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Editorial on the Research Topic
 Recent advances in Campylobacter research




Campylobacter spp. are responsible for more than 100 million cases of human disease each year. While the majority of cases result from infection with C. jejuni and C. coli, other Campylobacter species such as C. concisus are increasingly recognized as being responsible for disease pathogenesis. Additionally, species such as C. fetus are important veterinary pathogens. As with many pathogens, antibiotic resistance in Campylobacter is becoming increasingly problematic, leading to these bacteria being classified as high-level threats by the U.S. Centers for Disease Control (CDC) and the World Health Organization (WHO). However, despite decades of study, the mechanisms by which these bacteria cause illness are not fully understood, and no effective control strategies for animal reservoirs exist. In this Special Topic in Frontiers in Microbiology, “Recent Advances in Campylobacter research,” features 10 manuscripts that explore various aspects of Campylobacter antibiotic resistance, host colonization, and pathogenesis.

Cho et al. used RNA-Seq to evaluate the responses of C. jejuni to antibiotic tolerance induced by ciprofloxacin and tetracycline. The transcriptional response was surprisingly broad, and encompassed changes in numerous genes of various functional categories that presumably promote survival upon exposure to antibiotics. In particular, mutational studies showed that protein chaperones facilitate cellular survival by managing protein disaggregation.

García-Fernández et al. performed a study on a collection of Italian isolates of C. jejuni and C. coli, using Whole-Genome Sequence (WGS) and Multilocus Sequence Typing (MLST) to evaluate the prevalence of antibiotic resistance and virulence determinants. The authors found widespread antibiotic resistance in both species. Furthermore, virulence determinants were more highly represented in specific MLST types, suggesting the potential of WGS to identify strains of greater clinical significance.

A study by Deforet et al. explored Campylobacter antibiotic resistance. Aminopenicillin resistance is associated with a point mutation in the promoter for the chromosomal β-lactamase gene blaOXA61; however, this can generally be overcome by combination treatment with clavulanic acid. While resistance to amoxicillin-clavulanic acid is rare, the authors identified three C. coli strains with amoxicillin-clavulanic acid resistance. A combination of WGS and mass spectrometry (MS) was used to identify the mechanism of this resistance as a second promoter mutation that results in increased blaOXA61 expression.

Concerning therapeutics against Campylobacter, Deblais et al. targeted the twin-arginine translocation (Tat) system, which is responsible for C. jejuni formate utilization but is not present in mammals and chickens. Inhibition of this system, therefore, may prevent C. jejuni colonization. Because the Tat system also mediates CuSO4 resistance by C. jejuni, the authors identified small-molecule inhibitors of the Tat pathway by selecting for increased susceptibility to CuSO4. The identified small-molecule inhibitors were non-toxic to Caco-2 cells and reduced Campylobacter colonization in chicks, suggesting their utility as a control strategy.

One major impediment to a better understanding of C. jejuni pathogenesis is the lack of effective mammalian colonization models, due in part to the inhibitory effect of the intestinal microbiota of mouse strains on Campylobacter colonization. To gain a greater understanding of this issue, Shayya et al. used a targeted metabolomics approach to define characteristics associated with colonization resistance. The microbiota of mice with colonization resistance contained greater abundances of lactobacilli and Mouse Intestinal Bacteroides, and lower abundances of enterobacteria, enterococci, and Clostridium coccoides group. This microbial community structure was accompanied by elevated levels of antimicrobial bile acids and fatty acids, and a reduced abundance of amino acids that are essential for C. jejuni growth, thus providing an explanation for colonization resistance.

To further develop mouse models and to study therapeutic interventions against C. jejuni infection, Mousavi et al. used human microbiota-associated IL-10−/− mice, which developed symptoms of acute campylobacteriosis. Administration of carvacrol (alone or in combination with deferoxamine, deoxycholate, and 2-fucosyl-lactose) resulted in a reduced ileal load of C. jejuni, along with a decrease in diarrhea and histopathological/inflammatory responses. These compounds may therefore represent a promising therapeutic approach as opposed to antibiotic therapy.

To examine the interactions between C. jejuni and other bacteria, Dreyer et al. used a data-independent acquisition mass spectrometry (DIA-MS) approach to determine changes in the whole-cell proteome of C. jejuni upon co-colonization with three Gram-positive bacterial species, and exposure to the bile acid deoxycholate (DCA). All three co-incubation scenarios induced large-scale changes to the C. jejuni proteome and allowed the identification of a core set of 54 proteins that comprised a common co-incubation response. Although the response to DCA was substantially larger, the co-incubation and DCA responses partially overlapped, and data suggested a synergistic response to the different stimuli.

In contrast to its fastidious nature in laboratory culture and its sensitivity to atmospheric oxygen, C. jejuni can survive in a number of challenging environments. One aspect of its biology that allows it to do so is its ability to form protective biofilms, which are cells encased in an Extracellular Matrix (ECM). Pavlinjek et al. described the physical and chemical methods for isolating this ECM. The isolated ECM varied greatly using the different methods, but was rich in protein, polysaccharides, and extracellular DNA. These methods can be used to select the appropriate ones for downstream analytical experiments.

Luk et al. examined the gastric pathogenicity of C. concisus, using cultured gastric epithelial AGS cells. Exposure to C. concisus induced several changes in AGS cells, including the induction of IL-8, actin polymerization, and caspase 3/7. Significantly, C. concisus also elicited an increase in CYP1A1 gene expression; increased CYP1A1 expression is associated with poorer survival in gastric cancer patients. Together, these data suggest that C. concisus may induce gastric inflammation and could affect gastric cancer prognosis.

Finally, Ong et al. used WGS to gain further insight into the veterinary pathogen C. fetus subsp. fetus (four genomes) and C. fetus subsp. venerealis (five genomes). Despite host differences between the two subspecies, they have been difficult to distinguish from each other. While the genomes of the two subspecies were remarkably similar in this study, within this conserved framework were several single-nucleotide polymorphisms that can be used to distinguish the two subspecies.

Together, the manuscripts published in this Research Topic represent important advances in various areas of Campylobacter research.
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Introduction: Aminopenicillins resistance among Campylobacter jejuni and Campylobacter coli strains is associated with a single mutation in the promoting region of a chromosomal beta-lactamase blaOXA61, allowing its expression. Clavulanic acid is used to restore aminopenicillins activity in case of blaOXA61 expression and has also an inherent antimicrobial activity over Campylobacter spp. Resistance to amoxicillin-clavulanic acid is therefore extremely rare among these species: only 0.1% of all Campylobacter spp. analyzed in the French National Reference Center these last years (2017–2022).
Material and methods: Whole genome sequencing with bioinformatic resistance identification combined with mass spectrometry (MS) was used to identify amoxicillin-acid clavulanic resistance mechanism in Campylobacters.
Results: A G57T mutation in blaOXA61 promoting region was identified in all C. jejuni and C. coli ampicillin resistant isolates and no mutation in ampicillin susceptible isolates. Interestingly, three C. coli resistant to both ampicillin and amoxicillin-clavulanic acid displayed a supplemental deletion in the promoting region of blaOXA61 beta-lactamase, at position A69. Using MS, a significant difference in the expression of BlaOXA61 was observed between these three isolates and amoxicillin-clavulanic acid susceptible C. coli.
Conclusion: A combined genomics/proteomics approach allowed here to identify a rare putative resistance mechanism associated with amoxicillin-clavulanic acid resistance for C. coli.

KEYWORDS
 AMR, amoxicillin-clavulanic acid, Campylobacter, beta-lactamase, gene expression


Introduction

Campylobacter jejuni and Campylobacter coli are the most common cause of bacterial gastro-enteritis worldwide, before Salmonella (Chlebicz and Śliżewska, 2018). They are foodborne pathogens transmitted via the consumption of contaminated products, especially meat (mainly chicken, beef and pork). In Europe in 2021, campylobacteriosis accounted for more than 120,000 cases of illness (The European Union One Health, 2021) while in the USA, the number of Campylobacter infections is estimated at 1.5 million illnesses each year (Delahoy et al., 2023). Campylobacteriosis can cause symptoms such as abdominal pains, fever and diarrhea, which are significant risks of complications at the extreme ages of life (Fernández-Cruz et al., 2010). Antimicrobial therapy is considered in case of serious infections, but resistance to commonly used antimicrobials is of concern.

In 2022, 6,772 C. jejuni and 1,138 C. coli clinical isolates were tested at the French National Reference Center for Campylobacters and Helicobacters (Lehours et al., 2023) (NRCCH) showing 63.1 and 64% resistance to ciprofloxacin, 46.9 and 79.4% resistance to tetracycline as well as 33.5 and 29.1% resistance for ampicillin, respectively. However, resistance to macrolides and aminoglycosides remained very low, even though C. coli showed a concerning increase in erythromycin resistance through the emergence of new mechanisms (Jehanne et al., 2021). In France, 0.3% of C. jejuni and 7% of C. coli isolates are resistant to erythromycin and 0.4% of C. jejuni and 2.4% of C. coli isolates are resistant to gentamicin. In addition, less than 0.1% of both C. jejuni and C. coli are resistant to amoxicillin-clavulanic acid, a phenomena which is more common for Campylobacter closely related species, for instance Aliarcobacter butzleri (Zacharow et al., 2015).

Due to the excessive use of antimicrobials, especially in animal, specific genetic mechanisms of resistance have been selected among C. jejuni and C. coli (Griggs et al., 2005; Ladely et al., 2009; Qin et al., 2014; Florez-Cuadrado et al., 2017; Chen et al., 2018; Fabre et al., 2018; Elhadidy et al., 2019; Anampa et al., 2020; Greninger et al., 2020; Hormeño et al., 2020; Wallace et al., 2020; Jehanne et al., 2021). The G57T mutation in the promoting region of blaOXA61 (Zeng et al., 2014) is, in particular, associated with ampicillin resistance. However, no amoxicillin-clavulanic acid resistance mechanism has yet been described. Amoxicillin-clavulanic acid can therefore be an antimicrobial of choice against campylobacteriosis, especially in case of bacteremia (Abay et al., 2014; Schiaffino et al., 2019; Tinévez et al., 2022). However, high levels of resistance can be found in some clinical isolates with minimum inhibitory concentration (MIC) reaching 256 mg/L or above. In the present study, 30 clinical isolates from the collection of the NRCCH were analyzed. Amoxicillin-clavulanic acid and ampicillin resistant and susceptible C. jejuni and C. coli were selected (i) to perform whole-genome sequencing (WGS), (ii) to quantify the expression of BlaOXA61 using mass spectrometry (MS) in order to (iii) identify the genetic mechanism associated with amoxicillin-clavulanic acid resistance. It allowed us to link BlaOXA61 expression levels to the sequence of its promoting region and especially amoxicillin-clavulanic acid resistance to the presence of a supplemental deletion at position A69 in C. coli.



Materials and methods


Isolates selection

A total of 30 isolates (12 C. coli and 18 C. jejuni), listed in Table 1 with their corresponding ENA accession number, were analyzed in the present study as well as two references (C. jejuni CCUG 11284 and C. coli CCUG 11283). The mean age and sex ratio (m/f) of the dataset were 38.4 years and 1.7, respectively. It is composed of clinical strains that have been isolated between 2017 and 2020 from stools and send to the French National Reference Center for Campylobacters and Helicobacters (NRCCH) (Bordeaux, France) by clinical laboratories participating to its surveillance network. Among the C. jejuni isolates, nine were ampicillin (AMP)-susceptible (S), and nine were AMP-resistant (R). They were all amoxicillin-clavulanic acid (AMC)-susceptible. Four of the 12 C. coli were AMP-S and eight were AMP-R. Three AMP-R C. coli, from 2017, 2018 and 2020, were resistant to amoxicillin-clavulanic acid (AMC). Species were identified by matrix-assisted laser desorption ionization-time of flight-mass spectrometry as already described (Bessède et al., 2011). Antimicrobial susceptibility to ampicillin, amoxicillin-clavulanic acid, ciprofloxacin, erythromycin, tetracycline, and gentamicin were performed by diffusion using EUCAST guidelines.1 Ampicillin and amoxicillin-clavulanic acid MICs were determined using Etest (bioMérieux, Marcy l’Etoile, France) and interpreted according to the cut-off values proposed by the CASFM: S ≤ 4 mg/L, R > 16 mg/L.2



TABLE 1 C. coli and C. jejuni French clinical isolates from 2017 to 2020 analyzed in the present study.
[image: A detailed table presents molecular resistance identification data for various *Campylobacter* isolates. It includes columns for strain IDs, species, ANI scores, patient information, sample source and date, AMP and AMC MIC levels, blaOXA61 promoter variants, ENA assembly accession numbers, and the presence of genes or mutations associated with resistance to ciprofloxacin (CIP), erythromycin (ERY), tetracycline (TET), and gentamicin (GEN). Some values indicate resistance (R) or susceptibility (S). Footnotes provide additional methodological details, such as genome assembly using SPAdes and ANI confirmation.]



Whole genome sequencing and genomes analyses

Each clinical isolate was grown on Columbia blood agar (CBA) plate with 5% sheep’s blood (Thermo Fisher Scientific, MA) and incubated at 37°C in a jar. An Anoxomat microprocessor (Mart Microbiology BV, Lichtenvoorde, The Netherlands) created an microaerobic atmosphere of 79.7% N2, 7.1% CO2, and 7.1% H2 and 6% O2. DNA was then extracted from pure bacterial colonies using the MagNA Pure 6 DNA and viral NA SV kit, and DNA purification was performed by bacterial lysis on a MagNA Pure 96 system (Roche Applied Science, Manheim, Germany). Whole genome sequencing (WGS) was performed either on Illumina ISeq 100 (locally at the NRCCH) or Nova Seq 6000 sequencer (Integragen, Evry, France). Sequencing data was analyzed using an in-house pipeline. Specifically, raw reads were cleaned using Sickle v1.33 (Joshi and Fass, 2011) and genomes were assembled using SPAdes v3.15.5 (Bankevich et al., 2012). Generated contigs were filtered depending on their depth (minimum five) and length (minimum 200). Bacterial species were confirmed from in vitro Average Nucleotide Identity method using FastANI v1.1 (Jain et al., 2018) and potential sources of contamination were identified using STRUCTURE tool v2.3.4 (Pritchard et al., 2000) combined with host-segregating genomic markers for C. jejuni (Thépault et al., 2017) and C. coli (Jehanne et al., 2020). Finally, resistance markers (genes and mutations) were isolated from each assembled genomes using Nucleotide-Nucleotide/Protein–Protein BLAST 2.12.0+ (Altschul et al., 1997) command line tool combined with multiple databases: ncbi, card, resfinder, plasmidfinder and an in-house database for Campylobacter sp. based on various previous publications (Griggs et al., 2005; Ladely et al., 2009; Qin et al., 2014; Zeng et al., 2014; Fabre et al., 2018; Hormeño et al., 2020; Jehanne et al., 2021).



Sample preparation for LC–MS/MS analysis

Primary cultures of C. coli and C. jejuni strains were performed in triplicates on Columbia agar +5% sheep blood plates (bioMérieux, Marcy L’étoile, France) at 37°C for 48 h in microaerobic atmosphere. Sub-cultures were performed under the same conditions and bacterial suspensions were prepared in LC–MS grade water to reach a minimum density of four McFarland. Two hundred microliters of bacterial suspension were transferred into 1.5 mL tubes containing approximately 70 mg of 150–212 μm glass beads (Sigma-Aldrich) and 50 μL of 1 mg/ml recombinant trypsin (Roche) in 150 mM NH4HCO3 (Sigma-Aldrich) were added to each tube. Bacterial lysis and protein digestion were performed in a thermostated (50°C) Bioruptor ultrasonicator (Diagenode, Lièges, Belgium) for 10 min with ultrasounds being applied for 30 s every minute. Trypsin digestion was stopped by adding 5 μL of formic acid (Sigma-Aldrich). Tubes were then centrifuged at 9600 × g for 5 min and 100 μL of supernatant were transferred to a final 2 mL glass vial for LC–MS/MS analysis.



LC–MS/MS analysis

Samples were analyzed with an Agilent 1290 Infinity liquid chromatography coupled to a SCIEX QTRAP6500+ Triple-quadrupole mass spectrometer equipped with an ESI Turbo V ion source. Ten microliters of samples were injected on the system. Mobile phases were H2O + 0.1% formic acid (Buffer A) and ACN + 0.1% formic acid (Buffer B). LC separation was carried out on a Waters Xbridge Peptide BEH C18 (1 mm × 100 mm, particle size 3.5 μm) column heated at 60°C. The analytical gradient was set as follow: 2 to 10% B from 0 to 0.1 min, 10 to 30.5% B from 0.1 to 13.1 min, and 30.5 to 50% B from 13.1 to 15.95 min. Flow rate was set at 100 μL/min. The mass spectrometer ion source temperature was 550°C and the ion spray voltage set at 5500 V. Curtain gas, nebulizer gas (GS1) and heating gas (GS2) were, respectively, set at 50, 70, and 60 psi.



MRM assay development

The amino-acid sequence of BlaOXA61 beta-lactamase was digested in silico with trypsin using Skyline software (version 22.2.0.351) to generate every potential surrogate peptide. An initial MRM method was built monitoring three y ion-type fragments for each doubly and triply charged putative peptides to identify the ones detectable in strains known to express high amounts of BlaOXA61. All peptides selected during the first screening step were included in a second MRM method to monitor every y and b ions of the most intense charge state. Signal specificity was confirmed when at least eight transitions were detected at the same retention time in strains known to express blaOXA61 and when no signal was observed for strains known to have intrinsic repression of the beta-lactamase expression. A final MRM assay was built with the three most intense fragment ions of each BlaOXA61 peptide as well as three y ions for five peptides derived from Campylobacter ribosomal proteins (Supplementary Table 1).



Peak detection and relative quantification

Raw chromatograms were analyzed using Skyline software. For each peptide, peak integration was manually checked and curated when necessary to ensure correct quantification. Label-free quantification strategies have now been widely applied and demonstrated their robustness for quantification of proteins in biological samples (Cecchini et al., 2018; Fournier et al., 2021; Pivard et al., 2023). Those approaches rely on the assumption that signal of the most intense transitions of the best flying peptide correlate with protein abundance and can therefore be used as an indicator of protein amounts (Ludwig et al., 2012). Here, the area of the three transitions of three BlaOXA61 peptides (EQAILLFR, YLDELVK and IDTFWLDNSLK) were summed to compensate for potential slight variations in fragmentation and trypsin digestion repeatability across runs. Moreover, to take into account bacterial load variations across samples, the sum of BlaOXA61 peptides is expressed relative to signals of five housekeeping peptides derived from ribosomal proteins used as indicators of bacterial density due to their quantotypic properties (Cecchini et al., 2018; Pivard et al., 2023). In other words, quantification values are obtained using Equation 1:

[image: Quantification equals the sum of the three transitions of three BlaOXA61 peptides divided by the sum of the three transitions of five ribosomal peptides, labeled as equation one.]




Results


Genomic analyses

C. jejuni and C. coli genomes were properly assembled and species were confirmed with average scores of 97.57% (±0.14) and 98.79% (±0.13) for C. jejuni and C. coli isolates, respectively (Table 1). The average genomes size was 1.72 Mbp (±67 kbp) with an average contigs number of 80 (±196; isolate fasta “2018–0015” is comprised of more than 1000 contigs which significantly increases the data) and an average contig length of 42 kbp (±15.8 kbp). Moreover, genomes GC % was about 32% (±2.2%) and the average number of coding sequences (CDS) was 1,766 (±66), in accordance with previously published data (Pearson et al., 2013; He et al., 2020). Additionally, most of the selected clinical isolates were attributed to the chicken reservoir using source attribution models (data not shown), which represents 63.3% of the dataset. Genomic antimicrobial resistance (AMR) analysis allowed to display the G57T mutation in the blaOXA61 promoting region among every AMP-R C. jejuni and C. coli isolates, highlighting the importance of this marker in ampicillin resistance for Campylobacters (Zeng et al., 2014). A supplemental deletion in position A69 of that promoting sequence was also exclusively identified among all three AMC-R C. coli isolates (two from chicken and one from pig according to the source attribution markers), as shown in Figure 1. The use of mass-spectrometry was used to estimate the impact of such deletion on the expression of BlaOXA61.

[image: Table comparing isolates of *C. coli* and *C. jejuni* with their respective blaOXA-61 partial promoting sequences. It includes AMP and AMC MIC values in nanograms per liter. Certain AMP values are highlighted in red.]

FIGURE 1
 Alignment of blaOXA61 promoting sequences in 18 C. jejuni and 12 C. coli included in the present study. For each isolate, ampicillin and amoxicillin-clavulanic acid MICs are indicated. Promoting regions were extracted from every assembled genome using Nucleotide-Nucleotide BLAST 2.12.0+ (Altschul et al., 1997), and sequences were aligned using Muscle v3.8.1551 (Edgar, 2004). Relevant genotypes are here highlighted in white at positions −57 and −69.




MRM analyses

To quantitatively assess the expression levels of BlaOXA61, each strain was grown in triplicates and trypsin-digested bacterial lysates were analyzed by targeted mass spectrometry for the detection of BlaOXA61. Due to variations observed in the relative intensities of ribosomal peptides (used as housekeeping standards for cell number and expression level normalization, as described in material and methods) between C. jejuni and C. coli, BlaOXA61 expression levels were only compared within the same species.

In comparison to the wild type promoter, the addition of the G57T mutation in blaOXA61 promoting region leads to an increase of the beta-lactamase expression and confers resistance to ampicillin for both Campylobacter species (Figures 2A, 3A). Relative quantification revealed a significant 15-fold and 16-fold increase in overexpression of BlaOXA61 compared to the ampicillin susceptible (wild type promoter) in C. jejuni and C. coli isolates, respectively (Figures 2B, 3B).

[image: Graph A shows blaOXA-61 gene expression over various isolates with wild-type and G57T promoters, indicating increased expression in G57T mutants. Graph B compares wild-type and G57T promoter expression, highlighting significantly higher expression in G57T with statistical significance indicated by three asterisks.]

FIGURE 2
 BlaOXA61 relative quantification in ampicillin-susceptible and resistant C. jejuni isolates. (A) Each strain individually. (B) Strains grouped according to the blaOXA61-promoting sequences. Data are expressed in arbitrary units. In panel (B), the mean of triplicates was used to perform a Mann–Whitney U test. ***p value <0.001. wt, wild type; S, susceptible; R, resistant. No signal was observed for C. jejuni reference CCUG 11284.


[image: Graph A shows BlaOXA-61 relative quantification across different strains categorized by promoter types: wt (AMP-S/AMC-S), G57T (AMP-S/AMC-R), and G57T + ΔA69 (AMP-R/AMC-R). Graph B presents a comparison of the same relative quantification among three groups: wt, G57T, and G57T + ΔA69, showing significant increases in the latter two groups.]

FIGURE 3
 Expression levels of BlaOXA61 in C. coli isolates with wild type, G57T or G57T + ∆A69 promoters. (A) Each strain individually. (B) Strains grouped according to the blaOXA61-promoting sequences. Data are expressed in arbitrary units. In panel (B), the mean of triplicates was used to perform one-way ANOVA. ***p-value <0.001. wt, wild type; AMP, ampicillin; AMC, amoxicillin + clavulanic acid; S, susceptible; R, resistant.


The combination of the G57T mutation with a supplemental deletion in position A69 was associated with a significant overexpression of BlaOXA61 and resistance to amoxicillin-clavulanic acid in the three C. coli strains included in the present study. Indeed, a significant 54 and 16-fold increase was observed compared with strains harboring a WT or a G57T blaOXA61 promoter (Figure 3B), respectively.




Data availability

Corresponding genome accession numbers of each clinical isolates are available in Table 1 and under ENA Study number PRJEB63218. MRM raw data and transition list are available via PASSEL with the accession number PASS05834.3



Discussion

Campylobacter resistance to antimicrobials is concerning (Wieczorek and Osek, 2013). However, resistance to amoxicillin combined to clavulanic acid beta lactamase-inhibitor among human Campylobacter isolates remains sparse (Deckert et al., 2013; Post et al., 2017; Wallace et al., 2021), even though ampicillin resistance rates in poultry reservoirs are high (Casagrande Proietti et al., 2020; Béjaoui et al., 2022; Gharbi et al., 2023) (up to 73%). This current study proposes a combined genomic and proteomic approach to characterize the mechanism responsible for amoxicillin-clavulanic acid (AMC) resistance in Campylobacter clinical isolates, specifically C. coli. This experimental strategy used both molecular and mass spectrometry analyzes and highlighted a deletion at position A69 in the blaOXA61 promoting region contributing to a significant increase of the beta-lactamase expression, which is associated with amoxicillin-clavulanic acid resistance.

The existence of beta-lactamases among C. jejuni and C. coli isolates is now well described, such as blaOXA61, blaOXA489 or blaOXA193, with blaOXA61 being the most frequently observed (Cobo-Díaz et al., 2021). Even though their expression has been widely associated with aminopenicillin resistance, many previous studies are based uniquely on the presence or absence of beta-lactamase genes without taking into account the importance of the promoting region (Gharbi et al., 2023). As a matter of fact, a single nucleotide at position 57 (G → T) in this specific sequence is associated with ampicillin resistance (Zeng et al., 2014). Activity of beta-lactamase inhibitors such as clavulanic acid used in combination to amoxicillin may be significantly impaired in case of blaOXA61 overexpression, as shown in a previous study using PCR and qPCR amplification (Casagrande Proietti et al., 2020).

In the present study, LC–MS/MS allowed to confirm that the G57T mutation in the blaOXA61 promoting region is responsible for an increased expression of the beta-lactamase, thus conferring ampicillin resistance. However, every C. jejuni and C. coli clinical isolates which only displayed that single mutation remain highly susceptible to the amoxicillin-clavulanic acid activity. Nevertheless, we showed that three AMC-resistant C. coli isolates displayed a supplemental A69 deletion responsible for an overexpression of BlaOXA61. Those high levels of BlaOXA61 production seems to fully encounter clavulanic acid inhibitor activity. Additional C. coli isolates with both G57T + ∆A69 genotypes but also isolates showing ∆A69 only would need to be collected to ensure more robust statistical analysis and therefore better assess the correlation between their resistance phenotype and the expression level of BlaOXA61.

According to Tajada et al. (1996) the great activity of clavulanic acid in C. jejuni and C. coli is due to its ability to bind Penicillin Binding Proteins with lower MICs in C. jejuni compared to C. coli. It is therefore maybe not surprising to observe amoxicillin-clavulanic acid resistance only in C. coli. Amoxicillin-clavulanic acid resistance remains however very rare among C. jejuni and C. coli clinical isolates. Nevertheless, such broadened resistance spectrum conferred by overexpression of a beta-lactamases due to point mutations in the promoter region is not unusual, as it has been well described in other species especially E. coli (Corvec et al., 2002; Tracz et al., 2005; Singh et al., 2019). Site-directed mutagenesis to induce changes in the blaOXA61 promoting sequence of amoxicillin-clavulanic acid and ampicillin susceptible isolates could however be performed in order to fully observe the impact on the gene expression.

In conclusion, combined genomic-proteomic approach here allowed us to identify a new blaOXA61 promoting region displaying both G57T mutation and an uncharacterized A69 deletion which leads to a significative overexpression of this beta-lactamase and may be responsible for amoxicillin-clavulanic acid resistance. These results are even more valuable as we lack consensus data on such phenotypes. Indeed, C. jejuni and C. coli breakpoints for amoxicillin-clavulanic acid today are based on that for other species, such as the use of EUCAST Enterobacteriaceae recommendations. Although this mechanism is rare among C. coli clinical isolates, it needs to be seriously considered since C. coli species isolates can easily adapt to their environment.
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In dynamic microbial ecosystems, bacterial communication is a relevant mechanism for interactions between different microbial species. When C. jejuni resides in the intestine of either avian or human hosts, it is exposed to diverse bacteria from the microbiome. This study aimed to reveal the influence of co-incubation with Enterococcus faecalis, Enterococcus faecium, or Staphylococcus aureus on the proteome of C. jejuni 81–176 using data-independent-acquisition mass spectrometry (DIA-MS). We compared the proteome profiles during co-incubation with the proteome profile in response to the bile acid deoxycholate (DCA) and investigated the impact of DCA on proteomic changes during co-incubation, as C. jejuni is exposed to both factors during colonization. We identified 1,375 proteins by DIA-MS, which is notably high, approaching the theoretical maximum of 1,645 proteins. S. aureus had the highest impact on the proteome of C. jejuni with 215 up-regulated and 230 down-regulated proteins. However, these numbers are still markedly lower than the 526 up-regulated and 516 down-regulated proteins during DCA exposure. We identified a subset of 54 significantly differentially expressed proteins that are shared after co-incubation with all three microbial species. These proteins were indicative of a common co-incubation response of C. jejuni. This common proteomic response partly overlapped with the DCA response; however, several proteins were specific to the co-incubation response. In the co-incubation experiment, we identified three membrane-interactive proteins among the top 20 up-regulated proteins. This finding suggests that the presence of other bacteria may contribute to increased adherence, e.g., to other bacteria but eventually also epithelial cells or abiotic surfaces. Furthermore, a conjugative transfer regulon protein was typically up-expressed during co-incubation. Exposure to both, co-incubation and DCA, demonstrated that the two stressors influenced each other, resulting in a unique synergistic proteomic response that differed from the response to each stimulus alone. Data are available via ProteomeXchange with identifier PXD046477.
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1. Introduction

Campylobacter jejuni belongs to the most frequently diagnosed bacterial gastrointestinal pathogens in humans worldwide (Acheson and Allos, 2001). In the developed world, foodborne infections most commonly occur after consumption of cross-contaminated food, prepared in parallel with poultry meat., whereas Campylobacter spp. belong to the natural commensal microbiome in poultry (Skirrow, 1991). Additional sources for infections are water, raw milk or other livestock animals (Blaser et al., 1980, 1983; Szewzyk et al., 2000). Symptoms of campylobacteriosis include severe bloody diarrhea, fever, abdominal cramps and nausea. Furthermore, Campylobacter infections are associated with severe follow-up diseases, for example the Guillain-Barré syndrome, a neural disease that can lead to paralyzes and damage of the nervous system (Rees and Hughes, 1995; Sejvar et al., 2011).

The ideal growth temperature for the Gram-negative, helical-shaped and microaerophilic bacterium lies between 37°C and 42°C. Due to its broad spectrum of virulence-associated factors that enable the survival in varying environmental conditions, C. jejuni can successfully colonize the gut of avian and mammal hosts. One of these virulence-associated factors is the ability to survive high concentrations of bile acid in the human or animal gut. Among the diverse functions of bile is the solubilization and emulsification of fat, which makes it an important biological detergent (Begley et al., 2005; Chiang, 2017). Under the exposition of bile acids, the composition of fatty acids and phospholipids of the bacterial cell membranes are altered, which leads to instabilities in the cell’s surface and consequently to the disruption of the cell (Taranto et al., 2003). Furthermore, DNA damages might be induced by the presence of bile acid in different bacteria, such as E. coli (Kandell and Bernstein, 1991; Begley et al., 2005). To overcome this stress, bacterial gut inhabitants have developed several mechanisms to cope with bile acid and are able to tolerate varying concentrations of bile.

Co-incubation can have several important positive or negative effects on the growth of different bacteria. In presence of other microbes, some pathogenic bacteria show an increase in in their virulence (Stacy et al., 2016; Fast et al., 2018). However, proteomic studies on co-incubation remain rare. A proteomic study by García-Pérez and coworkers has shown that co-incubation can reduce the number of extracellular proteins in microbial communities in wounds (García-Pérez et al., 2018). In addition, co-incubation of different bacteria with yeasts, such as C. albicans, has shown positive effects on the growth of both species, probably due to the release of nutrients into the medium or beneficial changes in pH (Ellepola et al., 2019). During co-incubation with other bacteria, C. jejuni has been shown to interact with a variety of other bacteria, for instance Bifidobacterium longum which prevents the adherence of C. jejuni to intestinal tract cells (Quinn et al., 2020a,b). A combination of different bacteria that include E. faecium can lead to a decrease of C. jejuni in the gastro-intestinal tract of poultry (Neveling and Dicks, 2021). Anis and colleagues showed that studying the co-incubation of C. jejuni with other bacteria might be an interesting topic, as the bacterial interaction might enhance C. jejuni survival when exposed to external stresses, such as the presence of oxygen (Anis et al., 2022). Further studies about co-cultivation of C. jejuni with E. coli and L. monocytogenes, showed that the adhesion potential of C. jejuni to all tested surfaces was significantly increased. In summary, this study suggests that the presence of other (foodborne) bacteria may increase the adhesion of C. jejuni, and thus, co-incubation might contribute to its pathogenicity (Klančnik et al., 2020). The only co-cultivation study that investigated transcriptomics or proteomics in C. jejuni during co-cultivation involved eukaryotic cells, specifically human INT 407 and Caco-2 epithelial cells (Negretti et al., 2019). Thus, our study aiming the proteomic adaptations of C. jejuni to bacterial co-cultivation is novel and covers a so far unexplored subject.

To our knowledge. Proteomic or transcriptomic studies of C. jejuni with other bacteria do not exist so far. The only co-cultivation studies that investigated transcriptomics or proteomics in C. jejuni during co-cultivation include eukaryotic cells, such as human INT 407 and Caco-2 epithelial cells (Negretti et al., 2019). Thus, our study aiming the proteomic adaptations of C. jejuni to bacterial co-cultivation is novel and covers a so far unexplored subject.

In this study, we aimed to observe the impact of co-incubation on the C. jejuni proteome and the possible effects of co-incubation on the bile acid response of the bacterium. Therefore, we analyzed the proteome of C. jejuni in co-incubation and under deoxycholate (DCA = deoxycholic acid) stress. DCA is a secondary bile acid, which is a product of dehydroxylation by gut microbiota and has been shown to have inhibiting effects on the growth of C. jejuni and other bacteria at a certain concentration (Lertpiriyapong et al., 2012; Vidal et al., 2021) and furthermore substantial effects on the proteome (Masanta et al., 2019). The three bacterial species chosen for co-incubation were less resistant toward DCA than C. jejuni.

One of the bacterial species chosen for the co-incubation study was E. faecalis, a Gram-positive, facultative anaerobic coccal opportunistic pathogen that belongs to the human commensal microbiome, but can also be found in environmental samples (Lebreton et al., 2014; Van Tyne and Gilmore, 2014; Fiore et al., 2019). Furthermore, we tested a close relative of E. faecalis, E. faecium, which is also an opportunistic pathogen of global importance due to its high antibiotic resistance potential (Lopes et al., 2006; Gorrie et al., 2019). The third bacterium used in this study was Staphylococcus aureus, another Gram-positive pathogen of high clinical relevance due to the high number of severe infections caused by multidrug resistant S. aureus (Klevens et al., 2007; Rasigade et al., 2014; Cheung et al., 2021).

This study aims to provide a deeper look at the co-incubation proteome of the pathogen C. jejuni with other bacteria that are usually present in the human body and the respective proteomic changes in presence of DCA. We used data-independent acquisition mass spectrometry (DIA-MS) to systematically compare the proteomic changes in co-incubation of the different bacteria with C. jejuni as well as the proteomic response to bile acid (DCA). This technique enables the quantitative analysis of every detectable compound in a sample of proteins and thus provides high reliability in the quantitative results (Huang et al., 2015). To our knowledge, this is the first proteomic co-incubation study on C. jejuni.



2. Materials and methods


2.1. Bacterial strains and growth conditions

Campylobacter jejuni 81–176 (purchased from the American Type Culture Collection: ATCC-BAA-2151) was used for all described experiments. C. jejuni was grown overnight on CAM-agar plates from Biomérieux (Marcy-l’Étoile, France) at 42°C. Mueller-Hinton (MH) broth served as liquid medium at 37°C. To generate a microaerophilic environment, the Gas Pak™ EZ Campy Container System by BD (Franklin Lakes, NJ, USA) and an anaerobic jar for incubation were used.

Enterococcus faecalis ATCC 700802 (V583; purchased from the American Type Culture Collection), Enterococcus faecium TX0016 (also purchased from the American Type Culture Collection: ATCC BAA-472) and Staphylococcus aureus NCTC 8325 (PS 47, purchased from the BCCM/LMG: LMG 21764) were used for co-incubation experiments and grown overnight on Columbia agar plates supplemented with sheep blood purchased from Biomérieux (Marcy-l’Étoile, France).



2.2. Co-incubation

For co-incubation experiments, the optical density at 600 nm (OD600) of C. jejuni was set to 0.5 and the OD600 of the respective other bacterium was set to 0.1. Incubation was performed in phosphate buffered saline (PBS) to avoid effects of the medium on the bile acid resistance. DCA was added to the medium at a concentration of 0.1% for E. faecalis and E. faecium and 0.075 for S. aureus. These concentrations are lethal to these Gram-positive bacteria when cultured individually. Incubation was carried out for 3 h at 37°C and shaking at 150 rpm. After three hours, a spot assay on Mueller-Hinton agar plates was done to show the survival of the bacteria after 3 h in a dilution series. Subsequently, protein extraction was done.

The three Gram-positive bacterial species without presence of C. jejuni served as positive control while the approaches of the Gram-positive bacteria with the respective amount of DCA served as negative control. All samples were prepared in biological triplicates.



2.3. Protein extraction from pellet

Cultures were centrifuged at 4,000 rpm for 10 min at 4°C. For protein-extraction from the pellet, the supernatant was discarded. For samples containing C. jejuni, pellets were resuspended in 2 mL 0.9% saline and kept on ice over the procedure. Subsequently, the Gram-negative cells were disrupted via sonification using a Branson sonifier 250 from Branson ultrasonics (Brookfield, Connecticut, USA) with the following settings: output control = 3, duty cycler = 30%. The sonification process was performed five times for 30 s followed by 30 s of cooling to avoid overheating of the proteins. Afterwards, the Gram-positive cells were disrupted using 0.75 g of 4 mm glass beads that were added to the samples and were subsequently treated in a “Fast prep 96 Homogenizer” (MP Biomedicals Germany GmbH, Eschwege, Germany) for 2 × 20 s, followed by centrifugation at 5,500 g for one minute. The supernatant was then removed and samples were centrifuged at 13,500 xg for 10 min at 4°C in a tabletop centrifuge. Finally, the supernatant was used for a Pierce assay, that was performed to determine the protein concentration of all samples. After this, the concentrations were adjusted to 1 μg/μL for DIA-MS analysis. For all samples, biological triplicates were prepared.



2.4. Data-independent-acquisition mass spectrometry (DIA-MS)

Protein samples were loaded onto a 4–12% NuPAGE Novex Bis-Tris Minigels (Invitrogen) and run into the gel for 1.5 cm. Following Coomassie staining, the protein areas were cut out, diced, and subjected to reduction with dithiothreitol, alkylation with iodoacetamide and finally overnight digestion with trypsin was performed. Tryptic peptides were extracted from the gel, the solution dried in a Speedvac and kept at −20°C for further analysis.

Protein digests were analyzed on a nanoflow chromatography system (nanoElute) hyphenated to a hybrid timed ion mobilityquadrupole-time of flight mass spectrometer (timsTOF Pro, all Bruker Daltonics GmbH & Co. KG, Bremen, Germany). In brief, 250 ng equivalents of peptides were dissolved in loading buffer (2% acetonitrile, 0.1% trifluoroacetic acid in water), enriched on a reversed-phase C18 trapping column (0.3 cm × 300 μm, Thermo Fisher Scientific) and separated on a reversed phase C18 column with an integrated CaptiveSpray Emitter (Aurora 25 cm × 75 μm, IonOpticks) using a 50 min linear gradient of 5–35% acetonitrile / 0.1% formic acid (v:v) at 250 nL min−1, and a column temperature of 50°C. For identification, representative samples were analyzed in PASEF acquisition mode using default manufacturer’s settings [n = 12] (Meier et al., 2018). For identification and quantification samples were analyzed in diaPASEF mode using a customized 16×2 window acquisition scheme (Skowronek et al., 2022). For each biological replicate, three technical replicates were performed in diaPASEF mode for quantitation.



2.5. Data processing and statistics

The data processing was performed using the Spectronaut v16.0.220606.53000 software package (Biognosys AG, Schlieren, Switzerland). Identification of proteins as well as hybrid spectral library generation from 12×2 DDA acquisitions and 12×2 DIA acquisitions experiments were done using the Pulsar search engine against UniProtKB C. jejuni 81–176, E. faecalis ATCC 700802, E. faecium TX0016 and S. aureus NCTC 8325 proteomes using the default parameters. The False Discovery Rate (FDR) was set to 1% on the spectral, peptide and protein group levels for all samples. DIA quantification was performed with up to 6 fragments per peptide and up to 10 peptides per protein. A dynamic retention time alignment was done, as well as dynamic mass recalibration and quartile normalization, for the 1% FDR. Imputation of global data was executed for the final results table.

Perseus v1.6.2.2 was used for the statistical analysis and for generation of volcano plots to compare the different samples (Storey and Tibshirani, 2003; Tyanova et al., 2016). As significant regulation level, two-fold up- or down-expression was chosen. Proteins present in 80% of the samples were considered for further analysis. For volcano-plot generation in Perseus, a t-test was chosen with a number of randomizations = 250 and a FDR of 0.05 (Storey and Tibshirani, 2003). All proteins that are described in the following as up- or down-expressed were significantly regulated, if not otherwise stated.

Clusters of orthologous genes (COG)-categories were assigned to the proteins using the online-tool eggNOGmapper v 2.18 (Huerta-Cepas et al., 2017, 2019; Cantalapiedra et al., 2021). To identify commonly expressed proteins, Venn diagrams were generated utilizing InteractiVenn (Heberle et al., 2015). All Plots were generated using matplotlib in python3 (Van Rossum and Drake, 2009).




3. Results and discussion


3.1. Identification of Campylobacter jejuni proteins that are commonly regulated during co-incubation with different Gram-positive bacteria

The interbacterial communication between C. jejuni and other bacterial species remains poorly explored to date, lacking comprehensive investigation. Our research is aimed to investigate mechanisms of this cross-talk and its potential implications in various ecological and pathogenic contexts.

We hypothesized that co-incubation of C. jejuni with other bacterial species triggers a proteomic response in C. jejuni. Three different Gram-positive species were chosen for co-incubation with C. jejuni, namely E. faecalis, E. faecium and S. aureus, which are all putative inhabitants of the intestinal host microbiome. The bacteria were incubated for three hours at 37°C in PBS, without nutrient supply since we were not interested in responses due to different degrees of nutrient competition (see scheme of the workflow in Figure 1). Instead, we aimed to target responses resulting from direct bacterial contact or from interactions with secreted molecules. Using volcano-plots generated from DIA-MS data, we compared the proteome of C. jejuni in monoculture with each of the three bacteria with C. jejuni in co-incubations.
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FIGURE 1
 Workflow scheme: eight different approaches of mono- or co-incubation were prepared and incubated at 150 rpm and 37°C for three hours. After incubation, the approaches were centrifuged and the proteins were extracted and precipitated with acetone. Data-Independent Acquisition Mass Spectrometry (DIA-MS) was performed, followed by data analysis and statistical analysis.


Co-incubation resulted in all cases in an altered proteomic profile, whose dimension depends on the species used for co-incubation. With S. aureus, the changes in the proteomic profile exhibited the highest intensity with 445 differentially expressed proteins.

It is well known that S. aureus produces several toxins and hemolysins that might act against other bacteria (Shinefield, 1963; Otto, 2014). Conversely, S. aureus can also secrete beneficial substances for other microorganisms and co-exist in polymicrobial communities, which can be advantageous for infections (Nguyen and Oglesby-Sherrouse, 2016; García-Pérez et al., 2018; Karki et al., 2021). These characteristics of S. aureus might contribute to the increased number of differentially expressed proteins in the co-incubation with C. jejuni.

In the co-incubation assay with E. faecium, 405 proteins were differentially expressed and in the assay with E. faecalis, 241 proteins were differentially expressed. The ratio of up-expressed and down-expressed proteins also varied specifically.

Among the differential expressed proteins, 54 were commonly up-expressed in all three co-incubation approaches and 100 proteins were commonly down-expressed (Figure 2). The distribution of COG-categories differs between commonly up-expressed and down-expressed proteins (Figure 3). Down-expressed proteins are characterized by a higher proportion of the categories C (energy production and conversion), E (amino acid metabolism and transport), F (nucleotide metabolism and transport), I (lipid metabolism) and G (carbohydrate metabolism and transport). In contrast, up-expressed proteins are characterized by a higher proportion of the categories J (translation), L (replication and repair), M (cell wall / membrane / envelope biogenesis) and T (signal transduction).

[image: Two Venn diagrams compare gene expression in combinations of pathogens. The left diagram shows "Up-expressed" genes: 54 genes overlap among C. jejuni & E. faecalis, C. jejuni & E. faecium, and C. jejuni & S. aureus, with additional overlaps and unique counts in each pair. The right diagram displays "Down-expressed" genes: 100 genes overlap across the same combinations, with other overlaps and individual counts noted.]

FIGURE 2
 Venn diagrams were used to show the commonly up- and down-expressed proteins in C. jejuni during co-incubation with E. faecalis, E. faecium, and S. aureus in the pellet. The analysis revealed that 54 proteins were commonly up-expressed in all three co-incubation approaches, while 100 proteins were commonly down-expressed.


[image: Bar chart showing relative abundance percentages of up-expressed and down-expressed categories, labeled from A to V with specific functions like RNA processing, energy production, and defense mechanisms. Up-expressed and down-expressed columns contain multiple colorful segments, each corresponding to distinct functions indicated in the legend on the right.]

FIGURE 3
 This figure shows the COG-categories of the 54 proteins commonly up-expressed and 100 proteins commonly down-expressed in all three co-incubation approaches. The samples were normalized before analysis. The stacked bar plot displays the percentage distribution of the COG-categories, with different colors representing different categories.


The differentially expressed proteins in all approaches were sorted according to their difference expression level. We compared the top 20 up- and down-expressed proteins of each co-incubation proteome (see Supplementary Excel file), in order to identify commonly regulated proteins with a high degree of regulation. Four commonly up-expressed proteins were found in the top 20 up-expressed proteins: hemolysin A (A0A0H3PEK7_CAMJJ), a DNA/RNA non-specific endonuclease (A0A0H3PJE6_CAMJJ), a putative lipoprotein (A0A0H3PA71_CAMJJ), and a putative membrane protein (A0A0H3PDB2_CAMJJ). Hemolysin A is associated with the lysis of cells via disruption of the cell membrane. This phenomenon is particularly observed for red blood cells (erythrocytes), as certain pathogens have the ability to cause lysis of these cells to access an iron source (Skals et al., 2010; Wiles and Mulvey, 2013). Therefore hemolysis is considered as an important virulence factor (Elliott et al., 1998; Kielian et al., 2001; Vandenesch et al., 2012). The putative lipoprotein can be associated with cell–cell contact with host epithelial cells, but probably also with other bacteria (Speare et al., 2022). Putative lipoproteins can be considered as virulence factors, as well. Many outer membrane proteins in pathogenic bacteria are virulence factors that enable or facilitate bacterial attachment to host cell surfaces (Gao et al., 2021). The exact function of the putative membrane protein remains unknown. However, this membrane associated protein might also play a role in intercellular communication. Lipoproteins are a diverse group of membrane proteins that play crucial roles in various biological processes, including cellular physiology, cell division, and virulence. They have significant importance and impact on these phenomena (Kovacs-Simon et al., 2011).

Among the top 20 up-expressed proteins in co-incubation were three membrane-interactive proteins, which might indicate an increased adherence to other bacteria through contact with other bacterial species. Enhanced adherence is only one possible reason for the high expression of membrane associated proteins in co-incubation. Whether these effects are due to co-incubation remains unclear. Our study employed in vitro co-incubation experiments to investigate proteomic changes. While these experiments allow for controlled conditions and precise analysis, they may not fully replicate the complex interactions that occur within host environments. A genomic assessment could validate this hypothesis. Nevertheless, it is known that in presence of other commensal microbes, some (pathogenic) bacteria can enhance their virulence (Stacy et al., 2016; Fast et al., 2018).

Moreover, four commonly down-expressed proteins were found in the top 20 down-expressed proteins, namely the translation initiation factor IF-3 (IF3_CAMJJ), a DNA-directed RNA polymerase subunit omega (RPOZ_CAMJJ), an ATP synthase subunit beta (ATPB_CAMJJ) and a 6,7-dimethyl-8-ribityllumazine synthase (RISB_CAMJJ).

Some Campylobacter strains possess the capability to employ a type 6 secretion system (T6SS), which can be used for communication with their surrounding environment including other bacteria (Chen et al., 2015; Gallique et al., 2017). However, C. jejuni 81–176 does not harbor a type 6 secretion system (Liaw et al., 2019), which implies the utilization of alternative mechanisms for bacterial communication. However, other C. jejuni strains, for example the strains C. jejuni 488, 43,431 or RC039 utilize a type 6 secretion system (Liaw et al., 2019), indicating that cross-talk via a type 6 secretion system-dependent protein secretion would be possible in some C. jejuni strains.



3.2. The co-incubation response and the bile acid stress response partly overlap

In order to identify proteins that are specifically regulated during co-incubation, we compared the changes in the proteomic profile after co-incubation with the stress response during incubation with bile acids, which was previously shown to trigger a strong proteomic stress response in C. jejuni (Masanta et al., 2019). After 3 h incubation with 0.1% DCA, a substantial proportion of C. jejuni proteins were differentially expressed. A total of 526 proteins were identified among the up-expressed proteins, which is ~10-fold more than the 54 up-expressed proteins during co-incubation with Gram-positve bacteria. Likewise, 516 proteins were down-expressed after DCA incubation, which is ~5-fold more than the number during co-incubation with Gram-positve bacteria. This leads to the assumption that the exposure to DCA provokes a significantly more pronounced proteomic response compared to the co-incubation scenarios.

Venn diagrams show the overlapping proteins between both approaches (Figure 4 and Supplementary Figures S2, S3). Out of the 54 commonly up-expressed proteins during co-incubation, 36 proteins were also found in C. jejuni monoculture with DCA. This indicates that only the 18 remaining proteins are specific for co-incubation (see Supplementary Table S1). Moreover, from the 516 down-expressed proteins in C. jejuni in presence of DCA, 78 were shared with the 100 down-expressed proteins in the co-incubation approach (Figure 4), indicating that the 22 remaining proteins are specifically down-expressed in co-incubation (see Supplementary Table S6). In total, 343 proteins were commonly up-expressed and 277 proteins were commonly down-expressed in presence of DCA and co-incubation (Figure 5).

[image: Two Venn diagrams show gene expression changes. The left diagram indicates up-expressed genes, with sections for Co-incubation (54), C. jejuni + DCA (526), and Co-incubation + DCA (343), highlighting overlap sections and a specific subset of 152. The right diagram shows down-expressed genes with Co-incubation (100), C. jejuni + DCA (516), and Co-incubation + DCA (277), emphasizing overlap sections and a specific subset of 77.]

FIGURE 4
 A Venn diagram is presented to compare the commonly up-expressed proteins (left) of C. jejuni in co-incubation with E. faecalis, E. faecium, and S. aureus with and without DCA, and the up-expressed proteins of C. jejuni with DCA in monoculture. A total of 152 proteins were specifically detected in co-incubation with DCA and not in the other approaches. The down-expressed proteins are shown on the right. The red boxes highlight proteins that are uniquely and specifically expressed in the co-incubation with DCA approach.


[image: Two Venn diagrams illustrate gene expression. The left diagram shows up-expressed genes, with three overlapping circles representing different bacteria combinations with DCA, revealing 343 common genes. The right diagram presents down-expressed genes for the same combinations, highlighting 277 shared genes. Each section's numbers represent unique and common gene counts.]

FIGURE 5
 Venn diagrams were used to illustrate the commonly up- and down-expressed proteins of C. jejuni in co-incubation with E. faecalis, E. faecium, and S. aureus in the pellet after the addition of DCA. The analysis revealed that 343 proteins were commonly up-expressed in all three co-incubation approaches, while 277 proteins were commonly down-expressed.


The pattern of the COG categories of differentially proteins in the monoculture approach with DCA differs from commonly expressed proteins in co-incubation (Figures 67). The percentage of up-expressed proteins assigned to the categories J (translation), L (replication and repair) and T (signal transduction) is higher in the co-incubation proteome, while categories C (energy production and conversion), G (carbohydrate metabolism and transport), M (cell wall / membrane / envelope / biogenesis) and V (defense mechanisms) are more present in the monoculture of C. jejuni and DCA. Categories C, E, F and J are more down-expressed in the co-incubation approach.

[image: Two vertical stacked bar charts show the relative abundance percentages of various biological processes. The left chart represents "up-expressed" processes totaling 343, and the right chart represents "down-expressed" processes totaling 277. Both charts use vividly colored segments corresponding to different processes, labeled A to V and ND in the legend, including roles such as RNA processing, lipid metabolism, and defense mechanisms.]

FIGURE 6
 Stacked bar plots were generated to visualize the up- and down-expressed proteins of C. jejuni during co-incubation with DCA. A total of 343 up-expressed and 277 down-expressed proteins were assigned to their respective COG categories. The stacked bar plot displays the percentage distribution of COG categories in different colors.


[image: Stacked bar chart showing relative abundance percentages across four conditions: *C. jejuni* + DCA, co-incubation + DCA (commonly), co-incubation + DCA unique, and co-incubation - DCA. Each bar is color-coded to represent functional categories like RNA processing, energy production, and metabolism types. A legend on the right identifies each color.]

FIGURE 7
 The COG categories of the proteins that were up-expressed in the C. jejuni mono-culture approach with DCA, the proteins that were commonly expressed in co-incubation with DCA, and the unique up-expressed proteins of the co-cultivation approach are shown. For comparison, the approach of the 54 up-expressed proteins in co-incubation without DCA is also depicted on the right.


In C. jejuni the most relevant mechanism to survive bile acid stress is the CmeABC multidrug efflux pump, that belongs to the resistance nodulation-division (RND) type multidrug efflux systems (Lin et al., 2003). CmeABC consists of a three-gene operon encoding for a membrane fusion protein - CmeA, the efflux pump membrane transporter - CmeB and CmeC, which is the outer membrane lipoprotein (Lin et al., 2002). Knockout mutants of these genes led to significant loss of bile acid resistance (Lin et al., 2003). In a proteomic study, Masanta et al. showed that the proteins belonging to the CmeABC multidrug efflux pump were up-expressed under bile acid stress exposure (Masanta et al., 2019). Furthermore, Malik-Kale et al. found CmeABC and other virulence genes up-regulated under DCA stress in a microarray study (Malik-Kale et al., 2008).

Both publications explored the response of C. jejuni to bile acids, but they differ in their methods and focus. Malik-Kale et al. investigated the effect of DCA on the virulence gene expression of C. jejuni such as ciaB, cmeABC, dccR, and tlyA using microarray analyses, while Masanta et al. used label-free mass spectrometry to analyze the proteome of C. jejuni in response to sublethal concentrations of DCA. However, both studies focused on the response of C. jejuni to bile acids and suggest that bile acids can alter the behavior of C. jejuni. In contrast to Malik-Kale and colleagues, who focused on the kinetics of cell invasion, Masanta et al. focused on the downregulation of basic biosynthetic pathways and the transcription machinery.

As in Masanta et al.’s study, we used data independent mass spectrometry to obtain the data. However, the focus of our study was the proteome during co-incobation under bile acid stress. Due to the findings in previous work on the reaction of C. jejuni to DCA, the presence of CmeA, B or C in all our samples with DCA served as indicator that the proteome under bile acid stress is detected and depicted. In the co-incubation approach without DCA, none of the the CmeABC proteins was detected (Supplementary Table S2).

Among the 22 specifically down-expressed proteins during co-incubation were mostly general metabolic proteins. In the 18 commonly up-expressed proteins during co-incubation, we found proteins that might play a role in the interaction between C. jejuni with other bacteria. For example, a conjugative transfer regulon protein (Q9KIR9_CAMJJ) was detected among the up-expressed proteins in all three samples. The presence of this protein indicates that horizontal gene transfer may be occurring between these bacteria, whereby genetic material can be exchanged between different species (Llosa et al., 2002). This mechanism of genetic exchange could allow for the acquisition of novel genetic traits, such as antibiotic resistance or other beneficial genes and indicates a potential for cross-communication between bacteria.

Additionally, the chaperone protein DnaJ was found among these proteins (DNAJ_CAMJJ), indicating an active response toward stress. DnaJ and related Hsp proteins are highly conserved among species and play a role in diverse processes such as folding and unfolding of proteins, translation and ATPase activity of specific chaperones (Qiu et al., 2006). This indicates that the bacteria might be stressed by either the presence of other bacteria or the absence of nutrients.



3.3. Co-incubation of Campylobacter jejuni with Gram-positive bacteria in the presence of bile acids triggers a unique proteomic response different from the single stimuli

We also studied the proteomic response in the presence of both triggers, DCA plus co-incubation with Gram-positive bacteria. This should reveal the relative influence of the individual triggers on the common response. Among the 18 up-expressed proteins that were specific to co-incubation, only two were up-expressed in the approach of co-incubation with DCA (Figure 4). These proteins were a Histidine kinase (A0A0H3PE96_CAMJJ) and a tRNA modification GTPase MnmE (MNME_CAMJJ) (Supplementary Table S1). Furthermore, of 22 down-expressed proteins that were specific for co-incubation, only four proteins remained down-expressed when DCA was added. The limited number of commonly regulated proteins in co-incubation with and without DCA indicates that DCA seems to suppress the specific co-incubation response to a large extent.

Comparing the co-incubation plus DCA approach to the monoculture of C. jejuni with DCA, 185 proteins occurred commonly among the up-expressed candidates, which corresponded to ~37.8% of the 490 proteins that were up-expressed in the monoculture with DCA, excluding the 36 proteins, that also occurred in co-incubation without DCA (Figures 45). This led to the assumption that the additional trigger of co-incubation might also inhibit the expression of a certain amount of the DCA response specific proteins in C. jejuni. Moreover, 77 proteins were uniquely down-expressed in the approach of co-incubation plus DCA (Figure 4), while 196 of the 277 down-expressed proteins in this approach were shared with the C. jejuni monoculture with DCA.

The proteomes in co-incubation with and without DCA exhibit significant dissimilarities. In total, 152 proteins were found to be specifically up-expressed when both triggers, co-incubation plus DCA, are present. Due to the fact that these 152 proteins occurred only in the approach co-incubation plus DCA, and were not a combination of both triggers, it can be assumed, that the proteomic response in presence of both, DCA and another bacterium possesses a unique character (Figure 4).

Moreover, the respective COG-categories were assigned to these 152 proteins (Figure 7). Compared to the monoculture proteome with DCA, the categories M (cell wall / membrane envelope / biogenesis), P (inorganic ion transport and metabolism) and U (intracellular trafficking) were increased in co-incubation with DCA. A detailed analysis of these 152 proteins revealed a high number of ABC-transporter associated proteins, proteins related to antibiotic resistance, efflux and transport proteins and general membrane proteins (Supplementary Table S5).

Furthermore, the COG categories of the 77 proteins commonly exclusively down-expressed in the approach of co-incubation with DCA were determined. When compared to the 516 down-expressed proteins in C. jejuni with DCA and the 277 commonly down-expressed proteins in co-incubation with DCA, the pattern of the 77 proteins shows similarities but also differences (Figure 8). An increase of proteins belonging to the category E (amino acid metabolism and transport) was observed and a decrease of proteins belonging to the category J (translation) was observed when compared to the other samples.

[image: Stacked bar chart depicting the relative abundance of various metabolic and cellular processes across four conditions: "C. jejuni + DCA," "co-incubation + DCA (commonly)," "co-incubation + DCA unique," and "co-incubation - DCA." Each bar is divided into colored segments representing processes like RNA processing, energy production, and amino acid metabolism, among others, as detailed in the accompanying legend. Relative abundance is measured on the vertical axis ranging from 0 to 1.0 percent. Numerical labels above bars indicate total counts for each condition.]

FIGURE 8
 The COG categories of proteins that were down-expressed in the C. jejuni mono-culture approach with DCA, as well as the commonly expressed proteins in co-incubation with DCA and the unique up-expressed proteins of the co-cultivation approach are depicted. For comparison, the approach of the 100 down-expressed proteins in co-incubation without DCA is shown on the right.




3.4. Conclusion

In summary, our investigation highlights the proteomic response of C. jejuni to co-incubation as well as bile acid stress. We cover a high percentage of the total proteome of C. jejuni in our DIA-MS analysis, which demonstrates a small but distinct interaction potential between C. jejuni and the other bacteria via membrane-interactive proteins, indicating that the other bacteria contribute to an increased virulence in the environment.

We also report a remarkable overlap between the proteomic response of C. jejuni in co-incubation in presence of DCA and the approach of C. jejuni monoculture with bile acid.

However, we were able to identify a unique response when both triggers (co-incubation and DCA) are present. This distinct response highlights the complexity of cellular interactions and shows the potential role of C. jejuni in proteomic response pathways under these specific conditions and enables future research in the field of proteomic analyses under different influences.



3.5. Limitations of the study

One limitation of this study is the labor-intensive nature of DIA MS analysis, which makes it difficult to undertake additional research in this experimental setup. Furthermore, the findings may not be generalizable to other Campylobacter strains since only a single strain (C. jejuni 81–176) was included. Although the study primarily focused on the C. jejuni proteome, there is a lack of comprehensive analysis regarding the proteomic responses of the other bacteria involved in the co-incubation. To provide a more holistic understanding of the interactions and proteomic dynamics within the complex co-incubation system, future research should aim to explore this aspect. We acknowledge that our study primarily focused on proteomic changes in C. jejuni during co-incubation with other bacteria. While our results provide valuable insights into proteomic alterations, we did not perform a genomic assessment of C. jejuni. Therefore, we are unable to definitively conclude that the observed effects in communication and potential virulence enhancement are solely due to co-incubation.
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Introduction: Campylobacter jejuni stands out as one of the leading causes of bacterial enteritis. In contrast to humans, specific pathogen-free (SPF) laboratory mice display strict intestinal colonization resistance (CR) against C. jejuni, orchestrated by the specific murine intestinal microbiota, as shown by fecal microbiota transplantation (FMT) earlier.
Methods: Murine infection models, comprising SPF, SAB, hma, and mma mice were employed. FMT and microbiota depletion were confirmed by culture and culture-independent analyses. Targeted metabolome analyses of fecal samples provided insights into the associated metabolomic signatures.
Results: In comparison to hma mice, the murine intestinal microbiota of mma and SPF mice (with CR against C. jejuni) contained significantly elevated numbers of lactobacilli, and Mouse Intestinal Bacteroides, whereas numbers of enterobacteria, enterococci, and Clostridium coccoides group were reduced. Targeted metabolome analysis revealed that fecal samples from mice with CR contained increased levels of secondary bile acids and fatty acids with known antimicrobial activities, but reduced concentrations of amino acids essential for C. jejuni growth as compared to control animals without CR.
Discussion: The findings highlight the role of microbiota-mediated nutrient competition and antibacterial activities of intestinal metabolites in driving murine CR against C. jejuni. The study underscores the complex dynamics of host-microbiota-pathogen interactions and sets the stage for further investigations into the mechanisms driving CR against enteric infections.
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1 Introduction

In humans, the Gram-negative spirally curved Campylobacter jejuni is one of the common causative agents of bacterial enteritis (Igwaran and Okoh, 2019). Campylobacteriosis is initially characterized by severe enteritis with diarrhea and lower gastrointestinal tract hemorrhage. Less frequently, other non-gastrointestinal aftermaths are associated with campylobacteriosis such as systemic manifestations, which include infectious complications like bacteremia, and post-infectious immune disorders, like reactive arthritis or Guillain-Barré syndrome (Peterson, 1994; Heimesaat et al., 2021).

In the course of zoonotic infections C. jejuni is transmitted to humans via the oral route by consuming contaminated raw or undercooked meat, unpasteurized milk, in addition to uncooked cross-contaminated food, whereas human transmission is possible via the fecal-oral route (Kaakoush et al., 2015). To establish infection, C. jejuni colonizes the intestinal lumen, penetrates the mucus layer, adheres to epithelial cells, and invades subepithelial tissues. This is achieved via flagella, adhesins, and invasins (Heimesaat et al., 2014; Schmidt et al., 2019; Tegtmeyer et al., 2021). In the subepithelial tissues C. jejuni induces an inflammatory response by innate immune system activation via its surface endotoxin, the lipo-oligosaccharide (LOS) (Mousavi et al., 2020). The majority of strains causing disease lack conventional exotoxins, but cytolethal distending toxin or cholera-like toxins have been detected in some pathogenic strains and may increase symptom severity (Lara-Tejero and Galán, 2000).

The human host is highly susceptible to C. jejuni infection as emphasized by a low infection dosage (Igwaran and Okoh, 2019). In contrast to humans, conventional specific pathogen-free (SPF) laboratory mice are completely resistant to C. jejuni infection (Bereswill et al., 2011; Mousavi et al., 2021). Research in murine laboratory models revealed that the resistance to infection is caused by the inability of C. jejuni to multiply and to establish stable colonization in the presence of the specific intestinal microbiota present in conventional mice (Bereswill et al., 2011; Mousavi et al., 2021). This protective shield against bacterial infection is termed colonization resistance (CR) and is in general attributed to diverse antagonistic mechanisms including antimicrobial metabolites, nutrient depletion and/or bacteriophages (Lawley and Walker, 2013; Herzog et al., 2023). Notably, CR has gained considerable attention in research exploring the protective effects of intestinal microbiota against Salmonella enterica (Wotzka et al., 2019), Escherichia coli (Mundy et al., 2006), Listeria monocytogenes (Becattini et al., 2017), and Clostridioides difficile (Chen et al., 2008). Results from earlier studies demonstrated that CR against C. jejuni is caused by the specific murine microbiota (Bereswill et al., 2011). In contrast to SPF mice, secondary abiotic (SAB) mice in which the intestinal microbiota was completely depleted by antibiotic treatment display no CR and are highly susceptible to C. jejuni colonization (Bereswill et al., 2011; Mousavi et al., 2021; Heimesaat et al., 2022). Most importantly, CR was reconstituted in SAB mice upon recolonization with a murine intestinal microbiota, while SAB mice recolonized with a human intestinal microbiota lacked CR and were highly susceptible to C. jejuni colonization (Bereswill et al., 2011). Moreover, CR against C. jejuni was absent in mice with reduced species diversity of the intestinal microbiota, as both, antibiotics treated mice (O'Loughlin et al., 2015; Iizumi et al., 2016) and infant mice harboring a limited gut microbiota were proven liable to C. jejuni infection (Chang and Miller, 2006; Haag et al., 2012a; Stahl et al., 2014). Moreover, inflammation-induced dysbiosis shifts in the enteric microbiota composition toward elevated E. coli levels disrupted CR against C. jejuni as was observed independently in mice with Toxoplasma gondii-induced acute ileitis as well as in IL-10 deficient mice suffering from chronic colitis. Interestingly, intestinal E. coli loads were elevated in susceptible infant mice and CR against C. jejuni was abrogated by feeding of SPF mice with E. coli via the drinking water (Haag et al., 2012a,b).

However, molecular mechanisms involved in CR against C. jejuni have not been unraveled so far, but the causative role of the murine microbiota in CR indicates that nutrient competition and bactericidal killing by gut bacteria might play important roles therein. Unlike other enteric pathogens, C. jejuni generally lacks the ability to utilize carbohydrates as carbon sources and relies on organic acids and amino acids as primary nutrient sources (Hofreuter, 2014). Nevertheless, despite the restricted carbohydrate utilization, some fucose—catabolizing strains have been described such as C. jejuni NTC 11168 (Muraoka and Zhang, 2011).

Thus, amino acids are essentially required for C. jejuni multiplication and stable colonization in the gut (Hofreuter, 2014). Results from earlier investigations demonstrate that serine, aspartate, asparagine, and glutamate, and after that proline are used by the pathogen in a sequential manner (Wright et al., 2009). This rather limited array of substrates to fuel the central metabolism suggests that C. jejuni may effectively be outcompeted by other gut bacteria with similar substrate preferences. Additionally, the intestinal microbiota might provide CR by production of antimicrobials such as short-chain fatty acids (SCFAs), secondary bile acids or bacteriocins (Ducarmon et al., 2019). The role of SCFAs and bile acids in intestinal lifestyle of C. jejuni is evidenced by the fact that both substance groups are sensed by C. jejuni and regulate expression of factors involved in virulence and colonization (Ducarmon et al., 2019). Furthermore, C. jejuni is highly susceptible to killing by bile acids and has therefore, developed resistance mechanisms such as multidrug efflux pumps (Lin et al., 2003; Sun et al., 2018).

It seems feasible that the mechanisms involved in causing CR are key to eradicate enteric pathogens such as C. jejuni from the gut. Thus, better understanding the metabolic composition of the intestinal milieu in mice with and without CR will help to unravel the mechanisms underlying CR, and this might pave the way for developing novel drugs for prevention and treatment of campylobacteriosis.

To address these challenges and gain a comprehensive understanding of the mechanisms underlying murine CR against C. jejuni, we utilized a targeted metabolomics approach to characterize distinct metabolite patterns associated with CR in our well-established murine models of C. jejuni infection with known CR against the pathogen, namely, SPF mice, microbiota-depleted SAB mice, and SAB mice in which murine or human intestinal microbiota was reintroduced by fecal microbiota transplantation (FMT) via the oral route. In particular, the murine microbiota (mma) and human microbiota associated (hma) mice, both containing a complete intestinal microbiota of different composition, were used as study groups, whereas SAB and SPF mice served as controls.



2 Materials and methods


2.1 Mice

C57BL/6 J mice were maintained in the facilities of the “Forschunginstitute fur Experimentelle Medizin” (FEM, Charite – Universitätsmedizin, Berlin, Germany), under SPF conditions. Age and sex matched mice aged between 10 and 12 weeks were used.



2.2 Generation of SAB mice

To eradicate the commensal gut microbiota, mice were transferred to sterile cages and were subjected to an ampicillin plus sulbactam antibiotic regimen (2 g/L plus 1 g/L, respectively; purchased from Dr. Friedrich Ebert Arzneimittel, Ursensollen, Germany) as a drinking solution for a period of 8 weeks. These mice were kept and handled under strict aseptic conditions. Microbiota depletion was confirmed using cultural and molecular analyses of fecal samples, as described earlier (Heimesaat et al., 2022).



2.3 Fecal microbiota transplantation

Fresh fecal samples were collected from five individual healthy human volunteers and murine animals, respectively, after screening to ensure their exclusion of enteropathogenic bacteria, parasites, and viruses. Fecal samples were pooled separately for humans and mice and dissolved in an equal volume of sterile phosphate-buffered saline (PBS, Thermo Fischer Scientific, Waltham, MA, United States). Pooled samples were aliquoted and stored at −80°C until further use. Prior to gavage experiments, aliquots of the pooled fecal samples were thawed, and bacterial communities were analyzed using both culture-dependent and culture-independent methods with 16S rRNA gene sequencing. Quantification of total bacterial load and identification of individual bacterial groups were also done using cultural and culture-independent analyses. Starting a week prior to infection (i.e., on days −7, −6, and − 5), mice were gavaged with 300 μL of the respective fecal suspension as described in details earlier (Bereswill et al., 2011; Shayya et al., 2023), to study the effects of bacterial communities on host physiology and housed under SPF conditions with ad libitum access to food and water.



2.4 Gut microbiota analysis

Cultural analysis, biochemical identification, and molecular detection of luminal bacterial communities from stomach, duodenum, ileum, and colon were performed as previously described (Weschka et al., 2021; Shayya et al., 2023). In brief, DNA extracts and plasmids were quantified using Quat-iT PicoGreen reagent (Invitrogen, Paisley, UK) and adjusted to a concentration of 1 ng per μL. Abundance of the major bacterial groups within the gut microbiota was assessed using quantitative real time polymerase chain reaction (qRT-PCR) with group-specific primers targeting the 16S rRNA gene (Tib MolBiol, Berlin, Germany). The number of 16S rRNA gene copies per μg of DNA in each sample was determined, and the frequencies of the respective bacterial groups were computed relative to the eubacterial (V3) amplicon.



2.5 Campylobacter jejuni infection

For infection experiments, we utilized the C. jejuni strain 81-176, which was derived from frozen stocks and inoculated on karmali agar plates (Oxoid, Wesel, Germany). The bacteria were grown under microaerophilic conditions at 37°C in a closed container containing gas packs (CampyGen, Oxoid, Wesel, Germany) for 48 h to obtain optimal growth conditions. To establish an infection model, we infected SPF, SAB, mma, and hma mice with 109 viable C. jejuni bacterial cells via oral gavage in a total volume of 300 μL of PBS on two consecutive days (days 0 and 1).



2.6 Sampling procedures

Mice were sacrificed by CO2 asphyxiation on day 21 post infection. Luminal samples from the gastrointestinal tract (stomach, duodenum, ileum, colon) of each mouse were harvested for a set of post-experimental analyses, including cultural and molecular analyses. Respective samples were homogenized in sterile PBS (Thermo Fisher Scientific, Waltham, MA, United States) and serial dilutions were plated onto karmali agar (Oxoid, Wesel, Germany) and incubated under microaerophilic conditions for 48 h at 37°C as described earlier in details (Heimesaat et al., 2022).



2.7 Metabolomic analysis

Targeted metabolomic analysis of fecal samples from d0 was performed by Biocrates Lifesciences AG (Innsbruck, Austria) using their McP Quant 500 platform. Fecal samples were collected from each subject and immediately frozen at −80°C until further analysis. Samples were shipped on dry ice to Biocrates for metabolomic analysis. Biocrates’ MxP® Quant 500 product uses mass spectrometry (MS) to quantify over 500 metabolites in a single run, including amino acids, biogenic amines, organic acids, and lipids. The quality of the samples was assessed using internal standards, and data were preprocessed to remove contaminants, drift, and other systematic errors. Lipids and hexoses were analyzed using flow injection analysis-tandem mass spectrometry (FIA-MS/MS) on a SCIEX 5500 QTRAP® instrument (AB SCIEX, Darmstadt, Germany) with an electrospray ionization (ESI) source. Small molecules were analyzed using liquid chromatography–tandem mass spectrometry (LC–MS/MS) on a Xevo® TQ-XS instrument (Waters, Milford, MA, United States). To prepare the samples for analysis, a 96-well based sample preparation device was used, which contained inserts impregnated with internal standards. A predefined amount of the sample was added to the inserts, followed by the addition of a phenyl isothiocyanate (PITC) solution to derivatize some of the analytes (e.g., amino acids). After the derivatization was completed, the target analytes were extracted using an organic solvent, followed by a dilution step. The extracted metabolites were then analyzed by FIA-MS/MS and LC–MS/MS using multiple reaction monitoring (MRM) to detect the analytes. Concentrations of the metabolites were calculated using an appropriate mass spectrometry software (Sciex Analyst® and Waters MassLynx™) and imported into Biocrates’ MetIDQ™ software for further analysis. The metabolite concentrations were then determined in each sample by normalizing to the weight and dilution factor from the original metabolome extraction protocol, then provided in “μM,” which were subsequently exported as an excel file. Individual metabolites were grouped by classes and visualized using GraphPad Prism (V9; San Diego, CA, United States).



2.8 Minimum inhibitory concentration determinations

The minimum inhibitory concentration (MIC) values for deoxycholic acid (Sigma-Aldrich, St. Louis, Missouri, United States; 30,960) were determined using the broth microdilution method in BactoTM Brain Heart Infusion (BHI) (BD Biosciences, Heidelberg, Germany) broth supplemented with 5% fetal bovine serum (FBS) (Biochrom, Berlin, Germany). The bacterial inoculum of C. jejuni 81-176 was prepared from overnight growth on karmali agar plates (Oxoid, Wesel, Germany) and suspended in 5 mL of BHI broth supplemented with 5% FBS to an optical density at 600 nm (OD600) of 0.1. Two-fold serial dilutions of the test compounds were prepared in 96-well plates in the range of 1–2,048 mg/L to a final volume of 200 μL per well, and 10 μL of the bacterial suspension was added to the respective wells. The plates were incubated for 48 h under microaerophilic conditions at 37°C, and then the OD was measured at 600 nm using a microplate reader (Infinite M Flex, Tecan, Switzerland). The MIC was defined as the lowest concentration of the compound that completely inhibited bacterial growth.



2.9 Statistical analysis

We conducted statistical analyses to evaluate the significance of observed differences between groups. Prior to analysis, we first assessed the normality of the data using the Anderson-Darling test. Medians and significance levels were then calculated using GraphPad Prism (V9; San Diego, CA, United States). For pairwise comparisons of the groups, we employed the Student’s t-test for normally distributed data and the Mann–Whitney test for non-normally distributed data. Moreover, to account for the possibility of errors resulting from multiple comparisons, we utilized the one-sided ANOVA with Tukey’s post correction for normally distributed data, and the Kruskal-Wallis test with Dunn’s post correction for non-normally distributed data. A two-sided probability (p) value of ≤0.05 was considered statistically significant.



2.10 Ethics statement

The animal studies were conducted in adherence to the European animal welfare guidelines (2010/64/EU) after receiving authorization from the local commission for animal experiments (“Landesamt für Gesundheit und Soziales.” LaGeSo, Berlin; under registration number G0172/16). Clinical conditions of mice after infection were surveyed daily.




3 Results


3.1 Survey of pathogen loads following Campylobacter jejuni infection

To establish CR against C. jejuni in SAB mice, and to confirm the role of the specific murine or human gut microbiota therein, we introduced human or murine gut microbiota to SAB mice by FMT via gavage. One week after reconstitution, these mice were perorally infected with 109 viable C. jejuni on day (d) 0 and d1 along with conventional SPF mice and SAB mice as controls with and without CR, respectively. This setting enabled us to analyze CR by assessing the kinetics of pathogen shedding in fecal samples and in distinct gastrointestinal compartments.

Cultural analysis of fecal samples from SPF mice exhibited effective clearance of the pathogen within a few days of infection, indicative for a strong CR against C. jejuni given a complete absence of colonization (Figure 1A). In contrast, CR was abrogated in SAB mice which revealed a robust and persistent colonization of the colon by C. jejuni, with pathogen densities ranging from 108 to 109 colony-forming units per gram (CFU/g) during the experimental period (Figure 1B). Conversely, SAB mice reconstituted with murine gut microbiota mma showed a protective CR with sporadic colonization occurring in only a few individuals (Figure 1C). On the other hand, hma mice displayed absence of CR as indicated by susceptibility to C. jejuni intestinal colonization, maintaining high median pathogen loads between 107 and 109 CFU/g of feces throughout the experiment (Figure 1D).
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FIGURE 1
 Survey of fecal pathogen loads over time post C. jejuni infection. Following peroral infection with C. jejuni strain 81-176 on day (d) 0 and d1, intestinal pathogen loads were surveyed in fecal samples over time post-infection from (A) conventional but specific pathogen-free (SPF), (B) secondary abiotic (SAB), (C) murine microbiota-associated (mma), and (D) human microbiota-associated (hma) mice using cultural analysis and expressed as colony forming units per gram of feces (CFU/g). Box plots indicate the 25th and 75th percentiles of the median (black bar inside the box). Each dot corresponds to an individual mouse. Numbers (in parentheses) specify the number of mice included.


Furthermore, we investigated pathogen numbers along the gastrointestinal tract in the distinct mouse cohorts. As anticipated, CR against C. jejuni observed in SPF and mma mice extended throughout the gut, as demonstrated by significantly higher C. jejuni loads in the stomach, duodenum, ileum, and colon of SAB mice compared to SPF and mma mice, and in hma mice compared to mma mice (p < 0.01–0.001) (Figures 2A–D).
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FIGURE 2
 Gastrointestinal pathogen loads following C. jejuni infection in SPF, SAB, mma, and hma mice. Conventional but specific pathogen-free (SPF; white circles), secondary abiotic (SAB; gray circles), murine microbiota-associated (mma; white squares), and human microbiota-associated (hma; gray squares) mice were perorally infected with C. jejuni strain 81-176 on days 0 and 1. Cultural analysis for (A) stomach, (B) duodenum, (C) ileum, and (D) colon contents at the end of the experiment on day 21 were expressed as CFU/g of feces. Box plots indicate the 25th and 75th percentiles of the median (indicated by a black bar inside the box), as well as the range. Significance levels (p values) were determined by the Kruskal-Wallis test with Dunn’s post correction. Numbers (in parentheses) specify the number of mice included.


Hence, these results demonstrate that the two mice groups - with and without CR each – were excellently suited to investigate the metabolite patterns in the intestinal milieu associated with presence and absence of murine CR against C. jejuni.



3.2 Microbiota composition in mice with and without CR

To further ensure the quality of our mice models with and without CR, we quantified the major microbial groups in the gut microbiota by qRT-PCR based on 16S rRNA analysis before infection. Our objective was to elucidate the differences in microbial communities between mice harboring human or murine gut microbiota known from earlier studies (Bereswill et al., 2011; Mrazek et al., 2019) to ensure that the different microbiota transplants had successfully engrafted in the mouse intestines. Our analysis revealed that hma mice harbored higher total eubacterial loads compared to SPF mice (p < 0.05), while no significant differences in the gene numbers were observed between SPF and mma, and between hma and mma mice (Figure 3A). Moreover, significantly higher enterobacterial loads were observed in hma mice (~103 gene numbers/ng DNA) prior to infection compared to SPF and mma mice (~10 gene numbers/ng DNA) (p < 0.001) (Figure 3B). Differences in enterococci fecal loads were evident, with hma mice exhibiting significantly higher loads (~102 gene numbers/ng DNA) than both murine models (~10−2 gene numbers/ng DNA) (p < 0.001) (Figure 3C). Similarly, in line with the distinctive species composition of the gut microbiota, hma mice harbored significantly lower fecal loads of lactobacilli (~10−2 gene numbers/ng DNA) compared to the resistant models, SPF and mma mice (~105 gene numbers/ng DNA) (p < 0.01–0.001) (Figure 3D). Interestingly, mma mice displayed higher bifidobacterial loads (~104 gene numbers/ng DNA) (p < 0.01–0.001) compared to both SPF and hma mice (~103 and 104 gene numbers/ng DNA, respectively) (Figure 3E). Furthermore, the levels of Bacteroides/Prevotella species were significantly elevated in hma mice (~106 gene numbers/ng DNA) compared to SPF and mma mice (~104 gene numbers/ng DNA) (p < 0.001) (Figure 3F). Similarly, hma mice also exhibited significantly higher loads (~105 gene numbers/ng DNA) of the Clostridium coccoides group than SPF and mma mice (~104 gene numbers/ng DNA) (p < 0.001) (Figure 3G). On the other hand, both hma and mma mice displayed higher fecal loads (~105 gene numbers/ng DNA) of the Clostridium leptum group compared to SPF mice (~104 gene numbers/ng DNA) (p < 0.01–0.001) (Figure 3H). Lastly, SPF and mma mice exhibited significantly higher loads (~106 gene numbers/ng DNA) (p < 0.001) of Mouse Intestinal Bacteroides compared to hma mice, where these bacteria were nearly absent (Figure 3I). Hence, murine CR against C. jejuni is associated with higher loads of lactobacilli and Mouse Intestinal Bacteroides, but with lower loads of enterobacteria, enterococci, Bacteroides/Prevotella species, and Clostridium coccoides group. The fact that these results were comparable to observations in earlier studies confirm the successful establishment of the murine and human microbiota in the intestines of mice following oral FMT, and that CR was associated with a specific murine microbiota composition. Finally, species-specific differences in the microbiota compositions associated with presence and absence of CR are further used as a basis for the interpretation of results obtained from metabolomic analyses.
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FIGURE 3
 Fecal microbiota composition before and after C. jejuni infection. Mice were infected perorally with C. jejuni strain 81-176 on days 0 and 1. Gut microbiota composition was determined immediately before infection (day 0) for (A) total eubacterial loads, (B) enterobacteria, (C) enterococci, (D) lactobacilli, (E) bifidobacteria, (F) Bacteroides/Prevotella species, (G) Clostridium coccoides group, (H) Clostridium leptum group, and (I) Mouse Intestinal Bacteroides, using culture-independent, molecular methods (expressed as gene copies per ng DNA). Box plots indicate the 25th and 75th percentiles of the median (black bar inside the box). Each dot corresponds to an individual mouse. Significance levels (p values) are determined by the Mann–Whitney test with Tukey’s post correction or Kruskal-Wallis test with Dunn’s post correction. Numbers (in parentheses) show the number of mice included.




3.3 Metabolomic profiling of amino acid concentrations

In consideration of C. jejuni relying on amino acids as a primary nutrient and energy source within the gut (Wright et al., 2009), we conducted a comprehensive analysis of the amino acid concentrations in fecal samples of mice with and without CR prior to infection. The resulting metabolomics assessment revealed notable variations in the composition of amino acids among the different cohorts (Figure 4). As could be expected due to the absence of intestinal bacteria, the SAB mice exhibited significantly higher total concentrations of free amino acids compared to the other mice groups (p < 0.05–0.001) (Supplementary Figure S1). Concerning individual amino acids, we focused first on the amino acids essential for C. jejuni growth. Most importantly, levels of cysteine which is required for C. jejuni growth in the absence of serine, were significantly reduced in SPF mice and in mma as compared to hma and to SAB mice (p < 0.05–0.001) (Figure 4H). Notably, this was the only amino acid that was significantly reduced in mma mice in comparison to hma mice. Furthermore, the abundance of other amino acids essential for fueling C. jejuni metabolism including serine, glutamine, asparagine, threonine, and proline, was markedly lower in SPF, mma, and hma mice compared to SAB mice (p < 0.01–0.001) (Figures 4A–E). On the other hand, aspartic acid concentrations were lower in SPF and mma mice compared to SAB mice (p < 0.05), and glutamic acid levels were lower only in mma mice compared to SAB (p < 0.05), nevertheless a trend toward lower concentrations of both amino acids in mma mice compared to hma mice was observed (Figures 4F,G). Similarly, this pattern extended to arginine with significantly lower concentrations in SPF mice compared to SAB mice and in mma mice compared to hma and to SAB mice (p < 0.05–0.001) (Supplementary Figure S2A).
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FIGURE 4
 Fecal concentrations of amino acids essential for C. jejuni growth, in mice with and without CR. Fecal samples from conventional but specific pathogen-free (SPF) mice (n = 12), secondary abiotic (SAB) mice (n = 12), murine microbiota-associated (mma) mice (n = 12), and human microbiota-associated (mma) mice (n = 12) were harvested on day 0 before infection. Fecal levels of the amino acids (A) serine, (B) glutamine, (C) asparagine, (D) threonine, (E) proline, (F) aspartic acid, (G) glutamic acid and (H) cysteine were analyzed by LC–MS/MS, before C. jejuni infection. Metabolite concentration was expressed by μM. Box plots indicate the 25th and 75th percentiles of the median (black bar inside the box), as well as the total range. Significance levels (p values) were determined by the Mann–Whitney test with Tukey’s post correction or Kruskal-Wallis test with Dunn’s post correction, and numbers (in parentheses) indicate the number of mice included.


Moreover, SPF mice exhibited substantially lower concentrations of other amino acids, including leucine, isoleucine, lysine, histidine, phenylalanine, tryptophan, tyrosine, and valine, as compared to SAB mice, with a trend observed toward lower concentrations in mma mice compared to hma mice (p < 0.05–0.001) (Supplementary Figures S2B–I). Noteworthy, the levels of these amino acids were also significantly lower in both hma and mma mice compared to SAB mice (p < 0.05–0.001) (Supplementary Figures S2B–I). Additionally, glycine concentrations were significantly lower in SPF and mma mice compared to SAB mice, with a trend observed toward lower levels in mma mice compared to hma mice (p < 0.05–0.01) (Supplementary Figure S2J). Similarly, methionine levels were significantly lower in SPF mice compared to SAB mice, and a trend toward lower concentrations in mma compared to hma mice was observed (p < 0.05) (Supplementary Figure S2K). On the other hand, no significant differences were detected for alanine levels between the different mouse cohorts, yet a trend toward lower concentrations in SPF mice compared to SAB mice and in mma mice compared to hma mice was observed (Supplementary Figure S2L). Furthermore, the amino acid-related metabolites sarcosine and phenylalanine betaine were also evaluated and revealed a distinct pattern. Sarcosine levels were significantly higher in SPF and mma mice compared to SAB and hma mice, respectively (p < 0.001 and p < 0.05, respectively) (Supplementary Figure S3A). Similarly, phenylalanine betaine levels were significantly elevated in SPF mice compared to SAB mice (p < 0.001), while mma mice exhibited higher levels compared to hma mice (p < 0.001) (Supplementary Figure S3B). Of note, mma mice also exhibited significantly lower levels of these metabolites compared to SAB mice (p < 0.01–0.001) (Supplementary Figures S3A,B). Hence, comparisons of metabolomic signatures among our mice cohorts revealed that murine CR against C. jejuni is significantly associated with a shortage in amino acids creating an unfavorable environment for C. jejuni.



3.4 Metabolomic profiling of bile acid concentrations

A comprehensive targeted metabolomic analysis of the bile acid composition in fecal samples of mice on d0 prior to C. jejuni 81-176 infection revealed significant differences between the distinct mouse cohorts. The mice with CR, namely SPF and mma mice, exhibited a bile acid profile characterized by a predominant secondary bile acid pool compared to the mice without CR, the SAB and hma mice, respectively. This was evident by a significantly lower ratio of primary to total bile acids in SPF mice compared to SAB mice, and in mma mice compared to hma and SAB mice (p < 0.001) (Figure 5A), as well as the significantly higher ratio of secondary to total bile acids in SPF mice compared to SAB mice, and in mma mice compared to hma and SAB mice (p < 0.01–0.001) (Figure 5B). Additionally, the ratio of secondary bile acids to primary bile acids, an indicator of secondary bile acid synthesis, was found to be significantly upregulated in the SPF mice compared to SAB mice (p < 0.001), and in mma mice compared to hma and to SAB mice (p < 0.01 and p < 0.001, respectively) (Figure 5C).
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FIGURE 5
 Fecal bile acid profile of mice resistant and susceptible to C. jejuni 81-176 infection. Fecal samples from conventional but specific pathogen-free (SPF), secondary abiotic (SAB), murine microbiota-associated (mma), and human microbiota-associated (hma) mice were harvested on day 0, and LC–MS/MS analysis was employed. The ratios of (A) primary bile acids concentrations as well as (B) secondary bile acids concentrations, to total bile acids concentrations were computed. Secondary bile acid synthesis (C), defined as ratio of cytotoxic secondary bile acids to primary bile acids was also calculated. Box plots indicate the 25th and 75th percentiles of the median (black bar inside the box), as well as the total range. Significance levels (p values) are determined by the Kruskal-Wallis test with Dunn’s post correction. Numbers (in parentheses) show the number of mice included.


It is of note that the secondary bile acid deoxycholic acid, which is highly toxic to C. jejuni was significantly associated with CR in the mice groups. It was elevated in SPF mice compared to SAB mice, as well as in mma mice compared to hma and SAB mice (p < 0.05–0.001) (Figure 6E).
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FIGURE 6
 Primary and secondary bile acids in the feces of mice with and without CR. (A) The sum of taurine conjugated bile acids were computed. Fecal concentrations of (B) tauromuricholic acids, (C) taurocholic acid, (D) cholic acid, and (E) deoxycholic acid were measured using LC–MS/MS, from 4 mouse cohorts, SAB, SPF, hma, and mma mice on day 0 prior to infection. Metabolite concentrations are expressed in μM. Box plots reveal the 25th and 75th percentiles of the median (black bar inside the box), as well as the total range were assigned. Significance levels (p values) were determined by the Kruskal-Wallis test with Dunn’s post correction, and numbers (in parentheses) indicate the number of mice included.


Moreover, it was reported that tauroconjugation of cholic acid is associated with a higher bacterial 7-α-dehydroxylation into deoxycholic acid (Eldere et al., 1996). Taurine-conjugated bile acids were predominant in the bile acid pool of SAB mice and hma mice, leaving SPF mice with significantly lower levels compared to SAB mice, and mma mice with lower levels compared to hma and SAB mice (p < 0.05–0.001) (Figure 6A). In particular, significantly lower concentrations of taurocholic acid and tauromuricholic acids were observed in SPF and mma mice compared to SAB mice, and in mma mice compared to hma mice for taurocholic acid (p < 0.01–0.001) (Figures 6B,C), with a trend toward lower concentrations for tauromuricholic acids (Figure 6C). Remarkably, the primary bile acid cholic acid exhibited a distinct pattern, with SPF mice harboring significantly higher concentrations compared to SAB mice, and mma mice harboring significantly lower concentrations than hma mice (p < 0.05–0.01) (Figure 6D). Moreover, the cholic acid concentrations were significantly lower in SAB mice compared to mma and hma mice (p < 0.05 and p < 0.001, respectively) (Figure 6D).

Hence, the results from bile acid profiling highlight distinct metabolomic signatures associated with CR against C. jejuni which is characterized by a predominance of secondary bile acids.



3.5 Metabolomic profiling of fatty acids concentrations

In light of the pivotal antimicrobial roles of fatty acids and their potential impact on the composition of the gut microbiota, we conducted an in-depth investigation into the fatty acid profiles present in the colonic milieu of our distinct mouse models on day 0 before infection. Through comprehensive metabolomic analysis, we unraveled distinct patterns of fatty acid concentrations that distinguished between mouse groups exhibiting CR or susceptibility to C. jejuni colonization. Remarkably, our findings revealed that SPF mice exhibited significantly higher concentrations of free fatty acids in the colon compared to SAB mice (p < 0.001, Figure 7A). A similar trend was observed for mma mice, demonstrating significantly elevated levels of free fatty acids compared to hma and to SAB mice (p < 0.001, Figure 7A). Moreover, when examining the sum of monounsaturated and polyunsaturated fatty acids, SPF mice displayed significantly higher concentrations of both types of fatty acids compared to SAB mice (p < 0.001), while mma mice had significantly higher concentrations compared to hma and SAB mice (p < 0.001) (Figures 7B,C). Notably, monounsaturated fatty acid concentrations were found to be significantly higher (p < 0.001) in hma mice compared to SAB mice (Figure 7B).

[image: Box plots comparing concentrations of fatty acids across different groups: SPF, SAB, mma, and hma. Panel A shows free fatty acids, Panel B shows monounsaturated fatty acids, and Panel C shows polyunsaturated fatty acids. Each plot reveals statistical significance between groups with p-values under 0.001. Vertical lines separate the groups, and sample sizes are indicated below each group label.]

FIGURE 7
 Fatty acid composition in the feces mice resistant and susceptible to C. jejuni infection. Fecal samples were analyzed by LC–MS/MS, from secondary abiotic (SAB) mice (n = 12), conventional but specific pathogen-free (SPF) mice (n = 12), human microbiota-associated (hma) mice (n = 12), and murine microbiota-associated (mma) mice (n = 12), to characterize the fatty acid composition in the colon of the distinct mouse cohorts on day 0 prior to infection. Sums of (A) free fatty acids, (B) monounsaturated fatty acids, and (C) polyunsaturated fatty acids were computed. Metabolite concentrations were expressed in μM. Box plots indicate the 25th and 75th percentiles of the median (black bar inside the box), as well as the total range. Significance levels (p values) were determined by one-sided ANOVA with Tukey’s post correction. The number of mice included are indicated by numbers (in parentheses).


Further delving into the differentially expressed fatty acids, particularly within the monounsaturated fatty acid class, we observed significant differences in octadecenoic acid and eicosenoic acid. Octadecenoic acid levels were significantly elevated in SPF and in mma mice compared to SAB and hma mice, respectively (p < 0.001) (Figure 8A). Additionally, hma mice displayed higher concentrations of octadecenoic acid compared to SAB mice (p < 0.001) (Figure 8A). A similar pattern emerged for eicosenoic acid, with SPF and mma mice exhibiting substantially elevated levels of this fatty acid compared to SAB and hma mice, respectively (p < 0.01–0.001) (Figure 8B), whereas no statistically significant difference was observed between the two susceptible groups (Figure 8B).

[image: Box plots illustrating concentrations of various fatty acids: A) Octadecenoic Acid, B) Eicosenoic Acid, C) Octadecadienoate, D) Eicosadienoic Acid, E) Eicosatrienoic Acid, F) Arachidonic Acid, G) Docosahexaenoic Acid, H) Eicosapentaenoic Acid across four groups (SPF, SAB, mma, hma). Statistical significance is indicated with p-values.]

FIGURE 8
 Monounsaturated and polyunsaturated fatty acids in mice with and without CR. Fecal samples were analyzed by LC–MS/MS, from conventional but specific pathogen-free (SPF), secondary abiotic (SAB), murine microbiota-associated (mma), and human microbiota-associated (mma) mice on day 0 prior to infection. The monounsaturated fatty acids (A) octadecenoic acid and (B) eicosenoic acid, as well as the polyunsaturated fatty acids (C) octadecadienoate, (D) eicosadienoic acid, (E) eicosatrienoic acid, (F) arachidonic acid, (G) docosahexaenoic acid, and (H) eicosapentaenoic acid were shown. Metabolite concentrations were expressed in μM. Box plots indicate the 25th and 75th percentiles of the median (black bar inside the box), as well as the total range. Significance levels (p values) were determined by one-sided ANOVA with Tukey’s post correction or the Kruskal-Wallis test with Dunn’s correction. The number of mice included are indicated by numbers (in parentheses).


Interestingly, the distinctive patterns observed between resistant and susceptible groups extended to specific polyunsaturated fatty acids, although not all fatty acids followed these patterns. Octadecadienoate, eicosadienoic acid, and eicosatrienoic acid exhibited different patterns, with SPF mice harboring higher fecal concentrations of these fatty acids compared to susceptible models SAB mice, and mma mice harboring higher concentrations compared to hma and SAB mice (p < 0.05–0.001) (Figures 8C–E). On the other hand, although SPF and mma mice exhibited significantly higher fecal concentrations of arachidonic acid compared to SAB mice (p < 0.001 and p < 0.05, respectively), a trend toward higher concentrations in mma mice compared to hma mice was still observed (Figure 8F). Furthermore, SPF, mma, and hma mice displayed higher colonic concentrations of docosahexaenoic acid and eicosapentaenoic acid compared to SAB mice (p < 0.05–0.001) (Figures 8G,H). Nevertheless, no significant differences were observed in colonic levels of the latter fatty acids between mma and hma mice (Figures 8G,H). Hence, these results indicate that elevated free fatty acids represent another metabolomic signature significantly associated with murine CR against C. jejuni.



3.6 Other metabolites

In addition to investigating the role of bile acids, amino acids, and fatty acids, we explored the metabolomic landscape of other classes of metabolites present in the colon of our mouse models before infection. Specifically, we delved into the analysis of phosphatidylcholines and diglycerides, which hold potential relevance to host-microbe interactions, in addition to the crucial components of nucleic acids, namely purines. Our investigation into purine metabolites revealed distinct profiles that distinguished between mice cohorts with and without CR (Figure 9A). Mma mice exhibited significantly higher levels of purine metabolites compared to hma mice (p < 0.001) (Figure 9A). Interestingly, although no significant differences were observed between SAB and the resistant cohorts, a trend was still observed, and SAB mice displayed higher concentrations of purines compared to hma mice (p < 0.05) (Figure 9A). In particular, xanthine concentrations in SPF, mma, and SAB mice were significantly higher compared to hma mice (p < 0.01–0.001) (Supplementary Figure S4A). On the other hand, hypoxanthine displayed a different pattern, as SPF mice harbored significantly higher levels compared to SAB mice, and this was also the case for mma mice compared to hma and SAB mice (p < 0.01–0.001) (Supplementary Figure S4B). Notably, SAB mice exhibited a higher xanthine synthesis computed by the ratio of xanthine to hypoxanthine compared to both SPF and mma mice (p < 0.001) (Supplementary Figure S4C).
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FIGURE 9
 Other classes of metabolites differentially expressed between mice cohorts resistant and susceptible to C. jejuni infection. Fecal samples analyzed by LC–MS/MS, derived from the mice cohorts (conventional but specific pathogen-free (SPF), secondary abiotic (SAB), murine microbiota-associated (mma), and human microbiota-associated (mma) mice) on day 0 prior to infection. The sum (A) of purines, (B) phosphatidylcholines, (C) diglycerides, and (D) triglycerides were shown. Metabolite concentrations were expressed in μM. Box plots indicate the 25th and 75th percentiles of the median (black bar inside the box), as well as the total range. Significance levels (p values) were determined by the Kruskal-Wallis test with Dunn’s post correction. The number of mice included are indicated by numbers (in parentheses).


Moreover, these distinct patterns extended to phosphatidylcholines, diglycerides, and triglycerides. SPF and mma mice exhibited significantly higher concentrations of all three classes of the metabolites compared to SAB mice (p < 0.05–0.001) (Figures 9B–D). Nevertheless, compared to hma mice, only diglycerides were measured at significantly higher concentrations in mma mice (p < 0.05), albeit a trend toward higher levels of phosphatidylcholines and triglycerides in mma mice compared to hma mice could still be observed (Figures 9B–D).




4 Discussion

Murine models have proven invaluable in uncovering the complex interplay between host, microbiota, and intestinal pathogens. The intricate role of the gut microbiota in murine CR against C. jejuni represents a pivotal step in disease initiation, progression, and pathogenesis of campylobacteriosis. Comparing SPF and microbiota-depleted (i.e., SAB) mice reveals metabolomic signatures associated with the presence or absence of the gut microbiota. Additionally, contrasting hma mice with mma or SPF counterparts unveils species-specific metabolic profiles. In order to identify metabolites of potential benefit for prevention and treatment of C. jejuni infection, we employed a comprehensive metabolomics profiling approach to shed light on the metabolome signatures and distinct metabolites associated with CR against the gut pathogen.

Our findings demonstrate robust CR against C. jejuni 81-176 in the colon of SPF mice which is abrogated by antibiotic treatment in SAB mice, confirming the crucial role of the gut microbiota in CR and in preventing pathogen growth as shown earlier (Bereswill et al., 2011) and confirmed here (Figures 1, 2). In addition, the restoration of CR in mma mice but not in hma mice nicely proved that the characteristic species-specific microbiota was established by FMT of SAB mice in mma as well as hma mice and reproduce again our data concerning the specific host’s endogenous gut microbiota composition in previous studies (Bereswill et al., 2011; Ducarmon et al., 2019; Mousavi et al., 2021; Herzog et al., 2023; Shayya et al., 2023). Notably, our findings suggest that lactobacilli are associated with CR against C. jejuni, as supported by the notable increase in lactobacilli levels observed in SPF and mma mice with CR, as compared to the hma mice without CR (Figure 3), which was also true for Mouse Intestinal Bacteroides. These results align with previous studies demonstrating the beneficial effects of lactobacilli in inhibiting various other enteric pathogens, including Salmonella (Bernet-Camard et al., 1997), E. coli (Mangell et al., 2002), and Listeria monocytogenes (de Waard et al., 2002). Importantly, some studies have also reported a protective effect of lactobacilli in preventing Campylobacter infections (Morishita et al., 1997; Willis and Reid, 2008; Wagner et al., 2009). However, monocolonization with a single Lactobacillus johnsonii strain isolated from our mice was not able to protect SAB mice from C. jejuni infection, indicating that the role of individual Lactobacillus species in CR is complex and needs to be analyzed in more detail in ongoing studies (Bereswill et al., 2017).

Interestingly, treating human intestinal epithelial cells with Lactobacillus helveticus R0052 reduced C. jejuni invasion into these cells, suggesting a contribution of competitive exclusion by adherent bacteria (Wine et al., 2009). Another study also reported the capacity of other Lactobacillus strains to prevent C. jejuni adhesion and invasion to intestinal cells (Wang et al., 2014). Finally, the lactobacilli dominating in the murine intestinal tract might inhibit C. jejuni growth by lowering the pH and by production of bacteriocins as shown earlier (Robyn et al., 2012; Zommiti et al., 2016; Kobierecka et al., 2017).

In addition, nutrient competition is a key factor in driving CR against bacterial pathogens (Maltby et al., 2013). Thus, the antimicrobial effects of lactobacilli mentioned above might be further supported by consumption of amino acids leading to out-competition of C. jejuni. In contrast to other gut bacteria, the lactobacilli colonize the entire gastrointestinal tract including upper parts like the forestomach and small intestine at high numbers. In consequence, consumption by lactobacilli might add substantially to the scarcity of essential amino acids for C. jejuni established in mice with CR. This is supported by significantly higher levels of free amino acids detected in SAB mice as compared to the other mouse cohorts (Supplementary Figure S1) which can be attributed to the absence of a complex gut microbiota that typically metabolize and utilize these nutrients. Without microbial nutrient competition, these amino acids are utilized by C. jejuni for the multiplication required for gut colonization. C. jejuni utilize transporters and other uptake systems to acquire essential amino acids, including cysteine, serine, aspartate, asparagine, glutamate, glutamine, threonine, and proline (Velayudhan et al., 2004; Hofreuter et al., 2006; Leon-Kempis Mdel et al., 2006; Heimesaat et al., 2023). Most importantly, cysteine has been shown to be essential for C. jejuni 81-176 growth in vitro (Vorwerk et al., 2014; Hitchcock et al., 2022). To overcome this limitation, C. jejuni utilize free cysteine and cysteine-containing peptides to fuel respiration as a sulfur source. Unlike other enteropathogenic bacteria, C. jejuni cannot obtain cysteine from sulfur (Vegge et al., 2009; Man et al., 2020) and thus, cysteine acts as a chemoattractant for C. jejuni, and is required for the vitality of this pathogen. Our data clearly highlight significantly elevated levels of free cysteine available in the colonic environment of mice without CR, namely SAB and hma mice (Figure 4), indicating that the scarcity of cysteine in SPF and mma mice might support the CR in these murine infection models. In this context it is noteworthy that some Lactobacillus species depend on cysteine uptake from the environment (Bloom et al., 2022). Thus, lactobacilli might compete for cysteine with C. jejuni.

Interestingly, elevated levels of the other essential amino acids were observed in SAB mice (Figure 4). This, however, was not observed in hma mice, which displayed different patterns in amino acid levels.

Our metabolome analyses revealed that concentrations of bactericidal molecules including bile acids and fatty acids were elevated in fecal samples derived from mice with CR as compared to mice without CR. This points toward a direct killing of C. jejuni in the colonic milieu of SPF and mma mice with a murine gut microbiota. Both molecular classes may represent key drivers of CR against the pathogen. Bile acids are synthesized in the liver and secreted into the intestinal tract to aid in digesting dietary lipids. Conjugation with glycine or taurine increases their solubility and this conjugation can be modified by gut bacteria (Hofmann, 1999). Consistent with our findings, SAB mice, which lack microbial bile acid transformations, exhibited an exclusive composition of liver-derived tauro-conjugated primary bile acids (Figure 6). On that note, tauroconjugated cholic acid enhances bacterial 7-α-dehydroxylation into deoxycholic acid, essentially by providing a sulfur source for the anabolic pathways involved in dihydroxylation (Eldere et al., 1996). Interestingly, our findings indicate a depletion of tauroconjugated bile acids in the colonic environment of mice with CR as compared to the susceptible cohorts (Figure 6), suggesting their potential transformation to secondary bile acids, which were elevated in the resistant mice compared to the susceptible ones (Figure 5). The majority of conjugated bile acids are reabsorbed in the distal ileum, while the remaining undergo bacterial metabolism in the colon, particularly through 7α-dehydroxylation carried out by a few bacteria, primarily belonging to the Clostridium species, resulting in the production of secondary bile acids such as deoxycholic acid which exerts a strong antimicrobial activity (Hirano et al., 1981). Importantly, bacterial deconjugation of conjugated bile acids by bile salt hydrolase (BSH), which is highly expressed in lactobacilli, represents a key regulator in bile acid metabolism into secondary bile acids (Jia et al., 2019). This is well in line with the elevated loads of lactobacilli in SPF and mma mice with CR as compared to the susceptible hma mice (Figure 3D). Additionally, BSH activity profoundly influences host lipid metabolism, linking it to fecal fatty acids levels in our murine models (Joyce et al., 2014). We suggest that the robust BSH activity in SPF mice, and similarly in mma mice, indicated by diminished taurine-conjugated bile acids, leads to a reduction in fatty acid resorption, increasing the fecal fatty acid content. Conversely, SAB mice exhibit elevated taurocholic acids, which increases fatty acid resorption, thus depleting fecal fatty acids. On the other hand, hma mice exhibit an intermediate phenotype, with moderate BSH activity leading to a moderate fatty acid resorption. Deoxycholic acid has been shown to exhibit potent bactericidal effects against C. jejuni (Kurdi et al., 2006; Sannasiddappa et al., 2017; Thanissery et al., 2017). Previous studies have highlighted the critical role of the CmeABC efflux pump in C. jejuni’s resistance to bile acids and subsequent intestinal colonization (Lin et al., 2003). Moreover, it has been shown that C. jejuni accommodates a well-developed chemotaxis system that repels the pathogen from bile constituents in particular secondary bile acids (Hugdahl et al., 1988; Vegge et al., 2009). The MIC and MIC50 values of deoxycholic acid against C. jejuni strain 81-176 (determined in our laboratories as described in methods) were 256 mg/L and 128 mg/L, respectively. Therefore, it is not surprising that deoxycholic acid effectively reduced C. jejuni 81-176 colonization of the intestinal tract of broiler chickens (Alrubaye et al., 2019). The concentration of deoxycholic acid measured by targeted metabolomics in murine fecal matter was 94 mg/L, high enough to exert antimicrobial effects against C. jejuni. However, treatment of C. jejuni 81-176 infection of germ-free IL-10−/− mice with deoxycholic acid below the MIC did not decrease densities but ameliorated some disease manifestations (Sun et al., 2018).

In addition, fecal samples of mice with CR contained elevated levels of fatty acids including medium-chain fatty acids (MCFAs) such as octadecenoic acid, an isomer of oleic acid, as compared to mice without CR (Figure 8). Long-chain fatty acids exerting potent antimicrobial properties play a crucial role in modulating the microbiota composition by selecting for resistant gut bacterial species (Alcock and Lin, 2015). It has been demonstrated that oleic acid effectively eradicates Campylobacter on chicken skins (Hinton and Ingram, 2000), and in vitro analyses revealed a potent bactericidal effect of MCFAs and long-chain fatty acids against C. jejuni (Sprong et al., 2001). Further studies reported that feeding broiler chicks with different concentrations of MCFAs diet led to less distinct pathogen colonization along the gastrointestinal tract (Van Deun et al., 2008; de los Santos et al., 2009, 2010; Metcalf et al., 2011). In addition, our results clearly indicate that high concentrations of diglycerides and triglycerides are associated with CR against C. jejuni in mice (Figures 9C,D). Diglycerides derived from fatty acids display potent antimicrobial activities. Even though triglycerides were not described to have potent antimicrobial activities, nevertheless, upon hydrolysis, these lipids release free fatty acids and monoglycerides, which in turn possess potent antimicrobial properties (Churchward et al., 2018; Yoon et al., 2018; Fischer, 2020).

Another metabolite of interest is hypoxanthine, which was found to be significantly associated with CR in our mice models. While there is no cumulative evidence to suggest that hypoxanthine itself possesses direct antibacterial properties, it can be metabolized into other compounds such as xanthine and uric acid, that have been shown to exhibit antimicrobial features (Martin et al., 2004). According to our data, CR mice displayed higher levels of xanthine compared to hma mice (Supplementary Figure S4), although SAB mice also harbored high xanthine concentrations.

Finally, these findings highlight the fact that murine CR against C. jejuni is characterized by complex interactions between the gut microbiota, amino acids, bile acids, and lipids. It is noteworthy that the congruence between the metabolite concentrations in our hma mice and those reported in human fecal samples, utilizing the same analytical kit (Erben et al., 2021), underscores the translational relevance of our findings. This further validates the hma mouse model as a representation of human metabolomic profiles. It is clear that CR against C. jejuni cannot be solely attributed to a single metabolite. Thus, the precise role of the metabolites identified here in C. jejuni clearance has yet to be determined. Nevertheless, based on the results presented, it is plausible that antimicrobial activities act together with substrate competition to support murine CR against C. jejuni.



5 Conclusion

Investigations into murine CR against C. jejuni using a comprehensive metabolomic profiling approach shed light on the dynamic gut microbiota interactions of C. jejuni and uncover distinct metabolome signatures associated with CR against this enteropathogen. The findings that concentrations of bactericidal molecules including secondary bile acids, fatty acids, and di-glycerides were elevated in mice with CR as compared to mice without CR points toward a growth inhibition or direct killing of C. jejuni in SPF and mma mice, indicating that respective metabolites may represent key drivers of CR against the pathogen. Notably, the scarcity of amino acids, which are essential for fueling C. jejuni growth, in mice with CR provide evidence that antimicrobial effects might be supported by out-competition mediated by lactobacilli or other gut bacterial species via similar substrate requirements. Importantly, these murine models provide valuable insights into the dynamic relationship between the vertebrate host, microbiota, and pathogen, offering a deeper understanding of metabolite-driven processes underlying CR. In addition to its implications in understanding colonization resistance against C. jejuni, the alignment between the hma mouse model and human metabolites enhances our comprehension of host-microbiota interaction and positions the hma mice as a versatile model for investigating a spectrum of microbiota-related metabolic phenomena (Erben et al., 2021). However, the complexity of the gut microbiota and the multitude of metabolic interactions therein necessitate further studies to decipher the specific mechanisms by which distinct metabolites and metabolic pathways influence different physiological functions, and particularly colonization resistance against C. jejuni in the intestinal milieu. Additionally, we employed a targeted approach for the metabolomics and microbiota composition analyses. For that, using untargeted approaches could offer a more comprehensive view of gut microbiota composition and of the metabolites, thus extending our understanding of host-microbiota interplay. Respective findings will pave the way for the broader goal of using mechanisms of CR for developing novel therapeutic approaches to combat and prevent campylobacteriosis and possibly other enteric infections.
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Campylobacteriosis, a prevalent foodborne gastrointestinal infection in Europe, is primarily caused by Campylobacter jejuni and Campylobacter coli, with rising global concerns over antimicrobial resistance in these species. This study comprehensively investigates 133 human-origin Campylobacter spp. strains (102 C. jejuni and 31 C. coli) collected in Italy from 2013 to 2021. The predominant Multilocus Sequence Typing Clonal complexes (CCs) were ST-21 CC and ST-206 CC in C. jejuni and ST-828 CC in C. coli. Ciprofloxacin and tetracycline resistance, mainly attributed to GyrA (T86I) mutation and tet(O) presence, were prevalent, while erythromycin resistance was associated with 23S rRNA gene mutation (A2075G), particularly in C. coli exhibiting multidrug-resistant pattern CipTE. Notable disparities in virulence factors among strains were observed, with C. jejuni exhibiting a higher abundance compared to C. coli. Notably, specific C. jejuni sequence types, including ST-21, ST-5018, and ST-1263, demonstrated significantly elevated counts of virulence genes. This finding underscores the significance of considering both the species and strain-level variations in virulence factor profiles, shedding light on potential differences in the pathogenicity and clinical outcomes associated with distinct C. jejuni lineages. Campylobacter spp. plasmids were classified into three groups comprising pVir-like and pTet-like plasmids families, exhibiting diversity among Campylobacter spp. The study underscores the importance of early detection through Whole Genome Sequencing to identify potential emergent virulence, resistance/virulence plasmids, and new antimicrobial resistance markers. This approach provides actionable public health data, supporting the development of robust surveillance programs in Italy.
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 Campylobacter, cgMLST, virulence, pTet, pVir, tet(O), antibiotic resistance, GyrA


1 Introduction

Campylobacteriosis has been the most frequently reported foodborne gastrointestinal infection in humans in the European Union (EU) since 2007. In 2021, the total number of confirmed human cases in the EU was 127,840, and Campylobacter spp. was the fourth most common cause of foodborne outbreaks reported by 17 Member States (MSs) and three non-MSs at EU level (EFSA and ECDC, 2022). The main Campylobacter species reported in EU was Campylobacter jejuni (88.4%), followed by Campylobacter coli (10.1%) (EFSA and ECDC, 2021). The incidence of campylobacteriosis varies globally between countries, and its true incidence remains uncertain due to underreporting of Campylobacter spp. infection cases, disparities in reporting systems, diagnosis challenges, and differences in outbreak surveillance (Hansson et al., 2018). Notifications of campylobacteriosis cases in Italy are gathered by the Enter-Net Italia surveillance and reported annually to the European Center for Disease Prevention and Control (ECDC). This surveillance was non-mandatory until 2022, leading to underestimating the annual number of reported cases. The iceberg effect is well known, and a population-based serological study indicated Italy as a country with a low reporting rate in 2009–2013 (Cassini et al., 2018). Despite the parsimonious collection of strains in Italy, it remains crucial to determine the main characteristics of the circulating strains through their complete characterization. Campylobacter spp. is primarily found in the digestive tract of poultry and poultry meat, as well as other animals and food matrices thereof such as cattle and swine (Wysok et al., 2015). Contact with dogs and cats can also be a risk factor for human campylobacteriosis (Andrzejewska et al., 2013).

Campylobacteriosis is typically self-limiting and usually resolves within a week from the onset of symptoms (Blaser and Engberg, 2008). Antimicrobial treatment should be reserved for cases of severe gastroenteritis, extraintestinal infections, or immunocompromised patients. Nonetheless, the rising antibiotic resistance (AMR) of Campylobacter spp. has emerged as a global issue (Skirrow, 1994; Dai et al., 2020). According to the European data, very high to extremely high levels of resistance to ciprofloxacin in C. jejuni and C. coli and high and very high levels of tetracycline resistance, respectively, in C. jejuni and C. coli were reported in humans (EFSA and ECDC, 2023). While, erythromycin resistance for C. jejuni was either absent or detected at very low levels, C. coli exhibited higher resistance levels. Low levels of gentamicin resistance were observed in C. coli. Combined resistance to ciprofloxacin and erythromycin, critical antimicrobials for the campylobacteriosis treatment, was generally uncommon in C. jejuni and moderately common in C. coli (EFSA and ECDC, 2023).

The main mechanism causing quinolone and fluoroquinolone resistance in Campylobacter spp. is the C257T point mutation in gyrA that yields a Thr-86-Ile amino acid change. Mutations in the 23S rRNA genes, amino acid changes in L4/L22 ribosomal proteins, and the presence of the ribosomal methylase encoded by ermB gene confer resistance to macrolides. The tet(O) gene encoding a ribosomal protection protein is mainly responsible for tetracycline resistance (Connell et al., 2003; Vacher et al., 2005; Iovine, 2013; Panzenhagen et al., 2021; Bunduruș et al., 2023).

Multilocus sequence typing (MLST) is a gold standard informative tool to analyze the molecular epidemiology of Campylobacter spp. allowing the characterization of the population structure of Campylobacter spp. and the identification of lineages such as sequence types (STs) and clonal complexes (CCs) (Dingle et al., 2001). Previous MLST studies on C. jejuni demonstrated that its population is genetically diverse and weakly clonal, consisting of large CCs representing epidemiologically relevant units for investigating C. jejuni epidemiology (Manning et al., 2003; Mouftah et al., 2021). Additionally, a higher level of discrimination is given by comparing the genomic sequences through the core genome multilocus sequence typing (cgMLST), which provides high-resolution data across related but not identical strains (Maiden et al., 2013; Cody et al., 2017; Hsu et al., 2020).

Specific Campylobacter spp. virulence genes encompassing its virulome represent relevant public health risks due to their capacity to strengthen the bacterium against the immunological response mounted by the host (Bunduruș et al., 2023). Most of the studies about the Campylobacter spp. virulome have been performed in C. jejuni, with fewer focused on C. coli (Fiedoruk et al., 2019; Bravo et al., 2021; Panzenhagen et al., 2021; Deblais et al., 2023; El-Adawy et al., 2023). Several Campylobacter spp. virulence factors have been linked to pathogenesis, severe illness and post-infection issues (Lapierre et al., 2016; Wieczorek et al., 2018). Utilizing flagella for motility, these bacteria navigate the mucus layer to reach and adhere to intestinal epithelial cells, a pivotal step in initiating infection. The ability to invade these cells, coupled with the production of toxins such as the cytolethal distending toxin (CDT), enhances the pathogenicity of the bacteria by inducing cell cycle arrest and apoptosis. Certain strains exhibit increased virulence through the presence of a protective polysaccharide capsule, while the microaerophilic nature of Campylobacter spp. enables them to thrive in the low-oxygen environment of the intestinal tract (Bunduruș et al., 2023; Kemper and Hensel, 2023). This intricate combination of virulence factors underscores the complexity of Campylobacter spp. pathogenesis, necessitating a comprehensive understanding of the development of effective preventive and therapeutic strategies.

Plasmids in Campylobacter spp., play a crucial role in shaping the pathogenicity and adaptability of these foodborne pathogens. Studies have identified various plasmid families, including pVir-like and pTet-like, each with particular replicon types or relaxases and potential implications for bacterial virulence and survival (van Vliet et al., 2021; Hull et al., 2023). Additionally, plasmids facilitate horizontal gene transfer, rapidly disseminating genetic material and traits, further enhancing the adaptability of Campylobacter spp. populations. The presence of plasmids carrying virulence factors underscores their significance in the pathogenic potential of these bacteria.

Understanding the mechanisms underlaying Campylobacter spp’s ability to acquire AMR, identifying virulence factors involved in the pathogenesis of campylobacteriosis, and studying plasmids carrying both genetic determinants are crucial in comprehending the infection mechanisms and the bacterium’s response to host immunity defense and antibiotic treatments.

This study employed whole genome sequencing (WGS) to comprehensively investigate the genetic diversity, antibiotic resistance, virulence content, and plasmid distribution in 133 Campylobacter spp. strains (102 C. jejuni and 31 C. coli) of human origin, collected in Italy from 2013 to 2021. This investigation integrated both resistome analysis and phenotypic approaches to assess antibiotic resistance, providing a comprehensive understanding of the genomic and phenotypic characteristics of these pathogens.



2 Materials and methods


2.1 Settings and bacterial strains

Surveillance for Campylobacter spp. in human strains in Italy is based on a systematic voluntary network (Enter-Net Italia) coordinated by the Infectious Disease Department of the Istituto Superiore di Sanità (ISS). The selection criteria in this study involved choosing epidemiologically unrelated viable strains from 2013 to 2021. Epidemiologically unrelated strains were defined as those isolated from patients without any known epidemiological link. This approach aimed to avoid possible submerged clonal events and assess the extent of clonal diversity during the chosen period in our country. One-hundred-thirty-three strains belonging to the two main notified species were selected: 102 C. jejuni and 31 C. coli (Supplementary Table S1), which were isolated from feces (128) and blood (5). These strains were received in swabs with already isolated and identified C. jejuni and C. coli strains. Subsequently, they were inoculated onto modified charcoal cefoperazone deoxycholate agar (mCCD Agar; Biolife Italiana srl, Milan, Italy) and Columbia Blood Agar Horse plates (Biolife Italiana srl, Milan, Italy). The plates were all incubated at 41.5°C ± 1°C for 48 ± 2 h in a microaerobic atmosphere and then screened for antibiotic susceptibility and DNA extraction.



2.2 Antibiotic susceptibility testing

Susceptibility was determined by the reference broth microdilution method and the Kirby-Bauer disk diffusion susceptibility test, following the international guideline recommendations of the European Committee on Antimicrobial Susceptibility Testing (EUCAST; www.eucast.org). Four antibiotics (Becton Dickinson, MD 21152–0999, United States) were tested by disk diffusion method, and the antibiotic concentrations were as follows: ciprofloxacin (Cip, 5 μg), tetracycline (T, 30 μg), erythromycin (E, 15 μg), and gentamicin (Gm, 10 μg). The control strain for antibiotics susceptibility testing was C. jejuni strain ATCC 33560. The susceptibility results were interpreted using the EUCAST guidelines.1 Broth microdilution method using Sensititre automated system (TREK Diagnostic Systems, Venice, Italy) was used to determine the antibiotic susceptibility of Campylobacter spp. strains. Cip, T, E, and Gm were tested according to previously reported methods (Marotta et al., 2020).

The strains were classified as resistant and susceptible according to minimum inhibitory concentration (MIC) breakpoints using Swin v3.3 Software (Thermo Fisher Scientific) following the epidemiological cutoff values (ECOFFs) as defined by EUCAST.2 MIC breakpoints of resistance applied were > 0.5 μg/mL for Cip (C. jejuni and C. coli), > 4 μg/mL for E (C. jejuni) and > 8 μg/mL (C. coli), > 2 μg/mL for Gm (C. jejuni and C. coli), and > 1 μg/mL for T (C. jejuni) and > 2 μg/mL (C. coli). Campylobacter jejuni strain NCTC11351 was used as a control. Multidrug resistance (MDR) was defined as the resistance to three or more classes of antibiotics.



2.3 Whole genome sequencing

All the strains were sequenced by next-generation sequencing. Genomic DNAs were purified using the Macherey-Nagel NucleoSpin Tissue kit (Fisher Scientific Italia, Segrate, Italy). DNA libraries were created using Nextera XT Library Preparation Kit (Illumina, Inc., San Diego, CA, United States) and sequenced with Illumina NextSeq 500 sequencer, producing 150 bp paired-end reads.

Multiple online web-based bioinformatics tools (accessed September–December 2022) were used for pathogen characterization. Basic metrics and quality check of FASTQ-formatted sequencing reads were determined with FastQC Read Quality Reports v.0.72 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/; Galaxy-ARIES; Afgan et al., 2018; Knijn et al., 2020). The obtained raw reads were screened for contamination and reidentification of the species using Quality control species-identification pipelines KmerFinder v.3.2 for bacteria organisms (Center for Genomic Epidemiology, CGE; https://www.genomicepidemiology.org/; Hasman et al., 2014; Larsen et al., 2014; Clausen et al., 2018) and RefSeq Masher Matches v.0.1.2 (Galaxy-ARIES, https://w3.iss.it/site/aries/; Ondov et al., 2016; Knijn et al., 2020).

Quality trimming was performed by Trimmomatic v.0.38.1 to remove low-quality and adapter sequences for paired-end reads, filtering for a minimum read length of 50 and trimming low-quality 3′ ends of reads. Nucleotide positions in the reads with a quality score lower than Q20 were removed (Parameters: LEADING: 3; TRAILING: 3; SLIDINGWINDOW: 4:20; MINLEN:50) (Galaxy-ARIES; Bolger et al., 2014). De novo assembly of Illumina reads was performed using the SPAdes v.3.14.1 (Parameters: single-cell, with error correction and automatically k-mer values and coverage cuttoff) (Galaxy-ARIES; Bankevich et al., 2012; Afgan et al., 2018; Knijn et al., 2020). With the Staramr v.0.9.1 tool (Galaxy Europe, http://usegalaxy.eu/; Bharat et al., 2022), the genomes have been checked for genome sizes between the 1.6–1.9 Mbp range and the number of assembled contigs (Afgan et al., 2018; Bharat et al., 2022).



2.4 MLST and cgMLST analysis

Multilocus sequence typing scheme for C. jejuni and C. coli based on seven loci (aspA, glnA, gltA, glyA, pgm, tkt, and uncA) was performed by mlst 2.22.0 (Galaxy Europe; Bharat et al., 2022). Where STs were not defined, allele sequences were submitted to the Campylobacter spp. public database for molecular typing and microbial genome diversity.3 Based on their STs, strains were assigned to CCs using the Campylobacter jejuni/coli PubMLST.org database (Jolley et al., 2018).

Analysis by cgMLST assignment based on the 1,343 core loci using the Campylobacter jejuni/coli PubMLST.org database was conducted (Jolley et al., 2018). The cgMLST scheme used was described in Cody et al. (2017). The percentage of called targets ranged from 80.0 to 95.7% with an average of 92.5% of alleles called.

A dendrogram was generated based on cgMLST allelic differences, selecting the “Campylobacter (PubMLST) species” parameter. We used the Newick matrix created by the cgMLST Finder 1.2 v.1.0.1 method version 3.69 (CGE) to generate Neighbor-Joining tree (Clausen et al., 2018; Jolley et al., 2018). The tree was annotated using iTOL version 6 (Letunic and Bork, 2007). A minimum spanning tree was generated using the MSTree V2 algorithm in the stand-alone GrapeTree visualization program.



2.5 Resistome analysis

Resistance genes and point mutation content were obtained using two different tools: Amrfinder v.3.1.1b, developed by NCBI selecting Campylobacter species parameter (Galaxy-ARIES; Feldgarden et al., 2019), and Staramr v.0.9.1 tool, enabling the scanning for point mutations for Campylobacter species (Galaxy Europe; Bharat et al., 2022).



2.6 Virulome analysis

Bacterial virulome identification was performed using the Virulence Factor of Pathogenic Bacteria server (VFDB, http://www.mgc.ac.cn/VFs/; Chen et al., 2005, 2012, 2016; Yang et al., 2008; Liu et al., 2018). Additionally, the presence of genes involved in “capsule biosynthesis and transport” and genes categorized as “immune evasion-LOS” was verified using a custom-built database, using C. jejuni NCTC 11168 (AL111168.1) as the reference genome. The custom database was built using ABRicate version 1.0.1 (Seemann T, Abricate, GitHub, https://github.com/tseemann/abricate). All genomes were queried against the databases with ABRicate using coverage and identity cutoff of 80%.

The results obtained from VFDB and ABRicate were used to generate a gene presence/absence matrix (Supplementary Table S2). Where two or more copies of the same gene were identified, they were treated as a single hit. The matrix was used to create concatenated sequences for all the samples, which were combined to obtain a binary alignment. A dendrogram was constructed using IQtree version 1.6.9 (Nguyen et al., 2015) using the obtained binary alignment as an input and using default settings. GTR2 + FO + R3 model was selected using ModelFinder feature in IQTree (Kalyaanamoorthy et al., 2017). The tree was annotated with iTOL version 6 (Letunic and Bork, 2007). The genes belonging to the T6SS system present in the genomes were analyzed using the web-based resource Type VI Secretion System Resource (SecReT6) version 3.0. (https://bioinfo-mml.sjtu.edu.cn/SecReT6/t6ss_prediction.php; Supplementary Table S3; Zhang J. et al., 2023).



2.7 Plasmid content analysis

The MOB-Recon v.3.0.3 tool predicted sequences’ origin (plasmid or chromosome) (Galaxy Europe; Robertson and Nash, 2018). MOB-Recon differentiated and reconstructed individual plasmid sequences from draft genome assemblies using the plasmid reference databases, detecting circular contigs. The screening was performed with a minimum sequence identity and coverage of 80%. Contigs under 1,000 bp were not considered. Only the plasmids described as circular by this tool were selected and annotated by the Bakta server (http://bakta.computational.bio/, accessed in March 2023; Schwengers et al., 2021).

Plasmids bigger than 10 kb were also subjected to a Pangenome analysis by the Genomic Context View (GView) server (https://server.gview.ca/; Petkau et al., 2010). The BLAST parameters used were e-value (<1e−10), alignment length cutoff 100%, and identity cutoff value 80%. The pangenome was constructed by iteratively appending unique regions onto an initial seed sequence.

A MAFFT multiple alignment of the plasmid nucleotide sequences, using the default parameters, was performed by the online server MAFFT v. 7 (https://mafft.cbrc.jp/alignment/server/; Katoh and Standley, 2013). This tool performed a sequence alignment using Fast Fourier Transforms. The Neighbor-Joining (NJ) method and the Juke-Cantor model were used to perform a phylogenetic tree by Phylo.io 1.0.0 (Robinson et al., 2016). Only plasmids bigger than 10 kb were selected for MAFFT analysis. These two analyses also included a selection of 11 plasmids, called reference plasmids in this study, based on the MOB and Rep type and the Mash nearest neighbors obtained with the MOB-recon analysis.




3 Results


3.1 MLST and cgMLST analysis

The WGSs of 133 human non-epidemiologically related Campylobacter spp. strains were analyzed and showed a draft genome size between 1.59 and 1.96 Mb with a median N50 of assemblies of 229 kb (IQR = 58–1,000 kb). The number of assembled contigs was between 7 and 99, and the median number of contigs recovered per sample was 32 (Supplementary Table S1). The Kmer-based approach identification and the RefSeq masher confirmed the species of 102 C. jejuni and 31 C. coli and the absence of contaminated sequences.

Analysis of the 133 Campylobacter spp. genomes identified 61 previously described STs and four novel STs (ST-11200, ST-12068, ST-12069, and ST-12070). Seventeen and two different CCs were observed in C. jejuni and C. coli, respectively. Among C. jejuni strains, the main CCs observed were the ST-21 CC, representing 21.24% of the strains, followed by the ST-206 CC (15.53%), the ST-353 CC (9.71%), the ST-354 CC (8.74%), and the ST-658 CC (5.83%). The main STs observed were ST-50, ST-19, and ST-21, inside the ST-21 CC, ST-122 and ST-3335, inside the ST-206 CC and the ST-2116, inside the ST-353 CC. Overall, the predominant CC observed in C. coli was the ST-828 CC detected in 80.65% of strains, while only one strain was assigned to ST-1150 CC. The most prevalent C. coli STs were ST-7159 and ST-832, members of ST 828 CC (Supplementary Table S1).

A total of 106 cgMLST profiles were observed through Campylobacter spp. strains. The most frequent cgMLST types (cgSTs) in C. jejuni were the cgST-3020, assigned to six strains and the cgST-11062, assigned to five. In C. coli, the most frequent cgSTs were the cgST-35299 (four strains), the cgST-13890 (three strains), and the cgST-20838 (three strains). Campylobacter jejuni and C. coli did not present common cgMLST. For 19 strains, the exact cgMLST profile was not assigned, as more than one closely matching profile was identified by the Oxford pubMLST (Supplementary Table S1). These strains contained 1–738 mismatches, observing from 99.9 to 80.7% allele match in C. jejuni and 98.8 to 45% in C. coli (data not shown).



3.2 Cluster analysis of human Campylobacter spp. strains

The dendrogram constructed using cgMLST divided the strains of C. jejuni from C. coli. Most of the genomes were genetically distant from one another, forming distinct long branches in the tree topology. In particular, the lineage of C. coli was split into two branches. The first one contained only one genome assigned to ST-1150 CC, and the second was split further, forming a large clade composed of strains of ST-828 CC or with no CC assigned yet. In general, for C. coli, we did not detect clusters of related strains, and only one pair of identical strains was identified within ST-7159 (Figure 1).
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FIGURE 1
 Dendrogram of Campylobacter jejuni and Campylobacter coli isolated from human samples in Italy between 2013 and 2021. A total of 133 strains were analyzed using cgMLST using a template composed of 1,343 loci. The dendrogram was generated by pairwise comparison of the target core genes and midpoint rooted. Strains marked with red stars were isolated from blood, while the others were isolated from feces. C. jejuni and C. coli strains are highlighted in orange and blue, respectively.


For C. jejuni strains, instead, we detected several clusters of genomically highly similar strains that included three clusters containing five or more genomes. The biggest one was composed of ST-3335 and contained strains isolated between 2016 and 2020. The pairwise allele distance between genomes in this cluster ranged from one to 35 differing alleles, generally corresponding to the differences in the date or the place of the strain isolation (data not shown). Other two clusters comprised strains assigned to ST-2116 or ST-2863. The allelic differences in the genomes in the ST-2116 cluster ranged between 0 and 23, and for ST-2863, the pairwise distance ranged between zero and 17 alleles. The strains from both clusters were isolated between 2015 and 2021. We also identified several smaller clusters of identical or genetically very similar strains, for instance, within ST-19 or ST-1039. Our dataset’s most populated clonal complex, ST-21 CC, was split between two large clades. The first included ST-21, ST-5018, and ST-1943, and the second comprised ST-19, ST-50, and ST-822. While most strains assigned to this CC were not genetically closely related, two small clusters of similar genomes were noted, one belonging to ST-19 and the other to ST-21 (Figure 1).



3.3 Antibiotic susceptibility and genotype analysis

Susceptibility to all antibiotics tested, Cip, E, Gm, and T, was observed in 17.64% (18/102) and 6.45% (2/31) of C. jejuni and C. coli strains, respectively. All the strains but two (C. jejuni) were susceptible to Gm (98.50%). A total of 30.39% (31/102) of C. jejuni and 9.68% (3/31) of C. coli were only resistant to Cip. A higher number of C. jejuni (42.16%; 43/102) and C. coli (41.94%; 13/31) were resistant to CipT. 38.71% (12/31) of C. coli was characterized by the MDR pattern CipTE; however, a low number (2.94%; 3/102) of CipTE-resistant C. jejuni was observed (Supplementary Table S1).

Each interpretation (resistance or susceptible) for an antibiotic susceptibility test result was compared to the presence or absence of a corresponding known resistance gene(s) and/or specific mutations. The in silico analysis of the 133 sequenced Campylobacter spp. strains revealed the presence of the GyrA (T86I) mutation in 77.45% (79/102) of C. jejuni and 83.87% (26/31) of C. coli, conferring Cip resistance in all strains except one. The GyrA (T86V) was also present in one Cip-resistant C. jejuni, and the double GyrA mutation (T86I, D90N) was present in one Cip-resistant C. coli. One C. jejuni presented the GyrA mutation (T86A), not conferring Cip resistance. A 20.59% (21/102) C. jejuni and a 12.90% (4/31) C. coli did not present any GyrA mutation responsible for Cip resistance, being all but one susceptible to this antibiotic (Supplementary Table S1). For the genotype–phenotype correlation, there is no linkage in 1.85% (2/108) of Campylobacter strains presenting fluoroquinolone resistance or mutation.

Fifty percent (51/102) of C. jejuni and 16.13% (5/31) of C. coli did not present any tet gene responsible for tetracycline resistance. The tet(O) gene was present in 30.39% (31/102) of C. jejuni and 67.74% (21/31) of C. coli; additionally, 19.60% (20/102) of C. jejuni and 12.90% (4/31) of C. coli presented the mosaic gene tet(O/32/O). The tet(W) was present in only one C. coli (3.23%; 1/31) (Supplementary Table S1). Two of the C. jejuni presenting the tet(O) and one of the C. jejuni presenting the tet(O/32/O) gene were susceptible to T, and four C. jejuni resistant to T did not present any tet gene. There is no match in the genotype and phenotype correlation in 6.64% (7/81) of Campylobacter strains presenting tetracycline resistance or gene.

All but four E-resistant strains presented the 23S RNA mutation A2075G. The transferable erm(B) gene was absent. For the genotype and phenotype correlation, there is no match in 2.35% (4/17) of Campylobacter strains presenting erythromycin resistance or mutation. Other resistance genes present in this collection were aadE [also called ant(6)-Ia], aph(2″)-Ii (aadE-Cc), and aph(3′)-IIIa (Supplementary Table S1). Only one of the two strains presenting aph(3′)-IIIa gene was resistant to Gm; the other presented a partial aph(3′)-IIIa. Instead, one of the two Gm-resistant strains did not present any known mechanism conferring this resistance.

Although the ampicillin resistance was not tested phenotypically in this study, the presence of the blaOXA gene and its variants were studied. The blaOXA gene was present in a 93.14% (95/102) C. jejuni and 80.65% (25/31) C. coli. The main blaOXA present in C. jejuni were blaOXA-193 67.65% (69/102) and blaOXA-466 7.84% (8/102). Campylobacter coli mainly presented blaOXA-193 29.03% (9/31) and blaOXA-489 19.35% (6/31). A 6.86% (7/102) of C. jejuni and a 19.35% (6/31) of C. coli did not present blaOXA genes (Supplementary Table S1). The 50S rRNA L22 A103V mutation in 15 C. jejuni and seven C. coli did not confer any resistant pattern to the strains. Considering the four tested antibiotics, only nine strains (6.7%) did not present a correlated pheno-genotype (Supplementary Table S1). The presence of specific antibiotic resistance genes generally corresponded with the cgMLST dendrogram, and strains placed closer together were resistant to the same antibiotics. Some exceptions were noted, however, including two multidrug-resistant strains in the ST-2116 cluster (Figure 1).



3.4 Distribution of virulence genes

The Campylobacter spp. collection presented a virulome composed of 158 identified genes out of the 32,827 virulence factor-related genes settled in the virulence finder database VFDB. Out of 158 virulence genes identified, 134 Campylobacter spp. specific genes were used to generate a dendrogram based on the binary gene presence/absence matrix. We observed significant differences in the number of virulence genes detected in the individual genomes, with a minimum of 78 genes and a maximum of 125 (Supplementary Tables S2, S3). Fewer virulence genes were found in C. coli strains than in C. jejuni. The strains with the most detected virulence genes belonged to ST-21 and ST-5018 (ST-21 CC). Of these 134 Campylobacter spp. specific genes, 68 virulence genes were conserved in 99% of analyzed strains, and five genes were detected in one strain of C. jejuni only. The remaining 61 genes belonged to five separate categories: Capsule biosynthesis and transport (CBT), Glycosylation system, Immune system evasion (lipooligosaccharides—LOS), Motility, and export system and Toxins (Supplementary Table S2; Figure 2). The most significant difference between the strains was observed in the presence or absence of CBT and LOS genes.
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FIGURE 2
 Presence and absence of virulence genes divided by category, in 133 genomes of Campylobacter jejuni and Campylobacter coli isolated from humans. The dendrogram was constructed using a binary presence/absence matrix of 134 Campylobacter-specific virulence genes. Genes detected in >1% and < 99% of genomes are shown (black boxes). IDs are colored according to species: C. jejuni are shown in black and C. coli in blue. Clonal complexes (CC) are color-coded, and individual Sequence Type (ST) are shown.


The dendrogram grouped the dataset into specific clusters based on the similarity of virulomes, and the individual clusters generally corresponded to Campylobacter species and specific CCs, but with some exceptions (Figure 2). ST-21 CC was divided into two clusters, the first grouping ST-21 and ST-5018 and the second composed mainly of ST-50 and ST-19 strains. Strains from both clusters differed from the others in the dataset by the presence of nine genes in the LOS cassette (Cj1136–Cj1144c; Figure 2); however, the first cluster contained additional nine genes in the CBT cassette. Moreover, while most C. coli genomes were grouped, three strains were found among C. jejuni strains, suggesting a possible gene exchange between the two species.

The VFDB analysis showed that 75 out of 133 strains (48 C. jejuni and 27 C. coli) carried virulence genes associated with bacterial species different from Campylobacter spp. (Supplementary Table S3). Thirty C. jejuni and two C. coli strains carried three virulence genes associated with ACE Type VI secretion system (T6SS) of Escherichia coli, T6SS of Aeromonas spp., and virulence-associated secretion (VAS) effector protein of Vibrio spp. Six of these 30 C. jejuni strains belonged to ST-354 CC and nine to ST-353 CC (Supplementary Table S3). Twenty out of 133 strains (9 C. jejuni and 11 C. coli) carried a virulence gene linked to the Lvh type IVA secretion system (Legionella spp. vir homologs). Among the C. jejuni strains, six were classified as ST-353 CC. Likewise, among the C. coli strains, nine were classified as ST-828 CC. Twenty-three Campylobacter spp. strains (12 C. jejuni and 11 C. coli) showed a gene coding for Phytotoxin phaseolotoxin (Pseudomonas spp.), and no clear correlation with any CCs was observed (Supplementary Table S3). Eight out of the 31 strains of C. coli belonging to ST-828 CC presented virulence genes associated with serum resistance and immune evasion, anti-phagocytosis, and other functions classified by the VFDB tool as lipopolysaccharide (LPS) gene of Francisella spp., capsule of Klebsiella spp., and O-antigen of Yersinia spp., respectively (Supplementary Table S3).



3.5 Plasmid analysis

MOB-recon analysis classified the contigs of all the strains in chromosomal or plasmidic, assigning plasmidic contigs as circular or incomplete (Supplementary Table S4). This tool identified plasmid-derived contigs in all 102 C. jejuni strains and only 18 C. coli (Supplementary Table S4). Additionally, 19 out of 133 Campylobacter spp. strains presented one plasmid classified as circular, while one strain (833,112 strain) presented three circularized plasmids (Table 1; Supplementary Table S1). Six C. jejuni and 14 C. coli presented circularized plasmids (Table 1). All circularized plasmids exhibited homology with previously characterized Campylobacter spp. plasmids (Table 1). Plasmid sizes varied between 2,427 and 49,853 bp (Table 1). Four circularized plasmids <10 kb were defined as cryptic. The distribution of strains containing circularized plasmids was observed across the cgMLST dendrogram except for C. coli ST-7159 strains. Five out of six ST-7159 strains contained a plasmid (Figure 1). Four out of the 20 plasmids presented the tet(O) gene (Table 1).



TABLE 1 MOB-recon Campylobacter spp. circularized plasmids results and antimicrobial resistance genes.
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MOB-recon analysis confirmed the presence of replicase (rep) and mob relaxase genes. Rep proteins were present in three circularized cryptic plasmids, presenting high homologies to three previously described cryptic plasmids (Table 1). The Bakta server identified a replication initiation protein Rep_3 (RepB family) in the fourth cryptic p9574; this protein was misidentified by the MOB-recon tool.

In 11 strains without circularized plasmids, MOB-recon identified 12 non-circularized plasmid contigs that encoded MOB relaxases (and one also encoded a Rep protein). Four non-circularized plasmid contigs also presented the tet(O) gene (Supplementary Tables S1, S4).

The GView pangenome analysis, of 18 circularized plasmid sequences larger than 10 kb and 11 reference plasmids added for comparative purposes (Table 1; Figure 3), revealed a comprehensive overview through a circular map displaying the pangenome BLAST atlas of all sequences (Figure 3). The GView analysis grouped the plasmids into three main groups (A–C). This grouping was further supported by the NJ-phylogenetic tree generated through MAFFT analysis (Figure 4), reinforcing the consistency of the results obtained from both methodologies. Within these groups, distinct clades of pTet-like, pCC42-like, and pVir-like plasmids emerged, aligning with their respective reference plasmids.
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FIGURE 3
 Pangenome analysis of circularized Campylobacter spp. plasmids bigger than 10 kb. GView server showed a circular figure with 18 circularized plasmid sequences plus 11 reference plasmids. Individual colored slots (circles) in the figure represent one plasmid sequence. Circles showed regions with BLAST hits between the constructed pangenome and the other uploaded sequences. The significant gaps showed regions missing from the pangenome but found in one of the other sequences. The dark brown circle showed the constructed pangenome using all the uploaded concatenated plasmid sequences. Individual arrows represent the CDS.
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FIGURE 4
 Phylogeny of Campylobacter jejuni and Campylobacter coli circularized plasmids bigger than 10 kb. A MAFFT multiple alignment of the plasmid nucleotides was performed. The Neighbor-Joining method and Juke-Cantor model were used to perform a phylogenetic tree by Phylo.io 1.0.0. Eighteen circularized plasmids (red dots) plus 11 reference plasmids are represented.


The tet(O)-carrying plasmids plus the p9572 were classified into group A as pTet-like plasmids, alongside the five reference plasmids previously described as pTet (Table 1; Figure 3). The 39 kb-p9572 did not present the tet(O) gene but maintained most of the pTet-plasmid backbone. This strain presented the tet(O) gene in a 173 kb-contig classified as chromosomal by MOB-recon (Supplementary Table S4) and presented a 97% of coverage and 99.91% of identity with the C. coli strain meC0467 chromosome (CP027638). The p13786 classified as group A (pTet-like) presented a partial aph(3′)-IIIa gene, intact in the Tx40 plasmid and pN29710-1 reference plasmids. p1378 also presented the aph(2″)-Ii gene. These four pTet-like plasmids were observed in one ST-828 CC C. coli and three C. jejuni of ST-21 CC and ST-22 CC (Supplementary Table S1).

Group B, or pCC42-like, was the biggest one (70.58% of the total of circularized plasmids), with 17 plasmids ranging from 25 to 30 kb (four reference plasmids and 12 circularized plasmids); their plasmid backbone was mainly constituted by a significant coding region for the Tra/Vir type IV secretion system (T4SS). Seventy-five per cent (9/12) of these plasmids were associated with C. coli. Among these C. coli-associated plasmids, a subset of 55.5% (5/9) was identified in ST-7159 (ST-828 CC) strains isolated in different years; nevertheless, plasmids grouped in two closely related subclades (Figure 4). The remaining plasmids, which formed a third sub-clade, were found in three strains of C. jejuni and one strain of C. coli. Interestingly, the C. coli strain identified in this sub-clade did not belong to the ST-828 CC but was classified as ST-12068 (ST-1150 CC).

Group C, or pVir-like, was constituted by the p13784 and two reference plasmids, pOR12Vir and pVir, previously described as Campylobacter spp. virulence plasmids (Figure 3). The pVir-like p13874 presented 97% of coverage and 97.99% of identity with pVir and 95% of coverage and 97.84% of identity with pOR12Vir. The plasmids of this group were characterized to present seven genes encoding homologs of type IV secretion proteins and are clustered in a region spanning 8.9 kb. One of these genes was previously identified by VFDB analysis as Lvh type IVA secretion system (Legionella spp. vir homologs).




4 Discussion

Campylobacteriosis cases have increased worldwide (Whiley et al., 2013; Gibbons et al., 2014; EFSA and ECDC, 2021, 2022). Nevertheless, this infection is frequently underdiagnosed and underreported (Gibbons et al., 2014). Genetic characterization and comparison of Campylobacter spp. play a crucial role in advancing our knowledge of the dynamics and characteristics of circulating lineage clusters. A high genetic diversity of C. jejuni strains has been extensively documented worldwide and possesses a notable capacity for genetic exchange, enhancing its adaptability (Golz et al., 2020; Bravo et al., 2021; Harrison et al., 2021; Ocejo et al., 2021; Prendergast et al., 2022; Zhong et al., 2022; Hull et al., 2023). Notably, extensive introgression (transfer of genetic material between different species), predominantly from C. jejuni to C. coli, has been observed, resulting in the replacement of approximately 10 and 23% of the C. coli core genome with C. jejuni DNA in ST-828 and ST-1150 CCs, respectively (Sheppard et al., 2008; Tanoeiro et al., 2022).

In this study, genome analysis showed a significant genetic divergence in the selected collection. The assignment to different STs and CCs demonstrated that 41% of the C. jejuni strains were grouped into two main CCs, ST-21 CC and ST-206 CC, defined as host generalists (capable of infecting wide range of host species) (Baumler and Fang, 2013; Thépault et al., 2017; Bravo et al., 2021; Mouftah et al., 2021; Dessouky et al., 2022; Ghielmetti et al., 2023).

Our results agree with several studies, demonstrating that ST-21 CC is prevalent in the C. jejuni population in humans in Italy (Manfreda et al., 2016; Di Giannatale et al., 2019; Ocejo et al., 2021; Conesa et al., 2022; Iannino et al., 2022). ST-21 CC is also among the most reported CC in poultry and is often associated with cattle, wild birds, sheep, dogs, dairy products, and water (Kwan et al., 2008; Cuevas-Ferrando et al., 2020; Conesa et al., 2022; Deblais et al., 2023). ST-206 CC has also been found frequently in humans in Germany, chicken meat, dogs in Italy, chickens in Poland, and sheep in Spain (Rosner et al., 2017; Wieczorek et al., 2017; Di Giannatale et al., 2019; Ocejo et al., 2021; Iannino et al., 2022). ST-353 CC, detected in 9.8% (10/102) of the strains, has been classified as a chicken specialist due to its prevalence in this host (Cobo-Díaz et al., 2021). Campylobacter coli showed a low CC heterogeneity, as all the strains except one were classified as ST-828 (Mouftah et al., 2021).

Many studies have suggested approaches to overcome the limited discriminatory power of the conventional seven loci MLST by exploiting WGS data (Cody et al., 2017). Our collection presented a high variability of cgMLST profiles, aligning with our objective of choosing non-epidemiologically linked strains for this study. The cgMLST dendrogram highlighted that most strains analyzed were not genetically related. This was particularly evident for C. coli, where clusters of similar genomes remained undetected. The high variability of cgSTs circulating in our country suggests that human infections in Italy are usually sporadic, likely associated with improper handling of food products, which mirrors the epidemiology of campylobacteriosis in EU (EFSA and ECDC, 2022; Liu et al., 2022).

Only a few small groups of strains were classified as the same cgST, mainly associated with the ST-2116, ST-2863, and ST-3335. These strains were isolated in different years, suggesting they did not originate from an outbreak but were potentially acquired from a common source. Recent studies have indicated that ST-2116 and ST-2863 are the most prevalent STs isolated from broilers in Italy, exhibiting genetic homogeneity (Di Giannatale et al., 2019; Marotta et al., 2023). This suggests that human infections caused by these clones, which are extensively circulating in Italy, are likely linked to broilers and the consumption of contaminated poultry meat and related food products. Conversely, infections involving ST-3335 have been attributed to cattle and sheep, indicating a probable connection with ruminant reservoirs (Arning et al., 2021). Therefore, it is crucial to conduct further research utilizing more precise attribution models to examine the sources of infection.

The analysis of the Campylobacter spp. collection revealed a diverse virulome among individual genomes. Notably, C. jejuni strains carried more virulence genes than C. coli strains (Bravo et al., 2021; Hull et al., 2023). The virulome of Campylobacter spp. has mainly been studied in C. jejuni, and most of the commonly used virulence factor databases have been constructed based on the reference genome of this species. The low number of virulence factors detected in C. coli may be attributed to either the absence of C. coli-specific genes in the database queried or a sequence identity below the VFDB tool’s threshold between the C. coli virulence genes and those in the C. jejuni reference genomes.

The dendrogram, generated from a binary matrix indicating the presence or absence of virulence genes, provided insights into the clustering of strains based on their virulomes. The identified clusters corresponded to specific Campylobacter species and CCs. Specific virulence genes were associated with particular STs, such as ST-21 and ST-5018 (ST-21 CC), highlighting the potential role of these genes on the pathogenicity of Campylobacter spp. (Zhang D. et al., 2023). However, few exceptions were observed, including two distinct clusters within the ST-21 CC, suggesting genetic differences within this complex. A nine-gene LOS cassette also distinguished the strains in these clusters, with one cluster carrying additional genes in the CBT cassette. We did not detect any significant difference between the strains isolated from blood and fecal samples, which could suggest that the cases of bacteraemia were not associated with the changes in the strain’s virulence but rather with the host-specific factors. Interestingly, the presence of C. coli strains among C. jejuni strains suggested the possibility of gene exchange between these two species.

A recent study on the genomic diversity and virulence profile of the genus Campylobacter demonstrated that the number of genes has undergone expansion or contraction during the evolution of different Campylobacter species (Zhong et al., 2022). VFDB analysis revealed that many strains (75 out of 131) carried virulence genes associated with bacterial species other than Campylobacter spp., suggesting potential gene transfer events between different bacterial species. Campylobacter jejuni strains, particularly those belonging to ST-354 CC and ST-353 CC, both ranking among the top four most frequent STs in our collection, carried virulence genes associated with E. coli, Aeromonas spp., and Vibrio spp. This highlights a wide variety of virulence factors within specific clonal complexes. This study suggests that the T6SS virulence genes of E. coli, and Aeromonas spp. are probably acquired from other bacterial species upon multiple and independent genetic uptakes. The identification of these virulence genes in two C. coli strains suggests a more comprehensive bioinformatic analysis of T6SS and the determination of associated effectors in C. coli is still needed.

The presence of virulence genes associated with other species in C. coli, such as LPS gene of Francisella spp., capsule of Klebsiella spp., and O-antigen of Yersinia spp., underscores their importance for the bacterium’s survival during colonization and infection of host tissues (Lehmann et al., 2006). It has been demonstrated that C. jejuni bind to a diverse range of host glycans that are potentially crucial for the initial attachment to and continued colonization of the host (Morrow et al., 2005; Day et al., 2009); a better comprehension of the factors involved in glycan expression and recognition by C. coli and the host may elucidate the mechanisms involved in C. coli commensal colonization and pathogenic infection.

Antibiotic resistance surveillance in Campylobacter spp. has become a challenge in recent years. Our study showed high levels of resistance to Cip and T and low levels of resistance to macrolides and aminoglycosides, as described previously (EFSA and ECDC, 2022). Despite a generally high concordance between antibiotic resistance genotypes and phenotypes, tetracycline exhibited the lowest correlation between the presence of the tet gene and susceptibility patterns. The absence of complete matching is widely described worldwide due to a misdetection of some AMR mechanisms (Engberg et al., 2001; Luo et al., 2003; Painset et al., 2020; Rokney et al., 2020; Mouftah et al., 2021; Dessouky et al., 2022). Without a precise mechanism, erythromycin and/or tetracycline resistance could be present due to mutations in CmeABC operon, its transcriptional regulator CmeR or in its promoter (Aksomaitiene et al., 2018; García-Fernández et al., 2018; Oncel et al., 2023). CmeABC efflux pump can also synergise with the GyrA and 23S rRNA mutations in maintaining high levels of resistance to fluoroquinolones and macrolides (Payot et al., 2006). Using an automated annotation pipeline to detect antibiotic resistance mechanisms could mislead some mechanisms. The presence or absence of efflux pumps, membrane permeability, frameshift mutations, and the existence of mosaic or new resistance genes could impact the phenotypic resistance pattern (Hormeño et al., 2020). Technical issues such as poor-quality sequences, assembly errors, and incorrect analysis may also contribute to discrepancies in antibiotic resistance patterns (Bortolaia et al., 2020; Elhadidy et al., 2020). Addressing these complexities is crucial for accurate and comprehensive antibiotic resistance surveillance in Campylobacter spp.

Consistent with global observations, this study identified the GyrA (T86I) mutation and the tet(O) gene as the primary mechanisms responsible for quinolone and tetracycline resistance, respectively (Luo et al., 2003; García-Fernández et al., 2018; Ocejo et al., 2021). A lack of a clear association between increased virulence genes and antibiotic resistance profiles in C. jejuni or C. coli was observed. Campylobacter coli, despite having fewer virulence genes, exhibited higher resistance, including MDR. The contrasting situation with C. jejuni ST-21 CC, being the most virulent CC and presenting a high percentage of strains resistant to CipT. Moreover, susceptible strains were distributed along the presence/absence virulence gene dendrogram without a clear correlation, demonstrating that the susceptibility of Campylobacter spp. strains may not be directly linked with the degree of virulence the strains exhibit.

The presence of plasmids in Campylobacter spp. collections isolated from humans have not been extensively studied, and few studies have been conducted on this topic (Lee et al., 1994). Nevertheless, with the increasingly widespread adoption of WGS, recent studies have revealed a notable occurrence of plasmids in Campylobacter spp. strains (Marasini and Fakhr, 2017; Deblais et al., 2023; Ghielmetti et al., 2023; Hull et al., 2023). Fifteen percent of strains of our collection presented plasmids; nevertheless, many linear contigs were classified by the MOB-recon tool as plasmidic, suggesting a potentially higher prevalence of plasmids beyond those directly identified as circular (Hull et al., 2023).

The tet(O) genes were mainly found on the bacterial chromosome, with only a small percentage found in circularized plasmids, aligning with previous findings (Ghielmetti et al., 2023). One of the plasmids carrying tet(O), the pTet-like p13786, also showed the aph(3′)-IIIa and a partial aph(2″)-Ii genes, which did not confer resistance to Gm. The presence of the pTet family in C. jejuni, containing multiple resistance genes, suggested a potential role in enhancing multidrug resistance, promoting bacterial survival, and contributing to virulence. These plasmids also presented genes coding type II toxin-antitoxin system HicA-HicB, the CagA pathogenicity island protein, the VapD virulence-associated protein and several genes encoding predicted type IV secretion/conjugal transfer proteins with homology to T4SS. These findings suggested a complex interplay between plasmids and the expression of virulence and resistance factors in Campylobacter spp. (Batchelor et al., 2004; Wallden et al., 2010; Bunduruș et al., 2023; Gabbert et al., 2023; Morita et al., 2023) The p13876, next to the tet(O) gene, presented two Type II CRISPR-associated endonucleases coding genes, cas1 and cas2, described in the Campylobacter spp. chromosome rather than in plasmids. Together with CRISPR, these proteins could provide acquired genetic immunity against the entry of mobile genetic elements after infection by a phage expressing a Cas4-like protein (Hooton and Connerton, 2014; van Vliet et al., 2021). This CRISPR-mediated autoimmunity could, therefore, profoundly direct the shape of evolution in these species (Lee et al., 1994; Marasini and Fakhr, 2017; Deblais et al., 2023).

Cryptic plasmids have been identified in several Campylobacter species encoding for replication proteins (Alfredson and Korolik, 2003; Hiett et al., 2013). The cryptic plasmids found in our study presented genes encoding for replication proteins and shared homology with previously described cryptic plasmids deposited in the GenBank database. The precise role of these small plasmids remains unclear. Some studies suggest that those may act as modifiable vectors for genetic innovation in other species, such as Aeromonas salmonicida (Attéré et al., 2017).

Gview analysis and the Phylogenetic NJ-tree classified plasmids found in this study into three groups or clades (A–C), preserving well-determined lineages. These phylogenetic tree clades supported the categorization obtained with the pangenomic analysis, revealing sub-braches indicative of evolutionary divergence within each clade.

Group A comprised pTet-like plasmids, which presented essential genes responsible for conjugation, virulence (including the Type IV secretion system), and were associated with carrying MDR genes (Bacon et al., 2002; Marasini and Fakhr, 2016; Hull et al., 2023; Morita et al., 2023).

Group B, previously known as pCC42-like plasmids, was formed by plasmids coding for conjugative transfer genes (trb/tra) with type IV secretion system genes (virB3/B4) (Bacon et al., 2002; van Vliet et al., 2021; Ghielmetti et al., 2023). This plasmid class was prevalently associated with ST-7159 C. coli strains isolated in different years, emphasizing the persistence of this plasmid-associated sequence type over time.

Group C, or pVir-like, included p13784, presenting significant homology with pVir. It encoded genes homologous to the type IV secretion system in Helicobacter pylori. This system was involved in invading C. jejuni strain 81–176, which demonstrated virulence in human volunteer studies (Bacon et al., 2002; Ghielmetti et al., 2023).

It is noteworthy that pVir-like plasmids are less prevalent than pTet-like plasmids in Campylobacter spp. strains (Marasini et al., 2018). A previous study conducted with Campylobacter spp. strains isolated from retail meat corroborated our classification groups, including an additional fourth group of plasmids <10 kb called in our study as cryptic plasmids (Marasini et al., 2018).

This genomic approach provides an interesting understanding of plasmid diversity, facilitating the identification of distinct groups and highlighting the evolutionary relationships among the plasmids, thereby contributing to our comprehension of Campylobacter spp. plasmid dynamics (Marasini et al., 2018). A more in-depth exploration of the plasmids present in our Campylobacter spp. collection, using long-read sequencing technologies, could substantially contribute to providing a more accurate assessment of the proper frequency of plasmid presence within our Campylobacter spp. collection.

Our study demonstrated a large genomic diversity within a population of Campylobacter spp. associated with human infections in Italy. While some of the detected MLST clusters were previously linked to the consumption or handling of poultry meat, others seem to be associated with different animal sources, including cattle and sheep or domestic pets.

Therefore, it is important to implement surveillance and control measures for Campylobacter spp. in broiler farms and dairy production to reduce the carriage of Campylobacter spp. and, consequently, decrease the risk of carcass and food contamination during the primary phases of the production chain. Moreover, good safety and hygiene practices must be applied when handling raw meat and, importantly, when preparing artisanal dairy and food products based on unpasteurised milk (Dai et al., 2020; Emanowicz et al., 2021; Al Hakeem et al., 2022).

In addition, considering the consistently high level of antibiotic resistance to fluoroquinolones and tetracycline in Italian strains of C. jejuni and C. coli, continuous effort must be maintained in limiting the use of antibiotics in the food-producing animals to avoid further spread of the resistant strains (Mouftah et al., 2021; EFSA and ECDC, 2023; Fonseca et al., 2023).

Whole genome sequencing emerges as a valuable tool for developing new strategies to address antibiotic resistance. Accurate whole-genome characterization, and the prediction of antibiotic resistance improves current surveillance programs’ accuracy and effectiveness (Ocejo et al., 2021; Ghielmetti et al., 2023). WGS also gives high resolution typing methods allowing precise differentiation among Campylobacter strains. This approach not only facilitates comprehensive “One Health” epidemiological investigations, but also enables the thorough examination of foodborne disease outbreaks related to Campylobacter spp. and the tracking of transmission sources (Cody et al., 2019; Zhang D. et al., 2023). The accurate understanding of the source of Campylobacter, whether it originates from specific food, environmental reservoirs, or specific animal hosts, is crucial for target intervention and preventive measures.
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Campylobacter concisus is an oral bacterium. Recent studies suggest that C. concisus may be involved in human gastric diseases. The mechanisms, however, by which C. concisus causes human gastric diseases have not been investigated. Here we examined the gastric epithelial pathogenicity of C. concisus using a cell culture model. Six C. concisus strains and the human gastric epithelial cell line AGS cells were used. IL-8 produced by AGS cells after incubation with C. concisus was measured using enzyme-linked immunosorbent assay (ELISA), and AGS cell apoptosis was determined by caspase 3/7 activities. The effects of C. concisus on actin arrangement in AGS cells was determined using fluorescence staining. The effects of C. concisus on global gene expression in AGS cells was determined by transcriptomic analysis and quantitative real-time PCR (qRT-PCR). The role of the upregulated CYP1A1 gene in gastric cancer survival was assessed using the Kaplan-Meier method. C. concisus induced production of IL-8 by AGS cells with strain variation. Significantly increased caspase 3/7 activities were observed in AGS cells incubated with C. concisus strains when compared to AGS cells without bacteria. C. concisus induced actin re-arrangement in AGS cells. C. concisus upregulated 30 genes in AGS cells and the upregulation of CYP1A1 gene was confirmed by qRT-PCR. The Kaplan-Meier analysis showed that upregulation of CYP1A1 gene is associated with worse survival in gastric cancer patients. Our findings suggest that C. concisus may play a role in gastric inflammation and the progression of gastric cancer. Further investigation in clinical studies is warranted.
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Introduction

Campylobacter concisus is a gram-negative bacterium that is motile, with a curved or spiral shape. The bacterium can grow under both anaerobic and microaerophilic conditions, with hydrogen gas being crucial for its growth (Lee et al., 2014). C. concisus is further classified into two genomospecies (GS): GS1 and GS2, distinguished by the core-genome, 23 rRNA gene, and GS-specific genes (Miller et al., 2012; Chung et al., 2016; Huq et al., 2017; Liu et al., 2018; Aagaard et al., 2021; Cornelius et al., 2021). Previous studies have reported that C. concisus GS2 strains exhibit better adaptation in the gastrointestinal tract (Wang et al., 2017) and a better ability to invade intestinal epithelial cells compared to GS1 strains (Kalischuk and Inglis, 2011; Ismail et al., 2012; Mahendran et al., 2015). These findings align with the observation that GS2 strains are more frequently detected in mucosal biopsy samples and fecal samples from patients with gastrointestinal diseases (Kirk et al., 2018). Virulence factors of C. concisus, such as zonula occludens toxin, phospholipase A, as well as the functional protein BisA, have been characterized (Istivan et al., 2004; Mahendran et al., 2016; Benoit and Maier, 2023).

While commonly present in the human oral cavity as a commensal bacterium (Zhang et al., 2010), C. concisus is associated with inflammatory conditions of extraoral diseases such as inflammatory bowel disease (IBD), including Crohn’s disease (CD) and ulcerative colitis (UC) (Zhang L. et al., 2009; Man et al., 2010; Mukhopadhya et al., 2011), microscopic colitis, and Barrett’s esophagus (Macfarlane et al., 2007; Yang et al., 2009; Nielsen et al., 2020). Previous studies have also investigated the pathogenic mechanisms by which C. concisus may contribute to the development of the associated intestinal and esophageal diseases, including the induction of proinflammatory cytokines such as interleukin 8 (IL-8) and tumor necrosis factor alpha (TNF-α), epithelial cell death, immunmodulators MD-2 and programmed death-ligand 1 (PD-L1), as well as enhancing the responses of epithelial cells and macrophages to commensal bacterial species (Lee et al., 2021).

Recent studies suggest that C. concisus may also be involved in human gastric diseases. A study by Ferreira et al. (2022) examined the cultivation of Helicobacter pylori and C. concisus from 2,191 gastric biopsies. They reported that C. concisus was cultured from 50 gastric biopsies (50/2191, 2.3%) and H. pylori cultured from 168 gastric biopsies (168/2191, 7.7%). In twenty-eight cases with concurrent histology, C. concisus was found to be H. pylori immunoreactive positive (Ferreira et al., 2022). A study by Cui et al. (2019) examined the tongue coating microbiome of 78 patients with gastritis and 50 healthy controls. This study found that the abundance of C. concisus in tongue coating microbiome was associated with the gastric precancerous cascade. They also detected C. concisus in gastric fluids of patients with gastritis (Cui et al., 2019).

Despite being suggested to play a role in human gastric diseases, no studies have examined the mechanisms by which C. concisus may contribute to the pathogenesis of gastric diseases. Considering that gastric epithelial cells are the first line of human cells to encounter pathogens in the stomach, this study aimed to examine the pathogenic effects of C. concisus strains on human gastric epithelial cells using a cell culture model. Our data provide novel insights into understanding C. concisus gastric pathogenicity.



Materials and methods


Bacterial strains used in this study

For this study, we randomly selected six oral C. concisus strains with complete genomes sequenced from C. concisus strains we previously isolated from human saliva samples (Liu et al., 2020). P10CDO-S2, P3UCO1, and H1O1 are GS1 strains and P2CDO4, P15UCO-S2, and H16O-S1 are GS2 strains. The details of the six C. concisus strains were provided in Supplementary Table 1. The C. concisus strains were cultured on horse blood agar (HBA) plates, using blood agar base No. 2 (Thermo Fisher Scientific, CA, USA), supplemented with 6% defibrinated horse blood. The cultures were incubated at 37oC under anaerobic conditions with 5% hydrogen for 48 h, as previously described (Lee et al., 2014).

H. pylori strain 26695, a human gastric pathogen, was used as a positive control in this study (Ashktorab et al., 2008; Fazeli et al., 2016). H. pylori strain 26695 was cultured on HBA plates at 37oC under microaerobic conditions generated using CampyGen 2.5L Atmosphere Generation System (Thermo Fisher Scientific) for 48 h before being used in experiments.



Maintenance of AGS cells

The human gastric adenocarcinoma cell line AGS (ATCC No. CRL-1739) was used as a model for human gastric epithelium. AGS cells were maintained in F-12K medium (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS) (Cytiva, MA, USA), 100 U/mL penicillin, and 100 μg/mL streptomycin (Thermo Fisher Scientific), which was referred to as F-12K/FBS/Antibiotics medium in this study. The AGS cells were incubated in a humidified incubator at 37°C with 5% CO2, following recommended maintenance procedures by ATCC.



Measurement of IL-8 by enzyme-linked immunosorbent assay (ELISA)

Enzyme-linked immunosorbent assay was used to measure IL-8 production by AGS cells in response to C. concisus. AGS cells were seeded on a 96-well plate at a concentration of 1 × 105 cells/well in F-12K/FBS/Antibiotics medium. Following 24 h incubation, the cell culture medium was replaced with F-12K medium supplemented with FBS but without penicillin and streptomycin, which was referred to as F-12K/FBS medium. The AGS cells were then incubated with the six C. concisus strains (in triplicates) described above at a multiplicity of infection (MOI) of 100 for 24 h. As C. concisus at MOI 100 induced the production of IL-8 by other epithelial cells of the gastrointestinal tract in a previous study, this condition was therefore used in the current study (Lee et al., 2021). AGS cells without bacterial infection served as the negative control. H. pylori strain 26695 was also introduced at MOI 10 and 100, which served as a positive control (O’Hara et al., 2006; Zhang Y. et al., 2009). To investigate the combined effects of C. concisus and H. pylori on IL-8 production by AGS cells, AGS cells were incubated with C. concisus strains P2CDO4 and P3UCO1 at MOI 100 along with H. pylori strain 26695 at MOI 10 and 100 for 24 h, respectively. The AGS cell culture supernatants were then collected to measure the concentration of IL-8 using commercially available ELISA kits (Invitrogen, CA, USA) in triplicates, following the manufacturer’s instructions.



Caspase 3/7 assay

Measurement of caspase 3/7 activity was used to assess apoptotic activity in AGS cells induced by C. concisus, as described previously (Lee et al., 2021). In brief, AGS cells were seeded on a black-walled 96-well plate with transparent bottoms at a concentration of 1 × 105 cells/well in F-12K/FBS/Antibiotics medium. After 24 h incubation, the cell culture medium was replaced with F-12K/FBS medium. The AGS cells were then incubated with the six C. concisus strains described above at MOI 100 for 24 h, with untreated AGS cells serving as the negative control. H. pylori strain 26695 was included at MOI 10 and 100 as the bacterial control. To examine the combined effects of C. concisus and H. pylori on the apoptotic activity of AGS cells, AGS cells were incubated with C. concisus strains P2CDO4 and P3UCO1 at MOI 100 along with H. pylori strain 26695 at MOI 10 and 100 for 24 h, respectively. AGS cells were washed three times with Dulbecco’s phosphate-buffered saline (DPBS) before being stained with CellEvent Caspase-3/7 Green ReadyProbes reagent (Invitrogen), following manufacturer’s instructions. The fluorescence readings of caspase 3/7 activity were measured in triplicates and expressed in fold change relative to the untreated control.



Examination of the effects of C. concisus on F-actin arrangement in AGS cells by fluorescence staining

AGS cells were seeded on coverslips in a 24-well plate at a concentration of 1 × 106 cells/well in F-12K/FBS/Antibiotics medium. After 24 h incubation, the cell culture medium was replaced with F-12K/FBS medium. AGS cells were then incubated with C. concisus strains P2CDO4, P3UCO1, or H. pylori strain 26695 at MOI 100 for 24 h, with untreated AGS cells serving as the negative control. The AGS cells were fixed with 3.6% paraformaldehyde for 15 min, permeabilized with 0.1% triton for 10 min, and blocked with 1% bovine serum albumin (BSA) for 1 h. The filamentous actin (F-actin) and nuclei were then stained with Alexa Fluor 488 phalloidin (8878S, Cell Signaling Technology, MA, USA) and Hoechst 33342 (Invitrogen) respectively. The cells were mounted onto glass slides with 50% glycerol in water and examined using a fluorescent microscope (Olympus BX61; Olympus, Tokyo, Japan) with FITC (Excitation wavelength: 480 nm; Emission wavelength: 520 nm) and DAPI (Excitation wavelength: 365 nm; Emission wavelength: 430 nm) filters under the 100X objective. AGS cells without bacteria served as the negative control, and AGS cells incubated with H. pylori served as the positive control (Chang et al., 2016).



Examination of the global gene responses induced by C. concisus in AGS cells by transcriptomic analysis

AGS cells were seeded in triplicates on 6-well cell culture plates at a concentration of 2 × 106 cells/well in F-12K/FBS/Antibiotics medium. After 24 h incubation, the medium was replaced with F-12K/FBS medium. The AGS cells were then incubated with C. concisus strain P2CDO4, which was randomly selected.

Supernatants from AGS cells incubated with C. concisus strain P2CDO4 at MOI 50 for 4 h and without bacterial infection were collected for IL-8 measurement, as described above. The AGS cells were then washed three times with DPBS before being collected for RNA extraction. The total RNA of AGS cells was extracted using the ISOLATE II RNA Mini Kit (cat. no. BIO-52072; Bioline, NSW, Australia), following the manufacturer’s instructions. The purity and concentration of the extracted total RNA were measured using a NanoDrop spectrophotometer. The extracted total RNA was then submitted to the Ramaciotti Centre for Genomics, University of New South Wales, for RNA sequencing. The library preparation was conducted as previously described (Lee et al., 2023).

For RNA-seq data analysis, the raw RNA-seq reads were first checked for quality using FastQC (version 0.11.8). Adapters and low-quality reads were then trimmed using Trimmomatic (version 0.38) with the leading and trailing filters set to a minimum of Phred score 3 and a sliding window of 4:15, filtered reads with length less than 30 bp were also removed (Bolger et al., 2014). The trimmed reads were mapped against the human reference genome GRCh38.p14 using HISAT2 (version 2.1.0) under default settings (Kim et al., 2019). The mapped read counts SAM files generated from HISAT2 were then converted into BAM files using SAMtools (version 1.11) (Danecek et al., 2021). The mapped read counts were then quantified using featureCounts under the Subread package (version 2.0.1) for DEG analysis (Liao et al., 2014). Significantly differentially expressed genes between AGS cells with and without C. concisus infection were identified using the BioConductor package DESeq2 (version 1.36.0) in the R programming environment under default normalization methods, with adjusted P < 0.05 and log2 fold change < -1 and >1 being considered significant (Love et al., 2014).



Gene ontology (GO) enrichment analysis

The list of differentially expressed genes (DEG) was uploaded to Metascape for GO enrichment analysis under default settings (Zhou et al., 2019). Enriched clusters of cellular biological processes were sorted according to P-value.



Quantitative real-time PCR (qRT-pCR)

A literature search in the PubMed database was conducted to examine whether the upregulated genes in AGS cells, as revealed by transcriptomic analysis, were associated with the development of gastric cancer, using the gene name and gastric cancer as keywords. The upregulation of the gastric cancer-associated gene, CYP1A1, was further confirmed using qRT-PCR. For qRT-PCR, the total RNA (2 μg/sample) extracted from AGS cells with or without C. concisus infection was subjected to cDNA synthesis using the Tetro cDNA Synthesis kit (Bioline, NSW, Australia), following manufacturer’s instructions. SensiFAST SYBR No-ROX Mix (Bioline, NSW, Australia) was used for quantifying the synthesized cDNA in qRT-PCR in triplicates. The mRNA expression levels were normalized to the levels of the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and expressed as fold changes relative to untreated cells, using the comparative threshold cycle CT (2–ΔΔCT) method (Livak and Schmittgen, 2001). The sequences of PCR primers for quantification of CYP1A1 and qRT-PCR conditions are in Supplementary Table 2.



Analysis of the role of CYP1A1 in gastric cancer patient survival

The gene encoding CYP1A1 was subjected to survival analysis in gastric cancer patients using the Kaplan–Meier Plotter website (Lánczky and Gyõrffy, 2021). The survival plot was generated using JetSet best probe set for the submitted genes, with a database of 631 gastric cancer patients which are classified as low or high expression cohorts. The overall survival differences between low and high expression cohorts were analyzed using the Kaplan-Meier method and log-rank test, P < 0.05 was considered as significant and other options remained default.



Summary of experimental workflow

The experimental workflow of this study is summarized in Figure 1, outlining the key experiments conducted. These include the examination of C. concisus pathogenicity to AGS cells, transcriptomic analysis of gene expression changes, and the subsequent validation of CYP1A1 gene expression through qRT-PCR.
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FIGURE 1
Summary of experimental workflow of this study. Experiments conducted in this study were classified into three categories. The first category involved examining the pathogenicity of C. concisus in AGS cells using ELISA, caspase 3/7 assay, and fluorescence microscopy. The second category focused on transcriptomic analysis of global gene response in AGS cells incubated with C. concisus through RNA-seq. The third category aimed to validate the gene expression level of CYP1A1 using qRT-PCR. Figure created with BioRender.com.




Statistical analysis

P-values for different samples in ELISA and caspase 3/7 assay were calculated using one-way analysis of variance (ANOVA) with Dunnett’s test, while P-value for samples in qRT-PCR were calculated using two-tailed unpaired t-test. P < 0.05 was considered statistically significant. All statistical analyses were conducted using GraphPad Prism (version 9.5.1).




Results


C. concisus induced IL-8 production in AGS cells

All six C. concisus strains examined at MOI 100 induced the production of IL-8 by AGS cells after a 24-h incubation period. Notably, the levels of IL-8 production in AGS cells incubated with C. concisus strains P2CDO4 and H1O1 were 286.64 ± 4.75 and 295.29 ± 11.5 pg/ml, respectively (P < 0.01). These values were statistically significant, indicating a higher induction of IL-8 production compared to AGS cells without bacterial infection (114.63 ± 0.68 pg/ml) (Figure 2). IL-8 production by AGS cells incubated with C. concisus strains P15UCO-S2, H16O-S1, P10CDO-S2, and P3UCO1 were 244.9 ± 1.22, 135.19 ± 2.41, 237.2 ± 3.12, and 224.54 ± 3.92 pg/ml, respectively. While these values were higher than the untreated sample, they were not considered statistically significant (P > 0.05) (Figure 2). Furthermore, H. pylori strain 26695 induced higher IL-8 production in AGS cells compared to C. concisus strains. The levels of IL-8 production by AGS cells incubated with H. pylori strain 26695 at MOI 10 and 100 were 1099.58 ± 29.18 and 1557.94 ± 36.05 pg/ml, respectively, which were significantly higher than the IL-8 production induced by the C. concisus strains (P < 0.0001) (Figure 2).
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FIGURE 2
IL-8 production by AGS cells induced by C. concisus strains and H. pylori strain 26695 after 24 h incubation. IL-8 concentrations were measured by ELISA using supernatants of AGS cells after incubating with C. concisus strains and H. pylori strain 26695 for 24 h. C. concisus strains P2CDO4 and H1O1 at MOI 100 induced significantly higher IL-8 productions in AGS cells as compared to the untreated control (P < 0.01). H. pylori strain 26695 at both MOI 10 and 100 induced significantly higher IL-8 productions as compared to C. concisus at MOI 100. Co-incubation of H. pylori at MOI 10 with C. concisus strains (P2CDO4 and P3UCO1) induced significantly higher levels of IL-8 production as compared to that incubated by H. pylori alone (P < 0.001 and P < 0.05 respectively), however this increase was not observed when H. pylori was incubated at MOI 100. One-way analysis of variance (ANOVA) with Dunnett’s test was performed to test for statistical significance between untreated and infected AGS cells. Graph columns represent averages of triplicate experiments ± standard error (****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05; MOI, multiplicity of infection).


In AGS cells incubated with H. pylori strain 26695 at MOI 10, the presence of C. concisus increased the production of IL-8. Co-incubation of H. pylori strain 26695 with P2CDO4 and P3UCO1 resulted in significantly higher levels of IL-8 compared to AGS cell incubated with H. pylori alone, with concentrations of 1363.63 ± 60.97 (P < 0.001) and 1287.99 ± 3.47 pg/ml (P < 0.05), respectively (Figure 2). However, in AGS cells incubated with H. pylori strain 26695 at MOI 100, co-incubation with C. concisus strains P2CDO4 and P3UCO1 induced IL-8 production at 1568.5 ± 18.48 and 1412.19 ± 55 pg/ml, respectively, which was not significantly different from that induced by H. pylori alone (P > 0.05) (Figure 2).



C. concisus induced apoptosis in AGS cells

C. concisus induced apoptosis in AGS cells when incubated with C. concisus strains at MOI 100 for 24 h, as indicated by increased caspase 3/7 activity. The levels of caspase 3/7 activity (expressed as fold change relative to the untreated AGS cells) in AGS cells incubated with C. concisus strains P2CDO4, P15UCO-S2, H16O-S1, P10CDO-S2, P3UCO1, and H1O1 at MOI 100 were 1.47 ± 0.01, 1.67 ± 0.03, 1.48 ± 0.02, 1.58 ± 0.04, 1.56 ± 0.06, and 1.48 ± 0.06 fold, respectively (P < 0.0001) (Figure 3). These values were all significantly higher than that of the untreated AGS cells. The caspase 3/7 activity in AGS cells incubated with H. pylori strain 26695 at MOI 10 and 100 for 24 h was 2.03 ± 0.07 and 2.44 ± 0.06 fold, respectively (P < 0.0001), indicating a higher apoptotic activity compared to that induced by C. concisus strains. Moreover, AGS cells incubated with C. concisus strain P2CDO4 at MOI 100, and P3UCO1 at MOI 100 along with H. pylori strain 26695 at MOI 10 and 100 respectively, also exhibited significantly higher apoptotic activity at 2.4 ± 0.02, 2.57 ± 0.07, 2.71 ± 0.02, and 2.51 ± 0.02 fold, respectively (P < 0.0001).
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FIGURE 3
Caspase 3/7 activity of AGS cells infected with C. concisus strains and H. pylori strain 26695 after 24 h. Caspase 3/7 activity was measured using CellEvent caspase 3/7 green detection reagent. All six C. concisus strains at MOI 100, as well as H. pylori strain 26695 at both MOI 10 and 100, induced significantly higher levels of caspase 3/7 activity as compared to the untreated control (P < 0.0001). Co-incubation of C. concisus with H. pylori did not induce higher levels of caspase 3/7 activity as compared to that incubated with H. pylori alone. One-way analysis of variance (ANOVA) with Dunnett’s test was performed to test for statistical significance between untreated and infected AGS cells. Graph columns represent averages of triplicate experiments ± standard error (****P < 0.0001; MOI, multiplicity of infection).




C. concisus induced F-actin aggregation in AGS cells

Both C. concisus strains examined caused F-actin aggregation in comparison to AGS cells without bacterial infection (Figure 4). AGS cells incubated with H. pylori strain 26695 showed sign of elongation, indicative of the hummingbird phenotype caused by the protein encoded by cytotoxin-associated gene A (CagA) in H. pylori (Moese et al., 2004; Chang et al., 2016).


[image: Fluorescence microscopy images showing four sets of cell treatments: untreated, P2CD04, P3UCO1, and 26695. Each set includes three images: nucleus stained with DAPI (blue), F-actin labeled with FITC (green), and a merged image. The intensity and pattern of staining vary across treatments, illustrating different F-actin distributions and nuclear morphologies.]

FIGURE 4
F-actin arrangement in AGS cells incubated with C. concisus strain P2CDO4, P3UCO1, and H. pylori strain 26695 for 24 h. Cell nucleus and F-actin were stained with Hoechst 33342 and Alexa Fluor 488 phalloidin and visualized using DAPI and FITC filters, respectively. Infection of AGS cells with the C. concisus strains P2CDO4 and P3UCO1 showed F-actin aggregation. H. pylori infection caused an elongated cell phenotype of AGS cells.




C. concisus upregulated the expression of gastric cancer associated CYP1A1 gene in AGS cells

Analysis of RNA-seq data revealed notable alterations in global gene response in AGS cells incubated with C. concisus strain P2CDO4 for 4 h, compared to untreated AGS cells (Supplementary Figure 1). From the global gene response, 40 genes were considered significantly altered in expression (adjusted P-value < 0.05, log2 fold change < -1 and >1), of which 30 genes were upregulated and 10 genes downregulated (Figures 5A, B and Supplementary Table 3). The upregulated genes are predicted to predominately affect organelle and mitochondrion organization, and the down regulated genes mainly affect the regulation of cell-cell adhesion (Figures 5C, D). Of the 30 upregulated genes by C. concisus, four genes were reported to be associated with gastric cancer including HSD17B8_2, TRIM27_2, TC2N_1, and CYP1A1. However, three of these genes had an underscore following their gene names, showing that they are on alternate reference locus (Bruford et al., 2020). We therefore decided to further characterize only CYP1A1 gene using qRT-PCR.
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FIGURE 5
Transcriptomic analysis on global gene expression in AGS cells induced by C. concisus strain P2CDO4 after 4 h incubation. (A) The volcano plot illustrates a total of 26,067 transcripts from RNA-seq reads, with 30 transcripts significantly upregulated (red) and 10 transcripts significantly downregulated (blue). Genes with adjusted P-value < 0.05 and log2 fold change < -1 and >1 were considered statistically significant. Volcano plot generated using the EnhancedVolcano package on the R platform. (B) The heatmap shows the 40 differentially expressed genes based on log2 gene counts. Heatmap generated using the pheatmap package on the R platform. (C) The Gene ontology (GO) enrichment analysis revealed that upregulated genes mainly affect the regulation of organelle and mitochondria organization. (D) The GO enrichment analysis revealed that downregulated genes mainly affect the regulation of cell-cell adhesion.


Transcriptomic analysis revealed that the expression of the upregulated gene CYPIA1 was 6.57 fold in AGS cells incubated with C. concisus P2CDO4 at MOI 50 for 4 h, with a read count of 342.7 ± 35.38, compared to 62.3 ± 5.17 reads in untreated AGS cells (Figure 6A). This was confirmed using by qRT-PCR, which showed a 4.2 ± 0.64 fold increase relative to AGS cells without C. concisus infection (Figure 6B). According to the Kaplan-Meier Plotter survival analysis, a higher level expression of CYP1A1 is associated with poor prognosis in gastric cancer patients, with a hazard ration of 1.86 and median survival period of 20.4 months as opposed to 56.9 months in low expression cohort (Figure 6C).
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FIGURE 6
C. concisus strain P2CDO4 upregulated expression of gastric cancer associated CYP1A1 gene in AGS cells. (A) The upregulation of the CYP1A1 gene induced by C. concisus P2CDO4 was shown by gene reads from RNA-seq (***P < 0.001). (B) The upregulation of the CYP1A1 gene was confirmed by qRT-PCR, with the experimental samples being AGS cells incubated with C. concisus strain P2CDO4 at MOI 50 for 4 h, and the untreated AGS cells as negative control. Fold change is calculated using the comparative threshold cycle CT (2–ΔΔCT) method. Target gene fold change is relative to the untreated control, normalized to housekeeping gene GAPDH. Graph columns represent averages of triplicate experiments ± standard error (**P < 0.01; MOI, multiplicity of infection). (C) The survival plot shows that a higher level expression of CYP1A1 is associated with poor prognosis in gastric cancer patients, with a hazard ratio (HR) of 1.86 and median survival period of 20.4 months as opposed to 56.9 months in low expression cohort.


The IL-8 level was 199.96 ± 1.58 pg/ml in the supernatant of AGS cells incubated with C. concisus strain P2CDO4 for 4 h, and 179.83 ± 6.02 pg/ml in the supernatant of untreated AGS cells (P < 0.005).

The RNA-seq data have been deposited in NCBI’s Gene Expression Omnibus and are accessible through GEO Series accession number GSE242316.1




Discussion

This study aimed to investigate the pathogenic effects of C. concisus strains on human gastric epithelial cells using AGS cells as a model for gastric epithelium.

C. concisus strains were found to induce the production of proinflammatory cytokine IL-8 in AGS cells following 24 h of incubation. IL-8, a chemokine known for inducing chemotaxis of neutrophils and other immune cells (Harada et al., 1994). In our study, all C. concisus strains induced the production of IL-8 in AGS cells, suggesting that C. concisus has the potential to induce gastric inflammation. The significant genomic diversity observed among C. concisus strains aligns with their varying capacities to induce IL-8 (Figure 2; Gemmell et al., 2018; Aagaard et al., 2021). C. concisus strains induced much less gastric epithelial production of IL-8, as compared to H. pylori strain 26695 (Figure 2). This finding suggests that C. concisus bacteria are more inclined to cause mild gastric inflammation in comparison to the more robust inflammatory response triggered by H. pylori.

In a study by Ma et al. (2015) it was observed that 4 out of 20 C. concisus strains were able to survive a 30-min exposure to low pH in a test tube. This suggests that certain C. concisus bacteria may endure the gastric environment for a limited period, potentially allowing them to relocate to a safer zone (Ma et al., 2015). In the human stomach, the mucus layer proximal to the epithelial cells maintains a higher pH. Given the motility and spiral to curved shape of C. concisus bacteria, it is conceivable that they could swim toward a more secure region closer to the gastric epithelium, similar to H. pylori. This ability to survive in the gastric environment aligns with findings by Ferreira et al. (2022) who cultured C. concisus from gastric biopsies, providing further evidence for the potential colonization of the human stomach by C. concisus bacteria. However, as C. concisus does not possess urease, their ability in resisting gastric acid would be lower than H. pylori.

Interestingly, we found that co-infection of C. concisus and H. pylori increased the production of IL-8 in AGS cells, suggesting a potential synergistic effect between these bacteria in inducing inflammation. This could have implications for individuals with gastric H. pylori colonization, where the presence of C. concisus might enhance the inflammatory response in gastric epithelial cells. On the other hand, C. concisus did not increase IL-8 production in AGS cells incubated with H. pylori at MOI 100, most likely due to that the AGS cells have reached its maximum capability of producing IL-8 under the stimulation of higher numbers of H. pylori bacteria (Figure 2).

The increase in caspase 3/7 activities in AGS cells following 24 h incubation with C. concisus strains were significant, although H. pylori strain 26695 induced a significantly higher level of caspase 3/7 activity than C. concisus (Figure 3). This suggests that H. pylori has caused more damage to gastric epithelial cells than C. concisus under the same MOI, which apoptotic activity in gastric epithelial cells was known to increase in H. pylori-induced gastritis (Dang et al., 2020). The co-infection of C. concisus and H. pylori further increased the level of caspase 3/7 activity in AGS cells, suggesting a potential synergistic effect on apoptosis (Figure 3). Our findings suggest that induction of apoptosis is a potential mechanism by which C. concisus may contribute to gastric diseases, especially when coexisting with H. pylori.

C. concisus induced F-actin aggregation in AGS cells. The actin cytoskeleton regulates various cellular processes in eukaryotic cells, providing structural integrity at cell-cell junctions and promote membrane extensions (Hartsock and Nelson, 2008; Svitkina, 2018). Actin filaments are frequently targeted by bacterial pathogens, including H. pylori. H. pylori adheres to gastric epithelial cells via adhesins BabA and SabA and delivers CagA and other bacterial factors into the host epithelial cytosol. This process results in the phosphorylation and dephosphorylation of proteins in different pathways, rearrangement of actin and ZO-1, and disruption of the gastric epithelial barrier. Previous studies have reported that H. pylori CagA can induce a “hummingbird” phenotype change in gastric epithelial cells, which was also observed in our experiment (Figure 4). Interestingly, we found that C. concisus caused a different type of actin rearrangement, specifically actin aggregations (Figure 4). The virulence factors of C. concisus that affect the epithelial actin arrangement and their mechanisms are not clear, warranting further investigation in future studies.

C. concisus bacteria transported from the oral cavity to the stomach through swallowed saliva may not establish long-term gastric colonization. To investigate potential changes in gene expression after short-term contact with gastric epithelial cells, we investigated the global gastric epithelial gene responses to C. concisus using transcriptomic analysis following a 4-h incubation at a lower dose (MOI 50). Global gene response in AGS cells incubated with C. concisus strain P2CDO4 for 4 h was altered when compared to the untreated AGS cells (Supplementary Figure 1), of which a total of 30 genes and 10 genes were significantly upregulated and downregulated, respectively, which were predicted to affect several cellular functional pathways (Figure 5 and Supplementary Table 3). These findings suggests that C. concisus bacteria passing through the stomach from the oral cavity may exert regulatory effects on gastric epithelial cell gene expression. We further confirmed the upregulation of expression of the gene coding CYP1A1 through qRT-PCR. CYP1A1, a cytochrome P450 enzyme involved in metabolism of xenobiotics (Androutsopoulos et al., 2009), has been associated with gastric cancer and precancerous gastric cancer as well as lung cancer (Kouri et al., 1982; Zhang et al., 2004; Hidaka et al., 2016; Huang et al., 2021; Sadeghi-Amiri et al., 2021). Previous research by Cui et al. (2019) linked the abundance of C. concisus in tongue coating microbiome to gastric precancerous cascade, which aligns with our finding of C. concisus upregulating CYP1A1 expression. This provides additional evidence that oral C. concisus may play a role in facilitating gastric cancer development or progression. This is further supported by the survival analysis of CYP1A1 in gastric cancer patients (Figure 6).

In summary, our study reveals that incubation of C. concisus with human gastric epithelial cells (AGS cells) induces the production of IL-8, apoptosis, and upregulation of CYP1A1 gene expression in gastric epithelial cells. These findings suggest that C. concisus may play a role in gastric inflammation and the progression of gastric cancer. Further investigation in clinical studies is warranted.
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SUPPLEMENTARY FIGURE 1
Principal component analysis (PCA) plot of RNA-seq data. A total of 6 samples were included in the analysis, red dots for treatment with C. concisus strain P2CDO4 and blue dots for untreated control. The plot indicates separation between control and treatment groups, suggesting significant changes in overall gene response in AGS cells upon C. concisus infection. Gene counts were normalized using log2 transformation. PCA plot generated using the ggplot2 package on the R platform.


Footnotes

1     https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE242316
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Food-borne Campylobacter jejuni infections constitute serious threats to human health worldwide. Since antibiotic treatment is usually not indicated in infected immune-competent patients, antibiotic-independent treatment approaches are needed to tackle campylobacteriosis. To address this, we orally applied carvacrol, deferoxamine, deoxycholate, and 2-fucosyl-lactose either alone or all in combination to human microbiota-associated IL-10−/− mice from day 2 until day 6 following oral C. jejuni infection. Neither treatment regimen affected C. jejuni loads in the colon, whereas carvacrol lowered the pathogen numbers in the ileum on day 6 post-infection (p.i.). The carvacrol and combination treatment regimens resulted in alleviated diarrheal symptoms, less distinct histopathological and apoptotic epithelial cell responses in the colon, as well as diminished numbers of colonic neutrophils and T lymphocytes on day 6 p.i., whereas the latter cells were also decreased upon deferoxamine, deoxycholate, or 2-fucosyl-lactose application. Remarkably, the carvacrol, deferoxamine, and combination treatment regimens dampened ex-vivo IFN-γ secretion in the colon, the kidneys, and even in the serum to basal concentrations on day 6 p.i. In conclusion, carvacrol alone and its combination with deferoxamine, deoxycholate, and 2-fucosyl-lactose constitute promising antibiotics-independent treatment options to fight acute campylobacteriosis.
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1 Introduction

Campylobacteriosis is an acute infectious enteritis, primarily caused by foodborne Campylobacter species transmitted through contaminated chicken and turkey products, with Campylobacter jejuni being the most common pathogen (Price et al., 1979; Walker et al., 1986; Moore et al., 2005; Young et al., 2007; Kaakoush et al., 2015; Wagenaar et al., 2023). Given that the intestinal tract of poultry represents the major pathogen reservoir, the global surge in consumption of poultry products has contributed significantly to the continuous rise of human C. jejuni infections. As a result, campylobacteriosis has emerged as a critical global health problem with a high socioeconomic burden (Kaakoush et al., 2015; WHO, 2020; European Food Safety Authority, European Centre for Disease Prevention and Control, 2022). The asymptomatic colonization of avian intestinal tracts by the highly virulent enteropathogen has far-reaching implications for their transmission to humans. The commensal lifestyle in birds is the major reason for the tolerance of C. jejuni contaminations in poultry production chains and favors its adaptation to the intestines (Moore et al., 2005; Young et al., 2007; Kaakoush et al., 2015). The lack of disease symptoms in birds can be attributed to the avian innate immune system’s non-responsiveness to the pathogen. Additionally, birds display a resistance to lipopolysaccharide (LPS), a cell wall structure of Gram-negative bacteria, including Campylobacter species. C. jejuni produces a truncated version of LPS known as lipo-oligosaccharide (LOS), which further complicates pathogen recognition. Previous studies suggest that these variations in pathogen recognition may arise from species-specific differences in how Campylobacter LOS interacts with the specific Toll-like receptor (TLR)-4 (de Zoete et al., 2010).

In contrast to the avian hosts, humans exhibit heightened sensitivity to TLR-4 ligands such as LPS and LOS of Gram-negative bacteria. Consequently, when C. jejuni infects the human intestinal tract, LOS triggers host immune responses and induces hyperactivation of the innate and adaptive immune system via TLR-4 and mammalian target of rapamycin (mTOR) signaling (Sun et al., 2012; Callahan et al., 2021). This cascade results in damage to intestinal cells such as apoptosis and dissolution of the tight junctions (Lobo de Sá et al., 2021). Subsequently, patients experience acute enterocolitis characterized by bloody diarrhea, intestinal cellular apoptosis, compromised barrier function, malabsorption, and ultimately, severe tissue destruction (Sun et al., 2013; Lobo de Sá et al., 2021).

Although the majority of human campylobacteriosis cases resolve without residues within 1 to 2 weeks post-infection (p.i.), the potential to develop post-infectious autoimmune diseases, including Guillain-Barré syndrome, reactive arthritis, and intestinal diseases, including chronic inflammatory bowel diseases and irritable bowel syndrome remains (Nachamkin et al., 1998; Mortensen et al., 2009; Omarova et al., 2023). Importantly, the risk for these secondary complications correlates with the severity of the initial enteritis (Mortensen et al., 2009). Therefore, severe and invasive C. jejuni induced enterocolitis presenting with bloody diarrhea may require antibiotic therapy, particularly in immunocompromised and multimorbid individuals (Manfredi et al., 1999; Acheson and Allos, 2001). However, the increasing prevalence of antibiotic resistance in Campylobacter strains, including resistance to commonly used quinolones and macrolides, restricts the efficacy of antimicrobial therapy for human campylobacteriosis (Mouftah et al., 2021). Hence, there is an urgent need to develop novel antibiotic-independent strategies to combat and/or prevent C. jejuni infections, aligning with the One-Health approach (Zhang et al., 2023).

To promote global health and address pressing issues like antibiotic resistance and foodborne infections, the One Health concept seeks to balance and improve the health of humans, animals, and ecosystems (Anholt and Barkema, 2021). According to the One Health approach, multi-sectoral (i.e., humans, animals, and the associated environments) and inter-disciplinary strategies (involving farming, human and veterinary medicine for instance) are crucial to combat antibiotic resistance and their collateral damages (Robinson et al., 2016). Therefore, it is important to develop pharmaceutical intervention strategies to treat human campylobacteriosis with antibiotic-independent compounds. Additionally, it is important to identify alternative measures to control antibiotic resistance in both human hosts and animal reservoirs. These actions would enhance safety aspects along the food chains and reduce morbidities in humans caused by transmitted pathogens.

In fact, current research efforts have shifted towards identifying natural compounds with both anti-microbial and anti-inflammatory properties that do not trigger resistance. These compounds hold promise for future therapeutic and preventive applications in the context of enteropathogenic infections, including those caused by Campylobacter species (Kreling et al., 2020).

Carvacrol, a phenolic monoterpenoid and main component in essential oils derived from oregano (Origanum vulgare) and thyme (Thymus vulgaris) (Gholami-Ahangaran et al., 2022), is commonly used for flavoring and food-preservation within the food industry. Furthermore, it is known for its anti-microbial, −oxidant, −diabetic, −inflammatory, and anti-carcinogenic properties, making this compound a promising candidate in the treatment of several human morbidities (Sharifi-Rad et al., 2018; Mączka et al., 2023). The anti-bacterial effects of carvacrol against food-borne pathogens, such as Gram-positive Bacillus cereus or Gram-negative bacteria like Escherichia coli, Salmonella species, and C. jejuni have already been reported in the past (Ultee et al., 2002; Obaidat and Frank, 2009; van Alphen et al., 2012; Mączka et al., 2023). Additionally, our previous pre-clinical intervention studies assessed the anti-inflammatory and immune-modulatory properties of singular carvacrol application during murine campylobacteriosis (Mousavi et al., 2020; Foote et al., 2023).

Deferoxamine B (deferoxamine, trade name Desferal®) is an iron chelator and natural siderophore produced by microorganisms such as Streptomyces pilosus. This compound exhibits anti-microbial, anti-inflammatory, and cell-protective properties (Jurado, 1997; Bellotti and Remelli, 2021). Given that iron is essential for the survival of most pathogens, iron binding by deferoxamine can reduce the risk of infections (Jurado, 1997). Additionally, several studies revealed synergistic effects between deferoxamine and anti-microbial agents such as gentamicin, metronidazole, and hydrogen peroxide (Van Asbeck et al., 1983; van Asbeck et al., 1983; Moon et al., 2011). Previously we reported that the oral application of deferoxamine significantly improved the clinical outcome of C. jejuni infected mice, which was accompanied by dampened inflammatory responses such as less pronounced colonic epithelial cell apoptosis as compared to placebo-treated infected mice (Bereswill et al., 2022).

The secondary bile acid deoxycholic acid has been shown to exhibit bactericidal effects against several bacteria, including Staphylococcus aureus (Zhao et al., 2023) and Helicobacter pylori (Itoh et al., 1999). Previous studies revealed that C. jejuni alter the global gene transcription in response to the bile salt deoxycholate (Gourley et al., 2017; Negretti et al., 2017). Remarkably, deoxycholic acid effectively reduced C. jejuni growth in vitro (Negretti et al., 2017) and its colonization capacity in the intestinal tract of broiler chickens (Alrubaye et al., 2019). Furthermore, deoxycholic acid possesses immune-modulatory activities such as suppressing LPS-induced expression of pro-inflammatory cytokines such as interleukin (IL)-1, IL-6, and tumor necrosis factor-alpha (TNF-α) in murine bone marrow-derived dendritic cells (Hu et al., 2021; Su et al., 2023).

Human breast milk is the main source of energy in the early stage of life. However, the lack of enzymes responsible for the release of monosaccharides makes the human milk oligosaccharides (HMOs) indigestible by the newborn (Engfer et al., 2000; Sela and Mills, 2010). Interestingly, distinct bacteria such as Bifidobacterium and Lactobacillus species use HMOs as nutrients, which indicates the prebiotic properties of HMOs by promoting intestinal colonization by a “healthy” gut microbiota (Davis et al., 2016; Garrido et al., 2016). Additionally, 2-fucosyl-lactose, one of the most abundant oligosaccharides in human breast milk is known for its immune-modulatory effects and has been shown to prevent the binding of pathogens such as Pseudomonas aeruginosa, E. coli, and C. jejuni to the host epithelial cells (Newburg, 2005; Facinelli et al., 2019).

So far, research on C. jejuni-host interactions has been limited by standardized in vivo models. The commensal gut microbiome of conventional laboratory mice exerts a strong physiological colonization resistance, which prevents infections with enteropathogens like C. jejuni (Mullineaux-Sanders et al., 2018; Herzog et al., 2023). Therefore, an antibiotic-pretreatment regimen of mice has been established to generate proper enteropathogenic infection models. After depleting the murine microbiome, a stable colonization of C. jejuni through oral gavage can be assured (Bereswill et al., 2011). However, even though C. jejuni colonizes in secondary abiotic wildtype mice, characteristic clinical symptoms of acute human campylobacteriosis remain absent (Bereswill et al., 2011). This is due to the resistance against TLR-4 ligands like LPS and LOS, which is 10,000 times stronger in rodents as compared to humans (Mortensen et al., 2009). To overcome this challenge, the murine il10 gene has been knocked out to make the animals more susceptible to C. jejuni LOS (Mansfield et al., 2007). In consequence, secondary abiotic IL-10−/− mice can be colonized by the enteropathogen and also display C. jejuni-induced acute enterocolitis within a week post infection (p.i.) mimicking key features of severe and invasive human campylobacteriosis (Bereswill et al., 2011; Haag et al., 2012). Our previous preclinical placebo-controlled intervention studies using this acute C. jejuni infection and inflammation model provided evidence for anti-pathogenic and immune-modulatory properties of several natural compounds such as carvacrol (Mousavi et al., 2020), deferoxamine (Bereswill et al., 2022), and 2-fucosyl-lactose (Mousavi et al., 2023).

Previous studies also revealed that the host-specific intestinal microbiota impacts the host’s susceptibility to and resistance against distinct enteropathogens including C. jejuni (Bereswill et al., 2011), Campylobacter coli (Heimesaat et al., 2020), and Salmonella enterica (Chung et al., 2012). In order to elucidate the triangular relationship between enteropathogens on one side and the murine immunity and human gut microbiota on the other, the host side, we generated a human gut microbiota associated (hma) mouse model for C. jejuni induced inflammation. Therefore, secondary abiotic IL-10−/− mice were subjected to oral transplantation of a fecal microbiota from healthy human donors (Foote et al., 2023; Shayya et al., 2023). Following oral C. jejuni infection, human gut microbiota associated IL-10−/− mice were shown not only to carry the pathogen in their intestines at high loads but also to present with key symptoms of acute campylobacteriosis like secondary abiotic mice do (Shayya et al., 2023).

This preclinical placebo-controlled intervention study assesses carvacrol, deferoxamine, deoxycholic acid, and 2′-fucosyl-lactose alone and as a combination in hma IL-10−/− mice with acute C. jejuni induced enterocolitis. The following parameters will be addressed: (i) human gut microbiota compositions in recipient mice following engraftment; (ii) gastrointestinal pathogens burdens; (iii) clinical outcome; (iv) intestinal, (v) extra-intestinal, and also (vi) the systemic inflammatory immune responses upon oral infection.



2 Methods


2.1 Ethics

All animal procedures were performed in accordance with protocols approved by the local commission for animal experiments (“Landesamt für Gesundheit und Soziales,” LaGeSo, Berlin; registration number G0104/19). Clinical conditions of the mice were assessed daily following the European animal welfare guidelines (2010/63/EU).



2.2 Secondary abiotic IL-10−/− mice

IL-10−/− C57BL/6j mice were obtained from the Forschungsinstitute für Experimentelle Medizin of the Charité – Universitätsmedizin Berlin, Germany. Animals were bred and kept under a specified pathogen-free environment, housed in autoclaved cages with filter tops within an experimental semi-barrier, and given free access to standard chow (food pellets: ssniff R/M-H, V1534-300, Sniff, Soest, Germany) as well as autoclaved tap water. In all experiments, age- and sex-matched littermates were used. Mice were 3-week-old when subjected to an 8-week antibiotic treatment consisting of ampicillin plus sulbactam (2 g/L plus 1 g/L, respectively; Dr. Friedrich Eberth Arzneimittel, Ursensollen, Germany) ad libitum. To avoid cross-contamination, secondary abiotic mice were handled under aseptic conditions throughout the experiment. After eradication of the murine microbiome as described previously (Heimesaat et al., 2022), and 2 days prior to human fecal microbiota transplantation (FMT), the antibiotic treatment was substituted with autoclaved tap water to ensure proper washout.



2.3 Human fecal microbiota transplantation

Human fecal samples were collected from five healthy donors free of viruses, parasites, as well as enteropathogenic bacteria and stored at −80°C. After thawing and resuspending in sterile phosphate buffered saline (PBS, Thermo Fisher Scientific, Waltham, MA, United States), the samples were pooled to ensure at least 0.3 mL gavage volume per mouse. The microbiota composition of the pooled FMT sample can be found in Supplementary Figure S1. One week before the first C. jejuni infection (respectively on days 0 and 1), secondary abiotic mice were introduced to the complex human FMT on 3 days (respectively on days −7, −6 and −5) (Figure 1) as described previously (Shayya et al., 2023).
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FIGURE 1
 Experimental set-up. For gut microbiota depletion, conventionally raised IL-10−/− mice were subjected to an 8-week pretreatment with ampicillin plus sulbactam. Two days before oral human fecal microbiota transplantation (FMT) of secondary abiotic IL-10−/− mice on day (d)-7, d-6, and d-5, the antibiotic compounds were replaced by sterile tap water. On d0 and d1, human microbiota associated (hma) mice were perorally infected with C. jejuni strain 81–176, and treated with synthetic carvacrol, deferoxamine, deoxycholic acid, and 2-fucosyl-lactose alone, with a combination of all four compounds or with placebo (via the drinking water) from d2 until necropsy on d6 post-infection.




2.4 Campylobacter jejuni cultures and infections

Viable cells of C. jejuni strain 81–176 were thawed from −80°C and grown on Campylobacter-selective Karmali agar plates (Oxoid, Wesel, Germany) under microaerophilic conditions (CampyGen gas packs, Oxoid, Wesel, Germany) at 37°C (Bereswill et al., 2011). After 48 h, plates were harvested and bacterial cells were resuspended in sterile PBS to achieve an inoculum of 109 colony forming units (CFU). Then, 0.3 mL per mouse were gavaged on days 0 and 1 as shown previously (Bereswill et al., 2011).



2.5 Course of treatment

Treatment through oral administration via drinking water of carvacrol, deferoxamine, deoxycholic acid (all from Sigma-Aldrich, Munich, Germany), 2′-fucosyl-lactose (Chr. Hansen HMO GmbH, Rheinbreitbach, Germany), and the quadruple combination commenced 2 days following the onset of C. jejuni infection. Dosages were calculated considering an average body weight of approximately 25 g per mouse and an estimated drinking volume of 5 mL per day. All compounds were dissolved in autoclaved tap water. The daily doses and their previously determined minimal inhibitory concentrations (MICs) are illustrated in Table 1. To enhance the water solubility of carvacrol, 50 mg of the compound were dissolved in 250 μL Tween® 80 (Sigma-Aldrich, Munich, Germany). The placebo group received vehicle dissolved in autoclaved tap water.



TABLE 1 Treatment regimens and concentrations of applied substances.
[image: Table displaying treatments with columns for daily dose (mg/kg), drinking solution (mg/L), and MIC (mg/L). Treatments include Placebo, Carvacrol, Deferoxamine, Deoxycholic acid, 2-Fucosyl-lactose, and a Combination. MIC values range from 8 to greater than 32,768 mg/L. Note clarifies MIC as minimal inhibitory concentration.]



2.6 Campylobacter jejuni loads in the gastrointestinal tract

Intraluminal samples from defined parts of the gastrointestinal tract (stomach, duodenum, ileum, and colon) were taken upon necropsy of the mice. The samples were homogenized in PBS, serial diluted and streaked on Karmali agar plates (Oxoid, Wesel, Germany). After 48 h of incubation at 37°C under microaerophilic conditions, C. jejuni was quantified by counting CFU (Bereswill et al., 2011). The detection limit of viable bacterial cells was 100 CFU per g intestinal sample.



2.7 Microbiota analysis

Fecal samples of hma mice were collected before (i.e., day 0) and 6 days after C. jejuni infection for microbiota composition analysis in comparison to the original fecal donor suspensions (Heimesaat et al., 2006). Samples were homogenized in sterile PBS, diluted in series and incubated on solid media under aerobic, microaerobic, and anaerobic conditions for 48 h. Total bacterial loads and bacterial species were identified according to their colony morphology, Gram-staining, and biochemical analysis. In addition, genomic DNA extraction and real-time polymerase chain reaction (PCR) of the fecal samples have been performed culture-independently; this is to assess the abundance of fastidious and non-cultivable bacteria from the human microbiome quantitatively. 16S variable regions were targeted using species-, genera- or group-specific 16S rRNA primers (Tib MolBiol, Berlin, Germany) (Heimesaat et al., 2006). Results are illustrated as 16S rRNA gene copies per ng DNA.



2.8 Clinical outcomes

Health outcome of mice was monitored before and for 6 days after C. jejuni infection. Total clinical score (maximum 12 points) constituted of clinical aspect (i.e., wasting symptoms; 0: normal; 1: ruffled fur; 2: less locomotion; 3: isolation; 4: severely compromised locomotion, pre-final aspect), fecal blood (0: none; 2: microscopic detection using the Guajac method (Haemoccult, Beckman Coulter/PCD, Germany); 4: visible blood spots), and stool appearance (0: normal/firm; 2: pasty; 4: liquid), as stated previously (Heimesaat et al., 2014).



2.9 Dissection and sampling

Six days p.i., mice were sacrificed by carbon dioxide asphyxiation and dissected in an aseptic environment. Ex vivo tissue samples from liver, kidneys, mesenteric lymph nodes (MLN), colon, in addition to luminal samples (from stomach, duodenum, ileum, and colon) were collected for microbiological, immunological, and immunohistopathological analyses. Heart blood was used for cytokine measurements.



2.10 Histopathological changes

Colonic tissue samples were fixed in 5% formalin and embedded in paraffin. 5-μm-sections were then stained with hematoxylin and eosin (H&E) to evaluate histopathological changes. The colonic mucosa was assessed under light microscopy (100 × magnification) using the following scoring scheme (Erben et al., 2014): Score 0, normal/no inflammatory cell infiltrates in epithelium. Score 1, minimal inflammatory cell infiltrates in mucosa but still intact epithelium. Score 2, mild inflammatory cell infiltrates in mucosa and submucosa with mild hyperplasia and mild goblet cell loss. Score 3, moderate inflammatory cell infiltrates in mucosa with moderate goblet cell loss. Score 4, extensive inflammatory cell infiltration into mucosa and submucosa with marked goblet cell loss, multiple crypt abscesses, and crypt loss.



2.11 In situ immunohistochemistry

5-μm-sections of colonic tissue samples were fixed in 5% formalin and embedded in paraffin as previously described (Heimesaat et al., 2018; Foote et al., 2023). Primary antibodies against cleaved caspase-3 (Asp175, Cell Signaling, Beverly, MA, United States, 1:200), MPO7 (No. A0398, Dako, Glostrup, Denmark, 1:500), CD3 (no. N1580, Dako, 1:10), and FOXP3 (clone FJK-165, no. 14-5773, eBioscience, 1:100) were used to count apoptotic epithelial cells, neutrophils, T lymphocytes, and regulatory T cells under light microscopy. The mean number of detected cells in each blinded sample was determined within at least six high power fields (HPF, 0.287 mm2, 400 × magnification).



2.12 Mouse inflammation cytometric bead assay

Ex vivo tissue samples from colon, liver (both approximately 1 cm3), kidney (one half after the longitudinal cut) were collected and washed in sterile PBS. Samples were incubated at 37°C for 18 h in 24-flat-bottom well culture plates (Thermo Fisher Scientific, Waltham, MA, United States) containing 500 μL serum-free RPMI 1640 medium (Thermo Fisher Scientific, Waltham, MA, United States), penicillin (100 μg/mL; Biochrom, Berlin, Germany) and streptomycin (100 μg/mL; Biochrom, Berlin, Germany). The culture supernatants and serum samples were then tested for interferon-gamma (IFN-γ) and IL-6 by applying the Mouse Inflammation Cytometric Bead Assay (BD Biosciences, Germany) in a BD FACS Canto II flow cytometer (BD Biosciences).



2.13 Statistical analysis and reproducibility

Results from animal experiments are representative of three independent repetitions. Statistical analysis was performed using GraphPad Prism (version 9; San Diego, CA, United States). The Anderson-Darling test was used to normalize data sets. The Student’s t-test and Mann–Whitney test were applied for pairwise comparisons of normally and not normally distributed data. Multiple comparisons were performed using the one-way ANOVA with Tukey post-correction (for normally distributed data) and Kruskal-Wallis test with Dunn’s post-correction (for not normally distributed data). p values of less than 0.05 were considered significant. Outliers were identified by the Grubb’s test.




3 Results


3.1 Fecal microbiota composition in hma IL-10−/− mice immediately before Campylobacter jejuni infection

We first assessed whether the human fecal microbiota transplants had comparably engrafted in the intestinal tract of secondary abiotic mice within 1-week after triple human FMTs. To address this, we performed quantitative gut microbiota analyses immediately before C. jejuni infection. Both, cultural and culture-independent (i.e., molecular) analyses proved that the fecal loads of the tested intestinal bacterial groups, genera, and species were comparably high in the six prospective treatment cohorts of the hma IL-10−/− mice pointing towards similar engraftment of the human fecal transplants in the murine hosts (Supplementary Figure S2; Figure 2).
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FIGURE 2
 Culture-independent analysis of fecal microbiota composition in human microbiota associated IL-10−/− mice immediately before C. jejuni infection. A week before C. jejuni infection, secondary abiotic IL-10−/− mice (that had been generated by antibiotic pretreatment) were subjected to human fecal microbiota transplantation on three consecutive days by oral gavage [i.e., on day (d)-7, d-6, and d-5]. Immediately before C. jejuni infection on d0, the fecal microbiota composition was surveyed in mice from the prospective treatment cohorts (PLC, placebo; CAR, carvacrol; DFO, deferoxamine; DCA, deoxycholic acid; 2FL, 2-fucosyl-lactose; COMBI, a combination of all four compounds) by culture-independent, 16S rRNA real-time PCR (see methods) assessing the (A) total eubacterial loads, (B) enterobacteria, (C) enterococci, (D) lactobacilli, (E) Bacteroides/Prevotella species (spp.), (F) Clostridium coccoides group, (G) Clostridium leptum group, (H) bifidobacteria, and (I) Mouse Intestinal Bacteroides (expressed as copies per ng DNA). Medians (black bars) and numbers of mice with bacteria-positive detection out of the total number of analyzed animals (in parentheses) are indicated.




3.2 Gastrointestinal Campylobacter jejuni loads following oral infection and treatment of hma IL-10−/− mice with carvacrol, deferoxamine, deoxycholic acid, and 2-fucosyl-lactose alone or in combination

Following the start of oral treatment in C. jejuni infected hma IL-10−/− mice with carvacrol, deferoxamine, deoxycholic acid, and 2-fucosyl-lactose alone or all four in combination on day 2 p.i., we surveyed the C. jejuni pathogen loads in fecal samples over time. Analyses by culture revealed median fecal C. jejuni counts of approximately 109 viable bacteria per gram that did not differ between the six treatment cohorts on days 2, 3, 4, and 5 p.i. [not significant (n.s.); Supplementary Figure S3]. Furthermore, we enumerated viable C. jejuni bacteria in luminal samples taken from defined gastrointestinal parts upon necropsy. Whereas the pathogen counts in the stomach and colon did not differ between the respective groups (n.s.; Figures 3A,D), approximately two orders of magnitude lower pathogen numbers could be cultured from the ileum lumen of carvacrol as compared to placebo treated mice on day 6 p.i. (p < 0.05; Figure 3C). Furthermore, the carvacrol and combination groups exhibited lower C. jejuni burdens in their duodenum as compared to 2-fucosyl-lactose treated mice (p < 0.01; Figure 3B). Therefore, all treatment regimens, whether applied individually or in combination did not affect C. jejuni loads in the colon. It is notable that only the carvacrol treatment lowered pathogen loads in the ileal tracts of infected hma IL-10−/− mice.
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FIGURE 3
 Establishment of C. jejuni in the gastrointestinal tract of infected hma IL-10−/− mice. Hma IL-10−/− mice were orally infected with C. jejuni strain 81–176 on days 0 and 1. From day 2 until day 6 post-infection, mice were treated with synthetic carvacrol (CAR), deferoxamine (DFO), deoxycholic acid (DCA), 2-fucosyl-lactose (2FL), a combination of all four compounds (COMBI) or placebo (PLC) via the drinking water. Upon sacrifice on d6 post-infection, C. jejuni were quantitated in luminal samples taken from the (A) stomach, (B) duodenum, (C) ileum, and (D) colon by culture and expressed as colony-forming units per gram (CFU/g). Individual data pooled from three experiments, medians (black bars), the numbers of culture-positive mice out of the total number of analyzed animals (in parentheses), and the significance levels (p values) determined by the Kruskal-Wallis test and Dunn’s post-correction are shown.




3.3 Clinical outcomes of hma IL-10−/− mice following Campylobacter jejuni infection and treatment with carvacrol, deferoxamine, deoxycholic acid, and 2-fucosyl-lactose alone or in combination

We further surveyed the effect of the applied treatment regimens on C. jejuni induced disease with campylobacteriosis scores (assessing wasting symptoms plus diarrhea plus fecal blood) over time p.i. As early as 24 h after initiation of the treatments (i.e., on day 3 p.i.), increased clinical scores were determined in the deferoxamine, deoxycholic acid, 2-fucosyl-lactose, and placebo treated groups (p < 0.01–0.001 versus naive; Supplementary Figure S4A), whereas carvacrol and combination treated hma mice displayed basal values (n.s. versus naive; Supplementary Figure S4A). This also held true for basal scores in mice from the combination group on days 4 and 5 p.i. (n.s. versus naive; Supplementary Figures S4B,C). Immediately before necropsy on day 6 p.i., mice from all infected cohorts exhibited similarly increased overall campylobacteriosis scores (p < 0.05–0.001 versus naive; Figure 4A), but with a trend towards lower median scores in carvacrol and combination treated mice versus placebo counterparts (n.s. due to relatively high standard deviations; Figure 4A). When specifically quantitating wasting symptoms on day 6 p.i., no differences in wasting scores could be observed between treated mice (p < 0.05–0.001 versus naive; Figure 4B), whereas the scores for fecal blood were increased in all cohorts except the carvacrol treatment group (n.s. versus naive; Figure 4C). Remarkably, carvacrol and combination treated mice suffered from less severe diarrheal symptoms as indicated by lower diarrhea scores if compared to placebo control mice on day 6 p.i. (p < 0.05; Figure 4D). Of note, mice from the carvacrol, deoxycholic acid, 2-fucosyl-lactose, and combination cohorts exhibited basal diarrheal scores at the end of the experiment (n.s. versus naive; Figure 4D). Hence, carvacrol and combination treatment alleviated diarrheal symptoms in C. jejuni infected hma mice.
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FIGURE 4
 Clinical outcomes in hma IL-10−/− mice following C. jejuni infection and treatment with carvacrol, deferoxamine, deoxycholic acid, and 2-fucosyl-lactose alone or all in combination. C. jejuni infected hma IL-10−/− mice were perorally treated with synthetic carvacrol (CAR), deferoxamine (DFO), deoxycholic acid (DCA), 2-fucosyl-lactose (2FL), a combination of all four compounds (COMBI) or placebo (PLC) from day 2 until day 6 post-infection. At the end of the treatment (i.e., day 6 post-infection), the clinical outcomes were quantitated with clinical scores assessing the (A) overall clinical conditions and specifically, (B) wasting symptoms, (C) diarrhea, and (D) fecal blood. Naive (N) hma IL-10−/− mice served as non-infected and untreated controls. Individual data pooled from three experiments, the medians (black bars), the numbers of included mice (in parentheses), and the significance levels (p values) determined by the Kruskal-Wallis test and Dunn’s post-correction are shown.




3.4 Macroscopic and microscopic inflammatory changes in hma IL-10−/− mice following Campylobacter jejuni infection and treatment with carvacrol, deferoxamine, deoxycholic acid, and 2-fucosyl-lactose alone or in combination

Next, we assessed changes in colonic lengths, as enterocolitis is known to result in significantly shorter intestines due to inflammation (Heimesaat et al., 2006; Bereswill et al., 2011). Irrespective of the treatment, infected mice displayed shorter colons as compared to uninfected control animals (p < 0.05–0.001; Figure 5A). Furthermore, we quantitated the C. jejuni induced histopathological changes in the colon and determined lower histopathological scores in carvacrol and combination treated mice as compared to placebo counterparts on day 6 p.i., indicative for less severe pathogen-induced microscopic disease (p < 0.01 and p < 0.001, respectively; Figure 5B). In addition, the numbers of apoptotic colonic epithelial cells were lower in infected mice from the carvacrol, deferoxamine, 2-fucosyl-lactose, and combination cohorts versus placebo (p < 0.05–0.001; Figure 5C). The combination treatment dampened both, histopathological and apoptotic cell responses in the colon of C. jejuni infected mice to basal levels (n.s. versus naive; Figures 5B,C). Hence, carvacrol and combination treatment of hma IL-10−/− mice resulted in diminished microscopic (i.e., histopathological and apoptotic) sequelae of C. jejuni infection.
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FIGURE 5
 Macroscopic and microscopic inflammatory changes in hma IL-10−/− mice following C. jejuni infection and treatment with carvacrol, deferoxamine, deoxycholic acid, and 2-fucosyl-lactose alone or all in combination. C. jejuni infected hma IL-10−/− mice were perorally treated with synthetic carvacrol (CAR), deferoxamine (DFO), deoxycholic acid (DCA), 2-fucosyl-lactose (2FL), a combination of the four compounds (COMBI) or placebo (PLC) via the drinking water from day 2 until day 6 post-infection. On day 6, the (A) colonic lengths were measured, the (B) histopathological changes scored in hematoxylin and eosin-stained colonic paraffin sections, and the (C) numbers of apoptotic colonic epithelial cells determined in colonic paraffin sections stained with an antibody against cleaved caspase-3 (average numbers out of six representative high-power fields (HPF, 400 × magnification) per mouse). Naive (N) hma IL-10−/− mice served as non-infected and untreated controls. Individual data pooled from three experiments, the medians (black bars), the numbers of included mice (in parentheses), and the significance levels (p values) determined by the one-way ANOVA test with Tukey post-correction (A) and by the Kruskal-Wallis test and Dunn’s post-correction (B,C) are shown.




3.5 Immune cell subsets in the colon of hma IL-10−/− mice following Campylobacter jejuni infection and treatment with carvacrol, deferoxamine, deoxycholic acid, and 2-fucosyl-lactose alone or in combination

To test treatment impact on C. jejuni induced immune responses, we stained colonic paraffin sections with antibodies against surface markers of distinct innate and adaptive immune cells. On day 6 p.i., MPO7+ neutrophilic granulocytes were lower in the colonic mucosa and lamina propria of carvacrol and combination treated mice when compared to placebo counterparts (p < 0.001; Figure 6A). Remarkably, they did not even differ from uninfected controls (n.s. versus naive; Figure 6A). Irrespective of the treatment, C. jejuni infection resulted in colonic increases in adaptive CD3+ T lymphocytes and FOXP3+ regulatory T cells (p < 0.05–0.001 versus naive; Figures 6B,C). T cell numbers were, however, approximately 50% lower in the colon of all verum as compared to the control group on day 6 p.i. (p < 0.001; Figure 6B). Moreover, the combination of all four compounds did not further alleviate colonic T cell responses upon C. jejuni infection. Hence, oral carvacrol and combination treatment could diminish C. jejuni triggered immune responses.
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FIGURE 6
 Immune cell subsets in the colon of hma IL-10−/− mice following C. jejuni infection and treatment with carvacrol, deferoxamine, deoxycholic acid, and 2-fucosyl-lactose alone or all in combination. C. jejuni infected hma IL-10−/− mice were perorally treated with synthetic carvacrol (CAR), deferoxamine (DFO), deoxycholic acid (DCA), 2-fucosyl-lactose (2FL), a combination of the four compounds (COMBI) or placebo (PLC) via the drinking water from day 2 until day 6 post-infection. (A) Neutrophils (MPO7+), (B) T lymphocytes (CD3+), and (C) regulatory T cells (FOXP3+) were enumerated in immunohistochemically stained colonic paraffin sections derived on day 6 post-infection (average numbers out of six representative high-power fields (HPF, 400 × magnification) per mouse). Naive (N) hma IL-10−/− mice served as non-infected and untreated controls. Individual data pooled from three experiments, the medians (black bars), the numbers of included mice (in parentheses), and the significance levels (p values) determined by the Kruskal-Wallis test and Dunn’s post-correction (A,C) and the one-way ANOVA test with Tukey post-correction (B) are shown.




3.6 Intestinal and extra-intestinal IFN-γ secretion in hma IL-10−/− mice following Campylobacter jejuni infection and treatment with carvacrol, deferoxamine, deoxycholic acid, and 2-fucosyl-lactose alone or in combination

C. jejuni infection resulted in enhanced IFN-γ secretion in colon and kidneys of placebo, deoxycholic acid and 2-fucosyl-lactose treated mice (p < 0.05–0.001; Figures 7A,B). In comparison, basal colonic and renal IFN-γ concentrations were measured in the carvacrol, deferoxamine, and combination treatment cohorts on day 6 p.i. (n.s. versus naive Figures 7A,B). This was also the case when determining IFN-γ levels in the liver of infected mice following carvacrol and combination treatment (n.s. versus naive Figure 7C). Hence, carvacrol and the combination treatment of hma IL-10−/− mice dampens C. jejuni induced IFN-γ responses in colon and extra-intestinal compartments, as observed in kidneys and liver.
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FIGURE 7
 Intestinal and extra-intestinal IFN-γ concentrations in hma IL-10−/− mice following C. jejuni infection and treatment with carvacrol, deferoxamine, deoxycholic acid, and 2-fucosyl-lactose alone or all in combination. C. jejuni infected hma IL-10−/− mice were perorally treated with synthetic carvacrol (CAR), deferoxamine (DFO), deoxycholic acid (DCA), 2-fucosyl-lactose (2FL), a combination of the four compounds (COMBI) or placebo (PLC) via the drinking water from day 2 until day 6 post-infection. IFN-γ concentrations were determined in ex vivo biopsies taken from the (A) colon, (B) kidneys, and (C) liver on day 6 post-infection. Naive (N) hma IL-10−/− mice served as non-infected and untreated controls. Individual data pooled from three experiments, the medians (black bars), the numbers of included mice (in parentheses), and the significance levels (p values) determined by the Kruskal-Wallis test and Dunn’s post-correction are shown.




3.7 Pro-inflammatory cytokine secretion in the serum of hma IL-10−/− mice following Campylobacter jejuni infection and treatment with carvacrol, deferoxamine, deoxycholic acid, and 2-fucosyl-lactose alone or in combination

Further, we addressed whether the treatment regimens could even affect systemic C. jejuni induced cytokine responses. As for the kidneys, basal IFN-γ levels were measured in the serum of infected mice from the carvacrol, deferoxamine, and combination cohorts (n.s. versus naive: Figure 8A), which also held true for basal serum IL-6 concentrations determined in carvacrol and combination treated mice on day 6 p.i. (n.s. versus naive; Figure 8B). Hence, carvacrol and combination treatment of hma IL-10−/− mice could alleviate systemic pro-inflammatory immune responses upon C. jejuni infection.
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FIGURE 8
 Systemic pro-inflammatory cytokine secretion in hma IL-10−/− mice following C. jejuni infection and treatment with carvacrol, deferoxamine, deoxycholic acid, and 2-fucosyl-lactose alone or all in combination. C. jejuni infected hma IL-10−/− mice were perorally treated with synthetic carvacrol (CAR), deferoxamine (DFO), deoxycholic acid (DCA), 2-fucosyl-lactose (2FL), a combination of the four compounds (COMBI) or placebo (PLC) via the drinking water from day 2 until day 6 post-infection. To assess systemic pro-inflammatory cytokine responses, (A) IFN-γ and (B) IL-6 concentrations were measured in serum samples taken on day 6 post-infection. Naive (N) hma IL-10−/− mice served as non-infected and untreated controls. Individual data pooled from three experiments, the medians (black bars), the numbers of included mice (in parentheses), and the significance levels (p values) determined by the Kruskal-Wallis test and Dunn’s post-correction are shown. Outliers were excluded following identification by the Grubb’s test.





4 Discussion

For our current preclinical placebo-controlled intervention trial, we used (with respect to the gut microbiota) “humanized” IL-10−/− mice that have been generated through triple oral human FMTs of secondary abiotic IL-10−/− mice. Like all experimental systems, the hma IL-10−/− mouse model has its own limitations, which need to be critically taken into consideration. For instance, distinct human bacterial phyla might have been affected by freezing and thawing of the human fecal donor suspensions. Furthermore, differences in engraftment of the human fecal transplants in the murine intestinal tract could affect the clinical and immunopathological course of infection (Shayya et al., 2023). Both, our cultural and molecular analyses of fecal samples taken 1-week following the human FMTs and hence, immediately before C. jejuni infection on day 0 revealed comparable fecal loads of the main intestinal commensal bacterial phyla in all six prospective treatment cohorts indicating similar intestinal bacterial conditions upon induction of campylobacteriosis. At the end of the observation period, no treatment regimens have affected C. jejuni loads in the colon, whereas on day 6 p.i. carvacrol treated hma IL-10−/− mice displayed approximately two orders of magnitude lower pathogen loads in the ileum, but not the colon when compared to placebo counterparts. One can speculate that most of the administered carvacrol might have already been absorbed by enterocytes before reaching the colon and exerting a direct pathogen-lowering effect in the colonic lumen. Previous in vitro and in vivo studies have proven anti-Campylobacter directed effects of carvacrol, but with varying efficacies depending on the experimental model, the applied carvacrol doses, and the duration of treatment (Johny et al., 2010; van Alphen et al., 2012; Kelly et al., 2017; Szott et al., 2020). Nevertheless, one could argue that the 2-log reduction in the ileal pathogen loads alone was not sufficient to explain the observed clinical effects upon oral carvacrol application. An in vitro study by Upadhyay et al. revealed that carvacrol treatment resulted in reduced adhesion invasion, and translocation of C. jejuni (Upadhyay et al., 2017). These results might explain the disease alleviating effect of oral carvacrol without pronounced antibacterial effects directed against C. jejuni infection in vivo. Nevertheless, other aspects such as the metabolization of carvacrol by members of the intestinal microbiota or direct immune-modulatory effects of the compound may have contributed to the better outcome of C. jejuni induced disease in treated mice.

In line with our results, even prophylactic application of deferoxamine in infected IL10−/− mice did not lower intestinal C. jejuni loads (Bereswill et al., 2022). Unexpectedly, deoxycholic acid and 2′-fucosyl-lactose did not exert antibacterial effects against C. jejuni, although numerous in vitro and in vivo studies have reported antimicrobial effects against various Gram-negative bacteria such as Pseudomonas aeruginosa, E. coli, Salmonella spp., and especially Campylobacter, for both substances (Yu et al., 2016; Gourley et al., 2017; Negretti et al., 2017; Alrubaye et al., 2019; Facinelli et al., 2019).

The lack of anti-Campylobacter effects of exogenous deoxycholic acid and 2′-fucosyl-lactose in our preclinical trial might be explained by concentrations in the drinking solutions that were below the measured MICs. Even though the concentrations of carvacrol, deferoxamine and all four combined compounds in the drinking solutions were exceeding the MIC of respective compounds measured in vitro, the treated mice harbored the enteropathogen at numbers that did not differ from those determined in placebo counterparts. This unexpected result might be explained due to mixing and dilution effects of the applied substances with secretory intestinal fluids, which have potentially resulted in a rather subtle or even absent antibacterial effect. This is further supported by the fact that mice do not exhibit continuous drinking behaviors during day and night.

Despite the high gastrointestinal pathogen burdens, carvacrol and the quadruple combination treatment did not only result in less severe diarrheal symptoms in C. jejuni infected hma mice, but also prevented diarrhea in over 80% of infected mice that did not present any changes in stool consistency on day 6 p.i. This could be confirmed by our previous study showing potent anti-diarrheal effects of prophylactic oral carvacrol in C. jejuni infected secondary abiotic IL10−/− mice (Mousavi et al., 2020). Furthermore, carvacrol was shown to inhibit the diarrheal toxin production by Bacillus cereus in vitro (Ultee et al., 2002) and to alleviate Clostridioides difficile associated diarrheal symptoms in mice (Mooyottu et al., 2017).

The marked improvement in diarrheal symptoms following carvacrol and combination treatment of hma IL-10−/− mice was accompanied by less pronounced microscopic inflammatory sequelae of C. jejuni infection like histopathological changes and apoptotic epithelial cell responses in the large intestine. In line with these findings, carvacrol strongly inhibited caspase-dependent apoptosis and down-regulated the mTOR-Signaling in vitro (Banik et al., 2019), whereas prophylactic carvacrol application attenuated C. jejuni-induced apoptosis in colonic epithelia of infected secondary abiotic IL-10−/− mice (Mousavi et al., 2020). Besides carvacrol, also oral deferoxamine and 2′-fucosyl-lactose alone diminished apoptotic colonic cell responses upon C. jejuni infection. In line with our findings, a study in adult rats showed that iron overload increased caspase-3 reactivity whereas, conversely, deferoxamine treatment ameliorated iron-induced intestinal apoptosis and inflammation (El-Sheikh et al., 2018). Furthermore, 2-fucosyl-lactose was shown to protect small intestinal epithelial cells against 5-fluorouracil-induced apoptosis (Zhao et al., 2022).

In addition to alleviated diarrheal symptoms and colonic epithelial cell apoptosis, oral carvacrol and quadruple combination treatment dampened pro-inflammatory immune cell responses in C. jejuni infected hma mice as indicated by attenuated accumulation of neutrophils and T lymphocytes in the colonic mucosa and lamina propria. Moreover, C. jejuni induced colonic T cell responses were decreased upon deferoxamine, deoxycholic acid, and 2-fucosyl-lactose application alone. In support, our previous studies revealed that C. jejuni infected IL-10−/− mice pre-treated with carvacrol or deferoxamine exhibited lower numbers of T lymphocytes in the large intestines, as compared to placebo controls (Mousavi et al., 2020; Bereswill et al., 2022). Additionally, 2′-fucosyl-lactose pretreatment was shown to reduce CD3+ T cell infiltration of the colon in C. jejuni infected wildtype mice (Yu et al., 2016). When assessing pro-inflammatory cytokine secretion in the infected large intestines, mice from the carvacrol, the deferoxamine, and the combination cohorts exhibited colonic IFN-γ concentrations that did not differ from those determined in naive mice. The anti-inflammatory effects of the applied compounds could also be observed beyond the intestinal tract given only basal IFN-γ concentrations measured in the kidneys, the liver, and even in the serum of infected mice from the carvacrol, the deferoxamine, and the combination treatment cohorts. In support, carvacrol treatment was shown to down-regulate IFN-γ expression in splenocytes of asthmatic mice (Kianmehr et al., 2016) and to decrease IFN-γ and IL-6 secretion in mice suffering from multiple sclerosis (Mahmoodi et al., 2019). A very recent study revealed that oral treatment with the iron chelating compound deferasirox alleviated acute dextran sulfate sodium (DSS) induced colitis that was accompanied by decreased IFN-γ serum concentrations (Wu et al., 2023), further underscoring the immune-modulatory effects of iron deprivation in acute intestinal inflammation including campylobacteriosis as shown for deferoxamine in our present and earlier studies (Bereswill et al., 2022).

Although previous reports have highlighted that both deoxycholic acid and 2-fucosyl-lactose attenuated alleviated intestinal inflammation including C. jejuni induced colitis in mice (Yu et al., 2016; Sun et al., 2018), no overt immune-modulatory effects of both substances were observed in our present trial. These discrepancies might be due to differences in experimental settings including dosage and duration of treatment, gut microbiota composition, genetic background, and animal husbandry, for instance.

Furthermore, given the here applied 4-day therapeutic treatment regimens, the disease-alleviating effects of respective compounds alone or in combination might have been more prominent after longer application periods starting before infection (i.e., prophylactic regimen). This might be addressed in future investigations.

Finally, the here applied “humanized” IL-10−/− mouse model provides a useful experimental tool (i) to dissect the interactions between C. jejuni on the pathogen side and the immune system as well as the commensal (murine or human) gut microbiota on the host side and (ii) to test defined molecules and compounds for their potential disease-alleviating including anti-pathogenic and immune-modulatory properties (Shayya et al., 2023).



5 Conclusion

Our placebo-controlled preclinical intervention study provides evidence that oral treatment with carvacrol, deferoxamine, deoxycholate, and 2-fucosyl-lactose exerts disease-alleviating effects in acute campylobacteriosis. All substances are approved by the U.S. Food and Drug Administration (Food and Drug Administration, 2023) and have proven to exert disease-alleviating effects in acute campylobacteriosis. In particular, the highly potent intestinal, extra-intestinal, and systemic anti-inflammatory properties of the non-toxic natural compounds might point towards a promising alternative in the fight of acute campylobacteriosis with antibiotics-independent treatment options.
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Introduction: Control of Campylobacter from farm to fork is challenging due to the frequent emergence of antimicrobial-resistant isolates. Furthermore, poultry production systems are known reservoirs of Campylobacter. The twin-arginine translocation (Tat) pathway is a crucial bacterial secretion system that allows Campylobacter to colonize the host intestinal tract by using formate as the main source of energy. However, Tat pathway is also a major contributing factor for resistance to copper sulfate (CuSO4).
Methods: Since mammals and chickens do not have proteins or receptors that are homologous to bacterial Tat proteins, identification of small molecule (SM) inhibitors targeting the Tat system would allow the development of safe and effective control methods to mitigate Campylobacter in infected or colonized hosts in both pre-harvest and post-harvest. In this study, we screened 11 commercial libraries (n = 50,917 SM) for increased susceptibility to CuSO4 (1 mM) in C. jejuni 81–176, a human isolate which is widely studied.
Results: Furthermore, we evaluated 177 SM hits (2.5 μg/mL and above) that increased the susceptibility to CuSO4 for the inhibition of formate dehydrogenase (Fdh) activity, a Tat-dependent substrate. Eight Tat-dependent inhibitors (T1–T8) were selected for further studies. These selected eight Tat inhibitors cleared all tested Campylobacter strains (n = 12) at >10 ng/mL in the presence of 0.5 mM CuSO4in vitro. These selected SMs were non-toxic to colon epithelial (Caco-2) cells when treated with 50 μg/mL for 24 h and completely cleared intracellular C. jejuni cells when treated with 0.63 μg/mL of SM for 24 h in the presence of 0.5 mM of CuSO4. Furthermore, 3 and 5-week-old chicks treated with SM candidates for 5 days had significantly decreased cecal colonization (up to 1.2 log; p < 0.01) with minimal disruption of microbiota. In silico analyses predicted that T7 has better drug-like properties than T2 inhibitor and might target a key amino acid residue (glutamine 165), which is located in the hydrophobic core of TatC protein.
Discussion: Thus, we have identified novel SM inhibitors of the Tat pathway, which represent a potential strategy to control C. jejuni spread on farms.
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Introduction

Campylobacter is a leading cause of bacterial foodborne gastroenteritis worldwide (Igwaran and Okoh, 2019) and a major public health problem. A recent estimate by the CDC indicates that Campylobacter is not only among the most common causes of domestically acquired foodborne illnesses in humans (over 845,024 cases per year) but also is among the leading causes of hospitalization (over 8,463 annually) in the United States (USDA ERS–Cost Estimates of Foodborne Illnesses, 2017; Igwaran and Okoh, 2019).

Poultry products represent a key source of human Campylobacter infections (Kittl et al., 2013; Skarp et al., 2016). C. jejuni and C. coli densely colonize the intestine of poultry (up to 109 bacteria per gram of ceca in chicken) and are the most common species encountered in human infections (Allos, 2001; Newell and Fearnley, 2003; Lee and Newell, 2006; Young et al., 2007; Facciolà et al., 2017; Connerton et al., 2018). Despite extensive intestinal colonization, Campylobacter infection produces little or no clinical diseases in poultry (Johnson et al., 2017). Prevalence studies conducted in Europe and United States have reported Campylobacter-positive flocks ranging up to 100% (Newell and Fearnley, 2003; Luangtongkum et al., 2006; Jorgensen et al., 2011; Sibanda et al., 2018; Koutsoumanis et al., 2020; Kuhn et al., 2020). Colonized chickens shed Campylobacter in their feces until slaughter (up to 109 CFU/g of cecum) (Newell and Fearnley, 2003; Luangtongkum et al., 2006; Jorgensen et al., 2011; Sibanda et al., 2018; Koutsoumanis et al., 2020; Kuhn et al., 2020), increasing the risk of horizontal transmission of Campylobacter to the whole flock and post-harvest contaminations of the meat products (over 50% in average and up to 100%) (Logue et al., 2003; Berrang et al., 2007; Young et al., 2007; Guerin et al., 2010; Hue et al., 2010; Kaakoush et al., 2015). The high prevalence of Campylobacter in poultry and detection of identical genotypes in both poultry and human isolates support poultry contamination as the predominant route of human infection (Allos, 2001; Newell and Fearnley, 2003; Lee and Newell, 2006; Young et al., 2007; Facciolà et al., 2017; Connerton et al., 2018).

On-farm Campylobacter control efforts have not been successful in mitigating human Campylobacter infections as evidenced by the continuous increase in human infections (Kittl et al., 2013; Skarp et al., 2016). Although improving biosecurity has beneficial effects on lowering the overall flock prevalence (Kaakoush et al., 2015), these measures have not resulted in consistent and predictable outcomes in controlling Campylobacter (Wagenaar et al., 2013; Kaakoush et al., 2015). In addition, stringent biosecurity measures are cost-prohibitive and hard to maintain and their effectiveness seems to vary with production systems and they do not apply to small farm poultry operations (e.g., backyard chickens) and pet chickens (Koutsoumanis et al., 2020). Currently, there are no effective competitive exclusion products, vaccines, bacteriocins, bacteriophages, or feed/water additives to exclude Campylobacter from chickens under production conditions (Lin, 2009; Richards et al., 2019; Vandeputte et al., 2019; Quintel et al., 2020; Hakeem and Lu, 2021). Furthermore, the widespread use of antibiotics in poultry production has been implicated in the emergence of highly resistant Campylobacter strains (Young et al., 2007; Agyare et al., 2018; Yang et al., 2019; Andrew Selaledi et al., 2020). Therefore, there is a critical need for novel anti-Campylobacter control strategies that can amend and/or replace on-going efforts and specifically target pathways and novel mechanisms to combat both Campylobacter spread and antibiotic resistance.

The transport of proteins from cytoplasm to extra-cytoplasmic locations is critical for bacterial survival, virulence, and stress resistance (Berks, 2015). Extra-cytoplasmic protein transport in bacteria most commonly occurs via two major export systems, namely, the general secretory (Sec) pathway and the twin-arginine translocation (Tat) pathway (Frain et al., 2019a,b). The Campylobacter Tat pathway is highly conserved between strains, and the inactivation of the Tat pathway induces a multitude of functional defects in Campylobacter including motility, outer membrane permeability, biofilm formation, antibiotic resistance, growth under oxygen-limiting conditions, iron acquisition, and copper homeostasis (Drozd et al., 2011; Kassem et al., 2011). Copper is crucial for the survival of pathogenic bacteria in the host and external environment; however, it also exhibits antimicrobial properties at high concentration (Hall et al., 2008; Stolle et al., 2016). As a defense mechanism, C. jejuni expresses two important proteins for copper homeostasis as follows: (1) CopA a copper transporting P-type ATPase responsible for transporting toxic Cu (I) from cytoplasm to periplasm, (2) CueO, a multicopper oxidase that converts toxic Cu (I) into the less toxic Cu (II) in periplasm and is dependent on the Tat system. Both of these copper homeostasis proteins are essential for copper resistance and avian host colonization (Hall et al., 2008; Stolle et al., 2016; Kassem et al., 2017; Gardner and Olson, 2018). In addition, the deletion of the tatC gene significantly reduced C. jejuni persistence in the intestinal tract of chickens and decreased fecal shedding (Rajashekara et al., 2009). Previous studies have demonstrated that Tat inhibitors are an effective control method to mitigate Pseudomonas aeruginosa (Vasil et al., 2012; Massai et al., 2019) and Escherichia coli (Panahandeh et al., 2008; Bageshwar et al., 2016; Blümmel et al., 2017). Furthermore, the use of SM has been shown to be effective strategy against multi-drug resistant pathogens (i.e., Salmonella, Escherichia coli, Campylobacter, Staphylococcus, Burkholderia, Pseudomonas, and Candida), where conventional antibiotics failed (Hong-Geller and Micheva-Viteva, 2013; Abouelhassan et al., 2014; Selin et al., 2015; Guo et al., 2016; Deblais et al., 2018, 2019; Helmy et al., 2018, 2020; Kathayat et al., 2018). Since chickens and mammals do not have Tat protein homologs, the inactivation of the Tat pathway using small molecule (SM) inhibitors is a promising approach to discover new antimicrobial agents with no toxicity to eukaryotes as an alternative to conventional Campylobacter control methods.

In this study, we used commercially available SM libraries (n = 50,917) to identify several, lead SM inhibitors that targeted the Tat-system and had anti-C. jejuni activity. Tat-dependent inhibitors were identified by (1) increased C. jejuni susceptibility to copper sulfate and (2) reduced C. jejuni Fdh activity. Eight potential Tat-dependent inhibitors (T1-T8) exhibited in vitro antimicrobial activity against C. jejuni. Two inhibitors (T2 and T7) were identified as promising lead compounds with good antimicrobial efficacy against C. jejuni in chickens and with minimal impact on the host microbiota. Furthermore, an in silico docking study identified that the most promising Tat inhibitor (T7) targets key amino acids in TatC.



Materials and methods


Bacterial strains

Campylobacter jejuni 81–176 was the primary model strain used for the selection of the potential Tat-dependent inhibitors by high-throughput screening. C. jejuni 81–176 is resistant to 0.5 and 1 mM CuSO4 (Supplementary Figure S1). C. jejuni 81–176 tatC knockout mutant (C. jejuni ΔtatC) was used to confirm the Tat-dependent inhibitory effect of the selected SM. C. jejuni ΔtatC is susceptible to 0.5 mM and higher of CuSO4 (Rajashekara et al., 2009). The specificity of the Tat-dependent inhibitors was also tested on 11 additional Campylobacter strains (C. coli ATCC33559 and 10 other C. jejuni strains isolated from chickens) and 7 commensal/beneficial bacteria (Supplementary Table S1). The 1 C. jejuni strains (Au-13, Au-20, Au-38, Au-39, Au-47, Au-50, Au-24, Au-32, Au-44, and Au-45) were selected based on their single nucleotide polymorphism (SNP)-type and percent of prevalence in chickens (Merchant-Patel et al., 2008; Kumar et al., 2016). Additional details about the bacterial strains are shown in Supplementary Table S1.



Eukaryotic models

Colonic epithelial cells (Caco-2) were used to evaluate the cytotoxicity and the ability of the selected eight SMs to clear intracellular C. jejuni. The Caco-2 cells were obtained from the American Type Culture Collection (ATCC HTB-37; Rockville, MD, United States). For in-vivo testing, 3 and 5-week-old White Cronish broiler chickens, obtained from Meyer’s hatchery (Polk, OH, USA), were used to validate the anti-C. jejuni efficacy (log reduction in cecal content) of the selected four SMs (T1, T2, T7, and T8) in poultry and their impact on the cecal microbiota. Broiler chickens were grown in accordance with The Ohio State University Animal Care and Use Program (accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International) and performed following the Institutional Animal Care and Use Committee. Chickens were fed a standard broiler diet (i.e., broiler starter phase from day 0 to 10; broiler growth phase from day 11 to 25; and broiler finisher phase from day 26 to 42; PNW extension #658) which was obtained from local feed mill at the Ohio Agricultural Research and Development Center (OARDC). Chickens and associated rooms were observed at least twice daily to assure that no shortage in feed or side effects occur due to the bacterial inoculation or treatments provided during the experiments.



SM libraries

A total of 50,917 SMs obtained from 11 libraries were screened in this study. SMs were suspended in 100% DMSO at concentration ranging from 2.5 μg/mL to 12.5 μg/mL between libraries and stored at −80°C (Supplementary Table S2). These libraries originated from The National Screening Laboratory for the Regional Center of Excellence in Biodefense and Emerging Infectious Disease (NSRB, United States)—The New England Regional Center of Excellence for Biodefense and Emerging Infectious Diseases (NERC, USA) collection. The NSRB and NERC libraries included FDA-approved bio-active SM, SM used by NIH in recent clinical trials, bio-active screens, and diversified SM synthesized for favorable physico-chemical properties (e.g., solubility, low/no toxicity and increased stability). Details about the origin and concentration of the libraries are shown in Supplementary Table S2.



High-throughput copper sulfate sensitivity assay

Our in silico study highlighted that the unique assembly and disassembly feature of Tat system is required for the translocation of several relatively large folded proteins, such as formate dehydrogenase (Fdh) and multi-copper oxidase (CueO) (Rajashekara et al., 2009). Since CueO function requires the transport of the Tat system, increased susceptibility to copper was used as an indicator during our in vitro screen for Tat-specific SM inhibitors. The identification of SM increasing sensitivity of C. jejuni 81–176 to copper sulfate (1 mM CuSO4, non-lethal dose) was performed using a high-throughput screening in 384 plate formats at NSRB facilities (Harvard Medical School, Cambridge, MA, USA). Columns 1 to 24 of assay plates were filled with 40 μL of MH broth +1 mM CuSO4 using a Matrix WellMate (Thermo Fisher, United States) automatic plate filler (Drozd, 2012). In total, 100 nL of SM were transferred to each well using The Institute of Chemistry and Cell Biology (ICCB, USA) Longwood Screen Facility Seiko D-TRAN XM3106-31 PN 4-axis cartesian robot (V&P Scientific), which was controlled by SRC-310A Controller/SPEL. Columns 1–23 of the assay plates were inoculated with 40 μL of C. jejuni 81–176 normalized at optical density (OD600) of 0.16 in fresh MH broth supplemented with 1 mM CuSO4. Wells in column 24 were filled with 40 μL of C. jejuni ΔtatC (susceptible to 1 mM CuSO4) normalized at 0.16 OD600 in the same conditions. The ΔtatC mutant is susceptible to 0.5 mM CuSO4; however, for screening purpose, we used the stringent 1 mM CuSO4. Plates were incubated at 42°C for 36 h under microaerophilic conditions (85% N2, 10% CO2, and 5% O2). Turbidimetric measurements (OD600) were recorded before and after incubation using a Biotek Synergy HT spectrophotometer. The positive and negative controls on each assay plate were used to calculate a Z’ value for that plate. If the Z’ value was >0, the threshold for defining a compound as positive was set at three standard deviations above the average positive control value. Z’ is calculated as described in the study mentioned in the reference (Zhang et al., 1999): Z’ = 1- (3σneg + 3σpos)/(μneg-μpos), where μ is the mean and σ is the standard deviation. The ΔtatC mutant is the positive control mimic, and wild type without drug is the negative control.

Furthermore, validation of the primary assay was performed in a 96-well plate format for the selected 177 SMs with high drug-like properties that significantly increased susceptibility of C. jejuni to CuSO4. In total, 100 μL of C. jejuni suspension normalized at 0.08 OD600 in fresh MH broth supplemented with 1 mM CuSO4 were transferred to each well of a 96-well plate and treated with 6.25 μg of SM. A parallel 96-well plate was prepared as described above but without CuSO4, to identify SM that did not inhibit the growth of C. jejuni in a Tat-specific manner. Plates were incubated at 42°C under microaerophilic conditions for 24 h. Turbidimetric measurements were recorded before and after incubation, to remove a potential increase in OD600 caused by the SM. Only SM inhibiting C. jejuni WT growth in the presence of CuSO4 without inhibiting C. jejuni WT growth in the absence of CuSO4 was selected for further analyses.



Counter screens using the screensaver SM database

Based on previous publicly available bioassay data, the ICCB-longwood/NSRB Screensaver database version v2010.10.29 and v2012.01.26 was used to eliminate SMs that were less likely to target the Tat pathway (Tolopko et al., 2010). Commercial and pharmaceutical based libraries with known antibacterial applications were cross-referenced with the selected SM. In addition, SMs that had positive effects on eukaryote-based screens were deprioritized because of the absence of eukaryotic homolog Tat system.



Counter-screen using medicinal chemistry software

A series of filters were established to select SM with the optimized drug-like properties. The criteria were based on physicochemical descriptors, potential liabilities (i.e., predicted toxicity), chemical structural diversity, and novelty. ChemDraw suite (CambridgeSoft, PerkinElmer, United States) was used to calculate molecular weight from the simplified molecular-input line-entry system (SMILES) notation. Molecular weights less than 200 Daltons (Da) and more than 550 Da were deprioritized due to the golden triangle measurements for drug-like characteristics (Johnson et al., 2009). ChemBioFinder (CambridgeSoft, PerkinElmer, United States) was used to identify structural redundancy between the SM and remove highly similar candidates. SciFinder® (Chemical Abstracts Service) was used to deprioritize SM, showing more than 90% similarity with previously investigated drugs.



Formate dehydrogenase inhibition activity assay

Formate is an essential source of energy for Campylobacter and plays a role in optimizing the adaptation of C. jejuni to the oxygen-limited gastrointestinal tract of the host (Kassem et al., 2017). Fdh is translocated by the Tat system in the periplasm, and thus, the inactivation of Tat system results in a reduction of the Fdh activity. Hence, this activity was used as an indicator during our in vitro screening procedures, to validate Tat-dependent SM inhibitors of C. jejuni. The Fdh inhibition activity assay was performed with the 177 SM with drug-like properties that increased the susceptibility of C. jejuni to CuSO4 (1 mM). C. jejuni 81–176 suspension normalized to 0.08 OD600 in fresh MH broth was incubated for 24 h in microaerophilic condition with 6.25 μg of SM. Subsequently, the treated cultures were suspended in an oxygen-restricted solution containing 25 mM sodium phosphate buffer (pH 7) with 1 mM benzyl-viologen and 10 mM sodium formate. The increase of OD578 was measured using a SpectraMax Plus 384 absorbance plate reader (Molecular Devices, USA), to monitor the reduction in benzyl viologen, an indicator of Fdh activity. N = three replicates per SM. C. jejuni 81–176 treated with 1% DMSO and C. jejuni ∆tatCmutant were used as controls. SMs that inhibited at least 30% Fdh activity (which is equivalent to the inhibitory effect of 1 mM of azide on FDH activity (Davies, 2017)) compared with the DMSO control were further down selected for analysis.



Activity spectrum of the selected 19 SMs against several Campylobacter jejuni, Campylobacter coli, and commensal/beneficial gut bacteria

In total, 19 SMs were selected using CuSO4 sensitivity and Fdh inhibition assay and further tested on 11 Campylobacter strains grown in MH broth supplemented with 0.5 mM CuSO4 and treated with 6.25 μg/mL of SM, as described above. A similar experiment was performed with seven commensal/beneficial gut bacteria to determine species specificity of these SMs. In brief, an overnight suspension was normalized at 0.05 OD600 using the appropriate medium and challenged with 6.25 μg/mL of SM. Details about the strains and their growing conditions are shown in Supplementary Table S1. Medium alone and 1% DMSO were used as controls (N = 3 replicates per SM).



Copper sulfate sensitivity dose–response assay in vitro using the selected 19 SM

A CuSO4 sensitivity dose–response assay was performed to determine the minimal concentration of SM that completely inhibited (MIC) or killed (MBC) C. jejuni 81–176 in the presence of CuSO4 (0.5 mM). In total, 19 SMs were two-fold serially diluted to obtain a final SM concentration ranging from 6.25 to 0.012 μg/mL. C. jejuni 81–176 was then treated with a determined concentration of SM, as described in the copper sensitivity assay. The lowest SM concentration that completely inhibited the growth without killing C. jejuni in the presence of 0.5 mM CuSO4 was considered the MIC (no increase in OD600 over time, but viable cells were recovered on agar plate after challenge). The lowest bactericidal SM concentration was considered the MBC (no increase in OD600 over time and no viable cells were recovered on agar plate after challenge) (N = 3 replicates per SM). A similar copper sulfate sensitivity dose–response assay was performed with the eight most potent SMs (T1-T8) against other Campylobacter strains (n = 11; Supplementary Table S1) using methodology described above. However, these SMs were two-fold serially diluted to obtain a final SM concentration ranging from 5 μg to 0.0625 μg for testing (N = two independent experiments with four technical replicate for each SM).



Cytotoxicity of the selected eight SM on Caco-2 colon epithelial cells

Cytotoxicity of the eight SMs (T1-T8) was tested on Caco-2 cells at 5, 25, and 50 μg/mL, as previously described (Kumar et al., 2016; Deblais et al., 2019). In brief, a 96-well plate seeded with approximately 1.4 × 105 Caco-2 cells/well in MEM medium was challenged with a final SM concentration of 5, 25, and 50 μg/mL. After 24 h of incubation at 37°C in a humidified 5% CO2 incubator, cytotoxic effects were determined using the PierceTM Lactate Dehydrogenase Cytotoxicity Assay Kit (Thermo Fisher Scientific). Cell death was measured based on the production of formazan (chromogenic dye), which can be read at OD570. Equal concentrations (5, 25, and 50 μg/mL) of kanamycin or chloramphenicol, 1% DMSO, and 10X lysis buffer were used as control. The cytotoxicity level was calculated according to the manufacturer’s instructions (N = two independent experiments with three technical replicate for each SM).



Copper sulfate sensitivity dose–response assay in infected Caco-2 colon epithelial cells

The intracellular reduction in C. jejuni in the presence of a given SM (T1-T8) and 0.5 mM CuSO4 were evaluated using Caco-2 cells, as previously described (Kumar et al., 2016; Deblais et al., 2019). In brief, cells were infected for 2 h using a multiplicity of infection (MOI) of 100. Infected cells were treated with SM at a final concentration ranging between 5 and 0.315 μg/mL and incubated at 37°C for 24 h in a humidified 5% CO2 incubator. Following incubation, cells were washed once with 1X PBS, lysed with 0.1% Triton-100X, serially 10-fold diluted in 1X PBS, and plated on MH agar plate. Plates were incubated in microaerophilic conditions at 42°C for 24 h, to determine the intracellular survival. Cells not infected and not treated and cells infected and treated with 1% DMSO were used as controls (N = two independent experiments with four technical replicate for each SM).



Effect of selected four SMs on Campylobacter jejuni persistence in chicken ceca

Four SMs (T1, T2, T7, and T8) were selected from the initial list of eight SMs based on their low MBC in Caco2 cells (<5 μg SM/ml), low cytotoxicity indexes (<20% toxicity at 5 μg SM /ml), and their minimal effect on commensal bacterial species (less than two species inhibited by the SM out of the seven strains tested; Table 1). The antimicrobial efficacy of our SM was tested on 5-week-old chickens, to assess the clearance of C. jejuni load right before slaughter age. Overall, 5-week-old Campylobacter-free, i.e., specific pathogen-free [SPF] chickens were inoculated orally with a mixture of five C. jejuni strains (105 CFU/chicken, Supplementary Table S3). Rectal swabs were collected 1 day post-inoculation (DPI) to confirm C. jejuni colonization (CFU/g of feces) in birds. From 2 DPI to 7 DPI, groups of 4–5 chickens were treated orally twice a day with one of the four SMs (T1, T2, T7, or T8; approximately 0.225 mg of SM per kg body weight). Details of the treatment groups and the inoculum are shown in Supplementary Table S3.



TABLE 1 Antimicrobial properties of the eight most potent Tat-dependent inhibitors.
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The antimicrobial efficacy of T1, T7, and T8 was also tested on 3-week-old chickens to assess the clearance of C. jejuni load in chicken right after inoculation. Overall, 3-week-old Campylobacter-free chickens were inoculated orally with a mixture of five C. jejuni strains (105 CFU/chicken, Supplementary Table S3). Rectal swabs were collected 1 DPI to confirm the intestinal colonization of the birds by C. jejuni (CFU/g of feces). From 2 DPI, chickens were treated orally twice a day for 5 days (from 2 DPI to 7 DPI) with one of the SMs (T1, T7, or T8; approximately 0.127 mg of SM per kg body weight; n = 5–6 chicken per group). Details of the treatment groups and the inoculum are shown in Supplementary Table S3.

For both experiments, C. jejuni colonized-chickens treated with 0.0001% DMSO and colonized chickens without additional carrier treatment (non-treated) were used as controls (n = 3–6 chicken per group). Details of the treatment groups and the inoculum are shown in Supplementary Table S3. Both 3 and 5-week-old chickens were euthanized at 7 DPI using carbon dioxide gas and ceca (cecal content and the pouch) and were aseptically collected. One of the ceca pairs was immediately stored at −80°C for microbiota studies. The other ceca were suspended in 1X PBS, homogenized, serially diluted, plated on MH media supplemented with Campylobacter Selective Supplement (CSS) agar plate, and incubated for 48 h at 42°C in microaerophilic conditions to determine C. jejuni load in the ceca (CFU/g of ceca).



DNA extraction and 16S MiSeq sequencing

All the samples collected during the chicken experiments (n = 58) were selected for microbiota analysis. Genomic DNA was extracted from 150 to 200 mg of cecal contents using the PureLink Microbiome DNA Purification Kit (Life Technologies, Invitrogen Corp.) and combined with RNAse treatment (10 units/h). After quality control with nanodrop, the 16S rRNA V4-V5 variable region was amplified, purified, and sequenced. Amplicon libraries were prepared by using Phusion® High-Fidelity PCR Kit (New England Biolabs Inc., Ipswich, MA, United States), as previously described (Kumar, 2015; Deblais et al., 2018, 2019; Kumar et al., 2018; Srivastava et al., 2020). PCR products were cleaned using AMPure XP PCR (Beckman Coulter Inc., Beverly MA, USA) and were sequenced using Illumina MiSeq 300-base paired-end kit at the Molecular and Cellular Imaging Center.1 Sequencing raw data files are publicly available at NCBI Bioproject #PRJNA1023035.



Bioinformatics analysis

Quality control of the raw reads was performed using FastQC (Babraham Bioinformatics, Cambridge, United States). Trimmomatic was used for trimming and removal of NexteraPE-PE adapter sequences (Bolger et al., 2014). Trimmed reads were processed using QIIME2 v. 2020.11 (Bolyen et al., 2019). The DADA2 plugin was used to process and check the quality of the reads (Callahan et al., 2016). A sequencing depth of 6,600 reads was used for the rarefaction. Taxonomic assignment was performed using QIIME2 and the latest SILVA reference database (version 138.1; 99% homology cut off) (Quast et al., 2013). The obtained reads were further filtered for eukaryotic, mitochondrial, and chloroplastic genetic signatures.



In silico docking study of the interactions between the selected compounds and the Tat system

Autodock 4.0 (BIOVIA discovery studio visualizer) (Morris et al., 2009) was used for docking with a homology model, which was generated using an online platform Phyere 2 (Kelley et al., 2015). Due to the unavailability of the 3D crystal structure of C. jejuni TatC, we turned to Aquifex aeolicus VF5, which possessed a TatC homolog. The sequence alignment and secondary structure of A. aeolicus VF5 closely resemble those of C. jejuni TatC (Ramasamy et al., 2013). Of particular significance, the 3D crystal structure of A. aeolicus VF5 is readily accessible in the Protein Data Bank (PDB ID: 4HTS). Consequently, we opted to utilize this structure for the generation of a homology model and Discovery Studio Visualizer along with Chimera to visualize protein–ligand (SM) interaction. Graphical User Interface: AutoDock Tool (ADT) was used for the preparation of pdbqt files for protein and ligand and grid box creation. AutoGrid was employed for the preparation of the grid map, and the grid size was set to 60X60X60 xyz points with grid spacing at 0.375 A. During docking, both protein and ligand were considered as rigid, and the outcomes of docking with 1.0 A in positional root-mean-square deviation (RMSD) were clustered together. The docking pose with most favorable parameters (i.e., lowest energy or binding affinity) was aligned with protein structure and was further analyzed using BIOVIA discovery studio visualizer.



Data analysis

A one-way ANOVA combined with a Tukey’s test was used to analyze the difference in the abundance of C. jejuni in ceca between treatments. A p-value ≤0.05 was considered statistically significant. Alpha diversity was analyzed using Shannon (richness and evenness) and Faith’s PD (phylodiversity) indices. The Kruskal–Wallis test was used to identify difference in alpha diversity. Based on Bray–Curtis distance matrices, permutational multivariate analysis of variances (PERMANOVA) was used to identify difference in beta diversity (unweighted and weighted uniFrac). An analysis of composition of microbes (ANCOM) was used to identify differences in the relative abundance between phylum and species levels (Mandal et al., 2015). A p-value ≤0.01 was considered statistically significant. A multivariate analysis was performed to identify potential correlations between the spectrum of activity and antimicrobial efficacy (MIC/MBC) of the selected SM and the microbiota data and the C. jejuni load in the chicken ceca. Table 2 shows summary of the cutoff selection criteria used in this study, to select the best Tat-dependent SM inhibitors (Ramasamy et al., 2013).



TABLE 2 Selection criteria used in this study to identify the most potent Tat-dependent SM inhibitors.
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Results


The growth of Campylobacter jejuni 81–176 affected by 177 SMs only in the presence of copper sulfate

A total of 50,917 SMs divided into 11 libraries were screened against C. jejuni 81–176, to identify potential inhibitors of the Tat system (Supplementary Table S2). The hits were identified by screening in the presence of 1 mM CuSO4. Since CueO contributed to CuSO4 resistance and its function requires Tat system transport, increased susceptibility to copper was used as an indicator during high-throughput sequencing for Tat-specific SM inhibitors. The growth profile obtained for each SM tested was compared with the growth of the ΔtatC mutant (susceptible to 1 mM CuSO4; no OD600 increase over time) and C. jejuni 81–176 (resistant to 1 mM CuSO4; Supplementary Figure S1) in the presence of 1 mM CuSO4. Out of them, 679 SMs completely inhibited the growth of C. jejuni in the presence of 1 mM copper sulfate after comparison of the turbidimetric values obtained with the C. jejuni ΔtatC mutant. The number of SM identified per library was not proportional to the concentration of the libraries (ranging between 2.5 and 12.5 μg/mL). However, known bioactive collection (Biomol 4, MSDiscovery 1, Microsource 1, and MIH Clinical Collection 1 and 2) displayed higher hit rate (approximately 3.54%) than commercial libraries (Asinex, Chembridge 3, Chemdiv 4, Enamine 2, Lifechemicals 1, and Maybridge 5; approximately 1.20%), suggesting that each library might be composed of SM with distinct chemical structures (Supplementary Table S2). The average hit rate across all libraries was 1.33%, which is significantly higher than the optimal hit rate proposed by the NSRB screening guidelines (0.3% or approximately 1 hit/plate) (Drozd, 2012). Out of the 679 SMs identified, 177 SMs had no predicted bioactivity in eukaryotic cells (i.e., selected SM had no predicted interactions with known eukaryotic targets based on in silico counter screens) and followed the Lipinski rule of five based on in silica analyses (Lipinski et al., 2001; Lipinski, 2004). Among the 177 SMs, 66 SMs had a thiourea group, 46 SM had a benzimidazole group, 38 SM had an acylhydrazone group, and 11 SM had an oxadiazole group. These 177 SMs (107 SM from Asinex, 28 SM from Chembridge, 17 SM from Life chemicals, and 25 SM from Maybridge) were selected for the secondary screen upon resynthesis.



21 SMs increased the susceptibility of Campylobacter jejuni to CuSO4 and reduced FDH activity in vitro

Of the selected 177 SMs tested, only 33.3% of the SM (n = 59/177) reduced at least 30% growth of C. jejuni in the presence of 0.5 mM CuSO4 compared with the DMSO control (Figure 1A). Twenty-one SM completely inhibited C. jejuni growth, 19 SM reduced the growth of C. jejuni by 75 to 99%, and 19 SM reduced the growth of C. jejuni between 30 and 75% in the presence of 0.5 mM CuSO4 compared to the DMSO control. The Fdh inhibition activity assay showed that 56.5% of the SMs (n = 100/177) reduced C. jejuni Fdh activity by 30 to 100% compared with the DMSO control (Figure 1B). Overall, 21 SMs that sensitized C. jejuni to copper sulfate also displayed a significant reduction in FDH activity (>30%), suggesting that these SMs affect the growth of C. jejuni in a Tat-dependent manner. These 21 SMs were selected for further testing.
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FIGURE 1
 Identification of Tat dependent inhibitors in C. jejuni 81–176. (A) Copper sulfate sensitivity assay. C. jejuni 81–176 was challenged for 24 h with 6.25 μg/mL of SM plus 0.5 mM CuSO4 in microaerophilic condition. The growth inhibition was determined by measuring the optical density and being compared to the DMSO control. (B) Formate Dehydrogenase (FDH) inhibition activity assay. C. jejuni 81–176 was challenged for 24 h with 6.25 μg/mL of SM in microaerophilic condition. The FDH activity was determined by measuring the optical density and being compared to the DMSO control. N = 3 replicates per group.


The inhibitory activity of the 19/21 SM (2 SM could not be resynthesized) was also tested on other Campylobacter strains (n = 11; Supplementary Table S1) and commensal/beneficial gut bacteria (n = 7) using a copper sensitivity assay at 0.5 mM CuSO4 with 6.25 μg of SM, as mentioned above. Overall, 19 SMs completely inhibited the growth of 12 Campylobacter strains in the presence of copper sulfate while having minimal impact on the growth of two commensal/beneficial gut bacteria in a similar growth condition (growth inhibition in the presence of copper sulfate lower than 50% compared with the DMSO control). The selected 19 SMs displayed a very similar spectrum of activity profiles. They completely inhibited the growth of all Campylobacter strains tested at 6.25 μg. Furthermore, the 19 SMs had no growth effect on Escherichia coli Nissle 1917, Streptococcus bovis, Bifidobacterium adolescentis, Bifidobacterium longum, and Bacteroides thetaiotaomicron at 6.25 μg in the presence of 0.5 mM CuSO4; however, they affected the growth of Lacticaseibacillus rhamnosus GG (n = 13 SM), Enterococcus faecalis (n = 16 SM), and Levilactobcillus brevis (n = 2 SM; Table 1).



Selection of eight most potent Tat-dependent inhibitors

A copper sulfate sensitivity dose–response assay was performed in vitro on C. jejuni 81–176 using the selected 19 Tat-dependent inhibitors (Figure 2). One SM had an MIC of 3.13 μg/mL; two SMs had MIC at 1.56 μg/mL; three SMs had MIC at 0.78 μg/mL; one SM had MIC at 0.39 μg/mL; two SMs had MIC at 0.19 μg/mL; two SMs had MIC at 0.098 μg/mL; two SMs had MIC at 0.049 μg/mL; three SMs had MIC at 0.024 μg/mL; and one SM had MIC at 0.012 μg/mL in the presence of 0.5 mM CuSO4. Interestingly, the number of strains affected by the compounds (i.e., spectrum of activity) was not correlated with their antimicrobial efficacy (e.g., MIC and MBC).
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FIGURE 2
 Copper sulfate sensitivity dose–response assay in vitro. C. jejuni 81–176 was challenged for 24 h with SM concentration ranging between 0.006 and 6.25 μg/mL in presence of 0.5 mM CuSO4. A total of 19 compounds were tested. N = four replicates per group.


Based on the antimicrobial activity (i.e., efficacy and spectrum of activity) and in silica data obtained, we selected eight SMs with high drug-like properties, little or no growth effect on commensal/beneficial gut bacteria, and high efficacy against several Campylobacter strains (Table 1; Supplementary Table S1). Overall, the antimicrobial efficacy of the selected eight SMs was similar across the 12 Campylobacter strains tested with MIC values of 0.01 μg/mL and higher, and MBC values of 0.04 μg/mL and higher (Supplementary Tables S4, S5, respectively). In addition, the three-dimensional analysis of the chemical structure of the eight selected SMs showed that T8 and T2, T6 and T1, and T7 and T3 displayed high structural similarities, while T4 and T5 had unique chemical structures (Figure 3). Furthermore, most of the SMs have sulfur and/or nitrogen-based functional groups (thiourea, imidazole uracil, sulfonamide, thiomorpholine dioxide, phenylurea, pyridine, piperidine, oxadiazole, and quinoline). However, no association was detected between the chemical structure of the SM and their antimicrobial properties.
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FIGURE 3
 Chemical structure diversity of the eight most potent Tat-dependent inhibitors. The constellation tree was built based on the structure similarity score generated based on 3D Tanimoto scoring method in PubChem (https://pubchem.ncbi.nlm.nih.gov/assay/assay.cgi?p=clustering). The circled node represents the root of the tree. Each SM is associated with its chemical structure and its PubChem ID.




The eight Tat-dependent inhibitors reduced Campylobacter jejuni intracellular population In infected colon epithelial cells with low cytotoxicity level

All SMs completely cleared internalized C. jejuni 81–176 in Caco-2 cells after 24 h of treatments with a concentration of SM ranging from 0.63 μg/mL to 10 μg/mL (Table 1). Most of the SMs displayed low toxicity (at most 10%) to Caco-2 cells when treated with 50 μg/mL for 24 h (Figure 4). The toxicity values were comparable to the kanamycin and chloramphenicol-treated cells. Only T1 and T8 displayed toxicity level (36 and 33%, respectively) when treated with 25 μg/mL or 50 μg/mL of SM for 24 h; however, T1 and T8 cleared intracellular C. jejuni 81–176 at 0.63 μg/mL and 5 μg/mL, respectively, which represent concentrations up to 80-fold lower compared with ones used for the toxicity assay. Overall, T1, T2, T7, and T8 displayed the most promising antimicrobial properties in vitro were selected for further analyses.
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FIGURE 4
 Dose-dependent cytotoxicity assay of the eight Tat-dependent inhibitors using colon epithelial (Caco-2) cells. Bar: standard deviation; Cm, chloramphenicol; Kn, kanamycin; LDH, lactate dehydrogenase; N = four replicates per group.




T2 and T7 treatments reduced Campylobacter jejuni load in colonized chicken ceca

As a proof of concept, the selected SMs (T1, T2, T7, and T8) were tested on 5-week-old chickens inoculated with a mixture of C. jejuni strains (Supplementary Table S1), to assess the clearance of C. jejuni in chicken right before the slaughter. Following 5 days of SM treatment (twice a day, approximately 0.225 mg of SM per kg body weight per treatment), colonized chickens treated with T2 displayed a significant reduction (1.2-log) in C. jejuni population per gram of cecum compared with the DMSO control group, which harbored approximately 5×107 CFU per gram of cecum (p < 0.01; Figure 5A). Colonized chickens treated with the T7 and T8 groups displayed a 0.5-log reduction in C. jejuni population in ceca compared with the DMSO control group (p > 0.05), while the T1 treatment did not reduce the abundance of C. jejuni in ceca compared with the DMSO group. No significant difference in body weight was recorded between treatment groups before or after 5 days of treatment (p > 0.05; Supplementary Figure S2A).
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FIGURE 5
 Effect of the four most potent Tat-dependent inhibitors on the persistence of C. jejuni in three- and five-week-old chicken ceca and its microbiota. (A) C. jejuni abundance in five-week-old chicken ceca after SM treatment (n = 5–4 chickens per group). The C. jejuni population in ceca was determined after 5 days of treatment with 0.127 mg/mL of SM. Each dot represents a chicken. Red bar represents the mean. *: significant reduction of the C. jejuni population in ceca compared to the DMSO control group (p < 0.01). (B) C. jejuni abundance in three-week-old chicken ceca after SM treatment. The C. jejuni population in ceca was determined after 5 days of treatment with 0.255 mg/mL of SM (n = six to five chickens per group). (C) Relative abundance at the phylum level in five-week-old chicken ceca after treatment. (D) Relative abundance at the phylum level in three-week-old chicken ceca after treatment. NC: not inoculated not treated chickens; PC: colonized not treated chickens; DMSO, T1, T2, T7, T8: colonized chickens treated with DMSO or one of the selected SM.


The antimicrobial activity of T1, T7, and T8 was also tested on 3-week-old chickens inoculated with a cocktail of C. jejuni strain (Supplementary Table S1), to assess the clearance of C. jejuni in young chicken right after inoculation. T2 could not be resynthesized in sufficient quantities and, thus, was not tested on this 3-week-old experiment. Following 5 days of SM treatment (approximately 0.127 mg of SM per kg body weight per treatment), 3-week-old chickens treated with T7 displayed a significant reduction (0.9-log) in C. jejuni population per gram of cecal contents compared with the DMSO-treated group, which harbored approximately 4 × 108 CFU per gram of cecal contents (p < 0.01; Figure 5B). Chickens treated with T1 and T8 harbored similar C. jejuni abundance in ceca compared with the DMSO control group. No significant difference in body weight was recorded between treatment groups before or after 5 days of treatment (p > 0.05; Supplementary Figure S2B).



The SM treatments had minimal impact on the chicken cecal microbiota

The impact of the SM treatments on the cecal microbiota of the 3 and 5-week-old chickens was studied using 16S sequencing. After processing and taxonomic assignment with the SILVA reference database, 682,777 sequences were obtained from the 58 samples studied. Sequencing depth varied between 6,648 and 15,749 reads per sample (mean = 9,753 reads per sample). Cecal samples were normalized to 6,600 sequences per sample for the data presented below.

For the 3-week-old chicken experiment, the analysis of the cecal alpha diversity, using Faith’s PD and Shannon diversity index, indicated no significant differences between the treatment groups. On the other hand, the DMSO treatment (DMSO, T1, T2, T7, and T8 groups) significantly increased the Shannon index value (approx. 6.3) compared with the colonized, non-treated groups (PC; approx. 5.5; p < 0.04). The beta diversity analysis demonstrated that the SM treatments (T1, T2, T7, and T8 groups) had minimal impact on the global microbiome composition compared with the DMSO group (Supplementary Figure S3A). Most of the variations were detected between the colonized chickens treated with DMSO (DMSO, T1 and T7 groups) and the chickens that were not treated with DMSO (NC and PC groups; p < 0.01). Additional details concerning the impact of the DMSO and C. jejuni colonization on the cecal microbiome at the genus and species levels are shown in Supplementary Figures S3A–C. Overall, the cecal microbiome was composed of Firmicutes (90–99%), followed by Proteobacteria (0.1–6.7%), Tenericutes (0.6–2.1%), Actinobacteria (0.06–1.4%), and Epsilonbacteraeota (0.02–0.1%, Figure 5C). No significant differences were detected at the phylum level between the SM-treated groups (T1, T2, T7, and T8) and the associated control group (DMSO). At the species level, T8 treatment significantly increased GCA-900066225 (11.6-fold), and T7 treatment significantly increased Ruminococcaceae UCG-014 (2.2-fold) compared with the DMSO group (p < 0.01).

For the 3-week-old chicken experiment, the analysis of the cecal alpha diversity, using Faith’s PD and Shannon diversity index, indicated no significant differences between the treatment groups of (Supplementary Figures S3D,E). Similarly, beta diversity analysis, using the weighted uniFrac, confirmed that the SM treatments (T1 and T7 groups; T8 was not included for microbiota study since it did not have positive impact on C. jejuni load in the cecum) had minimal impact on the global microbiome composition compared with the DMSO group (Supplementary Figure S3F). Most of the variations were detected between the colonized chickens treated with DMSO (DMSO, T1 and T7 groups) and the chickens not treated with DMSO (NC and PC groups; p < 0.01). Additional details concerning the impact of DMSO and inoculation of C. jejuni on the cecal microbiome at the genus and species levels are shown in Supplementary Figures S3D–F. Overall, the cecal microbiome was composed of Firmicutes (62–82%), followed by Proteobacteria (15–35%) and Epsilonbacteraeota (0–8%, Figure 5D). No significant differences were detected at the phylum level between the SM-treated groups (T1 and T7) and the associated control group (DMSO). At the species level, Caproiciproducens (6.5-fold and 4.4-fold, respectively) and Flavonifractor (1.7-fold) were significantly higher in T1 and T7 groups compared with the DMSO group. Eubacterium coprostanoligenes group (8-fold) and Neglecta timonensis (only detected in the T7 group at 0.8%) were significantly higher in the T7 group compared with the DMSO group (p < 0.01).



Docking studies predicted that T2 and T7 interact with the TatC protein of the Tat system

TatC subunit is the largest and most important part of Tat system, while Tat A and Tat B are much smaller units. The docking studies were conducted with all Tat subunits; however, TatA and B protein folding could not be predicted with high certainty due to smaller protein size. Therefore, we focused on TatC, which was modeled with a high degree of predictability and well-defined binding pockets, giving repeatable docking results. The in silico docking study demonstrated that both active compounds T2 and T7 bind in the same hydrophobic binding pocket associated with the key active residue Glu 165 (Figure 6). The calculated binding energy for T2 is −6.26Kcal/mol, while T7 has a higher binding energy of −8.0 Kcal/mol. The T2 thiourea nitrogen forms a hydrogen bond with Ile80, while the phenyl ring forms Pi-Pi stacking interaction with Phe87. Trp85 and Phe87 form Pi-sigma interaction with the T2 pyridine ring and tert-butyl group, respectively (Figures 6A,C). In addition, there are several hydrophobic interactions within carbon chains of T2 and Ile80, Ser 77, Ile162, Phe111, Ser107, Ile168, Met166, Gln83, and Ser17. The T7 functional groups (i.e., oxadiazole and phenyl groups) bind to several amino acids that are located inside the hydrophobic core of TatC (Figure 6B). More precisely, all aromatic rings of T7 have π-anion interactions with the key Glu165 (Figures 6B,D); the phenylacetamide group has π-alkyl interactions with Val169, π-π interactions with Phe84 and Trp85, and van der Waals interactions with Ile168 and Ser107; the methylthio-phenyl group has π-alkyl interactions with Ile80, Ile162, and Leu81, and van der Waals interactions with Phe111, Ser77, and Phe73. π- Σ interactions are also detected on the amide and methanethiol groups. Thus, anti-C. jejuni activity of both T2 and T7 may be attributed to their binding to hydrophobic pocket in TatC and the interaction with key residues Glu165 and Trp85 (Figure 6).

[image: Diagram labeled A and B showing molecular interactions, such as van der Waals and Pi interactions, with colorful lines connecting various amino acids. Panels C and D illustrate 3D molecular structures in a shaded environment, highlighting ionizability from acidic to basic. Key amino acids are labeled, and interactions are shown with lines or shading.]

FIGURE 6
 In silico docking model between the Tat inhibitors and the TatC system in C. jejuni. Binding interactions of the most active small molecule inhibitors with a homology model of TatC from Aquifex aeolicus, Compound T2 (A), Compound T7 (B). The compounds bind in the same pocket and the interaction with key residue Glu165 and Trp85 is responsible for Tat C inhibition. The ionizability model for T2 (C) and T7 (D) of residues in the binding pocket indicates the Pi-anion interactions with Glu165 and Pi-Pi interaction with Trp85. These docking models indicate that TatC inhibition may be responsible for the anti-C. jejuni activity of T2 and T7.
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FIGURE 7
 Role of Tat system in copper (Cu) homeostasis in C Jejuni. C jejuni employs a Tat complex (Tat-A, B, C) for the transport of proteins from cytoplasm to periplasm. TatC is the core transmembrane component of this complex located in inner membrane (IM), responsible for translocation of folded proteins such as multi-copper oxidase (CueO) and formate dehydrogenase (Fdh) from cytoplasm to periplasm. CueO is critical for oxidation of Cu+ which are highly toxic as compared to relatively non-toxic Cu2+ form. Thus, in the presence of TatC inhibitors the transportation of important cytoplasmic proteins such as CueO and Fdh is hampered. This results in increased sensitivity of C jejuni to copper. OM and IM, outer and inner membrane, respectively; CueO, copper oxidase; Cu, copper.





Discussion

The emergence of antibiotic-resistant isolates significantly reduces the antimicrobial efficacy of current control methods which are used to mitigate human campylobacteriosis (Kaakoush et al., 2015; Subbiah et al., 2016; Yang et al., 2019). Previous studies showed that the Tat system is highly conserved in Campylobacter spp. and is critical for the persistence of Campylobacter in the intestinal tract of poultry, a recurrent reservoir for Campylobacter (Rajashekara et al., 2009; Hitchcock et al., 2010; Hermans et al., 2011). Additionally, the absence of homologous proteins in chickens and mammals increases the likelihood that the Tat system-based control strategies would avoid damage or unwanted interaction with host cells (Kassem and Rajashekara, 2014). Previous studies demonstrated increased copper sulfate sensitivity and reduced Fdh activity in Campylobacter when the Tat system was non-functional; therefore, these two indicators were used to select the compounds that are likely to specifically inhibit the Tat system (hit compounds). A total of 50,917 SMs distributed among 11 “commercial” or “known bioactive” libraries provided by ICCB-Longwood version v2010.10.29 and v2012.01.26 were screened. A total of, eight SMs (T1-T8; 10 ng/mL and higher) sensitized several C. jejuni and C. coli isolated from human and poultry to sublethal dose of copper sulfate (0.5 mM) in vitro, and had minimal to absent toxicity in Caco-2 colon epithelial cells. These initial findings support our hypothesis that the Tat system is a promising target for the development of the anti-C. jejuni control method with minimal impact on eukaryotes. Further efforts will validate the molecular target of T2 and T7 to facilitate their uses against C. jejuni infections in humans. Distinct chemical backbones were observed among the eight SMs, suggesting that multiple chemical scaffolds can target the Tat system in C. jejuni or interact with chaperoning proteins. Most of the SMs were characterized by sulfur and/or nitrogen-containing functional groups (thiourea, imidazole uracil, sulfonamide, thiomorpholine dioxide, phenylurea, pyridine, piperidine, oxadiazole, and quinoline). Furthermore, SM with low molecular weights (< 400 Da) completely cleared intracellular C. jejuni between 0.63 μg/mL and 2.5 μg/mL, while SM with high molecular weights (> 400 Da) completely cleared intracellular C. jejuni at 5.0 μg/mL and higher. Therefore, the molecular weights could serve as a selection criterion of SM for testing them in a cell culture setting (Schuffenhauer et al., 2006).

This study identified two potential Tat inhibitors (T2 and T7) that significantly reduced the cecal C. jejuni load (up to 1.2-log) in colonized chickens after a 5-day treatment twice a day with 0.225 mg or 0.127 mg of SM per kg body weight per treatment, respectively. Furthermore, the SM treatments did not affect the chicken body weight gain or disturb the cecal microbiota. This preliminary in vivo data validated that the Tat system could represent a good target for the development of novel and safe control methods against C. jejuni. Future studies will focus on the development of T2 and T7 derivatives with improved antimicrobial efficacy, dosage titration, and testing these compounds in farm-like settings. Similarly, the addition of our SM to the feed will be tested, which is the preferred delivery method in commercial poultry operations. Since the solvent used to deliver the SM to the chickens had a significant impact on the cecal microbiota, future studies will focus on the development of water-soluble T2 and T7 derivatives, optimizing the dosage and bioavailability for these molecules in chicken tissues after treatment.

Differences in antimicrobial efficacy were observed with T7 and T8 between the 3 and 5-week-old chicken experiments. These differences might be due to SM dosage used and/or the microbial composition in chicken ceca. Interestingly, the abundance of the Eubacterium coprostanoligenes group was significantly increased in 3-week-old chickens treated with T7 compared with the DMSO-treated chickens. Eubacterium coprostanoligenes is an anaerobe genus involved in the reduction of cholesterol (Wei et al., 2020). However, it was also showed that depletion in the membrane cholesterol was associated with a reduction in C. jejuni cytolethal distending toxin-induced pathogenesis and, thus, attenuated the intoxication of host cells (Lin et al., 2011; Lai et al., 2013, 2015). Future studies will assess whether this bacterium has anti-C. jejuni properties. If true, the combination of our Tat inhibitor T7 with Eubacterium coprostanoligenes will also be investigated to mitigate C. jejuni in poultry. It was also observed that treating chickens with DMSO, using oral gavage, significantly affected the composition of the chicken ceca microbiota (Lactobacillus, Romboutsia, and Enterobacteriaceae). Enterobacteriaceae and Lactobacillaceae bacteria are major components of the initial intestinal microbiota and are essential for the installation and proliferation of aerobic sensitive bacteria over time (Lin and Zhang, 2017). Furthermore, certain Lactobacillus isolates have been shown to harbor potential antagonistic properties against Campylobacter in chicken (Dec et al., 2018). Therefore, the microbiome alterations caused by the DMSO treatment might have enhanced the antimicrobial efficacy of our selected compounds.

The in silico docking study demonstrated that our Tat inhibitors T2 and T7 bind with a key amino acid residue, Glu 165, are located in the hydrophobic core of TatC. Glu 165 is conserved as polar glutamine or glutamate across species of bacteria and plays an important role in TatC functioning. Glu 165 forms a hydrogen bonding network with Ser107 and Trp 85, which is important for generating electrochemical gradient for Tat energy function (Rollauer et al., 2012). Trp 85 forms an important interaction between Tat signal and W85G and suppresses Tat signaling and transportation (Ramasamy et al., 2013). It is also shown that TatC forms a glove- like shape, and Glu 165 sits in the concave surface, where it can interact with TatA (Figure 7). The ionized Glu 165 present in hydrophobic core of concave TatC is important for interactions with TatA. The mutation E165A severely compromises TatC functioning. Thus, our in silico data suggest that the binding of T2 and T7 in Glu-165 hydrophobic pocket of TatC might perturb the transport of CueO and Fdh. It is important to mention that the model displayed in this study to assess the binding affinity of our SM to TatC was conducted using the TatC crystal structure from Aquifex aeolicus. No crystal structure of other TatC proteins is available to date. Thereby, no predictive docking modeling of our SM with other TatC protein could have been conducted in this study to assess the specific binding of our SM to C. jejuni TatC. However, TatC is the most conserved protein of the Tat system across bacteria (i.e., E. coli, Aquiflex aeolicus, C. jejuni, Thermus thermophilus, and Staphylococcus aureus) (Lee et al., 2006; Ramasamy et al., 2013; Patel et al., 2014). Based on a NCBI Blastp analysis conducted on 01/10/2024, it was found that C. jejuni TatC displays at least 98.37 and 93.88% sequence similarity with other C. jejuni TatC sequences and C. coli TatC sequences (n = 100 sequenced tested per species), respectively. These observations support the antimicrobial efficacy of our SM against the C. jejuni and C. coli strains tested in this study. On the other hand, low sequence similarity was observed between C. jejuni TatC and the few TatC obtained from other non-thermophilic Campylobacter strains; Campylobacter fetus (similarity of 59.43% and above; n = 14), candidatus Campylobacter infans (similarity of 55.95%; n = 2), Campylobacter hyointestinalis (similarity of 61.76% and above; n = 12) and Campylobacter upsaliensis (similarity of 72.02% and above; n = 48). Future studies will investigate whether our best candidates could be also used against non-thermophilic Campylobacter in vivo or if better candidates can be identified from the initial libraries tested in this study. Furthermore, a similarity of 34.55 and 26.73% were observed between TatC obtained from C. jejuni and Escherichia coli Nissle 1917 and Bifidobacterium longum, respectively. To date, no TatC proteins were identified in L. brevis and rhamnosus L., Bifidobacterium adolescentis and lactis, and Enterococcus faecalis. These in silico results concord with the limited impact of our SM on commensal/beneficial bacteria.

In conclusion, data presented in this study represent a proof of concept that the Tat system represents a good target for the development of novel and safe control methods against C. jejuni. We have identified two Tat-dependent inhibitors (T2 and T7) with the potential to become effective control method to mitigate C. jejuni in poultry production systems. However, additional efforts are required to improve the antimicrobial efficacy of the Tat compounds before being used to control C. jejuni in large-scale poultry production systems.
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Introduction: Bovine Genital Campylobacteriosis (BGC), caused by Campylobacter fetus subsp. venerealis, is a sexually transmitted bacterium that significantly impacts cattle reproductive performance. However, current detection methods lack consistency and reliability due to the close genetic similarity between C. fetus subsp. venerealis and C. fetus subsp. fetus. Therefore, this study aimed to utilize complete genome analysis to distinguish genetic features between C. fetus subsp. venerealis and other subspecies, thereby enhancing BGC detection for routine screening and epidemiological studies.
Methods and results: This study reported the complete genomes of four C. fetus subsp. fetus and five C. fetus subsp. venerealis, sequenced using long-read sequencing technologies. Comparative whole-genome analyses (n = 25) were conducted, incorporating an additional 16 complete C. fetus genomes from the NCBI database, to investigate the genomic differences between these two closely related C. fetus subspecies. Pan-genomic analyses revealed a core genome consisting of 1,561 genes and an accessory pangenome of 1,064 genes between the two C. fetus subspecies. However, no unique predicted genes were identified in either subspecies. Nonetheless, whole-genome single nucleotide polymorphisms (SNPs) analysis identified 289 SNPs unique to one or the C. fetus subspecies. After the removal of SNPs located on putative genomic islands, recombination sites, and those causing synonymous amino acid changes, the remaining 184 SNPs were functionally annotated. Candidate SNPs that were annotated with the KEGG “Peptidoglycan Biosynthesis” pathway were recruited for further analysis due to their potential association with the glycine intolerance characteristic of C. fetus subsp. venerealis and its biovar variant. Verification with 58 annotated C. fetus genomes, both complete and incomplete, from RefSeq, successfully classified these seven SNPs into two groups, aligning with their phenotypic identification as CFF (Campylobacter fetus subsp. fetus) or CFV/CFVi (Campylobacter fetus subsp. venerealis and its biovar variant). Furthermore, we demonstrated the application of mraY SNPs for detecting C. fetus subspecies using a quantitative PCR assay.
Discussion: Our results highlighted the high genetic stability of C. fetus subspecies. Nevertheless, Campylobacter fetus subsp. venerealis and its biovar variants encoded common SNPs in genes related to glycine intolerance, which differentiates them from C. fetus subsp. fetus. This discovery highlights the potential of employing a multiple-SNP assay for the precise differentiation of C. fetus subspecies.
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Introduction

Campylobacter spp. are Gram-negative, microaerophilic bacteria that are generally curved-shaped rods (Sebald and Veron, 1963; Smibert, 1981). Campylobacter fetus was first described as Vibrio fetus in 1919 (Smith and Taylor, 1919), and it was identified as a pathogenic species that can cause disease in humans and a number of other hosts (Smibert, 1981). There are three subspecies of C. fetus—C. fetus subsp. fetus, C. fetus subsp. testudinum, and C. fetus subsp. venerealis (Tu et al., 2004; Smibert, 1978). These C. fetus subspecies form a distinct host dichotomy (Gilbert et al., 2016; Tu et al., 2001). Specifically, the host for C. fetus subsp. testudinum is primarily reptiles (Fitzgerald et al., 2014), while C. fetus subsp. fetus and C. fetus subsp. venerealis are primarily associated with mammals (Marsh and Firehammer, 1953).

Campylobacter fetus subsp. fetus has been isolated from a broader range of hosts than C. fetus subsp. venerealis, including cattle, sheep, and humans, mainly from the gastrointestinal tract and occasionally from aborted fetuses (Smibert, 1978). The epidemiology of C. fetus subsp. fetus infection features persistent but mild infection and sporadic abortion only. In contrast, the colonization of C. fetus subsp. venerealis is highly host- and niche-specific, as this organism is confined to the bovine genital tract (Penner, 1988; Hoffer, 1981; Hum, 1996; OIE, 2019). Campylobacter fetus subsp. venerealis is recognized as the etiologic agent of Bovine Genital Campylobacteriosis (BGC), which is a venereal disease associated with low herd fertility and high economic loss across multiple geographical locations (Sprenger et al., 2012). Transmission of C. fetus subsp. venerealis is through natural mating with asymptomatic bulls or insemination with contaminated semen or equipment. The persistent infection of this subspecies in the female reproductive tract results in BGC, which is often manifested as infertility, embryonic loss, and abortions in the first part of pregnancy (Mshelia et al., 2010).

The expression of Surface Array Proteins (SAP) correlates with serovars of the C. fetus subsp. fetus (serovars A, B, and AB), C. fetus subsp. venerealis (serovar A), and C. fetus subsp. testudinum (serovars A, B and AB). However, it is not distinctive at the subspecies level (Moran et al., 1994; Perez-Perez et al., 1986; Dworkin et al., 1995). Nonetheless, C. fetus subsp. testudinum has been demonstrated to be genetically distinct from its two closely related subspecies (Fitzgerald et al., 2014; Dingle et al., 2010). A phylogenetic reconstruction, which involved 61 C. fetus genomes, revealed a barrier to lateral gene transfer between C. fetus subsp. testudinum and the other C. fetus subspecies (Gilbert et al., 2016). Additionally, several genetic features segregating the reptile-associated C. fetus subsp. testudinum from mammal-associated C. fetus were reported, including the exclusive presence of a putative locus encoding for tricarballylate catabolism pathway in C. fetus subsp. testudinum (Gilbert et al., 2016). Biomarkers based on proteotyping have also been identified for the differentiation of C. fetus subsp. testudinum from the other two C. fetus subspecies (Emele et al., 2019).

In comparison, despite their differences in niche specificity, biochemical properties, and pathogenicity, there is no universally recognized method for the differentiation between C. fetus subsp. fetus and C. fetus subsp. venerealis (Nadin-Davis et al., 2021; van der Graaf-van Bloois et al., 2014). The two biochemical tests described in the OIE Terrestrial Manual (OIE, 2019) for differentiating the C. fetus subspecies are the 1% glycine tolerance test and H2S production from cysteine-rich medium, with C. fetus subsp. The fetus was positive for both tests, while C. fetus subsp. venerealis is negative in both tests. Genome analysis has also confirmed the partial deletion of a putative cysteine transporter in C. fetus subsp. venerealis strains (van der Graaf-van Bloois et al., 2016a). However, the reliability of the biochemical tests for subspecies differentiation is complicated by the presence of the biovar C. fetus subsp. venerealis bv. intermedius, which possesses phenotypic characteristics from both C. fetus subsp. fetus and C. fetus subsp. venerealis (Sprenger et al., 2012; Iraola et al., 2013). Campylobacter fetus subsp. venerealis bv. intermedius has been isolated from both bovine intestinal and genital tracts and is glycine intolerant, which is typical of C. fetus subsp. venerealis but H2S positive as is typical of C. fetus subsp. fetus (OIE, 2019).

Amplified fragment length polymorphism (AFLP) and pulsed-field gel electrophoresis (PFGE) were shown to be effective in correlating the phenotypic and genotypic characteristics of C. fetus subsp. fetus and C. fetus subsp. venerealis; the high labor costs and the difficulty in isolating pure cultures of C. fetus from clinical samples required for these methods render them not ideal for routine testing by diagnostic laboratories (On and Harrington, 2001; van Bergen et al., 2005a; Wagenaar et al., 2001). Other discriminatory methods, for example, serotyping (Moran et al., 1994; Perez-Perez et al., 1986), DNA hybridization tests (Harvey and Greenwood, 1983; Basden et al., 1968), and protein banding patterns (Vandamme et al., 1990) were not able to accurately distinguish C. fetus subsp. fetus from C. fetus subsp. venerealis. Genomic studies suggested that these two C. fetus subspecies share a high level of genome synteny, with C. fetus subsp. venerealis possessing increased genome length and plasticity compared to C. fetus subsp. fetus (van der Graaf-van Bloois et al., 2014; Ali et al., 2012; Kienesberger et al., 2014). The C. fetus subsp. venerealis adaptation was attributed to the presence of hypervariable regions, pathogenicity islands and the acquisition of transposable elements, including prophages, transposons, and plasmids encoding for virulence factors (Nordin, 2013). Subspecies discrimination between C. fetus subsp. fetus and C. fetus subsp. venerealis using molecular methods has been attempted. For example, a multiple locus sequence typing (MLST) scheme based on the seven housekeeping genes categorized sequence type 4 (ST-4) exclusively with C. fetus subsp. venerealis (van Bergen et al., 2005b). However, ST-4 was later found to also be present in C. fetus subsp. fetus strain H1-UY (Iraola et al., 2015).

Several polymerase chain reaction (PCR) targets, including the plasmid partition protein A (parA; Hum et al., 1997) and the putative VirB6 protein truncated by the insertion element (ISCfe1; Abril et al., 2007), have been developed for the subspecies identification after investigating the different pathogenicity of C. fetus subspecies. The early research proposed that C. fetus subsp. venerealis displays a higher level of pathogenicity because of the genomic island in its genome (Iraola et al., 2012; Moolhuijzen et al., 2009). Several molecular targets were developed to target the genomic island, which encodes a type IV secretion system (T4SS). However, these assays with transfer-associated genes lacked specificity later when they were tested against multiple strains from both subspecies and related Campylobacter strains (Hum et al., 1997; Abril et al., 2007). For instance, the parA gene was not detected in 10 C. fetus subsp. venerealis in the previous study (Silva et al., 2021). Moreover, the previous PCR tests using various molecular targets on T4SS, including VirB6, also did not consistently align the C. fetus strains with their phenotypic identification (Nadin-Davis et al., 2021; Abril et al., 2007; van der Graaf-van Bloois et al., 2016b). There was no strong evidence of subspecies misidentification with ISCfe1, except its absence in C. fetus subsp. venerealis CCUG 34111 (Abril et al., 2007). Since T4SS-encoding regions are not exclusive to C. fetus subsp. venerealis and were found present in C. fetus subsp. fetus (Kienesberger et al., 2014; van der Graaf-van Bloois et al., 2016b) as well as other related Campylobacter bacteria, including C. jejuni, C. lari, and C. coli (Moolhuijzen et al., 2009), the reliability of ISCfe1, which is the insertion element truncated the T4SS VirB6 protein, for C. fetus subsp. venerealis, detection should be tested with a large number of Campylobacter strains from multiple continents. Another successful diagnostic test was developed using the L-Cys transporter-deletion polymorphism as the potential marker for H2S-positive C. fetus strains (van der Graaf-van Bloois et al., 2016a; Farace et al., 2019). However, this PCR assay was not able to capture the intermedius biovar variant, which is positive for H2S production (Farace et al., 2019, 2021).

The results from the previous study have suggested that the full genome sequence of the C. fetus subsp. venerealis and its biovars from different geographical continents will benefit the C. fetus subsp. venerealis detection research (Moolhuijzen et al., 2009). The genome completeness was demonstrated to be beneficial for whole-genome comparisons, particularly genomic regions with low coverage, high GC content, and/or high repetitiveness (Malmberg et al., 2019; Goldstein et al., 2019). Using complete genomes can therefore prevent the identification of false positives that arise from analyzing incomplete genomes, as missing data can lead to incorrect conclusions (Ribeiro et al., 2015; Ceres et al., 2022).

Therefore, in this study, we aimed to generate closed and complete genomes for nine C. fetus strains, including four C. fetus subsp. fetus, three C. fetus subsp. venerealis, and two C. fetus subsp. venerealis bv. intermedius, using Oxford Nanopore Technologies (ONT) long-read sequencing. Using these closed genomes in addition to the complete C. fetus genomes available on NCBI RefSeq, we conducted a whole-genome comparison to investigate the phylogenetic relationship between C. fetus subsp. fetus and C. fetus subsp. venerealis by examining their genome identity, differentially expressed gene orthologs, and single nucleotide polymorphisms (SNPs).



Materials and methods


Campylobacter fetus strains and genomes

The bacterial strains sequenced in this study were from three different culture collections, the details of which are summarized in Table 1. Briefly, M20-08756/1A and M20-04752/1B were kindly gifted by the Department of Primary Industries in New South Wales, Australia, while isolates BT268/06 and BT376/03 were kindly gifted by the Institute for Glycomics at Griffith University in Queensland, Australia. The other isolates, including A8, 957, 76223, 924, and 926, were in-house isolates at the Queensland Alliance for Agriculture and Food Innovation at the University of Queensland, Australia, which were previously isolated from a local abattoir (Indjein, 2013). In total, four C. fetus subsp. fetus (M20-08756/1A, M20-04752/1B, BT268/06, and BT376/03), three C. fetus subsp. venerealis (A8, 957, and 76223), and two C. fetus subsp. venerealis bv. intermedius (924 and 926) strains were used in this study (Table 1). These strains were previously phenotyped using the standard OIE biochemical assays, and their subspecies identity was confirmed by cpn60 gene sequencing (Nordin, 2013; Indjein, 2013; Koya, 2016). The type strains for C. fetus subsp. fetus (ATCC 27374T) and C. fetus subsp. venerealis (ATCC 19438T), which had their complete genome published on the National Center for Biotechnology Information (NCBI) database, were also sequenced in this study to serve as internal controls. The cultures were stored at −80°C and were revived by culturing on the tryptone soya agar supplemented with 5% defibrinated sheep blood (Thermo Scientific, Delaware, USA) under micro-aerophilic conditions at 37°C for 48 h. Colonies of each bacterial strain were resuspended in sterile phosphate-buffered saline to reach an optical density measured at a wavelength of 600 nm (OD600) to yield ~1 x 109 colony-forming units per mL (cfu/mL). Genomic DNA extraction of the pure bacterial culture was conducted using the Genomic-tip extraction kit (QIAGEN, Hilden, Germany). The quantity and quality of extracted gDNA were assessed using a QubitTM 4 fluorometer (Thermo Scientific, Delaware, USA) and pulsed-field gel electrophoresis (Pippin Pulse, Sage Science, Massachusetts, USA).


TABLE 1 List of Campylobacter fetus strains sequenced and analyzed in this study.
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Oxford Nanopore long-read sequencing

The Ligation Sequencing Kit SQK-LSK-109 (Oxford Nanopore Technologies, Cambridge, UK) was used to prepare sequencing libraries from the double-stranded high molecular weight genomic DNA. The sequencing libraries were loaded onto MinION (Oxford Nanopore Technologies, Cambridge, UK) for long-read sequencing with MinKNOW software (Oxford Nanopore Technologies, Cambridge, UK). Approximately 1 Gbp of data were generated for each isolate, and modified base-calling from raw signal data with minimum quality score filtering of 8 was performed using Guppy 5.0.7.



Illumina short-read sequencing

Extracted DNA was sent to the Ramaciotti Center for Genomics (University of New South Wales, Sydney, Australia) for short-read sequencing to generate 4 million read pairs or 1 Gbp of data. The libraries were prepared using the Nextera DNA Flex library prep kit (Illumina, California, USA), and the paired-end sequencing was executed on an iSeq 100 i1 sequencer with >80% bases higher than Q30 at 2 × 150 bp. The quality of the reads was assessed using FastQC 0.11.4 (Andrew, 2010) and was trimmed with Trimmomatic 0.39.1 using the paired-end mode (Bolger et al., 2014).



Oxford Nanopore sequencing reads quality control and filtering

Porechop 0.2.4 (Wick et al., 2017a) was utilized to first remove the adapters, while NanoFilt 2.7.0 (De Coster et al., 2018) was implemented to select for reads that were >8,000 bp in length and >10 in quality score. The quality of the Nanopore long-read sequencing data was assessed and visualized using FastQC 0.11.4 (Andrew, 2010) and NanoPlot 1.3.0 (De Coster et al., 2018).



Long-read assembly, assembly polish, assembly evaluation, and assembly annotation

Quality long reads were assembled into contigs using Trycycler 0.5.0 (Wick et al., 2017b). Briefly, the read files were divided into 12 subsets, with three subsets of each assembled using Flye 2.9 (Kolmogorov et al., 2019), Miniasm+Minipolish v0.1.3 (Vaser et al., 2017), Raven v1.5.1 (Vaser and Šikić, 2021), and Redbean v2.5 (Ruan and Li, 2020). The resulting long-read assemblies were grouped into per-replicon clusters. The cluster containing contigs with a genome size closest to the reference genome was manually selected for the reconciliation step, aiming to circularize the replicons.

Trycycler then conducted multiple sequence alignments of the contigs within each cluster and generated a consensus sequence for the final assembly. The expected genome size for each bacterial strain was determined based on their respective published reference genome available in the NCBI database (NCBI Resource Coordinators, 2018).

To polish the complete genomes derived from Nanopore long reads, Medaka 1.4.2 with model r941_min_high_g303 and Nanopolish 0.13.2 (Loman et al., 2015) were used. Genome polishing was accelerated using GNU Parallel (Tange, 2011). The draft assemblies were further refined by polishing with their corresponding Illumina short-read data using Pilon 1.24 (Walker et al., 2014).

The quality of the complete genomes was evaluated with Samtools 1.10 (Li et al., 2009) and QUAST 5.0.2 (Gurevich et al., 2013) using both long and short reads. The quality assessments generated for each polished assembly were combined and presented using MultiQC 1.10.1 (Ewels et al., 2016). The polished genomes were then visualized and validated using Artemis (Carver et al., 2011). The identities of the complete genomes were confirmed using BLAST (Altschul et al., 1990). Finally, the polished assemblies were submitted to the NCBI and annotated using the Prokaryotic Genome Annotation Pipeline (PGAP; Tatusova et al., 2016).



Whole-genome comparison of Campylobacter fetus complete genomes

For a more comprehensive whole-genome comparison, other complete genomes of C. fetus subsp. fetus (n = 7) and C. fetus subsp. venerealis (n = 9) were downloaded from the NCBI Genome database (NCBI Resource Coordinators, 2018) (Table 1). The inconsistencies of different annotation tools employed in previous studies were taken into consideration. Therefore, the complete genome sequence fasta files of the 16 C. fetus strains sequenced in previous studies were reannotated using the same parameters as the nine C. fetus strains sequenced in this study. The whole-genome average nucleotide identity (ANI) of the 25 C. fetus subspecies genomes was computed using FastANI 1.33 using the all-against-all mode (Jain et al., 2018). The correlation of the 25 C. fetus subspecies' complete whole genomes based on their ANI was computed in R (R Core Team, 2018) using the “corrplot” package (Wei, 2021).

Prokka 1.14.6 (Seemann, 2014) was utilized to annotate the complete genome sequences (n = 25). Briefly, Prokka 1.14.6 (Seemann, 2014) identified the protein-coding regions using Prodigal 2.6.3 (Hyatt et al., 2010), followed by the functional annotation of the encoded protein by similarity search against protein databases. Campylobacter fetus subsp. fetus 04/554 (GCA_000759485.1) and C. fetus subsp. venerealis ATCC 19438T (GCA_008271385.1) were provided as reference genomes for Prokka annotations to minimize the biases in annotation files for downstream analysis. The putative genomic islands (GIs) were predicted using IslandViewer 4 (Bertelli et al., 2017). The annotated assemblies were submitted to Roary 3.13.0 (Page et al., 2015) for pan-genome calculation. A heatmap was computed in R (R Core Team, 2018) using the “pheatmap” package (Kolde, 2019) to visualize the relationship of the 25 C. fetus subspecies based on the Roary results. The gene content and differences between the two closely related subspecies were also computed with GenAPI 1.0 (Gabrielaite and Marvig, 2019). The virulence factors known to be associated with Campylobacter were downloaded from the Virulence Factor Database (VFDB; Chen et al., 2005) for building a Campylobacter-specific VFDB database using ABRicate 1.0.1 (Seemann, 2016). The virulence factor encoding regions in each of the C. fetus subspecies were identified using the ABRicate 1.0.1 (Seemann, 2016) program.

SNPs were identified using Parsnp 1.5.6 (Treangen et al., 2014) from the whole-genome alignment generated with the complete genomes of the 25 C. fetus subspecies. A phylogenetic tree based on the SNPs identified in the whole-genome alignment of the 25 C. fetus strains was generated in R (R Core Team, 2018) using the “ape” package (Paradis and Schliep, 2018). The putative recombination regions with high SNP density were detected using Gubbins 3.0.0 (Croucher et al., 2014). The recombination-filtered SNPs were analyzed and annotated with SnpEff 4.3t (Cingolani et al., 2012) to filter out SNPs that potentially induce synonymous amino acid changes. The amino acid change was verified by examining the translated protein sequences of the SNP-coding coding sequences (CDS). The recombination-filtered synonymous SNPs that were different between C. fetus subsp. fetus and C. fetus subsp. venerealis, which are not present in putative GIs, were labeled as “candidate SNPs.” Additionally, SNPs that were different between C. fetus subsp. venerealis and its biovar intermedius variant were labeled as “biovar SNPs.” Any CDS that encoded for candidate SNPs were functionally annotated using eggNOG-mapper 2.1.6 (Cantalapiedra et al., 2021).

The annotated proteins of the SNP-coding CDS were retrieved from Prokka 1.14.6 (Seemann, 2014), and the interactions between the proteins were computed using STRING v11 (Szklarczyk et al., 2019) with C. fetus subsp. venerealis set as the organism of interest. The CDS, which were annotated with the “Peptidoglycan Biosynthesis” KEGG pathway, and their neighboring CDS with ≥8-degree functional association were taken for further investigation due to their potential association to the differential glycine tolerance among the subspecies. These SNPs were labeled as “Peptidoglycan SNPs.” To further verify the potential of the peptidoglycan SNPs for differentiation assay, an additional 33 curated and contamination-free RefSeq assemblies (13 C. fetus subsp. fetus and 20 C. fetus subsp. venerealis and its biovar) were downloaded from the NCBI Genome database (https://www.ncbi.nlm.nih.gov/datasets/genome) on 24th May 2024. The search terms “Campylobacter fetus subsp. fetus” and “Campylobacter fetus subsp. venerealis” were used, with the filter “Annotated by NCBI RefSeq” applied. The base change and amino acid change resulting from the peptidoglycan SNPs were verified across 58 C. fetus assemblies. The subspecies identification of each strain was compared with the phenotypic and molecular tests reported in previous studies.

Whole-genome alignment of the 25 C. fetus complete genomes was computed and visualized using the Blast Ring Image Generator (BRIG) 0.95 (Alikhan et al., 2011), which incorporated BLAST+ 2.10.1 (Camacho et al., 2009) for genome alignment. Additionally, the genes that were used in the published C. fetus subspecies identification PCR assays, including sodium/hydrogen exchanger family protein (nahE; Abril et al., 2007), ISCfe1 (Abril et al., 2007), peptide transporter carbon starvation (cstA; Hum et al., 1997) and parA (Hum et al., 1997; McMillen et al., 2006) are downloaded from the NCBI nucleotide database (NCBI Resource Coordinators, 2018). The location of putative GIs, candidate SNPs, and existing PCR targets for C. fetus subspecies identification was identified and labeled on the alignment image generated using BRIG (Alikhan et al., 2011).



Confirmation of C. fetus subspecies differentiation by TaqMan SNP quantitative PCR

One of the above-identified C. fetus subspecies SNPs (mraY gene SNP) was further exploited as a subspecies differentiating qPCR assay due to its potential association with the different glycine tolerance among C.fetus subspecies. Custom TaqMan MGB probes were designed using the Thermo Fisher Scientific online tool (Custom TaqMan™ SNP Genotyping Assay) targeting the C. fetus subsp. venerealis and C. fetus subsp. fetus mraY genes and labeled with VIC™ and FAM™ reporter dyes, respectively. mraY Forward primer: 5′ AAAATGATGATGAATTGGCGCCATT 3′; mraY Reverse primer: 5′ TGTGATGGAAACCTTATCTGTTATATTGCA 3′; C. fetus subsp. fetus mraY Probe: 5′FAM- CGTTTTTTGCGTATTTT-3′MGBNFQ; C. fetus subsp. venerealis mraY Probe: 5′VIC- CCGTTTTTTGTGTATTTT 3′MGBNFQ. The two probes and the forward and reverse primers were pre-mixed by Applied Biosystems and provided as a 20x mix for use in custom assays (Thermo Fisher Scientific, Australia). A 10 μL qPCR reaction was set up in duplicate using the AgPath-ID™ One-Step RT-PCR Reagent (Thermo Fisher Scientific) without the reverse transcriptase step consisting of 1x buffer, 900 nM of forward and reverse primers, 200 nM of the C. fetus subsp. fetus FAM probe, 200 nM of the C. fetus subsp. venerealis VIC probe, and 0.4 μl of the 25X RT-PCR Enzyme Mix (AmpliTaq Gold™ DNA Polymerase at 0.025 units per reaction). For positive controls, 2 ng of C. fetus subsp. fetus DNA (ATCC 27374) or 2 ng of C. fetus subsp. venerealis DNA (ATCC 19438) was added. A No Template Control (NTC, negative control) was included in every run. The assays were cycled in the Bio-Rad CFX96 Touch™ Real-Time PCR Detection System under the following conditions: activation at 95°C 10 min, followed by 45 cycles of 95°C 15 s, 69°C 1 min, and a final extension at 69°C for 7 min. Raw amplification data [quantification cycle (Cq) values and Relative Fluorescence Units (RFU)] were exported for analysis in Excel and R Studio (R Core Team, 2018) using the ggplot2 package (Wickham, 2016). The assay was screened against the following isolates: C. fetus subsp. venerealis ATCC19438 (positive control), A8, 957, 76223, 924, and 926; C. fetus subsp. fetus ATCC27374 (positive control) and BT376/03 (Supplementary Table 1). Other closely related bacterial species were also included as further controls: Campylobacter hyointestinalis strain 337, Arcobacter cryaerophilus strain 312, Campylobacter ureolyticus strain 412, and Campylobacter sputorum strain 530, which were isolated in a previous study screening abattoir bull penises and have been shown to cross-react in previous C. fetus venerealis molecular assays (McMillen et al., 2006; Spence et al., 2011).




Results


Whole-genome sequencing data, assembly, and annotations

The average read length, average N50, and average read quality of the nine strains sequenced with ONT were 33.52 kb, 38.43 kb, and 12.61, respectively (Supplementary Table 2). Illumina short-read sequencing yielded a total mean of 416,870 paired-end raw reads for each sample, which provided a mean coverage of 64X for each bacterial isolate (Supplementary Table 3).

All C. fetus strains were assembled into complete circular genomes. The average assembly size of C. fetus. fetus and C. fetus subsp. venerealis were 1,818,690 and 2,136,077 bp, respectively (Table 2). The QUAST quality assessment of each assembly showed that the long reads and short reads provided an average of 745.73X and 64.56X, respectively, to the assemblies (Supplementary Tables 4, 5). The average percentage of mapped long reads and mapped short reads were 98.56 and 97.50%, respectively. The complete genomes generated in this study and published genomes of C. fetus subsp. fetus and C. fetus subsp. venerealis were annotated with an average of 1,901 and 2,177 genes, respectively (Supplementary Table 6).


TABLE 2 Details of Campylobacter fetus complete genomes assembled in this study.
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Whole-genome comparison between 25 Campylobacter fetus strains

Pangenome analysis revealed that 1,561 core genes and 1,064 accessory genes were shared among the 25 C. fetus strains. The C. fetus subsp. fetus and C. fetus subsp. venerealis strains were separated in the hierarchical tree generated based on the presence and absence of gene orthologs (Figure 1). The pangenome analysis demonstrated the gene ortholog, which encoded for a peptidase S24 LexA-like protein, was exclusively encoded in all the C. fetus subsp. venerealis genomes but not in any of the C. fetus subsp. fetus genomes. However, three paralogs also encoded for peptidase S24 LexA-like proteins and were predicted in some of the C. fetus subsp. fetus and C. fetus subsp. venerealis strains (Supplementary Table 7).


[image: Heatmap displaying hierarchical clustering of genomic data. Rows represent different genomic samples labeled with codes and country abbreviations like AR, AU, CA, and UK. Shades of purple indicate varying data intensities.]
FIGURE 1
 The pangenome of the 25 Campylobacter fetus strains. Dark purple indicates the presence of the gene ortholog, while light purple represents the absence of the gene ortholog. International Organization for Standardization (ISO) country code: Canada (CA), United States (US), France (FR), Uruguay (UY), Argentina (AR), United Kingdom (UK), Australia (AU), and New Zealand (NZ).


In contrast, C. fetus subsp. venerealis and the bv. intermedius variant did not fall into distinct branches because none of the gene orthologs was able to differentiate C. fetus subsp. venerealis and C. fetus subsp. venerealis bv. intermedius. Interestingly, the six Australian C. fetus subsp. venerealis strains (GCA_011601375, A8, 924, 926, 957, and 76223) formed a separated clade from the other non-Australian C. fetus subsp. venerealis. A total of 14 gene orthologs were identified in the Australian C. fetus subsp. venerealis strains but not in the non-Australian strains, of which one was present in all C. fetus subsp. fetus, and nine were absent in all the C. fetus subsp. fetus strains. On the other hand, 37 gene orthologs were present in the non-Australian C. fetus subsp. venerealis and not the Australian strains, none of which were identified in all C. fetus subsp. fetus, and 34 were absent in all the C. fetus subsp. fetus strains.

A closer look at the genomic regions encoding the Campylobacter-specific virulence factors demonstrated that the 25 C. fetus subspecies commonly expressed genomic regions encoding 88 virulence factors (Figure 2). Nine virulence factors were not expressed in some of the C. fetus subspecies but not explicitly in either C. fetus subsp. fetus or C. fetus subsp. venerealis. The highest variation was observed within the S-layer proteins, which are categorized under the class of “colonization and immune evasion” in VFDB. Nonetheless, the variations among the predicted proteins were not consistent within either of the subspecies or the biovar.


[image: Heatmap illustrating virulence factors in the genus Campylobacter. Virulence factors are listed on the vertical axis, and sample IDs are on the horizontal axis. Color gradient represents identity percentages, ranging from dark purple (low identity) to green (high identity), with yellow indicating moderate identity levels.]
FIGURE 2
 The Campylobacter-specific virulence factors among the 25 Campylobacter fetus strains. The color key indicates the percentage of identity between the genomic regions identified in each isolate and the Campylobacter-specific virulence factors, in which yellow represents 100% identity and purple represents 0% identity. International Organization for Standardization (ISO) country code: Canada (CA), United States (US), France (FR), Uruguay (UY), Argentina (AR), United Kingdom (UK), Australia (AU), and New Zealand (NZ).


The average nucleotide identity between 25 C. fetus strains was more than 95%. The correlation tree based on the ANI showed that eight of the C. fetus subsp. fetus strains, including GCA_011600855, BT268/06, M20-04752/1B, M20-08756/1A, GCA_900475935T, GCA_007723545, BT376/03, and GCA_00759485, formed a separate branch from the C. fetus subsp. venerealis strains (Figure 3). The other three C. fetus subsp. fetus strains (GCA_000015085, GCA_011600995, and GCA_011600945) shared the same ancestor with three C. fetus subsp. venerealis bv. intermedius strains (GCA_011600955, GCA_001686885, and GCA_000512745) from Argentina. The remaining C. fetus subsp. venerealis strains (n = 11) formed a separate clade, in which the C. fetus subsp. venerealis, including both biovars from Australia (GCA_011601375, A8, 924, 926, 957, and 76223) clustered separately to all other C. fetus subsp. venerealis from around the world.
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FIGURE 3
 Correlation between the 25 Campylobacter fetus strains based on their average nucleotide identity. The color key indicates the degree of correlation between the strains, in which red represents the highest correlation while blue represents the lowest correlation. The dendrogram demonstrates the hierarchical relationship between the 25 Campylobacter fetus strains based on their average nucleotide identity. International Organization for Standardization (ISO) country code: Canada (CA), United States (US), France (FR), Uruguay (UY), Argentina (AR), United Kingdom (UK), Australia (AU), and New Zealand (NZ).


Comparative genome alignment of the C. fetus strains (n = 25) illustrated the high level of genome synteny between the C. fetus subspecies (Figure 4). Missing genomic regions were inconsistently observed among the 25 C. fetus strains where putative GIs were predicted. PCR target genes, including sapB2 and parA, were located on putative GIs.


[image: Circular genome map of *Campylobacter fetus venerealis* showing concentric rings in blue, green, and red. Key genomic features and putative genes are labeled around the outer ring. Different colors represent various genetic elements.]
FIGURE 4
 Whole-genome alignment of 25 Campylobacter fetus subspecies. Reference: published C. fetus subsp. venerealis ATCC 19438T [GCA_008271385.1]. Query were complete genome sequences of C. fetus subsp. Fetus (n = 11) and C. fetus subsp. venerealis (n = 14) subspecies. Strains labeled in red are C. fetus subsp. fetus, isolated and labeled in blue, are C. fetus subsp. venerealis and strains labeled in green are C. fetus subsp. venerealis bv. intermedius. Black arcs represent the putative genomic islands. Orange arcs represent the genes that were used in PCR C. fetus subspecies identification. Purple lines represent candidate SNPs identified in the 25 C. fetus subspecies.


The phylogenetic tree that resulted from the whole-genome alignment clustered C. fetus subsp. venerealis into a separate branch from the C. fetus subsp. fetus (Figure 5). Moreover, the phylogenetic tree also clustered the Australian C. fetus subsp. venerealis in a separate branch from the C. fetus subsp. venerealis identified in the United Kingdom, United States, Canada, and Argentina (Figure 5). Both within the Australian and non-Australian C. fetus subsp. venerealis clades, the C. fetus subsp. venerealis bv. intermedius were clustered separately from the normal venerealis variant.


[image: Phylogenetic tree diagram depicting the relationships between Campylobacter fetus subspecies. Strains are color-coded: red for Campylobacter fetus subsp. fetus, green for subsp. venerealis, and blue for subsp. venerealis biovar intermedius. Bootstrap values are indicated on the branches.]
FIGURE 5
 Phylogenetic tree based on single nucleotide polymorphisms (SNPs) between the 25 Campylobacter fetus strains. Strains labeled in red are C. fetus subsp. fetus, strains labeled in blue are C. fetus subsp. venerealis, and strains labeled in green are C. fetus subsp. venerealis bv. intermedius. All C. fetus subsp. fetus isolates clustered into a separate branch from all C. fetus subsp. venerealis and C. fetus subsp. venerealis bv. intermedius isolates, indicating that there were distinctive SNPs. C. fetus subsp. venerealis and C. fetus subsp. venerealis bv. intermedius isolates from Australia clustered separately from non-Australian isolates. International Organization for Standardization (ISO) country code: Canada (CA), United States (US), France (FR), Uruguay (UY), Argentina (AR), United Kingdom (UK), Australia (AU), and New Zealand (NZ).


Nine thousand and 44 SNPs were identified from the core genome, of which only 269 SNPs were different between all C. fetus subsp. fetus and all C. fetus subsp. venerealis strains (Figure 6A). The SNPs that contributed to putative synonymous amino acid change, located on putative GIs, and involved in recombination events were filtered out from downstream analysis. The remaining 184 SNPs were labeled as “candidate SNPs,” of which 17 were located in non-coding regions, and 167 were located in CDS (Supplementary Table 8). A total of 16 of the CDSs were encoded for two candidate SNPs, with one CDS encoded for three candidate SNPs and the other CDS encoded for five candidate SNPs. In total, the 167 candidate SNPs were located on 145 CDS, of which 15 of the CDS were encoding for hypothetical proteins. The majority of the SNPs-encoding CDS were responsible for “cellular processes and signaling” (n = 45), followed by “metabolism” (n = 44) and “information storage and processing” (n = 21; Figure 6B, Supplementary Table 9).
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FIGURE 6
 (A) Screening for single nucleotide polymorphisms (SNPs) suitable for reliable differentiation between Campylobacter fetus subsp. fetus and Campylobacter fetus subsp. venerealis. (B) Candidate single nucleotide polymorphisms (SNPs) are categorized into Clusters of Orthologous Groups (COGs). The blue section represents coding sequences (CDS) responsible for “cellular processes and signaling” (n = 45). The orange section represents the CDS responsible for “information storage and processing” (n = 21). The gray section represents CDS responsible for “metabolism” (n = 44). The yellow section represents CDS belonging to multiple groups of COGs (n = 4). The light blue section represents CDS, which was poorly categorized (n = 21). The green section represents CDS with no match return from querying the COG database (n = 10).


The potential functional association between the SNP-coding CDS was determined, and 41 candidate SNPs were identified on the SNP-coding CDS, which posed more than eight degrees of association. A subset of the 41 SNPs that were annotated with the KEGG pathway “Peptidoglycan biosynthesis” (Supplementary Figure 1) was chosen for further analysis due to their potential association with the differential glycine production in the C. fetus subspecies. The subset included murC, ftsI, uppP, and mraY, and their first neighbors (Figure 7). Among them, the SNP-coding CDS encoded for the candidate SNPs associated with significant amino acid change, including rpoC, cysS, rpoB, flgG, mfd, mraY, and mutS2, were manually verified (Table 3). The candidate SNPs in these SNP-coding CDS were referred to as peptidoglycan SNPs (Figure 6A).
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FIGURE 7
 STRING network of SNP-coding CDS, which had more than eight degrees of association. The thickness of the network edges indicates the confidence level of the functional interactions.



TABLE 3 Amino acid and DNA base changes on the candidate SNP-coding CDS encoded on C. fetus subsp. fetus and C. fetus subsp. venerealis.

[image: A table shows genetic variations between Campylobacter fetus subspecies. Columns include Gene, Product, Position, Locus tag, Type, and the amino acid and DNA base differences for both Campylobacter fetus subsp. fetus and subsp. venerealis. Variants include cysS, flgG, mfd, mraY, mutS2, rpoB, and rpoC, indicating missense and upstream variants, with differences in amino acids and DNA bases.]

Interestingly, there were no common SNPs that could absolutely separate all the C. fetus subsp. venerealis and its biovar intermedius variant regardless of the country of origin. Therefore, this study only tested the potential of the seven peptidoglycan SNPs in differentiating the C. fetus subsp. fetus (CFF) from C. fetus subsp. venerealis and its biovar (CFV/CFVi). On top of the 25 complete genomes, an additional 33 curated RefSeq assemblies (13 C. fetus subsp. fetus and 20 C. fetus subsp. venerealis and its biovar) were recruited in the evaluation (Table 4). All seven peptidoglycan SNPs performed consistently and reliably divided the assemblies into two groups (Supplementary Table 10). The 24 C. fetus subsp. fetus assemblies, except NWU_ED24 (GCF_013406925.1), 13/344 (GCF_008527615.1), and 08/421 (GCF_008526335.1), posed SNP pattern conformed to the CFF subset. Interestingly, the three assemblies (NWU_ED24, 13/344, and 08/421) posed an SNP pattern that conformed to the CFV/CFVi subset. On the other hand, the 34 C. fetus subsp. venerealis assemblies, except P4531 (GCF_016406645.1), posed an SNP pattern conformed to the CFV/CFVi subset. The P4531 strain posed SNP pattern conformed to the CFF subset instead. Therefore, in this study, NWU_ED24, 13/344, and 08/421 were classified as C. fetus subsp. venerealis and its biovar, while the P4531 strain was classified as C. fetus subsp. fetus.


TABLE 4 Characterization of 58 Campylobacter fetus subspecies according to previous studies and the current study.

[image: A detailed table listing bacterial genome data, including columns for Assembly Accession, Strain, Assembly Level, NCBI Annotation, various identifications, and Identification in This Study. The rows list specific assemblies with details on strain names, genome completeness (Complete, Contig, Scaffold), annotations (CFV, CFVI, etc.), and references to studies identifying these genomes.]



Confirmation of C. fetus subspecies differentiation by TaqMan SNP quantitative PCR

One of the SNPs differentiating the C. fetus subspecies located in the mraY gene (Table 3) was further exploited in a TaqMan SNP qPCR assay where the FAM channel detected the C. fetus subsp. fetus and the VIC channel C. fetus subsp. venerealis. The sensitivity of the assay was 1 pg when using pure bacterial DNA, and following testing of mixed Campylobacter-like species, a positive cut-off was determined at Cq 33 cycles (Figure 8A). The mraY assay was able to distinguish between C. fetus subsp. venerealis and C. fetus subsp. fetus controls, as well as other C. fetus isolates listed in Table 1 and other closely related Campylobacter species (C. sputorum, C. ureolyticus, C. hyointestinalis, and A. cryoaerophilus; Figure 8B).
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FIGURE 8
 (A) Standard curve for the mraY SNP assay plotting the quantification cycle (Cq) value against the starting quantity of C. fetus venerealis DNA. Data points are from 1 ng to 0.1 pg, with 1 pg indicated by an arrow. The R2 of the standard curve is 0.994. (B) Allelic discrimination plot for mraY Taqman SNP assay using Relative Fluorescent Units (RFU) for VIC and FAM. Red—CFF control (ATCC 27374), brown—CFF isolate (strain BT376/03), green—CFV control (ATCC 19438), blue—CFV isolates (strains A8, 957, 76223, 924, and 926), and light blue—other Campylobacter species (C. sputorum, C. ureolyticus, C. hyointestinalis, and A. cryoaerophilus).





Discussion

Differentiating C. fetus subspecies is crucial for the routine screening of ruminants for import and export and epidemiological investigation. Subspecies differentiation has been investigated using multiple methods, including biochemical analysis (OIE, 2019), AFLP (Wagenaar et al., 2001), PFGE (On and Harrington, 2001), MLST (van Bergen et al., 2005b; Iraola et al., 2015), PCR (Hum et al., 1997; Abril et al., 2007; Wang et al., 2002), and genome comparison methods (van der Graaf-van Bloois et al., 2014; Kienesberger et al., 2014). The results of this study demonstrated an improved and less laborious genome analysis method that successfully separated C. fetus subsp. fetus and C. fetus subsp. venerealis into two distinct clusters. According to their phenotypes, similar to previous AFLP (Wagenaar et al., 2001) and PFGE analyses (On and Harrington, 2001), but with a more efficient procedure.

In this study, the Australian C. fetus subsp. venerealis were separated from the non-Australian C. fetus subsp. venerealis, which was different from the indistinguishable geographical genotypes described in the previous core genome analysis (van der Graaf-van Bloois et al., 2014) and PFGE analysis (On and Harrington, 2001). Unique microbial lineages due to geographical separation are not novel. For example, most Australian Glaesserella (Haemophilus) parasuis strains were found to belong to unique sequence types not previously recorded in the relevant MLST database (Turni et al., 2018). In the phylogenetic tree generated using whole-genome alignment, the C. fetus subsp. venerealis clade shared the same ancestor with eight other C. fetus subsp. fetus strains, potentially indicating that C. fetus subsp. venerealis was derived from C. fetus subsp. fetus. The identification of a small number of SNPs (n = 184), which are differentially expressed in the C. fetus subsp. fetus and C. fetus subsp. venerealis strains, which were supported by the observations from the MLST analyses, indicating a limited genetic variation between C. fetus subspecies was driven mainly by the slow accumulation of point mutations (van Bergen et al., 2005b). Additionally, this study did not identify any SNPs that are unique to the C. fetus subsp. venerealis bv. intermedius regardless of geographical origins, suggesting that clonal evolution occurred separately within the geographically different C. fetus subsp. venerealis clades. It appears that C. fetus subsp. venerealis and its biovar-acquired point mutations, which have been vertically transmitted and enabled the development of their highly niche-specific and pathogenicity-specific characteristics.

For the comparative whole-genome analysis, only complete C. fetus genomes were used. This approach ensured a comprehensive comparison and prevented false positives that could result from aligning the complete genome against the gaps of an incomplete genome. The previous investigation, compared one complete genome of C. fetus subsp. fetus (GCA_000015085) against one incomplete genome of C. fetus subsp. venerealis (GCA_000222425) reported that 88 and 428 gene families were unique to C. fetus subsp. fetus and C. fetus subsp. venerealis, respectively (Ali et al., 2012). The current study only identified one gene ortholog, which was different between the two complete genomes of the C. fetus subspecies. Our results aligned with the previous suggestion, based on methods other than genome sequencing, that there is a lack of genetic diversity between the C. fetus subspecies because the C. fetus strains are at an early evolutionary stage (van Bergen et al., 2005a; Wagenaar et al., 2001). The only unique gene ortholog encoded for a peptidase S24 LexA-like protein was only identified in C. fetus subsp. venerealis and not in the C. fetus subsp. fetus strains. However, three other paralogs coding for peptidase S24 LexA-like protein were identified in both C. fetus subspecies in this study. While LexA is a global transcription factor responsible for regulating host SOS response, several studies have also suggested that mobile genetic elements utilize the LexA activity of the hosts for their induction (Fornelos et al., 2016; Quinones et al., 2005; Kimsey and Waldor, 2009). The previous comparison of 14 C. fetus strains observed that the lexA gene, which served as a prophage regulator, was mostly identified at the boundary of a prophage element (Nadin-Davis et al., 2021).

Additionally, we found no gene ortholog that was unique to either C. fetus subsp. venerealis or the C. fetus subsp. venerealis biovar variant. This is in contrast to the previous pangenome analysis of 31 C. fetus subsp. venerealis strains using a mixture of complete and incomplete genomes, which identified inconsistent expressions of parA and T4SS encoding genes (virB2-virB11 and virD4) in the C. fetus strains (Silva et al., 2021). Additionally, the virulence gene investigation in this study demonstrated variations in the sap genes among the 25 C. fetus strains. This result corresponded to the previous studies, which categorized C. fetus subspecies to serovars based on the variable expression of genes in the sap locus that encode for surface layer protein (SLP; Tu et al., 2001; Dworkin et al., 1995). Our results reinforced that the serovar classification is not unique at the C. fetus subspecies level.

The biochemical tests that are currently recommended by OIE (2019) for identifying C. fetus subspecies include glycine tolerance test and H2S production. C. fetus subsp. fetus is positive for both tests, while C. fetus subsp. venerealis is negative for both. Previous studies have suggested the ATP-binding cassette-type L-cysteine transporter as a potential marker for H2S-positive C. fetus strains, leading to the development of an accurate diagnostic test based on the L-Cys transporter-deletion polymorphism (van der Graaf-van Bloois et al., 2016a; Farace et al., 2019).

However, unlike C. fetus subsp. venerealis, the intermedius biovar variant is positive for H2S production. As a result, previous tests using molecular techniques to detect the L-Cys transporter-deletion polymorphism were unable to distinguish C. fetus subsp. venerealis biovar intermedius strains from C. fetus (Farace et al., 2019, 2021). This study provided 167 SNPs as new candidates for C. fetus subspecies genotyping, which may be valuable for precise and efficient routine screening on farms, international trade, and for epidemiological investigations and diagnostics.

In this study, SNP-coding CDS was investigated for a correlation with the differential tolerance to glycine among the C. fetus subspecies, which separates the C. fetus subsp. fetus from the C. fetus subsp. venerealis and its biovar intermedius. Glycine has been suggested to inhibit bacterial cell wall biosynthesis, particularly the peptidoglycan component, and thus can show an antibacterial effect (Hishinuma et al., 1969). Therefore, candidate CDS annotated with the “peptidoglycan biosynthesis” KEGG pathway and posed potential functional association with one another, including cysS, flgG, mfd, mraY, mutS2, rpoB, and rpoC, were recruited for further analysis. Gene mraY was part of the gene set found in peptidoglycan-intermediate obligate intracellular bacteria (Otten et al., 2018). Phospho-N-acetylmuramoyl-pentapeptide-transferase (mraY) is a catalytic enzyme that initiates the lipid cycle reactions during bacterial peptidoglycan synthesis (Struve et al., 1966). Under normal circumstances, mraY has high specificity to L-alanine and D-alanine (Hammes and Neuhaus, 1974). However, the non-synonymous amino acid change introduced by the peptidoglycan SNP identified in our study potentially modified mraY and thus allowed glycine substitution. As a result, bacteriolysis or morphological aberrations of the bacterial cells could be induced and lead to differential glycine tolerance between the C. fetus subspecies. The presence of this SNP was further exploited in a novel C. fetus subspecies TaqMan SNP qPCR, which demonstrated specific detection of each subspecies using different fluorophores and no detection of other closely related species such as C. hyointestinalis as reported for other diagnostic targets present on mobile elements (Spence et al., 2011).

Other peptidoglycan SNPs were previously reported to be associated with variations in niche adaption and virulence between closely related bacterial strains. The rpoB and rpoC genes code for the β- and β'-like subunits of the DNA-dependent RNA polymerase, which regulates gene expression in bacteria and archaea (Zakharova et al., 1998). Mutations in rpoB and rpoC genes were reported to be responsible for the different degrees of antibiotic resistance observed in Staphylococcus aureus (Matsuo et al., 2015), Mycobacterium tuberculosis (Ma et al., 2021) and Clostridium difficile (Kuehne et al., 2018). Similar observations on the impact of these mutations have been demonstrated for the virulence of C. difficile strains (Kuehne et al., 2018), as well as the differences in the ability of E. coli (Conrad et al., 2010) and Helicobacter pylori (Zakharova et al., 1998) to colonize different niches. SNPs in both rpoB and cysS were suggested to contribute to the niche adaptation of the multi-host pathogen S. aureus (Bacigalupe et al., 2019). The interaction between the “mutation frequency decline” (mfd) gene and RNA polymerase, for example, rpoB, plays a role in the development of antimicrobial resistance in highly divergent bacterial species (Ragheb et al., 2019). Additionally, mfd is recognized as the “pro-evolutionary factor,” as studies suggested that mfd plays a significant role in prokaryotic virulence and survival (Lindsey-Boltz and Sancar, 2021; Strick and Portman, 2019). Mutations on the outer membrane proteins, including flgG (Palau et al., 2021) and genes of the hop family (Linz et al., 2013), facilitated the niche adaptations of different strains of Helicobacter pylori and allowed the colonization of the new host. Non-synonymous mutations in the mutS2, a gene coding for endonuclease responsible for suppressing homologous recombination, were linked to increased mutation rates during niche adaptation in Streptococcus pneumoniae (Green et al., 2021) and species-specific variation among the Aquilegia species (Wang et al., 2022).

Each of the seven peptidoglycan SNPs consistently divided the 58 C. fetus strains into two distinct groups, CFF and CFV/CFVi, suggesting the potential of developing a reliable assay for the subspecies differentiation. The CFF or CFV/CFVi identification in this study is consistent with the reported identity of the C. fetus strains, except for P4531 (GCF_016406645.1). P4531 was announced as a C. fetus subsp. venerealis but was typed as a C. fetus subsp. fetus using the seven peptidoglycan SNPs in this study. Nonetheless, P4531 was previously identified as a C. fetus subsp. venerealis using a microbial identification system and 16S rRNA sequence analysis (Kim et al., 2021), which are not sufficient to accurately differentiate between the subspecies (van der Graaf-van Bloois et al., 2016a). In some cases where there was inconsistency between the reported phenotypic and genomic identification of the C. fetus subspecies, including cfvi03/596, 01/165, 99541, 98/v445, and 08/421, the identification using the seven peptidoglycan SNPs in this study demonstrated consistent alignment with the reported phenotypic identification, which was typed with the biochemical tests, glycine tolerance and H2S production, recommended by OIE.

Moreover, the identification of subspecies reported in this study was consistent with biochemical and other molecular tests. For example, the C. fetus subsp. fetus reference strain NCTC10842 (GCF_900475935.1) was reported as a CFF/CFVi (Farace et al., 2019) by the L-Cys transporter PCR assay. However, several phenotypic and genomic tests have confirmed the identity of NCTC10842 as a C. fetus subsp. fetus. A similar observation was observed at multiple strains, including NWU_ED23, 06/341, ADRI513, zaf3, 82-40, 04/554, H1-UY, and so on. A reliable and accurate identification of C. fetus subsp. venerealis biovars, which are commonly identified in the bovine genital tract, has been an objective goal in BGC diagnostics research. Hence, we propose the seven peptidoglycan SNPs described in this study could be potential tools for BGC diagnostics and differentiation from C. fetus subsp. fetus.

One limitation of this study was the number of C. fetus strains (n = 25) recruited for SNP calling. However, we carefully conducted the whole-genome comparison with only the complete genomes to avoid the potential of false positive results arising from incomplete genomes. Additionally, the peptidoglycan SNPs were further verified using all the annotated and contamination-free C. fetus genomes (n = 58) available on the NCBI RefSeq database, which is a curated database with a non-redundant, high-quality set of sequences with detailed annotations. Ideally, more C. fetus strains from multiple geographical regions and sources should be included in the whole-genome comparison to provide a more comprehensive view of the evolutionary events of C. fetus subspecies as well as the branching of C. fetus subsp. venerealis bv. intermedius at different geographical regions. To obtain a detailed evolutionary history of the genus Campylobacter, future investigations should also include the complete genomes of the other subspecies, such as Campylobacter fetus subsp. testudinum, as well as other closely related Campylobacter species. Additionally, the impacts of amino acid change on SNP-coding CDSs should be further investigated and validated with phenotypic assays to examine the effect on glycine tolerance.



Conclusion

Our results have reinforced the high genetic stability of C. fetus subspecies, suggesting that they are at the early stage of their evolutionary history and their genomic diversity is at the nucleotide base level. Clonal evolution was found to have occurred separately within the non-Australian and Australian strains. Regardless of geographical regions, C. fetus subsp. venerealis and the biovar variants have potentially acquired common point mutations from the vertical transmission that have enabled their niche-specificity and pathogenicity that separates them from C. fetus subsp. fetus. The C. fetus subsp. venerealis and the biovar intermedius variant also acquired different SNPs. The peptidoglycan SNPs identified and verified in this study are key candidates for the development of more accurate multi-SNP genotyping assays because of their association with the differential glycine tolerance between C. fetus subsp. fetus and C. fetus subsp. venerealis.
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The pathogenic bacterium Campylobacter jejuni is a major food safety concern as it can form biofilms that increase its survival and infective potential. Biofilms consist of microbial cells and extracellular matrix (ECM), which is made of water and extracellular polymeric substances (EPS), which are critical for structural integrity and pathogenicity. The aim of this study was to optimize a protocol for the isolation of C. jejuni ECM. We employed eight physical and chemical isolation methods to extract and purify ECM, followed by different qualitative and quantitative analyses using gel electrophoresis and spectroscopy. This comprehensive approach enabled the evaluation of ECM composition in terms of polysaccharides, proteins, and extracellular DNA. The isolation methods resulted in different yields and purities of the extracted ECM components. Centrifugation in combination with chemical treatments proved to be most effective, isolating higher concentrations of polysaccharides and proteins. Additionally, extraction with ether solution facilitated the recovery of high-molecular-weight extracellular DNA. Overall, we provide a refined methodology for ECM extraction from C. jejuni. As polysaccharides and proteins participate in biofilm stability and microbial communication, and extracellular DNA participates in genetic exchange and virulence, our study contributes towards a better understanding of the persistence of this pathogen in the food industry.
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1 Introduction

The Gram-negative bacterium Campylobacter jejuni is found in the intestines of many wild and domestic animals, making them potential asymptomatic carriers or zoonotic transmission (Blaser, 1997; Snelling et al., 2005; Burnham and Hendrixson, 2018). It is one of the main causes of bacterial foodborne gastroenteritis worldwide and the most common cause of foodborne zoonotic infections (EFSA and ECDC, 2023). Infections in humans usually occur through the ingestion of contaminated food of animal origin or untreated water or direct contact with infected animals, particularly pets. However, most human cases are associated with the consumption of contaminated poultry (Blaser, 1997; Sheppard and Maiden, 2015). C. jejuni has an optimal growth temperature of around 42°C, which facilitates its colonization in chicken intestine and makes poultry an important vector for its transmission into the human food chain (Snelling et al., 2005; Levin, 2007; Sheppard and Maiden, 2015; Burnham and Hendrixson, 2018).

Contrary to previous assumptions that C. jejuni cannot survive outside hosts in aerobic natural environments or in the food chain (Solomon and Hoover, 1999; Klančnik et al., 2013, 2014; Giaouris et al., 2015), it now shows a wide distribution in the environment and has been detected in food, water, and microbial biofilms on microplastics from seawater (Good et al., 2019; Tram et al., 2020; Kolenc et al., 2024). Recent studies have further elucidated its pathogenesis, persistence, and resilience and have linked these properties to genomic polymorphism, limited catabolic capacity, abnormalities in gene regulation, and a protective biofilm matrix that shields it from environmental stressors (Klančnik et al., 2021; Sabotič et al., 2023).

The formation of biofilms is an important survival strategy for C. jejuni, providing protection against environmental stress and increasing its infectivity. These biofilms comprise dynamic microbial communities that form on both abiotic and biotic surfaces and are driven by multiple cellular interactions and complex adhesion mechanisms. Biofilms can rapidly (within 48 h) develop into dense structures with strong adhesion and structural complexity and are thus difficult to treat (Sabotič et al., 2023; Joshua et al., 2006; Teh et al., 2010; Reuter et al., 2010; Püning et al., 2021; Ramić et al., 2023; Ma et al., 2022; Carpentier and Cerf, 1993; Sulaeman et al., 2012; Kemper and Hensel, 2023).

Biofilms are complex assemblies of microorganisms embedded in an extracellular matrix (ECM) of water and extracellular polymeric substances (EPS; Aguilera et al., 2008). EPS are crucial for the formation, architecture, and functionality of biofilms and account for 50–90% of biofilm mass. They include polysaccharides, proteins, lipids, and extracellular DNA (eDNA) at different concentrations, depending on environmental conditions and nutrient availability (Donlan, 2002; Vu et al., 2009; Flemming et al., 2016; Karygianni et al., 2020; Flemming et al., 2023).

ECM plays a crucial role in improving the resistance of C. jejuni biofilms to environmental stress. It forms a protective barrier around cells that not only protects against physical disturbances, antimicrobial agents, bacteriophages, and biocides but also contributes to the mechanical strength and stability of the biofilm. This barrier increases the antimicrobial resistance of the biofilm by hindering the diffusion of antibiotics and complicating the treatment of associated infections by promoting the intercellular exchange of resistance genes (Donlan, 2002; Karygianni et al., 2020; Flemming et al., 2016). The bacterial ECM also significantly affects the heterogeneity of biofilms by influencing porosity, density, and water content, thereby improving the adaptability of biofilms to different environmental conditions. In addition, bacterial ECM promotes unique microenvironments by enriching biofilms with nutrients and supporting vital functions, such as resource acquisition, hydration, and external digestion, all of which are important for cell survival, metabolic activity, and intercellular interactions. The bacterial ECM contains environmental materials, such as dissolved nutrients, humic substances, and exopolymer particles, which are crucial for cellular metabolism and the structural integrity of the biofilm. Furthermore, most bacterial ECM consist of neutral or polyanionic polysaccharides, which are crucial for the attraction of divalent cations such as calcium and magnesium. These cations bind to bacterial ECM polymers and form hydrogen bonds that stabilize biofilm structure, provide structural cohesion, and protect the biofilm from desiccation (Donlan, 2002). Environmental factors, such as temperature, pH, nutrient availability, and stress, influence bacterial regulatory pathways and lead to increased bacterial ECM production and modifications (Moorhead and Griffiths, 2011; Lu et al., 2012; Feng et al., 2016). Components of ECM, such as eDNA, can be degraded by enzymes or external factors, leading to the dissolution of biofilms and potential bacterial proliferation (Brown et al., 2015; Flemming et al., 2016; Karygianni et al., 2020). This degradation underlines the dynamic nature of biofilms and their susceptibility to environmental influences.

ECM is also central to the formation and maintenance of C. jejuni biofilms, thereby increasing biofilm resistance and facilitating C. jejuni spread. In C. jejuni, ECM plays a complex role in biofilms and are thus important for microbial ecology, pathogenesis, and treatment resistance (Table 1). Different methods have been used to study ECM characteristics, composition and function (Table 2). Crystal violet staining was usually used to quantify biofilms, which is essential for the estimation of ECM content (Feng et al., 2016; Oh et al., 2018). Fluorescence microscopy was used for ECM visualization, with methods such as high-content screening with TAMRA and SytoX fluorescent markers providing quantitative insights into the integrity and composition of ECM (Oh et al., 2018; Whelan et al., 2021).



TABLE 1 The roles of extracellular polymeric substances (EPS) in Campylobacter jejuni biofilms. eDNA: extracellular DNA.
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TABLE 2 The methods used in studies of Campylobacter jejuni extracellular polymeric substances (EPS).
[image: A detailed table categorizes various methods for examining biofilms, focusing on techniques, purposes, common applications, and corresponding studies. Categories include extraction and purification, biofilm quantification, EPS analysis, component characterization, analysis of biofilm matrix composition, monosaccharide composition, molecular techniques, and genetic analysis. Each entry details specific methods and their intended outcomes, such as isolating EPS, quantifying biofilm biomass, characterizing chemical composition, or understanding genetic diversity. Studies are referenced, linking methods to research findings.]

The techniques used to characterize ECM components range from microscopic methods such as confocal microscopy and scanning electron microscopy to spectroscopic methods such as Raman spectroscopy and Fourier transform infrared spectroscopy, which help determine the biochemical composition of ECM in detail (Moorhead and Griffiths, 2011; Feng et al., 2016; Melo et al., 2017). In addition, high-performance anion exchange chromatography and nuclear magnetic resonance provide more precise details about the molecular structure of ECM components (Jowiya et al., 2015). Moreover, molecular techniques and genetic analyses link ECM components to their functional roles (Melo et al., 2017; Yu et al., 2020). Quantitative PCR with SYBR Green I and specific primers is used to investigate specific components (e.g., eDNA), also in combination with confocal microscopy (Feng et al., 2018). DNase-I is used to investigate the roles of flagella-mediated adhesion and eDNA in biofilm formation and maturation (Svensson et al., 2014; Feng et al., 2018; Brown et al., 2015). Fluorescence lectin binding analysis is used to characterize glycoconjugates in ECM, providing insights into the complex interactions within biofilms (Turonova et al., 2016).

The aim of this study was to optimize a protocol that isolates the ECM of C. jejuni and to evaluate its composition. We investigated different physical and chemical methods for isolating essential ECM components, such as polysaccharides, proteins, and eDNA, to determine the most effective techniques to extract these molecules at high concentrations.



2 Materials and methods


2.1 Growth conditions

Cultures of C. jejuni ATCC 11168 were stored at −80°Cin 20% glycerol (Kemika, Croatia) and 80% Mueller Hinton broth (MHB, Oxoid, UK). C. jejuni was incubated on Karmali agar (Oxoid, UK) supplemented with Campylobacter-selective Karmali supplement (Oxoid, UK) for 24 h under microaerobic conditions (5% O2, 10% CO2, and 85% N2; Thermo Scientific Oxoid CampyGen atmosphere, USA) in anaerobic jar (3.5 L, Oxoid, UK) in incubator (Kambič, Slovenia) at 42°C. The pure culture was transferred to Mueller Hinton agar (MHA, Oxoid, UK) and incubated under the same conditions overnight.



2.2 ECM isolation

Eight different methods were used to isolate the ECM, all of which were preceded by the same step. C. jejuni biomass was scraped off four plates using a sterile disposable cotton swab and added to 1.5 ml microcentrifuge tubes containing 1 ml of phosphate-buffered saline (PBS; 10 mM Na2HPO4, 1.8 mM KH2PO4, 137 mM NaCl, and 2.7 mM KCl, pH 7.4). Suspension was centrifuged at 12,000 × g for 3 min at 4°C. The supernatant with weakly bound ECM components (named as method SV) was then removed using an automated pipette, filtered through a 0.2 μm pore size membrane (Whatman, UK), and stored at −20°C until further use. The obtained biomass pellet was used for the eight isolation methods (named A–H) described below. The isolated ECM was stored at −20°C until further use.


2.2.1 Isolation with weakly bound ECM (named as method SV)

The supernatant containing weakly bound ECM components was obtained after centrifugation of the resuspended C. jeuni biomass at 12,000 × g for 3 min at 4°C. It was removed using an automated pipette, filtered through a 0.2 μm pore size membrane (Whatman, UK), and stored at −20°C until further use.



2.2.2 Isolation with NaCl (named as method A)

The pellet was resuspended in 1 ml of 1.5 M NaCl (KEFO 7647-14-5) solution by vortexing. This suspension was centrifuged at 5,000 × g for 10 min at 25°C, and the supernatant, containing the isolated ECM, was filtered through a 0.2 μm pore size membrane (Whatman, UK; Chiba et al., 2015).



2.2.3 Isolation by centrifugation (named as method B)

The pellet was resuspended in 1 ml of PBS (10 mM Na2HPO4, 1.8 mM KH2PO4, 137 mM NaCl, and 2.7 mM KCl, pH 7.4) by vortexing. This suspension was centrifuged at 20,000 × g for 20 min at 4°C, and the supernatant, containing the isolated ECM, was filtered through a 0.2 μm pore size membrane (Whatman, UK; Liu and Fang, 2002).



2.2.4 Isolation by heating in Na2CO3 (named as method C)

The pellet was resuspended in 1 ml of PBS by vortexing, and this suspension was transferred into a new 1.5 ml microcentrifuge tube with 5 mg of Na2CO3 (Honeywell Fluka 31432). The solution was then incubated for 35 min in a ThermoShaker thermoblock at 80°C with simultaneous stirring at 400 rpm and then cooled at room temperature and centrifuged at 12,000 × g for 20 min at 4°C (Felz et al., 2016). The supernatant, containing the isolated ECM, was filtered through a 0.2 μm pore size membrane (Whatman, UK).



2.2.5 Isolation with ethylenediaminetetraacetic acid (EDTA; named as method D)

The pellet was resuspended in 1 ml of PBS by vortexing, and the suspension was divided into two 2 ml microcentrifuge tubes for further steps, to each of which 500 μl of 2% EDTA (Serva 11280.02) was added to give a final EDTA concentration of 1%. This was followed by incubation with agitation on an orbital shaker for 3 h at 4°C and then centrifugation at 12,000 × g for 20 min at 4°C (Jachlewski et al., 2015). The supernatant, containing the isolated ECM, was filtered through a 0.2 μm pore size membrane (Whatman, UK).



2.2.6 Isolation with NaOH (named as method E)

The pellet was resuspended in 1 ml of PBS by vortexing, and 0.4 g of NaOH (Fisher 1310-73-2) was added. This was followed by incubation with agitation on an orbital shaker for 3 h at 4°C and centrifugation at 20,000 × g for 20 min at 4°C (Jachlewski et al., 2015). The supernatant, containing the isolated ECM, was filtered through a 0.2 μm pore size membrane (Whatman, UK).



2.2.7 Isolation with formaldehyde and NaOH (named as method F)

The pellet was resuspended in 1 ml of PBS by vortexing, and 6 μl of 37% formaldehyde (Sigma-Aldrich 1.04003.1000, Merck, Germany) was added. This was followed by incubation with agitation on an orbital shaker for 1 h at 4°C. Next, 0.4 ml of 1 M NaOH was added, followed by incubation with agitation on an orbital shaker for 3 h at 4°C and centrifugation at 20,000 × g for 20 min at 4°C (Liu and Fang, 2002). The supernatant, containing the isolated ECM, was filtered through a 0.2 μm pore size membrane (Whatman, UK).



2.2.8 Isolation with a Dowex cation exchange resin (named as method G)

First, the extraction buffer and Dowex cation exchange resin were prepared. The extraction buffer contained 17.8 mg of Na2HPO4 · 2H2O (Serva 30200.01), 27.5 mg of NaH2PO4 · H2O (Serva 30186), 26 mg of NaCl (KEFO 7647-14-5), 3.7 mg of KCl (Serva 26868.02), and 50 ml of distilled water. The Dowex cation exchanger was prepared by adding 1 g of Dowex cation exchange resin (Supelco 44514, Merck, Germany) to 10 ml of extraction buffer, mixing well with an automatic pipette, and incubating for 15 min. The extraction buffer was then removed using an automated pipette, and the washing procedure repeated. The extraction buffer was then removed again using an automated pipette, and 10 ml of extraction buffer was added. The prepared cation exchanger was stored at 4°C until use.

The pellet was resuspended in 1 ml of PBS by vortexing, and the suspension was divided into two 2 ml microcentrifuge tubes, to each of which 1 ml of Dowex cation exchanger was added. This was followed by incubation with agitation on an orbital shaker for 3 h at 4°C and centrifugation at 12,000 × g for 10 min at 4°C (Frølund et al., 1996). The supernatant, containing the isolated ECM, was filtered through a 0.2 μm pore size membrane (Whatman, UK).



2.2.9 Isolation with ether solution (named as method H)

First, 10 ml of 30 mM ether solution was prepared from 112 mg of dicyclohexano-18-crown-6 (Sigma-Aldrich 158402, Merck, Germany) and 50 mM Tris–HCl, pH 8 (Tris, Serva 37180.04; HCl, VWR Chemicals BDH 20252.290).

The pellet was resuspended in 1 ml of PBS by vortexing, and the suspension was divided into two 2 ml microcentrifuge tubes, to each of which 500 μl of 30 mM ether solution was added. This was followed by incubation with agitation on an orbital shaker for 3 h at 4°C and then centrifugation at 16,000 × g for 20 min at 4°C (Jachlewski et al., 2015). The supernatant, containing the isolated ECM, was filtered through a 0.2 μm pore size membrane.




2.3 Preparation of total cell lysate (named as method CL)

Before cell lysate preparation, empty 15 ml centrifuge tubes were weighed. Next, C. jejuni biomass was scraped off eight plates with a sterile disposable cotton swab and added to tubes containing 4 ml of cell lysate buffer (2 mM EDTA and 1% Triton X-100 (9036-19-5, Merck) in PBS). This was followed by centrifugation at 4,400 × g for 20 min at 4°C. The supernatant was then removed, and the remaining pellet was weighed to calculate the amount of biomass scraped from the plates. The pellet was then resuspended in 4 ml of cell lysate buffer. This was followed by sonication with the Hielscher UP200St (Ultrasound Technology, Germany) sonicator (cycle, 90%; amplitude, 90; power 200 W) for four rounds of 5 min each. This was followed by centrifugation at 18,000 × g for 5 min at 4°C. Cell lysates were filtered through a 0.2 μm pore size membrane and stored at −20°C until further use.



2.4 Analysis of isolated ECM

The isolated ECM samples were analyzed for polysaccharides, proteins and eDNA. The polysaccharides were analyzed using the phenol-sulfuric acid method. In addition, SDS-PAGE and periodic acid-Schiff staining were used to detect glycoproteins and polysaccharides and SDS-PAGE and Alcian blue staining were used to detect acidic polysaccharides and polysaccharides with sulfate groups. The total protein content of the samples was determined using the commercial colorimetric DC protein assay (Bio-Rad, USA). The proteins in the sample were also analyzed by SDS-PAGE and Coomassie staining. The eDNA content was determined by agarose gel electrophoresis.


2.4.1 Phenol-sulfuric acid method

The phenol-sulphuric acid method is a quantitative spectrophotometric method for determining the concentration of carbohydrates in a sample. A calibration curve was established with glucose standard solutions prepared from a stock concentration of 1 mg/ml. A glucose solution of the indicated concentration was prepared in sterile glass tubes to a final volume of 100 μl in two technical replicates of each concentration. Samples were prepared in two technical replicates by adding 50 μl of dH2O to 50 μl of the sample. 50 μl of 80% phenol (Sigma-Aldrich P9346) was then added to all tubes and the contents shaken. Then 2 ml of sulfuric acid (Carlo Erba Reagents 410301, Italy) was added to each tube and incubated for 10 min at room temperature. After 10 min, 1 ml of each solution was transferred to cuvettes and the absorbance was measured at 490 nm using a Lambda-25 spectrophotometer (PerkinElmer, USA). The concentrations of polysaccharides in each ECM sample were then determined using the calibration curve. For the statistical analysis of the results, an ordinary one-way ANOVA with Dunnett’s comparison tests was performed in GraphPad Prism (GraphPad Software, San Diego, United States).



2.4.2 DC protein assay kit analysis

The commercial DC Protein Assay Kit (Bio-Rad, USA) was used to determine the protein concentration in ECM samples. A calibration curve for bovine serum albumin was established to determine the protein concentration. The calibration curve for bovine serum albumin (Sigma-Aldrich 9048-46-8) was generated with a stock concentration of 10 mg/ml. 5 μl of the standard solution of bovine serum albumin or 5 μl of each ECM sample was applied to a microtiter plate. To ensure comparability with the calibration curve, 2- and 5-fold dilutions were also prepared for the samples. Subsequently, 25 μl of reagent A’ (Bio-Rad, USA) and 200 μl of reagent B (Bio-Rad, USA) were added to all wells of the microtiter plate and incubated on an orbital shaker for 5 s while shaking. This was followed by a 15-min incubation at room temperature. After 15 min, the absorbance was measured at 750 nm using a Tecan Infinite M1000 spectrophotometer (Tecan, Switzerland). The protein concentration of each sample was determined using the calibration curve. For the statistical analysis of the results, an ordinary one-way ANOVA with Dunnett’s comparison tests was performed in GraphPad Prism (GraphPad Software, San Diego, United States).



2.4.3 SDS-PAGE and different staining methods

The protein content of the ECM samples was analyzed by SDS-PAGE. 30 μl of ECM was mixed with 5 μl of 6× loading buffer and loaded onto a 1.5 mm 10% polyacrylamide geL. The Amersham Low Molecular Weight Calibration Kit for SDS electrophoresis (Cytiva 17-0446-01, GE HealthCare, USA) was used as a size marker. Electrophoresis was performed in 1X SDS buffer in a SDS-PAGE device (Mini Protean II, Bio-Rad, USA). A constant current of 35 mA/gel was used for protein separation.


2.4.3.1 Glycoprotein and polysaccharide detection

Periodic acid staining and Schiff’s reagent (Sigma-Aldrich, USA) were used to detect glycoproteins and polysaccharides following manufacturer’s instructions. The SDS-PAGE gel was first fixed in 50% methanol (Carlo Erba Reagents 412721) for 30 min. The gel was then washed twice with 3% glacial acetic acid (J.T.Baker 64–19-7) solution, each wash lasting 20 min. This was followed by incubation with oxidation reagent (to prepare 100 ml of oxidation reagent, 1 g of periodic acid (Sigma-Aldrich P7875) was weighed, 3 ml of 100% glacial acetic acid and up to 100 ml of dH2O were added) for 15 min with constant stirring. The gel was then washed three times with 3% glacial acetic acid solution, each wash lasting 15 min. The gel was then incubated with Schiff’s reagent (Sigma-Aldrich S5133) for 35 min and then with reducing reagent (0.5 g Na₂S₂O₅ (Sigma-Aldrich 71932, Merck) was used to prepare 100 ml reducing reagent and added up to 100 ml dH2O) for 5 min. It was washed with 3% glacial acetic acid solution for 5 min and finally with ultrapure water for 5 min. The gel was photographed with the camera of a cell phone.



2.4.3.2 Polysaccharide detection

To detect acidic polysaccharides and polysaccharides with sulphate groups, staining with the dye Alcian blue was performed. The SDS-PAGE gel was first fixed in EAW (Ethanol, Acetic acid and distilled Water) solution for 4 h (to prepare 100 ml of EAW, 40 ml of absolute ethanol, 5 ml of 100% glacial acetic acid and up to 100 ml of dH2O were added). The gel was then incubated in Alcian blue solution for 30 min (to prepare 100 ml of Alcian blue solution, 0.5 g of Alcian blue dye (Merck 1.05234.0010) was weighed out, 2 ml of 100% glacial acetic acid and up to 100 ml of dH2O were added). After incubation, the gel was washed twice with 2% glacial acetic acid solution, each wash lasting 15 min, and then incubated overnight. The gel was photographed the next day using a ChemiDoc gel documenter (Bio-Rad, USA) and a cell phone camera.



2.4.3.3 Protein detection

The proteins on the SDS-PAGE gels were detected using Coomassie Brilliant Blue staining. After electrophoresis, the gel was transferred to a Petri dish containing Coomassie dye (ThermoScientific, USA). The gel was incubated in the solution for 1 h on an orbital shaker at room temperature. After 1 h of incubation, destaining was performed with 30% destaining solution (300 ml ethanol (Carlo Erba Reagents 4146072), 100 ml glacial acetic acid, and 600 ml dH2O were used to prepare 1 L solution), which was changed three times every 15 min. A 10% destaining solution (140 ml ethanol, 50 ml glacial acetic acid and 810 ml dH2O) was then added and the gel was incubated overnight. The gel was photographed the next day using a ChemiDoc gel documentation device (Bio-Rad, USA).




2.4.4 Agarose gel electrophoresis

Agarose gel electrophoresis was used to analyze the DNA content of the ECM. A 1% agarose gel was prepared. The gel was prepared by weighing 0.5 g of agarose (Sigma-Aldrich A9539) into a flask and dissolving it in 50 ml of TAE (40 mM Tris-acetate, pH 8, 1 mM EDTA) electrophoresis buffer. The melted agarose was cooled to 60°C and 5 μl of the intercalating dye SYBR Safe (Invitrogen S33102) was added. The solution was poured into an electrophoresis beaker (Bio-Rad, USA). After the gel had set, 1X TAE buffer was added and 20 μl of the sample was applied to the pockets to which 4 μl of 6-fold loading buffer had already been added. The DNA size marker 1 kb GeneRuler (Thermo Scientific, USA) for the determination of fragment size above 1 kbp (6 μl) was also applied to the gel to which 1 μl of 6-fold loading buffer had been added. Agarose gel electrophoresis was performed at a constant voltage of 80 V for approximately 40 min. After completion of electrophoresis, the gel was transferred from the beaker to a UV beam gel imager (UVItec, UK) or an Image Lab Touch gel imager (Bio-Rad, USA).





3 Results and discussion

After extraction, we determined the eDNA content in each sample, the protein content and the polysaccharide content to evaluate the yield of these macromolecules for each protocol. We used eight different protocols that utilized NaCl, centrifugation, heating in Na2CO3, EDTA, NaOH, formaldehyde and NaOH, the cation exchanger Dowex, and an ether solution. Different protocols for isolating the ECM of C. jejuni yielded variable amounts of polysaccharides, proteins, and eDNA. Interestingly, Flemming and Wingender (2010) and Aguilera et al. (2008) came to similar conclusions for ECM of other types of microbial biofilms. Numerous studies have endeavoured to develop a protocol for the optimal isolation of ECM components (Liang et al., 1992; Tabouret et al., 1992; Tapia et al., 2009; Wu and Xi, 2009), however, a universal method for ECM isolation remains elusive and challenging in terms of cost-effectiveness, simplicity, and applicability to different types of components and bacteria (Aguilera et al., 2008; Chiba et al., 2015).

To evaluate the isolated ECM samples, we assessed which isolation methods are most suitable for (1) isolating the ECM of C. jejuni, (2) isolating individual major components of the ECM, and (3) yielding the highest concentrations of individual ECM components. Table 3 summarizes the main components of the ECM in samples prepared by different isolation methods in our study.



TABLE 3 Analysis results for determining the presence of major extracellular matrix components in samples prepared using different methods for isolating the extracellular matrix of C. jejuni, including the estimation of total isolation time and assessment of isolation performance.
[image: Table comparing various isolation methods. Columns include agarose gel electrophoresis, protein and polysaccharide concentration, Coomassie, PAS, and Alcian blue staining, isolation time, and performance. Methods A through CL show varying results, with ratings from very low to very high. Times range from 18 to 285 minutes, and performance is noted as moderately difficult or easy.]


3.1 Polysaccharides

The polysaccharide content in samples obtained according to different extraction protocols was analyzed using the phenol-sulfuric acid method and SDS-PAGE followed by periodic acid-Schiff or Alcian blue staining. First, polysaccharide concentrations were determined using the phenol-sulfuric acid method (Figure 1A). The highest polysaccharide concentrations were found in isolates obtained with both centrifugation methods (B and SV) and with NaOH (E). In other ECM isolates and in the cell lysate (CL), lower but comparable polysaccharide concentrations were found. The lowest polysaccharide concentrations were found in isolates obtained with NaCl (A), EDTA (D), and by heating in Na2CO3 (C). Despite these differences, all the methods yielded polysaccharide concentrations of less than 0.5 mg/ml. Our results indicate that the methods that most effectively isolate high polysaccharide concentrations from the ECM of C. jejuni employ either NaOH (E) or centrifugation only (B and SV).

[image: Bar chart and two gel electrophoresis images comparing methods A, B, SV, C, D, E, F, G, H, and CL. (a) Bar chart showing polysaccharide concentration in mg/mL for each method, with statistical significance indicated. (b) Pink-stained SDS-PAGE gel with molecular weight markers from 14.4 kDa to 97.0 kDa. (c) Coomassie-stained gel showing protein bands with markers ranging from 14.4 kDa to 66.0 kDa.]

FIGURE 1
 Polysaccharides in the ECM isolates of Campylobacter jejuni. (A) Polysaccharide content as revealed by the phenol-sulphuric acid method. The mean values and standard deviations of two measurements are shown. Dunnett’s multiple comparisons with the control cell lysate tested at significance levels of * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001. The ANOVA results were significant [F (9, 3) = 60.98, p < 0.0001]. (B) SDS-PAGE analysis with periodic acid-Schiff staining. (C) SDS-PAGE analysis with Alcian blue staining. Samples were obtained by sodium chloride isolation (A), centrifugation (B), a procedure that yielded a supernatant of weakly bound extracellular matrix components (SV), heating in sodium carbonate (C), EDTA (D), sodium hydroxide (E), formaldehyde and sodium hydroxide (F), Dowex cation exchanger (G) and ether solution (H). Total cell lysate (CL) was also tested.


SDS-PAGE and periodic acid-Schiff staining (Figure 1B) showed that many individual bands were present in the isolates obtained by centrifugation (B and SV), heating in Na2CO3 (C), and the cation exchanger Dowex (G), and in the cell lysate. The patterns of these bands resemble those of SDS-PAGE and Coomassie blue staining (Figure 2B), suggestive of glycoproteins. In other isolates, no glycoproteins or polysaccharides were isolated, or the stains were less distinct.

[image: Two-panel image: Panel a shows a bar graph comparing protein concentrations (mg/mL) across methods labeled A, B, SV, C, D, E, F, G, H, and CL. Method E has the highest concentration above 25 mg/mL. Panel b presents a gel electrophoresis result with protein bands for the same methods, with molecular weights indicated on the left ranging from 14.4 to 66 kDa.]

FIGURE 2
 Proteins in the ECM isolates of Campylobacter jejuni. (A) Protein content as revealed by the DC Protein Assay. The mean values and standard deviations of three measurements are shown. Dunnett’s multiple comparisons with the control cell lysate tested at significance levels of p** < 0.01 and ****p < 0.0001. The ANOVA results were significant [F (7, 16) = 286.1, p < 0.0001]. (B) SDS-PAGE analysis with Coomassie Brilliant Blue staining. Samples were obtained by sodium chloride isolation (A), centrifugation (B), a procedure that yielded a supernatant of weakly bound extracellular matrix components (SV), heating in sodium carbonate (C), EDTA (D), sodium hydroxide (E), formaldehyde and sodium hydroxide (F), Dowex cation exchanger (G) and ether solution (H). Total cell lysate (CL) was also tested.


SDS-PAGE and Alcian blue staining (Figure 1C) revealed similar patterns of acidic polysaccharides or polysaccharides with sulfate groups as SDS-PAGE and Coomassie blue staining (Figure 2B), indicating the presence of glycoproteins. No or very few glycoproteins were isolated with NaCl (A), EDTA (D), and ether solution (H). The presence of high-molecular-weight acidic polysaccharides or polysaccharides with sulfate groups was also detected by the methods using centrifugation (B and SV), heating in Na2CO3 (C), formaldehyde and NaOH (F), and the cation exchanger (G).



3.2 Proteins

The protein concentration was measured with the DC Protein Assay kit (Figure 2A). No protein was found in the isolates obtained with NaCl (A) and EDTA (D). The highest protein concentration was detected in the isolate obtained with NaOH (E), which is probably due to protein precipitation by denaturation with NaOH. Lower and comparable protein concentrations were detected in all other isolates and the cell lysate (CL). Protein concentrations were below 10 mg/ml in all samples except the sample obtained with NaOH, in which the protein concentration was 19 mg/ml ± 1.5 mg/ml. As such, this method is the most effective for isolating the highest protein concentrations from the ECM of C. jejuni, however, these proteins are most likely denatured and have lost their functionality.

SDS-PAGE and Coomassie staining (Figure 2B) detected proteins in all the isolates. Based on the intensity of the stains, a significant amount of proteins was detected in the cell lysates and all isolates, except isolates obtained with NaCl (A) and ether solution (H), in which fewer proteins were present. The same protein patterns were determined in isolates obtained with both centrifugation methods (B and SV), the cation exchanger Dowex (G), NaCl (A), and ether solution (H). The protein patterns of these samples differed from those of the cell lysate (CL). The protein pattern of the isolate obtained by heating in Na2CO3 (C) was similar to the protein pattern of the cell lysate. In other isolates (D, E, and F), predominantly low-molecular-weight, possibly denatured proteins (< 30 kDa) were detected (Figure 2B).



3.3 eDNA

Agarose gel analysis (Figure 3) revealed the presence of high-molecular-weight eDNA in isolates obtained with NaCl (A), both centrifugation methods (B and SV), EDTA (D), and ether solution (H), the latter showing the strongest signal. The isolate obtained by heating in Na2CO3 (C) contained fragments of >10 kbp and < 2 kbp. The isolate obtained with NaOH (E) contained fragments of 1–10 kbp. The isolate obtained with formaldehyde and NaOH (F) contained fragments of 0.5–2 kbp. The isolate obtained with the cation exchanger Dowex (G) contained a weak band of a fragment of >6 kbp. Cell lysates contained fragments of <1 kbp.

[image: Gel electrophoresis image showing a DNA ladder on the left, with bands labeled 250, 1000, 3000, and 6000 base pairs. Lanes labeled S, A, B, SVC, C, D, E, F, G, H, and CL display various DNA band patterns of differing intensities and positions.]

FIGURE 3
 Extracellular DNA in the ECM isolates of Campylobacter jejuni. A representative example of agarose gel electrophoresis. Samples were obtained by sodium chloride isolation (A), centrifugation (B), a procedure that yielded a supernatant of weakly bound extracellular matrix components (SV), heating in sodium carbonate (C), EDTA (D), sodium hydroxide (E), formaldehyde and sodium hydroxide (F), Dowex cation exchanger (G) and ether solution (H). Total cell lysate (CL) was also tested.


Mostly high-molecular-weight eDNA was present in the ECM of C. jejuni, and only cell lysates contained low-molecular-weight eDNA. This is expected because the cell lysates were sonicated during preparation, which fragmented the DNA. Our findings indicate that the most suitable method for isolating high concentrations of high-molecular-weight DNA is extraction with ether solution (H; Figure 3).



3.4 ECM

An overview of the methods previously used for investigating ECM, divided into extraction and purification techniques, biofilm quantification and ECM analysis (Table 2) shows the variety of methods used for ECM studies. For accurate analysis of the ECM in C. jejuni biofilms, the ECM must first be extracted and purified, which was usually achieved by ethanol or acetone precipitation in combination with centrifugation (Jowiya et al., 2015; Yu et al., 2020), which favours the isolation of polysaccharides and proteins. Each method can illuminate a part of the ECM mosaic from a different angle, so that one can only interpret the results correctly if one knows the method well. In ex situ research, sample isolation and extraction is the first step, and it is extremely important to know and understand which part of the mosaic we can investigate with it. Here we have provided an overview of how the different isolation or extraction protocols can lead to different ratios and qualities of ECM components. The selection of the extraction method is an important step that can influence the outcome of the study. However, when selecting the method, not only the quantity of isolated macromolecules should be considered, but also their quality, as some extraction methods that yield the largest quantity are also destructive (e.g., NaOH for proteins). Therefore, when selecting the method for ECM extraction, the intended downstream analysis should be considered, e.g., preference of proteins for proteomics and polysaccharides for glycomics, but also the impact of the chemicals used in the purification as they may affect the quality of samples. Finally, it is recommended to use more than one method for ECM isolation in a study to compensate for any bias in ECM composition due to the isolation method.




4 Conclusion

Different isolation and extraction protocols for the extracellular matrix enriched different molecular components, resulting in very different ECM samples. For the isolation of C. jejuni ECM and its major components, the centrifugation method, the method in which the supernatant is obtained from weakly bound components, and heating in Na2CO3 were found to be the most suitable methods. These methods isolated all biopolymers and are simple, reliable and fast. The isolation methods using NaCl and EDTA were less suitable because they isolated lower amounts of eDNA and polysaccharides and failed to isolate proteins. All other isolation methods were considered suitable. The isolation method using NaOH isolated proteins and polysaccharides at the highest concentrations most effectively, but they were degraded. The ether dissolution method was best suited for the isolation of eDNA because it isolates high-molecular-weight DNA. Depending on the intended subsequent use or analytical method for the ECM sample, the isolation protocol should be carefully selected, ideally using more than one protocol to obtain more meaningful conclusions, as different protocols result in different compositions of the main ECM components.
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Antibiotic tolerance enables antibiotic-susceptible bacteria to withstand prolonged exposure to high concentrations of antibiotics. Although antibiotic tolerance presents a major challenge for public health, its underlying molecular mechanisms remain unclear. Previously, we have demonstrated that Campylobacter jejuni develops tolerance to clinically important antibiotics, including ciprofloxacin and tetracycline. To identify cellular responses associated with antibiotic tolerance, RNA-sequencing was conducted on C. jejuni after inducing antibiotic tolerance through exposure to ciprofloxacin or tetracycline. Additionally, knockout mutants were constructed for genes exhibiting significant changes in expression levels during antibiotic tolerance. The genes involved in protein chaperones, bacterial motility, DNA repair system, drug efflux pump, and iron homeostasis were significantly upregulated during antibiotic tolerance. These mutants displayed markedly reduced viability compared to the wild-type strain, indicating the critical role of these cellular responses in sustaining antibiotic tolerance. Notably, the protein chaperone mutants exhibited increased protein aggregation under antibiotic treatment, suggesting that protein chaperones play a critical role in managing protein disaggregation and facilitating survival during antibiotic tolerance. Our findings demonstrate that various cellular defense mechanisms collectively contribute to sustaining antibiotic tolerance in C. jejuni, providing novel insights into the molecular mechanisms underlying antibiotic tolerance.
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1 Introduction

Antibiotic tolerance enables antibiotic-susceptible bacteria to survive antibiotic treatments without acquiring resistance, significantly compromising the effectiveness of antibiotic treatment (Levin-Reisman et al., 2017; Liu et al., 2020). Unlike antibiotic resistance, antibiotic tolerance is a transient state in which bacteria can survive antibiotic exposure without undergoing genetic alterations or acquiring resistance genes (Brauner et al., 2016; Levin-Reisman et al., 2019). Both antibiotic tolerance and persistence are common bacterial strategies to survive under antibiotic treatment, and they are often referred to interchangeably (Brauner et al., 2016; Balaban et al., 2019). However, it is important to note that they represent distinct characteristics (Balaban et al., 2019; Ronneau et al., 2021). Antibiotic persistence occurs in a small subpopulation of persister cells that are transiently tolerant to antibiotics and can resume growth upon removal of antibiotic treatment (Balaban et al., 2019; Ronneau et al., 2021). In contrast, antibiotic tolerance refers to a population-wide temporary state where bacteria can withstand and survive the toxic effects of antibiotics (Brauner et al., 2016; Balaban et al., 2019; Westblade et al., 2020). Additionally, persistence is characterized by physiological dormancy as the lethal effects of antibiotics can be evaded in dormant bacteria with extremely slow metabolic and proliferation rates in response to antibiotics, whereas tolerance does not necessarily involve physiological dormancy (Brauner et al., 2016; Balaban et al., 2019). The distinction between antibiotic persistence and tolerance results in distinct time-kill curve patterns. Antibiotic persistence leads to a unique biphasic pattern, characterized by the survival of a tolerant subpopulation followed by the killing of the majority of non-tolerant bacterial populations. In contrast, tolerance produces a monophasic pattern, demonstrating low levels of bacterial killing over time (Brauner et al., 2016; Balaban et al., 2019). Upon the removal of antibiotic stress, bacteria can be resuscitated to their normal physiological state. Recovery from antibiotic persistence from dormancy requires a relatively long time compared to that from tolerance (Meredith et al., 2015; Levin-Reisman et al., 2019).

To investigate tolerance mechanisms using persister cells, specific procedures are required to selectively isolate and enrich a tolerant subpopulation (Balaban et al., 2004; Gefen and Balaban, 2009; Cañas-Duarte et al., 2014; Sulaiman and Lam, 2020). However, the transient nature and scarcity of persister cells present considerable challenges in researching antibiotic tolerance (Huemer et al., 2020). Furthermore, most studies on tolerance have been constrained to a few hours of antibiotic treatment due to the rapid onset of bacterial death (Santi et al., 2021; Shin et al., 2021), which may not accurately reflect clinical scenarios where pathogens are typically exposed to antibiotics over extended periods, ranging from days to weeks (Aliberti et al., 2010; Wilson et al., 2019). It is also critical to note that tolerance and persistence likely involve different cellular pathways, as they are distinct phenomena (Brauner et al., 2016; Westblade et al., 2020). Persister cells survive antibiotics by entering a physiological state of dormancy and slowing metabolic processes, which may enable them to evade the lethal effects of antibiotics (Bollen et al., 2021).

Furthermore, antibiotic tolerance can facilitate the development of antibiotic resistance as extended survival through tolerance can provide antibiotic-susceptible bacteria with the opportunity to acquire antibiotic resistance under antibiotic treatment (Levin-Reisman et al., 2017; Windels et al., 2019; Liu et al., 2020). In a previous study, we discovered that Campylobacter jejuni (C. jejuni) develops tolerance when exposed to high concentrations of clinically important antibiotics, including ciprofloxacin (CIP) and tetracycline (TET) (Park et al., 2022). C. jejuni is a leading bacterial cause of gastroenteritis, causing 92 million to 300 million infection cases worldwide per year (Kirk et al., 2015). Campylobacter infections are generally self-limiting; however, antimicrobial therapies are required for severe infection cases, especially for the elderly and individuals with compromised immune systems (Balaban et al., 2004; Cañas-Duarte et al., 2014; Sulaiman and Lam, 2020). However, C. jejuni is increasingly resistant to clinically important antibiotics, particularly fluoroquinolones (FQs), the most commonly prescribed class of antibiotics for oral treatment of various bacterial infections, including gastroenteritis (Andersson and MacGowan, 2003; Schierenberg et al., 2019).

In our previous study, we demonstrated that high antibiotic concentrations promote the generation of reactive oxygen species (ROS) in C. jejuni during antibiotic tolerance, leading to DNA mutations resulting in antibiotic resistance, particularly FQ resistance (Park et al., 2022). Moreover, we have found that antioxidation processes play a critical role in maintaining antibiotic tolerance in C. jejuni. Our current understanding of the molecular mechanisms of antibiotic tolerance is highly limited (Meredith et al., 2015). Especially, there is a lack of information on how bacteria can address cellular damage resulting from antibiotic treatment. C. jejuni offers a unique and feasible model for studying antibiotic tolerance due to its relatively faster growth compared to other tolerance-developing bacteria, such as Mycobacterium tuberculosis (Goossens et al., 2020). Utilizing C. jejuni, in this study, we reveal the complex interplay of molecular processes that enable bacterial survival under high antibiotic concentrations through tolerance.



2 Materials and methods


2.1 Bacterial strains and growth conditions

C. jejuni NCTC 11168 was used as wild type (WT) in this study. C. jejuni strains were grown microaerobically (5% O2, 10% CO2, and 85% N2) at 42°C on Mueller-Hinton (MH) media (Oxoid, Hampshire, UK). Escherichia coli MG1655 (ATCC 700926) was grown at 37°C on Luria-Bertani (LB) media (Difco, MI, United States). For the growth of mutants harboring an antibiotic resistance cassette, the culture media were supplemented with antibiotics, including carbenicillin (100 μg/mL), kanamycin (50 μg/mL), or chloramphenicol (12.5 μg/mL).



2.2 Time-kill assay

Overnight cultures of C. jejuni grown on MH agar were resuspended in 5 mL of MH broth in a 14-mL round-bottom tube (BD Falcon, MA, United States) to an optical density at 600 nm (OD600) of 0.08. The bacterial suspension was then incubated with shaking under microaerobic conditions. After 7 h incubation, antibiotic exposure was initiated by adding 100× minimum inhibitory concentrations (MICs) of CIP (6.3 μg/mL) or TET (3.1 μg/mL) (Supplementary Table S1). TET and CIP were used for testing because they are clinically important antibiotics that C. jejuni is known to develop tolerance (Luangtongkum et al., 2009; Schierenberg et al., 2019). Moreover, these antibiotics are commonly used in both human and veterinary medicine, making them relevant choices for studying antibiotic tolerance in this pathogen (European Medicines Agency, 2022; US Food and Drug Administration, 2023). Our previous studies show that C. jejuni develops antibiotic tolerance when exposed to concentrations greater than 10× MICs, including 100× MICs (Park et al., 2022). To more effectively differentiate non-tolerant populations in our experiment, we opted to use 100× MICs. Moreover, employing high antibiotic concentrations is a commonly accepted experimental method for inducing antibiotic tolerance (Fridman et al., 2014; Mechler et al., 2015). The concentrations were determined based on the MICs of WT. After 24, 48, and 72 h incubation, 100 μL of C. jejuni cultures were harvested and washed with ice-cold phosphate-buffered saline (PBS) three times. After washing, bacterial cells were resuspended in 1 mL of PBS and diluted with MH broth. Five microliters of bacterial cells were spotted onto MH agar and incubated for 2 days to assess viability. To examine the effect of an efflux pump inhibitor on antibiotic tolerance, C. jejuni was incubated with phenylalanine-arginine β-naphthylamide (PAβN) (10 or 20 μg/mL) for 7 h in the presence of antibiotics as described above. The assay was also conducted with E. coli. E. coli MG1655 was incubated in LB broth with shaking under aerobic conditions. At the exponential growth phase, the bacterial population was adjusted to a concentration of 108 CFU/mL. Subsequently, the cultures were treated with 100× MICs of CIP (1.6 μg/mL) or TET (50 μg/mL). The samples were harvested after incubation for 2, 4, 8, 12, 24, and 48 h. After washing with ice-cold PBS three times, the bacterial cells were resuspended in PBS, diluted, and spotted onto the LB agar plates. After 12 h of incubation, bacterial viability was assessed.



2.3 Total RNA extraction, RNA-Seq, and analysis

Overnight cultures of C. jejuni NCTC 11168 grown on MH agar were harvested and suspended in MH broth to an OD600 of 0.08. A 3 mL bacterial suspension in a 19 mL glass culture tube was incubated for 7 h with shaking under microaerobic conditions. After 7 h, cultures were treated with 100× MICs of either CIP (6.3 μg/mL) or TET (3.1 μg/mL) for 24 h. Bacterial cultures (2.5 mL) were treated with 5% ice-cold phenol-ethanol solution, and total bacterial RNAs were isolated using the RNeasy Minikit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. The quantity and quality of total RNA samples were assessed using a NanoPhotometer N60 (Implen, Munich, Germany), and three biological replicate RNA samples were sent to Macrogen (Seoul, Republic of Korea) for RNA sequencing.

The quality and quantity of total RNA were further evaluated using an Agilent Technologies 2100 Bioanalyzer, ensuring an RNA integrity number (RIN) value greater than 7. A library was prepared independently with 1 μg of total RNA for each sample by Illumina TruSeq Stranded mRNA Sample Prep Kit (Illumina, Inc., CA, United States). Initially, bacterial rRNA-depleted samples were prepared by using the NEBNext rRNA Depletion kit (NEB, NA, United States). After rRNA depletion, the remaining RNA was fragmented into small pieces using divalent cations under elevated temperature. The RNA fragments were converted into first-strand cDNA using SuperScript II reverse transcriptase (Invitrogen, MA, United States) and random primers. This is followed by second-strand cDNA synthesis using DNA Polymerase I, RNase H, and dUTP. These cDNA fragments underwent an end repair process, the addition of a single ‘A’ base, and ligation of the adapters. The products were then purified, enriched with PCR, and processed to create the final cDNA library. Library quantification was carried out using KAPA Library Quantification kits for Illumina Sequencing platforms, and qualification was performed using the TapeStation D1000 ScreenTape (Agilent, CA, United States). Indexed libraries were then submitted to an Illumina NovaSeq 6000 (Illumina, Inc., CA, United States), employing paired-end (2 × 100 bp) sequencing by Macrogen (Seoul, Republic of Korea).

The expression level of each gene was normalized by calculating reads per kilobase per million mapped reads (RPKM) using CLC Workbench. Fold change was determined in comparison to the untreated control (No antibiotics). Differentially expressed genes (DEGs; fold change ≥ 2 or ≤ −2; p < 0.05) were filtered and visualized using the Gitools.



2.4 Quantitative real-time PCR

Total RNA was extracted as described above, and cDNA was synthesized using cDNA EcoDry premix (Takara Bio Inc., Kusatsu, Japan). qRT-PCR was performed in a 20 μL reaction volume containing cDNA, iQ SYBR Green supermix (Bio-Rad, CA, United States), and each primer, using the CFX Connect real-time PCR detection system (Bio-Rad, CA, United States). The primer sets used in qRT-PCR are described in Supplementary Table S2. The cycling conditions were as follows: 95°C for 5 min; 40 cycles at 95°C for 15 s, 55°C for 15 s, and 72°C for 30 s; followed by 72°C for 7 min. The transcriptional levels of each gene were normalized to the 16S rRNA gene.



2.5 Construction of Campylobacter jejuni mutants and complemented strains

The dnaK, clpB, groESL, cheY, ruvC, cmeC, and cmeF knockout mutants were constructed as described previously (Kim et al., 2023). The aphA3 (kanamycin resistance) cassette and cat (chloramphenicol resistance) cassette were amplified with PCR from pMW10 and pRY112 plasmids, respectively, using primers described in Supplementary Table S2. Flanking regions of the target genes were also amplified by PCR (Supplementary Table S2). Subsequently, the PCR products and pUC19 were digested using BamHI and SalI enzymes, followed by ligation. The resulting plasmids were amplified by inverse PCR and ligated with aphA3 for constructing dnaK, clpB, groESL, cheY, ruvC, and cmeC mutants or cat for the cmeF mutant (Supplementary Table S2). The constructed suicide plasmid was electroporated into C. jejuni, and the mutations were confirmed with PCR and sequencing. For the construction of flaA and flaB mutants, natural transformation was performed as previously described (Wang and Taylor, 1990). Briefly, the genomic DNAs were extracted from C. jejuni 81-176 ΔflaA::cat (Hwang et al., 2011) and C. jejuni 81-176 ΔflaB::cat mutants in the laboratory collection, digested by SphI and NdeI for ΔflaA, and SphI and SalI for ΔflaB, respectively. The DNA was spotted directly on the C. jejuni cultures grown overnight on MH agar plates and further incubated for 5 h under microaerobic conditions. The bacterial culture was collected and spread on the MH agar plate containing chloramphenicol (12.5 μg/mL). After incubation for 48 h, the chloramphenicol-resistant colonies were selected, and the mutations were confirmed by PCR and sequencing using specific primer sets (Supplementary Table S2). In addition, complemented strains were constructed using the chromosomal integration method (Kim et al., 2023). The genes (dnaK, clpB, groESL, ruvC, flaA, cmeC, and cmeF) were amplified with PCR using primers listed in Supplementary Table S2, and digested by XbaI or NotI and ligated with the pFMBcomCM plasmid (Hwang et al., 2012) (for dnaK, clpB, groESL, ruvC, and cmeC), or pFMBcomC (Hwang et al., 2011) (for flaA, cmeF, and fur). The complementation plasmids were introduced to the corresponding mutant strains by electroporation. The complementation into the bacterial chromosome was confirmed with PCR and sequencing. The Δfur mutant strain was previously constructed (Kim et al., 2011).



2.6 Cross-section transmission electron microscopy

C. jejuni cells were treated with antibiotics for 24 h, as described above. After harvest, C. jejuni cells were washed with ice-cold PBS three times and fixed with Karnovsky’s fixative solution overnight at 4°C. The pellets were washed with 0.05 M sodium cacodylate buffer three times, following post-fixation with 1% osmium tetroxide in the same buffer at room temperature for 1 h. After washing with distilled water three times, en bloc staining was performed with 0.5% uranyl acetate overnight at 4°C. The next day, the samples were washed with distilled water three times, and dehydrated in a series of ethanol gradients (30, 50, 70, 80, 90, and 100%) for 20 min in each step while slowly rotating. The final 100% ethanol step was repeated three times. Finally, cells were incubated in a 1:1 mixture of Spurr’s resin (Wallis and Griffin, 1973) and ethanol for 90 min at room temperature while slowly rotating and subsequently left in a mixture of 2:1 Spurr’s resin and ethanol at room temperature for 90 min while slowly rotating. The cells were placed in 100% Spurr’s resin and incubated overnight while slowly rotating. The next day, samples were embedded in fresh 100% epoxy resin for 3 h and replaced with fresh 100% epoxy resin. The resin was polymerized for 2 days in an oven at 70°C. The samples cut with an ultramicrotome UC7 (Leica, Wetzlar, Germany) were placed on copper grids and double-stained with 2% uranyl acetate and 3% lead citrate. The sections were observed on a JEM-1010 TEM (JEOL, Tokyo, Japan) operated at 80 kV.



2.7 Confocal fluorescence microscopy

C. jejuni cells were treated with antibiotics for 24 h, as described above. C. jejuni cells were then washed with ice-cold PBS three times. The pellets were resuspended in 1:500 diluted Proteostat dye (Enzo Life Sciences, NY, United States) and incubated for 20 min in the dark at RT. The cells were simultaneously incubated with SYTO9 (Invitrogen, MA, United States) for 15 min. Then, the sample was washed with PBS. The cells were fixed with 4% paraformaldehyde for 30 min at RT. After washing with PBS, the pellets were resuspended with PBS. 5 μL of each sample was placed on the slides. Confocal images of C. jejuni cells were captured using a laser scanning confocal microscope SP8X (Leica, Wetzlar, Germany) using a 488 nm argon laser and a 580 nm emission filter. Images were digitally captured and analyzed with LAS X Software (Leica, Wetzlar, Germany).



2.8 Measurement of intracellular iron levels

The intracellular iron levels were measured as previously described (Hur et al., 2022). Briefly, C. jejuni cells were treated with antibiotics for 24 h, as described above. C. jejuni cells were then washed with ice-cold PBS three times. After resuspending the pellet with PBS, the cells were disrupted by sonication. Samples were mixed with an iron detection reagent (6.5 mM ferrozine, 6.5 mM neocuproine, 2.5 M ammonium acetate, and 1 M ascorbic acid) and incubated at RT for 30 min. The intracellular iron level was calculated by comparing it to a standard curve obtained from a 1 mM FeCl3 (Sigma-Aldrich, MO, United States) solution. The absorbance was measured at 550 nm using a SpectraMax i3 platform (Molecular Devices, CA, United States). The intracellular iron levels were normalized to total protein concentrations, which were determined by the Bradford assay (Bio-Rad, CA, United States).



2.9 Statistical analysis

All assays were conducted using three independent biological replicates. The figures indicate the mean value and error bars represent the standard deviations of each experiment. Student’s t test was used to determine significance using GraphPad Prism software v8.0.1. The p-value threshold was set at *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.




3 Results


3.1 Transcriptome changes during antibiotic tolerance in Campylobacter jejuni

In order to understand transcriptome changes underlying antibiotic tolerance, we performed RNA-Seq after exposing C. jejuni to high concentrations of CIP or TET. These two antibiotics were chosen based on our previous findings that C. jejuni can survive in the presence of high concentrations of these antibiotics through tolerance for an extended period (Park et al., 2022). Notably, CIP and TET have different modes of action, with CIP disrupting bacterial DNA synthesis by targeting DNA gyrase (Appelbaum and Hunter, 2000) and TET inhibiting protein synthesis by targeting the 30S subunit of ribosomes (Grossman, 2016). Upon exposure to 100× MICs of CIP, C. jejuni underwent viability reduction for 2 days, followed by the emergence of CIP-resistant populations (Figure 1A). The survival pattern of C. jejuni in the presence of these antibiotics differs from that of E. coli. In E. coli, CIP significantly reduces viability within a few hours, followed by the survival of persister cells at extremely low levels (Figure 1B). Moreover, high TET concentrations led to the killing of C. jejuni (Figure 1A), whereas TET exhibited only bacteriostatic activity in E. coli (Figure 1B).

[image: Graphs and charts depict the effects of antibiotics, ciprofloxacin (CIP) and tetracycline (TET), on microbial growth and gene expression. Panels A and B show growth over time, with CIP and TET reducing bacterial count compared to no antibiotics. Panel C features volcano plots illustrating gene expression changes; many genes are upregulated in red and downregulated in blue. Panel D includes Venn diagrams showing the overlap in gene regulation between CIP and TET. Panel E displays bar charts of differentially expressed genes by function category. Panels F and G present heatmaps of gene expression changes, with red and blue indicating upregulation and downregulation, respectively.]

FIGURE 1
 Antibiotic tolerance and transcriptomic changes in C. jejuni in the presence of high concentrations of ciprofloxacin (CIP) or tetracycline (TET). (A,B) Induction of antibiotic tolerance in C. jejuni (A) and E. coli (B) by exposure to 100× minimum inhibitory concentrations (MICs) of CIP (6.3 μg/mL and 1.6 μg/mL, respectively) or TET (3.1 μg/mL and 50 μg/mL, respectively). Dashed line shows detection threshold. Error bars represent the standard deviations of three biological replications. The data were statistically analyzed by the Student’s t test in comparison with the untreated control (No antibiotics); *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. (C–G) The transcriptomic changes in C. jejuni after exposure to 100× MICs of ciprofloxacin (CIP; 6.3 μg/mL) or tetracycline (TET; 3.1 μg/mL) based on RNA-Seq. Fold change was defined compared to the untreated control. Volcano plots (C) and Venn diagrams (D) depicting differentially expressed genes (DEGs) in C. jejuni after exposure to 100× MICs of CIP or TET. The percentages of DEGs (E) in C. jejuni during antibiotic tolerance. Heat maps of the genes associated with translation, ribosomal structure, and biogenesis (F) or energy production and conversion (G) after exposure to 100× MICs of CIP or TET. The heat maps were constructed with Gitools.


The results of the RNA-Seq analysis have revealed that significant transcriptome changes occur during antibiotic tolerance. Compared to the untreated sample, CIP was found to induce differential expression in a total of 1,026 genes, including 475 upregulated genes and 551 downregulated genes (Figures 1C,D), whereas TET exhibited differential expression in a total of 602 genes, with 281 upregulated genes and 321 downregulated genes (Figures 1C,D). Additionally, a total of 477 genes were differentially expressed in both CIP and TET (Figure 1D). Notably, CIP upregulated genes involved in various cellular functions, such as cell cycle control, cell division, chromosome partitioning, and cell motility, while downregulating genes associated with amino acid transport and metabolism, secondary metabolites biosynthesis, and defense mechanisms (Figure 1E). On the other hand, both CIP and TET commonly increased the transcription of genes associated with translation and ribosomal structure, while downregulating those related to energy production and conversion (Figures 1E,G). Notably, genes involved in protein translation and tRNA genes were upregulated (Figure 1F), indicating that C. jejuni is not dormant during antibiotic tolerance and actively synthesizes proteins to respond to antibiotic stress.



3.2 Protein chaperones contribute to sustaining antibiotic tolerance

Protein chaperones are critical for assisting in proper protein folding and disaggregation, particularly under stress conditions (Mayer, 2021). The three major bacterial chaperone complexes are the trigger factor, the DnaK-DnaJ, and the GroEL-GroES complexes (Sabate et al., 2010). RNA-Seq analysis has revealed that genes encoding these chaperone complexes, specifically clpB, dnaK, groES, groEL, and tig, are significantly upregulated during antibiotic tolerance (Figure 2A), suggesting that these chaperones play an important role in bacterial survival under antibiotic treatment. The ΔdnaK, ΔclpB, and ΔgroESL mutant strains were constructed to further examine the role of protein chaperones in conferring antibiotic tolerance. The deletion mutants exhibited no substantial growth impairments compared to WT in the absence of antibiotic exposure (Supplementary Figure S1A). Notably, ΔdnaK, ΔclpB, and ΔgroESL mutations have been shown to compromise antibiotic tolerance, resulting in significant viability reductions after 48 h of antibiotic exposure (Figure 2B). This was particularly evident under treatment with TET, where ΔclpB and ΔgroESL mutations facilitated bacterial cell death (Figure 2B).
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FIGURE 2
 Effects of chaperones on antibiotic tolerance in C. jejuni in the presence of high concentrations of ciprofloxacin (CIP) or tetracycline (TET). (A) Heat maps of the genes associated with chaperones after exposure to 100× minimum inhibitory concentrations (MICs) of CIP (6.3 μg/mL) or TET (3.1 μg/mL). The heat maps were constructed with Gitools. (B) Induction of antibiotic tolerance by exposure to 100× MICs of CIP (6.3 μg/mL) or TET (3.1 μg/mL). The concentrations were determined based on the MICs of WT. Dashed line shows detection threshold. Error bars represent the standard deviations of three biological replications. The data were statistically analyzed by the Student’s t test in comparison with WT. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant; WT, wild type; ΔdnaK, dnaK mutant; dnaK comp, dnaK-complemented strain; ΔclpB, clpB mutant; clpB comp, clpB-complemented strain; ΔgroESL, groESL mutant; groESL comp, groESL-complemented strain. (C) Formation of protein aggregates induced after exposure to 100× MICs of CIP or TET. The concentrations were determined based on the MICs of WT. Red arrows indicated protein aggregates observed by cross-section transmission electron microscopy (TEM). The formation of protein aggregates was compared to the untreated control (No antibiotics). The scale bar represents 0.2 μm. (D) Protein aggregates were visualized with fluorescent probes. Live cells were stained with SYTO9 (green) and protein aggregates with Proteostat (red). The merged images are shown in yellow. The scale bar represents 5 μm.


Environmental stress can disrupt protein homeostasis, leading to the formation of insoluble protein aggregates within bacterial cells (Vaubourgeix et al., 2015; Schramm et al., 2019). TEM has been employed to investigate whether antibiotic exposure induces protein aggregation during antibiotic tolerance. Compared to WT, more protein aggregates were detected in ΔdnaK, ΔclpB, and ΔgroESL mutants (Figure 2C). Additionally, the use of Proteostat, a fluorescent dye that selectively binds to misfolded and aggregated proteins (Bagnoli et al., 2023), has corroborated these observations. Consistently, enhanced protein aggregation was observed in the chaperone mutants compared to WT (Figure 2D). In contrast, there was no discernible difference in the negative controls without antibiotic treatment (Supplementary Figure S2). These findings indicate the critical function of chaperone proteins in bacterial survival during antibiotic tolerance.



3.3 Association of bacterial motility with antibiotic tolerance

The motility of C. jejuni is facilitated by polar flagella that consist of flagellins encoded by flaA and flaB, which are regulated by the sigma factors FliA and RpoN, respectively (Guerry et al., 1991; Alm et al., 1993). Among these flagellin genes, flaA is the major flagellin as its inactivation leads to a loss of motility and a decrease in virulence, whereas an inactivation of flaB results in the formation of truncated flagella but does not reduce motility (Alm et al., 1993). Genes related to motility were significantly upregulated during tolerance (Figure 3A), suggesting that bacterial motility is critical for antibiotic tolerance. Additionally, the cheY gene, which is integral to bacterial chemotaxis (Yao et al., 1997), was also upregulated during antibiotic tolerance (Figure 3A).
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FIGURE 3
 Effects of motility-related genes on antibiotic tolerance in C. jejuni in the presence of high concentrations of ciprofloxacin (CIP) or tetracycline (TET). (A) Heat maps of the genes associated with motility after exposure to 100× minimum inhibitory concentrations (MICs) of CIP (6.3 μg/mL) or TET (3.1 μg/mL). The heat maps were constructed with Gitools. (B) Induction of antibiotic tolerance by exposure to 100× MICs of CIP (6.3 μg/mL) or TET (3.1 μg/mL). The concentrations were determined based on the MICs of WT. Dashed line shows detection threshold. Error bars represent the standard deviations of three biological replications. The data were statistically analyzed by the Student’s t test in comparison with WT; *p < 0.05; ***p < 0.001; ns, not significant; WT, wild type; ΔflaA, flaA mutant; flaA comp, flaA-complemented strain; ΔflaB, flaB mutant; ΔcheY, cheY mutant.


To better understand the contributions of motility and chemotaxis to antibiotic tolerance, we constructed ΔflaA, ΔflaB, and ΔcheY mutants. These mutant strains did not display any significant growth defects compared to WT without antibiotics treatment (Supplementary Figure S1B). When treated with CIP, the ΔflaA mutant demonstrated a significant reduction in viability compared to WT, suggesting that flaA-mediated motility is crucial for CIP tolerance (Figure 3B). Under TET treatment, there was no observable difference in viability reduction between the mutants and WT (Figure 3B), indicating that the role of motility and chemotaxis in antibiotic tolerance may vary depending on the antibiotic.



3.4 DNA repair is critical for antibiotic tolerance

A number of genes involved in DNA repair were significantly upregulated during antibiotic tolerance (Figure 4A). Specifically, the ssb gene, which encodes the single-stranded DNA-binding protein crucial for DNA replication, recombination, and repair (Xu et al., 2023), was upregulated by exposure to high concentrations of antibiotics. Additionally, antibiotic treatment also upregulated dprA encoding DNA processing protein A (DprA), which assists in the integration of single-stranded DNA into the genome and is involved in natural transformation in C. jejuni (Takata et al., 2005). Interestingly, antibiotic treatment did not upregulate recA (Figure 4A), presumably due to the absence of SOS response systems in C. jejuni (Parkhill et al., 2000).
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FIGURE 4
 Effects of DNA repair genes on antibiotic tolerance in C. jejuni in the presence of high concentrations of ciprofloxacin (CIP) or tetracycline (TET). (A) Heat maps of the genes associated with DNA repair after exposure to 100× minimum inhibitory concentrations (MICs) of CIP (6.3 μg/mL) or TET (3.1 μg/mL). The heat maps were constructed with Gitools. (B) Induction of antibiotic tolerance by exposure to 100× MICs of CIP (6.3 μg/mL) or TET (3.1 μg/mL). The concentrations were determined based on the MICs of WT. Dashed line shows detection threshold. Error bars represent the standard deviations of three biological replications. The data were statistically analyzed by the Student’s t test in comparison with WT; *p < 0.05; **p < 0.01; ns, not significant; WT, wild type; ΔruvC, ruvC mutant; ruvC comp, ruvC-complemented strain.


To evaluate the impact of DNA repair systems on antibiotic tolerance, we constructed a ΔruvC mutant and measured its viability in the presence of 100× MICs of CIP or TET. In the absence of antibiotic exposure, the deletion of the ruvC gene did not lead to a significant growth defect compared to WT (Supplementary Figure S1C). RuvC plays an important role in DNA repair and recombination by cleaving Holliday junctions (Iwasaki et al., 1991). The ruvC was selected for testing because its transcriptional level was significantly enhanced by both CIP and TET (Figure 4A). Moreover, the ΔruvC mutation severely impaired antibiotic tolerance in C. jejuni (Figure 4B). Additionally, the ΔruvC mutation sensitized C. jejuni to antibiotics, displaying a decrease in the MICs of CIP and TET by 4-fold and 2-fold, respectively (Supplementary Table S1).

It is noteworthy that the upregulation of DNA repair genes was also observed during tolerance induced by TET, a broad-spectrum antibiotic that works by inhibiting protein synthesis in bacteria (Figure 4A). Potentially, TET exposure triggers a general stress response, which could include the activation of various protective mechanisms, including DNA repair systems. Alternatively, while TET does not directly target DNA, its effects on protein synthesis might indirectly lead to DNA stress or damage. Furthermore, the inactivation of ruvC markedly diminished bacterial viability in the presence of TET (Figure 4B). These findings indicate the importance of DNA repair processes in maintaining antibiotic tolerance, regardless of the mode of action of an antibiotic used for tolerance induction.



3.5 Drug efflux pumps contribute to maintaining antibiotic tolerance

Drug efflux pumps play a critical role in antibiotic resistance by reducing the intracellular concentration of antibiotics (Du et al., 2018; Colclough et al., 2020; Kumawat et al., 2023). In C. jejuni, CmeABC is the primary efflux system that confers resistance across various antibiotic classes (Lin et al., 2002; Wieczorek and Osek, 2013; Sharifi et al., 2021). CmeDEF is another drug efflux pump that operates alongside CmeABC to maintain cell viability under antibiotic treatment (Akiba et al., 2006). Transcriptomic analysis showed that the expression of these efflux pump genes is modulated in response to antibiotic exposure (Supplementary Figure S3). To further elucidate the role of these pumps during antibiotic tolerance, we constructed ΔcmeC and ΔcmeF mutants. CmeABC and CmeDEF are the resistance-nodulation-cell division (RND)-type efflux pumps, which are composed of three proteins spanning the cytoplasmic space and both cell membranes; thus, the absence of any one component renders the entire pump nonfunctional. Without antibiotic treatment, the mutants showed comparable growth to WT (Supplementary Figure S1D). Under CIP treatment, the viability reductions in these efflux pump mutants were slightly more substantial compared to WT after 48 h (Figure 5A). In contrast to WT, notably, the emergence of FQ-resistant strains was not observed in the ΔcmeC mutant after 72 h (Figure 5A). In the presence of 100× MICs of TET, tolerance was significantly compromised in both ΔcmeC and ΔcmeF mutants (Figure 5A).
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FIGURE 5
 Effects of drug efflux pumps on antibiotic tolerance in C. jejuni in the presence of high concentrations of ciprofloxacin (CIP) or tetracycline (TET). (A,B) Induction of antibiotic tolerance in efflux pump knockout mutants (A) by exposure to 100× minimum inhibitory concentrations (MICs) of CIP (6.3 μg/mL) or TET (3.1 μg/mL). The concentrations were determined based on the MICs of WT. Induction of antibiotic tolerance in WT in the presence of phenylalanine-arginine β-naphthylamide (PAβN), an efflux pump inhibitor (B) after exposure to 100× MICs of CIP (6.3 μg/mL) or TET (3.1 μg/mL). Dashed line shows detection threshold. Error bars represent the standard deviations of three biological replications. The data were statistically analyzed by the Student’s t test in comparison with WT; *p < 0.05; **p < 0.01; ns, not significant; WT, wild type; ΔcmeC, cmeC mutant; cmeC comp, cmeC-complemented strain; ΔcmeF, cmeF mutant; cmeF comp, cmeF-complemented strain.


The role of efflux pumps in antibiotic tolerance was also assessed using the efflux pump inhibitor PAβN. Similarly, PAβN did not affect bacterial viability during CIP-induced tolerance, whereas PAβN significantly reduced viability in the presence of 100× MICs of TET (Figure 5B; Supplementary Figure S1E). These results suggest that drug efflux pumps may contribute to antibiotic tolerance depending on the antibiotic.



3.6 Increased iron accumulation during antibiotic tolerance

RNA-Seq analysis has also revealed a notable upregulation of fur transcription during antibiotic tolerance, particularly when tolerance was induced by CIP (Figure 6A). A Δfur mutation significantly compromised the viability in the presence of 100× MICs of TET and reduced the emergence of FQ resistance under the treatment with 100× MICs of CIP (Figure 6B; Supplementary Figure S1F). Interestingly, the level of intracellular iron is significantly increased during antibiotic tolerance (Figure 6C). Iron is a cofactor of a range of proteins essential for fundamental physiological processes (Andrews et al., 2003; Frawley and Fang, 2014). Most Gram-negative bacteria, including C. jejuni, maintain cytoplasmic iron levels using Fur, a transcriptional repressor (Lee and Helmann, 2007; Butcher et al., 2012). Iron exists in either the reduced ferrous form (Fe2+) or the oxidized ferric form (Fe3+). Fe2+ can passively diffuse through the outer-membrane porins and is imported by FeoB, which is the only Fe2+ transport system that has been identified in C. jejuni (Naikare et al., 2006). Fe3+ is imported through specific ligand-gated outer-membrane receptor proteins using siderophores, including Fe3+-enterochelin (CeuBCDE, CfrA) and Fe3+-rhodotorulic acid (P19, Cj1658-63) (Palyada et al., 2004; Miller et al., 2008), During antibiotic tolerance, genes for Fe3+-uptake systems involving rhodotorulic acid and hemin, and the Fe2+-uptake FeoB were also down-regulated (Figure 6A). Presumably, fur transcription was increased so that Fur can prevent further iron uptake to maintain iron homeostasis and reduce cellular toxicity. After the acquisition, iron can be stored in the form of ferritin or incorporated into iron–sulfur complexes (Carrondo, 2003; Krewulak and Vogel, 2008). Moreover, the transcription of dps, involved in the sequestration of intracellular free iron (Ishikawa et al., 2003), is significantly increased during tolerance, which is aligned with cellular changes to mitigate cellular toxicity caused by increases in iron levels. These findings suggest that during antibiotic tolerance, C. jejuni actively modulates its iron acquisition and storage systems to mitigate the deleterious effects of iron overload. The coordinated regulation of iron uptake and storage genes reflects C. jejuni’s adaptive response to maintain iron homeostasis during antibiotic tolerance.
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FIGURE 6
 Effects of iron accumulation in C. jejuni in the presence of high concentrations of ciprofloxacin (CIP) or tetracycline (TET). (A) Heat maps of the genes associated with iron metabolism after exposure to 100× minimum inhibitory concentrations (MICs) of CIP (6.3 μg/mL) or TET (3.1 μg/mL). The heat maps were constructed with Gitools. (B) Induction of antibiotic tolerance by exposure to 100× MICs of CIP (6.3 μg/mL) or TET (3.1 μg/mL). The concentrations were determined based on the MICs of WT. Dashed line shows detection threshold. Error bars represent the standard deviations of three biological replications. The data were statistically analyzed by the Student’s t test in comparison with WT; *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant; WT, wild type; Δfur, fur mutant; fur comp, fur-complemented strain. (C) The intracellular iron content in C. jejuni after exposure to 100× MICs of CIP (6.3 μg/mL) or TET (3.1 μg/mL). Error bars represent the standard deviations of three biological replications. The data were statistically analyzed by the Student’s t test in comparison with the untreated control (No antibiotics); *p < 0.05; ***p < 0.001.





4 Discussion

The extensive transcriptomic analysis presented in this study provides new insights into the multifaceted cellular responses during antibiotic tolerance in C. jejuni, a leading cause of bacterial gastroenteritis worldwide. The research reveals that C. jejuni employs diverse cellular defense mechanisms to withstand high concentrations of clinically important antibiotics. Notably, we discovered that the function of protein chaperones is critical for antibiotic tolerance. In the presence of environmental stress, bacteria may encounter protein aggregation, disrupting protein homeostasis and resulting in the formation of insoluble protein aggregates (Vaubourgeix et al., 2015; Schramm et al., 2019). While protein aggregation is typically linked to adverse cellular effects, such as impaired functions and cell death, it is also considered a survival strategy against antibiotic treatment by inducing bacterial dormancy in persister cells (Bollen et al., 2021). During antibiotic persistence, DnaK and ClpB play a role in maintaining a dormant state, enabling persister cells to survive antibiotic challenges and subsequently return to active growth upon removal of antibiotic stress (Pu et al., 2019). DnaK is a chaperone protein that recognizes and binds to exposed hydrophobic regions on partially misfolded proteins (Calloni et al., 2012; Anglès et al., 2017). It then transfers these partially folded proteins to ClpB, an AAA+ ATPase chaperone, which disaggregates and solubilizes aggregated proteins (Alam et al., 2021). ClpB and DnaK interplay to address protein misfolding and aggregation issues, preventing the formation of toxic protein aggregates in response to stress conditions, including antibiotic treatment (Acebrón et al., 2009; Mogk et al., 2015). While the function of chaperone proteins in bacterial dormancy has been documented in persister cells (Pu et al., 2019), our findings suggest that chaperone proteins facilitate protein disaggregation to maintain bacterial viability during antibiotic tolerance, as antibiotic tolerance does not necessarily involve dormancy (Brauner et al., 2016; Balaban et al., 2019). Although the precise role of molecular chaperones during antibiotic tolerance remains unexplained, our data suggest that protein chaperones contribute to bacterial survival under antibiotic treatment by contributing to protein disaggregation.

We conducted transcriptome analysis after antibiotic exposure for 24 h to capture the effects of extended antibiotic exposure on gene expression. Notably, the transcriptional levels of chaperon genes were increased over the duration of antibiotic exposure from 2 h to 24 h (Supplementary Figure S4), confirming the critical function of chaperons in antibiotic tolerance. Moreover, chaperone mutations did not reduce viability at 24 h but rendered the mutants significantly vulnerable to antibiotics after 48 h. The observed delay in viability reduction of the chaperone mutants may be attributed to the gradual accumulation of cellular damage and stress over time. The absence of chaperones may not immediately result in cell death; instead, misfolded proteins and cellular damage gradually accumulate over time. This cumulative effect may reach a critical threshold after 48 h, leading to a significant decrease in viability. Nevertheless, these findings underscore the significance of protein chaperones in antibiotic tolerance and bacterial survival during prolonged antibiotic exposure.

Our results also further demonstrate the pivotal role of DNA repair in sustaining antibiotic tolerance. This finding strongly suggests that C. jejuni is not dormant during tolerance but rather actively engaged in cellular processes to ensure survival. By increasing the expression of DNA repair mechanisms, C. jejuni actively works to preserve its genetic integrity, which is essential for maintaining vital physiological functions. This active state in antibiotic tolerance contrasts with the concept of antibiotic persistence, where bacteria often enter a dormant state to evade antibiotic effects (Brauner et al., 2016; Balaban et al., 2019). Additionally, it is noteworthy that C. jejuni does not have the SOS response system which is critical for addressing DNA damage in various bacteria (Parkhill et al., 2000). While other bacteria primarily rely on the SOS response-mediated DNA repair system for antibiotic tolerance, C. jejuni appears to utilize alternative DNA repair systems that operate independently of the SOS response (Theodore et al., 2013; Podlesek and Žgur Bertok, 2020; Kamat and Badrinarayanan, 2023). During antibiotic tolerance, high antibiotic concentrations lead to the generation of toxic ROS, particularly hydroxyl radicals, which can damage DNA (Park et al., 2022). Presumably, DNA repair during tolerance may contribute to addressing DNA damage and mutations, especially those that interrupt the function of essential genes, thereby ensuring the maintenance of bacterial survival.

Notably, this study has revealed an increase in intracellular iron concentration during antibiotic tolerance (Figure 6C). Although the exact mechanisms are not fully elucidated, potentially, it is known that intracellular free iron can interact with hydrogen peroxide to generate DNA-damaging hydroxyl radicals through the Fenton reaction (Imlay, 2008). Our previous research has indicated a significant elevation of oxidative stress in C. jejuni during tolerance, with antioxidant enzymes, such as alkyl hydroperoxide reductase (AhpC), playing a crucial role in maintaining antibiotic tolerance (Park et al., 2022). To mitigate oxidative stress associated with increased intracellular iron levels during antibiotic tolerance, C. jejuni should inhibit further iron uptake and sequester intracellular free iron. This is supported by the observed substantial increase in the transcriptional levels of fur (a Fe3+ uptake repressor) and dps (an intracellular iron sequestration protein), along with the down-regulation of feoB, which encodes a ferrous iron transporter (Figure 6A). Given the pivotal role of iron in the generation of hydroxyl radicals, maintaining iron homeostasis is crucial for sustaining antibiotic tolerance, likely through the control of oxidative stress.

In conclusion, this study has uncovered the diverse cellular responses that contribute to C. jejuni’s tolerance to antibiotics. Our findings demonstrate that C. jejuni extensively utilizes various cellular defense mechanisms, including antioxidation, protein chaperoning, DNA repair, drug efflux, and iron homeostasis, to survive antibiotic treatment (Figure 7). Particularly, the regulation of intracellular iron levels through iron homeostasis appears to be linked to antibiotic tolerance. These findings have the potential to inform the development of novel strategies to combat antibiotic tolerance and resistance, thereby assisting in tackling this significant issue in global public health.
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FIGURE 7
 Schematic representation of the cellular responses involved in the development of antibiotic tolerance in C. jejuni. When exposed to high levels of antibiotics, drug efflux pumps actively work to decrease the intracellular concentrations of antibiotics. Exposure to high concentrations of antibiotics leads to an accumulation of iron within the cell, subsequently influencing the gene expression of iron acquisition and storage systems to maintain iron homeostasis. The increased oxidative stress caused by antibiotics induces DNA damage, prompting the upregulation of the DNA repair system. Furthermore, oxidative stress may also trigger protein aggregation, resulting in the upregulation of protein synthesis and protein chaperones to disaggregate protein aggregates. Intriguingly, intracellular antibiotics may also stimulate bacterial motility. Additionally, exposure to high concentrations of antibiotics leads to the downregulation of genes associated with energy production. The transcriptional changes are visually represented with bold arrows, with upregulation highlighted in red and downregulation in blue. The figure was created with Biorender.com.
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Molecular resistance identification'

Isolates  Species ANl Patient Patient Source Sample AMP MIC AMC MIC  blaOXA61 ENA assembly ERY TET
score’  age sex date (mg/L)® (mg/L)s  promoter* accession®

2017-1086H  Campylobacter col 98,67 80 Female Stools Dec2017  >256(R) 20) GS7T+AAG GCA_956206275 GADION | 23SA2075G  1e1(0) -
2018.0030H  Campylobacter col 95873 3 Male Stools Jn20is 5256 () 20) GSTT+ AN GCA_958296255 GYrADION | 238A2075G  1e1(0) -
20200472 Campylobactercol 9871 6 Female Stools May2020  >256(R) 256(R) 57T+ AAG GCA 956205195 GyrATSSl  23SA275G  1e1(0) -
20182008 Campylobacte col 95876 2 Male Stools Sep2018 128(R) 29) 7T GCA 958206215 GyrATSOl | 238A275G  1e1(0) -
2019-022H  Campylobacter coli 9.6 16 Female Stools May2019 64(R) 1565 GCA 958296265 GYrATSSL | 23SA275G  1e(O-M-0) APH()-1lla
2009009 Campylobacte col 95872 3 Female Stools Mar2019 >256(R) 15(9) GCA 956206375 GyrATsel - - -
202000145 Campylobacter col 95870 17 Ml Stools Jn2020  >256(R) 30 a7 iCA 958295415 GyrATsel - €i(0) -
2020-0548  Campylobacter coli 9878 7 Female Stools May2020 96 (R) 205) GCA_958296355 GyrATsel |- €t(0) -
20181149 Campylobacter coli 902 B Male Stools Jun2018  4(5) 1) wt GCA_958296365 GyrA T8Ol erm(B) €t(0) -
20002217 Campylobacte col 95892 1 Male Stools Sep2019 2(5) 1) w GCA_958295225 - - - -
20200368 Campylobacte col 95876 8 Male Stools Apr2020 4(S) 1) w GCA 958205175 GyrATsel - €i(0) B
20200448H  Campylobacter col 95869 @ Female Stools Ji2020 36 19 w GCA 958205215 - BSANG  wi(0) B
2008007 Campylobacterjjuni 97.67 29 Female Stools Il 2m) 0016(5)  GSTT GCA_958295635 - - - -
20180008 Campylobacter jejuni 97.68 8 Male Stools 2018 24(0) <0016(9) G571 GCA_958295325 GyrATsel - €(0) -
20180013 Campylobacter jejuni 97.53 2 Female Stools 2018 32(0) <0016(9)  GSTT GCA_958295375 GyrATsel - €(0) -
20180015 Campylabacter jjuni 97.38 8 Male Stools 2018 64(R) 00169 G5 GCA_956205345 GyrATsel - €t(0) -
201800245 Campylobacter jjuni 97.65 3 Male Stools Jn2018 64(R) <0016(9) | GSTT 958205235 GyrATsel - €1(0-32:0) -
20181793 Campylobacter jjuni 9753 M Female Stools Aug208 2R <0016(9)  GSTT GCA 958295365 GYrATS6L | 23SA275G 1l(0-M-0) -
2019-0006H  Campylobacter jeuni 97.58 2 Ml Stols Jan2019 64 R) <0016(9)  GSTT GCA_958295285 GyrATsel |- €1(0) -
2009008 Campylabacter jjuni 97.66 4 Male Stools 2019 24(0) 00169 GSTT GCA_956295355 GyrATsel - - -
2009-1193 Campylobacter jjuni 97.53 5 Male Stools 2019 32(R) 0016(8) G GCA_956205305 GyrATSSl | 23SA27AC  61(0-32:0) -
2018-0009H  Campylabacter jjuni 97.63 6 | Female Stools 208 3(S) 00169 wi GCA 956205385 GyaTsal - B =
20180014 Campylobacter jjuni 9755 A Ml Stools 2018 15(5) 00169 wi GCA 956205275 GyaTsal - B n
201800230 Campylobacte jjuni 97.60 6 vl Stoals Jn20is15(5) 006() w GCA 958205585 GyrATsel - - -
201800090 Campylobacter jeuni 97.65 8 Male Stols Fb20IS 1(5) <0016(9) Wi GCA_958295295 - - €t(0) -
2018-0082H  Campylobacter jeuni 97.49 100 Male Stools Fb20IS 2(5) 00169 Wi GCA_958295205 - - - -
20180116 Campylabacter jjuni 97.72 & Male Stools 2018 2(5) 00169 wi GCA_958205245 GyrATSOl | 23SA275G  1e1(0) -
20090011 Campylabacter jjuni 97.68 2 Female Stools Jn2019 25 00169 wi GCA 958205255 GyrATsel - €1(0) E
20190026 Campylobacter jjuni 9752 2 Male Stools Jn2019 25 00169 w GCA 956205335 GyrATsel - €t(0) B
20190207 Campylobacterjjuni 9714 s M Stools B2 2(5) 0016(5) W GCA_958295265 GyrATS6L | 23SANMAT  1e1(0) -

Genomes wereassembled using SPAes and speces were confirmed sing AN withathreshald 295% . Valles and corresponding phenotypes (R:essants :susceptible) of ampicilin (AMP ) and amovicilin-clavlanic acid (AMC) are displayed as MICs in mgl.
from Etest analyses. Genotypes of interest in the by, promoting sequence are shown using their corresponding positions * (wt: wild type). Genomes in fasta format are available within the ENA database using listed accession numbers . Mutations and genes
expression associated to ciprofloxacin (CIP), erythromycin (ERY), tetracycline (TET) and gentamicin (GEN) resistances are also indicated . Bold values correspond to resistant isolates.
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Experiment Selection criteria SM Tool used Measuring Number  Number of

concentration method of SM SM selected
tested tested

Select SM that inhibited C.

Primary screening
Jejuni 81-176 growth only in 384-wellplate + C. Turbidimetry (cell
~ CuSO, sensitivity 2510 125pg 50917 679
the presence ofsubrlethal dose Jejuni $1-176 growth at 600 nm)
assa
4 of CuSO, (1mM)
Select SM that inhibited C.
Validation of primary jeuni $1-176 growth only in 96-wellplate + C. | Turbidimetry (cell
L A R b 4 2510 12.5g P v 679 679
screening the presence ofsubrlethal dose Jejuni $1-176 growth at 600 nm)
of CusO, (1mM)
ICCB-ongwood/  No known activity
Eliminate lesslkely to target
NA NSRB Screensaver against eukaryote
the Tat pathway
database version hosts
Counter in silico Select SM with the optimized ChemDraw + Golden
Lipinski rule of 5 679 177
screening drug-like properties (MW NA triangle
MW (Da)
between 200 and 500 Da) ‘measurements
Eliminate SM with structural - ChemBioFinder + Structural
similarities higher than 90% SciFinder similarity

Turbidimetry
Select SM that inhibited at least

384-well plate + C. (reduction of
30% of C. jejuni 81-176 FDH 62518 177 21
. Jjejuni 81-176 benzyl viologen at
activity
578nm)
Identify MIC and MBC against Turbidimetry (cell
CuSO, sensitivity
C.jejuni 81-176 in the presence 96-well plate + C. growthat
dose-response assay in 0.01210 6.25pg )
" of sub-lethal dose of CuSO, jejuni 81-176 600nm) + cell
vitro
(0.5mM) viability
Select SM that had completely
inhibited the growth of the 11
other Campylobacter strains in 62518
Antimicrobial activity 96-well plate + 19 8
the presence of sub-lethal dose Turbidimetry (cell
of SMon Sy B Campylobacter wrowthat
Campylobacter strains isolates (n=11) or
Select SM that affected the 600nm) + cell
and commensal / commensal/beneficial |
growth of less than 2/7 viability

beneficial bacteria bacteria (n=7)

commensal/beneficial bacteria

in the presence of sub-lethal

dose of CuSO, (0.3mM)
Select SM that displayed less Turbidimetry
Cytoxicity of SMon | than 20% cytotoricity on Caco2 om0 96-well plate + Caco2 | (production of
to
colon epithelial cells | colon epithelial cells treated e colon epithelial cells | formazan at
with 5pg 570nm)
8 4
CuSO, sensitivity
Select SM that have MBC below 96-well plate +
dose-response assay in
Spgagainst intracellular C. 0315105pg infected Caco2 colon  cell viability
infected colon
Jjejuni 81-176 epithelial cells
epithelial cells
Select SM that significantly 0.127 and 0.225mg of
Body weight,
Antimicrobial efficacy | reduce C. jejuni load in ceca, SMperkgbody  Colonized3-ands- "0
- jejuniload in
of the SM on colonized | while having no impact on weight for 3-and  week-old broiler - . 4 2
ceca, an
chickens cecal microbiota and body S-week-old chickens,  chickens
cecal microbiota
weight respectively

Identify storng binding affinity
Docking study NA Autodock 4.0 Binding affinity 2 2
of our SM on Tat proteins
#All microbiology experiment presented above were conducted by growing C. jejuni and C. cali in MH broth for 24 in microaerophilic condition at 42°C. CuSO: copper sulfate; FDH,
Formate dehydrogenase; NA, not applicable; SM, small molecule; MW, molecular weight.
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Method category

Extraction and purification

Extraction and purification

Biofilm quantification

EPS analysis

EPS analysis

Component characterization

Component characterization

Component characterization

Component characterization

Component characterization

and structure determination

Detailed characterization of

components

Biofilm matrix composition

Biofilm matrix composition

Monosaccharide composition

analysis

Molecular techniques

Genetic analysis

‘echniques

Centrifugation and ethanol

Cold acetone precipitation

Crystal violet staining

High-content screening with
TAMRA and SytoX fluorescent

markers

Confocal microscopy and

staining

Raman spectroscopy in
‘combination with confocal laser

scanning microscopy

Scanning electron microscopy

Phenol-sulfuric acid assay

Fourier transform infrared
spectroscopy, Raman
spectroscopy, scanning electron

microscopy

Fluorescence lectin-binding

analysis

Nuclear magnetic resonance

Fluorescence microscopy

Stability test with proteinase K

and sodium metaperiodate and

crystal violet staining

igh-performance anion-

exchange chromatography

SDS-PAGE

Pulsed-field gel electrophoresis

Purpose

Toisolate EPS and purify it
from other biofilm components.
To isolate and purify EPS from
biofilms.

“To quantify biofilm biomass,
indicating the potential quantity
of EPS within biofilms.

To quantitatively assess the
integrity and composition of
EPS in adherent C. jejuni

biofilms under aerobic

condit

ns.
“To study the production and
effects of cell-signaling
compounds on EPS
characteristics and biofilm
formation.

To determine the chemical

composition of EPS.

To visualize biofilm architecture

and provide insights into the

the biofilm.

[EPS matrix w
“To quantify total carbohydrates
inEPS.

To characterize the biochemical
composition and structural
integrity of EPS afier ZnO
nanoparticle treatment and
observe interactions between
nanoparticles, EPS, and cells in
biofilm.

To characterize glycoconjugates
in the EPS matrix.

To characterize the molecular
structure of EPS.

“To analyze the presence of
©DNA and EPS within the
biofilm matrix.

“To assess the structural roles of
proteins and carbohydrates in
the biofilm EPS matrix and to
quantify the remaining biofilm
biomass afier stability tests.
Monosaccharide analysis of
EPS.

“To analyze the protein profile of
EPS components.

To understand genetic diversity

that affects EPS composition

and biofilm formation.

Common applications

Purification of cells and other

biofilm components from biofilm.
Isolation of EPS from bacterial
cultures.

Standard method for biofilm

biomass determination.

Analysis of homogeneity and

consistency of biofilm formation.

Determination of the molecular

composition of biofilms.

Imaging and molecular analysis of
biofilm structure and EPS

‘matrices.

Morphological analysis of biofilms

and their EPS matrix.

Quantification of polysaccharide
content in EPS.

Studying the impact of
‘nanoparticles on biofilms,
bacterial cells, and EPS.

Visualization and analysis of EPS
components in C. jejuni biofilms.
Characterization of the molecular

structure of EPS.

Visualization of biofilm structure
and EPS components.

Evaluation of biofilm resistance to
enzymatic degradation of EPS.
Measurements of biofilm mass

and the presence of EPS.

Glycan composition analysis of
EPS,

Analysis of the protein profile of
EPS components.

Genetic typing of bacterial strains

in biofilm studies.

Study

Yuetal. (2020)

Jowiya et al. (2015)

Fengetal. (2016), Oh etal.
(018)

Whelan etal. (2021)

Moorhead and Griffiths
(2011)

Fengetal. (2016)

Melo etal. (2017)

Jowiya et al. (2015)

Luetal. (2012)

‘Turonova et al. (2016)

Jowiya etal. (2015)

Oh etal. (2018)

Melo etal. (2017)

Jowiya etal. (2015)

Yuetal. (2020)

Melo etal. (2017)
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Role of EPS

EPS

crucial for the integrity and
protection of biofilms. The EPS matrix
mediates cell-to-cell communication and
protects microorganisms against
environmental stress.

EPS provides structural support and
protection against aerobic stress.

Iron supplementation increased biofilm

formation by stimulating the production of
eDNA and EPS.

EPS support the structural stability and
improve substrate exchange and nutrient
circulation in biofilms.

Exposure to pancreatic amylase results in
secretion of a-dextran, a component of

biofilm EPS, enhancing biofilm formation.

EPS provide a protective matrix for biofilms

butis penetrable by ZnO nanoparticles.

Autoinducer-2 might influence EPS
composition, as it afects biofilm density and
viability.

€DNA s a major component of . jejuni
biofilms. eDNA facilitates the initial
attachment, establishment, and maintenance

of biofilms and bacterial allocation.

eDNA is required for the maturation and
three-dimensional development of biofilms.
Itis not involved in initial adhesion but is
released following flagella-mediated
bacterial attachment.

DNA is an essential component of C. jejuni
biofilms when attached to stainless steel
surfaces. It provides hydration, traps

nutrients, and reduces access to

antimicrobials. Biofilms allow genetic
transfer of antibiotic resistance, which might
occur through natural transformation

facilitated by eDNA within the biofilm.

Key findings
Diallyl sulphide exerts strong antimicrobial activity against

sessile C.jejuni cells by disrupting the EPS structure of
biofilms.

Dual-species C. jejuni biofilms show enhanced survival
under aerobic stress, atributed to higher amounts of and
more diverse chemical compositions of EPS compared to
‘mono-species biofilms. EPS contributes to the structural

integrity, water retention, and resistance to desiccation of

biofilms, thereby protecting C. jejuri

EPS production was stimulated by iron, which contributed
to the formation of biofilm matrices encasing C. jejuni and
possibly helped decrease exposure to oxygen and other

stress conditions.

Cinnamaldehyde was effective in inhibiting and degrading
Campylobacter biofilms, influencing auto-aggregation,
‘motility, and EPS production.

Exposure to pancreatic amylase results in secretion of
-dextran, a component of biofilm exopolymeric matris,
enhancing biofilm formation.

ZnO nanoparticles penetrate EPS and cause cell death
‘without damaging EPS structure. The inactivation
mechanism involves alterations in quinone structures and
DNA damage likely due to reactive oxygen species.

‘generated by the ZnO nanopartices.

Autoinducer-2 affected the expression of virulence genes,
which could be related to changes in EPS composition and
function.

Environmental stress induces bacterial lysi, which leads

o the release of eDNA and formation of C. jejuni biofilms.

DNase treatment degrades eDNA and thereby disrupts
biofilms, which highlights the role of eDNA in biofilm
integrity and stress tolerance.

€DNA is present in C. jejuni biofilms under both aerobic
and microaerobic conditions and contributes to biofilm

formation and structure.

Bacteria studied

C.jejuni

C. jejuni, Staphylococcus aureus,
Salmonella enterica, and

Pseudomonas aeruginosa

C. jejuni

C. jejuni and C. coli

C.jejuni

C. jejuni

C. jejuni

C.jejuni

C.jejuni

C. jejuni

Study

Luetal. (2012)

Feng et al. (2016)

Ohetal. (2018)

Yuetal. (2020)

Jowiya etal. (2015)

Luetal. (2012)

Moorhead and Griffths
(2011)

Feng etal. (2018)

Svensson etal. (2014)

Brown etal. (2015)
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Assembly size (bp)

GCc

76223 Campylobacter fetus subsp. venerealis 2,105,546 3347
924 Campylobacter fetus subsp. venerealis by. intermedius 2,250,778 33.48
926 Campylobacter fetus subsp. venerealis bv. intermedius 2,123,600 33.48
957 Campylobacter fetus subsp. venerealis 2,088,026 33.41
A8 Campylobacter fetus subsp. venerealis 2,112,436 33.42
BT268/06 Campylobacter fetus subsp. fetus 1909714 3326
BT376/03 Campylobacter fetus subsp. fetus 1,800,589 3322
M20-08756/1A Campylobacter fetus subsp. fetus 1,782,221 33.10
M20-04752/1B Campylobacter fetus subsp. fetus 1,782,237 33.10
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Product Position on Locus tag on Campylobacter Campylobacter

GCA_008271385.1 GCA_008271385.1 fetus subsp. fetus subsp.
fetus venerealis
Amino  DNA Amino  DNA
acid base acid base
oysS cysteinyl-tRNA | 799900 CFVT_0790 Missense Cys ’e] Tyr T
flsG flagellar 549585 CFVT_0554 Missense Asn A Ser G
mfd transcription- 744016 CFVT_0740 Missense Thr C Ile T
repair
mraY phospho-N- 1384375 CFVT_1392 Upstream Arg C His T
acetylmuramoyl- variant
pentapeptide
transferase
mutS2 Endonuclease 653990 CFVT_0655 Missense Ala C Val T
1poB DNA-dependent | 1351503 CEVT_1350 Missense Asp c Asn T
RNA polymerase
rpoC DNA-dependent 1349348 CFVT_1349 Missense Leu G Phe A
RNA polymerase






OPS/images/fmicb-15-1452564/fmicb-15-1452564-t004.jpg
(=
o
»
a
[
1%
o
©
=
=
=
(]
@
&
<

Assembly level

NCBI annotation

*|dentification #1

*|dentification #2

*|dentification #3

dentification #4

Identification in this

CP075536- A8 Complete CFV CFV/CFVi
CP075537
GCF_030544605.1 CFV924 Complete CFVi CFV/CFVi
GCF_030544585.1 CFV926 Complete CFVi CFV/CFVi
GCF_030544565.1 CFV957 Complete CFV CFV/CFVi
GCF_030544545.1 CFV76223 Complete CFV CFV/CFVi
GCF_016612985.1 SA21-221439 Contig CFV CFV (Silva et al,, 2021) CFV/CFVi
GCF_016612955.1 SA21-217832 Contig CFV CFV (Silvaetal,, 2021) CFV/CFVi
GCF_016612945.1 SA21-217833 Contig CFV CFV (Silva et al,, 2021) CFV/CFVi
GCF_016612925.1 1816-01257 Contig CFV CFV (Silva et al,, 2021) CFV/CFVi
GCF_016612875.1 1826-07793 Contig CFV CFV (Silva et al,, 2021) CFV/CFVi
GCF_016406645.1 P4531 Complete CFV CFV (Kim et al., 2021) CFF
GCF_013406955.1 NWU_ED23 Contig CFV CFV (Tshipamba et al., CFVi (Silva CFF/CFVi CFV/CFVi
2020a) etal, 2021) (Farace et al.,
2021)
GCF_012274465.1 NW_ME2 Contig CFV CFV (Tshipamba et al., CFVi (Silva CFV/CFVi
2020b) etal, 2021)
GCF_008526355.1 06/341 Contig CFV CFV (Hum etal., 1997) CFVi (Farace CFF/CFVi CFV/CFVi
etal, 2021, (Farace etal.,
2022) 2019)
GCF_008271385.1 NCTC 10354 Complete CFV CFV (van Bergen et al., CFV/CFVi
2005a; Farace et al.,
2019)
GCF_002592365.1 66Y Contig CFV CFV (Farace et al., 2019; CFV/CFVi
Iraola et al,, 2017)
GCF_002592335.1 D Contig CFV CEV (Farace et al., 2019; CFV/CFVi
Iraola et al.,, 2017)
GCF_001699745.1 ADRI513 Contig CFVi CFVi (van der Graaf-van CFV/CFVi CFF/CFVi CFV/CFVi
Bloois et al., 2016a) (van der (Farace etal.,
Graaf-van 2019)
Bloois et al.,
2014)
GCF_001699735.1 zaf3 Contig CFVi CFVi (van der Graaf-van CFF/CFVi CFV/CFVi
Bloois et al., 2014) (Farace et al.,
2019)
GCF_001699685.1 cfvios2s Contig CFVi CFVi (van der Graaf-van CFV (Farace CFV/CFVi
Bloois et al., 2014; van etal, 2019)
Bergen et al., 2005b)
GCF_001699645.1 CCUG 33872 Contig CFV. CFV (Willoughby etal., CFVi (van der CFF/CFVi CFV/CFVi CFV/CFVi
2005) Graaf-van (Farace etal., (van der
Bloois et al., 2019) Graaf-van
2016a) Bloois et al.,
2014)
GCF_001699615.1 fvi03/596 Contig CFVi CFVi (van der Graaf-van CFF (Hum CFF/CFVi CFV/CFVi
Bloois et al., 2014, 2016a; etal, 1997; (Farace etal.,
Farace etal.,, 2021) Iraola etal,, 2019)
2017)
GCF_001699565.1 cfvi92/203 Contig CFVi CFVi (van der Graaf-van CFV (Hum CFF/CFVi CFV/CFVi
Bloois et al, 2014,20162) | etal., 1997) (Farace et al.,
2019)
GCF_001686885.1 01/165 Complete CFV CFVi (van der Graaf-van CFF (Hum CFF/CFVi CFV/CFVi
Bloois et al., 2014, 2016a; etal, 1997) (Farace etal.,
Farace et al,, 2021; Iraola 2019)
etal,, 2017)
GCF_000967135.1 84-112 Complete | CFV CFV (van der Graaf-van CFV/CFVi
Bloois et al., 2014, 2016a;
van Bergen et al., 2005a;
Hum et al,, 1997; Farace
etal, 2019; Iraola et al.,
2017)
GCF_000759515.1 97/608 Complete CFV CFV (van der Graaf-van CFV/CFVi
Bloois et al,, 2014, 2016a;
Hum et al., 1997; Farace
etal, 2019, 2021; Iraola
etal, 2017)
GCF_000744035.1 B6 Scaffold CFV CFV (van der Graaf-van CFV/CFVi
Bloois et al., 2016a;
Farace etal.,, 2019; Iraola
etal, 2017; Barrero et al.,
2014)
GCF_000744025.1 642-21 Scaffold CFVi CFVi (van der Graaf-van CFF/CFVi CFV/CFVi
Bloois et al,, 2016a; (Farace et al.,
Barrero etal,, 2014) 2019)
GCF_000512745.2 cfvi03/293 Complete | CFVi CFVi (Iraola et al., 2017) CEV (Hum CFF/CFVi CFV/CFVi
etal,, 1997) (van der
Graaf-van
Bloois et al.,
2014, 2016a;
Farace etal.,
2019)
GCF_000414135.1 99541 Contig CFVi CFVi (van der Graaf-van CFF (Hum CFF/CFVi CFV/CFVi
Bloois et al., 2016a; Iraola | etal., 1997) (Farace et al.,
etal, 2013; Farace et al,, 2019)
2021; Iraola et al.,, 2017)
GCA_011600845.2 08A1102-42A Complete CFV CFV (Nadin-Davis et al., CFV/CFVi
2021; Farace et al,, 2021;
Mukhtar, 2013)
GCA_011600955.2 ADRI1362 Complete | CFVi CFVi (Nadin-Davis etal., | Cfl/CFVi (van CFV/CFVi
2021) der Graaf-van
Bloois et al.,
2014, 2016a;
Farace etal,,
2019)
GCA_011601005.2 08A948-2A Complete CFV CFV (Nadin-Davis et al., CFV/CFVi
2021; Farace et al,, 2021;
Mukhtar, 2013)
GCA_011601375.2 ADRI545 Complete | CFVi CFVi (Nadin-Davis et al., CFV/CFVi
2021)
GCF_000015085.1 82-40 Complete | CFF CFF (van der Graaf-van CFF/CFVi CFF
Bloois et al., 2014, 2016a; (Farace etal.,
van Bergen et al., 2005a; 2019)
Iraola et al,, 2017)
GCF_000759485.1 04/554 Complete | CFF CFF (van der Graaf-van CFF/CFVi CFF
Bloois et al., 2014, 2016a; (Farace et al.,
Hum et al., 1997; Farace 2019)
etal, 2021; Iraola et al.,
2017)
GCF_001399955.1 HI-UY Contig CFF CFF (van der Graaf-van CFF/CFVi CFF
Bloois et al., 2016a; (Farace etal.,
Iraola et al,, 2015, 2017) 2019)
GCF_001699505.1 98/v445 Contig CFF CFF (van der Graaf-van CFV (Hum CFF/CFVi CFF
Bloois et al., 2014, 2016a; etal,, 1997) (Farace etal.,
van Bergen et al., 2005a) 2019)
GCF_001699575.1 BT 10/98 Contig CFF CFF (van der Graaf-van CFF/CFVi CFF
Bloos et al, 2014,2016a) | (Farace etal,,
2019)
GCF_003426005.1 HC1 Contig CFF CFF (Iraola et al., 2017) CFF/CFVi CFF
(Farace et al.,
2019)
GCF_003426015.1 HC2 Contig CFF CFF (Iraola etal., 2017) CFF/CFVi CFF
(Farace et al.,
2019)
GCF_007723545.1 INIA/17144 Complete | CFF CFF/CFVi (Farace etal., CFF
2021)
GCF_008014295.1 D0052 Contig CFF CFF/CFVi (Farace et al,, CFF
2021)
GCF_008526335.1 08/421 Contig CFF CFF (Farace etal., 2021, CFV (Hum CFF/CFVi CFV/CFVi
2022) etal, 1997) (Farace etal.,
2019)
GCF_008527615.1 13/344 Contig CFF CFF (Hum etal., 1997; CFF/CFVi CFV/CFVi
Farace etal,, 2021,2022) | (Farace etal,
2019)
GCF_008693125.1 CCUG 6823 Contig CFF CFF CFF/CFVi CFF
AT (Farace et al,,
2021)
GCF_013406925.1 NWU_ED24 Contig CFF CFF CFF/CFVi CFV/CFVi
(Farace etal,,
2021)
GCF_017896385.1 CITCfo1 Complete CFF CFF (Lynch etal., 2021) CFF
GCF_017896405.1 CITCf02 Complete | CFF CFF (Lynch etal.,, 2021) CFF
GCF_020828935.1 YZU0709 Contig CFF CFF (Li et al,, 2022) CFF
GCF_900475935.1 NCTC10842 Complete | CFF CFF (van Bergen et al., CFF/CFVi CFF
2005a; Farace et al., 2019; | (Farace etal.,
Willoughby et al., 2005) 2019)
GCA_011600855.2 02A725-35A Complete CFF CFF (Nadin-Davis et al., CFF
2021)
GCA_011600945.2 00A031 Complete CFF CFF (Nadin-Davis et al., CFF
2021)
GCA_011600995.2 09A980 Complete | CFF CFF (Nadin-Davis et al., CFF
2021)
GCF_032594895.1 M20- Complete | CFF CFF CFF
08756/1A
GCA_030544625.1 BT376/03 Complete | CFF CFF CFF
GCA_030544645.1 BT268/06 Complete CFF CFF CFF
GCF_032594815.1 M20-04752/1B Complete CFF CFF CFF

*The identification of the Campylobacter strain in the previous studies.
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(A) Strains analyzed in this study

Strain Accession Organism Country Year of Isolation source Collection
of origin isolation

M20- GCF_032594895.1 Campylobacter fetus subsp. fetus New Zealand 1986 Ovine (fetal stomach 1

08756/1A contents)

BT376/03 GCA_030544625.1 | Campylobacter fetus subsp. fetus United Kingdom 2003 Bovine 2

BT268/06 GCA_030544645.1 | Campylobacter fetus subsp. fetus United Kingdom 2006 Ovine 2

M20-04752/1B | GCF_032594815.1 Campylobacter fetus subsp. fetus Australia 2020 Ovine (fetal liver) 1

AS CP075536- Campylobacter fetus subsp. venerealis | Australia 2011 Bovine 3

CP075537

957 GCF_030544565.1 Campylobacter fetus subsp. venerealis | Australia 2011 Bovine (bull prepuce) 3

76223 GCF_030544545.1 Campylobacter fetus subsp. venerealis | Australia 2012 Bovine (aborted fetus) 3

924 GCF_030544605.1 Campylobacter fetus subsp. venerealis | Australia 2011 Bovine (bull prepuce) 3
bv. intermedius

926 GCF_030544585.1 Campylobacter fetus subsp. venerealis | Australia 2011 Bovine (bull prepuce) 3
bv. intermedius

(B) Strains sequenced in previous studies

Strain Accession Organism Country Year of Isolation source
of origin isolation
ATCC273747 | GCA_900475935.1 | Campylobacter fetus subsp. fetus France 1952 Ovine (fetus)
82-40 GCA_000015085.1 | Campylobacter fetus subsp. fetus USA 1982 Human
00A031 GCA_011600945.2 | Campylobacter fetus subsp. fetus Canada 2000 Bovine (bull prepuce)
02A725-35A GCA_011600855.2 | Campylobacter fetus subsp. fetus Canada 2002 Bovine (bull prepuce)
04-554 GCA_000759485.1 | Campylobacter fetus subsp. fetus Argentina 2004 Bovine (aborted fetus)
09A980 GCA_011600995.2 | Campylobacter fetus subsp. fetus Canada 2009 Bovine (bull prepuce)
INIA/17144 GCA_007723545.1 | Campylobacter fetus subsp. fetus Uruguay 2017 Ovine (placenta)
ATCC 194387 | GCA_008271385.1 | Campylobacter fetus subsp. venerealis | United Kingdom 1962 Bovine (vaginal mucus)
84-112 GCA_000967135.1 | Campylobacter fetus subsp. venerealis | USA 1984 Bovine
97-608 GCA_000759515.1 | Campylobacter fetus subsp. venerealis | Argentina 1987 Bovine
08A948-2A GCA_011601005.2 | Campylobacter fetus subsp. venerealis | Canada 2008 Bovine (bull prepuce)
08A1102-42A | GCA_011600845.2 | Campylobacter fetus subsp. venerealis | Canada 2008 Bovine (bull prepuce)
ADRI545 GCA_011601375.2 | Campylobacter fetus subsp. venerealis | Australia 1984 Bovine (reproductive tract)
bv. intermedius
ADRI1362 GCA_011600955.2 | Campylobacter fetus subsp. venerealis | Argentina 1989 Bovine (vaginal mucus)
bv. intermedius
01/165 GCA_001686885.1 | Campylobacter fetus subsp. venerealis | Argentina 2001 Bovine (vaginal mucus)
bv. intermedius
03-293 GCA_000512745.2 | Campylobacter fetus subsp. venerealis | Argentina 2003 Bovine (fetus lung)
bv. intermedius

1. Culture collection from the Department of Primary Industries in New South Wales, Australia. 2. Culture collection from the Institute for Glycomics at Griffith University in Queensland,
Australia. 3. Culture collection from the Queensland Alliance for Agriculture and Food Innovation at the University of Queensland in Queensland, Australia.





OPS/images/fmicb-15-1290490/fmicb-15-1290490-g005.jpg
c

Colonic Length Histopathology - COLON Apoptotic Cells - COLON

0001

7001
pe0.05 0,001 S
p<0.001 p<0.001 o
p<0.001 p<0.001 ™
peo00t o001 o
o005 p<0.05
<0001 pe001 <0001 peoai
- - o @ o o xn . e
b

o|® = = o g $ °

8
- o ® o e o ¢ A O 8

i bl
ol (=« ole L |TSFT 8l
X = $| [TV (3
N Plc CAR DFO DCA 2FL comBl "V P oAR Dfo DeA L cowsl N PLC CAR DFO DCA 2L coMBI

2 (15 (16) (71 (7 (8 (18 12) (15 (16 (7) (17) (18) (18) 12 (15 (18 (17 (17

18) (18)





OPS/images/fmicb-15-1290490/fmicb-15-1290490-g006.jpg
B
Neutrophils - COLON T Lymphocytes - COLON Regulatory T Cells - COLON
0001
o001
o000t
o001
0001 005
P00 p<0.001 P<0.001
o000t o001 =)
o001 Py =
ot o0t =0
P<0.001p<0.001 __ p<0.05 P<0.001 p<0.001 k]
oy e o 0
w |

ilo. L,
ol PLE

.3 5
adedls T8 £9

2

DI I
o S
oowBPoy &
Bdeosoo

N PlC CAR DFO DCA 2FL COMSI N PLC CAR DFO DCA 2FL COMBI
(2) (15 (16 (71 (7 (18 (18 @2) (15 (16 (71 (7 (18 (18

DFO DCA 2FL COMBI
“an  an (8 (18)





OPS/images/fmicb-15-1290490/fmicb-15-1290490-g007.jpg
po /g Proton

~
a“

IFN-y - COLON

cr

ofo

7

“conel

pa i mg Proten

IFN-y - KIDNEY

N
o

PC

1

R
-y

oro
o

o

E
o

Cowel

po/mg Proten

IFN-y - LIVER
eaos

3

-

omai
-





OPS/images/fmicb-15-1290490/fmicb-15-1290490-g008.jpg
pg/mL

N
“2)

B
IFN-y - SERUM IL-6 - SERUM
005
Pp<0.05 001
pe0.0t
<001 001 pe005 pe0.01 p<0.05 005

o
E
=
2

PLC
15

CAR  DFO

)

DCA
(18) an

CcoMmBI
18)

N
(12)

PLC
15)

CAR
(16)

DFO  DCA
an e

2FL
“n

COMBI
(18)





OPS/images/fmicb-15-1290490/fmicb-15-1290490-g001.jpg
Antibiosis

Treatment

S —

8 weeks

d-9 d-7 d6 d-5

1

Withdrawal Human FMT

V74
4 I I

d0 dl d2 d3 d4 d5 d6

e

Infection

Necropsy





OPS/images/fmicb-15-1290490/fmicb-15-1290490-g002.jpg
B c
‘Total Eubacterial Loads (d0) Enterobacteria (d0) Enterococci (d0)
PRt dh . S R 4 2 IR
2 B o a0 4"_ ® & ?
H H e §i%: S os e
£ ey & fiof D |
g LT v 3 el o A R
Plc  CAR  OF0 OCA  2fL  coMBl o 2FL COMBI TS SR oo oea L cowm
B ¥
Lactobacil d0) Bactoroides/Provotaa pp. (d0) Clostridium coccoides (d0
£ T eSS e s el
s fe il |7
i . i fo
100} B = ° - 100} 100}
2| e g H
A s “Comel "Slc cim ofo 0iA  #L  cowm e FO 2L comer
H
Clostridium leptum (d0) Bifidobacteria (d0) Mouse Intestinal Bacteroides (d0)
308 e 6 % S50
i~ : EE :
Ly Bom| T L 5
b e ol b 2
e o s Fr e S g oh T com





OPS/images/fmicb-15-1290490/fmicb-15-1290490-g003.jpg
STOMACH DUODENUM
10°%;
s 2 10
B
° 10 f B
—e—
107,
10°;
PLC CAR DFO DCA 2FL comsl PLC CAR DFO DCA 2FL comBI
(718) (ane) @n7) (617) (@n18) (5118) (12115) (8116) (4n7) (on7) (18118) (10118)
D
ILEUM COLON
10 101,
10%. 1o P -
. &
w0 o % o] W | e B @ B
- . AR St B A M
Sl dby| 3 & S :
Sl | S| b
104 104,
.
102, 107,
10°; 10°;
PLC CAR DFO DCA 2FL COMBI PLC CAR DFO DCA 2FL comBl

(1518)  (1216)  (15AT)  (1SAT)  (17118)  (16/18) (SM5)  (16M6)  (17A7)  (17A7)  (18M8)  (18118)





OPS/images/fmicb-15-1290490/fmicb-15-1290490-g004.jpg
Clinical Condi
pe00s
<0001

oo
o
2 oo
oo o | o
o co—
N PLC CAR DFO DCA 2FL COMmBI
@ a8 an oan  om a8
Fecal Blood
pe0.05
o000t
pe0001
0001
000t
4+ - e ® an @ | ®
23
H
8
3
32 - - | =
H
£
H
8
z1
o x> am—
PLC CAR DFO DCA 2FL comsl
12) “s) (16) “n “n (18) 18)

Wasting

pe005
o001
<0001
=X
<0001
o001
4 o o o °
a® e o ° ®
g
g
a
22 - - - ©® ww| o
z S
=
1 D e P
o @ —aoun-
N" PLC CAR DFO DCA 2FL  COMBI
L I R )

Diarrhea Score

N PLC CAR DFO DCA  2FL
12 (15) “e) (17 “n (8

CoMBI
(18)





OPS/images/fmicb-14-1289549/fmicb-14-1289549-g006.jpg
Reads

500

400-

300-

200-

100

X Xk X B

(normalised to GAPDH)

Fold change (2- » - Ct)
relative to untreated control

* X

C
il HR = 1.86 (1.57 - 2.21)
logrank P = 6.7e-13
© |
o
e
= o
®
@ \
£3{  \ T —
o
. m
" ™ R g ‘
S | Expression e o e s
— low
© | —— high
< | | | |
0 50 100 150

Time (months)

Number at risk
low 455 201
high 420 97

37
1"






OPS/images/fmicb-15-1290490/crossmark.jpg
©

2

i

|





OPS/images/back-cover.jpg
Frontiers in
Microbiology

Explores the habitable world and the potential of
microbiallife

The largest and most cited microbiology journal
which advances our understanding of the role
microbes play in addressing global challenges'
such as healthcare, food security, and climate.
change.

Discover the latest
Research Topics

Frontiers in
Microbiology

Frontiers

Avenue du Trbunal-Fédéral 34
1005 Lausanne, Switzerland.
fontersinorg

Contactus

+41(0)215101700
frontersn ro/about/contact

& frontiers






OPS/images/fmicb-15-1342573/fmicb-15-1342573-g006.jpg
PHE
e &
168

MET
166

VAL
169

Interactions.

Tonizabilty

Acidic

B
U
&1
G, AP
165 & R
3
vau
165
¥ ILE
162
TP
85
seR
7
e
& ILE
168
Pioistaded
PipTshaped
Pl

fonizabilty

Basic

Acidic

ser
107

ser
77

PHE
73






OPS/images/fmicb-15-1342573/fmicb-15-1342573-g007.jpg
oM °
oCu*
Inhihitor ‘\I“
Periplasm % \"Cuz‘
M Tatc ‘w —
Cytoplasm Oltgoraer
CueO

Tat Svgna\





OPS/images/fmicb-15-1342573/fmicb-15-1342573-t001.jpg
C. jejuni 81-176
in vitro

MIC (ug/ml)

MBC (ug/ml)

Growth inhibition at 6.25 ig/mL

Campylobacter spp. Commensal/beneficial
gut bacteria

C. jejuni 81-176
MBC in Caco2
cells (pg /ml)

kot
kel
kel
T4
kS
kG
7

k)

019

0.01

0.04

0.01

0.01

125

0.02

0.08

062

062

>5

>5

0.04

25

016

012

1212 07
12112 2/7 (Lb and Ef)
1212 2/7 (LGG and Ef)
1212 177 (Ef)
12112 17 (Ef)
1212 07

12712 117 (LGG)
12112 2/7 (Lb and Ef)

063

125

MIC: minimal bacteriostatic concentration (jg/m) in presence of 0.5 mM CuSO,; MBC: minimal bactericidal concentration (g/ml) in presence of 0.5 mM CuSOs; >5: the MBC was higher
than S ug/mL. B, Enterococcus faccals; b, Levilactobacillu brevis; LGG, Lacticaseibacillus thammosuus GG. Details about the Campylobacter and commensal/beneficial strains are displayed in





OPS/images/fmicb-15-1342573/fmicb-15-1342573-g002.jpg
SM concentrations (pg/ml)

b

6.25
3.13
1.56
0.78
0.39
0.19
0.098
0.049
0.024
0.012
0.006

o

3 6 9 12 15
Number of SM

m Complete growth inhibition
OGrowth observed

18





OPS/images/fmicb-15-1342573/fmicb-15-1342573-g003.jpg
1D: 2726344

ﬁ’"“ \ﬂ

ID: 840403
a AT o Y
D: 5865358 L NNJI,
o) NT2 o%\T >— ID: 2171117
S
O Njor"\r T8 T6 el
/—/ N
Tl \,
/

\(:C' D: 7295015
ID: 2812397 O\,ﬁ
o " i

L o
Cy n&.

ID: 2797493
1D: 2797493





OPS/images/fmicb-15-1342573/fmicb-15-1342573-g004.jpg
100 4

TI T2 T3 T4 TS T6 T7 T8 Cm Kn
u50 g @25 g O5pg





OPS/images/fmicb-15-1342573/fmicb-15-1342573-g005.jpg
mM5mm
L
$Efcl
AEEEE
8 %
= off <
vo_V <
S o
s fa %, - B8 2 8
T a5 S g
— souvpunqe 2ANTRY

S & ® & © g

o (99930 3/010) 501

PP e
¥ &5
*%loo &
b %
ofe o,
..“.. ,N..o
S e T 6 - e 3 3

< (223330 3/n4D) 801 2dUBpPUNQE IANBY





OPS/images/fmicb-15-1290490/fmicb-15-1290490-t001.jpg
Treatment Daily
Dose
(mg/kg)
Placebo -
Carvacrol 100
Deferoxamine 100
Deoxycholic acid 50
2-Fucosyl-lactose 430
Combination 730

MIC: minimal inhibitory concentration.

Drinking
Solution

(mg/L)

500
500
250

2,400

3,650

>256
32,768

114





OPS/images/fmicb-15-1342573/crossmark.jpg
©

2

i

|





OPS/images/fmicb-15-1342573/fmicb-15-1342573-g001.jpg
Number of compounds >

Number of compounds

60
50
40
30
20

u>100
21 »75-100

>100 75100 5074 3049
Growth inhibition in presence of CuSO, (%)

u>100
75-100
u50-74

25

>100 75-100 50-74 30-49
FDH activity inhibition (%)





OPS/images/fmicb-14-1293666/fmicb-14-1293666-g001.jpg
1. VEAR OF ROLATION

2.cuonaL cowpLex

msr2ico msTasce

3 SEQUENCE TYPE
£ PHENOTYPIC AVR
 Gorotoacn

5 pLASHO
W present






OPS/images/fmicb-14-1293666/fmicb-14-1293666-g002.jpg





OPS/images/fmicb-14-1331114/fmicb-14-1331114-g007.jpg
o™

Free Fatty Acids Monounsaturated Fatty Acids C Polyunsaturated Fatty Acids
poo0t
o001 _peagor_pencon T T P00 poont__peooor
2500 wy = g
200 o
1500
Z wo
1000
R
SE ske mma nma SF SR8 mma nma S skB mma hma
s ol o o A 4 -





OPS/images/fmicb-14-1331114/fmicb-14-1331114-g008.jpg
A Octadecenoic Acid

peaant
000t g0t __pe

-

o T

anl [ i

2 o] g2

SPE SAB  mma  hma
o2 @
c Octadecadienoate

0001 p000t  pe0.001

g §4€g,,a_+
-
i

Sr sk mma e
tn on o
E Eicosatrienoic Acid

000t p0001  pe0.0s

120
%
E
r1}
= e
30- T e
e L
SPF sAB mma  hma
o w

Docosahexaenoic Acid
penoot
pe00s_peoan

s
T ‘{

SPF SAB mma  hma
12) 12) 12) 12)

uM

um

Eicosenoic Acid

0001 p<0001  p<0.01

120

E

B |3
= =

SPF. sAB mma  hma
02 2) ) )

Eicosadienoic Acid

0001 <0001 pe0ot

o9n
9p
]

e

s
o
SPF SAB  mma  hma
o W
Arachidonic Acid

0001 p<0.05

20

SPF sAB mma  hma
02) ) ) 12)

Eicosapentaenoic Acid
peo0s
<000t peos

SPF sAB mma  hm:
12) 12) (12) it





OPS/images/fmicb-14-1331114/fmicb-14-1331114-g009.jpg
A Purines B Phosphatidylcholines

p<005
<0001 005 peo.00t
120 %0
a0 w0
E o[, e ]
Eu
30 - 20 RN =
< b
o
SPF SAB mma hma SPF SAB mma hma
“2) “2) 2 “12) 12) (12) 12) 12)
G: Diglycerides D Triglycerides
0001 pe0001  pe00s pe000i  peoot
300-
200,
=
S
100- .
oo
o",,
o
SPF SAB mma hma SPF SAB mma hma

(12) 12) 12) (12) (12) (12) (12) (12)





OPS/images/fmicb-14-1293666/crossmark.jpg
(®) Check for updates






OPS/images/fmicb-14-1331114/fmicb-14-1331114-g003.jpg
A Total Eubacterial Loads B Enterobacteria

p<0.05

0001

pe0.00t

¢ Enterococci

p<0.001

pe0.001

H aRugss  PEEE H E
8 10¢{ FBTH 8 10¢, 8
£ o £ 10 H
£ 1o, £ 10 H
8 8 8
10 10
SPF mma hma SPF. ‘mma hma SPF mma hma
) ) (t 3 o (] 3 ) (t
b Lactobacilli E Bifidobacteria F Bacteroides/Prevotella spp.
p0.001
P00t peo0t pedot pe0.00t
100, 100 1o
<
g o f. -
2 o &T L= 2 - R H
H H g =
g £ 1o £ o
8 8 8
E—~T h Ry 3 10
12) 12) 12) 12) 1) 12) SFF mma hima
G o : H o 1 . .
Clostridium coccoides Clostridium leptum Mouse Intestinal Bacteroides
peo00t P00t penoot
pev00t pe000t
10 10 100,
2w 2w % o e Smpe
2 ol e o = 2
B 10 ;% 8 10 % 3 10
2 H H
£ 10 £ o £ 1
5o LR HES
w© 10 10
SPF mma hma SPF mma  hma
3 i (3 ] o (it

SPF mma hma
12) 12) 12)





OPS/images/fmicb-14-1331114/fmicb-14-1331114-g004.jpg
-
i

rom

Serine
o

Proline

k4

Glutamine

Y
Aspartic Acid

m

Asparagine
vaom

Glutamic Acid

poos

k4

Threonine

W
Cysteine






OPS/images/fmicb-14-1331114/fmicb-14-1331114-g005.jpg
A Primary / Total Bile Acids B Secondary / Total Bile Acids  C Secondary / Primary Bile Acids

peogot P00 _peooot _peoot 000t _peo0ot _peoot
10! - e 10 %T%s o
N I!I .
2
o
;; 5] 10
o o

SPF SAB  mma  hma SPF SAB. mma  hma
A a0 02 02 a2

Ratio
Ratio
Ratio






OPS/images/fmicb-14-1331114/fmicb-14-1331114-g006.jpg
A Taurine-conjugated Bile Acids

p<0.001  p<0.001  p<0.05

SPF SAB mma hma
“2) “2) “2) “2)

¢ Tauromuricholic Acids

p<0.001

p<0.001

T

60
E, 40
20
0:

SPF SAB mma hma

“2) “2) 2) 12)

E Deoxycholic Acid
P<0.001 P<0.001 P<0.05

SPF SAB mma hma
(12) (12) 12) (12)

M

WM

Taurocholic Acid

P<0.001  p<0.001 p<0.01

50:
40-
30:

20

SPF SAB mma hma
“12) 12 12) “2)

Cholic Acid

<0.001
p<0.01 p<0.05 <0.05

60:
50-
40
30

20:

SPF SAB mma hma
(12) 12) 2) “2)





OPS/images/cover.jpg
& frontiers | Research Topics.

Recent advances in
Campylobacter
research

Published in
Frontiers in Microblology






OPS/images/fmicb-14-1289549/fmicb-14-1289549-g005.jpg
SNORD3D

RNA45SN5
RNA45SN1
CCT8_1

60~
°
T —
40~
©
3 =
E o =
'S Significant r
B ® Downregulated ( 10 ) L “lt
7]
._g. ® No signficant change ( 26027 ) <
& o. ® Upregulated (30 )
o
8 B
1 204
11
|
| [
|
(=3 c =
2 2 2
g g g
g g g
= [N}

0
log, Fold Change

G0:0010638: positive regulation of organelle organization

G0:0010821: regulation of mitochondrion organization

G0:1904951: positive regulation of establishment of protein localization
| R-HSA-8953854: Metabolism of RNA

| G0:0090287: regulation of cellular response to growth factor stimulus

| G0:0009615: response to virus

00 05 10 15 20 25 30 35 4.0
-log10(P)

— G0:0022409: positive regulation of cell-cell adhesion

GO0:0009617: response to bacterium

00 05 10 15 20 25 30 35 40
-log10(P)

Sy 0SION vOAadZd

L 'SIyy"0SION'¥Oa0Zd

2'sIyp"0SION ¥Oa02d

NAPEPLD

o N A O O





OPS/images/fmicb-14-1289549/fmicb-14-1289549-g001.jpg
Experimental workflow

CYP1A1 expression confirmation

Transcriptomic analysis

Pathogenicity to AGS cells
; Infection (-
_> '
Total RNA from AGS cells

5 ; ; ; ; ; Strain P2CD04 (GS2) AGS cells
(C. concisus-treated and untreated)
4 hrs incubation

Three GS2 strains

Three GS1 strains
— N \\] ------------
% Total RNA extraction \ 4
cDNA synthesis

AGS cells
24 hrs incubation |
RNA-seq
l \ 4
/(4. | " — NG
ELISA Caspase Fluorescence o —
(IL-8) 3/7 assay microscopy _I:-_-_ 3
(F-actin) L bR
Trimming
Mapping

DEG analysis





OPS/images/fmicb-14-1289549/fmicb-14-1289549-g002.jpg
IL-8 concentration (pg/ml)

2000

% 2k ok

%k %k %k Kk

% %k %k k

* %k %k Xk

* Kk kk

* Xk k Xk

*x Xk






OPS/images/fmicb-14-1289549/fmicb-14-1289549-g003.jpg
Caspase 3/7 Activity
(Flod change relative to untreated control)

%k %k %k %k

*k Kk kxk

%k ko ok

% %k Kk ok

*kkkxk

* kk Xk

* Xk %k Xk

%k Kk ok ok

* %k %k %k

*kkkxk

* %k k k

%k %k %k k






OPS/images/fmicb-14-1289549/fmicb-14-1289549-g004.jpg
\‘\ ,\&‘\

I\j‘

“O

70)(






OPS/images/fmicb-14-1293666/fmicb-14-1293666-g004.jpg
Group C_pVir-like

ooss

Group A_pTet-iike

$734_1_Campylobacter_coli_strain_OR12_plasmid_pOR12Vir
p13784

T_noss §2NZ_AZNS01000034._1_Compylobacter_iejunsubsp_Jejul_81-176-UMCW?._plasmid_pVi

o001
o002

CPO11017_1_Campylobacter_col_strain_FB1_plasmid_pFBITET
o579
KX686749_1_Campylobacter_coli_strain_Tx40_plasmid

NC_022355_1_Campylobacter_coli_CVM_N29710_plasmid_pN29710-1
CP043764_1_Campylobacter_jejuni_strain_BIR-CA-14430_plasmid_pBfR-CA-14430
p13786

p833112_43kb

14 §#CPO22471_1_Campylobacter_jejuni_strain_RM1246-ERRC_plasmid_pRM1246_ERRC

p15796150
16979918
0005 $p50_1_20
33649138
CP017231_1_Campylobacter_jejuni_strain_FORC_046_plasmid_pFORC46_2
p833112_26kd
o0 3 po581
0000 §9576
0033 § pos77
Group B_pocez-like ., CP017870_1_Campylobacter._coli_strain_MG1116_plasmid_pCCOM1165
.03 $p33649110
p9580
824 4 CP006703_1_Campylobacter_coli_15-537360_plasmid_pCCa2yr
9994 CPO45792_1_Campylobacter_coli_strain_CFSAN032805._plasmid_p2CFSANO32805
63 oS0

p19565112
p13780





OPS/images/fmicb-14-1293666/fmicb-14-1293666-t001.jpg
Mash

Plasmid Plasmid Resistance Plasmid o N b Relaxase Relaxase acc.
name acc. n. gene size (bp) €es SRS reptype | repacc.n.? type & n:iegar:zso‘r“
p9574 0Qs553938 C.coli 9574 - 2427 2 3 - - - - CPOO7185
300241123 0Q553956 C. coli - 2908 30 4 rep_cluster_840  NC_004997 - - AY256846
300241123
9562 0Q553936 C. coli 9562 - 3,267 32 4 rep_cluster 950 CPOI7855 - - MHG34988
p833112_4kb 0Q553947 C. jejuni 833112 - 4367 31 7 rep_cluster 795 NC_008052 MOBP NC_008051 MH634989
9581 0Q553943 C. coli 9581 - 24,869 29 30 - - MOBP CPO17870 CP017870
9576 0Q553939 C. coli 9576 - 25341 2 31 - - MOBP CPOI7870 CPOI7870
9577 0Q353940 C. coli9577 - 25341 ] 31 - - MOBP CPO17870 CPO17870
p833112_26kb 0Qs553949 C. jejuni 833112 - 26,724 2 45 - - MOBP CPO06703 CPOI17231
19565112 0Q553953 C.coli 19565112 - 27,225 29 35 - - MOBP CPO06703 CPO0GT03
9560 0Qs553935 C. coli9560 - 27,235 2 36 - - MOBP CPO0G703 CPO0GTO3
33649110 0Qs553954 C.coli 33649110 - 27,538 30 3 - - MOBP CPO06703 CP045792
9580 0Qs53942 C. coli 9580 - 27,544 30 33 - - MOBP CPO0G703 CPO45792
16979918 0Q353952 C. coli 16979918 - 30346 23 38 - - MOBP CPO0G703 CPOI7231
50120 0Q553934 C. jejuni - 30346 2 38 - - MOBP CPO06703 CPo17231
50120
33649138 0Qs553955 C. jejuni - 30348 2 38 - - MOBP CPO06703 CPO17231
33649138
13780 0Q353944 C. coli 13780 - 30,631 2 39 - - MOBP CPO0G703 CP006703
13784 0Q553945 C.coli 13784 - 35326 2 a7 rep_cluster_1502  CPO13734 MOBP NZ_ CPO14746
AZNS01000034
9572 0Q553937 C.coli 9572 - 39,389 2 45 - - MOBP NC_022355 CP043764
p833112_43kb 0Q722348 C. jejuni 833112 tet(0) 43,681 2 47 - - MOBP NC_022355 CP022471
PI5796150 0Qs53951 C. jejuni (0) 44310 28 50 B - MOBP NC_022355 CP22471
15796150
9579 0Q553941 C.jejuni 9579 e(0) 44,469 30 49 rep_cluster_475 | KX686749 MOBP NC_022355 CPo11017
pI3786 0Q553946 C. coli 13786 (), aph(2)-5 49,853 2 57 - - MOBP NC_022355 CP043764
aph(3)-1llads

‘Bakta v.1.7.0 predicted reading frames; "In bold, reference plasmids selected for the Gyiew and MAFFT_NJ plasmid analysis; A: partial gene.





OPS/images/fmicb-14-1293666/fmicb-14-1293666-t002.jpg
MLST Multilocus sequence typing

ccs Clonal complexes

EU European Union

Mss Member States

ECDC European Center for Disease Prevention and Control
STs Sequence types

cgMLST Core genome multilocus sequence typing

cgsT cgMILST type

155 Istituto Superiore di Sanita

mCCD Agar Modified charcoal cefoperazone deoxycholate agar
EUCAST European Committee on Antimicrobial Susceptibility Tes!
Cip Ciprofloxacin

T Tetracycline

Erythromyci

Gm Gentamicin
ECOFFs Epidemiological cutoff values

WGs Whole genome sequencing

CGE Center for genomic epidemiology

VEDB Virulence factor of pathogenic bacteria server
GView Genomic Context View

N Neighborjoining

CBT Capsule biosynthesis and transport

L0s Lipooligosaccharides

Tess “Type VI secretion system

VAS Virulence-associated secretion

s Lipopolysaccharide

TaSS Type IV secretion system





OPS/images/fmicb-14-1289549/cross.jpg
@ Check for updates.





OPS/images/fmicb-14-1293666/fmicb-14-1293666-g003.jpg
hiaay,,
mlln’ol"‘

W CPo22471_pRM1246_ERRC
W 515796150 tet O
W pos72
I NC_ozz3s5. a7
| p9579_tet O
W £833112_43kb_tet O
I x60674_Txd0_plasmia
W p13786_tet O
W Crotio1_praiTe
I CPO43764_pBRCA14430
Ml CP045792_p2CFSANO32805
W croos70s_pccezy
I poseo
W p1o565112
pieo7918
W ps0_1 20
| p33649110
M poseo
M pos7e
W pos77
W poss1
M cro1m2st_proRcas2
W 0533112 26k0
W crotraro_sccomiies
W o0
W p33649138
B CPota734_p0RVI
I Nz AZNSO1000034 pvir
| e
W pangenome





