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Abstract

:

Campylobacter jejuni is the leading cause of foodborne human gastroenteritis in the developed world. Infections are largely acquired from poultry produced for human consumption and poor food handling is thus a major risk factor. Chicken exudate (CE) is a liquid produced from defrosted commercial chicken products that facilitates C. jejuni growth. We examined the response of C. jejuni to growth in CE using a multi-omics approach. Changes in the C. jejuni proteome were assessed by label-based liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS). We quantified 1328 and 1304 proteins, respectively, in experiments comparing 5% CE in Mueller–Hinton (MH) medium and 100% CE with MH-only controls. These proteins represent 81.8% and 80.3% of the predicted C. jejuni NCTC11168 proteome. Growth in CE induced profound remodelling of the proteome. These changes were typically conserved between 5% and 100% CE, with a greater magnitude of change observed in 100% CE. We confirmed that CE induced C. jejuni biofilm formation, as well as increasing motility and resistance against oxidative stress, consistent with changes to proteins representing those functions. Assessment of the C. jejuni metabolome showed CE also led to increased intracellular abundances of serine, proline, and lactate that were correlated with the elevated abundances of their respective transporters. Analysis of carbon source uptake showed prolonged culture supernatant retention of proline and succinate in CE-supplemented medium. Metabolomics data provided preliminary evidence for the uptake of chicken-meat-associated dipeptides. C. jejuni exposed to CE showed increased resistance to several antibiotics, including polymyxin B, consistent with changes to tripartite efflux system proteins and those involved in the synthesis of lipid A. The C. jejuni CE proteome was also characterised by very large increases in proteins associated with iron acquisition, while a decrease in proteins containing iron–sulphur clusters was also observed. Our data suggest CE is both oxygen- and iron-limiting and provide evidence of factors required for phenotypic remodelling to enable C. jejuni survival on poultry products.
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1. Introduction


Campylobacter jejuni (C. jejuni) is a major zoonotic pathogen that is commonly found in avian species as a largely commensal gastrointestinal tract inhabitant. C. jejuni is thus considered a significant risk since contamination of carcass meat means poorly prepared and/or undercooked poultry remains the most common route for human infection in the developed world [1,2,3]. Unlike other food-associated pathogens, C. jejuni does not grow on food products, as the temperature range (~30–45 °C) and microaerophilic nature of the organism (requiring <10% O2 and ~10% CO2) are not commensurate with food spoilage. Despite this, human disease requires only very low numbers of infecting cells (~100–500 C. jejuni [4]) and survival on food products in a viable state occurs, even at low temperatures and high oxygen levels [5]. Therefore, limiting C. jejuni on consumer poultry is crucial; however, it is estimated that 30–95% of supermarket poultry is contaminated [6,7].



C. jejuni encodes functions that are considered essential for chicken colonisation and/or human infection. The most important ‘virulence’ determinant is flagellar-based motility, with helical cell shape and chemotaxis also appearing crucial [8,9,10,11,12]. The organism contains only a few adhesins, the most significant of which is CadF (Campylobacter adherence factor), although others such as fibronectin-like protein FlpA and lipoprotein JlpA also contribute to host colonisation [13,14]. C. jejuni does not contain a classical type 3 secretion system (T3SS), with the flagellar export apparatus utilised for the secretion of toxins, such as the Campylobacter invasion antigens (Cia) that facilitate invasion of the human gut epithelium [15,16,17]. Despite a limited genome of ~1620 genes (in the NCTC11168 strain [18]), C. jejuni has an unusual capacity for post-translationally modifying proteins. Such modifications include O-glycosylation of the flagellin subunits of the flagellar apparatus, a general N-linked glycosylation system that modifies ~100 membrane-associated proteins and is required for host cell binding, nitrate reductase activity, and antimicrobial resistance, along with widespread lysine acetylation on >1000 proteins that plays a role in metabolism and appears to regulate CadF binding to host fibronectin [19,20,21,22,23,24,25].



Understanding how C. jejuni adapts to food surfaces is crucial in finding interventions that limit human infection. Food-based model growth systems can thus play a role in enhancing our knowledge of the molecular basis for C. jejuni survival during food processing [5]. Such growth models include the use of autoclaved chicken meat, chicken skin pre-irradiated with UV light, and chicken exudate (CE) or ‘juice’ [26,27,28]. CE is generated as the thaw water from frozen or chilled poultry products, which is then filter-sterilised and used in isolation or as a supplement to other microbiological media [28]. Although no in-depth compositional studies are available, CE likely comprises blood/plasma proteins, salts, amino acids, carbohydrates, co-factors, and lipids capable of supporting C. jejuni growth. A broad analysis of CE revealed higher levels of protein and lower carbohydrate levels compared to Mueller–Hinton (MH) media [29]. This may be beneficial for C. jejuni, which lacks glycolysis and is considered asaccharolytic (some strains contain the fuc operon that allows growth on fucose [30,31]), utilising amino acids (serine, aspartate, glutamate, and proline) and organic acids as primary carbon sources instead [32,33]. Catabolism of amino, organic, and short-chain fatty acids rely on specific transporters, including SdaC (serine [34]), PutP (proline [35]), the Peb antigens and dicarboxylate transporters (aspartate/glutamate [36] and fumarate [37]), and LctP (lactate [38,39]).



As a microaerophile, C. jejuni contains a unique respiratory chain that allows the use of several alternative electron donors and acceptors [40]. Under oxygen limitation, the organism can utilise nitrate, nitrite, fumarate, and N- and S-oxides as electron acceptors [41]. Fumarate is reduced to succinate by MfrABE (Cj0437–Cj0439) methylmenaquinol:fumarate reductase (previously annotated as succinate dehydrogenase SdhABC [42]) and by the bidirectional fumarate reductase FrdABC [43], with the produced succinate secreted by the DcuB dicarboxylate transporter (DCT) and reused as a carbon source via uptake by the DctA DCT [37]. C. jejuni utilises electron donors including reduced flavin adenine dinucleotide (FADH), formate (via a membrane-associated formate dehydrogenase), hydrogen (via the NiFe hydrogenase), and α-ketoglutarate (α-KG; via the 2-oxoglutarate:acceptor oxidoreductase OorABCD), and these are important in host colonization [44]. A requirement for low oxygen levels results in reactive oxygen species (ROS) generation and C. jejuni is equipped with antioxidant proteins including catalase (KatA), superoxide dismutase (SodB), and alkylhydroperoxide reductase AhpC [45]. Tied to the presence of ROS is iron acquisition, which is tightly controlled despite a requirement for iron as a co-factor in many enzymes (e.g., Fe–S clusters). C. jejuni encodes a variety of uptake systems for iron, heme, and other micronutrients including molybdate, zinc, and tungsten [33].



Initial phenotypic characterisation of C. jejuni grown with CE showed that when incubated at either 5 °C or 48 °C, CE significantly increased the time that the organism remained viable [28]. The protective nature of CE may be mediated through biofilm production as the quorum-sensing gene luxS is elevated during CE-supplemented growth [46]. Growth in 5% CE resulted in an increase in biofilm production under both microaerobic and aerobic conditions, and electron microscopy revealed that C. jejuni preferentially attached to CE particulates bound to an abiotic surface rather than to the surface itself [47]. A second study confirmed that CE induces biofilm, and treatment with proteinase K inhibited biofilm formation, suggesting that structural integrity relies on peptides and proteins [29]. However, despite these data, no in-depth molecular analysis of C. jejuni’s response to growth in CE has yet been conducted.



In this study, C. jejuni NCTC11168 was grown in MH medium with and without supplementation with 5% CE, and in 100% CE alone, and subjected to a multi-omics analysis based on proteomics, intracellular and culture supernatant (CSN) metabolomics, and phenotypic analyses [48]. Our multi-omics approach defines CE-associated changes to C. jejuni physiology at the protein and metabolite levels. Quantifying these biomolecules during C. jejuni growth in CE may help determine how the organism survives on poultry food products for human consumption.




2. Materials and Methods


2.1. Bacterial Strains and Growth Conditions


C. jejuni NCTC11168 was grown as previously described [49]. CE was obtained from a local commercial poultry butcher and was prepared by 20 min centrifugation at 8000× g at 4 °C, followed by overnight filtration through 0.22 µm pore size polyethersulfone (PES) membrane filters (Corning, New York, NY, USA). Cells from MH broth starter cultures were sub-cultured into fresh MH medium (in the presence or absence of 5% CE) or 100% CE at an initial OD600 of 0.1 and grown until the late exponential phase as determined by OD600 of 0.7. Cells were collected by centrifugation before lyophilization.




2.2. Experimental Design


For discovery-based quantitative proteomics by tandem mass tag (TMT) labelling and LC-MS/MS of C. jejuni growth in MH medium with or without supplementation with 5% CE, n = 4 biological replicates were processed across two separate experiments. For comparison of MH controls with growth in 100% CE, n = 3 biological replicates were processed across 3 separate experiments. All processed proteomics data can be found in Data S1. For metabolomics analysis by targeted LC-MS/MS, a minimum of n = 6 biological replicates were processed. For all other experiments, biological and technical replicates are provided in the text.




2.3. Quantitative Proteomics by LC-MS/MS


Peptide samples were prepared as described previously [49]. Briefly, lyophilized C. jejuni were reconstituted in 100 mM HEPES, pH 7.5, and lysed by 6 rounds of 30 s beadbeating. Proteins were precipitated in 1.8:2:2 water:methanol:chloroform, collected by centrifugation, washed twice with methanol, and solubilized in 8M guanidine-HCl, 100 mM HEPES, pH 7.6. Reduction and alkylation were performed with 10 mM dithiothreitol (DTT) and 20 mM iodoacetamide (IAA) for 1 hr each, respectively. Proteins were digested with sequencing-grade modified trypsin (Promega, Madison, WI, USA) at a protein:protease ratio of 30:1 overnight at 37 °C. Peptides were desalted by solid phase extraction using hydrophilic-lipophilic balance (HLB) cartridges (Waters, Bedford, MA, USA). Samples were labelled with 6-plex TMT (Thermo Scientific, Waltham, MA, USA). An excess label was quenched with hydroxylamine hydrochloride, following which labelled samples were pooled and desalted using HLB cartridges. TMT-labelled samples were fractionated offline by hydrophilic interaction liquid chromatography (HILIC) prior to LC-MS/MS as described [49]. Peptides were eluted from HILIC in 1 min fractions and adjoining fractions were pooled to a final concatenated 6–12 fractions and lyophilized. Peptide fractions were separated by reversed-phase chromatography over a 90 min gradient [49] in a Q Exactive Plus or Q Exactive™ HF Hybrid Quadrupole Mass Spectrometer (Thermo Scientific). The instruments were configured to perform one full scan MS (scan range 300–1650 m/z, resolution of 60,000, automatic gain control [AGC] of 3 × 106, and a maximum ion injection time [IT] of 50 ms) with the top 10–15 precursors in fulfilment of the selection criteria (charge state 2–4, minimum intensity >9.2 × 104, and dynamic exclusion window of 40 s) selected for MS/MS (scan range 200–2000 m/z with a fixed first mass of 110 m/z, resolution of 15,000, AGC of 1 × 106, maximum IT of 50 ms, isolation window 1.4 m/z, and normalised collision energy [NCE] of 29).




2.4. Processing of Proteomics Mass Spectrometry Files


Data from quantitative proteomics were processed in Proteome Discoverer (v. 2.2; Thermo Scientific) and searched against the UniProt C. jejuni NCTC11168 translated genome (UP000000799; organism ID 192222; release 24 May 2018; 1623 proteins) with the SequestHT algorithm. Search parameters were max. 2 missed cleavages and carbamidomethyl (C) as a fixed modification; and for variable modifications, oxidation (M), TMT-6plex (peptide N-term, K), and using precursor and fragment ion tolerances of 20 ppm. Peptide-level false discovery rate (FDR) was determined using Percolator (v. 2.08.01). Peptide spectral matches (PSMs) corresponding to a 1% FDR were exported, and reporter intensities normalised to total reporter ion signals across all channels. For relative quantitation and statistical analysis, data were imported into Perseus (v. 1.6.1.1) and analysed as per [25].




2.5. Targeted Metabolomics by LC-MS/MS


Metabolites and their MS parameters (precursor, product ion m/z [transitions], collision energy, and declustering potential) are summarized in Table S1. Cells (n = 6–9 biological replicates) were lysed in ultrapure water by 6 rounds of 30 s beadbeating. For assay of culture supernatant (CSN) metabolites (n = 6 biological replicates), aliquots were collected at 0, 4, 24, and 48 h growth, cells were removed by centrifugation, and supernatants were filtered through 0.22 μm PES filters. A total of 25 μL of each sample was added to 75 μL of extraction buffer (0.1% formic acid (FA) in 80:20 ethanol:water (v/v)), mixed by vortexing, and incubated at 4 °C for 2 h. Solutions were vortexed then centrifuged at 14,000× g at 4 °C for 15 min. A total of 50 μL of the supernatant was transferred into a new tube and lyophilised. Metabolites were resuspended in HPLC grade water, diluted as necessary, and injected for analysis. LC-MS/MS was performed as per [49]. Metabolites were loaded onto either a Luna Phenyl-Hexyl column (50 mm × 1 mm × 5 μm particle size) (Phenomenex, Torrance, CA, USA) or a Synergi Polar-RP (reversed phase) 80 Å column (50 mm × 1 mm × 4 μm particle size) (Phenomenex) using a Nexera UHPLC system (Shimadzu, Kyoto, Japan). Sample loading and elution were as described [49]. Metabolites were eluted into a Q-TRAP 5500 mass spectrometer (SCIEX, Framingham, MA, USA) operated in targeted MRM mode. Data files were imported into Skyline (v. 4.1.0.18169), and peak areas manually integrated. Statistical analysis was performed in Metaboanalyst (v.4.0).




2.6. Biofilm Assays


Biofilm formation was assessed as per [49]; briefly, overnight cultures were diluted to an OD600 of 0.1 in 24-well flat-bottom cell culture plates containing fresh MH, fresh minimal MCLMAN media [50], and both MH and MCLMAN supplemented with 5% (v/v) CE. Plates were incubated for 48 h under microaerophilic conditions. Non-adherent, non-biofilm cells were removed by washing with 1 mL of sterile PBS. A total of 1.2 mL of fresh medium supplemented with 0.01% (w/v) 2,3,5-triphenyltetrazolium chloride (TTC) was added to each well and incubated at 37 °C under micraerophilic conditions for 72 h. TTC was removed and the wells were air dried. Bound dye was dissolved using 20% acetone/80% ethanol and absorbance A590 was measured.




2.7. Analysis of Lipid A by MALDI-TOF MS


Preparation of lipid A was performed as per [49,51] with minor modifications. Briefly, 10 mg wet-weight cells were solubilized in 4:3 70% isobutyric acid/1 M ammonium hydroxide and boiled at 100 °C for 45 min. Insoluble material was removed by centrifugation for 15 min at 2000× g, following which supernatants were diluted 1:1 with ultrapure water and lyophilised. Extracts were washed twice with methanol and reconstituted in 2:1:0.25 chloroform/methanol/water (CMW). Aliquots were spotted onto stainless steel MS targets 1:1 with a norharmane matrix (10 mg/mL [Sigma, St. Louis, MO, USA] in 2:1:0.25 CMW). Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) MS mass spectra were acquired on a Bruker UltrafleXtreme (Bruker Daltonics, Billerica, MA, USA) operated in negative ion reflectron mode across a mass range of 1000–2500 m/z, and a laser frequency of 2000 Hz using 40% global intensity. For each growth condition, n = 5 spectra were analysed using MALDIquant v.1.22.2 [52]. Spectra were square-root transformed, smoothed using the Savitzky–Golay method, and the SNIP algorithm used for baseline correction. Spectra were normalised to total ion count, aligned with a mass tolerance of 0.002, averaged between replicates for each condition with intensity binned within a mass of 0.002, and peaks selected from ions with a signal/noise ratio greater than 15. Statistical significance was calculated using values from replicate spectra, using student’s t-test (assuming unpaired samples and 2-tailed variance).




2.8. Phenotypic Assays


Polymyxin B sensitivity was measured using Etest® strips (Biomérieux, Marcy-l’Étoile, France). First, 0.2 mL culture grown as above was spread on MH agar with or without 5% (v/v) CE, and an Etest® strip was added to the centre. Plates were incubated for 48 h at 37 °C under microaerophillic conditions and the concentration at which no growth was observed equalled the minimum inhibitory concentration (MIC). Resistances for ciprofloxacin, ampicillin, and amoxicillin/clavulanic acid were measured using antimicrobial susceptibility discs (Thermo Scientific) on plates as grown above with the zone of inhibition measured in mm. Resistance against oxidative stress was measured by exposure to 5 mM H2O2 for 30 min with % survival calculated by plate count [49]. Motility was assessed as described [49] using both semi-solid MCLMAN and MH media (with and without 5% CE) in 0.4% agar. Plates were inoculated with 2 μL of an overnight biphasic culture (OD600 0.5) and incubated for 48 h at 37 °C under microaerophilic conditions and motility was measured by diameter of bacterial spread. Western blotting using anti-CadF antiserum was performed as described in [53].





3. Results


3.1. Proteomics of C. jejuni Response to Growth in 5% and 100% CE


Quantitative proteomics by LC-MS/MS was undertaken using a TMT label-based approach post-trypsin digest to compare relative abundances of proteins from C. jejuni NCTC11168 grown in MH medium with those grown in MH supplemented with 5% filter-sterilised CE (5% CE) and in 100% CE alone (100% CE). Data comparing MH controls with 5% CE were acquired from n = 4 growth (biological) replicates across two separate LC-MS/MS experiments (two biological replicates per LC-MS/MS experiment). LC-MS/MS identified peptides corresponding to 1386 unique C. jejuni proteins, with 58 of these identified by a single peptide alone removed from further analysis. We therefore confidently quantified 1328 proteins (with ≥two peptides per protein from at least one of two LC-MS/MS experiments), representing 81.8% of the C. jejuni NCTC11168 translated genome of 1623 genes (Data S1). A similar comparison was performed for additional MH controls and 100% CE acquired from n = 3 biological replicates run across separate experiments. Here, LC-MS/MS identified peptides from 1326 proteins, with 22 identified by only a single peptide. Hence, for this analysis, we quantified 1304 proteins, representing 80.3% of the predicted C. jejuni proteome (Data S1).



Log2 (fold change) and −log10(p-value) were arrayed by volcano plots (Figure 1A), which showed the global effects of 5% and 100% CE on the C. jejuni proteome. We next converted log2 values to n-fold change for ease of further analysis. Proteins that were significantly altered in abundance were defined as those with a mean >±1.5-fold change (<0.67 and >1.50-fold reproduced across a minimum of 2/4 or 2/3 biological replicates for each comparison, respectively) and with p < 0.05 (Table S2). Alignment of the data for each individual protein across the two comparisons showed high correlation (r = 0.7462; Figure 1B) and thus conservation of similarly altered proteins, with the magnitude of change appearing to be greater following growth in 100% CE compared with growth in 5% CE (Figure 1C). This could also be shown by examining mean fold change for all proteins with positive (>1.0) regulation (mean 1.299-fold in 5% CE, 1.522-fold in 100% CE; p < 0.0001) or those deemed altered in abundance (>1.5-fold; 1.870-fold in 5% CE, 2.166-fold in 100% CE; p < 0.0001), while for those with negative regulation (<1.0), we saw no difference in the 5% CE comparison (0.79-fold in 5% CE, 0.78-fold in 100% CE; not significant) and a small yet significant difference for those altered in abundance (<0.67-fold; 0.58-fold and 0.53-fold in the 5% and 100% CE comparisons, respectively, p < 0.05). In summary, 5% CE supplementation largely altered the same contingent of proteins as growth in 100% CE, with 100% CE leading to larger fold changes (Figure 1C).



We next performed STRINGdb v.12.0 (https://string-db.org) analysis to identify functional relationships between similarly regulated proteins observed in the 5% and 100% CE comparisons with MH controls (Figure S1). For all four analyses (proteins with increased/decreased abundance in 5% and 100% CE comparisons), we observed significant enrichment of functional pathways. For proteins elevated in abundance in 5% CE, we observed five clusters (flagellar motility, iron uptake and antioxidants, antibiotic resistance, nutrient transport and metabolism, and the pgl protein N-glycosylation system [Figure S1A]), all of which were also observed in the 100% CE comparison that contained two additional clusters (peptidoglycan and cell shape, and lipooligosaccharide [Figure S1B]). For those proteins decreased in abundance, STRINGdb identified three clusters in the 5% CE comparison (metabolism, virulence and antigenicity, and protein secretion and translation [Figure S1C]); we observed only two clusters in the 100% CE comparison (metabolism and protein translation [Figure S1D]). Collectively, these results suggest that CE, irrespective of whether it is used as a supplement or directly for growth, induces a signature response in C. jejuni and our data provide testable phenotypes for further validation.




3.2. CE Increases C. jejuni Flagellar Motility and Induces Biofilm Formation


We next wished to examine how changes in the proteome attributed to CE exposure influenced C. jejuni phenotypes. Given that flagellar motility was a strongly enriched functional cluster positively associated with growth in both 5% and 100% CE, we firstly specifically examined the relative abundances of all known C. jejuni proteins involved in flagellar motility and observed many to be elevated in abundance, while only a few were considered reduced (Figure 2A). We next examined how CE influenced this phenotype; we employed 5% CE in two separate growth models, MH medium as conducted for proteome analysis and minimal, defined MCLMAN medium. The addition of 5% CE significantly increased motility as determined by migration through semi-soft agar, irrespective of base medium (Figure 2B). Previous studies have shown that CE induces biofilm [47]. As expected, cells exposed to 5% CE had significantly elevated biofilm-forming capabilities (Figure 2C), again irrespective of medium. For C. jejuni grown in MCLMAN, which were almost incapable of biofilm-like growth, the addition of 5% CE increased biofilm formation ~seven-fold, with CE inducing a ~two-fold increase in MH medium.




3.3. Growth in CE Leads to Increased C. jejuni Antibiotic Resistance


We observed STRINGdb clusters for proteins involved in antibiotic resistance in experiments comparing C. jejuni growth in both 5% and 100% CE compared to MH controls. Proteomics analysis for all known proteins involved in antibiotic resistance (Figure 3A) highlighted several proteins that were elevated in abundance including Cj0607–Cj0608 (1.68-/2.35-fold and 1.85-/2.47-fold in 5% and 100% CE comparisons, respectively) and many of the tripartite efflux system proteins (CmeABC/CmeDEF), although in some cases these did not reach the 1.5-fold threshold, particularly in the 5% CE comparison. Despite this, all showed a positive trend when C. jejuni was exposed to CE. We next examined C. jejuni susceptibility to a range of antibiotics (Figure 3B). Exposure to CE resulted in increased resistance to ciprofloxacin, consistent with changes to Cme efflux proteins. CE also significantly increased ampicillin resistance, which correlated with increased abundance of the Cj0299 (bla-OXA-61) beta-lactamase (1.87-/1.44-fold; p = 0.006 in 5%, n.s. in 100%, likely due to fewer peptides quantified and no identification in 1/3 experiments for 100% CE). Finally, CE resulted in increased resistance to the beta-lactam/beta-lactamase inhibitor combination, amoxicillin, and clavulanic acid (Figure 3B).



Resistance to the antimicrobial peptide polymyxin B potentially relies on both efflux and interaction with the phosphate moieties of lipid A, amongst other targets [54]. C. jejuni grown with CE demonstrated increased polymyxin B resistance (Figure 4A). We observed increased abundances of LpxH, which catalyses the fourth step in lipid A biosynthesis (producing mono-phosphorylated lipid X; 1.55-/2.31-fold in 5% and 100% CE comparisons, respectively) and the lipid export protein MsbA (2.56-fold in 100% CE) (Figure 4B). All other proteins were largely unaltered. We next employed MALDI-TOF MS to determine whether CE induced structural changes to lipid A (Figure 4C). We observed increased abundances of two lipid A structures—mono-phosphorylated lipid A and phosphoethanolamine (pEtN)-mono-phospho-lipid A (Figure 4D)—with both of these structures showing a greater than two-fold increase in abundance in 5% CE, commensurate with reduced, but not significant, abundances of several di-phosphorylated structures (Figure 4E). We observed no significant change in the lipid A pEtN transferase EptC or the lipid A kinase LpxK. Therefore, from our data, it appears likely that the increased production of lipid X and transport to the periplasm by MsbA accounts for the increased proportion of unmodified and pEtN-modified mono-phosphorylated lipid A.




3.4. CE Induces Iron Uptake and Leads to Increased Oxidative Stress Resistance in C. jejuni


The most striking observation in our analysis of 5% and 100% CE was the large cluster of induced proteins involved in iron acquisition (Figure 5A), including the ferrous iron transporter FeoB, enterobactin iron-siderophore uptake proteins CeuD/CeuE, heme uptake transport proteins ChuACDZ, putative ferric iron uptake proteins CfbpA and CfbpC, and iron uptake-associated proteins Cj0177–Cj0178 and Cj1658–Cj1663. Many of these are repressed by the ferric uptake regulator (Fur), which itself was present at reduced abundance (Figure 5A). This suggests CE contains components that sequester iron, for example, the presence of serum transferrin. Reduced iron availability also correlates well with our observations of largely reduced abundances of Fe–S cluster proteins following growth in CE (Figure S2). Since iron is intimately linked to ROS, we next examined oxidative stress and antioxidant proteins (Figure 5A). Here, we observed a significantly increased abundance of catalase KatA during growth in CE (1.54-/2.76-fold in 5% and 100% CE comparisons, respectively). Therefore, we next assayed for C. jejuni survival in 5 mM H2O2 following growth in MH medium with and without 5% CE and found significantly increased resistance to oxidative stress, consistent with elevated KatA (~1.8-fold increase in survival [Figure 5B]).




3.5. CE Results in Changes to C. jejuni Nutrient Transport


Proteins involved in nutrient transport were strongly enriched in STRINGdb analysis of CE growth. We next aligned the proteomics data for C. jejuni grown in 5% and 100% CE compared with MH controls to determine how CE influences nutrient transport at the individual protein level (Figure 6A). We observed elevated CE-associated abundances of the dipeptide transporter CptA (Cj0204; 2.24-/5.62-fold in 5% and 100% CE comparisons, respectively), lactate transporter LctP (1.81-/2.43-fold), serine transporter SdaC (1.51-/1.84-fold), and the C4-DCTs DcuB (2.58-/4.09-fold), and DctA (1.64-/2.64-fold). Concurrently, we observed significantly reduced abundances of the aspartate/glutamate transport proteins Peb1A and Peb1C (0.56-/0.37-fold, 5%/100% CE compared with MH controls), the amino acid binding proteins CjaA (0.43-/0.49-fold) and CjaC (0.48-/0.57-fold), and the α-KG permease KgtP (0.66-/0.67-fold). To determine whether these and other proteomics-based changes resulted in an altered nutrient uptake phenotype, we performed targeted metabolomics by LC-MS/MS on intracellular metabolites from C. jejuni grown in MH with and without 5% CE (raw data are found in Data S2) and arrayed the proteomics data for proteins involved in metabolism (Figure S3).



Metabolomics analysis showed C. jejuni grown in 5% CE displayed increased intracellular levels of lactate and serine, consistent with the data for LctP and SdaC (Figure 6B). We also observed elevated intracellular levels of proline, which we could not robustly correlate with the abundance of the transporter PutP, as it was only quantified accurately in 2/4 biological replicates in the 5% CE comparison (1.26-fold mean abundance increase in 5% CE), and not at all in 100% CE. Additionally, we observed decreased intracellular aspartate, consistent with data acquired for Peb1A. Metabolomics also showed reduced intracellular abundance of the dipeptide cystine, which was consistent with reduced abundance of TcyP (Cj0025c; 0.40-fold in 5% CE compared with MH control; not statistically quantified in 100% CE). Alignment with proteomics data for proteins involved in the catabolism of these nutrient sources showed that elevated lactate and serine corresponded with significantly reduced abundances of the enzymes LutABC and SdaA (Figure S3), both of which may relate to the lack of iron availability for Fe–S centres (required for catalysis by SdaA and LutA/LutB). We were unable to quantify α-KG; however, we noted significantly reduced abundances of OorABCD consistent with reduced α-KG uptake for use as an electron donor. Proline uptake by PutP is linked to PutA, which was also reduced in abundance in the presence of CE (Figure S3). Accumulation of these carbon sources via elevated abundance of their transporters, yet reduced abundance of their catabolic enzymes, suggests CE contains elevated levels of serine, proline, and lactate, and that C. jejuni may be capable of storing these nutrients while depleting other substrates.




3.6. CE Alters C. jejuni Depletion of Specific Substrates from Culture Supernatants


Given the changes to nutrient transporters and intracellular metabolites, we next attempted to determine whether growth in the presence of 5% CE influenced nutrient depletion from MH medium corresponding to our observed changes in intracellular abundances. The addition of CE had no effect on the rate of aspartate or glutamate depletion from culture supernatants (CSN), with both almost completely exhausted from the medium by 24 h growth (Figure 7A). For serine, we observed significantly less depletion from CE-supplemented medium at 4 h compared with MH alone (~62% of control compared with ~49% of control in MH alone), which is likely caused by elevated starting levels of serine in CE compared with MH alone, irrespective of increased SdaC-mediated uptake. By 24 h growth and beyond, serine was similarly nearly completely depleted from both media (Figure 7A). We observed maintenance of CSN proline levels from MH medium with 5% CE compared with MH alone at 24, 48, and 72 h growth; no depletion from the medium was observed at 4 and 24 h, while in MH alone, proline was nearly completely exhausted by 24 h. These data, combined with our observations for intracellular proline abundance, suggest that CE is highly proline-rich and proline may continue to be utilised after other preferred substrates are exhausted. Asparagine was depleted from both media with no significant differences in rate and there was no evidence of glutamine uptake, which is consistent with strain NCTC11168 not encoding a gamma-glutamyltranspeptidase (GGT) and with previous observations [49].



Under specific conditions, succinate can be secreted from C. jejuni into the CSN by the C4-DCT DcuB (2.58-/4.09-fold in 5% and 100% CE compared with MH controls) and then re-acquired via DctA (1.64-/2.64-fold) (Figure 6A). Both DCTs (and DcuA, for which we did not obtain reliable quantitative data) are also able to transport fumarate and aspartate into the cell. Intracellular metabolomics confirmed increased levels of fumarate in C. jejuni grown in the presence of 5% CE (Figure 7B). Additionally, C. jejuni contains two enzyme complexes capable of reducing fumarate to succinate (FrdABC and MfrABE). FrdABC also catalyses the reverse oxidation of succinate to fumarate. Proteomics confirmed that FrdABC is either unaffected or significantly reduced in abundance during growth in CE, while MfrABE is significantly elevated (MfrA, 1.63-/1.95-fold in 5% and 100% CE comparisons, respectively; MfrB, 1.59-/1.62-fold; and MfrE, 1.52-/1.69-fold). Despite this, intracellular succinate levels are not significantly increased in MH with 5% CE (Figure 7C). Analysis of CSN showed that C. jejuni grown in both MH with 5% CE and MH alone secreted succinate, with CSN succinate levels peaking at ~500% of uninoculated control in MH and ~300% in MH with 5% CE at 4 h (Figure 7D). These high CSN levels of succinate were sustained for a significantly longer duration when C. jejuni was grown with 5% CE; at 24 h, succinate was almost entirely depleted from the CSN of MH cultures but was maintained at ~200% of control in medium with 5% CE (Figure 7D). By 48 h, succinate had been almost entirely depleted. These data collectively suggest that CE is fumarate-rich and limits oxygen availability, resulting in Mfr up-regulation and succinate production, prolonged succinate excretion, and subsequent re-uptake.



C. jejuni can utilize a limited range of dipeptides, most likely as nitrogen and sulphur sources [49,55,56]. Other bacteria can also acquire mammalian or ‘meat’-associated peptides, such as carnosine (β-alanine-histidine) and its metabolic product anserine (β-alanine-3-methyl-histidine), as well as carnitine (with derivatives including acetylcarnitine). Intracellular metabolomics of C. jejuni identified large increases in carnosine and anserine following growth in MH with 5% CE (Figure S4). The addition of 5% CE to defined minimal MCLMAN medium replicated these data and allowed quantification of carnitine and acetylcarnitine (Figure S4). We next examined CSN to see whether this apparent uptake was associated with commensurate depletion from the growth medium. For carnitine and acetylcarnitine, we observed no evidence of depletion from CE-supplemented medium. We did identify and quantify anserine in MH medium in the presence of 5% CE and observed some depletion relative to control (to ~65% of the uninoculated control at 72 h growth; Figure S4B). No anserine could be identified in MH medium without supplementation. Carnosine was identified in CSNs from both MH and MH with 5% CE, and in both cases, we observed depletion (to ~40% of control in MH, and to ~65% in MH with 5% CE).




3.7. CE Alters Abundance of C. jejuni Virulence-Associated Proteins


STRINGdb analysis of the C. jejuni proteome response to growth in CE showed several clusters associated with virulence traits, including virulence factors, known adhesins, and immunogens. We observed consistently elevated levels of four proteins, the secreted factors, CdtBC and CiaI (Cj1450), and the tyrosine kinase outer membrane protein, Cjtk/Omp50. Conversely, an array of membrane-, virulence-, and immunogen-associated proteins were consistently reduced in abundance during growth in CE. These included Peb1A, Peb1C, Peb2, Peb3, Peb4A, CjaA, CjaC/HisJ, Pal/CjaD, and CadF (Figure 8A). Western blotting using anti-CadF anti-serum confirmed these data in both C. jejuni exposed to 5% CE in defined minimal MCLMAN and MH media (Figure 8B). Proteins involved in chemotaxis were also altered by exposure to CE, with several transducer-like proteins (Tlps) present at reduced abundance including Tlp3, Tlp8, Tlp9/CetA, and CetB (Figure S5A). Finally, proteins involved in peptidoglycan (PGN) biosynthesis, modification, and assembly, and thus maintenance of helical cell shape (Figure S5B), were also altered by growth in CE, with CE inducing increased abundances of the biosynthetic enzymes MurDEF, the lytic transglycosylases MltG, RlpA, and Slt (Cj0843c), the cell shape determinant Csd1 (Cj1087c), and the PatA O-acetyltransferase responsible for transporting acetate into the periplasm for PGN modification.



We also saw consistent elevation in CE growth-associated abundance of proteins representing the pgl N-linked glycosylation system (Figure S6A). The Pgl system can glycosylate proteins and generate a free oligosaccharide that is thought to be crucial in resistance against osmotic stress. We firstly examined whether an increased requirement for N-glycosylation might correlate with increased abundance of known glycoproteins; here, we observed significantly higher numbers of glycoproteins present in CE growth at >1.5-fold elevated abundances than present at <0.67-fold abundance (15 and 28 up-regulated proteins for 5% and 100% CE comparisons, respectively, versus 10 and 9 proteins down-regulated; Figure S6B). This suggests an increased demand for N-glycan to satisfy the increased abundance of glycoprotein targets. Since UDP-N-acetylglucosamine (UDP-GlcNAc) is the building block for N-glycan biosynthesis, as well as PGN and lipid A, we assayed intracellular levels of UDP-HexNAc, which showed that growth in CE leads to significantly reduced abundance of this metabolite (Figure S6C), consistent with an increased requirement for synthesis of these three compounds and aligning with our proteomics data for elements of all three pathways.





4. Discussion


C. jejuni typically causes human disease following transmission via the food chain. Survival on food products, most notably poultry for human consumption, is therefore the primary route of infection and a critical junction at which intervention could reduce pathogenesis. Little is known about how C. jejuni responds at the molecular level in the different environments that are encountered between poultry and human hosts. One proposal has been to observe the organism in various models of food product growth, including CE [28,47]. While the nutritional composition of CE is not fully defined, studies have shown a matrix enriched in proteins and amino acids, and depleted in carbohydrates, compared with general media [29]. Here, we aimed to understand how the proteome of C. jejuni responds during growth in CE. We found that CE elicits widespread changes to the proteome that were generally reflected in corresponding phenotypes, including nutrient acquisition, motility and biofilm, remodelling of lipid A, and resistance against oxidative stress and antibiotics.



Many studies have examined the food microbiology of C. jejuni in poultry, often with a focus on antimicrobial resistance gene prevalence and production of virulence factors [6,7,57]. Several interventions are utilised worldwide to limit C. jejuni in poultry and supermarket products post-cull, ranging from prophylactic antibiotic treatments to chemical treatment on meat products [58,59,60]. For the CE utilized in this study, we are unable to say whether, and if so which, chemical or antibiotic treatments were applied during production, and hence whether such compounds may be present. However, over several years, we have observed some batch-to-batch variations in CE collected from different sources; these variations were highlighted by, for example, differences in abundance changes associated with antibiotic and foreign compound efflux. For this study, we employed a single large batch of CE from an ‘organic’-labelled butchery; however, the final composition or presence of additives remains uncertain.



CE induced changes to flagellar proteins and increased C. jejuni motility and biofilm formation, consistent with previous reports on CE-induced biofilm growth [47]. Motility and biofilm have been linked previously in this organism [61,62]. Our data suggest increased motility is not related to the number of flagellin structural units, as neither FlaA nor FlaB were altered in abundance. Evidence of a relationship between motility and biofilm has been established for flagellar mutations in the flhA and pflA genes [63], which suggest flagellar-mediated adherence is required for biofilm initiation, with motility increasing the rate at which this can occur. We observed elevated FlhA abundance, as well as similarly altered abundances of the motor stator proteins MotA and MotB that regulate flagella rotational force and are required for chicken colonisation [64]. Further support for our data was observed for FliW, which was the most induced flagellar protein in both 5% and 100% CE comparisons. Deletion of fliW results in loss of motility and reduced biofilm mass, as well as decreased ability to colonise chickens [65]. FliW acts as an additional FlaA regulator, largely via interactions with CsrA, which itself is able to repress flaA expression [66]. Expression of C. jejuni csrA in an E. coli ΔcsrA mutant restores both motility and biofilm formation [67]; here, we observed an elevated abundance of CsrA, consistent with these studies and the CE-associated motility and biofilm phenotypes. Flagellar motility is also at least partially regulated by the c-di-GMP binding regulator CbrR [68]. c-di-GMP is a second messenger associated with biofilm and cbrR mutants also display hypermotility [69]. Here, CbrR was reduced in abundance in both 5% and 100% CE but did not quite reach the fold-change cut-off we employed (0.73-/0.71-fold). Several factors influence biofilm formation in C. jejuni, including aerobiosis, the presence of extracellular DNA, and the availability of specific substrates [62,63,70,71,72], including fumarate that we observed in increased abundance during growth in CE. Collectively, our data suggest that CE increases motility which confers improved flagellar-mediated adherence for biofilm initiation.



Antimicrobial efflux is considered the major resistance strategy employed by C. jejuni, yet the organism maintains only two known tripartite efflux systems; the major CmeABC and minor CmeDEF complexes that are involved in resistance to all classes of antibiotics [73]. We observed elevated abundances (although not always reaching magnitude thresholds, particularly in 5% CE) of all six proteins belonging to these complexes. We also observed CE-induced abundances of the macrolide export proteins Cj0607/Cj0608 (MacB); however, we did not test for erythromycin resistance. Increased ampicillin resistance was observed in C. jejuni grown with CE. While efflux is a major means of penicillin resistance, C. jejuni also encodes a β-lactamase (Cj0299, bla-OXA-61 [74]) that was elevated in abundance in 5% CE (1.87-fold). Aligning with our result, increased expression of cj0299 is required for ampicillin resistance and this expression is mediated by a promoter-region single-nucleotide mutation [75]. Efflux may play a role in polymyxin B resistance; however, many mechanisms are known, and the specific target of this compound is phosphorylated lipid A, resulting in destabilized lipid A cross-links and thus reduced outer membrane integrity [54]. Analysis of C. jejuni lipid A showed significantly increased abundances of mono-phosphorylated and pEtN-mono-phosphorylated lipid A, consistent with increased antimicrobial peptide resistance. These changes appear independent of the pEtN transferase EptC (no change in abundance), suggesting that increased production of mono-phosphorylated lipid A drives these structural changes. Supporting this was the increased abundance of LpxH, which produces mono-phosphorylated lipid X during lipid A biosynthesis, MsbA that exports lipid A across the inner membrane, and smaller but reproducible increases in GnnA/GnnB that form the GlcN3N precursor (2,3-diamino-2,3-dideoxy-D-glucose) disaccharide lipid A backbone [76,77]. Both pEtN and GlcN3N are associated with increased polymyxin B resistance.



CE appeared to induce iron limitation as we observed increases in many proteins related to iron and iron-siderophore acquisition. CE may therefore contain plasma proteins, such as serotransferrin, that effectively sequester free iron. Further support for this was the identification and quantitation of several proteins (e.g., the ChuABCDZ heme acquisition system and CfbpA/CfbpC) that we previously only observed under iron starvation induced by deferoxamine; furthermore, the C. jejuni CE proteome aligns closely with the signature observed during growth with this iron chelator (unpublished data). The apparent iron-starved state of growth in CE was reflected by reduced abundances of almost all known C. jejuni Fe–S cluster proteins, and lack of iron is known to limit Fe–S cluster protein biosynthesis [78]. The relationship between iron availability and ROS stress is generally well understood in C. jejuni and is largely determined by the Fur and PerR regulators, both of which repress iron-regulated genes in the presence of iron [45,79]. Catalase katA is iron-repressed via these regulators, such that iron starvation leads to elevated KatA, as observed here. The abundance of Fur was reduced (significantly but at a magnitude just >0.67), which is consistent with our observations. We observed no changes in the PerR-regulated AhpC antioxidant protein, nor changes in PerR itself, suggesting the effect on iron and oxidative stress observed is driven primarily by iron starvation via Fur. Increased KatA abundance has also been shown to subsequently confer increased resistance against oxidative stress [80], as we observed for C. jejuni grown in CE.



As for C. jejuni growth in deoxycholate [49], changes in nutrient transport protein abundances largely correlated with the relative intracellular abundances of their corresponding substrates. CE induced large changes in SdaC (serine) and LctP (lactate), suggesting both substrates are enriched in CE. Serine and lactate have been associated with C. jejuni infection [34,39], as well as inducing catabolic repression of transporters and enzymes involved in the use of other carbon sources [81]. This correlated with our observations of, for example, reduced abundances of KgtP (σ-KG), Peb1, and Peb3 (aspartate) that negatively regulate catabolite repression [81]. Catabolite repression alone, however, cannot explain the CE-associated proteome signature identified here; unlike in [81], we observed strongly increased abundances of DcuB (succinate export) and CstA (dipeptides), as well as likely increased proline transport via PutP. Furthermore, our data suggest that serine and lactate catabolism may be impeded as the serine dehydratase SdaA and components of the lactate dehydrogenase-like LutABC are Fe–S cluster proteins that are down-regulated due to CE-induced iron limitation. This suggests that the increased uptake of these nutrients may facilitate carbon storage and as discussed, we observed an increased abundance of the ‘carbon storage’ regulator CsrA. Our nutrient uptake data confirmed that C. jejuni utilizes a specific order of preference for amino acids [32,33]. C. jejuni grown with CE utilized proline at an apparently slower rate than when grown in MH alone, with CSN proline levels maintained at 24 h growth in CE. C. jejuni will deplete serine, aspartate, and glutamate prior to proline, and serine represses the use of other substrates [81]. Since we observed elevated intracellular proline and prolonged maintenance of CSN proline levels, we suggest that CE contains high levels of proline. While we performed no absolute quantitation of amino acid abundances, in the absence of C. jejuni, peak values of uninoculated media suggested an ~20-fold increase in proline in MH with 5% CE. Secondly, this additional proline (as the least preferred carbon source) is depleted later as other nutrients are exhausted, particularly serine, which then removes the catabolite repression of PutP [81]. Despite this, we were surprised that proline was not completely exhausted by 48–72 h (depletion to 15–25% of uninoculated time-matched controls). This favours a model in which CE provides large amounts of proline and that proline utilisation is regulated to maintain survival following the depletion of other preferred carbon sources in this environment.



Catabolite repression by serine and lactate is linked to intracellular succinate accumulation [81]. We observed no change in intracellular abundance of succinate in C. jejuni grown in CE, and both MH-only and 5% CE cultures showed evidence of considerable succinate export. Prolonged maintenance of CSN succinate levels (to 24 h) was seen in 5% CE, consistent with elevated DcuB abundance. We noted consistently increased CE abundances of MfrABE (Cj0437–Cj0439) that reduce fumarate to succinate [42]. This suggests CE is fumarate-rich, consistent with elevated intracellular abundance, with MfrABE also known to confer more efficient growth in the presence of fumarate [42]. Additionally, our MfrABE data suggest that CE results in a more oxygen-limited environment than MH alone, as mfrA expression is induced by low oxygen. Our data also correlate with observations of a relationship between MfrABE and oxidative stress, with ΔmfrA C. jejuni compromised for katA expression, catalase activity, and showing dysregulated iron homeostasis [82]. The DcuB DCT is coupled to fumarate reduction by FrdABC in the cytoplasm, while MfrABE is periplasmic [40,42]. We saw largely reduced (or unaltered) FrdABC abundances in the presence of CE. Therefore, catabolite repression and initial accumulation of succinate likely result in DcuB-mediated export, while increased fumarate from CE drives MfrABE. Periplasmic succinate derived from MfrABE and DcuB is then likely excreted from the cell. Increased intracellular fumarate may be driven by DctA, which is also responsible for the re-uptake of succinate [37], and increased abundance, as well as reduced FrdABC activity in the direction of fumarate reduction, is observed in CE. These data collectively show that CE is a fumarate-rich, oxygen-limited environment that induces the export and subsequent uptake of succinate to sustain the survival of C. jejuni.



Our data align well with a study that examined metabolites in frozen/thawed chicken compared with fresh meat [83], with freeze/thaw resulting in increased surface levels of organic and amino acids, and the purine derivative hypoxanthine, for which we also saw increased abundance in C. jejuni grown in CE (Figure S4C). We also saw preliminary evidence that C. jejuni may be able to import ‘meat’-associated dipeptides. Carnosine and anserine are present at relatively high levels in the skeletal muscle of vertebrates, although anserine varies markedly between animals, with poultry being considered ‘high’, beef intermediate, and pork the lowest [84,85]. We observed high intracellular abundances of both carnosine and anserine, as well as carnitine and acetylcarnitine. Examination of uptake data was, however, inconclusive as to whether this is transport mediated by C. jejuni; there was evidence for uptake of carnosine and anserine with some CSN depletion occurring between 4–72 h, but not reaching more than ~50% of uninoculated controls. The rate of depletion was similar for both MH and 5% CE, which does suggest some uptake as uninoculated CE contains ~1300-fold more carnosine and ~1500-fold more anserine than MH, and at no time point in either medium were dipeptides exhausted. We saw no evidence for uptake of carnitine or acetylcarnitine. Conversely, these dipeptides may bind non-specifically to the C. jejuni outer membrane, despite several washing steps prior to cell lysis for metabolomics analysis. This could also explain the low-level CSN depletion we observed as bacterial cell numbers grow. Alternatively, the E. coli HisJ homolog (Cj0734c CjaC in C. jejuni) binds carnosine, albeit weakly, and this may be a mechanism for transport in C. jejuni [86]. The uptake of dipeptides in C. jejuni is at least partly conferred by the carbon starvation protein homolog CstA [55] and the peptide transporter CptA (Cj0204) [56]. We observed a heavily induced abundance of CptA in CE-exposed C. jejuni, while CstA was reduced. ΔcstA were compromised for the transport of di- and tripeptides containing alanine, histidine, and glycine [55], while CptA can transport a range of dipeptides, particularly those containing cysteine for sulphur acquisition [56]. An alternative sulphur transporter, the cystine dipeptide DCT-like TcyP/Cj0025c [49], was reduced in abundance during CE growth, suggesting cysteine and cysteine-containing peptides are readily available in CE. Given the concentration of meat dipeptides in poultry, it is plausible that C. jejuni uses them as a nitrogen source; however, further work is required to confirm this.



CE resulted in the reduced abundance of proteins involved in adherence and immune generation. Several of these, including CadF and the Peb antigens, have been positively associated with chicken colonisation [13,87], suggesting any molecular signal detected by C. jejuni for their expression is not necessarily found in CE. Alternatively, it is plausible that some in vivo signals may lower the production of immunogens to reduce host immunity; however, any mechanisms behind this remain unknown. Some secreted factors were elevated in abundance, but it remains unclear whether this is due to increased synthesis or reduced secretion. CiaI has been linked with chicken colonisation [88], while elevated abundances of the cytolethal-distending toxin subunits CdtB/CdtC in a food-like environment is potentially of major concern [89]. We observed changes in proteins involved in lipid A, PGN, and N-linked glycosylation that suggest CE induced their rate of biosynthesis, and this aligned with a reduction in UDP-HexNAc levels, correlating with its usage (as UDP-GlcNAc) as the building block for these pathways. Increased abundances of Pgl proteins, including a moderate increase in the PglF rate-limiting step [90], correlated with increased abundances of many target glycoproteins, including some with high glycan site occupancy [91], yet no obvious functional relationships beyond those discussed (e.g., CmeABC efflux proteins) could be discerned. Increased N-glycan biosynthesis could also be associated with elevated free oligosaccharides and hence, improved defence against osmotic stress [92]. Deletion of pglB results in both oxidative and osmotic stress resistance defects [23]. Changes in PGN proteins were largely confined to the Mur biosynthetic proteins; however, we also observed changes to the cell shape determinant Csd1 (Cj1087c [93]), the PatA acetate transporter (associated with PGN O-acetylation [94]; however, no changes to acetylase/deacetylase PatB/Ape1 were observed), and lytic transglycosylases, most notably Slt (Cj0843c), which generates anhydrosylated PGN [95]. Increased abundances of lytic transglycosylases likely result in increased anhydrosylated PGN terminal sugars, reduced glycan chain length, and increased recycling of PGN during growth in CE [96,97]. Structural analysis of PGN under different growth conditions, including CE, will ultimately determine how changes to such proteins contribute to the cell shape phenotype.




5. Conclusions


C. jejuni growth in CE resulted in widespread physiological change. CE induced C. jejuni biofilm formation, which appeared to be related to flagellar motility for attachment to CE-associated particles. CE altered antibiotic resistance, lipid A, and nutrient transport. Our data suggest CE generates an oxygen- and iron-limited environment that is rich in organic and amino acids compatible with C. jejuni metabolism. CE resulted in elevated intracellular serine and lactate that confer catabolic repression; however, we observed no increase in intracellular succinate. This is likely due to oxygen limitation driving succinate export. C. jejuni exposed to CE showed prolonged uptake of proline and exported succinate. Our work shows how C. jejuni responds to growth in a food-based model system. We also provide evidence of meat dipeptide (carnosine and anserine) transport, although further work is required. This study demonstrated that C. jejuni can adapt to poultry surfaces that are enriched in nutrient sources for which the organism is highly metabolically adapted. Our work will assist in identifying interventional targets to minimise or eradicate C. jejuni from the food chain.








Supplementary Materials


The following supporting information can be found at: https://www.mdpi.com/article/10.3390/microorganisms12050860/s1. Figure S1: STRINGdb analysis of proteins altered in abundance in 5% and 100% CE compared to MH alone; Figure S2: Proteome analysis of proteins containing Fe–S clusters during growth in CE; Figure S3: Proteome analysis of proteins involved in metabolism; Figure S4: Evidence of uptake of carnosine and anserine; Figure S5: Proteome analysis of proteins involved in chemotaxis and PGN biosynthesis and assembly; Figure S6: Proteome analysis of the Pgl N-linked glycosylation system. Table S1: Instrument settings for targeted metabolomics; Table S2: Changes to the C. jejuni proteome induced by 5% and 100% CE at different stringencies. Data S1: Identification and quantitation of C. jejuni NCTC11168 proteins grown in 5% and 100% CE compared to MH controls; Data S2: Log2 (area) based on XICs from targeted metabolomics; Data S3: Targeted metabolomics of C. jejuni CSN by LC-MS/MS.





Author Contributions


Conceptualization, L.M. and S.J.C.; investigation, L.M., P.X.Y.S., T.E.M., J.A.C. and A.L.D.; writing—original draft preparation, L.M. and S.J.C.; writing—review and editing, S.J.C.; supervision, S.J.C.; project administration, S.J.C.; funding acquisition, L.M., A.L.D. and S.J.C. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded in part by the National Health and Medical Research Council of Australia (Project Grant APP11006878 to S.J.C.). A.L.D. and L.M. were supported by Australian Government Research Training Program (RTP) stipends. A.L.D. was additionally supported by the William G. Murrell Postgraduate Scholarship in Microbiology and a University of Sydney Merit Award Scholarship.




Data Availability Statement


Proteomics data presented in the study have been deposited to the ProteomeXchange Consortium via PRIDE with the dataset identifier PXD051724.




Acknowledgments


This work was facilitated by access to Sydney Mass Spectrometry, a Core Research Facility of The University of Sydney. The authors acknowledge Ben Crossett and all staff for their technical and logistical support.




Conflicts of Interest


The authors declare no conflicts of interest.




Abbreviations


α-KG, α-ketoglutarate; CE, chicken exudate; CSN, culture supernatant; DCT, dicarboxylate transporter; LC, liquid chromatography; MS/MS, tandem mass spectrometry; pEtN, phosphoethanolamine; PGN, peptidoglycan; ROS, reactive oxygen species




References


	



Bryan, F.L.; Doyle, M.P. Health risks and consequences of Salmonella and Campylobacter jejuni in raw poultry. J. Food Prot. 1995, 58, 326–344. [Google Scholar] [CrossRef] [PubMed]

	



Al Hakeem, W.G.; Fathima, S.; Shanmugasundaram, R.; Selvaraj, R.K. Campylobacter jejuni in poultry: Pathogenesis and control strategies. Microorganisms 2022, 10, 2134. [Google Scholar] [CrossRef] [PubMed]

	



Cardoso, M.J.; Ferreira, V.; Truninger, M.; Maia, R.; Teixeira, P. Cross-contamination events of Campylobacter spp. in domestic kitchens associated with consumer handling of practices of raw poultry. Int. J. Food Microbiol. 2011, 338, 108984. [Google Scholar] [CrossRef]

	



Black, R.E.; Levine, M.M.; Clements, M.L.; Hughes, T.P.; Blaser, M.J. Experimental Campylobacter jejuni infections in humans. J. Infect. Dis. 1988, 157, 472–479. [Google Scholar] [CrossRef] [PubMed]

	



Pokhrel, D.; Thames, H.T.; Zhang, L.; Dinh, T.T.N.; Schilling, W.; White, S.B.; Ramachandran, R.; Theradiyil Sukumaran, A. Roles of aerotolerance, biofilm formation, and viable but non-culturable state in the survival of Campylobacter jejuni in poultry processing environments. Microorganisms 2022, 10, 2165. [Google Scholar] [CrossRef] [PubMed]

	



Kaakoush, N.O.; Castaño-Rodríguez, N.; Mitchell, H.M.; Man, S.M. Global epidemiology of Campylobacter infection. Clin. Microbiol. Rev. 2015, 28, 687–720. [Google Scholar] [CrossRef] [PubMed]

	



Silva, J.; Leite, D.; Fernandes, M.; Mena, C.; Gibbs, P.A.; Teixeira, P. Campylobacter spp. As a foodborne pathogen: A review. Front. Microbiol. 2011, 2, 200. [Google Scholar] [CrossRef] [PubMed]

	



Tegtmeyer, N.; Sharafutdinov, I.; Harrer, A.; Soltan Esmaeili, D.; Linz, B.; Backert, S. Campylobacter virulence factors and molecular host-pathogen interactions. Curr. Top. Microbiol. Immunol. 2021, 431, 169–202. [Google Scholar]

	



Lopes, G.V.; Ramires, T.; Kleinubing, N.R.; Scheik, L.K.; Fiorentini, Â.M.; Padilha da Silva, W. Virulence factors of foodborne pathogen Campylobacter jejuni. Microb. Pathog. 2021, 161 Pt A, 105265. [Google Scholar] [CrossRef]

	



Korolik, V. The role of chemotaxis during Campylobacter jejuni colonization and pathogenesis. Curr. Opin. Microbiol. 2019, 47, 32–37. [Google Scholar] [CrossRef] [PubMed]

	



Taylor, J.A.; Sichel, S.R.; Salama, N.R. Bent bacteria: A comparison of cell shape mechanisms in proteobacteria. Annu. Rev. Microbiol. 2019, 73, 457–480. [Google Scholar] [CrossRef] [PubMed]

	



Stahl, M.; Frirdich, E.; Vermeulen, J.; Badayeva, Y.; Li, X.; Vallance, B.A.; Gaynor, E.C. The helical cell shape of Campylobacter jejuni promotes in vivo pathogenesis by aiding transit through intestinal mucus and colonization of crypts. Infect. Immun. 2016, 84, 3399–3407. [Google Scholar] [CrossRef] [PubMed]

	



Konkel, M.E.; Talukdar, P.K.; Negretti, N.M.; Klappenbach, C.M. Taking control: Campylobacter jejuni binding to fibronectin sets the stage for cellular adherence and invasion. Front. Microbiol. 2020, 11, 564. [Google Scholar] [CrossRef] [PubMed]

	



Jin, S.; Joe, A.; Lynett, J.; Hani, E.K.; Sherman, P.; Chan, V.L. JlpA, a novel surface-exposed lipoprotein specific to Campylobacter jejuni, mediates adherence to host epithelial cells. Mol. Microbiol. 2001, 39, 1225–1236. [Google Scholar] [PubMed]

	



Konkel, M.E.; Klena, J.D.; Rivera-Amill, V.; Monteville, M.R.; Biswas, D.; Raphael, B.; Mickelson, J. Secretion of virulence proteins from Campylobacter jejuni is dependent on a functional flagellar export apparatus. J. Bacteriol. 2004, 186, 3296–3303. [Google Scholar] [CrossRef] [PubMed]

	



Barrero-Tobon, A.M.; Hendrixson, D.R. Identification and analysis of flagellar coexpressed determinants (Feds) of Campylobacter jejuni involved in colonization. Mol. Microbiol. 2012, 84, 352–369. [Google Scholar] [CrossRef] [PubMed]

	



Gabbert, A.D.; Mydosh, J.L.; Talukdar, P.K.; Gloss, L.M.; McDermott, J.E.; Cooper, K.K.; Clair, G.C.; Konkel, M.E. The missing pieces: The role of secretion systems in Campylobacter jejuni virulence. Biomolecules 2023, 13, 135. [Google Scholar] [CrossRef] [PubMed]

	



Parkhill, J.; Wren, B.W.; Mungall, K.; Ketley, J.M.; Churcher, C.; Basham, D.; Chillingworth, T.; Davies, R.M.; Feltwell, T.; Holroyd, S.; et al. The genome sequence of the food-borne pathogen Campylobacter jejuni reveals hypervariable sequences. Nature 2000, 403, 665–668. [Google Scholar] [CrossRef] [PubMed]

	



Szymanski, C.M. Bacterial glycosylation, it’s complicated. Front. Mol. Biosci. 2023, 9, 1015771. [Google Scholar] [CrossRef] [PubMed]

	



Szymanski, C.M.; Logan, S.M.; Linton, D.; Wren, B.W. Campylobacter—A tale of two protein glycosylation systems. Trends Microbiol. 2003, 11, 233–238. [Google Scholar] [CrossRef] [PubMed]

	



Guerry, P. Campylobacter flagella: Not just for motility. Trends Microbiol. 2007, 15, 456–461. [Google Scholar] [CrossRef] [PubMed]

	



Cain, J.A.; Dale, A.L.; Sumer-Bayraktar, Z.; Solis, N.; Cordwell, S.J. Identifying the targets and functions of N-linked glycosylation in Campylobacter jejuni. Mol. Omics 2020, 16, 287–304. [Google Scholar] [CrossRef]

	



Cain, J.A.; Dale, A.L.; Niewold, P.; Klare, W.P.; Man, L.; White, M.Y.; Scott, N.E.; Cordwell, S.J. Proteomics reveals multiple phenotypes associated with N-linked glycosylation in Campylobacter jejuni. Mol. Cell Proteom. 2019, 18, 715–734. [Google Scholar] [CrossRef] [PubMed]

	



Abouelhadid, S.; Raynes, J.; Bui, T.; Cuccui, J.; Wren, B.W. Characterization of posttranslationally modified multidrug efflux pumps reveals an unexpected link between glycosylation and antimicrobial resistance. mBio 2020, 11, e02604-20. [Google Scholar] [CrossRef] [PubMed]

	



Dale, A.L.; Man, L.; Cordwell, S.J. Global acetylomics of Campylobacter jejuni shows lysine acetylation regulates CadF adhesin processing and human fibronectin binding. J. Proteome Res. 2023, 22, 3519–3533. [Google Scholar] [CrossRef] [PubMed]

	



Blankenship, L.C.; Craven, S.E. Campylobacter jejuni survival in chicken meat as a function of temperature. Appl. Environ. Microbiol. 1982, 44, 88–92. [Google Scholar] [CrossRef]

	



Lee, A.; Smith, S.C.; Coloe, P.J. Survival and growth of Campylobacter jejuni after artificial inoculation onto chicken skin as a function of temperature and packaging conditions. J. Food Prot. 1998, 61, 1609–1614. [Google Scholar] [CrossRef] [PubMed]

	



Birk, T.; Ingmer, H.; Andersen, M.T.; Jørgensen, K.; Brøndsted, L. Chicken juice, a food-based model system suitable to study survival of Campylobacter jejuni. Lett. Appl. Microbiol. 2004, 38, 66–71. [Google Scholar] [CrossRef] [PubMed]

	



Melo, R.T.; Mendonça, E.P.; Monteiro, G.P.; Siqueira, M.C.; Pereira, C.B.; Peres, P.A.B.M.; Fernandez, H.; Rossi, D.A. Intrinsic and extrinsic aspects on Campylobacter jejuni biofilms. Front. Microbiol. 2017, 8, 1332. [Google Scholar] [CrossRef] [PubMed]

	



Stahl, M.; Friis, L.M.; Nothaft, H.; Liu, X.; Li, J.; Szymanski, C.M.; Stintzi, A. L-fucose utilization provides Campylobacter jejuni with a competitive advantage. Proc. Natl. Acad. Sci. USA 2011, 108, 7194–7199. [Google Scholar] [CrossRef] [PubMed]

	



Muraoka, W.T.; Zhang, Q. Phenotypic and genotypic evidence for L-fucose utilization by Campylobacter jejuni. J. Bacteriol. 2011, 193, 1065–1075. [Google Scholar] [CrossRef] [PubMed]

	



Hofreuter, D. Defining the metabolic requirements for the growth and colonization capacity of Campylobacter jejuni. Front. Cell. Infect. Microbiol. 2014, 4, 137. [Google Scholar] [CrossRef] [PubMed]

	



Stahl, M.; Butcher, J.; Stintzi, A. Nutrient acquisition and metabolism by Campylobacter jejuni. Front. Cell. Infect. Microbiol. 2012, 2, 5. [Google Scholar] [CrossRef] [PubMed]

	



Velayudhan, J.; Jones, M.A.; Barrow, P.A.; Kelly, D.J. L-serine catabolism via an oxygen-labile L-serine dehydratase is essential for colonization of the avian gut by Campylobacter jejuni. Infect. Immun. 2004, 72, 260–268. [Google Scholar] [CrossRef] [PubMed]

	



Hofreuter, D.; Mohr, J.; Wensel, O.; Rademacher, S.; Schreiber, K.; Schomburg, D.; Gao, B.; Galán, J.E. Contribution of amino acid catabolism to the tissue specific persistence of Campylobacter jejuni in a murine colonization model. PLoS ONE 2012, 7, e50699. [Google Scholar] [CrossRef] [PubMed]

	



Del Rocio Leon-Kempis, M.; Guccione, E.; Mulholland, F.; Williamson, M.P.; Kelly, D.J. The Campylobacter jejuni PEB1a adhesin is an aspartate/glutamate-binding protein of an ABC transporter essential for microaerobic growth on dicarboxylic amino acids. Mol. Microbiol. 2006, 60, 1262–1275. [Google Scholar] [CrossRef] [PubMed]

	



Wösten, M.M.; van de Lest, C.H.; van Dijk, L.; van Putten, J.P. Function and regulation of the C4-dicarboxylate transporters in Campylobacter jejuni. Front. Microbiol. 2017, 8, 174. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, M.T.; Shepherd, M.; Poole, R.K.; van Vliet, A.H.M.; Kelly, D.J.; Pearson, B.M. Two respiratory enzyme systems in Campylobacter jejuni NCTC 11168 contribute to growth on L-lactate. Environ. Microbiol. 2011, 13, 48–61. [Google Scholar] [CrossRef] [PubMed]

	



Sinha, R.; LeVeque, R.M.; Callahan, S.M.; Chatterjee, S.; Stopnisek, N.; Kuipel, M.; Johnson, J.G.; DiRita, V.J. Gut metabolite L-lactate supports Campylobacter jejuni population expansion during acute infection. Proc. Natl. Acad. Sci. USA 2024, 121, e2316540120. [Google Scholar] [CrossRef]

	



Taylor, A.J.; Kelly, D.J. The function, biogenesis and regulation of the electron transport chains in Campylobacter jejuni: New insights into the bioenergetics of a major food-borne pathogen. Adv. Microb. Physiol. 2019, 74, 239–329. [Google Scholar] [PubMed]

	



Sellars, M.J.; Hall, S.J.; Kelly, D.J. Growth of Campylobacter jejuni supported by respiration of fumarate, nitrate, nitrite, trimethylamine-N-oxide, or dimethyl sulfoxide requires oxygen. J. Bacteriol. 2002, 184, 4187–4196. [Google Scholar] [CrossRef]

	



Guccione, E.; Hitchcock, A.; Hall, S.J.; Mulholland, F.; Shearer, N.; van Vliet, A.H.; Kelly, D.J. Reduction of fumarate, mesaconate and crotonate by Mfr, a novel oxygen-regulated periplasmic reductase in Campylobacter jejuni. Environ. Microbiol. 2010, 12, 576–591. [Google Scholar] [CrossRef]

	



Weingarten, R.A.; Taveirne, M.E.; Olson, J.W. The dual-functioning fumarate reductase is the sole succinate:quinone reductase in Campylobacter jejuni and is required for full host colonization. J. Bacteriol. 2009, 191, 5293–5300. [Google Scholar] [CrossRef]

	



Weerakoon, D.R.; Borden, N.J.; Goodson, C.M.; Grimes, J.; Olson, J.W. The role of respiratory donor enzymes in Campylobacter jejuni host colonization and physiology. Microb. Pathog. 2009, 47, 8–15. [Google Scholar] [CrossRef]

	



Kim, J.C.; Oh, E.; Kim, J.; Jeon, B. Regulation of oxidative stress resistance in Campylobacter jejuni, a microaerophilic foodborne pathogen. Front. Microbiol. 2015, 6, 751. [Google Scholar] [CrossRef]

	



Ligowska, M.; Thorup Cohn, M.; Stabler, R.A.; Wren, B.W.; Brøndsted, L. Effect of chicken meat environment on gene expression of Campylobacter jejuni and its relevance to survival in food. Int. J. Food Microbiol. 2011, 145 (Suppl. 1), S111–S115. [Google Scholar] [CrossRef]

	



Brown, H.L.; Reuter, M.; Salt, L.J.; Cross, K.L.; Betts, R.P.; van Vliet, A.H. Chicken juice enhances surface attachment and biofilm formation of Campylobacter jejuni. Appl. Environ. Microbiol. 2014, 80, 7053–7060. [Google Scholar] [CrossRef]

	



Man, L.; Klare, W.P.; Dale, A.L.; Cain, J.A.; Cordwell, S.J. Integrated mass spectrometry-based multi-omics for elucidating mechanisms of bacterial virulence. Biochem. Soc. Trans. 2021, 49, 1905–1926. [Google Scholar] [CrossRef]

	



Man, L.; Dale, A.L.; Klare, W.P.; Cain, J.A.; Sumer-Bayraktar, Z.; Niewold, P.; Solis, N.; Cordwell, S.J. Proteomics of Campylobacter jejuni growth in deoxycholate reveals Cj0025c as a cystine transport protein required for wild-type human infection phenotypes. Mol. Cell. Proteom. 2020, 19, 1263–1280. [Google Scholar] [CrossRef]

	



Alazzam, B.; Bonnassie-Rouxin, S.; Dufour, V.; Ermel, G. MCLMAN, a new minimal medium for Campylobacter jejuni NCTC 11168. Res. Microbiol. 2011, 162, 173–179. [Google Scholar] [CrossRef]

	



Leung, L.M.; Fondrie, W.E.; Doi, Y.; Johnson, J.K.; Strickland, D.K.; Ernst, R.K.; Goodlett, D.R. Identification of the ESKAPE pathogens by mass spectrometric analysis of microbial membrane glycolipids. Sci. Rep. 2017, 7, 6403. [Google Scholar] [CrossRef]

	



Gibb, S.; Strimmer, K. MALDIquant: A versatile R package for the analysis of mass spectrometry data. Bioinformatics 2012, 28, 2270–2271. [Google Scholar] [CrossRef]

	



Scott, N.E.; Marzook, N.B.; Deutscher, A.; Falconer, L.; Crossett, B.; Djordjevic, S.P.; Cordwell, S.J. Mass spectrometric characterization of the Campylobacter jejuni adherence factor CadF reveals post-translational processing that removes immunogenicity while retaining fibronectin binding. Proteomics 2010, 10, 277–288. [Google Scholar] [CrossRef]

	



Trimble, M.J.; Mlynárčik, P.; Kolář, M.; Hancock, R.E. Polymyxin: Alternative mechanisms of action and resistance. Cold Spring Harb. Perspect. Med. 2016, 6, a025288. [Google Scholar] [CrossRef]

	



Rasmussen, J.J.; Vegge, C.S.; Frøkiær, H.; Howlett, R.M.; Krogfelt, K.A.; Kelly, D.J.; Ingmer, H. Campylobacter jejuni carbon starvation protein A (CstA) is involved in peptide utilization, motility and agglutination, and has a role in stimulation of dendritic cells. J. Med. Microbiol. 2013, 62, 1135–1143. [Google Scholar] [CrossRef]

	



Vorwerk, H.; Mohr, J.; Huber, C.; Wensel, O.; Schmidt-Hohagen, K.; Gripp, E.; Josenhans, C.; Schomburg, D.; Eisenreich, W.; Hofreuter, D. Utilization of host-derived cysteine-containing peptides overcomes the restricted sulphur metabolism of Campylobacter jejuni. Mol. Microbiol. 2014, 93, 1224–1245. [Google Scholar] [CrossRef]

	



Hakeem, M.J.; Lu, X. Survival and control of Campylobacter in poultry production environment. Front. Cell. Infect. Microbiol. 2021, 10, 615049. [Google Scholar] [CrossRef]

	



Johnson, T.J.; Shank, J.M.; Johnson, J.G. Current and potential treatments for reducing Campylobacter colonization in animal hosts and disease in humans. Front. Microbiol. 2017, 8, 487. [Google Scholar] [CrossRef]

	



Riedel, C.T.; Cohn, M.T.; Stabler, R.A.; Wren, B.; Brøndsted, L. Cellular response of Campylobacter jejuni to trisodium phosphate. Appl. Environ. Microbiol. 2012, 78, 1411–1415. [Google Scholar] [CrossRef]

	



Oyarzabal, O.A. Reduction of Campylobacter spp. by commercial antimicrobials applied during the processing of broiler chickens: A review from the United States perspective. J. Food Prot. 2005, 68, 1752–1760. [Google Scholar] [CrossRef]

	



Kalmokoff, M.; Lanthier, P.; Tremblay, T.L.; Foss, M.; Lau, P.C.; Sanders, G.; Austin, J.; Kelly, J.; Szymanski, C.M. Proteomic analysis of Campylobacter jejuni 11168 biofilms reveals a role for the motility complex in biofilm formation. J. Bacteriol. 2006, 188, 4312–4320. [Google Scholar] [CrossRef]

	



Püning, C.; Su, Y.; Lu, X.; Gölz, G. Molecular mechanisms of Campylobacter jejuni biofilm formation and quorum sensing. Curr. Top. Microbiol. Immunol. 2021, 431, 293–319. [Google Scholar]

	



Svensson, S.L.; Pryjma, M.; Gaynor, E.C. Flagella-mediated adhesion and extracellular DNA release contribute to biofilm formation and stress tolerance of Campylobacter jejuni. PLoS ONE 2014, 9, e106063. [Google Scholar] [CrossRef] [PubMed]

	



Hendrixson, D.R.; DiRita, V.J. Identification of Campylobacter jejuni genes involved in commensal colonization of the chick gastrointestinal tract. Mol. Microbiol. 2004, 52, 471–484. [Google Scholar] [CrossRef]

	



Li, J.; Gulbronson, C.J.; Bogacz, M.; Hendrixson, D.R.; Thompson, S.A. FliW controls growth-phase expression of Campylobacter jejuni flagella and non-flagellar proteins via the post-transcriptional regulator CsrA. Microbiology 2018, 164, 1308–1319. [Google Scholar] [CrossRef]

	



Dugar, G.; Svensson, S.L.; Bischler, T.; Wäldchen, S.; Reinhardt, R.; Sauer, M.; Sharma, C.M. The CsrA-FliW network controls polar localization of the dual-function flagellin mRNA in Campylobacter jejuni. Nat. Commun. 2016, 7, 11667. [Google Scholar] [CrossRef]

	



Fields, J.A.; Thompson, S.A. Campylobacter jejuni CsrA complements an Escherichia coli csrA mutation for the regulation of biofilm formation, motility and cellular morphology but not glycogen accumulation. BMC Microbiol. 2012, 12, 233. [Google Scholar] [CrossRef]

	



Cox, C.A.; Bogacz, M.; El Abbar, F.M.; Browning, D.D.; Hsueh, B.Y.; Waters, C.M.; Lee, V.T.; Thompson, S.A. The Campylobacter jejuni response regulator and cyclic-di-GMP binding CbrR is a novel regulator of flagellar motility. Microorganisms 2021, 10, 86. [Google Scholar] [CrossRef]

	



Elgamoudi, B.A.; Starr, K.S.; Korolik, V. Extracellular c-di-GMP plays a role in biofilm formation and dispersion of Campylobacter jejuni. Microorganisms 2022, 10, 2030. [Google Scholar] [CrossRef]

	



Reuter, M.; Mallett, A.; Pearson, B.M.; van Vliet, A.H. Biofilm formation by Campylobacter jejuni is increased under aerobic conditions. Appl. Environ. Microbiol. 2010, 76, 2122–2128. [Google Scholar] [CrossRef]

	



Kassem, I.I.; Candelero-Rueda, R.A.; Esseili, K.A.; Rajashekara, G. Formate simultaneously reduces oxidase activity and enhances respiration in Campylobacter jejuni. Sci. Rep. 2017, 7, 40117. [Google Scholar] [CrossRef]

	



Feng, J.; Ma, L.; Nie, J.; Konkel, M.E.; Lu, X. Environmental stress-induced bacterial lysis and extracellular DNA release contribute to Campylobacter jejuni biofilm formation. Appl. Environ. Microbiol. 2018, 84, e02068-17. [Google Scholar] [CrossRef]

	



Shen, Z.; Wang, Y.; Zhang, Q.; Shen, J. Antimicrobial resistance in Campylobacter spp. Microbiol. Spectr. 2018, 6, 2. [Google Scholar] [CrossRef]

	



Alfredson, D.A.; Korolik, V. Isolation and expression of a novel molecular class D β-lactamase, OXA-61, from Campylobacter jejuni. Antimicrob. Agents Chemother. 2005, 49, 2515–2518. [Google Scholar] [CrossRef]

	



Zeng, X.; Brown, S.; Gillespie, B.; Lin, J. A single nucleotide in the promoter region modulates the expression of the β-lactamase OXA-61 in Campylobacter jejuni. J. Antimicrob. Chemother. 2014, 69, 1215–1223. [Google Scholar] [CrossRef]

	



Raetz, C.R.H.; Reynolds, C.M.; Trent, M.S.; Bishop, R.E. Lipid A modification systems in Gram-negative bacteria. Annu. Rev. Biochem. 2007, 76, 295–329. [Google Scholar] [CrossRef]

	



Van Mourik, A.; Steeghs, L.; van Laar, J.; Meiring, H.D.; Hamstra, H.J.; van Putten, J.P.; Wösten, M.M. Altered linkage of hydroxyacyl chains in lipid A of Campylobacter jejuni reduces TLR4 activation and antimicrobial resistance. J. Biol. Chem. 2010, 285, 15828–15836. [Google Scholar] [CrossRef]

	



Mettert, E.L.; Kiley, P.J. How is Fe-S cluster formation regulated? Annu. Rev. Microbiol. 2015, 69, 505–526. [Google Scholar] [CrossRef]

	



Van Vliet, A.H.M.; Ketley, J.M.; Park, S.F.; Penn, C.W. The role of iron in Campylobacter gene regulation, metabolism and oxidative stress defense. FEMS Microbiol. Rev. 2002, 26, 173–186. [Google Scholar] [CrossRef]

	



Van Vliet, A.H.; Baillon, M.L.; Penn, C.W.; Ketley, J.M. Campylobacter jejuni contains two fur homologs: Characterization of iron-responsive regulation of peroxide stress defense genes by the PerR repressor. J. Bacteriol. 1999, 181, 6371–6376. [Google Scholar] [CrossRef]

	



Van der Stel, A.X.; van de Lest, C.H.A.; Huynh, S.; Parker, C.T.; van Putten, J.P.M.; Wösten, M.M.S.M. Catabolite repression in Campylobacter jejuni correlates with intracellular succinate levels. Environ. Microbiol. 2018, 20, 1374–1388. [Google Scholar] [CrossRef] [PubMed]

	



Kassem, I.I.; Khatri, M.; Sanad, Y.M.; Wolboldt, M.; Saif, Y.M.; Olson, J.W.; Rajashekara, G. The impairment of methylmenaquinol:fumarate reductase affects hydrogen peroxide susceptibility and accumulation in Campylobacter jejuni. Microbiologyopen 2014, 3, 168–181. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.C.; Baek, K.H.; Lee, Y.E.; Kang, T.; Kim, H.J.; Lee, D.; Jo, C. Using 2D qNMR analysis to distinguish between frozen and frozen/thawed chicken meat and evaluate freshness. NPJ Sci. Food. 2022, 6, 44. [Google Scholar] [CrossRef] [PubMed]

	



Dragsted, L.O. Biomarkers of meat intake and the application of nutrigenomics. Meat Sci. 2010, 84, 301–307. [Google Scholar] [CrossRef] [PubMed]

	



Li, P.; Wu, G. Composition of amino acids and related nitrogenous nutrients in feedstuffs for animal diets. Amino Acids 2020, 52, 523–542. [Google Scholar] [CrossRef] [PubMed]

	



Paul, S.; Banerjee, S.; Vogel, H.J. Ligand binding specificity of the Escherichia coli periplasmic histidine binding protein, HisJ. Protein Sci. 2017, 26, 268–279. [Google Scholar] [CrossRef] [PubMed]

	



Kemper, L.; Hensel, A. Campylobacter jejuni: Targeting host cells, adhesion, invasion, and survival. Appl. Microbiol. Biotechnol. 2023, 107, 2725–2754. [Google Scholar] [CrossRef] [PubMed]

	



Barrero-Tobon, A.M.; Hendrixson, D.R. Flagellar biosynthesis exerts temporal regulation of secretion of specific Campylobacter jejuni colonization and virulence determinants. Mol. Microbiol. 2014, 93, 957–974. [Google Scholar] [CrossRef] [PubMed]

	



He, Z.; Gharaibeh, R.Z.; Newsome, R.C.; Pope, J.L.; Dougherty, M.W.; Tomkovich, S.; Pons, B.; Mirey, G.; Vignard, J.; Hendrixson, D.R.; et al. Campylobacter jejuni promotes colorectal tumorigenesis through the action of cytolethal distending toxin. Gut 2019, 68, 289–300. [Google Scholar] [CrossRef] [PubMed]

	



Morrison, M.J.; Imperiali, B. The renaissance of bacillosamine and its derivatives: Pathway characterization and implications in pathogenicity. Biochemistry 2014, 53, 624–638. [Google Scholar] [CrossRef]

	



Cain, J.A.; Dale, A.L.; Cordwell, S.J. Exploiting pglB oligosaccharyltransferase-positive and -negative Campylobacter jejuni and a multiprotease digestion strategy to identify novel sites modified by N-linked protein glycosylation. J. Proteome Res. 2021, 20, 4995–5009. [Google Scholar] [CrossRef] [PubMed]

	



Nothaft, H.; Liu, X.; Li, J.; Szymanski, C.M. Campylobacter jejuni free oligosaccharides: Function and fate. Virulence 2010, 1, 546–550. [Google Scholar] [CrossRef] [PubMed]

	



Frirdich, E.; Vermeulen, J.; Biboy, J.; Vollmer, W.; Gaynor, E.C. Multiple Campylobacter jejuni proteins affecting the peptidoglycan structure and the degree of helical cell curvature. Front. Microbiol. 2023, 14, 1162806. [Google Scholar] [CrossRef] [PubMed]

	



Ha, R.; Frirdich, E.; Sychantha, D.; Biboy, J.; Taveirne, M.E.; Johnson, J.G.; DiRita, V.J.; Vollmer, W.; Clarke, A.J.; Gaynor, E.C. Accumulation of peptidoglycan O-acetylation leads to altered cell wall biochemistry and negatively impacts pathogenesis factors of Campylobacter jejuni. J. Biol. Chem. 2016, 291, 22686–22702. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, V.; Mathure, S.A.; Lee, M.; Boorman, J.; Zeng, X.; Lin, J.; Hesek, D.; Lastochkin, E.; Mobashery, S.; van den Akker, F. Turnover chemistry and structural characterization of the Cj0843c lytic transglycosylase of Campylobacter jejuni. Biochemistry 2021, 60, 1133–1144. [Google Scholar] [CrossRef] [PubMed]

	



Dik, D.A.; Marous, D.R.; Fisher, J.F.; Mobashery, S. Lytic transglycosylases: Concinnity in concision of the bacterial cell wall. Crit. Rev. Biochem. Mol. Biol. 2017, 52, 503–542. [Google Scholar] [CrossRef]

	



Zhang, X.L.; Báti, G.; Li, C.; Guo, A.; Yeo, C.; Ding, H.; Pal, K.B.; Xu, Y.; Qiao, Y.; Liu, X.W. GlcNAc-1,6-anhydro-MurNAc moiety affords unusual glycosyl acceptor that terminates peptidoglycan elongation. J. Am. Chem. Soc. 2024, 146, 7400–7407. [Google Scholar] [CrossRef] [PubMed]








[image: Microorganisms 12 00860 g001] 





Figure 1. Growth in the presence of CE induces profound changes in the C. jejuni proteome. (A) Volcano plots of significant protein abundance changes (blue, reduced; and red, increased abundance) for left, growth in MH medium supplemented with 5% CE and, right, growth in 100% CE, compared to MH-only controls. (B) Correlation plot shows concordance of proteome abundance changes shared between 5% and 100% CE compared with MH control; (C) (left) Distribution of abundance changes shows that the magnitude of induced change is larger for shared proteins following growth in 100% CE compared with 5% CE; (right) plot shows abundance changes ranked according to observation in 100% CE compared to MH-only control (black) with corresponding change for each protein in 5% CE compared with MH-only control shown in red. Blue lines indicate significant log2 fold changes. 
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Figure 2. Growth with CE leads to altered C. jejuni motility and biofilm formation. (A) Heat map showing replicate (MH + 5% CE [left; n = 4] and 100% CE [right; n = 3] compared with MH-only control) and mean n-fold data for proteins involved in flagellar motility (grey indicates not quantified); (B) Motility assays as measured by migration (mm) through semi-solid defined MCLMAN and MH agar; (C) Biofilm assay as measured by absorbance at 590 nm; **, p < 0.01; ****, p < 0.0001. 
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Figure 3. Growth with CE leads to altered C. jejuni antibiotic resistance. (A) Heat map showing replicate (MH + 5% CE [left; n = 4] and 100% CE [right; n = 3] compared with MH-only control) and mean n-fold data for proteins involved in antibiotic resistance (grey indicates not quantified); (B) Antibiotic resistance assays as measured by zone of inhibition (mm) using antibiotic disks; ***, p < 0.001; ****, p < 0.0001. 
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Figure 4. Growth in CE increases abundance of mono-phosphorylated lipid A variants. (A) Polymyxin B resistance assay as measured by MIC; (B) Heat map showing replicate (MH + 5% CE [left; n = 4] and 100% CE [right; n = 3] compared with MH-only control) and mean n-fold data for proteins involved in biosynthesis and modification of lipid A (grey indicates not quantified); (C) MALDI-TOF MS spectra of lipid A from C. jejuni grown in (upper) MH only and (lower) MH supplemented with 5% CE (arrowheads indicate peaks at 1801.2 and 1924.37 m/z; (D) Chemical structures of mono-phosphorylated lipid A (red, position of pEtN); (E) Table from n = 5 biological replicates of MALDI-TOF MS peak intensities *, p < 0.05; ***, p < 0.001, ns, not significant. 
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Figure 5. Growth with CE increases C. jejuni resistance against oxidative stress. (A) Heat maps showing replicate (MH + 5% CE [left; n = 4] and 100% CE [right; n = 3] compared with MH-only control) and mean n-fold data for proteins involved in (left) oxidative stress and antioxidant functions, (right) iron and heme acquisition; (B) Oxidative stress resistance assays measured by % survival of starting cells following 30 min exposure to 5 mM H2O2; ***, p < 0.001. Grey indicates not quantified. 






Figure 5. Growth with CE increases C. jejuni resistance against oxidative stress. (A) Heat maps showing replicate (MH + 5% CE [left; n = 4] and 100% CE [right; n = 3] compared with MH-only control) and mean n-fold data for proteins involved in (left) oxidative stress and antioxidant functions, (right) iron and heme acquisition; (B) Oxidative stress resistance assays measured by % survival of starting cells following 30 min exposure to 5 mM H2O2; ***, p < 0.001. Grey indicates not quantified.



[image: Microorganisms 12 00860 g005]







[image: Microorganisms 12 00860 g006] 





Figure 6. Growth in CE leads to altered C. jejuni nutrient transport. (A) Heat map showing replicate (MH + 5% CE [left; n = 4] and 100% CE [right; n = 3] compared with MH-only control) and mean n-fold data for proteins associated with nutrient transport (grey indicates not quantified); (B) Intracellular metabolite abundances as determined by targeted LC-MS/MS. From the top: lactate (transported by LctP), serine (SdaC), proline (PutP), aspartate (several including Peb1A), and cystine (Cj0025c); *, p < 0.05; **, p < 0.01; ****, p < 0.0001. 
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Figure 7. Metabolomics of culture supernatant (CSN) and intracellular levels of C. jejuni substrates assayed by targeted LC-MS/MS. (A) CSN amino acids at 4–72 h growth; (B) Intracellular fumarate; (C) Intracellular succinate; (D) CSN succinate at 4–72 h growth. Box and whisker plots were based on peak area values determined as a % of the corresponding non-inoculated control (MH and MH + 5% CE) at each time point (Data S3). *, p < 0.05; ***, p < 0.001; ****, p < 0.0001), n.s., not significant; all statistical analyses were performed between replicate % control values across time points, i.e., comparing % control value in MH at each time point with MH + CE at the corresponding time point. 
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Figure 8. Growth in CE leads to C. jejuni proteome changes related to virulence and antigenic proteins. (A) Heat map showing replicate (MH + 5% CE [left; n = 4] and 100% CE [right; n = 3] compared with MH-only control) and mean n-fold data for proteins functionally associated with virulence and known antigens (grey indicates not quantified); (B) Validation of reduced abundance of CadF in media supplemented with 5% CE from n = 5 and n = 4. Western blots (MCLMAN and MH media, respectively (i,ii), supplemented with 5% CE); (iii) quantification by densitometry; ***, p < 0.001; **** p < 0.0001. 
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