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    We are honored to contribute to the information and updates on current and future developments in proteomics for young researchers around the world. We have attempted to distill the current knowledge of proteomics technologies and development with special reference to microbe’s related diseases. This volume of e-book includes various contributors from India which have been affiliated to the well known Indian Institutes.




    It is divided into three volumes: Volume I, Microbial Proteomics: Development in technologies and applications; Volume II, and Volume III, will be proposed in the near future. This eBook contains full-color, high quality images of the most frequent technologies and applications with a brief and comprehensive review of microbe related diseases. Each chapter includes its novelty towards the development of proteomics technologies and applications. The format is concise, well organized, and didactic, without being exhaustive. I hope and expect that this volume will facilitate in providing updated basic and specific information to young researchers.
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      Abstract




      Bacterial Biofilms are densely packed microbial communities formed by the microorganism to escape from any external threat. These Biofilms are composed of a polysaccharidic matrix, which formed a slimy layer outside the cell wall and protected the microbes from any damage (both physical and chemical). Biofilm can be developed by microorganisms on any surface, including medical devices, oral cavity and other biomaterials. These biofilms are difficult to treat and required almost 10,000 more concentrations of antibiotics compared to planktonic microorganisms. These biofilms are the main hindrance in the treatment of hospital-acquired infections. Majority of the treatment against microorganisms fails due to these biofilms in a clinical setting. Combination of different antibiotics, natural molecules and other strategies is in use to combat these biofilms. Microorganisms inside the Biofilm trigger some genes by quorum sensing and affect the expression of several protein factors. The current chapter will focus on the use of the proteomic approach for better understanding the nature and role of Biofilm in microbial pathogenesis and lower the emergence of drug resistance in these microorganisms.
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      INTRODUCTION




      Microbes are ubiquitous in nature and always busy in executing tasks. Some are building products for the benefit of humankind, and some are creating problems for humans. Biofilms are defined as organized communities of bacterial cells that are enclosed in a self-constructed polymeric matrix and adhere to any surfaces, an interface or each other [1]. Bacterial cells in biofilms are much different from their planktonic counterparts or free-floating forms. Biofilms are the extremely preferred approach of bacterial growth to survive in adverse conditions [2]. In the




      natural environment, biofilms are found almost everywhere, but the negative side of Biofilm lies within Biofilm associated infections in humans. Nowadays, biofilms are accountable for many human infections, and 65 to 80% of all human infections are linked with microbial biofilms [3]. These include wound infection, infection of the lower respiratory tract in cystic fibrosis, infection in kidney stones and implanted devices in orthopedic surgery. The Biofilm associated bacterial cells have a clinically significant property with their high antibiotic resistance level compared with their free-living (planktonic) counterparts [4]. The reason for increased drug resistance may be that the bacteria within the Biofilm grow more slowly than their planktonic formed or the matrix formed by sessile bacteria, preventing the entry of the drug into the cell, while transcriptomics and proteomics revealed that the gene expression in free-floating bacterial cells is much different from bacterial cells associated with Biofilm or sessile bacterial cells [5, 6]. There were reports published in the last few years that increase resistance to an antibiotic is directly related to the high level of protein expression involved in glycolysis, microbial metabolism, and synthesis of secondary metabolites [7]. Moreover, there are also some other biological pathways which are directly involved in cell to cell communications (LuxS-mediated quorum sensing, arginine metabolism, rhamnose biosynthesis). Few other proteins (pheromone and adhesion associated proteins) were found to be upregulated during the biofilm transit from planktonic stages [8]. The exact molecular mechanisms for increased drug resistance to Biofilm are not fully understood, although many studies have already been conducted for so many years. Advances in proteomics techniques during the past decade have facilitated an in-depth analysis of the possible mechanisms underpinning increased drug resistance within Biofilm. Proteomic studies are also to establish its role in better understanding the nature of bacterial biofilms. Biofilm proteomics is defined as to study the complete set of proteins of bacteria embedded in the Biofilm [9, 10]. In this chapter, various proteomics approaches related to the Biofilm, and their increased drug resistance to pathogens will be illustrated.




      

        The Process of Biofilm Formation




        Biofilm formation is an exceptionally sophisticated process in which free-floating microbial cells will be transformed into sessile form. The formation of Biofilm is a multistage process in which a series of events takes place as an adaptation of microbial cells to survive and divide in a broad range of harsh environmental conditions [11]. Biofilm formation is a multi-step process which includes attachment of free-floating microbial cells to a surface, the growth and aggregation of cells into microcolonies followed by growth into mature, structurally complex Biofilm (maturation), and the dispersal of detached bacterial cells as shown in Fig. (1) [12].


      




      

        Attachment




        The attachment of the bacterial cells to the surface is mediated by any one of them (like week van der Waals forces, electrostatic and hydrophilic interactions) or by a combination of all these interactions [13]. Pili and pilus-associated adhesins have also been reported to play an important role in adhesion and colonization of microbial cells to the surfaces [14, 15]. The microbial cells that initiate attachment are covered by only small amounts of exopolymeric material. While following the initial attachment to a surface, the bacteria have to maintain contact with the surface. Thus, the stage of attachment is followed by a phase during which the synthesis of bacterial exopolysaccharides (EPS) provides steady attachment by forming organic bridges between the cells and the surface [16].


      




      

        Micro-Colony Formation




        After the bacteria adhered to the surface, the bacterial cell multiplies within the embedded exopolysaccharide matrix, which lastly results in micro-colony formation. After the micro-colony formation stage of Biofilm, there is an upregulation of certain biofilm genes. It is observed that bacterial attachment can trigger the formation of an extracellular matrix [17]. Matrix formation is followed by water-filled channels formation for the transport of nutrients within the Biofilm. Researcher has proposed that these water channels are like a circulatory system, distributing different nutrients to and removing waste materials from the communities in the micro-colonies of the Biofilm [3, 18].


      




      

        Detachment




        The growth of the bacterial Biofilm is eventually restricted by the availability of nutrients accumulation of toxic by-products and other factors, including pH, oxygen perfusion, carbon source availability and osmolarity [19]. At some point, dispersing of biofilm cells occur either by the detachment of newly formed cells from growing cells or dispersion of biofilm aggregates. The cells may detach, and together with the progeny of other biofilm cells, may colonize other surfaces [20]. Enzymes such as polysaccharide lyases that degrade the extracellular polysaccharide matrix have been reported to play a role in biofilm dissolution in several organisms [21]. The cells which are dispersed from biofilm as a result of growth may return quickly to their normal planktonic phenotype.


      




      

        Mechanism of Biofilm Resistance against Antimicrobials




        Resistance to drugs and antibiotics is attained by microbes permanently or temporarily during the survival strategy of microbes in adverse circumstances [22]. Antibiotic resistance is nowadays a serious threat for humankind as the present regime of antimicrobials is not working against existing resistant microbes [23]. It has been reported that the sessile form of microbes is harder to treat than the planktonic ones. There are many mechanisms shown by sessile microbes against antimicrobials [24].
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Fig. (1))


        Steps in biofilm formation.

      




      

        Limited Penetration of Drugs Due to Glycocalyx




        Microbes present in biofilms have increased resistance towards many drugs and biocides, and researchers have shown that the presence of glycocalyx partially inhibits the entry of drugs by forming a diffusion barrier to the antimicrobial agents [25]. Glycocalyx is an integral component of the biofilms, and its thickness varied from 0.2 to 1.0µm. The time of the entry of the drug into cells takes more time as the distance to the cell increases due to the presence of glycocalyx, by molecular sieving (size exclusion), and by the viscosity of glycocalyx. Nonetheless, limited penetration of drugs into the bacterial cells via glycocalyx is one of the most probable resistance mechanisms associated with biofilms [22, 26].


      




      

        Enzyme-Mediated Resistance




        Resistance to antimicrobials or drugs can be attributed to the presence of enzymes that transform bactericidal compounds into the nontoxic form [27]. There are some species of bacteria known for the degradation of toxic compounds such as aromatic, phenolic and other heavy metals [28]. The process of detoxification is done by enzymatic reduction, which converts the cations to the metal, whereas some plasmids harbor heavy metal resistance genes [29]. The presence of heavy metals in the bacterial cells induces the enzymes and results in drug resistance. Some heavy metals induce resistance to a broader spectrum of antibiotics [30].


      




      

        State of Metabolism and Rate of Growth in Biofilms




        It was found that the growth rate of sessile bacteria is much slower than their planktonic counter parts [4]. The metabolic activities of cells were enhanced by nutrients and oxygen in the biofilms, which sustains bacterial growth and metabolism [31, 32]. Biofilm increases the level of resistance against antibiotics under limiting the concentration of oxygen and nutrients by expressing some genes under anaerobic conditions [33]. While due to poor diffusion of nutrients, the metabolic activities of bacterial cells slow down inside Biofilm, leading to slowly growing cells [34]. When biofilms are treated with the inhibitory concentration of any bactericidal agents, the cells within biofilms lead to phenotypic adaption and show resistance. The factors such as heat or starvation stress enhance tolerance of bacterial biofilms against antimicrobial agents [35, 36].


      




      

        Genetic Adaptations




        The formation of Biofilm is an adaption strategy of bacteria under harsh conditions so, during biofilm formation, bacterial cells undergo many phenotypic changes [37]. These phenotypic changes are accompanied by genotype changes that make the sessile bacterial cell more robust to treat with antimicrobials. The multiple antibiotic resistance (mar) operons are known regulator which controls the expression of mar genes in E. coli. encodes for multi-drug resistant phenotype and shows resistance to various antibiotics, organic solvents and disinfectants [38]. Variety of genes have been reported in E. coli responsible for drug resistance like superoxide dismutases, catalysts, alkyl hydroperoxide reductases and glutathione reductases, and enzymes involved in the DNA repair mechanism of the bacterial cell [39]. In addition, various regulatory genes such as oxyR and sox are also reported to activate when cells are exposed to stress conditions such as oxidizing agents and thus provide resistance to many drugs [40].


      




      

        Efflux Pumps




        Efflux pumps are the key component of the low level of drug resistance in bacteria [41]. Efflux pumps favor bacterial vitality in adverse conditions, including antimicrobial agents [42]. Efflux pumps attributed both intrinsic and acquired resistance of bacterial cells against antibacterial agents that are structurally related or different. There are five different classes of bacterial efflux pumps identified that are accountable for drug resistance [43]: (1) the major facilitator superfamily (MF), (2) the resistance-nodulation-division family (RND), (3) the small multidrug resistance family (SMR), (4) the ATP-binding cassette family (ABC) and the (5) multidrug and toxic compound extrusion family (MATE) [44]. The ABC family system hydrolyses ATP to work as antimicrobial agent efflux, while the MF family, MATE family, and the RND family served as secondary transporters, catalyzing drug ion antiproton (H+ or Na+) [45]. RND family transporters mutate the drug target or drug in the bacterial cell [46]. The lower concentration of many antibiotics, such as chloramphenicol and tetracycline and xenobiotics such as salicylate and chlorinated phenols, activates the expression of multi-drug resistance operons and efflux pumps in the bacterial cells entrapped in biofilms [43-47].


      




      

        Quorum Sensing




        Quorum sensing (QS) is a process of cell-to-cell communication via specific signals which are given from one cell to another cell in bacteria for their survival under adverse conditions [48]. The QS signals in the bacteria mainly consist of acyl-homoserine lactone (AHLs), autoinducing peptide (AIPs), and autoinducer-2 (AI-2), which play a major role in the pathogenesis mechanism of bacteria [49]. The activation of QS signaling aids biofilm formation and leads to antimicrobial resistance [50]. QS signals participate in the synthesis of various virulence factors such as lectin, exotoxin A, pyocyanin, and elastase in the Pseudomonas aeruginosa during its growth and infection [51]. These virulence factors are regulated by QS and help bacterial cells to invade the host immune and obtain nutrition from the host. The Gram-negative and Gram-positive bacterial cells have different QS signals for cell-to-cell interactions. The Gram-negative bacteria mainly produce the AHL signaling molecules [52], and Gram-positive bacterial cells produce AIP signaling molecules for the cell to cell communication [53].


      


    




    

      TARGET PROTEINS TO STUDY BIOFILM




      

        Proteins Involved in Cellular Metabolism




        There are some basic cellular processes occurred in the bacterial cell, which are crucial in biofilm formation, such as glycolysis, Kreb’s cycle, protein synthesis and its degradation, fatty acid synthesis and its degradation, etc [54]. Motility proteins have a key role in biofilm formation, as reported by Moorthy and Watnick [55]. Biofilms are initiated by attachment of bacteria to the surface, and the process of attachment requires proteins of flagella and pili for adhesion, as reported in Escherichia coli, Salmonella enterica, Vibrio cholerae, and Pseudomonas aeruginosa [56]. It was found that the proteins responsible for the synthesis of flagella are downregulated and slow down the movement of bacterial cells and lead to the development of Biofilm [57].


      




      

        Transporter Proteins




        Many studies on planktonic and sessile bacterial cells reported that the proteins involved in the transport of molecules in the microbial cells have a major role in biofilm formation [58]. Most of the transporter proteins are located in the membrane and served as primary transporters and secondary transporters and worked as channels and carriers [59]. Expression of various transporters (ABC transporters) is altered accordingly to the exterior surroundings, as reported in Bacillus subtilis, Staphylococcus aureus, T. maritime, E. coli, Streptococcus mutans and P. aeruginosa [60-64]. Differential expression of these transport proteins under diverse conditions is essential for the growth of bacteria as well as the formation and stability of Biofilm [65].


      




      

        Stress-responsive Proteins




        It is now well known that biofilm formation is done by microbial cells to survive under harsh conditions. This feature of bacteria requires the expression of some specific proteins that aid bacterial cells to adapt themselves successfully in adverse conditions. In the process of biofilm formation, researchers reported that there is 10 to 20-fold up-regulation of oxidative stress-related proteins [66], which contributed resistance and protection from oxidative stress. The two more oxidative stresses related proteins, alkyl hydroperoxide reductase and thioredoxin, were reported to be over-expressed in the Biofilm formed by Helicobacter pylori [67]. Two chaperone proteins GroES and GroEL and ß-subunit of RNA polymerase were also up-regulated under serum starvation [67].


      




      

        Proteomic Techniques to Study Biofilm




        In the last two decades, drug resistance has emerged as a serious threat to the health of the human race and to figure out the mechanism behind antibiotic resistance is imperative to boost the efficacy of current antibiotics and to explore novel targets [68]. The study of protein profiles by proteomic analysis has become a crucial tool for the study of underlying mechanisms related to bacterial resistance and virulence. In proteomics, analysis of the total protein content of cells is carried out. The proteomic response is peculiar for every antibiotic, but proteins involved in energy and nitrogen metabolism, protein and nucleic acid synthesis, glucan biosynthesis, and stress response are often effected [69].




        The proteomic techniques are regularly being advanced and an immense variety of methods and applications are available [8-70]. Bacterial proteome analyses commenced with traditional electrophoretic techniques like sodium dodecyl sulphate polyacrylamide electrophoresis (SDS-PAGE). SDS-PAGE is an analytical technique to separate proteins based on their molecular weight. The ionic detergent SDS denatures the proteins and makes them uniformly negatively charged [71]. Thus, when the current is applied, all SDS-bound proteins in a sample will migrate towards the cathode and proteins with lower mass move more quickly through the gel than those with larger mass because of the sieving effect of the gel. After SDS-PAGE, most quantitative proteomic studies were performed by 2D-PAGE, 2-DE, which is a form of gel electrophoresis commonly used to analyze mixtures of proteins [72]. In two-dimensional gel electrophoresis, proteins are first separated based on their pI (isoelectric point) in isoelectric focusing and then further separated by molecular weight through SDS-PAGE; thus, the sample proteins are distributed across the two-dimensional gel profile. This technique broadens the number of proteins that can be studied and produce more efficient data and detailed information for proteomics analysis, particularly after the incorporation of immobilized pH gradients and of the difference fluorescent labeling method of electrophoresis (DIGE). The gel-free methods become more prominent, and metabolic labeling was included in quantitative analysis.


      




      

        Stable Isotope Labeling by Amino Acids in Cell Culture (SILAC)




        SILAC is a metabolic labeling technique for mass spectrometric based quantitative proteomics. Cells are differentially labeled by growing them in media supplied with either a light or heavy stable isotope of a nutrient, generally a nitrogen source or an amino acid [73]. Metabolic incorporation of amino acids into the proteins results in the mass shift of the corresponding peptides; this mass shift is detected by the mass spectrometer. Typical SILAC labeling uses lysine and arginine, which in combination with trypsin digestion, results in labeling every peptide in the mixture; the so-called stable isotope labeling by amino acids in cell culture (SILAC) strategy now prevails [74, 75].


      




      

        Isotope-coded Affinity Tags (ICAT)




        As a substitute for metabolic labeling, differential analysis can be carried out by chemical labeling. Isotope-coded affinity tags (ICAT) consist of three functional elements: a specific chemical reactive group that binds to sulfhydryl groups of cysteinyl residues, an isotopically coded linker with light or heavy isotopes, and a biotin tag for affinity purification [76]. The cysteine residue of extracted labeled with either a light or heavy (deuterium containing). Afterwards, light and heavy labeled samples are pooled and proteolytically cleaved. Later, the complexity of the sample is reduced prior to MS analysis through the purification of tagged cysteine-containing peptides by affinity chromatography using biotin-avidin affinity columns. Peptide pairs with 8 Da mass-shifts are detected in MS scans, and their ion intensities are compared for relative quantitation [77]. ICAT labelling takes place at the protein level allowing samples to be pooled prior to protease treatment. On the other hand, cysteine is not found very much in proteins, and approximately one in seven proteins do not contain this amino acid, greatly reducing the efficacy of the process [78].


      




      

        Isobaric Tags for Relative and Absolute Quantification (iTRAQ)




        Today, the multiple isobaric tags are most preferred among chemical isotope labeling methods [79]. iTRAQ tags are isobarics and mainly designed for the labeling of peptides rather than proteins. The overall molecule mass is kept constant at 145 Da for iTRAQ-4plex and 304 Da for -8plex. The iTRAQ-4plex molecule contains a reporter group (based on N-methylpiperazine), a mass balance group (carbonyl), and a peptide-reactive group (NHS ester). The iTRAQ reagents label N-terminal peptide and ε-amino groups of lysine side chains and allow comparison of up to eight samples in the same experiment. The iTRAQ labelled peptides are further purified by reverse-phase liquid chromatography and then analyzed by tandem MS [80]. Each tag releases a distinct mass reporter ion upon peptide fragmentation, the ratio of which determines the relative abundances of the peptides iTRAQ labeled peptides appear as a single unresolved precursor at the same m/z in the MS spectrum. Upon peptide fragmentation, the iTRAQ labeled fragments produce reporter ions in a “silent region,” usually unpopulated, at low m/z range (e.g., 114–121). Measurements of the reporter ion intensities enable the relative quantification of the peptide in each sample [78].


      




      

        Tandem Mass Tags (TMT)




        A tandem mass tag is an MS/MS-based quantitative method using isotopomer labels in iTRAQ [81]. Both techniques share several common features. (i) These methods use reagent N-hydroxy succinimide (NHS), which does specific tagging of primary amino groups. (ii) They were designed to allow multiplexing of several samples by chemical derivatization with different forms of the same isobaric tag that appear as a single peak in MS analysis. (iii) The release of “daughter ions” in MS/MS analysis weighs between 126 and 131 Da that can be used for relative quantification. The cysteine reactive TMT (cysTMT) reagents enable selective labeling and relative quantitation of cysteine-containing peptides from up to six biological samples [82, 83].


      




      

        Isotope-coded Protein Label (ICPL)




        In the technique of Isotope-coded protein label (ICPL), free amino groups present in proteins are isotopically labeled [84]. Two protein mixtures are reduced and alkylated for easy access to free amino groups that are subsequently labelled with the isotopes of deuterium-free (light) or 4 deuteriums containing (heavy). Light- and heavy-labeled samples are then mixed, fractionated, and digested before high throughput MS analysis [85]. The peptides of identical sequences derived from the two deferentially labeled protein samples of different mass, they appear as doublets in the acquired MS spectra. From the ratios of the ion intensities of these peptide pairs, the relative abundance of their parent proteins in the original samples can be determined [86].


      




      

        Bioorthogonal Noncanonical Amino Acid Tagging (BONCAT)




        It is a leading proteome labeling technique that is highly sensitive and based on the in vivo incorporation of synthetic amino acids that exploit the substrate promiscuity of artificial amino acids such as azidohomoalanine (AHA) or homopropargylglycine (HPG). Both molecules compete with methionine and are incorporated into newly synthesized protein [87]. When the cell is anabolically active, AHA and HPG are detected via azide-alkyne click chemistry. This method depends on pulse labeling and helps in identifying the de novo synthesized proteome of microbial cells, which are translationally active [88].


      




      

        Future Prospectus




        Proteomics, the promising new “omics,” has emerged as an important integral tool to genomics, providing novel information and greater vision into the proteome of bacterial biofilms. Advancement in proteomics techniques like MS and metabolic labeling, together with bioinformatics tools, can enhance our knowledge about proteins that can be targeted to combat with increased resistance of microbes present in biofilms. More studies are required to generate information about the regulation of proteins involved in biofilm formation. Metaproteomics and proteogenomics approaches can improve our knowledge in understanding proteomes of sessile microbes and aid in the identification of target proteins accountable for biofilm formation and resistance towards antibiotics. In the future, proteomic technology will become an asset for researchers and scientists for diagnosing infections, discovery of novel antibiotics and innovative therapies against drug-resistant microbes.


      


    




    

      CONCLUSION




      Nowadays, the drug resistance of microbes and the study of microbial Biofilm are one of the highly crucial affairs for the scientific community. The rapidly developing field of genomics transcriptomics and proteomics elucidated the complexity of biofilm regulation. The combination of various proteomics techniques provides a detailed understanding of the proteins involved at every step of biofilm formation, starting from the attachment of microbial cells to the surface, their development, and the detachment from the surface. In due course, the proteomics study on biofilm formation will lead to improved strategies for inhibition of biofilm formation and decipher the protein targets for the treatment of various infections caused by biofilms.


    


  




  

    

      CONSENT FOR PUBLICATION




      Not Applicable.


    




    

      CONFLICT OF INTEREST




      The authors declare no conflict of interest, financial or otherwise.


    




    ACKNOWLEDGEMENTS




    Declared none.




    REFERENCES




    

      

        	



        	

      




      

        	
[1]



        	Costerton JW, Lewandowski Z, Caldwell DE, Korber DR, Lappin-Scott HM. Microbial biofilms. Annu Rev Microbiol 1995; 49: 711-45.[http://dx.doi.org/10.1146/annurev.mi.49.100195.003431] [PMID: 8561477]

      




      

        	
[2]



        	Kostakioti M, Hadjifrangiskou M, Hultgren SJ. Bacterial biofilms: development, dispersal, and therapeutic strategies in the dawn of the postantibiotic era. Cold Spring Harb Perspect Med 2013; 3(4)a010306[http://dx.doi.org/10.1101/cshperspect.a010306] [PMID: 23545571]

      




      

        	
[3]



        	Jamal M, Ahmad W, Andleeb S, et al. Bacterial biofilm and associated infections. J Chin Med Assoc 2018; 81(1): 7-11.[http://dx.doi.org/10.1016/j.jcma.2017.07.012] [PMID: 29042186]

      




      

        	
[4]



        	Hall CW, Mah TF. Molecular mechanisms of biofilm-based antibiotic resistance and tolerance in pathogenic bacteria. FEMS Microbiol Rev 2017; 41(3): 276-301.[http://dx.doi.org/10.1093/femsre/fux010] [PMID: 28369412]

      




      

        	
[5]



        	Vilain S, Cosette P, Zimmerlin I, Dupont JP, Junter GA, Jouenne T. Biofilm proteome: homogeneity or versatility? J Proteome Res 2004; 3(1): 132-6.[http://dx.doi.org/10.1021/pr034044t] [PMID: 14998174]

      




      

        	
[6]



        	Sharma D, Misba L, Khan AU. Antibiotics versus biofilm: an emerging battleground in microbial communities. Antimicrob Resist Infect Control 2019; 8(1): 76.[http://dx.doi.org/10.1186/s13756-019-0533-3] [PMID: 31131107]

      




      

        	
[7]



        	Li W, Yao Z, Sun L, et al. Proteomics analysis reveals a potential antibiotic cocktail therapy strategy for Aeromonas hydrophila infection in Biofilm. J Proteome Res 2016; 15(6): 1810-20.[http://dx.doi.org/10.1021/acs.jproteome.5b01127] [PMID: 27110028]

      




      

        	
[8]



        	Suryaletha K, Narendrakumar L, John J, Radhakrishnan MP, George S, Thomas S. Decoding the proteomic changes involved in the biofilm formation of Enterococcus faecalis SK460 to elucidate potential biofilm determinants. BMC Microbiol 2019; 19(1): 146.[http://dx.doi.org/10.1186/s12866-019-1527-2] [PMID: 31253082]

      




      

        	
[9]



        	Khemiri A, Jouenne T, Cosette P. Proteomics dedicated to biofilmology: What have we learned from a decade of research? Med Microbiol Immunol (Berl) 2016; 205(1): 1-19.[http://dx.doi.org/10.1007/s00430-015-0423-0] [PMID: 26068406]

      




      

        	
[10]



        	Sharma D, Garg A, Kumar M, Rashid F, Khan AU. Down-Regulation of Flagellar, Fimbriae, and Pili Proteins in Carbapenem-Resistant Klebsiella pneumoniae (NDM-4) Clinical Isolates: A Novel Linkage to Drug Resistance. Front Microbiol 2019; 10: 2865.[http://dx.doi.org/10.3389/fmicb.2019.02865] [PMID: 31921045]

      




      

        	
[11]



        	Yin W, Wang Y, Liu L, He J. Biofilms: The Microbial “Protective Clothing” in Extreme Environments. Int J Mol Sci 2019; 20(14): 3423.[http://dx.doi.org/10.3390/ijms20143423] [PMID: 31336824]

      




      

        	
[12]



        	Okada M, Sato I, Cho SJ, et al. Structure of the Bacillus subtilis quorum-sensing peptide pheromone ComX. Nat Chem Biol 2005; 1(1): 23-4.[http://dx.doi.org/10.1038/nchembio709] [PMID: 16407988]

      




      

        	
[13]



        	Oh JK, Yegin Y, Yang F, et al. The influence of surface chemistry on the kinetics and thermodynamics of bacterial adhesion. Sci Rep 2018; 8(1): 17247.[http://dx.doi.org/10.1038/s41598-018-35343-1] [PMID: 30467352]

      




      

        	
[14]



        	Bullitt E, Makowski L. Structural polymorphism of bacterial adhesion pili. Nature 1995; 373(6510): 164-7.[http://dx.doi.org/10.1038/373164a0] [PMID: 7816100]

      




      

        	
[15]



        	Chahales P, Thanassi DG. Structure, function, and assembly of adhesive organelles by uropathogenic bacteria. Urinary Tract Infections: Molecular Pathogenesis and Clinical Management 2017, Feb; 15: 277-329.[http://dx.doi.org/10.1128/9781555817404.ch14]

      




      

        	
[16]



        	Wolska KI, Grudniak AM, Rudnicka Z, Markowska K. Genetic control of bacterial biofilms. J Appl Genet 2016; 57(2): 225-38.[http://dx.doi.org/10.1007/s13353-015-0309-2] [PMID: 26294280]

      




      

        	
[17]



        	Steinberg N, Kolodkin-Gal I. The matrix reloaded: how sensing the extracellular matrix synchronizes bacterial communities [http://dx.doi.org/10.1128/JB.02516-14]

      




      

        	
[18]



        	Chandki R, Banthia P, Banthia R. Biofilms: A microbial home. J Indian Soc Periodontol 2011; 15(2): 111-4.[http://dx.doi.org/10.4103/0972-124X.84377] [PMID: 21976832]

      




      

        	
[19]



        	Sauer K, Camper AK. Characterization of phenotypic changes in Pseudomonas putida in response to surface-associated growth. J Bacteriol 2001; 183(22): 6579-89.[http://dx.doi.org/10.1128/JB.183.22.6579-6589.2001] [PMID: 11673428]

      




      

        	
[20]



        	Berne C, Kysela DT, Brun YV. A bacterial extracellular DNA inhibits settling of motile progeny cells within a biofilm. Mol Microbiol 2010; 77(4): 815-29.[http://dx.doi.org/10.1111/j.1365-2958.2010.07267.x] [PMID: 20598083]

      




      

        	
[21]



        	Kaplan JB. Biofilm dispersal: mechanisms, clinical implications, and potential therapeutic uses. J Dent Res 2010; 89(3): 205-18.[http://dx.doi.org/10.1177/0022034509359403] [PMID: 20139339]

      




      

        	
[22]



        	Singh S, Singh SK, Chowdhury I, Singh R. Understanding the mechanism of bacterial biofilms resistance to antimicrobial agents. The Open Microbiology Journals 2017; 11: 53.[http://dx.doi.org/10.2174/1874285801711010053]

      




      

        	
[23]



        	Li B, Webster TJ. Bacteria antibiotic resistance: New challenges and opportunities for implant-associated orthopedic infections. J Orthop Res 2018; 36(1): 22-32.[PMID: 28722231]

      




      

        	
[24]



        	Yasir M, Willcox MDP, Dutta D. Action of antimicrobial peptides against bacterial biofilms. Materials (Basel) 2018; 11(12): 2468.[http://dx.doi.org/10.3390/ma11122468] [PMID: 30563067]

      




      

        	
[25]



        	Brown ML, Aldrich HC, Gauthier JJ. Relationship between glycocalyx and povidone-iodine resistance in Pseudomonas aeruginosa (ATCC 27853) biofilms. Appl Environ Microbiol 1995; 61(1): 187-93.[http://dx.doi.org/10.1128/AEM.61.1.187-193.1995] [PMID: 7887601]

      




      

        	
[26]



        	Childs SG. Biofilm: the pathogenesis of slime glycocalyx. Orthop Nurs 2008; 27(6): 361-9.[http://dx.doi.org/10.1097/01.NOR.0000342424.51960.ce] [PMID: 19057364]

      




      

        	
[27]



        	Egorov AM, Ulyashova MM, Rubtsova MY. Bacterial enzymes and antibiotic resistance. Acta Naturae 2018; 10(4): 33-48.[http://dx.doi.org/10.32607/20758251-2018-10-4-33-48] [PMID: 30713760]

      




      

        	
[28]



        	Ojuederie OB, Babalola OO. Microbial and plant-assisted bioremediation of heavy metal polluted environments: a review. Int J Environ Res Public Health 2017; 14(12): 1504.[http://dx.doi.org/10.3390/ijerph14121504] [PMID: 29207531]

      




      

        	
[29]



        	Oves M, Saghir Khan M, Huda Qari A, Nadeen Felemban M, Almeelbi T. Heavy metals: biological importance and detoxification strategies. J Bioremediat Biodegrad 2016; 7(2): 1-5.

      




      

        	
[30]



        	Jan AT, Azam M, Siddiqui K, Ali A, Choi I, Haq QM. Heavy metals and human health: mechanistic insight into toxicity and counter defense system of antioxidants. Int J Mol Sci 2015; 16(12): 29592-630.[http://dx.doi.org/10.3390/ijms161226183] [PMID: 26690422]

      




      

        	
[31]



        	Patel I, Patel V, Thakkar A, Kothari V. Microbial biofilms: microbes in social mode. Ir J Agric Food Res 2014; 3(2)

      




      

        	
[32]



        	Żur J, Wojcieszyńska D, Guzik U. Metabolic responses of bacterial cells to immobilization. Molecules 2016; 21(7): 958.[http://dx.doi.org/10.3390/molecules21070958] [PMID: 27455220]

      




      

        	
[33]



        	Bester E, Kroukamp O, Wolfaardt GM, Boonzaaier L, Liss SN. Metabolic differentiation in biofilms as indicated by carbon dioxide production rates. Appl Environ Microbiol 2010; 76(4): 1189-97.[http://dx.doi.org/10.1128/AEM.01719-09] [PMID: 20023078]

      




      

        	
[34]



        	Stewart PS. Mechanisms of antibiotic resistance in bacterial biofilms. Int J Med Microbiol 2002; 292(2): 107-13.[http://dx.doi.org/10.1078/1438-4221-00196] [PMID: 12195733]

      




      

        	
[35]



        	Stewart PS. Antimicrobial tolerance in biofilms. Microbial biofilms 2015 Oct; 7: 269-85.[http://dx.doi.org/10.1128/9781555817466.ch13]

      




      

        	
[36]



        	Fux CA, Costerton JW, Stewart PS, Stoodley P. Survival strategies of infectious biofilms. Trends Microbiol 2005; 13(1): 34-40.[http://dx.doi.org/10.1016/j.tim.2004.11.010] [PMID: 15639630]

      




      

        	
[37]



        	Beitelshees M, Hill A, Jones CH, Pfeifer BA. Phenotypic Variation during Biofilm Formation: Implications for Anti-Biofilm Therapeutic Design. Materials (Basel) 2018; 11(7): 1086.[http://dx.doi.org/10.3390/ma11071086] [PMID: 29949876]

      




      

        	
[38]



        	Maira-Litrán T, Allison DG, Gilbert P. Expression of the multiple antibiotic resistance operon (mar) during growth of Escherichia coli as a biofilm. J Appl Microbiol 2000; 88(2): 243-7.[http://dx.doi.org/10.1046/j.1365-2672.2000.00963.x] [PMID: 10735992]

      




      

        	
[39]



        	Farr SB, Kogoma T. Oxidative stress responses in Escherichia coli and Salmonella typhimurium. Microbiol Rev 1991; 55(4): 561-85.[http://dx.doi.org/10.1128/MMBR.55.4.561-585.1991] [PMID: 1779927]

      




      

        	
[40]



        	Gu M, Imlay JA. The SoxRS response of Escherichia coli is directly activated by redox-cycling drugs rather than by superoxide. Mol Microbiol 2011; 79(5): 1136-50.[http://dx.doi.org/10.1111/j.1365-2958.2010.07520.x] [PMID: 21226770]

      




      

        	
[41]



        	Alcalde-Rico M, Hernando-Amado S, Blanco P, Martínez JL. Multidrug efflux pumps at the crossroad between antibiotic resistance and bacterial virulence. Front Microbiol 2016; 7: 1483.[http://dx.doi.org/10.3389/fmicb.2016.01483] [PMID: 27708632]

      




      

        	
[42]



        	Kvist M, Hancock V, Klemm P. Inactivation of efflux pumps abolishes bacterial biofilm formation. Appl Environ Microbiol 2008; 74(23): 7376-82.[http://dx.doi.org/10.1128/AEM.01310-08] [PMID: 18836028]

      




      

        	
[43]



        	Blanco P, Hernando-Amado S, Reales-Calderon JA, et al. Bacterial multidrug efflux pumps: much more than antibiotic resistance determinants. Microorganisms 2016; 4(1): 14.[http://dx.doi.org/10.3390/microorganisms4010014] [PMID: 27681908]

      




      

        	
[44]



        	Kumar A, Schweizer HP. Bacterial resistance to antibiotics: active efflux and reduced uptake. Adv Drug Deliv Rev 2005; 57(10): 1486-513.[http://dx.doi.org/10.1016/j.addr.2005.04.004] [PMID: 15939505]

      




      

        	
[45]



        	Poole K. Efflux-mediated antimicrobial resistance. J Antimicrob Chemother 2005; 56(1): 20-51.[http://dx.doi.org/10.1093/jac/dki171] [PMID: 15914491]

      




      

        	
[46]



        	Routh MD, Zalucki Y, Su CC, et al. Efflux pumps of the resistance-nodulation-division family: a perspective of their structure, function, and regulation in gram-negative bacteria. Adv Enzymol Relat Areas Mol Biol 2011; 77: 109-46.[http://dx.doi.org/10.1002/9780470920541.ch3] [PMID: 21692368]

      




      

        	
[47]



        	Soto SM. Role of efflux pumps in the antibiotic resistance of bacteria embedded in a biofilm. Virulence 2013; 4(3): 223-9.[http://dx.doi.org/10.4161/viru.23724] [PMID: 23380871]

      




      

        	
[48]



        	Rutherford ST, Bassler BL. Bacterial quorum sensing: its role in virulence and possibilities for its control. Cold Spring Harb Perspect Med 2012; 2(11)a012427[http://dx.doi.org/10.1101/cshperspect.a012427] [PMID: 23125205]

      




      

        	
[49]



        	Jiang Q, Chen J, Yang C, Yin Y, Yao K. Quorum sensing: a prospective therapeutic target for bacterial diseases. BioMed Research International 2019; 2019[http://dx.doi.org/10.1155/2019/2015978]

      




      

        	
[50]



        	Subhadra B, Kim DH, Woo K, Surendran S, Choi CH. Control of biofilm formation in healthcare: Recent advances exploiting quorum-sensing interference strategies and multidrug efflux pump inhibitors. Materials (Basel) 2018; 11(9): 1676.[http://dx.doi.org/10.3390/ma11091676] [PMID: 30201944]

      




      

        	
[51]



        	Lee J, Zhang L. The hierarchy quorum sensing network in Pseudomonas aeruginosa. Protein Cell 2015; 6(1): 26-41.[http://dx.doi.org/10.1007/s13238-014-0100-x] [PMID: 25249263]

      




      

        	
[52]



        	Talagrand-Reboul E, Jumas-Bilak E, Lamy B. The social life of Aeromonas through biofilm and quorum sensing systems. Front Microbiol 2017; 8: 37.[http://dx.doi.org/10.3389/fmicb.2017.00037] [PMID: 28163702]

      




      

        	
[53]



        	Verbeke F, De Craemer S, Debunne N, et al. Peptides as quorum sensing molecules: measurement techniques and obtained levels in vitro and in vivo. Front Neurosci 2017; 11: 183.[http://dx.doi.org/10.3389/fnins.2017.00183] [PMID: 28446863]

      




      

        	
[54]



        	Pisithkul T, Schroeder JW, Trujillo EA, et al. Metabolic remodeling during biofilm development of Bacillus subtilis. MBio 2019; 10(3): e00623-19.[http://dx.doi.org/10.1128/mBio.00623-19] [PMID: 31113899]

      




      

        	
[55]



        	Moorthy S, Watnick PI. Genetic evidence that the Vibrio cholerae monolayer is a distinct stage in biofilm development. Mol Microbiol 2004; 52(2): 573-87.[http://dx.doi.org/10.1111/j.1365-2958.2004.04000.x] [PMID: 15066042]

      




      

        	
[56]



        	Petrova OE, Sauer K. Sticky situations: key components that control bacterial surface attachment. J Bacteriol 2012; 194(10): 2413-25.[http://dx.doi.org/10.1128/JB.00003-12] [PMID: 22389478]

      




      

        	
[57]



        	Guttenplan SB, Kearns DB. Regulation of flagellar motility during biofilm formation. FEMS Microbiol Rev 2013; 37(6): 849-71.[http://dx.doi.org/10.1111/1574-6976.12018] [PMID: 23480406]

      




      

        	
[58]



        	Beloin C, Roux A, Ghigo JM. Escherichia coli biofilms. Bacterial Biofilms 2008249-89.

      




      

        	
[59]



        	Gelfand MS, Rodionov DA. Comparative genomics and functional annotation of bacterial transporters. Phys Life Rev 2008; 5(1): 22-49.[http://dx.doi.org/10.1016/j.plrev.2007.10.003]

      




      

        	
[60]



        	Sauer K, Camper AK, Ehrlich GD, Costerton JW, Davies DG. Pseudomonas aeruginosa displays multiple phenotypes during development as a biofilm. J Bacteriol 2002; 184(4): 1140-54.[http://dx.doi.org/10.1128/jb.184.4.1140-1154.2002] [PMID: 11807075]

      




      

        	
[61]



        	Schembri MA, Kjaergaard K, Klemm P. Global gene expression in Escherichia coli biofilms. Mol Microbiol 2003; 48(1): 253-67.[http://dx.doi.org/10.1046/j.1365-2958.2003.03432.x] [PMID: 12657059]

      




      

        	
[62]



        	Pysz MA, Conners SB, Montero CI, et al. Transcriptional analysis of biofilm formation processes in the anaerobic, hyperthermophilic bacterium Thermotoga maritima. Appl Environ Microbiol 2004; 70(10): 6098-112.[http://dx.doi.org/10.1128/AEM.70.10.6098-6112.2004] [PMID: 15466556]

      




      

        	
[63]



        	Shemesh M, Tam A, Steinberg D. Differential gene expression profiling of Streptococcus mutans cultured under biofilm and planktonic conditions. Microbiology (Reading) 2007; 153(Pt 5): 1307-17.[http://dx.doi.org/10.1099/mic.0.2006/002030-0] [PMID: 17464045]

      




      

        	
[64]



        	Shemesh M, Tam A, Steinberg D. Expression of biofilm-associated genes of Streptococcus mutans in response to glucose and sucrose. J Med Microbiol 2007; 56(Pt 11): 1528-35.[http://dx.doi.org/10.1099/jmm.0.47146-0] [PMID: 17965356]

      




      

        	
[65]



        	Alav I, Sutton JM, Rahman KM. Role of bacterial efflux pumps in biofilm formation. J Antimicrob Chemother 2018; 73(8): 2003-20.[http://dx.doi.org/10.1093/jac/dky042] [PMID: 29506149]

      




      

        	
[66]



        	Pham TK, Roy S, Noirel J, Douglas I, Wright PC, Stafford GP. A quantitative proteomic analysis of biofilm adaptation by the periodontal pathogen Tannerella forsythia. Proteomics 2010; 10(17): 3130-41.[http://dx.doi.org/10.1002/pmic.200900448] [PMID: 20806225]

      




      

        	
[67]



        	Shao C, Sun Y, Wang N, et al. Changes of proteome components of Helicobacter pylori biofilms induced by serum starvation. Mol Med Rep 2013; 8(6): 1761-6.[http://dx.doi.org/10.3892/mmr.2013.1712] [PMID: 24100704]

      




      

        	
[68]



        	Patel R. Biofilms and antimicrobial resistance. Clin Orthop Relat Res 2005; (437)41-7.[http://dx.doi.org/10.1097/01.blo.0000175714.68624.74] [PMID: 16056024]

      




      

        	
[69]



        	Park AJ, Krieger JR, Khursigara CM. Survival proteomes: the emerging proteotype of antimicrobial resistance. FEMS Microbiol Rev 2016; 40(3): 323-42.[http://dx.doi.org/10.1093/femsre/fuv051] [PMID: 26790948]

      




      

        	
[70]



        	Van Oudenhove L, Devreese B. A review on recent developments in mass spectrometry instrumentation and quantitative tools advancing bacterial proteomics. Appl Microbiol Biotechnol 2013; 97(11): 4749-62.[http://dx.doi.org/10.1007/s00253-013-4897-7] [PMID: 23624659]

      




      

        	
[71]



        	Gallagher SR. SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Curr Protoc Essent Lab Tech 2012; 6(1): 7-3.

      




      

        	
[72]



        	Magdeldin S, Enany S, Yoshida Y, et al. Basics and recent advances of two dimensional- polyacrylamide gel electrophoresis. Clin Proteomics 2014; 11(1): 16.[http://dx.doi.org/10.1186/1559-0275-11-16] [PMID: 24735559]

      




      

        	
[73]



        	Gouw JW, Krijgsveld J, Heck AJ. Quantitative proteomics by metabolic labeling of model organisms. Mol Cell Proteomics 2010; 9(1): 11-24.[http://dx.doi.org/10.1074/mcp.R900001-MCP200] [PMID: 19955089]

      




      

        	
[74]



        	Ong SE, Blagoev B, Kratchmarova I, et al. Stable isotope labeling by amino acids in cell culture, SILAC, as a simple and accurate approach to expression proteomics. Mol Cell Proteomics 2002; 1(5): 376-86.[http://dx.doi.org/10.1074/mcp.M200025-MCP200] [PMID: 12118079]

      




      

        	
[75]



        	Phillips NJ, Steichen CT, Schilling B, et al. Proteomic analysis of Neisseria gonorrhoeae biofilms shows shift to anaerobic respiration and changes in nutrient transport and outermembrane proteins. PLoS One 2012; 7(6)e38303[http://dx.doi.org/10.1371/journal.pone.0038303] [PMID: 22701624]

      




      

        	
[76]



        	Guina T, Wu M, Miller SI, et al. Proteomic analysis of Pseudomonas aeruginosa grown under magnesium limitation. J Am Soc Mass Spectrom 2003; 14(7): 742-51.[http://dx.doi.org/10.1016/S1044-0305(03)00133-8] [PMID: 12837596]

      




      

        	
[77]



        	Booy AT, Haddow JD, Ohlund LB, Hardie DB, Olafson RW. Application of isotope coded affinity tag (ICAT) analysis for the identification of differentially expressed proteins following infection of atlantic salmon (Salmo salar) with infectious hematopoietic necrosis virus (IHNV) or Renibacterium salmoninarum (BKD). J Proteome Res 2005; 4(2): 325-34.[http://dx.doi.org/10.1021/pr049840t] [PMID: 15822907]

      




      

        	
[78]



        	Abdallah C, Dumas-Gaudot E, Renaut J, Sergeant K. Gel-based and gel-free quantitative proteomics approaches at a glance. International journal of plant genomics 2012; 2012[http://dx.doi.org/10.1155/2012/494572]

      




      

        	
[79]



        	Suriyanarayanan T, Qingsong L, Kwang LT, Mun LY, Truong T, Seneviratne CJ. Quantitative proteomics of strong and weak biofilm formers of Enterococcus faecalis reveals novel regulators of biofilm formation. Mol Cell Proteomics 2018; 17(4): 643-54.[http://dx.doi.org/10.1074/mcp.RA117.000461] [PMID: 29358339]

      




      

        	
[80]



        	Zhou X, Xing X, Hou J, Liu J. Quantitative proteomics analysis of proteins involved in alkane uptake comparing the profiling of Pseudomonas aeruginosa SJTD-1 in response to n-octadecane and n-hexadecane. PLoS One 2017; 12(6)e0179842[http://dx.doi.org/10.1371/journal.pone.0179842] [PMID: 28662172]

      




      

        	
[81]



        	Thompson A, Schäfer J, Kuhn K, et al. Tandem mass tags: a novel quantification strategy for comparative analysis of complex protein mixtures by MS/MS. Anal Chem 2003; 75(8): 1895-904.[http://dx.doi.org/10.1021/ac0262560] [PMID: 12713048]

      




      

        	
[82]



        	Parker J, Zhu N, Zhu M, Chen S. Profiling thiol redox proteome using isotope tagging mass spectrometry. JoVE (Journal of Visualized Experiments) 2012 Mar; 24(61): e3766.[http://dx.doi.org/10.3791/3766]

      




      

        	
[83]



        	Parker CE, Borchers CH. Mass spectrometry based biomarker discovery, verification, and validation--quality assurance and control of protein biomarker assays. Mol Oncol 2014; 8(4): 840-58.[http://dx.doi.org/10.1016/j.molonc.2014.03.006] [PMID: 24713096]

      




      

        	
[84]



        	Kellermann J. ICPL—isotope-coded protein label In 2D PAGE: Sample Preparation and Fractionation 2008113-23.[http://dx.doi.org/10.1007/978-1-60327-064-9_10]

      




      

        	
[85]



        	Kellermann J, Lottspeich F. Isotope-coded protein label.Quantitative Methods in Proteomics 2012143-53.[http://dx.doi.org/10.1007/978-1-61779-885-6_11]

      




      

        	
[86]



        	Schmidt A, Kellermann J, Lottspeich F. A novel strategy for quantitative proteomics using isotope-coded protein labels. Proteomics 2005; 5(1): 4-15.[http://dx.doi.org/10.1002/pmic.200400873] [PMID: 15602776]

      




      

        	
[87]



        	Glenn WS, Stone SE, Ho SH, et al. Bioorthogonal Noncanonical Amino Acid Tagging (BONCAT) Enables Time-Resolved Analysis of Protein Synthesis in Native Plant Tissue. Plant Physiol 2017; 173(3): 1543-53.[http://dx.doi.org/10.1104/pp.16.01762] [PMID: 28104718]

      




      

        	
[88]



        	Landgraf P, Antileo ER, Schuman EM, Dieterich DC. BONCAT: metabolic labeling, click chemistry, and affinity purification of newly synthesized proteomes. Methods Mol Biol 2015; 1266: 199-215.[http://dx.doi.org/10.1007/978-1-4939-2272-7_14] [PMID: 25560077]

      


    



OEBPS/Images/bentham_logo.jpg





OEBPS/Images/Cover.jpg
MICROBIAL PROTEOMICS: '

DEVELOPMENT IN TECHNOLOGIES
AND APPLICATIONS

\
Editor: . %
Divakar Sharma x Bentham Books






OEBPS/Images/9789811491412-C1-F1.jpg





