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Caseous lymphadenitis (CLA) is a chronic disease that affects small ruminants and causes economic losses in the associated breeding system. The causative agent of CLA is Corynebacterium pseudotuberculosis, a Gram-positive bacterium that exhibits tropism for external and internal lymph nodes and induces abscess formation in the host. Bacterial communities often produce a biofilm matrix that serves various functions, including protection against hostile environmental conditions, antibiotics, and the host immune response. Although biofilm formation has been reported for C. pseudotuberculosis, not all strains demonstrate this property in culture. In this work, we report the first comparative proteomic analysis of one biofilm-forming (CAPJ4) and one biofilm-non-forming strain (CAP3W) of C. pseudotuberculosis isolated from goats. Bacterial whole cell protein extracts were obtained for mass spectrometry analyses. Using LC-MS/MS, our studies reveal three and four proteins exclusively found in the CAPJ4 and CAP3W proteome, respectively. In addition, label-free quantitative analysis identified 40 proteins showing at-least 2-fold higher values in CAPJ4 compared CAP3W proteome Notably, CAPJ4 differentially synthesized the penicillin-binding protein, which participates in the formation of peptidoglycans. CAPJ4 also exhibited upregulation of N-acetylmuramoyl-L-alanine amidase and galactose-1-phosphate uridylyltransferase, which are involved in biofilm formation and exopolysaccharide biosynthesis. Here, we demonstrate that biofilm formation in C. pseudotuberculosis is likely associated with specific proteins, some of which were previously shown to be associated with virulence and biofilm formation in other organisms. Our findings may drive studies related to the bacterial mechanisms involved in the biofilm formation, in addition to providing targets for the treatment of CLA.
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INTRODUCTION

Corynebacterium pseudotuberculosis is the etiologic agent of caseous lymphadenitis (CLA), a disease that primarily affects goats and sheep (1). Infection in humans by this pathogen, has also been reported (2, 3). This disease can be found worldwide; however, it is concentrated in regions that rely heavily on the commercialization of products derived from small ruminants (4). CLA presents with symptoms characterized by the development of abscesses in visceral and superficial lymph nodes of animals (5).

Bacterial biofilms are composed of microbial communities embedded in an extracellular polymeric matrix and can attach to various surfaces (6). Pathogens may form biofilms in animals, which can consequently lead to chronic diseases characterized by the presence of abscesses (7).

The biofilm life cycle includes attachment, growth, and detachment. During the detachment stage, the surface bacteria begin to shed from the biofilm with the objective of colonizing other areas; however, the bacteria residing in the inner layers remain in the biofilm and continue to grow (8). This process of protecting the bacterial community may facilitate the development of abscesses because of the associated host immune response (9). Moreover, accumulation of purulent material and encapsulation may interfere with the capacity of antibiotics to penetrate the abscess and destroy the pathogen (10). Thus, the bacterial capacity to grow in biofilms is a consequence of a survival strategy adopted by many species in hostile environments (11).

The formation of biofilms by C. pseudotuberculosis has been previously reported (6, 12, 13), and bacteria in planktonic stages have been shown to be more susceptible to antibiotic action than those in the biofilm stage (7). Furthermore, when C. pseudotuberculosis is released from animals, it can persist in the environment for a long period (14). However, the dynamics of biofilm formation in C. pseudotuberculosis remain poorly understood and require an in-depth identification of genes and their respective products responsible for this characteristic.

Proteomics has been widely applied to help understand the dynamic functional state of a genome at the protein level and can provide information about the proteins that might be responsible for the development of a specific observed phenotype (15). Since pathogenic bacterial strains exhibit different phenotypes, comparative proteomic analysis between bacterial pathogens has contributed to the identification of proteins related to virulence factors, antibiotic or chemical resistance, physiological processes, and adaptation to specific environmental conditions (15, 16).

Various studies have shown the use of proteomics in the study of bacterial biofilm both Gram-positive and Gram-negative bacterial strains, allowing for the identification of bacterial proteins and functional groups that might be involved in their biofilm formation. Proteins identified through this approach, represent potential targets for antibiotics for reducing the formation of the bacterial biofilm (17).

Regarding C. pseudotuberculosis, comparative proteomic studies have expanded our knowledge on specific factors related to its pathophysiology (18–21). In this study, we applied label-free proteomic analysis to evaluate the differences between the proteome of two C. pseudotuberculosis isolates from goats, the biofilm-forming CAPJ4 and, the non-biofilm-forming CAP3Wstrains. These findings may contribute to a better understanding of the molecular mechanisms underlying the biofilm formation used by these bacteria.



MATERIALS AND METHODS


Bacterial Strains and Culture Conditions

C. pseudotuberculosis CAPJ4 and CAP3W strains were isolated from granulomatosis lesions of CLA in goats (12). The genome of the biofilm-forming strain CAPJ4 and the non-biofilm-forming CAP3W strain was sequenced and deposited in GenBank with the accession numbers NZ_CP026499 and NZ_CP026500, respectively. For proteomic analysis, the strains were cultivated in brain heart infusion broth (HiMedia, Mumbai, India) at 37°C for 48 h without agitation. All experiments, including cultivation, were performed in triplicates for each strain.



Biofilm Assay

The C. pseudotuberculosis isolates were inoculated into tubes containing 3 mL of tryptic soy broth (TSB; Merck, Darmstadt, Germany) and incubated at 37°C for 48 h without agitation. The bacterial suspensions were then diluted in TSB until they reached an optical density (OD) of 0.2 at 600 nm. Next, 200-μL samples of the bacterial cultures were transferred to each well of a sterile flat-bottom culture plate and incubated at 37°C for 24 h. Quantitative analysis of the biofilm production, was then performed using the gentian violet test (22). The ODs were measured at 595 nm using a microplate reader (BioChrom, Cambridge, UK). The experiment was repeated three times, and the means were compared using Student's t-test, with differences considered statistically significant when p < 0.05.



Scanning Electron Microscopy

Morphological differences between the CAPJ4 and CAP3W strains were observed using scanning electron microscopy (SEM). The strains were grown in TSB and incubated at 37°C for 48 h without agitation. SEM preparation was conducted according to a previously established protocol (23) with modifications. The bacterial pellet was centrifuged at 4,000 × g for 10 min at 20°C and then washed with sterile saline solution for 1 min and spread on a glass slide. Subsequently, the slides were fixed in 1% glutaraldehyde (Sigma Aldrich, Saint Louis, USA) for 12 h and immersed in gradient concentrations (50, 70, 80, 95, and 100%) of ethanol (Sigma Aldrich, Saint Louis, USA), for 20 min each. At the end of the dehydration process, the samples were immersed in 100% acetone (Merck, Darmstadt, Germany) and subjected to metallization in gold. The fragments obtained were observed using an electronic microscope TM-1000 (Hitachi, Tokyo, Japan).



Protein Sample Preparation for LC-MS/MS Analysis

Following growth of bacterial strains, extracts of the whole bacterial lysates were prepared according to a previously described protocol (21, 24) with specific modifications. Briefly, bacterial cultures were centrifuged at 5,000 × g for 10 min at 4°C. The pellet was resuspended in 1 mL of lysis buffer containing 7M Urea (Merck, Darmstadt, Germany), 2M thiourea (Merck, Darmstadt, Germany), 3% sodium deoxycholate (SDC) (Thermofisher Scientific), 12.5 mM Tris-HCl pH 7.5, 1.5% dithiothreitol (DTT) (Sigma Aldrich, Saint Louis, USA), and 10 μL of Protease Inhibitor Cocktail powder (Merck, Darmstadt, Germany). The bacteria were then sonicated for five cycles of 1 min each, with 1 min intervals between cycles, on ice and the sonicated suspensions were centrifuged at 14,000 × g for 40 min at 4°C. The supernatant was concentrated using a Vivaspin® 500 column (Gottingen, Germany) with a threshold of 10 kDa (centrifuged five times at 15,000 × g for 10 min at 20°C, each cycle), and the lysis buffer was replaced with 50 mM ammonium bicarbonate (NH4HCO3) (Sigma Aldrich, Saint Louis, USA) at pH 8.0. Protein samples were quantified using the Lowry method (Bio-Rad, California, USA). For tryptic digestion, the extract (2 μg/μL) was mixed with 50 mM NH4HCO3, denatured with 0.1% (w/v) RapiGEST SF surfactant (Waters, Milford, USA) at 80°C for 15 min, reduced using 10 mM DTT for 30 min at 60°C, and alkylated with 10 mM iodoacetamide (Sigma Aldrich, Saint Louis, USA) in a dark chamber at 23–25°C for 30 min. Subsequently, the proteins were enzymatically digested with 5 μg of sequencing-grade modified trypsin (sequencing grade modified trypsin; Promega, Madison, USA) at 37°C for 18 h. The digestion process was stopped by adding 10 μL of 5% (v/v) trifluoroacetic acid (TFA; Sigma Aldrich, Saint Louis, USA) and incubated at 37°C for 90 min. The resulting peptide extracts were centrifuged at 21,900 × g for 30 min at 6°C. Finally, the supernatants were collected, transferred to Waters Total Recovery vials (Waters, Milford, USA), supplemented with 5 μL of 1 N ammonium hydroxide (Sigma Aldrich, Saint Louis, USA), and stored at −70°C until use.



Mass Spectrometry

LC-MS/MS analysis was performed using a nanoACQUITY ultra-performance liquid chromatography (UPLC) system connected to a Synapt G2-Si HDMS mass spectrometer (Waters, Milford, USA). A nanoACQUITY UPLC M-Class HSS T3 (1.8, 75μm × 150 mm–pH 3) column was used, along with a reversed-phase M-Class BEH C18 (5, 300μm × 50 mm–pH 10) column (Waters, Milford, USA). The analytical column temperature was maintained at 55°C. Bidimensional nanoUPLC tandem nano electrospray high-definition mass spectrometry (nano ESI-HDMSE), using multiplexed data-independent acquisition (DIA) experiments, was conducted using a reverse-phase gradient of 7–40% (v/v) acetonitrile (0.1% v/v formic acid) with a simulated 1D analysis and a delivery of 500 nL min−1 in a nanoACQUITY UPLC 2D Technology system over 60 min (25).

For all measurements, the mass spectrometer was operated with a typical m/z resolving power of at least 25,000 full width at half maximum (FWHM), an ion mobility cell filled with helium gas, and a cross-section resolving power of at least 40 Ω/Δ Ω (26). All analyses were performed using nano electrospray ionization in the positive ion mode with nanoESI (+) (Waters, Milford, USA) and a NanoLock-Spray (Waters, Milford, USA) ionization source. The lock mass channel was sampled every 30 s. The mass spectrometer was calibrated with an MS/MS spectrum from a solution of human [Glu1]-fibrinopeptide B (Glu-Fib) (100 fmol.μL−1).

Final instrument calibration was obtained by the double-charged precursor ion [M + 2H]2+ = 785.8426 signal. The exact mass signals from multiplexed ion mobility DIA scanning (HDMSE) were collected in an alternating low-energy and high-energy acquisition mode. Mass spectrometric analysis of tryptic peptides was performed using a mass spectrometer equipped with a T-Wave-IMS device in MSE and HDMSE modes, as described previously (27). The radio frequency offset (MS profile) was adjusted such that the nanoESI-HDMSE data were effectively acquired from m/z 400 to 2,000 using the MassLynx v.4.1 software (Waters, Milford, USA), ensuring that any mass observed in the high-energy spectra of < m/z 400 arose from dissociations in the collision cell.



Data Processing, Protein Identification, and Quantification

HDMSE raw data were processed using Progenesis QI for Proteomics (QIP) v.2.0 software (Nonlinear Dynamics, Newcastle, UK) (28). Proteins were identified using the ProteinLynxGlobalServer v.2.4 software (PLGS) search against the C. pseudotuberculosis GenBank accession numbers NZ_CP026499 and NZ_CP026500. The reversed sequences were joined to the original sequences using the ProteinLynx Global Server (PLGS) v 3.0.2 (Waters, Milford, USA) database management tool. Reverse sequences were used to calculate the false positive rate during the identification process. The following parameters were used for peptide identification: digest reagent, trypsin; maximum missed cleavage, one; maximum protein mass, 600 kDa; modifications: carbamidomethyl of cysteine (fixed), acetyl N-terminal (variable), phosphoryl (variable), and oxidation of methionine (variable); search tolerance parameters: peptide tolerance, 10 ppm; fragment tolerance, 20 ppm; and maximum false discovery rate (FDR), 1%. Quantitative analyses were performed with relative quantitation using the Hi-N algorithm. Proteins identified with at least two peptides and present in at least two of the three replicates were considered significant (29). Proteins were considered as differentially abundant between the two strains if there was a significant (p < 0.05, ANOVA) change in the expression at ≥ 2-fold (log2 ratio ≥ 1.0).



Bioinformatics Analysis

Proteins identified in the C. pseudotuberculosis CAPJ4 and CAP3W strains were analyzed using the following prediction tools: SurfG+ v2.0 (30) to predict subcellular localization. The clusters of orthologous groups (COG) database was used to predict Gene Ontology functional annotations (31). The protein-protein interaction network was predicted using the STRING database (Version 11.0) (32).




RESULTS

Gentian violet staining assay which was performed to quantify biofilm formation revealed significant production of biofilms by the C. pseudotuberculosis CAPJ4 strain; however, C. pseudotuberculosis CAP3W did not present any biofilm formation (Figure 1A). These results were confirmed via SEM analysis (Figure 1B).


[image: Figure 1]
FIGURE 1. Confirmation of biofilm formation by C. pseudotuberculosis strains. (A) Optical density obtained from the Gentian violet staining assay performed with the CAPJ4 biofilm-forming and CAP3W non-biofilm-forming C. pseudotuberculosis strains. Results are represented as means of three independent assays. ****p < 0.0001, as determined by Student's t-test (B) Scanning electron microscopy analysis of the non-biofilm-forming CAP3W (left) and biofilm-forming CAPJ4 (right) C. pseudotuberculosis strains, respectively. Structures related to EPS of the biofilm-forming strain are shown in the picture on the right and indicated by the arrow.


Differences in the functional genomes of CAP3W and CAPJ4 isolates were assessed at the protein level via proteomic analysis which detected 1,032 and 1,031 proteins in CAP3W and CAPJ4, respectively (Figure 2A).


[image: Figure 2]
FIGURE 2. Label-free proteomic analysis of CAPJ4 and CAP3W strains. (A) A Venn diagram showing the number of unique and shared proteins between CAPJ4 and CAP3W C. pseudotuberculosis strains. (B) Heatmap analysis of the CAPJ4 and CAP3W strain proteomes (the columns represent biological replicates of each strain) by LC-MSE.


Comparative proteomic analysis revealed a core-proteome composed of 1,028 proteins (Figure 2A, Supplementary File 1). In addition, we detected four and three proteins exclusively in the proteomes of CAP3W and CAPJ4, respectively (Figure 2A, Supplementary File 2). In CAP3W, the following proteins were detected: LPxTG domain-containing protein, methylated DNA-protein cysteine methyltransferase, and two hypothetical proteins. Meanwhile, in the CAPJ4 strain, ATP-dependent Clp protease ATP-binding subunit (ClpX), penicillin-binding protein FtsI (FtsI), and Dyp-type peroxidase family protein were detected.

Using label-free quantification, we evaluated the relative abundance of differentially expressed proteins in the proteomes of the CAPJ4 strain in comparison to that of the CAP3W strain (Figure 2B). In total, 40 differentially abundant proteins were identified; among them, 24 were more and 16 were less abundant in the CAPJ4 strain than in the CAP3W strain (Table 1).


Table 1. Statistically differentially abundant proteins between CAPJ4 and CAP3W strains.
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The forty differentially abundant proteins were classified into functional groups using Clusters of Orthologous Groups (COG) analysis. According to this analysis, the proteins were classified into 13 differential functional categories between CAP3W and CAPJ4 (Figure 3A). Twenty-seven proteins amongst the differentially abundant proteins, had known or predicted functions the majority of which are related to cellular metabolism. Interestingly, among these proteins, 50% (11 proteins) and 31% (five proteins) were classified as poorly characterized or of unknown function, respectively. These results encourage further studies to evaluate the role of these proteins in C. pseudotuberculosis pathophysiology (Table 1).


[image: Figure 3]
FIGURE 3. Clusters of orthologous groups (COG) analyses and prediction of the subcellular localization of differentially abundant proteins. (A) Categorization of differentially abundant proteins according to biological processes, as assessed by COG. (A) RNA processing and modification; (C) energy production and conversion; (E) amino acid transport and metabolism; (F) nucleotide metabolism; (G) carbohydrate transport and metabolism; (H) coenzyme metabolism; (I) lipid transport and metabolism; (J) translation, ribosomal structure and biogenesis; (K) transcription; (M) cell wall/membrane and envelope biogenesis; (R) general function prediction only; (S) function unknown; (U) intracellular trafficking secretion and vesicular transport. (B) Prediction of the subcellular localization of differentially abundant proteins. CYT, cytoplasmic; MEM, membrane; PSE, potentially surface-exposed; and SEC, secreted.


The subcellular localization of the differentially abundant proteins was predicted to be cytoplasmic, 36 proteins; membrane, 3; potentially surface-exposed, 3; and secreted, eight proteins (Figure 3B). Furthermore, the clustering analyses showed interesting protein-protein associations among more abundant and exclusive proteins of the CAPJ4 strain. N-acetylmuramoyl-L-alanine amidase (CwlM), penicillin-binding protein (FtsI), and ClpX presented a high edge confidence in the associations between proteins (Supplementary Figure 1).



DISCUSSION

The ability to form biofilms represents a suitable strategy developed by microorganisms with the objective of surviving in high stress conditions, including exposure to the host's immune response and antibacterial drugs (33). However, studies related to the mechanisms and molecules involved in the formation of biofilms by C. pseudotuberculosis are scarce (12). In this study, we evaluated the differences between the proteome of two C. pseudotuberculosis isolates from goats, the biofilm-forming CAPJ4, and the non-biofilm-forming CAP3Wstrains.

Through a biofilm formation assay, we confirmed that CAPJ4 is a biofilm-forming strain, while CAP3W is not (Figure 1). This difference may provide an advantage to the CAPJ4 strain to colonize various host tissues and survive in the environment, when compared to the CAP3W strain. Various studies have shown that biofilm-forming strains are more persistent during the pathogenesis process and consequently induce severe clinical symptoms of the associated diseases. This can be directly related to the increased capacity of the pathogens to avoid the host immune response and to resist different stress conditions and antimicrobial drug action (34–37).

Biofilms are heterogeneous in nature, and consist of self-secreted extracellular polymeric substances (EPS) and bacterial cells. EPS are composed of polysaccharides, DNA, proteins, and other macromolecular elements (38). To elucidate the differences between the functional genomes of CAPJ4 and CAP3W, and consequently to identify possible factors that could be related to biofilm formation by CAPJ4, we collected whole bacterial lysates and employed label-free proteomics and bioinformatic analysis to compare the proteomes of both isolates.

The expression of proteins associated with cell wall components like Trehalose corynomycolyl transferase B, N-Acetymuramyl-L-Alanine Amidase (CwlM) and D-alanyl-D-alanine carboxypeptidase was more in CAPJ4. The formation of a bacterial cell wall is required for bacterial biofilm formation and a study showed that inhibition of cell wall components biosynthesis, affects the biofilm formation in Gram-positive bacteria (39). CwlM and D-alanyl-D-alanine carboxypeptidase are involved in the peptidoglycan metabolism. Studies on Mycobacterium smegmatis and Mycobacterium tuberculosis showed that CwlM regulates biofilm formation by autolysis (40). Furthermore, CwlM expression was also observed in different stages of mycobacterial biofilm formation. In E. coli, mutant strains that do not encode D-alanyl-D-alanine carboxypeptidase exhibited defects in the biofilm formation (41). Trehalose corynomycolyl transferase B is associated with biosynthesis of the mycolic acid layer (42). In Mycobacterium, mycolic acid is involved in the pellicle biofilm formation, a type of biofilm. These pellicles are formed from bacterial growth at the media-air interface and it was shown that mycobacterial cells present in this pellicle are encapsulated in EPS (43).

The proteins found to be exclusively present within the CAPJ4 strain, ClpX and FtsI, as well as an upregulated protein CwlM, were correlating to the analysis of protein-protein interactions from C. pseudotuberculosis CAPJ4 strain (Supplementary Figure 1). ClpX belongs to the Clp protease family, which plays key roles in bacterial adaptation to various environmental stresses. In Streptococcus suis, the depletion of clpX reduces bacterial colonization and consequently mortality in mice (44). Clpx has been proposed to inhibit the FtsZ dynamics, which is essential for bacterial cell division (45, 46). FtsI is a penicillin-binding protein (Pbp) belonging to a cluster of membrane molecules that recruits FtsZ and promotes cytokinesis (47).

Pbps are essential to the bacterial cytoplasmic membrane and are responsible for the synthesis and remodeling of peptidoglycans. Pbps may participate in the elongation, septation, and adhesion of prokaryotic cells (48). Moreover, inactivation of genes encoding Pbps in Escherichia coli causes a decreased ability to form biofilms (49).

Another group of proteins exclusive to the C. pseudotuberculosis CAPJ4 biofilm-forming strain is Dyp-type peroxidase family proteins (DyPs), which are widely distributed among bacteria and may present functions analogous to those played by peroxidases in the presence of a substrate (50). In Streptomyces sp., DvPs are involved in the GlxA-dependent bacterial morphogenesis cascade (51). Although DyPs have functions related to the oxidative degradation of peroxidase substrates (50), their roles in biofilm formation are not yet clear.

Additionally, electron transfer flavo protein subunit alpha (EtfA) was upregulated in C. pseudotuberculosis CAPJ4. EtfA has oxidoreductase and redox-related functions influenced by RsaE in Staphylococcus aureus. RsaE is a conserved small regulatory RNA (sRNA) that contributes to extracellular eDNA release and biofilm matrix switching toward polysaccharide intercellular adhesin production in S. epidermidis (52). etfA is also reportedly produced by Marinobacter hydrocarbonoclasticus during biofilm formation on dexadecane (53).

The formation of biofilms increases bacterial density, promoting a communication process called quorum sensing (QS). In Salmonella enteritidis, several proteins are overexpressed in the presence of inductors related to QS, including the phenylalanyl-tRNA synthetase subunit beta (PheT) (54). PheT was also found to be upregulated in C. pseudotuberculosis CAPJ4 in our study.

In this study, we also used COGs for phylogenetic classification of the proteins into functional groups and to predict their subcellular localization. The results from this analysis shows very relevant results in the characterization of proteins that may be related to bacterial mechanisms of biofilm formation. Among the differentially expressed proteins, we have detected proteins related to cellular metabolism (Figure 3). Previous studies in a different prokaryotic have shown that this group of proteins are involved in the biofilm formation (52, 55). A recent study showed that Pseudomonas aeruginosa redirects host metabolism to promote biofilm formation through active repression of zwf and the likely use of itaconate as the main carbon source, directing glucose to generate the EPS matrix (55).

Proteins related to carbohydrate metabolism, such as galactose-1-phosphate uridylyltransferase (GalT) and glycerol-3-phosphate dehydrogenase (GlpD) were induced in C. pseudotuberculosis strain CAPJ4. GalT is an enzyme involved in galactose metabolism via the Leloir pathway, and participates in exopolysaccharide biosynthesis, which is an important component of the biofilm matrix (38, 56). Genes of the Leloir pathway are reportedly required for biofilm formation in Bacillus subtilis (57). GlpD is an enzyme that belongs to the glp regulon and is involved in glycerol metabolism, which serves as a carbon source for several prokaryotic organisms (58). Interestingly, some studies have shown that glycerol metabolism is involved in biofilm formation by certain bacteria, such as P. aeruginosa (59), Proteus vulgaris (60), Listeria monocytogenes (61), and Yersinia pestis (62).

In this study, a label-free proteomics approach was utilized to quantify and evaluate the differences between the proteome of the CAPJ4 and CAP3W strains. The different proteomic profiles generated enabled the validation of in silico data of the CAPJ4 and CAP3W genomes. Moreover, the quantitative changes detected in our proteomic analysis enumerate a set of proteins likely involved in the production of biofilm in prokaryotes. However, further studies are needed to assess the role of these proteins in the biofilm production in C. pseudotuberculosis. Altogether, these findings open a new perspective for studying biofilm formation in this pathogen, which could be used as targets to inhibit this process with the objective of minimizing bacterial persistence and hence, generating more effective treatments against CLA.
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