 Multilabel Plate Reader (PerkinElmer) at 20°C. The amount of cytosolic ATP was measured by taking the value as a relative fluorescence unit (RLU).



Lactate Dehydrogenase Assay

The cytotoxicity of puroindoline peptides on INT 407 cells was monitored using the lactate dehydrogenase (LDH) activity assay kit (Millipore Sigma, Danvers, MA, United States) following the manufacturer’s guidelines. LDH is released from damaged cells into the medium. Briefly, INT 407 cells were seeded into a 96 well plate at a density of 2.5 × 104 cells/well in 200 μL growth media (MEM supplemented by 10% FBS) and incubated for 24 h at 37°C in humidified (5% CO2) conditions. The next day, cells were rinsed twice with MEM without FBS, and different concentrations of peptides were added. Cells were incubated for 3 h, 6 h or 24 h at 37°C. As a positive control, 0.1% Triton X-100 was used. Media only was used as a negative control. In the presence of Triton X-100, cells release maximum LDH. After the appropriate incubation point, the tissue culture plate was centrifuged at 2000 rpm for 5 min. Ten microliters of supernatant from each well was transferred to a new 96-well plate, and 100 μL of reconstituted LDH substrate mixed with LDH buffer provided with the kit was added to each well. The plate was kept for 30 min in a dark room at 37°C. Stop solution was then added to each well and left for 1 h. Absorbance was recorded at 450 nm (OD450) on a BioTek 96-well plate reader.



MTT Assay

The viability of INT 407 cells was assessed by MTT assay according to the manufacturer’s recommendations (Roche Diagnostics, Mannheim, Germany). Briefly, INT 407 cells were seeded into a 96-well plate at a density of 2.5 × 104 cells/well in 200 μL of growth media (MEM supplemented by 10% FBS) and incubated for 24 h at 37°C under humidified conditions. Cells were rinsed twice with MEM without FBS, and different concentrations of peptides were added into the well. Triton X-100 was added as a positive control and growth medium only was added as a negative control. After treatment, the cells were incubated for different time points (3, 6, or 24 h) at 37°C in a humidified condition. At the end of each experiment, 100 μL of culture medium was removed into a new 96-well plate, and 25 μL of MTT stock solution was added into each well. The plates were incubated for 4 h at 37°C. Then, 100 μL of the solubilizing solution was added to each well, and the plate was incubated overnight at 37°C. After cooling, the plates were read at 570 nm (OD570) on a BioTek 96-well plate reader.



Hemolysis Assay

The potential toxicity of the peptides was determined using a hemolysis assay. Briefly, SRBCs (Hardy Diagnostics, Santa Monica, CA, United States) were washed three times with 1× PBS. Aliquots containing approximately 108 cells/mL were incubated with different concentrations of the peptides for 60 min at 37°C in a 96-well tray. The plates were then centrifuged, and the absorbance of each supernatant was measured at 540 nm. Zero hemolysis (blank) and 100% hemolysis were determined in phosphate buffer and 1% Triton X-100, respectively.



Biofilm Formation and Crystal Violet Staining

An overnight culture of C. jejuni was diluted to an OD540 of 0.03, 0.1, 0.5, and 1.0 in MH broth. A total of 200 μL of the diluted bacterial culture was added into each well of a 96-well tray and incubated in a microaerobic chamber (85% N2, 10% CO2, and 5% O2) at 37°C for 72 h without agitation. Based on the results of preliminary experiments, all subsequent experiments were performed using an OD540 of 0.1. To test the inhibitory effect of antimicrobial agents, a 2× concentration of peptides and/or antibiotics was added to the 96-well tray. Bacterial cultures were then added at an OD540 of 0.1 in each well except for the media-only control wells.

Biofilm formation was determined by crystal violet staining. Briefly, the wells of the 96-well plate were rinsed with sterile deionized water and air-dried for 15 min. A solution of crystal violet [0.5% (w/v)] was added to each well and incubated for 15 min at room temperature to stain the biofilm. The wells were then rinsed with sterile deionized water and 95% ethanol (v/v) was added into each well and incubated for 10 min. The bound crystal violet was dissolved in 95% ethanol (v/v), and the amount of crystal violet was measured using a BioTek 96-well plate reader at 595 nm (OD595). As a negative control, a well incubated with MH broth was stained using the same method described above. The signal from the well incubated with the MH broth was subtracted from all values for background correction.

To determine the number of planktonic bacteria, the supernatants from the wells were transferred to a 1.5 mL centrifuge tube. The remaining biofilm associated with the well was washed twice with sterile 1× PBS and suspended with 200 μL 1× PBS. The serial dilution was performed and 100 μL of the suspension was plated on BHI agar. The plates were incubated at 37°C in a microaerobic condition for 48 h, and the colonies were counted. All experiments were done at least three times for reproducibility.



Statistical Analysis

Statistical analysis was performed using GraphPad Prism 6.0g (La Jolla, CA, United States). The specific statistical tests are indicated in the figure legends.



RESULTS


Antimicrobial Activity of PinA and PinB Peptides Against Gram-Positive and Gram-Negative Bacteria

The antimicrobial activity of PinA WT, PinB WT, PinA mutant, PinB mutant peptides against C. jejuni strains 81-176 and F38011, E. coli O157:H7, S. Typhimurium, MRSA, and L. monocytogenes were tested, and the MIC was determined (Table 1). PinA showed the strongest activity against the two C. jejuni strains with a MIC of 16 and 32 μg/mL for F38011 and 81-176, respectively. The lowest activity of PinA was observed for S. Typhimurium (MIC of 256 μg/mL). Similar assays were performed with the PinB peptide. However, PinB was identified to be ineffective against all the bacteria tested at a concentration of 512 μg/mL or lower. Similarly, no antimicrobial activity was observed with the PinA mutant and PinB mutant peptides. In addition, the antimicrobial activity of PinA-linker-PinB, PinB-linker-PinA, and the combination of PinA and PinB peptides together were tested against C. jejuni strains 81-176 and F38011 (Supplementary Figures 1A,B). Both PinA-linker-PinB and PinB-linker-PinA peptides showed very little inhibitory effect against C. jejuni strain 81-176. However, at 512 μg/mL, both peptides inhibited C. jejuni strain F38011. When PinA and PinB peptides were used at a 1:1 concentration, the inhibition was greater than the effect seen with two individual linker peptides.


TABLE 1. Minimum inhibitory concentration (MIC) of puroindoline peptides against Gram-positive and Gram-negative bacteria.

[image: Table 1]To further define the antimicrobial activity of PinA against all bacteria tested in this study, concentration-effect curves were generated (Figure 1). Regardless of the bacterial isolate, PinA showed a sigmoidal concentration-effect curve. To compare the antimicrobial activity of PinA against the various bacteria tested, we determined the half-maximal inhibitory concentration (IC50), which is the value in the middle of the concentration-effect curve, or the concentration at which 50% of bacteria is inhibited. A lower IC50 indicates a greater antimicrobial activity (i.e., a greater potency). Ten concentration-effect points were tested to generate a concentration-effect curve for each bacterium. The negative control was each bacterium incubated in medium without the peptide. As expected, PinA exhibited the strongest activity against C. jejuni strain F38011 (IC50 = 6.2 ppm), followed by strain 81-176 (IC50 = 11.9 ppm), L. monocytogenes (IC50 = 22.1 ppm), E. coli O157:H7 (IC50 = 42.6 ppm), MRSA (IC50 = 51 ppm), and S. Typhimurium (IC50 = 94.3 ppm).
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FIGURE 1. Concentration-effect curves for PinA against C. jejuni strain 81-176, C. jejuni strain F38011, E. coli O157:H7, Salmonella enterica subsp. enterica serovar Typhimurium (Salmonella typhimurium), methicillin-resistant Staphylococcus aureus (MRSA), and Listeria monocytogenes. The antimicrobial activity of PinA was determined by the broth micro-dilution method as described in section “Materials and Methods.” Bacterial cultures were treated with different concentrations of PinA and incubated for either 24 h (E. coli O157:H7, S. Typhimurium, MRSA, and L. monocytogenes) or 48 h (C. jejuni strains 81-176 and F38011) under appropriate conditions. The IC50 (50% of inactivated cells) was determined for each bacterium. Dashed lines indicate the PinA concentration that is required for a 50% reduction of the cells (IC50). The data represent a minimum of three biological replicates, and the error bars represent the average ± standard deviation.


Finally, the IC90, IC50, and IC10 inhibitory concentration values were determined for the PinA WT peptide from the slope of the concentration-effect curve (Supplementary Table 1). The MBC of PinA ranged from 32 μg/mL for C. jejuni strain F38011 to 512 μg/mL for S. Typhimurium. Taken together, the PinA peptide was identified to have both bacteriostatic and bactericidal activity against both Gram-positive and Gram-negative bacteria.



PinA Acts Additively With Erythromycin and Ciprofloxacin to Inhibit C. jejuni Growth

Based on the effectiveness of PinA against all Gram-positive and Gram-negative bacteria tested in this study and the fact that C. jejuni is a leading bacterial cause of foodborne illness worldwide, we shifted our focus to study the antimicrobial activity of PinA against two C. jejuni clinical strains (81-176 and F38011) and the potential of using PinA in combination with antibiotics commonly used to treat C. jejuni infections. Two antibiotics, erythromycin and ciprofloxacin, were selected to use in this study as these two antibiotics are being commonly used to treat individuals suffering from acute C jejuni infections.

Concentration-effect curves for erythromycin and ciprofloxacin were generated for C. jejuni clinical strains 81-176 and F38011. Reported are the IC50 values for the antibiotics against both C. jejuni clinical strains (Figures 2A,B) as well as the MIC, IC90, IC50, IC10, MBC values (Supplementary Table 2). The IC50 of ciprofloxacin (0.038 ppm and 0.032 ppm for strain 81-176 and F38011, respectively) and erythromycin (0.041 ppm and 0.040 ppm for strain 81-176 and F38011, respectively) was determined.
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FIGURE 2. Concentration-effect curves for erythromycin and ciprofloxacin against C. jejuni strains. C. jejuni strains (A) 81-176 and (B) F38011 were treated with either erythromycin or ciprofloxacin and incubated for 48 h at 37°C in a microaerobic condition. The IC50 (50% of inactivated cells) was determined for each C. jejuni strain. Dashed lines indicate the antibiotic concentration that is required for a 50% reduction of the cells (IC50). The assay was repeated a minimum of three times to ensure reproducibility. Error bars represent the standard deviation from three separate assays.


Isobologram analysis was used to investigate the type of interaction effect (synergistic, antagonistic, or additive) between different binary combinations of PinA with ciprofloxacin and PinA with erythromycin. The IC50 of the antimicrobial agents was indicated on each axis, and the additive line was drawn by connecting the IC50 of the two antimicrobial substances. An axial point (combined effect) of the antimicrobial agents was then plotted. The type of interaction was then determined by the position of the axial point. An axial point on the line indicates an additive interaction, above the additive line indicates an antagonistic interaction, and under the additive line indicates synergistic interaction. Assays performed with C. jejuni strain 81-176 and the combination of PinA and ciprofloxacin (11.9 and 0.038 ppm, respectively) indicated an additive interaction, as did the combination of PinA and erythromycin (11.9 and 0.0415 ppm, respectively) (Figures 3A,B). Similar results were obtained for C. jejuni strain F38011 and the combination of PinA and ciprofloxacin (6.2 and 0.0323 ppm, respectively) and the combination of PinA and erythromycin (6.2 and 0.0405 ppm, respectively), where the combination of the two antimicrobial agents also indicated an additive interaction (Figures 3C,D). In summary, the combination of PinA with ciprofloxacin and PinA with erythromycin was identified to be more effective in reducing C. jejuni growth than using any of the antimicrobial agents alone.
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FIGURE 3. The combination effect of PinA with ciprofloxacin and PinA with erythromycin on C. jejuni strains. Isobologram analysis was used to investigate the interaction effect (synergistic, antagonistic or additive interaction) between binary combinations of PinA + ciprofloxacin (A,C) and PinA + erythromycin (B,D). The additive line connects the IC50 of the two antimicrobial substances. Axial points show the IC50 of each antimicrobial treatment. An axial point on the line indicates additive interaction. An axial point above the additive line indicates an antagonistic interaction, whereas an axial point under the additive line indicates synergistic interaction. The assay was repeated a minimum of three times to ensure reproducibility.




PinA Disrupts the C. jejuni Membrane

The mode of action of PinA and PinB has been studied previously. PinA was shown to disrupt membranes, probably due to its disulfide bond and hydrophobic TRD. The mode of action of PinB is different from PinA and likely targets intracellular components. To determine if PinA, PinB, or both peptides have the ability to disrupt the C. jejuni membrane, the ethidium bromide uptake assay was conducted. Ethidium bromide, a DNA intercalating agent, is known to be excluded from the intact cells and staining the DNA when cell membrane is damaged (Aeschbacher et al., 1986). The RLU for the bacterial cells treated with either PinA WT, PinA mutant, PinB WT, or PinB mutant peptides were obtained (Figure 4). As a negative control, PBS was added instead of peptide. One set of samples was left without the addition of any peptides or PBS (media only). As a positive control, 1% Triton X-100 and 1% SDS was used. As expected, the highest RLU was detected for the samples treated with 1% Triton X-100 and 1% SDS. Bacteria treated with PinA WT peptide showed a significantly higher (P < 0.001) RLU than the bacteria treated with PBS or only media. In contrast, no changes in the RLU were observed with bacteria treated with either the PinA mutant, PinB WT or PinB mutant peptides. Based on these results, PinA damages the C. jejuni cell membrane. However, PinB does not disrupt the C. jejuni membrane, suggesting some other modes of action.
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FIGURE 4. Effect of PinA and PinB peptides on cell membrane permeability of C. jejuni strain 81-176 cells. Ethidium bromide was added to C. jejuni strain 81-176 that were treated with PinA, PinA mutant, PinB, PinB mutant, 1% Triton X-100 or 1% SDS. Shown is the amount of accumulated ethidium bromide in untreated (no peptide) and peptide treated C. jejuni after a 40 min incubation period. The data represent three separate assays, and the error bars indicate the standard deviation from three assays. The asterisks indicate the relative fluorescence unit (RLU) for samples treated with PinA was statistically different than untreated cells (∗∗∗P < 0.001) and cells treated with PinA mutant, PinB, and PinB mutant peptides (*⁣*⁣**P < 0.0001), as judged by one-way ANOVA followed by Tukey’s multiple comparison test.




PinA Inhibits C. jejuni Metabolic Activity

From our antimicrobial susceptibility test, we identified that PinA inhibited C. jejuni growth. However, it was not clear how quickly PinA inhibited the metabolic activity of bacteria, as the assays were performed after 48 h of incubation. To confirm the antimicrobial effect of PinA against C. jejuni strains and to determine the inhibition kinetics, bacterial metabolic activity was measured by the ATP bioluminescence assay. The ATP bioluminescence assay is a fluorometric assay that determines the amount of cytosolic ATP in biological samples. The greater the value, the higher the amount of ATP and the greater the metabolic activity. In this study, we identified that the PinA peptide inhibited the metabolic activity of C. jejuni strain 81-176 (Figure 5). At lower concentrations, the metabolic activity of the C. jejuni cultures increased quickly at early time points (Supplementary Figure 2A). However, the inhibitory effect of PinA at lower concentrations subsided after 6 h of incubation. Expectedly, PinB WT and PinA mutant peptides did not inhibit the metabolic activity of C. jejuni (Figure 5). There were no differences in C. jejuni metabolic pattern for PinB WT and PinA mutant at lower concentrations (Supplementary Figures 2B,C). For both PinB WT and PinA mutant peptides, the C. jejuni metabolic rate was increased at early time points (log phase) and then subsided at 4 h (stationary phase). However, metabolism was stable at 6 h, indicating the continuous metabolic activity of bacterial cultures. C. jejuni without any treatment (no peptides) showed a similar pattern of metabolic activity as seen with PinB WT and PinA mutant peptides suggesting no or minimal effect of PinB WT and PinA mutant peptides on C. jejuni growth. Overall, we identified that PinA effectively inhibits C. jejuni metabolic activity and that C. jejuni is unable to metabolize in the presence of a high concentration of PinA.
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FIGURE 5. PinA inhibits C. jejuni metabolic activity. C. jejuni strain 81-176 was treated with PinA, PinB, PinA mutant peptides or left untreated in a 96-well plate and the bacterial metabolic activity was determined at different time points by ATP bioluminescence assay as described in section “Materials and Methods.” The data represent three technical replicates, and the error bars indicate mean ± standard error. The asterisk indicates that there is a statistically significant (*P < 0.05) differences in relative fluorescence unit (RLU) between the wells treated with PinA and no treatment control, as judged by one-way ANOVA followed by Dunnett’s multiple comparison test.




Cytotoxic and Hemolytic Activity of PinA

Next, we wanted to know whether PinA at inhibitory or bactericidal concentration could damage the host cells or exert any cytotoxic effect. The cytotoxicity of PinA and PinB peptides was tested against INT 407 cells (a derivative of HeLa cells) by two separate assays. LDH assay was used to measure the cell cytotoxicity, and MTT assay was used to measure the cell viability (Kumar et al.,2018a,b). INT 407 cells were treated with either the PinA WT or PinB WT peptides at different concentrations and incubated for up to 24 h at 37°C in a humidified condition. The reading was taken at the 3, 6, and 24 h time points. Different incubation times were used to determine the effect of short and long exposure of PinA and PinB peptides on INT 407 cells. The LDH assay results showed that PinA is cytotoxic to INT 407 cells at higher concentrations (Figure 6A). The cytotoxicity of PinA on INT 407 cells increased over time, as higher cytotoxicity was observed at 24 h compared to 3 and 6 h of incubation (data not shown). PinB did not show any cytotoxicity up to 512 μg/mL at any time point (Supplementary Figure 3A), suggesting that PinB is not cytotoxic to INT 407 cells. As a positive control for cytotoxicity, 0.1% Triton X-100 was used in this assay, and maximum damage was observed at all time points.
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FIGURE 6. The cytotoxicity and hemolytic activity of PinA peptide. Cytotoxicity of PinA on INT 407 intestinal epithelial cells was obtained using the (A) lactate dehydrogenase (LDH) assay, and (B) MTT assay. Cells were treated with different concentrations of PinA, and the data (absorbance) were obtained for LDH and MTT assay as described in section “Materials and Methods”. (C) Hemolytic assay was performed with sheep red blood cells with different concentrations of PinA and the absorbance was obtained as described in section “Materials and Methods”. All assays were repeated at least three times, and the standard deviation is calculated from three separate assays. Statistical significance (*P < 0.05) of the values for each concentration compared to the untreated controls were calculated by one-way ANOVA followed by Dunnett’s multiple comparison test.


The MTT reagent determines the total ATP of the cell as the ATP content corresponds to the cell viability. The results showed that absorbance at OD570 is lower for PinA at a concentration of 256 μg/mL after 24 h, indicating cell death at high PinA concentrations (Figure 6B). However, no reduction of cell viability was observed for PinB at any concentration tested (up to 512 μg/mL) (Supplementary Figure 3B). A very low absorbance at OD570 was observed for cells treated with 0.1% Triton X-100, indicating minimum or no cell viability. In summary, the PinA peptide at higher concentrations is cytotoxic to INT 407 cells, whereas PinB does not have any cytotoxic effect on INT 407 cells at the highest concentrations tested (512 μg/mL).

Finally, we sought to determine the hemolytic activity of PinA WT, PinA mutant, PinB WT, and PinB mutant peptides with SRBCs. At a concentration of 256 μg/mL or higher, PinA showed hemolysis of SRBCs (Figure 6C). Similarly, the PinA mutant, PinB WT, and PinB mutant peptides also demonstrated hemolytic activity at high concentrations (256 μg/mL or higher) (data not shown). As positive and negative controls, Triton X-100 and PBS were used. In summary, our results indicate that PinA has hemolytic activity in mammalian cells at high concentrations.



PinA Inhibits C. jejuni Biofilm Formation

To evaluate the inhibitory effect of PinA and PinB on C. jejuni biofilm formation, different concentrations of the PinA WT and PinB WT peptides were used. Our preliminary results showed that at a concentration of OD540 of 0.05 or lower, the C. jejuni cultures did not produce a biofilm in 96-well tray after 72 h of incubation (as determined by the crystal violet assay, data not shown). Therefore, a higher density of C. jejuni cultures (OD540 = 0.1) was used for the biofilm assay. The biofilm assay coupled with crystal violet staining showed that there was inhibition in biofilm formation for C. jejuni cultures in a 96-well tray treated with PinA at a high concentration (Figure 7A). C. jejuni 81-176 formed significantly less biofilm with PinA at a concentration of 512 μg/mL (P < 0.05) than the untreated cultures (media only control). However, at low PinA concentrations (128 μg/mL or lower), the OD562 was similar or higher compared to the untreated cultures. When PinB was tested at concentrations up to 512 μg/mL in the biofilm assay, no significant inhibition (P > 0.05) of biofilm formation was observed (Figure 7A).
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FIGURE 7. Effect of PinA and PinB peptides on C. jejuni biofilm formation and viability. C. jejuni biofilms were treated with the PinA and PinB peptides at different concentrations, and the effect of the peptides on (A) biofilm formation, and (B) bacterial viability was determined. The biofilm formation was determined by the crystal violet staining as described in section “Materials and Methods.” The number of live bacteria (CFU/mL) for planktonic (free living) (black bars) and sessile (biofilm associated) bacteria (gray bars) was counted by plating the culture on BHI agar plates with the appropriate dilution. The data represent three biological replicates and the error bars indicate the mean ± standard error. (A) The asterisks indicate that the biofilm formation by C. jejuni was statistically different (*P < 0.05) from untreated wells, as judged by one-way ANOVA followed by Dunnett’s multiple comparison test. (B) The asterisks indicate the significant difference (*P < 0.05, **P < 0.01) between the number of planktonic and sessile bacteria untreated or treated with different concentration of peptides, as judged by two-way ANOVA followed by Sidak’s multiple comparison test.


Next, the effect of PinA and PinB on planktonic and sessile bacteria was examined. In biofilms, planktonic bacteria are defined as the free-floating bacteria that can form a biofilm in a new system. Sessile bacteria are known as the bacteria associated with the biofilm itself. The liquid media and the adhered biofilm were serially diluted, plated and counted to determine the total number of planktonic and sessile bacteria in the wells (Figure 7B). The number of sessile bacteria in the biofilm decreased from 3.7 × 107 CFU/mL with PinA at 0 μg/mL to 3.3 × 106 CFU/mL with PinA at 256 μg/mL. The number of planktonic bacteria in the wells was between 1.8 × 108 and 2.5 × 108 CFU/mL with PinA at any concentration tested. The number of sessile bacteria was 6.2 × 107 CFU/mL with PinB at 0 μg/mL and 1 × 107 CFU/mL with PinB at 256 μg/mL. The number of planktonic bacteria in the biofilm wells was between 1.7 × 108 and 2.7 × 108 CFU/mL at any PinB concentration tested. However, the number of planktonic bacteria was significantly higher (P < 0.05) than the number of sessile bacteria at any given concentration tested for both PinA and PinB. In summary, our results indicate that the PinA peptide inhibits biofilm formation by C. jejuni, most likely by reducing the number of biofilm-associated sessile bacteria.

The isobologram analysis for biofilm formation was done to determine if there is any synergistic effect of using PinA in combination with either ciprofloxacin or erythromycin on inhibiting C. jejuni biofilm formation. Prior to applying the combination of PinA WT peptide with either ciprofloxacin or erythromycin in the biofilm assay, we tested the ability of C. jejuni to form biofilms in the presence of ciprofloxacin or erythromycin alone. Both ciprofloxacin and erythromycin inhibited C. jejuni biofilm formation at a concentration of 0.25 μg/mL or higher (Figures 8A,B). The checkerboard assay was then used to determine biofilm formation where different concentrations of the PinA peptide, ciprofloxacin, and erythromycin were used. In the checkerboard assay, PinA at a concentration of 256 μg/mL or higher inhibited the biofilm formation with all concentrations (0.125, 0.0625, 0.0312, and 0.0156 μg/mL) for both ciprofloxacin and erythromycin (Figures 8C,D). There was no difference in PinA activity at 256 μg/mL on C. jejuni biofilm formation between the regular biofilm assay and the checkerboard assay. This result suggests that there was no synergistic or additive effect of PinA with either ciprofloxacin or erythromycin, and that the PinA peptide alone can reduce biofilm formation at 256 μg/mL or a higher concentration.
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FIGURE 8. Effect of ciprofloxacin, erythromycin, and the combination of drugs on biofilm formation by C. jejuni. C. jejuni strain 81-176 was treated with (A) ciprofloxacin, (B) erythromycin, (C) ciprofloxacin and PinA, and (D) erythromycin and PinA in a 96-well tray and incubated at 37°C in a microaerobic condition for 72 h. The biofilm formation was determined by crystal violet staining as described in section “Materials and Methods.” The data represent three biological replicates, and the error bars indicate the mean ± standard error. The asterisks indicate that the biofilm formation by C. jejuni was statistically different (*P < 0.05, **P < 0.01) from untreated wells, as judged by one-way ANOVA followed by Dunnett’s multiple comparison test.




DISCUSSION

The present study further establishes the antimicrobial role of the wheat puroindoline proteins against both Gram-positive and Gram-negative bacteria. In this study, we identified that the 18-mer synthetic PinA peptide containing the native TRD domain can inhibit bacterial growth in vitro. This finding is in support of the previous reports that showed the ability of full-length PinA protein or shorter PinA peptides harboring the TRD could inhibit the growth of different bacteria and fungi (Jing et al., 2003; Capparelli et al., 2005; Capparelli et al., 2006; Miao et al., 2012; Lv et al., 2019). However, unlike other studies, we did not observe antimicrobial activity with the PinB peptide at a concentration of 512 μg/mL or lower against any of the bacteria tested. To date, most investigators have found that PinA has a greater antimicrobial ability than PinB. However, two separate studies by Capparelli et al. (2005) and Capparelli et al. (2006) showed that PinB activity was much higher than PinA. The inactivity of PinB peptide in our study could be due to several reasons. First, in our study, we used the shorter 18-mer PinB peptide sequence instead of the full-length protein used in the studies of Capparelli and co-workers. Thus, the secondary structure of PinB used in this study may be different than the PinB peptides and proteins reported in other studies. Second, the lower solubility of PinB peptide in water or in MH broth may have resulted in the precipitation of peptide in the solution or the growth media. When the solubility of all synthetic peptides was tested, we observed that PinB peptide remains soluble in DMSO, an organic solvent, but not in water. In addition, the PinB peptide mixed with MH broth tended to precipitate during the incubation on a 96-well plate. Therefore, tested bacteria may escape the effect of PinB in liquid media due to the precipitation of the synthetic PinB peptides. The solubility of PinB with organic solvent is supported by the previous report showing that the puroindolines participate in both hydrophobic and ionic interactions, with a particular affinity for polar lipids (Morris et al., 1994; Greenblatt et al., 1995). Third, a unique set of bacterial isolates were used in this study. Although the PinB peptide was not observed to have antimicrobial activity against C. jejuni and other bacteria in this study, the antimicrobial role of PinB cannot be excluded until further studies are conducted with various PinB isoforms.

This study, in conjunction with previously published reports, has shown that the TRD is the key factor in determining the AMPs’ antimicrobial activity. It has been shown that changes or mutations in the TRD sequence abolish the antimicrobial role of these peptides. In contrast, PinA with an added second bioengineered TRD showed increased activity compared to the wild-type protein (Miao et al., 2012). In the present study, the W→G mutations in the TRD of PinA decreased PinA’s activity against all organisms. This decrease in activity is most likely due to a change in the peptide’s secondary structure and a lower affinity to the bacterial lipid membrane. In summary, the full-length PinA protein or shorter PinA peptide that harbors the TRD is effective against different organisms, including bacteria and fungi.

An important observation from this study is the non-additive role of PinA and PinB against C. jejuni growth. We identified that the PinA and PinB together act similarly as PinA alone against C. jejuni. Other studies have reported the cooperative role of PinA and PinB against different bacteria and fungi (Capparelli et al., 2005; Clifton et al., 2007). Another unique aspect of this study was to test the different conformation of PinA and PinB together. We used PinA and PinB peptides with two different combinations and joined by a glycine-rich linker sequences and tested whether either one of these conformations could have a similar inhibitory effect to PinA. When PinB is present at the N-terminal of PinA and joined by a glycine-rich linker sequence, it shows increased antimicrobial activity against C. jejuni strain 81-176 than PinB present at the C-terminal end of PinA (Supplementary Figure 1A). We hypothesize that PinB folded with PinA causing the blocking of TRD regions from exposure when it is present at the C-terminal end of PinA. Further studies of peptides having different conformations or with varying linker sequences will be helpful to understand the differences in antimicrobial properties of these peptides.

Although our major focus was to evaluate the antimicrobial effect of PinA and PinB peptides against two C. jejuni clinical strains, we tested other Gram-negative and Gram-positive bacterial isolates, including E. coli O157:H7, S. aureus, S. Typhimurium, and L. monocytogenes, primarily to compare our findings with previous reports (Capparelli et al., 2005; Capparelli et al., 2006). In addition, we wanted to confirm that the peptides that we designed and synthesized commercially were functional and can be used in future studies. Our study identified that PinA could inhibit the growth of all tested organisms, whereas the PinA mutant lost antimicrobial activity against those organisms. However, the MIC and MBC values of PinA were different for all bacterial isolates tested. Overall, the MIC values were higher compared to the MIC values reported in previous studies. For example, our MIC values for PinA were 64 μg/mL for E. coli and 128 μg/mL for MRSA. In previous studies, Capparelli and co-workers reported the MIC of PinA and PinB of 30 μg/mL for E. coli, S. aureus, and S. epidermidis when tested with both native and recombinant puroindoline proteins (Capparelli et al., 2005; Capparelli et al., 2006). In contrast, two other groups reported that the activity of PinA was higher than PinB against E. coli and S. aureus (Jing et al., 2003; Miao et al., 2012). The differences in the inhibitory effect of PinA and PinB peptides in the different studies are likely due to the variations in the synthesized proteins or peptides that lead to the change in solubility and conformation of the synthesized proteins or peptides. This phenomenon is supported by the study by Haney et al. (2013), where the authors synthesized a series of PinB variants with the addition of PinA sequence and identified that some of the PinB variants restored the lower antimicrobial activity of PinB.

Similar to the effect of growth inhibition, we also identified that PinA was able to inhibit the biofilm formation by C. jejuni. We identified that PinA was required at least 4× MIC concentration (>256 μg/mL) to inhibit the biofilm formation by C. jejuni strain 81-176. In two independent studies, Shagaghi et al. (2016, 2020) reported that PinA was required at a 2× MIC concentration to inhibit the biofilm formation by MRSA, Pseudomonas aeruginosa, L. monocytogenes, and Listeria innocua. In our study, the concentration of PinA peptide was higher (4× MIC) than studies by Shagaghi et al. (2016, 2020), as we used a higher bacterial inoculum (1 × 106 bacteria/well) in the biofilm assay than in our antimicrobial susceptibility tests (inoculum size 5 × 104 bacteria/well). The higher inoculum was used due to the inability of C. jejuni to form biofilm at lower cell densities. Bacteria form biofilms as a complex slime layer to protect themselves from external stresses, including antimicrobial agents. Many current antibiotics are unable to penetrate the bacterial biofilm layer and thus are deemed ineffective in inactivating bacteria inside the biofilm (Koo et al., 2017). Our findings suggest that PinA can penetrate the biofilm and inactivate sessile bacteria residing inside the biofilm. Therefore, PinA peptide can be used in addition to other natural products or traditional drugs as a potent anti-biofilm agent. However, further studies are needed to determine the effective concentration of PinA peptide with other biofilm-forming bacteria.

The cytotoxicity and hemolytic activity of PinA has been addressed in this study using human epithelial INT 407 cells and SRBCs. INT 407 cells were chosen for this study as these cells grow rapidly and easy to maintain in culture media. INT 407 cells have been used extensively in C. jejuni research for several decades (Negretti et al., 2019). While we found that PinA at higher concentrations is cytotoxic to both INT 407 cells and SRBCs, few previous studies reported different concentrations of PinA. The first report on the cytotoxicity of puroindolines was from Jing et al. (2003), where the authors used the blood hemolysis assay and identified no hemolytic activity for PinA and PinB at a concentration up to 1000 μg/mL. PinA also did not show any cytotoxicity against murine neuromuscular cells (Llanos et al., 2006) and in vitro hemolytic activity or toxicity on the murine macrophage J774 cells (Capparelli et al., 2007). In contrast to these earlier studies, a recent study showed that PinA is cytotoxic to HeLa cells (Shagaghi et al., 2020). In the present work, we also identified that PinA was cytotoxic against human INT 407 cells at higher concentrations. However, similar to previous studies (Jing et al., 2003; Capparelli et al., 2007), we did not observe any cytotoxicity of PinB at concentrations up to 512 μg/mL. We also observed that all puroindoline peptides, including PinA and PinB mutant peptides, have hemolytic activity at a high concentration (512 μg/mL or higher) with SRBCs. This is different from the observation by Capparelli et al. (2007), where they identified that PinA up to 150 μg/mL and PinB up to 50 μg/mL did not display hemolytic activity against red blood cells. We applied two individual assays to test the AMP’s cytotoxicity. LDH assay (measuring the LDH released from the damaged cells) was used to measure the cell cytotoxicity, and the MTT assay (determining the total amount of cytosolic mitochondrial dehydrogenase) was used to determine the cell viability. The two assays are complementary and confirm the cytotoxic effect of PinA at higher concentrations. Overall, PinA has antimicrobial activity against many organisms at a concentration that is lower than its cytotoxicity to mammalian cells. This result further strengthens the potential of PinA to be used as a therapeutic in clinical settings. However, future studies are needed to determine the cytotoxicity of PinA using an in vivo model.

Similar to earlier studies, this study also identified that PinA disrupts the C. jejuni membrane. By using scanning electron microscopy (SEM), Charnet et al. (2003) showed that PinA exerted its antimicrobial activity by forming pores in the lipid membrane of bacteria. In another study, Alfred et al. (2013) also used SEM with Saccharomyces cerevisiae treated with PinA-based peptide and showed the formation of pits or pores in cell membranes. Lv et al. (2019) suggested that the mechanism of PinA on fungi may be through cell wall destruction leading to the cell membrane, mitochondrial, and DNA damage, and eventually cell death. In the present study, we used the ethidium bromide uptake assay, which determines the presence of intracellular ethidium bromide by fluorescence. The increased amount of fluorescence indicates that more ethidium bromide was taken up, which corresponds to membrane disruption (Lin et al., 2002). We observed that PinA resulted in C. jejuni cell membrane disruption, causing the cell membrane to become permeable to an external component. However, the mechanism of PinB activity on C. jejuni was not tested as we did not see any antimicrobial activity of PinB in this study.

Overall, our study further strengthens the antimicrobial role of PinA against a broad range of microorganisms. Although this study mainly focuses on the foodborne pathogen C. jejuni, the findings of this study can be utilized in other organisms. The use of PinA with other antimicrobial agents or natural products could be used as potential therapeutic agents against bacterial infections. Puroindolines are located in the endosperm of wheat and are present in the end-products of wheat, such as flour and bread. Additionally, puroindolines are members of a larger family of “indolines” that are present in oat, barley, rye, and other commonly consumed cereals (Morris et al., 2021). Therefore, the consumption of puroindolines is considered safe and can be used as food preservatives. The potential of puroindolines also increases the use of other natural compounds as antimicrobials. The increased use of natural compounds as antimicrobial agents could be the key to mitigating the global problem of antibiotic resistance.
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Campylobacter species are among the leading foodborne bacterial agents of human diarrheal illness. The majority of campylobacteriosis has been attributed to Campylobacter jejuni (85% or more), followed by Campylobacter coli (5–10%). The distribution of C. jejuni and C. coli varies by host organism, indicating that the contribution to human infection may differ between isolation sources. To address the relative contribution of each source to C. coli infections in humans, core genome multilocus sequence type with a 200-allele difference scheme (cgMLST200) was used to determine cgMLST type for 3,432 C. coli isolated from food animals (n = 2,613), retail poultry meats (n = 389), human clinical settings (n = 285), and environmental sources (n = 145). Source attribution was determined by analyzing the core genome with a minimal multilocus distance methodology (MMD). Using MMD, a higher proportion of the clinical C. coli population was attributed to poultry (49.6%) and environmental (20.9%) sources than from cattle (9.8%) and swine (3.2%). Within the population of C. coli clinical isolates, 70% of the isolates that were attributed to non-cecal retail poultry, dairy cattle, beef cattle and environmental waters came from two cgMLST200 groups from each source. The most common antibiotic resistance genes among all C. coli were tetO (65.6%), blaOXA–193 (54.2%), aph(3′)-IIIa (23.5%), and aadE-Cc (20.1%). Of the antibiotic resistance determinants, only one gene was isolated from a single source: blaOXA–61 was only isolated from retail poultry. Within cgMLST200 groups, 17/17 cgMLST200-435 and 89/92 cgMLST200-707 isolates encoded for aph(3’)-VIIa and 16/16 cgMLST200-319 harbored aph(2’)-If genes. Distribution of blaOXA alleles showed 49/50 cgMLST200-5 isolates contained blaOXA–498 while blaOXA–460 was present in 37/38 cgMLST200-650 isolates. The cgMLST200-514 group revealed both ant(6)-Ia and sat4 resistance genes in 23/23 and 22/23 isolates, respectively. Also, cgMLST200-266 and cgMLST200-84 had GyrAT86I mutation with 16/16 (100%) and 14/15 (93.3%), respectively. These findings illustrate how cgMLST and MMD methods can be used to evaluate the relative contribution of known sources of C. coli to the human burden of campylobacteriosis and how cgMLST typing can be used as an indicator of antimicrobial resistance in C. coli.
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INTRODUCTION

Campylobacter species are spiral or rod-shaped gram-negative bacteria with optimal growth conditions in microaerophilic environments at 30–47°C (Hsieh et al., 2018). Despite these growth requirements, Campylobacter species are often isolated from a wide range of sources including animal digestive tracts, freshwater reservoirs and packaged food products (Horrocks et al., 2009; Zhao et al., 2015; Dearlove et al., 2016). While many Campylobacter strains are carried by host organisms asymptomatically, a subset of strains can cause gastric enteritis in humans (Lee and Newell, 2006; Pascoe et al., 2020). This Campylobacter-associated disease is known as campylobacteriosis and is the leading cause of gastric enteritis worldwide (World Health Organization, 2018). In the United States, a 2019 report identified Campylobacter species as the most common foodborne pathogen with an incidence of 19.5 infections per 100,000 people (Tack et al., 2019). While Campylobacter bacteria are found in a wide range of sources, human exposure to retail meats has been identified as a major risk factor for campylobacteriosis (Osimani et al., 2017).

The contribution to human campylobacteriosis is not spread evenly among Campylobacter species. The two most common Campylobacter species associated with foodborne illness are C. jejuni and C. coli. These species are the causative agents in > 85% and 5–10% of human campylobacteriosis, respectively (Patrick et al., 2018). Data from the National Antimicrobial Resistance Monitoring System (NARMS) shows that these species differ both in their antibiotic resistance profiles and their prevalence among food animal sources (Food and Drug Administration, 2021). Antibiotic resistance profiles of C. coli from retail meats are more commonly identified as resistant to at least one class of antibiotics, with resistance to macrolides, lincosamides, and ketolides showing a noticeable difference between species (Zhao et al., 2010; Food and Drug Administration, 2021). NARMS surveillance data of food animal cecal samples in the US reveals C. coli as the dominant Campylobacter species in swine and poultry samples (Dessai, 2017).

While C. coli isolation rates are comparable between cecal samples of swine and chicken, differences in post-slaughter processing practices can affect their isolation rate from retail meats of these animals. In communities not localized near food animals, exposure to retail meat products is a greater contributor to the burden of human campylobacteriosis than exposure to the food animals themselves (Rosner et al., 2017). Among the retail meats, retail poultry represents the greatest risk factor for human infection (Food and Drug Administration, 2010; Rosner et al., 2017). While isolates were readily recovered from the caeca of cattle and swine, C. coli were rarely isolated (<1% prevalence) from beef and pork retail meat products. As a result, screening for Campylobacter species in retail beef and pork products was discontinued in NARMS retail meat program in 2008. While the prevalence of C. coli is low among these food sources, the percentage of cattle and swine populations colonized with C. coli implicate them as potential reservoirs for C. coli infection in humans (Dessai, 2017; Plishka et al., 2020).

Retail meat products may be contaminated with C. coli originating from other sources through a variety of routes (Rasschaert et al., 2020). For example, studies have detailed how contact between infected animals during transport, airborne contamination in processing plants, bacterial contamination of contact surfaces at processing sites or even transfer of material from one sample to another during mechanical separation all may contribute to cross-contamination of poultry products (Battersby et al., 2016; Oliveira et al., 2020; Rasschaert et al., 2020; Konduru et al., 2021). With the advent of molecular surveillance methods, individual strains may be identified and tracked throughout the food processing chain. One method that is used for source tracking is core genome multilocus sequence typing (cgMLST) (Maiden et al., 2013). The core genome of Campylobacter species is defined by 1,343 loci as determined by Cody et al. (2017). Allele profiles of these 1,343 loci have sufficient diversity throughout the population of Campylobacter species that they can successfully be used for strain typing using a cgMLST schema (Hsu et al., 2020). Strains with similar allele profiles can be clustered into groups by allowing for a threshold of allelic differences between strains. Our previous study evaluating C. jejuni populations using core genome MLST with an allele difference of 200 (cgMLST200) showed an excellent correlation with traditional MLST typing and had a greater utility for source attribution and correlation with AMR profiles (Hsu et al., 2020). This method classifies strains into different groups if the allelic identity of more than 200 of the 1342 loci of the Campylobacter core genome differ between strains.

Recently, a minimal multilocus distance (MMD) analysis of Campylobacter genomes was demonstrated to be effective for source attribution (Pérez-Reche et al., 2020). This MMD method can be optimized to process the same 1,343 loci of the Campylobacter core genome as the cgMLST200 typing scheme to classify strains. Unlike the cgMLST200 scheme, though, the core genomes of individual strains are used to generate the strain clusters that define each source. This can be used for source attribution by comparing the core genomes from strains of an unknown source to the core genome model of each known isolation source and obtaining the probabilities of the strain having originated from each. While this method has the benefit of targeting associations between the core genome and defined metadata categories (e.g., isolation source), it is not currently optimized to account for distinct subpopulations within a strain cluster. That is to say, while the MMD method is well suited to identify if a strain originated from a chicken source, it may not be able to discriminate between the antibiotic-resistant subpopulations found within the chicken dataset. The objective of this study was to use both cgMLST and MMD methods to characterize the relative contributions of C. coli sources to act as reservoirs for antibiotic resistance genes and the relative contribution of each source to human campylobacteriosis.



MATERIALS AND METHODS


Bacterial Strains, Sequencing, and AMR Identification

Whole genome sequencing data representing 3,432 C. coli isolates from environmental sources including water, soil and wild birds, food animal sources, human and retail meat sources were collected through the NARMS program, the National Center for Biotechnology Information (NCBI) database and the European Nucleotide Archive (ENA) database. Sequences of human (n = 285) and environmental source (n = 145) isolates were downloaded directly from their respective online databases. Food animal isolates were obtained through cecal sampling by the United States Department of Agriculture Food Safety and Inspection Service (USDA-FSIS) as part of NARMS animal arm and consisted of 964 cattle, 898 swine, 475 chicken and 296 turkey isolates of C. coli. Retail meat isolates collected through the NARMS retail meat program contained 374 chicken and 11 turkey isolates. All strains included in this study were isolated between 1999 and 2019. Genomic DNA was extracted using the Qiagen DNeasy Blood and Tissue kit (Qiagen, Gaithersburg, MD) and genomes were sequenced on an Illumina MiSeq using v2 or v3 chemistry (Illumina, San Diego, CA).

C. coli genomes were assembled using the CLC Genomics Workbench version 8.0 (CLC bio Aarhus, Denmark). Contigs less than 200 bp were removed prior to assembly and error correction was performed using the map reads back to contigs method. AMR determinants, including both resistance genes and point mutations, were identified with AMRFinder using database version 2020-09-30.1 (Feldgarden et al., 2019). Coverage and identity parameters were set to default values, using a minimum coverage of the reference protein of 0.5 and a minimum identity for BLAST hits of either the curated threshold value specific to the hit, or 0.9 if no curated threshold value was present.



Core Genome MLST

The cgMLST groups for the C. coli dataset were assigned as previously described using an in house script (Hsu et al., 2020). Briefly, the cgMLST type for each strain was assigned using the allele sequences of the 1,343 loci that define the Campylobacter core genome. A BLAST search was performed to identify the alleles for each locus and up to 100 missing alleles was allowed for each genome. For strains where sequence data at the cgMLST loci was missing, the loci was assigned a value of “N.” Following cgMLST designation, the distance between core genomes was calculated based on the pairwise distance between allelic profiles and was measured in allelic difference. Strains were organized into groups allowing for a 200-allele difference between strains using a single-linkage clustering method.

The core genomes were used to generate a minimum spanning tree of the C. coli population using GrapeTree v1.5.0. A single table containing the core genome allele identities for each strain was used to generate the minimum spanning tree using GrapeTree v1.5.0. Each row of the table corresponded to a single strain and the table contained 1,343 columns, each representing one core genome loci. The cells were populated with the allele identity for each strain and loci pair. Using the MSTree V2 algorithm, the pairwise dissimilarity of core genome loci was compared between strains and used to generate the minimum spanning tree.



Source Attribution

A source attribution model of human-pathogenic and retail meat C. coli isolates was generated using the MMD methodology developed by Pérez-Reche et al. (2020). Within this project, MMD source attribution was used to evaluate the dissimilarity of cgMLST loci between isolates of a known source, such as the population of C. coli isolated from chicken caeca, to those isolated from humans or retail meat samples. The pairwise dissimilarity, quantified as the Hamming distance, was compared between all known sources and the individual strains from human or retail meats to determine the likelihood of having originated from each of the sources.

The core genome multilocus sequence profiles and the known-source metadata of the 3,234 C. coli isolates were evaluated using the MMD R script. Source attribution was determined by modifying the MMD configuration file to include the isolation sources present in the isolate metadata file and setting the source attribution flag as the analysis to be performed. MMD self-attribution used the same dataset as source-attribution, with the configuration file modified to flag self-attribution as the analysis and a user-determined source as the target for self-attribution. Self-attribution analysis then generated cgMLST models for each isolation source and mapped he self-attribution target population back to the isolation source their cgMLST most closely resembles.



RESULTS


Antibiotic Resistance Profiles of C. coli

Screening C. coli sequence data with AMRFinder revealed 50 distinct alleles of antibiotic resistance genes and resistance-associated mutations among the isolates. While tet(O), blaOXA–193 and aph(3’)-IIIa were the three most common antibiotic resistance genes, they were underrepresented in the environmental isolate subpopulation (Figure 1). The blaOXA–61 gene was almost exclusively found in retail poultry isolates with only a single instance recovered from a cecal turkey isolate. While blaOXA–594 and blaOXA–460 were most common among cecal chicken and turkey populations at a rate of 9.8–18.1%, blaOXA–594 was missing from the retail poultry isolates and blaOXA–460 was only present in 0.5% of the population. A set of 344 blaOXA alleles could not be annotated at the allele level due to incomplete sequence and were not included in this project. Ribosomal mutations resulting in the substitutions L23_A2075G and L22_A103V associated with macrolide and lincosamide resistance did not show exclusivity for any isolation source, though L23_A2075G was more strongly represented in swine and human isolates (Supplementary Table 1). L23_A2075G was present at the greatest rate in cecal swine isolates at 20.9% and L22_A103V was most prevalent in environmental sources at 17.8%. The GyrA_T86I substitution associated with resistance to fluoroquinolones was more common, present in cecal cattle (61.1%), human (48.8%), cecal turkey (35.8%), retail poultry (26.2%), cecal chicken (17.7%), and environmental (7.8%) isolates.
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FIGURE 1. Prevalence of AMR determinants in C. coli populations among different isolation sources.




Core Genome Multilocus Sequence Typing of C. coli

Campylobacter coli isolates were characterized by their core genome of 1,343 loci and visualized as a minimum spanning tree (Figure 2). Isolates from the same source co-localized among branches, though few branches were exclusive to a single source. Notably, while isolates from human sources were observed throughout the tree, they were present at the highest concentrations on the same branch that favored poultry isolates, including both cecal and retail isolates.
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FIGURE 2. Minimum spanning tree of C. coli dataset as determined by their core genome. Each circle represents a cgMLST group and the size of the circle is proportional to the number of isolates in that group. Tree was generated in GrapeTree using a log depiction of branch length.




cgMLST200 Typing of C. coli

Organizing Campylobacter strains by core genome into groups that allow a 200-allele difference among isolates is an effective subtyping method for differentiating strains both among and between Campylobacter species. Our cgMLST analysis generated 1,085 cgMLST200 groups from our 3,432 C. coli isolates. Within the 1,085 cgMLST200 groups, 818 contain only one isolate each and were designated as singletons. The majority of these singleton strains were isolated from the caeca swine, indicating greater sequence diversity in the swine population compared to other isolation sources. Non-singleton cgMLST200 group analysis revealed that 126 of the remaining 267 cgMLST200 groups were identified among multiple sources. These results show that 88.4% of the cgMLST200 groups were specific to a single isolation source and only 11.6% could be found in multiple hosts.

Campylobacter cgMLST200 classification was then used to evaluate the similarity of strains from humans to strains recovered from other sources. Evaluating the cgMLST200 groups from each source showed that 25/285 C. coli clinical isolates belonged to a cgMLST200 group associated with only one other source (Figure 3). The largest contributor to human-pathogenic strains was a set of 8 cgMLST200 groups that contained isolates from cattle, chicken, turkey and swine sources. These accounted for 100/285 C. coli strains isolated from humans.
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FIGURE 3. Distribution of cgMLST200 groups that contain human pathogenic strains of C. coli. The majority of human isolates belong to cgMLST200 groups containing isolates from a variety of sources. The first number listed in each source shows how many cgMLST200 groups contain human-pathogenic C. coli. The second number, in brackets, is the number of human-pathogenic strains in the cgMLST200 groups.


Strains recovered from swine were least similar to human isolates, with only 7.7% of the population belonging to human-pathogenic cgMLST200 groups (Table 1). Evaluating turkey, chicken and environmental populations revealed that 33.6, 26.3, and 20.1% of their populations shared cgMLST200 groups with humans, respectively. Cattle isolates showed the strongest representation of human-pathogenic cMLST200 groups, with 87.7% of the strains belonging to one of these groups. A single human-pathogenic cgMLST200 group (cgMLST200-234) also contained ∼two-thirds of the entire cattle population and accounted for the large difference in proportion between cattle and other sources (Supplementary Table 2).


TABLE 1. Isolation source composition of cgMLST200 groups containing clinical strains of C. coli.

[image: Table 1]Several cgMLST200 groups showed strong correlation with the presence of antibiotic resistance determinants (Supplementary Table 1). Seven antibiotic resistance genes were conserved at > 95% prevalence in 6 cgMLST200 groups (Table 2). Further, strains from these cgMLST200 groups retained the corresponding antibiotic resistance genes regardless of the isolation source. Within the cgMLST200-5 group, blaOXA–489 was found in strains isolated from swine, cattle, turkey, human and environmental sources. The cgMLST200-5 group was notable as well because 50/50 strains contained a mutation in 50S_L22A103V that can confer resistance to macrolide antibiotics. In addition, all 16 isolates in cgMLST200-266 group had a mutation in GyrAT86I associated with resistance to fluoroquinolone antibiotics (Table 3).


TABLE 2. Prevalence of AMR genes in cgMLST200 groups.
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TABLE 3. Prevalence of AMR mutations in cgMLST200 groups.
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Core Genome Minimal Multilocus Distance Analysis

MMD methodology was used to determine the contribution of each Campylobacter source to human campylobacteriosis. This approach differs from cgMLST200 typing in that MMD generates a model of core genome profiles that best represent each isolation source before performing source attribution of the C. coli clinical isolates. Because of this difference in methodology, source attribution calls of MMD can differ from those determined by cgMLST200 typing. A population analysis of human-pathogenic C. coli using MMD highlights cecal chicken isolates as the greatest contributor to campylobacteriosis and indicates cecal swine sources as the weakest contributor (Table 4). Further population analysis revealed that isolates collected from swine and environmental sources showed highest likelihood of correct self-attribution during method validation (Supplementary Figure 1).


TABLE 4. Source attribution of human-pathogenic C. coli population.

[image: Table 4]In contrast to the population-wide analysis noted above, we then employed MMD to perform source attribution for the individual strains that were isolated from humans (Figure 4). Campylobacter contamination of retail meats can occur at multiple points from slaughter processing to packaging for retail consumption (Oliveira et al., 2020). To address the potential of a heterogeneous source population obtained from retail meats, clinical isolates were only sourced to cecal isolate populations that were obtained prior to processing. Only 4.2% of the clinical isolates could be attributed to a single source with 100% likelihood and 11.9% of the population could be attributed at >95% likelihood. C. coli were attributed to chicken and turkey sources at 36.5 and 9.1%, respectively, for a combined total of 45.6% from poultry sources. A total of 23.9% of human isolates were attributed to environmental sources and the remaining 18.6 and 11.9% were attributed to cattle and swine, respectively.
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FIGURE 4. Source attribution of human-pathogenic C. coli to environmental and food animal cecal sources. Each bar represents a single C. coli isolate obtained from a human source and the color composition of the bar shows the likelihood of the strain as originating from the evaluated sources.


MMD was then used to determine the likely source of C. coli isolates from retail poultry samples. As expected, analysis of the individual strains revealed that 79.2% of C. coli recovered from retail poultry meats showed the strongest likelihood of attribution to cecal chicken or cecal turkey isolates (Figure 5). Interestingly, environmental sources showed the next highest likelihood of attribution, accounting for 13.8% of the population while the remaining strains were attributed to cattle and swine at 4.7 and 2.3%, respectively.
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FIGURE 5. Source attribution of C. coli isolated from retail meats to environmental and food animal cecal sources. Each bar represents a single C. coli isolate obtained from a retail meat source and the color composition of the bar shows the likelihood of the strain as originating from the evaluated sources.


As a final step, we compared the self-attribution results from the turkey, chicken and retail poultry isolates between the non-poultry sources using the Tukey multiple comparison of means. This comparison was made to determine if any of the poultry sources were preferentially identified as having originated a non-poultry source to indicate a source of contamination. Turkey, chicken and retail poultry isolates were attributed to a cattle source at a similar rate of 8.7–10.3%. Similarly, turkey, chicken and retail poultry isolate were attributed to a swine source at a range of rates from 3.4 to 4.3%. Attribution to environmental sources showed a difference in attribution rates between turkey, chicken and retail poultry isolates. Chicken isolates were attributed to environmental sources at a rate of 0.4% and turkey isolates at 2.2% (Figure 6). Retail poultry isolates, however, were attributed to environmental sources at a rate of 8.0%.
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FIGURE 6. A comparison of self-attribution results for poultry datasets to non-poultry sources as an indicator of population similarity. Blinded validation of poultry datasets misattributed poultry isolates to cattle and swine sources at similar rates. Misattribution of retail poultry isolates to environmental sources occurred at a higher rate (**p < 0.001) than the misattribution of cecal chicken or cecal turkey isolates.




DISCUSSION

In this study, we used the C. coli core genome to categorize isolates with two independent methods. The first method, cgMLST200, is a subtyping scheme that organizes strains based on the similarity of the core genomes. We have demonstrated how strains with similar core genome profiles can show strong association with specific metadata categories, such as AMR determinants or isolation host. The second method, MMD analysis, evaluates the core genomes of all strains of a given metadata group (e.g., source) and establishes core genome profiles of each group. Using this method, we were able to evaluate each strain from our human and retail meat populations and identify the most likely source for attribution.

Comparing the results from each method reveals the methods’ relative strengths and limitations. The metadata-agnostic cgMLST200 typing schema clusters related strains into groups with 100% probability of membership, but the groups themselves are not necessarily congruent with any metadata feature. This makes cgMLST200 analyses well suited for our evaluation of populations against large metadata sets, such as associations to the entire library of AMR determinants. Another benefit of the cgMLST200 typing schema is that it provides a common naming system that categorizes Campylobacter strains by core genome similarity and can be applied to strains where only sequence data is known. The MMD approach uses metadata to define source attribution groups and provides the relative likelihood of any sample originating from any of the attribution groups. While this method is optimized to identify the likely source of a C. coli strain, it requires that the sources be made up of distinct populations. This trait prevented us from attributing human-pathogenic C. coli to the retail poultry isolates, which were a composite of chicken, turkey and putative contaminants from other sources.

The presence of strains from the retail poultry population attributed to swine, environmental and cattle isolates implicate retail poultry consumption as one route by which humans may be exposed to C. coli from environmental contaminants. A comparison of self-attribution results among retail poultry isolates to cecal samples showed no difference in their attribution rates to swine and cattle. This indicates that fraction of poultry isolates attributed to swine and cattle is not greatly affected by events post-slaughter. The fraction of C. coli isolated from all poultry samples attributed to environmental sources reveals that strains recovered from retail poultry are more likely than cecal samples to be attributed to our dataset of C. coli generated from environmental sources. Because there is variation in the rate of attribution to only one of the three sources, this indicates that the discrepancy is not due to allelic variability within the retail poultry isolates alone.

Comparing the mean cgMLST200 group size was one indicator of genomic diversity among our attribution sources. Mean cgMLST200 group size increased as core genome diversity between strains decreased below the 200-allele difference threshold. One limitation of evaluating genomic diversity using this metric is that interpretation of the results is dependent on the number of allele differences allowed. This limitation is illustrated when comparing our results between cattle and swine isolates. Although swine and cattle sources contained a similar number of isolates, there were ∼5 times as many cgMLST200 groups in swine. A closer look at the cattle data revealed that 80% of the cattle strains were classified into only two cgMLST200 groups. Taking this unequal distribution of strains among cgMLST200 groups into account, the genomic diversity of C. coli isolated from cattle outside these two cgMLST200 groups is similar to the swine isolates. While the majority of cattle isolates were classified into similar cgMLST200 groups, the opposite was observed in the swine isolates. Of the 617 cgMLST200 groups present in swine, 505 groups contained only 1 isolate each. Evaluating these data between isolation sources using a cgMLST200 schema alone provides a general metric for comparing the genomic diversity among isolates from different food sources.

While the MMD method provided detailed predictions of source attribution, the cgMLST200 typing scheme was able to cluster several large groups of strains with conserved AMR determinants. Combining these two methods to identify subpopulations encoding antibiotic resistant determinants was relevant to this project as, with the exception of blaOXA–61 in retail poultry, the resistance determinants did not show a bias for any isolation source. This is in contrast with earlier AMR profiling of C. jejuni from food animals. The C. jejuni study showed that chromosomal mutations associated with macrolide resistance were absent from the cattle population while here we show these chromosomal mutations are present in C. coli from all isolation sources. This point is noteworthy because C. coli and C. jejuni are often isolated from the same environment and experience similar sets of evolutionary selective pressures.

In this study, we have shown how cgMLST200 typing can be used to inform the likelihood of certain antimicrobial resistance determinants in subpopulations of C. coli. Further, both methods used for source attribution indicated that swine sources contributed least to the human burden of campylobacteriosis. This is despite a high prevalence of C. coli isolated from swine cecal samples. The core genomes of poultry isolates showed the highest similarity to human isolates while environmental, cattle and swine isolates were increasingly dissimilar. Without supporting epidemiological data, however, we are unable to claim that any of the C. coli isolated from humans originated from a particular source. Data generated from these methods allow us to evaluate the genomic similarity of human-pathogenic C. coli strains to each of the isolation sources. Using both cgMLST200 and MMD analyses, we have demonstrated the utility of large-scale genomic analysis of C. coli for identifying risk factors of campylobacteriosis, including identifying the likely source of antimicrobial resistant C. coli infections.
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Campylobacter, a major foodborne pathogen, is susceptible to oxygen. Recently, aerotolerant Campylobacter with enhanced tolerance to aerobic stress has become a major concern in food safety. However, the aerotolerance of Campylobacter coli from pigs has not been studied extensively. Here, we sought to investigate the prevalence of C. coli across multiple swine groups in farms, including weaning, growing, and fattening pigs in production stages and pregnant sows. Additionally, we analyzed C. coli aerotolerance, quinolone resistance, virulence potential, and multilocus sequence typing (MLST) genotypes. Finally, we compared the characteristics of C. coli according to the aerotolerance levels. In total, we obtained 124 (66.3%) C. coli isolates from 187 swine fecal samples across six swine farms. The pathogen was prevalent in weaning (45.5%), growing (68.3%), and fattening (75.4%) pigs, and pregnant sows (66.7%). Hyper-aerotolerant HAT C. coli (13.7% of 124 isolates) was present in all swine groups, with the highest proportion in the pregnant sows (27.3%). All HAT isolates possessed diverse virulence-related genes such as flaA, cadF, pldA, ceuE, and cdtA. All C. coli isolates were resistant to quinolones, and 12 (10%) presented high-level ciprofloxacin resistance (MIC ≥ 32 μg/mL). The proportion of C. coli isolates with a high-level ciprofloxacin resistance was the highest in HAT C. coli (18.8%). Furthermore, six MLST sequence types (STs) (ST827, ST830, ST854, ST1016, ST1068, and ST1096) of swine-derived C. coli were in common with human-derived C. coli (PubMLST). The proportion of C. coli belonging to such shared STs at each aerotolerance level was the highest in HAT C. coli (HAT vs. oxygen-sensitive; OR = 3.13). In conclusion, quinolone resistance of C. coli may be distributed throughout in all swine groups in farms. HAT C. coli is likely to remain in pig farms and re-infect other pigs in the farms. Furthermore, swine-derived HAT C. coli could be transmitted to humans easily through the food chain owing to its aerotolerance, and it could pose a threat to public health owing to its high-level ciprofloxacin resistance and virulence. This study highlights the need to develop management practices that prevent the transmission of swine-derived HAT C. coli to humans.

Keywords: aerotolerance, Campylobacter coli, genetic relatedness, quinolone resistance, swine, virulence potential, production stages


INTRODUCTION

Campylobacter, a major foodborne pathogen, causes gastrointestinal infections in humans, with symptoms such as diarrhea, fever, abdominal pain, vomiting, and prostration (Kaakoush et al., 2015; O’Kane and Connerton, 2017; Riedel et al., 2020). This bacterium harbors diverse virulence-related genes responsible for its motility, cell adhesion, colonization, invasion, iron uptake, cytotoxin production, secretion, and Guillain–Barré syndrome expression (Bacon et al., 2000; Ziprin et al., 2001; Datta et al., 2003; Bolton, 2015; Corcionivoschi et al., 2015; Koolman et al., 2015). While campylobacteriosis with gastrointestinal infections is usually self-limiting, it may also lead to severe illnesses including bacteremia, meningitis, irritable bowel syndrome, Guillain–Barré syndrome, or arthritis (Azrad et al., 2018; Centers for Disease Control and Prevention, 2019). Antibiotics are prescribed for clinical treatment of severe Campylobacter infections in humans (Tang et al., 2017; Centers for Disease Control and Prevention, 2019), and fluoroquinolones are the most frequently used (Sato et al., 2004; Sifré et al., 2015; Tang et al., 2020; Hull et al., 2021). However, an increasing trend of Campylobacter strains with fluoroquinolone resistance has become a major concern (Engberg et al., 2001; Moore et al., 2006; Sahin et al., 2015; Bolinger and Kathariou, 2017; Sproston et al., 2018).

Campylobacter is an obligate microaerophile and capnophile, optimally growing at low oxygen (5–10%) and high carbon dioxide (5–10%) concentrations (Bronowski et al., 2014). This bacterium is generally highly susceptible to atmospheric oxygen (Kaakoush et al., 2007). However, recently, the high prevalence of aerotolerant (AT) and hyper-aerotolerant (HAT) Campylobacter jejuni strains with enhanced tolerance to aerobic stress has been identified in retail chickens. Moreover, these strains cluster mostly into a few major multilocus sequence typing (MLST) clonal complexes that are often involved in human Campylobacter infections (Oh et al., 2015). In addition, most human clinical C. jejuni strains were reported to be HAT, with tolerance to multiple stress, including disinfectant, freeze-thaw, and heat treatments (Oh et al., 2018). In a previous study, we found HAT Campylobacter coli to be prevalent in duck carcasses and meat (Guk et al., 2019). Based on MLST sequence types (STs), most of the HAT C. coli strains from ducks are genetically related to C. coli isolates from humans (Guk et al., 2019). These findings suggest that the aerotolerance of Campylobacter is likely related with infections in humans. For these reasons, the aerotolerance of Campylobacter has become a major concern.

Pigs only become sub-clinically infected with Campylobacter spp., especially C. coli, making them a potential source of Campylobacter infections in humans through the consumption of contaminated pork meat (Mataragas et al., 2008; Kempf et al., 2017; Di Donato et al., 2020; Riedel et al., 2020). In addition, contamination of carcasses or meat with swine feces during processing or slaughtering can pose risks to food safety (Abley et al., 2012; Nisar et al., 2018; Di Donato et al., 2020). Considering these findings and the possibility that aerotolerance may be involved in human Campylobacter infections, studies on the aerotolerance of swine-derived C. coli are needed.

The aims of this study were: (1) to investigate the prevalence of C. coli in pigs in different swine groups, including pigs in the production stages (weaning, growing, and fattening stage) and pregnant sows, at pig farms; (2) to analyze the characteristics, such as aerotolerance, quinolone resistance, virulence, and genetic relatedness, of C. coli in different swine groups; and (3) to compare its quinolone resistance, virulence, and genetic relatedness according to the aerotolerance levels. This study is the first to elucidate the different characteristics of C. coli across swine groups in pig farms and according to the aerotolerance levels.



MATERIALS AND METHODS


Isolation and Identification of C. coli From Swine

A total of 187 fresh swine fecal samples were collected from six swine farms from March 2018 to January 2019. The number of samples at each farm ranged from 26 to 34, and the number of samples from each swine group was as follows: 5–6 in the weaning pigs (4–12 weeks old), 8–11 in the growing pigs (12–20 weeks old), 8–11 in the fattening pigs (21–30 weeks old), and 5–6 in the pregnant sows. The number of swine fecal samples according to the swine groups in each farm is shown in Supplementary Table 1. Swine fecal samples were collected from healthy, randomly selected pigs, and the number of fecal samples collected for each swine group was determined considering the number of pigs per swine group in the farms. Each fecal sample was collected using a sterilized cotton swab, stored in a sterilized tube, and then transported from the swine farms to our laboratory on the same day. In addition, enrichment of the samples was performed to isolate C. coli immediately after the samples were transported. Except for the pregnant sows, which resided on the farms for breeding, most pigs were raised in these swine farms until the fattening stage and then shipped to slaughterhouses. The samples were classified into four different swine groups, including weaning pigs (n = 33), growing pigs (n = 60), and fattening pigs (n = 61) in the production stages and pregnant sows (n = 33). The samples were enriched in Preston broth (Oxoid Ltd., Basingstoke, United Kingdom) at 42°C for 24 h in microaerobic conditions (6% O2, 7.1% CO2, 3.6% H2, and 83.3% N2). Then, aliquots (100 μL) of the enriched broth were spread and streaked on modified charcoal-cefoperazone-deoxycholate agar plates and incubated at 42°C for 24 h in microaerobic conditions. Following incubation, 3–5 presumptive Campylobacter colonies per plate were selected, and DNA was extracted. C. coli was identified using polymerase chain reaction (PCR) with primers targeting Campylobacter 16S rDNA and ask genes (Supplementary Table 2).



Analyzing the Aerotolerance Levels of C. coli Isolates

Aerotolerance levels of the C. coli isolates were investigated following previous methods (Oh et al., 2015; Guk et al., 2019). The isolates were cultured on Mueller-Hinton (MH) agar at 42°C for 24 h in microaerobic conditions and resuspended in fresh MH broth to a McFarland scale of 1.0 (3 × 108 CFU/mL). Then, the bacterial suspension was cultured aerobically at 42°C with shaking at 200 rpm. Serial dilutions of the suspension were prepared, and inoculation on MH agar was performed at 0, 12, and 24 h after exposure to aerobic shaking. The inoculation concentrations of the suspension ranged from 100 to 107 dilutions, and 5 μL of each dilution was inoculated on the plates. C. coli isolates that lost their viability within 12 h of aerobic shaking were determined to be oxygen-sensitive (OS) strains, whereas the isolates that maintained their viability for 12–24 h were determined as AT strains. Those that remained viable for more than 24 h were considered HAT strains. Experiments were conducted in triplicate.



Quinolone Resistance of C. coli Isolates

The quinolone resistance of C. coli isolates was tested against nalidixic acid (NAL) and ciprofloxacin (CIP). Minimum inhibitory concentration (MIC) values of the two antibiotics were determined using the broth dilution method with a Sensititre CAMPY2 plate (TREK Diagnostic Systems, Cleveland, OH, United States) and cation-adjusted Müller Hinton broth with TES (CAMHBT, TREK Diagnostic Systems). The NAL and CIP in the plate were diluted twofold with a range of 4–64 and 0.015–64 μg/mL, respectively. C. coli isolates were cultured on MH agar at 42°C for 24 h in microaerobic conditions, and then suspended in the cation-adjusted MH broth with TES to a McFarland standard of 0.5 (1.5 × 108 CFU/mL). The suspension (100 μL) was added to a mixture of cation-adjusted MH broth with TES and 5% laked horse blood and mixed well. Then, 100 μL of the new suspension was inoculated into each well of the CAMPY2 plate containing different concentrations of the quinolone antibiotics. After the inoculation, the plates were cultured at 42°C for 24 h in microaerobic conditions. Resistance to the antibiotics was determined according to the National Antimicrobial Resistance Monitoring System (NARMS, 2019). Furthermore, high-level resistance to NAL (MIC ≥ 64 μg/mL) and CIP (MIC ≥ 32 μg/mL) was investigated by previously published methods (Segreti et al., 1992; Engberg et al., 2001). In this experiment, C. jejuni ATCC 33560 was used for quality control.



Virulence Potential of C. coli Isolates

The prevalence of nine virulence-related genes in C. coli isolates was investigated using PCR. The primers and PCR conditions used in this study are presented in Supplementary Table 2. The virulence-related genes selected in this study were as follows: flaA, involved in motility; cadF, in cell adhesion; pldA, in colonization; iamA, in invasion; ceuE, in iron uptake system; cdtA, in cytotoxin production; wlaN, in expression of Guillain–Barré syndrome; hcp, in the type VI secretion system (T6SS); and virB11, in the type IV secretion system (T4SS) (Bacon et al., 2000; Ziprin et al., 2001; Datta et al., 2003; Bolton, 2015; Corcionivoschi et al., 2015; Koolman et al., 2015).



Analyzing the Clonal Distribution of C. coli Isolates Using the Allelic Profiles of MLST Genes

The MLST genotypes of the C. coli isolates were determined according to the PubMLST protocol1. In brief, the sequences of the housekeeping genes (aspA, glnA, gltA, glyA, pgm, tkt, and uncA) were submitted to PubMLST, and an allele was assigned for each housekeeping gene. MLST STs were defined by using the allelic profiles of the seven housekeeping genes.

Cluster analysis of C. coli isolates by MLST STs was performed using the minimum spanning tree (MST) method based on the allelic profiles of the housekeeping genes with BioNumerics version 6.6 (Applied Maths, Sint-Martens-Latem, Belgium). A dendrogram was generated using the unweighted-pair group method with arithmetic mean (UPGMA) using the BioNumerics software, based on the allelic profiles of the MLST housekeeping genes for characteristics, including aerotolerance and virulence potential, of the C. coli isolates belonging to each MLST ST.



Genetic Relatedness of Swine-Derived C. coli Isolates With Human C. coli Isolates

MLST data of human C. coli isolates were obtained from the PubMLST database and used to analyze the genetic relatedness between C. coli from swine and humans.

MLST data of 3,545 human C. coli isolates belonging to 809 MLST STs were obtained from PubMLST (accessed on 27 January 2021). Of these, 43 MLST STs with more than 10 C. coli isolates per ST were selected as representative MLST genotypes of human-derived C. coli isolates (PubMLST). The proportion of swine-derived C. coli isolates that shared MLST genotypes with human-derived C. coli was calculated and compared according to the four groups of swine and to the isolates’ aerotolerance levels.

Based on the allelic profiles of the MLST housekeeping genes, cluster analysis of C. coli isolates from swine and humans was conducted in BioNumerics version 6.6, following the MST method to illustrate the genetic relatedness of C. coli from swine and humans.



Statistical Analysis

The prevalence of C. coli and the distribution of aerotolerance levels in C. coli were calculated with 95% confidence interval (95% CI) considering swine farms as a hierarchical level. In addition, a Generalized linear mixed-effects regression model (GLMM) with the swine farms as a random effect was applied to determine whether the prevalence of C. coli differed according to the swine groups using the lme4 package in the RStudio software version 1.4.1103 (Bates et al., 2014; RStudio Team, 2021). Using the same method, genetic relatedness between swine-derived C. coli and human C. coli isolates (PubMLST) was analyzed according to the swine groups and the aerotolerance levels based on MLST genotypes. Additionally, the same statistical method was used to verify whether there was a difference in characteristics, including the proportion of high-level CIP resistance and virulence-related genes, between the swine groups or between the aerotolerance levels. In the GLMM with the swine farms as a random effect, the p-value of 0.1 was used as the significance level.



RESULTS


Prevalence and Aerotolerance Levels of C. coli Isolated in Different Swine Groups

A total of 124 (66.3%, 95% CI 52.9–80.8%) C. coli isolates were obtained from 187 swine fecal samples, and the prevalence of C. coli in each swine group was: 45.5% (15/33, 95% CI 22.4–67.6%) in the weaning pigs, 68.3% (41/60, 95% CI 51.2–88.3%) in the growing pigs, 75.4% (46/61, 95% CI 60.5–90.8%) in the fattening pigs, and 66.7% (22/33, 95% CI 49.9–85.6%) in the pregnant sows, showing that C. coli was more predominant in the fattening pigs than in the other groups. However, C. coli prevalence was not statistically different between the swine groups. The prevalence of C. coli according to the swine groups at each swine farm is in Supplementary Table 1.

We categorized the isolates according to the aerotolerance levels and determined that approximately 58.1% (n = 72), 28.2% (n = 35), and 13.7% (n = 17) of the 124 C. coli isolates were OS, AT, and HAT, respectively. Information on the aerotolerance levels of C. coli isolated at each swine group is presented in Table 1. As shown, the proportion of HAT C. coli was the highest in the pregnant sows (27.3%, 6/22) and the lowest in the weaning pigs (6.7%, 1/15). Information on the distribution of aerotolerance levels in C. coli isolates from swine feces at farm levels is provided in Supplementary Table 3.


TABLE 1. Prevalence of Campylobacter coli isolates according to the aerotolerance levels in each swine group.
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Quinolone Resistance of C. coli Isolates From Swine

Resistance of the C. coli isolates to quinolone antibiotics, including NAL and CIP, was investigated using the broth dilution method. Among the 124 C. coli isolates, four did not grow in the MIC tests, whereas the remaining 120 isolates exhibited resistance to both antibiotics, irrespective of the swine groups and aerotolerance levels (Supplementary Figure 1). In addition, 12 (10%) and 118 (98.3%) C. coli isolates showed high-level resistance to CIP (MIC ≥ 32 μg/mL) and NAL (MIC ≥ 64 μg/mL), respectively (Table 2). The proportion of C. coli isolates showing high-level CIP resistance at each group was: 21.4% (3/14) in the weaning pigs, 12.8% (5/39) in the growing pigs, 8.9% (4/45) in the fattening pigs, and 0% (0/22) in the pregnant sows. In terms of aerotolerance levels, the proportion of C. coli isolates with high-level CIP resistance was the highest in HAT C. coli (18.8%, 3/16), followed by AT (8.8%, 3/34) and OS (8.6%, 6/70) C. coli. Statistical differences were not found in the proportion of C. coli isolates showing high-level CIP resistance according to the swine groups and according to the aerotolerance levels.


TABLE 2. Distribution of minimum inhibitory concentration (MIC) values (μg/mL) of Campylobacter coli isolates according to the swine groups and aerotolerance levels.
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Virulence Potential of C. coli Isolates From Swine

The virulence potential of C. coli isolates was investigated using nine major virulence-related genes. Of these, flaA (93.5%, 116/124), cadF (99.2%, 123/124), pldA (97.6%, 121/124), ceuE (93.5%, 116/124), and cdtA (100%, 124/124) genes were predominant (Table 3). The prevalence of virulence-related genes according to the swine groups was generally similar, except for some genes. However, for the iamA gene, significant differences in its prevalence according to the swine groups were identified (GLMM, p = 0.035, variance of the random effect = 0.432). The prevalence of the iamA gene was significantly higher in the fattening pigs than in the weaning pigs (fattening pigs vs. weaning pigs; GLMM, OR = 3.96; 95% CI 0.92–17.03, p = 0.064). In addition, the prevalence of the ceuE gene was different according to the swine groups (GLMM, p = 0.056, variance of the random effect = 0.855). The ceuE gene was more prevalent in the growing pigs than in the weaning pigs (growing pigs vs. weaning pigs; GLMM, OR = 9.49; 95% CI 0.84–107.33, p = 0.069). The hcp gene showed a difference in its distribution according to the swine groups (GLMM, p = 0.012, variance of the random effect = 0.915), and its prevalence was significantly higher in the pregnant sows than in the weaning pigs (pregnant sows vs. weaning pigs; GLMM, OR = 7.72; 95% CI 1.24–47.94, p = 0.028). In addition, the prevalence of virulence-related genes was generally similar according to the aerotolerance levels of C. coli. However, the prevalence of virulence-related genes, except for the hcp gene, was the highest in HAT C. coli. All HAT C. coli isolates possessed diverse virulence-related genes including flaA, cadF, pldA, ceuE, and cdtA genes.


TABLE 3. Prevalence of virulence genes of Campylobacter coli isolates from swine sources according to the swine groups and aerotolerance levels.
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Clonal Distribution of C. coli Isolates Using the Allelic Profiles of Housekeeping Genes

From the 124 swine-derived C. coli isolates, 28 MLST STs were identified. Generally, all isolates were closely clustered, regardless of the swine groups and aerotolerance levels (Figure 1). Most (87.9%, 109/124) C. coli strains belonged to the same MLST clonal complex (CC-828), except for C. coli, whose MLST CCs had not been determined yet. In addition, three main MLST genotypes (ST827, ST854, ST887) that covered all swine groups were identified in 32 C. coli isolates (25.8%) (Figure 1A). The distribution of MLST genotypes in C. coli isolates from swine feces at farm levels is provided in Supplementary Table 4. The UPGMA dendrogram showed that most of the isolates possessed various virulence-related genes, regardless of the MLST genotype (Figure 2). Information on the MLST genotype of each C. coli isolate is listed in Supplementary Table 5.
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FIGURE 1. Cluster analysis of 124 Campylobacter coli isolates by multilocus sequence typing (MLST) sequence types (STs) according to (A) the swine groups and (B) the aerotolerance levels of C. coli isolates. A minimum spanning tree (MST) was constructed based on the allelic profiles of MLST housekeeping genes for 124 C. coli isolates. Each node represents the MLST ST, and the size of each node indicates the number of isolates belonging to each MLST ST. Colors indicate (A) the swine groups from which C. coli isolates were isolated (orange, weaning pigs; yellow, growing pigs; navy, fattening pigs; purple, pregnant sows) and (B) aerotolerance levels of C. coli (green, oxygen-sensitive, OS; blue, aerotolerant, AT; and red, hyper-aerotolerant, HAT). The numbers on the branches present the degree of difference in allelic profiles for housekeeping genes.



[image: image]

FIGURE 2. Clonal distribution of 124 Campylobacter coli isolates based on the allelic profiles for the multilocus sequence typing (MLST) housekeeping genes. An unweighted-pair group method with arithmetic mean (UPGMA) dendrogram was constructed based on the allelic profiles of the MLST housekeeping genes for 124 C. coli isolates. The UPGMA dendrogram shows the distribution of the aerotolerance levels and proportions of nine virulence genes of C. coli isolates in each MLST sequence type. Each color in the pie chart indicates an aerotolerance level (green, oxygen-sensitive, OS; blue, aerotolerant, AT; and red, hyper-aerotolerant, HAT) of C. coli isolates.




Genetic Relatedness of Swine-Derived C. coli Isolates With Human C. coli Isolates

Forty-three MLST STs, among the 809 MLST genotypes obtained from the PubMLST database, containing 2,314 C. coli isolates, were selected as representative genotypes of human C. coli isolates and used in the analysis of genetic relatedness with swine-derived C. coli isolates. Six of the 28 MLST STs from swine (ST827, ST830, ST854, ST1016, ST1068, ST1096) were shared with humans (Figure 3), including approximately 26.6% (33/124) and 35.6% (823/2314) of C. coli isolates from swine and humans, respectively.
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FIGURE 3. Genetic relatedness of swine-derived Campylobacter coli isolates in this study with human C. coli isolates registered in the PubMLST. Cluster analysis of C. coli isolates from swine and humans was conducted using the MST method, based on the allelic profiles of the MLST housekeeping genes. Colors indicate the sources (brown, swine from this study; and gray, humans from PubMLST), the swine groups (orange, weaning pigs; yellow, growing pigs; navy, fattening pigs; and purple, pregnant sows), and aerotolerance levels of C. coli isolates (green, oxygen-sensitive, OS; blue, aerotolerant, AT; and red, hyper-aerotolerant, HAT). The numbers on the branches present the difference degree in allelic profiles for housekeeping genes.


The proportion of C. coli belonging to the six shared STs at each swine group was the highest in the pregnant sows (36.4%, 8/22) (Table 4). In addition, the proportion at each aerotolerance level was the highest in HAT C. coli (47.1%, 8/17), followed by AT (28.6%, 10/35) and OS C. coli (20.8%, 15/72) (Table 4). The genetic relatedness between swine-derived C. coli and human C. coli isolates according to the swine groups was statistically different between the swine groups (GLMM, p = 0.014, variance of the random effect = 0.605). The proportion of C. coli in the shared STs was significantly higher in the pregnant sows than in the weaning pigs (pregnant sows vs. weaning pigs; GLMM, OR = 5.55; 95% CI 0.85–36.39, p = 0.074). Furthermore, the genetic relatedness between swine-derived C. coli and human C. coli isolates according to the aerotolerance levels was significantly different (GLMM, p = 0.001, variance of the random effect = 0.343). The proportion of C. coli in the shared STs in HAT C. coli was significantly higher than in OS C. coli (HAT vs. OS; GLMM, OR = 3.13; 95% CI 0.99–9.96, p = 0.053) (Table 4).


TABLE 4. Campylobacter coli in the shared multilocus sequence typing (MLST) sequence types (STs) with human C. coli isolates (PubMLST) according to the swine groups and aerotolerance levels of C. coli.
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DISCUSSION

The aerotolerance of Campylobacter has been particularly concerning recently because aerotolerant strains are prevalent in poultry, and these strains are closely related to human Campylobacter infections (Oh et al., 2015; Karki et al., 2018; Guk et al., 2019; Song et al., 2020). However, the aerotolerance of C. coli isolated from pigs, another important host of C. coli, has not been studied yet (Kempf et al., 2017; Riedel et al., 2020). In this study, we investigated the prevalence of C. coli in six pig farms according to four swine groups including pigs in three production stages (weaning, growing, fattening) and pregnant sows. Campylobacter coli characteristics, including aerotolerance, quinolone resistance, virulence, and MLST genotype, were compared for each swine group. In addition, we evaluated the potential impacts of swine-derived HAT C. coli on food safety by analyzing quinolone resistance, virulence potential, and genetic relatedness of C. coli according to aerotolerance levels. This is the first study to compare the prevalence and characteristics of swine-derived C. coli according to the swine groups and aerotolerance levels.

We identified that the majority of swine fecal samples were positive for C. coli (66.3%, 124/187, 95% CI 52.9–80.8%). The prevalence of C. coli in pigs in this study was higher than that in other livestock, including cattle (7.4–15.0%) and poultry, such as chickens (26.4–40.2%) and ducks (46.6–57.9%) (Bae et al., 2005; Kang et al., 2006; Little et al., 2008; Torralbo et al., 2015; Tang et al., 2017; Guk et al., 2019; Karama et al., 2020). This was similar to the results of a previous study reporting a high prevalence (56–77%) of C. coli in swine colon samples (Kempf et al., 2017), indicating that pigs are a major reservoir of C. coli. The prevalence of C. coli according to the swine groups was the highest in the fattening pigs (75.4%). Pigs are grown in swine farms until the fattening stage and then shipped to slaughterhouses. Therefore, this high prevalence of C. coli in the fattening pigs suggests that C. coli might be spread out of the farms when fattening pigs are sent to slaughterhouses. In addition, it suggests the possibility of C. coli transmissions to humans during the farm-to-table process.

HAT C. coli was less prevalent (13.7%) in pigs compared with OS and AT C. coli. This finding was contrary to previous studies reporting high proportions (49.1–50%) of HAT C. coli in poultry, including chicken livers and duck sources (Karki et al., 2018; Guk et al., 2019). However, we identified that the proportion of HAT C. coli was the highest in pregnant sows. This suggests that HAT C. coli is likely to remain in pig farms and re-infect other pigs in the same farms through fecal-to-oral transmission, considering that pregnant sows reside in the pig farms. Further studies on transmission dynamics of HAT C. coli in pig farms are required to confirm if re-infection in these farms is plausible.

Quinolone resistance in Campylobacter and the incidence of Campylobacter infections in humans have been dramatically increasing worldwide (Engberg et al., 2001; Moore et al., 2006; Alfredson and Korolik, 2007; Luangtongkum et al., 2009). Indeed, the occurrence of resistance to CIP in Campylobacter from humans was in a range from high to extremely high according to a previous report by the European Food Safety Authority and European Centre for Disease Prevention and Control (2021). Moreover, Campylobacter was listed as one of the high-priority antimicrobial-resistant pathogens by World Health Organization owing to the increase of fluoroquinolone resistance, and fluoroquinolone-resistant Campylobacter was identified as a serious public health threat by the Centers for Disease Control and Prevention (World Health Organization, 2017; Centers for Disease Control and Prevention, 2019). In this study, all strains, except for four C. coli strains that did not grow in the MIC tests, showed resistance to both CIP and NAL, suggesting that resistance to quinolones may be distributed in C. coli in swine throughout the swine groups, irrespective of the aerotolerance levels. Furthermore, the proportion of high-level CIP-resistant C. coli was the highest in HAT C. coli (18.8%, 3/16). These findings indicate that quinolone-resistant C. coli could be transmitted to humans from swine, potentially making it difficult to treat human Campylobacter infections because quinolones are used in campylobacteriosis therapy (Sifré et al., 2015; Tang et al., 2017; Guk et al., 2019). Moreover, it could be even more difficult to treat patients infected with HAT C. coli strains because these strains tend to be highly resistant to fluoroquinolones such as CIP.

Most virulence-related genes in this study were distributed similarly in swine-derived C. coli strains, irrespective of the swine groups and the aerotolerance levels. Additionally, all HAT C. coli strains possessed various major virulence-related genes which are associated with motility, cell adhesion, colonization, iron uptake, and toxin production (Ziprin et al., 2001; Bolton, 2015). This suggests that the HAT C. coli from pigs might be more pathogenic than other C. coli strains owing to their high-level CIP resistance and virulence. This finding is similar to that of our previous study that reported a high prevalence (75–96.4%) of diverse virulence-related genes in HAT C. coli strains from ducks (Guk et al., 2019). Similarly, there was no significant difference in the proportions of virulence-related genes between HAT strains and other strains, as seen in C. coli isolated from ducks (Guk et al., 2019). However, a previous study on C. jejuni from chickens reported that the prevalence of several virulence-related genes was significantly higher in HAT C. jejuni than in OS C. jejuni (Oh et al., 2017). This could be attributed to the species differences between C. coli and C. jejuni or to differences in adaptation to hosts. However, further studies on interspecies differences in Campylobacter species or their adaptations in host environments are needed.

All C. coli strains were closely clustered regardless of the swine groups and the aerotolerance levels. Of the 32 strains belonging to the three major MLST STs (ST827, ST854, and ST887) that covered all swine groups, most (62.5%) C. coli belonged to ST827 and ST854, which were identified as major STs in the human isolates (PubMLST) and accounted for 32.5% of human C. coli isolates. These findings indicate that C. coli belonging to certain MLST genotypes may circulate throughout all swine groups in pig farms by horizontal or vertical transmission. Moreover, these results imply the possibility that C. coli—which may be genetically related to human C. coli isolates—is likely to be present in pig farms, indicating the possible transmission of C. coli from swine to humans. Furthermore, HAT C. coli strains from swine constituted a considerable proportion of the shared STs (ST827, ST830, ST854, ST1016, ST1068, and ST1096) with human C. coli isolates compared with OS C. coli strains, indicating a potential high genetic relatedness between swine-derived HAT C. coli and human C. coli isolates. This was consistent with the results of our previous study on aerotolerance of C. coli in ducks; we found that HAT C. coli from ducks accounted for a higher proportion of the shared MLST genotypes with the human C. coli isolates (PubMLST) compared with OS C. coli (Guk et al., 2019). Taken together, it can be speculated that the aerotolerance of C. coli might affect Campylobacter infections in humans, and that HAT C. coli might be transmitted to humans through the food chain. Our speculation is supported by a previous study, which revealed that most C. jejuni strains from human clinical cases were HAT (Oh et al., 2018).

In conclusion, resistance to quinolones may be distributed in our C. coli isolates in swine throughout all swine groups. In addition, HAT C. coli was predominant in the pregnant sows, suggesting that HAT C. coli is likely to remain in pig farms and might re-infect other pigs in the same farms. All HAT C. coli strains, including some of them showing high-level CIP resistance, showed quinolone resistance and harbored various virulence-related genes associated with motility, cell adhesion, colonization, iron uptake, and toxin production. These findings imply that swine-derived HAT C. coli could be a potential threat to public health owing to their high-level quinolone resistance and virulence. Furthermore, HAT C. coli from swine constituted a highest proportion of the shared MLST genotypes with human isolates (PubMLST), indicating that HAT C. coli might be transmitted to humans through the food chain given its aerotolerance. Further studies are needed to elucidate the mechanisms underlying the transmission of swine-derived HAT C. coli to humans through the farm-to-table process. This study highlights the need to improve management practices to diminish the transmission of swine-derived HAT C. coli to humans.
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Phase variation (PV) is a phenomenon common to a variety of bacterial species for niche adaption and survival in challenging environments. Among Campylobacter species, PV depends on the presence of intergenic and intragenic hypermutable G/C homopolymeric tracts. The presence of phase-variable genes is of especial interest for species that cause foodborne or zoonotic infections in humans. PV influences the formation and the structure of the lipooligosaccharide, flagella, and capsule in Campylobacter species. PV of components of these molecules is potentially important during invasion of host tissues, spread within hosts and transmission between hosts. Motility is a critical phenotype that is potentially modulated by PV. Variation in the status of the phase-variable genes has been observed to occur during colonization in chickens and mouse infection models. Interestingly, PV is also involved in bacterial survival of attack by bacteriophages even during chicken colonization. This review aims to explore and discuss observations of PV during model and natural infections by Campylobacter species and how PV may affect strategies for fighting infections by this foodborne pathogen.

Keywords: phase variation, Campylobacter, flagella, capsule, LPS (lipopolysaccharide), animal model, infection


INTRODUCTION

Sporadic infections in humans or other animals have been described for 13 of the 32 Campylobacter species (Costa and Iraola, 2019). However, only two of these species, Campylobacter jejuni and Campylobacter coli, are frequently associated with foodborne gastrointestinal infections in humans. C. jejuni is considered a commensal inhabitant of gastrointestinal tracts of chickens and wild birds (Hermans et al., 2012). Consumption of contaminated poultry meat is an important source of clinical infection and therefore control of intestinal colonization of chickens forms a major strategy for the reduction of human infections (Humphrey et al., 2007). The mechanisms that enable this bacterial species to colonize its avian hosts and cause disease in humans are still not completely understood. However, the flagella, lipooligosaccharide (LOS) composition, and the capsule have been identified as being essential for colonization, invasion and survival within avian hosts (Burnham and Hendrixson, 2018). The composition of the glycans and other modifications of the flagella, LOS and capsule structures can vary markedly between C. jejuni strains and, interestingly, within the populations of single isolates. Most of the variability in these structures is derived from three different mechanisms: genomic recombination due to horizontal gene transfer, point mutations and phase variation (PV; Gilbert et al., 2002; Karlyshev et al.,2005a,b). Similar phenomena are known or likely to occur in the other Campylobacter species.

Phase variation is a phenomenon that allows bacterial populations to adapt quickly to changes in their local environment (van der Woude and Bäumler, 2004). In other bacteria, including Neisseria meningitidis and Haemophilus influenzae, PV has been identified as a mechanism allowing these bacteria to colonize their human hosts and survive immune responses (van der Woude and Bäumler, 2004; Fox et al., 2014). PV facilitates the emergence of subpopulations with diverse phenotypes even though the overall genomic content is unchanged (van der Woude and Bäumler, 2004; van der Woude, 2006; 2011). The presence of subpopulations, with a higher fitness for a range of environmental changes, increases the adaptability of these bacteria and increases survival in environmental landscapes with wide divergences in selective factors.

Studies of the contributions of PV to host colonization and invasion by Campylobacters have mainly focused on the phase-variable genes of two C. jejuni strains (NCTC11168 and 81-176). These outputs are described as an exemplar for future studies of PV in other C. jejuni strains and Campylobacter species.



PHASE VARIATION MECHANISM IN CAMPYLOBACTER SPP.

The main features of PV are; reversibility; invariant transmission to the next generation (due to strong linkage between phenotype and genotype); stochasticity; and an occurrence of mutations at a significantly higher rate than standard mutation (van der Woude and Bäumler, 2004; van der Woude, 2011). While, there are various PV mechanisms including genomic rearrangement and differential methylation (van der Woude and Bäumler, 2004), the main mechanism observed in C. jejuni is slipped strand mispairing (SSM; Parkhill et al., 2000; Bayliss et al., 2012). This mechanism is based on the presence of simple sequence repeats (SSRs) in the genome. Longer length strings of repeat sequences are linked with a higher probability of an error occurring during DNA replication by mispairing of the nascent and template strands (Bayliss et al., 2012). An insertion or deletion (indel) of one repeat can be introduced in the SSR as a result of this mispairing (van der Woude and Bäumler, 2004; van der Woude, 2011). In phase-variable organisms, these SSRs are found within the open reading frame (ORF) of a given gene or within the promoter region. When the SSR is present in an ORF, indels due to changes in repeat number can introduce a frameshift, that causes a switch from a full size to a truncated form (ON to OFF) of the encoded protein or vice-versa from a truncated form to a full-size form (OFF to ON) (van der Woude and Bäumler, 2004; van der Woude, 2011). If the SSR is present in the regulatory region of the gene, switches in repeat number can affect the level of transcription of the gene. In some cases, the SSR may be present at the end of the ORF or in the termination motif of the transcript, and hence has the potential to produce a polar effect on the transcription and/or the translation of the downstream gene (Kim et al., 2012). It should be noted that indels are more likely to be maintained in C. jejuni SSRs after DNA replication due to the absence of a functional mismatch repair system in this species (Gaasbeek et al., 2009). The SSR indel rate in C. jejuni was measured at between 1 × 10–4 and 1.6 × 10–3 mutations per division (Bayliss et al., 2012). Switching from ON-to-OFF and OFF-to-ON occurs in both directions at similar rates but with a bias toward insertions in G8 tracts and deletions in tracts of G11 or longer (Bayliss et al., 2012; Aidley and Bayliss, 2014). These biases appear to have constrained C. jejuni tracts to mainly G9 and G10 tract lengths. These mutation-mediated switches occur continually during replication of these organisms and do not appear to be altered by environmental signals (Aidley and Bayliss, 2014).

A key feature of C. jejuni genomes is the presence of multiple phase-variable genes (Aidley et al., 2018). This means that a specific population of an isolate will have an identifiable SSR size pattern for each gene and for combinations of genes. These SSR sizes can be converted into expression states and these specific combinations have been termed phasotypes. The transition from one phasotype to another is called phasotype switching.

PV generates multiple subpopulations with different phasotypes among the overall bacterial population (Figure 1). Thus, PV participates in the generation of the overall diversity of the population. This diversity is potentially important for the survival of the bacteria. For example, during a change in the environment, a subset of the population may exhibit a fitter phasotype that will have an enhanced ability to survive as compared to the major population phasotype. In this situation, the sub-population will be positively selected and will become the dominant type in the population. One result of this selective process is that the population will lose its phasotype diversity (Figure 1). Critically this diversity can be recovered over subsequent generations due to the high switching rates and if the specific selective pressure driving dominance is removed (van der Woude and Bäumler, 2004; Bayliss et al., 2012; Aidley et al., 2017b).
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FIGURE 1. Illustration of the evolution of phasotype diversity in a bacterial population under selective and non-selective conditions. This example considers three different PV genes. These genes can all switch from an ON (1) to an OFF (0) expression state resulting in eight possible phasotypes that all have differing combinatorial expression states and where there is positive selection for the ON expression state of the second PV gene (as listed in the figure). We present three different scenarios that are all comprised of a starting population in the center that undergoes evolution with no selection (left column) or by selection (right column) with (scenario i) or without a non-selective bottleneck (scenarios ii and iii). Note that each starting population is comprised of three different phasotypes and varying proportions of each of these phasotypes. We firstly consider “No selection.” In this case, the bacterial population evolves without any selective pressure and an increase in phasotype diversity is observed in the resulting population. Differences between these three “no selection” populations reflect the stochastic nature of PV and the differing compositions of the starting populations. We next consider the three scenarios: (i) Non-selective bottleneck followed by selection. The non-selective bottleneck reduces diversity such that the resulting population only contains the major resistant phasotype and becomes the dominant phasotype following selection. (ii) Selection of partially-resistant starting population. The two resistant phasotype survive the initial cycle of selection. PV leads to appearance of the other resistant phasotypes during long-term maintenance of selection. (iii) Selection of susceptible starting population. The population does not survive due to the absence of resistant variants in the starting population. Where PV mediates survival of a selective pressure, this scenario is a rare event as PV occurs at high rates and means that most starting populations will contain phase variants of each gene.


Interestingly, a non-selective bottleneck can also decrease phasotype diversity (Aidley et al., 2017a). During a non-selective bottleneck only a portion of the bacterial population is carried over to the new niche (Figure 1). The size of the bottleneck will determine how much phasotype diversity is lost by the population. A wide bottleneck will only have a minor or no effect on diversity, whereas a very narrow bottleneck can result in dominance by a single phasotype. Non-selective bottlenecks have been previously observed in chicken colonization experiments with C. jejuni and modeling has predicted that this is due to a single-cell bottleneck (Wanford et al., 2018b). This single cell will exhibit a particular phasotype and the resulting population will be dominated by this single phasotype. However, as described for positive selection, a diversification of the population will occur over the subsequent generations assuming no selective or non-selective bottlenecks re-occur. If a narrow non-selective bottleneck or environmental selection occurs the population will remain low in phasotype diversity (Aidley et al., 2017a). Non-selective bottlenecks should be taken into consideration when studying PV during in vitro and in vivo experiments to avoid misinterpretation of the functional effects of phasotype switching.



PHASE VARIATION IN CAMPYLOBACTER SPP.

The full set of PV genes (termed the phasome) of a particular isolate can be determined by whole genome sequencing. In 2000, the first complete C. jejuni genome was published for NCTC11168, a clinical isolate. The authors identified 32 potential PV genes within this genome sequence (Parkhill et al., 2000). A later comparative analysis of four different species (namely C. jejuni RM1221, C. coli RM2228, Campylobacter lari RM2100, and Campylobacter upsaliensis RM3195 genomes) demonstrated that homopolymeric tracts and potentially PV genes are present in a variety of Campylobacter species (Fouts et al., 2005). With the advent of next generation sequencing, many more genome sequences have become available and a recent snapshot found that 66,821 and 52,467 Campylobacter (all species) sequences were present on the NCBI and PubMLST websites (April 2021), respectively (Jolley et al., 2018; Sayers et al., 2021). Of these, 64,121 (NCBI) and 51,279 (PubMLST) belong to C. jejuni and C. coli species. The origins of these samples are diverse but are dominated by isolates from human and chicken samples. Until recently, it was difficult to determine and compare the phasomes of large genome datasets. This problem was overcome by development of a new tool, PhasomeIt, for identifying genomic PV-associated SSRs sequences. Successful application of this tool to the genomes of the Campylobacter (Figure 2; Aidley et al., 2018) and Neisseria genera (Wanford et al., 2018a) demonstrated that the number of phase-variable genes varies both among and within species. For instance, the number of potential PV genes ranges from 18 to 39 among C. jejuni strains. In comparison, one Campylobacter species, Campylobacter ureolyticus, had <5 phase-variable genes while two, Campylobacter hyointestinalis and Campylobacter subantarticus, had > 50. For the majority of Campylobacter spp., PV is based on the presence of G/C homopolymeric tracts present in ORFs, but with a consistent minority in the intergenic regions (Aidley et al., 2018). An unexplored phenomenon is the presence of homopolymeric A/T or dinucleotide TA repeat tracts in some putative Campylobacter PV genes (Miller et al., 2005; Aidley et al., 2018). The wide distribution of SSRs in this genus suggests that evolution of PV in Campylobacter species is partly driven by molecular aspects of DNA metabolism or genome composition.
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FIGURE 2. Number of PV genes per genome of 16 Campylobacter species. Putative PV genes were identified by the presence of a G/C homopolymeric repeat in the intragenic or intergenic region using PhasomeIt. Each circle corresponds to one isolate. The genome exhibiting more than 80 PV genes for C. jejuni is C. jejuni subsp. doylei strain 269.97. Adapted from Aidley et al. (2018).


A key feature of PhasomeIt was the classification of PV genes into homology groups. This classification is based on a threshold level of protein sequence homology between PV genes and other PV or non-PV genes (see Aidley et al., 2018 for more details). The groups are produced in a network fashion such that two non-homologous PV genes can be in the same group due to high homology with a third gene. The vast majority (∼95%) of these groups were found in only a few isolates indicative of weak selection and a high turnover. The temporary nature of PV was further reflected in the frequent presence of non-phase-variable genes within a homology group. A prime example was the restriction-modification (RM) genes of the cj0031 group that were only phase-variable in a small number of C. jejuni, C. coli, and C. lari strains despite being almost invariably present (Aidley et al., 2018). Aidley et al. (2018) also explored whether there were species-specific functional conservation of phase-variable genes. These genes were termed the core phasome and were defined as genes that were present in >60% of isolates. The four major species (C. jejuni, C. coli, Campylobacter fetus, and C. lari) were observed to have species specific core phasomes of 2–27 homology groups but with C. jejuni and C. coli sharing five homology groups in their core phasomes (namely, cj0045c, cj0170, cj0617, maf1, and cj1295; Aidley et al., 2018). Intriguingly 17 homology groups were found in multiple species with the cj1295 homology group being present in 10.

Another key finding by Aidley et al. (2018) was that most of the major homology groups consisted of transferases or enzymes with roles in modifications of LOS, capsular polysaccharides, or the flagellum. This over-representation of these gene classes highlights the potentially important role played by PV in modulating the functions of these major surface structures and the contributions of these structures to bacterial interactions with host organisms.

Among the isolates, analyzed by Aidley et al. (2018), are present four of the most commonly used C. jejuni laboratory isolates. Definition of the phasomes of these isolates is important due to frequent use of these strains for exploring mechanisms of intestinal colonization, invasion of host cells and other aspects of Campylobacter biology. The four genomes of the M1, NCTC11828, 81–176, and NCTC11168 isolates contain 12, 18, 20, and 31 phase-variable genes, respectively. In addition, the PV genes identified in these isolates cover 13 of the 20 major homology groups (Aidley et al., 2018). Most of these phase-variable genes are present within the genomic clusters of flagellum, capsule, and LOS biosynthetic genes (Supplementary Table 1). Thus the phasomes of these laboratory isolates are representative of the diversity of PV gene numbers for C. jejuni genomes and are useful tools for studying the biological functions of PV genes.



FUNCTIONS OF THE C. JEJUNI FLAGELLA, CAPSULE AND LOS-ASSOCIATED PHASE-VARIABLE GENES

The Campylobacter genomic region encoding genes required for flagella formation and glycosylation contains the largest number of phase-variable genes (Aidley et al., 2018; Supplementary Table 1). Campylobacter motility plays an important role in intestinal colonization and host cell invasion (Guerry, 2007). C. jejuni motility relies on the presence of one or two polar flagella. The flagellum is embedded in the membrane via a basal body connected by a hook to a long polymeric filament mainly composed of the flagellin subunit FlaA (Cohen et al., 2020). The expression of the flagellar genes is controlled by δ54 and δ28 factors, the FlgSR two-component system, FlhF (a putative GTPase) and the flagellar export apparatus (Hendrixson and DiRita, 2003; Balaban et al., 2009; Joslin and Hendrixson, 2009). In addition, the C. jejuni flagellum is extensively glycosylated (Nuijten et al., 1995; Thibault et al., 2001). PV alters the expression and modifications of the flagellum at various levels. The FlgSR system expression, and hence motility, can be controlled by a high frequency of non-reversible mutations in poly A/T tracts in both flgR and flgS (Hendrixson, 2006, 2008). The flgR and flgS repeat tracts consist of less than 7 repeats and hence the mutations are not reversible and are probably observed due to very strong selective pressures. The Cj1313 homology group is part of the flagellar glycosylation pathway but also appears to be involved in bacterial motility as deletion of the pseH gene reduces motility in the 81–176 isolate (McNally et al., 2006). Three other homology groups, maf1, cj0170, and cj1295, also encode enzymes involved in flagellar glycosylation. Changes in expression of these genes alter the glycosylation pattern of the flagellum as observed during gene deletion studies in C. jejuni and C. coli (McNally et al., 2007a; van Alphen et al., 2008; Hitchen et al., 2010). In addition, the deletion of maf4 (part of the maf1 homology group) in the laboratory isolate 108, negatively affected auto-agglutination (van Alphen et al., 2008).

The locus encoding capsule biosynthesis genes has the second highest number of phase-variable genes (Aidley et al., 2018; Supplementary Table 1). The capsule is involved in host cell invasion and resistance to complement-mediated killing (Bacon et al., 2001). The capsule locus is organized into three regions based on function and the level of variability. Regions one and three contain genes involved in capsule assembly/transport and are highly conserved, while region 2 is highly variable, with widely differing numbers of genes, and is responsible for the synthesis of the capsule polysaccharide (Guerry et al., 2012). In addition, region 2 often contains phase-variable genes that can add non-essential modifications to the capsule. The function of three of the capsular phase-variable genes has been identified with cj1421c and cj1422c being 6-O-methyl phosphoramidate (MeOPN) transferases and cj1426c having 6-O-methyl transferase activity (McNally et al., 2007b; Sternberg et al., 2013). The other capsular phase-variable genes have homology to glycosyl transferases, but their exact role in capsular glycosylation still needs to be determined.

Detailed genetic and functional analyses have shown that 18 of the 19 LOS classes present in C. jejuni strains contain 1 or 2 phase-variable genes and that these genes can alter a variety of LOS structures (Parker et al., 2008; Houliston et al., 2011). Aidley et al. (2018) identified three major homology groups associated with LOS modification (i.e., CJJ81-176-1160, wlaN and cj1144c; Supplementary Table 1). The ABC LOS classes of C. jejuni have been associated with a rare neurological disorder, Guillain-Barre syndrome (GBS), and other polyneuropathies (Allos, 2001; Hameed et al., 2020). GBS is due to molecular similarity between ganglioside-like epitopes in the outer core of the LOS and human gangliosides. C. jejuni LOS can mimic GM1, GM2, GM3, GD1a, GI1a, and Gq1b structures and four phase-variable genes, cgtA, cgtB, wlaN (cj1139), and cj1145, are associated with this mimicry (Moran and Prendergast, 2001; Semchenko et al., 2010; Guirado et al., 2020). Linton et al. (2000) showed for the NCTC11168 strain that the wlaN genes encodes a β-1,3-galactosyltransferase; the wlaN ON state is associated with production of a GM1-like LOS whereas the OFF state generates a GM2-like structure. The cgtB gene is also a β-1,3-galactosyltransferase and catalyzes a similar activity. Critically the wlaN and cgtB genes are differentially distributed with cgtB being associated with wild bird isolates and wlaN with human and chicken broiler C. jejuni isolates (Guirado et al., 2020). Additionally, Guerry et al. (2002) showed that cgtA, which encodes a N-acetylgalactosaminyl (GalNAc) transferase, is responsible for a switch between GM3-like and GM2-like structures in C. jejuni strain 81–176 (Guerry et al., 2002). The last phase-variable gene, cj1145, is reported to encode a putative α-1,4 galactosyltransferase and it has been observed that an OFF state resulted in the absence of terminal α-linked galactose units in the LOS structure (Semchenko et al., 2010). However, the exact function of this gene in the context of LOS structure remains to be confirmed.



THE FUNCTION OF THE OTHER PHASE-VARIABLE GENES

As described earlier a number of phase-variable genes in C. jejuni are not associated with flagellar, capsule or LOS biosynthesis (Aidley et al., 2018; Supplementary Table 1). The functions of five of these genes have been explored. The cj0031 gene is predicted to encode a Type IIG RM system and has been shown to regulate the expression of 219 genes (>1.5-fold) in C. jejuni strain NCTC11168 (Anjum et al., 2016). This gene also mediates resistance to phage infection (Anjum et al., 2016). A novel PV phenomenon may be occurring for the SSR in cj0045 as this SSR is suspected to modulate the level of expression of the downstream gene, cj0044 (Kim et al., 2012). Both genes are potential virulence factors as PV of cj0045 has been associated with changes in invasion and colonization of mice while cj0044 has been linked to alterations in motility due to its proximity to three genes involved in flagella formation, cj0041, cj0042, and cj0043 (Kim et al., 2012). Two other virulence factors are also phase-variable. Inactivation of the phase-variable chaperone cj0175 (clpX) affects C. jejuni survival at 42°C, auto-agglutination and invasion of cell lines (Cohn et al., 2007). Similarly, a phase-variable autotransporter, cj0628 (capA), was shown to contribute to adhesion and invasion and to be necessary for chicken colonization (Ashgar et al., 2007). Several of the other phase-variable genes, including cj0046, cj0565, and cj0676, are annotated as pseudogenes in some strains. For these genes there is uncertainty as to whether PV can enable production of full-length proteins and hence careful analysis in a range of strains is required to understand their functions and biological roles.



OBSERVATIONS OF PV IN INFECTION MODELS

There are two important points to take into consideration during the analysis of PV especially during in vivo studies. The first one is that the starting population phasotype is important for the observation of a role for PV in host adaptation. Indeed, if the inoculum population is not diverse enough and a gene is already in a favorable phasotype, no change will be observed after colonization and hence selection for specific states of important phase-variable genes may be missed. The second point is the effect of non-selective bottlenecks. A particular phasotype may appear to have been selected by the host passage but in fact a non-selective bottleneck occurred and artificially increased the frequency of the phasotype. This is particularly likely if the phasotype is already relatively common in the inoculum population.

No standard method exists to explore the biological roles of PV. One approach is to explore the alterations in C. jejuni phase-variable genes during colonization and invasion using animal models and cell lines. The majority of these studies have used in vitro cell invasion or chicken and mouse models of intestinal colonization. Chickens are the natural reservoir of C. jejuni and can be used to explore the contributions of PV to colonization of the avian gut (Semchenko et al., 2010; Bayliss et al., 2012; Kim et al., 2012; Wanford et al., 2018b). Another animal model is C57BL/6J IL -/- mice, this is an imperfect model of human enteritis (Jerome et al., 2011; Kim et al., 2012; Artymovich et al., 2013; Revez et al., 2013; Thomas et al., 2014). In addition to laboratory animal models, PV has been directly explored by exploiting cases of accidental laboratory infections of humans (Revez et al., 2013; Thomas et al., 2014) and a human volunteer study (Crofts et al., 2018). The human studies explored if colonization induced a change in the phasotype compared to the original laboratory strains or the inoculum. Crofts et al. (2018) complemented the human volunteer model with a primate model.

The possibility of a host-specific phasotype change has been explored. Thomas et al. (2014) used human-adapted isolates to infect mice and to determine if the phasotype changes during mouse passage. Kim et al. (2012) considered a similar possibility with chicken-adapted isolates and infection of chickens and mice, but with a focus on the influence of the phasotype on infection of a new host and changes on re-infection of the host. The use of NCTC11168 as the infecting strain in both studies facilitates comparisons as the results are not biased by potential differences in the genomic background of the test strain.

In Table 1, we consider the data from six in vivo studies of which three used single strains (i.e., NCTC11168 or 81–176) and the other compared NCTC11168 with six clinical isolates (Semchenko et al., 2010; Jerome et al., 2011; Bayliss et al., 2012; Kim et al., 2012; Artymovich et al., 2013; Revez et al., 2013; Thomas et al., 2014). We see that 24 PV genes exhibited a repeat size change during chicken, murine or human host passage (Table 1). Interestingly, the majority of the genes in which variation was observed were associated with the flagellar, capsule and LOS biosynthesis loci. Unfortunately, it is difficult to definitively conclude if some phase-variable gene expression states are specific to a particular host as divergent outcomes were observed and because the starting populations had different phasotypes. However, these studies seem to indicate that particular phasotypes are host specific. Thomas et al. (2014) noticed that phasotypes obtained after a human passage are not necessarily maintained during mice infection (Thomas et al., 2014). A key example was the pseudogene, cj0046, which exhibited a change in the frequencies of specific repeat tract lengths after colonization of mice whereas the frequencies were not changed following human passage. In addition, Kim et al. (2012) observed that some phasotypes were not essential for chicken colonization but did exhibit essentiality for colonization of mice. Specifically, these authors observed that the bacteria weren’t able to colonize mice if the chicken-adapted populations contained only the ON phasotypes of cj0045, cj0685 (cipA), cj1139, cj1421, and cj1426.


TABLE 1. Phase variation genes potentially involved in host colonization and infection.

[image: Table 1]Among the 24 loci with a potential role in colonization, statistical analysis highlighted 15 phase-variable genes with a significant change in expression state after host passage (Jerome et al., 2011; Kim et al., 2012; Artymovich et al., 2013; Revez et al., 2013). PV of cj0170 and cj0045 to ON and OFF states, respectively, were strongly associated with murine infection (Kim et al., 2012; Artymovich et al., 2013). Switches in 11 additional phase-variable loci were significantly associated with mouse passage, with the loci cj0031, cj0046, cj0676, cj1295, cj1296, cj1325, and cj1429 exhibiting enrichment of the ON phasotype after mouse passage and the cj0045, cj0170, cj1145, cj1306, and cj1342 genes being enriched for an OFF phasotype (Jerome et al., 2011). In humans, only five loci exhibited a significant change of phasotype, with cj1139, cj1144, cj1306, and cj0456 exhibiting an increase of the ON phasotype and cj0045 showing an increase of the OFF phasotype (Revez et al., 2013).



THE ROLE OF PHASE-VARIABLE GENES DURING CELL INVASION AND COLONIZATION OF THE HOST

As shown in Table 1, the majority of the phase-variable genes associated with host colonization and invasion belong to the flagellar, capsule and LOS biosynthesis loci. One of the major genes associated with mouse colonization is cj0170. This gene is involved in motility and potentially in the glycosylation of the flagellum (Artymovich et al., 2013). Interestingly, a cj0170 ON phasotype is associated with initial mouse colonization but after mouse passage the OFF phasotype is selected. This difference could be explained by the fact that after colonization a different PV gene is selected and cj0170 is no longer required.

The other genes belonging to the flagellar, capsule and LOS biosynthesis loci and associated with chicken, mouse and human colonization are linked to glycosylation of these structures. The combination of phasotypes of these genes will generate a particular pattern of glycosylation on the bacterial surface. Three examples of phase-variable C. jejuni glycans with functional effects are flagellar legionaminic acid glycans, capsular MeOPN glycosylation and LOS sialylation; addition of these glycans affects host colonization, serum resistance and survival in the host (Guerry et al., 2002; Howard et al., 2009; Pequegnat et al., 2017). This suggests that one role of these phase-variable genes during colonization of the host is to confer the ability to change and adapt surface glycosylation patterns resulting in enhanced avoidance of innate immune effectors or adaptive immune response.

The role of non-flagella, capsule and LOS phase-variable genes during colonization is less clear. For instance, the phase-variable gene, cj0045 encodes a putative iron binding protein, but the homopolymeric tract is situated at the 3′ end of the gene and therefore only slightly alters the length of the protein. As discussed above, it is possible that PV does not affect the function of cj0045 but alters expression of the downstream gene, cj0044 (Kim et al., 2012). Analysis of the gene sequences indicates that the non-truncated version of the cj0045 ORF overlaps with the cj0044 coding sequence. This arrangement may either allow for more efficient coupling of the translation of the two genes from a polycistronic mRNA or may decrease translation due to the overlap of the stop codon of the cj0045 non-truncated version with the cj0044 start codon (Kim et al., 2012). The function of cj0044 is unknown, but the adjacent gene, cj0043 (flgE), is involved with flagella formation as it encodes the flagellar hook protein and so it is possible that cj0044 is also involved in motility (Kim et al., 2012).

Two pseudogenes in NCTC11168, cj0046 and cj0676, are potentially involved in colonization and invasion. The functions of both genes are unknown but both were identified as transporters by homology analysis. The cj0046 gene could be a potential sodium sulfate transporter whereas cj0676 may be a potential potassium transporter. Both genes may be linked to metabolism and have a role in surviving changing environmental conditions for other C. jejuni strains where the genes are intact.

The last phase-variable gene associated with host colonization is cj0031. As previously described, cj0031 encodes a Type IIG RM system. It has been observed that strains not expressing cj0031 due to PV or deletion have decreased adhesion and invasion levels in a Caco-2 cell line (Anjum et al., 2016). In addition, the proportion of the OFF variants was significantly reduced in the bacterial population after passage of the NCTC11168 strain through the chicken host (Bayliss et al., 2012). As it is unlikely that this system mediates direct interactions with the cells, its role during host colonization is probably linked to a phase-variable regulatory function mediated by changes in DNA methylation of regulatory sequences of specific genes, termed a phasevarion, as observed in this and other species (Srikhanta et al., 2005; Atack et al., 2015; Anjum et al., 2016).

Importantly, the contributions of a number of potentially phase-variable genes to colonization and invasion have been characterized by gene deletion studies. Deletion of cj0031, cj0628 (capA), and cj0685 (cipA) induced significant decreases in invasion of cell lines by the mutants compared to the wild-type (Ashgar et al., 2007; Javed et al., 2010; Anjum et al., 2016). In addition, deletion of capA has been shown to decrease colonization of the chicken gut (Ashgar et al., 2007). Conversely, deletion of cgtA was shown to increase invasion (Guerry et al., 2002). These studies do not illustrate a direct role for PV of the gene in invasion and colonization, but highlight the potential role of switching OFF of the specific phase-variable genes. These types of studies need to be complemented by experiments where switching is observed or by use of strains where the repeat tract is locked ON so no PV can occur and the opposing phenotype to the deletion mutant is observed.



IMPACT OF PHASE VARIATION ON CAMPYLOBACTER MITIGATION STRATEGIES

Campylobacter mitigation strategies are still in the developmental stage and are highly varied with most of these proposed interventions spanning pre- and post-processing of poultry (Soro et al., 2020). The potential impact of PV on these strategies has not been explored in any detail, but PV is most likely to interfere with biological interventions rather than physical or metabolic approaches. A key idea underpinning this statement is that PV may interfere with binding of killing molecules (e.g., bacteriocins, phage receptors or antigen-specific antibodies) by altering the specific attachment site or the overall surface-charge of the bacterial surface. One example of where PV was examined was for a C. jejuni vaccine targeting a conserved N-linked protein glycan (Nothaft et al., 2017). No consistent PV differences were detected between vaccinated and non-vaccinated birds following challenge indicating that PV was not mediating resistance to the immunity elicited by the vaccine. The complex nature of these experiments was highlighted by observations of high levels of bird-to-bird variation in PV states probably arising as a result of an inoculation bottleneck (Wanford et al., 2018b). This example serves as a model for how interference of PV with a mitigation strategy can be tested during development of these strategies.



PHASE VARIATION AND PHAGE

Resistance to bacteriophage infection is one of the major potential roles of phase-variable genes in campylobacters that has been recently explored. This aspect is especially important as phage therapy is being developed as a mechanism to control C. jejuni colonization in chicken broilers (Janež and Loc-Carrillo, 2013). In order to infect their bacterial target, bacteriophages need to recognize a specific structure present on the surface of the bacteria. After binding to the surface, the phages can inject their genetic material and start the production of new viral particles. Two strategies adopted by bacteria to avoid phage infection are relevant to PV, the first is to modify their surface structure to prevent phage recognition and binding. The second strategy is to eliminate the phage genetic material once it has entered the cell. C. jejuni utilizes both strategies and an example is PV of genes present in the capsule locus (Holst Sørensen et al., 2012; Aidley et al., 2017b). Three genes, cj1421, cj1422, and cj1426 have been identified as major phase-variable genes for conferring resistance to infection by phage F336 with either cj1421 switching to an OFF state or cj1422 switching into an ON state to survive infection. If the phage is able to inject its DNA inside the bacterial cell, an RM system can confer resistance to the phage by eliminating the foreign DNA. Among C. jejuni phase-variable genes, as stated previously, cj0031 encodes for an RM system and when expressed confers resistance to infection by some phages (Anjum et al., 2016).

Phages do not only recognize capsular glycans, but also bind to flagellar glycans (Coward et al., 2006). While several phase-variable genes are involved in flagellum biosynthesis and flagellar glycosylation, only specific capsule glycosylation phase-variable genes have been identified as being involved with phage resistance and so further work is required to determine which, if any, flagellum-associated phase-variable genes are also involved in phage resistance.

The existence of PV-based mechanisms involved in the generation of phage resistance in C. jejuni might prevent or reduce the efficacy of any phage-based treatment and should be taken in to consideration during the development of any phage treatment. Two different approaches could be used to overcome possible phage resistance due to PV. The first is to avoid phages that target structures modulated by PV genes. This can be very difficult as the major glycosylated structures of C. jejuni (flagellum, capsule, and LOS) are all partially phase-variable. Alternatively, phage combinations, chosen to cover different PV-modified targets, could be combined to reduce resistance to phage action by C. jejuni. Or, the phages selected could target the ON and OFF states of the same gene which would avoid escape through PV. Finally, an important aspect of developing any phage-based therapy will be a clear understanding of the roles of PV genes in phage resistance in the context of their role in colonization and host-cell interactions.



CONCLUSION

The various host colonization studies exploring PV have shown that PV is at least partially involved in the colonization process, with cj0170 and cj0045 being strongly associated with host colonization. Other phase-variable genes, especially those associated with the flagella, capsule and LOS loci, are implicated in colonization of the host. We note however that care should be taken when extrapolating from animal infection model results to human infections due to the significantly differing molecular and immunological differences in these niches. Indeed, phase-variable gene phasotypes favorable to colonization are potentially host-specific. The majority of studies have only explored PV and colonization with the well-characterized C. jejuni isolate NCTC11168, however, the very diverse genomic backgrounds among C. jejuni strains may influence the way phase-variable genes are involved in colonization. In addition, genes are not necessarily phase-variable in all the isolates even within in a species (Aidley et al., 2018). These phasome differences raise concerns about extrapolation from the current literature to all C. jejuni isolates and to other Campylobacter species. Thus some of the genes identified as important may have no effect in other strains while other PV genes may have major effects on colonization and invasion of hosts or during disease states in zoonotic infections. Despite increasing insights into the role of PV during colonization, further analysis is required to confirm and understand the precise role played by individual PV genes and combinatorial PV states. This information will be important for determining the potential for improving the effectiveness of therapeutic approaches.



AUTHOR CONTRIBUTIONS

CC wrote the review. NB reviewed and revised the text. JK and CB conceived the idea and reviewed the text. All authors contributed to the article and approved the submitted version.



FUNDING

This article was funded by Biotechnology and Biological Sciences Research Council (BBSRC) grant BB/R016623/1. The funder had no role in study design, data analysis or writing of the text.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.705139/full#supplementary-material



REFERENCES

Aidley, J., and Bayliss, C. D. (2014). “Repetitive DNA: a major source of genetic diversity in Campylobacter populations?,” in Campylobacter Ecology and Evolution, ed. S. K. Sheppard (Swansea: Caister Academic Press).

Aidley, J., Rajopadhye, S., Akinyemi, N. M., Lango-Scholey, L., Jones, M. A., and Bayliss, C. D. (2017a). Nonselective bottlenecks control the divergence and diversification of phase-variable bacterial populations. mBio 8:e02311-16.

Aidley, J., Sørensen, M. C. H., Bayliss, C. D., and Brøndsted, L. (2017b). Phage exposure causes dynamic shifts in the expression states of specific phase-variable genes of Campylobacter jejuni. Microbiology (Reading) 163, 911–919. doi: 10.1099/mic.0.000470

Aidley, J., Wanford, J. J., Green, L. R., Sheppard, S. K., and Bayliss, C. D. (2018). PhasomeIt: an ‘omics’ approach to cataloguing the potential breadth of phase variation in the genus Campylobacter. Microb. Genom. 4:e000228.

Allos, B. M. (2001). Campylobacter jejuni infections: update on emerging issues and trends. Clin. Infect. Dis. 32, 1201–1206. doi: 10.1086/319760

Anjum, A., Brathwaite, K. J., Aidley, J., Connerton, P. L., Cummings, N. J., Parkhill, J., et al. (2016). Phase variation of a type IIG restriction-modification enzyme alters site-specific methylation patterns and gene expression in Campylobacter jejuni strain NCTC11168. Nucleic Acids Res. 44, 4581–4594. doi: 10.1093/nar/gkw019

Artymovich, K., Kim, J. S., Linz, J. E., Hall, D. F., Kelley, L. E., Kalbach, H. L., et al. (2013). A “successful allele” at Campylobacter jejuni contingency locus Cj0170 regulates motility; “successful alleles” at locus Cj0045 are strongly associated with mouse colonization. Food Microbiol. 34, 425–430. doi: 10.1016/j.fm.2013.01.007

Ashgar, S. S., Oldfield, N. J., Wooldridge, K. G., Jones, M. A., Irving, G. J., Turner, D. P., et al. (2007). CapA, an autotransporter protein of Campylobacter jejuni, mediates association with human epithelial cells and colonization of the chicken gut. J. Bacteriol. 189, 1856–1865. doi: 10.1128/jb.01427-06

Atack, J. M., Srikhanta, Y. N., Fox, K. L., Jurcisek, J. A., Brockman, K. L., Clark, T. A., et al. (2015). A biphasic epigenetic switch controls immunoevasion, virulence and niche adaptation in non-typeable Haemophilus influenzae. Nat. Commun. 6:7828.

Bacon, D. J., Szymanski, C. M., Burr, D. H., Silver, R. P., Alm, R. A., and Guerry, P. (2001). A phase-variable capsule is involved in virulence of Campylobacter jejuni 81-176. Mol. Microbiol. 40, 769–777. doi: 10.1046/j.1365-2958.2001.02431.x

Balaban, M., Joslin, S. N., and Hendrixson, D. R. (2009). FlhF and its GTPase activity are required for distinct processes in flagellar gene regulation and biosynthesis in Campylobacter jejuni. J. Bacteriol. 191, 6602–6611. doi: 10.1128/jb.00884-09

Bayliss, C. D., Bidmos, F. A., Anjum, A., Manchev, V. T., Richards, R. L., Grossier, J. P., et al. (2012). Phase-variable genes of Campylobacter jejuni exhibit high mutation rates and specific mutational patterns but mutability is not the major determinant of population structure during host colonization. Nucleic Acids Res. 40, 5876–5889. doi: 10.1093/nar/gks246

Burnham, P. M., and Hendrixson, D. R. (2018). Campylobacter jejuni: collective components promoting a successful enteric lifestyle. Nat. Rev. Microbiol. 16, 551–565. doi: 10.1038/s41579-018-0037-9

Cohen, E. J., Nakane, D., Kabata, Y., Hendrixson, D. R., Nishizaka, T., and Beeby, M. (2020). Campylobacter jejuni motility integrates specialized cell shape, flagellar filament, and motor, to coordinate action of its opposed flagella. PLoS Pathog. 16:e1008620. doi: 10.1371/journal.ppat.1008620

Cohn, M. T., Ingmer, H., Mulholland, F., Jørgensen, K., Wells, J. M., and Brøndsted, L. (2007). Contribution of conserved ATP-dependent proteases of Campylobacter jejuni to stress tolerance and virulence. Appl. Environ. Microbiol. 73, 7803–7813. doi: 10.1128/aem.00698-07

Costa, D., and Iraola, G. (2019). Pathogenomics of emerging Campylobacter species. Clin. Microbiol. Rev. 32, e00072–18.

Coward, C., Grant, A. J., Swift, C., Philp, J., Towler, R., Heydarian, M., et al. (2006). Phase-variable surface structures are required for infection of Campylobacter jejuni by bacteriophages. Appl. Environ. Microbiol. 72, 4638–4647. doi: 10.1128/aem.00184-06

Crofts, A. A., Poly, F. M., Ewing, C. P., Kuroiwa, J. M., Rimmer, J. E., Harro, C., et al. (2018). Campylobacter jejuni transcriptional and genetic adaptation during human infection. Nat. Microbiol. 3, 494–502. doi: 10.1038/s41564-018-0133-7

Fouts, D. E., Mongodin, E. F., Mandrell, R. E., Miller, W. G., Rasko, D. A., Ravel, J., et al. (2005). Major structural differences and novel potential virulence mechanisms from the genomes of multiple campylobacter species. PLoS Biol. 3:e15. doi: 10.1371/journal.pbio.0030015

Fox, K. L., Atack, J. M., Srikhanta, Y. N., Eckert, A., Novotny, L. A., Bakaletz, L. O., et al. (2014). Selection for phase variation of LOS biosynthetic genes frequently occurs in progression of non-typeable Haemophilus influenzae infection from the nasopharynx to the middle ear of human patients. PLoS One 9:e90505. doi: 10.1371/journal.pone.0090505

Gaasbeek, E. J., Van Der Wal, F. J., Van Putten, J. P., De Boer, P., Van Der Graaf-Van Bloois, L., De Boer, A. G., et al. (2009). Functional characterization of excision repair and RecA-dependent recombinational DNA repair in Campylobacter jejuni. J. Bacteriol. 191, 3785–3793. doi: 10.1128/jb.01817-08

Gilbert, M., Karwaski, M. F., Bernatchez, S., Young, N. M., Taboada, E., Michniewicz, J., et al. (2002). The genetic bases for the variation in the lipo-oligosaccharide of the mucosal pathogen, Campylobacter jejuni. Biosynthesis of sialylated ganglioside mimics in the core oligosaccharide. J. Biol. Chem. 277, 327–337. doi: 10.1074/jbc.m108452200

Guerry, P. (2007). Campylobacter flagella: not just for motility. Trends Microbiol. 15, 456–461. doi: 10.1016/j.tim.2007.09.006

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

Guerry, P., Szymanski, C. M., Prendergast, M. M., Hickey, T. E., Ewing, C. P., Pattarini, D. L., et al. (2002). Phase variation of Campylobacter jejuni 81-176 lipooligosaccharide affects ganglioside mimicry and invasiveness in vitro. Infect. Immun. 70, 787–793. doi: 10.1128/iai.70.2.787-793.2002

Guirado, P., Paytubi, S., Miró, E., Iglesias-Torrens, Y., Navarro, F., Cerdà-Cuéllar, M., et al. (2020). Differential distribution of the wlaN and cgtB genes, associated with Guillain-Barré Syndrome, in Campylobacter jejuni isolates from humans, broiler chickens, and wild birds. Microorganisms 8:325. doi: 10.3390/microorganisms8030325

Hameed, A., Woodacre, A., Machado, L. R., and Marsden, G. L. (2020). An updated classification system and review of the lipooligosaccharide biosynthesis gene locus in Campylobacter jejuni. Front. Microbiol. 11:677. doi: 10.3389/fmicb.2020.00677

Hendrixson, D. R. (2006). A phase-variable mechanism controlling the Campylobacter jejuni FlgR response regulator influences commensalism. Mol. Microbiol. 61, 1646–1659. doi: 10.1111/j.1365-2958.2006.05336.x

Hendrixson, D. R. (2008). Restoration of flagellar biosynthesis by varied mutational events in Campylobacter jejuni. Mol. Microbiol. 70, 519–536. doi: 10.1111/j.1365-2958.2008.06428.x

Hendrixson, D. R., and DiRita, V. J. (2003). Transcription of sigma54-dependent but not sigma28-dependent flagellar genes in Campylobacter jejuni is associated with formation of the flagellar secretory apparatus. Mol. Microbiol. 50, 687–702. doi: 10.1046/j.1365-2958.2003.03731.x

Hermans, D., Pasmans, F., Heyndrickx, M., Van Immerseel, F., Martel, A., Van Deun, K., et al. (2012). A tolerogenic mucosal immune response leads to persistent Campylobacter jejuni colonization in the chicken gut. Crit. Rev. Microbiol. 38, 17–29. doi: 10.3109/1040841x.2011.615298

Hitchen, P., Brzostek, J., Panico, M., Butler, J. A., Morris, H. R., Dell, A., et al. (2010). Modification of the Campylobacter jejuni flagellin glycan by the product of the cj1295 homopolymeric-tract-containing gene. Microbiology (Reading) 156, 1953–1962. doi: 10.1099/mic.0.038091-0

Holst Sørensen, M. C., Van Alphen, L. B., Fodor, C., Crowley, S. M., Christensen, B. B., Szymanski, C. M., et al. (2012). Phase-variable expression of capsular polysaccharide modifications allows Campylobacter jejuni to avoid bacteriophage infection in chickens. Front. Cell Infect. Microbiol. 2:11. doi: 10.3389/fcimb.2012.00011

Houliston, R. S., Vinogradov, E., Dzieciatkowska, M., Li, J., St Michael, F., Karwaski, M. F., et al. (2011). Lipooligosaccharide of Campylobacter jejuni: similarity with multiple types of mammalian glycans beyond gangliosides. J. Biol. Chem. 286, 12361–12370.

Howard, S. L., Jagannathan, A., Soo, E. C., Hui, J. P., Aubry, A. J., Ahmed, I., et al. (2009). Campylobacter jejuni glycosylation island important in cell charge, legionaminic acid biosynthesis, and colonization of chickens. Infect. Immun. 77, 2544–2556. doi: 10.1128/iai.01425-08

Humphrey, T., O’brien, S., and Madsen, M. (2007). Campylobacters as zoonotic pathogens: a food production perspective. Int. J. Food Microbiol. 117, 237–257. doi: 10.1016/j.ijfoodmicro.2007.01.006

Janež, N., and Loc-Carrillo, C. (2013). Use of phages to control Campylobacter spp. J. Microbiol. Methods 95, 68–75. doi: 10.1016/j.mimet.2013.06.024

Javed, M. A., Grant, A. J., Bagnall, M. C., Maskell, D. J., Newell, D. G., and Manning, G. (2010). Transposon mutagenesis in a hyper-invasive clinical isolate of Campylobacter jejuni reveals a number of genes with potential roles in invasion. Microbiology 156, 1134–1143. doi: 10.1099/mic.0.033399-0

Jerome, J. P., Bell, J. A., Plovanich-Jones, A. E., Barrick, J. E., Brown, C. T., and Mansfield, L. S. (2011). Standing genetic variation in contingency loci drives the rapid adaptation of Campylobacter jejuni to a novel host. PLoS One 6:e16399. doi: 10.1371/journal.pone.0016399

Jolley, K. A., Bray, J. E., and Maiden, M. C. J. (2018). Open-access bacterial population genomics: BIGSdb software, the PubMLST.org website and their applications. Wellcome Open Res. 3:124. doi: 10.12688/wellcomeopenres.14826.1

Joslin, S. N., and Hendrixson, D. R. (2009). Activation of the Campylobacter jejuni FlgSR two-component system is linked to the flagellar export apparatus. J. Bacteriol. 191, 2656–2667. doi: 10.1128/jb.01689-08

Karlyshev, A. V., Champion, O. L., Churcher, C., Brisson, J. R., Jarrell, H. C., Gilbert, M., et al. (2005a). Analysis of Campylobacter jejuni capsular loci reveals multiple mechanisms for the generation of structural diversity and the ability to form complex heptoses. Mol. Microbiol. 55, 90–103. doi: 10.1111/j.1365-2958.2004.04374.x

Karlyshev, A. V., Ketley, J. M., and Wren, B. W. (2005b). The Campylobacter jejuni glycome. FEMS Microbiol. Rev. 29, 377–390.

Kim, J. S., Artymovich, K. A., Hall, D. F., Smith, E. J., Fulton, R., Bell, J., et al. (2012). Passage of Campylobacter jejuni through the chicken reservoir or mice promotes phase variation in contingency genes cj0045 and cj0170 that strongly associates with colonization and disease in a mouse model. Microbiology 158, 1304–1316. doi: 10.1099/mic.0.057158-0

Linton, D., Gilbert, M., Hitchen, P. G., Dell, A., Morris, H. R., Wakarchuk, W. W., et al. (2000). Phase variation of a beta-1,3 galactosyltransferase involved in generation of the ganglioside GM1-like lipo-oligosaccharide of Campylobacter jejuni. Mol. Microbiol. 37, 501–514. doi: 10.1046/j.1365-2958.2000.02020.x

McNally, D. J., Aubry, A. J., Hui, J. P., Khieu, N. H., Whitfield, D., Ewing, C. P., et al. (2007a). Targeted metabolomics analysis of Campylobacter coli VC167 reveals legionaminic acid derivatives as novel flagellar glycans. J. Biol. Chem. 282, 14463–14475. doi: 10.1074/jbc.m611027200

McNally, D. J., Hui, J. P., Aubry, A. J., Mui, K. K., Guerry, P., Brisson, J. R., et al. (2006). Functional characterization of the flagellar glycosylation locus in Campylobacter jejuni 81-176 using a focused metabolomics approach. J. Biol. Chem. 281, 18489–18498. doi: 10.1074/jbc.m603777200

McNally, D. J., Lamoureux, M. P., Karlyshev, A. V., Fiori, L. M., Li, J., Thacker, G., et al. (2007b). Commonality and biosynthesis of the O-methyl phosphoramidate capsule modification in Campylobacter jejuni. J. Biol. Chem. 282, 28566–28576. doi: 10.1074/jbc.m704413200

Miller, W. G., Pearson, B. M., Wells, J. M., Parker, C. T., Kapitonov, V. V., and Mandrell, R. E. (2005). Diversity within the Campylobacter jejuni type I restriction-modification loci. Microbiology 151, 337–351. doi: 10.1099/mic.0.27327-0

Moran, A. P., and Prendergast, M. M. (2001). Molecular mimicry in Campylobacter jejuni and Helicobacter pylori lipopolysaccharides: contribution of gastrointestinal infections to autoimmunity. J. Autoimmun. 16, 241–256. doi: 10.1006/jaut.2000.0490

Nothaft, H., Perez-Muñoz, M. E., Gouveia, G. J., Duar, R. M., Wanford, J. J., Lango-Scholey, L., et al. (2017). Coadministration of the Campylobacter jejuni N-glycan-based vaccine with probiotics improves vaccine performance in broiler chickens. Appl. Environ. Microbiol. 83, e01523–17.

Nuijten, P. J., Márquez-Magaña, L., and Van Der Zeijst, B. A. (1995). Analysis of flagellin gene expression in flagellar phase variants of Campylobacter jejuni 81116. Antonie Van Leeuwenhoek 67, 377–383. doi: 10.1007/bf00872938

Parker, C. T., Gilbert, M., Yuki, N., Endtz, H. P., and Mandrell, R. E. (2008). Characterization of lipooligosaccharide-biosynthetic loci of Campylobacter jejuni reveals new lipooligosaccharide classes: evidence of mosaic organizations. J. Bacteriol. 190, 5681–5689. doi: 10.1128/jb.00254-08

Parkhill, J., Wren, B. W., Mungall, K., Ketley, J. M., Churcher, C., Basham, D., et al. (2000). The genome sequence of the food-borne pathogen Campylobacter jejuni reveals hypervariable sequences. Nature 403, 665–668. doi: 10.1038/35001088

Pequegnat, B., Laird, R. M., Ewing, C. P., Hill, C. L., Omari, E., Poly, F., et al. (2017). Phase-variable changes in the position of O-methyl phosphoramidate modifications on the polysaccharide capsule of Campylobacter jejuni modulate serum resistance. J. Bacteriol. 199, :e00027–17.

Revez, J., Schott, T., Llarena, A. K., Rossi, M., and Hänninen, M. L. (2013). Genetic heterogeneity of Campylobacter jejuni NCTC 11168 upon human infection. Infect. Genet. Evol. 16, 305–309. doi: 10.1016/j.meegid.2013.03.009

Sayers, E. W., Beck, J., Bolton, E. E., Bourexis, D., Brister, J. R., Canese, K., et al. (2021). Database resources of the national center for biotechnology information. Nucleic Acids Res. 49, D10–D17.

Semchenko, E. A., Day, C. J., Wilson, J. C., Grice, I. D., Moran, A. P., and Korolik, V. (2010). Temperature-dependent phenotypic variation of Campylobacter jejuni lipooligosaccharides. BMC Microbiol. 10:305. doi: 10.1186/1471-2180-10-305

Soro, A. B., Whyte, P., Bolton, D. J., and Tiwari, B. K. (2020). Strategies and novel technologies to control Campylobacter in the poultry chain: a review. Compr. Rev. Food Sci. Food Saf. 19, 1353–1377. doi: 10.1111/1541-4337.12544

Srikhanta, Y. N., Maguire, T. L., Stacey, K. J., Grimmond, S. M., and Jennings, M. P. (2005). The phasevarion: a genetic system controlling coordinated, random switching of expression of multiple genes. Proc. Natl. Acad. Sci. U.S.A. 102, 5547–5551. doi: 10.1073/pnas.0501169102

Sternberg, M. J., Tamaddoni-Nezhad, A., Lesk, V. I., Kay, E., Hitchen, P. G., Cootes, A., et al. (2013). Gene function hypotheses for the Campylobacter jejuni glycome generated by a logic-based approach. J. Mol. Biol. 425, 186–197. doi: 10.1016/j.jmb.2012.10.014

Thibault, P., Logan, S. M., Kelly, J. F., Brisson, J. R., Ewing, C. P., Trust, T. J., et al. (2001). Identification of the carbohydrate moieties and glycosylation motifs in Campylobacter jejuni flagellin. J. Biol. Chem. 276, 34862–34870. doi: 10.1074/jbc.m104529200

Thomas, D. K., Lone, A. G., Selinger, L. B., Taboada, E. N., Uwiera, R. R., Abbott, D. W., et al. (2014). Comparative variation within the genome of Campylobacter jejuni NCTC 11168 in human and murine hosts. PLoS One 9:e88229. doi: 10.1371/journal.pone.0088229

van Alphen, L. B., Wuhrer, M., Bleumink-Pluym, N. M. C., Hensbergen, P. J., Deelder, A. M., and Van Putten, J. P. M. (2008). A functional Campylobacter jejuni maf4 gene results in novel glycoforms on flagellin and altered autoagglutination behaviour. Microbiology 154, 3385–3397. doi: 10.1099/mic.0.2008/019919-0

van der Woude, M. W. (2006). Re-examining the role and random nature of phase variation. FEMS Microbiol. Lett. 254, 190–197. doi: 10.1111/j.1574-6968.2005.00038.x

van der Woude, M. W. (2011). Phase variation: how to create and coordinate population diversity. Curr. Opin. Microbiol. 14, 205–211. doi: 10.1016/j.mib.2011.01.002

van der Woude, M. W., and Bäumler, A. J. (2004). Phase and antigenic variation in bacteria. Clin. Microbiol. Rev. 17, 581–611. doi: 10.1128/cmr.17.3.581-611.2004

Wanford, J. J., Green, L. R., Aidley, J., and Bayliss, C. D. (2018a). Phasome analysis of pathogenic and commensal Neisseria species expands the known repertoire of phase-variable genes, and highlights common adaptive strategies. PLoS One 13:e0196675. doi: 10.1371/journal.pone.0196675

Wanford, J. J., Lango-Scholey, L., Nothaft, H., Hu, Y., Szymanski, C. M., and Bayliss, C. D. (2018b). Random sorting of Campylobacter jejuni phase variants due to a narrow bottleneck during colonization of broiler chickens. Microbiology 164, 896–907. doi: 10.1099/mic.0.000669


Conflict of Interest: The authors have an on-going collaboration with MERCK who are part of the collaborative project with which this article is linked.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Cayrou, Barratt, Ketley and Bayliss. 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.










	 
	ORIGINAL RESEARCH
published: 12 August 2021
doi: 10.3389/fmicb.2021.725087





[image: image]

Select Phytochemicals Reduce Campylobacter jejuni in Postharvest Poultry and Modulate the Virulence Attributes of C. jejuni

Basanta R. Wagle1, Annie M. Donoghue2 and Palmy R. Jesudhasan2*

1Department of Poultry Science, University of Arkansas, Fayetteville, AR, United States

2Poultry Production and Product Safety Research Unit, Agricultural Research Service, United States Department of Agriculture, Fayetteville, AR, United States

Edited by:
Michael Konkel, Washington State University, United States

Reviewed by:
Marja-Liisa Hänninen, University of Helsinki, Finland
Paul Plummer, Iowa State University, United States

*Correspondence: Palmy R. Jesudhasan, palmy.jesudhasan@usda.gov

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

Received: 14 June 2021
Accepted: 20 July 2021
Published: 12 August 2021

Citation: Wagle BR, Donoghue AM and Jesudhasan PR (2021) Select Phytochemicals Reduce Campylobacter jejuni in Postharvest Poultry and Modulate the Virulence Attributes of C. jejuni. Front. Microbiol. 12:725087. doi: 10.3389/fmicb.2021.725087

Consumption or handling of poultry and poultry products contaminated with Campylobacter species are a leading cause of foodborne illness in humans. Current strategies employed to reduce Campylobacter in live chickens provide inconsistent results indicating the need for an alternative approach. This study investigated the efficacy of phytochemicals, namely, turmeric, curcumin, allyl sulfide, garlic oil, and ginger oil, to reduce Campylobacter jejuni in postharvest poultry and sought to delineate the underlying mechanisms of action. Two experiments were conducted on the thigh skin of the chicken, and each experiment was repeated twice. Samples were inoculated with 50 μl (∼107 CFU/sample) of C. jejuni strain S-8 and allowed to adhere for 30 min. Skin samples were dipped into their respective prechilled treatment solutions (0.25 and 0.5% in experiments 1 and 2, respectively) at 4°C for an hour to simulate chilling tank treatment, followed by plating to enumerate C. jejuni (n = 3 samples/treatment/trial). The mechanisms of action(s) were investigated using subinhibitory concentration (SIC) in adhesion, quorum sensing, and gene expression analyses. Adhesion assay was conducted on the monolayers of ATCC CRL-1590 chicken embryo cells challenged with C. jejuni and incubated in the presence or absence of phytochemicals for 1.5 h, followed by plating to enumerate adhered C. jejuni. The effects of phytochemicals on quorum sensing and cell viability were investigated using Vibrio harveyi bioluminescence and LIVE/Dead BacLightTM bacterial viability assays, respectively. In addition, droplet digital PCR determined the gene expression analyses of C. jejuni exposed to phytochemicals. Data were analyzed by GraphPad Prism version 9. C. jejuni counts were reduced by 1.0–1.5 Log CFU/sample with garlic oil or ginger oil at 0.25 and 0.5% (p < 0.05). The selected phytochemicals (except curcumin) reduced the adhesion of C. jejuni to chicken embryo cells (p < 0.05). In addition, all the phytochemicals at SIC reduced quorum sensing of C. jejuni (p < 0.05). The cell viability test revealed that cells treated with 0.25% of phytochemicals had compromised cell membranes indicating this as a mechanism that phytochemicals use to damage/kill C. jejuni. This study supports that the application of phytochemicals in postharvest poultry would significantly reduce C. jejuni in poultry meat.
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INTRODUCTION

Campylobacter jejuni and Campylobacter coli are foodborne pathogens that cause gastroenteritis (campylobacteriosis) in humans and affect around 95 million people annually worldwide (Scallan et al., 2011; Kirk et al., 2015). In the United States alone, more than 1.3 million human campylobacteriosis cases are reported every year and leads to an economic burden of $1.9 billion (Scallan et al., 2011; Batz et al., 2014; Marder et al., 2017). About 90% of the campylobacteriosis is caused by C. jejuni (Cody et al., 2013). It is also reported that ∼58% of C. jejuni outbreaks in 2018 were implicated to poultry and poultry products [IFSAC (Interagency Food Safety Analytics Collaboration), 2020]. This pathogen primarily resides in the gastrointestinal tract of poultry and caused contamination of meat during poultry processing. Handling of uncooked meat and consumption of undercooked meat are the primary sources of human Campylobacter infections [Acheson and Allos, 2001; Altekruse and Tollefson, 2003; Taylor et al., 2013; IFSAC (Interagency Food Safety Analytics Collaboration), 2020].

Controlling Campylobacter in poultry meat and meat products would improve food safety and prevent human campylobacteriosis. The Food Safety and Inspection Service of the United States Department of Agriculture (USDA-FSIS) has approved several antimicrobial agents, including peracetic acid (PAA), to wash poultry carcasses during processing (Crim et al., 2015; USDA-FSIS, 2021). Currently, PAA is primarily used in commercial poultry processing plants in the United States. However, consumer acceptance has decreased due to limited efficacy, discoloration of meat, and concerns over residues (Bilgili et al., 1998; EFSA BIOHAZ Panel, 2014). As an alternative to conventional chemicals, phytochemicals have been extensively investigated for controlling foodborne pathogens (Friedman et al., 2002; Kovács et al., 2016; Wagle et al., 2017a,b). Phytochemicals exhibit multiple mechanisms of action(s) against pathogens thereby limiting resistance development (Borges et al., 2016). In addition, consumer interests in phytochemicals have been increasing because these compounds have been in use since ancient times as food preservatives and flavor enhancers.

The survival and virulence of C. jejuni are mediated through motility, adherence, quorum sensing, and formation of biofilms. The anti-Campylobacter activity of phytochemicals could be due to the interference in these mechanisms. Previously, researchers have tested several phytochemicals as antimicrobial wash and coating of poultry meat against C. jejuni and sought the mechanisms (Lu et al., 2011, 2012; Murali et al., 2012; Castillo et al., 2014; Kovács et al., 2016; Wagle et al., 2017a, 2019a,b; Shrestha et al., 2019a,b). In addition to the antimicrobial wash, chill tank treatment of carcasses with PAA is a common practice. The latter intervention could significantly reduce contamination as the meat remains in the chill tank for a longer duration (1 h) before further processing. Therefore, in this study, we investigated the application of select phytochemicals (turmeric, curcumin, allyl sulfide, garlic oil, and ginger oil) to simulate the chill tank treatment of poultry carcasses for reducing C. jejuni.

The objective of this study is to determine the antimicrobial activity of select phytochemicals against C. jejuni in postharvest poultry and delineated the underlying mechanisms of action(s). First, the antimicrobial activity was determined as a simulation of chill tank treatment of carcass. Second, we determined the subinhibitory concentration (SIC; the highest dose that does not reduce the growth of C. jejuni) of each phytochemical in the broth medium. Finally, the mechanistic functions of phytochemicals against C. jejuni were investigated using the SIC of phytochemicals in adhesion assay, quorum sensing assays, and gene expression analyses.



MATERIALS AND METHODS


Campylobacter jejuni Strain and Culture Conditions

A previously isolated and well-characterized wild-type strain (S-8) of C. jejuni from the cecal contents of broilers was used for this study (Wagle et al., 2020b). Strain, S-8 was cultured in 10 ml of Campylobacter enrichment broth (CEB, International Diagnostics Group, Bury, United Kingdom) for 48 h at 42°C under microaerophilic conditions (5% O2, 10% CO2, and 85% N2). After the growth, the culture was centrifuged at 1,864 × g for 15 min and resuspended in Butterfield’s phosphate diluent (BPD, 0.625 mM potassium dihydrogen phosphate, pH 7.2) for further use in the experiment.



Preparation of Phytochemical Solutions

We purchased all the phytochemicals from Sigma-Aldrich Co. (St. Louis, MO, United States). Since the solubility of phytochemicals varies widely, we dissolved turmeric in water, curcumin in dimethyl-sulfoxide (DMSO), and allyl sulfide, garlic oil, and ginger oil in ethanol. A 5% stock solution of turmeric and curcumin was prepared, and 10% of the stock was prepared for the rest of the phytochemicals. The stock solution was diluted to obtain a desired concentration in the subsequent experiments.



Antimicrobial Efficacy of Phytochemicals Against C. jejuni on Chicken Skin Samples

A previously published method was used for determining the antimicrobial efficacy of phytochemicals against C. jejuni on chicken skin (Wagle et al., 2019a). Chicken thigh skin parts were obtained from the pilot processing plant of the University of Arkansas (Fayetteville, AR, United States), and skin samples of 4 cm × 4 cm were prepared aseptically. We conducted two experiments, each experiment consisting of two trials. In all the trials, we used PAA at 220 ppm as industry control. For the first experiment, 24 skin samples were randomly assigned to eight groups (baseline, controls, PAA, and 0.25% of each phytochemical; n = 3 samples per treatment per trial). For the second experiment, 33 skin samples were divided randomly into 11 groups (baseline, controls, PAA, 0.5% of each phytochemical, and three combinations of ginger and garlic oil at 0.125, 0.25, and 0.5% doses; n = 3 samples per treatment per trial). Individual skin samples were inoculated with 50 μl of C. jejuni S-8 strain (∼7.2 and 7.6 Log CFU/sample in the first and second experiments, respectively). After inoculation, the samples were incubated for 30 min to facilitate adherence. The inoculated chicken skin samples were immersed in the respective treatment solutions (prechilled at 4°C) under refrigerated temperature for an hour to simulate the chill tank treatment procedure of a commercial poultry processing plant. After storage, the samples were transferred to 10 ml of Dey-Engley neutralizing broth (Difco Laboratories, Sparks, MD, United States) and vigorously vortexed for 30 s. The samples were serially diluted (1:10) and plated on Campylobacter Line Agar (CLA; Line, 2001) plates. The plates were incubated at 42°C for 48 h under microaerophilic conditions for C. jejuni enumeration.



Determination of SIC of Phytochemicals

The SIC of phytochemicals against C. jejuni was determined as described previously by our laboratory (Wagle et al., 2017b, 2020a). Briefly, twofold dilutions of phytochemicals (0, 2.5, 1.25, 0.625, 0.3125, 0.1562, 0.0781, 0.0391, and 0.0195%) were made in a sterile 96-well polystyrene plate (Costar, Corning, NY, United States) containing CEB in equal volume (100 μl) followed by inoculation with C. jejuni S-8 strain (∼106 CFU/ml). After the incubation of C. jejuni with phytochemicals for 24 h, the samples were diluted and plated onto CLA plates. The plates were enumerated for C. jejuni after incubation at 42°C under microaerophilic conditions for 48 h. The highest concentration of phytochemicals that did not inhibit the growth of C. jejuni as compared with controls was selected as the SIC of the compound.



Effect of Phytochemicals on the Viability of Chicken Embryo Cells

ATCC CRL-1590 chicken embryo cells were grown and maintained in Dulbecco’s modified Eagle’s medium (DMEM; VWR Life Science, NY, United States) containing 10% heat-inactivated fetal bovine serum (Thermo Fisher Scientific, Carlsbad, CA, United States) and 5% tryptose phosphate broth (Sigma-Aldrich). The effect of phytochemicals on the viability of chicken embryo cells was determined using alamarBlue assay as described previously (Wagle et al., 2020a). Briefly, cells were cultured in 96-well tissue culture plates (Costar) at ∼105 cells per well to form a monolayer at 37°C in a humidified, 5% CO2 incubator for 24 h. The monolayer was washed three times and treated with DMSO in DMEM, or ethanol in DMEM, or phytochemicals at SIC in DMEM or DMEM (control) for 2 h. Negative controls without chicken embryo cells containing DMEM were also included. AlamarBlue reagent was added to each well, including blanks and negative controls, and incubated at 37°C for 1 h. The fluorescence was read before and after incubation using Cytation 5 multimode reader (BioTek Instruments, Inc., Winooski, VT, United States) at 560/590 nm (excitation/emission).



Effect of Phytochemicals on Adhesion of C. jejuni to Chicken Embryo Cells

The effect of phytochemicals on adhesion of C. jejuni S-8 to ATCC CRL-1590 chicken embryo cells was investigated as previously reported (Koo et al., 2012; Wagle et al., 2020a). Briefly, chicken embryo cells were grown and maintained as described above to form a monolayer. Chicken embryo cell monolayer was inoculated with mid-log phase (10 h) of C. jejuni S-8 (∼6 Log CFU/well; multiplicity of infection, 10:1) either with DMEM alone (control) or in the presence of DMSO, ethanol, or SIC of phytochemicals. The inoculated embryo cells were incubated at 42°C for 1.5 h in a microaerophilic environment. Thereafter, the inoculated monolayers were rinsed three times in minimal media, followed by lysis with 0.1% Triton X-100 (Invitrogen, Carlsbad, CA, United States) for 15 min. The number of adhered C. jejuni was determined by serial dilution and plating of embryo cells lysate on CLA plates. The plates were incubated under microaerophilic conditions at 42°C for 48 h.



Effect of Phytochemicals on Quorum Sensing Activity of C. jejuni

The effect of SIC of phytochemicals on autoinducer-2 (AI-2) levels of C. jejuni S-8 was determined using Vibrio harveyi bioluminescence assay as described previously (Bassler et al., 1994; Castillo et al., 2014; Wagle et al., 2020a). C. jejuni S-8 in the presence or absence of SIC of phytochemicals was cultured to mid-log phase and centrifuged at 1,864 × g for 10 min. The supernatant was collected and filtered using a 0.2-μm syringe filter to obtain the cell-free supernatant (CFS). Likewise, V. harveyi strain BB152 was grown overnight in Luria Bertani broth (HiMedia Laboratories Pvt. Ltd., Mumbai, India) at 30°C, and the CFS was prepared. The reporter strain, V. harveyi (BB170), was also cultured in Luria Bertani broth at 30°C for 24 h. The culture was diluted 1:5,000 with autoinducer assay medium (Inoculum ∼ 3.5 Log CFU/ml), and 90 μl of the diluted culture was dispensed into 96-well microtiter plates. Ten microliters of CFS of V. harveyi BB152 (positive control) or CFS of phytochemical-treated or untreated C. jejuni or autoinducer assay medium (negative control) was added in triplicates in the plate. The mixture was well mixed, and the luminescence was measured at 30°C at 20 min intervals for 8 h using Cytation 5 multimode reader. The luminescence observed in the negative controls due to the self-induction of V. harveyi (BB170) was deducted from the positive controls and treatments before further analysis.



Effect of Phytochemicals on the Viability of C. jejuni

We determined the effect of phytochemicals on the viability of C. jejuni S-8 using a Live/Dead BacLightTM bacterial viability kit (Thermo Fisher Scientific) as per the manufacturer’s protocol. Briefly, C. jejuni S-8 was cultured overnight at 42°C under microaerophilic conditions. The culture was dispensed in the 24-well plates and treated with 0.25% of the phytochemicals for 5 min, followed by the addition of SYTO-9 and propidium iodide. SYTO-9 and propidium iodide stains were used for the differential staining of live and dead cells. The cells were transferred to the microscope slide and observed under the fluorescent microscope (BZ-810, Keyence Co., IL, United States) at a ×20 objective lens.



Effect of Phytochemicals on the Gene Expression of C. jejuni

The effect of phytochemicals on the expression of C. jejuni S-8 genes critical for survival and virulence was studied using digital droplet PCR (ddPCR) as described previously with slight modifications (Woodall et al., 2005; Wagle et al., 2017b). C. jejuni strain S-8 was grown in the presence or absence of SIC of phytochemicals in CEB at 42°C under microaerophilic conditions till the mid-log phase. The total RNA was extracted using RNA mini kit (Invitrogen) and treated with DNase (Thermo Fisher Scientific). The complementary DNA (cDNA) was prepared using an iScript cDNA synthesis kit (Bio-Rad). All the primers in our study (Table 1) were designed from published GenBank C. jejuni sequences using Primer 3 software (National Center for Biotechnology Information) and obtained from Integrated DNA Technologies. Twenty microliters of the reaction mixture were prepared by adding EvaGreen supermix (Bio-Rad), forward and reverse primers, and cDNA. Assay controls containing only the primes and EvaGreen supermix were also prepared. The droplets were made as per the manufacturer’s protocol in QX200TM droplet generator (Bio-Rad) and subjected to PCR in a thermal cycler (C1000, Bio-Rad). The plate was read using QX200TM droplet reader. Data were normalized to an endogenous control (16S rRNA) by calculating the ratio of copies of the target gene to the reference gene for the control and treatments before further analysis.


TABLE 1. Primers used for gene expression analysis using digital droplet PCR.
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Statistical Analyses

Campylobacter jejuni counts were logarithmically transformed before analysis to achieve homogeneity of variance (Byrd et al., 2001). All experiments were completely randomized design and had six replicates except for the gene expression analysis, which had three biological replicates. The data from independent trials were pooled and analyzed using ANOVA on GraphPad Prism version 9.1 (GraphPad Software, San Diego, CA, United States). Tukey’s test for multiple comparisons among treatments was used in all the assays except for the quorum sensing assay, where Sidak’s multiple comparisons test was used. A p-value of < 0.05 was considered statistically significant.



RESULTS


Antimicrobial Efficacy of Phytochemicals Against C. jejuni on Chicken Skin Samples

The effect of phytochemicals against C. jejuni on chicken skin is presented in Figures 1,2. In the first experiment, the skin samples in the controls (dipped in BPD) had ∼6 Log CFU/sample of C. jejuni surviving on the surface (Figure 1). There was a reduction of ∼0.85 Log CFU/sample with PAA at 220 ppm. Garlic oil and ginger oil at 0.25% reduced the counts by ∼0.83 and 0.93 Log CFU/sample, respectively, compared with controls. The garlic oil and ginger oil were as effective as PAA in reducing C. jejuni. In contrast to garlic oil and ginger oil, turmeric, curcumin, and allyl sulfide at 0.25% dose failed to reduce C. jejuni counts compared with the controls. In the second experiment, the control samples had ∼6.7 Log CFU/sample of C. jejuni (Figure 2). Similar to experiment 1, PAA at 220 ppm significantly reduced C. jejuni counts by 1 Log CFU/sample. In contrast to the effect of 0.25% in experiment 1, turmeric, curcumin, and allyl sulfide at 0.5% significantly reduced C. jejuni counts compared with control samples, and these phytochemicals were as effective as PAA. The 0.5% of garlic oil and ginger and their three combinations at 0.125, 0.25, and 0.5% doses also produced significant reductions. However, the combination of treatments did not provide an additional reduction in C. jejuni counts compared with their respective individual doses.


[image: image]

FIGURE 1. Antimicrobial efficacy of phytochemicals as chill tank treatment at 0.25% dose in reducing Campylobacter jejuni strain S-8 on chicken skin. Chicken skin samples were inoculated with 7.2 Log CFU/sample of C. jejuni. Results are averages of two independent trials, each containing triplicate samples (mean and SEM). The estimated p-values < 0.05 are included above the bars.
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FIGURE 2. Antimicrobial efficacy of phytochemicals as chill tank treatment at 0.5% dose and three combinations of garlic oil and ginger oil in reducing C. jejuni strain S-8 on chicken skin. Chicken skin samples were inoculated with 7.6 Log CFU/sample of C. jejuni. Results are averages of two independent trials, each containing triplicate samples (mean and SEM). The estimated p-values < 0.05 are included above the bars.




Determination of SIC of Phytochemicals

The effect of different concentrations of phytochemicals on the growth of C. jejuni S-8 is shown in Figure 3. The highest concentration of turmeric that did not significantly inhibit the growth of C. jejuni S-8 was 0.31%, which was selected as the SIC of turmeric (Figure 3C). Similarly, curcumin at 0.04% did not affect the growth of C. jejuni and at this dose has 0.75% of diluent (DMSO) (Figure 3D). The DMSO failed to reduce the growth of C. jejuni even at the higher concentration (2.97%) (Figure 3A). Likewise, the SICs of allyl sulfide, garlic oil, and ginger oil were 0.04, 0.02, and 0.02%, respectively (Figures 3E–G). The concentration of ethanol in the 0.04% allyl sulfide is 0.36%, and this concentration did not affect the growth of C. jejuni S-8 (Figure 3B). These SICs of phytochemicals were used for subsequent mechanistic analysis with 0.75% DMSO and 0.36% ethanol.
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FIGURE 3. Determination of SIC of DMSO (A), ethanol (B), turmeric (C), curcumin (D), allyl sulfide (E), garlic oil (F), and ginger oil (G) against C. jejuni S-8 in a microtiter plate. Results are averages of three independent experiments, each containing duplicate samples (mean and SEM). *Indicates a significant difference between control and treatment.




Effect of Phytochemicals on the Viability of Chicken Embryo Cells

Figure 4 shows the effect of phytochemicals at SIC on the viability of chicken embryo cells. There were no significant differences among negative controls, other controls (containing cells), and treatments immediately after the addition of alamarBlue reagents (0 h). However, the fluorescence level was significantly increased by at least 10 times in the controls (2 × 105) compared with negative controls (<2 × 104) after 1 h of incubation, indicating that the cells were viable and proliferating. In addition, there was no significant difference between controls and phytochemical-treated chicken embryo cells.
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FIGURE 4. Effect of SIC of phytochemicals on viability and proliferation of ATCC CRL-1590 chicken embryo cells determined using alamarBlue Cell Viability test. Chicken embryo cells were incubated in the presence or absence of phytochemicals for 1 h, and fluorescence was measured. Results are averages of two independent experiments, each containing triplicate samples (mean and SEM). The estimated p-values < 0.05 are included above the bars.




Effect of Phytochemicals on Adhesion of C. jejuni to Chicken Embryo Cells

Figure 5 shows the effect of phytochemicals at SIC levels on C. jejuni S-8 attachment to chicken embryo cells. An approximately 4.5 Log CFU/ml of C. jejuni S-8 adhered to the chicken embryo cells without phytochemicals (controls). Compared with controls, the SICs of turmeric and allyl sulfide decreased attachment of C. jejuni S-8 by ∼0.25 Log CFU/ml (p < 0.05). The garlic oil and ginger oil at SIC were most effective in reducing the adhesion of C. jejuni (∼0.63 and 0.53 Log reductions, respectively) to chicken embryo cells. However, the presence of curcumin at 0.04%, ethanol, and DMSO did not affect the attachment of C. jejuni.
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FIGURE 5. Effect of dimethyl-sulfoxide (DMSO), ethanol, turmeric, curcumin, allyl sulfide, garlic oil, and ginger oil at SIC dose on the attachment of C. jejuni wild-type S-8 to ATCC CRL-1590 chicken embryo cells. Results are averages of two independent experiments, each containing triplicate samples (mean and SEM). The estimated p-values < 0.05 are included above the bars.




Effect of Phytochemicals on Quorum Sensing (AI-2) Activity of C. jejuni

The effect of SIC of phytochemicals on AI-2 levels of C. jejuni S-8 is shown in Figure 6. The AI-2 levels were ∼106 relative light units (RLU) in the controls (absence of phytochemicals) at the end of 8 h. The presence of SIC of turmeric reduced AI-2 levels in C. jejuni S-8 from 4:20 h after incubation and maintained reduction till the end of 8 h (reduction of 6.65 × 105 RLU) as compared with controls (p < 0.05) (Figure 6C). Similarly, 0.04% curcumin significantly reduced AI-2 levels by ∼2.3 × 105 RLU at the end of 8 h compared with its control (DMSO; Figure 6D). The SIC of allyl sulfide, garlic oil, and ginger oil effectively reduced the production of AI-2 in C. jejuni S-8 starting from 4 h after incubation (Figures 6E–G). DMSO and ethanol also had similar effects between 4:20 and 6:20 h; however, they failed to reduce the production of AI-2 levels from 6:20 to 8 h (Figures 6A,B).
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FIGURE 6. Effect of DMSO (A), ethanol (B), turmeric (C), curcumin (D), allyl sulfide (E), garlic oil (F), and ginger oil (G) at SIC dose on AI-2 levels of C. jejuni S-8 determined by bioluminescence assay. Results are averages of two independent experiments, each containing triplicate samples (mean and SEM).




Effect of Phytochemicals on the Viability of C. jejuni

The effect of turmeric, curcumin, allyl sulfide, garlic oil and ginger oil on the viability of C. jejuni S-8 was visualized using the fluorescent microscope after staining (respectively in Figures 7D–H). In the controls, most C. jejuni cells were live (stained green; Figure 7A); however, cells were dead (stained red) after treatments with 0.25% phytochemicals. The garlic oil and ginger oil were equally effective in killing C. jejuni and were more efficacious than turmeric, curcumin and allyl sulfide. The majority of C. jejuni cells were not affected after treatment with DMSO and ethanol (Figures 7B,C, respectively).
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FIGURE 7. Effect of DMSO (B), ethanol (C), turmeric (D), curcumin (E), allyl sulfide (F), garlic oil (G), and ginger oil (H) on viability of C. jejuni S-8 cells determined by Live/Dead BacLightTM bacterial viability stain under fluorescent microscope at ×20. Cells were exposed to 0.25% of phytochemicals or buffer [control; (A)] for 5 min at room temperature before examination. Scale bar is 50 μm.




Effect of Phytochemicals on the Gene Expression of C. jejuni

Figure 8 shows the effect of SIC of phytochemicals on the expression of C. jejuni genes critical for virulence and survival in the meat environment. The SIC of turmeric reduced the expression of the majority of the genes tested; however, the reduction was not significant. In contrast to turmeric, curcumin at 0.04% upregulated the expression without considerable change. Similarly, we did not observe any change in the expression of C. jejuni S-8 genes upon exposure to SIC of allyl sulfide, garlic oil, and ginger oil and with controls, DMSO, and ethanol as well.
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FIGURE 8. Effect of DMSO (A), ethanol (B), turmeric (C), curcumin (D), allyl sulfide (E), garlic oil (F), and ginger oil (G) at SIC dose on expression of C. jejuni S-8 genes critical for survival and virulence. C. jejuni (∼6.0 Log CFU/ml) in the presence of SIC of phytochemicals was incubated at 42°C for 12 h followed by RNA extraction and complementary DNA (cDNA) synthesis. Digital droplet PCR (ddPCR) was conducted with 16S-rRNA serving as endogenous control. Results are averages of three biological replications (mean and SEM).




DISCUSSION

Contamination of poultry meat with foodborne pathogens is one of the major sources of bacterial gastroenteritis in humans in the United States (Mangen et al., 2016; Marder et al., 2017). To limit human exposure to C. jejuni via poultry meat and products, the USDA-FSIS enacted a rule in 2015 requiring additional performance standards for testing of Campylobacter on raw chickens, thereby reducing 33% of related human illness by 2020 (USDA FSIS, 2015). Yet, the infection caused by Campylobacter significantly increased by ∼13% in 2019 compared with the data of 2016–2018 (Tack et al., 2020). Therefore, the multihurdle interventions from farm to fork are utmost for pathogen reduction to a safer level in the poultry meat. In this regard, we previously investigated the potential use of phytochemicals in preharvest chickens (as feed and water additives) and on the postharvest poultry (as an antimicrobial wash treatment of carcass) for reducing C. jejuni (Wagle et al., 2017a,b, 2019a,b; Shrestha et al., 2019a,b). Since these results were promising, an additional application of phytochemical representing a chill tank treatment of commercial poultry processing step has been undertaken in the current research.

Antimicrobial wash treatment studies using conventional chemicals (such as chlorine, PAA, sodium hydroxide, sodium carbonate) have been extensively investigated on postharvest poultry (Zhao and Doyle, 2006; Bauermeister et al., 2008; Birk et al., 2010; Kim et al., 2017). However, limited studies have been conducted utilizing the phytochemical treatment with exposure time (1 h) and temperature (4°C) reflecting the chill tank treatments of poultry processing. In addition, phytochemicals are deemed safe, effective, and environmentally friendly compared with conventional chemicals. The reductions obtained with garlic oil and ginger oil at 0.25% and turmeric, curcumin, and allyl sulfide at 0.5% were similar to PAA at 220 ppm (Figures 1,2). The tested PAA concentration was higher than the recommended concentration (10–60 ppm for up to 120 min exposure) of PAA in the main chiller for poultry processing (EnviroTech FDA FCN, 2020). Therefore, this indicated that the phytochemicals have great potential for reducing contamination of poultry meat with C. jejuni S-8. Our findings aligned with Murali et al. (2012), who reported that a 10% turmeric as a marinade of chicken breast significantly reduced C. jejuni (∼1 Log CFU) within an hour of exposure. In contrast to our study, 2–3 Log CFU reductions of C. jejuni were reported with 0.25% garlic oil against C. jejuni in broth media at 4°C (Lu et al., 2011). In addition, they reported that the antimicrobial efficacy of phytochemicals increased with higher temperatures (22 and 35°C). The higher reductions in their study could be due to the absence of meat environment (especially fats) in the broth media. We have also included active compounds of turmeric and garlic oil (curcumin and allyl sulfide, respectively) in determining if their active compounds could be more efficacious. However, active components did not provide additional reductions of C. jejuni. In addition, neither increasing dose of garlic oil and ginger oil from 0.25 to 0.5% nor their combinations provide any further reduction. Similar findings were reported previously with eugenol and carvacrol as an antimicrobial wash treatment of C. jejuni on postharvest poultry (Shrestha et al., 2019a; Wagle et al., 2019a). This could be due to the hiding of bacteria in the crevices and empty feather follicles as C. jejuni is well known to reside in the pores of chicken skin (Chantarapanont et al., 2003; Jang et al., 2007), so sufficient concentrations could not reach. Therefore, novel carrier methods for delivering the phytochemicals to inactive the pathogen in these sites should be investigated in the future.

To determine the underlying mechanism of action(s) of phytochemicals, we used SIC dose as this dose is known to modulate the virulence attributes of pathogens without killing them (Upadhyay et al., 2017; Wagle et al., 2017b, 2019a,b, 2020a). Adhesion of C. jejuni to the chicken skin surfaces is critical for survival and virulence in the meat environment. Since chicken skin epithelial cell lines are not commercially available, we used chicken embryo cells for adhesion assays. The invasion assay was not conducted as C. jejuni is less likely to invade the chicken epithelial cells (Hermans et al., 2011). The tested phytochemicals (turmeric, allyl sulfide, garlic oil, and ginger oil) affected the adhesion of C. jejuni to chicken embryo cells (Figure 5) without affecting their viability and proliferation (Figure 4). Bensch et al. (2011) had also reported the antiadhesive activity of ginger oil and garlic oil against C. jejuni NCTC 81-176 on HT-29 (Human colon adenocarcinoma) cells. Similar results were reported in C. jejuni with berries (Salaheen et al., 2014), carvacrol (Wagle et al., 2020a), cranberry extract (Ramirez-Hernandez et al., 2015), Alpinia katsumadai extracts (Šikiæ Pogaèar et al., 2015), grape extract (Klanènik et al., 2017), thyme extracts (Šikiæ Pogaèar et al., 2016), herbal extracts (Bensch et al., 2011), β-resorcylic acid (Wagle et al., 2017a), and resveratrol (Klanènik et al., 2017). Thus, the observed reduction in C. jejuni counts on chicken skin could be due to the antiadhesion properties of phytochemicals (Figures 1,2).

Quorum sensing in bacteria including C. jejuni is essential for motility, biofilm formation, colonization, and interaction with epithelial cells. Quorum sensing in C. jejuni is mediated by producing an AI-2 molecule from S-ribosylhomocysteine (Bassler et al., 1994; Castillo et al., 2014). The luxS gene is responsible for cleaving S-ribosylhomocysteine into homocysteine and 4,5-dihydroxy-2,3-pentanedione (DPD). The DPD undergoes spontaneous cyclization to form AI-2 (Plummer, 2012). The AI-2 levels were significantly reduced in the presence of SIC of all the tested phytochemicals (Figure 6). Similar findings were reported with carvacrol (Wagle et al., 2020a), citrus extracts (Castillo et al., 2014), and Euodia ruticarpa (Bezek et al., 2016) against C. jejuni. These reports indicated that the interactions of C. jejuni with epithelial cells could be reduced due to compromised quorum sensing after phytochemical treatments.

To determine whether the phytochemicals affect the cell membrane of the pathogens thereby killing them, we visualized phytochemical-treated and un-treated C. jejuni after differential staining (Figure 7). The majority of the phytochemical-treated C. jejuni were stained red indicating that the phytochemical disrupts the cell membrane. However, whether there is a direct or indirect effect of phytochemicals on the cell membrane is unknown. Previously, Lu et al. (2012) had also reported disruption in cell membrane integrity of C. jejuni after treatment with allyl sulfide. Other phytochemicals such as trans-cinnamaldehyde, eugenol, carvacrol also disrupt the cell membrane integrity of various pathogens including C. jejuni (Upadhyay et al., 2013; Wagle et al., 2019c). The garlic oil and ginger oil effectively killed C. jejuni than turmeric, curcumin, and allyl sulfide. The killing could be due to higher antibacterial activities, as revealed by SIC doses (Figure 3). The garlic oil and ginger oil had lower SIC (0.02%). In contrast, turmeric, curcumin, and allyl sulfide had higher SIC doses (0.31, 0.04, and 0.04%, respectively). The better effectiveness of garlic oil than its active component (allyl sulfide) is also due to the presence of other active compounds such as allicin, vinyl dithiin, ajoene, and diallyl polysulfides. These active components are also known to have antimicrobial activity against various pathogens, including C. jejuni (Robyn et al., 2013; Nakamoto et al., 2020).

The survivability and virulence of C. jejuni in the meat are contributed by various genes including motility genes (motA, motB), energy taxis gene (cetA), attachment genes (jlpA, cadF, ciaB), quorum sensing gene (luxS), and stress-response genes (sodB, katA). Previously, it was reported that motility genes contribute to C. jejuni movement toward the substrate and subsequent survival at 4°C (Hazeleger et al., 1998). Besides motA and motB, the energy taxis gene (cetA) is also responsible for movement in response to the substrate (Kalmokoff et al., 2006). In addition, cadF and jlpA are responsible for cell surface attachment (Jin et al., 2003; Hermans et al., 2011). The luxS gene is critical for quorum sensing in C. jejuni and survival in the meat environment. It has been reported previously that C. jejuni luxS mutants were unable to survive in the chicken meat juice (Ligowska et al., 2011). The adaption of C. jejuni to the new environment in the meat and its survival is mediated by the stress response (katA, sodB) genes (Atack and Kelly, 2009). Therefore, we selected these genes for gene expression analysis of C. jejuni in response to phytochemical treatments to delineate the potential mechanism of action. We did not observe significant modulation of C. jejuni genes after exposure to SIC of phytochemicals (Figure 8). Although the expression of luxS was not significantly reduced, the productions of AI-2 was decreased (Figure 6), indicating that the phytochemical could affect the process of AI-2 production from S-ribosylhomocysteine. These phytochemicals could affect other genes (such as fliA fliB for motility, and ahpC for stress regulation) in C. jejuni. Therefore, a transcriptomics study of the C. jejuni after exposure to phytochemicals is warranted for an in-depth understanding of the gene expression profile.

In conclusion, the tested phytochemicals reduced C. jejuni counts on chicken skin. The anti-Campylobacter action of these phytochemicals could be mediated via the reduced adherence, decreased production of quorum sensing molecule, and disruption of cell surface structure of pathogen. Further research on the effect of phytochemicals on the sensory quality of the treated meat is warranted.
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Turkey is an important stopover site for many migrating birds between Europe, Asia and Africa. Campylobacter spp. are frequently found in wildlife, in particular waterfowl, and distinct strains are disseminated within this reservoir. In this study, 183 wild birds of hunting areas in Turkey were collected and thermophilic Campylobacter spp. from cloacal swabs were isolated at a prevalence of 5.2% from song thrushes (6/116) and 93% from Eurasian coots (41/44). After PCR species differentiation and flaA restriction profiles determination, C. jejuni and C. coli strains were further investigated by whole genome sequencing. PCR target amplification of the ceuE gene, commonly used for C. coli species-identification was inefficient and even hampered in one isolate. A close look on the ceuE sequence revealed that various mismatches in the ceuE oligo annealing sites caused less efficient diagnostic detection. All C. coli isolates belonged to the environmental clade II and clade III, for which thirty-six novel MLST types were identified. Further single nucleotide polymorphism (SNP) analysis showed a high genomic divergence between the C. coli isolates. High variability was also implicated for putative plasmid-located genes detected in 51% of the C. coli isolates. Distinct gene variants in clades II and III C. coli were identified by a k-mer analysis. After substracting k-mers in common with C. coli clade I database, 11 and 35 distinct genes were identified in clades II and III isolates, mainly involved in surface structures and modifications as well as signal transduction, suggesting niche adaptation of C. coli strains in wild birds. All strains were susceptible against (fluoro-)quinolones, erythromycin, tetracycline, gentamicin and only one isolate was resistant against streptomycin, suggesting that the sensitive phenotype was due to absence of selective pressure and niche separation in wild birds in Turkey. We conclude that Campylobacter spp. isolates from wildlife and environmental sources are still scarce in the databases and that there is a need for more studies on thermophilic Campylobacter spp. from different places all over the world in order to complement our understanding on dissemination and adaptation to distinct niches of this global food-borne pathogen.
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INTRODUCTION

Thermophilic Campylobacter, in particular C. jejuni and C. coli, have become well-recognized as the commonest causative agent of acute gastroenteritis in humans in developed countries (Casey et al., 2017). In the developing world, campylobatecteriosis is much less investigated but it appears to primarily occur in children rather than adults and to be frequently associated with contaminated drinking water (Platts-Mills and Kosek, 2014). Among the several species known to potentially cause pathogenesis in humans, C. jejuni and C. coli were implicated in over 90% of reported human campylobacteriosis worldwide (Sheppard et al., 2009). The majority of cases with infection displayed watery or bloody diarrhea and abdominal cramps that could be accompanied by other symptoms including fever, vomiting and headaches (Pogreba-Brown et al., 2016). In addition, Campylobacter related infections may also result in extraintestinal manifestations such as bacteremia, meningitis, abortion and mycotic aneurysms and long-term complications like the Guillain-Barré syndrome and reactive arthritis (O’Brien, 2017). In fact, most people with campylobacteriosis completely recover within a week without medication, but in severe cases it could be life threatening and antibiotic therapy needs to be applied (Winn et al., 2006). It is quite difficult to make exact estimation of the number of people affected by Campylobacter spp., but globally, at least 96 million people every year suffer from campylobacteriosis (Kirk et al., 2015). Besides profound health impacts, Campylobacter associated infections have substantial economic costs worldwide. For example, it was estimated that losses due to these organisms reached up to $1.9 billion in the United States alone in 2013 (O’Brien, 2017).

Campylobacter spp. are ubiquitous in a wide range of wild and domestic animal species, particularly in poultry with asymptomatic carriage. Therefore, contaminated foodstuffs of poultry play the most significant role in the transmission of Campylobacter spp. to humans, although contaminated water and other foodstuff including milk, dairy products and red meats have been also recognized as potential source (Sheppard et al., 2009; Pogreba-Brown et al., 2016; Thépault et al., 2018). In addition, the presence of Campylobacter spp. in many wild bird species, particularly in waterbirds, has been documented previously (Waldenström et al., 2002; Cody et al., 2015). Evidence obtained from epidemiological studies using molecular characterization highlights the significance of wild animals as additional source of pathogenic Campylobacter to humans, attributing 2.1–3.5% of clinical cases to wild birds in England annually (Cody et al., 2015). Given the geographical location, Turkey is of great importance in terms of its avifauna and as well as having the significant stopover sites on the route of many migrating birds between the continents Europe, Asia and Africa. However, no studies to date have investigated the existence and prevalence of Campylobacter spp. in wild birds in Turkey so far. Thus, the present study was undertaken to determine; (i) the presence of Campylobacter spp. in wild bird population in Turkey, and (ii) to characterize the molecular epidemiology of wild bird-associated Campylobacter spp. isolates by whole genome sequencing (WGS).



MATERIALS AND METHODS


Sampling Wild Birds and Isolation of Campylobacter spp.

We sampled 183 birds belonging to five species: the European turtle dove (Streptopelia turtur; n = 3), the Eurasian coot (Fulica atra; n = 44), the song thrush (Turdus philomelos; n = 116), wild quails (Coturnix coturix; n = 15), and the red-crested pochard (Netta fufina; n = 5) during hunt activities from September 2017 to February 2018. Our sampling sites for coots and ducks included two lakes namely Kaman Lake (Kırsehir province; 39°.21′ N 33°.43′ E) and Adalı wetland (Adana province; 36°.30′N 34°.48′ E), while other bird samples were taken from Hatay province (36°.13′N 36°.10′ E) (Figure 1).
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FIGURE 1. The geographic location of sampling sites in Turkey. The sampling areas are shown in green. Gray lines indicate two main bird migration routes on Turkey, adapted from Özkazanç and Özay (2019).


The cloacal swabs were directly streaked on mCCDA (Oxoid, Thermo Fisher Scientific Inc., Waltham, MA, United States) and incubated at 41.5°C under microaerobic atmosphere for about 48 h. All Campylobacter isolates were microscopically examined for phenotypical characteristics such as motility and typical morphology. In addition, absence of growth at 25°C on Columbia blood agar (ColbA; Merck & Co., Kenilworth, New Jersey, United States) containing 5% sheep blood (Oxoid) was checked. Subsequently, species identification was carried out using MALDI-TOF MS (Bruker Daltonics, Billerica, MA, United States) and real-time PCR (Mayr et al., 2010). The proteomic profiles were evaluated with the aid of manufacturer’s reference library (Bruker; version 6.0) and based on the score values as follows: a score of 2.300–3.000 indicates “highly probable species identification,” a score of 2.000–2.299 indicates “secure genus identification and probable species identification,” a score of 1.700–1.999 indicates “probable genus identification” and a score of ≤ 1.699 indicates “not reliable identification.” Strains were stored at −80°C by using the cryobank system (MAST Group Ltd., Bootle, United Kingdom).



DNA Extraction and Molecular Identification of Campylobacter spp.

For DNA extraction, fresh bacterial culture (24 h growth on ColbA) was suspended in phosphate buffered saline to an OD600nm of ∼2.0. This cell suspension was pelleted by centrifugation (∼14,000 rpm, 5 min) and then immediately frozen at −20°C before DNA extraction. Total genomic DNA was isolated from each strain using the PureLink genomic DNA mini kit (Thermo Fisher Scientific). Subsequently, the extracted genomic DNA was run on a 0.8% agarose gel by electrophoresis. Quality of the DNA was checked spectrophotometrically (NanoDrop, Thermo Fisher Scientific). In addition, the Qubit 3.0 fluorometer (Thermo Fisher Scientific) was used for nucleic acid quantification. Multiplex real time PCR was conducted on all isolates to identify species using the method described previously by Mayr et al. (2010). The PCR protocol consisted of 3 min at 95°C, followed by 45 cycles of 30 s at 95°C, 1 min at 60°C and 30 s at 72°C. Campylobacter spp. isolates were also characterized using RFLP-flaA typing as described previously (Nachamkin et al., 1993). After PCR amplification of the flaA gene, amplicons were digested with HpyF3I (DdeI) restriction enzyme (Thermo Fisher Scientific) and electrophoresed on a 2.5% polyacrylamide gel. The phylogenetic relation of isolates was determined using the Dice correlation coefficient and the unweighted pair group mathematical average (UPGMA) clustering algorithm using BioNumerics software 7.2 (Applied-Maths, Belgium) (Supplementary Image 1).



Determination of the Minimal Inhibitory Concentration of Antimicrobials by Microdilution

The frozen C. jejuni strains were recovered by streaking on ColbA containing 5% sheep blood and incubated under microaerobic conditions at 41.5°C for 24 h. The microdilution assay was performed according to M45-A (Clinical and Laboratory Standards Institute [CLSI], 2015) and VET06 (Clinical and Laboratory Standards Institute [CLSI], 2017) with the in-house validated modification of use of fetal calf serum instead of lysed horse blood in the culture medium for improved readability of Campylobacter growth. Cation-supplemented Mueller–Hinton broth (TREK Diagnostic Systems, United Kingdom) was supplemented with 5% fetal calf serum (PAN Biotech, Germany) and inoculated with 2–8 × 105 colony forming units/mL using bacteria grown on ColbA. Minimum inhibitory concentrations (MICs) were determined using the European standardized microtiter plate format EUCAMP2 (TREK Diagnostic Systems). The minimum inhibitory concentration of six antibiotics, including ciprofloxacin (Cip), nalidixic acid (Nal), erythromycin (Ery), tetracycline (Tet), gentamicin (Gen), and streptomycin (Str) were determined after 2 days of incubation at 37°C under microaerobic conditions. Reference isolates (C. jejuni ATCC 33560, ATCC collection and C. coli 2012-70-443-2, DTU, Lyngby, Denmark) were used as quality control strains. The epidemiological cut-off values recommended by the European Committee on Antimicrobial Susceptibility Testing (EUCAST) were used to determine resistance.1



Whole Genome Sequencing

In total, 39 C. coli were selected for WGS based on origin and the results of flaA typing analysis. In addition, C. jejuni (n = 3) isolates were included. Total genomic extraction protocol and subsequent quantification steps are aforementioned. The bacterial DNA was paired-end sequenced using the Illumina MiSeq sequencing platform and 301 × 2 cycles (Illumina Inc., San Diego, CA). DNA libraries were prepared using the Nextera XT DNA Library Prep kit or the Nextera DNA Flex Library Prep Kit according to the manufacturer’s instructions (Illumina, San Diego, United States). Quality of the libraries was assessed by gel analysis. The sequences were published within the BioProject No. PRJNA702752, BioSample No. SAMN17977770-SAMN17977811 at National Center for Bioechnoogy Information (NCBI) sequence read archive.2 New multilocus sequence typing (MLST) alleles and MLST-ST types were uploaded to PubMLST3.



Sequence Analysis

Sequencing reads were treated for quality control, trimmed for adapters and de novo genomes were assembled using SPAdes 3.11.1 (Bankevich et al., 2012) with careful options (with mismatch correction) included in Ridom Seqsphere + v. 6.0.0 (2019-04) (Ridom GmbH, Germany) using default settings. Sequences were analyzed using the 7 housekeeping genes MLST scheme of PubMLST3. Quality trimming was performed in a window of 20 bp with Phred score 30. The obtained average coverage (processed, unassembled) was > 60-fold. Resistance genes and known gene mutations were detected with ResFinder 4.0 (Bortolaia et al., 2020; Center for Genomic Epidemiology, DTU, Denmark). Core genome alignments were calculated using Roary v.3.13.0 (Page et al., 2015) with a sequence identity of at least 80%. Phylogenetic trees for the core genome and for ceuE genes were built with RAxML-NG v.0.9.0 (Kozlov et al., 2019) (100 bootstraps). The phylogenetic trees were visualized with GrapTree v.1.5.0 (Zhou et al., 2018). SNP distances of the gene sequence alignment of the core genome alignment of clade II (1,220 orthologs genes) and clade III (1,274 orthologs genes) were calculated with snp-dists v.0.7.0.4 Clade specific genes were identified with a modified version of our in-house k-mer analysis workflow (Golz et al., 2020). K-mers of length 31 were obtained from each of the clade genomes and compared against a C. coli (clade I) specific k-mer database. K-mers that were absent in the database, were mapped back against each genome in order to identify clade II and clade III specific genes. Genes with a k-mer coverage of at least 80% within all strains per clade were further investigated and annotated with eggNOG v.5.0 (Huerta-Cepas et al., 2017, 2019). Putative plasmid sequences of the genomes were identified utilizing plasmidSPAdes v3.13.1 (Antipov et al., 2016). Homology of the putative plasmid genes were evaluated using Roary v.3.13.0 using a minimum sequence identity of 80%. Similarity of putative plasmid gene content carried by each strains was visualized with Phandango (Hadfield et al., 2018).



RESULTS

A total of 59 Campylobacter spp. strains were isolated from samples of coots and song thrush. Campylobacter was not detected in other tested bird species. Of the 59 Campylobacter spp. isolates, 36 were identified at species level (spectral scores ≥ 2.000) by MALDI-TOF MS. For the remaining 23 isolates, MALDI-TOF MS was able to identify only genus level (spectral scores between 1,700 and 1,999). In this study, 93% of coots (41/44) were colonized by thermophilic Campylobacter spp., of which all isolates (n = 53) except for one were identified as C. coli by species differentiating real-time PCR (Mayr et al., 2010). Song thrushes carried thermophilic Campylobacter spp. at a lower prevalence of 5.2% (6/116). Five of the six isolates were identified as C. jejuni. After initial identification, three isolates (two C. jejuni and one Campylobacter spp.) from song thrushes and one C. coli isolates from coot did not survive in the stock and were not analyzed further.

The flaA gene was successfully amplified and digested with HpyF3I in 49 C. coli isolates. A high degree of variability was observed based on RFLP-flaA analysis, in which 31 different restriction fingerprinting profiles were determined when using a similarity cut-off value of 80% (Supplementary Image 1). Whole genome sequence data were obtained from 42 isolates. A phylogenetic analysis was performed based on 604 core genes, which were in common in the strains at identity of at least 80% (Figure 2). In order to determine how the wild bird Campylobacter spp. isolates (n = 42) attribute in broader phylogeny, a set of C. jejuni and C. coli covering different STs and clades from the NCBI database were included in the tree. One German isolate previously identified as C. coli/C jejuni hybrid (Golz et al., 2020) was also included. Twenty-two C. coli isolates appeared in clade III, and seventeen isolates clustered within clade II genomes, whereas the remaining three strains from song thrushes clustered with published C. jejuni genomes, as expected (Supplementary Table 1).
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FIGURE 2. Maximum likelihood phylogenetic tree of 42 thermophilic Campylobacter spp. isolates from wild birds in the context of C. jejuni and C. coli complete genomes from NCBI (Supplementary Table 2) constructed on the basis of the core genome. The scale bar represents the distance between the sequences determined by the number of SNP differences in core genes. Dotted line indicates shortened distance to C. jejuni cluster, which is out of scale. *, subclade.


The MLST types of the C. jejuni isolates were determined as ST1259 (n = 2) and ST1356 (n = 1) based on the WGS data analysis (Supplementary Table 1). However, of the 39 C. coli isolates, only one was assigned to known MLST type (ST3310). The C. coli isolates carried one or more new alleles of the 7 housekeeping genes or an unknown ST. In total, 7 aspA, 10 glnA, 7 gltA, 11 glyA, 13 pgm, 9 tkt, and 9 uncA allele variants were identified and 36 new STs submitted to PubMLST. This showed that the isolated C. coli were not phylogenetically linked, except for four isolates (ST 10966; BfR-CA-15855, BfR-CA-15859 and ST 10970; BfR-CA-15860, BfR-CA-15861).

A further single nucleotide polymorphism (SNP) analysis was performed in order to gain more insight into the strain divergence of wild bird C. coli isolates (Figure 3). Clade II isolates differed from each other by around 4,500 to 10,000 SNPs within 1120 genes, except for two apparently clonal strain pairs mentioned above, which displayed either no detectable SNP (BfR-CA-15860 and BfR-CA-15861) or 2 SNPs (BfR-CA-15855 and BfR-CA-15859). Clade III wild bird isolates even displayed a higher genomic divergence with medial pairwise SNPs of more than 19,000 within 1274 genes.


[image: image]

FIGURE 3. Pairwise SNP analysis show that C. coli clade II isolates were less diverse than C. coli clade III isolates. Heatmap color code of pairwise number of SNPs is shown on the right. NCBI closed genomes of C. coli clade II and clade III are included for comparison.


All tested Campylobacter spp. strains were found to be susceptible to Cip, Nal, Ery, Tet, and Gen. The MIC values for Cip ranged between ≤ 0.12 and 0.25 μg/ml. The range of MICs against Nal was 2–8 μg/ml and for Ery and Tet between ≤ 1 and ≤ 0.5 μg/ml and for Gen between 0.25 and 1 μg/ml for all isolates, respectively. All isolates were also susceptible against Str with MIC values between 0.5 and 4 μg/ml, except one C. coli isolate (BfR-CA-15830), which showed resistance with a MIC value of 16 μg/ml. The following antimicrobial resistance (AMR) genes were observed in the isolates using ResFinder 4.0: blaOXA–460, blaOXA–447 and aadE-Cc genes. WGS showed that all C. jejuni isolates (n = 3) carried a blaOXA–447 gene, whereas two C. coli isolates had the blaOXA–460 gene (Supplementary Table 1). Correlating well with phenotypic sensitivity against the tested antimicrobial resistance results, there was no other known resistance genes or point mutations detected in the sequenced isolates. Interestingly, although the aadE-Cc gene was identified in five of the C. coli isolates, only one was phenotypically resistant against streptomycin (Supplementary Table 1). We confirmed that the AadE-Cc protein in four of the five isolates was 100% identical to each other, except for BfR-CA-15848, which harbored two non-synonymous mutation of A143V and T252A. Relative to the phenotypically resistant strain BfR-CA-15830, the genetic context, except for the 5′ flanking two genes (FHP99_01330 (NAD(P)H-dependent oxidoreductase and in some strains also FHP99_01325; N-methyl-L-tryptophan oxidase) was different.

From real-time PCR analysis of the ceuE target for C. coli, obtained Ct values were not always optimal and the C. coli ceuE target could not be detected in one isolate (BfR-CA-15822). Therefore, a comparison of the ceuE gene sequence of the isolates in this study with those of C. coli clade I and C. jejuni sequences accessible in the public database were further carried out. A phylogenetic SNP tree showed high variability of the ceuE gene of the wild bird isolates (Figure 4) and significant difference to the C. coli clade I of food-production chain origin, for which typing schemes have been optimized.
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FIGURE 4. Phylogenetic tree of the ceuE target gene for C. coli species differentiation. ceuE of C. coli clade I, for which typing methods have been optimized, is significantly different to clade II and clade II C. coli ceuE. The C. coli hybrid isolate in between C. jejuni and C. coli clade I was originally detected by ambiguous real-time PCR results which were caused by C. jejuni introgression into the C. coli genome (Golz et al., 2020). The scale bar represents the distance between the sequences determined by the number of SNPs. Dotted line is out of scale. *, subclade.


Mismatches in the annealing sites of the oligos and probe sequences of the real-time PCR (Mayr et al., 2010) were visualized by alignment of the 103 bp target fragment of ceuE (Supplementary Image 2). The wild bird C. coli isolates carried in total 16 distinct sequences within these 103 bp target fragment of ceuE, confirming phylogenetic divergence and hinting at independent evolutionary point mutations in ceuE in the individual C. coli isolates. We identified one to two point mutations in the ceuE reverse oligo and/or in the probe. The number of mismatches for the annealing site of the forward ceuE oligo was two to seven. While two point mutations were negligible for efficient amplification of the ceuE target, four to six point mutations led to less efficient amplification (Ct values > 30) and seven point mutations inhibited amplification in one isolate (see above).

In order to further reveal distinct gene variants in clade II and clade III C. coli, a k-mer analysis was performed with some modifications as previously reported (Golz et al., 2020). For this purpose, k-mers of 31 bases length were obtained from the genomes of either clade II or clade III isolates. After substracting k-mers in common with C. coli clade I database (Golz et al., 2020), the residual clade II or clade III specific k-mers were remapped to the original individual genome and the specific genes. Those genes, which were covered in length of at least 80% by k-mers within all strains per clade were annotated using eggNOG (Huerta-Cepas et al., 2017; Huerta-Cepas et al., 2019). Using this approach, 11 and 35 distinct genes were identified in clade II and clade III isolates, respectively (Supplementary Table 3). Among hypothetical proteins, the genes encode proteins involved in surface structures and modifications, like flagellar, capsule and protein glycosylation as well as signal transduction, suggesting niche adaptation of C. coli strains in wild birds.

We also asked the questions whether the isolates harbor plasmids and which genes were putatively located on these epichromosomal elements. For this purpose, the plasmidSPAdes v3.13.1 (Antipov et al., 2016) tool was used, which identifies plasmids assuming independent replication from the chromosome and, thereby, differences in copy number of plasmids vs. chromosomes per bacterial cell. A gene copy number different from the chromosomal genes is reflected by different coverage depths of matching raw reads relative to the mean coverage depth of all genes. The stringency of this approach was increased by only considering assembly contigs, which matched to known Campylobacter plasmids with at least 30% of coverage lengths (Supplementary Table 4). Of the 42 isolates, 20 harbored genes with putative plasmid location (Figure 5). The number of plasmid-located genes varied between the strains, indicating the presence of different number of plasmids and/or different size, independent of the C. coli clade. In C. jejuni isolates no plasmid-located genes were identified with this approach.
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FIGURE 5. Phylogenetic tree of plasmid-located genes of wild bird isolates based on presence or absence. Strains are depicted on the left. Blue bars indicate presence of plasmid-located genes (Supplementary Table 4).


BLAST analysis identified 275 genes, 96 of them with annotated putative function (Supplementary Table 4). Among these genes, typically plasmid-located genes encoding Trb, Tra, and VirB conjugative transfer genes, type VI secretion proteins, methyltransferases, replication initiation protein, plasmid partitioning protein and helix-turn-helix DNA regulatory proteins were present (Supplementary Tables 4, 5). A comparison of present gene homologs in the isolates showed that the strains were not only phylogenetically diverse, but also harbored diverse plasmids (Figure 5). None of the two resistance genes identified in the isolates was plasmid-located.



DISCUSSION

Several studies have previously investigated the occurrence of Campylobacter spp. in wild birds. To the best of our knowledge, this is, however, the first report of Campylobacter spp. in wild birds in Turkey. We herein document the high prevalence of C. coli in coots. C. jejuni was also detected in song thrushes, but the prevalence was lower. A similar isolation rate was reported in a Spanish study in which 78% of cloacal samples obtained from coots were found to be positive for C. coli (Antilles et al., 2015). The astonishing prevalence variability in wild birds has been attributed to several factors including but not limited to geographical location, seasonality and species (Antilles et al., 2015; Cody et al., 2015). Additionally, high Campylobacter prevalence in coots has been attributed to their life history of characteristics including coprophagic way of life (Alcaide et al., 2014; Antilles et al., 2015).

In the current study, phylogenetic analysis utilizing core genes and RFLP-flaA indicated considerable genetic diversity. MLST analysis revealed that three C. jejuni isolates displayed known MLST types (ST-1259 and ST-1356), previously reported in wild bird from Sweden sampled in 2000. On the contrary only one C. coli was identified with a known MLST type (ST-3310), which was previously identified in a duck from United Kingdom in 2007 (PubMLST). All the other C. coli isolates harbored new alleles and/or sequence types resulting in 36 different novel STs, reflecting the diversity of the genotypes, thus showing the presence of several different clones within the coot population despite their similar ecological niche. It has also been observed that some samples obtained from coots harbored at least two distinct C. coli strains with different sequence types, indicating polyclonal C. coli carriage. Coots are non-migratory birds, but many other bird species migrate across Europe, therefore are possibly exposed to and/or disseminate these genotypes during migratory behavior, which might explain the carriage of different genotypes.

Contrary to C. jejuni that presents many MLST-based clonal complexes, isolates of C. coli of clade I belong to two clonal complexes (Sheppard and Maiden, 2015). To date, C. coli clades have appeared to have strong host-genotype association, for instance clade I is being isolated from human clinical and livestock samples (Sheppard et al., 2010, 2013). In contrast, C. coli isolates within clades II and III are often associated with environmental samples (Sheppard et al., 2008; Sopwith et al., 2010). In fact, each clade appears to have distinct molecular characteristics, meaning that clade I has lower sequence diversity in MLST genes than those reported for clades II and III (Sheppard et al., 2010). Recently, Nilsson et al. (2018) also noted variations in genes, such as tricarballylate gene locus, involved in oxidative stress and some virulence factors. Therefore, it is not surprising to detect significant genetic divergence among clade II clade III genomes in the current study. In addition, it has been also noted that C. coli clade II and III presented difference in phenotypic colony morphology and in in vitro motility patterns (Nilsson et al., 2018).

It is anticipated that the proportion of antimicrobial resistance found in Campylobacter spp. isolates from wild animals are notably lower than in isolates obtained from livestock, which likely arises from antimicrobial use in animal production and as well as environmental barrier. Likewise, apart from one exception (one C. coli being Str resistant), none of the Campylobacter strains were resistant to the tested antibiotics in the current study. This finding is in accordance with results reported by Antilles et al. (2015) who also noted no resistance to antimicrobials among Campylobacter spp. from wild bird population in Spain. Additionally, the aadE-Cc gene conferring resistance to aminoglycosides was detected in five C. coli isolates, of which one was phenotypically resistant to Str. The comparative analysis of aadE-Cc gene sequences showed identical protein sequences in these strains (except for one of the sensitive strains), thus, it remains unclear why those genes were silent and awaits further research on the mechanism of deactivation of the aadE-Cc gene in C. coli. It might hint on the fact that aadE expression is not needed in the wild birds without selection pressure due to absence of Str in this environment and corroborates the usefulness of complementary information from genetic and phenotypic analysis for the estimation of antimicrobial resistance. This disparity between phenotype and genotype for Str was also noted by Painset et al. (2020) who detected Str susceptible strains of C. jejuni (ECOFF < 4 mg/L) despite having aminoglycoside resistance trait (aadE) in their genome. Though the phenotypic resistance was not determined against penicillin in the current study, some strains of Campylobacter appear to have blaOXA gene variants, highlighting the potential role of the wild birds in the transmission of β-lactam resistance genes. Hull et al. (2021) recently showed the high prevalence of β-lactam antimicrobial resistance genes including blaOXA variants among C. coli and C. jejuni strains from live food animals and retail meats.

Comparison of the sequences of the ceuE gene, which was shown to be involved in iron acquisition and is commonly used to identify C. coli (Mayr et al., 2010), revealed that some bases were substituted, resulting in late amplification signals in some and an ambiguous PCR results in one C. coli isolate. A similar phenomenon has recently been described in some C. coli strains predominantly isolated from eggshells, which was reasoned to the unfavorable environmental conditions (Golz et al., 2020). A high degree of horizontal gene exchange from C. jejuni to C. coli strains was identified in these strains by kmer analysis and subsequent recombination length characterization, resulting in novel hybrid strains that may influence the sensitivity of traditional diagnostic methods for identification such as PCR. Here, horizontal gene transfer does not seem to be the cause for the diagnostic problem but niche adaptation. As observed from the diversity of ceuE sequences of the isolates from wild birds, insertion and functional tolerance and/or improvements of spontaneous mutations seem to be the major driving force of ceuE diversification, in particular, in C. coli clade III isolates. It should be noted that diagnostics for thermotolerant Campylobacter spp. have been mainly adapted to isolates from food-producing animals, food and humans. Thus, it is not unexpected that environmental Campylobacter spp. might not completely be identified with traditional diagnostic tools, which may hint at the need for extension of the databases including more environmental and wildlife isolates.



CONCLUSION

Wildlife, in particular waterfowl, is considered a significant reservoir for Campylobacter spp., although the implication in public health is still unclear. The presence of high occurrence of C. coli in coots might have ecological implications and impact on the dissemination of thermophilic Campylobacter spp. into public health relevant niches. There is a need for further analysis of these distinct and unusual Campylobacter strains and for improvements of diagnostic tools, including also wildlife and environmental isolates.
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Antibiotic-resistant Campylobacter constitutes a serious threat to public health. The clonal expansion of resistant strains and/or the horizontal spread of resistance genes to other strains and species can hinder the clinical effectiveness of antibiotics to treat severe campylobacteriosis. Still, gaps exist in our understanding of the risks of acquisition and spread of antibiotic resistance in Campylobacter. While the in vitro transfer of antimicrobial resistance genes between Campylobacter species via natural transformation has been extensively demonstrated, experimental studies have favored the use of naked DNA to obtain transformants. In this study, we used experimental designs closer to real-world conditions to evaluate the possible transfer of antimicrobial resistance genes between Campylobacter strains of the same or different species (Campylobacter coli or Campylobacter jejuni) and originating from different animal hosts (swine or turkeys). This was evaluated in vitro through co-culture experiments and in vivo with dual-strain inoculation of turkeys, followed by whole genome sequencing of parental and newly emerged strains. In vitro, we observed four independent horizontal gene transfer events leading to the acquisition of resistance to beta-lactams (blaOXA), aminoglycosides [aph(2′′)-If and rpsL] and tetracycline [tet(O)]. Observed events involved the displacement of resistance-associated genes by a mutated version, or the acquisition of genomic islands harboring a resistance determinant by homologous recombination; we did not detect the transfer of resistance-carrying plasmids even though they were present in some strains. In vivo, we recovered a newly emerged strain with dual-resistance pattern and identified the replacement of an existing non-functional tet(O) by a functional tet(O) in the recipient strain. Whole genome comparisons allowed characterization of the events involved in the horizontal spread of resistance genes between Campylobacter following in vitro co-culture and in vivo dual inoculation. Our study also highlights the potential for antimicrobial resistance transfer across Campylobacter species originating from turkeys and swine, which may have implications for farms hosting both species in close proximity.

Keywords: antimicrobial resistance, Campylobacter, transformation, turkey, swine, animal experiment, co-culture experiment, horizontal gene transfer


INTRODUCTION

With an estimated 9.4 million yearly cases in the United States alone, human foodborne diseases are an important public health concern (Scallan et al., 2011). Among bacterial foodborne pathogens, Campylobacter and Salmonella, cause the largest proportion of bacterial illnesses in the United States and other industrialized nations. In 2019, among the eight bacterial pathogens monitored by the Foodborne Diseases Active Surveillance Network (FoodNet), the overall incidence per 100,000 population was highest for Campylobacter (19.5 cases; Tack et al., 2020). While campylobacteriosis is largely a self-limiting illness, it is accompanied by acute gastroenteritis and is a leading antecedent for the severe autoimmune complication Guillain-Barré syndrome (Allos, 1997; Nachamkin, 2002; Scallan Walter et al., 2020). This, together with additional autoimmune sequelae, such as post-infectious irritable bowel syndrome and reactive arthritis, confers a high disease burden to human campylobacteriosis in the United States and worldwide (Batz et al., 2013; Kirk et al., 2015; Scallan et al., 2015; Scallan Walter et al., 2019).

Campylobacter spp. are Gram-negative bacteria that colonize the gastrointestinal tract of various animals. Since its first description in 1963, the genus has grown to include several important human and animal pathogens (Man, 2011). Two species, Campylobacter coli and Campylobacter jejuni, are the primary contributors to human campylobacteriosis (>Nachamkin et al., 2008). Campylobacter gastroenteritis usually occurs after contact with raw poultry, ingestion of undercooked animal products, raw milk/vegetables/fruits, or contaminated water, or direct transmission from pets and other animals (Facciola et al., 2017). Poultry are recognized as the most important animal reservoir for infection to humans, with 60–80% of human cases in Europe attributable to exposure to raw or undercooked poultry products [European Food Safety Authority (EFSA) and European Centre for Disease Prevention and Control (ECDC), 2015].

Ciprofloxacin (fluoroquinolone) and azithromycin (macrolide) are the drugs of choice to treat Campylobacter enteritis, while intravenous aminoglycosides are used for serious bacteremia and other systemic infections due to Campylobacter (Aarestrup and Engberg, 2001). Recent years have seen a worldwide rise in Campylobacter antimicrobial resistance (AMR) to fluoroquinolones (Gupta et al., 2004; Nelson et al., 2007) and, to a lesser extent, macrolides and other classes of antibiotics (Padungton and Kaneene, 2003; Moore et al., 2006; Luangtongkum et al., 2009). As Campylobacter spp. are zoonotic pathogens, the development and spread of AMR in the animal reservoir may significantly limit the options for clinical treatment of campylobacteriosis in humans (Moore et al., 2006). Every year, an estimated 700,000 deaths are attributable to antimicrobial-resistant infections worldwide, a number projected to rise to 10 million deaths per year by 2050 in the absence of additional control measures (O’Neill, 2014). In 2019, the CDC listed drug-resistant Campylobacter as a serious threat, causing twice as many infections (448,400) in the United States each year as drug-resistant Salmonella [Centers for Disease Control and Prevention (CDC), 2019], and the World Health Organization has listed fluoroquinolone-resistant Campylobacter as one of six high priority antimicrobial-resistant bacteria (Tacconelli et al., 2018).

Several studies have linked the use of antimicrobials – in particular fluoroquinolones – in food animal production and veterinary medicine with the emergence and spread of resistant Campylobacter (Alfredson and Korolik, 2007). In the United States, the introduction of the fluoroquinolones, sarafloxacin, and enrofloxacin in the 1990s as growth promoters in poultry has been associated with an increase of fluoroquinolone-resistant Campylobacter in human cases (Anderson et al., 2003).

Campylobacter spp. are intestinal commensals shared among livestock species, thus providing a possible pathway for AMR to spread between different host species. Campylobacter jejuni is the dominant Campylobacter species in poultry while C. coli is the most common species recovered from swine (Horrocks et al., 2009), but this host specificity is not strict. A study conducted in China between 2008 and 2014 observed an apparent shift of the dominant species from C. jejuni to C. coli in chickens, with this species shift coinciding with an increased prevalence of macrolide-resistant C. coli (Wang et al., 2016). Interestingly, both species colonize turkeys at high rates (Wright et al., 2008; Wesley et al., 2009).

The in vitro transfer of antimicrobial resistance genes (ARGs) between different Campylobacter species via natural transformation has been extensively demonstrated. For instance, erm(B) and aph(2″)-If (conferring resistance to macrolides and aminoglycosides, respectively) could be transferred from C. coli to C. jejuni via natural transformation (Qin et al., 2014; Wang et al., 2014). However, previous experimental studies have favored the use of extracted DNA in transformations. The aim of this study was to evaluate the possible transfer of ARGs between different Campylobacter strains of the same or different species (C. coli and C. jejuni) and originating from different host species (swine and turkeys) using experimental designs closer to real-world conditions. This was evaluated both in vitro, using co-culture experiments, and in vivo, using experimental dual-strain infections of turkeys.



MATERIALS AND METHODS


Campylobacter Strains and Growth Conditions

The C. jejuni and C. coli strains used in this study were isolated from turkey feces or ceca, from swine feces, or from the environment at different farms in eastern North Carolina, South Carolina, or Virginia between 2003 and 2014 (Table 1). Strains were first isolated using direct plating on modified charcoal cefoperazone deoxycholate agar (mCCDA; Oxoid, Basingstoke, Hampshire, England) and incubated in anaerobic jars containing a CampyPak Plus microaerobic system (Becton Dickinson, Sparks, MD) at 42°C for 48h (Smith et al., 2004). Strains were then subcultured on different media: (i) non-selective Mueller-Hinton agar (MHA; Becton Dickinson, United States), (ii) modified selective Campy Line agar (CLA-S; Line, 2001) containing 25μg/ml sulfamethoxazole in addition to the original antibiotics (trimethoprim, vancomycin, and polymyxin B; Line et al., 2008), and (iii) selective and differential CHROMagar™ Campylobacter (CAC; CHROMagar, Paris, France), and incubated at 42°C in an 10% CO2 incubator.



TABLE 1. Campylobacter jejuni and Campylobacter coli strains used in this study.
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Antibiotic Susceptibility Profiles

Campylobacter spp. strains were selected on the basis of their AMR profiles. They were initially tested on MHA plates with selected antibiotics at the following concentrations: gentamicin (50μg/ml), kanamycin (50μg/ml), streptomycin (50μg/ml), ampicillin (50μg/ml), erythromycin (20μg/ml), and tetracycline (15μg/ml). The same concentrations of antibiotics were used in selective MHA used to recover “newly emerged strains” (see next paragraph) after in vitro and in vivo experiments. Antibiotics were purchased from Sigma-Aldrich (Saint Louis, Missouri, United States). Selected strains and “newly emerged strains” (see experiments below) were further tested by the Veterinary Diagnostic Laboratory at Iowa State University (ISUVDL) using CAMPY2 Sensititre® plates (VersaTREK Diagnostics/Thermo Fisher, United States) to determine minimal inhibitory concentrations to azithromycin (AZI), ciprofloxacin (CIP), clindamycin (CLI), erythromycin (ERY), florfenicol (FFN), gentamicin (GEN), nalidixic acid (NAL), telithromycin (TEL), and tetracycline (TET) as per the manufacturer’s guidelines. Antimicrobial resistance was determined according to the interpretative criteria recommended by the Clinical and Laboratory Standards Institute [Clinical and Laboratory Standards Institute (CLSI), 2017].



In vitro Transfer of ARGs

In vitro experiments were conducted with 11 strain pairs to investigate the possible transfer of ARGs conferring resistance to erythromycin, kanamycin, gentamicin, streptomycin, and tetracycline. Experiments involved a single species (Two pairs with C. coli×C. coli; 5 pairs with C. jejuni×C. jejuni) or two species (Four pairs with C. coli×C. jejuni) and utilized two strains with mutually exclusive resistance for selection. The donor and the recipient strains were identified a posteriori. Campylobacter colonies showing a dual-resistance pattern, i.e., resistance markers of both parental strains, are hereafter referred to as newly emerged strains (NES) for “newly emerged strain.”

Whole genome sequencing was performed to identify if the newly acquired phenotypic resistance was due to a resistance-associated point mutation, a displacement of a preexisting non-functional resistance gene by a functional version, or a new acquisition of a resistance gene. The experiments utilized three different techniques:


Transformation With Naked DNA on Solid Media

Donor DNA was extracted from a Campylobacter liquid culture grown in Mueller-Hinton broth using the PureLink™ Genomic DNA kit (Invitrogen, Carlsbad, CA) following the manufacturer’s instructions. A loopful from a 24-h-old culture of one strain grown on CLA-S microaerobically at 42°C was spotted into MHA plates (five spots per plate) and 4μl genomic DNA (80μg/μl) of the other strain (this was only tested with strain 6461 DNA) was added to each spot and mixed, with the diameter of each spot after mixing being ca. 0.5cm. The plates were incubated up to 24h microaerobically at 42°C.



Co-culture of Two Strains on Solid and Biphasic Media

A loopful of the two strains was spotted into MHA solid media (five spots per plate) on the same spot and mixed, with the diameter of each spot after mixing being ca. 0.5cm. The plates were incubated for up to 24h microaerobically at 42°C. The biphasic medium consisted of 5ml of MHA overlaid with 5ml of Mueller-Hinton broth in a sterile vented CELLSTAR® 25-cm2 tissue culture flask (Greiner Bio-One North America Inc., United States). A loopful of both strains was added to the media in duplicate and co-cultured for up to 24h microaerobically at 42°C. After incubation, either all of the material from a spot (solid media) or 100μl of broth (biphasic media) was spread on 12-cm-diameter MHA plates containing either individual antibiotics (for the recovery and enumeration of parental strains) or an appropriate combination of antibiotics (for the recovery and enumeration of NES). This added up to three selective plates per replicate, for a total of seven replicates (five spots from solid media and two replicates from biphasic media). Colonies were further plated on selective CAC to confirm Campylobacter.




Experimental Design of the Animal Study

This experiment was conducted according to National Animal Disease Center Institutional Animal Care and Use Committee approved protocol. Male day-of-hatch Nicolas turkey poults (n=135) were obtained from a commercial hatchery and co-housed upon delivery and the following day to acclimate prior to the start of the study. The rooms were on a 12-h light/dark cycle with positive air pressure (> 10 air changes per hour). Turkeys were fed a turkey starter ration (Damron and Sloan, 1995) ad libitum for the entire 6-week study. After the acclimation, poults were randomly split into four rooms: three rooms (n=35 each) for inoculated birds and one (n=30) for controls. In the control group, (n=30) birds were gavaged with 1ml of sterile 1×phosphate-buffered saline (PBS) at Day 2 and euthanized for necropsy in groups of 10 on Days 8, 15, and 22 (Table 2). In the inoculation groups, birds were inoculated by oral gavage with 1ml of a Campylobacter suspension at Day 2 and a subset (n=10 per room) was euthanized for necropsy on Day 8. The remaining birds (n=25) were inoculated at Day 9 (with a strain different to the one inoculated at Day 2) with some (n=10) euthanized for necropsy on Day 15 and the remaining birds (n=15) euthanized for necropsy on Day 22 (Table 2). Birds were euthanized by CO2 asphyxiation followed by cervical dislocation and the cecal contents of each poult were harvested and placed in 50-ml tubes which were stored on ice until analysis for Campylobacter, typically within 2h.



TABLE 2. Design and timeline of turkey infections.
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Campylobacter inocula were prepared as follows: Each strain was cultured at 42°C in a 10% CO2 incubator on selective CLA-S medium for 48h and a loopful (approx. five colonies) was transferred into biphasic media in CELLSTAR® 25-cm2 tissue culture flasks (Greiner Bio-One North America Inc., United States) including CLA-S and Bolton broth (5ml/5ml) and cultured without shaking under the same conditions. The next day, a loopful (10μl) of the inoculated Bolton broth was used to inoculate two CELLSTAR® 75-cm2 tissue culture flasks (Greiner Bio-One North America Inc., United States) with the same biphasic media (10ml/10ml). Cultures were grown without shaking at 42°C microaerobically overnight. On the day of challenge, broth cultures were adjusted to an OD600 value of 0.4, centrifuged at maximum speed (5,251×g) for 10min, and resuspended in an identical volume of PBS. Campylobacter motility was assessed using dark-field microscopy as previously described (Sylte et al., 2019) and confirmed for all inocula.



Enumeration of Campylobacter in Inoculum and Cecal Contents

Colony forming units (CFU) in suspensions utilized as inoculum were enumerated by plating appropriate dilutions on CAC and enumerating colonies following incubation at 42°C in a 10% CO2 incubator. To enumerate Campylobacter in cecal contents, 1g of cecal material was diluted in 9ml of sterile PBS (making the 10−1 dilution), vortexed for 5s, and serially diluted to 10−6. Using the track-plating dilution method (Jett et al., 1997; Siragusa, 1999), we plated 10μl of each dilution in duplicate on CAC to which appropriate antibiotics were added as needed (see Supplementary Table S1). The plated volume was increased from 10μl to 100μl for the recovery of NES on selective media (Day 15 and 22). Plates were incubated for up to 72h at 42°C in a 10% CO2 incubator and magenta colonies (Campylobacter) were enumerated to calculate CFU/g of cecal contents. For statistical purposes, if no putative Campylobacter colonies were obtained on selective media, the CFU was assigned the value of 103CFU/g of cecal contents, i.e., the limit of detection (Sylte et al., 2018).



DNA Extraction, Library Preparation, and Sequencing

From selective media showing NES, a single colony was picked and subcultured on biphasic media (MH) overnight at 42°C in a 10% CO2 incubator and used for DNA extraction using the PureLink™ Genomic DNA kit (Invitrogen, Carlsbad, CA) following the manufacturer’s instructions. DNA concentrations were determined using a NanoDrop™ spectrophotometer (Thermo Fisher Scientific) and the Qubit® dsDNA Broad Range Assay with the Qubit Fluorimeter (Qiagen), and normalized to 200ng input DNA in 30μl final volume for Illumina MiSeq sequencing; 400ng DNA in 7.5μl final volume for sequencing using an Oxford Nanopore MinION standard flow cell; and 200ng DNA in 3.75μl final volume for sequencing using an Oxford Nanopore MinION Flongle flow cell.

DNA libraries were generated with the Nextera™ DNA Flex Library Prep kit (Illumina, San Diego, CA) according to the manufacturer’s instructions for MiSeq sequencing. For MinION sequencing, DNA libraries were generated with the rapid barcoding kit (SQK-RBK004; Oxford Nanopore, Oxford, United Kingdom) according to the manufacturer’s instructions.

Genome sequencing was performed at USDA, NADC, and Ames on a paired-end 300PE MiSeq (Illumina) instrument using MiSeq Reagent kit v3 and on a MinION instrument (Oxford Nanopore) using a standard flow cell (FLO-MIN106 R9.4.1) or a Flongle flow cell (FLO-FLG106). The MinION flow cell was run for 48–72h, and the resultant reads with a quality score > Q7 were either base called live in MinKNOW or afterward with Guppy v. 3.1.5 (Wick et al., 2019).



Bioinformatic Analysis


Assembly

Multiple web-based bioinformatics tools available on the online Galaxy platform1 (Afgan et al., 2018) were used to generate genome assemblies. FastQC Galaxy Version 0.72+galaxy1 (Andrews, 2010) was used to inspect the quality of the Illumina reads. Short-read (MiSeq, Illumina Inc.) and long-read (MinION™ Nanopore Inc.) sequences were assembled using Unicycler Galaxy Version 0.4.8.0 (Wick et al., 2017). For one isolate, Unicycler was unable to produce a complete genome and we generated a complete consensus assembly using the Trycycler pipeline2 – from assemblies produced by flye (Kolmogorov et al., 2019), miniasm (Wick and Holt, 2019), and raven3 – which was then polished with pilon (Walker et al., 2014). Assembled genomes were annotated using Prokka Galaxy Version 1.14.5 (Seemann, 2014). Default parameters were used for all software, except for the parameter – min_fasta_length which was set to 1,000 in Unicycler.



Pangenome Analysis

To determine the parental strain that served as a recipient or a donor for a specific NES (i.e., carrying resistance markers of both parental strains), the average nucleotide identity (ANI) between each of the parental genomes and the relevant NES was calculated with pyani (Pritchard et al., 2016). The parental genome with the greatest ANI relative to the NES was identified as the recipient. Next, for each in vitro experiment, three genomes (two parental and one NES) were included in a pangenome analysis using Roary (Page et al., 2015). The stringency for assigning coding sequences to a gene was set to 99% identity. The tool gifrop4 (v0.0.6) was used to help identify transfer of genes or consecutive blocks of genes (hereafter referred to as a “genomic island”) absent in the recipient strain but present in the NES. The workflow used to complete this analysis is available online.5



Genotypic Analysis for AMR and Virulence

The resistance determinants of Campylobacter parental strains were determined using the web-based tool ResFinder 3.16 (Zankari et al., 2012). Contigs (FASTA files) from each sample were screened for (i) chromosomal point mutations (both known and unknown) and (ii) acquired resistance genes with the default settings of 90% minimum identity and 20% minimum template length. For successful co-culture experiments, genomes were further screened for AMR and virulence genes using ABRicate version 1.0.1, which includes the databases ResFinder, CARD, ARG-ANNOT, and NCBI (Zankari et al., 2012; Gupta et al., 2014; Jia et al., 2017; Feldgarden et al., 2019). For ABRicate hits, the Prokka annotations were replaced with those from ABRicate. The NCBI AMRfinder tool (v3.9.8; Feldgarden et al., 2019) was also used to validate point mutation-based resistances.





RESULTS

Several types of selective media were tested to recover parental strains and NES. Parental strain Cc 6461, resistant to streptomycin but sensitive to ampicillin (see resistance patterns below), did not grow on CAC or MHA supplemented with streptomycin and ampicillin but grew on CLA-S with the same added antibiotics, i.e., showing antagonistic interactions between the antibiotics already present in CLA-S and the additional antibiotics. For this reason, CLA-S usage was discontinued during the course of the study and CAC was exclusively employed.


Resistance Patterns of Wild-Type Campylobacter Strains

Phenotypic and genotypic resistance patterns of Campylobacter strains used in the co-culture experiments are summarized in Table 3, and minimum inhibitory concentration (MIC) results are provided in Supplementary Table S2. All strains exhibited resistance to one or more antimicrobials. Our genomic analyses detected streptomycin resistance either via the previously described rpsL K88R substitution (Olkkola et al., 2010) in Cj 6535 and Cj 6631, or via aadE (Pinto-Alphandary et al., 1990) in Cc 6461 (Table 3). Our analyses also identified two genes associated with aminoglycoside resistance in different strains: aph(2″)-If associated with both kanamycin and gentamicin resistance (Yao et al., 2017), and aph(3′)-IIIa associated with resistance to kanamycin but not to gentamicin (Gibreel et al., 2004; Crespo et al., 2016; Table 3). Erythromycin-resistant strain Cc 6461 showed the known substitution A2075G in all three copies of the 23S rRNA gene (Vacher et al., 2003); erm(B) associated with erythromycin resistance in certain Campylobacter strains (Qin et al., 2014) was not identified. The L22 A103V substitution associated with low-level macrolide resistance (Payot et al., 2006) was in the genome of two strains, Cc13150 and CjJCC, even though phenotypic macrolide resistance was not detected (erythromycin MICs 0.5μg/ml and 0.12μg/ml, respectively). Nalidixic acid (quinolone) resistance was associated with the gyrA T86I substitution (Wang et al., 1993) in the genome of three strains. Of note, this was identified using the AMRFinder tool (Feldgarden et al., 2019) but not ResFinder in the genome of two strains (Table 3). A closer analysis revealed that the T86I substitution was mediated by T86I ACA>ATT instead of the typically observed T86I ACA>ATA.



TABLE 3. Antimicrobial resistance patterns of Campylobacter strains (n=11).
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We obtained certain unexpected findings in the determination of AMR determinants. Specifically, Cc 13150 was phenotypically susceptible to tetracycline but harbored tet(O), typically associated with tetracycline resistance in Campylobacter spp. (Taylor et al., 1987; Zhao et al., 2016).



Resistance Patterns of “Newly Emerged Strains” (NES) Recovered From in vitro Experiments

Results from the 12 co-culture experiments are summarized in Table 4. In all co-culture experiments, we recovered both parental strains (data not shown). In six experiments, we also recovered isolates with a dual-resistance pattern, i.e., resistance markers of both parental strains (Figure 1). Putative NES had their genomes sequenced to characterize the resistance determinants.



TABLE 4. Campylobacter co-culture in vitro.
[image: Table4]

[image: Figure 1]

FIGURE 1. Summary of in vitro and in vivo experiments. Strains names are followed by Campylobacter species and phenotypic resistance. Acronyms include A, ampicillin/carbenicillin; E, erythromycin; G, gentamicin; K, kanamycin; Q, nalidixic acid; S, streptomycin; and T, tetracycline. *indicates resistances due to a point mutation. Genotypic resistance can be carried on a chromosome (horizontal line) or a plasmid (circle). Resistance genes (colored blocks) are as: tet(O) (T resistance); aph(3′)-IIIa (K resistance); blaOXA (A resistance); aadE-Cc (S resistance); and aph(2′)-If (KG resistance). Point mutations (vertical lines) are as: gyrA T86I (nalidixic acid/ciprofloxacin: Q resistance); 23S A2075G (E resistance); rpsL K88R (S resistance); and L22 A103V (low macrolide resistance). Whole genome sequence data from newly emerged strain and parental strains were compared to identify donor vs recipient. CAC, CHROMagar™ Campylobacter; MHA, Mueller-Hinton agar; and HGT, horizontal gene transfer. Strain 13150 (phenotypically susceptible to tetracycline) carries a plasmid-borne non-functional tet(O) represented as a striped orange block.




Assessment of in vitro HGT via Experimental Dual Inoculation in Turkeys

Based on the results from the in vitro experiments, three Campylobacter pairs were chosen for further work in vivo. Turkeys were inoculated with the following strain pairs: Cc 6461 and Cj 14229–5 (room 9); Cc 6461 and Cc 13150 (room 10); and Cc 6461 and Cc 6067 (room 11; Table 2). The poults were free of Campylobacter prior to oral gavage and the control room (gavaged with PBS) remained free of Campylobacter throughout the experiment.

On the first inoculation (Day 2), inoculum concentrations of the strains at the day of challenge were as: 3.8×1010CFU/ml (strain 6461, room 9); 4.7×109CFU/ml (strain 13150, room 10); and 1.0×109CFU/ml (strain 6067, room 11). In birds necropsied at Day 8, all three inoculated strains could be recovered from rooms 9 to 11 (Figure 2). On the second inoculation (Day 9), inoculum concentrations of the strains at the day of challenge were as: 10×108CFU/ml (strain 14229–5, room 9); 5.5×108CFU/ml (strain 6461, room 10); and 9.5×108CFU/ml (strain 6461, room 11). In birds necropsied at Day 15, five of the six strains could be recovered from rooms 9 to 11, with strain 14229–5 not being recovered from room 9 on selective media (CAC with kanamycin; Figure 2). However, 1week later in birds necropsied at Day 22, both parental strains could be recovered from all necropsied birds (Figure 2).

[image: Figure 2]

FIGURE 2. Cecal colonization levels (CFU/g cecal content) of Campylobacter in inoculated turkeys. Each bird was inoculated with two Campylobacter strains (one at Day 2 and the other at Day 9). Cc, Campylobacter coli and Cj, Campylobacter jejuni. In each room, 10–15 birds were euthanized at each necropsy and Campylobacter was recovered from cecal contents (see Methods). If no colonies resembling Campylobacter grew on selective media, the sample was assigned the value of 103CFU/g of cecal contents (limit of detection). Mean CFU and 95% confidence intervals are represented (as bars) for each set.


On dual-selective CAC media designed to recover NES, we recovered a single colony from the cecal content of bird N3-R10-137 infected with Cc 6461 and Cc 13150 on CAC with tetracycline and kanamycin (TK). Cc 6461 was tetracycline resistant and carried a chromosomal tet(O), while Cc 13150 was, as indicated above, phenotypically susceptible to tetracycline, despite carrying a plasmid-borne tet(O). The hybrid resistance pattern (TK) in the NES was compatible with the acquisition of tetracycline resistance (T) from donor Cc 6461. The pangenome analysis indicated that the colonies recovered on TK were highly similar to the parental strain Cc 13150. A close comparison of the tetO regions in the parental strains and the NES suggested a homologous recombination event via which the non-functional tet(O) of Cc13150 was replaced by a functional tet(O) from donor strain Cc 6461 (Table 5; see details in “Pangenome analysis results”). The hypothesis that the defective tet(O) function was restored by a gene displacement is further supported by the detection of other homologous recombination events in other regions of the NES genome.



TABLE 5. Animal experiment results.
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Pangenome Analysis Results

Overall, the emergence of a novel resistance trait in the recipient strains occurred via a spontaneous point mutation or via a recombination-mediated horizontal gene transfer. We observed different HGT events: (i) the transfer of a genomic island including an ARG that was previously absent or (ii) the allelic transfer of an ARG, i.e., the replacement of an ARG already present by a mutated version of the same gene via homologous recombination.

The pangenome analysis was used to determine which of the two strains in the co-culture were the source of the ARG vs the recipient of the acquired resistance and to highlight genomic differences between parental strains and the NES, i.e., gene or genomic island transfers (genes absent in the recipient but present in both donor and NES) and deletions (genes present in the recipient but not the NES).


Mutation-Mediated Novel Resistance

In the in vitro co-cultures of Cj 6631 and Cj 11601MD, the NES recovered on KS was highly similar to the parental strain Cj 11601MD with an additional mutated version of gene rpsL (K88R) conferring resistance to streptomycin (Figure 1). To differentiate between the horizontal transfer of K88R rpsL from Cj 6631and a novel spontaneous mutation in Cj 11601MD, we compared the rpsL sequences between the strains. Aside from the K88R mutation, Cj 6631 rpsL sequence included two single-nucleotide polymorphisms that were absent in the Cj 11601MD and the NES genomes. Because the rest of the NES genome was also highly similar to Cj 11601MD, this suggest a spontaneous point mutation in Cj 11601MD, rather than the displacement of a mutated rpsL from Cj 6631.

In in vitro co-cultures of Cj JCC and Cc 13150, the NES recovered on TK (compatible with the acquisition of tetracycline resistance from donor Cj JCC) was highly similar to parental strain Cc 13150 but expressing resistance to tetracycline (Figure 1). Sequencing revealed that all three strains (parental and NES) carried tet(O) commonly associated with tetracycline resistance in Campylobacter (Sougakoff et al., 1987), despite Cc 13150 being phenotypically susceptible to tetracycline (MIC=0.25μg/ml). We compared the “functional” and the “nonfunctional” versions of tet(O) and found that the “nonfunctional” version (in Cc 13150) had a leucine at residue 76, whereas the “functional” versions had a proline at this position (Figure 3). The observed tet(O) L76P substitution seems to restore the functionality of tet(O) (i.e., tetracycline resistance) in the NES. Of note, when adding three published tetracycline-susceptible strains carrying a “nonfunctional” tet(O) to the comparison (Whitehouse et al., 2018), a proline was identified at residue 76 of the tet(O) gene, and tet(O) in one of these strains (N59392) was identical to tet(O) of the tetracycline-resistant strain Cj JCC (Figure 3); hence, an explanation other than the L76P mutation must be found for these three published tetracycline-susceptible strains that harbor tet(O).
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FIGURE 3. Alignment of the tet(O) genes of Campylobacter strains. Parental strains Cc 6461, Cc 13150, and Cj JCC were compared to newly emerged strains (NES) recovered from in vitro co-culture experiments and the experimental infections of turkeys. Three previously published tetracycline-susceptible strains carrying tet(O) (Whitehouse et al., 2018) were included for comparison (BioProject PRJNA292664; accession numbers N59392, N62623, and N62654). The tet(O) gene was either plasmid-borne (pl) or chromosomal (ch; there is some uncertainty noted “?” for the public strains as the draft genomes are broken into many contigs). The tetracycline-resistant NES recovered from the in vitro co-culture of Cc 6461 and Cc 13150 carried two copies of the tet(O) gene, one chromosomal [corresponding to the chromosomal tet(O) of Cc 6461 (Crespo et al., 2012)] and one plasmid-borne (highlighted in green). The “nonfunctional” version of Cc 13150 has a leucine at residue 76, whereas the “functional” versions have a proline at residue 76.




Horizontal Transfer of Resistance Genes

In co-cultures of Cc 6461 and Cc 13150, the pangenome analysis detected the transfer of a chromosomal genomic island including tet(O) (2661bp) from donor Cc 6461 to the chromosome of the recipient Cc 13150 (chromosomal), leading to two copies of tet(O) in the NES, one chromosomal, newly acquired, and the original plasmid-borne copy (Figures 1, 3; Table 6). Of note, the plasmid-borne tet(O) in the NES differed from the plasmid-borne tet(O) in strain Cc 13150 by two amino acids. It was not possible to determine if this was due to a double mutation in the original gene or a displacement with a tet(O) from donor Cc 6461 with an additional point mutation (Figure 3).



TABLE 6. Detailed information regarding genomic islands transfers.
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A different outcome was observed in the in vivo dual inoculation of the same two strains, Cc 6461 and Cc 13150. Instead of the acquisition by Cc 13150 of a second copy of tet(O) detected in vitro, we observed in vivo the displacement of the non-functional tet(O) present in the plasmid of recipient strain Cc 13150 by the functional tet(O) from donor strain Cc 6461 by homologous recombination.

Additional instances of HGT of resistance genes were noted. In co-cultures of Cc 6461 and Cc 6067, the NES recovered on SA (compatible with either the acquisition of streptomycin resistance from Cc 6461 or the acquisition of ampicillin resistance from Cc 6067) showed the acquisition of ampicillin resistance via transfer of a genomic island including blaOXA (1743bp) from donor Cc 6067 to recipient Cc 6461 (Figure 1; Table 6). In co-cultures of Cc 6461 and Cj 14229–5, the NES recovered on EK showed the acquisition of kanamycin/gentamicin resistance via the transfer of a genomic island (4703bp) including aph(2″)-If from donor 14229–5 to recipient 6461 (Figure 1; Table 6).

In addition to acquisition of new ARGs, we noted HGT-mediated transfer of genes harboring specific substitutions associated with resistance. For instance, in co-cultures of Cj 6631 and Cc 13150, the NES recovered on KS was highly similar to the parental strain Cc 13150 with an additional K88R-mutated version of rpsL (Figure 1). The pangenome analysis confirmed the acquisition of streptomycin resistance via the transfer of a genomic island (6378bp) including a K88R-mutated version of rpsL from donor Cj 6631 to recipient Cc 13150, and not a novel spontaneous mutation of rpsL (Table 6).

In the co-culture of Cc 6461 and Cc 6067, several virulence-associated genes (cheW, cheA, cheV, fliF, and fliG) were also identified in close proximity but not contiguous to the transferred genomic island including the resistance gene blaOXA, while in the co-culture of Cc 6461 and Cc 13150, no virulence genes were identified in close proximity to the genomic island that harbored the resistance gene tet(O) (Supplementary Figure 1).

Of note, aside from the resistance genes transfers, each NES showed various other transfer or deletion events that are not fully detailed here (see Supplementary Table S4 for details).




Reproducibility of the Horizontal Transfer of Resistance Genes

To determine reproducibility of the observed HGT events, we replicated the co-culture of Cc 6461 and Cj 14229–5, and subcultured and sequenced 10colonies (A–J) showing a dual-resistance pattern (SG). The NES originally sequenced and the nine newly sequenced NES from the replicate experiment (A–C and E–J) showed the same transfer of a genomic island including the resistance gene aph(2″)-If and five other genes at the same location in the recipient genome, but some variability in other transfer and deletion events elsewhere in the genome (Figure 4 and Supplementary Table S4). We detected the presence of genes associated with Campylobacter motility (such as pseA and pseI) in close proximity to aph(2″)-If in all sequences, with additional virulence-associated genes (e.g., maf4) being transferred in six out of 10 isolates (Figure 4). Of note, genes present in both parental strains and the NES (in dark purple in Figure 4) and contiguous to the genomic island carrying the ARG (in blue in Figure 4) might have been transferred concomitantly with it but were invisible to the analysis because these genes were 100% identical in the parental strains and the NES. Such findings suggest that contiguous pseA, pseI, and maf4 (involved in Campylobacter motility) were likely transferred with AMR as part of a single HGT, rather than multiple HGTs (Figure 4).
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FIGURE 4. Pangenome comparisons of 10 isolates of in vitro co-cultures of C. coli 6461 and C. jejuni 14229–5. (A) Only a section of the genomes is presented, highlighting (B) the transferred genomic island (between the orange bars) including resistance gene aph(2′)-If associated with kanamycin/gentamicin resistance. Each square represents a gene (annotated using PROKKA). The pangenome analysis was done using Roary, the virulence (light pink dot) and resistance genes (red dot) were annotated using ABRicate, and the figure was made with ggplot2 in “R.” Genes annotated as virulence genes are associated with Campylobacter motility. Of note, genes classified as the same gene in two strains have sequences ≥ 99% identical. Genes in yellow, i.e., found only in the newly emerged strain (NES), are genes that are less than 99% identical to the two parental genes, which might be due to chimeras of donor and recipient versions of the gene.





DISCUSSION

Despite the increasing prevalence of AMR in C. jejuni and C. coli in food animals, such as swine and poultry, as well as the potential impact to human campylobacteriosis treatment, there is limited information on Campylobacter AMR acquisition in animals co-infected with different Campylobacter strains. This is especially true for turkeys, which are known for carrying multidrug-resistant Campylobacter strains of both C. coli and C. jejuni (Wright et al., 2008; Wesley et al., 2009). Here, we used turkey dual inoculations to investigate AMR transfer between different Campylobacter strains and species (originating from swine and turkeys), after also investigating the process in simpler models involving co-cultures in vitro.

Using in vitro co-cultures, we identified the horizontal transfer of chromosomal genes conferring resistance to beta-lactam (blaOXA), aminoglycoside [aph(2″)-If; rpsL K88R], and tetracycline [tet(O)], as well as a spontaneous mutation (in rpsL) conferring a novel resistance to streptomycin. Our findings suggest that even though barriers exist to keep exogenous DNA (e.g., from gut commensals) from being incorporated in Campylobacter species – through CRISPR-Cas and restriction-modification systems (Gardner and Olson, 2012) – transformation can mediate the horizontal transfer of resistance determinants between C. coli strains, as well and between C. jejuni and C. coli, including between strains originating from different animal hosts (swine and turkey).

Both C. coli and C. jejuni are naturally competent, i.e., can take up naked DNA without any special treatment (Wang and Taylor, 1990). Interestingly, the HGT-mediated acquisition of previously absent resistance genes always occurred through the transfer of consecutive blocks of genes – genomic islands – via homologous recombination (i.e., in regions of the genome showing high similarity between the recipient and donor strains). Our study also found two occurrences of resistance-associated genes being displaced by a mutated version of the same gene through homologous recombination (HGT of a single gene). Interestingly, even though we detected tet(O)-carrying plasmids in several parental strains (Figure 1), we did not observe any transfer of such plasmids. This supports previous reports that transformation of Campylobacter with plasmid DNA is much less efficient than with chromosomal DNA (Wang and Taylor, 1990; Taylor, 1992). In vitro studies on the natural transformation of Streptococcus pneumoniae (Prudhomme et al., 2002) and Acinetobacter spp. (De Vries and Wackernagel, 2002) identified short (3–10 nucleotides) stretches of sequence identity (microhomology) between donor and recipient DNA serving as recombinational anchors, leading to homology-facilitated illegitimate recombination. For S. pneumoniae, transformation occurred preferentially within segments of high GC content (Prudhomme et al., 2002). Further experimental studies will be needed to identify the mechanisms involved in the homologous recombination of Campylobacter spp.

In our experiments, streptomycin resistance was acquired once through a K88R mutation of rpsL, and once through a horizontal transfer of a K88R-mutated rpsL. The horizontal transfer of mutated genes was expected as previous studies have suggested that, in the absence of selective pressure, the frequency of transformation to resistance greatly exceeds the frequency of spontaneous mutations to resistance (transformation to resistance was observed with mutated rpsL (Oyarzabal et al., 2007), 23S rRNA (Kim et al., 2006), and gyrA (Wilson et al., 2003; Kim et al., 2008).

Of note, the acquisition of a genomic island including a K88R-mutated version of rpsL in the NES recovered from the co-culture of Cj 6631 and Cc 13150 was only detected after manually checking the rpsL region in order to confirm the occurrence of a spontaneous point mutation K88R. From the pangenome perspective, rpsL was more than 99% identical in all genomes (one nucleotide difference between the mutated and non-mutated gene) and hence was excluded from the list of possibly transferred genes. This also happened when trying to detect a mutated version of tet(O) (which restored the gene functionality) in the NES recovered in vivo (6461×13150). The pangenome framework can struggle to identify allelic transfers, such as these, where allelic versions of the gene conferring resistance are highly similar.

In vitro results were highly reproducible – co-culture of specific pairs consistently yielded NES recovered on selective media while other pairs consistently yielded no NES recovered – suggesting that HGT events are not random and/or that some strains might be more prone to horizontal gene transfers. In NES sequenced from co-cultures of Cc 6461 and Cj 14229–5, the horizontal transfer of a resistance gene consistently occurred through the transfer of the same genomic island, and at the same place on the recipient genome, showing that transformation is not random, and possibly indicating “recombination hotspots” (Yahara et al., 2014).

Of note, Cc 6461, the only swine-derived strain in our panel, was involved in four HGT events (including in a turkey host) as a donor and as a recipient, which suggests this strain may be more prone to genetic exchanges with other strains. The ability of turkeys to be colonized by both C. coli and C. jejuni has triggered interest as well as concern because swine and turkey farms can be located in close proximity, which is the case in the southeastern United States where our Campylobacter strains were isolated (Wright et al., 2008; Bolinger et al., 2018). In our dual-inoculation experiment, co-colonization with different strains of C. coli (assessed by plating cecal content) was successful with no apparent dominance between the two strains; co-colonization with C. jejuni and C. coli also occurred even though the C. jejuni strain (inoculated second) was not recovered the first week after inoculation but was recovered 2weeks after inoculation. Turkeys, if co-colonized by C. coli and C. jejuni, could be a host species where resistance transfers between the two species are more likely to occur and be further transferred to other animal host species. The possible transfer of resistance between bacteria in swine and turkeys warrants further investigation.

Interestingly, in two out of five experiments that showed the acquisition of resistance through HGT, the transfer occurred in close proximity to genes related to chemotaxis or the biosynthesis of functional flagella, and thereby to motility and pathogenesis of Campylobacter (Guerry et al., 2006; Salah Ud-Din and Roujeinikova, 2018). Genes associated with motility/colonization are frequently recombining genes and are considered to contribute to the pathogen’s adaptive potential (Park et al., 2020). Hence, the co-localization of ARGs near such motility genes on recombination hotspots could impact the transmission rate of ARGs through the population.

Sequencing strain Cc 13150, phenotypically susceptible to tetracycline, revealed a plasmid-borne tet(O). Such a discrepancy between phenotypic and genotypic tetracycline resistance in Campylobacter is uncommon but has been reported before, being noted in four out of 327 tet(O)-harboring isolates (Whitehouse et al., 2018). In three experiments involving strain Cc 13150, a newly acquired phenotypic resistance to tetracycline was observed in NES. Different mechanisms were involved as: a tet(O) P76L mutation that restored the function of the gene present in a plasmid in Cc 13150, or the acquisition of a new (functional) tet(O) gene by HGT. In one HGT event, a second (chromosomal) tet(O) was acquired, while in the other HGT, the non-functional tet(O) present in Cc 13150 was replaced by a functional tet(O) originating from donor Cc 6461 by homologous recombination.

Our study provides evidence for the natural horizontal transfer of a chromosomal tet(O) between different C. coli strains in the turkey intestine. During the in vivo experiment, birds were not inoculated with both strains at the same time to ensure that any resistance gene transfer would occur in the animal intestine (post-colonization) rather than during a co-inoculation. From the cecal contents of dual-strain inoculated birds, both parental strains were recovered, as well as a single NES from a bird that was inoculated with strains Cc 6461 and Cc 13150. In the recovered NES – with a newly acquired tetracycline resistance gene compared to the recipient strain – we detected a horizontal gene transfer on a plasmid, leading to the displacement of a non-functional tet(O) by a functional tet(O) by homologous recombination. This result was slightly different from the in vitro co-culture result where a second (chromosomal) tet(O) was acquired.

Several hypotheses could explain why other horizontal transfers of ARGs observed in vitro were not detected in vivo. Firstly, transformation between different Campylobacter strains and species is likely a rare event and it might be more difficult to recover recombinant strains from complex environments, such as cecal contents. Secondly, laboratory conditions are markedly different from the environment encountered by Campylobacter colonizing a turkey cecum. In vivo, naked DNA may become degraded by extracellular nucleases of other cecal microbes, reducing the frequency of transformation. Finally, transmission and adaptation of a new phenotype may take longer than our study – turkeys are reared up to 21weeks of age before slaughter – or transformation frequency might be lower in vivo.

This work provides further evidence that transformation can mediate the in vitro and in vivo HGT of antimicrobial resistance genes in Campylobacter, within and between species (C. coli and C. jejuni). In vitro, resistance gene transfer was not a rare event and was highly reproducible between specific strains, and homologous recombination seemed to be a mechanism of choice for resistance spread. Finally, some strains seem more prone to the acquisition or transfer of resistance genes. Being able to identify such strains could be important for prevention of antimicrobial resistance transmission.
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The Supplementary Material for this article can be found online at https://www.frontiersin.org/articles/10.3389/fmicb.2021.732969/full#supplementary-material

SUPPLEMENTARY FIGURE S1 | Results of the pangenome analysis of in vitro co-culture of Campylobacter strains. Only a section of the genome is presented, highlighting the region surrounding the resistance gene of interest. (S1A) Co-culture of 6461 and 6067; (S1B and S1C) Co-culture of 6461 and 13150. Of note, the newly emerged strain carries two copies of tet(O), one chromosomal (S1B) and one plasmidic (S1C).

SUPPLEMENTARY TABLE S1 | List of media with combination of antibiotics used for the plating of turkey cecal content by room and necropsy day. Different combinations were used to recover one (at Day 8) or two parental strains (Day 15 and Day22) as well as a possible newly emerged strain with dual resistance.

SUPPLEMENTARY TABLE S2 | Minimal inhibitory concentrations (MICs) from CAMPY2 Sensititre® plates (VersaTREK Diagnostics/Thermo Fisher, United States). Antimicrobial levels are given in μg/ml. Eight antimicrobials were tested. S, susceptible; R, resistant; and NI, no interpretation because guidelines have not been established by the Clinical and Laboratory Standards Institute (CLSI) for the bacteria/drug combination being tested. Testing was conducted by the Veterinary Diagnostic Laboratory at ISUVDL. Sensitivity testing failed for strain 14229–5, the result provided being “Isolate was unable to grow for sensitivity (two attempts).”

SUPPLEMENTARY TABLE S3 | Unknown mutations (in genes where specific known mutations confer resistance) in Campylobacter sp. as identified using the web-based tool ResFinder 4.17 (Zankari et al., 2012). Contigs (FASTA files) from each sample were screened for “Chromosomal point mutations - Unknown mutations” with the default settings of 90% minimum identity and 20% minimum template length.

SUPPLEMENTARY TABLE S4 | Detailed horizontal gene transfers observed in the newly emerged strains (NES). For each in vitro transfer experiment, three genomes (from two parental and one NES strain) were included in the pangenome analysis using Roary (Page et al., 2015). The stringency for assigning coding sequences to a gene was set to 99% identity. The tool gifrop8 (v0.0.6) was used to help identify transfer of genes or consecutive blocks of genes – hereafter referred to as a “genomic island” – absent in the recipient strain but present in the NES. The workflow used to complete this analysis is available online.9
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Since 2005, campylobacteriosis has been the most common zoonotic disease in Europe. The main reservoir of pathogenic Campylobacter strains is broilers, which makes raw and undercooked poultry meat two major sources of disease. Infection in chicken flocks is most often asymptomatic, despite a high level of colonization reaching 106–109cfu/g in animal ceca. It is widely believed that controlling the level of colonization of the birds’ digestive tract by pathogenic strains is a good way to increase food safety. Many treatments have been proposed to combat or at least reduce the level of colonization in animals reservoirs: probiotics, bacteriophages, vaccines, and anti-Campylobacter bacteriocins. This review focuses on the effects of Campylobacter infection on the chicken microbiome and colonization control strategies using probiotics (mostly lactic acid bacteria, LAB), which are live microorganisms included in the diet of animals as feed additives or supplements. Probiotics are not only an alternative to antibiotics, which were used for years as animal growth promoters, but they also constitute an effective protective barrier against excessive colonization of the digestive system by pathogenic bacteria, including Campylobacter. Moreover, one of the many beneficial functions of probiotics is the ability to manipulate the host’s microbiota. Recently, there have also been some promising attempts to use lactic acid bacteria as a delivery system of oral vaccine against Campylobacter. Recombinant LAB strains induce primarily a mucosal immune response against foreign antigens, accompanied by at most a low-level immune response against carrier strains. Since the main barrier against the invasion of pathogens in the gastrointestinal tract is the intestinal mucosal membrane, the development of effective oral vaccines to protect animals against enteric infection is very reasonable.
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INTRODUCTION

Global population growth and the improvement of the economic situation around the world are causing an increased demand for meat. It is satisfied mostly by poultry and pork, whose consumption in 2017 exceeded 120 million tons (Scanes, 2007; Mordor and Intelligence, 2018). Attaining this scale was linked to significant changes in the livestock sector in recent decades. Traditional meat production methods were gradually replaced by industrial meat production, in which animals are kept indoors for most or all of the time. This negatively affects the intestinal microbiota of animals, resulting in a reduction of resistance to pathogens, impaired absorption of nutrients, increased mortality, and nutrition costs. In the past, a common solution to these problems was a regular administration of antibiotics (Dibner and Richards, 2005). Antimicrobials given to animals effectively reduced the development of pathogens, lowering the prevalence rate of gastrointestinal infections. Antimicrobial use has also led to an increase in the level of feed use by animals, increasing growth, and meat mass. On the other hand, the extended antibiotics dosing weaken a structure of the intestinal epithelium and function of the immune system, which can result in an increased incidence of diarrhea and mortality among animals (Morgun et al., 2015). Moreover, antibiotics at sub-therapeutic doses are known to induce the development of antibiotic resistance in both commensal and pathogenic bacteria. Commensals (e.g., E. coli) then serve as a long-lasting reservoir of antibiotic resistance genes that can be transferred to pathogens, including those dangerous to humans (Salyers et al., 2004; Andersson and Hughes, 2014; Ma et al., 2016). It has also been reported that antibiotic growth promoters administered to chickens (oxytetracycline, erythromycin, tylosin, bacitracin, and neomycin sulfate) increased the prevalence of Proteobacteria, which include a wide variety of human pathogens, such as Escherichia, Campylobacter, Salmonella, and Helicobacter (Looft et al., 2012; Salaheen et al., 2017).

Concerns over environmental and public health risks associated with the emergence of antibiotic resistance in zoonotic bacterial pathogens due to therapeutic and/or non-therapeutic use of antibiotics have led to a global interest in adopting more stringent use of antibiotics in food animal production. In the European Union (EU), the use of antibiotics as growth promoters (AGPs) in animal feeds has been banned since 2006 (Regulation (EC) No 1831/2003 of the European Parliament and of the Council of September 22, 2003 on additives for use in animal nutrition; Maron et al., 2013). At present, antibiotics may be given to animals only in justified cases – upon recommendation and under control of a veterinarian. Despite these restrictions, overall sales of veterinary antimicrobial agents in 31 European countries in 2018 reached 6.5 thousand tons (EMA, 2020). For comparison, according to the FDA (Food and Drug Administration) by 2019, 11.46thousand tons of antibiotics were sold in the United States for livestock (FDA, 2019). ESVAC (The European Surveillance of Veterinary Antimicrobial Consumption) and FDA reports show that 15 and 13.15% of these antibiotics were used in the European and US poultry industries, respectively. This was one of the reasons for an increasing pressure for stricter regulations in North America. The regulation issued by the US FDA that came into force on January 1, 2017 banned the use of antibiotics for enhancing growth in livestock (FDA, 2015). This rule prohibits the over-the-counter sale to farmers of antimicrobial drugs medically important for humans (EMA, 2017).

Reduced growth rates in animals that are observed in the absence of AGPs will impact the efficiency of production and perhaps jeopardize food security. It has also been reported that the ban on AGPs in poultry feed may lead to an increase in the therapeutic use of antibiotics, with enteric diseases and necrotic enteritis in particular as major indications (Hughes et al., 2008). Therefore, it became necessary to develop novel alternatives to growth stimulants that could strengthen the natural defenses of animals and thus prevent the expansion of pathogenic microflora in the gastrointestinal tract and at the same time exert a positive effect on animal breeding traits. That is the reason why the interest in probiotics and their possible use as food additives for animals has increased significantly in recent years.



CAMPYLOBACTERIOSIS

Among the foodborne diseases, zoonoses, which are infections transmitted from animals to humans (either directly or via the food chain), are of great importance. Studies indicate that between a third and up to a half of all human infectious diseases have a zoonotic origin (EFSA, 2016). Since 2005, campylobacteriosis has been the most commonly diagnosed zoonosis in the residents of the EU Member States. According to data from the European Food Safety Authority in EFSA (2016), 220,682 cases of Campylobacter infections were confirmed, with an incidence rate 59.7 per 100,000 (EFSA and ECDC, 2021). However, since most infections are mild, only one in 47 cases of campylobacteriosis is reported; thus, the number of Campylobacter infections is grossly underestimated (Havelaar et al., 2013).

Campylobacteriosis is a result of infection with thermotolerant Campylobacter bacterial strains. Although new species of Campylobacter have been recently discovered, human cases of campylobacteriosis are dominated by two main species, Campylobacter jejuni and, to a lesser extent, Campylobacter coli. Limited data are available on infections caused by other species, i.e., Campylobacter lari or Campylobacter fetus (Kaakoush et al., 2015). The course of Campylobacter infection depends on the pathogenicity of the strain and on the responsivity of the host’s immune system. The clinical manifestation is variable and ranges from asymptomatic to acute intestinal inflammation accompanied by a long-lasting, mucoid diarrhea. Symptoms usually resolve spontaneously after about 7days; however, Campylobacter infections sometimes lead to the development of autoimmune and neurological diseases, examples of which are reactive arthritis and neuropathy of the peripheral nervous system, i.e., Guillain-Barré syndrome (Dasti et al., 2010; Goodfellow and Willison, 2016). Current studies indicate that Campylobacter infections may also be associated with irritable bowel syndrome (IBS) and colorectal cancer (Kaakoush et al., 2015). A small percentage of patients with Campylobacter-induced enterocolitis develop bacteremia (Robyn et al., 2015).

Although the infection may be also caused by the consumption of water, unpasteurized milk or beef contaminated by pathogens, epidemiological studies show that the majority of cases of campylobacteriosis is caused by the consumption of infected, inadequately prepared poultry, consistent with the observation that the main reservoir of Campylobacter is farm poultry and wild birds (Dasti et al., 2010; Silva et al., 2011). According to the report in EFSA (2016), as many as 29.6% of the tested fresh broiler carcasses in Europe were contaminated with Campylobacter (EFSA and ECDC, 2021). This figure is lower than in previous years, when on average 38% of the meat samples contained Campylobacter. Notably, the rate of Campylobacter-positive samples of broiler meat varied greatly between individual members of the European Union (EFSA and ECDC, 2017, 2021). It is important to note that the data from various investigations often are not directly comparable because of differences in sampling strategies and testing methods, including sampling season (in most countries, Campylobacter infections are known to be more prevalent in poultry during the summer than during the winter).

A large number of cases, the occurrence of post-infectious complications (mainly neurological ones), as well as the growing prevalence of Campylobacter strains resistant to antibiotics make campylobacteriosis a serious problem for medical services. Campylobacter, mainly due to its antibiotic resistance, forced its way to the list of bacterial species constituting the greatest threat to human health, published 2017 by the World Health Organization (WHO).1 Therefore, in recent years, researchers focused on developing a strategy to prevent Campylobacter infections. It seems that controlling the level of colonization of the digestive tract of animals should improve food safety. For example, it has been determined that a reduction in the C. jejuni chicken carcass contamination by 2 log would reduce the risk of campylobacteriosis in humans 30-fold (Rosenquist et al., 2003; EFSA Panel on Biological Hazards (BIOHAZ), 2011). Table 1 provides various approaches that are being developed to control the Campylobacter infection on farms. Some of them are promising and results of using others are modest and variable.



TABLE 1. Proposed strategies to control the Campylobacter infection for use on farms.
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MICROBIOME OF CHICKENS

Studies of various animal species, including humans, have shown that the intestinal microbiota has a huge impact on the health of the host, and the disturbance of its balance (dysbiosis) is associated with the occurrence of various diseases, such as inflammatory bowel disease, IBS, obesity, and diabetes (Turnbaugh et al., 2006). Since the ban on AGP in animal feed, these dysbiosis-related problems have become a major issue, especially in intensive animal farming.

The gut microbiome of a healthy animal is quite stable, although its composition and activity depend on many factors. It may change as a result of viral or bacterial infections or of treatment with antimicrobials (Ley et al., 2008; Yegani and Korver, 2008; Costa et al., 2015; Kumar et al., 2018). It is also determined by zoohygienic conditions, age (Mueller et al., 2006; Williams et al., 2013), health status (Abt and Artis, 2009), mental stress, and genetic factors (Meng et al., 2014; Mandal et al., 2020).

The digestive tract of poultry hosts at least 900 species of microorganisms (Apajalahti et al., 2004). The majority of them belong to a commensal microflora, which stimulates the production of cytokines (i.e., tumor necrosis factor) and through them, impacts on the activity of lymphocytes and other mucosal subpopulations of host immune cells (Atarashi and Honda, 2011; Meijerink et al., 2020). The intestinal bacteria are also of high importance for the gut barrier function as they regulate the proliferation and differentiation of intestinal epithelial cells (Pan and Yu, 2014). The metabolic abilities of bacteria forming the intestinal microbiome enable the degradation of complex food substrates (e.g., plant cell wall components). The final products of the fermentation of the resulting simple sugars are short-chain fatty acids (SCFA), which become an important source of energy and carbon for the host (Sergeant et al., 2014).

The number of pathogenic microorganisms in the digestive tract of a healthy farm animal is usually low, constantly controlled by other microorganisms in the intestinal ecosystem and does not pose a serious threat to the host health. Intestinal microbiota contributes to the host defense in multiple ways, but one of the most important ones is called a “competitive exclusion.” In healthy animals, commensal bacterial communities in the GI tract colonize intestinal mucosa and form a layer covering the mucosal surface. This layer of microbial communities can effectively block the attachment and subsequent colonization by most invading enteric pathogens (Lan et al., 2005). Moreover, changes of the intestinal pH, modulation of the oxygen level, and the utilization of nutrients carried out by intestinal microbiota help to generate an unfavorable environment to pathogens (Sekirov et al., 2010). Thus, a stable healthy gut microbiota is an effective barrier against the colonization of pathogens. The microbial community has also an important role in modulating the host immune system, maintaining normal physiological homeostasis, and influencing host metabolism (Sommer and Backhed, 2013). Thus, all alterations in its composition may have adverse effects on birds’ health and on an efficiency of energy extraction from feed.

The development of high-throughput sequencing approaches provided an opportunity for an in-depth investigation on the taxonomic composition of the poultry intestinal microbiome. It seems that understanding how the gut microbiota of chickens is shaped will help in the development of effective probiotics or other successful interventions aimed at chicken’s health.

In the majority of poultry farms, microorganisms that form the microbiome of the chicks’ digestive system come from the breeding environment. That is, why large differences in microbiota composition are observed immediately after hatching (Pedroso et al., 2005). Since farm chickens do not have contact with adult birds, re-use of litter is a common practice in the production of broilers. Cressman et al. demonstrated that the ileal mucosal microbiome of chickens reared on fresh litter was dominated by Lactobacillus spp., whereas a group of unclassified Clostridiales was the dominating bacteria in chickens reared on reused litter (Cressman et al., 2010).

The “natural” core microbiome of broiler chickens is difficult to define, and this is the consequence of a high variability not only between birds, but also between whole flocks or even breeds (Pandit et al., 2018; Richards et al., 2019). Nevertheless, the short transit time of food, a consequence of the shortness of the gastrointestinal system of birds, promotes bacteria that adhere to the mucosal layer and/or grow fast (Pan and Yu, 2014). The most diverse microbiome is the cecal one. This is favored by the longest feed retention time (12–20h; Singh et al., 2012). The cecum is dominated by representatives of the Clostridiaceae, Bacteroidaceae, Lactobacillaceae, and Lachnospiraceae families (Witzig et al., 2015; Richards et al., 2019). The diversity and distribution of bacterial species that make up the GIT microbiota initially fluctuate but become well established as soon as by day 3 post-hatch (Apajalahti et al., 2004) or, in another study, by day 11 (van der Wielen et al., 2002). In turn, a rapid increase in diversity up to day 12 with variation observed both in terms of genera and abundance, before the stabilization of the microbial diversity after day 20 was observed by Ijaz et al. (2018). On the 42nd day of life of chickens over 200 species were identified in their intestines, while after hatching, only 50 were found (Oakley et al., 2014a). Initially, the intestinal microbiome is dominated by Gram-negative bacteria, in particular Enterobacteriaceae (Salmonella, Klebsiella, Proteus, and E. coli). In week-old chicks, representatives of Firmicutes (Lachnospiraceae, Ruminococcaceae, Clostridiales, Christensenellaceae, and Bacillaceae) and Bacteroidetes (Bacteroidaceae) emerge (Ballou et al., 2016; Kumar et al., 2018; Richards et al., 2019) and gradually begin to prevail. On the 28th day of birds’ life according to the Ballou et al. study, Gram-negative bacteria account for less than 6% of the microbiome. The arrival of the SCFAs producers, i.e., Lachnospiraceae, Ruminococcaceae, and Bacteroidaceae, may explain the gradual decrease in the presence of Enterobacteriaceae in young birds’ intestines (Figure 1); thus, early interventions promoting this effect might be highly desirable.
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FIGURE 1. Age-related changes in the chicken cecal microbiota (from hatch to 42days of age) and potential impact of Campylobacter jejuni colonization that could affect microbiota composition. After hatch, the microbiota is mainly composed of environmental bacteria. Stabilization of the microbial diversity occurs after 10–20days post-hatch. The diagram is based on the information provided by (Oakley et al., 2014a; Thibodeau et al., 2015; Connerton et al., 2018; Richards et al., 2019; Duquenoy et al., 2020). The distribution of the most common and abundant bacterial taxa (phylum, order, and family) in the ceca of the chickens is presented.


A comparison of the microorganisms presents in the lumen of the intestine with those associated with the mucous membrane showed a much greater diversity of the latter, especially in the ileum and the cecum (Borda-Molina et al., 2016). Pseudomonas spp. – species that have the ability to hydrolyze phytate or to degrade starch and improve the availability of plant phosphorus – have been identified only in the mucosa of the ileum (Maougal et al., 2014). In the mucous membrane, species belonging to the genera Clostridium XI and Ralstonia were also present in large numbers, whereas Lactobacillus sp. strains were three times more abundant in the lumen of the ileum (Borda-Molina et al., 2018). The difference in lumen and mucous microbiota composition was also observed by Richards et al. (2019).

A close relationship between the composition of the microflora and the productivity of the poultry has been identified (Stanley et al., 2013, 2016; Clavijo and Florez, 2018; Johnson et al., 2018). Animals with a high feed conversion ratio (FCR) exhibited a higher abundance of the genera of Acinetobacter, Bacteroides, Streptococcus, Faecalibacterium prausnitzii, Clostridium (from families Lachnospiraceae, Ruminococcaceae, and Erysipelotrichaceae), and Lactobacillus. Simultaneously, a negative correlation between performance parameters and Enterobacteriaceae expansion has been reported (Singh et al., 2014; Stanley et al., 2016). Other bacterial taxa, strongly correlated with broiler chicken performance, were identified by Johnson et al. and included as: Butyricimonas, Candidatus division Arthromitus, Faecalibacterium, Parabacteroides, and Sutterella (Johnson et al., 2018).

Consequently, in the gut of normal, healthy, and non-stressed animals, there is a dynamic balance between beneficial and non-beneficial bacteria. On farms, this balance can be disturbed, for example, by various stress conditions which animals may be exposed to. In the poultry production systems, these include transportation, change or withdrawal of food and water, and a high density of individuals in a relatively small space. All kinds of stress, both physiological and psychological, weaken the immune system, which leads to intestinal dysfunction, increases the permeability of the intestinal barrier, and predisposes to the colonization of the digestive tract by pathogenic microorganisms (Mandal et al., 2020).



THE EFFECT OF CAMPYLOBACTER INFECTION ON CHICKEN MICROBIOME

In industrialized countries, Campylobacter is the most common cause of bacterial foodborne infections (Hermans et al., 2012b). Two species responsible for the majority of human diseases, C. jejuni and coli, are extremely widespread in the production of poultry. Campylobacter mainly colonizes lower parts of the digestive tract of birds, and the level of colonization is very high, up to 109cfu / gram of cecal contents (Sahin et al., 2015). Even such a high level of colonization does not cause disease symptoms in birds, which prevents the elimination of infected individuals from the flock. It has been suggested that persistent, high-level cecal colonization of C. jejuni in its avian host stems from an inefficiency of the chicken immune system combined with mechanisms redirecting the response toward tolerance (Hermans et al., 2012a). Most previous studies indicate that Campylobacter is a poultry commensal (Lee and Newell, 2006), but there are also results which report detrimental health effects associated with the colonization of chicken gastrointestinal tract by C. jejuni (Williams et al., 2013; Humphrey et al., 2014; Awad et al., 2015). Noticed in Humphrey et al. (2014) that broiler gut mucosa was damaged by C. jejuni M1 strain: high level of inflammation occurred, leading to a diarrhea and consequent poor bird welfare (Humphrey et al., 2014). The ability to induce intestinal damage and to modulate the barrier function of the intestinal epithelia facilitates the paracellular passage of C. jejuni into the underlying tissues and supports the translocation of luminal bacteria, such as E. coli to internal organs (Lamb-Rosteski et al., 2008; Kalischuk et al., 2010; Awad et al., 2015, 2016). Similar clinical symptoms have been seen by other research groups (Ghareeb et al., 2012; Awad et al., 2015, 2018). It appears that the outcome of infection depends on the genetic interplay between the host and Campylobacter strain.

C. jejuni is rarely detected in gastrointestinal tract of commercial flocks under 2weeks of age, regardless of the production system (Conlan et al., 2007; Newell et al., 2011). This suggests that a mechanism counteracting colonization of young birds by Campylobacter exists. It has been speculated that a high level of specific maternal antibodies provides protection from Campylobacter colonization (Cawthraw and Newell, 2010). Observations that chickens residing in flocks together with adults are free of Campylobacter for the first few weeks after hatching seem to confirm this notion (Sahin et al., 2003).

There are also reports suggesting that a strong shift in the bacterial microbiome is a leading cause for an age-dependent infection of chickens with Campylobacter (Han et al., 2016). But at the same time, it has been shown that chickens between 0 and 3days of age, whose microbiome is composed of species very different from those found in 2–3week old chickens, can become infected with Campylobacter and shed the bacterium. These observations are purely experimental and differ from those obtained in the field (Conlan et al., 2007). In turn, Conlan et al. suggest that the mechanism behind the “lag-phase” reported in commercial flocks results from the age-dependent transmission between hosts rather than from their susceptibility to colonization (Conlan et al., 2011). This is supported by studies conducted by Connerton et al., which indicate that chickens can become infected at any time during the rearing period, but the colonizing Campylobacter only multiplies to the extent of being detectable and efficiently transmittable when birds are over 2weeks old (Connerton et al., 2018). Recently Ijaz et al. have performed comprehensive day-to-day investigation of the chicken cecal microbiome from day 3 to 35. They identified Campylobacter at day 16, just after the most substantial changes in metabolic profiles observed, and hypothesized that a shift from competitive to environmental drivers of microbial community from days 12 to 20 creates a window of opportunity whereby Campylobacter appears (Ijaz et al., 2018).

Although the chicken microbiome is being increasingly characterized, information on the effect of foodborne pathogens on its modulation/composition is still lacking. Only a few studies have reported changes in the chicken microbiota in response to Campylobacter colonization.

In studies conducted by Kaakoush et al., a presence of C. jejuni in the chicken gastrointestinal tract was associated with a lower abundance of Lactobacillus and Corynebacterium and a higher abundance of both Streptococcus and Ruminococcaceae in fecal samples (Kaakoush et al., 2014; Figure 1). Also a presence of major producers of SCFA (Bacteroides, Alistipes and Blautia) was noted. Since C. jejuni can use organic acids produced by these genera as an energy and carbon sources, this could, at least partially, explain their co-occurrence in infected birds. In this experiment, a modulation of the microbiome was assessed in birds originating from different farms and production types. Chicken microbiome modifications induced solely by C. jejuni during a controlled experimental challenge was measured in the studies carried out by Thibodeau et al. (2015). They noticed a link between C. jejuni and Clostridium, which is also a producer of SCFA. They hypothesized that C. jejuni could act as a hydrogen sink that would improve the growth of some Clostridium and their competitive standing through increased fermentation, leading in consequence to increased production of organic acid that can be used by the Campylobacter. Variable shifts in the abundance of members of the Clostridiales in response to Campylobacter colonization were observed also by Connerton et al. (2018). However, they noticed that several clostridial OTUs (most notably Clostridium XIVa) show a greater an abundance in the absence of C. jejuni. In the human gut, representatives of this group are major butyrate-producing bacteria and play a key role in maintaining metabolic and immune functions (Lopetuso et al., 2013). The presence of C. jejuni in the chicken gastrointestinal tract was also associated with a diminution of the relative abundance of Mollicutes and Anaeroplasmateles (Thibodeau et al., 2015). In recently conducted studies, a high level of Campylobacter has been also linked to a higher abundance of Faecalibacterium (Duquenoy et al., 2020). The positive interaction of these species has not yet been fully explained. Butyrate produced by Faecalibacterium is harmful to Campylobacter but may also trigger the expression of C. jejuni genes that are important for host colonization (Duncan et al., 2004; Van Deun et al., 2008). Faecalibacterium prausnitzii has also been found to be involved in the modulation of mucin production by goblet cells (Wrzosek et al., 2013). The production of mucus could have a beneficial effect for Campylobacter as the mucous layers provide a protective niche for them, allowing to resist intestinal peristalsis and the action of organic acids. The importance of Faecalibacterium has also been highlighted in a recent study conducted by Patuzzi et al. Their network analysis showed that Limnobacter, Parabacteroides, Pseudomonadaceae, Sutterella, Sphingobium, and Oxalobacteraceae were positively affected by Faecalibacterium and Lactobacillus, and at the same time, a negative interaction from Campylobacter was detected toward them. The author hypothesized that these six taxa might be involved in the maintenance of the resilience within the microbial community (Patuzzi et al., 2021). This is in line with the theory put forward by Duquenoy et al. Increased abundance of Faecalibacterium prausnitzii, which has a documented anti-inflammatory effect, would improve the ability of Campylobacter-colonized chickens to control inflammation caused by this microorganism (Duquenoy et al., 2020). Therefore, the importance of Faecalibacterium for chicken intestinal health remains to be determined.

It is conceivable that the chicken cecal microbiome is not extensively disturbed by colonization with C. jejuni. Elucidation of the role of gut microbiota in C. jejuni infection in chickens thus requires a more detailed understanding of their ecology. For the time being, the role of the chicken microbiota composition for the susceptibility to Campylobacter infection remains elusive.

In addition to microbiota, Connerton et al. have compared inflammatory responses, and zootechnical parameters of broiler chickens not exposed to Campylobacter with those exposed either at young age (6days old) or at 20days old, when commercial broiler chicken flocks usually become colonized. A transient growth rate reduction was observed only during early colonization. Both early and late colonization produce pro-inflammatory responses, but their kinetics are quite different. For birds infected on day 6, first a relative increase in IFN-γ and IL-4 was observed and then expression of IL-6, IL-17A, and IL-17F increased. These pro-inflammatory cytokines declined after upregulated expression of IL-10. Ultimately, cytokines in the early colonized birds returned to levels not distinguishable from age-matched noninfected birds (Connerton et al., 2018). Cytokine expression in response to Campylobacter infection in chickens challenged at day 20 demonstrated the upregulation of IL-6, IL-17A, and IL-17F; elevated IL-17A response was observed until the 35day of life. These differences do not result in lower Campylobacter colonization levels at the end of the study but can lead to shifts in the resident microbial communities (Connerton et al., 2018).

Changes in the levels of pro-inflammatory, anti-inflammatory, and regulatory cytokines in Campylobacter-infected chickens were also observed by Mortada et al. A study of the effects of this pathogen on CD4+ and CD8+ cells throughout the life of chickens showed that Campylobacter is capable of inducing both Th1 and Th2 immune responses. The ability to maintain the balance between them might explain a high level of cecum colonization in Campylobacter-infected birds with no pathological changes (Mortada et al., 2021).

Developing effective probiotic-based strategies for controlling Campylobacter infection in chickens certainly require understanding of the interaction of this pathogen with the chicken microbiota as well as its influence on the functioning of birds’ immune system.



LACTIC ACID BACTERIA AS PROBIOTICS

Probiotics are currently defined as mono or mixed cultures of live microorganisms, which – when administered in adequate amounts – confer a health benefit to the host (FAO-WHO, 2006). Their action, consisting mainly of antagonistic activity against pathogens and modulation of the immune system, is important in maintaining the balance of intestinal microflora. Most commonly used probiotic preparations contain lactic acid bacteria (LAB), although they can also be formulated using bacteria from outside of this group, as well as fungi showing beneficial effects on health (Sarao and Arora, 2017). LAB is an artificially extracted group with a huge genetic and phylogenetic diversity. These are Gram-positive, nonsporulating, catalase-negative, acid-tolerant, anaerobic or aerotolerant, and auxotrophic bacteria characterized by the ability to convert carbohydrates into lactic acid via fermentation. Its most numerous representatives are bacteria of the genera Lactobacillus and Bifidobacterium. This group also includes microorganisms belonging to such genera as: Enterococcus, Lactococcus, Leuconostoc, Pediococcus, and Streptococcus.

The LAB has been used for millennia in the production of fermented foods. They are “generally regarded as safe” (GRAS status) according to The American Food and Drug Administration. Several species, including Lactobacillus plantarum and Lactobacillus fermentum, have received a qualified presumption of safety status given by European Food Safety Authority (EFSA).

The mechanism of the beneficial effect of probiotics is not fully understood. It is primarily based on interaction with a complex microbiome on the surface of the intestinal epithelium. Probiotics compete with pathogenic microorganisms for sites of adhesion to intestinal epithelial cells. They can also produce various compounds that inhibit the growth of pathogens, such as organic acids, hydrogen peroxide and bacteriocins (small proteins with specific bactericidal activity), and compete for available nutrients, which makes the environment less permissive for the growth of pathogens (Ng et al., 2009; Bermudez-Brito et al., 2012; Peng et al., 2016; Oh et al., 2017). Probiotic bacteria also play a role in improving barrier function by enhancing the expression of genes involved in epithelial tight junction formation and by increasing synthesis of mucin that forms mucus, a layer protecting from pathogens, enzymes, toxins, dehydration, and abrasion. The positive effects of probiotics manifest themselves also through increased activity of digestive enzymes and improved breakdown of indigestible nutrients. Studies conducted so far indicate that probiotics can modulate and regulate intestinal immune responses by reducing pro-inflammatory cytokines, increasing secretory IgA production, and promoting specific and non-specific immune responses against pathogens (activation of macrophages; Haghighi et al., 2008; Ng et al., 2009; Bermudez-Brito et al., 2012; Martinez et al., 2016).

Several interesting reviews were published recently that describe mechanisms of probiotics action in details (Khan et al., 2020; Tarradas et al., 2020). We summarize these findings in Figure 2.
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FIGURE 2. Overview of mechanisms of probiotics’ action. Probiotics exert their beneficial effects mainly by ensuring the proper balance of the microbiota colonizing the gut. Probiotic activity depends on stabilization of the epithelial barrier, induction of mucin secretion, and aggregation skills. By adhering to enterocytes, they reduce the opportunity for the colonization of this ecological niche by pathogenic bacteria. They also produce various, not always fully characterized, metabolites that inhibit the growth of pathogens. Additionally, they modulate the host immune system. Probiotics influence the gut through one or a combination of these mechanisms. Dotted arrow underlines the interplay between the host microbiota and probiotic strains and nature of these interactions can be both – positive, negative, depending on the composition of resident gut microbiota and used probiotic. DC, dendritic cells.



The Impact of Probiotics on Chickens’ Microbiota

For decades, various approaches have been used in animal husbandry with aim to influence the composition of animal gut microbiome. However, due to dramatic deficiencies in former research methods, there was little understanding of the complexity of the intestinal microbial population and its relationship to animal health. The introduction of high-throughput DNA-based molecular biology techniques, such as metagenomics and new generation DNA sequencing, completely changed this picture. These methods allow for characterization of uncultivable members of intestinal microbiota, thus shedding light on the composition and temporal spatial location of the microbial population in animal intestine. One of the effects that is attributed to probiotics is to improve the health and performance of farm animals by manipulating the host microflora. In the case of broilers, it was shown that supplementation of food with probiotics is capable to accelerate the growth rate, which may be associated with increased food absorption. Another reason for a more efficient use of feed may be the production of numerous carbohydrate-degrading enzymes, such as β-glucans (He et al., 2019; Sureshkumar et al., 2021).

Manipulation of the microbiome through probiotics has long been used by the poultry industry to increase growth rates and feed conversion and to improve gut health of chickens. However, there are quite conflicting data on the actual ability of probiotics to stimulate the growth of chickens. Some studies demonstrated that supplementing feed with probiotics cultures can enhance body weight gain and feed efficiency and reduce mortality rate in broilers (Timmerman et al., 2006; Salim et al., 2013; De Cesare et al., 2017). Others observed that colonization of the lower portion of the small intestine by Lactobacillus strains may negatively affect the performance of chickens (Oakley et al., 2014b). And some indicate no significant effects on host feed consumption and the feed-to-growth conversion ratio (Nakphaichit et al., 2011). The positive health effect is also brought by the administration of probiotics to alleviate the side effects of antibiotic treatment. But one should keep in mind that interactions between host and microbiota are complex and may also have negative effects (Rinttila and Apajalahti, 2013).

Unfortunately, for a long time, technical limitations have made it difficult to check whether the use of live bacterial preparations affects the composition and diversity/development of the microbiome. We can now determine how these treatments affect the microbiota and the host, and this understanding will allow us to use more targeted approaches in the future. Ballou et al. (2016) characterized the microbiome of chickens that were administered live bacterial preparations commonly used in the production of poultry: live attenuated S. enterica, sv. Typhimurium (Salmune®, CEVA Biomune) and a probiotic feed supplement composed of representatives of the LAB group: Lactobacillus acidophilus, Lactobacillus casei, Enterococcus faecium, and Bifidobacterium bifidum (PrimaLac®, Star Labs). Studies have shown that a single administration of the Salmonella strain and a daily intake of a probiotic dietary supplement change the microbiota of growing chickens. These differences, mainly related to changes in the amount of microorganisms forming microbiome, were sustained throughout the study. However, although the use of probiotics and bacterial vaccines affects the taxonomic composition of the microbiome, it has only a temporary or minor effect on the function and activity of the microbiome in non-stress growth conditions (Ballou et al., 2016). It cannot be ruled out that the main advantage of using probiotic strains in animal production is to enable a quick restoration of a disturbed or stunted microbiome to the normal functional state. Another advantage is that probiotics do not have a deleterious impact on microbial diversity. This is in stark contrast with antibiotics: it was found that the exposure of mice to antibiotics at an early age of life can induce deleterious changes in the microbiome that can persist even for several months after treatment (Nobel et al., 2015; Grazul et al., 2016).

Baldwin et al. also have checked how the administration of probiotics affects the composition of the microbiome. They assumed that the best opportunity to achieve a permanent colonization in birds and influence the development of microbiota is the early period of life, before the microbiome has established itself – in other words, that early inoculum may shape the gut microbiota of chickens for life. Therefore, they administered an inoculum of selected beneficial strains (Lactobacillus ingluviei, Lactobacillus agilis, and Lactobacillus reuteri), capable of persistently colonizing poultry, to one-day hatch chicks (single dose). The resulting changes in the probiotic group consisted of reduction in Alistipes- and Ruminococcus-related species (Baldwin et al., 2018). Probiotic treatment also increased Bacteroides uniformis species, which is known to have the potential to degrade the isoflavones in the gut and significantly improve metabolic and immunological dysfunction in mice with diet-induced obesity (Renouf and Hendrich, 2011; Gauffin Cano et al., 2012). The presence of the best-colonizing inoculated strain was higher in earlier days and then was reduced by day 28. So the probiotic inoculation had lasting effects on the development of the community rather than establishing dominance (Baldwin et al., 2018).



LAB as Anti-Campylobacter Probiotics for Poultry

Applications of some of probiotic strains are also intended to reduce the numbers of pathogenic microorganisms in the gastrointestinal tract of chickens. Because a positive correlation between the number of Campylobacter in the chickens caeca and the number on carcasses was noted (Reich et al., 2008), any decrease of Campylobacter colonization level should lead to reduced contamination of the food chain. So far, many probiotic strains have been described that shown the ability to modulate intestinal microflora and the potential to reduce the number of enteropathogenic bacteria in poultry intestine. Research carried out prior to 2016 in relation to Campylobacter and Salmonella has been reviewed extensively by Saint-Cyr et al. (2016) and Gaggia et al. (2010).

A variety of bacteria (Bacillus, Bifidobacterium, Enterococcus, Lactobacillus, Streptococcus, and Lactococcus spp.) has been tested as probiotics in poultry (Lutful Kabir, 2009), but most of the studies focused on genus Lactobacillus, whose representatives belong to LAB group. Lactobacillus sp. naturally occur on raw food and feed materials, but it also natively resides in the chicken gastrointestinal tract. In chickens, treatment with various members of the Lactobacillus species has been shown to stimulate multiple aspects of the immune response (Lutful Kabir, 2009). Recently, Sefcova et al. conducted studies on the immune mechanisms underlying the intestinal response to Campylobacter infection in the presence of the probiotic L. fermentum CCM7514. The results indicate that the administration of L. fermentum to 4day old chickens exerts a positive effect on the intestinal architecture of birds exposed to pathogens and favorably regulates the expression of pro-inflammatory cytokines, which may lead to a more effective response to Campylobacter invasion. Unfortunately, no studies directly addressed the effect of Lactobacillus on the level of chicken intestine colonization by Campylobacter (Sefcova et al., 2020a,b).

Lactobacillus spp. constitute a diverse group of microorganisms in regard to their physiological attributes and genetic constitution. The strains are characterized not only by a varying ability to survive in the intestinal environment, but also by a type of interaction with epithelial surfaces and immune cells. The differences are noticeable even among strains of the same species; therefore, a careful consideration is needed during the selection of strains for probiotic preparations. It was even shown, albeit admittedly in mice, that different strains of the same species within phylum Lactobacillus may act in the opposite manner: L. reuteri L6798 was associated with weight gain, whereas L. reuteri ATCCPTA4659 was associated with weight loss (Fak and Backhed, 2012).

There are numerous reports of the antagonistic activity of Lactobacillus strains against Campylobacter, which is very often associated with the production of organic acids and/or bacteriocins. The ability of Lactobacillus to adhere to the intestinal epithelium is closely related to the concept of competitive exclusion (CE) and is also one of the most important selection criteria for probiotic strains. The adherence allows microorganisms to survive and temporarily colonize the digestive system, which is necessary to induce beneficial effects on the host, and is assessed by in vitro examination of aggregation, hydrophobicity of cell wall, and adhesion to extracellular proteins including intestinal mucus, fibronectin, and basement membrane matrix (Edelman et al., 2002; Gusils et al., 2003; Bouzaine et al., 2005; Rocha et al., 2012). For example, Lactobacillus rhamnosus LGG reduces adhesion efficacy of C. jejuni most significantly under co-culture conditions (Sikic Pogacar et al., 2020). Khaled Taha-Abdelaziz et al. have shown that five Lactobacillus spp. (L. salivarius, L. johnsonii, L. reuteri, L. crispatus, and L. gasseri) exhibited also an anti-Campylobacter activity in vitro. Organic acids produced by examined Lactobacillus strains lead to the destabilization of the Campylobacter cell wall and are responsible, at least partially, for inhibiting the pathogen growth. It was also found that the tested strains inhibited the production of the quorum sensing autoinducer-2 molecule by C. jejuni and decreased the expression of genes related to virulence, including the genes responsible for motility (flaA, flaB, and flhA). Moreover, treatment of chickens’ macrophages with these lactobacilli enhances their phagocytic activity against C. jejuni. These results suggest that the administration of probiotic lactobacilli to chickens may not only reduce C. jejuni colonization, but may also impair C. jejuni’s ability to survive and invade intestinal epithelial cells (Taha-Abdelaziz et al., 2019).

There have been many studies showing the possibility of using LAB strains as anti-Campylobacter probiotics. However, much less research confirms the effectiveness of these preparations in vivo. Promising results were obtained by teams of M. Konkel and E. K. Jagusztyn-Krynicka. They observed that the administration of the Lactobacillus genus, i.e., L. crispatus, L. salivarius, L. helveticus, and L. gallinarum, to chickens leads to a reduction of the colonization level of bird cecum by Campylobacter (Neal-McKinney et al., 2012; Kobierecka et al., 2017). Mañes-Lázaro et al. described that Lactobacillus johnsonii FI9785 has the potential to control C. jejuni infection; however, it depends strictly on successful probiotic colonization (Manes-Lazaro et al., 2017). Nishiyama et al. showed that Lactobacillus gasseri SBT2055 suppressed C. jejuni colonization by c. 250-fold (Nishiyama et al., 2014) and identified a cell surface-associated aggregation-promoting factor APF1 as being important both for colonization of chickens and for reducing colonization by C. jejuni in vivo (Nishiyama et al., 2015). There is also a lot of research showing that the use of multispecies probiotics has a positive effect. Administration of a mixture of five strains (L. salivarius, L. reuteri, E. faecium, Pediococcus acidilactici, and Bifidobacterium) to chicken was effective in reducing C. jejuni colonization in vivo, giving a mean 6 log10 reduction compared with controls (Ghareeb et al., 2012). Addition of multispecies probiotic (Lavipan, JHJ, Poland) composed of Lactococcus lactis, Carnobacterium divergens, L. casei, L. plantarum, and Saccharomyces cerevisiae to a feed for broiler chickens was capable to reduce slightly the extent of Campylobacter spp. (Smialek et al., 2018). This is one of the few studies to date, that have evidenced a possible role of probiotics in preventing the shedding of Campylobacter spp. under field conditions, at the level of production (Smialek et al., 2018). Among the birds that received the probiotic, no Campylobacter was found in 25% of the intestinal samples and 100% of the pectoral muscles samples, while in the control group, growth of Campylobacter was observed in 100 and 50%, appropriately. The commonly used research facilities typically do not reflect field conditions, which include numerous on-farm sources of Campylobacter leading to possible recontamination of the flock during the rearing period. Thus the action of probiotic products should be validated through on-farm trials. The evaluation of the effectiveness in reducing Campylobacter of commercial feed additives was carried out by Mortada et al. It turned out that although the in vitro results indicated the effectiveness of the preparations used, in vivo, none of the treatments influenced the Campylobacter load in the cecum at the age of 42days (Mortada et al., 2020). The presented studies are summarized in Table 2.



TABLE 2. LAB as anti-Campylobacter probiotics for poultry.
[image: Table2]

Limiting Campylobacter in poultry production remains therefore a continuing challenge. Dissecting complex interactions between Campylobacter and the GIT resident microbial community as well as immune system of the bird appear to be a necessary step facilitating development of an effective probiotic preparation.

Probiotics combined with prebiotics form synbiotics. Prebiotics are a non-viable food component that confer health benefit(s) on the host associated with modulation of the microbiota. In the last decade, the use of synbiotic supplements in poultry flocks has been intensively investigated. The prebiotics applicated most often were galacto-oligosaccharides (GOS), fructo-oligosaccharides, or xylooligosaccharides (XOS). Baffoni et al. showed that B. longum PCB133 associated with XOS is effective in reducing C. jejuni colonization. Moreover, it turned out that the administration of this synbiotic at the beginning of animal life when the gut microbiota is still under development and more susceptible to changes is more effective (Baffoni et al., 2017). Last presented study showed that dietary supplementation with the prebiotic GOS affects the number of autochthonous synbiotic species in the intestines, precisely L. johnsonii. This is linked to improved performance and the expression of cytokines and chemokines significant to prime innate intestinal immune systems (Richards et al., 2020).



Lactic Acid Bacteria as Vaccine Vehicle

Due to its beneficial properties, LAB is common components in commercial probiotics used in poultry agriculture. Recently, an increasing attention has been paid to their new potential biomedical application as a live oral vaccine delivery platform (live vaccine vector). In this respect, the most promising research is carried out on L. lactis and several species of the genus Lactobacillus: L. rhamnosus, L. casei, L. bulgaricus, L. salivarius, L. plantarum, L. acidophilus, L. helveticus, L. gasseri, and Streptococcus gordonii.

In recent years, several studies have explored the use of genetically modified L. lactis and some Lactobacillus spp. to express conserved Campylobacter antigens. The use of these species has its justification. L. lactis is able to survive in the digestive tract of humans and animals and to establish a transient colonization of the intestine through adhesion to mucus layer (Wang et al., 2011), while some Lactobacillus strains colonize broiler chicks more persistently and at a higher level (Spivey et al., 2014).

All the strategies proposed so far are based on lactic acid bacteria strains displaying different C. jejuni antigens on their surface. Many types of proteins are attached to the cell walls of Gram-positive bacteria. Among them are: (i) proteins specifically recognized by sortase and covalently linked to peptidoglycan through an LPxTG motif; (ii) proteins attached in a non-covalent manner through specific protein domains (LysM or SH3 domains); (iii) membrane anchored (lipoprotein); and (iv) proteins having one or more transmembrane domains. The first two strategies for attaching proteins to peptidoglycan are the most popular in vaccine development (Figure 3).

[image: Figure 3]

FIGURE 3. Schematic representation of strategies for the cloning of C. jejuni genes for secretory expression in Lactococcus lactis: (A) Campylobacter protein covalently attached to peptidoglycan via the CWA domain from M6 or YndF proteins; (B) Campylobacter protein non-covalently attached to peptidoglycan via LysM domains from AcmA protein; and (C) secreted Campylobacter protein fused to labile enterotoxin subunit B domain. Transcription of the cloned genes is driven by an nisin-inducible PnisA promoter or strong, constitutive Pusp45 promoter. SPusp45 – signal peptide of Usp45, the major Sec-dependent protein secreted by L. lactis.


In Kobierecka et al. (2016a) used L. lactis strain presenting two Campylobacter antigens on the cell surface. Using C-terminus of the L. lactis YndF containing the LPTXG motif, they decorated the cell wall with Campylobacter rCjaAD hybrid protein composed of CjaA antigen presenting CjaD peptide epitopes (Kobierecka et al., 2016a). CjaA is a glycosylated, strongly immunogenic lipoprotein anchored in the inner membrane of the Campylobacter cell. It is a component of the ABC transport system with cysteine as its natural ligand (Muller et al., 2005; Wyszynska et al., 2008). While CjaD is peptidoglycan-associated protein (Pal), a part of the Tol-Pal system which is important for maintaining outer membrane integrity.

The same group also investigated the effectiveness of non-live carrier of Campylobacter antigens: Lactobacillus salivarius GEM particles (Gram-positive enhancer matrix particles which were obtained by chemical pre-treatment of bacterial cells with trichloroacetic acid). GEM particles presented the same two antigens: CjaA and CjaD on their surface but this time, the antigens were fused with the protein anchor (PA) of the L. lactis peptidoglycan hydrolase AcmA, which comprises 3 LysM motifs non-covalently bind to peptidoglycan (Kobierecka et al., 2015).

Two more research groups presented a similar strategy. In 2019, Gorain and colleagues used L. lactis strain as a vector and the C. jejuni adhesin, JlpA as the antigen. JlpA is a lipoprotein that interacts with intestinal heat shock protein (Hsp90α) and is involved in triggering a pro-inflammatory response. They linked the JlpA protein to the L. lactis protease USP4 signal peptide at the N-terminus and to the M6 protein cell wall anchor motif (with LPxTG sequence) of Streptococcus pyogenes (CWA_M6) at the C-terminus. The presence of the CWA_M6 motif ensured the localization of the JlpA protein on the surface of the bacterial cells. Additionally, it has been proven that the JlpA protein anchored in the peptidoglycan of L. lactis cells retains its biological activity (Gorain et al., 2020).

Wang’s group proposed yet another method, in which the C. jejuni CjaA antigen was not anchored to the peptidoglycan, but was secreted from the cell. CjaA was coexpressed with the usp45 signal peptide supporting secretory expression and with the E. coli heat labile enterotoxin subunit B, which acted as a mucosal adjuvant (Newsted et al., 2015; Sun et al., 2017; Wang et al., 2020).

All presented strategies were successful and L. lactis cells produced sufficient C. jejuni antigens to elicit an immune response in the vaccinated animals. It must be admitted, however, that the protective effect against colonization with Campylobacter was not impressive. Chickens immunized with L. lactis, producing surface exposed hybrid protein rCjaAD, showed moderate 1 log10 reduction of Campylobacter load in the caecum compared to the control group. The vaccine consisting of L. salivarius GEM particles presenting on the surface CjaA and CjaD did not produce any protective effect, but GEM L. salivarius particles presenting hybrid rCjaAD administered in ovo to the chicken embryos slightly lowered the level of intestine colonization by Campylobacter in comparison with the control group (the median reduction of C. jejuni cecal contents was 1 log10 for in ovo immunization with GEM particles containing rCjaAD; Kobierecka et al., 2016). A similar effect was obtained when the animals were orally immunized with L. lactis expressing the JlpA. Significant reduction in the bacterial load, 7days post-challenge, was observed in the animals immunized with L. lactis expressing JlpA as well as in the group which was administered subcutaneously with IFA-JlpA antigen (purified JlpA protein emulsified in incomplete Freund’s adjuvant) compared to unimmunized birds in the control group. The reduction in C. jejuni colonization demonstrated by Gorain’s team was at the same level as the effect described by Kobierecka et al. and amounted ~1 log10 (Kobierecka et al., 2015; Gorain et al., 2020). The immunization of chickens with the L. lactis strain secreting the CjaALtB protein showed no significant protective effect. Initially, 5days post-challenge, Wang et al. observed a significant reduction of cecal C. jejuni (by 2.35 log10), but 9days post-challenge, all bird groups were colonized at the same level (Wang et al., 2020). Despite these unsatisfactory results, all research groups showed that the intragastric administration of L. lactis cells expressing Campylobacter proteins induced adaptive immune responses in chickens. In the most comprehensive study, Gorain et al. demonstrated significant rise in IgA level in the vaccinated animals compared to the control groups of birds. They also proved that L. lactis expressing JlpA protein activated an innate immune response by triggering TLR-2 intracellular signaling cascade (Gorain et al., 2020).

These results show that LAB, in particular L. lactis, can be an effective platform for the delivery of Campylobacter antigens to the immune system of birds, as previously demonstrated with other pathogens, e.g., Avian Influenza Virus Clostridium tetani toxin, Brucella abortus, Rhodococcus equi, and Streptococcus pneumoniae (pneumococcus; Wells et al., 1993; Medina et al., 2010; Cauchard et al., 2011; Saez et al., 2012; Lahiri et al., 2019).

It should be also emphasized that L. lactis-based vaccines are capable of activating both types of the immune response and inducing a specific mucosal response, but the problem of how to enforce the immune response of chickens to get a better protective effect against Campylobacter infection is still awaiting a solution. Therefore, it seems that exploring new Campylobacter antigens and searching for effective adjuvants are still important directions for the further scientific development in this field.




CONCLUSION

It is estimated that over the next 20years, chicken production will have to increase 4-fold to satisfy the growing global demand. Therefore, the sustainable production of safe meat, not only chicken meat, is an international priority. The key question is whether it can be done in a way that does not increase the risk to public health and at the same time protects the health and welfare of animals.

In recent years, there have been more and more reports on taxonomic differences and the development of microbial communities in the gut of farm animals, in particular chickens. The development of affordable next-generation DNA sequencing techniques has made it possible to study the diversity of this important ecosystem in detail and to link changes in microbiota to animal health. Understanding the relationship between microorganisms forming farm animal microbiome might certainly help to develop alternative strategies for replacing antibiotics in modern poultry production and ensuring food safety.

There are high hopes for probiotics at the moment. Subtle manipulations in the composition of the microflora of the gastrointestinal tract, resulting from the use of probiotics, have beneficial effects on maintaining health through diversity, stability of metabolites, and modulation of the immune system. Probiotics modulate the environment of gastrointestinal tract, act synergistically with the immune system host, reduce the risk of digestive tract diseases, and for these reasons they can find applications in animal husbandry. Without a doubt, a thorough understanding of the normal succession in the gut microbiota can aid the development and optimization of the probiotic-based strategies.

The intention of this paper was to review the current knowledge regarding the ability of probiotic strains to eliminate or reduce the load of dangerous human pathogens in the animal intestinal tract. Excessive growth of pathogenic bacteria in the digestive system is often a result of disordered composition of the intestinal microbiome. The flagship example is an extremely dangerous Clostridium difficile infection in humans subjected to antibiotic therapy. We now know more and more about mutual dependencies between microorganisms. Typical cases include (i) a presence of one microorganism generates a niche for other, pathogenic microorganisms to colonize the host, (ii) one microorganism predisposes the host to be colonized by other microorganisms, and (iii) two or more nonpathogenic microorganisms together cause disease. The gut microbiome is currently considered as a “super organ” involved in a range of disease states. If we learn to heal this super organ, we will get a tool to control some diseases.

Probiotics are one of the possible treatments that demonstrated potential to reduce the intestinal colonization by pathogens. However, their beneficial effect is largely dependent on the type and amount of probiotic bacterial strains used, as well as their dose, method and time of administration. Also, the effects on feed intake, microbial fermentation, and intestinal architecture showed a differential pattern between challenged and non-challenged animals. This strongly indicates that there is still a need for further searches for new strains or new combinations of known probiotic strains.
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Campylobacter jejuni is regarded as the leading cause of bacterial gastroenteritis around the world. Even though it is generally considered to be a sensitive microaerobic pathogen, it is able to survive in the environment outside of the intestinal tract of the host. This study aimed to assess the impact of selected environmental parameters on the survival of 14 C. jejuni isolates of different origins, including 12 water isolates. The isolates were tested for their antibiotic resistance, their ability to survive at low temperature (7°C), develop aerotolerance, and to interact with the potential protozoan host Acanthamoeba polyphaga. The antibiotic susceptibility was determined by standard disk diffusion according to EUCAST. Out of the 14 isolates, 8 were resistant to ciprofloxacin (CIP) and 5 to tetracycline (TET), while only one isolate was resistant to erythromycin (ERY). Five isolates were resistant to two different antibiotic classes. Tetracycline resistance was only observed in isolates isolated from wastewater and a clinical sample. Further, the isolates were tested for their survival at 7°C under both aerobic and microaerobic conditions using standard culture methods. The results showed that under microaerobic conditions, all isolates maintained their cultivability for 4 weeks without a significant decrease in the numbers of bacteria and variation between the isolates. However, significant differences were observed under aerobic conditions (AC). The incubation led to a decrease in the number of cultivable cells, with complete loss of cultivability after 2 weeks (one water isolate), 3 weeks (7 isolates), or 4 weeks of incubation (6 isolates). Further, all isolates were studied for their ability to develop aerotolerance by repetitive subcultivation under microaerobic and subsequently AC. Surprisingly, all isolates were able to adapt and grow under AC. As the last step, 5 isolates were selected to evaluate a potential protective effect provided by A. polyphaga. The cocultivation of isolates with the amoeba resulted in the survival of about 40% of cells treated with an otherwise lethal dose of gentamicin. In summary, C. jejuni is able to adapt and survive in a potentially detrimental environment for a prolonged period of time, which emphasizes the role of the environmental transmission route in the spread of campylobacteriosis.
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INTRODUCTION

Campylobacter jejuni is one of the main bacterial causes of gastroenteritis in Europe, with about 300,000 reported cases per year (EFSA, 2021). The infection by this pathogen usually leads to the development of gastroenteritis (campylobacteriosis) with fever, abdominal pain, dysentery, and nausea. In most cases, the illness is self-limiting with a duration varying from a few days to weeks (Horrocks et al., 2009; Silva et al., 2011). In some cases, such as in immunocompromised people, C. jejuni can be a precursor of autoimmune diseases, such as Guillain-Barré syndrome, reactive arthritis, irritable bowel syndrome, and inflammatory bowel disease (Rees et al., 1995; Ang et al., 2001; Ternhag et al., 2008). As the main reservoir of C. jejuni is the gastrointestinal tract of wild and domestic animals, especially birds, campylobacteriosis is mainly associated with the consumption of raw or undercooked poultry products (Kaakoush et al., 2015; Skarp et al., 2016). However, more and more data have been published showing that non-food sources, such as drinking and surface water, can participate in the dissemination of the disease (O’Reilly et al., 2007; Uhlmann et al., 2009; Whiley et al., 2013; Guzman-Herrador et al., 2015; Moreira and Bondelind, 2017; Ahmed et al., 2020; Hyllestad et al., 2020; Kuhn et al., 2020; Tzani et al., 2020). C. jejuni cells were also isolated from rivers (Khan et al., 2014), agricultural waters (Mulder et al., 2020), lakes (Kemp et al., 2005), children’s pool waters (Sawabe et al., 2016), beach sand samples (Yamahara et al., 2012) and playgrounds (French et al., 2009). Fecally contaminated drinking water has been associated with several Campylobacter outbreaks in Sweden (Martin et al., 2006), Finland (Miettinen et al., 2001; Hänninen et al., 2003), England (Smith et al., 2006), the United States (Pedati et al., 2019), Norway (Paruch et al., 2020), New Zealand (Bartholomew et al., 2014; Gilpin et al., 2020) and Denmark (Kuhn et al., 2017). Most of the outbreaks have been attributed to the consumption of untreated groundwater.

Campylobacter jejuni is unique among foodborne pathogens in its obligate microaerophilic nature and narrow range of growth temperatures, with a minimum growth temperature ranging from 31 to 36°C (Hazeleger et al., 1998; Davis and DiRita, 2008), and optimum at 42°C. Some studies suggest that despite its strict growth requirements, C. jejuni has the ability to survive under conditions that otherwise inhibit its growth, such as an atmospheric concentration of oxygen. Exposure to an aerobic atmosphere leads to oxidative stress caused by the formation of reactive oxygen species (ROS), which among other things destroy numerous Fe-S proteins of C. jejuni. Although a limited number of ROS detoxification enzymes are expressed in C. jejuni (Atack and Kelly, 2009), a few previously isolated isolates were reported to be aerotolerant (Oh et al., 2015a; Bronnec et al., 2016; Karki et al., 2018). They can effectively survive under aerobic conditions (AC) and therefore pose a serious risk of food contamination and human infection. The hyper-aerotolerant isolates (those remaining viable after 24 h of aerobic incubation) of C. jejuni were so far isolated from raw poultry meat, a duck slaughterhouse, human clinical samples, and dairy products (Rodrigues et al., 2015; Guk et al., 2019; Kiatsomphob et al., 2019; Mouftah et al., 2021). Several studies suggested that C. jejuni also has the potential to survive under non-permissive temperature conditions. It is known that cells of C. jejuni exposed to ambient temperature remained viable for a few days, while cells cultivated at 4°C survived for several weeks (Terzieva and McFeters, 1991; Buswell et al., 1998), or even months when transformed into a non-cultivable coccoid form (Rollins and Colwell, 1986; Jones et al., 1991; Hazeleger et al., 1995).

The survival of Campylobacter in water is influenced by many factors, such as the concentration of dissolved oxygen (Buswell et al., 1998), presence of ammonium, chloride ions and phosphate (Strakova et al., 2021), and presence of other microorganisms. According to several recent studies, the survival of C. jejuni can be enhanced in the presence of Acanthamoeba spp., which is an amoeba frequently found in water and soil (Siddiqui and Khan, 2012). It was previously shown that bacterial interactions with Acanthamoeba are a defense mechanism of various pathogens, e.g., Legionella pneumophila, Vibrio spp., Pseudomonas aeruginosa, Listeria monocytogenes, Helicobacter pylori, Escherichia coli and Mycobacterium avium, and may even act as a vector for transmission of these pathogens to hosts (Rowbotham, 1980; Cirillo et al., 1999; Winiecka-Krusnell et al., 2002; Reyes-Batlle et al., 2017). As for C. jejuni, cocultivation with the amoeba resulted in a delayed decline of bacterial numbers and a longer survival period at both sub-optimal temperatures and under AC (Axelsson-Olsson et al., 2005, 2010a,b; Baré et al., 2010; Bui et al., 2012a; Griekspoor et al., 2013).

It was previously reported that co-incubation with Acanthamoeba resuscitates C. jejuni cultures (Axelsson-Olsson et al., 2005, 2007; Reyes-Batlle et al., 2017), provides C. jejuni with increased acid resistance (Axelsson-Olsson et al., 2010a,b), protects it from chlorine and other chemical disinfectants (King et al., 1988; Snelling et al., 2005), and improves the survival of C. jejuni in milk and orange juice (Olofsson et al., 2015). However, the molecular mechanisms of interactions between C. jejuni and amoebas are not well understood, and the results of related publications are often conflicting. Some studies suggest C. jejuni adheres to the surface of the amoeba and survives extracellularly (Baré et al., 2010; Bui et al., 2012b), while others claim that Campylobacter cells enter the intracellular space of the amoeba, where it is able to survive and potentially multiply (Axelsson-Olsson et al., 2005, 2007, 2010b; Snelling et al., 2005; Griekspoor et al., 2013; Olofsson et al., 2013). The discrepancy could be partially explained by using various collection strains of C. jejuni and different strains of amoebae, which makes the results difficult to compare.

The increased aerotolerance of various C. jejuni isolates together with the prolonged survival of cells due to low temperatures and interactions with amoebas suggest that previously overlooked environmental niches might contribute to the transmission of C. jejuni and subsequently to the numbers of human infections. However, the majority of Campylobacter-related research solely uses isolates from food and clinical samples, whose phenotypic features might differ from the environmental isolates continuously stressed by low nutrition, low temperature, and a high concentration of oxygen. To fill this knowledge gap, this work focused specifically on the survival of several water isolates in comparison with one isolate that originated from a clinical sample, and one from raw chicken meat.



MATERIALS AND METHODS


Bacterial Isolates and Culture Conditions

Experiments were performed with 12 C. jejuni water isolates, one isolate from raw chicken meat and one human clinical isolate (Table 1). All isolates have different genotype. The cultures were stored at −80°C in Brain-Heart Infusion medium (BHI; Oxoid, United Kingdom) containing 20% glycerol. At the beginning of each experiment, the isolates were resuscitated on Karmali agar plates (Oxoid, United Kingdom) at 42°C for 48 h under a microaerobic atmosphere (MAC; 5% O2, 10% CO2, 85% N2) in an MCO-18M multi-gas incubator (Sanyo, Japan).


TABLE 1. Campylobacter jejuni isolates used in the study.
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Antibiotic Sensitivity Testing

The susceptibility profiles of the isolates were determined by the standard disk diffusion method and evaluated according to the EUCAST guidelines using the most relevant and standardized antibiotics: ciprofloxacin (CIP; 5 μg/disk), erythromycin (ERY; 15 μg/disk) and tetracycline (TET; 30 μg/disk). Briefly, resuscitated colonies were suspended in phosphate-buffered saline (PBS) to a density of 0.5 McFarland turbidity standard. Using a cotton swab, the suspensions were inoculated onto Mueller- Hinton agar supplemented with 5% defibrinated horse blood and 20 mg/L β-NAD (MH-F) (BioRad, United States) and incubated with antibiotic disks at 42°C for 24 h under microaerobic conditions. The inhibition zones were recorded and interpreted according to EUCAST for Campylobacter spp.



Aerotolerance Test

To test whether the cells can grow under AC, a single colony of the resuscitated isolates was inoculated onto fresh Karmali agar and incubated for 240 h under MAC. Grown cells were then harvested and resuspended in PBS (Gibco, United States) and standardized to 3.0 McFarland turbidity standard. Then, 10 μl of the standardized bacterial suspensions were subsequently inoculated onto Karmali agar plates and incubated at 42°C under AC, for 24–96 h. The presence of visible C. jejuni colonies at the end of cultivation was interpreted as the capability to grow under AC. The experiment was repeated three times with technical triplicates.



Acclimatization of Campylobacter jejuni Isolates to Atmospheric Level of Oxygen

To acclimatize the cells to AC, the resuscitated colony of each isolate was first inoculated on Karmali agar and cultivated at 42°C for 24 h under MAC. The isolates were then successively subcultured three times on fresh Karmali agar and incubated for 24 h under AC. All cultures were subjected to standard Gram staining prior to the next cultivation step to verify the absence of a potential contamination.



Survival of Isolates at Low Temperature (7°C)

For the survival assay, the starting suspensions of C. jejuni isolates were prepared by harvesting colonies grown on a Karmali agar plate with Mueller-Hinton broth (MHB; Oxoid, United Kingdom) to a final optical density at 600 nm (OD600) of 0.8. Five-milliliter aliquots of the inoculum were placed in 15-ml round bottom polyethylene tubes, and they were incubated at 7°C, both under aerobic and microaerobic conditions. Samples taken after 0, 24, 48, 72, 192, 384, 576, and 768 h of incubation were serially 10-fold diluted in PBS and subsequently transferred onto fresh Karmali agar plates as 10 μl droplets in 3 technical replicates. The plates were incubated for 24 h at 42°C under MAC to determine the numbers of colony-forming units. The plate counts were expressed in CFU mL–1.



Amoeba Infection Assay

The culture of A. polyphaga (strain Linc Ap-1) was routinely maintained at room temperature as a monolayer in 25 cm2 tissue culture flasks containing 7 mL of the Proteose Peptone-Yeast Extract-Glucose medium (PYG; Greub and Raoult, 2002). The ability of bacteria to interact with A. polyphaga was observed by performing an invasion assay. Cultures of A. polyphaga were harvested by removing the liquid from the flasks and replacing it with fresh PYG. Flasks were then incubated in a freezer (−20°C) for 10 min to detach amoebae from the bottom of the flask (Axelsson-Olsson et al., 2007).

Prior to the assay, the susceptibility of C. jejuni isolates to gentamicin was tested independently by incubating overnight cultures of bacteria with 200 μg/mL. The bacterial colonies were resuspended in PYG, adjusted to an OD600 of 0.5, added to each well with gentamicin, and incubated for 2 h under MAC. The number of viable cells was evaluated by plate counting as described above.

Co-cultures of C. jejuni with monolayers of amoeba cells were performed in 12-well tissue plates. In the control well, PYG medium was used instead of the amoeba. Bacterial cells were harvested from overnight Karmali plates, suspended in PYG medium, and adjusted to an OD600 of 0.5 ± 0.1, which corresponds to approximately 5 CFU/ml × 107 CFU/ml. Amoebae were enumerated using a Bürker chamber, diluted and seeded at a density of 100:1 C. jejuni: A. polyphaga per well.

To allow invasion to occur, co-cultures were incubated for 3 h at 25°C under an aerobic atmosphere to mimic the environmental conditions. This allows the cells to settle and form monolayers at the bottom of the wells. All samples were subsequently washed three times with PBS to remove non-associated bacteria. Each well was then treated with gentamicin (200 μg/mL) and incubated for 2 h at 30°C to eliminate any remaining extracellular and adhered C. jejuni. After the incubation with gentamicin, amoebae were washed three times with PBS to remove residual antibiotics. Finally, amoebae were lysed by adding Triton X-100 (final concentration 0.3%) for 15 min at room temperature to release intracellular C. jejuni. All samples were then serially diluted in PBS, plated onto a Karmali agar plate and incubated for 24–48 h at 42°C under microaerobic conditions to evaluate C. jejuni internalization. All experiments were carried out in three independent experiments using technical triplicates. Co-cultures were observed with an inverted light microscope (40× lens) to visualize the bacteria within amoebae.



DATA ANALYSIS

All experiments were performed in three independent biological replicates. Viable counts were log10 transformed for further analysis. Calculations and graphs were processed with Microsoft Excel 2016.



RESULTS


Antibiotic Sensitivity Testing

Isolates of C. jejuni collected from different water sources located all over the Czechia were subjected to the standard disk diffusion method according to EUCAST. Out of 14 isolates, 8 isolates were resistant to CIP, 5 isolates were resistant to TET, and one isolate was resistant to ERY. Five isolates were sensitive to all the tested antibiotics (Table 2). Interestingly, all the isolates originating from the wastewater treatment plants were resistant to at least one of the tested antibiotics, three out of five isolates were resistant to both CIP and TET. In contrast, isolates from pond water were mostly sensitive to all the tested antibiotics, except for the isolate Cj5683P, which was resistant to CIP, and Cj5650P, which was resistant to both CIP and ERY. Interestingly, TET resistance was only observed in isolates isolated from wastewater and the clinical sample.


TABLE 2. Antimicrobial resistance profiles of Campylobacter jejuni isolates.
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Development of Aerotolerance

As the isolates isolated from the surface waters had to withstand harsh environmental conditions, including the atmospheric concentration of oxygen, they were tested for their ability to develop aerotolerance. At first, their natural aerotolerance was tested by inoculating resuscitated cells on Karmali agar that was then incubated at 42°C directly under AC. The experiment was repeated three times. However, the results of the three independent experiments were inconsistent (Table 3). In the first experiment, 12 isolates were able to grow aerobically (nine within the first 24 h, two within 48 h, and one within 72 h of incubation). When the experiment was repeated for the second time, growth was only observed in 11 isolates – 7 isolates after 48 h and 4 isolates after 72 h. In the third repetition, growth was only observed in 4 isolates after 48 h of incubation.


TABLE 3. The ability of Campylobacter jejuni isolates to grow under aerobic conditions (AC).
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Due to the inconsistency of the data, the isolates were tested for their ability to adapt to AC and to develop aerotolerance. For this purpose, all isolates were subcultured once microaerobically to ensure a high fitness of the cells, and then cultivated in high numbers three times in a non-modified atmosphere. All the tested isolates were able to acclimatize and grow aerobically. To verify whether the acquired aerotolerance is permanent or temporary, acclimatized isolates were deep-frozen in BHI at −80°C for at least 72 h, and then directly cultivated aerobically. Growth was observed in 6 out of the 14 isolates (Cj5629W, Cj1M, Cj5650P, Cj5640W, Cj5716W, and Cj5648P), however, the cultivation time needed to develop visible colonies varied from 48 h up to 120 h.



Survival at Low Temperature

Even though C. jejuni is generally thermophilic, the existence of isolates from relatively cold environments (such as surface water or chilled meat) suggests that it is able to adapt and survive at low temperatures. The isolates were therefore tested for their ability to survive cultivation in MHB at 7°C under both a microaerobic and an aerobic atmosphere. The viability of the isolates was monitored by regular plate counting over a period of 4 weeks. When cultivated under a MAC (Figure 1A), all the isolates remained viable over the 4 weeks with no significant decrease in viable cell numbers. In the aerobic cultivation (Figure 1B), the results were isolate dependent. In general, the numbers of cells slowly declined over the 4 weeks, up to a total loss of cultivability. As for particular isolates, one lost cultivability after 2 weeks of incubation (Cj5653P), 7 isolates lost cultivability after 3 weeks (Cj5643P, Cj5650P, Cj5654P, Cj5683P, Cj5689W, Cj5640W, and Cj5718C), and the remaining isolates were non-cultivable after 4 weeks of incubation.


[image: image]

FIGURE 1. The survival of Campylobacter jejuni isolates under microaerobic (A) and aerobic (B) atmosphere at low temperature (7°C). Each point represents the mean calculated from three independent measurements.




Protective Effect of Acanthamoeba polyphaga

To study the potential interactions with amoebae and follow the intracellular survival of C. jejuni, five isolates of C. jejuni were selected according to their ability to adhere and form biofilms (Shagieva et al., 2020). While suspensions of C. jejuni planktonic cells were completely inactivated by gentamicin, co-cultivation with amoebae resulted in an approx. 40% survival rate, irrespective of the tested isolate (Table 4). According to a microscopic observation, C. jejuni cells entered directly into the amoebae and were distributed as motile clusters within vacuoles.


TABLE 4. Survival rates of Campylobacter jejuni cells within Acanthamoeba polyphaga.
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DISCUSSION

As was mentioned above, water is an important source of human Campylobacter infections. An enhanced ability to survive in this low-nutrient, low-temperature, aerobic environment could be an important property, especially among isolates involved in water-related outbreaks. It can be expected that since it passes through various environments, C. jejuni overcomes harsh conditions, especially relatively high levels of oxygen and temperature swings, which can directly affect its viability. In this study, 14 isolates of C. jejuni were selected for further analyses, 12 of them being originally isolated from surface water in the Czechia. The general resilience of the isolates was evaluated by their antibiotic resistance, ability to survive and potentially grow under an aerobic atmosphere and at low temperature, and by their interactions with Acanthamoeba polyphaga. Recently, an increase in the resistance of Campylobacter spp. to antibiotics has been reported in several countries, including the Czechia (Serichantalergs et al., 2007; Bardon et al., 2009). Factors contributing to this increase could include the veterinary use of antibiotics as prophylaxis or for the treatment of animal diseases (Skandalis et al., 2021). In our study, more than half of the isolates (64.3%, 9/14) were resistant to at least one of the tested antibiotics, usually CIP. Interestingly, TET resistance was only observed in the isolates from wastewater treatment plants and from the clinical sample. This suggests that TET resistance was either acquired by the isolates in the wastewater treatment plant through horizontal gene transfer, or they originate from clinical cases and later reached the plant through the sewage systems. It is known that wastewater and sewage systems are a major reservoir of resistant bacterial populations due to the collection of antibiotic waste from humans and animals, improper disposal of drugs, and from factories, hospitals, and veterinary clinics (Nadimpalli et al., 2020). The resistance profiles of the waterborne C. jejuni suggest that these isolates may pose a significant public health threat, as quinolones (including CIP) are commonly used for campylobacteriosis treatment in clinical cases, especially the severe ones (Guk et al., 2019). In addition, there is evidence that patients infected with antimicrobial-resistant Campylobacter species have longer-lasting diarrhea than patients infected with antimicrobial-susceptible isolates (Nelson et al., 2004).

Despite the general perception that C. jejuni is microaerobic and therefore sensitive to oxygen, our data showed that C. jejuni isolates are able to survive and even multiply under AC. Some studies have already reported on the ability of C. jejuni isolates to survive in the presence of oxygen (Kaakoush et al., 2007; Oh et al., 2015a,b, 2017). However, those studies were mostly focused on the simple survival of the isolates in AC, not on their active growth. Recently, Rodrigues et al. (2015) characterized a unique human isolate of the C. jejuni strain, named Bf, that can grow under AC, suggesting that some isolates are highly resistant to aerobic stress. According to our results, the ability of aerobic growth is more common than expected, as all our waterborne isolates were able to adapt, develop aerotolerance and grow aerobically. Some of them were even able to maintain this ability even after short-term storage in the deep freezer. The microorganisms, once adapted, behaved as conventional aerobes and could be continuously maintained in aerobic subcultures for up to 3 days. In most isolates, aerobic growth was weak during the first 24 h, but improved with each subcultivation on fresh Karmali plates. It seems that aerotolerance is not a matter of different genetic background of the isolates, since the results of three independent direct cultivations under an aerobic atmosphere gave different results. Bronnec et al. (2016) have already sequenced one aerobic isolate of C. jejuni, but according to their results, the C. jejuni Bf gene repertoire required for resistance to oxidative stress did not differ from other isolates. As the aerotolerance was induced in all isolates, but was not retained for a long period of time, it is instead a matter of the regulation of gene expression. However, further research is needed to explain the regulatory mechanisms participating in the development of this aerotolerance.

The sensitivity to the concentration of oxygen goes hand in hand with the cultivation temperature. In many studies, it has already been mentioned that low temperature is an important factor affecting the survival of C. jejuni in an aqueous environment, including surface waters and sterilized water (Terzieva and McFeters, 1991; Buswell et al., 1998; Thomas et al., 1999; Tatchou-Nyamsi-König et al., 2007; Bronowski et al., 2014). To test whether the waterborne isolates are better adjusted to low temperatures than other isolates, they were cultivated at 7°C, both under aerobic and microaerobic conditions. All isolates were indeed able to survive at low temperature, which is consistent with previous observations that C. jejuni survives well under unacceptable temperatures for growth (Chynoweth et al., 1998; Chan et al., 2001; Bhaduri and Cottrell, 2004; Cole et al., 2004). However, their survival was more prolonged under a MAC than under air. All 14 isolates maintained their viability up to 4 weeks of microaerobic incubation without any strong decline in cell numbers, while under AC, the cultivability lasted for 1–3 weeks. In aqueous environments, the concentration of dissolved oxygen significantly varies between the different types of surface waters, as it is decreased by high pollution with organic substances, low flow rate, increased temperature, and even the presence of high numbers of competing microorganisms (Terzieva and McFeters, 1991). Thus, at least part of the aquatic environment could in fact be microaerobic. One of the studies demonstrated that C. jejuni populations survived longer in stationary than aerated water. Moreover, an increase in the cultivation temperature led to a decrease in the possibility of extracting viable C. jejuni (Rollins and Colwell, 1986). Similarly, Chynoweth et al. (1998) observed that isolates cultivated under microaerobic conditions in sterile stream water at 5°C survived better than when cultured aerobically. However, Buswell et al. (1998) showed that the degree of oxygenation affected survival in an unpredictable manner, and the effect was especially noticeable at lower temperatures. The survival of some isolates improved at lower oxygen levels, while it decreased for others.

Unlike under laboratory conditions, environmental water is full of other organisms that can directly affect the survival of Campylobacter, such as various protozoa. Therefore, selected waterborne isolates were investigated for their ability to interact with and be protected by A. polyphaga, as the protective effect of cocultivation with the amoebae had been previously suggested in several studies (Axelsson-Olsson et al., 2005, Axelsson-Olsson et al., 2010b; Snelling et al., 2005; Baré et al., 2010). According to our results, the cocultivation of all isolates for 3 h resulted in the survival of about 40% of cells treated with an otherwise lethal dose of gentamicin. The question remains of whether the numbers of protected cells were given by the capacity of amoebas and their vacuoles, or by the fact that within the 3 h of co-incubation some C. jejuni cells remained attached to the surface of the amoeba, and didn’t have enough time to enter the protective vacuole. On the whole, our results are in accordance with the results of Axelsson-Olsson et al. (2005), who demonstrated a prolonged intracellular survival of motile C. jejuni cells within amoebae, and with Vieira et al. (2017), who reported that the collection strain 81–176 can invade and survive inside A. polyphaga at 25°C for a certain period of time. However, it appears that not all Acanthamoeba species have the same effect. Our results conflict with a previous study by Dirks and Quinlan (2014), who showed that C. jejuni survives the assay independently of the presence of A. castellanii, and that the internalization of C. jejuni by A. castellanii is not consistent. Baré et al. (2010) also showed that co-culture with A. castellanii did not increase the numbers of either bacteria or amoebae, but delayed the decline and prolonged the survival of Campylobacter.

Interestingly, during the examined stress conditions, the water isolates of C. jejuni were resistant and survived at the same rate as the clinical and the meat isolate. However, no connection was found between the origin of the isolates and their particular features, except for the TET resistance observed in isolates from wastewater treatment plants and the clinical sample. In conclusion, this study proved that waterborne isolates of C. jejuni are able to adapt to different stress conditions that should supposedly impair their survival in the environment. As the resilience of the water isolates was comparable to both clinical and raw meat isolates, we suggest that water should be regarded as a significant reservoir of C. jejuni, and isolates of various water origins should be included in further research of this emerging pathogen.
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Campylobacter jejuni is a common cause of diarrheal disease worldwide. Human infection typically occurs through the ingestion of contaminated poultry products. We previously demonstrated that an attenuated Escherichia coli live vaccine strain expressing the C. jejuni N-glycan on its surface reduced the Campylobacter load in more than 50% of vaccinated leghorn and broiler birds to undetectable levels (responder birds), whereas the remainder of the animals was still colonized (non-responders). To understand the underlying mechanism, we conducted three vaccination and challenge studies using 135 broiler birds and found a similar responder/non-responder effect. Subsequent genome-wide association studies (GWAS), analyses of bird sex and levels of vaccine-induced IgY responses did not correlate with the responder versus non-responder phenotype. In contrast, antibodies isolated from responder birds displayed a higher Campylobacter-opsonophagocytic activity when compared to antisera from non-responder birds. No differences in the N-glycome of the sera could be detected, although minor changes in IgY glycosylation warrant further investigation. As reported before, the composition of the microbiota, particularly levels of OTU classified as Clostridium spp., Ruminococcaceae and Lachnospiraceae are associated with the response. Transplantation of the cecal microbiota of responder birds into new birds in combination with vaccination resulted in further increases in vaccine-induced antigen-specific IgY responses when compared to birds that did not receive microbiota transplants. Our work suggests that the IgY effector function and microbiota contribute to the efficacy of the E. coli live vaccine, information that could form the basis for the development of improved vaccines targeted at the elimination of C. jejuni from poultry.

Keywords: vaccine, N-glycan, Campylobacter, immune response, fecal transplant


INTRODUCTION

Campylobacter jejuni is responsible for a majority of bacterial foodborne illness cases worldwide. It is also associated with the development of Guillain-Barré Syndrome (GBS), which is now the most common cause of paralysis since the near-eradication of polio (Willison et al., 2016). In addition, in low- and middle-income countries (LMICs), Campylobacter infection results in growth stunting and delayed cognitive development in young children (Kirkpatrick and Tribble, 2011; Kotloff et al., 2013; Lee et al., 2013; Platts-Mills et al., 2015; Amour et al., 2016; Dinh et al., 2016). Human infection mainly occurs through the consumption of contaminated chicken products and according to a recent CDC report, numbers of C. jejuni infections are increasing and causing a major burden to the healthcare system.1 Strategies to reduce C. jejuni in poultry include biosecurity measures; bacteriophages; bacteriocin treatment (Lin, 2009; Soro et al., 2020); antiadhesive strategies (Kelly et al., 2017); and inhibitors of biofilm formation, quorum sensing, secretion systems, or toxins (Kreling et al., 2020). In addition, post-harvest interventions, such as chemical treatment of meat, can decrease C. jejuni occurrence (Thames and Sukumaran, 2020). However, most of the approaches are still under development and the general use of antibiotics (although eliminated in their use as growth promoting substances) has resulted in increased antimicrobial resistance as an inevitable side effect among many microbes, including Campylobacter (Luangtongkum et al., 2009; Whitehouse et al., 2018; World Health Organization, 2017). As an alternative, vaccination of chickens could reduce Campylobacter at the source. Recent risk studies estimated that a 3-log10 reduction in broiler cecal concentrations of C. jejuni could reduce human infections by 58% (Hazards et al., 2020).

Promising vaccine candidates are bacterial surface carbohydrates that have been proven to be highly successful for human applications by inducing an effective and long-lasting immune response. Prominent examples are PREVNAR® 13 and the Haemophilus influenzae type b capsular polysaccharide (Hib vaccine). Those vaccines are composed of capsular polysaccharides chemically conjugated to a protein/toxoid; however, their production for veterinary applications would be too costly. An alternative approach is the use of bioconjugates. Since the first discoveries that bacteria can glycosylate proteins, it has been demonstrated that both bacterial N- and O-linked protein glycosylation pathways can be transferred into a heterologous host (e.g., Escherichia coli or Salmonella) and be used to create heterologous glycoconjugates (Wacker et al., 2002, 2006; Feldman et al., 2005; Faridmoayer et al., 2008). Since then, experimental glycoconjugate vaccines have been engineered against Brucella (Iwashkiw et al., 2012), Francisella tularensis (Cuccui et al., 2013), Escherichia coli O121 (Wetter et al., 2013), Shigella dysenteriae and Shigella flexneri (Hatz et al., 2015; Riddle et al., 2016), Burkholderia pseudomallei (Garcia-Quintanilla et al., 2014), Klebsiella (Feldman et al., 2019), and Streptococcus pneumoniae (Harding et al., 2019).

For Campylobacter, the use of carbohydrate surface structures, such as lipooligosaccharides (LOS), associated with GBS-development, capsular polysaccharides (CPS) with at least 47 CPS different serotypes, or the variable O-glycans linked to flagella (formerly used for the heat-labile serotyping scheme), are not ideal. Further complexity is added by phase-variable expression of several of the underlying carbohydrate biosynthetic enzymes and variable modifications of CPS (e.g., with O-methyl phosphoramidate) and flagellar sugars (e.g., with acetamidino residues) to name a few (Guerry et al., 2002, 2012; St Michael et al., 2002; Karlyshev et al., 2005; Hendrixson, 2008; Mohawk et al., 2014). However, the N-glycan that is attached to at least 80 non-cytoplasmic proteins (Scott et al., 2011; Cain et al., 2019) and is encoded by the protein glycosylation pathway (pgl) is a common and invariable feature among C. jejuni isolates (Jervis et al., 2012; Nothaft et al., 2012). Moreover, this carbohydrate structure has been demonstrated to be immunogenic in mice, rabbits, and humans (Nothaft and Szymanski, 2010), and when expressed on the surface of E. coli (as a lipid A-core fusion) and administered as a live vaccine to chickens, induces an N-glycan-specific immune response and reduces the Campylobacter load by up to 10 logs (Nothaft et al., 2016, 2017). However, our previous studies have shown that while a subgroup of birds responded well to the vaccine leading to non-detectable levels of C. jejuni (responders), another subgroup remained colonized after vaccination and eventually showed C. jejuni colonization levels similar to unvaccinated birds (non-responders; Nothaft et al., 2016, 2017).

In this study, we performed additional chicken studies to gain a more mechanistic understanding about the factors that contribute to the responder versus non-responder effect in our vaccination and C. jejuni challenge model. We demonstrate that host genetics and the sex of the birds are non-factorial to the responder/non-responder phenotype. Although the level of IgY response does not correlate with the level of protection, sera from responder birds showed significantly higher bacterial killing activity compared to sera from non-responder birds which may be a consequence of the differences observed in IgY N-glycan core afucosylation. The microbial composition was also correlated with increased vaccine protection and birds transplanted with the cecal microbiota of responders showed improved immunological vaccine responsiveness. Our results therefore demonstrate that the vaccination-induced antigen responses and protection efficacy seem to be driven by N-glycan-specific antibody effector functions and the microbiota.



MATERIALS AND METHODS


Vaccine Strain Construction

For stable expression of the pgl operon in the chromosome of avian pathogenic E. coli O:78(aroA) (Table 1), we created an operon that contains the minimal set of genes required for N-glycan expression. First, the pglB gene was removed from plasmid pACYC184pgl (ppgl); using ppgl as a template, one PCR product (gne-pglH) was amplified with oligonucleotides gne-SalI-F and pglJ-SbfI-R (Table 2) using the plasmid-borne SalI site upstream of gne and introducing a unique SbfI site after the stop codon of pglH. A second PCR product was generated with oligonucleotides pglA-SbfI-F and pglG-BamHI-R to amplify pglA to pglG, taking advantage of the BamHI site on the plasmid downstream of pglG and introducing a SbfI sequence upstream of pglA. Digested PCR products were inserted into plasmid pACYC184 cut with BamHI and SalI in a 3-arm ligation reaction, resulting in plasmid ppglΔpglB. For the insertion of the removable selection marker [kanamycin (kan) cassette flanked by FRT sites], a unique XhoI restriction site was generated between pglK and pglH: PCR products with oligonucleotide combinations pglK-XhoI-R, gne-SalI-F, and pglH-XhoI-F, pglJ-SbfI-R were used to amplify gne-pglK and pglH from template plasmid ppgl ΔpglB. SalI-XhoI digested gne-pglK and XhoI-SbfI digested pglH PCR products were inserted (3-arm ligation reaction) into SalI-SbfI digested plasmid ppglΔpglB resulting in plasmid ppglΔpglB-XhoI. Next, the kan cassette flanked by FRT sites was PCR amplified from plasmid pKD4 using oligonucleotides P1-pKD4-XhoI and P2-star-pKD4-XhoI introducing XhoI sites in the 3' and 5'-prime ends. The obtained product was digested with XhoI and inserted into the XhoI-linearized ppglΔpglB-XhoI plasmid. One positive candidate plasmid where the kan cassette is transcribed in the same orientation as the pgl genes was named ppgl-kan. To remove the upstream region of gne and genes pglC to pglG, a PCR product encompassing gne-pglK-kan-pglHIJA was generated with oligonucleotides gne-BamHI-F1 and pglA-BamHI-R and inserted into BamHI digested plasmid pACYC184 (Supplementary Figure S1A).



TABLE 1. Oligonucleotides.
[image: Table1]



TABLE 2. Strains and plasmids.
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The targeted insertion locus the wzy (rfc) gene of strain APEC O:78 was amplified from chromosomal DNA with oligonucleotides O78pol-BamHI-F and O78pol-EcoRI-R (Table 2) and ligated into BamHI-EcoRI digested pBluescript II KS(+) (Table 1). For the insertion of the minimal kan cassette containing pgl operon, a unique BamHI compatible BglII site was generated by inverse PCR with oligonucleotides O78 inverse BglII-F and O78 inverse BglII-R using plasmid pBSK-wzyO78 as template. The obtained construct after re-ligation of the inverse PCR product was digested with BglII and PCR amplified gne-pglK-kan-pglHIJA was inserted. After ligation and selection for Kan and Amp resistant colonies, one candidate in which the pgl genes are transcribed in the same orientation as the wzyO78 gene was (after linearization with EcoRV) used for integration into APEC O:78(aroA) following the method of Datsenko and Wanner (2000; Supplementary Figure S1B). The correct insertion of the construct was verified by PCR with pgl-gene-specific oligonucleotides and primers that hybridize outside of the recombination event. Expression of the lipid A-core N-glycan in the vaccine strain, APEC O:78(aroA)/wzy::pgl::kan (Table 2), was verified by Western blotting with Cj-N-glycan-specific (R1) antiserum as described (Nothaft et al., 2016; Supplementary Figure S1C).



Chicken Vaccination and Challenge Studies


Experiment A, B, and C

Three independent but identical experiments (Experiment A, B, and C) were conducted. Experiment A took place in Jan/Feb, B in March/April, and C in May/June. For each replicate, the vaccine groups consisted of 45 birds; the negative control groups (not vaccinated and not challenged) of five birds, and the positive control (not vaccinated but challenged) groups of 10 birds. For each experiment, commercial broiler birds (Ross 308; Avigen) were obtained on the day of hatching from Lilydale (Edmonton, AB) and transported by the Poultry Research Facility, University of Alberta. Upon arrival at the Science Animal Support Services facility, birds were tagged randomly. Groups of four birds were placed in cages with a ventilated filter cage top and false bottoms and were bedded with autoclaved aspen chips. If birds/groups were not a multiple of 4, remaining birds were stocked in groups of three birds/cage. Cages were placed on metal shelves in a temperature and humidity-controlled room and water and feed (Laboratory Chick Diet S-G 5065*, Teklad Diets, Madison WI) was given ad libitum. Bedding was replaced every 2–3days. After the first vaccination (day 7), birds initially stocked at four bird/cage were separated in two birds per cage and at the day of the second vaccination (day 21), all birds were individually housed (one bird/cage) until the day of euthanasia. To verify and test the APEC O:78-based N-glycan vaccine, an established 35-day vaccination and challenge protocol were applied as described (Nothaft et al., 2016, 2017). In particular, birds were randomly tested (cloacal swabs) for the presence of Campylobacter on the day of hatch (day 0). Vaccination with the E. coli live vaccine was done by orally gavaging each bird with 1×108 live APEC O:78(aroA)/wzy::pgl::kan cells in PBS on days 7 and 21. Control groups were gavaged with PBS only. Birds were sampled for E. coli vaccine persistence by cloacal swabbing at various time points and plated into media selective for the live vaccine strain. Birds were challenged (orally gavaged) on day 28 with either PBS (negative control) or with PBS containing 1×106CFU of C. jejuni 81-176. Then, 7-days post-challenge, birds were euthanized according to the approved guidelines of the Canadian Council for Animal Care. Campylobacter colonization levels in poultry ceca were determined by resuspending individual cecal contents in an equal volume (v/w) of PBS, 40% glycerol followed by preparing and plating 25-μl aliquots of 10-fold serial dilutions (made in PBS) on Campylobacter-selective Karmali agar. Differences in bird colonization were analyzed for significance using Fisher’s exact tests. If applicable, the second cecum was used for subsequent microbiota sequencing (as outlined below).

Blood samples on day 0 and prior to challenge were collected from the wing vein, or by heart puncture on the day of euthanasia in heparin-coated tubes. Sera were prepared as described (Nothaft et al., 2016). Cecal samples (initially 1:1 diluted in PBS, 40% glycerol) and stored at −80°C were thawed on ice, centrifuged (10min, 20,500×g, 4°C) and each supernatant was transferred to a fresh tube. For cecal sample ELISA (IgY and IgA), equal amounts of sample from each PBS, Cj, and responder and non-responder birds from Experiments A, B, and C were pooled. Serum IgY and day 35 cecal IgY and IgA levels were determined in a 96-well ELISA plate format (Nothaft et al., 2016). Briefly, 96-well ELISA plates (Maxisorb, Thermo Fisher) were coated with a BSA-N-glycan conjugate (capture antigen, 500ng/well) for 18h at 4°C. Unbound capture antigen was removed and wells were blocked at room temperature for 1h with 100μl of 5% skim milk in PBS-T with shaking. Removal of blocking solution was followed by addition of antibody sera (individual or pooled as described below from day 1, 28, or day 35) or cecal content supernatants (from day 35) diluted 1:10 in PBS-T with 1% skim milk. After incubation for 1h at RT and three washing steps with 100μl of PBS-T, 100μl of anti-chicken IgY-AP or anti-chicken IgA-AP (diluted 1:500 in PBS-T with 1% skim milk) served as the secondary antibodies (for 1h at RT) followed by four washing steps with 100μl of PBS-T. Plates were developed using pNPP (Thermo Fisher) according to instructions provided by the manufacturer and scanned at OD405 in a plate reader. Differences in the IgY and IgA levels in the various groups were investigated for significance using two-tailed t-tests. Sera and cecal sample supernatants were stored at 4°C until further use, whole blood for DNA extraction/genotyping (GWAS) was stored as outlined below.



Persister Challenge

Single Campylobacter colonies that appeared on Karmali plates after plating of cecal content from vaccinated and challenged birds from Experiments A, B, and C (non-responders, 10 colonies per plate, phenotypically white/slightly pink, mix of pinpoint, and non-pinpoint colonies) were collected in 96-well plates (with 200-μl MH medium in each well) and incubated until stationary phase (OD600 of approx. 1.2–1.4). Equal amounts (50μl) from each well were pooled, centrifuged for 5min at 8,000×g, 4°C, and resuspended and adjusted to 3×106CFU/ml (3×106CFU/0.3ml challenge dose) using ice-cold PBS. Remaining cells were supplemented with glycerol to a final concentration of 20%, aliquoted in 96-well plates, and stored at −80°C. Housing, vaccination/challenge, sample collection, and processing were done as described above.



Cecal Microbiota Transplantation

Microbial communities isolated from non-colonized (responder) birds were characterized for their ability to further reduce Campylobacter in poultry.

First, we analyzed the effect of antibiotics with the intent to deplete the gut microbiota. To do so, birds received antibiotics with the drinking water [vancomycin (500mg/L), metronidazole (800mg/L), ampicillin (1.5g/L), and ciprofloxacin (300mg/L)] on days 3–5; then, water was switched to normal drinking water on day 6. Birds were euthanized on day 7 and the composition of the microbiota was determined as described below. For CMT experiments, birds received a similar antibiotic treatment before oral vaccination/bacterial community feeding on day 7. Microbial communities were collected from the cecum of all responder birds by resuspending the second cecum (collected from Experiments A, B, and C) in 1-ml ice-cold, filter-sterilized PBS per gram cecal weight and equal volumes of each suspension were pooled. After allowing insoluble material to settle for 5min (on ice), bacteria were aliquoted, supplemented with glycerol to a final concentration of 20%, and stored at −80°C until further use. For reconstitution experiments, aliquots were thawed on ice, DAPI-stained, quantified microscopically (bacterial cell count), and set to the desired concentration (1×108cells) with ice-cold, filter-sterilized 1×PBS. Birds were orally gavaged with the E. coli live vaccine in combination with an equal amount of microbial community cells (1×108cells) followed by challenge with C. jejuni (using the above-described experimental conditions, vaccination, and challenge regimen). C. jejuni colonization levels, the N-glycan-specific IgY responses, vaccine persistence, the composition of the microbiota in selected birds, and statistical analyses were performed as described above.




Genome-Wide Association Study


Sample Preparation and Analyses

DNA for genome-wide association study (GWAS) was isolated as follows: a fraction of each blood sample from day 35 birds was supplemented with EDTA (to a final concentration of 10mM) to prevent agglutination. Samples were frozen immediately and were kept at −80°C until further use. Then, 10μl from each sample was used to isolate chromosomal DNA with the DNeasy Blood & Tissue Kit (Qiagen) following the manufacturer’s protocol. DNA was dissolved in nuclease free water and samples were normalized to 50ng/μl or 750ng total. In total, 134 chickens (88 responders and 46 non-responders) from Experiments A, B, and C were genotyped using the Affymetrix Axiom 580k (Thermo Fisher) assay (Kranis et al., 2013). In total, 580,961 SNPs were genotyped for each chicken. SNPs that were unmapped (n=7,316), unlocalized and unplaced (n=653), or located on allosomes (n=26,520) were removed from analysis. For the remaining 546,472 SNPs located on autosomes, we further removed SNPs that met any of the three criteria: (1) minor allele frequency (MAF)<5%, (2) call rate<90%, or (3) have Hardy-Weinberg equilibrium exact test values of p below 10−10. In total, 475,058 SNPs passed the quality control and were used in the analysis.



Population Stratification

The population structure of the 134 chickens was assessed based on their genotype data. The pairwise genetic distance between chickens were estimated using Plink 1.9 (Chang et al., 2015). The population structure was visualized using multidimensional scaling (MDS). We also conducted a principal component analysis (PCA) to assess the effect of potential population stratification.



Association Analysis

Association test was conducted using Plink 1.9 (Chang et al., 2015). Fisher’s exact test was used to test the difference in genotypic frequencies between responders and non-responders. The result was adjusted for multiple testing using false discovery rate (FDR).




Microbiota Analyses

Total DNA was extracted from chicken cecum samples as described (Nothaft et al., 2016). Composition of the bacterial community in cecal samples was characterized using 16S rRNA gene amplicon sequencing. PCR targeting the V6-V8 region of the 16S rRNA gene with primers 926F (5'-AAACTYAAAKGAATWGRCGG-3') and 1392R (5'-ACGGGCGGTGWGTRC-3'), and subsequent amplicon sequencing (Illumina MiSeq platform producing 300-bp paired-end sequences) was performed. Amplicon sequencing produced a total of 27,819,932 raw sequences (average=137,035; minimum=76,068 and maximum=208,755). For each sequencing run, raw reads were trimmed to 270 bases long using FASTX-toolkit (v.0.0.14).2 R1 and R2 ends were quality filtered and paired using the merge-illumina-pairs application from Illumina utils v.2.0.1 (Eren et al., 2013). Sequences that did not meet the quality criteria (value of p of 0.03, enforced Q30 check, perfect matching to primers, and no ambiguous nucleotides allowed) were discarded. After merging and quality control, a total 13,124,620 sequences were obtained (average=71,376; minimum=10,795 and maximum=129,875). To make the dataset manageable, samples were randomly subsampled to obtain 20,000 reads using mother v.1.39.2 (Schloss et al., 2009). All reads were kept for samples that had less than 20,000 sequences (total of three samples; range of 10,795–17,532 sequences). Subsequently, reads were compiled and dereplicated, singletons were discarded, and chimeras removed using usearch v.10 (Edgar, 2013). After dereplication and chimera removal, all reads from all sequencing runs were combined and OTUs were clustered at 98% identity, representative sequences for each OTU were selected, and the OTU table was generated also using usearch v.10 (Edgar, 2013). Non-chimeric sequences were binned by sample and submitted to Ribosomal Database Project Classifier (Wang et al., 2007) for taxonomic assignment from phyla to genera. OTUs were assigned taxonomy using Silva database (Westram et al., 2011) and sequence identity was confirmed using NCBI blastn (Altschul et al., 1990), EZ biocloud (Yoon et al., 2017), and Ribosomal Database Project Seqmatch (Michigan State University, 2016). Counts were transformed to relative abundance. Taxa with a mean relative abundance less than 0.01% were removed from the dataset prior to statistical analyses. Diversity analyses were performed using Qiime v.1.9.1 (Caporaso et al., 2010).

To determine differences between responders and non-responders for the different taxonomic levels, multiple t-tests followed by FDR test (determined using the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli) were performed using GraphPad Prism version 8, GraphPad Software, La Jolla, California, United States.3 To determine significance between responders and non-responders for diversity metrics, Mann-Whitney tests were performed also using GraphPad Prism version 8. To determine significance of non-metric multidimensional scaling based on Bray-Curtis distances, PERMANOVA test was performed using the vegan v2.5-7 package (Oksanen et al., 2017) in R version 3.5.1 (R-Core-Team, 2018). The vegan package was also used to determine the goodness of fit statistic (squared correlation coefficient r2) of unconstrained ordination through the application of the envfit function. PCA plots were generated using Euclidean distances using basic statistic functions in R. Random forest analysis were performed using the randomForest v4.6-14 package in R. Abundance values were transformed to Z-scores prior to analyses to normalize data. To decrease the error rate of the forest, the best mtry (random variables used in each tree) was calculated and used to fine-tune the forest. ROC plots and AUC were determined using the RCOR v1.0 package in R (Sing et al., 2005).



Antibody Characterization


Opsonophagocytosis Assay

For opsonophagocytosis assays, C. jejuni cells were incubated with fresh heparinized chicken blood and either naïve chicken serum or pooled chicken serum (from responder and non-responder birds) according to the method previously described by Goyette-Desjardins et al. (2016) with modifications (Wenzel et al., 2020). To prepare the bacterial cells, C. jejuni 81-176 was grown on BHI plates. On the day of blood collection, C. jejuni cells were harvested in PBS, pelleted by centrifugation at 13,000×g for 5min, and washed twice with PBS. Washed cells were suspended to 3×105 cells per ml in RPMI 1640 media supplemented with 5% heat inactivated chicken serum, 10 mM HEPES, 2 mML-glutamine, and 50 μm β-mercaptoethanol. Fresh chicken blood (collected in a heparin-coated tube to prevent coagulation) was diluted 1/3 in above-described supplemented RPMI 1640 and used in reactions with pooled sera from either responder or non-responder birds. To do so, each of the diluted blood samples (50μl) was combined with 40μl of either naïve (PBS negative control group) chicken serum or the pooled responder and non-responder sera, followed by addition of 10μl of the C. jejuni cell suspension, resulting in an approximate MOI of 0.015 based on 3×103 bacterial cells in the reaction and a calculated content of 1.9×105 leukocytes based on the literature values of leukocytes in the blood of broiler chickens (Orawan and Aengwanich, 2007). Tubes were subsequently placed in a 5% CO2 incubator at 37°C for 2h and samples were mixed every 10–15min (by inversion). Aliquots of 10-fold serial dilutions were plated in triplicate on BHI agar with Campylobacter-selective supplement and incubated under microaerobic conditions for 24h. Bacterial killing was calculated as a fraction (% bacteria) of the number of CFU obtained in the control assay that did not contain N-glycan-specific (pooled serum), but serum from naïve (PBS negative control group) chickens. Statistical significance between samples was determined by two-tailed t-tests.



Analysis of the Chicken Serum and the IgY Glycome


Serum/IgY N-Glycomics Using PGC LC-ESI MS/MS

N-glycans from total chicken serum were released using PNGase F and reduced as described previously (Jensen et al., 2012). In short, serum samples (approximately 35μg protein) were immobilized into PVDF membrane and visualized using Direct-blue. The N-glycans were released using PNGase F and reduced. They were separated using Porous Graphitised Carbon Nano Liquid Chromatography [nanoFlow column containing 5-μm Porous Graphitised Carbon (Hypercarb, PGC, Thermo Fischer Scientific)] and analyzed by Electrospray tandem mass spectrometry (PGC-nano LC-ESI MS/MS) on the Captive Spray Ionization Source (Amazon Ion Trap, Bruker) with 1.2kV capillary voltage and 150°C as dry gas temperature (Moginger et al., 2018). The acquired mass spectra were analyzed manually using Bruker Compass Data Analysis 4.2 (Bruker GmbH, Bremen, Germany). The corresponding glycan compositions were predicted using Glycomod4 and the structures verified by manual validation using their individual MS/MS spectra and their corresponding retention times on the PGC column as described previously (Kolarich et al., 2015; Hinneburg et al., 2017). Quantitation of data obtained using nanoPGC LC ESI MS/MS was performed in Small molecule mode in the open access software, Skyline (Adams et al., 2020). Statistically significant differences were calculated using two-way ANOVA.



High-Throughput Analysis Serum N-Glycans Using MALDI-TOF MS

N-glycans were released in-solution by PNGase F and derivatized by ethyl esterification using EDC (N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide) and HOBt (Hydroxybenzotriazole hydrate) in 100% ethanol as described previously with modifications (Reiding et al., 2014). Briefly, the derivatized N-glycans were purified using Cotton HILIC columns (little 2–3mm diameter cotton balls instead of pipette tips fitted with cotton HILIC) in a 96-well plate. The purified glycans were mixed with equal volume of HCCA matrix prepared with 85% acetonitrile and 0.1% TFA and spotted into 384 MALDI Ground steel plates.

The sample spots were analyzed on a Bruker RapifleX MALDI-TOF mass spectrometer (Bruker, GmbH, Bremen, Germany) in Reflectron positive mode (Reiding et al., 2014). Each sample spot was analyzed using an Automatic method: 20,000 shots were accumulated within the mass range 800–4,000m/z using random walking pattern with 200 laser shots fired per raster for a diameter restricted to 2,000μm. The calibrated spectral files for each spot were exported into text format (x,y) using FlexAnalysis version 4.0, build 14 (Bruker). The exported files were baseline corrected and the detected glycan compositions were extracted as a batch operation using the open-source software called “Massytools” (Jansen et al., 2015). The analyzed data were curated and plotted in GraphPad Prism. Statistical significance was determined using two-way ANOVA.



Enrichment of Chicken IgY

Chicken IgY was enriched using Ligatrap Chicken IgY Purification Resin (LigaTrap Technologies). Then, 5μl of total chicken serum was used as starting material and the procedure was followed as per the manufacturer’s instructions. The presence of IgY was confirmed by SDS-PAGE and proteomics using C18 nano LC coupled to a Thermo Orbitrap Fusion MS.






RESULTS


Vaccination Significantly Reduces the Campylobacter Load in Broiler Chickens

Three independent replicates of a vaccination and challenge experiment (Experiments A, B, and C) were conducted to verify the efficacy of the avian pathogenic E. coli (APEC) O78-based vaccine strain that expresses the C. jejuni N-glycan on its surface (Figure 1 and Supplementary Figure S1). Each replicate consisted of a vaccine group (vaccinated and challenged), a positive control group (not vaccinated, challenged), and a negative control group (not vaccinated, not challenged). In all three experiments, the C. jejuni colonization levels in cecal samples, taken on day 35, showed a similar bimodal distribution that has been observed in previous experiments (Nothaft et al., 2016, 2017). A statistically significant proportion (determined by Fisher’s exact test, p<0.001) of birds (averaging 65%) were found to be fully protected after vaccination (= responders), while an average of 35% of birds was still colonized after C. jejuni challenge (= non-responders) as determined by colony counts obtained after serial diluting the cecal contents of each bird and culturing on selective plates for 48 h (Figure 1) and subsequently confirmed by 16S sequencing (see below). In particular, in Experiment A, 26 out of 44 (= 60%); in Experiment B, 26 out of 46 (= 57%), and in Experiment C, 36 out of 46 (= 78%) had non-detectable levels of C. jejuni, by both methods, in their ceca. It is worth mentioning that minor deviations from the original group sizes were due to unrelated mortalities or morbidities (e.g., birds with splayed leg/unable to move were euthanized according to the approved animal protocol). In contrast, all birds (100%) in the positive control group were colonized with Campylobacter (statistical mean of 1.1×1010CFU/gram cecal content) and no Campylobacter was detected in birds in the negative control groups. The live vaccine strain persisted in at least 60% of the birds up to day 10 (3days after the first vaccine dose) and in 12–40% 4days after of the second vaccine dose (day 25; Supplementary Figure S2). In experiments A and B, we could still detect the live vaccine strain in nine (out of 44) and four (out of 45) of the vaccinated birds at the day of euthanasia (day 35) and in experiment C, the vaccine strain could not be detected on day 35. However, no correlation between vaccine persistence and the responder/non-responder effect could be established (Fisher’s exact test, p=0.8).
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FIGURE 1. The APEC O78-based C. jejuni vaccine significantly reduces C. jejuni colonization in broilers. Results from three independent E. coli-based vaccination and C. jejuni strain 81-176 challenge studies are shown. Birds in the negative control group (PBS, Experiment A, B, C; n=5, 4, 5) were non-vaccinated and non-challenged; birds in the positive control group (Cj, n=10, 10, 10) were non-vaccinated but challenged with 1×106CFU of C. jejuni wild type on day 28. Birds in the treatment groups (Vaccine + Cj, n=44, 45, 46) were orally gavaged on days 7 and 21 with 1×108CFU of the attenuated APEC O78-based C. jejuni vaccine and challenged with 1×106CFU of C. jejuni wild type on day 28. Statistically significant differences (Fisher’s exact test, p<0.001) are indicated by an asterisk. PBS, Phosphate-buffered saline; Cj, Campylobacter jejuni.




Vaccination Induces an N-Glycan-Specific Immune Response

First, we determined the N-glycan-specific immune responses using our established ELISA format (Nothaft et al., 2016). In all three vaccination experiments, N-glycan-specific IgY responses were observed in sera prepared from blood taken 1day prior to challenge (day 27) as well as in the sera prepared from blood taken on day 35 (Figure 2A). In addition, we were able to detect N-glycan-specific IgY and IgA in cecal content supernatants individually pooled from vaccinated and challenged birds (Figure 2B). Whereas cecal IgY levels were significantly increased compared to the control groups, the observed increase in N-glycan-specific IgA levels in the vaccinated and challenged groups was not statistically significant when compared to the control groups. However, and as seen in our previous studies (Nothaft et al., 2016, 2017), no correlation between the antibody titers and the level of protection could be established and no statistically significant difference was observed in the IgY level between responders and non-responders.
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FIGURE 2. The N-glycan-specific immune responses. (A) ELISA results comparing chicken sera from bleeds taken prior to C. jejuni challenge (day 28) and at day 35. Each point represents the N-glycan-specific antibody response measured at OD450 for each individual chicken from the indicated group. For the vaccine + Cj groups, responders (Res) and non-responders (N-Res) are shown as individual subgroups; no significant differences between the two subgroups (two-tailed t-test, p>0.05) were found. No N-glycan-specific antibodies were detected in sera of blood samples taken on day 1. (B) ELISA results comparing N-glycan-specific IgY and IgA levels (as indicated) in individually pooled cecal contents from each group. Each dot in the respective group represents one study (Experiment A, B, or C=biological replicate) with measurements carried out in triplicate and error bars representing the standard error of the mean for each replicate. Bars represent the median for each group/subgroup and error bars in (B) indicate the standard error of the mean (SEM) for the biological replicates. Statistically significant differences (two-tailed t-test, p<0.05) are either indicated by an asterisk or the value of p is provided for the specific comparison, NS=not significant. PBS, Phosphate-buffered saline; Cj, Campylobacter jejuni.




Vaccine-Induced Antibodies Possess Opsonophagocytosis Activity

Pooled sera from all responder and non-responder birds identified in Experiments A, B, and C were tested for their ability to induce antigen-specific killing of C. jejuni 81-176 (Figure 3A). In comparison to bacteria incubated with pooled serum from the negative control groups (naïve chickens), an average of 21% bacterial killing was observed with pooled sera from non-responder birds, whereas an average of 54% bacterial killing was observed with pooled sera from responder birds. This result indicates that chicken antibodies targeting the C. jejuni N-glycan are indeed opsonizing, and further demonstrated that sera from responder birds display a significantly higher Campylobacter-killing activity when compared to sera from non-responder birds.
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FIGURE 3. Antibody characterization in sera from responder and non-responder birds. (A) Opsonophagocytosis (OPA) assay. All sera (from Experiment A, B, and C) from negative control (PBS), responder (Res) and non-responder (N-Res) birds, collected on day 27 were pooled and evaluated for their ability to induce killing of Campylobacter by opsonophagocytosis. Each data point represents an independent replicate (each with fresh individually grown Campylobacter cells and individual blood samples from 35-day-old naïve broiler birds that served as a source for white blood cells). Each assay was carried out in triplicate, variations are shown by error bars. The bar represents the average for the four independent assays, error bars depict the standard error of the mean (SEM). Survival is expressed as percentage CFU compared to pooled sera from the negative control group (set to 100%). Statistically significant differences (two-tailed t-test, p<0.05) are indicated by an asterisk. (B) Distribution of N-glycans in total chicken serum analyzed by PGC LC ESI MS/MS. Individual N-glycans as identified from 10 individual responders and five non-responder birds have been summed according to groups representative for biosynthetic features (e.g., core-fucosylation=FUT8 activity, sialic acid linkage type, and structure class). (C) Distribution of N-glycans in enriched chicken IgY analyzed by PGC LC ESI MS/MS. Purified total IgYs from of four individual responders and five non-responder birds were analyzed. Statistical significance was calculated using two-way ANOVA wherein the value of p was ≤0.0001.




Mass Spectrometric Analyses of Serum and Antibody Glycosylation Profiles

Different glycan profiles might result in different antibody avidities, i.e., in a stronger binding to the antigen and even though antibody levels could not be correlated with protection between responder and non-responders, variations in the glycosylation profile could increase antibody potency and could explain the observed differences in bacterial killing in the opsonophagocytosis assay. Therefore, we analyzed the total chicken serum and the IgY N-glycomes to evaluate potential differences in glycosylation between responders and non-responders by two orthogonal glycomics technologies (PGC nano LC-ESI MS/MS and MALDI-TOF MS).


The N-Glycome of Total Serum Glycoproteins and IgY in Responders and Non-responders

The chicken serum N-glycome was found to be comprised of at least 37 different N-glycan structures (Supplementary Figures S3A,B) with biantennary di-sialylated (α2-6/2-6 linked NeuAc) and biantennary mono-sialylated (α2-6 linked NeuAc) N-glycans contributing to approximately 85% of all N-glycans present. Next, we analyzed the N-glycome of purified IgY fractions by PGC nano LC-ESI MS/MS (Supplementary Figure S4) and found that chicken IgYs exhibited at least 27 different N-glycans that mirrored the major structures found for the total serum N-glycome.



Global Serum and IgY N-Glycan Profiles in Responders Versus Non-responders Remained Largely Unaltered

We then analyzed the distribution of N-glycans in total chicken sera by PGC LC-ESI MS/MS from 10 responders and five non-responders. We found that non-responders showed a slight (but not significant) tendency toward an increase of α2-3 linked NeuAc containing glycans, neutral, hybrid, and core fucosylated N-glycans (Figure 3B). In contrast, responders showed slightly (not significant) higher α2-3/2-6 linked NeuAc containing glycans, whereas no change was seen in the expression of α2-6 linked NeuAc containing glycans. For sialic acid-carrying N-glycans, responders showed a small, but significant increase in mono-sialylated glycans, while non-responders expressed a slightly significantly higher amount of di-sialylated glycans (Supplementary Figure S5A). A similar trend (albeit not significant) was observed for tri-sialylated glycans.

Analyses of individual core fucosylated glycans in total serum revealed that the amount of α2-6 di-sialylated biantennary core fucosylated glycans was significantly increased in non-responders (Supplementary Figure S6A). A similar trend was seen in α2-3 di-sialylated biantennary core fucosylated glycans and for one of the isomers of α2-6 mono-sialylated biantennary core fucosylated glycans, but the differences in abundance of the latter two were not statistically significant. Similarly, enriched IgY preparations from non-responders also revealed a trend toward an increase in the abundance of mono- and di-sialylated biantennary core fucosylated N-glycans; however, the observed differences were also not statistically significant (Supplementary Figure S6B).

Further analyses of the global serum N-glycans from a larger cohort of chickens (42 responders and 22 non-responders) by MALDI TOF Mass Spectrometry (MALDI-TOF MS) revealed a slight significant increase in the level of α2-6 linked NeuAc containing N-glycans in responders while non-responders showed a significant increase in α2-3/2-6 linked NeuAc containing N-glycans and a non-significant increasing trend in oligomannose, neutral, core fucosylated, and 2-3 linked NeuAc carrying N-glycans, respectively (Supplementary Figure S7). Further analysis of individual core fucosylated N-glycans revealed that although the abundance of α2-6 mono-sialylated biantennary core fucosylated glycans in total serum was significantly increased in non-responders, the distribution of other core fucosylated N-glycans remained unaltered or displayed very little change between the two groups (Supplementary Figure S8).

Similar to PGC LC ESI MS/MS (Supplementary Figure S5A), MALDI-TOF MS analysis of sialylated N-glycans in total chicken serum (Supplementary Figure S5B) showed a small (statistically significant) increase in mono-sialylated glycans in responders, while non-responders showed slightly significant higher levels of di-sialylated and tri-sialylated glycans. Chicken IgY N-glycans analyzed by PGC LC-ESI MS/MS (Figure 3C) showed that in the smaller cohort of responders and non-responders (four responders and five non-responders), the N-glycan profiles followed the same trend, a small, but not statistically significant increase in the expression of core fucosylated, oligomannose, and α2-3 and α2-3/2-6 linked NeuAc containing glycans that was found for total serum (see also Figures 3B,C, Supplementary Figures S5A,B, S6A,B, S7, S8).




GWAS, Analysis of the Chicken Host Genetics: Responders Versus Non-responders

To investigate if the responder/non-responder effect is manifested through specific properties of the host itself, a GWAS of the response to vaccination was conducted. To identify single-nucleotide polymorphisms (SNPs) and genomic regions potentially associated with vaccine phenotypes, the GWAS was done using SNP data (n=475,058) from all vaccinated birds (n=134; 88 responders and 46 non-responders) and was analyzed following the SNP set approach described by Wu et al. (2010). Population stratification depicted by MDS plots indicate that for the top three dimensions, the 134 chickens can be divided into two sub-populations (Supplementary Figure S9A). However, no obvious association between the phenotype (responders or non-responders) and the population structure could be found (chi-square test; p=1). The results of PCA also showed that the top principal components accounted for only 2.5% of the total variation, suggesting that the population structure did not need to be integrated into the association analysis. Association analysis after FDR adjustment for multiple testing also showed no significant (FDR<0.1) association between SNPs and the responder versus non-responder phenotypes (Supplementary Figure S10). Further analysis revealed that the population structure resulted from the differences between the single experiments, as the smaller sub-population was enriched with chickens from Experiment A, while the larger sub-population was enriched with chickens from Experiments B and C (Supplementary Figure S9B). This could be due to a change in the flock generation and/or be due to a change in supplier of the birds. However, the exact reason for the observed differences could not be determined and GWAS data strongly suggest that the differences in vaccine responses are not due to genetic differences or variations in the chicken host.

In addition to the genotype, we also investigated if the gender of the birds might have an influence on colonization and vaccine responses. Analysis of 26,502 SNPs on the Z chromosome and 18 SNPs on the W chromosome from each bird did not reveal any evidence for an association between sex and the vaccine response phenotype [chi-square test (p=0.74)] (Supplementary Figure S11).



Microbiota Analyses of Responder Versus Non-responder Birds

To analyze a potential role of the gut microbiota in the variable responses toward vaccination, we compared the cecal bacterial community between responder and non-responder birds. The composition of the cecal bacterial community was determined from each bird from the three vaccine experiments (total n=134; 88 responders and 46 non-responders) by Illumina sequencing of the V6-V8 region of the 16S rRNA gene. Considering that the composition of microbial communities could be affected by environmental, stochastic, and host -related factors, random forest analysis was performed using transformed OTU abundances to determine the out of bag (OOB) estimate of error rate for the main environmental and host variables that could potentially impact the microbial communities. These include experimental group (environmental factor), sex, and response (host factors). The OOB predicted error was estimated to be 1.5% if the analysis of the microbial data was done by experiment, but it increased to 13.53% if all samples were analyzed together by response (Supplementary Figure S12A). These results were supported by the goodness of fit test to determine significance of variables in unconstrained ordination (envfit function of the vegan package), which identified the “experiment” as the only significant variable impacting communities (r2=0.4702 implying moderate correlation, p<0.001; Supplementary Figure S12B). Clustering of all samples by PCA of Bray-Curtis dissimilarities also revealed clustering of samples by experiment (Supplementary Figure S12C) rather than by response (Supplementary Figure S12D). Overall, this analysis indicated that the samples from the three experiments should not be analyzed together as confounded by the experiment. The microbiota of birds from experiment A was vastly different to that of experiments B and C. Envfit analysis of abundance at the level of genera (Supplementary Figure S12B) showed that differences were especially dominant in the occurrence of Bacteroides spp., which were present at an average of 45.9% in experiment A, but with less than 0.02% on average in birds of experiments B and C.

PERMANOVA analysis on Bray-Curtis distances was performed for each individual experiment to determine differences in microbial community composition between responders and non-responders. Significant differences were only found for experiment A (Supplementary Figure S13A). Analysis of Bray-Curtis dissimilarities between individual birds as a measurement of β-diversity revealed a higher level of inter-individual variation between responder and non-responder birds for experiments A and C, but not for experiment B (Supplementary Figure S13B). Interestingly, within group inter-individual β-diversity is higher for responders in experiment A, but seems lower in experiment C, implying that these findings are not consistent and might be due to stochastic differences between experiments. Analysis of α-diversity showed statistically significant differences between responders and non-responders for birds in experiment C (p=0.0023). Noteworthy, there is a tendency for α-diversity to be lower in responders than in non-responders in all experiments (Supplementary Figure S13C).

Comparisons of cecal microbiota composition between responder and non-responder birds at different taxonomic levels showed significant differences. The clearest difference was detected for the family Campylobacteraceae, the genus Campylobacter, and an OTU assigned to Campylobacter jejuni, all of which were much lower in responders, confirming the effect of the vaccine in this subgroup of birds. Effects in other taxa were more subtle showing differences in genera within the order Enterobacterales, such as Escherichia/Shigella/Salmonella, in addition to differences observed in genera and species belonging, for example, to the Clostridium IV and XIVb groups within the order Clostridiales (Figure 4A). While Enterobacterales seem to be higher in responder than non-responder, the observed trend for Clostridiales is the opposite. Although we found significant differences among responder and non-responder, the findings were not consistent among all experiments, as it also has been observed in our previous work (Nothaft et al., 2017). However, there is some consistency in that Clostridiales or Clostridiales-related taxa (Ruminococcus and Lachnospiraceae) were again detected as being significantly different between responders and non-responders, also in agreement with findings from our previous studies (Nothaft et al., 2016, 2017).
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FIGURE 4. Significant taxonomic changes between responder and non-responder birds, receiver operating characteristics (ROC) plots, and identification of taxa that are predictive of response per experiment. (A) Scatter dot plot of statistically significant differences in taxa between responders and non-responders analyzed by multiple t-tests followed by false discovery rate (FDR) test using two-stage linear step-up procedure of Benjamini, Krieger, and Yekuteli. Lines represent mean and standard deviation. Percentages beside the names refer to percent identity for each taxon. Significance was established at p<0.05 and q<0.2. Asterisks indicate significant taxa after FDR. Lines represent mean and standard deviations. (B) ROC plots (using OTUs and excluding Campylobacter from the equation) were generated for the response factor and area under the curve (AUC) was calculated for individual experiments and for all experiments combined using the ROCR package in R statistical software. (C) Bar plots of variance importance per experiment as determined by mean decrease accuracy as part of random forest analyses. OTU, operational taxonomic unit; Un, unclassified.


In order to determine if the microbiota can predict the response to the vaccine, random forest analyses, using OTUs (Figure 4) and higher-level taxa (Supplementary Figure S14), were used to establish classifiers. Campylobacter was removed from the equation since the responder/non-responder groupings were determined by whether or not they were colonized with Campylobacter. Utility of models was examined using receiver operating characteristics (ROC) plots. The area under the curve serves to summarize the performance of the classifier into a single measure, with bigger values indicating improved accuracy of prediction. The area under the curves for experiments A, B, and C were estimated to be 0.639, 0.535, and 0.654 when using genera (Supplementary Figure S14A) and 0.689, 0.619, and 0.537 when using OTUs (Figure 4B). The random forest classifier for the combined data from all three experiments showed an area under the curve of 0.628 (using genera) and a slightly higher value of 0.664 when using OTUs. This finding indicated that there were major differences between experiments and that microbiota composition might not be a good predictor of the vaccine response. However, even though identified taxa had low predictive values, several OTUs that were significantly different between responders and non-responders (Figure 4A) were also identified to have a higher predictive value in the variable importance test (Figure 4C), and several fell within the same genera (e.g., Enterocloster and Enterococcus). In addition, genera within the Clostridium spp., Ruminococcaceae and Lachnospiraceae showed albeit low predictive potential (Supplementary Figure S14B), indicating that Clostridiales and Clostridiales-related taxa could be a variable in the response equation, supporting our previous findings (Nothaft et al., 2016, 2017).



Cecal Contents Isolated From Responder Birds Improve Vaccine Efficacy

To determine the causal role of differences in the cecal microbiota in vaccine response, we conducted smaller experiments that explored the effect of cecal microbiota transplantation (CMT) on vaccine performance (n=9 for each study, n=18 combined). First, we investigated if using a cocktail of antibiotics reduces the native microbiota to subsequently increase engraftment. In an independent study, we then applied the same procedure to birds that received the cecal transplant. Subsequent analyses (by 16S rRNA sequencing) of the microbiota of birds that received the antibiotic cocktail resulted in a significant reduction of both inter-individual β-diversity (PERMANOVA of Bray-Curtis dissimilarities) and α-diversity (Chao 1 index), respectively (p<0.001 for each of the three analyses; Figures 5A–C, left columns), indicating that the antibiotic treatment was effective in reducing microbial diversity in the birds.
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FIGURE 5. Effect of antibiotic treatment, vaccine, and cecal microbiota transplant on microbial diversity. (A) NMDS plots analyzed by PERMANOVA test; (B) scatter dot plots of Bray-Curtis dissimilarity analyzed by Mann-Whitney test as a measurement of beta diversity; and (C) scatter dot plots of Chao 1 indexes as a measure of alpha diversity for untreated and antibiotic-treated groups (left), and between responders and non-responders for vaccinated chickens treated with (right) or without (middle) cecal microbiota transplant. OTUs were used for all diversity analyses. Lines represent median values. (D) Scatter dot plot of statistically significant differences in taxa between responders and non-responders analyzed by multiple t-tests. Percentages beside the names refer to percent identity for each taxon. Lines represent mean and standard deviation. Significance was established at p<0.05. CMT, cecal microbiota transplant; AB, antibiotic; Resp, responder; and NonR, non-responder.


We then compared efficacy of the APEC O:78-based N-glycan vaccine in birds that received the cecal microbiota isolated from responder birds versus birds that did not receive a CMT. In birds that received the CMT in combination with the vaccine, a lower percentage of Campylobacter colonization (after vaccination and challenge) was observed when compared to birds that received the vaccine alone (Figure 6A). In particular, we could demonstrate that the standard vaccination regimen on day 7 and day 21 with the vaccine alone resulted in 46.7% of birds still being colonized, whereas only 27.8% colonization was observed in birds that received the responder bird CMT in combination with the vaccine after antibiotic treatment (Figure 6A); however, this difference in colonization was not statistically significant (Fisher’s exact test, p=0.29). All birds in the positive control group (not vaccinated, but challenged) were found to be colonized and all except one bird in the group that received the CMT, but did not get vaccinated, was colonized with Campylobacter at similar levels. However, we observed statistically significant higher vaccine antigen-specific antibody titers (determined by two-tailed t-test) in the vaccine CMT group when compared to the vaccine alone group in serum prepared from blood taken before challenge (day 28, Figure 6B upper panel) and at the day of euthanasia, day 35 (Figure 6B, lower panel), suggesting that the microbiota of previously protected birds has a positive effect on the vaccine-induced immune response.
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FIGURE 6. Cecal bacteria isolated from protected birds significantly improve vaccine performance. Combined results from two independent 35-day broiler vaccination studies. (A) Colonization of 35-day-old broiler birds. C. jejuni colonization [expressed as colony forming units (CFU) per gram of chicken cecal contents] after vaccination with 1×108 live E. coli vaccine co-administered with cecal bacteria (Vaccine + CMT+Cj, n=18) compared to birds that received the live E. coli vaccine alone (Vaccine + Cj, n=15). To deplete the microbiota birds in the Vaccine + CMT+Cj as well in the cecal bacteria challenge control (CMT+Cj, n=19) groups, birds received antibiotics in the drinking water for 3days prior to vaccination/cecal microbiota transplantation. Birds in the positive control group (Cj, n=16) were not vaccinated but challenged with 1×106 C. jejuni 81-178 on day 28. Statistically significant differences between groups (Fisher’s exact test, p<0.001) are indicated by an asterisk. (B) The N-glycan-specific immune responses. ELISA results using a 1:10 dilution of chicken sera from bleeds taken before challenge (day 28, upper panel) and at the day of euthanasia (day 35, lower panel). Each point represents the N-glycan-specific IgY antibody response measured at OD450 for each individual chicken. Black bars represent the median for each group. Statistically significant differences between groups (two-tailed t-test, p<0.05) are indicated by an asterisk.


We further compared the microbial composition (by 16S sequencing) of the cecal contents at the trends suggesting that OTU classified as Clostridium spp., Ruminococcaceae and Lachnospiraceae are involved in the separation of both groups day of euthanasia (day 35) in responder and non-responder birds from the group that received the standard vaccination regimen (vaccine alone) as well as the group that received antibiotic treatment and CMT in combination with the vaccine. The results indicate that the alpha and beta diversities were different in responder versus non-responder birds (Figures 5A–C, middle and right columns, respectively) with (Figure 5D) consistent with what has been observed in the above-described experiments A, B, and C.



Challenge With Persister C. jejuni Has no Effect on Vaccine Efficacy

Our previous studies did not detect any changes in phase-variable gene expression in our challenge strain, C. jejuni 81-176 (Nothaft et al., 2016, 2017; Wanford et al., 2018) capable of persisting in non-responder birds; however, the limited analyses did not test for other SNPs in the genome of Cj-81-176 that could potentially result in the evolution of a C. jejuni super-colonizer or persister strain. We therefore collected C. jejuni isolates from non-responder birds and used those pooled isolates in a subsequent challenge study. Similar to Experiments A, B, and C, we observed a bimodal distribution in colonization after a second dose vaccination and challenge regimen. Challenge with the “standard” C. jejuni 81-176 (group three, n=8) or the “persister” C. jejuni pool (group four, n=8) did not result in statistical differences in protection. All birds in both positive control groups (not vaccinated, but challenged with either the standard or the persister pool of C. jejuni) were colonized at similar levels (Figure 7A). In addition, comparable levels of N-glycan-specific IgYs (determined by ELISA) were be found in the sera of vaccinated birds from groups three and four isolated on day 28 and day 35 (Figure 7B).
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FIGURE 7. Challenge with “persister” C. jejuni 81-176 has no effect on vaccine performance. (A) Colonization of 35-day-old broiler birds. C. jejuni levels [expressed as colony forming units (CFU) per gram of chicken cecal contents] after vaccination (with 1×108 live E. coli vaccine on day 7 and 21) and challenge. Birds were challenged with either 1×106 “standard” C. jejuni 81-176 (standard-Cj, n=8) or with 1×106 C. jejuni 81-176 recovered from vaccinated bird that were still colonized (persister-Cj, n=8) on day 28. Standard-Cj and persister-Cj groups (n=8) were not vaccinated, but challenged on day 28. No statistical difference in CFU (Fisher’s exact test) was observed between the standard and persister groups. (B) The N-glycan-specific immune responses. ELISA results using a 1:10 dilution of chicken sera from bleeds taken before challenge (day 28, upper panel) and at the day of euthanasia (day 35, lower panel). Each point represents the N-glycan-specific IgY antibody response measured at OD450 for each individual chicken. Black bars represent the median for each group. *statistically significant; two-tailed t-test, p<0.05.





DISCUSSION

Oral administration of an attenuated E. coli strain engineered to express the C. jejuni N-glycan reduces bacterial colonization in leghorns and broilers, and thus has great potential to prevent pathogen entry into the food chain. However, previous studies showed that a fraction of birds was still colonized after vaccination (Nothaft et al., 2016, 2017), and this was recapitulated in Experiments A, B, and C described here. Genome-wide chicken genotyping revealed no statistically significant genetic difference between responder and non-responder birds, indicating the differential susceptibility to colonization or differences in vaccine responses are not associated with genetic traits. That contrasts with other studies that have shown that resistance to pathogens can be, at least partly, genetically determined. Differences in resistance to APEC among inbred chicken lines were reported, but were dependent on the infectious dose (Alber et al., 2019). Resistance loci to systemic salmonellosis were mapped (Mariani et al., 2001; Wigley et al., 2002, 2006; Fife et al., 2009) and refined to an 8kb, 14 gene region on chromosome 5, termed SAL1, including the CD27-binding protein and AKT1, a REAC-alpha serine/threonine protein kinase homolog, both involved in innate immune response signaling (Kaiser et al., 2009). For Campylobacter, over 150 genes potentially involved in natural resistance have been identified including (among other factors) genes related to the MHC complex and the innate and adaptive immune responses, cadherins and genes modulating cadherin functions, and genes for renin-angiotensin signaling (Kaiser, 2010; Connell et al., 2013; Psifidi et al., 2016, 2021). Although most of the identified loci were different to the ones identified for Salmonella resistance (Kaiser, 2010), increased macrophage functionality [e.g., the natural resistance-associated macrophage protein 1 (NRAMP1)] gene and increased expression of pro-inflammatory cytokines and chemokines have been associated with resistance to both pathogens (Boyd et al., 2005; Wigley et al., 2006; Psifidi et al., 2016); however, these associations were not observed here.


Immune Responses and Antibody Properties as Potential Factors for Vaccine Efficacy

Similar immune responses to vaccination were induced in all our studies and the N-glycan-specific serum and cecal content supernatant IgY levels clearly distinguished vaccinated versus unvaccinated birds with increased antigen responses in the former compared to C. jejuni infection alone. In addition, in day 35 cecal samples, N-glycan-specific IgA could be detected at low levels, but there was no significant difference between challenged only and vaccinated birds which could be due to the shorter half-life of IgA versus IgY (Davis et al., 2020). Therefore, IgA may still contribute, but since samples were collected 7days after challenge (14days after the vaccine boost) our assay might not be fully representative for IgA levels present at the day of challenge. Intestinal IgY (in addition to IgA) has also been observed in other vaccination studies (Kulkarni et al., 2010; Annamalai et al., 2013; Wilde et al., 2019) and has been suggested to contribute to the reduction of the pathogen in the gut. However, the intestinal response to our oral E. coli-based vaccine would not explain the responder/non-responder effect (similar to the serum IgY response) but could in combination with other/unknown factors contribute to the observed reduction of Campylobacter in responder birds; similar to other studies that have shown that vaccine response does not necessarily correlate with protection (Chintoan-Uta et al., 2015). In general, B-cell responses to C. jejuni colonization in chickens show that IgY levels correlate with the presence of the pathogen in the intestine, but natural antibody levels in the cecum are not sufficient to clear the bacteria (Lacharme-Lora et al., 2017). However, it has also been shown that IgY antibodies are protective in the first 2weeks of life and that this effect can be prolonged by oral administration of pathogen-specific IgY (Vandeputte et al., 2019). We also demonstrated that antisera from responder birds showed a higher Campylobacter-killing activity, indicating that sera from those birds might possess a higher affinity for the antigen or the antibody pool is enriched with IgYs with desired effector functions. It has been shown that human antibody N-glycosylation (IgG glycan at N297) and the structure of the N-glycan are important for antibody functionality (Krapp et al., 2003; Jefferis, 2009). For example, changes in IgG glycosylation play a role in autoimmune disease and cancer in humans and impact viral and bacterial colonization (Chen et al., 2020; Irvine and Alter, 2020). But little is known about IgY glycosylation and its contribution to antibody functionality in chickens. Despite the differences in killing activities, we found that glycosylation (at least in serum) is very similar in responders and non-responders, although whole IgY preparations showed a trend, albeit insignificant, toward reduced fucosylation in responders. This indicates that vaccination does not change the global N-glycosylation profile. Although one might speculate that N-glycosylation profiles of antigen-specific IgYs could be different, anti-C. jejuni (N-glycan)-specific IgY constitutes only a minor subfraction of the total IgY and changes (if present) would not result in a significant difference in the global N-glycosylation profile. It has been shown that effector function of staphylococcal protein A antibodies in mice is indeed glycosylation-dependent. Here, galactosylation favors recruitment of the complement component C1q and is indispensable for killing of staphylococci (Chen et al., 2020). Similarly, afucosylated Abs protected against infection through enhanced Fcγ receptor engagement and phagocytosis (Chen et al., 2020). While a glycosylation-dependent impact on IgG function is undisputed in mammals, the functional role IgY glycosylation has in chickens is still unclear. However, from a producer/consumer point of view, the fact that vaccination does not induce any detectable impact on the qualitative and quantitative composition of the serum and total IgY N-glycome, our E. coli vaccine does not induce any health risk by generating potentially immunogenic glyco-epitopes that could be harmful for humans.



The Chicken Microbiota and Its Effect on Vaccination

In general, the chicken gut microbiota is part of a complex ecosystem influenced by many factors, such as stocking density, stress, feed type, and other additives, that can either increase or decrease microbial diversity (Ijaz et al., 2018; Hankel et al., 2019; Kridtayopas et al., 2019). The composition of the microbiota has been reported to affect the ability of Campylobacter to reside in the chicken cecum (Han et al., 2017; Sakaridis et al., 2018; Ocejo et al., 2019). Increased diversity and increased environmental pressure on the microbial community favor the presence of Campylobacter (McKenna et al., 2020); however, feed additives did not change the alpha diversity of the cecal microbiota but decreased the C. jejuni cecal counts by 0.7 logs and were associated with an increase of Bifidobacterium species (Thibodeau et al., 2015). Studies in humans and mice indicate that the microbiome can also influence vaccine-induced immune responses (Jamieson, 2015; De Jong et al., 2020), but very limited information is available for other species. In our studies, OTU classified as Clostridium spp., Ruminococcaceae and Lachnospiraceae seem to be involved in the responder/non-responder effect after vaccination and challenge. Specifically, Clostridiales, but also other bacteria (Zhang et al., 2007), present in the natural microbiota contribute to the control of C. jejuni colonization, an effect postulated to occur by exclusion or immune-priming (Han et al., 2017). Interestingly, the Clostridiales effect is not restricted to the chicken model. Clostridiales and also higher relative abundances of Lachnospiraceae seem to have protective properties against Campylobacter infections in humans (Dicksved et al., 2014; Kampmann et al., 2016), and members of Lachnospiraceae were also enriched in our responder birds. In mice, the presence/enrichment of Clostridium cluster XI, but also of Enterococcus faecalis (Gram-positive lactic acid bacteria, Firmicute), Bifidobacterium, and Lactobacillus have been correlated with reduced Campylobacter infections (O’Loughlin et al., 2015; Sun et al., 2018), whereas antibiotic treatment (removal of those species) increases severity of colitis (Sun et al., 2018). On the other hand, numbers of enterobacteria were reported to potentially facilitate C. jejuni infection (Haag et al., 2012). Although the latter observation was made in infant mice, an effect of these bacteria in the chicken model cannot be ruled out since members of Enterobacterales were also affected in our studies.

Competitive exclusion of Campylobacter by potentially beneficial bacteria present in the cecal transplant obtained from responder birds can most likely be eliminated since the fecal transplant alone had no effect on Campylobacter colonization. Interestingly, it has been shown that the transfer of microbiota from a line of birds with a higher resistance to Campylobacter cannot exert the same protective effect in another line of birds that is naturally more susceptible to colonization. In fact, the transfer of the microbiota from the more resistant line further increased Campylobacter susceptibility of the less resistant line (Chintoan-Uta et al., 2020). However, the authors also reported that, among others, three specific OTUs from the Ruminococcaceae family differed between susceptible and more resistant lines (Chintoan-Uta et al., 2020). In line with this, we found members of the Ruminococcaceae family as a potential factor in distinguishing responder and non-responders. Another study showed that the introduction of the Clostridiales-dominated microbiota from eight-week-old birds into newly hatched chicks had a protective effect against Campylobacter colonization and altered the gut microbiota. However, no effect was observed when 7-day-old chicks received the transplant (Gilroy et al., 2018). This is in accordance with the “window of opportunity” for colonization that has been described in mice and suggested for human infants for the protective/immune stimulating effect of some bacteria (Torow and Hornef, 2017).

Moreover, Campylobacter infection was associated with decreases in the abundance of Clostridium cluster XIVa and Lactobacillaceae OTUs and also with an age-dependent shift in OTUs of members of the Lachnospiraceae and Ruminococcaceae families (Connerton et al., 2018). Based on the observation that transplanted bacteria only exist for a limited time (Chintoan-Uta et al., 2020), one might speculate that our live vaccine potentially creates a more favorable environment for the more beneficial bacteria to thrive in certain (responder) birds resulting in the complete elimination of Campylobacter or that Campylobacter changes the niche environment in the gut in its favor [a strategy described for other pathogens (Baumler and Sperandio, 2016)] and that the vaccine removes or reduces Campylobacter, which then redresses some of the shifts.



In Summary

This study indicated that microbial composition and antibody function, but not host genetics or the serum glycome, may contribute toward the efficacy of the glycoconjugate vaccine in chickens. Although the gut microbiota has a low predictive value, this is likely due to the substantial variations between experiments that are not linked to the vaccine. However, certain OTUs that fell within the same genera (Enterocloster and Enterococcus) and within the Clostridium spp., Ruminococcaceae and Lachnospiraceae were still associated with responders and non-responders suggesting there may be functional redundancy among microbiotas as different taxa appear in different experiments. There are likely stochastic factors that influence the assembly of the microbial community resulting in inter-individual differences and subsequently in changes in the levels of certain microbial components that could function as adjuvants or impact immune responses.

Despite best efforts to hold environmental factors constant, a change in supplier (through the same distributer), time of the year during which the study, was conducted influencing temperature levels during transport, or even differences in animal handling during vaccination/challenge, as well as other minimal variations (e.g., changes in feed intake), were beyond the control of the study design. This could result in an overall different microbial composition not related to the vaccine, and that most likely generates noise. Such variations in the composition of the microbiota even between experimental repeats has also been observed in previous studies (Stanley et al., 2013) and could further influence vaccine efficacy and Campylobacter colonization potential and could make it difficult to increase vaccine efficiency. Our experiments exemplify the challenges experienced in many other areas of microbiome research. Microbiomes are clearly causal to many host phenotypes, but the identification of causal components is confounded by the high level of unexplained variation (Velazquez et al., 2019).

Future efforts could include whole microbiome metagenomics and metabolomics in combination with ex vivo immune assays to determine which fraction/compound/metabolite of the microbiota could impact immune cell functions in relation to vaccine activity. In addition, data could be collected at different time points of the study (especially prior to challenge) since having sequence data only at the end of the experiment limits correlations to the microbiota identified after the Campylobacter challenge and the effect of Campylobacter or the immune response in response to vaccination might alter the microbiome differently. However, our E. coli lipid A-core N-glycan expression system has been repeatedly shown to reduce C. jejuni CFU after vaccination and challenge, while other carriers do not provide this protective effect (Vohra et al., 2020). Therefore, optimization of the antigen carrier in combination with microbiome manipulations will potentially result in further improvement of vaccine efficacy and help to completely eliminate Campylobacter from the food chain.
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Campylobacter jejuni (C. jejuni) is the leading causative agent of gastroenteritis and Guillain–Barré syndrome (GBS). Capsular polysaccharide (CPS) and lipooligosaccharide (LOS) contribute to the susceptibility of campylobacteriosis, which have been concern the major evaluation indicators of C. jejuni isolates from clinical patients. As a foodborne disease, food animal plays a primary role in the infection of campylobacteriosis. To assess the pathogenic characterizations of C. jejuni isolates from various ecological origins, 1609 isolates sampled from 2005 to 2019 in China were analyzed using capsular genotyping. Strains from cattle and poultry were further characterized by LOS classification and multilocus sequence typing (MLST), compared with the isolates from human patients worldwide with enteritis and GBS. Results showed that the disease associated capsular genotypes and LOS classes over-represented in human isolates were also dominant in animal isolates, especially cattle isolates. Based on the same disease associated capsular genotype, more LOS class types were represented by food animal isolates than human disease isolates. Importantly, high-risk lineages CC-22, CC-464, and CC-21 were found dominated in human isolates with GBS worldwide, which were also represented in the food animal isolates with disease associated capsular types, suggesting a possibility of clonal spread of isolates across different regions and hosts. This is the first study providing genetic evidence for food animal isolates of particular capsular genotypes harbor similar pathogenic characteristics to human clinical isolates. Collective efforts for campylobacteriosis hazard control need to be focused on the zoonotic pathogenicity of animal isolates, along the food chain “from farm to table.”

Keywords: Campylobacter jejuni, capsular genotype, lipooligosaccharide class, multilocus sequence typing, enteritis and Guillain–Barré syndrome, isolates from food animal


INTRODUCTION

Campylobacter jejuni (C. jejuni) is the leading cause of acute gastroenteritis in humans worldwide, posing potential risk to susceptible human and animals due to their zoonotic transmission. Watery or bloody diarrhea, abdominal pain, headache, fever, chills, and dysentery are the main symptoms of campylobacteriosis (Black et al., 1988). Gastroenteritis and Guillain–Barré syndrome (GBS) are the two representative diseases associated with human infection of C. jejuni (Jackson et al., 2014). Over the last 10 years, the incidence of campylobacteriosis has increased in both developed and developing countries (Ruiz-Palacios, 2007), which has generated significant threats to the public’s health. However, the precise role of C. jejuni in the development of clinical condition is largely unknown. Unlike other intestinal pathogens, C. jejuni does not harbor pathogen-defining toxins that explicitly contribute to the disease in humans. Moreover, the majority of campylobacteriosis cases are self-limiting, which makes the understanding of Campylobacter pathogenesis challenging (Crofts et al., 2018).

Polysaccharide capsule is an important virulence factor of clinical importance. Highly variable structures of C. jejuni capsular are the basis of classical Penner serotyping scheme, dividing isolates into 47 serotypes, which has been considered as the gold standard for C. jejuni serotyping (Penner and Hennessy, 1980). The rise of molecular diagnostic method has promoted the development capsular genotyping, re-enforcing the strong correlation between capsular polysaccharide (CPS) and Penner serotypes. This method is not sensitive to the variations in capsule gene expression or influenced by genes or gene products outside the capsule locus (Poly et al., 2011). Consequently, it has been introduced as a fast, readily available and reliable method to assess the serotypes in C. jejuni (Poly et al., 2015). Particular serotypes in the antecedent infection of C. jejuni could contribute to the development of GBS (Poly et al., 2011). HS19 (Kuroki et al., 1993), HS23/36 c (Islam et al., 2009), and HS41 (Lastovica et al., 1997; Zhang et al., 2010a) were the major serotypes commonly represented by the isolates from GBS patients in Japan, Bangladesh, South Africa, and China, respectively. HS4 (Saida et al., 1997), HS2, and HS1 were commonly prevalent in human isolates from sporadic GBS cases all over the world (Guerry et al., 2012). In contrast, HS4 complex, HS2, HS3, HS5/31, and HS8/17 were consistently prevalent in enteritis cases across all regions (Rojas et al., 2019).

Sialylated lipooligosaccharide (LOS) is another virulence factor associated with C. jejuni associated GBS (Godschalk et al., 2004). Molecular mimicry between sialylated C. jejuni LOS and the ganglioside presented on human peripheral nerve drives a cross-reactive immune response, which could result into immune-mediated nerve damage (Yuki et al., 2004). The variability of gene content in C. jejuni LOS biosynthesis locus has led to the assignment of several LOS locus classes (A to S) (Parker et al., 2008). Genes harbored in LOS A, B, and C classes are involved in the synthesis of sialylated LOS. In particular, LOS A class is highly dominant in GBS-associated C. jejuni populations, whereas LOS B, C, and E classes show over-representation in enteritis-associated C. jejuni populations (Ellström et al., 2016; Hameed et al., 2020).

Currently, capsular genotype and LOS class are mainly used to characterize human clinical isolates, but not animal isolates, even though campylobacteriosis is a foodborne disease in which foods of animal origin, especially poultry and cattle, play an important role (Guirado et al., 2020). In this study, a collection of animal strains sampled from a long time span and a wide range of putative hosts was identified by capsular genotyping and LOS classification, compared with the control isolates from enteritis patients. Correlation between LOS class and disease associated capsular genotype in food animal isolates were analyzed. Genetic relationship between the animal isolates with disease associated capsular genotypes and human clinical isolates worldwide were further investigated.



MATERIALS AND METHODS


Bacterial Strains and Culture Condition

A collection of 1609 C. jejuni strains were isolated from the fecal samples of animals and enteritis patients in Jiangsu province in eastern China, between 2005 and 2019. Jiangsu province is a community of approximately 29,910,849 households made-up of 84,748,016 individuals. Cattle and poultry are the major food-producing species. In detail, 181 cattle isolates were sourced from two large-scale cattle farms, which were selected as the suppliers for cattle slaughterhouses. A total of 1084 poultry isolates were sampled from two large-scale poultry farms and four medium-scale poultry farms. Approximately 150–200 chicken were housed in each single pen in large-scale poultry farm, while 30–50 chicken were housed in each single pen in medium-scale poultry farm. Household rearing of pet in this area is usual, a total of 55 isolates were collected in the pets from different citizen families from 2005 to 2019. Moreover, 52 monkey isolates were sampled from the rhesus macaques (Macaca mulatta) at a primate neurobiology research institute from 2017 to 2018. A collection of 233 clinical isolates were sampled from the enteritis patients in three representative hospitals from 2005 to 2006, as previously reported (Huang et al., 2009). The sampling procedure was approved by the Research Ethics Committee of Yangzhou University.

Campylobacter jejuni isolates were routinely cultured onto Campylobacter selective agar base plates (modified CCDA, Preston; Oxoid, United Kingdom) under microaerophilic conditions (5% O2, 10% CO2, and 85% N2) at 42°C for 48 h. Isolate was identified at C. jejuni species level by PCR, and then stored at −80°C in brain heart infusion broth with 15% glycerol until use (Zang et al., 2017).



Capsule Multiplex Typing Scheme

Template preparation (Huang et al., 2017) and capsule genotyping (Poly et al., 2011; Liang et al., 2016) were performed as previously described. Primers of 20 common capsular genotypes were shown in Supplementary Table 1. Five GBS associated capsular genotypes (HS19, HS41, HS23/36, HS4 c, and HS2) and enteritis associated capsular genotypes (HS2, HS4 c, HS5/31, HS8/17, and HS3) were selected by searching the keywords of ‘‘Campylobacter,’’ ‘‘serotype,’’ and ‘‘capsule genotype’’ in PubMed.1



Determination of Lipooligosaccharide Class

A collection of C. jejuni isolates from China was randomly selected for LOS typing, including 157 cattle isolates, 235 poultry isolates, and 172 enteritis isolates. PCR assays targeted on LOS classes A–E were conducted as previously reported (Parker et al., 2008). The distribution of LOS classes as well as the correlation between LOS classes and eight disease associated capsular genotypes (mentioned in section “Capsule Multiplex Typing Scheme”) among isolates from poultry and cattle were compared with the corresponding data of isolates from enteritis patients.



Multilocus Sequence Typing

A total of 97 C. jejuni isolates with disease associated capsule genotyes (HS19, HS4A c, HS8/17, HS2, and HS23/36) were selected to analysis genotype diversity, including 37 animal isolates and 28 enteritis isolates from China, as well as 32 GBS control isolates worldwide (China, n = 3; Netherlands, n = 13; United States, n = 2; Japan, n = 4; Africa, n = 3; Mexico, n = 2; Peru, n = 4; and Thailand, n = 1). These GBS isolates belonged to five kinds of capsule genotypes (HS41, HS19, HS41, HS2, and HS4 Ac), which were assigned to 15 different sequence types (STs) (such as ST-22, ST-362, ST-2993, and ST-19). MLST profiles of GBS isolates were downed from PubMLST.2

Multilocus sequence typing was conducted as previously reported (Dingle et al., 2001). STs and allele numbers were analyzed on Campylobacter PubMLST website. Housekeeping allelic profiles were analyzed by the goeBURST algorithm implemented in PHYLOViZ 2.0 to created minimum spanning tree (MST) and Neighbor Joining tree (Nascimento et al., 2017).



Statistical Analyses

Statistical analyses presented in this manuscript were calculated using Chi-square test, including the proportional representations of C. jejuni capsular genotype and LOS class among isolates from different sources. Fisher’s exact test of SPSS Statistics 22 (SPSS Inc., Chicago, IL, United States) was used to test the significance of the experimental data. Statistical significance was set at P ≤ 0.05.



RESULTS


Capsular Genotype Diversity Among Animal Isolates

A total of 950 isolates were serotyped, accounting for 59.04% of 1609 C. jejuni isolates. The rest ones included the isolates with uncommon capsular genotypes and the isolates with “non-typable (NT)” capsular genotypes (Table 1). The most four dominant capsular genotypes included HS2, HS4A c, HS1, and HS8/17, all of which reached a proportional representation of 5%. The frequency of capsular genotypes was analyzed stratifying at 3-year intervals (Figure 1A, including 2005–2008 (n = 576), 2014–2016 (n = 138), and 2017–2019 (n = 895). No significant difference on genotype frequency was observed among isolates from year interval 2005–2008 and 2017–2019. Notably, compared with the genotypes identified from other year intervals, six capsular genotypes were not represented by isolates from 2014 to 2016, including HS4A c, HS4B c, HS15/31, HS12, HS41, and HS42. Moreover, HS21 and HS8/17 were over-represented in isolates from 2014 to 2016, P < 0.05, which could be probably affected by the limitted sample size and strain source.


TABLE 1. Comparison of capsular genotype with proportional estimates by Campylobacter jejuni isolates source and collection year.
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FIGURE 1. Proportional representation of capsular genotypes among Campylobacter jejuni isolates. (A) Frequency of capsular genotype among isolates from different year intervals. Colors of the lines indicate isolates from different year intervals. (B) Frequency of capsular genotype among isolates from enteritis patient, monkey, pet, cattle, and poultry. Colors of the bars indicate isolates from different sources.


Overall, the combined proportional representation of 20 identified capsular genotypes among C. jejuni isolates from different sources ranged from 63.19 to 89.45% (Figure 1B). A total of 89.45% of human isolates belonged to 19 capsular genotypes, whereas 85.64% cattle isolates (155/181) belonged to 17 genotypes. Seven capsular genotypes were shared by animals isolates and human isolates, including HS2, HS4A c, HS1, HS23/36, HS3, HS31, and HS44, accounting for 40.58% of the whole isolates. Notably, particular capsular genotypes reached the representation of 5% threshold in animal isolates but lacked in human isolates, such as HS4B c and HS19 in cattle isolates, HS9 in pet isolates, HS4B c, HS31, and HS41 in monkey isolates.



Characterization of Guillain–Barré Syndrome Associated Capsular Genotypes

Overall, GBS associated capsular genotypes accounted for 29.46% (n = 474) of the whole isolates (Figure 2A). The most two common genotypes were HS2 (12.74%, 205/1609) and HS4 c (12.18%, 196/1609), the frequencies of which reached a 10% threshold. In contrast, the proportional representations of the left three genotypes did not reach 3% threshold.
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FIGURE 2. Proportional representations of the disease related capsular genotypes and lipooligosaccharide classes among Campylobacter jejuni isolates from different sources. (A) GBS associated capsular genotype. (B) Enteritis associated capsular genotype. (C) Lipooligosaccharide classes. (D) Heat map demonstrates the correlation between lipooligosaccharide class and disease associated capsular genotype.


Notably, GBS associated capsular genotypes accounted for 48.62% (88/181) of cattle isolates, which was statistically higher than the corresponding data of isolates from other animal sources (P < 0.05). Frequency of HS2 was the highest in cattle isolates (25.97%, 47/181), followed by monkey isolates and human isolates. Moreover, the representation of HS4 c was highest among poultry isolates (13.10%, 142/1084), followed by human isolates. HS23/36 was dominated in human isolates (6.44%, 15/237), followed by pet isolates. HS19 was statistically dominant in isolates from cattle (9.94%, 18/181) compared to isolates from other sources (P < 0.05). In particular, three C. jejuni isolates of HS41 were only derived from monkey (100%, 3/3).


Characterization of Enteritis Associated Capsular Genotypes

A total of 579 isolates were characterized as enteritis associated capsular genotypes (Figure 2B), accounting for 35.99% of the whole isolates. The most three prevalent ones included HS2 (12.74%, 205/1609), HS4 c (12.18%, 196/1609), and HS8/17 (6.71%, 108/1609). The proportional representation of HS3 and HS5/31 all reached 3% threshold.

Enteritis associated capsular genotypes combined accounted for 48.07% (87/181) in cattle isolates, which was statistically higher than the corresponding data of other animal isolates (P < 0.05). In detail, HS8/17 reached the highest proportional representation of 8.29% (15/181) among cattle isolates, followed by monkey isolates, human enteritis isolates and poultry isolates. Moreover, HS5/31 reached the highest frequency in monkey isolates (5.77%, 3/52), whereas HS3 reached the highest proportional representation in human isolates (7.30%, 17/233).



Lipooligosaccharide Class Diversity

Lipooligosaccharide types A–E were identified among food animal isolates (Figure 2C and Supplementary Table 2). The proportional representation of LOS class A in cattle isolates (26.75%, 42/157) was statistically higher than the corresponding data of poultry isolates (1.70%, 4/235) and human isolates (4.07%, 7/172) (P < 0.05). Class B was the most common LOS class locus among each source, which was mainly distributed among cattle isolates, followed by poultry isolates and human isolates. Notably, the combined frequency of LOS classes AB in cattle isolates (74.52%, 117/157) was significantly higher than poultry isolates (32.34%, 76/235) and enteritis isolates (31.98%, 55/171), P < 0.05.

Lipooligosaccharide class C was represented by 8.72% (15/172) human isolates, followed by cattle isolates (3.18%, 5/157) and poultry isolates (4.26%, 10/235). LOS class D did not reached a proportional representation of 3.5% among isolates from each source. In contrast, the proportional representation of LOS E class in human isolates (20.35%, 35/172) was statistically higher than the corresponding data of poultry isolates and cattle isolates (P < 0.05).



Correlation Between Specific Lipooligosaccharide Classes and Disease Associated Capsular Genotype

Based on the same disease associated capsular genotype, animal isolates were distributed in more LOS types, compared with human isolates. Disease associated capsular genotypes were dominated in isolates with sialylated LOS classes ABC (Figure 2D). Among 117 cattle strains with LOS ABC classes, 61.48% isolates (n = 75) were identified as disease associated capsular genotypes. HS2 (31.15%, n = 38), HS4 c (12.30%, n = 15), and HS19 (11.48%, n = 14) were the top three prevalent capsular genotypes, followed by HS8/17, HS23/26, and HS5/31. Among the 86 poultry isolates with LOS classes ABC, the top two prevalent capsular genotypes were HS4 c (30.23%, n = 26) and HS2 (15.12%, n = 13), followed by HS8/17 (3.49%, n = 3), HS5/31 (2.33%, n = 2), and HS23/26 (1.16%, n = 1), the combined frequency was 52.33% (n = 45). In the control collection of 70 enteritis isolates with LOS ABC classes, HS2 (24.29%, n = 17) was the most common genotype, followed by HS4 c (8.75%, n = 6), HS19 (7.14%, n = 5), HS8/17 (7.14%, n = 5), and HS5/31 (1.43%, n = 1), the combined frequency was 48.57% (n = 34).

Enteritis associated capsular genotype HS3 was the most prevalent serotype among isolates with LOS E, indicating a consistency between LOS class and capsular genotype. Among the 35 enteritis isolates with LOS class E, 60% (21/35) of human isolates were identified as disease associated capsular genotypes, including HS3 (10/35, 28.57%), HS23/26 (6/35, 17.14%), HS8/17 (2/35, 5.71%), HS4c (2/35, 5.71%), and HS19 (1/35, 2.86%). In contrast, HS3 (1/9, 11.11%) and HS8/17 (1/9, 11.11%) were represented by 9 cattle isolates with LOS E class, whereas 3 capsular genotypes (HS4c, HS23/26, and HS3) were present among 29 poultry isolates with LOS E class (27.59%, n = 8). In this study, only three monkey isolates were identified as GBS maker serotype HS41 (mentioned in 3.2), all of which belonged to LOS class A.



Sequence Type of Campylobacter jejuni With Disease Associated Capsular Genotype

Animal isolates (n = 37) were assigned to seven common clonal complexes (CCs) representing thirteen known STs. CC-22 was most dominant clonal complex (10/37, 27.03%), followed by CC-21 and CC-464. Moreover, 7 animal isolates were typed as novel STs, the MLST profiles of which did not match the known STs in MLST database (Supplementary Table 3). A comparison of MLST profiles between human isolates and animal isolates was conducted to access genetic relatedness (Figure 3). Human enteritis isolates (n = 28) clustered into 8 CCs represented by 16 STs and 1 novel ST. CC-464 (11/28, 39.2%) and CC-21 (6/28, 21.4%) were the most common ones. In contrast, regarding to 32 GBS isolates worldwide, 15 different STs were identified, which were classified into seven CCs, the most common one was CC-22 (15/32, 46.8%), followed by CC-362 (8/32, 25.0%) and CC-21 (4/32, 12.5%). These GBS strains of CC-22 were mainly isolated from Netherlands, followed by Japan, China, United States, and Mexico, whereas GBS isolates of CC-21 were all isolated from Netherlands. Notably, although GBS isolates were sampled all over the world, whereas animal isolates and enteritis isolates were sampled in China, zero allele distance was observed among isolates from different countries and species, using the seven house-keeping genes in MLST, such as the isolates with ST-4253 from cattle and enteritis, isolates with ST-464 from cattle and patients with enteritis, isolates with ST-22 from GBS patients, poultry, and pet, as well as isolates with ST-362 from GBS patients and monkey. Our result shown a close genetic relationship between animal isolates and human disease isolates.
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FIGURE 3. Genetic diversity of Campylobacter jejuni isolates from animals and patients. (A) The minimum spanning tree shows population structure of C. jejuni isolates. Circles correspond to different sequence types. The size of circle proportional to the number of isolates with a certain sequence type. Colors of the circles indicate isolates from different sources. (B) A tree constructed by Neighbor Joinning algorithm. Saitou–Nei criterion was selected for tree branch-length minimization.


Clonal complex diversities among isolates from food animal and human were showed in Venn diagram (Figure 4A and Supplementary Table 4). ST-21 complex and ST-464 complex were represented by isolates from all sources. ST-354 complex and ST-45 complex were unique for animal isolates. Moreover, four CCs (ST-1034 complex, ST-692 complex, ST-574 complex, and ST-607 complex) were only observed among enteritis isolates, whereas two CCs (ST-42 complex and ST-48 complex) were only represented by GBS isolates. In particular, all of the CCs represented by cattle isolates were also observed among GBS isolates (Figure 4B and Supplementary Table 5). ST-354 complex and ST-45 complex were unique represented by poultry isolates. Notably, a definite correlation between C. jejuni capsular genotype and CC distribution could be suggested by our study, strains with HS19 could be genetically related to C. jejuni population of ST-22 complex, whereas strains with HS41 could be genetically related to C. jejuni population of ST-362 complex.
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FIGURE 4. Comparison of sequence types among Campylobacter jejuni isolates from different sources. These isolates include 37 animal isolates with disease associated serotypes, 28 enteritis isolates, and 32 GBS isolates from PubMLST. (A) Venn diagram shows the sequence types of isolates from GBS patients, enteritis patients, and animals. (B) Venn diagram shows the sequence types of isolates from GBS patients, enteritis patients, poultry, and cattle.




DISCUSSION

Campylobacteriosis is a worldwide public health problem with numerous socio-economic impacts, ranging from mild symptoms to fatal illness (Hansson et al., 2018), and it is clear that not all C. jejuni strains are equally important as human pathogens (Nichols et al., 2012). To our knowledge, this is the first comprehensive genomic epidemiological study to reveal the genetic diversity and pathogenic correlation of C. jejuni isolates from various animals in China, within a long sampling time span. The characterization of the genetic pathogenicity of C. jejuni is essential for better infection control practice and clinical treatment in humans. Here, we observed that part of animal isolates shared disease associated capsular genotypes with human clinical isolates. Notably, these zoonotic isolates also belonged to the dominant CCs which were over-represented in the clinical isolates from GBS and enteritis patients, specifically CC-22 and CC-21. Notably, CC-21 is among the most common causes of acute human infection (Sheppard et al., 2009), while CC-22 isolates account for up to a third of infections among patients who developed GBS following campylobacteriosis (Islam et al., 2009). Notably, ST22 clonal complex has also been described as “high-risk” lineage, which was also over-represented in isolates that lead to the development of Campylobacter enterocolitis associated post-infection-Irritable Bowel Syndrome in United States (Peters et al., 2021). In this study, the same “high-risk” lineage was also observed among the animal isolates from China and the GBS isolates worldwide (Netherlands, United States, Mexico, Japan, and China), indicating the pathogenic potential of zoonotic isolates need to be highlighted.

Our current data revealed that disease associated serotype reached the highest proportional representation in C. jejuni isolates from cattle, which enhanced our understanding of the pathogenic potential from zoonotic isolates. Recently, human isolates have been reported being closely related to cattle isolates, although the epidemiological meta data necessary to determine causality were unavailable (Hsu et al., 2020). Based on the idea of “one health” (Wolfe et al., 2007), human infection of zoonotic disease needs to be controlled from animals. The source of human infection is thought to be the massive reservoir of C. jejuni in animal population (Parker et al., 2005), since C. jejuni isolates colonize in the intestines of various hosts. While exposure to retail chicken meat has been reported as the major risk factor of campylobacteriosis (Huang et al., 2017), many isolates from poultry carcasses and products did not show genetic relatedness to human pathogenic strains (Zhang et al., 2010b). Notably, drinking of unpasteurized milk and contact with domestic animals could be the other ways of C. jejuni propagation (Wilson et al., 2008). Our results showed that the frequency of disease associated serotypes combined was statistically higher in cattle isolates compared to isolates of other animals. HS19 was especially over-represented in cattle isolates, which has been reported as the major serotype prevalent in C. jejuni isolates from GBS patients (Heikema et al., 2015).

Capsular genotype and LOS class have been concerned the two direct indicators of campylobacteriosis. Association between LOS class and disease associated capsular genotype was of considerable interest for a better understanding of C. jejuni pathogenesis mechanism. Striking genetic correlation has been found between human clinical isolates with GBS associated serotypes and LOS classes (Penner et al., 1983). In our research, this correlation was not only confirmed by human clinical isolates but also observed among animal isolates. Specially, HS19 was prevalent in the enteritis isolates with LOS classes AE, which was also over-represented in cattle isolates with LOS AB classes. In contrast, HS23/26 was dominant in enteritis isolates with LOS E class, which was also present in cattle and poultry isolates with LOS B class. Moreover, GBS maker serotype HS41 was only found in the monkey isolates belonging to the LOS A class, indicating a potential hazard of animal origin.

Although no evident genetic linkage between LOS classification and capsular genotyping in enteritis cases has been previously reported (Karlyshev et al., 2005), our results showed that LOS E was the second dominated LOS class in enteritis isolates, followed by LOS B. Enteritis associated serotype HS3 was solely associated with enteritis isolates of LOS E class, indicating a correlation attributed to the genes shared by LOS and capsules. The bi-functionality of some enzymes involved in polysaccharide biosynthesis may additionally explain why particular LOS and capsule genotypes are linked, associated genes included cj1152 and gmhA2 (Karlyshev et al., 2005). More in-depth studies on gene functionalities of the biosynthesis genes of LOS and capsule are needed to explain why certain LOS classes and capsules are genetically linked together (Heikema et al., 2015). Moreover, our results showed that, unlike the sialylation of isolates with LOS class A could trigger GBS, LOS class E is not characterized as sialylation, indicating sialylation is not required for human diarrheal disease, which was is consistent with the previously reported one (Hameed et al., 2020), both the sialylated and non-sialylated LOS can be used for vaccine design.

Capsule multiplex PCR approach has been introduced as a fast, readily available and reliable method, allowing high-throughput genotyping of a large dataset of isolates within several hours (Poly et al., 2015). In contrast, whole genome sequencing (WGS) has emerged as an effective method to examine the genomic characteristic of Campylobacter isolates with high-resolution, novel types of “non-typable” isolates could be possibly identified. Multiplex PCR approach and WGS analysis offer complementary strengths for isolates identification. WGS could provide isolates with huge genomic information, at present, it takes at least 1 month for isolates sequencing, including the preparation of bacterial DNA, establishment of DNA library, sequencing, reads assembly, and genome annotation. In this study, since we mainly focused on the prevalence of disease associated genotypes among a large dataset of C. jejuni isolates, we chose PCR approach for serotype characterization. Besides of, the serotyped isolates, the left isolates could belong to the uncommon serotypes exist in Penner serotyping scheme but not be involved in this study, as well as the undiscovered serotypes. In fact, non-typable isolates have been consistently reported since Penner first introduced serotyping scheme. The phase variable nature of CPS expression in C. jejuni, especially the exchange of capsular genes by horizontal gene transfer could generate new capsular genotypes (Bacon et al., 2001; Karlyshev et al., 2005; Clarke et al., 2021). In the future, isolates with undiscovered genotypes will be sequenced, CPS gene clusters of these isolates will be investigated using comparative genomics techniques. Paralog or unique sequences in CPS gene cluster could be extracted and be employed as the amplification target for capsular genotypes identification.

Epidemiological data could provide accurate assessment of the burden of campylobacteriosis. In this study, for a better understanding of the pathogenic potential of food animal isolates, C. jejuni isolates collected from representative putative animal hosts within a long sampling time span were genotyped. One drawback of this study is that the quantity of human isolates was much smaller than animal isolates. Largely due to most of the campylobacteriosis cases are self-limiting as well as the rigorous cultivation condition of C. jejuni, disease associated human strain has been still insufficient in Africa and Asia, not to mention about the prevalence information of capsular types (Islam et al., 2009). In view of the quantity of human isolates, the reported human disease associated capsule and lipooligosaccharide types were especially identified, domestic and foreign human isolates from enteritis and GBS patients were involved in this study as the control isolates. As C. jejuni associated food safety problems have been increasingly highlighted, more and more human isolates will be monitored and characterized through the collaboration between hospitals and research institutes. More human isolates will be identified in our future research to confirm or disprove the assumption generated from this study. Moreover, animal isolates from a wider geographically area (other regions in China and other countries) will also be characterized using genotyping and in vitro pathogenic experiment.

Campylobacteriosis is a mainly foodborne disease, food animal plays a primary role. Firstly, this study contributed to a better understanding of the pathogenicity potential of representative food animal isolates, which were collected from a long sampling time span and a wide range of putative hosts. Secondly, distributions of disease associated capsular genotypes and LOS classes in animal isolates were firstly studied. Correlations between LOS class, capsular genotypes and CCs were investigated. High-risk lineages were found dominated in the isolates with disease associated capsular types, including the isolates from GBS patients worldwide and food animals in China, suggesting the possibility of clonal spread of the disease associated capsular genotype isolates across different regions and hosts. Last but not least, our results not only confirmed the previously reported genetic relatedness between cattle isolates and human pathogenic strains, but also indicated that disease associated capsular genotypes and LOS classes all reached a higher frequency in cattle isolates than poultry isolates, providing genetic evidence for these food animal isolates harbor human clinical isolates alike pathogenic characteristics. Generally speaking, this study provided critical supporting data to understand the hazard of C. jejuni isolates from food animals, suggesting cattle isolate with disease associated capsular genotypes is especially need to be eliminated for food safety control, which will lay a foundation for the development of campylobacteriosis biocontrol in animal sector.
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Although campylobacteriosis is a zoonotic foodborne illness, high-risk isolates from animal sources are rarely characterized, and the pathogenic potential of zoonotic strains remains an obstacle to effective intervention against human infection. HS19 has been acknowledged as a maker serotype represented by Campylobacter jejuni (C. jejuni) isolates from patients with post-infection Guillain-Barré syndrome (GBS), which is circulation in developed countries. However, a previous serotype epidemiological study of C. jejuni isolates in an animal population revealed that HS19 was also prevalent in isolates from cattle in China. In this study, to investigate the hazardous potential of zoonotic strains, 14 HS19 isolates from cattle were systematically characterized both by genotype and phenotype. The results showed that all of these cattle isolates belonged to the ST-22 complex, a high-risk lineage represented by 77.2% HS19 clinical isolates from patients worldwide in the PubMLST database, indicating that the ST-22 complex is the prominent clonal complex of HS19 isolates, as well as the possibility of clonal spread of HS19 isolates across different regions and hosts. Nevertheless, these cattle strains clustered closely with the HS19 isolates from patients, suggesting a remarkable phylogenetic relatedness and genomic similarity. Importantly, both tetracycline genes tet(O) and gyrA (T86I) reached a higher proportional representation among the cattle isolates than among the human clinical isolates. A worrying level of multidrug resistance (MDR) was observed in all the cattle isolates, and two MDR profiles of the cattle isolates also existed in human clinical isolates. Notably, although shared with the same serotype HS19 and sequence type ST-22, 35.7% of cattle isolates induced severe gastrointestinal pathology in the IL-10–/– C57BL/6 mice model, indicating that some bacteria could change due to host adaptation to induce a disease epidemic, thus the associated genetic elements deserve further investigation. In this study, HS19 isolates from cattle were first characterized by a systematic evaluation of bacterial genomics and in vitro virulence, which improved our understanding of the potential zoonotic hazard from food animal isolates with high-risk serotypes, and provided critical information for the development of targeted C. jejuni mitigation strategies.

Keywords: Campylobacter jejuni isolates from cattle, serotype HS19, zoonotic hazard, whole-genome sequencing, phylogenetic relatedness, IL-10–/– C57BL/6 mice


INTRODUCTION

Campylobacter jejuni is the leading cause of bacterial foodborne gastroenteritis in humans, both in developed and developing countries (Ruiz-Palacios, 2007; Kaakoush et al., 2015), making it a great threat to the public’s health. While the majority of cases are self-limiting, they can spread into the bloodstream in immunocompromised individuals and become potentially lethal (Whitehouse et al., 2018). In some instances, affected patients are at risk of Guillain-Barré syndrome (GBS), a severe post-infectious autoimmune disease that occurs weeks or months after the initial infectious gastrointestinal manifestation (Pithadia and Kakadia, 2010), which can also sometimes be life-threatening (Nachamkin, 2002). The high incidence of C. jejuni-associated disease in humans is largely due to its prevalence as a zoonotic agent in animals (Sheppard et al., 2011; Burnham and Hendrixson, 2018). As a part of the commensal microbiota of numerous host species, fecal contamination from carrier animals is considered to be the primary source of C. jejuni (Koenraad et al., 1997; Guirado et al., 2020). Chicken is a common source of C. jejuni in sporadic infection, and the role of cattle is also notable (Hakkinen et al., 2009). Significant associations emerged between certain clonal complexes from human infection and the contact with cattle, the consumption of unpasteurized milk and raw minced meat, raising the question about the pathogenic potential of cattle isolates (Kärenlampi et al., 2007; Wilson et al., 2008; Costard et al., 2017; Hsu et al., 2020). In fact, not all strains or genetic lineages pose equal risks to human health. Although campylobacteriosis is a zoonotic foodborne disease, the majority of the reported high-risk strains were from clinical patients, and isolates from animal sources have rarely been characterized.

The identification and profiling of C. jejuni virulence determinants are crucial for the risk assessment of campylobacteriosis infection (Fiedoruk et al., 2019), whereas gaining insight into the distribution of virulence-associated genes among strains might shed some light on the mechanisms exploited by Campylobacter to trigger infection (Iglesias-Torrens et al., 2018). Notably, C. jejuni does not possess numerous classical virulence factors. Cytolethal distending enterotoxin (Cdt) is the only virulence determinant located on the C. jejuni chromosome, however, its role in pathogenesis is still unclear (Burnham and Hendrixson, 2018). Moreover, the self-limiting feature of most campylobacteriosis cases, as well as the lack of a traceable animal model, hinder the hazard evaluation of Campylobacter species (Crofts et al., 2018). Multiple bacterial factors have been implicated in the pathogenesis of campylobacteriosis supporting Campylobacter to invade the host and evade the host’s defenses (de Oliveira et al., 2019). Capsular polysaccharide (CPS) is the most common virulence determinant, which is the basis of the classical Penner serotyping scheme. Notably, particular serotypes may contribute to disease susceptibility (Heikema et al., 2015), and HS19 has been reported to be over-represented in GBS outbreaks (Kuroki et al., 1993; Nachamkin et al., 1998), indicating that the unique feature of the HS19 isolate might play a causative role in GBS induction. Moreover, lipooligosaccharide (LOS) is another important virulence determinant, and molecular mimicry between the structure of C. jejuni LOS and human gangliosides is thought to be related to the development of GBS in patients previously infected with this pathogen (Perera et al., 2007). Isolates belonging to the LOS classes A, B, or C harbor genes (such as cst-II and wlaN) that enable the incorporation of sialic acid into LOS (Nachamkin, 1997; Parker et al., 2005; Müller et al., 2007). In addition to their association with GBS, strains harboring sialylated LOS are also thought to be related to an increased severity of gastroenteritis (Poly et al., 2011).

In addition to virulence determinants, understanding the status of C. jejuni drug resistance is also essential for isolate hazard characterization, which could be critical in the instruction of antibiotics clinically, as well as to implement efficient control measures to reduce human exposure to the pathogen. Antibiotic treatment is indispensable if severe or immunocompromised cases occur, with macrolides and fluoroquinolones (FQs) being the first choice of drugs (Mourkas et al., 2019). However, as a naturally competent organism, C. jejuni is capable of incorporating exogenous DNA to adapt to antibiotic selective pressure and is spread by the food chain and water (Kashoma et al., 2016). Over the years, increasing rates of Campylobacter strains that are resistant to these two antibiotics. The World Health Organization listed fluoroquinolone-resistant Campylobacter spp. as one of the six high-priority pathogens for research and development of new antibiotics in 2017 (Tacconelli et al., 2018). Gentamicin (GEN) and tetracycline (TET) have been reported as alternative therapies (Koolman et al., 2015). Nevertheless, these resistant strains have also been found in multiple types of food animal facilities. As a result, C. jejuni is increasingly viewed as a reservoir of antibiotic resistance genes in both human medicine and the food supply chain (Mourkas et al., 2019; Hsu et al., 2020), making antimicrobial resistance (AMR) a public health concern. It could be especially dangerous for people with compromised immunity, since drug resistance greatly limits the available therapeutic effects.

Tracking high-risk animal strains will lead to a better understanding of their distribution in the food chain and provides critical information for the development of targeted mitigation strategies to reduce human exposure (Baker et al., 2012; Buchanan et al., 2017). Because campylobacteriosis is often associated with contaminated food products and exposure to animals, whole-genome sequencing (WGS) might become the preferred typing method, and analysis of isolates from various sources should be a major component of studying disease ecology and epidemiology (Park et al., 2020). At present, WGS has been considered the most informative and discriminative typing method to examine the genomic characteristics of Campylobacter isolates with high resolution (Davies et al., 2020), allowing for comprehensive phylogenetic analyses of numerous traits associated with virulence or antibiotic resistance (Fiedoruk et al., 2019). Our previous epidemiological research revealed that the GBS maker serotype HS19 was significantly more prevalent in isolates from cattle than other animal populations circulating in China. Thus, the goal of the current study is to investigate the pathogenic potential of HS19 isolates from cattle. WGS was used for isolate characterization, and the phylogenetic relatedness between HS19 isolates from cattle in China and GBS patients worldwide was analyzed. Additionally, antimicrobial resistance profiles and virulence genes were identified in silico, while antimicrobial susceptibility and in vivo C. jejuni infection assays were conducted to determine the pathogenic phenotypes.



MATERIALS AND METHODS


HS19 C. jejuni Isolates

A collection of 14 cattle isolates, characterized as serotype HS19, were involved in this study. These isolates were identified from fecal samples of cattle populations circulating in Jiangsu province and Liaoning provinces, in eastern China, between 2005 and 2019. Cattle is a common source of animal protein in this geographical area, and cattle isolates were sampled from three large-scale cattle farms, which were selected as the suppliers for cattle slaughterhouses. The sampling procedure was approved by the Research Ethics Committee of Yangzhou University. Additionally, five control strains with HS19 from other sources (diarrhea patients, n = 2; pet, n = 2; chick, n = 1) but were also isolated from Jiangsu province were chosen for phylogenetic analysis, and the background information of these isolates was shown in Supplementary Table 1.

As previously described (Zang et al., 2016), C. jejuni strains were routinely cultured on Campylobacter selective agar base plates (modified CCDA, Preston; Oxoid, United Kingdom) under microaerophilic conditions (5% O2, 10% CO2, and 85% N2) at 42°C for 48 h. The isolates were identified at the C. jejuni species level by PCR, and then stored at –80°C in 15% glycerol in brain heart infusion broth until use. A capsule genotyping scheme was exploited for isolates serotyping (Poly et al., 2011).



Whole-Genome Sequencing

Genomic DNA of cattle isolates was prepared using the TIANamp Bacterial DNA Kit (Tiangen Biotech, Beijing, China) according to the manufacturer’s instructions. DNA was then fragmented to prepare the library and was sequenced using Illumina NovaSeq 6,000 (Illumina, United States) in the Novogene Institution (Tianjing, China). Reads were assembled into contigs and scaffolds using SOAPdenovo v2.04.1 Genomes were annotated using Prokka (Seemann, 2014). WGS data were submitted to the Sequence Read Archive (SRA) database in NCBI with the accession number PRJNA725618 animal isolates,2 and the SRA-BioSample numbers ranged from SAMN18896327-SAMN18896340 (Supplementary Table 1).



Molecular Typing

WGS data of C. jejuni isolates from cattle were genotyped by in silico multilocus sequence typing (MLST)3 (Jolley et al., 2004). Through searching ‘‘HS19’’ and ‘‘19,’’ a collection of 79 HS19 isolates were accessed from the PubMLST database with the access date 2021-9-1.4 The sources of these isolates from PubMLST database included cattle (3.8%, 3/79), chicken (7.6%, 6/79), GBS patients (17.7%, 14/79), gastroenteritis patients (59.55%, 47/79), human systemic disease (1.3%, 1/79), and human unspecified (10.1%, 8/79). These human isolates were sampled from 11 countries, including the United Kingdom, Netherlands, South Africa, Japan, Thailand, United States, Mexico, Canada, Belgium, Denmark, and China, while the collection year ranged from 1983 to 2018 (Supplementary Table 3).

Housekeeping allelic profiles of cattle isolates were analyzed using the goeBURST algorithm implemented in PHYLOViZ 2.0 (Nascimento et al., 2017), to create a minimum spanning tree (MST), combined with the corresponding data of 79 human isolates. Moreover, two C. jejuni HS19 isolates from GBS patients were downloaded from the NCBI database. The population structures of these 14 cattle isolates were compared with 72 isolates from patients with GBS worldwide, which were accessed from NCBI and PubMLST (Supplementary Table 3).



Homologous Based Phylogenetic Analysis

A total of 62 WGS sequences of C. jejuni isolates were selected for homologous analysis (Supplementary Table 1). Phylogenetic relatedness of 14 HS19 cattle isolates was analyzed, combined with two cattle isolates with HS19 in the United States, 43 control isolates with various serotypes from clinical patients worldwide (including HS19 isolates from GBS patients, n = 10; HS19 isolates from diarrhea patients, n = 9), and three control isolates with HS19 from other animals in China.

To build a phylogenetic tree, homologous genes were screened using OrthoFinder (Levy et al., 2017), 103867 genes (99.1% of total) were assigned to 2306 orthogroups. There were 1390 orthogroups with all species present, and 1132 of these consisted entirely of single-copy genes. Then, a species tree using 1132 orthogroups with a minimum of 100.0% of species having single-copy genes in any orthogroup to construct a phylogenetic tree. The ModelFinder part tested up to 546 protein models, and HIVb+F+R3 was chosen as the best-fit model according to Bayesian statistics criteria (BIC). Finally, a maximum-likelihood-based phylogenetic tree with a bootstrap value of 1,000 iterations was built using the Iq-tree. Table2itol.R was used to generate iTOL annotations from spreadsheet files in R version 3.2.0.



Lipooligosaccharide Typing and Polymorphisms Analysis of cst-II

Cattle isolates of HS19 were characterized using a PCR-based LOS class typing scheme, performed as previously described (Parker et al., 2005). The sequence of gene cst-II was extracted from WGS data by get_homologues-3.3.3 (Contreras-Moreira and Vinuesa, 2013), and the 51st amino acid variations of cst-II from the clustering orthologous sequences were analyzed using the Clustalw program.



In silico Identification of Anti-bacterial Resistance Genes and Virulence Genes

The genomes of C. jejuni isolates (Supplementary Table 1, column 13) were screened for all known resistance and virulence genes using ABRicate v0.8.10 (Park et al., 2020). Anti-bacterial resistance (ABR) genes were identified by a BLASTN comparison against the Resfinder database (Zankari et al., 2012) and Comprehensive Antibiotic Research Database (CARD) database. Point mutations related to antibiotic resistance genes were identified by PointFinder using the pointfinder database (Zankari et al., 2017). Virulence genes were identified by BLASTN comparison against the Virulence Factor Database (VFDB) (Liu et al., 2019). ABRicate classifies the predicted genes based on the proportion of the gene that is covered, and the threshold for identification was taken to be 60% gene identity and 40% sequence coverage.



Antimicrobial Susceptibility

The antimicrobial susceptibilities of HS19 isolates (cattle isolates, n = 14; diarrhea isolates, n = 2; GBS isolate, n = 1) were measured by the agar dilution method recommended by the Clinical and Laboratory Standards Institute (CLSI) guidelines (CLSI, 2013). C. jejuni ATCC 33560 was used as the quality control strain. Briefly, colonies were subcultured on Campylobacter selective agar base CCDA agar plates for 24 h and then seeded in Mueller Hinton broth supplemented with 5% sheep blood (Oxoid, Basingstoke, United Kingdom), with known scalar concentrations of the following antibiotics: ciprofloxacin (CIP) (0.03–128 μg/ml), erythromycin (ERY) (0.5–256 μg/ml), gentamicin (GEN) (0.25–256 μg/ml), chloramphenicol (CHL) (0.25–128 μg/ml), florfenicol (FFC) (0.25–128 μg/ml), clindamycin (CLI) (0.06–128 μg/ml), and tetracycline (TET) (0.25–256 μg/ml). Strains were classified as resistant (R), intermediate (I) or susceptible (S) according to MIC breakpoints in CLSI (VET01-A4, 2013).



IL-10–/– C57BL/6 Murine Infection Model

IL-10–/– C57BL/6 mice (B6.129P2-IL-10tm1Cgn/J) were obtained from Jackson Laboratories (Bar Harbor, ME, United States). A breeding colony was established under specific pathogen-free conditions. Prior to inoculation, fecal samples were collected to confirm the absence of colitogenic bacteria. Mouse genotypes were identified using a PCR assay from Jackson Laboratories with a one-step mouse genotyping kit (Vazyme, Nanjing, China).

In order to assess the enteritis induction ability of cattle isolates, mice of 6–7 weeks old were orally administrated with fresh suspensions of 14 cattle isolates (0.2 ml of 1 × 1010 CFU per mouse), 14–15 mice were intragastrically administrated with each HS19 C. jejuni isolate. As a positive control, HS19 C. jejuni suspension of one GBS strain was also prepared for mouse infection, whereas sterilized phosphate-buffered saline (PBS) was prepared as the negative control. Fecal pellets were collected at 2 WPI (weeks post-inoculation) to confirm C. jejuni colonization. Diarrhea-associated clinical symptoms were observed weekly. After 5 weeks of observation, the mice were euthanized, and the intestinal gross pathology of each mouse was scored during necropsy as previously reported: Grade 0 = no gross pathology detected; Grade 1 = thickened wall (TW) or enlarged (ENL) colon or cecum; Grade 2 = TW or ENL colon and cecum; Grade 3 = TW or ENL colon and cecum and bloody feces or luminal contents (Brooks et al., 2017). Moreover, intestinal tissue was harvested to assess pathological lesions by staining with hematoxylin and eosin (HE) (Oh et al., 2017).



RESULTS


Multilocus Sequence Typing Profiles of C. jejuni HS19 Isolates From Cattle

MLST analysis revealed restricted genetic diversity for HS19 C. jejuni populations, with the ST-22 complex being the most common clonal complex (CC) for both cattle isolates in China and GBS isolates worldwide. A total of 14 cattle isolates of HS19 belonged to three unique known STs (Figure 1A), and all were grouped into the ST-22 complex. ST-22 was represented of 42.86% (n = 6) cattle isolates, followed by ST-11633 (35.7%, n = 5) and ST-3652 (21.4%, n = 3). In contrast, 15 GBS isolates with HS19 belonged to five unique known STs and were grouped into three CCs. Similarly, the most common ST was ST-22 (73.3%, n = 11), followed by ST-660 (6.6%, n = 1), ST-4051 (6.6%, n = 1), ST-4053 (6.6%, n = 1), and ST-4049 (6.6%, n = 1). CC-22 accounted for 86.6% (n = 13) of GBS isolates, which were mainly sampled from the Netherlands (38.4%, n = 5), followed by Japan (23.0%, n = 3), China (15.3%, n = 2), United States (15.3%, n = 2), and Mexico (7.6%, n = 1). Nevertheless, regarding 71 GBS isolates with various serotypes (Supplementary Table 2), CC-22 was the most common clonal complex (32.3%, n = 23). MLST profiles of four collections of C. jejuni HS19 isolates from different sources were compared (Supplementary Table 3), including animal isolates from China (n = 17), human isolates from China (n = 4), human isolates from other countries (n = 78), and animal isolates from other countries (n = 9). ST-22 (Figure 1B) and ST-22 complex (Figure 1C) were the only sequence type and clonal complex shared by each isolate collection, respectively.
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FIGURE 1. Genotype diversity among Campylobacter jejuni HS19 isolates. (A) A minimum spanning tree generated for C. jejuni HS19 isolates from cattle and Guillain-Barré syndrome (GBS) patients all over the world. The size of the circle proportional to the number of isolates of a particular sequence type. The distance labels correspond to the number of discriminating alleles. GBS isolates with non-HS19 serotypes are represent by gray, whereas HS19 isolates from different geographical locations are represented by other colors. (B) Venn diagram shows the sequence type diversities of isolates from human patients and animals. (C) Venn diagram shows the clonal complex diversities of isolates from human patients and animals.




Phylogenetic Relatedness

C. jejuni HS19 cattle isolates from China showed close phylogenetic relationships with HS19 isolates from GBS patients and diarrhea patients worldwide between 1983 and 2015. Phylogeny was based on orthologous relationships between sixty-two isolates. Overall, the 14 HS19 isolates from cattle in China, together with other 24 HS19 isolates from cattle, poultry, pet, GBS patients, and diarrhea patients worldwide, were grouped into an independent branch marked as “Branch C. jejuni HS19” in Figure 2. In contrast, isolates identified of other serotypes were grouped into other branches. Notably, C. jejuni HS19 strains from clinical patients included 9 GBS strains and 10 diarrhea strains, and the collection dates ranged from 1980 to 2015. The most dominant geographic location was the Netherlands, followed by China, the United States, Mexico, Canada, Japan, and Bangladesh.
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FIGURE 2. Phylogenetic tree of Campylobacter jejuni isolates according to Bayesian statistics. Serotype and genotype are annotated in this tree. The green tree color refers to the HS19 isolates from cattle and human patients. Other tree colors in the innermost circle (covering strain name) refer to the isolates of other serotypes. Next to the tree color, from inside to outside, five different color strips individually reflect the host, collection year, cst-II AA51, geographical location, and LOS class. The outermost layer of different shapes refers to various sequence types.




Analysis of Sialylated Lipooligosaccharide Class and cst-II Polymorphisms

Sialylated LOS locus classes were detected in all cattle isolates of HS19 (Supplementary Table 1), including LOS A class (64.2%, 9/14) and LOS B class (35.7%, 5/14). Notably, these cattle isolates shared the 51st amino acid Threonine (Thr) in cst-II with six GBS HS19 isolates (the United States, Mexico, and the Netherlands) and four diarrhea isolates (China, the Netherlands, Canada) all over the world, suggesting that these isolates could form a GM1-like ganglioside mimic. Moreover, Asparagine51 (Asn) was detected in the cst-II gene in two GBS isolates of HS19, which could produce ganglioside mimics residues such as GT1a-like, GD3-like, and GD1c-like LOS.



Distribution of Anti-bacterial Resistance Genes

The presence of horizontally acquired genes known to encode resistance to a range of different classes of antibiotics among Chinese cattle isolates (HS19, n = 14) was determined and compared with the corresponding data of GBS isolates (HS19, n = 10), diarrhea isolates (HS19, n = 9), and two cattle isolates from the United States (HS19, n = 2). A total of four unique ABR genes were identified, representing three different major classes of antibiotics (beta-lactams, tetracycline, CmeABC multidrug efflux complex, and CmeR) (Figure 3). All of these isolates (100%, 39/39) carried at least seven horizontally acquired resistance genes, including blaOXA-193, blaOXA-450, cmeA, cmeB, cmeC, and cmeR, with a gene coverage of 99.99–100% and identity percentage of 95.2–99.87%. tet(O) was present in 35.7% (5/14) of cattle isolates and 10.5% of clinical isolates, with a gene coverage of 100% and identity percentage of 99.27–99.74%. The detailed gene identity percentage and sequence coverage of each C. jejuni isolate is shown in Supplementary Table 4. Moreover, gyrA (T86I) was detected in 62.3% of cattle isolates, and 15.8% of clinical isolates, with a gene coverage of 99.99–100% (Table 1).
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FIGURE 3. Summary of the antimicrobial resistance genes and virulence profiles of Campylobacter jejuni HS19 isolates. The virulence genes and antimicrobial resistance genes are listed at the bottom part of the figure, and colored in black and red, respectively. Names of isolates are listed on the right, in detail, cattle isolates from China are in black, cattle isolates from United States are in purple, diarrhea isolates worldwide are in green, whereas isolates from patients with Guillain-Barré syndrome are in blue. Further, for the small rectangle, green color indicates the presence of a 100% gene sequence coverage, light green indicates the presence of 60% sequence coverage, and yellow indicates the absence of a gene.



TABLE 1. Antimicrobial resistance genetic determinants predicted in Campylobacter jejuni HS19 isolates.
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Antimicrobial Resistance Phenotypes

Higher levels of AMR in cattle isolates are shown in Figure 4A and Table 2. The most dominant AMR included CIP, CLI, and GEN, all of which were present in all isolates, followed by TET (86%, 12/14), ERY (50%, 7/14), and CHL (36%, 5/14). A lower resistance level was observed for FFC, with a proportional representation of 14% (2/14).
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FIGURE 4. Phenotypic characterization of Campylobacter jejuni HS19 isolates from cattle. (A) Prevalence of C. jejuni antibiotic resistance for seven antibiotics, including ciprofloxacin (CIP), erythromycin (ERY), gentamicin (GEN), chloramphenicol (CHL), florfenicol (FFC), clindamycin (CLI), and tetracycline (TET). (B) Number of resistant C. jejuni isolates from cattle, Guillain-Barré syndrome (GBS) patients, and diarrhea patients showing multi-drug resistance. (C) Gross pathologies of the intestinal tissues induced by the C. jejuni isolates from cattle and GBS patients.



TABLE 2. ABR gene and antimicrobial resistance phenotype of Campylobacter jejuni HS19 isolates in China.
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Notably, worrying levels of multidrug resistance (MDR) were observed in all cattle isolates. TET+CIP+ERY+CLI+GEN was the most common MDR profile with the highest proportion of MDR in cattle isolates (35.7%, n = 5), followed by TET+CIP+CHL+CLI+GEN (21.4%, n = 3), CIP+CHL+CLI+GEN (n = 1, 7.1%), TET+CIP+ ERY+CHL+CLI+GEN (n = 1, 7.1%), TET+CIP+ FFC+CLI+GEN (n = 1, 7.1%), TET+CIP+CLI+GEN(n = 1, 7.1%), TET+CIP+ERY+FFC+CLI+GEN (n = 1, 7.1%), and CIP+CLI+GEN (n = 1, 7.1%). In particular, cattle isolates and human clinical isolates shared two kinds of MDR profiles. In detail, TET+CIP+ERY+CHL+CLI+GEN was present in one diarrheal isolate, one GBS isolate, and one cattle isolate, whereas TET+CIP+CLI+GEN was present in another diarrhea isolate and cattle isolate (Figure 4B).



Distribution of Virulence Determinants

The number of virulence-related genes among the 14 cattle isolates ranged from 106 to 108 (Figure 3 and Supplementary Table 5). Cattle isolates could be divided into two groups based on gene difference; maf4 and neuA1 were the two genes shared by five strains, coding motility accessory factor and bifunctional beta-14-N-acetylgalactosaminyltransferase, respectively, which were absent in both the left cattle isolates and disease control isolates. However, another motility accessory factor associated gene, pseD/maf2, was absent in these cattle isolates, but was present in the remaining isolates.

The GBS-associated genes wlaN and cst-III were prevalent among all the cattle isolates, encoding beta-13 galactosyltransferase involved in the biosynthesis of ganglioside-mimicking LOS and lipooligosaccharide sialyltransferase, respectively. Genes pseA and pseI are required for the biosynthesis and/or transfer of pseudaminic acid to the flagellin, which were also prevalent in all genomes. Other virulence genes shared by each isolate were those encoding traits related to flagella (flgC et al), cytolethal distending toxin (cdtA, cdtB, and cdtC), chemotaxis (cheA, cheV, cheW, cheY), invasion (ciaB, flaC), and adhesin (cadF, jlpA, porA, and pebA).

Genes unique to a certain strain were observed. rfbC was present in a cattle isolate, coding capsule-associated dTDP-4-dehydrorhamnose 35-epimerase, but only blasted with 48.35% coverage. Moreover, ureG and acpXL were detected in another cattle isolate, coding for the LPS-related acyl carrier protein in Brucella melitensis bv. 1 str. 16M and urease accessory protein ureG in Helicobacter pylori 26695, individually, but all blasted with 42.17% coverage. Notably, one cattle isolate carried LOS (Cj1135, Cj1136, hldE, waaF) and motility accessory factor (pseD/maf2, pseE/maf5) associated genes, but showed different gene coverage when compared to other cattle isolates. One cattle isolate from the United States lacked Cj1440c. For human GBS strains, the fliK gene encoding flagellar hook-length control protein FliK was harbored in one GBS isolate with a gene coverage of 72.18%, while the coverage of other GBS isolates was 99.83%, indicating that fliK could not be associated with disease type but could affect disease severity.



Assessment of Enteritis

Although shared with the same serotype HS19 and sequence type ST-22, C. jejuni HB93-13 and 35.7% (5/14) of C. jejuni isolates from cattle induced gross pathology (Score > 0), including bloody feces, inflammation of cecum and colon, pathological, whereas PBS was unable to induce severe gastrointestinal pathology (Figure 4C).

PBS failed to induce inflammation in the mice (Figure 5A). In stark contrast, serious pathological lesions and inflammation were found in the colon cecum ileum junction (ICCJ), colon, and cecum of mice inoculated with GBS patient isolates and part of cattle isolates. In detail, severe inflammation occurred in mice infected with GBS isolate HB93-13, mucosal epithelial cells were necrotic and exfoliated, and lamina propria contained neutrophils and mononuclear cells (Figure 5B). Mice infected with cattle isolates were also observed with submucosal edema, increased monocytes in the mucous layer, individual intestinal gland necrosis, and local inflammatory reaction spread to the muscular layer (Figure 5C).


[image: image]

FIGURE 5. Pathological severity of mouse intestinal tissue. (A) Intestinal lesion is not observed in phosphate-buffered saline sham-inoculated mice. (B) Human Guillain-Barré syndrome Campylobacter jejuni strain HB93-13 inoculated mice showed severe inflammation. (C) Cattle isolates induced local inflammatory reaction. Scale bar, 50 and 200 μm.




DISCUSSION

Identifying high-risk C. jejuni isolates remains an obstacle to effective intervention for campylobacteriosis (Buchanan et al., 2017). Infection of HS19 isolates often increases the risk of developing GBS (Nachamkin et al., 1998), while HS19 isolates are also present in the diarrhea populations circulating in various countries. Since C. jejuni colonizes the intestines of various animals, the source of human infection is thought to be a massive reservoir in animal populations (Parker et al., 2005). Based on the idea of “one health” (Wolfe et al., 2007), campylobacteriosis is a zoonotic foodborne disease, and human infection of C. jejuni needs to be controlled by animal strains. However, 88.61% of the HS19 isolates in PubMLST database were of human origin. In contrast, zoonotic HS19 isolates have rarely been reported, and the pathogenic potential of C. jejuni from animal sources has remained unexplored. In this study, a collection of 14 HS19 cattle isolates from China was systematically characterized both in terms of genotype and phenotype. Remarkably, phylogenetic relatedness and genomic similarity to clinical human isolates were observed among these cattle isolates, as well as a worrying level of multidrug resistance (MDR) and the ability to induce enteritis in a mouse model.

Close phylogenetic relationships between C. jejuni isolates from cattle and patients have been frequently reported, although direct epidemiological evidence linking these zoonotic isolates from a specific source as well as a certain disease type was unavailable (Thépault et al., 2017; Hsu et al., 2020). Our results were consistent with those reported ones; cattle isolates of HS19 were observed to have a close genetic relatedness with clinical isolates. Specifically, all of these HS19 isolates obtained from cattle belonged to the ST-22 complex, which has been significantly overrepresented in the isolates among the patients who developed GBS following campylobacteriosis (Nielsen et al., 2010). In addition to GBS, the ST-22 clonal complex has also been reported as a high-risk lineage represented in HS19 isolates, leading to the development of post-infection irritable bowel syndrome (PI-IBS) (Peters et al., 2021). Compared with cattle isolates collected in east China, the majority of human clinical isolates were recovered from developed countries, such as the United States, Netherlands, Japan, and Australia, suggesting the possibility of clonal spread of capsular genotype HS19 isolates across different regions and hosts. Additionally, the predominance of these clonal complexes could be associated with economic conditions, hygiene conditions, wildlife ecology, population movements, and environmental factors (geography and climate) (Oh et al., 2017; Heimesaat et al., 2021). Multiple introductions and widespread dissemination of C. jejuni lineages between countries may be facilitated by the constant movement of agricultural products, animals, and people, which could also be associated with the risk of emergence and spread of HS19 isolates, potentially causing pandemics.

Animal microbes and human health are intimately coupled, and animals could be transmitters of high-risk C. jejuni isolates to susceptible humans. The sources of HS19 isolates collected in China including cattle, chicken, pets, and human (Supplementary Table 1), while the sources of HS19 isolates from PubMLST database included cattle, chicken, and humans (Supplementary Table 3), indicating HS19 isolates could spread through the food chain “from farm to table.” Thus, in addition to animal types, the prevalence of HS19 isolates could also be influenced by local animal husbandry practices, antibiotic use in farms, transportation of food animals and animal products, and consumption habits. Notably, the collection time also influenced the prevalence of C. jejuni. Epidemiological reports from other countries (Habib et al., 2009) suggest that human campylobacteriosis tends to increase between February and September. Therefore, the isolates in this study were sampled during this period.

Identification of virulence factors is crucial to understand the mechanisms of campylobacteriosis infection and to identify if potentially more virulent strains exist (Wysok et al., 2020). Notably, previous studies have identified that genetic determinants are important for C. jejuni pathogenicity (Dasti et al., 2010), but they are generally conserved across species. Our results are consistent with the reported ones. Except for the maf4 coding motility accessory factor and neuA1 coding bifunctional beta-14-N-acetylgalactosaminyltransferase/CMP-Neu5Ac synthase which were extra represented by five cattle isolates of HS19, other virulence genes harbored in cattle isolates were also represented by human clinical isolates. Notably, even though the cattle isolates from the same collection geography shared the same serotype, ST, AMR genes, virulence genes, as well as similar phylogenetic relatedness with human clinical isolates, only some of the animal isolates could induce the disease phenotype in the mouse model. In fact, although the database of virulence genes is constantly updated, the subject sequence could only be blasted with the reported one, suggesting that unreported pathogenic factors such as accessory genes with a statistically significant difference in carriage rates among animal isolates and human clinical isolates could play a role in C. jejuni pathogenicity (Buchanan et al., 2017). Our results also showed that a few genes present both in human isolates and cattle isolates differed in coverage percentage and copy number, which could be a result of the high frequencies of gene transfer and recombination. Besides host susceptibility, gene mutations and polymorphisms could play roles in C. jejuni infection, which warrants further investigation.

Increasing rates of Campylobacter strains resistant to the drugs of choice and alternative therapies, making AMR Campylobacter a public health concern (Mourkas et al., 2019; Gahamanyi et al., 2021), and MDR is still very common in Campylobacter strains isolated from farmed animals in many European countries (Pascoe et al., 2017). In this study, MDR was common in C. jejuni HS19 isolates from cattle, indicating a potential hazard. TET is often used in the food animal industry because of its low cost and easy administration to animals through drinking water (Jonker and Picard, 2010). Consistent with previous research on a high resistance to TET in China (Zhang et al., 2020), our results showed that tet(O) was predicted in 35.7% of cattle isolates, whereas a high resistance level to TET was observed in 86% of cattle isolates. Except for tet(O), only blaOXA-193, blaOXA-450, cmeABC, and cmeR were predicted in cattle isolates, although an alarming trend toward MDR was also detected among all cattle isolates, while some of these cattle isolates shared the same MDR profiles with clinical isolates. Notably, 62.3% of cattle isolates were predicted to have point mutations in gyrA (T86I), but all of the cattle isolates showed high levels of resistance to CIP. The discrepancies found between the predicted AMR genes and the observed phenotype could be explained by the existence of the efflux pump mechanisms or other unknown resistance mechanisms (Marotta et al., 2020). Moreover, half of the cattle isolates showed resistance to ERY, whereas two clinical isolates showed resistance to ERY. To our knowledge, the use of fluoroquinolones, known to be the first-choice treatment for campylobacteriosis, has recently shifted to erythromycin, against which Campylobacter resistance seemed to develop more slowly with respect to fluoroquinolone resistance (Lapierre et al., 2016).

In particular, this study first predicted the tet(U) gene in a C. jejuni isolate from a patient, with a sequence coverage of 96.86%, and an identity percentage of 77.27%. However, a previous bioinformatic analysis provided compelling evidence that “tet(U)” was not a tetracycline resistance determinant, but the misannotated 3′ end of a gene encoding a rolling-circle replication initiator (Rep) protein (Caryl et al., 2012). The potential function of this gene in C. jejuni will be investigated in future studies. A few limitations of this study need to be acknowledged. First, the limited sample size of cattle isolates suggested that we have merely touched on the existing genomic diversity of this pathogen. In fact, 14 HS19 cattle isolates and 3 control isolates from other animal sources involved in this study were selected from 1146 animal isolates in a comprehensive genomic epidemiological study, regarding the serotype diversity of C. jejuni isolates from various animals in China, within a long sampling time span, since cattle and chicken are the common sources of animal protein, while pets are commonly raised by local citizens. In total, 14 cattle strains of HS19 were identified from 277 cattle isolates. In the future, more cattle isolates will be identified. Another limitation was the underrepresentation of C. jejuni isolates from GBS patients and HS19 isolates in the PubMLST database, which needs to be replenished through international cooperation.

Herein, HS19 isolates of animal origin were firstly characterized by a systematic evaluation of bacterial genomics and in vitro virulence. Surprisingly, all of the zoonotic isolates belonged to the clinical high-risk lineage with a worrying level of MDR, while the ability to induce enteritis in vitro varied among different isolates. Our research is not only a supplement to the HS19 animal isolates in the Public database, but also provides new insight into the pathogenic potential of C. jejuni isolates from a putative cattle host. Genetic elements associated with the differences in susceptibility of species as well as the interspecies transmission of these zoonotic isolates to humans should be investigated to advance a better understanding of C. jejuni-associated zoonosis.
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Campylobacter spp. are a major cause of bacterial foodborne diarrhea worldwide. While thermophilic Campylobacter species asymptomatically colonize the intestines of chickens, most human infections in industrial countries have been attributed to consumption of chicken meat or cross-contaminated products. Bacteriophages (phages) are natural predators of bacteria and their use at different stages of the food production chain has been shown to reduce the public health burden of human campylobacteriosis. However, regarding regulatory issues, the use of lytic phages in food is still under discussion and evaluation. This study aims to identify lytic phages suitable for reducing Campylobacter bacteria along the food production chain. Therefore, four of 19 recently recovered phages were further characterized in detail for their lytic efficacy against different Campylobacter field strains and their suitability under food production settings at different temperatures and pH values. Based on the results of this study, the phages vB_CjM-LmqsCP1-4 and vB_CjM-LmqsCP1-5 appear to be promising candidates for the reduction of Campylobacter jejuni in food production settings.
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INTRODUCTION

Campylobacteriosis is the most frequently reported foodborne bacterial gastroenteritis in the European Union (EU) since 2005 (European Food Safety Authority [EFSA] and European Centre for Disease Prevention and Control [ECDC], 2021), but represents also an important zoonosis worldwide (Skarp et al., 2016). In 2019, the European Food Safety Authority (EFSA) notified 220,682 campylobacteriosis cases in the EU. While 49.8% of the reported cases were acquired in the EU, 3% were considered to originate from other countries. However, for 47.2% of the human cases, further information on the travel status or the country of infection was unknown (European Food Safety Authority [EFSA] and European Centre for Disease Prevention and Control [ECDC], 2021). In general, consumption of broiler meat is considered to be the most common cause for human infections (European Food Safety Authority [EFSA], 2010). Thermophilic Campylobacter spp. have been shown to be the most prevalent cause of campylobacteriosis. Campylobacter (C.) jejuni and C. coli are the most frequent species, while C. lari, C. fetus and C. upsaliensis have been detected less frequently in campylobacteriosis cases (European Food Safety Authority [EFSA] and European Centre for Disease Prevention and Control [ECDC], 2021). Symptoms of Campylobacter enteritis include watery to hemorrhagic diarrhea and abdominal pain. Severe long-term sequelae like the Guillain-Barré syndrome, reactive arthritis, and erythema nodosum can occur in rare cases subsequent to the infection (Nachamkin, 2002; Moore et al., 2005; Skarp et al., 2016).

Campylobacter jejuni and C. coli can colonize the intestine of various wild, domestic, and farm animals (Mulder et al., 2020; European Food Safety Authority [EFSA] and European Centre for Disease Prevention and Control [ECDC], 2021). In broiler flocks, they can usually be detected after 2–3 weeks of housing and spread rapidly until almost all animals of the flock are colonized without showing clinical symptoms (Shreeve et al., 2000; Newell and Fearnley, 2003; Newell et al., 2011). During defeathering, evisceration, and further processing, the pathogens can be transferred to the carcasses (Lee and Newell, 2006; Sasaki et al., 2013), and by cross-contamination during food preparation, contamination of other foodstuffs can occur (Luber et al., 2006; Cardoso et al., 2021). Current estimations predict that a reduction in the Campylobacter load in chicken ceca by 2 log10 units can diminish the risk for human infection, arising from consumed broiler meat, by 42%. However, a 3 log10 unit reduction would lead to a 58% lower risk for human infections (European Food Safety Authority [EFSA] et al., 2020; European Food Safety Authority [EFSA] and European Centre for Disease Prevention and Control [ECDC], 2021).

Bacteriophages (phages) are viruses that specifically infect bacterial genera, species or strains. Currently, the International Committee on Taxonomy of Viruses (ICTV) recognizes nine Campylobacter viruses (ICTV, 2019) that all have an AT-rich double stranded DNA and belong to the family Myoviridae (Bradley’s morphotype A1) (Sails et al., 1998) in the order of Caudovirales. Phages in this family are non-enveloped viruses, with a head-tail structure encompassing a contractile tail. Campylobacter viruses which are part of the Siphoviridae family, have recently been described, but are not yet recognized by the ICTV (Nowaczek et al., 2019). The ICTV currently recognizes a scheme based on sequence analysis that subdivides the family into the two genera Firehammerviruses, including four recognized members [type species CP220, formerly named Cp220likevirus (2014) and Cp220virus (2015–2018)], and Fletcherviruses, including five recognized members [type species CP8, formerly named Cp8unalikevirus (2014) and Cp8virus (2015–2018)] (Javed et al., 2014; Adams et al., 2016; ICTV, 2019; Jackel et al., 2019). Moreover, there are currently two unclassified Firehammerviruses, as well as one classified and 21 unclassified Fletcherviruses listed by the NCBI taxonomy browser (Schoch et al., 2020). A former typing scheme divides Campylobacter phages into three groups based on their genome sizes (group I ∼320 kb, group II ∼184 kb, and group III ∼138 kb). These groups could also be predicted according to their prevailing host specificity (Sails et al., 1998; Javed et al., 2014). Fletcherviruses were assigned to phage group III and Firehammerviruses to phage group II before ICTV classification was established (Hammerl et al., 2011; Javed et al., 2014; Jackel et al., 2019; Ushanov et al., 2020).

The restricted host range of the Campylobacter phages described so far allows specific targeting of pathogenic species (Richards et al., 2019), but at the same time raises the need to combine various phages in cocktails for effective applications in food production settings, where different, unknown Campylobacter strains might be encountered (Chan et al., 2013; Kittler et al., 2013). Combining phages also offers the advantage of preventing bacterial resistance development that may occur as a result of phage application (Fischer et al., 2013; Azam and Tanji, 2019). Nonetheless, while some phage-resistant bacterial cells might occur even if cocktails were used (Fischer et al., 2013), phage-resistant bacteria were shown to exhibit a reduced colonization fitness (Kittler et al., 2014; Oechslin, 2018; Azam and Tanji, 2019). Phages can be used at multiple stages of the food production process without changing the organoleptic properties of the products, such as odor or taste. They can be applied during meat production pre- or post-harvest, and for bio sanitation (Connerton et al., 2011; Polaska and Sokolowska, 2019) as mandated by a farm to fork strategy (Nauta et al., 2007). However, a lack of data and approval procedures still impedes the implementation of phages as an efficient alternative for Campylobacter biocontrol (European Food Safety Authority [EFSA], 2009; European Food Safety Authority [EFSA] et al., 2020).

Application of Campylobacter phages in food production settings has been considered as a promising technology (European Food Safety Authority [EFSA] et al., 2020; Zbikowska et al., 2020). Previous studies highlighted the need for (i) a lytic phage collection directed against current Campyobacter field strains (Carrillo et al., 2005), (ii) more precise and faster methods to identify and select useful phages (Xie et al., 2018; Zbikowska et al., 2020), and (iii) a better understanding of bacteriophage kinetics to allow for advanced considerations concerning dosing and timing of phage applications (Cairns et al., 2009; Hammerl et al., 2014; Loessner et al., 2020). Furthermore, genome determination of Campylobacter phages was also shown to be laborious due to prevailing DNA modification and extensive repetitive sequences, including hypermutable polyGtracts, resulting in low amounts of extracted DNA and/or incomplete genomes (Hammerl et al., 2011; Carvalho et al., 2012; Jackel et al., 2015; Crippen et al., 2019; Sorensen et al., 2021). However, all Campylobacter phages described to date are closely related in their genetic composition and exhibit highly conserved nucleotide sequences. To the best of our knowledge, all Campylobacter phages are free of genes encoding antimicrobial and/or virulence factors (Hammerl et al., 2015). Questions regarding the stability of the phage genomes are hard to evaluate as Campylobacter phages comprise homing endonucleases, which might be involved in adaption of the genomes according to the prevailing selection pressures (i.e., host specificity etc.). This study represents an initiative to increase the number of carefully characterized phages against C. jejuni. Furthermore, we aimed to determine differences in the performance of phages with similar host ranges or origins in liquid cultures of Campylobacter field strains and analyzed their stability upon storage, varying pH values and temperatures (Carrillo et al., 2005; Jonczyk et al., 2011) for estimating their suitability for practical application under real life settings.



MATERIALS AND METHODS


Bacteria Strains, Typing and Growth Conditions

Information on the bacterial strains used in this study are summarized in Supplementary Table 1. Briefly, the used bacterial panel consisted of two type strains (DSM 4688, DSM 4689) and two reference strains (NCTC 11168, ATCC BAA-2151) as well as 23 field isolates from chicken samples collected from commercial poultry farms in Lower Saxony, Germany, in 2017 (Supplementary Table 1). Field isolates were typed to preselect a host panel representing a wide range of current field isolates by flaA-typing in accordance with Zhang et al. (2018) followed by analysis of flaA sequences (Eurofins NDSC Food Testing GmbH, Hamburg, Germany). SmaI-PFGE macrorestriction analysis of the bacterial isolates was conducted as previously described (Nawaz et al., 2003) with minor modifications, using a CHEFIII System (BioRAD laboratories GmbH, Feldkircen, Germany).

Campylobacter spp. stock cultures were stored at –80°C. Bacteria were cultivated on Columbia Agar sheep Blood “Plus” plates (Thermo Fischer Scientific Oxoid Deutschland GmbH, Wesel, Germany) at 42°C under microaerobic conditions (5% O2, 10% CO2, 85 N2, >80% humidity). Liquid cultures were prepared with brain-heart infusion (Carl Roth GmbH & Co., KG, Karlsruhe, Germany, X916) supplemented with 1 mM calcium chloride (CBHI).



Bacteriophage Isolation and Propagation

The soft-agar overlay technique was used to detect Campylobacter phages from different matrices. All samples (ncecal = 136, nfecal = 111, nneck skin = 54) originated from poultry farms in Lower Saxony, Germany. For sample preparation, approximately 2 g of fecal or cecal samples were dispersed in 10 ml SM-buffer [100 mM NaCl, 8 mM MgSO4, 50 mM Tris-HCl (pH 7.5)] using an Ultra-Turrax T10 homogenizer (IKA-Werke GmbH & Co. KG, Staufen, Germany). In contrast, skin samples were thoroughly rinsed by massaging them in a plastic bag containing 10 ml SM-buffer. After overnight shaking at 4°C, the samples were centrifuged twice (1st step at 3,488 × g for 20 min, 2nd step at 13,000 × g for 10 min), and the supernatant was filtered through a 0.2 μm polyethylensulfon membrane (PES) syringe filter (Carl Roth GmbH & Co., KG). For further purification, the resulting filtrate was cocultured with C. jejuni strain NCTC 12662 as previously described (Fischer et al., 2013) with minor modifications. Briefly, bacterial overnight cultures were cultivated on blood agar plates for 14–15 h, and a suspension in 10 mM magnesium sulfate was adjusted to a McFarland of 1.0 (McF) (DEN-1 densitometer, Grant Instruments Grant Bio, Thermo Fischer Scientific GmbH, Schwerte, Germany). One-milliliter of bacterial suspension was incubated in 9 ml culture medium for approximately 4 h. Afterward, 100 μl of the culture was mixed with the sample filtrate, and incubated for a further 10 min. Subsequently, the mixture was added to 5 ml molten 0.4% NZCYM-soft agar (Carl Roth GmbH & Co., KG). The soft-agar was poured onto NZCYM plates containing 1.5% agar. After 24 h incubation period, the resulting plaques were purified by a successive threefold picking and plating procedure of single plaques. Subsequent propagation of phages was carried out with 0.7% NZCYM-soft agar until suspensions reached a concentration of approximately 108 plaque forming units (PFU) per ml for host range determination. Concentrations were determined by using serial dilutions of the phage lysates and duplicate plating of 100 μl of each dilution on C. jejuni NCTC 12662.



Host Range Determination and Initial Characterization

The host range of the individual phages was determined in accordance with the plaque assay method of Korf et al. (2021), with some modifications, while the susceptibility of the bacteria was indicated by the efficiency of plaquing (EOP), as defined by Sorensen et al. (2012). In short, square NZCYM-agar plates were overlaid with 7.9 ml NZCYM-soft agar, which had been inoculated with a 2 h pre-incubated liquid culture of one of the 29 Campylobacter in CBHI (Supplementary Table 1), and 10 μl of 10-fold serial diluted phage suspensions from each of the 19 phages was applied onto the overlay. Plates were incubated for 20 ± 2 h. Phage/bacteria combinations that produced visible plaques 2–3 times were used to calculate the relative difference of plaque forming ability by dividing the measured concentration on the respective Campylobacter isolate or strain by the concentration measured on the host strain NCTC 12662. Production of visible plaques and opaque inhibition zones without plaques in only one of three tests was counted as a negative result.

Initial characterization by HhaI- and VspI-macrorestriction with subsequent pulsed-field gel electrophoresis (PFGE) was performed as previously described (Hansen et al., 2007).



Efficacy Testing of Phages Bacteria Reduction Capability in Liquid Culture

The growth of two C. jejuni field strains, Cj18 or LH86, with and without exposure to four different Campylobacter bacteriophages vB_CjM-LmqsCP1-4 (CP1-4), vB_CjM-LmqsCP1-5 (CP1-5), vB_CjM-LmqsCP74-2c1 (CP74-2c1), and vB_CjM-LmqsCP132-3c (CP132-3c) at five different multiplicities of infection (MOIinput of 10, 1, 0.1, 0.01, and 0.001) (Danis-Wlodarczyk et al., 2021) was examined in liquid cultures using a Tecan Spark Microplate Reader with O2 and CO2 control, similar to methods described by Xie et al. (2018); Rajnovic et al. (2019), and Zachary et al. (2020) with some modifications. Briefly, phage suspensions were adjusted to 108, 107, 106, 105, and 104 PFU/ml, which were further diluted 10-fold with CBHI to achieve final dilutions of 107, 106, 105, 104, and 103 PFU/ml. Bacterial overnight cultures were adjusted to 3.0 McF in 10 mM MgSO4 and used to inoculate 50 ml CBHI that was then incubated for 3 h with shaking (130 rpm). Afterward, the culture was adjusted to 0.5 McF, diluted 100-fold with CBHI and the wells of a 48-well microplate were filled with 250 μl of this suspension and 250 μl of phage suspensions. Plates were incubated with double orbital shaking at 42 °C under microaerobic conditions (5% O2, 10% CO2, 85% N2, 108 rpm). Optical density (OD600) was measured hourly for 26 h. There were two replication wells per plate and the experiment was performed in triplicate.

At the end of the experiment, 100 μl were taken from each well with an MOIinput 10 and 0.001, and plated on mCCDA Agar (Thermo Fischer Scientific Oxoid GmbH, Wesel). After 24 h, one colony per plate was picked and tested for phage resistance by spotting 10 μl of a 10-fold dilution series of phages on NZCYM-soft agar overlays containing the respective bacterial isolate. Bacteria were considered phage-resistant, if no plaques were observed. The remaining culture in the well was treated with 2–3 drops of chloroform and the total phage titer was determined as described above.



Stability Testing of Phages

Temperature stability was tested by incubating 300 μl of phage suspensions at a concentration of 108 PFU/ml for 15 or 60 min at –20 in a freezer and at 50, 60, 70, or 80°C in a block heater (Grant Instruments Ltd., Royston, United Kingdom). Samples were taken after 0, 15 and 60 min. Experiments were performed in triplicate.

For pH-stability tests, 100 μl of phage suspensions were diluted 10-fold with pH-adjusted phosphate buffer at pH values of 2–12 (Carl Roth GmbH & Co., KG) or tap water to reach a total volume of 1 ml. Suspensions were stored at two temperatures (in an incubator at 22.3 ± 0.4°C or at 41.7 ± 0.7°C) for 24 h. The concentration of each suspension was determined after 24 h. Additional samples were taken for pH 2, 3, and 7 at the start of the experiment (0 h), after 15 min for pH 2, and 120 min for pH 3. Experiments were performed in triplicate.

Stability of phages during storage was assessed by storing 6 ml of phage suspension for 7 months at 4.5 ± 0.5°C or 6 weeks at 23.5 ± 0.7°C. Phage concentrations were determined at regular intervals. The experiment was repeated four times.



Negative-Staining of Phages

Phages were negatively stained with 2% aqueous uranyl acetate after being adsorbed for 15–30 s onto carbon film according to Valentine et al. (1968). After washing with TE buffer (10 mM TRIS, 1 mM EDTA, pH 6.9) samples were blotted onto filter paper and air dried. Samples were examined in a Zeiss TEM 910 transmission electron microscope (Zeiss, Oberkochen) at an acceleration voltage of 80 kV and at calibrated magnifications with a line replica. Images were recorded digitally with a Slow-Scan CCD-Camera (ProScan, 1,024 × 1,024, Proscan Elektronische Systeme GmbH, Scheuring, Germany) with ITEM-Software (Olympus Soft Imaging Solutions GmbH, Münster, Germany).



Extraction of Phage DNA and Genome Analysis

Phage suspensions were prepared as described above and phage particles pelleted by centrifugation at 24,000 × g (Avanti J-26S XP, Beckmann Coulter Inc., Brea, CA, United States) for 2 h. The pellet was resuspended with a small amount of SM-buffer and purified by CsCl-gradient (Optima XPN-100, Beckmann Coulter Inc., Brea, United States, 165,100 × g, 4°C, 2 h). Cesium chloride was removed from the phages via dialysis with SM-buffer. The resulting phage suspensions were used for electron micrographs, PFGE macrorestriction analysis and DNA isolation. Phage DNA was extracted from virions purified by cesium chloride density gradient (Sambrook and Russell, 2001) with the Wizard DNA Clean-Up System (Promega, Madison, WI, United States) in accordance with the manufacturer’s instructions, followed by ethanol precipitation.

Phage DNA was subjected to short read whole-genome sequencing in-house at the German Federal Institute for Risk Assessment, Berlin, Germany (BfR). DNA-sequencing libraries were generated using the Nextera XT DNA Library Flex Preparation Kit (Illumina Inc., San Diego, CA, United States) in accordance with the recommendations of the manufacturer. Short read, paired-end sequencing was conducted on different Illumina devices (i.e., MiSeq, NextSeq) using the MiSeq Reagent v3 600-cycle Kit (Illumina). The generated raw reads were subjected to the Aquamis in house pipeline (Deneke et al., 2021).

Real-time PCR in accordance with a protocol by Jackel et al. (2017) was performed for phage differentiation. PCR primers targeted the tail tube gene, ORF186 of CP21 for group II phages (CPGII-probe: FAM-CCGGATTGACTGTAGAAACA-BHQ-1) and the gene for the base plate wedge, ORF008 of CP81, for group III phages (CPGII-probe: Cy5-TGTAACTGCCCTGTTTGCTG-BBQ-650).



Data Analysis

Data preparation, visualization, and statistical analysis (one tailed Student’s t-tests and Dunnett’s test) were performed using R software version 4.0.2 (R Core Team, 2020) and the DescTools package version 0.99.40. The ComplexHeatmap package (Gu et al., 2016) was used for visualization of the host range. Phage particle size parameters (head length, head diameter, tail length) were determined by size analysis of virions visible on negatively stained electron micrographs with ImageJ version 1.51q in the Fiji bundle in combination with the ObjectJ plugin. Data analysis of flaA typing was performed by PubMLST (Jolley et al., 2018) and SmaI-PFGE macrorestriction interpretation was conducted by GelAnalyzer 19.1 (www.gelanalyzer.com, Istvan Lazar Jr., Ph.D. and Istvan Lazar Sr., Ph.D., CSc.).




RESULTS


Phage Isolation and Host Range Determination

In total, 301 samples from chicken sources (chicken feces n = 111, cecal content n = 136 and neck skin n = 54) were examined for the presence of bacteriophages using the soft-agar overlay technique with C. jejuni strain NCTC 12662. After threefold serial purification and propagation of plaques, 19 purified phages remained. Four phages were isolated from one fecal sample in 2015, while nine were isolated from cecal samples, and six from chicken neck skin samples in 2017. Information on recovered phages and sample origin are shown in Supplementary Table 2.

The host ranges of all purified phages were analyzed on 28 different Campylobacter isolates (20 C. jejuni and 8 C. coli) as displayed in Figure 1. All bacterial isolates included showed different flaA types (Supplementary Table 1) and/or could be distinguished by SmaI-PFGE macrorestriction analysis (personal communication).
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FIGURE 1. Host ranges of 19 phages isolated in 2015 and 2017 on 28 Campylobacter spp. Overall, seven host range patterns could be distinguished. The bacteriophages vB_CjM-LmqsCP1-4 (CP1-4), vB_CjM-LmqsCP1-5 (CP1-5), vB_CjM-LmqsCP74-2c1 (CP74-2c1), and vB_CjM-LmqsCP132-3c (CP132-3c) were selected for further investigations, showing three different host range patterns. Host range evaluation was performed by spotting serial dilutions of bacteriophages onto NZCYM-soft agar overlays inoculated with Campylobacter ([image: image] C. jejuni, [image: image] C. coli). Experiments were performed in triplicate. The concentration (plaque forming units/ml) on different hosts was calculated and divided by the concentration determined on C. jejuni NCTC 12662. Color coding was used to visualize the EOP values([image: image]x > 1, [image: image] 1 ≤ x < 0.9, [image: image] 0.9 ≤ x < 0.8, [image: image] 0.8≤x < 0.6, [image: image] 0.6≤x < 0,□x = 0).


Of the 28 Campylobacter isolates tested, 14 C. jejuni isolates were susceptible to at least one of the phages, while no plaque formation was observed on six C. jejuni and all C. coli isolates. The isolated phages displayed seven different lytic profiles. While four phages showed unique patterns, two groups of six and one group of three phages exhibited similar host ranges.

Four bacteriophages showing three of the seven lytic profiles and deriving from three isolation sources were selected for further characterization. The phages CP1-4 and CP1-5 were chosen according to their different host ranges, but they had the same sample origin, while the phages CP74-2c1 and CP132-3c had the same host range, but originated from different samples.

The four phages formed clear plaques on their host strain NCTC 12662 as shown in Figures 2A–D. Plaque diameters ranged from 0.75 to 1.86 mm (n = 30) after 24 h incubation on 0.7% NZCYM-soft agar (Supplementary Table 3). Negatively stained electron micrographs of all four phages showed that that they had isometric heads, contractile tails and tail fibers, leading to the conclusion that they belonged to the Myoviridae family (Figures 2E–H). The mean values for head length, head diameter, and tail length of the phages were very similar, except for CP74-2c1, which displayed a longer tail, and CP1-5, that showed an overall smaller head size than all other analyzed phages (Supplementary Table 3).
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FIGURE 2. (A–D) Plaque morphology of the four examined myovirus phages (E–H) and micrographs showing the morphology of the virions. All four phages vB_CjM-LmqsCP132-3c (A,E), vB_CjM-LmqsCP1-5 (B,F), vB_CjM-LmqsCP74-2c1 (C,G), vB_CjM-LmqsCP1-4 (D,H) formed clear plaques on C. jejuni strain NCTC 12662; scale bar represents 2 mm. The virions consisted of an icosahedral head and a contractile tail structure with tail fibers; negatively stained phage particles with 2% uranylacetate, scale bar represents 100 nm.




Bacterial Reduction by Phages in Liquid Culture

Growth experiments were performed by measuring optical density (OD600) of C. jejuni field strains Cj18 and LH86 in liquid cultures with and without exposure to the four phages CP1-4, CP1-5, CP74-2c1, and CP132-3c at five different MOIinput (10, 1, 0.1, 0.01, and 0.001), using a Tecan Spark Multiplate reader over a time period of 26 h.

Both bacterial isolates were susceptible to all four phages according to their host ranges (Figure 1), and were chosen for testing the phage’s efficiency for reducing bacterial population growth and overall cell density. The EOP values of the four phages on the two Campylobacter isolates varied between 0.93 and 1.07, except for the combinations of Cj18 with CP74-2c1 or CP132-3c: Their EOP values were determined to be approximately 0.8.

Generally, bacterial growth was reduced in most liquid cultures that were exposed to bacteriophages compared to the untreated controls (Figure 3). Cultures containing Cj18 and CP74-2c1 or CP132-3c only showed reduced bacterial population growth if a high MOIinput of 10 was used in cultures containing the phages. Interestingly, in other experiments using an MOIinput of 10, most bacteria grew better than in experiments using a lower MOIinput of 0.001 after approx. 20 h (Figures 3C,D). Furthermore the data showed an initial rise and subsequent rapid decrease in optical density for LH86 in combination with CP74-2c1 or CP132-3c at an MOIinput of 0.01 and 0.001 (Figures 3G,H).
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FIGURE 3. Growth of Campylobacter field isolates Cj18 and LH86 in presence of different phages. The growth of C. jejuni field strains Cj18 (A–D) and LH86 (E–H) was inhibited by all phages. Different multiplicities of infection (MOIinput) used, resulted in different reduction efficiencies. Experiments were performed in a Tecan Spark Microplate Reader under microaerobic conditions at 42°C. Optical density was measured every hour at 600 nm for 26 h. (A,E) vB_CjM-LmqsCP1-4, (B,F) vB_CjM-LmqsCP1-5, (C,G) vB_CjM-LmqsCP74-2c1 and (D,H) vB_CjM-LmqsCP132-3c were added to achieve different MOIinput: [image: image] no phages added, [image: image] MOIinput 10, [image: image] MOIinput 1, [image: image] MOIinput 0.1, [image: image] MOIinput 0.01, and [image: image] MOIinput 0.001. Curves represent mean OD600 values of triplicate experiments with two replications per plate. Error bars indicate standard error of the mean.


Subsequently, the area under the curve (AUC) was calculated by spline fitting of the growth curves (Figure 4). The AUC values for most experiments with added phages were significantly reduced compared to the controls without phage exposure. Nevertheless, the AUC values equaled or exceeded those of experiments without phage exposure in case of experiments in which Cj18 was combined with CP74-2c1 or CP132-3c at an MOIinput of 1–0.001.
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FIGURE 4. Areas under the curve (AUC) after 26 h for two different Campylobacter isolates. Campylobacter jejuni Cj18 ([image: image] A) and LH86 ([image: image] B) were exposed to four different phages ([image: image] vB_CjM-LmqsCP1-4, [image: image] vB_CjM-LmqsCP1-5, [image: image] vB_CjM-LmqsCP74-2c1 and [image: image] vB_CjM-LmqsCP132-3c) at five different MOIinput (10, 1, 0.1, 0.01, and 0.001). The change of optical density over time was recorded. The AUC values were calculated by spline fitting (t = 0–26 h). Dunnett’s test with a 95% confidence level was used to compare the AUC values of the exposed samples to the untreated comparisons (significance codes indicate range of p-values: *0.01, **0.001, ***>0.001).


After each experiment with an MOIinput of 0.001 or 10, bacterial isolates were recovered and tested for phage resistance with all four phages. Additionally, final phage concentrations in these wells were determined.

While these tests included only a limited number of bacterial isolates, Campylobacter isolates that showed resistance against at least one bacteriophage could be recovered from all experiments (Supplementary Table 4). Interestingly, one of the 27 recovered bacterial isolates was still susceptible to three bacteriophages after the experiment, while seven were susceptible to two phages under the same conditions. Furthermore, only three of the 27 isolates showed susceptibility toward the bacteriophages they were exposed to, after the experiments.

In wells with an MOIinput of 10, the starting concentrations were 107 PFU/ml. At the end, final phage concentrations ranged between 106 and 107.5 PFU/ml and were therefore very similar to the phage concentrations at the start of the experiment. However, final concentrations in the experiments using Cj18 with the phages CP74-2c1 or CP132-3c were lower and ranged between 104 and 105 PFU/ml. The final concentrations exceeded the starting concentrations of 103 PFU/ml noticeably by 103–104.5 PFU/ml at the end of the experiments with an MOIinput of 0.001. No phages could be recovered after the growth experiments of Cj18 at an MOIinput of 0.001 in combination with the phages CP74-2c1 and CP132-3c.



Bacteriophage Stability Under Different pH and Temperature Conditions

To determine the pH stability of the investigated phages, they were diluted 10-fold in pH adjusted phosphate buffered solutions, and exposed to temperatures of 22 and 42°C for 24 h (Figures 5A,B).
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FIGURE 5. Stability tests of four phages at different pH values and different temperatures. (A,B) Phage concentration after exposure to different pH values (2–12) and tab water (H2O) at two temperatures (A: 22.3 ± 0.4°C, B: 41.7 ± 0.4). (C,D) Phage concentration after exposure to different temperatures (–20, 50, 60, 70, 80°C) at pH 7.4 (C: 15 min, D: 60 min). Initial concentration of SM-buffered phage solutions was 108 plaque forming units/ml (cstart), which were diluted tenfold with pH adjusted phosphate buffer for the first experiment (A,B, 7t0 = 1:10th dilution in pH 7 buffer at 0 h). Phage identity is represented as followes ([image: image] vB_CjM-LmqsCP1-4, [image: image] vB_CjM-LmqsCP1-5, [image: image] vB_CjM-LmqsCP74-2c1 and [image: image] vB_CjM-LmqsCP132-3c). Columns represent the mean of the log10 transformed concentrations; experiments were performed in triplicate and error bars indicate the standard error of the mean.


All four bacteriophages lost their lytic activity when exposed to pH values below 3 or above 11 at 22 or 42°C for 24 h (Figure 5), while they remained active after being exposed to pH values ranging from 4 to 11 or tap water under similar conditions. Results show that exposing the phages to buffer solutions with a pH value of 2 at 42°C immediately decreased their activity below detection limit, while after 24 h at pH 3 and 22°C, the analyzed phages retained their lytic activity. After 24 h at pH 3 and 22°C, the mean concentrations of the phages CP1-5, CP74-2c1, and CP132-3c were significantly reduced (CP1-5: 105.54 PFU/ml, p < 0.05; CP74-2c1: 105.27 PFU/ml, p < 0.05; CP132-3c: 105.32 PFU/ml, p < 0.05) in comparison to the controls (∼107 PFU/ml starting concentration at pH 7), while this was not the case for CP1-4, with a final concentration of 106.22 PFU/ml. However, after 24 h at pH 3 and 42°C, concentrations of CP1-5 and CP132-3c were reduced below detection limit, while CP1-4 was reduced to 105.21 PFU/ml and only single plaques were observed for CP74-2c.

To examine the stability at pH 3 in detail, phage concentrations of the more susceptible phages CP1-5, CP74-2c, and CP132-3c were determined after 120 min at pH 3 and 42°C. The concentrations of the three phages were significantly reduced (CP1-5: 105.30 PFU/ml, p < 0.05; CP74-2c1 103.57 PFU/ml, p < 0.05; CP132-3c: 104.69PFU/ml, p < 0.05) when compared to concentrations at the beginning of the experiment. The obtained data were used to calculate reduction rates by linear regression. CP1-5 showed the lowest reduction rate of 100.41 (PFU/ml)/1 h at pH 3 and 42°C, followed by 132_3c and CP74-2c1 with respective reduction rates of 100.78 (PFU/ml)/1 h and 101.30 (PFU/ml)/1 h.

Subsequently, phage stability was evaluated by exposing buffered phage suspensions with titers of 108 PFU/ml to –20, 50, 60, 70, and 80°C for 15 or 60 min (Figures 5C,D). Temperatures were chosen to simulate conditions during cooking or cold chain transportation. Concentrations of the four phages were not reduced during 15 min. storage at temperatures ranging from –20°C to 50°C, while their activity was completely lost at 70 and 80°C after 15 and 60 min. Concentrations of CP1-4 and CP1-5 were significantly reduced after 60 min at –20°C (CP1-4: 107.30, p < 0.05; CP1-5: 107.18, p < 0.05) and 50°C (CP1-4: 107.29, p < 0.05; CP1-5 107.30, p < 0.05) when compared to the control (∼108 PFU/ml). The other phages remained stable under these conditions. After 15 min at 60°C, significant reductions in concentrations of all four phages were observed compared to the starting concentrations (CP1-4: 105.10 PFU/ml, p < 0.05; CP1-5: 105.99, p < 0.05; CP74-2c1: 106.45 PFU/ml, p < 0.05; CP132-3c: 106.41, p < 0.05), and even greater reductions occurred after 60 min.

The storage stability of the investigated phages was tested at pH 7.5 for 7 months at 4.5 ± 0.5°C and 6 weeks at 23.5 ± 0.7°C. Results of these experiments were used to determine the average reduction rates by linear regression for 1 month. At 4.5°C, the average reduction rate was calculated to range from 1.02 to 1.20 (PFU/ml)/month, while at 23.5°C, the rates increased and ranged from 1.29 to 1.82 (PFU/ml)/month for the examined phages.



Bacteriophage DNA

For in-depth analysis, all extracted phage DNA (without an additional pre-amplification using phi29 polymerase; Kropinski et al., 2011; Crippen et al., 2019) was subjected to short-read whole-genome sequencing analysis on different Illumina Inc. devices. However, while all quality parameters of the prepared DNA and DNA sequencing libraries fulfilled the necessary requirements, no or only very low amounts of raw reads could be generated. Based on the available sequence information, no phage genome sequences could be derived.

Phage DNA was used for genome length estimations by PFGE. Estimations ranged from 144 kb for the smallest genome (CP1-4), to lengths between 148 and 152 kb for the genomes of the other three phages (CP1-5, CP74-2c1, and CP132-3c). DNA of all four phages was susceptible to cutting by the restriction enzyme HhaI (Supplementary Table 3), and real-time PCR identified them as group III phages (data not shown).




DISCUSSION

Nineteen C. jejuni-specific bacteriophages from chicken samples were isolated in this study. The host range of all isolated phages was evaluated by testing them against a panel of well-characterized C. jejuni and C. coli isolates, comprising current field strains and using a highly reliable spot test format. Applied methods for host range analysis vary widely among currently published studies and no validation of reproducibility for these methods is currently available (Sails et al., 1998; Hansen et al., 2007; Hwang et al., 2009; Janez et al., 2014; Sorensen et al., 2015). While some host range panels include more isolates compared to this study a representation of the current epidemiological situation in broiler production (Carrillo et al., 2005) and further information on the used strains, such as origin and typing results, were considered to be more valuable compared to a broad but less defined panel.

From the newly isolated phages, CP1-4, CP1-5, CP74-2c1, and CP132-3c were selected for further characterization. The phages were chosen based on the assumption that the origin or host range of phages might influence their performance in liquid culture. Based on their morphology, the analyzed phages could be classified as members of the Myoviridae in the order Caudivirales (Sails et al., 1998). They were further classified as group III phages as their genome sizes were similar to 138 kb, their genomes were susceptible to HhaI digestion (Sails et al., 1998; Hansen et al., 2007; Javed et al., 2014), their head sizes close to 100 nm (Sails et al., 1998), and they exclusively infected C. jejuni strains (Jackel et al., 2019). Subsequent real-time PCR results confirmed this identification. Results from previous studies indicated that most group III phages use capsule polysaccharide receptors to attach to their hosts (Sorensen et al., 2015; Zampara et al., 2017). Sequenced members of this group belong to the genus Fletcherviruses (Hammerl et al., 2011; Javed et al., 2014; Jackel et al., 2019; Ushanov et al., 2020). They have been used for reducing Campylobacter on chicken meat in different studies and proved more efficient in binding to Campylobacter cells at low temperatures than the flagellotropic group II phages (Atterbury et al., 2003; Goode et al., 2003; Zampara et al., 2017). While some studies did not result in significant Campylobacter reduction on the treated products (Orquera et al., 2012), other studies reported a significant reduction by these phages (Thung et al., 2020). Experiments on reduction of Campylobacter in broiler chickens by using group III phages showed significant reductions in some of the settings and varying duration of the reducing effect (Carrillo et al., 2005; Wagenaar et al., 2005; Scott et al., 2007; Kittler et al., 2013). Additionally, first trials under commercial conditions were carried out, showing the general suitability of group III phages for use in food production settings (Kittler et al., 2013).

Whole-genome sequencing of phage genomes is mandatory for final evaluation of their suitability and approval in most countries. However, in accordance with results of our study, genome determination of Campylobacter phages has been described to be challenging due to (i) problems regarding preparation of necessary DNA amounts and (ii) the presence of DNA modification hampering DNA processing by using enzymatic procedures. Thus, the suitability of alternative sequencing procedures (i.e., use of different DNA library preparation procedures, alternative sequencing approaches) needs to be determined. It needs to be pointed out here that phage DNA pre-amplification with Phi29 polymerase has been shown as an appropriate possibility to omit enhancing effects for DNA sequencing and manipulation for some Campylobacter phages (Kropinski et al., 2011; Crippen et al., 2019). Further studies need to be conducted to check whether the phage genomes of this study can be also determined by conducting this additional amplification step. However, if possible further amplification steps (PCR) should be omitted to yield a low level of nucleotide alterations in the genomes caused by additional processing (i.e., PCR amplification).

To evaluate the efficiency of the selected phages in reducing Campylobacter, two C. jejuni field strains (Cj18 and LH86), which were susceptible to all four phages, were exposed to those phages at different MOIinput for 26 h [similar to the experiments by Carrillo et al. (2005) or Scott et al. (2007)]. All phages were able to reduce bacterial growth at an MOIinput of 10 (Figure 3), resulting in lower cell densities and reduced AUC values compared to the untreated controls (Figure 4). While significant reductions in AUC values were observed in most experiments using a lower MOIinput, the experiments using Cj18 with the phages CP74-2c1 and CP132-3c did not result in decreased AUC’s (Figure 4A). They showed a substantial decrease of the AUC in experiments using an MOIinput between 1 and 10, indicating lysis without replication (passive inundation), as was suggested for a similar case by El-Shibiny et al. (2009).

However, when comparing AUC values of experiments using different MOIinput (Figure 4), they do not indicate a dose dependence. Moreover, after ∼ 20 h, many OD600 values for MOIinput 10 were higher than those for MOIinput 0.001, indicating a potential negative correlation between MOIinput and OD600 values, while a positive correlation was expected as found in experiments by Rajnovic et al. (2019) for E. coli bacteriophages (Rajnovic et al., 2019). In 2009, El-Shibiny et al. (2009) reported similar results for in vivo tests with the group II phage CP220. In this study, the lowest phage dose resulted in the highest reduction in C. jejuni HPC5 cell numbers in chickens.

At the start of the growth experiment, phages were added at a concentration of ∼107 PFU/ml. Phage titers at the end of the experiment showed similar concentrations within 106–108 PFU/ml, while bacteria growth was indicated by high OD600 value (see above). The reasons for finding high phage and bacteria numbers at the same time at an MOIinput of 10 are unclear, but mathematical models (Levin et al., 1977; Cairns et al., 2009; Bull et al., 2014; Loessner et al., 2020) have predicted that phages and bacteria could coexist at high numbers. Therefore, further studies are necessary to elucidate the relationship of Campylobacter phages and bacteria in order to improve efficacy testing and practical phage application. In experiments using the Campylobacter isolate LH86 and the phages CP74-2c1 and CP132-3c at an MOIinput below 0.1, an initial rise and subsequent decline in OD600 values were observed (Figures 3G,H). Similar observations were made during experiments using E. coli as host bacteria in other studies (Bull et al., 2014; Tolen et al., 2018; Rajnovic et al., 2019). It was assumed that except for Cj18 with CP74-2c1 and CP132-3c, the other Campylobacter populations could show a similar growth but this was masked by the detection limit at low OD600 values. Further tests are needed for a better understanding of these observations and their relevance for practical application.

In experiments combining Cj18 with CP74-2c1 or CP132-3c, significantly reduced AUC values were observed at an MOIinput of 10 only (Figure 4A), while an MOIinput of 1 or lower resulted in AUC values equal to or in one instance even significantly higher than the control (Figure 4A). Results from host range analysis indicated phage amplification, but showed reduced EOP values for the two phages on this strain. Experiments with an MOIinput of 10 and 0.001 resulted in reduced final phage concentrations that were 2–3 log10 units lower compared to the starting concentrations. These findings indicate that the loss of virions was not compensated by virion production, potentially explaining the finding that bacterial reduction only occurred if phage concentrations exceeded bacterial concentrations. In this case, bacterial reduction would have relied on initial phage concentrations and not on phage replication. Similar results of non-lytic interactions impacting bacterial growth have been reported by a previous study (Carrillo et al., 2005).

Although the number of bacterial isolates tested for phage susceptibility was limited and carful interpretation is necessary, all tested combinations of bacteria and phages resulted in resistant bacterial colonies at the end of the experiment. Interestingly, Cj18 colonies that were resistant against CP74-2c1 and CP132-3c were not resistant against CP1-4 and CP1-5. This could indicate that these phages infected bacteria by using different recognition sites. However, a higher number of tested isolates and further tests would be necessary to confirm these results.

A broad host range and a high lytic efficiency are requirements for phage application under practical conditions, while stability against adverse effects in food production settings is a prerequisite for their utilization. Application of phages in primary production exposes them to room temperature at dosing and to the chicken’s body temperature of 42 °C after ingestion. Low pH values between 3 and 5 (Mabelebele et al., 2017) are encountered for 2–3 h (Svihus and Itani, 2019) when passing through the chicken’s crop, proventriculus, and gizzard. In this regard, temperature stability at 22 and 42°C in combination with different pH levels was tested as proposed by Carrillo et al. (2005). All four phage were stable in buffered solutions with pH values ranging from pH 4 to pH 11 at 22 and 42°C, while reduced stability was observed after exposure to pH 2 and 12. Thung et al. (2020) reported similar findings for the phage Cj01. Interestingly, just one bacteriophage (CP1-4), was able to retain stability at a pH of 3 at 42°C for 24 h, while the other three phages (CP1-5, CP74-2c1, and CP132-3c) proved only stable during exposure to pH 3 for at least 2 h at 42°C. At pH 3 and 22°C, the stability was less pronounced. Based on these results, the selected phages, CP1-4, CP1-5, CP74-2c1, and CP132-3c would be able to resist environmental stresses during application in primary production settings of commercial food production. CP1-4, however, showed even higher stability than Campylobacter phages from previous studies.

To guarantee a sufficient shelf life for storage under practical conditions and to evaluate stability on food products at retail level, the average reduction rate of phage activity per month was calculated. At 4.5°C the average reduction rate for all four phages ranged from 1.02 to 1.20 (PFU/ml)/month, which allowed to extrapolate that in 1 year of storage an average of not more than one log10 unit of phage activity would be lost. Similar stabilities of Campylobacter-specific bacteriophages were reported by Hammerl et al. (2014). At 23.5°C, the rates increased and ranged from 1.29 to 1.82 (PFU/ml)/month. These results show a sufficient stability of the selected phages for food production settings. As the phages proved stable at temperature levels found in household refrigerators, it became important to show that heat treatment, as it would occur during food preparation, was sufficient to inactivate the bacteriophages. An exposure to 70°C for 15 min was sufficient to deactivate all four bacteriophages, while 15 min at 60°C already caused a significant reduction in phage titers.

The reductions in concentrations of CP1-4 and CP1-5 after 60 min at –20 and 50°C are unexpected (Figure 5D), as this would indicate short-term stability at –20 and 50°C. However, results presented by Figures 5A,B contradict this conclusion, as they prove a high stability of these two phages at 22 and 42°C at pH 7 for 24 h. Interestingly, the increased stability of CP1-4 against acidic pH values did not correspond to an increased temperature stability. This combination of high pH-stability and easy heat inactivation would be a favorable combination in phages used in a farm to fork approach.



CONCLUDING REMARKS

Phage CP1-4 proved to be the most promising candidate for a wide variety of applications, as it provides a broad host range, high stability at low pH values, and heat inactivation at moderate temperatures. The phage CP1-5 originated from the same sample as CP1-4, however, its host range included five bacteria less than that of CP1-4. It appeared equally efficient in bacteria reduction based on growth experiments in liquid culture and displayed a significantly reduced pH stability, illustrating that phages with different characteristics can be isolated from the same sample.

On the other hand, the phages CP74-2c1 and CP132-3c have been rejected for commercial use based on missing efficiency at medium and lower phage doses in liquid cultures with one of the selected field strains. The obtained results illustrate the need for kinetic tests (optical density based or otherwise) on different Campylobacter to elucidate overall phage performance, as host range analysis with only laboratory strains does not allow for a rational phage choice. Problems during DNA extraction as well as the presence of extensive repetitive sequences on the genomes of Camplyobacter phages make the genetic evaluation laborious and force a search for better analysis protocols (Sorensen et al., 2021).
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Phages infecting Campylobacter jejuni are considered a promising intervention strategy at broiler farms, yet phage sensitivity of naturally occurring poultry isolates is not well studied. Here, we investigated phage sensitivity and identified resistance mechanisms of C. jejuni strains originating from Danish broilers belonging to the most prevalent MLST (ST) types. Determining plaque formation of 51 phages belonging to Fletchervirus or Firehammervirus showed that 21 out of 31 C. jejuni strains were susceptible to at least one phage. While C. jejuni ST-21 strains encoded the common phase variable O-methyl phosphoramidate (MeOPN) receptor of the Fletchervirus and were only infected by these phages, ST-45 strains did not encode this receptor and were exclusively infected by Firehammervirus phages. To identify internal phage resistance mechanism in ST-21 strains, we performed comparative genomics of two strains, CAMSA2002 sensitive to almost all Fletchervirus phages and CAMSA2038, resistant to all 51 phages. The strains encoded diverse clustered regularly interspaced short palindromic repeats (CRISPR) spacers but none matched the tested phages. Sequence divergence was also observed in a predicted SspE homolog and putative restriction modification systems including a methyl-specific McrBC endonuclease. Furthermore, when mcrB was deleted, CAMSA2038 became sensitive to 17 out of 43 phages, three being Firehammervirus phages that otherwise did not infect any ST-21 strains. Yet, 16 phages demonstrated significantly lower efficiencies of plating on the mcrB mutant suggesting additional resistance mechanism still restricting phage propagation in CAMSA2038. Thus, our work demonstrates that C. jejuni isolates originating from broilers may have acquired several resistance mechanisms to successfully prevent phage infection in their natural habitat.

Keywords: bacteriophage, Campylobacter jejuni, comparative genomics, phage sensitivity, phage resistance, MLST (multilocus sequence typing), McrBC, restriction modification system


INTRODUCTION

Campylobacter jejuni is a zoonotic pathogen and the major cause of food borne associated gastroenteritis in the European Union (EU) (European Food Safety Authority [EFSA] and European Centre for Disease Prevention and Control [ECDC], 2019). Despite the implementation of numerous intervention strategies over the years, a decline in human cases of campylobacteriosis in Europe has not been achieved (European Food Safety Authority [EFSA] and European Centre for Disease Prevention and Control [ECDC], 2019). In addition, human campylobacteriosis is a rising problem in the developing countries and associated with an increased mortality rate in children (Liu et al., 2012; Platts-Mills and Kosek, 2014). C. jejuni resides as a commensal in poultry and the main transmission route leading to human infection is the consumption of improperly handled or undercooked contaminated poultry meat (Young et al., 2007; Cody et al., 2019; European Food Safety Authority [EFSA] and European Centre for Disease Prevention and Control [ECDC], 2019). Thus, novel interventions such as applying phages for biocontrol in poultry farms have been proposed and are currently being explored (Carvalho C. M. et al., 2010; Kittler et al., 2013; Chinivasagam et al., 2020). Also, the effect of adding phages directly on chicken meat to reduce the number of C. jejuni has been investigated (Goode et al., 2003; Zampara et al., 2017). Successful implementation of such strategies requires a better understanding of phage sensitivity of the highly diverse C. jejuni originating from the poultry habitat.

The genetic relationship of Campylobacter isolates is commonly studied using multilocus sequence typing (MLST) that is based on the genetic variation present in the seven housekeeping genes (glyA, uncA, pgm, gltA, glnA, aspA, and tkt) (Dingle et al., 2001). MLST and population studies have demonstrated that C. jejuni is genetically highly diverse, resulting in a large number of sequence types (STs) that can be further organized and grouped into clonal complexes (Dingle et al., 2001). Source attribution analyses have shown that MLST ST-21 and to a lesser extent ST-45 are a particular problem for human campylobacteriosis in Denmark (Boysen et al., 2014).

Also, the surface of C. jejuni is highly variable. Not only are membrane proteins N-linked glycosylated, the bacterium is also surrounded by a capsule comprised of capsular polysaccharides (CPS) and beneath this, a layer of lipo-oligosaccharides (LOS) is present (Guerry and Szymanski, 2008). Furthermore, two polar flagella ensuring motility of the bacterium are also covered by glycans as a result of the O-linked glycosylation locus (Guerry and Szymanski, 2008). Since both the CPS and O-linked glycosylation loci are genetically highly variable among C. jejuni strains, the carbohydrates composing CPS and LOS are also different (Poly et al., 2011; Karlyshev et al., 2013; Hameed et al., 2020). In addition, homopolymeric tracts (usually a stretch of G’s) are present in several genes within these loci, promoting phase variable gene expression (Parkhill et al., 2000; Bayliss et al., 2012; Aidley et al., 2018). For example, transferases that modify backbone carbohydrates of the CPS with O-methyl phosphoramidate (MeOPN) and O-methyl groups are commonly found to be phase variable expressed in C. jejuni (McNally et al., 2007; Aidley et al., 2017). Since phase variation is a stochastic process arising from slipped strand mispairing during DNA replication (Van der Woude, 2011), some cells express the transferases whereas others do not, despite carrying the same genetic loci. Thus, phase variable expression of genes within these loci further contribute to the surface diversity of C. jejuni. While the genetic content of the CPS and LOS loci show some correlation with the MLST type (Dingle et al., 2001; Hameed et al., 2020), this is not fully investigated.

Bacteriophages infecting C. jejuni primarily belong to the Firehammervirus (former Cp220likevirus) or Fletchervirus (former Cp8unalike virus) genera and are commonly isolated from chickens (cecum and fecal samples) and related environments (Atterbury et al., 2003; Hansen et al., 2007; Carvalho C. et al., 2010; Owens et al., 2013; Hammerl et al., 2014; Janež et al., 2014; Javed et al., 2014; Sørensen et al., 2015). The Campylobacter phages are highly conserved within each genus, but share very limited inter-genera homology (Javed et al., 2014). Moreover, the genomes of both Fletchervirus and Firehammervirus phages are refractory to most restriction enzymes and were recently shown to contain unusual modifications such as the replacement of guanosine with deoxyinosine and deazaguanosine (Javed et al., 2014; Crippen et al., 2019). In terms of receptor recognition, it is currently only known that Firehammervirus phages are dependent on motile flagella for infection, but an actual receptor has not yet been identified (Sørensen et al., 2015). In contrast, the Fletchervirus phages rely on CPS for infection and the phase variable MeOPN modification has been identified as a phage receptor recognized by many of these phages (Sørensen et al., 2011; Holst Sørensen et al., 2012; Gencay et al., 2018). We recently demonstrated that Fletchervirus phages encode up to four different receptor binding proteins (RBP1 to RBP4) (Sørensen et al., 2021). While RBP1 is responsible for binding to the common phase variable MeOPN receptor, phase variable expression of RBP2 ensures binding to another currently unknown receptor when MeOPN is not expressed (Sørensen et al., 2021). Thus, as a counter-resistance mechanism to phase variable expression of the common MeOPN receptor, Fletchervirus phages encode multiple receptor binding proteins including two that are phase variably expressed creating phenotypically diverse phage populations (Sørensen et al., 2021).

While receptor mutants and altered surface structures are the first line of bacterial defense, other phage resistance mechanisms target the incoming phage DNA such as restriction and modification (R/M) systems (Labrie et al., 2010). Usually nucleobase methylation provides sequence specific modification of the bacterial genome, thus allowing the cognate restriction endonuclease to discriminate and destroy unmodified invading phage DNA (Labrie et al., 2010). Only one such mechanism has been identified in C. jejuni, where a phase variable type IIG restriction-modification system provided partial resistance to phages belonging to both Fletchervirus and Firehammervirus phages (Anjum et al., 2016). Still, C. jejuni phage resistance mechanisms have only been investigated in a limited number of studies, mostly demonstrating phase variable expression of surface structures and loss of motility as the responsible factors (Coward et al., 2006; Sørensen et al., 2011; Holst Sørensen et al., 2012; Aidley et al., 2017; Gencay et al., 2018). Thus, mainly phage resistance mechanisms associated with the first step in phage infection, i.e., binding to the C. jejuni surface have been identified so far.

The study of phage sensitivity and development of phage resistance in laboratory C. jejuni strains is not sufficient to provide a complete picture of phage sensitivity and resistance mechanisms of more diverse poultry isolates of C. jejuni. Here, we aim to investigate phage susceptibility and elucidate underlying phage resistance mechanisms in C. jejuni strains isolated from Danish poultry belonging to the most prevalent MLST types observed in Denmark by performing comparative genomics.



MATERIALS AND METHODS


Bacterial Strains, Phages and Growth Conditions

All bacterial strains and C. jejuni phages are listed in the Supplementary Tables 1, 2, respectively. Thirty-one C. jejuni strains were isolated from Danish broiler chickens in 2007–9 and were selected to represent the most frequent sequence types (ST) in this reservoir (Boysen et al., 2014). C. jejuni strains were standardly grown on base II agar plates containing 5% calf blood at 41.6°C under microaerobic conditions (6% O2, 6% CO2, 88% H2N2). When appropriate chloramphenicol was added to plates at a final concentration of 20 μg/ml. For phage-related work C. jejuni strains were routinely cultivated in brain heart infusion (BHI) broth (Oxoid) supplemented with 10 mM MgSO4 and 1 mM CaCl2 (CBHI).



Phage Propagation, Titration and Host Range Determination by Spot Assays

Phages were propagated and titrated as previously described (Gencay et al., 2017; Sørensen et al., 2017). Briefly, for the phage propagation, the plate lysis method was performed using corresponding C. jejuni propagation strains and original phage stocks. Propagated phage stocks were stored at 4°C. Phage titration (enumeration) and host range analyses were performed using spot assays (plaque assays) on bacterial lawns. Briefly, C. jejuni strains were standardly grown overnight, harvested into CBHI and adjusted to an optical density at 600 nm (OD600) of 0.35. Bacterial cultures were then incubated for 4 h at 41.6°C under microaerobic conditions before 500 μl was mixed with 5 ml NZCYM overlay agar (NZCYM broth [Sigma], 0.6% agar) tempered to 45°C and subsequently poured onto premade NZCYM basal agar plates (1.2% agar, 10 μg/ml vancomycin). Plates were then dried for 45 min in a flow hood. Phage stocks were tenfold serial diluted in SM buffer (100 mM NaCl, 8 mM MgSO4, 50 mM Tris-HCl, pH 7.5) up to 10–7, and three aliquots of 10 μl of the undiluted stock (100) and each serial dilution were spotted on the bacterial lawns made with relevant C. jejuni strains. Plates were incubated for 18–24 h at 41.6°C under microaerobic conditions. Following incubation plaques were counted and the mean plaque forming units per ml (pfu/ml) was calculated. For the host range analyses, all experiments were performed in duplicate and the data represent the mean of two or three independent experiments.



Genome Sequencing, Assembly and Comparative Genomics

Selected C. jejuni strains isolated from broiler chickens were genome sequenced using the Illumina platform (Illumina HiSeq) and assembled using CLC genomics workbench version 9.0.1. Average coverage of the genomes ranged from 80-fold to 269-fold. The genomes were annotated using the NCBI Prokaryotic Genome Annotation Pipeline (PGAP). CPS loci were fully assembled using CLC genomics workbench version 9.0.1 by mapping reads to complete C. jejuni CPS reference sequences downloaded from GenBank. A CPS reference sequence was identified by blasting (BLASTN) annotated contigs containing CPS genes against all C. jejuni genomes available in the NCBI database and choosing the closest matching complete CPS sequence. Fully assembled CPS loci were subsequently confirmed by mapping sequencing reads and annotated using RASTtk (Brettin et al., 2015). The complete annotated CPS loci can be found as an appendix at Mendeley Data: https://data.mendeley.com/datasets/2n9r622g8d/1. Comparison of complete CPS loci was illustrated using Easyfig (Sullivan et al., 2011).

CAMSA2002 and CAMSA2038 were additionally sequenced on a PacBio RS II device (Pacific Biosciences, Menlo Park, CA, United States) using P6/C4 chemistry. One SMRT cell was used for each C. jejuni genome. Average coverage for CAMSA2002 was 535-fold while the average coverage for CAMSA2038 was 820-fold. Complete de novo genomes of these two strains were assembled using SMRT Analysis version 2.3 and the HGAP3 algorithm. Annotation was performed using the NCBI Prokaryotic Genome Annotation Pipeline (PGAP).

Comparative genomics and McrBC protein sequence alignment was performed using the CLC genomics main workbench 20 and the Whole Genome Alignment plugin. Conserved domains in selected hypothetical protein sequences were identified using InterPro (Mitchell et al., 2019) and HHpred (Zimmermann et al., 2018). Pairwise comparisons between divergent genes were further conducted using BLASTN available at NCBI.



PCR and Sequencing of PolyG Regions in cj1421, cj1422, and cj1426 Homologs

PolyG regions in genes homologous to cj1421, cj1422, and cj1426 from C. jejuni NCTC11168 were amplified and sequenced (Sanger sequencing) using the primers cj1421F and cj1421R (cj1421), cj1422F and cj11422R (cj1422) and cj1426F and cj1426R (cj1426). Primer sequences are listed in Supplementary Table 3.



Phage Adsorption Assay

Phage adsorption assays were performed as previously described with minor modifications (Baldvinsson et al., 2014). Briefly, C. jejuni were grown overnight on BA plates and harvested in CBHI. Cells were pelleted by centrifugation at 6,000 × g for 5 min and re-suspended in CBHI. This washing procedure was repeated twice (total number of washes, three), and the final cell suspension was adjusted to an OD600 of 0.4. Bacteriophages were added to the bacterial suspension at a final concentration of 106 PFU/ml (multiplicity of infection [MOI] of approximately 0.0025) and incubated at 37°C with gentle shaking (50–80 rpm) for a total of 90 min. Samples containing free-phages were collected at 0, 15, 30, 60, and 90 min, filtered through an 0.22-μm sterile syringe filter (Millipore), and stored at 4°C until enumeration (plaque assay). Experiments were repeated twice and for each experiment, the calculated phage pfu/ml at time zero was designated as 100% free phages. The percentage of free phages was calculated for the remaining time points according to time zero. All experiments were performed in duplicate and the data represent the mean percentages of free phages and standard deviations thereof from the two independent experiments.



Motility Assay

Motility assays were performed as previously described (Sørensen et al., 2011). Briefly, C. jejuni strains were grown under standard conditions for 18–24 h, harvested into BHI and adjusted to an OD600 of 0.1. One microliter of the bacterial suspension was then placed in the center of five to six Heart infusion broth (HIB) (Difco) 0.25% agar plates that had been pre-dried for 45 min in a flow hood. Plates were then incubated under standard growth conditions and growth zones demonstrating movement in the soft agar were measured after 24 h. Measurements and standard deviations represent the mean counts from two independent experiments.



Construction of mcrB Deletion Mutant in C. jejuni CAMSA2038

A deletion mutant of mcrB in CAMSA2038 was constructed by replacing most of mcrB (203 bp to 2009 bp) with a cat cassette by homologous recombination. The vector construct used for homologous recombination was created by fusing three PCR amplicons as described below using In-fusion cloning (Takara). A PCR fragment (778 bp) of the flanking region upstream the mcrB deletion was amplified from C. jejuni CAMSA2038 using the primers FLOR06_OH2_F2 and FLOR06_OH2_R2. A PCR fragment (878 bp) of the flanking region downstream the mcrB deletion was amplified using the primers FLOR06_OH1_F4 and FLOR06_OH1_R3. The cat gene (723 bp) was amplified from pRY109 (Yao et al., 1993) using the primers FLOR06_Cat1_fwd and FLOR06_Cat2_rev. The cat gene was then inserted between the upstream and downstream mcrB deletion fragments and simultaneously inserted into the pET28a+ vector (Novagen) using the In-Fusion kit according to the manufacturer’s instructions. The resulting plasmid pFLOR06 was transformed into E. coli Stellar™ Competent Cells (Takara) according to manufacturer’s instructions and verified by sequencing. Purified pFLOR06 plasmid was transformed into C. jejuni CAMSA2038 by electroporation to allow homologous recombination of the flanking mcrB regions to create the CAMSA2038ΔmcrB. The mutant was verified by PCR and sequencing using the primers FLOR06_UP1_fwd, FLOR06_UP2_fwd, and FLOR06_DOWN1_rev. Plasmids and primers are listed in Supplementary Table 3.



Statistical Analyses

Data in the graphs show the mean values of two independent experiments with standard deviations depicted as error bars. When appropriate one-way ANOVA (GraphPad Prism 9.2.0) was used to assess if differences were statistical significant.




RESULTS


Multilocus Sequence Typing ST-Type of Campylobacter jejuni Correlate With Sensitivity to Specific Phage Genera

To identify putative novel phage resistance mechanisms in C. jejuni, we obtained a collection of 31 strains from Statens Serum Institute, which were isolated from broilers in Denmark between 2007 and 2009 and had previously been characterized by MLST typing. These strains represent the ST-types commonly found in broilers in Denmark and included several strains of the two dominant ST-types, ST-21 and ST-45. We then determined phage susceptibility by screening these strains for plaque formation using our collection of 51 C. jejuni phages belonging to either Fletchervirus or Firehammervirus. This host range analysis showed that 21 strains belonging a variety of STs were infected by at least one phage and most of the strains were sensitive to several phages. In contrast, ten strains belonging to different ST-types were completely resistant to all 51 phages (Figure 1). Most ST’s showed a mixed pattern of phage sensitivity, however interestingly, the phage sensitive ST-21 strains were only infected by Fletchervirus phages dependent on the CPS for infection. On the contrary, strains belonging to ST-45 were only infected by Firehammervirus phages. While our Fletchervirus phages are all dependent on the CPS for infection, the Firehammervirus are flagellotropic phages dependent on motile flagella (Sørensen et al., 2015). Thus, our results suggest a correlation between sensitivity toward a specific phage genus and the two major C. jejuni MLST types, ST-21 and ST-45, often associated with human disease.
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FIGURE 1. Phage host range analysis of C. jejuni broiler isolates characterized by MLST typing. MLST ST-21 and ST-45 isolates are highlighted in gray. Black bars indicate plaque formation detected. CC: clonal complex, ST: sequence type.




Campylobacter jejuni ST-21 Strains Encode the Common O-Methyl Phosphoramidate Phage Receptor Recognized by Fletchervirus Phages Whereas the ST-45 Strains Do Not

To further investigate the genetic relationship between ST-21 and ST-45, we genome sequenced all strains belonging to these MLST types. As Fletchervirus phages are dependent on CPS for infection, we fully assembled and performed comparative genomics of the CPS loci encoded by the ST-21 and ST-45 strains (Figure 2). Our analysis demonstrated that all ST-21 strains encoded identical CPS loci typical of the Penner serotype HS2 group, similar to the CPS locus of the well-characterized C. jejuni NCTC11168 strain. The HS2 CPS locus encodes all biosynthesis genes needed to produce the MeOPN modification and two MeOPN transferases cj1421 and cj1422 responsible for attaching MeOPN to GalfNAc and heptose residues in the CPS, respectively. We previously demonstrated that MeOPN forms a receptor recognized by several Fletchervirus phages both in C. jejuni strains NCTC11168 and NCTC12662 (Sørensen et al., 2011; Holst Sørensen et al., 2012; Gencay et al., 2018). Thus, all ST-21 strains encode the common MeOPN phage receptor of the Fletchervirus phages. On the contrary, the ST-45 strains encode diverse CPS loci, but interestingly no MeOPN biosynthesis or transferase genes were found. These results show that the common MeOPN phage receptor is not present in any of the ST-45 strains, explaining their resistance toward the CPS-dependent Fletchervirus phages.
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FIGURE 2. Comparison of CPS loci of ST-21 and ST-45 C. jejuni strains. CPS loci are compared using Easyfig (Sullivan et al., 2011). Genes are indicated by gray arrows except for MeOPN biosynthesis and transferase genes that are shown as blue arrows. Complete CPS loci sequences can be found at Mendeley Data: https://data.mendeley.com/datasets/2n9r622g8d/1 or are derived from the following: CAMSA2002: GenBank accession no. CP071460.1, CAMSA2038: GenBank accession nos. CP071459.1 and CAMSA2138: GenBank accession no. NZ_QELH01000003.1.




Phase Variable Expression of Capsular Polysaccharide Modifications Is Not Responsible for Phage Resistance in ST-21 Strains CAMSA2038 and CAMSA2147 Toward Fletchervirus Phages

Although all ST-21 strains encode the common MeOPN phage receptor, three of these strains (CAMSA2021, CAMSA2038, and CAMSA2147) are resistant to phage infection (Figure 1). We previously showed that phase variable expression of the MeOPN transferases cj1421 and cj1422 and the 6-O-Me transferase cj1426 lead to rapid phage resistance development in strain NCTC11168 (Sørensen et al., 2011; Holst Sørensen et al., 2012; Aidley et al., 2017). This was caused by variations in the N-terminal polyG tracts turning the expression of these genes either off (cj1421) or on (cj1422 and cj1426) promoting the loss or masking of the MeOPN receptor, respectively. To investigate if phase variation could be involved in generating phage resistance in these three ST-21 strains, we compared the polyG tract length in the cj1421, cj1422, and cj1426 homologs with sequencing data obtained following PCR amplification of polyG tract regions in these genes (Table 1). As a control, we also included the highly phage sensitive CAMSA2002 strain in our analysis. For all strains, varying polyG tracts length were detected, suggesting mixed populations with some cells expressing the transferases while others did not. Overall, expression of cj1421 was mostly turned on in all four strains leading to expression of the MeOPN receptor attached to GalfNAc. In contrast, variable tract lengths were detected in cj1422 and cj1426 turning expression of the genes both on and off, hence the presence of MeOPN attached to Hep and the 6-O-Me group varied. Thus, these results indicate that phase variable expression of surface structures leading to loss or masking of the MeOPN receptor could not be solely responsible for the observed phage resistant phenotypes. To further investigate if phage resistance was associated with lack of phage binding to the surface of the phage resistant ST-21 strains, we used phage F367 as a representative Fletchervirus and determined adsorption to CAMSA2002 (phage sensitive), CAMSA2038 (phage resistant) and CAMSA2147 (phage resistant). Our data showed that phage F367 indeed bind to both resistant strains (CAMSA2038 and CAMSA2147) at levels comparable to the phage sensitive CAMSA2002 (Figure 3). Thus, our data demonstrate that phage resistance toward Fletchervirus in CAMSA2038 and CAMSA2147 is not associated with lack of phage binding due to phase variable expression of surface structures and involves potentially novel internal phage resistance mechanisms.


TABLE 1. PolyG tract lengths in phase variable CPS genes previously associated with phage resistance in C. jejuni as detected during genome sequencing or after complete CPS locus assembly and following PCR amplification.

[image: Table 1]

[image: image]

FIGURE 3. Phage F367 adsorption assay with CAMSA2002, CAMSA2038, and CAMSA2147. Unabsorbed phage F367 is illustrated in percentage over time when incubated with C. jejuni strains CAMSA2002 (phage sensitive), CAMSA2038 (phage resistant), and CAMSA2147 (phage resistant). The data represent the mean values and standard deviations from two independent experiments. *Significant different F367 absorption levels (one-way ANOVA, P-value 0.0274) was observed only after 30 min when comparing CAMSA2038 (mean: 21%) to CAMSA2002 (mean: 8%).




Motility of ST-21 and ST-45 Strains Does Not Correlate With Sensitivity Toward Firehammervirus Phages

While the receptor recognized by Firehammervirus phages has not been identified, it was previously demonstrated that lack or reduced motility can lead to phage resistance in C. jejuni toward this group of phages (Coward et al., 2006; Sørensen et al., 2015). Since all ST-21 strains are resistant to all Firehammervirus phages, we compared the motility of the ST-21 strains with motility patterns observed for the ST-45 that are only infected by this group of phages. However, even though motility varied between strains, the motility of ST-21 strains was comparable to that observed for strains belonging to ST-45 (Supplementary Figure 1). Thus, absence of or reduced motility is not responsible for Firehammervirus phage resistance observed in the ST-21 strains. To further investigate if other differences related to flagella biosynthesis could play a role in Firehammervirus phage resistance, we compared the flagellar O-linked glycosylation loci of the ST-21 and ST-45 strains. Similar to our results obtained from the comparison of the CPS loci, the flagellar O-linked glycosylation loci of all the ST-21 strains was similar to the O-linked glycosylation encoded by C. jejuni NCTC11168, whereas this locus differs among the ST-45 strains (data not shown). Since not much is known about the receptor of Firehammervirus, we could not conclude if specific components related to flagella synthesis and glycosylation was responsible for the differences in Firehammervirus sensitivity of the ST-21 and ST-45 strains. However, our results show that motility per se was not impaired in any of the strains.



The Genomes of Phage Sensitive CAMSA2002 and Phage Resistant CAMSA2038 Only Differ in Few Genes

To identify possible genetic changes responsible for phage resistance in the ST-21 strain CAMSA2038, we performed comparative genomics of CAMSA2038 with the phage sensitive ST-21 CAMSA2002. Overall, we found that the genomes were highly conserved over the entire length on the chromosome including the CPS and O-linked glycosylation locus (99.57 average nucleotide identity, 99.11 alignment percentage) (Figure 4A). In addition, the phage sensitive CAMSA2002 contains a plasmid with high sequence similarity to the pTet plasmid of C. jejuni strain 81–176 (Supplementary Figure 2), a plasmid encoding tetracycline resistance as it contains a tetO gene (Bacon et al., 2000). The pTet plasmid found in CAMSA2002 (38.0 kb) is, however, substantially smaller compared to pTet in 81–176 (45.2 kb) and it does not encode the tetO gene. Interestingly, only few genes differed between the CAMSA2002 and CAMSA2038 when not considering SNP mutations (Table 2). Also, sequence divergence was detected in the clustered regularly interspaced short palindromic repeats (CRISPR) region of these two strains. In the following, we will present the major genetic differences detected in the phage sensitive CAMSA2002 and phage resistant CAMSA2038.
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FIGURE 4. Whole genome comparison of CAMSA2002 and CAMSA2038. (A) The genome sequences are depicted as solid lines and the genome sizes are listed in bp. (B) Alignment of mcrBC genes encoded by CAMSA2002 and CAMSA2038 demonstrating divergence in the N-terminal region responsible for DNA binding. Comparisons are performed using Easyfig (Sullivan et al., 2011).



TABLE 2. Divergent genes found at corresponding genomic positions in CAMSA2002 and CAMSA2038.
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Clustered Regularly Interspaced Short Palindromic Repeats Is Not Associated With Phage Resistance in CAMSA2038

Sequence analysis of the CRISPR region identified more spacers in the phage sensitive CAMSA2002 strain (six spacers) compared to the phage resistant CAMSA2038 (three spacers) (Table 3). Only one spacer sequence was present in both CAMSA2002 and CAMSA2038 whereas the sequences of the remaining spacers differed between the strains (Table 3). The identical spacer shows 100% similarity to phage DA10, an unclassified phage belonging to the Myoviridae family unrelated to the Fletchervirus and Firehammervirus (Hooton et al., 2020). Furthermore, this spacer sequence also showed a match (28 out of 30 bp) to gene PC5_00034 (hypothetical protein) encoded by Campylobacter phage PC5 belonging to the Fletchervirus genus (Janež et al., 2014). However, the PC5_00034 gene is only found in the PC5 and DA10 genomes, and not present in any other currently available Fletchervirus phage genomes. Another spacer sequence found in the phage sensitive CAMSA2002 strain showed some sequence similarity to a conserved putative phosphatidyl-serine decarboxylase encoded by all Fletchervirus phages (Table 3). But the similarity was rather weak (23–25 bp out of 30 bp) explaining why this spacer does not protect against Fletchervirus phage infection, as CAMSA2002 is sensitive to 34 phages belonging to this genus. The remaining spacers found in CAMSA2038 and two spacers in CAMSA2002 show 100% sequence similarity to the genome of phage DA10. These findings show that CAMSA2002 and CAMSA2038 mainly contain sequences originating from phage DA10 in their CRISPR array. In conclusion, in silico analysis and host range data support that CRISPR is not responsible for the phage resistant nature of CAMSA2038.


TABLE 3. CRISPR region comparison of CAMSA2002 and CAMSA2038 and spacer sequence matches to publicly available Campylobacter phage genomes.
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A Putative SspE Homolog Shows Sequence Divergence Between CAMSA2002 and CAMSA2038

Phage sensitive CAMSA2002 and phage resistant CAMSA2038 both encode a DUF262-containing protein (DDR89_00040 in CAMSA2002, DDV75_00040 in CAMSA2038) in the same location of the genomes, but the protein sequences show no similarity (Table 2). We therefore conducted a detailed in silico analysis to predict putative functions of these two proteins (Supplementary Table 4). In CAMSA2038, the DUF262 is present in the N-terminal of DDV75_00040, but the protein also contains a DUF1524 located in the C-terminal and is predicted by HHpred as a SspE homolog across the entire protein length. In contrast, the corresponding protein DDR89_00040 in CAMSA2002 contains a smaller N-terminal DUF262, but no domains in the C-terminal and thus only the N-terminal region was predicted as a SspE homolog (Supplementary Table 4). Recently, SspE coupled with SspABCD was identified as a phage defense system, where SspE senses and nicks phage DNA not containing phosphorothioate (PT) modifications of the sugar-phosphate DNA backbone produced by SspABCD (Xiong et al., 2020). While the DUF262 encode NTPase and PT sensing activity, the DUF1524 domain is responsible for the nicking endonuclease activity. Thus, both domains are needed to ensure the overall structure, enzymatic and phage resistance activities of SspE (Xiong et al., 2020). It is therefore likely that only CAMSA2038 encodes a true SspE homolog (Supplementary Table 4). Furthermore, SspE only exerts its phage resistance properties when SspABCD is present. It is currently not known if C. jejuni DNA contains PT modifications needed for SspE to distinguish and recognize foreign DNA and thus to function. We therefore searched the CAMSA2038 genome for hypothetical proteins containing DUF499 (SspD) and DUF4007 (SspB) domains, however, none such proteins were found. Thus, future experimental verification is needed to show if SspE indeed is associated with phage resistance in CAMSA2038.



Several Potential Restriction-Modification Systems Differ Between CAMSA2002 and CAMSA2038

Several divergent genes of CAMSA2002 and CAMSA2038 encode putative components of restriction-modification (RM) systems (Table 2). Both CAMSA2002 and CAMSA2038 encode homologs of the RM type IIG system encoded by cj0031 in C. jejuni NCTC11168 (DDR89_00180 in CAMSA2002, DDV75_00180 in CAMSA2038). However, significant sequence divergence is observed in the C-terminal region of these genes. cj0031 encodes both the endonuclease and methylase in a single gene and variations in the C-terminal region has been associated with differences in site-specific methylation (Anjum et al., 2016). Thus, DDR89_00180 and DDV75_00180 may methylate different and potential novel sites in CAMSA2002 and CAMSA2038. In addition, the phage resistant CAMSA2038 contains a polyG tract in DDV75_00180 promoting phase variable expression of the gene.

Other differences include a Type I restriction enzyme HsdR N-terminal domain-containing protein (DDV75_03095) encoded by CAMSA2038 that is not found in CAMSA2002 (Table 2). Type I restriction-modification systems are multi-functional complexes encode by three hsd genes, hsdR (restriction of unmethylated DNA), hsdM (modification) and hsdS (recognize target sequence) where the gene products form a pentameric R2M2S complex (Cooper et al., 2017). Both CAMSA2002 and CAMSA2038 encode other hdsR, hsdM and hsdS genes, thus the role of this hypothetical HdsR protein remains unclear.

Finally, CAMSA2038 encodes a putative McrB homolog (DDV75_00695) of the McrBC type IV restriction endonuclease system, while CAMSA2002 in the corresponding position on the chromosome encodes a pseudogene (DDR89_00700) annotated as a putative AAA family ATPase (Table 2). Comparison of the two genes demonstrated a query coverage of 54% with 96% similarity, suggesting that CAMSA2002 also encodes a putative McrB homolog, yet with a significant different sequence (Figure 4B). Further In silico analysis demonstrated that the putative mcrB gene in CAMSA2002 contains frameshift mutations thereby resulting in the annotation as a pseudogene. Thus, while both CAMSA2002 and CAMSA2038 encode mcrC homologs forming the restriction endonuclease, only CAMSA2038 seems to encode a complete mcrB homolog responsible for the DNA binding (Figure 4B). Aligning the mcrB genes from CAMSA2002 and CAMSA2038 showed that the far C-terminals were highly conserved, but the N-terminals showed significant sequence divergence (Figure 4B). The N-terminal of the McrB subunit comprises the actual DNA binding region while the C-terminal region contains an AAA + GTPase domain responsible for GTP hydrolysis (Gast et al., 1997; Pieper and Pingoud, 2002; Loenen et al., 2014). Thus, the McrB encoded by CAMSA2038 may recognize a different methylation site or different type of DNA modification as compared to McrB in CAMSA2002. An additional small conserved region was observed near the middle of the two mcrB genes (position 965–1235 bp in DDV75_00695), suggesting that conservation of this region could be necessary for McrB to establish its function. Further analysis demonstrated that this region covers the beginning of the GTPase domain (data not shown).

In summary, in silico analysis indicate that different types of RM systems could be associated with phage resistance in CAMSA2038.



The McrBC Type IV Restriction Endonuclease Promotes Phage Resistance in Campylobacter jejuni Strain CAMSA2038

In E. coli, McrBC forms a methyl-specific endonuclease specifically cleaving modified DNA (Zagorskaitė et al., 2018). While McrB homologous are found in several C. jejuni strains, not much is known about their function and role in this species (Gardner and Olson, 2012). To investigate the role of McrBC in relation to phage resistance in C. jejuni we created a mcrB (DDV75_00695) deletion mutant in CAMSA2038 thereby rendering the McrBC complex non-functional. We then tested the mutant for phage sensitivity by determining plaque formation using 43 Fletchervirus and Firehammervirus phages from our collection. Our data showed that CAMSA2038ΔmcrB was sensitive to 17 out of the 43 phages tested (Table 4). Fourteen Fletchervirus phages were able to infect CAMSA2038 in the absence of mcrB. However, in all cases we observed reduced efficiencies of plating as compared to the number of plaques formed on the phage propagation hosts. In addition, plaque formation varied between experiments. Also, three Firehammervirus phages (F377, F378, and F379) were able to infect and produce plaques on the mcrB mutant. None of the ST-21 strains including CAMSA2038 were otherwise infected by Firehammervirus phages. While plaque formation of phage F377 and F379 also demonstrated reduced and variable efficiencies, F378 was able to consistently form plaques at level almost equal to what is observed on its propagation host. Thus, our data demonstrate that McrBC cause phage resistance towards both Fletchervirus and Firehammervirus phages in C. jejuni strain CAMSA2038.


TABLE 4. Phage sensitivity of CAMSA2038ΔmcrB.
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DISCUSSION

Despite implementation of numerous intervention strategies during the last decades, C. jejuni remains the major cause of foodborne gastroenteritis in EU as well as in developing countries (Platts-Mills and Kosek, 2014; European Food Safety Authority [EFSA] and European Centre for Disease Prevention and Control [ECDC], 2019). While phage therapy is a promising strategy to reduce C. jejuni in primary production and on food, not much is known about phage sensitivity and phage resistance mechanisms in naturally occurring isolates originating from poultry and broilers. Previous studies using laboratory C. jejuni strains have shown that phase variable expression of surface structures such as a common phage receptor, and loss of motility cause resistance toward Fletchervirus and Firehammervirus phages infecting C. jejuni (Coward et al., 2006; Sørensen et al., 2011; Holst Sørensen et al., 2012; Aidley et al., 2017; Gencay et al., 2018). In contrast, only a few internal phage resistance mechanisms have been described in C. jejuni involving induction of a Mu-like prophage and phase variable expression of a type IIG RM system able to partially restrict invading phage DNA (Scott et al., 2007; Anjum et al., 2016). Here, we determine the phage susceptibility of 31 C. jejuni isolates originating from Danish broilers and use comparative genomics to identify several putative phage resistance mechanisms. Furthermore, we provide experimental evidence that the type IV McrBC restriction endonuclease acts as a phage resistance mechanism in C. jejuni.

Population studies of C. jejuni strains using MLST have demonstrated a large genetic diversity within this species (Dingle et al., 2002). However, the MLST types ST-21 and ST-45 are the two most frequent STs recorded in the pubMLST database (4% each; February 6, 2021)1. Despite a large geographical variation in MLST distributions, most studies find that ST-21 and ST-45 are often associated with foodborne gastroenteritis and represent the most prevalent STs both in broilers and human cases of campylobacteriosis (Cody et al., 2012; McCarthy et al., 2012; Griekspoor et al., 2015; Mossong et al., 2016). It is therefore important to investigate the phage susceptibility of particularly C. jejuni ST-21 and ST-45 strains originating from the broiler habitat to support successful implementation of phage therapy against C. jejuni at farm level. Using 51 phages we found a correlation between sensitivity to a phage genus and the ST-type as our ST-21 strains were only infected by Fletchervirus phages, whereas ST-45 strains were exclusively infected by phages belonging to the Firehammervirus genus. ST-21 and ST-45 represent two genetically distinct generalist linages that have emerged independently, but both having a wide range of host animals (Sheppard et al., 2014; Yahara et al., 2017). It is thus intriguing to speculate if the two distinct Campylobacter phage genera have evolved to specifically target one of these major lineages. Yet, the number of ST-21 (seven) and ST-45 (five) strains included in our analysis was rather limited, thus it will be important to test the phage susceptibility of more such isolates to verify if a correlation indeed exist.

A number of other studies have investigated the phage susceptibility of several diverse C. jejuni isolates originating from the chicken/broiler habitat (Loc Carrillo et al., 2005; Hansen et al., 2007; Hammerl et al., 2014; Janež et al., 2014; Nowaczek et al., 2019). In all these studies, several isolates demonstrated complete resistance toward the phages applied, however, often only a limited number of phages were tested, which could explain the high level of resistance. Interestingly, in one study nine phages were screened against 49 C. jejuni strains of both human (24 strains) and broiler (25 strains) origin, and while 80% of the strains of human origin were susceptible to phage infection only 44% of the C. jejuni strains of broiler origin could be infected by the phages (Janež et al., 2014). We also observed that 10 out of 31 strains were completely resistant to phage infection despite including 51 phages in our analysis. These phage resistant strains belonged to several diverse ST types and were also found within the ST-21 and ST-45 groups such as CAMSA2038 (ST-21). Such observations suggest that the C. jejuni strains present in broilers may have acquired several phage resistance mechanisms in order to survive the phage predation in their natural habitat. Thus, this could represent a challenge for the future phage applications targeting C. jejuni in broilers and supports the need for investigating underlying resistance mechanisms in these isolates.

Our comparative genomics identified several RM systems that were divergent between the phage sensitive CAMSA2002 and phage resistant CAMSA2038 strains, including the type IV restriction endonuclease McrBC cleaving only modified DNA. While McrBC is widespread in C. jejuni, little is known about its function, but it was previously noted that expression of mcrC was 1.75-fold upregulated in C. jejuni NCTC11168 during infection with the Fletchervirus phage NCTC12673 (Sacher et al., 2018). We here experimentally confirm that McrBC of CAMSA2038 acts as a novel phage resistance mechanism in C. jejuni targeting phages belonging to both Fletchervirus and Firehammervirus. The genomes of both Fletchervirus and Firehammervirus phages are highly modified containing unusual bases, but also other types of DNA modifications may exist due to their refractory nature toward several restriction nucleases (Javed et al., 2014; Crippen et al., 2019). In E. coli, McrBC was shown to specifically cleave phage genomes containing 5-hydroxymethycytosine, 5-methylcytosine and N4-methylcystosine (Zagorskaitė et al., 2018). McrB recognizes these modified bases by a base flipping mechanism where cytosine is flipped out of the DNA helix and positioned within the binding pocket of McrB for further discrimination (Sukackaite et al., 2012). In E. coli, the pocket size and pocket residues distinguish pyrimidines from purines to pre-select cytosine and is large enough to accommodate cytosine, 5mC, 5hmC, or 4mC, but cannot fit glycosylated derivatives (Sukackaite et al., 2012; Zagorskaitė et al., 2018). Interestingly, the McrB subunit in C. jejuni CAMSA2038 (784 aa) is almost double the size of the McrB subunit in E. coli K12 (459 aa), mainly due to a larger N-terminal region responsible for DNA binding. It is tempting to speculate that the larger N-terminal in CAMSA2038 creates a different pocket size, pocket residues or structural organization, allowing another type of base discrimination, and consequently different or larger modified bases to be recognized (Zagorskaitė et al., 2018) such as modifications encoded by the Fletchervirus and Firehammervirus phages. Indeed, it is interesting that McrBC is able to target the DNA of both Fletchervirus and Firehammervirus phages, as these two genera are highly distinct genetically and the base substitutions already identified are diverse, i.e., deoxyinosine versus deazaguanine (Crippen et al., 2019). This supports that McrBC also in C. jejuni may recognize a more common DNA modification found in some phages of both genera. Most type IV RM systems described so far indeed recognize and cleave the common m6A, 5mC, or 5hmC modifications despite demonstrating huge diversity (Loenen et al., 2014), and it is currently unknown if our C. jejuni phages contain such DNA modifications. However, the discovery of other type IV RM systems such as the PvuRts1 family and GmrSD that recognize and cleave larger glycosylated bases (Janosi et al., 1994; Bair and Black, 2007; Weigele and Raleigh, 2016) demonstrate that other types of modified DNA certainly can be targeted by this group of enzymes. Especially the observation that our Firehammervirus phage F378 showed consistent plaque formation on the CAMSA2038ΔmcrB mutant at frequencies comparable to its propagation host, clearly demonstrate McrBC acting as the major defense mechanism in CAMSA2038 against this phage. We are currently investigating DNA modifications and modification motifs present in phage F378 to further elucidate the type of DNA modification recognized by McrBC in C. jejuni.

Resistance caused by type I-III RM systems against phage infection is rarely as efficient as preventing the phage from binding such as by altering or removing the phage receptor (Labrie et al., 2010). While these RM systems decrease the chance of productive phage infection, they rarely stop infection completely, as the phage DNA can become modified by host methylases, thus rendering host endonucleases ineffective against the phage progeny (Sneppen et al., 2015). This was observed in C. jejuni NCTC11168, where the type IIG RM system only lead to partial resistance against Fletchervirus and Firehammervirus phages (Anjum et al., 2016). Here, we identified putative type I and II RM systems in the phage resistant C. jejuni strain (CAMSA2038) that could play a role in generating phage resistance, including a homolog of the type IIG RM system. Thus, the presence of several RM systems targeting invading phage DNA may have complementary effects to consequently prevent phage infection more effectively as observed for CAMSA2038. This is supported by our observation that most Fletcherviruses and Firehammervirus showed a much lower efficiency of plating on the mcrB mutant in CAMSA2038 compared to their propagation hosts, suggesting that additional factors are still restricting efficient phage replication in CAMSA2038. For many of these phages, we also observed variable results, i.e., plaque formation occurring in some experiments while not in others, in addition to smaller sized plaques being formed on CAMSA2038ΔmcrB (data not shown). We have previously observed variation in plaque formation of Fletchervirus phages due to phase variable expression of CPS surface structure including the common MeOPN phage receptor recognized by this group of phages (Sørensen et al., 2011; Holst Sørensen et al., 2012; Gencay et al., 2018). But, also in CAMSA2038 the type IIG RM system is phase variably expressed due to the presence of a polyG tract as observed in C. jejuni strain NCTC11168 (Anjum et al., 2016). Indeed, smaller plaque sizes have been associated with low adsorption rates (Gallet et al., 2011), but could also reflect progeny phages circumventing type I and II RM systems due to methylation by the corresponding host methylases. We previously demonstrated that phase variable expression of CPS surface structures acts as a major defense mechanism against the Fletchervirus phages also in the chicken gut (Sørensen et al., 2011; Holst Sørensen et al., 2012; Aidley et al., 2017; Gencay et al., 2018). Yet, we recently discovered that phages belonging to this genus can encode up to four different receptor binding protein which allows these phages to infect C. jejuni in the absence of the common phase variable MeOPN receptor (Sørensen et al., 2021). This supports the need for complementary phage defense mechanisms in C. jejuni to efficiently prevent infection by this group of phages. Resistance toward flagellotropic C. jejuni phages has mostly been associated with loss of motility in laboratory settings (Coward et al., 2006; Scott et al., 2007; Baldvinsson et al., 2014). Motility is however, a key feature for establishing colonization of C. jejuni in the chicken gut (Young et al., 2007; Epps et al., 2013), thus additional defense mechanism such as McrBC targeting such phages, i.e., Firehammervirus are expected to be present in poultry isolates.

In conclusion, our work demonstrates that C. jejuni isolates originating from broilers may have acquired several resistance mechanisms to efficiently prevent phage infection in their natural habitat and that the study of such isolates may reveal novel phage resistance mechanisms.
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Campylobacter jejuni is a major bacterial cause of human diarrheal diseases worldwide. Despite its sensitivity to environmental stresses, C. jejuni ubiquitously distributes throughout poultry production chains. Biofilm formation mediated by quorum sensing is suggested to be critical to the survival of C. jejuni in agroecosystem. C. jejuni possesses LuxS, the enzyme involved in the production of autoinducer-2 (AI-2) signaling molecules. In this study, two fatty acids, namely decanoic acid and lauric acid, were identified to be effective in inhibiting AI-2 activity of C. jejuni. Both decanoic acid and lauric acid at 100 ppm inhibited ∼90% AI-2 activity (P < 0.05) of C. jejuni without bacterial inactivation. The biofilm biomass of two C. jejuni strains was reduced by 10–50% (P < 0.05) after treatment by both fatty acids, while increased biofilm formation was observed for one C. jejuni strain. In addition, both fatty acids effectively reduced the motility of all tested C. jejuni strains. These findings can aid in developing alternative C. jejuni control strategies in agri-food and clinical settings.
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INTRODUCTION

Campylobacter is recognized as a major bacterial cause of human diarrheal diseases worldwide (Kaakoush et al., 2015). In 2010, Campylobacter infections and the post-infectious sequelae caused an estimated 166 million diarrheal illnesses and 37,600 deaths worldwide, resulting in significant socio-economic implications (Kirk et al., 2015). Epidemiological evidence collected from FoodNet indicated that Campylobacter outnumbers Salmonella to become the most common bacterial agent causing human diarrheal disease since 2017 in the United States (Marder et al., 2017). Moreover, the incidence of Campylobacter infections increased by 13% in 2019 compared to 2016–2018 (Tack et al., 2020). Among the identified species, Campylobacter jejuni is the predominant cause of human infections (World Health Organization, 2013). C. jejuni is considered a commensal bacterium in poultry that inhabits the intestine and can be spread to agri-food related environments at different segments, such as chicken farms, slaughterhouses, and processing plants (Sahin et al., 2015). Although C. jejuni is nutritionally fastidious and sensitive to food production-associated stresses, its adaptability allows it to survive and remain infectious in various environmental conditions (García-Sánchez et al., 2018). The most common transmission of C. jejuni to humans is attributed to handling and consuming contaminated animal products (Wagenaar et al., 2013).

C. jejuni continues to pose a significant burden to public health while tremendous efforts have been put to reduce Campylobacter-associated foodborne illnesses. In the early decades, antibiotics (e.g., fluoroquinolone and macrolide) were widely used as therapeutic or prophylactic drugs in human medicine and poultry production (Tang et al., 2017). Antibiotic feed additives is a cost-effective solution to increase poultry production by improving growth performance and suppressing bacterial infectious in a short time (M’Sadeq et al., 2015). Nevertheless, the emergence of antibiotic-resistant C. jejuni has been observed following the extensive use of antibiotics in broiler breeder farms (Guo et al., 2018; Mehdi et al., 2018). These antibiotic-resistant C. jejuni strains threaten the effectiveness of those commonly used antibiotics in treating human infections (Centers for Disease Control Prevention, 2019). Since an EU-wide ban on antimicrobial growth promoters in 2006, many other countries have phased out medically important antibiotic use in animal agriculture (Martin et al., 2015). In addition, stricter regulations of Campylobacter in poultry production have been implemented to control the incidence of C. jejuni infections. In 2016, the US Department of Agriculture’s Food Safety and Inspection Service updated food safety standards with lower tolerance of Campylobacter in raw poultry products so as to reduce campylobacteriosis (Us Department of Agriculture Food Safety and Inspection Service, 2016). Therefore, developing effective alternative control measures to reduce the prevalence of C. jejuni in the agroecosystem is highly necessary.

The intercellular communication system of bacteria, namely quorum sensing, is a potential target for pathogen control. Quorum sensing enables bacteria to coordinate their physiological functions to adapt to population changes, collectively act as a group, and mediates behaviors including expression of virulence factors, change of nutrient acquisition, production of public goods, and biofilm formation (Papenfort and Bassler, 2016). To orchestrate population-wide behaviors, bacteria communicate via different types of self-produced chemical signals called autoinducers. Most of the identified autoinducers in the early studies can be classified into three categories, namely N-acyl-homoserine lactones (AHLs), autoinducing peptides (AIPs), and autoinducer-2 (AI-2). AHLs, AIPs, are used by Gram-negative bacteria, Gram-positive bacteria, respectively (Reading and Sperandio, 2006). Besides, AI-2 as a type of universal signaling molecules are utilized by both Gram-negative and Gram-positive bacteria (Reading and Sperandio, 2006). Through quorum sensing, bacteria can take a census of surrounding cells, recognize if they are kin or not, and respond to the signals in a coordinated fashion contingent on the type and concentration of quorum sensing molecules (Papenfort and Bassler, 2016). Many studies demonstrated the great potential of quorum sensing inhibitors in controlling bacterial infections (Brackman et al., 2011; Jiang and Li, 2013; Jiang et al., 2019). By preventing the phenotypes that enhance adaption, survival, and virulence, quorum sensing inhibitors increase pathogens’ susceptibility to antimicrobials and physical treatments and pathogenicity (Bettenworth et al., 2019). In C. jejuni, cell density-dependent phenotypes (e.g., motility, host colonization, virulence, and biofilm formation) are associated with AI-2-mediated quorum sensing system (Plummer, 2012). S-ribosylhomocysteinase, also known as LuxS, produces AI-2 as a by-product during methionine recycling (Schauder et al., 2001), and LuxS coding gene has been identified in C. jejuni (Parkhill et al., 2000). AI-2 production in luxS-deficient C. jejuni mutant is completely repressed (Plummer et al., 2011). With the abolished AI-2 activity, luxS-deficient C. jejuni also showed weakened cooperative behaviors, including autoagglutination (Jeon et al., 2003), motility (Plummer et al., 2011), host colonization and biofilm formation (Quiñones et al., 2009), all of which are key factors affecting the survival of C. jejuni. Therefore, inhibiting quorum sensing in C. jejuni could be a novel approach to control this microbe in agri-food and clinical settings.

Bactericidal effects of a wide variety of phytochemicals and fatty acids, sterols, and glycerols (e.g., cinnamaldehyde, myristic acid, β-sitosterol, monomyristin, etc.) have been widely studied due to their low cost and high safety (Barbieri et al., 2017). Some short-chain and medium-chain fatty acids can be used as sanitizers for food contact surfaces with pH < 4.0 (Marriott et al., 2006). Nevertheless, carboxylic acid at high concentration and low pH are corrosive to equipment, and long-term use of acidic solution may create niches for biofilm development due to equipment tear and wear (Schmidt, 1997). A few studies reported potential AI-2 inhibitory effects of long-chain fatty acids, including linoleic acid, oleic acid, palmitic acid, and stearic acid (Widmer et al., 2007). However, the potential of quorum sensing inhibition by fatty acids at low concentrations without bactericidal effect has not been investigated yet. In this study, 12 natural-origin compounds on C. jejuni AI-2 activity were investigated, the chemical structure and name of each compound were listed in Supplementary Table 1. Two medium-chain fatty acids were identified to be effective on quenching AI-2 of C. jejuni at their subinhibitory concentration. Their effects on biofilm formation and motility were also evaluated.



MATERIALS AND METHODS


Chemicals and Bacterial Strains

Hexanoic acid (> 98% purity), octanoic acid (> 98% purity), and decanoic acid (> 99% purity) were purchased from Alfa Aesar (Ward Hill, MA, United States). Lauric acid was obtained from Acros Organics (Fair Lawn, NJ, United States). 4-Hydroxy-2,5-dimethyl-3(2H)-furanone (≥ 98% purity), 5-Ethyl-4-hydroxy-2-methyl-3(2H)-furanone (≥ 96% purity), 2,5-Dimethyl-3-oxo-(2H)-fur-4-yl butyrate (≥ 93% purity), crotonic acid (≥ 98% purity), trans-ferulic acid (≥ 99% purity), quercetin (≥ 95% purity), trans-cinnamaldehyde (≥ 99% purity), and naringenin (≥ 95% purity) were obtained from Sigma-Aldrich (Oakville, ON, Canada). The stock solutions of hexanoic acid, octanoic acid, decanoic acid, lauric acid, 4-hydroxy-2,5-dimethyl-3(2H)-furanone, 5-ethyl-4-hydroxy-2-methyl-2(2H)-furanone, 2,5-dimethyl-3-oxo-2(H)-fur-4-yl butyrate, crotonic acid, and trans-ferulic acid were prepared by separately dissolving each compound in absolute ethanol to achieve a concentration of 20,000 ppm. The stock solution of each compound was further diluted to working solutions as 400, 300, 200, 150, 100, 50, and 25 ppm with MH broth upon the test. The stock solutions of quercetin, trans-cinnamaldehyde, and naringenin were prepared by separately dissolving each compound in absolute ethanol to achieve a concentration of 5,000 ppm. The stock solution of each compound was further diluted to working solutions as 100, 50, 25, 12.5, 6.25, and 3.125 ppm with MH broth upon the test. MH broth with 1 and 0.5% ethanol were used as the control groups. We verified that the addition of ethanol at a concentration of 1% or below did not affect C. jejuni cell viability and growth (data not shown).

Three C. jejuni strains, namely F38011 (human clinical isolate), NCTC11168 (human clinical isolate), and ATCC33560 (bovine feces isolate), were routinely cultivated either on Mueller Hinton II agar (BD BBL™) plates supplemented with 5% defibrinated sheep blood (MHB agar) or in MH broth (BD Difco™) at 37°C under microaerobic condition (85% N2, 10% CO2, 5% O2) with constant shaking at 175 rpm. Vibrio harveyi strains BB152 (AI-2 positive control) and BB170 (AI-2 reporter) were cultivated either on Marine agar 2216 (BD Difco™) plates or in autoinducer bioassay (AB) medium (Greenberg et al., 1979) prepared in the lab that contains 0.33 mol⋅L–1 NaCl, 0.05 mol⋅L–1 MgSO4, 0.2% (w/v) vitamin-free casamino acids, 1% (v/v) glycerol, 1 mmol⋅L–1 L-arginine (filtration sterilized), and 10 mmol⋅l–1 potassium phosphate (pH 7.0) at 30°C under aerobic condition with constant shaking at 175 rpm.



Determination of Subinhibitory Concentrations

The highest subinhibitory concentration of all the selected compounds was determined using a microtiter broth dilution method, as described in a previous study (Duarte et al., 2016). In brief, overnight C. jejuni culture of each strain was diluted to ∼108 CFU/mL in MH broth. One hundred microliters of the working solution of each compound were separately added to each well of a sterile 96-well polystyrene plate (Corning, untreated, flat-bottom), followed by inoculation of 100 μL of C. jejuni culture (∼108 CFU/mL). Each strain that cultivated in MH broth without addition of each compound served as positive control. Blank controls were performed using sterile MH broth supplemented with the working solution of each compound at the highest concentration. Then, the inoculated 96-well plates were covered by low evaporation lids and incubated at 37°C under microaerobic condition for 48 h. The highest concentration of the compound that did not inhibit the visible growth of C. jejuni culture (compared to positive control) was taken as the subinhibitory concentration for the strain.



Screening of AI-2 Inhibitors


Preparation of Cell-Free Supernatants

Quantification of AI-2 activity was performed via V. harveyi AI-2 assay was conducted following the protocol described in a previous study with minor modifications (Bassler et al., 1997). The preliminary data showed that C. jejuni cultivated in a static condition in a 96-well plate has a higher AI-2 activity at 48 h than that either at 24 or 72 h (Supplementary Figure 1). In addition, C. jejuni ATCC 33560 forms relatively less biofilm than other strains. A larger portion of AI-2 molecules was identified in biofilm supernatant than biofilm of ATCC 33560 (Supplementary Figure 2). Based on these preliminary results, thereby we selected C. jejuni ATCC 33560 as the representative strain and 48 h as the treatment time for AI-2 inhibitor screening.

Quorum sensing inhibition capabilities of 12 compounds at the subinhibitory concentrations against C. jejuni ATCC 33560 cells were evaluated at the concentration summarized in Table 1. One hundred microliters of the working solution of each compound were added to each well of sterile 96-well polystyrene plates, followed by inoculation of 100 μL of C. jejuni ATCC 33560 overnight culture (∼108 CFU/mL). The treatment solutions were replaced with sterile MH broth and MH broth with 1% ethanol for the broth control and ethanol control. Then, the microtiter plates were covered with low evaporation lids and incubated at 37°C under the microaerobic condition for 48 h. The supernatant from each well was collected separately after incubation and then centrifuged at 8,000 × g for 10 min and passed through 0.22-μm PES filters. The collected cell-free supernatants (CFSs) were stored at –20°C until further usage.


TABLE 1. Concentration of each compound used in the screening of quorum sensing inhibitory effects.
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Vibrio harveyi Autoinducer-2 Bioassay

To detect the AI-2 activity in each collected CFSs collected in section “Preparation of Cell-Free Supernatants.” The reporter strain V. harveyi BB170 and the positive control strain V. harveyi BB152 were grown in AB medium for 16 h at 30°C under the aerobic condition with constant shaking at 175 rpm. The V. harveyi BB170 was then diluted 5,000-fold with fresh AB medium. The CFSs V. harveyi BB152 were obtained by centrifuging the culture supernatant at 8,000 × g for 10 min and passed through 0.22-μm PES filters. One hundred and eighty microliters of diluted V. harveyi BB170 culture were added to each well of a sterile white 96-well plate (opaque, flat bottom). Twenty microliters of collected C. jejuni and V. harveyi BB152 CFSs were separately added to each well containing diluted reporter suspension. One hundred and eighty microliters of diluted reporter suspensions with 20 μL of uninoculated AB medium were served as the negative control. In addition, 20 μL of MH broth was served as broth control, [Frame1]and 20 μL of MH broth containing 0.5% ethanol was used as ethanol control. The 96-well plate was covered by a low evaporation lid and incubated at 30°C with aeration (169 rpm). The bioluminescence signal of each well was measured after 4.5 h incubation using a Tecan microplate reader (Infinite 200 Pro; Tecan Life Sciences). The bioluminescence signals of ethanol control were subtracted from the treatment groups as baselines, and the signals of broth control were subtracted from non-treated groups.




Biofilm Cultivation

C. jejuni biofilm was cultivated according to the protocol described in a previous study with some modifications (Müsken et al., 2010). Three C. jejuni strains were separately cultivated in MH broth for 16 h and then diluted to ∼2 × 108 CFU/mL. One hundred microliters of C. jejuni culture were added to each well of a sterile polystyrene 96-well plate, followed by the addition of 100 μL of decanoic acid and lauric acid working solutions, respectively. MH broth and MH broth with 0.5% ethanol were separately served as broth control and ethanol control. The plates were covered with low evaporation lids and incubated at 37°C under the microaerobic condition for 72 h.



Quorum Sensing Inhibitory Effect


Effect of Fatty Acids on Campylobacter jejuni AI-2 Activity During Biofilm Formation

To determine the quorum sensing inhibitory effect of both decanoic acid and lauric acid, the supernatant in each well of the 96-well plate for biofilm cultivation was separately collected after 72-h incubation. The collected supernatant was centrifuged at 8,000 × g for 10 min and passed through 0.22-μm PES filters. CFSs were stored at –20°C until further use.

The AI-2 activity in the supernatant during biofilm formation was then determined using V. harveyi AI-2 assay as aforementioned in 2.3. In addition, MH broth (20 μL) was served as broth control, and MH broth containing 0.5% ethanol (20 μL) was used as ethanol control. The signals of broth control were subtracted from non-treated groups, and the bioluminescence signals of ethanol control were subtracted from the treatment groups as baselines.



Effect of Fatty Acid on AI-2 Activity of Campylobacter jejuni Cell-Free Supernatants

To determine whether there is a direct interaction between C. jejuni AI-2 signaling molecules and fatty acids, C. jejuni was grown in MH broth overnight at 37°C under the microaerobic condition. Cell-free supernatants were collected by centrifugation and filtration as aforementioned. One hundred microliters of the collected cell-free supernatants were separately mixed with 100 μL of 200, 100, and 50 ppm decanoic acid and lauric acid working solutions and incubated for 1 h at 37°C. AI-2 activity of each treated cell-free supernatant was determined using V. harveyi AI-2 assay.




Quantification of Campylobacter jejuni Biofilm Biomass

Crystal violet staining assay was used to quantify the total biomass of formed C. jejuni biofilms according to the protocol described in a previous study with modifications (Feng et al., 2018). Each well of the polystyrene plate was washed twice using PBS and air-dried for 30 min. One hundred and fifty microliters of 1% (w/v) crystal violet solution was added into each well to stain the attached biofilm for 15 min. Then, the crystal violet solution was removed from each well, followed by washing three times with sterile deionized water to remove any unbounded staining residuals. The plates were air-dried for 30 min, followed by the addition of 200 μL of 95% ethanol (v/v) to dissolve the biofilm-associated crystal violet for 10 min. The absorbance level of the dissolved dye in each well was determined using a microplate reader at 595 nm (Infinite 200 Pro; Tecan Life Sciences). Sterile MH broth and MH broth with each fatty acid were stained to serve as broth control and treatment controls. The broth control and treatment controls were subtracted from the non-treated and treated groups, respectively, as the baselines.



Bacterial Motility Assay

The effect of fatty acids on C. jejuni cell motility was assessed using the soft agar plate assay (Kalmokoff et al., 2006). Soft agar plates contained 25 mL of MH broth supplemented with 0.4% agar with or without the addition of decanoic acid and lauric acid. Soft agar plates that contained 0.5% ethanol were used as the negative control. C. jejuni overnight culture was adjusted to ∼108 CFU/mL, and 2 μL of the adjusted culture was stab inoculated at the center of the soft agar plates. The inoculated plates were then incubated at 37°C for 48 h under the microaerobic condition. The motility of C. jejuni cells was determined by measuring the distance of bacterial migrating from the inoculation site.



Statistical Analysis

All experiments were conducted at least in three biological replicates. Results were presented as the mean ± standard deviation. Data analysis and visualization were performed using Origin (version OriginPro 2020, OriginLab Corporation, United States). One-way ANOVA followed by appropriate post hoc test was used to determine if the difference was statistically significant (P < 0.05).




RESULTS AND DISCUSSION


Subinhibitory Concentrations of Fatty Acids

Subinhibitory concentration of an antimicrobial is the concentration below the minimum inhibitory concentration of that compound. Exposing microorganisms to the subinhibitory concentration of an antimicrobial allows the observation of its effects on cellular processes without disturbing cell viability. Quorum sensing is a cell-to-cell communication process underpinned by various biological processes (Papenfort and Bassler, 2016). Using subinhibitory concentration to study quorum sensing quenching effect can largely avoid bias caused by bactericidal effect.

The highest subinhibitory concentrations of the tested compounds against four C. jejuni isolates are shown in Table 2. Among 12 tested compounds, hexanoic acid, 4-hydroxy-2,5-dimethyl-3(2H)-furanone, 5-ethyl-4-hydroxy-2-methyl-2(2H)-furanone, 2,5-dimethyl-3-oxo-2(H)-fur-4-yl butyrate, crotonic acid, and trans-ferulic acid did not show growth inhibitory effect on all four strains at the concentration of 200 ppm, which was the highest tested concentration. For the four fatty acids (i.e., hexanoic acid, octanoic acid, decanoic acid, and lauric acid), the inhibitory concentrations decreased along with the increase of alkyl chain length. Susceptibility of the three tested C. jejuni strains to octanoic acid, lauric acid, quercetin, and naringenin was slightly different. For example, C. jejuni ATCC 33560 was more susceptible to octanoic acid than the other tested strains.


TABLE 2. The highest subinhibitory concentrations of the selected compounds against three C. jejuni isolates.
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Selection of AI-2 Inhibitors

Twelve compounds were screened and assessed for their ability to inhibit AI-2 activities of C. jejuni ATCC 33560 at the subinhibitory concentrations, as shown in Table 1. The inhibitory effects of AI-2 mediated quorum sensing activity in C. jejuni by the compounds were determined as the intensity of bioluminescence signal emitted by the reporter strain V. harveyi BB170. Among the 12 compounds, both decanoic acid and lauric acid significantly inhibited AI-2 activities of C. jejuni, whereas hexanoic acid, three furanones, crotonic acid, and trans-cinnamaldehyde increased the AI-2-induced bioluminescence (Figure 1). Octanoic acid, trans-ferulic acid, quercetin, and naringenin had no significant effect on AI-2 activity of C. jejuni (P > 0.05). Therefore, decanoic acid and lauric acid might be able to quench AI-2 mediated quorum sensing activities in C. jejuni. In addition, there was no significant difference in bioluminescence activities between MH broth control and ethanol control (P > 0.05). Thus, the effect of carrier ethanol on C. jejuni AI-2 activity at 0.5% was negligible.


[image: image]

FIGURE 1. Screening of C. jejuni autoinducer-2 inhibitor. Bioluminescence activity of C. jejuni ATCC 33560 treated with 12 different compounds was compared to the ethanol control (EtOH). MH broth containing 0.5% ethanol was used as ethanol control. Each bar represents the average of three biological replicates with standard deviation. MHB was serve as broth control and EtOH was negative control. * Statistical significance between negative control and treated samples was determined by one-way ANOVA coupled with Dunnett’s multiple comparisons test (P < 0.05 was considered as statistically significant).




Quorum Sensing Inhibitory Effect of Decanoic Acid and Lauric Acid


Quorum Sensing Inhibitory Effect During Campylobacter jejuni Biofilm Formation

AI-2 activities within the supernatant of biofilms of all three C. jejuni strains were significantly reduced (P < 0.05) by both decanoic acid and lauric acid at all the tested subinhibitory concentrations (100 ppm, 50 ppm, 25 ppm) compared to the ethanol control (Figure 2). There was no significant difference in AI-2 activity between MH broth control and ethanol control, indicating that 0.5% ethanol added in the broth as the carrier solvent did not affect C. jejuni AI-2 activity. The addition of different concentrations of either decanoic acid or lauric acid demonstrated a concentration-dependent inhibitory effect on C. jejuni AI-2 activity. Lauric acid at 100 ppm showed the most substantial quorum quenching effect on all C. jejuni strains used in this study. However, the inhibitory effects of decanoic acid and lauric acid varied among different C. jejuni strains. For example, AI-2 activity of C. jejuni F38011 was reduced > 80% by lauric acid at all three concentrations after 3-day incubation (Figure 2A). In comparison, lauric acid at 25 ppm only decreased 65% of AI-2 activity of C. jejuni NCTC11168 (Figure 2B).
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FIGURE 2. Inhibition of C. jejuni AI-2 activity by decanoic acid (DA) and lauric acid (LA). C. jejuni strain F38011 (A), NCTC11168 (B), ATCC33560 (C). Bioluminescence emission of V. harveyi BB170 with the addition of cell-free supernatants collected from the supernatant of C. jejuni biofilm incubated with or without fatty acids for 72 h at 37°C under microaerobic condition was separately determined. MH broth containing 0.5% ethanol was used as ethanol control. MHB is the broth control and EtOH is the negative control. Bioluminescence level of the negative control was set at 100%. Bioluminescence emission of each treatment was normalized to the control. Three biological replicates were performed. * Statistical significance between negative control and treated samples was determined by one-way ANOVA coupled with Dunnett’s multiple comparisons test (P < 0.05 was considered statistically significant).




Influence of Fatty Acids on AI-2 Activity of Campylobacter jejuni Cell-Free Supernatants

To investigate whether there is a direct interaction between fatty acids and C. jejuni AI-2 molecules, cell-free supernatants collected from C. jejuni overnight culture were directly incubated with decanoic acid and lauric acid at the subinhibitory concentrations, 100 ppm, 50 ppm, 25 ppm, respectively. The inhibitory effect was significant (P < 0.05) in all the treatment groups except for decanoic acid at 25 ppm on C. jejuni NCTC11168 and ATCC33560 (Figure 3). The results of direct interaction were similar to those shown in Figure 2. Concentration-dependent inhibitory effect of decanoic acid and lauric acid was observed. Lauric acid at 100 ppm showed the most potent inhibition against C. jejuni AI-2 activity.


[image: image]

FIGURE 3. Influence of decanoic acid (DA) and lauric acid (L.A.) on AI-2 activity in C. jejuni cell-free supernatants. C. jejuni strain F38011 (A), NCTC11168 (B), and ATCC33560 (C). Cell-free supernatant from each C. jejuni culture grown in MH broth was incubated with fatty acids for 1 h, respectively. MH broth containing 0.5% ethanol was used as ethanol control. MHB is the broth control and EtOH is the negative control. Bioluminescence level of the negative control was set at 100%. Bioluminescence emission of each treatment was normalized to the control. Three biological replicates were performed. * Statistical significance between negative control and treated samples was determined by one-way ANOVA coupled with Dunnett’s multiple comparisons test (P < 0.05 was considered statistically significant).


Quorum sensing circuits involve a range of enzymes and receptors so that there are multiple potential targets for quorum quenching. Production of signaling molecules can be inhibited by repression/inactivation of enzymes required for A.I.s synthesis or by inactivation of the AI molecules. Besides, quorum sensing can be inhibited at the perception stage by blocking the receptors (Hentzer and Givskov, 2003). A previous study reported that several long-chain fatty acids identified from poultry meat wash were able to reduce the activity of in vitro synthesized AI-2. The authors speculated that the inhibition could be caused by either direct interaction with AI-2 molecules or interference of AI-2 receptor (Widmer et al., 2007). In the current study, inhibition of AI-2 activity was observed in both circumstances, namely mixing fatty acids with cell-free supernatants and treating C. jejuni cells. Our preliminary experiment confirmed that treatment of decanoic acid and lauric acid at 200 ppm did not affect the viability of the V. harveyi BB170 reporter strain. Thus, we speculated that interaction between decanoic acid and lauric acid with the signaling molecules or the receptor resulted in the loss of AI-2 activities.




Effect of Fatty Acids on Campylobacter jejuni Biofilm Biomass

The effects of decanoic acid and lauric acid at different subinhibitory concentrations on C. jejuni biofilm formation are shown in Figure 4. There was a variation between inhibitory effects on quorum sensing and biofilm formation. Although both decanoic acid and lauric acid were potent in inhibiting AI-2 activity of C. jejuni, they were not effective in inhibiting C. jejuni biofilm formation at low concentrations. Among the three tested C. jejuni strains, decanoic acid at 100 ppm reduced the total biofilm biomass of C. jejuni F38011 and ATCC33560 by 35 and 10%, respectively (Figures 4A,C). Lauric acid at 100 ppm reduced biofilm formation of all three C. jejuni strains, ranging from 50% for NCTC11168 to 10% for F38011 and ATCC33560. However, a stimulating effect on C. jejuni NCTC11168 biofilm formation was observed at the treatment groups of 50 and 25 ppm decanoic acid and 25 ppm lauric acid.
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FIGURE 4. Effect of decanoic acid (DA) and lauric acid (L.A.) on biofilm formation of C. jejuni. C. jejuni strain F38011 (A), NCTC11168 (B), and ATCC33560 (C). Total biomass of the formed biofilms was quantified by crystal violet staining at OD595 nm after 72 h incubation with or without fatty acids at 37°C under microaerobic condition. MH broth containing 0.5% ethanol was used as ethanol control. MH broth and MH broth containing 0.5% EtOH are served as the broth control and negative control, respectively. Three biological replicates were performed. * Statistical significance between negative control and treated samples was determined by one-way ANOVA coupled with Dunnett’s multiple comparisons test (P < 0.05 was considered as statistically significant).


C. jejuni biofilm formation has been recognized as one of AI-2 mediated bacterial social behaviors (Plummer, 2012). Reeser et al. (2007) reported that biofilm formation level was lower in luxS-deficient C. jejuni mutant than that of wildtype, and biofilm formation ability of the mutant was partially restored by adding AI-2 containing C. jejuni cell-free supernatants. However, another study indicated that phenotypes of luxS-deficient C. jejuni mutants varied along with the changes of mutagenesis, strains, and cultivation conditions (Adler et al., 2014). Besides, biofilm formation capabilities of various C. jejuni strains are different due to the variations in genetic features (Gunther and Chen, 2009). Because of the potential differences, we used three C. jejuni isolates from different origins to ensure the results were representative. Decanoic acid and lauric acid effectively reduced biofilm formation of C. jejuni F38011, but not NCTC11168, regardless of their evident inhibitory effect of AI-2 activity on this strain. However, biofilm formation is a highly complex and dynamic process. Multifaceted mechanisms, such as modulation of non-coding RNAs and transcriptional regulators, also involved in the orchestration of biofilm formation, are regulated via quorum sensing (Goo et al., 2015). Moreover, variation in growth rate of bacteria, formation of microcolonies at early biofilm formation stage, and threshold of detection of quorum sensing molecules can also lead to the difference in responding to AI-2 changes (Hense et al., 2007). Taken together, the relationship between inhibition of quorum sensing and reduction of biofilm formation is not straightforward.



Effect of Fatty Acids on Campylobacter jejuni Cell Motility

Flagella-driven motility has been validated to be one of the virulence factors of C. jejuni because it is critical for its colonization (Plummer, 2012). This bacterial process has been associated with AI-2 mediated quorum sensing and plays an important role in biofilm formation (Brackman et al., 2011). C. jejuni motility levels varied among different strains. C. jejuni NCTC11168 was higher motile than F38011 and ATCC33560 while C. jejuni NCTC11168 showed the largest migration distance (Figure 5). Interestingly, this strain also showed the highest level of biofilm formation among the three tested strains (Figure 4). C. jejuni motility mediated by AI-2 was associated with the development of biofilm structure and survival of C. jejuni. We evaluated the effects of decanoic acid and lauric acid on C. jejuni motility and identified that both decanoic acid and lauric acid were able to reduce the motility of all tested strains (Figure 5). Inhibition of C. jejuni migration was more evident at a high concentration of fatty acid treatment than those low concentration groups.
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FIGURE 5. Inhibition of C. jejuni cell motility by lauric acid (L.A.) and decanoic acid (DA). Swarming of C. jejuni F38011 (A), NCTC11168 (B), and ATCC33560 (C) in soft agar (MHB + 0.4% agar) was recorded in the absence and presence of specific concentrations of fatty acids after 72 h incubation at 37°C in a microaerobic condition. Soft agar containing 0.5% EtOH is served as the negative control.





CONCLUSION

Both decanoic acid and lauric acid at subinhibitory concentrations effectively reduced the AI-2 activity of C. jejuni by over 50% after 72-h incubation. Direct addition of either decanoic acid or lauric acid to C. jejuni cell-free supernatants also decreased AI-2 activity in a concentration-dependent manner. Both fatty acids reduced C. jejuni F38011 biofilm formation at all tested concentrations, whereas reduction of biofilm formation of C. jejuni ATCC33560 was only achieved by decanoic acid and lauric acid at 100 ppm. Motility of all tested C. jejuni strains was impaired by both fatty acids. The effect of fatty acids on C. jejuni biofilm formation might be determined by a complex mechanism of action. Our current results provide new insights into the use of fatty acids for C. jejuni control in agri-food and clinical settings.
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The detection of thermotolerant Campylobacter in food may be difficult due to the growth of extended-spectrum β-lactamase (ESBL)-producing Enterobacteriaceae during enrichment, resulting in false-negative samples. Therefore, the ISO protocol (ISO 10272-1:2017) suggests that, next to Bolton broth (BB), Preston broth (PB) is used as an enrichment broth to inhibit competitive flora in samples with suspected high levels of background microorganisms, such as ESBL-producing bacteria. However, the application of the strains used for validation of this ISO was not clearly characterized. This study examined the LOD50 (level of detection, the concentration where the probability of detection is 50%) of the validation strains (three C. jejuni and two C. coli strains) in BB and PB using different food matrices, namely, raw milk, chicken skin, frozen minced meat, and frozen spinach. The LOD50 was calculated by inoculating multiple portions with at least two inoculum levels. For each reproduction, eight test portions were used for each inoculum level and the test portion size was 10 g (chicken skin, frozen minced meat, and frozen spinach) or 10 mL (raw milk). Furthermore, the effect of artificially inoculated ESBL-producing E. coli on the LOD50 was examined to mimic the presence of ESBL-producing background microorganisms in the food matrices, namely, raw milk and chicken skin. In BB, the LOD50 of all strains tested in raw milk, chicken skin, and frozen spinach was rather low (0.4–37 CFU/test portion), while the LOD50 in frozen minced meat was higher and much more variable (1–1,500 CFU/test portion), depending on the strain. Generally, enrichment in PB resulted in higher LOD50 than in BB, especially for C. coli. Co-inoculation with ESBL-producing E. coli increased the LOD50 in BB, while PB successfully inhibited the growth of this competitive microorganism. In conclusion, food matrix and enrichment broth may have a large influence on the LOD50 of different Campylobacter strains. Therefore, it is not possible to give an unequivocal advice on when to use which enrichment broth, and this advocates the use of both methods in case of doubt. Furthermore, this study indicates specific strains that would be a good choice to use for Campylobacter method verification as described in ISO 16140-3:2021.

Keywords: Campylobacter jejuni, Campylobacter coli, ESBL-producing E. coli, probability of detection, competitors, ISO 10272-1:2017


INTRODUCTION

Thermotolerant Campylobacter is a major cause of human gastrointestinal infections where most cases are linked to broiler meat and raw milk (Anon., 2021a). Since the levels of this pathogen in food are generally low, and Campylobacter may be sublethally damaged in food matrices, an enrichment procedure is advised for the detection of this microorganism (Rogol et al., 1985; Kim et al., 2009). Several studies have been carried out to examine Campylobacter detection protocols showing differences in detection rates depending on the type of medium and antibiotic use (Ugarte-Ruiz et al., 2012; Jo et al., 2017). Within the International Organization for Standardization (ISO), teams of international experts drafted standards, and also a horizontal method for the detection of Campylobacter spp. was published (EN ISO 10272-1:2017). This standard was last revised in 2017 (Anon., 2017) and adapted to overcome the emerging problem of the presence of extended-spectrum β-lactamase (ESBL)-producing Enterobacteriaceae in foods (Geser et al., 2012; Reich et al., 2016). These bacteria are resistant to commonly used antibiotics in the detection media, such as cefoperazone, and also grow faster than Campylobacter and therefore lower the detection chance of this pathogen while being present (Jasson et al., 2009; Hazeleger et al., 2016).

The revised ISO standard defines two different enrichment procedures, using Bolton broth (BB) for the detection of low numbers of the pathogen which might be sublethally damaged and a low level of background microflora and Preston broth (PB), which is more selective, to inhibit competitive microorganisms in samples with a suspected high level of background microflora, that is, ESBL-producing microorganisms. The procedures were validated in an interlaboratory study (ILS) using frozen spinach and frozen minced meat in the BB procedure. Raw cow's milk and chicken skin were samples with expected low numbers of Campylobacter and a high level of background microorganisms and were validated in the PB procedure (Biesta-Peters et al., 2019). The validation resulted in a wide range of LOD50 (level of detection, concentration where the probability of detection is 50%), from 0.84 to 57 CFU in test portions of 10 g (Biesta-Peters et al., 2019). This large variation may be a result of the fact that the food matrices were tested using a different Campylobacter strain for each combination of food matrix and concomitant enrichment procedure. Although the ISO 10272-1 already indicates that the values from the ILS may not be applicable to food types or strains other than reported, applicable LOD50 data became even more important after the publication of ISO standard 16140-3:2021 (Anon., 2021b) for the verification of reference methods. This ISO standard describes the verification of methods in user laboratories (e.g., routine laboratories of commercial laboratories and reference laboratories of governmental agencies). This includes that their within-laboratory-determined eLOD50 (estimated LOD50) values must be evaluated against the LOD50 data from the ILSs of reference methods, for example, ISO 10272-1:2017.

Therefore, the aim of this study was to do a quantitative study based on the most recent ISO10272-1:2017, following up on a validation study carried out by an interlaboratory study (ILS, Biesta-Peters et al., 2019) that determined the LOD50 for only one strain per matrix. The current study examined the LOD50 of the validation strains used in the ILS of ISO 10272-1:2017 (three C. jejuni and two C. coli strains) in BB and PB using the same food matrices but in all possible combinations to determine the effect of food matrix, Campylobacter strain, and enrichment procedure on the probability of detection. The broiler cecal matrix was not tested in this study, since enrichment procedures are not recommended for primary production stage samples (Anon., 2017); however, the C. jejuni strain used for this non-food matrix in the ILS was included. Furthermore, food matrices, namely, raw milk and chicken skin, being products from animals that have been reported to contain ESBL-producing microorganisms (Geser et al., 2012), were artificially inoculated with ESBL-producing E. coli to mimic the presence of ESBL-producing background flora, and the effect on the LOD50 of Campylobacter was determined.



MATERIALS AND METHODS


Strains and Culture Conditions

Campylobacter reference materials (Table 1) were obtained from Biosisto (Assen, Netherlands) and kept at −80°C until further use. To check the concentration, the strains were thawed, diluted in peptone physiological salt (PPS) (0.1% peptone, 0.9% NaCl; Tritium P100.25.0009, Eindhoven, Netherlands), and plated onto Columbia Agar Base (CAB) plates (Oxoid CM0331) supplemented with 5% lysed, defibrinated horse blood (Oxoid SR0050), which were then incubated for 2 days and counted to calculate the log colony-forming units per mL (log CFU/mL). The thawed reference material was kept at 4°C until the start of the experiments on Day 3. Checking of the concentration of cells in the reference material was required since, in time, different vials of the reference materials did not reliably contain the exact same levels of Campylobacter. The calculated concentrations were used to decide which volumes should be added to the food matrix in enrichment broth to obtain the desired two inoculation levels (determined in pre-tests; the higher level is usually 10 times higher than the lower level). It was intended to obtain a fractional recovery (preferably about 50% of the test portions to be found positive and 50% to be found negative) in at least one of the inoculation levels, to be able to calculate the LOD50. In the end, for each experiment, at least two inoculum levels were used, and per inoculum level, eight test portions were examined as was the case in the interlaboratory study (Biesta-Peters et al., 2019).


Table 1. Campylobacter reference strains and comparison of log LOD50 data calculated from the interlaboratory study (ILS) as published in ISO 10272-1:2017 (Biesta-Peters et al., 2019) with data from the current study, using Preston broth (PB) or Bolton broth (BB).
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Just before inoculation of the food matrix and mixing with the enrichment broth, the reference materials were again diluted in PPS and this working culture was plated onto CAB to check the Campylobacter concentration as described above to confirm the stability of the reference materials during storage at 4°C. Finally, the enrichment mixture was inoculated with the working culture, depending on the strain, enrichment broth, and food matrix. All Campylobacter incubations were carried out for 1–2 days at 41.5°C under microaerobic conditions, achieved by flushing anaerobic jars with 10% CO2, 10% H2, and 80% N2 using an Anoxomat cultivation system (I&L Biosystems, Waalwijk, Netherlands).

Escherichia coli strains ESBL 2 and ESBL 3 were previously isolated from raw chicken liver and chicken strips, respectively (National Institute for Public Health and the Environment). Overnight cultures in Brain Heart Infusion broth (BHI, BD 237500) were supplemented with 30% v/v glycerol in freezer vials and stored at −80°C. Before further use, strains were inoculated from the freezer vials onto a BHIA plate (BHI supplemented with 1.5% bacteriological agar no. 1, Oxoid LP0011) and incubated at 37°C for 24 h. To obtain a fresh overnight culture, one colony from the BHIA plate was inoculated in 10 mL BHI and incubated overnight at 37°C. The concentrations of the overnight cultures were determined by plating decimal dilutions in PPS onto BHIA plates. The overnight culture was kept at 4°C for 3 days until the start of the experiments, and then, the concentration was checked again as described above. ESBL-producing E. coli was added to the enrichment broth at a level comparable to the higher level of added Campylobacter which was usually between 10 and 100 CFU/test portion. This is in the same order of magnitude as reported for ESBL-containing bacteria on chicken neck skin (1–3 log CFU/g; Reich et al., 2016).



Food Matrices

Chicken skin was kindly provided by Plukon, Wezep, Netherlands. Minced meat (beef/pork) and some additional batches of chicken skin material were obtained from a local supermarket. Ten grams of all meat and chicken skin test portions was distributed to separate stomacher bags and stored at −20°C until use. Chopped frozen spinach was also obtained from a local supermarket and kept frozen at −20°C until use. Raw cow's milk was obtained from a local dairy farm, aliquoted to 10 mL portions in 15-mL sterile Greiner tubes, and stored at −20°C until use.

Before frozen storage, food matrices were tested for the presence of Campylobacter [plating on RAPID' Campylobacter agar (RCA), Bio-Rad 3564295+3564296] and incubated at 41.5°C for 2 days and/or detection using the ISO 10272-1:2017 procedures (described below) and Campylobacter was not detected in 10 g or 10 mL of food matrix. The foods were further examined for ESBL-producing microorganisms using BrillianceTM ESBL agar (Thermo ScientificTM P05302), incubated for 1–2 days at 37°C, and total aerobic mesophilic counts using plate count agar (Oxoid CM0325), incubated for 3 days at 30°C. Usually, the ESBL-producing microorganism levels were low (<1 log CFU/g) or below the detection limit (1 log CFU/g for the solid samples or 0 log CFU/mL raw milk), and if present, they did not grow on mCCDA. In the work with adding ESBL-producing E. coli, however, the batch of chicken skin was Campylobacter positive; therefore, gamma irradiation (10 kGy, Steris, Ede, Netherlands) was used to obtain Campylobacter-free chicken skin samples.



Experimental Procedure for the Detection of Campylobacter in Food Matrices

To determine the LOD50, test portions of 10 g or 10 mL of thawed food matrix sample in stomacher bags were supplemented with 90 mL of enrichment medium Bolton broth [BB, Oxoid CM0983 including SR0208E modified Bolton selective supplement and 5% lysed, defibrinated horse blood (Oxoid SR0050)] or Preston broth [PB, Oxoid CM0067 Nutrient broth no. 2 including SR0204E Preston selective supplement and 5% lysed, defibrinated horse blood (Oxoid SR0050)] and then inoculated with the working culture of Campylobacter. For each experiment, at least two inoculum levels were used as described above to artificially inoculate the samples. Furthermore, two blank test portions (i.e., food sample mixed with enrichment medium) without the addition of Campylobacter were included in each reproduction, resulting in 18 enrichment test portions per strain per matrix for each reproduction.

For detection, the enrichment part of the ISO 10272-1:2017 procedure was followed, with the omission of the BB pre-enrichment step at 37°C, because this temperature shift did not result in enhanced outgrowth of cold-stressed or non-stressed cells (Hazeleger et al., 2016). In short, BB enrichments were incubated for 48 h at 41.5°C and then streaked using a 10-μL loop onto modified charcoal cefoperazone deoxycholate agar (mCCDA, Oxoid CM0739 + SR0155E) and RCA. Plates were incubated for 48 h at 41.5°C after which suspect colonies were streaked onto CAB and incubated for 24–48 h at 41.5°C. Since the recognition of suspect colonies on mCCDA was often difficult, only colonies from RCA were used for confirmation. Colonies were checked under the microscope, and when the typical motility and spiral shape were observed, the sample was scored as positive. In case of doubt, colonies were tested with a latex confirmation assay (Microscreen, Neogen M46). The PB enrichments were incubated for 24 h at 41.5°C, and 10 μL was streaked onto mCCDA, which was incubated for 48 h at 41.5°C. Suspect colonies were then streaked onto CAB, incubated for 24–48 h at 41.5°C, and further confirmed as described above.

All four types of food test portions were inoculated with the five Campylobacter strains separately and tested using both enrichment procedures BB and PB in at least three independent biological reproductions. All Campylobacter incubations were carried out under microaerobic conditions, achieved by flushing anaerobic jars with 10% CO2, 10% H2, and 80% N2 using an Anoxomat cultivation system (I&L Biosystems, Waalwijk, Netherlands).

To determine the effect of ESBL-producing bacteria on the LOD50, E. coli ESBL 2 was added as co-inoculation with Campylobacter in the enrichment procedures with raw milk and E. coli ESBL 2, and ESBL 3 were added in the presence of raw chicken skin in all cases to levels of 10–100 CFU/test portion. When E. coli ESBL 2 or ESBL 3 was included, 10 μL of the enrichment broths was also streaked onto BrillianceTM ESBL agar, incubated at 37°C for 24 h, to determine the growth or survival of the inoculated ESBL-producing E. coli.



Analysis of Data

For each reproduction, the number of positive test portions per inoculation level was counted and the LOD50 (in CFU/test portion) was calculated using the PODLOD_ver9_test.xls program, freely available at https://www.wiwiss.fu-berlin.de/fachbereich/vwl/iso/ehemalige/wilrich/index.html (Wilrich and Wilrich, 2009). This article describes the calculation of the probability of detection, which is determined by the probability of obtaining a positive sample and the contamination of the test material, which is quantitatively expressed as the number of CFUs per unit of weight or volume. The level of detection of 50% (LOD50) is the contamination that gives a positive detection outcome with a 50% chance or in 50% of the samples in the current case (Wilrich and Wilrich, 2009). The LOD50 can be calculated by inoculating multiple test material portions with at least two inoculum levels. In this study, eight test material portions were used for each inoculum level and the test portion size was 10 g (chicken skin, frozen minced meat, and frozen spinach) or 10 mL (raw milk) to align with the interlaboratory study (Biesta-Peters et al., 2019). A higher LOD50 means that a higher level of Campylobacter is needed to detect a positive sample in 50% of the cases. Therefore, the higher the LOD50, the more difficult it is to detect Campylobacter. Only those reproductions were included that obtained a fractional recovery in either of the two inoculation levels. Since the LOD50 data resulted in a wide range of magnitude, the values were expressed as log CFU/test portion. If any of the blanks were positive, the food matrix was considered to be naturally contaminated after all, and that reproduction was excluded. The averages and standard deviations of different reproductions were calculated, and Student's t-tests were performed to determine the significance of differences (p < 0.05) between different food matrices, strains, and conditions. All calculations were done in Excel.

To be able to properly compare the data from this study to the ILS data, log LOD values were calculated for the ILS data as published by Biesta-Peters et al. (2019) as well (Table 1).




RESULTS


LOD50 of Campylobacter in Bolton Broth

The LOD50 for Campylobacter in BB ranged from 0.4 CFU per test portion in chicken skin to 1,500 CFU per test portion in frozen minced meat (−0.4 log CFU per test portion to 3.2 log CFU per test portion, respectively) and was dependent on the food matrix and strain (Figure 1). In general, the LOD50 in chicken skin was low for all strains (<1 CFU per test portion). Also, in raw milk and frozen spinach, a relatively low LOD50 was observed as 0.5 (strain A) to 21 CFU (strain B) per test portion and 0.8 CFU (strain A) to 37 CFU (strain C) per test portion, respectively. In frozen minced meat, the five strains showed the highest variability in LOD50, with significantly higher levels for strains B and C (p < 0.05). Strains A and D demonstrated a low LOD50 compared with the other strains, and differences between the food matrices were limited.


[image: Figure 1]
FIGURE 1. LOD50 of C. jejuni strains A, B, and D and C. coli strains C and E. Enrichment in Bolton broth, including food matrices, namely, raw milk (n = 3), chicken skin (n = 2–5), frozen spinach (n = 3), and frozen minced meat (n = 3–4). Error bars indicate the standard deviation.




LOD50 of Campylobacter in Preston Broth

The LOD50 for Campylobacter in PB ranged from 0.9 CFU per test portion in chicken skin to 8,900 CFU per test portion in raw milk (−0.05 to 3.7 log CFU per test portion, respectively) and was dependent on the food matrix and strain (Figure 2). All food matrices showed high variability in LOD50 depending on the strain; especially strains B and C, and to a lesser extent also strain E, showed higher LOD50 compared with strains A and D.


[image: Figure 2]
FIGURE 2. LOD50 of C. jejuni strains A, B, and D and C. coli strains C and E. Enrichment in Preston broth, including food matrices, namely, raw milk (n = 3), chicken skin (n = 3–4), frozen spinach (n = 3–4), and frozen minced meat (n = 2–3). Error bars indicate the standard deviation.


When compared to the data in BB, the LOD50 in PB was often higher than in BB, but only significant (p < 0.05) for strain B (raw milk, chicken skin, and frozen spinach), strain C (raw milk), and strain E (chicken skin).



LOD50 of Campylobacter in Raw Milk and Chicken Skin With Artificial Inoculation of ESBL E. coli

Co-inoculation with E. coli ESBL 2 in BB resulted in significantly higher LOD50 for all Campylobacter strains tested in raw milk (Figure 3). In PB, however, the growth of ESBL-producing E. coli was successfully inhibited, resulting in similar LOD50 values for Campylobacter as shown in Figure 3, regardless of co-inoculation with E. coli ESBL 2 (data not shown).


[image: Figure 3]
FIGURE 3. LOD50 of C. jejuni strains A, B, and D and C. coli strains C and E. Enrichment in Bolton Broth (n = 2–7) and with co-inoculation of E. coli ESBL 2 (n = 2–5) in raw milk. Error bars indicate the standard deviation.


Also for chicken skin, the co-inoculation with E. coli ESBL 2 in BB resulted typically in higher LOD50, although differences were not significant for all strains (Figure 4). When strain E. coli ESBL 3 was included, similar trends were observed as shown in Figure 4 for E. coli ESBL 2 (data not shown).
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FIGURE 4. LOD50 of C. jejuni strains A, B, and D and C. coli strains C and E. Enrichment in Bolton broth (n = 2–5) and with co-inoculation of E. coli ESBL 2 (n = 2–3) in chicken skin (irradiated before use). Error bars indicate the standard deviation.


When E. coli ESBL 2 or ESBL 3 was included in the BB enrichments, the isolation medium mCCDA was in more than 99% of the cases completely covered with ESBL-producing colonies, stressing the need for the second isolation medium as advised by ISO 10272-1:2017. In this study, RAPID' Campylobacter agar was used as the second plating medium which showed to be selective against E. coli ESBL. In the PB enrichments, E. coli ESBL colonies were found on <1% of the mCCDA plates, indicating that these bacteria were well-inhibited during the incubation in PB.




DISCUSSION

The aim of this study was to examine the effect of food matrix, strain, and enrichment broth on the probability of detection of three C. jejuni and two C. coli strains, previously used for validation of the ISO 10272-1:2017 (Anon., 2017; Biesta-Peters et al., 2019).

Comparing the LOD50 published from the interlaboratory study (ILS) (Table 1; Biesta-Peters et al., 2019), to the data found in this study, it can be concluded that in both studies, strain B has the highest LOD50 (1.8 and 3.7 log CFU/test portion, respectively) and strain D has the lowest LOD50 (−0.08 and 0.3 log CFU/test portion, respectively). The LOD50 values in the current study were higher than the ILS (Table 1), and the standard deviation was high, highlighting the high difference between replicate experiments. Differences in LOD50 between the ILS and this study might be explained by different procedures followed. The ILS used frozen Campylobacter reference materials that were transported in dry ice and defrosted on the day of the experiment (Biesta-Peters et al., 2019), and each laboratory used the same batch of materials. In this study, we performed independent biological reproductions and thawed reference materials were kept for 3 days at 4°C and only then used in the experiments. This procedure was required since, in time, different vials of the reference materials did not reliably contain the exact same levels of Campylobacter. As a result, the concentrations had to be tested first and then the thawed materials were kept to be certain of the exact concentration on the day of testing to inoculate the test portions at such levels as to obtain a fractional recovery for calculation of the LOD50. Although the Campylobacter concentrations did not alter significantly during storage at 4°C, still the metabolic status or stress level of the microorganism could have been influenced and may have resulted in a different recovery during enrichment, which might be dependent on the strain (Lanzl et al., 2020). However, also when the procedures were the same, comparing the LOD50 in BB (Figure 1), to the data of the later studies in BB (Figures 3, 4), showed that the LOD50 of strain C in raw milk and strain E in chicken skin were significantly higher in the later study (p < 0.05). Therefore, a bias due to laboratory workers, number of biological reproductions, time, batch of food matrix, or other unknown conditions could not be excluded.

The large differences in LOD50 between the different strains in Bolton broth did not seem to be caused by the antibiotics in the broth alone, since for all strains in chicken skin, a low LOD50 was obtained. Especially frozen minced meat proved to be problematic for strains B and C, while this could not be related to the levels of background microorganisms, which were similar compared with chicken skin (total aerobic mesophilic counts of 5–6 log CFU/g). Since the type of background flora was not extensively investigated, specific groups of flora could have been of influence; however, it was determined that the samples did not contain detectable levels of ESBL-producing bacteria (<1 log CFU/g). Besides the nature of the background microorganisms, also the composition of the foods may have played a role, for instance, the addition of antioxidants sodium ascorbate or sodium citrate in frozen minced meat which may inhibit Campylobacter as well (Juven et al., 1988; Meredith et al., 2013) or the presence of the lactoperoxidase system in raw milk which may lead to a reduction in C. coli and C. jejuni (Beumer et al., 1985; Ronacher et al., 2003). Overall, strain A performed best in all food matrices and strains D and E relatively well, whereas strains B and C resulted in comparatively high LOD50.

Preston broth contains polymyxin B which is a good inhibitor of ESBL-producing microorganisms (Habib et al., 2011; Hazeleger et al., 2016) and inhibits the growth of most gram-negative strains (Baylis et al., 2000; Paulsen et al., 2005), including some C. jejuni and especially C. coli strains (Goossens et al., 1986). This might explain why C. jejuni strain B and C. coli strains C and E resulted in high LOD50 values in the experiments with PB and agreed with the relatively high LOD50 found in the ILS using PB for C. coli strain E in chicken skin and C. jejuni strain B in raw milk.

Since most food matrices in this study did not contain detectable levels of ESBL-producing microorganisms (<1 log CFU/g), the effect of artificially inoculated E. coli ESBL was examined to mimic the presence of ESBL-producing background flora. For these experiments, the food matrices, namely, raw milk and chicken skin, were chosen since these were the matrices potentially containing high levels of background microorganisms (Dierikx et al., 2010; Biesta-Peters et al., 2019). As expected, in raw milk in Bolton broth, the LOD50 of all strains significantly increased upon co-inoculation with E. coli ESBL, which could be explained by faster growth to higher levels of E. coli ESBL compared with Campylobacter (Hazeleger et al., 2016), making the detection of Campylobacter complicated. When using Preston broth, the LOD50 was similar, irrespective of co-inoculation with E. coli ESBL. This observation confirms the preference for using PB over BB as a choice for the detection of Campylobacter in samples with possible ESBL-producing natural contaminants as described by ISO 10272-1 (Anon., 2017). With co-inoculation of E. coli ESBL 2 and ESBL 3 in the chicken skin matrix in BB, the LOD50 was also increased for strains A, B, C, and E, but this was only significant for strain B (p < 0.05). Unfortunately, the batch of chicken skin used for this part of the study was naturally contaminated with Campylobacter, which made this batch unfit for immediate use since the natural presence of unknown levels of Campylobacter would interfere with the LOD50 calculation. Therefore, the chicken skin was gamma-irradiated to obtain Campylobacter-free chicken skin. As a consequence, all natural background flora was also killed, making the outcome of this experiment difficult to compare to the earlier experiments with natural background, although the relatively low LOD50 indicates that the natural microorganisms from the earlier chicken skin samples also did not impede Campylobacter detection. Apparently, the detection of the pathogen in chicken skin matrix was quite efficient, which was also observed in a previous study with naturally contaminated chicken liver samples that were co-inoculated with E. coli ESBL (Hazeleger et al., 2016).

The high LOD50 (up to 8,900 CFU per test portion of 10 g), as found in some cases in this study, could be problematic, since the probability of illness was shown to be 45–70% at the relatively low dose of 10 CFU (Teunis et al., 2005) which was estimated to be dependent on age and type of food, such as liquid or solid food (Abe et al., 2021). Therefore, the current methods as described in the ISO 10272-1:2017 may not be sensitive enough to detect the relatively low levels of Campylobacter that may cause disease and stresses the need for improvement in the detection procedures. For example, if novel media are both selective and promote the growth of all thermotolerant campylobacters, potentially in combination with the use of molecular methods for the detection of Campylobacter (Ugarte-Ruiz et al., 2012; Da Silva Frasao et al., 2017).

The fact that some strains perform better than others could also be important in performance testing of (enrichment) media, which is originally described in standard ISO 11133 (Anon., 2014). The choices for test strains C. jejuni D (WDCM 00005) and C. coli E (WDCM 000004) are supported by this study, since they performed relatively well in most food matrices tested. However, strain B (WDCM 00156), which is also suggested in ISO 11133:2014 and ISO 10272-1:2017, does not seem to be a good choice as demonstrated in raw milk and especially frozen minced meat.

The indication in ISO 10272-1:2017 that the values from the interlaboratory study may not be applicable to food types or strains other than reported is strongly confirmed in this study. Simultaneously, ISO standard 16140-3:2021 (Anon., 2021b) describes the verification of methods in user laboratories and their determined eLOD50 (estimated LOD50) values must be evaluated against the LOD50 data from the ILSs of reference methods, for example, ISO 10272-1:2017. Therefore, applicable LOD50 data are important, and from this study, it can be concluded that C. jejuni strains A and D and C. coli strain E would be a good choice to use for Campylobacter method verification as described in ISO 16140-3:2021.



CONCLUSIONS

In conclusion, food matrix and type of enrichment broth (Bolton or Preston) may have a large influence on the LOD50 of different Campylobacter strains. Therefore, it is not possible to give an unequivocal advice on when to use which enrichment broth, and this advocates the use of both methods in case of doubt.

Furthermore, this study indicates that C. jejuni DSM 24306, C. jejuni WDCM 00005 (ATCC 33291), and C. coli WDCM 00004 (ATCC 43478) would be good choices to use for Campylobacter method verification as described in ISO 16140-3:2021.
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Zoonotic Transmission of Campylobacter jejuni to Caretakers From Sick Pen Calves Carrying a Mixed Population of Strains With and Without Guillain Barré Syndrome-Associated Lipooligosaccharide Loci
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Campylobacter jejuni causes foodborne gastroenteritis and may trigger acute autoimmune sequelae including Guillain Barré Syndrome. Onset of neuromuscular paralysis is associated with exposure to C. jejuni lipooligosaccharide (LOS) classes A, B, C, D, and E that mimic and evoke antibodies against gangliosides on myelin and axons of peripheral nerves. Family members managing a Michigan dairy operation reported recurring C. jejuni gastroenteritis. Because dairy cattle are known to shed C. jejuni, we hypothesized that calves in the sick pen were the source of human infections. Fecal samples obtained from twenty-five calves, one dog, and one asymptomatic family member were cultured for Campylobacter. C. jejuni isolates were obtained from thirteen calves and the family member: C. coli from two calves, and C. hyointestinalis from two calves. Some calves had diarrhea; most were clinically normal. Typing of lipooligosaccharide biosynthetic loci showed that eight calf C. jejuni isolates fell into classes A, B, and C. Two calf isolates and the human isolate possessed LOS class E, associated mainly with enteric disease and rarely with Guillain Barré Syndrome. Multi-locus sequence typing, porA and flaA typing, and whole genome comparisons of the thirteen C. jejuni isolates indicated that the three LOS class E strains that included the human isolate were closely related, indicating zoonotic transmission. Whole-genome comparisons revealed that isolates differed in virulence gene content, particularly in loci encoding biosynthesis of surface structures. Family members experienced diarrheal illness repeatedly over 2 years, yet none experienced GBS despite exposure to calves carrying invasive C. jejuni with LOS known to elicit antiganglioside autoantibodies.

Keywords: Campylobacter jejuni, Guillain Barré Syndrome, autoimmunity, gastrointestinal inflammation, zoonoses, outbreak investigation


INTRODUCTION

Campylobacter jejuni is the leading cause of human bacterial gastrointestinal infection in the Western world (Sahin et al., 2002; Church Potter and Kaneene, 2003; Vegosen et al., 2012). It is estimated that 2.1–2.5 million cases of campylobacterosis occur annually in the U.S. (Fitzgerald et al., 2001). Symptoms of C. jejuni infection include fever, abdominal cramping, and watery or bloody diarrhea (Altekruse et al., 1999; Sahin et al., 2002). The majority of C. jejuni infections are the result of ingestion of undercooked chicken, but it has been shown that contact with household pets and the ingestion of raw milk, contaminated water, or undercooked beef or pork can lead to infection (Altekruse et al., 1999; Sahin et al., 2002). Campylobacter spp. are widely spread in agricultural environments; poultry and farm animals are natural reservoirs for C. jejuni (Fitzgerald et al., 2001; French et al., 2005; Sheppard et al., 2011b; Sproston et al., 2011; Mourkas et al., 2020). C. jejuni has been isolated from the intestines of chickens and found in the feces of domesticated household pets, beef cattle, and dairy cattle (Fitzgerald et al., 2001; Vegosen et al., 2012). C. jejuni has also been detected in bulk tank milk (Bianchini et al., 2014a).

Dairy products are associated with C. jejuni outbreaks, while poultry products are associated with sporadic infections (Jay-Russell et al., 2013). Data for 2012–2018 from the US Centers for Disease and Prevention National Outbreak Reporting System (Centers for Disease Control and Prevention, 2018) indicate that of 352 Campylobacter outbreaks in 2012 through 2018, 56 (16%) were listed as confirmed or suspected to be due to animal contact. Of these 56 outbreaks, thirty were associated with consumption of dairy or beef products; two were associated with mixed infections of Campylobacter with either Giardia or Salmonella. Three outbreaks were confirmed to have been associated with consumption of unpasteurized milk (Centers for Disease Control and Prevention, 2018). C. jejuni has been detected in bulk tank milk on a farm producing raw milk for human consumption (Bianchini et al., 2014a).

A Swiss study examined 395 calves from cow-calf farms for enteropathogenic bacteria and showed that C. jejuni was present in 32% of the calves (Busato et al., 1999). Results of a molecular typing study of C. jejuni isolates from farm animals by Fitzgerald and colleagues demonstrated a link between Campylobacter isolates from farm animals with isolates from human cases within the community (Fitzgerald et al., 2001). Other studies have shown a correlation between C. jejuni infections and people exposed to farm animals (Kapperud et al., 1992; Friedman et al., 2004). A recent detailed study of Campylobacter in cattle revealed Campylobacter prevalences of approximately 59% in one large Michigan dairy herd and 62% and 84% in two beef herds (Cha et al., 2017).

Many studies over the past decade have examined C. jejuni populations in agricultural cattle in many countries worldwide. Most of these studies have been focused on determining prevalence and antimicrobial resistance patterns, with molecular verification methods usually including PCR confirmation of selected virulence-associated genes. Fewer authors have reported detailed multilocus sequence typing of collections of C. jejuni strains isolated from dairy or beef cattle and comparison of the types discovered to types found in human clinical isolates from the same geographic region. Molecular typing methods have included multilocus sequence typing (MLST), pulsed field electrophoresis (PFGE), flaA or flaB restriction fragment polymorphism (RFLP) analysis, comparative genomic fingerprinting (CGF), and whole genomic sequencing (WGS); many papers report results from more than one method, and many studies included antibiotic resistance profiling by either molecular or phenotypic methods. Only a few studies have included or been focused specifically on calves.

These studies have been performed in Africa [Nigeria (Ngulukun et al., 2016), Ethiopia (Nigatu et al., 2015; Hagos et al., 2021), South Africa (Karama et al., 2020)], Eastern Asia [China (Ju et al., 2018; Zang et al., 2021a), Japan (Ono, 2013; Mori et al., 2015; Kiatsomphob et al., 2019), Malaysia (Premarathne et al., 2017), South Korea (Dong et al., 2016; An et al., 2018)], Western Asia [Iraq (Khalifa et al., 2013a,b; Al-Edany et al., 2015) and India (Rajagunalan et al., 2014)], Europe [Austria (Klein-Joebstl et al., 2016), France (Thepault et al., 2018), Italy (Bianchini et al., 2014a,b), Latvia (Meistere et al., 2019; Terentjeva et al., 2019), Lithuania (Ramonaite et al., 2017; Aksomaitiene et al., 2019), Poland (Wieczorek and Osek, 2018), Spain (Ocejo et al., 2019), Sweden (Hansson et al., 2021), New Zealand (Rapp et al., 2012; Irshad et al., 2016)], and North America [Canada (Webb et al., 2018; Farfan et al., 2019; Inglis et al., 2020), and the United States (Cha et al., 2016; Tang et al., 2017)].

These studies can be broadly summarized as follows. Although the arrays of molecular sequence types varied between locations, not surprisingly, most authors found similar C. jejuni sequence types circulating both in cattle populations and among human clinical isolates in the geographic region studied. Antibiotic resistance was widespread in most studies in which it was examined, with many isolates carrying resistance to multiple antibiotics. Overall, considerable variation has been found in the number of positive animals, the amount of Campylobacter shed per positive animal, the constancy or intermittency of shedding, and the seasonality of shedding. Results were similar in those few studies focused specifically on calves or on a mixture of young and adult animals in which calves and adults were reported separately rather than studies focused on only adult cattle or on undifferentiated mixtures of ages (Klein-Joebstl et al., 2016; Meistere et al., 2019; Terentjeva et al., 2019; Hansson et al., 2021). The most relevant studies for comparison to the isolates reported here are those of Cha et al. (2016, 2017) and Rodrigues et al. (2021) in Michigan, United States. One dairy and two beef herds were studied; 22 C. jejuni STs were detected among 148 isolates from cattle; eight STs in this collection were also detected in a contemporaneous collection of 94 human clinical isolates from the Michigan Department of Health and Human Services (Cha et al., 2016), including four of the five sequence types recovered from calves in the small study reported here. Cha et al. (2017) concluded that cattle could be an important reservoir of C. jejuni in Michigan.

Guillain Barré Syndrome (GBS) is an acute neuromuscular autoimmune disease of the peripheral nervous system and is the most common cause of acute flaccid paralysis since the near eradication of polio (Church Potter and Kaneene, 2003; Poropatich et al., 2010). Symptoms may start with limb weakness and loss of tendon reflexes, but may develop into paralysis of the limbs, trunk, and facial muscles; 25% of patients may require mechanical ventilation (Hughes and Rees, 1994; Jacobs et al., 2008; Walling and Dickson, 2013). Ten to twenty percent of patients do not completely recover and have life-long disabilities; 3–10% die (Ang et al., 2004; Walling and Dickson, 2013). It has been estimated that the annual incidence of GBS is 1–2 people per 100,000 people in North America and Europe (Shui et al., 2012).

Guillain Barré Syndrome commonly develops following gastrointestinal infection with C. jejuni; one systematic review of published studies determined that C. jejuni infection preceded 13–72% of GBS cases (Poropatich et al., 2010). Molecular mimicry of lipo-oligosaccharide (LOS) structures found on the outer membrane of C. jejuni resembling gangliosides enriched in nervous tissue is thought to be the mechanism behind the pathogenesis of GBS (Ang et al., 2004; Szymanski and Gaynor, 2012). In particular, development of GBS has been associated with sialylation of LOS by the CMP-N-acetylneuraminate-beta-galactosamide-alpha-2,3-sialyltransferase (EC 2.4.99.-) and CMP-N-acetylneuraminate-beta-galactosamide-alpha-2,3, alpha 2,8-sialyltransferase (EC 2.4.99.-) enzymes encoded by cstII and cstIII (Godschalk et al., 2007; Yuki, 2007). Enhanced risk of developing GBS has been recognized in agricultural workers who handle poultry and cattle. For example, Price et al. (2007) demonstrated an increase in development of peripheral neuropathy in people who work with poultry, and Vegosen et al. (2012) demonstrated that neurological symptoms associated with exposure to C. jejuni are more commonly reported among people who handle beef cattle. In addition, Vegosen et al. (2015) found that farm workers exposed to swine, which also often carry C. jejuni, had a trend toward increased levels of antibodies reactive with C. jejuni compared to non-farm workers. These farm workers did not exhibit increased levels of antibodies reactive with five different neurogangliosides; however, the LOS type(s) of C. jejuni circulating in the swine was(were) not known. These results indicate that it is possible for exposure to farm animals carrying C. jejuni with GBS-associated LOS types to trigger the formation of anti-ganglioside antibodies. In addition to LOS, some heat stable (HS) Penner serotypes of C. jejuni, derived from the capsule, have been associated with the development of GBS (Poly et al., 2011; Heikema et al., 2015; Poly et al., 2015; Liang et al., 2016). A survey by Zang et al. (2021a,b) found such serotypes prevalent in livestock in China, including in cattle.

In this study, residents of a family-owned southwest Michigan dairy farm complained of recurring C. jejuni infections over a course of 2 years. Stool samples were taken from 25 calves and 1 dog on the dairy farm and tested for presence of C. jejuni. Thirteen of twenty-five calves tested positive for C. jejuni (52%). We hypothesized that transmission of C. jejuni was occurring between the family members and the calves. To test this hypothesis, we used multiple molecular typing schemes to determine the genetic relationships among the C. jejuni isolates. Isolates were examined using multi-locus sequence typing (MLST), LOS locus class determination by PCR, flaA SVR typing, and porA typing.



MATERIALS AND METHODS


Case Study

Residents of a family-owned mid-sized dairy farm in mid-Michigan reported C. jejuni infection among the family that lasted several days in summer, 2012. The family had experienced previous recurring C. jejuni infections for the previous 2 years. A veterinarian obtained 2 stool samples from dairy calves to eliminate them as possible carriers of C. jejuni and sent the samples to the Veterinary Diagnostic Laboratory (VDL) at Michigan State University (MSU) in East Lansing, MI, United States. Using bacteriological tests, VDL staff confirmed that the stool samples were positive for C. jejuni. VDL staff then contacted our laboratory, the Comparative Enteric Disease Laboratory at MSU. We contacted the veterinarian, who obtained 25 randomly chosen calf samples along with one stool sample from the family dog and sent them directly to our laboratory. While this was done following the calf sampling, we participated in a human study that was performed for people living in contact with cattle in Michigan. These are referenced in the paper.



Ethics Statement

All protocols were approved by the Institutional Review Boards at MSU (IRB# 10-736SM) and the MDHHS (842-PHALAB).



Campylobacter Isolation

Stool samples from the calves and dog were subcultured on Tryptone soy agar plates containing 5% sheep’s blood (Cleveland Scientific, Bath, OH, United States) and supplemented with antibiotics (TSA-CVA: 20 μg/mL cefoperazone, 10 μg/mL vancomycin and 2 μg/mL amphotericin B) upon arrival. All human clinical isolates were subcultured onto Bolton agar (Bolton Broth, Thermo Fisher Scientific, Pittsburgh, PA, United States) containing 1.5% Bacteriological Agar (Neogen, Lansing, MI, United States) upon arrival in the laboratory. All plates were placed in anaerobic jars containing CampyGen packs (Oxoid, Basingstoke, United Kingdom) and incubated for 48 h at 37°C. Isolates were selected and streaked again for growth in Tryptone Soy agar (TSA) and purification; bacterial growth was collected and stored at –80°C in TSB + 15% glycerol until further use.



Preparation of Genomic DNA and Confirmation of Campylobacter spp.

Following growth on Bolton agar for 48 h at 37°C in anaerobic jars with CampyGen packs, DNA was extracted using Wizard® Genomic DNA Purification Kits (Promega, Madison, WI, United States) according to the manufacturer’s instructions. All genomic DNA was diluted to a final concentration of 25 ng/μl for PCR.

Identification of Campylobacter isolates as C. jejuni or C. coli was performed with multiplex PCR as previously described (Linton et al., 1996). Hot Start Syzygy Mean Green DNA polymerase was used (Integrated Scientific Solutions, San Diego, CA, United States). The reaction had an enzyme activation step of 15 min at 95°C followed by 25 cycles of denaturation for 30 s at 95°C, annealing for 1.5 min at 58°C, and extension for 1 min at 72°C, with a final extension of 7 min at 72°C.



Multi-Locus Sequence Typing, porA, and flaA Short Variable Regions Typing

Multi-locus sequence typing based on 7 conserved housekeeping genes (Dingle et al., 2001) was performed on DNA from the calf isolates as previously described (Bell et al., 2009, 2013); only the inner primers were used to amplify the partial gene sequences. Platinum® Taq DNA Polymerase High Fidelity (Life Technologies, Grand Island, NY, United States) was used; primer concentrations used were 37.5 pmol. The PCR reaction contained 35 cycles of denaturation of 2 min at 95°C, annealing for 1 min at 50°C, followed by an extension for 1 min at 72°C. Human clinical isolates recovered by the MDHHS were previously characterized by MLST as described previously (Cha et al., 2016). Briefly, 10 μM of both the forward and reverse primer, 25 ng/μl of genomic DNA template, water, and the KAPA2G HotStart DNA polymerase (KAPABiosystems, Woburn, MA, United States) were used for the reaction. The reactions began with an enzyme activation step of 3 min at 95°C and consisted of 35 cycles of denaturation for 15 s at 95°C, annealing for 15 s at 60°C, and an extension for 5 s at 72°C.

porA allele typing was done using 7 different primers previously defined on the PubMLST website1 (Jolley and Maiden, 2010). The PCR reaction consisted of 40 cycles of denaturation for 30 s at 94°C followed by an annealing step for 30 s at 45°C and extension for 90 s at 72°C. Platinum® Taq DNA Polymerase High Fidelity (Life Technologies, Grand Island, NY, United States) was used with 40 pmol of primer.

The flaA short variable regions (SVR) sequence typing was done with Platinum® Taq DNA Polymerase High Fidelity (Life Technologies, Grand Island, NY, United States) and 40 pmol of primer. The PCR reaction consisted of a denaturation step at 94°C for 1 min, annealing at 45°C for 1 min, and extension for 3 min at 72°C for 35 cycles. The primers used were previously described (Meinersmann et al., 1997).

PCR products were purified with QIAquick PCR Purification Kit (Qiagen, Germantown, MD, United States) according to the manufacturer’s instructions and submitted for Sanger sequencing to the MSU Genomics Technology Support Facility (East Lansing, MI, United States) on an ABI 3730 Genetic Analyzer (Life Technologies, Grand Island, NY, United States). Each PCR product was sequenced in both the forward and reverse directions. SeqMan 5.06 (DNASTAR, Madison, WI, United States) software was used to align the sequences; the PubMLST website was used to determine allele, sequence type, and clonal complex assignments (Jolley and Maiden, 2010)2.



Classification of Lipooligosaccharide Biosynthesis Loci

Lipooligosaccharide typing was performed by long-range PCR and restriction fragment polymorphism (RFLP) analysis as previously described by Parker et al. (2005) using DNA samples extracted as described above. This method can differentiate LOS classes A through F. Parker et al. (2005, 2008) described 19 classes (A–S) of LOS based on gene content subsequently, Richards et al. (2013) described an additional four classes (T-W). LOS locus class typing was confirmed using sequence data from gene content analysis of whole genome sequences as described below.



Whole-Genome Sequencing and Analysis

DNA samples extracted as described above were submitted to the MSU RTSF for library construction and sequencing. Briefly, bacterial genomic DNA was prepared for sequencing using the TruSeq DNA Nano Library Preparation Kit (Illumina, San Diego, CA, United States). Libraries were subjected to quality control and quantitated using a Qubit dsDNA assay, Caliper LabChipGX and Kapa Library Quantitation qPCR Kit. Libraries were pooled in equimolar amounts and loaded on an Illumina MiSeq standard flow cell (v2). Sequencing was performed in a 2 × 250 bp paired end format with a 500-cycle reagent cartridge (v2). Base calling was done by Illumina Real Time Analysis (RTA) v1.18.54 and output of RTA was demultiplexed and converted to FastQ format with Illumina Bcl2fastq v1.8.4. The total number of reads was 16,751,374 and overall% ≥ Q30 was 88.4; sequence yield per genome is given in Table 1.


TABLE 1. Strains used in this study.

[image: Table 1]
FastQ files were uploaded to the Pathosystems Resource Integration Center (PATRIC) system (Brettin et al., 2015; Wattam et al., 2018) on 11/15/2015, for quality checking and assembly followed by annotation, and analysis in Classic RAST. Accession numbers are given in Table 1.

Lipooligosaccharide biosynthesis loci were examined in the genome sequences by performing protein homology BLAST searches. Presence or absence of all 54 LOS open reading frames (orfs) described previously (Parker et al., 2005, 2008; Richards et al., 2013) was determined using the BLAST utility in RAST https://rast.nmpdr.org/ (Aziz et al., 2008; Overbeek et al., 2014; Brettin et al., 2015; Wattam et al., 2018). Accession numbers for query sequences and detailed results are given in Supplementary Table 1; E values ≤ 1 × 10––30 were taken as positive hits for this analysis. Content of the LOS complex loci in each isolate was determined by the presence or absence of contiguous open reading frames giving positive hits that contained homologs of orf1 [UDP-glucose 4-epimerase (EC 5.1.3.2)], orf 2 [Lipid A biosynthesis lauroyl acyltransferase (EC 2.3.1.-)], orf3 [Lipopolysaccharide heptosyltransferase I (EC 2.4.1.-)] and orfs 12 (beta-1,3-galactosyltransferase/beta-1,4-galactosyltransferase) and 13 [D-glycero-D-manno-heptose 1,7-bisphosphate phosphatase (EC 3.1.1.-)]. Multiple alignment of cstII and cstIII homologs was conducted using Clustal Omega3 (Sievers et al., 2011).

Presence and absence of LOS open reading frames and genomic complements of 1270 open reading frames with functions unambiguously identified by RAST were compared to the composition of the LOS classes defined in Parker et al. (2005, 2008) and Richards et al. (2013) using the Sorensen binary similarity coefficient and hierarchical clustering with unweighted pair groups and arithmetic averages (UPGMA) in PAST 2.12 software (Hammer et al., 2001). Multiple alignment of cstII and cstIII homologs was conducted using Clustal Omega (see footnote 4; Sievers et al., 2011). Sequences for known cstII and cstIII loci were obtained from GenBank (cstII, AF215639; strain ATCC43432, Houliston et al., 2006); cstIII, AF257460, strain MSC57360 (Guerry et al., 2000) and genome sequences AL111168.1 (strain 11168) and AANK00000000 (strain 260.94).

Sequence-based comparisons to the following C. coli and clinical C. jejuni isolates were made using tools in the RAST SEED database: C. coli RM2228, C. jejuni subsp. doylei 267.97, C. jejuni subsp. jejuni RM1221 (chicken), and C. jejuni subsp. jejuni clinical isolates 11168 and 81–176 (enteritis); 84–25 (meningitis); 260.94 and HB93-13 (Guillain Barré Syndrome); and CF93-13 (Miller Fisher Syndrome). RAST accession numbers are 306254, 360109, 195099, 192222, 354242.8, 360110.3, 360108.3, 360112.3, and 360111.3, respectively.

Virulence-associated gene content (virulome) was assessed as follows. Promoter (TTCTTTAAATTTTATGATTT TACAATGAAATTAGTTATAATTGTAGTTAGGAT) and termination sequences (TAGTAATGATAGTAATGA) were added to back-translated nucleotide sequences for virulence-associated loci in C. jejuni 11168 and other strains and the resulting sequences concatenated to form an artificial chromosome, which was uploaded into PATRIC (accession number 186572). Accession numbers of the sequences used are given in Supplementary Table 3; promoter and terminator sequences were developed based on prior reports (Wosten et al., 1998; Lodish et al., 2000). Protein identity comparisons of this artificial chromosome were made to all isolates using RAST; C. jejuni 11168 (RAST accession 192222.1) was included in each comparison for quality control checking.

Full data for (1) LOS locus gene content of calf and human isolates reported here, (2) whole genome content of calf and human isolates reported here plus C. jejuni clinical strains 11168, 260.94, HB93-13, CF93-6, 84-25, and 81-176, C. jejuni chicken isolate RM1221, C. jejuni subsp. doylei 269.97, and C. coli RM2228; and (3) virulence-associated gene content of calf and human isolates reported here plus C. jejuni clinical strains 11168, 260.94, HB93-13, CF93-6, 84-25, and 81-176 are provided in Supplementary Tables 1–3, respectively.



Gentamicin Killing Assay

1.5 × 106 Caco-2 cells were grown in Dulbecco’s modified Eagle’s (DMEM) medium with 10% FBS and 2 mM L-glutamine at 37°C and 5% CO2. At confluency, cells were dissociated from the flask using 3 ml trypsin-EDTA (0.25%), resuspended in the same medium, washed, counted, and plated in 20 well plates at approximately 5 × 104 cells per well (in 1 ml medium). Cells were incubated for 48 h at 37°C in 5% CO2 and used when confluency was ascertained. Three replicate wells of each experimental C. jejuni calf strain and the asymptomatic human strain (TW16491) strain were run with a negative control sham-inoculated with medium with no C. jejuni and three positive control wells with C. jejuni 11168 that is highly invasive. C. jejuni strains were then added at a multiplicity of infection of 100 followed by a 4-h incubation. For measuring invasion, cells were further incubated for 1 h with 250 μg/ml gentamicin, washed in PBS, lysed in 0.1% Triton X-100 and the released bacteria enumerated by serial dilution onto the surface of Bolton agar plates. Dilutions of 10–1, 10–2, 10–3, and 10–4 were streaked onto fresh Bolton agar plates and incubated for 48 h in 5% CO2. Then plates were removed from the incubator and colonies counted. On the day of infection of the Caco-2 cells the inocula for each C. jejuni strain were diluted in 10-fold dilutions and assayed by the same limiting dilution method to determine the actual number of cfu in the inoculum for each strain.

We also conducted a broth microdilution assay to determine the concentration of antibiotic necessary to kill the extracellular C. jejuni of all strains (11168, TW16491, LM01, LM08, LM11, LM12, LM24) in the gentamicin killing assay. Briefly, C. jejuni strains were grown for 48 h on Bolton agar plates in 5% CO2 at 37°C. Plates were swabbed and each strain suspended in 2 ml Bolton broth, the concentration determined at OD600 and the concentration adjusted to ∼1.0 at OD100. Thereafter, we diluted each strain suspension 1:10 in Bolton broth and added 10ul cell suspensions to each well of a 96 well plate according to the plate map. Based on previous titrations, about 1 × 106 cells were added per well. Then, Gentamicin was added to the 12 wells of each C. jejuni strain in decreasing concentrations from 400, 200, 100, 50, 25, 12.5, 8.375, 4.1875, 2.09, 1.04, 0 μg/ml. The plate was incubated for 20 h, in 5% CO2 at 37°C. Results of the broth microdilution method are reported in minimum inhibitory concentration (MIC), or the lowest concentration of antibiotics that stopped bacterial growth.




RESULTS


Verification of Campylobacter jejuni and Clinical Illness

Seventeen of twenty-five calf stool samples were positive for Campylobacter spp.; the dog sample was negative. Two isolates recovered from the calves were identified as C. coli but were not examined further. The referring veterinarian who submitted the initial diagnostic calf samples reported that calves were in a sick pen because of intermittent diarrhea and no respiratory disease was evident. Calves were negative for viral and parasitic causes of diarrhea. Phone interviews revealed that it was a common practice during the 2-year period of diarrheal problems in the family to isolate calves with diarrhea in a pen in a barn near the house and that family members had cared for these calves over this time. Adult cattle on the farm were managed in a facility more distant from the calves by caretakers hired for this purpose. The referring veterinarian had ruled out the cows as the source of the family’s gastroenteritis, so no further diagnostics were done on cows.

Family members, three children and two parents, had no symptoms of C. jejuni infection at the time of stool sampling. Of the five family members, one of the children tested positive for C. jejuni; therefore, this child was considered an asymptomatic carrier. In previous studies, two of these family members with campylobacteriosis presented to a local hospital where C. jejuni isolates were obtained by MDHHS and characterized by the Manning laboratory (Cha et al., 2016; Rodrigues et al., 2021). Epidemiologic descriptions of these infections have been published (Cha et al., 2016; Rodrigues et al., 2021). In the first case, contact with cattle, dogs and cats was reported (Cha et al., 2016), while in the second case living in urban areas and traveling including international travel were reported (Rodrigues et al., 2021).

Fifteen calf isolates were tentatively identified as C. jejuni by multiplex PCR typing (Table 1). Genome sequences were obtained for these fifteen isolates as well as the human isolate. Species identifications were also confirmed by comparing ribosomal protein sequences to the PubMLST database4 (Jolley and Maiden, 2010; Jolley et al., 2012); two isolates (LM16 and LM20) were more likely to be C. hyointestinalis than C. jejuni (Table 1). Comparison of the LM16 16S rDNA sequence to all Campylobacter isolates in GenBank (Accessed March 2021) also indicated that the isolate was likely C. hyointestinalis. The more fragmentary nature of the genome sequences of C. hyointestinalis isolates LM16 and LM20 and C. jejuni isolate LM27 precluded extended analysis of those isolates.



Multilocus Sequence Typing Analysis, porA Allele Typing and flaA Short Variable Regions Sequence Typing, and Antibiotic Resistance

Multilocus sequence typing allelic profiles, flaA SVR, porA, and LOS typing results are shown in Table 2. Among all 13 isolates evaluated, five multilocus sequence types (STs) were identified that belonged to STs 806, 922, 929, 982, and 6227. ST assignments were confirmed using sequences extracted from the whole-genome sequences as well. The human isolate belonged to ST922 as did two other calf isolates. Members of each ST represented by multiple isolates had identical flaA and porA alleles with the exception of ST929; the three isolates of that ST all possessed different flaA alleles. Antibiotic resistance gene profiles extracted from the whole-genome sequences varied across the isolates and were consistent within STs except for isolate LM13. This isolate lacked putative aminoglycoside and tetracycline resistance genes found in the other three ST806 isolates (Table 3). The human isolate, TW16491, was previously found to be resistant to tetracycline, though aminoglycoside and β-lactam resistance was not evaluated (Cha et al., 2017).


TABLE 2. Molecular typing of C. jejuni isolates.
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TABLE 3. Presence of ORFS encoding antibiotic resistance.
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Clonal complex ST-21 accounted for half of the isolates in our study (STs 806, 982, and 6227).



Lipooligosaccharide Classification

PCR/RFLP typing of twelve different genes in LOS biosynthesis loci assigned the four ST806 isolates to class B2 and the three ST922 isolates to class E, including the family member isolate. One ST6227 isolate, one ST929 isolate, and the single ST982 isolate were assigned to class C. Another ST6227 isolate was assigned to A2. The remaining two ST929 isolates were assigned to class F. Calf isolates LM03 and LM12 were found to have the same LOS class (E), MLST sequence type (ST922).

An independent analysis was based on LOS biosynthesis locus gene content determined from whole genome sequencing (Figure 1 and Supplementary Table 1) by conducting TBLASTN searches for each of the 55 loci described by Parker et al. (2005, 2008) and Richards et al. (2013); E-values of 1 × 10–30 were considered positive hits. The complex LOS loci were defined as contiguous open reading frames containing homologs to orfs 1, 2, 12, and 13 as described by Parker et al. (2005). In the case of isolate LM26, homologous open reading frames (ORFs) were divided between two sets of contiguous loci. This analysis showed that calf isolates LM03 and LM12 and the human isolate TW16941 clustered together with LOS classes E, H, O, and P (79% of bootstrap replicates) and that the LOS locus gene contents of LM12 and TW16491 were identical. The remainder of the calf isolates clustered with LOS classes A, B, C, M, R, and V (60% of bootstrap replicates). Note that LOS classes A and B are differentiated by allelic sequence differences that are not accounted for in this presence/absence analysis (Parker et al., 2005).


[image: image]

FIGURE 1. Cluster analysis of LOS locus content in calf and human isolates. Clustering was performed In PAST 2.12 (Hammer et al., 2001) using the Sorensen coefficient and the unweighted pair groups with arithmetic averages method on presence/absence data for 55 LOS loci in LOS classes A through W as detailed by Parker et al. (2005, 2008) and Richards et al. (2013). Numbers at nodes indicate the percentage of 1000 bootstrap replicates that support that node. Full data appear in Supplementary Table 1.


Protein-to-protein identity data indicated that all calf isolates possessed homologs of the loci neuA, neuB, and neuC encoding neuraminic acid biosynthesis. LOS locus class E lacks the genes needed to synthesize sialic acid (neuA, neuB, neuC) and transfer it to the LOS outer core sugar resides (cstII/cstIII) (Parker et al., 2008); genomic analysis showed that isolates LM03, LM12, and TW16491 did potentially possess homologs to those five loci; however, the percent protein identity to the reference neuA, neuB, and neuC sequences was substantially lower than in other isolates in our sample.

In addition, a number of calf isolates possessed homologs to the enzymes α-2,3-sialyltransferase (cstIII) or α-2,3- and α-2,8- sialyltransferase (cstII); these enzymes attach neuraminic acid moieties to galactose residues in LOS to produce ganglioside mimics. Translation and alignment of the nucleotide sequences for those ORFs with known cstII and cstIII protein sequences showed that calf isolates LM05, LM08, LM 11, LM13, LM24, and LM 26 had intact homologs of the reference loci and contained Asn51 residues (Figure 2). Thus, those isolates are potentially capable of producing α-2, 3-, α-2,8- di-sialylated LOS (Godschalk et al., 2007). We also note that while two ORFs homologous to cstII/cstIII were detected in isolate LM01, the percent identities of the homologs in the ST922 isolates relative to the reference sequence were relatively low.
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FIGURE 2. Alignment of translated calf isolate cstII/cstIII homologs to known loci. Clustal Omega alignment of cstII/cstIII homologs to known cstII and cstIII sequences (AF215659, AF257460, Cj26094_1202, and AL111168 Cj1140, respectively). The position of residue Asn51 is indicated.




Penner Serotypes

DNA sequence and primer information from Poly et al. (2011, 2015), was used to obtain the predicted PCR products expected for determination of each of eight heat stable (HS) Penner serotypes associated in the literature with GBS: HS1, HS2, HS4A, HS4B, HS19, HS23-36, HS41, and HS44 (Poly et al., 2011, 2015; Heikema et al., 2015; Liang et al., 2016). These predicted PCR products were used to probe the calf isolate genomes using BLAST. The two ST6227 strains (LOS types C and A2) and the ST982 strain (LOS type C) contained sequences with 100% homology to the probe for HS2, and the four ST806 (LOS type B2) strains contained sequences with 100% homology to the probes for both HS4A and HS4B. The ST929 and ST922 isolates reported here, including the human isolate TW16941, had no homology to any of the eight probes tested (Table 2).



Whole Genome Level Comparisons

Genetic relationships among the thirteen isolates reported here, six clinical C. jejuni strains, (260.94, HB93-13, CF93-6, 84-25, 81-176, and 11168), C. jejuni chicken isolate RM1221, C. jejuni subsp. doylei 269.97, and C. coli RM2228 were visualized using percent identity protein-to-protein sequence comparisons in RAST (Figure 3 and Supplementary Figure 1A though F, and Supplementary Table 2). C. jejuni strain RM1221 was used as the reference strain for all visual comparisons in Figure 3 so as to illustrate the presence or absence of genomic islands CJE1 through CJE4 described by Parker et al. (2006); strain NCTC 11168, which does not possess any of the genomic islands, was included as a further reference. Strain RM1221 does not appear on the image; gaps in the comparison of RM1221 to strain NCTC 11168 (inner circle) indicate their positions in the genome. A single representative of each ST was included in Figure 3 to simplify comparison to C. jejuni 11168; comparison of one strain of each ST to five additional clinical strains (260.94, HB93-13, CF93-6, 84-25, and 81-176) is shown in the Supplementary Figure 1A. Isolates within each ST had similar patterns; comparisons of isolates of each ST to the six clinical strains (260.94, HB93-13, CF93-6, 84-25, 81-176, and 11168) shown individually in the Supplementary Figure 1B through F. Like C. jejuni 11168, all ST922 and ST929 isolates and the ST982 isolate largely lacked all four genomic islands; ST806 and ST6227 isolates lacked islands CJE2 and CJE3 but possessed islands CJE1 and CJE4.
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FIGURE 3. Comparison of percent protein identity of one representative strain of each ST to reference strain C. jejuni RM1221 as determined in RAST. Colors indicate protein percent identity of open reading frames within the strains of each sequence type in this study and C. jejuni 11168 (Parkhill et al., 2000) to reference strain C. jejuni RM1221 (Parker et al., 2006), which does not appear in the graph.


Because it had the largest genome among the 13 isolates whose genomes were examined, isolate LM01 was chosen as the reference strain for percent protein identity comparisons among the isolates described here. Results are given in Figures 4A,B and Supplementary Table 2. In summary, functions were unambiguously assigned to 1270 ORFs; 212 ORFs were designated as having probable, possible, or putative functions, and a further 424 were designated as hypothetical proteins. Seventy-four orfs were associated with plasmid or bacteriophage origins. When strain LM01 was used as the reference strain and presence or absence of the 1270 unambiguously identified ORFs scored, it appeared that, within the limits of short read sequencing technology, no two genomes had identical complements of ORFs (Figure 4A and Supplementary Table 2). It is also important to note that percent sequence identity comparisons should be interpreted with considerable caution, especially so in the case of the C. jejuni complex loci encoding biosynthesis of surface structures, which contain many intrachromosomal partial homologs (Parkhill et al., 2000; Parker et al., 2006). Nevertheless, this analysis again indicates the near identity of ST922 calf isolates LM03 and LM12 with the human isolate TW16491. Only eight of the 1270 ORFs having unambiguously identified functions differed among the three ST922 isolates (Table 4); the differences were minor except for aldehyde dehydrogenase A (EC 1.2.1.22)/glycolaldehyde dehydrogenase (EC 1.2.1.21) and 3-oxoacyl-[acyl-carrier-protein] synthase, KASIII (EC 2.3.1.41), TW16491 differed from LM03 or LM12 in those two ORFs. The divergence in the gene content of LM13 and LM26 from the other two ST806 isolates (LM08 and LM10) was unexpected.
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FIGURE 4. Cluster analysis of content of 1270 unambiguously identified open reading frames in calf and human isolates. UPGMA clustering was performed as in Figure 1 using the Sorensen coefficient (presence/absence of homologs) on data for 1270 open reading frames in reference strain LM01 that had unambiguously defined functions as determined in RAST using isolate LM01 as the reference strain. Numbers at nodes indicate the percentage of 1000 bootstrap replicates that supported that node. Detailed data used in the cluster analyses are given in Supplementary Table 4. (A) Twelve calf isolates and TW16941; (B) twelve calf isolates, TW16491, and six clinical isolates: 11168 and 81-176 (enteritis); 84-25 (meningitis); 260.94 and HB93-13 (Guillain Barré Syndrome); and CF93-13 (Miller Fisher Syndrome). Full data appear in Supplementary Table 2.



TABLE 4. Virulence-associated loci variable between ST922 isolates.

[image: Table 4]
The dendrogram in Figure 4B shows a similar analysis of the 1270 unambiguously identified ORFs that includes clinical C. jejuni isolates 11168, 260.94, HB93-13, CF93-6, 84-25, 81-176, and C. jejuni chicken isolate RM1221, C. jejuni subsp. doylei 269.97, and C. coli RM2228. Full data appear in Supplementary Table 2. ST922, ST929, and ST6227 isolates clustered together, while ST806 isolates LM13 and LM26 were again separated in gene content from LM08 and LM10. All 13 isolates reported here clustered with all six clinical strains (11168, 84–25, CF93-6, 260.94, HB93-13, and 81–176) and separately from outgroup strains chicken isolate C. jejuni RM1221, C. jejuni subsp. doylei 269.97, and C. coli RM2228 (87% bootstrap support).

More detailed protein-to-protein BLAST comparisons were made of the isolate genomes to an updated set of C. jejuni virulence-associated loci (virulome; Jacobs et al., 2008; Baek et al., 2011; Buelow et al., 2011; Nielsen et al., 2011; Theoret et al., 2011, 2012; Barrero-Tobon and Hendrixson, 2012; Boehm et al., 2012; Cullen et al., 2012, 2013; Frirdich et al., 2012; Lertpiriyapong et al., 2012; Neal-McKinney and Konkel, 2012; Bell et al., 2013; Rasmussen et al., 2013; Salamaszynska-Guz et al., 2013; Samuelson and Konkel, 2013; Samuelson et al., 2013). ORFs not detected in one or more of the 13 isolates reported here are shown in Table 5. Full comparisons are presented visually in the dendrogram in Figure 5A and the heat map in Figure 5B; underlying data are given in Supplementary Table 3. The dendrogram in Figure 5A shows clustering based on presence or absence of 342 virulence-associated ORFs and includes clinical C. jejuni isolates 11168, 260.94, HB93-13, CF93-6, 84–25, and 81–176. ST922, ST929, and ST6227 isolates clustered together; in this analysis, ST806 isolates LM13 and LM26 were similar in virulence-associated gene content to LM08 and LM10. All thirteen isolates reported here clustered with clinical strains 11168, 84-25, and CF93-6 but were separated from isolates 260.94, HB93-13, and 81-176 (100% bootstrap support).


TABLE 5. Protein percent ID between variable C. jejuni virulence-associated genes and open reading frames as determined in RAST.
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FIGURE 5. Virulence-associated ORFs in calf and human isolates. (A) UPGMA clustering was performed as in Figure 1 using the Sorensen coefficient (presence/absence of homologs) on data for 342 ORFs associated with virulence in C. jejuni. (B) Heat map showing protein% identity of open reading frames in calf isolates to the C. jejuni virulome; variation within and between sequence types. Full data appear in Supplementary Table 3.


Data in Table 5 show that the presence or absence of most virulence associated ORFs was consistent within an ST. Differences within STs are shown in bold type. However, isolate LM26 possessed multiple ORFs that were not detected in the remaining three ST806 isolates but were found in isolates representing other STs in the sample set. In addition, isolate LM21 possessed homologs to Cj1325/1326 and Cj1677/1678 and isolate LM19 possessed a homolog to Cj1418 that were not detected in other ST929 isolates but were found in isolates belonging to other STs. These observations suggest the possibility of horizontal gene transfer at some point in the history of this population.

Presence/absence variation was most prevalent in loci associated with surface structures: four LOS biosynthesis loci, five O-linked glycosylation loci, and fourteen capsular biosynthesis loci. Loci associated with LOS and capsule biosynthesis and O-linked glycosylation comprise 31% of the 342 virulence-associated loci in the C. jejuni virulome but 58% of loci (showing presence/absence variation) of the homologous ORFs in the isolates studied here (Figure 5B and Supplementary Table 3). Only one non-surface structure encoding a virulence associated ORF, Cj1055c (phosphoglycerol transferase), that was absent in any of the calf isolates (ST929 strains), was not also absent in one or more clinical strains.



All Calf Isolates Were Capable of Invading a Caco-2 Cell Model of the Intestinal Epithelium

We hypothesized that all C. jejuni isolated from the calves were capable of infecting humans. To test this, a gentamicin killing assay was conducted to determine the invasive potential of the calf-derived C. jejuni isolates in comparison to the asymptomatic human isolate and C. jejuni strain 11168 known to be associated with gastroenteritis. Five calf C. jejuni isolates representing different ST groups (LM01-ST929, LM08-ST806, LM11-ST6227, LM12-ST922, LM24-ST982) were compared to human C. jejuni isolates TW16491 (asymptomatic family member-derived in this study) and 11168 (from a patient with gastroenteritis) for their ability to invade Caco-2 cells using a gentamicin killing assay. All calf-derived C. jejuni strains cultured for the inocula grew readily in Bolton broth and displayed similar cfus and darting motility in mid-log phase cultures. When inoculated onto Caco-2 cells at a multiplicity of infection of 100 cfu/cell, all strains were capable of invading cells (Table 6). Interestingly, calf-derived isolates LM01, LM08, LM11, and LM12 invaded at higher rates than the positive invasive control C. jejuni 11168. Furthermore, calf-derived strain LM24 invaded at the same efficiency as the asymptomatic family member-derived C. jejuni TW16491 at a rate one log lower than C. jejuni 11168 and all other calf-derived strains. Regardless, this assay demonstrated that all of the calf-derived strains were capable of invading human colonic epithelial cells. Moreover, calf-derived LM12 had higher invasive potential in vitro than the asymptomatic human-derived strain TW16941, which both had classes E, H, O, and P LOS locus gene content. Finally, highly invasive calf-derived LM01, LM08, and LM11 isolates clustered with LOS classes A, B, C, M, R, and V, which are LOS classes capable of producing the molecular mimicry leading to GBS. These result suggest that these calf isolates are capable of initiating human infections. Although some of these C. jejuni had higher potential than others for invasion in epithelial cultures, we recognize that this is not a direct test of invasiveness in the human GI tract, yet it is a reasonable ethical alternative. As a control, the broth microdilution method showed that the minimum inhibitory concentration of gentamicin for each C. jejuni strain was as follows: 11168 (4.2 μg/ml), TW16491 (1.0 μg/ml), LM01 (2.1 μg/ml), LM08 (4.2 μg/ml), LM11 (4.2 μg/ml), LM12 (1.0 μg/ml), and LM24 (2.1 μg/ml). Because we used 250 μg/ml gentamicin in each well in the gentamicin killing assay, all of the C. jejuni strains used in this study were susceptible to killing by the antibiotic. Thus, we can attribute the C. jejuni isolated in the limiting dilution assay to cells that have entered the intracellular compartment.


TABLE 6. Comparison of invasion into Caco-2 intestinal epithelial cells of calf-derived and human-derived Campylobacter jejuni isolates with a variety of LOS types.
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DISCUSSION

Based on our results, the majority of the calf isolates belonged to LOS classes A, B, C, and E, which are most often associated with the development of GBS (Godschalk et al., 2007; Islam et al., 2009a,b). This result is consistent with previous studies of increased rates of neurological symptoms in farm workers. Two calf isolates and the isolate from the only family member colonized by C. jejuni had identical alleles for the seven MLST loci, flaA SVR, and porA as well as sharing antibiotic resistance loci; all three isolates belonged to LOS class E, indicating zoonotic transmission between family members and dairy calves. In addition, genome sequencing and analysis showed that 4 of 13 isolates carried a cstII allele containing an Asn51 substitution associated with GBS. Furthermore, all of the calf-derived strains were capable of invading human colonic epithelial cells. In fact, calf-derived isolates LM01, LM08, LM11, and LM12 invaded at higher rates than the positive invasive control C. jejuni 11168. Invasion potential existed in both LOS class E and A, B, C-typed strains associated with GBS diagnoses suggesting that any of these isolates could initiate a human infection. However, it should be noted that asymptomatic colonization with C. jejuni has been linked with development of GBS (St Charles et al., 2017). These data suggest that the family members were at risk of developing GBS.

Campylobacter jejuni is the leading cause of bacterial gastrointestinal infections and is commonly found in the gastrointestinal tracts of farm animals, including chickens and cattle (Vegosen et al., 2012). C. jejuni is the most common antecedent infection to the development of the autoimmune muscular neuropathy, GBS. Studies have been performed that show an increase in neurological symptoms in people who work with, or handle farm animals compared to people without this continuous exposure (Price et al., 2007; Vegosen et al., 2012). Previous studies have also demonstrated that C. jejuni is prevalent in a wide range of 0–51.2% of dairy farms in the U.S. (Harvey et al., 2004; Sanad et al., 2013). Therefore, when a small outbreak of C. jejuni occurred in humans living on a dairy farm in southwest Michigan, we not only characterized the isolates to determine whether zoonotic transmission had occurred between the dairy cattle and any family members residing on the farm, but also to determine the genetic relationships among the isolates. These findings–that the human isolate was virtually identical to two calf isolates in MLST sequence type, LOS type, antibiotic resistance profile, and genome content–indicate a high likelihood of interspecies transmission and suggest that dairy calves are an important reservoir for C. jejuni strains having LOS locus types associated with human infections and GBS.

Analysis of 12 C. jejuni calf isolates and the single human isolate by MLST loci, flaA SVR sequences, porA sequences, LOS classification, antibiotic resistance gene profiling, and protein identity comparison of unambiguously identified ORFs in whole-genome sequences showed that two calf isolates (LM03 and LM12) shared the same MLST sequence type (ST922), flaA allele (allele 81), porA allele (allele 2264), LOS class (E), antibiotic resistance gene pattern (beta-lactam and tetracycline but not aminoglycoside resistance) as the human isolate (TW16491). Furthermore, only eight of 1270 ORFs having unambiguously identified functions showed evidence of sequence divergence between isolates LM03, LM12, and TW16491. Based on the identity of results of all comparison methods for calf isolate LM12 and human isolate TW16491, we concluded that transmission was likely between the calf and the child; however, it is impossible to know the direction of transmission and to exclude the possibility that the family member infected the calf. Recall that four of the five STs in this small sample have been reported in contemporary human isolates from Michigan (Cha et al., 2016, 2017). This circumstance, in addition to the prevalence of these sequence types in Michigan cattle and the complex ecological and evolutionary relationships between highly mutable and recombining campylobacters in wild birds and animals common in farm environments (Sheppard et al., 2011a; Woodcock et al., 2017; Mourkas et al., 2020) also makes it impossible to ascertain the source of infection for the calves. Sheppard et al. (2011a) have noted that while host specificity can be observed in campylobacters carried by wild birds, the agricultural environment appears to promote “generalist” strains capable of colonizing several host species. In any case, there is strong evidence here suggesting that zoonotic transmission between dairy calves and family members occurred and may explain the frequent illnesses reported by the family.

Our results are similar to those obtained in other studies of C. jejuni in dairy and beef cattle. For example, a study done by Sanad et al. (2013) on a dairy farm in Ohio showed that 36.6% of the cattle were positive for C. jejuni. In that study the authors used MLST to examine the genetic relationships of the C. jejuni isolates found in both dairy cattle and starling birds and found the most common clonal complexes in the cattle to be CC21, CC42, CC45, and CC62 (Sanad et al., 2013). In a Finnish study, the authors performed MLST on 102 bovine C. jejuni isolates and found that 51% of the isolates belonged to clonal complex 21 (de Haan et al., 2010). Dingle et al. (2001) determined that clonal complexes CC21 and CC45 were the most common clonal complexes among human C. jejuni infections.

Jay-Russell et al. (2013) utilized porA sequencing and MLST sequences of human C. jejuni isolates to isolates taken from dairy cattle to study a milk-borne outbreak of campylobacterosis. These authors concluded that the level of strain discrimination provided by porA typing was very useful in identifying an association of dairy farm C. jejuni isolates with the milk-borne outbreak strain. In addition, CC21 was the most prevalent clonal complex among the isolates analyzed in that study (Jay-Russell et al., 2013).

Clonal complex ST-21 accounted for half of the isolates in our study (STs 806, 982, and 6227). Four of the five STs represented in our small sample (STs 806, 922, 929, and 982) were also detected in a larger survey of C. jejuni isolates from dairy and beef cattle in three Michigan herds; isolates of these four sequence types have also been recovered from human clinical samples in Michigan (Cha et al., 2016, 2017). The C. jejuni isolates in our study were isolated from a small set of calves from a single breeder and probably reflect a larger C. jejuni population in the dairy herd. Consistent detection of populations of multiple C. jejuni MLST types in previous studies of numerous beef and dairy herds and our finding of gene content variability in the complex loci encoding LOS and capsule biosynthesis and O-linked protein glycosylation taken together suggest that diversifying selection likely plays a role in maintaining C. jejuni population structure in these herds. The striking divergence in gene content among the ST806 calf isolates studied here also suggests the occurrence of horizontal gene transfer between C. jejuni strains within either the source population or the calf population. Such recombination has been well documented in C. jejuni populations (Fearnhead et al., 2005; Wilson et al., 2009; Biggs et al., 2011; Sheppard et al., 2011b,2013; Yahara et al., 2014; Samarth and Kwon, 2020). Its presence suggests added risk for transfer of AMR genes to humans and animals under these cattle management conditions.

Genome sequencing showed that both the general gene content and the virulence-associated gene content of strains of calf and the human isolates of ST922 were similar within that ST, as were those of the three ST929 and the two ST6227 isolates. The single ST982 isolate resembled the ST6227 isolates. Two of the ST806 isolates, LM08 and LM10, resembled each other while LM13 and LM26 diverged in differing degrees, possibly due to recombination. All calf and human isolates reported here clustered strongly with clinical strains 11168, CF93-6, and 84-25 in virulence-associated gene content. As expected, the greatest variation in virulence-associated gene content lay in the complex loci encoding C. jejuni cell surface molecules, while the presence or absence of ORFs homologous to the remainder of virulence-associated genes was remarkably consistent across all isolates. We conclude that all isolates reported here are potentially capable of producing disease in humans.

Finally, the high incidence of isolates carrying LOS locus classes and HS Penner serotypes associated with risk of GBS even in this small sample justify larger studies in US dairy herds, especially given the growing popularity of herd share arrangements and raw milk consumption.
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Supplementary Table 1 | Presence/absence of 55 LOS open reading frames in calf isolates. This table contains contiguous homologs in each isolate to the 55 LOS loci detailed in Parker et al. (2005, 2008) and Richards et al. (2013). Homologs were identified by conducting TBLASTN of individual reference sequences to the genome of each isolate. E values ≤ 1 × 10–30 are reported as positive hits; E values ≥ 1 × 10–30 are reported as “no match.” Only hits having the smallest E values (least likelihood of occurring by chance) are shown.

Supplementary Table 2 | Protein percent identity of calf isolate open reading frames as determined in RAST. This figure shows the protein percent identity of open reading frames each strain in this study to the open reading frames of the reference strain LM01. Clinical C. jejuni isolates 260.94, HB93-13, CF93-6, 84-25, 81-176, and 11168, C. jejuni chicken isolate RM1221, C. jejuni subsp. doylei 269.97, and C. coli RM2228 are included. (A) Open reading frames with functions unambiguously identified in RAST; (B) open reading frames with probable, possible, or putative functions identified in RAST; (C) hypothetical proteins identified in RAST; (D) antibiotic resistance genes identified in RAST; (E) plasmid or bacteriophage associated open reading frames identified in RAST.

Supplementary Table 3 | Protein percent identity of virulence-associated calf isolate open reading frames. Clinical C. jejuni isolates 260.94, HB93-13, CF93-6, 84-25, 81-176, and 11168 are included. This table contains homologs in each isolate to 342 virulence-associated C. jejuni loci detailed in Bell et al. (2013) and updated from the literature (Jacobs et al., 2008; Baek et al., 2011; Buelow et al., 2011; Barrero-Tobon and Hendrixson, 2012; Boehm et al., 2012; Cullen et al., 2012, 2013; Frirdich et al., 2012). Homologs were identified by conducting TBLASTN of reference sequences to the genome of each isolate. The reference sequences from GenBank that were employed for this analysis are given in column 1; sequence names of the form Cj####.gene_name are from C. jejuni NCTC 11168 genome sequence AL111168.


FOOTNOTES

1http://pubmlst.org/campylobacter/info/porA_method.shtml

2http://pubmlst.org/campylobacter/

3https://www.ebi.ac.uk/Tools/msa/clustalo/

4https://pubmlst.org/
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The Arcobacter is a globally emerging foodborne and zoonotic pathogen that can cause diarrhea in humans. It is relatively homogenous and clearly distinguishes the group from other Epsilonproteobacteria. Arcobacter cryaerophilus (A. cryaerophilus) is a heterogeneous species and little is known about its genomic characterization in China. This study aims to determine the genetic and plasmid features of A. cryaerophilus based on whole-genome sequence (WGS). Average Nucleotide Identity (ANI) and in silico DNA–DNA hybridization (isDDH) were used for the species classification for 90 initially identified A. cryaerophilus strains. One complete genome and 42 draft genomes were obtained by whole genome sequencing. The genomic characteristics were determined using various bioinformatics software. The genomes of the strains examined were estimated to vary from 1.81 to 2.28 Mb in length, with a G + C content of around 27%. ANI and isDDH results indicated that 90 initially identified A. cryaerophilus strains should be reclassified into four new species (ANI > 96% or isDDH > 70%). Two clades (four subclades) were identified among 90 genomes with the phylogenetic analysis. The phylogenetic tree indicated these 90 genomes exhibited a high intra-species genomic diversity. No clustering was assorted with the host or geographic location among these genomes. Aminoglycoside resistance genes, such as aph(2’’)-Ih, AAC(6’)-Ie-APH(2’’)-Ia, aac(6’)-IIa, ant(6), and streptothricin resistance gene SAT-4 were detected in the chromosomes from a third of the Chinese strains. Virulence-related genes were identified in all the sequenced strains. A novel large multiple drug-resistant plasmid (named pCNAC48 with 161,992 bp in length) was identified in strain ICDCAC48. Two antibiotic-resistance islands were found in the plasmid with lengths of 7,950 and 25,137 bp and G + C content of 38.23 and 32.39%, respectively. The drug resistance genes and some transposable elements were cross-distributed among the islands in the plasmid. Antimicrobial susceptibility tests indicated these resistance genes in the plasmid were functional. Plasmid conjugation and curing experiments proved pCNAC48 was stable in strain ICDCAC48. It was the first identified multiple drug resistance plasmid in A. cryaerophilus-like.
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Introduction

Arcobacter is vastly distributed over various habitats showing to be a large and heterogeneous group accommodating 36 recognized species of diverse origin (Ferreira et al., 2016; Isidro et al., 2020; Parte et al., 2020; On et al., 2021). These species have also gained enhanced attention due to their association with bacteremia in humans, and abortion, mastitis, or diarrhea in animals. Arcobacter butzleri (A. butzleri) and Arcobacter cryaerophilus (A. cryaerophilus) are included in the list of microbes that pose a serious risk to human health by the International Commission on Microbiological Specifications for Foods (ICMSF, 2002; Perez-Cataluna et al., 2018a). The disease caused by Arcobacter may be self-limited; however, several case studies have reported antibiotic treatment for intestinal and extra-intestinal infections, mainly from the classes of β-lactams, fluoroquinolones, and macrolides (Ferreira et al., 2016; Mottola et al., 2016). Recently, multidrug resistance rates ranging from 20 to 93.8% were reported in A. cryaerophilus isolated from different sources, which might affect the treatment of A. cryaerophilus infection (Kabeya et al., 2004; Van den Abeele et al., 2016; Rathlavath et al., 2017; Jribi et al., 2020; Sciortino et al., 2021). The actual role of the mechanisms behind antibiotic resistance has not been thoroughly studied, with this lack of information hampering the evaluation of the disease burden of A. cryaerophilus and its role as a health hazard.

Perez-Cataluna et al. (2018b) had a taxonomy study for the Arcobacter genus based on Average Nucleotide Identity (ANI), in silico DNA–DNA Hybridization (isDDH), Average Amino-acid Identity, Percentage of Conserved Proteins, and Relative Synonymous Codon Usage, and the study indicated the division of the current Arcobacter genus into at least seven different genera (Arcobacter, Aliarcobacter, Haloarcobacter, Pseudoarcobacter, Poseidonibacter, Malacobacter, and Candidate “Arcomarinus” gen. nov). According to the results of Perez-Cataluna et al. (2018b), Arcobacter cryaerophilus should be called Aliarcobacter cryaerophilus. However, On et al. (2020) revealed that the Arcobacter genus was relatively homogenous and phylogenetic analyses clearly distinguished the group from other Epsilonproteobacteria, and showed that any of the measures used did not support the genomic distinction of the genera proposed by Perez-Cataluna et al. (2018b). In addition, the proposal of Pérez-Cataluña et al. has not been approved by the International Committee on Systematics of Prokaryotes taxonomy subcommittee on Campylobacter or validated in the International Journal of Systematic and Evolutionary Microbiology (On, 2021). Two subgroups in A. cryaerophilus were once named subgroups 1A and 1B based on DNA–DNA hybridization (Kiehlbauch et al., 1991; Vandamme et al., 1992). Later, Perez-Cataluna et al. described A. cryaerophilus as four genomovars based on Multilocus Phylogenetic Analysis, ANI, and isDDH but none of the evaluated phenotypic tests enabled their unequivocal differentiation into species (Perez-Cataluna et al., 2018a). These characteristics resulted in the taxonomy difficulties in this species.

Mobile elements, including plasmids, transposons, insert sequences, and integrons, were the most efficient genetic elements promoting the acquisition and dissemination of drug resistance determinants (Vetting et al., 2005; WHO, 2015). One previous report showed that plasmids were present in 9.9% of the Arcobacter, but no multidrug-resistant plasmids were reported in A. cryaerophilus before (Harrass et al., 1998; Toh et al., 2011; Douidah et al., 2014; Muller et al., 2020). Previous studies have shown that antibiotic resistance of Arcobacter might be caused by the resistance genes in chromosomes rather than plasmids (Toh et al., 2011; Douidah et al., 2014; On et al., 2019).

The genomic characteristics of 43 A. cryaerophilus strains isolated and identified by PCR in China and 47 genomes obtained from the available database were analyzed in this study. Meanwhile, the species classification for all of the strains previously identified as A. cryaerophilus strains was investigated based on the genome sequences. The comparative genetic analysis and the transfer capacities of the novel identified plasmid were also assessed.



Materials and methods


Strains and DNA extraction

Forty-three A. cryaerophilus strains were isolated from retail raw chicken meat from different districts in Beijing. The strains were identified according to the previous report (Wang et al., 2021) with multiplex PCR and matrix-assisted laser desorption ionization time-of-flight mass spectrometry methods. All identified strains were grown on Karmali agar (OXIOD, United Kingdom) with 5% defibrinated sheep blood as a culture medium. The genomic DNA of each strain was extracted using the QIAamp DNA Mini Kit (Qiagen, Germany) according to the manufacturer’s instructions. The concentration and purity of the DNA were measured using a NanoDrop 2000 (Thermo Fisher Scientific, United States) spectrophotometer.



Whole-genome sequencing

The genome sequences were accomplished at Beijing Genomics Institute (BGI). Forty-two draft genomes were sequenced using the Illumina HiSeq 2500Xten platform (Illumina Inc., San Diego, CA, United States) generating reads of 300 bp in length and the complete sequencing was performed by PacBio, and long reads were analyzed using the pipelines provided by the SMRT Portal software. Based on the sequence length and alignment method, we discriminated whether the initial assembled sequence was chromosomal or a plasmid sequence and tested whether the sequence was looped. The assembled sequences were predicted as genes and annotated the function using the Prokka pipeline (Seemann, 2014) and RAST annotation server.1 RepeatMasker2 and TRF software (Benson, 1999) were used to predict scattered repeat sequences and tandem repeats. The amino acid sequence of the plasmid pCNAC48 was compared with the COG, GO, KEGG, NR, and Swiss-Prot databases using BLAST software (Altschul et al., 1990), and its genes and corresponding functional annotation information were combined to obtain the annotation result. Phage Search Tool (PHAST) webserver3 and phiSpy software (Akhter et al., 2012) were used to search for phage sequences. The genomic island sequences were predicted using IslandViewer 4 software based on three different genomic islands (GIs) prediction algorithms (IslandPATH-DIMOB, IslandPick, and SIGI-HMM; Bertelli et al., 2017). BLAST Ring Image Generator (BRIG; Alikhan et al., 2011) and Easyfig v2.2.3 (Sullivan et al., 2011) were used for comparative analyses of plasmids and antibiotic resistance genes, respectively.



Genomes and plasmids of Arcobacter cryaerophilus from database

In addition to the strains sequenced in this study, the other genomes of previously assigned A. cryaerophilus and plasmids of Arcobacter were downloaded from NCBI4 and PATRIC5 database. SRR data were assembled with SPAdes v3.13.1, and contigs length < 500 bp were filtered. Ninety genomes of A. cryaerophilus were selected for this study and genomic information was shown in Supplementary Table S1 (Sheet 1). Other genomes of the Arcobacter were downloaded from NCBI and listed in Supplementary Table S1 (Sheet 2). All plasmids used in this study were listed in Supplementary Table S2.



Species classification and phylogenetic analyses based on the genomes

16S rRNA sequence of Arcobacter was downloaded from the List of Prokaryotic names with Standing in Nomenclature.6 The genomes were compared by the ANI (ANIm) and isDDH (Formula 2) using pyani7 and Genome-to-Genome Distance Calculator software (https://ggdc.dsmz.de; Meier-Kolthoff et al., 2022), respectively. The generally accepted ANI and isDDH boundary values for species delineation were 95–96 and 70%, respectively (Kim et al., 2014). Core SNPs were called using Snippy 4.3.6 software8 with the genome of a type strain of A. cryaerophilus ATCC43158 as a reference, and genome AP012047 (A. butzleri) was used as an outgroup. Gubbins software (Croucher et al., 2015) was used to remove the recombination and obtain the pure SNPs without recombination. Phylogeny reconstruction based on core-SNPs was performed with the Maximum-Likelihood (ML) method using MEGA 11 (Tamura et al., 2021) software with 1,000 bootstraps (Figure 1).
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FIGURE 1
 Maximum-Likelihood (ML) tree of the core genome alignments of strains varies from source and country with 1,000 bootstraps. Different colors and shapes indicate various sources. The inner ring represents the strains, the middle ring represents the Isolation Country, and the outside ring represents the Isolation Source. And only bootstrapping values greater than 70 are annotated on the tree. Different background colors indicate different subclades.




Putative virulence and antibiotic resistance genes screening and antimicrobial susceptibility test for ICDCAC48

Virulence genes of all the genomes were detected on VFanalyzer.9 Common virulence genes in Arcobacter were identified using BLAST software. The identity cut-off and query coverage values were kept at >90 and >90%, respectively. Resistance genes were predicted using the Abricate10 and Comprehensive Antibiotic Resistance Database (CARD; https://card.mcmaster.ca/?q=CARD/ontology/35506), with an E-value of at least 1e−10 as the cutoff. BLAST and mafft (Katoh and Standley, 2013) were used to detect an individual missense mutation in the gyrA gene, which was responsible for conferring ciprofloxacin resistance. For ICDCAC48, antibiotic susceptibility testing was carried out with erythromycin, azithromycin, ciprofloxacin, nalidixic acid, tetracycline, gentamicin, florfenicol, telithromycin, streptomycin, chloramphenicol, and clindamycin using gradient strip method (E-test™, bio Mérieux, Nürtingen, Germany) following the manufacturer’s instructions. C. jejuni ATCC 33560 was used as a quality control strain.



Conjugation and plasmid curing assays

The mating experiment was performed to evaluate the conjugation transferability of pCNAC48 among A. cryaerophilus strains and some Campylobacter strains. The erythromycin-resistant and streptomycin-sensitive strain ICDCAC48 was used as the donor, and the erythromycin-sensitive and streptomycin-resistant A. cryaerophilus and Campylobacter strains were used as recipients. Eight A. cryaerophilus strains and eight Campylobacter upsaliensis strains were selected for the assessment in this study. A donor and recipient mixture with a concentration ratio of 1:9 was grown in BHI broth at 37°C overnight. One hundred microliters of each mixed culture were spread on a Karmali medium with 100 μg/ml erythromycin and 50 μg/ml streptomycin for 3 days of incubation. Then, the potential transconjugants which might obtain the resistant plasmid were selected from the selective medium and confirmed by PCR amplification of the specific genes in the pCNAC48 plasmid. The primers designed for specific sequences in the plasmid were listed in Supplementary Table S3. The mating experiment for each tested strain was repeated three times.

The stability of the pCNAC48 in ICDCAC48 was evaluated by daily serial passage on an antibiotic-free Karmali medium. Colonies were tested daily for antibiotic resistance genes in pCNAC48 by PCR. One hundred and fifty passages were assessed in this study.




Results


Genomic characteristics

Hybrid sequence assembly of the Illumina paired-end reads and PacBio long reads resulted in a single contig representing one chromosome and one circular plasmid in strain ICDCAC48. A total sequence length of 2,211,108 bp with a G + C content of 27.48% in the chromosome, and a putative plasmid was identified with 161,992 bp in length and a G + C content of 27.38%. Following Illumina draft genome sequencing, approximately 100 to 150× reads coverage was obtained for the other 42 genomes. Genome sizes of the examined 42 strains were each in a region of ~2.1 Mb in size. A total of 90 A. cryaerophilus genomes (43 sequenced in this study and 47 public database available genomes) were subjected to deep comparative analysis. Based on these 90 genomes, the chromosome of A. cryaerophilus was estimated to vary from 1.81 to 2.28 Mb in length, with an average G + C content of around 27%. The comprehensive genomic characteristics of the sequenced strains were listed in Supplementary Table S1 (Sheet 1).



Species classification and genetic population

The ANI and isDDH values of 27 represent type genomes of the Arcobacter genus were listed in Supplementary Table S4 (Sheet 1). High ANI and isDDH values were found among some species, such as the ANI and isDDH values between A. marinus and A. canalis were 95.67 and 63.7%, respectively. According to the ANI (>96%) and isDDH(>70%), these 90 A. cryaerophilus genomes in this study were classified as four different species. Within these four species, ANI values were >96%, isDDH values of almost all genomes were >70%, with the exception of some genomes (16CS1285-4, 938, 17CS1201-2, and LMG9861), but these isDDH values were >68%. ANI and isDDH values were <95 and <60% among different subclades, except for a few strains in subclade III and subclade IV, which reached 95 and 60%, respectively. The results from the calculated overall genome-related taxonomical indices ANI and isDDH were shown in Supplementary Table S4 (Sheet 2) and Table 1. Type strain ATCC43158 of A. cryaerophilus was allocated in subclade II. Strains from China were identified as A. cryaerophilus by PCR but distributed in subclade III and subclade IV, named A. cryaerophilus-like_2 and A. cryaerophilus-like_3. An ML tree was constructed using the core genome alignment of 90 strains to analyze the resulting population structure (Figure 1). Two major clades designated clades A and B were identified in these 90 strains. Clade A was subdivided into two subclades named subclade I and subclade II, which were composed of 5 (5.56%) strains isolated from aborted bovine, aborted cow, and aborted sheep in the United Kingdom and Ireland. Clade B was subdivided into two subclades named subclade III and subclade IV. Clade B was the most prevalent, accounting for 94.44% (85/90) and strains from different sources were scatted and distributed among the phylogenetic groups. All strains from China were distributed in clade B. The classified groups in the phylogenies tree were consistent with the classifications according to the ANI and isDDH analysis. No clustering of host or geographic location was observed in the strains examined.



TABLE 1 Summaries of the ANIm and isDDH between the four genetic subclades of 90 analyzed strains.
[image: Table1]

The sequence similarity of the 16S rRNA gene between the type strain (ATCC43158) and the representative strains isolated in this study ranged from 99.14 to 100% (Supplementary Table S5), which was higher than that of other Arcobacter species of Arcobacter genus. Their close relationship was also visible in the 16S rRNA phylogenetic tree as they were clustered together (Figure 2).

[image: Figure 2]

FIGURE 2
 Neighbor-joining tree based on 16S rRNA sequences showing the phylogenetic position of Arcobacter and the representative strains of the four subclades. And only bootstrapping values greater than 70 are annotated on the tree. Bar indicated six substitutions per 1,000 bp.




Virulence factors and antibiotic resistance genes

Numerous virulence-associated genes were identified, such as the adhesion-related genes, immune-related genes, motility-related genes, and stress adaptation-related genes (Figure 3; Supplementary Table S6). The ciaB (invasion protein), tlyA (hemolysin TlyA), mviN (peptidoglycan biosynthesis), and pldA (phospholipase) were commonly present in all tested strains. The cadF (fibronectin-binding proteins) was presented in most tested strains at 97.78% (88/90), while other genes like hecA (filamentous hemagglutinin family), hecB (hemolysin activator protein HecB), iroE, and irgA (iron-regulating outer membrane protein) were only detected in some strains. No regional or host origin differences were found in the distribution of virulence genes.

[image: Figure 3]

FIGURE 3
 Heatmap is generated using the pheatmap package based on the distribution of virulence genes. Orange indicates the presence of the virulence genes, blue–gray indicates the absence of the virulence genes.


The prediction of resistome by CARD and Abricate showed that aminoglycoside antibiotic resistance genes [aph(2″)-Ih, AAC(6′)-Ie-APH(2″)-Ia, aac(6′)-IIa, and ant(6)] were found in 13 of 43 Chinese strains (CNAC007, CNAC016, CNAC028, CNAC040, CNAC043, CNAC065, CNAC067, CNAC069, CNAC091, CNAC095, CNAC144, CNAC145, and ICDCAC48). SAT-4 was found in CNAC016, CNAC043, CNAC067, CNAC091, CNAC095, CNAC144, and CNAC145. Resistant genes VEB-3, optrA, mexA, mexB, oprM, mefA, msrD, and ere(B) were only identified in strain ICDCAC48 which were harbored in the plasmid pCNAC48.

The search for antimicrobial resistance determinants revealed that all strains from China were susceptible to erythromycin, except for ICDCAC48. The quinolone resistance determining region (QRDR) at position 254 of the gyrA gene was found in 55.81% (24/43) strains, including ICDCAC48. The MICs of ICDCAC48 to erythromycin, azithromycin, ciprofloxacin, nalidixic acid, tetracycline, gentamicin, florfenicol, and telithromycin were 64, 32, 32, >64, 32, 16, 8, and 32 μl/ml, respectively. It was sensitive to streptomycin, chloramphenicol, and clindamycin with MICs of 4, 8, and 1 μl/ml, respectively.



Genetic structure of drug-resistant plasmids pCNAC48 and comparative genomics of Arcobacter plasmids

One hundred sixty-three genes were identified in pCNAC48, 62 of which were not associated with any known function. The location and the characteristics of ORFs and annotated functions of plasmid pCNAC48 were shown in Supplementary Table S7. The genomic features of comparative plasmids were presented in Figure 4. The backbone of pCNAC48 was closely related to previously identified Arcobacter plasmids pM830MA, pATCC43158, and pAFAEC. These plasmids were composed of plasmid replication (1–2,849 bp) and plasmid stability maintenance (151,970–160,575 bp), which were conserved to a certain extent. These plasmids contained the same replicon repA, which could not be assigned to any known incompatibility groups (Figure 4). Differences were also found in these plasmids, especially pCNAC48.

[image: Figure 4]

FIGURE 4
 Schematic of the circularized plasmid sequence and position of the gene clusters associated with putative resistance genes. From inside to outside the ring: the GC Content, GC Skew, pCNAC48, pAFAEC, pM830MA, pATCC43158, pACIB, and pACLO, respectively. Different colors represent different genes, blue represents replication initiation protein, red represents antimicrobial resistance genes, green represents transposable associated genes, purple represents prophage genes, and black represents genomic island genes. The red circle represented the drug resistance gene islands. The arrow’s length and direction indicate the gene’s size and direction. Below is the gene environment of Tn7409. IRL and IRR indicate inverted repeats left and right, respectively. DR indicates direct repeat.


The whole plasmid pCNAC48 had a GC content of 27.04%, which was similar to the overall GC ratio (27.49%) in the chromosome of A. cryaerophilus (~27%). Two antibiotic-resistance gene islands (ereB—mefA and VEB-3—oprM) were found in the plasmid with lengths of 7,950 and 25,137 bp and GC content of 38.23 and 32.39%, respectively. Insertion sequence IS1380 family and Tn7409 were found in the plasmid pCNAC48. A truncated copy of ISEnca1, named ISEnca1* (a paired terminal 16 bp inverted repeat IRL 5′-TATTATAAAAGACATT-3′ and IRR 5′-AATGTCTGGTATAATA-3′) was present upstream of optrA. A paired terminal 18 bp inverted repeat (IRL 5′-TATACCTAGATTCTACGT-3′ and IRR 5′-ACGTGGAATTTAGGAATA-3′) were identified in ISEnca1 (IS1380 family). Tn7409 was composed of ISEnca1*, ISEnca1, optrA, and an unknown function gene. The location and genetic characteristics of this transposon were present in Figure 4.

Two genomic islands, named GI_CNAC48-1 (ORF48 - ORF56) and GI_CNAC48-2 (ORF149-ORF153), were identified in pCNAC48. Sequence analysis showed that the length of the two genomic islands were 6,066 bp (36,425–42,490 bp) and 5,386 bp (141,098–146,483 bp) with the G + C content of 24.15 and 41.53%, respectively. The sequences of genomic islands were compared with those of known microorganisms in the NCBI database, and the coverage rate and identity were low.

Two prophages (complete prophage and incomplete prophage) were identified in pCNAC48, which were named PpCNAC48-1 and PpCNAC48-2. The size of the two prophages were 20,965 bp (3,938–24,902 bp) and 6,517 bp (84,385–90,901 bp) with the average G + C content of 24.59 and 31.15%, respectively. Sequence analysis showed that PpCNAC48-1 had 93.00% query cover and 95.71% sequence similarities with the Aliarcobacter feces strain CCUG 66484 plasmid pAFAEC (CP053838.1).



Transferability of plasmids pCNAC48

No conjugated colony was found from the repeated attempts of mating experiments and none of the resistant lost colonies was identified during the passages study. These results indicated the stability of pCNAC48 in strain ICDCAC48.




Discussion

Arcobacter cryaerophilus is a globally emerging foodborne and zoonotic pathogen with a wide range of sources and regional (Ferreira et al., 2016; Muller et al., 2020). The genomic and classification characteristics were valuable for further investigation of this pathogen. To obtain the genetic and taxonomic characteristics of A. cryaerophilus, 90 genomes, including 47 publicly available genomes and 43 newly sequenced strains from our collection, were selected in this study. The quality of the genome sequences was generally in agreement with the minimum standards established for using genome data for taxonomical purposes. Globally, the genomic characteristics of the 90 compared genomes shown in Supplementary Table S1 were very similar, with sizes that did not differ by more than 0.47 Mb, a G + C content ranging from 27.01 to 28.18%, and coding sequences or CDS around 2,100.

The classification of the Arcobacter is controversial. Perez-Cataluna et al. suggested that the current Arcobacter should be redivided into seven distinct genera, but this proposal has been robustly refuted (On et al., 2020; On, 2021). However, strains identified as A. cryaerophilus were without question diverse. Type strain ATCC43158 of A. cryaerophilus and representative strains from each subclade (I–IV) were selected for constructing a 16S rRNA gene phylogenetic tree. The percentage of similarity of the 16S rRNA gene between these strains ranged from 99.14 to 100%. These results agreed with what occurred between other species of the Arcobacter, where the 16S rRNA gene did not have enough resolution to differentiate the species. However, 16S rRNA phylogenetic tree showed that representative strains in four subclades were genetically closer to A. cryaerophilus. For A. cryaerophilus, ANI values above 96% were the ones that better correlated with isDDH results above 70% in previous studies (Perez-Cataluna et al., 2018a), but this study only concluded based on 13 A. cryyaerophilus genomes. Supplementary Table S4 and Table 1 showed the results from the calculated overall genome-related taxonomical indices, i.e., ANI and isDDH. The ANI values of the genomes within the subclade were all >96%, while the ANI values from each of the four different subclades were <96%, indicating that these subclades belonged to different species. The isDDH among genomes within each subclade was >68% and the isDDH among four subclades was <64.1%, indicating that each subclade represented an independent species, which was consistent with ANI. And these results were well demonstrated by other species of Arcobacter at the genomic level. For example, the ANI and isDDH values of A. aquimarinus (GenBank: CP030944) and A. cloacae (GenBank: NXII01000000) were 93.31 and 50.9% respectively, and A. thereius (GenBank: CP035926) and A. porcinus (GenBank: CP036246) were 93.44 and 50.8%, respectively, and A. marinus (GenBank: CP032101) and A. canalis (GenBank: CP042812) were 95.67 and 63.7%, respectively. The results of taxonomic analysis of 90 genomes of strains initially identified as A. cryaerophilus indicated that these strains could be divided into four genomovars, which was consistent with the results of Perez-Cataluna (Perez-Cataluna et al., 2018a). Therefore, we named these strains that were genetically closest to A. cryaerophilus but not belonging to A. cryaerophilus as A. cryaerophilus-like. Our results showed that strains from China belonged to subclades III and IV, also named A. cryaerophilus-like_2 and A. cryaerophilus-like_3. All the strains sequenced in this study were those initially identified as A. cryaerophilus by PCR. However, the genomic analysis showed that the PCR method did not have enough discrimination to distinguish these new subclades, which were correctly described as A. cryaerophilus-like, although they were similar but not A. cryaerophilus. Therefore, specific primers for distinguishing A. cryaerophilus and A. cryaerophilus-like should be designed in future work. The core SNPs phylogenetic tree showed that the genomes were divided into four subclades with well-supported clusters with bootstraps. The subclade I and subclade III formed a separate branch from subclade II and subclade IV, respectively, which was consistent with the higher values observed with ANI and isDDH for these two subclades. Phylogenetic analysis showed the strains examined exhibited a high intraspecies genomic diversity, which may reflect the high adaptability to host and environment. However, clade B was the most prevalent, accounting for 94.44% (85/90), and all strains from China were distributed in clade B. Notably, strains recovered from human specimens belonged exclusively to clade B, suggesting potential host specificity.

Arcobacter cryaerophilus is considered an emerging zoonotic pathogen, and available data on virulence and antibiotic resistance genes are still limited. In this study, the adhesion-related genes, immune-related genes, motility-related genes, and stress adaptation-related genes were identified in almost all strains. Interestingly, we observed that cadF, ciaB, mviN, pldA, and tlyA were present in almost every genome, which was different from previous studies (Girbau et al., 2015; Bruckner et al., 2020; Uljanovas et al., 2021), in which the presents of the virulence genes were identified by PCR. The lower detection ratio for these genes might be because of the genetic heterogeneity in primers’ target sequences.

Analysis of drug resistance genes showed that 10 acquired drug resistance genes were detected in ICDCAC48, all of which were located on a plasmid. And these resistance genes had a high degree of identity with those found in other bacteria, even in Gram-positive bacteria or their plasmids. Sequence analysis showed that VEB-3 (beta-lactamase resistant gene) had 100% query cover and 99.89% sequence similarities with the VEB-3 in Enterobacter hormaechei strain C45 plasmid pC45_002 (CP042553.1), Citrobacter freundii strain E33 plasmid pE33_002 (CP042519.1), Klebsiella pneumonia strain C51 plasmid pC51_003 (CP042484.1), and Pseudomonas aeruginosa strain SE5429 (CP054845.1). Here, we identified the presence of VEB-3 in naturally occurring Arcobacter for the first time, which indicated that VEB-3 might be exogenous. The transferable optrA gene encoded an ABC-F protein which conferred high levels of resistance to erythromycin, oxazolidinones, and chloramphenicol and has not so far been detected in Arcobacter. Plasmids carrying the optrA gene had the potential to be transferred between different Enterococci and between Enterococci and other Gram-positive bacteria (Wang et al., 2015). The optrA had 98.00% query cover and 99.58% sequence similarities with multiple plasmids in the Enterococcus faecium and Staphylococcus sciuri and was flanked by two copies of IS1380-like, suggesting that it may be transmitted by horizontal gene transfer. The mexA, mexB, and oprM were widely distributed in Arcobacter, indicating that they may be transmitted in different ways within the species. The mefA, msrD, and ereB were macrolide (erythromycin) antibiotic resistance genes that were initially reported in Streptococcus, and studies have shown that the presence of any of the mefA, msrD, and ereB could lead to high levels of resistance to macrolide antibiotics in Streptococcus (Arthur et al., 1986; Amezaga and McKenzie, 2006). The ereB has been reported in E. coli plasmids and was thought to be an exogenous gene of E. coli through plasmid transfer from Streptococcus (Arthur et al., 1986). These observations showed that certain strains with the potential to spread might represent a more significant hazard to humans than others. In particular, the MIC determination revealed that ICDCAC48 was resistant to erythromycin, azithromycin, ciprofloxacin, nalidixic acid, tetracycline, gentamicin, florfenicol, and telithromycin but only sensitive to streptomycin, chloramphenicol, and clindamycin, indicating that the drug-resistant phenotype of ICDCAC48 was conferred by drug-resistant genes on the plasmid. This was the first plasmid associated with drug resistance identified and reported in A. cryaerophilus-like. In addition, one-third (13/43) of Chinese strains contained at least two or two more tetracycline, aminoglycoside, and streptomycin resistance genes on the chromosome. However, the strains from other countries hardly contain any antibiotic resistance genes. Most strains’ resistance phenotype is perfectly correlated with the presence of a corresponding acquired resistance gene or mutation (Brooks et al., 2020). Therefore, these results reflected that the resistance situation of A. cryaerophilus-like in China might be more serious. Furthermore, the strains we collected showed that strains with a point mutation in the QRDR at position 254 of the gyrA gene were resistant to ciprofloxacin. By analogy with the Thr-Ile substitution in position 86 of the gyrA gene in Campylobacter ciprofloxacin-resistant strains, this substitution at Thr-85- Ile from A. cryaerophilus-like strains could be the cause of the quinolone resistance, which has been verified in A. butzleri (Ferreira et al., 2018; Isidro et al., 2020).

Plasmids are commonly present in diverse prokaryotes and have been reported in 9.9% of A. butzleri (Thomas, 2000; Toh et al., 2011; Douidah et al., 2014). Mobility of multidrug resistance plasmids in different environments was a major public health concern. The results of this study showed that the backbone of pCNAC48 was closely related to Arcobacter plasmids pM830MA, pATCC43158, and pAFAEC, which contained the same replicon repA and could not be assigned to any of the known incompatibility groups. Differences were also found in these plasmids, especially for pCNAC48. In addition to these plasmid replication and plasmid stability maintenance were found in most plasmids, two genomic islands, two prophages, antibiotic resistance genes, and several transposable genes were only identified in pCNAC48. Therefore, the presence of these traits in A. cryaerophilus-like pCNAC48 may represent a potential reservoir for wider gene transfer to other microorganisms. However, repeated attempts of conjugation assays failed to obtain transconjugants. The lack of oriT, relaxase, T4CP, and T4SS gene clusters might be responsible for the non-conjugative behavior of pCNAC48 compared to other transferable plasmids. Passaged cultures were performed in an antibiotic-free medium to verify the stability of the plasmid. No plasmid loss strain was obtained after 150 consecutive subcultures, which suggested that the plasmid was well stabilized in genetic evolution and difficult to lose.

A previous study found that resistance genes and non-conjugative plasmids could be mobilized by co-resident, conjugative plasmids, or IS (Di Sante et al., 2017). Five complete and nine partial IS elements were found in plasmid pCNAC48, several of these IS elements were identified in two or more Arcobacter species or showed high sequence similarity, suggesting that some members of the Arcobacter IS element suite had moved from species to species via horizontal gene transfer and may carry resistance genes for transfer. Two antibiotic-resistance gene islands were found in the plasmid with lengths of 7,950 and 25,137 bp and GC content of 38.23 and 32.39%, respectively. The GC content of antibiotic-resistance gene islands was significantly different from that of the chromosome of A. cryaerophilus-like, indicating insertion segments and antibiotic resistance genes in plasmid were exogenously acquired by A. cryaerophilus-like via horizontal gene transfer. Resistance genes also were flanked by transposons or IS in plasmid pCNAC48. The sequence alignment showed that ISEnca1 and ISEnca1* were found in Campylobacter and Arcobacter, and optrA or AAC(6′)-Ie-APH(2″)-Ia were inserted between ISEnca1 and ISEnca1*, which indicated resistance genes could be transferred by IS.

In this study, we first investigated the species classification for the strains isolated in China, and it was also a comprehensive description of the genetic characteristics of A. cryaerophilus based on genome features. The multiple drug resistance plasmid found in this study might explain the more resistant phenotypic characters in ICDCAC48.



Conclusion

In conclusion, our results indicated that strains initially identified as A. cryaerophilus in this study should be referred to as A. cryaerophilus-like at the genome-level taxonomic, which was similar to A. cryaerophilus and cannot be distinguished by PCR at present. In this study, we obtained the genetic characteristics of A. cryaerophilus and A. cryaerophilus-like from different sources and exhibited a high intraspecies genomic diversity between the strains. A multidrug-resistant megaplasmid was identified and the characteristics of the plasmid were elucidated, contributing effectively to filling up the knowledge gap on this foodborne pathogen. The potential of plasmids to mediate horizontal transfer among Arcobacter and other species warrants further consideration by researchers interested in the risks to public health from these organisms.
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Broiler meat is widely known as an important source of foodborne Campylobacter jejuni and Campylobacter coli infections in humans. In this study, we thoroughly investigated transmission pathways that may contribute to possible Campylobacter contamination inside and outside broiler houses. For this purpose we carried out a comprehensive longitudinal sampling approach, using a semi-quantitative cultivation method to identify and quantify transmissions and reservoirs of Campylobacter spp. Three german broiler farms in Brandenburg and their surrounding areas were intensively sampled, from April 2018 until September 2020. Consecutive fattening cycles and intervening downtimes after cleaning and disinfection were systematically sampled in summer and winter. To display the potential phylogeny of barn and environmental isolates, whole genome sequencing (WGS) and bioinformatic analyses were performed. Results obtained in this study showed very high Campylobacter prevalence in 51/76 pooled feces (67.1%) and 49/76 boot swabs (64.5%). Average counts between 6.4 to 8.36 log10MPN/g were detected in pooled feces. In addition, levels of 4.7 and 4.1 log10MPN/g were detected in boot swabs and litter, respectively. Samples from the barn interior showed mean Campyloacter values in swabs from drinkers 2.6 log10MPN/g, walls 2.0 log10MPN/g, troughs 1.7 log10MPN/g, boards 1.6 log10MPN/g, ventilations 0.9 log10MPN/g and 0.7 log10MPN/g for air samples. However, Campylobacter was detected only in 7/456 (1.5%) of the environmental samples (water bodies, puddles or water-filled wheel tracks; average of 0.6 log10MPN/g). Furthermore, WGS showed recurring Campylobacter genotypes over several consecutive fattening periods, indicating that Campylobacter genotypes persist in the environment during downtime periods. However, after cleaning and disinfection of the barns, we were unable to identify potential sources in the broiler houses. Interestingly, alternating Campylobacter genotypes were observed after each fattening period, also indicating sources of contamination from the wider environment outside the farm. Therefore, the results of this study suggest that a potential risk of Campylobacter transmission may originate from present environmental sources (litter and water reservoirs). However, the sources of Campylobacter transmission may vary depending on the operation and farm environmental conditions.

KEYWORDS
 campylobacter, environment, transmission, broiler, WGS


Introduction

Campylobacter spp. remains an important cause of concern in broiler production as it is the most frequently reported food-borne pathogen in the European Union (EU). In 2019, there were 220,682 confirmed cases of human campylobacteriosis. Poultry meat is considered the most important source of human infection (Meldrum et al., 2005; Stafford et al., 2008; Facciola et al., 2017; Vetchapitak and Misawa, 2019). Campylobacter spp. enters the food chain through poultry colonization primarily at farm level but may also occur through secondary contamination at market and consumer levels. Therefore, the elimination or at least reduction in the poultry reservoir must be considered a key step to successfully combat the bacterium in the food chain (Lin, 2009). The epidemiology of Campylobacter in commercial broiler production is not yet fully understood. The prevalence of Campylobacter spp.-positive poultry broiler flocks varies by region, season and production system (Bahrndorff et al., 2013; Murphy et al., 2018). C. jejuni and C. coli are the main causes of campylobacteriosis in humans (Kaakoush et al., 2015). Several studies have shown that both C. jejuni and C. coli infections in humans occur more often in summer than in other seasons (Nielsen et al., 2013; Bessède et al., 2014). The distinct seasonal pattern of Campylobacter emergence in broiler farms suggests that seasonal changes in the environment may play an important role among other contributing factors affecting Campylobacter spp. survival and spread. A variety of sources have been identified and Campylobacter spp. has been shown to spread rapidly within the flock after its introduction (Koolman et al., 2014). Nevertheless, the exact time window of Campylobacter occurrence and transmission in broiler farms before and after detection in broiler chickens is not yet fully known. Farm control strategies such as well-implemented hygiene protocols have shown to reduce the incidence of Campylobacter (Gibbens et al., 2001; Borck Hog et al., 2016). It has been suggested that environmental contamination during rearing period may be responsible for colonization of subsequent broiler flocks. Possible risk factors for Campylobacter colonization are poorly implemented biosecurity and practices as well as the age of broilers, presence of other livestock animals within a 1 km radius, ventilation systems (insects), number of barns, employees and farm equipment, seasonality and thinning procedure (Gibbens et al., 2001; Hald et al., 2004, 2008; Nicholson et al., 2005; Stern, 2008; Horrocks et al., 2009; Newell et al., 2011; Patriarchi et al., 2011; Ridley et al., 2011; Wagenaar et al., 2013; Carron et al., 2018; Murphy et al., 2018). Feces of animals and wild birds, spreading of farmyard manure, compost, and domestic animals such as dogs and cats have previously been described as environmental reservoirs for Campylobacter spp. (Whiley et al., 2013). Water bodies are considered as possible Campylobacter reservoirs (Jones, 2001; Cools et al., 2003; Pitkanen, 2013). Campylobacter control on farms is a cumbersome task as the pathogen may survive and persist in a variety of environments and hosts (Lin, 2009; Silva et al., 2011). Preventing the entry or onset of Campylobacter into broiler farms, it is of great importance to determine potential Campylobacter transmission routes as well as relevant environmental reservoirs at broiler farms. The scope of this study was to ascertain Campylobacter transmissions at conventional broiler farms. Therefore, we investigated three different broiler farms in Brandenburg over 3 years. Specifically, we combined a semi-quantitative approach to estimate contamination levels as well as whole-genome sequencing, as a source-tracking tool. The discriminatory power of the whole-genome approach was used to provide further insight into possible unidirectional transmission pathways.



Materials and methods


Broiler farms and rearing

In total, three broiler chicken farms (A, B, C; features explained in Table 1) in Brandenburg were studied between May 2018 and September 2020 (Table 2). Campylobacter spp. presence was determined by pooling 10 individual fecal or cecal droppings. At each farm, four barns were individually examined in two consecutive fattening cycles in summer and winter.



TABLE 1 Farm characteristics and broiler rearing conditions in Brandenburg, Germany, 2018–2020.
[image: Table1]



TABLE 2 Comprehensive overview of all broiler farm visits in Brandeburg, Germany, 2018–2020.
[image: Table2]



Biosecurity

Biosecurity measures can be described as follows: at farm A and B, the presence of standard personal hygiene, as well as disinfectant footpads or baths, were available. Farm C, however, applied additional measures. This included strict hygiene practices in the anterooms, which were also cleaned and disinfected frequently during fattening. Furthermore, rubber boots were changed at the entrance of the anteroom by dipping the boots used on the farm premises in disinfectant baths to enter the anteroom and then changing into a separate pair of boots for exclusive use inside each respective barn. In addition, the boots used within the barns were cleaned and disinfected on a regular basis. Furthermore, a wheel washing disinfection basin at the entrance of the farm premises was available. In addition, a commercially available hydrogen peroxide-based product was continuously added to the drinking water system at Farm C. At all farms, bedding was removed immediately after each rearing period. Premises and barns were cleaned and disinfected and then remained empty for about 2 weeks. Cleaning and disinfection (C&D) of the broiler barns was carried out by the farm personnel in farms A and C and by an external service provider at farm B. C&D consisted of dry cleaning, followed by wet-cleaning and disinfection with commercial disinfectants selected by broiler manufacturers approved by the German Veterinary Society (DVG) for animal husbandries. Procedures were performed as suggested by German Agricultural Society (DLG). Apart from the hygiene practices mentioned above, farm C was the only farm that used feed and drinking water additives containing bulk elements (calcium and magnesium), trace elements (selenium), vitamins (E and D3), amino acids (lysin, threonin, methionin, tryptophan) and organic acids (propionic acid, lactic acid, sorbic acid, L-ascorbic acid, acetic acid, formic acid and its salt ammonium format and citric acid). In addition, farm C nebulized various essential oils (peppermint-, eucalyptus-, and menthol oil). However, these additional measures were withdrawn in the third quarter of 2019 following the transfer to a new operator (farm management change).



Sampling design

Once Campylobacter spp. was detected on a farm, a predefined, farm-specific sampling scheme was applied according to the geographic location of the buildings and exposure to potential environmental influences, such as wind direction and orientation of access roads and vehicle and personnel traffic. Briefly, four barns were investigated twice at the end of two consecutive fattening periods (rearing 1 and rearing 2) in summer (S) and winter (W) on each broiler farm. In between, the houses were also sampled after depopulation, removal of the litter and C&D. However, the start of the visits on the different farms varied (Table 1). Since farm C remained Campylobacter negative in several screenings, the sampling scheme described above could not be implemented until August 2019. Each sampling was conducted after thinning and at least 1 week prior to complete removal of the flock. Per farm visit, four barns were investigated and each of them was sampled as follows: three fecal matter and associated samples (FMAS), which were pooled feces, litter, boot swabs as well as seven samples from the barn interior (air, dust, swabs from drinker nipples and trays, troughs, wall, fan, physical entrance barrier (board; see detailed description in the section below). In addition, we collected six of the following samples each (air, boot swabs, gauze swabs, and water) yielding a total of 24 environmental samples. It is to note that seasonal influences sometimes prevented obtaining the same water samples. To determine Campylobacter existence after C&D, six gauze swabs (from drinker nipples and trays, troughs, wall, wall-to-floor transition, fans, entrance board and floor) were collected at each barn. Additionally, boot swabs, water from the drinking water supply as well as chicken litter residues were sampled. Deviating from this regular scheme, 20 additional fecal samples from dairy cows at the affiliated dairy farm of farm B were included (B_W18_3).



Sample collection

Pooled feces and litter samples consisted of the material from 10 individual feces or cecal droppings. Pooled litter samples were each collected from 10 different locations. To be as uniform as possible, samples were collected in the same manner whenever possible: feces samples (mixture of cecal dropping and feces), and litter (dry and wet at 5 to 10 m intervals) at the same areas. After C&D, if present, samples of litter residue, often mixed with cleaning and disinfecting agents were scraped from cracks and cavities and pooled. Furthermore, 10 g of each cow patty from farm B was examined as an individual sample. Samples were collected in sterile 120 ml specimen containers with spatulas (VWR, Radnor, Pennsylvania).

Boot swabs inside the barn were taken by walking the entire length of the barn and returning on the opposite side (Ridley et al., 2011). Environmental boot swabs from the outside were collected by walking the entire length of the chicken barn at a distance of 1 m from the barn, including areas with grass, concrete, soil, or puddles (Bull et al., 2006).

Gauze Swabs were previously moistened with 5 ml Nutrient Broth No. 2 (NB) and used to swab an area of 10 × 10 cm. Samples were collected from the barn interior inside the barns. Therefore, fans, drinker nipples and trays, troughs, the walls of the barn and the wooden board at the entrance were swabbed as described previously (Bull et al., 2006; Ridley et al., 2011). Environmental gauze swabs were taken in the same manner from farm equipment (tractors, carts, wheelbarrows, buckets,) and exposed surfaces close to the emission source around or on near barn ventilation fans.

Air samples were collected using the Coriolis® MICRO microbial air sampling device (Bertin Technologies, Montigny Le Bretonneux, France). Sampling in the barn interior was performed for 1 min at a flow rate of 250 L of air/min at four previously determined standard sampling points (i.e., total volume of 1,000 L) to gain one pooled sample per barn, in total four per rearing cycle (Ahmed et al., 2013). In the environment, however, the Coriolis was positioned at ascending distances within the exhaust air stream of the facility, considering the overall wind direction. For this purpose, the parameter of the Coriolis was set to 4 min at a flow rate of 250 L air/min (i.e., total volume of 1 m3) per sampling point. In total 6 air samples were taken. The instrument collects particles from the air in a fluid stream. Subsequently, airborne particles were collected in Coriolis® μ cones filled with NB. The device is capable of saturating particles with a pore diameter of 0.5–50 μm, as specified by the manufacturer. Dust was scraped from various surfaces from the barn interior in sterile 120 ml specimen containers.

Water from the environment such as surface water from ditches adjacent to the farm or within a 0.5 km range of the farm site and water bodies further away (<1 km) was collected in 500 ml sterile multi-purpose containers (Sarstedt, Sarstedtstraße 1, 51,588 Nümbrecht Germany). Water present at the farm premises such as puddles, residues in wheel tracks and waterholes, was sampled in a sterile screw cap tube, 50 ml (Sarstedt, Sarstedtstraße 1, 51,588 Nümbrecht Germany), by submerging, wearing sterile gloves. Wastewater from storage pits, basins, drains, and gullies was skimmed using a telescoping pole and a. All water samples were stored under chill conditions and examined within 2 h after sampling. After C&D, drinking water was drained from the supply system into sterile 500-ml multipurpose containers.



Laboratory processing of samples


Isolation and quantification of campylobacter spp.

Samples were prepared for semi-quantitative analysis according to ISO/TS 10272-3:2010 (method for the semi-quantitative determination of Campylobacter spp.). Therefore, all samples were diluted 1:8 in Preston Broth [PB; NB supplemented with Preston Campylobacter selective supplement (SR0117; Oxoid, Wesel, Germany), growth supplement (SR0232; Oxoid, Wesel, Germany) and defibrinated horse blood (SR0050; Oxoid, Wesel, Germany)]. Boot swabs, on the other hand, were diluted in 100 ml in PB while gauze swabs were transferred to 20 ml PB. For semi-quantitative analysis, 10 g pooled feces and litter and 5 g dust were diluted in PB. All samples were then homogenized at 200 rpm for 2 min using a laboratory Smasher (bioMérieux, Durham, United States). Air samples collected in Coriolis® μ cones (Berlin Technologies) were thoroughly vortexed using a vortex shaker (VWR, Darmstadt, Germany) and diluted in PB. For water sample preparation, samples were, if necessary, divided into aliquots and centrifuged at 16000 rpm for 10 min. Subsequently, the pellets were diluted in PB. All samples previously prepared at a ratio of 1:8 were then diluted 10-fold in PB. All dilutions were then incubated for 24 h at 37°C under microaerophilic conditions (85% nitrogen, 10% carbon dioxide, 5% oxygen) and afterward streaked out on quartered modified cefoperazone deoxycholate agar (mCCDA; CM0739; Oxoid, Wesel, Germany) supplemented with CCDA selective supplement (SR0155; Oxoid, Wesel, Germany) using 10-μl inoculation loops (Sarstedt, Nürnberg, Germany). Plates were then incubated for 48 h under the same conditions. Subsequently, all dilutions were counted semiquantitatively, and the highest dilution with confirmed Campylobacter growth was used to determine the MPN (Most Probable Number) using a modified MPN table according to ISO/TS 10272-3:2010/Cor.1:2011(E). Putative colonies were isolated and streaked out on Columbia blood agar (ColbA) with 5% sheep blood. Putative colonies on ColbA plates were then incubated as described before. Afterward, colonies were analyzed using a Bruker Microflex ® system for matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) as previously described (Golz et al., 2020). Campylobacter isolates that were species confirmed with “high-confidence identification” score ≥2.00 (Bessède et al., 2011; Emele et al., 2019; Hsieh et al., 2019) were grown overnight in 3 ml PB and 1.5 ml of bacterial solution was then stored in glycerol stocks at −80°C applying 0.5 ml 50% glycerol for further analysis.



Whole-genome sequencing

For WGS analysis, a total of 113 MALDI–TOF MS confirmed Campylobacter isolates (99 C. jejuni and 14 C. coli) from FMAS and barn interior (1 isolate each per barn) as well as the environment (1–3 isolates per sample) were systematically selected. For DNA extraction, Campylobacter strains stored at −80°C were cultured on ColbA at 42°C under microaerophilic conditions for 24 h. After subculture for 18 ± 2 h, cells were suspended in phosphate-buffered saline PBS (Dulbecco A) pH 7.3 ± 0.2 (BR0014G, Oxoid limited, Basingstoke Hampshire, England) at OD600 = 0.2, corresponding to ~9 log10 cell counts per ml (Krüger et al., 2014). The cell suspension was centrifuged (16,000 g, 5 min) and afterward Genomic DNA was extracted using the GeneJET Genomic DNA Purification Kit (Thermo Fisher Scientific). Hereafter, the quality of the DNA was tested spectrophotometrically using NanoDrop Thermo Fisher Scientific. In addition, a Thermo Fisher Scientific Qubit (Qubit 2.0 Fluorometer) was used to measure the DNA yield. Bacterial DNA was sequenced using the Illumina NextSeq 550 platform with 2×150 bp (Illumina Inc. San Diego, CA). Raw reads were treated for quality control, trimmed for adapters and genomes were de novo assembled using SPAdes v3.12 (Bankevich et al., 2012) with the careful option. Thereafter, an in-house database (Golz et al., 2020) was used for gene annotation with Prokka v.1.14 (Seemann, 2014) and subsequently used as input for Roary v3.12.070 (Page et al., 2015) to calculate the pan-genome size and core genome alignment with 95% sequence identity. Maximum likelihood Phylogenetic trees based on the core genome alignment for C. coli and C. jejuni isolates were built with RAxML v.8.2.1071. Subsequently, the phylogenetic tree was visualized with meta data using Phandango (Hadfield et al., 2017). Finally, iTOL (Letunic and Bork, 2021) was employed to create a visualization of the C. jejuni pangenome phylogeny with meta and MLST data. Furthermore, core genome MLST (cgMLST) analysis was performed by Ridom Seqsphere+ v. 6.0.0 (2019–04; Ridom, Muenster, Germany) using the cgMLST scheme of 1,343 gene targets previously proposed (Cody et al., 2017). The phylogenetic trees were visualized with GrapTree v.1.5.0 (Zhou et al., 2018). A minimum spanning tree (MST) based on the cgMST profiles were calculated with NINJA NJ (neighbor-joining; Wheeler, 2009). The BLAST-based tool “mlst”1 based on the Campylobacter jejuni/coli database of pubmlst.org was used to obtain MLST profiles which were subsequently used to carry out an in silico analysis of the previously described seven housekeeping genes (aspA, glnA, gltA, glyA, pgm, tkt, uncA; Dingle et al., 2001). New multilocus sequence typing (MLST) alleles and MLST-ST types were uploaded to PubMLST.org/campylobacter.




Statistical analysis

All quantitative data were compiled in a Microsoft Excel spreadsheet. Analysis of prevalence and distribution frequency of bacterial isolates from broiler flocks and their environment were performed using IBM SPSS Statistics for Windows, version 27 (IBM Corp., Armonk, N.Y., United States). Data were analyzed using generalized linear mixed models (GLMMs), with farm visits as a random factor. One model was a logistic approach modeling the probability of Campylobacter presence as a dependent variable, the second model was linear for log10MPN/g values and included only positive samples. Year, season, sampling type and the farm were used as dependent factors. Posthoc pairwise comparisons were adjusted using the least significant difference method (LSD; logistic model) or Bonferroni correction (linear model). Odds Ratios (OR) including 95%- confidence intervals (CI) were calculated for the logistic model. value of ps p < 0.05 were regarded as statistically significant. Graphs were created using GraphPad Prism 9 (2020) GraphPad Software 2,365 Northside Dr. Suite 560 San Diego, CA 92108.




Results


Campylobacter spp. prevalence at broiler farms

Campylobacter spp. was isolated from farms A and B immediately after the first visit (screening) in April and May 2018. Farm C, however, remained Campylobacter spp. negative over four screenings until August 2019 (Table 1). A total of 19 rearing cycles were examined on three different broiler farms (A, B, C). Across all samples, Campylobacter spp. prevalence was 17.8%. Of these, C. jejuni was the most commonly MALDI-TOF MS identified species (93.5%) but C. coli (4.8%) was occasionally isolated, exclusively from farm B (Table 3). Furthermore, in some rearing cycles mixed cultures were found (1.9%). Sorted by category, Campylobacter spp. was found in 136/228 FMAS (59.6%), in 73/532 samles from the barn interior (13.7%) and in 7/456 environmenal samples (1.5%) and 14/20 (70%) from dairy cattle feces at farm B. After C&D, Campylobacter was not cultured from any of the samples (n = 309; Table 3). Within FMAS, pooled feces (67.1%) and boot swabs (64.5%) showed the highest Campylobacter prevalence. In the mixed logistic regression model, the prevalence of FMAS was significantly higher than in environmental samples (p < 0.001, OR 458, 95% CI 178–1,175). Among barn interior samples, prevalence varied between 0% (dust) and 26.3% (drinker nipples and trays; Table 3). Even in the barn interior, the chance for positive samples was 12 times higher than in the farm environment (p < 0.001, OR 12.3, 95% CI 5.5–27.5). Campylobacter spp. was detected in 4.4% of water samples, 0.9% each in boot and surface swabs and never in air samples. Comparing the summer and winter months, Campylobacter spp. was 22 times more frequently detectable in summer (p = 0.021, OR = 21.7, 95% CI 1.6–297.4; Table 4). Comparing the individual prevalence of all samples, there were no significant differences between the years (p > 0.05). Moreover, the comparison of the three individual farms considering all samples showed no statistically significant difference in Campylobacter spp. prevalence (p > 0.05; Table 4).



TABLE 3 Summary of total samples (concentrations, prevalence, and Campylobacter species type) collected at broiler farms in Brandenburg, Germany, 2018 to 2020.
[image: Table3]



TABLE 4 Estimated regression coefficients, t and p values, Odds-Ratio and corresponding 95% confidence intervals (CI) of the mixed logistic and linear regression models. The random effect is visits within farm, the fixed effects are year, season, category and farm. Dependent variables are the probability for positive samples for the logistic and log10MPN/g for the linear model. Rows without OR or t-value represent the reference group. In this line, the variable’s global p values are given.
[image: Table4]



Campylobacter concentrations

Campylobacter spp. concentration in FMAS was high (mean of 5.2 log10MPN/g, n = 136). Of those, pooled feces showed the highest concentration (mean value 6.4 log10MPN/g, n = 51) and up to 8.36 log10MPN/g (maximum bacterial concentration). In comparison, boot swabs (n = 49) and litter (n = 36) had significantly (p < 0.05) lower bacterial concentration (mean value 4.7 and 4.1 log10MPN/g, respectively). The Campylobacter load in samples taken from the barn interior differed significantly (p < 0.0001) when compared to pooled feces (Bonferroni post-hoc tests, Tables 3, 4). Barn interior samples, gauze swabs from the surface of drinker nipples and trays showed the highest bacterial concentration (mean value 2.6 log10MPN/g, n = 20), followed by wall (mean value 2.0 log10MPN/g, n = 9), board (mean value 1.6 log10MPN/g, n = 18), troughs (mean value 1.7 log10MPN/g, n = 14) and ventilation (mean value 0.9 log10MPN/g, n = 4; Table 3). Air samples demonstrated the lowest Campylobacter counts (mean value 0.7 log10MPN/g, n = 8). In contrast, environmental samples (air, water, boot swabs and gauze swabs) showed the lowest Campylobacter concentration (average mean value 0.6 log10MPN/g, n = 7). In detail, Campylobacter spp. was cultivated from five different water samples: (i) from a water retention pond on farm A in the first rearing cycle in summer 2018 (A_S18_1), (0.36 log10MPN/g), (ii) from an adjacent ditch on farm A in the first rearing cycle in winter 2019 (A_W19_1), (1.36 log10MPN/g), (iii) from a puddle next to the barn on farm B (0.36 log10 MPN/g) as well as (iv) an adjacent ditch near farm B (similar concentration of 0.36 log10MPN/g) each in the second rearing cycle in winter 2019 (B_W19_2) and (v) from a small pool of rainwater in a transport box near the barns on farm C in the first rearing cycle in summer 2020 (C_S20_1), (0.36 log10MPN/g; Table 3). In addition, Campylobacter spp. was grown from one environmental gauze swab taken from work material (hand trucks) stored in the immediate vicinity of the barns on farm B during the first rearing cycle in winter 2019 (B_W19_1; 0.36 log10MPN/g). Likewise, Campylobacter spp. was cultivable from a boot swabs taken from wheel tracks containing rainwater and manure residue on farm B during the second rearing cycle in winter 2019 (B_W19_2; 1.36 log10MPN/g). The linear regression model showed that only the sampling type significantly influenced the log10MPN/g values (p < 0.001). Again, FMAS (5.0 log10MPN/g) and barn interior samples (1.4 log10MPN/g) had significantly higher values than the environment (Tables 3, 4; Figure 1).
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FIGURE 1
 (A) Campylobacter spp. prevalence in (%) for all samples, seasons and farms. (B) Log10 most probable number (MPN) of Campylobacter spp. in all samples, seasons and farms. Black bars represent FMAS, grey bars represent the barn interior and dotted bars represent the environment. Bars marked by an asterisk differ significantly (p < 0.05). The box plots show the 5th and 95th percentiles (whiskers).




Core and accessory genome analysis

The 99 C. jejuni genomes studied consisted of 6,113 genes, including 1,234 core genes and 88 softcore genes. Their accessory genome consisted of 915 shell genes and 3,876 cloud genes (Figure 2). Based on 95% sequence identity of 14 C. coli genomes in this study, a total of 2,576 genes were identified in their core and accessory genomes, of which an estimated 1,482 formed the core genome and 1,094 formed the accessory genome (530 sell and 564 cloud genes; Figure 3).

[image: Figure 2]

FIGURE 2
 The figure was drawn using the phandango.net web application (Hadfield et al., 2017). The left panel shows the maximum likelihood tree of 99 C. jejuni isolates (1,234 genes) based on the alignment of the core-genome calculated with RAxML. The top panel shows a single representative nucleotide sequence (0 bp-122.3 kb); contigs (fragments are colored by similarity) and genes are derived from the pan-genome content. The right panel displays the Roary pangenome sorted from core genes on the left to accessory genes to the right, with presence (blue) or absence (white) of blocks relative to genes and contigs in the pan-genome. The middle features metadata [category, farm, visit, season, Clonal complex (CC), and Sequence type (ST)]. The white blocks represent unassigned CCs and STs.
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FIGURE 3
 The figure was drawn using the phandango.net web application (Hadfield et al., 2017). The left panel shows the maximum likelihood tree of 14 C. coli isolates (1,482 genes) based on the alignment of core-genome calculated with RAxML. The top panel shows a single representative nucleotide sequence (0 bp-51.56 kb); contigs (fragments are colored by similarity) and genes are derived from the pan-genome content. The right panel displays the Roary pangenome sorted from core genes on the left to accessory genes to the right, with presence (blue) or absence (white) of blocks relative to genes and contigs in the pan-genome. The middle features metadata [category, farm, visit, season, clonal complex (CC), and sequence type (ST)]. White blocks represent unassigned CCs and STs.




Population structure (MLST-types)

Among the 113 isolates studied [C. jejuni (n = 99) and C. coli (n = 14)], a total of 27 different sequence types (STs) which could be categorized into 11 clonal complexes (CC) were allocated using the seven housekeeping genes MLST. CCs are defined as a group of STs which share similarities to a central allelic profile. The most abundant STs identified from C. jejuni isolates were ST-400 with 20 members (20.2%) and ST-7355 with 14 members (14.1%), both belonging to CC-353 (Figure 2). Furthermore, the majority of isolates from the three broiler farms (A, B, and C) studied were assigned to CC-353 and 21 whereas a minor fraction was assigned to 607, representing 38, 20 and 9 C. jejuni isolates, respectively (Figure 2). However, CC-607 was uniquely observed at broiler farm B and unrelated to any other farm. As mentioned earlier, broiler farm B was the only farm where C. coli was detected. With respect to CC categorization, CC-828 was predominant for most of the C. coli isolates found at broiler farm B (Figure 4). In comparison, most isolates from broiler farm A were assigned to ST-7355 (CC-353) as well as ST-11300 (CC-21). The latter were simultaneously confirmed in the barn and in the environment at visit A_S18_1. In addition, a new ST (ST-11303) was detected at visit A_W19_1 near the barn in an adjacent ditch. Compared to farm A, farm B demonstrated a broader diversity of different ST types in C. jejuni isolates. To be precise, ST-400 from CC 353 was detected alongside ST-1943 from CC-21 and ST-607, ST-122 from CC-206 and ST-977 from CC-1034. Furthermore, two more STs (ST-791 and ST-2274) could not be assigned to a specific CC. Besides, we determined a new type of ST-11199 in C. jejuni isolates. At broiler farm B, the dominant and recurrent ST-400 (CC-352) was abundant across multiple fattening periods in 2018 and 2019 (Figure 2). Barn and environmental isolates were assigned to ST 400 in summer 2018 as well as in winter 2019 (B_W19_1/2; Figure 2). Further, three C. jejuni isolates from a nearby water body (B_W19_2) were assigned to ST-952. As mentioned before, all C.coli isolates were assigned to CC-828. Specifically, isolates from farm B were determined as ST- 829 and ST- 860. ST-829 was observed in consecutive rearing cycles while ST-860 was observed in only 1 cycle (B_W19_2). However, ST-860 could also be detected in the environment (Figures 2, 4). Towards the end of 2019 (C_19_SC5), C. jejuni isolates were typed ST-400, ST-45 and ST-10280 at farm C. Subsequently, C. jejuni isolates of visit C_19_SC6 were typed ST- 2229 of CC 353. The same ST-2229 was also detected in the following rearing cycle of visit C_W19_1 in the winter months. However, another two C. jejuni isolates (ST-19 and ST-11305) belonging to CC-21 were found. In summer 2020, at visit C_S20_1, on the other hand, ST-6089 of CC-21 was detected in C. jejuni isolates from FMAS and water from the environment. In the following rearing cycle (C_S20_2), barn isolates from FMAS were assigned to ST-4354 from CC-1034. Additional investigations of the neighboring dairy farm (distance ca. 2 km) of farm B revealed C. coli isolates which were typed ST-827 (Figure 4). In addition, several C.jejuni isolates of ST-3098, ST-61, ST-933, ST-2026 and ST-38 were found.
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FIGURE 4
 Maximum-likelihood phylogenetic tree based on the alignment of 99 C. jejuni core genomes (1,234 genes) using roary v3.12.070 and RAxML. The phylogenetic tree was visualized using iTOL v6 and rooted at the midpoint. Brown, light blue and light green shades display the different broiler farms. Clonal Complexes (CC) are indicated. Sequence types (STs) are displayed at the leaf node. The outer ring represents the season while the inner ring displays isolate category (FMAS, barn interior or environment).




Phylogenetic analysis of the Campylobacter jejuni and Campylobacter coli core genomes

For the core genome phylogenetic analysis, 99 C. jejuni genomes (1,234 genes; Figure 2) and 14 C. coli genomes (1,482 genes; Figure 3) were used to construct a maximum likelihood phylogenetic tree (ML tree) from the Roary core-genome alignment. Analysis of the ML tree revealed close relationship between strains isolated from FMAS, barn interior and the environment (Figures 2, 3). Furthermore, identical Campylobacter types that occurred in consecutive fattening periods over several seasons and between different farms were identified and clustered. Three major C. jejuni clusters (ST-7355, ST-400 and ST-607) and a minor cluster (ST-2229) were identified from the ML tree and Coregenome phylogeny paired with metadata (Figures 2, 4). All three clusters consisted of isolates from FMAS, barn interior, and the environment. C. coli, on the other hand formed two major clusters, primarily consisting of broiler (FMAS, environment; ST-860 and ST-829) as well as cow isolates (ST-827; Figure 3). However, the core genome phylogeny shows that new distinct Campylobacter types emerged during the fattening period and disappeared thereafter (after C&D). In total, 8 minor clusters were formed in the ML tree, always clustering with the same ST types (Figures 2, 3). In contrast to isolates forming clusters, some individual strains with distinct pan-genomes are observed in the center of the ML tree. For example, strain 20630 allocated to ST-11303 and a minor cluster of isolates (20798, 20800 and 20801 of ST-952; Figure 2), show discrepancies in the ML tree phylogeny and their pan-genome (Figure 2). Moreover, strain 21000 isolated from cow feces, allocated to ST-48 and often associated with humans, broilers, and wild birds, shows a large accessory genome which is often associated with niche versatility.




Discussion


Prevalence and concentration

The results of this study show frequent detection (59.6%) and high concentrations (6.4 log10MPN/g) of Campylobacter spp. in pooled feces. In contrast, findings in the vicinity of the farms were sporadic and showed significantly lower concentrations (Table 3). These results are consistent with observations from other studies (Petersen and Wedderkopp, 2001; Shreeve et al., 2002; Zweifel et al., 2008; Schets et al., 2017; Mohammed and Abdel Aziz, 2019; Tang et al., 2020). Intensive sampling of the barn interior showed that drinker nipples and trays, troughs, the physical exit barrier (board) and vents/fans were often contaminated with Campylobacter, albeit at low levels. The surfaces of the aforementioned barn equipment are often contaminated with chicken feces and contaminated litter. Detailed molecular typing of isolates isolated from swab samples (barn equipment and air) revealed that Campylobacter isolates were identical to those found in FMAS. The latter suggests a rapid distribution of Campylobacter spp. within the broiler houses (Hertogs et al., 2021). Contamination of water pipes may occur as a result of a drastic increase in fecal excretion following flock colonization with Campylobacter. Indeed, drinking water systems contaminated with feces are often described as potential reservoirs in poultry houses (Frosth et al., 2020). Drinking water treatment with chlorinated water or water enriched with organic acid shows partial effects on Campylobacter colonization and transmission as previously observed in part at farm (Newell and Fearnley, 2003; Hutchison et al., 2004; Sahin et al., 2015) Other studies showed that drinkers without cups were less prone to become Campylobacter reservoirs (Borck Hog et al., 2016). In this context, troughs filled with contaminated feed can also act as a vehicle for horizontal Campylobacter transmission (Hald et al., 2000; Silva et al., 2011). A board (physical exit barrier) contaminated with chicken feces can be another potential Campylobacter reservoir, potentially allowing a release into the environment as it separates the barn from the entry area (vestibule; Bull et al., 2006; Agunos et al., 2014; Battersby et al., 2016). A potential release in the environment can take place especially when this barrier is not used properly (lack of sufficient C&D, missing change of footwear). As indicated previously, Campylobacter spp. was not found in any of the dust samples, which is probably explained by its sensitivity to desiccation (Fernández et al., 1985; Schets et al., 2017). Campylobacter positive swabs from ventilation systems indicate circulating Campylobacter bound to airborne particles of fecal matter. In agreement, we were able to cultivate and quantify Campylobacter spp. from broiler house air, albeit at very low levels as shown by semi-quantitative analysis (1.4 log10MPN/g in 1 m3 of house air). These findings are consistent with previous results (Bull et al., 2006; Chinivasagam et al., 2009; O’Mahony et al., 2011; Johannessen et al., 2020). An optimized in barn management of litter (acid treatment, reduced moisture), water (sanitization, additives (Jansen et al., 2014), phages (Wagenaar et al., 2005; Kittler et al., 2013), feed (bacteriocins, essential oils (Szott et al., 2020; Wagle et al., 2020; Allaoua et al., 2022) temperature and humidity control may reduce Campylobacter occurrence in which reduce the overall airborne Campylobacter transmission (Sahin et al., 2002, 2015; Newell and Fearnley, 2003). However, in contrast to previous observations (Bull et al., 2006; Ridley et al., 2011), we were unable to detect cultivable Campylobacter in air samples outside the barns. A possible explanation for this could be the strong dilution effect in the ambient air, which leads to the detection limit being exceeded. Nevertheless, we found isolates from the air that had the same sequence types as isolates from FMAS, which matched isolates from puddles and water retention ponds. This could be an indicator of possible airborne emissions from farms. Campylobacter spp. was rarely isolated from environmental matrices (water, boot swabs, gauze swabs) at very low concentrations. Previous studies found similar or higher detection rates of Campylobacter spp. in the environment of poultry productions (Bull et al., 2006; Hansson et al., 2007; Ridley et al., 2011; Thakur et al., 2013; Hertogs et al., 2021).



Seasonal effect

In broilers, a distinct seasonality with prevalence peaks for Campylobacter in summer and autumn has been described (Meldrum et al., 2005; McDowell et al., 2008; Hartnack et al., 2009; Whiley et al., 2013; Sahin et al., 2015; Smith et al., 2016; Baali et al., 2020). Accordingly, we found distinct variations in the detection rates and distribution of Campylobacter spp. in the sampled farms. To be precise, we found seasonally high Campylobacter prevalence in FMAS in summer, while significantly lower rates were detected in winter (Figure 1). Indeed, in the winter months some rearing cycles were even completely negative for Campylobacter spp. (2 cycles at farm B, 1 cycle on farm C (Table 3). It is hypothesized that the entry of Campylobacter is lower in winter because there is significantly less animated vectorial movement on the farms as a result of an absence of insects and wild birds and rodents (Hald et al., 2007; Jonsson et al., 2012; Djennad et al., 2019). Nevertheless, we have also detected Campylobacter spp. in environmental samples during winter investigations. We assume that favorable conditions such as high relative humidity (RH), rainfall, lower UV radiation due to cloudy weather may have contributed to a prolonged environmental survival of Campylobacter spp. in winter, as illustrated before (Jones, 2001; Murphy et al., 2006; Whiley et al., 2013; Mulder et al., 2020). Indeed, we detected phylogenetically very similar Campylobacter in both, the environment and broiler flocks during the winter (Farm B). It can therefore be surmised that the area surrounding the broiler flocks (environment) served as a reservoir at Farm B.



Environmental findings

At farm B, WGS revealed phylogenetic identity of Campylobacter strains from the environment and the barn. Analysis of boot swabs taken from wheel tracks, water samples and gauze swabs taken from contaminated work material indicates that these specific sites are potential Campylobacter transmission pathways into or out of the barn. Since these have already been identified as of particular concern in other studies (Bull et al., 2006; Messens et al., 2009; O’Mahony et al., 2011; Ridley et al., 2011; Zhang et al., 2017), it seems possible that water residues in wheel tracks and puddles, in particular, represent a reservoir for Campylobacter spp. on farm B in our study. At farm A, the isolates obtained from a water collection basin and barn samples are genetically identical and typed (ST-11300). Recurrent strains in subsequent fattening periods (ST-7355 from CC-353) were also detected (Figures 3, 4). It seems quite possible that the water collection basin served as a reservoir for these dominant recurrent strains. At farm C, sequence type ST-6089 was detected once in an isolate from a water sample that came from a carelessly placed transport box filled with rainwater. This isolate matched isolates from inside the barn. Sporadically found reservoirs (predominantly water-associated) in the immediate barn environment could cause colonization pressure of certain genotypes from the environment, as already inferred by others (Bull et al., 2006; Ellis-Iversen et al., 2012; Zhang et al., 2017). Besides, Campylobacter spp. were isolated at farm A and B in more distant water during winter. However, neither ST types nor pangenome phylogenies matched the farm isolates at any time. The occurrence of Campylobacter spp. in surface waters could also be associated with agricultural runoffs in this region (Kemp et al., 2005). Nevertheless, the isolate from an adjacent trench was assigned to ST-11303, which could not be assigned to any other isolate. Interestingly, the environmental isolate from a ditch found near farm B could be assigned to ST-952, which has previously been associated with wild birds, rabbits and environmental waters (Kwan et al., 2008). Although we were unable to establish an epidemiological link between these isolates and isolates from farm A and B, these results nevertheless indicate the persistence of Campylobacter spp. in aquatic environments and support their importance as a reservoir beyond the immediate vicinity of poultry farms (Van Dyke et al., 2010; Mughini-Gras et al., 2016; Schets et al., 2017; Mulder et al., 2020). Furthermore, we found isolates of the same sequence type (ST-400 CC-353) on farm B and C, which showed genetic relation by the core genome phylogeny. It can only be speculated, that those isolates were spread from farm B to farm C (distance of 5 km) as that type was never isolated on farm C before (Figures 2, 4).



Farm features

As opposed to farm A and B, farm C remained Campylobacter negative over several visits (from 2018 through the end of 2019; Table 1). Thereafter, Campylobacter spp. was sporadically detected towards the end of 2019 and even frequently isolated in the further course of the study at detection rates similar to those of farm A and B. We suspect that the gradual emergence of positive Campylobacter broiler flocks is related to changes in farm staff. In particular, changes in flock management, biosecurity, and hygiene practices were observed. In this context, following changes that may have led to Campylobacter spp. establishment were observed: i) withdrawal of food and drinking water additives (acidification with organic acids and the nebulization of essential oils and ii) reduction of hygiene practices that previously exceeded the standard used in farm A and B. For example, the elimination of a hygiene protocol that had previously been strictly followed (farm-owned rubber boots, barn-owned rubber boots in the vestibule of each barn, strict disinfection regularly). The former might be related to organic acids, as beneficial effects on flock colonization have been demonstrated in other studies (Ivanov, 2001; Line, 2002; Jansen et al., 2014). Improved hygiene measures appear to delay or prevent the occurrence of Campylobacter spp. as previously noted (Humphrey et al., 1993; Gibbens et al., 2001; Pattison, 2001; Shreeve et al., 2002; McDowell et al., 2008; Georgiev et al., 2016). In contrast to farm A and C, farm B had a neighboring dairy farm which was managed by the same personnel. To determine a possible transfer, exchange or pathway between dairy and poultry farming, the dairy farm was included once in our investigation. However, molecular typing assigned different STs (ST-3098, ST-61, ST-933, ST-2026 and ST-38) to C. jejuni isolates from dairy cows compared with those isolated from broilers at farm B. With regard to the occurrence of C. coli at fam B, all isolates were categorized as CC-828. CC-828 is mainly associated with strains isolated from agricultural and environmental sources (Sheppard et al., 2010). We determined different STs that were present in cattle isolates (ST-827) and others (ST-829, ST-860) only present in chicken pooled feces and environmental isolates of that period. Although these STs belong to the same CC-828, core genome phylogeny analysis shows discrepancies between C. coli isolates of the two major clades (Figure 3). However, it is to note that we broaden the investigation on dairy cows only once. Nevertheless, other studies reported transmission of Campylobacter genotypes from cattle to broiler (Bull et al., 2006; Ridley et al., 2008, 2011; Zweifel et al., 2008; Ellis-Iversen et al., 2009; Frosth et al., 2020). However, we were not able to determine a transmission of Campylobacter spp. between the dairy and broiler farm.



Reoccurring campylobacter strains and respective reservoirs

Comparing isolates that were frequently detected in multiple consecutive fattening periods at farm A and B, molecular typing and phylogenetic analysis showed high genetic relatedness. It is possible that Campylobacter isolates either survived in the respective broiler houses after cleaning and disinfection (Cardinale et al., 2004; Huneau-Salaün et al., 2007) or originated from reservoirs outside the broiler houses. At farm A, for example, we observed a reoccurring strain of ST-7355 in two consecutive seasons. Other researchers also demonstrated sporadic re-emergence of identical Campylobacter strains in subsequent fattening periods (Petersen and Wedderkopp, 2001; Shreeve et al., 2002; Johnsen et al., 2006; Ridley et al., 2011; Ellis-Iversen et al., 2012). Intensive sampling of the barn interior after cleaning and disinfection between two consecutive fattening periods, however, revealed no culturable Campylobacter. Possibly we were not able to verify Campylobacter spp. presence, as the bacterium transitioned into a viable but not culturable (VBNC) state. Based on our observations, it might be feasible that Campylobacter was accumulated into the environment through contaminated litter and thus persisted in sporadic reservoirs (puddles, wheel tracks) in the vicinity of the barn. Although we were able to identify temporary reservoirs contaminated with Campylobacter, we were unable to identify them as the definitive source of colonization of broiler flocks as we were unable to detect Campylobacter in the same reservoir in consecutive fattening periods. Whether this is due to detection limits or VBNC formation is unclear. The latter remains to be explored in further studies.




Conclusion

The results of this study show that despite a systematic approach, it has proven difficult to identify Campylobacter transmissions and definitive sources of broiler colonization. This study highlights that Campylobacter transmissions via contaminated litter may play an important role in the formation of Campylobacter reservoirs, for example, in puddles or wheel tracks in the environment of broiler farms. Conversely, we also found sporadic Campylobacter in water bodies surrounding broiler farms A and B (distance >2 km). Contaminated water bodies may generally serve as a potential source of infection for wild animals, which may then colonize adjacent broiler flocks by acting as horizontal vectors. Besides, our observations suggest that the sources and pathways of Campylobacter transmission may vary considerably between different broiler farms in terms of the type of operation, the microclimate, the type of ventilation, hygiene management and the surrounding environmental conditions (distance to water bodies or other farms). Therefore, the aforementioned measures need to be targeted to reduce the risk of new or recurrent Campylobacter genotypes potentially circulating and colonizing newly introduced broiler flocks.
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Worldwide, farm animals, in particular poultry, are an important reservoir for Campylobacter spp. However, information on Campylobacter colonization in farm animals in Africa is scarce. Hence, this cross-sectional study determined antibiotic-resistant Campylobacter from both commercial and smallholder farm animals in the Asante Akim North Municipality of Ghana. Fecal samples from poultry and livestock kept by commercial and smallholder farms were collected and analyzed using standard microbiological methods. The overall Campylobacter frequency was 20.3% (n/N = 322/1,585), and frequencies detected were similarly high in isolates from commercial (21.0%, n/N = 169/805) and smallholder (19.6%, n/N = 153/780) farms. Species isolated were C. coli (67.7%, n/N = 218/322) and C. jejuni (32.3%, n/N = 104/322). However, the frequency of C. coli was 2.1 (95% CI: 1.8–2.5) times higher than what was found for C. jejuni. Campylobacter frequencies in the rainy season was 22.2% (n/N = 258/1,160) and 15.1% (n/N = 64/425) in the dry season (prevalence ratio = 1.48, 95% CI: 1.2–1.9). About 1.7% (n/N = 6/322) of the Campylobacter isolates, all from smallholder farms, were susceptible to all antibiotics tested. Multidrug resistance was observed for 4.7% (n/N = 15/322) of the Campylobacter isolates, of which 93.3% (n/N = 14/15) occurred in isolates from commercial farms. This study highlights the need for the implementation of control programs, in commercial farming but also at the smallholder farm level, to formulate clear guidelines aimed at decreasing Campylobacter contamination of meat products and reducing the use of antibiotics in the farming sector.
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Introduction

Campylobacter spp. are ubiquitous in the farm environment and are among the leading causes of bacterial diarrhea worldwide (Dai et al., 2020). Farm animals and wild birds are the primary reservoirs of Campylobacter spp. (Hald et al., 2015; Skarp et al., 2016), and direct contact with farm animals and poultry products are the major routes of transmission to humans (Wieczorek et al., 2020). Even though Campylobacter spp. rarely causes clinical disease in animals, in humans they can cause severe acute gastroenteritis (Dai et al., 2020). Campylobacteriosis, Campylobacter-caused enteritis, is usually self-limiting in immunocompetent individuals but it can lead to severe infections and complications in the immunocompromised (Endtz, 2020). The most common Campylobacter spp. associated with diarrhea in humans are C. jejuni and, to a lesser extent, C. coli (Sainato et al., 2018).

The increase of multiple and multidrug-resistant Campylobacter worldwide is not only attributed to the overuse of antibiotics in human medicine but also in animal farming as growth promotors and to treat and prevent infections (Blaser et al., 2021; Paintsil et al., 2021). In particular, antimicrobial-resistant Campylobacter poses a great risk to human health leading to treatment failures, longer hospitalization, and increased morbidity and mortality (Yang et al., 2019). Previous studies conducted in Poland (Wieczorek et al., 2020), North (Varga et al., 2019), and South America (Dias et al., 2021) demonstrated high frequencies of antibiotic-resistant Campylobacter in both commercial and smallholder farms. In Ghana and other parts of Africa, various studies conducted in commercial farms have also identified high frequencies of antibiotic-resistant Campylobacter in poultry and other livestock (Karikari et al., 2016; Dekker et al., 2019; Kunadu et al., 2020; Stringer et al., 2021; Paintsil et al., 2022).

Smallholder and commercial farming is widespread in Ghana. Poultry is the main source of meat consumed in the country (Asante-Addo and Weible, 2020). Not only poultry consumers are at risk of Campylobacter infections but also farmers due to their close proximity to the animals (Basler et al., 2016). Surveillance systems are largely absent in Ghana but in order to inform on circulating antibiotic-resistant Campylobacter and to implement effective control measures, close and continuous monitoring is required. This study investigated the prevalence and antimicrobial resistance in C. jejuni and C. coli isolated from commercial and smallholder farm animals in the Asante Akim North Municipality of Ghana.



Materials and methods


Study site

This cross-sectional study was conducted in Agogo the capital of the Asante Akim North Municipality of Ghana (Figure 1). Asante Akim North Municipality is a rural community located in the eastern part of the Ashanti Region, with a population of 85,788 (Ghana Statistical Service, 2021). Approximately 42% of the households in the city of Agogo rear chickens, accounting for 56% of smallholder farm animals kept in the municipality (Ghana Statistical Service, 2021). The climate in the area is tropical with two main seasons. The rainy season lasts from April to October and the dry season from November to March.

[image: Figure 1]

FIGURE 1
 Location of commercial and smallholder farms in Agogo in the Ashanti region, Ghana.




Sample collection

Sampling took place weekly between March 2019 and July 2020. Fecal samples were collected from poultry and livestock kept in commercial and smallholder farms located within the Agogo township. Poultry included chicken, turkey, duck, and quail, while livestock included cow, pig, goat, and sheep. A farm was considered commercial if it had at least 500 caged poultry and/or any quantity of caged livestock with an intensive housing system, whereas smallholder farms (small-scale agriculture) were households with free-roaming poultry (mainly of indigenous breeds) and/or livestock with shelter provided by basic or temporary roofing. A list of all commercial farms in the municipality was obtained from the municipal office of the Ministry of Food and Agriculture. All commercial farms sampled were small-scaled farms with poultry flock size ranging from 500 to 3,000 animals. Prior to sampling, the farms were visited to ascertain the number of pen houses on each farm. Commercial farms with multiple pen houses were visited more than once, however, each pen house was sampled only once during the study period. From each farm, the total samples collected were 10% of the population of farm animals kept. Sampling was done by using a sterile spatula to collect 2 g of fresh single fecal dropping. The sample was placed into a sterile plastic container without the addition of any preservatives. All samples were transported in a cool box and were further processed within 2–4 h after collection at the bacteriology laboratory of the Kumasi Center for Collaborative Research in Tropical Medicine (KCCR), Ghana.



Identification of Campylobacter

Samples were transferred into an enrichment broth (Preston No. 2, Oxoid, United Kingdom) and incubated under microaerophilic conditions (CampyGen sachets in a candle jar; Oxoid) for 18–24 h at 42°C. After incubation, samples were further processed using a filter technique as described by Corry et al. (2003), and cultured on selective Karmali agar (Oxoid). Agar plates were incubated at 42°C, under microaerophilic conditions for 42–48 h. Suspicious Campylobacter colonies were screened for the presence of the enzyme cytochrome oxidase and Gram-staining was performed. Oxidase-positive and Gram-negative spiral-rod-shaped bacteria were stored at −80°C using the Microbank™ system. All isolates were shipped to Germany on dry ice, and species confirmation was done by Matrix-Assisted Laser Desorption Ionization Time-of-Flight Mass Spectrometry (MALDI-TOF MS) using the VITEK® MS system (bioMérieux, Marcy-l’Étoile, France).



Antibiotic susceptibility testing

Using the disk diffusion method (Kirby Bauer), antimicrobial susceptibility testing was done on all confirmed Campylobacter isolates and interpreted according to the 2022 European Committee on Antimicrobial Susceptibility Testing (EUCAST) guidelines.1 Antibiotic disks (Oxoid) were placed on Mueller Hinton agar supplemented with 5% sheep blood inoculated with Campylobacter. The susceptibility plates were incubated at 42°C under microaerophilic conditions for 24 h. After 18–24 h, isolates with insufficient growth were reincubated, and the inhibition zone was read after a total of 40–48 h. Zone diameter measurements were interpreted as susceptible (S), susceptible, increased exposure (I), or resistant (R) according to EUCAST guidelines (Table 1). For antibiotics tested that did not have EUCAST clinical breakpoint for Campylobacter, epidemiological cut-off values (Ecoff) were established based on the frequency distribution of inhibition zone diameters (Table 1). The procedure for developing epidemiological cut-off values has been described previously (Bénéjat et al., 2018). Isolates showing resistance to at least one antimicrobial agent from each of the following antimicrobial groups: tetracyclines, macrolides, and quinolones were considered multidrug-resistant (MDR). In contrast, multiple-drug resistance was defined as resistance to three or more antimicrobials of any substance group.



TABLE 1 Breakpoints used for determination of the antimicrobial resistance of C. jejuni and C. coli.
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Data analysis

Descriptive analyses of Campylobacter detection and antibiotic susceptibility were done using absolute frequencies and their corresponding percentages. Prevalence ratios (PRs) and their respective 95% CIs were computed to show associations in bivariate analyses. Because the study is cross-sectional, PRs were used instead of odds ratios to avoid overestimation of the strength of associations (Tamhane et al., 2016). Multivariable associations with multiple drug resistance of Campylobacter isolates were determined using Poisson regression with robust variance (Barros and Hirakata, 2003; Greenland, 2004). The dependent variable was the presence or absence of multiple drug resistance in a Campylobacter isolate. Independent variables considered for regression analysis were whether the isolate was collected from a commercial or smallholder farm, rainy (April–October) or dry (November–March) season, poultry or livestock sample, and C. coli or C. jejuni species. Due to the exploratory nature of the study, no significance testing was done. All statistical analyses were performed using R (version 4.1.1) software (R Core Team, 2020). The epiR (2.0.19) package was used to calculate the PRs. The AER package (version: 1.2–10) was used to test for overdispersion in the Poisson model. A heatmap was created to show susceptible (S), susceptible, increased exposure (I), and resistant (R) Campylobacter spp. to the tested antibiotics, using the R package gplot (3.1.1). The ggplot2 package (version 3.3.5) was used to plot data. QGIS software, version 3.18.3 (QGIS Development Team, Zurich, Switzerland) was used to draw a map showing the location of the commercial and smallholder farms sampled in Agogo (QGIS Development Team, 2021).




Results


Prevalence of Campylobacter spp. in commercial and smallholder poultry and livestock farms

In total, 15 commercial and 62 smallholder farms (Table 2) were sampled, of which 1,585 fecal samples were collected. These comprised 805 (50.8%) samples from commercial and 780 (49.2%) samples from smallholder farms. The majority of these fecal samples (81.8%, n = 1,297) were collected from poultry (i.e., chicken, turkey, duck, and quail) followed by samples from other livestock (i.e., goat, sheep, cow, and pig; 18.2%, n = 288). The samples produced a total of 421 (26.6%) presumptive Campylobacter spp., of which 75 (17.8%) were lost in the course of freeze-storage, leaving 346 (21.8%) isolates for confirmation. The confirmed prevalence of Campylobacter spp. found in the 1,585 collected samples was 20.3% (n = 322). From the 62 smallholder and 15 commercial farms, 59.7% (n = 37) and 86.7% (n = 13), respectively, were positive for Campylobacter spp. in at least one sample. Similar prevalence of Campylobacter spp. was detected in commercial (21.0%, n/N = 169/805) and smallholder (19.6%, n/N = 153/780) farms (PR = 1.1, 95% CI: 0.9–1.3). C. coli (67.7%, n/N = 218/322) and C. jejuni (32.3%, n/N = 104/322) were the only two types of Campylobacter spp. isolated. But the prevalence of C. coli was 2.1 (95% CI: 1.8–2.5) times higher than C. jejuni.



TABLE 2 The prevalence of C. coli and C. jejuni in commercial and smallholder farm animals.
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The prevalence of Campylobacter spp. among poultry from commercial (25.6%, n/N = 160/626) and smallholder (20.3%, n/N = 136/671) farms was similar (PR = 1.3, 95% CI: 1.0–1.5). However, more Campylobacter spp. was isolated from livestock in smallholder farms (15.6%, n/N = 17/109) than commercial farms (5.0%, n/N = 9/179; PR = 3.1, 95% CI: 1.4–6.7). Quails from commercial farms showed the highest prevalence of C. jejuni (39.3%, n/N = 11/28), while ducks from commercial farms accounted for the highest C. coli prevalence (26.9%, n/N = 7/26; Table 2). In chicken, similar numbers of Campylobacter spp. were isolated from commercial (25.0%, n/N = 136/545) and smallholder (20.3%, n/N = 136/671) farms (PR = 1.2, 95% CI: 1.0–1.5). Table 2 gives further details of the frequency of C. coli and C. jejuni detected from the 1,585 poultry and livestock fecal samples collected from commercial and smallholder farm animals. No Campylobacter spp. was isolated from sheep or commercially reared goats and cows.



Seasonal prevalence of Campylobacter

The seasonal prevalence by month of Campylobacter, including C. coli and C. jejuni, is shown in Figure 2. The result shows that Campylobacter spp. were isolated throughout the year with a prevalence ranging from 1.7% (n/N = 2/120) in March up to 50.0% (n/N = 10/20) in December, although only 20 samples were tested in the latter month. The months of May (34.6%, n/N = 64/185), November (32.3%, n/N = 21/65), and June (25.0%, n/N = 30/120) recorded the highest Campylobacter prevalence, while January to April had the lowest prevalence (range = 1.7–16.7%). Campylobacter isolation rate in the rainy season (April to October) was 22.2% (n/N = 258/1,160), which was higher than the 15.1% (n/N = 64/425) recorded in the dry season (November–March; PR = 1.5, CI: 1.2–1.9).
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FIGURE 2
 Seasonal Campylobacter jejuni and Campylobacter coli prevalence (%). The total number of Campylobacter spp. isolated within each month is represented by n.




Antibiotic resistance of Campylobacter coli and Campylobacter jejuni

Ecoff values were derived for Ampicillin (10 μg), Chloramphenicol (30 μg), Kanamycin (30 μg), and Streptomycin (25 μg) (Supplementary File 1). Apart from chloramphenicol, for which no antibiotic resistance was detected, overall higher antibiotic resistance was observed for both C. coli and C. jejuni isolated from commercial farms compared to smallholder farms (Table 3). Campylobacter jejuni isolated from smallholder farms showed low resistance to ciprofloxacin (16.7%, n/N = 7/42), streptomycin (14.8%, n/N = 6/42), and tetracycline (11.9%, n/N = 5/42; Table 3). Compared to smallholder farms, animals from commercial farms were at least 50% more likely to be resistant to kanamycin (PR = 19.7; 95% CI: 2.7–144.7), erythromycin (PR = 4.2; 95% CI: 1.4–12.0), tetracycline (PR = 3.7; 95% CI: 2.4–5.5), and ciprofloxacin (PR = 1.7; 95% CI: 1.3–2.1). Compared to C. jejuni, C. coli isolates from both commercial and smallholder farms had higher resistance rates to kanamycin (PR = 9.5, 95% CI: 1.3–70.1) and ciprofloxacin (PR = 1.4, 95% CI: 1.1–1.8; Table 3).



TABLE 3 Antibiotic resistance of C. coli and C. jejuni isolated from commercial and smallholder farm animals.
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The heatmap in Figure 3 shows Campylobacter spp. either susceptible (S), susceptible at increased exposure (I), or resistant (R) to the tested antibiotics. Only six isolates (1.7%, n/N = 6/322), all from smallholder farms, were susceptible to all seven antibiotics tested. The majority of ampicillin (95.7%, n/N = 45/47), kanamycin (95.2%, n/N = 20/21), tetracycline (82.7%, n/N = 124/150), erythromycin (80%, n/N = 16/20), and ciprofloxacin (67.3%, n/N = 115/171) resistance were observed among isolates from commercial farms. Almost half (43.8%, n/N = 141/322) of the Campylobacter isolates from both commercial and smallholder farms showed susceptibility at increased exposure (I) to ciprofloxacin. Interestingly, no Campylobacter from commercial farms was susceptible (S, standard dosing regimen) to ciprofloxacin and only 6.5% (n/N = 10/322) of isolates from smallholder farms were susceptible to this antibiotic.
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FIGURE 3
 Antibiotic susceptibility profiles of Campylobacter isolates (columns) from commercial and smallholder farms. The color of each cell represents susceptible (S, light blue), susceptible, increased exposure (I, deep blue), resistant (R, black), and multidrug resistance (MDR, red).




Poisson regression analysis of factors associated with drug-resistant Campylobacter spp.

Multiple drug resistance (i.e., resistance to three or more antibiotics) was observed for 23.3% (n/N = 75/322) of the Campylobacter spp. isolated in this study. A vast majority (97.3%, n/N = 73/75) of the recorded multiple drug resistance occurred in Campylobacter spp. isolated from commercial farm animals. Table 4 summarizes factors associated with multiple drug resistance in Campylobacter from commercial and smallholder farms. Isolates recovered from commercial farms and isolates collected during the rainy season were more likely to show multiple drug resistance. However, the species of the isolates and the type of animal it was recovered from did not show strong associations with multiple drug resistance.



TABLE 4 Associations with the probability of having multidrug-resistant Campylobacter spp.
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Multidrug resistance (i.e., resistance to the antibiotics typically used for the treatment of campylobacteriosis: erythromycin, tetracycline, and ciprofloxacin) was observed for 4.7% (n/N = 15/322) of the Campylobacter spp. isolated in this study (Figure 3). All the MDR Campylobacter were C. jejuni isolated during the rainy season. A vast majority (93.3%, n/N = 14/15) of the MDR occurred in commercial farms hence MDR Campylobacter spp. was 12.7 (95% CI: 1.7–95.3) more likely to be isolated from commercial farms than smallholder farms.




Discussion

In the present study, results on the prevalence of antibiotic-resistant Campylobacter from commercial and smallholder farm animals in Agogo in the Ashanti region of Ghana were described. Overall, contamination with Campylobacter spp. in both commercial and smallholder farms was significantly high. These findings are in line with established knowledge, that poultry and livestock are major reservoirs of Campylobacter spp., worldwide (Sibanda et al., 2018; Plishka et al., 2021). Similar to this study, very high levels of Campylobacter prevalence have been detected at commercial farm levels (93%) in the United States (Zhang and Sahin, 2020); these high prevalence levels are likely due to intensive husbandry conditions (Gilbert et al., 2021). However, for smallholder farms, the frequency observed in our study was slightly higher than the 42.4% reported by a study conducted on similar types of farms in peri-urban Addis Ababa, Ethiopia (Chala et al., 2021). Higher Campylobacter frequencies are generally expected in poultry, so the differences in frequencies might be because the latter study was conducted on farms that kept only livestock.

The prevalence of Campylobacter spp. isolated from poultry from commercial and smallholder farms studied in Agogo were almost equally high. However, the Campylobacter prevalence in poultry from commercial farms was much lower than what was reported earlier in Burkina Faso (68%; Kagambèga et al., 2018), Poland (53.4%; Wieczorek et al., 2020), and China (56.1%; Han et al., 2016). The seemingly lower prevalence reported here might be due to differences in study methodologies, husbandry conditions, and study populations. Nonetheless, the Campylobacter prevalence in poultry from commercial farms identified in the present study was higher than 18% (Kunadu et al., 2020) and comparable to the 22.5% (Karikari et al., 2016) observed in similar studies conducted in Ghana. In smallholder poultry farms in Agogo, the Campylobacter prevalence observed in our study is consistent with the 17.7% reported by a previous study conducted in free-range broiler breeder flocks in the United Kingdom (Colles et al., 2015). Also, we found relatively high frequencies of Campylobacter in pigs from commercial farms and goats from smallholder farms. Similar to the current findings, a high prevalence of Campylobacter has been recorded in pigs and goats from Sub-Saharan Africa (Gahamanyi et al., 2020).

Our study isolated the species: C. coli and C. jejuni only. Apart from quails which recorded more C. jejuni isolation than C. coli, the overall prevalence of C. coli was twice as high than what was found for C. jejuni. There is no consensus on which of the two Campylobacter species, C. coli and C. jejuni, is dominant in poultry and livestock. In agreement with our findings, recent studies from Africa, Asia, and Europe have reported significantly more C. coli in chicken (Torralbo et al., 2015; Wieczorek et al., 2020), ducks (Uddin et al., 2021), poultry meat (Dekker et al., 2019), and pigs (Padungtod and Kaneene, 2005; Wieczorek et al., 2021). On the contrary, several studies have found almost exclusively C. jejuni in chicken (Guyard-Nicodème et al., 2015; Karikari et al., 2016), poultry meat (Szosland-Fałtyn et al., 2018), quails (Cox et al., 2018), and wild birds (Hald et al., 2015). One possible contributing reason why C. coli and C. jejuni are the most prevalent and pathogenic Campylobacter species is because they have longer viability in the environment compared to other species, hence increasing their chance of survival and recovery (Stringer et al., 2021).

In the present study, the frequency of Campylobacter was higher in the rainy season (22.2%) than in the dry season (15.1%). Seasonal variations in the prevalence of Campylobacter and other bacteria that cause diarrhea have been demonstrated by several researchers. In temperate regions, Campylobacter prevalence is typically highest during the summer months of the year with higher temperatures (Djennad et al., 2019; Wieczorek et al., 2020). The association between seasonal variations and Campylobacter prevalence appears to be indirect (Djennad et al., 2019). The higher Campylobacter prevalence recorded in the rainy season by the current study is in line with studies from other parts of Africa (Mandomando et al., 2007; Adam et al., 2018).

In the present study, the derived Ecoff values were comparable to cut-off values reported by Frediani-Wolf and Stephan (2003). Almost all isolates from our study were resistant to at least one antimicrobial drug and MDR was detected for 4.7% of the isolates. The level of resistance observed is consistent with reports from Benin (Kouglenou et al., 2020) and Germany (El-Adawy et al., 2015). Resistance to chloramphenicol was not detected in any of the Campylobacter isolates. A study conducted in Ethiopia, in households that owned livestock, reported an increased rate of chloramphenicol (19.4%) resistance (Stringer et al., 2021). Differences might be attributed to the fact that chloramphenicol is not typically used in animal husbandry in our study area (Paintsil et al., 2021).

Higher overall frequencies of antibiotic resistance were seen for C. coli and C. jejuni from commercial farms. An earlier study performed in the same study area found that 97% of commercial farms used antibiotics as compared to 47% of smallholder farms (Paintsil et al., 2021). Therefore, higher antibiotic use in commercial farming may explain these findings. In the current study, the majority of C. coli compared to C. jejuni were resistant to ciprofloxacin and ampicillin. Similar to our findings, several researchers have observed that C. coli exhibited higher resistance than C. jejuni (Ocejo et al., 2019; Wieczorek et al., 2020). One probable hypothesis for this observation could be a higher capacity of C. coli to acquire resistant genes by horizontal gene transfer (Golz and Stingl, 2021). Nonetheless, in the absence of fluoroquinolone use, C. coli isolates displayed lower resistance to tested antibiotics than C. jejuni (Abraham et al., 2020). The high frequency of ciprofloxacin resistance observed in this study is worrisome because ciprofloxacin is one of the most important antibiotics used in the treatment of campylobacteriosis, also in Ghana (WHO, 2019).

There are few limitations to the present study that need to be considered when interpreting our findings. The farms selected and sample collection was restricted to the Ashanti Akim District of Ghana, hence, the data observed might not be representative of the whole of Ghana. This is because Campylobacter frequencies, antibiotic resistance profiles as well as species distribution might be subject to geographic variations. In total, almost 20% of presumptively isolated Campylobacter were lost in the course of freeze-storage; hence, the use of a different identification method, such as direct PCR, could have affected the observed Campylobacter prevalence. Also, there is potential clustering of resistance in the Campylobacter isolates due to easy access to similar types of antibiotics in the study area. Hence the Ecoff values established may have locally constrained lower and upper bounds as well as variance which may not be globally applicable.



Conclusion

While Campylobacter frequencies from commercial and smallholder farms were similarly high, antibiotic resistance was considerably lower in smallholder farms. Isolates recovered from commercial farms or isolated during the rainy season were more likely to be MDR. The occurrence of high antibiotic-resistant Campylobacter in commercial farm animals could lead to the emergence and distribution of drug-resistant Campylobacter in humans who consume or come into contact with the animals. Hence, a better understanding of the reasons for the observed differences in Campylobacter prevalence and MDR in the two farm types would make it possible to formulate clear guidelines aimed at decreasing prevalence and resistance for safe animal husbandry. We further recommend that farm attendants should be trained on personnel hygiene, farm biosecurity, appropriate use of antimicrobials, and the need for AMR surveillance monitoring systems in farm animal production.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal study was reviewed and approved by Committee on Human Research Publication and Ethics. Written informed consent was obtained from the owners for the participation of their animals in this study.



Author contributions

DD, LAO, KO-D, ROP, JMa, AEZ, and RK: conceptualization, resources, supervision, and review and editing. EKP: original draft preparation. EKP and RK: formal analysis. EKP, CWA, JMb, AJ, and ML: methodology, data curation, investigation, and review and editing. All authors contributed to the article and approved the submitted version.



Funding

This work was funded by the German Research Foundation (DFG; project number 380545990).



Acknowledgments

The authors wish to express gratitude to the farm owners/caretakers for granting access to their outlets.



Conflict of interest

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.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.983047/full#supplementary-material



Footnotes

1http://www.eucast.org


References

 Abraham, S., Sahibzada, S., Hewson, K., Laird, T., Abraham, R., Pavic, A., et al. (2020). Emergence of fluoroquinolone-resistant campylobacter jejuni and campylobacter coli among Australian chickens in the absence of fluoroquinolone use. Appl. Environ. Microbiol. 86, e02765–e02819. doi: 10.1128/AEM.02765-19

 Adam, M. A., Wang, J., Enan, K. A., Shen, H., Wang, H., El Hussein, A. R., et al. (2018). Molecular survey of viral and bacterial causes of childhood diarrhea in Khartoum state. Front. Microbiol. 9:112. doi: 10.3389/fmicb.2018.00112 

 Asante-Addo, C., and Weible, D. (2020). Is there hope for domestically produced poultry meat? A choice experiment of consumers in Ghana. Agribusiness 36, 281–298. doi: 10.1002/agr.21626

 Barros, A. J., and Hirakata, V. N. (2003). Alternatives for logistic regression in cross-sectional studies: an empirical comparison of models that directly estimate the prevalence ratio. BMC Med. Res. Methodol. 3, 1–13. doi: 10.1186/1471-2288-3-21

 Basler, C., Nguyen, T. A., Anderson, T. C., Hancock, T., and Behravesh, C. B. (2016). Outbreaks of human salmonella infections associated with live poultry, United States, 1990–2014. Emerg. Infect. Dis. 22, 1705–1711. doi: 10.3201/eid2210.150765 

 Bénéjat, L., Sifré, E., Martins, C. D., Ducournau, A., Buissonnière, A., Bessède, E., et al. (2018). Epidemiologic cutoff values to separate wild-type from non–wild-type campylobacter fetus to ciprofloxacin. Diagn. Microbiol. Infect. Dis. 92, 164–167. doi: 10.1016/j.diagmicrobio.2018.05.012 

 Blaser, M. J., Melby, M. K., Lock, M., and Nichter, M. (2021). Accounting for variation in and overuse of antibiotics among humans. BioEssays 43:2000163.

 Chala, G., Eguale, T., Abunna, F., Asrat, D., and Stringer, A. (2021). Identification and characterization of campylobacter species in livestock, humans, and water in livestock owning households of Peri-urban Addis Ababa, Ethiopia: A one health approach. Front. Public Health 9:750551. doi: 10.3389/fpubh.2021.750551 

 Colles, F. M., McCarthy, N. D., Bliss, C. M., Layton, R., and Maiden, M. C. (2015). The long-term dynamics of campylobacter colonizing a free-range broiler breeder flock: an observational study. Environ. Microbiol. 17, 938–946. doi: 10.1111/1462-2920.12415 

 Corry, J. E., Atabay, H. I., Forsythe, S. J., and Mansfield, L. P. (2003). “Culture media for the isolation of campylobacters, helicobacters and arcobacters,” in Progress in Industrial Microbiology, Vol. 37. eds. E. L. Janet Corry, G. D. W. Curtis, and R. M. Baird (Elsevier publishing company), 271–316.

 Cox, N. A., Cosby, D. E., Thippareddi, H., Ritz, C. W., Berrang, M. E., Jackson, J. S., et al. (2018). Incidence, species and antimicrobial resistance of naturally occurring campylobacter isolates from quail carcasses sampled in a commercial processing facility. J. Food Saf. 38:e12438. doi: 10.1111/jfs.12438

 Dai, L., Sahin, O., Grover, M., and Zhang, Q. (2020). New and alternative strategies for the prevention, control, and treatment of antibiotic-resistant campylobacter. Transl. Res. 223, 76–88. doi: 10.1016/j.trsl.2020.04.009 

 Dekker, D., Eibach, D., Boahen, K. G., Akenten, C. W., Pfeifer, Y., Zautner, A. E., et al. (2019). Fluoroquinolone-resistant salmonella enterica, campylobacter spp., and Arcobacter butzleri from local and imported poultry meat in Kumasi, Ghana. Foodborne Pathog. Dis. 16, 352–358. doi: 10.1089/fpd.2018.2562 

 Dias, T. S., Nascimento, R. J., Machado, L. D. S., Abreu, D. L. C., do Nascimento, E. R., Pereira, V. L. A., et al. (2021). Comparison of antimicrobial resistance in thermophilic campylobacter strains isolated from conventional production and backyard poultry flocks. Br. Poult. Sci. 62, 188–192. doi: 10.1080/00071668.2020.1833302 

 Djennad, A., Iacono, G. L., Sarran, C., Lane, C., Elson, R., Höser, C., et al. (2019). Seasonality and the effects of weather on campylobacter infections. BMC Infect. Dis. 19, 1–10. doi: 10.1186/s12879-019-3840-7

 El-Adawy, H., Ahmed, M. F., Hotzel, H., Tomaso, H., Tenhagen, B. A., Hartung, J., et al. (2015). Antimicrobial susceptibilities of campylobacter jejuni and campylobacter coli recovered from organic Turkey farms in Germany. Poult. Sci. 94, 2831–2837. doi: 10.3382/ps/pev259 

 Endtz, H. P. (2020). “Campylobacter infections,” in Hunter's Tropical Medicine and Emerging Infectious Diseases. eds. E. T. Ryan, D. R. Hill, and T. P. Endy (Elsevier Publishing Company), 507–511.

 Frediani-Wolf, V., and Stephan, R. (2003). Resistance patterns of campylobacter spp. strains isolated from poultry carcasses in a big Swiss poultry slaughterhouse. Int. J. Food Microbiol. 89, 233–240. doi: 10.1016/S0168-1605(03)00152-1 

 Gahamanyi, N., Mboera, L. E., Matee, M. I., Mutangana, D., and Komba, E. V. (2020). Prevalence, risk factors, and antimicrobial resistance profiles of thermophilic campylobacter species in humans and animals in sub-saharan Africa: a systematic review. Int. J. Microbiol. 2020, 2092478–2092478. doi: 10.1155/2020/2092478

 Ghana Statistical Service (2021). Ghana 2021 population and housing census: General Report Volume 3N.

 Gilbert, W., Thomas, L. F., Coyne, L., and Rushton, J. (2021). Mitigating the risks posed by intensification in livestock production: the examples of antimicrobial resistance and zoonoses. Animal 15:100123. doi: 10.1016/j.animal.2020.100123 

 Golz, J. C., and Stingl, K. (2021). Natural competence and horizontal gene transfer in campylobacter. Curr. Top. Microbiol. Immunol. 431, 265–292. doi: 10.1007/978-3-030-65481-8_10

 Greenland, S. (2004). Model-based estimation of relative risks and other epidemiologic measures in studies of common outcomes and in case-control studies. Am. J. Epidemiol. 160, 301–305. doi: 10.1093/aje/kwh221 

 Guyard-Nicodème, M., Rivoal, K., Houard, E., Rose, V., Quesne, S., Mourand, G., et al. (2015). Prevalence and characterization of campylobacter jejuni from chicken meat sold in French retail outlets. Int. J. Food Microbiol. 203, 8–14. doi: 10.1016/j.ijfoodmicro.2015.02.013 

 Hald, B., Skov, M. N., Nielsen, E. M., Rahbek, C., Madsen, J. J., Wainø, M., et al. (2015). Campylobacter jejuni and campylobacter coli in wild birds on Danish livestock farms. Acta Vet. Scand. 58, 1–10. doi: 10.1186/s13028-016-0192-9

 Han, X., Zhu, D., Lai, H., Zeng, H., Zhou, K., Zou, L., et al. (2016). Prevalence, antimicrobial resistance profiling and genetic diversity of campylobacter jejuni and campylobacter coli isolated from broilers at slaughter in China. Food Control 69, 160–170. doi: 10.1016/j.foodcont.2016.04.051

 Kagambèga, A., Thibodeau, A., Trinetta, V., Soro, D. K., Sama, F. N., Bako, É., et al. (2018). Salmonella spp. and campylobacter spp. in poultry feces and carcasses in Ouagadougou, Burkina Faso. Food Sci. Nutr. 6, 1601–1606. doi: 10.1002/fsn3.725 

 Karikari, A. B., Obiri-Danso, K., Frimpong, E. H., and Krogfelt, K. A. (2016). Multidrug resistant campylobacter in fecal and carcasses of commercially produced poultry. Afr. J. Microbiol. Res. 11, 271–277. doi: 10.5897/AJMR2015.8329

 Kouglenou, S. D., Agbankpe, A. J., Dougnon, V., Djeuda, A. D., Deguenon, E., Hidjo, M., et al. (2020). Prevalence and susceptibility to antibiotics from campylobacter jejuni and campylobacter coli isolated from chicken meat in southern Benin, West Africa. BMC Res. Notes 13, 1–6. doi: 10.1186/s13104-020-05150-x

 Kunadu, A. P. H., Otwey, R. Y., and Mosi, L. (2020). Microbiological quality and salmonella prevalence, serovar distribution and antimicrobial resistance associated with informal raw chicken processing in Accra, Ghana. Food Control 118:107440. doi: 10.1016/j.foodcont.2020.107440

 Mandomando, I. M., Macete, E. V., Ruiz, J., Sanz, S., Abacassamo, F., Valles, X., et al. (2007). Etiology of diarrhea in children younger than 5 years of age admitted in a rural hospital of southern Mozambique. Am. J. Trop. Med. Hygiene 76, 522–527. doi: 10.4269/ajtmh.2007.76.522 

 Ocejo, M., Oporto, B., and Hurtado, A. (2019). Occurrence of campylobacter jejuni and campylobacter coli in cattle and sheep in northern Spain and changes in antimicrobial resistance in two studies 10-years apart. Pathogens 8:98. doi: 10.3390/pathogens8030098 

 Padungtod, P., and Kaneene, J. B. (2005). Campylobacter in food animals and humans in northern Thailand. J. Food Prot. 68, 2519–2526. doi: 10.4315/0362-028X-68.12.2519 

 Paintsil, E. K., Ofori, L. A., Adobea, S., Akenten, C. W., Phillips, R. O., Maiga-Ascofare, O., et al. (2022). Prevalence and antibiotic resistance in campylobacter spp. isolated from humans and food-producing animals in West Africa: A systematic review and meta-analysis. Pathogens 11:140. doi: 10.3390/pathogens11020140 

 Paintsil, E. K., Ofori, L. A., Akenten, C. W., Fosu, D., Ofori, S., Lamshöft, M., et al. (2021). Antimicrobial usage in commercial and domestic poultry farming in two communities in the Ashanti region of Ghana. Antibiotics 10:800. doi: 10.3390/antibiotics10070800 

 Plishka, M., Sargeant, J. M., Greer, A. L., Hookey, S., and Winder, C. (2021). The prevalence of campylobacter in live cattle, Turkey, chicken, and swine in the United States and Canada: A systematic review and meta-analysis. Foodborne Pathog. Dis. 18, 230–242. doi: 10.1089/fpd.2020.2834 

 QGIS Development Team (2021). QGIS geographic information system. Open source geospatial foundation project. Zurich, Switzerland. Available at: https://www.qgis.org/en/site/

 R Core Team (2020). R: A language and environment for statistical computing. R foundation for statistical computing, Vienna, Austria. Available at: https://www.R-project.org/

 Sainato, R., ElGendy, A., Poly, F., Kuroiwa, J., Guerry, P., Riddle, M. S., et al. (2018). Epidemiology of campylobacter infections among children in Egypt. Am. J. Trop. Med. Hygiene 98, 581–585. doi: 10.4269/ajtmh.17-0469 

 Sibanda, N., McKenna, A., Richmond, A., Ricke, S. C., Callaway, T., Stratakos, A. C., et al. (2018). A review of the effect of management practices on campylobacter prevalence in poultry farms. Front. Microbiol. 9:2002. doi: 10.3389/fmicb.2018.02002 

 Skarp, C. P. A., Hänninen, M. L., and Rautelin, H. I. K. (2016). Campylobacteriosis: the role of poultry meat. Clin. Microbiol. Infect. 22, 103–109. doi: 10.1016/j.cmi.2015.11.019

 Stringer, A., Chala, G., Eguale, T., Abunna, F., and Asrat, D. (2021). Identification and characterization of campylobacter species in livestock, humans and water in livestock owning households of peri-urban Addis Ababa, Ethiopia: a one health approach. Front. Public Health 9:750551. doi: 10.3389/fpubh.2021.750551 

 Szosland-Fałtyn, A. N. N. A., Bartodziejska, B., Krolasik, J., Paziak-Domańska, B., Korsak, D., and Chmiela, M. (2018). The prevalence of campylobacter spp. in polish poultry meat. Pol. J. Microbiol. 67, 117–120. doi: 10.5604/01.3001.0011.6152

 Tamhane, A. R., Westfall, A. O., Burkholder, G. A., and Cutter, G. R. (2016). Prevalence odds ratio versus prevalence ratio: choice comes with consequences. Stat. Med. 35, 5730–5735. doi: 10.1002/sim.7059 

 Torralbo, A., Borge, C., García-Bocanegra, I., Méric, G., Perea, A., and Carbonero, A. (2015). Higher resistance of campylobacter coli compared to campylobacter jejuni at chicken slaughterhouse. Comp. Immunol. Microbiol. Infect. Dis. 39, 47–52. doi: 10.1016/j.cimid.2015.02.003 

 Uddin, M., Neogi, S. B., Islam, S. S., Ferdous, J., Khan, M., Rahman, S., et al. (2021). Occurrence and multidrug resistance of campylobacter spp. at duck farms and associated environmental and anthropogenic risk factors in Bangladesh. BMC Infect. Dis. 21, 1–17. doi: 10.1186/s12879-021-06834-w

 Varga, C., Guerin, M. T., Brash, M. L., Slavic, D., Boerlin, P., and Susta, L. (2019). Antimicrobial resistance in campylobacter jejuni and campylobacter coli isolated from small poultry flocks in Ontario, Canada: A two-year surveillance study. PLoS One 14:e0221429. doi: 10.1371/journal.pone.0221429. 

 WHO (2019). Critically Important Antimicrobials for Human Medicine, 6th Revision 2018. Geneva, Switzerland: World Health Organization

 Wieczorek, K., Bocian, Ł., and Osek, J. (2020). Prevalence and antimicrobial resistance of campylobacter isolated from carcasses of chickens slaughtered in Poland–a retrospective study. Food Control 112:107159. doi: 10.1016/j.foodcont.2020.107159

 Wieczorek, K., Bocian, Ł., and Osek, J. (2021). Bovine and pig carcasses as a source of campylobacter in Poland: a reservoir for antimicrobial-resistant campylobacter coli. Foodborne Pathog. Dis. 18, 462–468. doi: 10.1089/fpd.2020.2914 

 Yang, Y., Feye, K. M., Shi, Z., Pavlidis, H. O., Kogut, M., Ashworth, J., et al. (2019). A historical review on antibiotic resistance of foodborne campylobacter. Front. Microbiol. 10:1509. doi: 10.3389/fmicb.2019.01509 

 Zhang, Q., and Sahin, O. (2020). Campylobacteriosis. Dis. Poultry. 1, 754–769. doi: 10.1002/9781119371199.ch17





[image: image]


OPS/images/fmicb-12-668824/fmicb-12-668824-g001.jpg
Detection time [min]

Detection time [min]

14

12

-
~-i~--— -
- - oy -

62 63 64 65 66 67 68 69
Reaction temperature [°C]

el p]D Std == <= yp/D Conc

62 63 64 65 66 67 68 69

Reaction temperature [°C]

e CJ(C Std = ke @ cd{C CONC il oyr] Std = = gr4 Conc





OPS/images/fmicb-12-668824/fmicb-12-668824-g002.jpg
Detection time [min]

w
f=]

N
W

353
(=1

—
W

(=}

,—‘;
el ____‘__--..--r"'
*_—--——.’
50 ng Sng 0.5ng 50 pg 5pg 0.5 pg 50 fg

DNA concentration per reaction

el i p]D Std == <@ == yp/D Conc





OPS/images/fmicb-12-668824/fmicb-12-668824-g003.jpg
Fluorescence

Fluorescence derivative

70000

60000

50000

40000

30000

20000

10000

-10000

40000

35000

30000

25000

20000

15000

10000

5000

-5000

e NCTC 12660 50 ng
e NCTC 12660 5 ng
====NCTC 12660 0.5 ng
=== NCTC 12668 50 ng
=== NCTC 12668 5 ng
====NCTC 12668 0.5 ng

wNegative control

3 5 7 9 11 13 15 17 19 21 23 25

Detection time [min]

27 29 31 33 35 37 39

e NCTC 12660 50 ng
=== NCTC 12660 5 ng
====NCTC 12660 0.5 ng
=== NCTC 12668 50 ng
=== NCTC 12668 5ng
=== NCTC 12668 0.5 ng

«==Negative control

79 80 81 8 8 8 8 8 8 8 8 90
Melting temperature [°C]

91 92 93 94 95 96 97 98





OPS/images/fmicb-12-668824/fmicb-12-668824-g004.jpg
>

Melting temperature [°C]

Melting temperature [°C]

85
84.5
84
83.5
83
82.5
82
81.5
81
80.5
80

85
84.5
84
83.5
83
82.5
82
81.5
81
80.5
80

==

C. jejuni

%o
o
o
o

C. coli

C. jejuni

C. coli





OPS/images/fmicb-12-649010/fmicb-12-649010-g004.jpg
A 11x10° LIx10° 11x10° LIx10 LIx10° 11x1¢° LIx10° LIxIO° B
200

150 HEH gedere FEE sevese sedee

100
LIx1¢° 11x10' 11x1¢'11x10' ND  NC

Background subtracted fluorescence

11 11 11 11 11 11 11 11 11 11 11 11 ND NC
x10% x 10°x 10°x 107x 10° x 10° x 10*x 10° x10? x 10" x 10°x 10*

204 204 204 204 204 204 204
ngjil ngjil ng/ﬂl pg/ﬂl poil_pohl foul  fehl

150~

p—

Fy ) Y

TR REE

fg//d wz agl ND  NC

FEFe T YT
«:- § FE FE PE FE S

a

»

Background subtracted fluorescence

v i

204 204 204 204 204 204 204 204 204 204 204 ND NC
ng/ul ng/pl ng/ul pg/pl pgul pgpl fgul fgpl fgul ag/ul agl





OPS/images/fmicb-12-649010/fmicb-12-649010-g005.jpg
200 PC

107 107 10° 10° 10° 10° 107 10°

v'i"‘vvvv

10° 10" PC ND NC

Background subtracted fluorescence

10" 102 10° 10* 10° 10° 107 10® 10° 10" PC ND NC





OPS/images/fmicb-12-649010/fmicb-12-649010-t001.jpg
Oligo names

M1

Target T1
T7-sgRNA-F
Target-T1-R

SQRNA G1

Kong-F1
Kong-R1
Kong-F2
Kong-R2

Sequences (5'-3')

GTTTGCCTCAGCAATAACTTCTTGACGTCTTGCTCTAGCGG
TTTGT

TTGACGTCTTGCTCTAGCGG
GAAATTAATACGACTCACTATAGGG

CCGCTAGAGCAAGACGTCAAGTGCCACTTCTCAGATTTGA
GAAG

GAAAUUAAUACGACUCACUAUAGGGGUCUAGAGGACAGAA
UUUUUCAACGGGUGUGCCAAUGGCCACUUUCCAGGUGGC
AAAGCCCGUUGAGCUUCUCAAAUCUGAGAAGUGGCACUU
GACGUCUUGCUCUAGCGG

GCGTGTGAGAAGTTCGCTTG
TCTTGGGGCCTTTAATCGCT
CACCTGCTCCACTTTGAGATG
TCTTGGGGCCTTTAATCGCT

The underlined sequences are the newly identified C. jejuni-conserved and -
specific protospacer T1.





OPS/images/fmicb-12-668824/cross.jpg
3,

i





OPS/images/fmicb-12-649010/fmicb-12-649010-g002.jpg
A B cas12b + +
M 1 2 sgRNA  + + - - -
+

Target DNA 4 - + -
probe -+ - - - +
1 2 3 4 5

-5}
(5]
1000 g 100~
700 5
é 80 - %k
500 =
400 S 60-
300 £
=
200 2 40-
=
=
100 § 20 - NC
=1)]
=~
2
=]






OPS/images/fmicb-12-649010/fmicb-12-649010-g003.jpg
AGgl (G2 (¢G3 (4 Ccel Ec Se St B g
§ 150 =
@
S
=
&=
T
g
Sd Sdu Vp Sa Lm ND NC £
=
o S
=
S
)
=<
P
<
=2}
Cjl Cj2 Cj3 Cj4 Ccl Ec Se St Sd Sdu Vp Sa Lm ND NC
Cc D

p—
n
g

Mix-1 ND Mix-2 Mix-3

e

1004

n
T

NS NS

Backgrond subtracted fluorescence

(=]
1

T T T
Mix-1 ND Mix-2 Mix-3





OPS/images/fmicb-12-783750/cross.jpg
3,

i





OPS/images/fmicb-12-775090/fmicb-12-775090-t001.jpg
Capsular
genotype

HS2

HS4A c?

HS1

HS8/17

HS6

HS53

HS37

HS4B cP

HS523/36

HS3

HS10

HS19

HS9

HS21

HS5/31

HS44

HS42

HS12

HS41

HS15/31

aHS4A complex, including HS4, HS13, and HS6.
P1HS4B complex, including CG8486, HS16, and HS64.

Source of Campylobacter jejuni isolate

Collection year

Poultry
(n =1084)

10.42%
(113/1084)
13.10%
(142/1084)
7.84%
(85/1084)
6.64%
(72/1084)
4.43%
(48/1084)
3.87%
(42/1084)
3.32%
(36/1084)
1.66%
(18/1084)
1.38%
(15/1084)
1.57%
(17/1084)
2.12%
(23/1084)
0.46%
(5/1084)
1.85%
(20/1084)
1.94%
(21/1084)
1.29%
(14/1084)
0.92%
(10/1084)
0.37%
(4/1084)
0.00%
(0/1084)
0.00%
(0/1084)
0.00%
(0/1084)

Enteritis
patient
(n =233)

13.08%
(31/237)
11.81%
(28/237)
12.66%
(30/237)
7.17%
(17/237)
2.53%
(6/237)
2.11%
(5/237)
4.64%
(11/237)
2.53%
(6/237)
6.33%
(15/237)
7.17%
(17/237)
2.11%
(5/237)
2.95%
(7/237)
1.69%
(4/237)
3.80%
(9/237)
3.38%
(8/237)
0.42%
(1/237)
2.95%
(7/237)
1.69%
(4/237)
0.00%
(0/237)
0.42%
(1/237)

Cattle
(n=181)

25.97%
47/181)
11.05%
(20/181)
3.31%
(6/181)
8.29%
(15/181)
1.10%
(©2/181)
3.87%
(7/181)
3.31%
6/181)
9.94%
(18/181)
1.66%
@/181)
1.10%
(©2/181)
2.21%
(4/181)
9.94%
(18/181)
0.55%
(1/181)
0.00%
(o/181)
1.66%
@/181)
0.55%
(1/181)
0.00%
(0/181)
0.55%
(1/181)
0.00%
(o/181)
0.55%
(1/181)

Pet
(n = 55)

12.73%
(7/55)
5.45%
(3/55)

12.73%
(7/55)
0.00%
(0/55)
0.00%
(0/55)
1.82%
(1/55)
0.00%
(0/55)
0.00%
(0/55)
5.45%
(3/55)
7.27%
(4/55)
0.00%
(0/55)
3.64%
(2/55)
7.27%
(4/55)
1.82%
(1/55)
1.82%
(1/55)
3.64%
(2/55)
0.00%
(0/55)
0.00%
(0/55)
0.00%
(0/55)
0.00%
(0/55)

Monkey
(n=52)

13.46%
(7/52)
5.77%
(3/52)
1.92%
(1/52)
7.69%
(4/52)
5.77%
(3/52)
0.00%
(0/52)
1.92%
(1/52)
5.77%
(3/52)
3.85%
(2/52)
1.92%
(1/52)
0.00%
(0/52)
0.00%
(0/52)
0.00%
(0/52)
1.92%
(1/52)
5.77%
(3/52)
1.92%
(1/52)
0.00%
(0/52)
0.00%
(0/52)
5.77%
(3/52)
0.00%
(0/52)

2005-2008
(n =576)

10.07%
(58/576)
15.45%
(89/576)
10.76%
(62/576)
6.60%
(38/576)
1.39%
(8/576)
5.73%
(33/576)
3.82%
(22/576)
3.30%
(19/576)
3.65%
(21/576)
4.34%
(25/576)
2.43%
(14/576)
2.78%
(16/576)
2.95%
(17/576)
1.74%
(10/576)
1.39%
(8/576)
0.69%
(4/576)
1.56%
(9/576)
0.69%
(4/576)
0.00%
(0/576)
017%
(1/576)

2014-2016
(n =138)

16.67%
(28/138)
0.00%
(0/138)
16.67%
(238/138)
18.84%
(26/138)
5.80%
(8/138)
217%
(3/138)
217%
(3/138)
0.00%
(0/138)
2.90%
(4/138)
2.90%
(4/138)
2.90%
(4/138)
217%
(3/138)
217%
(3/138)
10.14
(14/138)
2.90%
(4/138)
1.45%
(2/138)
0.00%
(0/138)
0.00%
(0/138)
0.00%
(0/138)
0.00%
(0/138)

2017-2019
(n =895)

13.85%
(124/895)
11.96%
(107/895)
4.92%
(44/895)
4.92%
(44/895)
4.80%
(43/895)
2.12%
(19/895)
3.24%
(29/895)
2.91%
(26/895)
1.45%
(13/895)
1.34%
(12/895)
1.56%
(14/895)
1.45%
(13/895)
1.01%
(9/895)
0.89%
(8/895)
2.01%
(18/895)
1.01%
(9/895)
0.22%
(2/895)
0.11%
(1/895)
0.34%
(3/895)
0.11%
(1/895)

Total
(n = 1609)

12.74%
(205/1609)
12.18%
(196/1609)
8.02%
(129/1609)
6.71%
(108/1609)
3.67%
(69/1609)
3.42%
(65/1609)
3.36%
(54/1609)
2.80%
(45/1609)
2.36%
(38/1609)
2.55%
(41/1609)
1.99%
(32/1609)
1.99%
(32/1609)
1.80%
(29/1609)
1.99%
(32/1609)
1.80%
(29/1609)
0.93%
(15/1609)
0.68%
(11/1609)
0.31%
(6/1609)
0.19%
(3/1609)
0.12%
(2/1609)





OPS/images/fmicb-12-775090/fmicb-12-775090-g004.jpg
A Animal isolates(n=37) Human enteritis isolates (n=28) B Human enteritis isolates (n=28) Human GBS isolates (n=32)

Human GBS isolates (n=32)





OPS/images/fmicb-12-775090/fmicb-12-775090-g003.jpg
M Human GBS isolates (n=32)

[ Human enteritis isolates (n=28)
' Poultry isolates (n=17)

M Cattle isolates (n=14)

M Monkey isolates (n=4)

W Pet isolates (n=2)





OPS/images/fmicb-12-775090/fmicb-12-775090-g002.jpg
60

50

40

-
o

0

60

50

40

0

W HS2 W HS4A ¢ W HS23/36 W HS19 B HS41

Poultry Human Cattle Monkey

HW[IOSA ®IOSB ®IOSC ®WIOSD ®ILOSE

Cattle isolate (n=157) Poultry isolate (n=235)  Enteritis isolate (n=172)

B B HS2 W HS4A c W HS8/17 B HS3 B HS5/31
60
50
40
30
%
20
10
0

Poultry Human Cattle Monkey

Cattle isolate (n=157) Poultry isolate (n=235) Enteritis isolate (n=172)






OPS/images/fmicb-12-775090/fmicb-12-775090-g001.jpg
A 0 2005-2008(n=576) 00 2014-2016 (n=138) [J 2017-2019(n=895)
20.0%

18.0%
16.0%

14.0%

12.0% y

10.0%
8.0%
6.0%
4.0% ‘
2.0% “

O'O%Hsz HS4Ac HS1  HS8/17 HS6  HS53  HS37 HS4Bc HS23/36 HS3  HS10  HS19 HS21  HS31  HS44  HS42  HS12  Hs4l H515/31
B B Poultry (n=1092) ™ Human (n=233) M Cattle (n=181) M Pet (n=55) M Monkey (n=52)

30.0%

25.0%

20.0%

15.0%

10.0%

II. |I|| |||I ! | diil | ||. II Il |||| ...|| L .

HS4A ¢ HS8/17  HS6 HS53 HS37 HS4Bc HSZ3/36 HS3 HS10 HS19 HS21 HS31 HS44 HS42 HS12 HS41 HS15/31





OPS/images/fmicb-12-775090/cross.jpg
3,

i





OPS/images/fmicb-12-734526/fmicb-12-734526-t002.jpg
Strain

Campylobacter
C. jejuni 81-176
E. coli

DHS«

APEC O:78(aroA)

APEC
O:78(eroA)wzy: pgl:kan

Plasmid
pBluescript Il KS(+)
PACYC184

PACYC184pgl (ppgl)

ppgl ApglB

ppgl ApgiB-Xhol

ppgl-Kan

ppgignek-kan-HIA

PBKS-wzy"*

PBKS-wzy°", Bgll

PBKS-wzyO78-pgl-
kanFRT

pKD4

PKD46

Genotype or relevant
markers

Clinical isolate, wid-type strain

F- endA1 ginV44 thi-1 recA1
relA1 gyrA96 deoR nupG
PpurB20 ¢80dlacZAM15
AlacZvA-arghU169,
hsdR17(K-mK), -

Avian pathogenic E. co,
serotype O:78, mutation in
aroA

APEC O:78(aroA) with pgl
(gne-pglK-FRT-kan-FRT-
PgiHIUA) inserted into wzy
locus, Kan®

Cloning vector, pUC ori, Amp*
Cloning vector, P15A ori, Cm",
Tet®

Plasmid pACYC184 containing
the 16Kb C. jejuni pgl locus,
om?

ppgl with a deletion of pgiB,
cm?

pogl ApglB with Xhol site
between pglk and pgiH, Cm'
ppgl ApglB, Xhol with Kan
cassette (fanked by FRT sites)
inserted between pglk and
PgiH (via Xhol), Cm?

PCR product containing gne-
PgIK-FRT-kan-FRT-pglHIJA
inserted into pACYG184, G
way (o) of APEC O78 inserted
into pBluescript Il KS(+), Amp®
PBKS-wzy™ with Bgl sites
inserted into wzy, by inverse
PCR

PBKS-wzy" with PCR product
gne-pglk-FRT-kan-FRT-
PgiHIUA inserted into Bl site
of w2y, Amp®

FRT flanked kan cassette,
template plasmid for PCR,
Kart', Amp?

A Red recombinase (y, f, and
exo from % phage), araC-
ParaB, Amp®

Reference

Korlath et al., 1985

Invitrogen

Poulvac® E. col

This study

Agilent

Chang and Goher
1978

Wacker et al., 2002
This study

This study

This study

This study

This study

This study

This study

Datsenko and

w

er, 2000





OPS/images/fmicb-12-682741/fmicb-12-682741-g003.jpg
80.00%
70.00%
60.00%
50.00%
40.00%
30.00%
20.00%
10.00%

0.00%

Campylobacter(n=157)

(118)
M 80—
i (70) (]
—1 Q25) i
e
1 (14) (12) Il
I [ | .
tet(0)  aph(2")-Ig  aph(2")-If aac(6')-le  aacA4 ermB

90.00%
80.00%
70.00%
60.00%
50.00%
40.00%
30.00%
20.00%
10.00%

0.00% — == —

cadF  cdtd

cdtB

()

cdiC  ciaB dnaJ flad imad plad racR VirBll





OPS/images/fmicb-12-682741/fmicb-12-682741-g004.jpg
Pearsor correauor [00%-100 0%)
PFGE-Saml PFGE-Sam|

Strain Species Time Source PFGE

s g e 2 g e g &
P 12GS10 cJ 201812 live chicken anal swab a
{ 12GS16 cJ 201812 live chicken anal swab a
| s mGs7 cJ 2019.01 live chicken anal swab a
' e 01KT2 cJ 2019.01 evisceration a
12GS14 (o] 201812 live chicken anal swab a
g 126520 cJ 201812 live chicken anal swab ‘a
3 01DM2 cJ 2019.01 defeathering
12G81 cJ 201812 live chicken anal swab b
12GS3 c.J 201812 live chicken anal swab b
12GS8 cJ 201812 live chicken anal swab b
0sDM21 cJ 2019.06 defeathering
1 - D1DM12 cJ 2019.01 defeathering C
—: - DIKT13 cJ 201901 evisceration C
{— | 5GSB (o] 2019.05 live chicken anal swab
—_ 01KT1 cJ 2019.01 evisceration
[ 12652 c.J 201812 live chicken anal swab d
5DM3 cJ 2019.05 defeathering d
e 12G54 cJ 201812 live chicken anal swab
_ 5QX01 cJ 2019.05 washing
L . i BGS10 Cc.J 2019.06 live chicken anal swab
05DM15 cJ 2019.06 defeathering
4KT7 cJ 2019.04 evisceration e
5KT9 (o] 2019.05 evisceration e
4KT21 (o] 2019.04 evisceration e
M c.J 2019.04 precooling e
4KT9 cJ 2019.04 evisceration
12G81 cJ 201812 live chicken anal swab f
12GS7 (o] 201812 live chicken anal swab f
; 126812 cJ 2018.12 live chicken anal swab f
% 126513 cJ 2018.12 live chicken anal swab f
M " 06DM31 cJ 2019.06 defeathering f
| 12GS9 cJ 201812 live chicken anal swab f
05DM4 cJ 2019.06 defeathering g
- 3GS1 cJ 201903 live chicken anal swab g
01GS12 cud 2019.01 live chicken anal swab h
05DM1B cJ 2019.06 defeathering h
01GS13 Cc.J 2018.01 live chicken anal swab i
T 0MGs15 cJ 2019.01 live chicken anal swab i
16519 cJ 2019.01 live chicken anal swab
- 12656 cJ 201812 live chicken anal swab
01Gs4 cJ 201901 live chicken anal swab j
mMGss c.J 2019.01 live chicken anal swab ]
_\{ g 06DM3 c.J 2019.06 defeathering ]
01GS5 cJ 2019.01 live chicken anal swab
ko 05DM36 cJ 2019.06 defeathering k
O5DNM3 cJ 2019.06 defeathering k
y 05DM34 cJ 2019.06 defeathering k
3 126817 c.J 201812 live chicken anal swab k
05DM1 CcJ 2019.06 defeathering k
L | 0BDMI1 cJ 2019.06 defeathering
BGS6 cJ 2019.06 live chicken anal swab
— 0BDM35 cJ 201906 defeathering |
0BDM37 (o] 2019.06 defeathering |
12GS18 cJ 201812 live chicken anal swab |
05DMB cJ 2019.06 defeathering |
126519 cJ 201812 live chicken anal swab |
0BDM14 cJ 2019.068 defeathering m
] 05DM38 cJ 2019.06 defeathering m
06DM13 Cc.J 2019.06 defeathering m
05DM18 cJ 2019.06 defeathering
4KT2 c.J 2019.04 evisceration
4GS14 cJ 2019.04 live chicken anal swab
_: 5Y12 c.J 2019.05 precooling
[ 2GS16 cJ 2019.02 live chicken anal swab n
BGS1 cJ 2019.06 live chicken anal swab n

4G9 (o] 2019.04 live chicken anal swab





OPS/images/fmicb-12-682741/fmicb-12-682741-g005.jpg
Pamm on|
PFGE-Sam |

PFGE-Sam |

¥ OT ey
ol

2651
3DM5
3KTS
46810
2659
2652
06DM2G
08DM2E
08DM27
05DM19
05DM23
3KT14
08DM17
08DM33

aKT11

56513
5652
016817
016511
08DM39

aKT18
05DM22
363816
3685
016818
016520
05DM12
0163816
3KT10
26810

08DMRS
126815

Strain Species Time

2019.02
2019.03
2019.03
2019.04
2019.02
2019.02
2019.06
2019.06
2019.06
2019.06
2019.06
2019.03
2019.06
2019.06
2019.06
2019.06
2019.06
2019.06
2019.06
2019.03
2019.04
2019.06
2019.04
2019.05
2019.05
2019.05
2019.01
2018.01
2019.06
2019.06
2019.06
2018.12
2019.02
2019.02
2019.03
2019.04
2019.04
2019.06
2019.03
2019.03
2018.01
2018.01
2019.06
2018.01
2019.03
2019.02
2019.04
2019.04
2019.02
2019.02
2018.04
2019.02
2019.04
2018.04
2018.04
2019.06
2018.12
2019.05
2019.08
2019.04
2019.04
2019.03
2019.02
2019.06
2019.03
2019.02
2019.03
2019.04
2019.04
2019.02
2019.06
2019.03
2019.06
2019.06
2019.04
2019.05
2019.03
2019.03
2019.06
2019.03
2019.02
2019.02
2019.05

source

live: chicken anal swab
defeathering
evisceration
live chicken anal swab
live chicken anal swab
live chicken anal swab
defeathering
defeathering
defeathering
defeathering
defeathering
evisceration
defeathering
defeathering
defeathering
defeathering
defeathering
defeathering
defeathering
evisceration
evisceration
defeathering
evisceration
live chicken anal swab
live chicken anal swab
live chicken anal swab
live chicken anal swab
live chicken anal swab
defeathering
defeathering
defeathering
livee chicken anal swab
live chicken anal swab
live chicken anal swab
evisceration
evisceration
evisceration
defeathering
live chicken anal swab
live chicken anal swab
live chicken anal swab
live chicken anal swab
defeathering
live chicken anal swab
evisceration
live chicken anal swab
evisceration
evisceration
live chicken anal swab
live chicken anal swab
evisceration
evisceration
live chicken anal swab
live: chicken anal swab
live chicken anal swab
defeathering
live chicken anal swab
live chicken anal swab
live chicken anal swab
evisceration
evisceration
live chicken anal swab
live chicken anal swab
defeathering
evisceration
evisceration
evisceration
live chicken anal swab
live chicken anal swab
live: chicken anal swab
live chicken anal swab
live chicken anal swab
live chicken anal swab
live chicken anal swab
evisceration
defeathering
live chicken anal swab
live chicken anal swab
defeathering
live chicken anal swab
live chicken anal swab
live chicken anal swab
live chicken anal swab

.n
)

T oo

N Nonn

(PR ReNeNeNoNoReoN

T TTQQ  —h=hmh=h =h -y

~x

53 F3F I~ =—

000000

a0aogo





OPS/images/fmicb-12-668824/fmicb-12-668824-t004.jpg
Criteria LAMP real-time PCR LAMP (standard culture method)

24h 48 h 24h 48 h
SE (%) 89.8 100 89.6 100
SP (%) 100 100 98.1 100
AC (%) 95.0 100 941 100
PPV (%) 100 100 97:d 100
NPV (%) 91.2 100 91.2 100

SE, diagnostic sensitivity; SF, diagnostic specificity; AC, diagnostic accuracy; PPV,
positive predictive value; NPV, negative predictive value.
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Primer Sequence (5'-3')

rplD (GenBank accession no. CP028910)

F3 GTGATGTAAGTGGTGGTGG

B3 AAGCATCTTTGACGCCAA

FIP (Fic + F2) TTTGTTGGACCAAAAGCAACCG-CTAGAGCGGGTTCAACAAG
BIP (B1c + B2) AAAGATTGGCGCTTGAAAGAGC-CAATAGCCAAAGAATCAGCAG
LF CGCCTACCCAAACGTTAGTT

LB GCAGATAAAGCAGCTAAAGGTG

cdtC (GenBank accession no. CP028910)

F3 GGGTAGCAGCTGTTAAAGG

B3 CGCCTTTAGGGATACCTCA

FIP (Fic + F2) AATGCCAACAACAACTTCAG-GGCTATTCCAAAGCGTTT
BIP (B1c + B2) TGCTCCAAAGGTTCCATCTTCT-TAGCTGATGAACTTCCTT
LF CTGTGCAAATTCGTTCTTTAG

LB TGGCTAAACAAAGATCGCTTTC

gyrA (GenBank accession no. NZ_CP017868)

F3 CCTTAGTAAGAATGGCACAAGA

B3 CTAGCATCCTTATGATCAAGCA

FIP (F1c + F2) CAGTATAACGCATTGCAGCAGC-TCTATGCGTTATCCAAGTATCG
BIP (B1c + B2) ACGATGATTCTATGAGTGAGCC-CTCGTTAAGACTATGCGGAG
LF CCATCACCATCGATAGAACCAA

LB TATTGCTGTAGGTATGGCGAC

Position

1662231-1662249
1661956-1661973
1662132-1662153/1662195-1662177
1662072-1662093/1662016-1662036
1662157-1662176
1662067-1662046

89252-89270
89667-89685
89426-89445/89331-89348
89499-89520/89576-89593
89405-89425
89525-89546

830429-830450
830756-830777
830518-830536/830455-830476
830612-830633/830714-830733
830492-830511
830685-830705
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Strain No. of strains LAMP

rplD cdtC-gyrA
Campylobacter target species
Campylobacter coli (incl. DSM 46897 , NCTC 12666, NCTC 12667, NCTC 12668) 27 + + (gyrA)
Campylobacter jejuni (incl. DSM 4688", NCTC 12659, NCTC 12660, NCTC 12661, NCTC 12662, NCTC 62 + + (cdtC)

12663, NCTC 12664, NCTC 12665)
Non-target species

Aeromonas hydrophila (DSM 301877)
Arcobacter butzleri (DSM 8739")

Arcobacter cryaerophilus (DSM 72897)
Arcobacter skirrowii (DSM 7302")

Bacillus cereus (incl. ATCC 11779)

Bacillus licheniformis

Bacillus mycoides (CCUG 26678")

Bacillus subtilis (incl. DSM 347)

Bacillus thuringiensis (incl. CCUG 74297)
Bacteroides fragilis (CCUG 4856')

Brochothrix thermosphacta (CCUG 351327)
Campylobacter fetus subsp. fetus (CCUG 50940)
Campylobacter fetus subsp. venerealis (CCUG 338997
Campylobacter helveticus (CCUG 34042, CCUG 34092)
Campylobacter hyointestinalis (CCUG 141697)
Campylobacter lari (CCUG 29405, CCUG 29406)
Campylobacter upsaliensis (CCUG 74242)
Citrobacter braakii

Citrobacter freundii

Citrobacter koseri (DSM 45957)

Citrobacter youngae

Enterobacter cloacae (NCTC 13464)
Enterococcus faecalis (DSM 13591, NCTC 8727)
Enterococcus faecium (DSM 25389, DSM 25390)
Escherichia coli (DSM 1103, DSM 22311, DSM 22316, DSM 22665)
Hania alvei (DSM 301637)

Helicobacter pylori (CCUG 47164)

Klebsiella oxytoca

Klebsiella pneumoniae (NCTC 13465)
Lactobacillus casei (DSM 200117)

Lactococcus lactis (DSM 204817)

Listeria grayi (DSM 20596)

Listeria innocua (DSM 206497)

Listeria ivanovii (DSM 124917)

Listeria monocytogenes (incl. DSM 19094)
Micrococcus luteus (DSM 1790)

Morganella morganii

Proteus mirabilis (DSM 44797)

Pseudomonas aeruginosa (DSM 939)

Salmonella Enteritidis (incl. DSM 14221)
Salmonella Infantis

Salmonella Newport

Salmonella Typhimurium (incl. DSM 19587)
Serratia liquefaciens

Shigella flexneri (DSM 47827)

Shigella sonnei (DSM 55707)

Staphylococcus aureus (DSM 18597, DSM 799)
Streptococcus thermophilus (CCUG 219577)
Vibrio parahaemolyticus (DSM 100277)

Yersinia enterocolitica (DSM 11502)

Yersinia pseudotuberculosis (DSM 89927)

A a4 A N = 2 2 TN = Ol = 4 0 = b b o DNONOON = S N = = N = N = )N = = N

ATCC, American Type Culture Collection;, CCUG, Culture Collection University of Gothenburg, DSM, German Collection of Microorganisms and Cell Cultures; NCTC,

National Collection of Type Cultures; superscript T, type strain.
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0-1CFU 1-10CFU 10-100 CFU 100-1000 CFU

+ - + - 4+ = + =
24-h enrichment
rplD LAMP 1 11 5 7 10 2 12 0
Real-time PCR 1 M7 15) 9 3 1 1
Standard culture method 1 M7 5 10 2 12 0
48-h enrichment
rplD LAMP 2 10 8 4 12 0 12 0
Real-time PCR 2 10 8 4 12 0 12 0

Standard culture method 2 10 8 4 12 0 12 0
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Plasmid

pUCPtac

pET-28a (+)
pM50

pM63

pM9O6

pAZE1
pAZE5
pCRYS3

pPAZINCj1

pAZINCj2

pAZINCj5

Construction

Modified pUCP30T (Gm" broad-host-range plasmid, Accession no:
U33752) containing /acl9 tac MCS?

N-His, N-Thrombin, C-His, Kan" (100 p.g/ml)

pUCPtac:N-terminus of prf15 of R2-pyocin lacking the binding domain,
Gm" (15 pg/ml)

pM50:C-terminus of H-fiber gene + chaperone gene of CAMSA2147
CJIET, Gm" (15 pg/ml)

pM50:C-terminus of H-fiber gene of CAMSA2147 CJIET, Gm"
(15 pg/ml)

pET-28a (+):T5lys from phage T5, Kan" (100 pwg/ml)

pVTD: Salmonella phage Shivani peptidase gene, Kan' (100 jg/ml)
pET-28a (+):C-terminus of H-fiber gene + chaperone gene of
CAMSA2147 CJIE1, Kan" (100 pg/ml)

pET-28a (+):Innolysin Cj1 + chaperone gene of CAMSA2147 CJIET,
Kan" (100 pg/mi)

pET-28a (+):Innolysin Gj2 + chaperone gene of CAMSA2147 CJIET,
Kan" (100 pg/ml)

pVTD:Innolysion Cj5 + chaperone of CAMSA2147 CJIE1, Kan"
(100 pg/ml)

aMCS, multiple cloning site.

Used for

Cloning vector

Expression vector
Engineering R2-pyocins

Campycin co-expression with chaperone
Campycin expression

T5 endolysin expression

Salmonella phage Shivani peptidase expression
H-fiber expression

Innolysin Cj1 expression

Innolysin Gj2 expression

Innolysin Cj5 expression

References

Williams et al., 2008

Novagen
This study

This study

This study

This study
This study
This study

This study

This study

This study
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Bacterial strains Native R2-pyocin R2-pyocin lacking fiber? Campycin Campycin + chaperone

C. jejuni CAMSA2147 - — —
C. jejuni NCTC11168 — — —
C. jejuni NCTC11168 AkpsMAmotAP - - —

4P aeruginosa PAO1 R2-pyocin lacking the tail fiber due to deletion of responsible gene prf15.
bMutant of NCTC11168 lacking both the capsule and a motile flagelia.
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P, aeruginosa strains
PAO1
PAO1 Aprf15

PEG02

PEG16

E. coli strains
BL21-CodonPlus (DE3)-RIL

InGj1

InCj2

InCj5

AZE1

AZE5

B195

C. jejuni strains

NCTC11168
NCTC11168 AkpsMAmotA

Description

Clinical wound isolate; R2-pyocin producer

P, aeruginosa PAO1 lacking the R2-pyocin tail fiber due to an in-frame deletion of codons
11-301 of prf15

PAO1 Aprf15/pM63, campycin + chaperone co-expression strain, Gm' (15 wg/ml)
PAO1 Aprf15/pM96, campycin expression strain, Gm" (15 pg/mi)

Contains a ColE1-compatible, pACYC-based plasmid containing extra copies of the argy, ileY,
and leuW tRNA genes and was used as a protein expression strain, Cam" (50 pg/mi)
BL21-CodonPlus (DE)-RIL/pAZINCj1, Innolysin Cj1 + chaperone co-expression strain, Kan"
(100 pg/ml), Cam" (50 pwg/mi)

BL21-CodonPlus (DE3)-RIL + pAZInCj2, Innolysin Cj2 + chaperone co-expression strain, Kan"
(100 pg/ml), Cam" (50 pg/mi)

BL21-CodonPlus (DE3)-RIL + pAZInCj5, Innolysin Cj5 + chaperone co-expression strain, Kan"
(100 pg/ml), Cam" (50 pg/ml)

BL21-CodonPlus (DE3)-RIL/pAZET, T5 endolysin expression strain, Kan" (100 pg/ml), Cam”
(50 pg/ml)

BL21-CodonPlus (DE3)-RIL/pAZES, Salmonella phage Shivani peptidase expression strain,
Kan" (100 pg/mi), Cam’ (50 pg/mi)

BL21-CodonPlus (DE3)-RIL/CRYS3, C-terminal of H-fiber + chaperone co-expression strain,
Kan" (100 pg/mi), Cam’ (50 pg/mi)

A preferred strain for studying phage-host interactions at the molecular level
A capsular and non-motile flagellated NCTC11168 mutant

References

Williams et al., 2008
Williams et al., 2008

This study
This study

Agilent Technologies

This study

This study

This study

This study

This study

This study

National collection of type cultures
Baldvinsson et al., 2014
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C. jejuni strain

CAMSA2147
CAMSA2068
CAMSA2054
CAMSA2135
CAMSA2118
CAMSA2020
CAMSA2136
CAMSA2043
CAMSA2025
CAMSA2019

ENA accession number?

GCA_003095855
GCA_003095815
Not published
GCA_003095715
Not published
Not published
Not published
Not published
Not published
GCA_003095725

aAccession number based on European Nucleotide Archive (ENA).

bMultilocus sequence typing.

CMultilocus sequence typing clonal complexes.

MLST®?

21
22
354
45
1,326
48
692
441
4,748
4,811

MLST CC°¢

ST-21
ST-22
ST-354
ST-45
ST-45
ST-48
ST-692

Origin

Chicken
Chicken
Chicken
Chicken
Chicken
Chicken
Chicken
Chicken
Chicken
Chicken
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Anti- Class Species Resistance Number of isolates at the indicated minimal inhibitory concentration (pg/mil)
microbial (%)
0.06 0.13 025 0.5 1 2 4 8 16 32 64 128 256 512

C. jejuni 100 0 0 0 0 0 0 0 0 1 36 10 2 0 0
ClP C. coli 100 0 0 0 0 0 0 0 0 4 2 0 0 0
Fluoroquinolone  C. jejuni 0 2 33 1 2 1 0 0 0 0 0 0 0 0 0
SIT C. coli 0 0 0 5 1 0 0 0 0 0 0 0 0 0 0
C. jejuni 100 0 0 0 0 0 0 0 0 0 1 25 17 6 0
NAL Quinolone C. coli 100 0 0 0 0 0 0 0 0 0 0 1 5 0 0
C. jejuni 41 0 0 1 38 3 2 3 1 1 0 0 0 0 0
ERY Macrolide C. coli 0 0 0 0 1 0 4 1 0 0 0 0 0 0 0
Aminoglycoside C. jejuni 41 0 1 1 27 8 0 0 0 0 0 2 0 0 0
GEN C. coli 0 0 0 2 1 3 0 0 0 0 0 0 0 0 0
Tetracycline  C. jejuni 93.9 0 0 0 2 1 0 0 0 0 3 10 22 10 1
TET C. coli 83.3 0 0 0 1 0 0 0 0 0 0 1 2 2 0
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Isolate DNA gyrA accession number tet(O) accession number

CJs MWO067325 MWO067326
CJs MWO067327 MW067328
CJ17 MWO067329 MWO067350
CJ21 MWO067330 MWO067351
CJ28 MWO067331 MWO067352
CJs2 MWO067332 MWO067353
CJs7 MWO067333 MWO067354
CJ42 MWO067334 MWO067355
CJ46 MWO067335 MWO067356
CJ48 MWO067336 MWO067357
CJs0 MWO067337 MWO067358
CJs1 MWO067338 MWO067359
CJs2 MWO067339 MWO067360
CJs3 MWO067340 MWO067361
CJb4 MWO067341 MWO067362
CJss MWO067342 MWO067363
CJs6 MWO067343 MWO067364
CJeo MWO067344 MWO067365
CJ71 MWO067345 MWO067366
CC13 MWO067346 MWO067367
CC45 MWO067347 MWO067368
CC4ar MWO067348 MWO067369
Cc2 MWO067349 MWO067370
CCH MT947449 MT967270

CdJ, Campylobacter jejuni; CC, Campylobacter coli.
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Species Isolate ID Sequence  Total Clonal
type number complex

Campylobacter CJ5; CJ50 51 2 443
Jjejuni
CJ8; CJ51; CJ54; CJ60 460 4 460
CJ56 10613 1
CJ17; CJ32; CJ37; CJ46; CJ53 3611 5 607
CJ21; CJ48 607 2
CJs5 6238 1
CJ52 10647 1
CJ28 8994 1 52
CJ42 10645 1
CJ71 10648 1 446
Campylobacter CC1; CC13; CC45 5935 3 1150
coli CC2 8164 1

CCar 1121 1
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. C. jejuni from chicken (this study)

I:l C. jejuni (pubMLST)

. C. coli from chicken (this study)
. C. coli (pubMLST)

52345076

CC443
5799
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Isolate Source Coverage of ABR gene (%)?2 Antimicrobial resistance phenotype®

blaOXA-193 blaOXA-450 cmeABCR tetO gyrA (T86l) TET CciP ERY CHL FFC CLI GEN
ABO2 Cattle 100 100 100 100 100 R R S R S R R
ABO3 Cattle 100 100 100 100 100 R R 8 R 8 R R
AB11 Cattle 100 100 100 0 100 S R S R S R R
AB13 Cattle 100 100 100 100 100 R R S R S R R
AB17 Cattle 100 100 100 100 100 R R R S S R R
AB22 Cattle 100 100 100 0 100 R R R s R R R
AB25 Cattle 100 100 100 0 100 S R S S S R R
AB26 Cattle 100 100 100 100 100 R R S S S R R
AB32 Cattle 100 100 100 0 100 R R R R 8 R R
BB04 Cattle 100 100 100 0 0 R R R 8 8 R R
BB09 Cattle 100 100 100 0 0 R R R 8 8 R R
BB14 Cattle 100 100 100 0 0 R R 8 8 R R R
BB15 Cattle 100 100 100 0 0 R R R S S R R
BB16 Cattle 100 100 100 0 0 R R R 8 8 R R
AH10 Diarrhea patient 100 100 100 0 100 R R S S S R R
AH23° Diarrhea patient 100 100 100 100 100 R R R R S R R
HB93-13 GBS patient 100 100 100 100 0 R R R R s R R

aSequence coverage of the targeted ABR gene in the Card and Resfinder databases. Point mutations related to antibiotic resistance genes were identified using the
Pointfinder database.

PTET, Tetracycline; CIP, ciprofloxacin; ERY, erythromycin; CHL, chloramphenicol; FFC, florfenicol; CLI, clindamycin; GEN, gentamicin; R, resistance; S, susceptible.

®The ABR genes only predicted in this diarrhea isolate are not showed in this table.
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Antibiotic class Gene Predicted phenotype Frequency (%)
Isolate from Isolate from GBS Isolate from
cattle (n = 14) patients (n = 10) diarrhea patients
(n=9)
Tetracyclines tet(O)2 Tetracycline 35.70% 10.00% 11.10%
(5/14) (1/10) (1/9)
tet(U)P Tetracycline 0.00% 0.00% 11.10%
(14/14) (0/10) (1/9)
CmeABC multidrug CmeABC and CmeR? Multidrug resistance 100.00% 100.00% 100.00%
efflux complex
(14/14) (10/10) (979)
EfrAB efflux pump efrB° Multidrug resistance 0.00% 0.00% 11.10%
(0/14) (0/10) (1/9)
Aminoglycosides aac(6')-Ii Dibekacin, Gentamicin, 0.00% 0.00% 11.10%
netilmicin sisomicin, tobramycin
(0/14) (0/10) (1/9)
B-Lactams OXA-193, OXA-4502 Carbapenem, cephalosporin, 100.00% 100.00% 100.00%
penam
(14/14) (10/10) (9/79)
mecC-type BlaZ® Blaz-like beta-lactamase 0.00% 0.00% 11.10%
(14/14) (0/10) (1/9)
Point mutations gyrA (T86l)f Ciprofloxacin I/R, Nalidixic acid 62.30% 10.00% 22.20%
©14) (1/10) (2/9)

atet(O), CmeABC and CmeR, OXA-193,0XA-450, gyrA (T86l): sequence coverage 99.9-00%, gene identity percentage 95.2-99.87%.
btet(U): sequence coverage 96.9%, identity percentage 77.3%.

CefrB: sequence coverage 47.7%, identity percentage 78.1%.

daac(6')-li: sequence coverage 78.3%, identity percentage 99.8%.

®mecC-type_BlaZ: sequence coverage 85.0%, identity percentage 67.5%.

foyrA (T861): mutation ACA-> ATA (T=> I); coverage 100%, identity percentage 99.9%.
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The number of virulence determinants Species A(n=75) B (n = 44) C(n=29) D((n=3) E(n=2) F(n=4) Total (%)

5 C. jejuni
C. coli
Other

6 C. jejuni
C. coli
Other

7 C. jejuni

14/96 (14.6)

21/96 (21.9)

o

12/96 (12.5)
C. coli
Other

8 C. jejuni
C. coli
Other

9 C. jejuni
C. coli
Other

10 C. jejuni

9/96 (9.4)

16/96 (16.7)

24/96 (25)
C. coli
Other
Total (%) 37/75 (49.3) 29/44 (65.9) 22/29 (75.9) 2/3 (66.7) 2/2 (100) 4/4 (100) 96/157 (61.1)
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C. jejuni (n = 69) 35/69 (50.7); C. coli (n = 84) 57/84 (67.9); Other (n = 4) 4/4 (100).
C. jejuni, Campylobacter jejuni; C. coli, Campylobacter coli; A, the source of live chicken anal swab; B, the source of defeathering; C, the source of evisceration; D, means
the source of washing; E, the source of chilling; F, the source of environmental.
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Gene Mutations Proportion (%) Total (%)

23S rRNA  A2075G 20/106 (18.9) 59/106 (65.7)
C2113T 39/106 (36.8)

gyrA ACA-ATA Thr-86-lle 38/136 (27.9) 70/136 (561.5)
(23.9)

ACA-TTA Thr-86-lle with Arg-79-Lys  32/136 (23.5
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Species A (n=175 B (n =44) C(n=29) D(n=3) E(n=2) F (n =4) Total (%)

5>X23
C. jejuni 5 7 3 0 0 0 33/142 (23.2)
C. coli 6 4 8 0 0 0
Other 0 0 0 0 0 0

7>X25
C. jgjuni 9 7 2 1 1 0 53/142 (37.9)
C. coli 14 12 4 0
Other 0 0 0 0 0 3

X=7
C. jejuni 16 6 3 2 1 0 56/142 (39.4)
C. coli 18 3 5 0 0 0
Other 0 0 0 0 0 1

Total (%) 69/75 (92.0) 39/44 (88.6) 25/29 (86.2) 3/3 (100.0) 2/2 (100.0) 4/4 (100.0) 142/157 (90.4)

C. jejuni (n = 69) 62/69 (89.9); C. coli (n = 84) 73/84 (86.9); Other (n = 4) 4/4 (100.0).
X, the number of antibiotic resistant classes; C. jejuni, Campylobacter jejuni; C. coli, Campylobacter coli; A, the source of live chicken anal swab; B, the source of
defeathering; C, the source of evisceration; D, the source of washing; E, the source of chilling; F, the source of environmental.





OPS/images/fmicb-12-761223/fmicb-12-761223-i010.jpg





OPS/images/fmicb-12-682741/fmicb-12-682741-t001.jpg
Source
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Live chicken anal
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Defeathering
(carcass)
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Washing (carcass)
Chilling (carcass)
Environmental
Evisceration
(water)

Washing (water)
Sterilizing water
Defeathering
(water)

Ground (swab)

3-Pronged hook
(swab)
Total

Prevalence of 157 Campylobacter spp.

Sample C. jejuni

140

160

160

140
140

80

80
42
80

40
40

1,102

33 (23.6%)

22 (13.8%)

9(5.6%)

3(2.1%)
2 (1.4%)

69 (43.9%)

C. coli Other
species

42 (30%) -

22 (13.8%) -

20 (12.5%) -

- 1(1.3%)

- 2 (5.0%)

- 1(2.5%)

84 (53.5%) 4 (2.5%)

“~” Means no Campylobacter spp. was detected.

Total

75 (53.6%)

44 (27.5%)

29 (18.1%)

3(2.1%)
2 (1.4%)

4(1.1%)
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Molecular weight (kDa)

24.81
18.30
51.01
60.84
36.00

VaxiJen score

0.5003
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cgMLSTyg AMR gene Prevalence Isolation cgMLST2qo group
group source strains from
isolation source
with AMR gene
CcgMLSTo00-435 aph(3)-Vila 17/17 (100%) Retail poultry 1717
CcgMLSTo00-654 aph(3)-Vila 89/92 (96.7%) Cecal chicken 51/54
Cecal cow 6/6
Cecal swine 1
Cecal turkey 31/31
CcgMLSTo00-266 aph(2)-If ~ 16/16 (100%) Cecal chicken 11
Cecal turkey 15/15
cgMLST200-5 blaoxa—as9 49/50 (98%) Cecal cow 18/18
Cecal swine 1
Cecal turkey 9/9
Human 7/8
Environmental 14/14
CgMLSTo0p-597  blapxa—a60 37/38 (97.4%) Cecal chicken 22/22
Cecal cow 1/2
Cecal turkey 9/9
Human &/b
CgMLSTp00-461 ant(6)-la  23/23 (100%) Cecal chicken 6/6
Cecal cow 4/4
Cecal turkey 13/13
CgMLSTppp-461 sat4 22/23 (95.7%) Cecal chicken 6/6
Cecal cow 3/4
Cecal turkey 13/183
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Source # of Total # of cgMLSTo0 Source population
isolates cgMLSToo groups shared within

groups with Human human-pathogenic

cgMLSTygo groups

Swine 898 617 21 69 (7.7%)

Environment 129 83 3 26 (20.1%)
Cattle 964 117 22 845 (87.7%)
Chicken 849 233 26 223 (26.3%)

Turkey 307 123 25 103 (33.6%)
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Genus and Phage Propagation CAMSA2038 CAMSA2038

receptor type host A mcrB
Fletchervirus F347 7,0 — .
CPS-dependent F348 8,0 - -
phages F349 5,8 - 4,3*
F350 6,1 - 4,8
F351 6,4 - 4,9
F352 8,5 - BB
F353 9,0 - NC plaques
F354 8,8 - NC plaques
F355 9,0 — =
F356 6,9 — =
F357 9,7 - 8,2*
F358 9,5 = =
F359 8,1 - 6,2*
F360 9,2 - -
F361 9,4 - -
F362 8,4 = 6,5
F363 6,9 - -
F364 6,9 - 4,7*
F365 9,0 - =
F366 9,1 s 6,8"
F367 9,4 - 6,7*
F368 9,2 - 7.5
F369 7,8 - 53
F370 9,0 = =
F371 9,1 - -
F372 9,4 - -
F373 8,2 - -
F374 6,6 = =
F375 a5 - -
Firehammervirus F376 9,4 - -
Flagellotropic F377 9,3 - 4,8*
phages F378 9,5 - 8,8
F379 9,8 - 4.0¢
F380 9,4 - -
F381 8,8 - e
F382 8,7 - -
F383 9,1 - -
F384 9,6 - =
F385 9,6 = =
F386 9,4 - -
F387 9,2 - -
F388 98 - =
F389 9.5 s =

Values represent log10 (pfu/ml). NC, non-countable plaques. -, no lysis or
plaques detected. *Plaques detected in 1 or 2 out of three experiments.
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C. jejuni strain

CAMSA2002

CAMSA2038

CRISPR spacer sequence

CTACAAGAATGAGGATGATGATA ACA®

TCCATTCTCATGAAATATTTAGCCATTATT

G

Campylobacter phage genome
match (GenBank accession no.)

DA10 (MN530981.1)
PC5 (KX229736.1)

PC5 (KX229736.1)
PC14 (KX236333
NCTC12673 (FN667788)

VB_CjeM_Los1 (KX879627)
F355 (MT863718
F356 (MT863719
F370 (MT863727
F371 (MT863728
F372 (MT863729

CP30A (NC_018861
CP81 (FR823450,
CPX (NC_016562
CP8 (KF148616)
F207 (MT863714
F336 (MT863715
F348 (MT863716
F3562 (MT863717
F357 (MT863720
F358 (MT863721
F360 (MT863722
F361 (MT863723
F365 (MT863724
F367 (MT863725
F368 (MT863726
F374 (MT863730
F375 (MT863731

AAATTTCAAAGATGAGAGTATAGCTAA DA10 (MN530981.1
GTTTCCTTCCTATTTGCTCTATACTCTAAA one

AGCAACTTATAATAACTCTAATGTTATT DA10 (MN530981.1
CCCCTGCTTTTGATTGAACAAAGCAGCCA one

TCCAAAGTTTCATTAGTTGAATTTAACT DA10 (MN530981.1

CTACAAGAATGAGGATGATGATATTTTACAY DA10 (MN530981.1

PC5 (KX229736.1)

CGCAACTGGTAGCACTTTAACAACTACAGAA DA10 (MN530981.1

CRISPR repeat sequence: GTTTTAGTCCCTTTTTAAATTTCTTTATGGTAAAAT.
|dentical spacer sequence in CAMSA2002 and CAMSA2038.

Position in phage
genome

30585-30556
24059-24088

69233-69261
112354-112382
77362-77390

29450-29478
5957-5984
5956-5983
5953-5981
5953-5981
5953-5981

59057-79085
98709-98737
29738-29766
29972-30000
5952-5980
5953-5981
5953-5981
5953-5981
5953-5981
5953-5981
5953-5981
5953-5981
5953-5981
5953-5981
5953-5981
5953-5981
5953-5981

24586-24558

3577-3548
33283-33312
30585-30556
24059-24088

9061-9031

Match identities

30/30 bp (100%)
28/30 bp (93%)
25/30 (73%)

24/30 (70%)

23/30 bp (66%)

28/29 bp (97%)

30/30 bp (100%)

30/30 bp (100%)
30/30 bp (100%)
28/30 bp (93%)
31/31 bp (100%)

E-value

3e-6
0.16
2e-06

2e-06

8e-06

0.002

3e-6

3e-6
3e-6
0.16
3e-6
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Phage sensitive CAMSA2002 Phage resistant CAMSA2038 Similarity
Gene Position Product Gene Position Product Query cover Similarity E-value
DDR89_00040 12.642-14.393 DUF262 domain-containing DDV75_00040 12.653-14.344 DUF262 domain-containing No significant similarity
protein protein
DDR89_00180 46.404-50.144 Eco57| restriction-modification DDV75_00180 46.521-50.294 Eco57| restriction-modification 88% 94.5% 0.0
methylase domain-containing methylase domain-containing
protein protein
DDR89_00185 50.147-52.291 AAA family ATPase DDV75_00185 50.693-52.141 Pentapeptide repeat-containing No significant similarity
protein
DDR89_00190 52.276-52.788 Hypothetical protein Not found in CAMSA2038
DDR89_00700 141.547-143.345 AAA family ATPase DDV75_00695 140.472-142.823 McrB family protein 54% 95.6% 0.0
DDR89_03100 588.738-592.166 Hypothetical protein DDV75_03095 587.945-588.988 Type | restriction enzyme HsdR No significant similarity
N-terminal domain-containing
protein
DDR89_05110 983.669-987.490 -6 DNA methylase DDV75_05120 980.543-984.562 N-6 DNA methylase 84% 99.7% 0.0
DDV75_06135 1.187.171-1.187.380 4-oxalocrotonate tautomerase Not found in CAMSA2002
family protein
DDR89_06630 1.275.681-1.276.898 DUF2920 family protein DDV75_06645 1.272.961-1.273.551 DUF2920 family protein 37% 97.0% 0.0
- 1.496.383-1.497.142 CRISPR region - 1.492.448-1.493.011 CRISPR region 100% 88.1% 3e-143
DDR89_08675 1.674.475-1.675.119 Outer membrane beta-barrel DDV75_08685 1.670.356-1.671.000 Outer membrane beta-barrel No significant similarity

protein

protein
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Organism MIC (ng/mL) MBC (ng/mL)
PinA PinB PinA mutant PinB mutant PinA

C. jejuni 81-176 32 >512 >512 »>512 64

C. jejuni F38011 16 >512 =512 %512 32

E. coli O157:H7 64 >512 >512 >512 256

S. Typhimurium 256 =512 >512 >512 512

MRSA 128 =512 >512 =512 256

L. monocytogenes 64  >512 >512 »512 64
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C. jejuni strain Phage Origin of
sensitivity polyG tract

PolyG tract length and gene expression state (on/off)

MeOPN-GalfNAc transferase
cj1421 homolog (gene)

MeOPN-Hep transferase
cj1422 homolog (gene)

6-0-Me transferase cj1426
homolog (gene)

CAMSA2002 Sensitive Genome (DDR89_07185) (DDR89_07190) (DDR89_07210)
sequence 9G’s-on 9 G’s-on 9G's-on
PCR 9G’s-on 10 G's - off aND
CAMSA2021 Resistant Complete CPS (CAMSA2021_28) (CAMSA2021_27) (CAMSA2021_23)
locus assembly 9G’s-on 9 G’s-on 10 G’s - on
PCR 9G’s-on 10 G’s - off 10G's-on
CAMSA2038 Resistant Genome (DDV75_07200) (DDV75_07205) (DDV75_07225)
sequence 9G’s-on 8 G’s - off 10 G’s - on
PCR 10 G’s - off g Gs-on 10G's-on
CAMSA2147 Resistant Complete CPS (CAMSA2147_28) (CAMSA2147_27) (CAMSA2147 22,
locus assembly 9G’s-on 9 G’s-on CAMSA2147_23)
8 G’s - off
PCR 9G’s-on 9 G’s-on 11 G’s - off

2Could not be determined.
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Annotation from RAST

(A) Complex loci encoding surface antigens in C. jejuni 11168
(1) Lipo-oligosaccharide biosynthesis locus

CJ1137¢c.LOS

CJ1139WLAN/CGTB Beta-1,3-galactosyltransferase/Beta-1,4-
galactosyltransferase

CJ1144/45 FIGO0471437: hypothetical protein

CJ1148.WAAF ADP-heptose-lipooligosaccharide heptosyltransferase |l

Capsular polysaccharide synthesis protein

(EC 2.4.1.-)

(2) O-linked glycosylation locus

CJ1322 FIG00471415: hypothetical protein
CJ1323 FIG00470597: hypothetical protein
CJ1325/6 FIG00469667: hypothetical protein

CJ1327.NEUB2

Legionaminic acid synthase (EC 2.5.1.56)

(2) Capsular polysaccharide biosynthesis locus

CJ1415¢.CYSC Adenylylsulfate kinase (EC 2.7.1.25)

CJ1418c.CAPS Phosphoenolpyruvate synthase/Pyruvate phosphate
dikinase

CJ1420c.CAPS Methyltransferase (EC 2.1.1.-), possibly involved in
O-methyl phosphoramidate capsule modification

CJ1426¢.CAPS Methyltransferase, FkbM family protein

CJ1429c.CAPS FIG00469885: hypothetical protein

CJ1430c.RFBC

dTDP-4-dehydrorhamnose 3,5-epimerase (EC
5.1.3.13)

CJ1433c.CAPS Hypothetical protein Cj1433c

CJ1435¢c.CAPS Phosphoserine phosphatase (EC 3.1.3.3)
CJ1437c.CAPS Histidinol-phosphate aminotransferase (EC 2.6.1.9)
CJ1439c.GLF UDP-galactopyranose mutase (EC 5.4.99.9)
CJ1441¢c.KFID UDP-glucose 6-dehydrogenase (EC 1.1.1.22)
CJ1442¢c.CAPS Predicted glycosyltransferase involved in capsule

CJ1443c.KPSF
CJ1445¢c.KPSE

CJD26997_1801

biosynthesis
Capsular polysaccharide export system protein KpsF

Capsular polysaccharide export system inner
membrane protein Kpsk

capsular polysaccharide biosynthesis protein

(B) Other virulence-associated loci

CJ0628/9¢c.APA
CJ1556¢

Possible lipoprotein
Rrf2-linked NADH-flavin reductase

CJ1677 + 1678c.APB Possible lipoprotein

CJ81176_1344PGP1  FIGO0638667: hypothetical protein
CJJ26094_0063RLOE Translation-disabling ACNase RloC
CJJ81176_1647.FEDD FIG00469787: hypothetical protein

CJJHB9I313_0989.P95 Filamentous hemagglutinin domain
protein

Cj108tagH FIGO0710473: hypothetical protein

Gj108tssM IcmF-related protein

Cj108tssD hcp protein

Gj108tssL QOuter membrane protein ImpK/VasF,
OmpA/MotB domain

Cj108tssK Uncharacterized protein ImpJ/VasE

GCj108tssd Type VI secretion lipoprotein/VasD

Gj108tssA Uncharacterized protein ImpA

GCj108tssl Type VI secretion protein/vgrG

Bold values indicate loci differing among strains of a single MSLT sequence type.

ST922 ST806 ST929 ST6227
LMO3 LM12 TW 16491 LM08 LM10 LM13 LM26 LMO1 LM19 LM21 LMO5 LM11
44.41 44.41 44.41 0 0 0 76.25 0 0 0 100 100
39.74  39.74 39.74 59.87 59.87 59.87 0 5465 5455  54.55 100 100
0 0 0 0 0 0 7016 61.38 61.33 61.33 99.62 99.62
93.42  93.42 93.42 94.98 94.98 94.98 0 92.65 92.65 92.65 100 100
100 100 100 0 0 0 99.07 0 0 0 0 0
98.44  98.44 98.44 0 0 0 95.24 0 0 0 0 0
98.21 98.32 98.21 97.77  97.77  98.32 0 78.47 7699 9832 99.16  99.16
97.6 97.6 97.6 97.31 97.31 97.31 0 94.69 8144 81.44 97.9 97.9
100 100 100 98.24 9824 9824  99.51 0 0 0 100 100
99.23  99.23 99.23 99.36 99.36 99.36  94.92 0 92.26 0 99.87  99.87
98.44  98.44 98.44 100 100 100 99.6 0 0 0 100 100
0 0 0 0 0 0 46.73 0 0 0 0 0
0 0 0 0 0 0 97.35 0 0 0 0 0
82.39  82.39 82.39 82.39 8239 82.39 0 73.33 7333 7333 8239 8239
0 0 0 0 0 0 0 0 0 0 98.13  98.13
26.36  26.36 26.36 26.36 26.36 26.36  50.41 0 0 0 100 100
29.68  29.68 29.68 29.68 29.68 29.68 0 29.68 29.68 29.68 100 100
0 0 0 0 0 0 26.36 0 0 0 100 100
0 0 0 0 0 0 2968 27165 2715 2715 100 100
94.06  94.05 94.05 03.68 93.68 93.68 41.18 0 0 0 100 100
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Beta lactamases

Tetracycline*

Strain ST Aminoglycoside acetyltransferase Aminoglycoside Aminoglycoside Beta-lactamase Putative tetO
(EC 2.3.1.81) phosphotransferase 6-adenyltransferase (EC 3.5.2.6) lactamase B
LMO3 922 + - . + + +
LM12 922 + = + + + +
TW16491 922 + = + + + +
LMO1 929 + + = e oo +
LM19 929 + + = + + +
LM21 929 + + = + + +
LMO8 806 + + - + == +
LM10 806 + i - + + +
LM13 806 + - - + + -
LM26 806 + + - + + +
LMO5 6227 + = - + 4 o
LM11 6227 + = - + 4 o
LM24 982 + + - + + +

*LM13 contains an ORF annotated as a tetracycline resistance-conferring translation elongation factor.
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MLST alleles*

Strain aspA ginA gltA glyA pgm tkt uncA Sequence type flaA* porA* LOS type** Penner serotype
(clonal complex) associated with
GBS***
Campylobacter jejuni LMO1 9 2 4 62 4 5 17 929 (257) 94 749 < None
Campylobacter jejuni LM19 9 2 4 62 4 5 17 929 (257) 51 749 F None
Campylobacter jejuni LM21 9 2 4 62 4 5 17 929 (257) 61 749 F None
Campylobacter jejuni LMO3 1 1 2 83 2 3 6 922 (NA) 81 2264 E None
Campylobacter jejuni LM12 1 1 2 83 2 3 6 922 (NA) 81 2264 E None
Campylobacter jejuni TW16491 1 1 2 83 2 3 6 922 (NA) 81 2264 E None
Campylobacter jejuni LM08 2 1 1 3 140 3 5 806 (21) 95 749 B2 HS4A/B
Campylobacter jejuni LM10 2 1 1 3 140 3 15) 806 (21) 95 749 B2 HS4A/B
Campylobacter jejuni LM13 2 1 1 3 140 3 15) 806 (21) 95 749 B2 HS4A/B
Campylobacter jejuni LM26 2 1 1 3 140 3 5 806 (21) 65 749 B2 HS4A/B
Campylobacter jejuni LM0O5 2 1 1 362 2 1 6 6227 (21) 95 351 C HS2
Campylobacter jejuni LM11 2 1 1 362 2 1 6 6227 (21) 95 351 A2 HS2
Campylobacter jejuni LM24 2 1 2 3 2 1 5 982 (21) 97 749 < HS2

*Determined using whole genome sequence results.

**Determined by long range PCR/RFLP as described by Parker et al. (2005).

***Determined by BLAST as described in the text.
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Campylobacter jejuni LMO3

Campylobacter jejuni LMO5

Campylobacter jejuni LMO8
Campylobacter jejuni LM10
Campylobacter jejuni LM11

Campylobacter jejuni LM12

Campylobacter jejuni LM13

Campylobacter spp.
LM16!

Campylobacter jejuni LM19

Campylobacter spp.
LM20!

Campylobacter jejuni LM21
Campylobacter jejuni LM24
Campylobacter jejuni LM26
Campylobacter jejuni LM27

Campylobacter jejuni
TW16491

PATRIC/RAST

accession number

6666666.157468
6666666.157400

6666666.157401

6666666.157402
6666666.157403
6666666.157404

6666666.157405

6666666.157406
6666666.157409

6666666.157411
6666666.157413

6666666.157414
6666666.157415
6666666.157416
6666666.157417
6666666.157418

Closest neighbor
in PATRIC/RAST

C. jejuni subsp. jejuni PT14
C. jejuni subsp. jejuni
NCTC 11168

C. jejuni subsp. jejuni
NCTC 11168

C. Jejuni subsp. jejuni xy259
C. jejuni subsp. jejuni xy259
C. jejuni subsp. jejuni
NCTC 11168

C. jejuni subsp. jejuni
NCTC 11168

C. jejuni subsp. jejuni xy259
C. fetus subsp. fetus 82-40

C. jejuni subsp. jejuni PT14
C. fetus subsp. fetus 82-40

C. jejuni subsp. jejuni PT14
C. Jejuni subsp. jejuni xy259
C. Jejuni subsp. jejuni xy259
C. jejuni subsp. jejuni xy259
C. jejuni subsp. jejuni
NCTC 11168

Sequence
yield (Gbp)

0.51
0.21

0.50

0.46
0.41
0.47

0.48

0.62
0.51

0.66
0.61

0.61
0.60
0.48
0.52
0.63

Number of
contigs

114
31

240

30
41
47

49

133
522

[l
1054

107
93
126
864
81

!Identified as C. hyointestinalis by ribosomal protein MLST with 95% support (PubMLST, https://pubmist.org/species-id).

2 Michigan State University Veterinary Diagnostic Laboratory.
3State of Michigan Department of Community Health/Thomas Whittam/Shannon Manning.

Genome size

1871291
1695957

1913418

1787224
1783747
1792862

1711646

1824039
2032764

1827399
2501437

1849874
1739756
1773940
1697285
1725639

Source

Calf; this study
Callf; this study

Calf; this study

Calf; this study
Callf; this study
Calf; this study

Callf; this study

Calf; this study
Callf; this study

Calf; this study
Callf; this study

Calf; this study
Calf; this study
Calf; MSU VDL2
Calf; MSU VDL?
Human; MDCH?
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Shared STs* Non-shared OR (95% CI) and

STs** p-values'™ (GLMM)
Swine groups p =0.014"
Weaning pigs 2 (13.3%) 13 (86.7%) -
(n=19)
Growing pigs 12 (29.3%)  29(70.7%) 3.97 p=0.129
(n=41) (0.67-23.43)
Fattening pigs 11 (23.9%)  35(76.1%) 2.74 o =0.261
(n = 46) (0.47-15.83)
Pregnant sows 8 (36.4%) 14 (63.6%) 5.55 p =0.074
(n=22) (0.85-36.39)
Aerotolerance p=0.0011
levels
Oxygen-sensitive 15 (20.8%) 57 (79.2%) —
©9)
n=72)
Aerotolerant (AT) 10 (28.6%) 25 (71.4%) 1.34 p=0.556
(n =35 (0.51-3.54)
Hyper-aerotolerant 8 (47.1%) 9 (562.9%) 3.13 p =0.053
(HAT) (0.99-9.96)
n=17)
Total 33 (26.6%) 91 (73.4%)

124

*Shared STs; six MLST sequence types (ST827, ST830, ST854, ST1016, ST1068,
and ST1096) shared between swine and humans (PubMLST).

**Non-shared STs; MLST STs not shared between swine and humans (PubMLST).
T Global p-values; p-values from the analysis of the genetic relatecness between
swine-derived C. coli and human C. coli isolates according to the swine groups
and aerotolerance levels, respectively, using a GLMM (Generalized linear mixed-
effects regression model) with swine farms as a random effect.

Tt OR (95% confidence interval, Cl) and p-values; odds ratio (95% Cl). The OR and
p-values were calculated for the swine groups and aerotolerance levels using the
weaning pigs and the oxygen-sensitive (OS) strains as a reference, respectively.
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Number of isolates Virulence genes

flaA cadF pldA iamA ceuE cdtA wlaN hcp virB11
Swine groups
Weaning pigs 15 73.3% 93.3% 86.7% 20.0% 80.0% 100% 0.0% 13.3% 6.7%
Growing pigs 4 100% 100% 100% 36.6% 97.6% 100% 2.4% 24.4% 14.6%
Fattening pigs 46 95.7% 100% 100% 47.8% 93.5% 100% 2.2% 34.8% 13.0%
Pregnant sows 22 90.9% 100% 95.5% 45.5% 95.5% 100% 9.1% 45.5% 0.0%
Aerotolerance levels*
os (2 91.7% 98.6% 97.2% 37.5% 90.3% 100.0% 2.8% 40.3% 9.7%
AT 35 94.3% 100.0% 97.1% 42.9% 97.1% 100.0% 2.9% 14.3% 11.4%
HAT 17 100.0% 100.0% 100.0% 47.1% 100.0% 100.0% 5.9% 23.5% 11.8%
Total 124 93.5% 99.2% 97.6% 40.3% 93.5% 100.0% 3.2% 30.6% 10.5%

*OS, oxygen-sensitive; AT, aerotolerant; HAT, hyper-aerotolerant.
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Swine groups Aerotolerance levels

CIP NAL CIP NAL

MiCs Weaning Growing Fattening Pregnant Weaning Growing Fattening Pregnant OS AT HAT OS AT HAT
(rg/mL) pigs pigs pigs sows pigs pigs pigs sows

Ol
0.03
0.06
0.12
0525
015

1

2

4

8

16
32
64

> 64

Green, MIC values for resistance to each antibiotic agent; Orange, MIC values for high-level resistance to each antibiotic agent; OS, oxygen-sensitive; AT, aerotolerance;
HAT, hyper-aerotolerance; CIF, ciprofloxacin; NAL, nalidixic acid. Range of MIC values that were tested for CIP and NAL was 0.015-64 and 4-64 wg/mL, respectively.
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Strain Species

A C. jejuni
8 C. jejuni
c C. coli
D C. jejuni
3 C. col

na': not applicable, no enrichment procedure, only direct plating.

Culture strain numbers

DSM 24306

'WDCM 00156 (ATCC
20428)
WDCM 00072 (ATCC
33550)
WDCM 00005 (ATCC
33201)
WDCM 00004 (ATCC
43478)

nd™*: not done, only food samples were examined in this study.

Test portions were 10g or 10 mL.

ILS matrix

Broiler cecal
material

Raw milk
Frozen minced
meat

Frozen spinach

Chicken skin

iLs
enrichment
procedure

na’

PB

BB

BB

PB

LODg, in log
CFU/test portion,
(Ls)

08
18

03

LODs, in log
CFUtest portion
(current study)

nd*

3.7

1.7

03
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Swine groups No. of C. coli No. of C. coli isolates at each

isolates (%)* Aerotolerance level**(%)"
(95% cI)tf (95% CI)tt
0s AT HAT

Weaning pigs 15 (45.5%) 9 (60.0%) 5 (33.3%) 1(6.7%)
(n=33) (22.4-67.6%) (25.1-78.9%) (15.3-67.3%) (—4.0-17.3%)
Growing pigs 41 (68.3%) 25 (61.0%) 11 (26.8%) 5 (12.2%)
(n = 60) (51.2-88.3%) (41.6-72.3%) (18.1-39.8%)  (3.8-24.4%)
Fattening pigs 46 (75.4%) 28 (60.9%) 13 (28.3%) 5 (10.9%)
(n=61) (60.5-90.8%) (49.6-72.2%) (21.3-36.0%)  (4.0-16.8%)
Pregnant sows 22 (66.7%) 10 (45.5%) 6 (27.3%) 6 (27.3%)
(n=33) (49.9-85.6%) (16.9-79.8%) (—0.3-60.3%) (1.8-41.5%)
Total 124 (66.3%) 72 (58.1%) 35 (28.2%) 17 (13.7%)

(62.9-80.8%) (46.3-65.5%) (23.4-35.8%) (10.1-18.9%)

*The prevalence of C. coli isolates at each swine group.

**0S, oxygen-sensitive; AT, aerotolerant; HAT, hyper-aerotolerant.

TThe proportions of C. coli isolates according to the aerotolerance levels in each
swine group.

T195% ClI, 95% confidence interval calculated considering the swine farms as a
hierarchical level.
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Likelihood of 2.5 percentile 97.5 percentile
attribution
Cattle—cecal 0.198 £ 0.02 0.16 0.238
Environmental 0.209 + 0.021 0.17 0.25
Chicken—cecal 0.311 £ 0.016 0.28 0.344
Turkey—cecal 0.185 + 0.011 0.163 0.206
Swine —cecal 0.098 + 0.012 0.075 0.122





OPS/images/fmicb-12-811506/fmicb-12-811506-t002.jpg
Compound

Hexanoic acid

Octanoic acid

Decanoic acid

Lauric acid

4-Hydroxy-2,5-dimethyl-3(2H)-furanone

5-Ethyl-4-hydroxy-2-methyl-2(2H)-furanone

2,5-Dimethyl-3-oxo-2(H)-fur-4-yl butyrate

Crotonic acid

Trans-Ferulic acid

Quercetin

Trans-cinnamaldehyde

Naringenin

Strain

F38011
11168
33560

F38011
11168
33560

F38011
11168
33560

F38011
11168
33560

F38011
11168
33560

F38011
11168
33560

F38011
11168
33560

F38011
11168
33560

F38011
11168
33560

F38011
11168
33560

F38011
11168
33560

F38011
11168
33560

SIC (ppm)

No inhibition at
conc. < 200

No inhibition at
conc. < 200
150
150

100

No inhibition at
conc. < 200

No inhibition at
conc. < 200

No inhibition at
conc. < 200

No inhibition at
conc. < 200

No inhibition at
conc. < 200

25

50

25
12.5

50
25
25
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cgMLSTygo AMR
group substitution

CgMLST200-266 GyrAT86I

CgMLSTo00-84  GyrAT86I

CgMLSTo00-248 GyrAT86I

CgMLSTog0-221 GyrAT86I

CcgMLSTo00-234 GyrAT86I

CgMLSTo00-6  L22A103V

CcgMLST00-558 L22A103V

CgMLST200-597 L22A103V

CcgMLSTo00-266 L23A2075G

Prevalence

16/16 (100%)

14/15 (93.3%)

146/184 (79.3%)

49/65 (75.4%)

452/676 (66.9%)

50/50 (100%)

23/24 (95.8%)

30/38 (78.9%)

16/16 (100%)

Isolation
source

Cecal turkey
Cecal chicken
Retail poultry
Environmental
Cecal chicken
Cecal cow
Cecal swine
Cecal turkey
Human

Cecal chicken
Cecal cow
Cecal swine
Cecal turkey
Human

Cecal chicken

Cecal cow
Cecal swine
Cecal turkey
Human

Cecal cow
Cecal swine
Cecal turkey
Human
Environmental
Cecal chicken
Cecal cow
Cecal swine
Cecal turkey
Human

Cecal chicken
Cecal cow
Cecal turkey
Human

Cecal turkey
Cecal chicken

cgMLSTo9
group strains
from isolation
source with
AMR
substitution

15/15
11
14/14
01
2/6
117/143
1/2
2/3
24/30
24/28
5/7
2/2
6/12
12/16
4/8

406/637
2/7
6/10
6/14
18/18
11
9/9
8/8
14/14
14/15
5/5
11
2/2
11
16/22
2/2
9/9
3/5
15/15
11
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Compound

Hexanoic acid

Octanoic acid

Decanoic acid

Lauric acid
4-Hydroxy-2,5-dimethyl-3(2H)-furanone
5-Ethyl-4-hydroxy-2-methyl-2(2H)-furanone
2,5-Dimethyl-3-oxo-2(H)-fur-4-yl butyrate
Crotonic acid

Trans-Ferulic acid

Quercetin

Trans-cinnamaldehyde

Naringenin

Concentration (ppm)

200
100
100
100
200
200
200
200
200
25
12.5
25





OPS/images/fmicb-12-811506/fmicb-12-811506-g005.jpg
DA 50 pp DA DD






OPS/images/fmicb-12-732969/fmicb-12-732969-t005.jpg
Parental strains (resistance pattern) Antibiotics added to CAC Putative NES  Recipient strain (NES pattern)  Acquired AMR

Cj 14229-5 (AKGT)  Cc 6461 (TE*S) SG no

Cob461 (TES)  Gg 13150 (AKQW s10t0) TK yes G 13150 (ATKQ¥)+et(0) Newly acqired phenotypic.
T/HGT tet(0)

Cc 6067 (ATQ®)  Co 6461 (TE*S) SA no

*indlcates resistances due to a point mutation. New resistance in NES as compared to recipient is in bold,

Ca, Campylobacter col; Gj, Campylobacter jejuni; A, ampicilln/carbenicilin E, erythromycin; K, kanamycin; Q, nalidixic acio; S, streptomycin; T, tetracyciine; and HGT, horizontal
gene transfer. Phenotypic T: The NES is genetically simir to recipient strain 13150 (tetracycline susceptible) except it has a newly acquired tetracycine resistance. Turkeys were
inoculated with two Campylobacter strains 7days apart. Cecal contents were plated after necropsy (Days 8, 15, and 22) on selective GHROMagar™ Campylobacter (CAC) plus
addltional antibiotics. The genome of recovered newly emerged strains (NES) - showing resistance markers of both parental strains - was sequenced and compared with both
parental strains o identity donor vs recipient. The phenotypic resistance of each strain s provided in parentheses. Strain Cc 6461 cares tet(O) and i tetracyciine resistant; strain
Co 13150 canies tet{O) but is fetracycline susceplible and thus not noted T°
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Parental strains (resistance pattern) Antibiotics added ~Putative NES  Recipient strain (NES pattern) Acquired AMR

to CAC
Cj 6631 (TS) Cj 151524 (AKG) ® no
Cj 6631 (TS) G} 151528 (AKG) K no
Ci6631 (TS Cj11601MD (AKTQ¥  SK yes Gj 11601MD (AKTS*Q¥) Point mutation psL. (S resistance)
CiB631 (ATSY)  Cc 13150 (AKQ®) +tet(0)  SK yes Cc 13150 (AKS*Q¥)+ tet(0) HGT of mutated psL. (S resistance)
SKkQ yes
Co6461 (TE*S)  Co 13150 (AKQ#)+tet(©) TK yes Co 13150 (ATKQ#)+ tet(0) Newly acquired phenotypic T / HGT tet(0)
SA no
sK no
sKQ no
Cc 6067 (ATQ*)  Cc 6461 (TE*S) SA yes Co 6461 (ATE?S) HGT blaOXA (A resistance)
Ci6535 (ATS¥)  Cj11601MD (AKTQ¥ ~ SK no
sk no
GjJcc (m Cj 14398-5 (AKG) ™® no
CjJcc M Co 13150 (AKQ#) +tet(0)  TK ves Co 13150 (AKTQ®) + tet(0) Newly acquired phenotypic T/ no HGT
Cj 14229-5 (AKGT)  Cc 6461 (TE*S) sG yes Cc 6461 (TE*SKG) HGT aph(2’)-If (KG resistance)
EK ves
SEK yes
SKG yes
Cc 6461 (TE*S)  Cj 14396-5 (AKG) SKG no
Cc6461 (TE'S)  Cj11601MD (AKTQ¥ — SK no
skQ no

“indicates resistance dlue to a point mutation. Newly acquired resistance in NES compared to the parental recipient i in bold.
Cc, Campylobacter cof; Gj, Campylobacter jejuni: A, ampicilln/carbenicili; E, erythromycin; G, gentamicin; K, kanamycin; Q, naldixic acid; S, streptomycin; and T, tetracyciine. The
two parental strains were () co-cultured on Muellr-Hinton Agar (MHA), (i) co-cultured on biphasic medium (5mi MHA +5mi Mueller-Hinton broth, or (i) treated so that genomic
DA of one parental strain was mixed into colonies of the second parental strain on MHA. Resulting Cultures were plated on selective media to recover newly emerged strins (NES).
Whole genome sequence data from NES and parental strains were compared to identity donor vs recipient. The phenotypic resistance of each strain is provided!in parentheses; Cc
15150 which Brbirs Il) But docs nat ares redkitanca b ltiacyilihg & not et s “T*
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Species and strain®  Phenotypic Chromosomal point mutations Acquired antimicrobial resistance gene

resistance
Mutation Predicted resistance phenotype Resistance gene Predicted resistance phenotype

Gj 15152A AKG aph(2)-f KG (aminoglycosides)
DblaOXA A (peta-lactams)

Gj 151528 AKG aph(2’)-If KG (aminoglycosides)
blaOXA A (beta-lactams)

Ce 13150° AKQ L22 A108V°  Macrolides (ow) aph(3)-lla K (aminoglycosides)

gyrA Ta6I Q (quinolones) blaOXA A (peta-lactams)
tet(0)® T (tetracycline)

Gj 14398-5 AKG aph(2’)-If KG (aminoglycosides)
blaOXA A (beta-lactams)

Gj 11601MD AKQT gyrA Tl Q (quinolones) aph(3)-llia K (aminoglycosides)
blaOXA A (peta-lactams)
tet(Of T (tetracycline)

Co 6461 TSE 23S A2075G  E (macrolides) aadE-Co S (aminoglycosides)
tet(0) T (tetracycline)

Cj14220-5 AKGT aph(2’)-If KG (aminoglycosides)
blaOXA A (peta-lactams)
tet(0) T (tetracycline)

Gjdce T L22 108V Macrolides (ow) tet(Op T (tetracycline)

6535 ATS pSLKBBR S (aminoglycoside) blaOXA A (peta-lactams)
tet(0/32/0p T (tetracycline)

j6631 ATS sLKBBR S (aminoglycoside) DblaOXA A (peta-lactams)
tet(0/32/0p T (tetracyciine)

Cc 6067 AQr gyrA Ta6l Q (quinolones) blaOXA A (peta-lactams)
tet(0) T (tetracycline)

'Strains highlighted in gray have been sequenced previously (Dutta et al, 2016).

*Strain 13150 is phenotypically susceptible to tetracycline but carries a plasmid-bome tet(0).

*L22 mutation was identified using the NCBI AMRfinder tool

“qyrA T86 substitution was identified sing the AMRFinder tool but not ResFinder

*Plasmid-borne tet(0).

Ce, Campylobacter col; Gj, Campylobacter jejuni; A, ampicillr/carbenicilin; E, erythromycin; G, gentamicin; K, kanamycin; Q, nalidixic acid; S, streptomycin; and T, tetracycline.
Phenotypic resistance pattemns were identied by plating the different strains on Mueller-Hinton agar supplemented with antibiotics. Genotypic resistance pattems — chromosomal
point mutations and acquired antimicrobial resistance genes ~ were identified by sequencing the genomes of each strain (llumina MiSeq and MinlON Nanopore) and analyzing the
contigs (obtained with Unicycer) using the ResFinder 3.1 web-based tool (avalable at https:/cge.cbs.dltu.dk/services/ResFinder/), ABRicate, and the NCBI AMRfinder tool
“Chromosomal point mutations” refer to known mutations conferring a phenotypic resistance described under “predicted resistance phenotype.” Unknown mutations identified with
ResFinder (in genes where known mutations occur; no predicted phenotype) are summarized in Supplementary Table S3. For the three previously sequenced strains highighted in
gray (Dutta et al., 2016), the reported AMR patterns were confirned and additional information was obtained about beta-lactam resistance.
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Bird age (days)

Hatch
1

2

8

9

15

22

Day'

Do
D1
D2
D8
D9
D15
D22

Room 7 (control group)  Room 9 (inoculation group)

delvery/co-mingling (n=135)

co-mingling (n=135)
30 PBS =35 Inoculation Cc6461
Necropsy n=10 Necropsy n=10
- =25 Inoculation Gj14229-5
Necropsy n=10 Necropsy n=10
Necropsy n=10 Necropsy n=15

Room 10 (inoculation group)

=35 Inoculation Ce13150
Necropsy n=10

5 Inoculation Cc6461
Necropsy 0
Necropsy n=15

Room 11 (inoculation group)

=35 Inoculation Cc6067
Necropsyn=10

=25 Inoculation Cc6461
Necropsyn=10
Necropsy n=15

'Day pertains to experimental time points corresponding to the indicated bird ages. PBS: birds were gavaged with sterile 1 phosphate-buffered saline. Cc and Gj preceding the
strain number indicate C. coli and C. jejuni, respectively.
One foom housed the contral binds avaged with PBS) and three rooms housed the turkeys dual inoculiated with Campviobacter sop.
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Species and Sample Source Sampling date
strain’

Ce 6461 feces swine 04/2004

Cc 6067 drinker water* turkey house 11/2008
Cc 13150 feces turkey 09/2012
Cj 15152A ‘cecum turkey 11/2004
Gj 151528 cecum turkey 11/2004
Gj14229-5 feces turkey 08/2013
Cj14398-5 feces turkey 09/2013
Cj 11601MD Jejunum turkey 09/2006
Cj 6631 feces turkey 05/2004
Cj 6535 feces turkey 04/2004
GjJcc cecum turkey (processing 10/2014
plant)

'Strains highlighted in gray have been sequenced previously (Dutta et al, 2016).
“Water sampled from the dinker i the turkey house.
Co. Campyviobacter col and G Campwiobacter ik
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Mixed logistic regression model Mixed linear regression model

Regression  Valueof (1. 95% confidence  Regression .~ Valueof  95% confidence

coefficient P interval coefficient P interval
Lower  Upper Lower  Upper
limit limit limit limit
Constant —8.193 <0.001 0.000 0.000 0012 0385 0.441 0.664 —1.430 2200
2018 2.086 0275 8.052 0.190 340.597 0441 0.670 0521 -1.072 1.955
2019 0372 0843 1451 0.036 58.157 —0.806 =L11F 0.293 -2437 0.824
2020 0.000 0363 & . 0.000 . 0.131 o
Summer 3.075 0.021 21.660 1578 297.380 —-0.354 —0.679 0516 -1.550 0.841
Winter 0.000 o o 0.000 . 8
FMAS® 6.127 <0.001 457.980 178.480 1175178 5.024 8.383 <0.001 3842 6.206
Barn interior 2.509 <0.001 12.298 5.498 27.508 1399 2306 0.022 0.203 2595
Environment 0.000 <0.001 . . 0.000 . <0.001 . .
Farm A —0.461 0.809 0.630 0015 26.844 0222 0.295 0775 —1.484 1927
Farm B 0.000 >0.999 1.000 0.040 25.084 —0.141 -0.215 0.835 —1.630 1347
Farm C 0.000 0.940 . e 0.000 § 0.785

Odds-Ratio.
“Fecal matter and associated samples. p-values p<0.05 were regarded as statistically significant.
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C.coli 13150 (pl)
C. jejuni JCC (pl)

NES JCCx13150 in vitro (pl)

C.coli 13150 (pl)
C. coli 6461 (ch)

NES 6461x13150 in vitro (pl)

NES 6461x13150 in vitro (ch)

C.coli 13150 (pl)
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NES 6461x13150 in vivo (pl)

'
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C. jejuni N62654 (ch?)
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Category
and
sample

FMAS'
Pooled feces
Boot swabs
Litter

Barn interior
Air

Dust
Drinker
Troughs
Ventilation
Wall

Board

Environment

Water
Boot swabs

Gauze swabs

Additional investigations

Cow flces

'Fecal matter and as

Campylobacter  Campylobacter Campylobacter prevalence
prevalenceall  concentrationsall  No. (%) positive for
visits visits (Log,MPN/g) Summer Winter Farm A Farm B Farm C
No. C N No. No. No. No.
positive/ Total% o yp o G G jejuni positivel Total% positive/ Total% positive/ Total % positive/ Total % positive/ Total %
total  positive jejuni coli /coli  total  positive  total  positive  total  positive  total  positive  total  positive
collected Mix  collect collected collected collected collected
136/228 59.6 52 036 836 125(919) 10(74) 1(07) 95/120 ™ 41/108 38 39/72 542 76/108 704 21/48 438
51/76 67.1 64 236 836 46(90.2) 4(78) 1(20) 36/40 90 15/36 417 16/24 66.7 26/36 722 916 56.3
49176 64.5 47 236 736 47(959) 2(4.1) N 34/40 85 15/36 417 14/24 583 26/36 722 916 56.3
36/76 474 4.1 0.36 7.36  32(88.9) 4(1L1) - 25/40 625 11/36 30.6 9/24 375 24/36 66.7 316 18.8
73/532 13.7 18 0.36 436 71(97.3) 1(14) 1(14) 60/280 214 13/252 52 28/168 16.7 32/252 1y 13/112 116
8/76 105 0.7 0.36 1.36 8(100) - - 6/40 15 2/36 5.6 3/24 133 5/36 139 - -
or76 - - I - - - o/40 - o136 - - - - - - -
w7 263 26 03 43 20 - - 17140 25 3136 83 o2 75 8136 22 3016 188
w14 7 13 236 M B = 12140 30 2136 56 a2 167 o136 167 ane 2
w76 53 09 03 23 4 - - 4140 10 o136 224 53 . . 2116 125
o176 s 20 03 43 o - - 7140 175 2136 56 s 208 4136 11 - R
18/76 237 16 036 436 17(94.4) N 1(5.6) 14/40 35 4/36 1.1 5/24 208 9/36 25 4/16 25
71456 15 0.6 0.36 136 5(71.4) - 2(28.6) 2/233 09 5/223 22 2/148 14 4/214 19 1/94 L1
0114 - - - 0/60 - 0/54 - - - - - - -
5/114 44 0.6 0.36 1.36 4(80) = 1(20) 2/53 38 3/61 49 2/40 50 252 38 V22 45
V114 09 14 1.36 1.36 1(100) - = 0/60 = 1/54 19 = - 1/54 1.9 -
V14 09 04 0.36 0.36 1(100) = - 0/60 - 1/54 19 - - 1/54 19 -
14/20 70% 26 136 336 10(71.4) 4(286) 14/20 70%

iated samples.
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Necropsy Day

D8  Di5 D22
Necropsy Day

Inoculated
strains:

© 6461 (C. col)

© 142295 (C. jejuni)
© 13150 (C. col)

© 6067 (C. col)

- imit of detection
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Farm A Farm B Farm C
Date Visit E B Date Visit E B Date Visit E B
04.18 A_SI8_scl N 818 0518 B_S18 scl N 318 05.18 €818 scl N 0/30
06.18 ASIS_1 124 17/40 0618 B_SIS_1 024 20/40 06.18 C.S18_s2 N 0/30
06.18 A_SI8_C&D N 0/30 07.18 B_SI8_C&D N 030
07.18 ASI8 2 024 23/40 08.18 B_SIS2 024 23/40
0118 A_WIS_1 0/26 0/40 0118 B_WIS_I 125 13/40 02.19 C_S18_sc3 N 0/30
0118 A_WIS_C&D N 0/28 0218 B_WI8_C&D. N o041 02.19 C_S18_scd N 0/30
03.18 A_WIS2 1126 0/40 03.18 B_WI8_2 3/26 20/40
07.19 ASI9_1 0124 5/40 0418 B_W18_3 N 14120
07.19 B_SI9_1 024 9740 08.19 €195 N 4730
a a 1119 C_S19_sc6 N 230
1219 AWI9_1 0124 12124 1219 B_WI9_1 o024 040 1119 C_WI9_1 0724 9/40
1219 A_WI19_C&D N 0136 1219 B_W19_C&D N 036 1119 C_W19_C&D N 0/36
0219 B_W19_2 o024 036 02.19 W92 0724 0/40
0220 B_S20_1 o022 12/40 07.19 C_s201 122 23/40
07.20 B_S20_C&D N 036 07.19 C_$20_C&D N 0/36
a 09.20 B_S202 o021 11/40 08.19 C_5202 /24 12/40

E, environment; B, Barn; N, not investigateds; W, winter; , summer; s, screening; C&D, cleaning and disinfection; C, cow.

suspended investigation.
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added antibi
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—
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=
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—=—- ==
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i(0) ssLz2 ©l0)  bROXA  gyATH SI5L22

aph(@ Ml

Newly emerged strain
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(€1(0) 3adE-Co aph'H 235207%6

1610) aadE-Cc blaOXA 23S20TSHG

(l0)  blaOXAtel(O) gyATESI 505122
aphEHI
1l0)  blaOXA QAT 505122
aph@EHIl
1o0)  baOXA  geATSSl susL22
aph@ il

Conclusion

New point
mutation (psL)

HGT of rpsL KBBR.

HGT of aph(27)-1f

HGT of blaOXA

Newly acquired
tetracydline resistance
(HGT of a second tet0)

Newlyacquired
tetracydline resistance
(no HGT)

Newlyacquired
tetracycline resistance
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Farm A Farm C Farm B

Farm area 1ha 34ha 084ha

Rearing capacity 126,000 348,000 74,000

Barns 1 15 4

Breed used Ross 308, Ross 308 and Cobb 500 Ross 308, (Hubbard)*
Stocking density 39kg/m? 39kg/m?; (25kg/m2)*
Rearing system Raised on the ground floor with fresh litter, (feed and water) ad libitum, all in all out
Rearing period 36 t0 42days 3610 42 (60days)*
Diet Starter, grower and finisher

Outdoor access Not provided

Thinning Day35 Day 35, (53
Wastewater collection (sludge/slurry pits) Open Underground Open

Distance to livestock/processing uni / Nearby poultry slaughterhouse in the ~ Personnel and material trafic with a

immediate vicinity (0.5km) dairy farm (2km)
Distance to waterbodies Water ditches (<0.5km) Lake (1.3km)  Lakes (1.5-1.7km) Water ditches (< 0.5km) Lake (0.5km)
Distance to other farms investigated in this study 30km Skm Skm

‘Change to alternative broiler management to accommodate slow-growing breeds towards the beginning of 2020.
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C. jejuni YH002

99

B Plasmid

1800 kbp ——

1700 kbp \|\l

Qu I

100 kbp

300 kbp
1500 kbp

Phage/CJIE1_ g
.: /; 400 kbp
1400 kbp L.
C. jejuni
- Genome =
— 500 kbp
1300 kbp
CJIE —
600 kbp

1000 kbp 800 kbp

900 kbp

B C jejuni YH002 W C.jejuni81-176 W C. jejuni NCTC 11168
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Antibiotic (disk

concentration)
$> R<

Tetracycline (30g) 30 30
Ciprofloxacin (5 g) 50 26
Erythromycin (15 ig), C. coli 20 20
Erythromycin (15 ig), C. jejuni 24 24
Ampicillin (10y1g) 13 7
Chloramphenicol (30 ig) 18 18
Kanamycin (30 g) 15 7
Streptomycin (25 pg) 2 13

“Epidemiological cut-off values (Ecoff)





OPS/images/fmicb-11-610395/fmicb-11-610395-t001.jpg
modQV cutoff

30

40

50

70

100

140

Motif string

RAATTY

CCYGA

GKAAYG
ACNNNNNCTC
GAGNNNNNGT
TAAYNNNNNTGC
GCANNNNNRTTA
HNNNNNARGTAAYG
GNNAGAGWANNNGND
GCGGNAATNNNGNG
DGNNNNACCTVAY
RAATTY

CCYGA

GKAAYG
ACNNNNNCTC
GAGNNNNNGT
TAAYNNNNNTGC
GCANNNNNRTTA
CAGNTAANCANNNNNNA
RAATTY

CCYGA

GKAAYG
ACNNNNNCTC
GAGNNNNNGT
TAAYNNNNNTGC
GCANNNNNRTTA
GAGADNNNGMTR
DNNBNACCTGAY
HNNNNACGCGANANNNA
RAATTY

CCYGA

GKAAYG
ACNNNNNCTC
GAGNNNNNGT
TAAYNNNNNTGC
GCANNNNNRTTA
WNNNNCRSGAATNT
GAGWDNNNGMTR
RAATTY

CCYGA

GKAAYG
ACNNNNNCTC
GAGNNNNNGT
TAAYNNNNNTGC
GCANNNNNRTTA
ARGTAATGNNNNND
WNNNNCRSGAATNT
HHNNNNNACGCGANNNB
CCCTGANNNRNANT
RAATTY

CCYGA

GKAAYG

Type®

m6A
m6A
mo6A
m6A
mo6A
mo6A
m6A
m6A
mo6A
mod_base
mO6A
mo6A
m6A
m6A
mo6A
m6A
m6A
mo6A
mod_base
m6A
m6A
m6A
m6A
m6A
m6A
m6A
m6A
m6A
m6A
m6A
m6A
m6A
mO6A
mo6A
m6A
m6A
m4C
m6A
m6A
m6A
m6A
m6A
mo6A
m6A
mO6A
mo6A
m4C
m6A
m4C
m6A
m6A
moA

Fraction (%)

99.0
99.3
99.1
99.5
99.4
99.7
99.0
57.9
43.3
100.0
19.2
98.9
99.0
98.8
99.5
99.3
99.5
98.9
77.8
98.8
99.0
98.6
99.3
99.2
99.0
98.7
52.7
43.3
92.9
98.6
98.6
98.0
98.9
98.8
98.7
98.2
36.2
30.5
97.8
97.4
97.0
97.7
97.5
97.7
96.4
48.0
33.6
43.8
88.9
96.7
95.7
95.3

Occurrence in
genome

30,196
2,085
1,665
1,226
1,226

618
618
164
104
6
99

30,196
2,085
1,665
1,226
1,226

618
618

30,196
2,085
1,555
1,226
1,226

618

618
186
90
14

30,196
2,085
1,555
1,226
1,226

618
618
149
325

30,196
2,085
1,555
1,226
1,226

618
618
150
149
80

30,196
2,085
1555

Partner motif

GAGNNNNNGT
ACNNNNNCTC
GCANNNNNRTTA
TAAYNNNNNTGC

GAGNNNNNGT
ACNNNNNCTC
GCANNNNNRTTA
TAAYNNNNNTGC
RAATTY

GAGNNNNNGT
ACNNNNNCTC
GCANNNNNRTTA
TAAYNNNNNTGC

GAGNNNNNGT
ACNNNNNCTC
GCANNNNNRTTA
TAAYNNNNNTGC

GAGNNNNNGT
ACNNNNNCTC
GCANNNNNRTTA
TAAYNNNNNTGC

Mean IPD ratio®

5.839
5.604
5.950
5.449
5.992
5.407
5.725
3.443
3.330
2.462
2.413
5.840
5.603
5.957
5.449
5.996
5.405
5.727
1.914
5.841
5.603
5.958
5.451
6.000
5.408
5.726
2.468
2.448
2.722
5.842
5.605
5.966
5.455
6.007
5.405
5.734
3.571
2.611
5.848
5.608
5.969
5.457
6.012
5.409
5.753
3.691
3.646
3.375
3.508
5.8562
5.620
5.977

Objective score

11290815.0
752000.4
613870.3
446525.9
439943.8
225513.5
216201.3

6120.3
516.1
363.0
325.6

11278810.0
750188.0
612288.7
446525.9
439218.7
225145.7
216850.6

366.1

11266493.0
750188.0
611083.9
4457761
438851.8
224008.4
215486.2

5510.5

1770.6

1673.6

11236039.0
746719.4
606910.3
443441.6
436927.9
223224.5
214349.2

4449.8

4048.9

11142688.0
736426.2
599839.9
4376771
430320.7
220690.8
209890.8

5429.8

4023.6

2962.1

1441.8

10980916.0
720469.8
587514.6
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170

200

ACNNNNNCTC
GAGNNNNNGT
TAAYNNNNNTGC
GCANNNNNRTTA
DNNNNCRSGAATNT
HNNNNNARGTAATG
CGCGASTNNANNNNND
DNNDCCCTGAY
ACGCGANNNNNNTNANW
RAATTY

CCYGA

GKAAYG
ACNNNNNCTC
GAGNNNNNGT
TAAYNNNNNTGC
GCANNNNNRTTA
DNNNNCRSGAATNT
CGCGASTNNANNNNND
RAATTY

CCYGA

GKAAYG
ACNNNNNCTC
GAGNNNNNGT
TAAYNNNNNTGC
GCANNNNNRTTA
DNNNNCRSGAATNT
CGCGAGTWNA

Modified bases are boldfaced.
bmod_base: undetermined modification.
IPD: Inter-pulse duration.

MOoA
mO6A
mo6A
m6A
m4C
mo6A
m6A
m4C
mo6A
m6A
mO6A
mo6A
m6A
mO6A
mo6A
m6A
m4C
mo6A
m6A
m6A
mo6A
m6A
m6A
mO6A
m6A
m4C
mo6A

96.4
95.9
956.3
94.7
28.3
29.3
100.0
25.9
100.0
96.0
94.4
941
95.8
94.8
94.3
92.9
23.9
100.0
95.3
92.9
93.2
95.5
93.9
92.2
90.8
28.2
100.0

1,226

1,226
618
618
159
150

85

30,196
2,085
1,665
1,226
1,226

618
618
159

30,196
2,085
1,665
1,226
1,226

618
618
103

GAGNNNNNG T
ACNNNNNCTC
GCANNNNNRTTA
TAAYNNNNNTGC

GAGNNNNNGT
ACNNNNNCTC
GCANNNNNRTTA
TAAYNNNNNTGC

GAGNNNNNGT
ACNNNNNCTC
GCANNNNNRTTA
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C. jejuni YH002

TnpV
Mobile element protein

Peroxide stress regulator; Ferric uptake
regulation protein; Fe2 + /Zn2 + uptake
regulation proteins

FIGO1371694: hypothetical protein
tRNA-Thr-TGT
FIG00470965: hypothetical protein

Family of unknown function (DUF450) family

First ORF in transposon ISC1904

ATP synthase protein |-like membrane protein

Para-aminobenzoate synthase,
amidotransferase component

Hypothetical domain/C-terminal domain of CinA

type S

Putative Dihydrolipoamide dehydrogenase;
Mercuric ion reductase; PFO0070 family,
FAD-dependent
NAD(P)-disulphideoxidoreductase

FIG00471123: hypothetical protein
tRNA-Phe-GAA

FIG00471396: hypothetical protein
tRNA-Ser-TGA

CJIE in chromosome:
FIG00469806: hypothetical protein
Death on curing protein, Doc toxin

Thymidine kinase

FIG00470782: hypothetical protein
Phage antirepressor protein

TraD, putative

HD domain protein

M protein, putative

pilT protein, putative

Hypothetical phage protein, putative
FIG00470684: hypothetical protein

IncF plasmid conjugative transfer pilus
assembly protein TraF

IncF plasmid conjugative transfer pilus
assembly protein TraW

IncF plasmid conjugative transfer pilus
assembly protein TraU

Transcriptional regulator, XRE family

IncF plasmid conjugative transfer surface
exclusion protein TraT

Thioredoxin, putative

FIG00471674: hypothetical protein
Domain of unknown function (DUF332)
superfamily

FIG00471014: hypothetical protein
IncF plasmid conjugative transfer pilus
assembly protein TraH

C. jejuni 81-176
Chromosome

Protein of unknown function DUF262 family
Cytochrome c, putative
Thiol:disulfide interchange protein (dsbC), putative

Gamma-glutamyltranspeptidase
LLSU ribosomal protein L21p
FIG00470268: hypothetical protein

Predicted amino-acid acetyltransferase complementing
ArgA function in Arginine Biosynthesis pathway

Small-conductance mechanosensitive channel
Putative helix-turn-helix motif protein

Peptidyl-tRNA hydrolase

Ubigquinone/menaquinone biosynthesis
methyltransferaseUbiE @
2-heptaprenyl-1,4-naphthoquinone methyltransferase

LLSU ribosomal protein L32p

6,7-dimethyl-8-ribityllumazine synthase
FIG00469601: hypothetical protein
FIG00388607: hypothetical protein
FIG00469384: hypothetical protein
tRNA-Gly-TCC

LSU ribosomal protein L33p

UbiD family decarboxylase associated with
menaquinone via futalosine

FIG00470496: hypothetical protein
FIG00470712: hypothetical protein
FIG00471113: hypothetical protein
FIG00472079: hypothetical protein
FIG00469622: hypothetical protein
FIG00470120: hypothetical protein
FIG00469655: hypothetical protein
FIG00470478: hypothetical protein
FIG00469686: hypothetical protein
tRNA-Gly-GCC

4-methyl-5(beta-hydroxyethyl)-thiazole monophosphate
synthesis protein

FIG00469538: hypothetical protein

LSU ribosomal protein L34p
Beta-1,4-N-acetylgalactosaminyltransferase

Beta-1,4-galactosyltransferase
ATP synthase FO sector subunit a
N-Acetyl-neuraminatecytidylyl transferase

Peptidyl-prolylcis-trans isomerase
Menaquinone via 6-amino-6-deoxyfutalosine step 1

C. jejuni NCTC11168

ATP synthase protein |
Conserved hypothetical protein
Drug resistance transporter, Ber/CflA family

FIG001196: Membrane protein YedZ
FIG00469472: hypothetical protein
FIG00469493: hypothetical protein
hypothetical protein

L-threonine 3-O-phosphate decarboxylase
Nicotinate-nucleotide adenylyltransferase/lojap
protein

Para-aminobenzoate synthase, aminase
component

Putative type IS restriction/modification
enzyme, C-terminal half
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Probiotic(s)

Probiotic Origin(s)

Pathogen

Methods

Reduction

Mechanisms

References

Bifidobacterium longum PCB
133

Bacillus subtilis (enhanced
motility)

L. gasseri SBT2055 (LG2055)

L. plantarum PA18A

L. salivarius SMXD51

PoultryStar sol (Enterococcus
faecium, Pediococcus
acidilactici, Bifidobacterium

animalis, L. salivarius, L. reuteri)

Lavipan (multispecies probiotic):

Lactococcus lactis I1BB 500,

Carnobacterium divergens S-1,

L. casei OCK 0915, L0915,
L. plantarum OCK 0862,
Saccharomyces cerevisiae
OCK 0141

Infant feces

14-day-old Cobb 500
broiler chicks

Human feces

Privately owned and
commercial chicken stools

Chicken ceca

Multispecies probiotic
product

Chicken feces, turkey

feces, carp gut, plant silage

C. jejuni CIP 70.27, LMG
8842 and 221/05

C. jejuni

C. jejuni 81-176

C. jejuni

C. jejuni C97ANSES640

C. jejuni 3015/2010

Campylobacter spp. (field
study)

¢15-20 days old chickens
treated with B. longum
suspension daily for

15 days

eSelected motility enhanced
strains fed to chicks daily
from day of hatch

oAt 7 days, challenged with
C. jejuni

eDay old chicks orally
inoculated 108 CFU of
C. jejuni

e24 h post-inoculation,

L. gasseri (108 CFU) fed
ad libitum in diet

e14 days post-inoculation,
cecal contents quantified
for C. jejuni

eChallenged at 14 days

efested at 4 and 8 days
after infection

eThe L. salivarius SMXD51
culture (107 CFU) were
orally administered 1 day
after hatching then every
2-3 days until 35 days
C. jejuni (10* CFU)
challenged at day 11
elmmune response
evaluated by RT-gPCR:
IL-8 and K60

oC. jejuni infected chickens
orally at day of hatch

oAt the same day, probiotic
product was added to
drinking water 2 or
20 mg/bird/day to chickens

el avipan supplemented diet
fed ad libitum

37 days, birds processed
eFeces, pectoral muscles
and environmental samples
were tested for
Campylobacter

«One log reduction after
15 days administration

e The motile isolates
achieved 1-2 log CFU/g
reduction

el east 0.5 log CFU/g more
reductions than original
probiotic isolates did

eAbout 250-fold decrease at
14 days post-inoculation

el ess colonization in
mucosal surface

o1 log1g reduction at 4 days
after infection

oC. jejuni in cecal contents:
0.82 log at 14 days

¢2.81 log at 35 days

eThe IL-8 and K60
expression in cecal tonsil
significantly increased at
35-day chicken with

L. salivarius

eReduction in cecal
colonization:

8 days post-challenge
(8.77-5.81 log1o CFU/g
reduction)

¢15 days post-challenge
(6.6-5.85 log1g CFU/g
reduction)

e Feces samples: no
reduction (<0.5 log
CFU/mI)

ePectoral muscle: no
reduction Environmental
samples: >1 log CFU/ml
reduction

Not specified

Swimming ability of motile
strains enable them reach
C. jejuni. Compete for
nutrients, binding sites, and
produce antimicrobial
compound

Co-aggregation with

C. jejuni and other
unknown mechanisms

Did not mention
mechanisms, could be
lactic acid production
Reduction not directly
through bacteriocin
Inhibition of adhesion
and/or immune modulation
Combination of these three

Not investigated, likely to
be the production of
antimicrobial compounds
such as organic acids

Not specified

Santini et al., 2010

Aguiar et al., 2013

Nishiyama et al., 2014

Kobierecka et al., 2017

Saint-Cyr et al., 2017

Ghareeb et al., 2012

Smialek et al., 2018
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Probiotic(s)

[ actobacillus salivarius 9b
L. salivarius 60d

L. johnsonii 8f

L. crispatus 49b

L. ingluviei 9e

L. ingluviei 43d

L. oris 50c

salivarius,
plantarum,
crispatus,
agilis

L. plantarum PCS 20,

Bifidobacterium longum
PCB 133

L. salivarius SMXD51

Probiotic
Origin(s)

Chicken feces and cloacae

Private collection and
broiler feces

Cheese, infant feces

Chicken ceca

Pathogen

C. jejuni
C. coli

C. jejuni 12,
C. jgjuni 81-176

C. jejuni strains: CIP 70.27
LMG 8842 and 221/05

C. jejuni C97ANSES640,
C. jejuni NCTC

11168, C11168, C. jejuni
81-176, and 22 isolates

from poultry

production line

Methods

e Agar slab method for
living cells

o Well diffusion assay for
cell-free supernatant

o Agar spot test for cell-free
supernatant with or without
pH neutralization

e Agar spot test using living
cells

o Well diffusion agar assay
with pH neutralized cell-free
supernatant (NCS)

o Agar well diffuse assay
(neutralized cell-free
supernatant)

o Adhesion and invasion
(human HT29-MTX and
avian LMH monolayers)

e The IL-8 and K60
expression in LMH cell
monolayer

Reduction

e Living cells: mean inhibition
zone was 18.3 £ 4.3 mm
for C. jejuni, and
16.7 £ 3.7 mm
for C. coli

o Cell-free supernatant:

16.6 £ 0.5 mm
for C. jejuni, and
16.5 £ 0.5 mm for C. coli

o Cell free supernatant
inhibited growth

o Neutralized cell free
supernatant did not
inhibit growth

e Both PCS 20 and PCB
138 living cells showed
>2 mm inhibition zone to all
three C. jejuni strains

¢ PCB 133 NCS: >2 mm
inhibition zone to two
C. jejuni strains

e PCS 20 NCS: >2 mm
inhibition zone to one strain

e >4 mm inhibition zone:
81-167 and other three
strains

o No inhibition:
C97ANSES640 and other
five strains

e L. salivarius did not protect
cell lines from C. jejuni
adhesion; but reduced
C. jejuni invasion to
HT29-MTX cells by 0.5 logs

e L. salivarius induced
23.83 + 8.06 and
48.44 + 16.06-folds
increase in IL-8 and K60 in
| MH cells

Mechanisms

e Antagonism both living
cells and cell-free
supernatant by production
of organic acids

o Antagonism by production
of acids

o Antagonism

e The living cells of
probiotics: organic acid
and/or protainaceus
molecules

e The NCS of probiotics:
proteinaceus molecules

e Bacteriocin effect was
strain-dependent
C97ANSES640 was
resistant to bacteriocin

e A combination of different
strategies contributed to
the reduction of C. jejuni

References

Dec et al., 2018

Kobierecka et al., 2017

Santini et al., 2010

Saint-Cyr et al., 2017
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L. gasseri SB12055
(LG2055)

L. caseitmera
(overexpressed mcra gene)

Human teces

Lab strain

C. jeguni 31-176

C. jejuni

e Agar well diffusion method
using cell supernatant

o Cell adhesion and invasion
assay

o Cell co-culture in
suspension

o Cell adhesion and invasion
assay

o Supplemented with peanut
flour

e Untreated and heat treated
supernatant reduced

C. jejuni, while neutralized
supernatant did not reduce
C. jejuni

o Different ratios of
pre-incubation with

L. gasseriled to C. jejuni
2.5-25-folds decrease on
adhesion, and 3-100-folds
decrease on internalization

e Co-culture: >6.3 log1g
CFU/mL at 48 h

o Cell-free supernatant:
>4.8 logyg CFU/mL

o C. jejuni adhesion and
evasion efficiency to HD-11
cell was reduced 0.12 and
0.14 log1o CFU/mL and to
Hela cells reduced 0.12
and 0.28 logyg CFU/mL

e [nhibition factor of
L. gasseri was a
proteinaceous cell surface
component, which
mediated co-aggregation
with C. jejuni
e Production of lactic acid
and other inhibition
mechanisms

e Antagonism Production of
large amount of conjugated
linoleic acid led to inhibition
on adhesion and evasion of
C. jejuni

Nishiyama et al., 2014

Tabashsum et al., 2018
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Subclade |
Subclade 11
Subclade 111
Subclade IV

Values range (mis

Subclade I Subclade IT

-100% (81.40-100%) 56.10-56.90%
94.36-94.43% 100-100% (100-100%)
93.37-93.52% 93.73-94.06%
92.81-93.28% 92.74-93.21%

imun value to maximun value) corresponds to ANIm (bold) and isDDH.

Subclade ITT

51.00-51.80%
52.40-54.4%

96.71-99.99% (69.70-100%)
94.92-95.88%

Subclade IV

48.4-50.5%
48.40-50.10%
58.0-64.10%

96.50-100% (68.20-100%)
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Gene with Accession No.

16S-rRNA (NC_002163.1) (product length 78 bp)

motA (NC_002163.1) (product length 75 bp)

motB (NC_002163.1) (product length 51 bp)

cetA (NC_002163.1) (product length 78 bp)

cadF (NC_002163.1) (product length 135 bp)

ciaB (NC_002163.1) (product length 50 bp)

JIpPA (NC_002163.1) (product length 66 bp)

sodB (NC_002163.1) (product length 98 bp)

katA (NC_002163.1) (product length 99 bp)

luxS (NC_002163.1) (product length 106 bp)

Primer

Forward Reverse

Forward Reverse

Forward Reverse

Forward Reverse

Forward Reverse

Forward Reverse

Forward Reverse

Forward Reverse

Forward Reverse

Forward Reverse

Sequence (5'-3')

5'-ATAAGCACCGGCTAACTCCG-3'
5'-TTACGCCCAGTGATTCCGAG-3'
5'-AGCGGGTATTTCAGGTGCTT-3
5'-CCCCAAGGAGCAAAAAGTGC-3'
5'-AATGCCCAGAATGTCCAGCA-3'
5'-AGTCTGCATAAGGCACAGCC-3'
5'-CCTACCATGCTCTCCTGCAC -3
5'-CGCGATATAGCCGATCAAACC-3
5'-CGCGGGTGTAAAATTCCGTC-3'
5'-TCCTTTTTGCCACCAAAACCA-3'
5'-TCTCAGCTCAAGTCGTTCCA-3'
5'-GCCCGCCTTAGAACTTACAA-3'
5'-AGCACACAGGGAATCGACAG-3'
5'-TAACGCTTCTGTGGCGTCTT-3
5'-CAAAACTTCAAATGGGGGCGT-3'
5'-CACAGCCACAGCCTGTACTT -8
5'-ATGCTGAACGCGATGTGAGA-3'
5'-CGCGGATGAAGAATGTCGGA-3
5'-AGTGTTGCAAAAGCTTGGGA-3
5 -GCATTGCACAAGTTCCGCAT-3
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Isolation Country Isolation Source
[] Belgium borted bovine
W canada W 2borted cow
[ china [ aborted pig

B Germany [ aborted sheep
[T ireland [T blood (human)
W apan W chicken

[7] New Zealand B feces (dog)
[T switzerland [ feces (duck)
[ United Kingdom  [[1] feces (goose)

[ usa I feces (human)

B microbial fuel

[T shelifish

W wastewater

W vater

Tree scale: 1 ———————

subclade I: 4. cryaerophilus-like_1
subclade II: 4. cryaerophilus

subclade I11: 4. cryaerophilus-like_2
subclade 1V: 4. cryaerophilus-like 3
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Average cfu at final dilution (three replicates)

Campylobacter jejuni Strain/origin/ST group 10E-1 1.00E-01 10E-3 10E-4
LMO1 (calf — ST929) TNTC 51 6 0
MO8 (calf — ST806) TNTC 154 18 2
LM11 (calf — ST6227) TNTC 115 ihl 1
LM12 (calf U- ST922) TNTC 37 6 0.3
LM24 (calf U- ST982) 70 4 0 0
TW16491 (human U- ST922) 10 0 0 0
Cj11168 (human) 264 21 3 0
Tissue Culture Medium 0 ND ND ND

Limiting dilution assay results are given as average colony forming units at a specific dilution. TNTC, too numerous to count; ND, not done.
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goeBURST group

Source

Voles
Voles
Mice
Mice

Taxa Average
Microtus agrestis, Microtus mystacinus, Myodes rutilus, Myodes glareolus 280.7
Myodes rutilus, Myodes glareolus 169.2
Apodemus flavicollis 781

Micromys minutus 128.2

Median

332
164
84
134

Max

410
300
147
251

SD

111,0
102.7
34.8

116.2
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Group Reference

Voles Voles
Mice
C. jejuni subsp. jejuni
C. jejuni subsp. doylei
C. coli
Mice Mice
Voles
C. jejuni subsp. jejuni
C. jejuni subsp. doylei
C. coli

In bold values > 95%.

Average

99.17
91.33
91.06
90.67
83.45
99.14
91.28
97.57
95.59
84.50

Median

99.66
91.38
91.06
90.66
83.47
99.93
91.32
97.60
95.60
84.70

Min

96.48
90.76
90.82
90.53
82.59
95.75
90.69
96.73
95.22
83.06

Max

100.00
91.61
91.26
90.81
84.45

100.00
91.56
97.74
95.73
86.80
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Betalactamase gene % identity % coverage Known n/n all (%) Species MLST (n isolates with marker present/n

(accession)? mutations all isolates with ST)

- - - GyrA: P104S 92/147 (62.5%) Microtus agrestis, 3,704 (1/1), 8,562 (1/1), 9,467 (4/4), 9,469
Myodes glareolus, (3/3), 9,472 (6/6), 9,473 (50/50), 9,476

Microtus mystacinus, (4/4), 9,825 (8/8), 9,826 (1/1), 9,827 (1/1),
Rattus norvegicus, 9,828 (1/1), 9,829 (2/2), 9,858 (2/2), 9,859
Myodes rutilus (5/5), 9,860 (1/1), and 9,861 (2/2)

blaOXA-184 99.872 100 - 43/147 (29.3%) Apodemus flavicollis 9,468 (1/1), 9,471 (1/1), and 9,477 (41/41)

(NG_049485.1)

blaOXA-627 99.87 100 - 6/147 (4%) Micromys minutus 9,474 (3/3) and 9,470 (3/3)

(NG_057498.1)

blaOXA-447 100 100 - 1/147 (0.7%) Apodemus flavicollis 2,219 (1/1)

(NG_049732.1)

blaOXA-617 99.61 100 - 3/147 (2%) Myodes glareolus, 1,304 (3/3)

(NG_057550.1) Apodemus flavicollis

blaOXA-448 98.39 100 - 1/147 (0.7%) Rattus norvegicus 9,475 (1/1)

(NG_049733.1)

1Closest hit from GeneBank using blast nucleotide.
2Truncated due to nucleotide deletion and frameshift.
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O Avian

B Apodemus

@ Canine, Mustelidae

B Micromys

B Microtus

O Myodes

B Poultry

O Rattus, sea mammal, porcine
B Ruminant
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Common name Scientific name No. of pooled samples from No. of animals from natural habitats STs detected (no. of
farms in 2017 (%-positive) in 2015 and 2017 (%-positive) isolates)?

Yellow-necked mouse Apodemus flavicollis 89 (66.3%) 1 (0%), 65%(41.5%) 1,304 (1 +0), 2,219 (1 +0),
9,468 (1 + 0), 9,471 (1 + 0),
9,477 (19 + 22)

House mouse Mus musculus 36 (0%) 0 (0%) =

Harvest mouse Micromys minutus 10 (70.0%) 2 (50.0%) 9,470 (2 + 1), 9,474 3 + 0)

Brown rat Rattus norvegicus 10 (20.0%) 0 (0%) 4,791 (1), 9,475 (1)

Bank vole Myodes glareolus 36 (63.9%) 266 (24.4%) 1,304 (2 + 0), 3,704 (0 + 1),
8,562 (0 + 1), 9,467 (0 + 2),
9,469 (1 + 2), 9,472 (2 + 3),
9,473 (6 + 38), 9,476 (3 + 0),
9,825 (0 + 7), 9,826 (0 + 1),
9,827 (0 + 1), 9,828 (0 + 1),
9,829 (0 + 2), 9,858 (0 + 2),

9,859 (0 + 2)
Red vole Myodes rutilus 0(0%) 11 (63.6%) 9,473 (1), 9,859 (3), 9,860 (1),
9,861 (2)

Gray-sided vole Craseomys (Myodes) rufocanus 0 (0%) 17 (0%)

East European vole Microtus mystacinus (M. levis) 12 (8.3%) 1 (0%) 9,476 (1)

Field vole Microtus agrestis 4 (25.0%) 65 (12.3%) 9,467 (1 + 1), 9,472 (0 + 1),
9,473 (0 + 5), 9,825 (0 + 1)

Tundra/root vole Alexandromys (Microtus) oeconomus 0 (0%) 55 (0%) -

Wood lemming Myopus schisticolor 0 (0%) 5 (0%) -

Common shrew Sorex araneus 23 (0%) 82 (0%) =

Taiga shrew Sorex isodon 2 (0%) 0 (0%) =

Pygmy shrew Sorex minutus 2 (0%) 4 (0%) ~

Laxmann’s shrew Sorex caecutiens 0 (0%) 1 (0%) -

Water shrew Neomys fodiens 1(0%) 2 (0%) =

Least weasel Mustela nivalis 2 (0%) 0 (0%) -

Total 227 (41.0%) 577 (18.7%)

a8Apodemus flavicollis samples collected in 2010-2015 from buildings (other than on a farm) or their surroundings.

bin case C. jejuni was isolated from both sampling habitats, number of isolates from each habitat is indicated in parenthesis (from farms + natural habitats).

Farms were located in southern or western Finland, while samples from natural habitats were more dispersed throughout Finland in 2017 (only northern Finland was
included in 2015).

STs first described in this study are indicated in bold. Synonyms in parentheses.
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INCF plasmia conjugative transter pilus
assembly protein TraC

Phosphonate ABC transporter
phosphate-binding periplasmic component (TC
3.A.1.9.1)

FIG00470688: hypothetical protein
Conjugative transfer protein TraV
Thiol:disulfide involved in conjugative transfer

IncF plasmid conjugative transfer pilus
assembly protein TraB

IncF plasmid conjugative transfer pilus
assembly protein TraK

IncF plasmid conjugative transfer pilus
assembly protein TraE

IncF plasmid conjugative transfer pilus
assembly protein

FIG004719583: hypothetical protein
F-box DNA helicase 1

Phage/CJIE1 in chromosome:
FIG00471569: hypothetical protein
FIG00471570: hypothetical protein
DNA adenine methylase

Phage virion morphogenesis protein, putative
Phage tail length tape-measure protein
Phage major tail tube protein, putative
Major tail sheath protein

FIG00470503: hypothetical protein
FIG00469719: hypothetical protein
FIG00470940: hypothetical protein

Tail fiber protein H, putative

Baseplate assembly protein J, putative
Baseplate assembly protein W, putative

FIG00470824: hypothetical protein
Baseplate assembly protein V
FIG00470123: hypothetical protein

Phosphonate ABC transporter
phosphate-binding periplasmic component (TC
3.A.1.9.1)

FIG00470179: hypothetical protein
FIG00471901: hypothetical protein
Mu-like prophage | protein, putative
FIG00469991: hypothetical protein
FIGO00472447: hypothetical protein
Phage protein

FIG00471796: hypothetical protein
Prophage MuSof1, F protein, putative
Phage tail protein, putative

Putative regulator of late gene expression
DNA-binding protein, putative
Endonuclease | precursor
FIG00470704: hypothetical protein
FIGO0471749: hypothetical protein
FIGO0469659: hypothetical protein

Protein containing aminopeptidase domain

Formyltransferase domain protein

MGC82361 protein
tRNA-Ser-GCT

Flagellar biosynthesis protein FliL
GDP-mannose 4,6-dehydratase

L.SU ribosomal protein L13p (L13Ae)

FIG00626672: hypothetical protein

ATP/GTP-binding protein

Anaerobic dimethyl sulfoxide reductase chain A
Anaerobic dimethyl sulfoxide reductase chain B
Anaerobic dimethy! sulfoxide reductase chain C
Ribonuclease HI

RepA protein homolog

tRNA-Leu-TAG

MII5128 protein

FIG00470615: hypothetical protein

LSU ribosomal protein L4p (L1e)

Lipopolysaccharide core biosynthesis protein LpsA

tRNA-Ala-GGC

Plasmid:

FIG00471024: hypothetical protein

DNA transformation competency

Type IV secretion/competence protein (VirB9)

Type lI/IV secretion system ATP hydrolase
TadA/VirB11/CpaF, TadA subfamily

FIG00469544: hypothetical protein
FIG00469919: hypothetical protein
Hypothetical protein pVir0008
Hypothetical protein pVir0010

Hypothetical protein pVir0012
Hypothetical protein pVir0015
Hypothetical protein pVir0016
RepkE replication protein, putative
FIGO0470162: hypothetical protein
FIG00472444: hypothetical protein
FIG00472140: hypothetical protein
Toxin-antitoxin protein, putative
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Host-nuclease inhibitor protein Gam, putative —
FIG00471516: hypothetical protein -
FIG00470000: hypothetical protein —
DNA transposition protein -
Bacteriophage DNA transposition protein A, —
putative

FIG00470129: hypothetical protein —
Phage repressor protein, putative -
FIG00469983: hypothetical protein —
Plasmid: -
Aminoglycoside phosphotransferase —
FIG00472625: hypothetical protein —
FIG00470991: hypothetical protein -
FIG00469861: hypothetical protein —
IncQ plasmid conjugative transfer protein TraG -
FIG00471323: hypothetical protein -
FIG00470038: hypothetical protein -
FIG00469571: hypothetical protein —
FIGO0470457: hypothetical protein -
Cag pathogenicity island protein (cag12) -
FIG00472706: hypothetical protein —

*Unique methylation is defined as CDS methylated in only one of the three genomes.
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Starting suspension (log CFU/ml) Gentamicin treatment

C. jejuni + A. polyphaga (log CFU/ml) C. jejuni (log CFU/ml)
Isolate Average SD Average SD Survival rate (%)
Cj5653P 7.71 0.004 3.28 0.051 34.73 No growth
Cj5654P A7) 0.005 2.86 0.066 42.59
Ci5716W A7) 0.009 2.93 0.076 36.84
Cj5623W 7.74 0.027 3.05 0.126 37.84
Cj5718C 7.76 0.013 3.08 0.119 39.40

Intracellular survival rates were determined by colony-forming units (CFU) counted at 0 and 2 h post gentamicin treatment at 30°C under aerobic conditions (AC).
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Independent Growth after aerobic cultivation Total number of

experiment No. grown isolates
24 h 48 h 72h
1 Cj5643P Ci5640W Cj5654P 12
Ci5648P Ci5689W
Cj5650P
Cj5653P
Cj5683P
Cj5715P
Cj5716W
Cj5623W
GjiM
2 No visible colonies Cj5643P Cj5650P 1
Ci5716W Cj5653P
Cj5623W Cj5715P
Ci5629W Cj5689W
Ci5640W
CjiitM
Cj5718C
3 No visible colonies Cj5653P No visible colonies 4
Cj5715P
Cj5623W

Cj5629W
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Oligo

P1-pKD4-Xhol
P2-star pKDA-Xhol
O78p0kBamH-F
O78polEcoRlR
078 invers Bl
078 invers Bl-R
gre-SallF
09)-SOM-R
ogA-SHIIF
pgG-BamH.R
oglH XholF
0gXN0-R
gre-BamHLF1
ogA-BamHIR
O78-outsice-F
O7-outside-R
oA F

gre-R

Sequence 5'to 3"

ATATATCTCGAGTGTAGGCTGGAGCTGCTTCS, Xhol
TATATAGTCGAGCATATGAATATCCTCCTTAG, Xhol
ATATGGATCCATTGATCTCTATTATCGTATTATTCCA, BarHI
ATATGAATICGTTCGTAATGTGICATITCTCCATOGACAC, ECoRl
AATTAGATCTTTCCATTCGTTATTTGATAGC, Bgil
TTAAAGATCTAAGCGARTAACGCAGGAGCAAC, Bgil
ATCGGICGACGCTCTCCCTTATGCG, Safl
AACCAGTTAACGTTTAACCTGCAGGATATAACGTGCAATTTTTACTTTATCAARAGC, Sbil
AATTGCAATTTATATCCTGCAGGTTAMATTTAAGGGTTGAAATGAGAATAGG, Sofl
TCCTGTGGATCOCCOGGGCTGCAGGARTICGATC, BarmHi
ATATCTCGAGAGCTTAAAGAGGAGAAATGATGAARATAAGC, Xl

TTARAGTATGAGAACCTATATAACCTGG
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POR FRT-kan FRT
PCR FRT-kan FRT

PCR Wz

PCR W2y

Inverse POR

Inverse PCR
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PCR pgH
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PCR, confim integration
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Isolate

Ci5643P
Ci5648P
Ci5650P
Ci5653P
Ci5654P
Cj5683P
Ci5715P
Ci5623W
Ci5629W
Ci5640W
Ci5689W
Ci5716W
CiiM

Ci5718C

Source

Pond water

Pond water

Pond water

Pond water

Pond water

Pond water

Pond water
Outlet of a wastewater treatment plant
Outlet of a wastewater treatment plant
Outlet of a wastewater treatment plant
Outlet of a wastewater treatment plant
Outlet of a wastewater treatment plant

Meat isolate

Clinical isolate

Year of isolation

2019
2019
2019
2018
2019
2019
2019
2019
2019
2019
2019
2018
2019
2019
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LAB strain

L. fermentum COM7514

L. acidophilus, NCFM L. crispatus,
JCM 5810 L. gallinarum, ATCG
33199 L. helveticus, CNRZ32

L. plantarum PA18A and
L. plantarum PA20A

E. faecium, P acidilactici, B. animals,
L. salivarius, and L. reuteri
(PouitryStar sol BIOMIN GmbH,
Herzogenburg, Austria)

mulispecies probiotic (Lavipan,

JHJ, Poland) composed of L. lactis
IBBS00, C. divergens S-1, L. casei
LOCKO0915, L. plantarum
LOCK0862, and . cerevisiae

LOCK 0141

L. gasseri SBT2055 (LG2055)

L. johnsonii FI9785

PoultryStar ME (BIOMIN America,
Inc.) + organic acids (OA): L. reuteri,
R acidilactici, B. animalis, and

E. faecium

Dose

~10°CFU/0.2mi

~10°CFU/0.5ml

~10°CFU/0.1 mi

2mg/bird/day and
20mg/bird/day

~10°CFU/0.1 mi

~10°CFU/O.1 mi

Administration

daily for first 7 days of lfe

1st and 4th day of lffe

1st and 4th day of lffe

from 1st day of lfe.

0.05% probiotic in feed
from first day of ife

daily for 14 days after oral
inoculation with C. jejuni
81176 (from 2nd day of
ife)

1st and 8th day of lffe

1t to 26th day of ife -
0.05% probiotic in feed;
28th to 42nd day of lfe -
0.05% OAin feed

Effect

- slight significant increase in weight
- positive reguiation of pro-
inflammatory cytokine expression
(upregulation of some type I
cytokines (IL-4 and IL-13),
downregulation of pro-inflammatory
cytokines IL-15, IL-16, and interferon
2

reduction in C. jejuni colonization in
broller chickens

slight reduction in C. jejuni
colonization in broiler chickens
significant reduction in colonization
(there was no significant difference
obtained between probiotic-treated
groups)

slight reduction in Campylobacter
spp. colonization

significant reduction i C. jejuni
colonization

reduction in . jejuni colonization in
chickens

non-significant reduction in C. ool
foad in ceca

Reference

Sefcova et al., 2020a,0

Neal-McKinney et al., 2012

Kobierecka et ., 2017

Ghareeb et ., 2012

Smialek et al., 2018

Nishiyama et al., 2014,
2015

Manes-Lazaro et al., 2017

Mortada et al., 2020
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Strategy

Good hygienic practices
and biosecurity

Treatment of drinking
water

Diet modification
(antimicrobial aditives
in water and food)

Vaccination

Passive immunization

Bacteriophage therapy

Bacteriocin

Probiotic

Prebiotic

Genetic selection of
chicken (breeding of
chickens lines resistant
to Campylobacter
colonization)

Preventive measures
against Campylobacter
infection

Hald et al., 2007

Chaveerach et al., 2002

Guyard-Nicodeme et al.
2016

Buckley et al., 2010;
Layton et al, 2011;
Kobierecka et al., 20160;
Nothaft et al., 2016
Sahin et al., 2003;
Vandeputte et al., 2019

Arsietal, 2015; Manes-
Lazaro et al., 2017

Baurhoo et al., 2009; Kim
etal, 2019

Boyd et al., 2005; Kaiser
etal., 2009; Swaggerty
etal., 2017

Measures to reduce
Campylobacter
infection

Lin, 2009

Byrd et al., 2001

Hilmarsson et al., 2006;
De Los Santos et al.,
2009

Toubokura et al., 1997;
Hermans et al., 2014

Loc Carillo et al., 2005;
Wagenaar et al., 2005;
Kittler et al., 2013

Stern et al., 2005, 2006;
Zommiti et al., 2016
Morishita et al., 1997;
Neal-McKinney et al.,
2012
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Tests

Aggregation

Co-aggregation

Anti-bacterial activity

Cell surface hydrophobicity

Bile salts tolerance

Acid tolerance

Antibiotic susceptibility

Methods

Probiotic cells clump, gravitate to the
bottom of tube and leave a clear
supernatant

Ability of probiotic cells aggregate

with pathogens

Agar spot test, agar slab assay, well
diffusion assay

Co-culture of probiotic and Campylobacter
with mammal cell monolayers

Measures decrease of absorbance in cell
suspension with added hydrocarbon

Observe cell growth in media containing
bile salt

Observe cell growth at pH of 2 or even
lower

Diffusion tests in agar plates

Purpose

Related to adhesion ability to epithelial cells

Defense the pathogen colonization
Anti-Campylobacter effect
Anti-Campylobacter effect, Inhibition effects
on Campylobacter adhesion and invasion
Related to colonization and adhesion ability
GIT condition

GIT condition

Should not carry antibiotic resistant genes

References

Reniero et al., 1992

Kmet et al., 1995; Jin et al., 1996; Nami
etal, 2019

Schillinger and Liicke, 1989

Tabashsum et al., 2018

Rosenberg et al., 1980; Kmet and
Lucchini, 1997; Vinderola and
Reinheimer, 2003

Garriga et al., 1998; Ehrmann et al.,
2002

Taheri et al., 2009

Bauer et al., 1966; CLSI, 2018
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Variable

Commercial vs.
smallholder farm
Rainy vs. dry season
Poultry vs livestock

C. coli vs. C. jejuni

PR, Prevalence Ratio.

Crude Ratio
PR (95% CI)

149 (5.6-40.0)

18-17.0)
29(0.7-115)
12(07-1.9)

Adjusted Ratio
PR (95% CI)

145 (55-37.9)

49 (1.6-14.5)
18(05-6.8)
14(10-22)
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Antibiotic

Resistance, % (n)

Commercial (N) Smallholder (N) Total (N)
C.coli (107)  C. jejuni (62) C.coli(111) C. jejuni (42) C.coli (218)  C. jejuni
(104)
Ciprofloxacin 73.8(79) 58.1(36) 44.1 (49) 16.7(7) 58.7 (128) 413 (43)
Tetracycline 69.2(74) 80.6 (50) 189(21) 11.9(5) 43.6(95) 529 (55)
Streptomycin 234(25) 21.0(13) 17.1(19) 14.8 (6) 202 (44) 183 (19)
Ampicillin 24.3(26) 30.6 (19) 0(0) 48(2) 11.9(26) 202(21)
Kanamycin 17.8(19) o(1) o) 0(0) 9.2(20) o)
Erythromycin 15.0 (16) 0(0) 3.6(4) 0(0) 9.2(20) 0(0)
Chloramphenicol 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)

n, Number of resistant isolates; N, total isolates.
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Experiment

6631x 13150 i vitro

14229-5x6461 in vitro

6067 x6461 in vitro

6461x 13150 i vitro

For each experiment, three genomes (fom the two parental strains and one “newly emerged strain’) were included in a pangenome analysis using Roary (Page et al, 2

Start

433,527

488,562

1,502,456

140,166

End

439,905

493,264

1,504,198

142,826

Island length

6,378

4,703

1,743

2,661

Number
genes

8

Genes
transferred

st
1psG
fusA
group_1637
group_1638
group_1639
group_1640
tpC
group_363
group_364
group_368
group_367
group_366
group_365
group_177
btuD
tet(0)
group_901

Annotation

308 ribosomal protein $12 (K88R-mutated)

30S ribosomal protein S7

elongation factor G

exporting protein

methyltransferase domain-containing protein
hypothetical protein

lipoprotein

indole-3-glycerol phosphate synthase

1200/1S605 family transposase 1605
aminoglycoside O-phosphotransferase APH(2')-If
hypothetical protein

181595 family transposase ISACsp6

hypothetical protein

hypothetical protein

beta-lactamase OXA-133

vitamin B12 import ATP-binding protein BtuD
tetracycline resistance ribosomal protection protein Tet(O)
hypothetical protein

prntimicrobial resistance genes and resistance-confering mutated genes are n bold, Of note, genes present in both parental srains and the newy emerged srain, and confguous
to the transferred genes might have aiso been transferred as part of the AR genomic island ~ but undetectable by the analysis because they are 100% identical, suggesting that
the Teknd lonuth” bolbow is undkrestimaed.
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Sample
type

Chicken
Turkey
Duck
Quail
Cow

g
Goat

Sheep
Total

Campylobacter spp.

Commercial, % (#/N)  Smallholder, % (1/N)
Cocoli  C.jejuni  C.coli  C.jejuni
16.0 (87/545) 9.0 (49/545)  15.2(102/671) 5.1 (34/671)
3.7(127) 7.4(2127) NA NA
269 (7/26) 0(0/26) NA NA
10.7 (3/28) 39.3(11/28) NA NA
0(0/65) 0(0/65) NA NA
11.0(9/82) 0(0/82) NA NA
0(0/17) 0(0/17) 9.2(9/98) 8.2(8/98)
0(0/15) 0(0/15) 0(0/11) 0(0/11)
133 (107/805)  7.7(62/805)  14.2(111/780) 5.4 (42/780)

n, number positive; N, total samples collected: and NA, not applicable (No sample

collected).
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Source

Alpaca
Camel

Cat
Chicken
Cow

Dog

Falcon
Food (non-meat)
Food (meat)
Goat
Goose
Horse
Human

Pig
Raccoon
Sheep
Snake
Water
Zebra
Totals:

# of samples (% of total)

9(1.43)
2(0.32)
9(1.43)
53 (8.41)
79 (12.54)
36 (5.71)
1(0.16)
44 (6.99)
21(3.33)
7 (1.11)
5(0.79)
52 (8.25)
76 (12.08)
36 (5.87)
1(0.16)
30 (4.76)
2(0.32)
165 (26.19)
1(0.16)
630

Confirmed C. jejuni via PCR (% of total samples)

0/9 (0)
0/2 (0)
0/9 (0)
15/53 (28.3)
16/79 (20.2)
1/36 (2.7)
1/1 (100)
3/44 (6.8)
0/21 (0)
0/7 (0)
1/5 (20)
7/52 (13.4)
71/76 (93.4)
7/36 (19.4)
01 (0)
6/30 (20)
0/2 (0)
16/165 (9.6)
01 (0)
144/630 (22.8)

8.
0.

Submitted for sequencing

0

Sequenced

o O @ ©

=
N

w =+ O 0O w —= =

N O © O o0 O N

N
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Antibiotic group Antimicrobial agents Resistant isolate Isolates of
(concentrations) No (%) C. jejuni

Fluoroquinolone  Ciprofloxacin (5 pg/disk) 8 (57.1%) Ci5650P*
Cj5623W*

Ci5629W

Cj5640W

Cj5683P

Cj5689W

Cj5718C

GjiiM

Tetracycline Tetracycline (30 pg/disk) 5 (35.7%) Cj5623W
Cj5640W

Cj5689W

Cj5716W

Cj5718C

Macrolides Erythromycin (15 pg/disk) 1(7.1%) Gi5650P

*underlined, resistance to ciprofloxacin (CIP) and erythromycin (ERY); bold,
resistance to CIP and tetracycline (TET).





OPS/images/fmicb-11-571064/fmicb-11-571064-t002.jpg
Isolate source
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This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr
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Genome Trakr
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Genome Trakr
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Genome Trakr
Genome Trakr
Genome Trakr
Genome Trakr

Whole genomes were queried against the online Campylobacter database to identify the ST and clonal complex assignment for each isolate.

Sample name

Human-1
Human-2
Human-3
Human-4
Human-5
Cow-6
Human-6
Human-7
Human-8
Human-9
Human-10
Human-11
Human-12
Human-13
Human-14
Human-15
Human-16
Human-17
Human-18
Cow-7
Human-19
Human-20
Human-21
Human-22
Human-23
Human-24
Human-25
Human-26
Human-27
Human-28
Human-29
Human-30
Cow-8
Human-31
Human-32
Human-33
Human-34
Human-35
Human-36
Human-37
Human-38
Human-39
Human-40
Human-41
Human-42
Human-43
Human-44
Human-45
Human-46
Human-47
Human-48
Human-49
Human-50
Human-51
Human-52
Human-53
Human-54
Human-55
Chicken (live)-2
Chicken (live)-3
Chicken (live)-6

Non-chicken Bird-1
Non-chicken Bird-2

Sheep-1
Sheep-2
Sheep-3
Sheep-4
Water-1
Human-56
Human-57
Chicken (live)-8
Cow-9
Human-58
Human-59
Human-60
Human-61
Human-62
Human-63
Cow-1
Cow-2
Cow-3
Cow-4
Cow-5
Chicken (live)-1
Chicken (live)-4
Chicken (live)-5
Water-2
Chicken (meat)-1
Chicken (meat)-2
Chicken (meat)-3
Chicken (meat)-4
Chicken (meat)-5
6

Chicken (meat)-
Cow-10
Chicken (live)-7
Chicken (meat)-7
Cow-11
Cow-12
Chicken (meat)-8
Chicken (meat)—9
Chicken (meat)-1
Chicken (meat)-1
Chicken (meat)-1
Chicken (meat)-1
Chicken (meat)-1
Chicken (meat)-1
Chicken (meat)-1
Chicken (meat)-1
Chicken (meat)-1
Chicken (meat)-1
Chicken (meat)-2
Chicken (meat)-2
Chicken (meat)-2
Chicken (meat)-2
Chicken (meat)-2
Chicken (meat)-2
Chicken (meat)-2
Chicken (meat)—27
Chicken (meat)-28

Non-chicken bird (meat)—1

Chicken (meat)-2
Chicken (meat)-3
Chicken (meat)-3
Chicken (meat)-3
Chicken (meat)-3
Cow-13
Chicken (meat)-3
Chicken (meat)-3
Chicken (meat)-3
Chicken (meat)-3
Chicken (meat)-3
Chicken (meat)-3
Chicken (meat)-4
Chicken (meat)-4
Chicken (meat)-4
Chicken (meat
Cow-14
Cow-15
Chicken (meat
Chicken (meat)-4
Chicken (meat)-4
Chicken (meat)-4
Chicken (meat)-4
Chicken (meat)-4
Chicken (meat)-5
(i
(i
(i
(
(i
(i

-43

-44

Chicken (meat)-5
Chicken (meat)-5
Chicken (meat)-5
Chicken (meat)-5
Chicken (meat)-5
Chicken (meat)-5
Chicken (meat
Cow-16
Cow-17
Cow-18
Cow-19
Cow-20
Chicken (meat

-57

-58
Chicken (meat)-5
Chicken (meat)-6
Chicken (meat)-6
Chicken (meat)-6
Chicken (meat)-6
Chicken (meat)-6
Chicken (meat)-6
Chicken (meat)-6

Chicken (meat)-6
Cow-21
Chicken (meat)-6
Chicken (meat)-6
Chicken (meat)-7
Chicken (meat)-7
Chicken (meat)-7.
Cow-22

Chicken (meat)-73

NCBI accession #

SRR12633998
SRR12633999
SRR12634000
SRR12634001
SRR12634003
SRR12625354
SRR12634004
SRR12634005
SRR12634006
SRR12634007
SRR12634008
SRR12634009
SRR12634010
SRR12634011
SRR12634012
SRR12634014
SRR12634015
SRR12634016
SRR12634017
SRR12633996
SRR12634018
SRR12634019
SRR12634020
SRR12634021
SRR12634022
SRR12634023
SRR12634025
SRR12634026
SRR12634027
SRR12634028
SRR12634029
SRR12634030
SRR12633997
SRR12634031
SRR12634032
SRR12634033
SRR12634034
SRR12634036
SRR12634037
SRR12634038
SRR12634039
SRR12634040
SRR12634041
SRR12634042
SRR12634043
SRR12634044
SRR12634045
SRR12634047
SRR12634048
SRR12634049
SRR12634050
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